Delving into the Theory of Normal Operators

Alexandra Gneurshk

Abstract

On finite dimensional spaces, the spectral theorem allows for the decomposition of normal operators
into linear combination of orthogonal projections onto the eigenspaces of the operators. The goal
of this paper is establish a framework for the spectral theorem for normal operators on spaces of
arbitrary dimension and related results thereof. For linear operators on finite dimensional spaces,
the spectrum of an operator is the set of eigenvalues for that operator. On infinite dimensional
spaces, the spectrum of an operator may contain values that are not eigenvalues. Other particular
results of interests include the functional calculus and the spectral mapping theorem. Dealing with
operators on infinite dimensional spaces, some of the things we will make use of include measure
theory, operator topologies, and properties of C*-algebras. All the while, we would like for this
framework to agree with the finite dimensional case.

1 Introduction

As per the title, we aim to dive into the theory of normal operators on a Hilbert space
H. Normal operators possess a litany of applications in various fields. A major one being
that of quantum mechanics. In addition, we will define projection-valued measures, which
have applications in quantum communication and cryptography [12]. As such, I aim to
build a strong understanding of the theory of normal operators. With this, the focus of
this paper will be on the theory of normal operators with various examples to promote a
strong understanding. As a result, we will forego exploring applications. Normal operators
satisfy a rather simple commutation result. But this simple relation has massive results.
Moreover, these operators extend far beyond the form they take on in finite dimensional
spaces. Nevertheless, matrices serrve as a decent starting point for our exploration. In
addition, we will also look at how the theory of normal operators holds when dealing
with infinite dimensional spaces. In these spaces, traditional linear algebra begins to
break down, and so we need to turn to results pertaining to functional analysis to ensure
everything remains coherent. This includes notions from measures which take on operators
as values, and the various topologies one can define. After going through everything we
can, we will briefly mention some next steps.

2 Background information

Starting off our journey into the theory of normal operators, we look at the analytical
properties of operator spaces and define measures which take on linear operators as val-
ues. Once we get into the theory of normal operators proper, we will look at various
examples. Where possible, finite dimensional examples will be used to ensure a concrete
understanding. Additionally, throughout this paper, we will assume 0 ¢ N, and use Ny
when we wish to indicate that the set includes 0.
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2.1 Operator Topologies

When we move from finite to infinite dimensional spaces, the topology of the space becomes
important. So this is where we will begin our journey.

Definition 2.1. Let (X,7) be a topological space. A net in X is an indexed collection
{zr}rer € X. This definition is very similar to that of a sequence in a topological. An
important distinction to be aware of is that nets may be indexed by an uncountable set.
Like sequences, nets carry a similar notion of converge. In this manner, one can think of
nets as generalizing of sequences.

Definition 2.2. A Banach algebra is a Banach space A with a multiplication satisfying

[yl < [l llyl|

for all z,y € A.

Definition 2.3. A C*-algebra is a Banach algebra A with an involution *: A — A such
that

i) (z7)" =
(ry)* =
(ax + by) = ax* + by*

) *
iii)
iv) [fa*a]| = |||
for any x,y € A and any a,b € C.

Definition 2.4. A Hilbert space is an inner product space (H, (-, -);,) so that H is complete
with respect to the metric

du(f.9) = \/<f —9.f = 9u

=|[f - 9glly

Remark 2.5. For any Hilbert space H, B(#) is a C*-algebra with the operator norm
topology. As another example, fix some T' € B(H). Denote by C*(T') the smallest C*-
subalgebra of B(H) containing 7" and 7. An equivalent definition of C*(N) is the operator
norm closure of polynomials in N and N*.

Definition 2.6. A locally convexr space is a topological vector space V whose topology is
defined by a collection of seminorms {p;};cr such that

({vlpj(w) =0, v eV} ={0}

jel

With this, we are now ready to define the topologies we will need. Recall that for a vector
space A, the dual space to A is the space of linear functionals on A.

Definition 2.7. Let A be a normed space and let A* denote its dual. For £ € A*, define
pe: A — R by pg(x) = [€(z)]. Notice that py is a seminorm on A. The topology generated
by the collection of seminorms {py|¢ € A*} is called the weak topology on A, and is
denoted wk.
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Definition 2.8. For z € A, define r,(¢) = |¢(z)|. This is a seminorm on .A*. The topology

generated by the collection of seminorms {r, |z € A} is called the weak-star topology on
A*, and is denoted wk*.

Remark 2.9. Let (X,Q, 1) be a measure space. Then, the dual space of L>(u) is L'(u)
with seminorms defined by
= ‘ / fgdu’
X

for f € L'(u) and g € L{oo). By Holder’s inequality, we have pr(g) < ||fglly < |1l 119]loos
and so these seminorms are well-defined.

These topologies can be defined on any normed space. In addition, for a Hilbert space H,
we can define the following topologies on B(H):

Definition 2.10. For f,g € H, define ps,: B(H) — R by ps4(A) = |(Af,9)|. The weak
operator topology (WOT) is the topology generated by the collection of seminorms

{pf,g|f’g € H}

Later on, as part of the functional calculus, we will use the weak operator topology.
Nevertheless though, I believe it’s imported to also mention the strong operator topology
because of their similar definitions. Even so, these topologies are different. To see this,
consider the following two examples on ¢2(N):

Example 2.11. Let P : /?(N) — ¢?(N) be the projection onto the orthogonal complement
of the first k& components, i.e. for (an)nen,

Pi(an)nen = (0,...,0, Qr1, Akr2,- - )

This is a bounded operator as

1Pr(an)nenll* =D lanixl?
neN

< Z\anP

neN
= |l(@n)nenll?

Along with this, Py(an)nen converges to 0 as k — oo. Thus, Py converges strongly to 0.
However, for m < k and (a,)nen € £2(N), we have

(Pr — Pn)(an)nen = Pr(an)nen — Pr(an)nen
= (0,...,am+1,am+2,...)— (O,...,ak+1,ak+2,...)
= (0,...,am+1,am+2,...,ak,l,ak,O,O,...)

thus for all m < k, there exists a sequence (ay,)nen such that (P, — Px)(an)nen = (an)nen-
Therefore, P, does not converge in norm to 0. This shows that the strong operator
topology, despite the name, is weaker than the norm topology.
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Example 2.12. Next, consider the shift operator R : £2(N) — ¢2(N) defined as
R(al,az,. . ) = (0,(11,(12,...)

For sequences (ap)nen, (bn)nen, we have

‘<Rk(an)neN7 (bn)n€N>‘ = Z an5n+k

neN

= > anPe1(bn)nen

neN

= || B (@) e | 1Pk Gn)nenl]
= l|(@n)nenll |1 Pe-s (B)nenl

From the previous example, we have || Py_1 (b, )nen|| goes to 0 as k — co. Thus R¥ goes to
0 under the weak operator topology. But no positive power of R removes any components
of the sequences it acts on, and so R¥ does not converge to 0 in the strong operator
topology.

With these two examples, we have that weak operator convergence is weaker than strong
operator convergence, which itself is weaker than convergence in norm. Of course there
are many more things we could explore with these operator topologies, such as how limits
of products of operators behave in each of these topologies, but that’s for another time.
For now, we want to continue building up what we need to build a stronger understanding
of normal operators.

Definition 2.13. For f € #, define py(A) = ||Af||- The topology on B(H) generated
by these seminorms is called the strong operator topology (SOT).

Remark 2.14. For an operator N € B(H), we defined the C* algebra C*(N), which uses
the operator norm. In a similar fashion, we can define a C* algebra using the weak operator
seminorms. This algebra is called the von Neumann algebra of N, denoted W*(N), and
is the WOT-closure of polynomials in N and N*.

2.2 Operator-Valued Measures

Let X be any set, and let 2 be a g-algebra over X. Areal measure is a function p: € —
[0, 00] that is countably additive and p(@) = 0. In our exploration of normal operators,
we require measures which output projections on a Hilbert space H.

Definition 2.15. Let X be a space with o-algebra €2, and let H be a Hilbert space. A
spectral or projection-valued measure on the triple (X,Q,H) is a map E: Q — B(H) such
that

(i) E(S) is a projection for each S €
(il) B(X) = Iy and E() = 0
(iii) E(Sl N SQ) = E(Sl)E(SQ) for 51,59 € Q
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(iv) E is countably additive, i.e.

E (U Sn> =Y E(Sn)

neN neN
for a pairwise disjoint collection {S, |n € N} C Q

Careful consideration needs to be made here as products of projections may not be pro-
jections. This can be resolved by noticing that

E(S1)E(S2) = E(S1N S2)
(SQ N Sl)
(S2)E(S1)

E
E

and using that the product of two projections is a projection if and only if they commute.
Projection-valued measures are just a small portion of a larger class of operator-valued
measures. These measures play a particularly important role in the theory of quantum
information [!]

Remark 2.16. For a normal operator N € B(H), o(IN) is a topological space. The Borel
o-algebra of subsets of o(V), denoted Borel(c(N)), is the smallest o-algebra on o(IV)
containing the topology.

Definition 2.17. Let () be a o-algebra on a set X. Let u, v be complex valued measures
on 2. We say that v is absolutely continuous with respect to u, writing v < p if v(5) =0
whenever £(S) = 0 for any p-measurable set S € €.

Remark 2.18. Let (X, £, 1) be a measure space with complex-valued measure p, and let
f: X — C. Then, we can define a measure v = fu by

w&zéﬂm

Moreover, v is absolutely continuous with respect to p. The Radon-Nikodym theorem
below gives a converse to this statement.

Theorem 2.19. Radon-Nikodym Theorem

Given a measure space (X, ), and o-finite measures p,v on Q. If v is absolutely contin-
uous with respect to u, then there is an integrable function f: X — C such that

W$=Aﬁw

for any measurable A € Q. f is called the Radon-Nikodym derivative of v with respect to
i, and denoted f = g—;. Moreover, f € L' ()

We won’t prove this theorem here, but will make use of Radon-Nikodym derivatives

later.

3 The Spectral Theorem for Bounded Normal Operators

Now that we have a fair bit of background, we can start using the resuls in the context of
normal operators. An important distinction to be ware of is that of the point spectrum
and the full spectrum of a normal operator.
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Definition 3.1. Let N € B(H) be a normal operator. The point spectrum o,(N) is
defined as the set of explicit eigenvalues of N:

op(N) = {\ € C| ker(N — Aly) # 0}

As ker(N — Ay) # 0, N — A is not invertible.

Definition 3.2. The full spectrum, or simply just the spectrum o(N) is
{z € C| N — zIy is not boundedly invertible}

N — zI3 not being boundedly invertible, one of two possibilities are present. Either
i) N — zI3 is not invertible, or
ii) (N — zIy)~! exists, but is unbounded

The first condition implies 0,(N) C o(N). The second condition implies that values in
o(N) are not necessarily eigenvalues of N. We will see this more explicitly with examples
later on.

Remark 3.3. For finite dimensional spaces H, all linear operators are bounded. As a
result, for any normal operator N : H — H with H finite dimensional, the point spectrum
and full spectrum coincide, o,(N) = o(N).

To find examples of normal operators for which the point spectrum and full spectrum are
distinct, we will have to look at operators on infinite dimensional spaces.

Remark 3.4. Along with the point and full spectra of an operator, there are many more
types of operator spectra. These include the approximate, continuous, and residual spectra
[1]. While these spectra won’t be of significant importance here, mentioning them here is
to emphasize that the spectrum of an operator extends beyond just the eigenvalues.

Example 3.5. Consider the operator A : £2(N) — ¢2(N) defined by

A(an)nen = (%)neN

The eigenvalues of A are 1/n for n € N. As well, A is injective, and so 0 is not an
eigenvalue of A. However, I claim that A is not surjective. To see this, notice that A is
injective. Consider the sequence (%)n N We have

[0 ().

and so (l

n)neN € 2(N). If A were surjective, then there would be a sequence (ay)nen €
?2(N) such that A(ap)nen = (%)nEN' A is injective on ¢2(N). It is left to the reader
to verify that the extension of A to all N-index sequences remains injective. With this,

there is only one sequence that could satisfy this, and this sequence is that which has 1
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in every term, (1),en. However, this sequence is not in (2(N). As a result, (1) is an

neN
?2(N) sequence not contained in the image of A, i.e. A is not surjective. Because of this,

0 € 0(A) even though 0 is not an eigenvalue of A.

In fact, we can have normal operators N for which 0,(N) = @ and o(N) # @. We will
see an example on this later.

Theorem 3.6. The Spectral Theorem for Normal Operators. Let N € B(H) be a normal
operator. There is a unique projection-valued measure E on Borel(o(N)) such that

LN = [, IovydE
2. E(S) # 0 for nonempty open subsets S C o(N)

3. AN = NA and AN* = N*A if and only if AE(S) = E(S)A for any S C o(N) and
any A € B(H)

Here, 15y : 0(N) — C is the inclusion map.

This is but one form of the spectral theorem. This form is analogous to the decompsition
of a finite dimensional normal operator N into a weighted sum of mutually orthogonal
projections:

N = Z AP,

A€o (N)

where Pj is the projection onto the A-eigenspace. Additionally, we have P\FP, = 0 for
distinct A\, ¢ € o(N).

In order to prove the spectral theorem for normal operators, we first prove the following
theorem [11]

Theorem 3.7. Let N € B(H) be a normal operator, and C*(N) the C*-algebra generated
by N. The set

A={f:C*(N)— C|f+#0 is a homomorphism}

is called the mazimal ideal space of C*(N).

Recall that C*(N) is the norm closure of polynomials in N and N*. Moreover, C*(N) is
a commutative subalgebra of B(H). As a result [11], we can identify A with o(N) so that
G(N) = Iy(n) where G : C*(N) — C(o(N)) is the Gelfand transform.

Then there is a unique projection-valued measure E : Borel(o(N)) — B(H) such that
T= G(T)dE
a(N)
for any T € C*(N).

Through the identification A = o(NN), we are able to show existence of the projection-
valued measure using theorem 3.7. With the existence confirmed, we are then able to
prove the rest of the spectral theorem.
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Proof. of Theorem 3.7 As C*(N) is a commutative C*-algebra, the Gelfand-Naimark the-
orem states that G is an isometric *-isomorphism. For f,g € H,let ¥;,: C(o(N)) = C
be the map defined by

qlf,g(¢) = <G_1(¢)f,g>

U, is a linear functional. Then by the Riesz-Markov theorem [(] there is a unique
complex-valued regular Borel measure Ey , defined on subsets of o(/N) such that

Uyrg(o) = / . PdEy

Now that we have a measure, we can extend ¥, to bounded Borel measurable functions
on o(N), for which the integral with respect to Ef , is well-defined. Moreover, the map

Tyg(y) = / vdEj
o(N)

bounded as

[Wrg(V)] =

/ 'YdEf,g
a(N)

< [ bl
o(N)
<Ihlle [ By,
o(N)

= oo [{f>9) ]

= [1lloo 1£113¢ gl

Because of this, the map (f,g) — Ey 4 is bounded and sesquilinear. and so there is a map
© defined for bounded functions 7 : 0(N) — C so that

©01.9 = |

o

’YdEf,g
N)

From this, we see that © is an extension of G~! from C(o(N)) to bounded functions on
o(N). Then, define E : Borel(o(N)) — B(H) by E(S) = ©(xs). I claim that E is a
projection-valued measure. To see this, notice the following

(BE(a(N))f,9) = (OXo(n) f>9)

= / Xo(N)dEf.g
o(N)

s
o(N)

=(f.9)
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= / XedEyfq
a(N)

For Si, 52 € Borel(o(N))

(E(S1NS2)f,9) = (O(xsins.) 5 9)
O(xs,x8:) 1, 9)
O(x5,)0(xs,) > 9)
E(S1)E(S2) [, 9)

and for a pairwise disjoint collection {S,, |n € N} C Borel(a(N))

<E (U Sn) f’g> = (0 (W) 129)

ol

= <Z @(Xsn)f,g>

neN

= <ZE(Sn)f>g>
neN

Lastly, for any S € Borel(c(N)), and any f, gHwe have

= / XSdEf,g
a(N)

= \ijf,g (XS)

{
= {
= {
=

Uniqueness of E follows from uniqueness of K, for any f,g € H.

Now to finish the proof of the spectral theorem:

Proof. Through the association we made at the start, that G(N) = I,(y), we have

N= ILdE
o(N)
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Thus the first statement of the spectral theorem is proven. To prove the third statement,

let T'e C*(N) and U € B(H) and S € Borel(o(N)), then
({UTf.9) =(Tf,U"g)

= G(T)dEfu
o(N)

and

(TUf,g) = G(T)dEyy,g
a(N)

If Tand U commute for any 7' € C*(N), then the measures Efy+, and Eyy, are the
same, and so E(S)U = UE(S) for any Borel set S C o(IN). Moreover, the condition that
U commutes with every element of C*(N) can be reduced down to commuting with N
and N* as C*(N) is generated by N and N*. Conversely,

(UE(S)f,g) = (E(S)f,U"g)
= Ef,U*g(S)

and

(E(S)Uf,9) = Eugg(S)

and so if F(S) and U commute for all S € Borel(o(N)), the measures Ey g and Ef g
are the same, and so U commutes with N and N*.

For the second statement of the spectral theorem, let S C o(/N) be a nonempty open set.
Then, the characteristic function yg is nonzero. As C(o(INV)) is contained in the collection
of bounded functions on o(N), we can find a nonzero continuous function ¢ : o(N) —
C whose support is contained in S. By applying the appropriate scaling, we can have
lp(t)| < xs(t) =1 for all t € S. As the Gelfand transform is an isometry between C*(IV)
and C(c(N)), G1(¢) is a nonzero operator on B(H), and so there exists f,g € H such
that

(E(S)f.9) | = 1(O(xs)f 9) |
[{(0(0)f,9) |
<|{GHe)f.g)| >0

Therefore, E(S) # 0. Notice that this holds as © is an extension of G~!. This concludes
the proof of the spectral theorem.

O

We would like the PVM FE to behave similarly. In particular, for an arbitrary Hilbert
space H and normal N € B(H), we would like E({\}) # 0 for A € o,,(N).
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If A\ € 0p(N), there is a nonzero f € H such that Nf = Af. Now, by the spectral
theorem

A =Nf

_ < / L,de) /
o(N)

= </ IU(N)dE-i—/ IU(N)dE> f
a(N)\{A} {A}

Focusing on the second integral, we have

/ IO.(N)dE = / IU(N)X{)\}dE
{A} o(N)

= )\/U(N) X{)\}dE
= AE({\})

In the integral over o(N) \ {A}, the map I,y never takes on the value A, and so this
integral must send f to 0. If this were not the case, f would not be a A-eigenvector of
N. Then, E{\}f = f # 0, i.e. f is a nonzero element in the range of E({\}). Thus,
E({A}) # 0.

Proposition 3.8. In fact, the map ¢ — fU(N) ¢dE is a homomorphism.
Proof. For this, let ¢,v : o(N) — C be simple functions. Then, we can write ¢ =

Y peq akXxs, and v = >_;", bpxg, for complex numbers ay, by and measurable sets Sy and
Q¢. Integrating the product ¢ry:
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/ N) (; akXS’“) <g bw@) dE
/ "

/ dydE =

m
> arbexs, xq,dE
N) =1 =1

akbe/ XS,nQ,AE
a(N)

>
=1
=3 ) arbeE(Sk N Qo)
=1
>

By taking limits of simple functions, we obtain that for any bounded functions ¢,y

o(N) — C, we have
¢ydE = < ¢dE) (/ 'ydE>
o(N) o(N) a(N)

O]

Now that we have the spectral theorem, let’s spend a bit of time looking at a few examples.
The purpose of this is to give concrete examples of how, for a normal operator N € B(H),
the spectrum o(N) and point o, (N) differ.

Example 3.9. To begin, we look at the following matrix. Let T : R* — R* be the linear
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operator defined by the matrix

[ _34v5  62V5 ]
43 25 25 8
_ 345 896 272 _ 445
25 25 25 25
62v/5 272 1154  8V5
25 25 25 25
_44v5  _8VF
| 8 25 25 46 |

It is left to the reader to verify that
(i) T is normal
(ii) The spectrum of T is o(T") = {27, 36, 54}

(iii) The eigenspaces are

&7 = span {1727 = [

W=
-3
ot
N
ot

wirn

836 = Span {’1736 = [

37 7% 7 3

[0 6v5 2615 —1]T717542 [—2 25 —11V5 —_2:|T}

Esq = span {7154,1 =

(iv) The set of vectors

1 2 =2

3 3 0 3
265 —11/5 6v5 25

75 75 25 5
—6v5 | 7| =25 | 7 [26v5 | | —11v5

25 75 75 7—52

0 =2 =1 ==

3 3 3

is orthonormal

All linear operators on finite dimensional spaces are bounded. As a result, the full and
point spectra coincide. Define the projection-valued measure E : P(o(T')) — B(H) so that

E({27})@ = Pyt = (7 - @) T

)
)
)ﬁ = P36ﬂ: = (1)36 . 6)1736
)

o
—
£
I
s

4l = (Usa,1 - W)Usa,1 + (Usa, - U)Usa2

for all @ € R*, and extending so that E(S; N S2) = E(S1)FE(Ss) for any subsets S1, Sy C
o(T) and E(S1US2) = E(S1)+ E(S2) for disjoint subsets S1,.S2 C o(T"). Notice that this
makes F a discrete measure. Then, taking I,7 : o(T) — R to be the inclusion map, we
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have

/ IyrydE = / (27><{27} + 36X {36} +54X{54}) dE
o(T) o(T)

= 27/ X{27}dE + 36/ X{36}dE + 54/ X{54}dE
o(T) o(T) o(T)

=2TE({27}) + 36 E({36}) + 54E({54})
= 27Py7 + 36 P3¢ + 54 Psy

From this last line, we see that this aligns with the spectral theorem for finite dimensional
operators we saw earlier. Here, xg is the characteristic function for S C o(T'). This was
but one finite dimensional example, but a similar procedure can be used for any finite
dimensional normal operator. Thus we conclude that this integral form of the spectral
theorem agrees with the finite dimensional case. Now, let’s look at a couple examples on
infinite dimensional spaces.

Example 3.10. Let A : /2(N) — ¢2(N) be the linear operator defined by as

Alanyuen = (T1)

For any sequences (an)nen, (bn)nen, we have

<(an)nEN> A* (bn)n6N> = <A(an)n€Na (bn)nEN>

~ (@ (Z)N> (a5 n € R)

= <(an)n€Na A(bn)n€N>

Thus, A is self-adjoint, and hence normal. As discussed earlier, the point spectrum of A
is

op(A) = {1/k|k € N}

and 0 € o(A) but 0 & 0,(A). Next, we want to define the projection-valued measure E for
this operator. Starting with the point spectrum, for each n € N, define F on singletons
of o,(A) so that E({1/k}) is the projection onto the kth component, and extend to all of
op(A) to get the desired properties. But wait, o(A) # o0,(A). In particular, we still need
to define E({0}). To do this, notice that for any k € N

0= E()
= E({0y n{1/k})
= E({0HE{1/k})
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but E({1/k}) is the projection onto the kth component. As k was arbitrary, the above
equation must hold for any k& € N. Due to this, we must have F({0}) = 0. As in the finite
dimensional case, this projection measure F is also discrete, the difference here being that
we get an infinite sum:

1
I;0dE = / <0X{0} + X{l/n}) dE
/U(A) o(A) 2 n

neN

—Z< / X{l/n}dE>

neN

Z E({1/n})

nEN

:Z%pn

neN
=A
where P, is the projection onto the nth component.

With these two examples, we’ve been able to write the integral as a sum due to the
discrete measures. However, this is not always the case, as we will see with the shift
operator later. In order to understand the shift operator, we first need to look at two
other linear operators, which will come in handy when dealing with the shift operator.

Example 3.11. Let F : L*(R) — L?(R) be the Fourier transform;

— / f(t)efZthdt
R

By Plancherel’s theorem, the Fourier transform is a unitary operator. The Fourier trans-
form also has a shift property, namely for a € R

F(f(t=a) = [ (6= a)e it

:/f(t)e—27riw(t+a)dt

R

—_ ,—2mwa 727riwtd
e /Rf(t)e t

= (1 (1)

—mt?

Along with this, a calculation shows that for f(¢t) =e ™",
(Fw) =e™

Thus, 1 is an eigenvalue of F. Another important property of the Fourier transform is the
relation it has to derivatives: For differentiable f : R — C

(J,—_-f/) _ /Rf/(t)e—%riwtdt

2

= lim (f(t)e%im)’f:L—|-27Tz'w/f(t)62m“tdt
R

L—o0
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If f € L?(R), the limit goes to 0 leaving only the integral on the right. Applying this to
the function h(t) = te~™":

(FR)@) = [ttty
R

:/ iﬁe—wﬁ e 2miwt gy
R 2 dt

—2miw 2 o
—_ e Tt e 27r1wtdt
R

2T

. —nt2 —9mi
_ —zw/e mt e 27rzwtdt
R

71'(4)2

= —we~
= —ih(w)

Repeating this process, we get that the point spectrum of F is o,,(F) = {1, —i,—1, i}, and
the corresponding normalized eigenvectors are of the form

—mt?

1\ ktén gk+an
27‘(’) dtk+4n €

Prtan(t) = <
where £ = 0,1,2,3 and n € Ng. The astute might notice that these are the Hermite

polynomials multiplied by a Gaussian factor. [10] Moreover, these eigenvectors form a
complete orthonormal basis of L?(R). The corresponding projections are defined as

Pef = hyeyan (f, hisan)

n=0
for k = 0,1,2,3. From this, we can define the projection valued measure .J by J({i*}) = P

Example 3.12. Let g : R — C be a bounded function. Note that g may not be in L?(R).
Nevertheless, we can define the operator My : L*(R) — L*(R) by

(Mg f)(t) = f(t)g(t)
To verify that this does ineed work, notice that for f € H:
10,71 = [ lorPas
R
< [ lsup()PIrPas
R
= lsup(o)? | |17t

= [sup(9)|* [If1I*
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Thus M, is a bounded operator as [sup(g)| < oo. Let f,h € L?(R), then

— / o(t) F(OR(E)dt
R

- / F (OOt
R

= <f7 M§h>

Thus, My = Mg. As pointwise multiplication is commutative, we have that M, is normal.
Now let’s find the spectrum of M,. For f € L*(R), we see

(Mg = M) f =gf = Af
=(g—=N/f
=Mg_»f
As f was arbitrary, My — M 2r) = My—». Provided it exists, Mg__l/\ = My/(g—»)- With

this, we now check when M /,_») is unbounded. For M ,_») to be bounded, there exists
a positive a € R such that

Foe

or equivalently |g(t) — A[ > 1/a a.e.. Write e = 1/a, then M, ,_,) is bounded whenever
lg(t) — A| > € a.e. If no such e exists, M;;,_») is unbounded, such as the case when
g(t) = A. Thus, 0(My) = {A € C| Ae so that |g(t) — A| > ¢ a.e.} [5]. Equivalently, this is
the set

'<aa.e

{AeClm({teR||g(t)— A <e} >0 forall e >0}

This is exactly the essential image of g. This gives us the full spectrum of M, but it
remains to show what the eigenvalues are. If A is an eigenvalue of M, then there is a
nonzero f € H such that

Myf =Af

More explicitly, f is a A-eigenvector of M, if g(t) f(t) = Af(t) a.e. Since f # 0, there is a
set S with positive (possibly infinite) Lebesgue measure such that f(¢) # 0 for all t € S.
In general, we need (g(t)— ) f(t) = 0. On this set S in particular, we have g(t) -\ = 0 a.e.
And so, 0,(My) € {\ € C|m({t € R|g(t) = A}) > 0}. For the other direction, let A € C
such that S = {t € R|g(t) = A} has positive finite measure. Consider the characteristic

function xg on S. Notice
/ ‘X5’2dt = / xsdt
R R

— [
S

=m(S) < ©
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thus, xs € L?(R). Moreover,

(t) teS
Myxs = g(t)xs(t) = !
0 teg S

but g(t) = A for all t € S, and so Myxs = Axs. This handles the case where S has
finite measure, next, consider the case when m(S) = co. Here, take the function f(t) =
xs(t)e™™, then

gt)e™ te S

Myf = g(t)xs(t)e ™ = {O Vs

As before, g(t) = A for all t € S and 0 otherwise, and so M, f = Af. Lastly,

112 = /R O

2
< /R ()2t

</e_2m2dt
~JR

1

V2

thus, f € L?(R). This covers the case S has infinite measure. Therefore,

op(My) = {A € CIm({t € R|g(t) = A}) > 0}

Onto the spectral theorem, for a subset S C o(M,) = ess im(g), define the projection-
valued measure E by

E(S)f =My, ./

where X,-1(g) is the characteristic function on the preimage of S under g. This might
seem a bit odd, but notice that X ;-1 (ess im(g)) = 1 a-e., and so for any f € L?(R), we have

E(o(My))f = My f

g~ L(ess im(g))
= X]Rf
=f

Therefore, E(0(Mg)) = Ir2R). As well
E(Q)f = Mngl(z>f
= szf

=0f
=0



3 The Spectral Theorem for Bounded Normal Operators 19

and so E(@) = 0 as f was arbitrary. Let S, S C 0(My), then
2
1S 08P = [ Pgisinsa 0150

— [ arssong s OF 0P

= [ s s 05Ot
= ||B(S1)E(Ss) fI?
Lastly, if {Sy }nen is a collection of disjoint subsets of o (M), then
2
2
E (U Sn> f |
neN

:/R Xg1(U,en ) O F@)| dt

2
Z/]R XUneNg*I(Sn)f(t)‘ di

:Az&mmmw

neN

2
dt

2

> E(Sa)f

neN

Therefore, F is indeed a projection-valued measure. Finally, we integrate the inclusion
I5(n,) with respect to E:

Ly, dE
/a<Mg> !

If g is a simple function, then ess im(g) is a finite set, and so we can write

Ly = 22 Moy
A€ess im(g)
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then

L,(M)dE>f= / Ao ndE |
</U(Mg> ’ o(My) 2 e

A€ess im(g)

= )\/ Xo-1(nAE | f
Z Cr(Mg)g()

A€ess im(g)

= X rB{A)f

A€ess im(g)

- Z AMy o | S

A€ess im(g)

= Y Mg | f

A€ess im(g)

This last sum is equivalent to g almost everywhere. Therefore,

(/1 %m@ﬂE>f—gf
U(Mg)

:Mgf

As f was arbitrary, we have

M—/ Iy dE
T Joqayy 7MY

as desired. Taking the limit of simple functions, we obtain the general case for the multi-
plication by an essentially bounded g : R — C.

Example 3.13. As a final example, let’s look at the shift operator on L?(R). Let ST, :
L?(R) — L?(R) be the shift operator

(Tuf)(t) = f(t — a)
In the Fourier transform example, we saw
FL/(1) = F(T.f (1)
= Fi(t—a)
= e P E(f (1))
= Mop(—zmiwn) F(F(2)

To simplify notation, write M, for Mey,(—2riwe)- Then, we have T, = F*M,F. The
spectrum of M, is the unit circle in the complex plane,

o(M,)={z€C]||z| =1}
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Let A € o(M,), then M, — \I r2(r) is not invertible. Using the unitary equivalence of Tj,
and M,, we have

Mg — M 2ry not invertible <= FT,F — AFF" not invertible
= F(To — Mp2(w))F" not invertible

but F is invertible, and so we must have T, — A\I L2(R) is not invertible. Thus A € o(T,).
Then, we have o(1,) = o(M,). With this in mind, define the map K : Borel(c(7},)) —
B(L*(R)) by

K(S) = F*E(S)F

where E' is the projection-valued measure for M, and S € Borel(c(7y)). I claim that K
is also a projection-valued measure. To see this, notice that for any S € Borel(c(7},)), we
have
K(S)* = K(S)K(S)

= (FTE(S)F)(F E(S)F)

= F*E(S)FF E(S)F

= FE(S) 2w E(S)F
= FE(S)E(S)F
= F*E(S)F (As E(S) is idempotent)

K(S)

and
K(S)" = (F'E(S)F)"
_ FE(S)F
= F*E(S)F (As E(S)* = E(S) and F** = F)
= K(S)

Thus, K(S) is idempotent and self-adjoint, hence is a projection. The other properties
required for a projection-valued measure follow from the fact that E is a projection-valued
measure.

4 The Functional Calculus for Bounded Normal Operators

Definition 4.1. Let N € B(H) be a normal operator, and let E be the spectral measure
for N. A positive measure p is called a scalar-valued spectral measure (SVSM) for N if

1 and E are absolutely continuous with respect to each other, i.e. for any measurable
S € Borel(o(N)), E(S) =0 if and only if x(S) =0

The perspective behing the scalar-valued spectral measure is to allow us to connect func-
tions that take on real-valued integrals with linear operators. The absolute continuity
condition ensures that the measures agree on relevant sets.
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In the buildup to the spectral theorem, we showed that the map ¢ — fo(N) ¢dFE is a
homomorphism. In that section, we showed this for bounded functions. Here, under the
functional calculus, as we will have a scalar-valued measure on o(NN), we can extend what
we did then to p-essentially bounded functions. Moreover, doing this will give us some
additional properties.

Definition 4.2. Let T' € B(H). A vector f € H is called a cyclic vector for T if the set
{T*f|k € No}

spans H.
Example 4.3. As an example, consider the map 7T : R? — R? defined by the matrix

i

(1)} . The set

o= [1 V1))
gtini)

spans all of R?. Thus, ¥ is a cyclic vector for 7. In fact, every nonzero vector @ € R? is a
cyclic vector for T'. More generally, if A C B(H), then a vector f € H is a cyclic vector
for A if the set

and consider the vector ¥ = [

{T*f|T € Ak e No}

spans H.

Definition 4.4. Let A C B(#H). A vector f € H is called a separating vector for A if
Tf=0 = T=0forall T e A

Definition 4.5. Let A C B(H). The set
{UeB(H)|UT =TU forall T € A}

is called the commutatnt of A, and is denoted A’

Remark 4.6. If T € A C B(H), then for all U € A, we have TU = UT, i.e. T € A”. As
T was arbitrary, we have that A is contained in its double commutant A"

Proposition 4.7. Let A C B(H). If f is a cyclic vector for A, then f is a separating
vector for A/

Indeed, suppose that U f = 0 for some U € A’. Then, for every T € A
UTf=TUf=0

By taking powers of T, we have TFU f = UT*f = 0 for all k € Ny. But remember that
{T*f|T € Ak € Ng} spans H. Thus, U sends a basis of H to 0. By linearity, we then
have U = 0. Therefore, f is a separating vector for A’
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Theorem 4.8. The Functional Calculus for a Normal Operator. Let H be a separable
Hilbert space, let N € B(H) be a normal operator, and let u be an SVSM for N. Then,
the map L: L>(u) — W*(N) given by U(f) = fa(N) fdE is well-defined and

(i) U is a *-isomorphism

(i) h: (L*°(u), wk*) — (W*(N),WOT) is a homeomorphism
Because of the definition of L, it is customary to write f(N) = U(f).
Proof. In the construction of the spectral theorem, we defined a similar map for bounded
functions on o(N). Now that we have a scalar measure, we can extend what we did there
to apply to p-essentially bounded functions. Let ¢ € L*°(u) and suppose ¢ = 0 a.e.

[]. As p and E are mutually absolutely continuous, we have fg( N) ¢dE = 0 a.e.. By

linearity of the integral, we have that there is a unique 4U(¢) for every ¢ € L (u), so i is
well-defined.

Let v =Y p_q arxs, and ¢ = >y~ byxg, be simple functions in L>°(yu). Then,

U(py) = . PpydE

- /a<N> (é ak’“k) (i bzm) dE

(=1

I
MS
/N
S
a
&
,\
<
=
0
©
Y
&=
N——

Il

N
2
=2

<

IS8

e
S~
N
T
=

2

QU

=
~__

Like before, by taking limits of simple functions, we get that &l is a homomorphism of C*-
algebras. Now, because E and p are mutually absolutely continuous, we have 4l is injective:
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Let ¢ € L*(p) and suppose U(|¢]) = fo(N) |¢p|dE = 0. Then, because |¢| > 0, |¢| =0
a.e. [E], and hence 0 a.e. [u]. The proof of surjectivity is left out due to time and length
constraints, but more information can be found in [2], [3]. Thus, 4 is a *-isomorphism.

Now, let f € H be a separating vector for W*(IN) such that u(S) = (E(S)f, f). Let
{7vj}jer be a net in L>(p). Suppose £(7;) converges to 0 under the WOT. Let ¢ € L' (u)
and ¢ > 0. Then the measure ¢u is absolutely continuous with respect to u. Then,
there is a vector h € H such that for any measurable S € Borel(c(N)), we have ¢pu(S) =
(E(S)h,h) = pp(S). Then,

(4(7;) By = / idpin

o(N)

- / vibd
o(N)

As U(v;) converges WOT to 0, we have that this integral converges to 0. But ¢ € L!(u)
was arbitrary, and so we get -y; converges wk* to 0.

For the other direction, suppose 7; converges wk* to 0. and let g,k € H, then there is a
function ¢ € L!(u) such that ¢u = pigx, and so

os)g b= [ g
o(N
= / Vjdp
a(N)
As g,k were arbitrary, we conclude that ${(v;) converges WOT to 0. Therefore, the map
31 is continuous, and has continuous inverse, hence is a homeomorphism. ]

5 Next Steps and Conlusion

The functional calculus allows us relate essentially bounded functions on o(N) with op-
erators in W*(N) in a very structured way. There is a lot more we could do with nor-
mal operators, such as the spectral mapping theorem, which shows that for any function
¢ € L*°(u), the spectrum of $(¢) is a.e. equivalent to the image of the spectrum of N,

¢(a(N)).

Theorem 5.1. The Spectral Mapping Theorem. Let H be a separable Hilbert space, let
N € B(H) be a normal operator, let p be a scalar-valued spectral measure for N, and let
f € L>®(u). Then, the spectrum of f(IN) is the u-essential range of f

Throughout this entire paper, we almost exclusively dealt with the theory of normal
operators as it pertains to bounded operators. However, not all linear operators are
bounded. The exploration of these operators is, unfortunately, too vast to fit into the
margins of this paper. and so we will have to stop here for now. Nevertheless, this paper
has covered a large amount of content, invoking results from topology and measure theory,
to build a theorems relating to the spectra of normal operators, and the various spaces
involved in these theorems.

A notion that was skipped however, is that the spectral theorem also provides a way in
which to decompose the underlying space. In the finite dimensional case, this results in
representing a vector space as a direct sum of the eigenspaces of a linear operator. In the
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infinite dimensional case however, we’ve seen that elements of the spectrum of a normal
operator need not be eigenvalues. The decomposition of the space takes on a slightly
different meaning and methodology as a result.

Acknowledgements. This paper was written under the supervision of Dr. Ryan Hamil-
ton at the University of Calgary.
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