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CHAPTER 1

On normed spaces and
bounded linear operators

1.1 Preliminaries

In this subsection 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, as for example in the course MAT2400 and MAT3400/4400
at UiO. The reader may consult the book of T. Lindstrgm, Spaces: an
introduction to real analysis (AMS 2017) which is used in MAT2400. One
may also have a look at at the book (or notes) for MAT3400/4400, and/or
chapters 3, 4 and 11 in J.C. Robinson’s book An introduction to functional
analysis (Cambridge University Press 2020), which can be used as background
literature in this course; when making a reference to this book, we will denote
it by [R].

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

XXY:{(x,y):xEX,yEY}.

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 K is a vector space X over
K 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 K 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.



1. On normed spaces and bounded linear operators

When there is no danger of confusion we will denote the closed unit ball
in X with center at 0 by X;. Thus,

Xy ={weX:|a| <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,}2>,
in X converges to z € X w.r.t. || - || if and only if it converges to z € X
w.rt. |-

Definition 1.1.3. 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

lim
N—o0

=0,

N
T — an
n=1

in which case we say that >°°, x,, converges to x (w.r.t. || - ||), and also
write z = 307 | @y,

Definition 1.1.4. When a normed space (X, || - ||) is complete with respect
to the associated metric given by

d(z,y) = |z =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 1.1.5. 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 :

Whenever Y0, x,, is a series in X such that Y00 ||z,| < oo, then

o . .
Y onlq Ty 18 convergent in X.

Remark 1.1.6. 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. You can read about how this can be
done in [R, section 7.2] if you like. A more elegant way to construct X will
be described in Remark [3.6.2



1.1. Preliminaries

Definition 1.1.7. Assume that X and Y are both vectors spaces over K.
Then a map T': X — Y is called a linear operator if we have

T()\l xr1 + )\2 .I‘Q) = )\1 T(Il) + )\2 T(l’g)
for all A\, \» € K and all 1,25 € 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 K with respect to the
operations defined by

(S+T)(x) = S(x) + T(x), (AT)(z) = AT(x)

for S,T € L(X,Y), A€ Kand 2 € 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 z € X. We sometimes write [ instead of Ix if no confusion is possible.

Definition 1.1.8. Assume that X and Y are both normed spaces over K.
Then a linear operator T : X — Y is called bounded if there exists some
real number M > 0 such that

IT(@)[ < M| YoeX,
or, equivalently, such that ||T(x)| < M for all x € X;.

Proposition 1.1.9. Assume that X and Y are both normed spaces over K
and let T € L(X,Y). Then the following conditions are equivalent:

(a
(b
(c
(d

T is bounded.

)
) T is uniformly continuous on X.
) T is continuous on X .

)

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).

Proposition 1.1.10. Assume that X and Y are both normed spaces over
K. ForT € B(X,Y), set

IT| = sup {|T(2)] : = € X, ||z <1} < oo,
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Then the map T — ||T|| is a norm on B(X,Y), called the operator norm,
making B(X,Y) a normed space over K. Moreover, we have

IT)) = sup {|T(@)]| : 2 € X, [lll = 1} (when X # {0}),

and
(T ()| < [T |z]] for all x € X.

Theorem 1.1.11. Assume that X is a normed space and Y is a Banach
space (both over K). 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,K) is a Banach
space whenever X is normed space over K. Elements of £(X,K) are called
linear functionals. Thus B(X, K) consists of the bounded linear functionals
on X; it is usually called the dual space of X and denoted by X*. An
important result about X* is the Hahn-Banach extension theorem.

Theorem 1.1.12 (Hahn-Banach). Let X be a normed space (over K) and
p be a seminorm on X. Assume Xq is a subspace of X and pq is a linear
functional on Xy such that |po(z)| < p(x) for all x € Xo. Then ¢y can
be extended to a linear functional ¢ on X such that |p(z)| < p(x) for all
r e X.

We also recall the following useful consequences of the Hahn-Banach
extension theorem.

Corollary 1.1.13. Assume X, is a subspace of a normed space X (over
K) and po € (Xo)*. Then there exists some ¢ € X* which extends ¢ and
satisfies that ||l = [lol|-

Corollary 1.1.14. Assume X is a normed space (over K) and x € X,z # 0.
Then there exists some ¢ € X* such that ||¢|| = 1 and ¢(z) = ||z]|.

Definition 1.1.15. A map 7" : X — Y between two vector spaces over K 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 1.1.16. Assume that X and Y are normed spaces over K. A

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

4
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Definition 1.1.17. Assume that X is a normed space and T' € B(X). Then
we say that T 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 1.1.18. Let X,Y, Z be normed spaces over K, and let T €
B(X,Y), SeB(Y,Z). Set ST :=SoT:X — Z. Then ST € B(X,Z)
and

ST < [T -

Corollary 1.1.19. Assume that X is a normed space and S € B(X). For
each n € N, let S™ := §---S denote the product of S with itself n times.
Then S™ € B(X) and

1S™ < IS]™

Note that by setting S° := Ix, this formula also holds when n = 0.

1.2 Aspects of finite dimensionality

Finite-dimensionality of a normed space has some strong consequences. A
useful fact that you should have learned in MAT2400 (or a similar course)
is the following result.

Theorem 1.2.1. If X is a finite-dimensional vector space over K, then all
norms on X are equivalent.

This is Theorem 5.1 in [R]. We recommend that you read again the proof
if you don’t remember how it goes. A crucial fact used in this proof is that
K" satisfies the Heine-Borel property with respect to the Euclidean norm
| - |l2 - asubset S of K" is compact (w.r.t. the metric associated with || - ||2)
if and only if S is closed and bounded. We recall that || - ||2 is given by

1/2 n
ol = (Jz 2+ -+ o) 7 for o = (21, 2,) €K,

and that a subset S of a metric space is called compact if every sequence in S
has a subsequence converging to a point in .S. It will be useful for us to know
that this characterization of compactness holds in any finite-dimensional
normed space. To show this, we will need the following lemma.

Lemma 1.2.2. Let X and Y be finite-dimensional normed spaces over K.
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.
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Proof. We have to show that T and T~! are bounded. We denote the

respective norms on X and Y by the same symbol || - ||. For x € X we set
[zllz = (1T ()] -

Since T is 1-1, it is easy to check that the map x + || - || is a norm on X.

Since X is finite-dimensional, || - ||z is equivalent to || - ||. In particular, this

means that there exists some L > 0 such that
T (x)|| = ||z]|r < L|z|| forall z e X,

which shows that 7" is bounded. Similarly, by considering the norm on
Y given by |lyllr-1 := [|[T"(y)|| for y € Y, one deduces that T~ is also
bounded. |

Theorem 1.2.3. Let X be a finite-dimensional normed space over K. Then
a subset S of X is compact if and only if S 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 S C X be closed and
bounded. We must show that S is compact. If X = {0}, this is obviously
true, so we may assume that m := dim(X) > 1. Let then 7" : X — K™
denote the coordinate map w.r.t. some basis for X. Lemma [[.2.2] gives
that 7" is an isomorphism of normed spaces. Set S" := T'(S) C K™. Then
S" is bounded (since T' is bounded). Moreover, S’ is closed. Indeed, as
S" = (T~1)71(9), this follows from the continuity of 7~!. By the Heine-Borel
property of K™, we can conclude that S’ is compact. As S =T71(S’") and
T~ is continuous, this implies that S is compact, as desired. |

Since the closed unit ball of any normed space is closed and bounded,
we get as a corollary that the closed unit ball of a finite-dimensional normed
space is compact. Quite remarkably, the converse is also true, as we will
soon see, cf. Theorem [1.2.6

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

Proposition 1.2.4. 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 {2, }nen be a Cauchy sequence in X and have to prove that it is
convergent. As in the proof of Proposition[l.2.3] we can pick an isomorphism
of normed spaces T : X — K™, where m = dim(X). For each n € N, set
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1.2. Aspects of finite dimensionality

Yo 1= T(n). Since yn — walls = 1T(0 — 2l < T n — 2] for al
k,n € N, we see that {y,}nen is a Cauchy sequence in K™. Since K™ is
complete, there exists y € K™ such that ||y, — ylls — 0 as n — oo. Set

r:=T '(y) € X. Then we get
|z =2l = 1T (o =) < NT [ lgn —yllz =0 asn— oo.
Thus, {x, }nen is convergent, as desired. [ |

Corollary 1.2.5. Assume M is a finite-dimensional subspace of a normed
space X. Then M is closed in X.

Proof. Assume {z,}n,en € M converges to x € X. We have to show that
x € M. As M is complete by Proposition and {x, }nen 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. [ |

Theorem 1.2.6. Let X be a normed space over K. Then X is finite-
dimensional if and only if the closed unit ball X, is compact.

Proof. We have seen earlier that the implication (=) holds. So we only
have to prove (<). We will use the following claim (which is often called
Riesz’s lemma):

Assume M is a closed subspace of X such that M # X. Then there
exists v € X such that ||z|| =1 and

1
5 < |lx —m] for all m e M. (1.2.1)

To prove this claim, choose xy € X \ M and set d := inf,,cpr |20 —m|| (so d
is the distance from xy to M).

Note that d > 0 (because if d = 0, we would have zyg € M = M, giving
a contradiction). As d < 2d we can pick mg € M such that

t() = ||ZEO - m0|| S 2d.

Further, since ty = ||zg — my|| > d > 0, we can set

1
x = —(xog — my).
Lo
Then ||z|| = 1. Moreover, for m € M, we have
1 1
o = mll = |+ (0 = mo) = | = = 0 = (o + tom)|.
0 0
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Since M is a subspace, mg + tom € M. So H:L‘O — (mo + to m)H > d. Thus

we get that

1 1
|t —m| > —d > =.
Lo

This proves that (1.2.1]) holds, showing the claim.

We can now proceed with the proof of (<) in Theorem [1.2.6f We argue
contrapositively. Assume that X is not finite-dimensional. We will then
show that X is not compact.

Pick first 1 € X such that ||z1|| = 1. Then M; := span{x;} is a finite-
dimensional subspace of X, so it closed by Corollary and M; # X
(since X is not finite-dimensional). Hence, using the claim, we can find
x5 € X such that [|z,]| =1 and [|zo — 4] > L.

Set now My := span{xy,xs}. Arguing similarly, we can find x3 € X such
that ||z3]] = 1 and |lzg — z]| > § for k= 1,2.

Proceeding inductively we obtain a sequence {z, },en in X; such that
1/2 < ||z, — ]| for all 1 < k < n. It is then clear that no subsequence
of {z, }nen can be Cauchy. In particular, {x, },en has no convergent subse-
quence. Thus, X; is not compact, as we wanted to show. |

[\]

We recall that a vector space is said to be infinite-dimensional if it is not
finite-dimensional. We note that Theorem [1.2.6| gives that if X is an infinite-
dimensional normed space, then X is not compact. In particular, this
implies that an infinite-dimensional normed space never has the Heine-Borel

property.

Finite dimensionality has also some impact on linear operators. We first
look at a familiar case.

Example 1.2.7. Let m,n € N and let T' € L(K",K™). Then T is bounded.

Indeed, let A = [a;;| denote the standard matrix of 7. Then for
r = (x1,...,2,) € K" we have T'(x) = (Fy(x), ..., F,(z)), where F;(x) :=
2?11 a; jx; for each i = 1,...,m. Since each component F; is clearly a
continuous function from K" to K, we get that the linear map 7" : K" — K™
is continuous, hence bounded.

More generally, we have:

Proposition 1.2.8. Let X and Y be normed spaces and let T € L(X,Y).
Assume that X is finite-dimensional. Then T is bounded.

Proof. We may clearly assume that both X and Y are different from {0}.
Moreover, by replacing Y with 7'(X) if necessary, we may also assume that Y’

8
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is finite-dimensional. Set n = dim(X),m = dim(Y), and let C' : X — K",
D :Y — K™ be isomorphims, which are then necessarily isomorphisms of
normed spaces by Lemma m The composition 77 := Do T o C~! is then
a linear map from K" to K™, hence it is bounded by the previous example.

It follows that T'= 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 = K: a linear functional
¢ : X — K may be unbounded when X is an infinite-dimensional normed
space. For an example, see Exercise [I.1]

1.3 Extension 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 you may have seen before.

Lemma 1.3.1. Assume that X and Y are metric spaces and f,qg are con-
tinuous maps from X to'Y which agree on a dense subset Xy of X. Then

f=g

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

f(z) =1im f(z,) =limg(z,) = g(x). u

Theorem 1.3.2. Assume that X is a normed space and Y is a Banach

space (both over K). Assume also that Xy is a dense subspace of X, Yy is a
subspace of Y and Ty € B(Xo, Yo).

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, },en
in Xy such that ||z —xz,|| — 0 as n — oco. In particular, {x, }nen is a Cauchy
sequence in Xy. We claim that {To(x,)}aen is a Cauchy sequence in Y.
Indeed, let ¢ > 0, and choose N € N such that

|Xm — x| < €/||To|| for all m,n > N .
Then, for all m,n > N, we get

1To(wm) = To(wn)ll = | To(m — zn) | = [[Tol[ lzm — zall < €,
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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 {z] },en is another sequence in X, converging to x. Then the se-
quence Ty, Ty, To, xh, ..., Ty, 2, ... in Xy also converges to x, so, arguing
as above, we get that there exists some z € Y such that the sequence
To(xq), To(xh), To(z2), To(xh), . .., To(xy), To(x),), . .. converges to z. This
implies that

lim Ty(ay,) = = = lim To(z,) = y.

Hence it makes sense to define T'(z) := y. Doing this for every z € 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 T" is bounded. Let x € X and pick {x, },en in Xp
converging to x. As T'(z) = lim,, Ty(z,) and ||To(x,)| < ||To]| ||z for all
n € N, we get

17 ()| = lim | To () [| < [ To]] Yimn [fazn || = ([ Tol[ ][] -

It follows that T € B(X,Y) with ||| < ||Tb]]-

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

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

The uniqueness of T" as an extension of Ty is immediate from Lemma [1.3.1}
Finally, we have
[To]| = sup{||To(2)]| : = € Xo, [[=]] <1}
= sup{[|T'(z)] : = € Xo, ||z[ <1}
< sup{||T(2)]| : z € X, ||z <1} = [T < [[To]-
Thus, [|T|| = ||To]|, as desired. [ |

Remark 1.3.3. The conclusion of Theorem [1.3.2] is not necessarily true if
Y is a normed space which is not complete (cf. Exercise . 0

An interesting special case of Theorem [1.3.2]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 1.3.4. Let the assumptions be as in Theorem[1.3.3, but assume
in addition that the map Ty : Xg — Yy @s an isometry. Then the unique
extension of Ty to an operator T in B(X,Y) is also an isometry.

10



1.3. Extension by density and continuity

Proof. Theorem guarantees that Ty extends in a unique way to 1" €
B(X,Y). Let x € X and pick a sequence {x,},en in Xy converging to x.
We then have T'(x) = lim,, Ty(z,), so we get

17 ()| = Yo || To () [| = lim [[ [} = ]| ]

Using Corollary it can be shown that the completion of a (non-
complete) normed space is unique up to isometric isomorphism (cf. Exercise
1.5). We also record an important particular case of Theorem [1.3.2]

Corollary 1.3.5. Assume that X is a Banach space over K and Xy is a
dense subspace of X. Then every Ty € B(Xy) extends in a unique way to an
operator T € B(X), which satisfies that ||T'|| = ||To]|-

Example 1.3.6. Let a,b € R, a < b. Equip the space C([a,b]) of all con-
tinuous complex functions on [a, b] with the norm || f|ls = ([ |f(s)[? ds)"/2.
Let K : [a,b] x [a,b] — C be a continuous functionf] We can then
associate to K an integral operator Tk : C([a,b]) — C([a,b]) as follows.
Let f € C([a,b]). Since the assignment ¢t — K(s,t) f(t) gives a con-
tinuous function on [a,b] for each s € [a,b], we may define a function

Tk (f) : la,b] = C by

b

Ti(f)](s) = / K(s,t) f(t)dt for all s € [a,0].

a

We leave it as an exercise to verify that Tk (f) is a continuous function on
la, b], satisfying

TPl < ([ [ 1K, 0P dsdt) 171

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

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

Recall that C([a, b]) naturally sits as a dense closed subspace of L*([a, b]).
We therefore 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
integral operators later.

LOf course, we consider here the square [a,b] x [a,b] as a metric space w.r.t. the
Euclidean metric inherited from R2.

11
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1.4 Exercises

Exercise 1.1. Recall that ¢>°(N) denotes the space of all bounded functions
from N into C. Recall also that it is a normed space over C w.r.t. the norm
|| flloo = sup,en | f(n)|. It is often denoted by ¢*° and thought of as the space
of bounded complex sequences (under the identification f — {f(j)};jen)-

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.

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

((f)=>2_fn)
n=1
for all f € X. Clearly, ¢ € L(X,C). Show that ¢ is unbounded.

Exercise 1.2. Let Pr 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)].
te[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 1.3. Let X be a Banach space having a dense subspace X, which

is not complete. Consider the identity map Iy : Xy — Xy. Show that I,
does not have an extension to a bounded linear map from X into Xj.

Exercise 1.4. Assume that X is a normed space and Y is a Banach space
(both over K), and let {7} }xen 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 .

12



1.4. Exercises

Exercise 1.5. Assume X is a normed space over K and let (X, i) denote
a completion of Xy, that is, X is a Banach space and 7 : Xq — X is a linear
isometry such that i(Xy) is dense in X. (As mentioned in Remark
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 i/ = U o .

Exercise 1.6. Provide the details missing in Example [1.3.6]

13






CHAPTER 2

On Hilbert spaces and bounded
linear operators

2.1 Inner product spaces and Hilbert spaces

We recall that K = R or C. Inner product spaces over K should be familiar
from previous courses. In this section we give a unified review of the most
basics results about such spaces.

Definition 2.1.1. An inner product space over K is a vector space X over
K which is equipped with an inner product (-,-) : X x X — K. This means
that for x,y,z € X and A € K we have:

1 r+y,z > (m,z>+<y,z>,

) {
i) (Az,y) = Mz, y),
i) (y,z) = (z,y),
iv) (x,x) >
v) (z,x) =0 if and only if z = 0.

Remark 2.1.2. 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

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



2. 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 2.1.3. The standard example of an inner product space over K
is K", where n € N, equipped with

<X7Y> :Zx]?]7 X = (xlu"' 7$n)7y: (ylf“ 7y7‘b) € K™,
Jj=1 O

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

Theorem 2.1.4 (The Cauchy-Schwarz inequality). Let X be an inner prod-
uct space. Then we have

[{z )| < =l vl (2.1.1)

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* (2.1.2)

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

1 .
(wy) = 7z +yl° = lle—yl*) if K=R, (2.1.3)
1 3
(.y) =5 2" le+iy* if K=C. (2.1.4)
k=0

Definition 2.1.5. 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.

16



2.1. Inner product spaces and Hilbert spaces

Proposition 2.1.6 (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 2.1.7. 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 2.1.8 (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 2.1.9. An inner product space X (over K) is called an Hilbert
space (over K) when X is complete as a normed space (with respect to the
norm associated with its inner product).

Example 2.1.10. Since a finite-dimensional normed space is automatically

complete we get that K" is a Hilbert space w.r.t. its standard inner product.
O

Remark 2.1.11. 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 y'; after checking that {(z,,z,)}>2, is a Cauchy sequence in K,
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).

17



2. On Hilbert spaces and bounded linear operators

We end this section with an important class of complex Hilbert spaces
which is presumably well-known. (We could as well have considered real
L?-spaces, but we will usually focus on the complex case.)

Example 2.1.12. Let (X, A, 1) be a measure space and let L? := L*(X, A, i)
denote the associated complex L?-space. We use the convention that we
identify measurable complex functions that agree almost everywhere on
X w.r.t. p, so we write elements of L? as functions. The Banach space
(L2, - ||2) can be organized as a Hilbert space (over C) as follows.

Let f,g € L?. Then g € L* and Holder’s inequality gives that f7g is
integrable w.r.t. ;. So we can set

(f.9) = [ fgdu.

It is an easy exercise to check that this gives an inner product on L2. As
the associated norm obviously coincides with the || - |;-norm, L? is complete
w.r.t. this norm and we can conclude that L? is a Hilbert space. 0

2.2 Geometry in Hilbert spaces

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

d(xz,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
23).

Let us now consider a Hilbert space H with the metric dy associated to
its norm. If z € H and M # {0} is a closed subspace of H, then M is not
compact, so one can not use the result mentioned above. However, M is a
convex El subset of H, and, using that the norm in a Hilbert space satisfies
the parallellogram law, one can actually prove the following general result,
valid for any closed convex subset of H.

2 We recall that a subset C' of a vector space V (over K) is called convez if C' contains
the line segment between any two elements of C, i.e., if we have (1 —¢)z+ty € C whenever
z,y € Cand t € [0,1].

18



2.2. Geometry in Hilbert spaces

Theorem 2.2.1. 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 € C such that
dy(z,zc) = dy(x,C), that is, such that

lz —zc| < |l —yll forall y€C.
The vector x¢ is called the best approximation to x in C.

This result is proven in MAT3400/4400. Since a subspace is convex,
Theorem gives:

Corollary 2.2.2. Let M be a closed subspace of a Hilbert space H and
let x € H. Then there is a unique wvector xp; € M, called the the best
approximation to x in M, satisfying that

lo —zumll < llo =yl forall y € M.

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

Definition 2.2.3. Let M; and M; be subspaces of a vector space X over
K. We will say that X is the algebraic direct sum of My and M, if every
x € X can be written in a unique way as

T =mq+my for some m; € M; and mq € M, .

Moreover, if X is a normed space, then we will say that X is the direct sum
of My and M,, and write
X =M & M,,

when M; and M, are both closed, and X is the algebraic direct sum of M,
and MQ.

In this course we will mainly be interested in the concept of direct sum in
normed spaces. However, the following characterization of algebraic direct
sum will be useful.

Lemma 2.2.4. Let My and My be subspaces of a vector space X and set
My + My == {my +my : my € My, mg € Ms}.
Then the following two conditions are equivalent:
(1) X is the algebraic direct sum of My and M.
(i) X = My + My and M; N My = {0}.
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2. On Hilbert spaces and bounded linear operators

Proof. Assume (7i) holds and let x € X. Then we have v = my + my for
some my € My and my € M. Assume we also have © = m) + m}, for some
m) € M; and mf, € M,. Then we get

ml—m;:mé—mg e MiNM,.
Since My N My = {0}, this implies that m| = m; and m} = my. Thus (i)
holds.

Conversely, assume (i) holds. It then obvious that X = M; + M.
Consider y € M; N M,. Then we have y = y + 0 with y € My, 0 € My, and
y =04y with 0 € My, y € M. As y has a unique decomposition as such a
sum of vectors, we get that y = 0. This shows that M; N My = {0}, hence
that (7) holds. [ |

Corollary is the key to the following fundamental result.
Theorem 2.2.5. Let M be a closed subspace of a Hilbert space H and set
M*+={z€H:{(zy)=0 forall yc M}.

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

r=xym+ (x—2n).
Moreover, M* is a closed subspace of H and we have
H=MaoM*.

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

a) Py is linear and bounded, with ||Py|| = 1 if M # {0}.
b) (Py)* = Py.
¢) Py(H)= M and ker(Py) = M*.

(1ii) We also have
(MY =M and Pyr =1Ig— Py.

Proof. Part (i) is proven in MAT3400/4400.

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

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

for all x € H. This shows that Py, is bounded with || Py|| < 1.
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2.2. Geometry in Hilbert spaces

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

Moreover, let € H. Since Py (z) = xp € M we get that

(Pn)?(x) = Pay(war) = aar = Par(z) .

Thus (Py)? = Py;. 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
Pu(H) = M.

Finally, assume that = € ker(Pyy), i.e., xpy = 0. Then

r=x—-0=x—xy € M.

Conversely, assume that € M. Since M* is a subspace, we get that
vy =x — (xr —xp) € ML Thus 2y € M N M+ = {0}, ie., zy = 0.
Altogether, this shows that ker(Py) = M*.

(iii) 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"a (M*)*:.

Now let z € (M*)1, and set o+ := . —xpr € M*. Since xpy € M C (M*)4,
we can write

r=ax"+xy, where € Mt and zy € (M), and
r=0+ x, where 0€ M+ and =z € (M*)L

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

Finally, for z € H, we have
r=(r—xMm)+2Mm,
where (z — xp7) € M+ and 2y € M = (M+)*+. This gives that
Pyi(x)=x—xy = Iy — Py)(z).
Hence, Py = Iy — Pyy. [ |
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2. On Hilbert spaces and bounded linear operators

Remark 2.2.6. 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.
=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

An immediate, but noteworthy, consequence of Theorem [2.2.5] is:

Corollary 2.2.7. 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 2.2.8. 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 (S), 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 2.5]), 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 2.2.9. Let (X, A, 1) be a measure space and L? := L*(X, A, u).
Let £ € A and set F := E° € A. If g: X — C is measurable, we will
say that g lives essentially on E when u({aj eF:g(x)# O}) =0.

Note that if A : X — C is measurable and h = g p-a.e., then h lives also
essentially on E (you should check this). It makes therefore sense to define
Mg = { g € L*: g lives essentially on £ } .

Similarly, we can define Mp. We claim that

Mp = (Mg)*t and Mg = (Mgp)*. (2.2.1)

22



2.2. Geometry in Hilbert spaces

To prove this, assume first that ¢ € Mg and h € Mp. Then one easily
checks that g = g1 p-a.e. and h = hlp p-a.e. As ENF = &, we get

(g,h>:/ glphlp d,u:/ ghlpap dp=0.
X X

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

To show the reverse inclusion, let h € (Mg)+. Then we have
/ gh dy =0 whenever g € M.
X

In particular, since h1p € Mg, we get

/ B2 1, du = / (h1g)hdu=0.
b b
Since |h|*1g is nonnegative on X, this implies that

p({z € X+ (@) 1(x) £ 0}) = 0.

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

Altogether, we have proved that Mp = (Mg)*. Interchanging F and F,
we get that My = (Mp)*, and the proof of (2.2.1)) is finished.

Since the orthogonal complement of any subset is a closed subspace, we

can conclude from these equalities that Mg and My are closed subspaces of
L?. Theorem now gives that

L* = Mp® (Mg)* = Mg ® Mp.
Now, for every f € L?, we obviously have
f:f]-E + le,Where flEGME and leGMFZ(ME)J‘.

Hence, Theorem m also gives that the orthogonal projection of L? on Mg
(resp. Mp) is simply given by

PME(f) :f]-E (l"eSp. PMF(f) :f]-F)v

as one might have guessed. 0
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2. On Hilbert spaces and bounded linear operators

2.3 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 2.3.1. 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 agrees with the usual one when H is
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}. As was shown in MAT 3400/4400, one can uses Zorn’s
lemma to prove that every (non-zero) Hilbert space has an orthonormal
basis.

The following example is of great importance in Fourier analysis (cf. MAT
3400/4400) and is worth being recalled.

Example 2.3.2. 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,

u(A) = 1 AMA) forall Ae A,

2

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

en(t) :==e"™ forallt € [—m, 7.

Then the set B := {e, : n € Z} is an orthonormal basis of H.

More generally, one may consider the L2-space associated to an interval
la,b] and the normalized Lebesgue measure yu := ;- A. Then, letting ¢/, be
defined for each n € Z by
e (t) = e forallt e [a, b],

one may check that B’ = {e/, : n € Z} is an orthonormal basis.
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2.3. Orthonormal bases in Hilbert spaces

An immediate consequence of Corollary [2.2.8] is the following useful
characterization of orthonormal bases:

Proposition 2.3.3. 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 2.3.4. 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 K" (which one may identify with ¢2({1,...,n})).

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

B:={e,:x e X}.

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

(frex) = 3 fWealy) = > fly)

yeX ye{z}

we get that f(z) =0 for all z € X, i.e., f = 0. This shows that B+ = {0},
and Proposition [2.3.3) gives that B is an orthonormal basis for ¢2(X). Note
that B is uncountable if X is uncountable, e.g. if X = R. 0

Example 2.3.5. 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 {;};en be a sequence of vectors
in A\ {0} and set S := {x; : j € N}. Assume that Span () is dense in H.

We remark that such a sequence exists whenever H is finite-dimensional
(since repetitions are allowed in a sequence), and more generally whenever
H is separable, i.e., contains a countable dense subset.

For each n € N, set M,, := Span ({z1,...,x,}). Clearly, for each n € N,
we have M,, C M, ;. Moreover, Span (S) = U,en M.

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

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

ii) Let n € N and assume that we have constructed an orthonormal basis
B,, for M,,.
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2. On Hilbert spaces and bounded linear operators

If 2,1 € M, then set B, 1 := B,. Otherwise, set
1

T Yn+a g
Y41 j

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

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

Set now B := U,ey Bn. Then B is orthonormal, and Span (B) = Span (5),
S0

Span (B) = Span (S) = H .

Hence, B is an orthonormal basis for H. We note that B is countable since
each B,, is finite. O

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

n
r=> (x,u;)u;.
J=1
As we will soon see, a similar expansion holds in any infinite dimensional
Hilbert space.

We recall some notation. If J is a nonempty set (possibly uncountable),
and j +— t; is a function from J into [0, 00), we set

> oty = sup{ > t;: F C J, Fis finite and nonempty} € [0, 00].
jed JEF

Equivalently, >>;c ;¢; 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 2.3.6. Assume that B is an orthonormal set in an inner product
space H, and let x € H. Then

> [ < je)?,

ueB

and the set B, := {u € B:(x,u) # O} is countable.

Proof. Let F' be a nonempty finite subset of B. As F' is orthonormal, Bessel’s
inequality for F' gives that
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2.3. Orthonormal bases in Hilbert spaces

Thus we get that

sup{ > ’(x,u>‘2 : ' C B, F is finite and nonempty} < ||z|?,

ueF

which proves the first assertion. Further, this implies that the set
Boyi={ueB: |[(z,u)]* > 1/n}
is finite for every n € N. Hence, B, = U, ey Ba,n is countable. [ |
The next lemma will be useful at several occasions.

Lemma 2.3.7. Assume {u; : j € N} is a countably infinite orthonormal
subset of a Hilbert space H, and let {c;};en be a sequence in K satisfying

that
oo
> el < 0.
j=1
Then the series 3272, ¢ju; converges to some y € H, and we have that

(y,ur) = ¢ 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, = >/, ¢j u;.
Then, for any m > n, Pythagoras’ identity gives that

m m
[ym —wnlP = D lejui 2= D e
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, },en is Cauchy in H,
so it converges to some y € H, i.e., we have y = 72, ¢;u; . For each k € N,
continuity and linearity of the inner product in the first variable gives then
that (y, ur) = 372, ¢ (uj, ug) = ci . |

Theorem 2.3.8. 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

=Y (z,u)u (2.3.1)

u € By
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2. On Hilbert spaces and bounded linear operators

where B, = {u € B: (x,u) # 0} is countable (cf. Lemma |2.3.0) and

nonempty.
When B, is countably infinite, (2.3.1) means the following:

for any enumeration {u; : j € N} of the distinct elements of B, we
have

lim Ha: — i(x,uj)uj H =0, ie., o= i(x,uj)uj.

n—00
j=1 7=1

(¢) For every x € H we have ||z||* = X, cn ‘(x,u)f
The formula in (c) is called Parseval’s identity.

Proof. (a) = (b): Assume that B is an orthonormal basis for H and let
r € H\ {0}. From Lemma we know that B, is countable.

We first observe that B, # @. Indeed, suppose that B, = @. This means
that z € B+. But B+ = {0} by Proposition so 2 = 0, a contradiction.

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

Ior

[z, u)* < 2]

7=1

Applying Lemma m with ¢; = (z,u;) for every j € N, we get that the
series 3222 (¥, u;) u; converges to some y € H, which satisfies that

(y,ug) = cx = (x,ug) for every k € N.

Moreover, if u € B\ B, , we get that

o0

(y.u) =D (@ uy) (uj,u) = 0= (2, 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

o¢]
Izl = 3~ [(z,uy)
j=1
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2.3. Orthonormal bases in Hilbert spaces

n

Hence, given € > 0, we can find n € N such that ||z[|* — X7,

giving

2
‘(:)3, uj>‘ <e,
9 " 2 2
Izl = < 3 [@up)| < 3 [(a,uw)
=1
2

Since this holds for every £ > 0, we get that ||z|* < Y, c5 ‘(x, u>’ . Com-
bining this inequality with Lemma we see that (c¢) holds.

(¢) = (a): Assume |[z|* = X,z ‘(x,u)’Z for every x € H. If z € B,

i.e., (z,u) = 0 for every u € B, then we get ||z||* = 0, so z = 0. Hence,
B+ = {0}, and Proposition [2.3.3 gives that (a) holds. |

Remark 2.3.9. The Fourier expansion of  in Theorem [2.3.8] (b) can be

written in the form
r=> (zr,u)u (2.3.2)
ueB

if one takes care of giving a meaning to convergence of generalized sums in
normed spaces. We discuss this in Exercise In these notes, we will
sometimes use ([2.3.2)) as a short form of the Fourier expansion of x given by
@-31). O

Example 2.3.10. Let M be a closed subspace of a Hilbert space H and
suppose 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 y; == Py(x) € M and 2t := x — 25, € M+, and note that z,; # 0.
Now, for each v € C, we have

(z,v) = (zpr,0) + (25,0) = (zpr,0) .

Hence, C, = C,,,. Moreover, applying Theorem to M, xp € M\ {0}
and C, we get that
Ty = Z (xpr,v) 0.

vECay,

Using our previous observations, this formula can be rewritten as

Py(z) =Y (z,0)v.

v € Cy

It generalizes the usual formula for Py;(x) when M is finite-dimensional.
O
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2. On Hilbert spaces and bounded linear operators

An immediate consequence of Theorem [2.3.8]is the following:

Corollary 2.3.11. 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

(o]
T = Z (x,vp) Vg
k=1

for all x € H, if and only if

o0
el = 3 [, 0n)
k=1

‘ 2

forall z € H.

Example 2.3.12. Let B = {e,, : n € Z} denote the standard orthonormal
basis for H = L*([—n, 7|) described in Example For f € Handn € Z
it is common to set

— 1

Fln)i={fren) =5 [ f@e ™ dAD),

which is called the Fourier coefficient of f at n. The Fourier expansion of f
w.r.t. B is then written as

f: Z f(n)ena

nez

meaning that

f=Jim S fmen (wrt -l

This follows from Corollary 2.3.11] by enumerating B as eg, e_1, €1, €_2, €a,
etc. Similarly, we have

1/2

171 = (3 [Fmf) O

2.4 Adjoint operators

Let X be a normed space (over K). We recall that the dual space X* consists
of the bounded linear functionals on X (with values in K), and that X* is
a Banach space w.r.t. the norm ||¢|| := sup{|p(z)|: z € X1}, p € 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, as was shown in MAT3400/4400.
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2.4. Adjoint operators

Theorem 2.4.1. Let H be a Hilbert space (over K). For each y € H, define
oy H—=K 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

Phiyi+rays — /\71(10?;1 + ngon
for all Ay, Ao € K and all yy,y2 € H.

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.

Theorem 2.4.2. Let H be a Hilbert space (over K). 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)) (2.4.1)

forallz,y € H.
The x-operation on B(H), T +— T*, enjoys the following properties:
For all S,T € B(H) and all o, B € K, we have

e i) (aS+BT) =aS +3T*; i) (ST)* =T*S*; iii) (T*)* =T
e ) [T =|Tll; o) |T°T) =T

Remark 2.4.3. If H and K are Hilbert spaces (over the same K), then one
may associate to each T' € B(H, K') a unique adjoint operator 7* € B(K, H)
satisfying forall z € H and all y € K, and enjoying similar properties.
We leave this as an exercise. [

Proof of Theorem[2.4.3 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 — K defined by

o(x) = (T(z),y) forallze H,
is a linear functional on H. Moreover, as we have

(T(), )| < IT@ Iyl < 1T] =] [yl
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2. On Hilbert spaces and bounded linear operators

for all x € H, ¢ is bounded with ||¢|| < ||T]||y||. Hence, ¢ € H*, and
Theorem [2.4.1] gives that there exists a unique vector in H, that we denote
by T*(y), such that ¢ = pr«( , i.e., such that

(T'(x),y) = (,T"(y)) (2.4.2)

for all x € H. This theorem also gives that

1T = ezl = el < [T lyll- (2.4.3)

Since 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 (2.4.2), it is
clear that holds for all z,y € H.

To show that T is linear, let y,3’ € H and « € K. Then, for all x € H,
we have

(2, T"(ay +¢)) = (T(x),ay +¢)

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

Next, from ([2.4.3), we see that T* is bounded with || 7*|| < ||T"||. To show
the asserted uniqueness property of 7%, assume that S € B(H) satisfies the
same property as 1™, i.e.,

(T'(x),y) = (z,S(y)) forall z,y € H.

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

(2,5(y)) = (T(x),y) = (&, T"(y)) -

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

other properties, let ' € B(H). Then, for each y € H, using equation (2.4.1])
for T™ instead of T', we get that, for all z € H, we have

{2, (T7)"(y)) = (T"(2),y) = (y, T*(x))
= (T'(y),z) = (x, T(y))

This implies that (7*)*(y) = T(y). Thus, (T*)* =T, i.e., ii) holds

32



2.4. Adjoint operators

Now, we have seen that || T*|| < ||T|| holds for all T € B(H). Thus we
get
1= 11T < N7 < T[] -
Hence || T*|| = ||T||, i-e., iv) holds.
Further, using iv), we get ||[T*T|| < [[T*||||IT]] = ||IT||*>. On the other
hand, for every x € H, we have

IT@)I* = (T(@), T(x)) = (&, T(T(x)))
— | (T T)@))| < all ITT)(@)]
< |77 e

This implies that ||T]|> < [|T*T||. Hence we get |T||*> = ||T*T||, i.e., v)
holds. |

Example 2.4.4. Consider H = K" for some n € N with its usual inner
product, and 7' € 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 K = R, then
we just get A* = AL,

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

(T4)* = Tas.

To prove this, let 2,y € H. Recall that (z,y) = z'7. So we get
(Ta(x),y) = (Av)'y = 2" A"y = 2" A%y = (2, Tu- ().

Since this holds for all z,y € H, this implies that (T4)* = T4~ , 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 .
1" = ([T15) -
We leave the verification of this fact is left as an exercise. O

Example 2.4.5. Assume H is a Hilbert space having a countably infinite
orthonormal basis B, enumerated as B = {u; }jen. Let {A;},en be a bounded
sequence in K, and set

M = sup{|\;| : j € N} < o0.
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2. On Hilbert spaces and bounded linear operators

We claim that there exists an operator D € B(H) satisfying
D(uy) = Apuy,  for each k € N. (2.4.4)
Indeed, consider z € H. Then Parseval’s identity gives that
i N ()| < a2 2\@,@\2 — M2 ||z < .
Hence, Len]n_na [2.3.7 gives that thje_vector
D(z) := Zl Aj (2, ) g
=

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

R 2
ID@)? =3 | A o, wp)|” < M2 ]2
j=1

It follows now readily that the map x — D(z) gives an operator D in B(H)
satisfying (2.4.4) and || D] < M. Since

D= (D Cur) [} = 1Ak wnll = [ A

for all k£ € N, we also have that ||D|| > M. Hence, ||D| = M.
The operator D is called the diagonal operator associated to {\;};en
(w.r.t. B).

We note that the adjoint of D is the diagonal operator associated to
{ A bren (w.r.t. B), that is, D* satisfies that D*(uy) = Ay uy, for all k € N.

Indeed, let k € N. Then, for any x € H, we have:

<x, D*(uk)> = <D(x), uk> = <§)\j (x, uj)uj, uk>
= 3 (e 1) {5, ) = e, ) = (o R

Now, if y,z € H, we have y = z & (z,y) = (x,z) for all x € H. (Why?
Think of it!) Thus this implies that D*(ug) = A, ug, as desired.

Note that if H = ¢* and B = {e;};en is the standard orthonormal basis
of H, then the diagonal operator associated to a bounded sequence {\;};en
(w.r.t. B) is the operator D : ¢ — (* given by

[D(&)](n) =N\, &(n) foralln € N.
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2.4. Adjoint operators

Example 2.4.6. Let again H be a Hilbert space having a countably infinite
orthonormal basis, enumerated as B = {u; } jen. Another interesting operator
in B(H) is the right shift operator S on H (w.r.t. B), which satisfies

S(ug) = ugyr forall k € N, (2.4.5)
i.e., S(uy) = ug, S(uz) = us, etc. We first show that S exists. Since

o0
Z [{z, 1) Z (2, u;)| |a:||2 < 0
n=2

for all x € H, we may use Lemma_ to define a map S : H — H by

o0

S(z) = (x,up1) uy .

n=2

It is easy to verify that S is a linear isometry satisfying that S(u,_1) = u,

for all n > 2, i.e., such that (2.4.5) holds.
The adjoint of S is the bounded operator S* on H which is determined

by
0 ifk=1,
S*(uy,) = .
Up_y if k>2

for k € N. Indeed, for any x € H, we have

o0

(, 8" (1)) = (S(@), ur) = 3 (@, 1) {thn, u1) = 0 = (x,0),

n=2
while for £ € N, £ > 2, we get
<x, S*(uk)> = <S(m), uk> = (@, up1) (U, ur) = (2, up_1).
n=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, it is not even injective since S*(uy) = 0.
O

Example 2.4.7. Let (X, A, 1) be a measure space. Set L™ := L>®(X, A, u)
and H := L*(X, A, ). To each f € L> we may associate a "multiplication"
operator My € B(H) given by

M¢(g) = fg forallge H.
(You should check that this is meaningful.) Since for all g, h € H we have

ny = [ fahdu= [ g Th du=(g.0; (1)),
we get that (My)* = M. O
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2. On Hilbert spaces and bounded linear operators

Example 2.4.8. Let K : [a,b] x [a,b] — C be a continuous function and
let Ty denote the associated integral operator on H = L?([a,b]) determined

on C([a,b] by

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

cf. Example We leave it as Exercise to check that (Tx)* = Tk-,
where K*(s,t) :== K(t,s) for all s,¢ € [a,b]. 0

Example 2.4.9. Let v,w € H and consider the linear operator 1), ,, : H —
H defined by
Tyw(x) = (z,0)w foralzeH.

Note that if v,w € H \ {0}, then T,, has rank one, i.e., its range has
dimension one. It is an instructive exercise (cf. Exercise to check that
Ty is bounded, with norm |7, .|| = ||v]| ||w||, and satisfies (Ty)* = Tipo-
One may also show that if 7" € B(H) has finite-rank, meaning that the
range of T is finite-dimensional, then 7" may be written as a finite sum of
rank one operators in B(H), which implies that 7™ has finite-rank too. [

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 2.4.10. Let H be a Hilbert space (over K) 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 (2.4.1)). Using
Exercise 2.5 with N = T(H), we get that T(H) = (T(H)")" = ker(T*)".
The second equality in (b) is shown similarly (or by replacing T with T* in
the first one). [ |

Corollary 2.4.11. Let H be a Hilbert space (over K) and let T € B(H).
Then T'(H) is dense in H if and only if T* is 1-1.

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

As T* is linear, we also have ker(7*) = {0} < T* is 1-1. [ |
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2.5. Self-adjoint operators

As another illustration, we finally mention:

Proposition 2.4.12. Let H be a Hilbert space (over K) 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*)™' = (T1)*.

Proof. Left to the reader as Exercise [2.19] |

2.5 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 2.5.1. Let H be a Hilbert space (over K). An operator ' € B(H)
is called self-adjoint when T* = T', that is, we have

(T'(x),y) = (x,T(y)) forallz,y e H.

If K = C, a self-adjoint operator in B(H) is also called Hermitian, while it
is often called symmetric if K = 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 2.5.2. Let A = [a;;] € M,(K) and let T4 € B(K") denote the
operator given by multiplication with A (cf. Example . Then Ty is
self-adjoint if and only if A* = A, ie., a;; = aj; forall j,k e {1,...,n}. In
particular, when K = R, T4 is self-adjoint if and only if A is symmetric. 0

Example 2.5.3. Assume H is a Hilbert space with a countably infinite
orthonormal basis B, enumerated as B = {u; }en.

Let D denote the diagonal operator associated to a bounded sequence
{Aj}jen in K (wr.t. B), so D(u;) = Aju; for every j, cf. Example [2.4.5]
Then D is self-adjoint if and only if \; = \; for all j € N, i.e., \; € R for all
J € N. In particular, D is always self-adjoint when K = R.

Let S denote the right shift operator on H (w.r.t. B), so S(u;) = ;41 for
every j € N. As we have seen in Example 2.4.6] S* is the left shift operator,
and it is obvious that S* # 5. So S is not self-adjoint. B

Example 2.5.4. Let (X, A, ;1) be a measure space and set H := L*(X, A, u1).
Let f € L>*(X, A, 1) and consider the multiplication operator M; € B(H),
cf. Example m Then M; is self-adjoint if and only if M7 = 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) is assumed to
be semifinite (cf. Exercise [2.24]).
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2. On Hilbert spaces and bounded linear operators

Example 2.5.5. 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
2.4.80 Then, since (Tk)* = T~ (where K*(s,t) = K(t,s)), we get that Tk is
self-adjoint if and only if T+« = Tk . 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. 0

Example 2.5.6. Let M be a closed subspace of a Hilbert space H and let
P, denote the ortogonal projection of H on M. Then P, is self-adjoint.

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

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

(Pu(x),y) = (Pu(x), Pu(y) +y — Pu(y))
= (Pu(z), Pu(y)) + (Pu(z), y — Pu(y))
= (Pu(z), Pu(y))
= (Pu(z), Pu(y)) + (z — Pu(z), Pu(y))
= (Pu(z) +x — Pu(x), Pu(y))
= (z, Pu(y))

g

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 2.5.7. Let H be a Hilbert space (over K) and T € B(H).

Then the opemtors T+T* T*T and T'T* are all self-adjoint. Moreover,
if K= C, then + - (T —1T%) is also self-adjoint.

Proof. The reader should have no difficulty to verify these assertions by
using the properties of the x-operation on B(H) listed in Theorem [2.4.2]

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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2.5. Self-adjoint operators

Corollary 2.5.8. Let H be a Hilbert space over C and let T' € B(H). Set
1

:Z

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 The second
one is elementary. [ ]

Consider a bounded operator 7" on a Hilbert space H # {0}. The
numerical range of T is defined as the subset of K given by

Wr = {(T(z),z) 1z € H,||z]| = 1}.

Some properties of T" are reflected in the geometric properties of Wy and
Wi, cf. Exercise [2.34, We will mainly be interested in the numerical radius
of T, which is defined by

Ny :=sup{ |\ : A € Wr} =sup{ (T'(z),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 W7 C R. Indeed,
if T* =T, then for every x € H, we have

(T'(z),z) = (2, T(x)) = (T'(z),z),
and the claim clearly follows.

Theorem 2.5.9. Let H be a Hilbert space, H # {0}, and let T' € B(H) be
self-adjoint. Then we have
1T} = Nz

Proof. Tt suffices to prove that ||T|| < Nr, hence that
|T(x)|| < Np forallze Hi ={x e H:|z| <1} (2.5.1)

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 U

so v = ||v]| u, then
(), 0)| = ol (T(u), u)| < N fv].
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2. On Hilbert spaces and bounded linear operators

Let now x € Hy. If T(z) = 0, then the inequality in (2.5.1)) is trivially
satisfied, so we can assume that T'(x) # 0 and set y := mT([L') € H,.
Then we have

1
1T ()|

1T ()]l = (T'(x), T(x)) = (T(x), y). (2.5.2)

Similarly, || T(z)|| = (y, T'(z)). As T is self-adjoint, we get
1T (@)l = (T(y), ). (2.5.3)

Combining (2.5.2)) and (2.5.3]), and using our previous observations, as well
as the parallellogram law and the fact that ||z|| < 1, |ly|]| = 1, we get

1T (@) = 5 ({T(x),y) + (T(y), )

(T(z+y),x+y) — (T(x—y),z—y))

|
/N /N

< < Nr (le+ylP + o - yl?)

I e

Ny (Il + lly11°)

IN
5

This shows that (2.5.1]) 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 T. 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 2.5.10. 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) =t on [0, 1], c¢f. Example [2.5.4]
Then we leave it as an exercise (cf. Exercise to verify that 7" has no
(complex) eigenvalues. O

We will see in Chapter 4 that every compact self-adjoint operator can be
diagonalized in the sense mentioned above. Theorem [2.5.9| will help us to
make the first step in this direction, by showing that a compact self-adjoint
operator T has at least one an eigenvalue, namely ||T|| or —||T||.
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2.6 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)) = (z,y) forall z,y € H.

Proposition 2.6.1. Let H # {0} be a Hilbert space (over K) and let
S :H — H. Then the following conditions are equivalent:

(1) Se€B(H) and S*S = Iy ;
(13) S is linear and preserves the inner product;
(791) S is a linear isometry.

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

o i o, (S S = (S5 = ().

(17) = (4i1): Any map preserving the inner product is isometric, so this is
evident.

(7i1) = (¢): 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),z) = ((5"S = I)(z),2) = (S(x), S(x)) — (z,2) = ||S(x)|* — |=[|* = 0

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

Example 2.6.2. Assume H is finite-dimensional and S : H — H is a
linear isometry, so S*S = Iy, cf. Proposition 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 = Iy, we get that S~! = S*. In particular, we
also have SS* = Ig.

Remark 2.6.3. 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 [2.4.0], whose range does not contain the first basis
vector; in this case, we have S*S = Iy, while SS* # Iy (cf. Exercise .

U
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2. On Hilbert spaces and bounded linear operators

Definition 2.6.4. Let H be a Hilbert space (over K). An operator U €
B(H) is called unitary when it satisfies

U'U=0U"=1Iy.

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

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

Proposition 2.6.5. Let H be a Hilbert space (over K) and let U : H — H.
Then the following conditions are equivalent:

(1) U € B(H) and U is unitary;

i is bijective, linear and preserves the inner product;
(i) U is bijective, li dp the inner product:
(i7i) U is a surjective linear isometry.

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

(#4) = (i73): This implication is evident.

(731) = (i): Suppose U is a surjective linear isometry. As a linear isometry
is injective, U is bijective. Moreover, Proposition [2.6.1] gives that U*U = Ig.
So we get that U~! = U*, i.e., U is unitary, and (i) holds. [ |

Example 2.6.6. Assume H has a countably infinite orthonormal basis B
and D is the diagonal operator associated to a bounded sequence {\;};en

in K (w.r.t. B).
~ Then it is straightforward to check that D is unitary if and only if
ANAj=1,1e, || =1, forall j € N. O

Example 2.6.7. Let (X, A, ;1) be a measure space and set H := L*(X, A, p1).
For f € L*(X, A, n), consider the multiplication operator M; € B(H).
Then we clearly have

(My)" My = M2 = My (My)",

so we see that M is unitary whenever |f| =1 p-a.e. The converse holds if
p is semifinite, cf. Exercise 2.31] O

Example 2.6.8. Let H = (*(Z). We may then define the bilateral forward
shift operator U : H — H by

UE)](7) =& —1) forall & € H and all j € Z.
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2.6. Unitary operators

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

Clearly, U is also linear. Moreover, it is surjective: if n € H, then we
have U(§) = 1, where £ is defined by £(7) :=n(j + 1) for every j € Z (since
we may here argue as above to see that £ € H).

We may now conclude from Proposition [2.6.5|that U is unitary. Its adjoint
U* = U~ is called the bilateral backward shift operator (on H = (*(Z)). We
note that if B = {e,}.cz denotes the canonical basis of H = (*(Z) as in
Example 2.3.4] then we have

Ulen) =ep1 and U(e,) =e,—1 forallneZ. .

Example 2.6.9. 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 z € R and f € L*(R, A, i), 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 p, we get that

118 = [ 1£0)Pduty) = [ £ty =) Pduty) = [ 1£6)Pduty) = 1F15:

It follows that the map U, : H — H given by U,(f) = f, for each f
in L?(R, A, 1) is a well-defined unitary operator on H, satisfying that
(U)* =U_, (and Upyr = U, Uy for all z, 2" € R). You are asked to provide
all the missing details in Exercise [2.33 O]

Let now H, K be Hilbert spaces (over K). 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 [2.6.5] 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* = Ix. (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 2.6.10. 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 7 : B — C by

(u) == (x,u) forallueB.

8)
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2. On Hilbert spaces and bounded linear operators

Note that Parseval’s identity says that >,c5|Z(u)[* = ||2[|*. In particular,
we have T € (?(B) and ||Z|| = ||z||. Thus we can define an isometric map
U: H — (*(B) by

U(x)=2z forallz e H.

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

Be :={ue B:&(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

21 1&(u;)[* < 00, so Lemma gives that 352, £(u;) u; is convergent
in H.
Thus we may define z € H by z := 3.y &(u;) u;, and we then have

B(u) = (z,u) = Y &§(u;){uj,u) =

JEN

E(uy) if u =y for some k € N,
0 ifUEB\B&,

i.e., T(u) = &(u) for all uw € B. Hence, U(z) = &, 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 2.6.11. Theorem [2.6.10] is also true when H # {0} is a Hilbert
space over R, but one has then to replace ¢?(B) with the real (*-space

BB)={¢:B-R: > g < oo, }

ueB

considered as a Hilbert space over R.

Remark 2.6.12. If H # {0} is a Hilbert space over C, and B, 5" 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). g

2.7 Exercises

In the exercises of this chapter, H always denotes a Hilbert space over K,
unless otherwise stated.
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Exercise 2.1. Let X be an inner product space. Check that the parallelo-
gram law and the polarization identities hold.

Exercise 2.2. 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 closed unit ball H; is not compact.

Exercise 2.3. Consider X := (*(N) as a metric space w.r.t. d(f,g) =
IIf — gll.. Let A be the subset of X given by

A:={a™: NeN},

where a™(n) =1if 1 <n < N and a™(n) =0 if n > N.
a) Show that A is closed in X.
b) Let © € X be given by x(n) =14 1/n for all n € N.
Show that d(z, A) = 1 and that 1 < d(x,a™) for all N € N,

Exercise 2.4. Let c € H,r > 0andset B := B.(¢c) ={y € H : |ly—¢|| < r}.
Check that B is closed and convex, and give a formula for x5 when z € H\ B.
Exercise 2.5. 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 = (S*+)*+. Deduce also that if N is a subspace of H, then N = (N+)+.
Exercise 2.6. Let M be a closed subspace of H and = € 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 x —y € M*.

Then show that Py () is the unique vector y in M such that z —y € M*.

Exercise 2.7. 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).

Exercise 2.8. Let (X, A, 1) be a measure space and E € A.

Set Ap ={A N E:Ae A} and let g = j14, denote the restriction of
i to Ag. As should be well-known, (E, Ag, ug) is a measure space.

Show that there exists an isometric isomorphism from L*(E,Ag, ig)
onto the space Mg defined in Example [2.2.9] i.e.,

Mg = {g € L? : g lives essentially on E} :
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2. On Hilbert spaces and bounded linear operators

Exercise 2.9. Consider H = L?([a, b], A, ut), 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::{QEH: /[aﬂgd,u—O}.

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 2.10. Let H,, Hy be Hilbert spaces over K and consider
H = H1 X H2 = {(l’l,l’2> X € Hl,(L’Q c Hg}

as a vector space over K when equipped with its natural pointwise operations.
For (mlaxZ)a (ylvyZ) € H7 set

(w1, 22), (Y1,92)) = (T1,91) + (22,92) -

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 = (el + [lz2]*)"2.

b) Set Hy := {(x1,0) : 2y € Hy} and Hy := {(0,22) : 25 € Hy},

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

Check also that H = H, @® H, and describe the orthogonal projection
from H on Hy (resp. H,).

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

Exercise 2.11. Let H # {0}. Show that the following conditions are
equivalent:

(a) H is separable (i.e., H contains a countable dense subset);
(b) H contains a countable subset S such that span(.S) is dense in H;

(c) H has a countable orthonormal basis.

Exercise 2.12. In the context of Fourier analysis described in Example

and Example the formula
~ 2\ 1/2
Il = (X |[fm)]) "

newz
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is a special case of Parseval’s identity stated in Theorem c).
a) Set f(t) =t for all t € [—m, 7]. Compute the Fourier coefficients of f.

o) 1 2

Then use Parseval’s identity to show that >, -5 = % .

b) Set g(t) = e’ for all t € [—m, 7r]. Use Parseval’s identity to obtain a

formula for the sum of the series > 77, H%H )

Exercise 2.13. Let H = L*([—1,1], A, 1), where A denote the Lebesgue-
measurable subsets of [—1, 1] and g is the restriction of the usual Lebesgue
measure to A.

For each n € {0} UN, let p,41 : [—1,1] — C be defined by p,1(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] :ne{0}UN } for H, where each ¢, is
the polynomial on [—1,1] given by

Vit ﬁ((ﬁ—n").

2r ! dtn
(These polynomials are called the normalized Legendre polynomials.)

qn+1 (t) =

Exercise 2.14. Let H;, H, be Hilbert spaces over K and consider
H := Hy x Hy = {(x1,23) : 1 € Hy, x5 € Hy}
as a vector space over K when equipped with its natural pointwise operations.
For (x1,x9), (y1,y2) € H, set
(1, 22), (Y1, 92)) == (x1,01) + (22, 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, @2)ll = (lza|® + fla]?)!2.

b) Set Hl = {(.Z'l,O) X € Hl} and ﬁg = {(0,1‘2) T Xo € HQ},

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

Check also that H = H; @ H, and describe the orthogonal projection
from H on H, (resp. H,).

Note: The Hilbert space H is called the external direct sum of Hy and Hs.
¢) Assume B; and B; are orthonormal bases for H; and Hs, respectively.

Find an orthonormal basis B for H.
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Exercise 2.15. 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;};es be a family of
elements of X, and v € X. Then one says that the generalized sum > ;¢ ; ;
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

I:Z(L’j.

jed
Consider a Hilbert space H # {0}, B an o.n.b. for H, and x € H.

a) Show that we have

r=Y (z,u)u.

ueB

b) Show also that if M # {0} is a closed subspace of H and C is an
orthonormal basis for M, then we have

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

veC

Exercise 2.16. Assume that H # {0} is finite-dimensional and T': H — H
is linear. Let B be an orthonormal basis for H, and let [T]z denote the
matrix of T relative to B.

Show that [T*]s = ([T1s) .

Exercise 2.17. Let T' € B(H). Assume Hj is a dense subspace of H which
is invariant under 7', that is, we have T'(Hy) C Hy, and let Ty € B(H,) denote
the restriction of 7" to Hy. Further, assume there exists some Sy € B(H)
such that

<T0(ZL'),y> = <ZL’, SO<y>> for all T,y € HO-

Show that T* = S, where S € B(H) is the unique extension of Sy provided
by Theorem [1.3.2]

Exercise 2.18. Show that the formula for (T)* in Example is correct.
Hint : Consider Hy = C([a,b]) and use Exercise 2.17

Exercise 2.19. Prove Proposition [2.4.12}
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Exercise 2.20. Let v, w € H and consider the linear operator T, , : H — H
defined by
Tyw(x) = (zr,v)w forallze H.

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

a) Show that T, ,, is bounded with norm |75, | = ||[v|| ||w]]. Then show
that (T,.)* = T

b) Show that every 7" € 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, T # 0. Show that 7" 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 7" € B(H) is a finite-rank operator, then so is 7.

Exercise 2.21. Let T' € B(H) and let M be a closed subspace of H. Recall
that M is said to be invariant under 7" when T'(M) C M. Show that

M is invariant under 7" if and only if M+ is invariant under 7.

Exercise 2.22. Let H and K be Hilbert spaces over K, 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) = (x,T*(y)) forallz e H and all y € K.

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

o i) (aT+BT) =aT*+BT'*; i) (ST)* =T*S*; iii) (T*)* =T,
« W) (T =T v) 1TT] = 1T
Exercise 2.23. Let T' € B(H).
a) Show that ker(7") = ker(T*T") and T*(H) = (T*T)(H).
b) Assume T is normal, i.e., satisfies 71T = T'T*. 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
eigenvalue of T, and that EI"~ = EY.
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d) Assume H has a countably infinite orthonormal basis B3, enumerated
as B = {u;},en, and let S € B(H) be the right shift operator (w.r.t. B). Set
T=_5"

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

Further, 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 T is not normal.)

Finally, show that S has no eigenvalues, while every A satisfying [A| < 1
is an eigenvalue of T

Exercise 2.24. Let (X, A, ;1) be a measure space. One says that (X, A4, u)
is semifinite when the following condition holds: if £ € A and u(E) = oo,
then there exists /' C E, F' € A such that 0 < pu(F) < oo.

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

Assume from now on that (X, A, p) is semifinite. Set H := L*(X, A, ).
Let f € L>(X, A, 1) and consider the multiplication operator My € B(H)

defined in Example [2.5.4]
b) Show that |[M¢[| = || f]cc-

¢) Show that if M, is self-adjoint, then f is real-valued p-a.e. (As
observed in Example the converse is true without any restriction on

(X, A, 1))

Exercise 2.25. 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 2.26. Let H # {0}.

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

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

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

Exercise 2.27. Show that the set B(H)s, := {17 € B(H) : T* = T} is
closed in B(H) (w.r.t. operator norm).
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Exercise 2.28. Let H # {0}. If T' € B(H) is self-adjoint, we have seen that
Wr C R; of course, if K = 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;
(11) Wp CR;
(zit) (T'(z),xz) € R forall z € H.
Exercise 2.29. A self-adjoint operator 7" in B(H) is called positive when

(T'(x),z) >0 forallze H, (2.7.1)

in which case we write 17" > 0.
(We note that if K = C and 7' € B(H) satisfies (2.7.1), 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 —S*S) > 0.

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

c¢) Assume that T, 7" € B(H) are positive and A € [0, 00).
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 2.30. 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 2.5.4 Show that 7" has no
(complex) eigenvalues.

Exercise 2.31. Let (X, A, ;1) be a semifinite measure space (cf. Exercise
2.24), and let f € L>*(X, A, u). Suppose that the multiplication operator
My on H = L*(X, A, n) 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, p).)
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Exercise 2.32. Assume H # {0} is separable (cf. Exercise[2.11)) and infinite-
dimensional. Let then B be an orthonormal basis for H indexed by Z, say
B = {v;}rez. One may then define the bilateral shift operator V : H — H
(w.r.t. B) by

V(z)=> (z,vp)vppr forallz € H, ie., by

kEZ

n

Vz) = lim 2: (x,vp) Vg1 forall x € H.

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

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

c) Assume K = C. Let U : H — (*(Z) denote the isomorphism of Hilbert
spaces defined in the proof of Theorem [2.6.10, Show that UV U™ is the
bilateral forward shift operator on ¢*(Z).

Exercise 2.33. Provide all the details missing in Example

Exercise 2.34. Let T be a bounded operator on a Hilbert space H # {0}.
Check that the following properties of W and Np hold:

(a) Wp« = {X A e WT}; hence, Ny« = Np.
b) Wr contains all the possible eigenvalues of T'.
d) Wyru~ = Wr, hence Nyry+ = Ny, for every unitary U € B(H).

)
)
c) Waorspry, =aWr+p  forall o, € K.
)
e)

(
(
(
(e) Wy is a compact subset of K when H is finite-dimensional.

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

52



CHAPTER 3

On Banach spaces and
bounded linear operators

3.1 Quotient spaces

When given a vector space (over K) and a subspace M of X, a useful
construction is to form the quotient space X/M. It is defined as follows.
Recall that if x € X, then

r+M:={z+m:meMC X}
As a set, the quotient space X/M is given by
X/M :={x+M:zeX}

Note that we may define an equivalence relation ~,; on X by x ~,; 2’ if
and only if 2’ — x € M; the equivalence class of x is then precisely the set
x 4+ M, and we have that

r+M=2'4+M < ' —z €M
We can organize X/M as a vector space (over K) by setting
(x+M)+y+M)=(@+y)+M, ol@+M):=(azx)+M

for all z,y € X, a € K. We leave it as an easy, but tedious exercise to check
that these operations are well-defined and do turn X /M into a vector space.
The zero element in X/M is of course 0 + M = M.

The canonical surjective map @ : X — X/M defined by

Qz):=ax+M forallze X

is called the quotient map. It is obviously linear.
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Example 3.1.1. Assume H is a Hilbert space (over K) and M is closed
subspace of H. Then it is not difficult to identify H/M.

Indeed, thinking of x + M as a translate of M, and setting x;; :=
Py(z) € M, we see (make a drawing!) that we can pick z — 2, € M+ as a
representative of x + M. Now, defining T : H/M — M~ by

T(x+ M) :=xz—mxy forallze H,

it is not difficult to verify that 7' is well-defined, linear and bijective. Hence
H/M is isomorphic to M~ as a vector space.

Note that, as M+ is a normed space, we may equip H/M with a norm
by setting

[+ M| := T (z + M)|| = [l — zal| = inf{{lz —m[ : m € M}

for every x € H. In other words, ||z + M]|| is the distance form = to M.
Inspired by this formula, we will also get a norm on X/M whenever X is a
normed space and M is a closed subspace of X.

Definition 3.1.2. Assume X is a normed space (over K) and M is a
subspace of X. Then, for all x € X, we set

|z + M| :=inf{||z — m] : m € M}.

Proposition 3.1.3. Assume X is a normed space (over K) and M is a
subspace of X. Then we have:

a) The map x + M — ||x + M| from X/M to [0,00) is a seminorm on
X /M ; it gives a norm on X/M (called the quotient norm) if and only
if M is closed.

b) If M is closed, then the quotient map Q : X — X /M is bounded, with
QI < 1.

Proof. a) We first check that the map  + M — ||z + M|| is well-defined.
Assume v + M = 2/ + M. Then 2/ = x + m/' for some m’ € M, so

|z + M|| = inf{||2" —m]| : m € M} = inf{||z — (m —m)|| : m € M}
= inf{||jz — m"|| : m" € M} = ||l + M||.

Next we show that the triangle inequality holds. Consider x + M,y + M €
X/M. Let £ > 0. We may then find m;, my € M such that

[ —mall <l + Ml +2/2, [ly —mall < lly + M|[ +¢/2.
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As my +my € M, we get (using the triangle inequality in X') that

1@+ M)+ (y+ M) = [l(z+y)+ M| < llz+y— (m1+my)
<l =mall + [ly = mal <z + M| + |y + M| + ¢

Since this holds for all € > 0, we get
(@ + M)+ (y+ M) < |lz+ M| + [ly + M].

The homogeneity property is easily verified, so we skip the proof. Since the
map x + M +— ||z + M|| takes non-negative values for each x € X, we get
that it is a seminorm on X /M.

Moreover, for x € X, we have

reM & inf{||lz—m|:meM}=0<& |z+ M| =0,

and the last assertion in a) readily follows.
b) Assume M is closed. Then for all x € X, we have

|Q@)I| = o+ M| = in{[}z —m|| : m & M} < |l (since 0 € M),
so @ is bounded with ||Q| < 1. |

Theorem 3.1.4. Assume X is a Banach space (over K) and M is a closed
subspace of X. Then X/M is a Banach space (w.r.t. the quotient norm).

Proof. Let {Z,}nen be a Cauchy sequence in X/M. To show that it is
convergent (thereby showing that X /M is complete), it suffices to show that
it has a convergent subsequence[l.

We first choose n; € N such that

1
n,m>ny = ||Z, — Zn| < 3"
Then we choose inductively nqy < ng < --- <n; <--- in N such that
. 1
ieN and n,m>n; = || Z, — Zul| <gi
For each i € N, set Z! := Z,,,. By the above inequality we then have

1
1Z1 — Zi|| < 5 for all - € N.

'If you are not familiar with this fact from a previous course you should prove it.
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3. On Banach spaces and bounded linear operators

Our goal is to show that {Z!};cn is convergent. (Since {Z!}ien = {Zn, }ien
is a subsequence of {7, },en, this will finish the proof.)

We first write Z] = 1+ M for some x; € X. Next, we write Z = xb,+ M
for some 2, € X. Since

1
(2 = 21) + M| = [[(y + M) = (@1 + M)[| = |2, = 41| < 5,
we can find my € M such that ||(zh — 1) — ma| < 3.
We now set x9 := 2, — my € X. Then we have

1
Zy=ah+ M =1x9+ M and ||m2—m1||<§.

Proceeding inductively as above, we can find for each ¢ > 2 some z;,; € X
such that

1
Ziy=ai + M and ||z — x| < 50

Note that the sequence {z;};cn is then a Cauchy sequence in X. Indeed,
consider n > m > 1, so n = m + k for some k € N. Then

k k
120 = 2l = || S @mss = Tmased)| < D Wy — T |
Jj=1 j=1

| 1 &1 1
< 9 mtj—1 om — 2j-1 < gm—1"

J

J

—

1

Since 51 — 0 as m — oo, it is clear that we can make ||z, — z,,|| as small
as we want by choosing m large enough.

Hence, the sequence {z;};en is Cauchy. As X is complete, it converges
to some x € X. Setting Z :=x + M € X/M, we get that

\Z! = Z|| = |[(x; —x)+ M| < ||z; — x| — 0asi— oo,
i.e., {Z!}ien is convergent, as we wanted to show. |
Quotient spaces are often useful in the study of linear maps.

Proposition 3.1.5. Let T : X — Y be a linear map between vector spaces
(over K) and assume M is a subspace of X satisfying M C ker(T'). Then
the map T : X/M — 'Y given by

T(x+ M) :=T(x) foralzeX
is well-defined and linear, and we have T =T o Q, where Q : X — X/M s
the quotient map.
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3.1. Quotient spaces

Proof. We first check that T is well-defined. Assume z + M = z' + M for
xz,z" € X. Then 2/ = x + m for some m € M. Since M C ker(T"), we have
T(m)=0. So
T(z")=T(x+m)="T(z)+T(m)=T(x).
Next, we check that T is linear. Assume z, 2’ € X and a € K. Then
T(a (x + M)+ (' + M)) = T((am + ') + M) =T(az+ ')
=aT(z)+T(z) =aT(x+ M)+ Tz + M).

The last assertion follows immediately from the definition of Q). [ ]

Corollary 3.1.6. Let T : X — Y be a linear map between vector spaces
(over K). Then the vector spaces X/ ker(T) and T(X) are isomorphic.

Proof. Applying Proposition with M = ker(T'), we get a linear map
T : X/ker(T) — Y whose range is clearly equal to T'(X).

Moreover, T is injective. Indeed, assume T'(x + ker(T)) = T'(z’ 4 ker(T'))
for x,2’ € X. Then T'(x) = T(2'), so T'(x' — x) = 0. Hence, 2’ — x € ker(T),
i.e., x+ker(T) =2 + ker(T).

Thus, T, considered as a map from X/ ker(T') to T(X), is an isomorphism
of vector spaces. [ ]

We now look at the case where 7' is a bounded linear map.

Proposition 3.1.7. Let XY be normed spaces (over K) and M be a
closed subspace of X, so X/M is a normed space w.r.t. the quotient norm.
Assume T € B(X,Y) satisfies M C ker(T'), and consider the linear map
T:X/M —Y given by

T(x+ M)=T(x) foralzeX.
Then T is bounded, with |T|| = ||T|.
Proof. Let x € X. For every m € M, we have T'(m) = 0, so
IT(z + M)|| = IT )] = |T(x —m)|| < |IT|| |z —m|.
Hence,
IT(z + )| < T inf{l|lz —m| : m € M} = |T| ||z + M]|.

This shows that 7" is bounded, with ||T|| < ||T'||. Further, for all z € X, we
have - B ~
[T()[| = [Tz + M)} < [Tz + M| < [T |-

Thus, |T]| < |T], so IT| = |IT. y
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3. On Banach spaces and bounded linear operators

Remark 3.1.8. Let M be a closed subspace of a normed space X. Set
M*:={pec X*:p=0o0n M}.

It is easy to check that M is a closed subspace of X*, which is called the
annihilator of M. Moreover, it can be shown that

o (X/M)* is isometrically isomorphic to M*.
o M* is isometrically isomorphic to X*/M*.

We will give a proof of these statements in Theorem [3.6.14]

3.2 The Baire category theorem

As Baire’s so-called category theorem is not always covered in courses in
real analysis, we include a proof. Let (X,d) denote a metric space. For
r € X and € > 0, we set B(x,¢) :={y € X : d(x,y) < e}. We recall some
relevant definitions.

Let A be a nonempty subset of X. The diameter of A is given by

diam(A) := sup{d(x,y) : x,y € A} € [0, o0.

One easily checks that diam(A) is finite if and only if A is bounded. Moreover,
A is said to be dense in X when A = X, i.e., for every z € X and ¢ > 0,
we have AN B(x,¢e) # 0. Equivalently, AN U # () for every nonempty open
subset U of X. The following result, which is sometimes called Cantor’s
theorem, will be helpful to prove Baire’s theorem.

Theorem 3.2.1. Assume (X, d) is complete and {A,}nen is sequence of
nonempty closed subsets of X satisfying A, C A, for everyn € N and
lim,, o diam(A,) = 0. Then N, A, is nonempty and consists of a single
point.

Proof. For each n € N, pick a,, € A,,. Then the sequence {a,, },en is Cauchy.
Indeed, let £ > 0. Choose N € N such that diam(A,) < ¢ for all n > N.
Then for all m,n > N we have a,,a, € Ay, so d(ay,,a,) < €. Since (X, d)
is complete, {a, }nen converges to some a € X. Then for each n € N, a is
the limit of the subsequence {ay : k > n} which lies in A, so a € A, = A,.
Hence, a € N2°, A,,. Now assume that there exists some b € N2, A,, such
that b # a. Then for each n € N, we have diam(A,,) > d(a,b), so we get

lim diam(A,) > d(a,b) >0

contradicting that lim,, ., diam(A,) = 0. Thus N2, A,, = {a}. [ |
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3.2. The Baire category theorem

Theorem 3.2.2 (Baire). Assume (X,d) is complete and {U,}nen is a
sequence of open dense subsets of X. Then (,2, U, is dense in X.

Proof. Set U := ;2 U,, and let v € X, ¢ > 0. We have to show that
Un B(z,e) # 0.
Consider first z € X,r > 0 and n € N. As U, is dense in X, we can pick

some y € U, NB(z,r). Now, U, N B(z,1) is open, so we can find some s > 0
such that B(y,s) C U, N B(z,r). We then have

B(y,r") € B(y,s) CU,NB(z,r) forall 0 <r' <s.

Using this observation (with x,e and n = 1), we can find z; € U; and
r1 < 1/2 such that
B(xy,7r1) C U N B(x,¢).

Next, using it again (now with x1,7; and n = 2), we can find x5 € U,
and 7o < 1/4 such that

B($2,7’2) Q U2 N B(.Th’f‘l)

. Proceeding inductively, we can find for each n > 1 some z,,11 € U,41 and
Ty < 27D such that

B(xpi1,mn11) C Upir N B(xp, 10).
We then have
B($n+17rn+1) g B(xna rn) g B(i’n,’f’n)

for every n > 1, and diam(B(x,,r,)) =271, <2-27" — 0 as n — oo.
Using Cauchy’s theorem (with A,, = B(z,,r,)), we can conclude that

there exists (a unique) a € N0, B(x,,,r,). Then we have

a€ () Blzn,mm) € () Uy =Uand a € Uy N B(z,e) C B(z,e).
n=1

n=1
Thus, a € U N B(x,¢), so UN B(x,e) # 0, as desired. [ |

A subset N of X is called nowhere dense if N has empty interior, i.e,
N’ = (). In particular, a closed subset of X is nowhere dense if it has empty
interior. A subset M of X is called meager if it can be written as a countable
union of nowhere dense subsets of X. (Baire himself called meager sets for
sets of the first category, second category sets being those not of the first
category).
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3. On Banach spaces and bounded linear operators

Corollary 3.2.3. A complete metric space (X, d) is not meager.

Proof. Assume that X is meager, so we may write X = Ugecx Ny, where K
is countable and each Ny is nowhere dense. We may assume K = N (for
if K is finite, say K = {ki,...,k,}, then X = U2 N}, where N; = Ny, if
1 <j<n,and Nj =0 if j >n).

For each k € N, set U := X \ Nj. Then each U, is open, and dense
sinceﬁk:X\mo =X\ 0 =X. We also have

N0=NET) =X\ (T =X\ X =0

which is obviously not dense in X. Thus, Baire’s theorem implies that (X, d)
is not complete. |

It follows for example that R is uncountable. Indeed, assume (for
contradiction) that R was countable, say R = {z} : k € K} with K
countable. As each one-point set {x} is nowhere dense in R (w.r.t. its
standard metric), we could then conclude that R = Upcx{xr} is meager,
contradicting the completeness of R.

3.3 The principle of uniform boundedness

Assume {7}, },en is a sequence of bounded linear maps between two normed
spaces X and Y, satisfying that {7T},(x)},en converges in Y for each z in X.
We can then define a linear map 7' : X — Y by T'(z) = lim,, T;,(x) for
every x € X. A natural question is then: is T" necessarily bounded? Using
the principle of uniform boundedness we will see that the answer is always
positive when X is a Banach space.

The proof relies on the principle of uniform boundedness, stated below,
which is sometimes called the Banach-Steinhaus theorem.

Theorem 3.3.1. Let X be a Banach space and Y be a normed space (both
over K). Assume {T;}icr is a family of operators in B(X,Y') such that

sup{||TZ(as)|| i€ I} < oo forallz € X.

Then {T;}ier is uniformy bounded, i.e., sup {HTZH S I} < 00.

Proof. Let n € N and ¢ € I. By continuity of T; and of the norm in Y, the
function f : X — R mapping each z to ||T;(x)|| is continuous. Hence the set

[oe X L) <n} = £ ([0.n])
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3.3. The principle of uniform boundedness

is closed in X. Since an intersection of closed sets is closed, we get that
each set

Fy={z e X :sup{|Ti(x)] :i € I} <n} = {z € X :||Ti(x)]| < n}

iel
is closed in X. Now the assumption gives that X = ;2 , F,. Hence at least
one of the F},’s, say Fy, must have non-empty interior: otherwise, X would

be meager, contradicting that X is complete, cf. Corollary Thus there
exist xg € Fyy and r > 0 such that B(zg,r) C Fy.

Set s :=r/2 and consider z € X such that ||z|| < s. Then
o —x € B(xg,7) C Fl,
so we get
IT@I = 1T (20 — (20— )| < ITiwo)ll + | Ti(wo — )| < N+ N = 2N

for each ¢ € I. Hence, for every x € X such that ||z|| < 1, we have

1 2N
ITi@) = £ IT(so)ll < =

showing that ||T;|| < 2N/s for each i € I. Tt follows that
2N
Tl :iely < — < o0.
sup {|| 73] -i € I} < == < 00
|

Corollary 3.3.2. Let X be a Banach space and Y be a normed space
(both over K). Assume {T,}nen @s a sequence in B(X,Y') satisfying that
{T () }nen converges in 'Y for each x in X. Then the linear operator
T:X —Y defined by

T(z) = lim T, (x) for every x € X

1s bounded.

Proof. Let x € X. Since the sequence {7, (x)},en is convergent, it is
bounded, so sup {HTn(a:)H 'n € N} < 00. As this holds for every x € X, the

principle of uniform boundedness gives that M := sup {HT nll :meN } < 00.
We then have

IT(@)] = lim [ T(@)]| < sup{||T(a)] :n € N} < M |z

for every x € X, i.e., T is bounded. ]
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3. On Banach spaces and bounded linear operators

Remark 3.3.3. Note that the sequence {7, },en in Corollary will not
necessarily converge to T in operator norm. Indeed, consider for example
the Banach space (¢o(N), || ||o) and T}, € B(co(N), C) given by T,,(f) = f(n)
for n € N and f € ¢(N). Letting T' € B(¢o(N),C) be the zero map, we
have lim,, . T, (f) = 0 = T(f) for every f € ¢o(N). On the other hand, we
have ||T,|| = 1 for each n, so {T,,} does not converge to T in operator norm.
However, a weaker statement may be shown (cf. Exercise .

Example 3.3.4. Let B = {e; : k € Z} be the orthonormal basis for
H = L*(|—m,7]) described in Example As we have seen in Example
the Fourier series 3,5 f(k) ey, converges to f w.r.t. || - |2 for every
f € H. Set
X ={fel(-mmn]): f(=m) = f(x)},

which is a closed subspace of C([—m,7]) w.r.t. || - s, hence a Banach
space, that may be identified with the space of continuous 2m-periodic
complex functions on R. It is natural to wonder whether the Fourier series
of converges to f w.r.t. || - || Whenever f € X. (It should be well-known
from a previous course that this happens under some smoothness condition
on f.) Now, one may deduce from the principle of uniform boundedness that
there must exist some f € X for which the Fourier series fails to converge
pointwise on [—m, 7]. In particular, the Fourier series of such a function f
can not converge to f uniformly on [—m, 7].

We sketch the argument (and leave to the reader to provide the missing

~

details). For f € X and n € N, let f,, € X be given by f, =>}__,, f(k)ex.
An elementary computation gives that

n

£a(0) = ;ﬁ/” FO)Da(t)dt, where Do(t) == Y ¥, 1] < .
- k=—n

Consider now the linear map 7,, : X — C defined by T,,(f) = f.(0) for
all f € X. It is not difficult to check that each T, is bounded with
|Tull = 5= /7, | Dn(t)] dt. Using that

sin(('n+1/2)t) if ¢ 0
Dn(t):{ sy LEEO <

1
21

2n+1 it t=0

and |sin(t/2)| < |t|/2, it can be shown that for some M > 0 we have
"1
Tl = M )+
=

for every n € N. As the harmonic series diverges, this implies that ||7},|| — oo
as n — oo. Thus, sup{||7,| : n € N} = oo. The principle of uniform
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3.4. The open mapping theorem

boundedness gives that there must exist at least one f € X such that
sup{|T.(f)| : » € N} = o0, i.e., sup{|fn(0)| : n € N} = oco. This implies
that the sequence { f,,(0)}nen is not convergent, hence that {f,,(0)},en does
not converge to f(0). So {f.} does not converge pointwise to f on [—m,7].

3.4 The open mapping theorem

We recall that a map f : X — Y between two metric spaces X and Y is
continuous if and only if f~}(V) is an open subset of X for every open
subset V of Y. On the other hand, the map f is called open if f(U) is an
open subset of Y for every open subset U of X. Thus, if g : X — Y is
bijective, then g is open if and only if g7 : Y — X is continuous.

As another consequence of the Baire category theorem, we will prove
the open mapping theorem, which says that any surjective bounded operator
between Banach spaces is an open map.

Theorem 3.4.1. Let X,Y be Banach spaces (over K) and T' € B(X,Y).
Assume T is surjective. Then T is an open map from X toY.

The proof is somewhat involved, so we will divide it several steps. First
we will establish a criterion for a bounded operator to be open. We will use
the following notation. If X is a vector space over K, x € X, A C X and
A € K, then we set

r+A={r+a:ac A} and I :={la:ac A}

Moreover, if X is a normed space and r > 0, we will denote the closed ball
with center at x and radius r by

Blz,r]:={ye X :|ly—z| <r}.

Lemma 3.4.2. Let X,Y be normed spaces (over K) and T € B(X,Y).
Assume there exists some 6 > 0 such that

B[0,6] € T(B(0,1)).
Then T is open.

Proof. Let U C X be open. We have to show that T'(U) is open in Y, i.e.,
T'(xo) is an interior point of T'(U) for every z € U.
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3. On Banach spaces and bounded linear operators

So let zy € U, and choose s > 0 such that B(zg,s) C U. Then, using
the assumption at the second step, we get

Thus, choosing 0 < r < sd, we get that B(T(x¢),r) € T(U). Hence,
T (o) € T(U)?, as desired. [ ]

Lemma 3.4.3. Let X,Y be normed spaces (over K) and T € B(X,Y).
Assume there exist some y € Y and r > 0 such that

Bly,r] € T(B(0,1)).

Then we have

Bl0,r] € T(BE,1))
Proof. Set Z :=T(B(0,1)) C Y. We first make an observation.
Assume w,w’ € Z. Then we claim that

_ 1 _
—w € Z and §(w+w’) €Z.

Indeed, pick sequences {x, } and {z] } in B(0, 1) such that lim,, ., T'(z,) = w
and lim,,_o, T'(2},) = w'. Then {—x,} and {3(z, + z},)} are sequences in
B(0,1) such that

: B : 1 ) L ,
lim T(—z,) = —w and r}grlgoT<2(xn ~|—35n)> = §(w +w').

n—oo

This proves the claim above.

Assume now that v € B[0,r]. Note that y v € B[y, r]. The assumption
gives that y = v € Z. Using our observation above, we get that

— 1
—y+v=—(y—v)€Z, and v= 5((y+v)+(—y+v)) cZ.
This shows that B[0,7] C Z, as desired. [ ]
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3.4. The open mapping theorem

Lemma 3.4.4. Let X be a Banach space, Y be a normed space (both over
K) and T € B(X,Y). Assume there exists some r > 0 such that
B0,r] € T(B(0,1)).
Let 0 <t < 1. Then we have
B[O, (1 —t)r] C T(B(0,1)).
Proof. Tt suffices to show that B[0,r] C T(B(O, (1-— t)_l)).

So let y € B[0, 7], and set Z := T(B(0,1)) C Y. Then y € Z (using the
assumption). Choose ¢ such that 0 < ¢ <t < 1 and pick y; € Z such that
ly —wll <er.

Note that

Hi(y _?Jl)H <7, 80 i(y — ) € B[0,r] C Z.

Thus we can pick y5 € Z such that
1 /
Hg(y —y) - <er

Set yo := cyy € €Z. Then we have |y — (y1 + vo)|| < €°r.
Proceeding inductively, we can construct a sequence {y, }nen such that
Yn € e 1Z and

n
H Y= D uk|| < e
k=1
for every n € N. Since €"r — 0 as n — oo we have y = >77 Y.

For n € N, note that
"7 =" 'T(B(0,1)) = T(B(0,e"1)).

Thus, ¥, € T(B(0,e"1)). So there exists , € X such [|z,| < " ! and
Yn = T'(x,). We then have

[e.@] o0 1

Z |25 < Za”_l = — < 0.

- - 1—¢
Since X is Banach space, this implies that the series > 7° , ,, converges to
some z € X satisfying ||z]] < (1 —¢)~!. Now, as T is continuous, we get
that

o0

x>:ZT<xn>:§_°:lyn:y.

This shows that y € T(BI0, (1 —&)7']).
Since (1 —&)™' < (1 —t)7!, we have B0, (1 — &)~ C B(0, (1 —¢)71).
Hence we get that y € T(B(0, (1 —¢)™1)), as desired. |
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3. On Banach spaces and bounded linear operators

We are now ready to prove the open mapping theorem (Theorem |3.4.1)).

Proof of the open mapping theorem. By Lemma [3.4.2] it suffices to show
that there exists ¢ > 0 such that B[0,d] C T(B(0,1)).
Since T' is surjective, we have

Y = T7(X) = J T(B(0,n)) € | T(BO,n)) C .

neN neN

hence Y = U,en T(B(0,n)).

Since Y is complete, Corollary implies that there must exist some
n € N such that T(B(0,n)) has nonempty interior. Since T(B(0,n)) =
nT(B(0,1)), and y — ny is a homeomorphism of Y, T(B(0,1)) has
nonempty interior. So there exists some y € Y and r > 0 such that

Bly,r] € T(B(0,1)).

Lemmam gives that B[0,7] C T(B(0,1)). We can then pick t € (0,1),
set 6 := (1 — ¢)r and use Lemma [3.4.4] to obtain that B[0,4d] C T(B(0,1)),
as we wanted to show. |

In the open mapping theorem, the assumption that X and Y are Banach
spaces can not be removed. We will illustrate this in the exercises. The
following corollary is sometimes called the inverse operator theorem.

Corollary 3.4.5. Let X.Y be Banach spaces (over K) and T € B(X,Y).
Assume T is bijective. Then T € B(Y, X).

Proof. The open mapping theorem gives that 7' is open, hence that 77! is
continuous. Equivalently, 77! is bounded. |

We include some useful consequences of this result.

Corollary 3.4.6. Let X.Y be Banach spaces (over K) and T € B(X,Y).
Assume that T has closed range. Then X/ker(T) and T(X) are Banach

spaces, which are isomorphic as normed spaces.

Proof. Since T is bounded, ker(7") is closed, so X/ker(T) is a Banach space
(w.r.t. the quotient norm) by Theorem [3.1.4] Further, since T'(X) is a closed
subspace of Y, which is complete, T(X) is also complete, hence a Banach
space. By (the proof of) Corollary T : X/ker(T) — T(X) is an
isomorphism of vector spaces. Moreover, T" is bounded by Proposition m
Finally, the inverse operator theorem gives that the inverse of T is bounded.
Thus, T is an isomorphism of normed spaces. |
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Example 3.4.7. Let 2 be a compact metric space and E be a closed subset
of Q. Let T : (C(2), || |loo) = (C(E), | - ||so) be the bounded linear map
given by

T(f) = fig (= the restriction of f to E).

Then ker(T) = {f € C(Q) : f = 0on E}. Tietze's extension theorem
(cf. your course in topology) gives that 7' is surjective. In particular, 7" has
closed range. Thus, Corollary applies, giving that the associated map
T : C(Q)/ker(T) — C(E) is an isomorphism of normed spaces.

It is easy to see that ||T]| = 1, so ||| = 1. It can actually be shown
that T is isometric, but we leave this as an exercise.

Remark 3.4.8. If we skip the assumption that 7" has closed range, then
the conclusion of Corollary does not necessarily hold.

Finally, we also mention:

Corollary 3.4.9. Let X be a vector space (over K) equipped with two norms
I - || and || -||" such that both (X,|| - ||) and (X,|| - ||') are Banach spaces.
Assume there exists C' > 0 such that ||z||" < C||z|| for all x € X. Then || - ||
and || - || are equivalent norms on X.

Proof. The assumption gives that the identity operator I on X is bijective
linear map from (X, | - ||) into (X, || - ||) which is bounded. By Corollary
[3.4.5] I = I~! is a bounded linear map from (X, || - ||') into (X, || - |). This
means that there exists some D > 0 such that ||z|| < DJ|z||’ for all z € X.
Hence, || - || and || - ||" are equivalent. |

3.5 The closed graph theorem

Another fundamental result which ultimately relies on Baire’s category
theorem is the closed graph theorem. Before we can state it, we need some
preparations.

Let X,Y be normed spaces over K. The product space X x Y is then a
vector space w.r.t. its natural operations (z,y) + (z',¢') = (x + 2/, y + /),
AMz,y) = (Ax, Ay). We can equip X x Y with the norm given by

Gz, 9l = Nzl + lyll - for allz € X,y €Y

We leave it as an exercise to check that this is indeed a norm, and that
X XY becomes a Banach space if and only if X and Y are Banach spaces.
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Consider now a map 7' : X — Y. We recall that the graph of T is the
subset of X x Y given by

GT)=A{ (z,T(x)) :xz € X}.

If T is linear, it is straightforward to check that G(T) is a subspace of X x Y.
We say that T has closed graph when G(T) is closed in X x Y.

Lemma 3.5.1. A map T : X — Y has closed graph if and only if the
following condition holds:

If {x,} is a sequence in X such that {x,} converges to x € X and {T(z,)}
converges toy € Y, then y =T (x).

Proof. Assume T has closed graph and {z,} is a sequence in X such
that {x,} converges to x € X and {T'(z,)} converges to y € Y. Then
{(zp,T(x,))} is a sequence in G(T') converging to (x,y) since

| @, () = (@) = llow = 2| + T () =yl = 0 2 n = oo.

Since G(T) is closed, we must have (z,y) = (2/,T(2")) for some 2’ € X.
Then x = 2’ and y = T'(2'), so y = T'(z). Thus the condition above holds.

Conversely, assume that this condition holds. To show that G(T) is
closed, it suffices to show that G(7') C G(T'). So let (z,y) € G(T'). We can
then find a sequence {x,} in X such that {{(x,,T(z,))} converges to (z,y).

Then we have

[zn =zl < zn=2|[+T(zn) =yl = [|(zn, T(zn))=(2,y)l — 0 as n — oo, and

T (@n) =yl < llon =2 [T (@n) =yl = | (@, T(2n)) = (2, y)|| — 0 as n = oo,

that is, {z,} converges to x and {T'(x,)} converges to y. Thus, using the
assumption, we get y = T'(x). Hence, (z,y) = (x,T(z)) € G(T). This shows
that G(T') C G(T), as we wanted to show. [ |

It follows readily that if 7' € B(X,Y), then T has closed graph. Indeed,
if {z,} converges to x € X and {T'(x,)} converges to y € Y, then we have
y = lim, o T'(x,) = T'(z) (since T is continuous). Conversely, we have:

Theorem 3.5.2 (The closed graph theorem). Assume X and Y are Banach
spaces, and T : X — Y s a linear map having closed graph. Then T is
bounded.
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Proof. Let Py : X XY — X (resp. P, : X XY — Y') denote the linear map
defined by

Pi(z,y) =z resp. Py(z,y) =y

for all z,y € X. Then [[P(z,y)|| = |z < |[z[| + [lyl| = l[(z,y)[| for all
(x,y) € X x Y, so Py is bounded. Similarly, P is bounded.

Let now P = Pygr) and QQ = Py () denote the restrictions of P, and
P, to G(T). Note that G(T") is a Banach space since it is a closed subspace
of X XY (using the assumption on 7). As the map P is obviously bijective,
we can apply the inverse operator theorem to it and obtain that P has a
bounded inverse P~ : X — G(T). Since P~ (z) = (z,T(x)) for all x € X,
we have that

T=QP"

As both @Q and P! are bounded, T is bounded too. [ ]

A typical illustration of how the closed graph theorem may be used is
the following result due to Hellinger and Toeplitz:

Theorem 3.5.3. Assume H is a Hilbert space and T : H — H is a linear
operator satisfying that

(T'(x),y) = (x,T(y)) forallz,y € H.
Then T is bounded (and self-adjoint).

Proof. Assume {z,} is a sequence in X such that it converges to z € X
and {7T'(x,)} converges to y € Y. Then for all z € X we have

(v.7) = lim (T(z,).2) = lim {z,, T(2))

= (2, T(2)) = (T'(x), ).

This implies that y = T'(x). Hence T has closed graph, so it is bounded by
Theorem B.5.2 |

3.6 The second dual, reflexive spaces, and
duals of quotient spaces

Let X be a normed space (over K). We recall that the dual space of X,
X* = B(X,K), is a Banach space w.r.t. the norm given by

lell = supfle(a)] : 2 € X, |lzf] < 1}
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for all ¢ € X*. We can also form the second dual (sometimes called the
bidual) of X, namely (X*)* = B(X* K), which is also a Banach space
w.r.t. the norm given by

[E] = sup{|F(@)] : ¢ € X7, [|ol] <1}

for all F' € (X*)*. We will usually write X** instead of (X*)*.
Consider some x € X. We can then define a linear functional 7 : X* — K
by
T(p) == @(x) forall p € X"
Since
Z(o)| = le(@)] < llell ]| forall ¢ € X7,

we get that Z is bounded, i.e., z € X**, with ||Z|| < ||z]|. In fact, we have
that
121} =l

Indeed, by a corollary to the Hahn-Banach extension theorem (Corollary
1.1.14), we know that there exists ¢, € X* such that |¢.| = 1 and
@z(x) = ||z||. This gives that

|Z(pa)| = lpa(@)| = |l
hence that ||Z]| > ||z||. Since ||Z]| < ||z||, the claimed equality follows.

Now, define a map J : X — X** by
J(x):=z forallz e X.

Note that J is linear: for z,y € X and X € K, we have

z 4+ My(p) = oz + Ay) = o(z) + Ap(y) = (Z + A7)(¥)
for all ¢ € X*, ie., J(x + A\y) = J(z) + A\J(y). Moreover, J is isometric,
since ||J(z)|| =||Z]| = ||=| for all x € X. Summing up, we have shown:

Proposition 3.6.1. The map J : X — X** is linear and isometric. We
call it the canonical embedding of X into X**.

Remark 3.6.2. Set X = J(X) C X**. Then Xisa closed subspace of X**,
hence a Banach space. Moreover, the map J : X — X is linear, isometric,
and J(X) is dense in X. This means that (X, .J) is a completion of X (in
the sense of Remark and Exercise . N

Note also that if X is a Banach space, then X = J(X), i.e., J(X) is
closed in X**. Indeed, as J is isometric and X is complete, J(X) is complete
too, and therefore closed.
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Definition 3.6.3. We say that a Banach space X is reflexive when the
canonical embedding J : X — X** is surjective, i.e., J(X) = X*.

Clearly, if X is a reflexive Banach space, then X is isometrically isomor-
phic to X** via J. However, note that a Banach space X such that X is
isometrically isomorphic to X** is not necessarily reflexive, i.e., it may then

happen that J(X) # X**.

Example 3.6.4. Assume X is a finite-dimensional normed space. Then
X is reflexive. Indeed, we then know that X™* is finite dimensional, with
dim(X*) = dim(X). Hence, X** is finite-dimensional too, with dim(X**) =
dim(X™*). Thus we have

dim(X™) = dim(X) = dim(J(X)),
and this implies that J(X) = X"**.

Example 3.6.5. Assume H is Hilbert space. Then H is reflexive. Since
H* = H as a set, this might seem obvious. But one has to be a little
precautious to show this.

For each y € H, let y* € H* be given by y*(x) = (x,y) for all x € H.
Recall that the Riesz representation theorem says that the map y — y* is
a conjugate-linear bijective isometry from H onto H*. Now, it is readily
verified that H* becomes a Hilbert space w.r.t. the inner product given by

(y*, 2V == (z,y) forally,z € H.
For z* € H*, let 2** € H** be given by x**(y*) := (y*, 2*) g~ for all y* € H*.
Applying again the Riesz representation, we get that the map x* +— 2** is a

conjugate-linear bijective isometry from H* onto H**.
Now, the canonical embedding J : H — H** is given by

[J(2)](y") = y*(x) = (z,y) forallz,y€ H.

We want to show that J is surjective. So let F' € H**. We may then write
F = o** for some z* € H*. Then, for all y* € H*, we have

Fy") = 27(y") = (", 2" - = (2, 9) = [J(@)](y").
Hence, F' = J(z). This shows that J(H) = H**, as desired.

Example 3.6.6. Let (2, B, i) be a measure space and 1 < p < oo. Consider
the Banach space (L?, || - ||,) where LP := LP(Q2, B, ). Then LP is reflexive.
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To show this, let 1 < ¢ < oo be the conjugate exponent of p, i.e., q
satisfies that % + % = 1. We may then also consider the Banach space
(L9, || - |l4)- We recall that L? is isometrically isomorphic to (L?)* via the
map ¥, : L9 — (LP)* defined by

(o)) = [ fgdn forall feLrge L

Similarly, the map ¥, : LP — (L%)* given by

(D)= [ gfdn foral f €Lt geLr,

is an isometric isomorphism. We note that this implies that

[0,(9)](f) = [¥,()](g) for all f € L?,g € L*. (3.6.1)

Let now F € (L*)™, ie., F': (L?)* — C is linear and bounded. To show
that J : LP — (LP)** is surjective, we have to show that F' = J(f) for some
felr.

Observe first that F'o ¥, : LY — C is then linear and bounded, that is,
F oW, e (L7)*. Thus, there exists some f € LP such that

FoW, =3,(f).

Let’s check that f does the job. Let ¢ € (L?)*. We may then write ¢ = ¥, (g)
for some g € L4. Using (3.6.1]), we get

F(p) = F(V,(g)) = (FoW,)(g) = [Y,(f)l(9)
= [V, (9)](f) = ©(f)
= [J(H)](e).

This shows that F' = J(f), as wanted.

As a particular case of this example, we note that ¢?(N) is reflexive for
every 1 < p < co. We will explain later how to see that ¢'(N) and ¢>(N)
are not reflexive.

In order to prove that reflexivity is inherited by closed subspaces, we
will need the following consequence of the Hahn-Banach extension theorem.

Proposition 3.6.7. Let M be a closed subspace of a normed space X (over
K) which is proper, i.e., M # X. Let x € X \ M and set

d = inf{||lx —m| : m € M}.
Then d > 0 and there ezists ¢ € X* such that ||¢|| =1, ¢ =0 on M, and
o(x) =d > 0.
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Proof. If it was the case that d = 0, this would imply that x € M, i.e.,
x € M (since M is closed), contradicting that x ¢ M. Hence d > 0.

Set Xo := M +Kz:={m+Ax | me M,z € X}. Then X is a subspace
of X and every element of X is of the form m + Az for some uniquely
determined m € M and A € K. Thus we can define a linear functional
o : Xo — K by

wo(m+ Azx) :==Xd forallme M, \ € K.

Then g is bounded with ||¢| < 1:

Indeed, assume y = m + Az, for some m € M and A € K. If A\ # 0, then
(—1/X\)m € M, so we have

[o(¥)| = lpo(m + Az)| = |Ald < Al = (=1/M)ml| = [lm + Az]| = |ly[|
On the other hand, if A\ = 0, then |po(y)| = |po(m) = 0 < ||m| = ||y]|-
Thus, |¢o(y)| < ||ly|| for all y € Xy, proving the claim above.

Moreover, we also have ||¢g|| > 1, hence [|¢o| = 1:

Indeed, let n € N. Then d < d(1 + 1/n), so we can pick m,, € M such that
|z —my,| < d(1+1/n). Since ||z —m,]|| # 0, we get

< 1 ( )>’ 1 d> 1 n
(T —my) || = = .
P\l = mn| [z — 1| A+1/n) n+l

This implies that |l¢o| > 2. Letting n — oo, we get that [|¢ol| > 1, as
asserted above.

Applying the Hahn-Banach extension theorem, we can extend g, to some
¢ € X* such that ||¢]| = ||¢ol], hence satisfying [|¢| = 1. We then have
w(m) = po(m) =0 for all m € M, and ¢(z) = po(x) = d, as desired. W

Remark 3.6.8. Proposition [3.6.7 can be used to show that if X is a Banach
space such that X* is separable, then X is separable too.

Theorem 3.6.9. Let M be a closed subspace of a reflexive Banach space
X. Then M is reflexive.

Proof. By assumption, the canonical embedding Jx : X — X** is surjective.
We have to show that the canonical embedding Jy, : M — M** is also
surjective.

Consider F' € M**. Let R : X* — M* denote the restriction map, i.e.,
R(¢) = @ for all p € X*. One readily checks that R is linear and bounded.
So Fo R e X*. We may therefore define y € X by

y:=(Jx) Y (FoR), ie., Jx(y) = FoR.
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We claim that y € M and Jy(y) = F. (This will show that Jy, is surjective
and finish the proof.)

Assume (for contradiction) that y & M. Applying Proposition we
can then find some ¢ € X* such that ¢ = 0 on M, i.e., R(p) = 0, and
©(y) # 0. But this gives that

v(y) = [Ix(y)l(¢) = (F o R)(¢) = F(R(p)) = F(0) = 0,

hence a contradiction. So we must have y € M.
Moreover, consider ¢ € M*. Let 1) € X* be any extension of ¢ (which
exists by the Hahn-Banach extension theorem). Then R(¢)) = 1), so

In®)]() =¥ (y) = () = [Ix)](¥) = (F o R)(©) = F(R()) = F(v).
This shows that F' = Jy(y), as desired. [ |

It is now appropriate to briefly introduce the adjoint of a bounded linear
map between two Banach spaces.

Proposition 3.6.10. Let X,Y be Banach spaces (over K) and T € B(X,Y).
a) Let v € Y*. ThenpoT € X*, with ||[¢ o T|| < ||¥] | T
b) Using a), we may define a map T* : Y* — X* by

T () == oT forally € Y™
Then T* € B(Y™*, X*), with ||T*| = ||T|.
The map T is called the Banach space adjoint of TEl

Proof. a) The map ¢ o T : X — K, being the composition of two linear
bounded maps, is linear and bounded (cf. Proposition|1.1.18]), with |[¢p)oT'|| <

[T
b) Tt is straightforward to check that 7™ is linear. As

1T (@) = l[¥ e Tl < ([l 1T

for every ¢» € Y* by a), T* is bounded, with ||7*|| < ||T||. To show that
IT] < |IT*||, hence that || T*|| = ||T||, let z € X and set y := T'(z) € Y.

2When K = C, and X and Y are complex Hilbert spaces, then T* is not exactly the
same as the Hilbert space adjoint of T'. As we are not going to make use of Banach space
ajoints outside the present section, we don’t discuss this any further.
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Then it follows from Proposition that we can find some ¢ € Y* such
that ||¢|| <1 and ¥(y) = ||y||, i-e., ¥(T(x)) = ||T(x)||. Thus,

[ (T(2))] = (v 0 T)(w)]
[T @)](@)] < 1T ()] |||
< T[] el < 1T ]

17 ()]

This shows that || T|| < |||, as desired. |
Our next result is intuitively quite obvious.

Proposition 3.6.11. Let X,Y be Banach spaces (over K) and assume
X s isometrically isomorphic to'Y via a map T : X — Y. Then Y™ is
isometrically isomorphic to X™* wvia the map T : Y* — X*. It follows that
X** s isometrically isomorphic to Y**. Moreover, X is reflexive if and only
if Y reflexive.

We leave the proof of this proposition as Exercise [3.24] Another remark-
able property of reflexivity is the following:

Theorem 3.6.12. Let X be a Banach space (over K). Then X is reflexive
if and only if X* is reflexive.

Proof. We will denote the triple dual of X, namely ((X*)*)*, by X**. Note
that X** = (X*)* = (X™)*. Let Jy : X — X*™* denote the canonical
embedding of X into X*™ and Jy- : X* — X™* denote the canonical
embedding of X* into X***.

Assume that X is reflexive, i.e., Jx is surjective. We have to show that
Jx~ is surjective. So let & € X**. Define ¢ € X* by ¢ := ® o Jy and
consider F' € X**. Since I’ = Jx(x) for some = € X, we get

[Jx=(@)](F) = F(p) = [Jx(2)](p) = p(z) = (P o Jx)(x) = ©(F).

Thus, Jx«(¢) = ®. Hence, Jx- is surjective.

Conversely, assume that X* is reflexive. Using the implication we have
just proven, we get that X** = (X™*)* is reflexive. Now, Jx(X) is a closed
subspace of X**, so it follows from Theorem that Jx(X) is reflexive.
Since Jx is an isometric isomorphism from X onto Jx(X), we readily get
that X is reflexive (cf. Proposition [3.6.11]). |

Example 3.6.13. Consider ¢y(N) := {f € (*(N) : lim, o f(n) = 0},
which is a closed subspace of £*°(N), hence a Banach space. We will sketch
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how it can be shown that the canonical embedding .J : ¢o(N) — ¢o(N)** is
not surjective, hence that c¢q(N) is not reflexive.

Note that it will then follow from Theorem that ¢(*°(N) is not
reflexive. Moreover, using Theorem [3.6.12] this will in turn imply that ¢!(N)
is not reflexive either (since we know that ¢*°(N) is isometrically isomorphic
to (1(N)*).

As a first step we observe that co(N)* is isometrically isomorphic to £*(N)
via the map T : ¢(N)* — ¢1(N) given by

[T(p)](n) = p(6,) forall ¢ € ¢y(N)* and n € N,

where 0,, € ¢o(N) is given for each n € N by

1 ifk=
S.(k)=14" ""T" (ren).
0 ifk+#n,

We leave it as an exercise to check this fact. Next, using Proposition [3.6.11],
we get that T* : (1(N)* — ¢o(N)** is an isometric isomorphism. Letting
S (*(N) — (*(N)* denote the (isometric) isomorphism given by

[SUNg) = 3 S(n)g(n)  for all f € C¥(N) and g € (N),

we get that 7% 0 S : (*°(N) — ¢o(N)*™ is an (isometric) isomorphism.
Now, let f € ¢o(N) and ¢ € ¢o(N)*. Then we have

(T 0 8)(F))(2) = [T*(SUN)(2) = [S(F) o TI(p)
= [SIT() = 3 7 ()
_ f: £(n) (52).

On the other hand, since f = 3°°, f(n)d, (w.r.t. || - ||o) (check!), we also
have

TUNe) = 20) = 2 3 Fmi) = 3 fim) p(6)
Thus, J(f) = (T* o S)(f) for all fne_ co(N). Hencz; we get
co(N)™ = (T708)(*(N)) = J(co(N)) U (T70S) (£(N)\co(N)) (disjoint union).
Since £(N) \ co(N) # 0, this shows that J(co(N)) # co(N)™, as desired.
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We end this section with the following theorem, which illustrates how
Banach space adjoints are useful to identify the dual of a quotient space

and of a closed subspace (cf. Remark [3.1.8)).

Theorem 3.6.14. Let M be a closed subspace of a normed space X (over
K). Let Q : X — X/M denote the quotient map and Iy : M — X the
inclusion map. Then we have:

a) The map Q* € B((X/M)*, X*) is isometric and its range is the
annihilator M+ = {¢ € X* : oy = 0} of M. Hence (X/M)* is isometrically
isomorphic to M*.

b) Let Q:X*— X*/M* denote the quotient map. Then there exists an
isometric isomorphism o : M* — X*/M~* such that Q = o o (Ij)*.

Proof. a) We show that Q*((X/M)*) = M~ and leave the proof of the
fact that Q* is isometric as Exercise [3.26| By definition of Q*, we have
Q*() = woQ forallp € (X/M)*. Thus, if z € M, then for all v € (X/M)*,
we have
[Q"(¥)](x) = ¥(Q(x)) = ¢(0+ M) = 0,

so Q*(1) € M+. Hence, Q*((X/M)*) C M*.

Conversely, let ¢ € M*. Then M C ker(¢) and ¢ € B(X,K) = X*.
By Proposition there exists ¢ € B(X/M,K) = (X/M)* such that
2(Q(x)) = ¢(x) for all z € X. Then

p=¢oQ=0Q"p) € Q(X/M)).
Hence, M+ C Q*((X/M)*).

b) Let ¢y € M*. By Corollary [1.1.13| we can extend ¢y to some ¢ € X*.
Define

o(po) == Qp) = o+ M* € X*/M*.
Note that if ¢’ € X* is another extension of g, then for all z € M we have

(" = ) () = ¢'(z) = (x) = po(w) = po(z) =0,

ie., o — @€ M, sowe get that ¢' + M+ = o+ M*. This shows that the
definition of o () does not on the choice of extension of ¢q. It is now easy
to check that the associated map o : M* — X*/M is linear. Further, we
have:

e o is surjective: Let n € X*/M=*. Then n = ¢ + M+ for some ¢ € X*. Set
Yo = @ € M*. As ¢ is an extension of ¢y, we get that

o(po) = p+ M+ =n.
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e Q=00 (Iy)*" Let p € X*. Then (1n)*(¢) = ¢ju, 50, as above, we get
that

(00 (In))(®) = o ((In)"(9)) = 9 + M* = Q(p).
e o is isometric: Let g € M*. Then there exists some p € X* extending

o and satisfying ||¢|| = ||¢ol|, cf. Corollary [1.1.13] Then we have

I o(eo)ll = llp + M| = 1R < llell = llwoll.
On the other hand, consider 1) € M*. Then we have

le + ¥l = sup{l(¢ + ¥)(2)] : z € X, [lz]| <1}
<sup{l(p + ) (@) -z € M, [lz]| <1}
= sup{|po(2)] : 2 € M, |[zf| <1} = [lpo]-

Hence

lo(po)ll = llg + MH|| = inf{llg + 9] - v € M*} < |lol.
This show that ||o(vo)|| = [|¢oll- [ |

3.7 Exercises

Exercise 3.1. Let X be a Banach space and assume that M is a finite-
dimensional subspace of X.

Show that there exists a closed subspace of N of X such that X is the
direct sum of M and N, ie., X = M + N and M NN = {0}. (A closed
subspace M of X is called complemented when such a closed subspace N
exists. This is not always the case.)

Exercise 3.2. In Example [3.1.1] check that the map T : H/M — M* is
well-defined, linear and bijective.

Exercise 3.3. Assume X is normed space and M is a closed subspace such
that M is complete and X /M is complete (w.r.t. the quotient norm). Show
that X is complete, i.e., X is a Banach space.

Exercise 3.4. Let (X, d) be a metric space.

a) Check that a subset N of X is nowhere dense if and only if its
complement X \ NV contains a dense open subset of X.

b) A subset R of X is said to be residual if its complement is meagre.
Show that R is residual if and only if it contains a countable intersection of
dense open subsets of X.

c¢) Assume that (X, d) is complete. Use Baire’s category theorem to show
that every residual subset of X is dense in X.
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Exercise 3.5. Set
R:={f:]0,1] = R : f is continuous and nowhere differentiable}.

Following Banach, prove that R is dense in the space Cg (|0, 1]) of real-valued
continuous on [0, 1] (w.r.t. || - ||oo) as follows:

a) Let n € N and set

U, = {f e Cr([0,1)) | sup{ W’ s, t€10,1],s #t} >n forallt € [0,1]}.

Show that U, is open and dense in Cg([0, 1]).

b) Show that N> ,U,, C R. Then use Exercise parts b) and ¢), to
deduce that R is dense in Cg([0, 1]).

Exercise 3.6. Let X and Y be Banach spaces (both over K). Assume
{T }nen is a sequence in B(X,Y') such that {7},(x) },en is convergent for all
x in a dense subspace of X. Show that {7},(z)},en is convergent for all x in
X if and only if sup{||7,.]| : n € N} < oc.

Exercise 3.7. Consider the subspace X of ((*(N), | - ||) given by
X ={f € lt>*(N): f(k) =0 except for finitely many k’s}.
Define S,, : X — X by

kf(k) if1 <k <n,
Sh, k) =
I { o=t
for all f € X. Check that sup{||S,.(f)|lw : » € N} < oo for every f € X,
while sup{||S,|| : » € N} = co. This illustrates that the principle of uniform
boundedness does not necessarily hold when X is not complete.

Further, let S : X — X be the linear map given by [S(f)](k) = kf(k)
for all f € X and k& € N. Check that lim, o, S, (f) = S(f) forall f € X
and that S is unbounded. This illustrates that Corollary does not
necessarily hold when X is not complete.

Exercise 3.8. Let X,Y, Z be normed spaces (over K). Let B: X XY — Z
be a map which is bilinear and separately continuous, that is, for each
xg € X (resp. yp € Y), the map y — B(xo,y) (resp. x — B(z,y)) is a
continuous linear map from Y (resp. X) into Z. Assume that X or Y is
complete.
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3. On Banach spaces and bounded linear operators

Show that B is bounded in the sense that there exists some M > (0 such
that
|B(z,y)| < M|z|| [yl forall z,y € X.

Deduce that B is continuous when we equip the vector space X x Y with
the norm [|(z,y)|| == ||=(| + [[yl.

Exercise 3.9. Let A be a nonempty subset of a normed space X over K.
Show that A is bounded in X if and only if {¢(x) : x € A} is a bounded
subset of K for every ¢ € X™.

Exercise 3.10. Let X be a Banach space, Y be a normed space (both over
K) and assume {7}, },en € B(X,Y) satisfies that {T,,(x) },en converges in
Y for every z in X. Let T' € B(X,Y') be given by

T(z) = lim T, (x) for every x € X.

The fact that T is necessarily bounded follows from Corollary |3.3.2

a) Show that {7}, },en converges to T' uniformly on compact subsets of
X, that is, given any compact K C X and £ > 0, there exists N € N such
that ||T,,(z) — T'(z)|| <eforallz € K andn > N.

b) Assume that {z,},en is a sequence in X converging to some x € X
Show that
T(x)= Lim To(2y).

Exercise 3.11. Let f : N — C be a function such that >22, f(k)g(k) < oo
for every g € ¢o(N). Show that f € ¢*(N).

Exercise 3.12. Provide the missing details in Example [3.3.4]

Exercise 3.13. Let X be a Banach space and assume X; and X, are two
closed subspaces of X such that X is the direct sum of X; and X5, that is,
every x € X can be written in a unique way as r = xy + x5 with x; € X3
and x5 € X5. Show that there exists M > 0 such that

||| + [|z2]] < ||o1 + xo| for all x; € X, and x9 € Xs.

(Hint. Find a natural way to invoke the inverse operator theorem.)
Deduce that the naturally defined projection maps from X to X; and X,
respectively, are bounded.

Exercise 3.14. Assume that X is a Banach space. An operator P € B(X)
satisfying that P? = P is called a projection.

Let P € B(X) be a projection. Show that P(X) is closed and X =
ker(P) @ P(X).
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Exercise 3.15. Consider again the subspace X of (¢*°(N), | - ||«) given by
X ={f € >(N): f(k) =0 except for finitely many k’s},

as in Example Define a linear operator T': X — X by
1
[T(NH](k) = %f(k) for fe X and ke N.

Check that T is bounded and bijective, but T~! is not bounded (so T is not
open). This illustrates that the conclusion of the open mapping theorem
does not necessarily hold when X and Y are not complete.

Exercise 3.16. Consider the identity map from (C([0,1]),] - ||~) into
(C([0,1]), ] - ||l2), which is obviously a bijection. Check that it is bounded,
but that its inverse is not (so it is not open). This illustrates that the
conclusion of the open mapping theorem does not necessarily hold when Y
is not complete, even if X is.

Exercise 3.17. A linear map 7 : X — Y between Banach spaces is said
to be bounded from below (or bounded away from zero) if there exists some
a > 0 such that a||z| < [|T(z)|| for all z € X (cf. Exercise [1.18]in the case
where T € B(H)).

a) Check that T is bounded below whenever T' € B(X,Y") is invertible.

b) Show that a linear map 7' : X — Y is not bounded from below if
and only if there exists a sequence {z,} of unit vectors in X such that
lim, 00 T'(2,) = 0.

c) Assume 7" € B(X,Y) is bounded from below. Show that 7" has closed
range.

Exercise 3.18. Let H be a Hilbert space and T' € B(H). Show that the
following conditions are equivalent:

i) T is invertible in B(H).
ii) T* is invertible in B(H).

iii) Both 7" and T™ are bounded from below (as defined in the previous
exercise).

iv) Both T and T™ are injective and 7" has closed range.

v) T is bijective.
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Note: The equivalence between i) and v) follows from the inverse operator
theorem (Corollary [3.4.5).

Exercise 3.19. Show that the map T in Example is isometric.

Exercise 3.20. Let X,Y be Banach spaces (over K) and T': X — Y be
linear. Show that 7' is continuous if and only if the following condition
holds:

If {x,} is a sequence in X which converges to 0 and {T'(x,)} converges
to some y € Y, then y = 0.

Exercise 3.21. Let X and Y be normed spaces (over K) and 7T': X — Y
be linear. Assume that ¢ o T € X* for all ¢ € Y*. Show that T is bounded.

Exercise 3.22. Set X = C'([0,1]), Y = C(][0, 1]), and equip both spaces
with the || - |[[-norm. Let D : X — Y be the linear operator given by
D(f) = f' (the derivative of f) for each f € X. Check that D has closed
graph and is unbounded. This illustrates that the conclusion of the closed
graph theorem is not necessarily true when X is not complete, even if Y is.

Exercise 3.23. a) Let X be a reflexive Banach space. Show that every
p € X* attains its norm on the closed unit ball of X.

Note. R.C. James showed that the converse statement also holds, i.e., if
every € X* attains its norm on the closed unit ball of X, then X is
reflexive. However, the proof is hard and outside the scope of this course.

b) Consider the Banach space (C([—m,7]),|| - ||s). Show that it is not
reflexive.

(Hint. Study ¢ € C([—m,n])* given by o(f) := [™_f(t)sin(t)dt for all
fe C([=m,7]).)

Exercise 3.24. Prove that Proposition holds. That is, let X,Y
be Banach spaces (over K) and assume that 7 : X — Y is an isometric
isomorphism from X onto Y. Then show that Y* is isometrically isomorphic
to X* via the map T™. Moreover, show that X is reflexive if and only if Y
reflexive.

Exercise 3.25. Consider the Banach space
co(N) := {f € (¥(N) : lim f(n) = 0},
as in Example [1.2]
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a) Show that cy(N)* is isometrically isomorphic to ¢!(N) via the map de-
scribed in this example.

Alternatively, you may consider the inverse of this map, which maps each
g € (X(N) to ¢, € co(N)*, where ¢,(f) :=32%, f(n)g(n) for all f € co(N).

b) Using a), as done in Example we get that ¢o(N)** is isometrically
isomorphic to £>°(N). Another way to deduce that ¢o(N) is not reflexive is
to use this fact to show that ¢o(N) is not isometrically isomorphic to co(N)**.
Do this by observing first that ¢y(N) is separable, while /*°(N) is not.

Exercise 3.26. Show that the map Q* : (X/M)* — X* in Theorem [3.6.14
a) is isometric.

Exercise 3.27. Set
¢(N) :={f € £*(N) : lim f(n) exists in C}.

a) Show that ¢(N) is a closed subspace of *°(N), hence is a Banach space.

b) Show that ¢(N)* is isometrically isomorphic to £*(N). Then show that
¢(N) is not reflexive.

Exercise 3.28. Assume X is a Banach space having a direct sum decom-
position X = X; @ X,. Describe X* in terms of X} and X3.
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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 K =R or C,
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 {2, }nen
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. Let B denote the closed unit ball in X (i.e., 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 € B, and it follows that T 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 ()| < [T ]l < T M

for all n € N. Now, the ball B:={y €Y : |ly|| <||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(z,)}nen is a sequence in K, we
can therefore conclude that it has a convergent subsequence. This shows
that T is compact. |
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Example 4.1.5. Consider X = C([0,1],R) (the continuous real-valued
functions on [0, 1]) as a real Banach space with respect to the norm || - || .
For g € X, define T'(g) : [0,1] — R by

[T(g)](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
1

T(@))(s) = ( /0 " cos(t) g(t) dt) sin(s) — ( /0 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

@I < [ Tsins—0g)] &t < [ 0] de < gl

for all s € [0,1], we get that [|T(9)|le < ||g|loe for all g € X. Hence, T is
bounded. We can therefore conclude that 7" is compact.

More generally, using the so-called Arzela-Ascoli Theorem (cf. MAT2400
or [R, section 6.3]), it can be shown that if K : [a,b] X [¢,d] — R is a
continuous function, then the operator 7" : C([c, d]|,R) — C(]a, b], R) defined

by ;
[T(9)](s) = /c K(s,t)g(t) dt for all s € [a,b],

is linear and compact. Similarly, if K takes complex values, then we may
consider T" as an operator from C([c,d]) into C([a, b]), and it again follows
that T' 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) (w.r.t. operator norm,),
and it follows that IC(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 7' € B(X,Y'). To show that (X,Y) is closed in B(X,Y), we have
to show that T is compact.

So let {z, }nen 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 {Zn }nen
such that 71 (z,,) — v1 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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4. On compact operators

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
{4y }nen, such that T,,,(zp.n) = ym as n — oo for some y,,, € Y.

We now set x), := x5, € 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},) bren is
convergent, hence that {T'(x,)}.en has a convergent subsequence, which
will show that T is compact.

To establish , we first observe that for any k, [, m € N, we have

1T (x7) = T(@)l < (T = Ton) () + Ton(27) = Ton() + (T = T) ()|
(T = To) (@)l + 1T () = Ton (@)l + (T = T) ()|
|7 = Tl N2l + 1T (27) = T (@) | + 1T = T ||

<
<
<
< NN T (27) = Ton (@) || + 2M || T = Thn]| -

Let then ¢ > 0 and choose m € N such that ||T"— T,,| < ¢/3M. By
construction, for each k > m, we have that T,,,(z},) = T, () is an element
of the sequence {7},,(Z ) fnen, which is convergent to y,,. It follows that
the sequence {71}, (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

1T () =T (@)l < T () =T (@) [[+2M (| T=To0 || < €/3+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)

(the closure being taken w.r.t. operator norm,).

88



4.1. Introduction to compact operators between normed spaces

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

[Mx(x)](n) = Aln) z(n)

for all x € X and all n € N. One readily checks that ||[My]| = ||A]|-
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
)\(k)(n) _ An) if1< n <k,
0 otherwise,

for every n € N. Then it is clear that each M, has finite-rank; moreover,

1My — My = A = AP ||e =0 as k — oo

Thus M, € F(X, X) C K(X, X).
0

We set K£(X) = K£(X, X), so that (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
K(X) # B(X). Indeed, the identity operator [y is not compact in this
case, because we then know that the closed unit ball X; is bounded but
not compact, so that Iy maps the bounded set X; onto itself, which is not
compact.

We also mention (cf. Exercise that IC(X) is a two-sided ideal in
B(X), meaning that we have

ST € K(X)if S € B(X)and T € K(X), or if 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 7" € K(X) had an inverse
T-! € B(X), then we would have that Ix = T7'T € K(X), hence that
dim(X) < 00).

We will come back later to other properties of compact operators on
Banach spaces.
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4. On compact operators

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 found by the Swedish mathematician
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 K). Then we have

F(X, H) = K(X, H).

Proof. By Corollary we only have to show that K(X, H) C F(X, H).
So let 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 Lindstregm’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 z; € X; such that

lla; = T(z;)|| < /4.

Set now F' := Span ({T'(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 PrT is contained in F', PpT has finite-rank, so PrT € F(X, H).
We claim that

IT - PeT| <.

Indeed, let x € Xy. Then T'(x) € A, so T'(z) € B; for some j € {1,...,n}.
Hence,

1T () = T(xy)l| < [T(x) = ajll + [la; = T())l| < e/d+e/d=¢e/2.

Further, since T'(z;) € F, we have that Pp(T(z;)) = T'(z;). Thus, using
also that ||Pr|| = 1, we obtain that

(T = PeT)(x)l| = [[T(x) = T(x;) + (PrT)(x;) — (PeT) ()]
|17 () =T (x;
() =T

< M+ 1P (T(x5) = T()) |
< 17(z) = Tyl + | Prl[[T(z;) = T(2)]
= 2|[T(z) = T()|

<2-gf2=¢.
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As this holds for every = € Xy, 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'€ K(X, H). Then it can be shown that T'(X) is separable. We leave
this as an exercise. ]

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}, },en in F(H) such
that || 7" — T,,|| — 0 as n — oo. Now, it is not difficult to see that F(H) is
closed under the adjoint operation (cf. Exercise 2.20). Hence, {1 },en is a
sequence in F(H), and we have

IT* = T = (T = Tl = IT ~ Tl 50 as n = oc.

Thus, T* € F(H) = K(H). u

An interesting class of compact operators on H containing F(H) consists
of the so-called Hilbert-Schmidt operators. For simplicity, we consider for the
moment only the case where H is separable and infinite-dimensional. We
note that every orthonormal basis for H is then countably infinite: indeed,
assume (for contradiction) that H had an uncountable orthonormal basis
B. Then, as ||u — /|| = v/2 for all distinct u,u’ € B, it is not difficult to 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 K). Let B = {u;}jen and C = {v;};en be orthonormal bases for H,
and let T'€ B(H). Then we have

> )P = 3 17w P
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Proof. Using Parseval’s identity (two times), we get

anu? Zg! o)l = 33 [t T (w0

:izo:i::’ ‘2:22‘@*(%),%)’2

= ST W)

k=1

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

Z 1T (v;)||* = Z 177 (vi) || -
Thus we obtain that

ZHT uy)|* = Z 1T (ve)|I* = ZHT ull*,

as desired. [

Remark 4.2.6. An analogous result is true when H is finite-dimensional
and B = {u;}1<j<n, C = {v,}1<j<n are orthonormal bases for H (where
n = dim(H)). O

Definition 4.2.7. Let H be a separable, infinite-dimensional Hilbert space
(over K). An operator T' € B(H) is called an Hilbert-Schmidt operator when
we have

ST ()] < oo

j=1
for some orthonormal basis B = {u;};en of H, in which case we set

I = (3 1))

Lemmal[f.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} .
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If H # {0} is finite-dimensional, we set HS(H) := B(H) (so we also
have HS(H) = K(H) = F(H)), and for T' € B(H), we set

1/2

17l = (3 I1Tu)]?)

for any choice of o.n.b. {uy,...,u,} for H.

Proposition 4.2.8. Let H # {0} be a separable Hilbert space (over K).
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

IT[| < [Tl
for every T € HS(H).

Proof. We assume that H is infinite-dimensional, the finite-dimensional case
being easier and left to the reader.

We first note that it is evident from the proof of Lemma 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 &, ¢ € (2(N) by

§() = IIT(uw;)  and  &(j) := [|T"(u;)||  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

f: (T +T) (] < i (17 ()l + HT’(uj)ll)2 = llg+£13

Jj=1 J=1

< (€l +11€'l12)* = (1Tl + [ T7]]2)* < 0.
This shows that T+ 7" € HS(H) and
17+ T2 < TNz + 17"]]2 -

Moreover, one easily checks that XT" € HS(H) and [|[AT||s = |A|||T||2 for
every A € K. If | 7|2 = 0, then we get that ||T'(u;)|| = 0 for every j € N,
and this clearly implies that 7" = 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).
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To show that [|T'|| < ||T||2, let x € H \ {0}. Set v; = ﬁx and let

v;}is9 be an orthonormal basis for {z}*. Then {v;};cy is an orthonormal
> i 5i
basis for H, so we get

1T @17 = ll=I* 1T )ll* < l=l* D2 1T (w)II* = T2 ]
=1
Thus, [[T[] < 172
Next, we show that 7" € 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 - N

> Ty 1 = N7 (wy)[|* < o0,

j=1 j=1

so T,, € HS(H) for each n € N. Hence,

0 1/2
1T =Tl < 1T =Tola=( X IT@)?)" =0 asn—oo.

j=n+1

Since T,, € F(H) for each n, Theorem [1.1.7] gives that T" € K(H). Hence,
HS(H) C K(H).

It only remains to show that F(H) C HS(H), but we leave this as an
easy exercise. [ |

Remark 4.2.9. For additional properties of HS(H), see Exercise

Remark 4.2.10. If H # {0} is finite-dimensional, B is an orthonormal
basis for H, then letting A = [a; ;] denotes the matrix of 7" w.r.t. B, one
readily checks that

I = ( 3 foust)"”
i,j=

i.e., ||T"||2 coincides with the so-called Frébenius-norm of A. 0

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

b

T ()](s) :/ K(s,8)f(t) dt for f € C([a,0]) and s € [a, b].

a

cf. Example [1.3.6] Then we claim that Tk is a Hilbert-Schmidt operator on
H. Tt will then follow that Tk is compact by Proposition [£.2.8]
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4.2. Compact operators on Hilbert spaces

To prove this claim, 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 := {[u;|};en 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

b

Tk (wp)](s) = |

a

K (s,8) uy(t) dt = /H k()T (D) dut) = (ke T5) -

Moreover, Parseval’s identity gives that

o lla = (3 [tk ) [) 72
j=1

Thus, we obtain that

> | Tiewle) [ = X [tk = 1 1

Now, using this and the Monotone Convergence Theorem, we get

[a,]

= ks(0)7 du(t)) dp(s
UL 07 ) dus)
b b

:/ / |K(s,t)]* dt ds < oo,

which shows that Tk € HS(H) with ||Tx|ls < (7 [2|K (s, t)> ds dt)/2.

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]. We leave
this as an exercise.
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4. On compact operators

4.3 The spectral theorem for a compact
self-adjoint operator

Throughout this section we let H denote a Hilbert space (over K) 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 T'.

We begin with a series of lemmas.

Lemma 4.3.1. Assume T € KC(H) has a nonzero eigenvalue A € K. Then
the associated eigenspace Ey := ker(T — \I) is finite-dimensional. E|

Proof. Assume for contraction that F) is infinite-dimensional. We may
then find an orthonormal sequence {v,},en in Ey. By compactness of T,
{T'(vy,) }nen has a convergent subsequence. So we may as well assume that
{T'(vy,) }nen is convergent, hence that it is a Cauchy sequence. However, we
have that

1T (wn) = T(wa)I* = A vn = Avp|* = 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 A € K. Then X € R.

Moreover, if N is an eigenvalue of T distinct from X, then E\ L E\,
i.e., (x,y) =0 whenever x € E\ and y € Ey.

Proof. Let x € E). If ||z|| = 1, then we have
A=A,x) = (Aw,x) = (T(x),x) e Wr CR,

so A € R. Moreover, assume that )\ is an eigenvalue of T distinct from A,
and let y € E),. Then we have that X" € R, so

M, y) = (T(x),y) = (x, T(y)) = N {z,y) .
Since A" # A, we get that (z,y) = 0. [ |

The next lemma is crucial.

UIf there is a danger of confusion, we will write E{ instead of E}.
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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'(z,), zn)| — ||T|| as n — oo. Since (T'(z,), z,) € R for every n, we
can assume (by passing to a subsequence and relabelling) that

(T'(xp),x,) — A as n — 0o, where X\ = £||T|. (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(20), 20)| < IT(@n)l| for every n € N,

so, letting n — oo, we get that ||y|| > |[\| > 0, so y # 0.
Now, using that T is self-adjoint, A is real, ||z, || = 1, and (4.3.1)), we get
1T (z) — Azl = (T(2) — A, T(0) — A2

= T (@) I* = 2M(T(@n), ) + A*lal|?
< |ITN? = 20T (), 2,) + N2
=22 (A= (T(xn), 7))
— 0 asn — oo.

Thus, | T(z,) — Az,|| — 0 as n — oo, and this gives that

Hy - /\an < Hy - T(l‘n)H + ||T(xn) - )‘an — 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 to state and prove 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
such an approach. We will follow a more pedestrian route, which will also
provide us with more information about 7.
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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)

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 {\;}ren is an enumeration of L, then
we have limy_,oo A\ = 0.

The eigenspace Ey = ker(T — \I) 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 Ey, and set

g/ = U (c;)\.
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
AEL

lim, oo |77 — 252y Ak Py || = 0 if L is countably infinite and {\; }ren
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 = [, 0)] = [(T(v), )| < |IT1]

Thus, L < [=[|T], [|T]]
To show that L is countable, let € > 0 and consider the subset of L given
by L. :={\ € L: |\ >¢€}. Then L. is finite.

98



4.3. The spectral theorem for a compact self-adjoint operator

Indeed, assume L. is nonempty. Then for each A\ € L, we can pick
vy € Hj 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

1T (va) = T(ox)lI* = | Ava = Now || = [A]P + [V]* > 227

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,eny Li/n, it follows that L is countable.

(b): Assume L is countably infinite and {\; }ren is an enumeration of
L. Let € > 0 be given. Then, as in (a), we get that the set K := {k € N:
|Ak| > €} is finite. So there exists N € N such that KX C {1,...,N}. For
every k > N + 1, we then have |\¢| < e. This shows that limy_,,, A\ = 0.

(¢): This is a consequence of Lemma {4.3.1]
(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

Av,y) = (T(v),y) = (v, T(y)) = (v,0) = 0.
Since \ # 0, this shows that y € (')t = 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 [2.21)). We may therefore
consider the restriction S of T 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., 1 € L. But if v € M+ is an eigenvector for S associated with y,

99



4. On compact operators

we then have that v € E, C M, so v € M N M+ = {0}, contradicting
that v # 0 (since v is an elgenvector)

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')
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 2y € M = Span (£’) and xy,. € M+ = ker(T) = Span (&). So
we may choose {z,},en C Span (£') and {yn}nen € Span (&) such that
lim,, o ©, = xps and lim,, .o ¥y, = x371. This gives that

nli_)rrolo(xn+yn):xM+le =2x.

Hence, x € Span (€). This shows that £ is an orthonormal basis for H.

(f): The first assertion follows readily from the fact that E) L E)
whenever A # X, cf. Lemma [4.3.2] Next, we consider the case where L is
countably infinite and {A; }ren is an enumeration of L, leaving the easier
case where L is finite to the reader.

For each k € N, set ng := dim(F),) < oo, and let {vg1,..., vk, } be
an enumeration of &,,. Then we have

SI: US/\k:{UklekEN71§l§nk}.
keN

Consider z € H. Since T'(xz) € T(H) and &’ is an orthonormal basis for
T(H), we get from Corollary [2.3.11| that

m Nk m Nk

%EHOOZZ )s Uk Ukl—él_{%ozz x, T (Vi) Vi
k=11=1 k=11=1
g

:nlbl_I)nooZ/\k(Z<x7Ukl Ukl) Z)\kp)\k
k=1

=1

Let now ¢ > 0. We have to show that there exists N € N such that
T —>5_; M Pl < eforalln>N.
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4.3. The spectral theorem for a compact self-adjoint operator

Using (b), we can choose N € N such that |[A\;] < ¢ for all £ > N.
Then for all n > N and all x € H, using continuity of the norm in H and
Pythagoras’ identity, we get

o0

= > MR @)

I

(=S nr )@l =] 3w

k=n-+1 k=n+1
o0
<& Y B (@) <&z
k=n+1
and the assertion follows. [ |

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)=>_pjz,uj)u; forallze H. (4.3.2)

jedJ

Each pj is an eigenvalue of T and u; is an associated eigenvector.

Proof. We use the notation from Theorem [£.3.4)). Since & = Ujer&) 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;},c; 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; = > p;{x,u;)u;

jeJ jeJ jeJ

for all z € H. [ |

Let us say that an operator 1" € B(H) is diagonalizable if there exists an
orthonormal basis for H whose elements are eigenvectors for 7. Then the
spectral theorem (Theorem tells us that 7' is diagonalizable whenever
T is compact and self-adjoint. Let us now say that an operator T' € B(H)
is normal if T* commutes with T', i.e., we have T*T = TT*. Clearly, self-
adjoint operators and unitary operators are normal (but note that unitary
operators, being invertible, are never compact when H is infinite-dimensional.
Compact operators on H that are diagonalizable can be described as follows.
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4. On compact operators

Theorem 4.3.6. Assume T is a compact operator on H. If K =R, then
T is diagonalizable if and only if T is self-adjoint. On the other hand, if
K = C, then T is diagonalizable if and only if T is normal.

This theorem can be deduced from Theorem [4.3.4] We leave the proof
to the reader (cf. Exercises and [4.13)).

As another corollary of Theorem [4.3.4] 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
(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 T'. For each j € N, let ;1; 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 p;’s are positive.
For each 7 € N, set

1
oj=/p; >0 and wu;:=—5(v;).

0j
The o,’s are called the singular values of S. For all j,k € N we have

L (S(07), S(08)) = —— (T (vy), v}

00k 00k

- 1 ifj=k

0 otherwise,

(uj, up) =

so {u; : 7 € N} is an orthonormal set in the range of S. Further, we have
the following decomposition of S:

S(z)=> 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(z) € M+, we get that

z = Py(x)+z =Y (z,v5)v; + z,
jEN
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4. 4. The Fredholm Alternative

SO

S(x) = Y (z,v;) S(v;) + S(z) = Y 0 (x,0;) uj,

jEN jEN
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; = | /11; — 0
as j — oo when N is countably infinite, and that

I1S|| = ||S*S||1/2 = HTHl/2 =max{ p;:j€ N}l/2 =max{o;:j € N}.

4.4 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 =b, where A € M,,«,(K), b € K™ and the (unknown) vector = belongs
to K". More generally, one may consider equations of the form

T(v) =w (4.4.1)

where VW are vector spaces (over K), T' € L(V,W), w € W and the
(unknown) vector x 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(7T) = {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, e.g.,

T(H) = ker(T*)* and T*(H) = ker(T)*, (4.4.3)
cf. Proposition [2.4.10] and study in parallel the equation T*(v") = w'.

Example 4.4.1. Assume that T has closed range (i.e., T(H) is closed).
Then we get from that the equation is 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 T must be surjective, hence is consistent for all w € H.
Similarly, if 7 has closed range and ker(7") = {0}, then T™* is surjective,
i.e., the equation T*(v") = w' is consistent for all w’ € H.
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U

Example 4.4.2. Assume that T is surjective. Then we get from that
ker(7T™*) = {0}, hence that the equation 7%(v") = w’ has either no solution
or a unique solution.

Similarly, if 7* is surjective, then ker(7") = {0}, and has either

no solution or a unique solution.

g

A problem is that bounded operators in general do not have a closed
range (see for example Exercises [4.16| and [4.17). 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 (since T'(H) is finite-dimensional). In the case where H is
finite-dimensional, much more can be said.

The following terminology will be useful.

Definition 4.4.3. Let F' € B(H). We will say that F satisfies 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. [This means that both
F and F* are bijective.]

(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)=,.

Operators satisfying the Fredholm alternative may be characterized as
follows.

Proposition 4.4.4. Let F' € B(H). Then F satisfies the Fredholm alterna-
tive if and only if the following conditions hold:

e F' has closed range;
e F* has closed range;
e dim(ker(F*)) = dim(ker(F)) < oo.

Proof. Assume that the above conditions hold. Then the first two conditions
give that
F(H) =ker(F*)* and F*(H) = ker(F)*. (4.4.4)
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Now, in view of the third condition, there are only two possibilities: either
ker(F*) = ker(F) = {0} or 1 < dim(ker(F*)) = dim(ker(F)) < co. In
the first case, we readily get that both F' and F™* are bijective, hence that
alternative (a) holds. In the second case, it is immediate from that
alternative (b) holds. Thus, F' satisfies the Fredholm alternative.
Conversely, assume F' satisfies the Fredholm alternative. Then the
third condition clearly holds. Moreover, under alternative (a), we have
F(H) = F*(H) = H, while, under alternative (b) we have F/(H) = ker(T*)*
and F*(H) = ker(T)*. Hence, both F' and F”* have closed ranges. [

Example 4.4.5. Assume that H is finite-dimensional and F' € B(H), i.e.,
F: H — H is linear. Then F' satisfies the Fredholm alternative.

Since F'(H) and F*(H ) are finite-dimensional, both F' and F™* have closed
range. Thus Proposition will give us that F' satisfies the Fredholm
alternative if we can show that dim(ker(F*)) = dim(ker(F’)). But this
follows from the dimension formula for F, i.e.,

dim(ker(F)) + dim(F(H)) = dim(H)
and the well-known fadﬂ that for any subspace M of H, we have
dim(M) + dim(M™*) = dim(H).
Indeed, we get

dim(ker(F*)) = dim(F(H)") = dim(H) — dim(F(H)) = dim(ker(F)),

as wanted. O

Let Ty be an integral operator on L?([a, b]), where K : [a, b] x [a,b] — C
is a continuous function, and p € C. An equation of the form Tk (f) = g,
where f, g € L*([a,b]), is called a Fredholm integral equation of the first kind.
Moreover, an equation of the form

(Tx —puI)(f) =g, ie., Tg(f) —pf =y,

where f, g € L*([a,b]) and p € C\ {0}, is called a Fredholm integral equation
of the second kind. Such equations were studied by I. Fredholm at the
beginning of the 20th century. They arise in some practical problems in
signal theory and in physics.

We will be here interested in equations of the second kind. Fredholm
showed that if 4 # 0, then the operator Ty — ul satisfies the Fredholm

2This fact follows by applying the dimension formula to the projection map Py;.
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alternative. Now, as we have seen in Example [.2.11], Tk is a compact
operator. It can in fact be shown that if 7" is a compact operator on H and
p € K\ {0}, then any operator of the form 7" — ul satisfies the Fredholm
alternative.

We will first illustrate how the spectral theorem can be applied to give a
direct proof of this fact when 7' is a compact self-adjoint operator.

Theorem 4.4.6. Assume T' € K(H) is self-adjoint and p € K\ {0}. Then
F =T — ul satisfies the Fredholm alternative.

Proof. We divide the proof in two parts.

1) Assume first that u is an eigenvalue of T, i.e., ker(T' — ul) # {0}.
Then p € R, so F* = F. Moreover, as i1 # 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 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 (4.4.5)

is consistent if and only if (y,z) = 0 for all z € El:f = ker(T — ul).

To prove this, let £ = {u;};ec; be an enumeration of the orthonormal
basis for T'(H) obtained in the spectral theorem for 7', and let p; € R\ {0}
denote the eigenvalue of T' corresponding to each u; (as in the proof of
Corollary |4.3.5)).

Since H is the direct sum of ker(T") and ker(T)*+ = T(H), we may write
y e H as

y=1vo+ > (Y, u;)uy,
jed

where yy denote the orthogonal projection of y onto ker(T'). Likewise, we
may assume that the (unknown) vector z in equation (4.4.5)) is written as

Tr = JIQ—FZC]'U]‘,
jedJ

where o € ker(T) and {c¢;};c; € (*(J) are to be determined, if possible.
Plugging this into equation (4.4.5)), we get the equivalent equation

—pwo + Y (pj — 1) ¢ uy = yo + D (Y, uy) uy.
jeJ jeJ
Clearly, we can set xg := (—1/u) o, and equation (4.4.5)) is then consistent
if and only if the sequence {c;};c; € €(J) can be chosen so that

(pj — m) cj = (y,u;) forall j e J (4.4.6)
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Now, as u is a nonzero eigenvalue of 7', we have that yu = p; for some k € J.

Let u;,,...,u;, denote the vectors in £ giving an orthonormal basis for
ET=ET 15 & {j1,....ja}, we have p; # 1, s0
1
= (g )
! Pj— K !

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 =171+, Jn, 1.6, if and only if (y,z) = 0 for all z € EZ Thus, if equation
is consistent, we must have that (y,z) = 0 for all z € Ef; Conversely,
let’s assume that this condition holds. We are then free to choose ¢;,, ..., ¢;,
as we want. Regardless of this choice, it is not difficult to verify that the
constructed sequence {c;};e; belongs to ¢2(J) (cf. Exercise [1.21)), so that
the vector x associated to this sequence will then give a solution to (4.4.5)).
Summing up, we have proved that equation is consistent if and only
if (y,2) =0 for all z € E!. As explained above, this shows that (b) in
Definition holds.

2) Next, assume that p is not an eigenvalue of T, i.e., ker(T — ul) = {0}.
Then, using the spectral theorem, one can now show that the equation
(T — pl)(x) = y has a unique solution for all y € H. (You are asked to do
this in Exercise ) Thus, F' =T — ul is surjective, and this implies that
ker(F*) = ker(T' — ul) = {0}, i.e., 7 is not an eigenvalue of T'. Arguing as
above, we get that the equation (T"— zl)(z') = ¢/, i.e., (T — pl)*(z') = o/
has a unique solution for all y € H. This shows that (a) in Definition [4.4.12]
holds in this case. |

To prove that the Fredholm alternative holds for T'— ul when T' € K(H)
is not assumed to be self-adjoint and p € K\ {0}, our plan is to apply
Proposition [£.4.4] As a first step, we will show:

Theorem 4.4.7. Let T € K(H) and p € K\ {0}. Then F'=T — pl and
F* = (T — ul)* have closed ranges.

Proof. We have F* = (T — pl)* = T* — @il Since T* is compact and 1 # 0,
it suffices to show that FF = T — pul has closed range. So let {y,}nen be
a sequence in F'(H) converging to some y € H. We have to show that
ye F(H).

For each n € N, we may pick z,, € H such that y, = F(x,). Now, as
H = ker(F) @ ker(F)*, we may write

Tp = 2, +w, Wwith 2, € ker(F), w, € ker(F)*.
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4. On compact operators

We claim that the sequence {w,, },en is bounded:
Assume (for contradiction) that this is not true. Passing to a subsequence
if necessary, we may assume that w,, # 0 for alln € N and lim,,_,, ||w,| = oo.

For each n € N, set w,, := HTlnuwn' Then we have
_ _ - 1
W,
1 1
= F(z, — zp) F(z,)
[[wa]

because {y, }nen is bounded (being convergent) and ||w,| — oo as n — oc.
Since {Wy, }nen is bounded and 7' is compact, {T'(wW,) }ren has a convergent
subsequence. Hence, passing to a subsequence if necessary, we may assume
that {T(w,)}nen is convergent. As

1
pw, =T (w,) — Toonl Yy, foreachn e N,
Wn,
we get that {W, }nen is convergent, say to w € H. Then ||w|| = 1 and

F(@) = lim F(@,) =0,
so w € ker(F). But w, € ker F'* for all n € N, which is closed. Thus, we
also have w € ker(F)*. Hence, w € ker(F) Nker(F)* = {0}, i.e., w = 0,
contradicting that ||w| = 1. So we must have that {w, },en is bounded, as
claimed above.

Now, since T is compact, we get that the sequence {T(w,)},en has a
convergent subsequence. Passing again to a subsequence if necessary, we
may assume that {7'(w,)}nen is convergent. As

1 1 1
wy = = (T(wn) = (T = pl)(wy)) = = (T(wy) = F(w,)) = =(T(wn) — yn)
M H M
for every n € N, this implies that {w,},en is convergent, say to w € H.
Then we get
F(w) = lim F(w,) = lim y, =y,

e,y € F(H), as we wanted to show. [ |

We will also need:
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4. 4. The Fredholm Alternative

Proposition 4.4.8. Let H be a Hilbert space (over K), T € KC(H) and
w e K\ {0}. Then we have

dim(ker(T' — pl)) = dim(ker((T"— pul)*)) < oo.
We note that it follows readily from Lemma that
dim(ker(T—pl)) < oo and dim(ker((7—pl)*) = dim(ker(T™—pnl)) < oco.

We divide the proof of the formula dim(ker(7'—ul)) = dim(ker((7—pl)*))
in several lemmas. We first show that it holds when S € F(H).

Lemma 4.4.9. Assume S € B(H) has finite rank, i.e., S € F(H). Then
dim(ker(S — ul)) = dim(ker((S — ul)")).

Proof. Siden S has finite rank, S(H) is a finite-dimensional subspace of H.
Moreover, since S* then also has finite rank, S*(H) is finite-dimensional
too. This readily implies that M := S(H) 4 S*(H) is a finite-dimensional
subspace of H. Clearly, we have

(S—I(M)C M and (S—1)"(M)=(S*—1)(M)C M.
Moreover, since M+ C S*(H)* = ker(S), we also have
(S—=D(n)=0+n=n forallne M.

We can now define a linear map L : M — M by L := (S — I)jum, ie.,
L&) =S(&) — & for £ € M. We claim that

ker(S — I) = ker(L)
ker((S — I)*) = ker(L")
Indeed, assume first £ € ker(L). Then (S — I)(§) = L(§) = 0, so & €

ker(S — I). Conversely, assume £ € ker(S — I). Write £ = &y + n with
v € M and n € M*. Then we have

0= (5—=1)(&) = (5= 1)(Em) + (5= 1)(n) = L(Eur) + 1,

and L(&y) € M, n € M*. This implies that L(£y) = 0 and 1 = 0, hence
that
E=&u+0=&, € M and L(§) =0,i.e., & € ker(L).

This shows that the first assertion in the claim above holds. The proof of
the second assertion is similar and left to the reader.
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4. On compact operators

As M is finite-dimensional, Example tells us that
dim(ker(L)) = dim(ker(L")).

Thus, combining the claim above with this formula, we get that the desired
equality holds. |

Lemma 4.4.10. Assume B € B(H) and dim(ker(B)), dim(ker(B*)) < oc.
Let U € B(H) be invertible. Then we have

dim(ker(UB)) = dim(ker(B)),
dim(ker((UB)*) = dim(ker(B™)).

Proof. For x € H we have

(UB)(x) =0 < U(B(x)) =0 < B(x) =0 since U is invertible.
Thus, ker(UB) = ker(B) and the first statement follows. Moreover, we have
(UB)*(x) =0 & B*(U*(z)) =0 & U*(x) € ker(B*) & x € (U*) !(ker(B*))

(since U* is invertible, with (U*)~! = (U~')*). This shows that ker((UB)*) =
(U*)(ker(B*)), so we get that

dim(ker((UB)")) = dim((U")"" (ker(B"))) = dim(ker(B")),
proving the second statement. |
Lemma 4.4.11. Assume T € K(H). Then
dim(ker(T — 1)) = dim(ker((T' — I)¥)).

Proof. Since F(H) is dense in K(H), we can find S € F(H) such that
T — S| <1. Set U :=1— (T —S5). Then U € B(H) is invertible (with
U™l =32 (T —S)"), and we have

T—1=S+(T-8)—-I=S-U=UU"'S-1)=U(S-1),
where S := U~1S € F(H). Lemmam gives that
dim(ker(S — 1)) = dim(ker((S — I))).
Moreover, applying Lemma we get

dim(ker(T — I)) = dim(ker(U(S — I))) = dim(ker(S — I)),
dim(ker((T — I)*) = dim(ker((U(S — I))*) = dim(ker((S — I)*)).

Hence, the desired formula follows by combining the last three equalities. W
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Proof of Proposition[{.4.8 Since pu # 0, we have

T—u[-u(iT—])—u(T—I),

where T := iT € K(H). Hence, using Lemma [4.4.11} we get

dim (ker(T — pI)) dim(ker(u(T — 1)) = dim(ker(T — I))
= dim(ker((f —-0)")) = dim(ker(ﬁ(f —0)"))
= dim(ker((u(T — 1))")) = dim(ker((T — pI)")),

as we wanted to show. [ |

Theorem 4.4.12. Assume T € K(H) and p € K\ {0}. Then F :=T — pl
satisfies the Fredholm alternative.

Proof. Theorem [1.4.7] says that both F' and F* have closed ranges, while
Proposition says that dim(ker(F*)) = dim(ker(F')) < oo. Hence the
conclusion follows from Proposition [£.4.4] |

4.5 Exercises
Exercise 4.1. Let X,Y, Z denote normed spaces over K. Consider A € K,
T, 7"e B(X,Y)and S € B(Y, Z), so ST € B(X, Z).

a) Show that A\T +T" € K(X,Y) if T, T € K(X,Y).

b) Show that ST € K(X,Z2) it T € K(X,Y).

c¢) Show that ST € K(X, Z) if S € K(Y, Z).

d) Set K(X) = K(X, X). Deduce that

STeK(X)if SeB(X)and T € K(X), orif S € K(X) and T € B(X).

Exercise 4.2. Let X = (*(N), A € (*(N), and M, € B(X) be the
associated multiplication operator, cf. Example [£.1.8]

Show that A € ¢y(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.

Exercise 4.4. Let H be an infinite-dimensional Hilbert space and let
T € K(H). Show that (T'(up),u,) — 0 as n — oo whenever {u,},en
is an orthonormal sequence in H.

111



4. On compact operators

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 7' € HS(H) and S € B(H). Show that both ST and
TS belong to HS(H), and that we have

ST Nl2 < [ISHHT]2, TSI < 1Tl 1S1]-

c¢) Let B = {u;};en be an orthonormal basis for H, where N = {1,...,n}
if dim(H) =n < oo, while N = N otherwise.

For S,T € HS(H), set

(S, T)2 = > (S(wy), T(wy)).
jEN

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 € L>®(R, A, p) is
the multiplication operator M; € B(H) compact?

Exercise 4.8. Let H be a Hilbert space, T' € K(H) and A € K, A # 0.
Assume that there exists a sequence {x,, },en of unit vectors in H such that
|T(xn) — Ax,|| — 0 as n — oo. Show that A is an eigenvalue of T'.

Exercise 4.9. Consider H = L*([—7,7]) (with respect to the normalized
Lebesgue measure). Let g € 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 Ty is self-adjoint.
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b) Let k € Z and recall that ey (t) = e** for all t € [—n, 7). Check that
er is an eigenvector for the operator T;. Deduce that Ty is diagonalizable
(with respect to {eg}rez)-

- 1/2
¢) Show that || Tl = llgll> = (5 /7 lg(t)* dt) .

2 J—
Exercise 4.10. Consider H = L*([0,1]) (with respect to Lebesgue measure)
and the integral operator T € B(H) associated to the kernel given by
K(s,t) = min(s,t)

for all (s,t) 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

1
U (t) == /2 sin ((n — i)ﬂ't) for all t € [0,1], n € N,

is an orthonormal set of eigenvectors for Tk.

b) It can be shown that ¢ is an orthonormal basis for H. Is it possible
to deduce this from a) and the spectral theorem for Tk 7

Exercise 4.11. 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 T". Show that there exists an orthonormal basis for H whose elements
are eigenvectors for both S and 7T'.

Hint: Start by considering an eigenvalue A of T" and study how S acts
on the corresponding eigenspace EY.

Exercise 4.12. 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 T is
self-adjoint.

Exercise 4.13. 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.
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4. On compact operators

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 T is diagonalizable if and only if 7" is
normal.

Hint: The implication (=) follows from a). For (<), use b) and Exercise

I b).

Exercise 4.14. Let H be an infinite-dimensional separable Hilbert space
and assume B is an orthonormal basis for H, enumerated as B = {v;};en.
Let {p;}en be a bounded sequence in K and let D € B(H) denote the
associated diagonal operator (w.r.t. B3).

a) Show that D is compact if and only if lim; . p1; = 0.

(Note: If you have looked at Example and solved Exercise 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
D2 = (3 1)
j=1

Exercise 4.15. Let H be an infinite-dimensional separable Hilbert space
and let T' € K(H) be selfadjoint, 7" # 0. Assume that you have found an
orthonormal basis B = {v;}jen for H consisting of eigenvectors for T, and
let 1; € R denote the eigenvalue of 7' corresponding to each v;.

a) Show that the sequence {y;}jen is bounded, hence that T is the
diagonal operator associated with this sequence (w.r.t. B). Deduce from the
previous exercise that lim; ., p; = 0.

b) As in the spectral theorem, set
L :={X\ € R | \is anonzero eigenvalue of T'}.

Set also B
L:={X e R| \isan eigenvalue of T},

so L =L\ {0}. Show the following assertions:
(i) L={p;|jeN}yand 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}.
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(iv) If No :== {j € N | p; = 0} is nonempty, then {v; | j € Ny} is an
o.n.b. for ker(7).

Exercise 4.16. 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) =t on [0, 1], cf. Example[2.5.4]

Show that T'(H) is not closed, i.e., that 7" does not have closed range.
Show also that 7" is not compact.

Exercise 4.17. 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 [4.1.8]

Show that T(H) = H and T(H) # H, so T does not have closed range.

Exercise 4.18. Let H be a Hilbert space and T' € B(H). Let us say that T’
is bounded from below if there exists some « > 0 such that «||z| < ||T(z)||
for all x € 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 4.19. Let H be a Hilbert space and assume F € B(H) satisfies
the Fredholm alternative. Deduce that F' is injective if and only if F' is
surjective.

Exercise 4.20. Let H be a Hilbert space, and let 7" € IC(H) be self-adjoint.
Assume i € K, # 0, is not an eigenvalue of T', i.e. T' — ul is injective.

Let y € H, let & = {u;},e; be an enumeration of the orthonormal basis
for M = T'(H) obtained in the spectral theorem for T', and let p; # 0 denote
the eigenvalue of T' corresponding to u; (as in the proof of Corollary 4.3.5]).

a) Show that the series

je] p] - /’L
converges to some h S H.

b) Set z:=y — Py(y) and z :== h — iz Show that (T'— ul)(x) = y.

¢) Deduce that F' := T — ul is surjective (hence that it is bijective).
[This shows that F' satisfies a) in the Fredholm alternative.]

Exercise 4.21. In the proof of Theorem [£.4.6] check that the sequence
{¢;};es constructed towards the end of the first part (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 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 Y = {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

b
(f.9) = [ F@)g(a) 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) =y whereyeY. (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 (as they are not complete) can
easily be fixed because both spaces can be considered as dense subspaces
of L*([a,b]). However, the operator D is not bounded (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

Sx = {y € C*([a,b]) : —y" + qy = My}

is 2-dimensional for every A € (CEl Note that trying to find out when
there exists some y € Sy \ {0} which also belongs to Y, which would
solve our problem, is not possible because a concrete description of Sy
is not available in general.

o Next, we will establish some spectral properties of the operator D.

o Thirdly, we will study the case where D is 1-1. We will then show that
D maps Y bijectively onto C([a, b]), and that there exists a compact
self-adjoint integral operator Ty : L*([a,b]) — L*(|a,b]) such that
its restriction to C'([a, b]) is the inverse of D. Applying the spectral
theorem to T will enable us to describe how the solution to our
Sturm-Liouville problem looks like in this case.

o Finally, we will explain how we can 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 z1, 2z, € C. Then there exists a unique
function y € C*([a,b]) satisfying that

—y"+qu=Xy and y(c)=z,y'(c) = 2. (5.2.1)
Proof. Suppose first that y € C2([a, b]) satisfies (5.2.1), that is,

y'=(a=Ny, y(c) =2z and y'(c) = 2. (5.2.2)
For every u € [a, b], we get

v ==y ) —y'e) = [y O = [at) =Ny

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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This gives that

y(@) — 21 —zm(z — o) = y(ﬂ«"

for all « € [a,b], hence that y satisfies that the integral equation

<

y(z) = 21+ 22(x —c) —i—/cx(:z:—t)(q(t) — AN y(t)dt forall z € [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 operator defined for each f in
C([a, b]) by

T(N)@) = 21+ 2l =) + [ (o= blal) =N 0 at

for all x € [a, b].
Let us consider C([a,b]) as a complete metric space w.r.t. the metric
d(f,9) = IIf = gllo = sup{|f(x) — g(x)] : = € [a, b]} and set
K :=sup {|(z = )(q(t) = )| : 2, € [a,b]} < 0.

Let f,g € C([a,b]) and z € [a,b]. By induction on n € N, one easily shows

that
1 n n

< Ko = [1f = gl
n!

(T() - T"(g))(@)

This implies that

() - (@)l < LD g g
It follows that T™ is a contraction when n is so large that W < 1.
Hence, Banach’s fixed point theorem E| 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,1]) : —y" +qy = Ny}

Then the map Ty : Sx — C* defined by T\ .(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. As it is
obviously linear, it is an isomorphism. Hence, dim (S)) = dim (C?) =2. N

Remark 5.2.3. It should be noted that Theorem 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 S, are only
known when ¢ is a constant function. To illustrate Corollary [5.2.2] we recall
how these bases look like in this case.

Assume ¢(z) = w for all z € [a, b] for some w € C. Then —y" + qy = \y
can be rewritten as the second order homogeneous equation y”+(A—w)y = 0,
which we know can be solved by considering the characteristic equation
24+ (AN—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) = Cy e A oA G P la,b],

where C1,Cy € C. Thus {e(w_)‘)l/%, e_(w_k)m‘”} is a basis for Sy in this
case.

If A = w, the equation is y” = 0 and {1, z} is obviously a basis for Sy

Remark 5.2.4. Suppose that ¢ is real-valued, A € R and y € S. Then it
is not difficult to verify that 7 € S, so that Re(y) and Im(y) also lie in S).
Moreover, if it happens that y(c) and 3/(c) are both real numbers for some
¢ € [a,b], then the function y has to be real-valued: indeed, we then have

(Im(y))(c) = 0 = (Im(y))'(c), so Theorem implies that Im(y) is the

zero function on [a, b). 0
Remark 5.2.5. Consider y1,y2 € C?*([a, b]). Define W, ,, € C*([a,b]) by

— | (@) welz) ) L) — y (2)ya(x) for each z € [a
Winan(a) = | 900 0 | =y (oihlo) = (o) forcnch o € a1

Wy, 4. () is called the Wronsky determinant of (y1,y2) at x.
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Assume that y1,yo € Sy 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 (yi(c), v (c)), (y2(c), y5(c))
are linearly independent in C?, i.e., W, ,,(c) # 0. Hence we get that if
{y1,y2} is a basis for Sy, then W, ,,(x) # 0 for all z € [a, b].

The Wronsky determinant appears in the following lemma (sometimes
called Lagrange’s lemma), which will be useful to us later:

Lemma 5.2.6. Consider the operator D : C*([a, b)) — C([a,b]) given by

D(y) =—y" +qy for every y € C*([a,b]).

Let f,g € C*([a,b]). Then the following identity holds:

D(f)g—D(g)f = (Wy,) .

Proof. We have

Wio) =g —9f) =fd"+ 19 =9t =g f =fg"—gf"
= (=f"9+afg) = (¢"f —agf) = D(f)g — D(9)f. -

5.3 Some spectral properties

Let (a1, az), (B1,32) € R*\ {(0,0)} and g € 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, Bry(b) + 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 € Cand set Ey :={y € Y : D(y) = A\y}. We will say that X\ is an
eigenvalue of D if the subspace E) is non-trivial, in which case E) is called
the eigenspace of D associated to A. We note that F, C S), so Corollary
5.2.2| implies that dim(E)) < 2.

Proposition 5.3.1. Let f,g € Y. Then we have
i) D(f)g—D(9)f = (fg' =9I,
it) (D(f),g) = (f,D(g))-

122



5.3. Some spectral properties

Proof. i) Since D = (5)|y, this identity follows from Lagrange’s lemma
(Lemma [5.2.6)).
i1) It is easy to check that g € Y and D(g) = D(g). Thus, using i), we

get
b

(D(f). 9) = (£ D9)) = [ [D(f)g — FD(@))(t) it
= [[ug =@ =[5 - 90|

= f(0)g'(b) = g(0)f'(0) — f(a)g'(a) + g(a)f'(a).

b

Now, since f and g both satisfy [5.3.1}, we have

a0 7| [ ]=[o]

Since (01, B2) # (0,0), this implies that f(b)g’(b) — g(b) f'(b) = 0. A similar
argument gives that f(a)g’'(a) —g(a)f’(a) = 0. Inserting these two equalities
in the computation above, we get that

<D(f)ag> - <f7D(g>> = 07
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 readily that the following
result holds.

Corollary 5.3.2. All possible eigenvalues of D are real, and the associated
etgenspaces are orthogonal to each other.

Note that we don’t know yet whether D has some eigenvalues. Anyhow,
we can say more about its possible eigenspaces.

Proposition 5.3.3. All possible eigenspaces of D are one-dimensional.

Proof. Let A € C. Recall that D : C?(la, b]) — C([a,b]) is defined by
D(y) = —=y" + qy for y € C*([a,b]), so D = (D)y. We first consider the

space

Ly = {y c C*([a, b)) : E(y) = \y and y satisfies (5.3.2 },

where
ary(a) + azy'(a) = 0. (5.3.2)
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5. An introduction to Sturm-Liouville theory

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
Ly = TA_;(M) Since dim(M) = 1 and Ty, is an isomorphism, we get that
L, is a one-dimensional subspace of S).

By a similar argument, we get that

Ry :={y € C*([a,b]) : D(y) = Ay and y satisfies (5.3.3)},

where
Bry(d) + B2y’ (b) =0, (5.3.3)

is a one-dimensional subspace of S).

Clearly, we have E, = LyN Ry. So there are only two possibilities: either
Ey\ = {0} or dim(E),) = 1. Hence, if X is an eigenvalue of D, we must have

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. Tt is clear from this proof that Ly = Span{u} and R, = Span{v}.
As Ly N 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 return 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]). It appears to be a good idea to first turn our attention to the
inverse of D, whenever it exists.

We therefore assume throughout this section that D : Y — C([a,b]) is 1-1.
We will see how to get rid of this assumption in the next section.

Using the assumption that D is 1-1, we will show that D(Y') = C(][a, b]),
i.e., D is onto, and that the inverse operator

D7': C([a,b]) =Y
is an integral operator associated to a continuous kernel G : [a, b] X [a, b] — R.
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Given a function f € C([a,b]), it should be noted here that the standard
way of showing 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 because
we can 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

B30 we can then pick a basis {u, v} for
So={y € C*([a,b]) - Dly) = 0} = {y € C*([0.1]) : " = v}

such that
o u satisfies the condition a; u(a) + asu’(a) =0,

o v satisfies the condition S v(b) + S2v’(b) = 0.

Since ¢ is real-valued, we can also assume that v and v are real-valued,
cf. Remark £.2.4]

We note that Remark tells us that W, ,(x) # 0 for all z € [a,b].
Moreover, as D(u) = D(v) = 0, Lemma gives that

(Was) = D(u)v — D(v) = 0.
Hence, W, is a constant function on [a, b]. This means that
Wew(@) = u(z)v(z) —v(z)u'(z) =W  for all x € [a, b

for some W € R\ {0}.

We can now define the associated Green’s kernel G : [a,b] X [a,b] - R
by
u(z)v(t) if a <z <t<b,

1
G(.T,t) = _W .

u(t)v(x) if a<t<z<b.

It is then straightforward to see that G is continuous. Hence we may form
the associated integral operator Ty : L*([a, b]) — L*([a,b]), which satisfies

that
b

Te(Nl@) = [ Gl f(b)dt

a

for all f € C([a,b]) and z € [a,b]. We note that T; maps C([a,b]) into Y
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5. An introduction to Sturm-Liouville theory

Proposition 5.4.1. Let [ € C([a,b]) and set y := Tg(f). Theny € Y.
Moreover, D(y) = f.

Proof. Let x € [a,b]. Using the definitions of G and T we get

y(z) = — / CW (@)t £(t) dt — / W u(@)o () £ (1) dt.

This implies that —Wy(z) = v(z)A(x) + u(z)B(z), where

b

Alz) = /:u(t)f(t) dt and B(z) = / o(t) £ (t) dt.

T

Thus we get
Wy (z) = V' (2)A(z) + v(z) A (z) + u'(z)B(x) + u(z)B'(x)
= v'(2)A(z) +v(@)u(z) f(z) + o' (z) B(z) — u(z)v(z)f(z)
=v'(z)A(z) + v/ (x)B(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 aju(a) + asu’(a) = 0, we get

—1

ary(a) + aey'(a) = W(alv(a)A(a) + ayu(a)B(a) + av’'(a)A(a) + agu'(a)B(a))
= ;/1<oqu(a) + ozw’(a))B(a) =0.

In a similar way we get 8y v(b) + f2v’(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 — uw'v = W on [a, b], we get

—Wy"'=WA+uB) =v"A+ A +u"B+uB
= q(vA+uB) + (V'u —u'v)f
= —qgWy+ (V'u—u'v)f
=W(f —aqy).

Thus, —y” = f — qy, which gives

Dy)=—y"4+qy=f—-qu+aqu=f,

as desired. [ ]
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The first part of Proposition shows that D is onto C' ([a, b]). Smce
D is also 1-1 (by assumption), D has an inverse map D' : C([a,b]) —
By definition, if f € C([a,b]), then

D7N(f) =y,

where y € Y is the unique function in Y such that D(y) = f.

Thus we see that the second part of Proposition [5.4.1] tells us that
D7Y(f) =Ta(f) for every f € C([a,b]), ie., D™ = (T¢) jc(law)-

Since G is real-valued and G(x,t) = G(t,z) for all (z,t) in [a,b] X [a, b]
(check!), we get that Tg 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] [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
M= [ Afldm< ([ vam) ([ ipram) = VE=a fll < oo,

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 § > 0 such that

‘K(Ihtl) — K(.Tg,tg)‘ < €/M

whenever (z1,t1), (x2,t2) € R and |xe — x1| < 0, [ta — t1] < 0.

Let now xy € [a,b]. Then for every t € [a,b] and all x € [a, b] such that
|z — x| < §, we have

K (x,t) = K(0,1)| <2/M.
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Thus we get

(T (f)](x) = [Tr(f))(z0)

= | [, (K.t = K(o.1)) £0) dmie)
< [ [E @0 = Ko, 0)[170) dmi)
<e/M /[a’b] |fldm =¢

for all = € [a,b] such that |z — x| < d. This shows that Tk (f) is continuous
at xg.
Since xy was an arbitrary point of [a,b], Tk (f) € C([a,b]). [ |

Theorem 5.4.3. Assume that D is 1-1, and consider the Sturm-Liouville
problem
D(y) =Xy withy €Y.

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| — 0o as k — oo.

e For each k € N the eigenspace E,, = {y € Y : D(y) = Ay} is
one-dimensional.

e Ifyx is a unit vector in E, for each k € N, then {yx : k € N} is an
orthonormal basis for L*([a,b]).

Proof. We first observe that 0 is not an eigenvalue of Tt .

Indeed, since Y is dense in H := L*([a,b]), and Y = T(C([a,b]), we
have

H=Y CTus(H) CH,

hence Tg(H) = H. Thus, we get ker(Tg)t = Tg(H) = H, i.e., ker(Tg) =
{0}.

Applying the spectral theorem to T, we obtain that the eigenvalues
of T form a countable set {yuy : k € N} of non-zero distinct real numbers

satisfying that p, — 0 as k& — oo. (This set can not be finite: otherwise,
T would have finite rank, which not possible since To(H) = H.)

Let k € N, and set A\, = p; ' # 0. Let fi € H be an eigenfunction for
Te associated to py. Since To(fr) = e fr, we get

fre =M Ta(fr) - (5.4.1)
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As Lemma gives that T(fx) € C([a, b)), this gives that f, € C([a,b]).
Hence, T¢(Te(fx)) € Y. But (5.4.1) implies that

fe =\ TG(TG<fk)> :
so we get that fr € Y. Now, applying D to (5.4.1), we get

D(fk) = e Jk -

This shows that A, is an eigenvalue of D, and f; is an eigenfunction for D
associated to Aj.

Now, Proposition tells us that E), :={y €Y : D(y) = \yy} is
one-dimensional. Hence, we have E), = Span{f}. Further, one readily
checks that Ej, is also the eigenspace of T associated to ju.

We note that D can not have other eigenvalues than the A;’s (for if D
had one such eigenvalue, then Tz would have an eigenvalue different from
all py’s, which is not the case). Further, we note that

. BT -1
i, Pl = g il = e

since limy_,oo i = 0.

Finally, if we set yy, := £(|| fxll2) " 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" = Xy 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 \//2 = 7 + 45 with (r,s) € R*\ {(0,0)} ]

A basis for Sy := {y € C*([0,7]) : —y” = \y} is given by

{ei’\l/%, e_Ml/%} = {e " (cos(rz) +isin(rz)), e*(cos(rz) —isin(rz))}.

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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If y € Sy, say y(z) = Cy e **(cos(rx) + i (sx)) + Cy e¥*(cos(rx) — i sin(rz)),
then y € Y if and only if

Cl —|- CQ = O,
Cye " (cos(rm) + i sin(rm)) + Cy e* (cos(rm) — i sin(rm)) = 0.
This gives that £\ = S\ NY is non-trivial if and only if
e "(cos(rm) +i sin(rm)) = e* (cos(rm) — ¢ sin(rn)),

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 F, = Span{sin(kz)}.

This means that the distinct eigenvalues of this Sturm-Liouville system
are \, = k* k € N, with associated normalized eigenfunctions y;(z) =

\/2/msin(kz). This is in accordance with Theorem [5.4.3] Note that it

follows from this theorem that {,/2 /m sin(kx) : k € Nt 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) = x, while
Ry ={y € C*([0,7]) : 4" = 0, y(w) = 0} = Span{v},

where v(z) =  — m. Thus we get that

W =W,,(z) =u(z)v(z) —v(@)(z) =z —(z—7) =7

for all x € [0, 7]. Moreover, the Green’s function G : [0, 7] x [0, 7] — R is
then given by

x(m—1t) fo<z<t<m,
t(m—x) fo<t<z<m.

1
Gz, t)=—-
(2,6) = - {
Moreover,

TeN)w) = [ Gl @yt = — (=) [(ep@ e [ —)s )
for all f € C([0,7]) and z € [0, 7].

Note that determining the eigenvalues of T¢; by direct computation is not
an easy task. Anyhow, you should verify that sin(kx) is an eigenfunction
for Ty associated with the eigenvalue py, = k=2 for each k € N. O
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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.,
D(y) = py, and p would be an eigenvalue of D, giving a contradiction).
Hence, we will be able to apply Theorem [5.4.3] 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) := q(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 have seen earlier that L?([a, b]) has a countable orthonormal basis,
say {ug}ren. We will show that this implies that D has countably many
distinct eigenvalues. Since R is uncountable, the assertion to be proven will
clearly follow.

Assume (for contradiction) that D has uncountably many distinct eigen-
values. 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= sup { 3 \(uk,7)|2} < Jugl2 =1 < oo,

ACT, Afinite vEA
This implies that the set 1
Ui = {1 €T ¢ ] = 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 - .
M = sup { [} = sup fm- =} = o0,

meN \ meN n
contradicting that M < oco. Setting now Uy := {y € I" : (ug,7) # 0}, we
get that

Up = | Uk

neN

131



5. An introduction to Sturm-Liouville theory

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])). This contradicts the fact
that every element of I' is a unit vector. We can therefore conclude that D
has countably many 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 ES\% , which is one-dimensional.

Finally, if yj is a unit vector in E), for each k € N, then y;, = £ v, 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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