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ABSTRACT

On The Numerical Range of Compact Operators

Montserrat Dabkowski

One of the many characterizations of compact operators is as linear operators which
can be closely approximated by bounded finite rank operators (theorem 25). It is
well known that the numerical range of a bounded operator on a finite dimensional
Hilbert space is closed (theorem 54). In this thesis we explore how close to being
closed the numerical range of a compact operator is (theorem 56). We also describe
how limited the difference between the closure and the numerical range of a compact
operator can be (theorem 58). To aid in our exploration of the numerical range of
a compact operator we spend some time examining its spectra, as the spectrum of a
bounded operator is closely tied to its numerical range (theorem 45). Throughout,
we use the forward shift operator and the diagonal operator (example 1) to illustrate

the exceptional behavior of compact operators.
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Chapter 1

BACKGROUND

We begin with some definitions and useful results we wish to remind the reader of.

We will omit the proofs, which can be found in the provided references.

Axiom 1 (Axiom of Completeness). Every nonempty set of real numbers that is

bounded has a supremum and an infimum.

Theorem 1 (Archimedean Property. [1], Theorem 1.4.2).

1. If x € R, then there exists some n € N such that n > x

2. If y € R is such that y > 0, then there exists some n € N such that % <y

Theorem 2 (Cayley-Hamilton Theorem. [3|, Theorem 8.37). Let V' be a complex

vector space and T € L(V'). If p is the characteristic polynomial of T, then p(T) = 0.

Theorem 3 (|2|, Theorem 6.11). If V., W are metric spaces and T : V — W is a

function, then the following are equivalent:

1. T 18 continuous
2. lim f, = f inV implies lim T(f,) =Tf in W
n—oo n—oo

3. T7Y(G) is an open subset of V for every open set G C W



4. T7Y(F) is a closed subset of V' for every closed set F C W

Theorem 4 (Cauchy-Schwarz Inequality. [2], Theorem 8.11). Let V' be an inner
product space and f,g € V.. Then, [{f,g)] < |[fIlllgll. Equality holds if and only if

f, g are scalar multiples of one another.

Def: A Banach space is a complete normed vector space.

Theorem 5 (Open Mapping Theorem. [4|, Theorem 12.1). If V., W are Banach
spaces, G is open in'V, and T : V. — W is continuous and onto, then T'(G) is open

m W.

Def: Let V', W be normed vector spaces and T' € L(V, W). The norm of T', denoted
|T|, is defined by ||T'|| = sup{||Tf|| : f € V and ||f|| = 1}. We say that T is
bounded if ||T|| < co. We use B(V, W) to denote the set of bounded linear maps

from V to W.

Theorem 6 ([2|, Theorem 6.48). Let V., W be normed vector spaces and

T € L(V,W). Then, T is continuous if and only if T is bounded.

Def: A Hilbert space, H, is an inner product space, such that under the norm

induced by the inner product H is a Banach space.

Theorem 7 ([2], Theorem 6.16). Let H be a complete metric space. If U is a closed

subspace of H, then U 1is complete.



Note. A subspace of a Hilbert space is not necessarily Hilbert. However, since Hilbert
spaces are complete metric spaces, theorem 7 tells us that a closed subspace of a Hilbert

space is Hilbert.

Def: Let V be an inner product space and U C V. The orthogonal complement

of U, denoted U+, is the set U+ = {v € V : (u,v) for all u € U}.

Theorem 8 (|2]|, Theorem 8.40a). Let V' be an inner product space and U C V', then

U™t is a subspace of V.
Note. We will be using the notation U to denote the closure of U.

Theorem 9 ([2|, Theorem 8.42). Let H be a Hilbert space and U be a subspace of H.
Then, U = H if and only if U+ = {0}.

Def: Let H be a Hilbert space and {h,, : n € N} C H. Wesay {h,, : n € N} is a basis
for H, if for each h € H there exist hy,,...,hy, € {h, :n € N} and a4, ..., a4 € C,

such that h = aqhy, + -+ + aghy,.

Def: Let H be a Hilbert space and let
S ={hn:n €N, (hy, hy)=0if n #m and (h,, h,) = 1 otherwise} C H

We say S is an orthonormal basis for H, if for each h € H there exist a,, € C such

that h = > anh.

n=1

Theorem 10 (Tychonoff-Alaoglu Theorem. |[8], Problem 17). Let H be a Hilbert

space and B be the unit ball in H. Then, B is weakly compact.
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Theorem 11 (Heine-Borel Theorem. [13|, Theorem 241). Let K C R™. Then, K is

compact if and only if K is closed and bounded.

Def: Let V,W be inner product spaces and T' € L(V,W). The adjoint of T is the
function T* € L(W,V) defined by (T'f,g) = (f,T*g) for every f € V and every
g € W. We say T is self-adjoint if 7" =T. We say T is normal if 7%T =TT*.

Theorem 12 ([2|, Theorem 10.11). Let V., W be Hilbert spaces and T € B(V,W).
Then, T* € BIW, V), (T*)* =T, and ||T*|| = ||T|.

Theorem 13 ([2|, Theorem 10.12). If V., W, and U are Hilbert spaces, then:

1. (S4+T) =8*"+T* for all S,T € B(V,W)
2. (o) =aT* foralla € F and all T € B(V, W)
3. I"=1

4. (SoT)*=T*0S* for allT € B(V,W) and all S € B(W,U)

Theorem 14 (|2|, Theorem 10.13). If V., W are Hilbert spaces and T € B(V,W),
then:

1. null T* = (range T)*

2. range T* = (null T)*

3. null T = (range T*)*

4. range T = (null T*)*



Theorem 15 ([2|, Theorem 10.14). Let V., W be Hilbert spaces and T € B(V,W).

Then, T has dense range if and only if T is one-to-one.

Theorem 16 ([2|, Theorem 10.19). Let H be a Hilbert space. T € B(H) is invertible

if and only if T* is invertible. Futhermore, if T is invertible, then (T*)™' = (T—')*.

Theorem 17 (|2|, Theorem 10.22). Let V' be a Banach space. If T € B(V) and
|T|| < 1, then I — T is invertible and (I —T)™* = > T™.
n=0

Theorem 18 ([2], Theorem 10.25). Let V' be a Banach space. Then,
{T € B(V) : T is invertible} is an open subset of B(V).

Theorem 19 ([2], Theorem 10.38). Let H be a nonzero complex Hilbert space and

T € B(H). Then, {a € C: T — «al is not invertible} is a nonempty subset of C.

Theorem 20 ([2|, Theorem 10.54). Let H be a complex Hilbert space and T € B(H).

Then,

™ +T (T* =T
+ andB:—Z( )

1. There exist unique self-adjoint operators A = , such

that T = A+1iB

2. T is normal if and only if AB = BA

Theorem 21 ([2|, Theorem 10.57). Let H be a Hilbert space and T € B(H) be
normal. If o, B are distinct eigenvalues of T', then the corresponding eigenvectors are

orthogonal.



Chapter 2

COMPACT OPERATORS

In this chapter we introduce compact operators. We include just enough proofs so
that someone wanting to read about numerical ranges of compact operators (typically
not included in most standard introductions to compact operators) can obtain enough

background on compact operators to follow the later work with their numerical ranges.

Def: An operator T defined on a Hilbert space H is said to be compact if for every
bounded sequence (f,) in H, the sequence (T'f,) has a convergent subsequence. We

use C(H) to denote the set of all compact operators on H.

Theorem 22 (|2], Theorem 10.67). Let H be a Hilbert space and T € B(H). If

range T' is finite, then T € C(H).

The following proof is adapted from the proof given in [2].

Proof. Assume H is a Hilbert space, T' € B(H), and dim(range 7') < oo. Since
range 7' is finite dimensional, there exists a finite basis for range 7. Applying
the Gram-Schmidt procedure, we obtain a finite orthonormal basis {ey,..., ey} for
range T'. Let (f,) be a bounded sequence in H. Since {ey, ..., e} is an orthonormal
basis for range T, for each n € N, we can write T'f,, = (T'f,,e1)er +- -+ (T fn, €m)em.

For each n € N and each j € {1,...,m},

(T fos )] < T full el (2.1)



= | fal (2.2)
<7l

< TN sup{llfall : n € N}

Line (2.1) follows from the Cauchy-Schwarz inequality. Line (2.2) follows from the e;’s
being of unit length. Thus, we have shown that for each j € {1,...,m}, (T f,.¢;)) is a
bounded sequence in C. Thus, by the complex version of the Bolzano-Weierstrass the-
orem, for each j € {1,...,m}, there exists some convergent subsequence ((I'f,,,¢€;)).
Thus, by taking subsequences of subsequences, we can find a subsequence (7'f,,)
such that lli}rgo(Tfm, e;) = a; € Cfor every j € {1,...,m}. Therefore, by the alge-
braic limit theorem, lli}g) Tf, =oe;+ -+ ape, € H. Thus, we have shown that

T € C(H), as desired. O

The following is a prototypical compact operator and will be used as a basic example

in the following sections.

Example 1. Let (b,) be a sequence in F such that lim b, = 0. Define T € B({?) by

n—o0

T(ay,as,...) = (a1by, asby,...). T is compact.
Proof. For each n € N, define T,, € B(¢?) by

To(ay,as,...) = (aiby, ..., a,b,,0,...)

(i.e. T, is the same as T for the first n entries, and has 0’s in all the other entries).

For a fixed n € N, elements of range 7}, have the form

(a1by, ..., anbp,0,...) = a1bi(1,0,...) +asbs(0,1,0,...) 4+ -+ anbn(0,...,0,1,0,...).

7



Thus, for a fixed n € N, each element of range 7T,, can be written as a linear combina-
tion of n elements. Since the standard basis vectors are clearly linearly independent,
{(0,...,0,1,0,...); : i € {1,...,n} and b; # 0} is a basis for range T,,. Therefore,

dim(range 7,,)< co. Since bounded operators with finite range are compact (this is

theorem 22), it follows that T, is compact for each n € N.

Next, we show that lim 7,, = 7. This is equivalent to showing lim ||7,, — T'|| = 0.
n—oo

n—oo

Let € > 0. By definition,

1T = Tl = sup{|[(T" = To) ()] : (an) € €, [|(an)|| = 1}

So, it suffices to show ||[(T'—T,)(a,)|| < € for an arbitrary (a,) € £* with ||(a,)|| = 1.

o o
Since [|(a,)|| = 1, we have that /> Ja,|? =1, and so > |a,|* = 1. Hence, because
n=0 n=0

o0
€2 > 0, there exists N; € N, such that whenever n; > Nj, > |a;)* < €. Since
=n1

lim b, = 0, and 1 > 0, there exists some N, € N, such that whenever ny, > N,

n—oo

|b,| < 1. Let N = max{Ny, Na}.

By definition,

(T = T) ()| = [1(0, ..., 0, Gnribusrs ansobsas - |

Thus, [[(T' = T,)(an)[I* = 32 laibil.

1=n+1



So, letting n > N, we have that

(T =T (@)= D laibil
i=n+1

=) (Jaillba])?

i=n-+1

o0
= > lail’|bi?

1=n+1

< Y a1 (2.3)

i=n-+1
oS

-3 ok

i=n+1

< ¢g? (2.4)

Line (2.3) follows from |b;]*> < 1, because i > n+1> N +1 > Ny + 1 > N,. Line

(2.4) follows from > |a;]* < €2, because i >n+1>N+1> N; +1> Nj.
i=n+1

Since norms are always non-negative and ¢ > 0, we can take the square root of both
sides of the above inequality (without worrying about it changing directions), to find
(T — T,)(a,)|| < € whenever n > N. Thus, by the definition of supremum,

||T—T,|| <e, whenever n > N. Thus, lim ||T,, —T|| =0, and so lim 7,, =T.
n—oo n—oo

What we have shown is that (7},) has a limit point 7. Since C(¢?) is a closed subset

of B(¢?) and (T,,) is a sequence in C(£?), it follows that T' € C(¢?). O

Theorem 23 (2], Theorem 10.68). Let H be a Hilbert space. If T € C(H), then
T e B(H).



The following proof is adapted from the proof given in [2].

Proof. Assume H is a Hilbert space and T" € H. Seeking a contradiction, assume
that 7" is not bounded. Then, there exists some bounded sequence (f,) in H, such
that nhjEO |T f.|| = oco. Since T is compact, there exists some convergent subsequence
(T f,,) converging to some y € H. Since H is a Hilbert space, it follows that

lyll < oo. If we consider only (||Tf,,||) and (||Tf.|]), we cannot have one converging
to something with finite norm and the other not. Thus, no subsequence of (T'f,,) can
converge, contradicting that 7" € C(H). Therefore, we must conclude that 7" € B(H),

as desired. [

Note. It seems intuitive that C(H) is a subspace of B(H). This is true and can be

easily checked, so we omit its proof. More is true, and is summarized in theorem 24.

Theorem 24 (|2]|, Theorem 10.69a). If H is a Hilbert space, then C(H) is a closed
subspace of B(H).

The proof of theorem 24 is omitted and can be found in Axler’s book (|2]).

Note. Compact operators are considered nice because they behave similarly to finite

rank operators. This is summarized in the following theorem.

Theorem 25. Let H be an infinite dimensional Hilbert space and T € B(H).
T € C(H) if and only if T is the limit of a sequence of operators in B(H) with finite

dimensional range.
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Lemma 26. Let H be a Hilbert space and T € C(H). Let {e, : n € N} be an orthonor-
mal basis for range T and P, be the orthogonal projection of H onto span{es, ..., e,}.

Then, lim |P,T —T| = 0.
n—oo

Proof of lemma 26. Let H be a Hilbert space and T € C(H). Also, let {e, : n € N}
be an orthonormal basis for range 7' and P, be the orthogonal projection of H onto
span{ey, ..., e,}. Seeking a contradiction, suppose nh_)rglo |P,T — T|| # 0. Then, there
exists some § > 0 and a sequence (n;) in N, such that HPan — TH > 0. For ease of
notation, we will refer to the sequence (P,;) as simply (F,). We claim that there ex-
ists some sequence (z,) in H with ||z,|| = 1 such that ||[(P,T — T)x,|| > g To prove
this claim, we suppose not. Then, for every x € H with ||z| = 1, ||(P.T — T)z| < g
This implies that £ is an upper bound on {||(P,T — T)z|| : « € H with |z| = 1}.
Since |P,T —T|| = sup{|[(P,.T —T)x| : « € H with ||z|| = 1}, it follows by the
definition of supremum that |P, T — T|| < g This contradicts that ||P,T — T|| > 4.

Thus, we must conclude that there exists some sequence (x,) contained in H with

4
|n|| = 1, such that |[(P,T — T)z,|| > 5 3 previously claimed.

Since T' € C(H) and (x,,) is bounded, (7'x,) must have some convergent subsequence.
Let (T'z,,) denote this convergent subsequence, and let y € H be the element it

converges to. Let € > 0. Then, there exists some K; € N such that whenever £ > K,
€

Since (T'z,,) — y, we know y € range 7. Thus, there exist some a; € C, such

[e.e]

that y = > aye;. That is, there exists some N € N, such that whenever n > N,
i=1

11



> e — yH < e. Note that for n > N,
i=1

1Pa(y) =yl =

Line (2.5) follows from the continuity of P,, since P, € B(H). Line (2.6) follows from

the definition of P,. Line (2.7) follows from the fact that n > N. Thus, we have

shown that lim P,y = y. Therefore, the subsequence (P,,y) must also converge to
n—oo

y. Thus, there exists some K, € N such that whenever k > Ky, || P,y —yl| < 5.

Let K = max{K;, K»}. Suppose k > K. Now,
(B, T = T)n, || = |(Poy, = D) T, |
= (P, = )T, + (B, — Dy — (B, — Dy
= [P, = DTy, —y) + (B, — Dy
< NPy = D(Twn, — )| + [Py, — Dyl
< (P = DTz, — Il + 1(Po, = Dy
< (B [T+ I (T, = )| + 1(Pry = Dyl
=2[|(Tzp,, = y)l| + | (Lo, — Dyl
<2(3) +1Puy—yl
e €
<5t3

12



Line (2.8) follows from the triangle inequality. Line (2.9) follows from the fact that
orthogonal projection operators have norm 1. Line (2.10) follows from the fact that
k > K > K. Line (2.11) follows from the fact that ¥ > K > K,. Thus, we have
shown that ||(P,, T —T)xn,|| < e. This contradicts that ||(P, T —T)z,| > g for
every n € N, since we have just shown we can make a subsequence arbitrarily small.

Thus, we must conclude that lim ||P,7 — T|| = 0. O
n—oo

Proof of theorem 25. (=) Suppose T' € C(H). Since H is a Hilbert space and
range T is closed, it follows by theorem 7 that range T is a Hilbert space. Thus,
there exists an orthonormal basis for range T', which we will denote {e, : n € N}.
Let P, denote the orthogonal projection of H onto span{ey,...,e,}. By lemma 26,
we know nh_)rgo P, T =T. Since T € C(H), by theorem 23 T" € B(H). And since
P, € B(H) for each n € N, it follows that P,T" € B(H) for each n € N. Also note
that dim(range P,7T") < dim(span{ey,...,e,}) = n. So, P,T has finite dimensional

range for each n € N. Thus, by lemma 26 we have shown that 7" is the limit of a

sequence of operators in B(H) with finite dimensional range.

(<) Assume T € B(H) is such that lim 7, =T, where T,, € B(H) and
n—oo

dim(range T},) < oo for each n € N. Then, by theorem 22, T,, € C(H) for each n € N.

Since C(H) is closed (this is theorem 24), it follows that 7' € C(H).

Therefore, T € C(H) if and only if it is the limit of a sequence of operators in B(H)

with finite dimensional range. O

13



Theorem 27 ([2|, Theorem 10.69b). Let H be a Hilbert space. If T € C(H) and
S € B(H), then ST, TS € C(H).

The following proof is adapted from the proof given in [2].

Proof. Let H be a Hilbert space. Assume 7' € C(H) and S € B(H). Let (f,) be
some bounded sequence in H. Since T" € C(H), there exists some convergent sub-
sequence (T'f,, ) of (T'f,). Let us call the element (T'f,,) converges to y. Then,
kll_{go Tf, = y. Since S is a bounded linear operator, it is continuous. Thus,
lim S(T'f,,) = S(kh_)rrolo T f,.) = Sy. Thus, we have shown that (ST'f,,) has a conver-

k—o0

gent subsequence (ST'f,, ). Thus, by definition we have ST € C(H).

Now, we turn to showing that 7'S is compact. Since (f,) is bounded there exists

some M > 0 such that || f,|| < M for every n € N. Since S € B(H), ||S|| < co. Now,

1S fall < IS 11 £l
< |[S[I M (2.12)
< o0 (2.13)

Line (2.12) follows from (f,) being bounded. Line (2.13) follows from S being
bounded. Thus, we have shown that (Sf,) is a bounded sequence. Since T' is compact,

(T'S f,,) must have a convergent subsequence. Thus, T'S € C(H). O

Theorem 28 ([2], Theorem 10.73). Let H be a Hilbert space. T € C(H) if and only
if T* € C(H).

14



The following proof is adapted from the proof given in [2].

Proof. (=) Assume T' € C(H). By theorem 23, T' € B(H), hence T* € B(H), since
IT|l = ||T*|| (this is theorem 12). Since C(H) is a two-sided ideal, it follows that
TT* € C(H). Let (f,) be a bounded sequence in H. Thus, there exists some
M > 0, such that ||f,|| < M for each n € N. Let ¢ > 0. Since T' € C(H),
there exists some convergent subsequence of (TT*f,,). We will call this subsequence
(I'T* fn,;). Since (TT*fy,;) convergent and H is a Hilbert space, it follows that

(T'T* fn,) is Cauchy. Thus, there exists some N € N, such that whenever n;, ny > N,

2,:‘2

T foy =TT fur || < 537

Now,

T fy = T* o I” = (T foy = T faes T fy — T )

- <T*(fn]- - fm)aT*(fnj - fnk>>

= (fuy = Fues TT*(f, = ) (2.14)
< |\ foy = £l HITT(fay = £ (2.15)
< (s |+ WD 7Ty = ) (2.16)
< (M+M)% (2.17)

Line (2.14) follows from the definition of the adjoint. Line (2.15) follows from the
Cauchy-Schwarz inequality. Line (2.16) follows from the triangle inequality and the
fact that ||h|| = ||—h/|| for every h € H. Line (2.17) follows from the fact that (f,) is
bounded and that n;,n; > N. Since norms are nonnegative taking the square root
of both sides of the inequality yields HT* Jn; =T fu, H < e. Thus, we have shown
that (T f,,) is a Cauchy sequence. Therefore, (1™ f,,) is a convergent subsequence of

(T* f). Thus, T™* is compact.

15



(«<=) Assume 7" € C(H). Then, by the forward direction (7*)* = T is compact.

Therefore, T' € C(H) if and only if 7% € C(H), as desired. O

Theorem 29 ([2]|, Theorem 10.74). Let H be a Hilbert space. If T € C(H), then

range T' contains no infinite-dimensional closed subspaces.

The following proof is adapted from the proof given in [2].

Proof. Assume T € C(H), where H is a Hilbert space. Seeking a contradiction,
suppose U is an infinite-dimensional closed subspace of range T'. By theorem 23, T’
is bounded. Thus, T is continuous. Hence, T-}(U) is a closed subspace of H by
theorem 3. Since U, T~Y(U) C H are closed, it follows by theorem 7, that U and
T~ (U) are complete subspaces of H. Since H is a Hilbert space, U and T (U)
must be inner product spaces. Thus, under the norm induced by the inner product U
and T!(U) are metric spaces. Since U and T~ !(U) are complete metric spaces and

are subspaces of H, it follows that U and T~ !(U) are Hilbert spaces in their own right.

Define S = T . S very clearly maps T-'(U) onto U. Thus, by the Open
T-1(U

Mapping Theorem, S will map the open unit ball in 771 (U) to some open subset of

U containing 0. Hence, there exists some r > 0 such that

{geU:llgll<r}S{Tf: f€T7(U) and ||f|] <1}

16



Since U is a Hilbert space and dim(U) = oo, by applying the Gram-Schmidt procedure

to some linearly independent sequence in U, we obtain an orthonormal sequence (e,,)

contained in U. Since g € R and e, € U for each n € N, it follows that % eU.
Furthermore, Tl — g <r. So,

Tén _

e fge U gl <} S {TT: f e THU) and ] < 1)
Thus, for every n € N, there exists f,, € T-H(U) with || f,]| < 1 such that T'f,, = %.

In this way we construct the bounded sequence (f,,). Now, we examine the sequence

(Tfn>:

ré, Tén,

Tfo—Tful i
5= Thal = |5 - 3

<ren Tem TEn T6m>

= (Glen = en). g (en —en))

_ %@n — e, en — Em)

_ 2_2<<en,en> — (ens em) — (ms €a) + (ems€m))
:2—2(1—0—0“) (2.18)

Line (2.18) follows from the e,’s being orthonormal. Since r > 0 and norms are
ro\2r
V2 2

some fixed positive real number, we can never guarantee that ||T'f, — T f,,,|| < € for

nonnegative, taking the square root gives | T'f, — T fu| = . Since r is
every ¢ > 0 for n, m greater than or equal to some appropriate N € N. That is, (T'f,)
is not Cauchy, and more importantly, no subsequence of (7'f,,) is Cauchy. Thus, by
the contrapositive, it follows that no subsequence of (7'f,,) is convergent. Therefore,
T is not compact, contradicting the assumption that 7" € C(H). Thus, we must

conclude that range T' cannot contain any closed infinite-dimensional subspaces. [
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The following theorem is vital to proving the Fredholm Alternative Theorem. We

omit its proof as it can be found in Axler’s book (|2]).

Theorem 30 ([2|, Theorem 10.77). Let H be a Hilbert space. If T € C(H), then

range (T'— ad) is closed for every o € F\{0}.

Lemma 31 (|2|, Lemma 10.83). If T'€ L(V) is one-to-one but not onto, then

range T 2 range T* 2 range T 2 - - -

The following proof is adapted from the proof given in [2].

Proof. Assume T' € L(V) is one-to-one but not onto. Let n € N and f € V. Then,
T"f =T""YTf) € range T"'. Since T"f is a typical element of range T™, it follows
that range 7" C range 17" ! for each n € N. Thus, we have the chain

range T D range T2 D range T° D ---. So, we need only show that none of these
subsets can be equalities. Since T' is not onto, there exists some f € V such that
f € range T. For any n € N, T"f € range T". However, T"f & range T""!. If it
were, then there would exist some g € V such that T"f = T""'g = T"(Tg). Then,
applying the fact that T is one-to-one n times, we would get f = T'g € range T'. This
would be a contradiction, so we must have 7" f & range T"*!. Thus, we have shown
that for each n € N, there exists some element (namely 7" f) that is in range 7™
but not in range T"*!. Thus, range 7! C range T™ for each n € N. Therefore,

range T' D range T2 D range T2 D - - -, as desired. O
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Theorem 32 (Fredholm Alternative Theorem). Let H be a Hilbert space and T €

C(H). Given o € F\{0}, the following are equivalent:

1. T — «l is not invertible
2. « is an eigenvalue of T

8. T — «l 18 not onto

The following proof is adapted from Axler’s proof of his theorem 10.85, which can be

found in [2].

Proof. Let H be a Hilbert space, T' € C(H), and o € F\{0}.

(2 = 1) Assume « is an eigenvalue of T. Then, Tv = av for some v € H\{0}.
Therefore, (T'— al)v = 0. So, v € null (T' — al). Thus, T — ol is non-invertible.

(3 = 1) Assume T — ol is not onto. Then, 7' — a cannot be invertible.

(1 = 2) Assume T — al is not invertible. Seeking a contradiction, suppose « is not
an eigenvalue of T'. Then, (T'— a)v = 0 has no nonzero solutions v € H. Since it is
always true that (T'— /)0 = 0, null (7' — o) = {0}. Thus, we see that T"— o is
one-to-one. Since T — a is non-invertible, it must follows that 7" — «a/ is not onto.
Thus, we can apply lemma 31 to obtain the chain

range (T — o) 2 range (T — ol)? D range (T — al)® 2 ---. For each n € N,

(T —al)" = (T + (—al))"
=T"(—al)’ +nT" Y(—al) + - +nT(—al)" ' + T(—al)" (2.19)
=T"—anT" '+ -+ (—a)" 'nT + (—a)"]

=T" —anT™ ' 4 -+ (—a)" 'nT — (—a)" '
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Line (2.19) follows from expansion using the binomial theorem. Since C(H) is a

subspace of B(H) and an ideal in B(H), it follows that

T" —anT™" '+ -+ (—a)" 'nT € C(H)
For ease, we define S = T" —anT™ '+ -+ (—a)" 'nT. Thus, what we have shown
is (T —al)» =S — (—a)" I for some S € C(H). Since a # 0, (—a)"! # 0. Thus,
by theorem 30, we have that range (T — alI)" = range (S — (—a)" ') is a closed

subspace of H.

Since range (T — o)™ D range (T — o)™}, there exists some f,, € range (T — ol)"
such that f, & range (T — oI)"*!. Since 0 is in both range (T'— al)" and
range (T — o)™ it must be that case that f, # 0. Thus, we may assume without

loss of generality that || f,|| = 1 (otherwise, we could just divide by || f,.]]).

Since range (T — )" C range (T — al)", range (T — o)™ is a proper subspace
of range (T — al)"™. So, we can write

range (T — al)" = range (T — al)" @(range (T — al)" )+
Thus, because f, € range (T — «l)", we know that f,, = h, + g,, where
h,, € range (T — oI)"** and g, € (range (T — ol)"™1)+. Because we have
fn & range (T — oI)"*1 it follows g, # 0. If h, = 0, then we automatically have
fn = gn- If hy, # 0, we could simply replace f, with g, since g,, € (range (T'—al)"*1)+
and g, € range (T — aI)"*'. Therefore, we can assume without loss of generality

that f, € (range (T — o)™ 1)+,

So far, we have shown there exists some nonzero

fn € range (T — al)" N (range (T — ol )"*1)* with ||f,|| = 1 for each n € N. In this
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way we construct a sequence (f,). Let n,m € N such that n < m. Then,

Tl —=Tfm=Tf —afs+afy=Tfn+afm—afm
= Tfn - O-/fn - (Tfm - afm) - afm + afn

=T —al)fy = (T —al)fm — f;m + afn (2.20)

Since f, € range (T — al)", we know (T — al)f, € range (T — al)""'. Similarly,
because f,, € range (T — al)™, we know (T — al)f,, € range (T — ol)™*!. Since
m >n, m+1>n+ 1. Thus, we know
range (T — al) 2 -+ D range (T — al)"™ 2 ... D range (T — o)™ D ...

Hence, (T'—al) f,, € range (T —al)™"! implies that (T —al) f,, € range (T —al)"*!.
Since n < m, n < m. Thus, f,, € range (T — al)™ C range (T — oI)"*'. Notice that
in this case the subset can be equal, because it is possible that n+1 = m. Thus, since
range (T — )" is a subspace of H, it follows that af,, € range (T —al)" ™. Thus,

we have shown that each term in line (2.20), except af,, is in range (T — o).

And so, (T —al)f, — (T — o) fr, — afy € range (T — )"

Since f,, € range (T — o)™ N (range (T' — oI)"*1)L it follows that

af, € (range (T — o)™, Now,

T fo = Tfull* = (T fu =T fon; Tfrr = T frn)
= (T —al) fo = (T = QI) fr = O frm + O fr,
(T = al)fo = (T = al) fn — afm + )
= (T = al) fo = (T = l) frr = O fon, (T = &) fr = (T = @I frr = O fn)
+ (T = al) fu = (T = al) fr = afrm, f)

+A{afo, (T —al) fr = (T = od) frn — afim) + (fn, afn)
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= ||(T - al)fn - (T - a])fm - ame2 +0+0+ HO‘an2 (2'21)

> Jlaful’

Line (2.21) follows from the fact that (7" — al)f, — (T — al)fm — afy is per-
pendicular to «af,. Since norms are always nonnegative, taking the square root

of both sides of the inequality yields ||T'f, — T'fun|| > ||afal|. Thus we have that

1T fr = Tfill 2 llafull = laf [|foll = lal.

Since a # 0, |a| > 0. Thus, for ¢ = |af, for every N € N, whenever n,m > N,
\Tfr — T full > |a| = €. Thus, (Tf,) cannot have any Cauchy subsequences. Conse-
quently, (7'f,,) cannot have any convergent subsequences, contradicting the assump-

tion that 7" € C(H). Therefore, we must conclude that « is an eigenvalue of 7.

(1 = 3) Assume T — o/ is not invertible. Thus, by theorem 16,

(T'— al)* = T* —al is not invertible. Since 1 = 2, it follows @ is an eigenvalue of

T*. Thus, null (T* —al) # {0}. Hence, (null (T* — @l)* C H. By theorem 14,

range (T — af) = ((null (T — aI)*)*t. Since ((null (T — al)*)* = (null (T* — al)?,

it follows that range (T'— al) C H. Hence, range (T'— al) C H. That is, T — ol is

not onto, as desired.

Therefore, we have shown 1 <— 2 < 3. O

Note. The above is not how we traditionally state the Fredholm Alternative Theorem.

Traditionally it is stated as:
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If T € C(H), where H is a Hilbert space, and o € F\{0}, then exactly one of the

following holds:

1. Tf = af has no nonzero solution f € H
2. g=Tf —af has a solution f € H for every g € H

(1) is equivalent to the statement “a is an eigenvalue of T”. (2) is equivalent to the

statement “T' — ol is onto H”.

Lemma 33 is useful in proving the Spectral Theorem for Self-Adjoint Compact Oper-

ators. We omit its proof as it can be found in Axler’s book ([2]).

Lemma 33 (|2], Lemma 10.93). Let H be a Hilbert space, T € C(H), and
o(T) ={a: T — al is not invetible}. Then, for each § > 0, {a € o(T) : |a| > 6} is

a finite set.

The following lemma is useful in proving theorem 35. We omit its proof as it can be

found in Axler’s book (|2]).

Lemma 34 (|2|, Lemma 10.96). Let H be a nonzero Hilbert space. If T € C(H), then

T*T — || T||* T is not invertible.

Theorem 35 (|2]|, Theorem 10.99). Let H be a nonzero Hilbert space. If T € C(H)

is self-adjoint, then either | T|| or —||T|| is an eigenvalue of T

The following proof is adapted from the proof given in [2].
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Proof. Let H be a nonzero Hilbert space. Assume T € C(H) is self-adjoint. Then,
T* =T. So by lemma 34, T2 — ||T||* I is not invertible. Since

T2 —||T|?I = (T +||T|| I)(T —||T|| I), it must follow that T+ ||T| I is not invertible
or T —||T|| I is not invertible. Therefore, by the Fredholm Alternative Theorem, ||7T||

is an eigenvalue of T or — ||T'|| is an eigenvalue of T. O

Theorem 36 is necessary for proving the Spectral Theorem for Self-Adjoint Compact
Operators. Since the proof can be found in Axler’s book ([2]), we omit it here. Simi-
larly, theorem 37 is necessary for proving the Spectral Theorem for Normal Compact

Operators and we omit its proof for the same reason.

Theorem 36 ([2], Theorem 10.102). If U is an invariant subspace for a self-adjoint

operator T', then:

1. Ut is an invariant subspace for T

2. T . is a self-adjoint operator on U+
U

Theorem 37 ([2|, Theorem 10.103). Let H be a Hilbert space and T € B(H). If

there exists an orthonormal basis for H consisting of eigenvectors of T', then:

1. If F =R, then T is self-adjoint

2. If F =C, then T is normal

Theorem 38 (Spectral Theorem for Self-Adjoint Compact Operators). Let H be a

Hilbert space. If T € C(H) is self-adjoint, then:
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1. There is an orthonormal basis for H consisting of eigenvectors of T

2. There is a countable set Q, an orthonormal family {e, : n € Q} C H, and a

family {a, : n € Q} CTR\{0}, such that Tf = Y a,(f,en)e, for every f € H

ne)

The following proof is adapted from Axler’s proof of his theorem 10.106, which can
be found in [2].

Proof. Assume H is a Hilbert space and T € C(H) is self-adjoint.

(1) Define U to be the span of the eigenvectors of T'. Since self-adjoint operators have
real eigenvalues, it follows U = {v : Tv = av for some nonzero v € H and o € R}.
It is easily verifiable that U is an invariant subspace for T'. Thus, by theorem 36, U+

is also an invariant subspace for T, and T’ . is a self-adjoint operator on U+.
U

We claim that T)Ul has no eigenvalues. Seeking a contradiction, suppose « is an eigen-
value of T’ ’UL' Then, there exists some nonzero v € U+ C H, such that T' ULU = au.
This implies that v is an eigenvector of T'. Thus, by definition of U, v € U. Since
UNU*L = {0}, it follows v = 0, contradicting that v # 0. Thus, we must conclude

that T’ . has no eigenvalues as previously claimed.
U

By theorem 8 U+ is a closed subspace of a Hilbert space, thus U+ is a Hilbert space.
Since T

. is a self-adjoint operator on U+ and it has no eigenvalues (as just shown),
U

it follows by theorem 35 that U+ = {0}. So by theorem 9, U = H.

For each eigenvalue o of T', we know there exists an orthonormal basis for null (7'—al)

that consists of eigenvectors of T' correspoding to the eigenvalue «, because every
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Hilbert space has an orthonormal basis. We will refer to this basis as U,. We claim

that |J U, is an orthonormal family in H, where A is the set of all eigenvalues of

acA
T. Let v € |J U,. Then v € U, for some o € A. Since U, is an orthonormal basis,
acA
it follows ||v|]] = 1. Let v,u € |J U,. If v = u, then (v,u) = (v,v) = ||v||* = 1.

acA
If v # u, then either v,u € U, for some a« € A or v € U, and u € Up for some

distinct o, 5 € A. In the first case, (v,u) = 0, because U, is an orthonormal basis.
In the second case, because «, 3 are distinct eigenvalues of a self-adjoint operator,
the corresponding eigenvectors u, v must be orthogonal by theorem 21. Thus, in the
second case, we have (v,u) = 0 as well. Therefore, |J U, is an orthonormal family

acA
in H, as claimed.

Since |J U, is the set of all the unit length eigenvectors of T, it follows that

acA
span{ U Ua} = U. As we showed previously, U = H. Thus, span{ U Ua} =H.
acA acA
Therefore, by definition |J U, is an orthonormal basis for H.

a€cA

(2) Part (1) tells us there is an orthonormal basis of H consisting of eigenvectors
of T. For ease in proving this second part, we will use {e, : n € I'} to denote this
orthonormal basis of eigenvectors. Let {a,, : n € I'} be the set of corresponding
eigenvalues. Since T is self-adjoint theorem 37 gives us that {a, : n € T} C R. Let

f € H. Since {e, : n € '} is a basis for H, f = > (f, en)e,. Now,

nel’

Tf=T <Z(f, en>en>

nel’

= T({f,en)en) (2.22)

nel’

= Z<f’ €n>Ten

nel’
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= Z<f7 €n>an6n

nel’

Line (2.22) follows from the fact that 7" € C(H) C B(H) and that bounded linear
operators are continuous. Define @ = {n € I' : a, # 0}. Then we can write
Tf= > (f en)ane,. Thus, it only remains to show that 2 is countable. Lemma 33
says tﬁg’? if (7)) is infinite, then o(T") consists of 0 and a sequence in R converging
to 0 (I in general, we use R because T is self-adjoint). We can index this sequence by
N. Thus, if ¢(T") were infinite, it would be countably infinite. Thus, we know o(T')
is always countable as it is either finite or countably infinite. Since

QC{a,:nel} C{a:aan eigenvalue of T} C o(T)

it must follow that ) is countable. O]

Theorem 39 (Spectral Theorem for Normal Compact Operators). Let H be a com-
plex Hilbert space and T € C(H). Then, there exists an orthonormal basis for H

consisting of eigenvectors of T if and only if T is normal.

The following proof is adapted from Axler’s proof of his theorem 10.107, which can
be found in [2].

Proof. Let H be a complex Hilbert space and T' € C(H).
(=) Assume there exists an orthonormal basis for H consisting of eigenvectors of

T. Since F = C, by theorem 37, T is normal.

(«<=) Assume T is normal. By theorem 20, there exist self-adjoint operators
— T ;T and B = w

A

on H, such that T' = A + ¢B. Since T is normal,
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theorem 20 gives us that AB = BA. Since T' € C(H), theorem 28 yields T € C(H).
Since C(H) is a subspace, it follows that A, B € C(H).

Let o € R. We claim that null (A — ) is an invariant subspace B. It is well known
that the null space forms a subspace, so we need only show that null (A — o) is

invariant for B. Let f € null (A — al). Now,

(A—al)Bf = ABf — aBf

— BAf — B(af) (2.23)
= B(Af — af)

= B((A—al)f)

— B0 (2.24)
=0

Line (2.23) follows from the fact that AB = BA. Line (2.24) follows from the as-
sumption that f € null (A —«l). Thus Bf € null (A — «al). Therefore, null (A — al)

is an invariant subspace for B as claimed.

Since B € C(H) and null (A — o) is invariant for B, we have that

B ) € C(null (A—al)). Since B is self-adjoint, B is self-adjoint too.

null (A—al null (A—al)

Thus, by the Spectral Theorem for Compact Self-Adjoint Operators, there exists an
orthonormal basis for null (A — o) consisting of eigenvectors of B (technically, this

basis consists of eigenvectors of B| which are necessarily also eigenvectors

null (A—al)’
of B).
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If « is not an eigenvalue of A, then null (A — of) = {0}. It follows that

Bl 4 (Aal) = B’ 0= 0, which is not very interesting. However, the above tells us
that if « is an eigenvalue of A, there exists an orthonormal basis for null (A — oT)
consisting of eigenvectors of B. Let this orthonormal basis be denoted U,. Define A
to be the set of eigenvalues of A. By the exact same argument as in the proof of the
Spectral Theorem for Self-Adjoint Compact Operators, we can conclude that |J U,

acA
is an orthonormal family in H.

Since A is self-adjoint, by the proof of the Spectral Theorem for Self-Adjoint Compact

Operators we can conclude that span { U Va} = H, where V, is an orthonormal ba-
acA

sis for null (A — af) consisting of eigenvectors of A. Since eigenvectors of B form an

orthonormal basis for null (A — o), it follows that they must also be eigenvectors of

A. Thus, we have |J U, = |J V,. Thus span{ U Ua} = span{ U Va}. There-
acA acA acA acA

fore, span{ U Ua} = H. Thus, by definition |J U, is an orthonormal basis for H.
acA acA

So, it only remains to show that the elements of this orthonormal basis are eigen-

vectors of T'. Let v € |J U,. Then, v € U, for some eigenvalue a of A. Since U,
acA

consists of eigenvectors of B, there must exist some corresponding eigenvalue 8 of B.
Thus, Bv = pv. Since U, is an orthonormal basis for null (A — af), it follows that

v € null (A — al). Thus, (A — al)v =0. It follows Av = av. Now,

Tv=(A+iB)v
= Av+iBv
= av +ifv

= (a+if)v
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Since v # 0 (as it is an eigenvector of B) and « + i € C, it follows that v is

an eigenvector of T. Therefore, |J U, is an orthonormal basis for H consisting of
acA

eigenvectors of T'.

Thus, we have shown that 7T is normal if and only if there exists an orthonormal basis

for H consisting of eigenvectors of T n
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Chapter 3

SPECTRA

Theorem 40 (Inverse Mapping Theorem). If H and K are Banach spaces and A €
B(H, K) is bijective, then A~ € B(K, H) (that is, A~" is bounded.)

Proof. Assume H, K are Banach spaces and A € B(H, K) is bijective. It immediately
follows that A= : K — H. So, it only remains to show that A~! is bounded. Since
A is bounded, it is continuous by theorem 6. Since A is bijective, it is also onto.
Let G be an arbitrary open set in H. Then, by the Open Mapping Theorem, A(G)
is open in K. By theorem 3, it follows that A~! is continuous. Therefore, A~! is

bounded, as desired. O

Recall by theorem 6, for a linear map from one normed vector space to another,
boundedness is equivalent to continuity. Thus, the Inverse Mapping Theorem lets us

immediately conclude that the inverse of a continuous map is also continuous.

Note. On a general Hilbert space (one that is possibly infinite-dimensional), it is not

the case that an operator is one-to-one if and only if it is onto.

Example 2. The forward shift operator, S, is one-to-one but not onto.

Proof. Suppose (a,), (b,) € ¢*(N) are such that S(a,) = S(b,). Evaluating, we have
that (0,ay,as,...) = (0,b1,bs,...), which is true if and only if 0 = 0 and a,, = b, for

all n € N. Thus, we see that S is one-to-one.
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To see that S is not onto, let (a,) € ¢*(N) be such that a; # 0. Therefore, there
exists no (b,) € (*(N) such that S(b,) = (a,), because S(b,) = (0,b1, b, ...). Thus,

S is not onto. O

Example 3. The backward shift operator, S*, is onto but not one-to-one.

Proof. Let (a,) € ¢*(N). This implies S*(0,a1,as,...) = (ai,as,...) = (a,). Thus,

S* is onto.

To see that S is not one-to-one, let (a,),(b,) € ¢*(N) be such that a; # b; but
a, = b, for all n € N\{1}. Thus, (a,) # (b,), however, S*(a,) = S*(b,), because

(ag,as,...) = (bg,bs,...). Thus, S* is not one-to-one. O

From the above examples with the shift operators, we see that an operator A € B(H)
can fail to be invertible for one of two reasons: it is not one-to-one or it is not onto.

However, this is not the only way to break non-invertibility down into pieces.

Def: Let A € B(H). The spectrum of A, denoted o(A), is the set
o(A) ={A € C:A— A is not invertible}.

Theorem 41 (|2], Theorem 10.76). Let H be an infinite-dimensional Hilbert space.

If T € C(H), then 0 € o(T).

The following proof is adapted from the proof given in [2].
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Proof. Let H be an infinite-dimensional Hilbert space. Assume T' € C(H). Seeking
a contradiction, suppose 0 ¢ o(T). Thus, T is invertible. Hence, T is onto. That
is, range T" = H, and so dim(range 7') = oo. We will next show that range T is
closed. To see this, let f € H be a limit point of range T'. By definition, there exists
a sequence (f,) in H with f,, # f for each n € N; such that nh_)rgo fn = f. Since (f,) is
convergent it must be Cauchy. Since H is a Hilbert space, it is complete. Thus, (f,)
converges to an element in H = range T'. Since limits are unique, and (f,,) converges
to f, it follows that f € range T'. Thus, range T' contains all its limit points, and so is
closed. Since range (T') is infinite-dimensional and is closed, this contradicts theorem

29. Therefore, we must conclude that 0 € o(T'), as desired. O

Def: Let A € B(H). The point spectrum of A, denoted 0,(A) or II(A), is the set
of all eigenvalues of A; that is, 0,(A) = {\ € C: Av = \v for some v € H\{0}}.

From the previous definition we see that eigenvalues work in a similar way on finite

or infinite dimensional space.

Claim 1. If A€ B(H), then 0,(A) = {\ € C: A — Xl is not one-to-one}.

Proof. Assume A € B(H).

(C) Let A € 0,(A). Then, Av = Av for some v € H\{0}. Hence, we have

0=Av— X v = (A— A)v. And so, v € null (A — AI). Since v # 0, it follows that
null (A — A\I) # {0}, and so A — AI is not one-to-one. Therefore, we have

o,(A) C{\ € C: A— Al is not one-to-one}.

(2) Let A € C be such that A — Al is not one-to-one. Then, there exist u,v € H such
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that u # v and (A — M )v = (A — A)u. Thus,

0=(A-X)v—(A—=X)u
= (A= A)(v—u)

=A(v—u) — AM(v —u)

Hence, A(v — u) = A(v — u). Since v # u, v —u # 0, and so A is an eigenvalue of A
with corresponding eigenvector v — u. Hence, A € 0,(A). It follows that
{A € C: A— Al is not one-to-one} C g,(A).

Therefore, 0,(A) = {\ € C: A — A is not one-to-one}, as desired. O

Def: Let V be a metric space and U C V. We say U is dense in V, if U = V, where

U denotes the closure of U.

Note. We don’t divide o(A) into {\ € C: A — Al is not one-to-one} and

{ANe€ C: A— Al is not onto}, because A — NI can fail to be onto in two ways:

1. range (A — \I) is not closed

2. range (A — M) is not dense in H

These two ways of failure are not disjoint since it is possible that range (A — \I) #

range (A — XI) and range (A — \I) # H.

Def: An operator A is bounded below, if there exists some > 0, such that

IAF|| > 8||£|| for all f € H with f # 0.

34



Claim 2. If B € B(H), then B is bounded below if and only if B is one-to-one and

range B 1is closed.

Proof. (=) Assume B is bounded below, therefore, there exists some 6 > 0, such
that ||Bf|| > d||f|| for all f € H\{0}. To show B is one-to-one, let f € null (B).
Consequently, Bf = 0, so ||Bf|| = ||0]| = 0. Since B is bounded below, we have that
0 > 4||f||. Since norms are always non-negative, this inequality only holds if || f|| = 0,
that is if f = 0. Thus, we’ve shown null B C {0}. Since the reverse containment is
automatic, we have that null B = {0}, and so B is one-to-one.

It remains to show that range B is closed. We will do this using the limit point
characterization since H is a Hilbert space; note that this works on the less restrictive
Banach space as well. Let y € H be a limit point of range B. Thus, there exists a
sequence (y,) in range B such that nlggo Yy, =y and y,, # y for each n € N. Since (y,)
is in range B, there exists some sequence (v,,) in H such that (Bv,) = (y,). Since
nlgrolo Yy, =y in H, (y,) is a Cauchy sequence. Let ¢ > 0. Consequently, 0 > 0. Thus,
because (y,) is a Cauchy sequence, there exists some N € N such that whenever

n,m>N,

€0 > |[Yn — Ynml|
= ||Bv, — Bv,,|| (3.1)
= ||B(vn — vm)||
> 0||vn — U] (3.2)

Line (3.1) follows from (Bv,) = (y,), and line (3.2) follows from B being bounded

below.
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Since 0 > 0, we can divide both sides of the above inequality to obtain € > ||v, — vp,||.
Thus, we have shown that (v,,) is a Cauchy sequence in H. Since H is a Hilbert space
it follows that (v,,) converges to some v € H. Since B is bounded, it is continuous, and
so Bv =B <lim vn> = lim Bv, = nh—>nolo Yn = y. Thus, by definition, y € range B.

n—o0 n—oo

Therefore, range B contains all its limit points, and so is closed.

(«<=) Assume rangeB is closed and B is one-to-one. Define the linear map

B:H — range B by Bv = Bu for each v € H. Since B is one-to-one, B is also
one-to-one. B is clearly onto by definition and so B is invertible. We also note that
H is a Banach space since it is a Hilbert space and that range B is a Banach space
too as it is a subspace of a Banach space. Thus, by the Inverse Mapping Theorem,
we conclude that B! is bounded since B is bounded (note B is bounded because B
is bounded).

Since B is invertible and the zero map is not invertible we know B! # 0, and so
IB71|| # 0. Thus, we can define § = ~1 , which we will show bounds B below.

1B|
Let v € H\{0}. Since v # 0, Bv # 0 because null B = {0} (this is because B is

one-to-one). Now,

[|v]| = [[Tv]]
= 1B~ (Bv)]|
= 1B~ (Bv)]|
<||B7Y] - ||Bv]|
= <130l
Thus, d||v|| < ||Bvl||. Therefore, B is bounded below as desired. O
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Claim 3. An operator A € B(H) is invertible if and only if A is bounded below and

A has dense range in H.

Proof. (=) Assume A € B(H) is invertible. Consequently, A must be onto, and so
range A = H. Since range A C range A C H, it must be the case that range A = H.
Thus, it remains only to show that A is bounded below. Since A is invertible, it
cannot be the zero operator, and so A™' # 0. Hence, ||[A7|| # 0. Thus, we can

define ¢ =

1
AT Now, for v € H\{0},

[lo]] = [|A™" (Av)]]
< [|A7H] - || Av]]

1
= <4
Thus, d0||v|| < ||Av||; that is, A is bounded below, as desired.
(<=) Assume A € B(H) is bounded below and A has dense range in H. Since A is
bounded below it follows by Claim 2 that A is one-to-one and range A is closed. Since
range A is closed, range A = range A. Since A has dense range in H, by definition

range A = H. Thus, range A = H, and so A is onto. Since A is both one-to-one and

onto, it is invertible. O

Claim 3 suggests a way to divide the spectrum:

Def: Let A € B(H). The approximate point spectrum of A, denoted o,,(A), is
the set 04,(A) = {A € C: A— A is not bounded below}.
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Def: Let A € B(H). The compression spectrum of A, denoted I'(A), is the set

['(A) ={\ € C: A— AI does not have dense range}.

Note. Claim 3 tells us that 0(A) = 04,(A) UT'(A).

Def: Let A be a bounded linear operator. The spectral radius of A, denoted r(A),
is 7(A) = sup{|A| : A € 0(A)}.

Proposition 1 (9], Theorem 5.6.12). Assume A is a square matriz with complex

entries. Then,

1. r(A) <1 if and only if lim A" =0
n—o0

2. r(A) > 1 if and only if lim ||A™]| = o0
n—oo

Theorem 42 ([12] Theorem 1.2.4). Assume A is a bounded linear operator, then:

1. If ||[I — A|| <1, then A is invertible
2. o(A) is a nonempty compact subset of C

3. If A is invertible, then o(A™1) = {3+ : A€ o(A)}

> =

4. o(A) ={X: A eca(A)}

5. The spectral radius formula holds; that is, r(A) = lim ||A™||Y". In particular,
n—o0
r(A) < [[A]|

6. If A is an operator on a finite-dimensional space then o(A) = 0,(A)
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Proof. (1) Since I — A is a bounded linear operator with ||/ — A|| < 1, it follows by

theorem 17 that [ — (I — A) = A is invertible.

(2) By theorem 19, o(A) is nonempty.

Next, we show that o(A) is compact. First, we show it is closed by showing the
complement is open. By theorem 18, we know that Z = {T" € B(H) : T is invertible}
is open in C. Now, define the operator-valued function ¢ : C — B(H) by

©(A) = A — M. We claim that ¢ is continuous at each \g € C. Let ¢ > 0. Define

d = ¢ and suppose |A — A\g| < §. Now,

[lp(A) = @)l = [[A = AL = (A = Ao T)|

= |[(Ao — N1]|
= [do = Al [ 1]]
= [Ao — Al

<90

=¢

Therefore, ¢ is continuous at each Ay € C. Since ¢ is continuous and Z is open in C,
it follows that ¢~'(Z) = C\o(A) is open in C. Thus, the complement, o(A), must be
closed in C.

Lastly, we show that o(A) is bounded. Since o(A) is nonempty, there exists some
A € 0(A). Note we can demand that A # 0 (the only scenario in which we cannot is
when o(A) = {0}, in which case the spectrum is clearly bounded). Since A € o(A),
by definition, A — A is not invertible. Thus, St(A — AI) = 52 A+ I is not invertible.
Thus, by the contrapositive of (1), 1 < [|[I — (A4 + I)|| = [[FA]l = ;[|All. Thus,

|IA| < ||A||. Since A is bounded by assumption, |A\| < ||A|| < oo, and so o(A) is
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bounded. Therefore, 0(A) is a compact subset of C.

(3) Assume A is invertible.
(C) Let a € o(A™Y). Then, A~' — oI is not invertible. Note that a # 0, since

A=t —0I = A ! is invertible. Now,

At —al = AT — aA)

::_aAf1(111+fQ

a
= —aA™? (A - lI)
a

Since A~! is invertible, —aA~! is invertible. Since A~! — aJ is not invertible, it must
follow that A — I is not invertible. Thus, = € o(A). Hence, o € {5 : A € 0(A)},
and so 0(A™') C {5 : A e o(A)}.

(2) Let v € {5 : A€ 0(A)}. Then, v = § for some X € 0(A). Since A € g(A), A—AI

is not invertible. Note that \ # 0, because A — 0] = A is invertible. Now,

A— N =A(I - ATY
-1
= M| —I4+A7"
(5 )
= —M(A™ —4I)
Since A is invertible, —AA is invertible. Since A — AI is not invertible, it must follow

that A~* — ~/ is not invertible, and so v € o(A™"). Thus, {3 : X € 6(4)} C (4.

Therefore, o(A™!) = {5 : A € 0(A)}.

(4) In order to prove (4), we claim that if A is not invertible, then A* is not invertible.

Seeking a contradiction, suppose A* is invertible. Then, I = (A*)7'A* and
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I = A*(A*)~!. Taking the adjoint of both sides of both equations gives us:

I* — ((A*)flA*)*
— A**((A*)—l)*

— A((A))’

and

[* — (A*<A*)71)*
— ((A*)—l)*A**

— A((A7) A

Since I* = I, we have [ = A((A*)"1)* and I = ((A*)"!)*A. That is, At = ((4*)~1),
contradicting the assumption that A is not invertible. Therefore, we must conclude
that A* is not invertible as we claimed.

(C) Let v € o(A*). Then, A* — ~I is not invertible. So, by our claim we have
that (A* — yI)* = A** — 5] = A —7I is not invertible. Hence, 7 € o(A), and so
y=~5e{AeC:Aco(A)}. Thus, 0(A*) C{N: )€ a(A)}.

(D) Let a € {A : XA € 0(A)}. Consequently, @ = X for some A € o(A). Since
A € 0(A), A— A is not invertible. So, by our claim, (4 — A\I)* = A* — A is not
invertible. Thus, a = XA € o(A*), and so {\: A € o(A4)} C o(A*).

Therefore, o(A*) = {\: XA € 0(A)}.

(5) To stay within the scope of this thesis, we will prove only the finite-dimensional
case, where A is a complex-valued m x m matrix. Case II of this proof is adapted

from the proof given in [7].
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Case I:

Case 1I:

If r(A) = 0, then by definition of the spectral radius we must have o(A) = {0}.
Thus, 0 is the only eigenvalue of A. Hence, the characteristic polynomial for A is
p(z) = 2. By the Cayley-Hamilton Theorem, p(A) = A™ = 0. Clearly, for all
n € Nsuch that n > m, A" = 0. Thus, for n > m, ||A"|*" = |o|"/™ = 0/ = 0.

Therefore, lim [|A"||'/™" = 0 = r(A).
n—oo

1
Suppose 7(A) # 0. Consider £ > 0 for n € N and define A" = ——— A4
n r(A) + o
1
and A~ = TA. Since 7(A) > 0, r(A) + £ is always positive. By
/,/' —_—

n
picking n sufficiently large we can ensure that r(A) — % is positive as well, since

1 1
r(A) # 0. Thus, we have that m and m are both positive. Since

the spectral radius is defined by 7(A) = sup{|A| : A € 6(A)} and non-negative

1
constants “factor out” of the supremum, it follows that r(A™) = WT(A)
r =
1
and r(A7) = WT(A). Since £ > 0, r(A)+1 > r(A) and r(A)— 1 < r(A).
7" —_ =
1 1

Th ATy = ——r(A) <land r(A7) = ——r(A) > 1. Thus, b

us, T( ) T(A) + %7’( ) an T( ) T(A) _ %T( ) us, by
Proposition 1, lim (A*)" = 0. Hence, for ¢ = 1, there exists some N; € N

n—oo

such that whenever n > Nj, [|[(AT)"]| < 1. Thus, by definition of (A*)",

(evert)

||A"||*/" < |r(A) 4+ L|. Also by Proposition 1, r(47") > 1, nh_}rgo |(A7)"]] = oc.

< 1. So, [|A"]] < [I(r(A) + )" = |(r(A) + 3)I". Thus,

n

So, for the specific € = 1, there exists Ny € N such that ||[(A7)| > 1. That is,

Gor==1)

1A > [|(r(A) = 2| = [r(A) = 2" Thus, [|A"|"" > |r(A) = &|. Thus,

by the definition of A™,

> 1. So,

we have shown |r(A4) — 1| < AV < |r(A) + L|. Therefore, by the squeeze

theorem, it follows that lim ||A"[|"™ = r(A), as desired.
n—oo

(6) Assume A € B(V) and dim(V) < co. We claim that o(A4)¢ = 0,,(A)°.

(C) Let A € 0(A)“. Since A is bounded, we know A — AI is bounded. By definition

of the spectrum, A — AI is invertible. Thus, by claim 3, it follows that A — A\I is
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bounded below, and so A € 0,,(A)° by definition. Hence, o(A)¢ C 0,,(A)C.

(D) Let A € 0,,(A)°. Then, A — A is bounded below, and so by claim 2, A — A\
is one-to-one. Since dim(V') < oo, one-to-one is equivalent to onto. Thus, A — Al is
bijective, and so A € 0(A)% by definition. Thus, o,,(A)¢ C o(A)C.

Therefore, 0(A)° = 04,(A)C. Taking the complement of both sides yields

0(A) = 04p(A), as desired. O

Theorem 43 ([12| Theorem 1.2.7). For each A € B(H), if 0(A) is bounded, then the

boundary of o(A) is contained in o,,(A). In particular, oq,(A) # .

Lemma 44. If x is a boundary point of S, then there exists a sequence (x,) not

contained in S such that lim x,, = x.
n—oo

Proof of Lemma 44. Let x be a boundary point of S. For each n € N, % > 0. So,

the open ball B(z, %) around z of radius % contains at least one point in S and at
least one point in S¢. Thus, B(z, %) NS¢ # @. Define this intersection to be B,,.
Thus, for each n € N, we know there exists some x,, € B,. Thus, we construct a
sequence (z,,) contained in S¢. Now, we argue that nlg& r, = x. Let ¢ > 0. By the

Archimedean Property, there exists some N € N such that % < e. Let n > N. Then,

1 < 1 < e. By construction of the B,’s we have |z, — z| < %, and so |z, — z| < e.
Therefore, lim z, = x. O
n— o0

The following proof is adapted from the proof given in [12].

Proof of Theorem 43. Seeking a contradiction, let A be in the boundary of (A) and
A & 04p(A). Since A is in the boundary of o(A), by lemma 4 there exists a sequence

(An) not contained in o(A) such that lim A, = A. We claim that there exists some
n—oo
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k > 0 and M € N, such that whenever n > M, |[(A— X.I)f]| > k| f] for every
f € H. To prove this claim, suppose not. Then, for every k > 0 and every M € N,
there exists some n > M and some f, such that ||[(A — N, I)full < k| fall. We will

assume without loss of generality that || f,| = 1, otherwise we could simply replace
Jn
£l

then there exists some M € N such that whenever n > M, |\, — A| < 5. With § >0

frn with (as the above inequality does not even hold for f, = 0.) Let ¢ > 0,

and M € N fixed, we know by the above that there exists some n > M and some f,

with || f,|| = 1 such that [[(A — X\, 1) f,|| < 5. Thus,

(A = AD) full = (A = AnD) o + (A = AD) fo]|
< (A = D) full + [[(And = ML) fo|
= [[(A = AnD) full + [An = AL L/
= [[(A = A D) full + [An = Al

<z +

N ™
DO ™

=&

=ell/ul

Thus, we have shown for every ¢ > 0, there exists some f, € H\{0} such that
|(A = AI) full < el fnll, which is precisely the negation of the definition of bounded
below. So, A — AI is not bounded below, contradicting the assumption that

A & 04y(A). Therefore, there exists some k > 0 and M € N, such that whenever
n>M,||(A=XNI)f|| > k| f| for every f € H, proving our claim.

Recall o(A) is compact by theorem 42 part (2), and so it is closed. Since A is a
boundary point of o(A), it follows A € o(A). Since A € 0(A) = 0,,(A) UT'(A) (by
claim 3), if we show A & I'(A) we will be forced to conclude A € g,,(A), contradicting

the assumption that A\ & g,,(A).

Let g € H\{0}. We will show that g € range (A — AI), which will let us conclude
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that H = range (A — AI) because 0 € range (A — AI) automatically. Let ¢ > 0, then
”—kns > 0, so there exists some N € N such that whenever n > N, |\, — \| < — ol ||
S;qnce A\ € 0(A), A=\, I is invertible. Thus (A—\,I)"'g is some element in H\{0},
which we will call f,,. We know f,, # 0, because g # 0 and ker(A — A\, I) = {0}). So
(A=A I)fn = g. By our claim, if n > K > M, then |[(A— X\, I)f.|| > k| f.]; that
is, [lgll = & [[fall-

Now,

(A= ADfu =gl = (A=A ) fu = g+ (Ad = AD) fu|

<A = Ad) fr = gll + [[(Ad = AD) fu|

= llg = gll + [An = ALl

< |)\ — )\|M (3.3)
ol

- (ngng) 3 (34)

=

Line (3.3) follows from the fact that k anH < ||g|| whenever n > K and line (3.4)

follows from the fact that |\, — A\| < ——¢ whenever n > K.

Thus, we have shown that whenever n > K, |[(A—=X)f, — gl <e; that is,

lim (A — \,)f, = g. Hence, g € range (A — AI). Thus, H C range (A — AI), and so

n—oo

H =range (A — AI). Hence, A — Al has dense range, and so by definition A ¢ I'(A).

Thus, since A € 0(A) = 04,(A) UT'(A), it must follow that A € o,,(A), contradicting
the assumption that A\ & 0,,(A). Therefore, we must conclude that A € g,,(A), and
s0 00 (A) C 04p(A). Since o(A) is compact and o(A) # &, the previous containment

gives us that o0,,(A) # @ as well. O
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We now make the leap from the spectrum to the numerical range with the following

theorem. We will discuss the numerical range in more depth in chapter 4.

Theorem 45 ([12] Theorem 1.2.11). For each A € B(H), o(A) C W(A).

The following proof draws from the proof given in [12].

Proof. Assume A € B(H). Let A € 0(A). By Claim 3, 0(A) = 0,,(A) UT'(A). Thus,
A€ agp(A) or A e I'(A).

Case It If A\ € 0,4,(A), then A — Al is not bounded below. That is, for every § > 0,
there exists f € H\{0} such that ||[(A — AI)f|| < &||f||. Thus, for each n € N,

there exists some f, € H\{0} such that |

(A=A full < | fall. Since each

A=XD)f, 1
fo 0, || fnl] # 0. Thus, W —. Thus by linearity, we have that
n n’
1
= (g <3
H 1 f2ll n
Define the sequence (g,) by ¢, = H?LH for each n € N. We note that
llgnll = H T = H?H =1 for every n € N. Let ¢ > 0 and N = 1. Then, by

the Archimedean Property there exists some N € N such that % < e. Thus, by

the above work, whenever n > N,

In 1
A—X)g,l| = ||(A—= A —< =<
=gt = (=20 (g ) < <3 <5
Thus, we have constructed a sequence (g,,) contained in H, such that ||g,| =1

and lim |[(A— Al)(gn)|| = 0. Note that because ||g,|| = 1 for each n € N,
n—oo

((Agn, gn)) is a sequence contained in W(A).

We claim that hm <Agn,gn> = A Let ¢ > 0. Since lim [[(A— AI)(gn)|| = 0,

n—oo

there exists some N € N, such that whenever n > N, [[(A — Al)g,|| < . Thus,
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Case II:

letting n > N, we have

{Agn, gn) — Al = [(Agn, gn) = Allgall” | (3.5)
= [{Agn, gn) — Mg, gn)|
= |(Agn, gn) + (= Agn: gn)|
= [(Agn — Agn: gn)|

= [((A = AD)gn, gn)|

< |[(A=ADgull l|gnll (3.6)
= [[(A = Al)gnll (3.7)
<e (3.8)

Line (3.5) and (3.7) follow from the fact that ||g,|| = 1. Line (3.6) follows from
the Cauchy-Schwarz inequality. Line (3.8) follows from the assumption that
n > N. Therefore, 7}1_{210 (Agn, gn) = A, as we claimed.

Since nli_>r{)1o(Agn,gn) = X and ((Agn,gn)) is contained in W(A), it follows that
either A = (Ag,, g,,) for some n € N or A # (Ag,, g,) for every n € N. In the

former case, A € W(A) C W(A). In the latter case, A is by definition a limit

point of W(A), and so A € W(A).

Assume X\ € I'(A). Then, A — Al does not have dense range in H; that is,

range (A — AI) # H. Since range (A — AI) C H, there exists some h € H such

that h & range (A — AI). Since range (A — M) C range (A — \I), it follows
that h ¢ range (A — \I). Since H = range (A — X\ ) @(range (A — X))+, it
follows that h = f + g, where f € range (A — \I) and g € (range (A — \I))*.
Since h ¢ range (A — AI), it must follow that ¢ # 0. If f = 0, then h = g.

If f #£ 0, then we could simply replace h with g, since ¢ € H and necessarily
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g & range (A— AI) (this is because g # 0 and the intersection of a space with its
orthogonal complement is {0}). Thus, by replacing h with g, we may assume
without loss of generality that h € (range (A — AI))*. We may also assume

without loss of generality that ||h|| = 1; otherwise, we could simply divide by

k|| as h # 0, since h ¢ range (A — AI) and 0 € range (A — AI). So, we have
some h € H such that ||h]| = 1 and h € (range (A — \I))*.

By definition, for every f € H, (A — \)f € range (A — A\I). Thus,

((A—= M) f,h) =0 for every f € H. In particular, this holds for f = h. So,

0= ((A— AI)h, h)
= (Af — Ah, h)
— (Ah, h) + (—Ah, h)
= (Ah,h) — A(h, )
= (Ah,h) — A || (3.9)

= (AR, h) — A

Line (3.9) follows from the fact that ||h|| = 1. Therefore, A = (Ah,h) € W(A).

Thus, T'(A) € W(A) C W(A).

Therefore, by cases I and II, we have that 0(A) = 04,(A)UL'(A) C W(A), as desired.

[]

Next, we look at the spectra of a non-compact operator and a prototypical compact

operator. To do so we need the following two technical lemmas.

Lemma 46. (1,\, A2, \3,...) € 2 if and only if X\ € D. Furthermore, (1, \, A2, \3,...)

1s an etgenvector of S* with corresponding eigenvalue \ if and only if A € D.
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o0 [&.°]

Proof. Note > |\"|? = Y (|]A|*)" is a geometric series. Thus, it converges if and only
n=0 n=0

if [\|> < 1. Therefore, (1, X, A2, \3,...) € £2 if and only if \ € D.

Note that (1, A, A2, A3,...) is not the zero vector due to the first entry. Also observe

that,

SIS ) = (AN )

=AML, AN )

Therefore, (1, A, A%, A\3,...) is an eigenvector of S* with corresponding eigenvalue \.
We note it is only an eigenvector if (1, A\, A%, A3, ...) € £2, which is true if and only if

A e D. [l

Def: For a set 2 C C, define Q* = {7 : v € Q}.

Lemma 47 ([8], problem 85). If A € B(H), then o,(A*) = (I'(A))*.

Proof. (C) Let A € 0,(A*). Then, X is an eigenvalue of A*, and so A* — AI is not
one-to-one. By 15 it follows that (A* — AI)* = A — Al does not have dense range in
H. That is, A € T'(A). Thus, A € (I'(4))*. Therefore, o,(A*) C (I(A))*.

(D) Let A € (T'(A))*. Then, A € T'(A). Thus, A — Al does not have dense range
in H. Hence, by theorem 15, (A — A )* = A* — X is not one-to-one. Thus, ) is an
eigenvalue of A*, and so A € 0,(A*). Therefore, (I'(A4))* C 0,(A").

Thus, 0,(A*) = (I'(A))*, as desired. O

Example 4. For the forward shift operator S € L((?), the spectrum decomposes as

follows:

1. 0,(S) =D
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Proof. (1) By lemma 46, X is an eigenvalue of S* if and only if A € . Therefore,
o,(S) =D.

(2) First, we will show that ||.S|| = 1 using the equivalent definition,

|S|| = sup{||S(an)| : (an) € £* with ||(a,)|| = 1}. Let (a,) € ¢* with ||(a,)||. Then,

15 (an)|I* = 11(0, a0, ar, ... )|

= ]0|2~|—|a0]2+\a1|2—|—--- (3.10)
=D lauf?

n=0
= ||(an)|”

=1 (3.11)

Line (3.10) follows from the definition of the ¢? norm. Line (3.11) follows from the
assumption that ||(a,)|| = 1. Since norms are always nonnegative, taking the square
root of both sides of the equation yields ||S(a,)|| = 1. Therefore, ||S]| = sup{1} =1,
as desired. By theorem 42 part (6), r(S) < ||S|| = 1. By definition

7(S) = sup{|A| : A € 0(S)}. Thus, |A\| <1 for every A € ¢(S). Therefore, o(S) C D.
Next, we show that D C ¢(S). Since D C o(S), it follows D C ¢(S). Since o(S)
is compact, we have that ¢(S) = ¢(S). Thus, D C ¢(S). Therefore, o(S) = D, as

desired.
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(3) Since o(S) = D, it follows by theorem 43 that D C ¢,,(5). Since D = ID, we
have 0D C 0,,(5). We claim that if A € D, then [|S(a,) — A(a,)|| > (1 — |A]) ||(a,)]|
for all (a,) € ¢*. To prove this claim, let A € D and (a,) € 2. Thus, || < 1, and so

1 —|A| > 0. Hence, |1 — |A|| = 1 — |A|. By the reverse triangle inequality,

15 (an) = Aan)ll = [115(an)l] = [[A(an)]l] (3.12)
= [ (@)l = [A[ I (@n)]l | (3.13)
= [T = AD [[(@n)ll|
= (1= [AD) [[(an)ll

Line (3.12) is by the triangle inequality, as mentioned previously. Line (3.13) follows
from the fact that ||S(a,)| = ||(0, ag,a,...)|| = 4/ 3 lan|? = ||(a,)||. Thus, if A € D,
then S — A is bounded below as claimed. The cogt:roapositive of this claim is that if
S — M is not bounded below, then A\ € D¢. That is,
0p(S) CDC ={AeD: |\ >1}=DUD"
—C

Since 7,,(S) C o(S) = D, it must follow that o,,(S) C dD, since 0,,(S)ND " = @.

Therefore, 04,(S) = 0D, as desired.

(4) First, we show that 0,(S*) = D. By lemma 46, if A € D then A is an eigenvalue of
S*. Thus, we know D C ¢,(S*). To show the reverse containment, let v € 0,(S*). By
definition, ~ is an eigenvalue of S*. Let (a,) € ¢* be the corresponding eigenvector.
Then, S(a,) = 7v(a,); that is, (a1,as,...) = (yag,va1,...). Comparing entries, we
have a1 = 7ya, for every n € NU{0}. It follows that a, = v"ay for every n € N.
Thus, the eigenvector is (ag, yag, v2ao, .. .). We note that ag # 0, since if ag = 0, then

(a,) = 0, contradicting the definition of eigenvector. Since (a,) € (*, S*(a,) €
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o
and so Y. |7y"ao|? converges. Note
n=0

> htaol* =D 1y Plaol
n=0 n=0
= laol*> Iy’
n=0
= laol* > ()"
n=0
Since this is a geometric series it is convergent if and only if |y|? < 1. Thus, it is
convergent if and only if |y| < 1. Thus, v € D. Thus, we have shown that o,(5*) C D.
Therefore, 0,(5*) = D.

By lemma 47, D = (I'(S))*. Therefore, D* = I'(S). Since D* = D, it follows D = I'(.5),

as desired.

Example 5. Let (b,) be a sequence in C such that lim b, = 0. Define the diagonal

n—oo

operator T € C(£?) by T(an) = (anby,). The spectrum of T decomposes as follows:

1. 0,(T) ={b, : n € N}

2. o(T) ={b, :n e N}U{0}

3. 04p(T) = {b, : n € N} U{0}

4. T(T) = {b, : n e N} U {0}
Proof. (1)(C) Let A € 0,(T). Let (a,) € £ be the corresponding eigenvector. Then,
T(an) = May); that is, (a1by, azbs,...) = (Aay, Aag, ...). Comparing entries, we have

that for each n € N, a,b, = A\a,,. Thus, for each n € N, a,, = 0 or A = b,,. Since (a,)

is an eigenvector we cannot have a,, = 0 for every n € N. Thus, there must be some
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n € N such that A\ = b,,. Hence, A € {b, : n € N}. Thus, 0,(T) C {b, : n € N}.
(D) Let by, € {b, : n € N}. Define (c,) by ¢, = 0 for each n € N\{k} and ¢, =1 for

n = k. Since |(c,)]| = 1, (¢,) € £2. Observe that

T<Cn) = (051,052, ooy 0bg—1, 1by, Obpy1,s - . )
=(0,...,0,b,0,...)
=b(0,...,0,1,0,...)

= bk<0n)

Thus, by is an eigenvalue of T'. Thus, by definition by, € 0,(7"). Hence,
{b, :n e N} Co,(T).
Therefore, {b, : n € N} = 0,(T), as desired.

(2) By part (1), we know for each n € N, b, is an eigenvalue of T. Thus, T — b,/
is not one-to-one, and hence not invertible. Thus, {b, : n € N C ¢(7T'). By theorem
41,0 € o(T). Thus, {b, : n € N} U {0} C o(T). To show the reverse containment,
let A € o(T). Either A = 0or A # 0. If A\ = 0, then A\ € {b, : n € N} U {0}.
If A # 0, by the Fredholm Alternative Theorem, A is an eigenvalue of 7. Thus,
A€ o,(T) ={b, :n €N} C{b, :neN}U{0}. Thus, we have shown that every
A€ o(T)is also in {b, : n € N} U{0}; that is, o(T") C {b, : n € N} U{0}. Therefore,
o(T) = {b, : n € N} U{0}.

(3) By claim 2, 04, (T)¢ = {\ € C : T—\I is one-to-one and range (T—\I) is closed}.

Since T' — AI is one-to-one if and only if X is not an eigenvalue of T', we have

{A€ C: T — M is one-to-one} = 7,(T)°
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= {b, :n € N}“ (3.14)

={AeC: X#Db, for any n € N}

Line (3.14) follows by part (1) of this example. By theorem 30, range (7' — \I) is
closed for every A # 0. Thus, {\ € C : range (T — \I) is closed} = {0}¢. Hence,

0ap(T)° = 0,(T)° N {0}° (3.15)
= (op(C)U{0})”
= ({b, : n e N}U{0})® (3.16)

Line (3.15) follows from claim 2. Line (3.16) follows from part (1) of this exam-
ple. By taking the complement of both sides of the above equation, we obtain

oup(T) = {b, : n € N} U{0}.

(4) Since T*(a,) = (anby,), it follows by the same argument as in part (1) that
0,(T*) = {b, : n € N}. Thus, 0,(T*)¢ = {b, : n € N}°. Since T is compact, T* is
compact. Thus, by theorem 30, {\ € C : range (T* — \I) is closed} = {0}¢. Thus,

0wl T%)C = 0,(T")C N {0}° (3.17)

= (o,(T") U{0})°

= ({b :n € N}U{0})°
Line (3.17) follows from claim 2. By taking the complement of both sides of the above

equation, we have o,,(T*) = {b, : n € N} U{0}. By lemma 47, T(T) = (04,(T*))*.
Therefore, I'(T) = {b, : n € N} U {0}. O
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Chapter 4

NUMERICAL RANGE

Def: Let A € B(H). The numerical range of A, denoted W(A), is the set
W(A) = {(Av,0) 0 € H, o]l = 1}.

The following result that the numerical range of a bounded operator is always convex,
known as the Toeplitz-Hausdorff Theorem, is one of the most famous results about
the numerical range of a general bounded operator. We will make much use of this

result throughout the rest of this thesis.

Theorem 48 (Toeplitz-Hausdorff Theorem). If A € B(H), then W(A) is a convex
subset of C.

The following proof is adapted from [11].

Proof. Assume A € B(H), where H is a Hilbert space. Let A\, u € W(H) be distinct.
We will show that tA + (1 —t)u € W(A) for t € [0,1]. Since A # p, we can define

— 1

a =y P and p = Pt We claim that tA + (1 — t)u € W(A) if and only if
—p —p

t € W(al + pA).

(=) Let tA+ (1 — t)u € W(A). Then, there exists some v € H with ||v]| = 1 such

that tA + (1 —t)u = (Av,v). Since A — p # 0, we can solve for ¢:



= (Av,0) + a|lv]”
= (BAv,v) + alv,v)
= (BAv,v) + (aw,v)
= (BAv + av,v)

= ((al + pA)v,v)

e W(al + BA) (4.1)

Line (4.1) follows from ||v|| = 1.
(<) Let t € W(ad + SA). Then, there exists some v € H with ||v]| = 1 such that

t = ((al + BA)v,v). By properties of inner products, it follows

t = (ol + BA)v, v)
= (av + fAv,v)
= (av,v) + (Av,v)
= a(v,v) + B(Av,v)

= a+ f(Av,v)

t—«

Thus, since 8 # 0, 3

= (Av,v) € W(A). By the definition of o and S defined

earlier, we have that
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Thus, Mt + pu(l —t) € W(A). Therefore, t\ + (1 — t)u € W(A) if and only if

t € W(al + SA) as previously claimed.

Since A\, u € W(A), there exist u,v € H with |[u]| = 1 and ||v|| = 1, such that
A = (Au,u) and p = (Av,v). Now,

((al + BA)u,u) = {au, u) + B{Au, u)
= a(u,u) + B(Au,u)

=a+ B

Line (4.2) follows from the definition of o and /. Similarly, we also have

((al + A, v) =a+ Bu (4.3)

Line (4.3) follows from the definition of o and S.

Define g : R — C by g(8) = (Sv,u)e ™ + (Su,v)e?, where u,v are defined above,

and S = ol + BA. Note that since u,v € H are fixed, (Sv,u), (Su,v) € C are also
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fixed. Thus, because e~ e? are continuous, it follows that ¢ is continuous. Thus,

the imaginary part of g, denoted Img, is a continuous real-valued function. Note that

9(8 +7) = (Sv,w)e” T 4 (Su, v)e
= (Sv,u)e_”’e—i” + (Su, U>ez‘0€m
= —(Sv,u)e” " — (Su, v)e"”

= —9(0)

From the above equality and the fact that g(0) = g(2), it follows that

Im(g(0)) = —Im(g(m)). Thus, we see that Im(g(0)) and Im(g(7)) have opposite signs.
Since Img is a continuous function and Im(g(0)) and Im(g(7)) have opposite signs,
it follows by the Intermediate Value Theorem that there exists some 6, € (0,7) such

that Im(g(6)) = 0.

We claim that v and e are linearly independent. We proceed by contradiction.
Assuming v and e®w are linearly dependent, there exists some v € C such that

v = ey, unless v = Ov, in which case we would contradict that |lu| = 1. Now,

0= ((al + BA)v,v) (4.4)
= ((al + BAYye™u, ve'®ou)
= (ve'™)(Fe™™)((al + BA)u, u)
= (ye")(Fe™™) (4.5)

= |v[?
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Line (4.4) follows from the previously proven fact that ((al + fA)v,v) = 0. Line
(4.5) follows from the similar previously proven fact that ((al + fA)u,u) = 1. Since
7[> = 0, it must follow |y| = 0, and so v = 0. This implies that |v|| = ||0]| = 0,
which contradicts the assumption that ||v|| = 1. Therefore, we must conclude that v

and e®v are linearly independent as previously claimed.

Since v and ey are linearly independent, it follows that (1 — t)v + tei®u # 0 for

every t € [0,1]. Thus,

‘(1 — t)v—i—tewouH # 0. Hence, for each t € [0, 1], we can
(1 —t)v +teou
(1 —t)v + teoul|
t — 2 is continuous, because ¢ and 1 — ¢ are continuous functions and v, ey € H

define the unit vector z; = We note that the function mapping

are fixed. Also note that

((ad + BA)zp, 20) = <(a[ + ﬂA)L HZ—H>

lvll”

((al + fA)v,v) (4.6)

0 (4.7)

Line (4.6) follows from the fact that |[v|| = 1. Line (4.7) follows from the definition

of v. Thus, we have shown 0 € W(al + SA). Similarly, we also have

eoy ey
((al +BA)z1, 21) = <(O‘I+6A) [eifo]|’ ||€i90u||>

_ e ™ <(a[ 1B L>

lei®]|? Jull” Jlull

¢i00 o—i60
- e ((ad + BA)u,u) (4.8)

ei@oefieo

= — 4.9
lei®o 49
‘eieo |2

o |€i00|2
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Line (4.8) follows from the fact that ||u|| = 1. Line (4.9) follows from the definition

of u. Thus, we have shown 1 € W(al + SA).

Lastly, define f : [0,1] — C by f(t) = ((al + 5A)z, z). Since the function that
maps t — 2; is continuous and the inner product is continuous, it follows that f is a
continuous function as well. By the work above, we have that

f(0) = ((al + BA)z0,20) = 0 and f(1) = ((af + BA)z1,2z1) = 1. Therefore, by the
Intermediate Value Theorem, it must follow that [0,1] € W(al + SA). Therefore, by
the very first claim (i.e. tA+ (1 —t)u € W(A) <=t € W(ad + BA)), it follows that

tA+ (1 —t)u € W(A) for every t € [0, 1]; that is, W(A) is convex. O

Theorem 49. Let Hy and Hy be inner product spaces. If Ty € B(Hy) and Ty € B(Hs),
then W(Ty @ Tz) = conv{ W(T1) U W(T3)}.

Proof. Assume Hy, H, are inner product spaces and 17 € B(H), Ty € B(Hs).

(C) Let A € W(T1 @ Ts). Thus, A = (It @ T»)h, h) for some h € H, @ H»

Hi @ H>
with ||h||HIEBHz = 1. Since h € Hy @ Hs, there exist hy € Hy and hy € Hj such that

h = h1 D hg. Note

A

<(T1 @TQ)h’ h>H1 @ H
— (D T @ ha), by @ by )

= (T1hy © Toho, by @ ho) i, @ 1y (4.10)

H; P H»
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= (T1hy, h1) g, + (Tohs, ho) g, (4.11)
hi  hy 2 ha  hs
2 <T—,—> T ol <T—,—>
LA T R T R L A TR T

Line (4.10) follows from the definition of the direct sum of two operators. Line (4.11)

follows from the definition of the inner product in the direct sum of two inner product

. h h h h
spaces. By definition, <T1m, m> € W(T}) and <T2m, Hh—zH> € W(Ty).
Hy H

By definition of the inner product in H; @ Ha, ||h||§1,1 ©H = th\ﬁ{l +|ha|ly,- There-
fore, ||h1||12q1 + ||h2||12112 = 1. Thus, by the definition of the convex hull, we have
h h h h
A=l <T1 Lo > + ||l <T2 2 2 > e conv{W(T1)UW(T3)}.
Hy Hs

[l (1P 1zl N2l
Hence, we have shown that W(T") C conv{W(7}) U W(T3)}.

(D) Let A € conv{W(T7) UW(T)}. Then A = > t;a;, where o; € W(T7) U W(T3),
i=1

iti =1,and 0 <t; < 1. Since oy € W(T1) UW(T3), a; € W(T7) or o; € W(T).
:;sume without loss of generality that «; € W(771). Then, there exists some u; € Hy
with [lu;l|;, = 1, such that (Thu;,w;)y = ;. Since Hy is a vectorspace, 0 € Hy.
Thus, u; ® 0 € Hy € Hs. Note that

<(T1 P 1) (ui @ 0), u; @0> = (T ® 120, © 0) y, gy i,

H, &P H»

= (Tyui, ui) g, + (120, 0) g,
= + 0

:Oéi

By definition of the inner product in H; @ Ho, ||u; ® 0||21@H2 = ||uz||i,1 + ||0||§1,2 = 1.
Thus, [lu; @ 0|y, g g, = 1. Thus, by definition we have that

a; = (1D T2)(ui ©0),u ®0)y, gy, € W1 D T2). Since W(T1 D T>) is convex
(this is the Toeplitz-Hausdorff theorem), it follows that A € W(T} @ Tz). Thus,
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COHV{W(T1> U W(TQ)} g W(Tl @ TQ)

Therefore, W(T) @ T,) = conv{W(T;) U W(T3)}, as desired. O

Proposition 2. If A € B(H), then o,(A) C W(A).

Proof. Assume A € B(H). Let A € 0,(A). It follows by definition that X is an

eigenvalue of A. Thus, there exists some nonzero v € H such that Av = Av. Since

v #0, [[o]| #0. Hence, Apy = Aqon and H”z—” ‘ = 1. Hence,
<Aﬁ’ ||Z_||> = <)‘|\Z_|\a ||5_||> = A <Hz_\|’ ﬁ> = A. Thus, A € W(A). Therefore,
op(A) C W(A), as desired. O

Proposition 3. If A € B(H), then W(A) lies in the closed disk of radius || A|| centered

at 0.

Proof. Assume A € B(H). Let a € W(A). Then, a = (Av,v) for some v € H with
|v|| = 1. Now,

la] = [(Av, v)]
< [|Av]|{lv]] (4.12)
= [|Av]]
< [14] (4.13)

Line (4.12) follows by the Cauchy-Schwarz inequality. Line (4.13) follows from the
definition of the operator norm. Therefore, we have shown that W(A) lies inside the

closed disk of radius ||Al|, centered at 0. O
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Claim 4. If A € B(H), then W(A*) = {\: ) € W(A)}

Proof. Assume A € B(H).

(C) Let € W(A*). Then there exists v € H with ||v|| = 1 such that p = (A*v,v).
By the definition of the adjoint u = (A*v,v) = (v, A*v) = (v, Av). Thus,

7 = (v, Av) = (Av,v). Since v € H and ||v|| = 1, (Av,v) € W(A). Thus, 7 € W(A).
Since p = 7, it follows that W(A*) C {\: A € W(A)}.

(D) Let ¥ € {\: A& W(A)}. Then, v € W(A). Hence, there exists some v € H

with ||v]| = 1 such that 7 = (Av,v). By definition of the adjoint, ¥ = (v, A*v).

Therefore, v = 7 = (v, A*v) = (A*v,v). By definition (A*v,v) € W(A*). Hence,
A AeW(A)} C W(AY)
Therefore, W(A*) = {\: XA € W(A)} O

Example 6. Let S € B(¢?) denote the forward shift operator. Then, W(S) =D (the

open unit disk.)

Proof. We will prove that W(.S) = D by showing W(S*) = D, where S* is the adjoint
of S. Note that S* is the backward shift operator.

(©) In the proof of 6,,(S) = D, we showed [|.S|| = 1, hence, ||S*|| = 1 since an operator
and its adjoint have the same norm. Thus, by proposition 3, W(S*) lies inside D
that is, W(S*) € D. Thus, we only need to show that W(S*) contains no points
in 0D to complete the forwards containment. Let A € dD. Consequently, |A| = 1.
Seeking a contradiction, suppose A € W(S*). Then, there exists some (a,) € ¢* with

|(a,)|| = 1, such that A = (S*(a,), (ay)). Thus,

1= [l

= [{5%(an), (an))] (4.14)
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< [15%(@n)[ {[(an)]] (4.15)
= [15% ()
< 15[l (an)

=1

Line (4.15) follows by the Cauchy-Schwarz inequality. From the above we obtain the
inequality 1 < ||S*(ay,)|| < 1. Thus, we have ||S*(a,)|| = 1. Hence, ||S*(a,)|> = 1.
Since ||(an)|| = 1, we have ||(a,)||* = 1, as well. Hence, ||S*(a,)|” = ||(an)|]>. It fol-
lows, by definition of the ¢2-norm, that Y o |a,|* = > o |as|?. Therefore, it must
be the case that |ag|?> = 0, and so ag = 0. Also by the above, we must have equality
between lines (4.14) and (4.15): [(S*(ay,), (an))| = [|S*(an)]| ||(an)]]. Thus, S*(a,) is
simply a scalar multiple of (a,). In particular, the scalar multiple must be A because
A = (S*(ay,), (an)). Therefore, we have S*(a,) = A(a,). So, by definition of the back-
ward shift operator, S*, we have (ai,as,as,...) = (Aag, Aaj, Aas, . ..). Equating en-
tries, we obtain a,, = A"aq for each n € N. Thus, we have S*(a,) = ag(1, A\, N2, \3,...).
Since ag = 0, we see S*(a,) = (0). Thus, (a,) = (0). So, ||(a,)| = 0, which contra-
dicts that ||(a,)|| = 1. Therefore, we must conclude that W(S*) contains no points

in OD. Therefore, W(S5*) C D.

(2) Let A € D. Then, |A| < 1. Hence, by lemma 46, A is an eigenvalue of S*. Thus,

by proposition 2, A € W(S*). Thus, D C W(S*).

Therefore, W(S*) = D. So, by claim 4, W(S) = W(S*) = {A : A € D} = D, as
desired. O
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Def: Let A be a set and A,,, Ay, ..., An, € A. The convex combination of
/\n17/\n27~”a)\nk is tl)‘nl + t2>\n2 + -+ tk)\nka where 0 S tl,tQ,...7tk S 1 and

tiHte+- =1

Def: Let A be a set. The convex hull of A, denoted conv(A), is the set of all finite
convex combinations of A. The infinite convex hull of A, denoted convy,(A), is the

set of all infinite convex combinations of A.

Lemma 50. Let A be a set and o, 8 € C. Then,

1. conv(alA) = aconv(A)

2. conv(A + ) = conv(A\) + B

Proof. Let A be a set and o, 8 € C.
(1) By definition of conv(A), € aconv(A) if and only if
r = a(tiAn, +tadn, + ...+ teAn,)
for some Ay, Ayy oo An, € Aand 0 <y, t9, ...t < 1such that t1+to+-- -+, = 1.

Now,

Tr = a(tl)\nl + t2)\n2 + ...+ tk)\nk)
=tiad,, + o, + ...+ ta),,

€ conv(aA)

Therefore, conv(aA) = aconv(A).

65



(2) Also by the definition of conv(A), x € conv(A + /) if and only if there exist some
Angs Angs -y An, € Aand 0 < 4y, to, ...t < 1 with ¢; + 5 + -+ -+t = 1 such that

=1 An, +B) +ta(Any +5) + -+ + (A, + 5). Now,

r=t1(An, +8) +ta(Any, +8) + -+ t(An,, + 5)
=ty + 18+ tadn, 128+ -+ Ly, + 1B
=t Any Ftodn, + A, + (L1 + 2+ + 1)
=t n, Flodp, + - F Ay, + 0

€ conv(A) + (4.16)

Line (4.16) follows from the fact that t; + t5 + - -+ 4+ tx = 1. Therefore,

conv(A + ) = conv(A) + 5. O

Note. By replacing the finite sums with infinite sums in the previous proof we find

that convs(a\) = aconvs(A) and conve (A + ) = conv(A) + 5.

Proposition 4 (Shapiro, Prop 2.6). If A = {\, € C: n € N} is a countable set of

complex numbers, then conus(A) = conv(A).

The following proof is adapted from the proof given in [14].

Proof. Clearly, conv(A) C conve,(A). To show the reverse containment, let

p € conve(A). Define A, = A — p. Then, by lemma 50 and the following note,
conve(A) — p = conv(A,). Since p € conve(A), it follows that 0 € conve(A,).
Seeking a contradiction, suppose that p ¢ conv(A). Then 0 ¢ conv(A,). Thus,

there exists a line separating 0 from conv(A,). We note that this separating line is
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not necessarily a strictly separating line, since if 0 were a limit point of A the con-
vergence would violate the strict separation. By some rotation e about the origin
and lemma 50, conv(e?A,) C H*+, where H* denotes the closed upper half-plane. It

»)
follows that conve, (e?A,) C HF. Since e?A, C conv(e®A,), we also have e A, C H¥.

Since 0 € conve(A,), 0 € econv,(A). Thus, by lemma 50, 0 € convy,(e??A,). Thus,
we can write 0 = i ane?\,, where 0 < a,, < 1 for each n € N with i a, = 1, and
An € A, for each nnzelN . If only finitely many a,,’s are nonzero, then ngutomatically
have 0 € conv(e®A,), which by lemma 50 gives 0 € conv(A,), contradicting that

0 & conv(A,). Therefore, we must have that infinitely many a,’s must be nonzero.

Let a,, denote these infinitely many nonzero scalars. Note that

o0
i0
0= E ane” A\
n=1

- f: an(Re(e?),)) + iIm(e\,))

n=1

= Z anRe(e?\,) +i Z aIm(e?\,,)
n=1 n=1

Thus, it follows that i a,Im(e?),) = 0. Since e?A, C H¥, it follows that

Im(e?),) > 0 for evi;; n € N. By assumption a,, > 0 for every n € N. Thus,
a,Im(e?),) > 0 for each n € N. Thus, the only way i a,Im(e?),) = 0 can hold is
if a,Im(e?),) = 0 for each n € N. Therefore, we muns?have Im(e?)\,) = 0 for each
an, # 0; that is, for each n € N such that a, # 0, €\, € R. Note that for each
n € N, e\, # 0, because if €}, = 0, then A, = 0, and since \, € conv(A,), this

would imply that 0 € conv(A,), contradicting that 0 ¢ conv(A,).
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Recall that a,, denotes the infinitely many nonzero a,’s. Thus, }_ anjele)\nj =0,
j=1

where 0 < a,, <1 for each n; € N, and > an; = 1. Since each A, # 0, we know that
j=1

cach \,, # 0. Since a,, > 0 and €\, # 0, the only way i_o:l an,€®X,, = 0 can hold
is if at least one ew)\nj is negative and at least one is positi]\:e. So, assume €\, <0
and e\, > 0. Then, [e?)\,,, e\, ] is an interval on the real line containing the
origin. Since A\, A, € A,, it follows that [e?),,,, e\, ] C econv(A,) by lemma 50.
In particular, 0 € e?conv(A,). Thus, 0 € conv(A,), contradicting that 0 & conv(A,).
Therefore, we must conclude that p € conv(A). Thus,

conv, (A) C conv(A). Therefore, conv.,(A) = conv(A), as desired. O

Example 7. Let (b,) be a sequence in C such that lim b, = 0. Define the diag-
n—,oo

onal operator T € C(¢?) by T(a,) = (axb,). Then, W(T) is the convex hull of the

eigenvalues of T'.

Proof. Let B = {b, : n € N}. Note that by example 5, B = 0,(T"), which by definition

is the set of all eigenvalues of T

k k

(C) Let = € conv(B). Then, x = Y t;b,,, where 0 < ty,...,t, <1, Y t; =1, and
=1 =1

boys- -+ bn, € B. Since each b, is an eigenvalue of T, let u,,, € ¢* be the corresponding

unit eigenvectors. Since 7" is normal (this is obvious or can easily be shown), these

k
eigenvectors must be orthogonal by theorem 21. Define u = Y v/t;u,,. Note that
i=1

(T

hE

I
E

i
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j=1

= ti(un,, Un,) (4.17)
1=1
k

=>t (4.18)
i=1

=1

Line (4.17) follows from the eigenvectors being orthogonal. Line (4.18) follows from

the eigenvectors being of unit length. Since norms are always non-negative it follows

that [|u|| = 1. Thus, (T'u,u) € W(T).

Also note that,

(Tu, u)
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k
= tiby, (tn,, 1) (4.19)
=1

k
i=1
=
Line (4.19) follows from the eigenvectors being orthogonal. Line (4.20) follows from

the eigenvectors being of unit length. Thus, we have shown that z = (T'u, u). Thus,

we have that © = (T'u,u) € W(T). Therefore, conv(B) C W(T).

(D) Let z € W(T). Then, x = (T(v,), (v,)) for some (v,) € £ with ||(v,)|| = 1.
Thus, ||(v,)]|> = 1. So, by definition of the f2norm, 3 |v,|> = 1. We note that
n=1

|v,|? > 0 for each n € N, and clearly |v,|? <1 for each n € N. Note that

x = (Tv,v)

= ((vnbn), (vn))

= Z Unbnv_n
n=1

= Z ‘Un‘%n
n=1

This last line is an infinite convex combination of b,’s. Thus, z € conv.(B). By
proposition 4, conv,(B) = conv(B). Hence, x € conv(B). And so, W(T') C conv(B).
Therefore, W(T') = conv(B), as desired. O

We now turn to generalizing the previous example. To do so, we first remind the

reader of the difference between a basis and an orthonormal basis:
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Def: Let H be a Hilbert space and {h,, : n € N} C H. We say {h,, : n € N} is a basis
for H, if for each h € H there exist h,,,...,hy, € {h, :n € N} and ay,...,q, € C,

such that h = ajhy,, + - + aghy, .

Def: Let H be a Hilbert space and let
S ={h, :neN,(h,, hy,) =0if n # m and (h,, hy,) = 1 otherwise} C H

We say S is an orthonormal basis for H, if for each h € H there exist «,, € C such
that h = > a,h,.

n=1
Theorem 51. IfT € C(H) is normal, then W(T) is the convez hull of the eigenvalues
of T.

Proof. Assume T' € C(H) is normal. By the spectral theorem for normal compact
operators, there exists an orthonormal basis for H composed of eigenvectors of T
Let {e,}22; denote these eigenvectors and A = {\,}>2; denote the corresponding
eigenvalues.

(C) Without any modification we use the proof of example 7 to conclude conv(A) C

W(T).

(2) Let x € W(T). Then, x = (T'f, f) for some f € H with ||f|| = 1. Since {e;}52,

is an orthonormal basis for H, there exist o; € C such that ) a,e,. Since || f|| =1,
n=1
I/ = 1. Thus,
1= Qp€n, Z anen>
n=1 n=1
= Z <anen, Zanen> (4.21)
n=1 n=1
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= (Z(anen,amem)> (4.22)

n=1 \m=1

= i (i CVnam<€n> em>>
n=1 \m=1

= i v, |? (4.23)
n=1

Lines (4.21) and (4.22) follow from the inner product being continuous in one com-
ponent. Line (4.23) follows from the ¢e,’s being orthonormal. We note that |a,[* > 0

for each n € N. Clearly, it must also be the case that |a,|? < 1 for each n € N. Now,

v=(Tff)
= <T i%ﬂ%) ,ianen>

I
/\
3
—
3
I,

ZT(anen), Z anen> (4.24)

Il
—
[M]#

o

3

>~

3

D

3

[~

Qo

3

P
~— —

1 n=1
— i <an)\nen7 ianen>) (4.25)
n=1 n=1

= Z Z {(Qp Apen, amem>> (4.26)

= Z v |2 A (4.27)
n=1

€ conve(A) (4.28)

Line (4.24) follows from the continuity of T'. Lines (4.25) and (4.26) follow from the
inner product being continuous in one component. Line (4.27) follows from the e,’s

being orthonormal. Line (4.28) follows from Y |a,|? = 1. By Proposition 4, we have
n=1
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T € conve(A) C conv(A).

Therefore, W(T') = conv(A). O

We now turn to some results on the numerical range of non-normal compact operators.

We look at a few definitions and preliminary results vital to proving these theorems.

Def: Let B be a Banach space, (x,) be a sequence contained in B, and x € B. We

say (x,) converges weakly to z, if for each b € B, lim (z,,b) = (z,b).
n—0o0

Lemma 52 ([6], Theorem 4.8.7). Let H be a Hilbert space and T € B(H). Then

T € C(H) if and only if (z,,) converging weakly to x implies (Tx,) converges to x.

Lemma 53. Let H be an infinite-dimensional Hilbert space and T € C(H). If X #0
is a limit point of W(T), then there exists some v € H with ||z|| < 1, such that
A

A
W € W(T). Therefore, A € (O, W] (a line segment in the complex plane).
x x

The following proof is motivated by [5].

Proof. Assume H is an infinite-dimensional Hilbert space and T' € C(H). Let A be
a limit point of W(T'). By definition, there exists some sequence (\,) in W(T'), such
that nh_)n;@ An = Aand A\, # X for each n € N. Since each A\, € W(T'), there exist
x, € H with ||z,|| = 1 such that A\, = (T'z,,x,) for each n € N. Consider this new

sequence (x,) in H. Since ||z,|| = 1 for each n € N, the sequence (x,,) is contained in

B, where B is the unit ball in H. By the Tychonoff-Alaoglu Theorem, B is weakly
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compact. In a metric space weakly compact is equivalent to weakly sequentially com-

pact. Thus, there exists some subsequence (z,,) of (x,) that converges weakly to

some x € B C H. Thus, by lemma 52, klim Tz,, = Txz. Since the inner product is
—00

continuous in each component, it follows that klim (Txp,, xn,) = (T, ).
—00

Since nh_}rgo (TTy, Ty) = nh_}rgo An = A any subsequence of ((T'z,, x,)) must also converge
to A. Since we just showed the subsequence ((I'z,, , z,,)) converges to (T'z, x), it must
follow that (Tx,z) = A\. Since A # 0, it is not possible for x = 0, since (T'z,x) = A
and (T°0,0) = (0,0) = 0. Hence, we must have = # 0. Thus, ||z|| # 0 and |z||* # 0.

Hence,

2 = 2<Tx7x>
[ ||
1 1
= — <—Tx,x>
[l \ [l
1
()
] |zl
x

(1) ’w>
x x
(7 (%)) (429)
il Nl
e W(T) (4.30)
Line (4.29) follows from ||z|| being real. Line (4.30) follows from ' — ‘ = 1. Since
(|
— A
x € B, ||z|]| < 1. Thus, X lies in the line segment (O, W cC. O
x

Def: Let S be a convex set. A point x € S is an extreme point of S if z does not

lie in the interior any line segment joining two points of S.
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Claim 5. Let H be an infinite-dimensional Hilbert space, T € C(H), and x € H

A
be as in the conclusion of lemma 53. If X # 0 is an extreme point of |0, |z ||2]

(the intersection of a ray from 0 and W(T)) and X is a limit point of W(T), then
A e W(T).

Proof. Let H be an infinite-dimensional Hilbert space, T € C(H), and x € H be

A
defined as in lemma 53. Assume A # 0 is an extreme point of [O, W] and is
x

]

|| ”2 By assumption A # 0, so we must have \ = W Therefore, by lemma
x x

53, A = —— € W(T). O

A
a limit point of W(T'). Since \ is an extreme point of [O, —2], either A = 0 or

A:

Recall that for a compact operator T, 0 € o(T) € W(T) (by theorems 41 and 45).
Thus, claim 5 hints that W(T') can be expressed as all rays from 0 intersected with

W(T). We formalize this in the following proposition, which will be of use later.

Proposition 5. Let H be a Hilbert space. If T € C(H), then

W(T) = {[0,4] : b € W(T)}.

Proof. Let H be an infinite dimensional Hilbert space. Assume T' € C(H).

(C) Let z € W(T). Clearly, x € [0,z]. Note that [0,z] C {[0,b] : b€ W(T)} € W(T).
Thus, W(T) € {[0,0] : b € W(T)}.

(2) Consider [0,b], where b € W(T'). By theorem 41, 0 € o(7T). By theorem 45,
o(T) € OW(T). Therefore, 0 € W(T'). Thus, by the convexity of W(T'), we know

[0,0] € W(T'). Hence, {[0,0] : b€ W(T)} C W(T).
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Therefore, W(T') = {[0,b] : b € W(T)}, as desired. O

Note. [t is well known that the numerical range of a bounded operator on a finite
dimensional Hilbert space is closed (theorem 54). Since compact operators are closely
related to finite dimensional operators (this is theorem 25), it seems plausible that
its numerical range would be close to that of a finite dimensional operator. This is

summarized in theorem 56.

Theorem 54. Let H be a Hilbert space and T € B(H). If H is finite dimensional,
then W(T) is closed.

Lemma 55. Let H be a Hilbert space and T € B(H). Define q : H — C by

q(v) = (Tv,v) for each v € H. Then, q is continuous on H.

Proof of lemma 55. Let H be a Hilbert space and T' € B(H). Define ¢ : H — C

by q(v) = (Tv,v) for each v € H. Let ¢ > 0 and vy € H. If T = 0, we note ¢ = 0

€
which is continuous. If 7" # 0, then ||T’|| # 0. Define § = max {1, }
3T (llvoll + 1)

Suppose v € H is such that ||[v — vg]| < 0. Now,

|q(v) = q(wo)| = [{T'v,v) — (T'wo, vo)|
= |(Tv — Tvy,v — vg) + (Tv — Ty, vo) + (Tvg,v) — (Tvg, vo)|
= |(Tv — Ty, v — vg) + (Tv — Ty, vo) + (Tv, v — vg)|
< (T — Twg, v — )| + [{Tv — Twg, vo)| + [{Tvg, v — vg)] (4.31)
< |NT(v = wo)[[lv = voll + |T'(v — wo) | [lvoll + | Tvol| [l — ol (4.32)
< |ITl o = woll* + 2 ||| [} = wol| ol (4.33)

< T v = woll + 2[T[} [}v = vol| [[vo]l (4.34)

76



€ €
+ 27|

3TN ([lvoll + 1) 3T ([Jvoll +1

2¢e

e
3 3

< ||| ] [[ol| (4.35)

=&

Line (4.31) follows from the triangle inequality. Lines (4.32) and (4.33) follow from the
Cauchy-Schwarz inequality. Line (4.34) follows from the fact that ||[v —vo|] <6 < 1.
Line (4.35) follows from the fact that v — o] < § <

€
= 37T ([Jwoll + 1)
is continuous on H. O

. Therefore, ¢

Proof of theorem 54. Assume H is a finite dimensional Hilbert space and T' € B(H).
Since H is a finite dimensional metric space, it is homeomorphic to R", where

n = dim(H). Since the closed unit ball B is closed and bounded, it follows by
the Heine-Borel Theorem that B is compact. By lemma 55 ¢ is continuous. Thus,
q(B) = W(T) is compact. Again, by the Heine-Borel Theorem, ¢(B) = W(T) is
closed and bounded. Therefore, W(T') is closed, as desired. [

Note. Since convex sets are necessarily path connected, we will be using that the
boundary points of the numerical range not contained in the numerical range are

limit points of the numerical range.

Theorem 56 (De Barra et al, Theorem 1). Let H be an infinite-dimensional Hilbert

space and T € C(H), then:

1. 0 € W(T) if and only if W(T') is closed.

2. If 0 & W(T), then 0 is an extreme point of W(T).
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The following proof is adapted from [5].

Proof. Let H be an infinite-dimensional Hilbert space and T' € C(H).

(1) (=) Assume 0 € W(T'). Let A be a limit point of W(T'). If A = 0, we automati-

A 5 € W(T) for some

cally have A € W(T') by assumption. If A # 0, by lemma 53 ”
x

x € H with ||z|| < 1. Since W(T') is convex, the line segment |0, is contained

2
]

. Thus, A € W(T'). Therefore, W(T) is

A
in W(T). Also by lemma 53, X € (O, W
x

closed.

(<) Assume W(T) is closed. Consequently, W(T) = W(T'). By theorem 45,

o(T) € W(T'). Since T is compact, 0 € o(T), by theorem 41. Thus, we have

the desired 0 € o(T) C W(T') = W(T).

Therefore, 0 € W(T') if and only if W(T) is closed.

(2) Assume 0 ¢ W(T). Seeking a contradiction, suppose 0 is not an extreme point
of W(T'). Then, 0 is contained on the interior of some line segment [a,b] on 9W(T).
Since 0 is on the interior of [a, b], we can break it into two line segments: [a, 0] and
[0,b]. Note that these line segments are the intersection of rays from 0 and W(T),
since a,b € OW(T'). Since 0 is on the interior of [a, b], we know that a,b # 0. Since
a,b € OW(T), by the note a,b are limit points of W(7T'). Clearly, a is an extreme
point of [a,0] and b is an extreme point of [0,b]. Thus, a,b € W(T') by Claim

5. By the convexity of W(T'), the line segment [a,b] lies in W(T'). Thus, we have

78



0 € [a,b] € W(T), which contradicts the assumption that 0 € W(T'). Therefore, we

must conclude 0 is an extreme point of W(T'). O

Lemma 57 and theorem 58 were formulated and proved while reading [5] (but do not

appear in the paper).

Lemma 57. Let H be an infinite dimensional Hilbert space, T € C(H), and

0¢ W(T). Suppose [0,b] is the intersection of a ray from 0 and W(T'). If
A€ W(T)N|0,b], then (A, 0] C W(T).

Proof. Let H be an infinite dimensional Hilbert space, T' € C(H), and 0 ¢ W(T'). Let
[0,] denote the intersection of a ray from 0 and W(T'). Assume A € W(T) N [0,b].

Since [0,b] € W(T'), b € W(T'). If b € W(T), then by convexity we automatically have
[\, 0] € W(T). If b ¢ W(T), then b € W(T)\W(T); that is, b is a limit point of W(T).
If b= 0, then [0,4] = {0} € W(T)\W(T). Thus, there can be no A € W(T) N [0, ],

contradicting our assumption. Hence, we must have b # 0. Thus, by lemma 53,

b
there exists some € H with ||z|| < 1 such that b € (0, W and iz H2 e W(T).
T
Since 0 < ||z|| < 1, it follows that (0,b] C H H2], that is, W sits on the
x

same ray from 0 as b does, just potentially “farther out” than b on this ray. Since

[0,] is the intersection of this ray from 0 with W(T'), it is not possible for —

, ]l
to fall strictly after b on this ray. | ”2 then
x
b — b
2] ¢ W(T'). Thus, iz ”2 ¢ W(T'), contradicting lemma 53. Since Bk cannot fall
x x
strictly after b, we cannot have ||z||*> < 1. Hence, ||z||* = 1. And so, ||z|| = 1. Thus,
——— € W(T'). Therefore, by convexity [A,b] € W(T'), as desired. O
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The following figure illustrates the argument from the proof of lemma 57:

Figure 1.

Note. If T is a bounded operator on a finite dimensional Hilbert space, then by
theorem 54 W(T)\W(T) = @. Theorem 56 says that for a compact operator on
an infinite dimensional Hilbert space, W(T)\W(T) = @ if and only if 0 € W(T).
The next theorem describes that for a compact operator T on an infinite dimensional
Hilbert space and 0 ¢ W(T), W(T)\W(T) is small (either {0} or the union of line

segments).

Theorem 58. Let H be an infinite dimensional Hilbert space, T € C(H), and
0¢ W(T). Let b € WT)\W(T) and [0,c] be the intersection of W(T) with the ray
from 0 that contains b. Then, either b =0, or [0,b] € W(T)\W(T) and there exists

A € W(T) such that b € [0, )], [0,\) € W(T)\W(T), and (\,c] € W(T).

Proof. Let H be an infinite dimensional Hilbert space and T" € C(H). Assume
0 ¢ W(T). Suppose b € W(T)\W(T) and b # 0. Since 0 € W(T), by con-
vexity [0,0] € W(T). So, we need only show that [0,0] N W(T) = &. Seek-

ing a contradiction, suppose there exists A € [0,b] N W(7T'). Then, by lemma 57,
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[\, c] € W(T). Since b € [\, ], it follows that b € W(T'), contradicting the assump-

tion that b € W(T)\W(T'). Therefore, we must conclude that [0,0] N W(T) = @.

S
Hence, [0,b] € W(T)\W(T).

b
By lemma 53, there exists + € H with [|z|| < 1 such that b € (0, W] and
x

b
(T"). Note we can write (0, W] = {tb 0<t< 5 } Define
x

]l ]l

1
to = inf {t 0<t<—sandthe W(T)} We note that the infimum exists by the

]

Axiom of Completeness, since this set is bounded (below by 0 and above by 1/ ||z||*)

b
and is nonempty, since | |2 e W(T).
T

Define A = tyb. Since it’s possible the above set does not achieve its infimum, all we

to > 1. Hence, b falls “before” tpb on the line segment [0,c| (or b = tob). That is,

can conclude is that A € W(T'). Since ||z|| < 1,

b € [0,t0b)].

1
By definition of infimum, ¢, < ¢ for each 0 < ¢ < H—2 such that tb € W(T'). Thus,
T

tob falls “before” each th € W(T') that lies on (O . This implies (0, tyb) contains

no points in W(7T), otherwise we would contradlct the definition of infimum. Thus,

(0,t0b) € W(T)\W(T). Since 0 € W(T)\W(T), it follows [0, tsb) € W(T)\W(T).

For every € > 0, [tob+ ¢,c] € W(T') by lemma 57. Thus, (teb,c] € W(T). O
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Example 8 ([5]). Define T € B(¢?) by
1 1 —_—
T(ay,a9,a3,...,0pn,...) = <a1,a1+a2,a3,—a4,.. > W(T)\W(T) is

) an’
2 n—2

the union of the two symmetric half-open line segments that contain 0.

Solution. Note that we can write T = T} @ Tb, where Ty € C(F?) and Ty € C(¢?)
1

are defined by Ti(ay,as) = (a1,a; + az) and Ty(a,) = <—an>. Since lim % =0,
n n—o0

T, is of the form described in example 1, and so is T, compact. By example 5,

op(Tr) = {+:neN}. By example 7, we know W(T3) = conv{o,(T)}. Thus,

On the other hand it can be shown that W(7}) = {z € C: [z — 1| < 5}

Thus, by theorem 49, W(T') = conv{ {z € C: |z —1| < 1} U(0, 1]}, which is depicted

in the figure below:

~

Figure 2. W(T)
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Therefore, we see that W(T') is:

~

Figure 3. W(T)

Thus, W(T)\W(T) is:

~

Figure 4. W(T)\W(T)

Which is the union of two half open line segments that contain 0, lie tangent to the

circle {z € C: |z — 1| = 4}, and are symmetric about the real axis.

Note. From the proof of theorem 58, it is not clear whether the endpoint \ of the
line segment making up W(T)\W(T) is in W(T) or not. From the provided example
(as well as the other examples in [5]), it seems plausible that X € W(T') always. This
is in fact the case ([10]), however, proving it requires the essential numerical range
which is beyond the scope of this thesis. Lemma & provides a sufficient condition: If

A is an extreme point of W(T'), then A € W(T).
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Chapter 5

FUTURE WORK

In this thesis we explored the numerical range of a compact operator. We showed
how a compact operator on a Hilbert space can be approximated by bounded finite
rank operators (theorem 25). To illustrate, we introduced a prototypical compact
operator (example 1). We showed the numerical range of this compact operator, and
in fact all normal compact operators, is the convex hull of its eigenvalues (example
7 and theorem 51). We suspected that the numerical range of a compact operator
would be similar to an operator on a finite dimensional Hilbert space (which is closed
by theorem 54). We showed they share some similarity: the numerical range of a
compact operator being closed depends on whether 0 is contained in the numerical
range or not (theorem 56). We showed that the difference between the closure and
the numerical range of a compact operator is a union of line segments that contain 0
(theorem 58). Lastly, we pointed out that a sufficient condition for these line segments
to be open is for the nonzero endpoint to be an extreme point of the closure of the

numerical range (an application of lemma 5).

Some questions that arose during the course of our research which we were unable to

alnswer are:

e W(T)\W(T) is {0}, one line segment containing 0, or the union of two line

segments containing 0 ([10]). It seems plausible to prove W(T)\W(T") consists

of at most two line segments containing 0 using convexity.
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e The line segments that make up W(T)\W(T') (described in theorem 58) are
always half open (|10]). Is it possible to prove this without resorting to the

essential numerical range?

e When W(T)\W(T) is symmetric (such as in example 8), what is revealed by

such symmetry?
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