OPERATORS ON HILBERT SPACES

1. HILBERT SPACES

1.1. Generalities.
Let X be a vector space over C. An inner product on X isamap (-,-): X x X — C
such that:

(1) {2,y) = (g 2), for all 2, y € X.

(2) (ax + By, z) = alz,z) + B(y, z), for all x, y, z € X and all « y B in C.

(3) (z,z) >0 for all x € X.

(4) (x,x) =0 if and only if = = 0.
The norm associated to the inner product is defined as

||| = (z,z)"/? for all z € X.

It is in fact a norm because it satisfies, for z, y € X, and a € C:

(1) |||l > 0. ||z|| = 0 if and only if x = 0.

(2) [z +yll <=l +llyll

3) llez|| = [af - [l
A Hilbert space is a vector space H with an inner product such that it is a complete
metric space for the distance associated to the norm associated to the inner product.

That is, it is Banach space whose norm is associated to an inner product. Along
these notes H will always denote a Hilbert space.

Examples.
1) The Euclidean space C" is a Hilbert space for usual inner product given by:

(,y) = 21 G1 + 2272 + - + T
for z = (1, 29,...,2,) and y = (y1,92,...,¥ys) in C™.

2) We denote by ¢* the space of sequences © = (z,,),>1 such that Y |z,|> < +oc.
This is a Hilbert space for the inner product

<xay> = any_na T = (xn>m Yy = (yn>n €.
n=1

3) Let (2,3, 1) be a measure space. We denote by L?(u) the space of (classes
of) measurable functions f: Q — C such that [, |f[*du < +oco. We identify two
functions when they are equal almost everywhere. L?(u) is a Hilbert space for the
inner product
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2 OPERATORS ON HILBERT SPACES

The inner product and the norm of a Hilbert space satisty:
e Cauchy—Bunyakowski-Schwarz Inequality:
[z, )| < llllllyll,  forallz,y € H.
e Parallelogram Law:
lz +yl* + ll — ylI* = 2)|2* + 2[ly|*,  forallz,y € H.

We recall that a subset A of a vector space is convez if tx + (1 — t)y belongs to A
whenever z, y € A and ¢ € [0, 1].

Theorem 1.1. Every non empty closed conver set E C H contains an unique
element xo of minimal norm. We have R(x — xo,x9) > 0, for every x € E.

Proof. You can see the proof of the first part in [Co, 2.6] or [Ru, 12.3]. For the
second part, by convexity we have xg+t(x —xo) € F, for all ¢ € [0, 1]. The function
f@#) = llzo +t(x — 20)||* = ||wol|* + 2tR{(x — w0, 20) + ||z — 70>, t €]0,1],
must have a non negative derivative at t = 0. It follows R(x — xg, zo) > 0. O]

Consequently given a closed convex set F and any a € H, there is a unique zg € F
which minimizes the distance to a; that is,

d(a,E) =inf{||z —a| : x € E} = ||z0 — a] .

1.2. Orthogonality.

We say that two vectors z, y in a Hilbert space H are orthogonal if (z,y) = 0.
Sometimes this will be denoted by x L y.

Given a subset A of H, the orthogonal complement of A is the set

At ={z e H:(x,a) =0,forall a € A}.
It is easy to see that At is a closed linear subspace of H.

When M is a closed linear subspace of H, and x € H, we denote by Py;x the element
in M which minimizes the distance to . One can see that x — Py is in M*. In
fact this yields (see [Co, 2.6] or [Ru, 12.4])

Theorem 1.2. If M is a closed subspace of H, then H = M @& M*.

Therefore Py is a linear map called the orthogonal projection of H onto M. As a
corollary we have (M*)+ = M, whenever M is a closed linear subspace.

Another consequence of the previous theorem is the Riesz Representation Theorem.
We denote by H* the dual space of H, that is, the space of all continuous linear
functionals A: H — C. This is a Banach space for the (dual) norm:

A = sup{|Az|: z € H,||z|]| <1} =inf{c > 0: |Az| < c||z| for all x € H}.

Proposition 1.3 (Riesz Representation Theorem). There exists a conjugate-linear
isometry y — N, from H onto H* given by

Az = (z,y), for allx € H.
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Proof. See [Co, 3.4] or [Ru, 12.5]. O

An orthogonal system is a subset A of H formed by pairwise orthogonal elements;
that is,

ryeA, x4y = 1z luy.
If A is an orthogonal system such that ||z|| = 1, for every x € A, then we will
say that A is an orthonormal system. We will deal mainly with orthogonal and
orthonormal sequences. If {z1,xs,...,2,} is an orthogonal system, we have:

e Pytagorean Theorem:
o1+ 22 + -+ @all® = [l2]* + lal® + -+ [zl
Proposition 1.4. If {x,} is an orthogonal sequence, the following facts are equiv-
alent:

(a) The series ), xy is convergent (in the norm topology of H ).

(b) 3=, llznl[* < +oo.
(c) The series Y (xn,y) is convergent in C, for everyy € H.

Proof. See [Ru, 12.6]. O

Given an orthonormal sequence {e, },. The Fourier coefficients of an element = € H
is the sequence ((z,e,)),. This sequence is in £2, in fact we have:

Proposition 1.5 (Bessel’s Inequality). Let {e,} be an orthonormal sequence in H,

and x € H. Then
> K en)” <z

Proof. See [Co, 4.8]. O
Theorem 1.6. Let {e,} be an orthonormal sequence in H. The following facts are
equivalent:

(a) The linear span of {e, : n € N} is dense in H.
(b) For every x € H, the fact (x,e,) =0, for every n, implies x = 0.

)

(c) x=> (w, €n>€n, for every v € H.
)
)

(d) (z,y) = 32, (x,en) (Y, ), for all x, y € H.
(e Hx||2 >, [z en)|?, for every x € H. (Parseval’s Identity)

Proof. See [Co, 4.13]. O

An orthonormal sequence {e, },, (finite or infinite) whose linear span is dense in H is
called an orthonormal basis of H. Every separable Hilbert space has an orthonormal
basis.

Examples.
1) The trigonometric system. Consider the interval [0, 27| with the normalized
Lebesgue measure, and denote

em(t) =€, te€0,2n], meZ.

In L?[0,27] the system {e,,;m € Z} is an orthonormal basis. This is the trigono-
metric system.
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2) The Rademacher sequence. For every n € N, and ¢ € [0, 1] define
ra(t) = sig (sin(2"nt)) ,

where sig is the sign function given by sig(z) = 1, if x > 0, and sig (z) = —1, if
x < 0. The Rademacher sequence {7, },en is an othonormal system in L? [0, 1] which
is not an orthonormal basis.

3) The Walsh system. Let P;(N) denote the family of all finite subset of N, and
for every A € P¢(N) define

wa(t) = [[ra(t),  te(o,1).

With the convention wg(t) = 1, for all ¢. Thus 7, = wyy), for all n. The system
{wa: A € Py(N)} is an orthonormal basis of L?[0, 1] called the Walsh system.

1.3. Weak topology.

The weak topology of a Hilbert space H is the locally convex topology generated by
the family of seminorms {p, : @ € H} defined by

pa(z) = |{z,a)], x e H.
The weak topology is a linear topology on H. A base of neighbourhood of 0 for this
topology is formed by the sets:

V(zy, @, ..., xne) ={y € H: max [(y,z;)| <¢e},
1<j<n

forn € N, 1, x9,...,x, € H, and € > 0.

The weak topology is the weakest topology on H for which all the functionals
A: H— C, A € H* become continuous functions.

A sequence {z,}, in H converges to a € H for the weak topology if and only if

(a,z) = lim (x,,x) for all x € H.
n—o0

Every closed subspace E of a Hilbert space is also a Hilbert space (for the same inner
product). In this situation the weak topology of E coincides with the restriction to
E of the weak topology of H.

The weak topology is weaker than the norm topology. Every weak closed set is norm
closed. The reciprocal implication is true for convex sets:

—norm —weak

Theorem 1.7 (Mazur). Let E be a convex subset of H, then E =F .

Proof. This is a general fact for the weak topology in any Banach space. Let us

see the proof for H Hilbert. The only inclusion we need to prove is BN CcE
Take a ¢ E"”™ . As translations are continuous for both topologies, we can assume
a = 0. An application of Theorem 1.1 gives us a point zy € E"™ such that

R(x, 20) > (w0, 10) = ||20||* >0, forallz e E.
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The set V = {y € H : R{y, o) < ||zo]|*} is a weak neighbourhood of a = 0 which

—=wea.

does not meet E. Soa ¢ £ . O
Theorem 1.8. The closed unit ball of H is compact for the weak topology of H.

Proof. This is a consequnce of Banach—Alaoglu Theorem ([Co, 3.1] or [Ru, 3.15])
and the fact that H is a reflexive Banach space. In fact, the closed unit ball of a
Banach space X is weakly compact if and only if X is reflexive (see [Co, 4.2]). O

Proposition 1.9. If H is separable, then the unit ball of H is metrizable for the
weak topology.

Proof. Take a sequence {a,}, dense in the unit ball of H, and define
[z =y, a0))]
d = E f € H.
(x7 y) — 2n ? or x? y

It is easy to check that d is a metric on H whose generated topology is weaker than
the weak topology of H. On the unit ball By these topologies coincide because of
the compactness of By for the weak topology. O

Corollary 1.10. Every bounded sequence in H has a subsequence converging in the
weak topology.

Proof. We can assume that the sequence is contained in the unit ball By. In the
case H is separable the result is clear since By is compact and metrizable for the
weak topology. In the general case, one can consider a separable closed subspace
Hy of H containing the sequence, and recall that the weak topology of Hj is the
restriction to Hy of the weak topology of H. 0

2. BOUNDED OPERATORS

2.1. Some classes of operators.

A bounded linear operator between two Hilbert spaces Hy, H is a continuous linear
map T: Hy — H,. We will denote by L£(H;, Hy) the space of all bounded linear
operator from H; to Hs. L(Hy, Hy) is a Banach space for the operator norm

1T = sup{l| T2 m, - & € Hy, [lz] <1}

When H, = Hy = H we simply write £L(H) for L(H, H). If we take the composition
of operators as multiplication, then £(H) is a (usually non commutative) Banach

algebra with unit (the identity operator).
In particular, |[So T[] < [|S[[[[T]| for S, T € L(H).
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Examples.
1) The space L(C™,C™) is identified with the n x m complex matrices.

2) If M is a closed subspace of H, then P, the orthogonal projection onto M,
belongs to L(H). We have || Py|| = 1, unless M = {0}.

3) The shift or more concretely the forward shift S: ¢* — (2 is defined, for x =
(Tn)n>1, by ST = (Yn)n>1, with vy = 0 and y,, = x,,_1, for n > 2. That is,

S (21,29, T3,y Tpy Ty, .- .) = (0,21, 20, Tp1, Ty )
S belongs to L(H) and ||S]| = 1. The backward shift B is defined by
B: (21,29,%3 ..., Ty, Tpy1,--.) = (T2, T3, T, ..o, Tpi1, Tpga - - ) -

We also have ||B|| = 1.

4) Let (2,%, 1) be a o-finite measure space. For every g € L>®(u), we define the
operator of multiplication by g as

My: L*(p) = L),  Myf=g-f, felL*Qp)
M, is a bounded operator and
| M|l = |lg||zee = inf{C > 0: |f| < C p-almost everywhere} .

A particular case of multiplication operators is the case of diagonal operators on 2.
Given a bounded sequence o = (o), of complex numbers, we define M, : (> — (*
by

My (21,29, 23, .. Xy sy .o ) = (1T, Qoo QB3T3 ..oy QT sy - ).
We have ||M,|| = ||a||cc = sup,, |an]-

As we are dealing only with complex Hilbert spaces, we have:

Lemma 2.1. If T' € L(H) and (Txz,z) = 0, for every x € H, then T = 0.

Proof. For all x, y € H we have

0=(T(+y)z+y) = Tr,x)+ Ty y) +(Tz,y) + (Ty,z) = (Tz,y) + Ty, z).

Changing y for iy we have then —i(Tx,y) + i(Ty,x) = 0, and therefore (Tz,y) —
(T'y,x) = 0. Summing up the two equalities we get

(Tz,y) =0, for all x,y € H.
This yields 7' = 0. U
The definition of the adjoint operator is given in the following proposition:

Proposition 2.2. Let T: Hy — Hy be a bounded operator between two Hilbert
spaces. There exists a unique operator T*: Hy — Hy, called the adjoint operator of
T, such that

<Tx:y>H2 = <x7T*y>H17 foerHla yEHQ'
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We have the following facts about adjoint operators:
o (T+S) =T+ 5%, for S, T € L(Hy, Hs).
o (aT)* =aT", for o € Cand T € L(H,, Hy).
o (SoT)*=T*0S*, for T € L(Hy, Hs) and S € L(H,, Hs).
o [|T|| = |IT™|, for T'e€ L(Hy, Hs).

Definition 2.3. An operator T' € L(H) is said to be:
(1) nomal if TT* =T*T,
(2) self-adjoint or hermitian if T* =T,
(3) unitary if TT* = T*T = I, where [ is the identity on H,
(4) idempotent or a projection if T*> =T.

Examples.
1) Orthogonal projections are hermitian. We have P;, = Py,.

2) The adjoint of the backward shift is the forward shift. As they do not commute,
the shift is not a normal operator.

3) For g € L>(u), the adjoint of M, is Mz. Consequently M, is a normal operator.
If g is almost everywhere real valued, then M, is self-adjoint.

Proposition 2.4. An operator T € L(H) is normal iff ||Tz| = ||T*z||, for all
e H.

Proof. Observing that || Tz||*> = (T'z, Tx) = (T*Tz,x), we have ||Tz|| = ||T*z||, for
all z € H if and only if ((T*T —TT*)x,x), for all z € H, and, by Lemma 2.1, if and
only if T*T =TT". O

Proposition 2.5. If T' € L(H) is an hermitian operator, then

17| = sup{[(Tz, )| - x € H, [lz|| <1}.
Proof. Let us write a = sup{|(T'z,x)| : @ € H, ||z|| < 1}. It is plain that a < ||T|.
For the reverse inequality, take x, y in the unit ball By. Since T is self-adjoint, we
have (T'z,y) + (Ty,x) = (Tx,y) + (y, Tx) = 2R((Tx,y)) By the definition of «, we
have

allz £ yl? > (T £ Ty, 2% )| = | (T2, 2) + (Ty,y) + 20((T, )|
Summing the two inequalities without the modules, we have
a(lo+yl + llz — yl?) = 4R(Ta,y)),  for all 2,y € By
By the parallelogram law, we deduce
a>R({(Tx,y)), for all z,y € By .
Taking y = Tz /||Tz||, we have | Tz| < a, for all z € By, and ||T]| < a. O
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Proposition 2.6. If U € L(H), the following facts are equivalent:
(1) U is unitary.
(2) U(H) = H and (Ux,Uy) = (x,y) for all z, y € H.
(3) U(H) = H and |Uz|| = ||z| for all x € H.

Proof. See [Ru, 12.13]. O

Proposition 2.7. If P € L(H) is a projection, then the space P(H) is closed and
P(H) =Ker (I — P).

Proof. If x € P(H), then there exists y € H such that x = Py. Therefore z = Py =
P(Py) = Px and = € Ker (I — P). Conversely, if x € Ker (I — P), then Pz = x and
x € P(H). O

Proposition 2.8. Let P € L(H) be a projection and M = P(H), then the following
facts are equivalent:
(1) P is self-adjoint.
(2) P is normal.
(3) M+ = Ker (P).
(4) (Px,z) = || Pz||* for all x € H.
(5) P is the orthogonal projection over M.
Proof. See [Ru, 12.14]. O

As a consequence, when P and @) are orthogonal projections, then P(H) L Q(H) if
and only if 0 = (Pz, Qy) = (QPz,y) for all z, y € H if and only if QP = 0 = PQ.

2.2. Compact operators.

Let us denote by By the closed unit ball of H. An operator T' € L(Hy, Hs) is
called compact if T(Bpy,) is a compact subset of Hy. This is the general definition
of compact operators between Banach spaces. In our case we can say that T is
compact iff T(Bp,) is compact. Indeed every T' € L(H;, Hs) is continuous from
the weak topology of H; to the weak topology of Hs, and then T'(By,) is weakly
compact and therefore weakly closed and norm closed.

We will denote by K(Hy, Hy) the space of all compact operators from H; to Hs.
K(Hy, Hs) is a closed linear subspace of £L(Hy, Hy). We have that the composition
T o S of two bounded operators T" and S is compact as soon as one of them is
compact (this is the ideal property).

Finite rank bounded operators are compact. In fact the finite rank bounded opera-
tors from H; to Hy form a dense subset of K(Hy, Hs).

A bounded operator T is compact if and only if 7™ is compact.

Lemma 2.9. Let T € L(H) be a self-adjoint compact operator T'# 0. Then there
exists x € H, with ||z|| =1 and Tx = Az, for A= ||T|| or A = —||T||.
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Proof. By the Proposition 2.5, there exist a sequence {x,} in By such that
1) I = lim (T, 2,)].

Passing to a subsequence if necessary, we can suppose that ((T'x,,, z,)), is convergent
to Ain C, and (x,,), is convergent in the weak topology to x € By. As T is compact
we have that (T'z,), tends to T'z in the norm topology. Therefore

A= lim (Tz,, z,) = (Tx,z) .

n—oo

As T is hermitian, A = (Tx,z) = (z,Tx) is real. By (1), we conclude ||T|| = ||,
and A = ||T'|| or A = —||T||. Since

Al = [Tz, )| < | TNllz([ll«]] < I} = [Al-
All the inequalities are equalities and ||z|| = 1. If z = Tx — Az = Tx — (Tx, x)x, we
have z | x and, by Pytagorean theorem,

1T = l21* + IAPll2]* = [2]* + 1T
In consequence z = 0, and T'r = Ax. ([l

Theorem 2.10. Let T € L(H) be a self-adjoint compact operator. Then, for N € N
or N = oo, there exist an orthonormal sequence {e,}_, in H and a sequence of
real numbers {\,}>_, such that:

(i) The sequence {|\,|} is decreasing, and if N = 0o, lim, o A, = 0.

(il) For every x € H we have Tx = 32" A\, (x, en)en.

Proof. We assume ||T'|| > 0. By Lemma 2.9, there exist e; € H, with ||e;]| = 1 and
Tey = Mey for Ay = ||T|| or Ay = —||T||. Define Hy = {e;}+. For x € H,, we have

(Tx,e1) = (x,Ter) = A {x,e1) =0,

and so Tx € Hy. We can then consider the operator T'|g, as a self-adjoint operator
on Hy, and, if ||T|g,|| > 0, apply again Lemma 2.9. This gives us es € Hy such that
Tey = Mgeg and Ay = ||T|g,|| or Ay = —||T|g,||. We continue with Hy = {e,es}*
and so on. There is two possibilities: either there exist N € N such that T'|g,,, =0
and we stop, or we have ||T|g, || > 0, for every n, and we put then N = co.

In both cases, we can define an orthonormal sequence {e,},<n, and a sequence
{An}n<n of real numbers such that

Ten =M, |Mo| =T, |, and H,yy = {ei,...,e,}" foralln < N.

Observe that {|\,|} is decreasing, and z = © — ) ,_ (z, ex)e), belongs to H,,4; for
every © € H and every n < N, with ||z|| < ||z|. In consequence

2) |72 = 3" At ewden]| < Tl = Dl
k=1

This gives directly (ii) in the case N € N.
In the case N = oo, write 8 = lim,, |\,,|. As we have

| Ten — Tem|* = | Aul* + [Am]? > 282, if n#m,
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and {Te,} has a convergent subsequence, necessarily we have = 0. Taking limit
in (2) when n — oo, we obtain (ii). O

Theorem 2.11. Let T € L(Hy, Hy) be a compact operator. Then, for N € N
or N = oo, there exist an orthonormal sequence {a,}Y_, in Hy, an orthonormal
sequence {b,}N_, in Hy, and a sequence of positive numbers {1, }_, such that:

(i) The sequence {7,} is decreasing, and if N = oo, lim,, o 7, = 0.
(i) For every x € Hy we have Tx = S 7 (x, a,)by.

n=1

Proof. Apply Theorem 2.10 to the self-adjoint compact operator T*T € L(H;). We
get a sequence {\,},<n of real numbers and an orthonormal sequence {e, },<y in
H; such that

N
(3) T"Tx = Z Az, en)en for all z € H; .

n=1

We have \, = (T*Te,,e,) = (Te,,Te,) > 0, for every n < N. If n # m, we have
0= (T"Tey, e,) = (Ten, Te,), and then Te,, L Te,.

Define a,, = e, and b, = Te,/||Te,||, for all n < N. The sequences {a,},<ny and
{b, }n<n are orthonormal and Ta, = 7,b, for 7, = /A,. If z € {a, : n < N}, by
(3) we have T*T'z = 0, 0 = (T*Tx,z) = ||[Tz||?, and Tz = 0. All these facts allow
to deduce (ii). O

Remark 2.12. In the previous theorem N € N only in the case that T has finite
rank. The number 7, coincides with the n’th approximation number of T" defined
by

a,(T) = inf{||T — R|| : R € L(Hy, Hy),rank of R < n}.

2.3. Spectral Theory. Analytic functional calculus.

An operator T' € L(H) is invertible if there exists an operator S € L(H) such that
TS = ST = I. S is called the inverse of 7" and denoted by 7T~!. By the Open
Mapping Theorem, for 7" € L(H) be invertible is necessary and sufficient that T be
bijective from H onto H.

T € L(H) is invertible if and only if 7% is invertible.

Definition 2.13. Let T be in L£L(H), the spectrum of T is the set o(T") of complex
numbers A such that T'— AI is not invertible.

A € Cis an eigenvalue of T if there exists x € H \ {0} such that Tx = A\x.

A € C is an approzimate eigenvalue of T if there exists a sequence {z,} in H such
that ||x,| = 1, for every n, and lim,_,o, Tx, — Az, = 0.

Observe that A € o(T) if and only if X € o(T*).

Lemma 2.14. IfT € L(H) and ||T|| < 1, then I — T is an invertible operator and
(I-T)"t =31
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Proof. The series converges absolutely since > [|[T"| < > ||T||* < 4o00. Define
Sy =Y p_oT". It is easy to check

S,(I-T)=(I~-T)S,=1-T"""
Taking limit the lemma follows since ||7T"| — 0. O
Proposition 2.15. Let G denote the subset of L(H) formed by the invertible oper-

ators. Then G is an open subset of L(H), and the application T — T~ is differen-
tiable on G.

Proof. Let Ty € G, take R € L(H) with ||[R|| < 1/||T;!||. Then, by Lemma 2.14,
Th+R= ([ - —RT—l)TO is invertible since || — RT; || < 1. We obtain

(To+R)™ =Ty (I+(=RTy )+ (RT, 'RT; )+ ) = T, ' =T, 'RT; ' +O(|| R)?).
This gives that the open ball of center Ty and radius 1/||T; *|| is contained in G and

the differentiability of the application '+ T—1 at Ty. The derivative at T} is the
linear continuous map R+ —T, 'RT; " from L(H) to L(H). O

Proposition 2.16. The spectrum of T € L(H) is a compact subset of C. In fact
we have |\ < ||T||, for every A € o(T).

Proof. By Proposition 2.15 and the fact that A — AI — T is continuous, the set o(T")
is closed. It is easy to check that

(4) (M —T)~ Z)\ i N > T

Then |A| < ||T||, for every \ € J(T). It follows that o(7T) is compact. O

Proposition 2.17. The map A\ — (A —T)~! is an L(H)-valued holomorphic func-
tion defined on C\ o(T).

Proof. Our map is differentiable on C \ o(T") because it is the composition of the
map A — A — T which is affine, and T — T~! which is a differentiable map by
Proposition 2.15. 0

Corollary 2.18. For every T € L(H) we have o(T) # 0.

Proof. 1f 0(T) = () we have, by Proposition 2.17, that A = (T'—AI)~! is holomorphic
on C, an entire function. But this function is bounded since, by (4), we have
limy o [[(A —T)7!|| = 0. By Liouville’s theorem this function is constant and this
constant has to be 0. This is a contradiction. O

Theorem 2.19 (Spectral radius formula). For every T' € L(H) we have
sup{]A|: A € o(T)} = inf [T = lim 77",
n> n—00

Proof. For every sequence (a,), of positive numbers satisfying a,, 1, < anau,, it can
be proved that

lim sup a,; Un — mf a
n—oo

This gives the second equality of the statement
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If |A| > limsup,, . ||77(|"/" the series in (4) is absolutely convergent, it yields the
inverse of A\I — T, and A ¢ o(T'). Therefore

sup{|\| : A € o(T)} < limsup ||T"||*/".

n—oo
Let R = sup{|A| : A € o(T)}. The function ¥: z — (£ — T)~! is holomorphic on
the open disk of centre 0 and radius 1/R, and its Taylor series on 0 is, by (4),

U(z) = f: Tt
n=1

For every continuous linear functional 7: £L(H) — C, 7 o ¥ is holomorphic in this
disk, and the radius of convergence of

i (T
n=1

is at least 1/R. Consequently, for every z € C, with |z| < 1/R, the sequence
{r(z"T™1)},, is bounded, for every T continuous linear functional. By the uniform
boundedness principle, the sequence {z"T""'}, is bounded in L£(H). Therefore,
there exists M > 0 such that
M > |z|" YT, for all n € N.

Take n’th root and limit when n — oo and you get

1> [2| lim || 77|/
whenever |z| < 1/R. Therefore R > lim ||77||'/". O

Examples.
1) If M is a nontrivial closed subspace of H (H # M # {0}), then o(Py;) = {0, 1}.

2) If S is the shift; then 0(S) =D = {z € C : |z| < 1}. Considering the backward
shift B, as we have B = S* and o(S) = {\ : A € o(B)}, it is enough to see
o0(B) =D. As |B|| = 1, we have o(B) C D. Every a € D is an eigenvalue of B
since

Bx = ax, for z = (Q")pen € (2.
Consequently D C o(B) and as the spectrum is closed, D C o(B).

3) If (2,%, i) is a o-finite measure space and g € L>(u), then M, is invertible if
and only if there exists € > 0 such that |g| > ¢ p-almost everywhere; that is, if and
only if there exists ¢ > 0 such that p(g7'(B(0,¢))) = 0.

The spectrum of M, is the essential range of g:

esstgg = {z € C: pu(g7'(B(z,¢))) > 0 for all € > 0}.

It is not difficult to see that essrg g is compact and that g(w) € essrg g for u—almost
every w € €.
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The functional calculus or symbolic calculus for operators tries to give meaning in
a "reasonable way” to the expression f(T') when f is a complex function defined on
(a subset of) C. This reasonable way should satisfy some algebraic conditions such

as (f +9)(T') = f(T) + g(T), (af J(T) = af(T), and (fg)(T') = f(T) o g(T'), and

some convergence conditions too.
The easiest case is consider polynomials. If f is the polynomial
f(2) =ao+arz + a2’ + -+ ap2",
and T' € L(H), then we just define
f(T) =aol +a T+ axT? + -+ +a,T".

We extend this definition to entire functions f € H(C) considering their Taylor
series at the origin. If

f(z):Zanz”, for all z € C,

n=0

we can define
o

f(0)=>a,T",  (where T° =1)

n=0
because this series is absolutely convergent in £(H). It is plain to check that this
definition obeys the above algebraic conditions.

If f is a rational function with poles out of o(7T), we can write
P(z)
Z) = )
/() (z=A)(z—=X) - (z— )
where A, Ag,... A\, ¢ o(T) and they can be repeated. We define then
f(T)=P(T)o (T —MI) o (T —XoI) P o-vio(T—NI)".

Oberve that the different components of the above expression are commuting oper-
ators, since when ST = T'S and S is invertible, we also have ST = S~!T'SS~! =
S=1STS~t =TSt

for 2 € C\ {1, Ay ..., A}

We are going to extend the above definitions and give meaning to f(7') when f is
an holomorphic function defined on an open set containing the spectrum o(7"). We
need the following lemma.

Lemma 2.20. Suppose T € L(H), a € C\o(T), and I is a cycle in C\ ({a}Uc(T))

such that Indr(X) =1 for every A € o(T) and Indr(a) = 0. Then
1
— P (a—2)"(zI - T) 'dz = (al = T)™, m=0,41,42,43,...
211 r

Proof. Tt can be found in [Ru, 10.24] in the setting of Banach algebras. O
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Let T € L(H), if f is an holomorphic function defined on an open set ) containing
the spectrum of 7', we can define f(T') in the following way: take any cycle I' in
Q\ o(T) with the property that Indr(\) = 1 for every A € o(T') and Ind(z) = 0,
for every z € C\ 2, and put

1 -1
= %]gf(z)(z]—T) dz.

This definition does not depend of the choice of I' and, thanks to Lemma 2.20, when
f is a polynomial, an entire function or a rational function with poles out of o(7T)
coincides with the one given previously.

Proposition 2.21. Let Q be an open set containing o(T), a € C, and f, f,,
g € H(Y). Then:

( ) (af +g)(T) = af(T) + g(T).
2) If f — [ uniformly on compact sets of Q, then || f(T) — fu(T)| — 0.
- g)(T) = f(T)og(T) = g(T) o f(T).
T) is invertible iff f(\) # 0, for every A € o(T).
F(M) = f(o() ={f(\) : Xea(D)}. (Spectral mapping theorem)

Proof. (1) is consequence of the linearity of the integral.

(2). Fix a cycle I' in Q \ ¢(T") with the required properties. The trace I' of I is a
compact set in . Then there exists M > 0 such that ||(z] —T)7!|| < M for every
z € I'*. Let || f||4 denote the supremum of |f| on the set A. We have

I£T) = ST < 52 § 1) = Fu(M el < 31 = - ength(D).

As f, — f uniformly on I'*, we get || f(T) — fu(T)| — O.

(3) is plain when f and g are rational functions with poles out of o(7"). The general
case can be deduced from this applying Runge’s theorem. For given f, g € H(Q),
there exist two sequences (f,,), and (g,), of rational functions with poles out of 2
such that f, — f and g, — ¢ uniformly on I'*. As (f,, - g )(T) = fu(T) 0 g.(T) =
gn(T) o fr(T), for every n, by (2), we get (3).

(4). If f(A\) = 0, for A € o(T), then there exists h € H(2) such that f(z) =
(z = A)h(z). By (3) we have f(T) = (T = X)oh(T) =h(T)o (T —XI). AsT — X\
is not invertible, then f(T') is not invertible. In the opposite direction, suppose
f(A) # 0, for all A € o(T). Then h = 1/f is holomorphic in a neighbourhood of
o(T), and, by (3), h(T) is the inverse of f(T).

(5). Given a € C, by (4) we have f(T') —ad is not invertible iff there exists A € o(T")
such that f(A\) —a = 0. That is, a € o(f(T)) iff a € f(co(T)). O

Proposition 2.22. Suppose f is holomorphic in a neighbourhood of o(T) and g is
holomorphic in a neighbourhood of f(o(T)). Then

(9o AIT) =g(f(T)).
Proof. 1t can be found in [Ru, 10.29] in the setting of Banach algebras. O]
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2.4. Spectral Theory for normal operators.

Lemma 2.23. If T is a normal operator, then:

(1) Every X € o(T) is an approzimate eigenvalue of T'.
(2) 1T = sup{[A[ - A € o(T)}.

Proof. (1). Let S =T — Al and observe that S is also a normal operator. If X is
not an approximate eigenvalue of 7', then there exists € > 0 such that || Sz| > ]|z||
for every x € H. This implies that S is injective and S(H) is closed in H. By
Proposition 2.4, we also have ||S*z| > ¢l||z|| for every x € H. Then S(H)* = {0}
and S(H) is dense in H. As S(H) is closed and dense, S is onto. Therefore S is
invertible and A ¢ o (7).

(2). As (T*Tz,z) = ||Tz|? for every x € H, taking supremum for x in By, we get
|T||? < [|T*T||, for all T € L(H). This yields, by induction, that for all T normal

T < @77 < 1T, forn=0,1,2,...

This implies ||T|| < ||72"||*/?", for all n. Using the spectral radius formula, we get
T < sup{|A| : A € o(T")}. The reverse inequality is true for every operator. O

Proposition 2.24. Let T € L(H):

(1) If T is hermitian and X € o(T), then X € R.
(2) If T is unitary and X € o(T), then || = 1.

Proof. (1). Suppose A ¢ R. Then A = a + i, with § # 0. For every x € H, we
have (T'z,z) € R since T is self-adjoint. Then, for all z € H,

(T = M)z, 2)| = [(Tw,2) — afz,x) — iz, z)| > |B]]|=]*,

and A is not an approximate eigenvalue. By (1) in Lemma 2.23, A ¢ o(T).
(2). If T is unitary, then ||Tz|| = ||z, for all z € H. For any A € C we have

1T = Azl = [ll=]| = [Alll(l] =[1 = [AL]l]]l

Therefore, if |A| # 1, then A is not an approximate eigenvalue, and by (1) in
Lemma 2.23, A ¢ o(T). O

Definition 2.25. Let ¥ be a o-algebra of subsets of 2 and H a Hilbert space. A
resolution of the identity or spectral measure is a mapping F: 3 — L(H) with the
properties:

(1) E(0)=0, E(Q) =1.

(2) E(A) is a self-adjoint projection (an orthogonal projection) for every A € 3.

(3) E(A1N Ag) E(A)) o E(As) = E(A3) o E(Ay), for all Aj, Ay € X.

(5) For all z, y € H if £, ,(A) = (E(A)z,y), for A € ¥, then E, , is a complex

measure on ..
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Example. Let (2,%, 1) be a o-finite measure space. For A € ¥, let X4 be the
closed subspace of L?*(u) formed by the functions vanishing almost everywhere in

Q\ A. Then
E(A) = Px, = the orthogonal projection onto X, , A€ X,

defines a resolution of the identity in £(L?(u)).
Observe that every projection E(A) is a multiplication operator. Indeed, if x4
denotes the characteristic function of A, then E(A) = M, ,.

Suppose E is a resolution of the identity. Let us call, for every A € X, X4 the
range of the projection F(A); that is, F(A) is the orthogonal projection onto the
closed subspace X 4. If A, Ay € 3 are disjoint sets, then, by (1) and (3), we have
XA1 1 XA27 and by (4>7

XA1UA2 = XA1 EB XAQ'

We have the same, for {Ag}1<k<, a finite family of pairwise disjoint sets in X:

XA:XAlEBXAQEB"'@XAn, fOl“A:UAk.
k=1
As a consequence of (2) in the following proposition, the same is true for {4, },en
a pairwise disjoint sequence in >:

Xa=Xu, ®Xa, @ ®Xu, ®---, forA:UAn.

n=1

Proposition 2.26. Let E be a resolution of the identity in L(H) defined on (2, %):

(1) E,, is a positive measure for every x € H.
(2) For x € H, the map A — E(A)z is a countably additive H-valued measure.
(3) If {A,} C X, and E(A,) =0, for all n, then E(J,—, A,) = 0.

Proof. (1). If P is an orthogonal projection, then Pz | z — Px, for every z € H,
and so (z, Pr) = (Pz, Px) > 0. We deduce that E, ,(A) > 0, for all A € ¥ and all
reH.

(2). Take {A, },en a sequence of pairwise disjoint sets in X.. Let A =J 7, A4,. By
(5) in Definition 2.25, we have

o0

(5) (E(A)z,y) = (B(A)z,y), forallyeH.

n=1

As we said before, the sequence { E(A,,)z}, is orthogonal. Then using (5) and Propo-
sition 1.4, we have that the series > FE(A,)z is convergent in the norm topology
of H, and its sum is E(A)z.
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(3). Define B; = Ay, and B, = A, \ Uj_| A, for n > 2. Then {B,}, are pairwise
disjoint, B, C A, for all n, and

TG
n=1 n=1

As E(A,) = 0, and the range of the projection E(B,) is included in the range of
E(A,), we have E(B,) = 0 too. Since E,, is countably additive, we have

(E(A)x,y) = Z(E(Bn)x, y)y =0, for all z,y € H.
n=1
Therefore E(A) = 0. O

We define L*(FE) as the space of (classes of) measurable functions f: Q@ — C which
are essentially bounded; that is, there exist C' > 0 such that E({|f| < C}) = 0.
This is a Banach space with the essential supremum norm.

We are going to give the definition of [ fdE. If f is a simple function and

(6> f:ZOékXAk, ap, e C, ApeXx,

we define

/de “N B4 € L(H).
k=1
It is easy to check, thanks to the finite additivity of F, that the above definition
only depends on f, and not on the expression of f used in (6). We can choose in (6)
the sets {Ax} pairwise disjoint, and suppose that F(Ag) = 0 iff & > [, for certain
1 <1 <n. Then

([sae)| - Z|ak| I B(A? = Z|ak| 1B(Al”

< (max |ay|? Z IE(AR)Z|? < N f oo myll]l? -

1<k<I

In consequence we have || [ fdE| < HfHLoo . In fact, if £ <[, and x # 0 belongs
to the range of E(Ay), then ([ fdE)x = akx and || [ fdE| < |ag|. Therefore
| [ fdE| = ||fllz=(r), for every simple function f.

The map f — [ fdE is then a continuous linear map that can be extended, by
the density of simple functions in L*°(E), to an unique continuous linear map
®: L®(E) — L(H). Then define [ fdE = ®(f), for all f € L>(E).

Observe that given f € L®(E), the operator T = [ fdE is the unique operator
satisfying

(Tx,y) = /fd vy s for all z,y € H.
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In fact this is trivial to check for simple functions, and follows, by density, for every

feL=E).

Proposition 2.27. Let E be a resolution of the identity, f, g € L*(E), T = [ fdE
and S = [gdE. Then:

) If f is essentially real-valued, then T is self-adjoint.

)ToS=SoT=[fgdE.

) IT) = 1

) o(T) is the E-essential range of f; that is, C\ o (T) is the biggest open subset
G of C such that E(f~*(G)) = 0.

Proof. (1), (2) and (3) are easily checked if f and g are simple functions. By density
they follow for all f, g € L>®(FE).

(4) has been already proved for f simple, and follows by density for all f € L>®(FE).
(5) We claim that 7' is invertible iff there exists ¢ > 0 such that |f| > ¢, E-almost
everywhere. As a consequence, A € o(T) iff E[f~'(B(X\,¢))] # 0, for all € > 0, that
is, iff A is in the E-essential range of f.

Suppose that |f| > e, E-almost everywhere, and € > 0. Defining h(w) = 1/ f(w), if
|f(w)] > € and h(w) = 0 elsewhere, we have h € L>*(E) and fh =1 E-a.e.. By (3)
we have that f hdFE is the inverse of T', and T is invertible.

Suppose now that T is invertible, 0 < ¢ < 1/||T7!||, and consider A = {w € Q :
|f(w)] < e}. It is enough to check E(A) = 0 for proving our claim. If E(A) # 0,
take z # 0 in the range of E(A), and obseve that ||xaf]|z~r) < . Then we would
have

7l = 7| = | ([ FxadE)s] < clell < ).
a contradiction to the fact ™t > || T O

By definition, or as a consequence of (1) and (3) in the previous Proposition, we
have that [ fdE is a normal operator for every f € L. Now we are going to see
that every normal operator 7" induces a resoution of the indentity £ on the Borel

subsets of o(T") such that
T / 2 dE(2).
o(T)

We will use the following lemma:

Lemma 2.28. Let T' be a normal operator and p € C[X,Y]| a complex polynomial
i two variables. Then we have

lp(T, T*)|| = sup{|p(A, )] : A € o(T)}

Proof. The proof of this lemma is elementary in the case T' is self-adjoint and more
complicated in the general case. First let us see the case T self-adjoint. If T =T,
then p(T,T*) becomes ¢(T) for certain polynomial ¢ € C[X], such that p(z,z) =
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q(z), for every x € R. As o(T) C R, by (2) in Lemma 2.23 and by the spectral
mapping theorem ((5) in Proposition 2.21), we conclude

[a(T)|| = sup{|A| : A € o (a(T)) } = sup{lg(N)] : A € o(T)}.

The proof of the general case needs some elaborated facts about commutative Ba-
nach algebras. Let A, be the subset of L(H):

Ao = {p(T, T*) ‘pe (C[X7 Y]}

It is easy to see that p(T,T*) is well defined thanks to the fact that 7' is normal.
By the same reason, Ay is a commutative subalgebra of L(H). Taking its closure
A = Ay in the norm topology we get a commutative Banach algebra A. This algebra
is closed by taking adjoint and satisfies

1S*S|| = S|,  forall Se A.

In fact this is true for all S € £(H). So A is a commutative B*-algebra (see [Ru,
11.17]). By the Gelfand-Naimark Theorem (see [Ru, 11.18]), if

A={¢: A— C: ¢is an algebra homomorphism},
then
1S|| = sup{|o(S)|: ¢ € A}, and $(S*) =¢(S), forall Se A.
In particular, for p € C[X,Y], as ¢(p(T, T*)) = p(¢(T), d(T*)) for all ¢ € A,
(7) Ip(T, T%)|| = sup{[p(\, M)] : A = ¢(T), ¢ € A}.

But, as A is a commutative Banach algebra, we have that A = ¢(T") for some ¢ € A
if and only if A € o 4(7T); that is, iff T'— AI is not invertible in A (see [Ru, 11.5 (e)]).
But, it can be proved (see [Ru, page 321]) that, given S € A, S has an inverse in
L(H) if and only if it has an inverse in A. Then, by (7), we conclude

lp(T, %)l = sup{[p(\, A)| : X € o(T)} .
0J

Theorem 2.29 (Spectral Theorem). Let T' € L(H) be a normal operator. There
exists a unique spectral measure E defined on the o-algebra B of Borel subsets of

o(T) such that:
/ 2dE(z)=T.
o(T)

Moreover, T commutes with the projection E(A), for every Borel subset A of o(T).
Proof. Let A be now the subalgebra of C(c(T')) formed by the functions

2 p(z,2), p e C[X,Y].
Lemma 2.28 allows to see that the map

O: p(z,2) = p(T,T7)
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is a well defined linear isometry from A to £(H) that satisfies

(8) o(f) =e(f) and  @(fg)=P(f)o (),
for all f, g € A. But A is a subalgebra of C(¢(7T')) that contains the constants, that
is closed by conjugation and that separates the points. By the Stone-Weierstrass
Theorem, A is dense in C(0(T")) and ® can be extended to an unique linear isometry
¢: C(o(T)) — L(H) satisfying (8) for all f, g € C(a(T)).
For every x, y € H, the map

f= (@), y)
defines a continuous linear map on C(o(7")). By the Riesz Theorem, there exists a
unique complex measure /i, , defined on B such that

(9) (@(f)r.y) = / LTy, forall € Clo(T)).

We let the reader check the following properties:

(1) Maztzy = Qgy + fsy, for x,y, 2 € H, and a € C.
(ii) pyx = fizy, for all z, y € H. (Use ®(f)* = ®(f)).
(i) [| gy [l < Nlll[l5]], for all , y € H. (Use [ (f)]| < [[f]])-
(iv) pze > 0, and ||py .|| = ||2]|?, for all z € H. (Use [ ldu,, = (x,z) = ||z|?).
Let X be the Banach space formed by all bounded measurable functions f: o(T") —
C with the norm

||f||x = SUP{lf( ) Aea()}
and, for f € X, define ¥U(f) € ) as the unique operator such that

Hz,y) fduxy, forall fe &.
This can be done thanks to (i), (11) and (iii). Using (ii) we see that W(f)* = ¥(f),
and that W(f) is self-adjoint if f € X is real-valued. Then ¥(f) is a normal operator
for every f € X. By (9) we have U(f) = ®(f), for all f € C(ca(T)).

To finish the proof we will use the following

Claim. We have U(fg) = U(f) o W(g) = ¥(g) o ¥(f), for all f, g € X.

We prove the claim later. Defining E(A) = ¥(x4), for all Borel set A € B, we have
that F(A) is an orthogonal projection for E(A) is self-adjoint and idempotent since
X 4 is real-valued and x4 = xaxa. F is a resolution of the identity:

e E()=v(0)=0,and E(o(T))=¥(1) =®(1) = 1.

® XA,nA, = XA XA, Yields E(A; N Ay) = E(A;) o E(A2) = E(Ay) o E(Ay), for

all Al, AQ e B.
® XAUAs — XA +XA2, when Al ﬂAg = @, y1€1dS E(Al UAQ) = E(Al) +E(A2)
o B, (A) =(E(A)z,y) = psy(A), for all z, y € H and all A € B.

As we have, for all z, y € H,

/ 2dE,, = / z2dpyy = (P(2)x,y) = (Tz,y),
o(T) o(T)
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we conclude that fa(T) zdE(z)=T.

Uniqueness of E follows from the fact that, if fU(T) zdE(z) =T, for a resolution of
the identity E, then

(T)f(Z) dE(z) = ®(f),

for all f € A by algebraic properties and, by density, for all f € C(o(T")). Necessarily
we should have E, , = p,,, for all z, y € H, and this determines F£. O

Proof of the Claim. Take ¢ € C(o(T)), and let S = ®(p) = ¥(¢). Then we have

(10) / b diy = (B0, y) = (B()St, y) = / sy,

for every ¢ € C(o(T)) and all z, y € H. In the same way we have

(11) /Wdux,y = (Se(¥)z,y) = (2()z, S™y) = /¢du:p,5*y-
Therefore, for all x, y € H, we have

(12) Spd,ux,y = dﬂSx,y = dﬂx,S*y'

By integration, the equalities (12) yields U(¢f) = W(p) o U(f) = VU (f) o ¥(yp), for
all p € C(o(T)), and all f € X. And this yields, by similar calculation that (10)
and (11), if S = W(f),

(13) fdﬂ:c,y = d,uS:c,y = d,ux,S*ya

for all f € X, and all z, y € H. Integrating now ¢ in (13) we finally obtain

U(fg) =W(f)oW(g) = W(g)o¥(f), forall figeX.
O

The previous theorem allows us to extend, for a normal operator T', the analytic
functional calculus to bounded measurable functions f: o(T') — C. We define

f(T) = - f(z) dE(z)

for E the spectral measure associated to T

Proposition 2.30. Let T be a normal operator, E the spectral measure associated
toT, and f, g, fn: o(T) — C bounded measurable functions:

(fo)(T) = f(T) 0 g(T) and (f +g)(T) = f(T) + g(T).

J(T) = (f(T)".

If fo, — f uniformly on o(T), then || f(T) — f.(T)| — 0.

If G is an open subset of C such that GNo(T) # 0, then E(GNo(T)) # 0.
If [ is continuous, then o (f(T)) = {f(A): X € o(T)}.
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Proof. (1), (2) and (3) follows from the general properties of the integral with respect
to spectral measures that we have seen in Proposition 2.27.
(4). There exists A € o(T') and € > 0, such that

A={z€eo(l):|z=N<e}CcGna(T).

If E(A) were 0, then |z — A\| > ¢, for F-almost every z € o(T'), and, as in the proof
of Proposition 2.27, A\I — T would be invertible. This would be a contradiciton with
the fact that A € o(7T).

(5). From (4) we deduce that, for any continuous function f, the E-essential range
of f coincides with its range {f(\) : A € o(T)}. The result follows using (5) in
Proposition 2.27. 0

Corollary 2.31. Let T be a normal operator. Then
(1) T is unitary iff |\| = 1 for every A € o(T).
(2) T is self-adjoint iff X € R for every X\ € o(T).

Proof. Proposition 2.24 gives the implications T self-adjoint = o(T) C R, and T'
unitary = |A\| =1 for all A € o(T).

Assume now that 7' is normal and o(7T) C R. Let E be the spectral measure
associated to T'. Then the map z — z is real-valued on o(7'), and by (2) in Propo-

sition 2.30,
T :/ ZdE(z) :/ 2dE(z)=T.
o(T) o(T)

In the same way, if T" is normal and |A\| = 1 for all A € o(T). Then 2z = 1, for every
z € o(T). By (1) in Proposition 2.30,

T = TT* = / ZdB(2) = / VdE(z) = I

0
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