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Abstract

The main object of this thesis is the spectral theorem for self-adjoint opera-
tors on Hilbert space. We begin with a thorough survey of preliminary Hilbert
space theory including the Riesz representation theorem, sequential weak com-
pactness of the closed unit ball, and many other key results, before moving
on to the study of bounded linear operators between Hilbert spaces. We then
look at compact, self-adjoint operators and establish a version of the spectral
theorem for them, before proving the spectral theorem in more generality for
self-adjoint operators.
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1 Introduction

The theory of Hilbert spaces generalises the theory of Euclidean finite-dimensional
spaces to infinite dimensions. The notion of distance in a Hilbert space is connected
to the concept of an inner product and consequently, many geometric notions arise,
allowing for a far more rigid structure than is available in a more general Banach
space. Although the axioms of a Hilbert space are simple, the theory is a far-reaching
subject in modern mathematics, with a large number of applications; Quantum Me-
chanics, where the self-adjoint operators serve as the observables, in particular has
made notable use. In this thesis, we begin with the fundamental theory of Hilbert
spaces, before developing an understanding of operators on Hilbert spaces, which will
allow us to state and prove the spectral theorem, which is the culmination of this
project.

In chapter 1, we begin by first formulating the concept of an inner product space,

and then introduce a Hilbert space as an inner product space in which the induced
metric is complete. Some familiar examples are shown such as C™ with the familiar
“dot product”, as well as the collection of absolutely square summable sequences ¢2.
We also provide some non-examples, before developing the important concept of a
Hilbert space basis, alternatively referred to as an orthonormal basis. This notion of
basis allows us to compute elements of the Hilbert space as infinite sums of the basis
elements, which turns out to be very important in later chapters.
In the final sections of the chapter, we define various types of isomorphisms between
Hilbert spaces and show that every separable Hilbert space is isometrically isomorphic
to £2. In the last section, we first prove the important Riesz representation theorem,
from which the Hahn-Banach theorem for Hilbert spaces follows as a result. We
also define weak convergence and show that the closed unit ball of a Hilbert space is
sequentially weakly compact.

In the second chapter, we begin the theory of operators, which are bounded lin-
ear maps from one Hilbert space to another, although we mainly focus on operators
going to and from the same Hilbert space. The Riesz representation theorem from
chapter 1 provides for each operator the existence of the adjoint, a very important
notion used extensively afterwards. The most important class of operators we study
are the self-adjoint ones - those that are equal to their own adjoint. We also look
at other interesting types of operators, including finite rank, compact, unitary, and
normal operators, and study some properties. Compact operators in particular are
of interest, and we characterise some equivalent notions of compact operators before
ending the chapter by showing that the adjoint of a compact operator is also compact.
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In the final chapter on spectral theory, we begin by reviewing the concepts of
eigenvalues and eigenvectors and show a new theory is needed for infinite dimensions
as not all operators have eigenvalues, in particular, the right shift is shown as an
example. We therefore define the spectrum of an operator A as the set of all A € C
such that A — AI is not bijective. We explore some spectrum properties and show
that it is a compact subset of C contained in the circle of radius ||A|| centred about
the origin.

In the second section, we use much of the theory developed in earlier chapters to state
and prove the spectral theorem for compact self-adjoint operators, which provides an
analogue of the familiar spectral theorem from finite-dimensional linear algebra.

In the last section, we state and prove the spectral theorem in more generality, re-
quiring our operator only the be self-adjoint and dropping compactness. To do this,
we introduce the notion of a projection-valued measure, utilising measure and inte-
gration theory. We also prove the existence of a functional calculus for each operator
and explore the associated properties. Many key concepts from measure theory are
used throughout, such as monotone classes and Lebesgue’s dominated convergence
theorem.

The purpose of the appendix is to present key results throughout mathematics of
which we will make frequent use, but whose proofs would lead us too far away from
the main objective of this thesis.
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2 Geometry of Hilbert Space

In this chapter, we discuss the elementary theory of Hilbert Spaces and examine the
geometry behind them. Throughout, we will mostly deal with complex vector spaces
unless stated otherwise. The first chapter of [6] and chapter three of [§] are used as
guiding sources.

2.1 Inner Product Spaces

Definition 2.1 (Inner Product). Let E be a complex vector space. An inner product
on F is a function (- | -) : E X E — C that satisfies the following conditions;

(i) Conjugate Symmetry
(x|y)=(y|x) forall z,y € FE.

(ii) Linearity in the first component
(xy 4 B | y) = alzy | y) + B(zo | y) for all z1, 29,y € F and «, 5 € C.

(iii) Positive Definiteness
(x|xz)>0foral x € E and (x| x)=0 if and only if x = 0.

Remark 2.2. Condition (i) is also known as Hermitian Symmetry.

Remark 2.3. Conditions (i) and (i) show that (- | -) is antilinear with respect to
the second argument,

(@ | oy + By2) = (ay1 + By | )
= (a1 | ) + (By2 | )
=a(y|z)+ 5y
=a(x | y) + Bz | y2).

This shows that an inner product is in fact an example of a sesquilinear form on E.
The pair (E, (- | -)) will together be known as an inner product space.

Example 2.4. The prototypical example of an inner product space is given by the
complex vector space

Cn:{(xbm%"'axn) ‘ T EC,iZl,Z,...,n}

together with the inner product (- | -) : C" x C" — C given by

3
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(ZE | y szyza for = Y€ c"

To see that this is an inner product space, let a, 8 € C, x,y,z € C" and let x =
()1, y = (y)iy, 2 = (2z),. We then have the following,.

(i)

{L‘ | y szyz Zyzx_z: (y
=1
(i)

n

(ax+ﬁy|z):2(axl+ﬁyz l—aZazzH—ﬁZylyl—aa:\z)—ir[i’(y]z)

=1
(i)
n

Z x;7; > 0 since z;7; > 0 for all complex numbers.
i=1

If inx_izothenxizofor alli e {1,2,...,n} and so = = 0.

=1

Thus the three conditions of an inner product are satisfied and (C", (- | -)) is indeed
an inner product space.

Example 2.5. The set of absolutely square summable sequences

= {(@n)pen € CV| Y lzal* < 00}

=1

is a subset of CV, the vector space of all sequences of complex numbers. To see
that ¢ is also a vector space, it suffices to show that (0),eny € €2, and that for any
(Tp)nens (Yn)nen € €2 and X\ € C, we have both (A\x,,),en and (2, + Y )nen as elements
of (2.

Clearly the first condition is true. For the second, a straightforward computation
shows that Y oo  [Ax;|? = [A2 Y 0, |#:]? < o0, and hence (Azy,)nen € €2

For the third and final condition, recall Minkowski’s Inequality [8] page 6, which says
that for p > 1 and any two sequences of complex numbers (z,)n,en and (Y, )nen, We
have the following,



Fergal Murphy

(wa)p < <Z w)p n (Z w)p (2.1)

n=1 n=1

Thus using p = 2 in the above inequality gives (2, + ¥ )nen € £2.

For () nens (Yn)nen € €2 we define the inner product as

((IH)NEN | yn ’nEN anyn (22)
The proof that this is in an inner product is very similar to the C" case from example
24

Having seen some examples of an inner product space, we will now work towards
understanding the special geometric properties all inner product spaces possess.

Lemma 2.6. Let (F,(-|-)) be a complex inner product space. Then for all z,y € E
we have the following inequality.

(@ |y < (@ 2)(y|y) (2.3)

Moreover, equality holds if and only if x and y are linearly dependent.

Proof: If (y | y) = 0 then y = 0 and the inequality is obviously true. So suppose
(y | y) # 0 and let a € C be arbitrary. We then have

0<(@-—ay|z—ay)=(z|z)—aly|z)—alz|y)+aaly|y).

z|y)

Let a = o) and we have the following,

(z | y)

(v |y)

—~
<
~—r

z |
(v ly

(z | y)
(x|y)+(y|y)

0<(z]z)— (y | y)

~—

(=[y) (=[y)

This in turn gives 0 < (z | x) — (y[y)

, whence the desired inequality follows.

Suppose now holds as an equality, that is, |(z | y)|* = (z | z)(y | y). Note
that |(z | y)]* = (m | y)(x | y) = (x| y)(y | ), allowing us to rewrite the equality as

(|y)ylz)=(z|z)(yly) (2.4)
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Then consider the following inner product,

((yly)w—(x!y)y (y\y)w—(rly)y) =Wy = |2) = 2)(= vy y)
~wln(Wlnel) - @) =0 by @

Thus (y | y)r — (2 | y)y = 0 and so = and y are linearly dependent.

For the reverse, suppose = and y are linearly dependent. Then y = ax for some
a € C. A straightforward computation then yields the equality,

(@ y)I* =[aPl(z [ 2)] = ad(z | 2)* = (z | 2)(ex | az) = (x| 2)(y | v).
_

Theorem 2.7. Let E be a complex inner product space with inner product (- | -).
Then for all x € E, the inner product induces a norm in the following way,

o]l == v (2 | ).

Proof: Recall the three axioms of a norm are (7) Homogenity, (i:) Positive-Definiteness,
and (i77) the Triangle Inequality.

For (i) let € C, and then compute the following.

lozll = V(az | az) = Vaa(z | ) = v]al(z | 2) = afz].

For (i1) we use the fact that (z | z) > 0is always true to get that ||z|| = \/(z | ) >
0. The case ||z|| = \/(x | ) = 0 is true if and only if (z | ) = 0 as desired.

For the triangle inequality, let x,y € E. Then using we have the following.

lz+yl>=@+ylz+y) =z*+yl*+ @ |y) + (@ |y)
= [lz|* + lylI> + 2Re[(z | v)] < |=]* + lylI* + 2|(z | y)|
<zl + lyl* + 2]z |yl

= (lll + llyl)*

|
Having shown that the norm constructed in actually constitutes a norm,
Lemma 2.6 can be reformulated as follows.
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Theorem 2.8 (Cauchy-Schwarz Inequality). Let E be a complex vector space with
inner product (- | ) and induced norm || - ||. Then we have the following inequality.

(@ [ y)| <zl [yl for all x,y € E.
Proof: Combine 2.7 with [2.6] [ |

From now on, we will always equip an inner product space with the norm intro-
duced above.

Theorem 2.9 (Parallelogram Law). For any two elements x and y in an inner
product space we have

-+ ylI” + llz = ylI* = 2 ([=[* + [ly?)
Proof: Consider the squared norms of x + y and x — v,
lz+ylI* = (z+y | 2w +y) = [lz]* + lyI* + (x [ y) + (y | 2), (2.5)

le—yl* = (@ =y |2 —y) =zl + |yl — (= | y) = ( | ).

Adding these two equations together gives the result immediately.
|

Remark 2.10. For any complex number z € C, we have that z +Z = 2Re(z). Thus
equation (2.5 in the preceding proof may be written as

lz +ylI* = llz]I” + 2Re(z | y) + [lyl* (2.6)

This is known as the polar identity.

Definition 2.11. Two vectors z and y in an inner product space are orthogonal,
denoted by x L y, if (x| y) = 0.

If v L ythen (y | ) = (x]|y) = 0 and so y L x. Thus, orthogonality is a
symmetric relation.

Theorem 2.12 (Pythagoras). For any two orthogonal vectors in an inner product
space we have the following relation.

lz+yll* = llz]* + [ly[I* (2.7)

Proof: If z L y then (z | y) = (y | ) = 0, and the theorem follows immediately
from 2.5l |
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Remark 2.13. Using the parallelogram law it is easy to find examples of norms on
a complex vector space which are not induced by an inner product. For example, let
¢! be the set of all absolutely-summable complex sequences, that is,

(' = {(n)nen € CV [ D || < 00} (2.8)

n=1

Then it is easy to show that ¢! is a normed vector space with norm given by

$)ﬂ€NH = Z |xn| (2'9)

Consider the the vectors e; = (1,0,0,...) and ey = (0,1,0,...). Then |le; + e3> =
22 = 4 and |le; —eq|| = 2% = 4. Meanwhile ||e;||> = 1 = ||e]|?. Since 8 # 4 the parallel-
ogram law is not satisfied and thus this norm on ¢! is not induced by an inner product.

It can be shown that any norm which satisfies the parallelogram law has to come from
an inner product; this is the Jordan-von Neumann theorem, see section 8 in [11].

2.2 Complete Inner Product Spaces

In this section, we define what is meant by a Hilbert space and look at some examples
and some non-examples. Chapter 1 of [6] and section 3.4 in [§] are both followed
closely.

Definition 2.14. A complete inner product space is known as a Hilbert Space, and
will often be denoted by an upper case H.

Example is a Hilbert Space. This follows from the completeness of C, which is a
consequence of the Bolzano—Weierstrass theorem, see page 51 [17].

In Example we showed that the set of square summable sequences ¢2 is an inner
product space, in fact, it is also a Hilbert space, see [14] theorem 9.8.

We will now discuss some inner product spaces which are not Hilbert spaces.

Example 2.15. Consider the set of continuous functions on the unit interval,
C ([0,1]) := {f € CO| f is continuous}

with inner product given by (f | g) fo d:c for f,g € C([0,1]), see section
3, [8]. To see that the space is not complete con51der the following sequence ( f;, )nen €

C([0,1])",
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1 if0<:10<1
falz) = 1—2n(:p—%) 1f1<x§2n+—
0 1f —+ 3 <<

Each f,, is continuous. To see this, let o € [0, 1] and suppose € > 0. If zq is either of
the endpoints, i.e. 0 or 1, it is clear that f,, is continuous at xy as sufficiently small
x values to the right and the left from 0 and 1 respectively make |f(0) — f(z)| =0 =
/(1) = f(=)].

If 2o € (0,3), let 6; = min{d(xo, 1), 2o}, so that if |z —zo| < 01, then |f(z)—f(z0)| < €.
If 2o € (3,5 + 3), then let 6, = . We then have that if |z — 20| < &2, then
| f(@)— f(xo)| < e. Lastly, if 2y € [543, 1], let 63 = min{d(zo, 5~ + 1), 1— 20}, which
as in the previous cases gives |f(x) — f(xo)| < € whenever |z — 2| < d3. Thus each
fn is continuous.

Moreover, (f,)nen is a Cauchy sequence since

[ fn = fill = \// | fo( (z)]2dz < (%—F%) 0.

However, the sequence does not converge with respect to this inner product as in
the limit it tends to the following discontinuous function, which is not an element of

¢ ([0,1]),

Consequently, C ([0, 1]) with the inner product defined as above is not a Hilbert Space.
If we restrict ourselves only to the level of normed spaces and put the supremum norm
on C([0,1]), the space turns out to be complete, that is, a Banach space. This is
a standard proof, see [8] section 1.5. This norm is not induced by an inner product
however. Consider the functions f(z) =1 — 2 and g(x) = z. Then

2=|If +al* +1If = gl* # 2 (IF1° + llgll*) =

Since it doesn’t satisfy the parallelogram law, the uniform norm is not induced by an
inner product.

Example 2.16. Another non-example is exhibited by the following space, with the
same inner product as defined in

©o = {(#)nex € CV | Ing € N such that z, = 0 for all n > ng} (2.10)
which is a subspace of the set of all sequences that converge to zero, that is,

© = {(zn)neny € CV | nh_)rgoxn = 0}. (2.11)
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Consider the the sequence (p,, )nen € @o' given by

(11
Pn = 72737"-7n7~“

1
Then limy, ;oo [|[Pn — Pmll = My moeo (ZZ:mH %)2 = 0, for m < n, and so the
sequence (p,)nen Cauchy. However, the sequence does not converge as it tends to the
sequence (%)n oy Which is an element of ¢, but not py. Hence g is not closed in ¢

and therefore is not a Hilbert space.

Remark 2.17. In all of the above we have been considering complex inner product
spaces. It is also natural to consider real inner product spaces, in which case we
have a real vector space E and the inner product is now amap (- | -) : E X E - R
that satisfies the same axioms listed in 2.1} In the real case however, the notions of
antilinearity and linearity are the same, and thus an inner product on a real vector
space is a symmetric bilinear form.

From now on we will mostly only consider complex inner product spaces, due to the
fact that every real Hilbert space can be complexified to a complex one, see section

1 [6].

2.3 Orthogonal and Orthonormal Systems

In this section, we discuss the fundamental geometric structure that makes Hilbert
spaces more special than ordinary Banach spaces. In particular, the notion of or-
thonormal basis which we will study is of high importance.

Definition 2.18. Let E be an inner product space. A set F' of non-zero vectors in E
is called an orthogonal system if x L y for any two distinct elements of F'. Moreover,
if ||z|]| =1 for all x € F, we call the system orthonormal.

Note that if x is orthogonal to each of xq,xs,...,z, then it is also orthogonal to

any linear combination of the x;. To see this take an arbitrary linear combination
n . .

y =) ., a;x; and consider the following.

(x|y) = (x | ZO@%) = Z ai(r | z;) =0 (2.12)

Theorem 2.19 (Generalised Pythagorean Theorem). Let E be an inner prod-
uct space and suppose n is any natural number greater than or equal to 2. If
{1, x9,... z,} is an orthogonal system, then

n 2 n
D = P
k=1 k=1

10




Fergal Murphy

Proof: If x; L xy then ||z + zo||* = ||21]]* + ||72]|* by and so the claim is true
for n = 2. Suppose now that the claim holds for n — 1, that is,

n—1 2 n—1
D] =D Il
k=1 k=1

Let z = >.7"1 24 and let y = z,,. By , x L y, and we have

n
D

k=1

2

n—1 n
=z +ylI* = lel” + ly1* =D lael® + llzall® = llaxl?
k=1 k=1

The result follows by induction.
|

Theorem 2.20 (Bessel’s Equality and Inequality). Let {1, zs,...,2,} be an or-
thonormal set of vectors in an inner product space (E,(-|-)). Then for every x € E
we have the following,

n

k=1

= Jall® =D I |2l (2.13)

Dol [zl < . (2.14)

Proof: Let ay, as, ..., a, be arbitrary complex numbers. By [2.19] we have

n 2 n n
ZO&kl’k = Z ||C¥k{L’kH2 = Z |Ozk|2.
k=1 k=1

k=1
Then consider the following,

n 2 n n
x—Zakatk = (x—Zakxk | x—Zakxk>
k=1 k=1 k=1
n n n
= |l||* - (f | Zakl‘k) - (Z o | l’) ) ol
k=1 k=1 =
n n n
= llz* =D an(a | 2x) = > awla[zp) + Y i
k=1 k=1 k=1

= el =Dl [P + ) [ | 2e) — anl’.
k=1 k=1

11
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In particular, for oy := (x| 21) we have

n

k=1

2 n
= [l=* = (= | =),
k=1

giving the first result. Then since the norm is alwasy non-negative we have that
0 < |lz|> = > -, [(z | 2%)|* which gives the second result. |

Definition 2.21. Let S be a non-emtpy subset of a Hilbert space H. The set of all
elements of H orthogonal to S, denoted by S*, is called the orthogonal complement
of S, i.e,

St={rcH:x Lsforallsc S} (2.15)

Theorem 2.22. For any subset S of a Hilbert space H, the set S* is a closed subspace
of H.

Proof: First note that for o, 3 € C and z,y € S+ we have (ax + By | z) = a(z |
2)+B(y | z) =0 for all z € S. Thus, S+ is a subspace of H.

To see that it is closed, let (x,),en be a sequence in S+, and let x € H be such that
lim,, .o, , = x. From the continuity of the inner product , for every y € S+ we
have the following,

(fﬂly)z(Jgrgoxnly)zggrgo(wn|y)=0-

This shows that z € S+ and hence S is closed.
[ |

Definition 2.23. Suppose V is a vector space, U is a subset of V', and the points
x,y are in U. The line segment between x and y, denoted by |[x,y], is given by the
following set,

[z,y] ={(1—a)z+ay|aec|0,1]}. (2.16)

We say that U is convex if the line segment between any two points in U is entirely
contained in U.

Theorem 2.24 (Closest Point Property). Let S be a closed convex subset of a Hilbert

space H. For every point x € H, there ezists a unique pointy € S such that ||z —y|| =
inf{|lx — 2| : z € S}.

Proof: Let (y,)nen be a sequence in S such that

le |z — yn|| = inf{||z — z|| : z € S}.

12
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For brevity let d = inf{|lz — z|| : z € S}. Since (Y, + ys) € S, we have that

1
|z — §(ym+yn)|| > d, for all m,n € N.

By the parallelogram law [2.9, we obtain the following,

1 1
Ym — ynll”* = 4]z — 5 (Um + Y I + |ym — ynl> — 4|z — 5 (Um + yn)|I”

1
=2 (e = yml® + ll2 = wull*) = 4w = 5 (¥ + ya) I

Since 2 (|2 — ym > + ||z — yu|?) — 4d® as m,n — oo, and ||z — 5 (Ym + yn)||* = &2,
we have ||y, — yn||> = 0 as m,n — 0o. Thus (Y, )nex is a Cauchy sequence. Since H
is complete and S is closed, lim,, .., ¥, := y exists and is in S. Moreover, from the
continuity of the norm, we have

|z —yll = llz — lim yp|| = lim [lz —y,| =d
n—oo n—oo
For uniqueness, suppose we have another point iy € S satisfying the claim. Then
since 3(y' +y) € S, we have that,

y—y
ly —y'||* = 4d* — 4|z + TH2 <0.

This implies y = 3/, completing the proof. [ |

Theorem 2.25. Let H be a Hilbert space and let S be a closed subspace of H. Then
every element x € H has a unique decomposition of the form x =y + z where y € S
and z € S+.

Proof: If z € S then the decomposition is clearly x = x 4+ 0. Suppose therefore
that = ¢ S. Let y be the unique point of S satisfying the closest point property from
theorem[2.24] i.e, y satisfies |z —y|| = inf,es [|[x—w]|. We will show that z = y+(z—y)
is the required decomposition.

If we S and A € C, then y + Aw € S and

|z —y|* < |lz —y = dw|* = |z — y||> = 2Re Aw | z — y) + [A]*]Jw]]>.
We therefore have that

—2ReAw | z —y) + |M?||lw]* > 0.

13
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If A > 0, then diving by A and letting A — 0 gives

Re(w |z —y) <0. (2.17)
Similarly, replacing A by —iA (A > 0), dividing by A, and letting A — 0 gives

Im(w | 2 —y) <0. (2.18)

Since y € S implies —y € S, inequalities and hold also with —w instead
of w. Therefore (w | x —y) = 0 for every w € S, which means that x —y € S*. Thus,
the decomposition exists.
For uniqueness, suppose we we have two decompositions for x, x = y+z and x = '+ 2’
where v, € S and 2,2/ € S*. We then have y — ¢’ € S and 2/ — z € S+, and
y—1y =2 — 2 Since SN S+ = {0}, we have y —y = 2 — 2 = 0, proving the claim.
[ |
This theorem is quite useful as it says that every element of H can be uniquely
represented as the sum of an element of S and an element of S+. We state this
symbolically as

H=SaoS5* (2.19)

This allows us to define very important maps that we will use in detail later on in
section 4.3.

Definition 2.26. Let S be a closed subspace of a Hilbert space H. The map Ps :
H — H that sends an element z = y + 2 € S @ S+ to y is called the orthogonal
projection onto S.

Remark 2.27. Suppose S C H is a closed subspace of a Hilbert space H and Pg is
the orthogonal projection of H onto S. We then have the following properties.

(i) Ps is an operator with norm less than or equal to 1.
(ii) Py is idempotent, i.e. PZ = Ps.
(iii) The restriction of Ps to S is the identity operator.
Proof:

(i) Suppose x; and x5 are elements of H with unique decompositions y; + 2z; and
Yo + 29 in S @ St respectively. We then have that for o € C, Ps(z1 + azy) =
y1 + ays = Ps(x1) + aPs(ys), thus showing Pg is linear. For boundedness, by
the Pythagoreans theorem [2.7] we have that

14
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1Psal|* = llyall* = [l = llza* < flaa |,

which shows that || Ps|| < 1. Moreover, for every z € S we have Pg(z) = x. It
follows that if S # {0}, and thus Ps is not the zero operator, then ||Ps|| = 1.

Remarks (i7) and (7i7) are trivial and follow directly from the definition. |

We will return to the concept of orthogonal projections later in section 4.3, where
they will be used for defining projection valued measures that will be used in the
spectral theorem.

Corollary 2.27.1. Suppose S is a closed subspace of a Hilbert space H. Then S+ =
S.

Proof: If z € S, then for every z € S* we have (z | 2) = 0 and so x € S*+. Thus
S C S+

For the other direction, suppose x € S*+. Since S is closed, by rT=y+z
for some y € S and some z € St. Since y € S, we must have y € S+, and
therefore 2 = v — y € S+, Since z € S* also and since S+ N S*+ = {0}, we must
have z = 0, and thus x = y € S, and so S*+ C S is true also, completing the proof. W

The special geometry of Hilbert space allows us to produce a very rigid notion of
basis not available in general Banach spaces. We spend the last part of this section
developing this notion of a Hilbert space basis.

Definition 2.28. Let F' C H be an orthonormal system in a Hilbert space H. We
say that F'is maximal among the orthonormal subsets of H, or simply mazimal if
whenever G C H is another orthonormal subset of H such that FF C G, then F' = G.

Lemma 2.29. Let S C H be an orthonormal system in a Hilbert space H, and let
x € H. Then (x| s) # 0 for at most countably many s € S.

Proof: Let S, :=={s € S| (x|s)# 0} and for each n € N, let S :={s € S| (x|
s) > =} It is easily seen that S* = (J;~; S2. We claim that each S7 is finite. Suppose
we have k distinct elements in S7, label them si,s9,...,5;. By Bessel’s inequality

(2.14]) we have that
1\ 2 k , ,
() =Dl |9 <l
i=1

Thus k is bounded by n?||z||? and so each S” has at most n?||z||* elements. Each S? is
therefore finite, and since S, is the countable union of finite sets, it is also countable.

15
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Theorem 2.30. Let S be a mazximal orthonormal system for a Hilbert space H. Then
for all x € S we have the following relation.

xr = Z(l‘ | s)s (2.20)
seS

Proof: Let S be a such maximal orthonormal system for H. For each x € H, let
Sy ={seS|(x]|s)#0}. By S, is countable and so we can rewrite this set as
S = {s, | n € N}. Define a sequence (y,)nen € H" by

n

va =3 (@ | 5.)s,

k=1

We claim that (y,)nen is a Cauchy sequence. For m > n we have that

1Ym — yull* = Z(x | s)s Z z | 51|
k=n k=n

By Bessel’s inequality we know that the series of positive real numbers

>0 (x| sg)|? is bounded by ||z||?, and is therefore convergent and hence Cauchy.
Thus (Yn)nen is also Cauchy and since H is complete it converges.

Let y = > 2 (x| sp)sn. We make use of the continuity of the inner product in the
following equations.

(y | sx) = (JLHOIO Z(l‘ | 55)s5 | 8;:)
= lim (Z(ZE | 55)s5 | Skz>

j=1
= lim (x| sx) = (x| sg)-
n—oo

Thus (x —y | sg) = 0 for all £ € N. Repeating this argument for the s € S such that
(x| s) =0 also gives (x —y | s) = 0, and so the vector x — y is orthogonal to S. If x
were not equal to y, the set SU {| |} would be an orthonormal system in H strictly
containing .S, contradicting our max1mahty assumption. It follows that z = y. |
The above theorem is very useful as it gives us an explicit description for any vector
in a Hilbert space in terms of a maximal orthonormal subset. It therefore motivates
the following definition.

Definition 2.31. We say a subset S of a Hilbert space H is an orthonormal basis,
or Hilbert space basis, for the Hilbert space H, if it is a maximal orthonormal system.

16
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Theorem 2.32. Every Hilbert space has an orthonormal basis.

Proof: Let H be a Hilbert space and let € be the collection of all orthonormal subsets
of H. Since () is an orthonormal system, € is non-empty. For any chain A C C, we
have | J A as an upper bound for A that is also an orthonormal system. By Zorn’s
lemma, a maximal orthonormal system in € exists. |

Example 2.33. Consider the Hilbert space of absolutely square summable sequences
¢*.  An orthonormal basis is given by the collection {e, | n € N} where e, =

(0,...0,1,0,...).

-

nth position

By theorem we can write any sequence (T, )neny € 2 in terms of this basis by

o

(ajn)neN = Z((xn)neN ‘ en)en'

n=1

Corollary 2.33.1. Suppose S C H s an orthonormal basis for the Hilbert space H.
Then for each x,y € H we have that

(@ly)=> (x]s)(y]s) (2.21)

seS

and
Izl =Y I | s)I* (2.22)
seS
Proof: Let x,y € H and let S,, ={se€ S| (z|s)#0or (y|s)#0}=5,USI,.
By [2.29] S, , is countable. As such, list the elements as S,, = {s, | n € N} C S.
Let v = lim, 00 )5 (7 | 85)s5 and y = limy, 00 Y 231 (¥ | 8x)sk. By continuity of the
inner product, we have the following.

(2] y) = lim (Z@: 58| S (] >>

j=1 k=1

= lim Z (] 55)(y | sk)(s5 | sk)

4. k=1
= Jim 33 ) Ts)
J:

Replacing y with x in the previous sequence of equations gives the second result. W
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From linear algebra, a similar notion of basis for a general vector space can be defined
as a maximal linearly independent set. This is known as a Hamel basis, and can
equivalently be described as follows.

Definition 2.34. Let V be a vector space. A collection F':= {e; | i € [} CV is a
Hamel basis for V' if the following two conditions hold.

(i) Any vector z € V can be written as a finite linear combination of the elements
in F.

(i) If ayeq + ages + -+ - + ape, = 0 for some finite sum of elements e; € F, then
a;=0,1<:i:<n.

Similarly to [2.32] using Zorn’s lemma it can be shown that every vector space has a
basis, for a full proof of this see theorem 1.27 in [7]. In fact, it was shown in [4] that
if every vector space has a Hamel basis, then Zorn’s Lemma is true.

For Banach spaces, however, the notion of Hamel basis is not particularly apt, as the
next result shows.

Theorem 2.35. Suppose E is an infinite dimensional Banach space. Then every
Hamel basis for E is uncountable.

Proof: Let E be an infinite dimensional Banach space, and aiming towards contra-
diction suppose that (e,)nen is a countable Hamel basis for E. By the Baire category
theorem, F is of second category

Forn € N| let F,, = span{e, ..., e,}. Thisis a finite dimensional normed space, hence
closed. Clearly E = |J,_, F,,, and so by the Baire category theorem |J~, (F,)" is
dense in E. Thus there exists some ng € N such that F,,° # 0. Let x € F,,. Since
the interior is open, there exists € > 0 such that B(z,e) C F,,.

Consider the vector e, +1 and take § > 0 large enough so that ||3en 1 < €, ie,
*eno+1 € B(0,¢). Thus z + 3epy11 € B(z,e). But @ + fen,41 ¢ Fi,, contradicting
B(z,¢e) C F,,. Thus, no such countable Hamel basis exists. |

We have seen in this section that every Hilbert space has an orthonormal basis. A
countable basis is obviously easier to work with, and in fact, we can characterise those
Hilbert spaces that have a countable basis.

Theorem 2.36. A Hilbert space H is separable if and only if it has a countable
orthonormal basis.

Proof: Suppose H is separable. Let S be an orthonormal basis for H. Suppose
s1, 82 € S are distinct. Then d(sy, s9) = [|s1 — $2f| = \/(31 — 89| 81— 89) = v/2. Thus
S is discrete when viewed as a metric space.
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Since H is separable, so too is S. Thus S has a countable dense subset. But S is the
only subset of itself that is dense in S, since S has the discrete metric, and so S must
be countable.

Conversely, suppose H has a countable orthonormal basis S = {s,, | n € N}. For each
n € N, consider the set

D, = {Z(qj +1ip;)s; | ¢j,pj € Qfor 1 <j < n}

j=1

Each D, is countable and their union D = (J 7, D,, is countable and dense in H.
Moreover, the closure of D is the linear span of sy, sg, ..., s,, and so the closure of D
includes all finite linear combinations of the form » 7, z;s; where z; € C. By
each x € H is the limit of such a finite linear combination. Hence the closure of D is
all of H. As D is countable, H is separable.
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2.4 Isomorphisms of Hilbert Spaces

In this section we will develop a notion of similarity between Hilbert spaces. In
particular we discuss some different types of isomorphisms between Hilbert spaces
and related results.

Definition 2.37. Let H and K be Hilbert Spaces. We say that H and K are
1sometrically isomorphic, and denote this by H K, if there is a surjection T': H — K
such that for all x,y € H we have

(Tz [ Ty) = (x| y). (2.23)

Remark 2.38. If T': H — K is an isometric isomorphism between the Hilbert spaces
H and K, it is also linear.

To see this let x,y € H and let a € C. Since T is surjective there exists z € H such
that Tz = T(ax + y) — (aTx + Ty). Then consider the following,

(Tz|Tz) = (T(ax +y) — (aTx+Ty) | Tz)

(T(ex +y) [ T2) = [T [ T2) + (Ty | T2)]
(azx+y|z)—[alz|2)+(y | 2)]
0

Since the inner product is positive definite, it follows that T'(az + y) = oTx +y and
so T is linear.

Proposition 2.39. Suppose H and K are Hilbert spaces and T : H — K is a
surjective linear map. Then T is an isometric isomorphism in the sense detailed
above, if and only if it is an isometry.

Proof: Suppose first that T" is an isometric isomorphism. Then for all z,y € H we
have (Tz | Ty) = (z | y). Thus [|[Tz|* = (Tz | Tx) = (x | ) = ||z||* and so T is an
isometry.

Now suppose that T is an isometry. If z,y € H and « € C, we have that ||z + ay||*> =
|7z + aTy||>. By the polar identity, (2.6]), we therefore have that,

(" + 2Re [@(z | y)] + lal*[lyll* = IT2]* + 2Re [@(Tz | Ty)] + [a*|Ty]*.

Since T is an isometry we have that | Tz|| = ||z|| and ||Ty|| = ||ly||, reducing the last
equation to
Refa(z | y)] = Re[a(Tz | Ty)] .

This is true for all & € C. Setting a = 1 gives Re[(z | y)] = Re[(Tz | Ty)], and
similarly setting o = ¢ gives

Im[(z | y)] = Re[~i(z | y)] = Re[~i(Tz | Ty)] = Im[(Tz | Ty)].
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Thus (z | y) and (T'z | T'y) have the same real and imaginary parts, and are the same.
[ |

Remark 2.40. Suppose 7' : H — K is an isometry. Then ||T'|| = 1. This follows
from the fact that

T = sup{||Tx| : x € E1} =sup{||z|| : z € E1} =1

Remark 2.41. If T : H — K is an isometric isomorphism then 77! : K — H is also
an isometric isomorphism.

To see this, note first that as isometries are injective, T is bijective and linear. Thus
T-1 exists and is also bijective and linear. To see it is an isometry, let y,y/ € K.
Then there exists z, 2’ € H respectively such that T-(y) = x and T~(y') = 2/, by
bijectivity of 7. We then have the following to show 7'~! is an isometric isomorphism
as claimed,

(T | T )= (z|a')= Tz |Tx) = (y | ).

It is easy to show that this concept of isomorphism is an equivalence relation on
any collection of Hilbert spaces. It is also the most appropriate notion of equivalence,
since an inner product is the essential ingredient for a Hilbert space and isomorphic
Hilbert spaces have the “same” inner product.

There is however another important notion of isomorphism between Hilbert spaces
that connects better with the more general setting of Banach spaces. We detail this
now.

Definition 2.42. Let H and K be Hilbert spaces. We say that a linear map 7' : H —
K is a topological isomorphism, if it is bijective, and both 7" and 7~ are bounded.

It is easy to see that an isometric isomorphism is always a topological isomorphism.
If T: H— K is an isomorphism in the isometric sense, remark says that T is
also an isometric isomorphism. By remark both T and T~! have norm 1 and so
the claims holds.

Theorem 2.43. Suppose H is an infinite dimensional separable Hilbert Space. Then
H is isometrically isomorphic to (2.

Proof: Let H be an infinite dimensional separable Hilbert space. By theorem [2.36]
there exists one countable orthonormal basis (e,)neny for H. Let T : H — ?? be
defined as follows, for x € H:

T(x) := [(en | 2)lnen.
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So T' maps elements in the Hilbert space to a sequence generated by the inner product
with the orthonormal basis. We must check that this map is a well defined isometric
isomorphism. To see it is well defined, use Bessel’s inequality (2.14]) to get that

o

IT@))1% = (en | 2)* < ||2]|* < oo.

n=1

To see that T is linear let z,y € H and a € C. Then,

T(x+ay) = [(en [ 2+ ay)lnen = [(en | @)lnen + al(en | Y)lnen = T(x) + T'(y).

By [2.33.1} we see that (T« | Ty) = (z | y) and so T preserves the inner product.
Lastly we must show that T is surjective. Let (a,)nen € ??. Consider the sum
Tq =Y 0, anSy. By the generalised Pythagorean theorem we get that

(e.¢]
[zl = Z |an|* < oo,
n=1

and so x, converges. Then note that

T(xa) = [(en ’ xa nEN = [<en ‘ Zaksk>] = [an’|€n’|2]n€N = [an]nGN‘

neN

Hence Tx, = [ay]nen and the proof is complete.

2.5 Linear Functionals and Weak Topologies

The first main result of this section, the Riesz representation theorem, is fundamental
in the study of Hilbert spaces, and simplifies the study of the dual space of a Hilbert
space to the space itself. It allows also for simplified proofs of other results in func-
tional analysis such as the Hahn—-Banach theorem and others. We will first prove a
useful lemma.

Lemma 2.44. Suppose p is a bounded linear functional on an inner product space

E. Then dim (ker(p)*) < 1.

Proof: If ¢ is the zero functional then ker(¢) = E. Since E+ = {0} we have
dim (ker(¢))" = 0 and so the inequality is true in this case.

Suppose now that ¢ is not the zero operator. Since ker(¢) = ¢~ ({0}), {0} is closed,
and ¢ is continuous, it follows that ker(y) is a closed subspace of E.
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Thus by theorem , we can decompose F into E = ker(y)+ker(¢)*. Since ker(p) #
E, the dimension of (ker(gp))L is at least 1. To see that it is not more than 1, suppose
we have two non-zero vectors x and y in (ker(¢))". Since gz # 0 and @y # 0, there
exists a € C such that ax + @y = 0, and by linearity of ¢ we have p(x + ay) = 0.
Thus x + ay is in the kernel of ¢.

On the other hand, since (ker(p))™ is a subspace of E, =+ ay € (ker(¢))" also. Since
ker(p) N (ker(¢))" = {0}, it follows that # + ay = 0. Thus z and y are linearly
dependent, and so the dimension of (ker(¢))" cannot be two or more. We conclude
that dim (ker(g))" = 1. |

Theorem 2.45 (Riesz Representation Theorem). Let H be a Hilbert space. For every
o € H', there exists a unique v, € H called the Riesz Representation of ¢, such that
o(z) = (x| ,), for all x € H. Furthermore, the norm of x, coincides with that of
p, that is, [[¢||la = lzllm-

Proof: If ¢ is the zero functional, then z, = 0 clearly satisfies the criteria.
Otherwise assume that ¢ is a non-zero functional, that is, there exists x € H such
that ¢(x) # 0. By lemma , dim (ker(¢))" = 1. Let z € ker(p)* be a unit vector.
Then for every z € H we have the following,

o) = 2 o) = (%) |

Thus, = — gf((;)) 29 € ker(ip). From this, and using the fact that z, € ker(p)* we get
that

It follows that ¢(z) = (z | ¢(20)20).Therefore, let x, = p(z)20 to get p(z) = (z | z,)
forall x € H.

For uniqueness, suppose there is another point 2’ € H such that ¢(z) = (z | 2')
for all z € H. Then (z | z, —2') = (z | z,) — (x| 2') = ¢(x) — ¢(x) = 0. Thus
(xp, — 2" |z, —2') =0 and so 2’ = z,,.

For the last part, by the Cauchy—Schwarz inequality we have that,

lell = sup |p(z)] = sup |(z | z,)] < sup [lz][[|z,]| = ||z

reH; x€H, reH1

We also have
2412 = (2 | 25) = lo(0)] < [l

Combining these two inequalities gives the desired result. [
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Corollary 2.45.1. There is an antilinear bijective isometry between any Hilbert space
H and its dual space H'.

Proof: Let H be a Hilbert space and define S : H — H' as follows.
For x € H define S(z) : H — C by S(x)(y) := (y | z). For z1,20,y € H, o € C, we
see that

S(ry + axs)(y) = (v | 21 + azs)
=(y|x)+aly| x)
= S(1)(y) + @S (22)(y).

Since this holds for all y € H we have S(z1 + axy) = S(z1) + @S(z2) and S is indeed
antilinear.
To see that it is an isometry, by Cauchy—Schwarz we have that

[Sz|| = sup{|Sz(y) [ y € Hi}
=sup{|(y | )| [y € H1}
< [lzl sup{llyll [ v € Hi}
= [l]]-

For the reverse direction, since y := pir has norm 1 for z # 0, S(z)(y) = H%”(x | ) =

||| is an element of the set {|S(x)(y)|: y € H1} and so ||z| < ||Sz|| as desired. As a
result S is also injective. Lastly for the surjectivity, if ¢ € H’, the Riesz representation
theorem gives a unique =, € H such that for all z € H, p(z) = (z | z,) = S(z,)(x).
Thus S(z,) = ¢ and the claim holds. |

Theorem 2.46. Fvery Hilbert space is reflexive.
Proof: By corollary [2.45.1] there is an anti-linear isometric bijection
Sl H— H

given by Si(z)(y) = (v | x). Continuing on with this, there is another anti-linear
isometric bijection Sy : H' — H” given by Sa(f,g) = (x, | zy) where xf, and z, are
the Riesz representatives of f and g respectively. Since the composition of two anti-
linear maps is linear, the composition Sy0.5; : H — H** is an isometric isomorphism.
Lastly, note that J = Sy0.5], where J is the canonical embedding of H into its bidual
H" as for any © € H and any f € H* we have (Sy 0 51)(z)(f) = (f | Siz) =
f(@) = J(x)(f).

|
We next look at what it means for a sequence in a Hilbert space to converge weakly.
This will allow for more general results to hold as we will see shortly.
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Definition 2.47. A sequence (x,),en of vectors in an inner product space F is called
weakly convergent to a vector z in E if lim, o (x, | y) = (z | y) for all y € E. This
is denoted by x, — x.

In contrast, (z,) converges to x strongly if lim, . ||z, — z|| = 0. It’s easy to see
that strong convergence implies weak convergence. For suppose (z,,) converges to x
strongly. By the Cauchy—Schwarz inequality we have |(z,—x | y)| < ||z, —z]|/||y|| — O.
Thus (z, — 2z | y) — 0 which gives (z, | y) = (z | y).

Example 2.48. Let (e,),en be an orthonormal sequence in a Hilbert space H. For
any * € H we have by Bessel’s inequlaity that the series > °° [(z | e,)]? is
convergent and hence (e, | ) — 0 = (0 | ) as n — oo. Since = was arbitrary we
conclude that e, converges to 0 weakly.

Conversly, for all n # m we have

len = emll® = llenll* + llem* = 2.
and so (e, )nen is not Cauchy, hence not strongly convergent.
Theorem 2.49. Weak limits of weakly convergent sequences are unique.

Proof: Let (z,),en be a sequence in a Hilbert space H and suppose z, — z, and
z, — z also. Then for ally € H (z,, | y) = (= | y) and (z,, | y) = (2 | y). Since
limits are unique in C, it follows that (z | y) = (2 | y). Hence x — 2z € H+ = {0}. W

Theorem 2.50. Let (z,)nen be a weakly convergent sequence in a Hilbert space H.
Then (x,)nen is bounded.

Proof: Let (z,).eny be a weakly convergent sequence in a Hilbert space H. For
n € N, define f,, : H — C by f.(z) := (z | z,,). Note that each f, is linear and
| fn(2)]] < ||zall||z]] and so || fu]] < ||z.|| and in particular f,, is bounded. Since for
every x € H, the sequence ((x | z,)),cy converges, it is bounded. Thus there exists
M, > 0 such that |f,(z)| < M, for all n € N.

By the Uniform Boundedness Principle [A.22] there exists a constant M such that
|fall < M for all n € N. Note that |f.(z,)] = |(zn | 2n)| = ||za]|?. Consequently
| full = llznl], and so ||z,|| < M for all n € N. |

We conclude this section with two key results in functional analysis.
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Theorem 2.51. Let H be a Hilbert space. Then every bounded sequence in H has a
sequentially weakly convergent subsequence.

Proof: Let (h,)nen be a bounded sequence in H. Let

Hy = span{h,, | n € N}

We note that Hj is separable, as the following set

{Z(Qk +ipr)hy | qr,px € Q,n € No} :

k=1

serves as a countable dense subset. For each n € N, let f,, : Hy — C be defined by
fa(h) = (R | h,). Observe each f,, is an element of H' and that || f,|| < [|h.]||. By[A.27]
(fn)nen has a subsequence (fy, )reny Which converges weak—* to a limit fy € Hy.

By the Riesz representation theorem [2.45there exists hy € Hy such that

fo(h) = (h | ho) for all h € Hy. Thus for every h € H we have that limy_,o(h | hy, ) =
(| ho).

Let P : H — Hj be the projection map from H onto Hy, that is, if x = y + 2z where
y € Hy and z € Hy™, then P(z) = y. For each k € N we have that

((id = P)(h) | hn,) = ((id = P)(h) | ho).

hence for each h € H we have that limy_oo(hn, | h) = (ho | h). Thus (hy, )ren
converges weakly to hy € H, proving the claim. |

The previous theorem shows that the closed unit ball of any Hilbert space is sequen-
tially weakly compact. In the more general setting, this holds only for separable
Banach spaces. However, the proof is far more intricate and involves appealing to
theorems such as [A.26] and others.

Our last result in this section, the Hahn-Banach theorem for Hilbert spaces, is partic-
ularly nice in this setting as it does not require the use of Zorn’s lemma. Contrastingly,
Zorn’s Lemma is required in the wider Banach space setting. We first prove a useful
lemma.

Lemma 2.52. Suppose Ey and E are normed spaces, and Ey is dense in E. Let F
be a Banach space and suppose fo : Ey — F be a bounded linear operator. Then f
may be uniquely extended to a bounded linear operator f : E — F such that fy and f
have the same norm.
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Proof: By denseness of Ey in E, for each = € E there exists a sequence (z,)nen € E(I)\]
such that lim,,_,, ,, = x. Hence (z,,),en is Cauchy, and since fj is bounded and linear
we have that

| foxn — foxmll = | fo(xn — zm)|

(2.24)
< HfO”“:Un - xm“ — 0.

Thus, (foxn)nen is a Cauchy sequence and hence by completeness of F', there exists
y € F such that lim, . foz, = y. If there is another sequence (z/,),en € Ej such
that lim,,_, 2/, = x, then lim,,_,(x], — z,,) = 0, hence lim,,_, . (foz], — fox,) = 0 also.
Thus, our choice of sequence converging to x is immaterial, and so we can umam-
biguously define f : E — F by f(x) = lim,,_, foTn, where (x,),en is a sequence in
Ey converging to x.

It is clear that f is linear, as if we have a € C and y € F such that (y,)nen such that
lim,, .o ¥ = ¥, then

flx+ay) = T}g{)lo(f(ﬂ?n + afoyn) = 7}1_{{)10 Jorn + Oénh_g)lo Joyn = f(z) + af(y).

It is clear also that f is the only extension of fy;. For the norm properties, we have
that
[fll =

lim fox,
n—oo

lim HfOan
n—oo

IN

Tim || fol 1
= Il follzall

Thus, ||f]| < || foll- On the other hand, f is an extension of fy and so the norm of fy
cannot be more than f, i.e. ||fol < ||f]|- It follows that || f|| = || foll- |

Theorem 2.53 (Hahn—Banach for Hilbert Spaces.). Let H be a Hilbert space and let
Hy C H be a subspace. Suppose fo € Hj. Then there exists a unique f € H* such

that f |me= fo and | foll = || f]-

Proof: Without loss of generality we may assume Hj is closed as a result of lemma
2.52 Then, being a closed subspace of a Hilbert space H, Hy is also a Hilbert space
and so by Riesz Representation [2.45] there exists s, € H such that fo(z) = (v | zy,)

and [| fol[ = [l -
Define f: H — C by f(x) := (z | x,). Clearly f is linear and || f(z)|| = |(z | zy,)| <
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lz g ]l = 1l follllz]]. Thus ||f|| < [|fol]. However f is clearly an extension of f; and
so [ foll < [If]] also. Thus [[f1[ = [l foll-

For uniqueness, let ¢ € H' be another extension of f, to H with the same norm.
Using the Riesz representation once more [2.45] there exists x, € H such that o(z) =
(x| z,) for all z € H. Since ||| = || fo|| we have || f|| = ||| which in turn means
|z, |l = ||z,||. Now since both f and ¢ are extensions of fy, they agree on Hy. Thus
for all x € Hy f(z) = ¢(x) , ie (z | x5, — z,) = 0. In particular z;, € H, and so
x5, L (x5, — ). Thus, by Pythagoras’ theorem [2.7, we have the following,

25l = lwoll = g + (2o = 2p) Il = \/foo||2 +llzg = ol
This can only happen if ||z — z,|| = 0 and so we conclude that zy = z, which
implies f = ¢.
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3 Operators

In this chapter, we develop the theory of bounded linear operators. A guiding source
for this material is chapter 4 in [§]. Since we will only be dealing with bounded linear
operators, we will simply call them operators from now on unless specified otherwise.
To clarify notation, given operators A and B, we will denote their composition as AB
rather than A o B.

3.1 Self-Adjoint Operators

To motivate this section, we begin with the following example. Let A be an operator
on a Hilbert space H. For a fixed y € H the map f : H — C given by f(x) = (Az | y)
is a bounded linear functional on H. By the Riesz Representation theorem [2.45]
there exists a unique z € H such that f(x) = (x| 2) for all x € H, or equivalently,
(Az | y) = (z | z). If we denote by A* the map which to every y € H assigns that
unique z, we then have (Az | y) = (z | A*y) for all x,y € H. We call this map the
adjoint of A.

Definition 3.1. Let A be an operator on a Hilbert space H. The operator A* : H —
H defined by

(Az | y) = (z | A%y)
is called the adjoint operator of A.

Remark 3.2. The adjoint operator is also sometimes called the Hermitian adjoint,
named in honour of the French mathematician Charles Hermite.

Theorem 3.3. Let A be an operator on H. Then the adjoint A* is also an operator.
In addition, ||A*|| = ||A|| and ||A*A|| = ||A]>.

Proof: Let x € H be arbitrary and take a linear combination ay; +y, € H. We
then compute the following.

(@ | Ao +92)) = (Az | ayr + y2)
= a(Az | y1) + (Az | y2)
=a(z | A'y) + (2 | A')
= (z | aA™y1 + A"y2)
This shows the linearity of A*. For boundedness, we have the following.
[Az||* = (A" | A"z) = (A(A"2) | 2)
< [AA™Z)[[lz]l < [[AlNA ]l
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It follows that ||A*z| < ||All]|z]], and so ||[A*|| < ||Al|. Interchanging the roles of A
and A* in the equations above shows also that ||A| < [|A*||, giving [|A] = [|A*|.
Finally, take some x € H such that ||z|| = 1. We then have that

[Az|* = (Az | Az) = (x | A"Az) < ||z[[| A" A[][lz]| = [ A*AJ.

Since
[A*A]l < A" All = [|All?,

altogether we get that ||A*A|| = || A]|?, completing the assertion. |
Let A and B be operators on H, with A* and B* being their respective adjoint oper-

ators, and let o € C. The following properties arise as straightforward computations,
whose proof we omit but can be found in [I0], section 4.1.

(i) (A+ B)*=A*+ B*
(i) ()" = aA*
(iii) (A*)* = A
(iv) (AB)* = B*A*
(v) id* =id

Our next result shows that we can characterise the kernel of the adjoint in terms of
the image of the original operator.

Theorem 3.4. Let A be an operator on H. Then A(H)*+ = ker(A*).

Proof: Let y € A(H)*. For x € H we have (z | A*y) = (Az | y) = 0, which shows
y € ker(A*). On the other hand, if y € ker(A*) we have (Az | y) = (z | A*y) =0 for
all x € H, which shows y € A(H)*. [ |

Since orthogonal complements are always closed ([2.22), it follows that we can split
the Hilbert space as follows,

H = A(H) & (A(H)")"
= ker(A*) ® A(H). (By corollary

Next, we characterise the adjoint operator in the finite-dimensional setting.

30



Fergal Murphy

Example 3.5. Let A be an operator on C". We can represent A by an n X n matrix
[A;;] with respect to the canonical basis {es, ..., e,}. The matrix elements are deter-
mined by A;; = (Ae; | €;).

Let [A*;;] be the matrix representing the adjoint A*. The i, j' entry A*;; is then given
as follows.

Aty = (A% | ei) = (e; | Ave;) = (Aei | e;) = Aji.

It follows that the matrix representation for the adjoint A* is the conjugate transpose
of the matrix representation of A. In the case of a real vector space R", this simplifies
further to the transposed matrix.

This example illustrates that the adjoint of an operator and the operator itself are
not necessarily the same. As a result, operators that are equal to their adjoint are
given a special name.

Definition 3.6. Let A be an operator on H. A is called self-adjoint if A = A*, i.e.
(Az | y) = (z | Ay) for all z,y € H.

Theorem 3.7. Suppose T is an operator on a Hilbert space H. Then there exist
unique self-adjoint operators A and B such that T = A+ 1B.

Proof: Let T be an operator on H. Defined A and B as follows,

1 * 1 *

A routine check shows A and B are both self-adjoint, and that T"= A + iB. Further-
more, for any x,y € H we have the following,

(Tx [y) = (A+iB)x [ y)

= (Az [y) +i(Bx | y)
= (¢ [ Ay) +i(x | By)
= (

z | (A=iB)y) = (z | Ty).

Thus, (Tz | y) = (x| T*y). For uniqueness, suppose there is another decomposition
T = A 4+iB’, where A’ and B’ are also self-adjoint operators on H. We then have that
T=A-A=iB" —iB.Since T* = (A—A")* = A— A" =T we have T* = T. On the
other hand, we also have T* = (iB"' —iB)* = —(iB’ —iB) = —T. It therefore follows
that 7' = —T and so T' = 0, hence A = A’ and B = B’. This shows uniqueness,
completing the proof. [ |

Our next result gives an alternate method for calculating the operator norm of a
self-adjoint operator.
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Theorem 3.8. Let A be a self-adjoint operator on a Hilbert space H. Then
[All = sup{[(Az | 2)| | = € Hi}.

Proof: Let My :=sup{|(Az | z)| | x € H;}. By the Cauchy-Schwarz inequality
it is clear that that M, exists and that M4 < ||A]|.
[[Az|]

For the reverse, let x € H be such that Az # 0. We then define « := T and
_ Az

__a7

z: and compute the following.

1Az|* = (A(aw) | 2)

1

=1 [(Alax + 2) | ax + 2) — (Alax — 2) | ax — 2)]
1

< 104 [l + 212 + flaz = =]
1

— MQlaal? + 1P

_ lM 2 2 i A 2| M A

= 0ol + 5 AlR] = Ml

Thus, [|Az|| < M||z|| and so when paired with the earlier inequality we have [|A|| =
My. |

Theorem 3.9. Let A be a self-adjoint operator on a Hilbert space H. If A(H) is
dense in H, then A has an inverse map defined on the image A(H) of A.

Proof: By theorem [3.4 we split the space into H = ker(A*) @& A(H). Since A(H) is
dense in H, it follows that ker(A*) = {0}. As a result, ker(A) = {0} because A is
self-adjoint, and so it is injective. Thus A : H — A(H) is bijective and a well-defined
inverse map A~': A(H) — H exists. [ [

3.2 Various Types of Operators

In this section, we explore and look at other types of operators, such as normal,
unitary, projection, positive, compact, and finite rank operators.

Definition 3.10. Let A be an operator on a Hilbert space H. An operator B also
defined on H is called an inverse operator of A, if AB =id and BA = id.

1This inverse map may not necessarily be bounded, compare with corollary |3.24.1
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Remark 3.11. Suppose B; and By are both inverse operators for A. Then B; =
Byid = B{ABy, = id B, = B,. Thus the inverse operator is unique, and we denote it
by A~L.

Definition 3.12. An operator A is called normal if it commutes with its adjoint,
that is, AA* = A*A. Moreover, if this product is the identity, the operator is called
unitary, that is, AA* =id = A*A.

Example 3.13. Let H be the Hilbert space of all sequences of complex sequences
r=(...,0_1,%0,%1,Ts...)such that >°° _|x,|> < co. The inner product is defined
by

n=—oo

(@ |y) = Z T Y-

Define an operator T' € B(H) by T(xy)nen = (Tn-1)nen, i-e. T sends z, to z,_; for
each n € N. We then have that

T:C ’ y Z Tn-1Yn = Z TnYn+1 = (x | Tﬁly).

It follows that 7% = T~ !, hence T is a unitary operator.

Theorem 3.14. An operator A is normal if and only if || Az|| = ||A*z|| for allx € H.
Proof: We have that
(A*Ax | x) = (Az | Ax) = || Az|>.
Since A is normal, we also have
(A*Az | z) = (AA*z | 2) = (A*2 | A*2) = || A 2|~

Thus ||Az|| = [|A*x].
For the reverse, suppose ||Az|| = |[|[A*z||. By the above argument we have (AA*z |
x) = (A*Ax | z). By corollary[A.40] it follows that A*A = AA*, and so A is normal. B

Theorem 3.15. An operator A defined on a Hilbert space H is isometric if and only
if A*A =d.

Proof: If A is isometric, then for every x € H we have ||Az]|> = ||z||?, hence
(A*Azx | x) = (Az | Ax) = ||z|* for all z € H. By [A.40, A*A = id.

Conversely, if A*A = id, then ||Az| = /(Az | Az) = \/(A*Ax | z) = /(z | 2)

]]-
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Theorem 3.16. An operator A is unitary if and only if it is invertible and A~! = A*.

Proof: If A is invertible and A™! = A*, then A*A = A"'A =id = AA™! = AA*.
|

3.3 Compact Operators

We devote this section entirely to the study of compact operators as they form one
of the most important classes of operators.

Definition 3.17. An operator A on a Hilbert space H is called a compact operator
if A(H,) is precompact, where H; denotes the unit ball.

Remark 3.18. There are other equivalent definitions for an operator A € B(H) to
be compact, and we will make use of two of them. Let A € B(H). Then the following
are equivalent.

(i) A is compact.
(ii) For any bounded subset S C H, A(S) is precompact.

(iii) For any bounded sequence (z,),eny in H, the sequence (Ax,),en contains a
convergent subsequence.

Proof: (i) <= (ii). Multiplication by a scalar is a linear homeomorphism, thus A is
compact if and only AH; is compact if and only if nA(H;) = A(nH;) is compact.
(17) = (i11). Let (z,)nen be a bounded sequence in H. Then S := {z,, | n € N} isa
bounded subset in H, and so A(S) is compact, meaning (Az,,),en admits a convergent
subsequence with limit in H.

(i1i1) = (). Let S C H be bounded and let (y)nen € A(S). Since S is bounded
and A is an operator, (y,)nen is bounded. For each n € N there exists x,, € S such
that

Since (Yn)nen is bounded, so is (Az,),en. By hypothesis, there exists a convergent
subsequence (Azy, )ken, and by B} limy o Yn, = limg_yoo Az, € H. Thus (Yn)nen
has a convergent subsequence and as a result, A(S) is precompact. |

Example 3.19. Let T : C* — C" be a linear map, where C" is equipped with the
standard inner product. Then T is bounded by . Let (z,)nen be a bounded
sequence in C". Then since T is an operator, (T'z,).en is a bounded sequence. By
the Bolzano—Weierstrass theorem, (Ax,),en has a convergent subsequence, thus T is
compact.
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Example 3.20. Not all operators are compact. Take the identity map id on any
Hilbert space H and let (e,)nen be an orthonormal sequence in H. Then (e,,)nen is a
bounded sequence in H, yet (id e, )neny = (€,)nen has no convergent subsequence. To
see this, suppose n and m are distinct natural numbers. We then have that

”en - em” = \/(en — €Em | €n — em)
= \/(en | en) = (en | em) — (em | €n) + (em | €m)
_To0-0F 12

Thus, the distance between any two distinct points in the sequence cannot be made
arbitrarily small and no convergent subsequence exists.

Example 3.21. Let H be a Hilbert space. Given fixed elements y and z in H we
can create a compact operator in the following way. Define T': H — H by

T(x):=(z]y)=.

That T is an operator is easy to check. To see that is compact, let (z,)n.en be a
bounded sequence in H, so there is K > 0 such that ||z,|| < K for all n € N. By
Cauchy—Schwarz we know that [(z, | y)| < ||lz.lllly]] < M|y|l, and so by Bolzano—
Weierstrass, ((x, | ¥))nen contains a convergent subsequence ((z,, | y))ken, whose
limit we denote by . Then Tzy, = (v, | y)z — lz. Thus T' is compact.

Example 3.22. Let S C H be a finite-dimensional subspace of a Hilbert space H. By
S is closed and thus by we can decompose H into S @ S*. The projection
operator Ps : H — H, given by Ps(z) = y where x = y + z is the orthogonal
decomposition, is compact. This is quite easy to see, as for a bounded sequence
(Tp)nen € HY, its decomposition is also bounded.

Compact operators upgrade the convergence of weakly convergent sequences to strong
convergence, as our next result shows.

Theorem 3.23. Let (z,)nen be a weakly convergent sequence with weak limit x in a
Hilbert space H. For every compact operator A on H, the image sequence (Axy)nen
converges strongly to Ax. That is if x,, — x, then Ax, — Ax.

Proof: Since Az, — z, for all y € H we have the following.

(Az, |y) = (zn | A%y) — (x| A'y) = (Ax | y).
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Thus Az, converges to Ax weakly. Since weak limits are unique and strong
convergence implies weak convergence, the only possible strong limit for (Ax,)nen is
Ax.

To show that lim,, ,., Ax,, = Ax, suppose otherwise, aiming towards contradiction.
Then there is a subsequence (Az,, )ren of (Az,)nen such that

|Az,, — Az| > ¢ for all k € N and some ¢ > 0.

Since (2, )nen is bounded by and A is compact, there is a subsequence (Axnkl )ien

of (Ax,, )ken for which lim; Axnkl =y € H. Since A:Enkl — Ax as | — oo, we
must have y = Az, which is impossible by construction of Az, , completing the
contradiction. Hence lim,,_,,, Ax, = Az. [ |

Example 3.24. Let (e,),en be an orthonormal sequence in a Hilbert space H. From
example m we know that (e, )nen converges to 0 weakly. Hence by theorem m,
we conclude that lim,,_,, Ae, = 0 for all compact operators A € B(H).

Corollary 3.24.1. Suppose H is an infinite-dimensional, separable Hilbert space and
A € B(H) is a compact operator. Suppose furthermore that A has an inverse map
A=Y defined on A(H). Then A™' is unbounded.

Proof: Let (e,)nen be an orthonormal basis for H which exists by [2.36l Then

lim,, o Ae, = 0 by example On the other hand, ||A7'(4e,)|| = |le.]| = 1,
hence lim,, o, A7'(Ae,) # 0 and so A~! is not continuous. [

Definition 3.25. We denote by K(H) the set of all compact operators on a Hilbert
space H.

K(H) is a vector space over C when equipped with pointwise addition of operators,
a proof of this can be found in [I4], 7.14, page 214.

Theorem 3.26. Let A € K(H) and B € B(H). Then AB and BA are both in K(H).

Proof: Let (z,),eny be a bounded sequence in H. Since B is bounded the sequence
(Bxp,)nen is also bounded. Then since A is compact, the sequence (ABx,, ) ey contains
a convergent subsequence. Thus AB is compact. As for BA, by compactness of A
the sequence (Az,),eny has a convergent subsequence, call it (Ax,, )ren. Then by
boundedness of B, the sequence (BAx,, )ren converges. [ |

Definition 3.27. We say an operator A € B(H) is finite rank if the dimension of
A(H) is finite]] We denote by F(H) the collection of all finite rank operators on H.

2Recall that operator for us includes the assumption of boundedness
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Similarly to K(H), F(H) is also a C-vector space when equipped with pointwise
addition of operators, and F(H) C IC(H) as our next result shows.

Theorem 3.28. Let A be a finite rank operator on a Hilbert space H. Then A is a
compact operator.

Proof: Let A be a finite rank operator on H, and so A(H) is finite-dimensional.
Furthermore, if (z,),en is a bounded sequence in H, then (Az,)nen is also bounded.
This is straightforward as if ||z,| < M for all n € N, we have

[Azn[| < A M < o0

It follows by the Bolzano—Weierstrass theorem, page 51, [17], that (Ax,)nen has a
convergent subsequence, hence A is compact. [ |

Our next theorem shows that the set of all compact operators IC(H) is closed in the
set of all operators B(H).

Theorem 3.29. Let H be a Hilbert space and suppose (Ap)nen 15 a sequence of
compact operators in B(H) converging to an operator A € B(H). Then A is also
compact.

Proof: Let (z,,)nen be a bounded sequence in H. Let M € Ry such that ||z,| < M
for all n € N. Since A, is compact, (z,)nen has a subsequence (x;,)nen such that
(A121 0 )nen is convergent. Similarly, by compactness of Ay, the sequence (1 ,)nen
contains a subsequence (s, )nen such that (Asxs,)nen is convergent. Carrying on
in this manner, for k& > 2 let (xj,)nen be a subsequence of (x;_1,)nen such that
(Akipn)nen converges. By construction, for each k € N, (Apx, ,)nen converges. We
show that the sequence (Ax,, ,)nen converges also.

Let ¢ > 0. Since lim, o A, = A, there exists ky € N such that |4z, — Al < 55
Next, since (Ag,Tn.n)nen converges, it is also a Cauchy sequence and thus there exists
j € N such that for all n,m > j we have

3

||Akoxn,n - Akoxm,mH < g

Putting this together, for all n,m > j we have the following.

’|A$n,n - Axm,mH S HAxn,n - Akol'n,nH + HAkgxn,n - Akoxm,mH + HAkoxm,m - Axm,m”

A = Aol | nll + | AroTnin — AkgTmmll + [[A = Akl |2m,m ||
g g g
c S M+S4 Sv—s
s Tyt TeE
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Thus, (A%, )nen is Cauchy and so by the completeness of H, (A, )nen con-
verges. Hence A is compact.
[ |
By Theorem [3.3] we know that the adjoint A* is always bounded if A is an
operator. The natural question relating to compactness is whether this holds true
also for A € IC(H). This leads to our final result in this section.

Theorem 3.30. Let A be a compact operator on a Hilbert space H. Then the adjoint
operator A* is also compact.

Proof: Let (z,)n.en be a bounded sequence in H, and let M € R, be such that
|zn]| < M for all n € N. Define a sequence (y,)neny in H by y, := A*x,. Since
A* is bounded, (y,)nen is bounded also. By compactness of A, (y,)nen contains a
subsequence (yy, Jkex such that (Ay,, )rken converges. For all n,m € N we have the
following.

1Yk — Uk * = A%, — Ay, |12
= (A" @k, — Th,) | ATk, — @,))
= (AA"(wh,, — o) | (Thn — Tk,))
< [[AA*(zk,, — o) [T — 28, |
< 2M || Ayy,, — Ayg, || — 0.

Thus (A*z,, )nen is a Cauchy sequence and by the completeness of H converges,
proving the compactness of A*. [ |
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4 Spectral Theory

In this chapter, we will look to develop the spectral theorem for compact self-adjoint
operators, before proving it for self-adjoint operators more generally, i.e. without the
compactness assumption. Sections 1.2 and 2.5 of [13] are used, along with chapter 5
of [10]. Chapter 8 of [9] is also followed closely.

4.1 The Spectrum of an Operator.

To begin this section, we define and look at eigenvalues and eigenvectors of matrices.
Let A € M,(C) be an n X n matrix.

Definition 4.1. We say that an element A € C is an eigenvalue of A if there exists
x € C"\ {0} such that Ax = Az. In this case, x is called an eigenvector corresponding
to .

Remark 4.2. It is not hard to see that if A is an eigenvalue of A and x is a correspond-
ing eigenvector, then any non-zero y € span(x) is also an eigenvector corresponding
to A. Thus we may sometimes refer to the subspace of all eigenvectors corresponding
to A as the eigenspace with respect to A, and denote it by Eig(A).

0 .
1 . To calculate the eigenvalues of A,

Example 4.3. Consider the matrix A = _01

we seek A € C\{0} such that A (;j) = (5) This reduces to solving the following

—y =z
r=\y

This gives A2 = —1, so the two solutions are A\ = &i. An easy calculation shows that

Eig(i) — span { (EZ) } and similarly Eig(i) — span { C) } .

Example 4.4. As an example of an operator without any eigenvalues, consider the
right shift operator A : £ — (2 that sends a sequence (xq, To, 73, ... ) to (0,21, T2, 3,...).
This cannot have any eigenvalues, otherwise, there would be some A such that
(0,21, k9,3, ...) = (Ax1, AL, Ax3, ... ). We see that no matter what value A assumes,
it forces x,, to be zero for all n € N | and so we would have a zero eigenvector, a clear
contradiction.

system of equations,

As the previous example shows, not all operators have eigenvalues. We therefore,
want to generalise the concept of eigenvalue, which leads to the notion of spectrum.
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Definition 4.5. Let A € B(H) where H is a complex Hilbert space. The spectrum
of A is defined as

og(A) :={X € C| A— A is not bijective }.
Similarly, the resolvent set of A is defined as

p(A) :={\ € C| A— A is bijective and (A — XI)~"is bounded }.

Remark 4.6. By the bounded inverse theorem [A.23] if A — Al is bijective then
(A — XI)7! is bounded as a consequence. Thus o(A) = C\ p(A).

Remark 4.7. The spectrum o(A) for any operator A € B(H) is always non-empty.
For a proof of this, see [9], proposition 7.5.

Definition 4.8. Let A € B(H) where H is a complex Hilbert space. We then define
the following sets.

e Point Spectrum :
op(A) = {X € C| A— Al is not injective }.

o C(Continuous Spectrum :
o.(A) = {\ € C| A— M injective but not surjective and Ran(A — \I) = H}.

e Resolvent Spectrum :
0.(A) = {X € C| A— M injective but not surjective and Ran(A — \I) # H}.

Proposition 4.9. Let A€ B(H). Then o(A) = 0,(A) Uo.(A)Uo,(A).

Proof: All that is needed to show is 0(A) C 0,(A) Uo.(A)Uo,(A), since the reverse
inclusion is trivial.

Let A € 0(A). Then A — AI is not bijective, so either it is not injective, or it is not
surjective. If it is not injective, then A € 0,(A). If it is injective, then then it must
not be surjective, i.e. Ran(A — M) # H. This decomposes further into the case
where Ran(A — M) is dense in H or not, giving the cases A € 0.(A) and X € 0,(A)
respectively. [

Example 4.10. Let T : C* — C" be a linear map with corresponding matrix T :=
[T3;]. From basic linear algebra, we know that 7" has n eigenvalues Aj, Ao, ..., A, when
counting for multiplicity and that the eigenvalues are the roots of the characteristic
polynomial P(\) = det(T — Aid). Since (T — Aid)™! is bounded when \ is not
an eigenvalue, it follows that the spectrum of 7" is comprised entirely of the point
spectrum. Thus the resolvent set is the complex plane less a finite number of points,

namely p(T) = C\ {(Ar)iz1}-
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Lemma 4.11 (Neumann’s Lemma). Let H be a Hilbert space and let T € B(H) be
an operator with norm less than 1. Then the operator I —'T' has an inverse operator
(I—-T)"" on H.

Proof: Consider the infinite series S =1+ 2 T"=I1+T+T*+---+T"+....
Using the fact that absolute convergence implies convergence in a Hilbert space [A.21]
the S converges by the comparison test because ||T"|| < ||T'||™ for all n € N and the se-
ries Y o ||T||" is convergent since || T'|] < 1. We then make the following calculations.

n

(I —T) (Zn: T’“) = (Zn: T’“) (I-T)=>Y (TF—T"") =T-1""".

k=0
Since [T — 0| = ||T"|| < ||T||* — 0, it follows that

1 _— k pu— pu— 1 k _—
Jg]{f)lo(l T)(E T) I 71113;(}(5 T)(I T),
or equivalently,

(I-T)S=(I-T).
Thus, (I —T) is invertible with inverse operator equal to S. |

Theorem 4.12. Let H be a Hilbert space and let A € B(H) be an operator on H.
Then the resolvent set p(A) is open, hence, the spectrum o(A) is closed.

Proof: If p(A) = () then p(A) is obviously closed, so suppose p(A) # (). Let € p(A).
Then (A — pl)~! is an operator on H. For A\ € C we have the following,

AN =(A—-pul) =A== (A~ p)(I =\ = p)(A—pul)™).

By Neumann’s Lemma [4.11] this shows that A — Al is an invertible operator with
bounded inverse, whenever we have that

IO = ) (A= pD) 7 = X = p[|[(A—pud) 7Y < 1,

or equivalently, whenever |\ — u| < W.
with centre u, proving that p(A) is open.

Lastly, the closedness of the spectrum follows from the fact that o(A) = C\p(4). &

This inequality describes a circle in C

Theorem 4.13. Let H be a Hilbert space and let A € B(H) be an operator on H.
Then the spectrum o(A) is a compact set in C contained in the circle of radius ||Al|
centred about the origin.
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Proof: Let A € C be such that || > ||A]|. We then have that

1
a1 L)

has a bounded inverse since || () Al| < 1 by Neumann’s Lemma , hence A € p(A).
Consequently, A € o(A) implies that |\| < ||A]|, and so ¢(A) is bounded. However,
from we know that o(A) is also closed. By the Bolzano-Weierstrass theorem, it
follows o(A) is compact. [

4.2 The Spectral Theorem for Compact Self-Adjoint Opera-
tors.

In this section, we state and prove the spectral theorem for compact self-adjoint op-
erators. A guiding source is section 5.3 in [10].

For a compact self-adjoint operator A on a Hilbert space H, by we have the
following alternative formula for calculating the operator norm || Al|, namely

[A]l = sup{|(Az | 2)| | = € Hy}.

Proposition 4.14. Let A € B(H) be a self-adjoint operator on a Hilbert space H.
Then for all X in the spectrum of A it holds that

Al < sup{|(Azx | x)| | z € Hi}.
Proof: This follows as a direct consequence of theorem [4.13] |

Example 4.15. Let H be an infinite dimensional separable Hilbert space. By the-
orem H has a countable orthonormal basis, call it (e,)n,en. We define a map
A : H — H called the left shift on H with respect to this basis, defined by the
following,

Alz)=A (Z(w | en)en) = Z(.CE | en)en—1, forall z € H.

n=1 n=2
It can be shown that A is bounded and linear. We determine the spectrum o(A).

Suppose x € H is an eigenvector for A. Then there exists A € C such that

Alz)=A (Z(x | en)en) = (@] en)en =AY (2] en)en.
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This gives a recursive relation and for each n € N, we have (z | e,) = A" (z | e,_1).

Suppose (z | e;) = 1. Then (z | e,) = A"! for all n € N5y, and hence z =

S>> A" le, is an eigenvector corresponding to A if and only if the sum defines a

vector x € H, and since H is complete, it is easy to see that this happens if and only
if 7 ]A"1? < oo. The latter is the case if and only if |A| < 1. Hence, the open
unit disc is contained in the spectrum o(A).

Conversly, for all x € H we have that

[Az]® = 1@ [en) <Dl | en)]” = ||z
n=2 n=1

Since ||Ae,|| = 1 for all n > 2 we also get that ||A|| = 1. By theorem [4.13] this implies
that o(A) is contained in the closed unit disc about 0. Moreover, since o(A) is closed
by 4.12] it follows that o(A) is exactly the closed unit disc in C.

Theorem 4.16. Let A: H — H be a self-adjoint operator on a Hilbert space H. Then
all of its eigenvalues belong to R. Moreover, any pair of eigenvectors corresponding
to different eigenvalues is orthogonal.

Proof: By the self-adjoint property of A, we have that
(Az | y) = (z | Ay), for all z,y € H.
If X is an eigenvalue with corresponding non-zero eigenvector x € H we then have
Mz |2z)=0z|2)=(Az | z) = (x| Az) = (z | \x) = Az | z).

Since x is not zero, (x | x) is non-zero also, hence A = ), proving the first claim.
For the second bit, suppose we have another distinct eigenvalue p € C with some
corresponding eigenvector 0 # y € H. We then have the following.

Mely) = y) = (Av|y) = (| Ay) = (¢ [ py) = 7z [ y) = plz | y).
Since A and p are distinct, we have that (x| y) = 0, hence x L y. |

Definition 4.17. Let A € B(H) be an operator on a Hilbert space H. We say a
scalar A € C is an approximate eigenvalue for A, if there exists a sequence of unit
vectors (2, )nen € HY such that

lim (A — X)z,, = 0.

n—oo

The set of approximate eigenvalues is called the approximate point spectrum and is

denoted by g,,(A).
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Theorem 4.18. Let A € B(H) be a self-adjoint operator on a Hilbert space H. Then
oap(A) is non-empty.

Proof: Recall that since ||A|| = sup{|(Ax | )| | = € H;}, there exists a sequence of
unit vectors (Y, )nen in H such that lim, o |(Ayn | yn)| = || 4]

Since A is self-adjoint, (Ay, | y,) is a real number, hence there is a subsequence
(Zn)nen Of (Yn)nen such that either lim,, o (Ax, | z,) = [|A|], or lim,, o (Ax, | z,) =
—||A||. Let X\ be either positive or negative || A||. We then have the following,

(A — XDz, ||* = (Az,, — Ay, | Az, — Ay,)
= [[Az,||* + N[zl — 2A(Azy, | 2)
< |IA|? + N2 — 2\ (Az,, | 2,)
= 2\% —2X\(Az, | 2,,) — 2A* —20% = 0. (Asn — o0)

Thus, ||(A — M )x,|| — 0, proving the claim. |

Remark 4.19. For an operator A € B(H), the approximate point spectrum is con-
tained in the spectrum, i.e. ,,(A4) C o(A). To see this, suppose A € o,,(A), so there
is a sequence of unit vectors (z,,)ney € H" such that ||(A— AI)z,|| — 0. Thus A — I
is clearly not bounded from below, that is, there is no constant C' > 0 such that
|(A = A)z|| < C|z| for all x € H. Since an operator is not invertible if it is not
bounded below [A.24] it follows that A — AI is not bijective, hence A € o(A).

Our next result shows that a compact, self-adjoint operator on a Hilbert space always
has an eigenvalue.

Theorem 4.20. Let A € B(H) be a compact, self-adjoint operator on a Hilbert space
H. Then at least one of ||A| or —||A|| is an eigenvalue for A.

Proof: If || A]| = 0 the claim follows trivially, so suppose [|A|| # 0.

Let A = £||A]|. By theorem [4.1§] there is a sequence of unit vectors (2, )nen in H such
that lim, ,oo(A — M)z, = 0, where A is either ||A|| or —|AJ|. Since A is compact,
the sequence (z,)nen has a subsequence (2, )gen such that (Ax,, )ren is convergent.
Since limy,_,o0 (Az,, —Azy, ) = 0 it follows that limy_,o Az, = limy_,o[Ax,, — (Azy, —
ATy, )] exists. Moreover, multiplication by a scalar does not affect convergence, thus
limy o0 ©p, = @ for some x € H. By continuity of the norm since ||z,|| = 1 for
all n € N, we also have ||z| = 1.

By construction, we have Az = Az, where A = £||A|| and = # 0, proving the claim.
|

Corollary 4.20.1. Let A be a compact, self-adjoint operator on a Hilbert space H.
Then the operator norm is given by

[A[] = max{|(Az | 2)| [ = € Hy}.
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Moreover, the maximum value is attained for a non-zero eigenvector corresponding to
the eigenvalue ||A|| or —||A]|.

Proof: By theorem [4.20, there is a unit vector x € H such that Ar = Az, where
A = £||A||. From this it follows that

[Az[| = [[Az]| = [Alllz]} = [|A]] = sup{|(Az [ z)| [ z € Hi}.
Thus, the supremum is attained at = and can be replaced with a maximum. [ |

Proposition 4.21. Let A be a compact operator on a Hilbert space H, and suppose
that A has a non-zero eigenvalue \. Then the eigenspace associated to N\, Eig(N), is
finite dimensional.

Proof: Suppose otherwise, that is, Eig()\) is infinite-dimensional. Choose an or-
thonormal sequence (x,),en in Eig(\) such that

Az, — Azp|l? = (M||2n — 2ml|* = 2|A)* > 0, for n # m.
Thus (Az,)nen has no convergent subsequences, hence A cannot be compact. This
provides the necessary contradiction. [ |
We are now ready to prove the main result of this section.

Theorem 4.22 (Spectral theorem - Compact Operators.). Let A be a compact, self-
adjoint operator on a separable Hilbert space H of infinite dimension. Then H admits
an orthonormal basis (e,)nen consisting of eigenvectors of A. Moreover, the enumer-
ation of the infinite sequence of basis vectors (e,)nen can be chosen such that the
sequence of corresponding eigenvalues (A, )nen decreases numerically,

A >N > >\ > ..., and Ny — 0 as n — oo.

Lastly, we may describe A using the basis of eigenvectors as follows. For x € H, we
have

Az = Z)\n(x | en)en, where x = Z(x | en)en.
n=1 n=1

Proof: By corollary [£.20.1] the compact, self-adjoint operator A has at least one
eigenvalue, Ay = £ max{|(Az | z)| | x € H;}. Let ey € H be a corresponding unit
eigenvector.

Let Vi = span{e; }* be the orthogonal complement of the 1—dimensional subspace
spanned by the vector e;. By [2.22] V] is a closed subspace of H and hence is also a
Hilbert space. For x € Vi, since \; € R, we have the following,

(Az | e1) = (x| Aer) = M(x | e) =0.

45



Fergal Murphy

Thus if v € Vi, Ax € V1, and so Vj is invariant under A. Thus A can be considered as
a compact, self-adjoint operator on the Hilbert space V;. Using theorem [4.20| again,
we get a second eigenvalue for A within V7,

Ay = tmax{|(Az | z)| | z € V1, ||z]| < 1},

and a corresponding unit vector e; € V; for A\y. It is clear from construction that
|>\1| Z ‘)\2‘ and that €1 1 €9.

Next, we repeat this process and let Vo = span{ej,es}t. Clearly (Az | e;) = 0
and (Az | e3) = 0 where x € span{e;, eo}t, and so V; is invariant under A, which
can thus be considered a compact self-adjoint operator on V5. Once again, theorem
provides a third eigenvalue A3 corresponding to a unit eigenvector es also in V5.
Continuing on in this manner, we get an orthonormal sequence of eigenvectors (e, )nen
and a decreasing sequence (A, )nen of corresponding eigenvalues associated with the
following sequence of subspaces,

e CVaCVa C CVICH

From example [2.48] (e, )nen converges weakly to 0, and since A is compact, by [3.23]
(Aen)nen converges to 0 strongly. This proves that lim, o [An| = limy, o ||Ae,|| = 0.

Next, let U = {:c €H|xz=> ", ayey, for some (a,)neny € CY } Then (e, )nen is an
orthonormal basis for U.

To see this, suppose F' C U is another orthonormal system such that {e, | n € N} C
F, and let f € F. By definition, there is (ay)nen such that f = > aye,. Let
em € {e, | n € N} be arbitrary and consider the following.

(f lem) =Y an(en | em)
n=1
=0+0+...am(em | en) +0+ - = an.

Thus, if (f | e;) were 0 for every m € N, then «,, = 0 for every m € N also. Then f
would be the zero vector, contradicting its membership of F. Thus there exists some
m € N such that (f | e;,) = 1 and since F' is orthonormal, it follows f = e, and so
F C{e,|n e N}

Moreover, each x € U has a unique decomposition with respect to (e,)nen. To see
this, suppose =Y 7 | ane, = Y o, Bney. For a fixed m € N, we have

n=1
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O=(z—x|en)

(g

n=1

oo
Zan en | €m) Zﬁn en | em)
=1

= am(em ‘ em) - ﬁm(em | €m> = Oy — ﬁm

Thus, «,, = (, for all natural numbers n and so the decomposition is unique.

This allows us to define a natural isomorphism 7 : U — ¢? that maps a basis element
e, in U to the the basis vector (0,0,...,1,0...,) in £% For x = (2, )nen € €2, we have

~
In the nth slot

T (i xnen) =z,
n=1

and so T is surjective. Furthermore, for any = = > >° | a,e, € U we have

that

Thus, U = (2, and since Isometric isomorphisms preserve completeness, it follows
that U is closed.

We next show that A is the zero operator when restricted to U+, i.e. Ay = 0, for all
yecUt.

This is trivially true for y = 0 so suppose y € U~ is non-zero. Let vy, = and so

y
llyll”
y can be written as y = |ly|ly;. We then get that (Ay | y) = ||y||*(Ay: | y1). Since
y1 € V,, for all n € N, it follows that |(Ay; | y1)| < |A\,| for all n € N, and consequently
that

I(Ay | )] < |2 l|An] — 0 as n — oo.

We conclude that (Ay | y) = 0 for all y € U+, hence A must be the zero operator on
U+

Now let (fn)nen € (UL)N be an orthonormal basis for U, so that {e, | n € N}U{f, |
n € N} is an orthonormal basis for H. Since Af, = 0 for all n € N, each f, is is
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an eigenvector for A with corresponding eigenvalue equal to 0. For each n € N| let
(an)nen be the sequence given as follows,

fr niseven andn = 2k

{ek nis odd andn =2k — 1
ay, =

This gives (an)nen = (€1, f1, €2, f2,...) with corresponding sequence of eigenvalues
(A1,0,X2,0,A3,0,...). Cleary this sequence of eigenvalues still converges to 0 since all
the new eigenvalues added to the sequence are 0.

Finally, from for each x € H we have x =Y (2 | an)a,. By continuity of A
we then have the following,

Az

A (Z(m | an)an>

(x| ap)Aay,

K

i
I

g

A (] €n)en.

3
Il
—

Thus (an)nen satisfies the criteria of the theorem and the proof is complete. [ |
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4.3 Projection Valued Measures and the General Spectral
Theorem.

In the last section of this chapter, we provide a version of the spectral theorem for
self-adjoint operators, relaxing the added assumption of compactness. This requires
moving away from the discrete setting of an infinite sum seen in the last section.
Although the modern approach in the literature uses techniques from operator the-
ory and C* algebras, here we manage to avoid this and provide a proof using solely
measure-theoretic arguments. Guiding sources for this section include section 2.5 in
[13], chapter 9, section 2 in [6], and chapters 7 and 8 in [0]. General concepts in
measure theory are also used from [2].

Recall from section 2.3, that for a closed subspace S of a Hilbert space H, there is a
unique decomposition of H as follows, H = S @ S*. As a result, we have a unique
map Ps : H — H called the orthogonal projection onto S, some properties of which
are listed in remark Another important property of an Pg is that it is always
self-adjoint. To see this, suppose x1, rs are elements in H with unique decompositions
y1 + 21 and yy + 2o respectively, both in S @ S+. We then have the following,

(Ps(z1) | z2) = (1 | y2 + 22)

= (Y1 | y2) + (v1 | 22)
= (y1 | y2) + (21| v2)
= (

21 | y2) = (21 | Ps(a2))
It turns out that it is convenient to describe closed subspaces of a Hilbert space in
terms of the associated orthogonal projection operators, when one wants to formulate
a spectral theorem that doesn’t require compactness. The function that associates

these subspaces to orthogonal projections has properties similar to those of a measure,
and so the term projection valued measure is used.

Definition 4.23. Let X be a set and let ) be a o-algebra on X. A function u :
Q2 — B(H) is called a projection valued measure on X if the following conditions are
satisfied.

(i) For each E € Q, u(F) is an orthogonal projection.
(i) w(®) =0 and u(X) =idy.

(iii) If (E,)nen € QN is a sequence of mutually disjoint elements of the o-algebra 2,
then for all z € H we have that
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o (U En> xr = Zu(En)x

(iv) For every Ei, Ey € Q, u(Ey N Ey) = u(Er)pu(Ey).

Remark 4.24. For any projection valued measure p and any element x in the Hilbert
space, we can form an ordinary real-valued measure p, by the following relation.

te(E) := (u(E)x | x), where E € Q.
This observation allows us to construct a link between integration with respect to a

projection-valued measure and integration with respect to an ordinary measure.

Our first result of this section shows that the spectrum of p(A), where p is some
polynomial and A is an operator, consists exactly of numbers of the form p(\) where
A is in the spectrum of A.

Lemma 4.25 (Spectral Mapping Lemma). Let A € B(H) be an operator on a Hilbert
space H and let p be a polynomial. Then,

Proof: First suppose that deg(p) = 0, and so p(z) = a for some constant a € C. Then
p(A) = aidy. The map = — (a — A\)x on H is always bijective unless A = a, in which
case it is not bijective. Thus o(p(A)) = {a}. Conversely, p(c(A)) C p(C) = {a}, and
so the claim holds for constant polynomials.

Now suppose p(z) = >, a;z" where n > 1 and let A € o(A). We then have that

— Z i (A"F — XRid ).
k=0

Also note that for any k¥ we can factor A*¥ — M\*idy in the following way,

k
AP = Nidy = (A= Xidg) (AT XA p o M d ) = (A= Aidg) Y NTTAR

=1
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Combining these two gives the following,

p(A) — p(N)idy = (A — Nidy) ( [ank (i il Anm-)])

=1

where we have shortened the right-hand side to include ¢ which is a polynomial de-
pending on A. Since A € o(A), A— Aidy is not bijective, and it therefore follows that
(A — Xidg)q(A) = p(A) — p(A)idg is also not bijective, hence p(A) € o(p(A)). This
gives the first inclusion, i.e. p(c(A)) C o(p(A)).

For the reverse, suppose a € o(p(A)), that is, p(A) — aidy is not bijective. Since
p(2z) — a is a degree n polynomial in C which is algebraically closed, we can factor it
by its roots by, bo, ..., b, as follows,

p(z) —a=clz—b)(z—by)...(2 = by). (4.1)

This in turn implies that

Now since P(A) — aiidy is not bijective, it follows there is ¢ € {1,...,n} such that
A — b;idy is not bijective, thus b; € o(A). From [.1] it follows that p(b;) — o = 0,
hence a € p(o(A)), completing the reverse inclusion.

|

Definition 4.26. Let C(A,R) denote the set of real-valued continuous functions
defined on a set A C C, that is,

C(A,R) = {f € R*| fis continuous}.

Definition 4.27. Let A € B(H) be an operator. The spectral radius of A, denoted
by 7(A) is the largest value in magnitude of the spectral values of A, that is,

r(A) = sup |A|.
A€o (A)
Remark 4.28. By theorem [4.13] for any operator A € B(H), we have r(A4) < [|A].
Furthermore, for self-adjoint operators, theorem says that both ||A|| and —||A||
are approximate eigenvalues for A. Since 0,4,(A) C o(A) by remark [£.19] it follows
|Al| € o(A), hence the spectral radius and the norm coincide for the class of self-
adjoint operators.
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Our next main results show in fact that spectrum is contained entirely in the real line
for self-adjoint operators. We first prove a useful lemma.

Lemma 4.29. Suppose A € B(H) is self-adjoint. Then for all A = a +ib € C we
have
(A= Xidg)z | (A= Xidg)z) > b*(z | ).

Proof: Let A and A be given as in the hypotheses and compute the following.

(A= (a+ib)idg)z | (A— (a+ib)idy)x) = ((A—aidg)z | (A —aidgy)x)
+ib((A — aidy)r | 7) —ib(z | (A — aidy)z) + b*(z | 2).

Since A is self-adjoint, we see that (A — aidy)* = A* — aidy™ = A — aidy and
so A — aidpy is self-adjoint also. It follows that the second and third terms on the
right-hand side of the above equation cancel, leaving the following,

(A= (a+ib)idg)z | (A— (a+ib)idy)r) = (A —aidg)zr | (A—aidy)z) +b*(z | ),
from which the result follows. [ |

Theorem 4.30. Let A € B(H) be an operator on a Hilbert space H. If A is self-
adjoint, then o(A) C R.

Proof: Let A € B(H) be self-adjoint. Suppose A = a + ib and b is non-zero. We
wish to show A ¢ o(A), or equivalently by remark [4.6] that A\ € p(A). To this end
we must show that A — Aidg is bijective and (A — Nidg)™! is bounded. By [3.4] we
have that Ran(A — Xidy)" = ker((A—\idy)*) = ker(A— Xidy). Thus by orthogonal
decomposition we have that

H = Ran(A — \idy) @ ker(A — Xidy) (4.2)

Suppose = € ker(A— Xidy). Using the fact that A is self-adjoint, we get the following
set of equations,

Mz |z) = (x| M) = (x| Az)
= (Az | z)
= (\z | 2)

Since A # A, we must have z = 0, and so ker(A — Xidg) = {0}. Thus by (4.2),
Ran(A — Aidgy) is dense in H. To show it is in fact the whole space H, let y € H
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and suppose vy, = (A — Aidy)z, is a sequence in Ran(A — Aidy) converging to y.
Since (yn)nen is convergent, it is a Cauchy sequence, hence for n,m € N we have the
following,

0 llyn = ymll = I(A = Xidg)2n — (A = Aidpg)m||
= [[(A = Aidg)(zn — 2|
> b*|| 7, — 2|, by lemma [£:29]

Thus (x,)nen is a Cauchy sequence and hence by completeness of H, lim,, o 2, := @
exists and is in H. By boundedness of A, and hence continuity [A.15 we have that,

(A—XNidy)xr = lim (A — Nidg)z, = lim y, = v.
n—00 n—oo

It follows that A — Aidy is surjective. Moreover, a very similar application of the

inequality from [4.29] as used above shows it is also injective, hence bijective. By the

bounded inverse theorem [A.23] it follows that (A — Xidg)™" is bounded. [ |

Theorem 4.31 (Functional Calculus). Let A € B(H) be a self-adjoint operator on a

Hilbert space H. Then there exists a unique bounded linear mapping from C(o(A),R)
into B(H), denoted by f — f(A), such that when f(x) = x™, we have f(A) = A™.
The map f — f(A) is called the real-valued functional calculus on A.

Proof: Suppose A € B(H) is self-adjoint and let p(x) = >""", a;z* be a real-valued
polynomial. We then have that

I
S
RS

Il
=
=

where we have used the properties of the adjoint as listed in section 3.1. This shows
that p(A) is self-adjoint, and thus from the previous remark and the spectral mapping
lemma [£.25] we have that
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Ip(A) I = r(p(A)) = sup |af
aca(p(4))

= sup |of
a€p(a(A))
= sup [p(A)]-
A€c(A)

This shows that the map p — p(A) is an isometry between the collection of real-
valued polynomials on o(A) with the supremum norm into B(H) with the usual
operator norm, hence it is bounded. Moreover, it is also easily seen to be linear, as
ap + q — ap(A) + q(A), where ¢ is another real-valued polynomial. By the Stone-
Weierstrass theorem [19], page 475, polynomials are dense in C(o(A4),R). By [2.52] it
follows we can extend the map p — p(A) uniquely to a bounded linear operator from
C(0(A),R) to B(H). That f(A) = A™ whenever f(x) = 2" is precisely to say that

this map is an extension. [ |

Definition 4.32. Let A € B(H) be an operator. We say that A is non-negative, if
(Az | ) > 0 for all z € H. We sometimes denote this by A > 0.

Proposition 4.33. Let A be a self-adjoint operator on a Hilbert space H. Then for
all f,g € C(o(A),R) the functional calculus on A has the following properties.

(i) Multiplicative:
(fg)(A) = f(A)g(A), where fg denotes the pointwise product of f and g.
(ii) Self-Adjoint: f(A) is self-adjoint.
i1i) Non-negative: f(A) is non-negative if f is non-negative.
(iit) g 9 g

(iv) Norm and Spectrum: The norm can be evaluated by the following,

1A (A = JSup [F (M- (4.3)
o(f(A) ={f(N) eR[Aea(A)}. (4.4)

Proof: Let A be given as in the proposition and suppose f,g € C(c(A),R).
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(i)

(i)

Let (pn)nen and (gn)nen be sequences of real-valued polynomials converging
uniformly to f and g respectively, given by the Stone-Weierstrass theorem. We
then have for all n € N, (p,¢,)(A) = pn(A)gn(A). This therefore gives

(f9)(A) = lim (pngn)(A) = lim p,(A)ga(A) = f(A)g(A).

As seen in the proof of theorem [4.31] if p is real valued then p(A) is self-adjoint.
Thus, if (py)nen 18 a sequence of real-valued polynomials converging to f, we
have f(A) = lim, ,o pn(A) is the limit of self-adjoint operators, hence also
self-adjoint.

Suppose f is non-negative, meaning f(x) > 0 for all x € o(A). Thus f(z) =
g(x)? for some g € C'(c(A),R) and for all z € o(A), where g = \/f. Thus, g(A)
is self-adjoint by (i7), and for all z € H we have that

(f(A)z [ 2) = (9(A)*x | 2) = (9(A)z | g(A)x) > 0,

showing that f(A) is a non-negative operator as claimed.

For @ we have already established the result for real-valued polynomials in
4.25 and so the claim holds for continuous functions on o(A) by taking appro-
priate limits.

For , first suppose A € R is not in the range of f, i.e. there is no x € o(A)
such that f(z) = A. It follows therefore that the function g : 0(A) — R given
by g(z) = f(xlﬁ is continuous, hence g € C(c(A),R). Moreover, we see that
g(A) is the inverse of f(A) — AI, from which it follows X & o(f(A))).

For the reverse direction, suppose A = f(z) for some z € o(A). Suppose f(z)
is not in o(f(A)) and so f(A) — xI is bijective. Choose a sequence of real-
valued polynomials (p,)nen € 0(A)N converging uniformly to f. By [A.25] there
exists € > 0 such that if B is an operator and ||(f(A) — AI) — B|| < ¢, then
B is invertible. In particular, p,(A) — p,(x)I would have to be invertible for
sufficiently large n, which would contradict the spectral mapping lemma [4.25]

Our next result is an important tool in the proof of the spectral theorem. It is also
named after the Hungarian mathematician Frigyes Riesz, many of whose results are
important throughout functional analysis, as seen earlier with theorem which
was proven in chapter 2. A proof of the following theorem is quite involved and can
be found in section 2.14 in [16].
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Theorem 4.34 (Riesz-Representation). Let X be a compact metric space and let
I': C(X,R) — R be linear with the property that I'(f) is non-negative whenever
f(z) >0 for all x € X. Then there is a unique measure p on the Borel c—algebra in
X for which

:/ fdu, for allf € C(X,R).
X

Example 4.35. Let A € B(H) be self adjoint, and let x € H. Define a map
s : C(a(A),R) — R as follows,

ea(f) = (f(A)z | 2).
Clearly ¢, is linear, as for any f,g € C'(0(A),R) and any o € C we have,

(f +ag)(A)x | x)

(f(A) + ag(A))(z) | =)

f(A)z + ag(A)z | z)

(A)z [ 2) +alg(A)z [ ) = vu(f) + ave(g).

Now, suppose f € C(0(A),R) and suppose f(z) > 0 for all x € 0(A), i.e.f is non-
negative. By (7i1), it follows that f(A) is a non-negative operator, i.e f(A) > 0.
Thus, ¢.(f) = (f(A)z | ) > 0, and so ¢, satisfies the criteria of [1.34] It follows that
for each x € H, there is a unique measure p, on the Borel o—algebra in o(A) such
that

. (f +ag) =

(
(
= (
=(f

Az | 2) = / SN (A (4.5)

Furthermore, defining 1 : 0(A) — R, by 1(z) = 1 clearly gives 1(A) = idy and so we
get the following equality,

(1) = (1z | 2) =

A) dpi (A
(4.6)

(x|
/
fa(

Thus, we have that for each x € H, ||z]]? = u.(c(A)).
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Definition 4.36. Let f : 0(A) — C be bounded and measurable. We let (;: H — C
be the map given as follows,

(o) = F(N)dpa (),

o(A)

where 1, is the measure from example [4.35]

If feC(o(A),R) then (s(z) = (f(A)z | x) by Thus, by (s is a bounded
quadratic form on H. We want to extend this result to all bounded, measurable,
complex-valued functions. For this we will need the following lemma.

Lemma 4.37. Let X be a compact metric space and suppose
F C{f € C*| fis bounded and Borel measurable}.
Furthermore, suppose F has the following properties.

(i) F is a complex vector space containing C(X,R).

(ii) For any f € CX, if there is a uniformly bounded sequence (f,)neny € F such
that for all v € X,lim,_, fo(x) = f(x), then f € F.

Then, F consists of all bounded, Borel-measurable functions on X.

Proof: We prove this in a number of stages. First, let Ly be the collection of all
Borel-measurable subsets F of X such that 15 is a uniformly bounded pointwise limit
of a sequence of continuous functions, where 1z denotes the characteristic function
on E.

We show this is an algebra on X. First, X is trivially open, hence in the Borel
o—algebra on C. Since 1x(x) = 1 for all z € X, the constant 1 sequence f, : X — C,
fn(z) = 1 satisfies the criteria.

Suppose A and B are both in L, so they are both measurable and there are sequences
of uniformly bounded continuous functions from X to C, (a,)nen and (by,)nen respec-
tively, such that for all x € X,

nh_)nolo an(z) = 1a(x), and nh_)ngo bo(z) = 1p(x).

Define for each natural number n a function g,, : X — C by g, (z) = max{a,(z), b,(z)}.
Since a,, and b, are bounded for all n € N, so too is g,. Note that we can rewrite g,
as follows,
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gn(x) = max{a,(z), bn(2)} = % [an () + b ()] + |an(2) — ba(2)],

and since a, and b, are continuous, it follows g, is continuous also. Lastly, we
also have lim,, o g,(x) = laup(z), showing A U B € Ly. Next, define a function
hp: X — C, hy(x) = max{a,(z) — b,(x),0}. Then (h,),—00 is a uniformly bounded
sequence of continuous functions such that lim, . h,(z) = 1a\p(z) for all z € X. It
follows A\ B € Ly, hence Ly is an algebra as claimed.

We now show that Ly contains all the open sets in X. Suppose O C X is open.
For each n € N, let F,, = {z € O | d(z,X \ O) > 27"}. Each F, is closed and
O = U,en Fn- Moreover, X \ O is closed and disjoint from each F,. By Uhrysohn’s
lemma, for each n € N there exists f,, € C(X,R) such that f,(z) =1 for all z € F),,
and f,(x) =0 for all z € X \ O. We also have that (f,)nen is uniformly bounded and
fn — 1o pointwise. Therefore Ly contains all the open subsets of X.

Next, let L; be the collection of all measurable subsets E of X, such that 1z belongs
to F, that is,

Ly ={F C X | E is measurable and 15 € F}.

We show that L; is a monotone class. Let (A, )en € LN and suppose it is increasing,
ie. Ay C Ay C .... Then A = UZO:1 A, is measurable since o—algebras are closed
under countable unions. Moreover, 14 and 1 are the pointwise limits of the char-
acteristic functions of A, and B, respectively. Since pointwise limits of measurable
functions are measurable, it follows 14,15 € L.

Next, let E € Ly. Then E is measurable and 1 is a uniformly bounded limit of a se-
quence of continuous functions. Since F is closed under pointwise limits of uniformly
bounded sequences, it follows that 1z € F and so E € Ly, i.e. Ly C Ly. Thus, by the
monotone class lemma [A.32] it follows that L; contains the o-algebra generated by
Lg. Since Ly contains all the open sets in X, this in turn means that L; contains all
the Borel sets in X.

Lastly, suppose f € C¥ is bounded and measurable. Let O C C be a Borel set. Then
f71(O0) is a Borel set in X. Thus, f~'(O) € Ly and so 1410y € F. It follows that
f € F, and so F consits of all bounded, Borel-measurable functions from X to C.

Theorem 4.38. If f : 0(A) — C is bounded and measurable, then (; is a bounded
quadratic form.
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Proof: Let F be the collection of all bounded, measurable functions f : 0(A) — C
for which (; is a quadratic form. Then it is easy to see that F is a vector space
containing C(o(A),R) by [£.35, Suppose (f)nen € FY is a sequence of uniformly
bounded functions in F converging pointwise to a function f € C¥. Then f is
bounded and measurable also. Furthermore, since each f,, is measurable and uni-
formly dominated by a constant, Lebesgue’s dominated convergence theorem [A.34]
gives lim,,_,o0 fU(A) (N dpz(N) = fU(A) F(N)du,(N), and so (s is a quadratic form. It
follows by that F is the space of all bounded Borel-measurable functions.
Moreover, using |4.6| we get the following,

@l -| . f(A)dum'
< swp |FVla(o(A))
A€o (A)

= sup_|f(V)]]l=]*.

A€o (A)]

Hence, (5 is a bounded quadratic form for every f € F. [ |

Corollary 4.38.1. Let f : 0(A) — C be bounded and measurable, where A € B(H)
is a self-adjoint operator. Then there exists a unique operator f(A) € B(H) such that
for all x € H we have the following,

(f(A)z | 2) = Qy(x) = [ dpie.

o(A)
Furthermore, if f(o(A)) CR, then f(A) is self-adjoint.

Proof: Combine theorem [4.38 with [A.42] [ |

Proposition 4.39. Let f, g € C°™ be bounded and measurable functions. Then the
functional calculus on A has the following property,

(fg)(A) = f(A)g(A).

Proof: Let F; denote the space of all bounded measurable functions f such that
(f9)(A) = f(A)g(A) for all g € C(c(A),R). It is clear that F; is a vector space
containing C'(c(A),R). As noted in Lebesgue’s dominated convergence theorem
ensures the map f +— (y(z) for € H is continuous under uniformly bounded,
pointwise convergence. Let Ly be the associated sesquilinear form to (f, and suppose
(fn)nen is a sequence of uniformly bounded functions that converge pointwise to f,
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cach with associated sesquilinear form Ly, . By the polarisation identity , we have
the following,

[Ch (2 +1y) — Cp, (@) = C, ()]
[Cr (@ +1y) — Cr(x) — (pliy)]

Ly (v,y) = % [Cra(x+y) = Co(@) — Cra(y)] — %
— % [Cr(z +y) — () — ()]

Thus, the map f +— Ly(z,y) is also continuous under uniformly bounded pointwise

limits. By |A.40, f € F; if and only if for every g € C(0(A),R) and every x € H, we
have

v
2

(fo)(A)z | z) = (f(A)g(A)z | z)
which is equivalent to (s,(x) = L(g(A)z,z). By the continuity of f — L¢(x,y) and
[ — (s(x) with respect to uniformly bounded pointwise limits, it follows that F; is
also continuous in this sense. Thus, using the result of [£.37] it follows that F; consists
of all bounded, Borel-measurable functions.

Next, let F5 be the space of all bounded, Borel-measurable functions f such that
(fg)(A) = f(A)g(A), for all bounded and Borel-measurable functions g € C74).
The above argument shows that C'(c(A),R) C F;. Repeating the same argument
as above and using [4.37] once more, we conclude that F5 consists of all bounded,
Borel-measurable functions, proving the claim.

[ |
We are now ready to prove the main result of this thesis, the spectral theorem for
self-adjoint operators.

Theorem 4.40. Suppose A is a self-adjoint operator on a Hilbert space H. For all
Borel-measurable sets E C o(A), define an operator u*(E) on H by

P (E) = 1p(A),
where 15(A) is the operator described by [4.38.1. Then p? is a projection-valued

measure on o(A) and satisfies the following condition,

/ Ndpt(\) = A.

a(A)

Proof: For a measurable set E C o(A), 1 is real-valued and clearly satisifes 1p-1p =
1g. From the properties of the functional caclulus on A [.33] we therefore have that
1z(A) is self-adjoint and 15(A) = 15(A)% Thus, u”(E) is an orthogonal projection
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for any measurable set £ C o(A).

Next, note that 1g(z) = 0 for all x € o(A), and so u() = 13(A) = 0. We also clearly
have 1,4)(z) = 1 =2 for all z € o(A), and so p(0(4)) = Ly (A4) = A = id,(a)
If £y and Ey are both Borel sets, then 1g,ug, () = 1g, () - 1g,(x) for all z € o(A),
hence pt(Ey U Ey) = p? (Ey)p(Ey).

Suppose (E,)nen is a sequence of disjoint Borel sets in o(A). We must show that for
all x € H, the following holds,

A(UEn)x:ZMA(E x

First, note that if m # n, then p(E,)u*(E,) = p*(0) = 0. Since p?(E,) and
p?(E,,) are projections, it follows that Ran(u?(E,))t = Ran(u?(E,,)). Next let
F =N{SCH|Sisaclosed subspace of H and Ran(u*(E,)) C S for all n € N}.
F is a closed subspace of H and so let P be the projection onto F. It then follows
that for all z € H,

— T; A
Pz = 7}1—{20 Zl,u (Ey)x
If E:=J.~, E, then the sequence of functions f,, = > ,_, 1, is uniformly bounded
by 1 and converges pointwise to 1. Using Lebesgue’s dominated convergence theorem
we therefore, have that

o(A) o(A)

n—o0

Using [4.38.1], for all x € H we have

nh_)r{.lo <Z lg, (A)z | :v) =(1g(A)x | x).

It follows that 1p(A)x = Pz for all w € H, i.e. p (U2, En) = oo, u(E,). Thus,
p? is a projection-valued measure.
Next, suppose ¢ € C° is a simple function, so g = > i aglp, for a disjoint

collection of Borel sets (Ej)7_,. We then have the following set of equations.
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) dpt(\) = aplp, du®

[, ooy /)Z r
:ZakﬂA(Ek)
=Yl (A) = g(A).

Now suppose f € C°“) is bounded and measurable. Then f is the uniform limit of
a sequence of simple functions (f,)nen, by theorem |[A.33| This, combined once more
with Lebesgue’s dominated convergence theorem therefore gives,

[ty = [t 00t
o(A) a(A)
=t [ R

n—00 o(A)

= lim f,(4) = f(A).

Since the inclusion map f(\) = A is trivially a bounded and measurable function on
o(A), and f(A) = A, the previous set of computations gives

/ Ndpt(\) = A,
o(4)

Remark 4.41. The spectral measure p* in theorem is unique. This is a con-
sequence of the measure-theoretic Riesz representation theorem and equation

4.5
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5 Conclusion

The spectral theorem from the final section is the beginning of a vast area of re-
search in mathematics known as operator theory which studies objects known as C*
algebras. In particular, there are formulations of the spectral theorem proven entirely
within the context of C* algebras, see section 2.5 in [13]. If I had more time to explore
further topics this is undoubtedly the route I would have gone down. Besides this,
there is another formulation of the spectral theorem I would have enjoyed proving
involving a concept known as direct integrals, see theorem 7.19 in [9]. Other topics
of further study I would have considered include Fredholm theory and applications
to quantum mechanics.

The theory of Hilbert space operators is indispensable in many areas of mathematics.
Given that I will be beginning postgraduate studies this September in the area of
Harmonic Analysis, I am grateful that I was given the opportunity to do this project
and learn everything I learned.

Furthermore, I was lucky enough to have been able to study Functional Analysis as
well as Measure and Integration theory before starting with my project. Without
these modules, it would have been impossible to complete.

As a final note, I'd like to extend sincere gratitude to my project supervisor Prof.
Martin Mathieu whose guidance this year was invaluable.
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A Appendix

This appendix serves to provide key theorems and results that are of fundamental
importance throughout the theory of Hilbert space operators, but whose proofs and
development would make this thesis less focused and too expansive, and as a result,
we include them here.

A.1 Concepts in Set Theory and Topological Spaces.
The following section uses [12] and [I8] as primary guiding sources.
Definition A.1. Let (X, <) be a partially ordered set.

e A chain in X is a subset that is totally ordered.

e An upper bound for a subset Y C X is an element x € X such that y < z for
ally e Y.

e X is inductively ordered if every chain in X has an upper bound.

o A maximal element for a subset Y C X is an element y € Y such that if y < x
for some z € Y, then z = y.

Axiom A.2 (Zorn’s Lemma). Every non-empty inductively ordered set contains a
maximal element.

Definition A.3. Let X be a topological space. We say that X is compact if each of
its open covers has a finite subcover. That is, X is compact if for every collection C
of open subsets of X such that

xX=[]J4

AeC
there exists a finite subset F' C C such that

X=[JA

AeF

Definition A.4. Let (X, d) be a metric space. We say that a subset A is precompact
if A is compact.

Definition A.5. A metric space (X,d) is complete if every Cauchy sequence in X
converges to a point in X.

Definition A.6. We say a subset Y of a metric space (X,d) is dense in X, if the
closure of Y is X, that is, Y = X.
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Definition A.7. Let (X, d) be a metric space. We say that X is separable, if it has
a subset Y C X such that Y is dense in X.

Definition A.8. Let Y be a subset of the metric space (X, d). We say that
(i) Y is rare (nowhere dense) if Y has empty interior.

(i) Y is meagre (of first category) if Y =
subsets Y,,.

nen Yo for a countable family of rare

(iii) Y is non-meagre(of second category) if Y is not meagre.

Theorem A.9. Let (X,d) be a metric space. If Y C X is a meagre subset of X,
then Y° is dense.

Theorem A.10 (Baire Category Theorem). Every complete metric space is of second
category.

Definition A.11. Let (X, 7) be a topological space. We say X is normal if given
any disjoint, closed sets F and F, there are neighbourhoods U of E and V of F
respectively, such that U and V' are disjoint.

Theorem A.12 (Urysohn’s Lemma). Let (X, 7) be a topological space. Then X is
normal if and only if for any two non-empty, closed, disjoint subsets E and F of X,
there ezists a continuous map f: X — [0, 1] such that f(A) = {0} and f(B) = {1}.

A.2 Concepts in Functional Analysis

In this section the main theorems and concepts from functional analysis are provided.
See [1], [I1] and [5] for proofs and general theory.

Definition A.13. Let £ be a complex vector space. A function ||-|| : £ — [0,00) C R
that satisfies the following three axioms for all z,y € E and a € C is called a norm
on E.

(i) ||lz|| = 0 if and only if z = 0.
(if) [Jez|| = [alll]]
(iil) [lz+yll < llzll + [lyl-
In this case we say E is a normed vector space or simply a normed space for short.

Given a normed space (E, || - ||), the relation d(z,y) := |z — y|| defines a metric d
on F. If every cauchy sequence in a normed space E converges to a point in E with
respect to the induced metric d, then we say that E is a Banach space.
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Definition A.14. Let £ and F' be Banach spaces. We say that a linear map T :
E — F is bounded if there exists M > 0 such that ||[Tz|| < M||z|| for all z € E.

We denote the set of all bounded linear maps from the Banach space F into the
Banach space F' by B(E,F). Under the usual operations of addition and scalar
multiplication by elements in C, B(F, F') is a vector space. In addition, we can equip
it with the following norm. Let T" € B(FE, F), and let E; denote the unit ball of E,
that is, By = {x € E | ||z|| < 1}. We then define ||T'|| as the following,

|7 := sup{[|T(2)|| : v € Ex}.
It can be shown that this norm is equivalent to the following quantity,
|T|| = inf{M € R" | |Tz|| < M||z]||, for all z € E}.

Theorem A.15. Suppose T : E — F' is a linear mapping from the Banach space E
into the Banach space F'. Then T is bounded if and only if it is continuous.

Proof: If T is the zero operator then it is obviously continuous, so suppose 1" is not
£

the zero operator, is bounded, and let € > 0. Choose § = ik Then for x,y € E, we
have
o —yll <6 = Tz -yl <e.

Since [|[Tz—Ty| = ||T(x—y)|| < [|T||||lx—y| < &, it follows that T is in fact uniformly
continuous, hence continuous.

In the reverse direction, suppose T  is continuous. In particular, 7" is continuous at
0 € E and hence there exists 6 > 0 such that for all z € Es, Tx € F;. Without loss
of generality, suppose that = # 0. We then have the following,

] ( 5 )H el ‘ ( 5 )H ol .1
5 1 \Tal N 5 =5l

Thus for all z € E we have || Tz|| < §||z|| and so T is bounded. |

T = \

Theorem A.16. Let T : C* — C" be linear map, where C™ is equipped with the
standard inner product. Then T is bounded.

Theorem A.17. Let E be a finite-dimensional normed space. Then E is complete.

Definition A.18. Let E be a Banach space over a field K. The dual space of E,
denoted by E’, is the set of all continuous linear operators from E into K, i.e,

E':={f € K¥| f is continuous and linear }. (A.1)

The elements of £ are called bounded linear functionals.
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Definition A.19. A linear map T : £ — F between normed spaces E and F' is
called an isometry if || Tz|| = ||z| for all z € E.

Theorem A.20 (Hahn-Banach). Let Ey be a subspace of normed space E. For every
fo € Ej there exists f € E' such that f|g, = fo and ||f]| = || fol|, where f|g, denotes
the restriction of f to Ejy.

Theorem A.21. Suppose X is a normed space. Then X is a Banach space if and
only if every absolutely convergent series converges.

Theorem A.22 (Uniform Boundedness Principle). Let E be a Banach space and let
F be a normed space. Let T C L(E,F) and suppose sup{||Tz| | T € T} < oo for
allxz € E. Then sup{||T| | T € T} < .

Theorem A.23 (Bounded Inverse Theorem). Let X and Y be Banach spaces, and
suppose T : X — Y is bounded and linear. If T is bijective, then T~' : Y — X is
also bounded.

Theorem A.24. Suppose T : X — Y is a bounded linear operator, where X and Y
are Banach spaces. Then T is not invertible if it is not bounded from below.

Theorem A.25. Let A € B(H) be a bounded linear operator on a Hilbert space H.
If A is invertible, then there exists € > 0 such that if B is a bounded linear operator
and ||A — B|| < ¢, then B is invertible.

Theorem A.26 (Banach-Alaoglu ). Let E be a normed space. Then the closed unit
ball of E' is compact with respect to the weak-+ topology.

Theorem A.27. Let X be a separable normed space. Then every bounded sequence
in X' has a subsequence that converges in X' with respect to the weak—* topology.

Proof: See [15], chapter 8, section 3.1. Alternatively, see [3] chapter 8. . [

Definition A.28. Let E be a Banach space over C. The bidual of E, denoted E” is
the set of all bounded linear maps from E’ to C, that is

E" = {f € C¥ | f is bounded and linear }. (A.2)

For every normed space E there exists a canonical embedding J : E — E” given by
J(z)(f) := f(x), where f € E' and x € E. Using the Hahn-Banach theorem [A.20] it
can be shown that this map is a linear isometry. It is, however, not always surjective.
Spaces for which this is the case are given a special name.

Definition A.29. Let F be a normed space and let J : E — E” be the canonical
embedding of F into its bidual. We say that E is reflexive if J is surjective.
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It is not always the case however, that if a normed space is isometrically isomorphic
to its bidual, that it is reflexive. The prototypical example of such a space was given
by R.C James, and is aptly named the James space. A detailed descriton can be
found in [5], chapter 2, section 4.

Let E be a normed space and let J : E — E” be the canonical embedding of F

into its bidual. We call the initial topology on E with respect to all functionals f € E’
the weak topology on E, i.e, it is the weakest topology on E making all f: F — C
continuous. The weak topology is denoted by o (E, E’) .
In a similar vein, the initial topology on E’ with respect to all functionals Jx : £ — C
is called the weak-* topology on E’. It is the weakest topology on E’ ensuring that
every Jx : E/ — C is continuous, as x ranges through E. The weak-x topology is
denoted by o(E*, E).

Theorem A.30 (Continuity of the inner product). Let (E, (- | -)) be an inner product
space, and let (x,)nen be a sequence in E converging to a point x € E. Then for all

yeFk, hmn—ﬂw(xn | y) = (v ]y).

Proof: For a fixed y € E, define a map f, : E — C by f,(z) = (x| y). Cleary f, is
linear and by the Cauchy-Schwarz inequality 2.8, we have that |f,(z)] < [jy[|«]|
and so f, is bounded. By theorem it follows that f, is continuous, hence

limy, 00 fy(xn) = lim,, o0 (70 | y) = (v | y) = fy(x)
[

A.3 Results from Measure Theory

Measure theoretic concepts are used in the formulation and proof of the spectral
theorem for self-adjoint operators, and as such, here we state a few key concepts
used throughout section 4.3. More in-depth formulations included with proofs can be
found in [2]. In particular, a proof of the monotone class lemma is included in
section 5.4, and a proof of can be found in section 2.F

Definition A.31. Let X be a set and let M be a collection of subsets of X, and
suppose (A,)nen and (B)nen are sequences of sets within M such that (A, ),en 18
increasing and (B,,)nen is decreasing. Then M is a monotone class on X, if

DAneM and ﬁBneM.

n=1 n=1

Lemma A.32 (Monotone Class Lemma). Suppose M is a monotone class on a set
X, and suppose A is an algebra contained in M. Then M contains the o—algebra
generated by A.
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Theorem A.33 (Approximation by Simple Functions). Suppose (X, X)) is a measur-
able space and f : X — [—o0,00] is E—measurable. Then there exists a sequence of

functions (fy)nen € (RX)N such that
(i) Each f, is a simple ¥—measurable function.
(i) For eachn € N and x € X, we have |fr(x)| < |frr1(2)] < |f(x)].
(iii) For each x € X : lim, o fn(z) = f(2x)
(i) If [ is bounded, the sequence (fy)n—00 converges to f uniformly.

The following core result in measure theory gives conditions under which we may
swap an integral with limits. A proof can be found in section 3.B of [2].

Theorem A.34 (Lebesgue’s Dominated Convergence Theorem). Suppose (X, %, 1)
is a measure space and f : X — [—o00,00| is ¥—measurable. Suppose furthermore
that (fn)nen is a sequence of X—measurable functions from X to [—o0, 00| such that

lim fn(z) = f(@)

for almost every x € X. If there exists a X—measurable function g : X — [—00, 00
such that

/ gdp < 00 and | ()| < g(x)

for almost every x € X and every n € N, we then have that
lim [ f,du= /fdu.
n—oo

A.4 Quadratic and Sesquilinear Forms.

The basic theory of quadratic and sesquilinear forms is found throughout functional
analysis, and as such we require it to develop the theory of operators on Hilbert space.
A guiding source for the material here can be found in section A.4.4 in [9)].

Definition A.35. Let H be a complex Hilbert space. A map ¢ : H X H — C is
called a sesquilinear form on H if it is linear with respect to the first argument and
antilinear with respect to the second, that is, for all x,y, 2 € H and «, 8 € C we have

(i) Linear in the first argument:
¢lox + By, z) = ad(x, 2) + Bo(y, 2).
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(ii) Antilinear in the second argument:
Ox,ay + Bz) = ag(z,y) + Bo(w, 2).

It is easily recognised that the familiar inner product is a sesquilinear form.

Definition A.36. A sesquilinear form ¢ on a Hilbert space H is bounded if there
exists M > 0 such that for all z,y € H, we have

[0z, )| < Mllz]ly]-

Proposition A.37 (Polarisation Identity). If ¢ is a sesquilinear form on a Hilbert
space H, then for all x,y € H we have the following,

o(x,y) = s [olx+y,x+y) — d(x,z) — oy, y)]

=5 e+ iy, +iy) — ol 2) — d(iy, iy)].

Definition A.38. Let H be a complex Hilbert space. A functional () : H — C is a
quadratic form on H if it satisfies two conditions, namely, for all z € H and o € C,
Q(ax) = |a|*Q(x), and the following map L : H X H — C given by

Q(r +y) — Q(z) — Qy)]
[Q(z +1iy) — Qx) — Q(iy)]

L(z,y) =

DO = | =

is a sesquilinear form. Furthermore, we say @) is bounded if there is M > 0 such that
for all x € H,
Q)| < Clx||.

Proposition A.39. Let QQ be a quadratic form on a Hilbert space H with associated
sesquilinear form L. We then have the following.

(i) For allxz € H, Q(z) = L(x,x).
(ii) If Q is bounded then L is bounded.
(11i) If Q(x) € R for all x € H, then L is conjugate symmetric, i.e.

L(z,y) = L(y,x), forallz € H.
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Theorem A.40. Suppose Ly and Lo are sesquilinear forms on a Hilbert space H.
If Li(z,2) = Lo(x,x) for all x € H, then Li(x,y) = Lo(x,y) for all z,y € H.
Consequently, if A and B are operators on H such that (Az | x) = (Bx | x) for all
x € H, then A = B.

Example A.41. Let A € B(H) be an operator on a Hilbert space H. Then the map
Qa4 : H — C given by
Qa(z) = (Az | z)

is a bounded quadratic form with associated sesquilinear form L4 given by

La(z,y) = (Az | y).

Theorem A.42. If Q) is a bounded quadratic form on a Hilbert space H, then there is
a unique operator A € B(H) such that Q(x) = (Ax | x) for all x € H. Furthermore,
if Q(x) € R for all x € H, then A is self-adjoint.
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