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CHAPTER 1

On normed spaces and
bounded linear operators

1.1 Preliminaries

In this section we fix some notation and review some of the concepts and
results that we will need. These are usually covered in undergraduate courses
in real analysis, and the reader may consult the book of T. Lindstrem, Spaces:
an introduction to real analysis (AMS 2017), or any other standard book in
real analysis, for examples, and proofs.

Throughout these notes F will denote either R (the real numbers) or C
(the complex numbers). If X, Y are sets, we let X XY denote their Cartesian
product, i.e.,

XxY:{(x,y):xeX,er}.

A metric space (X, d) is called complete when every Cauchy sequence in
(X, d) is convergent.

Definition 1.1.1. A normed space (X, || -||) over F is a vector space X over
F which is equipped with a norm || - ||. We recall that X is then a metric
space with respect to the metric given by d(z,y) = ||z — y|| for z,y € X.
We will only consider normed spaces over FF in these notes, and we will often
just write X to denote such a normed space, assuming tacitly that some
norm on X is given.

When z € X and r > 0, we let B (z) denote the closed ball in X with
center in z and radius r, that is,

BX()i={y e X o —yl <7},
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When there is no danger of confusion, we just write B,(z) instead of BX(z).
We also set

Xy = B{(0), ie, Xy ={z e X |af <1},

Definition 1.1.2. If (X || - ||) is a normed space, and || - ||’ is also a norm
on X, we say that || - || and || - ||" are equivalent when there exist positive
real numbers K and L such that

|zl < K ||z|| and |z|| < L|z||' for all z € X.

When || - || and || - || are equivalent, it is clear that a sequence {x,}>,
in X converges to z € X w.r.t. || - || if and only if it converges to x € X
w.r.t. || - |". The following proposition implies that for many purposes the

choice of a norm in a finite-dimensional space can be made arbitrarily.

Proposition 1.1.3. If X is a finite-dimensional vector space, then all
norms on X are equivalent.

Definition 1.1.4. Assume {z,}> ; is a sequence in a normed space (X, ||-||).
We say that the series > 07, x,, is convergent in X if there is some v € X
such that ||z — XN, || = 0as N — oo, in which case we say that 3°° x,,
converges to x (w.r.t. || - ||), and also write z = >0 | x,,.

Definition 1.1.5. When a normed space (X, || - ||) is complete with respect
to the associated metric given by

d(z,y) = [lz =yl
for all z,y € X, we say that X is a Banach space.

To check that a normed space is a Banach space, the following result is
often useful:

Theorem 1.1.6. Let (X, || - ||) be a normed space. Then X is a Banach
space if and only if every absolutely convergent series in X is convergent in
X, that is, if and only if the following condition holds :

o . o .
Whenever Y0 x, is a series in X such that Y0°, ||z,|| < oo, then
Yoo Xy s convergent in X.

Remark 1.1.7. It is good to know that if X is a normed space, then we
can always form its completion; this means that whenever needed, we can
assume that X sits as a dense subspace of a Banach space X where the
norm of X extends the norm on X. An elegant way to construct X (as
an application of the so-called Hahn-Banach theorem) is covered in more
advanced courses on linear analysis.



1.1. Preliminaries

Definition 1.1.8. Assume that X and Y are both vectors spaces over F.
Then a map T': X — Y is called a linear operator if we have

T()\l xr1 + )\2 .I'Q) = )\1 T(l’l) + )\2 T(l’g)

for all A\, Ay € F and all z1, 29 € X.

We let L£(X,Y') denote the set of all linear operators from X to Y. One
readily checks that £(X,Y) is a vector space over F with respect to the
operations defined by

(S+T)@) = S@) +T(x), (T)(x) = AT(x)
for S, T € L(X,Y), A€ Fand x € X. We also set L(X) := L(X,X). We
let Ix € L£(X) denote the identity map from X into itself, that is, Ix(x) =«

for all x € X. We sometimes write [ instead of Iy if no confusion is possible.

Definition 1.1.9. Assume that X and Y are both normed spaces over F.
Then a linear operator T': X — Y is called bounded if there exists some
real number M > 0 such that

IT()[ < Mlle]| VaeX,
or, equivalently, such that | 7'(z)|| < M for all x € Xj.

Proposition 1.1.10. Assume that X and Y are both normed spaces over
F and let T € L(X,Y). Then the following conditions are equivalent:

(a) T is bounded.
(b) T is uniformly continuous on X .
(¢) T is continuous on X .
(d) T is continuous at x = 0.
We will denote the set of all bounded linear operators from X to Y
by B(X,Y). We follow tradition here and use the qualifying adjective
“bounded”, although we could equally well have used “continuous” instead.

One readily checks that B(X,Y) is a subspace of £(X,Y). We also set
B(X)=B(X,X).
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Proposition 1.1.11. Assume that X and Y are both normed spaces over
F. ForT € B(X,Y), set

||| = sup {|IT'(2)] : = € X1} < oo,

Then the map T — ||T|| is a norm on B(X,Y), called the operator norm,
making B(X,Y) a normed space over F. Moreover, we have

||| = sup {|IT(@)] : @ € X, |l = 1} (when X # {0}),

and
|T ()| < [T ||=]| for all x € X.

Theorem 1.1.12. Assume that X is a normed space and Y is a Banach
space (both over F). Then B(X,Y') is Banach space. In particular, B(X) is
a Banach space whenever X is a Banach space.

An immediate consequence of this theorem is that B(X,F) is a Banach
space whenever X is normed space over F. Elements of £(X,TF) are called
linear functionals. Thus B(X,F) consists of the bounded linear functionals
on X; it is usually called the dual space of X and denoted by X* in many
books, or by X* in others.

Definition 1.1.13. A map 7 : X — Y between two vector spaces over I is
called a (vector space) isomorphism if T € L(X,Y) and T is bijective (that
is, T" is both one-to-one and onto). It is then easy to check that the inverse
map of T, T71 : Y — X is linear, i.e., T7' € L(Y, X).

Definition 1.1.14. Assume that X and Y are normed spaces over F. A
map T : X — Y is called an isomorphism of normed spaces if T' is a (vector
space) isomorphism such that both 7" and 7! are bounded.

Definition 1.1.15. Assume that X is a normed space and 7' € B(X). Then
we say that 7" is invertible in B(X) if T is an isomorphism of normed spaces.
In other words, an operator T € B(X) is invertible in B(X) if 7" is bijective
and T~ € B(X).

Proposition 1.1.16. Let X,Y, Z be normed spaces over F, and let T €
B(X,Y), SeB(Y,Z). Set ST :=S0oT:X — Z. Then ST € B(X,Z)
and

ST < [ISTHIT-

Corollary 1.1.17. Assume that X is a normed space and S € B(X). For
eachn € N, let S™ := S ---§ denote the product of S with itself n times.
Then S™ € B(X) and

1S < 1IS1".

Note that by setting S° = Ix, this formula also holds when n = 0.
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1.2 Norms and seminorms

Seminorms on vector spaces are almost as good as norms, and there is a
standard way to produce a normed space from a vector space equipped with
a seminorm. As we will use this procedure in the next chapter, we briefly
describe it here. It is frequently used in linear analysis.

Definition 1.2.1. A seminorm on a vector space V (over F) is a function
v — ||v]|" from V into [0, co) which is homogeonous and satisfies the triangle
inequality, i.e., we have

Al = Aol and [lv+w]" < [lv]]" + w]
for all v,w € V and A € F.
Clearly, a seminorm || - || is a norm if it also satisfies that

veVand v =0 = v=0.

Example 1.2.2. Let X be a vector space and (Y, || - ||) be a normed space
(both over F). Pick T' e L(X,Y). For each z € X, set

[zl = 1T(x)]-

Then it is almost immediate that the map = — [|z||r is a seminorm on X.
Since
|lz|lr =0< ||[T(x)]| =0 T(z) =0< x € ker(T),

we see that || - |7 gives a norm on X if and only if ker(7") = {0}, i.e., if and
only if 7" is 1-1. [

Let V' be a vector space (over F) and || - | be a seminorm on V. Define
a relation ~ on V' by setting

vew & lv—w|' =0, vwelV.

It is an easy exercice to check that ~ is an equivalence relation (cf. Exercise
1.1). We denote the equivalence class of v € V' by [v], that is,

[v] == {wEV:vww},
and set V := {[U] TV E V}. Moreover, for v,w € V, and A € F, we set
W] + [w] = [v+w],  AP]:=[Av], o] =[]

It is somewhat tedious, but straightforward, to check that these opera-
tions on V' are well-defined, that V' is a vector space (over F) and that || - ||
is a norm on V. We leave it as an exercise to provide some of the necessary
details.
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1.3 Aspects of finite dimensionality

Unless otherwise specified, we always assume that the space F", n € N, is
equipped with the Euclidean norm || - ||z given by

1/2 .
|z]]2 = (]xl\Q + 4 ]a:n]2> for v = (z1,...,2,) € F",

and with the metric induced by this norm. As we recalled in Section 1.1,
all norms on a finite-dimensional vector space are equivalent. The usual
way to prove this is to consider first F” and show that any other norm
on F" is equivalent to || - ||o. A crucial fact in the proof is that a subset
of F" is compact (w.r.t. the metric associated with || - ||2) if and only if
it is closed and bounded. (We recall that a subset K of a metric space
is called compact if every sequence in K has a subsequence converging to
a point in K.) It will be useful for us to know that this characterization
of compactness, sometimes called the Heine-Borel property, holds in any
finite-dimensional normed space. We will need the following lemma.

Lemma 1.3.1. Let X and Y be finite-dimensional normed spaces. Assume
that X and Y are isomorphic as vector spaces and let T € L(X,Y) be an
isomorphism. Then T is an isomorphism of normed spaces.

Proof. We have to show that 7" and T~! are bounded. We denote the
respective norms on X and Y by the same symbol || - ||. For x € X we set

[zllz = T()]l-

Since T is 1-1, we get from Example [1.2.2) that the map z ~— || - ||z is a
norm on X. Since X is finite-dimensional, || - ||z is equivalent to || - ||. In
particular, this means that there exists some C' > 0 such that

T (x)]| = ||zl|lr < Clz| forall z € X,

which shows that T' is bounded. Similarly, by considering the norm on
Y given by ||yllr-1 := |T"(y)|| for y € Y, one deduces that T—! is also
bounded. |

Proposition 1.3.2. Let X be a finite-dimensional normed space. Then a
subset K of X is compact (w.r.t. the metric induced by the given norm) if
and only if K is closed and bounded.

Proof. Since a compact subset of a metric space is always closed and bounded,
we only have to show the reverse implication. So let K C X be closed and
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bounded. We must show that K is compact. If X = {0}, this is obviously
true, so we may assume that m := dim(X) > 1. Let then 7' : X — F™
denote the coordinate map w.r.t. some basis for X. Lemma [1.3.1] gives
that 7 is an isomorphism of normed spaces. Set K’ :=T'(K) C F™. Then
K’ is bounded (since T is bounded). Moreover, K’ is closed. Indeed, as
K' = (T™Y7Y(K), this follows from the continuity of T~!. By the Heine-
Borel property of F™, we can conclude that K’ is compact. As K = T~ (K’)
and T~ is continuous, this implies that K is compact, as desired. [

Since the unit ball X; of a normed space is closed and bounded we get:

Corollary 1.3.3. The unit ball Xy of a finite-dimensional normed space X
18 compact.

We recall that a vector space is said to be infinite-dimensional if it is
not finite-dimensional. We note that if X is an infinite-dimensional normed
space, then X is not compact. (See Exercise ) In particular, this
implies that an infinite-dimensional normed space never has the Heine-Borel
property.

Another property which is automatically satisfied for a finite-dimensional
normed space is completeness:

Proposition 1.3.4. Let X be a finite-dimensional normed space. Then X
is a Banach space.

Proof. We may clearly assume that X # {0}. To show that X is complete,
we let {x,}n,en be a Cauchy sequence in X and have to prove that it is
convergent. As in the proof of Proposition|1.3.2] we can pick an isomorphism
of normed spaces T : X — F™, where m = dim(X). For each n € N, set
Yn = T(xzn). Since |yn = yplla = [|T(xn — 2p)ll2 < [T [|2n — z]| for all
k,n € N, we see that {y,}nen is a Cauchy sequence in F™. Since F™ is
complete, there exists y € F™ such that ||y, — yll2 — 0 as n — oo. Set
z:=T7(y) € X. Then we get

lzn =2 = 1T (o =9Il < N7 lya —yllz = 0 asn — oo.
Thus, {z, }en is convergent, as desired. [ |

Corollary 1.3.5. Assume M 1is a finite-dimensional subspace of a normed
space X. Then M is closed in X.

Proof. Assume {x,},en € M converges to x € X. We have to show that
x € M. As M is complete by Proposition and {x, }ney is a Cauchy
sequence in M, it follows that {z,},en converges to some y € M. Thus we
get that z = lim,, oo x, =y € M. [ |
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Finite dimensionality has also some impact on linear operators.

Example 1.3.6. Let m,n € N and let T' € L(F",F™). Then T is bounded.
Indeed, let A = [a;;] denote the standard matrix of 7. Then we have
T(x) = (Fi(x),..., Fu(r)), where Fi(z) := 3"_, a;jx; for each i =1,...,m
and x = (z1,...,x,) € F". Since each component F; is clearly a continuous
function from F” to F, we get that 7' is continuous, and therefore bounded.

More generally, we have:

Proposition 1.3.7. Let X and Y be normed spaces and let T € L(X,Y).
Assume that X is finite-dimensional. Then T is bounded.

Proof. By replacing Y with T'(X) if necessary, we may assume that Y is
finite-dimensional. Moreover, we may also assume that both X and Y are
different from {0}. Set n = dim(X),m = dim(Y), and let C : X — F",
D :Y — F™ be isomomorphims, which are then necessarily isomorphisms of
normed spaces by Lemma The composition 77 := D oT o C~! is then
a linear map from F” to F, hence it is bounded by the previous example.
It follows that "= D~! o T" o C, being the composition of bounded maps,
is bounded. |

Note that the above result is not true in general if we instead assume that
Y is finite-dimensional, even in the case where Y = [F: a linear functional
T : X — F may be unbounded when X is an infinite-dimensional normed
space. For an example, see Exercise [1.3

Definition 1.3.8. A linear operator T : X — Y between two vector spaces

X and Y is said to have finite-rank if the range of T' is finite-dimensional,
ie., if dim(7(X)) < oc.

It is obvious that a linear functional on a normed space has always
finite-rank. As such a linear functional can be unbounded (cf. Exercise [1.3),
this means that a finite-rank linear operator T between normed spaces is
not necessarily bounded; in fact, it can be shown that a finite-rank linear
operator T" between normed spaces is bounded if and only if ker(7") is closed.
Bounded finite-rank operators are examples of compact operators, which we
will study in Chapter [4]

1.4 EXxtension by density and continuity

This short section is devoted to a very useful principle in linear analysis,
often called the principle of extension by density and continuity. We will
need the following elementary lemma, which is probably well-known.

8
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Lemma 1.4.1. Assume that X and Y are metric spaces and f,g are con-
tinuous maps from X to'Y which agree on a dense subset Xy of X. Then

[ =g

Proof. Let x € X. Since X is dense in X, there exists a sequence {x, }nen
in Xy which converges to . By continuity of f and g, we get

f(z) =lim f(2,) = lim g(z,) = g(x) . B

Theorem 1.4.2. Assume that X is a normed space and Y is a Banach
space (both over ). Assume also that Xg is a dense subspace of X, while Yy
is a subspace of Y. Let Ty € B(Xo,Yy). Then Ty extends in a unique way to
an operator T' € B(X,Y). It satisfies that ||T'|| = ||To]|-

Proof. Let x € X. Since X is dense in X, there exists a sequence {x, }nen
in Xy such that ||z —x,| — 0 as n — oco. In particular, {x, }nen is a Cauchy
sequence in Xy. We claim that {Tt(x,,)nen is a Cauchy sequence in Y.
Indeed, let € > 0, and choose N € N such that

|xm — x| < e/||Tol| for all m,n > N .
Then, for all m,n € N, we get
1 To(xm) — To(zn) |l = [|To(2m — zn)l| = [[Toll [lzm — zall < €,

as desired.

Since Y is complete, we can conclude that there exists some y € Y
such that lim,, To(x,) = y. Note that y only depends on z. Indeed, as-
sume {x] },en is another sequence in X, converging to x. Then the se-
quence Ty, Ty, To, xh, ... xy, 2l ... in X also converges to z, so, arguing
as above, we get that there exists some z € Y such that the sequence
To(xq), To(xh), To(za), To(xh), . .., To(xn), To(z),), . . . converges to z. This
implies that

lim To(x)) =z = lim To(xn) =y

Hence it makes sense to define T'(x) := y. Doing this for every x € X, we
get amap T : X — Y, and it is easy to check that T is linear, so we leave
this as an exercise.

Next, we show that 7" is bounded. Let x € X and pick {z, },en in X
converging to x. As T'(z) = lim,, Ty(z,) and [|[To(x,)|| < ||To|| ||z, || for all
n € N, we get

17 ()| = Vi | To () [| < (I Tol| Yo [[aa | = (| To ][ ||
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It follows that T € B(X,Y) with | T|| < ||Tb]|.

Further, T is an extension of Ty. Indeed, let x € Xy. Then set z,, == x
for all n € N. Since {z,},en is a sequence in X, converging to z, we get
that

T(x) = lim To(z,) = To(z) .

The uniqueness of 7" as an extension of T} is immediate from Lemma [T.4.1]
Finally, we have

IToll = sup{[[To(x)[| : @ € Xo, [|=[| < 1}
= sup{[|T(z)| : z € Xo, ||z < 1}
< sup{[[T(2)]| - v € X, [lef| <1} = ([T < [[Toll-

Thus, [|T|| = ||Tv]|, as desired. [ |

Remark 1.4.3. The conclusion of Theorem [[.4.2]is not necessarily true if
Y is a normed space which is not complete (cf. Exercise . Il

An interesting special case of Theorem [1.4.2]is when Tj is an isometry.
We recall that a linear map between normed spaces is called an isometry
when it is norm-preserving. A linear isometry is clearly bounded.

Corollary 1.4.4. Assume that X is a normed space, Y is a Banach space,
Xy is a dense subspace of X, Yy is a subspace of Y, and Uy € L(Xo, Yy) is
an isometry. Then the unique extension of Uy to an operator U in B(X,Y)
s also an isometry.

Proof. Theorem [1.4.2] guarantees that Uy extends in a unique way to U €
B(X,Y). Let z € X and pick {x, },en in X converging to . We then have
U(z) = lim, Uy(x,), so we get

1U(2) || = lim |[Uo ()| = lim [, || = ]| - —

Using Corollary [1.4.4] it can be shown that the completion of a (non-
complete) normed space is unique up to isometric isomorphism (cf. Exercise

[1.7). We also record an important particular case of Theorem [1.4.2]

Corollary 1.4.5. Assume that X is a Banach space and X, is a dense
subspace of X. Then every Ty € B(X,y) extends in a unique way to an
operator T' € B(X), which satisfies that ||T|| = ||To]|-

An important application of this result to integral operators will be given
in the next chapter (cf. Example [2.1.9).

10
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1.5 EXxercises

Exercise 1.1. Let V be a vector space (over F) and let || - || be a seminorm
on V. In Section [1.2] we sketched how one can produce a normed space
(V]| -|]) from V and || - ||". Here you are asked to provide some of the missing
details.

a) Recall that ~ is defined by v ~ w < ||[v—w||' = 0 (v,w € V). Check that
~ is an equivalence relation on your V, i.e., that the following properties
hold for u,v,w € V:

« UV~ W,
o UV ~NW — w ~ v,
e u~vand v ~w = U~ w.

b) For v € V| set [v] := {w eVivn w}. Further, for v,w € V, and A € T,
set
o] + [w] == [o+w], Alv]:=[xo], [[o]]l = [0l

Check that these operations on V := {[U] TV E V} are well-defined and turn

V into a vector space (over ). Check also that | - || is a norm on V.
Exercise 1.2. Let X be a normed space. Let M denote a finite-dimensional
subspace of X, and assume M # X.

a) Let x € X \ M. Show that d := inf,ep ||z — m|| > 0.

b) Show that there exists y € X such that [|y|| =1 and

1
5 = |ly —m| for all m € M.

c¢) Assume that X is infinite-dimensional (as a vector space). Show that
the unit ball X is not compact.

(Hint : Use b) to construct inductively a sequence {y, }nen in X; such
that 1/2 < ||y, —yil| for all 1 <k < n.)

Exercise 1.3. Recall that ¢*°(N), which denotes the space of all bounded
functions from N into C, is a normed space w.r.t. || f|l. = sup,ey | f(n)|. (If
you Let X be the subspace of ¢>°(N) given by

X ={f:N—=C: f(n) =0 for all but finitely many n}.
a) Show that X is infinite-dimensional.

11



1. On normed spaces and bounded linear operators

b) Consider X as a normed space w.r.t. || - ||, and let L : X — C be
defined by

L(f) = i f(n)

for all f € X. Clearly, L € £(X,C). Show that L is unbounded. Check
also that ker(L) is not closed in X.

Exercise 1.4. Let Pgr denote the real vector space consisting of all polyno-
mials in one real variable with real coefficients. For p € Pg, set

[p|l :== sup [p(t)].
t€[0,1]

a) Explain why p — ||p|| gives a well-defined norm on Pkg.

b) Define a linear operator D : Pg — Pg by
D(p) =9’ (the derivative of p).

Show that D is unbounded. Conclude that Py is infinite-dimensional.

Exercise 1.5. Let X be a Banach space having a dense subspace X, which
is not complete. Consider the identity map Iy : Xo — Xy. Show that Iy
does not have an extension to a bounded linear map from X into Xj.

Exercise 1.6. Assume that X is a normed space and Y is a Banach space
(both over ), and let {7} }ren be a sequence in B(X,Y") which is uniformly
bounded in the sense that M := sup,cy [|Tk]| < oo

Moreover, assume that there exists a dense subset S of X such that
{T}(x) }ren converges in Y for every z € S.

Show that there exists T' € B(X,Y’) such that

T(x)= liinTk(a:) forall z € X .

Exercise 1.7. Assume X is a normed space and let (X, i) denote a com-
pletion of Xy, that is, X is a Banach space and 7 : Xqg — X is a linear
isometry such that i(X,) is dense in X. (As mentioned in Remark [1.1.7]
such a completion always exists.)

Show that (X,4) is unique up to isometric isomorphism, meaning that
the following holds: if (X’,4’) is another completion of X, then there exists
an isometric isomorphism U : X — X’ such that ¢/ = U oi.

12



CHAPTER 2

On LP-spaces

An important class of Banach spaces over F associated with measure spaces
are the so-called LP-spaces, where 1 < p < oco. We will assume that F = C,
and just mention that the case where F = R may be handled in a similar way.
Our presentation is somewhat more detailed than the one given Lindstrgm’s
book Spaces. We assume that the reader is familiar with the basics of
measure and integration theory, as covered for example in sections 7.1-7.6
and 8.1-8.4 of Spaces (except sections 8.6-8.8), supplied with Brevig’s lecture
note entitled A measure of Lebesgue measure. Our notation will essentially
be the same as in these references/[]

21 Thecasel <p< x

Let (X,.A, p) be a measure space and set

M=M(XA) = {f X —=C: fis A—measurable}.

We recall that a complex function f : X — C is called A-measurable if it
its real part and its imaginary part are A-measurable. It is straightforward
to show that M is a vector space over C (with its natural operations),
so we leave this as an exercise for the reader (Exercise 2.1). We will be
interested in subspaces of M associated with any p € [1,00]. In this section
we consider the case 1 < p < .

'In particular, if A is a subset of a set X, then 14 will denote the indicator function
of A (in X). In most situations, the fact that X is not included in this notation will
not create any confusion; a more precise notation could be 1% . Indicator functions are
sometimes called characteristic functions, and some authors prefer to write y 4 instead of
1,4. The o-algebra on X consisting of all subsets of X will be denoted by P(X).



2. On LP-spaces

Let f € M. Obviously, the function |f|P is non-negative, and one easily
checks that it belongs to M (using that the function z — |z|?P is continuous
on C). Thus, with the convention that co!/? := oo, we can define

5= ([ 1) " € 10.00]

Moreover, we set

LP(X, A p) = A{f € M|l < o0}

We will just write £P, or LP(u), or £P(X), when it is clear from the context
what we mean. We note that £ consists of all the complex functions on
X which are integrable (w.r.t. ), i.e., which are A-measurable and satisfies
that [y |f| dp < oc.

When A = P(X) and p is the counting measure on A, it is common
to write ¢P(X) instead of L£P(X, A, p1); the norm of f € ¢P(X) is then given
by |fIIP = (Zeex |f(2)][P)?. When X = N, it is usual to write ¢? instead
of /P(N), and think of elements of ¢ as sequences under the identification
f = (F1), 2, £(3),...).

It is not difficult to verify that L£P is a subspace of M. For example,
closedness under addition follows readily from the inequality

2+ wl” <27 (27 + [w]’),

which is easily seen to hold for all z,w € C. On the other hand, it is not
true in general that || - ||, is a norm on £P. The reason is that for f € LP,
we have

£l =0 [ IfPdu=0 & |fF' =0 pae. & f=0 pae

Using the triangle inequality for |- | on C, one readily deduces that || - ||,
gives a seminorm on £'. As we will soon see, || - ||, is a seminorm on £? for
any p > 1. To handle the case p > 1, we will need:

Theorem 2.1.1 (Hélder’s inequality). Assume p € (1,00) and let g € (1,00)

denote p’s conjugate exponent, given by q = z%’ so that % + % = 1.
Let f € LP and g € L. Then fg € L' and
I£gll = [ 1fgldu < 11flly gl (2.1.1)
Proof. We first note that if a, b are nonnegative real numbers, then we have
P pa
ab < 4 (2.1.2)
p q

14



2.1. Thecasel <p<

A geometric way to prove this inequality (called Young’s inequality) is to
observe that A := 2 = [P~ dz is the area of the region under the graph
of the function y = xp L over [0,a], while B := % = [?y9=1 dy is the area
of the region under the graph of the function x = yq L over [0,0]. Now, as
q—1=1/(p—1), we have y = 277! & z = y?~! when x,y > 0. By making
a drawing, one sees that ab, which is the area of the rectangle [0, a] x [0, b],
is less than or equal to A + B, as desired.

Next, we note that we may assume that [|f]|, = |lg|l; = 1. Indeed,
assume that holds whenever |||, = |lgll; = 1, and consider f € L?
and g € L2 If || f||, = 0 or ||g||, = O, then both sides of are equal to
zero. On the other hand, if || f||, and ||g||, are both nonzero, then we may
use that holds for the functions f/||f|, and ¢//¢|,, and deduce that
it holds in the general case.

Hence, assume that || f||, = ||¢g||/; = 1. Then, using 2) with a = | f(x)]
and b = | g( )| for each x € X, and linearity of the mtegral we get

Aﬂmwuz/ﬂfog@WM@
/Ifxl”du /|g )| dp(x

=Z|fIP+ = |lg||®
pll 15 qH I3

1 1
p q

= [ fllpllgllq
as desired. [ |

Corollary 2.1.2. Let p € [1,00). Then | - ||, is a seminorm on LP. In
particular, for all f,g € LP, we have

Nf+all, < IIfll,+ llgll, (Minkowski’s inequality) (2.1.3)

Proof. As already mentioned, the case p = 1 is straightforward. So assume
p € (1,00). The reader should have no problem to see that we have
[IA f||p Al || fl, for all A € C and all f € £P. Next, let f g € LP, and let
q be p’s conjugate exponent. As (p — 1)g = p and p/q =p—1, we have
11+ gl = ([ 1+ gl Dmdie) ™ = ([ 1f + gl dyr) ™"

=f+gl = |f+gl2".

15



2. On LP-spaces

Since f + g € LP, this shows that |f + g[P~ € L%, moreover, using Holder’s
inequality (at the 4th step), we get

I +glly = [ 17+ gl du= [ 17+ gl1f +gl"" du

< /lel |f+g|”‘1du+/xlgl|f+g|”‘1du

< e 11+ 9P o+ lgllo 11 + gl
= (£ 1o+ llgllp) 11f + 9P~ g
= (£l + lgllo) 1 + glp "

and Minkowski’s inequality clearly follows. |

Let {f.} be a sequence in £P and f € £P. We note that it may happen
that f, — f pointwise on X while || f, — f]|, # 0 as n — oo. For example
one may let X =R, A = Bg, u = Lebesgue measure on Bg, and consider
the sequence given by f, = 1, n41) for each n € N: it converges pointwise
to 0 on R as n — oo, and satisfies || f,||, = 1 for all n € N.

The following LP-version of Lebesgue’s Dominated Convergence Theorem
gives conditions ensuring that a pointwise limit is also convergent w.r.t. || - [|,.

Proposition 2.1.3. Let p € [1,00) and {f,}nen C LP. Assume that there
exist some g € LP such that |f,| < g p-a.e. for alln € N, and some f € M
such that f, — f pointwise u-a.e. on X.

Then f € LP and || f, — f]l, = 0 as n — occ.

Proof. The assumptions imply that |f,|? < g? p-a.e. for all n € N and that
| ful? — | f|P pointwise p-a.e. on X. It follows that we |f|? < g? u-a.e., so

/ IfldeS/ 9P dp < o0,
X X
hence f € LP. Further, we get
p b P _ 9p D
= FP< (Il +1£1) < 29 =2¢7 pae,

and |f, — f|P — 0 pointwise p-a.e. on X. Since 2P g? € L', we can apply
(the complex version of) Lebesgue’s Dominated Convergence Theorem and
get

tim [ 1o = fIPdu= [ 0du=0,
X X

n— oo

which gives that ||f, — f||, = 0 as n — oo, as desired. [ |
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2.1. Thecasel <p<

We note that if p € [1,00) and {hy}ren is a sequence in £P such that
limy_, ||hx — h||, = 0 for some h € LP, then it is not necessarily true that
hy — h pointwise p-a.e. on X. However, the following weaker statement
holds:

Proposition 2.1.4. Let p € [1,00). Assume that {hy}ren is a sequence in
LP such that lim,,_, ||hy — k||, = 0 for some h € LP. Then there exists a
subsequence {hy, }nen which converges to h pointwise p-a.e. on X.

We postpone the proof of this result to after the proof of Theorem [2.1.5

Let p € [1,00). Since || - ||, is a seminorm on £ = L(X, A, i) (by Corol-
lary , we may use the procedure outlined in Section to obtain a
normed space L? = LP(X, A, ). We will denote the norm on LP by the
same symbol || - ||,. Concretely, (LP, || -||,) can be described as follows. We
first note that if f,¢g € LP, then

frgef—9lp=0& f=g pae
Hence, we have [f] := {g eLr: f=yg ,u—a.e.}, LP:={[f]: f € LP}, and
1+ 1gl=1f+g], Alf=710 T =11
for f,g € £ and A\ € C. Then we have:

Theorem 2.1.5. Let p € [1,00). Then (LP,|| - ||,) is a Banach space.

Proof. Let {[fu]}nen C LP be such that Y20°  [|[fa]]l, < oo, i.e., such that

S=> | fullp < 0.
n=1

According to Theorem we have to show that the series Y00 [f,] is
convergent in LP. It suffices to show that there exists some F' € LP such
that limy_e0 || S0 fr — Fl|, = 0, because this will give that

N N N
i 32 (£ = 1P = Jim [ 32 £ = F]lls = i | 32 £ = Fllp =0,

thus showing that >°° | [f,] converges to [F] in LP.

For each N € N, set gn := SN, |fu|. Also, let g : X — [0, 0] be given
by

g(x) = i |fu(z)| forall z € X.
n=1

17



2. On LP-spaces

Clearly, the sequence {gX}nen of A-measurable nonnegative functions is
nondecreasing, and it converges pointwise to the A-measurable function g”
on X. Further, using Minkowski’s inequality, we get

N N
lgnlly < D alllo =D fall, < S
n=1 n=1

for all N € N. Hence, using the Monotone Convergence Theorem, we get
P, — i P — 1 P < GP
/Xg du nglgo/x gx dp = lim [lgn[lp < 57 < oo.

Since g? > 0, it follows from Exercise 7.5.6 in Lindstrgm’s book that g?
is finite p-a.e., hence that ¢ is finite p-a.e. This means that the series

°° | fu(z) is absolutely convergent for every = belonging to some E € A
such that p(FE°¢) = 0. We may therefore define F' € M by

Flz) = o 1 ful2) %f r €K,
0 if x € E°.

Setting Fiy := SN, f,,, we then have |Fy| < gy < g € LP for every N € N,
and Fy — F pointwise p-a.e. on X as N — oo. Proposition [2.1.3| gives
now that ' € L£P and limy_, [|[Fy — F||, = 0, as we wanted to show. M

As a spin-off of the proof above, we can now prove Proposition [2.1.4}

Proof of Proposition[2.1.4) Let {hi}ren be a sequence in L£P such that
limy o0 [[Ax — ||, = O for some h € LP. Set ky := 0 and hg := 0. As
{hk}ren is a Cauchy sequence in £P| it is not difficult to show (cf. Exercise
that we can pick a subsequence {hy, }nen such that

[ee]
n=1

Set f, := hy, — hy,_, for each n € N. Then {f,}.en is a sequence in LP
such that >0, || full, < oo, and the proof of Theorem gives that the
sequence { Fiy } nen, given by Fy := ZnN:1 fn, converges to a certain function
F € LP pointwise p-a.e. on X, such that limy_, ||[Fx — F|[, = 0. Now, for
every N € N; we have

N
Fy = (hiy — i) = Py + (hiy — hiey) + -+ -+ (P — Py ) = Py -

n=1
So we get that imy_ o ||ky — F||, = 0. Since lim,,_, ||k, — k||, = 0, we
also have imy_, ||hxy — h||, = 0. This gives that ||F'— h||, = 0, hence that
F = h p-a.e. Thus we can conclude that {hx, }nven = {Fn}nyen converges
to h pointwise p-a.e. on X, as desired. |

18



2.1. Thecasel <p<

It is often good to have a dense subspace available. For our first result
in this direction, we recall that a complex function on X is called simple if
it takes a finite number of values. When p = 1, this result is essentially the
same as Lemma 2.2.2 in Brevig’s note. It is not difficult to adapt its proof
to handle the case where p > 1. We leave this an exercise (cf. Exercise 2.8)).

Proposition 2.1.6. Let p € [1,00). Denote by E the subspace of M
consisting of all A-measurable simple complex functions on X, and by E°
the subspace of € spanned by the family {14 : A € A, u(A) < oco}.

Then we have E° = € N LP. Moreover, [E°] := {[s] 15 € 50} is a dense
subspace of LP(X, A, ) with respect to || - ||,

Our next result is the LP-version of Littlewood’s second principle for
functions on bounded intervals.

Proposition 2.1.7. Let p € [1,00) and a,b € R, a < b. Let A be the
o-algebra of all Lebesgue measurable subsets of [a,b] and u be the Lebesque
measure on A. Recall that C([a,b]) denotes the space of all continuous
complex functions on |a, b|.

Then {[g] : g € C([a,b])} is a dense subspace of LP([a,b]) with respect to

- Mlp-

Note: since the linear map g — |g] from C(|a,b]) into L*([a,b]) is 1-1,
it is common to consider C([a,b]) as a dense subspace of L*([a,b]) via this
identification.

Proof. Tt is routine to verify that {[g] : ¢ € C([a,b])} is a subspace of
LP([a,b]). To show that it is dense, one can argue in a quite similar way
as in the proof of Lemma 2.2.3 in Brevig’s note, by approximating simple
functions with step functions and using Proposition [2.1.6

Alternatively, one can exploit the regularity properties of the Lebesgue
measure on A to show that if A € A and § > 0, then there exists some
k € C(la,b]) such that |14 — k||, < §. Combining this fact with Proposition
[2.1.0) readily gives the desired assertion. We leave the details to Exercise

5.9). 0

The LP-version of Littlewood’s second principle for functions on R is
analogous to Theorem 2.2.1 in Brevig’s note (where p = 1).

Proposition 2.1.8. Let p € [1,00). Let A be the o-algebra of all Lebesque
measurable subsets of R and p be the Lebesgue measure on A. Let C.(R)
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2. On LP-spaces

denote the space of all continuous complex functions on R having compact
SupportEl

Then {[g] : g € C.(R)} is dense in LP(R) with respect to || - ||,

Proof. Minor modifications of the proof of Theorem 2.2.1 in Brevig’s note
(or of the previous proof) suffice. We leave this to the reader. [ |

We end this section with an important example showing the usefulness
of the principle of extension by density and continuity.

Example 2.1.9. Let a,b € R, a < b, and equip the space C(]a, b]) of all con-
tinuous complex functions on [a, b] with the norm ||f|ls = ([ |f(s)[>ds)"/2.
Considering [a,b] x [a,b] as a metric space w.r.t. the Euclidean metric
inherited from R?, let K : [a,b] X [a,b] — C be a continuous function.

We can then associate to K an integral operator Tk on C([a,b]) as
follows.

Let f € C([a,b]). Since the function ¢t — K(s,t) f(t) is continuous on
[a, b] for each s € [a, b], we may define a function Tk (f) : [a,b] — C by

b
T (f)](s) = / K(s,t) f(t)dt for all's € [a,b].
We leave it as an exercise to verify, using basic knowledge from real analysis,
that Tk (f) is a continuous function on [a, b], satisfying

1Teh)l < ([ [ 15 G o ds ) 1 7.

As the map f — Tk (f) is then clearly linear, it follows that T is a bounded
linear operator from C([a,b]) into itself.

Let now L?([a, b]) denote the L*-space associated with the measure space
(la,b], A, 1), where pu is the Lebesgue measure on the o-algebra A of all
Lebesgue measurable subsets of [a, b].

As we may identify C'([a, b]) with a dense subspace of L?([a, b]) (cf. Propo-
sition , we get from Corollary that T has a unique extension to
a bounded operator on L?([a, b]), also denoted by Tx. The function K is
usually called the kernel of the integral operator Tx. We will come back to
such integral operators later.

More generally, one may define integral operators associated with kernels
K which are £2-functions on [a,b] x [a,b] (with respect to the so-called

2We recall that a function g : R — C is said to have compact support if there exists
some M > 0 such that g = 0 outside [—M, M].
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2.2. Thecase p=o0

Lebesgue product measure), but this requires a thorough knowledge of
integration theory on product spaces. We also note that we could have
defined integral operators on LP([a,b]) for any p € [1,00), in a similar way
as we did above for p = 2. O

2.2 The case p =

We now consider the case p = co. Let F(X) denote the vector space
consisting of all complex functions on X (with its natural operations).
By an algebra of complex functions on X, we will mean a subspace of
F(X) which is also closed under pointwise multiplication. For example,
M = M(X, A) is an algebra of complex functions on X. Another natural
algebra is the one consisting of those functions in M which are bounded.
We will actually be interested in a slightly larger algebra.

Definition 2.2.1. A function f € M is said to be essentially bounded
(w.r.t. p) if there exists some real number M > 0 such that

fl < M pae,
in which case we set || f||« := inf {M >0:|f] <M ,u—a.e.}.

Example 2.2.2. a) Asume g € M is bounded and set ||g||., := sup,cx |g(x)].
Then g is essentially bounded (w.r.t. x1), and we have

19lloc < llglu-

Indeed, we have pu({x € X : |g(x)| > |lg|l.}) = n(=&) = 0. This gives that
lg| < llgll. p-a.e., and both assertions follow readily.

We note that it may happen that ||g||e < ||g]|.. For example, consider
the Borel function g on X = R given by g = 1y¢y; letting p be the Lebsgue
measure on Bg, we get

19lloc =0 <1 = |gllu -

b) Consider X = [0,00), A = the Borel subsets of X and p = the
Lebesgue measure on A. Let f € M be given by

f(@)=€e"+> nlpum(z), z>0.
n=1
Then f(2kmw) = k+1 for every k € N, so f is unbounded. On the other hand,
f is essentially bounded (w.r.t. ), with || f||.c = 1, since u(|f]‘1((M, oo)))
isequal to 0 if M > 1 and to o0 if 0 < M < 1.
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2. On LP-spaces

The following useful observation may seem obvious, but it requires a
proof.

Lemma 2.2.3. Let f € M be essentially bounded (w.r.t. p). Then we have

I < N flloe p-a.e. (2.2.1)

Proof. Set B :={x € X : |f(x)] > ||fllw} € A and assume (for contradic-
tion) that p(B) > 0. For each n € N, set

1
Bui={o e X 1f@] > |flw+ -} € A.
Clearly, B,, C B4 for every n, and B = ;2 B,,, so we have

lim u(B,) =u(B) >0.

n—oo

Hence there must exist at least one N € N such that u(By) > 0. Now, by
definition of || f||o, we can find M > 0 such that || f||ec < M < ||f]|sc+7 and
|f| < M pra.e. But this implies that |f| < ||f|le+ ~ p-a.e., ie., p(By) =0,
and we have reached a contradiction. |

Using Lemma [2.2.3] it is straightforward to verify that the set £L> =
L>®(X, A, 1) consisting of all functions in M that are essentially bounded
(w.r.t. p) is an algebra of complex functions on X (cf. Exercise. Another
application is the following Holder-type inequality:

Proposition 2.2.4. Let g € [1,00), f € L>® and g € L. Then fg € L1
and

1£glly < 11l gl -
Proof. Using Lemma B2 we get that |£glt = |£|]gl? < ||f]}2. |97 p-a.c.

It follows that
J Vgl du < IS [ lattdie < oo

Hence fg € L. Moreover, taking the ¢-th root, we obtain the desired

inequality. |
Convergence in £ with respect to [ - ||o is closely related to uniform
convergence:

Proposition 2.2.5. Let {f,}nen € L>® and f € L>®. Then we have that
| fr — fllo = 0 as n — oo if and only if there exists some E € A such that
w(E) =0 and f, — f uniformly on E.
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2.2. Thecase p=o0

Proof. Assume || f,, — f|loc — 0 as n — oo. For each n € N, set

Foi=Ar e X o |fulx) = f(0)] > [[fo = fllec} € A.

Since f, — f € L, we have u(F),) = 0 for each n. Hence, F' := U,en Fy, € A
and p(F) = 0.
Set now E := F° € A. Then p(E¢) =0 and

E={zeX:|fu(x)— f(x)| <||fo— fllo for all n € N}.

It is then obvious that f,, — f uniformly on E. The proof of the reverse im-
plication goes along the same lines, and we leave it as an exercise (cf. Exercise
2.14]). |

As with the L£P-spaces for 1 < p < oo, an annoying fact is that in general
Il loo is only a seminorm on £>°. But we can use again the procedure outlined
in Section [L.2] to obtain a norm || - ||s on a vector space L™ = L*®(X, A, 1),
given as follows. Setting

fl={9eL |If—gle=0={9€L>: f=g prae}
for each f € L™, we get
L = L¥(X, A, p) = A{[f]: [ € L7}

with operations [f] + [g] := [f + g], ALf] := [Mf], and norm [|[f]||oc := || f]|co
(where f,g € L> and A € C).
As to be expected, we have:

Theorem 2.2.6. (L™, || - [) is a Banach space.

Proof. We have to show that L*> is complete w.r.t. the metric associated
with | - .

Let {[fn]}nen be a Cauchy sequence in L. So each f, belongs to £
and for any given € > 0, there exists some N € N such that

manN = H [fm]_[fn] HOO <é€,

that is,
mn>N = | fo— fallo < €. (2.2.2)

For each m,n € N, set

Frn = {2 € X : (@) = ful@)] > lfn = fullo} -
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2. On LP-spaces

Then F,,, € Aand u(F,,,) =0 for all m,n € N (because f,, — f,, € L>).
Next, set ' := U,y nen Frnn € Aand E = F° € A

Note that u(£¢) = p(F) = 0 (since 0 < p(F) < X, nen #(Fmpn) = 0).
Moreover,

E= () Fun)= () {z€X: |ful@) = fa@)| < [l fm = fallo}

m,neN m,neN

= {2 € X ¢ |fu(@) = fu(@)] < [lfm = falloc for all m,n € N}

Let now £ > 0 be given, and choose N € N such that (2.2.2)) holds.
Then for all x € E and all m,n > N, we have

|fm(x) _fn(x” < ||fn_fm||oo < E. (2'2'3)

It follows that {f,(x)},en is a Cauchy sequence in C for each z € E. Since
C is complete, this implies that {f,(x)},en is convergent for each = € E,
hence that lim,, . fn(2) = g(x) for some g(z) € C for each x € E. Thereby
we obtain a function ¢ : F — C, which is Ag-measurable since g is the
pointwise limit of the restriction of the f,’s to E. (Here, Ag denotes the
o-algebra of all sets in A which are contained in F).

We can now extend g to an A-measurable function f : X — C by setting
f(z) =g(x) if x € E, and f(z) = 0 otherwise.

Again, let € > 0 be given and choose N as above. Then, for all z € £
and all m € N such that m > N, we get from ([2.2.3)) that

Fn(@) = F@)] = [fn(2) = gl2)] = Jimn |frn(2) = ful@)] < <.

This implies that {f,,}men converges uniformly to f on E.

Moreover, set D := EN{z € X : [fn(2)] < ||[fnllw} € A. Then we
have

(@) = f(z) = fn(2) + (@) < |f(@) = fn(@)] + [ fn(@)] < e+ [ fnllo
for all z € D. As

0 < p(D°) < p(F) + p({z € X : | fx(@)] > [ fulle}) =0,

we have pu(D) =0, so
Ifl <e+||fnlloo p-ace.
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This shows that f € £°. Using Proposition [2.2.5] we can now conclude
that || f, — flleo — 0 as m — oo. Thus

H [fm]_[f]Hoo:Hfm—fHoo — 0 asm — oc0.

This means that {[f,,]},;en converges to [f] in L. We have thereby shown
that every Cauchy sequence in L™ is convergent and the proof is finished.

2.3 Exercises

In the exercises of this section, unless otherwise specified, (X, A, 1) denotes

a measure space and M denotes the space of A-measurable complex functions
on X.

Exercise 2.1. a) Show that M is a vector space (over C). You can take it
as granted that the set F(X) consisting of all complex functions on X is a
vector space (over C) w.r.t. its natural pointwise defined operations.

b) Let f € M. Show that |f| € M, and that |f|? € M for every p > 1.

Exercise 2.2. Let f € L. Check that Re(f) and Im(f) are both integrable,
and set

[ fdwi= [ Re(ydu+i [ Tm(p)dp.
Then show that ‘fod/L‘ < [x|fldp.

Exercise 2.3. Assume that X = [1,00), A = the Borel subsets of X and p
is the Lebesgue measure on A. Let f € M be given by

1

f(z)=— forallz>1,
x

and let 1 < p < co. Show that f € LP(X, A, p) if and only if p > 1, and

compute || f||, in this case.

Exercise 2.4. Assume that X = R, A = the Borel subsets of X and p is
the Lebesgue measure on A. Let f € M be given by

fl)=e*" forallz €R.

Show that f € LP(X, A, u) for all p € [1,00) and compute || f,. (You are
allowed to use that limy_,o [ iVN e dt = /7 without proof.)
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2. On LP-spaces

Exercise 2.5. Assume that X = (0, 1], A = the Borel subsets of X and pu
is the Lebesgue measure on A. Let 1 < p < oo and f € M be given by

f(z) = \/15 for all z € (0, 1].

a) Show that f € LP(X, A, p) if and only if p < 2, and compute || f||, in
this case.

b) Let v be the measure on A given by

v(A) = /A xdu(x) forall Ae A.

Show that f € LP(X, A, v) if and only if p < 4, and compute || f]|, in
this case.

Exercise 2.6. Assume that X = [1,00), A = the Borel subsets of X and u
is the Lebesgue measure on A. For each n € N, define f,, € M by

n
fulz) = AT for all x > 1.

a) Show that f,, € £? for all n € N whenever 3 < p < c0.

b) Assume that 3 < p < co. Decide whether the sequence {[f,]}nen is
convergent in L” and find its limit if it converges.

Exercise 2.7. Let {zy}ren be a sequence in a vector space X having a
seminorm || - ||, and assume this sequence is Cauchy, i.e., for every ¢ > 0,
there exists some N. € N such that ||z — ;|| < e for all k,I > N.. Set
ko := 0 and x( := 0. Show that we can pick k1 < ks <--- <k, <--- in N
such that

oo
> Tk, = Tp,y | < oo
n=1

Exercise 2.8. Prove Proposition [2.1.6]

Exercise 2.9. Provide the details missing in the proofs of Proposition
and Proposition [2.1.8

Exercise 2.10. a) Provide the details missing in Example [2.1.9]

Exercise 2.11. The purpose of this exercise is to present an alternative way
to produce integral operators on L?([a, b]) associated to continuous kernels.
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Let i denote the Lebesgue measure on the Lebesgue measurable subsets
of [a,b] and let K be a continuous complex function on [a,b] x [a,b]. For
each s € [a,b], let ks : [a,b] — C denote the continuous function defined by

ks(t) == K(s,t) forall t € [a,b].

a) Let f € L£%([a,b]) and s € [a,b]. Show the function k, f is Lebesgue
integrable on [a, b] and satisfies

/[ab] ks frdp < |[ksll2 ([ f]2-

b) Let f € £%([a,b]) and define g : [a,b] — K by
g(s) = /[a,b] ks f du = /[a’b] K(s,t) f(t) du(t) for each s € [a,b].

Show that g is continuous and check that

lolla < M7l where M= ([* " 15 (s, o) dsar) "
Deduce that we obtain a linear map T : £?([a,b]) — £*([a, b]) by setting
(Tlo{(f))(s) = /[a,b] ko fdu for each f € £*([a,b]) and all s € [a, b],
which satisfies that ||T%(f)|ls < M || f||2 for all f € £%([a,b]).

c¢) Check that the operator Ty : L*([a, b]) — L*([a, b]) defined by

Tic([f]) = [Tx(f)] for all [f] € L*([a,])
is well-defined, linear and bounded, with ||Tx| < M.

Exercise 2.12. Check that || ||« is a seminorm on £* (so that || - ||o gives
a norm on L>). Check also that £ is an algebra of functions on X and
that we have ||fgllcoc < ||flloo l|g]loo for all f,g € L.

Exercise 2.13. Let f € M. Show that f € £ if and only if there exists
a bounded function g € M such that f = g p-a.e., in which case we have

| flloo = inf{||g]l. : g € M is bounded and g = f p-a.c.}.

Exercise 2.14. Finish the proof of Proposition

Exercise 2.15. Let 1 < p <r < oo and X be a nonempty set. Show that
P(X) CU"(X) C2(X).
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Exercise 2.16. Let p € [1,00) and assume that the measure space (X, A, 1)
is finite, that is, u(X) < oo.

a) Show that £ C LP.
b) Consider 1 < p <r < oo and let f € L". Show that f € £P and

1flly < (X)F7 (If]l-

Hint: Use Holder’s inequality in a suitable way.
Note that this shows that £" C £P. In particular, we have £* C £2 C L'

c¢) Consider the Lebesgue measure on the Borel subsets of R. Give an
example of a function which is in £2, but not in £! Give also an example of
a function which is in £°°, but not in £2.

Exercise 2.17. Let £ denote the space of all simple functions belonging to
M and let f e L.

Show that there exists a sequence {hy }nen in € such that || f —hy|lec — 0
as n — 0o. Deduce that the space [£] := {[h] : h € £} is dense in L™ with
respect to || - ||co-
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CHAPTER 3

On Hilbert spaces and bounded
linear operators

3.1 Inner product spaces

We assume that inner product spaces over R are familiar to the reader. In
applications, one frequently has to work with inner products spaces over C.
We give here a unified review of the basics results about such spaces (but
skip the proofs as they are almost identical in the complex case.)

Definition 3.1.1. An inner product space over F is a vector space X over
F which is equipped with an inner product (-,-) : X x X — F. This means
that for x,y,z € X and A € F we have:

i) (+y,2)=(z,2) +(y,2),
ii) (Az,y) = XNz, y),

iii) (y,z) = (z,y),

iv) (z,z) =0,

v) (xz,x) =0 if and only if z = 0.

Remark 3.1.2. a) Properties i) and ii) say that the inner product is linear
in the first variable.

b) When F = R, property iii) says that the inner product is symmetric,
i.e., (y,x) = (z,y); combining i) and ii) with iii), we then get that the inner
product is also linear in the second variable.

¢) When F = C, we get that the inner product is conjugate-linear in the
second variable; this means that we have

(w,y+2) = (z,y) + (x,2) and (2, \y) = Xz, y).



3. On Hilbert spaces and bounded linear operators

Some authors prefer to use inner products that are linear in the second
variable and conjugate-linear in the first variable. This is common in
textbooks related to physics or mathematical physics. As one can go from
one type to the other by setting (z,y)" := (y,x), it is mainly a matter of
taste which convention one chooses to use. O

Example 3.1.3. The standard example of an inner product space over F
is ", where n € N, equipped with

<X7Y> :ZxJE7 X = (xh'” 7xn)7y: (yh'” ;yn> an
Jj=1 O

In the sequel, by an inner product space, we will always mean an inner
product space over F. An inequality of fundamental importance is:

Theorem 3.1.4 (The Cauchy-Schwarz inequality). Let X be an inner prod-
uct space. Then we have

[{z )| < =l vl (3.1.1)

for all z,y € X, with equality if and only if x and y are linearly dependent.

If X is an inner product space, then using the Cauchy-Schwarz inequality,
one deduces that ||z|| := (z,2)'/? gives a norm on X. Thus, X is then a
normed space, and its norm is easily seen to satisfy the parallellogram law,
that is, for all x,y € X we have

Iz + yll* + llz = yl* = 2 |=]* + 2 lyl* (3.1.2)

Moreover, the so-called polarization identities are sometimes useful:

1 .
(z,y) = Z(HCCHJHQ— lz —yl*) if F=R, (3.1.3)
1 3
(w.y) =5 S>iF|a+ify|? if F=C. (3.1.4)
k=0

Definition 3.1.5. Let X be an inner product space. If z,y € X, then
z and y are said to be orthogonal (to each other) when (x,y) = 0. If
U,V are nonempty subsets of X, we write U L V when (u,v) = 0 for all
u € U,v e V. A nonempty subset S of X is called orthogonal if x and
y are orthogonal for all x,y € S such that x # y. Moreover, S is called
orthonormal if S is orthogonal and ||z|| = 1 for all z € S.
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3.1. Inner product spaces

Proposition 3.1.6 (Pythagoras). Assume {x1,...,2,} is a finite orthogo-
nal subset of an inner product space X. Then we have

lzs + -+ @all = llza ]l + -+ 4 llall®.

Proposition 3.1.7. Assume S = {uy,...,u,} is a finite orthonormal subset
of an inner product space X. Then S is linearly independent. Moreover, if
u € Span{uy, ..., u,}, i.e., if u is a linear combination of the vectors in S,
then

n

u=> (wu)u; and |uf*= Z’U“J

J=1

Proposition 3.1.8 (Bessel’s inequality). Assume S = {u; : j € J} is an
orthonormal subset of an inner product space X indexed by a countable set
JHThen for any x € X we have

> e up* < .

jedJ

Definition 3.1.9. An inner product space X (over IF) is called an Hilbert
space (over F) when X is complete as a normed space (with respect to the
norm associated with its inner product).

Example 3.1.10. Since a finite-dimensional normed space is automatically

complete. we get that [F” is a Hilbert space w.r.t. its standard inner product.
O

Remark 3.1.11. Assume X is an inner product space. C0n81der1ng X asa
normed space, we may form its completion X (cf. Remark |1 , and extend
the inner product on X to an inner product on X as follows 1f Y,y € X,
then we can pick sequences {z,}°°,, {x] }22, in X converging respectively
to y and ¥/; after checking that {(z,,z,)}>%, is a Cauchy sequence in F,
hence is convergent, we may set

(y,9) »= lim (2, 2).

It is then a somewhat tedious exercise to verify that this gives a well-defined
inner product on X which extends the one on X. This means that whenever
needed, we may assume that X sits as a dense subspace of a Hilbert space
X (called the completion of X) where the inner product on X extends the
inner product on X. U

We recall that a set .J is countable if it is either finite or countably infinite (that is,
there exists a bijection from N onto J).
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3. On Hilbert spaces and bounded linear operators

We end this section with a rich class of examples.

Example 3.1.12. Let (X, A, 1) be a measure space. Set L2 := L*(X, A, i)
and L? := L*(X, A, ). We can organize L? as a Hilbert space (over C) as
follows.

Let f,g € £ Then g is measurable (since § = Re(g) — i Im(g)) and
Ix 191? dp = [x lg|* du = ||g||3 < oo, so § € L% Hence, Holder’s inequality
gives that fg € £, and we can set

(Uflah) = [ £7 du.

We leave it as an exercise to check that this gives a well-defined inner product
on L?. As the associated norm obviously coincides with the || - ||o-norm, L?
is complete w.r.t. this norm and we can conclude that L? is a Hilbert space.

3.2 Geometry in Hilbert spaces

In courses in elementary linear algebra, one learns that if M is a finite-
dimensional subspace of an inner product space H, then every vector in
H can be written in a unique way as the sum of a vector in M and a
vector in the orthogonal complement M=*. As we are going to establish,
such a decomposition also holds when H is a Hilbert space and M is closed
subspace of H, not necessarily finite-dimensional.

We recall first that if (X, d) is a metric space, z € X and A is a nonempty
subset of X, then the distance from x to A is defined by

d(x, A) = inf{d(z,y) : y € A}.

If for example A is compact, then the function y — d(z, y), being continuous,
will attain its minimum on A; hence, in this case, there exists some (not
necessarily unique) x4 € A such that d(z, A) = d(z,x4). However, if A is
closed, but not compact, such an element x4 may not exist (cf. Exercise
3.3).

Let us now consider a Hilbert space H with the metric dy associated
to its norm. If x € H and M is a closed subspace of H, then M is not
compact, so we can not use the result mentioned above. However, if M is
finite-dimensional, then we know from previous courses that there exists a
unique xp; € M which gives the best approximation to x in M, in the sense
that

o =2yl < [Jlo—y| forallye M,
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which means that dy(z, xy) = dy(x, M). Moreover, we also know that the
vector x, is constructed as the orthogonal projection of x on M. When M
is closed, but not finite-dimensional, we are going to switch this process by
showing first that there exists a unique best approximation x,; to x in M,
and use this fact to define the orthogonal projection of x on M.

We will actually prove a more general result, valid for any closed convex
subset of H. We recall that a subset C' of some vector space V' (over F) is
called convez if C' contains the line segment between any two elements of C,
i.e., if we have (1 —t)x + ty € C whenever z,y € C and t € [0, 1].

Clearly, any subspace of a vector space is convex, as is any ball in
a normed space. Using that the norm in a Hilbert space satisfies the
parallellogram law, we will prove the following result, which the reader is
advised to illustrate geometrically by looking at various examples in R2.

Theorem 3.2.1. Let C' be a nonempty closed convex subset of a Hilbert
space H and let x € H. Then there is a unique vector x¢ € C such that
dy(z,xzc) = dy(x,C), that is, such that

|x —zc|| < ||z —vyl| forall yecC.
The vector x¢ is called the best approximation to x in C.

Proof. We first consider the case where x = 0. We then have to show that
there is a unique vector O € C of minimal norm, i.e, which satisfies that

00|l = inf {||yl : y € C}.

Set s := inf{||y||2 Ty € C}. For each n € N we can find y,, € C such that

1
< lyall? < — . 3.2.1
s < gl < s+ 5 (32.1)

Then the sequence {y,}nen is Cauchy in H. Indeed, consider m,n € N.
Then, using the parallellogram law and (3.2.1]), we get that

1 1
I+ 9l i = gl = 2>+ 2 g < A5+~

Now, since C' is convex, we have ¢ := %yn + %ym € C'. Hence,
Y + ymll* = 4c]* > 45,

so we get

11 11
I = Yml? < 48+ =4+ — —|lgn +yml*> < =+ —.
n m n m
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Thus, given € > 0, we can choose N € N such that N > (2¢?)~!, and obtain
that ||y, — yml|| < € for all n,m > N, as desired.

As H is complete, there exists yo € H such that lim,, y,, = yo. Since C'
is closed, yo € C. Letting n — oo in (3.2.1]), we get that

lyoll = /s = inf{[ly|| : y € C}.

If y, € C also satisfies that [|y)|| = inf{||y|| : vy € C'}, then we can consider
the sequence {z, }nen in C given by z, =y if n is odd and z, = y, if n is
even. Since z, satisfies (with y,, = z,) for each n, we can conclude
as above that {z, }nen is convergent. This clearly implies that y}, = yo.

Thus, yo is the unique vector in C' satisfying ||yo|| = inf{||y|| : y € C},
and we can set O¢ = ¥o.

In the general case where x is any vector in H, we note that the set
D:={zx—y:yeC}

is closed and convex. Using the first part, we get that there exists a unique
vector Op € D such that [|0p|| = inf{||z]| : 2 € D} = d(z,C). Then
xo :=x — 0p € C has the desired properties. |

Since a subspace is convex, Theorem |3.2.1] gives:

Corollary 3.2.2. Let M be a closed subspace of a Hilbert space H and
let x € H. Then there is a unique vector xy; € M, called the the best
approximation to x in M, satisfying that

e —xpm|| < ||z =yl forall y € M.

This result has some far-reaching consequences. To help us formulate
these, we first introduce some appropriate terminology.

Definition 3.2.3. Let M; and M, be subspaces of a Hilbert space H. We
will say that H is the algebraic direct sum of My and My if every x € H can
be written in a unique way as ¥ = my + my with my; € M; and my € M.

Moreover, we will say that H is the direct sum of My and M,, and write

H =M, ®© M,

when M; and M, are both closed, and H is the algebraic direct sum of M,
and Ms.

Our main interest in this course is the concept of direct sum (which, by
the way, clearly also makes sense in a normed space). However, the following
characterization of algebraic direct sum will be useful.
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Lemma 3.2.4. Let My and My be subspaces of a Hilbert space H and set
My + My == {my +my : my € My, mg € Ms}.
Then the following two conditions are equivalent:
(1) H is the algebraic direct sum of My and M.
(11) H = My + My and M; N My = {0}.

Proof. Assume (ii) holds and let x € H. Then we have x = my + my for
some my € My and my € M. Assume we also have © = m) + m}, for some
m} € My and mj € M. Then we get

my —my =my—my € My N M,.

Since M; N My = {0}, this implies that m}] = m; and m}, = my. Thus (i)
holds. Conversely, assume (i) holds. It then obvious that H = M; + M.
Consider y € M; N M,. Then we have y =y + 0 with y € M;, 0 € M, and
y =04y with 0 € M, y € M,. As y has a unique decomposition as such a
sum of vectors, we get that y = 0. This shows that M; N M, = {0}, hence
that (i) holds. |

Corollary is the key to the following fundamental result.

Theorem 3.2.5. Let M be a closed subspace of a Hilbert space H and set
M*={z€H:{z,y) =0 forall yc M}.

(i) If x € H and xp € M is the best approzimation to x in M, then we
have © — x5 € M+ and

r=xy+ (r—xNM).
Moreover, M+ is a closed subspace of H and we have
H=Mo&M™.

(1) The map Py : H — H defined by Py (x) = xp for x € M is called the
orthogonal projection of H on M. We sometimes write Proj,, instead of
Pyr. It satisfies the following properties:

e Py is linear and bounded, with ||Py|| = 1 if M # {0}.
o (Py)? = Py.
o Py(H) =M and ker(Py) = M*.

(1ii) We also have

(M) =M and Py. =1Ig— Py.
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Proof. (i) Let x € H and set 2t := x — x3;. We claim that o+ lies in M*.
To show this, let y € M and e > 0. Since (z); +cy) € M, we get from

Theorem [3.2.1] that

P =l —aul? < e = (e +ey)l* = ot — ey

= [la]1* = 2 Re((z™, ) + & Iyl

|

which gives that
2 Re((z%,)) < eyl

As this holds for every € > 0, we obtain that Re((z*,y)) < 0. Applying this
to —y € M, we also get that — Re({z*,y)) <0, i.e., Re({z*,y)) > 0. Thus,
it follows that Re({(xt,y)) = 0. If F = R, this means that (z* y) = 0. If
F = C, we also have that iy € M, and this gives that

Im((z",y)) = Re(—i (z",y)) = Re((z",iy)) = 0.

Thus, (zt,y) = 0 in this case too. As this holds for every y € M, the claim
is proven.

Now, # = xp + (2 — 2py), and x — 25y = 2+ € M+, This shows the first
part of (i) and that

H=M+ M*".

We also have that M N M+ = {0}: indeed, if y € M N M=, then (y,y) = 0,
soy = 0.

Finally, it is an easy exercise to check that M* is a closed subspace of
H. Altogether, we get that H = M @ M, as desired.

(17) We also leave it as an exercise to verify that the map Pp; is linear,
and prove its other properties. Using Pythagoras’ identity, we get that

1Py (@)I1* = o ll? < Nlwadll* + o — 2ull* = lloar + (@ — 2an)|* = ||z]]*

for all x € H. This shows that Py is bounded with [|Py| < 1.

If y € M, then y = y+ 0 and 0 € M*; this implies that Py (y) =
Hence, ||Py(y)|| = 1 if y € M and |ly|| = 1. This implies that || Py|| >
hence that || Pyl = 1, if M # {0}.

Moreover, let © € H. Since Py (x) = xp € M we get that
(Par)?(2) = Pu(war) = 2y = Pu(x).

Thus (Pyr)? = Pyr. We also see that Py (H) € M. On the other hand, if
y € M, then y = Py(y) € Py(H). Thus M C Py(H), and it follows that
Pa(H) = M.

Y.
L,
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Finally, assume that = € ker(Py), i.e., zpy = 0. Then
r=x—-0=x—xy € M™*.

Conversely, assume that # € M*. Since M* is a subspace, zy; — ¢ =
—(z — zp) € M, hence 2y = x + (wpr — ) € M*. Altogether, this shows
that ker(Py) = M*.

(4ii) Let y € M. Then for all z € M+, we have (y, z) = (z,y) = 0. This
implies that y € (M*)+. Hence we have M C (M*)*.

To show that (M+)t C M, we first observe that by applying the first
part of the theorem to M=+, we get that

H=M"® (M.

Now let z € (M*)*, and set + := . —xpr € M*. Since xpy € M C (M*)4,
we can write

r=a" +ay, where ot € M+ and xp € (M)t and
r= 0+ x, where 0€ M+ and =z € (M1)L

By the uniqueness of decomposition in a direct sum, we get that x = x,,,
so x € M. Thus, we have shown that (M+)t C M, and we can conclude
that (M) = M.

Finally, for z € H, we have
r=(r—xy)+aM,
where (z — xp) € M+ and xp € M = (M*)*. This gives that
Pyi(x)=x—xy = Uy — Py)(x).
Hence, Py = Iy — Pyy. [ |

Remark 3.2.6. Assume that M is finite-dimensional subspace of a Hilbert
space H and that B = {us,...,u,} is an orthonormal basis for M. Then
we know that the orthogonal projection Py, of H on M is given by

Py(z) => (z,uj)u; forallze H.

J=1

A similar formula holds when M is only assumed to be a closed subspace
of H, as we will see in the next section after having discussed orthonormal
bases in Hilbert spaces. 0
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An immediate, but noteworthy, consequence of Theorem [3.2.5] is:

Corollary 3.2.7. Let M be closed subspace of a Hilbert space H. Then
M = H if and only if M+ = {0}.

In connection with the next corollary, we recall that if S is a nonempty
subset of a vector space V', then Span (S) denote the subspace of V' consisting
of all possible finite linear combinations of vectors in .S.

Corollary 3.2.8. Let S denote a nonempty subset of a Hilbert space H.
Then Span (S) is dense in H if and only if S+ = {0}.

Proof. Set M := Span (5), which is a closed subspace of H. Then Span ()
is dense in H if and only if M = H. As one easily verifies that S+ = M+
(cf. Exercise [3.F]), the result follows from Corollary |

A nonempty subset S of a normed space X is sometimes called total in
X when Span (5) is dense in X. So the corollary above says that S is total
in H if and only if S+ = {0}.

Example 3.2.9. Let (X, A, 1) be a measure space and L? := L*(X, A, u).

Let F € Aand set F:= E°€ A. If g : X — C is measurable, we will
say that g lives essentially on E when ,u({a: € F:g(x)# 0}) = 0. Then

we will let Mg denote the subset of L? given by
Mg = { [g] : g € £* and g lives essentially on E} .
Similarly, we can define Mp C L% We claim that
Mp = (Mg)* and Mg = (Mg)*. (3.2.2)

To prove this, assume first that [g] € Mg and [h] € Mp. Then one easily
sees that g = g1p p-a.e. and h = h1p p-a.e. As ENF = &, we get

gl 1) = [ 9160w du= [ gRhlpp du=0.

Since this is true for all [g] € Mg, this implies that [h] € (Mg)*. As this
holds for all [h] € My, we get that Mp C (Mg)=*.

To show the reverse inclusion, let [h] € (Mg)*. Then we have
/ gh dp =0 whenever [g] € M.
X
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In particular, since [h1g] € Mg, we get
/ B2 1p dp = / (h1p)h du=0.
X X
Since |h|? 15 is nonnegative on X, this implies that
p({z € X+ |h(@)]? 1p(x) #0}) = 0.

As {z € E : h(z) # 0} = {z € X : |h(z)]*1p(z) # 0}, we get that
,u({x € E: h(zx) # O}) = 0, hence that h lives essentially on F. Thus,
[h] € M. This shows that (Mg)* C Mp.

Altogether, we have proved that Mp = (Mg)*. Interchanging F and F,
we get that My = (Mp)*t, and the proof of (3.2.2)) is finished.

Since the orthogonal complement of any subset is a closed subspace, we
can conclude that Mg and My are closed subspaces of L2. Theorem [3.2.5]
now gives that

L* = Mp® (Mg)* = Mg ® Mp.

We note that the fact that L? = My + Mp is a simple consequence of the
equation

[f]=[f1g] + [f1F], where [f 15| € Mg, [f 15| € MF,

which holds for all [f] € L? From this equation, we now see that the
orthogonal projection of L? on Mg (resp. M) is given by

Puy([f]) = [f 1e]  (resp. Pup([f]) = [f 1#]). 0

3.3 Orthonormal bases in Hilbert spaces

The notion of an orthonormal basis for a finite-dimensional inner product
space, which is well-known from elementary linear algebra, have a natural
generalization to Hilbert spaces.

Definition 3.3.1. A nonempty subset B of a Hilbert space H is called an
orthonormal basis for H when B is orthonormal and Span (B) is dense in H.

Suppose H is a (nonzero) finite-dimensional Hilbert space. Then an
orthonormal set B in H has to be finite, so Span (B), being finite-dimensional,
is closed in H; hence, Span (B) is dense in H if and only if Span (B) = H.
Thus we see that Definition [3.3.1] agrees with the usual one when H is
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3. On Hilbert spaces and bounded linear operators

finite-dimensional. As a curiosity, we also mention that some authors like
to define the empty set () to be an orthonormal basis for the trivial Hilbert
space H = {0}.

Our first example is of great importance in Fourier analysis.
Example 3.3.2. Let H = L*([—m, 7|, A, i), where A denotes the o-algebra

of all Lebesgue measurable subsets of [—m, 7], and p is the normalized
Lebesgue measure on A, that is,

H(A) = —— A(A) forall Ac A,

2m

where A denotes the Lebesgue measure on R. In particular, we have
pu([—m,w]) = 1. For each n € Z, let e, : [—m, 7] — C denote the con-
tinuous function given by

en(t) :=e™ forall t € [—m, 7.
As should be well-known (and is easy to check), the set
B :={le,] :n ez}

is an orthonormal subset of H. We claim that Span (B) is dense in H.

To show this claim, let 7 denote the space of all (complex) trigonometrical
polynomials, i.e., 7 := Span ({e,, : n € Z}). Clearly, we have

Span (B) = {[h] : h e T}.

Further, let Cper([—m,7]) = {k € C([—m,7|) : k(—7) = k(m)}. We will
use the fact (shown for example in Lindstrgm’s book) that 7 is dense in
Cper([—m, 7]) w.r.t. the uniform norm || - ||,,.

Let [f] € H and € > 0. Using Proposition we can find some
g € C([—m,m]) such that

AT =gz < ¢/3. (3.3.1)

Further, it is not difficult to see that we can pick k € Cper([—, 7]) such
that

gl = [E 2 =llg —kll2 < /3. (3.3.2)

Now, as mentioned above, we can find h € T such that ||k — k|, < &/3.
Since
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3.3. Orthonormal bases in Hilbert spaces

I K] = 0103 = [

[771-77‘-

< k-2 [ dn

[—m,m
= Ik = Rll5 w7, )

k= bl dp

we get that
[ [E] = [A]ll2 < Ik = hlla < /3. (3.3.3)

Using the triangle inequality, (3.3.1]), (3.3.2)) and (3.3.3]), we obtain that

LT =AMl = I 1f] = [9] + [g] = [K] + [K] = [P] [l2
< T =Tlglll2 + ([ gl = (K] [l2 + ([ K] = [A] 2
< e/34+¢/3+¢/3 =¢.

This shows that [f] € Span (B). Hence, Span (B) = H, as claimed above.
We can therefore conclude that B = {[e,] : n € Z} is an orthonormal
basis for H.
More generally, we may consider the L?-space associated to an interval

[a,b] and the normalized Lebesgue measure p := ;= \. Then, letting ¢, be
defined for each n € Z by

el (t) = e™2/=a) forall t € [a,b],

one may argue in a similar way as above, and conclude that B = {e!, : n € Z}
is an orthonormal basis for this L2-space. 0]

An immediate consequence of Corollary [3.2.8) is the following useful
characterization of orthonormal bases:

Proposition 3.3.3. Assume that B is an orthonormal subset of a Hilbert
space H. Then B is an orthonormal basis for H if and only if B+ = {0}.

Example 3.3.4. Let X be a nonempty set. Then *(X) has a natural
orthonormal basis B which is the analogue of the standard basis {eq,...,e,}
for F* (which may be identified with £2({1,...,n})).

Indeed, for each z € X, let e, € £*(X) be defined by e, = 1y, and set

B:={e,:x e X}.
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3. On Hilbert spaces and bounded linear operators

Then B is clearly orthonormal. Moreover, let f € ¢*(X), f € B+. For each
x € X, we have (f,e,) =0. As

(frea) =D fWealy) = > fly) = f(x),

yeX ye{z}

we get that f(z) =0 for all z € X, i.e., f = 0. This shows that B+ = {0},
and Proposition m gives that B is an orthonormal basis for £2(X). Note
that B is uncountable if X is uncountable, e.g. if X = R. O

It can be shown that every (non-zero) Hilbert space has an orthonormal
basis. The proof is nonconstructive as it relies on Zorn’s lemma, i.e., on the
axiom of choice. We will take this fact as granted.

Example 3.3.5. The Gram-Schmidt orthonormalization prosess, of great
usefulness in the finite-dimensional case, can be generalized to cover the
following situation:

Let H be a Hilbert space, H # {0}. Let {z,};en be a sequence of vectors
in H\ {0} and set S := {z; : j € N}. Assume that Span (5) is dense in H.

We remark that such a sequence exists whenever H is finite-dimensional
(since repetitions are allowed in a sequence). More generally, it exists
whenever H is separable, i.e., whenever H contains a countable dense subset,
cf. Exercise [3.10

For each n € N, set M,, := Span ({z1,...,2,}). We note that for each n
we have M,, C M, 1. Moreover, Span (S) = Upen M-

Proceeding inductively, we can construct an orthonormal basis B,, for each
M,, as follows:

i) We set By := {m xl}. Clearly, B; is an orthonormal basis for M;.

ii) Let n € N and assume that we have constructed an orthonormal basis
B,, for M,
If x,,.1 € M, then set B, 1 := B,. Otherwise, set

1

T Yn+1 g
Y41 }

Yn+1 = Tpg1 — Projy, (vp41) and  Buy =B, U {

It follows readily that B, is an orthonormal basis for M, ;.

Set now B := Upey Bn. Then B is orthonormal, and Span (B) = Span (5),
SO

Span (B) = Span (S) = H .
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3.3. Orthonormal bases in Hilbert spaces

Hence, B is an orthonormal basis for H.

We observe that since each B, is finite, B is countable. Conversely, if H
has a countable orthonormal basis, then it can be shown that H is separable
(cf. Exercise [3.10)). O

When H is a nontrivial finite-dimensional inner product space, and
B ={uy,...,u,} is an orthonormal basis for H, we know that every x € H
has a Fourier expansion w.r.t. B, i.e., we have

v = 3w,

Jj=1

As we will soon see, a similar expansion also holds in any infinite dimensional
Hilbert space.

We will use the following notation. If J is a nonempty set (possibly
uncountable), and j — ¢; is a function from J into [0, 00), we set
> otj= sup{ > t;: F C J, F is finite and nonempty} € [0, 0] .
jed jEF
Equivalently, >>;¢ ;t; is the integral of the nonnegative function j — t;

w.r.t. the counting measure on P(J) (= the o-algebra of all subsets of J).

We first note that Bessel’s inequality holds for any orthonormal set:

Lemma 3.3.6. Assume that B is an orthonormal set in an inner product
space H, and let x € H. Then

> @ )| < Jl?,

ueB
and the set B, := {u €eB:(r,u) # 0} is countable.

Proof. Let F' be a nonempty finite subset of B. As F'is orthonormal, Bessel’s
inequality for F' gives that

> e w| < .

ueF
Thus we get that

2
sup{ > ’(x,u>) : P C B, F is finite and nonempty} < ||z||?,
uelF
which proves the first assertion.

Further, this implies that the set B,,, := {u € B : [{(z,u)[* > 1/n} is
finite for every n € N. Hence, B, = U,en Ban is countable. |
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3. On Hilbert spaces and bounded linear operators

The next lemma will be useful at several occasions.

Lemma 3.3.7. Assume {u; : j € N} is a countably infinite orthonormal
subset of a Hilbert space H, and let {c;};en be a sequence in F satisfying
that

o0

> e < .

j=1

Then the series Z;";l c; uj converges to some y € H, and we have that
(y, up) = cx for every k € N.

Proof. A similar result is shown in Lindstrgm’s book, but we sketch the
argument for the ease of the reader. For each n € N, set y, = >27_; ¢; u;.
Then, for any m > n, Pythagoras’ identity gives that

m m
[ym —wnll> = D lejui 2= D el
j=n+1 J=n+1

Using the assumption, the sum above can be made as small as we want by
choosing m and n large enough. Thus the sequence {y, }nen is Cauchy in H,

so it converges to some y € H, i.e., we have y = >7%, ¢;u; . For each k € N,

continuity and linearity of the inner product in the first variable gives then
that (y,ur) = 372, ¢ (uj, ug) = cx - [ |

Theorem 3.3.8. Let H be a Hilbert space, H # {0}, and let B be an
orthonormal subset of H. Then the following conditions are equivalent:

(a) B is an orthonormal basis for H.

(b) Every x € H\ {0} has a Fourier expansion

r= Y (z,u)u (3.3.4)

u € By
where B, = {u € B : (xz,u) # 0} is countable (cf. Lemma|3.5.6) and
nonempty.
In the case where B, is countably infinite, we mean by (3.3.4)) that
the following holds: if B, = {u; : j € N} is any enumeration of the
distinct elements of B, then we have

n—oo

lim H =Y (x,uy) u H =0, ie, x=> (z,ubj)u,.
. =
(¢) For every x € H we have ||z||* = X, cn ‘(m,u>‘2
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3.3. Orthonormal bases in Hilbert spaces

The formula in (c) is called Parseval’s identity.

Proof. (a) = (b): Assume that B is an orthonormal basis for H and let
x € H\ {0}.

We first observe that B, # @. Indeed, suppose that B, = @. This means
that # € B+. But B+ = {0} by Proposition so z = 0, a contradiction.

We only consider the case where B, is countably infinite. (The case
where B, is finite is much easier and left to the reader). Let {u; : j € N}
be an enumeration of the distinct elements of B,. Since B, is orthonormal,
Bessel’s inequality gives that

[o.¢]

2 2
> [ up)l? < .
j=1

Applying Lemma [3.3.7 with ¢; = (2, u;) for every j € N, we get that the
series 302 (w, u;) u; converges to some y € H, which satisfies that

(y,ur) = cx = (x,u) for every k € N.

Moreover, if u € B\ B, , we get that

<y>u> = Z<$7Uj> <uj>u> =0= <£L‘,u>

=1
It follows that x —y € B+ = {0}, hence that x = y. This shows that the
assertion in (b) holds in this case.

(b) = (c¢): Assume (b) holds, and let z € H \ {0}. Again we consider
the more difficult case where B, is countably infinite, so we may write
B, = {u; : j € N} as above. By continuity of the norm and Pythagoras’
identity, we get

> 2
ol = 3 |6, uy)]
i=1 )
Hence, given € > 0, we can find n € N such that ||z[|* — X7, ‘(x,uﬂ‘ <e,
giving
” 2 2
lel? =& < 3 [(@,u)| < X [(w,u)]
j=1
2
Since this holds for every & > 0, we get that ||z]|* < S,z ‘(x, u>’ . Com-
bining this inequality with Lemma we see that (c¢) holds.

(¢) = (a): Assume |z|* = S, cn ‘(x,u)’2 for every x € H. If v € B,

i.e., (z,u) = 0 for every u € B, then we get ||z||*> = 0, so z = 0. Hence,
B+ = {0}, and Proposition gives that (a) holds. |
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3. On Hilbert spaces and bounded linear operators

Remark 3.3.9. The Fourier expansion of z in Theorem [3.3.§] (b) can be

written in the form
r=> (zr,u)u (3.3.5)
ueB

if one takes care of giving a meaning to convergence of generalized sums in
normed spaces. We discuss this in Exercise [3.16, In these notes, we will
sometimes use (3.3.5)) as a short form of the Fourier expansion of x given by
(13.3.4]). O

Example 3.3.10. Let M be a closed subspace of a Hilbert space H and
assume that we have found an orthonormal basis C for M. Then we can
find a formula for the orthogonal projection Py; of H on M:

Let z € H. If x € M+, then Py(z) =0, so we can assume x € H \ M*.
Since C is orthonormal in H, we know that C, := {v € C : (x,v) # 0} is
countable. Set x := Py(x) € M and z+ := 2 — x); € M+, and note that
xy # 0. Now, for each v € C, we have

1

(x,0) = (xpr,v) + (27,0) = (T, v)

Hence, C, = C,,,. Moreover, applying Theorem to M, xp € M\ {0}
and C, we get that
zvy= Y, {(Tam,v)v.
vECay,

Using our previous observations, this formula can be rewritten as

Py (z) = Z (x,v)v.

v€ECy
It generalizes the usual formula for Py (x) when M is finite-dimensional.[]
An immediate consequence of Theorem |3.3.8|is the following:

Corollary 3.3.11. Assume a Hilbert space H contains a countably infinite
orthonormal subset B, enumerated as B = {vy : k € N}. Then B is an
orthonormal basis for H if and only if

00
T = Z <-.7J,Uk> U
k=1

for all x € H, if and only if
2w 2
|zl = > [(z, vi)|
k=1
forallx € H.
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3.4. Adjoint operators

Example 3.3.12. Let B = {[e,] : n € Z} denote the standard orthonormal

basis for H = L*([—m, ) described in Example [3.3.20 For [f] € H and
n € 7 it is common to set

(1) = (Ul leal) = = [ ™ axe).

which is called the Fourier coefficient of [f] at n.
In fact, it is usual to write f instead of [f], having in mind that one
then identifies functions which agree p-a.e. Hence, the Fourier coefficient of

o~

f at n is denoted by f(n), and the Fourier expansion of f w.r.t. B is then

written as R
f - Z f(n) €n s

nez
meaning that
f=lim >} Fn)en (wrt. | -]2).

m—0o0
n=—m

This follows from Corollary [3.3.11] by enumerating B as ey, e_1, €1, €_o, €3,
etc. Similarly, we have

O

1713 = X |7

nez

3.4 Adjoint operators

Let X be a normed space (over IF). We recall that the dual space X* consists
of the bounded linear functionals on X (with values in F), and that X* is
a Banach space w.r.t. the norm ||| := sup{|¢(z)| : z € X1}, ¢ € X*. An
important goal of functional analysis is to gain new insight by exploiting
the interplay between a space and its dual. This is particularly successful
when X is a Hilbert space because the dual space may then be identified in
a natural way with the space itself.

Theorem 3.4.1. Let H be a Hilbert space (over IF). For each y € H, define
wy  H—TF by
oy(x) == (x,y) forall x € H.

Then ¢, € H* for ally € H.
Moreover, the map y — ¢, is a bijection from H onto H*, which is
isometric, and conjugate-linear in the sense that

Phiy1+rays — )‘71901/1 + E(pyz
for all Ay, o € F and all yy,y2 € H.
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3. On Hilbert spaces and bounded linear operators

Proof. Let y € H. Then the map ¢, is clearly linear. Moreover, for all
x € H, the Cauchy-Schwarz inequality gives that

oy ()] = [z, )] < Il llyll -

Hence, ¢, is bounded, with |¢,|| < [ly||. If y # 0, then

1 1
]soy(nyny) | = o o = Dyl

so [leyll = [lyll. Thus, [leyll = lyll

This shows that the map y — ¢, is an isometry from H into H*. In
particular, it is injective. To show that it is surjective, let ¢ € H*. If p =0,
then we have ¢ = . So assume ¢ # 0 and set M := ker p. Then M is a
closed subspace of H such that M # H. By Corollary M+ +# {0}, so
we can pick z € M+ such that ||z|| = 1, and set

y:=p(z)z€ H.

We claim that ¢ = ¢,. Indeed, let x € H and set m := p(z) z —¢(2) x €
H. Then we have

p(m) = ¢(x) p(2) — p(2) p(z) =0,

som € M. As z € M+, we get (m,z) =0, i.e.,

(p(z) 2z, 2) = (p(2) z,2) .
Hence

p(z) = o(@) [|2]* = {p(2) 2, 2) = {p(2) 7, 2) = ¥(2) (z, 2)

= (z,0(2) 2) = (z,y) = ¢y(z).
This shows the claim that ¢ = ¢,, hence that the map y — ¢, is surjective.
Altogether, we have shown that this map is an isometric bijection from
H onto H*, as desired.
The final assertion is an obvious consequence of the conjugate-linearity
of the inner product in the second variable. |

This theorem, which is one among a diversity of results being called the
Riesz representation theorem, has several useful consequences. Our main
application in these notes will be to use it to associate an adjoint operator
to every bounded operator on a Hilbert space. Some people like to think of
the adjoint as a kind of twin (or as a kind of shadow), which happens to
coincide with the original operator in many cases of interest.
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Theorem 3.4.2. Let H be a Hilbert space (over F). For each T € B(H),
there is a unique operator T* € B(H), called the adjoint of T', satisfying

(T'(x),y) = {x, T*(y)) (3.4.1)

forall x,y € H.
The x-operation on B(H), T+ T*, enjoys the following properties:

For all S,T € B(H) and all a, B € F, we have
e i) (aS+BT) =aS*+3T*; ii) (ST)*=T*S*; iii) (T*)* =T;
o ) [T = (T|I; v) [|T*T| = [T

Remark 3.4.3. If H and K are Hilbert spaces (over the same F), then one
may associate to each T' € B(H, K') a unique adjoint operator T* € B(K, H)
satisfying forall z € H and all y € K, and enjoying similar properties.
We leave this as an exercise. O

Proof of Theorem[3.4.3 Let T € B(H) and consider y € H. Using the
linearity of 7" and the linearity of the inner product in the first variable, we
get that the map ¢ : H — F defined by

o(z) :=(T(z),y) forallz e H,
is a linear functional on H. Moreover, as we have

(T(),9)| < IT@ Iyl < 1T] =] vl

for all x € H, ¢ is bounded with || < ||| ||lyll. Hence, ¢ € H*, and
Theorem [3.4.1] gives that there exists a unique vector in H, that we denote
by T*(y), such that ¢ = @7+, , i.e., such that

(T'(x),y) = (=, T"(y)) (3.4.2)

for all z € H. This theorem also gives that
IT* W) = ezl = llell < 1Tyl - (3.4.3)
As what we have done above holds for every y € H, we obtain a map

T* : H — H which sends each y € H to T*(y) € H. In view of (3.4.2), it is
clear that ([3.4.1)) holds for all z,y € H.
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3. On Hilbert spaces and bounded linear operators

To show that T™* is linear, let y,3’ € H and a € F. Then, for all x € H,
we have

This implies that T*(ay + ¢') = a T*(y) + T*(vy'), as desired.

Next, from (3.4.3), we see that 7* is bounded with || 7| < ||T"]|. To show
the asserted uniqueness property of T*, assume that S € B(H) satisfies the
same property as 1™, i.e.,

(T'(x),y) = (z,S(y)) forall z,ye H.

Let y € H. Then, for all x € H, we get

(z,5(y)) = (T'(x),y) = (&, T*(y)) -

This implies that S(y) = T*(y). Thus, S = T".
We leave the proof of properties i) and 7i) as an exercise. To show the

other properties, let 7' € B(H). Then, for each y € H, using equation (3.4.1))
for T* instead of T', we get that, for all x € H, we have

(2, (T7)"(y)) = (T"(x),y) = (y, T*(x))
= (T(y),z) = (z, T(y))
This implies that (7%)*(y) = T'(y). Thus, (T*)* =T, i.e., i) holds
Now, we have seen that ||77| < ||T|| holds for all T' € B(H). Thus we

get
T[] = ) < 1T < 7

Hence ||T*|| = ||T||, i-e., iv) holds.
Further, using iv), we get | T*T|| < || T*||[|T]| = ||T||>. On the other
hand, for every x € H, we have
IT(@)|I* = (T (), T(x)) = (z, T"(T(x)))
= [(z, (T T)(@))| <l |(TT) ()]

17T} 1]

IN

This implies that |[|T||* < [|T*T||. Hence we get ||T||* = ||T*T, i.e., v)
holds. |
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Example 3.4.4. Consider H = F" for some n € N with its usual inner
product, and T' € B(H). Let A denote the standard matrix of 7. Then the
standard matrix of 7* is A* := A"

Here, A denotes the matrix obtained by conjugating every coefficient of
A, while B! denotes the transpose of a matrix B. Of course, if F = R, then
we just get A* = A’

Alternatively, we can formulate our assertion above by saying that if
T4 € B(H) denotes the operator given by multiplication with a matrix
A € M, (F), then we have

(TA)* — TA* .
To prove this, let 2,y € H. Recall that (z,y) = 2'7. So we get
(Ta(x),y) = (Az)'g = 2’ A’y = 2" Ay = (2, Ta-(y)).

Since this holds for all z,y € H, this implies that (T4)* = T~ , as asserted.

More generally, if H is a nontrivial finite-dimensional Hilbert space, B is
an orthonormal basis for H, and [T']z is the matrix of 1" relative to B, then
we have

(75 = ([Ts) -
The verification of this fact is left as an exercise. (One may argue in a
similar way as in Example [3.4.6]). 0

Example 3.4.5. Assume that {);};en is bounded sequence in F, and set
M :=supjcy |Aj]. If £ € £2, then we have

o0

YN EM)P < M2 Y IEG)P = MPIENI; < oo

Jj=1 Jj=1

Thus, the map D¢ : N — F defined by (DE)(j5) = A;&(j) for every n € N
belongs to 2 and satisfies that

|DE|le < M ||€|l2 for every € € 2.

It follows that the map D : £* — (% given by D(§) = D¢ for each £ € (2, is
linear and bounded. Note that if {e;};en denotes the standard orthonormal
basis of (% (cf. Exercise 3.3.4), we have that D(e;) = Aje;, hence that
|D(e;)|| = |A;| for every j € N. This implies that || D|| > |);| for every
J € N, hence that || D[] > M. Altogether we get that || D|| = M = sup;cy [A;]-
The operator D is called the standard diagonal operator on (? associated to

{Ajten
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It is easy to determine D*: indeed, for &, € %, we have

= > Nn(s) = >_€0) = (&, D"(n)),

jeN jEN

where D* € B(f?) is the standard diagonal operator on £* associated to the
sequence {A;}jen. O

Example 3.4.6. Assume a Hilbert space H has a countably infinite or-
thonormal basis, enumerated as B = {u;}jen. Let T" € B(H). For each
(7,k) € N x N, set

A(j, ]{?) = (T(uk), u]) e[F.
We may think of the map A : N x N — F, which sends each (j, k) to A(j, k),
as the (infinite) matrix of 7' (w.r.t. B) since, for each k € N, we have

= il (T(up), uj) uj = iA(j, k) u; - (3.4.4)

Now, as every x € H has a Fourier expansion w.r.t. B, it is clear that T is
uniquely determined as a bounded operator on H by its values on B. Thus
we see from that T is uniquely determined by its matrix A.

As T* € B(H) and

(T (ug), wy) = (up, T(wy)) = (T(uy), ux) = A(k, j),

we can conclude that the matrix of 7% w.r.t. B is A*, where

A, k) == Ak, J) .

Thus we get that, for all £ € N, we have

ZA* (Gok)u; =D A(k,

J=1

From ({3.4.4) and Parseval’s identity, we also get that

> |AG B =T ()| < IT]]* < o0

for each k € N, so the ?>-norms of the column vectors of A are uniformly
bounded. However, such a condition on the column vectors of a given infinite
matrix A is not sufficient in general to ensure that A is the matrix of some
operator in B(H). There are some known conditions guaranteeing this, but
we will only look below at two cases below where one can argue directly.
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3.4. Adjoint operators

Example 3.4.7. We will show how we can construct diagonal operators in
certain Hilbert spaces, generalizing what we did in Example |3.4.5] in the
case of £2. Let H be a Hilbert space having a countably infinite orthonormal
basis, enumerated as B = {u;}jen. Let {\;};en be a bounded sequence in
IF, so that

M = sup{|\;| : j € N} < o0.

We claim that there exists an operator D € B(H) satisfying that
D(uy) = Apup  for each k € N. (3.4.5)

Indeed, consider x € H. Then Parseval’s identity gives that

e 2 s 2

> A | < M2 Y (wwg)| = M el < oo,

j=1 j=1
Hence, Lemma (3.3.7| gives that the vector

D(z) := > Aj{z,u5) uy
j=1

satisfies that (D(x),u;) = \; (x,u;) for each j € N. Thus, using Parseval’s
identity again, we get that

s 2
D@2 = A wu)|” < M2 ||
j=1

It follows now readily that the map x +— D(x) gives an operator D in B(H)
satisfying (3.4.5)) and || D|| < M. Since | D|| > || D(ug)|| = || for all & € N,
we also have that ||D|| > M. Hence, ||D|| = M.

It is quite obvious that the matrix of D (w.r.t. B) is the diagonal (infinite)
matrix A defined for each (j,k) € N by

Aoty =k
Au,m:{f e

0  otherwise.

The operator D is called the diagonal operator associated to {\;}jen
(w.r.t. B).

From our discussion in Example [3.4.6] we get that the matrix of D*
is A*. Thus we have D*(uy) = M\, uy, for all k € N, so D* is the diagonal
operator associated to { A; }jen (W.r.t. B).

Note that if H = ¢? and we let B = {e,}jen be its standard orthonormal
basis, then the diagonal operator D associated to a bounded sequence {\; } jen
(w.r.t. B) coincides with the standard diagonal operator from Example m

O
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3. On Hilbert spaces and bounded linear operators

Example 3.4.8. Let again H be a Hilbert space having a countably infinite
orthonormal basis, enumerated as B = {u;};en. We will now argue that
there exists an operator S € B(H), called the right shift operator on H
(w.r.t. B), satisfying that

S(ug) = ugyy for all k € N, (3.4.6)
Since 350, [(z, up—1)]* = 232, [(@,u;)]> = [|z|* < oo for all z € H, we

may use Lemma [3.3.7] to define a map S : H — H by
S(.ZU) - Z <CC, un—1> Up, ,
n=2

which is then a linear isometry satisfying that S(u,_1) = u, for all n > 2
i.e., such that (3.4.6) holds. The matrix of S (w.r.t. B) is the (infinite)

matrix o given by
. 1 ifj=Fk+1,
U(Jak) = {

0 otherwise.

for each (j, k) € N. Thus, the matrix of S* (w.r.t. B) is the matrix ¢* given

by
I 1 ifk=j5+1
“(4,k)=0(k,j) = ’
o"(j, k) = (k. ]) {0 otherwise.

for all j, k € N, so we get that
0 it k=1,

S* — * .,]{3 -
(1) jzla(j ) u; {uk_l if k> 2.

The operator S* is called the left shift operator on H (w.r.t. B). We note
that S* is not isometric, in fact not even injective, because S*(u;) = 0. 0O

Example 3.4.9. Let (X, A, 1) be a measure space. Set L := L>®(X, A, u)
and H := L*(X, A, u). To each f € L we may associate a "multiplication’
operator M; € B(H) given by

My ([g)) = [fg] forall [g] € H .

Indeed, this follows readily from Proposition [2.2.4] (with ¢ = 2). Now, for
all [g], [h] € H, we have

(M (oD). 1)) = [ FoB du= [ g Th du=(lg]. My ()
This implies that (My)* = M. g
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3.4. Adjoint operators

Example 3.4.10. Let K : [a,b] x [a,b] — C be a continuous function and
let Tx denote the associated integral operator on H = L?([a, b]), which is
determined on C(|a, b] by

b

[TK(f)](s):/ K(s,t) f(1)dt for all's € [a,b],

a

cf. Example and Exercise We leave it as Exercise to check
that (Tx)* = T+, where K*(s,t) := K(t, s) for all s,t € [a,b]. [

Example 3.4.11. Let v,w € H and consider the linear operator 7, ,, :
H — H defined by

Tyw(x) = (z,v)w forallze H.

Note that T, ,, has rank one, i.e., its range has dimension one, if v, w € H\{0}.
It is an instructive exercise (cf. Exercise to check that T, ,, is bounded,
with norm ||T5, || = ||v|| ||w||, and satisfies that (T, .)* = Ti,. A bit more
challenging is to use this to show that any finite-rank operator 7' € B(H)
may be written as a finite sum of rank one operators in B(H), and that T
also has finite-rank.

As an illustration that the adjoint operator contains valuable information
about the original operator, we include a proposition showing the connection
between the fundamental subspaces associated to these operators.

Proposition 3.4.12. Let H be a Hilbert space (over IF) and let T' € B(H).
Then we have:

(a) ker(T) =T*(H)* and ker(T*) =T(H)*.

(b) T(H) = ker(T*)* and T*(H) = ker(T)"*.

Proof. Both equalities in (a) are immediate consequences of (3.4.1]). Using
Exercisewith N = T(H), we get that T(H) = (T(H)*)* = ker(T*)*.
The second equality in (b) is shown similarly (or by replacing 7" with T* in
the first one). [

Corollary 3.4.13. Let H be a Hilbert space (over F) and let T € B(H).
Then T(H) is dense in H if and only if T* is 1-1.

Proof. Using Proposition [3.4.12) and Corollary [3.2.7] we get
T(H)=H < ker(T*)" = H & ker(T*) = {0}.

As T* is linear, we also have ker(T*) = {0} < T* is 1-1. |
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3. On Hilbert spaces and bounded linear operators

As another illustration, we finally mention:

Proposition 3.4.14. Let H be a Hilbert space (over F) and let T € B(H).
Then T is invertible in B(H) if and only if T* is invertible in B(H), in
which case we have (T*)™' = (T~1)*.

Proof. Left to the reader as Exercise [3.19 ]

3.5 Self-adjoint operators

In this section, we introduce a very important class of bounded operators
on a Hilbert space and discuss some of their properties.

Definition 3.5.1. Let H be a Hilbert space (over IF). An operator 7' € B(H)
is called self-adjoint when T* = T, that is, we have

(T'(z),y) = (z,T(y)) forallz,ye H.

If F = C, a self-adjoint operator in B(H) is also called Hermitian, while it
is often called symmetric if F = R.

We note that if T)7" € B(H) are self-adjoint, and A € R, then it is
obvious that AT+ T" is also self-adjoint.

Example 3.5.2. Let A = [a;x] € M,(F) and let T4 € B(F") denote the
operator given by multiplication with A (cf. Example . Then Ty is
self-adjoint if and only if A* = A, i.e., @5; = a;y for all j,k € {1,...,n}. In
particular, when F = R, T4 is self-adjoint if and only if A is symmetric. [J

Example 3.5.3. Assume H is a Hilbert space with a countably infinite
orthonormal basis B = {u;};en.

Let D denote the diagonal operator associated to a bounded sequence
{\tjen in F (wort. B), so D(u;) = Aju; for every j, cf. Example 3.4.7]
Then D is self-adjoint if and only if A\; = \; for all j € N, i.e., \; € R for all
7 € N. In particular, D is always self-adjoint when F = R.

Let S denote the right shift operator on H (w.r.t. B), so S(u;) = w41
for every j. As we have seen in Example [3.4.8] S* is the left shift operator,
and it is obvious that S* # S. So S is not self-adjoint. [

Example 3.5.4. Let (X, A, 1) be a measure space and set H := L*(X, A, 11).
If fe£°(X, A, ), then the multiplication operator My € B(H) given by
M;([g]) = [fg], cf. Example 3.4.9} is self-adjoint if and only if MF = M.
Thus, M; is self-adjoint whenever f is real-valued (p-a.e.). It can be
shown that the converse statement holds whenever (X, A, i) satisfies the

mild assumption that it is semifinite (cf. Exercise [3.24)). O
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3.5. Self-adjoint operators

Example 3.5.5. Let K : [a, b] X [a,b] — C be a continuous function and let
Tk denote the associated integral operator on H = L*([a, b]), cf. Example
which is determined on C([a,b]) by (Tx(g))(s) = [° K(s,t)f(t)dt.
Then T is self-adjoint if and only if Tk« = Ty (where K*(s,t) = K(t, s)).
Hence it is clear that Tk is self-adjoint whenever K is real-valued. We leave
it as an exercise to check that the converse statement also holds. .

Example 3.5.6. Let M be a closed subspace of a Hilbert space H and let
Py denote the ortogonal projection of H on M. Then P,; is self-adjoint.

Indeed, let z,y € H. As Py(z) € M and y — Py (y) € M+, we have
(Pu(x),y — Pu(y)) = 0.

Similarly, we have (x — Py (x), Py (y)) = 0. Hence we get

(Pu(2),y) = (Pu(x), Pu(y) +y — Pu(y))
= (Pu (), Pu(y)) + (Pu(x),y — Pu(y))
= (Pu(x), Pu(y))
= (Pu(z), Pu(y)) + (z — Pul(x), Pu(y))
= (Pu(x) + 7 — Py(), Pur(y))
= (v, Pu(y))

An orthogonal projection map P,; has another property, namely that it
is a positive operator on H. Such operators are generalizations of operators
associated with positive semidefinite matrices. We refer to Exercise for
the definition and some of the properties of positive operators.

Next, we note that there is an abundance of self-adjoint operators.

Proposition 3.5.7. Let H be a Hilbert space (over F) and T € B(H).

Then the operators T +T*, T*T and T'T* are all self-adjoint. Moreover,
if F = C, then % (T —T%) is also self-adjoint.
Proof. The reader should have no difficulty to verify these assertions by
using the properties of the %-operation on B(H) listed in Theorem [

A noteworthy consequence is that bounded self-adjoint operators on a
complexr Hilbert space have a canonical decomposition similar to the one
enjoyed by complex numbers.
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3. On Hilbert spaces and bounded linear operators

Corollary 3.5.8. Let H be a Hilbert space over C and let T € B(H). Set
1

:272

Re(T) := ;<T +77), Im(T) (7-17).

Then Re(T) and Im(T) are both self-adjoint, and we have
T = Re(T) + i Im(T) .

Proof. The first assertion follows readily from Proposition [3.5.7} The second
one is elementary. [ ]

Consider a bounded operator T" on a Hilbert space H # {0}. The
numerical range of T is defined as the subset of F given by

Wr = {(T(z),2) :x € H, ||z = 1},

Some properties of T" are reflected in the geometric properties of W and
Wr, cf. Exercise m We will mainly be interested in the numerical radius
of T', which is defined by

Ny :=sup{ |\ : A € Wr} =sup{ |[(T(z),x)|: z € H,||z|| =1} .

We note that the Cauchy-Schwarz inequality implies that Ny < ||T||.

A remarkable fact, proven below, is that Ny agrees with ||T'|| when T is
self-adjoint. We first observe that if T is self-adjoint, then W; C R. Indeed,
if T* =T, then for every x € H, we have

(T'(x),x) = (z,T(x)) = (T(x), 7),
and the claim clearly follows.

Theorem 3.5.9. Let H be a Hilbert space, H # {0}, and let T € B(H) be
self-adjoint. Then we have
T = Nr.

Proof. 1t suffices to prove that || T|| < Np, hence that
|T(x)|]| < Np forall z € Hy. (3.5.1)

We first note that if v € H, then [(T'(v),v)] < Nr|v|*
1

Indeed, if v = 0, the claim is trivial. Otherwise, if v # 0 and u := ol ¥

so v = ||v[| u, then
(T(),0)| = ol (T(u),u)| < Nplfv].
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3.5. Self-adjoint operators

Let now x € Hy. If T'(z) = 0, then the inequality in (3.5.1)) is trivially
satisfied, so we can assume that T(z) # 0 and set y == —— T'(z) € H.

T AT@)
Then we have

1
17 ()|

1T ()| = (T'(x), T(x)) = (T'(x),y). (3.5.2)

Similarly, || 7(z)|| = (y,T'(z)). As T is self-adjoint, we get
1T (@) = (T(y), ). (3.5.3)

Combining (3.5.2) and (3.5.3), and using our previous observations, as well
as the parallellogram law and the fact that ||z|| < 1, ||ly|| = 1, we get

IT@)] = 5 (7)) + (T (), 7))
= ({T@+ w2 +9) — (T —y).— )
< Vo (lle+ ol + e = yIP)
= & Ve (el + 1?)
< Nrp.
This shows that is satisfied, as desired. |

Having in mind the spectral theorem for symmetric real matrices, it
is legitimate to wonder whether it could be true that every self-adjoint
operator T € B(H) is diagonalizable in the sense that there always exists an
orthonormal basis for H consisting of eigenvectors for 1. However, as the
next example illustrates, a self-adjoint operator may not have any eigenvalue
at all, so this can not be true in general.

Example 3.5.10. Let H = L?([0,1]) (with usual Lebesgue measure) and
let T'= M; be the self-adjoint operator in B(H) given by multiplication
with the bounded continuous function f(¢) =t on [0, 1], cf. Example
Then we leave it as an exercise (cf. Exercise to verify that 7" has no
(complex) eigenvalues. O

We will see in the next chapter that every compact self-adjoint operator
can be diagonalized in the sense mentioned above. Theorem [3.5.9 will
help us to make the first step in this direction, by showing that a compact
self-adjoint operator 7" has at least one an eigenvalue, namely ||T|| or —||7°].
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3. On Hilbert spaces and bounded linear operators

3.6 Unitary operators

In this section, we look at another important class of operators on Hilbert
spaces. As a warm-up, we first characterize the linear operators which are
isometric. If H is a Hilbert space, a map T': H — H is said to preserve the
inner product if it satisfies that

(T'(x), T(y)) = (x,y) forall z,y € H.

Proposition 3.6.1. Let H # {0} be a Hilbert space (over F) and let
S :H — H. Then the following conditions are equivalent:

(1) SeB(H) and S*S = Iy ;
(17) S is linear and preserves the inner product;
(131) S s a linear isometry.

Proof. (i) = (ii): Assume S € B(H) satisfies S*S = I . Then S is linear
and for all z,y € H, we have

(5(2),5(y)) = (=, (5°9)(y)) = (©,9) ,

so (7i) holds.

(14) = (i4i): Any map preserving the inner product is isometric, so this is
evident.

(i4i) = (i): Assume S is a linear isometry. Then S € B(H) and T :=
S*S — Iy € B(H) is self-adjoint. Then for any x € H, we have

(T(x),2) = ((5"S = I)(x),z) = (S(x), S(x)) — (z,2) = |S(@)* — =]|* = 0

Thus, Wy = {0}, so, using Theorem [3.5.9] we get that |T|| = Nr = 0.
Hence, T'= 0, i.e., S*S = Iy, so (i) holds. [ |

Example 3.6.2. Assume H is finite-dimensional and S : H — H is a
linear isometry, so S*S = Iy, cf. Proposition [3.6.1] As S is injective, it is
also surjective (since dim(S(H)) = dim(H) — dim(ker(S)) = dim(H), so
S(H) = H). Thus, S is bijective, so it has an inverse S™! (which is also a
linear isometry). Since S*S = I, we get that S~' = S*. In particular, we
also have SS* = Iy. 0

Remark 3.6.3. When H is infinite-dimensional, then a linear isometry S
is not necessarily surjective. A typical example is the right shift operator S
considered in Example [3.4.6] whose range does not contain the first basis
vector; in this case, we have S*S = Iy, while SS* # Iy (cf. Exercise |3.22)).
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0

Definition 3.6.4. Let H be a Hilbert space (over F). An operator U € B(H)
is called unitary when it satisfies

U'U=0U"=1y.

Thus, U € B(H) is unitary if and only if U is bijective and U~! = U*.

When F = R, it is customary to say orthogonal instead of unitary.

Proposition 3.6.5. Let H be a Hilbert space (over F) and let U : H — H.
Then the following conditions are equivalent:

(1) U e B(H) and U is unitary;
(73) U is bijective, linear and preserves the inner product;
(7i1) U is a surjective linear isometry.

Proof. (1) = (ii): If U € B(H) is unitary, then U is bijective and linear,
and Proposition m gives that it preserves the inner product. Hence, (i7)
holds.

(i7) = (zii): This implication is evident.

(7i1) = (i): Suppose U is a surjective linear isometry. As a linear isometry
is injective, U is bijective. Moreover, Proposition [3.6.1] gives that U*U = Iy.
So we get that U~! = U*, i.e., U is unitary, and (i) holds. [ |

Example 3.6.6. Assume H has a countably infinite orthonormal basis B
and D is the diagonal operator associated to a bounded sequence {\;};en
in F (w.r.t. B).

Then it is straightforward to check that D is unitary if and only if
A =1 ie, [\ =1, forall j € N. 0

Example 3.6.7. Let (X, A, ;1) be a measure space and set H := L*(X, A, 11).
For f € £, consider the multiplication operator M; € B(H). Then we
clearly have

(Mp)" My = Mp2 = My (My)",

so we see that My is unitary whenever |f| =1 p-a.e. The converse holds if
p is semifinite, cf. Exercise 0
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Example 3.6.8. Let H = (*(Z). We may then define the bilateral forward
shift operator U : H — H by

[U(](J)=&G—1) forall¢ € H and all j € Z.

Indeed, since Y ez [£(7 — 1)* = ez 1€(J)? < o0, we see that U(§) € H
and |U (&) = ||£]]2 for every € € H. Thus U is isometric.

We may now conclude from Proposition [3.6.5]that U is unitary. Its adjoint
U* = U~ is called the bilateral backward shift operator (on H = (*(Z)). We
note that if B = {e, }nez denotes the canonical basis of H = (*(Z) as in
Example [3.3.4] then we have

Ulep,) =enr1 and U*(e,) =e,-1 foralln e Z. [

Example 3.6.9. Let H = L*(R, A, u), where A denote the Lebesgue-
measurable subsets of R and p is the usual Lebesgue measure on A. For
each x € R and f € L%(R, A, u), define f, : R — C by f.(y) = f(y — x) for
every y € R. Then f, is Lebesgue-measurable, and, using the translation
invariance of u, we get that

1103 = [ 1) Pduty) = [ 17 =) Pdut) = [ 176)Pduty) = 1713

It follows that the map U, : H — H given by U,([f]) = [f.] for each
fin L*(R, A, u) is a well-defined unitary operator on H, satisfying that
(U,)* =U_, (and U,y = U, U, for all z, 2" € R). You are asked to provide
all the missing details in Exercise [3.33] 0

Let now H, K be Hilbert spaces (over F). A bijective, linear map U from
H onto K which preserves the inner product is often called an isomorphism
of Hilbert spaces. As in Proposition [3.6.5] one shows that it is equivalent to
require that U is a surjective linear isometry, or that U € B(H, K) is unitary
in the sense that we have U*U = Iy and UU* = Ik. (Here, U* € B(K, H)
denotes the adjoint of U, cf. Remark . We will therefore say that H
and K are isomorphic as Hilbert spaces when such a map U : H — K exists.

Theorem 3.6.10. Let H # {0} be a Hilbert space over C, and let B be
an orthonormal basis of H. Then H and (*(B) are isomorphic as Hilbert
spaces.

Proof. Let x € H and define z : B — C by

)

(u) := (x,u) forall u € B.
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Note that Parseval’s identity says that >°,c5|Z(u)|*> = ||z[|*. In particular,
we have T € (?(B) and ||Z|]| = ||z||. Thus we can define an isometric map
U:H — (*(B) by

U(x)=2 forallze H.

It is elementary to check that U is linear. Moreover, U is surjective. Indeed,
let £ € (2(B). As Y ,cplé(u)]? < oo, the set

Be :={ueB:&u)#0}

must be countable. Let {u;};en be an enumeration of B, where N =
{1,...,n} for some n € N or N = N. Note that if N = N, we have

221 1&(u;)|* < 0o, and this implies readily that the sequence { SF L E(uy) uj}
is Cauchy, hence convergent in H.
Thus we may define x € H by x := 3.y &(u;) u;, and we then have

keN

Bu) = (z,u) = Y _ §(uy){u;,u) =

JEN

E(ug) if u = uy for some k € N,
0 ifueB\Bg,

ie., Z(u) = &(u) for all w € B. Hence, U(x) = &, showing that U is surjective.

We can now conclude that U is an isomorphism of Hilbert spaces from
H to (*(B), as we wanted to show. |

Remark 3.6.11. Theorem [3.6.10| is also true when H # {0} is a Hilbert
space over R, but one has then to replace ¢?(B) with the real ¢*-space

EB)={e:BoR: Y [¢w)* < oo, }

ueB
considered as a Hilbert space over R.

Remark 3.6.12. If H # {0} is a Hilbert space over C, and B, B’ are both
orthonormal bases of H, then we get from Theorem that ¢?(B) and
(*(B') are isomorphic as Hilbert spaces. It can be shown that this implies
that (and in fact is equivalent to) B and B’ having the same cardinality,

meaning that there exists a bijection between B and B’. (A similar statement
holds if H # {0} is a Hilbert space over R). O
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3.7 Exercises

In the exercises of this chapter, H always denotes a Hilbert space over I,
unless otherwise stated.

Exercise 3.1. Let X be an inner product space. Check that the parallelo-
gram law and the polarization identities hold.

Exercise 3.2. Let H be a Hilbert space which is infinite-dimensional, i.e.,
is not finite-dimensional (as a vector space). Argue first that there exists an
orthonormal sequence {x,},en in H. Then use this sequence to show that
the unit ball H; is not compact.

Exercise 3.3. Consider X := (*°(N) as a metric space w.r.t. d(f,g) =
|f — gllu. Let A be the subset of X given by

A:={a™: N eNj},

where a(N)(n) =1if1<n<N and a(N)(n) =0ifn> N.
a) Show that A is closed in X.
b) Let x € X be given by x(n) =1+ 1/n for all n € N.
Show that d(z, A) = 1 and that 1 < d(z,a™) for all N € N.

Exercise 3.4. Let c € H,r > 0andset B:= B,(c)={y € H : |[[y—¢| <r}.
Check that B is closed and convex, and give a formula for x5 when = € H\ B.
Exercise 3.5. Let S denote a nonempty subset of H.

a) Show that S* is a closed subspace of H.

b) Set M := Span(S). Verify that S* = M*. Then deduce that
M = (S1)+. Deduce also that if N is a subspace of H, then N = (N+)+.

Exercise 3.6. Let M be a closed subspace of H and x € H.

a) Check that the associated map Py : H — H is linear.

b) Show that Py(x) = y for some y € M if and only if z —y € M*.
Then show that Py (x) is the unique vector y in M such that x —y € M+,

Exercise 3.7. Assume P € B(H) satisfies that P? = P and ||P|| = 1.

Show that P(H) is closed and H = P(H) @ ker P. Then show that P is
the orthogonal projection of H on M := P(H).
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Exercise 3.8. Consider H = L*([a,b], A, i), where A denotes the o-algebra
of all Lebesgue measurable subsets of [a,b], and p is the usual Lebesgue
measure on A. Set

M = {[g] € H:ge L[a,b], A p), /[ 5 dp = 0}-
Check that M is a closed subspace of H. Then, given [f] € H, find an
expression for the best approximation of [f] in M.

Exercise 3.9. Let (X, A, 1) be a measure space.
a) Show that

(Ufl.lgh) = [ fg dn
gives a well-defined inner product on L? := L*(X, A, u) (cf. Example[3.1.12)).

b) Let E € A. Set Ag ={A N E:Ae A} and up = jtja,. We recall
that (E, Ag, i) is a measure space.

Show that there exists an isometric isomorphism from L*(E, Ag, ug)
onto the space Mg defined in Example [3.2.9] i.e.,

Mg = { [g] - g € £? and g lives essentially on E} :

Exercise 3.10. Let H # {0}. Show that the following conditions are
equivalent:

(a) H is separable;
(b) There is a sequence satisfying the assumptions in Example m
(c) H has a countable orthonormal basis.

Note that Example shows that (b) = (c). So it suffices to show that
(a) = (b), and (c) = (a).

Exercise 3.11. In the context of Fourier analysis described in Example
3.3.12| (see also Example [3.3.2)), the formula

1713 =3 |F(n)

nez

‘ 2

is called Parseval’s identity. (The more general equality obtained in Theorem
¢) is also often called Parseval’s identity.)

a) Set f(t) =t for all t € [—m, |. Compute the Fourier coefficients of f.

2

b) Use a) and Parseval’s identity to show that >°0, & = T .

n=1 p?2 6
c) Set g(t) = e’ for all t € [—m, w]. Use Parseval’s identity to obtain a
formula for the sum of the series > >, H%H .
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Exercise 3.12. Let H = L*([—1,1], A, i), where A denote the Lebesgue-
measurable subsets of [—1, 1] and p is the restriction of the usual Lebesgue
measure to A.

For each n € {0} UN, let p,41 : [—1,1] — C be defined by pp1(t) = ",
and set S := {[an] :n € {0} UN} CH.

a) Show that Span (S) is dense in H.

b) Apply the Gram-Schmidt orthonormalization process to S to obtain
an orthonormal basis B = {[an] :n e {0}U N} for H, where each ¢,,41 is
the polynomial on [—1, 1] given by

ynts d (2 —1)m).

onpl  din

An+1 (t) =

(These polynomials are called the normalized Legendre polynomials.)

Exercise 3.13. Let H be the L*-space on [—, 7] w.r.t. to the normalized
Lebesgue measure p, as in Example Set

Heven :={[f] € H : f iseven} and Hygq :={[f] € H : f is odd}.

We recall that a function f : [—m, 7] — C is called even if f(—t) = f(t) for
all ¢, while it is called odd if f(—t) = —f(t) for all t.

a) Show that Heyen is a closed subspace of H and that (Heyen)™ = Hodg-
Then describe the orthogonal projection P of H on Heyen.

Hint: Tt might be helpful to consider the map [f] — [f |, where f(t) := f(—t).

b) Find an orthonormal basis for Heyen and one for Hoygg.
Exercise 3.14. Let Hy, Hy be Hilbert spaces over F and consider
H = H1 X H2 = {(5(71,1'2) X € Hl,l’g c HQ}

as a vector space over F when equipped with its natural pointwise operations.
For (zy1,22), (y1,v2) € H, set

((v1,m2), (Y1,92)) = (v1,91) + (2, 92) -

a) Check that this gives an inner product on H such that H is a Hilbert
space. Check also that the associated norm on H is given by

(@1, @)l = (laall? + [l2]*)"2.
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b) Set Hy := {(x1,0) : 2y € Hy} and Hy := {(0,2) : 25 € Hy},

Check that H 1 and ﬁg are closed subspaces of H and that ?IJ is isomor-
phic to H; (j =1,2).

Check also that H = H; & Hy and describe the orthogonal projection
from H on Hy (resp. Hs).

Note: The Hilbert space H is called the external direct sum of Hy and Hs.

Exercise 3.15. Let H; and Hy be Hilbert spaces over IF, and let H be the
external direct sum of Hy and Hs, as defined in Exercise Assume B;
and By are orthonormal bases for H; and H,, respectively.

Find an orthonormal basis B for H in terms of B; and Bs.

Exercise 3.16. The concept of generalized sums can be used to provide an
alternative way of describing Fourier expansions in Hilbert spaces.

Let X be a normed space, J be a nonempty set, {x;};e; be a family of
elements of X, and x € X. Then one says that the generalized sum ;¢ ; 7;
converges to x when the following holds: given € > 0, there exists a finite
subset Fy C J such that for all finite subsets F' of J containing Fy, we have

Hx—ZxJH < e,
jeF

in which case we write

jeJ
Consider a Hilbert space H and x € H.
a) Show that we have
r=>) (z,u)u.
ueB

b) Show also that if M is a closed subspace of H and C is an orthonormal
basis for M, then we have

Py (z) = Z (r,v)v.

veC

Exercise 3.17. Let T' € B(H). Assume H, is a dense subspace of H which
is invariant under 7', and let Ty € B(Hy) denote the restriction of 7' to Hy.
Further, assume there exists some Sy € B(Hy) such that

(To(x).y) = (@, Soly)) for all 2,y € Ho.

Show that 7" = S, where S € B(H) is the unique extension of Sy provided
by Theorem [1.4.2]

67



3. On Hilbert spaces and bounded linear operators

Exercise 3.18. Show that the formula for (7%)* in Example [3.4.10| is

correct.

Hint : Consider Hy = [g] : g € C([a,b])} and use Exercise 3.17]
Exercise 3.19. Prove Proposition [3.4.14]

Exercise 3.20. Let v, w € H and consider the linear operator T, ,, : H — H
defined by
Tyw(x) = (z,v)w forallze H.

Note that T, ., has rank one if v,w € H \ {0}.

a) Show that 7}, is bounded with norm ||T;, .| = ||v|| ||w]]. Then show
that (T, 0)* = T

b) Show that every T € B(H) which has rank one is of the form 7" =T, ,,
for some v, w € H \ {0}.

c) Assume T € B(H) is a finite-rank operator, 7" # 0. Show that T" may
be written as a finite sum of rank one operators in B(H).

Hint : Start by picking an orthonormal basis for T'(H).
d) Show that if " € B(H) is a finite-rank operator, then so is 7.

Exercise 3.21. Let T' € B(H) and let M be a closed subspace of H.
Show that

M is invariant under 7 if and only if M+ is invariant under 7.
Exercise 3.22. Let T € B(H).
a) Show that ker(T") = ker(T*T) and T*(H) = (T*T)(H).
b) Assume 7' is normal, i.e., satisfies T*T = TT*. Show that
ker(T™) = ker(T') and T*(H)=T(H).

c) Assume T is normal and has an eigenvalue A\. Show that X is an
cigenvalue of T, and that B = EX.

d) Assume H has a countably infinite orthonormal basis B = {u;}jen
and let S € B(H) be the right shift operator (w.r.t. B). Set T'= S*.

Check that TT* = S*S = Iy, while T*T = S§S* = P, where P is the
orthogonal projection of H on {u;}*. Deduce that T' is not normal.

Next, check that 0 is an eigenvalue for 7', while 0 is not an eigenvalue
of T* = S. (Note: This shows that the assertion in ¢) does not necessarily
hold when 7' is not normal.)

Finally, if you are in the right mood, show that S has no eigenvalues,
while every A satisfying |[A| < 1 is an eigenvalue of T'.
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Exercise 3.23. Let H and K be Hilbert spaces over F, and let T € B(H, K).
a) Show that there exists a unique operator T* € B(K, H) (called the
adjoint of T') satisfying that
(T'(x),y) = (z,T"(y)) forall z e H and all y € K.

b) Let 7" € B(H, K) and «, 5 € F. Let also L be a Hilbert space over IF, and
let S € B(K, L), so that ST € B(H, L). Show that the following properties
hold:

o i) (aT+BT) =aT*+pT'*; i) (ST) =T*S*; i) (T*) =T;
o ) [T = (T]I; v) |T°T[ = |T]*
Exercise 3.24. Let (X, A, 1) be a measure space. One says that (X, A, u)

is semifinite when the following condition holds: if £ € A and u(E) = oo,
then there exists F' C E, F' € A such that 0 < u(F) < oo.

a) Show that (X, A, i) is semifinite whenever it is o-finite.

Assume from now on that (X, A, i) is semifinite. Set H := L*(X, A, p).
Let f € £ and consider the multiplication operator My € B(H) defined in

Example [3.5.4]
b) Show that [[ M| = [| f|oc-
c) Show that if My is self-adjoint, then f is real-valued p-a.e. (As

observed in Example [3.4.9} the converse is true without any restriction on
(X, A, 1))

Exercise 3.25. Assume P € B(H) is a self-adjoint projection, i.e., it
satisfies that P* = P = P2, Show that P is the orthogonal projection of H
on M := P(H) (which is a closed subspace of H).

Exercise 3.26. Let H # {0}.

a) Assume T € B(H) is self-adjoint. Deduce from Theorem that
T =0 if and only if (T'(z),x) =0 for all x € H.

b) Suppose F = R. Give an example with H = R? showing that the
equivalence in a) may fail when 7" is not self-adjoint.

¢) Assume F = C and let T' € B(H). Show that 7' = 0 if and only if
(T'(x),z) =0 for all x € H.

Exercise 3.27. Show that the set B(H)s, := {T € B(H) : T* = T} is
closed in B(H).
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Exercise 3.28. Let H # {0}. If T" € B(H) is self-adjoint, we have seen that
Wr C R; of course, if F = R, this gives no information on 7" as this inclusion
is then true for any 7" in B(H). We assume therefore in this exercise that
H # {0} is a Hilbert space over C.

Let T' € B(H). Then show that the following assertions are equivalent:
(1) T is self-adjoint;
(i1) Wr CR;
(1ii) (T'(z),z) € Rfor all z € H.
Exercise 3.29. A self-adjoint operator 7" in B(H) is called positive when
(T(x),z) > 0 forallze H, (3.7.1)

in which case we write 17" > 0.

(We note that if F = C and 7' € B(H) satisfies (3.7.1]), then T is
automatically self-adjoint, as follows from the previous exercise.)

a) Let S € B(H), and let R € B(H) be self-adjoint.
Check that S*S > 0 and R? > 0. Then show that

IS| <1 & (Iy —8*8) > 0.

b) Let M be a closed subspace of H. Check that Py, > 0.

¢) Assume that T, 7" € B(H) are positive and A € [0, o).
Check that T'+ T" and AT are also positive.

d) Show that the set of positive operators in B(H) is closed in B(H).

Exercise 3.30. Let H = L?([0,1]) (with usual Lebesgue measure) and let
T = M; be the self-adjoint operator in B(H) given by multiplication with
the function f(¢t) = ¢ on [0,1], cf. Example Show that T has no

(complex) eigenvalues.

Exercise 3.31. Let (X, A, ;1) be a semifinite measure space (cf. Exercise
3.24)), and let f € L. Suppose that the multiplication operator M; on
H = L*(X, A, i) is unitary. Then show that |f| = 1 p-a.e.

(As observed in Example the converse statement is true without any
restriction on (X, A, u).)
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Exercise 3.32. Assume H # {0} is separable (cf. Exercise[3.10)) and infinite-
dimensional. Let then B be an orthonormal basis for H indexed by Z, say
B = {v}kez. One may then define the bilateral shift operator V : H — H
(w.r.t. B) by

V(z) =Y (z,v)vppr forallz € H, ie., by
keZ

n

V(z) = lim k; (x,v5) vy forall z € H.

a) Show that V' is a unitary operator in B(H).

b) Describe V' as a multiplication operator when H = L*([—7,7]) (with
normalized Lebesgue measure p) and vy (t) = e for every k € Z.

c¢) Assume F = C. Let U : H — (*(Z) denote the isomorphism of Hilbert
spaces defined in the proof of Theorem (3.6.10, Show that UV U™ is the
bilateral forward shift operator on (*(Z).

Exercise 3.33. Provide all the details missing in Example [3.6.9]

Exercise 3.34. Let T be a bounded operator on a Hilbert space H # {0}.
Check that the following properties of Wy and Ny hold:

(a) Wp« = {X A€ WT}; hence, Ny« = Nr.
b) W contains all the possible eigenvalues of T
d) Wyry« = Wr, hence Nyry« = Nr, for every unitary U € B(H).

)
(0)
(¢) Waripry, =aWr+ 5 forall a,p €F.
)
e)

(
(e) Wr is a compact subset of F when H is finite-dimensional.

It can also be shown that Wy is a convex subset of IF. This result is called
the Toeplitz-Hausdorff Theorem, but the proof is beyond the scope of these
notes.
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CHAPTER 4

On compact operators

4.1 Introduction to compact operators
between normed spaces

In this section, X and Y will denote normed spaces, both over F, unless
otherwise specified.

Definition 4.1.1. An operator 7" € L(X,Y) is called compact if the se-
quence {T'(z,)}nen has a convergent subsequence in Y whenever {z, },cn is
a bounded sequence in X.

We set K(X,Y) :={T € L(X,Y):T is compact }.

To appreciate this definition, the concept of relative compactness for
subsets of a metric space will be helpful.

A subset A of a metric space (Z,d) is called relatively compact in Z
if its closure A is a compact subset of Z. (Some authors say precompact
instead of relatively compact.) Equivalently, and this may be taken as the
definition for our purposes, a subset A of Z is relatively compact in Z if
and only if every sequence in A has a subsequence which converges in Z. In
comparison, we recall that A is compact if and only if every sequence in A
has a subsequence which converges in A.

We also remark that a subset A of Z is bounded whenever A is relatively
compact in Z: indeed, if A is not bounded, then we can pick (any) z € Z
and find a sequence {a, }nen in A such that d(a,, z) > n for all n € N; it is
then rather easy to see that {a,},en has no convergent subsequence in Z,
so A is not relatively compact.

Proposition 4.1.2. Let T € L(X,Y). Then T is compact if and only if
T(B) is relatively compact in'Y whenever B is a bounded subset of X.
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Proof. Assume first that T is compact and let B C X be bounded. We want
to show that T'(B) is relatively compact in Y. So let {y, }nen be a sequence
in T'(B). For each n € N we may then write y,, = T'(x,) for some z,, € B.
As the sequence {z, }nen lies in B, it is bounded. Hence, by compactness of
T, {yn}nen = {T(x, }nen has a convergence subsequence in Y. Thus, T'(B)
is relatively compact, as desired.

Conversely, assume that 7" maps bounded subsets of X into relatively
compact subsets of Y. We want to show that 7" is compact. So let {z, },en
be a bounded sequence in X. Set B := {x,, : n € N}. Then B is a bounded
subset of X, so T'(B) = {T'(x,) : n € N} is relatively compact in Y. As
{T(x,) }nen is a sequence in T'(B), we can conclude that it has a convergent
subsequence in Y. Thus, T is compact, as desired. |

Corollary 4.1.3. Assume T € L(X,Y) is compact. Then T is bounded.
Thus, K(X,Y) C B(X,Y).

Proof. Set B := X;. Since B is a bounded subset of X, we get from
Proposition that T'(B) is relatively compact subset of Y. This implies
that T'(B) is bounded. Hence we can find M > 0 such that | T(z)|| < M
for all z € X, and it follows that 7" is bounded with ||T|| < M. [ |

An important class of compact operators consists of the finite-rank
operators in B(X,Y). We recall that 7" € £(X,Y') is said to have finite-rank
if T(X) is finite-dimensional.

Proposition 4.1.4. Assume that T € B(X,Y) has finite-rank. Then T is
compact.

Proof. Assume {x, },en is a bounded sequence in X, and let M > 0 be such
that ||z,|| < M for all n € N. Then we have

1T ()l < ([T {2a]] < T M

for all n € N. Now, the ball B:={y €Y : ||y| < ||T|| M} is closed in Y.
Considering T'(X) as a normed space w.r.t. to the norm it inherits from Y,
we get that the set K :=T(X)N B is a closed and bounded subset of T'(X).
Since T'(X) is finite-dimensional (by assumption), we get from Proposition
that K is compact in T(X). As {T'(x,)}nen is a sequence in K, we
can therefore conclude that it has a convergent subsequence. This shows
that T is compact. [ |

74



4.1. Introduction to compact operators between normed spaces

Example 4.1.5. Consider X = C([0, 1], R) with the uniform norm || - ||..
For g € X, define T'(g) : [0,1] — R by

[T(9)](s) = /01 sin(s —t) g(t) dt  for all s € [0,1].

Since sin(s — t) = sin(s) cos(t) — cos(s) sin(t), we have that

T(9)](s) = (/01 cos(t) g(t) dt) sin(s) — (/01 sin(t) g(t) dt) cos(s)

for all s € [0,1]. It follows that T'(¢g) € X. Moreover, the map 7" : X — X
sending g to T'(g) is clearly linear. As T'(X) is 2-dimensional, 7" has finite-
rank. Further, since
1 1
[T(@)s)] < [ IsinGs =gl dt < [ g(®) dt < gl

for all s € [0, 1], we get that [|T(g)|l. < ||g]l. for all ¢ € X. Hence, T is
bounded. We can therefore conclude that T" is compact.

More generally, using the Arzela-Ascoli Theorem (cf. Lindstrgm’s book),

it can be shown that if a function K : [a, b] X [¢,d] — R is continuous, then
the associated integral operator T": C([c,d],R) — C([a, b], R), defined by

T(g)|(s) = /CdK(syt) g(t) dt for all s € [a,?],

is compact.

Theorem 4.1.6. K(X,Y) is a subspace of B(X,Y). Moreover, if Y is
a Banach space, then K(X,Y) is closed in B(X,Y), and it follows that
K(X,Y) is a Banach space.

Proof. We leave the proof of the first assertion as an exercise. So assume that
Y is Banach space, and let {7}, },en be a sequence in K(X,Y') converging
to some T' € B(X,Y). To show that K(X,Y') is closed in B(X,Y'), we have
to show that T is compact.

So let {z,}nhen be a bounded sequence in X. Choose M > 0 such that
|z,]| < M for all n € N.

« Since T} is compact, there exists a subsequence {z,, }ren of {zy }nen
such that 71 (z,,) — 1 as k — oo for some y; € Y.

We set xy, := xp, for each &k € N. We then have T'(x1,) — v as
n — oo.
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o Similarly, since {x; 5 }nen is bounded and T is compact, we can find a
sequence {3, }nen, which is a subsequence of {x; ,, }nen, and therefore
of {x,, }nen, such that To(z2,) — y2 as n — oo for some y, € Y.

o Proceeding inductively, for each m € N, m > 2, we can find a sequence
{Zm.n}nen, which is a subsequence of {z,,—1,}nen, and therefore of
{Zn }nen, such that Ty, (xpmn) — Ym as n — oo for some y,, € Y.

We now set x}, 1=z, € X for each k£ € N, and claim that
{T(x},) }ken is a Cauchy sequence in Y. (4.1.1)

Since Y is complete, we will then be able to conclude that {T(z})}ren is
convergent, hence that {T(z,)}nen, which will show that 7" is compact.
To establish (4.1.1]), we first observe that for any k,l,m € N, we have

1T (x3) = T(@)l < (T = Ton) () + Tn(7) = Ton() + (T = T) ()|
(T = To) (@)l + 1T (1) = T (@)l + (T = T) ()|
T = Tl 21l + [T (27) = Ton (@) | + 1T = T |2

1T (af) = Tl + 2M |IT = T

VAN VAN VAN VAN

Let then ¢ > 0 and choose m € N such that |T — T,,|| < ¢/3M. By
construction, for each k& > m, we have that T, (z},) = T, (xy) is an element
of the sequence {7},,(Zy, ) tnen, which is convergent to y,,. It follows that
the sequence {T,,(x})}ren is convergent, hence that it is Cauchy. So we can
pick N € N such that ||T,,(z]) — Ton(z},)|| < /3 for all k,1 > N. This gives
that

|7 (z) =T (@)l < 1T (2)) =T (2) |[H2M || T=Ton|| < £/34+2M (£/3M) = €

for all k,1 > N. Hence we have shown that the claim (4.1.1)) is true.

Finally, as Y is a Banach space, we know that B(X,Y’) is a Banach
space too, and this implies that (X, Y"), being closed in B(X,Y), is also a
Banach space. |

An immediate consequence is the following:

Corollary 4.1.7. Assume Y is a Banach space and set
F(X,Y):={T € B(X,Y) : T has finite-rank }.

Then we have

F(X,Y) C K(X,Y).
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Example 4.1.8. Let 1 < p < oo and set X := (P(N), which we know is
a Banach space w.r.t. || - ||,. For each A € ¢*°(N), we may consider the
multiplication operator M, € B(X) given by

[Mi(2)](n) = A(n) 2(n)
for all z € X and all n € N. One readily checks that || M,|| = [|A]|cc-
Now, assume that A € ¢y(N), i.e., lim, o, A(n) = 0. Then M, is compact.
Indeed, for each k € N, let A\*) € (>(N) be defined by

A8 () A(n) if1<k<n,
n)=
0 otherwise,

for every n € N. Then it is clear that each M, has finite-rank; moreover,

| My — Myw || = |A = AP||oe = 0 as k — oo.

Thus My € F(X,X) C K(X, X). O

We set K(X) = K(X,X), so that I(X) is a subspace of B(X). If
X is finite-dimensional, then every operator in B(X) has finite-rank, so
K(X) = B(X). On the other hand, if X is infinite-dimensional, then
IC(X) # B(X), the reason being that the identity operator Iy is not compact
in this case: indeed, if X is infinite-dimensional, then Ix(X;) = X7 is closed,
but not compact, (cf. Exercise [L.2)).

We also mention (cf. Exercise that K(X) is a two-sided ideal in
B(X), meaning that we have

ST e K(X)if SeB(X)and T € K(X), orif S € K(X) and T € B(X).

This property implies that no operator in (X) can have a bounded inverse
when X is infinite-dimensional (because if some T € IC(X) had an inverse
T-! € B(X), then we would have that Ix = T-'T € K(X), hence that
dim(X) < 00).

We end this section with an interesting result concerning the possible
eigenvalues of a compact operator, and their associated eigenspaces.

Theorem 4.1.9. Let T € K(X). Then the following facts hold:

(a) Let 6 > 0. Then {\ € F: X is an eigenvalue of T and |\| > 0} is a
finite set.

(b) If X € F is a non-zero eigenvalue of T, then the associated eigenspace
Ey:={r e X :T(x) = Aa} is finite-dimensional.

(¢) The set of eigenvalues of T' (which may be empty) is countable and
bounded. If this set is countably infinite and {\x, : k € N} is an enumeration
of it, then limg_ o Ay = 0.
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As we will be mostly interested in compact self-adjoint operators act-
ing on Hilbert spaces in this course, for which much more can be said
(cf. Theorem [4.3.4)), we skip the proof of this theorem.

4.2 Compact operators on Hilbert spaces

In view of Corollary it is natural to wonder whether any compact
operator from a normed space to a Banach space may be approximated in
operator norm by bounded finite-rank operators. This problem was open
until 1973, when a counterexample was exhibited by P. Enflo. Happily, the
situation is as nice as possible when the target space is a Hilbert space.

Theorem 4.2.1. Let X be a normed space and H be a Hilbert space (both
over F). Then we have

F(X, H) = K(X, H).

Proof. By Corollary we only have to show that (X, H) C F(X, H).
Solet T € K(X,H) and ¢ > 0. We need to prove that there exists
S € F(X, H) such that ||T— S|| < e. Clearly, we can assume 7" # 0.

Set A := T(X;). Since X; is bounded and T is compact, the set A
is compact in H. As H is a metric space, this implies that A is totally
bounded (cf. Proposition 3.5.12 in Lindstrgm’s book). Hence we can cover
A with some open balls By, ..., B, of radius /4, having respective centers
ai,...,a, € A. For each j =1,...,n, we can then find x; € X; such that
la; — T(ay)l| < /4

Set now I := Span ({7(x1),...,T(x,)}), which is a finite dimensional
subspace of H, and let Pr denote the orthogonal projection of H on F'. Since
the range of PpT is contained in F', PpT has finite-rank, so PpT € F(X, H).
We claim that

|7 —PpT|| <e.

Indeed, let x € X;. Then T'(x) € A, so T'(z) € B; for some j € {1,...,n}.
Hence,

1T () = Tl < [IT(x) = a;ll + lla; = T(x))|| < e/4+e/4=¢/2.
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Further, since T'(x;) € F, we have that Pp(T(x;)) = T(x;). Thus, using
also that || Pr|| = 1, we obtain that

(T = PpT) ()| = ||T(x) = T(x;) + (PrT)(x;) — (PeT) (@)
< T () = T(x;)]| + | Pe (T (2;) — T(@)) |
< ||T () = T(x;)| + | PellI T () = T(a)|
= 2| T(x) = T(x))|
<2-¢/2=¢

As this holds for every x € X, the claim follows. Hence, setting S := PpT,
we are done. [}

Remark 4.2.2. Let X be a normed space and H be a Hilbert space, and
let T'e€ K(X, H). Then it can be shown that T'(X) is separable. We leave
this as an exercise. O

Theorem immediately gives:

Corollary 4.2.3. Let H be a Hilbert space. Set K(H) := K(H,H) and
F(H):=F(H,H). Then we have

F(H)=K(H).
An application of this result is the following:

Corollary 4.2.4. Let H be a Hilbert space and let T € K(H). Then
T* € K(H). In other words, K(H) is closed under the adjoint operation.

Proof. Using Corollary we can find a sequence {71}, }nen in F(H) such
that ||T"— T,,|| — 0 as n — oco. Now, it is not difficult to see that F(H) is
closed under the adjoint operation (cf. Exercise [3.20). Hence, {1 },en is a
sequence in F(H), and we have

17" =T = (T = T)*[| = |T = Tull = 0 as n — oo
Thus, T* € F(H) = K(H). |

We recall from the previous section that if H is finite-dimensional, then
K(H) = B(H) = F(H), while K(H) # B(H) if H is infinite-dimensional.
An elementary argument showing that Iy is not compact when H is infinite-
dimensional goes as follows: letting {u;};en be any orthonormal sequence in
H, we have ||u; —ug|| = /2 for all j,k € N, and it follows that the sequence
{Ir(uj)}jen = {u;j}jen does not have any convergent subsequence.
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4. On compact operators

Let H be an infinite-dimensional Hilbert space H. An interesting class of
compact operators on H containing F(H) consists of the so-called Hilbert-
Schmidt operators. For simplicity, we only consider the case where H is
separable. We note that every orthonormal basis for H is then countable:
indeed, assume (for contradiction) that H had an uncountable orthonormal
basis B. Then, as ||u — u/|| = /2 for all distinct u,u’ € B, we see that
any dense subset of H would have to be uncountable, contradicting the
separability of H.

Lemma 4.2.5. Assume H is a separable, infinite-dimensional Hilbert space
(over F). Let B = {u;j}jen and C = {v;}jen be orthonormal bases for H,
and let T'€ B(H). Then we have

ZIIT ug)|[* = ZIIT vp)ll*

Proof. Using Parseval’s identity (two times), we get

ST = 32 3 |70 = 3 3% (.70
j=1 j=1k=1 J=lk=1
=S (T ) )| = X S ),
j=1k=1 k=1j=1
= > T o0

Note that the change of order of summation at the second but last step
above is allowed since we are dealing with sums of non-negative numbers.
Applying what we have done to the case where B =C, i.e., u; = v; for every
J € N, we get that

ZHT vy)|I? = Z 1T (vp) |17
Thus we obtain that

ZIIT (u)]I* = Z 1T (ve)|I* = ZIIT )%,

as desired. ]

Remark 4.2.6. An analogous result is true when H is finite-dimensional
and B, C are orthonormal bases for H. O
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Definition 4.2.7. Let H be a separable, infinite-dimensional Hilbert space
(over F). An operator T' € B(H) is called an Hilbert-Schmidt operator when
we have

ST ()2 < oo

J=1

for some orthonormal basis B = {u;};en of H, in which case we set

T = (S Irl) .

Lemmal[4.2.5]shows that the definition of 7" being a Hilbert-Schmidt operator,
and the value of ||T||2, do not depend on the choice of orthonormal basis for
H. We set

HS(H) :={T € B(H) : T is a Hilbert-Schmidt operator} .

Proposition 4.2.8. Let H be a separable, infinite-dimensional Hilbert space
(over TF).

Then HS(H) is a subspace of K(H), which contains F(H) and is closed
under the adjoint operation.

Moreover, the map T — ||T||2 is a norm on HS(H), which satisfies

1T < T2
for every T € HS(H).

Proof. We first note that it is evident from the proof of Lemma [£.2.5] that
T* € HS(H) whenever T' € HS(H).

Let B = {u;}jen be an orthonormal basis for H, and let T, 7" € HS(H).
Define &, ¢ € (?(N) by
§() =T (uj)ll and &) :=[T"(w;)||  for each j € N,
so that ||¢]|2 = ||T]|2 and ||€'[|2 = ||T”||2. Using the triangle inequality, first
in H, and then in (*(N), we get

o0

ST +T) )P < 3 (1)l + 17w l)” = € + €13
= =
< (€l + 1€012)* = (T2 + 1 T"[|2)* < oo
This shows that 7'+ 17" € HS(H) and

17+ T2 < I Tll2 + 177]]2 -
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4. On compact operators

Moreover, one easily checks that AXT' € HS(H) and [|[AT||; = |A|[|T]|2 for
every A € F. If | T||» = 0, then we get that ||T'(u;)|| = 0 for every j € N,
and this clearly implies that T" = 0.

Hence, we have shown so far that HS(H) is a subspace of B(H) which
is closed under the adjoint operation, and that || - ||2 is a norm on HS(H).

To show that |T'|| < ||T||2, let x € H \ {0}. Set v; = ﬁx and let

v;};>2 be an orthonormal basis for {z}*. Then {v;} ey is an orthonormal
1172 737
basis for H, so we get

1T @) = llzl* 1T )] < =] ZHT vl =173 fll*-
Thus, [T < {72

Next, we show that T € K(H). For each n € N, let P, denote the
orthogonal projection of H on Span ({uy,...u,}) and set T, := T'P,. Then

we have
Z 1T (uy)[|* = ZHT uy)|]* < oo,
7=1

so T,, € HS(H) for each n € N. Hence,

s 1/2
1T =Toll < IIT=Talla=( X ITw)?) "~ =0 asn—oo.
j=n+1

Since T,, € F(H) for each n, Theorem gives that T € IC(H). Hence,
HS(H) CK(H).

It only remains to show that F(H) C HS(H), but we leave this as an
exercise. |

Remark 4.2.9. For additional properties of HS(H), see Exercise

Remark 4.2.10. If H # {0} is finite-dimensional and B = {u;}}_, is an
orthonormal basis for H, then we get a norm on B(H) by setting

1T = (ZZ)HT )2

(which does not depend on the choice of orthonormal basis for H).
Letting A = [a; ;] denotes the matrix of 7" w.r.t. BB, one readily checks

that
1/2
172 = ( S ol )
7,7=1
i.e., ||T||2 coincides with the so-called Frobenius-norm of A. g
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4.2. Compact operators on Hilbert spaces

Example 4.2.11. Set H = L*([a,b], A, 1), where A denotes the Lebesgue
measurable subsets of a closed interval [a,b] and p is the Lebesgue measure
on A. Let K : [a,b] X [a,b] — C be a continuous function and let Tx € B(H)
denote the associated integral operator on H, which is the extension of the
integral operator Tk : C([a,b]) — C([a,b]) given by

[T (F)](5) = /ab K(s,0)f(t) dt for f e C([a,b]) and s € [a,b].

cf. Example [2.1.9]and Exercise [2 Then Ty is a Hilbert-Schmidt operator
on H (so Tk is compact by Proposmon 4.2.8]).

To show this, we start by picking an orthonormal basis B = {[u;]};en for
H, where each u; is a continuous functions on [a, b]. (One may for example
construct B by applying the Gram-Schmidt orthonormalization process to
the monomials {#/~! : j € N}). We note that B := {[%; |} ey is then also an
orthonormal basis for H.

Let now s € [a,b] and let ks € C([a,b]) be given by ky(t) = K (s,t) for
all ¢t € [a,b]. Note that for each j € N, we have

Tic(u)l(s) = [ K(s,)us(t) de = [ k()T0) dpalt) = (k] [15)

a [a,b]

b

Moreover, Parseval’s identity gives that

|2—(z| )"

Thus, we obtain that

iWWMMZEMMwﬁﬂmm.

Now, using this and the Monotone Convergence Theorem, we get

sz%M—ZAﬁwwmﬁw@

=y (X [1TeI(6)[) duts)
= [, VB )

[a,b] ( [a,b] ’kS(t>| dﬂ(t)) d/L(S)
= /b/b|K(s,t)|2 dt ds < o0,

which shows that Tk € HS(H) with ||Tx |2 < (/7 7 |K(s,t)]? ds dt)"/2,
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4. On compact operators

In the previous example, one may allow the kernel K to be discontinuous
and still obtain an Hilbert-Schmidt operator Tk, as long as K is square-
integrable w.r.t. to the product Lebesgue measure on [a, b] X [a, b]. However,
this requires a better knowledge of measure theory than we assume in these
notes.

4.3 The spectral theorem for a compact
self-adjoint operator

Throughout this section we let H denote a Hilbert space (over ) different
from {0}. Our main goal is to generalize the spectral theorem for symmetric
real matrices known from linear algebra, and prove that every compact
self-adjoint compact operator T" on H is diagonalizable in the sense that
there exists an orthonormal basis for H consisting of eigenvectors of 7.

We begin with a series of lemmas.

Lemma 4.3.1. Assume T € K(H) has a nonzero eigenvalue \ € F. Then
the associated eigenspace Ey := ker(T — \I) is finite-dimensional.

Proof. Assume for contraction that E) is infinite-dimensional. We may then
find a sequence {v, }nen of unit vectors in E) which are pairwise orthogonal.
By compactness of T', {T'(v,,) }nen has a convergent subsequence. So we may
as well assume that {T'(v,)}nen is convergent, hence that it is a Cauchy
sequence. However, we have that

1T (vn) = T(va)I* = 1A vn = Avm|* = 2|A]* # 0

for all m,n € N. So {T'(v,,) }nen is not a Cauchy sequence, giving a contra-
diction. [

Lemma 4.3.2. Let T € B(H) be self-adjoint, and assume T has an eigen-
value N € F. Then A € R.

Moreover, if N is an eigenvalue of T' distinct from X, then Eyx L Ey,
i.e., (x,y) =0 whenever x € E\ and y € Ey.

Proof. Let x € E\. If ||z|| = 1, then we have
A= XNz, x) =z, z) = (T(x),z) € Wr CR,

so A € R. Moreover, assume that )\ is an eigenvalue of T distinct from A,
and let y € Ey. Then we have that A’ € R, so

AMa,y) = (T(x), y) = (x, T(y)) = N {z,y) .
Since N # A, we get that (z,y) = 0. [ |
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4.3. The spectral theorem for a compact self-adjoint operator

Lemma 4.3.3. Let T € K(H) be self-adjoint. Then T has an eigenvalue
A € R such that |\ = ||T|.

Proof. If T'= 0, then the assertion is trivial. So assume that 7" ## 0. Using
Theorem we can find a sequence {x, },en of unit vectors in H such
that [(T'(x,,), z,)| — || T|| as n — oo. Since (T'(x,,),z,) € R for every n, we
can assume (by passing to a subsequence and relabelling) that

(T'(xy),x,) = A as n — oo, where A = |7 (4.3.1)

Moreover, since T' is compact, we can also assume (by passing again to a
subsequence and relabelling) that T'(z,) — y as n — oo for some y € H.
Note that the Cauchy-Schwarz inequality gives that

‘(T(xn),x,J’ < ||T(xy,)| for every n € N,

so, letting n — oo, we get that |ly|| > |A| > 0, so y # 0.
Now, using that 7" is self-adjoint, A is real, ||z,| = 1, and (4.3.1)), we get

1T () — )‘anz = (T(xn) = Ay, T(20) — A2p)
= I (2n)||* = 2M(T(0), 20) + N[0 12
< |IT)P = 22 (T (), wn) + A2

=22 (A= (T(xn), 7))
— 0 as n — oo.

Thus, ||T(z,) — Az,|| — 0 as n — oo, and this gives that

ly — Aznl| < |ly = T(xn)|| + |T(xs) — Azy|| — 0 as n — oo.

Hence,
T(y) = lim T(Az,) = A lim T'(z,) = Ay.
Since y # 0, A is an eigenvalue of T, as we wanted to show. [ |

We are now ready for the spectral theorem for a compact self-adjoint
operator T'. Intuitively, we could hope to be able to construct an orthonormal
basis of eigenvectors for T" by using Lemma repeatedly as follows:

Start by picking a unit eigenvector vy of T" associated to the eigenvalue
Ao = £||T||. Next, consider the restriction T} of T' to the closed subspace
M; = {vg}*. Pick a unit eigenvector v; € M; of T} associated to the
eigenvalue A\; = £||71]|. Then continue this process inductively.

There are several technicalities involved in working out the details of
this approach. We will follow a more pedestrian route, which also provides
more information about 7.

85



4. On compact operators

Theorem 4.3.4. Let T € K(H) be self-adjoint, T # 0. Then there exists
an orthonormal basis £ for H which consists of eigenvectors of T.

More precisely, the following facts hold:

(a)

(b)

(c)

(d)

The set L consisting of all nonzero eigenvalues of T' is a nonempty,
countable subset of the interval [—||T||, ||T||}, containing | T|| or —||T|.

If L is countably infinite, and {\, : k € N} is an enumeration of L,
then we have limy_,oo A\, = 0.

The eigenspace Ey = ker(T — A\ ) is finite-dimensional for each X\ € L.
(The dimension of Ey is called the (geometric) multiplicity of A.)

For each \ € L, let €, be an orthonormal basis for E\, and set
5/ = U 5)\.
AEL

Then &' is an orthonormal basis for T(H) = ker(T)*, which is count-
able.

If ker(T) = {0}, set & = @; otherwise, let & be an orthonormal
basis for ker(T). Then € := & U E' is an orthonormal basis for H
which consists of eigenvectors of T.

Let Py denote the orthogonal projection of H on E\ for each \ € L.
Then PyPy = 0 whenever X\ #= X belong to L. Moreover, T has a
spectral decomposition

T => AP\ (w.r.t. operator norm), meaning that
XeL
limy, oo |7 — 304 A Py ]l =0 if L is countably infinite

and {\ : k € N} is an enumeration of L, as in (b).

Proof. (a): The set L is a subset of R by Lemma which contains ||7]|
or —||T|| by Lemma If A € L, and v is an associated eigenvector in
H,, we have

Al = [(Av,0)| = (T(v),v)] < [T

Thus, L C [=[|T[], [|7°[]]

To show that L is countable, let € > 0 and consider the subset of L given
by L. :=={\ € L: |\ >¢€}. Then L. is finite.

Indeed, assume L. is nonempty. Then for each A\ € L, we can pick
vy € Hp such that T'(vy) = Avy; for A, N € L., A # XN, we then have
Avy L Ny by Lemma [4.3.2) so we get
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4.3. The spectral theorem for a compact self-adjoint operator

Hence, if L. was infinite, we could find a sequence in H; which 7" maps into
a sequence with no convergent subsequence, contradicting the compactness
of T. Thus, L. is finite.

Now, since L = U,en Li/n, it follows that L is countable.

(b): Assume L is countably infinite and {\; : k& € N} is an enumeration
of L. Let € > 0 be given. Then, as in (a), we get that the set K := {k € N :
|Ak| > e} is finite. So there exists N € N such that K C {1,...,N}. For
every k > N + 1, we then have |\;| < €. This shows that limy_, A\ = 0.

(¢): This is a consequence of Lemma [£.3.1]

(d): We first remark that since 7" is self-adjoint, we have

T(H)=T+*(H) = (ker T)".

Next, it follows from Lemma that £, L &y whenever A # X belong to
L. So it is clear that £ is an orthonormal set in H, which is countable since
each &, is finite and L is countable. Hence, £ is a countable orthonormal
basis for M := Span (£’), and it remains only to show that M = ker(T)",
i.e., that M+ = ker(T).

o ker(T) C M*: Assume y € ker(T'). Then for each A € L and v € &y,
we have
Mo, y) = (T(v),y) = (v, T(y)) = (v,0) = 0.
Since \ # 0, this shows that y € (£')* = M*.

o M+ Cker(T): It is easy to check that M is invariant under 7. Hence,
M+ is invariant under T* = T' (cf. Exercise . We may therefore
consider the restriction S of 7' to M+. Then S € K(M™*): if not, then
there would exist a bounded sequence in M, hence in H, which is
mapped by S, hence by T, to a sequence with no convergent subse-
quence, contradicting the compactness of T'. Moreover, S'is self-adjoint
(this is an easy exercise).

Now, assume that S # 0. Then Lemma gives that S has an
nonzero eigenvalue p. This implies that p is a nonzero eigenvalue of T,
i.e., n € L. But if v € M+ is an eigenvector for S associated with y,
we then have that v € E, C M, so v € M N M+ = {0}, contradicting
that v # 0 (since v is an eigenvector).

This means that S has to be 0. Thus we get T'(y) = S(y) = 0 for all
y € M+, as desired.

(e): If ker(T") = {0}, then we get from (d) that &€ = £ is an orthonormal
basis for ker(T)* = {0}* = H. If ker(T) # {0}, then we have & C ker(T)
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4. On compact operators

and &' C ker(T)*, so it is clear that £ is an orthonormal set. Moreover, we
have that
H = Span (€).

Indeed, let x € H. Then we may write
T=xp + Ty,

where )y € M = Span (€') and z);1 € M+ = ker(T) = Span (&). So
we may choose {x,},eny C Span (£') and {yn}nen € Span (&) such that
lim,, .o ,, = 23 and lim,, o Yy = x,0. This gives that

nggo(xn+yn):xM+le:x.

Hence, x € Span (£). This shows that £ is an orthonormal basis for H.

(f): The first assertion follows readily from the fact that £\ L E)
whenever A # X, cf. Lemma [4.3.2] Next, we consider the case where L is
countably infinite and {\; : k& € N} is an enumeration of L, leaving the
easier case where L is finite to the reader.

For each k € N, set nj, := dim(E),) < oo, and let {vg1,...,Un, } be
an enumeration of &,,. Then we have

== Ug,\k:{UkJZk‘GN,lSlfnk}.
keN
Consider z € H. Since T'(xz) € T(H) and £’ is an orthonormal basis for

T(H), we get from Corollary |3.3.11| that

m Nk mo Nk

T(z)= lim > > (T(x),ve0) vig = lm > > (z, T (k1)) vy

k=11=1 k=11=1

Nk

- %gnmz Ak (Z<x>vkl Ukl) Z Y P)\k
k=1

=1
Let now ¢ > 0. We have to show that there exists N € N such that
T —>5_ M Pyl < eforalln>N.

Using (b), we can choose N € N such that |\;| < ¢ for all £ > N.
Then for all n > N and all x € H, using continuity of the norm in H and
Pythagoras’ identity, we get

T-SAP)@ = ¥ AP@f = 3 WPIPL @I
k=1 k=n+1 k=n+1
<& Y P (@) <)
k=n+1
and the assertion follows. [ |
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4.3. The spectral theorem for a compact self-adjoint operator

Sometimes, the following consequence of the spectral theorem is useful.

Corollary 4.3.5. Let T € K(H) be self-adjoint, T'# 0. Then there exist
an orthonormal family {u;};e; in H and a family {p;};c; in R\ {0}, both
indezed over the same countable set J, such that

T(x) = pj{z,uj)u; forallz e H. (4.3.2)

jet
Each pj is an eigenvalue of T and u; is an associated eigenvector.

Proof. We use the notation from Theorem . Since & = Uyer&y is
countable, we may let {u; : j € J} be an enumeration of £, where the index
set J is countable. Moreover, for each j € J, we may then let p; € R\ {0}
denote the eigenvalue of T" corresponding to u;. (The family {p;};cs gives a
list of all nonzero eigenvalues of T', repeated according to their multiplicites.)
Since & = {u; : j € J} is an orthonormal basis for T'(H ), as in the proof of

(f), we get

T(x) = (T(x),u;)u; = > (&, T(u) u; = > pj{x,u;)u;

jeJ jeJ jeJ
for all z € H. [ |

Let us say that an operator T' € B(H) is diagonalizable if there exists an
orthonormal basis for H whose elements are eigenvectors for 7. Then the
spectral theorem (Theorem says that 7' is diagonalizable whenever 7’
is compact and self-adjoint. Let us say that an operator T € B(H) is normal
it T* commutes with T, i.e., T*T = TT*. Clearly, self-adjoint operators and
unitary operators are normal. A more precise version of Theorem is as
follows.

Theorem 4.3.6. Assume T is a compact operator on H. If F = R, then
T is diagonalizable if and only if T is self-adjoint. On the other hand, if
F = C, then T is diagonalizable if and only if T is normal.

This theorem can be deduced from Theorem [£.3.4] We leave the proof
to the reader (cf. Exercises and [4.14)).

As another corollary of Theorem we end this section by showing
how an analogue of the singular value decomposition (SVD) for matrices
may be obtained for compact operators.

Let S € K(H), S # 0. Then T := S*S is self-adjoint and compact,
and T # 0 (as |T]| = ||S*S|| = ||S]|* # 0). Hence, the spectral theorem
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4. On compact operators

(Theorem 4.3.4)) gives that we can find a countable orthonormal basis {v;}jen
for

T(H) = ker(T)* = ker(S*S)* = ker(S)*

consisting of eigenvectors for 7. For each j € N, let 11; denote the eigenvalue
of T" associated with v;. Note that

15 = (g vj, 050 = (T(v;),v5) = (S(v5), S (v;)) = [|S(v;)]|> >0

for every j € N. Since each p; is nonzero, we get that all u;’s are positive.
For each 7 € N, set
1
o =/; >0 and wu;:=—95(v;).

0j

The o;’s are called the singular values of S. For all j,k € N we have

<uj>uk> - L <S(U]),S<Uk)> = 1

T(v;
o o T

1 ( > 1 ifj=k,
= — ’U-’ v =
ok 0 otherwise,

so {u; : 7 € N} is an orthonormal set in the range of S. Further, we have
the following decomposition of S:

S(x)=> oj{z,v;)u; forallze H. (4.3.3)
jEN

Indeed, let # € H and set M :=T(H), so M+ = ker(9).
With z := 2 — Py(x) € M+, we get that
z = Py(x)+z =Y (z,v5)v; + z,
jEN

S(x) = Y (x,v5) S(vy) + S(z) = Y 0 (x,v;) uy,

JEN JEN

SO

as asserted in (4.3.3)).

It readily follows that {u; : j € N} is an orthonormal basis for S(H).

Finally we remark that the spectral theorem also gives that o; = ,/ft; — 0
as j — oo when N is countably infinite, and that

ISI = 1S*SIIY* = |T||"/* = max{p; : j € N}'/* = max{o; : j € N}.
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4.4 Application: The Fredholm Alternative

A useful application of linear algebra, and one of its original motivation,
is the study of systems of linear equations, i.e., of equations of the type
Ax =0b, where A € M,,5,(F), b € F™ and the (unknown) vector = belongs
to F™. More generally, one may consider equations of the form

T(v)=w (4.4.1)

where V, W are vector spaces (over F), T € L(V,W), w € W and the
(unknown) vector z belongs to V. Whether such an equation is consistent,
i.e., has some solution(s), relies on whether w lies in the range of T'. If
this is the case, and vy € V' is any vector satisfying , i.e., such that
T'(vg) = w, then it follows readily that the solution set of is given by

vo + ker(T') := {vo +ulue ker(T)} (4.4.2)

where vy € V' is any vector satisfying (4.4.1)), i.e., such that T'(vy) = w.

In the rest of this section, we consider the case where V =W = H is a
Hilbert space (# {0}), and T' € B(H). We can then exploit the relationship
between the fundamental subspaces of T" and T*, cf. Proposition [3.4.12}

For example, using that T(H) = ker(T*)*, we get that if T has closed
range (i.e., T(H) is closed), then the equation (4.4.1)) will be consistent if
and only if w is orthogonal to ker(7™).

In particular, if 7" has closed range and ker(7*) = {0} (i.e., T is one-to-
one), then 7" must be surjective, hence is consistent for all w € H.
Similarly, if 7% has closed range and ker(7") = {0}, then it follows that 7™
is surjective, so the equation 7*(v") = w’ is consistent for all w’ € H.

On the other hand, if it happens that 7" is surjective, then we get that
ker(7*) = {0}, hence that the equation T*(v") = w’ will have either no
solution or a unique solution. Similarly, if 7 is surjective, then ker(7™) =
{0}, and will have either no solution or a unique solution.

A problem is that bounded operators in general do not have a closed
range (see for example Exercises 4.17] and [4.18]). Moreover, it may often
be a difficult task to decide whether the range of some given 7' € B(H) is
closed or not. However, we note that if 7" € B(H) has finite-rank, then it
has closed range (as T'(H) is finite-dimensional). In the case where H is
finite-dimensional, much more can be said.

The following terminology will be useful.
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Definition 4.4.1. An operator F' € B(H) is said to satisfy the Fredholm
alternative if one of the following two (mutually exclusive) situations occurs:

(a) ker(F') = ker(F*) = {0}, and the equations F(v) = w, F*(v') = v/
have both a unique solution for all w,w’ € H;

(b) 1 < dim(ker(F)) = dim(ker(F™*)) < oo, the equation F(v) = w is
consistent if and only if w € ker(F*)+, and the equation F*(v') = w’
is consistent if and only if w’ € ker(F)*.

Example 4.4.2. Assume that H is finite-dimensional and F' € B(H), i.e.,
F e L(H). Then F satisfies the Fredholm alternative.

The crux is that we have dim(ker(F*)) = dim(ker(F")). To show this,
the f 1
WeHRe MR T Gim (M) + dim(ML) = dim(H),

which is easily verified for any subspace M of H, and the dimension formula
for F'. We get that

dim(ker(F*)) = dim(F(H)*) = dim(H) — dim(F(H)) = dim(ker(F)).

Combining this fact with our previous observations, it is straightforward to

deduce that either (a) or (b) in Definition holds. O

When Ty is an integral operator on L?([a,b]), and u € C, an equation of
the form (Tx — pl)(f) = g, i.e., Tk (f) — pf = g, is often called a Fredholm
integral equation of the second kind. Such equations, and Fredholm integral
equations of the first kind (i.e., equations of the form Tk (f) = g), were
studied by I. Fredholm at the beginning of the 20th century. They arise in
some practical problems in signal theory and in physics. He showed that if
i # 0, then the operator Ty — pl satisfies the Fredholm alternative. Now,
as we have seen in Example [£.2.11] T is compact operator. It can in fact
be shown that if 7" is a compact operator on H and p € F\ {0}, then any
operator of the form T — ul satisfies the Fredholm alternative.

To give an idea of the proof of this result, consider T' € (H) and
p € F\ {0}. Then it can be shown that the following facts hold:

(i) T — pI has closed range;
(ii) dim(ker(T' — pl)) = dim(ker((7"— ul)*)) < oo.

Since T* is compact, we also get that 7" — il = (T — pl)* has closed
range. Using these properties, and the general principles outlined before,
one readily arrives at the conclusion that 7' — ul satisfies the Fredholm
alternative, as asserted above. We don’t have time in this course to prove
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that (i) and (ii) hold. Instead, we will illustrate how the spectral theorem
for compact self-adjoint operators can be applied to give a direct proof of
the following result.

Theorem 4.4.3. Assume T € KC(H) is self-adjoint and pn € F\ {0}. Then
F =T — ul satisfies the Fredholm alternative.

Proof. Assume first that p is not an eigenvalue of T', i.e., ker(T — ul) = {0}.
Then the spectral theorem implies that the equation (T — pl)(z) = y
has a unique solution for all y € H. (You are asked to check this in
Exercise ) Thus, F' = T — pul is surjective, and this implies that
ker(£*) = ker(T' — ul) = {0}, i.e., 7 is not an eigenvalue of T. Arguing as
above, we get that the equation (T"— zl)(2') = ¢/, i.e., (T'— pl)* (') = o/
has a unique solution for all ¢’ € H. This shows that (a) in Definition [£.4.1]
holds in this case.

Next, assume that p is an eigenvalue of T, i.e., ker(T"— ul) # {0}. Then
1€ R, so F* = F. Moreover, as i # 0, we have that T" # 0, and the spectral
theorem tells us that 1 < dim(ker(F)) = dim(ker(7" — ul)) < oo. Hence,
to show that (b) in Definition [£.4.1 holds, it remains only to prove that the
equation F'(z) = y is consistent if and only if y € ker(F)*. This means that
we have to prove that the equation

T(x)—pr=y (4.4.3)

is consistent if and only if (y,z) =0 for all z € E, := ker(T — pl).

To prove this, let & = {u;};c; be an enumeration of the orthonormal
basis for T(H) obtained in the spectral theorem for T', and let p; € R\ {0}
denote the eigenvalue of 1" corresponding to each u; (as in the proof of
Corollary |4.3.5)).

Since H is the direct sum of ker(7") and ker(T)* = T'(H), we may write
y € H as

y=1yo+ > (Y u;)uy,
jed
where y, denote the orthogonal projection of y onto ker(T"). Likewise, we
may assume that the (unknown) vector x in equation is written as

xr = $0+ZCjUj,
JjeJ

where g € ker(T) and {c;};e; € (*(J) are to be determined, if possible.
Plugging this into equation (4.4.3), we get the equivalent equation

—pxo+ > (p; — ) cup =yo + > (Y, uj) uy.
jeJ jedJ
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4. On compact operators

Clearly, we can set xg := (—1/u) yo, and equation (4.4.3)) is then consistent
if and only if the sequence {c;};c; € £*(J) can be chosen so that

(pj — p)c; = (y,u;) forall j e J (4.4.4)

Now, as p is a nonzero eigenvalue of 1", we have that u = py for some k € J.
Let u;,,...,u;, denote the vectors in £ giving an orthonormal basis for

Ey=E,. 15 {ji,-..,ju}, we have p; # 1, 50

1
¢ = o, (W)

will satisfy for every such j.

On the other hand, if j € {j1,...,J.}, we have p; —p = 0. Hence,
will be satisfied for j = ji,...,j, if and only if we have (y,u;) = 0 for
J=J1,---Jn, i€, if and only if (y,z) = 0 for all z € E,. Moreover, when
this condition holds, we can choose ¢;,, ..., ¢, freely and, regardless of this
choice, the constructed sequence {¢;};c, is easily seen to belong to ¢*(.J)
(cf. Exercise , meaning that the associated vector z gives a solution to
(4.4.3). Thus, we have proved the desired equivalence. [ |

4.5 Exercises

Exercise 4.1. Let X, Y, Z denote normed spaces over F. Consider A € F,
T, T"e B(X,Y)and S € B(Y,Z), so ST € B(X, Z).

a) Show that AT + 1" € K(X,Y) if T,T" € K(X,Y).

b) Show that ST € K(X, Z) if T € K(X,Y).

¢) Show that ST € K(X, Z) if S € K(Y, Z).

d) Set K(X) = K(X, X). Deduce that

ST e K(X)if SeB(X)and T € K(X), orif S € £(X) and T € B(X).

Exercise 4.2. Let X = (?(N), A € (*°(N), and M, € B(X) be the
associated multiplication operator, cf. Example 4.1.8

Show that A € ¢o(N) if M), is compact.
(It therefore follows that M) is compact if and only if A € ¢y(N).)

Exercise 4.3. Let X be a normed space, H be a Hilbert space, and let
T € K(X, H). Show that T(X) is separable.
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Exercise 4.4. Let H be an infinite-dimensional Hilbert space and let
T € K(H). Show that (T'(un),u,) — 0 as n — oo whenever {u,}nen
is an orthonormal sequence in H.

Exercise 4.5. Let H be a Hilbert space and assume P € B(H) satisfies
P? =P.
Show that P has finite-rank if (and only if) P is compact.

Exercise 4.6. Let H be a separable Hilbert space, H # {0}.
a) Show that F(H) C HS(H), and that F(H) is dense in HS(H)

w.r.t. || - [|a-

b) Assume that ' € HS(H) and S € B(H). Show that both ST and
T'S belong to HS(H), and that we have

STl < ISIHT2,  NTSI < Tl (151

c¢) Let B = {u;},c; be an orthonormal basis for H, where J = {1,...,n}
if dim(H)=n < oo, while J = N otherwise.

For T\T" € HS(H), set
(T, T2 = > (T (u;), T'(uy)) -

jeJ

Show that this gives a well-defined inner product on HS(H), and check that
the associated norm is the Hilbert-Schmidt norm || - [|o.

d) Show that HS(H) is complete w.r.t. || - |2, so that HS(H) is a Hilbert
space w.r.t. the inner product from c).

Exercise 4.7. Let H = L*(R, A, ;1) where A denote all Lebesgue measurable
subsets of R and p is the Lebesgue measure. For which f € £ is the
multiplication operator My € B(H) compact?

Exercise 4.8. Let H be a Hilbert space, T € K(H) and A € F, X\ # 0.
Assume that there exists a sequence {x, },en of unit vectors in H such that
|T(z,) — Aan|| — 0 as n — oco. Show that A is an eigenvalue of T'.

Exercise 4.9. Let H be a Hilbert space, and let T' € K(H) be self-adjoint.
Assume p € F, u # 0 is not an eigenvalue of T', i.e. T' — uly is injective.

Let y € H, let & = {u;};es be an enumeration of the orthonormal basis
for M = T'(H) obtained in the spectral theorem for 7', and let p; # 0 denote
the eigenvalue of 1" corresponding to u; (as in the proof of Corollary [4.3.5).
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4. On compact operators

a) Show that the series

converges to some h € H.
b) Set z :=y — Py(y) and z := h — iz. Show that (T' — uly)(z) = y.

¢) Deduce that T' — uly is surjective (hence that it is bijective).

Exercise 4.10. Consider H = L*([—7, 7]) (with respect to the normalized
Lebesgue measure). Let ¢ € C([—m,x]) be periodic, i.e., satisfies that
g(—m) = g(m), and extend g to a periodic function § on R with period 2.
Define G : [—m, 7| X [-m, 7] = C by

G(s,t) =g(s—1t).
a) Check that G is continuous, so that the associated integral operator
Te belongs to HS(H) (hence is compact).

¢) Decide when Tg; is self-adjoint.

b) Let k € Z and recall that e(t) = e™** for all ¢ € [—7, 71]. Check that
er is an eigenvector for the operator T;. Deduce that Ty is diagonalizable
(with respect to {ex}rez)-

1/2

¢) Show that ||T¢[l2 = ||g]le = (i JZ 9@ dt)

Exercise 4.11. Consider H = L*([0,1]) (with respect to Lebesgue measure)
and the integral operator Tk € B(H) associated to the kernel given by

K(s,t) = min(s,t)

for all (s,¢) in [0, 1] x [0, 1], cf. Example [4.2.11}

a) Explain why T} is self-adjoint and compact. Then check that the set
U = {[u,] : n € N}, where

U () == /2 sin ((n — ;)7? t) for all t € [0,1], n € N,

is an orthonormal set of eigenvectors for Tk.

b) It can be shown that I/ is an orthonormal basis for H. Is it possible
to deduce this from a) and the spectral theorem for Tk 7

96



4. 5. Exercises

Exercise 4.12. Let S, T € B(H).

a) Assume there exists an orthonormal basis for H whose elements are
eigenvectors for both S and 7. Check that S commutes with 7.

b) Assume S and T are compact and self-adjoint, and that S commutes
with 7. Show that there exists an orthonormal basis for H whose elements
are eigenvectors for both .S and 7.

Hint: Start by considering an eigenvalue X\ of T" and study how S acts
on the corresponding eigenspace EY.

Exercise 4.13. Assume H is a Hilbert space over R, and let T' € B(H).

a) Assume that 7" is diagonalizable (as defined in Remark [4.3.6)). Check
that T is self-adjoint.

b) Let T be compact. Deduce that T' is diagonalizable if and only if 7" is
self-adjoint.

Exercise 4.14. Assume H is a Hilbert space over C, and let T' € B(H).
a) Assume that 7" is diagonalizable (as defined in Remark [4.3.6]). Check

that 7" is normal.

b) Show that 7" is normal if and only if Re(7") and Im(7") commutes
with each other.

c¢) Let T be compact. Show that 7" is diagonalizable if and only if T is
normal.

Hint: The implication (=) follows from a). For (<), use b) and Exercise

)

Exercise 4.15. Let H be a separable Hilbert space with a countably infinite
orthonormal basis B = {v;};en. Let {y;};en be a bounded sequence in [F
and let D € B(H) denote the associated diagonal operator (w.r.t. B).

a) Show that D is compact if and only if lim;_,., 1; = 0.

(Note: If you have looked at Example and solved Exercise [4.2] this
should not be difficult).

b) Show that D is Hilbert-Schmidt if and only if {p;}jen € £*(N), in

which case we have
1/2

ID]l, = (i 5l?)
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Exercise 4.16. Let H be a separable Hilbert space of infinite dimension
and let T' € K(H) be selfadjoint, T' # 0. Assume that you have found an
orthonormal basis B = {v; };ey for H consisting of eigenvectors for 7', and
let 1; € R denote the eigenvalue of T corresponding to each v;.

a) Show that the sequence {f;} en is bounded, hence that T is the
diagonal operator (w.r.t. B) associated with this sequence. Deduce from the
previous exercise that lim; ., pu; = 0.

b) As in the spectral theorem, set
L :={X € R | \isanonzero eigenvalue of 7'}.

Set also B
L:={X € R | \is an eigenvalue of T},

so L = L\ {0}. Show the following assertions:
(i) L={u;|jeN}and L={u;|jeN,p #0}

(ii) If A € L and N, :={j € N| p; = A}, then N, is a finite subset of N
and {v; | j € Ny} is an o.n.b. for Ej.

(iii) If p; # 0 for all j € N, then ker(7) = {0}.

(iv) If Ny := {j € N | p; = 0} is nonempty, then {v; | j € Ny} is an
o.n.b. for ker(7).

Exercise 4.17. Let H = L?([0,1]) (with usual Lebesgue measure) and let
T = My be the self-adjoint operator in B(H) given by multiplication with
the function f(t) = ¢ on [0, 1], cf. Example [3.5.4]

Show that T'(H) is not closed, i.e., that 7" does not have closed range.
Show also that 7" is not compact.

Exercise 4.18. Let H = (*(N), let A € £>°(N) be given by A\(n) = % for

all n € N, and let T' = M, € B(H) denote the associated multiplication
operator. Note that T is compact, as follows from Example [4.1.§

Show that T(H) = H and T(H) # H, so T does not have closed range.

Exercise 4.19. Let H be a Hilbert space and T' € B(H). Let us say that T
is bounded from below if there exists some a > 0 such that « ||z|| < ||T(z)]|
for all z € H. For example, T" is bounded from below when 7" is an isometry.

Show that if T" is bounded from below, then 7" has closed range.

Exercise 4.20. Finish the proof of Theorem by checking that the
sequence {c;}je;s constructed in the final paragraph (under the assumption
that y is orthogonal to E,) belongs to *(.J).
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CHAPTER 5

An introduction to
Sturm-Liouville theory

The purpose of this chapter is to illustrate how the spectral theorem for a
compact self-adjoint operator on a Hilbert space may be used to study some
classical Sturm-Liouville problems. For simplicity we will only discuss the
so-called regular case.

5.1 Regular Sturm-Liouville systems

When [a,b] C R and n € N, we let C"([a,b]) denote the space of n times
continuously differentiable complex functions on [a,b]. A regular Sturm-
Liouville system on [a, b] is a second order linear differential equation of the
form

— (py) +qy=Apy, (5.1.1)

where
e p€ C[a,b]) is real-valued and p(x) # 0 for all x € [a, 1],
e ¢, p € C([a,b]) are real-valued and p(x) # 0 for all x € [a, b],

e MeC(C,

and the unknown function y = y(x), which necessarily has to lie in C?([a, b]),
is required to satisfy boundary conditions of the type

ary(a) +asy'(a) =0, Bryb)+ By (b) =0, (5.1.2)

for some (a1, a2), (81, 82) € R*\ {(0,0)}.



5. An introduction to Sturm-Liouville theory

Ideally, the Sturm-Liouville problem is to determine the values of A
for which there exist non-trivial solutions of equation satisfying the
conditions , and to describe these solutions. These values of A are
called the eigenvalues of the system, and the corresponding solutions y are
called eigenfunctions of the system. A concrete answer to this problem is
not possible in general, but as we will see, one may still obtain some valuable
theoretical information about it.

Since we only intend to give a small taste of Sturm-Liouville theory, we
will assume that p(z) = p(z) = 1 for all x € [a,b], in which case equation

(5.1.1) simplifies to
—y" +qy=M\y. (5.1.3)

A suitably scaled version of this equation appears for example as the one
dimensional time-independent Schrodinger equation in quantum mechanics
(where it is usually considered on the whole real line).

Set YV = {y € C?*([a,b]) : y satisfies the boundary conditions (|5.1.2 }
We will consider Y and C([a, b]) as inner product spaces w.r.t. to the inner
product given by

(f.9) = / ' F2)9(@) da.

Letting D : Y — C|a, b] be the linear operator defined by

D(y) =—y"+qy,

it is clear that our Sturm-Liouville system may be written as

D(y) = Ay where y €Y. (5.1.4)

Although the associated Sturm-Liouville problem looks like a familiar
eigenvalue/eigenvector problem, it is not obvious how to proceed. The fact
that Y and C([a, b]) are not Hilbert spaces (they are not complete) can easily
be fixed because both can be considered as dense subspaces of L?([a,b]).
(We leave it as an exercise to show this for Y'). However, the trouble is
that D is not a bounded operator (check this!), so it does not extend to a
bounded operator on L?([a,b]). We will have to work quite a bit to recast
the problem into one involving a compact selfadjoint operator.

o We will first study the second order differential equation

—y"+qy=Xy withy e C*([a,b]) (5.1.5)
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and show that its solution space

Sy = {y € C*([a,b]) : =y + qu = \y}

is 2-dimensional for every A € C[f] Note that trying to find out when
there exists some y € S, \ {0} which also belongs to Y, which would
solve our problem, is not possible because a concrete description of S
is not available in general.

o Next, we will establish some spectral properties of the operator D.

o Thirdly, we will assume that D is 1-1. We will then show that D is
onto C([a,b]), and that there exists a compact self-adjoint operator
Te : L*([a,b]) — L?([a, b]) such that its restriction to C([a,d]) is the
inverse of D. Applying the spectral theorem to T; will lead us to a
theoretical answer to our Sturm-Liouville problem in this case.

o Finally, we will explain how to handle the general case where D is not
assumed to be 1-1.

5.2 A second order differential equation

We recall that A € C. In this section it is not important that the function
q € C([a,b]) is assumed to be real-valued.

Theorem 5.2.1. Let ¢ € [a,b] and 2,2z, € C. Then there exists a unique
function y € C*([a,b]) satisfying that

—y"+qy=Xy and y(c)=z,y'(c) = 2. (5.2.1)

Proof. Suppose first that y € C?([a, b)) satisfies (5.2.1]), that is,

7

y'=A=qy, ylc) =2z and y'(c) = 2. (5.2.2)
For every u € [a, b], we get

v =z =y —y'e) = [yt = [0 =gyt

IThis fact holds for the solution space of any homogeneous second order linear
ordinary differential equation, as some students may have seen in a previous course. We
will give a self-contained proof in our case.
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5. An introduction to Sturm-Liouville theory

This gives that

for all « € [a,b], hence that y satisfies that the integral equation
y(x) = 21+22(:U—c)+/ (x—t)(A—q(t)) y(t)dt for all x € [a,b]. (5.2.3)

Conversely, if y € C([a, b]) satisfies (5.2.3)), then it is an easy exercise to
check that y belongs to C*([a, b]) and satisfies (5.2.2)).

Now, let T': C([a,b]) — C([a,b]) be the integral operator defined for
each f in C([a,b]) by

T())w) = 21+ 22— )+ [ (o = O = q0) F0) dt

for all z € [a,b]. We consider here C([a,b]) as a complete metric space
w.r.t. the metric d(f,g) .= ||f — glloc = sup{|f(x) — g(x)| : © € [a,b]}.

Set K := sup{](:c—t)()\—q(t)ﬂ cx,t € [a,b]} < o00. Let f,g € C([a,b])

and x € [a,b]. By induction on n € N, one easily shows that

() = T (@)@ < o K e = e 1 = gl

This implies that

n n K" (b B CL)TL
() =T Plloe = —— I/ = 9llee-
It clearly follows that 7" is a contraction when n is so large that 2 (Z,_a)n < 1.

Hence, Banach’s fixed point theorem El gives that T has a unique fixed point,
say y, in C([a, b]). This means that y is the unique function in C([a, b]) such
that y = T'(y), i.e., such that y satisfies . Taking into account what
we proved in the first part of the proof, we are done. [ |

2cf. Lindstrgm’s book Spaces, Exercise 3.4.7.
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Corollary 5.2.2. Let A € C, ¢ € [a,b], and recall that
Sy ={y € C%([a,b]) : —y" +qy = My}

Then the map Ty, : Sy — C* defined by Ty .(y) = (y(c),y/(c)) for every
y € Sy is an isomorphism. Hence, dim Sy = 2.

Proof. Theorem shows that the map 7). is 1-1 and onto. It is obvious
that it is linear. [ |

Remark 5.2.3. It should be noted that Theorem [5.2.1] is essentially an
existence result (although our method of proof gives a way to approximate
the unique solution of by picking some yo € C([a,b]) and computing
T"(yo) for large enough n). Explicit formulas for a basis of Sy are only known
when ¢ is a constant function. To illustrate Corollary [5.2.2] we recall these.
Assume ¢(x) = w for all z € [a, b] for some w € C. Then —y” + qy = Ay can
be rewritten as the homogeneous equation y” + (A —w)y = 0, which we know
can be solved by considering the characteristic equation z? + (A —w) = 0:

If A\ # w, then, letting (w — A\)'/? denote a square root of w — A in C, we
get that S, consists of the functions of the form

y(x) _ Cl e(w—/\)l/%p + 02 e—(w—,\)1/2x’ = [(1, b],

where Cp,Cy € C. Thus {e(“”)‘)l/%, e’(“’”\)l/%} is a basis for S, in this
case.

If A = w, the equation is y” = 0 and {1, x} is obviously a basis for S,. O

Remark 5.2.4. Suppose that ¢ is real-valued, A € R and y € S. Then it
is not difficult to verify that y € 5, so that Rey and Imy also lie in S).
Moreover, if it happens that y(c) and 3/(c) both are real numbers for some
¢ € [a,b], then the function y has to be real-valued: indeed, we then have
(Imy)(c) = 0 = (Imy)'(c), so Theorem implies that Imy is the zero
function on [a, b]. O

Remark 5.2.5. Consider y1, y2 € C?([a,b]). Define W,, ,, € C*([a,b]) by

Wy e () = ‘ ui(x) () for each x € [a, b].

() yo(x)

Wy, 4. () is called the Wronsky determinant of (y1,y2) at x.

Assume that yi, yo € S, and let ¢ € [a, b]. Corollary[5.2.2)implies that the
set {y1, Y2} is a basis for Sy if and only if the vectors (y;(c), y;(c)), (y2(c), y5(c))
are linearly independent in C?, i.e., W, ,,(c) # 0. Note that this gives that
if {y1,92} is a basis for Sy, then W, ,,(z) # 0 for all = € [a, b].
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The Wronsky determinant appears in the following lemma (sometimes
called Lagrange’s lemma), which will be useful to us later:

Lemma 5.2.6. Define D : C2([a,b]) — C([a,b]) by
D(y) = —y" +ay for every y € C*([a, b)),
and let f,g € C*([a,b]). Then the following identity holds:
D(f)g—D(9)f = (fg —af) = (Wy,)'.
Proof. We have
W) =(fg —af )V =fd"+ 19 —af" =g [ =fg"—gf"
= —f"g+afg—agf + fg" = D(f)g — D(g)[ u

5.3 Some spectral properties

Let (a1, az), (81, 32) € R*\ {(0,0)} and q € C([a,b]) be real-valued. We
recall that

Y = {y € C*([a, b)) | y satisfies the boundary conditions (/5.3.1 },

where / /
ary(a) +azy'(a) =0, Biy(d) + B2y'(b) =0, (5.3.1)
and D : Y — Cla,b] is the operator defined by D(y) = —y” + qy for y € Y.

Let A € C and set E) :={y € Y : D(y) = A\y}. We say that \ is an
eigenvalue of D if the subspace FE) is non-trivial, in which case F) is called
the eigenspace of D associated to A. We note that E\ C S), so Corollary
0.2.2[ implies that dim £ < 2.

Proposition 5.3.1. Let f,g € Y. Then we have
i) D(f)g—D(9)f = (fg' =g
ir) (D(f),9) = {f, D(g))-

Proof. 1) Since D = 5|y, this identity follows from Lagrange’s lemma

(Lemma [5.2.6)). i7) It is easy to check that g € Y and D(g) = D(g). Thus,
using i), we get

(D().9) = {1, Dl)) = [/ 1D(Hg — FD@)0) de
= [ ~ary@ae= (53~ 37)0)

a

= f(b)g'(b) — g(b)f'(b) — f(a)g'(a) + g(a) f'(a).

b
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Now, since f and g both satisfy [5.3.1}, we have

o0 70| [ ]=[o]

Since (f1, B2) # (0,0), this implies that f(b)g’(b) — g(b)f'(b) = 0.

Arguing in a similar way, one can also show that f(a)g¢’(a)—g(a)f'(a) = 0.
Inserting these two equalities in our computation above, we get that

(D(f),9) = {f.D(g)) =0,
as desired. [ |

Part 7i) of Proposition shows that the operator D enjoys a property
similar to self-adjointness. Proceeding exactly as we did for bounded self-

adjoint operators on Hilbert spaces, one deduces that the following result
holds.

Corollary 5.3.2. All the possible eigenvalues of D are real, and the associ-
ated eitgenspaces are orthogonal to each other.

Note that we don’t know yet whether D has any eigenvalues. Anyhow,
we can say more about its eigenspaces (if any).

Proposition 5.3.3. All possible eigenspaces of D are one-dimensional.

Proof. Let A € C. Recall that D : C*([a,b]) — C([a,b]) is defined by
D(y) = —y" +qy for y € C*([a,b]), so D = D . We first consider the space

Ly = {y € C*(a,b)]) : E(y) = Ay and y satisfies },
where

ary(a) + azy'(a) = 0. (5.3.2)

Note that the condition says that the vector (y(a),y’(a)) belongs
to M := Span{(—as,a1)}. Now, Corollary [5.2.2| (with ¢ = a) gives that
L, = T/\_;(M) Since dim M = 1 and T}, is an isomorphism, we get that
L, is a one-dimensional subspace of S).

Similarly, one shows that

Ry :={y € C*([a,b]) : D(y) = Ay and y satisfies (5.3.3)},

where
Bry(b) + B2y’ (b) =0, (5.3.3)

is also a one-dimensional subspace of S).
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5. An introduction to Sturm-Liouville theory

Clearly, we have Ey = L)yN Ry. So there are only two possibilities: either
E\ = {0} or dim E, = 1. Hence, if A is an eigenvalue of D, we must have
dim F), = 1. [ |

Remark 5.3.4. We use the notation introduced in the proof above. Assume
that A € C is not an eigenvalue of D, and pick u € Ly, u # 0, v € Ry,
v # 0. It is clear from this proof that Ly = Span{u} and R, = Span{v}.
As LyN Ry = E, = {0}, the vectors u and v must be linearly independent.
Since they both lie in Sy, which is 2-dimensional by Corollary we can
then conclude that {u,v} is a basis for S). O

5.4 A special case

We go back to the Sturm-Liouville problem for the equation D(y) = Ay,
y € Y. As long as we are not able to show that D has eigenvalues, it is not
possible for us to make efficient use of its spectral properties. Ideally, we
would like to show that D is diagonalizable, in the sense that there exists
a sequence of eigenfunctions of D in Y which forms an orthonormal basis
for L*([a,b]). The trick to make progress on this problem is to turn our
attention to the inverse of D, whenever this makes sense.

We therefore assume throughout this section that D 1Y — C([a,b]) is 1-1.
We will see how to get rid of this assumption in the next section.

We will first show that D(Y) = C([a, b)), i.e., D is onto, and that the
inverse operator

D' :C(a,b]) =Y
is an integral operator associated to a continuous kernel G : [a, b] X [a, b] — C.

It should be noted here that, given a function f € C([a,b]), the standard
way to show that the differential equation —y” + gy = f has a solution is to
pick a basis for the associated homogeneous equation and use the method
called variation of parameters. We will not discuss this method here and
follow a shorter path.

Since the operator D is linear, the fact that D is 1-1 means that its
kernel is trivial, that is, 0 is not an eigenvalue of D. As we saw in Remark
[.3.4] we can then pick a basis {u, v} for

So = {y € C*([a, b)) : D(y) = 0} = {y € C*([a,b]) : y" = qy}

such that
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5.4. A special case

o u satisfies the condition a; u(a) + asu’(a) =0,

« v satisfies the condition S v(b) 4+ S2v’(b) = 0.
Since ¢ is real-valued, we can also assume that v and v are real-valued,
cf. Remark 5.2.4
We note that Remark tells us that W, ,(x) # 0 for all = € [a,b].

Moreover, as D(u) = D(v) = 0, Lemma gives that

(W) = D(u)v — D(v) = 0.
Hence, W, is a constant function on [a, b]. This means that
Woo(z) = u(z)v'(x) —v(z)u'(z) =W  for all x € [a, b]

for some W € R\ {0}.

We can now define the associated Green’s function G : [a,b] X [a,b] — R
by
u(z)v(t) if a <z <t<b,
Gz, t) = —— -
u(t)v(x) if a<t<z<hb.

It is then straightforward to see that G is continuous. Hence we may form
the associated integral operator Tg : L?([a,b]) — L*([a, b]), which is given
by

Ta(f)w) = [ Gl ) f0)d

for all f € L*([a,b]) and z € [a,b]. Tt is clear that T maps C/([a,b]) into
itself. In fact, it maps C([a,b]) into Y:

Proposition 5.4.1. Let f € C([a,b]) and set y := Te(f). Theny € Y.
Moreover, D(y) = f.

Proof. Let x € [a,b]. Using the definitions of G and Ty we get

y(r) = — / "W (@) f(t) dt — / WL u(@)(t) F(E) dt.

This implies that —Wy(x) = v(x)A(z) + u(x)B(x), where
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5. An introduction to Sturm-Liouville theory

Thus we get

—Wy'(x) =

Since v/, A, v/ and B all lie in C*([a,b]), we see that y € C*([a, b]).
Further, using that A(a) = 0 and cyu(a) + asu/(a) = 0, we get
—1

ary(a) + agy'(a) = W(alv(a)A(a) + aqu(a)B(a) + agv'(a)Ala) + agu’(a)B(a))
_ ;Vl(alu(a) + ag/(a)) Bla) = 0.

In a similar way we get 5y v(b) + fav’(b) = 0. Thus we have shown that
yey.

To verify the second assertion, we first compute —W7y"”. Since u” = qu,
v" = qu, and v'u — v'v = W on [a, b], we get

—Wy" = (WA+uB) =v"A+vA +u"B+u'B
= q(vA+uB) + (V'u—u'v)f
= —qWy+ (V'u—uv)f
=W(f—ay).

Thus, —y” = f — qy, which gives
Dy)=—y"+ay=f-ay+ay=1,
as desired. [

The first part of Proposition shows that D is onto C([a, b]). Since
D is also 1-1 (by assumption), D has an inverse map D' : C([a,b]) — Y,
which is defined as follows:

Given some f € C([a,b]), then

D7N(f) =y,

where y € Y is the unique function in Y such that D(y) = f.
We now see that the second part of Proposition tells us that

D7 Yf) =T4(f) for every f € C([a,b]), ie., D™' = (1) 1C([a,b]) -

108



5.4. A special case

Since G(x,t) = G(t,z) for all (x,t) in [a,b] X [a,b] (check this!), we get
that T is self-adjoint. As Tg is also compact (indeed, it is a Hilbert-Schmidt
operator on L%([a, b]), cf. Example , we are in the position to apply
the spectral theorem to T¢.

However, we will also need to know that T maps L*([a, b]) into C([a, b]).
This is true for any integral operator with continuous kernel:

Lemma 5.4.2. Assume K : [a,b] X [a,b] — C is continuous. Then the
associated integral operator Ty : L?([a,b]) — L?*([a,b]) maps L*([a,b]) into
C([a, b]).

Proof. Let f € L*([a,b]) and let & > 0. Note that the Cauchy-Schwarz
inequality gives that

1/2 1/2
Mo [ intdms ([ vam) ([ 1pfam) = Vi=a ] < .

where m denotes the Lebesgue measure on [a, b]. As the continuous function
K is automatically uniformly continuous on the compact set R := [a, b] X [a, b],
we can find 6 > 0 such that

‘K(l’l,tl) — K([Eg,tg)‘ < 8/M
whenever (z1,t1), (x2,t2) € R and |z — 21| < 0, [ta — t1] < 9.

Let now zg € [a,b]. Then for every ¢ € [a,b] and all x € [a, b] such that
|z — x0| < &, we have

‘K(w,t) - K(xo,t)‘ <e/M.

Thus we get

[Tk (£))(x) = [T (f)](z0)

_ ’ /M (K(a,t) = K(xo,)) (1) dm(t)‘

< [ [ty = Ko, 0] 1£0)] dm)

ge/M/[ ]]f|dm:5
a,b

for all z € [a, b] such that |z — x¢| < 6. This shows that Tk (f) is continuous
at xgp.
Since g was an arbitrary point of [a,b], Tk (f) € C([a,b]). |
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5. An introduction to Sturm-Liouville theory

Theorem 5.4.3. Assume that D is 1-1, and consider the Sturm-Liouville

problem
D(y) =Xy withyeY.

Then the following assertions hold:

e The eigenvalues for this problem form a countable set {\ : k € N} of
non-zero distinct real numbers satisfying that |\g| — oo as k — o0.

e For each k € N the eigenspace E,, = {y € Y : D(y) = Ay} is
one-dimensional.

e Ifyi is a unit vector in E, for each k € N, then {y; : k € N} is an
orthonormal basis for L*([a,b]).
Proof. We first observe that 0 is not an eigenvalue of T¢; :

Indeed, since Y is dense in H := L?*([a,b]), and Y = Tg(C([a,b]), we
have

H=Y CcTg(H) C H,

hence Tg(H) = H. Thus, we get ker(Tg)t = Tg(H) = H, i.e., ker(Tg) =
{0}.
Applying the spectral theorem to Ty, we obtain that the eigenvalues

of T form a countable set {yuy : k& € N} of non-zero distinct real numbers
satisfying that pup — 0 as £ — oo.

Let k € N, and set A\, = ;' # 0. Let f,, € H be an eigenfunction for
Te associated to ug. Since Tg(fx) = p fr, we get

fe =M Ta(fr) - (5.4.1)

As Lemma [5.4.2] gives that T (f) € C([a,b]), this gives that f, € C([a,b]).
Hence, Te:(Te(fx)) € Y. But (5.4.1) implies that

fe=Ar TG(TG(fk)> ,
so we get that fr € Y. Now, applying D to (5.4.1)), we get

D(fr) = A fr -

This shows that A\, is an eigenvalue of D, and f; is an eigenfunction for
D associated to \,. Now, Proposition m tells us that E,, :={y € Y :
D(y) = Ay} is one-dimensional. Hence, we have E), = Span{f;}. Further,
one readily checks that E), is also the eigenspace of T¢; associated to ju.
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5.4. A special case

We note that D can not have other eigenvalues than the A;’s (for if D
had one such eigenvalue, then T would have an eigenvalue different from
all py’s, which is not the case). Further, we note that

. T -1
i, Pl = g el = oo

since limy_,oo ptr = 0.

Finally, if we set yy. := £(|| fxl|2) ™" fx € E\, for each k € N, then we also
get from the spectral theorem for T that {y; : k& € N} is an orthonormal
basis for H consisting of eigenfunctions for D. |

Example 5.4.4. To illustrate this theorem, let us consider the Sturm-
Liouville system

—y" = Ay on [0, 7], with Y = {y € C*([0,7]) : y(0) = y(7) = 0}.

Thus we have D(y) = —y", y € Y.

Let A € C. We consider first the case A = 0. It is straightforward to
check that the only function y in Y satisfying —y” = 0 is y = 0. Thus, 0 is
not an eigenvalue of D, i.e., D is 1-1, so Theorem [5.4.3] applies in this case.
We can determine the eigenvalues and the eigenfunctions of D explicitly as
follows.

Assume A # 0, and write A\Y/2 = r +is with (r,s) € R?\ {(0, O)}
A basis for Sy := {y € C*([0,7]) : —y” = \y} is given by
{ei’\l/%, e”"\l/%} = {e **(cos(rz) + isin(rz)), e**(cos(rz) —isin(rx))}.
If y € Sy, say y(x) = Cy e (cos(rz) + i (sz)) + Cy e¥*(cos(rx) — i sin(rz)),
then y € Y if and only if

{01+C2 =0,

Cye " (cos(rm) + i sin(rm)) + Cy ™ (cos(rm) — i sin(rm)) = 0.
This gives that £y = S\ NY is non-trivial if and only if
e *(cos(rm) + i sin(rm)) = e* (cos(rm) — ¢ sin(rm)),

and it is elementary to deduce that this happens if and only if s = 0 and r = k
for some k € Z \ {0}, in which case A = k* € N and E) = Span{sin(kz)}.

3We could here have used that we know that all the possible eigenvalues of D are
real, so that we need only to consider A € R\ {0}. However this would not shorten our
discussion significantly.
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5. An introduction to Sturm-Liouville theory

This means that the distinct eigenvalues of this Sturm-Liouville system
are \y, = k% k € N, with associated normalized eigenfunctions y(z) =

\/2/msin(kzx). This is in accordance with Theorem |5.4.3] Note that this

theorem implies that the set {\/2 Jmsin(kz) 1 k€ N } is an orthonormal
basis for L*([0, 7).

For completeness, we also compute the Green’s function G and Tg(f)
for f € C([0,7]). One computes easily that

Lo = {y € C*([0,7]) : y" = 0, y(0) = 0} = Span{u},
where u(z) = z, while
Ry = {y € C*([0,7]) : 4 = 0, y(r) = 0} = Span{v},
where v(z) = 2 — 7. Thus we get that
W = Wou() = u(@)e'(z) — v(@)i(z) = = — (z —7) = 7

for all x € [0, 7]. Moreover, the Green’s function G : [0, 7] x [0, 7] — C is
then given by

xz(m—1t) fo<z<t<m,
t(m—x) fo<t<az<m,

1
G(z,t) = —- {
T
and we obtain that

Ta(N)w) = [ G, @ de = (=) [ s dres [“w—t)pe)ar )

for all f € C([0,7]) and z € [0, 7].

Note that determining the eigenvalues of Ti; by direct computation is not
an easy task. Anyhow, you should verify that sin(kz) is an eigenfunction
for Ty associated with the eigenvalue py, = k=2 for each k € N. 0

5.5 The general case

In this final section, we consider the general case, i.e., we don’t assume that
D is 1-1. The idea now is to show that there exists some p € R which
is not an eigenvalue of D, and consider the operator D, : Y — C([a,b])
defined by D,(y) = —y" + qy — py. Then 0 will not be an eigenvalue of
D,, (otherwise there would be some y € Y\ {0} such that D,(y) =0, i.e.,
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D(y) = py, and p would be an eigenvalue of D, giving a contradiction).
Hence, we will be able to apply Theorem to the Sturm-Liouville system
D, (y) = Ny with y € Y, and deduce some interesting consequences for our
original Sturm-Liouville problem.

Since we know that the possible eigenvalues of D are all real numbers,
we may think: why not just pick some p € C\ R? The problem with such
a choice is that the function ¢,(z) := ¢(x) — p for = € [a,b] will not be
real-valued, hence that the Sturm-Liouville system associated with D, will
not match our requirements.

Lemma 5.5.1. There exists some p € R which is not an eigenvalue of D.

Proof. We know that L?([a,b]) has a countable orthonormal basis, say
{ur}ren[] We will show that this implies that D has a countable number of
distinct eigenvalues. Since R is uncountable, the assertion to be proven will
clearly follow.

Assume (for contradiction) that D has an uncountable number of distinct
eigenvalues. Then we can pick a unit vector in each of the associated
eigenspaces. As all eigenspaces of D are orthogonal to each other, this
means that there exists an orthonormal subset I' of Y which is uncountable.

Let £ € N. Then it follows from Bessel’s inequality that

M= swp {5 )P) < Julf=1 < oo
ACT, Afinite vEA

This implies that the set

1
Ui = {7 € T s [, ] = 5}
is finite for every n € N: indeed, if Uy, was infinite for some n, then we
could find an infinite sequence {7, }men of distinct elements in Uy ,, and
this would give that

U 1
M, > sup{ E ](uk,’yg)|2} > supN{m- }:oo,
me

contradicting that M < oco. Setting now Uy := {y € I' : (ug,7) # 0}, we
get that
Ur = U Uk,n

neN

“One may for example take uy(z) = 1/2/(b — a)sin (kr(z — a)/(b — a)) for z € [a, b]
and k € N, cf. Example when [a,b] = [0,7].
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is countable (being a countable union of finite sets). Hence, the countable
union U := ey Uy is a countable subset of I'. As I is uncountable, there
must exist some v € I'\ U. But then v ¢ Uy, for every k € N, so we have

(ug,v) =0 for every k € N.

This says that v is orthogonal to every wug, so we must have v = 0 (since
{uy }ren is an orthonormal basis for L?([a, b])). But this gives a contradiction,
since every element of I' is a unit vector. We can therefore conclude that D
has a countable number of distinct eigenvalues. |

We can now state our main result about regular Sturm-Liouville systems:
Theorem 5.5.2. Consider the Sturm-Liouville problem
D(y) =Xy withy€eY.
Then the following assertions hold:

e The eigenvalues for this problem form a countable set {\ : k € N} of
distinct real numbers satisfying that |\i| — 00 as k — oo.

e For each k € N the eigenspace E,, = {y € Y : D(y) = Ay} is
one-dimensional.

e Ifyi is a unit vector in Ey, for each k € N, then {yi : k € N} is an
orthonormal basis for L*([a,b]).

Proof. By Lemma|5.5.1| we can find some p € R which is not an eigenvalue of
D. We define D,, : Y — C(a,b]) by D,(y) = —y" +qy— py and consider the
Sturm-Liouville system D, (y) = A'y on Y. Then, as 0 is not an eigenvalue
of D,, we may apply Theorem to D,. This gives:

+ The eigenvalues of D, form a countable set {\} : k € N} of non-zero
distinct real numbers satisfying that |\,| — oo as k — oo.

o For each k € N the eigenspace El; ={yeY : :D,(y) = Ny} is
one-dimensional.

o If vy is a unit vector in Elk for each k € N, then {v, : k € N} is an
orthonormal basis for L?([a, b]).

Now, for y € Y, we obviously have D(y) = Ay if and only if D,,(y) = (A—p)y.
This implies that the set consisting of all eigenvalues of D is the countable
set of distinct real numbers given by {\; : k € N}, where A\ := X\, + u for
each k£ € N.
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Moreover, the eigenspace E), of D associated to each Aj is then equal
to E/Ak , hence is one-dimensional.

Finally, if y; is a unit vector in E), for each £ € N, then we have
yr = T, for every k € N, so the last assertion clearly follows. [

5.6 Exercises

Exercise 5.1. Find the eigenvalues and eigenfunctions of the Sturm-Liouville
system —y” = Ay on the given interval with the following boundary condi-
tions:

a) [a,b] =[0,7], y'(0)=0,y'(r) =0
b) [a,b]=1[0,7], y'(0)=0,y(r)=0
C) [a? b] = [O? 27]7 y(O) =0, y(27r> =

d)  a,b] =1[0,1], y(0) =0, y(1) +y'(1) = 0.

Exercise 5.2. Consider a Sturm-Liouville system D(y) = Ay on Y as in
(5.1.4)), with boundary conditions as in ([5.1.2)).

Assume that the following two extra conditions holds:

a) q(x) >0 for all z € [a, b],

b) [e5Ye%) S 0 and 5162 Z 0.
Show that the eigenvalues of D are all non-negative.

Exercise 5.3. Consider a Sturm-Liouville system D(y) = Ay as in (5.1.4),
but where

Y ={y e C*([a,b]) | y(a) or y'(a) = 0; y(b) or y'(b) = O}
Show that the distinct eigenvalues of D may ordered so that
Al < Ay < A3 < --- and lim M\, = 0.
k—o00

Exercise 5.4. Assume D is 1-1, as in section 4. Show that the distinct
eigenvalues of D satisfy

> <

Exercise 5.5. Show that the space
Y = {y € C*([a,b]) : y satisfies the conditions ([5.1.2)}
is dense in L*([a, b]).
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