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COURSE OBJECTIVES

In order to reach the more interesting and useful ideas, we shall adopt a fairly
brutal approach to some early material. Lengthy proofs will sometimes be left
out, though full versions will be made available. By the end of the course, you
should have a good understanding of normed vector spaces, Hilbert and Banach
spaces, fixed point theorems and examples of function spaces. These ideas will be
illustrated with applications to differential equations.

Booxks

You do not need to buy a book for this course, but the following may be useful for
background reading. If you do buy something, the starred books are recommended
[1] Functional Analysis, W. Rudin, McGraw—Hill (1973). This book is thorough,
sophisticated and demanding.

[2] Functional Analysis, F. Riesz and B. Sz.-Nagy, Dover (1990). This is a classic
text, also much more sophisticated than the course.

[3]* Foundations of Modern Analysis, A. Friedman, Dover (1982). Cheap and
cheerful, includes a useful few sections on background.

[4]* Essential Results of Functional Analysis, R.J. Zimmer, University of Chicago
Press (1990). Lots of good problems and a useful chapter on background.

[5]* Functional Analysis in Modern Applied Mathematics, R.F. Curtain and A.J.
Pritchard, Academic Press (1977). This book is closest to the course.

[6]* Linear Analysi, B. Bollobas, Cambridge University Press (1995). This book is
excellent but makes heavy demands on the reader.
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CHAPTER 1

Normed Linear Spaces

A linear space is simply an abstract version of the familiar vector spaces R, R?,
R3 and so on. Recall that vector spaces have certain algebraic properties: vectors
may be added, multiplied by scalars, and vector spaces have bases and subspaces.
Linear maps between vector spaces may be described in terms of matrices. Using the
Euclidean norm or distance, vector spaces have other analytic properties (though
you may not have called them that): for example, certain functions from R to R
are continuous, differentiable, Riemann integrable and so on.

We need to make three steps of generalization.
BAsES: The first is familiar: instead of, for example, R3, we shall sometimes want
to talk about an abstract three-dimensional vector space V over the field R. This
distinction amounts to having a specific basis {e;, e3,e3} in mind, in which case
every element of V' corresponds to a triple (a,b,c) = ae; + bey + ces of reals — or
choosing not to think of a specific basis, in which case the elements of V' are just
abstract vectors v. In the abstract language we talk about linear maps or operators
between vector spaces; after choosing a basis linear maps become matrices — though
in an infinite dimensional setting it is rarely useful to think in terms of matrices.
GROUND FIELDS: The second is fairly trivial and is also familiar: the ground field
can be any field. We shall only be interested in R (real vector spaces) and C
(complex vector spaces). Notice that C is itself a two—dimensional vector space
over R with additional structure (multiplication). Choosing a basis {1,i} for C
over R we may identify z € C with the vector (R(z), 3(z)) € R2.
DIMENSION: In linear algebra courses, you deal with finite dimensional vector
spaces. Such spaces (over a fixed ground field) are determined up to isomor-
phism by their dimension. We shall be mainly looking at linear spaces that are
not finite-dimensional, and several new features appear. All of these features may
be summed up in one line: the algebra of infinite dimensional linear spaces is in-
timately connected to the topology. For example, linear maps between R? and R?
are automatically continuous. For infinite dimensional spaces, some linear maps
are not continuous.

1. Linear (vector) spaces

DEFINITION 1.1. A linear space over a field k is a set V' equipped with maps
@:VxV —-Vand-:kxV —V with the properties
(D arxdy=ydxforal z,y € V (addition is commutative);
2)(zoy)®z=2d (ydz) for all z,y,z € V (addition is associative);
(3) there is an element 0 € V such that t ® 0 =0® 2 = z for all z € V (a zero
element);
(4) for each z € V there is a unique element —x € V with = & (—z) = 0 (additive
inverses);
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(notice that (V, +) therefore forms an abelian group)

(5) a- (8- ):(aﬁ) x forall o, € k and z € V;

6) (a¢+p0) - c=a-xadf -z forall o, € k and x € V (scalar multiplication
distributes over scalar addition);

(Ma-(zdy) =a-z@a-yforall a € kand z,y € V (scalar multiplication
distributes over vector addition);

(8) 1-x = for all x € V where 1 is the multiplicative identity in the field k.

ExaMPLE 1.1. [1] Let V = R" = {z = (x1,...,2,) | ; € R} with the usual
vector addition and scalar multiplication.
[2] Let V be the set of all polynomials with coefficients in R of degree < n with
usual addition of polynomials and scalar multiplication.
[3] Let V' be the set M, ,)(C) of complex-valued m x n matrices, with usual
addition of matrices and scalar multiplication.
[4] Let ¢ denote the set of infinite sequences (z1, z2,x3,...) that are bounded:
sup{|z,|} < oo. Then ¢ is linear space, since sup{|z, + yn|} < sup{|z,|} +
sup{lyn|} < 00 and sup{|azal} = [a| sup{lz|}.
[5] Let C(S) be the set of continuous functions f : S — R with addition (f@g)(z) =
f(z) + g(x) and scalar multiplication (« - f)(z) = af(x). Here S is, for example,
any subset of R. The dimension of C(S) is infinite if S is an infinite set, and is
exactly |S| if not!.
[6] Let V' be the set of Riemann-integrable functions f : (0,1) — R which are
square-integrable: that is, with the property that fol |f(2)2dr < co. We need to
check that this is a linear space. Closure under scalar multiplication is clear: if
fol |f(z)]?dz < oo and a € R then fol laf(2)|?dz = |af? fol |f(2)|?dz < oo. For
vector addition we need the Cauchy—Schwartz inequality:

/ @)+ g(@)Pde < / (F @) +21f ()]lg(x)] + g(@)]?) da
0 0

[ iswpa ([ If(x)Ide>1/2 ([ otrar)
+/01 lg(x)|2dx < oo.

[7] Let C*°[a, b] be the space of infinitely differentiable functions on [a, b].

[8] Let 2 be a subset of R", and C*(Q) the space of k times continuously differen-
tiable functions. This means that if a = (a1,...,a,) € N" has|a| =a1+--+a, <
k, then the partial derivatives

1/2

IN

exist and are continuous.

From now on we will drop the special notation &, - for vector addition and
scalar multiplication. We will also (normally) use plain letters z,y and so on for
elements of linear spaces.

IThis may be seen as follows. If S = {s1,..., sy} is finite, then the map that sends a function
f € C(9) to the vector (f(s1),.--, f(sn)) € R™ is an isomorphism of linear spaces. If S is infinite,
then the map that sends a polynomial f € R[z] to the function f € C(S) is injective (since
two polynomials that agree on infinitely many values must be identical). This shows that C(S)
contains an isomorphic copy of an infinite-dimensional space, so must be infinite-dimensional.
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As in the linear algebra of finite—dimensional vector spaces, subsets of linear
spaces that are themselves linear spaces are called linear subspaces.

2. Linear subspaces

DEFINITION 1.2. Let V be a linear space over the field k. A subset W C V
is a linear subspace of V if for all z,y € W and «, 8 € k, the linear combination
oar+ Py e W.

EXAMPLE 1.2. [1] The set of vectors in R™ of the form (z1,zs,23,0,...,0)
forms a three—dimensional linear subspace.
[2] The set of polynomials of degree < r forms a linear subspace of the the set of
polynomials of degree < n for any r < n.
[3] (cf. Example 1.1(8)) The space C**1(Q) is a linear subspace of C*((2).

3. Linear independence

Let V be a linear space. Elements x1,xa,...,x, of V are linearly dependent if
there are scalars a, ..., a, (not all zero) such that

arzy + -+ apx, =0.

If there is no such set of scalars, then they are linearly independent.
The linear span of the vectors xy,xo,...,x, is the linear subspace

n
span{zy,...,xn} =S v = Zajxj |a; €k
j=1

DEFINITION 1.3. If the linear space V is equal to the span of a linearly inde-
pendent set of n vectors, then V is said to have dimension n. If there is no such
set of vectors, then V is infinite-dimensional.

A linearly independent set of vectors that spans V' is called a basis for V.

ExampLE 1.3. [1] (cf. Example 1.1(1)) The space R™ has dimension n; the
standard basis is given by the vectorse; = (1,0,...,0),eo = (0,1,0,...,0),...,e, =
0,...,0,1).

[2] (cf. Example 1.1[2]) A basis is given by {1,¢,¢2,...,¢t"}, showing the space to
have dimension (n + 1).
[3] Examples 1.1 [4], [5], [6], [7], [8] are all infinite-dimensional.

4. Norms
A norm on a vector space is a way of measuring distance between vectors.

DEFINITION 1.4. A norm on a linear space V' over k is a non—negative function
Il 1] : V— R with the properties that
(1) |Jz|| = 0 if and only if x = 0 (positive definite);
(2) [lx +yll < |lz]| + ||y|| for all z,y € V (triangle inequality);
(3) lax| = |a|ljz|| for all z € V and « € k.

In Definition 1.4(3) we are assuming that & is R or C and |- | denotes the usual
absolute value. If || - || is a function with properties (2) and (3) only it is called a
semi-norm.
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DEFINITION 1.5. A normed linear space is a linear space V' with a norm || - ||
(sometimes we write | - ||v).

DEFINITION 1.6. A set C in a linear space is convex if for any two points
z,y € C,tx+ (1—t)y e C forall t € [0,1].

DEFINITION 1.7. A norm || || is strictly convex if ||z|| =1, |ly|| = 1, ||z +y| = 2
together imply that =z = y.

We won’t be using convexity methods much, but for each of the examples try to
work out whether or not the norm is strictly convex. Strict convexity is automatic
for Hilbert spaces.

ExXAMPLE 1.4. [1] Let V = R™ with the usual Euclidean norm

1/2
n

lzll = llzllo = | D |l

Jj=1

To check this is a norm the only difficulty is the triangle inequality: for this we use
the Cauchy—Schwartz inequality.
[2] There are many other norms on R"™, called the p—norms. For 1 < p < co defined

n 1/p
lzllp = | D ll”
j=1
Then || - ||, is @ norm on V: to check the triangle inequality use Minkowski’s
Inequality
> lwj+ oyl <D Jal? + D Iyl
j=1 j=1 j=1

There is another norm corresponding to p = oo,
faloe = max {Jo,1}.

It is conventional to write £} for these spaces. Notice that the linear spaces £} and
£y have exactly the same elements.

[3] Let X = {5 be the linear space of bounded infinite sequences (cf. Example
1.1[4]). Consider the function || - ||, : oo — R U {o0} given by

1/p
oo

lzllp = | D lsl?

Jj=1

If we restrict attention to the linear subspace on which || ||, is finite, then || ||, is a
norm (to check this use the infinite version of Minkowski’s inequality). This gives
an infinite family of normed linear spaces,

by ={z = (z1,29,...) | [lz]l, < oo}

Notice that for p < oo there is a strict inclusion £, C {. Indeed, for any p < ¢
there is a strict inclusion £, C £, so /¢, is a linear subspace of £,. That is, the sets
¢, and {4, for p # g do not contain the same elements.
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[4] Let X = Cla,b], and put [|f|| = sup,c(qy [f(¢)]. This is called the uniform or
supremum norm. Why is is finite?

[5] Let X = Cla,b], and choose 1 < p < oo. Then (using the integral form of
Minkowski’s inequality) we have the p—norm

b 1/p
||f||p< / If(t)”> |

[6] (cf. Example 1.1[6]). Let V be the set of Riemann—integrable functions f :
(0,1) — R which are square—integrable. Let || f|l2 = fol |f(x)|?dz < co. Then V is
a normed linear space.

5. Isomorphism of normed linear spaces

Recall form linear algebra that linear spaces V and W are (algebraically) iso-
morphic if there is a bijection T : V' — W that is linear:
T(ax + By) = oT'(z) + T (y)

forall a, € k and z,y € V.

A pair (X, ] - |lx), (Y,] - |ly) of normed linear spaces are (topologically) iso-
morphic if there is a linear bijection T : X — Y with the property that there are
positive constants a, b with

allzl|x < [|T(x)]ly < bllz|x. (1)
We shall usually denote topological isomorphism by X =Y.

LEMMA 1.1. If X and Y are n—dimensional normed linear spaces over R (or
C) then X and Y are topologically isomorphic.

If the constants a and b in equation (1) may both be taken as 1, so | T(x)|y =
lz|lx, then T is called an isometry and the normed spaces X and Y are called
isometric.

EXAMPLE 1.5. The real linear spaces (C,|-|) and (R2, || - ||2) are isometric.

If Y is a subspace of a linear normed space (X, | - ||x) then || - || x restricted to
Y makes Y into a normed subspace.

EXAMPLE 1.6. Let Y denote the space of infinite real sequences with only
finitely many non-zero terms. Then Y is a linear subspace of £, for any 1 < p < oo
so the p—norm makes Y into a normed space.

6. Products of normed spaces
If (X,]]-]lx)and (Y,] - |ly) are normed linear spaces, then the product
XxY={(z,y) |z eX,yeY}
is a linear space which may be made into a normed space in many different ways,

a few of which follow.

1
ExamPLE L.7. [1] [|(z,9)] = (|2]x + |ylv)"/";

2] [, )l = max{lzl|x, [[ylly }-
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7. Continuous maps between normed spaces

We have seen continuous maps between R and R in first year analysis. To make
this definition we used the distance function |x — y| on R: a function f : R — R is
continuous if

VaeR, Ve>0, 36>0suchthat |z —a|<d = |f(z)— fla)] <e.
(2)
Looking at (2), we see that exactly the same definition can be made for maps be-
tween linear normed spaces, which in view of Example 1.4 will give us the possibility
of talking about continuous maps between spaces of functions. Thus, on suitably
defined spaces, questions like “is the map f — f’ continuous?” or “is the map
f— fow f7 continuous?” can be asked.

DEFINITION 1.8. A map f: X — Y between normed linear spaces (X, || - ||x)
and (Y, | - |ly) is continuous at a € X if

Ve>03d=46(e,a) >0such that ||z —allx <§ = | f(z)— fla)|y <e.

If f is continuous at every a € X then we simply say f is continuous.
Finally, f is uniformly continuous if

Ve>033d=0(e) >0such that |[z—y||lx <d = |[f(@)—fW)|y <eVaz,yeX.

EXAMPLE 1.8. [1] The map z +— 22 from (R, |-|) to itself is continuous but not
uniformly continuous.
[2] Let f(z) = Az be the non—trivial linear map from R™ to R™ (with Euclidean
norms) defined by the m x n matrix A = (a;;). Using the Cauchy—Schwartz in-
equality, we see that f is uniformly continuous: fix a € R™ and b = Aa. Then for
any z € R"™ we have

Az — Aa|® = z‘j(zj - a;)|?

INgE ﬂ'bjs
M:

<

Il M: !

n
agl | (D |z —a
=1

i=1

- e

where C? = > dim1 lai;]> > 0. It follows that f is uniformly continuous, and
we may take 0 = ¢/C.

[3] Let X be the space of continuous functions [—1,1] — R with the sup norm (cf.
Example 1.4[4]). Define a map F : X — X by F(u) = v, where

v(t) =1+ /0 (sinu(s) + tans) ds.

The map F' is uniformly continuous on X. Notice that F' is intimately connected
to a certain differential equation: a fixed point for F (that is, an element v € X
for which F(u) = u) is a continuous solution to the ordinary differential equation

/—\Q

fl—l: = sin(u) + tan(t); u(0) =1,

in the region t € [—1,1]. We shall see later that F' does indeed have a fixed point
— knowing that F' is uniformly continuous is a step towards this. To see that F is
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continuous, calculate

[1F(u) = F(u)[[ = sup [F(u)(t)— F(v)()]

te[—1,1]
t
(1 +/ (sinu(s) 4 tan s)ds) —
0

(1+ ] (sinv(s) + tan )i

/t (sinu(s) — sinwv(s)) ds

= sup
te[—1,1]

= sup
te[—1,1]

< sup

t
/ | sinu(s) — sinw(s)|
te[—-1,1] [JO

< Jlu—ol.

Notice we have used the inequality |sinu — sinv| < |u — v|, an easy consequence of
the Mean Value Theorem.

[4] Let X be the space of complex—valued square-integrable Riemman integrable
functions on [0,1] with 2-norm (cf. Example 1.4[6]). Define a map F': X — X by
F(u) = v, with

Then F is continuous (but not uniformly continuous):

Fu(t) - Fo(t)] = | / ())ds

IN

/O (lu(s) + v(s)D(Juls)| = [v(s)[)ds
1/2

(/01 (Ju(s)* + [v(s)?) ds’)l/2 (/01 (Ju(s) —v(s)|?) ds) ,

[Fu—Fol2 < sup |u(t) = v(t)] < ([[[ul + [v][l2) [[u = o]
t

s

IN

so that

[5] The same map as in [4] applied to square-integrable Riemann integrable func-
tions on [0, 00) is not continuous. To see this, let a,b € R and define

, 0<t<2p?

uw(t) = < ia, 2b% < 4b?

0 otherwise.

a

Then ||u — 0|2 = 2ab. On the other hand,

a’t, 0<t<2b?
F(u)(t) = < 4b%a® — a®t, 20> <t < 4b?
0, otherwise.

Then ||F(u) — F(0)|l2 = $a*b®. Now, given any § > 0 we may choose constants
a,b with 2ab < 4§ but %a‘*b6 = 1. That is, given any § > 0 there is a function u
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with the property that |ju — 0| < d but ||F(u) — F(0)|| = 1, showing that F' is not
continuous.

The moral is that the topological properties of infinite spaces are a little
counter—intuitive.

8. Sequences and completeness in normed spaces

Just as for continuity, we can use the norm on a normed linear space to define
convergence for sequences and series in a normed space using the corresponding
notion for R.

Let X = (X, |- |lx) be a normed linear space. A sequence (z,) in X is said to
converge to a € X if

|2n —all — 0
as n — o0o.
. . . o0 . .
Similarly, a series ).~ , @, converges if the sequence of partial sums (sy)

N .
defined by sy =", x,, is a convergent sequence.

ExAaMPLE 1.9. [1] If (z;) is a sequence in R”, with z; = (xé.l), .. 7$§n))’ then
check that
lzllp — 0
(k)

(that is, (z;) converges to 0 in the space £y) if and only if ;" — 0 in R for each
k=1,...,n.
[2] For infinite-dimensional spaces, it is not enough to check convergence on each

component using a basis. Let (z;) be the sequence in ¢, defined by
z;=(0,0,...,1,...)

(where the 1 appears in the jth position. Then if we write z; = (x§-1), xg-z),.

certainly have xg-k) — 0 as j — oo for each k. However, we also have ||z,||, = 1 for

all j, so the sequence is certainly not converging to 0. Indeed, it is not converging
to anything.

..) we

LEMMA 1.2. A map F : X — 'Y between normed linear spaces is continuous at
a € X if and only if
lim F(z,) = F(a)

n—oo

for every sequence (x,,) converging to a.

PRrROOF. Replace | - | with || - || in the proof of this statement for functions
R — R. O

DEFINITION 1.9. A sequence (z,) is a Cauchy sequence if
Ve>03 N such that n,m > N = |z, —zp| <e.

It is clear that a convergent sequence is a Cauchy sequence. We know that in
the normed linear space (R, |- |) the converse also holds, and it is a simple matter
to check that in R™ the converse holds. In many reasonable infinite-dimensional
normed linear spaces however there are Cauchy sequences that do not converge.

DEFINITION 1.10. A normed linear space is said to be complete if all Cauchy
sequences are convergent.
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ExXAMPLE 1.10. [1] The sequence 3, %, %, ‘;’ééég, ... is a Cauchy sequence
of rationals converging to the real number 7.
[2] Consider the space C[0, 1] of continuous functions under the sup norm (cf. Ex-
ample 1.4[4]). This is complete.
[3] The space C0,1] under the 2-norm (cf. Example 1.4[5]) is not complete. To

see this, consider the sequence of functions

0, 0<t<j—+
() =% -%+3 p-i<t<i+l
1 1
1 s+ <t<1

Then (uy,) is a Cauchy sequence, since
1
tUm — unls = / |t (£) — un (t)|2dt
0

1/2 1/2+41/m
_ / et (£) — 10 (£) 20t + / e () — un (£) 2t
1

/2—1/m 1/2
— 0 as m >n — oo.

We claim that the sequence (u,,) is not convergent in C[0, 1] under the 2-norm. To
see this, let g be the function defined by g(¢) = 0 for 0 < ¢ < % and ¢g(t) = 1 for
7 <t <1, and assume that there is a continuous function f with |ju, — f[jz — 0
as n — oo. It is clear that ||u, — g|]l2 — 0 as n — oo also, so we must have

If =gl =0. 3)

Now examine f(3). If f(3) # g(3) = 0 then |f — g| must be positive on (3 — 4, 3)
for some 6 > 0, which contradicts (3). We must therefore have f(1) = 0; but in
this case |f — g| must be positive on (3, 3 + &) for some § > 0, again contradicting
(3). We conclude that there is no continuous function f that is the 2-norm limit

of the sequence (uy,). Thus the normed space (C[0, 1], ]| - ||2) is not complete.

9. Topological language

There are certain properties of subsets of normed linear spaces (and other
more general spaces) that we use very often. Topology is a subject that begins
by attaching names to these properties and then develops a shorthand for talking
about such things.

DEFINITION 1.11. Let X be a normed linear space.

A set C C X is closed if whenever (c,) is a sequence in C that is a convergent
sequence in X, the limit lim,, ., ¢, also lies in C.

A set U C X is open if for every u € U there exists € > 0 such that ||z — ul| <
e = xeU.

A set S C X is bounded if there is an R < oo with the property that =z €
S = ||z|| < R.

A set S C X is connected if there do not exist open sets A, B in X with
SCAUB, SNA#0,SNB#0Pand SNANB =0.

Associated to any set S C X in a normed space there are sets S° C S C S
defined as follows: the interior of S is the set

S°={reX|3Fe>0 such that ||z —y| <e = ye S} (4)
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and the closure of S,

S={reX|Ve>03se€S such that ||s — 2| < €} (5)

EXERCISE 1.1. [1] Prove that a map f : X — Y is continuous (cf. Definition
1.8) if and only if for every open set U C Y, the pre-image f~1(U) C X is also
open.

[2] Show by example that for a continuous map f : R — R there may be open sets
U for which f(U) is not open.

It is clear from first year analysis that closed bounded sets (closed intervals,
for example) have special properties. For example, recall the theorem of Bolzano—
Weierstrass.

THEOREM 1.1. Let S be a closed and bounded subset of R. Then a continuous
function f : S — R attains its bounds: there exist &, m € S with the property that

F©) =sup f(s),  f01) = inf f(s).
seS se€

DEFINITION 1.12. A subset S of a normed linear space is (sequentially) com-
pact if and only if every sequence (s,,) in S has a subsequence (sy;) = (Sn; s Sngs - -+ )
that converges in S.

Recall the following theorem (the Heine—Borel theorem) — which is really the
same one as Theorem 1.1.

THEOREM 1.2. A subset of R™ is compact if and only if it is closed and bounded.

By now you should be used to the idea that any such result does not extend to
infinite-dimensional normed linear spaces: Example 1.9[2] is a bounded sequence
with no convergent subsequences. Thus the result Theorem 1.2 does not extend
to infinite—dimensional normed spaces. However the analogue of Theorem 1.1 does
hold in great generality. This is also a version of the Bolzano—Weierstrass theorem.

THEOREM 1.3. If A is a compact subset of a normed linear space X, and f :
X —Y is a continuous map between normed linear spaces, then f(A) is a compact
subset of Y.

As an exercise, convince yourself that Theorem 1.3 implies Theorem 1.1.
Some standard sets are used so often that we give them special names.

DEFINITION 1.13. Let X be a normed space. Then the open ball of radius
€ > 0 and centre x is the set

Be(zg) ={z € X | ||z —z0|| <e

The closed ball of radius € > 0 and center x is the set

Be(zo) = {z € X | ||z — @0l < €}
EXERCISE 1.2. Open and closed balls in normed spaces are convex (cf. Defini-
tion 1.6).

DEFINITION 1.14. A subset S of a normed space X is dense if every open ball
in X has non—empty intersection with S. A normed space is said to be separable
if there is a countable set S = {1, x2,...} that is dense in X.
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10. Quotient spaces

As an application of Section 9, quotients of normed spaces may be formed.
Notice that we need both the algebraic structure (subspace of a linear space) and
a topological property (closed) to make it all work.

Recall from Definition 1.11 and Definition 1.2 that a closed linear subspace Y
of a normed linear space X is a subset Y C X that is itself a linear space, with the
property that any sequence (y,,) of elements of Y that converges in X has the limit
inY.

The linear space X/Y (the quotient or factor space is formed as follows. The
elements of X/Y are cosets of Y — sets of the form = + Y for x € X. The set of
cosets is a linear space under the operations

(21 4+Y)® (22 4+Y) = (21 + 22) + Y, Ar(z4+Y)= z+Y.

Notice that this makes sense precisely because Y is itself a linear space, so for
example Y +Y =Y and AY =Y for A # 0. Two cosets 1 + Y and x5 + Y are
equal if as sets x1 +Y = x5 + Y, which is true if and only if 1 + 25 € Y.

EXAMPLE 1.11. [1] Let X = R3, and let Y be the subspace spanned by (1, 1,0).
Then X/Y is a two—dimensional real vector space. There are many pairs of elements
that generate X/Y, for example

(1,0,1)+Y and (0,0,1)+Y.

[2] The linear space Y of finitely supported sequences in ¢ is a linear subspace. The
quotient space ¢1/Y is very hard to visualize: its elements are equivalence classes
under the relation (x,,) ~ (y,) if the sequences (x,,) and (y,,) differ in finitely many
positions.

[3] The linear space Y of ¢; sequences of the form (0,...,0,zp41,...) (first n are
zero) is a linear subspace of ¢;. Here the quotient space ¢1/Y is quite reasonable:
in fact it is isomorphic to R™.

[4] We know that for p,q € [1,00], p < ¢ = ¥, C {;. This means that for
any p < ¢ there is a linear quotient space £,/¢,. These quotient spaces are very
pathological.

[5] The linear space Y = (C]0,1] is a linear subspace of the space X of square-
Riemmann-integrable functions on [0, 1]. The quotient X/Y is again a linear space
that is impossible to work with.

[6] Let X = C[0,1], and let Y = {f € X | f(0)}. Then X/Y is isomorphic to R.

It is clear from these examples that not all linear subspaces are equally good:
Examples 1.11 [1], [3], and [6] are quite reasonable, whereas [2], [4] and [5] are
examples of linear spaces unlike any we have seen. The reason is the following: the
space X/Y is guaranteed to be a normed space with a norm related to the original
norm on X only when the subspace Y is itself closed. Notice that Examples 1.11
[1], [3], and [6] are precisely the ones in which the subspace is closed.

THEOREM 1.4. If X is a normed space, and Y is a normed linear subspace,
then X/Y is a normed space under the norm

Y| = inf . 6
o+ Y] =_inf |zl (6)

Before proving this theorem, try to convince yourself that the norm (6) is the
obvious candidate: if X = R? and Y = (1,0)R, then the space X/Y consists of
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lines in X of the form (s,t)+Y. Notice that each such line may be written uniquely
in the form (0,¢) +Y, and this choice minimizes the norm of the element of X that
represents the line.

PROOF. Let  + Y be any coset of X, and let (x,) C z+ Y be a convergent
sequence with z,, — x. Then for any fixed n, z, — x,, — x, — = is a sequence
in Y converging in X. Since Y is closed, we must have z,, —x € Y, soz +Y =
T, +Y = z+ Y. That is, the limit of the sequence defines the same coset as does
the sequence — the set z + Y is a closed set.

Assume now that ||z + Y|| = 0. Then there is a sequence (x,,) C x + Y with
|zn|| — 0. Since x+Y is closed and z,, — 0, we must have 0 € x+Y,s024+Y =Y,
the zero element in X/Y.

Homogeneity is clear:

Az +Y)l[ = inf [[Az[[=|A] inf lz]| = [Alflz + Y.
zex+Y z€x+Y

Finally, the triangle inequality:
[(@1+Y) + (w2 + V)|

inf 21 + zo||
21€21+Y;22€x2+Y

IN

inf ||z1]|+ inf |22
z1€x1+Y z2€T2+Y

ler + Y| + ||z2 + Y|

O

ExAMPLE 1.12. Even if the subspace is closed, the quotient space may be a
little odd. For example, let ¢ denote the space of all sequences (x,) with the
property that lim,, x,, exists. This is a closed subspace of /.. What is the quotient
loo/C?



CHAPTER 2

Banach spaces

It turns out to be very important and natural to work in complete spaces —
trying to do functional analysis in non—complete spaces is a little like trying to do
elementary analysis over the rationals.

DEFINITION 2.1. A complete normed linear space is called' a Banach space.

EXAMPLE 2.1. [1] We are already familiar with a large class of Banach spaces:
any finite—dimensional normed linear space is a Banach space. In our notation, this
means that £} is a Banach space for all 1 <p < oo and all n.

[2] The space of continuous functions with the sup norm is a Banach space (cf.
Example 1.4[4] and Example 1.10[2].

[3] The sequence space ¢, is a Banach space. To see this, assume that (z,) is a
Cauchy sequence in £, and write

2 = (D, 2@ ).

Recall that || - ||, > || - |l for all p (cf. Example 1.4[3]). So, given € > 0 we may
find N with the property that

m,n>N = ||z, — T, <e€

which in turn implies that ||z, — Zm||c < €, so for each k, |:177(1k) - ng)| < €. That
slk')) is a Cauchy sequence
in R. Since R is complete, we deduce that for each k& we have xﬂc) — y®) Notice
that this does not imply by itself that x,, — y (cf. Example 1.9[2]). However, if we
know (as we do) that (z,) is Cauchy, then it does: we prove this for p < oo but
the p = oo case is similar. Fix € > 0, and use the Cauchy criterion to find N such

that n,m > N implies that

is, if (z,,) is a Cauchy sequence in ¢, then for each k (x

Z lzF) — 2P < ¢,
k=1

Now fix n and let m — oo to see that

o0

S lal 40 <
k=1

(notice that < has become <). This last inequality means that
[zn —yllp < ey,

LAfter the Polish mathematician Stefan Banach (1892-1945) who gave the first abstract
treatment of complete normed spaces in his 1920 thesis (Fundamenta Math., 3, 133-181, 1922).
His later book (Théorie des opérations linéaires, Warsaw, 1932) laid the foundations of functional
analysis.

17
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showing that in £,, z,, — y = (y*), yéQ), o).
LEMMA 2.1. Let (z,) be a sequence in a Banach space. If the series > oo | @y
is absolutely convergent, then it is convergent.

Recall that absolutely convergent means that the numerical series > - ||z, |
is convergent. The lemma is clearly not true for general normed spaces: take, for
example, a sequence of functions in C[0, 1] each with || f,|l2 = - with the property
that > 2, f, is not continuous.

ProoFr. Consider the sequence of partial sums s, = ZTZl Tt

m

s = skll < D lawall =0

n=k+1

as m > k — oo. It follows that the sequence (s,,) is Cauchy; since X is complete
this sequence converges, so the series >~ | z,, converges. O

1. Completions

Completeness is so important that in many applications we deal with non—
complete normed spaces by completing them. This is analogous to the process of
passing from Q to R by working with Cauchy sequences of rationals. In this section
we simply outline what is done. In later sections we will see more details about
what the completions look like.

Let X be a normed linear space. Let C(X) denote the set of all Cauchy se-
quences in X. An element of C(X) is then a Cauchy sequence (z,). The linear
space structure of X extends to C(X) by defining o - (z,) + (yn) = (xp, +yp). The

norm | - || on X extends to a semi—norm on C(X), defined by
(@)l = Tz,

Finally, define an equivalence relation ~ on C(X) by (z,) ~ (yn) if and only if
Ty —Yn — 0. Then the linear space operations and the semi—norm are well-defined
on the space of equivalence classes C(X)/ ~, giving a complete normed linear space
X called the completion of X.

EXERCISE 2.1. [1] Apply the process outlined above to the rationals Q. Try to
see why the obvious extension of the norm to the space of Cauchy sequences only
gives a semi-—norm.

[2] Construct a Cauchy sequence (f,) in (C[0,1],| - ||2) with the property that
fn # 0 for any n but || f,|l2 — 0. This means that the Cauchy sequence (f,) and
the Cauchy sequence (0) are not separated by the semi-norm || - ||2, showing it is
not a norm.

[3] Show that if X is already a Banach space, then there is a bijective isomorphism
between X and X.

It should be clear from the above that it is going to be difficult to work with
elements of the completions in this formal way, where an element of X is an equiv-
alence class of Cauchy sequences. However all we will ever need is the simple
statement: for any normed linear space X, there is a Banach space X such that X
is isomorphic to a dense subspace 1(X) of X the map 1 from X into X preserves
all the linear space operations.
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EXAMPLE 2.2. [1] We have seen that C[0, 1] under the 2-norm is not complete
(cf. Example 1.10[2]). Similar examples will show that C[0,1] is not complete
under any of the p—norms. Let X denote the non—complete space (C[0,1], || - |p)-
A reasonable guess for X might be the space of Riemann-integrable functions with
finite p—norm, but this is still not complete. It is easy to construct a Cauchy
sequence of Riemann-integrable functions that does not converge to a Riemann-—
integrable function in the p—norm. However, if you use Lebesgue integration, you
do get a complete space, called LP[0,1]. For now, think of this space as consisting of
all Riemann—integrable functions with finite p—norm together with extra functions
obtained as limits of sequences of Riemann-integrable functions. Then L,, provides
a further example of a Banach space.
[2] A function f : X — Y is said to have compact support if it is zero outside
some compact subset of X; the support of f is the smallest closed set containing
{x € X | f(x) # 0}. This example is of importance in distribution theory and
the study of partial differential equations. Let C§°(£2) be the space of infinitely
differentiable functions of compact support on €2, an open subset of R™. Recall the
definition of higher—order derivatives D? from Example 1.1(8). For each k € N and
1 < p < oo define a norm

1/p

/1

o= [ X 0@ s

@ jaj<k

This gives an infinite family of (different) normed space structures on the linear
space C§°(€2). None of these spaces are complete because there are sequences of
C* functions whose (n, p)-limit is not even continuous. The completions of these
spaces are the Sobolev spaces.

2. Contraction mapping theorem

In this section we prove the simplest of the many fixed—point theorems. Such
theorems are useful for solving equations, and with the formalism of function spaces
one uniform treatment may be given for numerical equations like z = cos(x) and
differential equations like Z—i =z + tan(zy), y(0) = yo.

EXERCISE 2.2. If you have an electronic calculator, put it in “radians” mode.
Starting with any initial value, press the cos button repeatedly. What happens?
Can you explain why this happens? (Draw a graph) How does this relate to the
equation x = cos(z).

DEFINITION 2.2. A map F': X — Y between normed linear spaces is called a
contraction if there is a constant K < 1 for which

[1F(x) = F(y)lly < K- llz —ylx (7)
for all z,y € X.
EXERCISE 2.3. [1] Any contraction is uniformly continuous.
[2] If f : [a,b] — [a,b] has the property that |f(z) — f(y)| < |z — y| then f is a
contraction.

[3] Find an example of a function f : R — R that has the property |f(z) — f(y)| <
|z — y| for all z,y € R, but f is not a contraction.
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THEOREM 2.1. If F: X — X is a contraction and X is a Banach space, then
there is a unique point ©* € X which is fized by F (that is, F(x) = x). Moreover,
if ko is any point in X, then the sequence defined by 1 = F(x0),x2 = F(x1),...
converges to x*.

COROLLARY 2.1. If S is a closed subset of the Banach space X, and F : S — S
is a contraction, then F has a unique fized point in S.

PRrOOF. Simply notice that S is itself complete (since it is a closed subset of
a complete space), and the proof of Theorem 2.1 does not use the linear space
structure of X. O

COROLLARY 2.2. If S is a closed subset of a Banach space, and F' : S — S has
the property that for some n there is a K < 1 such that
[F™(x) = F"(y)lly < K- [l —yllx
for all x,y € S, then F' has a unique fived point.
PrOOF. Choose any point 2 € S. Then by Corollary 2.1 we have

= lim F'z,
k—o0

where z is the unique fixed point of F™. By the continuity of F,
Fa = lim FF*" .
On the other hand, F™ is a contraction, so
|FE" Py — FFrag|| < K||[FR=D Fag, FE—Dngg || < .. < KF||F(x0) — x0],

SO
”F@%ﬂﬂzggﬂFﬂ%m—Fm%HZQ

It follows that F'(x) = x so x is a fixed point for F'. This fixed point is automatically
unique: if F' has more than one fixed point, then so does F™ which is impossible
by Corollary 2.1. O

EXERCISE 2.4. [1] Give an example of a map f : R — R which has the property
that |f(z) — f(y)| < |z —y| for all x,y € R but f has no fixed point.

[2] Let f be a function from [0, 1] to [0, 1]. Check that the contraction condition
(7) holds if f has a continuous derivative f’ on [0, 1] with the property that

[ff@)l < K <1

for all z € [0,1]. As an exercise, draw graphs to illustrate convergence of the iterates
2 of f to a fixed point for examples with 0 < f’(z) <1 and —1 < f'(z) < 0.

ExXAMPLE 2.3. A basic linear problem is the following: let F': R™ — R™ be the
affine map defined by

F(x)=Ax+b

2Iteration of continuous functions on the interval may be used to illustrate many of the fea-
tures of dynamical systems, including frequency locking, sensitive dependence on initial conditions,
period doubling, the Feigenbaum phenomena and so on. An excellent starting point is the article
and demonstration “One-dimensional iteration” at the web site http://www.geom.umn.edu/java/.
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where A = (a;5) is an n x n matrix. Equivalently, F'(x) =y, where

n
yi = Zaz‘jxj +b;
=1

fori=1,...,n. If Fis a contraction, then we can apply Theorem 2.1 to solve? the
equation F(x) = x. The conditions under which F is a contraction depend on the
choice of norm for R”. Three examples follow.

[1] Using the max norm, ||x|lcc = max{|z;|}. In this case,

J

S HllaXZklin{Ej —.fj|
J

< mlaxz lai;] max |z; — &,
J

= m?XZ lasj| | lIx = %loo-

J
Thus the contraction condition is
Z|aij|§K<1 for i=1,...,n. (8)

J

2] Using the 1-norm, [|x|[y = Y ., |#;|. In this case,

> Zaij(%‘ —Zy)

[1£(x) = F(x)[lx

%

DO lasgllzs —

i

< (m;meaijl) [[x — %[
[

IN

The contraction condition is now

Slagl <K <1 for j=1,..n. ©)

[3] Using the 2-norm, ||x||s = (Z?:1{|xi|2)1/2. In this case,

IF(x) - F)|; = Z Zau(ﬂf]‘—i‘j)

2
< [ DoDoad | I3
i

30f course the equation is in one sense trivial. However, it is sometimes of importance
computationally to avoid inverting matrices, and more importantly to have an iterative scheme
that converges to a solution in some predictable fashion.
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The contraction condition is now
Y el <K <1 (10)
i

It follows that if any one of the conditions (8), (9), or (10) holds, then there
exists a unique solution in R™ to the affine equation Ax + b = x. Moreover,
the solution may be approximated using the iterative scheme x; = F(xq),x2 =
F(X1)7 e

Notice that each of the conditions (8), (9), (10) is sufficient for the method to
work, but none of them are necessary. In fact there are examples in which exactly
one of the condition holds for each of them conditions.

It remains only to prove the contraction mapping theorem.

PROOF OF THEOREM 2.1. Given any point z¢ € X, define a sequence (z,,) by
£ = Flao),zs = Fay), ..

Then, for any n < m we have by the contraction condition (7)

| — 2wl = [[F"xo— F™xo
< Kn”l‘o _ Fm_nxOH
< K"(lwo =l + llwn = @2l + - + lom—n—1 — Zm—nll)
< K"||lwo — 2| (1+K+K2+...+Km—n—1)
< lzo — 21]|-

1-K
Now for fixed z, the last expression converges to zero as n goes to infinity, so (cf.
Definition 1.9) the sequence (z,,) is a Cauchy sequence.
Since the linear space X is complete (cf. Definition 1.10), the sequence z,
therefore converges, say
z¥ = lim Xy.

Tr— 00
Since F' is continuous,
F(z*)=F ( lim .Z‘n> = lim F(z,) = lim 2,41 = 2",
n— oo n—00 n—oo
so F' has a fixed point z*. To prove that x* is the only fixed point for F', notice
that if F(y) = y say, then

la" —yll = [ F(z") = Fy)ll < Kl|lz" = yll,
which requires that * = y since K < 1. O

3. Applications to differential equations

As mentioned before, the most important applications of the contraction map-
ping method are to function spaces. We have seen already in Example 1.8[3] that
fixed points for certain integral operators on function spaces are solutions of ordi-
nary differential equations. The first result in this direction is due to Picard®.

4(Charles) Emile Picard (1856-1941), who was Professor of higher analysis at the Sorbonne
and became permanent secretary of the Paris Academy of Sciences. Some of his deepest results
lie in complex analysis: 1) a non—constant entire function can omit at most one finite value, 2)
a non—polynomial entire function takes on every value (except the possible exceptional one), an
infinite number of times.
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THEOREM 2.2. Let f : G — R be a continuous function defined on a set G
containing a neighbourhood {(x,y) | ||(z,y) — (20, v0)|lco < €} of (zo,v0) for some
e > 0. Suppose that f satisfies a Lipschitz condition of the form

in the variable y on G. Then there is an interval (xg — §,xo + §) on which the
ordinary differential equation

dy

- = 12

A C) (12)
has a unique solution y = ¢(x) satisfying the initial condition

?(xo) = Yo. (13)

PRrROOF. The differential equation (12) with initial condition (13) is equivalent
to the integral equation

o@ =+ [ fito)d (14)
Since f is continuous there is a bound
[f(z,y)| < R (15)

for all (z,y) with ||(z,y) — (%0, yo)|lcc < €’ for some €’ > 0. Choose ¢ > 0 such that
(1) |z — 20|l <6, |y — yo| < RS together imply that ||(z,y) — (2o, y0)llco < €';
(2) Mo < 1 where M is the Lipschitz constant in (11).

Let S be the set of continuous functions ¢ defined on the interval |z — x| < §
with the property that |¢(z) — yo| < RO, equipped with the sup metric. The set
S is complete, since it is a closed subset of a complete space. Define a mapping
F : S — S by the equation

(F@) @) =+ | fto)adt (16)
o
First check that F' does indeed map S into S: if ¢ € S, then

[Fé(z) —yo| = /If(t,¢(t))dt‘

“ 1t o(0))dt

Zo

Rlx — 29| < RO

IN

IN

by (15), so F(¢) € S. Moreover,

Fo(a) — o) < /m\f(t,¢(t))—f(t7¢3(t))ldt

Zo

< M(Smgx lp(x) — d(z)],

so that

1F(¢) = F(o)|l < Md|l¢ — oll,
after taking sups over z. By construction, Md < 1, so that F' is a contraction
mapping. It follows from Corollary 2.2 that the operator F' has a unique fixed
point in S, so the differential equation (12) with initial condition (13) has a unique
solution. O
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The conditions on the set G used in Theorem 2.2 arise very often so it is
useful to have a short description for them. A domain in a normed linear space
X is an open connected set (cf. Definition 1.11). An example of a domain in R
containing the point a is an interval (a — d,a + &) for some § > 0. Notice that
if G is a domain in (X, - ||x), and a € G then for some € > 0 the open ball
Be(a)={z € X | || —a|]|x < €} lies in G (cf. Definition 1.13).

Picard’s theorem easily generalises to systems of simultaneous differential equa-
tions, and we shall see in the next section that the contraction mapping method
also applies to certain integral equations.

THEOREM 2.3. Let G be a domain in R"*1 containing the point (2o, Yo1, - - - > Yon),
and let f1,..., fn be continuous functions from G to R each satisfying a Lipschitz
condition

|fi($7y1a cee 7yn) - fl(xﬂ glv ce ,gn)‘ <M max |yl - gl' (17)
1<i<n
in the variables y1,...,yn. Then there is an interval (zg — 0,xg + &) on which the
system of simultaneous ordinary differential equations
dy; .
d—aj:fi('r7y17"'7yn) fO’f' Z:17"'?n (18)

has a unique solution
Y1 = ¢1(LE), sy Yn = ¢n(m)

satisfying the initial conditions
#1(z0) = Yo1, - - -, Pu(T0) = Yon- (19)

PROOF. As in the proof of Theorem 2.2, write the system defined by (18) and
(19) in integral form

0ia) =woit [ Bt o)t or i=1on(20)
o
Since each of the functions f; is continuous on G, there is a bound

in some domain G’ C G with G’ > (%o, ¥01,---,%0n). Choose 6 > 0 with the
properties that
(1) |z — 20| < 6 and max; |y; — yoi| < RO together imply that (z,y1,...,yn) € G';
(2) Mé < 1.

Now define the set S to be the set of n—tuples (¢1, ..., d,) of continuous func-
tions defined on the interval [zg — d, ¢ + 0] and such that |¢;(z) — yo:| < Ré for all
i =1,...,n. The set S may be equipped with the norm

¢ — éH = H;alxm(:v) - Qz’z(ff)\

It is easy to check that S is complete. The mapping F' defined by the set of integral
operators

(F(gb))i(x):in—l—/zfi(t,d)l(t),...,(bn(t))dt for |z —x9| <d,i=1,...,n

is a contraction from S to itself. To see this, first notice that if

¢:(¢1a~--a¢n)€s, and |$*$0|§5
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then

|¢z($) - y0i| =

/33 fi(t,¢1(t),...,¢n(t))dt’ <R§ for i=1,...,n

by (21), so that F(¢) = (F(¢)1,..., F(¢),) lies in S. It remains to check that F is
a contraction:

(FO), @ - (F&) @ < [ A 10, 00(8) = Fll (O Bt
< M‘Sm?XWi(x)_d;i(x”;

after maximising over x and ¢ we have

IF(¢) = F()ll < M|l¢ — I,

so F: S — S is a contraction. It follows that the equation (20) has a unique
solution, so the system of differential equations (18) and (19) has a unique solution.
O

4. Applications to integral equations

Integral equations may be a little less familiar than differential equations (though
we have seen already that the two are intimately connected), so we begin with some
important examples. The theory of integral equations is largely modern (twentieth—
century) mathematics, but several specific instances of integral equations had ap-
peared earlier.

Certain problems in physics led to the need to “invert” the integral equation

1 >~ Ty
o) = = / )y (22)

for functions f and g of specific kinds. This was solved — formally at least — by
Fourier® in 1811, who noted that (22) requires that

f(x) :\/%—W /0; e "g(y)dy.

We shall see later that this is really due to properties of particularly good Banach
spaces called Hilbert spaces.

5Jean Baptiste Joseph Fourier (1768-1830), who pursued interests in mathematics and math-
ematical physics. He became famous for his Theorie analytique de la Chaleur (1822), a mathe-
matical treatment of the theory of heat. He established the partial differential equation governing
heat diffusion and solved it by using infinite series of trigonometric functions. Though these series
had been used before, Fourier investigated them in much greater detail. His research, initially
criticized for its lack of rigour, was later shown to be valid. It provided the impetus for later work
on trigonometric series and the theory of functions of a real variable.
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Abel® studied generalizations of the tautochrone’ problem, and was led to the
integral equation

“ fly)
g(x :/ ———dy, b€ (0,1),g9(a) =0
@)= [ G be 0.1, 0fa)
for which he found the solution

fly) = / ’ - g (;))l_bdx.

™

This equation is an example of a Volterra® equation.
We shall briefly study two kinds of integral equation (though the second is
formally a special case of the first).

EXAMPLE 2.4. A Fredholm equation® is an integral equation of the form

b
f2) = A / K(x,9)f(5)dy + 6(z), (23)

where K and ¢ are two given functions, and we seek a solution f in terms of
the arbitrary (constant) parameter A. The function K is called the kernel of the
equation, and the equation is called homogeneous if ¢ = 0.

We assume that K(x,y) and ¢(x) are continuous on the square {(z,y) | a <
x < ba <y <b}. It follows in particular (see Section 1.9) that there is a bound
M so that

|K(z,y)| <M foralla <z <ba<y<hb.
Define a mapping F : C[a,b] — C|[a,b] by

b
(FU) @) = [ K i@+ (o) (9

Now

I1E(f1) = F(f) max [F(f1)(z) = F(f2)(x)]
[AIM (b — a) max | fi(x) — fo(2)]

AIM (b = a)l| fr = fall,

IA

6Niels Henrik Abel (1802-1829), was a brilliant Norwegian mathematician. He earned wide
recognition at the age of 18 with his first paper, in which he proved that the general polynomial
equation of the fifth degree is insolvable by algebraic procedures (problems of this sort are studied
in Galois Theory). Abel was instrumental in establishing mathematical analysis on a rigorous
basis. In his major work, Recherches sur les fonctions elliptiques (Investigations on Elliptic Func-
tions, 1827), he revolutionized the understanding of elliptic functions by studying the inverse of
these functions.

7Also called an isochrone: a curve along which a pendulum takes the same time to make a
complete osciallation independent of the amplitude of the oscillation. The resulting differential
equation was solved by James Bernoulli in May 1690, who showed that the result is a cycloid.

8Vito Volterra (1860-1940) succeeded Beltrami as professor of Mathematical Physics at
Rome. His method for solving the equations that carry his name is exactly the one we shall
use. He worked widely in analysis and integral equations, and helped drive Lebesgue to produce a
more sophisticated integration by giving an example of a function with bounded derivative whose
derivative is not Riemann integrable.

9This is really a Fredholm equation “of the second kind”, named after the Swedish geometer
Erik Ivar Fredholm (1866-1927).
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so that F' is a contraction mapping if
1
Mb—a)
It follows by Theorem 2.1 that the equation (23) has a unique continuous solution

f for small enough values of A, and the solution may be obtained by starting with
any continuous function fy and then iterating the scheme

A <

e /K:cym )y + ().
ExAMPLE 2.5. Now consider the Volterra equation,
—A/Kwy y)dy + 6(2), (25)

which only differs!? from the Fredholm equation (23) in that the variable z appears
as the upper limit of integration. As before, define a function F': C[a, b] — Cla, b]
by

(F( —A/ny y)dy + 6(z).
Then for f1, f2 € Cla, b] we have
F(f)(e) — F(fo)(@)] = ] [ Kawlne - fz(y)]dy‘
< M@ - a)max|fi(2) — L)),

where M = max, , |K(z,y)| < co. It follows that
F2(f1)(2) — F*(f2)(z)] = \A [ KwlFw) - F(fz)(y)]dy’
< W [IFGD) - FEW

< WPMPmax i) - o) [ Iy~ aldy
= e i)~ o),
and in general
@ - P < WA @)~ (o)
< W O s ) — o).

It follows that
n n nasn (b — a)n
[E™f1 — F" fol| < [A["M THfl — f2ll
so that F™ is a contraction mapping if n is chosen large enough to ensure that

(b—a)"

|)\|7an '
n:

< 1.

107f we extend the definition of the kernel K (z,y) appearing in (25) by setting K(z,y) = 0
for all y > « then (25) becomes an instance of the Fredholm equation (23). This is not done
because the contraction mapping method applied to the Volterra equation directly gives a better
result in that the condition on A can be avoided.
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It follows by Corollary 2.2 that the equation (25) has a unique solution for all A.



CHAPTER 3

Linear Transformations

Let X and Y be linear spaces, and T a function from the set Dy C X into Y.
Sometimes such functions will be called operators, mappings or transformations.
The set Dr is the domain of T, and T(D7) C Y is the range of T. If the set Dr is
a linear subspace of X and T is a linear map,

T(azx + By) = aT(z) + BT (y) for all o, €Ror C,z,y € X. (26)

Notice that a linear operator is injective if and only if the kernel {z € X | T = 0}
is trivial.

LEMMA 3.1. A linear transformation T : X — Y is continuous if and only if
it 18 continuous at one point.

PROOF. Assume that T is continuous at a point a. Then for any sequence
Zn — a, T(x,) — T(a). Let z be any point in X, and y,, a sequence with y,, — z.
Then y,, — z + a is a sequence converging to a, so T(y, — z 4+ a) = T(yn) — T(2) +
T(a) — T(a). Tt follows that T(y,) — T(2). O

A simple observation that is useful in differential equations, where it is called
the principle of superposition: if >~ | a,x, is convergent, and 7' is a continuous
linear map, then T (307 | an@y) = Doy 0Ty,

1. Bounded operators

ExaMPLE 3.1. Cousider a voltage v(t) applied to a resistor R, capacitor C,
and inductor L arranged in series (an “LCR” circuit). The charge u = u(t) on the
capacitor satisfies the equation
d*u du 1
— 4+R—+ —u=wu, 27
az e et @7)
with some initial conditions say u(0) = 0, %(O) = 0. Assuming that R? > 4L/C,
then the solution of (27) is

L

u(t) = /0 k(t — )o(s)ds, (28)

where

At Aot

eMt —e
LOv — A9)
and Aq, Ag are the (distinct) roots of LA? + RA + & = 0.

This problem may be phrased in terms of linear operators. Let X = C[0, c0);

then the transformation defined by T'(v) = w in (28) is a linear operator from X to
X.

k(t) =

29
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Similarly, (27) can be written in the form S(u) = v for some linear operator
S. However, S cannot be defined on all of X — only on the dense linear subspace
of twice—differentiable functions. The transformations 7" and S are closely related,
and we would like to develop a framework for viewing them as inverse to each other.

DEFINITION 3.1. A linear transformation 7' : X — Y is (algebraically) invert-
ible if there is a linear transformation S : Y — X with the property that TS = 1y
and ST = 1)(.

For example, in Example 3.1, if we take X = C[0,0) and Y = C?[0, 00), then
T is algebraically invertible with T-! = .

DEFINITION 3.2. A linear operator T': X — Y is bounded if there is a constant
K such that
|Tx|y < K||z||x forall z € X.

The norm of the bounded linear operator T is
Tx Y
I =sup { 15 (29)
20 U [lzllx

ExXAMPLE 3.2. In Example 3.1, the operator T is bounded when restricted to
any C10,a] for any a, since

ITo(s)] < / k(t - 5)] - [o(s)lds,

which shows that
allvfles
T <a s k(t < —.
Tl < sup k@) ol < 75 5

The operator S is not bounded of course — think about what differentiation does.

EXERCISE 3.1 (1). Show that || T = sup, =1 {ITz|y}-
[2] Prove the following useful inequality:

ITzlly <||T| - |lz]lx for all z € X. (30)

THEOREM 3.1. A linear transformation T : X — Y is continuous if and only
if it is bounded.

Proor. If T is bounded and x,, — 0, then by Definition 3.2, Tx,, — 0 also. It
follows that T is continuous at 0, so by Lemma 3.1 T is continuous everywhere.

Conversely, suppose that T is continuous but unbounded. Then for any n € N
there is a point @, with ||[Tzy|| > nljzn||. Let yn = ;72 so that y, — 0 asn — oo.
On the other hand, || Ty,|| > 1 and T'(0) = 0, contradicting the assumption that T'
is continuous at 0. O

2. The space of linear operators

The set of all linear transformations X — Y is itself a linear space with the
operations
(T+S)(x)=Tx+ Sz, (NT)(x)=Tx.
Denote this linear space by £(X,Y). If X and Y are normed spaces, denote by
B(X,Y) the subspace of continuous linear transformations. If X =Y, then write
L(X,X)=L(X) and B(X, X) = B(X).
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LEMMA 3.2. Let X andY be normed spaces. Then B(X,Y) is a normed linear
space with the norm (29). If in addition Y is a Banach space, then B(X,Y) is a
Banach space.

PrOOF. We have to show that the function T' — ||T'|| satisfies the conditions

of Definition 1.4.
(1) It is clear that ||T'|| > O since it is defined as the supremum of a set of non-
negative numbers. If [|T'|| = 0 then ||Tz|y = 0 for all z, so Tz = 0 for all x — that
is, T = 0.
(2) The triangle inequality is also clear:
[T+ 5] = sup [[(T+S)z|| < sup |[Tz| + sup [|Sz|| = [T + [[S]|
llzll=1 llzll=1 llzll=1
B3) AT = supygy=1 [(AT)z]| = [l supjjp=1 [ T2]| = AT]-

Finally, assume that Y is a Banach space and let (7},) be a Cauchy sequence in
B(X,Y). Then the sequence is bounded: there is a constant K with ||T,z| < K||z||
for all z € X and n > 1. Since ||Tx — Tinz|| < ||Th — Tinlll|z|| — 0 as n > m — oo,
the sequence (T,,x) is a Cauchy sequence in Y for each x € X. Since Y is complete,
for each = € X the sequence (T},z) converges; define T by

Tx = lim T,x.

It is clear that T is linear, and ||Tz|| < K||z| for all 2, so T € B(X,Y).
We have not yet established that T,, — T in the norm of B(X,Y) (cf. 29).
Since (T},) is Cauchy, for any € > 0 there is an N such that

| T — Ty <€ forallm>mn>N.
For any = € X we therefore have
[Tz — Tozlly < efzllx.
Take the limit as m — oo to see that
[T — Thxl| < efl]],

so that ||T'— T,,|| < e if n > N. This proves that |7 — T,|| — 0 as n — oo. O

ExAMPLE 3.3. Once the space of linear operators is known to be complete, we
can do analysis on the operators themselves. For example, if X is a Banach space
and A € B(X), then we may define an operator

1 1
A T A2 )
e —I+A+2!A —|—3!A 4+ ...,

which makes sense since

1
A
lell < 1+ llAl+ 1A%+
< el
This is particularly useful in linear systems theory and control theory; if z(t) € R™
then the linear differential equation % = Az(t), z(0) = xy, where A is an n x n

matrix, has as solution x(t) = e4*x.
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3. Banach algebras

In many situations it makes sense to multiply elements of a normed linear space
together.

DEFINITION 3.3. Let X be a Banach space, and assume there is a multiplication
(z,y) — xy from X x X — X such that addition and multiplication make X into
a ring, and

eyl < {l(l{lyl-
Then X is called a Banach algebra.

Recall that a ring does not need to have a unit; if X has a unit then it is called
unital.

ExAMPLE 3.4. [1] The continuous functions C0, 1] with sup norm form a Ba-

nach algebra with (fg)(x) = f(z)g(x).
[2] If X is any Banach space, then B(X) is a Banach algebra:

IST|| = sup [[(ST)z|| = sup [|S(Tz)[| <|[S| sup [[Tz| = [S][T]-

llzll=1 llzll=1 llzll=1

The algebra has an identity, namely I(z) = x.
[3] A special case of [2] is the case X = R™. By choosing a basis for R” we may
identify B(R™) with the space of n x n real matrices.

In the next few sections we will prove the more technical results about linear
transformations that provide the basic tools of functional analysis.

4. Uniform boundedness

The first theorem is the principle of uniform boundedness or the Banach-
Steinhaus theorem.

THEOREM 3.2. Let X be a Banach space and let Y be a normed linear space.
Let {T,} be a family of bounded linear operators from X into Y. If, for each x € X,
the set {Tox} is a bounded subset of Y, then the set {||T|} is bounded.

PROOF. Assume first that there is a ball B.(xg) on which {T,z} (a set of
functions) is uniformly bounded: that is, there is a constant K such that

IToz|| < K if |z — x| <e. (31)
Then it is possible to find a uniform bound on the whole family {||7%|}. For any
y # 0 define
z2 = Y + Zo.

|| I
Then z € Bc(zg) by construction, so (31) implies that ||T,z| < K.
Now by linearity of T, this shows that

Tl ol < \ Tuy + Tuzo

= [[Taz|| < K,

which can be solved for || T,y|:

K +||T, x0||H I < K+K'

[Tayll < [yl
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where K’ = sup,, ||Tozo|| < co. It follows that
!/
Tl < S
€
as required.

To finish the proof we have to show that there is a ball on which property (31)
holds. This is proved by a contradiction argument: assume for not that there is no
ball on which (31) holds. Fix an arbitrary ball By. By assumption there is a point
x1 € By such that

[To, 21l > 1
for some index oy say. Since each Ty, is continuous, there is a ball B, (1) in which
|Tw, (z1)]] > 1. Assume without loss of generality that €; < 1. By assumption, in
this new ball the family {T,z} is not bounded, so there is a point xo € B, (z1)
with

[ Ta, w2 > 2
for some index ag # a;. Continue in the same way: by continuity of oy there is
a ball B, (z2) C B, (z1) on which || Ty,x| > 2. Assume without loss of generality

that e < %
Repeating this process produces points x3,x4,Ts,..., indices asg,ay,as, ...,
and positive numbers €3, €4, €5, ... such that B, (2,,) C Be, ,(Tn_1), €5 < =, all

the «;’s are distinct, and
|Tw, z|| >n forall © € B, (zn).

Now the sequence (x,) is clearly Cauchy and therefore converges to z € X say
(equivalently, prove that ()°—, B, (z,) contains the single point z).

By construction, ||y, z|| > n for all n > 1, which contradicts the hypothesis
that the set {T,z} is bounded. O

Recall the operator norm in Definition 3.2. Corresponding to this norm there
is a notion of convergence in B(X,Y): we say that a sequence (7T),) is uniformly
convergent if there is T € B(X,Y) with |7, — T|| — 0 as n — oo (so uniform
convergence of a sequence of operators is simply convergence in the operator norm).

DEFINITION 3.4. A sequence (T},) in B(X,Y) is strongly convergent if, for any
x € X, the sequence (T,x) converges in Y. If there is a T € B(X,Y) with
lim,, T, = Tz for all z € X, then (T},) is strongly convergent to T.

EXERCISE 3.2 (1). Prove that uniform convergence implies strong convergence.
[2] Show by example that strong convergence does not imply uniform convergence.

THEOREM 3.3. Let X be a Banach space, and Y any normed linear space. If
a sequence (T,) in B(X,Y) is strongly convergent, then there exists T € B(X,Y)
such that (T),) is strongly convergent to T.

PRrROOF. For each z € X the sequence (T},x) is bounded since it is convergent.
By the uniform boundedness principle (Theorem 3.2), there is a constant K such
that ||T,|| < K for all n. Hence

|Tnz| < Kljz| forall € X. (32)

Define T' by requiring that Tx = lim,,_, o, T,,x for all z € X. It is clear that T is
linear, and (32) shows that ||Tz|| < K||z|| for all z € X, showing that T" is bounded.
The construction of T' means that (7},) converges strongly to 7. O
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5. An application of uniform boundedness to Fourier series
This section is an application of Theorem 3.2 to Fourier analysis. We will
encounter Fourier analysis again, in the context of Hilbert spaces and L? functions
For now we take a naive view of Fourier analysis: the functions will all be continuous
periodic functions, and we compute Fourier coefficients using Riemann integration.

27
/0

LEMMA 3.3.
as n — Q0.

sin(n + 1)z dr — oo

sin %x
PROOF. Recall that |sin(x)| < |z| for all z. Tt follows that
27T | o3 1 2m
+ 35 2 1
/ sin(n + 3)e dx > / =|sin(n + =)z|dz.
0 0 T 2
1 for all z with (n + 1)z between km + +m and kr + 37 for

1
It follows (by thinking of the Rlemann approximation to the integral)

sin 5@
Now |sin(n + §)z| > 3

k=1,2,....
that
f\ sin(n + = x|da: > ( > = < )
| > (T, S
as n — o0. O
DEFINITION 3.5. If f : (0,27) — R is Riemann-integrable, then the Fourier
series of f is the series
00 ) 1 27 )
s(xz) = Z ame'™", where a,, = o f(&)emeqe.
= f(x) for all

Extend the definition of f to make it 2r—periodic, so f(z + 27)
x. Define the nth partial sum of the Fourier series to be
n
Z a efimx
m .
m=—n

The basic questions of Fourier analysis are then the following: is there any relation
between s(z) and f(z)? Does the function s,(x) approximate f(x) for large n in

some sense?
LEMMA 3.4. Let' D, () = S22 gp0p,
2
1 27
Sn(y) = 2_ f(y + JC)Dn(l‘)d.r
™ Jo
|

Proor. Exercise.
Now let X be the Banach space of continuous functions f : [0,27] — R with

f(27), with the uniform norm.
For the lemma, it is helpful to notice that

F0) =

1This function is called the Dirichlet kernel
If you read up on Fourier analysis, it will be helpful to note that the

Da() = Y1 eii®.

Dirichlet kernel is not a “summability kernel”
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LEMMA 3.5. The linear operator T,, : X — R defined by
1 27

To(f) = +— f(x) Dy (z)dz

:271' 0

is bounded, and
1 27
Tl = 57 [ 1Du(@)lda.
T Jo

ProoF. For any f € X,

1 2m 1 2
| 1r@Ipa@lde < ol [ Da@las,

Ta(f) < 5

SO
1 2m
T < — D, (z)|dz.
T < 5 [ 1Da@)de

Assume that for some § > 0 we have

1 2
Tl = 57 [ 1Da@)ide =3 (33)

Then since for fixed n | D, (x)| < M, is bounded, we may find a continuous function
fn that differs from sign(D,,(x)) on a finite union of intervals whose total length

does not exceed ﬁé. Then (don’t think about this — just draw a picture)

1

21 1 27
L[ f@Da(@)de] > - / D, ()| — 6,
271— 0 27T 0

which contradicts the assumption (33). We conclude that

1 27
T, = — D, (x)|dx.
Tl =5 [ 1Da@)ids

O

We are now ready to see a genuinely non—trivial and important observation
about the basic theorems of Fourier analysis.

THEOREM 3.4. There exists a continuous function f : [0,27] — R, with f(0) =
f(2m), such that its Fourier series diverges at x = 0.

PrOOF. By Lemma 3.4, we have

To(f) = sn(0)

for all f € X. Moreover, for fixed f € X, if the Fourier series of f converges at 0,
then the family {7, f} is bounded as n varies (since each element is just a partial
sum of a convergent series). Thus if the Fourier series of f converges at 0 for all
f € X, then for each f € X the set {T,,f} is bounded. By Theorem 3.2, this
implies that the set {||T5,]|} is bounded, which contradicts Lemma 3.5.

The conclusion is that there must be some f € X whose Fourier series does not
converge at 0. U

EXERCISE 3.3. The problem of deciding whether or not the Fourier series of a
given function converges at a specific point (or everywhere) is difficult and usually
requires some degree of smoothness (differentiability). You can read about various
results in many books — a good starting point is Fourier Analysis, Tom Korner,
Cambridge University Press (1988).
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It is more natural in functional analysis to ask for an appropriate semi—norm
in which ||s(z) — f(z)|| = 0 for some class of functions f.

6. Open mapping theorem

Recall that a continuous map between normed spaces has the property that the
pre-image of any open set is open, but in general the image of an open set is not
open (Exercise 1.1). Bounded linear maps between Banach spaces cannot do this.

THEOREM 3.5. Let X and Y be Banach spaces, and let T' be a bounded linear
map from X onto Y. Then T maps open sets in X onto open sets in Y .

Of course the assumption that X maps onto Y is crucial: think of the projection
(x,y) — (x,0) from R? — R2. This is bounded and linear, but not onto, and
certainly cannot send open sets to open sets.

The proof of the Open—Mapping theorem is long and requires the Baire category
theorem, so it will be omitted from the lectures. For completeness it is given here
in the next three lemmas.

Some notation: use BYX and BY to denote the open balls of radius r centre 0
in X and Y respectively.

LEMMA 3.6. For any e > 0, there is a § > 0 such that
TBX > BY. (34)
PROOF. Since X = |77, nBZX, and T is onto, we have Y = T'(X) = | J;—, nTBX.
By the Baire category theorem (Theorem A.4) it follows that, for some n, the set
nTBX contains some ball BY (z) in Y. Then TBX must contain the ball BY (yo),
where yo = %z and § = %r. It follows that the set
P={yi—v2 | y1 € By (y0): 92 € B (0)}
is contained in the closure of the set T'Q), where
Q = {.’L‘l — T2 | xr1 € BEX,JJQ € BEX} CBgi.

Thus, Tégi C P. Any point y € BY can be written in the form y = (y + yo) — o,
so BY C P. and (34) follows. O

LEMMA 3.7. For any €y > 0 there is a 69 > 0 such that
TBy, O By . (35)
ProOOF. Choose a sequence (€,) with each ¢, > 0 and Y .~ €, < €. By
Lemma 3.6 there is a sequence (d,,) of positive numbers such that
TBX > B} (36)
for all n > 1. Without loss of generality, assume that §,, — 0 as n — oo.
Let y be any point in ng. By (36) with n = 0 there is a point zo € BZ with
lly — Taol| < 61. Since (y — Txo) € By, (36) with n = 1 implies that there exists a

point x; € ij such that ||y — Txzg — Tx1|| < d2. Continuing, we obtain a sequence
(zy) such that , € BX for all n, and

()

k=0

< 6n+1 . (37)




6. OPEN MAPPING THEOREM 37

Since ||z, || < €, the series > x, is absolutely convergent, so by Lemma 2.1 it is
convergent; write x = Zn ZT,. Then

0 o
Iz < 3 llzall <3 en < 260
n=0

n=0

The map T is continuous, so (37) shows that y = Tz since J,, — 0.
That is, for any y € ng we have found a point x € Bﬁg such that Tx = vy,
proving (35). O

LEMMA 3.8. For any open set G C X and for any point §y =Tz, T € G, there
is an open ball BY such that j + BY C T(G).

Notice that Lemma 3.8 proves Theorem 3.5 since it implies that T'(G) is open.

PROOF. Since G is open, there is a ball BX such that Z+ BX C G. By Lemma
3.7, T(BX) > B}; for some i > 0. Hence

T(G)D>T(x+BX)=T(x)+T(BX)>y+B,.
O

As an application of Theorem 3.5, we establish a general property of inverse
maps. Generalizing Definition 3.1 slightly, we have the following.

DEFINITION 3.6. Let T : X — Y be an injective linear operator. Define the
inverse of T, T~! by requiring that

T~y =z if and only if Tx =y.
Then the domain of 77! is a linear subspace of Y, and T~ is a linear operator.

It is easy to check that 77Tz = z for all z € X, and TT 'y = y for all y in
the domain of T 1.

LEMMA 3.9. Let X and Y be Banach spaces, and let T' be an injective bounded
linear map from X toY. Then T~! is a bounded linear map.

PROOF. Since 77! is a linear operator, we only need to show it is continuous
by Theorem 3.1. By Theorem 3.5 (T~!)~! maps open sets onto open sets. By
Exercise 1.1[1], this means that 7! is continuous. O

COROLLARY 3.1. If X is a Banach space with respect to two norms || -||V) and
|- |® and there is a constant K such that

|V < K|,

then the two mnorms are equivalent: there is another constant K' with
[ESE e

forallz e X.

PrROOF. Consider the map T : z +— z from (X, | - |™) to (X,| - |™). By
assumption, T is bounded, so by Lemma 3.9, T~! is also bounded, giving the
bound in the other direction. O
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DEFINITION 3.7. Let T : X — Y be a linear operator from a normed linear
space X into a normed linear space Y, with domain D7. The graph of T is the set

Gr={(z,Tz) |z € Dr} C X xY.
If Gp is a closed set in X x Y (see Example 1.7) then T is a closed operator.

Notice as usual that this notion becomes trivial in finite dimensions: if X and
Y are finite-dimensional, then the graph of 7" is simply some linear subspace, which
is automatically closed. The next theorem is called the closed—graph theorem.

THEOREM 3.6. Let X and Y be Banach spaces, and T : X — Y a linear
operator (notice that the notation means Dy = X ). If T is closed, then it is
continuous.

PRrROOF. Fix the norm ||(z,y)| = ||z||lx + ||ylly on X x Y. The graph Gr is,
by linearity of T', a closed linear subspace in X x Y, so G is itself a Banach space.
Consider the projection P : Gr — X defined by P(x,Tz) = x. Then P is clearly
bounded, linear, and bijective. It follows by Lemma 3.9 that P! is a bounded
linear operator from X into G, so

|(z, Tz)|| = |P7'z|| < K||z|x for all =€ X,

for some constant K. It follows that ||z||x + ||Tx|ly < K||z||x for all x € X, so T
is bounded — and therefore 7" is continuous by Theorem 3.1. O

7. Hahn—Banach theorem

Let X be a normed linear space. A bounded linear operator from X into the
normed space R is a (real) continuous linear functional on X. The space of all
continuous linear functionals is denoted B(X,R) = X*, and it is called the dual or
conjugate space of X. All the material here may be done again with C instead of
R without significant changes.

Notice that Lemma 3.2 shows that X™* is itself a Banach space independently
of X.

One of the most important questions one may ask of X* is the following: are
there “enough” elements in X*? (to do what we need: for example, to separate
points). This is answered in great generality using the Hahn-Banach theorem
(Theorem 3.7 below); see Corollary 3.4. First we prove the Hahn-Banach lemma.

LEMMA 3.10. Let X be a real linear space, and p : X — R a continuous func-
tion with

p(z+y) <p(@)+py), p(Az)=Ap(z) forall A >0,2,y€ X.
Let'Y be a subspace of X, and f € Y™* with
f(x) <p(x) forallyeY.
Then there exists a functional F € X* such that
F(z) = f(x) forx €Y; F(z) <p(x) foralz e X.

PRrOOF. Let K be the set of all pairs (Y, go) in which Y, is a linear subspace
of X containing Y, and g, is a real linear functional on Y, with the properties that

go(z) = f(x) forall z €Y, go(x) <p(z) foral zcV,.
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Make K into a partially ordered set by defining the relation (Y, go) < (Y3,93) if
Y, C Yp and g, = gs on Y,. It is clear that any totally ordered subset {(Yx,gx)
has an upper bound given by the subspace J, Y and the functional defined to be
gy on each Y.

By Theorem A.1, there is a maximal element (Y, go) in K. All that remains is
to check that Yp is all of X (so we may take F' to be go).

Assume that y; € X\Yy. Let Y7 be the linear space spanned by Yy and yi:
each element z € Y7 may be expressed uniquely in the form

x:y+)‘y17 Z/EYOa)\ER,

because y; is assumed not to be in the linear space Y. Define a linear functional
91 € Y{" by g1(y + Ay1) = go(y) + Ac.
Now we choose the constant ¢ carefully. Note that if x # y are in Y, then

90(y) = go(x) = go(y — ) < p(y — ) < p(y + 1) + p(=y1 — ),

SO
—p(=y1 — ) — go(z) < p(y +y1) — 90(y)-

It follows that

A = sup{—p(=y1 —z) — go(x)} < inf {p(y + 1) — g0(y)} = B.

€Yy YEYo

Choose ¢ to be any number in the interval [A, B]. Then by construction of A and
B

)

c<py+wy1) —go(y) forall yeYy, (38)
—p(—y1 —y) —go(y) < c forall yeYp. (39)

Multiply (38) by A > 0 and substitute ¥ for y to obtain
Ae < py + M) — 9o(y). (40)

Now multiply (39) by A < 0, substitute § for y and use the homegeneity assumption
on p to obtain (40) again. Since (40) is clear for A = 0, we deduce that

91(y + Ay1) = go(y) + Ac < p(y + Ayn)
for all A € Rand y € Y. That is, (Y1,¢91) € K and (Yo, g0) < (Y1,91) with Yy # Y7.
This contradicts the maximality of (Y5, go). O

For real linear spaces, the Hahn—Banach theorem follows at once (for complex
spaces a little more work is needed).

THEOREM 3.7. Let X be a real normed space, and Y a linear subspace. Then
for any y* € Y* there corresponds an x* € X* such that

lz*[l = [ly*ll, and z*(y) =y"(y) forall yeY.

That is, any linear functional defined on a subspace may be extended to a linear
functional on the whole space with the same norm.

PRrROOF. Let p(z) = |ly*|[l], f(z) = y*(z), and 2" =
Banach Lemma 3.10. To check that ||z*|| < |ly||, write 2*(x)
Then

F. Apply the Hahn—
= f|a*(x)| for § = +1.

2% (2)] = 02" () = 2™ (0x) < p(0x) = |ly" [0 = [[y"[l[|=]-

The reverse inequality is clear, so ||z*| = ||y*]|. O
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Many useful results follow from the Hahn—Banach theorem.

COROLLARY 3.2. LetY be a linear subspace of a normed linear space X, and
let xg € X have the property that

m ||y .130” ( l)
Then there exists a pOZ'ni z* € X* such that

1
() =1, 2l =5, #"(4) =0 for all y€Yo

PROOF. Let Y7 be the linear space spanned by Y and zy. Since zg ¢ Y, every
point z in Y3 may be represented uniquely in the form x = y + Axg, with y € Y,
A € R. Define a linear functional z* € Y;* by 2*(y + Axg) = A. If A #£ 0, then

Iy + Azoll = 1A || + 0| = 1AId.

It follows that |2*(z)| < ||z||/d for all € Y1, so [|z*|| < 4. Choose a sequence
(yn) C Y with ||zo — yn|| — d as n — co. Then

L= z"(@o = yn) < |[Z"[lllz0 = ynll = [Iz"]ld;
so ||lz*|| = 4. Apply Theorem 3.7 to z*. O

COROLLARY 3.3. Let X be a normed linear space. Then, for any x # 0 in X
there is a functional ©* € X* with ||z*|| =1 and x*(x) = ||z||.

Proor. Apply Corollary 3.2 with Y = {0} to find z* = X* such that ||z*| =
1/||z||, z*(z) = 1. We may therefore take z* to be ||z|z*. O

COROLLARY 3.4. If z # y in a normed linear space X, then there exists z* €
X* such that z*(y) # z*(z2).

PRrROOF. Apply Corollary 3.3 with x =y — 2. O

COROLLARY 3.5. If X is a normed linear space, then

" ()] .
|z]] = sup T |z* ()]
a0 [lz* |l l|lz* || =1

ProoOF. The last two expressions are clearly equal. It is also clear that

sup |z7(z)] < .
le=l|=1

By Corollary 3.3, there exists zf; such that x§(z) = ||z| and ||z§]| = 1, so

sup [z" ()] > [|z]]-
lo*|=1

O

COROLLARY 3.6. Let Y be a linear subspace of the normed linear space X. If
Y is not dense in X, then there exists a functional z* # 0 such that x*(y) =0 for
ally eY.

PRrOOF. Notice that if there is no point ¢ € X satisfying (41) then Y must be
dense in X. So we may choose z¢ with (41) and apply Corollary 3.2). O
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Notice finally that linear functionals allow us to decompose a linear space: let
X be a normed linear space, and x* € X*. The null space or kernel of x* is the
linear subspace Ny« = {z € X | 2*(z) = 0}. If 2* # 0, then there is a point
2o # 0 such that z*(x) = 1. Any element x € X can then be written x = z + Axq,
with A = 2*(x) and 2z = © — Axg € Ny+. Thus, X = Ny« @Y, where Y is the
one—dimensional space spanned by x.
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CHAPTER 4

Integration

We have seen in Examples 1.10[3] that the space C[0, 1] of continuous functions

with the p—norm
1 1/p
£l = < / If(t)”dt>

is not complete, even if we extend the space to Riemann-integrable functions.

As discussed in the section on completions, we can think of the completion of
the space in terms of all limit points of (equivalence classes) of Cauchy sequences.
This does not give any real sense of what kind of functions are in the completion. In
this chapter we construct the completions L,, for 1 < p < oo by describing (without
proofs) the Lebesgue! integral.

1. Lebesgue measure

DEFINITION 4.1. Let B denote the smallest collection of subsets of R that in-
cludes all the open sets and is closed under countable unions, countable intersections
and complements. These sets are called the Borel sets.

In fact the Borel sets form a o-algebra: R, € B, and B is closed under
countable unions and intersections. We will call Borel sets measurable. Many
subsets of R are not measurable, but all the ones you can write down or that might
arise in a practical setting are measurable.

The Lebesgue measure on R is a map p : B — R U {oco} with the properties
that

(i) :u[a'7 b] = p(a,b) =b—a;

(if) p (UnZyAn) = 2507, 1(An).

Notice that the Lebesgue measure attaches a measure to all measurable sets.
Sets of measure zero are called null sets, and something that happens everywhere
except on a set of measure zero is said to happen almost everywhere, often written
simply a.e. For technical reasons, allow any subset of a null set to also be regarded
as “measurable”, with measure zero.

EXERCISE 4.1. [1] Prove that u(Q) = 0. Thus a.e. real number is irrational.

1Henri Leon Lebesgue (1875-1941), was a French mathematician who revolutionized the field
of integration by his generalization of the Riemann integral. Up to the end of the 19th century,
mathematical analysis was limited to continuous functions, based largely on the Riemann method
of integration. Building on the work of others, including that of the French mathematicians Emile
Borel and Camille Jordan, Lebesgue developed (in 1901) his theory of measure. A year later,
Lebesgue extended the usefulness of the definite integral by defining the Lebesgue integral: a
method of extending the concept of area below a curve to include many discontinuous functions.
Lebesgue served on the faculty of several French universities. He made major contributions in
other areas of mathematics, including topology, potential theory, and Fourier analysis.
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[2] More can be said: call a real number algebraic if it is a zero of some polynomial
with rational coefficients, and transcendental if not. Then a.e. real number is
transcendental.

[3] Prove that for any measurable sets A, B, u(AU B) = u(A) + u(B) — u(AN B).
[4] Can you construct? a set that is not a member of B?

DEFINITION 4.2. A function f : R — R U {+oo} is a Lebesgue measurable
function if f~(A) € B for every A € A.

ExAMPLE 4.1. [1] The characteristic function xgq, defined by xq(z) = 1 if
x € Q,and = 0if z ¢ Q is an example of a measurable function that is not
Riemann integrable.
[2] All continuous functions are measurable (by Exercise 1.1[1]).

The basic idea in Riemann integration is to approximate functions by step
functions, whose “integrals” are easy to find. These give the upper and lower
estimates. In the Lebesgue theory, we do something similar, using simple functions
instead of step functions.

A simple function is a map f: R — R of the form

fla) =3 i (@), (12)

where the ¢; are non—zero constants and the F; are disjoint measurable sets with
H(Ez) < o0.
The integral of the simple function (42) is defined to be

/ Jdp = ZCW(E N E;)
E i=1

for any measurable set E.

The basic approximation fact in the Lebesgue integral is the following: if f :
R — RU{+oo} is measurable and non—negative, then there is an increasing sequence
(fn) of simple functions with the property that f,(t) — f(t) a.e. We write this as
fn T f a.e., and define the integral of f to be

/fdu: lim/fnd,u.
E N JE

Notice that (once we allow the value co), the limit is guaranteed to exist since the
sequence is increasing.

2This “construction” requires the use of the Axiom of Choice and is closely related to the
existence of a Hamel basis for R as a vector space over Q The question really has two faces:
1) using the usual axioms of set theory (including the Axiom of Choice), can you exhibit a non—
measurable subset of R? 2) using the usual axioms of set theory without the Axiom of Choice, is
it still possible to exhibit a non-measurable subset of R?

The first question is easily answered. The second question is much deeper because the answer
is “no”. This is part of a subject called Model Theory. Solovay showed that there is a model of
set theory (excluding the Axiom of Choice but including a further axiom) in which every subset
of R is measurable. Shelah tried to remove Solovay’s additional axiom, and answered a related
question by exhibiting a model of set theory (excluding the Axiom of Choice but otherwise as
usual) in which every subset of R has the Baire property. The references are R.M. Solovay, “A
model of set—theory in which every set of reals is Lebesgue measurable”, Annals of Math. 92
(1970), 1-56, and S. Shelah, “Can you take Solovay’s inaccessible away?”, Israel Journal of Math.
48 (1984), 1-47 but both of them require extensive additional background to read.
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For a general measurable function f, write f = f™ — f~ where both f* and
f~ are non—negative and measurable, then define

/E fp = /E frdu - /E fdp.

EXAMPLE 4.2. Let f(x) = Xgn[o,1](%). Then f is itself a simple function, so

/0 fdp = p(@n1o,1]) = 0.

A measurable function f on [a,b] is essentially bounded if there is a constant
K such that |f(z)| < K a.e. on [a,b]. The essential supremum of such a function
is the infimum of all such essential bounds K, written

| flloo = ess.sup.pq | f|-

DEFINITION 4.3. Define £,[a, b] to be the linear space of measurable functions

f on [a,b] for which
b 1/p
1£1 = ( / prdu> <oo

for p € [1,00) and L [a,b] to be the linear space of essentially bounded functions.
Notice that || - ||, on £, is only a semi-norm, since many functions will for example
have || f||, = 0. Define an equivalence relation on £, by f ~ g if {x € R| f(z) #
g(z)} is a null set. Then define

Lyla,b] = L,/ ~,
the space of L, functions.

In practice we will not think of elements of L,, as equivalence classes of functions,
but as functions defined a.e. A similar definition may be made of p-integrable
functions on R, giving the linear space L,(R).

The following theorems are proved in any book on measure theory or modern
analysis or may be found in any of the references. Theorem 4.1 is sometimes called
the Riesz—Fischer theorem; Theorem 4.2 is Hélder’s inequality.

THEOREM 4.1. The normed spaces Lyla,b] and L,(R) are (separable) Banach
spaces under the norm || - ||,.

THEOREM 4.2. If £ =L 41 then

fgllr < 1Ifllpllgllq
for any f € Lpla,b], g € Lyla,b]. It follows that for any measurable f on [a,b],

Al < 1Al < W flls <o < 1 oo

Hence
Li[a,b] D Lofa,b] D -+ D Lyla, b].

In the theorem we allow p and ¢ to be anything in [1,00] with the obvious
interpretation of é
Note the “opposite” behaviour to the sequence spaces £, in Example 1.4[3],
where we saw that
b1 Cly C-- Cl.
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Two easy consequences of Holder’s inequality are the Cauchy—Schwartz inequal-
ity,
[£glly < I fll2llgll2

and Minkowski’s inequality,

1+ gl < 171l + llgllp-

The most useful general result about Lebesgue integration is Lebesgue’s domi-
nated convergence theorem.

THEOREM 4.3. Let (f,) be a sequence of measurable functions on a measurable
set E such that f,(t) — f(t) a.e. and there exists an integrable function g such
that | fr(t)| < g(t) a.e. Then

/fdu: lim fndp.
E n—oo E

EXERCISE 4.2. [1] Prove that the L,norm is strictly convex for 1 < p < oo
but is not strictly convex if p =1 or oco.

2. Product spaces and Fubini’s theorem

Let X and Y be two subsets of R. Let A, B denote the o—algebra of Borel sets
in X and Y respectively.
Subsets of X x Y (Cartesian product) of the form

AxB={(z,y):x € Ay € B}

with A € A, B € B are called (measurable) rectangles. Let A x B denote the
smallest o—algebra on X x Y containing all the measurable rectangles. Notice that,
depite the notation, this is much larger than the set of all measurable rectangles.
The measure space (X x Y, A x B) is the Cartesian product of (X, A) and (Y, B).
Let pux and py denote Lebesgue measure on X and Y. Then there is a unique
measure A on X X Y with the property that

AMA x B) = px(A) x py(B)

for all measurable rectangles A x B. This measure is called the product measure
of ux and py and we write A = px X py.
The most important result on product measures is Fubini’s theorem.

THEOREM 4.4. If h is an integrable function on X XY, then x — h(x,y) is an
integrable function of X for a.e. y, y — h(x,y) is an integrable function of y for

a.e. x, and
/hd(ux X fiy) ://hduxduy = //hduydux-



CHAPTER 5

Hilbert spaces

We have seen how useful the property of completeness is in our applications
of Banach—space methods to certain differential and integral equations. However,
some obvious ideas for use in differential equations (like Fourier analysis) seem to
go wrong in the obvious Banach space setting (cf. Theorem 3.4). It turns out that
not all Banach spaces are equally good — there are distinguished ones in which the
parallelogram law (equation (43) below) holds, and this has enormous consequences.
It makes more sense in this section to deal with complex linear spaces, so from now
on assume that the ground field is C.

1. Hilbert spaces

DEFINITION 5.1. A complex linear space H is called a Hilbert! space if there
is a complex—valued function (-,-) : H x H — C with the properties

(i) (z,z) > 0, and (x,2) = 0 if and only if x = 0;

(i) (& +92) = (,2) + (3, 2) for all 2y, € H;

(iii) (Aw,y) = A(x,y) for all z,y € H and \ € C;

(iv) (z,y) = (v, )forallxyé@'

(v) the norm defined by ||z|| = (z,z)'/? makes H into a Banach space.

If only properties (i), (ii), (iii), (iv) hold then (H,(:,-)) is called an inner—
product space.

1/2

Notice that property (v) makes sense since by (i) (z,z) > 0, and we shall see
below (Lemma 5.2) that || - || is indeed a norm.

The function (-,-) is called an inner or scalar product, and so a Hilbert space
is a complete inner product space.

If the scalar product is real-valued on a real linear space, then the properties
determine a real Hilbert space; all the results below apply to these.

Notice that (iii) and (iv) imply that (x, \y) = A(z,v), and (z,0) = (0,x) = 0.

EXAMPLE 5.1. [1] If X = C", then (z,y) = Y .—, 2;4; makes C" into an n—
dimensional Hilbert space.

1David Hilbert (1862-1943) was a German mathematician whose work in geometry had the
greatest influence on the field since Euclid. After making a systematic study of the axioms of
Euclidean geometry, Hilbert proposed a set of 21 such axioms and analyzed their significance.
Hilbert received his Ph.D. from the University of Konigsberg and served on its faculty from 1886
to 1895. He became (1895) professor of mathematics at the University of Gottingen, where he
remained for the rest of his life. Between 1900 and 1914, many mathematicians from the United
States and elsewhere who later played an important role in the development of mathematics
went to Gottingen to study under him. Hilbert contributed to several branches of mathematics,
including algebraic number theory, functional analysis, mathematical physics, and the calculus of
variations. He also enumerated 23 unsolved problems of mathematics that he considered worthy
of further investigation. Since Hilbert’s time, nearly all of these problems have been solved.
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[2] Let X = Cla, b] (complex—valued continuous functions). Then the inner—product

(f,9) = f: f(t)g(t)dt makes X into an inner—product space that is not a Hilbert
space.

[3] Let X = {5 (square-summable sequences; see Example 1.4[3]) with the inner—
product ((zn), (Yn)) = > re ) Tn¥Yn. This is well-defined by the Schwartz inequality
Lemma 5.1, and it is a Hilbert space by Example 2.1[3]. We shall see later that ¢o
is the only ¢, space that is a Hilbert space.

[4] Let X = Ls[a,b] with inner—product (f,g) = fab f(t)g(t)dt. Then X is a Hilbert
space (by the Cauchy—Schwartz inequality and Theorem 4.1).

LEMMA 5.1. In a Hilbert space,

(@ o)l < [l[[[yll-

PROOF. Assume that x,y are non—zero (the result is clear if « or y is zero),
and let A € C. Then

0

IN

(x 4+ Ay, z + A\y)

1 + PNy 1* + Ay, 2) + Az, y)

(1 + AP [yl + 2R[A (2, )]

Let A = —re®® for some r > 0, and choose 6 such that § = — arg(x,y) if (z,y) # 0.
Then

l]1* + r*[lyll* > 2r|(z, )l

Take r = ||z||/||ly|| to obtain the result. O
LEMMA 5.2. The function defined by ||z|| = (z,2)'/? is a norm on a Hilbert
space.

PRrOOF. All the properties are clear except the triangle inequality. Since
(z,y) + (y,z) = 2R(z, y) < 2[=[l[lyl,

we have

)1 + Iyl + (2, 9) + (g, 2)
]I + llyll* + 2llllyll = (=]l + 1),
so [z +yll < [zl + [lyll- O

lz +y]?

IN

LEMMA 5.3. The norm on a Hilbert space is strictly convex (cf. Definition
1.7).

PrOOF. From the proof of Lemma 5.1, if |(z,y)| = ||z||||lyll, then z = —\y.
From the proof of Lemma 5.2 it follows that if ||z|| + ||y|| = || + y|| and y # 0 then
x = —Ay. Hence if ||z]| = ||y]| = 1 and ||z + y|| = 2, then |A\| =1 and |1 — A\| = 2,
soA=—1and z =y. O

Next there is the peculiar parallelogram law.
THEOREM b.1. If H is a Hilbert space, then
lz +yl1? + llz — yl* = 2]|z]1* + 2l|y||* (43)

forallx,y € H.
Conversely, if H is a complex Banach space with norm || - || satisfying (43),
then H is a Hilbert space with scalar product (-,-) satsifying ||z| = (x,2)*/2.
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PROOF. The forward direction is easy: simply expand the expression
(:U+y,x+y)+ ($7y7x7y)'
For the reverse direction, define
(z,y) = 3 ([lz +yll* = lle = y?] + i [[lz +iyl]* — [l —iyl*]) (44)

(in the real case, with the second expression simply omitted). Since

(@, 2) = [l + Z Il 4 = Zlll*1—i* = ],

the inner-product norm (z,z)'/? coincides with the norm ||z||.

To prove that (-,-) satisfies condition (ii) in Definition 5.1, use (43) to show
that

lu+v4+w||*+ |lu+v—w||?=2|u+v|?+2|w|?
lu—v+w]?+ flu—v—w|* = 2llu—vf* + 2||w||*.
It follows that
(lut+v—wl® —flu—v+wl?) + (lutv-w]*=]u-v-wl|?)
= 2Jlu+of* = 2lju -l
showing that
R(u + w,v) + R(u —w,v) = 2R(u,v).
A similar argument shows that
S(u 4+ w,v) + (v — w,v) = 2¥(u, v),
S0
(u+w,v) + (u—w,v) = 2(u,v).
Taking w = w shows that (2u,v) = 2(u,v). Takingu+w =z, u—w =y, v = 2
then gives

(,2) + (y,2) :z(x;—y7z> =(z+vy,2).

To prove condition (iii) in Definition 5.1, use (ii) to show that

(mx7y) = ((m—l)z+gj,y) :((mfl)x,y)Jr(x,y)
= ((m—=2)z,y) +2(z,y)

= m(z,y).

The same argument in reverse shows that n(xz/n,y) = (z,y), so (z/n,y) = (1/n)(x,y).
If r =m/n (m,n € N) then

o) = ") =m (5o) = (Do) = ).

Now (z,y) is a continuous function in z (by (44)); we deduce that A(z,y) = (Az,y)
for all A > 0. For A <0,

/\('Tvy) - ()\x,y) = )\(x,y) - (|/\\(—x),y) = )\(.’1771/) - |)\|(—m7y)
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so (iii) holds for all A € R. For A =i, (iii) is clear, so if A = p + iv,
Azy) = plz,y) +iv(z,y) = (pr,y) +i(ve,y)
= (pa,y) + (ve,y) = (A2, y).

Condition (iv) is clear, and (v) follows from the assumption that H is Banach
space. [

2. Projection theorem

Let H be a Hilbert space. A point z € H is orthogonal to a point y € H,
written z L y, if (x,y) = 0. For sets N, M in H, x is orthogonal to N, written
x L N,if (z,y) = 0 for all y € N. The sets N and M are orthogonal (written
N L M)ifz L M for all z € N. The orthogonal complement of M is defined as

M*={zecH|z L M}.
Notice that for any M, M~ is a closed linear subspace of H.

LEMMA 5.4. Let M be a closed convex set in a Hilbert space H. For every point
xo € H there is a unique point yg € M such that

- = inf -yl 45
Iz = woll = inf, llz0 — (15)

That is, it makes sense in a Hilbert space to talk about the point in a closed
convex set that is “closest” to a given point.

PROOF. Let d = inf e ||zo — y|| and choose a sequence (y,,) in M such that
lzo — yn|| — d as n — oo. By the parallelogram law (43),
Allzo = 3 Wm + ) I> + lym = all* = 2llz0 — ymll* + 2llzo — ynll?
- Ad’
as m,n — oo. By convexity (Definition 1.6), 1 (ym + yn) € M, so
Al|zo = 5(ym + ya)|? = 4d°.

It follows that ||ym — yn|| — 0 as m,n — oco. Now H is complete and M is a closed
subset, s0 limy,—coyn = Yo exists and lies in M. Now ||zg — yo|| = lim,— 0 |20 —
Ynl|l = d, showing (45).

It remains to check that the point yg is the only point with property (45). Let
y1 be another point in M with

— = inf —yll.
Iz~ gl = inf, llz0
Then

Yoty
2

IN

2 ’ T llzo — yoll + llzo — 1l

IN

Yo + Y1
xofT

2 inf — <2
ot lloo— il <2]

since (yo + y1)/2 lies in M. Tt follows that

Yoty
2

Since the Hilbert norm is strictly convex (Lemma 5.3), we deduce that xg — yo =
To — Y1, SO Y1 = Yo- U

2||zo = |lzo — voll + llzo — w1l
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This gives us the Orthogonal Projection Theorem.

THEOREM 5.2. Let M be a closed linear subspace of a Hilbert space H. Then
any xo € H can be written xog = yo + 20, Yo € M, 2y € M~L. The elements Y0, 20
are determined uniquely by xq.

PRrROOF. If 2y € M then yo = 29 and 29 = 0. If 29 ¢ M, then let yo be the
point in M with

[zo — yoll = ylg/[ |zo — vl
(this point exists by Lemma 5.4). Now for any y € M and A € C, yo + Ay € M so
20 = yoll* < llzo — yo = Ayll* = llzo — oll* = 2RA(y, zo — o) + [A*ly]1*.
Hence
—2RA(y. z0 — yo) + [A*[ly[* = 0.
Assume now that A = e > 0 and divide by €. As € — 0 we deduce that

R(y, w0 — yo) < 0. (46)
Assume next that A\ = —ie and divide by €. As ¢ — 0, we get
S(y, 20 — yo) < 0. (47)

Exactly the same argument may be applied to —y since —y € M, showing that
(46) and (47) hold with y replaced by —y. Thus (y,zo — yo) = 0 for all y € M. It
follows that the point 2o = zg — yo lies in M*.

Finally, we check that the decomposition is unique. Suppose that zo = y; + 21
with 3 € M and 2; € M+, Then yo —y; = 21 — 20 € M N M+ = {0}. O

COROLLARY 5.1. If M is a closed linear subspace and M # H, then there exists
an element zg # 0 such that zo L M.

PROOF. Apply the projection theorem (Theorem 5.2) to any o € H\M. O

It follows that all linear functionals on a Hilbert space are given by taking inner
products — the Riesz theorem.

THEOREM 5.3. For every bounded linear functional z* on a Hilbert space H
there exists a unique element z € H such that x*(z) = (z,z) for all x € H. The
norm of the functional is given by ||z*|| = ||z]|.

PrOOF. Let N be the null space of x*; N is a closed linear subspace of H. If
N = H, then z* = 0 and we may take z*(x) = (z,0). If N # H, then by Corollary
5.1 there is a point zg € N*, 29 # 0. By construction, o = 2*(z9) # 0. For any
x € H, the point x — 2*(x)zo/a lies in N, so
(x —a™(x)z0/x, 29) = 0.
It follows that

x*(x) (%O,ZO) = (x, z0).

If we substitute z = ﬁzo, we get o*(z) = (z, 2) for all z € H.

To check uniqueness, assume that z*(z) = (x,2’) for all x € H. Then (x,z —
z')=0for all x € H, so (taking x = z — 2’), ||z — 2’| = 0 and therefore z = 2.
Finally,
[« = sup [2*(z)] = sup |(z,2)|| < sup ([[z[ll|z]l) = [z

[|z||l=1 [|z||l=1 [|z||=1
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On the other hand,
[2]1* = (2, 2) = [a*(2)] < =" |l|=]],
so 2] < [l=*|. O

COROLLARY 5.2. If H is a Hilbert space, then the space H* is also a Hilbert
space. The map o : H — H* given by (ox)(y) = (y,x) is an isometric embedding
of H onto H*.

DEFINITION 5.2. Let M and N be linear subspaces of a Hilbert space H. If
every element in the linear space M + N has a unique representation in the form
r4+y,x € M,y e N, then we say M + N is a direct sum. If M | N, then we write
M & N — and this sum is automatically a direct one. If Y = M & N, then we also
write N =Y & M and call N the orthogonal complement of M in Y.

Notice that the projection theorem says that if M is a closed linear space in
H,then H=M & M~*.

3. Projection and self-adjoint operators

DEFINITION 5.3. Let M be a closed linear subspace of the Hilbert space H. By
the projection theorem, every x € H can be written uniquely in the form z =y + 2
with y € M, z € M*. Call y the projection of = in M, and the operator P = Py
defined by Px = y is the projection on M. The space M is called the subspace of
the projection P.

DEFINITION 5.4. Let T : H — H be a bounded linear operator. The adjoint
T* of T is defined by the relation (Tx,y) = (x,T*y) for all z,y € H. An operator
with T'= T* is called self-adjoint.

Notice that if T is self-adjoint, then for every z € H, (T'z,x) € R.

EXERCISE 5.1. Let T" and S be bounded linear operators in Hilbert space H,
and A € C. Prove the following: (T'+ S)* = T* + S*; (T'S)* = S*T*; (\T)* = \T™,
I* =1;T* =T; ||IT*|| = ||T||. f T~ is also a bounded linear operator with domain
H, then (T*)~! is a bounded linear map with domain H and (T~1)* = (T*)~L.

THEOREM 5.4. [1] If P is a projection, then P is self-adjoint, P> = P and
IPl=1if P £0.

[2] If P is a self-adjoint operator with P? = P, then P is a projection.

PrROOF. [1] Let P = Py, and z; = y; + 2; for i = 1,2 where y; € M and

Zi € M+, Then A T1 + Aoxg = ()\11/1 + )\zyg) + ()\12’1 + )\222) and

()\111/1 + )\2y2) S M, ()\12’1 + )\222) - MJ'.
It follows that P is linear. To see that P? = P, notice that P2x; = P(Px;) =
P(31) = yn = Pay since y1 € M. Notice that 21]2 = a2 + l21]? > [lsa]]? =
| Pz1||? so || P|| < 1. If P # 0 then for any = € M\{0} we have Pz =z so ||P| > 1.
Self-adjointness is clear:
(Pr1,72) = (y1,72) = (y1,92) = (21,92) = (1, P12).

[2] Let M = P(H); then M is a linear subspace of H. If y,, = P(z,,), with y,, — z,
then Py, = P?z, = Pz, = Py,, so z = lim, y, = lim, Py, = Pz € M so M is
closed. Since P is self-adjoint and P2 = P,

(x — Pz, Py) = (Px — P?*z,y) =0
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for all y € H so x — Px € M*. This means that 2 = Pz + (z — Px) is the unique
decomposition of z as a sum y + 2z with y € M and z € M~+. That is, P is the
projection Pjy. O

We collect all the elementary properties of projections into the next theorem.

Projections P; and P, are orthogonal if P, P, = 0. Since projections are self-
adjoint, P; P, = 0 if and only if P,P;, = 0.

The projection Py, is part of the projection P if and only if L C M.

THEOREM 5.5. [1] Projections Py and Py are orthogonal if and only if M L N.
[2] The sum of two projections Py and P is a projection if and only if Ppy Py = 0.
In that case, Py + Py = Pygn -
[3] The product of two projections Py and Py is another projection if and only if
Py Py = Py Pyy. In that case, Pyy Py = Pyan.
[4] Py, s part Of Py <— PyP, =P, < PPy = P, <— ||PLI|| <
|Pyz|| ¥V z e H.
[5] If P is a projection, then I — P is a projection.
[6] More generally, P = Py — Pr, is a projection if and only if Py, is a part of Pyr.
If so, then P = Ppor,.

PRrROOF. [1] Let PyyPy =0 and x € M,y € N. Then
(z,y) = (Pmz, Pny) = (PnPuz,y) =0,

so M L N. Conversely, if M L N then for any © € H, Pyx L M so Pp(Pyx) = 0.
[2] If P = Py + Py is a projection, then P? = P, so Py Px + Py Py = 0. Hence

Py Py + Pry Py Py =0,

after multiplying by Pj; on the left. Multiplying on the right by Pp; then gives
QPMPNPM =0 so PMPN =0.

Conversely, if Py;Py = 0 then PyPy; = 0 also, so P2 = P. Since P is self-
adjoint, it is a projection.

Finally, it is clear that (Py; + Py)(H) = M & N so P = Pygn-
[3] If P = Py Py is a projection, then P* = P, so PyyPn = (PuPn)* = Py P}, =
Py Py

Conversely, let PyyPy = PyPy = P. Then P* = P, so P is self-adjoint.
Also P2 = Py;PyPy Py = PJ@PJ% = Py Py = P, so P is a projection. Moreover,
Pz = Py(Pnz) = Py(Pyx) so Px € M N N. On the other hand, if x € M NN
then Pz = Py (Pnxz) = Pyx =2 so P = Pynn.
[4] Assume that Py, is part of Py, so L C M. Then Prax € M for all € H. Hence
PMPLI = PLLZ}, and PMPL = PL.

If PMPL = PL, then

P, = P} = (PyPL)* = P;P}; = PLPy,

SO PLPM = PL.
If PPy = Py, then for any x € H,

[1Pra|l = [ PrPazl < (| P[Pyl < || Pml,

so that ||Prz| < ||Pamz|-
Finally, assume that ||Ppz| < ||Pyz|. If there is a point xg € L\M then let
o =yo + 20, Yo € M, zo L M, and 2y # 0. Then

1PLoll* = llyoll* + llz01* > llyoll* = [1Paroll?,
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so there can be no such point. It follows that L C M so Pp, is a part of Pyy.
[5] I — P is self-adjoint, and (I — P)2=1—-P—-P+P?>=1-P.
[6] If P is a projection, then by [5] so is I — P = (I — Pas) + Pr. Also by [5], I — P
is a projection, so by [2] we must have (I — Py;)Pr, = 0. That is, P, = Py Pr.
Hence, by [4], Py, is a part of Pyy.

Conversely, if P, is part of Py, then Py — Pr, and Py, are orthogonal. By [2],
the subspace Y of Py; — P;, must therefore satisfy Y@ L=M,soY =Moo L. O

4. Orthonormal sets

A subset K in a Hilbert space H is orthonormal if each element of K has norm
1, and if any two elements of K are orthogonal. An orthonormal set K is complete
if K+ =0.

THEOREM 5.6. Let {z,} be an orthonormal sequence in H. Then for any x €
H

D@l < o). (48)

The inequality (48) is Bessel’s inequality. The scalar coefficients (z,z,,) are
called the Fourier coefficients of x with respect to {z,}.

ProOOF. We have

m

T — Z(m,xn)xn

n=1

2 m
= ||lz|I> - (x Z(x,xn)xn>
=1

m
E €z, xn Ty T

m
+ E x, xn xn,
n=1 n=1
SO

2 m

= |lzl® =Y Iz, 2l (49)

n=1

m
men

It follows that
Z 2, ) < |lz)?,

and Bessel’s inequality follows by taking m — oo. [l

The next result shows that the Fourier series of Theorem 5.6 is the best possible
approximation of fixed length.

THEOREM 5.7. Let {x,} be an orthonormal sequence in a Hilbert space H and
let {\,} be any sequence of scalars. Then, for any n > 1,

m m
T — g Ann T — g X, Tp)T
n=1 n=1

>
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Proor. Write ¢, = (¢, zy). Then
m m _ m m
x—Z)\nmn = ||a:H2—Z)\ncn—Z)\nc’n—i—ZP\nF
n=1 n=1 n=1 n=1
m m
= 2P = el + D len = Al
n=1 n=1

m
> lz]* = leal®
n=1

Now apply equation (49). O

2

THEOREM 5.8. Let {x,} be an orthonormal sequence in a Hilbert space H, and
let {an,} be any sequence of scalars. Then the series Y anx, is convergent if and

only if 3 || < 0o, and if so

o . 1/2

Z Ty || = (Z an|2> . (50)
n=1 n=1

Moreover, the sum Y anx, is independent of the order in which the terms are
arranged.

PRrROOF. For m > n we have (by orthonormality)

2
> az|| =l (51)
j=n j=n

Since H is complete, (51) shows the first part of the theorem. Take n = 1 and
m — oo in (51) to get (50)

Assume that Y |a;|* < co and let 2 = Y« z;, be a rearrangement of the
series x = ) a;x;. Then

”‘T*Z”2 = (2,2) + (2,2) — (z,2) — (2, 2), (52)
and (z,z) = (z,2) = Y |oj[2. Write

m m
Sm = E Ty, by = E o, Ty, -
j=1 n=1

Then

o0
(2,2) = (s ) = 3 oy 2

j=1

Also, (z,2) = (z, 2) = (,2) so (52) shows that ||z — z||> = 0 and hence z = z. [

THEOREM 5.9. Let K be any orthonormal set in a Hilbert space H, and for
eachx € H let K, ={y |y € K, (z,y) # 0}. Then:

(i) for any x € H, K, is countable;

(ii) the sum Ex =} e (,y)y converges independently of the order in which
the terms are arranged;

(iii) E is the projection operator onto the closed linear space spanned by K.
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ProOF. From Bessel’s inequality (48), for any ¢ > 0 there are no more than
[|z]?/€* points y in K with |(z,y)| > e. Taking ¢ = %,1,... we see that K, is
countable for any z.

Bessel’s inequality and Theorem 5.8 show (ii).

Let < K > denote the closed linear subspace spanned by K. If z L < K >
then Ex = 0. If z € < K > then for any ¢ > 0 there are scalars Aj,...,\, and
elements y1,...,y, € K such that

n
T — Z)\jyj < €.
j=1

Then, by Theorem 5.7,

n

z =Y (,y;)ys|| < e (53)

j=1

Without loss of generality, all of the y; lie in K. Arrange the set K, in a sequence
{y;}. From (49) notice that the left-hand side of (53) does not increase with n.
Taking n — oo, we get ||x — Ez|| < €. Since € > 0 is arbitrary, we deduce that
Ex =gz for all x € < K >. This proves that E = P_g. O

DEFINITION 5.5. A set K is an orthonormal basis of H is K is orthonormal
and for every x € H,

T = Z (7, y)y. (54)

yeEK,

THEOREM 5.10. Let K be an orthonormal set in a Hilbert space H. Then the
following properties are equivalent.

(i) K is complete;

(i) < K >=H;

(iii) K is an orthonormal basis for H;

(iv) for any x € H, ||z]|* = 30 ek, |(z,y)I*.

The equality in (iv) is called Parseval’s formula.

ProOF. That (i) implies (ii) follows from Corollary 5.1. Assume (ii). Then by
Theorem 5.9, Fx = z for all x € H, so K is an orthonormal basis. Now assume (iii).
Arrange the elements of K, in a sequence {z, }, and take n — oo in (49) to obtain
Parseval’s formula (iv). Finally, assume (iv). If z L K, then ||z]|? = 3" |(z,y)|* = 0,
so = 0. This means that (iv) implies (i). O

THEOREM b.11. FEvery Hilbert space has an orthonormal basis. Any orthonor-
mal basis in a separable Hilbert space is countable.

ExXAMPLE 5.2. Classical Fourier analysis comes about using the orthonormal
basis {e27"}, cz for Ly[0,1].

PrROOF. Let H be a Hilbert space, and consider the classes of orthonormal
sets in H with the partial order of inclusion. By Lemma A.1 there exists a max-
imal orthonormal set K. Since K is maximal, it is complete and is therefore an
orthonormal basis.
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Now let H be separable, and suppose that {z,} is an uncountable orthonormal
basis. Since, for any « # £,

lza = @l1* = lzall® + lz]* = 2,

the balls By/3(2o are mutually disjoint. If {y,} is a dense sequence in H, then
there is a ball By 9 (Zap) that does not contain any of the points y,. Hence x,, is
not in the closure of {y,}, a contradiction. O

COROLLARY 5.3. Any two infinite—dimensional separable Hilbert spaces are iso-
metrically isomorphic.

PRrROOF. Let H; and Hs be two such spaces. By Theorem 5.11 there are se-
quences {z,} and {y,} that form orthonormal bases for H; and Hs respectively.
Given any points z € H; and y € Ha, we may write

(oo} oo
r= Z Cnn, Y= Z dnTn, (55)
n=1 n=1

where ¢, = (z,z,) and d,, = (y,y,) for all n > 1. Define a map T : H; — Hy by
Tz =y if ¢, =d, for all nin (55). It is clear that T is linear and it maps H; onto
H, since the sequences (c¢,) and (d,) run through all of ¢5. Also,

[eS) o0
(T2 =" dnl® = leal* = 1%,
n=1 n=1

so T' is an isometry. O

5. Gram—Schmidt orthonormalization

Starting with any linearly independent set {z1,z9,...} is a a Hilbert space
H. we can inductively construct an orthonormal set that spans the same subspace
by the Gram—Schmidt Orthonormalization process (Theorem 5.12). The idea is
simple: first, any vector v can be reduced to unit length simply by dividing by
the length ||v|. Second, if z; is a fixed unit vector and x» is another unit vector
with {z1, 22} linearly independent, then xo — (22, 1)z is a non—zero vector (since
x1 and x9 are independent), is orthogonal to x; (since (x1,z9 — (z2,21)z1) =
(w1, 22) — (w2, 21) (71, 21) = (21, 72) — (22, 21) = 0), and {1, v2 — (72, 21)21 } spans
the same space as {x1,z2}. This idea can be extended as follows — the notational
complexity comes about because of the need to renormalize (make the new vector
unit length).

We will only need this for sets whose linear span is dense.

THEOREM 5.12. If {x1,22,...} is a linearly independent set whose linear span
is dense in H, then the set {¢1, d2,...} defined below is an orthonormal basis for
H:

(bl = )
[l ]|

T2 — (1’2,¢1)¢1
2 — (z2, ¢1)P1 ]|

$2 =
and in general for any n > 1,

¢ _ Tn — ($n7¢1)¢1 - (xna¢2)¢2 — (xn>¢n—l)¢n—l
" ||xn - (xna¢1)¢1 - (mna¢2)¢2 - (xn7¢nfl)¢nfl|| '
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The proof is obvious unless you try to write it down: the idea is that at each
stage the piece of the next vector x, that is not orthogonal to the space spanned
by {z1,...,2n_1} is subtracted. The vector ¢, so constructed cannot be zero by
linear independence.

The most important situation in which this is used is to find orthonormal bases
for certain weighted function spaces.

Given a < b, a,b € [—00,00] and a function M : (a,b) — (0,00) with the
property that ff t"M(t)dt < oo for all n > 1, define the Hilbert space L¥[a,b] to

be the linear space of measurable functions f with ||f|lx = (f, f)}f < oo where

b —
(f,g>M:/ M) f()g(t)dt.

It may be shown that the linearly independent set {1,¢,¢2,¢3,...} has a linear span
dense in LY. The Gram-Schmidt orthonormalization process may be applied to
this set to produce various families of classical orthonormal functions.

ExXAMPLE 5.3. [1] If M(¢t) = 1 for all ¢, a = —1, b = 1, then the process
generates the Legendre polynomials.
2] If M(t) = ﬁ, a = —1, b = 1, then the process generates the Tchebychev
polynomials.

[3] If M(t) =t Y(1 —t)»"%, a =0, b =1 (with ¢ > 0 and p — ¢ > —1), then the
process generates the Jacobi polynomials.

[4] If M(t) = e ¥, a = —00, b = oo, then the process generates the Hermite
polynomials.

[5] If M(t) = et a =0, b= oo, then the process generates the Laguerre polyno-
mials.



CHAPTER 6

Fourier analysis

In the last chapter we saw some very general methods of “Fourier analysis” in
Hilbert space. Of course the methods started with the classical setting on periodic
complex—valued functions on the real line, and in this chapter we describe the
elementary theory of classical Fourier analysis using summability kernels. The
classical theory of Fourier series is a huge subject: the introduction below comes
mostly from Katznelson ' and from Koérner?; both are highly recommended for
further study.

1. Fourier series of L; functions

Denote by L;(T) the Banach space of complex—valued, Lebesgue integrable
functions on T = [0, 27)/0 ~ 27 (this just means periodic functions).
Modify the L;—norm on this space so that

1 27
I =52 [ If@ae

What is going on here is simply this: to avoid writing “27” hundreds of times, we

make the unit circle have “length” 27. To recover the useful normalization that the

Li—norm of the constant function 1 is 1, the usual L;—norm is divided by 2.
Notice that the translate f, of a function has the same norm, where f,(¢) =

F(t - a).

DEFINITION 6.1. A trigonometric polynomial on T is an expression of the form
N
P(t) = Z ane™,
n=—N

with a,, € C.

LEMMA 6.1. The functions {€™'}, ez are pairwise orthogonal in Lo. That is,

; - I 1 ifn=m
int ,—imt g3 __ i(n—m)t 30 _ )
e"e dt——27T/0 e dt { 0 ifntm

1 2m
2 Jo

It follows that if the function P(t) is given, we can recover the coefficients a,
by computing
1

27
= — P(t)e”™dt.
a 271_/0 (t)e

1An introduction to Harmonic Analysis, Y. Katznelson, Dover Publications, New York
(1976).
2Fourier Analysis, T. Korner, Cambridge University Press, Cambridge.

59
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It will be useful later to write things like

N
P~ E ape™
n=—N

which means that P is identified with the formal sum on the right hand side. The
expression P(t) = ... is a function defined by the value of the right hand side for
each value of t.

DEFINITION 6.2. A trigonometric series on T is an expression

S ~ i aneint. (56)

n=—oo

The conjugate of S is the series

oo

S~ Z —isign(n)a,e"™ (57)

where sign(n) = 0 if n = 0 and = n/|n| if not.

Notice that there is no assumption about convergence, so in general S is not
related to a function at all.

DEFINITION 6.3. Let f € Ly(T). Define the nth (classical) Fourier coefficient
of f to be

n) = % / f(t)e mtdt (58)

(the integration is from 0 to 27 as usual). Associate to f the Fourier series S[f],
which is defined to be the formal trigonometric series

Z f(n)e. (59)
n=-—oo
We say that a given trigonometric series (56) is a Fourier series if it is of the
form (59) for some f € Li(T).
THEOREM 6.1. Let f,g € L1(T). Then
[1] (F+ 9)(n) = f(n) + g(n).
[2] For A € C, (Af)(n) = Af(n).

[3] If f(t) = (f(t) is the complex conjugate of f then ?( ) = f(=n).
[4] If fm(t) flt— x) is the translate of f, then fy(n) = e~ f(n).
[5] |F ()] < 5 J1F@)ldt = |1 £l

Prove these as an exercise.

Notice that f — f sends a function in L;(T) to a function in C(Z), the con-
tinuous functions on Z with the sup norm. This map is continuous in the following
sense.

COROLLARY 6.1. Assume (f;) is a sequence in Li(T) with ||f; — f|li — 0.
Then fj — f uniformly.

PRrROOF. This follows at once from Theorem 6.1[5]. O
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THEOREM 6.2. Let f € L1(T) have f = 0. Define

/f

Then F is continuous, 27 periodic, and

for alln # 0.

PROOF. It is clear that F'is continuous since it is the integral of an L, function.
Also,

t+27 .
F(t+27r)fF(t):/t f(s)ds =2mf(0) =

Finally, using integration by parts

[ 1 o —int 1 o ! -1 —int I
F(n)=— F(t)em"™dt = —— F'(t)—e™dt = — fn.
0 27T 0 m

2 n
O

Notice that we have used the symbol F’ — the function F is differentiable
because of the way it was defined.

2. Convolution in L,

In this section we introduce a form of “multiplication” on Lq(T) that makes
it into a Banach algebra (see Definition 3.3). Notice that the only real properties
we will use is that the circle T is a group on which the measure ds is translation

invariant:
[ foyis= | sas.

THEOREM 6.3. Assume that f,g are in L1(T). Then, for almost every s, the
function f(t — s)g(s) is integrable as a function of s. Define the convolution of f
and g to be

(F*g)(t /f t—s)g (60)
Then f g € L1(T), with norm
1+ gl < ISl

Moreover . o
(f*g9)(n) = f(n)g(n).

PRrROOF. It is clear that F'(t,s) = f(¢t — s)g(s) is a measurable function of the
variable (s,t). For almost all s, F(¢,s) is a constant multiple of fs, so is integrable.

Moreover
1 1
(5 [ 1rte.ola) as= 5 [laCe)Ifads = 1ol
7T Y

So, by Fubini’s Theorem 4.4, f(t — s)g(s) is integrable as a function of s for almost

all ¢, and
1
= [ F(t,5)d
- [ Feess

%/Kf*g)(tﬂdt: S

dt< //Wtsw@fwnmm
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showing that ||f * g|li < ||f]l1llg|l1. Finally, using Fubini again to justify a change
in the order of integration,

— 1

(Feam =5 [(Fra®e i = o [ [ 1= s)emtg(s)aras

= %/f(t)e_mtdt%/g(s)e_msds
= f(m)g(n).
O

LEMMA 6.2. The operation (f,g) — f * g is commutative, associative, and
distributive over addition.

Prove this as an exercise.

LEMMA 6.3. If f € Li(T) and k(t) = 3.0\ ane™ then
N

(kx f)t) =D anf(n)e™.

n=—N
Thus convolving with the function e picks out the nth Fourier coefficient.

PROOF. Simply check this one term at a time: if y,,(t) = e, then
1

(Xn * f)(t) = % /em(tis)f(s)ds = 6mt% /f(s)efmsdg_

3. Summability kernels and homogeneous Banach algebras

Two properties of the Banach space L1(T) are particularly important for Fourier
analysis.

THEOREM 6.4. If f € L1(T) and x € T, then
fo(t) = f(t —x) € Li(T) and || fzlly = || f]]1-
Also, the function x — [, is continuous on T for each f € Li(T).

ProOOF. The translation invariance is clear.
In order to prove the continuity we must show that

lim ||fw_f:vo||1 =0. (61)
T—T0

Now (61) is clear if f is continuous. On the other hand, the continuous functions
are dense in Li(T), so given f € Li(T) and ¢ > 0 we may choose g € C(T) such
that

lg = fllv <
Then

Hfz - fﬂm”l < Hfm = gall1 + ”gm - fzolll + ”gmo - fI0H1
= (f = 9zllr + 19z — gwollr +1(g = aolln
2e + ”ga: _g:co”l'

A

It follows that
1imsup ||f1 - fl’oHl < 26’

Tr—T
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so the theorem is proved. [l

DEFINITION 6.4. A summability kernel is a sequence (k) of continuous 27—
periodic functions with the following properties:

1
— / kn(t)dt = 1 for all n. (62)
™
1
There is an R such that 7 / |kn(t)|dt < R for all n. (63)
7T
2m—4
For all 6 > 0, lim |kn(t)]dt = 0. (64)
n—oo 5

If in addition k,(t) > 0 for all n and ¢ then (k,) is called a positive summability
kernel.

THEOREM 6.5. Let f € L1(T) and let (ky,) be a summability kernel. Then
. 1
£= tim o [ (o) s
in the Ly norm.
Proor. Write ¢(s) = fs(t) = f(t — s) for fixed t. By Theorem 6.4 ¢ is
a continuous Lj (T)—valued function on T, and ¢(0) = f. We will be integrating

L;(T)—valued functions — see the Appendix for a brief definition of what this means.
Then for any 0 < § < 7, by (62) we have

2 [Fn0)s =00 = 5 [ ka(s) 61) — o(0) s
1 4

= 5| Fn(s)(@(s) - 6(0)) ds
-6
1 2w —§

2 Js
The two parts may be estimated separately:

1 &
I5- /_ Fon(s) (6(s) = 6(0)) dsll < max[l(s) = SOl (65)
and
1 2n—48 1 or—s
”5/5 kn () (6(s) — $(0)) ds||1 < max ||¢(s) — ¢(O)Hlﬂ/5 lkn(sﬂdféﬁ)

Using (63) and the fact that ¢ is continuous at s = 0, given any € > 0 there is
a d > 0 such that (65) is bounded by e. With the same §, (64) implies that (66)
converges to 0 as n — 00, so that 5= [k, (s)@(s)ds — ¢(0) is bounded by 2e for
large n. ]

The integral appearing in Theorem 6.5 looks a bit like a convolution of Lq(T)-
valued functions. This is not a problem for us. Consider first the following lemma.

LEMMA 6.4. Let k be a continuous function on T, and f € L1(T). Then

1
o / k(s)fuds = ki % f. (67)
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PROOF. Assume first that f is continuous on T. Then, making the obvious
definition for the integral,

—/ deS = — hmz Sj+1 sj)fsj7

with the limit taken in the L; (T) norm as the partition of T defined by {s1,...,s;,...}
becomes finer. On the other hand,

% lim D (31 = ) k(s f(E = 5) = (k x F)(8)

uniformly, proving the lemma for continuous f.
For arbitrary f € Li(T), fix ¢ > 0 and choose a continuous function g with
IIf —glli < e Then

or [ B ads — o £ = o[RS = g)uds o (9 - ),

< 2[|k]lre.
1

H— s)fsds — k= f

Lemma 6.4 means that Theorem 6.5 can be written in the form

f= lim k,* fin L;. (68)

n—oo

4. Fejér’s kernel
Define a sequence of functions

Kn(t) = i:<1—nT1)aﬂ

j=-n

LEMMA 6.5. The sequence (K,,) is a summability kernel.

PROOF. Property (62) is clear.
Now notice that

L 11, & L\ it
_ 3 - _ = 1 1_— 29t
( 3¢ o Tge ),23 ( n+1)°

j=-n

1 1 _. 1 1.
= _Zo—i(nt1)t -~ i(n+1)t
( 46 + 5 46 ) .

On the other hand,

SO

Kn(t) =

{Snl (69)

n+1 sin = t

Property (64) follows, and this also shows that K, (t) > 0 for all n and ¢.
Prove property (63) as an exercise. O
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The following graph is the Fejér kernel K.

DEFINITION 6.5. Write o,(f) = K, * f.
Using Lemma 6.3, it follows that

n

SGOEDS (1— il )fu)eiﬁ, (70)

n+1

Jj=—n
and (68) means that
on(f) = f
in the L; norm for every f € Li(T). It follows at once that the trigonometric

polynomials are dense in L;(T). The most important consequences are however
more general statements about Fourier series.

THEOREM 6.6. If f,g € L1(T) have f(n) = g(n) for all n € Z, then f = g.

PrOOF. It is enough to show that f(n) = 0 for all n implies that f = 0. Using
(70), we see that if f(n) = 0 for all n, then o, (f) = 0 for all n; since o,,(f) — f, it
follows that f = 0. O

COROLLARY 6.2. The family of functions {€"™},cz form a complete orthonor-
mal system in La(T).

PROOF. It is enough to notice that
(f,e™) = f(n).

Then for all f € Ly(T), the function f and its Fourier series have identical Fourier
coeflicients, so must agree. O

We also find a very general statement about the decay of Fourier coefficients:
the Riemann— Lebesgue Lemma.

THEOREM 6.7. Let f € Ly(T). Then lim, ., f(n) = 0.

PROOF. Fix an ¢ > 0, and choose a trigonometric polynomial P with the
property that
If = Plly <e.
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If |n| exceeds the degree of P, then
[f ) =1 = PYn)| < |If = Plh <e.

Recall that for f € Li(T), the Fourier series was defined (formally) to be

S~ S fmpen,

n=—oo

and the nth partial sum corresponds to the function

Su(N)(t) =D Fie". (71)

j=—n

Looking at equations (71) and (70), we see that o, (f) is the arithmetic mean of
So(f), Sl(f)’ Tt Sn(f)

oulf) = 5 (Sol)+ Si() + -+ 5a(h). (72)

It follows that if S, (f) converges in L;(T), then it must converge to the same thing
as oy, that is to f (if this is not clear to you, look at Corollary 6.3 below.
The partial sums S, (f) also have a convolution form: using (70) we have that
Sn(f) = Dy, * f where (D,,) is the Dirichlet kernel defined by
R~ e sin(n+ Dt
D,(t) = j;ne =l L
Notice that (D,,) is not a summability kernel: it has property (62) but does not
have (63) (as we saw in Lemma 3.3) nor does it have (64). This explains why the
question of convergence for Fourier series is so much more subtle than the problem
of summability. The following graph is the Dirichlet kernel Dq;.

DEFINITION 6.6. The de la Vallée Poussin kernel is defined by
Va(t) = 2Ko,4+1(t) — K, ().
Properties (62), (63) and (64) are clear.
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The next picture is the de la Vallée Poussin kernel with n = 11.

This kernel is useful because V;, is a polynomial of degree 2n+1 with ‘//;( j)=1
for |j| < n+ 1, so it may be used to construct approximations to a function f
by trigonometric polynomials having the same Fourier coefficients as f for small
frequencies.

5. Pointwise convergence

Recall that a sequence of elements (z,) in a normed space (X, || - ||) converges
to x if ||z, — x| — 0 as n — oo. If the space X is a space of complex—valued
functions on some set Z (for example, Lq(T), C(T)), then there is another notion
of convergence: x, converges to z pointwise if for every z € Z, x,(z) — x(2)
as a sequence of complex numbers. The question addressed in this section is the
following: does the Fourier series of a function converge pointwise to the original
function?

In the last section, we showed that for L; functions on the circle, o, (f) con-
verges to f with respect to the norm of any homogeneous Banach algebra containing
f. Applying this to the Banach algebra of continuous functions with the sup norm,
we have that o, (f) — f uniformly for all f € C(T).

If the function f is not continuous on T, then the convergence in norm of o, (f)
does not tell us anything about the pointwise convergence. In addition, if o, (f,t)
converges for some ¢, there is no real reason for the limit to be f(t).

THEOREM 6.8. Let f be a function in Li(T).
(a) If
lim (£(t+h) + f(t — h)
exists (the possibility that the limit is £oo is allowed), then

(b) If f is continuous at t, then o, (f,t) — f(t).
(¢c) If there is a closed interval I C T on which f is continuous, then op(f,-)
converges uniformly to f on I.

COROLLARY 6.3. If f is continuous at t, and if the Fourier series of f converges
at t, then it must converge to f(t).
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PRrROOF. Recall equation (72):
1
on(f) = m(so(f)ﬂLSl(f)Jr"'+Sn(f))-
By assumption and (b), o, (f,t) — f(t) and S,(f,t) — S(t) say. Write the right
hand side as

n+1wdﬂ+&@%w~+qm@)+gzi@ﬂﬂu%w~+sawy

The first term converges to zero as n — oo (since the convergent sequence (S, (t))

is bounded). For the second term, choose and fix € and choose n so large that
1Sk(t) = S()| < e

for all k£ >4/n. Then the whole second term is within ("n:t/f) e of S(t). It follows

that

1
nil (So(f) +S1(f) + -+ 5u(f)) — S(t)
as n — 00, so S(t) must coincide with lim, . on(f,t) = f(t). O
Turning to the proof of Theorem 6.8, recall that the Fejér kernel (K,,) (see
Lemma 6.5) is a positive summability kernel with the following properties:

lim ( sup Kn(t)> =0 for any 6 € (0, ), (73)
nToo \g<t<2m—6

and
K(t) = Kn(—t). (74)
PROOF OF THEOREM 6.8. Define
F(6) = Tim 5 (764 R)+ (2~ ),

and assume that this limit is finite (a similar argument works for the infinite cases).

We wish to show that o, (f,t) — f(t) is small for large n. Evaluate the difference,

onfit) — f(t) = — [ K (=) = ) ar

27
6
_ %/_GK,L(T) (F(t—7) - f(t)) dr

2 —0
+/9 K, (1) (f(t —7)— f(t)) dr.

Applying (74) this may be written

i a1 0 ™ _ fe—n)+flt+1) .
n(f. 1) f(ﬂﬁ(/o +/0>Kn( )( 5 f(t)>d.(75)

Fix e > 0, and choose 0 € (0, 7) small enough to ensure that

fE=—1)+flt+7)

7€ (—0,0) > f(t)‘ < €, (76)
and choose N large enough to ensure that
n>N = sup  Kn(1) <e (77)

o<rT<2m—6
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Putting the estimates (76) and (77) into the expression (75) gives
|on(f,t) = FO)] < e+ellf = FOn,

which proves (a).

Part (b) follows at once from (a).

For (c), notice® that f must be uniformly continuous on I. This means that
(given € > 0) 6 can be chosen so that (76) holds for all t € I and N depends only
on @ and e. This means that a uniform estimate of the form

on(f,t) = F(B)] < e+ellf = FB)]1,
can be found for all ¢t € 1. O

6. Lebesgue’s Theorem

The Fejér condition, that

: _f+h)+ f(t—h)
=1
f(t) hlir%) 2
exists is very strong, and is not preserved if the function f is modified on a null
set. This means that property (78) is not really well-defined on L;. However, (78)

implies another property: there is a number f(¢) for which

1 M fEER) + fE—h)
&%EA

5 — f(®)|dr =0. (79)
This is a more robust condition, better suited to integrable functions?.

(78)

THEOREM 6.9. If f has property (79) at t, then o,(f,t) — f(t). In particular
(by the footnote), for almost every value of t, on(f,t) — f(t).

COROLLARY 6.4. If the Fourier series of f € L1(T) converges on a set F' of
positive measure, then almost everywhere on F the Fourier series must converge to
f- In particular, a Fourier series that converges to zero almost everywhere must
have all its coefficients equal to zero.

REMARK 6.1. The case of trigonometric series is different: a basic counter—
example in the theory of trigonometric series is that there are non—zero trigono-

metric series that converge to zero almost everywhere. On the other hand, a trigono-

metric series that converges to zero everywhere must have all coefficients zero®.

PROOF OF 6.9. Recall the expression (75) in the proof of Theorem 6.8,

P N L L NN (e R R BT
oalf.1) ﬂﬂ—w<A+A>KM)( ! f@)dkm)

Also, by (69),

Ko(r) = — Fﬁﬁi}, (s1)

n+1 %T

3A continuous function on a closed bounded interval is uniformly continuous.

4There are functions f with the property that Fejér’s condition (78) does not hold anywhere,
but (79) does hold for any f € Li(T), for almost all ¢ with f(t) = f(t). This is described in
volume 1 of Trigonometric Series, A. Zygmund, Cambridge University Press, Cambridge (1959).

5See Chapter 5 of Ensembles parfaits et series trigonometriques, J.-P. Kahane and R. Salem,
Hermann (1963).
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and sin 5 > = for 0 <7 <7, so

2

K, (r) < min{n+1,(nj:w}. (82)

It follows that the second integral in (80) will converge to zero so long as (n + 1)6?
does. Pick § = n~'/4; this guarantees that as n — oo the second integral tends to
Zero.

Now consider the first integral. Write

h — «
g - [ |

2
i[fKMﬂ{ﬂt+ﬂ;f@T)ﬂﬂyh

Then

is bounded above by

foeel
0 1/n

n+1_ 4

()
T [Pt HfE—T)

(we have used the estimate for K, from (82)). By the assumption (79), the first
term "TH\I/(%) tends to zero. Apply integration by parts to the second term gives

nil/ljn fG+n)+fE=7) g |dr _ 7 [\P(T)]e +2—7r/19 ¥y,

2 — /) 2 n+1| 72 i n+1Jim 73(83)
For given € > 0 and n > n(e) (79) gives
(1) < er for 7 € (0,0 = n~1/4).
It follows that (83) is bounded above by

TEN 27me O dar
+ — — < 3me,
n+1l n+1/J,

™ ™

dr

T2

which completes the proof. O



APPENDIX A

1. Zorn’s lemma and Hamel bases

DEFINITION A.1. A partially ordered set or poset is a non—empty set S together
with a relation < that satisfies the following conditions:

(i) x < x for all x € S;

(ii) if z <y and y < z then & < z for all z,y,2z € S.

If in addition for any two elements x,y of S at least one of the relations = <y
or y < x holds, then we say that S is a totally ordered set.

The set of subsets of a set X, with < meaning inclusion, defines a partially
ordered set for example.

DEFINITION A.2. Let S be a partially ordered set, and T" any subset of S. An
element x € S is an upper bound of T'if y < x for all y € T'.

DEFINITION A.3. Let S be a partially ordered set. An element S € S is maxi-
malifforanyye S,z <y = y <z

The next result, Zorn’s lemma, is one of the formulations of the Axiom of
Choice.

THEOREM A.1. If S is a partially ordered set in which every totally ordered
subset has an upper bound, then S has a mazximal element.

This result is used frequently to “construct” things — though whenever we use it
all we really are able to do is assert that something must exist subject to assuming
the Axiom of Choice. An example is the following result — as usual, trivial in finite
dimensions.

To see that the following theorem is “constructing” something a little surprising,
think of the following examples: R is a linear space over Q; L?[0, 1] is a linear space
over R.

THEOREM A.2. Let X be a linear space over any field. Then S contains a
set A of linearly independent elements such that the linear subspace spanned by A
coincides with X .

Any such set A is called a Hamel basis for X. It is quite a different kind of
object to the usual spanning set or basis used, where X is the closure of the span
of the basis. If the Hamel basis is A = {x)}ren, then every element of X has a

(unique) representation
Tr = Z A )T )

in which the sum is finite and the the a) are scalars.

71
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PrROOF. Let S be the set of subsets of X that comprise linearly independent
elements, and write S = {4, B,C,...}. Define a partial ordering on S by A < B if
and only if A C B.

We first claim that if {A,} is a totally ordered subset of S, it has the upper
bound B = J, Aa. In order to prove this, we must show that any finite number
of elements z1,...,x, of B are linearly independent. Assume that z; € A,, for
i = 1,...,n. Since the set {A,} is totally ordered, one of the subsets A, con-
tains all the others. It follows that {z1,...,2,} C Aa;, 0 1,...,2, are linearly
independent.

We may therefore apply Theorem A.1 to conclude that S has a maximal element
A. If y € X is not a finite linear combination of elements of A, then the set
B = AU {y} belongs to S (since it is linearly independent), and A < B, but it is
not true that B < A, contradicting the maximality of A.

It follows that every element of X is a finite linear combination of elements of

A. O

2. Baire category theorem

Most of the facts assembled here are really about metric spaces — normed spaces
are a special case of metric spaces.

A subset S C X of a normed space is nowhere dense if for every point z in the
closure of S, and for every € > 0 B.(z) N (X\S) is non—empty.

The diameter of S C X is defined by

diam(S) = sup |la — b]|.
a,bes
THEOREM A.3. Let {F,} be a decreasing sequence of non—empty closed sets
(this means F,, D Fy11 for all n) in a complete normed space X. If the sequence

of diameters diam(F,,) converges to zero, then there exists exactly one point in the
intersection (), Fy.

PROOF. If 2 and y are both in the intersection, then by the definition of the
diameter, ||z — y|| < diam(F,) — 0 so = y. It follows that there can be no more
than one point in the intersection.

Now choose a point z,, € F,, for each n. Then |z, — x| < diam(F,) — 0
as nm > m — oo. Thus the sequence (z,) is Cauchy, so has a limit = say by
completeness. For any n, F), is a closed set that contains all the x,, with m > n,
so x € F,. It follows that z € (,—, F,. O

The next result is a version of the Baire! category theorem.

THEOREM A.4. A complete normed space cannot be written as a countable
union of nowhere dense sets.

In the langauge of metric spaces, this means that a complete normed space is
of second category.

1Rene Baire (1874-1932) was one of the most influential French mathematicians of the early
20th century. His interest in the general ideas of continuity was reinforced by Volterra. In 1905,
Baire became professor of analysis at the Faculty of Science in Dijon. While there, he wrote an
important treatise on discontinuous functions. Baire’s category theorem bears his name today, as
do two other important mathematical concepts, Baire functions and Baire classes.
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PROOF. Let X be a complete normed space, and suppose that X = U2, X;
where each X is nowhere dense (that is, the sets X; all have empty interior). Fix
a ball By(xg). Since X; does not contain B;(z¢) there must be a point x; € By (z0)
with 71 ¢ X;. It follows that there is a ball B,, (x1) such that B, (z1) C Bi(xo)
and B, (z1) N X1 = 0. Assume without loss of generality that ry < %

Similarly, there is a point x5 and a radius 72 such that B,.,(x2) C B, (z1), and
B, (12)N X5 = 0, and without loss of generality ro < % Notice that B,.,(z2)NX; =
() automatically since B,.,(x2) C B, (21).

Inductively, we construct a sequence of decreasing closed balls B, (x,) such
that B,, (z,)NX; =0 for 1 <j <n, and r, — 0 as n — oo.

Now by Theorem A.3, there must be a point z in the intersection of all the
closed balls B, (z,,), so ¢ X; for all j > 1. This implies that z ¢ U;>1X; = X,
a contradiction. O



