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ABSTRACT. This is lecture notes for several courses on Functional Analysis at
School of Mathematics of University of Leeds. They are based on the notes of
Dr. Matt Daws, Prof. Jonathan R. Partington, Dr. David Salinger, and Prof. Alex
Strohmaier used in the previous years. Some sections are borrowed from the text-
books, which I used since being a student myself. However all misprints, omis-
sions, and errors are only my responsibility. I am very grateful to Filipa Soares de
Almeida, Eric Borgnet, Pasc Gavruta for pointing out some of them. Please let me
know if you find more.

The notes are available also for download in PDF.

The suggested textbooks are [1,9,12,13]. The other nice books with many inter-
esting problems are [3, 11].

Exercises with stars are not a part of mandatory material but are nevertheless
worth to hear about. And they are not necessarily difficult, try to solve them!
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NOTATIONS AND ASSUMPTIONS

Z.,R_ denotes non-negative integers and reals.

X,Y,Zz, ... denotes vectors.

A, 1, v, ... denotes scalars.

Az, Jz stand for real and imaginary parts of a complex number z.

Integrability conditions. In this course, the functions we consider will be real or
complex valued functions defined on the real line which are locally Riemann integ-
rable. This means that they are Riemann integrable on any finite closed interval
[a,b]. (A complex valued function is Riemann integrable iff its real and imagin-
ary parts are Riemann-integrable.) In practice, we shall be dealing mainly with
bounded functions that have only a finite number of points of discontinuity in any
finite interval. We can relax the boundedness condition to allow improper Riemann
integrals, but we then require the integral of the absolute value of the function to
converge.

We mention this right at the start to get it out of the way. There are many fascin-
ating subtleties connected with Fourier analysis, but those connected with technical



INTRODUCTION TO FUNCTIONAL ANALYSIS 5

aspects of integration theory are beyond the scope of the course. It turns out that
one needs a “better” integral than the Riemann integral: the Lebesgue integral, and
I commend the module, Linear Analysis 1, which includes an introduction to that
topic which is available to MM students (or you could look it up in Real and Com-
plex Analysis by Walter Rudin). Once one has the Lebesgue integral, one can start
thinking about the different classes of functions to which Fourier analysis applies:
the modern theory (not available to Fourier himself) can even go beyond functions
and deal with generalized functions (distributions) such as the Dirac delta function
which may be familiar to some of you from quantum theory.

From now on, when we say “function”, we shall assume the conditions of the
first paragraph, unless anything is stated to the contrary.

0. MOTIVATING EXAMPLE: FOURIER SERIES

0.1. Fourier series: basic notions. Before proceed with an abstract theory we con-
sider a motivating example: Fourier series.

0.1.1. 27-periodic functions. In this part of the course we deal with functions (as
above) that are periodic.

We say a function f : R — C is periodic with period T > 0 if f(x + T) = f(x) for
all x € R. For example, sinx, cosx, e™(= cosx + isinx) are periodic with period
27t. For k € R\ {0}, sin kx, cos kx, and e'** are periodic with period 27/[k|. Constant
functions are periodic with period T, for any T > 0. We shall specialize to periodic
functions with period 27: we call them 27m-periodic functions, for short. Note that
cosnx, sinnx and e'™ are 27n-periodic for n € Z. (Of course these are also 27t/In|-
periodic.)

Any half-open interval of length T is a fundamental domain of a periodic function f
of period T. Once you know the values of f on the fundamental domain, you know
them everywhere, because any point x in R can be written uniquely as x = w +nT
where n € Z and w is in the fundamental domain. Thus f(x) = f(w+(n—1)T+T) =
e =fw4T) = f(w).

For 2n-periodic functions, we shall usually take the fundamental domain to be
] — m,7i]. By abuse of language, we shall sometimes refer to [—7, 7] as the funda-
mental domain. We then have to be aware that f(71) = f(—7).

0.1.2. Integrating the complex exponential function. We shall need to calculate [* et** dx,
for k € R. Note first that when k = 0, the integrand is the constant function 1, so the
result is b— a. For non-zero k, IE etx dx = fz (coskx+isinkx)dx = (1/k)[(sin kx —
icoskx)]® = (1/ik)[(cos kx +isinkx)]% = (1/ik)[e' ] = (1/ik)(e'kP — et ?). Note
that this is exactly the result you would have got by treating i as a real constant
and using the usual formula for integrating e®*. Note also that the cases k = 0 and

k # 0 have to be treated separately: this is typical.
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Definition 0.1. Let f : R — C be a 27-periodic function which is Riemann
integrable on [—7t, 7). For each n € Z we define the Fourier coefficient f(n) by

s

¢ 1 —inx
f(n) = P J f(x)e dx.
—7
Remark 0.2. (i) f(n)is a complex number whose modulus is the amplitude
and whose argument is the phase (of that component of the original

function).

(if) If f and g are Riemann integrable on an interval, then so is their product,
so the integral is well-defined.

(iii) The constant before the integral is to divide by the length of the interval.

(iv) We could replace the range of integration by any interval of length 27,
without altering the result, since the integrand is 27-periodic.

(v) Note the minus sign in the exponent of the exponential. The reason for
this will soon become clear.

Example 0.3. (1) f(x) = c then f(0) = c and f(n) = 0 whenn #0.
(ii) f(x) = e™**, where k is an integer. f(n) = 5.
(iii) fis 27 periodic and f(x) = x on] — 7, 7]. (Diagram) Then £(0) = 0 and,

forn #£0,
17 e it ™ 110 D)™
~ . —X . — 1
f(n) =— J xe ™Mdx=|——F-— + —— J e dx= )
2m 2min o n2m n
—T7T —T7T

Proposition 0.4 (Linearity). If f and g are 2n-periodic functions and c and d are
complex constants, then, foralln € Z,

(cf + dg)A(n) =cf(n) + dg(n).

Corollary 0.5. If p(x) is a trigonometric polynomial, p(x) = 5 ¥, c,et™,
then p(n) = cn for n| < kand =0, for m| > k.

p(x) =) pln)e™.

nez

This follows immediately from Ex. 0.3(ii) and Prop.0.4.
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Remark 0.6. (i) This corollary explains why the minus sign is natural in the
definition of the Fourier coefficients.

(if) The first part of the course will be devoted to the question of how far
this result can be extended to other 2m-periodic functions, that is, for
which functions, and for which interpretations of infinite sums is it true
that

0.1) f(x) = Z f(n)ei™~ .

nez

Definition 0.7. } ., f(n)e'™ is called the Fourier series of the 2rmt-periodic
function f.

For real-valued functions, the introduction of complex exponentials seems arti-
ficial: indeed they can be avoided as follows. We work with (0.1) in the case of a
finite sum: then we can rearrange the sum as

Z 1nx+f ) 71T1.X)

n>0
= )+ Z —n)) cosnx + i(f(n) — f(—n)) sinnx]
n>0
QAo .
= 5 + Z(an cosnx + by, sinnx)
n>0
Here
¢ ¢ 1 [ —inx inx
an = (fn)+f(—m)) = - J f(x)(e +e™)dx

forn > 0 and

Al

J f(x) sinnx dx

forn > 0. a9 = % [ f(x) dx, the constant chosen for consistency.
—7T
The a,, and b, are also called Fourier coefficients: if it is necessary to distinguish
them, we may call them Fourier cosine and sine coefficients, respectively.
We note that if f is real-valued, then the a, and b,, are real numbers and so
Rf(n) = Rf(—n), If(—n) = —If(n): thus f(—n) is the complex conjugate of f(n).
Further, if f is an even function then all the sine coefficients are 0 and if f is an odd
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function, all the cosine coefficients are zero. We note further that the sine and cosine
coefficients of the functions cos kx and sin kx themselves have a particularly simple
form: ax = 1 in the first case and by = 1 in the second. All the rest are zero.

For example, we should expect the 27-periodic function whose value on ] —, 7]
is x to have just sine coefficients: indeed this is the case: a,, = 0and b, = i(f(n) —
f(—n)) = (=1)™*"12/n forn > 0.

The above question can then be reformulated as “to what extent is f(x) represen-
ted by the Fourier series ag/2 + ) . (an cosx 4 by sinx)?” For instance how well
does > (—1)™*'(2/n)sinnx represent the 2m-periodic sawtooth function f whose
value on | — 7, 7] is given by f(x) = x. The easy points are x = 0, x = 71, where the
terms are identically zero. This gives the ‘wrong’ value for x = 7, but, if we look at
the periodic function near 71, we see that it jumps from 7t to —7, so perhaps the mean
of those values isn’t a bad value for the series to converge to. We could conclude
that we had defined the function incorrectly to begin with and that its value at the
points (2n + 1)7t should have been zero anyway. In fact one can show (ref. ) that
the Fourier series converges at all other points to the given values of f, but I shan’t
include the proof in this course. The convergence is not at all uniform (it can’t be,
because the partial sums are continuous functions, but the limit is discontinuous.)
In particular we get the expansion

g=2(1—1/3+1/5—---)

which can also be deduced from the Taylor series for tan—!.
0.2. The vibrating string. In this subsection we shall discuss the formal solutions

of the wave equation in a special case which Fourier dealt with in his work.
We discuss the wave equation

0%y 1 d%y
2 9 _ -9
02) ox2 K2 ot2’
subject to the boundary conditions
(0.3) y(0,t) =y(m,t) =0,
for all t > 0, and the initial conditions
y(x,0) = F(x),
yi(x,0) = 0.

This is a mathematical model of a string on a musical instrument (guitar, harp,
violin) which is of length 7t and is plucked, i.e. held in the shape F(x) and released at
time t = 0. The constant K depends on the length, density and tension of the string.
We shall derive the formal solution (that is, a solution which assumes existence and
ignores questions of convergence or of domain of definition).
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0.2.1. Separation of variables. We first look (as Fourier and others before him did) for
solutions of the form y(x,t) = f(x)g(t). Feeding this into the wave equation (0.2)
we get

#(3)9(t) = 15 (x)g" ()
and so, dividing by f(x)g(t), we have
Px) _ 1 ')
fx) K2 g(t)
The left-hand side is an expression in x alone, the right-hand side in t alone. The
conclusion must be that they are both identically equal to the same constant C, say.

We have ”(x) — Cf(x) = 0 subject to the condition f(0) = f(rr) = 0. Working
through the method of solving linear second order differential equations tells you
that the only solutions occur when C = —n? for some positive integer n and the
corresponding solutions, up to constant multiples, are f(x) = sinnx.

Returning to equation (0.4) gives the equation g” (t)+K?n?g(t) = 0 which has the
general solution g(t) = a, cos Knt + by, sin Knt. Thus the solution we get through
separation of variables, using the boundary conditions but ignoring the initial con-
ditions, are

(0.4)

Yn (x,t) = sinnx(a, cosKnt + b, sinKnt),
forn > 1.

0.2.2. Principle of Superposition. To get the general solution we just add together all
the solutions we have got so far, thus

(0.5) y(x,t) = Z sinnx(an cos Knt + b, sin Knt)
n=1
ignoring questions of convergence. (We can do this for a finite sum without dif-
ficulty because we are dealing with a linear differential equation: the iffy bit is to
extend to an infinite sum.)
We now apply the initial condition y(x,0) = F(x) (note F has F(0) = F(mr) = 0).
This gives

F(x) = Z a, sinmx.
n=1
We apply the reflection trick: the right-hand side is a series of odd functions so if

we extend F to a function G by reflection in the origin, giving

[ Fx) ,fO<x <
G(X)-{ —F(—x) ,if —m<x<0.

we have

o0
G(x) = Z an sinnx,
n=1
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for—-nt<x<m
If we multiply through by sin rx and integrate term by term, we get

7T

1
ar = — J G(x)sinTxdx
Y
—TT
so, assuming that this operation is valid, we find that the a,, are precisely the sine
coefficients of G. (Those of you who took Real Analysis 2 last year may remember
that a sufficient condition for integrating term-by -term is that the series which is
integrated is itself uniformly convergent.)
If we now assume, further, that the right-hand side of (0.5) is differentiable (term

by term) we differentiate with respect to t, and set t = 0, to get

(0.6) 0=y:(x,0)= ) bpKnsinnx.
n=1
This equation is solved by the choice b, = 0 for all n, so we have the following
result

Proposition 0.8 (Formal). Assuming that the formal manipulations are valid,
a solution of the differential equation (0.2) with the given boundary and initial
conditions is

oo

(2.11) y(x,t) = Z an sinnx cos Knt,
1

where the coefficients a,, are the Fourier sine coefficients

7T

an = 1 J G(x)sinnxdx
s
of the 27t periodic function G, defined on ] — 7, 7] by reflecting the graph of F in the
origin.

Remark 0.9. This leaves us with the questions

(i) For which F are the manipulations valid?
(ii) Is this the only solution of the differential equation? (which I'm not
going to try to answer.)
(iii) Is by = 0 all n the only solution of (0.6)? This is a special case of the
uniqueness problem for trigonometric series.

0.3. Historic: Joseph Fourier. Joseph Fourier, Civil Servant, Egyptologist, and math-
ematician, was born in 1768 in Auxerre, France, son of a tailor. Debarred by birth
from a career in the artillery, he was preparing to become a Benedictine monk (in
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order to be a teacher) when the French Revolution violently altered the course of
history and Fourier’s life. He became president of the local revolutionary commit-
tee, was arrested during the Terror, but released at the fall of Robespierre.

Fourier then became a pupil at the Ecole Normale (the teachers” academy) in
Paris, studying under such great French mathematicians as Laplace and Lagrange.
He became a teacher at the Ecole Polytechnique (the military academy).

He was ordered to serve as a scientist under Napoleon in Egypt. In 1801, Four-
ier returned to France to become Prefect of the Grenoble region. Among his most
notable achievements in that office were the draining of some 20 thousand acres of
swamps and the building of a new road across the alps.

During that time he wrote an important survey of Egyptian history (“a master-
piece and a turning point in the subject”).

In 1804 Fourier started the study of the theory of heat conduction, in the course
of which he systematically used the sine-and-cosine series which are named after
him. At the end of 1807, he submitted a memoir on this work to the Academy of
Science. The memoir proved controversial both in terms of his use of Fourier series
and of his derivation of the heat equation and was not accepted at that stage. He
was able to resubmit a revised version in 1811: this had several important new fea-
tures, including the introduction of the Fourier transform. With this version of his
memoir, he won the Academy’s prize in mathematics. In 1817, Fourier was finally
elected to the Academy of Sciences and in 1822 his 1811 memoir was published as
“Théorie de la Chaleur”.

For more details see Fourier Analysis by T.W. Korner, 475-480 and for even more,
see the biography by ]. Herivel Joseph Fourier: the man and the physicist.

What is Fourier analysis. The idea is to analyse functions (into sine and cosines
or, equivalently, complex exponentials) to find the underlying frequencies, their
strengths (and phases) and, where possible, to see if they can be recombined (syn-
thesis) into the original function. The answers will depend on the original prop-
erties of the functions, which often come from physics (heat, electronic or sound
waves). This course will give basically a mathematical treatment and so will be
interested in mathematical classes of functions (continuity, differentiability proper-
ties).

1. BASICS OF METRIC SPACES
1.1. Metric Spaces.

1.1.1. Metric spaces: definition and examples. In Analysis and Calculus the definition
of convergence was based on the notion of a distance between points, namely the
standard distance between two real numbers is given by

d(x,y) = x—yl.
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Similarly, the distance between two points in the plane, given by

d(x,y) = d((x1,%2), (Y1,Y2)) = v/ (x1 —y1)2 + (x2 — y2)2.

A metric space formalises this notion. This will give us the flexibility to talk

about distances on function spaces, for example, or introduce other notions of dis-
tance on spaces.

Definition 1.1 (Metric Space). A metric space (X, d) is a set X together with a
function d : X x X — R that satisfies the following properties

(i) d(x,y) > 0;and d(x,y) =0 <= x =1y (positive definite);
(i) d(x,y) = d(y, x) (symmetrio);
(iii) d(x,z) < d(x,y) + d(y, z) (triangle inequality).

The function d is called the metric. The word distance will be used inter-
changeably with the same meaning.

Example 1.2. (i) X =R. The standard metric is given by d; (x,y) = Ix —yl.

There are many other metrics on R, for example

d(x,y) =[e* —e;

dlx.y) = x—yl iflx—yl<1,
AR if [x —y| > 1.

(if) Let X be any set whatsoever, then we can define the discrete metric
1 ifx ,
dbxy) =L X7
0 ifx=vy.
(iii) X = R™. The standard metric is the Euclidean metric: if x =
(x1,%2,...,xm) and y = (y1,Y2,...,Yym) then
dz(x,y) = V0 =y + (e —y2)? + o+ (xm — ym)2.

This is linked to the inner-product (scalar product), x -y = x1y; +

X2Y2 + ...+ XmYm, since itisjust /(x —y).(x —y). We will study inner
products more carefully later, so for the moment we won’t prove the
(well-known) fact that it is indeed a metric.

Other possible metrics include

doo(x,y) = max{lx1 —yal, Ixa —yol,.. ., [Xm —yYml}-

Another metric on R™ comes from the generalisation of our first ex-
ample:

di(x,y) =1 —yil+Ixa —yol + ... + [xm —Yml.
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These metrics dy, ds, d are all translation-invariant (i.e., d(x + z,y +
z) = d(x,y)), and positively homogeneous (i.e., d(kx, ky) = [kld(x,y)), see
Ex. 1.8 for further discussion.

(iv) Take X = Cla, b]. Here are three metrics similar to above ones:

b
dy(f, g) = j\f(x) _ gl dx.

Again, this is linked to the idea of an inner product, so we will delay
proving that it is a metric.

b
di(f, ) = J ) — ()] dx,

a

the area between two graphs

doo(f, g) = max{[f(x) — g(x)]: a <x < b},
the maximum vertical separation between two graphs.

Example 1.3. On C[0, 1] take f(x) = x and g(x) = x? and calculate

1/2

1
d2(f7 g) = J'(X—X2)2 dx =V 1/305
0

1
d:;(f, g) J|x—x2|dx:1/6, and
0

doo (f, = —x% =1/4.
(f,g) Xrg[%ﬁ]lx x*[=1/

Remark 1.4. Any subset of a metric space is again a metric space its own right,
by restricting the distance function to the subset.

Example 1.5. (i) The interval [a, b] with d(x,y) = [x — y| is a subspace of
R.
(ii) The unit circle {(x1,x2) € R? : x? + x3 = 1} with da(x,y) =

V/(x1 —yY1)% + (x2 — y2)? is a subspace of R?.
(iii) The space of polynomials P is a metric space with any of the metrics
inherited from C[a, b] above.
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Definition 1.6. A normed space (V, || - ||) is a real vector space V with a map
[I-1I: V= R (called norm) satisfying
(@) [[v[ >0, and (||lv]| = 0 < v = 0),
(i) [IAv] = ["llIvI],
(iif) v +wll < [|vI[ + [[wl|

Exercise 1.7. Prove that V is a metric space with metric d(v, w) := ||v — w]|.

Exercise 1.8. (i) Write norms |||y, ||-l5, [I-lo ©n R™ which produces met-
rics dy, do, do from Ex. 1.2.1.2(iii).
Hint: see (2.4) and (2.2) below.
(ii) Show, that the following are norms on the vector space V = C[a, bl

b
||f||1—j )l dx,
a
b
1]z :mew ax,
a
T —_—)
x€la,b]

Furthermore, these norms generate the respective metrics d;, ds and
doo from Ex. 1.2(1.2(iv)) as indicated in the previous exercise.

Definition 1.9. An inner product space(V, (-,-)) is a real vector space V with
amap (-,-) : Vx V — R (called inner product) satisfying
(i) (Av,w) ="(v,w),
(ll) <V + V2, W > <V17W> + <v27 W>/
(iii) (v, w) = (w,v),
(iv) (v,v) > 0,and ({v,v) =0 < v =0).

Exercise 1.10. (i) Prove that the Cauchy-Schwarz inequality |(v,w)* <
(v,v){w,w) holds.
Hint: start by considering the expression (v + “w,v + “w) > 0 and ana-
lyse the discriminant of the quadratic expression for A.
(ii) Then prove that V is a normed space with norm ||v|| := (v, v)z.
(iii) Which of the above norms ||-||;, ||I‘|lo, |||l from Ex. 1.8 can be obtained
from an inner product as described in the previous item?

There is a natural name for a class of maps, which preserve metrics:
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Definition 1.11 (Isometry). Let (X, dx) and (Y, dy) be two metric spaces. A
map ¢ : X — Y is an isometry if

dy(d(x1), d(x2)) = dx(x1,%2) for all x1,%x2 € X.

A metric space (X, dx) is isometric to a metric space (Y, dy) if there is an
isometry bijection between X and Y.

1.1.2. Open and closed sets.
Definition 1.12 (Open and closed balls). Let (X, d) be a metric space, let
x € X and let r > 0. The open ball centred at x, with radius , is the set
Br(x) ={y € X:d(x,y) <},
and the closed ball is the set
B,(x) ={y € X:d(x,y) <}

A trivial but useful observation is: x € B;(x) C B(x) forall x € Xand r > 0.

Note that in R with the usual metric the open ball is B, (x) = (x — r,x + 1), an
open interval, and the closed ball is m =[x —1,x + 1], a closed interval.

For the ds metric on R?, the unit ball, B1(0), is disc centred at the origin, excluding

the boundary. You may like to think about what you get for other metrics on R

Definition 1.13 (Open sets). A subset U of a metric space (X, d) is said to be
open, if for each point x € U there is an r > 0 such that the open ball B, (x) is
contained in U (“room to swing a cat”).

Clearly Xitself is an open set, that is the whole metric space is open in itself. Also
by convention the empty set () is also considered to be open.

Remark 1.14. Note that the property “be open” of a set depends on the metric
space. For example if we consider the set [0, 1] it is open in the metric space [0, 1]
with the standard metric, but not open in the set R with standard metric.

[ Proposition 1.15. Every “open ball” B, (x) is an open set. ]

Proof. Forify € B;(x), choose b = r — d(x,y). We claim that Bs(y) C B,(x).
If z € Bs(y), i.e, d(z,y) < §, then by the triangle inequality

d(z,x) < d(z,y) +d(y,x) < d+d(x,y) =T.
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Soz € B, (x). O

Definition 1.16 (Closed set). A subset F of (X, d) is said to be closed, if its
complement X\ Fis open.

Note that closed does not mean “not open”. In a metric space the sets () and X

are both open and closed. In R we have:

(a,b) is open.

[a,b] is closed, since its complement (—oco, a) U (b, 00) is open.

[a,b) is not open, since there is no open ball B(a, ) contained in the set. Nor it
is closed, since its complement (—oo, a) U [b, o00) isn’t open (no ball centred
at b can be contained in the set).

Remark 1.17. As it can be seen from the definitions the property of a subset F to
be open or closed depends from the surrounding space X. For example:
e The interval [0, 1) is open as a subset of the space [0, 2] and is not open
as a subset of R (both are taken with the usual metric).
e The same interval [0, 1) is closed as a subset of the space (—1, 1) and is
not open as subset R (again, both are taken with the usual metric).

Example 1.18. If we take the discrete metric,
1 ifx ,
d(x,y) = . 7Y
0 ifx=vy,

then each point {x} = B; /2(x) so is an open set. Hence every set U is open, since
for x € Uwe have By /5(x) € U. Hence, by taking complements, every set is also
closed.

Theorem 1.19. In a metric space, every one-point set {xo} is closed. ]

Proof. We need to show that the set U = {x € X : x # x¢} is open, so take a
point x € U. Now d(x,xo) > 0, and the ball B, (x) is contained in U for every
0 < r<dx,xg). |

Theorem 1.20. Let (Uy)xca be any collection of open subsets of a metric space
(X, d) (not necessarily finite!). Then | Jyca Ux is open. Let U and V be open
subsets of a metric space (X, d). Then U NV is open. Hence (by induction) any
finite intersection of open subsets is open.
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Proof. If x € [Jyea Ux then there is an o with x € Uy. Now U, is open, so
B.(x) C Uy for some v > 0. Then B, (x) C (Jyca U« so the union is open.

If now U and V are open and x € UNV, then 3r > 0 and s > 0 such that
B.(x) € Uand B(x,s) C V, since U and V are open. Then B(x,t) C U NV if
t < min(r,s). O

Remark 1.21. Here we used a common property, which is helpful to remember:
the minimum of a finite set of positive numbers is always positive. However,
the infimum of an infinite set of positive numbers can be zero, e.g. inf{Z : n €
N} = 0. Therefore, a transition from a given infinite set to a suitable finite set
will be a reacquiring theme in our course, cf. compact set later in the course.

So the collection of open sets is preserved by arbitrary unions and finite intersec-
tions.
However, an arbitrary intersection of open sets is not always open; for example

(—+, 1) is open for each n = 1,2,3,..., but N\_, (==, +) = {0}, which is not an
open set.

For closed sets we swap union and intersection.

Theorem 1.22. Let (Fy)xea be any collection of closed subsets of a metric space
(X, d) (not necessarily finite!). Then () ca Fo is closed. Let F and G be closed
subsets of a metric space (X, d). Then FU G is closed. Hence (by induction) any
finite union of closed subsets is closed.

Proof. To prove this we recall de Morgan’s laws. We use the notation S¢ for the
complement X\ Sof aset S C X.

X€UA(X = x&/A‘Xforalloc,so(UAa)":ﬂA‘&.
xgﬂAm — ngAo(forsomeoc,so(ﬂA“V:UA&.

Write Uy = F§ = X\ F which is open. So |J,ca U« is open by Theorem 1.20.
Now, by de Morgan’s laws, ([, ca Fa)® = Uxea F&- Thisisjust (J,ca U Since
its complement is open, (), <A F« is closed.

Similarly, the complement of F U G is F¢ N G¢, which is the intersection of two
open sets and hence open by Theorem 1.20. Hence F U G is closed. O

Infinite unions of closed sets do not need to be closed. An example is

[

;00) = (0, 00),

3T

s

1

3
Il
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which is open but not closed.

Definition 1.23 (Closure of a set). The closure of S, written S, is the smallest
closed set containing S, and is contained in all other closed sets containing
S.

The above smallest closed set containing S does exist, because we can define
S= ﬂ{F :F D S, Fclosed},
the intersection of all closed sets containing S. There is at least one, namely X itself.

Example 1.24. In the metric space R the closure of S = [0,1) is [0,1]. This is
closed, and there is nothing smaller that is closed and contains S.

Definition 1.25 (Dense subset). A subset S C X is dense in X if S = X.

Theorem 1.26. The set Q of rationals is dense in R, with the usual metric.

Proof. Suppose that F is a closed subset of R which contains Q: we claim that it
F=R.

For U =R \ Fis open and contains no points of Q. But an open set U (unless it
is empty) must contain an interval B, (x) for some x € U, and hence a rational
number. -

Our only conclusion is that U = ) and F = R, so that Q = R. O

Definition 1.27 (Neighbourhood). We say that V is a neighbourhood (nbh) of
x if there is an open set U such that x € U C V; this means that 356 > 0 s.t.
Bs(x) C V. Thus a set is open precisely when it is a neighbourhood of each
of its points.

Example 1.28. The half-open interval [0, 1) is a neighbourhood of every point in
it except for 0.

Theorem 1.29. For a subset S of a metric space X, we have x € Siff VNS # 0 for
all nhds V of x (i.e., all neighbourhoods of x meet S).
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Proof. If there is a neighbourhood of x that doesn’t meet S, then there is an open
subset U withx € Uand UNS = 0.

But then X \ U is a closed set containing S and so S € X\ U, and then x ¢ S
because x € L.

Conversely, if every neighbourhood of x does meet S, then x € S, as otherwise
X\ S is as open neighbourhood of x that doesn’t meet S. O

Definition 1.30 (Interior). The interior of S, int S, is the largest open set con-
tained in S, and can be written as

int$ =|_J{U: U C S, U open}.

the union of all open sets contained in S. There is at least one, namely {.

We see that S is open exactly when S = int S, otherwise int S is smaller.

Example 1.31. (i) In the metric space R we have int[0,1) = (0, 1); clearly
this is open and there is no larger open set contained in [0, 1).
(i) int Q@ = (. For any non-empty open set must contain an interval B (x)
and then it contains an irrational number, so isn’t contained in Q.

[ Proposition 1.32. int S = X\ (X\ S). ]

Proof. By De Morgan'’s laws,
intS = U{U :U C S, U open}

X\ﬂ{UC:UCS,Uopen}
= X\[)JF:F2X\S,Fclosed} =X\ (X\'S).

This is because U C S if and only if U¢ = X\ U D X\ S. Also F = U° is closed
precisely when U is open. That is, there is a correspondence between open sets
contained in S and closed sets containing its complement. O

1.1.3. Convergence and continuity. Let (xn,) be a sequence in a metric space (X, d),
ie., x1,X2,.... (Sometimes we may start counting at x.)

Definition 1.33 (Convergence). We say x, — x (i.e., xn converges to x) if
d(xn,x) = 0asn — co.

In other words: x, — x if for any ¢ > 0 there exists N € N such that for all
n > N we have d(x, x) < €.
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This is the usual notion of convergence if we think of points in RY with the

Euclidean metric.

7

Theorem 1.34. Let (xy,) be a sequence in a metric space (X, d). Then the following
are equivalent:
i) xn —x;
(ii) for every open U with x € U, there exists an N > 0 such that (n >
N) = x,el;
(iii) for every e > O there exists an N > 0 such that (n > N) = xy, €
Be(x).

J

Proof. 1.34(i) = 1.34(ii) If x,, — x and x € U, then there is a ball B, (x) C U, since
U is open. But xn — x 50 d(xn,x) < ¢ for n sufficiently large, i.e., xn € U forn
sufficiently large.

1.34(ii) = 1.34(iii) is obvious.

Finally, 1.34(iii) = 1.34(i). If the 1.34(iii) condition works for a given ¢ > 0 and
large n the inclusion x, € B¢(x) implies d(xn,x) < . |

Theorem 1.35. Let S be a subset of the metric space X. Then x € S if and only if
there is a sequence (xy ) of points of S with x, — x.

Proof. If x € S, then for each n we have B1(x) N'S # () by Theorem 1.29. So
choose x, € B1(x) N S. Clearly d(xn,x) — 0,1i.e., xn — x.

Conversely, if x ¢ S, then there is a neighbourhood U of x with UN S = (). Now
no sequence in S can get into U so it cannot converge to x. (Il

This can also be phrased as follows, characterising closed set in terms of se-

quences.

Corollary 1.36 (Closedness under taking limits). A subset Y C X of a metric
space (X, d) is closed if and only if for every sequence (xr) in Y that is convergent
in X its limit is also in Y.

Hence, the closure S is obtained from S by adding all possible limit points of

sequences in S.

Example 1.37. (i) Take (R2?, d;), where d;(x,y) = [x1 —y1|+Ix2—ya|, where

x = (x1,%2) and y = (y1,VY2), and consider the sequence (%, 2£l) We
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guess its limit is (0, 2). To see if this is right, look at

1 2 1 1 2 1 1 1
dl <<a nt ),(072))_ ‘ n -
n n+l

= 2l==+——=—0
n n+1 n n+l
as n — oo. So the limit is (0, 2).
(ii) In C[0,1] let f(t) = t™ and f(t) =0 for 0 < t < 1. Does f,, — f, (a) in
dy, and (b) in dy.?

(@)

1
1
dl(fn,f) - Jtn dt == m — 0
0

asn — co. So f,, — fin d;.

(b)
deo(fn, ) =max{t™": 0<t<1}=1+40

asn — o0. So f, /4 fin dg.

Note: Say gn — g pointwise on [a,b] as n — oo if gn(x) — g(x)
0 for0<x<1,
1 forx=1,

pointwise on [0, 1]. But g ¢ C[0, 1], as it is not continuous at 1.
(iii) Take the discrete metric

1 ifx ,
dO(Xay){O 1fx7:éz

for all x € [a,b]. If we define g(x) = thenf, — g

Then x, = x <= do(xn,x) — 0. But since do(xn,x) = 0 or 1, this
happens if and only if do(xn,x) = 0 for n sufficiently large. That is,
there is an ng such that x,, = x for all n > ng.

All convergent sequences in this metric are eventually constant. So,
for example do(1/n,0) /4 0.

A result on convergence in R™.

Proposition 1.38. Take R? with any of the metrics d1, ds and d,. Then a sequence
Xn = (an, by) converges to x = (a,b) if and only if an, — aand by, — b.

Proof. A useful observation is that for any x, and x:
dl (XTH X) = d2 (Xn; X) = doo(xna X).
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If a, — a and b, — b, then for any ¢ > 0 there are N, and Ny, such that for
N > N, we have |a, — a| < ¢/2 and for n > Ny, |by —b| < €/2. Thus for any
n > N =max(Ng, Nyp):
£ > |an - (1| + |bTL - b| = dl(xﬂax) 2 d?(xﬂvx) 2 doo(X-r“X),

which shows the convergence in all three metrics.
To show the opposite, WLOG assume towards a contradiction that a,, /4 a, that
is, there exits ¢ > 0 such that for any N there exists n > N such that [a, — a| > .
Then:

di(Xn, x) > da2(xn,X) = doo(Xn,x) = max{lan — af,[bn —bl} > [an —a| > ¢

showing the divergence in all three norms.

A similar result holds for R™ in general.
Now let’s look at continuous functions again.

Theorem 1.39. If f,, — fin (Cla, b], do), then f, — fin (Cla,bl, dq).
Informally speaking, d., convergence is stronger than d, convergence.

Proof. deo(fr,f) = max{|fn(x) —f(x)|: a < x < b} = 0asn — oo, so, given
¢ > 0 thereis an N so that do (fn, ) < € for n > N. It follows thatif n > N then
b b
d(f ) = [ Ifnl) = F0) dx < [ e dx = efb— a),
a a

so di(fn,f) - 0asn — oco. O

Remark 1.40. Itis also true that if de(fn, f) — 0 then f,, — f point-wise on [a, b].
The converse is false, cf. 1.37(1.37(ii)).

Now we look at continuous functions between general metric spaces.
Definition 1.41 (Continuity). Let f : (X,dx) — (Y, dy) be a map between
metric spaces. We say that f is continuous at x € X if for each ¢ > 0 there is

a d. x > 0 such that dv(f(x’),f(x)) < ¢ for all x’ € X whenever dx(x’,x) <
de x-

Another way of saying the same is that for every & > 0 there exists a 6 > 0 such

that

f(Bs(x)) C Be(f(x)).
The map f is continuous, if it is continuous at all points of X.
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Theorem 1.42 (Sequential continuity). For f as above, f is continuous at a if
and only if, whenever a sequence x, — a, then f(xn) — f(a).
In short, f is continuous at a if and only if f permutes with the limit:
1.1) f ( Tim xn> — lim f(xn)
n—oo n—o0

for any sequence xn, — a.

\. J

Proof. Same proof as in real analysis, more or less. If f is continuous at a and
Xn — a, then for each ¢ > 0 we have a 6 > 0 such that dv(f(x),f(a)) < ¢
whenever dx(x, a) < 6.

Then there’s an ng with d(x,,, a) < & for all n > ng, and so d(f(xn ), f(a)) < ¢ for
alln > ng. Thus f(x,) — f(x).

Conversely, if f is not continuous at a, then there is an ¢ for which no $ will do,
so we can find x,, with d(x,,a) < %, but d(f(xn),f(a)) > ¢. Then x, — a but

f(xn) # fla). O

But there is a nicer way to define continuity. For a mapping f : X — Y and a set
ucy,letf~1(U) be the set
f1(U) ={x € X: f(x) € U}.

This makes sense even if f~! is not defined as a function.

Theorem 1.43 (Continuity and open sets). A function f : X — Y is continuous
if and only if £~ (U) is open in X for every open subset U C Y. In short: the inverse
image of an open set is open.

Proof. Suppose that f is continuous, that U C Y is open, and that x, € f~'(U),
so f(xg) € U. Now there is a ball B (f(x¢)) C U, since U is open, and then by
continuity there is a 6 > 0 such that dy(f(x), f(x¢)) < € whenever dx(x, x¢) < o.
This means that for d(x,xg) < 8, f(x) € U and so x € f~!(U). Thatis, f~1(U) is
open.

Conversely, if the inverse image of an open set is open, and xy € X, let ¢ > 0 be
given. We know that B (f(xo)) is open, so 1 (B(f(xo), €)) is open, and contains
Xo. So it contains some Bs(xo) with & > 0.

But now if d(x, x¢) < 5, wehave x € Bs(xg) C f~1(B¢(f(x0))) so f(x) € B¢ (f(x0))
and we have d(f(x), f(xg)) < e. a

Remark 1.44. Note that for f continuous we do not expect f(Ll) to be open for all
open subsets of X, for example f : R — R, f = 0, then f(R) = {0}, not open.
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Example 1.45. Let X = R with the discrete metric, and Y any metric space. Then
all functions f : X — Y are continuous! Indeed, in either way:
e Because the inverse image of an open set is an open set, since all sets
are open.
e Because whenever x,, — x¢ we have x,, = x¢ for n large, so obviously
f(xn) — f(x0)-

Exercise 1.46. Which functions from a metric space X to the discrete metric space
Y = R are continuous?

Proposition 1.47. Let X and Y be metric spaces.
(i) A function f : X — Y is continuous if and only if f~1(F) is closed
whenever F is a closed subset of Y.
@) Iff: X — Yand g : Y — Z are continuous, then so is the composition
gof: X — Zdefined by (g o f)(x) = g(f(x)).

J

ous function is continuous at every point. On the other hand the function f(x) = -

Proof. (i) We can do this by complements, as if F is closed, then U = F¢ is
open, and f~!(F) = f~}(U)¢ (a point is mapped into F if and only if it
isn’t mapped into U).

Then f~!(F) is always closed when Fis closed <= f~!(U) is always
open when U is open.
(ii) Take U C Z open; then (g'f)~1(U) = f~!(g~'(U)); for these are the
points which map under f into g~!(U) so that they map under g'f into
u.
Now g*(U) is open in Y, as g is continuous, and then f~!(g—*(U))
is open in X since f is continuous.
|

In many cases we may need a stronger notion.

Definition 1.48 (Uniform continuity). A function f : (X, dx) — (Y,dy) is
called uniformly continuous if for each ¢ > 0 there exists 6. > 0 such that
whenever x,x’ € X satisfy dx(x,x’) < §,, we have that dy (f(x), f(x)) < e.

Note, that here the same §. shall work for all x € X. Thus any uniformly continu-
1

on (0, 1) is continuous but not uniformly continuous.

1.2. Useful properties of metric spaces. Metric spaces may or may not have some
useful properties which we are discussing in the following subsections: completeness
and compactness.
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1.2.1. Cauchy sequences and completeness. Recall that if (X, d) is a metric space, then
a sequence (xn) of elements of X converges to x € X if d(xn,x) — 0, i.e., if given
€ > 0 there exists N such that d(x,,x) < ¢ whenever n > N. Thus, to show that a
sequence is convergent from the definition we need to present its limit x which may
not belong to the sequence (x,,). It would be convenient to deduce convergence of
(xn) just through its own properties without a reference to extraneous x. This is
possible for complete metric spaces studied in this subsection.

Often we think of convergent sequences as ones where x,, and x,, are close to-
gether when n and m are large. This is almost, but not quite, the same thing in a
general metric space.

Definition 1.49 (Cauchy Sequence). A sequence (xy,) in a metric space (X, d)
is a Cauchy sequence if for any € > 0 there is an N such that d(xn,xm) < ¢ for
alln,m > N.

Example 1.50. Take x,, = 1/n in R with the usual metric. Now d(xn,Xm) =
L — L. Suppose that n and m are both at least as big as N; then d(xn, Xm) <
1/N. Hence if ¢ > 0 and we take N > 1/¢, we have d(xn,xm) < 1/N < ¢
whenever n and m are both > N.

In fact all convergent sequences are Cauchy sequences, by the following result.

Theorem 1.51. Suppose that (xn) is a convergent sequence in a metric space
(X, d), i.e., there is a limit point x such that d(xn,x) — 0. Then (xy) is a Cauchy
sequence.

Proof. Take € > 0. Then there is an N such that d(xn,x) < ¢/2 whenever n > N.
Now suppose both n > N and m > N. Then

d(xn,xm) < d(xn,x) + d(x,xm) = d(xn,x) + d(xm,x) < &/2+¢/2 =,

and we are done. O

[ Proposition 1.52. Every subsequence of a Cauchy sequence is a Cauchy sequence. ]

Proof. If (xn) is Cauchy and (xn,) is a subsequence, then given ¢ > 0 there is
an N such that d(xn,xm) < ¢ whenever n, m > N. Now there is a K such that
ni = N whenever k > K. So d(xn, ,%n,) < € whenever k,1 > K. O

Does every Cauchy sequence converge?
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Example 1.53. (i) (X,d) = Q, as a subspace of R with the usual metric.
Take xg = 2 and define x ;1 = "7“ + i The sequence continues 3/2,
17/12, 577/408, . .. and indeed the sequence converges in R as x, — x
where x = 5 + 1, i.e., x* = 2. But this isn’t in Q.
Thus (xy,) is Cauchy in R, since it converges to v/2 when we think of
it as a sequence in R. So it is Cauchy in Q, but doesn’t converge to a
point of Q.
(ii) Easier. Take (X,d) = (0,1). Then (1) is a Cauchy sequence in X (since
it is Cauchy in R, as seen above), and has no limit in X.
In each case there are “points missing from X”.

Definition 1.54 (Completeness). A metric space (X, d) is complete if every
Cauchy sequence in X converges to a limit in X.

[ Theorem 1.55. The metric space R is complete. ]

Remark 1.56. In parts of the literature R is simply defined as the completion of
Q. In this case one does not have to prove that R is complete, but it is complete
by construction. One then has to work a bit to show that it is also a field.

This is a result from the first year. Since its proof depends on the definition of R
we will not demonstrate it here.

Example 1.57. (i) Open intervals in R are not complete; closed intervals

are complete.
(i) What about Cla, b] with d;, ds or do.?
Following our consideration in Ex. 1.37.1.37(ii), define f,, in C[0, 2]

by
£ (x) x™ for0<x<l1
X =
" 1 forl1 <x<2.

)

[DIAGRAM]
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Then
2

di(fn, fm) = | Ifalx) = fm(x) dx

o«

= | x"—=xMdx

o

1

= |x™=xM)dx if n>m

o

1 1 1
= — < — 0,
m+1 n+1 m+1

and hence (fy,) is Cauchy in (C[0, 2], d;). Does the sequence converge?
2

If there is an f € C[0,2] with f, — fasn — oo, then Jlfn(x) —
0

1
f(x)|dx — 0, so J and Jboth tend to zero. So f,, — fin (C[0, 1], d;),

which means that f(x) = 0 on [0, 1] (from an example we did earlier).
Likewise, f = 1 on [1, 2], which doesn’t give a continuous limit.

(iii) Similarly, (C[a,b], d;) is incomplete in general. Also it is incomplete in
the dy metric, as the same example shows (a similar calculation with
squares of functions). We will see later that it is complete in the de
metric.

Remark 1.58. Note that R? is also complete with any of the metrics d;, dy and
deo; since a Cauchy/ convergent sequence (vn) = (xn,yn) in R? is just one in
which both (x,) and (yn) are Cauchy/ convergent sequences in R (cf. Prop.
1.38).

Similar arguments show that R¥ is also complete for k = 1,2,3,..., and (with
the same proof as for Corollary) all closed subsets of R* are complete.

If a metric space (X, d) is not complete one can always pass to its abstract com-
pletion in the following sense.

Proposition 1.59 (Abstract completion). Any metric space (X, d) is isometric to
a dense subspace of a complete metric space, which is called its abstract completion
if (X, d).
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Sketch of proof. We describe a metric space (X',d’) in which X is isometric to a
dense subset. Consider the space X of Cauchy sequences of X. We define an
equivalence relation ~ on X by

(xn) ~ (Yn) < d(xn,yn) — 0.

The set X is defined to be the set of equivalence classes [(xn)]. It has a well
defined metric given by

/

d ([(xn)]; [(yn)]) = lim d(xn,yn).

n—oo

One checks easily that this is metric and is well defined (does not depend on
the chosen representative x, of [(xn)]). Now there is an injective map X —
X' defined by sending x to the constant sequence (x,x,Xx,...). This map is an
isometry. We can therefore think of (X, d) as a subset of (X', d"). This subset is
dense because every Cauchy sequence can be approximated by a sequence of
constant sequences. So the only difficult bit in this construction is to show that
(X',d")is complete. We will sketch the construction of a limit here. It turns out
that it verifies completeness on a dense set.

Lemma 1.60. Suppose that (X, d) is a metric space and let Y C X be a dense
set with the property that every Cauchy sequence in Y has a limit in X. Then
(X, d) is complete.

Proof. Let (xn) be a Cauchy sequence in X. Now replace x,, with another
sequence Yy in Y such that d(xn,yn) < <. Then, by the triangle inequality,
Yn is again a Cauchy sequence and converges, by assumption, to some x € X.
Then also x,, converges to x. O

Let us turn to the proof of completeness of X’.  Suppose that (xn)
is a Cauchy sequence in X. Then, in X’ this sequence has the form
((x1,%x1,...), (x2,X2,...), (x3,X3,...),...). This sequence has a limit, namely, (x,)
itself. O

Exercise 1.61 (Extension by continuity). Let (X, d) be a metric space and X; be
a dense subset of X. Let f : X; — Y be a uniformly continuous function to a
complete metric space (Y,d’). Show that there is a unigue function f : X — Y
which satisfies two properties:
(i) restriction of f to Xy coincides with f, that is f(x) = f(x) for all x € X;
(ii) fis continuous on X.
Furthermore, it can be shown that f is uniformly continuous on X. We will call
the extension of f by continuity and will often keep the same letter f to denote f.

There are many important consequences of Ex. 1.61, in particular the following.
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Corollary 1.62. All abstract completions of a metric space (X, d) are isometric, in
other words, the abstract completions is unique up to isometry.

1.2.2. Compactness. Accordingly to a dictionary: compact—closely and firmly united
or packed together. For a metric space a meaning of “closely and firmly united”
can be defined in several different forms—through open coverings or convergent
subsequences—and we will see that these interpretations are equivalent.

An open cover of a metric space (X, d) is a family of open sets (Uy)«e1 such that

U U =X
xel

A subcover of a cover is a subset I’ C I of the index set such that (Uy) e is still a
cover.

Definition 1.63 (Compactness). A metric space (X, d) is called compact if
every open cover has a finite subcover.

Informally: a space is compact if any infinite open covering is excessive and can
be reduced just to a finite one. An example of a compact set is [0, 1] and example of
non-compact—all reals or the open interval (0, 1). An importance of this concept is
clarified by Rem. 1.21.

Definition 1.64 (Sequential Compactness). A metric space (X, d) is called
sequentially compact if every sequence (xn)nen in X has a convergent sub-
sequence.

Informally: a space is sequentially compact if there is no room to place infinite
number of points sufficiently apart from each other to avoid their condensation to a
limit. Taking the sequence x,, = n shows that the set of all reals is not sequentially
compact. On the other hand, we know from previous years that bounded closed
setin R™ every sequence has a convergent subsequence. Therefore, bounded closed
sets in R™ are sequentially compact.

Exercise 1.65. What are compact sets in a discrete metric space? What are se-
quentially compact sets in a discrete metric space?

Lemma 1.66. Let (X, d) be a sequentially compact metric space. Then for every
€ > 0 there exist finitely many points x1, ..., xn such that {B¢(x;) [i=1,...,n}
is a cover.
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Proof. Suppose this were not the case. Then there would exist an € > 0 such that

for any finite number of points x4, ..., Xy the collection of balls B (x;) does not
cover, i.e.
n
U Be (Xi) 7é X.
i=1

Starting with n = 1 and then inductively adding points that are in the comple-
ment of Ul ; B¢ (x;) we end up with an infinite sequence of points x; such that
d(xi,xx) > €. This sequence cannot have a Cauchy subsequence (required for
convergence) in contradiction with the sequential compactness of X. O

Theorem 1.67. A metric space (X, d) is compact if and only if it is sequentially
compact.

Proof. We show the two directions separately.
Compactness implies sequential compactness: Suppose that X is compact and
let (xi)ien be a sequence. We want to show that it has a convergent subsequence.
Suppose (x;) did not have a convergent subsequence. Then no point x is an
accumulation point, i.e. a limit of a subsequence. Therefore, for each x € X there
exists an £(x) > 0 such that only finitely many i € N for which x; € B (4. Since
(Be(x))xex is an open cover it has a finite subcover, that is a finite number of
balls with a finite number of x; in each. This contradicts to the infinite number
of elements in the sequence (x;).
Sequential compactness implies compactness: This implication is quite tricky.
The proof is again by contradiction. Let us assume our space is sequentially
compact and there exists a cover U, that does not have a finite subcover. By
the above lemma there are finitely many points x4, . .., xn, such that B1(x;) is a
cover. Each of the balls B;(x;) is covered by U as well. Since our cover does
not have a finite subcover one of the balls B; (x;) does not have a finite subcover.
Denote the relevant point x; by z;.
Again there are finitely many points X1, ...,x, such that B, (x) is a cover of
X. The collection of sets B1(z1) N B% (xi), withi = 1,..., Ny is also a covering
of Bi(z1). In the same way as before there is at least one of the x;, such that
Bi(z1)N B% (z2) can not be covered by a finite subcover of U,. Call that point z,.
Continuing like this we construct a sequence of points z; such that none of the
sets

Bi(z1) QB%(ZQ) n... QB%(ZN)

can be covered by a finite subcover of U,.
By assumption the sequence (z;) has a convergent subsequence. Say z is a limit
point of that subsequence. Since U, is an open cover the point z is contained
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in one of the Uy and of course that means that an open ball B, (z) around z is
contained in U, for some ¢ > 0.
Now we show that there exits an N € N such that B% (zn) is a subset of U,
(this will be the desired contradiction!). Indeed, choose N large enough so that
d(zn,z) + & < e. Thenx € B (zn) implies that d(x, z) < d(zn, z) + d(x, zn) <
d(zn,z) + % < €. This means in particular that

Bi(z1) QB%(ZQ) n... QB%(ZN)

is a subset of U,. Thus, there is a subcover of the set Bi(z1) N ... N B% (zn)
consisting of one element U,. This is a contradiction as we constructed the
sequence of balls in such a way that these sets cannot be covered by a finite
number of the U,. O

Definition 1.68 (Boundedness). A subset A C X of a metric space is called
bounded if there exists xg € X and C > 0 such that for all x € A we have
d(xg,x) < C.

Remark 1.69. One can easily see, using the triangle inequality, that the reference
point xq can be chosen as any point in X. This means if A C X is bounded and
xo € X, then there exist a C > 0 such that d(x¢,x) < C forany x € A.

Theorem 1.70. Suppose that A C X is a compact subset of a metric space. Then A
is closed and bounded.

Proof. First we show A is bounded. Choose any xy € X and note that the set
B..(x¢) indexed by n € N is an open cover of A. Hence, there exists a finite sub-
coverj By, (x0), ..., Bny(Xx0). Hence, A C Bc(xg), where C = max{n,...,cn}
Hence, A is bounded.

Next assume that (xy ) is a sequence in A that converges in X. Since A is compact
there exists a subsequence that converges in A. Hence, the limit of xx must also
be in A. Therefore, A is closed. O

The converse of this statement is not correct in general. It is however famously
correctin R™.

Theorem 1.71 (Heine-Borel). A subset K C R™ is compact if and only if it is
closed and bounded.

Proof. We just need to combine the above statements. We have already shown
that compactness implies closedness and boundedness. If K is closed and
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bounded we know from Analysis that it is sequentially compact. Therefore it
is compact. O

As an illustration of further nice properties of compact spaces we mention the
following result:

Exercise 1.72. (i) Any continuous function on a compact set is bounded.
(if) Any continuous function f : K — X from a compact space K to a metric
space X is uniformly continuous.

Remark 1.73. Note that there are two different sorts of properties of metric
spaces:

o the first sort of absolute properties can be verified on a metric space it-
self;

e the second sort of relative properties is meaningful only for subsets of
another metric spaces. Such a property may be true for X as a subspace
of X but false if X is considered as a subspace of a different space Z.

Completeness and compactness are of the first sort, closedness is of the second,
cf. Rem 1.17.

2. BASICS OF LINEAR SPACES

A person is solely the concentration of an infinite set of interre-
lations with another and others, and to separate a person from
these relations means to take away any real meaning of the
life.

V1. Soloviev

A space around us could be described as a three dimensional Euclidean space.
To single out a point of that space we need a fixed frame of references and three real
numbers, which are coordinates of the point. Similarly to describe a pair of points
from our space we could use six coordinates; for three points—nine, end so on.
This makes it reasonable to consider Euclidean (linear) spaces of an arbitrary finite
dimension, which are studied in the courses of linear algebra.

The basic properties of Euclidean spaces are determined by its linear and metric
structures. The linear space (or vector space) structure allows to add and subtract vec-
tors associated to points as well as to multiply vectors by real or complex numbers
(scalars).

The metric space structure assign a distance—non-negative real number—to a pair
of points or, equivalently, defines a length of a vector defined by that pair. A metric
(or, more generally a topology) is essential for definition of the core analytical no-
tions like limit or continuity. The importance of linear and metric (topological)
structure in analysis sometime encoded in the formula:

(2.1) Analysis = Algebra + Geometry .
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On the other hand we could observe that many sets admit a sort of linear and
metric structures which are linked each other. Just few among many other ex-
amples are:

e The set of convergent sequences;

e The set of continuous functions on [0, 1].
It is a very mathematical way of thinking to declare such sets to be spaces and call their
elements points.

But shall we lose all information on a particular element (e.g. a sequence {1/n})
if we represent it by a shapeless and size-less “point” without any inner config-
uration? Surprisingly not: all properties of an element could be now retrieved not
from its inner configuration but from interactions with other elements through linear
and metric structures. Such a “sociological” approach to all kind of mathematical
objects was codified in the abstract category theory.

Another surprise is that starting from our three dimensional Euclidean space and
walking far away by a road of abstraction to infinite dimensional Hilbert spaces we
are arriving just to yet another picture of the surrounding space—that time on the
language of quantum mechanics.

The distance from Manchester to Liverpool is 35 miles—just

about the mileage in the opposite direction!
A tourist guide to England

2.1. Banach spaces (basic definitions only). The following definition generalises
the notion of distance known from the everyday life.

Definition 2.1. A metric (or distance function) d on a set M is a function d :
M x M — R, from the set of pairs to non-negative real numbers such that:
(i) d(x,y) >0forallx,y € M, d(x,y) =0impliesx =y .
(ii) d(x,y) =d(y,x) for all x and y in M.
(iii) d(x,y)+d(y,z) > d(x,z) for all x, y, and z in M (triangle inequality).

Exercise 2.2. Let M be the set of UK’s cities are the following function are met-
rics on M:

(i) d(A,B) is the price of 2nd class railway ticket from A to B.

(if) d(A,B) is the off-peak driving time from A to B.

The following notion is a useful specialisation of metric adopted to the linear
structure.

Definition 2.3. Let V be a (real or complex) vector space. A norm on V is a
real-valued function, written ||x||, such that


http://plato.stanford.edu/entries/category-theory/
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@) x|l = 0forallx € V,and ||x|| = 0 implies x = 0.
(ii) ||Ax]| = Al ||x]|| for all scalar A and vector x.
i) ||x +yll < |IxIl + llyl| (triangle inequality).
A vector space with a norm is called a normed space.

The connection between norm and metric is as follows:

Proposition 2.4. If ||-|| is a norm on V, then it gives a metric on V by d(x,y) =
Ix =yl

8y
+
<y

<y

(a) (b)

FIGURE 1. Triangle inequality in metric (a) and normed (b) spaces.

Proof. This is a simple exercise to derive items 2.1(i)-2.1(iii) of Definition 2.1
from corresponding items of Definition 2.3. For example, see the Figure 1 to
derive the triangle inequality. O

An important notions known from real analysis are limit and convergence. Par-
ticularly we usually wish to have enough limiting points for all “reasonable” se-
quences.

Definition 2.5. A sequence {xy}in a metric space (M, d) is a Cauchy sequence,
if for every e > 0, there exists an integer n such that k,1 > n implies that
d(Xk,Xl) < E.

Definition 2.6. (M, d) is a complete metric space if every Cauchy sequence in
M converges to a limit in M.
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For example, the set of integers Z and reals R with the natural distance functions
are complete spaces, but the set of rationals Q is not. The complete normed spaces
deserve a special name.

Definition 2.7. A Banach space is a complete normed space.

Exercise* 2.8. A convenient way to define a norm in a Banach space is as fol-
lows. The unit ball U in a normed space B is the set of x such that ||x|| < 1. Prove
that:
(i) Uis a convex set,ie. x,y € UWand A € [0, 1] the point Ax + (1 — A)y is
also in U.
(i) [|x]| =infA e R, | A*x € U}.
(iii) Uis closed if and only if the space is Banach.

Example 2.9. Here is some examples of normed spaces.
(i) €3 is either R™ or C™ with norm defined by

(22) ||(X17 cee 7Xn)H2 = \/|X1|2 + ‘X2|2 +---+ |Xn‘2-
(ii) €7 is either R™ or C™ with norm defined by
(2.3) [yl = Bl + xaf 4 -+ + [xnl.

(iii) €% is either R™ or C™ with norm defined by
(2.4) 1015 -+ xn) [l = max (bl xal, -+, xnl).

(iv) Let X be a topological space, then C,(X) is the space of continuous
bounded functions f : X — C with norm ||f|| , = supx [f(x)|.
(v) Let X be any set, then {_ (X) is the space of all bounded (not necessarily
continuous) functions f : X — C with norm ||f|| , = supx [f(x)].
All these normed spaces are also complete and thus are Banach spaces. Some
more examples of both complete and incomplete spaces shall appear later.

—We need an extra space to accommodate this product!
A manager to a shop assistant

2.2. Hilbert spaces. Although metric and norm capture important geometric in-
formation about linear spaces they are not sensitive enough to represent such geo-
metric characterisation as angles (particularly orthogonality). To this end we need a
further refinements.

From courses of linear algebra known that the scalar product (x,y) = x1y1 +
.-+ + XnYn is important in a space R™ and defines a norm ||x||* = (x,x). Here is a
suitable generalisation:
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\J
\J

(i) (if)

\J

(iii)

FIGURE 2. Different unit balls defining norms in R? from Example 2.9.

Definition 2.10. A scalar product (or inner product) on a real or complex vector
space V is a mapping V x V — C, written (x, y), that satisfies:

(i) (x,x) > 0and (x,x) = 0 implies x = 0.
(i) (x,y) = (y,x) in complex spaces and (x,y) = (y, x) in real ones for
allx,y e V.
(iii) (Ax,y) =A(x,y), forall x,y € V and scalar A. (What is (x,Ay)?).
(iv) (x+vy,z) = (x,z)+(y,z), forallx,y,and z € V. (Whatis (x,y + z)?).

Last two properties of the scalar product is oftenly encoded in the phrase: “it is
linear in the first variable if we fix the second and anti-linear in the second if we fix
the first”.
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Definition 2.11. An inner product space V is a real or complex vector space
with a scalar product on it.

Example 2.12. Here is some examples of inner product spaces which demon-
strate that expression ||x|| = \/(x, x) defines a norm.
(i) The inner product for R™ was defined in the beginning of this section.
The inner product for C™ is given by (x,y) = ¥ " xjy;. The norm ||x| =
\/ 3111 makes it € from Example 2.9(i).
(ii) The extension for infinite vectors: let £, be

(2.5) ¢, = {sequences {x;}7° | Z Ile2 < ool
1

Let us equip this set with operations of term-wise addition and multi-
plication by scalars, then ¢, is closed under them. Indeed it follows from
the triangle inequality and properties of absolutely convergent series.
From the standard Cauchy-Bunyakovskii-Schwarz inequality follows
that the series ) 1° x;y; absolutely converges and its sum defined to be
(x,y).

(iii) Let Cyla, b] be a space of continuous functions on the interval [a,b] €
R. As we learn from Example 2.9(iv) a normed space it is a normed
space with the norm ||f[|,, = sup(q 1 [f(x)|. We could also define an
inner product:

b b
(2.6) (f,g)zjf(x)g(x)dx and ||f|, = Jlf(x)l2 dx

Now we state, probably, the most important inequality in analysis.

Theorem 2.13 (Cauchy-Schwarz-Bunyakovskii inequality). For vectors x

andy in an inner product space V let us define ||x|| = \/(x,x) and |[y|| = +/(y,y)
then we have
2.7) [0yl < Iyl

with equality if and only if x and y are scalar multiple each other.

Proof. For simplicity we start from a real vector space. Let we have two vectors
u and v and want to define an inner product on the two-dimensional vector
space spanned by them. That is we need to know a value of (au + bv, cu + dv)
for all possible scalars a, b, c, d.
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By the linearity (au + bv, cu+ dv) = ac (u,u) + (bc + ad) (u,v) +db (v,v), thus
everything is defined as soon as we know three inner products (u, u), (u,v) and
(v, V). First of all we need to demand (u,u) > 0 and (v,v) > 0.

Furthermore, they shall be such that (au + bv, au + bv) > 0 for all scalar a and
b. If a = 0, that is reduced to the previous case (v,v) > 0. If a is non-zero we
note {(au + bv,au+bv) = a? (u+ (b/a)v,u+ (b/a)v) and letting A = b/a we
reduce our consideration to the quadratic expression

W+ Av, w4+ Av) =A% (v, v) + 2\ (u, V) + (u,u) .

The graph of this function of A is an upward parabolabecause (v,v) > 0. Thus,
it will be non-negative for all A if its lowest value is non-negative. From the

theory of quadratic expressions, the latter is achieved at A = — (u,v) / (v,v) and
is equal to
(u,v)” (u,v) (w,v)”
v,v) —2 u,v) +{u,u) =— + (u,u
oy () 2 () () =~ ()
If — %’Xf; + (u,u) > 0 then (v,v) (u,u) > (u,v)>

Therefore, the Cauchy-Schwarz inequality is necessary and sufficient condition for
the non-negativity of the inner product defined by the three values (u,u), (u,v)
and (v, v).

After the previous discussion it is easy to get the result for complex vector space
as well. For any x,y € V and any t € R we have:

0 < (x+ty, x+ty) = (x,x) + 2tR {y, %) + t* (y,y)),
Thus, the discriminant of this quadratic expression in t is non-positive:
(9% (y.x))* = [Ix* [y|* < 0, that is 1% (x,y)| < [|x|| |y]l. Replacing y by ey
for an arbitrary & € [—m, 7] we get |9%(e“" <x,y>)| < |IxIlly]l, this implies the
desired inequality.

]
Corollary 2.14. Any inner product space is a normed space with norm ||x| =
\/ (x,x) (hence also a metric space, Prop. 2.4).
Proof. Just to check items 2.3(i)-2.3(iii) from Definition 2.3. |

Again complete inner product spaces deserve a special name
Definition 2.15. A complete inner product space is Hilbert space.

The relations between spaces introduced so far are as follows:
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Hilbert spaces = Banachspaces = Complete metric spaces
¢ ¢ 4
inner product spaces = normed spaces = metric spaces.

How can we tell if a given norm comes from an inner product?

a g
z

8y

FIGURE 3. To the parallelogram identity.

Theorem 2.16 (Parallelogram identity). In an inner product space H we have
forall x and y € H (see Figure 3):

(238) I+ yl* + I —yl1* = 21Ix]|* + 2yl

Proof. Just by linearity of inner product:
x+y,x+y) +x—y,x—y) =2(,%) +2(y,y),
because the cross terms cancel out. O

Exercise 2.17. Show that (2.8) is also a sufficient condition for a norm to arise
from an inner product. Namely, for a norm on a complex Banach space satisfy-
ing to (2.8) the formula

1 . . . .
@9 fey) = g (Ierul ==yl il iyl =i x =iyl

3
1 .k ke 12
= ZZ‘L [|x + iy
0
defines an inner product. What is a suitable formula for a real Banach space?

Divide and rule!
Old but still much used recipe

2.3. Subspaces. To study Hilbert spaces we may use the traditional mathematical
technique of analysis and synthesis: we split the initial Hilbert spaces into smaller
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and probably simpler subsets, investigate them separately, and then reconstruct the
entire picture from these parts.

As known from the linear algebra, a linear subspace is a subset of a linear space
is its subset, which inherits the linear structure, i.e. possibility to add vectors and
multiply them by scalars. In this course we need also that subspaces inherit topo-
logical structure (coming either from a norm or an inner product) as well.

Definition 2.18. By a subspace of a normed space (or inner product space)
we mean a linear subspace with the same norm (inner product respectively).
Wewrite XCYor X CY.

Example 2.19. (i) Cp(X) C £(X) where X is a metric space.
(ii) Any linear subspace of R™ or C" with any norm given in Ex-
ample 2.9(1)-2.9(iii).
(iii) Let ¢y, be the space of finite sequences, i.e. all sequences (x,) such that
exist N with x,, = 0 for n > N. This is a subspace of £, since 3 ° |x;|” is
a finite sum, so finite.

We also wish that the both inhered structures (linear and topological) should be
in agreement, i.e. the subspace should be complete. Such inheritance is linked to
the property be closed.

A subspace need not be closed—for example the sequence

x=(1,1/2,1/3,1/4,...) € &, because Z 1/k? < o0

and xn, = (1,1/2,...,1/1n,0,0,...) € ¢y, converges to x thus x € ¢, C {,.

Proposition 2.20. (i) Any closed subspace of a Banach/Hilbert space is com-
plete, hence also a Banach/Hilbert space.
(if) Any complete subspace is closed.
(iii) The closure of subspace is again a subspace.

Proof. (i) This is true in any metric space X: any Cauchy sequence from Y
has a limit x € X belonging to Y, but if Y is closed then x € Y.
(ii) LetY is complete and x € Y, then there is sequence x, — x in Y and it
is a Cauchy sequence. Then completeness of Y implies x € Y.
(iii) If x, y € Y then there are x, and y,, in Y such that x,, — x and y,, — y.
From the triangle inequality:

1 +yn) = (x F Y| < [lxn = x|+ [lyn =yl =0,

S0 Xn +Yn — x+yand x +y € Y. Similarly x € Y implies Ax € Y for
any A.
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Hence ¢ is an incomplete inner product space, with inner product (x,y) =
> 7 xkUx (this is a finite sum!) as it is not closed in {,.

A
1

Y

N[
3=
B —
3=

—_

(a) (b)

I—

\J

|
|
|
|
|
1 1
2

FIGURE 4. Jump function on (b) as a L, limit of continuous func-
tions from (a).

1 1/2
Similarly C[0, 1] with inner product norm ||f|| = (f ()% dt) is incomplete—
0

take the large space X of functions continuous on [0, 1] except for a possible jump at
1 (i.e. left and right limits exists but may be unequal and f(3) = lim, ~1 f(t). Then
the sequence of functions defined on Figure 4(a) has the limit shown on Figure 4(b)
since:

N
3=

+
2
[f —full = J If — fol? dt < 0.

ol
2=

Obviously f € C[0, 1]\ CI0, 1].

Exercise 2.21. Show alternatively that the sequence of function f,, from Fig-
ure 4(a) is a Cauchy sequence in C[0, 1] but has no continuous limit.
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Similarly the space Cla, b] is incomplete for any a < b if equipped by the inner

product and the corresponding norm:

b
(2.10) .9 = |
ab 1/2
(211) Il = | [ ar

a

Definition 2.22. Define a Hilbert space L,[a, b] to be the smallest complete
inner product space containing space C[a, b] with the restriction of inner
product given by (2.10).

It is practical to realise L,[a, b] as a certain space of “functions” with the inner

product defined via an integral. There are several ways to do that and we mention
just two:

(i) Elements of L,[a,b] are equivalent classes of Cauchy sequences f(™) of
functions from C|a, b].

(ii) Let integration be extended from the Riemann definition to the wider Le-
besgue integration (see Section 13). Let L be a set of square integrable in
Lebesgue sense functions on [a, b] with a finite norm (2.11). Then L,[a, b]
is a quotient space of L with respect to the equivalence relation f ~ g
If=gll, = 0.

Example 2.23. Let the Cantor function on [0, 1] be defined as follows:

1, teqy
f(t)_{ 0, teR\Q.
This function is not integrable in the Riemann sense but does have the

Lebesgue integral. The later however is equal to 0 and as an L,-function
the Cantor function equivalent to the function identically equal to 0.

(iii) The third possibility is to map L,(R) onto a space of “true” functions but
with an additional structure. For example, in quantum mechanics it is useful
to work with the Segal-Bargmann space of analytic functions on C with the
inner product [4-6]:

(f1,f2) = JC f1(2)fa(z)e " dz.
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Theorem 2.24. The sequence space {,, is complete, hence a Hilbert space.

Proof. Take a Cauchy sequence x™) € €,, where x(™ = (x{™ x{™ x{™ ).

Our proof will have three steps: identify the limit x; show it is in {,; show x(™) —
X.

(i) If x™) is a Cauchy sequence in £, then x]in] is also a Cauchy sequence
of numbers for any fixed k:

o o\ 172
] < () = e o
k=1

Let xi be the limit of x]((“).
(if) For a given e > 0 find ng such that Hx(“) —x(m) H < ¢ forallm, m > ny.
For any K and m:

K
> [
k=1

Let m — oo then Y §_, ’xlin) — Xk

‘2 < Hx(”) —x(m)Hz < €2

€.

N

‘2
2
LetK — cothen ) 7, ’x]in) - xk’ < €2. Thus x(™)—x € (, and because

£, is a linear space then x = x(™) — (x(™) —x) is also in {,.
(iii) We saw above that for any € > 0 there is ng such that Hx(“) — xH <e
for all n > ng. Thus x(™) — x.
Consequently ¢, is complete. O

All good things are covered by a thick layer of chocolate (well,
if something is not yet-it certainly will)

2.4. Linear spans. As was explained into introduction 2, we describe “internal”
properties of a vector through its relations to other vectors. For a detailed descrip-
tion we need sufficiently many external reference points.

Let A be a subset (finite or infinite) of a normed space V. We may wish to up-
grade it to a linear subspace in order to make it subject to our theory.

Definition 2.25. The linear span of A, write Lin(A), is the intersection of all
linear subspaces of V containing A, i.e. the smallest subspace containing A,
equivalently the set of all finite linear combination of elements of A. The
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closed linear span of A write CLin(A) is the intersection of all closed linear
subspaces of V containing A, i.e. the smallest closed subspace containing A.

Exercise* 2.26. (i) Show thatif A is a subset of finite dimension space then
Lin(A) = CLin(A).
(ii) Show that for an infinite A spaces Lin(A) and CLin(A)could be differ-
ent. (Hint: use Example 2.19(iii).)

Proposition 2.27. Lin(A) = CLin(A). ]

Proof. Clearly Lin(A) is a closed subspace containing A thus it should contain
CLin(A). Also Lin(A) C CLin(A) thus Lin(A) C CLin(A) = CLin(A). Therefore
Lin(A) = CLin(A). |

Consequently CLin(A) is the set of all limiting points of finite linear combination

of elements of A.

Example 2 28. Let V = Cl[a, b] with the sup norm ||-|| .. Then:

Lin{1, x, x> } = {all polynomials}

CLin{1,x,x?,...} = Cla,b] by the Weierstrass approximation theorem proved
later.

Remark 2.29. Note, that the relation P C CLin(Q) between two sets P and Q is
transitive: if P C CLin(Q) and Q C CLin(R) then P C CLin(R). This observation
is often used in the following way. To show that P C CLin(R) we introduce
some intermediate sets Q, ..., Qn such that P C CLin(Q), Q; C CLin(Qj1)
and Qn C CLin(R), see the proof of Weierstrass Approximation Thm. 5.17 or
§14.2 for an illustration.

The following simple result will be used later many times without comments.

Lemma 2.30 (about Inner Product Limit). Suppose H is an inner product space
and sequences xn, and Yy, have limits x and y correspondingly. Then (xn,Yn) —
(x,y) or equivalently:

lim (Xn,Yn) = < lim xn, lim yn>.

n—oo n—oo n—
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Proof. Obviously by the Cauchy-Schwarz inequality:
[(Xn,yn) = Y)l = [n =%, yn) + (X, yn —y)l

< |<Xn*X7‘Jn>|+\<Xayn*U>‘
< e = x[Hynll + X[ Tyn =yl = 0,
since || xn —x|| = 0, |lyn —y|| = 0, and |jyn || is bounded. O

3. ORTHOGONALITY
Pythagoras is forever!
The catchphrase from TV commercial of Hilbert Spaces course
As was mentioned in the introduction the Hilbert spaces is an analog of our 3D
Euclidean space and theory of Hilbert spaces similar to plane or space geometry.
One of the primary result of Euclidean geometry which still survives in high school
curriculum despite its continuous nasty de-geometrisation is Pythagoras” theorem
based on the notion of orthogonality'.
So far we was concerned only with distances between points. Now we would
like to study angles between vectors and notably right angles. Pythagoras’ theorem
states that if the angle C in a triangle is right then ¢? = a? + b?, see Figure 5 .

-

a

FIGURE 5. The Pythagoras’ theorem ¢? = a? + b?

It is a very mathematical way of thinking to turn this property of right angles into

their definition, which will work even in infinite dimensional Hilbert spaces.
Look for a triangle, or even for a right triangle
A universal advice in solving problems from elementary
geometry.

3.1. Orthogonal System in Hilbert Space. In inner product spaces it is even more
convenient to give a definition of orthogonality not from Pythagoras’ theorem but
from an equivalent property of inner product.

1Some more “strange” types of orthogonality can be seen in the paper Elliptic, Parabolic and Hyperbolic
Analytic Function Theory—1: Geometry of Invariants.


http://v-v-kisil.scienceontheweb.net/courses/math3263.html
http://arxiv.org/abs/math.CV/0512416
http://arxiv.org/abs/math.CV/0512416
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Definition 3.1. Two vectors x and y in an inner product space are orthogonal
if (x,y) =0, written x L y.

An orthogonal sequence (or orthogonal system) e, (finite or infinite) is one in
which e, L e;,, whenever n # m.

An orthonormal sequence (or orthonormal system) ey, is an orthogonal sequence
with ||e, || = 1 for all n.

Exercise 3.2. (i) Show that if x L x then x = 0 and consequently x L y for
anyy € H.
(if) Show that if all vectors of an orthogonal system are non-zero then they
are linearly independent.

Example 3.3. These are orthonormal sequences:
(i) Basis vectors (1,0,0), (0,1,0), (0,0,1) in R3 or C3.
(ii) Vectors e, = (0,...,0,1,0,...) (with the only 1 on the nth place) in £,.
(Could you see a similarity with the previous example?)
(iii) Functions e, (t) = 1/(v2m)ei™t , n € Z in C[0, 27

27
1, n=m;

_ 1 int ,—imt _ )
(3.1) (en,em) = J s e dt = 0 nZm.

Exercise 3.4. Let A be a subset of an inner product space V and x L y for any
y € A. Prove that x | z for all z € CLin(A).

Theorem 3.5 (Pythagoras’). If x Ly then ||x +yl|> = ||x||> + |[y||>. Also if ei,
..., en is orthonormal then

n 2 n n n

2
E akeéx|| = E akek,z akeéx ) = E lay|”.
1 1 1 1

J

Proof. A one-line calculation. O

The following theorem provides an important property of Hilbert spaces which

will be used many times. Recall, that a subset K of a linear space V is convex if for all
x,y € Kand A € [0, 1] the point Ax + (1 —A)y is also in K. Particularly any subspace
is convex and any unit ball as well (see Exercise 2.8(i)).
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Theorem 3.6 (about the Nearest Point). Let K be a non-empty convex closed
subset of a Hilbert space H. For any point x € H there is the unique point y € K
nearest to x.

Proof. Letd = infyek d(x,y), where d(x, y)—the distance coming from the norm
x|l = v/{x,x) and let y, a sequence points in K such that limy _, d(x,yn) = d.
Then y, is a Cauchy sequence. Indeed from the parallelogram identity for the
parallelogram generated by vectors x — yn and x — ym, we have:

yn = yml® = 2|x = ynl* +2[x = ym|* = [2x = yn — ym|*.
Note that ||2x —yn —ym|* = 4||X_y%m||2 > 4d? since ¥2f¥n € K by

its convexity. For sufficiently large m and n we get |[x — ym||> < d + € and
X —yn|®> < d+ e, thus [[yn — yml|| < 4(d? + €) — 4d? = 4e, i.e. yn is a Cauchy

sequence.
Let y be the limit of y», which exists by the completeness of H, then y € K since
K is closed. Then d(x,y) = limn_ d(x,yn) = d. This show the existence of

the nearest point. Let y’ be another point in K such that d(x,y’) = d, then the
parallelogram identity implies:

2 2 2
ly—y'I" =2lx =yl + 2[x —y'|I* = [2x —y —y’||* <44 —4d* = 0.

This shows the uniqueness of the nearest point. O

Exercise* 3.7. The essential role of the parallelogram identity in the above proof
indicates that the theorem does not hold in a general Banach space.
(i) Show that in R? with either norm ||-||, or |-, form Example 2.9 the
nearest point could be non-unique;
(if) Could you construct an example (in Banach space) when the nearest
point does not exists?

Liberte, Egalite, Fraternite!
A longstanding ideal approximated in the real life by
something completely different

3.2. Bessel’s inequality. For the case then a convex subset is a subspace we could
characterise the nearest point in the term of orthogonality.

Theorem 3.8 (on Perpendicular). Let M be a subspace of a Hilbert space H and
a point x € H be fixed. Then z € M is the nearest point to x if and only if x — z is
orthogonal to any vector in M.
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z j/y
Q) LA (i) #2

FIGURE 6. (i) A smaller distance for a non-perpendicular direction;
and
(ii) Best approximation from a subspace

Proof. Let z is the nearest point to x existing by the previous Theorem. We claim
that x — z orthogonal to any vector in M, otherwise there exists y € M such that
(x —z,y) # 0. Then

Ix—z—eyl* = [x—z||* —2eR {x —z,y) + € [|y]’
< llx—zl?,

if e is chosen to be small enough and such that €%’ (x —z,y) is positive, see
Figure 6(i). Therefore we get a contradiction with the statement that z is closest
point to x.

On the other hand if x — z is orthogonal to all vectors in H; then particularly
(x —z) L (z—vy) for ally € Hy, see Figure 6(ii). Since x —y = (x —z) + (z —y)
we got by the Pythagoras’ theorem:

I —yll* = lIx —z|* + = y]*.
So [[x —yl||* > |[x — z||* and the are equal if and only if z = y. O

Exercise 3.9. The above proof does not work if (x — z,y) is an imaginary num-
ber, what to do in this case?

Consider now a basic case of approximation: let x € H be fixed and e, ..., e be
orthonormal and denote H; = Lin{ey, ..., en}. We could try to approximate x by a
vectory =Aje; + -+ Anen € Hy.
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Corollary 3.10. The minimal value of ||x —y|| for y € H; is achieved when y =
> 1 x,ei) e

Proof. Letz =3 | (x,ei)e;, then (x —z,ei) = (x, ei) — (z,e;) = 0. By the previ-

ous Theorem z is the nearest point to x. O
6.3 : : :
Y
0 L L L |
0 6.3
X

FIGURE 7. Best approximation by three trigonometric polynomials

Example 3.11. (i) In R3 find the best approximation to (1,0,0) from the
plane V : {x; + x2 + x3 = 0}. We take an orthonormal basis e; =
(271/2,—271/2.0), ey = (612,612, —2 - 67 /2) of V (Check this!).

Then:
1 1 11 1 2 1 1
z= <Xu €1> €1 + <X7 62> €r = (27_27()) + (6767_3> - (37_37_3> .

(ii) In C[0,271] what is the best approximation to f(t) = t by functions a +
be't + ce 1? Let
1 R T _ 1 —it
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We find:
27
rot t2 1 27
fep) = | ——dt=|-—| =V21%%
{f, e0) ) V21 [2 \/271}0
27 .
[t i —ivan  (Check this)
f,e = t=12mn ec is!
(f,e1) | Vo
27t it
[t
(f,e_1) = _dt =—ivaon (Why we may not check this one?)
EJ] V21
Then the best approximation is (see Figure 7):
fo(t) = (f,eo)eo+ (f,er)er+(fe_1)ey
2m/2 ;
_ V2 +1ie't —ie "' =m—2sint.
V21

Corollary 3.12 (Bessel’s inequality). If (e;) is orthonormal then

n

x> =Y 1x el
i=1

Proof. Let z = Y 1" (x,ei)e; then x —z L e; for all i therefore by Exercise 3.4

x —z 1 z. Hence:

2 2 2
X" = llzl" + lx — 2]

n
> zl* =) I{xedl.
i=1

—Did you say “rice and fish for them”?
A student question

3.3. The Riesz-Fischer theorem. When (e;) is orthonormal we call (x, e,,) the nth

Fourier coefficient of x (with respect to (e;), naturally).

Theorem 3.13 (Riesz-Fisher). Let (e )$° be an orthonormal sequence in a Hilbert
space H. Then 3 ° A ey converges in H ifand only if Y 5° I\ |* < co. In this case

HZTO }\nenHz = Z(io |}\n|2~
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Proof. Necessity: Let xx = Z‘f Anen and x = limy,eoXxk. SO (x,en) =
limy o0 (XK, €n) = Ay, for all n. By the Bessel’s inequality for all k

k k
X2 Y el =3 Al
1 1

hence ¥ |A,|? converges and the sum is at most ||x||?.
1/2
- . Kk k
Sufficiency: Consider ||xx —Xm]| = HZ‘“ )\nenH = (Zm |7\n|2) for k > m.
Since Y_¥ |An|? converges xy is a Cauchy sequence in H and thus has a limit x.

By the Pythagoras’ theorem ||xy|* = Z]f Anl? thus for k — oo [|x[* = 3 3° Anl?
by the Lemma about inner product limit. O

Observation: the closed linear span of an orthonormal sequence in any Hilbert
space looks like {,, i.e. {, is a universal model for a Hilbert space.
By Bessel’s inequality and the Riesz-Fisher theorem we know that the series
> 77 (x, ei) e converges for any x € H. What is its limit?
Lety =x— ) " (x,ei) ey, then
(32) (y,ex) = (x,ex) — Z (x,ei) {ei, ex) = (x,ex) — (x,ex) =0 for all k.
1

Definition 3.14. An orthonormal sequence (e;) in a Hilbert space H is com-
plete if the identities (y, ex) = 0 for all k imply y = 0.
A complete orthonormal sequence is also called orthonormal basis in H.

Theorem 3.15 (on Orthonormal Basis). Let e; be an orthonormal basis in a Hil-
ber space H. Then for any x € H we have

oo oo
X = Z (x,en)en and x||? = Z I(x, en)?.
n=1 n=1

J

Proof. By the Riesz—Fisher theorem, equation (3.2) and definition of orthonormal
basis. O

There are constructive existence theorems in mathematics.
An example of pure existence statement

3.4. Construction of Orthonormal Sequences. Natural questions are: Do orthonor-
mal sequences always exist? Could we construct them?
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Theorem 3.16 (Gram~-Schmidt). Let (xi) be a sequence of linearly independent
vectors in an inner product space V. Then there exists orthonormal sequence (e;)
such that

Lin{x1,X2,...,xn} = Lin{eq, ea, ..., en}, foralln.

Proof. We give an explicit algorithm working by induction. The base of induc-
tion: the first vector is e; = x;/||x1]|. The step of induction: let ey, ez, ..., e, are
already constructed as required. Let Yyni1 = Xn41 — 2 i1 (Xnt1,€i) ei. Then
by (3.2) ynt+1 L ei fori =1,...,n. We may put ent1 = Yn+1/ |[Un+1| because
Yn+1 # 0 due to linear independence of xy’s. Also

Lin{e;,eq,...,ent1y = Linfer,eo,...,yni1}
= Lin{e;,eo,...,Xn+1}
= Lin{x1,X2,.. ., Xn41}
So (ei) are orthonormal sequence. O

Example 3.17. Consider C[0, 1] with the usual inner product (2.10) and apply
orthogonalisation to the sequence 1, x, x?, .... Because ||1|| = 1 then e; (x) = 1.
The continuation could be presented by the table:

e1(x) =1
1

() =x— (1)1 =x— | \|2—J(x—1)2dx—i ea(x) = VIZ(x — 1)

Y2 - ) - 27 Y2 - 2 _127 2 - 2
0

1 1 Y3

x) =x% —(x%,1 1—<x2,x—> x—=)-12, ..., e3=_—"

y3(x) < > B ( 2) 3 usl

Example 3.18. Many famous sequences of orthogonal polynomials, e.g. Cheby-
shev, Legendre, Laguerre, Hermite, can be obtained by orthogonalisation of 1,
x, X2, ... with various inner products.
(i) Legendre polynomials in C[—1, 1] with inner product
1
(33 (r.9) = | frograt

—1

(ii) Chebyshev polynomials in C[—1, 1] with inner product

1
(34) (r.g) = | gl
1
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FIGURE 8. Five first Legendre P; and Chebyshev T; polynomials

(iii) Laguerre polynomials in the space of polynomials P[0, co0) with inner
product

[e¢]

(r.g) = | f(gitie tac
0
See Figure 8 for the five first Legendre and Chebyshev polynomials. Observe
the difference caused by the different inner products (3.3) and (3.4). On the other
hand note the similarity in oscillating behaviour with different “frequencies”.

Another natural question is: When is an orthonormal sequence complete?

Proposition 3.19. Let (er,) be an orthonormal sequence in a Hilbert space H. The
following are equivalent:
(1) (en) is an orthonormal basis.
(ii) CLin((en)) =H.
(iii) [|x]|> = S 1(x, en)|? forall x € H.

J

Proof. Clearly 3.19(i) implies 3.19(ii) because x = Y 7" (x, en) en in CLin((en))
and ||x||> = ¥_%° (x, en) en by Theorem 3.15. The same theorem tells that 3.19(i)
implies 3.19(iii).

If (en) is not complete then there exists x € H such that x # 0 and (x, ex) = 0 for
all k, so 3.19(iii) fails, consequently 3.19(iii) implies 3.19(i).

Finally if (x, ex) = O for all k then (x,y) = 0 for all y € Lin((e,)) and moreover
for ally € CLin((en)), by the Lemma on continuity of the inner product. But
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then x ¢ CLin((en)) and 3.19(ii) also fails because (x, x) = 0is not possible. Thus
3.19(ii) implies 3.19(i). O

Corollary 3.20. A separable Hilbert space (i.e. one with a countable dense set)
can be identified with either {3 or {,, in other words it has an orthonormal basis
(en) (finite or infinite) such that

oo oo
X = Z (x,en)en and x||? = Z I(x, en)?.
n=1 n=1

J

Proof. Take a countable dense set (xx), then H = CLin((xx)), delete all vectors
which are a linear combinations of preceding vectors, make orthonormalisation
by Gram-Schmidt the remaining set and apply the previous proposition. O

Most pleasant compliments are usually orthogonal to our real
qualities.
An advise based on observations

3.5. Orthogonal complements. Orthogonality allow us split a Hilbert space into
subspaces which will be “independent from each other” as much as possible.

Definition 3.21. Let M be a subspace of an inner product space V. The
orthogonal complement, written M-, of M is

Mt ={xeV:(x,m)=0Vme M].

Theorem 3.22. If M is a closed subspace of a Hilbert space H then M~ is a closed
subspace too (hence a Hilbert space too).

Proof. Clearly M* is a subspace of H because x, y € M+ implies ax + by € M*:
(ax +by,m) = a(x,m) +b(y,m) =0.

Also if all x, € Mt and x,, — x then x € M* due to inner product limit
Lemma. |

Theorem 3.23. Let M be a closed subspace of a Hilber space H. Then for any
x € H there exists the unique decomposition x = m+nwithm € M, n € M+
and ||x||* = |[m||> + |[n||*. Thus H =M & M+ and (M+)+ = M.
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Proof. For a given x there exists the unique closest point m in M by the Theorem
on nearest point and by the Theorem on perpendicular (x—m) L y forally € M.
Sox =m+ (x —m) = m+n withm € M and n € M*. The identity ||x|* =
/m||? + ||n|? is just Pythagoras’ theorem and M N M+ = {0} because null vector
is the only vector orthogonal to itself.

Finally (M+)+ = M. Wehave H = M@&M* = (M+)Lt@oM*, forany x € (M+)+
there is a decomposition x = m +n with m € M and n € M+, but then n is
orthogonal to itself and therefore is zero. O

4. DUALITY OF LINEAR SPACES
Everything has another side

Orthonormal basis allows to reduce any question on Hilbert space to a question
on sequence of numbers. This is powerful but sometimes heavy technique. Some-
time we need a smaller and faster tool to study questions which are represented
by a single number, for example to demonstrate that two vectors are different it is
enough to show that there is a unequal values of a single coordinate. In such cases

linear functionals are just what we needed.
—Is it functional?
—Yes, it works!

4.1. Dual space of a normed space.

Definition 4.1. A linear functional on a vector space V is a linear mapping
x:V — C(or «:V — R in the real case), i.e.

a(ax + by) = ax(x) + ba(y), forall x,y € V and a,b € C.

Exercise 4.2. Show that «(0) is necessarily 0.

We will not consider any functionals but linear, thus below functional always
means linear functional.

Example 4.3. (i) Let V.= C™ and cx, k = 1,...,n be complex numbers.
Then o((x1,-..,%Xn)) =c1x1 + - -+ + coxo is a linear functional.

1
(ii) On C[0,1] a functional is given by x(f) = [ f(t)dt.
0

(iii) On a Hilbert space H for any x € H a functional «, is given by o (y) =
(Y, x).
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Theorem 4.4. Let V be a normed space and « is a linear functional. The following
are equivalent:
(i) ois continuous (at any point of V).
(ii) o is continuous at point 0.
(iii) sup{la(x)|: [|x]| € 1} < o0, i.e. v is a bounded linear functional.

Proof. Implication 4.4(i) = 4.4(ii) is trivial.

Show 4.4(ii) = 4.4(iii). By the definition of continuity: for any e > 0 there exists
5 > 0 such that ||v|| < b implies |x(v) — «(0)| < €. Take € = 1 then |(dx)| < 1
for all x with norm less than 1 because ||5x|| < §. But from linearity of « the
inequality [o(8x)| < 1 implies |x(x)| < 1/ < oo for all ||x|| < 1.

4.4(iii) = 4.4(i). Let mentioned supremum be M. For any x, y € V such that
x # y vector (x —y)/||x —y|| has norm 1. Thus |a((x —y)/|x —y|)l < M.
By the linearity of « this implies that |x(x) — x(y)l < M|x —y]|. Thus « is
continuous. |

Definition 4.5. The dual space X* of a normed space X is the set of continuous
linear functionals on X. Define a norm on it by

(4.1) ol = sup fec(x]].
[Ix[l=1
Exercise 4.6. (i) Show that the chain of inequalities:
loc(x)]
o] < sup [ee(x)] < sup <o -
IxlI<1 A0 Il

Deduce that any of the mentioned supremums deliver the norm of o.
Which of them you will prefer if you need to show boundedness of ?
Which of them is better to use if boundedness of « is given?

(ii) Show that [x(x)| < ||e|| - [|x]| for all x € X, o« € X*.

The important observations is that linear functionals form a normed space as
follows:

Exercise 4.7. (i) Show that X* is a linear space with natural (point-wise)
operations.
(ii) Show that (4.1) defines a norm on X*.

Furthermeore, X* is always complete, regardless of properties of X!
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Theorem 4.8. X* is a Banach space with the defined norm (even if X was incom-
plete).

Proof. Due to Exercise 4.7 we only need to show that X* is complete. Let (o)
be a Cauchy sequence in X*, then for any x € X scalars o, (x) form a Cauchy
sequence, since [otm (x) — an (X)| < [[m — || - [[x[|. Thus the sequence has a
limit and we define o by ot(x) = limn e 0tn (x). Clearly « is a linear functional
on X. We should show that itisbounded and «,, — «. Given € > 0 there exists N
such that ||o, — am || < € forallm, m > N. If ||x|| < 1 then o (%) — am (x)| < €,
let m — oo then |0, (x) — & (x)| < €, s0

loe(x)] < loen (x)] + € < [Jan || + €,

ie. ||l is finite and ||ot, — f| < €, thus o, — . O

Definition 4.9. The kernel of linear functional o, write ker «, is the set all vec-
tors x € X such that x(x) = 0.

Exercise 4.10. Show that
(i) ker ocis a subspace of X.
(if) If « # 0 then obviously ker « # X. Furthermore, if X has at least two
linearly independent vectors then ker o # {0}, thus ker « is a proper sub-
space of X.
(iii) If & is continuous then ker « is closed.

Study one and get any other for free!
Hilbert spaces sale

4.2. Self-duality of Hilbert space.

Lemma 4.11 (Riesz—Fréchet). Let H be a Hilbert space and o a continuous linear
functional on H, then there exists the unique y € H such that a(x) = (x,y) for all
x € H. Also ||«

we = IYlly-

Proof. Uniqueness: if (x,y) = (x,y’) & (x,y—y’) =0forall x € H theny —y’
is self-orthogonal and thus is zero (Exercise 3.2(i)).

Existence: we may assume that « # 0 (otherwise take y = 0), then M = ker ot
is a closed proper subspace of H. Since H = M @& M+, there exists a non-zero
z € M+, by scaling we could get «(z) = 1. Then for any x € H:

x = (x — a(x)z) + «(x)z, withx — a(x)z € M, a(x)z € M.
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Because (x,z) = a(x) (z,z) = a(x) ||z||* for any x € H we sety = z/ |z|*.

Equality of the norms || «||;;» = [Jy|l,y follows from the Cauchy-Bunyakovskii—
Schwarz inequality in the form «(x) < x| - [ly|| and the identity «(y/ ||y|) =
lyll- O

1
Example 4.12. On L,[0,1] let a(f) = (f,t?) = [ f(t)t* dt. Then
0

1 1/2
ool = 2] = { [ ae | =
0

L
5. FOURIER ANALYSIS

All bases are equal, but some are more equal then others.

As we saw already any separable Hilbert space posses an orthonormal basis
(infinitely many of them indeed). Are they equally good? This depends from our
purposes. For solution of differential equation which arose in mathematical physics
(wave, heat, Laplace equations, etc.) there is a proffered choice. The fundamental
formula: (Le®* = ae®* reduces the derivative to a multiplication by a. We could
benefit from this observation if the orthonormal basis will be constructed out of
exponents. This helps to solve differential equations as was demonstrated in Sub-

section 0.2.
7.40pm Fourier series: Episode II

Today’s TV listing

5.1. Fourier series. Now we wish to address questions stated in Remark 0.9. Let us
consider the space Ly[—m, 7t]. As we saw in Example 3.3(iii) there is an orthonormal
sequence ey, (t) = (271)~1/2e'™t in L,[—m, 7i]. We will show that it is an orthonormal

basis, i.e.
o0

ft) eLl-mm « flh= ) (fed)ec(t),
k=—o0
with convergence in L, norm. To do this we show that CLin{ey : k € Z} = L,[—m, 7.
Let CP[—m, 7] denote the continuous functions f on [—7, 7] such that f(7r) =
f(—). We also define f outside of the interval [—, 7] by periodicity.

[ Lemma 5.1. The space CP[—mt, 7| is dense in Ly[—m, 7. ]

Proof. Let f € L,[—m,m. Given € > 0 there exists g € C[—m, ml such that
|If —gl|l < €/2. From continuity of g on a compact set follows that there is M
such that [g(t)| < M forall t € [—m, 7.
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FIGURE 9. A modification of continuous function to periodic

59

We can now replace g by periodic g, which coincides with g on [—m, T — 8] for

an arbitrary & > 0 and has the same bounds: |g(t)| < M, see Figure 9. Then

s

lg—§lI% = J g(t) — GO dt < (2M)2s.

T—38

Soif 5 < €2/(4M)? then ||g — g|| < ¢/2 and ||f — g|| < e.

O

Now if we could show that CLin{ex : k € Z} includes CP[—m, 7] then it also

includes L,[—, 7.
Notation 5.2. Let f € CP[—m, 7], write
n
(5.1) fn = Z (f, ex) ex, forn=0,1,2,...

k=-—mn

the partial sum of the Fourier series for f.

We want to show that ||f — f,, ||, — 0. To this end we define nth Fejér sum by the

formula
fo+fi14+--+fn
(5.2) Fn = T )
and show that
|Fn —fll,, — O.
Then we conclude
- 1/2

[Fn —fll, = J [Fr(t) — fI? < (22 [Fy = fll — 0.
—7T

Since F,, € Lin((en)) then f € CLin((en)) and hence f = Y= (f, ex) ex.

Remark 5.3. It is not always true that ||f, — f|| ., — 0 even for f € CP[—m, 7.

Exercise 5.4. Find an example illustrating the above Remark.
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The summation method used in (5.2) us useful not only in the context of Fourier
series but for many other cases as well. In such a wider framework the method is

known as Cesaro summation.
It took 19 years of his life to prove this theorem

5.2. Fejér’s theorem.

Proposition 5.5 (Fejér, age 19). Let f € CP[—m, 7i]. Then

7T

(5.3) Fa(x) = % J f(t)Kn(x —t) dt, where
n k

(5.4) Kn(t) = n—i—lZ ) e
k=0 m=—k

is the Fejér kernel.

Proof. From notation (5.1):

k
fi(x) = Z (f,em) em(x)

m=—k
B i T.‘: e*lmt elmx
m=—k _* v v
s
- i eim(x-0
27
“n m=—k
Then from (5.2):
1 n
Fa(x) = msz(x)
k=0
1 1 n 7 k
— . f im(x—t)
et PN LD
k=0 “r m=—k
1 7 1 n k
= — | flt)— mt gt
o J ()n—l—lZ 2 e :
“n k=0 m=—k

which finishes the proof. O


https://en.wikipedia.org/wiki/Ces%C3%A0ro_summation
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Lemma 5.6. The Fejér kernel is 2m-periodic, K (0) = n + 1 and can be expressed

as:
1 sin2 (ndDt
55 K, (t) = 2 ort & 2nZ.
(55 n(t) n+1 sin®f fort¢
1
z7b 1 2z
z72 z71 1 z 22

TABLE 1. Counting powers in rows and columns

Proof. Letz = e't, then:

1 n
Kn(t) = —= ) (z 4 +1+z+--+2"
n—&—lkz0
1 s .
= mZ(nﬁLl*m)Z),

j=—m
by switch from counting in rows to counting in columns in Table 1. Let w =
e't/2 je. z =w?, then

1
Kn(t) — m(wfml 4 2W72n+2 R (Tl. + 1) +TLW2 R +V\}Qn)
1
(5@ m(win + Win+2 + A + V\)ni2 + Wn)2
1 w1 _ e+l 2
= = 1 ( pyPe ) Could you sum a geometric progression?
c o (At 2
_ 1 2isin
n+1 2isin & ’
if w # 1. For the value of K, (0) we substitute w = 1 into (5.6). O

The first eleven Fejér kernels are shown on Figure 10, we could observe that:

Lemma 5.7. Fejér’s kernel has the following properties:
(i) Kn(t) > 0forallt e Randn € N.
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(i) }[ Kn(t)dt = 27
(iii) I_-“gr any & € (0, m)

—d s
J+J'Kn(t)dt—>0 as M — oo.
—7T 5

Proof. The first property immediately follows from the explicit formula (5.5). In
contrast the second property is easier to deduce from expression with double

<’/ T
OKNAY AN R
_ 1B Do
i Toap oy et

FIGURE 10. A family of Fejér kernels with the parameter m run-
ning from 0 to 9 is on the left picture. For a comparison unregular-
ised Fourier kernels are on the right picture.
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sum (5.4):

k=0 m=—k
1 n
= Yo
n+1 =
= 2m,

since the formula (3.1).
Finally if [t| > & then sin?(t/2) > sin?(5/2) > 0 by monotonicity of sinus on
[0,7t/2], so:

1
0 < Kn(t) < .
® (n+1)sin?(8/2)
implying:
1(7t—d)
0< Kn(t)dt < —0 — 0.
J Wt < e 6/2) a n
NN
Therefore the third property follows from the squeeze rule. O

Theorem 5.8 (Fejér Theorem). Let f € CP[—m, 7|. Then its Fejér sums Fy, (5.2)
converges in supremum norm to f on [—, 7t} and hence in L, norm as well.

Proof. 1dea of the proof: if in the formula (5.3)

7T

J' ft)Kn(x —t) dt,

—TT

1
Fn (X) = %
t is long way from x, K;, is small (see Lemma 5.7 and Figure 10), for t near x, Ky,
is big with total “weight” 27, so the weighted average of f(t) is near f(x).
Here are details. Using property 5.7(ii) and periodicity of f and K, we could
express trivially

X+TT 1 X+TT
J Kn(x —t)dt = — J f(x)Kn(x —t) dt.
27
X—7T X—T7T

om
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Similarly we rewrite (5.3) as

X—+7T
Fn(x)zi J' f(t)Kn(x —t) dt,
then
xX—+7T
)~ Fulal = 5 j (Fx) — (1)) Kn (x — 1) dt
o
< 5 J () — F(1)] Kn (x — 1) dit.

Given € > 0 split into three intervals: I; = [x —m,x — 3], I, = [x — §,x + 3],
I3 = [x + 8,x + 7, where b is chosen such that |f(t) — f(x)| < €/2 for t € I,
which is possible by continuity of f. So

1 el €
le [f(x) —f(t)| Kn(x —t)dt < = le Kn(x —t)dt < 3

27 22m
And
1 1
7J (%) — F(O)] Kn(x — ) dt < 2||f|\OO—J Kp(x —t) dt
27 TyUls 27 TyUls
f
R
us
S<lul<m
< £
27

if n is sufficiently large due to property 5.7(iii) of K,,. Hence [f(x) — Fn(x)| < €
for a large n independent of x. O

Remark 5.9. The above properties 5.7(i)-5.7(iii) and their usage in the last proof
can be generalised to the concept of approximation of the identity. See § 15.4 for a
further example.

We almost finished the demonstration that e, (t) = (271)'/2e'™t is an orthonor-
mal basis of L, [—7t, 7:

Corollary 5.10 (Fourier series). Let f € Ly[—m, 7], with Fourier series

o0

= : fen) 1 ,
fen)en = cne™  where ¢, = (en) L J f(t)e ™Mmtdt
n;c)o < TL> n n;oo n n \/g_[ \/ﬁ ( )
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Then the series ) = (f,en) en = Z_oo e'™t converges in Ly[—m, 7t to f, i.e

f— § cneum

n=—k

lim
k—o0

Proof. This follows from the previous Theorem, Lemma 5.1 about density of CP
in L,, and Theorem 3.15 on orthonormal basis. O

Remark 5.11. There is a reason why we had used the Fejér kernel and the Cezaro
summation Fy, (5.2) instead of plain partial sums f,, (5.1) of the Fourier series.
It can be shown that point-wise convergence f, — f does not hold for every
continuous function f, cf. Cor. 16.31.

5.3. Parseval’s formula. The following result first appeared in the framework of
L,[—m, 7] and only later was understood to be a general property of inner product
spaces.

Theorem 5.12 (Parseval’s formula) If f, g € Ly[—m, ni] have Fourier series

Z cne™and g = Z dne'™, then

n=-—oo n=-—oo

5.7) (r.9) = | fitiglde=2n Y cody.
More generally if f and g are two vectors of a Hilbert space H with an orthonormal
basis (en ), then

Z cndn, where ¢ = (f,en), dn = (g, en),

k=—0c0

are the Fourier coefficients of f and g.

Proof. In fact we could just prove the second, more general, statement—the first
one is its particular realisation. Let f;, = Zngn cxex and g, = Zzzfn diex
will be partial sums of the corresponding Fourier series. Then from orthonor-
mality of (e ) and linearity of the inner product:

n
(fr, gn) =< D ke, Z dkek> = > ckde

k=—mn k=—mn k=—mn
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This formula together with the facts that fy — f and gx — g (following from
Corollary 5.10) and Lemma about continuity of the inner product implies the
assertion. O

Corollary 5.13. A integrable function f belongs to Ly[—m, 7] if and only if its
Fourier series is convergent and then ||f||> = 2ty [ci|*.

Proof. The necessity, i.e. implication f € L, = (f,f) = ||f||* = 21t Y |cy.[?, follows
from the previous Theorem. The sufficiency follows by Riesz—Fisher Theorem.
]

Remark 5.14. The actual rdle of the Parseval’s formula is shadowed by the or-
thonormality and is rarely recognised until we meet the wavelets or coherent
states. Indeed the equality (5.7) should be read as follows:

Theorem 5.15 (Modified Parseval). The map W : H — {, given by the
formula [Wfl(n) = (f, en) is an isometry for any orthonormal basis (e, ).

We could find many other systems of vectors (ey), x € X (very different from
orthonormal bases) such that the map W : H — L,(X) given by the simple
universal formula

(5.8) [(WA(x) = (f, ex)
will be an isometry of Hilbert spaces. The map (5.8) is oftenly called wavelet
transform and most famous is the Cauchy integral formula in complex analysis.

The majority of wavelets transforms are linked with group representations, see
our postgraduate course Wavelets in Applied and Pure Maths.

Heat and noise but not a fire?
Answer: _sa119G 1910, jo uonedrddy,

5.4. Some Application of Fourier Series. We are going to provide now few ex-
amples which demonstrate the importance of the Fourier series in many questions.
The first two (Example 5.16 and Theorem 5.17) belong to pure mathematics and last
two are of more applicable nature.

—

Example 5.16. Let f(t) =t on [—m, 71]. Then

(f,en) = (check!),

L——3

\.o |
L

3

:“:\f

3

3 3
[N

te” ™Mt dt = { (


http://v-v-kisil.scienceontheweb.net/courses/wavelets.html
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so f(t) ~ Y °_(—=1)"(i/n)e'"t. By a direct integration:
7T

273
M= | e ar= 2

—7TT

On the other hand by the previous Corollary:

-2 0
2 (71)n1 1
n#0 n=1

Thus we get a beautiful formula

Here is another important result.

Theorem 5.17 (Weierstrass Approximation Theorem). For any function f €
Cla,b] and any e > 0 there exists a polynomial p such that ||f —p||, < €.

Proof. Change variable: t = 2m(x — %)/(b — a) this maps x € [a,b] onto
t € [—m, m. Let P denote the subspace of polynomials in C[—7, 7. Then et c P
for any n € Z since Taylor series converges uniformly in [—m, 7t]. Consequently
P contains the closed linear span in (supremum norm) of e'™*, any n € Z, which
is CP[—m, 7] by the Fejér theorem. Thus P O CP[—m, n] and we extend that to
non-periodic function as follows (why we could not make use of Lemma 5.1
here, by the way?).

For any f € Cl—m, 7] let A = (f(m) — f(—m))/(2m) then fi(t) = f(t) — At €
CP[—m, m] and could be approximated by a polynomial p;(t) from the above
discussion. Then f(t) is approximated by the polynomial p(t) = p1(t) + At. O
It is easy to see, that the role of exponents e'™! in the above prove is rather mod-
est: they can be replaced by any functions which has a Taylor expansion. The real
glory of the Fourier analysis is demonstrated in the two following examples.

Example 5.18. The modern history of the Fourier analysis starts from the works
of Fourier on the heat equation. As was mentioned in the introduction to this
part, the exceptional role of Fourier coefficients for differential equations is ex-
plained by the simple formula dxe'™ = ine'™*. We shortly review a solution of
the heat equation to illustrate this.

Let we have a rod of the length 27t. The temperature at its point x € [—7, 7] and
a moment t € [0, 00) is described by a function u(t,x) on [0, c0) x [—m,7]. The
mathematical equation describing a dynamics of the temperature distribution
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FIGURE 11. The dynamics of a heat equation:
x—coordinate on the rod,

t—time,

T—temperature.

is:

ou(t,x)  9%u(t,x)
ot o2

For any fixed moment ty the function u(ty,x) depends only from x € [—m, 7]

and according to Corollary 5.10 could be represented by its Fourier series:

(5.9)

or, equivalently, (9 — 92) u(t,x) = 0.

u(te,x) = Y  (wen)en= ) calto)e™,
n=-—oo n=—oo
where
7T
(wen) 1

J u(tg, x)e M dx,

cnlto) = \/ﬁ —Ei

with Fourier coefficients cn (tg) depending from to. We substitute that decom-
position into the heat equation (5.9) to receive:

(8¢ —32) u(t,x) = (d; — 92) i cn(t)e™

— Z (0¢ — 02) cn(t)e™
(5.10) = > (ch(t) +n’cn(t))e™ =0,

n=—oo
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Since function e'™* form a basis the last equation (5.10) holds if and only if

(5.11) ch (1) +ncn(t) =0 forallnandt.
Equations from the system (5.11) have general solutions of the form:
(5.12) cn(t) =cn(0)e ™t forallt € [0,00),
producing a general solution of the heat equation (5.9) in the form:
(5.13) u(t,x)= Y ca(0)e Mte™ = Y cn(0)e MY,

where constant ¢, (0) could be defined from boundary condition. For example,
if it is known that the initial distribution of temperature was u(0,x) = g(x) for a
function g(x) € Ly[—m, 7] then ¢y, (0) is the n-th Fourier coefficient of g(x).

The general solution (5.13) helps produce both the analytical study of the heat
equation (5.9) and numerical simulation. For example, from (5.13) obviously
follows that

e the temperature is rapidly relaxing toward the thermal equilibrium
with the temperature given by c((0), however never reach it within a
finite time;
o the “higher frequencies” (bigger thermal gradients) have a bigger speed
of relaxation; etc.
The example of numerical simulation for the initial value problem with g(x) =
2cos(2 *u) + 1.5sin(u). It is clearly illustrate our above conclusions.

v \/

FIGURE 12. Two oscillation with unharmonious frequencies and
the appearing dissonance. Click to listen the blue and green pure
harmonics and red dissonance.

Example 5.19. Among the oldest periodic functions in human culture are acous-
tic waves of musical tones. The mathematical theory of musics (including rudi-
ments of the Fourier analysis!) is as old as mathematics itself and was highly
respected already in Pythagoras’ school more 2500 years ago.


testa.wav
testb.wav
testab.wav
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bowedvibHigh ahgbmono
altoSaxHigh dizigh
vlngb glockLow

FIGURE 13. Graphics of G5 performed on different musical instru-
ments (click on picture to hear the sound). Samples are taken from
Sound Library.

The earliest observations are that

(i) The musical sounds are made of pure harmonics (see the blue and green
graphs on the Figure 12), in our language cos and sin functions form a
basis;


bowedvibHigh.wav
ahg5mono.wav
altoSaxHigh.wav
dizig5.wav
vlng5.wav
glockLow.wav
http://www.cs.ust.hk/~layers/subpage/sound.html
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FIGURE 14. Fourier series for G5 performed on different musical
instruments (same order and colour as on the previous Figure)

(@) (b)

(©

FIGURE 15. Limits of the Fourier analysis: different frequencies
separated in time

(ii) Not every two pure harmonics are compatible, to be their frequencies
should make a simple ratio. Otherwise the dissonance (red graph on
Figure 12) appears.
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The musical tone, say G5, performed on different instruments clearly has some-
thing in common and different, see Figure 13 for comparisons. The decomposi-
tion into the pure harmonics, i.e. finding Fourier coefficient for the signal, could
provide the complete characterisation, see Figure 14.

The Fourier analysis tells that:

(i) All sound have the same base (i.e. the lowest) frequencies which cor-
responds to the G5 tone, i.e. 788 Gz.

(ii) The higher frequencies, which are necessarily are multiples of 788 Gz
to avoid dissonance, appears with different weights for different instru-
ments.

The Fourier analysis is very useful in the signal processing and is indeed the
fundamental tool. However it is not universal and has very serious limitations.
Consider the simple case of the signals plotted on the Figure 15(a) and (b). They
are both made out of same two pure harmonics:

(i) On the first signal the two harmonics (drawn in blue and green) follow
one after another in time on Figure 15(a);
(ii) They just blended in equal proportions over the whole interval on Fig-
ure 15(b).
This appear to be two very different signals. However the Fourier performed
over the whole interval does not seems to be very different, see Figure 15(c).
Both transforms (drawn in blue-green and pink) have two major pikes cor-
responding to the pure frequencies. It is not very easy to extract differences
between signals from their Fourier transform (yet this should be possible ac-
cording to our study).
Even a better picture could be obtained if we use windowed Fourier transform,
namely use a sliding “window” of the constant width instead of the entire in-
terval for the Fourier transform. Yet even better analysis could be obtained
by means of wavelets already mentioned in Remark 5.14 in connection with
Plancherel’s formula. Roughly, wavelets correspond to a sliding window of a
variable size—narrow for high frequencies and wide for low.

6. OPERATORS

All the space’s a stage,
and all functionals and operators merely players!

All our previous considerations were only a preparation of the stage and now

the main actors come forward to perform a play. The vectors spaces are not so
interesting while we consider them in statics, what really make them exciting is the
their transformations. The natural first steps is to consider transformations which
respect both linear structure and the norm.

6.1. Linear operators.
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Definition 6.1. A [linear operator T between two normed spaces X and Y is a
mapping T : X — Y such that T(Av+pu) = AT(v) + uT(u). The kernel of linear
operator ker T and image are defined by

kerT={x € X:Tx =0} ImT={y eY:y=Tx, for some x € X}.

Exercise 6.2. Show that kernel of T is a linear subspace of X and image of T is a
linear subspace of Y.

As usual we are interested also in connections with the second (topological)
structure:

Definition 6.3. A norm of linear operator is defined:
6.1) Tl = sup{lITx[ly = [Ix[lx < 1}
T is a bounded linear operator if || T|| = sup{|| Tx| : ||x]|} < oco.

Exercise 6.4. Show that || Tx| < ||T|| - ||x]| for all x € X.

Example 6.5. Consider the following examples and determine kernel and im-
ages of the mentioned operators.
(i) On a normed space X define the zero operator to a space Yby Z: x — 0
for all x € X. Its norm is 0.

(if) On a normed space X define the identity operator by Ix : x — x for all
x € X. Itsnorm is 1.

(iii) On anormed space X any linear functional define a linear operator from
X to C, its norm as operator is the same as functional.

(iv) The set of operators from C™ to C™ is given by n x m matrices which
acts on vector by the matrix multiplication. All linear operators on
finite-dimensional spaces are bounded.

(v) On{,, let S(x1,%2,...) = (0,%1, X2, ...) be the right shift operator. Clearly

[ISx|| = ||Ix|| for all x, so ||S|| = 1.
(vi) On Lyla,b], let w(t) € Cla, b] and define multiplication operator M., f by
(M) (t) = w(t)f(t). Now:

IMWf> = | )P If(0)* dt

pe—c

< K2 | ()P dt, where K= |w]| = sup [w(t),
b]

pe—c
8
B
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so [My |l < K.

Exercise 6.6. Show that for multiplication operator in fact there is
the equality of norms ||[My, ||, = [W(t)]| -

Theorem 6.7. Let T : X — Y be a linear operator. The following conditions are
equivalent:
(i) T is continuous on X;
(if) T is continuous at the point 0.
(iii) T is a bounded linear operator.

Proof. Proof essentially follows the proof of similar Theorem 4.4. O

6.2. Orthoprojections. Here we will use orthogonal complement, see § 3.5, to in-
troduce a class of linear operators—orthogonal projections. Despite of (or rather
due to) their extreme simplicity these operators are among most frequently used
tools in the theory of Hilbert spaces.

Corollary 6.8 (of Thm. 3.23, about Orthoprojection). Let M be a closed linear
subspace of a hilbert space H. There is a linear map Pm from H onto M (the
orthogonal projection or orthoprojection) such that

6.2) P = Pm, ker Py = Mt Pyme =1—Pm.

Proof. Let us define Pyi(x) = m where x = m 4 n is the decomposition from the
previous theorem. The linearity of this operator follows from the fact that both
M and M are linear subspaces. Also Pyi(m) = m for all m € M and the image
of Ppm is M. Thus P,zvl = Pm. Alsoif Pp(x) = 0 then x L M, i.e. ker Pp = ML,
Similarly Pypy. (x) =n where x =m +nand Pm + Py =1 O

Example 6.9. Let (e,,) be an orthonormal basis in a Hilber space and let S C N
be fixed. Let M = CLin{e, : n € S} and M+ = CLin{e, : n € N\ S}. Then

o0
Z agex = Z agxex + Z g ey.-
k=1 kes k¢S

Remark 6.10. In fact there is a one-to-one correspondence between closed linear
subspaces of a Hilber space H and orthogonal projections defined by identit-
ies (6.2).

6.3. B(H) as a Banach space (and even algebra).
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Theorem 6.11. Let B(X,Y) be the space of bounded linear operators from X
and Y with the norm defined above. If Y is complete, then B(X,Y) is a Banach space.

Proof. The proof repeat proof of the Theorem 4.8, which is a particular case of
the present theorem for Y = C, see Example 6.5(iii). O

Theorem 6.12. Let T € B(X,Y) and S € B(Y, Z), where X, Y, and Z are normed
spaces. Then ST € B(X, Z) and ||ST|| < ||S||||T]-

Proof. Clearly (ST)x = S(Tx) € Z, and
ST < [ISIHITx[ < [SIITI I

which implies norm estimation if ||x|| < 1. O

Corollary 6.13. Let T € B(X,X) =B(X), where X is a normed space. Then for
anyn > 1, T" € B(X) and | T™|| < || T||™.

Proof. 1t is induction by n with the trivial base n = 1 and the step following
from the previous theorem. O

Remark 6.14. Some texts use notations L(X,Y) and L(X) instead of ours B(X,Y)
and B(X).

Definition 6.15. Let T € B(X,Y). We say T is an invertible operator if there
exists S € B(Y, X) such that
ST =1x and TS =1vy.

Such an § is called the inverse operator of T.

Exercise 6.16. Show that

(i) for an invertible operator T: X — Y we have ker T = {0} and JT =Y.
(if) the inverse operator is unique (if exists at all). (Assume existence of S
and S’, then consider operator STS’.)

Example 6.17. We consider inverses to operators from Exercise 6.5.

(i) The zero operator is never invertible unless the pathological spaces X =
Y = {0}
(ii) The identity operator Ix is the inverse of itself.
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(iii) A linear functional is not invertible unless it is non-zero and X is one
dimensional.

(iv) An operator C* — C™ is invertible if and only if m = n and corres-
ponding square matrix is non-singular, i.e. has non-zero determinant.

(v) The right shift S is not invertible on {, (it is one-to-one but is not onto).
But the left shift operator T(x1,x2,...) = (x2,Xs,...) is its left inverse, i.e.
TS = 1but TS # I since ST(1,0,0,...) = (0,0,...). T is not invertible
either (it is onto but not one-to-one), however S is its right inverse.

(vi) Operator of multiplication M,, is invertible if and only if w~t € Cla,b]
and inverse is M, —1. For example M, . is invertible L, [0, 1] and M is
not.

6.4. Adjoints.

Theorem 6.18. Let H and K be Hilbert Spaces and T € B(H, K). Then there exists
operator T* € B(K, H) such that

(Th, k) = (h, T"k)}, forall heH, kek
Such T* is called the adjoint operator of T. Also T** =T and || T*|| = || T||.

Proof. For any fixed k € K the expression h :— (Th, k) defines abounded linear
functional on H. By the Riesz—Fréchet lemma there is a unique y € H such that
(Th, k)¢ = (h,y)y for all h € H. Define T*k =y then T* is linear:

(h, T*(AMks +Ack2))yy = (ThyArky 4+ Agka)y
= M (Thki)g + A2 (Th, ka)y
= A (h, T%q)y + A2 (hy T k)
= (AT k1 + AT Kka)py

So T*(A1ky + Agka) = A1 T*ky + AaT*ka. T** is defined by (k, T**h) = (T*k, h)
and the identity (T**h,k) = (h, T*k) = (Th, k) for all h and k shows T** = T.
Also:

ITk]> = (T, Tk) = (k, TT"k)
<Rl TR < R T 75
which implies ||T*k|| < [|T|| - ||k||, consequently || T*|| < ||T||. The opposite in-
equality follows from the identity || T|| = || T**||. O
Exercise 6.19. (i) For operators T; and T, show that
(MTe)* =TT, (M4+T) =T +T, (AT)* = AT*.
(ii) If A is an operator on a Hilbert space H then (ker A)L = Im A*.
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6.5. Hermitian, unitary and normal operators.

Definition 6.20. An operator T : H — H is a Hermitian operator or self-adjoint
operator if T = T*,1.e. (Tx,y) = (x, Ty) forall x,y € H.

Example 6.21. (i) On{, the adjoint S* to the right shift operator S is given
by the left shift $* =T, indeed:
<SX7y> = <(03X13X23-")a(ylay%"'))
= x1Yz+x2ys+ - = ((x1,%2,-..), (Y2,3,...))
= (xTy).
Thus S is not Hermitian.
(ii) Let D be diagonal operator on {, given by

D(x1,x2,...) = (A1x1, Aaxa, ..).
where (Ay) is any bounded complex sequence. It is easy to check that
IDI = l[An)lloo = supy [Ak] and

D*(X17X27 . ) = (xlxlvx2x27 . ')7
thus D is Hermitian if and only if Ax € R for all k.

(iii) If T : C™ — C™ is represented by multiplication of a column vector by

a matrix A, then T* is multiplication by the matrix A*—transpose and
conjugate to A.

Exercise 6.22. Show that for any bounded operator T operators T, = (T + T*),
T = 5(T—T*), T*T and TT* are Hermitians. Note, that any operator is the
linear combination of two hermitian operators: T = T, +iT; (cf. z = Rz +1Jz for
z € C).

To appreciate the next Theorem the following exercise is useful:

Exercise 6.23. Let H be a Hilbert space. Show that

(i) For x € Hwe have ||x| = sup{[(x,y)| for ally € H such that |[y|| = 1}.
(ii) For T € B(H) we have

(6.3) T =sup{|{Tx,y)| forall x,y € H such that ||x| = |Jy|| = 1}

The next theorem says, that for a Hermitian operator T the supremum in (6.3)
may be taken over the “diagonal” x =y only.

Theorem 6.24. Let T be a Hermitian operator on a Hilbert space. Then

[T = sup [(Tx,x)|.
[Ix[I=1
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Proof. 1If Tx = 0 for all x € H, both sides of the identity are 0. So we suppose that
Ix € H for which Tx # 0.

We see that [(Tx,x)| < [|Tx|| [|Ix|| < [[T| ||x?]|, so supjixj—1 [(Tx, )| < ||IT||. To get
the inequality the other way around, we first write s := supy—1 [(Tx,x)|. Then
for any x € H, we have [(Tx,x)| < s HxQH

We now consider

(TO ), x +y) = (Tx, ) +(Tx, y)+(Ty, ) +(Ty, y) = (Tx, ) +2R (Tx, y)+(Ty, y)
(because T being Hermitian gives (Ty, x) = (y, Tx) = (Tx,y)) and, similarly,
(Tx—y),x —y) = (Tx,;x) =20 (Tx,y) + (Ty, y) .
Subtracting gives
AR (Tx,y) = (T(x +y),x +y) —(T(x —y),x —y)
<slx+yll* + Ix—yl*)
= 2s(|x|I* + [[yll*),
by the parallelogram identity.

Now, for x € H such that Tx # 0, we puty = ||Tx| "' ||x|| Tx. Then |y|| = ||x|
and when we substitute into the previous inequality, we get

ATl I = 492 (Tx,v) < 45 |2
So ||Tx|| < s||x|| and it follows that || T|| < s, as required. 0

Definition 6.25. We say that U : H — H is a unitary operator on a Hilbert
space Hif U* = U}, ie. U*U =UU* =1

Example 6.26. (@) If D : &, — ¢, is a diagonal operator such that Dex =
Axey, then D*ey = Axey and D is unitary if and only if [Ax| = 1 for all k.
(if) The shift operator S satisfies S*S = I but SS* # I thus S is not unitary.

Theorem 6.27. For an operator U on a complex Hilbert space H the following are
equivalent:
(i) U is unitary;
(i) U is surjection and an isometry, i.e. |[Ux| = ||x| for all x € H;
(iii) U is a surjection and preserves the inner product, i.e. (Ux,Uy) = (x,y)
forallx,y € H.

Proof. 6.27(i)=6.27(ii). Clearly unitarity of operator implies its invertibility and
hence surjectivity. Also

IUx||* = (Ux, Ux) = (x, W Ux) = {x,x) = [[x[|*.
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6.27(ii)=6.27(iii). Using the polarisation identity (cf. polarisation in equa-
tion (2.9)):
4(Tx,y) = (Tx+y),x+y) +i(Tx+iy),x +1iy)
—<T(X—y) x—y) —H(Tx—1iy),x —iy).

Zl T(x +i*y),x +i*y)

Take T=UW*Uand T =1, then

3
4{U*Ux,y) = Z (U U(x + i), x + ify)
k=0

3
= ) i*(Ux+1ify), Ux+ify)

3
= ) i{(x+ifY), (x +iky))
k=0
= 4(x, y> :
6.27(ii1))=6.27(i). Indeed (U*Ux,y) = (x,y) implies ((U*U —1I)x,y) = 0 for all
x,y € H, then U*U = I. Since U is surjective, for any y € H there is x € H such
that y = Ux. Then, using the already established fact U*U = I we get

Ull*y = Uu*(Ux) = (U U)x = Ux = y.

Thus we have UU* = I as well and U is unitary. O
Definition 6.28. A normal operator T is one for which T*T = TT~.

Example 6.29. (i) Any self-adjoint operator T is normal, since T* =T.
(ii) Any unitary operator U is normal, since U*U = I = UU*.
(iif) Any diagonal operator D is normal , since Dey = Axey, D*ex = Mcex,
and DD*ey = D*Dey = [A]? ex.
(iv) The shift operator S is not normal.
(v) A finite matrix is normal (as an operator on {3) if and only if it has an
orthonormal basis in which it is diagonal.

Remark 6.30. Theorems 6.24 and 6.27(ii) draw similarity between those types
of operators and multiplications by complex numbers. Indeed Theorem 6.24
said that an operator which significantly change direction of vectors (“rotates”)
cannot be Hermitian, just like a multiplication by a real number scales but do
not rotate. On the other hand Theorem 6.27(ii) says that unitary operator just
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rotate vectors but do not scale, as a multiplication by an unimodular complex
number. We will see further such connections in Theorem 7.17.

7. SPECTRAL THEORY

Beware of ghos’cs2 in this area!

As we saw operators could be added and multiplied each other, in some sense
they behave like numbers, but are much more complicated. In this lecture we will
associate to each operator a set of complex numbers which reflects certain (unfor-
tunately not all) properties of this operator.

The analogy between operators and numbers become even more deeper since
we could construct functions of operators (called functional calculus) in a way we build
numeric functions. The most important functions of this sort is called resolvent (see
Definition 7.5). The methods of analytical functions are very powerful in operator
theory and students may wish to refresh their knowledge of complex analysis be-
fore this part.

7.1. The spectrum of an operator on a Hilbert space. An eigenvalue of operator
T € B(H) is a complex number A such that there exists a nonzero x € H, called
eigenvector with property Tx = Ax, in other words x € ker(T — AI).

In finite dimensions T — Al is invertible if and only if A is not an eigenvalue. In
infinite dimensions it is not the same: the right shift operator S is not invertible but
0 is not its eigenvalue because Sx = 0 implies x = 0 (check!).

Definition 7.1. The resolvent set p(T) of an operator T is the set
p(T) ={A € C: T — Alis invertible}.

The spectrum of operator T € B(H), denoted o(T), is the complement of the
resolvent set p(T):

o(T) ={A € C: T — Al is not invertible}.

Example 7.2. If H is finite dimensional the from previous discussion follows
that o(T) is the set of eigenvalues of T for any T.

Even this example demonstrates that spectrum does not provide a complete
description for operator even in finite-dimensional case. For example, both op-
erators in C? given by matrices < 8 8 > and ( (1) 8 > have a single point
spectrum {0}, however are rather different. The situation became even worst in
the infinite dimensional spaces.
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Theorem 7.3. The spectrum o(T) of a bounded operator T is a nonempty compact
(i.e. closed and bounded) subset of C.

For the proof we will need several Lemmas.

Lemma 7.4. Let A € B(H). If ||A|| < 1 then I — A is invertible in B(H) and
inverse is given by the Neumann series (C. Neumann, 1877):

o0
(7.1) I-A) ' =T+A+A+ A%+ .. =) A
k=0

J

Proof. Define the sequence of operators B, = I+ A+ - -+ AN—the partial sums
of the infinite series (7.1). It is a Cauchy sequence, indeed:

[Bn—Bm| = [JA™TT AT 4. AN (if n <m)
< AT AT AT
< AT+ IAI™ 4 AT
< IIAH’““<€
So1-]A]

for alarge m. By the completeness of B(H) there is a limit, say B, of the sequence
B... Itis a simple algebra to check that (I—A)B,, = By (I—A) = I-A™"!, passing
to the limit in the norm topology, where A™*! — 0 and B,, — B we get:

(I—A)B=B(I-A)=1 & B=(I1-A)"L

Definition 7.5. The resolventof an operator T is the operator valued function
defined on the resolvent set by the formula:

(7.2) RN\, T) = (T—AI) L.

Corollary 7.6. @) If INl > ||T|| then A € p(T), hence the spectrum is
bounded.

(if) The resolvent set p(T) is open, i.e for any A € p(T) then there exist € > 0
such that all p with ]\ — yw| < e are also in p(T), i.e. the resolvent set is
open and the spectrum is closed.

Both statements together imply that the spectrum is compact.
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Proof. (i) If A > ||T|| then |[A~'T|| < 1 and the operator T — Al = —A(I —
A~1T) has the inverse

7:3) ROVT) = (T == 3 AT,
k=0

by the previous Lemma.
(ii) Indeed:
T—pul = T-AI+A—pI
(T—=ADI+A—p(T—=AD"1).
The last line is an invertible operator because T — Al is invertible by
the assumption and I + (A — p)(T — AI) ! is invertible by the previous
Lemma, since ||(A — w)(T =AD"} < Lif e < ||(T—=AD .
|

Exercise 7.7. (i) Prove the first resolvent identity:
(ii) Use the identity (7.4) to show that (T — puI)™! — (T—AI)"laspu — A.
(iif) Use the identity (7.4) to show that for z € p(t) the complex derivative

%R(z, T) of the resolvent R(z, T) is well defined, i.e. the resolvent is an
analytic function operator valued function of z.

Lemma 7.8. The spectrum is non-empty. ]

Proof. Let us assume the opposite, o(T) = @ then the resolvent function R(A, T)
is well defined for all A € C. As could be seen from the von Neumann
series (7.3) |[R(A, T)|| — 0 as A — oo. Thus for any vectors x, y € H the function
f(A) = (R(A, T)x,y)) is analytic (see Exercise 7.7(iii)) function tensing to zero
at infinity. Then by the Liouville theorem from complex analysis R(A, T) = 0,
which is impossible. Thus the spectrum is not empty. O

Proof of Theorem 7.3. Spectrum is nonempty by Lemma 7.8 and compact by Co-
rollary 7.6. O

Remark7.9. Theorem 7.3 gives the maximal possible description of the spectrum,
indeed any non-empty compact set could be a spectrum for some bounded op-
erator, see Problem A.23.

7.2. The spectral radius formula. The following definition is of interest.
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Definition 7.10. The spectral radius of T is
T(T) = sup{|A| : A € o(T)}.

From the Lemma 7.6(i) immediately follows that v(T) < ||T||. The more accurate
estimation is given by the following theorem.

5

Theorem 7.11. For a bounded operator T we have
(7.5) r(T) = Jim [T
n—oo

J

We start from the following general lemma:

Lemma 7.12. Let a sequence (ar ) of positive real numbers satisfies inequalities:
0 < amsn < am + an forall mand n. Then there is a limit lim (an/n) and its
n—oo

equal to inf(an/n).

J

Proof. The statements follows from the observation that for any n and m = nk+1
with 0 < 1 < n we have a,, < kayn + la; thus, for big m we got am/m <
an/n+lag/m<an/n+e. O

Proof of Theorem 7.11. The existence of the limit limy, 4 | T™[|*/™ in (7.5) follows
from the previous Lemma since by the Lemma 6.12 log [|[T™*™|| < log ||T"|| +
log [T™||. Now we are using some results from the complex analysis. The
Laurent series for the resolvent R(A, T) in the neighbourhood of infinity is given
by the von Neumann series (7.3). The radius of its convergence (which is equal,

obviously, to r(T)) by the Hadamard theorem is exactly lim,_,o ||T™|| n O

[ Corollary 7.13. There exists A € o(T) such that |A| = v(T). ]

Proof. Indeed, as its known from the complex analysis the boundary of the con-
vergence circle of a Laurent (or Taylor) series contain a singular point, the sin-
gular point of the resolvent is obviously belongs to the spectrum. O

Example 7.14. Let us consider the left shift operator S*, for any A € C such
that [A| < 1 the vector (1,A,A%,A3,...) is in {, and is an eigenvector of $* with
eigenvalue A, so the open unit disk [A] < 1 belongs to ¢(S$*). On the other hand
spectrum of $* belongs to the closed unit disk [A] < 1 since 7(S*) < ||S*|| = 1.
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Because spectrum is closed it should coincide with the closed unit disk, since
the open unit disk is dense in it. Particularly 1 € o(S*), but it is easy to see that
1is not an eigenvalue of S*.

Proposition 7.15. For any T € B(H) the spectrum of the adjoint operator is
o(T*)={A:Aeo(T)}

Proof. If (T — AL)V = V(T — AI) = I the by taking adjoints V*(T* — Al = (T —
ADV* =1. So A € p(T) implies A € p(T*), using the property T** = T we could
invert the implication and get the statement of proposition. O

Example 7.16. In continuation of Example 7.14 using the previous Proposition
we conclude that o(S) is also the closed unit disk, but S does not have eigenval-
ues at all!

7.3. Spectrum of Special Operators.

Theorem 7.17. (i) If Wis a unitary operator then o(U) C {|z| = 1}.
(ii) If T is Hermitian then o(T) C R.

Proof. (i) If Al > 1 then |[A~'U|| < 1 and then AL — U = A(I —A"'U) is
invertible, thus A & o(U). If ]A| < 1 then ||AU*|| < 1 and then Al — U =
U(AU* —I) is invertible, thus A ¢ o(U). The remaining set is exactly
{z:]z| =1}
(ii) Without lost of generality we could assume that ||T|| < 1, otherwise
we could multiply T by a small real scalar. Let us consider the Cayley
transform which maps real axis to the unit circle:

U= (T—il)(T+1il)~ %

Straightforward calculations show that U is unitary if T is Hermitian.
Let us take A ¢ R and A # —i (this case could be checked directly by
Lemma 7.4). Then the Cayley transform p = (A —i)(A +1) ! of A is not
on the unit circle and thus the operator

U—pl=(T—iD(T+i) P = A=A+ T =20 A+1)" YT =AD(T +1iD) 1,
is invertible, which implies invertibility of T — Al So A ¢ R.
O

The above reduction of a self-adjoint operator to a unitary one (it can be done on
the opposite direction as well!) is an important tool which can be applied in other
questions as well, e.g. in the following exercise.
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Exercise 7.18. (i) Show that an operator U : f(t) — e''f(t) on L,[0, 27 is
unitary and has the entire unit circle {|z| = 1} as its spectrum .
(ii) Find a self-adjoint operator T with the entire real line as its spectrum.

8. COMPACTNESS

It is not easy to study linear operators “in general” and there are many ques-
tions about operators in Hilbert spaces raised many decades ago which are still
unanswered. Therefore it is reasonable to single out classes of operators which
have (relatively) simple properties. Such a class of operators more closed to finite

dimensional ones will be studied here. ] _
These operators are so compact that we even can fit them in

our course

8.1. Compact operators. Let us recall some topological definition and results.

Definition 8.1. A compact set in a metric space is defined by the property
that any its covering by a family of open sets contains a subcovering by a
finite subfamily.

In the finite dimensional vector spaces R™ or C™ there is the following equivalent
definition of compactness (equivalence of 8.2(i) and 8.2(ii) is known as Heine—Borel
theorem):

Theorem 8.2. Ifaset E in R™ or C™ has any of the following properties then it has
other two as well:
(1) E is bounded and closed;
(if) E is compact;
(iii) Any infinite subset of E has a limiting point belonging to E.

Exercise* 8.3. Which equivalences from above are not true any more in the in-
finite dimensional spaces?

Definition 8.4. Let X and Y be normed spaces, T € B(X,Y) is a finite rank
operator if Im T is a finite dimensional subspace of Y. T is a compact operator
if whenever (x;){° is a bounded sequence in X then its image (Tx;)$° has a
convergent subsequence in Y.

The set of finite rank operators is denote by F(X,Y) and the set of compact
operators—by K(X,Y)
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Exercise 8.5. Show that both F(X,Y) and K(X, Y) are linear subspaces of B(X, Y).
We intend to show that F(X,Y) c K(X,Y).

Lemma 8.6. Let Z be a finite-dimensional normed space. Then there is a number
N and a mapping S : €)' — Z which is invertible and such that S and S~1 are
bounded.

Proof. The proof is given by an explicit construction. Let N = dim Z and z4, z,,
...,zNn be abasis in Z. Let us define

N
S:ﬂ;\l —Z by S(aj,ag,...,an) :Zakzl<7
k=1

then we have an estimation of norm:

N N
Z arzi|| < Z laxl [z« |l
k=1 k=1
N 12, 1/2
< (Z |ak|2) (Z zk||2> :
k=1

k=1

1Sal =

1/2

So |IS] < (le\] ||zk||2) and S is continuous.

Clearly S has the trivial kernel, particularly ||Sa|| > 0 if ||a]| = 1. By the Heine-
Borel theorem the unit sphere in £} is compact, consequently the continuous
function a — Hle Ay Zk H attains its lower bound, which has to be positive. This
means there exists 5 > 0 such that ||a|| = 1 implies ||Sa|| > , or, equivalently if
|z| < & then ||S™'z|| < 1. The later means that ||S™!|| < 5~! and boundedness
of S71. O

Corollary 8.7. For any two metric spaces X and Y we have F(X,Y) C K(X,Y). ]

Proof. Let T € F(X,Y), if (xn)$° is a bounded sequence in X then ((Txn)® C Z =
Im T is also bounded. Let S : {) — Z be a map constructed in the above Lemma.
The sequence (S~ Tx,, ) is bounded in €)' and thus has a limiting point, say ay.
Then Say is a limiting point of (Txy)$°. O

There is a simple condition which allows to determine which diagonal operators

are compact (particularly the identity operator Ix is not compact if dim X = 00):
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Proposition 8.8. Let T is a diagonal operator and given by identities Ten, = Anen
for all nin a basis en. T is compact if and only if A, — 0.

€2

X262

562 el

A€
Sor 1€1

FIGURE 16. Distance between scales of orthonormal vectors

Proof. If Ay, # 0 then there exists a subsequence A,, and & > 0 such that [A, | >
5 for all k. Now the sequence (e, ) is bounded but its image Ten, = An, en,
has no convergent subsequence because for any k # 1:

||>\nkenk - Anlenl ” = (|}\nk|2 + ‘7\1“|2)1/2 > \/567

i.e. Ten, is not a Cauchy sequence, see Figure 16. For the converse, note that if
An — 0 then we can define a finite rank operator T,, m > 1—m-"truncation” of
T by:

_ | Ten=Anen, 1<n<<m
(8.1) Tmen = { 0. nem.
Then obviously
0, 1<n<m
(T—Tm)en = { An€n, M >m,
and || T — T || = suppom An| = 0if m — co. All T, are finite rank operators (so
are compact) and T is also compact as their limit—by the next Theorem. O

Theorem 8.9. Let Ty, be a sequence of compact operators convergent to an operator
T in the norm topology (i.e. ||T — Tw|| — 0) then T is compact itself. Equivalently
K(X,Y) is a closed subspace of B(X,Y).
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n(y) — €/3
|faly) — fy)] < /v £

|fn(x) - fn(y)| < 6/3 fn(t>

Y
A

[f(x) = ful2)] < €/3

FIGURE 17. The €/3 argument to estimate |f(x) — f(y)|.

T1X£1) T1x§1] Tlxél) Lo T S
T2X§2) széz) TQX%Q) T2 S
Taxi® Toxd” Tyxg Tax!?) — a3
Tox™ T T o Tx™ . 5 an
1

N\
a

TABLE 2. The “diagonal argument”.

Proof. Take a bounded sequence Xn){°. From compactness
of ( )1 s.t. (Tlxn )3 is convergent.

)?0 s.t. (T2X£12 ))({o is convergent.

(
)7

of T, =3 subsequence (xn )‘f" 0

of ; =3 subsequence (xn

of T; =3 subsequence (xn o )C{O s.t. (Tgxg3 ))‘{0 is convergent.

Could we find a subsequence which converges for all T, simultaneously? The

first guess “take the intersection of all above sequences (xg‘) )$°” does not work

because the intersection could be empty. The way out is provided by the diagonal

argument (see Table 2): a subsequence (me]ik) )$° is convergent for all m, because

at latest after the term xi,‘i‘ Vitisa subsequence of (xl((m) 5.

We are claiming that a subsequence (Txlik) )3° of (Txn)$° is convergent as well.
We use here €/3 argument (see Figure 17): for a given € > 0 choose p € N such
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that ||T —T,|| < e/3. Because (Tpx]ik)) — 0 it is a Cauchy sequence, thus there
exists ng > p such that HTpx]gk) — TPX{U H < e¢/3forallk, 1 > ng. Then:

HTxl(Qk) — TX{U H H(Tx](f) — Tpxl(ck)) + (Tpxlik) — Tpx{l)) + (Tpx{l) — TX{U)H
HTka] — Tpxlik] H + HTpx]ik) — Tpx{U H + HTPX{U — Tx{l) H

€

NN

Thus T is compact. O

8.2. Hilbert-Schmidt operators.

Definition 8.10. Let T : H — K be a bounded linear map between two
Hilbert spaces. Then T is said to be Hilbert—Schmidt operator if there exists an
orthonormal basis in H such that the series Y ° | || Tex||” is convergent.

Example 8.11. (i) Let T : ¢, — {, be a diagonal operator defined by Te,, =
en/n, foralln > 1. Then Y ||Te, || = ¥ n~2 = 2/6 (see Example 5.16)
is finite.

(if) The identity operator Iy is not a Hilbert-Schmidt operator, unless H is
finite dimensional.

A relation to compact operator is as follows.

Theorem 8.12. All Hilbert—Schmidt operators are compact. (The opposite inclu-
sion is false, give a counterexample!)

Proof. Let T € B(H,K) have a convergent series 5 |Ten||* in an orthonormal
basis (en )$° of H. We again (see (8.1)) define the m-truncation of T by the formula

| Ten, 1< <my
(8.2) Tmen = { 0, n>m.

Then Ty (3 axex) = Y " axex and each T, is a finite rank operator because
its image is spanned by the finite set of vectors Tey, ..., Te,. We claim that
|IT — T || — 0. Indeed by linearity and definition of Ty,:

(T—Tw) <i anen> = i an(Ten).
n=1

n=m+1
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Thus:
B3)(T—Tm (Zanen>| = || 2 an(Ten)
n=m+1
<Y lanlli(Ten)
n=m+1
0o 1/2 0 1/2
< (Z |an|2> (Z ||(Ten)||2>
n=m+1 n=m+1
. 00 1/2
(8.4) < Zanen ( Z I(Ten)||2>
n=1 n=m+1

so [|T — Tin|| — 0 and by the previous Theorem T is compact as a limit of com-
pact operators. g

Corollary 8.13 (from the above proof). For a Hilbert—Schmidt operator

. 1/2
||T||<< > ||(Ten)||2> :

n=m+1

Proof. Just consider difference of T and Ty = 0 in (8.3)—(8.4). |

Example 8.14. An integral operator T on L,[0, 1] is defined by the formula:
1

55 (1000 = [ Kixoltly) dy, f(y) € L0, 1)

0
where the continuous on [0,1] x [0, 1] function K is called the kernel of integral
operator.

Theorem 8.15. Integral operator (8.5) is Hilbert—Schmidt. ]

Proof. Let (en)®,, be an orthonormal basis of L,[0,1], e.g. (e*™"), cz. Let us
consider the kernel K (y) = K(x,y) as a function of the argument y depending
from the parameter x. Then:

1 1
(Ten)(x) = JK(x,y)en(yJ dy = ka(y)en(y) dy = (Ky, &n).
0 0
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1
So [|Ten||* = [I(Ky, &n)l* dx. Consequently:
0

(K, en)? dx

2 ITenl® = 3
—00 —00

1

O~

(8.6) = | DKy, &) dx

5 1
1

= ||K><||2 dx
0
11

= JInyIdxdy<oo
00

Exercise 8.16. Justify the exchange of summation and integration in (8.6).

O

Remark 8.17. The definition 8.14 and Theorem 8.15 work also for any T :
Ly[a, bl — Lylc, d] with a continuous kernel K(x,y) on [c, d] x [a, b].

Definition 8.18. Define Hilbert—Schmidt norm of a Hilbert-Schmidt operator

Aby Al = S, |Aen|? (it is independent of the choice of orthonormal
basis (en)$°, see Question A.27).

Exercise* 8.19. Show that set of Hilbert-Schmidt operators with the above norm
is a Hilbert space and find the an expression for the inner product.

Example 8.20. Let K(x,y) = x —y, then
1

1 1
(T0)0) = [(x =it dy =x [ ) dy — [yrty) dy
0 0
is a rank 2 operator. Furthermore:

1

(x—v)?*]’
M = H Pavdy = [ |B525) gy
00 0 x=0
1
J BT € V) SR i R
g V= 12 12], 6
0
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On the other hand there is an orthonormal basis such that

1
Tf= — <f,€1> €] —

1
—— (f, es) eq,
V12 \/12< 2) €2

and ||T|| = - and Y 7 ||Tex||* = & and we get || T|| < ||T||;;s in agreement with

V12

Corollary 8.13.

9. THE SPECTRAL THEOREM FOR COMPACT NORMAL OPERATORS

Recall from Section 6.5 that an operator T is normal if TT* = T*T; Hermitian
(T* =T) and unitary (T* = T~ 1) operators are normal.

9.1. Spectrum of normal operators.

Theorem 9.1. Let T € B(H) be a normal operator then
(i) ker T = ker T*, so ker(T — AI) = ker(T* — AI) forall A € C
(if) Eigenvectors corresponding to distinct eigenvalues are orthogonal.
(iif) [[T]} = r(T).

Proof.

(if)

(iii)

(i) Obviously:
xekerT & (Tx,Tx) =0« (T*Tx,x) =0
< (TT'%,x)=0< (T, T"x) =0
& x €ker T

The second part holds because normalities of T and T — Al are equival-
ent.
If Tx = Ax, Ty = py then from the previous statement T*y = fy. If
A # u then the identity
Ay) = (T y) = (6 Ty) =1 y)

implies (x,y) = 0.
Let S = T*T, then S is Hermitian (check!). Consequently, inequality

I1Sx[[* = (Sx, %) = ($%x,x) < [|S?|| ||

implies ||S|* < |S?||- But the opposite inequality follows from the The-

orem 6.12, thus we have the equality ||S?|| = |S||* and more generally
by induction: [|$2™|| = ||S||*" for all m.
Now we claim ||S|| = ||T||>. From Theorem 6.12 and 6.18 we get

[SI| = [|IT*T|| < [|T||>. On the other hand if ||x|| = 1 then
IT*T| = (T Tx, x)| = (Tx, Tx) = || Tx|]?
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implies the opposite inequality [|S| > [ T||*. Only now we use normal-
ity of T to obtain (T2™)*T2™ = (T*T)2" and get the equality

T2 = (T T)2" | = 772" = 72"
Thus:
r(T) = i ([T = T <

by the spectral radius formula (7.5).
a

Example 9.2. It is easy to see that normality is important in 9.1(iii), indeed the
non-normal operator T given by the matrix (8 (1)) in C has one-point spectrum

{0}, consequently r(T) = 0 but ||T|| = 1.

Lemma 9.3. Let T be a compact normal operator then

(i) The set of of eigenvalues of T is either finite or a countable sequence tending
to zero.
(ii) All the eigenspaces, i.e. ker(T — Al), are finite-dimensional for all A # 0.

Remark 9.4. This Lemma is true for any compact operator, but we will not use
that in our course.

Proof. (i) Let Hp be the closed linear span of eigenvectors of T. Then T
restricted to Hy is a diagonal compact operator with the same set of
eigenvalues A, as in H. Then A, — 0 from Proposition 8.8 .

Exercise 9.5. Use the proof of Proposition 8.8 to give a direct demon-
stration.

Solution. Or straightforwardly assume opposite: there existan & > 0
and infinitely many eigenvalues A,, such that [A,| > 8. By the previ-
ous Theorem there is an orthonormal sequence v;, of corresponding
eigenvectors Tv, = Anvn. Now the sequence (v, ) is bounded but
its image Tvy, = Anen has no convergent subsequence because for
any k # L:

Psevie = Aved]| = (Al + A2 > V28,
i.e. Ten, is not a Cauchy sequence, see Figure 16. O
(i) Similarly if Hy = ker(T — Al) is infinite dimensional, then restriction
of T on Hy is AI—which is non-compact by Proposition 8.8. Alternat-

ively consider the infinite orthonormal sequence (vy,), Tvn = Avy asin
Exercise 9.5.
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Lemma 9.6. Let T be a compact normal operator. Then all non-zero points A €
o(T) are eigenvalues and there exists an eigenvalue of modulus || T||.

9.2. Compact normal operators.

Proof. Assume without lost of generality that T # 0. Let A € o(T), without lost
of generality (multiplying by a scalar) A = 1.
We claim that if 1 is not an eigenvalue then there exist 6 > 0 such that

(9.1) IT=T)x[ =8I

Otherwise there exists a sequence of vectors (x,,) with unit norm such that (I —
T)xn — 0. Then from the compactness of T for a subsequence (x,,, ) there is
y € Hsuch that Tx,, — y, then x,, — y implying Ty =y and y # 0—i.e. y is
eigenvector with eigenvalue 1.

Now we claim Im(I — T) is closed, i.e. y € Im(I —T) impliesy € Im(I —T).
Indeed, if (I — T)xn — y, then there is a subsequence (xn,, ) such that Tx,, — z
implying xn,, — Yy + z, then (I —T)(z +y) = y by continuity of [ —T.

Finally I — T is injective, i.e ker(I — T) = {0}, by (9.1). By the property 9.1(i),
ker(I—T*) = {0} as well. But because always ker(I—T*) = Im(I—T)~ (by 6.19(ii))
we got surjectivity, i.e. Im(I — T)+ = {0}, of I — T. Thus (I — T)~! exists and is
bounded because (9.1) implies |ly[| > & ||(I—T)"'y||. Thus 1 & o(T).

The existence of eigenvalue A such that [A| = ||T|| follows from combination of
Lemma 7.13 and Theorem 9.1(iii). O

Theorem 9.7 (The spectral theorem for compact normal operators). Lef T be
a compact normal operator on a Hilbert space H. Then there exists an orthonormal
sequence (ey) of eigenvectors of T and corresponding eigenvalues (Ay) such that:

9.2) Tx = Z An (X, €n) en, forall x € H.

If (An) is an infinite sequence it tends to zero.
Conwversely, if T is given by a formula (9.2) then it is compact and normal.

Proof. Suppose T # 0. Then by the previous Theorem there exists an eigenvalue

A1 such that [A;| = ||T|| with corresponding eigenvector e; of the unit norm. Let
H; = Lin(e;)*. If x € H; then
(93) <TX, €1> = <X, T*€1> = <X7 7\1€1> =M\ <X, €1> = O7

thus Tx € H; and similarly T*x € H;. Write Ty = T[,, which is again a normal
compact operator with a norm does not exceeding ||T|. We could inductively
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repeat this procedure for T; obtaining sequence of eigenvalues Ay, A, ... with
eigenvectors ey, e3, .... If T, = 0 for a finite n then theorem is already proved.
Otherwise we have an infinite sequence A, — 0. Let

n

n
x=) (eextyn = xP=) I e +llynl®,  yn € Ha,
1 1

from Pythagoras’s theorem. Then [jyn|| < [|x|| and ||Tyn| < [|Tall lunl <
Anl|/x]| = 0 by Lemma 9.3. Thus

n o0
Tx = nlg%o <; (x,en) Ten + Tyn> = ; An (X, en)en

Conversely, if Tx = }_7° An (X, en) en then

o0

(Tx,y) = Z?‘n (x,en) (en,y) = Z (x,en) An(y, en),

1

thus T*y = 3 ° A (y, en) en. Then we got the normality of T: T*Tx = TT*x =
> Anl? (y,en) en. Also T is compact because it is a uniform limit of the finite
rank operators Tox = Y " An (X, €n) €n. |

S

Corollary 9.8. Let T be a compact normal operator on a separable Hilbert space H,
then there exists a orthonormal basis gy such that

Tx =) An(X,9n) gn,
1

and Ay, are eigenvalues of T including zeros.

Proof. Let (e ) be the orthonormal sequence constructed in the proof of the pre-
vious Theorem. Then x is perpendicular to all e, if and only if its in the kernel
of T. Let (f,) be any orthonormal basis of ker T. Then the union of (e, ) and (f,)
is the orthonormal basis (gn ) we have looked for. O

Exercise 9.9. Finish all details in the above proof.

Corollary 9.10 (Singular value decomposition). If T is any compact operator
on a separable Hilbert space then there exists orthonormal sequences (ey) and (fy)
such that Tx = Y ux (x, ex) fx where (W) is a sequence of positive numbers siuch
that Wy — 0 if it is an infinite sequence.

Proof. Operator T*T is compact and Hermitian (hence normal). From the
previous Corollary there is an orthonormal basis (ex) such that T*Tx =
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> An (X, ex) ex for some positive A, = || Ten|*. Let pn = || Ten| and f, =
Ten/pn. Then f;, is an orthonormal sequence (check!) and

Tx = Z (x,en) Ten = Z (X, €n) tnfn.

n n

Corollary 9.11. A bounded operator in a Hilber space is compact if and only if it
is a uniform limit of the finite rank operators.

Proof. Sufficiency follows from 8.9.
Necessity: by the previous Corollary Tx = ) | (X, en) nfn thus T is a uniform
limit of operators Tnx = Y 1, (X, en) pnfn which are of finite rank. a

10. APPLICATIONS TO INTEGRAL EQUATIONS

In this lecture we will study the Fredholm equation defined as follows. Let the
integral operator with a kernel K(x,y) defined on [a, b] x [a, b] be defined as before:

b

(10.1) (To)(x) = JK(my)cb(y) dy.

a

The Fredholm equation of the first and second kinds correspondingly are:
(10.2) To=f and b —ATd =T,

for a function f on [a, b]. A special case is given by Volterra equation by an operator
integral operator (10.1) T with a kernel K(x,y) = 0 for all y > x which could be
written as:

(103) (To)(x) = jK(x,y)m) dy.

bb
We will consider integral operators with kernels K such that | [ K(x,y)dxdy < oo,

aa

then by Theorem 8.15 T is a Hilbert-Schmidt operator and in particular bounded.

As a reason to study Fredholm operators we will mention that solutions of dif-
ferential equations in mathematical physics (notably heat and wave equations) re-
quires a decomposition of a function f as a linear combination of functions K(x, y)
with “coefficients” ¢. This is an continuous analog of a discrete decomposition into
Fourier series.

Using ideas from the proof of Lemma 7.4 we define Neumann series for the re-
solvent:

(10.4) (I=AT) ' =T+ AT+ A’ T2 .|
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which is valid for all A < ||T|| .

Example 10.1. Solve the Volterra equation

X

b0x) A | ydly)dy =, onL,l0.1)
0
In this case I — AT¢ = f, with f(x) = x? and:

_J Yy Osysx
K(X"J)_{o, x<y<Ll

Straightforward calculations shows:

X , X4
) = Jyytay=",
0
f—— 6
2 _ Y =X
T
0
and generally by induction:
K 2n n+2
n _ Y __x
(T f)(x) - Jy2n,1n| y - 2n(n+ 1)|
0

Hence:

(o 9)
2 }\n+1x2n+2

A= 2n i (n+ 1)t
2
= JE2-1)  forallaeC\ {0}
because in this case r(T) = 0. For the Fredholm equations this is not always the

case, see Tutorial problem A.29.

Among other integral operators there is an important subclass with separable ker-
nel, namely a kernel which has a form:

(10.5) Kix,y) =Y gi(x)hy(y).
j=1
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In such a case:

(Te)(x) 9; ()M (y)d(y) dy

j=1

I
fp—c

n b
= Z:wuﬂﬁﬂw¢wnm,

i.e. the image of T is spanned by gi(x), ..., gn(x) and is finite dimensional, con-
sequently the solution of such equation reduces to linear algebra.

Example 10.2. Solve the Fredholm equation (actually find eigenvectors of T):

27

A J cos(x +y)d(y) dy

0
27

= A J(cosxcosy —sinxsiny)d(y) dy.
0

$(x)

Clearly ¢(x) should be a linear combination ¢(x) = A cosx + B sin x with coeffi-
cients A and B satisfying to:

27T
A = 7\Jcosy(Acosy+Bsiny)dy,
0

27
B = —A J siny(A cosy + Bsiny) dy.
0
Basic calculus implies A = ArtA and B = —AnB and the only nonzero solutions

are:
A=m! A#0 B=0
A=—m! A=0 B#0

We develop some Hilbert-Schmidt theory for integral operators.

Theorem 10.3. Suppose that K(x,y) is a continuous function on [a,b] x [a,b]

and K(x,y) = K(y, x) and operator T is defined by (10.1). Then

(i) T is a self-adjoint Hilbert—Schmidt operator.
(i) All eigenvalues of T are real and satisfy Y, A% < oo.
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(iii) The eigenvectors vy, of T can be chosen as an orthonormal basis of L,[a, b],
are continuous for nonzero Ay, and

T = ;An (b,vn)vn  where ¢ = ; (b, vn)V

Proof. (i) The condition K(x,y) = K(y,x) implies the Hermitian property
of T:

b b
(o) = (jk(x,ymwdy) Plx) dx

g A<

b
- Jk(wm(y)ﬂ)(x) dx dy

b
= (o) (Jk(y,x)w(x)dx) ay

= (&, TY).
The Hilbert-Schmidt property (and hence compactness) was proved in
Theorem 8.15.
(if) Spectrum of T is real as for any Hermitian operator, see Theorem 7.17(ii)
and finiteness of )_, A2 follows from Hilbert-Schmidt property
(iii) The existence of orthonormal basis consisting from eigenvectors (v») of
T was proved in Corollary 9.8. If A,, # 0 then:

-g R

Vi (x1) —vn(x2) = ALH((Tvn)(x1) — (Tvn)(x2))
b
- ijuqxl,y)—K(xQ,ynVn(y)dy

and by Cauchy-Schwarz-Bunyakovskii inequality:
b
— onll [ 1K1, ) — Kb, )l dy

a

n(x1) = vn(x2)l < o

which tense to 0 due to (uniform) continuity of K(x,y).
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Theorem 10.4. Let T be as in the previous Theorem. Then if A # 0 and A\=* &
o(T), the unique solution ¢ of the Fredholm equation of the second kind ¢ —
AT =fis

(10.6) o= 1<EVA';\> Vi
1 mn

Proof. Let ¢ = Y ° anvn where a,, = (¢, vy), then
G—ATd =) an(l=Mplvn=Ff=> (f,vn)vn
1 1

if and only if an, = (f,vn) /(1—AAy,) for all n. Note 1 —AA,, # 0 since AL & o(T).
Because A,, — 0 we got 5 °|an|* by its comparison with 33 |(f,v,,)* = ||f]|?,
thus the solution exists and is unique by the Riesz—Fisher Theorem. O

See Exercise A.30 for an example.

Theorem 10.5 (Fredholm alternative). Let T € K(H) be compact normal and
A € C\{0}. Consider the equations:

(10.7) d—ATd =

(10.8) b —ATo

then either

(A) the only solution to (10.7) is & = 0 and (10.8) has a unique solution for
any f € H; or

(B) there exists a nonzero solution to (10.7) and (10.8) can be solved if and
only if f is orthogonal all solutions to (10.7).

J

Proof. (A) If & = 0 is the only solution of (10.7), then A~! is not an ei-
genvalue of T and then by Lemma 9.6 is neither in spectrum of T.
Thus I — AT is invertible and the unique solution of (10.8) is given by
¢ = (I—AT)" 1.

(B) A nonzero solution to (10.7) means that A~! € o(T). Let (v,,) be
an orthonormal basis of eigenvectors of T for eigenvalues (A,). By
Lemma 9.3(ii) only a finite number of A, is equal to A}, say they are
)\1, ...,7\N,then

(I=AT)b =) (1=Mn) (bvn)va = ) (1=Mn) (b, vn) Vi

n=1 n=N+1
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If f = Y 7°(f,vn) va then the identity (I — AT)¢$ = f is only possible if
(f,vn) = 0for 1 < n < N. Conversely from that condition we could
give a solution

- f,v .
¢ = n;ﬂ 1<_ A*;\ivn + ¢o, for any ¢ € Lin(vy,...,vn),

which is again in H because f € Hand A, — 0.

Example 10.6. Let us consider
1

()0 = [(2xy —x—y + Dbly) .
0
Because the kernel of T is real and symmetric T = T*, the kernel is also separable:

1 1
(To)(x) = xj(zy D)y dy + J(,y + 1(y) dy,
0 0

and T of the rank 2 with image of T spanned by 1 and x. By direct calculations:

T: 1 —» 3 1)

2
. 1 1
T: x = gx+5,

or T is given by the matrix < 0

[N N

According to linear algebra decomposition over eigenvectors is:

with vector ( (1) ) ,

_1
with vector ( 12 )

Ay =

Ay =

| = N =

with normalisation vi(y) = 1, vo(y) = v12(y — 1/2) and we complete it to an
orthonormal basis (vy,) of L,[0, 1]. Then

o If A # 2 or 6 then (I — AT)¢ = f has a unique solution (cf. equa-

tion (10.6)):
2 <f, Vn> (o]
(b = Z 1_ AN Vn+Z<f7Vn>Vn
n=1 n n=3
2
S )
= v+ | f— (f,vi)vn)
Lot



102

VLADIMIR V. KISIL

o If A = 2 then the solutions exist provided (f,v;) = 0 and are:

AA 1
b=Ff+ 2 (f,v2) va + Cvy =T+ = (f,va) vo + Cvy, CecC.
1— Ay 2

o If A = 6 then the solutions exist provided (f,v) = 0 and are:

AN 3
G =Ff+——— (fv)vi +Cvy =f— = (f,vy) Vo + Cvy,  CeC.
1— A\ 2
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11. BANACH AND NORMED SPACES

We will work with either the field of real numbers R or the complex numbers C.
To avoid repetition, we use K to denote either R or C.

11.1. Normed spaces. Recall, see Defn. 2.3, a norm on a vector space V is a map
l|I]l : V — [0, 00) such that
(i) [lu|l =0 only when u = 0;

@) [|Mu|| =Al|lu|l forA € Kandu € V;

(i) [[u+v|| < |uf|+|v] foru,v e V.
Note, that the second and third conditions imply that linear operations—multiplication
by a scalar and addition of vectors respectively—are continuous in the topology
defined by the norm.

A norm induces a metric, see Defn. 2.1, on V by setting d(u,v) = ||[u—v|. When

V is complete, see Defn. 2.6, for this metric, we say that V is a Banach space.

[ Theorem 11.1. Every finite-dimensional normed vector space is a Banach space.

We will use the following simple inequality:

Lemma 11.2 (Young’s inequality). Let two real numbers 1 < p,q < oo are
1,1 _
related through - + & = 1 then
la” | [b|

(11.1) labl < — + —,
P q

for any complex a and b.

First proof: analytic. Obviously, it is enough to prove inequality for positive reals
a=laland b = |b]. If p > 1 then 0 < % < 1. Consider the function ¢(t) =

t™ —mt foran 0 < m < 1. From its derivative ¢(t) = m(t™ ! — 1) we find
the only critical point t = 1 on [0, 00), which is its maximum for m = % < L
Thus write the inequality ¢(t) < ¢(1) for t = aP/b9 and m = 1/p. After a
transformation we get a - b~ 9/P — 1 < %(ap b~9 — 1) and multiplication by b4

with rearrangements lead to the desired result. O

Second proof: geometric. Consider the plane with coordinates (x,y) and take the
curvey = xP~! which is the same as x = y9~1. Comparing areas on the figure:
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0

we see that S; + S2 > ab for any positive reals a and b. Elementary integration

shows:
a

b
P
SlzJ'xpfldXZQ*, Szzqufldyzf-
0 P 0

This finishes the demonstration. O

Remark 11.3. You may notice, that the both proofs introduced some specific aux-
iliary functions related to xP/p. It is a fruitful generalisation to conduct the
proofs for more functions and derive respective forms of Young's inequality.

Proposition 11.4 (Holder’s Inequality). For 1 < p < oo, let q € (1, 00) be such
that 1/p+1/q =1. Forn > 1 and u,v € K™, we have that

n n P n a

Z [uyvsl < Z lu; [P Z v; |4

j=1 j=1 j=1

1
Proof. For reasons become clear soon we use the notation |uf|, = (Z?:l luj |p) "
1

and [|v]|, = (Z}‘Zl Ivjlq)a and define for 1 < i< n:

a; = s and b; = hal .
[ull, vl

Summing up for 1 < i < n all inequalities obtained from (11.1):

a; P bi q
laibi| < lail + u?
P q

we get the result. O

Using Holder inequality we can derive the following one:
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Proposition 11.5 (Minkowski’s Inequality). For 1 < p < oo, andn > 1, let
u,v € K™ Then

1/p 1/p 1/p

n n n
Z luj 4+ v;[P < Z [u; [P + Z v; [P
j=1 j=1 j=1

Proof. For p > 1 we have:

n n n

(11.2) D huc+vid? =) hudhuc+vidPT Y i e+ wdP
1 1 1

By Holder inequality

n n % n q
> el hwe +viP7 < (Z |uk|P> (Z [y +vk|q“°—”>

1 1 1
Adding a similar inequality for the second term in the right hand side of (11.2)

and division by (Z? Ik + vqu(pfl)) 7 yields the result. O

Minkowski’s inequality shows that for 1 < p < oo (the case p = 1 is easy) we
can define a norm ||-[|, on K™ by

1/p
n

ull, = | > hyl® (w=(u1, -+, un) €KM).
j=1
See, Figure 2 for illustration of various norms of this type defined in R?.

We can define an infinite analogue of this. Let 1 < p < oo, let {,, be the space of all
scalar sequences (x,) with ) [xn|? < co. A careful use of Minkowski’s inequality
shows that £, is a vector space. Then {,, becomes a normed space for the ||-[|,, norm.
Note also, that ¢, is the Hilbert space introduced before in Example 2.12(ii).

Recall that a Cauchy sequence, see Defn. 2.5, in a normed space is bounded: if
(xn) is Cauchy then we can find N with |[x, —xm| < 1 for all n,m > N. Then
Xl < flxn —xNI| + Ixn] < lIxnll + 1 for n > N, so in particular, ||xn| <
max([[x s [Pxall s+ vl enl +1).

Theorem 11.6. For 1 < p < oo, the space €, is a Banach space.

Remark 11.7. Most completeness proofs (in particular, all completeness proof in
this course) are similar to the next one, see also Thm. 2.24. The general scheme
of those proofs has three steps:
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(i) For a general Cauchy sequence we build “limit” in some point-wise
sense.
(if) At this stage it is not clear either the constructed “limit” is at our space
at all, that is shown on the second step.
(iii) From the construction it does not follows that the “limit” is really the
limit in the topology of our space, that is the third step of the proof.

Proof. We repeat the proof of Thm. 2.24 changing 2 to p. Let (x(™) be a Cauchy-
sequence in {,,; we wish to show this converges to some vector in {,,.
For each n, x(™) ¢ ¢, so is a sequence of scalars, say (x,&n))i":l. As (x(M) is
Cauchy;, for each € > 0 there exists N so that Hx(“) —x(m) Hp < eforn,m > N..
For k fixed,

1/p

o)

‘xL“’—XLm)lé Z’X§”)—X§m)‘ :H"(n)"‘(m)H S 6
- P

)

when n, m > N.. Thus the scalar sequence (xl(cn) )22_; is Cauchy in K and hence

converges, to xj say. Let x = (xi), so that x is a candidate for the limit of (x(m)).
Firstly, we check that x — x(M e L, for some n. Indeed, for a given € > 0 find ng
such that ||x(™) —x(™)|| < e for all n, m > n,y. For any K and m:

K

p p
E ’x](f) fx]gm)‘ < Hx(“) fx(m)H < €P.
k—1

P
Letm — oo then Y {_, ’x,&n) — xk} < €P.

P
Let K — oo then ) 7, ‘xl(cn) —xk‘ < eP. Thusx™ —x € ¢, and because ¢, is
a linear space then x = x(M) — (x(M) —x) is also in L,
Finally, we saw above that for any € > 0 there is ng such that ||x(™) — x|| < € for
alln > ng. Thus x(™ — x.

For p = oo, there are two analogies to the {,, spaces. First, we define {, to be the
vector space of all bounded scalar sequences, with the sup-norm (||-|| ,,-norm):

(11.3) [[(xn)loo = sup [xn| ((xn) € £)-
neN

Second, we define ¢, to be the space of all scalar sequences (xr,) which converge to
0. We equip ¢ with the sup norm (11.3). This is defined, as if x, — 0, then (xn)
is bounded. Hence c; is a subspace of {,, and we can check (exercise!) that cg is
closed.

[ Theorem 11.8. The spaces cq and L, are Banach spaces. ]
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Proof. This is another variant of the previous proof of Thm. 11.6. We do the {_,
case. Again, let (x(™) be a Cauchy sequence in £, and for each n, let x(™) =

(xlin))i":l. For € > 0 we can find N such that ||x™) —x(™)|| < e forn,m > N.

Thus, for any k, we see that ‘x]((n) —x™| < e whenn, m > N. So (x™)_, is
Cauchy, and hence converges, say to xx € K. Let x = (x).
Let m > N, so that for any k, we have that

(m)

’xk —x | = lim X\ —x,&m)‘ <e.

As k was arbitrary, we see that sup, ‘xk — xl(cm)' < e. So, firstly, this shows that
(x —x(M)) € ¢, and so also x = (x —x(™)) +xM) ¢ ¢_. Secondly, we have

shown that ||x —x(m) Hoo < ewhenm > N, sox™ — x in norm. O

Example 11.9. We can also consider a Banach space of functions L, [a, b] with

the norm
b 1/p
I, = <j P dt) .

See the discussion after Defn. 2.22 for a realisation of such spaces.

11.2. Bounded linear operators. Recall what a linear map is, see Defn. 6.1. A linear
map is often called an operator. A linear map T : E — F between normed spaces is
bounded if there exists M > 0 such that || T(x)|| < M ||x|| for x € E, see Defn. 6.3. We
write B(E, F) for the set of operators from E to F. For the natural operations, B(E, F)
is a vector space. We norm B (E, F) by setting

(11.4) 1T = Sup{ ITOII

x € E,x # 0} .
[
Exercise 11.10. Show that

(i) The expression (11.4) is a norm in the sense of Defn. 2.3.
(ii) We equivalently have

[Tl = sup{[[TO| - x € E, [[x]| < 1} = sup{[T(X]]| : x € E, [Ix]| = 1}.

Proposition 11.11. For a linear map T : £ — F between normed spaces, the
following are equivalent:
(i) T is continuous (for the metrics induced by the norms on € and F);
(i) T is continuous at 0;
(iii) T is bounded.

\. J

Proof. Proof essentially follows the proof of similar Theorem 4.4. See also dis-
cussion about usefulness of this theorem there. O
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Theorem 11.12. Let E be a normed space, and let F be a Banach space. Then
B(E, F) is a Banach space.

Proof. In the essence, we follows the same three-step procedure as in Thms. 2.24,
11.6 and 11.8. Let (T,,) be a Cauchy sequence in B(E, F). For x € E, check that
(Tn(x)) is Cauchy in F, and hence converges to, say, T(x), as F is complete. Then
check that T : E — Fis linear, bounded, and that ||T,, — T|| — 0. O

We write B(E) for B(E,E). For normed spaces E, F and G, and for T € B(E,F)
and S € B(F,G), we have that ST =S o T € B(E, G) with ||ST|| < ||S]| | T]|.

For T € B(E,F), if there exists S € B(F,E) with ST = I, the identity of E, and
TS = If, then T is said to be invertible, and write T = S~!. In this case, we say that
E and F are isomorphic spaces, and that T is an isomorphism.

If |T(x)|] = ||x|| for each x € E, we say that T is an isometry. If additionally T
is an isomorphism, then T is an isometric isomorphism, and we say that E and F are
isometrically isomorphic.

11.3. Dual Spaces. Let E be a normed vector space, and let E* (also written E’) be
B(E, K), the space of bounded linear maps from E to K, which we call functionals, or
more correctly, bounded linear functionals, see Defn. 4.1. Notice that as K is complete,
the above theorem shows that E* is always a Banach space.

Theorem 11.13. Let 1 < p < oo, and again let q be such that 1/p +1/q = 1.
Then the map ty — (€,)" : w > by, is an isometric isomorphism, where -, is
defined, for u = (u;) € £y, by

x):Zujxj (x=(x) €t,).
=1

Proof. By Holder’s inequality, we see that
1/4q 1/p

[o¢] oo [e¢]

[ (x Z |u) |X] Z |uj|q Z |Xj |p = ||1,L||q ||X||‘p

j=1 j=1 j=1

So the sum converges, and hence ¢, is defined. Clearly ¢, is linear, and the
above estimate also shows that |[$.[| < [[ufl;. The map u — ¢ is also clearly
linear, and we’ve just shown that it is norm-decreasing.
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Now let ¢ € (£,)*. For eachn, let e, = (0,---,0,1,0,---) with the 1 in the nth

position. Then, for x = (xn) € {,,,
n 0 1/p
S e - ( 5 w) S0,
k=1 P k=n-+1

asm — oo. As ¢ is continuous, we see that

bx) = lim Y dblxer) = ) xdlex).
k=1 k=1

n—oo

Letux = ¢(ey) foreach k. If u = (uy) € L then we would have that ¢ = ¢4,.
Let us fix N € N, and define

0, ifuxy =0ork > N;
Xk = 9§ __ q—2 .
Wy [uy] , ifwe #0and k < N.

Then we see that

o) N N

—1
> P =) Pl =3 g,
k=1 k=1 k=1

as p(q — 1) = q. Then, by the previous paragraph,

] N
()= xaw =) hul?.
k=1 k=1

Hence
ol (N
X
o> 00 (S )= (L)

P k=1 k=1
By letting N — oo, it follows that u € £y with [luf; < [|¢]. So ¢ = ¢y and
&[] = [[$u]l < [lull4- Hence every element of (£,,)* arises as ¢, for some u, and
also [[bull = fuf- 0

Loosely speaking, we say that {, = ({,)*, although we should always be careful
to keep in mind the exact map which gives this.

Corollary 11.14 (Riesz—Frechet Self-duality Lemma 4.11). £, is self-dual: £, =
0.

Similarly, we can show that c¢j = {; and that ({;)* = { (the implementing
isometric isomorphism is giving by the same summation formula).

11.4. Hahn-Banach Theorem. Mathematical induction is a well known method to
prove statements depending from a natural number. The mathematical induction
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is based on the following property of natural numbers: any subset of N has the least
element. This observation can be generalised to the transfinite induction described
as follows.

A poset is a set X with a relation < such that a < aforall a € X,if a < b and
b<athena="b,andif a < band b < ¢, then a < c. We say that (X, <) is total if
for every a,b € X, either a < borb < a. Forasubset S C X, an element a € Xis an
upper bound for S if s < a for every s € S. An element a € X is maximal if whenever
b € Xissuchthat a < b, thenalsob < a.

Then Zorn’s Lemma tells us that if X is a non-empty poset such that every total
subset has an upper bound, then X has a maximal element. Really this is an axiom
which we have to assume, in addition to the usual axioms of set-theory. Zorn’s
Lemma is equivalent to the axiom of choice and Zermelo’s theorem.

Theorem 11.15 (Hahn-Banach Theorem). Let E be a normed vector space, and
let F C E be a subspace. Let ¢ € F*. Then there exists \p € E* with || ]| < |||
and Pp(x) = ¢(x) for each x € F.

Proof. We do the real case. An “extension” of ¢ is a bounded linear map ¢¢ :
G — Rsuchthat F C G CE, ¢pg(x) = d(x) forx € F, and ||dg]| < ||d]]. We
introduce a partial order on the pairs (G, ¢ ) of subspaces and functionals as
follows: (G1, dg,) = (G2, dg,) if and only if G; € Gz and d¢, (x) = dg,(x)
for all x € G;. A Zorn’s Lemma argument shows that a maximal extension
dg : G — R exists. We shall show that if G # E, then we can extend ¢g, a
contradiction.
Let x ¢ G, so an extension ¢; of ¢ to the linear span of G and x must have the
form

d1(x + ax) = ¢(x) + ax (x e G,aeR),
for some & € R. Under this, ¢ is linear and extends ¢, but we also need to
ensure that ||¢1|| < ||¢]. That is, we need

(11.5) [b(X) + aof < [Pl X +ax[|  (x€G,aeR).

It is straightforward for a = 0, otherwise to simplify proof put —ay =X in (11.5)
and divide both sides of the identity by a. Thus we need to show that there exist
such « that

le— )l < o] [x—yll forall yeG ack,

or
dy) — ol Ix —yll < e < by) + ([ Ix =yl -
For any y; and ys in G we have:

d(y1) — dy2) < 1ol lyr —yall <l (x —yzll + lx —yal)-


http://en.wikipedia.org/wiki/Zorn's_lemma
http://en.wikipedia.org/wiki/Axiom_of_Choice
http://en.wikipedia.org/wiki/Well-ordering_theorem

INTRODUCTION TO FUNCTIONAL ANALYSIS 111

Thus
dy1) — ol [x —yall < dly2) + 1]l Ix —yz -

As y; and y, were arbitrary,
sup (d(y) — ([l Iy +x[) < inf (G(y) + 1Pl [y + ).
yeaG yeaG

Hence we can choose « between the inf and the sup.
The complex case follows by “complexification”. O

The Hahn-Banach theorem tells us that a functional from a subspace can be ex-
tended to the whole space without increasing the norm. In particular, extending a
functional on a one-dimensional subspace yields the following.

Corollary 11.16. Let E be a normed vector space, and let x € E. Then there exists
¢ € EX with ||| = 1 and db(x) = ||x]|.

Another useful result which can be proved by Hahn-Banach is the following.

Corollary 11.17. Let E be a normed vector space, and let F be a subspace of E. For
x € E, the following are equivalent:

(i) x € F the closure of F;
(ii) for each ¢ € E* with ¢(y) = 0 for each y € F, we have that d(x) = 0.

Proof. 11.17(1)=11.17(ii) follows because we can find a sequence (y ) in F with
Yn — x; then it’s immediate that ¢ (x) = 0, because ¢ is continuous. Conversely,
we show that if 11.17(i) doesn’t hold then 11.17(ii) doesn’t hold (that is, the con-
trapositive to 11.17(ii)=11.17(i)).

So, x ¢ F. Define ¥ : lin{F, x} — K by

Ply+tx)=t (y € F,t € K).

This is well-defined, for y, y’ € Fify + tx =y’ + t'x then either t = t/, or other-
wise x = (t—t')"!(y’ —y) € F which is a contradiction. The map  is obviously
linear, so we need to show that it is bounded. Towards a contradiction, suppose
that is not bounded, so we can find a sequence (yn +tnx) with ||yn + tox| <1
for each n, and yet p(yn + tnX)| = |tn] = co. Then Ht;lyn -|—XH < 1/|tal — 0O,
so that the sequence (—t;'yn), which is in F, converges to x. So x is in the clos-
ure of F, a contradiction. So { is bounded. By Hahn-Banach theorem, we can
find some ¢ € E* extending . For y € F, we have ¢(y) = P(y) = 0, while
d(x) =P(x) =1,s011.17(ii) doesn’t hold, as required. O

We define E** = (E*)* to be the bidual of E, and define | : E — E** as follows.
For x € E, J(x) should be in E**, that is, a map E* — K. We define this to be the
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map ¢ — P(x) for ¢ € E*. We write this as
Jx)(P)=d(x) (xeE debr).

The Corollary 11.16 shows that ] is an isometry; when ] is surjective (that is, when
J is an isomorphism), we say that E is reflexive. For example, {,, is reflexive for
1 < p < 00. On the other hand ¢ is not reflexive.

11.5. C(X) Spaces. This section is not examinable. Standard facts about topology
will be used in later sections of the course.

All our topological spaces are assumed Hausdorff. Let X be a compact space,
and let Ck (X) be the space of continuous functions from X to K, with pointwise
operations, so that Ck (X) is a vector space. We norm Ck (X) by setting

]| oo = sup [f(x)] (f € Cx(X)).
xeX

[ Theorem 11.18. Let X be a compact space. Then Ck (X) is a Banach space. ]

Let E be a vector space, and let [|-[| ;) and [|-|| ) be norms on E. These norms are
equivalent if there exists m > 0 with

m gy < Dl 1y < mllxl g (x € E).

Theorem 11.19. Let E be a finite-dimensional vector space with basis {e1, ..., en},
so we can identify € with K™ as vector spaces, and hence talk about the norm ||-||5
on E. If ||-|| is any norm on E, then ||-|| and ||-||5 are equivalent.

Corollary 11.20. Let E be a finite-dimensional normed space. Then a subset X C E
is compact if and only if it is closed and bounded.

Lemma 11.21. Let E be a normed vector space, and let F be a closed subspace of E
with ® #F. For 0 < 0 < 1, we can find xo € E with ||xo|| < 1and ||[xo —yl|| > ©
fory e F.

Theorem 11.22. Let E be an infinite-dimensional normed vector space. Then the
closed unit ball of E, the set {x € E : ||x|| < 1}, is not compact.
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Proof. Use the above lemma to construct a sequence (x,) in the closed unit ball
of E with, say, ||Xn — Xm|| = 1/2 for each n # m. Then (x,,) can have no conver-
gent subsequence, and so the closed unit ball cannot be compact. O

12. MEASURE THEORY
The presentation in this section is close to [3,7, 8].

12.1. Basic Measure Theory. The following object will be the cornerstone of our
construction.

Definition 12.1. Let X be a set. A o-algebra R on X is a collection of subsets
of X, written R C 2%, such that
(i XeR;
(i) if A,B € R, then A\ B € R;
(iii) if (An) is any sequence in R, then U, A, € R.

Note, that in the third condition we admit any countable unions. The usage of
“0” in the names of c-algebra and o-ring is a reference to this. If we replace the
condition by

(iii") if (An)T" is any finite family in R, then U* ;| A, € R;
then we obtain definitions of an algebra.

For a o-algebra R and A, B € R, we have

ANB =X\ (X\(ANB)) =X\ ((X\A)U(X\B)) €R.

Similarly, R is closed under taking (countably) infinite intersections.

If we drop the first condition from the definition of (o-)algebra (but keep the
above conclusion from it!) we got a (o-)ring, thatis a (o-)ring is closed under (count-
able) unions, (countable) intersections and subtractions of sets.

Exercise 12.2. (i) Use the above comments to write in full the three miss-
ing definitions: of set algebra, set ring and set o-ring.
(ii) Show that the empty set belongs to any non-empty ring.

Sets Ay are pairwise disjoint if A, N Ay = @ for n # m. We denote the union of
pairwise disjoint sets by LI, e.g. ALUB U C.

It is easy to work with a vector space through its basis. For a ring of sets the
following notion works as a helpful “basis”.

Definition 12.3. A semiring S of sets is a collection such that

(i) it is closed under intersection;
(ii)) for A,B € Swehave A\B=C; U...UCn with Cy € S.
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Again, any non-empty semiring contain the empty set.

Example 12.4. The following are semirings but not rings:

(i) The collection of intervals [a, b) on the real line;
(if) The collection of all rectangles {a < x < b,c < y < d} on the plane.

As the intersection of a family of o-algebras is again a o-algebra, and the power
set 2% is a o-algebra, it follows that given any collection D C 2%, there is a o-algebra
R such that D C R, such that if S is any other c-algebra, with D C S, then R C S.
We call R the o-algebra generated by D.

Exercise 12.5. Let S be a semiring. Show that
(i) The collection of all finite disjoint unions LI};_; Ax, where Ay € S, is a
ring. We call it the ring R(S) generated by the semiring S.
(ii) Any ring containing S contains R(S) as well.
(iii) The collection of all finite (not necessarily disjoint!) unions LI}_; A,
where Ay € S, coincides with R(S).

We introduce the symbols +00, —00, and treat these as being “extended real num-
bers”, so —oco < t < oo fort € R. We define t + co = o0, too = 0o if t > 0 and so
forth. We do not (and cannot, in a consistent manner) define co — oo or Oco.

Definition 12.6. A measure is a map p: R — [0, co] defined on a (semi-)ring
(or o-algebra) R, such that if A = L, Ay, for A € R and a finite subset (Ay,)
of R, then u(A) = ) | u(Ay). This property is called additivity of a measure.

Exercise 12.7. Show that the following two conditions are equivalent:

i) w(@) =0.

(ii) There is a set A € R such that p(A) < oo.
The first condition often (but not always) is included in the definition of a meas-
ure.

In analysis we are interested in infinities and limits, thus the following extension
of additivity is very important.

Definition 12.8. In terms of the previous definition we say that p is countably
additive (or o-additive) if for any countable infinite family (A, ) of pairwise
disjoint sets from R such that A = LI, A, € R we have n(A) = Y u(An).
If the sum diverges, then as it will be the sum of positive numbers, we can,
without problem, define it to be +co.
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Note, that this property may be stated as a sort of continuity of an additive meas-

ure, cf. (1.1):
n n
() (1)
Example 12.9. (i) Fix a point a € R and define a measure p by the condi-
tion u(A) = 1if a € A and u(A) = 0 otherwise.

(if) For the ring obtained in Exercise 12.5 from semiring S in Example 12.4(i)
define u([a,b)) = b — a on S. This is a measure, and we will show its
o-additivity.

(iif) For ring obtained in Exercise 12.5 from the semiring in Example 12.4(ii),
define u(V) = (b—a)(d—c) for the rectangle V={a < x < b,c <y < d}
S. It will be again a o-additive measure.

(iv) Let X = N and R = 2%, we define u(A) = 0 if A is a finite subset of
X = N and p(A) = +oo otherwise. Let A,, = {n}, then u(A,) = 0 and
wWUnAn) = w(N) = 400 # Y | u(An) = 0. Thus, this measure is not
o-additive.

We will see further examples of measures which are not o-additive in Section 12.4.

Definition 12.10. A measure y is finite if p(A) < oo for all A € R.

A measure u is o-finite if X is a union of countable number of sets Xy, such
that for any A € Rand any k € N the intersection A N Xy is in R and p(A N
Xk) < o0.

Exercise 12.11. Modify the example 12.9(i) to obtain
(i) a measure which is not finite, but is o-finite. (Hint: let the measure
count the number of integer points in a set).
(if) a measure which is not o-finite. (Hint: assign u(A) = +ooif a € A.)

Proposition 12.12. Let  be a o-additive measure on a o-algebra R. Then:
(i) If A,B € R with A C B, then u(A) < w(B) [we call this property
“monotonicity of a measure”];
(ii) If A,B € Rwith A C B and u(B) < oo, then u(B \ A) = u(B) — pu(A);
(iii) If (An) is a sequence in R, with A1 C Ay C A3 C ---. Then

lim p(An) = p(UnAn).
n—oo

(iv) If (Ayn) is a sequence in R, with Ay D Ay D Az D ---. If u(An) < o0
for some m, then

(12.1) lim p(An) = p(NnAn).

n—oo
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Proof. The two first properties are easy to see. For the third statement, define
A = UnA,, By = Ajand B, = A, \An_y, n > 1. Then A,, = U}_;B, and
A = U B,. Using the o-additivity of measures p(A) = > 7, u(Bx) and
wW(An) = Y o k(Bk). From the theorem in real analysis that any monotonic
sequence of real numbers converges (recall that we admit +oco as limits” value)
we have w(A) = > 7, w(By) = limn o0 ) g H(Bk) = limpn_y00 (An). The last
statement can be shown similarly. O

Exercise 12.13. Let a measure p on N be defined by p(A) = 0 for finite A and
w(A) = oo for infinite A. Check that p is additive but not o-additive. Therefore
give an example that p does not satisfies 12.12(iii).

12.2. Extension of Measures. From now on we consider only finite measures, an
extension to o-finite measures will be done later.

Proposition 12.14. Any measure i’ on a semiring S is uniquely extended to a
measure W on the generated ring R(S), see Ex. 12.5. If the initial measure was
o-additive, then the extension is o-additive as well.

Proof. If an extension exists it shall satisfy pu(A) = 3 ¢, n'(Ax), where Ay € S.
We need to show for this definition two elements

(i) Consistency, i.e. independence of the value from a presentation of A €
R(S) as A = UE_,Ax, where Ay € S. For two different presentation
A =LA, and A = LIt ; By define Cjc = A; N Bk, which will be pa1r—
Wlse dls]omt By the add1t1v1ty of p’ we have 1 (A5) =Y 1w (Cj) and

= 3_; W(Cjx). Then
Zu j :ZZu’(Cjk):ZZH'(Cik):Z“/(Bk)'
j j k k j k

(ii) Additivity. For A = LI}_; Ay, where Ay € R(S) we can present Ay =
U?:Uf)c]'k, Cjk € S. Thus A = (L I_I]Tl:“f) Cjk and:

n n(k) n
A)=> Y WG =) ulAy
k=1

k=1 j=1
Finally, show the o-additivity. For a set A = U ; Ay, where A and Ay € R(S),
find presentations A = I_I}‘le]-, B; € Sand Ay = I_Iln(lk]Blk, B € S. Define
C]'],k = Bj NBy € S, then Bj = Lliozl Ll{r;(lk) Cﬂk and Ay = |_| |_| ( ) lek- Then,
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from o-additivity of p’:

ORI Y
j=1

j=1k=1 1

(k)

3

(k)

3

[e¢} n [e9}
1 (Cyue) ZZ 1 (Cyue) Z

where we changed the summation order in series w1th non-negative terms. [J

Il
_
T
_

In a similar way we can extend a measure from a semiring to corresponding
o-ring, however it can be done even for a larger family. The procedure recall the
famous story on Baron Munchausen saves himself from being drowned in a swamp
by pulling on his own hair. Indeed, initially we knew measure for elements of
semiring S or their finite disjoint unions from R(S). For an arbitrary set A we may
assign a measure from an element of R(S) which “approximates” A. But how to
measure such approximation? Well, to this end we use the measure on R(S) again
(pulling on his own hair)!

Coming back to exact definitions, we introduce the following notion.

Definition 12.15. Let S be a semi-ring of subsets in X, and p be a measure
defined on S. An outer measure p* on X is a map p* : 2% — [0, o] defined by:

W (A) = inf {Z w(Ax), such that A C UxAy, Ax € S} .
k

Proposition 12.16. An outer measure has the following properties:
(i) w(2) =0
(ii) if A C B then u*(A) < w*(B), this is called monotonicity of the outer
measure
(iii) if (An) is any sequence in 2%, then u* (UnAy) < >, 0 (

The final condition says that an outer measure is countably sub-additive. Note,
that an outer measure may be not a measure in the sense of Defn. 12.6 due to a luck
of additivity.

Example 12.17. The Lebesgue outer measure on R is defined out of the measure
from Example 12.9(ii), that is, for A C R, as

o0
LL*(A) = inf Z(bJ — (lj) A - U;?Ozl[aj,bj)
j=1
We make this definition, as intuitively, the “length”, or measure, of the interval
[a,b)is (b —a).


https://en.wikipedia.org/wiki/Baron_Munchausen
https://en.wikipedia.org/wiki/Baron_Munchausen
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For example, for outer Lebesgue measure we have u*(A) = 0 for any countable
set, which follows, as clearly p*({x}) = 0 for any x € R.

[ Lemma 12.18. Let a < b. Then u*([a,b]) =b —a. ]

Proof. For € >0, as [a,b] C [a,b + €), we have that p*([a,b]) < (b—a) + €. As
€ > 0, was arbitrary, p*([a,b]) <b—a.

To show the opposite inequality we observe that [a,b) C [a,b] and p*[a,b) =
b — a (because [a, b) is in the semi-ring) so n*[a, b] > b — a by 12.16(ii). O

Our next aim is to construct measures from outer measures. We use the notation
A A B = (AUB)\ (AN B) for symmetric difference of sets.

Definition 12.19. Given an outer measure p* defined by a measure (t on a
semiring S, we define A C X to be Lebesgue measurable if for any e > 0 there is
a finite union B of elements in S (in other words: B € R(S) by Lem. 12.5(iii)),
such that u*(A A B) < e.

Obviously all elements of S and R(S) are measurable.

Exercise 12.20. (i) Define a function of pairs of elements A, B € L as the
outer measure of the symmetric difference of A and B:
(12.2) d(A,B) = u*(A A B).

Show that d is a metric on the collection of cosets with respect to the
equivalence relation: A ~ B if d(A,B) = 0. Hint: to show the triangle
inequality use the inclusion:

AABC(AAC)U(CAB)

(ii) Let a sequence (e,) — 0 be monotonically decreasing. For a Lebesgue
measurable A there exists a sequence (A,) C R(S) such that d(A,An) <
en for each n. Show that (A,) is a Cauchy sequence for the distance
d(12.2).

An alternative definition of a measurable set is due to Carathéodory.

Definition 12.21. Given an outer measure p*, we define E C X to be
Carathéodory measurable if

w(A) = (ANE) +u(A\E),
forany A C X.
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As u* is sub-additive, this is equivalent to
wW(A) > (ANE)+u(A\E) (ACX),

as the other inequality is automatic.

Exercise* 12.22. Show that measurability by Lebesgue and Carathéodory are
equivalent.

Suppose now that the ring R(S) is an algebra (i.e., contains the maximal element
X). Then, the outer measure of any set is finite, and the following theorem holds:

Theorem 12.23 (Lebesgue). Let pu* be an outer measure on X defined by a semir-
ing S, and let L be the collection of all Lebesgue measurable sets for u*. Then L is a
o-algebra, and if [1 is the restriction of W* to L, then [i is a measure. Furthermore,
[Lis o-additive on L if w is o-additive on S.

Sketch of proof. Clearly, R(S) C L. Now we show that p*(A) = u(A) for a set
A € R(S). If A C UxAy for Ag € S, then pn(A) < >, u(Ay), taking the infimum
we get u(A) < p*(A). For the opposite inequality, any A € R(S) has a disjoint
representation A = LixAy, Ay € S, thus p*(A) < )y n(Ax) = u(A).
Now we will show that R(S) with the distance d (12.2) is an incomplete metric
space, with the measure p being uniformly continuous functions. Measurable
sets make the completion of R(S) (cf. Ex. 12.20(ii)) with u being continuation of
u* to the completion by continuity, cf. Ex. 1.61.
Then, by the definition, Lebesgue measurable sets make the closure of R(S) with
respect to this distance.
We can check that measurable sets form an algebra. To this end we need to
make estimations, say, of u*((A; N Az) A (B1 N By)) in terms of u*(A; A By). A
demonstration for any finite number of sets is performed through mathematical
inductions. The above two-sets case provide both: the base and the step of the
induction.
Now, we show that L is o-algebra. Let Ay € L and A = UyAy. Then for any
€ > 0 there exists By € R(S), such that p*(Ax A Byx) < 5%. Define B = UyBy.
Then

(UkAk) A (UBk) C Uk (Ax A By) implies uw(AAB)<e.
We cannot stop at this point since B = UyxByx may be not in R(S). Thus,
define Bf = By and B, = By \ Ulfz_llBi, so Bj are pair-wise disjoint. Then
B = LBy and B;, € R(S). From the convergence of the series there is N such
that > 3°  w(B{) < e. Let B’ = U}, B}, which is in R(S). Then p*(B A B/) < ¢
and, thus, u*(A A B') < 2e¢.
To check that p* is measure on L we use the following
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Lemma 12.24. |pu*(A) — pu*(B)| < pw*(A A B), that is u* is uniformly con-
tinuous in the metric d(A, B) (12.2).

Proof of the Lemma. Use inclusions A C BU(A A B)and B C AU(A A B). O

To show additivity take A1 € L , A = A; U Ay, B12 € R(S) and pu*(A; A
Bi) < e&. Then p*(A A (By UB3)) < 2¢ and [u*(A) — u*(By UB2)| < 2e. Thus
w(By UBz2) = u(B; UB2) = u(B1) + w(B2) — u(B1 N Bz), but u(B; N Bz) =
d(B1 N By, @) =d(B1 N By, A1 NAs) < 2¢. Therefore
[W*(Bq UB2) — u(B1) — u(B2)| < 2e.
Combining everything together we get (this is a sort of ¢/3-argument):
I (A) = 1w (A1) — u* (A2)]
=|u(A) = u*(By UBg) + " (B1 UBy)
—(1(B1) + u(B2)) + u(B1) + p(B2) — u* (A1) — pu*(Az)l
<IW(A) = u" (B UB2)| + [0*(B1 UB2) — (1(B1) + p(B2))l
+[1(B1) + p(B2) — u*(Ay) — u*(Ag)l

<6e.
Thus p* is additive on L.
Check the countable additivity for A = LUiAx. The inequality p*(A) <
>« W*(Ax) follows from countable sub-additivity. The opposite inequality is
the limiting case of the finite inequality pu*(A) > u*(l_llt’zlAk) = Z}:‘Zl u*(Ax)
following from additivity and monotonicity of p*. O

Corollary 12.25. Let E C R be open or closed. Then E is Lebesgue measurable. ]

Proof. This is a common trick, using the density and the countability of the ra-
tionals. As o-algebras are closed under taking complements, we need only show
that open sets are Lebesgue measurable.

Intervals (a, b) are Lebesgue measurable by the very definition. Now let U C R
be open. For each x € U, there exists a, < by with x € (ax,by) C U. By making
ay slightly larger, and by slightly smaller, we can ensure that ax, by € Q. Thus
U = Uy (ax, bx). Each interval is measurable, and there are at most a countable
number of them (endpoints make a countable set) thus U is the countable (or
finite) union of Lebesgue measurable sets, and hence U is Lebesgue measurable
itself. O
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We perform now an extension of finite measure to o-finite one. Let p be a o-
additive and o-finite measure defined on a semiring in X = L Xy, such that the re-
striction of p to every Xy is finite. Consider the Lebesgue extension iy of pu defined
within Xi. A set A C X is measurable if every intersection A N Xy is px measurable.
For a such measurable set A we define its measure by the identity:

= Z i (A N Xy).
K

We call a measure p defined on L complete if whenever E C X is such that there
exists F € L with u(F) = 0 and E C F, we have that E € L. Measures constructed
from outer measures by the above theorem are always complete. On the example
sheet, we saw how to form a complete measure from a given measure. We call sets
like E null sets: complete measures are useful, because it is helpful to be able to
say that null sets are in our o-algebra. Null sets can be quite complicated. For the
Lebesgue measure, all countable subsets of R are null, but then so is the Cantor set,
which is uncountable.

Definition 12.26. If we have a property P(x) which is true except possibly
x € A and p(A) = 0, we say P(x) is almost everywhere or a.e..

12.3. Complex-Valued Measures and Charges. We start from the following obser-
vation.

Exercise 12.27. Let p1; and py be measures on a same o-algebra. Define p; + po
and Apy, A > 0by (11 +p2)(A) = w1 (A) +p2(A) and (Apg)(A) = A(pi(A)). Then
w1 + p2 and Apy are measures on the same o-algebra as well.

In view of this, it will be helpful to extend the notion of a measure to obtain a
linear space.

Definition 12.28. Let X be a set, and R be a o-ring. A real- (complex-) val-
ued function v on R is called a charge (or signed measure) if it is countably
additive as follows: for any Ay € R the identity A = Lix Ay implies the series
> « V(Ay) is absolute convergent and has the sum v(A).

In the following “charge” means “real charge”.

Example 12.29. Any linear combination of o-additive measures on R with real
(complex) coefficients is real (complex) charge.

The opposite statement is also true:
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Theorem 12.30. Any real (complex) charge v has a representation v = [y — Ho
(Vv = W — o + g — ipg), where wy are o-additive measures.

To prove the theorem we need the following definition.

Definition 12.31. The wvariation of a charge on a set A is |[v[(A) =
sup ) 4 [v(Ay)l for all disjoint splitting A = LIxAx.

Example 12.32. If v = p; — po, then |[v|(A) < pi(A) + pa(A). The inequality
becomes an identity for disjunctive measures on A (that is there is a partition

A = A1 U As such that uQ(Al) = (Ag) = 0).

The relation of variation to charge is as follows:

Theorem 12.33. For any charge v the function |v| is a o-additive measure.

Finally to prove the Thm. 12.30 we use the following

Proposition 12.34. For any charge v the function |v| — v is a o-additive measure
as well.

From the Thm. 12.30 we can deduce

Corollary 12.35. The collection of all charges on a o-algebra R is a linear space
which is complete with respect to the distance:

d(vi,va) = sup [vi(A) —va(A)].
A€ER

The following result is also important:

Theorem 12.36 (Hahn Decomposition). Let v be a charge. There exist A,B € L,
called a Hahn decomposition of (X,v), with ANB = @, AUB = Xand such

that forany E € L,
v(ANE)>0, v(BNE)<O.

This need not be unique.
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Sketch of proof. We only sketch this. We say that A € L is positive if
v(ENA) >0 (Eel),

and similiarly define what it means for a measurable set to be negative. Sup-
pose that v never takes the value —oo (the other case follows by considering the
charge —v).

Let B = inf v(Bg) where we take the infimum over all negative sets By. If p =
—oo then for each n, we can find a negative B, with v(B,) < —m. But then
B = UnBn would be negative with v(B) < —n for any n, so that v(B) = —co a
contradiction.

So f > —oo and so for each n we can find a negative B, v(Bn) < B + 1/n.
Then we can show that B = U, B;, is negative, and argue that v(B) < 3. As B is
negative, actually v(B) = f3.

There then follows a very tedious argument, by contradiction, to show that A =
X\ B is a positive set. Then (A, B) is the required decomposition. a

12.4. Constructing Measures, Products. Consider the semiring S of intervals [a, b).
There is a simple description of all measures on it. For a measure p define

w0, 1)) ift>0,
(12.3) Fut) =4 0 ift=0,
—u(t,0) ift<0,
F,, is monotonic and any monotonic function F defines a measure p on S by the

by u(la,b)) = F(b) — F(a). The correspondence is one-to-one with the additional
assumption F(0) = 0.

Theorem 12.37. The above measure y is o-additive on S if and only if F is con-
tinuous from the left: F(t — 0) = F(t) forall t € R.

Proof. Necessity: F(t) — F(t —0) = lim. o u([t — &,1)) = p(lime o[t — ¢, t)) =
w(0) = 0, by the continuity of a o-additive measure, see 12.12(iv).

For sufficiency assume [a,b) = LUk[ax,bx). The inequality p([a,b)) >
>« Hlak, by)) follows from additivity and monotonicity. For the opposite in-
equality take 8y s.t. F(b) — F(b —§8) < ¢ and F(ax) — Fax — &x) < /2 (use
left continuity of F). Then the interval [a, b — 0] is covered by (ax — bk, by ), due
to compactness of [a, b — 8] there is a finite subcovering. Thus p([a,b —9)) <

YN ulla, — 8k, b)) and (la, b)) < XN ullay;, b)) + 26 O

Exercise 12.38. (i) Give an example of function discontinued from the left
at 1 and show that the resulting measure is additive but not o-additive.
(if) Check that, if a function F is continuous at point a then p({a}) = 0.
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Example 12.39. (i) Take F(t) = t, then the corresponding measure is the
Lebesgue measure on R.

(ii) Take F(t) be the integer part of t, then p counts the number of integer
within the set.

(iii) Define the Cantor function as follows o(x) = 1/2 on (1/3,2/3); a(x) =
1/4 on (1/9,2/9); «(x) = 3/4 on (7/9,8/9), and so for. This function
is monotonic and can be continued to [0, 1] by continuity, it is know as
Cantor ladder. The resulting measure has the following properties:

e The measure of the entire interval is 1.

e Measure of every point is zero.

e The measure of the Cantor set is 1, while its Lebesgue measure is
0.

Another possibility to build measures is their product. In particular, it allows to
expand various measures defined through (12.3) on the real line to R™.

Definition 12.40. Let X and Y be spaces, and let S and T be semirings on
X and Y respectively. Then S x T is the semiring consisting of {A x B :
A € §,B € T} (“generalised rectangles”). Let u and v be measures on S
and T respectively. Define the product measure pu x v on S x T by the rule
(1 x V)(A x B) = u(A)v(B).

Example 12.41. The measure from Example 12.9(iii) is the product of two copies
of pre-Lebesgue measures from Example 12.9(ii).

13. INTEGRATION
We now come to the main use of measure theory: to define a general theory of
integration.

13.1. Measurable functions. From now on, by a measure space we shall mean a
triple (X, L, i), where Xis a set, L is a 0-algebra on X, and p is a o-additive measure
defined on L. We say that the members of L are measurable, or L-measurable, if
necessary to avoid confusion.

Definition 13.1. A function f : X — R is measurable if
Ec(f)={xeX:f(x)<c} thatis E.(f)=f 1((—o0,c))

isin L (that is E.(f) is a measurable set) for any ¢ € R.
A complex-valued function is measurable if its real and imaginary parts are
measurable.
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Lemma 13.2. The following are equivalent:
(i) A function f is measurable;

(ii) Forany a < b the set f~((a,b)) is measurable;
(iii) For any open set U C R the set f~'(U) is measurable.

Proof. To show 13.2(i) = 13.2(ii) we note that

“'((a,b)) (ﬂEaH/n ) :

For 13.2(ii) = 13.2(iii) use that any open set Ul C R is a union of countable set of
intervals (a, b), cf. proof of Cor. 12.25.

The final implication 13.2(iii) = 13.2(i) directly follows from openness of
(—o0, a). O

Corollary 13.3. Let f: X — R be measurable and g : R — R be continuous, then
the composition g(f(x)) is measurable.

Proof. The preimage of the open set (—oo, c) under a continuous g is an open
set, say U. The preimage of U under f is measurable by Lem. 13.2(iii). Thus, the
preimage of (—oo, ¢) under the composition g o f is measurable, thereafter g o f
is a measurable function. O

Theorem 13.4. Let f,g : X — R be measurable. Then af (a € R), f+ g, fg,
max(f, g) and min(f, g) are all measurable. That is measurable functions form an
algebra and this algebra is closed under convergence a.e.

Proof. Use Cor. 13.3 to show measurability of Af, |f| and f2. The measurability of
a sum fq + fo follows from the relation

Ec(fl + f2) = UTGQ(ET(fl) N chr(f2))'
Next use the following identities:
(f1+f2)% — (f1 — f2)?
4 )
(f1 +f2) +|f1 — fo
5 .

If (fn) is a non-increasing sequence of measurable functions converging to f.
Than E.(f) = UnEc(fn).

f1fo

max(fi,f2) =
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Moreover any limit can be replaced by two monotonic limits:

(13.1) lim f(x) = lim lim max(fy(x), fne1(x),. .., fnak(x)).
n—oo n—oo k—o0

Finally if f; is measurable and f, = f; almost everywhere, then f; is measurable

as well. O

We can define several types of convergence for measurable functions.

Definition 13.5. We say that sequence (f,,) of functions converges
(i) uniformly to f (notated f,, = f) if

sup [fn (x) — f(x)] = 0;
xeX

(i) almost everywhere to f (notated f, =% f) if
fn(x) — f(x) forallx € X\ A, u(A) =0;
(iii) in measure u to f (notated f, it f)if forall e > 0
(13.2) n{x € X:|fu(x) —f(x)| > ¢}) — 0.

Clearly uniform convergence implies both convergences a.e and in measure.

Theorem 13.6. On finite measures convergence a.e. implies convergence in meas-
ure.

Proof. Define An(e) = {x € X : [fn(x) —f(x)| > €}. Let Bn(e) = UxsnAx(e)
Clearly By (e) D Bnyi(e), let B(e) = NPBn(e). If x € B(e) then fi(x) A f(x)
Thus u(B(e)) = 0, but u(B(e)) = limy o w(Bn(e)), cf. (12.1). Since An(e) C
B..(e) we see that (A (¢)) — 0 as required for (13.2) |

Note, that the construction of sets By, (¢) is just another implementation of the
“two monotonic limits” trick (13.1) for sets.

Exercise 13.7. Present examples of sequences (f,,) and functions f such that:
(i) fn 5 fbutnot f, 25 1.
(i) fn 5 f but not f,=f.

However we can slightly “fix” either the set or the sequence to “upgrade” the
convergence as shown in the following two theorems.
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Theorem 13.8 (Egorov). If f,, “% f on a finite measure set X then for any o > 0
thereis B, C X with wW(Ey) < oand £, = fon X\ Eg.

Proof. We use Ay (e) and By (e) from the proof of Thm. 13.6. Observe that
If(x) — fi(x)] < ¢ uniformly for all x € X \ Bn(e) and k > m. For every
¢ > 0 we seen that u(B,(¢)) — 0, thus for each k there is N(k) such that
U(BN[k)(l/k)) < (T/Qk. Putk, = UkBN(k)(l/k). O

Theorem 13.9. If f, X f then there is a subsequence (ny) such that ., f for
k — o0.

Proof. In the notations of two previous proofs: for every natural k take ny such
that w(An, (1/k)) < 1/2%, which is possible since p(A(e)) — 0. Define C,,, =
U An, (1/k) and C = NCp. Then, pu(Cyy) = 1/2™ ! and, thus, u(C) = 0
by (12.1). If x ¢ C then there is such N that x ¢ A, (1/k) for all k > N. That
means that [f,, (x) — f(x)| < 1/k for all such k, i.e fn,, (x) — f(x). Thus, we have
the point-wise convergence everywhere except the zero-measure set C. O

It is worth to note, that we can use the last two theorem subsequently and up-

grade the convergence in measure to the uniform convergence of a subsequence on
a subset.

Exercise 13.10. For your counter examples from Exercise 13.7, find

(i) a subsequence fy,, of the sequence from 13.7(i) which converges to f
a.e,;
(ii) a subset such that sequence from 13.7(ii) converges uniformly.

Exercise 13.11. Read about Luzin’s C-property.

13.2. Lebesgue Integral. First we define a sort of “basis” for the space of integral
functions.

Definition 13.12. For A C X, we define xa to be the indicator function of A,

by
(x) = 1 :x€eA,
XAl = 0 :xgA.
Then, if X is measurable, then X' ((1,2)) = A € L; conversely, if A € L, then

X\ A € L, and we see that for any U C R open, Xj\l(l,l) is either @, A, X\ A, or X,

all of which are in L. So x A is measurable if and only if A € L.



128

VLADIMIR V. KISIL

Definition 13.13. A measurable function f : X — R is simple if it attains only
a countable number of values.

Lemma 13.14. A function f : X — R is simple if and only if
(13.3) f=) tixa,
k=1

for some (tx)¥_; € Rand Ay € L. That is, simple functions are linear combina-
tions of indicator functions of measurable sets.

Moreover in the above representation the sets Ay can be pair-wise disjoint and all
tyx # 0 pair-wise different. In this case the representation is unique.

Notice that it is now obvious that

Corollary 13.15. The collection of simple functions forms a vector space: this
wasn't clear from the original definition.

of

Definition 13.16. A simple function in the form (13.3) with disjoint Ay is
called summable if the following series converges:
(13.4)

[ee]

Z [ti] w(Ax) if f has the above unique representation f = Z tkX AL
k=1 k=1

It is another combinatorial exercise to show that this definition is independent

the way we write f.

Definition 13.17. We define the integral of a simple function f =
2« tkxa, (13.3) over a measurable set A by setting

J fdu=) tu(ANA).
A k=1

Clearly the series converges for any simple summable function f. Moreover
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Lemma 13.18. The value of integral of a simple summable function is independ-
ent from its representation by the sum of indicators (13.3). In particular, we can
evaluate the integral taking the canonical representation over pair-wise disjoint sets
having pair-wise different values.

Proof. This is another slightly tedious combinatorial exercise. You need to prove
that the integral of a simple function is well-defined, in the sense that it is inde-
pendent of the way we choose to write the simple function. O

Exercise 13.19. Let f be the function on [0, 1] which take the value 1 in all ra-
tional points and 0—everywhere else. Find the value of the Lebesgue integ-
ral j[o,l] f, dp with respect to the Lebesgue measure on [0,1]. Show that the
Riemann upper- and lower sums for f converges to different values, so f is not
Riemann-integrable.

Remark 13.20. The previous exercise shows that the Lebesgue integral does not
have those problems of the Riemann integral related to discontinuities. Indeed,
most of function which are not Riemann-integrable are integrable in the sense
of Lebesgue. The only reason, why a measurable function is not integrable by
Lebesgue is divergence of the series (13.4). Therefore, we prefer to speak that
the function is summable rather than integrable. However, those terms are used
interchangeably in the mathematical literature.

We will denote by S (X) the collection of all simple summable functions on X.

Proposition 13.21. Let f, g : X — R be in S(X) (that is simple summable), let a,
b € R and A is a measurable set. Then:
(i) [paf+bgdu=a[, fdu+b [, gdy, thatis S(X) is a linear space;
(ii) The correspondence f — [ , fdyw is a linear functional on S(X);
(iii) The correspondence A — [, fdu is a charge;
(iv) Iff < g then [, fdu < [y gdy, that is integral is monotonic;
(v) The function

(13.5) d(f,g) = JX 1) — g(x)] dps(x)

has all properties of a metric (distance) on S(X) probably except separa-
tion, but see the next item.

(vi) For f = 0 we have fx fdu = 0ifand only if u({x € X : f(x) # 0}) =0.
Therefore for the function d; (13.5):

di(f,g) =0 ifandonlyif < g.
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(vii) The integral is uniformly continuous with respect the above metric
d; (13.5):

J f(X)du(XJ—J g(x) du(x)| < du(f, g).
A A

Proof. The proof is almost obvious, for example the Property 13.21(i) easily fol-
lows from Lem. 13.18.

We will outline 13.21(iii) only. Let f is an indicator function of a set B, then
A= | A fdu = (A N B) is a o-additive measure (and thus—a charge). By the
Cor. 12.35 the same is true for finite linear combinations of indicator functions
and their limits in the sense of distance d;. O

We can identify functions which has the same values a.e. Then S(X) becomes a
metric space with the distance d; (13.5). The space may be incomplete and we may
wish to look for its completion. However, if we will simply try to assign a limiting
point to every Cauchy sequence in S(X), then the resulting space becomes so huge
that it will be impossible to realise it as a space of functions on X.

Exercise 13.22. Use ideas of Ex. 13.7(i) to present a sequence of simple functions
which has the Cauchy property in metric d; (13.5) but does not have point-wise
limits anywhere.

To reduce the number of Cauchy sequences in S(X) eligible to have a limit, we
shall ask an additional condition. A convenient reduction to functions on X appears
if we ask both the convergence in d; metric and the point-wise convergence on X
a.e.

Definition 13.23. A function f is summable by a measure p if there is a se-
quence (fn) C S(X) such that

(i) the sequence (fy,) is a Cauchy sequence in S (X);
(i) o 25 1.

Clearly, if a function is summable, then any equivalent function is summable as
well. Set of equivalent classes of summable functions will be denoted by L, (X).

Lemma 13.24. If the measure  is finite then any bounded measurable function is
summable.

Proof. Define Exn(f) = {x € X: k/n < f(x) < (k+1)/n}and fr, = ¥ Exe,,
(note that the sum is finite due to boundedness of f).
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Since |fy (x) — f(x)| < 1/n we have uniform convergence (thus convergence a.e.)
and (fy) is the Cauchy sequence: d;(fy, fm) = Ix [frn — fml du < (% + %)u(X).

O
Remark 13.25. This Lemma can be extended to the space of essentially bounded
functions L (X), that is functions which are bounded a.e. In other words,
L, (X) € L;(X) for finite measures.

Another simple result, which is useful on many occasions is as follows.

Lemma 13.26. If the measure W is finite and f, = f then d; (fn, f) — 0.

Corollary 13.27. For a convergent sequence f,, =5 f, which admits the uniform
bound |f5, (x)| < M for all n and x, we have d, (fn,, f) — 0.

Proof. For any & > 0, by the Egorov’s theorem 13.8 we can find E, such that
(i) w(E) < 5x7; and
(ii) from the uniform convergence on X \ E there exists N such that for any
n > N we have |f(x) — fn(x)] < m

Combining this we found that forn > N, d; (fn, f) < Mgy +1(X) <e O

€
2p(X)
Exercise 13.28. Convergence in the metric d; and a.e. do not imply each other:

(i) Give an example of fy, 2% f such that d; (fy, f) 4 0.
(if) Give an example of the sequence (fy,) and function f in L, (X) such that
dq(fr, f) — 0 but f,, does not converge to f a.e.

To build integral we need the following

Lemma 13.29. Let (fy) and (gn) be two Cauchy sequences in S(X) with the same
limit a.e., then d; (fy, gn) — O.

Proof. Let ¢, = fr, — gn, then this is a Cauchy sequence with zero limit a.e.
Assume the opposite to the statement: there exist 5 > 0 and sequence (ny) such
that [ |$n, | du > 8. Rescaling-renumbering we can obtain [ |¢n| dpu > 1.
Take quickly convergent subsequence using the Cauchy property:

dl (d)nk ) (bTLk+1 ) < 1/2k+2

Renumbering agian assume d; (¢, 1) < 1/2572.
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Since ¢; is a simple, take the canonical presentation ¢1 = > | tkXa,,
then >, [tx| w(Ax) = fx|¢1| du > 1. Thus, there exists N, such that
erjzl |tk|u(Ak) > 3/4. Put A = UE:lAk and C = maxi kN [t =

maxyea [$1(x]].
By the Egorov’s Theorem 13.8 there is E C A such that u(E) < 1/(4C) and
¢én = 0on B = A\ E. Then

J |¢1|du=J Id>1|du—J Gl >
B A E

By the triangle inequality for d;:

1 1

ic “73

1
[, el = [ it ] < aom. i) < 5
we get
= 1 11
[ tonlan> [ ont a3 || onl au— [ 0nnlan] > 5= ¥ ot > 1

k=1 1

But this contradicts to the fact J"B |dn| du — 0, which follows from the uniform
convergence ¢, = 0 on B. 0

It follows from the Lemma that we can use any Cauchy sequence of simple func-

tions for the extension of integral.

Corollary 13.30. The functional 1 (f) = IA f(x) du(x), defined on any A € Lon
the space of simple functions S(X) can be extended by continuity to the functional
on Ll (Xa H)

Definition 13.31. For an arbitrary summable f € L,(X), we define the Le-
besgue integral
J fdpu = lim J fndu,
A A

n—oo

where the Cauchy sequence f,, of summable simple functions converges to
fae.

Theorem 13.32. (i) Ly(X) is a linear space.
(ii) For any measurable set A C X the correspondence f — [ , fdywis a linear
functional on L, (X).
(iii) Forany f € L, (X) the value v(A) = IA fdwis a charge.
(iv) di(f,g) = [, If — gl duis a distance on L (X).
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Proof. The proof is follows from Prop. 13.21 and continuity of extension. O

Summing up: we build L, (X) as a completion of S(X) with respect to the distance
d; such that elements of L, (X) are associated with (equivalence classes of) measur-
able functions on X.

13.3. Properties of the Lebesgue Integral. The space L; was defined from dual
convergence—in d; metric and point-wise a.e. Can we get the continuity of the
integral from the convergence almost everywhere alone? No, in general. However,
we will state now some results on continuity of the integral under convergence
a.e. with some additional assumptions. Finally, we show that L, (X) is closed in d;
metric.

Theorem 13.33 (Lebesgue on dominated convergence). Let (fy,) be a sequence
of u-summable functions on X, and there is & € L, (X) such that |f(x)] < ¢(x)
forallx e X,n € N.
Iffn %5 f, then f € L,(X) and for any measurable A:
lim J fndp:J fdu.

A A

n—oo

Proof. For any measurable A the expression v(A) = [ A ®du defines a finite
measure on X due to non-negativeness of ¢ and Thm. 13.32.

Lemma 13.34 (Change of variable). If g is measurable and bounded then
f = &g is p-summable and for any p-measurable set A we have

(13.6) J'A fdu = JA gdv.
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Proof of the Lemma. Let M be the set of all g such that the Lemma is true. M
includes any indicator functions g = xp of a measurable B:

J de:J d)XBdH:J c[)du:v(AﬁB):J Xde:J gdv.
A A ANB A A

Thus M contains also finite linear combinations of indicators. For any n € N
and a bounded g two functions g_(x) = %[ng(x)] and g4 (x) = g— + % are
finite linear combinations of indicators and are in M. Since g_(x) < g(x) <
g+ (x) we have

J 9—dv:J Cbg—duéj d)gduéJ d>9+du=J g+ dv.
A A A A A

By squeeze rule for n — oo we have the middle term tenses to [, gdv, that

isge M.
Note, that formula (13.6) is a change of variable in the Lebesgue integral of
the type: [ f(sinx) cosxdx = [ f(sinx)d(sinx). O

For the proof of the theorem define:

)/ B, if §(x) # 0,

gn () {o, if (x) = 0,
[ /0, i) £,

gbd) = {o, if p(x) = 0.

Then g, is bounded by 1 and g,, %% g. To show the theorem it will be enough
to show limp o [ Agndv = i A 9dv. For the uniformly bounded functions on
the finite measure set this can be derived from the Egorov’s Thm. 13.8, see an
example of this in the proof of Lemma 13.29. O

Note, that in the above proof summability of ¢ was used to obtain the finiteness
of the measure v, which is required for Egorov’s Thm. 13.8.

Exercise 13.35. Give an example of f, > f such that [, f,dp # [, fdu. For
such an example, try to find a function ¢ such that [f,| < ¢ for all n and check
either ¢ is summable.

Exercise 13.36 (Chebyshev’s inequality). Show that: if f is non-negative and
summable, then

(13.7) wx € X:f(x) >cl < lj fdu.
¢ Jx
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Theorem 13.37 (B. Levi’s, on monotone convergence). Let (fn) be mono-
tonically increasing sequence of pw-summable functions on X. Define f(x) =
limy, o T (%) (allowing the value +o0).
(i) Ifall integrals [ fn du are bounded by the same value C < oo then f is
summable and [y fdp = limn 0 [y fn dp.
(i) Iflimn oo fx fn du = +o0 then function f is not summable.

Proof. Replacing f, by fn — f; and f by f — f; we can assume f,, > 0 and f >

Let E be the set where f is infinite, then

E = NN Un Enn, where Enn ={x € X:f(x) > N}L
By Chebyshev’s inequality (13.7) we have
Nu(Exn) < | fudu< | fadu<c
Enn X

then W(Enn) < C/N . Thus u(E) = limy o0 limy 00 W(Enn) = 0.
Thus f is finite a.e.

0.

Lemma 13.38. Let f be a measurable non-negative function attaining only fi-
nite values. f is summable if and only if sup [ , fdp < oo, where the supremum
is taken over all finite-measure set A such that f is bounded on A.

Proof of the Lemma. Necessity: if f is summable then for any set A C X we
have [, fdu < [y fdp < oo, thus the supremum is finite.

Sufficiency: let sup fAfdp =M < oo, define B = {x € X : f(x) = 0} and
Ak = {x € X: 28 < f(x) < 21, k € Z}, by (13.7) we have p(Ay) < M/2k
and X = B U (UY_,Ax). Define

B Qk, ifx € Ax,
gix) = { 0, ifxeB,
f(x), ifxel™, Ay,
fnlx) = { 0, otherwise.

Then g(x) < f(x) < 2g(x). Function g is a simple function, its summability
follows from the estimate | . A, 9du < Jin A fde <M which is valid

for any n, taking n — oo we get summability of g. Furthermore, f, %% f
and fn(x) < f(x) < 2g(x), so we use the Lebesgue Thm. 13.33 on dominated
convergence to obtain the conclusion. O
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Let A be a finite measure set such that f is bounded on A, then
J fdu 2 lim J fodp < lim J fodp < C.

This show summability of f by the previous Lemma. The rest of statement and
(contrapositive to) the second part follows from the Lebesgue Thm. 13.33 on
dominated convergence. 0

Now we can extend this result dropping the monotonicity assumption.

Lemma 13.39 (Fatou). If a sequence (fr) of u-summable non-negative functions
is such that:

° IX fndp < Cforall n;
o fn 251,
then f is p-summable and [, fdu < C.

Proof. Let us replace the limit f,, — f by two monotonic limits. Define:

Jkn (X) = min(fn (X)7 RS fTH—k(X))a
gn(x) = kh_{%o grn (X).

Then g, is a non-decreasing sequence of functions and limn_, gn(x) = f(x)
a.e. Since gn, < fy,, from monotonicity of integral we get fx gn dp < Cforalln.
Then Levi’s Thm. 13.37 implies that f is summable and IX fdu < C. O

Remark 13.40. Note that the price for dropping monotonicity from Thm. 13.37 to
Lem. 13.39 is that the limit [, f, du — [ f dp may not hold any more.

Exercise 13.41. Give an example such that under the Fatou’s lemma condition
we get limn o0 [y fndp # [y fdp.

Now we can show that L, (X) is complete:

Theorem 13.42. L, (X) is a Banach space.

Proof. Tt is clear that the distance function d; indeed define a norm |/f||; =
di(f,0). We only need to demonstrate the completeness. We again utilise the
three-step procedure from Rem. 11.7.
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Take a Cauchy sequence (fy,) and building a subsequence if necessary, assume
that its quickly convergent that is di (fn, fn1) < 1/2%. Put

n
¢1=f; and ¢, =, —Tr_1 for n> 1. Thenf, = Zd)k.
k=1
The sequence P, (x) = Y1 [dx (x)] is monotonic, integrals [ Py, dpare bounded
by the same constant ||f1]|; + 1. Thus, by the B. Levi’s Thm. 13.37 and its proof,
P — Y for a summable essentially bounded function 1. Therefore, the series
> ¢r(x) converges as well to a value f(x) of a function f. But, this means that

fn 25 f (the first step is completed).

We also notice |fy, (x)| < p(x)|. Thus by the Lebesgue Thm. 13.33 on dominated
convergence f € L, (X) (the second step is completed).

Furthermore,

n—oo

< i — < i =0.
0< lim Llfn flap < Jim 3 o] =0

That is, f, — f in the norm of L;(X). (That completes the third step and the
whole proof). O

The next important property of the Lebesgue integral is its absolute continuity.

Theorem 13.43 (Absolute continuity of Lebesgue integral). Let f € L;(X).
Then for any € > 0 there is a & > 0 such that |{ , fdu| < e if p(A) <.

Proof. If f is essentially bounded by M, then it is enough to set 8 = ¢/M. In
general let:

A, = {xeX:n<|f(x)l<n+1},
B, = IJELAk,
Cn = X\Bn.

Then [ [fldu = Y 7 fAk If| dp, thus there is an N such that ) Y IAk [f] dp =

ICN If| du < e/2. Now put § = 57, then for any A C X with u(A) < &

H fdu‘sj Ifldu:J IfldquJ fldu< S+ &z
A A ANBN ANCnN 2 2

|

13.4. Integration on Product Measures. It is well-known geometrical interpreta-
tion of an integral in calculus as the “area under the graph”. If we advance from
“area” to a “measure” then the Lebesgue integral can be treated as theory of meas-
ures of very special shapes created by graphs of functions. This shapes belong to
the product spaces of the function domain and its range. We introduced product
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measures in Defn. 12.40, now we will study them in same details using the Le-
besgue integral. We start from the following

Theorem 13.44. Let X and Y be spaces, and let S and T be semirings on X and
Y respectively and p and v be measures on S and T respectively. If u and v are
o-additive, then the product measure v x y from Defn. 12.40 is o-additive as well.

Proof. Forany C = A x B € S x T let us define fc(x) = xa (x)v(B). Then

(1% ¥)(C) = p(A)v(B) = L fe dp.

If the same set C has a representation C = Ll Cy for Cyx € S x T, then o-additivity
of v implies fc = ) | fc,. By the Lebesgue theorem 13.33 on dominated con-

vergence:
fc dp.z J' fc dLL.
Jrean=1J e

Kk
Thus

(X V)(C) =Y (rx V)(C),
k
|

The above correspondence C — fc canbe extended to the ring R(SxT) generated
by S x T by the formula:

fc=) fc,,  forC=1Ce €R(SxT).
k

We have the uniform continuity of this correspondence:
Ife, = feully < (mxv)(Cy o C2) = di(Cy, C2)

because from the representation C; = A; LB and C3 = Ay U B, where B = C; N Cy
one can see that fc, —fc, = fa,—fa,, fc,ac, = fa, +fa, togetherwith|[fa, — fa,| <
fa, + fa, for non-negative functions.

Thus the map C +— fc can be extended to the map of c-algebra L(X x Y) of
1 x v-measurable set to L, (X) by the formula fiin,,, ¢, = limn fc,.

n

Exercise 13.45. Describe topologies where two limits from the last formula are
taken.

The following lemma provides the geometric interpretation of the function fc as
the size of the slice of the set C along x = const.
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Lemma 13.46. Let C € L(X x Y). For almost every x € X theset Cx ={y € Y :
(x,y) € C}is v-measurable and v(Cy) = fc(x).

Proof. For sets from the ring R(S x T) it is true by the definition. If C™) is a
monotonic sequence of sets, then v(lim,, c™) = lim, v(c{™) by o-additivity of
measures. Thus the property v(Cy) = f(C) is preserved by monotonic limits.
The following result of the separate interest:

Lemma 13.47. Any measurable set can be received (up to a set of zero measure)
from elementary sets by two monotonic limits.

Proof of Lem. 13.47. Let C be a measurable set, put C, € R(S x T) to approx-
imate Cupto2 ™ inu x v. Let C =N%_; UY ; Crtx, then

(Lx V) (C\UR Cngi) =0 and  (ux v) (U Cryr \C) =2""™
Then (1 x v)(C A C) < 2! ™foranyn € N. O

Coming back to Lem. 13.46 we notice that (in the above notations) fc = fx
almost everywhere. Then:
fo(x) = fe(x) = v(Cy) = v(Cx).
O

The following theorem generalizes the meaning of the integral as “area under

the graph”.

.

Theorem 13.48. Let | and v are o-finite measures and C be a p x v measurable
set X x Y. We define Cx ={y € Y: (x,y) € C}. Then for u-almost every x € X
the set Cy, is v-measurable, function fc(x) = v(Cy) is p-measurable and

(13.8) (kX V)(C) = JX fedu,

where both parts may have the value +oo.

J

Proof. If C has a finite measure, then the statement is reduced to Lem. 13.46 and
a passage to limit in (13.8).

If C has an infinite measure, then there exists a sequence of C, C C, such that
UnCn = Cand (1 x v)(Cpn) — 0. Then fe(x) = limy, fc, (x) and

J fc, dp = (kL x v)(Cp) = +o0.
X
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Thus f¢c is measurable and non-summable. O

This theorem justify the well-known technique to calculation of areas (volumes)
as integrals of length (areas) of the sections.

Remark 13.49. (i) The role of spaces X and Y in Theorem 13.48 is symmet-
ric, thus we can swap them in the conclusion.
(if) The Theorem 13.48 can be extended to any finite number of measure
spaces. For the case of three spaces (X, ), (Y, V), (Z,A) we have:

(13.9) (uxva(C):J A(cxy)d(uxv)(x,y):j(uxv)(cz)dx(z),
XxY Z
where
Coy = {z€Z:(xy,2) €C},
C. = {(xy)eXxY:(xy,z) € C}L

Theorem 13.50 (Fubini). Let f(x,y) be a summable function on the product of
spaces (X, w) and (Y,v). Then:
(i) For p-almost every x € X the function f(x,y) is summable on Y and
fy(x) = [ f(x,y) dv(y) is a p-summable on X.
(if) For v-almost every y € Y the function f(x,y) is summable on X and
fx(y) = [y f(x,y) du(x) is a v-summable on Y.
(iii) There are the identities:

1310 [ feyldlux iy = JX ( Lf(w)dv(g)) dulx)

XxY
_ J (J f(x,y)du(x)) av(y).
Y X

(iv) For a non-negative functions the existence of any repeated integral
in (13.10) implies summability of f on X x Y.

. J

Proof. From the decomposition f = f, — f_ we can reduce our consideration
to non-negative functions. Let us consider the product of three spaces (X, u),
(Y,v), (R,A), with A = dz being the Lebesgue measure on R. Define

C={(x,y,2) eXxYXxR:0<z<f(x,y)}
Using the relation (13.9) we get:
Coy = {zeR:0<z<Afxy)l,  MCyy) =f(x,y)
Cx = {(yz) e YXR:0<z<f(x,y)}, (VXA)(CX)ZJ f(x,y) dv(y).
Y

the theorem follows from those relations. O
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Exercise 13.51. e Show that the first three conclusions of the Fubini The-
orem may fail if f is not summable.
e Show that the fourth conclusion of the Fubini Theorem may fail if f has
values of different signs.

13.5. Absolute Continuity of Measures. Here, we consider another topic in the
measure theory which benefits from the integration theory.

Definition 13.52. Let X be a set with o-algebra R and o-finite measure u and
finite charge v on R. The charge v is absolutely continuous with respect to p if
u(A) = 0 for A € Rimplies v(A) = 0. Two charges v, and vq are equivalent
if two conditions |v1| (A) = 0 and |v| (A) = 0 are equivalent.

The above definition seems to be not justifying “absolute continuity” name, but
this will become clear from the following important theorem.

Theorem 13.53 (Radon-Nikodym). Any charge v which absolutely continuous
with respect to a measure y has the form

v(A) = J;\ fdu,

where f is a function from L,. The function f € L, is uniquely defined by the charge
V.

Sketch of the proof. First we will assume that v is a measure. Let D be the collec-
tion of measurable functions g : X — [0, o) such that

J gdu<v(E) (EeL).
E

Let o = supgep jX gdp < v(X) < oo. So we can find a sequence (g, ) in D with
Jx gndu — o

We define fy(x) = sup,, gn(x). We can show that fy = oo only on a set of u-
measure zero, so if we adjust fp on this set, we get a measurable function f :
X — [0, 00). There is now a long argument to show that f is as required.

If v is a charge, we can find f by applying the previous operation to the measures
v, and v_ (as it is easy to verify that v, v_ < ).

We show that f is essentially unique. If g is another function inducing v, then

J f—gdu=v(E)—v(E)=0 (Eel).
E

LetE = {x € X : f(x) — g(x) = 0}, so as f — g is measurable, E € L. Then
Jgf—gdu =0and f—g > 0on E, so by our result from integration theory,
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we have that f — g = 0 almost everywhere on E. Similarly, if F = {x € X :
f(x) —g(x) <0}, then F € L and f — g = 0 almost everywhereon F. AsEUF =X,
we conclude that f = g almost everywhere. g

Corollary 13.54. Let p be a measure on X, v be a finite charge, which is absolutely
continuous with respect to w. For any € > 0 there exists & > 0 such that u(A) < &
implies |V] (A) < e.

Proof. By the Radon-Nikodym theorem there is a function f € L;(X, u) such
that v(A) = [, fdu. Then [v[(A) = [, [fl du ad we get the statement from
Theorem 13.43 on absolute continuity of the Lebesgue integral. O

14. FUNCTIONAL SPACES

In this section we describe various Banach spaces of functions on sets with meas-
ure.

14.1. Integrable Functions. Let (X, L, i) be a measure space. For 1 < p < oo, we
define £, (u) to be the space of measurable functions f : X — K such that

J [fIP dp < oo.
X

We define |[|-||,, : £ (p) — [0,00) by

1/p
i, = ([ aw) T e aun.

Notice that if f = 0 almost everywhere, then [f|’ = 0 almost everywhere, and
so [|f|l, = 0. However, there can be non-zero functions such that f = 0 almost
everywhere. So [|-[|,, is 70t a norm on £y, ().

Exercise 14.1. Find a measure space (X, i) such that b, = Lp(n), that is the
space of sequences {,, is a particular case of function spaces considered in this
section. It also explains why the following proofs are referencing to Section 11
so often.

Lemma 14.2 (Integral Holder inequality). Let 1 < p < oo, let q € (1, 00) be
such that 1/p +1/q = 1. For f € L,(u) and g € Lq4(n), we have that fg is
summable, and

(14.1) j (gl dyw < |17l l1gll -
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Proof. Recall that we know from Lem. 11.2 that

|af” n bl

lab| < (a,b e K).

Now we follow the steps in proof of Prop. 11.4. Define measurable functions
a,b: X — K by setting

a) = 8 pg =9 e,
I, lallq
So we have that
IFx)IP [g(x)|
b(x)| < X).
T P

By integrating, we see that

1 1 1 1
lab] duéij I du+7J gl dpu=—+—=1.
Jx pIfllp Jx qllgllg Jx P q

Hence, by the definition of a and b,

gl < |If ,
L ol < Il Nl

as required. O

Lemma 14.3. Let f,g € L, (1) and let a € K. Then:
@) lafll, = lal[[f],
@) [If+gll, < IIfll, + llgll,-

In particular, L, is a vector space.

Proof. Part 14.3(i) is easy. For 14.3(ii), we need a version of Minkowski’s In-
equality, which will follow from the previous lemma. We essentially repeat the
proof of Prop. 11.5.

Notice that the p = 1 case is easy, so suppose that 1 < p < co. We have that

J [f+glP du=| [f+gP 'f+gldu
X X

J

<| I+ gPTh(Ifl+gl) du
JX

_ H+9W’Wﬂdu+J I+ g Igl i
X X

J

Applying the lemma, this is

(p—1) 1/q (p—1) 1/q
<nﬂp(Lw+gqp mQ +|wp<Lw+gwp mQ
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As q(p — 1) = p, we see that
P P/q
£+ gllp < (Il +llgll, ) IIF -+ glB®
Asp—p/q =1, we conclude that
It +gll, < Ifll, +lglly,

as required.
In particular, if f,g € £, (n) then af + g € £, (n), showing that £, (u) is a vector
space. g

We define an equivalence relation ~ on the space of measurable functions by

setting f ~ g if and only if f = g almost everywhere. We can check that ~ is an
equivalence relation (the slightly non-trivial part is that ~ is transitive).

Proposition 14.4. For 1 < p < oo, the collection of equivalence classes L (1)/ ~
is a vector space, and. ||-||, is a well-defined norm on Ly, (n)/ ~.

Proof. We need to show that addition, and scalar multiplication, are well-
defined on £, (u)/ ~. Let a € K and fi,f2,91,92 € £p(un) with f; ~ f; and
g1 ~ g2. Then it’s easy to see that af; + g1 ~ afy + go; but this is all that’s
required!

If f ~ g then [f|” = |g|” almost everywhere, and so [/f[|, = [|g|,,- So [|-||,, is well-
defined on equivalence classes. In particular, if f ~ 0 then ||f||, = 0. Conversely,
if [[f]|, = 0 then J5 Ifl? du = 0, so as [ is a positive function, we must have
that [f|” = 0 almost everywhere. Hence f = 0 almost everywhere, so f ~ 0. That
is,

[feLy(w):f~0)= {f € Ly : |fll, = o} .

It follows from the above lemma that this is a subspace of £, ().
The above lemma now immediately shows that [|-||,, isanorm on £y, (u)/ ~. O

Definition 14.5. We write L, (i) for the normed space (£, (1t)/ ~, ||~Hp).

We will abuse notation and continue to write members of L, (u) as functions.

Really they are equivalence classes, and so care must be taken when dealing with

Ly

(n). For example, if f € L, (u), it does not make sense to talk about the value of f

at a point.
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Theorem 14.6. Let (f,) be a Cauchy sequence in Lp(u). There exists f € Lp(u)
with ||fn —f||, — 0. In fact, we can find a subsequence (n) such that fn, — f
pointwise, almost everywhere.

Proof. Consider first the case of a finite measure space X. We again follow the
three steps scheme from Rem. 11.7. Let f, be a Cauchy sequence in L, (). From
the Holder inequality (14.1) we see that [[fn — fim[l; < [[fa —fml], (w(X))/a.
Thus, f,, is also a Cauchy sequence in L, (it). Thus by the Theorem 13.42 there is
the limit function f € L, (1). Moreover, from the proof of that theorem we know
that there is a subsequence f,,, of f;, convergent to f almost everywhere. Thus
in the Cauchy sequence inequality

J |fnk - fnm |p du <€
X

we can pass to the limit m — oo by the Fatou Lemma 13.39 and conclude:

J [fn, —fI7 dp < e.
X

So, fn, converges to fin L, (u), then f, converges to fin L, () as well.

For a o-finite measure p we represent X = L Xy with pu(Xx) < +oo for all k.
The restriction (fﬁlk)) of a Cauchy sequence (f,) C Lp(X7 u) to every Xy is a
Cauchy sequence in L, (X, ). By the previous paragraph there is the limit
) € L (Xy, ). Define a function f € L, (X, u) by the identities f(x) = f(*)
if x € Xi. By the additivity of integral, the Cauchy condition on (f,) can be
written as:

ad P
J fr — P du = ZJ £l —fﬂj)‘ dp < e.
X o X
It implies for any M:
M
P
ZJ ’ffik) —f;‘f)’ dp < e.
k=1 Xk
In the last inequality we can pass to the limit m — oo:
M P
ZJ [ — 509" du < e
k=1"Xk

Since the last inequality is independent of M we conclude:

[e¢]

S|

k=1"Xx

n

£l _ (k) ‘p dp < €.

Thus we conclude that f;, — fin L, (X, p). O
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Corollary 14.7. L, () is a Banach space.

Example 14.8. If p = 2 then L,(n) = Ly(p) can be equipped with the inner
product:

(14.2) (f,g) = JX fgdu.

The previous Corollary implies that L, (i) is a Hilbert space, see a preliminary
discussion in Defn. 2.22.

Proposition 14.9. Let (X, L w) be a measure space andlet 1 < p < oo. We can
deﬁneamapd):l_q(u) L, (1) by setting ©(f) = F, for f € L(
where

F:Ly(w) =K, g HLfgdu (g€ L,(n).

Proof. This proof very similar to proof of Thm. 11.13. For f € L (i) and g €
L, (n), it follows by the Holder’s Inequality (14.1), that fg is summable, and

j fgdu’ <j Ifgl dut < |1l llgll,
X X

Let f1,fy € Lq(u) and g1,90 € Lp(u) with f; ~ fy and g1 ~ g2. Then f1g; = fag;
almost everywhere and fog; = f2g2 almost everywhere, so f1g; = f2gs almost
everywhere, and hence

J figidp = J faga du.
X X

So @ is well-defined.
Clearly @ is linear, and we have shown that || (f)[| < [|f] .
Letf € Lq(u) and define g : X — K by

<) q-2
olx) = {g(x) I 1) £

0,
:f(x) =0.

Then |g(x)| = |1’(x)|q*1 for all x € X, and so
J gl du:J jfpla—t) du:J 119 d,
X X X

so |lgll,, = ||f||g/p, and so, in particular, g € L, (n). Let F = @(f), so that

F(g):j fgdu:j 79 d = 9.
X X
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Thus ||F|| > ||f||g /llgll, = [Ifll4- So we conclude that [[F|| = |[f[|,, showing that
@ is an isometry. O

Proposition 14.10. Let (X, L, u) be a finite measure space, let 1 < p < oo, and let
Fe L, (w* Then there exists f € L,(u), % + % = 1 such that

Flg)= | fodu (g ety

Sketch of the proof. As p(X) < oo, for E € L, we have that [[xg|, = w(E)VP < oo.
Soxe € L, (1), and hence we can define

v(E)=F(xe) (E€L).

We proceed to show that v is a sighed (or complex) measure. Then we can apply
the Radon-Nikodym Theorem 13.53 to find a function f : X — K such that

F(xe) = v(E) = L fdu (Eel).

There is then a long argument to show that f € L,(p), which we skip here.
Finally, we need to show that

J fgdu = F(g)
X

for all g € L, (), and not just for g = xg. That follows for simple functions
with a finite set of values by linearity of the Lebesgue integral and F. Then, it
can be extended by continuity to the entire space L, (it) in view in the following
Prop. 14.14. O

Proposition 14.11. For 1 < p < oo, we have that Lp(u)* =1L, (u) isometrically,
under the identification of the above results.

Remark 14.12. (i) For p = q = 2 we obtain a special case of the Riesz—-
Frechét theorem 4.11 about self-duality of the Hilbert space L, ().
(if) Note that L% is not isomorphic to L,, except finite-dimensional situ-
ation. Moreover if u is not a point measure L, is not a dual to any
Banach space.

Exercise 14.13. Let 1 be a measure on the real line.
(i) Show that the space L (R, p) is either finite-dimensional or non-
separable.
(ii) Show that for p # q neither L, (R, i) nor L, (R, 1) contains the other
space.
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14.2. Dense Subspaces in L,. We note that f € Lp(X) if and only if [f|P is sum-
mable, thus we can use all results from Section 13 to investigate L, (X).

Proposition 14.14. Let (X, L, u) be a finite measure space, and let 1 < p < oo.
Then the collection of simple bounded functions attained only a finite number of
values is dense in L, (u).

Proof. Let f € L, (), and suppose for now that f > 0. For eachn € N, let
fn = min(n, = [nf)).

Then each f,, is simple, f,, 1 f, and |f, — f|’ — 0 pointwise. For each n, we have
that

0<fn <f = 0<f—fn <,
so that [f — [P < [f|P for all n. As [[f|” dp < oo, we can apply the Dominated
Convergence Theorem to see that

limJ [fn — |7 du =0,
noJx

thatis, |[fn —f[|, = 0.
The general case follows by taking positive and negative parts, and if K = C, by
taking real and imaginary parts first. O

Corollary 14.15. Let p be the Lebesgue measure on the real line. The collection of
simple bounded functions with compact supports attained only a finite number of
values is dense in L, (R, p).

Proof. Let f € L,(R, ), since [ [fP du= 32 f[k,kﬂ) [f|P du there exists N
such that 3. ™+ X7 [ +1)IfI” du < e. By the previous Proposition, the
restriction of f to [N, N] can be e-approximated by a simple bounded function

f1 with support in [-N, N] attained only a finite number of values. Therefore f;
will be also (2¢)-approximation to f as well. O

Definition 14.16. A function f : R — C is called step function if it a linear
combination of a finite number of indicator functions of half-open disjoint
intervals: f =) | ckX[a,.by)-

The regularity of the Lebesgue measure allows to make a stronger version of
Prop. 14.14.
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Lemma 14.17. The space of step functions is dense in L, (R).

Proof. By Prop. 14.14, for a given f € L,(R) and ¢ > 0 there exists a simple
function fo = 3 {'_, ckxa, such that [[f —fo|[, < 5. Let M = [[fo||,, < co. By
measurability of the set Ay there is Cy = LI]T’”‘ l[aj, , bj, ) a disjoint finite union of
half-open intervals such that u(Cy A Ax) < 555 Since Ay and A; are disjoint
for k # j we also obtain by the triangle inequality: w(C; N Ay) < 553 and
(G NCy) < We define a step function

2n3M
n mg
= Z CxXcy = Z Z CkXlaj, ,bjr)-
k=1 k=1 j
Clearly
fi(x) = ck forallx € Ax \ ((Cx AAk)U(Ujiij)).
Thus: . .
R = .

WX € R | folx) £ FilN <o st = o

Then fo — f1[|, < "M 5:5; = 5 because [|f1]|,, < nM. Thus [[f — fi[|, <e. O

Corollary 14.18. The collection of continuous function belonging to L,(R) is
dense in L, (R).

Proof. In view of Rem. 2.29 and the previous Lemma it is enough to show that
the characteristic function of an interval [a, b] can be approximated by a continu-
ous function in L,(R). The idea of such approximation is illustrated by Fig. 4
and we skip the technical details. O

We will establish denseness of the subspace of smooth function in § 15.4.

Exercise 14.19. Show that every f € L;(R) is continuous on average, that is for
any ¢ > 0 there is 8 > 0 such that for all t such that [t| < 6 we have:

(14.3) J [flx) —f(x+t) dx < ¢.
R
Here is an alternative demonstration of a similar result, it essentially encapsulate

all the above separate statements. Let ([0,1],L, 1) be the restriction of Lebesgue
measure to [0, 1]. We often write L, ([0, 1]) instead of L, ().

[ Proposition 14.20. For 1 < p < oo, we have that Ck ([0, 1]) is dense in I_p (fo, 1]).
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Proof. As [0,1] is a finite measure space, and each member of Cxk([0,1]) is
bounded, it is easy to see that each f € Ck([0,1]) is such that [[f[[, < co. So
it makes sense to regard Cxk([0,1]) as a subspace of Lp(u). If Cx([0,1]) is not
dense in Lp(p), then we can find a non-zero F € Lp([O, 1])* with F(f) = 0 for
each f € Ck ([0, 1]). This was a corollary of the Hahn-Banach theorem 11.15.

So there exists anon-zero g € L ([0, 1]) with

j fgdu=0 (e Cx([0,1])).
[0,1]

Let a < b in [0,1]. By approximating X4 ) by a continuous function, we can
show that f(a’b) gdp = [ gX(ap)dp =0.

Suppose for now that K = R. Let A = {x € [0,1] : g(x) > 0} € L. By the
definition of the Lebesgue (outer) measure, for € > 0, there exist sequences (an )
and (b)) with A C Up(an,byn),and Y (bn —an) < p(A) +e€.

For each N, consider Unzl(an,bn). If some (ai,b;) overlaps (aj,bj), then
we could just consider the larger interval (min(aj, a;), max(bs, bj)). Formally
by an induction argument, we see that we can write Uyzl(an,bn) as a fi-
nite union of some disjoint open intervals, which we abusing notations still
denote by (an,bn). By linearity, it hence follows that for N € N, if we set
Bn = UN_, (an, by), then

)
JQXBN du = J'gX(al,bl]u---u(aNbN) dp = 0.

Let B = Un(an,bn),s0 A C Band u(B) < ), (bn —an) < p(A) + €. We then
have that

H gxXBy Al — J gxs du’ = U 9XB\ (a1,b1)U-U(an,bn) du‘ :

We now apply Holder’s inequality to get

1/p
(JXB\(GLbl)U---U(aN,bN) d}l) ||g||q = H(B \ (a1,b1) U---u (aN7bN))1/p ||g||q

o 1/p
<< Z (bn_an)> Hqu

n=N+1
We can make this arbitrarily small by making N large. Hence we conclude that

JQXB du=0.

Then we apply Holder’s inequality again to see that

gl 1(B\A)P < gl €

HQXA dp| = UQXA dH_JQXB dul = JQXB\A du| <
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As € > 0 was arbitrary, we see that [, gdu = 0. As g is positive on A, we
conclude that g = 0 almost everywhere on A.

A similar argument applied to the set {x € [0, 1] : g(x) < 0} allows us to conclude
that g = 0 almost everywhere. If K = C, then take real and imaginary parts. [J

14.3. Continuous functions. Let K be a compact (always assumed Hausdorff) to-
pological space.

Definition 14.21. The Borel o-algebra, B(K), on K, is the o-algebra generated
by the open sets in K (recall what this means from Section 11.5). A member
of B(K) is a Borel set.

Notice thatif f : K — K is a continuous function, then clearly f is B(K)-measurable
(the inverse image of an open set will be open, and hence certainly Borel). So if
p: B(K) — K is a finite real or complex charge (for K = R or K = C respectively),
then f will be p-summable (as f is bounded) and so we can define

¢ Cx(K) = K, d)u(f):J'deu (f € Cx(K)).

Clearly ¢, is linear. Suppose for now that p is positive, so that

by ()] < L Il dp < [Ifll 0(K) (F € Cy(K).

So ¢y € Cx (K)* with ||¢u|| < p(K).

The aim of this section is to show that all of Cy(K)* arises in this way. First
we need to define a class of measures which are in a good agreement with the
topological structure.

Definition 14.22. A measure p : B(K) — [0, 00) is reqular if for each A €
B(K), we have

u(A) =sup{u(E) : E C A and E is compact}
=inf{p(U): A C Uand Uis open}.

A charge v = v, — v_ is reqular if v, and v_ are regular measures. A
complex measure is regular if its real and imaginary parts are regular.

Note the similarity between this notion and definition of outer measure.

Example 14.23. (i) Many common measures on the real line, e.g. the Le-
besgue measure, point measures, etc., are regular.



152 VLADIMIR V. KISIL

(if) An example of the measure p on [0, 1] which is not regular:

n(a) =0, ri{z) =1, H(A) = oo,
for any other subset A C [0, 1].
(iii) Another example of a o-additive measure p on [0, 1] which is not regu-

lar:
0, if A is at most countable;

400 otherwise.

W(A) = {

The following subspace of the space of all simple functions is helpful.

As we are working only with compact spaces, for us, “compact” is the same as
“closed”. Regular measures somehow interact “well” with the underlying topology
on K.

We let Mg (K) and M¢(K) be the collection of all finite, regular real or complex
charges (that is, signed or complex measures) on B (K).

Exercise 14.24. Check that, Mg (K) and M¢ (K) are real or complex, respectively,
vector spaces for the obvious definition of addition and scalar multiplication.

Recall, Defn. 12.31, that for u € Mg (K) we define the variation of 1

[ —sup{z m(Ann},
n=1

where the supremum is taken over all sequences (A,) of pairwise disjoint members
of B(K), with LI, A,, = K. Such (A,,) are called partitions.

[ Proposition 14.25. The variation ||-|| is a norm on Mg (K). ]
Proof. If p = 0 then clearly ||u|| = 0. If ||u]| = O, then for A € B(K), let A; =
A,A; =K\ Aand A3 = A4 =--- = . Then (A,) is a partition, and so

O—Zm (A) + (K \ Al

Hence w(A) =0, and so as A was arbitrary, we have that p = 0.
Clearly |lap| = |a| ||u|| for a € K and p € Mg (K).
For u, A € Mk (K) and a partition (An), we have that

D= A A = 3 WA+ NA € 3 IAn) 3 M ]+
n n
As (An) was arbltrary, we see that ||+ Al < [[u]| + [|Al- O

To get a handle on the “regular” condition, we need to know a little more about
Cie (K).
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Theorem 14.26 (Urysohn’s Lemma). Let K be a compact space, and let E, F be
closed subsets of K with E N F = @. There exists f : K — [0, 1] continuous with
f(x) =1 for x € Eand f(x) = 0 for x € F (written f(E) = {1} and f(F) = {0}).

Proof. See a book on (point set) topology. O

Lemma 14.27. Let p : B(K) — [0, 00) be a reqular measure. Then for U C K
open, we have

r(U) =Sup{J fdu @ fe Cg(K), ngg)(u},
K

Proof. 1If 0 < f < xy, then

Ozj Oduéj fdusj xu dp = p(U).
K K K

Conversely, let F = K\ U, a closed set. Let E C U be closed. By Urysohn
Lemma 14.26, there exists f : K — [0, 1] continuous with f(E) = {1} and f(F) =
{0}. So xg < f < xu, and hence

u(E) < L fdu < w(W).

As pis regular,
pn(U) = sup{wr(E) : E C U closed} < sup {J fdpu:0<f< Xu} < p(U).
K
Hence we have equality throughout. O

The next result tells that the variation coincides with the norm on real charges

viewed as linear functionals on Cp (K).

Lemma 14.28. Let u € Mg (K). Then

Iull = byl = sup{Udep‘ f e Cr(K), [If]l, < 1}.
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Proof. Let (A,B) be a Hahn decomposition (Thm. 12.36) for p. For f € Cg(K)
with ||f]|, < 1, we have that
-
B

J fdu‘—i— J fduy J fdu‘
A A B

<J ] dyes + J 1 dis < [l (R(A) — w(B)) < [IFll Il
A B

using the fact that 1(B) < 0 and that (A, B) is a partition of K.

Conversely, as | is regular, for € > 0, there exist closed sets E and F with E C A,
F C B, and with py(E) > pi(A) —e and p_(F) > pn_(B) — e. By Urysohn
Lemma 14.26, there exists f : K — [0, 1] continuous with f(E) = {1} and f(F) =
{0}. Let g = 2f — 1, so g is continuous, g takes values in [—1, 1], and g(E) = {1},
g(F) ={—1}. Then

J gdu:J 1du+J —1du+J gdp
K E F K\(EUF)

— u(E) — u(F) +JA\E gdu+ L\F gdu

+

ool
K

AsE C A, wehave u(E) = u, (E), and as F C B, we have —u(F) = p_(F). So

Jgdu>u+(AJ—e+u-(BJ—e+J gdu+J gdp
K A\E B\F

H(A) 4 [u(B)| — 2 — [W(A N E)| — [u(B\ F)|
H(A) 4 [u(B)| — 4e.
As e > 0 was arbitrary, we see that ||d,.|| > [1L(A)| + [uw(B)] = [|u]|. O

>
2

Thus, we know that My (K) is isometrically embedded in Cy (K)*.

4. Riesz Representation Theorem. To facilitate an approach to the key point of

this Subsection we will require some more definitions.

Definition 14.29. A functional F on C K] is positive if for any non-negative
function f > 0 we have F(f) > 0.

Lemma 14.30. Any positive linear functional F on C(X) is continuous and ||F|| =
F(1), where 1 is the function identically equal to 1 on X.
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Proof. For any function f such that ||f||, < 1 the function 1 — f is non negative
thus: F(1) — F(f) = F(1 — f) > 0, Thus F(1) > F(f), that is F is bounded and its
norm is F(1). |

So for a positive functional you know the exact place where to spot its norm,
while a linear functional can attain its norm in an generic point (if any) of the unit
ballin C(X). It is also remarkable that any bounded linear functional can be repres-
ented by a pair of positive ones.

Lemma 14.31. Let A be a continuous linear functional on C(X). Then there are
positive functionals A and A_ on C(X), such that A = Ay —A_.

Proof. First, for f € C(K) with f > 0, we define
A () =sup {Alg) g € Cr(K),0< g < >0,
M- () = A (1) = Af) = sup {A(g) =A(f) : g € Ca(K), 0< g < f}
:sup{?\(h) theCa(K), 0<h+f< f}

— sup {?\(h) i heCp(K), f<h< o} > 0.
In a sense, this is similar to the Hahn decomposition (Thm. 12.36).
We can check that
AL(EF) =tAL(F), A_(tf) =tA_(f) (t=0,f>0).
For f1,fy > 0, we have that
Ay (fi+f2) =sup{A(g): 0<g<
= sup{A(g1 + 92) 0
> sup{A(g1) +A(g2) :
= A (f1) + Ay (f2).
Conversely, if 0 < g < f; + fg, then set g = min(g,f1), s00 < g1 < fy. Let
g2 = g—9i1 50 g1 < gimplies that 0 < gs. For x € K, if g1 (x) = g(x) then g»(x) =
0 < fa(x); if g1(x) = f1(x) then f1(x) < g(x) and so ga2(x) = g(x) — f1(x) < fa(x).
S0 0 < g2 < fy, and g = g1 + g2. So in the above displayed equation, we really
have equality throughout, and so A, (f1 +f2) = A (f1) +A(f2). AsAis additive,
it is now immediate that A_(f; + fo) = A_(f1) + A_(f2)
For f € Cx(K) we put fi(x) = max(f(x),0) and f_(x) = —min(f(x),0). Then
+ >0and f =f, — f_. We define:

Ap(f) = A4 (fp) = AL (o), A_(f) =A_(fy) —A_(f).

f1 + fa}
< g1+ g2 < f1 +fa}
91\1017 0\92\f2}
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As when we were dealing with integration, we can check that A, and A_ become
linear functionals; by the previous Lemma they are bounded. O

Finally, we need a technical definition.

Definition 14.32. For f € Cy(K), we define the support of f, written supp(f),
to be the closure of the set {x € K : f(x) # 0}

Theorem 14.33 (Riesz Representation). Let K be a compact (Hausdorff) space,
and let N € Cy (K)*. There exists a unique u € My (K) such that

Alf) = Lfdu (f € Cx(K)).

Furthermore, ||A|| = ||u|-

J

Proof. Let us show uniqueness. If yy, o € Mg (K) both induce A then p = p; — o
induces the zero functional on Cy (K). So for f € Cg (K),

Ozi)%J' fdu:J fdu,
K K

zjj fdp:J fduy.
K K

So u, and p; both induce the zero functional on Cy (K). By Lemma 14.28, this
means that ||y, || = ||ui]] = 0, showing that p = p, + iy = 0, as required.
Existence is harder, and we shall only sketch it here. Firstly, we shall suppose
that K = R and that A is positive.

Motivated by the above Lemmas 14.27 and 14.28, for U C K open, we define

W (U) = sup {?\(f) L fe Cy(K), 0< < xu, supp(f) C u} .

For A C K general, we define
p*(A) =inf{p*(U): U C Kisopen, A C U}.

We then proceed to show that
e 1" is an outer measure: this requires a technical topological lemma,
where we make use of the support condition in the definition.
e We then check that every open set in pu*-measurable.
o As B(K) is generated by open sets, and the collection of p*-measurable
sets is a o-algebra, it follows that every member of B(K) is p*-
measurable.
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e By using results from Section 12, it follows that if we let u be the restric-
tion of pu* to B(K), then u is a measure on B (K).

o We then check that this measure is regular.

e Finally, we show that u does induce the functional A. Arguably, it is this
last step which is the hardest (or least natural to prove).

If A is not positive, then by Lemma 14.31 represent it as A = A, —A_ for positive
A+. As A, and A_ are positive functionals, we can find p; and p_ positive
measures in M (K) such that

A= |t A= fa (Fe K,
K K
Then if p = p, — pu_, we see that

A() = As () —A_(F) = Jdeu ( € Ca(K)).

Finally, if K = C, then we use the same “complexification” trick from the proof
of the Hahn-Banach Theorem 11.15. Namely, let A € C(K)*, and define A+, A; €
Cr (K)* by

Ar(f) = JA(F),  Alf) =TA(f)  (f € Cg(K)).
These are both clearly R-linear. Notice also that [A.(f)] = [RA(f)] < [A(f)] <
IAll Ifll o, 5O Ar is bounded; similarly A;.
By the real version of the Riesz Representation Theorem, there exist charges i,
and p; such that

RA(F) = Ar(f) = L fdue,  IA() = A(F) = JK fdw  (f e Cy(K)).

Then let p = p; + ipy, so for f € C(K),
J fdu:J fdur—ﬁ—ij fduy
K K K

=J ‘ﬁ(f)duﬁrij 3(F) dyr + m(ﬂdm—j 3(F) dps
K K K K
Z A (R) + A (3(F) + DN (R) — A (3(F
) +1RA(T(F)) + 1TA(R(F)) — TA(T(F))
+13(F) = A(F),

as required. O

—
—

Notice that we have not currently proved that ||| = ||A|| in the case K = C. See
a textbook for this.
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15. FOURIER TRANSFORM

In this section we will briefly present a theory of Fourier transform focusing on
commutative group approach. We mainly follow footsteps of [3, Ch. IV].

15.1. Convolutions on Commutative Groups. Let G be a commutative group, we
will use + sign to denote group operation, respectively the inverse elements of
g € G will be denoted —g. We assume that G has a Hausdorff topology such that
operations (g1, gz2) — g1 + g2 and g — —g are continuous maps. We also assume
that the topology is locally compact, that is the group neutral element has a neigh-
bourhood with a compact closure.

Example 15.1. Our main examples will be as follows:

(i) G = Z the group of integers with operation of addition and the discrete
topology (each point is an open set).
(i) G = R the group of real numbers with addition and the topology
defined by open intervals.
(iii) G = T the group of Euclidean rotations the unit circle in R? with the
natural topology. Another realisations of the same group:
e Unimodular complex numbers under multiplication.
e Factor group R/Z, that is addition of real numbers modulo 1.
There is a homomorphism between two realisations given by z = e?™?,
tel0,1),lzl =1.

We assume that G has a regular Borel measure which is invariant in the following
sense.

Definition 15.2. Let u be a measure on a commutative group G, u is called
invariant (or Haar measure) if for any measurable X and any g € G the sets
g + X and —X are also measurable and p(X) = p(g + X) = u(—X).

Such an invariant measure exists if and only if the group is locally compact, in
this case the measure is uniquely defined up to the constant factor.

Exercise 15.3. Check that in the above three cases invariant measures are:
e G = Z, the invariant measure of X is equal to number of elements in X.
e G = R the invariant measure is the Lebesgue measure.
e G =T the invariant measure coincides with the Lebesgue measure.
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Definition 15.4. A convolution of two functions on a commutative group G
with an invariant measure p is defined by:

(15.0)  (f, # fa)(x) = jG fi(x — ) fa(y) duly) = L 1 (y) falx —y) duly).

Theorem 15.5. If 1, fo € L, (G, w), then the integrals in (15.1) exist for almost
every x € G, the function f1 * o isin Ly (G, w) and ||fy * fo|| < ||f1]| - ||f2])-

Proof. If f1, f € L;(G, n) then by Fubini’s Thm. 13.50 the function ¢(x,y) =
f1(x) # Fo(y) isin L, (G x G, x ) and ] = [[f1]] - ]

Let us define amap 1 : G x G — G x G such that t(x,y) = (x +y,y). It
is measurable (send Borel sets to Borel sets) and preserves the measure p x p.
Indeed, for an elementary set C = A x B C G x G we have:

(b x w(t(C)) = . fo(q(x,y)dH(X)du(y)

= Xc(x —y,y) du(x) du(y)
JGXG

= <J Xc(x—y7y)du(x)> dp(y)
Je g

=, r(A +y) dply) = r(A) x w(B) = (pn x p)(C).
We used invariance of p and Fubini’s Thm. 13.50. Therefore we have an isomet-

ric isomorphism of L, (G x G, p x p) into itself by the formula:

Tox,y) = d(t(x,y)) = d(x —y,y).
If we apply this isomorphism to the above function ¢(x,y) = fi(x) * f2(y) we
shall obtain the statement. O

Definition 15.6. Denote by S(k) the map S(k) : f — k * f which we will call
convolution operator with the kernel k.

Corollary 15.7. Ifk € L,(G) then the convolution S(k) is a bounded linear oper-
atoron L, (G).




160 VLADIMIR V. KISIL

Theorem 15.8. Convolution is a commutative, associative and distributive opera-
tion. In particular S(f1)S(f2) = S(f2)S(f1) = S(f1 * f2).

Proof. Direct calculation using change of variables. O

It follows from Thm. 15.5 that convolution is a closed operation on L, (G) and
has nice properties due to Thm. 15.8. We fix this in the following definition.

Definition 15.9. L, (G) equipped with the operation of convolution is called
convolution algebra L (G).

The following operators of special interest.

Definition 15.10. An operator of shift T(a) acts on functions by T(a) : f(x) —
f(x + a).

Lemma 15.11. An operator of shift is an isometry of L,(G), 1 < p < co.

Theorem 15.12. Operators of shifts and convolutions commute:
T(a)(fy = f2) = T(a)fy « fa = 1« T(a)fy,

or

\. J

Proof. Just another calculation with a change of variables. O

Remark 15.13. Note that operator of shifts T(a) provide a representation of the
group G by linear isometric operators in L,(G), 1 < p < co. Amap f — S(f) is
a representation of the convolution algebra

There is a useful relation between support of functions and their convolutions.

Lemma 15.14. For any fy, f2 € L, (G) we have:
supp(f1 * f2) C supp(f1) + supp(fz).
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Proof. If x ¢ supp(fi) + supp(fz) then for any y € supp(fz) we have x —y ¢
supp(f1). Thus for such x convolution is the integral of the identical zero. a

Exercise 15.15. Suppose that the function f; is compactly supported and k times
continuously differentiate in R, and that the function f; belongs to L, (R). Prove
that the convolution f; * f3 has continuous derivatives up to order k.

[Hint: Express the derivative % as the limit of operators (T(h) — I)/h when

h — 0 and use Thm. 15.12.]

15.2. Characters of Commutative Groups. Our purpose is to map the commutat-
ive algebra of convolutions to a commutative algebra of functions with point-wise
multiplication. To this end we first represent elements of the group as operators of
multiplication.

Definition 15.16. A character x : G — T is a continuous homomorphism
of an abelian topological group G to the group T of unimodular complex
numbers under multiplications:

x(x +y) =x(x)x(y).

Note, that a character is an eigenfunction for a shift operator T(a) with the ei-
genvalue x(a). Furthermore, if a function f on G is an eigenfunction for all shift
operators T(a), a € G then the collection of respective eigenvalues A(a) is a homo-
morphism of G to C and f(a) = aA(a) for some o« € C. Moreover, if T(a) act by
isometries on the space containing f(a) then A(a) is a homomorphism to T.

Lemma 15.17. The product of two characters of a group is again a character of the
group. If x is a character of G then x ' =X is a character as well.

Proof. Let x1 and x2 be characters of G. Then:

x1(gh)x2(gh) = x1(g)x1(h)x2(g)x2(h)
= (x1(g)x2(g))(x1(h)x2(h)) € T.

Definition 15.18. The dual group G is collection of all characters of G with
operation of multiplication.

The dual group becomes a topological group with the uniform convergence on
compacts: for any compact subset K C G and any ¢ > 0 there is N € N such that
IXn(x) —x(x)] < eforallx € Kand n > N.
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Exercise 15.19. Check that

(i) The sequence f,,(x) = x™ does not converge uniformly on compacts if
considered on [0, 1]. However it does converges uniformly on compacts
if considered on (0, 1).

(if) If X is a compact set then the topology of uniform convergence on com-
pacts and the topology uniform convergence on X coincide.

Example 15.20. If G = Z then any character ¥ is defined by its values (1) since
(15.2) x(n) = Ix(W)]™

Since (1) can be any number on T we see that 7 is parametrised by T.

Theorem 15.21. The group 7. is isomorphic to T. ]

Proof. The correspondence from the above example is a group homomorphism.
Indeed if X, is the character with X, (1) = z, then Xz, Xz, = Xz,z,- Since Z is dis-
crete, every compact consists of a finite number of points, thus uniform conver-
gence on compacts means point-wise convergence. The equation (15.2) shows
that x,, — x; ifand only if x,, (1) = x.(1), thatis z, — z. O

Theorem 15.22. The group T is isomorphic to 7. ]

Proof. For every n € Z define a character of T by the identity
(15.3) Xn(z) = 2™, zeT.

We will show that these are the only characters in Cor. 15.26. The isomorph-
ism property is easy to establish. The topological isomorphism follows from
discreteness of T. Indeed due to compactness of T for n # m:

max [Xn (z) — Xm(z)]* = max |1 — E}izm*“}Q =22 =4.
zeT zeT

Thus, any convergent sequence (1) have to be constant for sufficiently large k,
that corresponds to a discrete topology on Z. O

The two last Theorem are an illustration to the following general statement.

Principle 15.23 (Pontryagin’s duality). For any locally compact commutative topo-

logical group G the natural map G — G, such that it maps g € G to a character f,
on G by the formula:

(154) fo(x) =x(9),  x€G,
is an isomorphism of topological groups.
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Remark 15.24. (i) The principle is not true for commutative group which
are not locally compact.
(if) Note the similarity with an embedding of a vector space into the second
dual.

In particular, the Pontryagin’s duality tells that the collection of all characters
contains enough information to rebuild the initial group.

[ Theorem 15.25. The group R is isomorphic to R. ]

Proof. For A € R define a character x» € R by the identity
(15.5) XA (x) = e2TAx x € R.

Moreover any smooth character of the group G = (R, +) has the form (15.5).
Indeed, let x be a smooth character of R. Put ¢ = x’(t)lt=9 € C. Then x'(t) =
cx(t) and x(t) = e°t. We also get ¢ € iR and any such c defines a character.
Then the multiplication of characters is: x; (t)xa(t) = ec1tec2t = elczteilt, go
we have a group isomorphism.

For a generic character we can apply first the smoothing technique and reduce to
the above case.

Let us show topological homeomorphism. If A, — A then xa,, — X uniformly
on any compact in R from the explicit formula of the character. Reverse, let
XA. — X uniformly on any interval. Then x»,—a(x) — 1 uniformly on any
compact, in particular, on [0, 1]. But

sup xa, —a(x) =1 = suplsin (A, —A)x|
[0,1] [0,1]
- sin7t A, — A, if AL —A<1/2.
Thus A\, — A. O

Corollary 15.26. Any character of the group T has the form (15.3).

Proof. Let x € T, consider x;(t) = x(e?™') which is a character of R. Thus
x1(t) = ¥t for some A € R. Since x1(1) = 1 then A =n € Z. Thus x;(t) =
e2™nt thatis x(z) = z™ for z = 2™, O

Remark 15.27. Although R is isomorphic to R there is no a canonical form for

this isomorphism (unlike for R — IR). Our choice is convenient for the Poisson

formula below, however some other popular definitions are A — e** or A —
—iAx
e,
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We can unify the previous three Theorem into the following statement.

Theorem 15.28. Let G = R™ x Z* x T" be the direct product of groups. Then the
dual group is G = R™ x T* x ZL.

15.3. Fourier Transform on Commutative Groups.

Definition 15.29. Let G be a locally compact commutative group with an
invariant measure p. For any f € L, (G) define the Fourier transform f by

(15.6) flx) = L f)x(x) dul),  x € G.

That is the Fourier transform f is a function on the dual group G.

Example 15.30. (i) If G = Z, then f € L,(Z) is a two-sided sum-
mable sequence (cn)nez. Its Fourier transform is the function f(z) =
> ocnz™on T. Sometimes f(z) is called generating function of the
sequence (cn ).

(ii) If G = T, then the Fourier transform of f € L,(T) is its Fourier coeffi-
cients, see Section 5.1.
(iii) If G = R, the Fourier transform is also the function on R given by the

Fourier integral:

(15.7) f(A) = J}R f(x) e 2 gx.

The important properties of the Fourier transform are captured in the following
statement.

Theorem 15.31. Let G be a locally compact commutative group with an invari-
ant measure w. The Fourier transform maps functions from L,(G) to continuous

bounded functions on G. Moreover, a convolution is transformed to point-wise
multiplication:

(15.8) (f1 % F2) (%) = f1(x) - f2(x),

a shift operator T(a), a € G is transformed in multiplication by the character
fq € G:

(15.9) (TN () = falx) - fx),  falx) =x(a)
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and multiplication by a character x € G is transformed to the shift T(x):
(15.10) (- 70x1) = Tlx 1) = fix %)

Proof. Let f € L,(G). For any ¢ > 0 there is a compact K C G such that
fG\K [fl dp < e. If xn — X in G, then we have the uniform convergence of

Xn — X on K, so there is n(¢) such that for k > n(e) we have |xi(x) —x(x)| < ¢
for all x € K. Then

floe) 00| < 17091 hen 00~ X060 o)+ [ 1709 30~ X00) )

< e||f|| + 2e.

Thus f is continuous. Its boundedness follows from the integral estimations.
Algebraic maps (15.8)-(15.10) can be obtained by changes of variables under
integration. For example, using Fubini’s Thm. 13.50 and invariance of the meas-
ure:

(f1f2Y(x) = JG L fi(s) falt —s) dsx() dt

_ J J £1(s) x(5) Fa(t — 8) X (£ — ) ds dlt
GJG

= 1?1 (X)fz (x)-
O

15.4. The Schwartz space of smooth rapidly decreasing functions. We say that a
function f is rapidly decreasing if limy_, 1o [x*f(x)| = 0 for any k € N.

Definition 15.32. The Schwartz space denoted by S or space of rapidly de-
creasing functions on Rn is the space of infinitely differentiable functions
such that:

(15.11) S = {f € C*®(R) : sup x"‘f(ﬁ)(x)‘ <oo Va,f e N}.
x€R

Example 15.33. An example of a rapidly decreasing function is the Gaussian
e ™,

It is worth to notice that S C L, (R) forany 1 < p < co. Moreover, S is dense in
L, (R), for p = 1 this can be shown in the following steps (other values of p can be
done similarly but require some more care). First we will show that S is an ideal of
the convolution algebra L, (R).
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Exercise 15.34. For any g € S and f € L, (R) with compact support their convo-
lution f * g belongs to S. [Hint: smoothness follows from Ex. 15.15.]

Define the family of functions g¢(x) for t > 0in S by scaling the Gaussian:

1 _ 2
gu(x) = pe /",

Exercise 15.35. Show that g(x) satisfies the following properties, cf. Lem 5.7:
(i) gt(x) >0forallx e Rand t > 0.
(ii) f]R g¢(x)dx = 1 for all t > 0. [Hint: use the table integral IR e ™ dx =
1]
(iii) For any & > 0 and any & > 0 there exists T > 0 such that for all positive
t < T we have:

-8 0
0< J +Jgt(x)dx< €.
—o0 o

It is easy to see, that the above properties 15.35(i)-15.35(iii) are not unique to the
Gaussian and a wide class have them. Such a family a family of functions is known
as approximation of the identity [6] due to the next property (15.12).

Exercise 15.36. (i) Let f be a continuous function with compact support,
then

(15.12) %%\\f—gt*fﬂl =0.

[Hint: use the proof of Thm. 5.8.]
(ii) The Schwartz space S is dense in L; (R). [Hint: use Prop. 14.20, Ex. 15.34
and (15.12).]

15.5. Fourier Integral. We recall the formula (15.7):
Definition 15.37. We define the Fourier integral of a function f € L; (R) by

(15.13) f(A) = J f(x) e 27 dx.
R

We already know that f is a bounded continuous function on R, a further prop-

erty is:

Lemma 15.38. If a sequence of functions (f,) C L,(R) converges in the metric
L, (R), then the sequence (fy) converges uniformly on the real line.




INTRODUCTION TO FUNCTIONAL ANALYSIS 167

Proof. This follows from the estimation:

a0 = FmN)] < | falx) = frn ()] .

Lemma 15.39. The Fourier integral f of f € L,(R) has zero limits at —oco and
~+00.

Proof. Take f the indicator function of [a, b]. Then f(\) = —x (e 2Ma—e 2,

A # 0. Thus limy_,+o f(A) = 0. By continuity from the previous Lemma this
can be extended to the closure of step functions, which is the space L, (R) by
a

Lem. 14.17.

S

Lemma 15.40. If f is absolutely continuous on every interval and f' € L;(R),
then A
(') = 27iAf.
More generally:
(15.14) (Y = (2miA)*f.

Proof. A direct demonstration is based on integration by parts, which is possible
because assumption in the Lemma.

It may be also interesting to mention that the operation of differentiation D can
be expressed through the shift operatot Tg:

T VN
(15.15) D_Alir—rio AT

By the formula (15.9), the Fourier integral transforms ﬁ(TAt — I) into
A (xa(At) — 1). Providing we can justify that the Fourier integral commutes
with the limit, the last operation is multiplication by x} (0) = 27A. O

5

Corollary 15.41. If f(*) € L, (R) then

- L

m
that is  decrease at infinity faster than |\~

—0 asA— oo,
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Lemma 15.42. Let f(x) and xf(x) are both in L, (R), then f is differentiable and
f = (—2mixf).

More generally

(15.16) £ = ((—2mix) ).

J

Proof. There are several strategies to prove this results, all having their own mer-
its:
(i) The most straightforward uses the differentiation under the integration
sign.
(if) We can use the intertwining property (15.10) of the Fourier integral and
the connection of derivative with shifts (15.15).
(iii) Using the inverse Fourier integral (see below), we regard this Lemma
as the dual to the Lemma 15.40.
]

=

Corollary 15.43. The Fourier transform of a smooth rapidly decreasing function is
a smooth rapidly decreasing function.

—7A2

Corollary 15.44. The Fourier integral of the Gaussian e =™ is e

Proof. [2] Note that the Gaussian g(x) = e ™ isa unique (up to a factor) solu-
tion of the equation g’ +27xg = 0. Then, by Lemmas 15.40 and 15.42, its Fourier

transform shall satisfy to the equation 2miAg + i’ = 0. Thus, § = ¢ - e N
with a constant factor c, its value 1 can be found from the classical integral

f]R e~ ™" dx = 1 which represents g(0). O

The relation (15.14) and (15.16) allows to reduce many partial differential equa-

tions to algebraic one, see § 0.2 and 5.4. To convert solutions of algebraic equations
into required differential equations we need the inverse of the Fourier transform.

Definition 15.45. We define the inverse Fourier transform on L, (R):

(15.17) f(A) = J f(x) 2™ dx.
R



INTRODUCTION TO FUNCTIONAL ANALYSIS 169

We can notice the formal correspondence f(A) = f(—A) = f(A), which is a mani-

festation of the group duality R = R for the real line. This immediately generates
analogous results from Lem. 15.38 to Cor. 15.44 for the inverse Fourier transform.

Theorem 15.46. The Fourier integral and the inverse Fourier transform are inverse
maps. That is, if g = f then f = g.

Sketch of a proof. The exact meaning of the statement depends from the spaces
which we consider as the domain and the range. Various variants and their
proofs can be found in the literature. For example, in [3, § IV.2.3], it is proven
for the Schwartz space S of smooth rapidly decreasing functions.

The outline of the proof is as follows. Using the intertwining relations (15.14)
and (15.16), we conclude the composition of Fourier integral and the inverse
Fourier transform commutes both with operator of multiplication by x and dif-
ferentiation. Then we need a result, that any operator commuting with multi-
plication by x is an operator of multiplication by a function f. For this function,
the commutation with differentiation implies f’ = 0, that is f = const. The value
of this constant can be evaluated by a Fourier transform on a single function,

say the Gaussian e ™" from Cor. 15.44. O

The above Theorem states that the Fourier integral is an invertible map. For the
Hilbert space L, (R) we can show a stronger property—its unitarity.

Theorem 15.47 (Plancherel identity). The Fourier transform extends uniquely
to a unitary map L,(R) — Ly(R):

A2
(15.18) J 12 dx:J ’f’ dA.
R R

Proof. The proof will be done in three steps: first we establish the identity for
smooth rapidly decreasing functions, then for L, functions with compact sup-
port and finally for any L, function.
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Take f; and f, € S be smooth rapidly decreasing functions and g; and
gz be their Fourier transform. Then (using Fubini’s Thm. 13.50):

J fi(t)fa(t)dt = " J g1(A) 2™ AN fy(t) dt
R R JR

= gl(?\)J e2™M ) (1) dt dA
JR R

— [ g g an
JR

Put f; = f; = f (and therefore g1 = g2 = 1?) we get the identity
12
J1f? dx = p|f| ax.
The same identity (15.18) can be obtained from the property (fif2) =
f1 * fo, cf. (15.8), or explicitly:

J f1(x) fa(x) e 2 M dx = J f1(t) fa(A —t) dt.

R R

Now, substitute A = 0 and fy = f; (with its corollary f?g(t) = ﬂ(—t))
and obtain (15.18).

Nextlet f € L,(R) with asupportin (—a, a) then f € L, (R) as well, thus
the Fourier transform is well-defined. Let f, € S be a sequence with
support on (—a, a) which converges to f in L, and thus in L;. The Four-
ier transform g, converges to g uniformly and is a Cauchy sequence in
L, due to the above identity. Thus g, — g in L, and we can extend the
Plancherel identity by continuity to L, functions with compact support.
The final bit is done for a general f € L, the sequence

] f(x), if x| <,
fn(x) = { 0, otherwise;
of truncations to the interval (—m, n). For f,, the Plancherel identity is
established above, and f,, — f in L[,(R). We also build their Fourier
images g, and see that this is a Cauchy sequence in L,(R), so gn — g.

If f € L, NL, then the above g coincides with the ordinary Fourier transform on

L,.

O

We note that Plancherel identity and the Parseval’s identity (5.7) are cousins—

they both states that the Fourier transform L,(G) — L,(G) is an isometry for G = R
and G = T respectively. They may be combined to state the unitarity of the Fourier
transform on L,(G) for the group G = R™ x Z* x T' cf. Thm. 15.28.

Proofs of the following statements are not examinable Thms. 12.23, 12.36, 13.53,
14.33, 15.46, Props. 14.14, 14.20.
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16. ADVANCES OF METRIC SPACES
16.1. Contraction mappings and fixed point theorems.

16.1.1. The Banach fixed point theorem. Animportant tool in numerical Analysis, but
also in constructions of solutions of differential equations are fixed point approx-
imations. In order to understand this, suppose that (X, d) is a metric space and
f : X = X aself-map. Then a point x € X is called fixed point of f if f(x) = x. For
example the function cos defines a self-map on the interval [0, 1], and by starting
with x; = 0 and inductively computing xn+1 = cos X, one converges to the value
roughly 0.739085 which is a fixed point of cos, i.e. solves the equation cos(x) = x.
Under certain conditions one can show that such sequences always converge to a
fixed point. This is the statement of the Banach fixed point theorem (contraction
mapping principle).

Definition 16.1 (Contraction Mapping). Let (X, d) be a metric space. Then a
map f : X — Xis called contraction if there exists a constant C < 1 such that

d(f(x), f(y)) < Cd(x,y).

Note that any contraction is (uniformly) continuous.

Theorem 16.2 (Banach Fixed Point Theorem). Suppose that f : X — Xisa
contraction on a complete metric space (X, d). Then f has a unique fixed point y.
Moreover, for any x € X the sequence (xr) defined recursively by

Xnt+1 = f(xn)7 X1 =X,

converges to y.

\. J

Proof. Let us start with uniqueness. If x,y are both fixed points in X, then since
f is a contraction:

d(x,y) < Cd(x,y)
for some constant C < 1. Hence, d(x,y) = 0 and therefore x = y.
To prove the remaining claims we start with any x in X and we will show that
the sequence x,, defined by x; = x and xn4+1 = f(xn) converges. Since f is
continuous the limit of (x,,) must be a fixed point. Since (X, d) is complete we
only need to show that (x,) is Cauchy. To see this note that

d(Xn+1 ) Xﬂ) < Cd(xﬂa X‘n—l)
and therefore inductively,

d(xn+1,%n) < C™1d(xg,x1).
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By the triangle inequality we have for any n,m > 0

1
AN, ) < (CNTH 4+ CN 4 CNFM™ ) d (xg, %) < CN 117Cd(X2,X1)-

Since C < 1 this can be made arbitrarily small by choosing N large enough. [

Corollary 16.3. Suppose that (X, d) is a complete metric space and f : X — X a
map such that f™ is a contraction for some n € N. Then f has a unique fixed point.

Proof. Since f™ is a contraction it has a unique fixed point x € X, i.e.
fof...of(x) =
—_—
n—times
Now note that
(%)) = o f(x) = M (x) = Fo f™(x) = f(f*(x)) = f(x)
and therefore f(x) is also a fixed point of f™. By uniqueness we must have f(x) =
X. O

The question arises how to show that a given map f is a contraction. In subsets
of R™ there is a simple criterion. Recall that an open set U C R is called convex if
for any two points x,y € U the line {tx + (1 — t)y | t € [0, 1]} is contained in U.

Theorem 16.4 (Mean Value Inequality). Suppose that U C R™ is an open set

with convex closure U and let f : U — R™ be a Cl-function. Let df be the total

derivative (or Jacobian) understood as a function on U with values in m x m-

matrices. Suppose that ||df(x)|| < M for all x € W. Then f : U — R™ satisfies
() = Fy)Il < Mlx —y]|

forallx,y € U.

Proof. Givenx,y € Ulety(t) =tx+ (1 —t)y. Then %y(t) =x—y.

1 1
1)~ fly) = | Frvae = [(an) - Fwat
0 0

Using the triangle inequality (this can be used for Riemann integrals too because
these are limits of finite sums), one gets
1 1

dv
760~ )l < [ ltan) - T (0llde < M [~ yllat = Mlix .
0 0


https://en.wikipedia.org/wiki/Jacobian_matrix_and_determinant
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By continuity this inequality extends to U. O

Example 16.5. Consider the map f : R* D By(0) — B1(0), (x,y) — (¥ + ¥ +

1 % —X). Then
T2

374
The operator norm ||df|| can be estimated by the Hilbert-Schmidt norm. Recall
IAll1s = (tr(A*A))2, so we get

ke

1 1 1
[dfll < [|dffns = (Z(XQ +y%) + s 5)1/2 <1.

Therefore f is a contraction. We can find the fixed point by starting, for example,
with the point (0, 0) and iterating. We get iterations:
(0,0), (0.333333,0.), (0.361111, —0.166667),

(0.310378, —0.173611), (0.299547, —0.147654),

(0.306547,—0.144323), (0.308719, —0.148066),

(0.307805, —0.148878), (0.307393, —0.148361),

(0.307502, —0.148194), (0.307575, —0.148261),

(0.307564, —0.148292), (0.307551, —0.148284),

(0.307552, —0.148279), (0.307554, —0.148279).

Example 16.6. Put a map of the country of your current presence on the floor,
there’s a point on the map that is touching the actual point it refers to!

16.1.2. Applications of fixed point theory: The Picard-Lindelof Theorem. Letf: K — R be
a function on a compact rectangle of the form K = [Ty, To] x [L1, Lo] in R2. Consider
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the initial value problem (IVP)

d
(161) % = f(tayj7 y(tO) = Yo,

where y : [T;, To] = R, t — y(t) is a function. The function f and the initial value
Yo € [L1,L2], and tg € [T1, To] are given and we are looking for a function y satisfy-
ing the above equations.

Example 16.7. Let f(t,x) = x and yo = 1, to = 0. Then the initial value problem

is d
Y
- = 0)=1.
We know from other courses that there is a unique solution y(t) = e, see Fig. 18

top-left.

Example 16.8. Let f(t,x) = x? and yo = 1, to = 0. Then the initial value problem

is d
Y 2
— = 0)=1.
T y(0)
We know from other courses that there is a unique solution y(t) = ﬁ which

exists only on the interval (—oo, 1), see Fig. 18 top-right.

Example 16.9. Let f(t,x) = x> —tand yo = 1, to = 0. Then the initial value
problem is

d

T=v -t Yo =1L
One can show that there exists a solution for small |t|, however this solution

cannot be expressed in terms of elementary functions, see Fig. 18 bottom-left.

Example 16.10. Let f(t,x) = x*/% and yo = 0, ty = 0. Then the initial value
problem is

d 2

T =vi yo=o.

It has at least two solutions, namely y = 0and y = %, see Fig. 18 bottom-right.

Hence, there are two fundamental questions here: existence and uniqueness of
solutions. The following theorem is one of the basic results in the theorem of or-
dinary differential equation and establishes existence and uniqueness under rather
general assumptions.

Theorem 16.11 (Picard-Lindel6f theorem). Suppose that f : [Ty, Ta] x yo —
C,yo + C] — R is a continuous function such that for some M > 0 we have

If(t,y1) — f(t,y2)l < Mly1 —y2| (Lipschitz condition)
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FIGURE 18. Vector fields and their integral curves from Ex. 16.7-16.10.

To] the initial

Tl)

Y1,Y2 € [yo— C,yo + Cl. Then, for any to € |

],

(Ti, T
value problem

forallt €

Yo,

y(to)

() = f(t,y(t),

dt
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has a unique solution y in C'[a, b], where [a,b] is the interval [ty — R, to + R] N
[T1, To), where

R = ||fll'C.
(The solution exists for all times t such that |t — to| < R).

Remark 16.12. Note, that the Lipschitz condition implies uniform continuity and
is significantly stronger requirement.

Proof. Using the fundamental theorem of calculus we can write the IVP as a
fixed point equation F(y) =y for a map defined by

t

Fly)(t) = yo + J f(s,y(s))ds.
to
This is a map that will send a continuous function y € C[Ty, To] to a continuous
function F(y) € C[Ty, To]. As a metric space we take

X = C([a,bl, [yo — C,yo + CJ)
that is, the set of continuous functions on [a, b] taking values in the interval
[yo — C,yo + CJ. This is a closed (why?) subset of the Banach space Cla, b] and

is therefore a complete metric space.
First we show that F: X — X, i.e. F maps X to itself. Indeed,

t
Fy) ()~ wol = | [ fls.y(s))ds| < Rl < C.
to
Next we show that FN is a contraction for N large enough and thus establish the
existence of a unique fixed point. It is the place to use the Lipschitz condition.
Observe that for two functions y,y € X we have
t

IF(y)(t) —Fy) (1) = J f(s,y(s)) —f(s,y(s))ds

to

t

< | . y(s)) = T, 5(s)ds < = toM ]y — Gl

to
We did not assume that (t — tp)M < RM < 1, so F will in general not be a
contraction. There are several ways to resolve this situations. For example, we
can argue in either of the following two manners:

(16.2)
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(i) We use both the result and the method from (16.2) to compute distances
for higher powers of F, starting from the squares:
t

F2(y)(t) = P(y)(1)] < p If(s, F(y)(s)) — f(s, F(y)(s))ds

< | Is—tol - M- |[F(y) — F(§)]oo ds

to
t

< | fs—tol - M? - [ly = Glloo ds
to
|t — tol? _

= My — G,

and iterating this gives for any natural N:
It—t

N

()~ P @)oo < P MYy — g
Since the factorial will overgrow the respective power, for N large
enough, FN is a contraction and we deduce the existence of a unique
solution from Cor. 16.3. This solution is in C! since it can be written as
the integral of a continuous function.

(ii) The inequality (16.2) shows existence and uniqueness of solution only
in the space of functions C([to — 7,to + 7], [yo — C,yo + C]) where v <
M~ and therefore [t — to|/M < 1 in (16.2). Now suppose we have two
solutions y and y. They coincide at to. Application of (16.2) to other
initial points where the solutions coincide shows that the set E = {x €
[a,b] | y(x) =U(x)}is open. It is also the pre-image of the closed set {0}
under the continuous map y—1y. So we have that E is a closed and open
subset of [a, b] that is non-empty. It must therefore be [a, b]. Hence, we
gety =y, establishing uniqueness in the whole Cla, b].

O

Note that this not only gives uniqueness and existence, but also gives a con-
structive method to compute the solution by iterating the map F starting for ex-
ample with the constant function y(t) = yo. The iteration

t

Ynsa(t) =yo + Jf(s,yn(snds
to

is called Picard iteration. It will converge to the solution uniformly. See Fig. 19 for
an illustration of few first iterations for the exponent functions.



178 VLADIMIR V. KISIL

NN\
ok

[\

NN N N NN NN

—

NNN N N Ny

NN NN N N N NN
A VR A U R N N N\ N N N N NN

ML NN N N N N N NN
AR N R\ N N U N N N N NN

A U N N N N U N N U U N N
A U N N N N U N N N U N N
A U N N N N U N N N U U N
AN N N N N U N O N NE N NG
\\ VO N R U N U U N N N N N N
A\ \ S N U U N U N N N N NN
AT\ N U N N U N N N U N
AR\ R\ \ S N N N N N N N U N N
A U A O R N N\ N\ N N N N
AN N N U R N N N N NN NN
AN N N \ U N N N NN\

A N N N U D N N \ N N

\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
%”\\\\\

AN N N N \ N N NN

\
\

—_— - - — — — e — — — —

FIGURE 19. Few initial Picard iterations for the differential equa-
tion y’ = y: constant fy, linear f;, quadratic fo, etc.

Remark 16.13. The proof also gives a bound on the solution, namely if the as-
sumptions are satisfied one gets [y(t) —yo| < C for t € [a, b].

Remark 16.14. The proof works in the same way if y takes values in R™ and
therefore f : R x R™ D [Ty, To] X B¢ (0) — R™. In fact, the target space may even
be a Banach space (the derivative for Banach space-valued functions appropri-
ately defined). Higher order differential equations may be written as systems
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of first order equations and hence the theorem applies to these as well. For ex-
ample y”(t) +y(t) = 0,y(0) = 1,y’(0) = 0 can be written as

d fy\ _ [(w y (1
aln)=(5) Q)o=6)
So here the function f is f(t, (x1,x2)) = (x2, —x1).

Example 16.15. Consider the IVP

dy

at
Hence, f(t,x) = x%t + 1. If we take f to be defined on the square [—T,T] x [1 —
C, 1+ C] then we obtain ||f|| = (1+ C)?T+1 (the value at the top- rlght corner).
In this case the solution will exist up to time

e C
S RN TG Pr i

If we choose, for example C =2and T =  we get that a unique solution exists

up to time [t| < 11 This solution will then satisfy [y(t) — 1] < 2 for [t] < 1 T
In fact one can show that the solution can be expressed in a complicated way in
terms of the Airy-Bi-function and it blows up att = 1.

=y*t+1, y0) =1.

16.1.3. Applications of fixed point theory: Inverse and Implicit Function Theorems. It is
an easy exercise in Analysis to show that if a function f € C Ta, b] has nowhere
vanishing derivative, then f is invertible on its image. To be more precise, f~!
Im(f) — [a, b] exists and has derivative (f/(x))~! at the point y = f(x). In higher
dimensions a statement like this can not be correct as the following counterexample
shows. Let 0 < a < b and define

f:la,b] x R — R?,
(r,0) — (rcosO,rsin0).
This maps has invertible derivative
£/(r,0) = (‘Sf’rfg ;z;nee) | detf'(r,0) =12 > 0.

at any point, the map is however not injective, see Fig. 20 for a cartoon illustration
of the difference between one- and two-dimensional cases. However, for any point
we can restrict domain and co-domain, so that the restriction of the function is
invertible. In such a case we say that f is locally invertible. This concept will be
explained in more detail below.

Definition 16.16 (Local Invertibility). Suppose U;,Us C R™ are open sub-
sets of R™. Then a map f : U; — U, is called locally invertible at x € U, if
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FIGURE 20. Flat and spiral staircases: can we return to the same
value going just in one way?

there exists an open neighbourhood U of x such that fly : U — f(U) is in-
vertible. The function f is said to be locally invertible it it is locally invertible
at x for any x € U;.

Often, say for differential equations, we need a map which preserves differenti-
ability of functions in both directions.

Definition 16.17 (Diffeomorphism). Suppose U;, U C R™ are open subsets
of R™. Then amap f: U; — Uy is called C*-diffeomorphism if f € C*(Uy, Uz)
and if there exists a g € C*(Us, U, ) such that

fog=1y,, gof=1Iy,,

where 1y, and 1y, are the identity maps on U; and U; respectively.

There is also a local version of the above definition.

Definition 16.18 (Local Diffeomorphism). Suppose U;,U; C R™ are open
subsets of R™. Then a map f: U; — Us is called a local-C*- diffeomorphism at
x € U, if there exists an open neighbourhood U of x such that fly : U — f(U)
is a C*-diffeomorphism. It is called a local-C*- diffeomorphism if it is a local
diffeomorphism at any point x € U;.
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Not every invertible C*-map is a diffeomorphism. An example is the function
f(x) = x* whose inverse g(x) = x5 fails to be differentiable.

Theorem 16.19 (Inverse Function Theorem). Let U C R™ be an open subset
and suppose that f € C*(U, R™) such that f'(x) is invertible at every point x € W.
Then f is a local C*-diffeomorphism.

Before we can prove this theorem we need a Lemma, which basically says that
under the assumptions of the inverse function theorem an inverse function must be
in C'. That is, differentiability is the leading particular case [10, § 4.4] for the general
case of k-differentiable functions.

Lemma 16.20. Suppose that f € C'(Uy,Us) is bijective with continuous in-
verse. Assume that the derivative of f is invertible at any point, then f is a C'-
diffeomorphism, and g'(f(x)) = (f'(x)) .

Proof. Denote the inverse of f by g : Uz — U;. The continuity of f and g imply
that x, — x¢ if and only if f(x) — f(xo). We will show that g is differentiable
at the point yo = f(x¢). If y = f(x) is very close to yo (so that the line interval
between x and x; is contained in U,) then, by the MVT there exists a ¢ on this
line such thaty —yo = f(x) — f(xg) = '(&) - (x — x0). Therefore, g(y) — g(yo) =
(f'(&))' - (y —yo). If y tends to yo, then & will tend to xo, and therefore, by
continuity of f’ the value of (f'(£))~! will tend to (f'(x0))~'. Thus, the partial
derivatives of g exist and are continuous, so g € C!. Note that we have used
here that matrix inversion is continuous. O

Now we can proceed with the general situation.

Proof of the Inverse Function Theorem 16.19. Let xo € U and let yo = f(xp). We
need to show that there exists an open neighborhood U; of f(xg) such that
f:f1(U;) — Uy is a C*-diffeomorphism. As a first step we construct a con-
tinuous inverse. Since f’(x) = A is an invertible m x m-matrix we can change
coordinates x = A~y + x¢, so that we can assume without loss of generality
that f'(xo) = 1 and x¢ = 0. Replacing f by f — y, we also assume w.l.o.g. that
yo = 0. Since f/(x) is continuous there exists an ¢ > 0 such that [|f'(x) — 1| < %

for all x € B.(0). This ¢ > 0 can also be chosen such that B.(0) ¢ U. Thus,
[x — f(x)|| < 1||x|| for all x € B¢(0) by MVT, and for each y € B, /»(0) the map

x = x+y—f(x)
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is a contraction on B, (0). Indeed, by MVT again:
Ix+y—f(x) = (X" +y —fxN] =[x = fx) = x" = fx)]

(16.3) = I(f"(&) = D) (x—x)]
< Slhe=v|
2 )
where || - || is the norm of vectors in R™. Consider the complete metric space

X = C(B/2(0),B¢(0)) and define the map
F: X=X, u—Fu), Ful(y)=uly)+y—-~fluly)).
By the above this map is well defined and it also is a contraction
IFW(y) = FOWI = lwly) — flu(y)) = (viy) = Fvy)) |

< 3 Iuty) —v(w)l [by (16.3)]
1
< SVl

Hence, there exists a unique fixed point g. This fixed point yields a continuous
inverse g of fly defined on U = B, /5(0) N f~1(B¢/2(0)). By the previous Lemma
this implies that g is differentiable. Now simply note that g’ = (f')~! o g. Since
matrix inversion is smooth and f’ is in C*~! this implies that for m <k —1 we
get the conclusion (g € C™) = (g € C™*"1). Hence, g isin C*. O

The implicit function theorem is actually a rather simple consequence of the in-

verse function theorem. It gives a nice criterion for local solvability of equations in
many variables.

7

Theorem 16.21 (Implicit Function Theorem). Let U; C R™ x R™ and Uy C
R™ be open subsets and let

F:ul _>u27 (Xla"'7x‘rlay17"'7ym) HF(Xla"'aXn7y17"'7ym)

be a C*-map. Suppose that F(xo,yo) = 0 for some point (xo,yo) € Uy and that
the m x m-matrix 0yF(xo,yo) is invertible. Then there exists an neighborhood U
of (x0,¥0) € R™ x R™, an open neighborhood V of xo in R™, and a C*-function
f:V — R™ such that

{(xy) e WIFlx,y) = 0} = {(x, f(x)) e U[x € V}.
The function f has derivative
f'(x0) = —(dyF(x0,¥0)) " dxF(x0, yo)

at XQ.
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Proof. This is proved by reducing it to the inverse function theorem. Just design
the map

G:U; - R"xR™, (x,y) — (x,F(x,¥))
and then note that

1 0
G'(xo, =
(x0,30) (axF(xO,yo) ayF(xO,yo)>
is invertible with inverse

- 1 0
G'(xo, b= - 1)
(60317 = (g, vol) 0t 90 (@yFx00) 1)
By the inverse function theorem there exists a local inverse G Uz = Uy,
where U is an open neighborhood of 0 and U, an open neighborhood of (xg, yo).
Now define f by (x, f(x)) = G~ 1(x,0). O
Example 16.22. Consider the system of equations
A YTy =2,
X1+ X3y Y3 =2

We would like to know if this system implicitly determines functions yi (x1, x2)
and ya(x1,x2) near the point (0, 0, 1, 1), which solves the equation. For this one
simply applies the implicit function theorem to

F(x1,%2,91,Y2) = (3] + x5 +yT + Y5 —2,x1 + X3 +y1 +y3 — 2).

_(2x1 2x2 _(2y1 2y
OxF = ( 1 3x§)’ aYF_( 1 3y3

The values of these derivatives at the point (0,0,1, 1) are

0:F(0,0,1,1) = ((1) 8) 0,F(0,0,1,1) = (f §>

The latter matrix is invertible and one computes

The derivatives are

_ 1/2 0
~10yF(xa.yo)) " 0sFxo o) 0.0.1.1) = (17, ).
We conclude that there is an implicitly defined function (yi,y2) = f(x1,x2)
whose derivative at (0, 0) is given by

1/2 0
(—1/2 0> '

The geometric meaning is that near the point (0,0, 1,1) the system defines a
two-dimensional manifold that is locally given by the graph of a function. Its
tangent plane is spanned by the vectors (1/2,0,1,0) and (—1/2,0,0,1).
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Example 16.23. Consider the system of equations

X +y?+2° =1,

x+yz+z8 =1
This is the intersection of a sphere (drawn in light green on Figure 21) with some
cubic surface defined by the second equation (drawn in light blue). The point
(0,0,1) solves the equation and is pictured as a little orange dot. By the implicit
function theorem the intersection is a smooth curve (drawn in red) near this

point which can be parametrised by x coordinate. Indeed, we can express y and
z along the curve as functions of x because the resulting matrix

2y 2z 0 2
(y2) z y+327 )| o, 1 3

is invertible.

FIGURE 21. Example of the implicit theorem: the intersection (red)
of the unit sphere (green) and a cubic surface (blue).
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Exercise 16.24. Fig. 21 suggests that the intersection curve can be alternatively
parametrised by the coordinates y and cannot by z (why?). Check these claims
by verifying conditions of Thm. 16.21.

16.2. The Baire Category Theorem and Applications. We are going to see another
example of an abstract result which has several non-trivial consequences for real
analysis.

16.2.1. The Baire’s Categories. Let us first prove the following result and then discuss
its meaning and name.

Theorem 16.25 (Baire’s category theorem). Let (X, d) be a complete metric
space and Uy, a sequence of open dense sets. Then the intersection S = (), Uy
is dense.

Proof. The proof is rather straightforward. We need to show that any ball B, (xo)
contains an element of S. Let us therefore fix xg and ¢ > 0. Since U; is dense
the intersection of B, (x() with U; is non-trivial. Thus there exists a point x; €
B (x0) NU;. Now choose ¢1 < ¢/2 so that B¢, (x1) C B¢ (x) NU; (note the closure
of the ball). Since Us is dense, the intersection B¢, (x1) Uy C B¢ (xo)NU; MUy is
non-empty. Choose a point x, and €5 < €;/2 such that B¢, (x2) C B¢, (x1)NUsy C
B¢ (xo) NU; N Usy. Continue inductively, to obtain a sequence x,, such that

Bgn(Xn) C Ben 1(Xn,1) NnNU, C BE(X()) NU;NUzN...N Un,

and e, < 27 "e. In particular, for any n > N we have

Xn € Bong (xN);
which implies that x,, is a Cauchy sequence. Hence x,, has a limit x, by com-

pleteness of (X, d). Consequently, x is contained in the closed ball B, (xn) for
any N, and therefore it is contained in B (x() N ([,, Un), as claimed. O

Completeness is essential here. For example, the conclusion does not hold for
the metric space Q: take bijection { : N — Q, and consider the open dense sets

Un ={(1),%(1),..., )} ={p(n+1),p(n+2),...}.

The intersection N, U, is empty.
The following historic terminology, due to Baire, is in use.

Definition 16.26 (Baire’s categories). A subset Y of a metric space X is called
(i) nowhere dense if the interior of Y is empty;
(ii) of first category if there is a sequence (Yy) of nowhere dense sets with
Y = U Yy,
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(iil) of second category if it is not of first category.

Example of nowhere dense sets are Z C R, the circle in R?, or the set {% In e
N} C R. Note that the complement of a nowhere dense set is a dense open set.

Corollary 16.27. In a complete metric space the complement of a set of the first
category is dense.

Proof. Follows from relations for complements
YO = (U Yi)€ = M YE D MYy
and the fact that Yy.* is dense. O

The following corollary is also called Baire’s category theorem in some sources:

Corollary 16.28. A complete metric space is of second category in itself, or plainly
speaking it is never the union of a countable number of nowhere dense sets.

The theorem is often used to show abstract existence results. Here is an example.

[ Theorem 16.29. There exists a function f € C[0, 1] that is nowhere differentiable. ]

Proof. For eachn € N define

f(x +h) —f(x)

1
u, = {fe Cl0,1] s.t. sup{ over 0 < |h| < n} >n,Vx € [0, 1]}.

We will show that the U,, are open and dense. By the Category theorem their
intersection is also dense.
U,, is open: Let f € U,,. For each x € [0, 1] choose &5 > 0 such that

f(x +h) — f(x)
e {[

hence there is a hy < £ with

f(x +hy) — f(x)
hy

By continuity of f there is an open neighborhood I of x such that

'f(y + ) — f(y)
hy

1
over 0 < |h| < n} >N+ Oy,

>n + dx.

>N+ dy.
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for all y € I;. These I form an open cover. We choose a finite subcover
(Ic )x=1,...,N. Let & = min{dy,,...,0x} > 0. Then, fory € L, :

fly +hy, ) —fly)
hy,

Now let g € B, (f), where € > 0 is chosen so that ¢ < %6hxk for all k. Then by an
¢/3-style argument:

9(y+h><k)9(y)’> f(y+h><k)f(y)’ If— 9l

hy, ~ ‘ hy, hy,
and therefore g € U,,. We conclude that U, is open.
U,, is dense: For each ¢ > 0 and f € C[0, 1] choose a polynomial p such that
£

|f —pl < 5 and a sequence of continuous function g, € C[0, 1] such that

9]l < 5 and such that for all x € [0, 1]:
ap { 0511 9

by using a “zigzag” function. Then, for large enough m we have p 4+ g, €
U,. O

>n+ 4.

—2

>n+8—2¢h >n,

1
over0<|h|<n} >m

The above proof actually shows much more, namely that the set of nowhere

differentiable functions is dense in C[0,1]. It is also useful to compare it with
the construction of the continuous nowhere differentiable Weierstrass function and
identify some common elements.

16.2.2. Banach-Steinhaus Uniform Boundedness Principle. Another consequence of the
Baire Category theorem is the Banach-Steinhaus uniform boundedness principle.
Recall that, if X and Y are normed spaces, T : X — Y is called a bounded operator if
it is a bounded linear map.

7~

Theorem 16.30 (Banach-Steinhaus Uniform Boundedness Principle). Let X
be a Banach space and Y a normed space, and let (Ty)«e1 be a family of bounded
operators Ty : X — Y. Suppose that

Vx € X :sup || Tex|| < o0.
x

Then we have sup, ||T«|| < oo, i.e. the family Ty is bounded in the set B(X,Y) of
bounded operators from X to Y.

Proof. Define X, = {x € X | sup, ||TaX|| < n}. By assumption X = U, Xy,. Note
that all the X,, are closed. By the Baire category theorem at least one of these sets
must have non-empty interior, since otherwise the Banach space X would be a
countable union of nowhere dense sets. Hence, there exists N € N, y € Xy, and
¢ > 0 such that B¢(y) € Xn. Now Xy is symmetric under reflections x — —x
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and convex. So we get the same statement for —y. Hence, x € B, (0) implies

(16.4) x = ((x+y)+ (x—y))eﬁ(XN—i—XN)CXN.

2
This means that ||x| < € implies || Toax| < N, and therefore || Tx|| < ¢ !N for all
x el O

Recall that the Fourier series of a C!-function on a circle (identified with 27-
periodic functions) converges uniformly to the function. We will now show that a
statement like that can not hold for continuous functions.

Corollary 16.31. There exist continuous periodic functions whose Fourier series
do not converge point-wise.

Proof. We will show that there exists a continuous function whose Fourier series
does not converge at x = 0. Suppose by contradiction such functions would not
exist, so we would have point-wise convergence of the Fourier series

1 o0
590 + mZ:1 am cos(mx) + by, sin(mx)

for every f € C(S!) = Cper(R). Here we identify continuous functions on the
unit circle with continuous 27-periodic functions Cper(R). Hence we have a
map

1 n
Ta:C(S'Y) = R, fs 500+ Zl A
m—
by mapping the function f to the n-th partial sum of its Fourier series at x = 0.
This is a family of bounded operators T,, : C(S') — R and by assumption we
have for every f that
sup |Tn ()] < oco.
n

By Banach-Steinhaus theorem we have sup,, [T = supy, ¢ =1 [Tn(f)] < oo.
Now one computes the norm of the map

T.: C(SY) = R, f»—)% J ( +Zcos (kx) ) dx = Py J f(x)Dn(x)dx

—7t
where
sin ((n+ 1)x)

Pl =5
2



INTRODUCTION TO FUNCTIONAL ANALYSIS 189

s
is the Dirichlet kernel , cf. Lem. 5.6. This norm equals 5~ [ [Dy(x)ldx =
—7t

27
i | IDn(x)ldx (Exercise) which goes to co as n — oo. Indeed, using sin(x/2) <

0
x/2 and substituting we get

T F lsin((n + 1))
n+3)x
J D (x)dx > J PP T 5™ 4x  [since sins < s]
x/2
0 0
(2n+1)7m
in(t
= J ‘Sli( ) dt [change of variables t = (n + $)x]
0
(k+1)7

[split integral into intervals]

\Y
M
%
z
La =]
Kl
o

k=0
on 7 .
sint .
> J dt [sincet <k+1forte (k,k+1)]
= (k+1)
=0p
2n 1
=2 g K1 [evaluating the integral],

which is the harmonic series divergent as n — co. This gives a contradiction.
|

Another corollary of the Banach-Steinhaus principle is an important continu-
ity statement. Recall that of X and Y are normed spaces them so is the Cartesian

product X x Y equipped with the norm ||(x,y)| = ([[x[|% + lly[|?) * Ttis easy to see
that a sequence (xn,yn) converges to (x,y) in this norm if and only if x,, — x and

Yn — Y.

Theorem 16.32. Suppose that X,Y are Banach spaces and suppose that B : X x
Y — R is a bilinear form on X x Y that is separately continuous, i.e. B(-,y) is
continuous on X for everyy € Y and B(x, -) is continuous on Y for every x € X.
Then B is continuous.

Proof. Suppose that (xn,yn) is a sequence that converges to (x,y). First note
that

B(xn —%,Yyn —Y) = B(xn,yn) — B(xn,y) — B(x,yn) + B(x,y),
where B(xn,y) — B(x,y) as well as B(x,yn) — B(x,y). So it is sufficient to
show that B(xn, —x,yn —y) — 0 or, equivalently, B(X,yn) — 0 for any X,, — 0
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and §n, — 0. Now. the linear mappings T, (x) = B(x,Un) : X = R are bounded,
by assumption. Since ||§n| — 0 the sequence T,(x) — 0 and is bounded for
every x € X. Then, by the Banach-Steinhaus theorem there exists a constant C
such that || T, || < C for all n. That is |T.(x)| = B(x,yn) < CJ|x| for all n and
x € X. Therefore, |B(Xn, n)| < C||Xn|| — 0. |

Remark 16.33. Recall that already on R? separate continuity does not imply joint

continuity for any function. The standard example from Analysis is the function

=2 (x, 0,0
flx,y) = {x 69 (X(;J)y?é:(o )

which is continuous in x or y separately but is not jointly continuous.

16.2.3. The open mapping theorem. Recall that for a continuous map the pre-image
of any open set is open. This does of course not mean that the image of any open
set is open (for example, sin : R — R has image [—1, 1], which is not open). A map
f: X — Y between metric space is called open if the image of every open set is open.
If a map is invertible then it is open if and only if its inverse is continuous. We start
with a simple observation for linear maps. We will denote open balls in normed
spaces X and Y by BX(x) and B} (y) respectively, or simply BX and B if they are
centred at the origin.

Lemma 16.34. Let X and Y be normed spaces. Then a linear map T : X — Y is
open if and only if there exists € > 0 such that BY (0) C T(B{(0)), i.e. the image of
the unit ball contains a zero’s neighbourhood.

Proof. If the map T is open it clearly has this property. Suppose conversely, that
BY(0) C T(BY(0)) for some ¢ > 0. Then, by scaling, BY;(0) C T(B¥(0)) for any
5 > 0. Suppose that U is open. Suppose thaty € f(Ul), that is there exists x € U
such that y = f(x). Then there exists & > 0 with x + B¥(0) C U and therefore

TU S TBX(x) = {Tx} + TBX(0) > {y} + BY. (0) = BY. (y).

Theorem 16.35 (Open Mapping Theorem). Let T : X — Y be a continuous
surjective linear operator between Banach spaces. Then T is open.

Proof. Since T is surjective we have Y = U, TBX. Therefore trivially, Y = Unﬁ.
By the Baire category theorem one of the TBX must have an interior point. Res-
caling implies that TBX has an interior point y,. Since TBX is symmetric under
reflection y — —y, the point —y must also be an interior point. Therefore, by
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convexity of TBX there exists a & > 0 with Bl C TBY, cf. (16.4). By linearity this
means BY, . C TBX., for any natural n.

We will show that TB¥ C TBY, with the implication from above that BY c TBY,
which will complete the proof by the previous Lemma. So, lety € ﬁ be

arbitrary. Then, there exists x; € B{ such thaty—Tx; € By , C TB} ,. Repeating
this, there exists x5 € B¥/2 such thaty — Tx; — Tx, € B} 4
Continuing inductively, we obtain a sequence (x,) with the property that

[xn| <27 ™! and

n
(16.5) y—) Txn €Blin.
k=1
By completeness of X, the absolute convergent series ) | x, converges to an
element x € X of norm ||x|| < 2. By linearity an continuity of T we get from (16.5)
thaty = Tx. Thusy € TBo. O

If the map T is also injective (and, therefore, bijective with the inverse T~!) we
can quickly conclude continuity of T~

Corollary 16.36. Suppose that T : X — Y is a bijective bounded linear map
between Banach spaces. Then T has a bounded inverse T—1.

It is not rare that we may have two different norms || - || and || - ||. on the same
Banach space X. We say that || - || and || - ||« are equivalent if there are constants ¢ > 0
and C > 0 such that:

(16.6) cl|x]| < [Ix]l« < ClIx| forall x € X.

Exercise 16.37. (i) Check that (16.6) defines an equivalence relations on
the set of all norms on X.
(if) If a sequence is Cauchy/convergent/bounded in a norm then it is also
Cauchy/convergent/bounded in any equivalent norm.

The Cor. 16.36 implies that if the identity map (X, || - ||) — (X, - ||«) is bounded
then both norms are equivalent.

Corollary 16.38. Let (X, || - ||) be a Banach space and || - || be a norm on X in
which X is complete. If || - || < C|| - ||« for some C > 0 the norms are equivalent.

16.2.4. The closed graph theorem. Suppose that X, Y are Banach spaces and suppose
that D C Xis a linear subspace (not necessarily closed). Now suppose that T : D —
Y is a linear operator. Then the graph gr(T) is defined as the subset {(x,Tx) | x €
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D} C X x Y. This is a linear subspace in the Banach space X x Y, which can be
equipped with the norm [|(x,y)||?> = ||x||% + [[y]|3. One often uses the equivalent
norm ||(x,y)|| = ||x]|x + [ly|lv but the first choice makes sure that the product X x Y
is also a Hilbert space if X and Y are Hilbert spaces. We will refer to T as an operator
from X to Y with domain D.

Definition 16.39. The operator T is called closed if and only if its graph is a
closed subset of X x Y.

It is easy to see that T is closed if an only if x, — x and Tx, — y imply that
Txn, — Tx. Note the difference with continuity of T!!!

If Tis an operator T : D — Y then its graph is a subset of X x Y. If we close this
subset the resulting set may fail to be the graph of an operator. If the closure is the
graph as well, we say that T is closable and its closure is the operator whose graph is
obtained by closing the graph of T.

Differential operators are often closed but not bounded Let L?[a, b] be the Hil-
bert space obtained by abstract completion of (Cla,b], || - ||2), cf. Prop. 1.59. Then
D = C'[a, b] is a dense subspace in L?[a, b] and the operator 2= : C![a,b] — L*[a, b]
is of the above type. This operator is not closed, however it is closable and its clos-
ure therefore defines a closed operator with dense domain. We have already seen
that this operator is unbounded and therefore it cannot be continuous.

Of course, the map D — (x, Tx) is a bijection from D to gr(T). We can use the
norm on gr(T) to define a norm on D, which is then

2 2\2
Ixllo = (Ixllx + [ITx]5) *
Obviously, T is closed if and only of D with norm || - ||p is a Banach space. We are

now ready to state the closed graph theorem. It is easy to check that T continuously
maps (D, || - ||p) to Y.

Theorem 16.40 (Closed Graph Theorem). Suppose that X and Y are Banach
spaces and suppose that T : X — Y is closed. Then T is bounded.

Proof. Since in this case we have D = X with have two norms || - ||x and || - [|p
on X that are both complete. Clearly,

- lx <~ llo,
and by Cor. 16.38 the norms are therefore equivalent. Hence,
ITx[ly < [lxflo < Cllx[lx
for some constant C > 0. O

16.3. Semi-norms and locally convex topological vector spaces.
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Definition 16.41 (Semi-Norm). Let X be a vector space, thenamap p : X —
R is called semi-norm if
(i) p(x) = 0forallx € X,
(ii) p(Ax) = Alp(x), forallA e R,x € X,
(iii) p(x+y) < p(x) +ply), forall x,y € X.

An example of a semi-norm on C![0, 1] is p(f) := [|[f'||oo- If (Pu)« is @ family of
semi-norms with the property that

(Ve Lpx(x)=0) = x=0

then we say X with that family is a locally convex topological vector space. There is a
topology (that is, a description of all open sets) on such a vector space, by declaring
a subset U C X to be open if and only if for every point x € U and any index « € I
there exists ¢ > 0 such that {y | po(y — x) < €} C U. The notion of convergence one
gets is x, — x if and only of p«(xn —x) — 0 for all «. The topology of point-wise
convergence on the space of functions S — R is for example of this type, with the
family of semi-norms given by (px)sxes, Px(f) = [f(x)].

Another example is the vector space C*(R™) with the topology of uniform con-
vergence of all derivatives on compact sets. Here the family of semi-norms p k is
indexed by all multi-indices « € Ny™ and all compact subsets K C R and is given
by

Pok(f) =sup [0%f(x)].
xeK

If the family of semi-norms is countable then this topology is actually coming
from a metric (so the space is a metric space)

_y Lopx—y)
d(XvU)_kZ:le1+pk(X—y)'

Such a metric space is called Frechet space. Note that C**(R™) is a Frechet space
because the family of semi-norms above can be replaced by a countable one by
taking a countable exhaustion of R™ by compact subsets.

APPENDIX A. TUTORIAL PROBLEMS

These are tutorial problems intended for self-assessment of the course under-
standing.

A.l. Tutorial problems 1. All spaces are complex, unless otherwise specified.

A.1. Show that ||f|| = [f(0)|+sup |f’(t)| defines a norm on C* [0, 1], which is the space
of (real) functions on [0, 1] with continuous derivative.

A.2. Show that the formula ((x,,), (yn)) = 3_o_, xnYn/n? defines an inner product

n=1
on {, the space of bounded (complex) sequences. What norm does it produce?
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A.3. Use the Cauchy-Schwarz inequality for a suitable inner product to prove that
for all f € C[0, 1] the inequality

1 1 1/2
Jf(x)xdx <C (Jlf(x)2 dx)

0 0
holds for some constant C > 0 (independent of f) and find the smallest possible C

that holds for all functions f (hint: consider the cases of equality).

A.4. We define the following norm on {, the space of bounded complex sequences:

|(xn)]loo = sup [xnl.
n>1

Show that this norm makes £, into a Banach space (i.e., a complete normed space).

A.5. Fixavector (wy, ..., wn) whose components are strictly positive real numbers,
and define an inner product on C™ by

xY) =Y Wiy
k=1

Show that this makes C™ into a Hilbert space (i.e., a complete inner-product space).
A.2. Tutorial problems II.

A.6. Show that the supremum norm on C[0, 1] isn’t given by an inner product, by
finding a counterexample to the parallelogram law.

A7. In{, let e; = (1,0,0,...), e2 = (0,1,0,0,...), es = (0,0,1,0,0,...), and so
on. Show that Lin (e, es,...) = coo, and that CLin (e, es,...) = €. What is
CLin (62,63,...)?

A.8. Let C[—1, 1] have the standard L, inner product, defined by
1
(r.9) = | frogiat
21
Show that the functions 1, t and t* — 1/3 form an orthogonal (not orthonormal!)

basis for the subspace P, of polynomials of degree at most 2 and hence calculate
the best L,-approximation of the function t* by polynomials in P,.

A.9. Define an inner product on C[0, 1] by
1

(f.g) = J\/Ef(t)ﬁdt.
0

Use the Gram-Schmidt process to find the first 2 terms of an orthonormal sequence
formed by orthonormalising the sequence 1, t, 12, ...,
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A.10. Consider the plane P in C* (usual inner product) spanned by the vectors
(1,1,0,0) and (1,0, 0,—1). Find orthonormal bases for P and P+, and verify directly
that (P+)+ =P.

A.3. Tutorial Problems III.

A.11. Let a and b be arbitrary real numbers with a < b. By using the fact that the
functions ﬁeim‘, n € Z, are orthonormal in L;[0, 27|, together with the change

of variable x = 27t(t — a)/(b — a), find an orthonormal basis in Ls[a, b] of the form
en(t) = xe'™t, n € Z, for suitable real constants « and A.

A.12. For which real values of « is

o0
§ nocelnt

=1

3

—

—7t, 71)?

)

the Fourier series of a function in L,

A.13. Calculate the Fourier series of f(t) = e* on [—m, 7] and use Parseval’s identity
to deduce that
R
n2+1 tanh7m

n=—oo

A.14. Using the fact that (e, ) is a complete orthonormal system in Ly [—7, 7], where
en(t) = exp(int)/v/2m, show that g, s1, c1, 2, 2, . . . is a complete orthonormal sys-
tem, where sy, (t) = sinnt/y/mand ¢ (t) = cosnt//7. Show that every Lyo[—m, 7
function f has a Fourier series

[e¢]
ag + Z an cosnt 4 by, sinnt,
n=1

converging in the L, sense, and give a formula for the coefficients.

A.15. Let C(T) be the space of continuous (complex) functions on the circle
T ={z € C : |z| = 1} with the supremum norm. Show that, for any polynomial f(z)
in C(T)

J f(z)dz = 0.

|z|=1

Deduce that the function f(z) = z is not the uniform limit of polynomials on the
circle (i.e., Weierstrass’s approximation theorem doesn’t hold in this form).

A 4. Tutorial Problems IV.

A.16. Define a linear functional on C[0, 1] (continuous functions on [0, 1]) by o(f) =
f(1/2). Show that « is bounded if we give C[0, 1] the supremum norm. Show that
o is not bounded if we use the Ly norm, because we can find a sequence (f,) of
continuous functions on [0, 1] such that ||f,]|2 < 1, but f,,(1/2) — oco.
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A.17. The Hardy space H, is the Hilbert space of all power series f(z) = ), anz",
such that } lan|> < 0o, where the inner product is given by

<i anz™, i bnz“> = i anbn
n=0 n=0 n=0

Show that the sequence 1,z,2z%,z3, ... is an orthonormal basis for Hs.
Fix w with [w| < 1 and define a linear functional on Hy by «(f) = f(w). Write
down a formula for the function g(z) € Hs such that «(f) = (f, g). What s ||«||?

A.18. The Volterra operator V : L1[0, 1] — L»[0, 1] is defined by

(Vf)(x) = Jf(t) dt.
0
Use the Cauchy-Schwarz inequality to show that [(Vf)(x)| < /X||/f]|2 (hint: write

(VF)(x) = (f, Jx) where ] is a function that you can write down explicitly).
Deduce that || Vf||3 < $||f||3, and hence ||V < 1/V2.

A.19. Find the adjoints of the following operators:
(i) A:ly — Ly, defined by A(x1,x2,...) = (0,3, 2, 3, ...);
and, on a general Hilbert space H:
(ii) The rank-one operator R, defined by Rx = (x,y)z, where y and z are fixed
elements of H;
(iii) The projection operator Py, defined by Py (m 4+ n) = m, where m €¢ M
andn € M+, and H =M @ M+ as usual.

X3

A.20. Let U € B(H) be a unitary operator. Show that (Ue, ) is an orthonormal basis
of H whenever (e, ) is.
Let £,(Z) denote the Hilbert space of two-sided sequences (a, )<

P = Z lanl? < co.

Show that the bilateral right shift, V : {,(Z) — {,(Z) defined by V((an)) = (bn),
where b, = an_; for all n € Z, is unitary, whereas the usual right shift S on
¢, = {,(N) is not unitary.

A.5. Tutorial Problems V.

with

n=—oo

A.21. Let f € C[—m, 7] and let M¢ be the multiplication operator on Ly (—, 71), given
by (Mg)(t) = f(t)g(t), for g € Ly(—m, 7). Find a function f € Cl—m, ] such that
M§ = M;.

Show that My is always a normal operator. When is it Hermitian? When is it
unitary?
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A.22. Let T be any operator such that T™ = 0 for some integer n (such operators are
called nilpotent). Show that I—T is invertible (hint: consider I+ T+T?+...+T"1).
Deduce that I — T/A is invertible for any A # 0.

Whatis o(T)? Whatis r(T)?

A.23. Let (An) be a fixed bounded sequence of complex numbers, and define an
operator on £, by T((xn)) = ((yn)), where yn = Ay x,, for each n. Recall that T is a
bounded operator and ||T|| = ||(An)]|co- Let A ={A1, Az, .. .}. Prove the following:
(i) Each Ay is an eigenvalue of T, and hence is in o(T).
(ii) If A € A, then the inverse of T — Al exists (and is bounded).
Deduce that o(T) = A. Note, that then any non-empty compact set could be a spectrum
of some bounden operator.

A.24. Let S be an isomorphism between Hilbert spaces H and K, thatis, S: H — Kisa
linear bijection such that S and S~! are bounded operators. Suppose that T € B(H).
Show that T and STS™! have the same spectrum and the same eigenvalues (if any).

A.25. Define an operator U : £,(Z) — Ly(—m, )by U((an)) = > % anei™/v2m
Show that U is a bijection and an isometry, i.e., that ||Ux|| = ||x|| for all x € {,(Z).
Let V be the bilateral right shift on £,(Z), the unitary operator defined on Ques-
tion A.20. Let f € Ly(—m, 7). Show that (UVU~1f)(t) = e'*f(t), and hence, using
Question A .24, show that o(V) = T, the unit circle, but that V has no eigenvalues.

A.6. Tutorial Problems VI.

A.26. Show that K(X) is a closed linear subspace of B(X), and that AT and TA are
compact whenever T € K(X) and A € B(X). (This means that K(X) is a closed ideal
of B(X).)

A.27. Let A be a Hilbert-Schmidt operator, and let (en)n>1 and (fim)m>1 be or-
thonormal bases of A. By writing each Ae,, as Aen, = ) o _ (Aen, fm)fm, show

m=1
that
00 00
D llAen]® = A fml*.
n=1 m=1

Deduce that the quantity ||A||?s = > o, [|Aen]||? is independent of the choice of
orthonormal basis, and that ||Al|1s = [|A*||lus- (||A||ns is called the Hilbert—Schmidt
norm of A.)

A.28. (i) Let T € K(H) be a compact operator. Using Question A.26, show
that T*T and TT* are compact Hermitian operators.
(ii) Let (en)n>1 and (fn)n>1 be orthonormal bases of a Hilbert space H, let
(&n)n>1 be any bounded complex sequence, and let T € B(H) be an oper-
ator defined by

o]
Tx = Z ot (X, en)fn.
n=1
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Prove that T is Hilbert-Schmidt precisely when (x.) € {,. Show that T
is a compact operator if and only if &, — 0, and in this case write down
spectral decompositions for the compact Hermitian operators T*T and TT*.

A.29. Solve the Fredholm integral equation ¢ — AT¢ = f, where f(x) = x and
1

(To)(x) = ny%b(y)dy (¢ € Lo(0,1)),
0

for small values of A by means of the Neumann series.
For what values of A does the series converge? Write down a solution which is
valid for all A apart from one exception. What is the exception?

oo

A.30. Suppose that h is a 2m-periodic Ly (—, 1) function with Fourier series Z apet

n=—oo
Show that each of the functions ¢ (y) = e'*Y, k € Z, is an eigenvector of the integ-
ral operator T on Ly(—m, 7r) defined by

7T

(T)(x) = jh(x—y)q)(y)dy,

—T7T
and calculate the corresponding eigenvalues.

Now let h(t) = —log(2(1 — cost)). Assuming, without proof, that h(t) has
the Fourier series | ; ., €™ /In|, use the Hilbert-Schmidt method to solve the
Fredholm equation ¢ — AT¢ = f, where f(t) has Fourier series ) »___ cne'™ and
1/N & o(T).

A.7. Tutorial Problems VII.

A.31. Use the Gram-Schmidt algorithm to find an orthonormal basis for the sub-
space X of Ly(—1, 1) spanned by the functions t, t? and t*.

Hence find the best Ly(—1, 1) approximation of the constant function f(t) = 1 by
functions from X.

A.32. Forn =1,2,...let ¢, denote the linear functional on {, defined by
Gn(x) =%x1 +x2+ ...+ Xn,

where x = (x1,X2,...) € {,. Use the Riesz—Fréchet theorem to calculate ||¢pn,||.

A.33. Let T be a bounded linear operator on a Hilbert space, and suppose that
T = A +1iB, where A and B are self-adjoint operators. Express T* in terms of A and
B, and hence solve for A and B in terms of T and T*.

Deduce that every operator T can be written T = A + iB, where A and B are
self-adjoint, in a unique way.

Show that T is normal if and only if AB = BA.

t
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A.34. Let P,, be the subspace of Ly(—m, 7) consisting of all polynomials of degree
at most 1, and let T,, be the subspace consisting of all trigonometric polynomials
of the form f(t) = Y __, axe'*. Calculate the spectrum of the differentiation
operator D, defined by (Df)(t) = f'(t), when

(i) D isregarded as an operator on P, and

(if) D is regarded as an operator on T,.
Note that both P, and T, are finite-dimensional Hilbert spaces.

Show that T,, has an orthonormal basis of eigenvectors of D, whereas P,, does

not.

A.35. Use the Neumann series to solve the Volterra integral equation ¢ —ATd = f
in L5[0,1], where A € C, f(t) = 1 for all t, and (T¢)(x ft2 t) dt. (You should

be able to sum the infinite series.)
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APPENDIX B. SOLUTIONS OF TUTORIAL PROBLEMS

Solutions of the tutorial problems will be distributed due in time on the paper.
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APPENDIX C. COURSE IN THE NUTSHELL
C.1. Some useful results and formulae (1).

C.1. A norm on a vector space, ||x||, satisfies ||x|| > 0, ||x|| = 0 if and only if x = 0,
IAX]| = [Al||Ix|l, and [|x+y]| < ||x||+ |ly|| (triangle inequality). A norm defines a metric
and a complete normed space is called a Banach space.

C.2. Aninner-product space is a vector space (usually complex) with a scalar product
onit, (x,y) € Csuch that (x,y) = (y,x), (Ax,y) =A{x,u), (x+y,z) = (x,2) + (y, z),
(x,x) = 0 and (x,x) = 0 if and only if x = 0. This defines a norm by ||x||? =
(x,x). A complete inner-product space is called a Hilbert space. A Hilbert space is
automatically a Banach space.

C.3. The Cauchy—Schwarz inequality. |(x,y)| < ||x| [ly|| with equality if and only if x
and y are linearly dependent.

C.4. Some examples of Hilbert spaces. (i) Euclidean C™. (ii) {,, sequences (ay) with
(ar)]|2 = 5 |ak|® < co. Inboth cases {(ay), (b)) = 5 axby. (iii) L [a, b], functions
b

b
on [a,b] with ||f|3 = [If(t)|*dt < co. Here (f,g) = [ f(t)g(t)dt. (iv) Any closed
subspace of a Hilbert sci)ace. :

C.5. Other examples of Banach spaces. (i) Cp(X), continuous bounded functions on
a topological space X. (ii) ., (X), all bounded functions on a set X. The supremum
norms on Cy(X) and £, (X) make them into Banach spaces. (iii) Any closed sub-
space of a Banach space.

C.6. On incomplete spaces. The inner-product (L2) norm on C[0, 1] is incomplete. cgo
(sequences eventually zero), with the {, norm, is another incomplete i.p.s.

C.7. The parallelogram identity. ||x +y||? + [[x — y[|* = 2|x]|* + 2|jy||? in an inner-
product space. Not in general normed spaces.

C.8. On subspaces. Complete = closed. The closure of a linear subspace is still a
linear subspace. Lin (A) is the smallest subspace containing A and CLin (A) is its
closure, the smallest closed subspace containing A.

C.9. From now on we work in inner-product spaces.

C.10. The orthogonality. x L y if (x,y) = 0. An orthogonal sequence has (e, em) =0
for n # m. If all the vectors have norm 1 it is an orthonormal sequence (0.n.s.), e.g.
en =(0,...,0,1,0,0,...) € €y and e, (t) = (1/v2m)e™ in Ly(—m, 7).

C.11. Pythagoras’s theorem: if x L y then |x +y||? = ||x||* + |ly|*.

C.12. The best approximation to x by a linear combination ) ;|_; Axexis Y ¢_;(x, ex)ex
if the ey are orthonormal. Note that (x, ey ) is the Fourier coefficient of x w.r.t. ey.

C.13. Bessel’s inequality. ||x||? = Y _, l(x,ex)*if e1,...,en isan on.s.
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C.14. Riesz-Fischer theorem. For an o.n.s. (ey,) in a Hilbert space, >_ A, e, converges
ifand only if }_ Ay [*> < oo; then || Y~ Anenl]? = X Anl?

C.15. A complete o.n.s. or orthonormal basis (0.n.b.) is an o.n.s. (en) such that if
(y,en) = 0 for all n then y = 0. In that case every vector is of the form ) A,en
as in the R-F theorem. Equivalently: the closed linear span of the (e, ) is the whole
space.

C.16. Gram—Schmidt orthonormalization process. Start with xq,xs, ... linearly inde-
pendent. Construct eq, es,... an on.s. by inductively setting yny+1 = Xny1 —
Y k—1(xn+1, ex)ex and then normalizing en+1 = Yn+1/|[Yn1]l-

C.17. On orthogonal complements. M is the set of all vectors orthogonal to everything
in M. If M is a closed linear subspace of a Hilbert space H then H = M @& M. There
is also a linear map, Py the projection from H onto M with kernel M*.

C.18. Fourier series. Work in Ly(—m, ) with ons. en(t) = (1/v2m)eli"t. Let
CP(—m, ) be the continuous periodic functions, which are dense in Ly. For f €
CP(—m, ) write fy, = Y 1o (f,en)en, m > 0. We wish to show that ||fm, —f]j2 —
0,i.e., that (e, ) is an o.n.b.

C.19. The Fejér kernel. For f € CP(—m, m) write Fry = (fo + ... + fim)/(m + 1). Then
Frn(x) = (1/27) [ £(t)Km(x —t) dt where Ky (t) = (1/(m+1)) X S K_ | eint

—TT

is the Fejér kernel. Also Ky, (t) = (1/(m + 1))[sin?(m + 1)t/2]/[sin? t/2].

C.20. Fejér’s theorem. If f € CP(—m, ) then its Fejér sums tend uniformly to f on
[—7, 1] and hence in Ly norm also. Hence CLin ((e,,)) 2 CP(—m, 71) so must be all
of Ly(—m, 7). Thus (e, ) is an o.n.b.

C.21. Corollary. If f € Ly(—m, m) then f(t) = Y cne'™! with convergence in Ly,
7T
where ¢,, = (1/2n) [ f(t)e ™™t dt.

—7T
C.22. Parseval’s formula. 1f f, g € La(—m, ) have Fourier series > cne™t and
> dne'™ then (1/27)(f,g) = > cndn.

C.23. Weierstrass approximation theorem. The polynomials are dense in Cla,b] for
any a < b (in the supremum norm).

C.2. Some useful results and formulae (2).

C.24. On dual spaces. A linear functional on a vector space X is a linear mapping
a : X — C (or to R in the real case), i.e., a(ax + by) = ax(x) + ba(y ) When Xisa
normed space, « is continuous if and only if it is bounded, i.e., sup{|oc(x)| : ||x|| < 1} <
oo. Then we define ||| to be this sup, and it is a norm on the space X* of bounded
linear functionals, making X* into a Banach space.
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C.25. Riesz—Fréchet theorem. If « : H — C is a bounded linear functional on a
Hilbert space H, then there is a unique y € H such that «(x) = (x,y) forall x € H;
also [[af| = [[y]-

C.26. On linear operator. These are linear mappings T : X — Y, between normed
spaces. Defining || T|| = sup{||T(x)| : [x|| < 1}, finite, makes the bounded (i.e.,
continuous) operators into a normed space, B(X,Y). When Y is complete, so is
B(X,Y). We get | Tx|| < ||T|||x]|, and, when we can compose operators, ||ST|| <
IS]| IT||. Write B(X) for B(X,X), and for T € B(X), ||T"|| < ||T||™. Inverse S = T~1
when ST=TS =L

C.27. On adjoints. T € B(H,K) determines T* € B(K,H) such that (Th,k)x =
(h, T"'k)n forallh € H, k € K. Also ||T*|| = || T||and T** =T.

C.28. On unitary operator. Those U € B(H) for which UU* = U*U = 1. Equivalently,
U is surjective and an isometry (and hence preserves the inner product).

Hermitian operator or self-adjoint operator. Those T € B(H) such that T =T*.

On normal operator. Those T € B(H) such that TT* = T*T (so including Hermitian
and unitary operators).

C.29. On spectrum. o(T) = {A € C : (T — Al) is not invertible in B(X)}. Includes all
eigenvalues A where Tx = Ax for some x # 0, and often other things as well. On
spectral radius: v(T) = sup{|A| : A € o(T)}. Properties: o(T) is closed, bounded and
nonempty. Proof: based on the fact that (I — A) is invertible for ||A|| < 1. This
implies that v(T) < ||TJ.

C.30. The spectral radius formula. v(T) = infy, >y [|[TY/™ = limp e || T™™

Note that o(T™) = {A™ : A € o(T)} and o(T*) = {A : A € o(T)}. The spectrum
of a unitary operator is contained in {|z| = 1}, and the spectrum of a self-adjoint
operator is real (proof by Cayley transform: U = (T —il)(T + il)~! is unitary).

C.31. On finite rank operator. T € F(X,Y) if Im T is finite-dimensional.

On compact operator. T € K(X,Y) if: whenever (x,,) is bounded, then (Tx,,) has
a convergent subsequence. Now F(X,Y) C K(X,Y) since bounded sequences in a
finite-dimensional space have convergent subsequences (because when Z is f.d., Z
is isomorphic to {3, i.e., 3S : € — Z with S, S~! bounded). Also limits of compact
operators are compact, which shows that a diagonal operator Tx = Y Ay (X, en)en
is compact iff A, — 0.

C.32. Hilbert-Schmidt operators. T is H-S when ) ||Ten||> < oo for some o.n.b.
(en). All such operators are compact—write them as a limit of finite rank operators

T with T, Y%, anen = Y. 5_, an(Ten). This class includes integral operators
T:Ls(a,b) = La(a,b) of the form

(TF)(x) = | K(x,y)f(y) dy,

pe—
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where K is continuous on [a, b] x [a, b].

C.33. On spectral properties of normal operators. If T is normal, then (i) ker T = ker T*,
so Tx = Ax = T*x = Ax; (ii) eigenvectors corresponding to distinct eigenvalues
are orthogonal; (iii) || T|| = r(T).

If T € B(H) is compact normal, then its set of eigenvalues is either finite or a
sequence tending to zero. The eigenspaces are finite-dimensional, except possibly
for A = 0. All nonzero points of the spectrum are eigenvalues.

C.34. On spectral theorem for compact normal operators. There is an orthonormal se-
quence (e ) of eigenvectors of T, and eigenvalues (A ), such that Tx = ), Ax(x, ex)ex.
If (Ax) is an infinite sequence, then it tends to 0. All operators of the above form are
compact and normal.

Corollary. In the spectral theorem we can have the same formula with an or-
thonormal basis, adding in vectors from ker T.

C.35. On general compact operators. We can write Tx = ) (x, ex)fi, where (ex)
and (fy) are orthonormal sequences and (1) is either a finite sequence or an infinite
sequence tending to 0. Hence T € B(H) is compact if and only if it is the norm limit of a
sequence of finite-rank operators.

C.36. On integral equations Fredholm equations on Ly (a,b) are Tdp = for —ATd =

f, where (Td)(x) = f K(x,y)$(y)dy. Volterra equations similar, except that T is

now defined by (T¢)(x) = [ K(x,y)d(y) dy.

0 x

C.37. Neumann series. (I —AT)"! =1+ AT +A2T2 + .., for |AT|| < 1.
On separable kernel. K(x,y) = Z;‘zl g;(x)h;j(y). The image of T (and hence its
eigenvectors for A # 0) lies in the space spanned by gi, ..., gn.

C.38. Hilbert—Schmidt theory. Suppose that K € C([a,b] x [a,b]) and K(y,x) =
K(x,y). Then (in the Fredholm case) T is a self-adjoint Hilbert-Schmidt operator

and eigenvectors corresponding to nonzero eigenvalues are continuous functions.
If A #0and 1/A € o(T), the the solution of ¢ —ATd =fis

C.39. Fredholm alternative. Let T be compact and normal and A # 0. Consider the
equations (i) $ —AT¢$ = 0 and (ii) $ —AT¢d = f. Then EITHER (A) The only solution
of (i) is ¢ = 0 and (ii) has a unique solution for all f OR (B) (i) has nonzero solutions
¢ and (ii) can be solved if and only if f is orthogonal to every solution of (i).
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APPENDIX D. SUPPLEMENTARY SECTIONS

D.1. Reminder from Complex Analysis. The analytic function theory is the most
powerful tool in the operator theory. Here we briefly recall few facts of complex
analysis used in this course. Use any decent textbook on complex variables for a
concise exposition. The only difference with our version that we consider function
f(z) of a complex variable z taking value in an arbitrary normed space V over the field
C. By the direct inspection we could check that all standard proofs of the listed

results work as well in this more general case.

Definition D.1. A function f(z) of a complex variable z taking value in a
normed vector space V is called differentiable at a point z if the following
limit (called derivative of f(z) at zg) exists:

(Dl) f,(ZO) = lim f(Z(] + AZ) - f(ZO)
Az—0 Az

Definition D.2. A function f(z) is called holomorphic (or analytic) in an open
set QO C C it is differentiable at any point of Q.

Theorem D.3 (Laurent Series). Let a function f(z) be analytical in the annulus
T < z < R for some real v < R, then it could be uniquely represented by the Laurent
series:

(D.2) f(z) = Z cxz”, for some ¢y, € V.

k=—00

Theorem D.4 (Cauchy-Hadamard). The radii v" and R’, (v < R’) of conver-
gence of the Laurent series (D.2) are given by

1
1 . 1
m and = = limsup [ ||'/™.

(D.3) v’ =liminf ||cy ||
n—oo n—00
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almost everywhere, 121
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alternative
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analysis, 39
Fourier, 11
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approximation, 48
by polynomials, 67
identity, of the, 64, 166
Weierstrass, of, 67
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diagonal, 88
average
continuous, 149
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Baire’s categories, 185
Baire’s category theorem, 185
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Banach Fixed point theorem, 171
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Borel o-algebra, 151
Borel set, 151
bounded

functional, 56



208

operator, 73, 107
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bounded linear functional, 56
bounded linear operator, 73

calculus
functional, 80
Cantor
function, see Cantor function, 124
set, 121,124
Cantor function, 42
Carathéodory
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first Baire, 185
second Baire, 186
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Cauchy integral formula, 66
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Cauchy-Schwarz inequality, 14, 201

Cauchy-Schwarz-Bunyakovskii inequality, 37

Cayley transform, 84, 203
Cesaro sum, 60
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Chebyshev
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Chebyshev polynomials, 52
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operator, 192
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operator, 192

set, 16
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closed linear span, 44
closure, 18

operator, of, 192
coefficient

Fourier, 50
coefficients

Fourier, 6, 164
coherent states, 66
compact, 29

sequentially, 29
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compact operator, 85, 203

singular value decomposition, 95
compact set, 85
complement

orthogonal, 54
complete

measure, 121
complete metric space, 34
complete o.n.s., 202
complete orthonormal sequence, 51
complete space, 26
condition

Lipschitz, 174
conditions

integrability, 4
continuity

absolute, 137

open sets, 23

sequential, 23
continuous

map, 22

uniformly, 24
continuous on average, 149
contraction, 171
convergence

almost everywhere, 126

in measure, 126

monotone

theorem B. Levi, on, 135
uniform, 126
on compacts, 161

convergent

sequence, 19
convex, 46
convex set, 35, 172
convolution, 159

algebra, 160

kernel, 159
convolution operator, 159
coordinates, 32
corollary about orthoprojection, 74
cosine

Fourier coefficients, 7
countable

additivity, 114
countably

countable sub-additivity, 117
countably additive

charge, 121
cover

open, 29



INTRODUCTION TO FUNCTIONAL ANALYSIS

decreasing
rapidly, 165
dense
set, 18
derivative, 205
diagonal argument, 88
diagonal operator, 77
diffeomorphism, 180
differentiable function, 205
differential equation
separation of variables, 9
Dirichlet kernel, 189
discrete
metric, 12
disjoint
pairwise, 113
disjunctive measures, 122
distance, see metric, 32, 33
distance function, 33
domain
fundamental, 5
operator, of, 192
dual group, 161
dual space, 56
dual spaces, 202
duality
Pontryagin’s, 162

Egorov’s theorem, 127
eigenspace, 93
eigenvalue of operator, 80
eigenvalues, 203
eigenvector, 80
equation
Fredholm, 96
first kind, 96
second kind, 96, 100
heat, 67
Volterra, 96
equivalent
norm, 191
equivalent charges, 141
essentially bounded function, 131
examples of Banach spaces, 201
examples of Hilbert spaces, 201

Fatou’s lemma, 136
Fejér

theorem, 63
Fejér kernel, 60, 202
Fejér sum, 59

Fejér’s theorem, 202
finite
measure, 115
finite rank operator, 85, 203
first category, 185
first resolvent identity, 82
fixed point, 171
formula
integral
Cauchy, 66
Parseval’s, of, 65
Fourier
coefficients, 164
cosine coefficients, 7
integral, 164, 166
inverse, 168
sine coefficients, 7
transform, 164
inverse, 168
Fourier analysis, 11
Fourier coefficient, 50
Fourier coefficients, 6
Fourier series, 7, 202
Fourier transform
windowed, 72
Fourier, Joseph, 10
frame of references, 32
Fredholm equation
first kind, 96
Fredholm alternative, 100, 204
Fredholm equation, 96
second kind, 96
Fredholm equation of the second kind, 100
Fubini theorem, 140
function
analytic, 205
bounded
essentially, 131
Cantor, 42,124
differentiable, 205
essentially bounded, 131
generating, 164
holomorphic, 205
indicator, 127
integrable, 129
seesummable function, 129
measurable, 124
rapidly decreasing, 165
simple, 128
integral, 128
summable, 128
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square integrable, 42

step, 148, 167

summable, 129, 130

support, 156
functional, see linear functional

linear, 55

bounded, 56

positive, 154
functional calculus, 80
functions of operators, 80
fundamental domain, 5

Gaussian, 165, 168

general compact operators, 204
generating function, 164
Gram-Schmidt orthogonalisation, 52

Gram-Schmidt orthonormalization process,

202
graph
operator, of, 191
group
dual, 161
representation, 160
group representations, 66

Haar measure, 158

Hahn decomposition of a charge, 122
Hahn-Banach theorem, 110
Hardy space, 196

heat equation, 67

Heine-Borel theorem, 31, 85
Hermitian operator, 77, 203
Hilbert space, 38, 201
Hilbert-Schmidt norm, 91, 197
Hilbert-Schmidt operator, 89
Hilbert-Schmidt operators, 203
Hilbert-Schmidt theory, 204
holomorphic function, 205
Holder’s Inequality, 104

identity
approximation of the, 64, 166
parallelogram, of, 39
Parseval’s, 65, 170
Plancherel, 169, 170
identity operator, 73
image of linear operator, 73
implicit function theorem, 182
incomplete spaces, 201
indicator function, 127
inequality
Bessel’s, 50
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Cauchy-Schwarz, 14

Cauchy-Schwarz-Bunyakovskii, of, 37

Chebyshev, 134

Holder’s, 104

Minkowski’s , 105

triangle, of, 33, 34
inner product, 14, 36

space, 14
inner product space, 37

complete, see Hilbert space
inner-product space, 201
integrability conditions, 4
integrable

function, 129

seesummable function, 129
integral

Fourier, 164, 166

Lebesgue, 42, 132

monotonicity, 129

Riemann, 42

simple function, 128
integral equations, 204
integral formula

Cauchy, 66
integral operator, 90, 96

with separable kernel, 97
interior, 19
invariant measure, 158
Inverse, 203
inverse Fourier transform, 168
Inverse Function theorem, 181
inverse operator, 75
invertible operator, 75
isometric

isomorphism, 108
isometric metric space, 15
isometry, 15, 78, 108
isomorphic

isometrically, 108
isomorphic spaces, 108
isomorphism, 108, 197

isometric, 108

Jacobian, 172

kernel, 96

Dirichlet, 189

Fejér, 60
kernel of convolution, 159
kernel of integral operator, 90
kernel of linear functional, 57



kernel of linear operator, 73

ladder
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mathematical way of thinking, 33, 45
mean value theorem, 172

measurable
Cantor, see Cantor function function, 124
Laguerre polynomials, 53 set
leading particular case, 181 Carathéodory, 118
Lebesgue Lebesgue, 118
integral, 132 measure, 114
measure o-finite, 115, 121
outer, 117 absolutely continuous, 141
set complete, 121
measurable, 118 disjunctive, 122
theorem, 119 finite, 115
theorem on dominated convergence, 133 Haar, 158

Lebesgue integration, 42
Lebesgue measure, 124
left inverse, 76

left shift operator, 76
Legendre polynomials, 52
lemma

invariant, 158

Lebesgue, 124
outer, 117

outer, 117
monotonicity, 117

product, 124, 138

about inner product limit, 44 regular, 151
Fa?tou’s, 1/36 signed, see charge
Riesz-Fréchet, 57 metric, 12, 33, 103
Urysohn’s , 153 dq, 12,13
Zorn, 110 ds, 12,13

length of a vector, 32 deo, 12,13

Levi’s theorem on monotone convergence, 135 discrete, 12

limit metric space, 12, 32
two monotonic, 126, 136, 139 abstract completion, 27

for sets, 126
linear
operator, 73
linear operator
image, of, 73
linear functional, 55, 202
kernel, 57
linear operator, 203
norm, of, 73
kernel, of, 73
linear space, 32
linear span, 43
Lipschitz condition, 174

isometric, 15
Minkowski’s inequality, 105
monotonicity

outer measure, 117
monotonicity of integral, 129
multiplication operator, 73

nearest point theorem, 47

neighbourhood, 18

Neumann series, 81, 96, 204

nilpotent, 197

norm, 14, 33, 103, 201
seesup-norm, 106

local-C¥- diffeomorphism, 180 II-1l1, 14, 35
locally compact topology, 158 11|, 14, 35
locally convex topological vector space, 193 Il oo- 14, 35
locally invertible function, 180 equivalent, 191

map
continuous, 22
locally invertible, 180
open, 190

Hilbert-Schmidt, 91, 197
sup, 106
norm of linear operator, 73
normal operator, 79, 203
normed space, 14, 34
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complete, see Banach space
nowhere dense set, 185

open
ball, 15
cover, 29
map, 190
set, 15
open mapping theorem, 190
operator, 107
adjoint, 76
bounded, 107
closable, 192
closed, 192
closure, 192
compact, 85

singular value decomposition, 95

convolution, 159
diagonal, 77
unitary, 78
domain, 192
eigenvalue of, 80
eigenvector of, 80
finite rank, 85
graph, 191
Hermitian, 77
Hilbert-Schmidt, 89
identity, 73
integral, 90, 96
kernel of, 90
with separable kernel, 97
inverse, 75
left, 76
right, 76
invertible, 75
isometry, 78
linear, 73
bounded, 73
image, of, 73
kernel, of, 73
norm, of, 73
nilpotent, 197
normal, 79
of multiplication, 73

self-adjoint, see Hermitian operator

shift

left, 76

right, 73
shift on a group, 160
spectrum of, 80
unitary, 78
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Volterra, 196
zero, 73
orthogonal
complement, 54
projection, 74
orthogonal polynomials, 52
orthogonal complement, 54
orthogonal complements, 202
orthogonal projection, 74
orthogonal sequence, 46, 201
orthogonal system, 46
orthogonalisation
Gram-Schmidyt, of, 52
orthogonality, 35, 45, 201
orthonormal basis, 51
theorem, 51
orthonormal basis (o.n.b.), 202
orthonormal sequence, 46
complete , 51
orthonormal sequence (o.n.s.), 201
orthonormal system, 46
orthoprojection, 74
corollary, about, 74
outer measure, 117
monotonicity, 117

pairwise

disjoint, 113
parallelogram identity, 39, 201
Parseval’s

formula, 65

identity, 65, 170
Parseval’s formula, 202
partial sum of the Fourier series, 59
period, 5
periodic, 5
perpendicular

theorem on, 47
Picard iteration, 177
Picard-Lindel6f theorem, 174
Plancherel

identity, 169, 170
point

accumulation, 30

fixed, 171
polynomial

trigonometric, 6
polynomial approximation, 67
polynomials

Chebyshev, 52

Laguerre, 53
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Legendre, 52

orthogonal, 52
Pontryagin’s duality, 162
positive

functional, 154
product

inner, 36

scalar, 36
product measure, 124, 138
projection

orthogonal, 74
Pythagoras’ school, 69
Pythagoras’ theorem, 46
Pythagoras’s theorem, 201

quantum mechanics, 33, 42

radius

spectral, 83
Radon-Nikodym theorem, 141
regular charge, 151
regular measure, 151
representation

of group, 66

algebra, of, 160

group, of, 160

Riesz, 156
resolvent, 80, 81

identity, first, 82

set, 80
resolvent set, 80
Riesz representation, 156
Riesz—-Fischer theorem, 202
Riesz—Fisher theorem, 50
Riesz-Fréchet lemma, 57
Riesz—Fréchet theorem, 203
right inverse, 76
right shift operator, 73

scalar product, 36
school

Pythagoras’, 69
Schwartz space, 165
second category, 186
Segal-Bargmann space, 42
self-adjoint operator, see Hermitian operator,

203

semi-norm, 193
semiring, 113
separable Hilbert space, 54
separable kernel, 97, 204
separation of variables, 9

sequence
Cauchy, 25, 34
convergent, 19
orthogonal, 46
orthonormal, 46
complete , 51
sequential continuity, 23
sequentially compact, 29
series
Fourier, 7
Neumann, 81, 96
set
compact, 85
Borel, 151
bounded, 31
Cantor, 121, 124
closed, 16
convex, 35, 46,172
dense, 18
measurable
Carathéodory, 118
Lebesgue, 118
nowhere dense, 185
open, 15
resolvent, 80
symmetric difference, 118
shift
bilaterial right, 196
shift operator, 160
signed measure, see charge
simple function, 128
integral, 128
summable, 128
sine
Fourier coefficients, 7
singular value decomposition of compact
operator, 95
space
Banach, 35, 103
complete, 26
dual, 56
Hardy, 196
Hilbert, 38
separable, 54
inner product, 14, 37
complete, see Hilbert space
linear, 32
locally convex, 193
metric, 12, 32
complete, 34
isometric, 15



214 VLADIMIR V. KISIL

normed, 14, 34
complete, see Banach space
of bounded linear operators, 75
Schwartz, 165
Segal-Bargmann, 42
vector, see linear space
space of finite sequences, 40
span
linear, 43
closed, 44
spectral properties of normal operators, 204
spectral radius, 83
spectral radius formula, 203
spectral radius:, 203
spectral theorem for compact normal
operators, 94, 204
spectrum, 80, 203
statement
Fejér, see theorem
Gram-Schmidyt, see theorem
Riesz-Fisher, see theorem
Riesz—Fréchet, see lemma
step
function, 148, 167
sub-additive
countable sub-additivity, 117
subcover, 29
subsequence
convergent
quickly, 131, 137
quickly convergent, 131, 137
subspace, 40
subspaces, 201
sum
Cesaro, of, 60
Fejér, of, 59
summable
function, 129, 130
simple function, 128
sup-norm, 106
support of function, 156
symmetric difference of sets, 118
synthesis, 39
system
orthogonal, 46
orthonormal, 46

theorem
Baire’s category, 185
Banach fixed point, 171

Banach-Steinhaus Uniform Boundedness,
187
closed graph, 192
Egorov, 127
Fejér, of, 63
Fubini, 140
Gram-Schmidt, of, 52
Hahn-Banach, 110
Heine-Borel, 31, 85
implicit function, 182
inverse function, 181
Lebesgue, 119
Lebesgue on dominated convergence, 133
mean value, 172
monotone convergence, B. Levi, 135
on nearest point , 47
on orthonormal basis, 51
on perpendicular, 47
open mapping, 190
Picard-Lindelof , 174
Pythagoras’, 46
Radon-Nikodym, 141
Riesz-Fisher, of, 50
spectral for compact normal operators, 94
Weierstrass approximation, 67
Zermelo, 110
thinking
mathematical, 33, 45
topology
locally compact, 158
transform
Cayley, 84
Fourier, 164
windowed, 72
wavelet, 66
triangle inequality, 33, 34, 201
trigonometric
polynomial, 6
two monotonic limits, 126, 136, 139
for sets, 126

uniform convergence, 126
on compacts, 161
uniformly
continuous, 24
unit ball, 35
unitary operator, 78, 203
Urysohn'’s lemma, 153

variation of a charge, 122, 152
vector
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length of, 32
vector space, 32
vectors

orthogonal, 46
Volterra equation, 96
Volterra operator, 196

wavelet transform, 66

wavelets, 66, 72

Weierstrass approximation theorem, 67, 202
windowed Fourier transform, 72

Zermelo’s theorem, 110
zero operator, 73
Zorn’s Lemma, 110
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