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1 Revision of Metric Spaces

1.1 Notation and Basic Facts

We shall use R to denote the set of real numbers and C to denote the set of complex numbers.
The modulus or absolute value on R is denoted by |x|:

X if x>0
x| = .
—x ifx<0

and the distance between two points x, y € R is given by |x — y/.
The modulus on C is denoted by |z|. If z = x+ iy (with x, y € R) then

2] = (2 + y?) 2.

(Note that, if z € R, this agrees with the definition above.) Again, we may define the
distance between z, w € C by |z — w/.

For n > 1, we shall let R” denote the n-dimensional real space and C” the n-dimensional
complex space:

and

Write x = (xq, ..., Xn). The natural norm on R” (or C") is defined by

" 1/2
]l = (Z IX/|2) :
i=1

We shall sometimes denote this norm by || - |2 when we want to distinguish it from other
norms; this will be made clear at the time.
We may use the norm to define a distance function (or metric) d(-,-) on R” or C":

n 1/2
dlx,y) = lIx =yl = (Z !Xf—yf!2> :

i=1
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Definition 1.1. A metric space is a set X together with a distance function (or metric)
d: X x X — R such that

(1)
(2)
(3)

d(x,x)=0and d(x,y) >0if x #y;
d(x,y) =d(y. x);
dix,y) <d(x,z)+d(z,y).

For x € X and € > 0, we define the e-ball B(x, €) centred at x by

B(x,e)={ye X :dx,y)<e}.

Here are some basic definitions and properties of metric spaces.

We say that E C X is dense in X if, for every x € X and € > 0, there exists y € E
such that y € B(x,¢).

We call a set U C X an open set if, for every x € U, there exists € > 0 such that
B(x,€) C U. (Note that the empty set @ and X itself are open sets.)

We call a set C C X a closed set if C contains its limit points, i.e., if {x,}>*, C C and
My 100 Xn = X then x € C.

The closure of a set E C X, denoted by E, is the union of £ and all its limit points
(or, equivalently, it is the smallest closed set containing E). The set E is dense in X if
and only if E = X.

We say that a sequence {x,}7, in X is a Cauchy sequence if, for all € > 0, there exists
N > 1 such that if n, m > N then d(x,, xn) < €.

We say that X is complete if every Cauchy sequence {x,}22; in X converges, i.e., there
exists x € X such that lim, . d(x,, x) = 0. More generally, we say that E C X is
complete if every Cauchy sequence in E converges to a point in E.

If X is complete and C C X is closed then C is complete. (If {x,}2; is a Cauchy
sequence in C then, since X is complete, it converges to some x € X. However, since
C is closed, x € C.)

Let K be a subset of X. If {U,},ez is a collection of open sets such that K C U/eI U;
then we call {U;},cz an open cover of K. (Here Z is a possibly infinite index set.) We
say that K is a compact set if any open cover of K, as above, has a finite subcover,
i.e., there exists {U, ..., Un} C {U,}iez such that K C U, U;.

We say that K is sequentially compact if every sequence in K has a subsequence which
converges in K. If K is a subset of a metric space then K is sequentially compact if
and only if K is compact.

If K is compact then K is complete. (We do not need to assume that X is complete.)
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e Suppose that Y is another metric space. A function f : X — Y is continuous if, for
every open set U C Y, f~'U C X is open. This is equivalent to the e-§ definition:
f : X — Y is continuous if, for every x € X and for every € > 0, there exists § > 0
such that, for y € X,

dx(x,y) <o = dv(f(x),f(y)) <e.
We shall denote the set of continuous functions from X to Y by C(X,Y).

e A function f : X — Y is uniformly continuous if, for every ¢ > 0, there exists 6 > 0
such that, for x, y € X,

dx(x,y)<d = dv(f(x),f(y)) <e.
If X is compact then any continuous function is uniformly continuous.

e If X is compact then any continuous function f : X — R (or C) is bounded, i.e., there
exists M > 0 such that |f(x)| < M, for all x € X.

A more general setting in which we can think about these concepts is that of topological
spaces. Let X be a set. A topology on X is a collection of sets U such that

(i) @,V elU;

(ii) (closure under finite intersections)

k
U, ....UkeUd = (U el

i=1
(iii) (closure under arbitrary unions: the index set A does not even have to be countable)

{Ua}aca CU — U U, eU.

acA

We call the pair (X,U) a topological space and the sets in U open sets.
We can formulate convergence and continuity in the setting of topological spaces.

e A sequence x, € X converges to x € X if, for every U € U such that x € U, there
exists N > 1 such that x, € U for all n > N.

e Afunction f : X — Y between two topological spaces (X, Ux) and (Y, Uy ) is continuous
if, for every V. € Uy, F1(V) € Ux.

One should note that in topological spaces sequential compactness is not equivalent to com-
pactness.

If (X, d) is a metric space then the open sets form a topology. Convergence and continuity
only depend on the topology (and, indeed, determine it), so, if two metrics determine the
same topology (in which case they are said to be equivalent) they have the same convergent
sequences and the same continuous functions.
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1.2 The Axiom of Choice and Zorn’s Lemma

On occasion, we will need to refer to the Axiom of Choice (or its equivalent formulation,
Zorn's Lemma). This is independent of the other axioms of set theory and needs to be
assumed for some of the results we introduce.

The Axiom of Choice Let C be any collection of non-empty sets. Then we can choose a
set consisting of exactly one element from each of these sets. (More precisely, there is a
function f : C — (Jaec A such that f(A) € A, forall AcC.)

To state Zorn's Lemma, we need to introduce the concept of a partially ordered set.

Definition 1.2. A set S with a relation > is called partially ordered (and > is called a partial
ordering) if

(1) x> x;
(2) x>=yandy >z = x> z;
3) x=yandy=x = x=y.

If either x > y or y > x then we say that x and y are comparable. (In general, two elements
need not be comparable.) A subset T C S is called a chain if every pair of elements in T are
comparable. Let U C S. We say that x € S is an upper bound for U if x > u, for all u € U.
We say that x € S is a maximal element (for S) if y €S, y = x = y =x.

Example 1.3. Let S = R and let > be > (the usual inequality). In this example every pair
of elements is comparable.

Example 1.4. (This is a less trivial example.) Let X be aset and let S ={A: A C X} be
the set of all subsets of X. For A, B € S, define A> B < A D B. ltis easy to find pairs
of sets which are not comparable (provided X has at least two elements).

The following is equivalent to the Axiom of Choice.

Zorn’s Lemma Let S be a partially ordered set in which every chain has an upper bound.
Then S has a maximal element.

1.3 Product Spaces and Tychonoff’s Theorem

Let {(Xa,Ua)}aca be an arbitrary family of topological spaces. (In particular, the indexing
set A need not be countable.) Consider the cartesian product space

szxa.

acA

This is a topological space with respect to the product topology: a set U C X is open in
this topology if, for all a € A, the set p;1(U) is open in X,, where py : X — Xg is the
projection P ((Xe)area) = Xo. In other words, the product topology is the smallest topology
which makes all the maps p, : X — X, continuous.

Later on, we will use the following theorem.
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Theorem 1.5 (Tychonoff's Theorem). If each topological space (X, Uy) is compact then
X = Hae 4 Xa Is compact with respect to the product topology.

Proof. Omitted. (See G. F. Simmons, Introduction to Topology and Modern Analysis,
McGraw-Hill.) H
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2 \Vector Spaces and Dimension

2.1 Dimension
Let us start with the definition of a vector space.

Definition 2.1. A vector space (or linear space) over R (or C) is a non-empty set V' and
binary operations V x V — V : (x,y) — x + y (addition) and R x V' — V' : (A, x) — Ax (or
CxV =V :(\ x)— Xx) (scalar multiplication) such that

(1) (x+y)+z=x+(y+2), forall x,y,ze V,;
(2) x+y=y+x, foral x,y eV,
(3) there exists 0 € V such that x + 0 = x, for all x € V;
(4) for any x € V, there exists —x € V such that x + (—x) = 0;
(5) AMx+y)=Xx+Ay, forall xeR (or C), x,y € V;
(6) (A4 w)x =Ax+ ux, forall \,u € R (or C), x € V;
(7) AMpx) = (Aw)x, forall \,u € R (or C), x € V; and
(8) Ix=x, forall x e V.
For future use, we make the following definition.

Definition 2.2. Let VV and V' be two vector spaces (over the same field). We say that a map
T :V — V'isalinear map if, for all A\, u € R (or C) and all x,y € V, we have

TOX+py) = AT (x) + uT(y).

A linear map is a vector space homomorphism. If T is a bijection then it is an isomorphism
and we say that V' and V’ are isomorphic. Two isomorphic vector spaces are indistinguishable
as vector spaces.

Definition 2.3. We say that a set {x, }oc; C V/ is linearly independent if whenever {a, ..., o}
IS a subset of the indices / such that

k
Z )\a,-Xa, - O,
i=1

where the \,,'s are scalars, then

Aoy =+ = Ay

1

(Note that only finite linear combinations are used here.) If {x4 }aes is not linearly independent
then we say that it is linearly dependent.
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Definition 2.4. We say that a set {x,}ac; C V spans V if every x € V' can be written in the

form
k
X = Z Ao Xa;
i=1
for some indices {ay, ..., oy} and scalars Ay,. (Note that only finite linear combinations are
used here.)

Definition 2.5. If {x4}ae; C V is linearly independent and spans V' then we say that it is a
Hamel basis for V.

We say that V is finite dimensional if it has a finite Hamel basis {xg, ..., X, }, say. In
finite dimensions, a Hamel basis is just a standard vector space basis. Part (i) in the next
lemma shows that any other basis also has n elements and we say that that V' has dimension
n (dimV = n). If V is not finite dimensional then we say that V is infinite dimensional.

Lemma 2.6. Let V' be a vector space.

(i) Suppose that {xi, ..., Xy} Is a basis for V. If {y1,..., Ym} Is another basis for V' then
n=m.

(ii) Suppose that V' has dimension n. Then any set in /' containing at least n + 1 elements
is linearly dependent.

Proof. These are basic results in linear algebra. []

Example 2.7. R"” and C" are finite dimensional and have dimension n. The standard basis
is given by {e}7_;, where e, = (O, ..., 0,1,0,..., 0) (with the 1 in the ith place). (Here, of
course, we are considering C" as a vector space over C. C" is also a vector space over R, in
which case the dimension is 2n.)

However, from the point of view of analysis, the most interesting spaces are infinite
dimensional.

Example 2.8. Let V = C(][a, b],R), where a < b. Addition and scalar multiplication are
defined pointwise: for f, g € C([0,1],R) and X € R,

(f +9)(x) = f(x) + 9(x).
(AF)(x) = Af(x).

We claim that C([a, b], R) is infinite dimensional. To see this, we shall find an infinite subset
of C([a, b], R) which is linearly independent. Consider {p,}2°,, where p,(x) = x". If, for all

x € [a, b],
k
Z An X" =10
i=1

then X, = -+ =X, =0, so {ps}2, is linearly independent. Thus, C([a, b], R) cannot be

finite dimensional: if it had dimension n then any set containing more that n elements would
be linearly dependent (Lemma 2.6).
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Example 2.9. R[a, b] = the space of Riemann integrable functions f : [a, b] — R. This is an
infinite dimensional space since it contains C([a, b], R).

Example 2.10. Let
= {(X/)?Oo I Z Ix;] < +o0, x; € C} :
i=0

(Check that £ is a vector space.) Then £! is infinite dimensional. To see this consider
{en}>2,, where e, = (0, ..., 0,1,0,...) (with the 1 in the nth place). Then

K
E An; €n;
i=1

is the sequence with A, in the n;jth place, i1 =1, ..., k, and zeros elsewhere, so if
k
Z An,€r, =0
i=1
then we must have A\, =--- =X\, = 0. Therefore {e,}7, is an infinite linearly independent

set in £, so £ is infinite dimensional.

Remark 2.11. If instead we want to consider real sequences above, we call the resulting space
21(R) and do the same for the analogous spaces below. If there is any risk of confusion, we
write £1(C) = £%.

Example 2.12. Let

o= {(xo?io C sup [l < 400, x5 € c} |

0<i<oo

(Check that £ is a vector space). Then £ is infinite dimensional: as for £ the set {e,}>,
provides an infinite linearly independent set.

Remark 2.13. We should remark that every vector space has a Hamel basis. (The proof,
which we omit, depends on Zorn's Lemma.) However, this is not a very useful result and we
included the discussion of Hamel bases so as to be able to define what it means for spaces to
be finite or infinite dimensional. When we discuss Hilbert spaces later, there will be a more
useful notion of basis.

2.2 Norms on Vector Spaces

Definition 2.14. A norm on a vector space V over R (or C) is a function || - || : V — R such
that

(1) |Ix|l = 0 and ||x|| = 0 if and only if x = 0;
(2) [IXx|l = [All|x]|, for all x € V and A € R (or C);

8
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(3) IIx+yll < lix[[+llyll, forall x,y € V.

Example 2.15. Let us first consider norms on R” or C”. The most obvious norm is the

Euclidean norm or 2-norm:
N N 1/2
> e = (Z |>\i|2> :
=1 2 i=1

Parts (1) and (2) of the definition are obvious. The third part follows from the Cauchy-
Schwarz inequality below.

Lemma 2.16 (Cauchy-Schwarz Inequality). Suppose a;, b; e R, i=1,..., k. Then

B B 12 , 1/2
San<(Xa) (o)
i=1 i=1 i=1
Proof. We have )
Z(a,t +b,)*>0
i=1
for all t € R. By multiplying out each bracket, we may rewrite this inequality as

At + 2Bt + C > 0,

where
K

k k
A=Y "al, B=>Y ab, C=>» b
=1 i=1 =1

If A > 0 then the desired inequality follows by taking t = —B/A, so that B2 — AC < 0. If
A = 0 then, by varying t, it is easy to see that B = 0, as well. []

We can use the Cauchy-Schwarz inequality to check that ||-|| satisfies the triangle inequality
on R":

n

ZO\/ + wj)e;

i=1

2, Y
= Z N+ il = Z{|>\i!2 + 22 + i}
2 =1

i=1

n n /2 s g 1/2 n
< a2 (z x%) (Zu?) £ uf
i=1 i=1 i=1 i=1
N 1/2 N 1/2Y 2
=322+ (Z u?)
i=1 i=1
n n 2
= {‘ > e > wie } :
i=1 i=1 2

There are other norms which can be defined on R”. In each case, parts (1) and (2) of
the definition of norm is clearly satisfied.

—+
2
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(1) the “1-norm”

> el =DMl
i=1 1 i=1

For part (3) we just use the usual triangle inequality:

n

ZO\/ + wj)e;

i=1

—+
1

n n
E i€ E i€
i=1 i=1

= il <D N+ ) =
1 i=1 =1

1

(2) “supremum norm” or “oo-norm”

= max |\l
1<i<n

n
E i€
-1

Part (3) of the definition is easily verified.

o0

(3) the “p-norm”

n 1/p
[T xn)Hp:<le,|p) .

Of course, p = 2 and p = 1 are above. For general p, the triangle inequality follows
from Minkowski's inequality below. Note that one has

1O Xa)lloo = Tim ([Oxaan Xx0) s
p—00

which motivates the notation || - ||s.

Lemma 2.17 (Minkowski's inequality). For p > 1,

n 1/p n 1/p n 1/p
(Z|ai+ b/|p> < <Z|3/|p) + (Z|bi|p> -
i—1 i—1 i—1

To prove Minkowski's inequality, we need the following generalization of the Cauchy-
Schwarz inequality.

Lemma 2.18 (Holder's Inequality). Suppose that p, q > 1 satisfy 1/p+ 1/q = 1. Then, for
a,-,b,-E(C, i=1,..., n,

n n /p s g 1/q
Z|3/bi| < (Z|ai|p> <Z|bi|q) .
i=1 i=1 i=1

with equality if and only if |a;|P/|b;|? is constant.

10
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Proof of Holder's inequality. Step 1. We shall show that if a,b > 0 and 0 < X\ < 1 then
a* bt < Xa+(1- )b

with equality if and only if a = b. Set t = a/b; then (dividing by b) the result is equivalent
to showing that t* < Xt + (1 — ).

Set ¢(t) = At + (1 — X) — t*; then we need to show that ¢(t) > 0. However, ¢'(t) =
A= Atrt=X(1-t*1), s0

<0 ift<1
P(t)s=0 ift=1
>0 ift>1.
Since ¢(1) = 0, this gives the result.
Step 2. Define
|ail? | bi?
A== B=w 14
>imy lailp > e bil
Let A = 1/p; then, by Step 1,
A B

P q

(with equality if and only if |a;|P/|bi|7 = (31, |ailP) / (327, |bi|7), a constant). Writing this
out fully, we get, forany i =1, ..., n,

|| |bil S 1 bl
(Crlale) (i, b))~ pimlal” g i (bl
Summing over i =1, ..., n, we obtain
> i1 laillbil s 1

(X0, lal?) P (S0, [ble) Y/ — P 4

(with equality if and only if |a;|P/|bi|? is constant). This completes the proof of Holder's
inequality. [

Proof of Minkowski's inequality. The case p = 1 is clear, so suppose p > 1 and define g > 1
by 1/p+1/qg = 1. We have that

n n
D lai+bP=>"lai+ billai + b
i—1 i=1

n n
< lallai+ bilPT + > Ibillai + bilPT
i=1 =1

n 1/p n 1/q " 1/p ; 1a
< (Z’a"‘p> (E |3i+b/‘|(p_1)q> + (E ’bi|p> (g !a,—+b,‘|(p_1)q>
=1 i=1 i=1 i—1

11
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(using Holder's inequality). However,

(p—1)g=(p—1) <1—%)_1zp,

so we may rewrite the above inequality as

n n 1/p n 1/p n 1/q
D lai+ bl < <Z|ai|p> + (Z“?/lp) <Z|ai+bi|p> :
i=1 i=1 i=1 i=1

Dividing by (>, a;i + b,«\")l/q, we get

n 1-1/q n 1/p n 1/p
(Z |a; + b,-l”) < (Z ya,-|P> + (Zw,v’) .
i=1 i=1 i=1

Since 1 —1/q = 1/p, this is Minkowski's inequality. ]

Now we can go back to the p-norm. Using Minkowski's inequality, we have that

n n 1/p
S itpel = (D I+ ,ui|p)
i=1 P i=1
n 1/p n 1/p
<(sone) o ()
i=1 i=1
n n
= ' Z%/Gi ZM/GI'
i=1 b i=1 b
so || - ||, is a norm on R"” or C".

There are natural infinite dimensional analogues for all of these — but notice that we have
to use the correct space each time (£2, 41,4, ...) to have the norm defined.

Example 2.19. 2 = {(x)%, : D72 [xi|? < 400, x; € C} (which is an infinite dimensional
space for the same reason that £! is) with the norm

o 1/2
1(xi)Zoll2 = <Z IX:'\2> :
i=0

To prove that this satisfies the triangle inequality, notice that the Cauchy-Schwarz inequality
continues to hold for infinite sums, with the same proof, provided that everything converges.

Example 2.20. ¢! = {(x, X0 Do IXi] <400, X € C} with the norm

Xl i= O”l Z|XI

12
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Remark 2.21. We have £* C ¢2 but £* # ¢°.
To see this, first take (x;)%2, € £1. Then Y2, [x;| < 400 so, in particular, lim;_, o, x; = 0.
Thus there exists N > 1 such that

iI>N = |x| <Ll

If |x;| < 1 then |x;|?> < |xj|, so this holds for all i > N. Applying the Comparison Test, we
then have that >, |x;|? < +oo, so that (x;)3°, € £2. Thus £' C £2.

On the other hand, consider (1, , é ...). We know

Sloimos (114 Jer

1 2
3 ..)ez.

Example 2.22. £* = {(x,)%) : SUPp<jcos |Xi| < +00, X; € C} with the norm

However,

N

f;lz o (1

Thus £ £ ¢2.

1(x1)Zolloo = sup |Xi].

<i<oo

Remark 2.23. ¢*, £>°, £ can be viewed as infinite dimensional analogues of C”, with the
norms || - [l1, || - [leo, [ - [l2, respectively.

Example 2.24. Let p> 1, 4P = {(x,- X0 Do IXilP < 400, X € C} with the norm

1/p
[1(x); o||p—<Z|X/|p) :

That the triangle inequality holds in this case follows from the fact that Minkowski's inequality
continues to hold for infinite sums, provided that everything converges.

Analogous to the result for £ and #? above, one can show the following. For 1 < p <
q < 400, £P C £9 but £P # £9. Also, £P C £ but P # £>°. (See exercises.)

Example 2.25. Now we consider the infinite dimensional space C([a, b], R). There are several
norms we can define here.

(a) “uniform norm” or “supremum norm” or “oo-norm’:

[flloc = sup [F(x)].

x€EJa,b]
(b) “1-norm’:
b
i / ()] dx.
a

13
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(c) “2-norm™:

1], = (/ 700 ax ) "

For part (3), use the Cauchy-Schwarz inequality for integrals:

<(/ b 00Pax) " (/ b 0P o) -
il = ( | ol o) v

For the triangle inequality, use Minkowski's inequality for integrals:

(/ablf(x) +9(X)\”dx)l/p < (/ab!f(x)|pdx>l/p+ (/ab]g(x)V’dx)l/p_

We have put || - ||« first because it is the most important one or, more accurately, it is the
one best adapted to the space C(][a, b], R).

/ab f(x)g(x)dx

(d) “p-norm™

2.3 Metrics and Topology

Let || - || be a norm on the vector space V. This defines a metric on V' by d(x,y) = |[x — y||.
The axioms for a metric:

(1) d(x,y) > 0and d(x,y) =0 if and only if x = y;
(2) d(x,y) = d(y. x); and
(3) d(x,y) < d(x,z) + d(z.y)

follow from the corresponding properties of the norm || - ||.

Suppose we have two norms, || - || and || - ||, on V. They each give rise to a topology
on V: can these topologies be the same (i.e. is it possible that a set is open for one norm
if and only if it is open for the other)? A necessary and sufficient condition is given by the
following.

Definition 2.26. \We say that two norms ||-|| and || - ||" are equivalent if there exist C;, C, > 0

such that
Culix|l" < lIx]l < Collx]I",
forall x e V.
(This is obviously an equivalence relation. In particular, if || -, ]| - ||" are equivalent and
|1l || - I are equivalent then || - ||, || - ||"” are equivalent.)

Lemma 2.27. Two norms on V' give the same topology if and only if they are equivalent.

14
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Proof. Suppose that || - || and || - ||’ are equivalent. Consider the identity map
(VA1) = (V1) s x o= x

Given € > 0, take 0 = Cie. Then d(x,y) =[x —y|| < §d = d(xy) = |x—y| <
Cilllx — vyl < G716 =€, so [ is continuous. Hence, if U C V is open for || - ||, then /71(V)
is open for || - ||. But I=}(U) = U, so U is open for || - ||

Similarly, by considering

S (VA = (V1) s x = x

we can also show that every || - ||-open set is also || - ||-open.

Now suppose that || - || and || - ||" are not equivalent. Then, without loss of generality,
there exits a sequence of points x, € V/, n > 1, such that ||x,||/||x.]|' = 0, as n — +o00. Set
Yo = Xa/l|1Xall”. Then y, — 0in (V.|| -]|) but /(y,) does not converge to 0 in (V, || -||") (since
|lyall" = 1 for all n). Thus, I is not continuous, so there exist U which is || - ||-open such that
U= I17Y(U) is not || - |[-open, i.e., the topologies are different. H

Example 2.28. We can check that (R”, ||-||;) and (R", || -||2) are equivalent. As we shall see
In @ moment, this is part of a more general phenomenon.
Write x = (xq, . . ., X,). Then

IXI3 = Pal? + - + bl < (bal 4+ + bal)? = X3,

so
[Ix[l2 < [Ix]l1

On the other hand,

XN = (bal+ -+ x])?
= X124 [x0? + 20xx] + 2)xix3| + -+ 2| X0m1X0l.

Now, for i # J,
il* = 2Pxixil + |xi* = (Ixil = |x)* > 0,
SO
2] < Juf? + b < Il
Thus
Il < el + 22 s < e,
SO

[Ix[lx < nllx]l2.

Lemma 2.29. On R" (and C"), all norms are equivalent.
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Proof. Let || - ||; be the 1-norm on R” and let || - || be an arbitrary norm. We shall show that
|- |lx and || - || are equivalent.
Write x = "7, a;e; and let M = max;<i<, ||&i||. Then

n n
IxI <D lailllel < MY lail = Milx]ls.
i=1 i=1

Now we shall show that infyern o ||X]|/[|Xx|l1 is positive. If it isn't, then we can find a
sequence x; such that lim; o [|x]|/l|xi|l1 = 0. Set y; = x;/||x]l1, so yi € {y € R" : |ly|1 <
1}. This set is closed and bounded, so (by the Bolzano-Weierstrass Theorem) y; has a
convergent subsequence y; with limit y. In other words lim;, o [ly; — yll+ = 0 and (since
lyills = 1) |lylls # 0. However, we also have

yill = Iyl < lly; =yl < Mlly, = ylls = 0, asj — +o0,

so |lyll = limj o [ly;ll = 0. But [ly|]| = 0 if and only if y = 0, giving a contradiction to
|l # 0. Therefore, we can define
X
0< m= inf | H_
xeR" || x||1
Clearly, [[x|| > m||x]|1, as required. -

However, this result is not true for infinite dimensional spaces.

Example 2.30. Consider the space C(][0, 1], R). Then the two norms ||f||.c = supxep 1) [f(x)|
and |||y = fol |f(x)|dx are not equivalent. For example, consider the sequence

1— nx fo<x<1/n
fa(x) = ,
0 if1/n<x<1.

Then ||f,]|c = 1, for all n, but

1/n 211/n 1 1 1
Hf||1=/ (1—nx)dx:{x_ﬁ} :;__:__>O,
0

as n — +oo.

2.4 The unit ball

Let (V.|| - ||) be a normed vector space and let B denote the closed unit ball, i.e.
B={xeV:|x|| <1}

If V' is finite dimensional then, by the Heine-Borel Theorem, B is compact. However, this is
the only situation in which B is compact.

16
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Theorem 2.31. The closed unit ball in a normed vector space (V, || - ||) is compact if and
only if V' is finite dimensional.

To prove the theorem we need the following lemma.

Lemma 2.32. Let (V, ||-||) be a normed vector space, S C V' a (proper) closed linear subspace
of V. Then there exists X € V such that ||x|| =1 and ||x — y|| > 1/2 forany y € S.

Proof. This proof is constructive and we can find the point X explicitly. Because S C V/,
there exists at least one X € V' \ S. Since S is closed,

M= inf{||%—y|}>0.
YES

Now take yp € S such that ||X — yo|| < 2M. Then the required X is simply x = == Clearly,

IX=yoll
X = 1. Also, for any y € S we have
Iy - % = Hy_ %= o ‘ _ Ivlx = ol + 30— 51
X — yoll 1X — yoll
y-E oMM
IX =yl = IX=wll = 2M 2
having set y' = y||[X — wol| + Yo € S. u

Proof of Theorem 2.31. Suppose that V is infinite dimensional. Let {x,} C V be a countable
collection of elements of V' such that any finite subset of {x,} consists of linearly independent
elements. For any m > 1 let E,, := span{xy...Xn}. Then E,, C E,.1, En is a linear
subspace of E,, ;1 and it is closed (because it is isomorphic to R™). Then we can use Lemma
2.32 and construct an element yp,11 € (Eme1\Em) such that ||ypmeill = 1 and ||ymer — v >
1/2 for any y € E,,. Hence, by construction, ||yxi1 — y|| > 1/2 for any y € Ex, k < m. In
this way we have constructed a sequence {y,,} of elements of the closed unit ball such that
|Ym — Y|l > 1/2 for any m # k. The sequence {y,} has no convergent subsequence hence
the closed unit ball is not sequentially compact. ]

17



3 CONTINUOUS FUNCTIONS.

3 Continuous functions.

3.1 Weierstrass Approximation Theorem

Let us consider again the vector space C([a, b], R) of continuous functions f : [a, b] = R. A
norm on this space is given by

[fllec = sup |F(x)];
x€la,b]
this is called the uniform norm or the supremum norm. (Since [a, b] is compact, f is bounded
and so this quantity is finite.) This allows us to define a metric on C(][a, b], R) by

(It is conventional just to use norm notation in this context, so in fact we will write ||f — g||s
and not do.(f, g).)

For convenience, we will restrict to the special case [a, b] = [0, 1], although the results
below extend to arbitrary intervals. We are going to show that for any such f and any
€ > 0, we can find a polynomial p(x) = ag + a;x + ... + a,x" such that, for all x € [0, 1],
|f(x) — p(x)| < e. (The degree n of the polynomial is not fixed; we can take it as large as
we need to get the approximation.)

In terms of the uniform norm || - || introduced above, the approximation condition may
be written as ||f — p|lo < €.

Another way of phrasing the result is that polynomial functions are uniformly dense in
C([0,1],R), i.e., dense with respect to the metric defined by the uniform norm || - || .

Let us state the result formally as a theorem.

Theorem 3.1 (Weierstrass Approximation Theorem). Suppose that f € C([0, 1], R) and that
€ > 0. Then there exists a polynomial p(x) such that ||f — p|le < €.

In fact, we shall show that f may be approximated by polynomials of a particular form:
B f . k n f k k 1 n—k
n( .X) = kzg K ; X ( — X) .

This is called the nt" Bernstein polynomial for f. Clearly it is a polynomial of degree n.
Before we prove the theorem, we need a lemma.

Lemma 3.2. (i)

n

Z (Z) xXK(1—=x)"k=1.

(if) .
” k (Z) xK(1 = x)"k = nx.

18



3.1 Weierstrass Approximation Theorem 3 CONTINUOUS FUNCTIONS.

(iii)
3 (k — nx)? (Z) XK(1 — %)™k = nx(1 — x).

Proof. (i) This follows from the Binomial Theorem.
(i) Note that

d k n—k\ _ k—1 n—k k n—k—1
a(x (1—=x)"%) = kx* 11— x)"" = (n— k)x"(1 = x)

k — nx

= Xk(]. — X)n_kx(l——x).

Thus, differentiating (i) gives

Rearranging and using (i),

n

z”: k <Z) xK(1 —x)"k = nxz (Z) xK(1 —x)"k = nx,

k=0
as required.

(iii) Now differentiate (ii) to get

(Z) xK(1 - X)”_k%.

Thus

n

k (Z) xK(1 = x)" (k — nx) = nx(1 — x). €

Note that
(k — nx)? = k(k — nx) — nx(k — nx).
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3.1 Weierstrass Approximation Theorem 3 CONTINUOUS FUNCTIONS.

Hence, using (*) and (sxx),

i(k ~ nx)? (Z) XK(1 — x)nk

k=0

= Z k(k — nx) (Z) xK(1 = x)"% — nx Z(k — nx) <Z) xK(1 — x)"k
:n;(l—x)—I—O:nx(l—X), :

as required. []

Proof the Weierstrass Approximation Theorem. We shall now prove the Weierstrass Approx-
imation Theorem. Fix € > 0. By uniform continuity of f, there exists § > 0 such that, for
x,y €10,1],

€
x—yl<é = Ifl)-Ff)I <5

Using Lemma 3.2(i), we have

F(x) — By(Fi x) = k; (f(x) _f (%)) (Z) (1 — x)" K,

Thus
F(x) = BalF: )| < kno F(x) - f (5)‘ (Z) V(L — X — T1(0) 4 Ea(),
where
= 5 ()<
- ko ek

()= > ‘f(x) —f (%)‘ (Z) xK(1 = x)"k

0<k<n
ko |x—K|>s

<2l 3 (Z) (1= )k

k . (k—nx)2>n262

1 < n e
< 2 flloozs5 > (k= nx)? (k) X*(1 = x)"k
k=0

nx(1 — x)
= 2||fHoon2—52
Ml
— 26%n’

20



3.2  The Stone-Weierstrass Theorem 3 CONTINUOUS FUNCTIONS.

where we have used Lemma 3.2 (and the easy inequality x(1 — x) < 1/4).
Combining the estimates on ¥1(x) and X5(x), we obtain

[l
20%n -

|£(x) = Ba(f; )|< +

Now choose N sufficiently large that

[l
20°N

(One may take N = [||||~/€6%] +1.) Then

€ €
|f(x) — Bn(f; x)| < §+§:e

so By(f; x) is a polynomial satisfying the conclusion of the theorem. ]

Remark 3.3. The rate of convergence of B,(f;-) to f is very slow. In fact, if

I = Ba(f; oo = O(”_l)

(i e. limy,ion|f — B (f )||OO = 0) then f is linear (f(x) = ax + b). In contrast, take
f(x) =¢e*and p,(x . (not a Bernstein polynomia en
d p 0 5T B | . Th

2, xk =1 1
) =Pl = D 5< D <
k=n+1 k=n+1

This is incredibly fast but this function is real analytic, which is very rare.

3.2 The Stone-Weierstrass Theorem

The Weierstrass Approximation Theorem is a special case of a much more general theorem
valid for compact metric spaces. If X is a compact metric space, C(X, R) will denote the set
of continuous functions f : X — R. We can define the uniform norm on C(X,R) by

1flloe = sup [f(x)].
xeX

Definition 3.4. We say that A C C(X,R) is an algebra if A is a linear subspace of C(X, R)
with the additional property that

f.ge A — fge A
(Here fg is just the function obtained by pointwise multiplication: (fg)(x) = f(x)g(x).)

Theorem 3.5 (Stone-Weierstrass Theorem). Let X be a compact metric space. Let A C
C(X,R) be an algebra such that

(1) A contains a non-zero constant function;
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3.2  The Stone-Weierstrass Theorem 3 CONTINUOUS FUNCTIONS.

(2) A separates points (i.e., if x,x' € X, x # X', then there exists f € A such that
f(x) # f(xX).

Then A is uniformly dense in C(X,R).
Proof. Omitted. [l

Remark 3.6. Since A is an algebra, if A contains a non-zero constant function then it contains
all non-zero constant functions.

Example 3.7. Let X = [0, 1] and take A to be the set of polynomials on X. Then A con-
tains the non-zero constant function 1 and the function p(x) = x € A separates points, so
the hypotheses of Theorem 3.5 are satisfied. This shows that the Weierstrass Approxima-
tion Theorem is a special case of the Stone-Weierstrass Theorem. However, the WAT is a
component of the proof of the SWT, so the WAT needs to be proved independently.

Example 3.8. Let X = [0, 1] and

N M
A= {ao + Z apcos(2mnx) + an sin(2mnx) : ap, b, € R, N, M > 1} .
n=1

n=1

Then A satisfies hypothesis (1) (since 1 € A) but not hypothesis (2) (since f(0) = (1) for
all f € A). In fact, it is easy to see that A is not uniformly dense in C([0, 1], R): choose
g € C([0, 1], R) with g(0) # g(1) and suppose that 2¢ < |g(0) —g(1)|. Then, for any f € A,
either |g(0) — £(0)| > € or |g(1) — f(1)| > €, so that ||g — f|ls > €.

However, the following simple modification of X allows us to make A a dense set.

Example 3.9. Let X = [0, 1] with 0 and 1 identified. (The parametrization {€*™ : 0 < x <
1} identifies X with the unit circle.) Take A as in Example 3.8. For f € A, the fact that
f(0) = f(1) now means that f is well-defined as a function on X. Furthermore, one can easily
check that A now satisfies the hypotheses of Theorem 3.5. Therefore A is uniformly dense
in C(X,R). One can identify functions on X with functions on [0, 1] with f(0) = f(1), so the
result says that such functions can be uniformly approximated by functions in A. Similarly,
continuous functions f : [—m, ] — R with f(—m) = f () can be uniformly approximated by
functions in

N M
A = {ao +Zancos(nx) +ansin(nx) cap b, e R,N, M > 1} .
n=1 n=1

This will be important when we discuss Fourier series later.
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4 BANACH SPACES

4 Banach Spaces

4.1 Definition and examples

Recall that a sequence x, € V is called a Cauchy sequence if, for every € > 0, there exists
N > 1 such that n,m> N = d(x,, xn) < €. Also recall the following.

Definition 4.1. A metric space V is said to be complete if every Cauchy sequence converges
in V (i.e. if x, is a Cauchy sequence in V' then there exists x € V such that x, — x, as
n— +00.)

The following is a very important definition.

Definition 4.2. A normed vector space which is also complete (with respect to the metric
given by the norm) is called a Banach space.

Remark 4.3. Banach spaces are named after Stefan Banach (1892-1945). He introduced
them and developed their theory in the 1920s and 1930s.

Example 4.4. R” and C” (with any norm) are Banach spaces. (This is a standard result in
real analysis.)

Theorem 4.5. C([a, b], R) with the norm ||f||oc = SUPyejap | (X)| Is @ Banach space. (So is
C([a, b], C) with the same proof.)

Proof. Suppose that {f,}52; is a Cauchy sequence for || - ||«. This means that, given € > 0,
there exists N > 1 such that, for n,m > N and for any x € [a, b],

|£2(X) = Tn(X)| < [Ifa = fnlloe <€ (*)

In other words, {f,(x)}52; is a Cauchy sequence in R and so, since R is complete, it has a
limit f(x), say. We may now let m — +oo in (*) to obtain, for n > N,

IT(x) = F(xX)| = lim |fu(x) = f(X)| < limsup||f, — fnlle < €.
m—+o0 m—+o00

Now the above inequality tells us that f,(x) converges to f(x) uniformly on [a, b] and so, by a
theorem in Real Analysis, f is continuous (i.e., it's an element of C([a, b], R)). Furthermore,
taking the supremum over x € [a, b] in the inequality gives that, for n > N,

1o = flloo = sup [fa(x) = F(X)| <€,

x€Ela,b]
SO liMys400 ||[fa — flleo = 0, as required. ]

Remark 4.6. A similar proof shows that, for any compact metric space X, C(X,R) and
C(X, C) are Banach spaces with respect to || - ||oo-

Remark 4.7. Note the three steps in the above proof:

(1) identify a potential limit f for the Cauchy sequence f,;
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(2) show that f is in the desired space (here C([a, b], R));
(3) show that f, converges to f in the appropriate norm (here || - ||»).
We will use this scheme again in the next theorem.

Theorem 4.8. £ = {(x)%) © SUPy<jcoo [Xi| < +00, Xi € C} with the norm [[(x)2]l0e =
SUPo<i<oo |Xi| 1S @ Banach space.

Proof. (This is very similar to the previous example.) Suppose that {(x (”)), 0152, isa Cauchy
sequence for || - ||«. Then, given € > 0, there exists N > 1 such that, for n, m > N and any
>0,

X = XM < ()0 = ()Rl < €. (+)
In other words, for each fixed i/, {X,-(” >, is a Cauchy sequence in C and so, since C is
complete, it has a limit x; € C, say. We may now let m — +o0 in () to obtain, for n > N,

X" =il = lim X = x ™) <limsup [[(x™)2 — (x™)Zg e < €. D)

m—+o0 m—+o00

Then, in particular, for each i/,
N N N)\oo
il < I I =il < 106E) 2l + €

so, taking the supremum over /, [[(X)7llec < +00, i€, (X)2, € €. Furthermore, taking
the supremum over / in (xx), gives that, for n > N,

1) = 60 Zolloo = sup 1™ —xi| < e,
>

50 1M 400 [|(X!™)22 — (%)% ]lee = 0, as required. O
Theorem 4.9. /' with the norm || - ||1 is a Banach space.
Proof. Suppose that {(x(”)) ©.152, is a Cauchy sequence for || - ||;. Then, given € > 0, there

exists N > 1 such that, for n,m > N,
DI = = ™)y = ()l < € (+)
=1

and so, in particular, for any 1/,
x" — xM] < e

Thus, for each fixed 1, {X( )} ° , is a Cauchy sequence in C and so has a limit x; € C.
Next, note that, for any M > 1 and n, m > N, we have

M

XD X< ST = X < e
=1

i=1
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If we let m — 400, this gives
M

Z Ix" — x| <e, (%x)

i=1
forany M > 1 and n > N. We have

M

M M
N N
Yol <> b =l > I
1 i=1 =1

=

N)\ oo
<e+ (XM=

Letting M — +oo, we see that Y2, |x] is finite, so (x;)3°, € £*.
Finally, letting M — +00 in (%) gives

o
Z |X/(n) —xj| <,
i=1

for all n > N, so that lim,_, H(x,-(”))j?il — (x)?24]l1 = 0, as required. ]

Theorem 4.10. For p > 1, 7 = {(x)%%, = >0 [Xi|P < +oo, x; € C} with the norm

00 1/p
1(x)Zollp = <Z |Xi|p>
i=0

is a Banach space.

Proof. Suppose that {(x,-(”))j?io}ﬁ‘;l is a Cauchy sequence for || - ||,. Then, given € > 0, there
exists N > 1 such that, for n,m > N and any / € N,

X =X <D X = XM = (1) — (™18 < €. (%)
=0

So, for each fixed i, {x,(”)}g‘;1 is a Cauchy sequence in C and thus has a limit x; € C, say.
Next, note that, for any M > 1 and n, m > N, we have

M 00
Z |X/(n) — xl.(m)|p < Z |xl.(") - X,-(m)|p < €P.
i=0 i=0

If we let m — +o0, this gives

<

3 X - xlP < e, ()

i=0
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for any M > 1 and n > N. By Minkowski's inequality,

M 1/p M 1/p M 1/p
N N
<Z|Xi|p> < <Z|Xi( )_Xl_|p) + (Z|Xi( )|p>

N)\ oo
< e+ | ("2l

. M (N) e
Letting M — +o0, we see that (Z/:o X — X,-\”) is finite, so (x;)72, € £P.
Finally, letting M — +00 in (%) gives

oo
Yo —xilp <,
i=0

for all n > N, so that lim,_ 4o H(x,-(”))?io — (X)2ll, = 0, as required. O]
Example 4.11. C([0, 1], R) with the norm ||f]|; = fol |f(x)|dx is not a Banach space.

Example 4.12. (¢}, ] - ||2) is not a Banach space. (See exercises.)

4.2 Lebesgue Spaces

As we have seen, the normed space (C([0,1],]|| - ||1) is not a Banach space. Similarly,
(C([0,1],]| - |Ip), T < p < oo, are not Banach spaces. However, we can obtain Banach
spaces by the process of completion.

Let (X, d) be a metric space which is not complete. There is a complete metric space
(X*, d*), called the completion of X, such that there is an injective map p : X — X* with
the property that

(a) p(X) is dense in X*;
(b) the restriction of d* to X x X is equal to d.

The completion is constructed as follows. Let X denote the set of all Cauchy sequences in
X (with respect to d). We define an equivalence relation on X’ by

(xn) ~ (¥n) = lim d(x,, y,) = 0.
n—-+oo
Then we define X* = X'/ ~ (i.e. X* is the set of equivalence classes for this relation) and

@ (o)) 10 = lim_d(xn, i),
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where [(x,)] € X* is the equivalence class of the sequence (x,). Of course, one needs to
show that d* is well-defined and is a metric; we omit this. Then map p: X — X* is defined
by p(x) = [(x,)], where (x,) is the constant sequence x, = x for all n.

The most familiar example of this procedure is to take X = Q with the standard metric
d(x,y) = |x—y|. Then X* =R.

More exotic completions of Q are the p-adic numbers Q,. Let p be a prime number. For
x € Q, x # 0, there is a unique n € Z such that

X=p B

where a and b are integers which are not divisible by p. We define |0|, = 0 and, for x # 0,
Xlp=p"".

One can show that d(x,y) = |x — y|, is @ metric on Q. The completion of Q with respect

to this metric (which happens also to be a field) is called the p-adic numbers, written Q,,.

Remark 4.13. It is important not to confuse the completion of a set with its closure. It so
happens that the closure of Q in R is equal to R but in the metric space (Q,|-—-|), Q is
already closed.

The completion of C({[a, b], R) with respect to the norm || - ||,, 1 < p < oo, is denoted
LP([a, b], R). (The real number p here has no connection with the prime p above!) These
spaces are called Lebesgue spaces. When speaking, to distinguish them from the spaces ¢P,
we call them “big LP" and “little £°".

The spaces LP([a, b], R) have a separate definition involving measure theory.

Definition 4.14. A collection B of subsets of a set X is called a o-algebra if
(i) oeB
(i) B is closed under complements: £E € B = X\E € B
(iii) Bis closed under countable unions: {E;}, C B = |J;Z, E; € B.
(If, in (iii), we replaced “countable” by “finite” then B would just be called an algebra.)

It follows from the definition that if B is a o-algebra then X € B and B is closed under
countable intersections: {E;}*, C B = (2, E; € B.

Simple examples of g-algebras are B = {&, X} and B = P(X) (the set of all subsets of
X). A more important o-algebra is the following.

Definition 4.15. Let X be a metric space and let O denote the collection of all open sets in
X. The smallest o-algebra containing O is called the Borel o-algebra of X.

Now let us specialise to the set R. The object we are interested in, denoted below by u
and called Lebesgue measure, is defined on a o-algebra M of subsets of R which contains
the Borel o-algebra. Sets in M are called measurable sets.
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Theorem 4.16 (Existence of Lebesgue measure). There exists a unique function y : M —
R U {+o0} such that

(i) if I is an interval then u(l) = length(/) (length property),
(i) for every x € R, u(x + E) = w(E) (translation invariance),

(i) if {E;}22, is a countable collection of disjoint sets (in M) then

W (U Ej> = ZM(EJ)

(countable additivity),
(iv) EC F = w(E) < u(F) (monotonicity),
(v) if Ae M then u(A) = inf{u(U) : U is open and A C U} (regularity).

The Lebesgue measure may be used to define integrals in the following way. We will define
integrals over an interval [a, b] (though we could do this for any subset of R) and work with
the restriction u : M([a, b]) = R, where M([a, b]) = {ANJa, b] : A€ M}. (Note that i is
finite valued on M(][a, b]).

A function f : [a, b] — R U {£oo} is called measurable if f=1((c, +00) € M(|a, b]) for
every c. (There are lots of equivalent formulations.) Note that continuous functions are
measurable. A measurable function f is called simple if it takes only finitely many values,
ai, ..., a, say, and we define its integral to be

/b f(x)dx = i aiu(E;),

where E; = f~1({a;}). (If we want to emphasise the measure, we might write fab fdu.)
This definition can be extended using the following lemma.

Lemma 4.17. Let f : [a,b] — R U +oo be a non-negative measurable function. Then
there exists an increasing sequence of non-negative simple functions f,, n > 1, such that f,
converges pointwise to f, as n — 4.

b b
/ f(x)dx = lim / fa(x) dx.
a n—+oo [,

(One can show that this is well-defined.) We can extend this to functions f which take
both positive and negative values provided fab f*(x)dx and fab f~(x) dx are both finite,
where fT(x) = max{f(x),0} and f~(x) = max{—f(x),0}. This condition is equivalent
to fab |f(x)] dx < 400 and we called such functions integrable (over [a, b]). If f is integrable,

we define b b b
/af(x)dx:/a fﬂx)dx—/a F(x) dx.
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These definitions can be extended to complex valued functions by considering real and imag-
Inary parts.

Two measurable functions f and g are said to be equivalent if f = g u-almost everywhere.
This means that u({x € [a, b] : f(x) # g(x)}) = 0. Whether f is integrable and the value
of the integral only depends on the equivalence class [f] of f. We define L([a, b],R) to
be the set of equivalence classes of integrable functions f : [a, b] — R. More generally, for
1 <p<+oo,

LP([a, b],R) = {[f] . f measurable, /b [f(x)|P dx < +oo} :

We have the following theorem, which we do not prove.

Theorem 4.18. The two definitions of LP([a, b], R) are equivalent. In particular, LP([a, b], R)
is a Banach space with respect to the norm || - ||,

If 1 < p < g < +oo then L9(]a, b],R) C LP([a, b],R) but LI([a, b], R) # LP([a, b], R).
(Notice that these inclusions are the reverse of those for £.)

There is another Banach space we can define in this context. For a measurable function
f:la b] = RU{£oo}, define

nﬂu=Wﬁﬁgvun:vcmm,mmmvd:o}

(If f is continuous then this agrees with the supremum norm of f.) Define
L>=([a, b],R) = {[f] : f measurable, ||f]lo < +00}.

This is a Banach space with respect to ||-||s. One can show that L>°([a, b], R) C L*([a, b], R)
but L>([a, b], R) # L([a, b], R).

These constructions can be considerably generalised. Let (X, B) be a set and a o-algebra
of its subsets. In this setting a measure is any function u : B — R U {+00} such that
u(2) =0 and, if {E£;}?°, is a countable collection of disjoint sets in B then

p (/U Ej) = ZM(EJ)-

If w(X) < +oo, wis called a finite measure. One can then define, using the construction
above, measurable and integrable functions f : X — R U {£oc} and an integral which we
will denote fx f du. The spaces LP(X, u, R) are defined in the way one would expect and are

Banach spaces with respect to
1/p
il = [1ePau)
X

Similarly, one may define a Banach space L*=(X, u, R). If u is a finite measure the inclusions
above hold. However, if u(X) = +oo they fail to hold. Indeed, if X = R with Lebesgue
measure then, for p # q, LP(R, 4, R) ¢ LY(R, u,R) and LY(R, u,R) ¢ LP(R, u, R).
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Now suppose X is a compact metric space, that B contains the Borel o-algebra and that
W is a finite measure. It is not necessarily the case that || - ||, defines a norm on C(X,R). For
example, if X contains more than one point, take xo € X and define u by u(A) =1if x € A
and u(A) = 0 otherwise. (It is easy to check this is a measure with B = P(X).) There are
continuous functions f # g on X with f(xp) = g(xo) but

1/p
I = gll, = ( / |f—g|”du) — (1F(%) — g00)P)? = [F(x0) — ()] = 0.

However, if u has the property that u(U) > 0 for every open set U C X (this is called
being fully supported) then || - ||, is a norm on C(X,R) and, furthermore, its completion is
LP(X, u, R). (Note that it is important for X to be compact here as, for non-compact X,
there will often be continuous functions for which ||f]|, is infinite.

Remark 4.19. In fact, the little £ spaces fit into this setting. Let X = NU {0} and let u be
the counting measure on X: wu(A) is equal to the the cardinality of A if A if finite and 400
if Ais infinite. Then

P(R) = LP(X, 1, R).

We end the section by noting the following theorem about the convergence of the integrals
defined above. It is valid for any measure.

Theorem 4.20 (Dominated Convergence Theorem). Let f,, n > 1, be a sequence of inte-
grable functions such that f,(x) converges to f(x) for u-a.e. x. Suppose there exists an
integrable function g > 0 such that, for all n > 1, |f,(x)| < g(x) for u-a.e x. Then f is

integrable and
b b
lim / fn(x)dx:/ f(x) dx.
n—+o00 3 a

30
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5 Hilbert Spaces

5.1 Inner Products

Hilbert spaces are special types of Banach spaces in which the norm is defined by an inner
product. A particular feature of these spaces is that one has the notion of orthogonality.
They are named after David Hilbert (1862-1943): he and Poincaré were the most important
mathematicians of the early 20th century.

Definition 5.1. Let H be a vector space over R or C. An inner product is a map (-, ) :
H x H — R (or C) such that, for all x,y,z € H and scalars X, u,

(1) (x,y) = (y,x) (complex conjugation);
(2) Ax+py,z) = Mx, z) + ply, 2); and
(3) (x,x) >0 and (x,x) =0 if and only if x =0.
Of course, if the vector space is over R then (1) is just (x,y) = (y, x).
This definition generalizes the familiar inner product (= dot product) on R".
Example 5.2. (a) H=R", (x,y) =Y ", xy; is an inner product.
(b) H=C", (x,y)=>.",x¥: is an inner product.

With the above example in mind, the following result is a more abstract version of the
Cauchy-Schwarz inequality.

Lemma 5.3 (Cauchy-Schwarz Inequality for Inner Products). Let (-,-) be an inner product
on H. Then

[0, )] < 0 x) 2y, )2,
forall x,y € H.

Proof. From the definition of inner product, for any A\,
0 < (x =Xy, x = Ay) = (x,x) = 2R(\(x,y)) + A\*(y. y)
= ((x. )2 = Ay, y) 22 = 2R(A(x, ¥) + 2A[(x, ) Y2y, ) M2

If y = 0 the result is clear, so we suppose y # 0 and let

N — (x,x)!/2 ol
)2
where (x,y) = e |(x, y)|. Substituting, we get
)2 {(x, x)1/?
OSO—Z% <W69<X,y> —|—2W<X,X>l/2<y,y>l/2
(x, x)1/2
= -2 (WKX,)/H ‘|‘2<X,X>.
Rearranging, we get the required inequality. [
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Lemma 5.4. Suppose that (-, -) is an inner product on H. Then ||-|| defined by ||x|| = (x, x)*/?
Is a norm on H.

Proof. It is immediate from the definition of inner product that ||x|| > 0 and ||x|| = 0 iff and
only if x = 0. We also have

X = O A0M2 = (AR, x)) 2 = I (x, 0 Y2 = [A|Ix]]-

Finally, we need to show that ||x + y|| < ||x|| + |ly]|. We have

Ix + ylI? = (x +y, x +y) = (x, x) + 2R(x, ) + (v, )
< (xx) + 206 ) 2 )Py y)
= ((x, )2+ (. ) 2)7 = (Xl + v 11)?
(using the Cauchy-Schwarz inequality and Rz < |z|), as required. [

In view of this, we may restate the Cauchy-Schwarz inequality in a more convenient form.

Lemma 5.5 (Restatement of the Cauchy-Schwarz Inequality for Inner Products). Let (-, -)
be an inner product on H and let || - || be the associated norm. Then

[ < (I
forall x,y € H.

Corollary 5.6. The map (-,-) : H x H — C is continuous (with respect to the associated
norm).

Proof. Suppose that (x,, ¥,) — (x,y) in H X H, as n — 4o00. Then lim, . ||x, — x|]| =0
and lim, 1 |lv» — ¥/ = 0. Using the Cauchy-Schwarz inequality,

|<Xan/n> - <va>| = |<Xn1yn> - <Xnvy> + <Xnvy> - <X:y>|
= [(Xn, ¥n = ¥) + (X0 — X, )]
< xallllyn = Il + 1% = Iyl = 0, as n — +o0

(since x, converges, ||x,|| is bounded). O
Now, at last, we can give the definition of a Hilbert space.

Definition 5.7. A Hilbert space is a vector space H with an inner product (-, -) such that H
is complete with respect to the associated norm ||x|| = (x, x)'/2.

Another way of putting this is that a Hilbert space is a Banach space where the norm is
given by an inner product.

Example 5.8. R” is a Hilbert space with inner product

((xq,..., Xn), (Y1, .., Vo)) = Xiy1 + - - 4 XnVn

((xq, ..., Xn), (V1. .. -, Vo)) = Xiy1+ 0+ XaVn
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Example 5.9. ¢° is a Hilbert space, with the inner product given by
(06020, (1)20) = D ¥
i=0
(Check that ((x)%,, (x)Zo)Y? = [|(x))2ll2.) We use the Cauchy-Schwarz inequality to

ensure that the inner product is finite.

Example 5.10. [2([a, b],R) is a Hilbert space with inner product

(F.g) = / F(x)g(x) dx.

L2([a, b], C) is a Hilbert space with inner product

(f.g) = / F(:)9(x) dx.

Example 5.11. Let H = M,(C) = n x n complex matrices. This is a Hilbert space with
respect to the inner product (A, B) = trace(AB*), where B* is the matrix with (/,/) entry

B*(i.j) = BU. ).
The following is a useful property of Hilbert spaces.

Lemma 5.12 (Parallelogram law). Let H be a Hilbert space. For x,y € H, we have the
identity
I + yII? + lIx = yII? = 2[Ix]I* + 2/l ]1*.

Proof. We have the identities
Ix+ylIP=(x+y.x+y)=[xI"+ (x.y) + (v, x) + [lylI?

and
Ix = yII? = (x =y, x —y) = [IX[I* = (¢ y) = (v, x) + lylI”.
Adding them together gives the result. ]

5.2 Closest approximation in convex sets

Definition 5.13. A subset C of a vector space V is convex if, for all x,y € C, we have
X+ (L =Xy e C forall X €[0,1].

Lemma 5.14. /f C is a non-empty closed convex subset of a Hilbert space H then, for each
X € H, there is a unique a* € C such that

lIx — a*|| = inf || x — al|.
aeC
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Proof. For x, u,v € H, the parallelogram law implies that
1(x = u) + (x = V)P + [[(x = 1) = (x = )[I* = 2[Ix = ul® +2[|x = v|]%.

Then (since |[(x — u) — (x — V)| = [Ju — v]])

2

1
lu—v|]? =2||x — ul]> +2||x — v||* — 4 ||x — §(u+ V)| .

Let d = infaec||x — a||. Now suppose u,v € C. Since C is convex, (u+ v)/2 € C and,
consequently, ||x — (v 4+ v)/2|| > d. Then

lu = vII* < 2lIx — ull® + 2Ix — v|]* - 4d. (*)

Since d is the infimum, for any n > 1, there exists a, € C such that
2 2 1
lIx —anl|® < d +E'

Using (*) with u = a, and v = a,;,, we obtain

2 2 2

2
la, — am|®> <2d° + = +2d° + — —4d* = = + —.
n m n m

Hence a, is a Cauchy sequence and so, since H is complete, converges to some a* € H.
Since C is closed, a* € C. We will show that a* is the required point. First,

Ix —a*||> = lim ||x — a,||* = d°,
“+o0

so ||x — a*|| is equal to the desired infimum. Now suppose that there is another point &’ € C
with || x — &|| = d. Then using (*) with u = a* and v = & gives

|a* — a'||* < 2||x — a*||* + 2||x — @[] — 4d* = 2d* + 2d° — 4d* = 0.

Hence a’ = a* and a* is unique. ]

5.3 Orthogonal Complements

Let H be a Hilbert space over R (or C) and let L be a linear subspace of H. Then L is a
convex set, so the result of the preceding subsection applies.

Definition 5.15. The orthogonal complement L+ of L is defined by
Lt ={xe€H: (x,y)=0forallyeclL}

Lemma 5.16. Let H be a Hilbert space and let L be a linear subspace. Then L+ is a closed
linear subspace of H and H =L & L. (Here L denotes the closure of L.)
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Proof. First we show that L= is linear. Suppose that x,y € L*, A\, u are scalars and that
ze L. Then
M +uy, z) =Xx,z) +uly,z)y =0+0=0,

soAx +puy € Lt
Next we show that L+ is closed. Suppose that x, € L+ and that x, — xin H, as n — +00.
For any z € L, we have

[(x, 2)| = [{x, 2) = (xa, 2)| = (X — X, 2)|
<|Ix = xu|l|lz|| = 0, as n = +o0.

thus (x,z) =0, forall z€ L, ie, x € L*.

Finally, we show that H = L @ L*. Recall that this means that any x € H has a unique
decomposition x = x; + xo, where x; € L and xo € L*. Since L is a linear space it is convex
and by definition it is closed, so we can apply Lemma 5.14. For x € H let x; be the unique
point in L which is closest to x. To complete the proof, we claim that x» = x — x; € L+.
Assume that this is false, then there exists v € L with (x — xq, v) # 0. By multiplying v by a
scalar €, we may assume that (x — x;, e®v) = —c < 0. (If H is over R then § = 0 or 7, so
e®v = v or —v.) Thus, if t > 0 is sufficiently small,

[x —x1 + tev||? = |Ix — x||2 + 2||v]|? + ({x — x1, te®v) + (tev, x — x1))

=[x —xall® + 2|vI* — 2tc < [Ix — x|,

e, |Ix —x + tev| < |x — xi|| = inf{|[x — u|| : v € L}, a contradiction. Therefore
X = X — x; € L+ and we are finished. O

Corollary 5.17. If L is a closed linear subspace of H then H = L & L*.
Proof. If L is closed then L = L. O

Let L be a closed linear subspace of H. We will define a map P, : H — L by P (x) = xq,
where x; is the point in L which is closest to x as defined in the proof of Lemma 5.16. We
call P, the orthogonal projection from H to L.

Lemma 5.18. P, is a linear map, P? = P, and ||P.(x)] < |Ixl.

Proof. For scalars A and ,
M 4 py = (APL(x) + wPL(y)) = M(x = PL(x)) + uly — PL(y)) € L+,

so that PL(Ax + puy) = AP.(x) + uP.(y), i.e. P, is linear. If x € L then P (x) = x,
so it follows that P? = P,. Finally, x = P.(x) + y with y € L+. Since (P.(x),y) = 0,
X112 = 1IPLCOIIZ + lIylI2 so PO < X O

35



5.4  Orthonormal sets and best approximations 5 HILBERT SPACES

5.4 Orthonormal sets and best approximations
Definition 5.19. A subset {e,}>°, of a Hilbert space is called orthonormal if
1 ifi=y
(ei &) = e
0 ifi#y
In other words (e;, ;) =0 if / #j and ||| = 1.

Let {f,}>°, C H be a linearly independent subset. Then, using a procedure called the
Gram-Schmidt algorithm, it is possible to construct an orthonormal set {e,}°; C H which
has the same span. We first let e; = f1/||f1||. Next we set

@ =h—(he)e
and let & = g»/||g2||. Then we set
G =h—(fBe)e —(fe)e

and let e3 = g3/||gsl|. We continue in a similar fashion to define the whole sequence {e,}%° ;.
The following inequality is useful.

Proposition 5.20 (Bessel's inequality). Let {e,}>>, C H be an orthonormal set. Let x € H
and write a, = (x, e,), n>1. Then, forall N > 1,

N
> lanl® < |IxI1.
n=1

In particular, 3771 1an|® < ||x||*.

Proof. \We may write
N
X — Z an€n
n=1
N N N N
= (x,X) — <x, Zanen> — <Z anen,x> + <Z an€n, Z a,,en>
n=1 n=1 n=1 n=1
N N N
= IxI?P =) a3, — > _andn+ > anan
n=1 n=1 n=1
N
= ||X||2 - Z anan-
n=1

This gives the required inequality. ]

2
0<

There is a nice relationship between orthonormal bases and finding points closest to a
given point.
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Theorem 5.21. Let {e,} be an orthonormal subset of a Hilbert space H. Then for any x € H
the closest point to x in span({e,}) is

o0

Z<X, €n)€n.

n=1

Proof. By Bessel's inequality,

o)

> lx e < I,
n=1

so the sum > 72 (x, e,)e, converges in H. Clearly, the limit is in span({e,}). Let

oo

y=Xx- Z(x, €n)en.
n=1
Since, for k > 1
(v, ex) = (x, &) — (X, e) =0,
we have y € (span({e,}))*. Therefore, by Lemma 5.16, > (X, e,) e, is the desired closest
point. ]

Corollary 5.22. Let L be a closed linear subspace of H and let {e,} C L be an orthonormal
set with span({e,}) = L. Then

oo

PL(x) = (x,emen.

n=1

5.5 Separable Hilbert Spaces

A metric space is called separable if it contains a countable dense subset. Finite dimensional
normed vector spaces are separable. For any compact metric space X, C(X,R) and C(X, C)
are separable (this is a consequence of the Stone-Weierstrass Theorem) and, for 1 < p <
+00, £P and LP([a, b], R) are separable. However, £*° and L>([a, b], R) are not separable.

A key concept will be that of complete orthonormal sets.

Definition 5.23. A set {e,}5°, C H is a complete orthonormal set if
(1) it is orthonormal (see above); and

(2) it is complete, in the sense that if x € H has (x,e,) =0, for all n > 1, then x = 0.
(This is different from the notion of completeness in metric spaces.)

We shall show that every separable Hilbert space contains a complete orthonormal set.
The first step is to show that if {e,}2°, is a complete orthonormal set then any x € H may
be written in terms of the e,.
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Proposition 5.24. Let {e,}7°, C H be a complete orthonormal set. If x € H and a,, = (x, ;)

then
o
= |im g anen—g ane,.
N—~+oc0 ]
n=

Proof. Let wy = szzl an,e,. Then, for N > M,

N 2 N
lwy —wirlP = || Y anenl| = > s
n=M+1 n=M+1

By Bessel's inequality, ZLV:M+1 |an|> = 0, as N, M — +o0, so {wy} is a Cauchy sequence.
Hence, wy converges to some w € H, as N — 4oco. In other words, w = Zﬁil ane,.
Now, for all n > 1, we have

(w, ey =a,= (x,€e).
Thus (w — x, e,) = 0. By the completeness of {e,}>°,, this means that w —x =0, i.e
w = X. [

Bessel's inequality shows that the sequence {(x, e,)}°%, is an element of £2. The next
result gives a converse: if (a,)%, is any sequence in £2 then > 7 a,e, gives an element of
H:

Theorem 5.25 (Riesz-Fischer Theorem). Let {e,}5°; C H be an orthonormal set (it doesn't
need to be complete) and let (a,)2, be an arbitrary sequence in £2. Then there exists x € H
such that a, = (x, e,) and ||(an)n:1\|2 = |Ix||. (If, in addition, {e,}>°, is complete then, by
Proposition 5.24, x =", ane,.)

Proof. Suppose m < p. Since (a,)%2; € £2, we have ||>7_ anenH2 =" la,)? =0, as
m,p — +oo, l.e., anl ane, is a Cauchy sequence in H; hence it converges to some x € H.

Now if N > k,
<X—Za,,e,,,ek> (x, ex) — a.

By the Cauchy-Schwarz inequality (noting that ||e|| = 1),

N

X — E ane,

n=1

|(x, ex) — ak| < — 0, as N — +oo0.

Therefore a, = (x, e,).

Finally,
2

€n

N
> lanf* =
n=1
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= ||x||. Therefore, letting N — +oo, we have

o0
> lanl? = 1IxI7,
n=1

e (a2l = I -

: N
and limpy_ 400 HZn:l anen

We now show that complete orthonormal sets always exist.

Proposition 5.26. /f {f,}°° | is a linearly independent subset of H such that span({f,}°°,) is
dense in H then the orthonormal set {e,}52; constructed by the Gram-Schmidt algorithm is
complete.

Proof. Let E = span({f,}°2,) = span({e,}>2,). Since E is dense, E+ = {0}. If (x,e,) =0,
forall n > 1, then (x,e) =0, for all e € E. Thus x € E*, so x = 0. This shows that {e,}>,
is complete. []

Proposition 5.27. Every (infinite dimensional) separable Hilbert space contains a complete
orthonormal set {e,}> ;. Furthermore, each x € H can be written uniquely in the form

o
X = Z ane,, where a, = (x, e,).

n=1

Proof. Since H is separable it contains a countable dense subset {g,}>°; and we have
span({g,}52,) = H. By deleting an element g, if it is a liners combination of ¢i, ..., Jn_1,
we can find a linearly independent subset {f,}>, such that span({f,}°°,) = H. By Proposi-
tion 5.26, we can use the Gram-Schmidt algorithm to construct a complete orthonormal set

{es}52,. By Proposition 5.24, any x € H can be represented as x = >~ (x, €n) €. O
Example 5.28. Let H = £2 = {(a,)%, : Y.glail*> < +oo} and ((a))2,, (b)) = Y.y aib;.
Let e, = (0, ..., 0,1,0,...) then
(n—1)
X(n—

(1) {e,} are orthonormal:

1 fn=m
<enyem>: . ,
0 ifn#m

(2) {en} is complete: ((a;)2g. 1) =a,=0Vn>0 = (a;)2, =0.

Definition 5.29. A countable subset {e,} of a normed vector space (V, || - ||) is called a
Schauder basis if it is linearly independent and if, given x € V/, there exist scalars {a,} such

that
oo
X = Z an€n
n=1

(i.e. liMysaoo X — Z,’:’:l anes|| = 0.) Note that this differs from a Hamel basis by (a) being
countable but (b) allowing elements to be represented by infinite linear combinations. If we
are in a Hilbert space, it is conventional just to refer to a Schauder basis as a basis.
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Lemma 5.30. A complete orthonormal subset of an infinite dimensional separable Hilbert
space Is a basis.

Proof. This follows immediately from Proposition 5.27. [

An important application of the above analysis is that there is essentially only one infinite
dimensional separable Hilbert space.

Definition 5.31. Let (V, || -||) and (V.| - ||') be two normed vector spaces (over the same
field). Amap T : V — V’is called an isometric isomorphism if it is a vector space isomorphism
and if, for all x € V, || Tx||" = ||x|| (i.,e. T is an isometry of the two vector spaces). If there
IS an isometric isomorphism between two normed vector spaces then we say that the spaces
are isometrically isomorphic.

Just as two isomorphic vector spaces cannot be distinguished as vector spaces, so two
isometrically isomorphic normed vector spaces cannot be distinguished as normed vector
spaces and, In this context, we regard them as equal.

Theorem 5.32. All infinite dimensional separable Hilbert spaces over C are isometrically
isomorphic to £2. (Similarly, all infinite dimensional separable Hilbert spaces over R are
isometrically isomorphic to £2(R).)

Proof. Suppose H is an infinite dimensional separable Hilbert space. By Proposition 5.26, it
contains a complete orthonormal set {e,}°% ;. By Proposition 5.24 and Theorem 5.25, every
X € H may be written in the form 220:1 ape,, for some (a,)%2; € £2 and the map

T:H— ¢ Za,,e,7 — (an)5
n=1

is a bijection. It is easy to check that T is linear and Theorem 5.25 also gives that || T(x)|| =
|x||, i.e., T is an isometry. ]

5.6 The Hilbert space L2([—7, 7], R)
We now discuss the Hilbert space L?([—, 7], R) with the inner product
1 ™
.90 =~ [ faax
n —Tr

(The factor 1/7 is just chosen to make the functions cos(nx) and sin(nx) orthonormal.) and
the relation between the above discussion and the theory of Fourier series. We recall that for
any integrable function f : [—m, ] — R U 400, we may write down its Fourier series

do > .
> + ; (ap cos(nx) + b, sin(nx)),
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where ag = 1 [7 f(x)dx and, for n > 1,

1 (7 1
8n:%/ f(x) cos(nx)dx, bn:%/ f(x)sin(nx)dx, n>1.

The integrals only depend on the equivalence class of f and so the Fourier series is well
defined on L?([—7, 7], R) C L}([-m7, 7], R).

Remark 5.33. One usually defines Fourier series for functions satisfying f(—m) = f(m), which
extend to 2m-periodic functions, but since elements of L2([—m, 7], R) are only defined up to
equality almost everywhere the restriction becomes irrelevant. However, the condition is
required for continuous functions below.

Define
sin(—nx) if n< 0
dn(x) = % ifn=0
cos(nx) if n > 0.

It is a straightforward calculation that {¢,},cz is an orthonormal subset of L?([—m, 7], R).
Moreover, (f,1/v/2) = ap/v/2 and, for n > 1,

<f: ¢n> = dp, <f, ¢—n> = bn.

Hence the Fourier series for f has the succinct expression

o0

> (F. n)n.

n=—oo

Theorem 5.34. The set {¢,}nez s an orthonormal basis for L?([—m, 7], R) and, for f €
L2([-m, 7], R),

n

f=— > (F. )

k=—n

=0,

2

lim
n—-+o00

i.e. a function is equal to its Fourier series in L?([—7, 7], R).

Proof. The theorem will follow from Lemma 5.30 and the Riesz-Fischer Theorem once we
show that {¢,}nez is complete. Suppose that f € L2([—m, ], R) is such that {f, ¢,) = O for
all n € Z. Recall that L2([—m, 7], R) is the || - ||.-completion of C([—7, 7], R). This means
that given € > 0 there exists g € C([—m, 7], R) such that ||f — g||» < €/2. With a little extra
work, one can choose g so that g(—m) = g(m). By Example 3.9, we can find n > 0 and
scalars c_,, ..., C, such that

Q—ZCk(Pk <V2 Q—ZCk(Pk < €/2.
k=—n 2 k=—n o
Hence,
f—ZCkCPk <|[f —gll2+ Q—ZCk¢k < €.
k=—n 5 k=—n 5
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However, by Theorem 5.21, > (f, ¢x)dx = 0 is the closest point to f in span({¢x}1__,,
so that we also have

Il = ||f = D (f.du)d| <e
k=—n 2
Since € > 0 is arbitrary, this shows that ||f||o = 0 and hence that f = 0 in L2?([—7, 7], R).
Therefore {¢,}nez Is complete. O

The existence of a basis shows that L2([—7, 7], R) is separable (see exercises), though
this could also be proved directly in a variety of ways. As we have seen above, this means
that L2([—m, 7], R) is isometrically isomorphic to £2(R). We can actually write down the
isometric isomorphism explicitly. For notational convenience, we relabel the indexing of the
elements of £2(R) and write

nez

2(R) = {(an)nez : Z |a,|? < +o00, a, € R} .

Then the map 7 : H = L?([—m, 7], R) — £2(R) used in the proof of Theorem 5.32 is just
the map that sends a function to its Fourier coefficients:

T(f) = ({f. @n))nez.

The fact that T is an isometry can be expressed as

1 ™
Il = [ 1R dx =3 Itr.0n)P

nez

which is the standard Parseval identity for Fourier series.
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6 The Dual Space

6.1 Continuous and bounded functionals

Definition 6.1. Let V/ be a (normed) vector space over R (or C). A linear functional on V
isamap f:V — R (or C) such that

FAX 4 py) = AF(x) + pf(y),
forall x,y € V, \,u € R (or C).

Example 6.2. Let V = R"”. Then every linear functional f : R” — R has the form
F(x) =Y ax = (ax),
i=1

where x = (xq, ..., x,) and a= (ay, ..., an) € R".

Example 6.3. Let V = C([0, 1], R). Then an example of a linear functional f : C([0, 1], R) —
R is given by

F(4) = /O B(x)dx.

Definition 6.4. The dual space of V, denoted by V*, is the set of all continuous linear
functionals on V/, i.e., those for which lim,_ . [|x, — x|| = 0 implies lim,_ 1 f(x,) = f(x).
(We shall see later that V* is itself a vector space.)

Definition 6.5. A linear functional f is called bounded if there exists M > 0 such that
If(x)] < M||x]||, forall x € V.

Proposition 6.6. Let f : V — R (or C) be a linear functional on a normed vector space V.
Then f is continuous if and only if f is bounded.

Proof. ( = ) Suppose that f is continuous. Assume (for a contradiction) that there is no
M > 0 for which |f(x)| < M||x||, for all x € V. Then we can choose a sequence x, € V,
n > 1, such that |f(x,)| > n||x,||, so that

1 n f n
()|l
n ||| n||xx||

‘—>O, as n — o0,

On the other hand,

so, by continuity at O,

1 X,
f (—X—) 5 £(0) =0, as n — +oo,
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giving the required contradiction.

( <= ) Suppose that f is bounded. Given x € V and € > 0, we need to show that
there exists § > 0 such that ||[x — y|| < ¢ implies that |f(x) — f(y)| < €. If M = 0 then
|f(x) — f(y)| = |f(x —y)| = 0, so any ¢ will do. If M > 0, choose 6 = €/M. Then, if
Ix =yl <,

€
F) = fW)I =[x = y)l < Mllx =yl < M = e,
as required. []
Definition 6.7. Let VV be a normed vector space (with norm || - ||). Then we define a norm
on V* by
If]l = sup |F(x)].
lIxll=1
By Proposition 6.6, this is finite and an equivalent definition is
f(x
I = sup L
Ixlzo Il

(N.B. it still has to be proved that this is a norm — we do this below.)

An immediate consequence of the definition is the following estimate. We shall use it
frequently.

Corollary 6.8. For all x € V,
[FOO < (IFIHIxI]-

Example 6.9. V = C([0,1],R) (with || - [|s).

F(¢) = / px)dx.

Then
1F(®)] <[Pl so [If]] <1.

Putting ¢(x) = 1 ¥x € [0, 1] gives
I = 1F ()] = 1.
Thus ||f]| = 1.
Example 6.10. V = £ (with || - [|1),
FI(x)Z1) = X1
Then o
FCDRDI = Pal <D Ixil = [[()iz1600) 1 so [If] < 1.
i=1

Putting (x;)°; = (1,0,0,...) gives
Il = 1£((1,0,0,...)) = 1.
Thus ||| = 1.
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Proposition 6.11. /F (V.|| - ||) is @ normed vector space then (V*, || - ||) is a Banach space.
Proof. V* is a vector space: Suppose that f, g € V* and that X\ is a scalar. Then
(AF)(x) = Af(x)
and
(f+9)(x) = f(x) + g(x)

and these are clearly continuous.
| -1l is @ norm:

(1) Clearly ||f]| > 0 and

Ifl=0 <= sup [f(x)|=0 <= |f(x)] =0, forall x with ||x|| =1
[Ixll=1

and the latter identity is equivalent to f = 0.

(2)
IMFII = sup [A[[f(x)] = Wlsup [£0Ol = IMIIFI-

[Ix]I=1 Ix||=1
(3) For |Ix]| =1,

1£(x) + g0 < [FO) + [9(x)]
< sup [F(x)| + sup [g(x)[ =[]+ llgll

lIx[I=1 lIxl=1

Taking the supremum, we get

I +gll = sup [F(x) + g0 < IF] + llgll-

lIx]|=1
V* is a Banach space: Suppose that {f,}7°, is a Cauchy sequence in V*. Fixing x € V,
[ (x) = £ ()| < M = Tl I,

so {f,(x)}>2; is a Cauchy sequence in R (or C) and we may write f(x) = lim,— o0 fa(Xx). We
need to show that this f is an element of V*.

First we check that f is linear:

FOX+py) = lim O +py) = lim (M(x) +ph(y)) = AF(x) + puf(y).

Next, we check that f is bounded (remember this is equivalent to continuous). Since
{f,}52, is a Cauchy sequence, we may choose N > 1 so that n, m > N implies that ||f,—f,]| <
1. We have, for ||x||=1and n > N,

[FOI < 1F(x) = ()] + (X))
= lim_[,() — ()] + | ()|

<limsup ||, = vl + Ifnll < 1+ |Ifnll,

n—-+o00
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so f is bounded, as required.

To finish, we check that f, converges to f in the norm || - || on V*. Since f, is a Cauchy
sequence in V*, given € > 0, there exists N > 1 such that for n, m > N we have that

1o — Tmll <e.
Then, for any x € V' with ||x|| = 1, we have, for n,m > N,
|fa(x) — f(X)| < €.
Letting m — oo, for all x € V with ||x|| =1 and n > N, we have
|f,(x) — F)x)| <.
Hence, for n > N,

1o = fll = sup [fa(x) = F(x)| < €.

lIx|I=1

Thus lim, ||f, — f]| = 0. ]

Remark 6.12. Note that we did not need to assume that V is a Banach space.

6.2 Linear Functionals on Hilbert Spaces

Let H be a Hilbert space (with inner product (-, -)) and choose y € H. Then f,(x) = (x,y)
is a bounded (continuous) linear functional. We have

[(x, ¥
7|l = sup
T o |Ixl
By the Cauchy-Schwarz inequality,
[(x. )
< ¥l
[l

with equality for (in particular) x = y. Therefore, [|f,|| = |y|.
We shall now show that every element of H* can be written in the above form. More
formally, we can think of the above construction as a map

H— H" : x— f.

Definition 6.13. A linear map T : V — V'’ between two normed vector spaces (V, | - ||) and
(V.|| - 1I") is called an isometric isomorphism if it is a bijection and satisfies || T x||" = ||x||, for
all x € V. We then write V = V',

Theorem 6.14 (Riesz Representation Theorem for Hilbert spaces = Riesz-Frechet Theorem).
Every element of H* has the form f,, fir some x € H. Furthermore, the map

H— H i x— £,

is an isometric isomorphism if H is over R and a conjugate linear (i.e. Ax + wy — \fx + &if,)
isometric bijection if H is over C.
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Proof. That the map is linear or conjugate linear is clear and we have already seen that
||l = |Ix]|. Furthermore, if x # y then ||f, — f,|| = |[fi—yl| = Ix —y|| > 0, so x — f is
injective. Thus it only remains to show that x — f, is surjective.

Choose f € H*, f # 0, and let

L=kerf={yeH: f(y) =0}
Since f # 0, we have L # H, so L+ # {0}. Thus we can choose x; € L+ (so, in particular,

f(x) #0).
Given y € H, let

f(y)
=y — Xo-
f(x0) °
Then ) )
y y
fiw)=Ffly——%<x | =f(y) — =—=f(x) =0,
) = (v = ) = F0) = 12 o
so w € L. However, since xq € L*, this gives
fly
0 = (w.50) = {1, 3) = {50, ) 7 .
I.e., V)
fy
(¥, %0) = (X0, %) F(x0)
Rearranging, we get
fly)= (v LXOZXO =1,(¥),
%ol
where
f(xo)
= ——=Xg.
X012
So, f = f, and we see that x — £ Is surjective. O]

Remark 6.15. If H is defined over C and is separable then we have seen that it is isometrically
isomorphic to £2. We can define an isometric isomorphism between £2 and (£2)* by mapping
(x,)22; to foem)x ,» where

f(Tn)ﬁl ((J/n)iozl = Z YnXn.
n=1

6.3 Linear functionals on ¢°

Suppose that 1 < p, g < +o0o satisfy

47



6.3 Linear functionals on £°P 6 THE DUAL SPACE

Put a= (a1, a,...) €4P and b= (by, by,...) € £9. For each fixed b € £9, define

fb(a) = Z a,—b,—.
i=1
Theorem 6.16. The linear map
T 49— (£P)* b 1,
is an isometric isomorphism, so (£P)* = £9.
In the case p = g = 2, we discussed this result above (since £2 is a Hilbert space).

Proof. First note that .
fo(a) = Y aib,
i=0

is finite since, by Holder's inequality,

) %) 1/p ) 1/q
fo(a)] < lab| < (Z |ai|p> (Z !bilq) = ||allollbll4- (*)
i=1 =1 =1

Clearly f, is linear and (x) shows that f is bounded and, furthermore, that ||| < |/b]|4-
To show equality, we shall make a particular choice for a, depending on b. If b; = |b;|e®
then we choose a; = |bj|%Pe. Then a;b; = |a;b;| and |a;|P/|b;|? = 1. Thus

Ifllllallo > 1fo(a)l = > aib; = llall,llbllq
i=1

(using the equality statement in Holder's inequality). Therefore ||| = ||b]|4-
It remains to show that T : £9 — (#P)* is an isomorphism. It is clear that T is linear.
Also, if b # b’ then

IT(b) = T(B)| = IT(b— )| = [[b—b|| >0,

so T(b) # T(b') and T is injective. (Isometry always implies injectivity by this argument.)
Finally, we show that T is surjective. Given f € (£P)*, write f, = f(e,), where

It will be enough to show that (7,)%2, € £9, since then T ((f,)7,) = f.

Claim: x = (f,)22, € £9. Assume for a contradiction that

Z |fn|q = +00.
n=0
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Let xy = (fo, f1, ..., fn, 0,...), then ||xy||g = +o0, as N = +o0.
Fix N and let
4 £a 1/p . 19 1/p . fuld 1/p
Yy = e,eo( o q) ,e,el( 1] q) _____ oo ( | q) 0.
[xnll l[xnllg w1
where _
fo = €'|f].
Then

/p
[l Ixullg
7 =1
Il = (Z ENE Ak

and, in particular, |(yn)al? = c|f,|9, where ¢ = [|xn|; 9.
By Holder's inequality, we have

Mz

flyn) = D _(yw)nfn
n=0
N
Z(Y/v) (Xn)n
n=0
= lxwllallynlls = lIxnllq
(since |lynll, = 1). Thus [[xwllq = |f(yn)| < |If]], which contradicts [|xy|q — +o00, as
N — +o0.
Thus we conclude that x = (f,)7, € £9, and the proof is complete. O]

Now consider £ = {a= (), : Y2, |ail < 400, a; € C}. Fix b = (b)), € £ and

define -
fb(a) = Z a,—b,—.
i=0

Theorem 6.17. The linear map

T: 0= () bt
is an isometric isomorphism, so (£*)* = £.
Proof. The sum

fb(a) = i a,-b,-
i=0

is finite since

ibi| <) laibi| < (Z|ai|> (Slgll)|b/|) = [[all1]bl[co-
i=1 =1 =
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Clearly f, is linear and the above inequality also shows that [|f,]| < ||b]|s.
To show equality, we shall make a particular choices for a, depending on b. Given ¢ > 0,
choose j > 1 so that |b;| > ||b]|ec — €. If b; = |b;]e” then we choose

e ifi=y
aj = S
0 of i #J.

Then a;b; = |a;bj| = |bj| and ||al|; = |a;| = 1. Thus
1ol = Ifelllalls > 1fo(a)l = Y aibi = ab; > ||bllos — €.
i=1

Since € > 0 is arbitrary, this gives us ||f,|| > ||b||s, as required.
As in the preceding proof, T is linear and, since it is an isometry, it is injective. To show
that T is surjective, choose f € (£!)* and consider f, = f(e,), n > 0. We have

[fal = [f(en)| < [Iflllenll = I 1],

so we see that (f,)72, € £>°. Clearly, T((f,)>); thus T is surjective. This completes the
proof. ]

Remark 6.18. The converse to this result is not true: (£*°)* # £'. In fact, (£*°)* is equal to
a space called ba(N), which is strictly larger than £1. This space has the following definition.
Let P(N) denote the set of all subsets of N. We say that a function . : P(N) — R is bounded
if there exists M > 0 such that |[u(E)| < M for all E € P(N). We say that u: P(N) = R is
finitely additive if, for all E, F € P(N) with ENF = &, we have u(EUF) = u(E) + u(F).
Then ba(N), is defined to be the set of all bounded finitely additive functions u : P(N) — R.
We shall not discuss the proof that (£°)* = ba(N), which is rather complicated.

Definition 6.19. We define a strictly smaller space ¢g C £ by
Co = {(b,)jﬁo € L= b;—0, asi— +OO}
Proposition 6.20. (¢)* = ¢*.

Proof. See exercises. O]

6.4 The dual space of the continuous functions

Let X be a compact metric space and let M(X) denote the set of all finite Borel measures
on X (i.e. measures for which sets in the Borel o-algebra are measurable). For u € M(X),
the map w, : C(X,R) — R defined by

Wu(f)z/fdu
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is a linear functional. (Note that here f is an element of the original vector space, not the
dual space.) Furthermore, the inequality

‘ / fdu' < BNl

(which holds for all measures) shows that w,, is bounded, so w, € C(X,R)*. In fact, every
positive bounded linear functional is of this form (where w positive means that f > 0 =
w(f) > 0). To obtain all bounded linear functionals, we take differences of the wj,. This is
summarised in the following theorem.

Theorem 6.21 (Riesz Representation Theorem for continuous functions). Let X be a com-
pact metric space. Then

CX,R) = {w, — w, : p, v € M(X)},

where w,, Is the functional defined above.

6.5 The weak* topology

We have defined a norm on V* and this norm defines a topology. We call this the strong
topology (or norm topology) on V*. However, there is another, very different, topology that
can be defined on V*. This is called the weak* topology.

Definition 6.22. The weak* topology on V* is the smallest topology such that the maps
0x 1 V* = R (or C) defined by 6,(f) = f(x) are continuous for all x € V.

A topology on a set X is exactly determined by specifying when, for x € X and sequences
X, € X, X, = X, as n — +o00. (As an exercise, convince yourself that this is true.) We will
use this criterion to give an alternative definition of the topology.

Definition 6.23. Let f,, n > 1 be a sequence in V*. We say that f, — f € V*, as n — 400,
in the weak* topology if, for all x € V,
lim f,(x) = f(x).

n——+oo

Lemma 6.24. /f f, converges to f in the strong topology then it also converges to f is the
weak™ topology.

Proof. The result follows from the inequality
|2 (x) = £ = [(Fy = OO < [[fa = FIIIXII.
[

However, except in finite dimensions (in which case the two topologies agree), the converse
Is not true.

That the two topologies are different is spectacularly illustrated by the following theorem.
Let B ={f € V*: ||[f]| £ 1}. Recall that, for an infinite dimensional normed vector space,
the closed unit ball is not compact (Theorem 2.31). Hence, if V* is infinite dimensional then
then B is not compact in the strong topology. However, B is compact in the weak* topology.
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Theorem 6.25 (Banach-Alaoglu Theorem). The closed unit ball B is compact in the weak*
topology on V'*.

Proof. Note that
Bcy=][[{rec: X <xl}
xeV

because every element of B is an assignment of a number f(x) € C to every x € V satisfying
|f(x)] <||x||. Y is a product of compact sets and so, by Tychonoff's Theorem, is compact in
the product topology. With some thought, one can see that the restriction of this topology
to B is exactly the weak* topology restricted to B. Hence, the theorem will follow if we can
show that B is closed in Y (since a closed subset of a compact set is compact.

Suppose that f € Y lies in the closure of B, Then, given x,y € V, a,b € C, for all
sufficiently small 6 > 0, thesets {g e Y : [(g—F)(x)| <d}, {g€eY : [(g—F)(y)| <} and
{g€Y :|(g—f)(ax+ by)| <&} are open in Y and contain . Hence they have non-empty
intersection with B. Let F be an element of this intersection. Then

laf (x) + bf(y) — f(ax + by)|

< lal[f(x) = FO)| + [blIf (y) = F(y)| + |f(ax + by) — F(ax + by)|
+ |aF (x) + bF(y) — F(ax + by)|

< (|a] + |b])é.

Since § > 0 can be taken arbitrarily small, this shows that f is linear.
Now, given € > 0, let N be a neighbourhood of 0 € V such that x — y € N implies that
|F(x) — F(y)| <e. Then

1F0O) = FWI<TFO) = FOII+HIF) = FW)I+HIF(y) = fy)l <20 + e

This shows that f is continuous. Thus f € B and B is closed. ]

o2
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7 Linear Operators and Spectra

In the preceding section, we looked at linear maps valued in the field of scalars R or C.
Now we will generalize this to linear maps between two normed vector spaces. We begin by
recalling the definition of a linear map.

Definition 7.1. Let V and V'’ be normed vector spaces. A linear operatorisamap T :V — V/
such that

TOX A+ py) = AT (x) +uT(y),
forall x,y € V, \,u € R (or C).

The following is analogous to Proposition 6.6 for linear functionals. To make notation
less cumbersome, we shall denote both the norm on V' and the norm on V' by || - ||.

We shall be interested in linear operators T : V — V/ which are continuous, i.e., those for
which lim, o [|X, — X|| = 0 implies lim,_ 1 | T(x,) — T (x)|| = 0.

Definition 7.2. We say that T : V — V' is bounded if there exists M > 0 such that

1T < M| x||, forall xeV.

Theorem 7.3. Let T : V. — V' be a linear operator between the normed vector spaces V' and
V', Then T is continuous if and only if T is bounded.

Proof. Exercise. (It is essentially the same as the proof of the corresponding result for linear
functionals, Proposition 6.6.) H

Definition 7.4. If T : V — V' is a bounded linear operator then we define its norm ||T|| by

1Tl = sup T(x)].

By Theorem 7.3, this is finite and an equivalent definition is

T(x
T = sup ITON
lIx|1£0 x|

(N.B. it still has to be proved that this is a norm.)
An immediate consequence of the definition is the following estimate (cf. Corollary 6.8).

Corollary 7.5. For all x € V,
ITCON < IT I

Definition 7.6. We define B(V, V') to be the set of all bounded linear operators T : V' — V.
(If Visover R,C and V' =R, C then B(V, V') = V*))

Proposition 7.7. I/f V' is a Banach space then so is B(V,V"). (We do not need to assume
that V' is a Banach space.
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Proof. Exercise. (It is essentially the same as the proof of Proposition 6.11 for linear func-
tionals.) H

Now we will consider the case where V = V’. We then use the simpler notation
B(V)=B(V,V).

If T, 7" € B(V) we write TT' for their composition: (TT')(x) = T(T'(x)). This is also a
linear operator.

Proposition 7.8. If T, T’ € B(V) then [TT'|| < [|T||||T'||. (In particular, TT' € B(V).)
Proof. Applying Corollary 7.5 twice, we have

ITT OOl = IT T O < NTINTCN < ITIIT I -
Thus TT" is bounded (so TT' € B(V,V)) and [TT'|| < ||IT|IIIT'|l. O]

Example 7.9. If V =R" then T € B(V) is given by an n x n real matrix.
Similarly, If V = C" then T € B(V) is given by an n x n complex matrix.

Example 7.10. Let V = ¢P, 1 < p < oco. A particular T € B(V) is the shift T : £ — £P
defined by
T(Xl,XQ,X3, .. ) = (XQ,X3,X4, .. )

Then (x = (x1, %2, X3, ...))
00 1/p 0o 1/p
ITeOll = (Z\XJ") < <Z IX/\p> = lIxIl,
so ||T] < 1.

Now put x = (0,%,X3,...), so T(x) = (x2,x3,X4,...). For this x, it is clear that
IT(x)]] = ||x]|, so we have
T = 1T GOl = lixll,

giving || T|| > 1. Therefore ||T|| = 1.
Definition 7.11. We say that T € B(V,V’) is an an isometry if || T (x)|| = ||x]|, for all x € V.

We have now got back to a definition we made in Chapter 3: T : V — V' is an isometric
isomorphism if T is a linear isometry which is also a bijection.
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7.1 Hilbert Spaces and Adjoint Operators

Let H be a Hilbert space (with inner product (-,-)) and let T : H — H be a bounded linear
operator. We want to define a bounded linear operator T* : H — H, called the adjoint of T,
such that

(Tx,y) =(x,T"y), forallx,y€H.

As we shall see, this generalizes the notion of transpose for real matrices or Hermitian trans-
pose for complex matrices.
Let us see that we can do this. Fix y € H and consider the linear map

H—C:x— (Tx,y).
Since, using the Cauchy-Schwarz inequality,
KTx, < Ty < T Il

this linear map is a bounded linear functional. Thus, by the Riesz Representation Theorem,
there is a unique y’ € H such that

(Tx,y) =(x,¥")

and we shall define T*: H — H by
() =

Before we show that 7* is a bounded linear operator, let's give some examples.

Example 7.12. Let H = R"”. A linear operator in B(R") is given by an n x n real matrix
A = (a;) with (Ax); = > ajjx;. Now

(Ax,y) Z(AX Z Xy = Z <Z au-y,) X =Y (Aly)x = (x, Aly).
iJj=1 i=1 Jj=1
Thus the adjoint of A is A" (the transpose of A).

Example 7.13. Let H = C". A linear operator in B(C") is given by an n x n complex matrix
A = (a;) with (Ax); = > ajjx;. Now

(Ax) = (AT = 3 apsti= Z (Z 7) %

i=1 ij=1
=y (Z a_uy/>>9 = Z (Ay)pg = (x, Ay),
j=1 \i=1 j=1

where A* is the Hermitian transpose of A, i.e., the matrix with /, j-entry @;;. Thus the adjoint
of A is the Hermitian transpose of A.
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Example 7.14. Let H=/2. If x = (x1, %o, ...) and y = (y1, Vo, .. .) then
(xy)=xm+xy2+--.

Now let T be the shift operator we considered above:
T(x1,x,...)=(x,X3,...).

Then
(Tx,y) =xy1+x3%5+ -+ =(x1 X 0) +xy1 + Xx3yo + - .

Equating this to (x, T*y) gives

Ty =0y.y2,...).
Before we show that the adjoint 7* is indeed a bounded linear operator, we need a lemma.
Lemma 7.15. T = (T*)*=T.
Proof. By its definition,
(T*y,x) =(y, T"x), forall x,y € H.

But

(TTy, x) = (x, T*y) =(Tx,y) =y, Tx).

Subtracting one equation from the other gives
0=(y, Tx—T"x), forall x,yeH.
Substituting y = Tx — T**x gives
| Tx —Tx||> = (Tx — T*x, Tx — T*x) = 0.
Thus Tx =T"x, forall xe H,1.e.,, T =T [l
Proposition 7.16. 7*: H — H is a bounded linear operator with ||T*|| = ||T]|.

Proof. Claim. T*: H — H is linear: For all x,y;,y» € H, A\, u € R (or C),

X, T (A1 + wy2)) = (Tx, Ay + uyo)

(Tx,y1) +(Tx, y2)

A
=X, T*(1)) + w{x, T*(y2))
= (X, AT (1) + uT*(12)).

Thus T*(Ay1 + pya) = AT*(v1) + uT*(y2).
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Claim. ||T*|| = ||T||: Since (Tx,y) = (x, T*y), for all x,y € H, by setting x = T*y, we have
(TT*y,y) =(T*y, T*y). Thus

IT*y[I> =(T*y, T*y) =(TT"y,y)
<||ITT*y|| lly|l (by the Cauchy-Schwarz inequality)
< W ITy Il vl

In particular, ||[T*y| < ||T|l llyll, for all y € H, i.e., ||[T*|| < ||T||. This shows that T* is
bounded.

Since T** =T, we see that we also have ||T|| = ||[(T*)*|| < ||T*||. Thus, ||T*|| = ||T], as
required. []

Proposition 7.17. (i) I* =1 (where | : H — H is the identity transformation);
(i) (ST)* = T*S*,
(i) \T* T =TT =TI

Proof. Property (i) follow directly from the definition. Properties (ii) and (iii) are exercises.
O

Definition 7.18. We called a bounded linear operator T : H — H self-adjoint if T* =T.

Example 7.19. An n x n real matrix A acting on R” is self-adjoint if and only if At = A, i.e.
A is symmetric. An n x n complex matrix A acting on C” is self-adjoint if and only if A is
equal to its Hermitian transpose, I.e., a;; = aj;.

Example 7.20. Let H = ¢2(C) and let (a,)%2; € £°(R). Define T : £2(C) — £2(C) by
T((x)21) = (aixi)iZy-

(Check that T € B(£2(C))!) Then, for all (x;)2,, (y;)2, € £2(C),

(T(C0)20), ()72 Z(ax,)y,

= Zx,
= <(XI), 1 T (1))
le.,, T*=T,so T isself-adjoint. (Note that it was important for (a,)%; to heave real entries.
There is a special formula for the norm of a self-adjoint operator.

Proposition 7.21. Let T : H — H be self-adjoint. Then

ITI = sup [(Tx, x)|.

lIx]I=1
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Proof. Let M = sup =1 [{Tx, x)|. Since
[(Tx )1 < Tl < T I,
we see that M < ||T||. To prove the reverse inequality, first note that, for any x € H,
(Tx,x)| < MJIx|?.
Now, for every x,y € H, using T* =T, we have

(Tx+y),x+y)=(Tx+Ty,x+y)

= (Tx,x) +(Tx,y) +(Ty,x) +(Ty,y)
=(Tx, x) +(Tx.y) + . T"x) +(Ty,y)
= ( +(Tx.y) +(Tx.y) +(Ty.y)
= +

2R(Tx,y) +(Ty,y)

Tx, x)
Tx, X)

and
(Tx=y). x=y)=(Tx,x) =2%(Tx,y) +(Ty.,y),

so that

AR(Tx,y) =(T(x+y)x+y)—(Tx—y).x=y)
< M(|[x + y|” + lIx = yII?)
= 2M(|[x]I* + [ly[I?).

We can replace x by e®x so that R(T (e®x), y) = [(Tx,y)|. Then, for every x,y € H,
[(Tx, vl < (M/2)(IIxI1* + lly[I7)

Suppose that Tx # 0. Then, taking

_ lxl
I7x]

T(x),

we have |ly|| = ||x|| and

Tx, Tx)| < M|x|?
1Tx H\( ) [BY]

so that
1 Tx| < Mjx]|.

This last inequality holds trivially if Tx = 0 and so ||Tx|| < M||x|| always. This shows that
| 7| < M, as required. -
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7.2 Spectrum of Operators

Let V be a Banach space over C. (Here it is important that the field is C (algebraically
closed) not R.)

We will say that a bounded linear operator T € B(V) is invertible if there exists S € B(V)
such that TS = ST =/ (the identity transformation). If T is invertible then we denote this
S by T~ and call it the inverse of T.

Proposition 7.22. Let V be a Banach space and let T : V. — V be a continuous linear
operator. If ||| = T|| <1 then T is invertible.

Proof. Since V is a Banach space, sois B(V). We write S = | —T and consider the sequence
of operators {R,}°,, where R, =1 +S5S+ 5%+ ---+S5"and S"=So0---0S. Forn>m,

xXn
we have

IRy = Rl S IS™ 4o+ S < [IS™H + -+ + [|S]].

Since

o] o] 1
ST < S||" = :
;II I ;II I T3]

we see that {R,}5°, is a Cauchy sequence and so it converges to some R € B(V,V).
For each n > 1, we have that

Roi(l—S)=(—S)Ry_1=1—-5".

Since ||S"|| — 0, as n — o0, taking limits above gives R(/ —S) = (I = S)R =1, i.e,
RT=TR=1/. Thus R=T"1. [l

Recall that an n x n matrix A has eigenvalue A € C if any one of the following equivalent
statements holds

(1) there exists v € C", v # 0, such that Av = A\v; or, equivalently,
(2) det(A/ — A) = 0 (the characteristic equation);
(3) Al — Ais not invertible.

In infinite dimensions, (2) does not make sense in general, while (1) and (3) make sense but
are no longer equivalent. If (1) holds (i.e. Tx = Ax for some non-zero x € V) then we will
still call A and eigenvalue but we will focus on condition (3).

Definition 7.23. We define the spectrum of T € B(V') to be the set of complex numbers
o(T)={ e C: (M ~—-T):V — Visnot invertible}.

Lemma 7.24. If X is an eigenvalue of T then X € o(T).
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Proof. Suppose that A € C is an eigenvalue of T. Then, by definition, there exists x € V,
x # 0, such that
Tx=MAx

or, equivalently,
(M —=T)x=0.

Suppose that A € o(T), so that A\l — T is invertible. Write S = (Al — T)~%. Then
x=Ix=S\ —-T)x=50=0,
a contradiction, since x # 0. Therefore, A € o(T), as required. [

An example below will show that the spectrum can contain numbers which are not eigen-
values.

Example 7.25. Let V = C"and let T : V — V be a continuous linear operator. Let e, ..., e,
be the standard basis for C”, i.e., e = (0, ..., 0,10,..., 0). Then T is represented by
(k—1)
(e

the n x n matrix M defined by M(i,j) = (T (e;));, i.e., the jth entry of the vector T (e;):
T(e) =Y, M(i.j)e,.

The operator T is invertible <= the matrix M is non-singular <= det M # Q.

Given A € C, the operator (Al —T) : V — V is invertible <= X is not an eigenvalue
for M.

If M has eigenvalues {\q, ..., Ant then o(T) = {1, ..., An}.

Remark 7.26. In finite dimensional spaces A € o(T) corresponds to both (Al — T) not being
injective and (A — T) not being surjective. In V is infinite dimensional then just one of these
may fail.

Proposition 7.27. Suppose thatV/ is a Banach space over C and that T : V. — V is a bounded
linear operator. Then o(T) is a compact (i.e. closed and bounded) set in C. Furthermore,
a(T)c{zeC:|z| <|T|}.

Proof. Claim: o(T) C {z € C : |z| < ||T||}. Suppose that |\| > ||T||; we shall show that
(M —T):V — Visinvertible (so that A ¢ (T)). For N > 1, define

Tnfl
Sy = € B(V)
n=1 A"
Write 6 = ||T||/|A| < 1. Since, for 1 < M < N,
N N
Tt 1 1 6M —gN
- = < — gl =
1Sn — Swull > || S > B N1 8
n=M+1 n=M+1

we see that Sy is a Cauchy sequence. Since B(V) is a Banach space, Sy converges to some
S e B(V), as N — +oco. By direct claculation,

(M —=T)Sy =Sy(M =T)=1—-xNTN,
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and letting N — 400 gives that
AN =T)S=S\I-T)=1.

Thus (A — T) is invertible and, in particular, X ¢ o(T).

Claim: o(T) is closed. Choose X\ ¢ o(T), then there exists S € B(V) such that S(A/—T) =
(M —T)S = 1. Choose € < 1/||S||, then we shall show that

{peC: |ju—XN<etno(T) =g,
e, {peC:|u—A<e} CC\o(T). If |u—A| <ethen, since (A —T)S =1,
(wl=T)=XN-=-T)+p—=X)=X-=T)I+(r—X)S).

However,

(i) (M —T) is invertible by assumption;

(i) (I + (u—N)S) is invertible since

(k= 2)SI = [u = AllISIF < ellS] < 1.

So we have that the product (A —T)(/ + (& —X)S) is invertible, i.e., (u/ — T) is invertible.
This shows that u & o(T), as required. Therefore, C\co(T) is open and so o(T) is closed. [

Exercise 7.28. (See problem sheets.) Let T € B(V). Show that if [|[T]| < 1then /| —T is
invertible. (Hint: Show that /+T +---4+T", n > 1 is a Cauchy sequence in B(V) and hence
has a limit.)

Remark 7.29. It is also true that o(T) # @. To see this, one needs to consider the complex

function
n—1

>\n

(C%B(V):)u%i

n=1

=\ —-T)"

There is a theory of analytic functions of a complex variable which take values in Banach
spaces. If o(T) = @ then one can show that the above function is analytic and bounded. As
for complex valued analytic (= differentiable = holomorphic) functions of a complex variable,
this forces the function to be constant. (Recall Liouville’s Theorem.) One can also show that
(M —T)7Y| — 0, as [A\| = 400, so the constant must be zero. Clearly, this is impossible.

Example. Let V = 4¢P, 1 < p < oo, and let T be the shift operator T(x;, X0, X3,...) =
(X2, X3, Xg, . ..). We know that ||T|| =1,s00(T) C{ze€ C: |z] <1}. We will show that
the set of eigenvalues of T is {z € C: |z| < 1} and that o(T) ={z € C: |z] < 1}. In
particular, there are points in the spectrum of T which are not eigenvalues.

Suppose that A is an eigenvalue of 7. Then we must be able to find a non-zero
(x1, X2, X3, ... ) € €P such that

(X2,X3,X4, .. ) = T(X]_,X2,X3, .. ) = >\(X1,X2,X3, C )
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Looking at each co-ordinate in turn, we find the conditions
Xo = AX1, X3 = Ao = A2x1, Xa = MG =231, ., X =Moo =N,
There is no condition on x;, so let us choose x; = 1. Then (1, X\, A2, ...) has the required

property:
TN ) =W 03 ) =210 0% ).

Clearly, (1, X\, 22,...) € £° if and only if [A\|] < 1. (Note that, apart from the choice of xi,
every eigenvector for A has this form.)
Since eigenvalues are contained in the spectrum, this shows that

{zeC: |z| <1} Cco(T).

Since o(T) is closed,

{zeC: |z|<1}={zeC: |zl <1} Co(T).
On the other hand, ||T|| = 1, so, by Proposition 7.27,
o(T)c{zeC: |z] <1}
Hence
o(T)={zeC: |z] <1}.

Given T : V — V, we can consider powers T2, T3, ..., T", .... We can also form polyno-
mial combinations: if P(x) = a,x"+- - -+a;x+ap then we write P(T) = a,T"+---+a; T +aol.

Proposition 7.30. /f P(x) is a polynomial then
o(P(T))={P\) : xea(T)}.
Proof. Suppose P has degree n. For a fixed A € C, we can write
A= P(z)=a(61—2)(B2— 2) -+ (Bn — 2), (*)
where 34, .. ., Bn € C are the roots of the polynomial z — A\ — P(z). We can then write
AN —P(T)=a(Bil — T)(Bal = T) - (Bsl — T).

If X € o(P(T)) then X\l — P(T) is not invertible, so (B;/ — T) is not invertible for some
i, giving B; € o(T). Substituting z = B; in (), we have A\ = P(B;). This shows that
a(P(T))Cc{P\): xea(T)}.

Now suppose that A € a(P(T)), so that A\l — P(T) is invertible with inverse S, say. For
eachi=1,..., n, we have (remembering that everything commutes)

A= P(T) = (Bil = T)Q(T),
for some polynomial Q;. Then
I =S\ =P(T))=SBil = T)QIT) = (Bil = T)SQIT) = SQT)(Bil =T),

so (Bl — T) is invertible with inverse SQ,;(T). Thus {Bi,..., Bn} No(T) = @. Since the
equation A — P(z) = 0 has no other solutions, this shows that o(P(T))c N {P(X\) : X €
o(T)} = @. This completes the proof.

[
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Since o(T) C C is bounded, we can make the following definition.

Definition 7.31. We define the spectral radius of T to be the number
o(T) =sup{|A\| : Aea(T)}.
By Proposition 7.27, we know that p(T) < ||T||. A stronger result is given below.
Theorem 7.32 (Spectral Radius Theorem).

p(T)=lim [T"|*".
n—+o00

Idea. Since o(T")={\": X € a(T)}, for each n > 1, we have
p(T)" = p(T") < [IT"],

i.e., o(T) <||T"|M". Therefore, o(T) < liminf, oo ||T"||*/".
The proof of the lower bound is omitted. (It requires the theory of analytic Banach space
valued functions.)

[]

7.3 Spectra of Operators on Hilbert Spaces

Let T : H— H be a bounded linear operator on a Hilbert space H and let T*: H — H be its
adjoint operator.

Lemma 7.33. (i) o(T)=0c(T)={x:xeo(T)}, ie AX€o(T) < Xeo(T*);

(i) if T~ existstheno(T 1) = (o(T))t={N1t:Aeao(T)} ie xeo(T) < X'le
o(T™1).

Proof. (i) We have X ¢ o(T) if and only if S = (X — T) is invertible. Since SS™1 =
= == (SS)y =SS and SIS =] < | =[*= (519 =S5(S),
S* = (A — T*) is invertible if and only if (A — T) is invertible.

(i) If X ¢ o(T) then SN —=T)=1= (N —T)S, where S = (A —T)"!. Notice that ST =
| +AS=TS. Thusif U= —AST = —=ATS then UN"Y =T =/ = (A" — T-1)U,
so (A\7Y — T71) is invertible, i.e., A7t ¢ o(T71). By symmetry, o(T71) = {A71: X €
o(T)}. O

Definition 7.34. We say that T : H — H is normal if TT* = T*T. (Notice that if T is
self-adjoint then T is normal.)

Suppose that T*T = /. Then (and only then) we have, for all x € H,
Ix|I?> = (x,x) = (x, T*Tx) = (Tx, Tx) = || Tx|.

So T is an isometry if and only if T*T = /.
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Definition 7.35. We say that T is unitary if T* = T-1. (Note that if T is unitary then T is
an isometry. Conversely, if T is an isometry and T is invertible then T is unitary.)

Theorem 7.36. (i) If T is normal then p(T) = ||T]||.

(if) If T is an isometry then p(T) = 1.

(iii) If T is unitary then o(T) C {z € C : |z| = 1}.

(iv) It T is self-adjoint then p(T) = ||T|| and o(T) C [—||T.[|T]]] C R.
Proof. (i) For n> 0,

172012 = 1T (T = (T T)*|
(by normality T*T =TT™)

= (T T)*"|?
(since S = (T*T)?" " satisfies ||S*S|| = ||S]]?)
= (T )| = = |T°T|* = TP

So [|[T*"| = [ITIP". Thus p(T) = limyo0 [| T2V = || T

(i) We have ||T"||? = |[(T*)"T"||. Repeatedly using T*T = [, we get |T"||? = ||/|| = 1.

Hence o(T) = lim 400 | T"||*/" = 1.

(i) If T is unitary then T is an isometry, so by (i), o(T) C {z € C: |z] < 1}. Thus by

Lemma 7.33, (T ) C{ze€eC: |z]| >1}. Buto(T ) =0(T*)={z:z¢€ o(T)} and

|Z| = |z|, so this forces o(T) C {z€ C: |z| = 1}.

(iv) If T is self-adjoint then T is normal so, by (i), o(T) = ||T||]. We already know that

o(T) Cc {z € C:|z] < |IT|}, so to complete the proof we just need to show that the

spectrum is real. It will suffice to show that (A/ — T) is invertible whenever A € C\ R.
Choose a real number r such that 0 < r < 1/||T||. Then (/+irT)~! exists (since ||irT|| =

rT) < 1). Let U= (I —irT)(I +irT)~t. Then we also have U = (I +irT)~Y(/ —irT).

Claim: U is unitary. \We shall use the facts that ($*)™! = (S71)* and (zS5)* = zS*. We have

Ut=0U+irm)(I —irT)™!
= +irT*)(I —irT*)™!
= —irT)*((I +irT)*)™?
= —irT)*((I +irT)™ )"
= ((I +irT) (I —irT))* = U*,

as required.
Now, if A € C\ R then

‘1—/’0\ 21

1+irA
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1—irX
/_
(1+/r>\) v

so, by (iii),

is invertible. However,

1—irX
| —
<1-|—/'r)\> v

=1 f,m (X = irXN)(I+irT) = (I = irT)(L +irX)) (| +irT) ™
—2ir 1
=15 D)

Since the L.H.S. is invertible and (/+irT )"t is invertible, this shows that (A/—T) is invertible,
as required. ]
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8 Compact Operators

8.1 Definition and Properties

As we have seen the spectrum of a linear operator on an infinite dimensional space can be
very different from that of a matrix. In this section, we shall consider, in contrast, a special
class of operators whose spectral theory is very similar to the finite dimensional case. There
are called compact operators.

Definition 8.1. Let V and V'’ be normed vector spaces. A linear operator T : V — V' is
compact if, for any bounded sequence x, € V/, the sequence Tx, € V' contains a convergent
subsequence. The set of compact linear operators from V to V' is denoted K(V, V).

Theorem 8.2. (i) K(V,V’) C B(V,V’) (i.e. compact operators are automatically bounded).

(i) K(V,V’) is a vector space and, if V' is a Banach space, then K(V,V') is a closed
subspace of B(V, V).

(i) If T,S € B(V,V') and at least one of them is compact then TS is compact.

Proof. (i) Suppose that a linear operator T is not bounded. Then, by definition, there exists
a sequence x, € V, with ||x,|| = 1, such that ||Tx,|| — +oc0, as n — +oo. Clearly, the
sequence X, is bounded. Moreover, any subsequence of T x, will also have norm tending to
400 and so cannot be convergent. Thus T is not compact.

(i) The first statement is an easy exercise. Now suppose that V/ is a Banach space and
that T, € K(V, V') converges to T € B(V,V’) (in the | - ||-topology on B(V,V’)). Let x; be
a bounded sequence in V. Since T; is compact, it has a subsequence xj(l) such that Tlxj(l)

converges, as j — 4o0o. As xj(l) is itself a bounded sequence and T, is compact, it has a

subsequence xj(2) such that T2xj(2) converges, as j — +oo. Continuing inductively, for each

m, we have a sequence xj(m) which is a subsequence of xj(m_l) such that Tkxj(m) converges as

J — +oo, for all k < m. Now consider the sequence y, = X,Ek). For each m, from some term

on, yx is a subsequence of X,Em). Hence T,yx converges, as k — +oo, for all n. We have

Ty = Tyl < NTyie = Tyl + | Toyi — Tavill + 1 Toys — Tyl
< T = TallCllyell + 1yall) + [Ty — Tayill

Given € > 0, for n sufficiently large, we have ||[T — T,|| < € and, for k, | sufficiently large, we
have || Toyk — Thyil| < € (because T,y; converges as j — +o0). Since ||yk| + ||| is bounded,
this shows that Ty; is a Cauchy sequence and so, because V' is a Banach space, it converges.
Hence T is compact.

(iii) Let x, be a bounded sequence in V. If S is compact then there is a subsequence x,, such
that Sx,, converges. Since T is bounded (and hence continuous), T(Sx,,) also converges and
so TS is compact. If S is merely bounded then the sequence Sx, is bounded. If T is compact
then there is a subsequence Sx,, such that T(Sx,,) converges, so again TS is compact. [
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The next result makes it clearer why these operators are called compact.

Theorem 8.3. LetV/ and V' be normed vector spaces and let T : V. — V' be a linear operator.
Then T is compact if and only if the image of any bounded subset of V' is relatively compact,
i.e. for any bounded set B C V/, T(B) is compact.

Proof. ( = ) Suppose that T is compact and let B C V be bounded. Let y, € T(B) be a
sequence. For each n, choose x, € B such that

1
n_Tn -
lyo = Toxall < =

Then the sequence x, is bounded and so, since T is compact, T x, has a convergent subse-
quence T x,,, converging to y, say. By construction, y € T(B). Since

1
1V, — Tyl < E

we have that y, converges to y also. So y, has a convergent subsequence and T(B) is
compact.

( <= ) Now suppose that, whenever B C V is bounded, T(B) is compact. Let x, be a
bounded sequence in V. This is itself a bounded subset of V, so {Tx,} is compact. But
Tx, is a sequence in this compact set, so it has a convergent subsequece. Hence T is
compact. ]

That compact operators are rather special is shown by the next result.
Theorem 8.4. Let VV be an infinite dimensional normed vector space.
(i) The identity operator | -V — V is not compact.
(if) If T .V — V is invertible then it is not compact.

Proof. (i) Since V is infinite dimensional, the closed unit ball B ={x e V : ||x|| < 1} is not
compact. Since /(B) = B (closed), this shows that / is not compact.

Suppose that T is invertible. If T were, in addition, compact, we would have that / =TT !
is compact, contradicting (i). O]

Example 8.5. Let k € L?([a, b] x [a, b],C. Then K : L?([a, b], C) — L?([a, b], C) defined by

(Kf)(t) = /b k(s,t)f(s)ds

is a compact operator. (See exercises.)
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8.2 Spectral Theory of Compact Operators

We will now consider the spectral theory of compact operators. In fact, we will restrict to
compact self-adjoint operators on a Hilbert space, as this is the setting in which the strongest
results hold. Throughout this section, H will be a Hilbert space over C.

We will write o,(T) for the set of eigenvalues of T, also called the point spectrum. Of
course, ,(T) C o(T).

Lemma 8.6. Let T : H— H be a compact self-adjoint operator. Then at least one of ||T ||
and —||T|| belongs to o,(T).

Proof. If T =0 the lemma is trivial. So suppose that T # 0. Then
[Tl = sup [(Tx,x)|

lIx|I=1

and so there is a sequence x, € H, with ||x|| = 1, such that (T x,, x,)| — ||T|l, as n — +oc.
Since T is compact, there is a subsequence x,, such that Tx, convergesto y € H, say. Then

lim (Txy, xy,) = £||T|| =a #0.

Jj—+oo
We have

1T, — oo | = [T, |12 + 00 |12 = 20(T x5, X3,
<a’+a’-— 2a(T Xy, Xn;)
= 2a(a — (T Xy, Xn,)) = 0,
as j — +oo. Combining Tx, — y and Tx, — ax, — 0 gives lim; ax, =y, le.

lim;_ 100 Xo, = y /. Since T is bounded (and hence continuous), we deduce Tx, — (Ty)/a.
Thus, Ty = ay and [ly]| # 0 (because |lx, | = 1). Therefore, a € 0,(T). .

Theorem 8.7 (Spectral Theorem for compact self-adjoint operators). Let T : H — H be a
compact self-adjoint operator. Then exactly one of the following holds.

(a) If dimRange(T) = N then T has N non-zero real eigenvalues X1, ..., An (not neces-
sarily distinct). If dim H > N then 0 is also an eigenvalue. Moreover, there exist an
orthonormal set ey, . .., ey of eigenvectors, corresponding to the X\, such that, for all
X € H,

N
Tx = Zkk(x, ek>ek.
k=1

(b) IfdimRange(T) = oo then T has countably many non-zero real eigenvalues Ay, o, . . .,
such that limg_, 1o Ax = 0. Moreover, there exists an orthonormal set of eigenvectors
ex, corresponding to the Ay, such that, for all x € H,

Tx = Z Ak (X, €x)ex.
k=1

Any eigenspace corresponding to non-zero eigenvalues is finite dimensional.
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Proof. For the first part of the proof the range may be finite or infinite dimensional. We
construct the family e, as follows. Set H; = H and T, = T|y, : Hi — Hi. Then, by
Lemma 8.6, there exists A\; € 0,(T) such that [A\;| = ||T1]| = ||T||. Let e; be the associated
eigenvector normalised to have |le;|| = 1. Set H, = (Ce;)*. Then Hy C H; and if x € H,
then

<TX, €1> = <X, Tel> = >\1<X, €1> =0,

so Tx € Hy. Let T, = T|n, : Ho — Ho; this is compact and self-adjoint. Then there exists
A2 € 0,(T2) such that ||[Az]| = ||T2]|. Let e, be the associated normalised eigenvector and
set H; = (Ce; ® Cey)*t. Continue in this way, building up a family of spaces

--H,CH,.yC---CH =H,
with

H,=(Ce,®---®Ce,_y)*,
An € 0,(T,) such that |[A\,| = ||T,||, and e, the associated normalised eigenvector of T, =
Tly, : Hy = H,. We see that there are two cases.
(a) If dimRange(T) = N then Tyi1 = T|n,,, = 0. If dmH = N then Hyi, = {0}. if
dimH > N then Hy.1 = ker T, i.e. Hpy1 contains the eigenvectors of T corresponding to

the eigenvalue 0.
For x € H, consider

k=1
Then N
Ty =Tx— Z<X ex)Tex=Tx— Zkk X, ex)e
k=1

We have (y,e) =0, k=1,..., N, soy € Hyy1 Hence Ty = TlpynY = Ty = 0. This
gives

N

Tx = ZAk(X ek>ek

k=1

as required.

(b) If dimRange(T) = oo the construction continues with Ty # 0 for all N. For x € H and
N > 1, consider

Then yny € Hy and so
Ix]1> = ||yN||2+Z|<x &)|

giving ||x|| > [lyn]| for all N > 1. By constructlon, HTNH = |An|, sO

= [Tynll < ITwlllynll = IAnlllynll < Xl

N—1
Tx— Z Ak (X, ex)ex
k=1
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Thus the formula -
Tx = Z (X, ex)ex
k=1

will follow once we show that limy_, . Ax = 0.
For a contradiction, suppose that there exists a subsequence A, and € > 0 such that
|Ax,| > € forall i > 1. Then, forall i,j > 1,

||Tek - Ten ||2 <T€k - Tek Tek - Tek) <>\k,.ek,. — Akj.ekj, Akiek, - >\kjekj>
= >+ 2 )P > 2¢°.

As a consequence, any subsequence of T e, fails the Cauchy criterion and does not converge.
But the sequence e, is bounded, so this contradicts the compactness of T.

Now we show that the A, constructed above are the only non-zero real eigenvalues.
Suppose that X is an eigenvalue that does not belong to this sequence and let the associated
normalised eigenvector be e. Then, for each k,

e, ex) = (Xe, &) = (Te ex) = (e, Tex) = (e, Aeex) = Aile, ).

By hypothesis, A # X\, for all k, so we have that (e, ex) = 0 for all k. Then

Ae=Te= Z Ae(e, ex)ex =0,
k=1
so A =0.

To complete the proof, we show that the eigenspace associated to any non-zero eigenvalue
is finite dimensional. Let A € 0,(T), A # 0 and let £, denote the associated eigenspace. Let
T = T|g,. If x € E) then Tx = Ax, so T: E, — EA Since Tx = AX, T maps the closed
unit ball into the closed ball of radius |A|. But since T is compact, {x € Ex : |Ix|| < [A|} is
compact, which implies that E, is finite dimensional. []

Corollary 8.8. Let H be an infinite dimensional separable Hilbert space and let T : H — H
be a compact self-adjoint operator. Then there exists and orthonormal basis {ex}>, of H
such that Te, = Agei, for all k > 1, and, for all x € H,

Tx = Z)\k<X, ek>ek
k=1

Proof. This follows immediately from Theorem 8.7. ]

We remark that since the proof that dim E, is finite only uses the compactness of T, we
have the following result.

Proposition 8.9. Let T : H — H be compact. Then for all non-zero eigenvalues, the
associated eigenspace is finite dimensional.

Proposition 8.10. Let H be an infinite dimensional Hilbert space and let T : H — H be a
compact self-adjoint operator. Then o(T) = o,(T).
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Proof. We will only give the proof in the case where H is separable. By Corollary 8.8, for

any x € H,
Tx = ZAk(X' ek>ek
k=1

where {e,}?°; is an orthonormal basis for H. Since x = >/~ | (x, ex)ex, we have

(T —uh)x = Z()\k — w){x, ex)ex

k=1

Let u € C\o,(T), which is an open subset of C. Hence, there exists ¢ > 0 such that
lw— A > € forall \ € 0,(T) C 0,(T). Consider the operator S defined by

= (. ex)
Sy = Z €k
—1 A — W

Since |\x — u| > € the series converges and

2_OO <J/-ek>2 _200 2 _ 2,112
ISyl =2>_ |5 <€D lv.edl =€yl
pul R k=1

In particular, S is bounded with ||S]| < e
Since

(T~ uh)Sy =3O — )(Sy. eec = > ™

and

2 (T — uh)x, Ak —
k=1

we have S = (T — ul)™ and u € C\o(T). Hence a(T) C o,(T). The reverse inclusion
follows from the fact that o,(T) C o(T) with o(T) closed. [
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9 Sturm-Liouville problems

9.1 Second order linear differential operators

By a second order linear differential operator we mean one of the form
d?u du
Lu= a2(X)W + al(x)& + ao(X)LI,

where ag, a1, a» are continuous on an interval [a, b], with a, never zero. For the moment, we
will not worry about the space in which u lies. By multiplying by the integrating factor

1 a1(x)
R Bvetid

tu=2 (m%) T q(u(x)

and this is the form we will study.

we may reduce this to

9.2 The Sturm-Liouville problem
A Sturm-Liouville problem is a differential equation of the form

d

Lu:= Ix (p(x)%) + qg(x)u(x) = Au(x) with u(a) = u(b) =0,

where p and g are given functions on the interval [a, b]. The values for which the problem
has a non-trivial solution are called the eigenvalues of the Sturm-Liouville problem and the
corresponding u are called eigenfunctions. An eigenvalue is called simple if the corresponding
eigenspace is one-dimensional.

Theorem 9.1 (Sturm-Liouville Theorem). If p € C(]a, b], R) with p(x) > 0 for all x € [a, b],
g € C([a, b],R), and 0 is not an eigenvalue of the Sturm-Liouville problem, then

(i) the eigenvalues A\, of the Sturm-Liouville problem satisfy |\,| — 400, as n — 400,
(ii) the eigenvalues are simple;
(iii) the eigenfunctions form an orthogonal basis for L?([a, b], R).

Here C1([a, b], R) denotes the space of differentiable functions f : [a, b] — R such that
f’ is continuous.

Remark 9.2. The requirement that zero is not an eigenvalue of the problem is a technical
condition used to ensure that the equation Lu = f, u(a) = u(b) = 0, has a unique solution.
(See below.)
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This result is approached via the spectral theory of linear operators. L is defined as a
linear operator on a subspace D of L?([a, b],R): D is the set of equivalence classes [u] in
L2([a, b], R) such that

e there is a representative u of [u] such u is differentiable,
e pu/' is differentiable almost everywhere and (pu’) € L2?([a, b], R),
e u(a)=u(b)=0.

In fact, D is dense in L2([a, b], R) with respect to || - ||.

Remark 9.3. The fact that the Sturm-Liouville eigenvalures are unbounded shows that L is
not a bounded operator.

The eigenfunctions of the Sturm-Liouville problem are the eigenvectors of L and we will
use the term eigenfunction. In order to prove Theorem 9.1, we will show that L : D —
L2([a, b],R) is “almost” the inverse of a compact self-adjoint operator K : L2([a, b], R) —
L2([a, b], R) and apply the results of the preceding section.

9.3 The differential equation Lu = f

We begin with a couple of lemmas. They refer to (non-zero) solutions of the equation Lu =0
but the boundary condition u(a) = u(b) = 0 is not imposed so the “no zero eigenvalue”
condition Is not violated.

Lemma 9.4. /f both uy and u» satisfy the equation Lu = 0 then

A(x) = p(x)(ta(x)un(x) — vi(x)ua(x))
Is constant, A say. Furthermore, if A # 0 then u; and u» are linearly independent.

Proof. Differentiating A(x) with respect to x and using pu” = —p'u’ + qu, we obtain

A = p'(uyuy — uyn) + p(uduy — ufun)
= p'(uhuy — upwn) + ((=p'ub + quo)uy — (—p'uy + quy)un) = 0.

Therefore A(x) = A is constant.

Now suppose that u; and u, are linearly dependent. Then there are constants a, a, not
both zero, such that ayu; + asu, = 0. Without loss of generality, suppose as # 0. Then
U, = —atp/an and uh = —an Uy /an. Substituting these identities into the definition of A(x)
gives A = 0. The required statement is the contrapositive. O]

Lemma 9.5. The equation Lu = 0 has two linearly independent solutions uy, u» such that
ui(a) = wa(b) = 0.
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Proof. From the elementary theory of ODEs, there is a unique function u; such that Lu; = 0,
u1(a) = 0 and uj(a) = 1. (One then easily sees that every solution of Lu =0, u(a) =0 is
a scalar multiple of u.) Similarly, there is a unique function u, such that Lu, =0, ts(b) =0
and u5(b) = 1. To see they are linearly independent, consider

A = A(a) = p(a)(uvy(a)un(a) — wy(a)ua(a)) = —p(a)ua(a).

If A =0 then uy(a) =0, sothat Lu, = 0 with us(a) = ux(b) =0, i.e. zero is an eigenvalue of
the Sturm-Liouville problem. Since zero is assumed not to be an eigenvalue, we have A # 0
and so, by Lemma 9.4, u; and u, are linearly independent. []

Theorem 9.6. The equation Lu = f, with the boundary conditions u(a) = u(b) =0, has a
solution of the form

) = [ KxF) dy,
where k € C([a, b] x [a, b], R).

Proof. Set
n()w(y)/A ifa<x<y<b
k(x,y) = .
u(Y)ua(x)/A ifa<y<x<b,
where u; and up are the linearly independent functions obtained in Lemma 9.5. It is clear

that k is continuous.
To complete the proof, we just need to check that

u(x) = / k(x,y)F(y) dy,

is indeed a solution. First note that when x = a we have x < y throughout the domain of

Integration and so

u(a) = 3 / 11 (2)t(y)F(v) dy = 0.

By a similar argument, u(b) = 0.
We now substitute into the equation (for convenience multiplying by A). Since u;(x) and
t>(x) can be taken outside the integration, we obtain

Bu) = 8 [ k) F) dy = ) | L O)F) dy + i (x) [ ey,

X b
(Au(x)) = ua(xX)ur(x)f(x) + ué(x)/ n(Y)F(y)dy — ur(x)u(x)f(x) + ui(x)/ i (y)f(y)dy

X b
— )(x) / () F(y) dy + (%) / (V) F(y) dy,
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and
(p() (Au(x))) = (pub / ")) dy + pubtsf + (i) / w(y)F(y) dy — pulusf

X b
=(pu;)’/ u(y)f(y) dy+(pu1)’/ w(y)f(y) dy + Af.

Therefore,
(p(BuYY + qbu = ((pub) + qus) / L)F) dy + () + qur) / () F(y) dy + AF

— (Lu2)/x w()F(y) dy + (Lul)/ () F(y) dy + AF
= Af,

as required. (We have assumed results about differentiating integrals.) H

Remark 9.7. The function k is called the Green's function for the problem.

9.4 An integral operator

Define an operator K : L2([a, b], R) — L?([a, b], R) by

(KF)(x) = / k(x,y)F(y) dy.

Since k is continuous, K is compact. Since k is real valued, it is also easy to see that K is
self-adjoint.

If u € D and f = Lu then Theorem 9.6 shows that u = Kf = K(Lu), i.e. AL acts
as the identity on D. On the other hand, it follows from the proof of Theorem 9.6 that,
if £ € L?([a, b],R), then Kf € D (by virtue of being a solution of the equation) and that
LKf=f. Thus LK = |.

Note that L fails to be the inverse of K as it is not defined on the whole of L2([a, b], R),
only on the dense subset D. Indeed, since K is compact, it cannot be invertible.

Lemma 9.8. (i) The operator does not have zero as an eigenvalue.
(ii) w is an eigenvalue of K if and only if u = A=t is an eigenvalue for L with the boundary
condition u(a) = u(b) = 0.

Proof. (i) Suppose that Kf = 0 for some f € L?([a, b],R). Then, for any g € L?([a, b], R),
0= (Kf g) =(f Kg),

which implies that f = 0 (because u is orthogonal to the dense set D = Range(K)). Thus,
zero is not an eigenvalue for K.

(ii) Let u € L3([a, b], R) be an eigenfunction of K, i.e. Ku = pu. By part (i), u # 0, so we
canwrite u = u 'Ku € Dand u(a) = u(b) = 0. Applying L, we have Lu = pu 'L Ku = p~tu.
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Conversly, let u € D, with u(a) = u(b) = 0, be an eigenvalue for L, i.e. Lu = Au. Applying
K we get u = KLu = AKu. Since zero is not an eigenvalue of the Sturm-Liouville problem,
X # 0, giving Ku= X\"1u. O

We can now prove the Sturm-Liouville Theorem.

Proof of Theorem 9.1. Since K : L?([a, b], R) — L?([a, b],R) is compact and self-adjoint,
Theorem 8.7 and Corollary 8.8 apply. Since Range(K) = D is infinite dimensional, Theorem
8.7 tells us that K has infinitely many non-zero real eigenvalues u, tending to zero. From
Corollary 8.8, the corresponding eigenfunctions form an orthonormal basis u, for L2([a, b], R).
By Lemma 9.8, A\, = u ! are the eigenvalues of the Sturm-Liouville problem and |\,| — +o0;
furthermore u, are the eigenfunctions.

Finally, suppose that v is an eigenfunction of the Sturm-Liouville problem and that i is
another eigenfunction corresponding to the same eigenvalue. Both satisfy the ODE (L —
Al)v = 0 with initial condition v(a) = 0. But this equation has a unique solution up to
multiplication by a scalar. Thus i is a constant multiple of v and the eigenspace in one-
dimensional. [

Remark 9.9. The assumption that zero is not an eigenvalue of the Sturm-Liouville problem
is not an essential restriction. For any constant c, the eigenvalues of L 4+ c/ are X + c,
where X\ are the eigenvalues of L, and the corresponding eigenvectors of the two operators
are the same. By adding a suitable constant to g we can always ensure that A = 0 is not
an eigenvalue of our Sturm-Liouville problem. For example, choose ¢ so that g + ¢ does not
change sign in [a, b]. For definiteness, assume that g(x) + ¢ < 0 for a < x < b. Let u be
the (unique) solution of

(Leu)(x) = di; (p(x)%) + (g(x) + c)u(x) =0, u(a) =0, v(a) = 1.
Any solution of L.v = 0, v(a) = 0, is a constant multiple of v so to show that zero is not
an value of the the Sturm-Liouville problem determined by L. we must show that u(b) # 0.

Since v/(a) > 0 and u(a) = 0, it follows that u(x) > 0 for a < x < a+ 4, for some § > 0.
If u(x) remains strictly positive for all x we are finished. If not, let y be the smallest zero of
u such that y > a. Then v’ must be zero between a and y. If y < b then (pu') = —(q+c)u
is positive in (a,y) and so pu’ is increasing in (a,y). But pu’ is strictly positive at a and
so must be strictly positive in (a, y). This contradicts v’ vanishing between a and y. Hence
y > b, i.e. u(b) # 0. Thus, zero is not an eigenvalue as required.
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