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CHAPTER 1: Introduction

Suppose that A is an element of some algebra over the complex numbers. Then it
is natural to define p(A) for any complex polynomial p. Are there other classes of
functions defined on C for which f(A) makes sense? If so, can we define f(A) in a
way that is consistent with operations such as addition and multiplication? Even for
the case where A is a linear transformation on a vector space, the result is nontrivial,
particularly when the vector space is infinite dimensional. The Spectral Theorem
addresses this problem by extending the definition of f(A) from polynomials to a
broader class of functions. The Spectral Theorem is a fundamental result in operator
theory and more generally C*-algebra theory, with applications to Fourier analysis
and abstract harmonic analysis in general. In this thesis, we fully develop the spectral
theorem for the special case when A is a self-adjoint operator on a Hilbert space. We
start with only the axioms of Hilbert spaces and develop the theory of operators on
these spaces. The development of the general case for elements of some commutative
C*-algebra is outlined, and it is shown how our development may be obtained as a
corollary of this more general theory.

The spectral theorem originally arose in the context of operator theory where
the proof depended on well known results from measure theory, namely the Riesz
Representation Theorem, and direct calculation. Later a generalization of the spectral
theorem in the context of C*-algebras arose using Gelfand Theory. In this thesis a
merging of the two approaches is presented in the special case of the algebra generated
by a single self-adjoint operator.

In Chapter 2 the necessary background knowledge concerning Hilbert spaces and
operators is developed. In section 2.1 the Spectral Theorem in finite dimensional

spaces is discussed as motivation for the infinite dimensional analogue. In section



2.2 basic facts and definitions for Hilbert spaces are reviewed, and examples are
given, including [*(Z). In section 2.3 the properties of subspaces and orthogonality
in Hilbert spaces are reviewed. In particular, the direct sum of a subspace and
its orthogonal complement is introduced. Section 2.4 contains characterizations of
bounded (continuous) operators and their inverses.

In section 2.5 the adjoint of an operator is defined, and its existence is proved as a
consequence of the Riesz Representation Theorem. The example of [?(Z) is continued
with a proof that the left and right shift operators are mutual adjoints. In section
2.6 orthogonal projections are introduced and developed. The useful characterization
that an operator is orthogonal if and only if it is both idempotent and self-adjoint is
presented. In section 2.7 the basics of spectra are investigated. Characterizations of
the spectrum of special classes of operators, especially self-adjoint, are developed, and
fundamental results, such as the fact that the spectrum is compact and non-empty;,
are proved. It is shown that the spectrum of the left and right shift operators on
I%(Z) is the unit circle. The spectral radius is defined and investigated as well as how

polynomials interact with the spectrum.

In Chapter 3 the Spectral Theorem for Self-Adjoint Operators is developed, culmi-
nating in an application computing the spectral measure for the right shift operator
on [*(Z). In section 3.1 the functional calculus for continuous functions on the spec-
trum is developed by extending the natural definition of applying a polynomial to an
operator. It is shown that this definition depends only on how the polynomial — and
hence the continuous function — behaves on the spectrum, naturally highlighting why
the spectrum is important. In section 3.2 the Riesz Representation Theorem is used
to express the functional calculus in terms of integration with respect to a measure

on the spectrum. This definition is then extended to include bounded measurable



functions by relaxing the topologies in each space. It is proved that this association
is a *x-homomorphism

In section 3.3 the Spectral Theorem for Self-Adjoint Operators is presented. It
is shown that the measures obtained in section 3.2 give rise to a projection valued
measure. Then the general theory of integration with respect to a projection valued
measure is developed, and the Spectral Theorem is proved for the case of self-adjoint
operators. In section 3.4 the Spectral Theorem for Normal Operators is presented.
In section 3.5 the development of the spectral theorem in the context of C*-algebras
is outlined. Further, it is shown that our result may be obtained as a corollary of this
more general theory. In section 3.6 the Spectral Theorem is worked out in the case of
the right shift operator on [?(Z). The spectral measure is explicitly computed, and
the Spectral Theorem’s statement verified. It is shown that this example is a special

case of a general result in harmonic analysis on locally compact abelian groups.



CHAPTER 2: Hilbert Spaces

2.1 DMotivation in Finite Dimensions

Consider a linear map A on an n-dimensional complex vector space V. Then we may
express A as an n X n complex matrix. From finite dimensional linear algebra we
know that if A is Hermitian it is diagonalizable with the diagonal entries being the
eigenvalues of A. For example, consider a 3 x 3 matrix A with distinct eigenvalues

A1, A2, A3. Then using the appropriate choice of basis we have

M 0 0 100 000 000
A=10 X 0l =X10 0 0] +X [0 1 0/ +x]0 0 0.
0 0 X 00 0 00 0 00 1

This expression in terms of coordinates is equivalent to writing the linear map A as
a linear combination of the projections P,, onto the eigenspace of \; for ¢« = 1,2, 3.
That is,

A= MNP\, + APy, + X3P,

Since the product of two diagonal matrices is a diagonal matrix, if we consider the

set of all functions f whose domain includes i, A2, A3, we see that we can define

fu) 0 0
fLA =1 0 f(A) 0]
0 0 f(Xs)

in a way that behaves well with respect to addition and multiplication of functions.

That is (f + g)(A) = f(A) + g(A) and (fg)(A) = f(A)g(A). Equivalently,

f(A) = (A1) Py, + f(X2) Pa, + f(A3) Py,



In general, if a self-adjoint operator A on an n-dimensional space has eigenvalues
A,y .oy Am, where m < nand Py,, ..., P, are the projections onto the corresponding

eigenspaces, then we have
A= NPy,
i=1

If a function f is defined for each \; then we may define

flA) = Zf(A»PM-

The Spectral Theorem for Self-Adjoint Operators extends this result to infinite di-

mensional spaces.

2.2 Notation and Assumptions

The rest of this chapter is influenced by the treatments in [11] and [2].

Definition 2.1. Let V be a complex vector space. A Hermitian inner product on V'
is a function that assigns, to every ordered pair of vectors x and y in V', a complex

number (x,y) so that for all z,y,z € V and o, § € C:
L (azx + By, 2) = afz, 2) + By, 2);
2. (z,ay+ B2) = @z, y) + Bz, )

3. (z,z) > 0 with (z,z) = 0 if and only if x = 0;

4. (z,y) = (y,z).

By inner product, we mean a Hermitian inner product. If a space V' has an inner
product, it is well known that the inner product gives a natural norm ||z|| = /(z, z),

which further gives a metric d on V' defined by d(z,y) = ||z — y|.



Definition 2.2. A Hilbert space H is a complex vector space together with an inner
product ( , ) so that H is complete with respect to the metric induced by the inner

product.

When we write H we mean a separable Hilbert space, that is, a Hilbert space with
a countable dense subset. This is equivalent to H having a countable basis.

The following proposition may be found in [2].

Proposition 2.3. The Cauchy-Schwarz inequality holds for any Hilbert space H, that

is, |(z, y)| < |zllllyll for all z,y € H.

Notice that with respect to this topology the inner product (,) on H is continuous

as a map from H x H to C for any Hilbert space H.

Example 2.4. We see that C" is a Hilbert space under the usual product (x,y) =

Yo x; where © = (21,...,20),y = (Y1, .- -, Yn)-

Example 2.5. Denote by [2(Z) the space of all square summable sequences o =

() kez where oy, € C for all k € Z and

Z | < 0.

keZ

Then under the inner product

<a7 5) = Z Ozk@?

kez
I%(Z) is a Hilbert space.

Example 2.6. Let p be Lebesgue measure on [0, 1] and let L%(]0, 1]) be the set of all

complex valued functions on [0, 1] that are square-integrable with respect to Lebesgue



measure. That is,

L2(R) = {f: [0,1] = C / (@) dp < oo},

It is well known that L?([0,1]) is a Hilbert space with respect to the usual inner

product

(f.9) Z/fﬁ dp.
2.3 Subspaces and Orthogonality

Definition 2.7. A subset W C H is a subspace of H if W is a closed vector subspace
of H. That is, W C H is a subspace of H if W is a Hilbert space under the same

operations as H.

Given two subspaces Wi, W5 it is natural to investigate the sum of those two

subspaces W1 + Wy = {wy + wy : wy € Wi, wy € Wa}.
Definition 2.8. If W;, W, C ‘H are subspaces satisfying
1. WinWy,={0};
2. H =W, + Wy;

then we say that H is the direct sum of W7, W5 denoted
H=W; & W,.

If H is the direct sum of two subspaces W7, Wy we can think of H as being
decomposed into the two smaller Hilbert spaces Wy, Ws.
The inner product allows us to generalize the notion of orthogonality in R™ to

arbitrary Hilbert spaces.



Definition 2.9. Let z,y € H with 2,y # 0, we say that z,y are orthogonal (or

perpendicular) if (x,y) = 0. In this case, we write z L y.

Lemma 2.10. Ifx,y € H with x L y then

Iz +ylI* = [ll* + Iyl

Proof. Since x L y, we have

lz+yl* = (z 4y, x +y)
= (z,z) + (v,y) + (y,2) + (y,v)
= <x,x,> + (y,y)

= [lzl* + lly1I*.

O
Notice the similarity between Lemma 2.10 and the Pythagorean Theorem in R".

Definition 2.11. If W C H is a subspace, we define the orthogonal complement W=+
by
W ={veH: (wv)=0foralweW}.

Lemma 2.12. If W is a subspace of H, then W+ is a subspace.

Proof. If x,y € W+ and a € C then for all w € W we have

(w,ar +y) = @(w, z) +a(w,y) = 0.

Hence ax +y € W+ and W+ is a vector subspace. Let (z,,) be a Cauchy sequence in

W+, Then there exists z € H so that # = lim z,,. Therefore by the continuity of the



inner product for all w € W, we have

(w,z) = (w,limx,) = lim(w, z,) =0

and so x € W=. Therefore W+ is closed and thus is a subspace of H. O

Proposition 2.13. If W s a subspace of H then

H=WaoeW-=W+W=

Proof. If w € W N W+ then we have (w,w) = 0, and hence w = 0.

It is clear that W + W is a vector subspace of H. We now verify that W + W+
is closed. Let z, = w, + x, be a Cauchy sequence, where w, € W,xz, € W+ . Then
for n,m € N we have

|2 — ZmH2 = [[(wn — wp) + (zn — Im)HQ

= Hwn - wm||2 + Hxn - meQ

by Lemma 2.10. Thus (w,), (z,) are Cauchy sequences. Hence there exists w € W,

x € W+ so that limw, = w,limz, = x. Therefore

limz, =w+x €W + W+,

hence W + W+ is closed.

To see that W + W+ = H consider z € (W + W)L, Then (w,z) = 0 for all
w € W sox € Wt. On the other hand we have (y,z) = 0 for all y € W+ so
r € (W)L, Hence x € W N (W)L = {0} so x = 0. Therefore W + W+ = H as

needed. O
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2.4 Basics of Operators

Linear transformations are the natural functions to consider on a vector space. How-
ever to guarantee continuity on infinite dimensional Hilbert spaces we need a more

restrictive condition.

Definition 2.14. Let H,, s be Hilbert spaces with norms || - ||1, | - []2. A linear

transformation A : H; — H, is bounded if and only if there exists C' > 0 so that

[Az]ls < Cllz]ls

for all z € H.

If a linear transformation A is bounded we may define the norm of A, ||A|| as

follows.

Definition 2.15. Given a bounded linear transformation A : H; — H» we define the

operator norm

| Allop = Inf{C > 0: ||Az||s < C||z||; for all z € H}.

When the context is clear we write ||A| for || A||op-

Lemma 2.16. Let A be a linear transformation, then for all x,y € H we have

HAz,y) = (Alz+y), 2 +y) — (Alx—y), 2 —y) +i{A(z+iy), o +iy) —i(A(z —iy), v —iy).

Proof. Direct calculation of the right-hand side yields the desired result. O
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Proposition 2.17. Let A : Hi — Hs be a bounded linear transformation. Then
[A]] = sup{[[Az|z - [}y = 1}.
Further if Hi = Ho = H then
[A]l = sup{[(Az, y)[ - [[z[| = lly[l = 1}.
Proof. Let r = sup{||Az||2 : ||z|; = 1}. Then for all x € H; with ||z||; = 1 we have
[Azlz < [JA[[[lz[] = 1A

so r < ||Al|. On the other hand for any x € H; we have
T
felhat ()
(e

[A[} = sup{[[Az|ls : [l], = 1}.

<z,
2

[ Aclls = ]

hence ||Al| < r and

If H; = H, = H then we claim that

[ Az = sup{[{Az, y) - [[y] = 1}

for all x € H. Indeed by the Cauchy-Schwarz inequality we have

[{(Az, y)| < [[Azlly]l = [| A=
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for ||yl = 1. On the other hand for Az # 0 we have

Ax >
< | Az

Therefore

[A]] = sup{|[Az| : lz]| = 1} = sup{|[(Az,y)| - [[=]| = [lyl = 1}

]

The importance of studying bounded linear transformations is evident from the

following proposition.

Proposition 2.18. A linear function A : Hi — Hs is continuous if and only if it is

bounded.

Proof. Let A be continuous and assume that A is unbounded. Then for each n € N
there exists a unit vector @, € H; so that ||A(z,)||2 > n. Then +z, — 0 in H; so

A (Lz,) — A(0) =0 in Hy. But for each n

()

a contradiction. Therefore A must be bounded.

1
= 5”/1%”2 >1
2

Conversely, suppose that A # 0 is bounded. Then given € > 0 let § = ”if”. Then

for all z,y € H; such that ||z — y||; < 0 we have

Az — Ayllz = [[A(z = y)[| < [[Allllz =yl <e.

Therefore A is continuous as needed. O]
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Definition 2.19. An operator A on a Hilbert space H is a bounded linear transfor-
mation A : H — H and the set of all operators on H is denoted by B(H).

Example 2.20. If H is finite dimensional then every linear transformation A : H —
H is an operator. Indeed let {ey, ..., e,} be an orthonormal basis for . Then for all

r=>1" a;e; € H with ||z| = 1 we have

[Az|| =

n
E OZZ‘AGZ'
=1

n n
<3 Jilll el < 3 [l e < o0
=1 =1

since each |o;| < 1. Hence A is bounded with [|A]| < Y%, ||Ae;]|.

Definition 2.21. Let ¢ : [0,1] — C be a function. Then we write

lelloe = sup{le(2)] : = € [0,1]}

if the supremum exists.

Example 2.22. Example from [10]. Consider H = L?([0,1]). Then let ¢ : [0,1] — C
be continuous and define M, : L*([0,1]) — L*([0,1]) by M,(f) = ¢f. Then M,, is

bounded with ||M,|| = ||¢|l«. Indeed, we have |¢(z)| < ||¢]loo sO

1M ()] :/0 (@)1 f (@)]* dn < ||90||§o/0 (@) dp = [lellZ 11"

Hence we have that M, is bounded with || M| < ||¢]/e. Since ¢ continuous and [0, 1]
is compact there exists xy € [0, 1] so that ¢(zg) = ||¢]|e- Suppose first that zo # 0, 1.
Thus given € > 0 there exists §. > 0 so that |z — 2| < J. implies |p(x) — p(z0)| < &,

that is p(xg) — e < p(x). Let A, ={x € [0,1] : |x — x| < d.} and define

1

fe= EXAN



where xa, is the characteristic function for A.. Then ||f.|| = 1 so we have

1
1M 17 > 1| M fel|* = —/ ol dpe > (p(0) — €)*.
25. Ja.

Hence letting € — 0 we have

1Myl = ¢(z0) = [l

as needed. If 2o = 0,1 then the same process may be used but with

1
fE - WEXAE

Example 2.23. Consider H = [*(Z) and define

R L:H—H

(ROé)k = 01, (LOé)k = Q41

14

for each o = (g )kez € H. We say that R and L are the right and left shift operators

on [%(Z) respectively. Then both R and L are bounded linear operators of norm 1.

Indeed for all a = (ay)rez, B = (Br)rez € H and A € C we have

(R(Aa+ B))r = (Aa + Bk
= A1 + Br—1

= MRa), + (RB)y

for each k£ € Z. Hence R is linear.
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Now for all & = (a)rez € H we have

IRall* = |(Ra)if?

keZ

=Dl

keZ

=l

kezZ

= [laf®

and so R is a bounded with ||R|| < 1. Further if ||a|| = 1 then from the above

calculation we see that

|Rafl = o] =1
S0
12]} = sup{[| R : [lafl = 1} =1
as claimed. We similarly see that L is an operator with || L|| = 1.

Definition 2.24. An operator A € B(H) is invertible if A™! exists and is in B(H).

Remark 2.25. Notice that if A is continuous and invertible then A~! is continuous
by the open mapping theorem. Therefore by Proposition 2.18 it is enough for and

operator A to be invertible in the usual sense.

Proposition 2.26. If A € B(H) then A is invertible if and only if the range of A is

dense and there exists o > 0— so that

| Az|| = allz]

for all x € H.
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Proof. Tt A is invertible, then A is onto so the range of A is certainly dense. Given
x € H we have

]l = | A7 Az < [JATH || Az ]

so taking a = m > (0 we have

allz) < || Az

for all z € H.

Conversely, suppose that the range of A is dense and there exists a > 0 so that
|Az|| > a||z|| for all x € H. We first show that the range of A is closed. Let {Ax,}
be a Cauchy sequence in the range of A. Then there exists some y € H so that

lim Ax,, = y. Now for all n,m € N we have
Az, — Az || = [|A(zn — zm)|| = alzn — 2]
SO
|xn — zm] — 0

as n,m — oo and {z,} is a Cauchy sequence. Therefore there exists x € H with
lim z,, = x. But since A is continuous we have y = lim Ax,, = Ax and so the range of
A is closed, that is A is onto.

Now let xq, 9 € H with Az; = Axy. Then

0= [|[Az; — Axs|| > al|z1 — 4|

so ||[z1 — x| = 0 and x; = x9. Hence we have that A is one-to-one, and the inverse

function A~! exists. We now verify that A~! € B(H). The linearity of A~ follows
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from that of A. For all x € H, we have
]| = [AA™ 2] > af| A7 2]
SO
1 1
A7 2] < —|l=]]
Q@
and A™' € B(H) as desired. O

Corollary 2.27. Suppose that

mf{ Al o} 0

]

then A is not invertible.

Proposition 2.28. If A,B € B(H), a € C and A, A+ B and AB = Ao B are all

defined in the usual way then
1. aA € B(H) with ||aAl| = |af||A]l;
2. A+ B € B(H) with ||A+ B| < ||A]| + ||B]|;
3. AB € B(H) with | AB| < | A||||B].

Proof. Clearly aA, A+ B, AB are all linear.

1. For all x € H, we have

laAz]| = [[A(ex)[| < [|Allllaz] = [l All]l=]

and hence ||aA| < |af||A]l. If @ = 0 then we have |a|||A]| =0 < 0 = ||a4]|.
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Now for a # 0 and v € H

o} 1 1
JAz] = | S A2| = ~lladall < — oAl el
ol Tal al

so as x is arbitrary ||A]| < Fi'HaAH or equivalently |af|A| < [aA].

2. For all x € H, we have
[(A+B)z|| = [|Az+Bz|| < [|Az||+[|Bz| < [[Allllz]|+[| B[zl = ([[Al-+]B]])l=ll

and so [[A+ B[ < [|A[| + | B]|.

3. For all x € H, we have
[ABz| < |A[[l|Bz|| < |A[ll|BIl]|]]

giving ||[AB|| < ||Al|||B|| as needed.
[
It is clear that under these operations B(H) is a complex vector space. Further

we see that B(H) is an algebra with unity, namely the identity map I : H — H.

2.5 Adjoint of an Operator

Definition 2.29. A linear functional on # is a bounded (that is continuous) linear

map from H to C.

It is clear that the set of all linear functionals on a Hilbert space is itself a vector
space. The following fundamental result shows that there is a one-to-one correspon-

dence between H and the set of all bounded linear functionals on H.
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Theorem 2.30 (The Riesz Representation Theorem for Bounded Linear Function-
als). A linear map f from H to C is bounded if and only if there exists y € H so

that
f(z) = (z,y)

for all x € H. Further if such a y exists then it is unique and || f||., = ||yl

Proof. If f is identically zero then we may take y = 0 and the results are trivial.
Hence we now assume that f is nonzero.

First assume that f is bounded. Observe that Ker(f) has co-dimension 1 in
H. Now choose w € (Ker(f))* with ||w|| = 1 and let A = f(w). Note that since

w ¢ Ker(f) we have A # 0. Then for each x € H, since Ker(f) is a subspace, we have

r=aw+ 2

where 2’ € Ker(f) by Proposition 2.13. Further we see that o = (z,w). Hence

flx) = af(z)+ f(2)

Thus we may take y = \w.
Conversely, if for some y € H we have the function f : H — C given by f(x) =

(z,y) for all x € H then we see that

[f (@) = [z, w)] < ll=[lllyl]
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and so f is bounded as needed.

Now suppose that there exist y;,ys € H so that

f(I) = <l’,y1> = <£L‘7y2>

for all z € H. Then (x,y; —yo) = 0 for all z € H and so y; —y» = 0. That is y; = ¥
as desired.

Finally, for all z € H we have

[f (@) = [z, 9| < ||y

so || fllop < |ly]l- On the other hand, we have

Il = (ww) = 1w )| = Fy) < I fllopllyl

SO

[yl < [ lop-
Therefore || f|lop = ||y]| as claimed. O
The following lemma may be found in [11].

Lemma 2.31. Let A,B € B(H). Then A = B if and only if (Az,y) = (Bx,y) for

all x,y € H.

Definition 2.32. A map ¢ : H x H — C that is linear in the first coordinate and

conjugate linear in the second coordinate is called a sesquilinear form on H.

Notice that an inner product is a sesquilinear form.
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Theorem 2.33. Let ¢ be a continuous sesquilinear form on H so that there exists

C > 0 with

oz, y)| < Cllllyll

for all x,y € H. Then there exists a unique operator A € B(H) so that

p(z,y) = (A, y)

for all x,y € H. In addition, ||Al| < C.

Proof. Fix x € H and consider the bounded linear function

H—C

given by

y — o(z,y).

Then by the Riesz Representation Theorem 2.30 there exists z € H with

o(z,y) = (y,2).

Define A:H — H by Az = z. Then

(Az,y) = (y, Az) = ¢(,y)

for all z,y € H.

Now given x;,z2,y € H and o € C we have

(Alaxy + 22),y) = p(ar + 22,y)
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= ap(x1,y) + p(12,y)
= a(Ax,y) + (Azs,y)

= (aAzy + Az, y).

Hence by Lemma 2.31 we have that

Alazy + 29) = aAxy + Axy

so A is linear.

Now for all x € H we have

[Az|* = [{Az, Az)|

= lp(x, Az)]
< O[] Az]]
and so
[Az|| < Cllz]].
Hence A € B(H) with |A|| < C, as desired. O

Corollary 2.34. Given an operator A € B(H), there is a unique operator A* € B(H)

so that
(Az,y) = (z, Ay)
for all x,y € H. We call A* the adjoint of A and further note that (A*)* = A and
[ A = [|A].-
Proof. Observe that the map

(y,z) = (y, Az)
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is a sesquilinear form, so there exists a unique operator A* € B(#) such that

(y, Ax) = (A"y, ),
that is,
(Az,y) = (z, A%y).

Further, we see that

[{y, Az)| < [lyl[[| Allll]

and so by Theorem 2.33,
A" < [IA]].

It is clear that (A*)* = A and so the same argument shows that
1Al < [|147]),

as needed. O

Example 2.35. The adjoint of the left shift operator L on H = [*(Z) is the right

shift operator R.

Proof. For a = (ay)kez, B = (Br)rez € H, we have

(La, B) =Y (La)iBy

k€EZ

= Z 0%+1E

keZ
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= <Oé, Rﬁ>

thus L* = R. Notice that this also gives R* = L. O]
Proposition 2.36. Let A, B € B(H) and let a € C. Then the following hold:

1. (aA)* =aA*

2. (A+B)*= A"+ B*

3. (AB)* = B*A*

4. If A is invertible then (A™1)* = (A*)~L.
Proof. We prove (2) and (3), the others are similar.

2. For all x,y € H we have

((A+ B)x,y) = (Az,y) + (Br,y) = (v, A"y) + (z, By) = (v, (A" + B")y).

Therefore (A + B)* = A* + B* as claimed.

3. For all x,y € ‘H we have

(ABz,y) = (Bx, A*y) = (x, B*A™y).

Therefore (AB)* = B*A*.

The following proposition may be found in [12].

Proposition 2.37. If A € B(H) then ||A*A]| = ||A|*.
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Proof. We have that ||A*A|| < [|A*||||A|| = ||A]|* since ||A*|| = ||A]] (Corollary 2.34).

Conversely, we have

= sup (A" Az, )

< [|AA]

since |(A* Az, 2)| < [|A“Al|2]}2 = | A*A] for |ja] = 1. m

Definition 2.38. We say that an operator A is Hermitian or self-adjoint if A = A*

and that A is unitary if U* = U~!, further we say that A is normal if A*A = AA*.

Definition 2.39. An operator A is positive, denoted A > 0, if (Az,z) > 0 for all

z e H.

Notice that the identity operator I is Hermitian. We need a few elementary

properties of adjoints.

2.6 Projections

We now consider a very special type of operator, the orthogonal projection.

Definition 2.40. Given a subspace W C H, we define the orthogonal projection Py

onto W as follows. For each x € H, write

r=w-+y
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for the unique elements w € W,y € W+. This is possible by Proposition 2.13. Then
define

PW:c:w.

Proposition 2.41. For any subspace W C H, Py € B(H). If W # {0} then
[Pwll = 1.

Proof. Consider any x = w+y € W + W+ = H. Since ||z]]? = ||w||® + ||y, we have

[Pw ]| = fJwl] < ||z

so Py € B(H) with ||Pw || < 1. However, for any w € W

[ Pwwl| = [lw]

and so || Pw| > 1. O
Definition 2.42. An operator A is idempotent if A% = A.
Proposition 2.43. For every subspace W, Py s idempotent and Hermitian.

Proof. Given z € H, write z = w + y with w € W,y € W+. Then we have

Pjy(x) = Pw(Pw(z)) = Pw(w) = w = Py(x).

Hence Py is idempotent. Now given xq,xo € H, write x1 = wy + Y1, T2 = Wy + Yo

with wy,ws € W and yi,y» € W+. Then we have

(PW951,I2> = (w1,$2>

= (w1, wy)
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= <$17w2>
= (371, P W372>-
Hence Py, = Py and Py is Hermitian, as claimed. O

Notice that if P is the orthogonal projection onto a subspace W then we have

W =Im(P)={x € H: P(x) =z}

Thus we see that for each subspace W C H there is an associated idempotent, Her-

mitian operator, namely Py .

Proposition 2.44. If P € B(H) is idempotent and Hermitian then P is the orthog-

onal projection onto the subspace Im(P) and

Im(P)* = Ker(P).

Proof. First, we show that Im(P)+ = Ker(P). Given y € Ker(P), for all w € Im(P)
we have

(w,y) = (Pw,y) = (w, Py) =0

since Py = 0. Hence y € Im(P)* and Ker(P) C Im(P)*. Conversely, given y €

Im(P)* for all x € H we have

0= (Pz,y) = (z, Py).

Since x is arbitrary we have Py = 0 and y € Ker(P), hence Im(P)* = Ker(P).

To see that P is an orthogonal projection onto Im(P), let w € Im(P) and x € H.
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We have

(w,x — Pz) = (w,z) — (w, Px)

= (w,z) — (Pw, z)

Thus z — Pz € Im(P)™* for all z € H. Hence for all z € H we have

t = Pz + (z — Px) € Im(P) @ (Im(P))*-

and we see that P is indeed the orthogonal projection onto the image of P. O]
That is there is a one-to-one correspondence between idempotent Hermitian op-

erators and subspaces.

2.7 The Spectrum of an Operator

Definition 2.45. Given A € B(H) we define the spectrum of A to be
o(A) ={A € C: A— \isnot invertible}
and the resolvent set of A as

p(A) = C\a(A).

Notice that in finite dimensions the spectrum of an operator A is precisely the set

of eigenvalues of A. Most of the proofs and examples in this section are from [10].

Example 2.46. Consider the Hilbert space H = L*([0,1]) and let ¢ be a continuous

function on [0, 1] with M., the multiplication operator on H introduced in Example
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2.22. Then o(M,) = ¢([0, 1]).

Proof. First, suppose that A = ¢(xg) for some zy € [0, 1]. Then, since ¢ is continuous,
for each € > 0 there exists a d. > 0 so that € [0,1] and |x — 2| < 0. implies
lo(x) — Al < e. Let a = min{(zo—9.),0} and b = max{(xo+J.),1}. Now there exists

a non-zero function f. € H so that f. is supported on [a,b]. Hence we have

102, = VLI = [ 6@ = VLGP do
=/Wmm—Amﬁ@m2m

<)%

Since € is arbitrary we have that M, — A is not invertible by Corollary 2.27 and
therefore A € o(M,,).

Conversely, suppose that A ¢ ([0, 1]). Thus is defined for all z € [0, 1].

B
p(z)—A
Given f € H, we have (M, — \)((¢ — A\)"'f) = f and M, — X is onto. Further since
0, 1] is compact — and hence closed — there must exist o > 0 so that |¢(x) — A| > «

for all z € [0,1]. Hence for any f € H we have

1M, — N fI? = /w LRI @) dr > allfIP

so by Proposition 2.26 M, — A is invertible and A ¢ o(M,,). Therefore o(M,) =
©([0,1]) as needed. .

Proposition 2.47. Let A € B(H), then

o(A*) =o(A).
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Proof. We have
A= A= (A=)~

Hence A* — \ is invertible if and only if A — X is invertible. Therefore

a(A*) = a(A).
]
Corollary 2.48. If A € B(H) is self-adjoint then
o(A) CR
Proof. Indeed
o(A) =o(A*) =a(A)
hence
o(A) CR
]

The following proposition may be found in [1].
Proposition 2.49. If A is a positive operator then o(A) C {x € R:x > 0}.

Proof. First, notice that since A is positive, that is (Ax,z) > 0 for all x € H, we have

(Az,x) = (Azx,x) = (z, Ax)
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for all z € H. Then using Lemma 2.16, for all z,y € H we have

HAz,y) = (Alx +y), v +y) — (Alx — ),z — y) + i{A(z +iy), 2 + iy) — i{A(z — iy), v — iy)
= (@+y Al +y)) — (v -y, Alz —y)) + i{z + iy, Az +1y)) — i{z — iy, Az —iy))

= 4(x, Ay).

Thus

(Az,y) = (z, Ay)

and A is self-adjoint. Hence by Corollary 2.48 we have o(A) C R.

For all z € ‘H, we have

“Allz|* = (=Az, )
— (A= Nz,2)

< [I(A = N fl=]

Hence for ||z|| # 0 we have

(A = A)z|| = =All]

and so the relation holds for all x € H. From the proof of Proposition 2.26 we see
that A — X is one-to-one for all A < 0. Let y € H be perpendicular to the range of
A — \. Then for all z € H, we have

0= ((A—Naz,y)

= (£, (A= \)"y)

= <$, (A - )‘)y>7
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that is (A — A)y = 0. Thus since A — X is one-to-one we have y = 0 and the range
of A — X\ is dense. Hence by Proposition 2.26 we have that A — X\ is invertible so
A ¢ o(A). Therefore o(A) C {x € R:z > 0} as claimed. O

Lemma 2.50. If A € B(H) then o(A) is bounded by || Al.

Proof. Suppose A > ||A]l. Then ||+A|| <1, so
1-— 1A B = i ! A"
M) lw

with convergence in norm. Thus since A—\ = —\ ( — %A), we have A— )\ invertible,

that is, A ¢ o(A). Therefore if A € 0(A) then |A\| < ||A]], as claimed. O

Definition 2.51. Given A € B(H) we define the spectral radius r(A) = sup{|]| :
Aea(A)}.

Lemma 2.52. Given \g € p(A), there exists an open set U containing \g so that if
A € U then A — X is invertible. Further (A — \)™! is given by a convergent power

series about \g.
Proof. For \g € p(A) we have that (A — )\) is invertible. Now let

1

U={AeC:A-Ny|< 1}
e CA=dl < 5!

Then for A € U,
A=X=(A=2)1=A=X)A=X)

with

o0

1= =2)A=2) )= =2)" (A= 2))"

n=0
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which converges since |[(A—Xg)(A—Xg) || < 1. Thus A— )\ is invertible and (A—\)~!

is given by a convergent powers series about \g. O]
Corollary 2.53. For each A € B(H), o(A) is a compact subset of C.

Proof. Putting together the preceding two lemmas we have that o(A) is bounded and

closed, therefore by the Heine-Borel Theorem it is compact. O

Proposition 2.54. If A is unitary then o(A) and o(A™) = o(A*) are subsets of the

unit circle in C.

Proof. First, since ||A]| = 1 and ||A*|| = ||A7!|| = 1 we have that the spectra of A

and A* are contained in the unit disk. Now for all A\ # 0, we have

and so

(A=A~ = A71(A~ = a i

Thus we see that A € o(A) if and only if A™' € o(A™!). Since both o(A),s(A™!) are
contained in the unit disk this is only possible if both o(A) and o(A~!) are contained

in the unit circle. O

Example 2.55. Consider H = [*(Z) with L, R the left and right shift operators

introduced in Example 2.23. Then

o(L)=0c(R)={ e C:|\=1}

Proof. Indeed, since LL* = LR = I we have that L, R are unitary and so (L), o(R)

are contained in the unit circle. We now show that the unit circle is contained in
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o(R); the case for L is similar. Let A € C with |A| = 1. Then for each k € N, consider

the vector v¥ € H given by

n=0
Then
k k+1
Ro* = g A e,_1 = E A e,
n=0 n=1
and

k
Ao = g A He
n=0

Hence we see that

(R — Mv" = Aepp — Aeg

and so
(R — A\)ok|| = V2.
However
[0¥]] = VE + 1.
Thus

IR-NeM V2

[[o] VE+1

as k — oo. By Corollary 2.27 we see that R— A is not invertible, that is A € o(R).

Definition 2.56. Let A € B(H), then we define the resolvent function

R:p(A) — B(H)

)\l—>R)\I (A—A)il.
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Notice that by the computation in the proof of Lemma 2.52 we see that
A= R)\

is analytic on p(A).
Proposition 2.57. Let A € B(H) with H # {0}. Then o(A) # 0.

Proof. Assume by way of contradiction that o(A) = (. Then R) is defined for all

A € C. For all x,y € ‘H consider the function
foy :C—=C

defined by

foy(N) = (B2, y).

Since for each Ay € p(A) = C there exists an open set U with R|y given by a
convergent power series around A it follows that f,, is analytic on U. That is, f,,

is entire for each z,y € H. Let A > ||A||. Then since ||\ A4]| < 1, we have

[RAll= AL = A7 A) 1|
> (A
n=0

ST A AL
n=0

1
L= [|A=tAfl
1

Al = [lAll

— A7

=A™

—0
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as A — oo. We claim that f,, is bounded for each z,y. Indeed for all A € C we have

oy (M = [(Baz, y)| < [ Ballll2 ][yl = 0

as A — oo. Thus f,, is bounded and entire and so by Liouville’s Theorem is constant.

Since f,, — 0 as |A\| = oo we must have

0= foy(N) = (Raz,y)

for all A € C and x,y € H. However this implies that Ryz = 0 for all x € H, a

contradiction since R, is invertible. Therefore o(A) # 0.

Proposition 2.58. For all A € B(H) we have
P(A) = lim (A7)

Proof. Let A € B(H) and consider f(z) = —R,-1, defined for all z € C\{0} with

271 € p(A). In particular, for |z| < ||A]|7! we have |z|™! > ||A]| so f(z) satisfies
f)=E1-A) " =2(1-24)"1= zZ(zA)”
n=0

Notice that we may extend f analytically to include z = 0 by defining f(0) = 0, so
f is given by a power series centered at 0. Then from complex analysis, we recall
that the radius of convergence R for this series is the distance from 0 to the nearest

singularity, that is, the distance to o(A). Then we have

R=inf{|]A\| : \7' € 0(A)}
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=inf{|\"': A€ o(A4)}
1
r(A)

Further by Hadamard’s Theorem we have

R™! =limsup HA"H%

n—oo
Thus r(A) = limsup || A" ||+
Now for each n € N, we have
n—1
A" = NP = (A=A Y AT
i=0

Hence if A™ — A" is invertible then A — X is invertible, or equivalently if A € o(A)

then \"* € o0(A™). Therefore by Lemma 2.50 we have
A" = (A" < []A7]

for all A € o(A) so |A| < ||A"||=. Thus r(A) < ||A"||= for all n € N. Therefore

r(A) < liminf,_ || A"||7. Hence we have

lim sup ||A"||% =r(A) < liminf ||An||%
n—oo

n—oo

50 lim, e ||A™||* exists and is equal to r(A). O

Notice that in Example 2.46, we have o(M,) = ¢([0,1]), so certainly o(M,,) is
bounded by ||M,| = ||¢|le. However, even more holds: we have || M,|| = sup{|}| :
A € o(M,)}. This useful property generalizes to any normal operator.

The following proof may be found in [1].
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Proposition 2.59. If A € B(H) is normal then
r(A) = [|Al
Proof. First assume that A is self-adjoint. Then we have
IA]I* = [AA™] = || A%

and

JAI* = (1AIP)" = 147> = | A%(A%)"|| = [| A%l

Continuing this we see that for each n € N we have

JA*" = [ 4%
and hence that
) Y ) w1
r(4) = lim A" = lim [|A7]F = [|A].

Now using the normality of A we have

I(AA7)]| = [| A% (A"
= A7 (A7)

= A7

If A is normal then AA* is self-adjoint so

IA]* = [lAA"]

= r(AAY)
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= lim |[(AA7)" |
n—o0
1
1 2" 12\ 27
= lim (]| A%"]]%)
n—oo

1\2
= Tim ([]4%"]|")

=r(A)%

Therefore |A|| = r(A) as claimed. O

Definition 2.60. Let P(C) be the set of all polynomials with complex coefficients

viewed as functions on C.

Notice that given an operator A € B(H) and a polynomial p(z) = > ja;z" €

P(C), we may define p(A) € B(H) in the obvious way, namely
p<A) - Z aiAi7
i=0

with the usual understanding that A% = I.
Proposition 2.61. Let A € B(H) and p(z) € P(C). Then o(p(A)) = p(a(A)).

Proof. Suppose that p(x) has degree n, A € C and consider the polynomial p(z) — A.

Then we may factor p(z) — A as
plx) = A=a]]J-N)
j=1
where a, \; € C for j = 1,...,n. Then we have
p(A) = A=a]J(A-)\).

=1

Hence we see that p(A) — X is invertible if and only if A — ); is invertible for each
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j. In particular, we have A € o(p(A)) if and only if A — \; is not invertible for some

j=1,...,n, that is, if and only if \; € o(A) for some j. But in this case we have

p(Aj)) —A=0

SO

A = p(y) € plo(A)).
Therefore o(p(A)) = p(c(A)) as claimed. O
Proposition 2.62. Let A € B(H) be a self adjoint operator and let p(x) € Clz].

Then p(A) € B(H) is normal and

[p(A)[lop = sup{[p(A)] : A € a(A)}.

Proof. Let p(z) = > ", a;z" with a; € C for i = 0,...,n. Then using the properties

of an adjoint, we see that
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Thus p(A) is normal and
(A = r(p(A)).

However from Proposition 2.61

r(p(A)) = sup{|A| : A € o(p(A))} = sup{|p(A)| : A € o(A)}

SO

Ip(A)]| = sup{lp(A)] : A € o(A)}

as claimed. n



CHAPTER 3: Spectral Theorem for Self-Adjoint Operators

Throughout this chapter we take A € B(H) to be self-adjoint unless otherwise noted

and we write o(A) = X.

Definition 3.1. A x-homomorphism (respectively, x-isomorphism) is a map ¢ :
B(C) — B(H) so that ¢ is an algebra homomorphism (respectively, isomorphism)

and

o (f) =e(f)"

3.1 Functional Calculus for Continuous Functions

We have seen that given an operator A and a polynomial p we can naturally define
the operator p(A) in a way that behaves well with respect to the spectrum. In this
section, we generalize this result to arbitrary continuous functions on the spectrum

in the case that A is a self-adjoint operator.

Definition 3.2. Let P(X) denote the set of all polynomials in P(C) restricted to X.

We define the norm || - || on P(X) in the usual way and write

Iplls = llplsllec = sup [p(A)].
AEX

We show that our definition of p(A) depends only on p|s so that our map from
P(C) to B(H) restricts to a well defined map from P(X) to B(H).

Proposition 3.3. Let p € P(C). Then p(A) =0 if and only if p|s = 0.

Proof. Note that p(A) = 0 if and only if ||p(A)|| = 0. But

(A = sup{lp(A)] : X € X},
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so ||[p(A)|| = 0 if and only if p(A) = 0 for all A € X, giving the desired result. O
Corollary 3.4. If p,q € P(C) then pls = q|s if and only if p(A) = q(A) € B(H).

Proof. Indeed p — ¢ is a polynomial defined on C. By the previous proposition we

have
P—qls=0
if and only if
p(A) —q(A) =0
giving the desired result. O

Hence we now have an injection

v:P(X) = B(H)

given by

Viewing P(X) as a normed algebra under the norm ||-||s, we also have that ¢ preserves

norms. We summarize:

Proposition 3.5. The map ¢ : P(X) — B(H) is an isometry and a x-isomorphism

onto its image in B(H).

Definition 3.6. Let A € B(H) be self-adjoint. We define (A4) to be the closed sub-
algebra generated by A and I. In particular, (A) contains p(A) for every polynomial
p € P().

Proposition 3.7. The map ¢ extends uniquely to an isometric x-isomorphism ¢ :

C(X) = (A). For f € C(X), we denote o(f) = f(A).
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Proof. Since ¥ is compact and the polynomials separate points, it follows from the
Stone-Weierstrass theorem that P(2) is dense in the set C'(3) of continuous functions
on X. Since ¢ : P(X) — B(H) is an isometry we may extend ¢ uniquely by continuity
to

v :C(X) = (A).

That is, given f € C'(X) there exists a sequence of polynomials {p,} C P(X) so that
pn — f inthe ||+ ||oo norm. Then we define f(A) = lim p,,(A) € (A) where convergence
here is in the operator norm. That ¢ is still an isomorphism preserving norms follows

directly since convergence is uniform in C(X). O

This association of continuous maps on X with operators in (A) C B(H) is known

as the functional calculus of the operator.

3.2 Extending the Functional Calculus

The development in this section is inspired by [8] and [4].
We have the injection

C(X) — B(H)

given by
[ f(A).

We wish to extend this to define f(A) whenever f € B(X) is bounded and mea-
surable. Notice that C'(X) is dense in B(X) under the topology of pointwise bounded

convergence. That is, for every f € B(X), there exists a sequence (f,) with each

fn € C(¥) with a uniform bound and f(z) = lim, o f,(z) for all x € 3.

Definition 3.8. Let X be a compact Hausdorff space. Then Radon(X) is the normed

space of signed Radon measures on X under the total variation norm, and C'(X) is
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the linear space of continuous real valued functions on X under the maximum norm.
The following result may be found in [6] page 464.

Theorem 3.9 (Riesz Representation Theorem for the Dual of C(X)). Define the

operator T : Radon(X) — [C(X)]* by setting, for v € Radon(X), and f € C(X),

T,(f) = /X /v

Then T is a linear isometric isomorphism of Radon(X) onto [C(X)]*.

Corollary 3.10. Let x,y € H. Then there exists a unique reqular finite Borel measure

ey ON 2 SO that

(F(A)z,y) = / f dpa,

for all f € C(X). Further we have

pay (M) < |[[[]]

for all Borel sets M C .

Proof. For each f € C'(X), we have

[{(F(A)z, y)| < L FA =yl = [ Islzllly]] < oo

So the map F': C(X) — C, given by f — (f(A)z,y) is a continuous linear functional.
Since ¥ is compact and Hausdorff, the Riesz Representation Theorem (Theorem 3.9)

implies that there exists a unique regular finite Borel measure p,, on ¥ so that

(F(A)z,y) = / f dua,
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for all f € C'(X). Further this measure satisfies ji,,(3) = ||F|| < ||z|/||y||. Therefore

for every Borel set M C X we have

pay (M) < pizy () < lz/[[[y]

as needed. O

Proposition 3.11. For each Borel set M C %, the map H x H — C given by
(,y) = pgy(M) is linear in the first coordinate and conjugate linear in the second

coordinate. Further we have

,Ux,y(M) = ,Uy,ac(M)~

Proof. Let 1,29,y € H and A € C. Then for all f € C(3) we have

/ f ditrersany = (A Azs + 22), )

= Mf(A)z1,y) + (f(A)z2,y)

— ) / f dpia,y + / f dpia,,

:/f d()‘ﬂx1,y+ﬂw2,y)~

Therefore, since f is arbitrary, we have

,“Axl-l-xz,y(M) = )‘:uxhy(M) + :“xz,y(M)

as needed. Similarly we see that the map is conjugate linear in the second coordinate.



Let f € C(X). Then since f — f(A) is a x-homomorphism we have

(f(A)" = F(A).

Thus

As f is arbitrary, we then have

,ux,y(M) = ﬂy,x(M>

as needed.

Given a function f € B(X), for all z,y € H we see

‘ / [ dpiay

Hence we see that the map

< A lstay () < (£l 1yl

@) [ f diy
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is a bounded sesquilinear form. By the Riesz Representation Theorem (Theorem
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2.30) there exists an operator f(A) € B(H) so that

()2.9) = [ £ iy
Proposition 3.12. If (f,,) is a sequence of functions in B(X) that have a uniform

bound and f, — f pointwise then f,(A) — f(A) in the weak operator topology.

Proof. Since (f,) is uniformly bounded it follows from the Dominated Convergence

Theorem that

U 29) = [ fo ditey > [ £ i

for all z,y € H. Therefore

(fa(A)z,y) = (f(A)z,y)

for all z,y € H as needed. O]

Proposition 3.13. The map
B(Y¥) — B(H)

given by
fr=f(A)

as above is as x-homomorphism that extends the functional calculus.

Proof. Tt is clear that the definition of f(A) agrees with the functional calculus when
f is continuous, we now verify that this association is a homomorphism.

By linearity of integration we have that f — f(A) is linear. We need to show that
(f(A))" = F(A) and that (fg)(A) = f(A)g(A) for all f,g € B().



49

Let f € B(X) and x,y € H. Then we have

since this holds for all z,y we have f(A) = (f(A))* as needed.

For the second claim,

(f9)(A) = f(A)g(A)

for all f,g € C(X). Thus given f,g € B(X) there exists uniformly bounded sequences
(fn), (gm) with f,,, gm € C(X) for all n, m so that f,, — f, g — g pointwise as n, m —
0o. Therefore by Proposition 3.12, by taking limits in m and then n respectively we

have

for all z,y € H. But f,9,, — fg so

(fagm)(A)z,y) — ((f9)(A)z,y).
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Hence

(fg)(A)z,y) = (f(A)g(A)z,y)

for all x,y € H and (fg)(A) = f(A)g(A). O

3.3 The Spectral Theorem

Recall that C'(X) is dense in B(X) under pointwise bounded convergence. However,
simple functions supported on Borel sets are dense in B(X) under uniform conver-
gence. That is for each f € B(X) there exists a sequence of simple functions (f,,) on

Y that converges uniformly to f.

Definition 3.14. An H-projection valued measure on a ¥ is a map P from Borel

subsets of 3 to B(H) so that the following hold for all Borel sets M, N C .
1. Each P(M) is an orthogonal projection.
2. P(0)=0and P(X)=1.
3. P(M N N) = P(M)P(N)

4. If {M;}ien are disjoint Borel subsets of 3 then

P (U Mi> = P(M;)
where the sum converges in the strong operator topology.

Recall from the last section, we have the homomorphism from B(X) to B(H) given

by f— f(A), where
F)29) = [ 1 diey



51

Definition 3.15. Define the map P from the set of all Borel subsets of ¥ to B(H)
by
P(M) = xm(A)

for each Borel set M C X, where x); is the characteristic function of M.

Proposition 3.16. The map P defined in Definition 3.15 is a projection valued

measure.

Proof. 1. Let x,y € H, then we have

(PODF,) = [ ¥ ditey = [ ar diey = (POD)2,)

so (P(M))* = P(M) and P(M) is idempotent. Further we have (P(M))* =
X (A) = xmu(A) = P(M) so P(M) is Hermitian. Therefore, by Proposition

2.44, P(M) is the orthogonal projection onto its range.

2. For all z,y € ‘H we have

(PW).5) = [ x0 ey =0
and
(P(X)z,y) = /Xz: T /1 ditzy = (I2,y)
. Thus P(0) = 0 and P(X) = I as desired.

3. We have that

XMNN = XMXN
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for every pair M, N C % of Borel sets. Therefore for all z,y € H we have

<P<MﬂN)l’,y> = /XMHN d,ux,y

:/XMXN d,u:p,y

= (P(M)P(N)z,y)

since this holds for all z,y € H we have P(M) = P(N) as needed.

. For each n € Nlet F, = |J._, M, and let F = (J;°, M;. Then since xp, =

n
Zi:l X, We have

P(F,) = xp,(A ZXM )=>_ P(M
=1

Since xg, — X pointwise and bounded we have that

Xr, (A ZP ) = xr(A) = P(F)

weakly by Theorem 3.12.

Also for each n € N we see that I’ = F,,U(F\F,,) where F,,, (F\ F,,) are disjoint.
Thus
P(F) = P(F,) + P(F\F,)

and for all z € H,
|P(F)x — P(F,)z|* = | P(F\F,)z|*

= (P(F\Fy)z, P(F\F,)x)

= (P(F\Fy)z,z)
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as n — o0o. Therefore P(F,) — P(F') strongly.
[l

Proposition 3.17. For any projection valued measure P and each pair x,y € H, the
map given by

Pry(M) = (P(M)z,y)

18 a standard complex measure on X.

Now let P be any projection valued measure on ¥ defined on the o-algebra of

Borel subsets of X.

Definition 3.18. Let f be a simple function on . Then we may write

f = Z QX M;
=1

where a; € C and M; C ¥ is measurable for each i = 0,...,n and the family (M;) is

pairwise disjoint. Then we define the integral of f with respect to P as

/ fdp = i 0 P(M).

Using this definition we can develop integration of a bounded measurable function

in the usual way. To begin, we need a technical result.

Lemma 3.19. If f € B(X) is a simple function then

[

< | flloo-
op
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Proof. Write f = Y7, aixam, where (M;) is a disjoint family of Borel subsets of X.

Then we see that

[flloc = sup | f(2)] = max|a;.
€D v

Notice that P(M;)P(M;) = P(M;)P(M;) = P(M; N M;) = 0 by Proposition 3.16, so
the range of P(M;) is orthogonal to the range of P(M;) for each ¢ # j. Now for all

x € H we have

I(fs20)-]

= |l Zaz )zl

< [l fllo Z 1P (M) |*

= ||fHooHZP il

~fle |P (U Mz)
i=1 op
< [ fllsoll]I
since || P (U;Z; Mi)|l,, = 1. Hence we have
|[1ar| <1l
op
, as claimed. O

Proposition 3.20. Let f € B(X) and (f,) be a sequence of simple functions (f)
converging uniformly to f. There exists an operator, denoted [ f dP, so that [ f, dP

converges to [ f dP in norm.
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Proof. For each n,m € N, we have

H/f = [ g dPH < o ful

Thus since ||f, — fm|| — 0 as n,m — oo, we have

(fr)

is a Cauchy sequence in B(H) and so there exists an operator [ f dP so that
[ fo dP — [ f dP in norm. O

Remark 3.21. Notice that the definition of [ f dP does not depend on the choice

of sequence (f,,).

Theorem 3.22. The map from B(X) to B(H) given by

fn—>/fdP

1s a x-homomorphism. Further for all x,y € H we have

((fs)es) [

Proof. Let f € B(X) and (f,) be a sequence of simple functions so that f, — f

uniformly. Since

H [ dPH <4l

for all n, by taking limits we obtain

|[1a7] <l <o
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SO

/f P € B(H).

We readily see that the map is linear just as for integration with respect to ordinary

measures. Now if
f= Z@iXMm 9= ZﬁjXNj
i=1 j=1

are two simple functions we have

fg= Z Z @il X XN, = Z Z i3 X MmN -

i=1 j=1 i=1 j=1

Hence fg is a simple function and
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and the map is a *-homomorphism as desired.

Finally for a simple function f = >"""  a;xn, and z,y € H, we have

<( / I dp) xy> _ <<; ozZ-P(Mi)) xy>

= Zaz(P(Mi)x,y)

= Z O‘ipr,y(Mi)

1
:/f apP,,.

We now come to the fundamental result of this chapter.

Theorem 3.23 (The Spectral Theorem for Self-Adjoint Operators). Let A € B(H)

be a self-adjoint operator with ¥ = o(A). Then there exists a unique spectral measure

A:/AdP.
)

Further, for any bounded measurable function f defined on the spectrum, we obtain

f(A) € B(H) defined by

P so that

F(4) = / () dP.

Proof. The projection valued measure defined in Definition 3.15 is a spectral measure

so that

fa) = [ rar
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for all f € B(X). In particular, for f(A) = A we have

A:/)\dP,
b

establishing existence.

Now suppose that @) is any spectral measure on > such that

A:/E)\dQ.

Then since

/ZdQ:P(Z):I

and the map f +— [ f dP is multiplicative, we see that for any polynomial p € P(X)

we have

/E p(N) dQ = p(A).

Hence for all z,y € H, we have

/E (V) dQuy = (p(A)r,y) = / p(\) dPy,,

b

Thus since polynomials are dense in C'(X) we see that

/E V) Qs = /2 ) dp,

for all continuous functions f on . Hence

Qx,y = Px,y
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for all z,y € ‘H. Thus for each Borel set M C 3 we have

QM) y) = / Yo dQuy = / \ar AP,y = (P(M)z, )

and hence Q(M) = P(M). Therefore P = @) and the spectral measure is unique, as

claimed.

]

Given a measurable bounded function f on the spectrum ¥ of A, the Spectral

Theorem allows us to define

) = [ £ ap.

Notice however that some care must be taken here since the function must be defined
on the spectrum. For example in order to define the logarithm or square root of an
operator using the standard branch cut from complex analysis the spectrum must not

contain any negative real numbers.

Example 3.24. Let A be a positive operator. Then the spectrum of A does not

contain any negative real numbers by Proposition 2.49. Hence we may define

\/Z:/E\/XdP.

If further A is invertible, that is 0 ¢ X, then

log(A) = /Elog()\) dP

where v/, log(\) are the usual definitions for real numbers.
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3.4 The Spectral Theorem for Normal Operators

The spectral theorem for self-adjoint operators can be extended to a spectral theorem

for normal operators. The idea is illustrated in the following lemma.
Lemma 3.25. Let A € B(H) be a normal operator. Then there exists two unique
commuting self-adjoint operators Ay, Ay so that
A = Al + ’LAQ
Proof. Indeed, let
1
and

1 *

Then both A;, Ay are self adjoint and
1

as needed. Uniqueness is verified by direct calculation. O]
The following result may be found in [11].

Theorem 3.26 (The Spectral Theorem for Normal Operators). Let A € B(H) be

a normal operator and let X = o(A). Then there exists a unique projection valued

A:/)\dP.
by

Further for any bounded measurable function f defined on the spectrum we obtain

measure P on X so that
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f(A) € B(H) defined by
fa) = [ s ap

3.5 ('*-algebra Approach

Ultimately this development is taking place in the broader context of Gelfand theory

on C*-algebras. We outline this development as performed in [8].

Definition 3.27. Let A be a C*-algebra with identity I. Then for each z € A we

define the spectrum of x
o(x) ={\ € C: A\ — z is not invertible in A}.

This definition is a natural extension of the spectrum of an operator. However,

an alternative way of looking at the spectrum is necessary.

Definition 3.28. Let A be a commutative C*-algebra with identity /. The spectrum

of A, ¥(A), is the set of all non-zero multiplicative functionals on A.

It follows from Tychonoff’s Theorem that 3(A) is a compact Hausdorff space
under the weak topology. The key is to relate these two different concepts of spectrum.

In order to do this we need the following proposition.

Proposition 3.29. The map h — ker(h) is a bijection between ¥(A) and the set of

maximal ideals in A.

We are now in a position to consider the map that relates these concepts, the

Gelfand transform.

Definition 3.30. The Gelfand transform is the map I'4 from A to C'(3(.A)) defined
by
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for each h € X(A).
We write ¥ = 2(A).
Theorem 3.31. Let A be a commutative C* algebra, then the following hold.

1. The Gelfand transform is a homomorphism with I=1.

2. For all x € A, x is invertible if and only if T is never zero.
3. Foralx e A, 2(X) =o(x).

4. Forallx € A,

1200 < .

Proof. We outline the proof of statements 2 and 3 since these directly relate 3(A)
and o(z).

For statement 2, suppose that = is not invertible. Then the ideal generated by x
is a proper ideal and so is contained in some maximal ideal J. By Proposition 3.29
there exists h € X(A) with ker(h) = J > x. Therefore h(z) = 0, that is Z(h) = 0.
This line of reasoning may be reversed, hence we have that x is not invertible if and
only if ¥ has a zero, which is equivalent to the desired result.

For statement 3, let x € A and A € C. By the previous statement we see that

Al — x is not invertible if and only if

M-—z=\—17

has a zero. That is if and only if A = Z(h) for some h € 3(A), giving Z(X) = o(x). O
We have a homomorphism I' 4 : A — C(X). In fact, however, I' 4 is onto.

Theorem 3.32. If A is a C*-algebra, then I 4(A) is dense in C(X).
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Note that this is a consequence of the Stone-Weierstrass Theorem.

The following theorem may be found in [8].

Theorem 3.33 (The Gelfand-Naimark Theorem). If A is a commutative unital C*
algebra then the Gelfand Transform T 4 is an isometric x-isomorphism from A to

C(a(A)).

The Gelfand-Naimark Theorem generalizes the result obtained in Proposition 3.7
for the special case of a self-adjoint operator.

In particular, consider any commutative C*-algebra A C B(H) containing the
identity operator I. Then for each f € C(X), we obtain an operator in A by taking
the inverse Gelfand-transform. Then following the same construction as in sections
3.2 and 3.3 we obtain the following generalization of the Spectral Theorem for Self-

Adjoint Operators.

Theorem 3.34 (Spectral Theorem). Let A be a commutative C*-subalgebra of B(H)
containing I and let ¥ = X(A) be its spectrum. Then there is a unique regular

projection valued measure P on ¥ so that

A:/Zxdp
>

for all A € A.

The spectral theorem for self-adjoint operators, or indeed for normal operators,
may be obtained as a corollary of Theorem 3.34 by considering the C* algebra A =
(I,A) or A= (I, A, A*) if A self-adjoint or normal, respectively. The connection to
our development is that in the case of A self adjoint, then X(A) may be identified
with o(A). Indeed since A = (I, A) and for any h € ¥ we must have h(I) = 1, we

see that h is completely determined by h(A). Now it can be shown that A — A\ is
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not invertible if and only if there exists some h € ¥(.A) so that

hence if and only if

h(A) = \ € o(A).

Therefore we identify 3(.A) with o(A) via the bijective map

h — h(A).

3.6 Example, The Shift Operator on [*(Z)

Let H = [?(Z). We illustrate the spectral theorem by computing the spectral measure
for the right shift operator R. By Example 2.55 R is unitary, hence normal. Thus
the spectral theorem guarantees the existence of a spectral measure P on o(R) = T
where T is the unit circle in C. In order to calculate this, we need some basic results
of Fourier analysis summarized in the following theorem, see for example [7]. In order

to simplify notation we integrate with respect to the measure

1
dy = —d
7 27 v

where dzx is Lebesgue measure on [0, 27]. Here we identify [0, 27] with T in the usual

way,

i

T+ e,
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Theorem 3.35. Let € I*(Z), then the function & defined by
&(7) = Z any"
is in L*(T). Further we have the inversion formula

o= [t i
T

and Parseval’s Theorem
(a, B) = (@, )
for all o, 8 € L*(T).

For the remainder of this section, we take «, 8 to be arbitrary elements of [*(Z).

We have

Therefore we have
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and we see that the unique measure guaranteed by the Riesz Representation Theorem

is given by

dpiap = a(7)B(7)dy.
For any Borel set M C T we then have the projection valued measure P given by

(P(M)ar, B) = /XMa(v)B(v) dy.

T
Writing Py = P(M) we see that

(P, B) = / @ik v,

T

in particular fM\a(v) = xum(y)a(y). Thus Py is the projection onto the set of all
a € [*(Z) so that supp(@) C M. Therefore for each M C T, the inversion formula
gives

(Pyra), = / (M) "y

for each n € Z.

Now éc\y(v) = ~va(vy) and
(Rav)y = /7@(7)7‘” d.
This defines the projection valued measure P on T so that

R:/ydP

as guaranteed by the spectral theorem for normal operators.

This example is a special case of a broader concept in harmonic analysis. Here Z
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is a group under addition and R generates the regular representation of Z on [*(Z).

That is for n € Z we represent n as the operator
R,=R"

on [*(Z) defined by

(Rna>k = Qk—n

for each o € [*(Z). Since Z is a locally compact abelian group, each irreducible
representation is 1-dimensional (see [8]). Further we can identify the spectrum of
the operator R with the dual group of Z, that is, with T. This approach depends on
viewing the spectrum as a set of multiplicative functionals as used in the development

of Gelfand theory. Here, in particular, we mean that any representation
p:Z—T

has the form p(n) = 4™ for some v € T.

In general, the dual group of a locally compact abelian group G, denoted @, is
the set of all continuous homomorphisms of G into T (viewed as group under the
standard multiplication operation). In general, £ € G extends to a x-representation

of L'(G) on C, by setting

§(f) = / £(9)f(9) dn(g)

where dp is Haar measure on G. With these identifications we have the following
result that depends on the spectral theorem and generalizes the example above. This

theorem may be found in [§]
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Theorem 3.36. Let G be a locally compact abelian group and let w be the reqular

representation of G on L*(G). That is,

(7(h)(£))(g) = f(h""g)

for all f € L*(G) and h € G. Then there exists a unique reqular projection valued

measure P on @ such that

r(g) = /G £(g) dP(€) for all g € G

and

n(f) = /G £(f) dP() for all f € LY(G),
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