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Preface

These notes are intended to provide an introduction to the spectral
theory of bounded linear operators defined on Banach spaces. Central
items of interest include Fredholm operators and semi-Fredholm opera-
tors, but we also consider some of their generalizations which have been
studied in recent years.

The spectral theory of operators is an important part of functional
analysis which has application in several areas of modern mathematical
analysis and physics, for instance in differential and integral equation,
as well as quantum theory.

In a sense operators may be studied from two different points of
view. One aspect stresses the membership in a certain structured class
of operators, such as a particular operator ideal in the sense of Pietsch
[92]. The other point of view concentrates on the investigation of certain
distinguished parts of the spectrum for an individual operator.

The classical study of the spectral structure of an operator has re-
cently been enriched by the development of some powerful new methods
for the local analysis of the spectrum. A basic concept in local spectral
theory is given by the single-valued extension property (SVEP). This
property was introduced by Dunford as a tool for the general theory
of spectral operators, as documented by the extensive treatment in the
monograph by Dunford and Schwarz [50]. SVEP also plays an impor-
tant role in the recent books of Laursen and Neumann [76] and of Aiena
[1]. One of the purposes of these notes is that of relating a localized
version of this property to the study of semi-Fredholm operators and
some of their generalizations.

Our book consists of four chapters, whose architecture we shortly
describe in the sequel. In Chapter 1, we preliminarily develop the classi-
cal theory of semi-Fredholm operators, and establish, in particular, the
most important results of the so-called Riesz—Schauder theory of com-
pact operators. A section of this chapter is also devoted to the study of
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perturbation properties of semi-Fredholm operators.

Chapter 2 deals with the elegant interaction between the localized
SVEP and Fredholm theory. This interaction is studied in the more gen-
eral context of operators of Kato type. In this chapter we also introduce
Riesz, Weyl and Browder operators.

The third chapter addresses the study of some perturbation ideals
which occur in Fredholm theory. In particular we study the ideal of
inessential operators, the ideal of strictly singular operators and the
ideal of strictly cosingular operators.

The fourth chapter deals with spectral theory, we focus on the study
of several spectra that originating from Fredholm theory. We shall also
introduce some special classes of operators having nice spectral prop-
erties. These operators include those for which Browder’s theorem and
Weyl’s theorem hold. We also consider some variations of both theorems
and the corresponding perturbation theory.

All chapters are concluded by a section where we give further infor-
mation and discuss some of the more recent developments in the theory
previously developed. In general, all the results established in these final
sections are presented without proofs. However, we always give appro-
priate references to the original sources, where the reader can find the
relative details.

Of course, it is not possible to make a presentation such as this
one entirely self-contained. We require some modest prerequisites from
functional analysis and operator theory that the reader can find in the
classical texts of functional analysis, as, for instance the book of Heuser
[68] or the book of Lay and Taylor [75].

We therefore have the hope, although it may only be a unreason-
able wish, that these notes are accessible to newcomers and graduate
students of mathematics with a standard background in analysis.

A considerable part of the content of these notes corresponds to
research activities developed during several visits at the departments
of mathematics of some universities of Venezuela, as ULA (Merida),
UDO (Cumand) and UCLA (Barquisimeto). In particular, most of the
content of Chapter 2 and of Chapter 4 corresponds to results obtained
in collaboration with some colleagues working at these universities, as
well as with some of my graduate students. For this reason it has been
a great pleasure for me to organize the material of these notes.

These notes also form an extended version of a series of lectures
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in the Department of Mathematics of the Universidad de Los Andes,
Merida (Venezuela), in September 2007. These lectures was given in the
framework of the activities of the Escuela Venezolana de Matematicas.
I would like to thank the organizers for inviting to me, and in particular
all the members of the various institutions which supported such an
event.

Finally, I want to thank my graduate students, Jestis Guillén and
Pedro Pena, for reading the material of this book and for very helpful
remarks.



CHAPTER 1

Semi-Fredholm operators

In this chapter we introduce the class of semi-Fredholm operators
®, (X,Y), acting between Banach spaces, and some other classes of op-
erators related to them. We concern with the algebraic and topological
structure of @1 (X,Y’), as well as with some perturbation properties.
Before we give some basic informations on the operators which have
closed range and, successively, we establish the basic relationships be-
tween some of the classical quantities of operator theory, as the ascent,
the descent, the nullity and the deficiency of an operator. In the third
section we develop the so called Riesz—Schauder theory for compact lin-
ear operators acting on Banach spaces and, successively, we establish
the main perturbation results for semi-Fredholm and Fredholm opera-
tors. In the last section we give information on some other classes of
operators, introduced and studied more recently, which satisfy some of
the properties already observed for semi-Fredholm operators.

1. Operators with closed range

If X, Y are Banach spaces, by L(X,Y) we denote the Banach space
of all bounded linear operators from X into Y. Although many of the
results in these notes are valid for real Banach spaces, we always assume

that all Banach spaces are complex infinite-dimensional Banach spaces.
Recall that if '€ L(X,Y), the norm of T' is defined by
Tz
7)) = sup L1

x#0 ||$H
If X =Y we write L(X) := L(X,X). By X* := L(X,C) we denote
the dual of X. If T € L(X,Y) by T* € L(Y*, X*) we denote the dual
operator of T defined by

(T*f)(z):= f(Tz) forallze X, feY™.

The identity operator on X will be denoted by Ix, or simply [ if no
confusion can arise. Given a bounded operator T' € L(X,Y), the kernel

1



2 1. SEMI-FREDHOLM OPERATORS

of T is the set
ker T:={z € X : Tx =0},

while the range of T is denoted by T'(X). A classical result of functional
analysis states that for every T' € L(X) then

T(X) isclosed & T*(X™) is closed,

see Theorem 97.1 of [68]. The property of T'(X) being closed may be
characterized by means of a suitable number associated with 7.

Definition 1.1. If T € L(X,Y), X, Y Banach spaces, the reduced
minimal modulus of T is defined to be

, [T|
T):= f —.
V(T) $§E1123rT dist(z, ker T')

Formally we set 7(0) = oo. It easily seen that if T is bijective
then ~(T) = T 1_ - In fact, if T" is bijective then dist (z,ker T') =
dist (z, {0}) = ||z||, thus if Tz =y,

[T| ]l 1
1(T) in = )
w20 |zl oo 1T
1T~ yll\ 1

(sup ) =

y20 |yl [

Theorem 1.2. Let T € L(X,Y), X and Y Banach spaces. Then
we have

(i) Y(T') > 0 if and only if T(X) is closed.
(i) 2(T) = ~(T).
Proof (i) The statement is clear if 7' = 0. Suppose that 7" # 0. Let
X = X/ker T and denote by T : X — Y the continuous injection
corresponding to T, defined by
Tz:=Tx forevery z € T.

It is easy to see that T'(X) = T(X). But it is known that T(X) is closed
if and only if 7" admits a continuous inverse, i.e., there exists a constant
d > 0 such that | TZ|| > d||Z||, for every x € X. From the equality

T_
a0 [l

we then conclude that T'(X) = T(X) is closed if and only if (T) > 0.
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(ii) The assertion is obvious if y(7T) = 0. Suppose that v(7T") > 0.
Then T(X) is closed. If Tg : X — T(X) is defined by ToT := Tz for
every € T, then v(T) = v(To) and T = JToQ, where J : T(X) — Y is
the natural embedding, @ : X — X is the canonical projection defined
by Qxr = 7. Clearly, that T is bijective and from T = JT(Q it then
follows that T* = Q*(T)*J*. From this it easily follows that

1 1

"= y@y @y )

Let M be a subset of a Banach space X. The annihilator of M is
the closed subspace of X* defined by

M+ :={f e X*: f(z) =0 for every z € M},

while the pre-annihilator of a subset W of X* is the closed subspace of
X defined by

LWi={ze X : f(z) =0 for every f € W}.

Clearly +(M*) = M if M is closed. Moreover, if M and N are closed
linear subspaces of X then (M + N)* = M+ N N+. The dual relation
M+ + N+ = (M N N)* is not always true, since (M N N)* is always
closed but M+ + N need not be closed. However, a classical theorem
establishes that

M+t 4+ Nt is closed in X* < M + N is closed in X,
see Kato [71, Theorem 4.8, Chapter IV].

The following duality relationships between the kernels and ranges
of a bounded operator T' on a Banach space and its dual T™ are well
known, (the reader can find the proofs for instance in Heuser [68, p.135]:

(1) ker T =1 T*(X*) and “‘ker T* = T(X),
and
2) T(X) =kerT* and T*(X*) C ker T

Note that the last inclusion is, in general, strict. However, a classical
result states that the equality holds precisely when T has closed range,
see Kato [71, Theorem 5.13, Chapter IV].

In the next theorem we establish some basic isomorphisms needed
in the sequel.
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Theorem 1.3. Let M be a closed subspace of a Banach space X.
Then M* is isometrically isomorphic to the quotient X*/Ml, while
(X/M)* is isometrically isomorphic to M.

Proof Let Jy; : M — X the natural embedding of M into X. Then
the dual Jp/* : X* — M™* is the operator Jy/*(f) = f|M, where f|M
is the restriction of f € X* to M. Clearly, ker Jy* = M~*. Define
W X*/M+ — M* by

W(f+ M) :=Jy*f forall feX*

It is not difficult to show that W is an isometry, so the first assertion is
proved.

To show the second statement, denote by Qp; : X — X/M the
canonical quotient map. Then its dual Q™ : (X/M)* — X* is an
isometry and

Qur*((X/M)*) = (ker Qur)*™ = M,
so (X/M)* is isometrically isomorphic to M+, .

A very important class of operators is the class of injective operators
having closed range.

Definition 1.4. An operator T € L(X) is said to be bounded below
if T is injective and has closed range.

Theorem 1.5. T € L(X,Y) is bounded below if and only if there
exists K > 0 such that

(3) |Tx|| > K||z|| forall z € X.

Proof Indeed, if ||Tz|| > K||z|| for some K > 0 and all x € X then T is
injective. Moreover, if (z,,) is a sequence in X for which (T'z,,) converges
to y € X then (z,) is a Cauchy sequence and hence convergent to some
x € X. Since T is continuous then T'x = y and therefore T'(X) is closed.

Conversely, if T' is injective and T'(X) is closed then, from the open
mapping theorem, it easily follows that there exists a K > 0 for which
the inequality (3) holds. .

The quantity

T
Jj(T) := inf ||[Tz| = inf H
llz]|=1 2£0 ||z||

is called the injectivity modulus of T and obviously from (3) we have
(4) T is bounded below < j(T') > 0,
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and in this case j(T') = v(T"). The next result shows that the properties
to be bounded below or to be surjective are dual each other.

Theorem 1.6. Let T € L(X), X a Banach space. Then:
(i) T is surjective (respectively, bounded below) if and only if T™ is
bounded below (respectively, surjective);

(ii) If T is bounded below (respectively, surjective) then NI — T is
bounded below (respectively, surjective) for all |A| < ~(T).

Proof (i) Suppose that T is surjective. Trivially 7" has closed range and
therefore also T* has closed range. From the equality ker 7% = T(X)*+ =
X+ = {0} we conclude that T* is injective.

Conversely, suppose that 7™ is bounded below. Then 7™ has closed
range and hence by Theorem 1.2 the operator T has also closed range.
From the equality T(X) =" ker T* =+ {0} = X we then conclude that
T is surjective.

The proof of T' being bounded below if and only if 7™ is surjective is
analogous.

(ii) Suppose that T is injective with closed range. Then (T) > 0
and from definition of v(7") we obtain

y(T) - dist(z,ker T') = ~v(T)||z|| < || Tx| forall z € X.
From that we obtain
AL =T)z|| = |[Tz| = [Mllz]l = (y(T) = [AD ],

thus for all |A\| < y(T"), the operator AI — T is bounded below.
The case that T is surjective follows now easily by considering the
adjoint T™. "

Theorem 1.7. Let T € L(X), X a Banach space, and suppose that
there exists a closed subspace Y of X such that T(X) ®Y is closed and
T(X)NY = {0}. Then the subspace T(X) is also closed.

Proof Consider the product space X x Y under the norm |[|(z,y)| :=
|zl + llyll, = € X, y € Y. Then X X Y is a Banach space and the
continuous map S : X XY — X defined by S(z,y) := Tz + y has range
S(X xY)=T(X) @Y closed by assumption. Hence

15 (z, y)l

S):= inf - > 0.
") (xy)¢kers dist((z,y), ker S)
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Moreover, ker S = ker T' x {0}, so
dist((z,0), ker S) = dist(x, ker T),
and hence
[Tzll = [IS(z,0)]] = 7(S) dist((z,0),ker 5))
= 7(S) dist(z,ker T).

i From this it follows that v(7") > v(S) > 0, and this implies that 7" has
closed range. "

It is obvious that the sum M + N of two linear subspaces M and
N of a vector X space is again a linear subspace. If M N N = {0} then
this sum is called the direct sum of M and N and will be denoted by
M @& N. In this case for every z = x +y in M 4+ N the components z,y
are uniquely determined. If X = M & N then N is called an algebraic
complement of M. In this case the (Hamel) basis of X is the union of
the basis of M with the basis of N. It is obvious that every subspace of a
vector space admits at least one algebraic complement. The codimension
of a subspace M of X is the dimension of every algebraic complement
N of M, or equivalently the dimension of the quotient X/M. Note that
codim M = dim M~*. Indeed, by Theorem 1.3 we have:

codim M = dim X/M = dim (X/M)* = dim M~,
Theorem 1.7 then yields directly the following important result:

Corollary 1.8. Let T € L(X), X a Banach space, and Y a finite-
dimensional subspace of X such that T(X)+Y is closed. Then T(X)
is closed. In particular, if T(X) has finite codimension then T(X) is
closed.

Proof Let Y; be any subspace of Y for which Y1 N T(X) = {0} and
T(X)+Y, =T(X)+Y. From the assumption we infer that 7T(X) & Y3
is closed, so T'(X) is closed by Theorem 1.7. The second statements is
clear, since every finite-dimensional subspace of a Banach space X is
always closed. "

A particularly important class of endomorphisms are the so-called
projections. If X = M @ N and x = y+ 2, with x € M and y € N,
define P : X — M by Px :=y. The linear map P projects X onto M
along N. Clearly, I — P projects X onto N along M and we have

P(X)=ker(I-P)=M, ker P=(I—-P)(X)=N, withP?=P,
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i.e. P is an idempotent operator. Suppose now that X is a Banach
space. If X = M & N and the projection P is continuous then M is said
to be complemented and N is said to be a topological complement of M.
Note that each complemented subspace is closed, but the converse is not
true, for instance ¢y, the Banach space of all sequences which converge
to 0, is a not complemented closed subspace of £o,, where £, denotes
the Banach space of all bounded sequences, see [86].

Definition 1.9. T € L(X,Y), X a Banach space, is said to be
relatively regular if there exists an operator S € L(Y,X) for which

T=TS8T and STS=S.

There is no loss of generality if we require in the definition above
only T = TST. In fact, if T = T'ST holds then the operator S’ := ST'S
will satisfy both the equalities

T=T8T and S =9TS.
We now establish a basic result.

Theorem 1.10. A bounded operator T € L(X,Y) is relatively reg-
ular if and only if ker T and T(X) are complemented.

Proof If T'= TST and STS = S then P :=TS € L(Y) and Q :=
ST € L(X) are idempotents, hence projections. Indeed
(TS)> =TSTS =TS and (ST)?=STST = ST.
Moreover, from the inclusions
T(X) = (TST)(X) € (TS)(Y) € T(X),
and
ker T' C ker(ST') C ker(ST'S) = ker T,
we obtain P(Y) =T(X) and kerQ = (Ix — Q)(X) =kerT.
Conversely, suppose that ker 7" and T'(X) are complemented in X
and Y, respectively. Write X =kerT @ U and Y =T(X) & V and let
us denote by P the projection of X onto ker T" along U and by )y the
projection of Y onto T'(X) along V. Define Ty : U — T'(X) by Thz = Tx
for all z € U. Clearly Ty is bijective. Put S := Ty 'Qq. If we represent
an arbitrary x € X in the form z = y+ z, with y € kerT" and z € U, we
obtain
STr = To 'QoT(y+2) =Ty 'QoT=
= Ty ' Tz=z=2—y=ux— Pz
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Similarly one obtains T'S = Qq. If Q := Iy — Qg then
(5) ST=Ix—P and TS=1Iy—Q.

If we multiply the first equation in (5) from the left by 7' we obtain
TST =T, and analogously multiplying the second equation in (5) from
the left by S we obtain ST'S = S. "

The left, or right, invertible operators may be characterized as fol-
lows:
Theorem 1.11. Let T € L(X,Y), X and Y Banach spaces.

(i) T is injective and T'(X) is complemented if and only if there exists
S e L(Y, X) such that ST = Ix.

(ii) T is surjective and ker T is complemented if and only if there
exists S € L(Y, X) such that TS = Iy.

Proof ()If S € L(Y,X) and ST = Ix then TST = T, thus T is
relatively regular and hence has complemented range, by Theorem 1.10.
Clearly, T is injective. Conversely, if T is bounded below and P is a
projection of X onto T(X), let Sy : T(X) — X be the inverse of T'. If
S := SoP then ST = Ix.

(ii) If TS = Iy then TST = T, so T has complemented kernel by
Theorem 1.10 and, as it is easy to see, T  is onto. Conversely, if T" is onto
and X = ker T @ N then T|N : N — Y is bijective. Let Jy : N — X
be the natural embedding and set S := Jy(T|N)~!. Clearly, TS = Iy.

2. Ascent and descent

The kernels and the ranges of the iterates T", n € N, of a linear oper-
ator T' defined on a vector space X, form two increasing and decreasing
chains, respectively, i.e. the chain of kernels

ker T = {0} Cker T Cker T* C - -
and the chain of ranges
T°(X)=XDT(X)DT*X)---
The subspace

N®(T) == U ker T"
n=1
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is called the hyper-kernel of T', while
o0
T(X) = [ T"(X)
n=1

is called the hyper-range of T. Note that both N°°(T') and T*°(X) are
T-invariant linear subspace of T, i.e.
TN®(T)) CN>®(T) and T(T*(X)) CT(X).
The following elementary lemma will be useful in the sequel.

Lemma 1.12. Let X be a vector space and T a linear operator on X.
If p1 and po are relatively prime polynomials then there exist polynomials
q1 and qo such that p1(T)q1 (T) + p2(T)qe(T) = 1.

Proof If p; and ¢; are relatively prime polynomials then there are
polynomials such that py(p)qr (@) + p2(p)ga2(p) =1 for every p € C. =

The next result establishes some basic properties of the hyper-kernel
and the hyper-range of an operator.

Theorem 1.13. Let X be a vector space and T a linear operator on
X. Then we have:

(i) A+ T)N®(T)) = N°°(T) for every A # 0;

(ii) NN +T) C (ul +T)>®(X) for every A # p.
Proof (i) IIt is evident that the equality will be proved if we show
that (A + T')(ker T™) = ker T™ for every n € N and A # 0. Clearly,
(M 4+ T)(ker T™) C ker T™ holds for all n € N. By Lemma 1.12 there
exist polynomials p and ¢ such that

M +T)p(T)+ q(T)T" = 1.

If z € ker T™ then (M + T)p(T)x = x and since p(T)z € ker T™ this
implies ker T C (A 4+ T')(ker T™).

(ii) Put S := AI + T and write

pl +T=(p—NI+MN+T=(u—-\NI+S.
By assumption g — A\ # 0, so by part (i) we obtain that
(Wl + TYN®AN+T)) = ((p— NI+ S)N®(S)) =N\ +T).

;From this it easily follows that (ul +T)" (NN +T)) = NN +T)
for all n € N, and consequently N°(A\I +T) C (ul +T)>°(X).
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Lemma 1.14. For every linear operator T' on a vector space X we
have

T™(ker T™") = T™(X) Nker T™  for all m,n € N.

Proof If x € ker T™" then Tz € T™(X) and T"(T™x) = 0, so that
T™(ker T™*") C T™(X) Nker T™.

Conversely, if y € T™(X) Nker T™ then y = T™(x) and = €
ker T™%" so the opposite inclusion is verified. "

In the next result we give some useful connections between the ker-
nels and the ranges of the iterates T of an operator T" on a vector space
X.

Theorem 1.15. For a linear operator T on a vector space X the
following statements are equivalent:

(i) ker T C T™(X) for each m € N;

(ii) ker T" C T(X) for each n € N;

(iii) ker 7™ C T™(X) for each n € N and each m € N;

(iv) ker T™ = T™(ker T™*") for each n € N and each m € N.

Proof The implications (iv) = (iii) = (ii) are trivial.

(ii) = (i) If we apply the inclusion (ii) to the operator 7™ we then
obtain ker 7" C T™(X) and consequently ker 7' C T™(X), since
ker T C ker T™",

(i) = (iv) If we apply the inclusion (i) to the operator T™ we obtain
ker 7" C (T™)™(X) CT™(X). By Lemma 1.14 we then have
T™(ker T = T™(X) Nker T" = ker T",

so the proof is complete. .

Corollary 1.16. Let T be a linear operator on a vector space X.
Then the statements of Theorem 1.15 are equivalent to each of the fol-
lowing inclusions:

(i) ker T C T(X);
(il) N(T") C T'(X);
(iii) N>°(T) C T (X).

We now introduce two important notions in Fredholm theory.
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Definition 1.17. Given a linear operator T on a vector space X, T
is said to have finite ascent if N°°(T') = ker T* for some positive integer
k. Clearly, in such a case there is a smallest positive integer p = p(T)
such that ker TP = ker TP*L. The positive integer p is called the ascent
of T. If there is no such integer we set p(T) := co. Analogously, T is
said to have finite descent if T (X) = T*(X) for some k. The smallest
integer ¢ = q(T) such that T (X) = T9(X) is called the descent of T.
If there is no such integer we set q(T) := oo.

Clearly p(T) = 0 if and only if T is injective and ¢(T) = 0 if and
only if T is surjective. The following lemma establishes useful and simple
characterizations of operators having finite ascent and finite descent.

Lemma 1.18. Let T be a linear operator on a vector space X. For
a positive natural m, the following assertions hold:

(i) p(T) < m < oo if and only if for every n € N we have T™(X) N
ker T" = {0};

(i) ¢(T) < m < oo if and only if for every n € N there ezists a
subspace Y, C ker T™ such that X =Y, & T"(X).

Proof (i) Suppose p(T) < m < oo and n any natural number. Consider
an element y € T"(X) Nker T". Then there exists z € X such that
y = T™x and T"y = 0. From that we obtain Tz = T"y = 0 and
therefore o € ker T = ker T™. Hence y = T™x = 0.

Conversely, suppose T (X) Nker T" = {0} for some natural m and
let x € ker 7!, Then T™x € ker T and therefore

Tz € T™(X) Nker T C T™(X) Nker T" = {0}.

Hence x € ker T™. We have shown that ker 77! C ker 7. Since the
opposite inclusion is verified for all operators we conclude that ker 77" =
ker T™+1,

(ii) Let ¢ := ¢(T) < m < oo and Y be a complementary subspace
to T™(X) in X. Let {z; : j € J} be a basis of Y. For every element z;
of the basis there exists, since T9(Y) C T%(X) = T (X), an element
yj € X such that T%z; = T "y,;. Set z; := x; — T™y;. Then

T9%j = T; — T "y; = 0.

From this it follows that the linear subspace Y,, generated by the el-
ements z; is contained in ker 79 and a fortiori in ker 7. From the
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decomposition X =Y @ T"(X) we obtain for every z € X a represen-
tation of the form

r= Nrj+ Ty =Y XNz +T y) + Ty = > Nz +T"z,
jeJ jeJ jeJ

so X =Y, +T"(X). We show that this sum is direct. Indeed, suppose
that z € Y, NT"(X). Then z =}, ; ujz; = T"v for some v € X, and
therefore

D omjrp =Y Ty + T € T(X).

jeJ jeJ
;From the decomposition X =Y & T"(X) we then obtain that pu; =0
for all j € J and hence x = 0. Therefore Y,, is a complement of 7" (X)
contained in ker 7™. Conversely, if for n € N the subspace 7"(X) has a
complement Y,, C ker T™ then

T™(X) =T"(Y,) + T"(X) = T™(X),

and therefore q(T") < m. .

Theorem 1.19. If both p(T) and q(T) are finite then p(T) = q(T).

Proof Set p:=p(T) and q := ¢(T'). Assume first that p < ¢, so that
the inclusion T%(X) C TP(X) holds. Obviously we may assume g > 0.
From part (ii) of Lemma 1.18 we have X = ker 7% + T9(X), so every
element y := TP(x) € TP(X) admits the decomposition y = z + T%w,
with z € kerT9. From z = TPx — T%w € TP(X) we then obtain that
z € ker TYNTP(X) and hence the last intersection is {0} by part (i) of
Lemma 1.18. Therefore y = T9w € T9(X) and this shows the equality
TP(X) = T9(X), from whence we obtain p > ¢, so that p = q.

Assume now that ¢ < p and p > 0, so that ker 77 C ker TP. From
part (ii) of Lemma 1.18 we have X = ker 77 + TP(X), so that an
arbitrary element z of ker TP admits the representation x = u+7T?v, with
u € ker T9. From TPx = TPu = 0 it then follows that T?Pv = 0, so that
v € ker T?P = ker TP. Hence TPv = 0 and consequently z = u € ker 179,
This shows that ker T = ker TP, hence g > p. Therefore p = q. "

In the sequel, for every bounded operator 7' € L(X,Y), we shall
denote by a(T') the nullity of T, defined as «a(T) := dim ker T, while
the deficiency B(T') of T is defined B(T') := codim T(X) = dim Y/T(X).

Let A(X) denote the set of all linear operators defined on a vector
space X for which the nullity «(T") and the deficiency B(T") are both
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finite. For every T' € A(X), the index of T , is defined by
ind T := o(T) — B(T).

For the following result see Theorem 23.1 of [68], or also the proof of
next Theorem 1.47.

Theorem 1.20. (index theorem) Let X be a vector space, T, S €
A(X). Then ST € A(X). Moreover, indT'S =indT + ind S.

The next theorem we establish the basic relationships between the
quantities «(7T), B(T'), p(T) and (7).

Theorem 1.21. If T is a linear operator on a vector space X then
the following properties hold:

(i) If p(T') < oo then a(T') < B(T);

(ii) If ¢(T) < oo then B(T) < a(T);

(iii) If p(T) = q(T') < oo then o(T) = B(T') (possibly infinite);

(iv) If a(T) = B(T) < oo and if either p(T) or q(T') is finite then
p(T) = q(T).

Proof (i) Let p:= p(T) < co. Obviously if §(T") = oo there is nothing
to prove. Assume that 3(T") < co. It is easy to check that also a(7™) is
finite. By Lemma 1.18, part (i), we have ker T NTP?(X) = {0} and this
implies that «(7") < co. From the index theorem we obtain for all n > p
the following equality:

n-ind T =ind T" = o(T?) — B(T").

Now suppose that ¢ := ¢(T") < co. For all integers n > max{p, ¢} the
quantity n-ind T = a(TP) — B(TP) is then constant, so that ind T' = 0,
a(T) = B(T). Consider the other case ¢ = oo. Then F(T™) — 0 as
n — 00, so n-ind T eventually becomes negative, and hence ind T' < 0.
Therefore in this case we have a(T") < (7).

(ii) Let g := ¢(T") < oo. Also here we can assume that o(7T) < oo,
otherwise there is nothing to prove. Consequently, as is easy to check,
also B(T") < oo and by part (ii) of Lemma 1.18 X =Y & T(X) with
Y C kerT9. From this it follows that S(7) = dim Y < o(T7) < oo.
If we use, with appropriate changes, the index argument used in the
proof of part (i) then we obtain that 5(7) = «(T) if p(T) < oo, and
B(T) < a(T) if p(T') = o0.

(iii) It is clear from part (i) and part (ii).



14 1. SEMI-FREDHOLM OPERATORS

(iv) This is an immediate consequence of the equality a(T™)—3(T") =
ind T" =n-ind T = 0, valid for every n € N. .

3. Algebraic and analytic core

In this section we shall introduce some important T-invariant sub-
spaces. The first one has been introduced by Saphar [96]

Definition 1.22. Given a linear operator T defined on a vector
space X, the algebraic core C(T') of T is defined to be the greatest linear
subspace M such that T(M) = M.

It is easy to prove that C(T') is the set of all x € X such that there
exists a sequence (p)p=0,1,.. such that zy = z, Tx,y1 = z, for all
n=0,12....

Trivially, if T € L(X) is surjective then C(T) = X. Clearly, for
every linear operator 7' we have C(T) = T"(C(T)) C T"(X) for all
n € N. From that it follows that C(T)) C T°°(X). The next result
shows that under certain purely algebraic conditions the algebraic core
and the hyper-range of an operator coincide.

Lemma 1.23. Let T be a linear operator on a vector space X. Sup-
pose that there exists m € N such that

ker TNT™(X) =ker TNT™*(X) for all integers k > 0.
Then C(T) = T>(X).

Proof We have only to prove that 7°°(X) C C(T"). We show that
T(T>*(X)) = T*(X). Evidently the inclusion T'(7T*°(X)) C T*°(X)
holds for every linear operator, so we need only to prove the opposite

inclusion.
Let D :=ker TNT™(X). Obviously we have

D=ker TNT™(X)=ker TNT>(X).

Let us now consider an element y € T°°(X). Then y € T™(X) for
each n € N, so there exists z;; € X such that y = T 5z, for every
k € N. If we set

2 i=TMx — Terk*l.I‘k (k‘ € N),
then z, € T™(X) and since

Tap=T" Mg =T g, =y —y=0
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we also have z, € ker T'. Thus z; € D, and from the inclusion
D =ker TNT™™(X) C ker TNT™1(X)
it follows that zj, € T™+*=1(X). This implies that
Tz = 2z, + T g, € T™HRL (X))
for each k € N, and therefore 7"z € T°°(X). Finally, from
T(T™x) =T e =y

we may conclude that y € T(7T°°(X)). Therefore T°°(X) C T(T>(X)),
so the proof is complete. "

Theorem 1.24. Let T be a linear operator on a vector space X.
Suppose that one of the following conditions holds:

(i) a(T) < oo;

(i) B(T) < o0

(iii) ker T'C T™(X) for alln € N.

Then C(T) = T>(X).

Proof (i) If ker T is finite-dimensional then there exists a positive
integer m such that

ker TNT™(X) = ker TNT™(X)

for all integers & > 0. Hence it suffices to apply Lemma 1.23.

(ii) Suppose that X = F&T(X) with dim F' < co. Clearly, if we let
D,, :=ker TNT"(X) then we have D,, O D, for all n € N. Suppose
that there exist k distinct subspaces D,,. There is no loss of generality
in assuming D; # Dj4q for j =1,2,... k. Then for every one of these j
we can find an element w; € X such that T9w; € D; and TVw; ¢ Dji1.
By means of the decomposition X = F @ T(X) we also find u; € F' and
vj € T(X) such that w; = uj +v;. We claim that the vectors uy,--- ,ug
are linearly independent.

To see this let us suppose Z§:1 Ajuj = 0. Then

k k
Do dwi = A
j=1 j=1
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and therefore from the equalities TFw; = --- = T*wj_; = 0 we deduce
that

k k
TFY " Njwy) = MTFwp = T Njvj) € THT(X)) = TH(X).
Jj=1 Jj=1

;From T*wy, € ker T we obtain A, T%wy, € Dyy1, and since TFwy, ¢ Dy 1
this is possible only if A\ = 0. Analogously we have \,_; =--- = A1 =0,
so the vectors ui,...,u; are linearly independent. From this it follows
that k is smaller than or equal to the dimension of F' . But then for a
sufficiently large m we obtain that

ker TNT™(X) = ker TNT™(X)
for all integers j > 0. So we are again in the situation of Lemma 1.23.
(iii) Obviously, if ker ' C T"(X) for all n € N, then
ker TNTY(X)=ker TNT"™*(X) =ker T

for all integers k£ > 0. Hence also in this case we can apply Lemma 1.23.

The finiteness of p(T') or ¢(T") has also some remarkable consequences
on T| T*°(X), the restriction of 7" on T°(X).

Theorem 1.25. Let T be a linear operator on the vector space X.
We have:
(i) If either p(T) or q(T) is finite then T |T>°(X) is surjective. To
be precise T (X) = C(T).
(ii) If either a(T) < oo or B(T) < oo then
p(T) < 0o < T|T(X) is injective.
Proof (i) The assertion follows immediately from Lemma 1.23 because
if p=p(T) < oo then by Lemma 1.18
ker TNTP(X) =ker TNTPTH(X) for all integers k > 0;
whilst if ¢ = ¢(T") < oo then
ker TNTY(X) =ker TNT*(X) for all integers k > 0.
(ii) Assume that p(T) < co. We have C(T') = T°°(X) and hence
T(T®(X)) = T®(X). Let T := T|T®(X). Then T is surjective,
thus ¢(T') = 0. From our assumption and from the equality ker 7" =

ker 7" NT>°(X) we also obtain p(7") < co. From Theorem 1.19 we then
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conclude that p(T) = ¢(T') = 0, and therefore the restriction T is injec-
tive.

Conversely, if T' is injective then ker T'NT°(X) = {0}. By assump-
tion a(T') < oo or B(T) < oo, and this implies (see the proof of Theorem
1.24) that ker TNT"(X) = {0} for some positive integer n. By Lemma
1.18 it then follows that p(T") < co. .

The finiteness of the ascent and the descent of a linear operator T'
is related to a certain decomposition of X.

Theorem 1.26. Suppose that T is a linear operator on a vector

space X. If p=p(T) = q(T) < oo then we have the decomposition

X =TP(X) @ ker T?.
Conversely, if for a natural number m we have the decomposition X =
T™(X) @ ker T™ then p(T) = q(T) < m. In this case T|TP(X) is
bijective.
Proof If p < co and we may assume that p > 0, then the decomposition
X =TP(X)@ker TP immediately follows from Lemma 1.18. Conversely,
if X =T"™(X)®ker T™ for some m € N then p(T'),q(T) < m, again by
Lemma 1.18, and hence p(T") = ¢(T") < oo by Theorem 1.19.

To verify the last assertion observe that 7°°(X) = TP(X), so from
Theorem 1.25 T' := T|TP(X) is onto. On the other hand, kerT C
kerT C ker TP, but also kerT" C TP(X), so the decomposition X =
TP(X) @ ker TP entails that ker "= {0}. .

The following subspace has been introduced by Vrbova [103] and

studied in several papers by Mbekhta ([78], [80], [79]. This subspace is,
in a certain sense, the analytic counterpart of the algebraic core C(T).

Definition 1.27. Let X be a Banach space and T € L(X). The
analytical core of T is the set K(T') of all x € X such that there exists
a sequence (un) C X and a constant § > 0 such that:

(1) = =up, and Tup41 = uy, for everyn € Zy;

(2) |lun|| < 8™||z|| for everyn € Z.

In the following theorem we collect some elementary properties of
K(T).

Theorem 1.28. Let T € L(X), X a Banach space. Then:

(i) K(T) is a linear subspace of X;
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(ii) T(K(T)) = K(T);
(i) K(T) < C(T).

Proof (i) It is evident that if € K(T) then Az € K(T) for every X € C.

We show that if x,y € K(T') then x+y € K(T). If x € K(T') there exists

91 > 0 and a sequence (u,) C X satisfying the condition (1) and which

is such that ||u,|| < 6;"||z| for all n € Z. Analogously, since y € K(T')

there exists d2 > 0 and a sequence (v,,) C X satisfying the condition (1)

of the definition of K(7") and such that ||v,| < 05 |y|| for every n € N.
Let 0 : = max {d1,d2}. We have

[[un + on || < flunll + [loall < 07 [l]| + 03[yl < " (ll2[] + llyll)-

Trivially, if  +y = 0 there is nothing to prove since 0 € K(T"). Suppose
then z + y # 0 and set
_ =l +lyll

— z+yll
Clearly u > 1, so u < p' and therefore
un +vnll < (0)"ullz +yl| < (6p)"[lz + vyl for all n € Z,

which shows that also the property (2) of the definition of K(T) is
verified for every sum z + y, with z, y € K(T). Hence z +y € K(T),
and consequently K (T') is a linear subspace of X.

The proof (ii) is rather simple, while (iii) is a trivial consequence of
(ii) and the definition of C(T). .

Observe that in general neither K (7") nor C(T') are closed. The next
result shows that under the assumption that C(T) is closed then these
two subspaces coincide.

Theorem 1.29. Suppose X a Banach space and T € L(X).

(i) If F is a closed subspace of X such that T(F) = F then F C
K(T).

(ii) If C(T) is closed then C(T) = K(T).
Proof (i): Let Ty : F — F denote the restriction of 7' on F. By
assumption F'is a Banach space and T'(F') = F, so, by the open mapping
theorem, Ty is open. This means that there exists a constant § > 0 with
the property that for every x € F there is u € F such that Tu = x and
[[ull < df|=|.
Now, if € F, define ug := x and consider an element u; € F' such that

Tuy =uy and |Jug]| < §fjuoll-
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By repeating this procedure, for every n € N we find an element u,, € F’
such that

Tup =up—1 and ||up| < Ollwp—1]-
JFrom the last inequality we obtain the estimate
lunl] < 6™||ugl|| = 0" ||x|| for every n € N,

sox € K(T). Hence FF C K(T).

(ii) Suppose that C(T) is closed. Since C(T') = T(C(T)) the first
part of the theorem shows that C(T) C K(T), and hence, since the
reverse inclusion is always true, C(T) = K(T). .

4. Compact operators

In this section we reassume some of the basic properties of compact
linear operators. Before of defining this class of operators, we shall
consider an important integral equation. Fix a continuous function y(s)
on the interval [a, b], and let k be a continuous function on [a, b] X [a, b].
The Fredholm integral equation (of second kind) then is the functional
equation defined by

b
(6) Az(s) — / k(s,t)x(t)dt =y(s), XF#DO0.

Our aim is to find a continuous function x(s) such that (6) is satisfied.
Let Cla,b] denote the vector space of all continuous complex-valued
functions on [a, b]. With respect to the norm (of uniform convergence)

Il := max o)), = € Cla,}
te(a,b]

then C|a,b] is a Banach space. If we define K : Cla,b] — C|a,b] by
b

) (Kz)(s) = / k(s, O (t)dt,

it is easily seen that K is a linear bounded operator and the equation
(6) may be written
(AI—K)J::ya yEC[Q,b].

Clearly, the equation (6) has a solution if y belongs to the range of
A — K, and this solution will be unique if A\I — K is injective. Now,
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according the classical Weierstrass approximation theorem, there exists
a sequence of polynomials

pn(S,t) = Z’Ylksltk ERAS [aa b]a
i,k
such that p,(s,t) converges uniformly on [a,b] X [a,b], i.e.

Jnax, |pn(s,t) — k(s,t)] = 0 asn — oo.

Let us consider the integral operators P,, on Cla,b] defined by

b
(Po)(s) = / P, D) (t)dlt.
Then

I(Pn = )l < (b= a)( max_|pa(s, ) — k(s )] ],

s,t€la,b]
and from this it easily follows that the sequence of operators (F,) con-
verges in L(Cla,b]) to the integral operator K. Now, every polynomial
p(s,t) may be written in the form

p(s,t) = gi(s)hi(t), gi, hi € Cla,b]
=1

and from this it is easy to see that the corresponding integral operator
P, defined by

b
(Pz)(s) ::/ p(s, t)x(t)dt,

satisfies the equality

m
Pz = Z/Mgu with g; € Cla, bl
=1

where the scalars p; € C are defined by p; := fab h;(t)z(t)dt. This shows
that the range of P is contained in the linear subspace of C[a, b] gener-
ated by the set {g1, g2, ...gn}. The operator P is a finite-dimensional op-
erator, where a an operator T € L(X,Y) is said to be finite-dimensional
if its range 7'(X) is finite-dimensional. The integral operator K is then
the limit, in the norm topology, of a sequence (P,) of finite-dimensional
operators.
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Definition 1.30. A bounded operator T from a normed space X
into a normed space Y is said to be compact if for every bounded se-
quence (xy,) of elements of X the corresponding sequence (T'xy,) contains
a convergent subsequence. This is equivalent to saying that the closure
of T(Bx), Bx the closed unit ball of X, is a compact subset of Y.

Denote by F(X,Y) the set of all continuous finite-dimensional op-
erators, and by IC(X,Y") the set of all compact operators. In the sequel
we list some basic properties of these sets (see [68, §13]).

Theorem 1.31. Let X, Y and Z be Banach spaces. Then

(i) F(X,Y) and K(X,Y) are linear subspaces of L(X,Y"). Moreover,
F(X,Y) C K(X,Y).

(i) IfT € F(X,Y), S € L(Y, Z), U € L(Z,X) then ST € F(X, Z)
and TU € F(Z,Y). Analogous statements hold for T € K(X,Y).

(iii) If (Ty) is a sequence of K(X,Y) which converges to T then
T e K(X,Y). Consequently, K(X,Y) is a closed subspace of L(X,Y).

Note that by Theorem 1.31, part (ii), the integral operator K defined
in (7) is compact. A famous counter-example of Enflo [53] shows that
not every compact operator is the limit of finite-dimensional operators.

Note that £(X,Y) may be coincide with L(X,Y"). This for instance
is the case where X = /f? or X = ¢y, Y =P, with 1 < p < ¢ < 00, see
(74, 2.c.3].

Let now consider the case X = Y and set F(X) = F(X,X),
K(X) := K(X,X). Recall that a subset J of a Banach algebra A is
said to be a (two-sided) ideal if J is a linear subspace of A and for every
x € J, a €A, the products za and ax lie in J. From Theorem 1.31 we
then deduce that F(X) as well as K(X) are ideals of the Banach algebra
L(X). Note that if X is infinite-dimensional then I ¢ K(X), otherwise
any bounded sequence would contain a convergent subsequence and by
Bolzano-Weiestrass theorem this is not possible. It is known that we
can define on the quotient algebra L(X)/K(X) the quotient norm:

|7 := inf |T|, where T :=T + K(X).
TeT

Since K(X) is closed then the quotient algebra £ := L(X)/K(X), with
respect to the quotient norm above defined, is a Banach algebra, known
in literature as the Calkin algebra. Also L(X)/F(X) is an algebra, but
in general is not a Banach algebra.
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Compactness is preserved by duality:

Theorem 1.32. (Schauder theorem) If T € L(X,Y), X and Y
Banach spaces, then T is compact if and only if T* is compact.

Proof See [68, §42]. .
In the sequel we will need the following important lemma.

Lemma 1.33. (Riesz lemma) Let Y be a proper closed subspace
of a normed space X. Then for every 0 < § < 1 there exists a vector
x5 € X such that ||zs|| =1 and

ly — a5 >0 forallyeY.

Proof Let y € X such that y ¢ Y. Set p := inf ey ||z —y|| and let (z,)
be a sequence such that ||z, —y|| — p as n — oo. Since Y is closed we
have p > 0. Now, if 0 < § < 1 then p/§ > p, hence there exists z € Y
such that 0 < ||z —y|| < p/d. Setting v :=1/||z — y|| and x5 := y(y — 2)
we then obtain ||zs|]| = 1. Since (1/y)x + 2z € Y and v > §/p it then
follows that

p:57

>

1
lz =5l =Mz +2) —yll 2

as desired. n

Riesz Lemma has many important consequences. One of the most
important is that the Bolzano-Weiestrass theorem holds in normed spaces
X, see [68, Theorem 101].

Theorem 1.34. (Bolzano-Weiestrass theorem) Suppose that X
1s a normed vector space. Then every bounded sequence contains a con-
vergent subsequence precisely when the space X is finite-dimensional.

We now establish some important properties of compact endomor-
phisms.

Theorem 1.35. Let T € K(X), X Banach space. Then a(AN—-T) <
oo and (M — T)(X) is closed for all X # 0.

Proof We can suppose A = 1 since A\l — T = A(I — 1T) and 37 is
compact. If (z,,) is a bounded sequence in ker (A — T') we have Tz, =
ZTyn. Since T is compact then there exists a convergent subsequence
of (T'xy,) = (xy,), so from Bolzano-Weiestrass theorem we deduce that
ker (I — T') is finite-dimensional.
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To show that (I — T')(X) is closed, set S := I —T. We show that

Yn = Sz, — y implies y € S(X). Let
Ap 1= uelll(rg < |xn — ull.

Then for every n there exists u,, € ker S such that ||z, —u,| < 2\, and
if we set v, := z,, — u, then y,, = Sv, and |jv,| < 2X,. We claim that
the sequence (v,,) is bounded. Suppose that (v,,) is unbounded. Then it
contains a subsequence, which will be denoted again by (v,), such that
|lvn]] — oco. If we set w,, := HZ—ZH’ it easily follows that Sw, — 0. Since
|lwn|| = 1, the compactness of T implies the existence of a convergent
subsequence of (Twy). Let (Twy;) be such a sequence and say that
Twy,; — 2. Clearly,

wn; = (I = T)wp; + Twy,; = Swp; +Twy,, — 2.
Consequently, Sz = lim Swy; = 0, thus z € ker S. An easy estimate
yields
Ty — Uy — 2 1 An

= [2n — (un + |vnll2)|| = ;

[[onl [ l[onll
and this is impossible, since wy,; — z. Thus, (vp,) is bounded and since T’
is compact then (T'v,) contains a convergent subsequence (T'v,;). From

Un; = SUn; + Top; = yYn; + Tv,, we see that (v,;) converges to some
v € X, so that

[[wn — 2] = ||

y = limy, = limy,, = limSv,, = Sv € S(X),

thus S(X) = (L —T)(X) is closed. .

Theorem 1.36. If T € K(X), X Banach space, then p(AI —T) =
qAI =T) < oo for all X # 0.
Proof Also here we can suppose A = 1. Set

S:=1-T, Y,:=kerS", Z,:=5"X).
From the classical Newton binomial formula and taking into account
that (X)) is an ideal we see that
1
S =(I=T)" =1~ [nT - 5n(n - DT? 4 (=1)"T" = I — Ty,

where T,, € K(X). Therefore, by Theorem 1.35, all Y,, are finite-
dimensional and all Z,, are closed.
Suppose now that p(S) = oo Then Y,,_; is a closed proper subspace
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of Y,,, so by Riesz Lemma there is z,, € Y, such that ||z,| = 1 and
|z — 2| > 3 for all z € Y,,_;. Since

Txy, —Txy = xq — (Ty — ST + Sxp)

and z, — Sy, + Sz, € Y,,_1 for all m = 1,...,n — 1 then for these m
we have

1
Ty — T > 5 foralm=1,...,n—1.

Hence (T'z;,) does not admit any convergent subsequence, contradicting
the compactness of 7. Thus p(S) =p(I —T') < oc.

To conclude the proof, suppose that ¢(S) = co. Since Z, is closed
for each n there exists @, € Z, such that |z, =1 and ||z — z,[| > 1
for all x € Z,,11. Again, since x,, — Sy, + Sxy, € Z 41 for all m > n, it
then follows that

1
Tz, — Txp| > 3 for all m > n,

and this, once more, contradicts the compactness of T'. Therefore ¢(.5) =
qI -T) < 0. .

Combining Theorem 1.36, Theorem 1.35 with Theorem 1.21 we then
obtain:

Corollary 1.37. IfT € K(X), X a Banach space, then (A —=T) <
oo and ind(MN —T) =0 for all X\ # 0.

Theorem 1.38. If X and Y are Banach spaces and T € L(X,Y)
is a compact operator having closed range then T is finite-dimensional.

Proof Suppose first that T is compact and bounded below, namely
T has closed range and is injective. Let (y,) be a bounded sequence
of T(X) and let (z,) be a sequence of X for which Tx, = vy, for all
n € N. Since T is bounded below there exists a ¢ > 0 such that |ly,|| =
|Kxy|| > 0||xy|| for all n € N, so (z,) is bounded. The compactness of
T then implies that there exists a subsequence (x, ) of (x,) such that
Tz, = ypn, converges as k — oo. Hence every bounded sequence of
T(X) contains a convergent subsequence and by the Stone-Weiestrass
theorem this implies that 7'(X) is finite-dimensional.

Assume now the more general case that 7' € K(X,Y) has closed
range. If Ty : X — T'(X) is defined by Toz := Tx for all z € X, then
Tp is a compact operator from X onto 7'(X). Therefore the dual Tp* :
T(X)* — X* is a compact operator by Schauder theorem. Moreover,
Tp is onto, so Tp* is bounded below by Theorem 1.6. The first part of
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the proof then gives that T* is finite-dimensional, and hence T'(X)* is
finite-dimensional because it is isomorphic to the range of 7p*. From
this it follows that also T'(X) is finite-dimensional. .

We recall in the sequel some basic definitions. A set I' is said to
be a directed if I' is a partially ordered set such that, given A, Ay € T,
there exists A € I' with Ay, < A (k = 1,2. A net (z,) in a topological
space X is a mapping of a directed set I' into X. Suppose now that X
is a normed space. A net (x)) is said to be weakly convergent to x, in
symbol z) — z, if f(z4) — f(x) for all f € X*. Note that convergence
in the sense of norm implies weak convergence.

The next characterization of compact operators will be needed in
the sequel, for a proof see Miiller [84, Theorem 15.5] .

Theorem 1.39. If T € L(X,Y) then the following statements are
equivalent:

() T € K(X,Y);
(ii) If (xy) is a net, with ||zx]| < 1 for all A, and ) — 0 then ||Tz,||
converges to 0;

(iii) For every e > 0 there exists a finite-codimensional closed sub-
space M such that ||T|M| < e.

5. Semi-Fredholm operators
We now introduce some important classes of operators.

Definition 1.40. Given two Banach spaces X and Y, the set of all
upper semi-Fredholm operators is defined by

O (X,)Y) ={T e L(X,)Y):aT) <00 and T(X) is closed},
while the set of all lower semi-Fredholm operators is defined by
O_(X,Y):={T € L(X,Y): B(T) < oo}
The set of all semi-Fredholm operators s defined by
oL (X)) =0, (X,)Y)UDP_(X,Y).

The class ®(X,Y) of all Fredholm operators is defined by

P(X,)Y)=2, (X, Y)NP_(X,Y).

At first glance the definitions of semi-Fredholm operators seems to

be asymmetric, but this is not the case since the condition 3(T") < oo
entails by Corollary 1.8 that T'(X) is closed.
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We shall set
O, (X):=0,(X,X) and P_(X):=d_(X,X),

while
O(X):=P(X,X) and PL(X) =P (X, X).

If T'e ©4(X,Y) the index of T is defined by ind7T := «(T) — B(T).
Clearly, if T' is bounded below then T is upper semi-Fredholm with
index less or equal to 0, while any surjective operator is lower semi-
Fredholm with index greater or equal to 0. Clearly, if T' € &, (X,Y) is
not Fredholm then ind 7" = —oo, while if 7" € ®_(X,Y) is not Fredholm
then ind 7" = oo.

Observe that in the case X =Y the class ®(X) is non-empty since
the identity trivially is a Fredholm operator. This is a substantial
difference from the case in which X and Y are different. In fact, if
T € ®(X,Y) for some infinite-dimensional Banach spaces X and Y
then there exist two subspaces M and N such that X = ker T M
and Y =T(X) @ N, with M and T'(X) closed infinite-dimensional sub-
spaces of X and Y, respectively. The restriction of T' to M clearly has
a bounded inverse, so the existence of a Fredholm operator from X into
a different Banach space Y implies the existence of isomorphisms be-
tween some closed infinite-dimensional subspaces of X and Y. For this
reason, for certain Banach spaces X,Y no bounded Fredholm operator
from X to Y may exist, i.e., ®(X,Y) = @. This is for instance the case
of X := LP[0,1] and Y = L9]0,1] with 0 < p < ¢ < co. Other examples
may be found in Aiena [1, Chapter 7].

It can be proved that each finite-dimensional subspace as well as
every closed finite-codimensional subspace is complemented, see Propo-
sition 24.2 of Heuser [68]. Therefore, by Corollary 1.8 and Theorem 1.10
we have

Theorem 1.41. Every Fredholm operator T € ®(X,Y) is relatively
regular.

Suppose now that T' € L(X,Y) has closed range. Then, by using
Theorem 1.3, we have
o(T) = dim ker T = dim (ker 7)* = dim X*/(ker T)*
= dim X*/T*(X*) = p(T"),
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and analogously
B(T) = dimY/T(X) = dim (Y/T(X))* = dimT(X)*
= dimker 77 = o(T™).
Hence,
Ted (X)) T cd_ (Y, X"),
and
Ted (X)Y)=T e (Y, X7).
Moreover, if '€ &4 (X,Y) then ind 7" = —ind 7.

Theorem 1.42. Suppose that X,Y and Z are Banach spaces.

() IfT € ®_(X,Y) and S € d_(Y, Z) then ST € ®_(X, Z).

(i) If T € 2. (X,Y) and S € &,.(Y, Z) then ST € ¢, (X, Z).

(iii) If T € ®(X,Y) and S € ®(Y, Z) then ST € ®(X, Z).

In particular, if T' belongs to one of the classes ®_(X,Y), 4 (X,Y),
®X,Y) then T™ belongs to the same class for all n € N.

Proof (i) T(X) and S(Y) are complemented, since closed and finite-
codimensional. Write Y =T(X) @ M and Z = S(Y) @ N. Then
Z=N+S(T(X))+SM)=ST(X)+ (N+S(M)),
where N+S(M) is finite-dimensional. Hence ST'(X) has finite-codimension,
ie. ST € ®_(X,2).
The assertion (ii) is proved from (i) by duality. Indeed, T and
S* are lower semi-Fredholm and hence 7™S* is lower semi-Fredholm.

Therefore, ST is upper semi-Fredholm.
The assertion (iii) is obvious from (i) and (ii). .

Corollary 1.43. If T € &4 (X) then p(T) = q(T*) and q(T) =
p(T™).
Proof If T € ¢, (X) then T™ € ¢,(X), and hence the range of T" is

closed for all n. Analogously, also T*" has closed range, and therefore
for every n € N,

ker T = T™(X)t, ker T" =+ T7*(X*) =1 T*"(X*).
Obviously these equalities imply that p(7™) = ¢(7T") and p(T") = q(T™).

JFrom Theorem 1.35, Corollary 1.37 and Corollary 1.43 we also de-
duce the following important result:
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Corollary 1.44. If T € K(X) then A\l — T € ®(X) for all X # 0.
Moreover,
aAMl=T)=0N -T)=aM\[*=T")=pAN*"—-T") < >
and
pAM —T)=qN —T)=pA\[* =T") =q\[*—T%) < 0.

Corollary 1.44 has an important consequence for Fredholm integral
equations (of second kind), the so-called alternative criterion.

Corollary 1.45. If T € &4 (X) then K(T) =T*(X) and K(T) is
closed.

Proof If T € ®&,(X) then, by Theorem 1.42, 7" € &, (X) for all
n € N, so the subspaces T"(X) are closed and hence 7°°(X) is closed.
By Theorem 1.24 C'(T') = T°°(X), thus by Theorem 1.29 C(T") = K(T).

Theorem 1.46. Suppose that X,Y and Z are Banach spaces, T €
L(X,Y), Se LY, 2).

(i) If ST € ®_(X,Z) then S € _(Y, Z).

(ii) If ST € (X, Z) then T € & (X,Y).

(iii) If ST € (X, Z) then T € ®4(X,Y) and S € o_(Y, Z).

Proof i) Since S(Y) 2 ST(X) then codim S(Y') < codim ST'(X).

ii) If ST € (X, Z) then (ST)* = T*S* € &_(Z*,X*), so T* is
lower semi-Fredholm and hence T is upper semi-Fredholm.

(iii) It is obvious from (i) and (ii). .

Theorem 1.47. Let T € ®_(X,Y) and S € ®_(Y,X) (or T €
O, (X,Y) and S € @, (Y, X)), then ind(ST) = indS + indT.

Proof Suppose first that T, S are Fredholm and let M := T(X) N
ker S. Clearly, M is a finite-dimensional subspace of T'(X), and hence
complemented in T'(X). Write T'(X) = M & N; and ker S = M @ Ns.
From NoNT(X) C ker SNT(X) we obtain No N T(X) = {0}. Choose
a finite-dimensional subspace N3 such that

Y =T(X)® No® N3 =M®N; &Ny D Ns.
Then

S(Y)=S(N1) ®S(N3) =S(N1®N) DS(N3) =S(T(X)DS(N3),
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from which we obtain 5(ST) = B(S) + dim S(N3) = 5(S) + dim Ns.
Moreover, a(S) = dim M + dim Ny and (7)) = dim Ny + dim N3. Let
us consider the restriction T := T |ker ST : ker ST — M. Evidently,
ker T' = ker T and T is onto, so that dim M = a(ST) —«(T). From this
we obtain

ind (ST) = dimM + «(T) — B(S) — dim N3
= a(S) —dim Ny + a(T) — B(S) — B(T) + dim Ny
= indS+indT.

Suppose now that S € ®_(X,Y) but T not Fredholm. Then «(ST) >
a(T) = oo and hence

ind(ST) = oo =ind S +ind 7.

Let T be Fredhom, S be lower semi-Fredholm but not Fredholm. Then
a(S) = oo and since 3(T") < oo then dim (T'(X) Nker S) = co. More-
over, T maps ker (ST) onto T'(X) Nker S, thus a(ST) = co. Therefore
ind ST = oo = indS + ind T, so the statement is proved if S, T are
lower semi-Fredholm. If 7" and S are upper semi-Fredholm then the
statements follows by duality. "

If T'e &,(X,Y) the range T(X) need not be complemented, and
analogously if ' € ®_(X,Y) the kernel may be not complemented. The
study of the following two classes of operators was initiated by Atkinson
[28].

Definition 1.48. If X and Y are Banach spaces then T € L(X,Y")
is said to be left Atkinson if T' € &, (X,Y) and T'(X) is complemented
in X. The operator T € L(X,Y) is said to be right Atkinson if T €
®_(X,Y) and ker (T') is complemented in'Y . The class of left Atkinson
operators and right Atkinson operators will be denoted by ®1(X,Y) and
O, (X,Y), respectively.

Clearly,

(I)(X7Y) - (DI(X?Y) - (I)+(X, Y)7
and

B(X,Y) C B(X,Y) C d_(X,Y).
Moreover,

P(X,)Y)=9(X,Y)NP(X,Y).

In order to give a precise description of Atkinson operators we need
first to establish an useful lemma.
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Lemma 1.49. If T € &, (X,Y) and M is a closed subspace of X
then T (M) is closed.

Proof Since ker T is finite-dimensional then ker T' is complemented.
Write X = ker T'@® M;. Clearly, the restriction T'|M; is injective and
has closed range, since T'(X) = T'(M;). For some finite-dimensional
subspace My then we have M = (M N My) + My, and hence

T(M)=T(MnN M)+ T(M,),

where T'(M N M) is closed, since T'|M; is injective with closed range,
and T'(Mp) is finite-dimensional. Hence T'(M) is closed. .

Theorem 1.50. Let X, Y, and Z be Banach spaces and T €
L(X,Y). Then the following assertions are equivalent:

(i) T € &i(X,Y);

(ii) there exists S € L(Y, X) such that Ix — ST € F(X);
(iii) there exists S € L(Y, X) such that Ix — ST € K(X).
Analogously, the following assertions are equivalent:
i

( V) T € (I)I”(Xv Y)7
(v) there exists S € L(Y,X) such that Iy — TS € F(Y);
(vi) there exists S € L(Y,X) such that Iy — TS € K(Y').

Proof (i) = (ii) Suppose that 7' € ®1(X,Y). Let Q € L(Y) be a
projection of Y onto T'(X). Since ker T is finite-dimensional then ker T’
is complemented, so we can write X = ker T'@® M. Then the restriction
T|M : M — T(X) is bijective. Let Sp : T(X) — M denote the inverse
of T|M and set S := SpQ. Clearly, (I, — ST)|M = 0, thus Ix — ST is
a finite-dimensional operator.

(i) = (iii) Obvious.

(iii) = (i) Suppose that there exists S € L(Y, X) such that Ix—ST =
K € K(X). Then ST is a Fredholm operator and hence, by Theorem
1.46, T is upper semi-Fredholm and S is lower semi-Fredholm. It remains
to prove that 7'(X) is complemented in Y. We have Iy — K = ST, thus
by Corollary 1.44 ST € ®(X) and ST ha finite descent ¢q := ¢(ST'). Set
M := (ST)%(X) and observe that by Theorem 1.42 (ST)? € ®(X), and
hence M is a closed finite-codimensional subspace of X. Let P denote a
projection of X onto M and write Sy := PS:Y — M. Then SoT|M =
(ST)|M = Iy — K|M, K compact and (SoT|M)(M) = M. The last
equality yields that SoT'|M € L(M) is onto and since SoT'|M = Ip —
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K|M from Corollary 1.44 we can deduce that SyT'|M is also injective.
Then (SoT|M)~1SyT|M = Iy and hence by Theorem 1.11 T(M) =
T|M(M) is complemented in Y. Since T(X) = T(M) @ T(I — P)(X)
and T'(I — P)(X) is finite-dimensional it then follows that 7'(X) is a
closed finite-codimensional subspace of Y, and hence complemented in
Y.

The proof of the equivalences (iv) < (v) < (vi) follows in a similar
way. ]

Theorem 1.51. If T € L(X,Y) then the following statements are
equivalent:

(i) T € ®(X,Y);

(i) there exists S € L(Y,X) such that Ix — ST € F(X) and Iy —
TSeF(Y);

(iii) there exists S € L(Y,X) such that Ix — ST € K(X) and Iy —
TS e K(Y).

Proof This follows from Theorem 1.50, once observed that if T' €
®(X,Y) then T is relatively regular, so T(X) and ker T are comple-
mented. "

Corollary 1.52. Suppose that T € L(X). Then

(i) T € ®.(X) if and only if the class rest T = T + K(X) is right
invertible in the Calkin algebra L(X)/K(X).

(i) T € ®1(X) if and only if the class rest T = T + K(X) is left
invertible in L(X)/KC(X).

(iii) T € ®(X) if and only if the class rest T = T+K(X) is invertible
in L(X)/K(X).

The characterization (iii) of Fredholm operators is known as the
Atkinson characterizaton of Fredholm operators .

Remark 1.53. It should be noted that if X is an infinite-dimensional
complex Banach space then A\I =T ¢ ®(X) for some A € C. This follows
from the classical result that the spectrum of an arbitrary element of a
complex infinite-dimensional Banach algebra is always non-empty, see
next Theorem 2.2. In fact, by the Atkinson characterization of Fredholm
operators, A\l — T ¢ ®(X) if and only if T := T + K(X) is non-invertible
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in the Calkin algebra L(X)/K(X). An analogous result holds for semi-
Fredholm operators on infinite-dimensional Banach spaces: if X is an
infinite-dimensional Banach space and T' € L(X) then A\l — T ¢ &, (X)
(respectively, \I — T ¢ ®_ (X)) for some \ € C.

In the following theorem we list some other properties of Atkinson
operators, the proof is left to the reader, see Problems IV.13 of Lay and
Taylor [75].

Theorem 1.54. If X, Y and Z are Banach spaces we have:

(i) If T € ®(X,Y) and S € ®|(Y,Z) then ST € ®|(X,Z). Anal-
ogously, if T € ©,(X,Y) and S € ®.(Y,Z) then ST € ®,(X,Z). The
sets ®)(X), ®.(X) and ®(X) are semi-groups in L(X).

(ii) Suppose that T € L(X,Y), S € L(Y,Z) and ST € ®(X, Z).
Then S € ®(Y,Z). Analogously, suppose that T € L(X,Y), S €
L(Y,Z) and ST € ®.(X,Z). Then T € &,(X,Y).

6. Some perturbation properties of semi-Fredholm operators

In order to give some perturbation results on the classes 1 (X,Y")
and ®_(X,Y) we need a preliminary Lemma.

Lemma 1.55. If T € L(X,Y) then T € ®,(X,Y) if and only if
there ezists a closed finite-codimensional subspace M such that T'|M is
bounded below.

Proof If T'€ &, (X,Y) then the finite-dimensional kernel of T" is com-
plemented. Write X = ker T® M. Then the restriction T'|M is bijective,
so it is bounded below.

Conversely, suppose that there exists a closed finite-codimensional
subspace M such that T|M is bounded below. Since ker T'N M = {0}
we deduce that ker T is finite-dimensional. Let N be a complement of
M,ie. X = M@ N with dimN < oo. Then T'(X) = T(M) + T(N)
with T (M) closed by assumption. Since T'(IV) is finite-dimensional, it
then follows that T'(X) is closed. Hence T' € & (X,Y). .

The next theorem shows that the classes @, (X,Y), ®_(X,Y) and
®(X,Y) are stable under compact perturbations.

Theorem 1.56. If X and Y are Banach spaces the following state-
ments hold:

() If L (X,Y) # @ then &4 (X,Y) + K(X,Y) C 4 (X,Y).
(i) If &_(X,Y) # @ then _(X,Y) + K(X,Y) C d_(X,Y).
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(iii) If (X,Y) # @ then ®(X,Y) + K(X,Y) C ®(X,Y).

Proof Let T'e€ &, (X,Y) and K € K(X,Y). By Lemma 1.55 there
exists a closed finite-codimensional subspace Mj such that T'|Mj is
bounded below, or equivalently by (4) the injectivity modulus j(T'|M;) >
0. Since K is compact by Theorem 1.39 there exists another closed
finite-codimensional subspace Ma such that ||K|Ma| < $j(T|My). Set
M = MiNMs. Clearly, M is finite-codimensional and closed. Moreover,
from the estimate

inf (T + Kzl > inf (|7 - [[Kzl]) >

i(T| M),
zEM, ||z||=1 zeM,||z||=1 J(T|M)

N —

we see that j(T'+ K) > 0, thus the restriction (T'+ K)|M is bounded
below on M. By Lemma 1.55 then T'+ K € ¢, (X,Y), as desired.

(ii) This follows by duality from part (i), recalling that if 7' €
®_(X,Y) then T* € &, (Y*, X*) and K* is still compact by Schauder
theorem.

(iii) This follows from part (i) and part (ii). .

For every operator T € L(X,Y) define by 3(T) the codimension of
the closure of T'(X). Clearly B(T) < B(T), and if B(T) is finite then
B(T) = B(T), since T(X) is closed by Corollary 1.8.

Theorem 1.57. Let T' € L(X,Y) be a bounded operator on a Ba-
nach space X,Y . Then the following assertions hold:

(i) T € ®.(X,Y) if and only if (T — K) < oo for all compact
operators K € K(X,Y).

(ii) T € ®_(X,Y) if and only if B(T — K) < oo for all compact
operators K € K(X,Y).

Proof (i) Since ®4(X,Y’) is stable under compact perturbations, we
have only to show that if a(7T — K) < oo for all compact operators
K € K(X,Y) then T € &,(X,Y).

Suppose that 7" ¢ ®,(X,Y). Then T does not have a bounded

1
inverse, so there exists x; € X with ||z1]| = 1, such that ||Tz]| < 3 By

the Hahn Banach theorem we can find an element f; € X™* such that
||fill = 1 and fi(z1) = 1. Let us consider a bi-orthogonal system {xj}
and {fx} such that

ekl =1, |7zl <2V7°2%, and  ||fe]| < 287! forallk=1,2,...n—1.
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Since the restriction of 7" to the closed subspace N := ﬂz;i ker fi does
not admit a bounded inverse, there is an element x, € N such that
lzn]| = 1 and ||Tx,| < 2172 Let g € X* be such that g(z,) = 1 and
llgll = 1. Define f,, € X* by the assignment:

n—1
Fai=9—=>_ 9@ fi.
k=1

Then fo(xx) = Sur for k = 1,2,....n and || f,| < 2. By means of
an inductive argument we can construct two sequences (zy) C X and
(frx) € X* such that

lzel =1, [Ifell <2578 fulz) =65, and [Tyl < 2' 72"

Define K,, € L(X,Y) by
n
Ky (x) := ka(x)Ta:k for all neN.
k=1
Clearly K, is a finite-dimensional operator for every n, and for n > m
the following estimate holds:

n
(K = Koz < > 281202,
k=m+1

so ||Kp — K| — 0 as m,n — oo. If we define
o

Kz .= ka(l‘)Tl‘k
k=1

then K,, — K in the operator norm, so K is compact. Moreover, Kz =
Tz for any x = x; and this is also true for any linear combination of
the elements xy. Since these elements are linearly independent we then
conclude that a(T — K) = co. Hence the equivalence (i) is proved.

(ii) Also here one direction of the equivalence is immediate: suppose
that 7' e ®_(X,Y) and K € K(X,Y). By duality we then have T* €
¢, (Y*, X*) and K* € (Y™, X*). From this we obtain that 7" — K* €
¢ (Y™, X*), and therefore, again by duality, T — K € &_(X,Y).

Suppose that T' ¢ ®_(X,Y). Then either T'(X) is closed and 3(T) =
oo or T(X) is not closed. In the first case taking K = 0 we obtain
B(T — K) = oo and we are finished. So assume that 7(X) is not closed.
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Let (a,) be a sequence of integers defined inductively by

n—1
ay = 2, an::2<1+zak)7 forn:2,3,...
k=1

We prove now that there exists a sequence (yi) in Y and a sequence
(fx) in Y* such that, for all £ € N, we have

1
©) ol <on IAl=1 TGO < g and Syl = o
We proceed by induction. Since T'(X) is not closed, also T*(Y ™) is not
closed, by Theorem 1.2. Hence there exists f; € Y* such that || fi|| =1
1
and ||T*f1] < T and there exists y; € Y such that |ly1]] < 2 and

filyr) = 1.
Suppose that there exist y1,y2,...,yn—1 in Y and f1, fo,... fr—1 in

Y™ such that (8) hold for every j =2,...,n — 1. Let f, € Y* be such

foly,) =0 fork=1,...,n—=1, ||full=1, |[T"full < g

There exists also y € Y such that f,(y) =1 and |ly|| < 2. Define

n—1
Un =y — > ek
k=1

Then

n—1 n—1
Iyl < Ty <1+Z||yk||) <> <1+Zak) .

k=1 k=1
by the induction hypothesis. Furthermore, from the choice of the el-
ements y, and f, we see that f,(y,) = 1 while f,(yx) = 0 for all
k=1,2,...,n. Finally, fr(yn) = fr(y)—fr(y) =0forallk =1,2,... n,
so Yy, has the desired properties.

By induction then there exist the two sequences sequence (yi) in Y

and a sequence (fy) in Y™ which satisfy (8). We now define

n

Kyx = Z(T*fk)(a:)yk for n € N.
k=1

For n > m we obtain

n n
1 ]
1Kz = K|l < T filllzlllyell < (Z Q—k) lzll < 5o

m+1 m+1
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and this implies that the finite-dimensional operator K, converges to
the compact operator K € (X,Y") defined by
o
Ko = 3T R @)
k=1
For each x € X and each k we have fi(Kz) =T fi,(z) = fi(Tx), so each
of the fj, annihilates (7' — K)(X). Since the f, are linearly independent
we then conclude that (T — K) = oc. .

Theorem 1.58. Let T € ®.(X,Y). Then ind(T + K) = indT for
al K € K(X,Y).

Proof By Theorem 1.56 the set @1 (X,Y") is stable under compact per-
turbations. Suppose first T' € ®(X,Y"). According part (iii) of Theorem
1.51 there exists S € L(Y, X) and K; € K(X) such that ST = Ix — K,
and hence, by Corollary 1.37 and the index theorem,
0=ind(Ix — K;) =ind ST =indT + ind S,
from which we obtain ind T' = —ind S. Moreover, since
S(I'+ K)=1Ix+(—K: + SK)

and K; + SK is compact it then follows that ind S + ind(T + K) = 0.
Therefore,

ind(T+ K) = —ind S = ind T.
If T is upper semi-Fredholm but not Fredholm then also T+ K is upper
semi-Fredholm but not Fredholm, so ind(T'+ K) = indT" = —oo. For the
other case, that 7" is lower semi-Fredholm but not Fredholm, proceed in
a similar way:. "

Lemma 1.59. Suppose that for T € L(X), X a Banach space, we
have |T|| < 1. Then I —T is invertible.
Proof We have

n n n
ID ST <Y< > ITI,
j=m j=m j=m

so Y 2, T™ is a Cauchy series in the Banach algebra L(X), and hence
there is an S € L(X) such that S =3 >° /T". From this it then follows
that
(o)
ST=TS=> T =5-1,

n=0
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from which we obtain (/—-7)S = S—-TS =Tand S(I-T)=S-ST = 1.
Therefore, I — T is invertible with inverse S =% >°  T". .

n=

We show now that ®(X,Y") is stable under small perturbations.

Theorem 1.60. For every T € ®(X,Y), X and Y Banach spaces,
there exists p := p(T') > 0 such that for all S € L(X,Y) with ||S|| < p
then T+ S € ®(X,Y) and ind(T + S) = ind T. The set P(X,Y) is
open in L(X,Y).

Proof By Theorem 1.51 there exists U € L(Y, X) and K € K(X) such
that UT = Ix — K. By Corollary 1.44 we now that Iy — K =UT is a
Fredholm operator having index 0. By Theorem 1.46 and by the index

theorem we then deduce that U is a Fredholm operator and indT =
—indU. Now, take S € L(X,Y') such that

1
ISl < pi= .
107

Then || US| < [U|||IS]| < 1, thus, by Lemma 1.59, Ix 4+ US is invertible,
in particular a Fredholm operator having index 0. By Theorem 1.58 it
then follows that

ind(Ix +US - K)=0.
We have
UT+S)=UT+US=(IUx—-K)+US=(Ix+US)—-K,

so indU(T + S) = 0, and since U is a Fredholm operator then 7'+ S €
®(X,Y), always by Theorem 1.46, and

indU +ind (T + S) = 0.
Therefore, ind (T'+ S) = —indU =ind T .
We want show now that also the classes of semi-Fredholm operators
are stable under small perturbations. We need first to give some infor-
mation on the gap between closed linear subspaces of a Banach space.

Let M and N be two closed linear subspaces of a Banach space X and
define, if M # {0},

O0(M,N) :=sup{dist (z,N) :,z € M, ||z| = 1},

while 6(M,N) = 0 if M = {0}. The gap between M and N is defined
as

O(M, N) := max{5(M, N), (N, M)}.
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It is clear that 0 < ©(M, N)

< 1, while ©(M, N) = 0 precisely when
M = N and (M, N) = O(N, M).

Moreover, O(M, N) = O(M+,N*1).

Theorem 1.61. If O(M,N) < 1, then either M and N are both
infinite-dimensional or dim M = dim N < oo.

The proof of Theorem 1.61 requires the well-know Borsuk-Ulam the-
orem, see [40]. For further information on gap theory see Kato [71].

Theorem 1.62. Suppose that T € L(X,Y ). Then we have

(i) If T € ®4(X,Y) then there exists ¢ > 0 such that for every
S € L(X,Y) for which ||S|| < ¢ we have T+ S € &, (X,Y). Moreover,
a(T+S) <aT) and ind(T + S) = indT.

(i) If T € ®_(X,Y) then there exists € > 0 such that for every
S € L(X,Y) for which ||S|| < ¢ we have T+ S € ®_(X,Y). Moreover,
B(T+S) <B(T) and ind (T + S) = indT.

Proof (i) Suppose T' € ®,(X,Y). Then ker T admits a topological
complement, since it has finite dimension. Write X = ker T'é® M. Then
T'|M is bounded below with closed range T'(X) = T'(M), so there exists
K > 0 such that |Tz|| > K|[z| for all z € M. Let e := &. If |S|| < ¢
then

K
0 < |Szf < g\lxll,
and hence

2K
®) T+ S)al = [Tal — |Sell = S|z for all o € M.

This shows that the restriction (7' + S)|M is bounded below, i.e. (T +
S)|M is injective and (T + S)(M) is closed. Set n := a(T") and sup-
pose that a(T"+ S) > n. Then ker(T + S) has at least n + 1 linearly
independent vectors, say x1,Z2,...Zpy1. Since

ker (T + S)NM =ker((T + S)|M) = {0}

then the corresponding elements &1, Z9,...Zy+1 in the quotient X =
X/M are linearly independent. But from the decomposition X = ker T'®
M we see that dim X/M = dim ker 7' = n, a contradiction. Therefore,
a(T+S) <aT).

We want show now that (7'+ 5)(X) is a closed subspace. Evidently,
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X = ker T + [M @ ker(T + S)], so one can find a finite dimensional
subspace N such that X = N @& [M @ ker(T + 5)], from which we obtain

(T + S)(X) = (T + S)(N) + (T + S)(M @ ker(T + S)).

Since, (T'+S)(N) is finite-dimensional, in order to prove that (7+.5)(X)
is closed it suffices to prove that (T'+S)(M @ ker(T +.5)) is closed. But

(T + S)(M @ ker(T + S)) = (T + S)(M)

and in this equality the last subspace is closed, as observed above. Thus
T+Sed, (X,Y).

To show the index equality ind (T4 S) = ind T', suppose first 5(T) <
0o. Then T' € ®(X,Y), so by Theorem 1.60 the equality ind (7' + S) =
ind T holds. Suppose the other case, i.e. (T) = co. If € M from the
estimate

K 1
T2 = (T + S)all = [I5z]| < eflz]| < -zl < S| T=]),
and using (9) we get for all z € M
31151l 1
72— (7 + $)a = 152 < SHlal < D21+ S)a < 5.
The above inequalities shows that the gap between Y7 := (T + S)(M)
and Y5 := T(M) = T(X) is less than 1, so

1
ot o) =0(V,Ys) < 5

hence by Theorem 1.61 we have dimY;+ = dim Yo+ = B(T), since Yy =
T(X). Finally, since (T'+ S)(X) = Y1 @ W, for some finite-dimensional
subspace W, we then conclude that 3(T"+ S) = 3(T") = oo. Hence the
statement is proved for upper semi-Fredholm operators.

(ii) The statement for lower semi-Fredholm operators follows by du-
ality. L]

Corollary 1.63. The sets ¢ (X,Y), ®_(X,Y) and ®(X,Y) are
open subsets of L(X,Y). The index is constant on every connected com-
ponents of P4 (X,Y).

Proof The first statement is clear by Theorem 1.62. Let I' be an
open maximal connected component of the open set &4 (X,Y). Fix an
operator Ty € I'. By Theorem 1.62 then the index function 7' — ind T
is continuous on I'. Therefore the set I'y := {T" € T" : indT = ind Ty} is
both open and closed. This implies that I' =T'y. "
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If the perturbation of T € ®,(X) is caused by a multiple of the
identity we have the so-called punctured neighborhood theorem:

Theorem 1.64. Let T € ®(X). Then there exists € > 0 such that
aM +T) <a(T) forall |\ <e,

and a(AN —T) is constant for all 0 < |A\| < €.
Analogously, if T € ®_(X) then there exists € > 0 such that

B +T) < pB(T) forall |\ <e,
and B(AN + T) is constant for all 0 < |\| < e.

Proof For the constancy of the functions (A — T') and (A —T') on
the punctured disc 0 < |A\| < € see Kato [71, Theorem 5.31]. .

7. Further and recent developments

In this section we shall introduce some classes of operators which
are related to the classes ®4(X,Y) and ®_(X,Y). We do not give any
proof of the results established, we just refer for a proof to the original
sources or to the books [1] and [84]. Hence this section is essentially a
review on recent extensions of semi-Fredholm theory.

Semi-Fredholm operators on Banach spaces admit an important de-
composition property introduced by Kato in [69]. To see this let first in-
troduce the following class of operators intensively studied by Mbekhta,
[78], [79], by Mbekhta and Ouahab [82] .

Definition 1.65. A bounded operator T € L(X), X a Banach space,
is said to be a semi-regular if T' has closed range T'(X) and ker T C
T™(X) for every n € N.

By Theorem 1.24 if T' is semi-regular then C(T") = T°°(X). Clearly,
bounded below as well as surjective operators are semi-regular. Note
that the condition ker 7" C T™(X) is equivalent to the conditions listed
in Theorem 1.15 and Corollary 1.16. For a proof of the following result
see [1, Therem 1.31].

Theorem 1.66. Let T' € L(X) be semi-reqular. Then N\ — T is
semi-regular for all |\| < ~v(T), where v(T') denotes the reduced minimal
modulus.

The product of two semi-regular operators, also commuting semi-
regular operators, need not be semi-regular, see Example 1.27 in [1].
However, we have (see [1, Theorem 1.26)):
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Theorem 1.67. If T'S is semi-regular and T'S = ST then both T
and S are semi-regular.

The punctured neighborhood theorem for semi-Fredholm operators
motivates the following definition.

Definition 1.68. Let T € &.(X), X a Banach space. Let € > 0 as
in Theorem 1.64. If T € &, (X) the jump j(T) is defined by

J(T):=a(T) —aN+T), 0<|A<e,
while, if T € &_(X), the jump j(T) is defined by
J(T):=B(T) = BN +T), 0<|A<e.

The continuity of the index ensures that both definitions of the jump
coincide whenever T is a Fredholm operator.

In general, semi-Fredholm are not semi-regular. In fact we have (see
for a proof [1, Theorem 1.58])

Theorem 1.69. A semi-Fredholm operator T' € L(X) is semi-regular
precisely when j(T) = 0.

Definition 1.70. An operator T € L(X), X a Banach space, is
said to admit a generalized Kato decomposition, abbreviated as GKD,
if there exists a pair of T-invariant closed subspaces (M, N) such that
X = M @& N, the restriction T|M is semi-reqular and T|N is quasi-
nilpotent.

Clearly, every semi-regular operator has a GKD M = X and N =
{0} and a quasi-nilpotent operator has a GKD M = {0} and N = X.

A relevant case is obtained if we assume in the definition above that
T|N is nilpotent, i.e. there exists d € N for which (T|N)? = 0. In this
case T is said to be of Kato type of operator of order d.

An operator is said to be essentially semi-regular if it admits a GKD
(M, N) such that N is finite-dimensional. Note that if T is essentially
semi-regular then T|N is nilpotent, since every quasi-nilpotent operator
on a finite dimensional space is nilpotent.

Hence we have the following implications:
T semi-regular = T essentially semi-regular = T of Kato type
= T admits a GKD.

The proof of the following theorem may be found in [1, Theorem
1.41 and Theorem 1.42].
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Theorem 1.71. Suppose that (M,N) is a GKD for T € L(X).
Then K(T) = K(T|M) and K(T) is closed. If T is of Kato type then
K(T)=T>(X).

The following result was first observed by Kato [69] , see for a proof
Aiena [1, Chapter 1] or Miiller [84, Chapter III].

Theorem 1.72. Every semi-Fredholm operator T € L(X) is essen-
tially semi-reqular.

If T'e L(X) is of Kato type then AI — T is semi-regular on a punc-
tured disc of 0 ([1, Theorem 1.44)):

Theorem 1.73. If T € L(X) is of Kato type then there exists € > 0
such that \I —T is semi-regular for all 0 < || < €.

The complemented version of semi-regular operators is given by
Saphar operators, see Chapter II of [84] and Schmoeger [99].

Definition 1.74. A bounded operator T' € L(X) is said to be Saphar
if T is both semi-reqular and relatively regqular.

A perturbation type theorem holds also for Saphar operators ([84,
Lemma 6, Chapter IIJ:

Theorem 1.75. If T € L(X) is Saphar then there exists € > 0 such
that T + S is relatively regular for every S € L(X) such that ||S]| < e
and ST =TS.

The following concept was first introduced by Grabiner [64].

Definition 1.76. Let T € L(X) and d € N. T is said to have
uniform descent for n > d if T(X) + ker T" = T(X) + ker T? for all
n > d. If, in addition, T(X) + ker T? is closed then T is said to have
topological uniform descent for n > d.

Note that if either of the quantities «(7T), B(T"), p(T"), q(T) is finite
then 7" has uniform descent. Define
A(T):={neN:m>nmeN=T"X)Nker T CT"(X) Nker T}.
The degree of stable iteration is defined as dis(T") := inf A(T) if A(T) #
0, while dis(T) = oo if A(T) = 0.

Definition 1.77. T' € L(X) is said to be quasi-Fredholm of degree
d, if there exists d € N such that:
(a) dis(T') =d,
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(b) T™(X) is a closed subspace of X for each n > d,
(c) T(X) + ker T is a closed subspace of X.

It is easily seen that every Fredholm operator is quasi-Fredholm. Let
QF(d) denote the class of all quasi-Fredholm of degree d. It is easily seen
that if T' € QF(d) then T* € QF(d). The following characterization of
quasi-Fredholm operators is due to Berkani [31].

Theorem 1.78. If X is a Banach space then T € QF(d) if and
only if there exists n € N such that T™(X) is closed and the restriction
T|T™(X) is semi-regular.

Observe that quasi-Fredholm operators are precisely all operators
T € L(X) having topological uniform descent n > d and such that
T91(X) is closed, see for details [83]. An example of operator that is
not quasi-Fredholm but has topological uniform descent may be found
in [31].

A natural question is whenever a quasi-Fredholm operator is of Kato
type. The following result has been recently proved by Miiller [85]. In
the special case of Hilbert spaces operators these results were proved in
[30], [32].

Theorem 1.79. Let T € L(X), X a Banach space, be quasi-Fredholm
of degree d. Suppose that T(X) + ker T and ker T N T4(X) are com-
plemented. Then T is of Kato type.

Note that in a Hilbert space every closed subspace is complemented,
so by Theorem 1.79 we have

Theorem 1.80. Every quasi-Fredholm operator acting on a Hilbert
space is of Kato type.

The concept of semi-Fredholm operator may be generalized as fol-
lows. For every T' € L(X) and a nonnegative integer n, let us denote
by Tj, the restriction of T' to T"(X) viewed as a map from the space
T™(X) into itself (we set Tjg) = T'). The following class of operators has
been introduced by Berkani et al. ([30], [36] and [32]).

Definition 1.81. T' € L(X) is said to be semi B-Fredholm , (resp.,
B-Fredholm, upper semi B-Fredholm, lower semi B-Fredholm,) if for
some integer n > 0 the range T™(X) is closed and Ty) is a Fredholm
operator (resp., Fredholm, upper semi-Fredholm, lower semi-Fredholm).
In this case Tj,,) is a semi-Fredholm operator for all m > n ([36]). This
enables one to define the index of a semi B-Fredholm asind T' = ind T},;.
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By Proposition 2.5 of [36] every semi B-Fredholm operator on a
Banach space is quasi-Fredholm. Note that T is B-Fredholm if and only
if T* is B-Fredholm. In this case ind 7™ = —ind T'.

Theorem 1.82. IfT € L(X), X a Banach space, then the following
statements hold:

(i) T is B-Fredholm if and only if there exist two closed invariant
subspaces M and N such that X = M @ N, T|M is Fredholm and T|N
1$ nilpotent.

(ii) T is B-Fredholm of index 0 if and only if there exist two closed
invariant subspaces M and N such that X = M & N, T|M is Fredholm
having index 0 and T|N is nilpotent.

The following punctured disc theorem is a particular case of a result
proved in [36, Corollary 3.2] for operators having topological uniform
descent for n > d.

Theorem 1.83. Suppose that T € L(X) is upper semi B-Fredholm.
Then there ezists an open disc D(0,¢) centered at 0 such that \I — T is
upper semi-Fredholm for all A € D(0,¢) \ {0} and

ind(\N —T) = ind(T) for all X\ € D(0,¢).
Moreover, if A € D(0,¢) \ {0} then
a(M —T) = dim(ker TNTYX)) for some d € N,
so that a(A — T) is constant as X ranges in D(0,¢) \ {0} and
a(M —=T) <a(T) forall X\ € D(0,¢).

Analogously, if T € L(X) is lower semi B-Fredholm then there exists an
open disc D(0,¢) centered at 0 such that A\I —T is lower semi-Fredholm
for all A € D(0,¢) \ {0} and

ind( A\ = T) =1ind(T) for all X € D(0,¢).
Moreover, if A € D(0,¢) \ {0} then
BN —T) = codim (ker T+ T'X)) for some d € N,
so that B(A —T) is constant as X ranges in D(0,¢) \ {0} and
B —=T) < B(T) for all A € D(0,¢).



7. FURTHER AND RECENT DEVELOPMENTS 45

The product of commuting semi B-Fredholm operators T', S € L(X)
and T'S = ST then T'S is also semi B-Fredholm [32, Theorem 3.2|, with
indTS =indT + ind S. In particular, if T is semi B-Fredholm then T"
is semi B-Fredholm for all n € N. As a particular case of a perturbation
result proved by Grabiner [64] for operators having topological uniform
descent we have:

Theorem 1.84. If T, S € L(X), X a Banach space, then the fol-
lowing statements hold:

(i) If T and S are B-Fredholm, TS = ST and |T — S|| is sufficiently
small then indT = indS.

(ii) If T is B-Fredholm, ST =TS, ||T — S| is sufficiently small and
T — S is invertible, then S € ®(X) with indT = indS.

B-Fredholm operator on Banach spaces are stable under finite rank
perturbations (not necessarily commuting) (see [31, Prop. 2.7] and [32,
Theorem 3.2|. Precisely we have :

Theorem 1.85. If T' € L(X) is B-Fredholm then T + K is also
B-Fredholm for all K € F(X) and ind(T + K) = indT.

The class of B-Fredholm operator is not stable under compact per-
turbations. For instance, if K € K(X) is such that K™(X) is not closed
for all n € N then K is not a B-Fredholm operator. Let F' be finite-
dimensional operator. Clearly, F' is B-Fredholm, but K + F' is not B-
Fredholm, otherwise K = K + F' — F would be B-Fredholm.






CHAPTER 2

The single-valued extension property

This chapter deals with an important property for bounded linear
operators acting on complex infinite-dimensional Banach spaces, the so-
called single-valued extension property (SVEP). This property appeared
first in Dunford [48], and has received a systematic treatment in the
classical Dunford and Schwartz book [50]. After the pioneering work of
Dunford this property has revealed to be a basic tool in local spectral
theory, see the books Colojoara, C. Foiag [42] , Vasilescu [102] , and the
more recent books by Laursen, Neumann [76] and by Aiena [1].

The SVEP is satisfied by several important classes of operators, as
normal operators in Hilbert spaces, by compact operators and by convo-
lution operators on group algebras. Mainly, we concern with a localized
version of the SVEP, the SVEP at a point introduced by Finch [54] and
more recently studied by several authors, Mbektha ([80] [81]), Aiena
et al ([14], [12], [15]). In particular, we relate the localized SVEP to
the finiteness of ascent and of the descent. Hence this chapter may be
viewed as the part of this book in which the interaction between local
spectral theory and Fredholm theory comes into focus. In fact, for semi-
Fredholm operators the SVEP at a point may be characterized in several
ways. Some of these characterizations involve two important spectral
subspaces, the quasi-nilpotent part and the analytic core of an operator.
In this chapter we introduce other important classes of semi-Fredholm
operators: Weyl operators and Browder operators. The spectral prop-
erties of compact operators are then used to define the class of Riesz
operators.

1. Isolated points of the spectrum

We begin by establishing some preliminary notions on the functional
calculus of bounded operators on Banach spaces. We first begin with
basic notions on the spectrum of an operator.

47
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Definition 2.1. Let T' € L(X), X a complex Banach space. The
spectrum of T is defined as the set

o(T):={\e€ C: )\ —T is not bijective}.

Recall that if T € L(X) is bijective then the inverse T—! is still
bounded. If T' € L(X) then the spectral radius of T' is defined by

r(T) :=sup{|\| : A € o(T)},

The proof of the following standard result may be found in any text of
functional analysis, see for instance [68, Theorem 45.1]

Theorem 2.2. For every T € L(X), X a complex Banach space,
we have
o(T)# @ and r(T)= lim ||T7|Y".
n—oo
Moreover, o(T') is a compact subset of C.

Note that o(T") = o(T™). Set p(T') := C\o(T). Theset p(T) is called
the resolvent set of T, while the map R(\,T) : A € p(T) — (M — T)~1
is called the resolvent of T'.

Theorem 2.3. If T € L(X) and S € L(X) commute then
r(T+S)<r(T)+r(S) andr(TS)<r(T)r(S).
Proof See [68, Proposition 45.1]. .

Remark 2.4. The results of Theorem 2.2 and Theorem 2.3 are valid
in a more general setting: If x is an element of a complex Banach algebra
A with unit u then the spectrum of x, defined as

o(x):={X € C: A — x is not invertible}

is a not empty compact subset of C. Furthermore, if x,y are two com-
muting elements of A then the spectral radius satisfies the inequalities

r@+y) <r(@)+r(y) and r(zy) <r(@)r(y),
see Proposition 45.1 of ([68].

In this chapter we shall also consider two distinguished parts of the
spectrum, the approximate point spectrum, defined as

0a(T) :=={\ € C: X\ — T is not bounded below},
and the surjectivity spectrum, defined as
0s(T) :={A € C: A\ — T is not onto}.

The approximate point spectrum is a non-empty set:
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Theorem 2.5. If T € L(X) then 0,(T) and os(T) are non-empty
compact subsets of C. Indeed, both spectra contain the boundary 0o(T)
of o(T). Furthermore,

(10) 0a(T) = 05(T*)  and o5(T) = oa(T*).

Proof The equalities (10) are consequences of part (i) Theorem 1.6.
The proof of the inclusion do(T") C 0,(T) may be found in [1, Theorem
2.42]. Since 0o(T) = 0o(T*) we then have 0o (T') C 0,(T*) = o4(T).
Clearly, again by Theorem 1.6, part (ii), 0,(T") and o4(T") are compact
subsets of C. .

According the classical concepts of complex analysis, a vector-valued
function f : A — X, X a complex Banach space and A a non-empty
open subset of the complex field C, is said to be locally analytic if it is
differentiable at every point of A, i.e. if \yg € A then there exists an
1'(Xo) € X such that

) = fF(o)

=55 G0l =0 as A=,

If A is connected and f is locally analytic then f is said to be analytic.
;From Theorem 44.1 of [68] if A\g, A € p(T") then

[RAT) = R(Xo, T)

A— Ao

A = ol [ R(Ao, T) |

< —

so the function R(A,T) depends continuously from A, and the resol-
vent function is analytic on p(T'). Many of the theorems, together their
proofs, of complex function theory may be transfered in a purely formal
way to vector-valued locally analytic functions (as Cauchy’s theorems
and integral formula, Taylor and Laurent expansions, Liouville’s theo-
rem). For instance, if T' is an integration path, i.e. an oriented, closed,
rectifiable curve in C, for every continuous function f : I' — X the path
integral is defined, as in the classical case, as the limit of Riemann sums.

£V s=tim 3 £ O~ A

The chain lengths of (A — T') are intimately related to the poles of
the resolvent R(A\,T). If f:D(Xo,d) \ {Mo} — X, X a Banach space, is
a analytic function defined in the open disc centered at Ao with values
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in X, then, by the Laurent expansion, f can be represented in the form

o] o] bk
)\) = Zak()\ - )\o)k + Z m,
k=0 k=1 0

with ag, by € X, and A € D(Ag,d) \ {No}. The coefficients are given by
the formulas

1 f(A) k—1
S A 7 —; ) YO\ = Xo)FLdN,
21 Jr (A — Ag)F 17 2m/f )

where I is a positively oriented circle |\ — Ag| = r, with 0 < r < 9, see
Proposition 46.7 of [68] for details. We say that Ao is a pole of order p
if b, # 0 and b,, = 0 for all n > p.

Let Ag be an isolated point of o(7") and let us consider the particular
case of the Laurent expansion of the analytic function Ry : A € p(T') —
(M — T)~! € L(X) in a neighborhood of \g. According the previous
considerations, we have

ap =

By=> QA =2 + > ~——— o Ao with Py, Qg € L(X).
= il

for all 0 < |A — Xo| < d. The coefficients are calculated according the
formulas

1 Ry
11 = — [ —2____d\
(11) Q=50 =2
1
(12) P, = Ry(A = Xo)Fta,
27T'L T

where I' is a sufficiently small, positively oriented circle around Ag.

Let H(o(T)) be the set of all complex-valued functions which are
locally analytic on an open set containing o(7"). Suppose that f €
H(o(T)), A(f) be the domain of f, and let T denote a contour in A(f)
that surrounds o(7"). This means a positively oriented finite system
I' = {71,...,7m} of closed rectifiable curves in A(f) \ o(7) such that
o(T) is contained in the inside of I' and C \ A(f) in the outside of I.
Then

FT) = 5 [ FNOT=T) 7

is well-defined and does not depend on the particular choice of I'. It
should be noted that mutatis mutandis all the arguments and notions
introduced above may be extended to Banach algebras with unit u: if
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a € H(o(a)) is an analytic function defined on open set containing o(a)
then

1
fla): 2m/f (Au — a)”HdA,

is defined in a similar way as we have done for the elements of the Banach
algebra L(X).

In the particular case that of functions which are equal to 1 on certain
parts of o(7T) and equal to 0 on others we get idempotent operators.
To see this, suppose that o is a spectral set (i.e. o and o(T) \ o are
both closed) and A := A; U Ay is an open covering of ¢(T") such that
A1 N Ay =0 and o C Ay, define h(\) := 1 for XA on A; and h(\) := 0
for A on Ay. Consider the operator P, := h(T'). It is easy to check that
P2 = P,, so P, is a projection called the spectral projection associated
with o, and obviously

(13) P, = i (M —T)tax,

211 T
where I' is a curve enclosing o which separate o from the remaining part
of the spectrum.

Let us consider again the case of an isolated point Ao of o(T"). Then
{Ao} is a spectral set so we can consider the spectral projection associ-
ated with {Ao}. It is easy to check that if Py are defined according (12)
then

(14) Pi=Py, P.=(T-XD)"'Py (k=1,2,...)
The equation (14) show that either Py # 0, or that there exists a natural
p such that P, #0 for k=1,...,p but P, =0 for k£ > p. In the second

case the isolated point Ag is pole of order p of T'.
The spectral sets produce the following decomposition see [68, §49].

Theorem 2.6. If o is a spectral set (possibly empty) of T € L(X)
then the projection in (13) generates the decomposition X = Py(X) ®
ker P,. The subspaces P,(X) and ker P, are invariant under every f(T)
with f € H(o(T)); the spectrum of the restriction T|P,(X) is o and the
spectrum of T'|ker P, is o(T) \ 0.

The proof of the following basic result may be found in [68, Propo-
sition 50.2].

Theorem 2.7. Let T € L(X). Then Ao € o(T) is a pole of R(\,T)
if and only if 0 < p(AI —T) = q(Aol —T) < c0. Moreover, if p :=
p(Aol —T) = q(Aol — T) then p is the order of the pole, every pole
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Ao € o(T) is an eigenvalue of T, and if Py is the spectral projection
associated with {\o} then

Py(X) =ker (Aol = T)?, ker Py = (NI — T)P(X).

In the case that Aol — T is a Fredholm operator having both ascent
and descent finite we have much more, see Heuser [68, Proposition 50.3].

Theorem 2.8. If \g € o(T) then Aol — T is a Fredholm operator
having both ascent and descent finite if and only if Ay is an isolated
spectral point of T and the corresponding spectral projection Py is finite-
dimensional.

In the following result, due to Schmoeger [98] we show that for an
isolated point Ag of o(7") the quasi-nilpotent part Hy(Agl — 1) and the
analytical core K (Aol —T') may be precisely described as a range or a
kernel of a projection.

Theorem 2.9. Let T € L(X), where X is a Banach space, and sup-
pose that \g is an isolated point of o(T). If Py is the spectral projection
associated with {\o}, then:

(i) Po(X) = Ho(Mol —T);

(ii) ker Py = K(MI = 1T).

In particular, if {\o} is a pole of the resolvent, or equivalently p :=
p(Aol —T) =q(MI —T) < 0, then

Po(X) = Ho()\of — T) = ker(/\ol — T)p,

and

ker Py = K(AoI — T) = (Aol — T)P(X).

Proof (i) Since A¢ is an isolated point of o(7") there exists a positively
oriented circle I := {\ € C : [\ — A\g| = d} which separates A\ from the
remaining part of the spectrum. We have

1
(Nl —T)"Pox = 37 /()\0 — A" M =T) 'z d\ foralln=0,1,---.
T Jr

Now, assume that x € Py(X). We have Pyxr = x and it is easy to
verify the following estimate:

1 _
1ol =T)"al < 5—2md™  max (AT — 7).

Obviously this estimate also holds for some §, < §, and consequently

(15) limsup ||(Ad — T)"z|"/™ < 6.
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This proves the inclusion Py(X) C Ho(Aol —T).
Conversely, assume that x € Hy(Aol — T) and hence that the in-
equality (15) holds. Let S € L(X) denote the operator

1
Ao — A
Evidently the Neumann series

E}Wx:§:<M£AMﬂ—TO x
n=0 n

=0

S = (Aol = T).

converges for all A € I'. If y\ denotes its sum for every A € I', from a
standard argument of functional analysis we obtain that (I — S)yy = =.
A simple calculation also shows that

n=A=A)N -T)""z

and therefore

— (Aol = T)"
M-T)'z==> %}—§%§ for all X € T.
o —
n=0

A term by term integration then yields

1 1 1
Pr=— [(M-T)'zd\=—— | ——azd\=
b =55 )L e 2wi/§(ko——k)m “
and this proves the inclusion Hy(Agl —T') C Py(X). This completes the

proof of the equality (i).

(ii) There is no harm in assuming that Ay = 0. We have o(T|Py(X)) =
{0}, and 0 € p(T|ker Fy). ;From the equality T'(ker Py) = ker Py we ob-
tain ker Py C K(T'), see Theorem 1.29.

It remains to prove the reverse inclusion K(7T') C ker Fy. To see
this we first show that Ho(T) N K(T) = {0}. This is clear because
Ho(T)N K(T) = K(T|Hy(T)), and the last subspace is {0} since the
restriction of T on the Banach space Hy(T') is a quasi-nilpotent opera-
tor, see Corollary 2.32. Hence Hy(T) N K(T') = {0}. From this it then
follows that

K(T) = K(T)NX = K(T)N [ker Py ® Py(X)]
- ker Po + K(T) N HO(T) = ker Po,

so the desired inclusion is proved.
The last assertion is clear from Theorem 2.7. n
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2. SVEP

The basic importance of the single-valued extension property arises
in connection with some basic notions of local spectral theory. Before
introducing the typical tools of this theory, and in order to give a first
motivation, let us begin with some considerations on spectral theory.

As already observed the resolvent function R(\,T) := (M —T)~! of
T € L(X), X a Banach space, is an analytic operator-valued function
defined on the resolvent set p(T'). Setting

fz(A) == R(\,T)x for any z € X,
the vector-valued analytic function f, : p(T') — X satisfies the equation
(16) (M —=T)f,(A\) ==a forall A € p(T).

It is possible to find analytic solutions of the equation (AI—T") f,(\) =
x for some (sometimes even for all) values of A that are in the spectrum
of T. To see this, let T' € L(X) be a bounded operator on a Banach
space X such that the spectrum o(7") has a non-empty spectral subset
o # o(T). If P, := P(0,T) is the spectral projection of T associ-
ated with o then, by Theorem 2.6, o(T' |P,(X)) = o, so the restriction
(M —T) |Py(X) is invertible for all A ¢ o.

Let 2z € P,(X). Then the equation (16) has the analytic solution

ge(N) := (M =T |P,(X)) 'z forall A€ C\o.
This property suggests the following concepts:
Definition 2.10. Given an arbitrary operator T € L(X), X a Ba-
nach space, let pr(x) denote the set of all A € C for which there exists

an open neighborhood Uy of A in C and an analytic function f : Uy — X
such that the equation

(17) (ul —T)f(u) = holds for all p € Uy.

If the function f is defined on the set pr(x) then it is called a local
resolvent function of T' at x. The set pr(x) is called the local resolvent
of T at . The local spectrum op(z) of T at the point x € X is defined
to be the set

or(x) :=C\ pr(x).

Evidently pr(z) is the open subset of C given by the union of the
domains of all the local resolvent functions. Moreover,

o(T) Cpr(x) and op(z) Co(T).
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It is immediate to check the following elementary properties of op(x):
(a) or(0) = @;
(b) or(ax + By) C or(x) Uor(y) for all x,y € X;
(c) opar—1)(w) € {0} if and only if o7(z) C {A}.
Furthermore,
(d) or(Sz) C or(z) for every S € L(X) which commutes with 7.
In fact, let f : Uy — X be an analytic function on the open set Uy C C

for which (uI —T)f(p) = x holds for all p € Uy. If T'S = ST then the
function S o f : Uy — X is analytic and satisfies the equation

(I =T)So f(p) =Sl =T)f(p)) =Sz forall p €U,
Therefore pr(x) C pr(Sx) and hence op(Sx) C op(z).

Definition 2.11. Let X be a complex Banach space and T € L(X).
The operator T is said to have the single-valued extension property at
Ao € C, abbreviated T' has the SVEP at Ao, if for every neighborhood U
of Ao the only analytic function f:U — X which satisfies the equation

(AL =T)f(A) =0

1s the constant function f = 0.
The operator T is said to have the SVEP if T' has the SVEP at every
reC.

In the sequel we collect some basic properties of the SVEP.

(a) The SVEP ensures the consistency of the local solutions of equa-
tion (17), in the sense that if x € X and T has the SVEP at \g € pr(x)
then there exists a neighborhood U of A\g and an unique analytic function
f U — X satisfying the equation (A —T')f(A) =z for all A e U.

Another important consequence of the SVEP is the existence of a
maximal analytic extension f of R(\,T)z := (A\I — T)"' to the set
pr(z) for every x € X. This function identically verifies the equation

(ul =T)f(p) == for every u € pr(x)
and, obviously,
f(u) = (uI —T) . for every u € p(T).

(b) It is immediate to verify that the SVEP is inherited by the
restrictions on closed invariant subspaces, i.e., if T € L(X) has the
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SVEP at \g and M is a closed T-invariant subspace, then T'|M has the
SVEP at A\g. Moreover,

or(x) Copp(z) for every x € M.
(c) Let o(T) denote the point spectrum of T' € L(X), i.e.,
op(T) :={X € C: X is an eigenvalue of T'}.

It is easy to see from definition of localized SVEP the following impli-
cation:

op(T) does not cluster at A\g = T has the SVEP .

Indeed, if 0,,(T") does not cluster at Ao then there is an neighborhood
U of A\g such that Al — T is injective for every A € U, A # Ag.

Let f:V — X be an analytic function defined on another neigh-
borhood V of A\¢ for which the equation (Al — T")f(A) = 0 holds for
every A € V. Obviously we may assume that V C Y. Then f(\) €
ker (A —T) = {0} for every A € V, X\ # \g, and hence f(A) = 0 for
every A € V, A # X\g. From the continuity of f at A\g we conclude that
f(Ag) =0. Hence f =0 in V and therefore T has the SVEP at \g. The
same argument shows that

0a(T') does not cluster at \g = 7' has the SVEP ),
and hence by duality,
os(T) does not cluster at \g = T has the SVEP ),

(d) From part (c) every operator 1" has the SVEP at an isolated point of
the spectrum. Obviously 7" has the SVEP at every A € p(T"). From these
facts it follows that every quasi-nilpotent operator T has the SVEP.
More generally, if o,(T") has empty interior then T has the SVEP. In
particular, any operator with a real spectrum has the SVEP. Note that
there are examples of operators 7" having SVEP and such that o,(T) #
J.

Definition 2.12. For every subset £ of C the local spectral subspace
of T' associated with § is the set

Xr(Q):={zr e X :op(x) CQ}.

Obviously, if Ql - QQ - C then XT(Ql) - XT(QQ)
In the next theorem we collect some of the basic properties of the sub-
spaces X7(Q), see [1, Chapter 2.
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Theorem 2.13. Let T € L(X), X a Banach space, and S every
subset of C. Then the following properties hold:

(i) X7 () is a linear T-hyper-invariant subspace of X, i.e., for every
bounded operator S that commutes with T we have S(X1(2)) C X7(2);

(i) Xr(Q) = Xr(QNo(1));

(iii) If A ¢ Q, Q CC, then (M —T)(X7(Q2)) = X7 (Q);

(iv) Suppose that A € Q and (A — T)x € Xp(2) for some x € X.
Then x € X7(Q);

(v) For every family (25)jes of subsets of C we have

XT(m Q;) = m Xr(€));
jedJ jeJ

(vi) If Y is a T-invariant closed subspace of X for which o(T |Y') C
Q, then' Y C Xp(Q). In particular, Y C Xp(o(T |Y)) holds for every
closed T-invariant closed subspace of X.

We have already observed that the null operator 0 has an empty
local spectrum. The next theorem (for a proof see [1, Theorem 2.8])
shows that if T' has the SVEP then 0 is the unique element of X having
empty local spectrum. Actaually, this property characterizes the SVEP.

Theorem 2.14. Let T' € L(X), X a Banach space. Then the fol-
lowing statements are equivalent :

(i) T has the SVEP;

(ii) Xr(@) = {0};

(iii) Xp(@) is closed.

A bounded operator Q € L(X) is said to be quasi-nilpotent if \I =T

is invertible for all A # 0, i.e. o(T") = {0}. The SVEP is inherited under
commuting quasi-nilpotent operators, see [1, Corollary 2.12]:

Corollary 2.15. Suppose that T' € L(X) has the SVEP and Q is
quasi-nilpotent commuting with T'. Then T 4+ @ has the SVEP.

We next show that the SVEP is preserved by some transforms.

Definition 2.16. An operator U € L(X,Y) between the Banach
spaces X and Y is said to be a quasi-affinity if U s injective and has
dense range. The operator S € L(Y) is said to be a quasi-affine trans-
form of T' € L(X) if there is a quasi-affinity U € L(Y,X) such that
TU =US.
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Theorem 2.17. IfT € L(X) has the SVEP at \g € C and S € L(Y')
is a quasi-affine transform of T then S has the SVEP at \g.

Proof Let f : U4 — Y be an analytic function defined on an open
neighborhood U of Ay such that (uf —S)f(n) =0 for all 4 € U. Then
Upl —8)f(p) = (uI —=T)U f() = 0 and the SVEP of T at A\ entails
that U f(u) = 0 for all u € U. Since U is injective then f(u) = 0 for all
€U, hence S has the SVEP at ). .

We now give a simple characterization of the elements of the analytic
core K (T') by means of the local resolvent pr(x).

Theorem 2.18. Let T € L(X), X a Banach space. Then
K(T) = Xp(C\{0}) = {z € X : 0 € pr(a)}.
Proof Let x € K(T'). We can suppose that x # 0. According to the
definition of K(T'), let 6 > 0 and (uy,) C X be a sequence for which
x=1ug, TUupt1 = Uy, |un|| <0"||z|| for every n € Z,.

Then the function f : D(0,1/6) — X, where D(0,1/0) is the open disc
centered at 0 and radius 1/0, defined by

fA) =— Z A"y, for all X € D(0,1/6),

n=1
is analytic and verifies the equation (Al — T)f(\) = x for every \ €
D(0,1/6). Consequently 0 € pr(x).
Conversely, if 0 € pp(x) then there exists an open disc ID(0,¢) and
an analytic function f : D(0,e) — X such that
(18) (M —=T)f(A\) =x for every A € D(0,¢).

Since f is analytic on (0, ¢) there exists a sequence (u,) C X such
that

(19) fOA) =— Z ALy, for every A € D(0,€).

n=1
Clearly f(0) = —uy. and taking A = 0 in (18) we obtain
Tu; = =T(f(0)) = =.
On the other hand
= =T)f(\) = Tuy + MNTuy — uy) + N (Tug — ug) + - --
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for all A € D(0,¢). Since x = T'uy we conclude that
Tupt1 =u, foralln=1,2,---.

Hence letting ug = x the sequence (u,,) satisfies for all n € Z, the first
of the conditions which define K (7).

It remains to prove the condition ||uy,| < 6"||z|| for a suitable § > 0
and for all n € Z,. Take p > 1/e. Since the series (19) converges
then [A""!|u,|| — 0 as n — oo for all ||\|] < & and, in particular,
(1/u™ 1) ||un|| — 0, so that there exists a ¢ > 0 such that

(20) un|| < ¢ u™ ! for every n € N.

JFrom the estimates (20) we easily obtain

n
C
unll < <u T m) !

and therefore z € K(T). .

3. Quasi-nilpotent part of an operator

Another important invariant subspace for a bounded operator T' €
L(X), X a Banach space, is defined as follows :

Definition 2.19. Let T € L(X), X a Banach space. The quasi-
nilpotent part of T' is defined to be the set

Ho(T) :={z € X : lim |[T"z||*/™ = 0}.
n—oo
Clearly Hy(T) is a linear subspace of X, generally not closed. In the
following theorem we collect some elementary properties of Hy(T).

Lemma 2.20. For every T € L(X), X a Banach space, we have:
(i) ker (T™) C N°°(T) C Ho(T) for every m € N;
(ii) z € Ho(T) & Tx € Ho(T);
(iii) ker (M —T) N Ho(T) = {0} for every A # 0.
Proof (i) If T2z = 0 then T"x = 0 for every n > m.
(ii) If zg € Ho(T) from the inequality | 7"Tz|| < ||T||||T™x|| it easily
follows that T'x € Ho(T'). Conversely, if Tx € Hy(T') from
HTnflTle/nfl _ (HTnl,Hl/n)n/nfl
we conclude that x € Hy(T).
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(iii) If = # 0 is an element of ker (A — T') then T"z = A"z, so

lim [|77]["/" = Tim |A|[l2] /" = |
n—oo n—oo

and therefore x ¢ Hy(T). .

Theorem 2.21. Let X be a Banach space. Then T € L(X) is
quasi-nilpotent if and only if Hy(T) = X.

Proof If T is quasi-nilpotent then lim,, o [|[77||*/™ = 0, so that from
|T™2|| < ||T™||||z|| we obtain that lim,, . ||T7z||"/™ = 0 for every z €
X. Conversely, assume that Hy(T) = X. By the n-th root test the

series
o
3 77|
‘)\‘nJrl ?
n=0
converges for each z € X and A # 0. Define
o
T x
yi= D S
n=0
It is easy to verify that (AI —T')y = x, thus (A —T) is surjective for all
A # 0. On the other hand, for every A # 0 we have that

{0} =ker A\ —T)NHy(T)=ker M —T)NX =ker (\[ -T),
which shows that A\l — T is invertible and therefore o(T') = {0}.

For the proof of the following result see in [1, Theorem 2.20].
Theorem 2.22. IfT € L(X) then

(21) Ho(T) C X7r({0}) ={z € X : op(z) C {0}}.

If T'e L(X) has the SVEP then Ho(T) = X7({0}).

The next theorem shows some elementary relationships between the
analytic core and the quasi-nilpotent part of an operator.

Theorem 2.23. For every bounded operator T' € L(X), X a Banach
space, we have:

(i) Ho(T) €+ K(T*) and K(T) &+ Ho(T™);
(i) If T is semi-Fredholm , then
(22) Hy(T) = N°(T) =+ K(T*) and K(T) =+ Ho(T*).
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Proof (i) Consider an element u € Hy(T) and f € K(T™). From the
definition of K (7T*) we know that there exists 6 > 0 and a sequence (g,,),
n € Z4 of X* such that

go=1 T7gny1=gn and |lgnll < 0" f]

for every n € Z,. These equalities entail that f = (T%)"g, for every
n € Z4, so that

fw) = (T*)"gn(u) = go(T"u) for every n € Z,.
(From that it follows that |f(u)| < [|[T"u||||gn|| for every n € Z, and
therefore

(23) [f ()] < S fINT"w]|  for every n € Zy.

;From u € Hy(T) we now obtain that lim,, . || 7"ul|Y/™ = 0 and
hence by taking the n-th root in (23) we conclude that f(u) = 0. There-
fore Ho(T) C+ K(T*).

The inclusion K (T) Ct Ho(T*) is proved in a similar way.

(ii) Assume that 7' € &4 (X). Then T* is semi-Fredholm, hence has
closed range and T*"(X*) is closed for all n € N. From the first part we
also know that

N=(T) € Hy(T) C* K(T7) =* K(T%),
since LK (T*) is closed.
To show the first two equalities of (22) we need only to show the

inclusion K (T*) C N°(T). For every T € L(X) and every n € N we
have ker T™ C N'*°(T'), and hence

N®(T)* C ker T = T*"(X*)

because the last subspaces are closed for all n € N.
JFrom this we easily obtain that N'OO(T)J_ C T**(X*) = K(T%),
where the last equality follows from Corollary 1.45. Consequently + K (T*) C

N°°(T), thus the equalities (22) are proved.
The equality K (T) =+ Ho(T*) is proved in a similar way. .

4. Localized SVEP

We have seen in Theorem 2.14 that 7" has the SVEP precisely when
for every element 0 # = € X we have o (x) # @. The next fundamental
result establishes a localized version of this result.
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Theorem 2.24. Suppose that T € L(X), X a Banach space. Then
the following conditions are equivalent:

(i) T has the SVEP at Ao;

(ii) ker (Ao — T) N X7(2) = {0};

iii) ker (Aol — T) N K (Aol — T) = {0};

(iv) For every 0 # x € ker (Aol —T') we have op(x) = {Ao}.

Proof By replacing T with Aol — T we may assume without loss of
generality Ag = 0.
(i) & (ii) Assume that for x € ker T' we have op(z) = @. Then

0 € pr(x), so there is an open disc ID(0,¢) and an analytic function
f :D(0,e) — X such that (A\I —T)f(\) = x for every A € D(0,¢). Then

T((M = T)f(N)) = AL = T)T(f(N)) = Tz = 0

for every A € D(0,¢). Since T" has the SVEP at 0 then T'f(\) = 0, and
therefore T'(f(0)) = = = 0.

Conversely, suppose that for every 0 # x € ker T we have op(x) # &.
Let f: DD (0,e) — X be an analytic function such that (Al —T')f(X) =0
for every A € D (0,¢). Then f(X) = >_>° ; A"uy, for a suitable sequence
(up) C X. Clearly Tug = T'(f(0)) = 0, so ug € ker T'. Moreover, from
the equalities o7 (f(N)) = or(0) = @ for every A € D (0,e) we obtain
that

or(f(0)) = or(uo) = 2,

and therefore by the assumption we conclude that uy = 0. For all
0#XeD(0,e) we have

0=\ =T)f(\) =\ =T)> Nup =AM =T)> XN'tns1,
n=1 n=1

and therefore

(o)
0= (M — T)(Z AN'Uupt1) for every 0 # X €D (0,¢).

n=0

By continuity this is still true for every A € D (0,¢). At this point, by
using the same argument as in the first part of the proof, it is possible
to show that u; = 0, and by iterating this procedure we conclude that
ug = ug = --- = 0. This shows that f =0 on D (0,¢), and therefore T’
has the SVEP at 0.
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(ii) < (iii) It suffices to prove the equality
ker TN K(T) = ker T N X7 (9).

To see this observe first that by the proof of Theorem 2.22 we have
ker T'C Ho(T') € X7({0}). From Theorem 2.18 it follows that

ker TNK(T) = ker TNX7(C\{0}) C X7 ({0})NnX7(C\{0}) = Xr(2).
Since X7 (@) € X7 (C\ {0}) = K(T') we then conclude that
ker TNK(T)= ker TNK(T)NX7(@) = ker T'N X7 (2),

as required.

(ii) = (iv) Since ker T' C Hy(T'), from Theorem 2.22 it then follows
that op(x) C {0} for every 0 # x € ker T. By assumption o7 (z) # @,
so or(x) = {0}.

(iv) = (ii) Obvious. .

Clearly, if Aol — T is injective then T has the SVEP at Ag. The next
result shows that if A\gI — T is surjective and T has the SVEP at Ay then
Ao belongs to the resolvent p(T).

Corollary 2.25. Let T € L(X), X a Banach space, be such that
Mol =T is surjective. Then T has the SVEP at Ay if and only if Aol —T
18 1njective.

Proof We can assume Ay = 0. Assume that T is onto and has the SVEP

at 0. Then K(T') = X and by Theorem 2.24 ker TNX = ker T' = {0},
so T is injective. The converse is clear. "

An immediate consequence of Corollary 2.25 is that every unilateral
left shift on the Hilbert space f2(N) fails to have SVEP at 0. In the
next chapter we shall see that other examples of operators which do
not have SVEP are semi-Fredholm operators on a Banach space having
index strictly greater than 0.

The following theorem shows that the surjectivity spectrum of an
operator is closely related to the local spectra.

Theorem 2.26. For every operator T € L(X) on a Banach space
X we have

os(T) = | or(2).

zeX
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Proof If A & |J,cx or(z) then X € pr(x) for every x € X and hence,
directly from the definition of pr(x), we conclude that (Al — T)y = =
always admits a solution for every x € X, Al — T is surjective. Thus
A ¢ os(T).

Conversely, suppose A ¢ o4(T'). Then A\ — T is surjective and there-
fore X = K(AI —T). From Theorem 2.18 it follows that 0 ¢ ox;_7(x)
for every x € X, and consequently A ¢ or(x) for every x € X. .

Let us define
E(T) :={X € C: T has no SVEP at \}.

Clearly, Z(T) = @ if T has SVEP and from the identity theorem of
analytic functions it easily follows that Z(7") is an open set, and conse-
quently is contained in the interior of o (7).

Corollary 2.27. If X is a Banach space and T € L(X) then o(T) =
E(T)Uos(T). In particular, os(T') contains O=(T), the topological bound-
ary of Z(T).

Proof The inclusion Z(T") U o4(T) C o(T) is obvious. Conversely, if
A ¢ E(T)Uog(T) then M — T is surjective and T has the SVEP at A,
so by Corollary 2.25 \I — T is also injective. Hence A ¢ o(T).

The last claim is immediate, 0Z(T) C o(T') and since Z(T") is open
it follows that 0=(T) NE(T) = @. This obviously implies that 0=(T) C
os(T). .

Corollary 2.28. Let X be a Banach space and T € L(X). Then
the following statements hold:

(i) If T has the SVEP then os(T) = o(T).

(ii) If T* has the SVEP then o,(T) = o(T).

(iii) If both T and T* have the SVEP then
o(T) = o04(T) = 0a(T).

Proof The first equality (i) is an obvious consequence of Corollary 2.27,
since Z(T") is empty. Part (ii) is obvious consequence of Theorem 2.5,
while part (iii) follows from part (i) and part (ii). .

The relative positions of many of the subspaces before introduced are
intimately related to the SVEP at a point. To see that let us consider, for
an arbitrary A9 € C and an operator T € L(X) the following increasing
chain of kernel type of spaces:
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ker ()\OI — T) Q NOO(/\()I - T) g Ho()\o.[ - T) g XT({)\()}),
and the decreasing chain of the range type of spaces:
X7(2) C Xr(C\{Ao}) = K(AoI—=T) C (MNI—-T)*(X) C (MNI-T)(X).

Remark 2.29. In the sequel all the results stated are relative to SVEP
at 0. It is clear that T has SVEP at )¢ if and only if S := A\gI — T has
SVEP at 0. Therefore, all the results that we shall prove for operators
T are still valid by replacing 7" with the operator A\gI —7'. In this case
the SVEP of T at 0 must be replaced with the SVEP of T at Ag.

The next corollary is an immediate consequence of Theorem 2.24
and the inclusions considered above.

Corollary 2.30. Suppose that T € L(X), X a Banach space, veri-
fies one of the following conditions:

(i) No(T) N (T)>°(X) = {0};

(i) N°(T) 1 K(T) = {0};

(iii) N°(T) 1 Xr(2) = {0};

(iv) Ho(T) N K(T) = {0};

(v) ker TNT(X) = {0}.

Then T has the SVEP at 0. "

The SVEP may be characterized as follows.

Theorem 2.31. Let T € L(X), X a Banach space. Then T has the
SVEP if and only if Hy(AM —T)NK(A —T) = {0} for every A € C.

Proof Suppose first that 7" has the SVEP. From Theorem 2.18 we know
that

KM —T)=X\x—7(C\ {0}) = Xp(C\ {\}) for every X € C,
and, by Theorem 2.22,
Ho(M —T) =X —7({0}) = Xpr({\}) for every A e C.
Consequently by Theorem 2.14
Ho(AT —T) 0 K(M — T) = Xr({A}) N Xr(C\ {A}) = Xr(2) = {0} .

The converse implication is clear by Corollary 2.30. "
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Corollary 2.32. Suppose that T € L(X), X a Banach space. If T
is quasi-nilpotent then K(T') = {0}.

Proof If T is quasi-nilpotent then Hy(T) = X by Theorem 2.21. On
the other hand, since T" has the SVEP, from Theorem 2.31 we conclude
that {0} = K(T) N Hy(T) = K(T). .

Remark 2.33. An example based on the theory of weighted shifts,
shows that the SVEP at a point does not necessarily implies that Hy(Agl—
T)N KNI —T) = {0}. See [12].

Theorem 2.34. Suppose that T € L(X), where X is a Banach
space, has a closed quasi-nilpotent part Hyo(T'). Then Ho(T) N K(T) =
{0} and hence T has the SVEP at 0.

Proof Assume first that Ho(T) is closed. Let T denote the restriction
of T to the Banach space Hy(T'). Clearly, Hy(T') = Ho(T), so T is quasi-

nilpotent and hence K (T') = {0}, by Corollary 2.32. On the other hand
it is easily seen that Ho(T) N K(T) = K(T).
The last assertion is clear from Corollary 2.30. n

The next example shows that an operator T' € L(X) may have the
SVEP at the point Ay but fails the property of having a closed quasi-
nilpotent part Hyo(AI — T).

Example 2.35. Let X := /{5 ® {5 --- provided with the norm

o0 1/2
|z == (Z \|g;n||2> for all z := (z,) € X,
n=1
and define

€i+1 ifizl,"',n,
T,e; := €+l ...
n-e ,H' if i > n.

1—n

It is easy to verify that
|70 = 1/k!  and  (1/EDY" " as k — oo

JFrom this it follows that o(7;,) = {0}. Moreover, T;, is injective
and the point spectrum o, (7},) is empty, so 7}, has the SVEP.

Now let us define T :=T1 & --- @ T, & ---. ;From the estimate
|7l = 1 for every n € N, we easily obtain ||| = 1. Moreover, since
op(Ty,) = @ for every n € N, it also follows that op,(T) = @.
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Let us consider the sequence x = (z,,) C X defined by z,, := e1/n

for every n. We have
o 3
= (35 <=

n=1

which implies that x € X. Moreover,
€1
1T > 1T glll/” = (1/m)"/"

and the last term does not converge to 0. From this it follows that o7 (x)
contains properly {0} and therefore, by Theorem 2.22, x ¢ Hy(T).
Finally,

62@62”'@62@{0}"' C Ho(T),
where the non-zero terms are n. This holds for every n € N, so Hy(T)
is dense in X. Since Hy(T') # X it follows that Hy(T') is not closed.

Theorem 2.36. Suppose that for a bounded operator T' € L(X), the
sum Ho(T) 4+ T(X) is norm dense in X. Then T* has the SVEP at 0.

Proof From Theorem 2.23 we know that K(T*) C Hy(T)*. From a
standard duality argument we now obtain

ker (T*) N K(T*) C T(X)* N Hy(T)* = (T'(X) + Ho(T))*.

If the subspace Ho(T') + T'(X) is norm-dense in X, then the last an-
nihilator is zero, so that ker 7% N K(T™) = {0}, and consequently by
Theorem 2.24 T™ has the SVEP at 0. n

Corollary 2.37. Suppose either that Ho(T) + K(T) or N°°(T') +
(T)*°(X) is norm dense in X. Then T™* has the SVEP at 0. .

It is easy to find an example of an operator for which T has the
SVEP at a point 0 and such that N°°(T") + T°°(X) is not norm dense
in X.

Example 2.38. Let T denote the Volterra operator on the Banach
space X := C]0, 1] defined by

/f ds forall f € C[0,1] andt e [0,1].

T is injective and quasi-nilpotent. Consequently N'°°(T) = {0} and
K(T) = {0} by Corollary 2.32. It is easy to check that

T®(X) ={f € C®0,1]: f™M(0) =0, neZ},
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thus 7°°(X) is not closed and hence is strictly larger than K(7") = {0}.
Clearly the sum N°°(T') +T°°(X) is not norm dense in X, while 7% has
the SVEP because it is quasi-nilpotent.

The following theorem establishes a first relationship between the
ascent and the descent of 7" and the SVEP at 0.

Theorem 2.39. For a bounded operator T' on a Banach space X
the following implications hold:

p(T) < o0 = N®(T)N (T)*(X) = {0} = T has the SVEP at 0,
and
q(T) <o0o= X =N>(T)+ (T)*(X) = T has the SVEP at 0.

Proof Assume that p := p(T) < oo. Then N°(T) = kerTP, and
therefore from Lemma 1.18 we obtain that

N®(T) N T=(X) C ker TP N TP(X) = {0}.

JFrom Corollary 2.30 we then conclude that T has the SVEP at 0.
To show the second chain of implications suppose that ¢ := ¢(T") <
00. Then T*°(X) = T%(X) and

24)  N®(T) + T(X) = N°(T) + T9(X) D ker T? + T9(X).

Now, the condition ¢ = ¢(T) < oo yields that T29(X) = T9(X), so
for every element x € X there exists y € T9(X) such that 79 = T9(z).
Obviously z —y € ker T, and therefore X = ker T+ T%(X). ;From the
inclusion (24) we conclude that X = N°(T') + T°°(X), and therefore
by Corollary 2.37 T™ has the SVEP at 0. "

As we observed in Theorem 2.39 and Theorem 2.34, each one of the
two conditions p(T') < oo or Ho(T') closed implies the SVEP at 0. In
general these two conditions are not related. Indeed, the operator T
defined in Example 2.35 has its quasi-nilpotent part Hy(7") not closed
whilst, being T" injective, p(T') = 0.

In the following example we find an operator T" which has a closed
quasi-nilpotent part but ascent p(T") = co.

Example 2.40. Let T : /2(N) — ¢*(N) be defined
T2 .1‘_”

Tx .= (—,...,
v 2 n

,) , where z = (z,,) € £2(N).
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It is easily seen that

1
||Tk|| = m for everyk:zO,l,...
and from this it easily follows that the operator T is quasi-nilpotent and
therefore Ho(T) = ¢?>(N) by Theorem 2.21. Obviously p(T) = oc.

5. The SVEP for operators of Kato type

In this section we shall characterize the SVEP at 0 in the cases of
operators of Kato type introduced in the last section of Chapter 1. In
fact, we shall see that most of the conditions which ensure the SVEP at
a point 0, established in the previous section, are actually equivalences.

We recall first some definitions given in Chapter 1. A bounded oper-
ator T' € L(X), X a Banach space, is said to be a semi-regular operator
if T has closed range T'(X) and ker T C T™(X) for every n € N. An op-
erator T' € L(X), X a Banach space, is said to admit a generalized Kato
decomposition, abbreviated as GKD, if there exists a pair of T-invariant
closed subspaces (M, N) such that X = M & N, the restriction T'|Mis
semi-regular and T'|N is quasi-nilpotent. If T'|N is assumed to be nilpo-
tent of order d then T is said to be of Kato type of operator of order
d. An operator is said to be essentially semi-reqular if it admits a GKD
(M, N) such that N is finite-dimensional. Note that if T is essentially
semi-regular then T'|N is nilpotent, since every quasi-nilpotent operator
on a finite dimensional space is nilpotent. It has been observed in Theo-
rem 1.72 that every semi-Fredholm operator is essentially semi-regular.

Note that if T is of Kato type then also T™ is of Kato type. More
precisely, the pair (N+, M~) is a GKD for T* with T*| N~ semi-regular
and T*| M+~ nilpotent, see Theorem 1.43 of [1].

Lemma 2.41. Suppose that T has a GKD (M,N). Then
T|M is surjective < T*|N=+is injective.

Proof Suppose first that T (M) = M and consider an arbitrary element
¥ € ker T*|N+ = ker T* N N*+. For every m € M then there exists
m’ € M such that T'm’ = m. Then we have

2" (m) = 2*(Tm') = (T"2")(m') =0,
and therefore z* € M+ N N+ = {0}.

Conversely, suppose that T|M is not onto, i.e., T(M) C M and
T(M) # M. By assumption T'(M) is closed, since T'|M is semi-regular,
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and hence via the Hahn—-Banach theorem there exists z* € X* such that
z* € T(M)*+ and z* ¢ M.
Now, from the decomposition X* = N+ @ M+ we have z* = n* +m*
for some n* € N+ and m* € M*. For every m € M we obtain
T*n*(m) =n*(Tm) = z*(T'm) — m*(Tm) = 0.
Hence T*n* € N+ N M+ = {0}, and therefore 0 # n* € ker T* N N*+. =
Theorem 2.42. Suppose that T € L(X) is semi-reqular. Then
Ho(T) = N°(T), K(T) is closed and K(T) = T*(X). Moreover, for

semi-reqular operators the following equivalences hold:

(i) T has the SVEP at 0 precisely when T is injective or, equivalently,
when T is bounded below;

(ii) T* has the SVEP at 0 precisely when T is surjective.

Proof The proof of the first equality is similar to that of part (ii) of
Theorem 2.23, just to remember that if T is semi-regular then 7" is semi-
regular for each n € N, see [1, Corollary 1.17]. The equality K(7T') =
T°°(X) follows from Theorem 1.24. In fact the condition ker 7™ C T'(X)
entails that C(T") = T°°(X) and since 7" is semi-regular then 7" (X) is
closed for each n € N, hence T°°(X) = C(T) is closed and by Theorem
1.29 it then follows that K(T') = T>°(X).

To show part (i) we have only to prove that if 7' has the SVEP at 0
then T is injective. Suppose that T is not injective. The semi-regularity
of T entails T°(X) = K(T), and {0} # kerT' C T*°(X) = K(T), thus
T does not have the SVEP at 0 by Theorem 2.24.

To show the assertion (ii) observe that if T' is semi-regular then also
T* is semi-regular and we know that T is surjective if and only if T* is
bounded below. n

The next result shows that the SVEP at 0 of a bounded operator
which admits a GKD (M, N) depends essentially on the behavior of T
on the first subspace M.

Theorem 2.43. Suppose that T € L(X) admits a GKD (M,N).
Then the following assertions are equivalent:

(i) T has the SVEP at 0;

(ii) T' |M has the SVEP at 0;
(iii) T|M is injective;

(iv) Ho(T) = N;
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(v) Ho(T) is closed;

(vi) Ho(T) N K(T) =A{0};

(vii) Ho(T') N K(T) is closed.

In particular, if T is semi-reqular then the conditions (i)—(vii) are
equivalent to the following statement:

(viii) Ho(T') = {0}.
Proof The implication (i) = (ii) is clear, since the SVEP at 0 of T is
inherited by the restrictions on every closed invariant subspaces.

(ii) = (iii) T'|M is semi-regular, so by Theorem 2.42 T|M has the
SVEP at 0 if and only if T'|M is injective.

(iii) = (iv) If T'| M is injective, from Theorem 2.42 the semi-regularity
of T|M implies that Ho(T|M) = N°°(T|M) = {0}, and hence

Ho(T) = Ho(T|M) @ Ho(T|N) = {0} & N = N.

The implications (iv) = (v) and (vi) = (vii) are obvious, while the
implications (v) = (vi) and (vii) = (i) have been proved in Theorem
2.34.

The last assertion is clear since the pair M := X and N := {0} is a
GKD for every semi-regular operator. "

The next result shows that if the operator T admits a generalized
Kato decomposition then all the implications established in the previous
section are actually equivalences.

Theorem 2.44. Suppose that T € L(X) admits a GKD (M,N).
Then the following assertions are equivalent:

(i) T* has SVEP at 0;

(ii) T' |M is surjective;

(iii) K(T) = M;

(iv) X = Ho(T) + K(T);

(v) Ho(T) + K(T) is norm dense in X.

In particular, if T is semi-reqular then the conditions (i)—(v) are
equivalent to the following statement:

(vi) K(T) = X.
Proof (i) < (ii) We know that the pair (N, M*) is a GKD for T*,
and hence by Theorem 2.43 T* has SVEP at 0 if and only if 7% |[N*+

is injective. By Lemma 2.41 T* then has the SVEP at 0 if and only if
T |M is onto.
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(ii) = (iii) If T|M is surjective then M = K(T|M) = K(T), by
Theorem 1.71.

(iii) = (iv) By assumption X = M & N = K(T') ® N, and therefore
X = Hy(T) + K(T), since N = Ho(T|N) C Ho(T).

The implication (iv) = (v) is obvious, while (v) = (i) has been
established in Theorem 2.36.

The last assertion is obvious since M := X and N := {0} provides
a GKD for T n

The next result shows that in this case to the equivalent conditions
(i)—(vii) of Theorem 2.43 we can add the condition p(7") < oo.

Theorem 2.45. Let T € L(X), X a Banach space, and assume
that T is of Kato type. Then the conditions (1)—(vii) of Theorem 2.43
are equivalent to the following assertions:

(viii) p(T') < oo;

(ix) N°(T") N (T)>(X) = {0}

In this case, if p := p(T') then

(25) Hy(T) = N™°(T) = ker T".

Proof Let (M, N) be a GKD for which T|N is nilpotent. Assume that
one of the equivalent conditions (i)—(vii) of Theorem 2.43 holds, for in-
stance the condition Hy(T) = N. We also have that ker 7™ C N'°°(T') C
Hy(T) for every n € N. On the other hand, from the nilpotency of T'|N
we know that there exists a & € N for which (T|N)* = 0. Therefore
Ho(T) = N C ker T* and hence Hy(T) = N°(T) = ker T*. Obviously
this implies that p(T") < k, so the equivalent conditions (i)—(vii) of The-
orem 2.43 imply (viii).

The implication (viii) = (ix) has been established in Theorem 2.39
and the condition (ix) implies the SVEP at 0, again by Theorem 2.39.
The equalities (25) are clear because ker T* = ker T?. .

Theorem 2.46. Let T € L(X), X a Banach space, and assume
that T is of Kato type. Then the conditions (1)—(v) of Theorem 2.44 are
equivalent to the following conditions:

(vi) ¢(T) < oo;
(vil) X = N°(T') + (T)>°(X);
(vill) N°(T) + T*°(X) is norm dense in X.
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In this case, if q :== q(T) then
T®(X)=K(T)=TYX).

Proof Since T is of Kato type then K(T') = T°°(X), by Theorem 1.71.
Suppose that one of the equivalent conditions (i)—(v) of Theorem 2.44
holds, in particular suppose that K(7) = M. Then M = T*°(X) C
T™(X) for every n € N.

On the other hand, by assumption there exists a positive integer k
such that (T|N)* = 0, so for all n > k we have

T"(X) C THX) =TF(M) @ TH(N) = T*(M) C M,

and hence T"(X) = M for all n > k. Therefore ¢(T") < oo, so (vi) is
proved.

The implication (vi) = (vii) has been established in Theorem 2.39
while the implication (vii) = (viii) is obvious. Finally, by Corollary 2.37
the condition (viii) implies the SVEP at 0 for 7%, which is the condition
(i) of Theorem 2.44.

The last assertion is clear since T9(X) = T*(X). .

In the next result we consider the case where T is essentially semi-
regular, namely N is finite-dimensional and M is finite-codimensional.

Theorem 2.47. Suppose that T € L(X) is a essentially semi-
reqular. Then the conditions (1)—(vii) of Theorem 2.43 and the conditions
(viii)—~(ix) of Theorem 2.45 are equivalent to the following condition:

(a) The quasi-nilpotent part Ho(T) is finite-dimensional.

In particular, if T has the SVEP at 0 then T € & (X).

Again, the conditions (1)—(v) of Theorem 2.44 and the conditions
(vi)— (viii) of Theorem 2.46 are equivalent to the following condition:

(b) The analytical core K(T') is finite-codimensional.
In particular, if T* has the SVEP at 0 then T € ®_(X).

Proof The condition (iv) of Theorem 2.43 implies (a) and this implies
the condition (v) of Theorem 2.43. Analogously, the condition (iii) of
Theorem 2.44 implies (b) while from (b) it follows that 7°°(X) = K(T')
is finite-codimensional, see Theorem 1.45. Because T°(X) C T9(X)
for every ¢ € N we then may conclude that ¢(7") < oo, which is the
condition (vi) of Theorem 2.46.

It remains to establish that (a) implies that 7' € &, (X). Clearly if
Hy(T) is finite- dimensional then its subspace ker T is finite-dimensional.
Moreover, if (M, N) is a GKD for T such that N is finite-dimensional
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then T'(X) = T(M) + T(N) is closed since it is the sum of the closed
subspace T'(M) and a finite-dimensional subspace of X. This shows that
T € o (X).

Analogously, from the inclusion K(T') C T'(X) we see that if K(T")
is finite-codimensional then also T'(X) is finite codimensional, so T' €
P_(X). .

Corollary 2.48. Let T € L(X), X a Banach space, and suppose
that T € @, (X). We have:

(i) If T has the SVEP at 0 then indT < 0;
(ii) If T* has the SVEP at 0 then indT > 0.

Consequently, if both the operators T and T™ have the SVEP at 0
then T has index 0.

Proof By Theorem 2.45 if T has the SVEP at 0 then p(T) < oo,
and hence a(T') < S(T) by part (i) of Theorem 1.21. This shows the
assertion (i). The assertion (ii) follows similarly from Theorem 2.46 and
part (ii) of Theorem 1.21. The last assertion is clear. .

Corollary 2.49. Let \y € o(T) and assume that \gI —T € P (X).
Then the following statements are equivalent:

(i) T and T* have the SVEP at \o;
(11) X = Ho(/\ol - T) ) K()\OI - T),
(iii) Ho(AoI —T) is closed and K (NI —T) is finite-codimensional;
(iv) Ao is a pole of the resolvent (\I —T) L, equivalently 0 < p(Agl —
=q(Aol —T) < oo;
)

In particular, if any of the equivalent conditions (i)—(v) holds and
p:=pXol —=T)=q(AI —T) then

Ho(AoI —T) = N (Mol — T) = ker(Ao — T,

T)
Ao is an isolated point of o(T).

and

Kol —T) = (Mol — T)®(X) = (oI — T)P(X).

Proof The equivalences of (i), (ii), (iii), and (iv) are obtained by com-
bining all the results previously established. The implication (iv) = (v)
is obvious whilst the implication (v) = (i) is an immediate consequence
of the fact that both T" and 7™ have the SVEP at every isolated point
of the spectrum o(7T) = o(T™). .
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The following example shows that a Fredholm operator T' having
index less than 0 may be without the SVEP at 0.

Example 2.50. Let R and L denote the right shift operator and
the left shift operator, respectively, on the Hilbert space H := ¢?(N),
defined by

R(z) := (0,z1,29,...) and L(z):= (z2,23,...)
for all (z) := (x,) € £2(N). Clearly
a(R)=p(L)=0 and o(L)=pB(R)=1,

so L and R are Fredholm. Let e, := (0,---,0,1,0,...) € £2(N), where
1 is the n-th term and all others are equal to 0. It is easily seen that
ens1 € ker L"F! while e,,1 ¢ ker L™ for every n € N, so p(L) = oo.
Moreover, p(R) = 0 being R injective, and hence, since R and S are
each one the adjoint of the other,

p(L) = q(R) = oo and ¢(L) =p(R)=0.
Consider the operator L & R € L(H x H) defined by
(L® R)(x,y) := (Lz, Ry), with z,y € l»(N).
It is easy to verify that
aLeR)=a(l)=1, B(LH&R)=1 and p(L& R)=occ.
Analogously, if T:= L® R® R € L(H x H x H) then
B(T)=2, al)=a(L)=1 and p(T)= oo,

so T is a Fredholm operator having index ind 7' < 0, and, by Theorem
2.45, T does not have the SVEP at 0.

If Aol — T is of Kato type, the SVEP at A is simply characterized
in terms of the approximate point spectrum as follows:

Theorem 2.51. Suppose that \ol — T is of Kato type. Then the
following statements are equivalent:
(i) T has SVEP at \o;

(ii) 0a(T") does not cluster at Xg.

Proof It has been observed that if 0,(7") does not cluster at Ay then
T has the SVEP at )\g. Hence we need only to prove the implication (i)
= (ii). We may suppose that Ay = 0.

Assume that T has SVEP at 0 and let (M, N) be a GKD for T'. From
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Theorem 1.73 we know that there exists € > 0 such that A\ — T is semi-
regular, and hence has closed range for every 0 < |\| < e. If D, denotes
the open disc centered at 0 with radius € then A € (D, \ {0}) Non(7T) if
and only if A is an eigenvalue for 7.

Now, from the inclusion ker(AI — T) C T°°(X) for every \ # 0 we
infer that every non-zero eigenvalue of T' belongs to the spectrum of the
restriction T'|7°°(X).

Finally, assume that 0 is a cluster point of o,(T). Let (\,) be a
sequence of non-zero eigenvalues which converges to 0. Then A, €
o(T|T> (X)) for every n € N, and hence 0 € o(T|T*°(X)), since the
spectrum of an operator is closed. But T has the SVEP at 0, so by
Theorem 2.43 the restriction 7'|M is injective, and hence

{0} =ker T|M =ker T N K(T) = ker T N T>(X),

see Theorem 1.71. This shows that the restriction 7'|7°°°(X) is injective.
On the other hand, from the equality T(7°°(X)) = T°°(X) we know
that T |T°°(X) is surjective, so 0 ¢ o(T |T*°(X)); a contradiction. =

The following result is dual to that established in Theorem 2.51.

Theorem 2.52. Suppose that \ol — T is of Kato type. Then the
following properties are equivalent:

(i) T* has the SVEP at \o;
(ii) os(T") does not cluster at Ag.

Proof The equivalence immediately follows from Theorem 2.51 since
oa(T*) = o5(T). ]

By Corollary 2.25 if Y is a closed subspace of the Banach space
X such that T(Y) = Y and the restriction T'|Y has SVEP at 0 then
kerT'NY = {0}. The following useful result shows that this result is
even true whenever we assume that Y is complete with respect to a new
norm and Y is continuously embedded in X.

Lemma 2.53. Suppose that X is a Banach space and that the op-
erator T € L(X) has the SVEP at \o. Let Y be a Banach space which
is continuously embedded in X and satisfies (Aol —T)(Y) =Y. Then
ker (Aol —T)NY = {0}.

Proof It follows from the closed graph theorem that the restriction
T'|Y is continuous with respect to the given norm || - ||; on Y. Moreover,
since every analytic function f : U — (Y, | -|1) on an open set Y C C
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remains analytic when considered as a function from U to X, it is clear
that T'|Y inherits the SVEP at A from T'. Hence Corollary 2.25 applies
to T'|Y with respect to the norm | - ||1. .

By Theorem 2.45, if T' a semi-Fredholm operator 7" has the SVEP at
0 precisely when p(T') < co. The next result shows that this equivalence
holds also under the assumption that ¢(7") < co.

Theorem 2.54. Let T € L(X), X a Banach space, and suppose
that 0 < ¢(T') < co. Then the following conditions are equivalent:

(i) T has the SVEP at 0;

(ii) p(T") < oo;

(iii) 0 is a pole of the resolvent;

(iv) 0 is an isolated point of o(T).

Proof (i) = (ii) Let ¢ := ¢(7T") and Y := T9(X). Let us consider the
map T : X/ker T? — Y defined by f(&:\) := Tx where z € . Clearly,
since 7T is continuous and bijective we can define in Y a new norm

[yl := inf{flz| - T9(x) = y},
for which (Y,]| - ||]1) becomes a Banach space. Moreover, if y = T%(x)
from the estimate
[yl = [T @)[| < 1 T7]|[]]

we deduce that Y can be continuously embedded in X. Since T'(T9(X)) =
Tt X) = T9(X), by Corollary 2.53 we conclude that ker TNT9(X) =
{0} and hence by Lemma 1.18 p(T") < oc.

(i) = (i) If p:= p(AoI —T) = q(Aol — T') < oo then A is a pole of
order p.

(iii) = (iv) Obvious.

(iv) = (i) This has been observed above. ]

The preceding result is reminiscent of the equivalences established
in Corollary 2.49 under the assumption that AgI — T is semi-Fredholm.

Theorem 2.55. Suppose that T' € L(X), X a Banach space, and
0 € o(T). Then following statements are equivalent:

(i) 0 is a pole of the resolvent of T';

(ii) There exists p € N such that ker TP = Hy(T) and TP(X) =
K(T).



78 2. THE SINGLE-VALUED EXTENSION PROPERTY

Proof Suppose that 0 € o(T) is a pole of the resolvent of T'. Then p(T")
and ¢(T') are finite and hence equal. Moreover, if p := p(T') = ¢(T') then
Py(X) = ker T? and ker Py = TP(X), where P, is the spectral projection
associated with {0}, so the assertion (ii) is true by Theorem 2.9.

Conversely, assume that (ii) is verified. We show that p(T") and ¢(7T")
are finite. From

ker TP C Hy(T) = ker TP

we obtain that ker TP*! = ker TP, thus p(T) < p.

From the inclusion

TPYX) D T°(X) 2 K(T) = TP(X)

we then conclude that TP+1(X) = TP(X), thus also ¢(T') is finite. There-
fore 0 is a pole of R(\,T)). .

6. Browder and Weyl operators

Two important classes of operators in Fredholm theory are given
by the classes of semi-Fredholm operators which possess finite ascent or
finite descent. We shall distinguish two classes of operators. The class
of all upper semi-Browder operators on a Banach space X that is defined

by
B.(X) = {T'€ &,(X) : p(T) < oo},

and the class of all lower semi-Browder operators that is defined by
B_(X):={T € d_(X):q(T) < o0}

The class of all Browder operators (known in the literature also as
Riesz Schauder operators) is defined by

B(X) == B (X) N B_(X) = {T € B(X) : p(T), ¢(T) < o0}.
Clearly, from part (i) and part (ii) of Theorem 1.21 we have
TeB(X)=mndT <0,
and
TeB_(X)=indT >0,
so that
T eB(X)=ind T = 0.

From the dual relationships between semi-Fredholm operators, ascent
and descent, we also obtain that

T e By(X) & T € B_(X¥)
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and, analogously,
TeB_(X)eT By (XY).

Definition 2.56. A bounded operator T' € L(X) is said to be a Weyl
operator if T' is a Fredholm operator having index 0.

Denote by W(X) the class of all Weyl operators. Obviously B(X) C
W(X) and the inclusion is strict, see the operator L & R of Example
2.50. Combining Theorem 2.45, Theorem 2.46, and Theorem 1.21, we
easily obtain for a Weyl operator T" the following equivalence:

T has the the SVEP at 0 < T has the SVEP at 0.
Moreover, if T or T* has SVEP at 0 from Theorem 1.21 we deduce that
T is Weyl < T is Browder.

A basic result of operator theory establishes that every finite-dimensional
operator T' € F(X) may be always represented in the form

Tz =" fu(@)as,
k=1

where the vectors x1,...,x, from X and the vectors fi,..., f, from
X* are linearly independent, see Heuser [68, p. 81]. Clearly T'(X) is
contained in the subspace Y generated by the vectors x1, ..., z,.

Conversely, if y := A\jx1 + ... + A,z is an arbitrary element of Y
we can choose 21,...,2, in X such that f;(z;) = §; j, where §; ; denote
the delta of Kronecker (a such choice is always possible, see Heuser 68,
Proposition 15.1]). If we define z := ;| Agz; then

Tz= ful2)ex =) fr (Z )\kzk> TR = Atk =Y.
k=1 k=1 k=1

k=1
This shows that the set {z1, ..., z,} forms a basis for the subspace T'(X).

Theorem 2.57. For a bounded operator T' on a Banach space X,
the following assertions are equivalent:

(i) T is a Weyl operator;

(ii) There exist K € F(X) and an invertible operator S € L(X) such
that T = S + K is invertible;

(iii) There exist K € K(X) and an invertible operator S € L(X)
such that T'= S + K is invertible.
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Proof (i) = (ii) Assume that T is a Fredholm operator having index
ind T = oT) — B(T) = 0 and let m := a(T) = [(T). Let P €
L(X) denote the projection of X onto the finite-dimensional space ker T.
Obviously, ker T N ker P = {0} and we can represent the finite-
dimensional operator P in the form

Py = zm: fi(@)ai,
i=1

where the vectors x1,...,x,, from X, the vectors fi, -, fi from X*,
are linearly independent. As observed before, the set {1, ...,z } forms
a basis of P(X) and therefore Px; = x; for every ¢ = 1,...,m, from

which we obtain that f;(x) = 0; .

Denote by Y the topological complement of the finite-codimensional
subspace T'(X). Then Y is finite-dimensional with dimension m, so we
can choose a basis {y1,...,ym} of Y. Let us define

Kz := Zfl(a:)yl
i=1

Clearly K is a finite-dimensional operator, so by Theorem 1.56 S :=
T + K is a Fredholm operator and K(X) =Y.

Finally, consider an element = € ker S. Then Tx = Kx = 0, and this
easily implies that f;(z) = 0 for all « = 1,...,m. From this it follows
that Pz = 0 and therefore = € ker T'Nker P = {0}, so S is injective.

In order to show that S is surjective observe first that

= fi (Z fk(fﬁ)ﬂ«“k) = fi(@).
k=1

i From this we obtain that
(26) KPz = Z fi(Pz)y Z filx
Now, we have X =T(X)aY =T(X) ® K(X), so every z € X may
be represented in the form z = Tu + Kv, with u,v € X. Set
uy :=u— Pu and wv;:= Pv.
JFrom (26) and from the equality P(X) = ker T' we easily obtain that
Kui =0, Tvy =0, Kvi=Kv and Tu; =Tu.
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Therefore
S(u1+v1) = (T+K)(U1+U1) :TU+K7):Z,

and hence S is surjective. Therefore S =T + K is invertible.

(ii)= (iii) Clear.

(iii)= (i) Suppose T'+ K = U, where U is invertible and K is
compact. Obviously U is a Fredholm operator having index 0, and
hence by Theorem 1.56 we conclude that T € W(X). .

Definition 2.58. A bounded operator T' € L(X) is said to be upper
semi-Weyl if T' € &, (X) and ind(T) < 0. T € L(X) is said to be
lower semi-Weyl if T' € ®_(X) and ind (T') > 0. The set of all upper
semi- Weyl operators will be denoted by W, (X)), while the set of all lower
semi- Weyl operators will be denoted by W_(X).

By means of a modest modification of the proof of Theorem 2.57 we
easily obtain the following characterizations of upper and lower Weyl
operators::

Theorem 2.59. Let T' € L(X). Then we have

(i) T € W4 (X) if and only if there exist K € K(X) and a bounded
below operator S such that T = S + K.

(ii) T e W_(X) if and only if there exist K € K(X) and a surjective
operator S such that T =S + K.

Proof To show part (i) take m := «(T") and proceed as in the proof of
Theorem 2.57. The operator S = T+ K is then injective and has closed
range, since 7'+ K € ®,(X). To show part (ii) take m := ((T") and
proceeding as in the proof of Theorem 2.57. "

Lemma 2.60. Suppose that T € L(X) and K € K(X) commute.
(i) If T is bounded below then p(T — K) < oo;
(ii) If T is onto then q(T — K) < oo.
Proof We first establish the implication (ii). The implication (i) will
follows then by duality.
(ii) Obviously 7' is lower semi-Fredholm, and hence S :=T — K €

®_(X). Consequently, also S¥ € ®_(X) for every k € N, and hence the
range S*(X) is finite-codimensional.
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Let us consider the map 7' : X/S*(X) — X/S*(X), defined canoni-

cally by
Tz :=Tz for all 7 := z + S*(X).

Since T is onto, for every y X there ex1sts an element z € X such that
y = Tz, and therefore y = Tz = Tz thus 7' is onto.

Since X/S*¥(X) is a finite-dimensional space then T is also injective
and this easily implies that ker 7' C S¥(X). The surjectivity of T also
implies that y(7") > 0, v(T") the minimal modulus of 7', and

|ITz|| > ~(T) dist(x,ker T') for all z € X.
Let z € S*(X) be arbitrarily given. The equalities

T(S*(X)) = (8"T)(X) = S*(X)

show that there is some y € S¥(X) for which Ty = z. For every = € X
we have

IT2 2| = |T(z—y)ll = +(T)dist( — y, ker T)

> (T) dist(z — y, S¥(X)),

where the last inequality follows from the inclusion ker T C S*(X).
Consequently, for every x € X we obtain that

| Tz — z|| > ~(T) dist(z, S¥(X)) for all z € S¥(X),
and this implies that

dist(Tz, S¥(X)) > ~(T) dist(z, S¥(X)) for all k € N.

Suppose that ¢(S) = oco. Then there is a bounded sequence (z,)neN
with x, € S"(X) and dist(z,,S""'(X)) > 1 for every n € N. For
m >n, m and n € N, we have

Kzp — Kxy = (K, + (T — K)xy) — Ty,

Now

Kz, € K(S™(X)) =S"K(X) C S™(X),
and

(T - K)a, € (T — K)"™(X) = $""(X),
hence w := Ky, + (T — K)x,, € S"T1(X) for all m > n. Therefore

K&y — Kxp| = ||w—Taxy| > dist(Tz,, S"T (X))
> dist(z,, S"TH(X)V(T) > A(T),

which contradicts the compactness of K. Therefore S = T'— K has finite
descent.
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(i) If K is a compact operator and T is bounded below then K* is

compact and T is onto, see Theorem 1.6. Moreover, the operators T'— K
and T* — K* are semi-Fredholm, hence p(T — K) = ¢(T* — K*) < co. =

The following result is due to Grabiner [63].

Theorem 2.61. Let T € L(X), K € K(X) be commuting operators
on a Banach space X. Then the following equivalences hold:

(i) If T € &4 (X) then p(T + K) < oo if and only if p(T') < oo;
(i) If T € ®_(X) then ¢(T + K) < oo if and only if ¢(T) < oo.

Proof Suppose first that 7" € ®_(X) and g := ¢(T) < oco. Then
T9(X) = T4 (X) and T9(X) is a closed subspace of finite-codimension,
since also T € ®_(X). Let S := T + K. We know by Theorem 1.50
that S € ®_(X). The restriction of 7" to T9(X) is surjective, so by
Lemma 2.60 the restriction of S to T9(X) has finite descent. ;From this
it follows that there is a positive integer k for which

S™(X) D (S™T9)(X) = (S*T)(X) for all m > k.

We have S*T9 € & _(X), thus the subspace S*T9(X) has finite-codimension.
From this we then conclude that S =T + K has finite descent.
Conversely, assume that ¢(T+ K) < oco. Since T+ K € ®_(X), from
the first part of the proof we obtain that ¢(7T) = ¢(T + K — K) < oc.
Hence the equivalence (ii) is proved.
The equivalence (i) follows by duality from (ii), since T and S = T+
K are upper semi-Fredholm if and only if T* and S* = T*+4 K* are lower
semi-Fredholm, respectively, and hence p(T') = ¢(T%), p(S) = ¢(S*). =

It should be noted that the equivalence (i) of Theorem 2.61 may be
also deduced directly from the assertion (i) of Lemma 2.60.
We now give a characterization of semi-Browder operators by means

of the SVEP.

Theorem 2.62. For an operator T' € L(X), X a Banach space, the
following statements are equivalent:

(1) T is essentially semi-regular and T has the SVEP at 0;

(ii) There exist a K € F(X) and a bounded below operator S € L(X)
such that TK = KT and T = S + K is bounded below ;

(iii) There exists a K € K(X) and a bounded below operator S €
L(X) such that TK = KT and T =S + K;

(iv) T € B (X).
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Proof (i) = (ii) Suppose that T is essentially semi-regular and that T’
has SVEP at 0. Let (M, N) be a GKD for T, where T'|N is nilpotent and
N is finite-dimensional. Let P denote the finite-dimensional projection
of X onto N along M. Clearly P commutes with T, because N and M
reduce T'. Since T has the SVEP at 0 it follows that T'|M is injective, by
Theorem 2.43 . Furthermore, the restriction (I —T')| N is bijective, since
from the nilpotency of T|N we have 1 ¢ o(T|N). Therefore (I-T)(N) =
N and ker({ —T)|N = {0}. From this it follows that

ker (T'— P) = ker(T — P)|M @ ker (T — P)|N
= ker T|M @ ker (I —T)|N = {0},
thus the operator T'— P is injective. On the other hand, the equalities
(T-P)(X) = (T-P)(M)a(T-P)N)
T(M)® (T —I)(N)=T(M) &N,
show that the subspace (T' — P)(X) is closed, since it is the sum of
the subspace T'(M), which is closed by semi-regularity, and the finite-

dimensional subspace N. Therefore, the operator T — P is bounded
below.

(ii) = (iii) Clear.

(iii) = (iv) Suppose that there exists a commuting compact oper-
ator K such that T4 K is bounded below, and therefore upper semi-
Fredholm. The class @ (X) is stable under compact perturbations, and
hence T+ K — K =T € &, (X).

On the other hand, p(T + K) = 0, and hence from Theorem 2.60
also p(T) = p((T + K) — K) is finite.

The implication (iv) = (i) is clear from Theorem 2.43 since every
semi-Fredholm operator is essentially semi-regular and hence of Kato
type, see Theorem 1.72. "

The next result is dual to that given in Theorem 2.62.

Theorem 2.63. Let T' € L(X), X a Banach space. Then the fol-
lowing properties are equivalent:

(i) T is essentially semi-regular and T™ has the SVEP at 0;

(ii) There exist a K € F(X) and a surjective operator S such that
TK =KT andT =S5+ K;

(iii) There ezist a K € K(X) and a surjective operator S such that
TK = KT and T = S + K
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(iv) T € B_(X).

Proof (i) = (ii) Let T" be essentially semi-regular and suppose that T
has SVEP at 0. Let (M, N) be a GKD for T, where T'| N is nilpotent and
N is finite-dimensional. Then (N, M1) is a GKD for T*. In particular,
T*|N* is semi-regular.

Let P denote the finite rank projection of X onto N along M. Then
P commutes with 7', since N and M reduce T. Moreover, since T*|N +
has SVEP at 0 then 7| N is injective by Theorem 2.42, and this implies
that T'|M is surjective, see Lemma 2.41. From the nilpotency of T'|N
we know that the restriction (7' — I) |N is bijective, so we have

(T-P)(X)=(T-P)(M)®(T-P)(N)=T(M)®(T-I)(N) = M®&N = X.
This shows that T+ P is onto.

(ii) = (iii) Obvious.

(iii) = (iv) Suppose that there exists a commuting compact operator
K such that T'+ K is surjective and therefore lower semi-Fredholm. The
class ®_(X) is stable under compact perturbations, so (T'+ K) — K =
Ted_(X)

On the other hand, ¢(7T'+ K) = 0, and hence, again by Lemma 2.60,
also ¢(T') = ¢((T'+ K) — K) is finite.
(iv) = (i) This is clear from Theorem 2.44 and Theorem 1.72. ]

Combining Theorem 2.62 and Theorem 2.63 we readily obtain the
following characterizations of Browder operators.

Theorem 2.64. Let T € L(X), X a Banach space. Then the fol-
lowing properties are equivalent:

(i) T is essentially semi-regular, both T and T have SVEP at 0;

(ii) There exist K € F(X) and an invertible operator S such that
TK=KT andT=S+ K;

(iii) There exist K € K(X) and an invertible operator S such that
TK =KT and T =S + K;

(iv) T € B(X).

The following corollary is an immediate consequence of Theorem

2.64, once observed that both the operators 1" and T™* have the SVEP
at every A € 0o(T), do(T') the boundary of o(T).

Corollary 2.65. Let T € L(X), X a Banach space, and suppose
that A\g € 0o (T). Then \oI —T is essentially semi-regular if and only if
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Mol — T is semi-Fredholm, and this is the case if and only if AgI — T is
Browder. "

For isolated points of the spectrum we have a very clear situation.

Theorem 2.66. Let \g be an isolated point of o(T). Then the fol-
lowing assertions are equivalent:

(i) Ml =T € &4(X);

(ii) Mol — T is Browder;

(iii) Ho(Aol —T) is finite-dimensional;

(iv) K(XoI —T) is finite-codimensional.
Proof The equivalence (i) < (ii) follows from Corollary 2.65. The
implication (ii) = (iii) is clear from Theorem 2.47 since T" has the SVEP
at every isolated point of o(T"). The implication (iii) = (iv) is clear,
since, as observed above, X = H,(A\gI —T) ® K(A\oI — T).

(iv) = (i) We have K(A\oI —T) C (Aol —T)>°(X) C (Mol —T)(X), so
the finite-codimensionality of K (Aol —T") implies that also (Al —T")(X)
is finite-codimensional and hence A\l — T € ®_(X). .

7. Riesz operators

First we introduce another important class of operators on a Ba-
nach space X which presents some of the spectral properties of compact
operators.

Definition 2.67. A bounded operator T € L(X) on a Banach space
X is said to be a Riesz operator if \I =T € ®(X) for every A € C\ {0}.

The class of all Riesz operators will be denoted by R(X). The
classical Riesz—Schauder theory of compact operators shows that every
compact operator is Riesz. Also quasi-nilpotent operators are Riesz.
Other classes of Riesz operators will be investigated in Chapter 3.

Theorem 2.68. For a bounded operator T on a Banach space the
following statements are equivalent:

(i) T is a Riesz operator;

(ii) Ml =T € B(X) for all A € C\ {0};
(iii) M =T € W(X) for all A € C\ {0};
(iv) Ml =T € B4 (X) for all A € C\ {0};
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(V) A\ =T € B_(X) for all \ € C\ {0};

(Vi) A =T € &, (X) for all A € C\ {0};

(vil) A\ =T € ®_(X) for all A € C\ {0};

(viii) A — T is essentially semi-reqular for all X € C\ {0};

(ix) Fach spectral point X # 0 is isolated and the spectral projection
associated with {\} is finite-dimensional.

Proof (i) = (ii) If T is a Riesz operator the semi-Fredholm resolvent
has a unique component C \ {0}. From this it follows by Theorem 3.36
of [1] that both T, T* have SVEP at every A # 0. Therefore, again by
Theorem 3.36 of [1], \I — T € B(X) for all A # 0.

The implications (ii) = (ili) = (i) are clear, so (i), (ii), and (iii)
are equivalent. The implications (ii) = (iv) = (vi) = (viii), (ii) = (v)
= (viil) are evident, so in order to show that all these assertions are
actually equivalences we need to show that (viii) = (ii).

(viii) = (ii) Suppose that (viii) holds. Then A — T is of Kato
type for all A # 0 , and hence, since T, T* have the SVEP at every
A € p(T), both the operators T' and T* have the SVEP at every A # 0,
by Theorem 3.34 of [1] and Theorem 3.35 of [1]. From Theorem 2.64 we
then conclude that A\I — T € B(X) for all A # 0.

(i) = (ix) As above, T and T™* have the SVEP at every A # 0, so
by Corollary 2.49 every non-zero spectral point A is isolated in o (7).
From Theorem 2.66 and Theorem 2.9 it then follows that the spectral
projection associated with {A} is finite-dimensional.

(ix) = (ii) If the spectral projection associated with the spectral set
{A} is finite-dimensional then Hy(AI — T') is finite-dimensional, so by
Theorem 2.66 \I — T is Browder. n

Since every non-zero spectral point of a Riesz operator T is isolated,
the spectrum o(7") of a Riesz operator T" € L(X) is a finite set or a
sequence of eigenvalues which converges to 0. Moreover, since A\I —T' €
B(X) for all A € C\ {0}, every spectral point A # 0 is a pole of R(\,T)).
Clearly, if X is an infinite-dimensional complex space the spectrum of a
Riesz operator 1" contains at least the point 0. The following result is
a consequence of the Atkinson characterization of Fredholm operators
given in Corollary 1.52.
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Theorem 2.69. Ruston characterization T' € L(X) is a Riesz op-
erator if and only if T :=T + K(X) is a quasi-nilpotent element in the
Calkin algebra L == L(X)/K(X).

Generally, the sum and the product of Riesz operators T, S € L(X)
need not to be Riesz. However, the next result shows that is true if we
assume T and S commutes.

Theorem 2.70. IfT,S € L(X) on a Banach space X the following
statements hold:

(i) If T and S are commuting Riesz operators then T + S is a Riesz
operator;

(i) If S commutes with the Riesz operator T' then the products T'S
1s a Riesz operator;

(iii) The limit of a wuniformly convergent sequence of commuting
Riesz operators is a Riesz operator;

(iv) If T is a Riesz operator and K € K(X) then T + K is a Riesz
operator.

Proof If T, S commutes the equivalences classes f, S commutes in E,
so (i), (ii), and (iii) easily follow from Ruston characterization of Riesz
operators and from the well known spectral radius formulas

r(T+8)<r(T)+r(S) and r(TS) < r(T)r(S),

see RemarkerThe assertion (iv) is obvious, by the Ruston characteriza-
tion of Riesz operators. "

It should be noted that in part (i) and part (ii) of Theorem 2.70
the assumption that 7' and K commute may be relaxed into the weaker
assumption that 7', S commute modulo K (X), i.e., T'S — ST € K(X).

Theorem 2.71. Let T € L(X), where X is a Banach space, and let
f be an analytic function on a neighborhood of o(T).

(i) If T is a Riesz operator and f(0) = 0 then f(T) is a Riesz
operator.

(i) If f(T) is a Riesz operator and f € H(o(T')) does not vanish on
o(T)\ {0} then T is a Riesz operator. In particular, if T™ is a Riesz
operator for some n € N then T is a Riesz operator.

((iii) If M is a closed T-invariant subspace of a Riesz operator T
then the restriction T|M is a Riesz operator.
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Proof (i) Suppose that 7" is a Riesz operator. Since f(0) = 0 there
exists an analytic function g on a neighborhood of o(7') such that f(\) =
Ag(A). Hence f(T) = Tg(T) and since T, g(T)) commute it then follows
by part (ii) of Theorem 2.70 that f(T') is a Riesz operator.

(ii) Assume that f(7") is a Riesz operator and f vanishes only at
0. Then there exist an analytic function g on a neighborhood of o(T")
and n € N such that f(A) = A\"g(\) holds on the set of definition of
f and g(\) # 0. Hence f(T) = T"g(T) and ¢(T) is invertible. The
operators f(T),g(T)~! commute, so by part (ii) of Theorem 2.70 T" =
f(T)g(T)™1 is a Riesz operator. Hence T™ is quasi-nilpotent modulo
K(X) and from this it easily follows that 7" is quasi-nilpotent modulo
K(X). By the Ruston characterization we then conclude that T' is a
Riesz operator.

(iii)) We show first that (A — T)(M) = M for all A € p(T"). The
inclusion (A —T)(M) C M is clear. Let [A| > r(T). If Ry :== (A[-T)~}
from the well known representation Ry = > o o T" /A" it follows that
Ry\(M) C M. For every 2’ € M+ and x € M let us consider the analytic
function X € p(T') — a'(Rxz). This function vanishes outside the spec-
tral disk of T, so since p(T') is connected we infer from the identity the-
orem for analytic functions that 2/(Ryx) = 0 for all A € p(T"). Therefore
Ryr € M+t = M and consequently x = (A — T)Ryz € (A — T)(M).
This shows that M C (A — T)(M), and hence (Al — T)(M) = M for
all A € p(T).

Now, Al — T is injective for all A\ € p(T), so if T := T|M then
p(T) C p(T) and hence o(T) C o(T). Let Ay be an isolated spectral
point of T, and hence an isolated point of U(T ). If P denotes the spec-
tral projection associated with {\o} and 7" and P denotes the spectral
projection associated with {)\0} T and T then, as is easy to verify,
Pz = Pz forall z € M. Hence P is the restriction of P to M, so that,
since P is finite-dimensional, P is finite-dimensional. From part (ix) of
Theorem 2.68 we then conclude that 7' is a Riesz operator. "

Corollary 2.72. A bounded operator T of the complex Banach spaces
X is a Riesz operator if and only if T* is a Riesz operator.

Proof By definition, if 7" is a Riesz operator then A\ — T' € ®(X) for
all A\ # 0. Therefore \I* — T* € ®(X*) for all A # 0, so T™ is Riesz.
Conversely, if T is a Riesz operator, by what we have just proved the
bi-dual T** is also a Riesz operator. Since the restriction of T** to the
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closed subspace X of X** is T, it follows from part (iii) of Theorem 2.71
that T itself must be a Riesz operator. "

If T € L(X) for any closed T-invariant subspace M of X, let Z
denote the class rest  + M. Define Ty : X/M — X/M as

TM:Z: .= Tz for each 2 € X.
Evidently Ty, is well-defined. Moreover, Ty; € L(X/M) since it is the

composition QpsT’, where @) is the canonical quotient map of X onto
X/M.

Theorem 2.73. If T € L(X) is a Riesz operator and M is a closed
T-invariant subspace M of X then Ty is a Riesz operator.

Proof By Corollary 2.72 T* is a Riesz operator. The annihilator M+ of
M is a closed subspace of X* invariant under 7™, so by part (iii) of The-
orem 2.71 the restriction 7| M L is a Riesz operator. Now, a standard
argument shows that the dual of TM may be identified with T%|M*, so
by Corollary 2.72 we may conclude that fM is a Riesz operator. "

Further insight into the classes of Riesz operators will be given in
Chapter 3.

8. Perturbations for Weyl and Browder operators

The next perturbation result is an immediate consequence of Theo-
rem 1.52.

Theorem 2.74. Let T € L(X) and K € K(X). If T is Weyl (re-
spectively, upper Weyl, or lower Weyl) then T+ K is Weyl (respectively,
upper Weyl, or lower Weyl).

The spectrum of a bounded operator 1" does not change if we perturb
T by a commuting quasi-nilpotent operator:

Lemma 2.75. If T € L(X) and Q € L(X) is a quasi-nilpotent
operator commuting with T, then T is invertible if and only if T + Q s
invertible. Consequently, o(T + Q) = o(T).

Proof We have T+ Q = T(I +T7'Q) and since T~! and Q commute
then, by Theorem 2.3,

r(T7'Q) < r(T™Hr(Q) =0.
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Therefore T71Q is quasi-nilpotent and hence I + T~'Q is invertible.
Since T+ @ is the product of two invertible operators it then follows
that T+ @ is invertible.

Conversely, if T'+ @ is invertible then T' = (T + Q) — @ is invertible.
The last assertion is clear. "

Theorem may be improved in the case of commuting perturbations
as follows.

Theorem 2.76. Let T' € L(X) and R € L(X) be a Riesz operator
such that TR = RT.

(i) If T € ®(X) then T + R € ®(X) with indT = ind (T + R).
(i) If T € W(X) then T + R € W(X).

Proof (i) Let 7 : L(X) — L(X)/K(X) be the quotient homomorphism.
By the Atkinson characterization of Fredholm operators then 7(7T) is
invertible, and since w(R) is quasi-nilpotent and commutes with 7(7T')
then 7(T + R) = w(T) + w(R) is invertible, see Lemma 2.75, hence
T+ R € ®(X). On the other hand, if we replace R with R, where
w € [0, 1], then the same argument shows that 7'+ pR € ®(X). Finally,
by the continuity of the index we have ind 7' = ind (T + R).

(ii) It is immediate from (i), .

The next result, due to Schechter and Whitley [97, Theorem 30] ,
extends Theorem 2.76 to semi-Fredholm operators. We shall state this
result without proof, since the proof requires considerable work that
would take us too far afield.

Theorem 2.77. Let T € L(X) and R € L(X) be a Riesz operator
such that TR = RT.

(i) If T € ®4(X) (respectively, T € ®_(X)) then T + R € &, (X)
(respectively, T + R € ®_(X)) with indT = ind(T + R).

(i) If T e W_(X) then T+ R e W_(X).

(iv) If T e W(X) then T+ R € W(X).

Remark 2.78. Suppose that for a linear operator T we have a(T) <
00. Then a(T™) < oo for all n € N. This may be easily seen by an in-

ductive argument. Suppose that dim ker 7" < oco. Since T'(ker T"+1) C
ker T™ then the restriction Ty := T|ker 77! : ker T — ker T™ has

kernel equal to ker T so the canonical mapping T : ker 771 /ker T —
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ker T™ is injective. Therefore we have dim ker 7"/ ker T < dim ker T™ <
00, and since dim ker T' < oo we then conclude that dim ker 77! < oo.

Lemma 2.79. If T € L(X) is invertible and R € L(X) is a Riesz
operator that commutes with T then T + R has finite ascent.

Proof We have T+ R = T(I + T~'R) and T~ 'R is a Riesz operator
by part (ii) of Theorem 2.70. Therefore,

p(T+R)=p(T(I+T'R))=p(I+T'R) < o0
where the last inequality follows from Theorem 2.68. "

The following result is due to Rakocevi¢ [94], but the proof here
given is that simpler given by Oudghiri [89]. Compare this result with
Theorem 2.61.

Theorem 2.80. Let T € ®4(X) and R a Riesz operator such that
TR = RT. Then the following assertions hold:

(i) If p(T) < oo then p(T + R) < oo.

(ii) If ¢(T) < oo then q(T + R) < oo.

Proof Suppose and consider first the case T injective. Then T is
bounded below, in particular upper semi-Fredholm, so S := T + R is
upper semi-Fredholm by Theorem 2.77 with ind (7' + R) = indT < 0.
Since a(S) < oo it then follows by Remark 2.78 that ker S™ is finite-
dimensional and hence T'(ker S™) = ker S™ for all n € N. By Theorem
1.29 it then follows that

(27) ker S™ C K(T) for all n € N.

On the other hand, we know by Corollary 1.45 K (T') = T°°(X) is closed.
Moreover, T(K(T')) = K(T') and ker T|K = {0}, so T'|K(T) is invert-
ible. By Theorem 2.71 the restriction R|K(T') is a Riesz operator that
commutes with T'|K(T"), and this implies by Lemma 2.79 that S|K(T)
has finite ascent and consequently, by (27) S has finite ascent.

Now, let us consider the general case that p := p(7T') is finite. Then T’
has SVEP at 0 and by Theorem 2.45 and Theorem 2.47 Ho(T) = ker TP
is finite-dimensional. Consider the maps T , E, Son X /Ho(T) induced,
respectively, by T, R and S. It is immediate to prove that T is bounded
below and by Theorem 2.73 R is a Riesz operator. commuting with
T. Therefore, S=T+Risan upper semi-Fredholm operator by part
(i) of Theorem 2.77 and by the first part of the proof S has finite as-
cent, say k = p(5). Therefore ker §" C (S*)"1(Hy(T)) for all n € N.
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Moreover, since S is semi-Fredholm with ind .S = ind T < oo, ker S is
finite-dimensional and hence coincides with (S¥)~'(H(T)). Thus S has
finite ascent, as desired.

(ii) Proceed by duality. .

Corollary 2.81. Let T € L(X) and R € L(X) be a Riesz operator
commuting with T. Then we have

(i) T € BL(X) if and only if T + R € B4 (X).
(ii) T € B_(X) if and only if T + R € B_(X).
(iii) T € B(X) if and only if T + R € B(X).

Proof The implications = in (i), (ii) and (iii) are clear by Theorem
2.80. The converse implications follow by symmetry, for instance if
T+ReBi(X)then (T+R)—R=T € Bi(X). .

9. Further and recent developments

An important subspace in local spectral theory is given by the glocal
spectral subspace Xp(F') associated with a closed subset F© C C. This
is defined, for an arbitrary operator T' € L(X) and a closed subset F’
of C, as the set of all z € X for which there exists an analytic function
f : C\ F — X which satisfies the identity (A — T')f(\) = x for all
A € C\ F. It should be noted that 7" has the SVEP if and only if
Xr(Q) = X7(Q), for every closed subset 2 C C. Moreover, if T' € L(X)
then the quasi-nilpotent part Hyo(1') = X7({0}), see [1, Theorem 2.20].

The most important concept in local spectral theory is that of de-
composability for operators on Banach spaces.

Definition 2.82. Given a Banach space X, an operator T € L(X)
is said to be decomposable if, for any open covering {U;,Us} of the
complex plane C there are two closed T-invariant subspaces Y1 and Ys

of X such that Y1+ Y =X and o(T|Yy) C Uy, for k=1,2.

A modern and more complete treatment of this class of operators
may be found in the recent book of Laursen and Neumann [76]. This
book also provides a large variety of examples and applications to several
concrete cases. Decomposability of an operator may be viewed as the
union of the two properties defined in the sequel. The first one, the
property () was introduced by Bishop [38].
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Definition 2.83. An operator T € L(X), X a Banach space, is
said to have Bishop’s property (B) if, for every open set U C C and
every sequence (fn) C H(U,X) for which (A\I —T)fn(\) converges to 0
uniformly on every compact subset of U, then also f, — 0 in H(U, X).

The second property, which plays a remarkable role in local spectral
theory, is the following one:

Definition 2.84. An operator T € L(X), X a Banach space, is
said to have the decomposition property (6) if for every open covering
{Ur,Us} we have X = Xp(Uy) + Xr(Us).

The following result, due to Albrecht [25], shows that the decom-
posability of an operator may be described as the conjuction of the two
weaker conditions () and (9).

Theorem 2.85. For an operator T € L(X), X a Banach space, the
following assertions are equivalent:

(i) T is decomposable;
(ii) T has both properties (3) and (§);

The properties (3) and the property (§) are duals of each other, in
the sense that an operator T' € L(X), X a Banach space, has one of the
properties ((3) or (0) precisely when the dual operator T* has the other.
This basic result has been established by Albrecht and Eschmeier [26].
Moreover, the work of Albrecht and Eschmeier gives two important char-
acterizations of properties () and (d): the property (3) characterizes
the restrictions of decomposable operators to closed invariant subspaces,
while the property () characterizes the quotients of decomposable oper-
ators by closed invariant subspaces. The proof of this complete duality
is rather complicated, since it is based on the construction of analytic
functional models, for arbitrary operators defined on complex Banach
spaces, in terms of certain multiplication operators defined on vector val-
ued Sobolev type of spaces. A detailed discussion of this duality theory,
together some interesting applications to the invariant problem, may be
found in Chapter 2 of the monograph of Laursen and Neumann [76], see
also the Laursen’s lectures in [46]. Furthermore, in section 1.6 of [76]
one can also find enlighting examples of operators 1" which have only
the property () but not property (), and conversely T' has property
(6) but not property ().

The basic role of SVEP arises in local spectral theory since for a
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decomposable operator T' both T" and T™* satisfy SVEP. More precisely,
we have ([76, Chapter 2]):

Theorem 2.86. Let T € L(X) be a bounded operator on a Banach
space X. The following statements hold:

(i) If T has the property () then T has the SVEP;
(ii) If T has the property (&) then T* has the SVEP;

(iii) T is decomposable if and only if T* is decomposable. .

Every normal operator defined on a Hilbert space, as well as every
operator T € L(X) with totally disconnected spectrum, is decomposable
([76, Proposition 1.4.5]). In particular, every Riesz operator is decom-
posable. Examples of operators satisfying SVEP but not decomposable
may be found among multipliers of commutative semi-simple Banach
algebras, see [76, Chapter 4] or [1, Chapter 6].

We now introduce another special class of decomposable operators
that will be considered later.

Definition 2.87. An operator T' € L(X), X a Banach space, is said
to be generalized scalar if there exists a continuous algebra homomor-

phism U : C*°(C) — L(X) such that
V(1) =1 and W(Z)=T,

where C*°(C) denote the Fréchet algebra of all infinitely differentiable
complez-valued functions on C, and Z denotes the identity function on

C.

Every generalized scalar operator on a Banach space is decompos-
able, see [76]. In particular, every spectral operators of finite type is
decomposable ([42, Theorem 3.6)).

In the previous chapter we have introduced several classes of opera-
tors for which some of the properties of semi-Fredholm operators hold.
In particular, we have seen that semi-Fredholm operators are of Kato
type and are quasi-Fredholm. By Theorem 1.80 in a Hilbert space ev-
ery quasi-Fredholm operator is of Kato type, but it is not known if this
holds in a Banach space setting. However, in the next results we shall
see that most of the characterizations of localized SVEP, established in
this chapter for operators of Kato type, are still valid for quasi-Fredholm
operators. We first introduce the notion of Drazin invertibiliy.
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Definition 2.88. T' € L(X) is said to be left Drazin invertible if
p = p(T) < oo and TPTY(X) is closed, while T € L(X) is said to be
right Drazin invertible if ¢ := ¢(T) < oo and T9(X) is closed. A bounded
operator T € L(X) is said to be Drazin invertible if p(T) = q(T') < co.

It should be noted that the condition ¢ = ¢(T") < 0o does not entails
that T9(X) is closed, see Example 5 of [83]. Clearly, T' € L(X) is both
right and left Drazin invertible if and only if T" is Drazin invertible. In
fact, if 0 < p := p(T) = ¢(T) then TP(X) = TPT(X) is the kernel of
the spectral projection associated with the spectral set {0}.

For a proof of the following two theorems see [5], [8] and [34]. These
theorems extend to quasi-Fredholm operators some of the characteriza-
tions of localized SVEP, established in this chapter for operators of Kato

type.

Theorem 2.89. IfT € L(X), X a Banach space, is quasi-Fredholm
then the following statements are equivalent:

(i) T has SVEP at 0;
(if) p(T) < o0;
(iii) 0a(T") does not cluster at 0;

(iv) There exists n € N such that T"(X) is closed and T}, is bounded
below;

(v) T is left Drazin invertible;

(vi) There exists v € N such that Hy(T) = ker T";

(vii) Ho(T) is closed;

(viii) Ho(T) N K(T) = {0}.

Moreover, if one of the equivalent conditions (1)—(viii) are satisfied
then T is upper semi B-Fredholm operator with index ind T < 0.

Dually, we have:

Theorem 2.90. IfT € L(X), X a Banach space, is quasi-Fredholm
then the following statements are equivalent:

(i) T* has SVEP at 0;

(i) ¢(T) < oo;

(iii) os(T") does not cluster at 0;

(iv) There exists n € N such that T"(X) is closed and T}y is onto;
(

v) T is right Drazin invertible;
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(vi) X = Ho(T) + K(T);
(vii) There ezists v € N such that K(T') =T"(X).

Moreover, if one of the equivalent conditions (1)—(vi) are satisfied
then T is lower semi B-Fredholm operator with index ind T > 0.

It is natural to extend the concept of semi-Browder operators as
follows:

Definition 2.91. A bounded operator T € L(X) is said to be B-
Browder (resp. upper semi B-Browder, lower semi B-Browder) if for
some integer n > 0 the range T"(X) is closed and T, is Browder (resp.
upper semi-Browder, lower semi-Browder). Analogously, a bounded op-
erator T' € L(X) is said to be B-Weyl (resp. upper semi B-Weyl, lower
semi B-Weyl) if for some integer n > 0 the range T™(X) is closed and
T is Weyl (resp. upper semi-Weyl, lower semi- Weyl).

There is a very clear connection between Drazin invertibilities and
semi B-Browder operators, see [31] or [8]:

Theorem 2.92. Suppose that T € L(X). Then the following equiv-
alences hold:

(i) T is upper semi B-Browder < T is left Drazin invertible.

(ii) T is lower semi B-Browder < T is right Drazin invertible.

(iii) T is B-Browder < T is Drazin invertible.

Define

USBW (X):={T € L(X) : T is upper semi B-Weyl},
and
LSBW(X):={T € L(X) : T is lower semi B-Weyl}.

In the case of Hilbert space operators we have similar results to those
established in Theorem 2.57 and Theorem 2.59 ([23]).

Theorem 2.93. Let T € L(H), H a Hilbert space. Then the fol-
lowing statements hold.

(i) T e USBW(H) if and only if T = S+ K, where S is left Drazin
invertible and K € F(X).

(ii) T € LSBW(H) if and only if T = S + K, where S is right
Drazin invertible and K € F(X).

(iii) T is B-Weyl if and only if T = S + K, where S is Drazin
invertible and K € F(X).






CHAPTER 3

Perturbation classes of semi-Fredholm operators

In Fredholm theory we find two fundamentally different classes of
operators: semi-groups, such as the class of Fredholm operators, the
classes of upper and lower semi-Fredholm operators, and ideals of oper-
ators, such as the classes of finite-dimensional, compact operators.

A perturbation class associated with one of these semi-groups is a
class of operators 1" for which the sum of T" with an operator of the semi-
group is still an element of the semi-group. A paradigm of a perturbation
class is, for instance, the class of all compact operators: as we have seen
in the first chapter on adding a compact operator to a Fredholm oper-
ator we obtain a Fredholm operator. For this reason the perturbation
classes of operators are often called classes of admissible perturbations.
In the first section of this chapter we shall see that the class of inessen-
tial operators is the class of all admissible perturbations, since it is the
biggest perturbation class of the semi-group of all Fredholm operators,
as well as the semi-groups of left Atkinson or right Atkinson operators.
These results will be established in the general framework of operators
acting between two different Banach spaces. In the first section the class
of inessential operators Z(X,Y) presents also an elegant duality theory.
Indeed, the class Z(X,Y) may be characterized by means of th defect
«a as well as the defect 3. In the other section we shall introduce some
other classes of operators, as 2 and €)_-operators, strictly singular and
strictly cosingular operators. The classes Q4 (X) and Q_(X), which are
in a sense the dual of each other, have been introduced in Aiena [2] and
[3] in order to give an internal characterization of Riesz and inessential
operators.

1. Inessential operators

Given a Banach algebra A with unit element e # 0 the radical of A
is defined by

rad A := {r € A:e— ar is invertible for every a € A}.

99
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Note that the radical is a two-sided ideal of A, see Bonsall and Duncan
[39].

Now, suppose that X is an infinite-dimensional Banach space, so
that the Calkin algebra L := L(X)/K(X) is an algebra with a non-zero

-~

unit element. Consider the radical of L,
rad L := {R € L: I — TR is invertible for every T € L}.
The following class of operators has been introduced by Kleinecke

70]
Definition 3.1. The class of all inessential operators on a complex
infinite-dimensional Banach space X is defined:
Z(X) := 7 Yrad (L(X)/K(X)).
where w: L(X) — L(X)/K(X) denotes the canonical quotient mapping.
Clearly, Z(X) is a closed ideal of L(X), since the radical of a Banach

algebra is closed [39, p. 124] . By the Atkinson characterization of
Fredholm operators, T € ®(X) if and only if T is invertible in L, so that

(28) I(X) = {T € L(X):I- ST € ®X)foralSe LX)}
= {TeL(X):1-TS e d(X) for all § € L(X)}.

Taking in (28) S = 1/AI, with A # 0, we obtain that A\ — T € ®(X)
for all A # 0, so every inessential operator is a Riesz operator.

The characterization (28) suggests how to extend the concept of
inessential endomorphisms to operators acting between different Banach
spaces:

Definition 3.2. A bounded operator T € L(X,Y), where X and Y
are Banach spaces, is said to be an inessential operator if Ix — ST €
O(X) for all S € L(Y, X).

The class of all inessential operators is denoted by Z(X,Y).

Theorem 3.3. Z(X,Y) is a closed subspace of L(X,Y") which con-
tains K(X,Y ). Moreover, if T € I(X,Y), Ri € L(Y,Z), and Ry €
L(W,X), where X, Y and W are Banach spaces, then RiT Ry € Z(W, Z).

Proof To show that Z(X,Y) is a subspace of L(X,Y) let T1,T, €
Z(X,Y). Then, given S € L(Y,X), we have Ix — ST} € ®(X) and
hence by the Atkinson characterization of Fredholm operators I[x — ST}
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is invertible in L(X) modulo K(X). Therefore there exist operators
Uy € L(X) and K; € K(X) such that

Ui(Ix — STy) = Iy — K.

From the definition of inessential operators we also have Ix — U575 €
®(X), so there are Uy € L(X) and Ky € K(X) such that

Us(Ix — UySTy) = Iy — Ko.
Then
UQUl[IX — S(Tl + Tg)] = UQ(IX - Ki — U18T2) =Ix — Ky —UK;.

Since Ky + Us K € K(X) this shows that Ix — S(Th1 + T3) € ¢(X) for
all S € L(Y,X). Thus Ty + 1> € I(X,Y) and hence Z(X,Y) is a linear
subspace of L(X,Y).

The property of Z(X,Y') being closed is a consequence of ®(X,Y)
being an open subset of L(X,Y") (see the proof of next Theorem 3.14).
Moreover, K(X,Y) C Z(X,Y), since if T' € K(X,Y) then ST € K(X)
for every S € L(Y, X), and hence Ix — ST € ®(X).

To show the last assertion suppose that '€ L(X,Y), Ry € L(Y, Z)
and Ry € L(W,X). We need to prove that Iyy — SRiTRy € ®(W) for
all S € L(Z,W). Given S € L(Z,W), as above, there exist U € L(X)
and K € K(X) with

U(Ix — RySRT) = Ix — K.
Define
Uo = IW + SRlTURQ and K(] = SRlTKRQ
Then K € (W) and
Uo(Iw — SRiTRy) = Iy — SR\TRy+ SR\TU(Ix — RySRiT)R
= Iy — SRiTRy + SR\T(Ix — K)Ry
= Iw—SR{TKRy; = Iy — Ky.

Therefore Iyy — SRiTRy € ®(W) for all S € L(Z,W). This shows that
RiTR5 EI(VV,Z). n

If T € L(X,Y) we define by 3(T) the codimension of the closure
of T(X). Clearly 3(T) < B(T), and if 8(T) is finite then 3(T) = B3(T)
since T'(X) is closed by Corollary 1.8.
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Lemma 3.4. If T € L(X,Y) and S € L(Y, X) then the following
equalities hold:

(i) a(Ix — ST) = a(ly —TS);

(ii) B(Ix — ST) = p(Ily —TS);

(ili) B(Ix = ST) = B(Iy = T'S).

Proof Obviously T'(ker(Ix — ST)) C ker(Iy —T'S) and the induced
operator T : ker(Ix — ST) — ker(Iy — T'S) is invertible, with inverse
induced by S. This proves (i). There is also the inclusion

T(Ix — ST)(X) C (Iy —=TS)(Y)
and the induced operator
T:X/(Ix —ST)(X) = Y/(Iy —TS)(Y)

is invertible with inverse induced by S. This proves (ii), and the same
argument, replacing ranges by their closure, proves (iii). The last asser-
tion is obvious. .

Corollary 3.5. T € Z(X,Y) if and only if Iy — TS € ®(Y).
Proof Clear. "

Corollary 3.6. If T* € Z(Y*, X*) then T € Z(X,Y).
Proof Suppose that 7' ¢ Z(X,Y). Then by definition there exists an
operator S € L(Y, X) such that Ix—ST ¢ ®(X). By duality this implies
that Ix™ —T*S* ¢ ®(X*) and hence T* ¢ Z(Y™*, X*), by Corollary 3.5.

The class of inessential operators Z(X,Y') presents a perfect sym-
metry with respect to the defects a and 3. We prove first that the
inessential operators may be characterized only by means of the nullity
a.

Theorem 3.7. For a bounded operator T € L(X,Y), where X and
Y are Banach spaces, the following assertions are equivalent:

(i) T is inessential;

(i) a(Ix — ST) < oo for all S € L(Y, X);

(iii) a(ly —TS) < o0 for all S € L(Y, X).
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Proof The implication (i) = (ii) is obvious by Corollary 3.5, whilst
the equivalence of (ii) and (iii) follows from Lemma 3.4. We prove the
implication (ii) = (i).

Assume that the assertion (ii) holds. We claim that Ix — ST €
¢, (X) for all S € L(Y,X). Suppose that this is not true. Then there
is an operator S; € L(Y, X) such that Ix — 51T ¢ ®,(X). By part (i)
of Theorem 1.57 there is then a compact operator K € L(X) such that
a(ly —S1T — K) = oco. Let M :=ker (Ix — S1T — K) and denote by
Jur the embedding map from M into X. From (Ix — S1T)|M = K|M
it follows that
(29) KJy = (Ix — S1T)Jus.

But Ix — K € ®(X), so by the Atkinson characterization of Fredholm
operators the exists U € L(X) and a finite-dimensional operator P €
L(X) such that

(30) Uy — K)=Ix - P.
Multiplying the left side of (29) by U we obtain
UKJy =U(Ix —S1T)Jy =Udy —USIT Iy,
which yields
USiTIy=Udy —UKJy =U(Ix — K)Jpr.

From the equality (30) we obtain US1TJy = (Ix — P)Jar and hence

(Ix —US{T)Jy = PJy.
Note that PJys is a finite-dimensional operator, so a(PJy) = oo.
Clearly,

alx —USIT)=a(lx —UST)Jy = a(PJy) = oo,

so, for S := US; we have a(Ix —ST') = oo, contradicting our hypothesis
(ii) . Therefore our claim is proved.

In particular, A\Ix — ST € &, (X) for all non-zero A € C, so ST is a
Riesz operator by Theorem 2.68, and this implies that Ix — ST € ®(X).
Therefore T is inessential. "

Dually Z(X,Y') may be characterized only by means of the deficien-
cies B(T) and B(T).

Theorem 3.8. For a bounded operator T € L(X,Y), where X and
Y are Banach spaces, the following assertions are equivalent:

() T € I(X,Y);
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(i) B(Ix — ST) < oo for all S € L(Y, X);

(i) B(Iy —TS) < o0 for all S € L(Y, X).
Proof (i) = (ii) Since B(Ix — ST) < B(Ix — ST), if T € Z(X,Y) then

B(Ix — ST) < oo. The implication (ii) = (iii) is clear from Lemma 3.4.

To prove the implication (iii) = (i) suppose that 3(Iy — T'S) < oo
for all S € L(Y,X). We show that Iy — TS € ®_(Y) for all S €
L(Y, X). Suppose that this is not true. Then there exists an operator
Sy € L(Y, X) such that (Iy —TS1) ¢ ®_(Y). By part (ii) of Theorem
1.57 there is then a compact operator K € L(Y) such that 3(Iy —T'S; —
K) =o00. Let N := (Iy —T'S; — K)(Y) and denote by @ the canonical
quotient map from Y onto Y/N. Then

(31) QNK =Qn(Iy —TS),

and since Iy — K € ®(Y) by the Atkinson characterization of Fredholm
operators there exists some U € L(Y) and a finite-dimensional operator
P € L(Y) such that

(32) (Iy — K)U = Iy — P.
Multiplying the right hand side of (31) by U we obtain
QNKU = Qn(Iy —TS5)U = QnU — QnTS1U,
which implies
QNTSU =QnU — QNKU =Qn(Iy — K)U.

From the equality (32) we have QNT'S1U = Qn(Iy — P), and conse-
quently

Qn(Iy —TSU)=QnP.
The operator Qn P is finite-dimensional operator, so its range is closed,
and therefore

Qn(Iy =TS 1U)Y) =Qn(Iy — TS1U)(Y).

Now,

codim (Iy —TS1U)(Y) > codim Qn(Iy —TS1U)(Y)
= codim Qn(Iy — TS U)(Y)
= codim (QNP)(Y) = o0,
and hence B(Iy —T'S1U) = oo, contradicting our hypothesis. Therefore

Iy —-TS e ®_(Y) forall S € L(Y, X). In particular, \Iy =TS € &_(Y)
for all non-zero A € C, so T'S is a Riesz operator by Theorem 2.68,
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and this implies that Iy — ST € ®(Y). Therefore T is inessential by
Corollary 3.5. .

Corollary 3.9. For T € L(X,Y), where X and Y are Banach
spaces, the following statements are equivalent:

(i) TeZ(X,Y);

(ii) B(Ix — ST) < oo for all S € L(Y, X);

(iii) B(Iy —TS) < oo for all S € L(Y, X).

Proof (i) & (ii) If T € I(X,Y) then f(Ix — ST) < oo for all S €
L(Y, X). Conversely, if f(Ix — ST) < oo for all S € L(Y,X), from
B(Ix—ST) < B(Ix—ST) and Theorem 3.8 we deduce that T' € Z(X,Y).

The equivalence (i) < (iii) is obvious by Lemma 3.4. .

It should be noted that if X is an infinite-dimensional Banach space
then Z(X) # L(X) since the operator identity is not essential. The
next examples show that the class of all inessential operators Z(X,Y)
may coincide with the class of all bounded linear operators L(X,Y).
This fact contrasts, curiously, with the historical denomination given by
Kleinecke [70] at this class.

Example 3.10. Z(X,Y) = L(X,Y) if X contains no copies of ¢
and Y = C(K). I(X,Y) = L(X,Y) if X contains no copies of ¢*° and
Y =0, H*(D), or a C(K), with K o-Stonian, see [1, Chapter 7].

Example 3.11. Z(X,Y) = L(X,Y) whenever X or Y are /P, with
1 <p<oo,orc, and X,Y are different. In fact, for 1 < p < g < o0

every operator from ¢4, or ¢y, into /P is compact, see Lindenstrauss and
Tzafriri [74, 2.c.3]. The case p = oo is covered by Example 3.10.

Other examples of Banach spaces for which Z(X,Y) = L(X,Y) may
be found in [1, Chapter 7]. Note that the property of being Z(X,Y) =
L(X,Y) is symmetric:

Theorem 3.12. If X and Y are two Banach spaces then L(X,Y) =
I(X,Y) if and only if L(Y, X) = Z(Y, X). .

Proof This is an immediate consequence of Lemma 3.4.

2. Perturbation classes

We now see that the inessential operators may be characterized as
perturbation classes. In the sequel, given two Banach spaces X and Y,
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by 3(X,Y) we shall denote any of the semi-groups ®(X,Y), &, (X,Y),
O_(X,Y), Bi(X,Y) or ,(X,Y).

Definition 3.13. If ¥(X,Y) # @ the perturbation class P3(X,Y)

1s the set defined by
PS(X,Y):={T € L(X,Y): T+ %(X,Y) C S(X,Y))}.

Note that PX(X) := PX(X, X) is always defined since I € %(X) :=
S(X, X).

Theorem 3.14. Given two Banach spaces X, Y for which ¥(X,Y) #
&, the following assertions hold:

(i) PX(X,Y) is a closed linear subspace of L(X,Y").

(ii) If T' € PX(X,Y), then both T'S and UT belong to PX(X,Y) for
every S € L(X) and U € L(Y).

(iii) PX(X) is a closed two-sided ideal of L(X).

Proof We show the assertions (i), (ii) and (iii) in the case X(X,Y) =
®(X,Y). The proof in the other cases is similar.

(i) Clearly P®(X,Y) is a linear subspace of L(X,Y). To show
that P®(X,Y) is closed assume that T,, € P®(X,Y) converges to T' €
L(X,Y). Given S € ®(X,Y) there exists € > 0 so that S+ K € ®(X,Y)
for all ||[K|| < e, see Theorem 1.60. Now, writing

T+S=T,+(T-T,)+5
we see that T+ S € ®(X,Y). Therefore T € PP(X,Y).

(ii) Let T € PP(X,Y) and U € L(Y). Assume first that U is

invertible. For every S € ®(X,Y") it then follows that
S+UT =UUS+T) € d(X,Y).

Consequently UT € P®(X,Y). The general case that U is not invertible
may be reduced to the previous case, since every operator U is the sum
of two invertible operators U = AIy + (U — AlIy), with 0 # X € p(U). A
similar argument shows that 7°'S € P®(X,Y’) for every S € L(X).

(iii) Clear. .
We now characterize the inessential operators as the perturbation

class of Fredholm operators in the case of operators acting on a single
Banach space.

Theorem 3.15. For every Banach space X we have
I(X) = PO(X) = PP|(X) = PO, (X).
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Proof We only prove the equality Z(X) = P®(X). Let T € Z(X)
and S be any operator in ®(X). We show that T+ S € ®(X). Since
S € ®(X) there exist by the Atkinson characterization of Fredholm
operators some operators U € L(X) and K € K(X) such that SU =
I+ K. Since T € Z(X) it then follows that I + UT € ®(X) and hence
also S(I +UT) € ®(X), so the residual class

S(I+UT) := SU + UT) + K(X)

is invertible in the quotient algebra L(X)/K(X), by the Atkinson char-
acterization of Fredholm operators.
On the other hand, since KT € K(X) then

ST+UT)=S+8UT=5+U+K)T=S+T+Kl=8+T,

and hence § + T is invertible. Therefore S+7T € ®(X), and hence, since
S is arbitrary, T' € P®(X).
To show the opposite implication suppose that 7' € P®(X), namely
T+®(X) C ®(X). We show first that I — ST € &(X) for all S € &(X).
If S € ®(X) there exists U € L(X) and K € K(X) such that SU =
I — K. Since U € ®(X), by Theorem 1.46 and from the assumption we
infer that U — T' € ®(X), and hence also

S(U-T)=8U—-ST=1-K — ST € ®X).

Now, adding K to I — K — ST we conclude that I — ST € ®(X), as
claimed.

To conclude the proof let W € L(X) be arbitrary. Write W = A\ +
(W —XI), with 0 # X € p(T) then

T—WT=1—\+ (W —A)T ==X+ (I—(\ —W)T)

and, since A\I — W € ®(X), by Theorem 3.14, part (ii) we have (Al —
W)T € P®(X), and hence I + (A — W)T € ®(X), so

I—-WTe -\T+9(X) CP(X),
which completes the proof. "

We now extend the result of Theorem 3.15 to inessential operators
acting between different Banach spaces.

Theorem 3.16. Let X(X,Y) denote one of the semi-groups ®(X,Y),
O(X,Y), and &,(X,Y). FE(X,Y) £ & then PE(X,Y) = I(X,Y).
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Proof Also here we prove only the equality P®(X,Y) =Z(X,Y). The
other cases are analogous.

Let S € ®(X,Y) and T € Z(X,Y). Take U € L(Y,X) and K €
K(X,Y) such that US = Ix — K. Note that U € ®(Y, X) by Theorem
1.46. Then US € ®(X), and since UT € Z(X) from Theorem 3.14 we
obtain

UT+S)=UT+US € &(X).
From this it then follows that T+ S € ®(X,Y).

For the inverse inclusion assume that 7' € L(X,Y) and T ¢ Z(X,Y).
Then there exists S € L(Y, X) such that Ix — ST ¢ ®(X). Taking any
operator V € ®(X,Y’) we have

V(Ix — ST) =V — VST ¢ &(X,Y),
so VST ¢ PX(X,Y). This implies by part (ii) of Theorem 3.14 that
T ¢ PX(X,Y), which concludes the proof. .

Also in the characterization of Z(X,Y") established in Theorem 3.16
we may only consider one of the two defects « or (.

Theorem 3.17. If ®(X,Y) # &, for every T € L(X,Y) the follow-
ing assertions are equivalent:

() T € T(X,Y);
(i) a(T+S) < oo for all S € ®(X,Y);
(iii) B(T + S) < oo for all S € ®(X,Y);
(iv) B(T+ S) < oo forall S € ¢(X,Y).
Proof (i) < (ii) Let T'€ Z(X,Y) and suppose that S € L(X,Y) is any
Fredholm operator. By Theorem 3.16 it follows that 7'+ S € ®(X,Y)
and therefore (7T +95) < oco. Conversely, suppose that a(7'+.5) < oo for
each S € ®(X,Y). Since K(X,Y) C I(X,Y) then, always by Theorem
3.16,

%(S—K) e ®(X,Y) forall K e K(X,Y) and A#0.

Therefore

- K
a(T—i—S)\ )zoz()\T+S—K)<oo for all K € K(X,Y).

By Theorem 1.57 it follows that A\T'— S € &, (X,Y) for all A € C. In
particular, this is true for any |A\| < 1. Now, if §(T + S) were infinite
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we would have ind (T 4+ S) = —oo, and using the stability of the index
we would have

ind (\T'+ S) = —oo for each |A\| < 1.

Therefore 3(S) = oo, contradicting the assumption that S € ®(X,Y).

Therefore 3(T + S) < oo, and consequently T+ S € ®(X,Y). By
Theorem 3.16 we then conclude that T' € Z(X,Y).

(i) < (iii) We use an argument dual to that used in the proof of the
equivalence (i) < (ii). Let T € Z(X,Y) and S € ®(X,Y). By Theorem
3.16 it follows that B(T + S) = B3(T + S) < .

Conversely, suppose that 3(T + S) < oo for each S € ®(X,Y). As
above, from the inclusion I(X,Y) C Z(X,Y) we obtain for all A # 0
that

B<T+

iFrom Theorem 1.57 it follows that AXT'+ S € ®_(X,Y) for all A € C.
In particular, this is true for any |A| < 1. Now, if «(T + S) were infinite,
we would have ind (T'+ S) = oo, and from the stability of the index we
would have

S—K

> =B(\+S—K)<oo foral K e€K(X,Y).

ind (\T'+ S) = oo for each |A| < 1.

Hence «a(S) = oo, contradicting the assumption that S € ®(X,Y).
Therefore a(T + S) < oo, and consequently 7'+ S € ®(X,Y). By
Theorem 3.16 we then deduce that 7' € Z(X,Y).

Clearly (i) = (iv) follows from Theorem 3.16, whilst the implication
(iv) = (iii) is obvious; so the proof is complete. ]

3. The classes ), and Q2_

Let us consider the following two classes of operators on a Banach

space X introduced by Aiena in [3]:
. ~ T|M is an (into) isomorphism for no infinite-
Q.(X) = {T € LX) dimensional, invariant subspace M of T,

and

Q_(X) = {T € L(X) : QwmT'is surjective for no infinite- }

codimensional, invariant subspace M of T.

Observe that if M is a closed T-invariant subspace of a Banach space
X and = := x4+ M is any element in the quotient space X /M, then the
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induced canonical map TM : X/M — X /M, defined by
TM% .= Tz for every z € X,
has the same range of the composition map Qa7

Theorem 3.18. If T is a bounded operator on a Banach space X
then the following implications hold:

() IFT* € Q_(X*) then T € Q4 (X);
(i) IfT* € Q4 (X*) then T € Q_(X).

Proof (i) Suppose that 7' ¢ Q. (X). We show that T ¢ Q_(X*). By
hypothesis there exists an infinite-dimensional closed T-invariant sub-
space M of X such that T'|M is injective and(7|M)~! is continuous.

Let M~' be the annihilator of M. Clearly, M~' is closed and from
the inclusion T(M) C M it follows that T*(ML) C M. Moreover, the
continuity of (T|M)~! implies that the operator (T|M)* : X* — M*
is surjective, see Theorem 1.6. Now, if f € X™* then the restriction
fIM € M* and there exists by surjectivity an element g € X* such that
(T|M)*g = f|M, or, equivalently, g(T|M) = f|M. Hence, f—gT € M*,
SO

f—gT+Tge M+ +T*(X*),

from which we conclude that X* = M=+ + T*(X*). This last equality
obviously implies that );,17T™ is surjective.

To show that T* ¢ Q_(X*) it suffices to prove that codim M~ = oo.
Let (z,,) be a sequence linearly independent elements of M. Denote by
J : X — X™** the canonical isomorphism. It is easily seen that

[ee]
Mt C ﬂ ker(Jx,,),
n=1
so the elements Jx1, Jxo, . .. being linearly independent, M~ is infinite-
codimensional.

(ii) Assume that 7" ¢ Q_(X). We show that T* ¢ Q4 (X*). By as-
sumption there exists an infinite-codimensional closed T-invariant sub-
space M C X such that QT is surjective. Therefore X = M + T'(X)
and T*(M*) C M*. We show that T*|M~* : M+ — X* is injective and
has a bounded inverse.

Let us consider the canonical quotient map TM™ : X/M — X/M .
From assumption 7™ is surjective and hence its dual

(TM)* : (X/M)* — (X/M)"
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is injective and has continuous inverse. Define J : (X/M)* — M~ by
J(f)(x) = f(z) forall fe (X/M)", zelX.

Clearly J is an isomorphism of (X/M)* onto M+. If x € X and ¢ € M+
then

(T*¢)(@) = ¢(Tz) =T (¢)(Tx) = T ($)(TVF)
= (TY)"(I7H9)T = (J(TM)" (T H)(#))(2),

from which we obtain T*|M+ = J(T™)*J~1. From this it follows that
T*| M+ is injective and has bounded inverse. To show that T ¢ Q (X*)
we need to prove that M~ has infinite dimension. From codim M =
dim X /M we obtain that

dim M+ = dim J((X/M)*) = dim(X/M)* = oo,

so the proof is complete. "

Theorem 3.19. The class of all Riesz operator R(X) is contained
in Q4 (X)NQ_(X) .

Proof We show first that R(X) C Q4(X). Suppose that T" ¢ Q4 (X).
Then there exists a closed infinite-dimensional T-invariant subspace M
of X such that the T'|M admits a bounded inverse. Trivially, a(T|M) =
0 and T'(M) is closed, so T|M € &, (M).

Let us suppose that T' € R(X). By Theorem 2.71, part (iii), the
restriction T'|M is still a Riesz operator so, by Remark 1.53 T'|M is not
a Fredholm operator. Hence S(T|M) = oco. From this it follows that
ind T|M = —oo and the stability of the index implies that Ay, — T'|M
has index —oo in some annulus 0 < |A\| < e. This is impossible since
T|M is a Riesz operator. Therefore R(X) C Q4 (X).

We show now that R(X) C Q_(X). We use an argument dual to
that given in the first part of the proof.

Suppose that there is a Riesz operator T" which does not belong to
Q_(X). Then there exists a closed infinite-codimensional T-invariant
subspace M of X such that the composition map Q7T : X — X/M is
surjective. Therefore the induced map T™ on X/M is onto and hence
™ c ®&_(X/M).

Now, by Theorem 2.73, T™ is a Riesz operator, and since X /M is
infinite-dimensional then TM is not a Fredholm operator. Consequently
a(TM) = o0, so ind T™ = oo and the stability of the index yields that
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MM — TM has index oo in some annulus 0 < || < . This contradicts
the fact that 7™ is a Riesz operator. Therefore R(X) C Q_(X). .

Example 3.20. The inclusion R(X) C Q4 (X) and R(X) C Q_(X)
are generally proper. In fact, a well known result of Read [95] establishes
that there exists a bounded operator T on ¢! which does not admit a non-
trivial closed T-invariant subspace. The spectrum o(T") of this operator
is the whole closed unit disc and hence T ¢ R({!), whereas, obviously,
T € Q. (¢'). Moreover, since this operator T' is not surjective we also
have T' € Q_(¢1).

Another interesting example which shows that the inclusion R(X) C
Q. (X) is strict, is provided by a convolution operator on L!(T), where
T is the circle group, see [1, Chapter 7].

We now characterize the Riesz operators among the classes 4 (X)
and Q_(X).

Theorem 3.21. For every operator T € L(X) on a Banach space
X, the following statements are equivalent:

(i) T is a Riesz operator;

(ii) T € Q(X) and the spectrum o(T) is either a finite set or a
sequence which converges to 0;

(iii) T € Q_(X) and the spectrum o(T) is either a finite set or a
sequence which converges to 0.

Proof (i) < (ii) The spectrum of a Riesz operator is finite or a sequence
which clusters at 0 so the implication (i) = (ii) is clear from Theorem
3.19.

Conversely, suppose that there exists an operator T' € L(X) such
that the condition (ii) is satisfied. Let A be any spectral point different
from 0 and denote by P, the spectral projection associated with the
spectral set {\}. By Theorem 2.68 to prove that 7" is Riesz it suffices to
show that P, is a finite-dimensional operator. If we let M) := Py(X),
from the functional calculus we know that M), is a closed T-invariant
subspace. Furthermore, we have o(T'|M)) = {A}, so that 0 ¢ o(T|M))
and hence T'| M), is invertible. Since T' € (X)) this implies that M) =
P, (X) is finite-dimensional, as desired.

(i) & (iii) The implication (i) = (iii) is clear, again by Theorem
3.19. Conversely, suppose that there exists an operator 7' € L(X) such
that the condition (iii) is satisfied. Let \ be any spectral point different
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from 0 and, as above, let Py be the spectral projection associated with
the spectral set {\}. Again, by Theorem 2.68, to prove that 7" is Riesz
it suffices to show that P, is a finite-dimensional operator. If we let
My = P\(X) and Ny := (I — P\)(X), then M, and N, are both T-
invariant closed subspaces. Furthermore, from the functional calculus
we have X = M), @ N,

o(T|My) ={Ar}, o(T|Ny) = o(T) \ {A}.
We claim that Qn, T : X — X/N, is surjective.

To see this observe first that for every z € X/N) there is z € X such
that Qn, 2z = Z. From the decomposition X = M)y & N, we know that
there exist u € My and v € N) such that z = u 4+ v, and consequently,

T =Qn,z=Qn,u.
Since 0 ¢ {A\} = o(T|M)), the operator T'|My : My — M) is bijective,
so there exists w € M) such that

u= (T|My)w = Tw.

From this it follows that

T =Qnu=(QnT)w,
i.e, Qn,T is surjective. Since, by assumption, 7' € Q_(X) it follows
that codim Ny < 0o, and hence dim M), < oo. This show that P, is a

finite-dimensional operator, so the proof is complete. "

The class of Riesz operators may be also characterized as the set
of operators for which the sum with a compact operator is an Q4 (X)
operator, as well as an _(X) operator.

Theorem 3.22. If T € L(X) is an operator on a Banach space X,
the following statements are equivalent:

(i) T is Riesz;
(ii) For every K € K(X) we have T + K € Q4 (X);
(iii) For every K € K(X) we have T+ K € Q_(X).
Proof (i) < (ii) If T is a Riesz operator also T'+ K is a Riesz operator,
by (iv) of Theorem 2.70, and hence 7'+ K € 4 (X) by Theorem 3.19.
Conversely, if T is not a Riesz operator there exists by Theorem

2.68 some A # 0 such that A\l — T ¢ &, (X). Thus from part (i) of
Theorem 1.57 we may find a compact operator K € L(X) such that
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a(Al =T - K) = oco. If M := ker(\ —T — K) then M is infinite-
dimensional and (T + K)z = Az for each x € M. Therefore T+ K ¢
Q4 (X).

(i) « (iii) If T is a Riesz operator then T+ K is a Riesz operator,
by (iv) of Theorem 2.70, and hence 7'+ K € 2_(X) by Theorem 3.19.

Conversely, if T' is not a Riesz operator there exists by Theorem 2.68
some A # 0 such that A\ — T ¢ ®_(X). From part (ii) of Theorem 1.57
there exists a compact operator K € L(X) such that 3(A[—-T—K) = cc.
Let M := (M —T — K)(X). Then M is infinite-codimensional. Denote
by # any residual class of X/M and define (T + K)M : X/M — X/M
as follows:

(T+ KM% .= (T+ K)x where z € 7.
We show that (T'+ K)M is surjective. If z € X we have (M —T — K)x €
M, and consequently

(M—-T—-K)z=0.
Therefore
T=(T+K)M\1%) forallzeX.
Since the operator (T 4 K)™ has the same range as the composition
operator Qn(T + K), so, M being infinite-codimensional we conclude
that T+ K ¢ Q_(X). .

The class of all inessential operators Z(X) is contained in each one of
the two classes 4 (X) and Q_(X), since Z(X) C R(X). The following
result due to Aiena [3] characterizes Z(X) as the maximal ideal of Q. (X)
and _(X)-operators.

Theorem 3.23. For every Banach space X, Z(X) is the uniquely
determined maximal ideal of Q1 (X) operators. Each ideal of Q4 (X)
operators is contained in IT(X). Analogously, Z(X) is the uniquely de-
termined mazimal ideal of Q_(X) operators. FEach ideal of Q_(X) op-
erators is contained in I(X).

Proof Let G be any ideal of Q4 (X) operators. Furthermore, let 7" be
a fixed element of G and S any bounded operator on X. Then ST € G,
ker(/ —ST') is a closed subspace invariant under S7', and the restriction
of ST to ker(I — ST') coincides with the restriction of I to ker(/ — ST).
Therefore ST|ker(I — ST) has a bounded inverse. From the definition
of Q4 (X), ker(I — ST) is finite-dimensional, and hence, by Theorem 3.7,
T € I(X). Hence any ideal of Q4 (X) operators is contained in Z(X).
On the other hand, Z(X) is itself an ideal of Q1 (X) operators, so Z(X)
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is the uniquely determined maximal ideal of Q4 (X) operators.

To show that Z(X) is the uniquely determined maximal ideal of
Q_(X) operators, let us consider any ideal G of Q_(X) operators. If
T € G and S is any bounded operator on X then T'S € G. Let M :=
(I —=TS)(X). Then

(TSI - TS)](X) = [(I - TS)TS|(X) € (I - TS)(X).
From this it follows that M is invariant under T'S. Let us consider

the induced quotient map (T'S)M : X/M — X/M. The map (T'S)M is
surjective; in fact, if x € X then from (I — T'S)z € M we obtain that

Z = (T'S)x. From the definition of 2_(X) operators it follows that

B(I —TS) = codim (I — TS)(X) < oo,

and thus by Theorem 3.8 T' € Z(X). Since Z(X) is itself an ideal of
Q_(X) operators we conclude that Z(X) is the uniquely determined
maximal ideal of Q_(X) operators. ]

The following useful result characterizes the inessential operators
acting between different Banach space by means of the two classes
Q4 (X) and Q_(X).

Theorem 3.24. IfT € L(X,Y), where X andY are Banach spaces,
then the following assertions are equivalent:

(i) TeZ(X,Y);
(ii) ST € Q4 (X) for all S € L(Y, X);
(iii) TS € Q_(Y) for all S € L(Y, X).

Proof (i) < (ii) Let T' € Z(X,Y) and S € L(Y,X). Then for each
A#0 M x — ST € &(X), and hence ST € R(X) C Q4 (X).

Conversely, let us suppose that " ¢ Z(X,Y). Then by Theorem
3.7 there exists an operator S € L(Y, X) such that a(lx — ST) = oc.
Let M := ker(Ix — ST). Clearly ST|M = Ix|M, and since M is
infinite-dimensional we conclude that ST ¢ €, (X), and the proof of
the equivalence (i) < (ii) is complete.

(i) & (iii) Let T € Z(X,Y) and S € L(Y,X). Then by Corollary
3.5 for each A # 0 we have Ay —T'S € ®(Y), and hence T'S € R(X) C
Q_(Y).

Conversely, let us suppose that 7' ¢ Z(X,Y'). Then by Theorem 3.8
there exists an operator S € L(Y, X) such that 3(Iy — T'S) = co. Let
M = (I = TS)(Y). The induced quotient operator (T'S)M : Y/M —
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Y /M is surjective. In fact, for each y € Y we have (Iy —T'S)y € M and

P

hence (T'S)My = (T'S)y. Since M is infinite-codimensional and (7°S)™
has the same range of /7S it then follows that TS ¢ Q_(Y). .

4. d-ideals

We want give in this section other examples of ideals of Riesz oper-
ators. The following definition is motivated by the classes of operators
introduced in the previous sections.

Definition 3.25. A two sided ideal J(X) of L(X) is said to be a
O-ideal if F(X) CT(X) and I — T € ®(X) for all T € J(X).

Examples of ®-ideals are F(X), K(X) and Z(X). Evidently, every
T € J(X) is a Riesz operator, so by Theorem 3.23 and 3.19 the set
Z(X) is the maximal ®-ideal of Riesz operators.

Other examples of ®-ideals are provided by the perturbation classes
of &,(X) and ®_(X). To see this, let us consider the perturbation
classes of @ (X,Y) and ®_(X,Y), i.e., if . (X,Y) # & then

PO (X,Y) = {T € L(X,Y): T+ 3, (X,Y) C &, (X,Y)},
and, analogously, if ®_(X,Y) # & then
PO _(X,Y) = {T € L(X,Y): T+ ®_(X,Y) C &_(X,Y)}.
By Theorem 3.14, P®(X) and P®_(X) are two-sided ideals and con-
tain F(X). More precisely, by Theorem 1.56 we have
K(X,Y)C PO, (X,Y) and K(X,Y)C P®_(X,Y).
Theorem 3.26. Suppose that X and Y are Banach spaces. Then
we have
(i) If D (X,Y) £ @ then PO.(X,Y) C I(X,Y).
(il) If _(X,Y) # @ then P®_(X,Y) C T(X,Y).
Moreover, P®(X) and P®_(X) are ®-ideals.

Proof (i) Assume that '€ L(X,Y)and T ¢ Z(X,Y). By Theorem 3.7
there exists an operator S € L(Y, X) such that Ix — ST ¢ ®,(X). On
the other hand, for every operator U € &, (X,Y) we have U(Ix —ST) =
U—-UST ¢ &,(X,Y), otherwise we would have Ix — ST € ¢, (X,Y).
But U € &, (X,Y) so UST ¢ P®,(X,Y), and hence by part (ii) of
Theorem 3.14 we conclude that T' ¢ P® (X,Y).

To show the assertion (ii) assume that ' € L(X,Y)and T ¢ 7(X,Y).
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By Theorem 3.8 there exists S € L(Y, X) such that Iy — TS ¢ &_(Y).
For every operator U € ®_(X,Y) it follows that

(Iy = TS)U =U —TSU ¢ &_(Y, X).

But U e ®_(X,Y),so TSU ¢ P®_(X,Y), and hence T' ¢ P®_(X,Y).
The last assertion is clear n

The inessential operators, as well the perturbation ideals are de-
fined by means of the classes of Fredholm and semi-Fredholm operators.
Finite-dimensional operators, as well as compact operators are defined
by means of their action on certain subsets of the Banach space X. It
is natural to ask if there exists an intrinsic characterization of these
classes of operators, i.e. if an inessential operator T can be character-
ized by means the action of T" on suitable subspaces. This is possible
for special pairs of Banach spaces. To see this we shall introduce two
other ®-ideals. We recall that if M is a closed subspace of X by Jys we
denote the canonical embedding, while by Qs we denote the canonical
quotient map from X onto X/M.

Definition 3.27. Given two Banach spaces X and Y, an operator
T € L(X,Y) is said to be strictly singular if no restriction T Jyr of T to
an infinite-dimensional closed subspace M of X is an isomorphism.

The operator T € L(X,Y) is said to be strictly cosingular if there
is no infinite-codimensional closed subspace N of Y such that QnT is
surjective.

In the sequel we denote by SS(X,Y) and SC(X,Y) the classes of all
strictly singular operators and strictly cosingular operators, respectively.

For the detailed study of the basic properties of the two classes
SS(X,Y) and SC(X,Y) we refer the reader to Pietsch [92], Section
1.9 and Section 1.10 (these operators are also called Kato operators and
Petczynski operators, respectively).

We remark, however, that SS(X,Y) and SC(X,Y") are closed linear
subspaces of L(X,Y). Furthermore, if T € L(X,Y), S € SS(X,Y)
(respectively, S € SC(X,Y) and U € L(Y,Z)) then UST € SS(X, 2)
(respectively, UST € SC(X,Z)). Therefore SS(X) := SS(X, X) and
SC(X) := SC(X, X) are closed ideals of L(X).

Theorem 3.28. SS(X) and SC(X) are ®-ideals of L(X).

Proof Obviously ,
SS(X)CQi(X) and SC(X)CQ_(X),
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and hence by Theorem 3.23 SS(X) C Z(X) and SC(X) C Z(X). .

Lemma 3.29. If X and Y are infinite-dimensional Banach spaces
and T € L(X,Y) then the following implications hold:

Ted, (X,Y)=>T¢SS(X,Y), Ted_ (X,Y)=T¢SC(X,Y).

Proof If T'€ &, (X,Y) then X =kerT @& M for some closed subspace
M of X, and Ty : M — T(X), defined by Toz := Tz for all x € M, is
an isomorphism between infinite-dimensional closed subspaces. Hence
T¢ SS(X,Y).

Analogously, if T € ®_(X,Y) then Y = T(X )@ N for some infinite-
codimensional closed subspace N. Evidently

Y/N =Qn(Y) = QnT(X),
thus T' ¢ SC(X,Y). .

Theorem 3.30. If X and Y are Banach spaces then
K(X,Y)C SS(X,Y)NSC(X,Y).

Proof Suppose that 7' ¢ SS(X,Y)and T € K(X,Y). Then there exists
a closed infinite-dimensional subspace M of X such that T.Jy; admits
a bounded inverse. Since T'Jjs is compact and has closed range T'(M),
it follows that T'(M) is finite-dimensional by Theorem 1.38, and hence
also M is finite-dimensional, a contradiction. This shows the inclusion
K(X,Y)C SS(X,Y).

Analogously, suppose that T' ¢ SC(X,Y) and T € £(X,Y). Then
there exists a closed infinite-codimensional subspace N of Y such that
QNT isonto Y/N. But T € K(X,Y) so QnT is compact, and since its
range is closed then, again by Theorem 1.38, Y/N is finite-dimensional.
Thus N is finite-codimensional, a contradiction. Hence K(X,Y) C
SC(X,Y). .

Example 3.31. A strictly singular operator can have a non-separable
range, see Goldberg and Thorp [57, p. 335], in contrast to the well
known result that every compact operator has separable range. Hence
the inclusion K£(X,Y) C SS(X,Y) in general is proper.

Theorem 3.32. If X and Y are Banach spaces and @, (X,Y) # @&
then SS(X,Y) C PO, (X,Y). Analogously, if ®_(X,Y) # @ then
SC(X,Y) C PO_(X,Y)
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Proof Assume that @, (X,Y) # & and suppose that T' € SS(X,Y)
and S € @, (X,Y). We need to show that T+ S € &, (X,Y). Suppose
that T+S ¢ ¢, (X,Y). By part (i) of Theorem 1.57 we know that there
exists a compact operator K € K(X,Y) such that (T + S — K) = oc.
Set M := ker(T'+ S — K). Then M is a closed infinite-dimensional
subspace and
Ty = (K — 8)Ju.

IfU :=K— S then U € &,(X,Y) because S € &, (X,Y) and K is
compact. Hence T Jy = UJy € ®(M,Y), and from Lemma 3.29 we
obtain that T'Jys ¢ SS(M,Y). From this it follows that 7' ¢ SS(X,Y),
a contradiction. Therefore the inclusion SS(X,Y) C PP, (X,Y) is
proved.

To show the second assertion, let assume that ®_(X,Y) # @ and
suppose that T € SC(X,Y) and S € ®_(X,Y). We need to show that
T+Se€®_(X,Y). Suppose that T+ S ¢ &_(X,Y). By Theorem 1.57,
part (ii), then there exists a compact operator K € K(X,Y') such that
M :=(T'+S — K)(X) is a closed infinite-codimensional subspace of Y.
Denote by 7 the residual class x+ M in X/M. From (I'+S—-K)zr € M
we deduce that

Qu(T+S—K)x=0 forallze X.

Therefore QT = Qu(K — S). Clearly, if U := K — S then U €
¢_(X,Y), and hence QU € ®_(X,Y/M). By Lemma 3.29 we then
infer that QuT = QuU ¢ SC(X,Y/M) and this implies that T ¢
SC(X,Y). .

The next example shows that the classes SS(X,Y) and SC(X,Y)
may coincide with L(X,Y).

Example 3.33. Let p,q € N be such that 1 < p,q < co and p # gq.
Then SS(¢P, %) = SC(¢P,£9) = L(¢P,¢7), see [1, Chapter 7] for details.

We show next that if someone of the two Banach spaces possesses
many complemented subspaces, in the sense of the following definitions,
then the inclusions of Theorem 3.26 actually are equalities.

Definition 3.34. A Banach space X is said to be subprojective
if every closed infinite-dimensional subspace of X contains an infinite-
dimensional subspace which is complemented in X.

A Banach space X is said to be superprojective if every closed infinite-
codimensional subspace of X is contained in an infinite-codimensional
subspace which is complemented in X.
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In the next examples we see that most of the classical Banach spaces
are subprojective or superprojective.

Example 3.35. We list some examples of subprojective and super-
projective Banach spaces.

(a) Evidently every Hilbert space is both subprojective and super-
projective. The spaces P with 1 < p < 0o, and ¢( are subprojective, see
Whitley [106, Theorem 3.2 |. Moreover, all the spaces /P with 1 < p < o0
are superprojective.

(b) The spaces LP[0,1], with 2 < p < oo, are subprojective and
LP[0,1], with 1 < p < 2 are not subprojective, see Whitley [106, Theo-
rem 3.4 |. Moreover, all spaces LP[0,1] with 1 < p < 2 are superprojec-
tive and are not superprojective for 2 < p < co.

(c) The spaces L'[0,1] and C]0,1] are neither subprojective nor su-
perprojective, see Whitley [106, Corollary 3.6].

The next theorem provides an internal characterization of Z(X,Y),
Pd,(X,Y) and PP_(X,Y) for most of the classical Banach spaces.

Theorem 3.36. Let X,Y be Banach spaces. The following state-
ments hold:

(i)) If Y is subprojective then SS(X,Y) = P®,(X,Y) =Z(X,Y);
(i) If X is superprojective then SC(X,Y) = Po_(X,Y)=Z(X,Y).

Proof (i) Let T € L(X,Y), T ¢ SS(X,Y). Then there exists an
infinite-dimensional closed subspace M of X such that the restriction
TJys is bounded below. Since Y is subprojective we can assume that
the subspace T (M) is complemented in Y, namely Y = T(M)®N. Then
X =M ®T Y(N) and defining A € L(Y, X) equal to T~! in T(M) and
equal to 0 in N it easily follows that AT is a projection of X onto M.
Therefore ker(Ix — AT) = (AT)(X) = M is infinite-dimensional, so we
have Ix — AT ¢ ®(X) and consequently 7' ¢ Z(X,Y).

(ii) Let T € L(X,Y), T ¢ SC(X,Y). Then there exists a closed
infinite-codimensional subspace N of Y such that QxT is surjective.
Note that T~!(V) is infinite-codimensional because Y/N is isomorphic
to X/T~Y(N). So since X is subprojective we can assume that T-1(N)
is complemented in X. Clearly ker 7T C T7!(N), and hence if X =
M & T~ YN) then T(M)NN = {0}. Moreover, Y = T(X) + N implies
Y =T(M)+ N, from which it follows that T'(M) is closed, see Theorem
1.7. Therefore the topological direct sum Y = T(M) & N is satisfied.
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Now, if we define A € L(Y, X) as in part (i) we then easily obtain that
T ¢ T(X,Y). .

Theorem 3.37. If X andY are Banach spaces and T* € SS(Y*, X*),
then T € SC(X,Y). Analogously, if T* € SC(Y*, X*) then T €
SS(X,Y).

Proof The proof is analogous to that of Theorem 3.18. n

We complement the result of Theorem 3.37 by mentioning a result
established by Pelczynski [91], which shows that T is strictly singular
whenever T € L(X,Y) is strictly cosingular and weakly compact. It is
an open problem if 7™ is strictly cosingular whenever T' € L(X,Y) is
strictly singular and weakly compact, or, equivalently, if T is strictly
singular and Y is reflexive.

Theorem 3.38. Let X and Y be Banach spaces and T € L(X,Y).
Then the following statements hold:

(i) If T* € SS(Y*, X*) and Y is subprojective then T' € SS(X,Y);

(i) If T € SS(Y,X), where X is reflexive and X* is subprojective,
then T* € SS(X*,Y™).

Proof (i) Suppose that 7" ¢ SS(X,Y). Then there is an infinite-
dimensional closed subspace M of X such that T'|M has a bounded in-
verse. Since Y is subprojective we can find a closed infinite-dimensional
subspace N of T'(M) and a bounded projection P of Y onto N. Note
that N = T (W), where W is a closed infinite-dimensional subspace of
M. Since P maps Y onto N its dual P* is an injective continuous map
of N* onto an infinite-dimensional subspace Z of Y*. We prove that
T*|Z has a bounded inverse and is therefore not strictly singular. For
any f € Z we have

) T* )z F(Tax
T fll = sup 1T NI IF(Tz)||
0£zeX [zl 0£zeW [zl
Since T'| M has a bounded inverse there is K > 0 such that ||Tz|| > K||z||

for all z € W C M. Moreover, since f € P*(N*) there is g € N* such
that P*g = f. Combining this information, we deduce that

* Kl[(P*9)y K|lg(Py
i > sup IOl Kla(Py)l

= Kl|g|-
0£yEN [yl 0#£yeEN [yl
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Finally, from [[P*||[|g|| = [[P*g|| = [|f|| we obtain || T f[| = (K/|[P*[))]| f|-
This shows that T has a bounded inverse on the subspace Z of Y*, so
that T* ¢ SS(Y*, X™*).

(ii) Note that T** = JyTJx !, where Jx and .Jy are the canonical
embeddings of, respectively, X onto X** and Y into Y**. Then if T is
strictly singular so is T%**, and by part (i) also T* is strictly singular. =

Corollary 3.39. If X is a Hilbert space and if T € SS(X,Y)
then also T 1is strictly singular. If Y is a Hilbert space and if T* €
SS(Y*, X*), then T is strictly singular. .

5. Further and recent developments

It is well-known that every separable Banach space is isomorphic
to a subspace of C[0,1]. Consequently, the hypothesis in the following
theorem implies that ® 4 (X,Y’) # &, so we can consider the perturbation
class P (X,Y).

Theorem 3.40. Suppose that X is separable and'Y contains a com-
plemented subspace isomorphic to C[0,1]. Then P®(X,Y) =S5S(X,Y).

Again, every separable Banach space is isomorphic to a quotient
of ¢*. Therefore, the hypothesis in the following theorem implies that
o_(X,Y) # 2.

Theorem 3.41. Suppose that X contains a complemented subspace
isomorphic to ¢ and Y is separable. Then

Pd_(X;Y) = SC(X,Y).

Both Theorem 3.40 and Theorem 3.41 have been proved in [20], see
also Chapter 7 of [1].

It has been for a long time an open problem whether or not the
equalities SS(X,Y) = P®,(X,Y) and SC(X,Y) = PP_(X,Y) hold
for all Banach spaces X, Y. Next we present a.recent result of Gonzalez
[59] which gives an example of a Banach space for which both equalities
do not hold. Before we need some definitions and some preliminary
work.

Definition 3.42. A Banach space X is said to be decomposable if it
contains a pair of infinite-dimensional closed subspaces M and N, such
that X = M @® N. Otherwise X is said to be indecomposable. A Banach
space X 1is said to be hereditarily indecomposable if every closed subspace
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of X is indecomposable, i.e., there no exist infinite-dimensional closed
subspaces M and N for which MNN = {0} and M+ N is closed. Dually,
a Banach space X is said to be quotient hereditarily indecomposable if
every quotient of X is indecomposable.

By duality it is easy to prove that if X* is hereditarily indecompos-
able (respectively, quotient hereditarily indecomposable) then X is quo-
tient hereditarily indecomposable (respectively, hereditarily indecom-
posable), but the converse implication are not valid. Finite-dimensional
Banach spaces are trivial examples of indecomposable spaces. Note that
the existence of infinite-dimensional indecomposable Banach spaces has
been a long standing open problem and has been positively solved by
Gowers and Maurey [61] and [62], who construct an example of a reflex-
ive, separable, hereditarily indecomposable Banach space Xgjps. More-
over, the dual X7,, is quotient hereditarily indecomposable. Later,
Ferenczi [56] proved that Xgp is quotient hereditarily indecomposable.
Moreover, Gowers and Maurey constructed in [62] a whole family of
other indecomposable Banach spaces, amongst them we shall find some
Banach spaces useful in order to construct our counterexamples.

Roughly speaking one can say that indecomposable Banach spaces
are Banach spaces with small spaces of operators. In fact, we have ([61])

Theorem 3.43. If a complex Banach space X is hereditarily inde-
composable then L(X) = {Clx}® SS(X), while if X is quotient hered-
itarily indecomposable, then L(X) = {CIx} ® SC(X).

The Gowers Maurey construction is rather technical and requires
some techniques of analysis combined with involved combinatorial argu-
ments. We do not describe this space, but in the sequel we shall point
out some of the properties of these spaces, from the point of view of
Fredholm theory, needed for the construction of the mentioned coun-
terexample.

Hereditarily indecomposable and quotient hereditarily indecompos-
able Banach spaces may be characterized by Fredholm theory. The
following result was proved by Weis [104] when it was not known the
existence of hereditarily indecomposable and quotient hereditarily inde-
composable Banach spaces.

Theorem 3.44. Let X be a Banach space. Then we have:
(i) L(X,Y) =0, (X,Y)USS(X,Y) for all Banach spaces Y if and

only if X 1is hereditarily indecomposable.
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(i) (Y, X) =2_(Y,X)USC(Y,X) for all Banach spaces Y if and
only if Y is quotient hereditarily indecomposable.

A nice consequence of Theorem 3.44 is that for a hereditarily inde-
composable Banach space X with scalar field K then L(X)/SS(X) is a
division algebra, and dually, if X is quotient hereditarily indecompos-
able then L(X)/SC(X) is a division algebra [55]. It is well-known that
if the scalar field K = C then C is the unique division algebra, while
if K = R there are three division algebras, R, C and the quaternion
algebra, see the book by Bonsall and Duncan [39, §14].

The next result is some way appears surprising. In Theorem 3.36 we
have seen that if X or Y possesses many complemented subspaces then
SS(X,Y) = PP (X,Y) = I(X,Y) and SC(X,Y) = PO_(X,Y) =
Z(X,Y). The following result, due to Aiena and Gonzalez [18] and [19],
shows that the equalities PO, (X,Y) = SS(X,Y) and PP_(X,Y) =
SC(X,Y) are still valid if X possesses very few complemented sub-
spaces.

Corollary 3.45. Suppose that X is hereditarily indecomposable, Y
is any Banach space and ®(X,Y) # @. Then P®(X,Y) =SS(X,Y).
Analogously, if ®_(X,Y) # @ then P®_(X,Y) = SC(X,Y).

We can now establish the mentioned Gonzélez’s counter-example.

Theorem 3.46. Let X be a reflerive hereditarily indecomposable
Banach space and Y be a closed subspace of X such that dim Y =
codim Y =o0. If Z := X XY then P®,(Z) # SS(Z) and P®_(Z) #
SC(Z).

In [62] Gowers and Maurey also produced an example of indecom-
posable complex Banach space which admits a Schauder basis. This
space allows us to construct a counterexample for which another old
question in Fredholm theory was negatively solved. To discuss this ques-
tion, we need before to go back to the problem of finding an intrinsic
characterization of inessential operators.

The following classes of operators has been introduced by Tarafdar
[100] and [101]. Most of the results that we give in the sequel have been
established by Aiena and Gonzalez [18], [19].

Definition 3.47. An operator T € L(X,Y) is said to be impro-
jective if there exists mo infinite-dimensional closed subspace M of X
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such that the restriction T Jys is an isomorphism and T (M) is a com-
plemented subspace of Y. The set of all improjective operators from X
into Y will be denoted by Imp(X,Y) and we set Imp(X) := Imp(X, X).

Trivially, the identity on an infinite-dimensional Banach space X and
any isomorphism between infinite-dimensional Banach spaces are exam-
ples of operators which are not improjective. Moreover, the restriction
T|M of an improjective operator T' € Imp(X,Y’) to a closed infinite-
dimensional subspace M of X is also improjective. The class Imp(X,Y")
admits the following dual characterization in terms of quotient maps.

Theorem 3.48. An operator T € L(X,Y) is improjective if and
only if there is no infinite-codimensional closed subspace N of Y such
that QNT is surjective and T—1(N) is a complemented subspace of X.

Inessential operators are improjective:

Theorem 3.49. For every pair of Banach spaces X and 'Y we have
I(X,Y) C Imp(X, V).

It should be noted that if A € L(Y,Z), T € Imp(X,Y) and B €
L(W,X), then TB € Imp(W,Y) and AT € Imp(X,Z). Moreover,
Imp(X,Y) is a closed subset of L(X,Y). We now investigate the cases
where Imp(X,Y) =Z(X,Y). Observe first that there is a symmetry:

Theorem 3.50. Let X,Y be Banach spaces. Then Z(X,Y) =
Imp(X,Y) if and only if Z(Y, X) = Imp(Y, X).

The next result gives an intrinsic characterization of inessential op-
erators whenever X or Y is subprojective or superprojective.

Theorem 3.51. Assume that one of the spaces X,Y is subprojective
or superprojective. Then we have Imp(X,Y) =Z(X,Y).

In particular, Theorem 3.51 applies to the classical Banach spaces
listed in Example 3.35.

Corollary 3.52. Suppose that X and Y are Banach spaces. Then
the following assertions hold:

(i) If Y is subprojective then Imp(X,Y) = SS(X,Y);
(i) If X is superprojective then Imp(X,Y) = SC(X,Y).

Proof Combine Theorem 3.51 with Theorem 3.36. n
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The following examples show that we cannot change the order of the
spaces X,Y in Theorem 3.52. To be precise, in part (i) if X is subprojec-
tive then Imp(X,Y) = SS(X,Y) is not true in general, and analogously
in part (i) if Y is superprojective, then Imp(X,Y) = SC(X,Y) is in
general not true.

Example 3.53. (a) The space ¢? is subprojective, so by Theorem
3.51 and taking into account what was established in Example 3.10, we
obtain

L(£%,0°) = Imp(£2,£°) = Z(£*,0>);
On the other hand, we also have L(£2,(>) # SS(£?,{*) because (>
contains a closed subspace isomorphic to £2, see Beauzamy [29, Theorem
IV.IL2] .

(b) The space £2? is superprojective and, as already seen, every op-
erator T € L(¢1,(?) is strictly singular. Therefore we have

LY, %) = Tmp(¢4, 02) = T(02, 0%).

However, L(¢',¢2) # SC(£',¢?), because ¢! has a quotient isomorphic
to (2, see Beauzamy [29, Theorem IV.II.1].

In the following result due to Aiena and Gonzélez [19] the indecom-
posability of complex Banach spaces has been characterized by means
of improjective operators and Atkinson operators acting on it:

Theorem 3.54. For a Banach space Y, the following statements
are equivalent:

(a) Y is indecomposable;

(b) L(Y,Z) = (Y, Z) U Imp(Y, Z) for every Banach space Z;

(c) L(X,Y) =2, (X,Y)UImp(X,Y) for every Banach space X;

(d) L(Y) = ®(Y)UImp(Y).

By Corollary 3.52 if X is superprojective or Y is subprojective then
Imp(X,Y) = Z(X,Y). Curiously, also in the case of Banach spaces
which contain very few complemented subspaces all the improjective

operators are inessential ([19, Corollary 3.4 and Proposition 3.5]). In
fact we have:

Theorem 3.55. Assume that the Banach space X is either heredi-
tarily indecomposable or quotient indecomposable. Then L(X) = ®&(X)U
Z(X) and Imp(X,Y) =Z(X,Y), for every Y.
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It is a natural question whether the equality Z(X,Y) = Imp(X,Y")
holds for all Banach spaces X and Y. Another natural question was
whether Imp(X,Y) is a linear subspace of L(X,Y"). Clearly, the answer
to the last question is positive if Z(X,Y) = Imp(X,Y), as in the cases
considered above. In 1972, Tarafdar [100, 101] gave some partial an-
swers, including some of the previous results. But since that time, these
relevant questions remained unsolved for many years. In [19] Aiena and
Gonzalez produced an example of a Banach space that shows that the
answers to the previous questions are negative. To see this counter-
example observe first that Theorem 3.54 and Theorem 3.55 suggest a
breakthrough in the possibility of finding a solution of the Tarafdar
question: an example of improjective operator which is not inessential
could exist in the case of an indecomposable Banach spaces X which is
neither hereditarily indecomposable nor quotient indecomposable.

We first note that such a space does exist:

Theorem 3.56. [62] There ezists an indecomposable Banach space
X which is neither hereditarily indecomposable nor quotient indecom-
posable. This space has a Schauder basis and the associated right shift
S is an isometry on Xs.

The Banach space X, provides the counter-example required:

Theorem 3.57. ([19]) For the Gowers-Maurey space X5 the follow-
ing assertions hold:

a) I(Xs) # Imp(Xs).
b) There exists T € Imp(Xs) which is not Riesz.
¢) Imp(Xs) is not a subspace of L(Xs).

Proof It is well-known that for the isometric right shift operator .S,
Al — S is invertible for every |A| > 1 and hence is a Fredholm operator
with ind (A —S) = 0. On the other hand we also have \I — 5 € ®(Xj),
with ind (A — §) = —1, for every |A| < 1. From the continuity of the
index of Fredholm operators then Al —S cannot be a Fredholm operator
for |A| = 1. Now, by Theorem 3.54 A\ — S is improjective for every
|A\| = 1. Note that 7" := A — S is not a Riesz operator; in particular
it is not inessential. Moreover, since X is infinite dimensional, we have
I ¢ Imp(X5), and from the equality

I-=8S)+{I+95)=2I

we find two improjective operators whose sum is not improjective. "
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Note that if for a Banach space X we have Imp(X) # Z(X) then
Imp(X,Y) #Z(X,Y) for all Banach spaces Y. In fact, we have ([18]):

Theorem 3.58. For a Banach space X the following statements are
equivalent:

(i) Imp(X) = T(X);

(ii) Imp(X,Y) =Z(X,Y) for all Banach spaces Y;

(ii}) Imp(X) € Q4 (X);

(iv) Imp(X) C Q_(X);

(v) Imp(X) € R(X).

One may ask if every T' € Imp(X), X a complex Banach space,
whose spectrum is either finite or a sequence which clusters at 0, is an
inessential operator. The answer to this question is still negative, since
the counterexample given in Theorem 3.57 allows us to construct an
operator which disproves this conjecture, see ([19]) for details.

Theorem 3.59. There exists a complex Banach space X and a
quasi-nilpotent improjective operator T € L(X) such that T ¢ Z(X).

An important field in which Fredholm theory finds a natural ap-
plication is that of the incomparability of Banach spaces. There are
several notions of incomparability; for an excellent survey we refer to
Gonzéalez and Martinén [60]. Roughly speaking, two Banach spaces
X and Y are incomparable if there is no isomorphism between certain
infinite-dimensional subspaces.

Definition 3.60. Two Banach spaces X andY are said to be projec-
tion incomparable, or also totally dissimilar, if no infinite-dimensional
complemented subspace of X is isomorphic to a complemented subspace
of Y.

The next result shows that the notion of incomparabilty defined
above may be given in terms of improjective operators.

Theorem 3.61. Two Banach spaces X and Y are projection in-
comparable precisely when L(X,Y) = Imp(X,Y).

Another notion of incomparability is the following one introduced
by Gonzilez [58].

Definition 3.62. Two Banach spaces X and Y are said to be es-
sentially incomparable if L(X,Y) =Z(X,Y).
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JFrom the inclusion Z(X,Y) C Imp(X,Y) we immediately obtain:
X, Yessentially incomparable = X,Y projection incomparable.

Moreover, since the existence of T' € ®(X,Y") implies that ker T" has an
infinite-dimensional complement M isomorphic to T'(X) we also have:

X, Yprojection incomparable = ®(X,Y) = @.

The last implication, in general, cannot be reversed. In fact, if X =
LP[0,1] and Y = L9[0,1], with 1 < p < ¢ < o0, then ®(X,Y) = &,
whereas Z(X,Y) # L(X,Y), since both LP[0, 1] and L?[0, 1] have a com-
plemented subspace M isomorphic to #2, M the subspace spanned by
the Rademacher functions, see Lindenstrauss and Tzafriri [73].

Of course, all the examples in which L(X,Y) = Z(X,Y), provide
pairs of Banach spaces which are essentially incomparable. Analogously,
all the examples of Banach spaces for which L(X,Y) = Imp(X,Y") pro-
vide examples of projection incomparable Banach spaces. The next re-
sult is an obvious consequence of Theorem 3.51.

Theorem 3.63. Suppose that X or Y is a subprojective Banach
space. Then X and Y are projection incomparable precisely when X
and Y are essentially incomparable. Analogously, if X orY is superpro-
jective then X and Y are projection incomparable if and only if X and
Y are essentially incomparable. "

It should be noted that the two kinds of incomparability are not
the same. In fact, the example given in Theorem 3.57 also allows us
to show that the inequality Z(Z,Y) # L(Z,Y) does not imply that
Z has an infinite-dimensional complemented subspace isomorphic to a
complemented subspace of Y. Moreover, we see also that Imp(Z,Y)
being a subspace of L(Z,Y) does not imply Z(Z,Y) = Imp(Z,Y).

Theorem 3.64. There exist a pair of Banach spaces Z,Y for which
we have

I(Z,Y) # Imp(Z,Y) = L(Z,Y).

The construction of such a pair Z,Y may be found in Aiena and
Gonzélez [19].






CHAPTER 4

Spectral theory

The spectrum of a bounded linear operator 1" on a Banach space X
can be splitted into subsets in many different ways, depending on the
purpose of the inquiry. In this chapter we look more closely to some
parts of the spectrum of a bounded operator on a Banach space from
the viewpoint of Fredholm theory. In particular, we study some parts of
the spectrum, as the Weyl spectra and the Browder. We also introduce
some special classes of operators having nice spectral properties. These
operators include those for which the so-called Browder’s theorem and
Weyl’s theorem hold. In particular, we see that the localized single-
valued extension property studied in Chapter 2 is a precious tool in order
to produce a general framework for the classes of operators satisfying
the theorems above mentioned. Browder’s theorem and Weyl’s theorem
admit some variants, as a-Browder’s theorem, a-Weyl’s theorem and
property (w) that we study in last sections of these notes.

1. Weyl and Browder spectra

Given a bounded operator T' € L(X) the Fredholm spectrum, in
literature also called essential spectrum, is defined by

oi(T) :={A\eC: M\ —T ¢ ®(X)}.

By Corollary 1.52 we know that o¢(T") coincides with the spectrum of
T :=T+K(X) in the Calkin algebra L(X)/K(X), and hence, by Remark
2.4, if X is an infinite-dimensionsal complex Banach space then o¢(T') #
a.

Recall that the approzimate point spectrum is defined by

0a(T) :={\ € C: A\ — T is not bounded below, }
while surjectivity spectrum of T € L(X) is defined by
0s(T) :={X € C: \XI — T is not surjective}.

131
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By Theorem 1.6 we have 0,(T) = 0s(T*) and 05(T") = 0.(T*). The
classes of Weyl operators generate the following spectra:

1) the Weyl spectrum defined by
ow(T):={\eC: N[ -T ¢ W(X)},
the upper semi- Weyl spectrum defined by
ouw(T) :={AeC: N[ -T ¢ W, (X)},
and the lower semi- Weyl spectrum defined by
ow(T):={ANeC: N[ -T ¢ W_(X)}.

Note that ouw (1) C 0,(T") and o1 (T) C o5(T).
The results of the following theorem easily follows from duality.

Theorem 4.1. Let T € L(X). Then we have:
(i) ow(T) = ow(T™),
(ii) ouww(T) = o1w(T*) and o (T) = ouww(T™). Moreover,
ow(T) = ouw(T) U o (T).
(From Theorem 2.57 and Theorem 2.59 we also have
Theorem 4.2. Let T € L(X). Then we have
(33) ow(M) = [\ cuT+K), on(T)= [) o(T+K),
Kek(X) Kek(X)
and
(34) ow(T) = () o(T+K).
KeK(X)

It should be noted that, always by Theorem 2.57 and Theorem 2.59,
that the ideal IC(X') may be replaced by F(X) (actually, by every ®-ideal

D.
Of course, also the classes of Browder operators generate spectra.
The Browder spectrum defined by

op(T) :={ e C:A\[-T ¢ B(X)},
the upper semi-Browder spectrum defined by
o(T) ={A\e€C: N[ -T ¢ BL(X)},
and the lower semi-Browder spectrum defined by
op(T):={Ae€C: \[-T ¢ B_(X)}.
Also the following results follows by duality.
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Theorem 4.3. Let T € L(X). Then we have:
(i) ou(T) = o (T).
(ii) owp(T) = o (T*) and o (T) = ouw(T™). Moreover,

op(T) = oun(T) U o (T).
JFrom Theorem 2.62, Theorem 2.63 and Theorem 2.64 we also have:
Theorem 4.4. Let T € L(X). Then we have

(35)

o (T) = N oa(T+K), on(T) = N os(T+K),
KeK(X),KT=TK KeK(X),KT=TK

and

(36) op(T) = N o(T + K).

KeK(X),KT=TK
Evidently, the following inclusions hold:
oi(T) € ow(T) € on(T),

so, if X is an infinite-dimensional complex Banach space, oy (7)) and
op(T) are non-empty compact subsets of C. Again,

ouw(T) Cow(T) and o1 (T) C o (T),

and from Remark 1.53 it then easily follows that also oy (7") and o1 (1),
as well as ou,(T) and o1,(7"), are non-empty compact subsets of C.
The precise relationships between Weyl spectra and Browder spectra
are established in the following theorem:

Theorem 4.5. For a bounded operator T € L(X) the following
statements hold:

(1) Jub(T) - Juw(j1) U acc Ua(T)
(ii) ow(T) = o (T) U accos(T).
(iii) op(T') = 0w (T) Uacco(T).

Proof (i) If A ¢ ouw (1) Uacc 0,(T) then A\l —T € & (X) and 0,(T)
does not cluster at \. By Theorem 2.51 then T has SVEP at A, so by
Theorem 2.45 p(Al —T') < oo and hence A ¢ oy,(T"). This shows the
inclusion oy, (1) C ouww(T') U accoa(T).

Conversely, suppose that A\ € ouw(T) U acco,(T). If X € ouw(T)
then A\ € oy, (T), since ouw(T) C ouwp(T). If X € acc 0,(T") then A €
Ouw (1) or A ¢ ouw(T). In the first case A € oy,(T). In the second case
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M —T € &,(X), so by Theorem 2.51 T does not have the SVEP at A,
and hence p(A] —T') = oo by Theorem 2.45. From this we conclude that
A € oy (T). Therefore the equality (i) is proved.

The proof of the equality (ii) is similar. The equality (iii) follows
combining (i) with (ii) and taking into account the equality o(7T') =
oa(T) Uos(T). .

In the particular case that T" or T* has SVEP we can say more:

Theorem 4.6. Suppose that T € L(X).
(i) If T has SVEP then ow(T) = op(T') = o (T).
(ii) If T* has SVEP then ow(T) = on,(T) = ouw(T).
(iii) If either T or T™ has the SVEP. Then
UUW(T) = Jub(jj) and UIW(T) = Ulb(T)‘

Proof (i) We show the inclusion o,(T") C ow(T). If A ¢ 0w (1) then
A —T € W(X) and the SVEP ensures, by Theorem 2.45 that p(A —
T) < co. Since Al —T € W(X) it the follows, by Theorem 1.21, that
g(AM —T) < oo, thus A ¢ o,(T"). The opposite inclusion holds for every
T e L(X), so ow(T') = o,(T). To show the equality o,(T") = o1,(T") we
need only to prove that op(T) C o (T). If X ¢ o1,(T) then N[ — T €
¢_(X) and g(AI —T) < co. The SVEP implies by Theorem 2.45 that
p(AM —T) < 00, hence by Theorem 1.21 (A —T) = (M - T) < o0,
thus A ¢ o (7).

(ii) The equalities may be shown arguing as in part (i), just use
Theorem 2.46 instead of Theorem 2.45.

(iii) Suppose first that T' has the SVEP. By part (ii) of Theorem 4.5,
to show that ou,(T) = ouww(T), it suffices to prove that acc o,(T) C
ouw (7). Suppose that A\ ¢ ouw(T). Then A\l — T € &,(X) and the
SVEP at A ensures that o,(7T") does not cluster at A, by Theorem 2.51.
Hence A ¢ acc 0,(T).

To prove the equality o,(T) = o1 (T) it suffices to show that
o (T) C o1 (T). Suppose that X ¢ o1 (T). Then A\ - T € ®_(X) with
BN —T) < (M —T). Again, the SVEP at A gives p(Al —T) < o0,
and hence by part (i) of Theorem 1.21 a(A —T') = B(A — T'). At this
point the finiteness of p(Al — T') implies by part (iv) of Theorem 1.21
that also ¢(AI — T') is finite, so A ¢ oy, (7). Therefore oy, (T) C o1 (7T),
and the proof of the second equality is complete in the case that T has
the SVEP.

Suppose now that 7 has SVEP. Then by the first part oy, (7%) =
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ouw(T%) and op,(T*) = o1 (T™*). By duality it follows that o, (T) =
o1w(T) and ouwp(T) = ouw(T).
The equality ow(T) = op(T) follows from o,(T) = ouw(T) U o (T)
and ow(T') = ouw(T) U o (T). .
By Theorem 2.77 and Theorem 2.81 Browder spectra and Weyl spec-
tra are invariant under Riesz commuting perturbations.

Theorem 4.7. Suppose that T € L(X) and R a Riesz operator
commuting with T. Then we have

(i) ouw(T) = ouw(T + R) and 01w(T) = 01w (T + R).
(ii) owp(T) = own(T + R) and o1,(T) = o (T + R).
(iii) op(T) = on(T'+ R) and ow(T) = ow(T' + R).

It has some sense to ask whenever the approximate point spectrum
is stable under Riesz commuting perturbations. The answer is negative,
also for commuting finite-dimensional perturbations. However, we have
the following result:

Theorem 4.8. Suppose that T € L(X) and K € L(X) a finite-
dimenstonal operator commuting with T'. Then we have

(i) accoa(T) = acco,(T + K).
(ii) accos(T) = accos(T + K).

Proof We show first acco,(T + K) = 0,(T).Suppose first that T is
injective. We show that K(X) C T(X). Let {y1,...yn} be a basis of
K(X). Then {Ty1,...Tyy,} is a linearly independent, since 7" is injec-
tive. Moreover, Ty; € K(X) since if y; = Ky; for some z; € X then
Ty; = TKy; = KTy; € K(X). Since K(X) is the subspace generated
by {T'yi,...Tyy} it then follows that K(X) C T(X). Suppose now
that 1 ¢ acco,(T") and choose € > 0 such that for all 0 < A — u| < ¢
we have Al — T is bounded below. Also, there exists a bounded op-
erator 71 : (Al — T)(X) — X such that (A] — T)T} is the restric-
tion of I on (Al — T)(X) while T4y(AM —T) = Ix. Since K(X) is a
finite-dimensional subspace of the Banach space (M — T)(X) we may
find a closed subspace M such that K(X) & M = (M — T)(X). Sup-
pose that A € o,(T + K). Then there exists a sequence (z,) C X
such that ||z,| =1 and (M — (T + K))x,, — 0. We can assume that
Kz, — z € K(X). Now,

0=1mTy(\N — (T + K))zp, = lim(z, + T1 Kx,,),
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and since Tyx, — Tix we obtain z,, — —Tiz. Since ||z,| = 1 it follows
that x # 0. Clearly,

x=limKz, = —-KTiz € K(X).

Also, M —T)x = —(M — T)KT1x = —Kz and (\I — (T 4+ K))z = 0.
Hence if A € 0,(T' 4+ K) then A is an eigenvalue of T'+ K. It is known
that eigenvectors corresponding to distinct eigenvalues of T'+ K are
linearly independent and this contradicts the finite dimension of K (X).
Therefore 0,(T + K) may contain only finitely many points A such that
0 < |A —p| < e. Therefore p ¢ acco,(T + K). The opposite inclusion
easily follows by symmetry.

(i) Follows by duality. .

Theorem 4.9. Suppose that T € L(X) and Q a quasi-nilpotent
operator commuting with T. Then o,(T) = 0.(T + Q) and os(T) =
os(T'+ Q).

Proof The inclusion 0,(T'+.S) C 0,(T) +04(S) holds for all commuting
operators T, S € L(X), see [76, p.256]. Therefore, o,(T+ Q) C 04(T) +
{0} = 04(T"). The opposite inclusion is obtained by symmetry: o, (1) =
oa(T+Q — Q) C oa(T + Q). The equality o5(T) = os(T + Q) follows
by duality. "

2. Regularities

Let H(o(T)) be the set of all complex-valued functions which are
locally analytic on an open set containing o(7"). In Chapter 2 for every
f € H(o(T)) we have defined by the functional calculus the operator

f(T) - 27”/f YOI = T) "t

It is well-known that the spectral mapping theorem holds for T, i.e.
([68, Theorem 48.2]) :

Theorem 4.10. If T € L(X), X a Banach space, then o(f(T)) =
fo(T)).

It is natural to ask whether the spectral theorem holds for some of
the spectra previously defined. To answer to this question we introduce,
in the more general context of Banach algebra the concept of regularity.
Let A be an unital Banach algebra with unit u, and let denote by inv.4
the set of all invertible elements.
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Definition 4.11. A non-empty subset R of A is said to be a regu-
larity if the following conditions are satisfied:

(i) ae Rea” €R foralln € N.

(i) If a, b, ¢, d are mutually commuting elements of A and ac+bd = u
then

abe R acR and b e R.

It is easily seen that if R is a regularity then v € R and inv.A C R.
Moreover,if a,b € A, ab = ba, and a € inv.A then

(37) abe R<=beR.

In fact aa=! 4+ b0 = u, so the property (ii) above applies.

It is easy to verify the following criterion.

Theorem 4.12. Let R # & be a subset of A. Suppose that for all
commuting elements a,b € A we have

(38) abe R aeR andbeR.
Then R is a regularity.

Denote by
or(a) ={Ae€C: u—a¢ R},

the spectrum corresponding to the reqularity R. Obviously, inv A is a reg-
ularity by Theorem 4.12, and the corresponding spectrum is the ordinary
spectrum. Note that og(a) may be empty. For instance if A := L(X)
and R = L(X). The proof of the following result is immediate.

Theorem 4.13. The intersection R of a family (Ra)a of regularities
1 again a reqularity. Moreover,

or(a) = Jora(a), a€ A

The union R of a directed system of reqularities (Rq)a 1S again a regu-
larity. Moreover,

or(a) =(ora(a), a€A

Now we state the spectral mapping theorem for regularities:
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Theorem 4.14. Suppose that R is a regularity in a Banach algebra
A with unit u. Then or(f(a)) = f(or(a)) for every a € A and every
f € H(o(a)) which is non-constant on each component of its domain of
definition.

Proof It is sufficient to prove that

(39) p ¢ or(fla)) < pé flor(a)).

Since f(A)—p has only a finite number of zeros Ay, ..., A\, in the compact
set o(a) then we can write

F) == =A)" - (A= A)" - g(A),

where ¢ is an analytic function defined on an open set containing o(a)
and g(\) # 0 for A € o(a). Then f(a) — pu = (a — Mu)*---(a —
Anu)’™ - g(a), with g(a) invertible by the spectral mapping theorem for
the ordinary spectrum. Therefore, (39) is equivalent to

(40) fla)—pueR<a—-—NueR forallk=1,...n.

But g(a) is invertible, so, by (37) and the definition of a regularity, (40)
is equivalent to saying

(41)

(a—=Mw)" - (a—Mu)"eR < (a— ) eR forallk=1,...n

Since for all relatively prime polynomials p,q there exist polynomials
p1, q1 such that pp; + gq1 = 1 we have p(a)p1(a) + ¢(a)gi(a) = u and
applying property (ii) of Definition 4.11 we then obtain, by induction,
the equivalence (41). .

In the assumptions of Theorem 4.14 the condition that f is non con-
stant on each component cannot dropped. In fact, the spectral mapping
theorem for constant functions cannot be true if og(a) = @ for some
ac A and 0 ¢ R.

Let us consider a regularity R(X) C L(X) and let X;, X2 be a pair
of closed subspaces of X for which X = X7 & Xs. Define

Ri:= {Tl S L(Xl) 2T @IX2 S R}
and
Ro = {TQ € L(Xg) : IXl ®Ty e T\’,},

It is easy to see that both R; and Ro are regularity in L(X;) and
L(X3), respectively. Moreover, 71 @ Ty € R(X) < T) € R1(X1) and
T5 € Ra(X2). We also have og (11 ®T1%) = or, (T1)Uor,(T2). The proof
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of the following result, together other properties of regularities, may be
found in [84, Chapter 6]

Theorem 4.15. Let R be a regularity in L(X), and suppose that for
all closed subspaces X1 and Xo, X = X1 & Xo, such that the regularity
R1 # L(X1) and o, (T1) # @ for all Ty € L(X1). Then

or(f(T)) = f(or(T))
for every T € L(X) and every f € H(o(T)).

In many situations a regularity decomposes as required in Theorem
4.15. For instance if R := {T' € L(X) : T is onto} and X = X; & Xo
then R; = {T; € L(X;) : T; is onto}, ¢ = 1,2, and T} & T3 is onto if
and only if Ty, T5 are onto. Thus the spectral mapping theorem for
all f € H(o(T)) is reduced, by Theorem 4.15 to the question on the
non-emptiness of the spectrum.

Let us consider the following sets:

(1) Ry :={T € L(X) : T is bounded below}. In this case og,(T) =
oa(T).

(2) Ry :={T € L(X) : T is onto}. In this case or,(T) = o5(T).

(3) R3 := ®,(X). The corresponding spectrum is the upper semi-
Fredholm spectrum oust(T), known in literature also as the essential ap-
prozimate point spectrum.

(4) Ry := ®_(X). The corresponding spectrum is the lower semi-
Fredholm spectrum os¢(T'), known in literature also as the essential sur-
jective spectrum.

(5) Rs := B4 (X). The corresponding spectrum is o(T).

(6) R¢ := B_(X). The corresponding spectrum is oy(7T).

(7) R7 == {T € L(X) : T is semi-regular}. In this case og,(T) is
called the Kato spectrum.

(8) Rg :={T" € L(X) : T is essentially semi-regular}. In this case
ors(T) is the essentially semi-regular spectrum.

(9) Rg :={T € L(X) : T is Saphar}. In this case 05, (T") := or,(T)
is called the Saphar spectrum.

All the sets R;, ¢ = 1,2,...,9 are regularities. The spectral mapping
theorem holds for all these spectra:
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Theorem 4.16. If T € L(X) and f € H(o(T)) then or,(f(T)) =
flor, (1)), for alli=1,2,...,9.

Proof All the regularities R; satisfy the conditions of Theorem 4.15,
see Chapter III of [84]. The reader may also find a proof of the spec-
tral mapping theorem for these spectra, not involving the concept of
regularity, in [1]. .

For an arbitrary operator 7' € L(X) on a Banach space X let
E(T):={A e C:T does not have the SVEP at A} .

i From the identity theorem for analytic functions it readily follows that
Z(T) is open and consequently is contained in the interior of the spec-
trum o(T"). Clearly Z(T) is empty precisely when 7" has the SVEP.
The next result proved by Aiena, Miller and Neumann [12] shows that
the spectral mapping theorem holds for Z(7"), see also [1, Chapter 2]

Theorem 4.17. Let T € L(X), X a Banach space. Let f :U — C
be an analytic function on the open neighborhood U of o(T). Suppose
that f is non-constant on each of the connected components of U. Then
f(T) has the SVEP at A € C if and only if T has the SVEP at every
point p € o(T) for which f(p) = X. Moreover, f(Z(T)) = Z((f(1)).

An important consequence of Theorem 4.17 is given by the following
result ([1, Chap 2]):

Theorem 4.18. Let T € L(X), X a Banach space, and f:U — C
an analytic function on the open neighborhood U of o(T). If T has the
SVEP then f(T') has the SVEP. If f is non-constant on each of the
connected components of U, then T has the SVEP if and only if f(T)
has the SVEP.

The spectral mapping theorem does not hold for Weyl spectra. We
only have

ouw (f(T)) € flow(T)) ow(f(T)) € flow(T)),
and
ow(f(T)) € flow(T))

for all f € H(o(T)), see Theorem 3.63, Theorem 3.67 of [1]. This
inclusions may be strict, see Example 3.64 of [1].
However we have the following result.
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Theorem 4.19. Suppose that for T € L(X) either T or T* has
SVEP. Then the spectral theorem holds for ouyw(T), o1w(T) and o (T)

for all f € H(o(T)).
Proof If T has SVEP then f(T') has SVEP and hence, by Theorem
46,
ouw (f(T)) = o (f(T)) = f(own(T)) = f(ouw(T)).
If 7% has SVEP then f(7%) = f(T)* has SVEP, hence by Theorem 4.6
1w (f(T)*) = ow(f(T)") = flow(T") = f(ow(T7)).

By duality then ouw (f(T)) = f(ouww(T)), as desired.
The spectral mapping theorem for o, (7T') and o (7)) may be proved in
a similar way:. .

3. Browder’s theorem
For a bounded operator 7' € L(X) let us define
poo(T) i= o(T) \ oy (T) = {A € o(T) : X[ - T € B(X)},
the set of all Riesz points in o(T'), and let
moo(T) :={A €isoo(T): 0 < a(A\] -T) < o0.}
Finally, let us consider the following set:
A(T):=0(T)\ ow(T).

Evidently, if A € A(T) then A\l — T € W(X) and since A € o(T) it
follows that a(A —T') = B(AI —T') > 0, so we can write

AT)={AeC: A -TeW(X),0<a -T)}.
Lemma 4.20. For everyT € L(X) we have poo(T") C moo(T)NA(T).
Proof If A\ € poo(T) then \I —T € B(X) and p(Al —T) = g(A\ —
T) < o0, so A is isolated in o(7T). Furthermore, since A\I — T € W (X),

we have 0 < a(A — T'), otherwise by Theorem 1.21, we would have
a(AM —T)= (N —T) =0, hence A ¢ o(T'), a contradiction. .

The following concept has been introduced in 1997 by Harte and W.
Y. Lee [67].

Definition 4.21. A bounded operator T is said to satisfy Browder’s
theorem if
ow(T) = ou(T),
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or equivalently, by Theorem 4.5, if
(42) acco(T) C ow(T).
Browder’s theorem is satisfied by several classes of operators:

Theorem 4.22. Suppose that T or T has SVEP. Then Browder’s
theorem holds for f(T) for every f € H(o(T)).

Proof It is immediate from Theorem 4.6, since f(7T') or f(7')* has SVEP
by Theorem 4.18. "

In general, Browder’s theorem and the spectral mapping theorem are
independent. In [67, Example 6] is given an example of an operator T’
for which the spectral mapping theorem holds for o (7") but Browder’s
theorem fails for 7. Another example [67, Example 7| shows that there
exist operators for which Browder’s theorem holds while the spectral
mapping theorem for the Weyl spectrum fails.

The following result shows that Browder’s theorem is equivalent to
the localized SVEP at the points of the complement in C of o (T).

Theorem 4.23. For a bounded operator T € L(X) following state-
ments are equivalent:

) poo(T') = A(T);

i) T satisfies Browder’s theorem;
iii) T satisfies Browder’s theorem;
v) T has SVEP at every A ¢ ow(T);
(v) T* has SVEP at every A ¢ oy (T).

Proof (i) = (ii) Suppose that poo(T) = A(T). Let A\ ¢ ow(T') be
arbitrary. We show that A ¢ o,(7). If A ¢ acc o(T") then by Theorem
4.5 we have X\ ¢ o1,(T). Consider the other case A € acc o(7"). Since
o(T) is closed then A € o(T') and since \I — T € W(X) it must be 0 <
a(AM —T) = B(A —T). Therefore A € A(T') = poo(T) = o(T') \ on,(71),
thus A ¢ 0,(T"). Hence 0,(T') C 0w (T') and since the reverse inclusion
is satisfied by every operator we then conclude that oy, (T') = oy (T), i.e.
T satisfies Browder’s theorem.

(ii) < (iii) Obvious, since o, (1) = o,(T™*) and ow(T') = ow(T™).

(ii) = (iv) Assume that op(T") = ow(T). If X ¢ 0w (T) then A\ =T €
B(X) so p(Al —T') < co and hence T has SVEP at .

(iv) = (v) Suppose that T" has SVEP at every point A € C\ o (7).
For every A ¢ oy (T) then \I —T € W(X), and the SVEP at X implies

(i
(i
(
(i
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that p(Al — T') < co. Since (AN —T) = (A — T') < ¢ it then follows
by Theorem 1.21 that ¢(AI —T') < oo, and consequently, T has SVEP
at A

(v) = (i) Suppose that A € A(T). We have \[ — T € W(X) and
hence ind(AI —T') = 0. By Theorem 2.46 the SVEP of T* at A implies
that ¢(Al — T) < oo and hence, again by Theorem 1.21, also p(Al —
T) is finite. Therefore A € o(T') \ op(T) = poo(T). This shows that
A(T) C poo(T) and by Lemma 4.20 we then conclude that equality
poo(T) = A(T) holds. .

The following example shows that SVEP for T or T™ is a not neces-
sary condition for Browder’s theorem.

Example 4.24. Let T := L & L* & (), where L is the unilateral left
shift on ¢2(N), defined by
L(x1,@2,...) = (z2,23,++), (¥n) € EQ(N)a

and @ is any quasi-nilpotent operator. Note that L is surjective but not
injective, so by Corollary 2.25 L does not have SVEP, so also T' and
T* do not have SVEP, see Theorem 2.9 of [1]. On the other hand, we
have oy, (T) = ow(T) = D, where D is the closed unit disc in C, thus
Browder’ theorem holds for T'.

Let us write iso K for the set of all isolated points of K C C. A very
clear spectral picture of operators for which Browder’s theorem holds is
given by the following theorem:

Theorem 4.25. For an operator T' € L(X) the following statements
are equivalent:

(i) T satisfies Browder’s theorem;

(ii) Every A € A(T) is an isolated point of o(T);

(iii) A(T) € 9a(T), 0a(T) the topological boundary of o(T);

(iv) int A(T) = 0;

(v) o(T) = ow(T) Uisoo(T).
Proof (i) = (ii) If T satisfies Browder’s theorem then A(T") = poo (1),
and in particular every A € A(T) is an isolated point of o(7T').

(ii) = (iii) Obvious.

(iii) = (iv) Clear, since int do(T') = 0.

(iv) = (v) Suppose that int A(T) = 0. Let \g € A(T) = o(T) \
ow(T). We show first that A\g € do(T"). Suppose that A\g ¢ do(T"). Then

=
=
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there exists an open disc centered at A\g contained in the spectrum. Since
Mol —T € W(X) by the classical punctured neighborhood theorem there
exists another open disc D centered at Ag such that A\ — T € W (X) for
all A € D. Therefore A\g € int A(T'), which is impossible. This argument
shows that o(T') = 0w (T) U 9o (T).

Now, if A € 9o(T) and A ¢ 0w (T) then A\ — T € W(X) and,
since both T" and T™ have SVEP at every point of do(T') = do(T™*), by
Theorem 2.45 and Theorem 2.46 we have p(A — T) = g\l — T') < oo.
Therefore \ is an isolated point of o(7T") and this entails that o(T) =
ow(T)Uisoo(T).

(v) = (i) Suppose that o(T') = ow(T) Uisoo(T'). Let A € o(T) \
ow(T). Then A € isoo(T). Since T' and T have SVEP at every isolated
point of o(T) and A\l — T € W(X) it then follows that p(A] —T) =
g(AM —T) < 00,80 A ¢ op(T). Therefore o,(T") = 0w (T). .

Let ©(M, N) be the gap between two closed subspaces M and N of a
Banach space X, defined in the first chapter. The function © is a metric
on the set of all linear closed subspaces of X, see [71, §2, Chapter V]
and the convergence M,, — M is obviously defined by ©(M,,, M) — 0
as n — 0o.

Theorem 4.26. For a bounded operator T € L(X) the following
statements are equivalent:

(i) T satisfies Browder’s theorem;

(ii) the mapping X — ker(AI — T') is not continuous at every point
A € A(T) in the gap metric;

(iii) the mapping X — (A — T) is not continuous at every point
A e A(T);

(iv) the mapping A — (A — T')(X) is not continuous at every point
A € A(T) in the gap metric.

Proof

(i) = (ii) By Theorem 4.25 if T satisfies Browder’s theorem then
A(T) Cisoo(T). For every A\g € A(T) we have a(Agl —T) > 0 and
since )¢ is an isolated point of o(T') there exists an open disc D()\, €)
such that a(A] — T) = 0 for all A € D(Xg,e) \ {No}. Therefore the
mapping A — ker(AI — T') is not continuous at A\¢ in the gap metric.

(ii) = (i) Let Ao € A(T") be arbitrary. By the punctured neighbor-
hood theorem there exists an open disc D(\g, €) such that, A\I-T € ®(X)



3. BROWDER’S THEOREM 145

for all A € D(Ag,€), a(A] —T) is constant as A ranges on D(Ag, &)\ { Ao},
ind(AI = T) =ind(Agl —T) forall Xe&D(Ay,e),
and
0<aM—-T)<a(rl—-T) forall X €D(N,e).
The discontinuity of the mapping A — ker(AI — T') at every A € A(T)
implies that
0<aM —T)<aMI—T) foral A€ D(Ag,e)\{ o}

We claim that a(A —T) = 0 for all A € D(Ng,€) \ {Xo}. To see this,
suppose that there is A\; € D(Ag,¢) \ {Ao} such that a(A\ I —T) > 0.
Clearly, \; € A(T), so arguing as for Ao we obtain a Ay € D(\g,¢) \
{0, A1} such that

0< Oé()\gf — T) < Oé()\lf - T),

and this is impossible since a(AI — T') is constant for all A € D(\g, ) \
{Ao}. Therefore 0 = a(Al —T) for A € D(Ao,e) \ {M\o}, and since
M —T € W(X) for all A € D(\g,e) we conclude that a(A] — T) =
BN —T) =0 for all A € D(Ng,e) \ {Mo}. Hence \g € isoo(T), thus T
satisfies Browder’s theorem by Theorem 4.25.

To show the equivalences of the assertions (ii), (iii) and (iv) observe
first that since for every A\g € A(T") we have \gI —T € ®(X) and hence
the range (A — T")(X) is closed for all A near to A\g. The equivalences
(ii) < (iii) < (iv) then follow from Theorem 1.38 of [1]. .

Browder’s theorem may be also characterized by means of the Saphar
spectrum, defined as

0sa(T) :={A € C: X[ — T is not Saphar}.
Theorem 4.27. For a bounded operator T each of the following

statements is equivalent to Browder’s theorem:
(i) A(T) C 0yo(T);
(ii) A(T) Cisoose(T);
(iii) A(T) C 0sa(T);
(iv) A(T) Cisoog(T).
Proof By Theorem 1.38 of [1] the equivalent conditions of Theorem

4.26 are equivalent to saying that A\ — T is not semi-regular for all
A e A(T).
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(i) < (ii) The implication (ii) = (i) is obvious. To show that (i) =
(ii) suppose that A(T') C og(T). If Ao € A(T) then \oI — T € P (X)
so Aol — T is essentially semi-regular, in particular of Kato type. By
Theorem 1.64 there exists an open disc D(Ag, €) such that A\l —T is semi-
regular for all A € D(Ag,e) \ {Ao}. But Aoy € 05(T), so Ay € iso 0 (T).

(i) < (iii) The implication (i) = (iii) is immediate, since o4 (T") C
osa(T).

To show the implication (iii) = (i) suppose that A(T') C 04, (T'). Let
A€ A(T). Then (M —T) < oo and since A\l — T € W(X) it follows
that (Al — T') < oco. Clearly, ker(\ — T') is complemented, since it is
finite-dimensional, and (A — T")(X) is complemented, since it is closed
and finite-codimensional. Therefore T' admits a generalized inverse, by
Theorem 1.10, and from X\ € o4, (T) it then follows that AT — T is not
semi-regular. Thus A(T') C o4 (7).

(iv) = (iii) Obvious.

(ii) = (iv) Let Ao € A(T"). Since Aol —T € W(X), it there exists an
open disc D centered at Ag such that A\l — T € W(X) for all A € D, so
Al — T is Fredholm and hence admits a generalized inverse for all A €
D(Ag,€). On the other hand, Ay is isolated in g (7"), so A\g € 180 0ga(T).

We now establish some characterization of operators satisfying Brow-
der’s theorem in terms of the quasi-nilpotent parts Ho(AI —T').

Theorem 4.28. For a bounded operator T € L(X) the following
statements are equivalent;

(i) Browder’s theorem holds for T

(ii) Ho(A —T) is finite-dimensional for every A € A(T);

(iii) Ho(A —T) is closed for all A € A(T);

(iv) K(M —T) is finite-codimensional for all A € A(T).
Proof (i) < (ii) Suppose that T" satisfies Browder’s theorem. By The-
orem 4.23 then

A(T) = poo(T) = o(T) \ ow(T).

If A€ A(T) then \I =T € B(X), so A is isolated in ¢(T") and hence T’
has SVEP at A. We also have that A\ — T € ®(X), so, from Theorem

2.47 we conclude that Hyo(A — T') is finite-dimensional.
Conversely, suppose that Hy(AI — T') is finite-dimensional for every
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A € A(T). By Theorem 2.45 then T has SVEP at every A € A(T)
and since A\I — T € W(X) we also have, again by Theorem 2.45, that
p(AMl —T) < oo. Since (Al —T) = (M —T) < oo it then follows
that ¢(A —T) < oo, hence A\l — T € B(X) for all A € A(T). Hence

A ¢ o (T).

On the other hand, A(T) C o(T), so A(T') C poo(T). By Lemma
4.20, it follows that A(T) = poo(T), and by Theorem 4.23 we then
conclude that T satisfies Browder’s theorem.

(ii) < (iii) is clear by Theorem 2.47.
To show the equivalence (ii) < (iv) observe that, by Theorem 4.25,

Browder’s theorem is equivalent to saying that every A € A(T) is an
isolated point of o (7).

The equivalence (ii) < (iv) follows by Theorem 2.9. .

Browder’s theorem is preserved under some commuting perturba-
tions:

Theorem 4.29. If T € L(X), R is a Riesz operator commuting
with T, then T satisfies Browder’s theorem if and only if T + R satisfies
Browder’s theorem.

Proof By Theorem 4.7 0w (7T) and o,(7) are invariant under Riesz
commuting perturbations. "

4. a-Browder’s theorem

An approximation point version of Browder’s theorem is given by
the so-called a-Browder’s theorem.

Definition 4.30. A bounded operator T € L(X) is said to satisfy
a-Browder’s theorem if

ouw(T) = oun(T),
or equivalently, by Theorem 4.5, if
accoa(T) C ouw(T).
Define
Po(T) = 0u(T) \ 5 (T) = A € 0o (T) : NI =T € B (X)}.

Let
Ay(T) :=0a(T) \ ouw(T).
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Since A\ — T € W, (X) implies that (Al —T)(X) is closed, we can write
Ag(T)={AeC: N[ -T eWy(X),0<aM-T)}.

It should be noted that the set A,(T) may be empty. This is, for in-
stance, the case of a right shift on ¢2(N).

Lemma 4.31. For every T € L(X) we have

(1) pio(T) C who(T). In particular, every A € pgy(T') is an isolated
point of oa(T).

(i) pgo(T) € Aa(T) € 0a(T).

Proof (i) If A € pfy(T) then A\l —-T € &, (X) and p(A[ —T) < co. Since
T has SVEP at A this implies that A is isolated in 0,(7"). Furthermore,
0 < aM —T) < o0, since \I — T € B4(X) has closed range and
A € 0,(T'). Therefore, X € w§y(T).

(ii) The inclusion p§y(T") C A4(T) is immediate, since By (X) C
Wo(X), Al =T has closed range and X € 0,(T"). The inclusion A,(T) C
0a(T') is obvious. .

Theorem 4.32. For a bounded operator T € L(X), a-Browder’s
theorem holds for T if and only if p§y(T) = Au(T). In particular, a-
Browder’s theorem holds whenever A,(T) = ().

Proof Suppose that T satisfies a-Browder’s theorem. Clearly, the
equality pd,(T) = A4(T) holds whenever A,(T) = ). Suppose then
Ay (T) # 0 and let A € Ay(T). Then M — T € Wy (X) and X € o,(7T).
From the equality oy (T') = oup(T) it then follows that \[—-T € B, (X),
s0 A € pio(T). Hence Ay (T') C pgy(T), and hence pfy(T) = Ag(T).

Conversely, suppose that pd,(T) = A,(T). Let A ¢ ouw(T). We
show that A ¢ ouw(T). If A ¢ acc 0,(T) then by part (i) of Theo-
rem 4.5 we have A\ ¢ ou,(7T). Consider the other case A € acc o, (7).
Since 0,(T) is closed then A € o,(T) and (A — T)(X) being closed
it must be 0 < a(A — T). Moreover, A\ — T € W, (X) and hence
A€ Ay(T) = pio(T) = 0a(T) \ oun(T), thus A ¢ ouw(T). Therefore
we have oy (T') C ouw(T') and since the reverse inclusion is satisfied by
every operator we then conclude that oy (T) = ouww(T), i.e. T satisfies
a-Browder’s theorem.

The last assertion is clear. n

Theorem 4.33. Suppose that either T or T* has SVEP. Then a-
Browder theorem holds for f(T) and f(T)* for all f € H(o(T)).
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Proof Either f(T) or f(T)* has SVEP, by Theorem 4.18, and by
Theorem 4.6 we then have oy, (f(T)) = ouww(f(T)), so f(T) satisfies
a-Browder’s theorem. a-Browder’s for f(T')* follows by duality and by
Theorem 4.6. "

A precise description of operators satisfying a-Browder’s theorem
may be also given in terms of SVEP at certain sets.

Theorem 4.34. If T € L(X) the following statements hold:

(i) T satisfies a-Browder’s theorem if and only if T has SVEP at
every A\ ¢ ouw(T).

(il) T* satisfies a-Browder’s theorem if and only if T* has SVEP at
every A ¢ o1 (T).

(iii) If T has SVEP at every A\ ¢ o1 (T") then a-Browder’s theorem
holds for T™.

(iv) If T* has SVEP at every \ ¢ ouw(T) then a-Browder’s theorem
holds for T'.

Proof (i) Suppose that oy, (1) = ouw(T). If A ¢ ouw(T') then AT —T €
By (X) so p(AI = T) < oo and hence T has SVEP at A\. Conversely, if
T has SVEP at every point which is not in ouy(7'), then for every \ ¢
ouw(T), Al =T € ®(X) and the SVEP at A by Theorem 2.45 implies
that p(AI —T') < oo, and hence A ¢ oyu(T'). Therefore oy (T') = ouw (7).

(ii) Obvious, since o1y (T") = ouw (T7).

(iii) Suppose that 7" has SVEP at every point which does not belong
to 1w (T). If A & ouw(T™) = 01w(T") then A\ =T € &_(X) with ind(\] —
T) > 0. By Theorem 2.45 the SVEP of T at \ entails that p(Al —T) <
oo and hence by Theorem 1.21 we have ind(AI — T') < 0. Therefore,
ind(A —T') = 0, and since p(A —T) < oo we conclude by Theorem 1.21
that gOM —T') < 00,50 A & 01,(T) = o (T™). Thus oy (T*) C ouw(T™)
and since the reverse inclusion holds for every operator we conclude that
oub(T*) = ouw (T).

(iv) If X ¢ ouw(T) then A\ =T € W, (X) and hence ind(A] —T") < 0.
Since A\l — T € &, (X) the SVEP of T* at A implies that ¢(A —T') <
oo and hence by Theorem 1.21 we have ind(A — T) > 0. Therefore
ind(Al —T) = 0, and since g(A] —T) < oo it then follows that also
p(Al —T) is finite, see Theorem 1.21. Consequently, A ¢ ou,(1) from
which we conclude that oy (1) = ou(T). .
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Since ouw(T) C ow(T), from Theorem 4.34 and Theorem 4.23 we
readily obtain:

a-Browder’s theorem for T' = Browder’s theorem for 7.

Note that the reverse of the assertions (iii) and (iv) of Theorem 4.23
generally do not hold. An example of unilateral weighted shifts T
on ¢P(N) for which a-Browder’s theorem holds for T' (respectively, a-
Browder’s theorem holds for 7% ) and such that SVEP fails at some
points A ¢ o1 (T") (respectively, at some points A ¢ ouw(7) ) may be
found in [9].

The following results are analogous to the results of Theorem 4.25
and Theorem 4.26, and give a precise spectral picture of operator satys-
fing a-Browder’s theorem.

Theorem 4.35. For a bounded operator T € L(X) the following
statements are equivalent:

(i) T satisfies a-Browder’s theorem;

(ii) Aa(T) C iso Ua(T);

(iii) Ag(T) C 0oa(T), 0oa(T) the topological boundary of oa(T);

(iv) the mapping X — ker(A — T) is not continuous at every point
A € Ay(T) in the gap metric;

(v) the mapping A\ — (A — T') is not continuous at every point
A€ A(T);

(vi) the mapping X\ — (A — T)(X) is not continuous at every A €
AL (T) in the gap metric;

(vii) Aa(T) € 0se(T);

(viii) Ag(T') Cisoose(T);

(ix) 0a(T) = ouw(T) Uisoo,(T).

Proof The equivalences are obvious if A,(T) = 0, so we may suppose
that Ay (T) is non-empty.

(i) © (ii) By Theorem 4.32 if T satisfies a-Browder’s theorem then
Ao(T) = pgo(T), so by Lemma 4.31, part (i), every A € Ay(T') is an
isolated point of ¢,(T"). Conversely, suppose that Ay(T) C isoo,(T)
and take A € Ay(T). Then T has SVEP at A, since A is an isolated
point of 0,(7T'), and being A\ —T € ¢ (X) the SVEP at X is equivalent
to saying that p(Al —T") < oo, and hence A\l — T € By (X). Therefore,
A € p§o(T), from which we conclude that A, (T) = pgy(T).
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(ii) = (iii) Obvious.

(iii) = (ii) Suppose that the inclusion A,(T") C 00,(T") holds. Let
Ao € Ay(T) be arbitrary given. We show that T" has SVEP at Ag. Let
f U — X be an analytic function defined on an open disc U of Ag which
satisfies the equation (Al —T")f(A) =0 for all A € U. Since \g € 0o,(T)
we can choose p # Ao, i € U such that pu ¢ 0,(7"). Consider an open
disc W of p such that W C U. We know that 7" has SVEP at u, so
f(A) =0 for all A € W. The identity theorem for analytic functions
then implies that f(A\) = 0 for all A € U, hence T has SVEP at \o.
Finally, Aol — T € ®,(X), since A\g € Ay(T). The SVEP at Ag then
implies that o, (7") does not cluster at Ao, and A,(T") being a subset of
0a(T') we then conclude that Ay € iso 0, (T).

(ii) = (iv) Suppose that A, (T) C isoo,(T). For every A\g € Ay (T)
then a(Aogl —T') > 0 and since A\g € iso0,(T) there exists an open disc
D(Ng, e) such that a(A] —T) = 0 for all A € D(Ng,e) \ {\o}. Therefore
the mapping A — ker(AI — T') is not continuous at Ag.

(iv) = (ii) Let A\g € A4(T) be arbitrary. By Theorem 1.58 there
exists an open disc D(Ao, €) such that a(A] —T') is constant as A ranges
on D(Ag,e) \ {Mo}, Ml =T € @ (X) for all A € D(Ag, ),

ind(AI —T) =ind(MNI —T) forall XeD(N,e),
and
0<aM—-T)<aAI—-T) forall X €D()\,e).

Since the mapping A — ker(Al — T') is not continuous at Ag it then
follows that

0<a(M —T) < a(l —T) forall AeD(A,e)\ Ao}

We claim that a(A —T) = 0 for all A € D(N\g, ) \ {Xo}. To see this,
suppose that there is A\; € D(Ag,¢) \ {Ao} such that a(A\ I —T) > 0.
From ind(A ] —T) = ind(MAI — T) < 0 we see that A\ — T € W, (T)
and hence \; € A,(T). Repeating the same reasoning as above we may
choose a Ay € D(Ag,€) \ {Ao, A1} such that

0< Of()\QI — T) < Oé(/\lf — T)

and this is impossible since a(A — T') is constant for all A € D(Ag,e) \
{Ao}. Therefore a(A] —T) = 0 for A € D(Ng,e) \ {No} and since (A —
T)(X) is closed for all A € D(Ag, ) we can conclude that Ay € iso o, (7T),
as desired.
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(iv) & (v) & (vi) To show these equivalences observe first that for
every A € Ay(T) the range (A —T')(X) is closed. The equivalences then
follow from Theorem 1.38 of [1].

(vi) & (vii) If A\g € A4(T') then there exists an open disc D(\, €)
centered at \g such that A\I —T has closed range for all A\ € D(\,e). The
equivalence (vi) < (vii) then easily follows from Theorem 1.38 of [1].

(viii) = (vii) Clear.

(vil) = (viii) Suppose that Ay(T) C 0s(T). If \g € Ay(T) then
Ml —T € &,.(X) so \gI — T is essentially semi-regular, in particular
of Kato type. By Theorem 1.64 then there exists an open disc D()\, €)
centered at Ag such that AI —7" is semi-regular for all A € D(\g,&)\{Ao}.
But \g € 0s(T), s0 Ao € is0 0s(T).

(i) < (ix) The inclusion oy (T") Uisog,(T") C 0,(T") holds for every
T € L(X), so we need only to prove the reverse inclusion. Suppose that
a-Browder’s theorem holds. If A € 0,(T") \ ouw(7') then, Theorem 4.34
T has SVEP at A, and hence by Theorem 2.51 A € isoo,(T"). Therefore
0a(T) C ouw(T) Uiso o (T), so the equality (ix) is proved.

Conversely, suppose that o,(T) = ouww(T) Uisooa(T). Let X\ ¢
ouw (7). There are two possibilities: A € iso0,(T") or A ¢ isooa(T).
By if A € iso0,(T') then T has SVEP at A. In the other case A ¢
ouw(T) Uiso 0, (T) = 04(T), and hence T has SVEP at A. From Theo-
rem 4.34 we then conclude that a-Browder’s theorem holds for 7.

The second assertion follows by duality, since o5(T) = 0,(T™*) and
O1w(T) = ouw(T™) for every T' € L(X). .

Remark 4.36. It should be noted that if 7' € &, (X), by Theorem
1.64 the property that T' is not semi-regular may be expressed by saying
that the jump j(T') is greater than 0, so

a-Browder’s theorem holds for T' < j(AI —T) > 0 for all A € A,(T).
Corollary 4.37. Suppose that T* has SVEP. Then Ay(T') C isoo(T).

Proof Also here we can suppose that A,(T") is non-empty. If 7™ has
SVEP then a-Browder’ s theorem holds for T, so by Theorem 4.26 A, C
iso 0, (7). Moreover, by Corollary 2.48, for all A\ € A,(T) we have
ind( Al —T)<0,s00 < (A —T) < BN —T), and hence A € o4(T).
Now, if A € A,(T) the SVEP for T* entails by Theorem 2.52 that
A € isoog(T), and hence A € isoos(T") Nisoo,(T) =isoo(T). .
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We now give a further characterization of operators satisfying a-
Browder’s theorem in terms of the quasi-nilpotent part Ho(A — T').

Theorem 4.38. For a bounded operator T € L(X) the following
statements are equivalent:

(i) a-Browder’s theorem holds for T.

(il) Ho(A —T) is finite-dimensional for every X € Ay (T).
(iii) Ho(AI —T) is closed for every A € Ay (T).

(iv) N°(X —T) is finite-dimensional for every A € Ay(T).
(v) N°(X = T) is closed for every A € Ay(T).

Proof There is nothing to prove if A,(T") = 0. Suppose that A,(T") # 0.

(i) < (ii) Suppose that T satisfies a-Browder’s theorem. By Theorem
4.32 then

Aa(T) = poo(T) = 0a(T) \ oun(T).

If A € Ay(T) then X is isolated in 0,(7") and hence T' has SVEP at .
We also have that A\ =T € ¢, (X), so, from Theorem 2.47 we conclude
that Ho(A — T') is finite-dimensional.

Conversely, suppose that Hy(AI — T') is finite-dimensional for every
A € Ay(T). To show that T satisfies a-Browder’s theorem it suffices
to prove that T' has SVEP at every A ¢ ouw (7). Since T has SVEP
at every A ¢ 0,(T") we can suppose that A € 0,(T") \ ouw(T) = Au(T).
Since AT — T € & (X) the SVEP at A it then follows by Theorem 2.47.

(ii) < (iii) Since AT — T € @ (X) for every A € A,(T), the equiva-
lence follows from Theorem 2.47.

(ii) = (iv) Clear, since N*°(A —T) C Ho(A\I — T).

(iv) = (i) Also here we prove that 7" has SVEP at every A ¢ ouw (T).
We can suppose that A € 0,(T) \ ouw(T") = Ag(T), since the SVEP is
satisfied at every point u ¢ o, (T'). By assumption N°°(AI —T) is finite-
dimensional and from the inclusion ker (A\I — T)"* C ker (\[ — T)"*! C
N>®(X —T), n € N, it is evident that there exists p € N such that
ker (A — T')P = ker (\I — T)P*1. Hence p(A — T) < oo, so by Theorem
2.39 T has SVEP at \.

(iv) = (v) Obvious.

(v) = (i) As above it suffices to prove that p(Al —T) < oo for

every A\ ¢ oy (7). We use a standard argument from the well-known
Baire theorem. Suppose p(Al —T) = oo, A ¢ ouw(T'). By assumption
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N =T) = ;2 ker (A —T)™ is closed so it is of second category in
itself. Moreover, ker (AI—T)" # N°°(A[—T') implies that ker (\—-T")" is
of the first category as subset of N'°°(AI—T') and hence also N>°(AI-T)
is of the first category. From this it then follows that N°°(AI —T) is not
closed, a contradiction. Therefore p(A —T') < oo for every A ¢ ouw(T).

Theorem 4.39. If K(\ — T) is finite-codimensional for all X €
A, (T) then a-Browder’s theorem holds for T.

Proof We show that 7" has SVEP at every A ¢ ouw(T). We can
suppose that A\ € 0,(T) \ ouw (1) = Ag(T). By assumption K(A —T))
is finite-codimensional and hence, by Theorem 2.47, q(AI — T') < oo,
from which it follows that ind (A] — T") > 0, see Theorem 1.21. On
the other hand, A\ — T € W, (X), so ind (A —T) < 0, from which we
obtain that ind (A —T') = 0. Again by Theorem 1.21 we conclude that
p(AM —T) < oo, and hence T has SVEP at A. .

5. Weyl’s theorem

In this section we shall introduce an important property shared by
several classes of operators. This property has been first observed by
Weyl for normal operators on Hilbert spaces [105]. To define this prop-
erty , for a bounded operator T' € L(X) define

moo(T) :=={A €isoa(T) : 0 < (A — T) < o0},
and
moo(T) :=={ A €1is0 0,(T) : 0 < (A — T') < o0}.
Lemma 4.40. For every T € L(X) we have
(43) poo(T") € poo(T)  and  moo(T') S 7o (T).

Proof If A\ € poo(T) then X is an isolated point of o(7T). Moreover,
A € 0,(T) since (Al —T) > 0 (in fact, if were a(A] —T') = 0, we
would have a(A —T) = B(AM —T) = 0, see Theorem 1.21, and hence
A ¢ o(T), a contradiction). Therefore ) is an isolated point of o,(T"), so
the inclusion poo(T") C pgy(T") is proved. The inclusion mo(T") C 7§y (T)
is obvious. n

The following concept has been introduced by Coburn [41].
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Definition 4.41. A bounded operator T € L(X) is said to satisfy
Weyl’s theorem if

A(T) =0(T) \ ow(T) = meo(T).

This equality is the property proved by Weyl in the case where T is
a normal operator on a Hilbert space. In this section we shall extend
this theorem to several other classes of operators.

Theorem 4.42. If a bounded operator T € L(X) satisfies Weyl’s
theorem then

poo(T) = 7T00(T) = A(T)

Proof Suppose that T satisfies Weyl’s theorem. By definition then
A(T) = moo(T"). We show now the equality poo(1") = moo(T"). It suffices
to prove the inclusion moo(7") C poo(7’). Let A be an arbitrary point of
moo(T"). Since A is isolated in o(7") then 7" has SVEP at A and from
the equality moo(T) = o(T) \ ow(T) we know that \[ — T € W(X).
Hence Al =T € ®(X) and the SVEP at A by Theorem 2.47 implies that
p(AM —T) < 00,50 A € poo(T). .

The condition mpo(T) = poo(T) may be formulated in several equiv-
alent ways:

Theorem 4.43. For a bounded operator T € L(X) the following
statements are equivalent:

(i) moo(T') = poo(T');
(i) 0w (T) N 700(T) = 0;
(ill) os(T) Neo(T) = 0;
(iv) (M = T)(X) is closed for all A € mpo(T);
(v) Ho(M —T) is finite-dimensional for all X € moo(T);
(vi) K(A —T) is finite-codimensional for all X € woo(T);
(vil) (A — T)*°(X) is finite-codimensional for all X\ € moo(T);
(viii) B(A —T') < oo for all A € moo(T);
(ix) g = T) < o0 for all X € moo(T);
(x) The mapping X\ — ~v(AI — T') is not continuous at each Ny €
700(T)-
Proof (i) = (ii) We have poo(T) = o(T') \ ou(T), so op(T) Npoo(T) = 0
and this obviously implies 0w (1) N 7eo(T") = 0, since 0w (T) C op(T).
(ii) = (iii) Obvious, since o4¢(T") C 0w (T).
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(iii) = (iv) If A € mpo(T) then A — T is semi-Fredholm, hence
(M —T)(X) is closed.

(iv) = (v) Let A € moo(T"). If (A —T')(X) is closed then A\ =T €
¢ (X). Since T has SVEP at every isolated point of ¢(T"), by Theorem
2.47 then Hy(A — T) is finite-dimensional.

(v) = (vi) If A € isoo(T), then by Theorem 2.9 X = Hy(\ —T) ®
K(M —T). Hence, if Hy(A\ — T) is finite-dimensional then K (X —T')
is finite-codimensional.

(vi) = (vii) Immediate, since K(AI —T) C (A —T)>°(X) for every
recC.

(vii) = (viil) (A] = T)*®°(X) C (M —T)(X) for every A € C.

(viii) = (i) For every A € moo(T") we have a(A—T") < oo, and hence if
BAM-T) < oo then \[-T € ®(X). Since A € isoo(T"), by Theorem 2.45
the SVEP of both T"and T* at A ensures that p(A—T) = ¢(AI-T) < occ.
Therefore moo(T") C poo(T'), and since the opposite inclusion is satisfied
by every operator it then follows that 7oo(T") = poo(T).

(i) = (ix) Clear.

(ix) = (viii) If g(M —T') < oo by Theorem 1.21 we have S(A]-T) <
a(AM —T) < 0.

(iv) & (x) Observe first that if Ay € mpo(7") there exists a punctured
disc Dy centered at Ao such that
(44) A = T) < |A—Xo| for all A € Dy,

In fact, if A is isolated in o(T") then A — T is invertible, and hence
has closed range, in a punctured disc D centered at A\g. Take 0 # x €
ker(AoI — T'). Then

IM =Tz (M =Tz
YA =T) < dist (z,ker(A —T)) B llz||
|(AT — T)J:H—x|(|)\of— T)x|| = A= Aol.

Clearly, from the estimate (44) it follows (A —T7") — 0 as A — Ag so the
mapping A — (Al —T') is not continuous at a point \g € mo(7") if and
only if y(Aol —T) > 0, or equivalently, (Aol —7")(X) is closed. Therefore
the condition (iv) of Theorem 4.43 is equivalent to the condition (x). =



5. WEYL’S THEOREM 157

The following result shows the relationships between Browder’s the-
orem and Weyl’s theorem: Let us define

Aoo(T) = A(T) U 7T00(T).

Theorem 4.44. Let T € L(X). Then the following statements are
equivalent:

(i) T satisfies Weyl’s theorem;

(ii) T satisfies Browder’s theorem and poo(T) = moo(T);

(iii) the map X — v(A — T) is not continuous at every point A\ €
Aoo(T);

(iv) Ho(M —T) is finite-dimensional for all X € Aoo(T);

(v) K(AI —T) is finite-codimensional for all A € Ago(T).

Proof (i) < (ii) The implication (i) = (ii) is clear, from Theorem 4.42
and Theorem 4.23, while the implication (ii) = (i) follows immediately
from Theorem 4.23.

(i) = (iii) By Theorem 4.42 we have that Ay (7) = A(T) and T
satisfies Browder’s theorem. Therefore, by Theorem 4.26, the mapping
A — (A —T) is not continuous at every point A € Ago(T).

(iii) = (ii) Suppose that A — «(AI —T') is not continuous at every
A€ Ago(T) = A(T) Umoo(T'). The discontinuity at the points of A(T')
entails, by Theorem 4.26, that T satisfies Browder’s theorem, while the
discontinuity at the points of myo(7") by Theorem 4.43 is equivalent to
saying that 7T00(T) = poo(T).

(i) = (iv) If T satisfies Weyl’s theorem then 7' satisfies Browder’s
theorem and mpo(T") = poo(T) = A(T), by Theorem 4.42. By Theorem
4.28 then Ho(A — T') is finite-dimensional for all A € Ay (T") = A(T).

(iv) = (i) Since A(T) € Aw(T") then Browder’s theorem holds for
T by Theorem 4.28. From mpo(7") € Ago(T) we know that Ho(A —T))
is finite-dimensional for every \ € mpo(T"). Since every A € mo(T') is an
isolated point of o(T') by Theorem 2.66 it then follows that A\ — T is
Browder. Therefore moo(T) = poo(T), so by Theorem 4.23 T satisfies
Weyl’s theorem.

(iv) & (v) By Theorem 2.9 for any point of A € mo(T") we have
X = HiA —T)& K(\I - T). .
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(From Theorem 4.26 and Theorem 4.44 we see that Browder’s theo-
rem and Weyl’s theorem are equivalent to the discontinuity of the map-
ping A — (Al — T) at the points of two sets A(T) and Ayy(T), respec-
tively, with Ago(7) larger than A(T'). Note that the discontinuity of
the mapping A — ker(Al — T) at every X\ € Agg(T) = A(T) U moo(T)
does not imply Weyl’s theorem. In fact, since every point of mg(T") is
an isolated point of o(T), it is evident that the map A — ker(Al —1T) is
not continuous at every A\ € n§y(T") for all operators T' € L(X).

Let Py(X), X a Banach space, denote the class of all operators
T € L(X) such that there exists p := p(\) € N for which

(45) Ho(M — T) = ker (\I — TP for all A € oo (T).

We have seen in Theorem 4.43 that the conditions poo(7") = moo(T) is
equivalent to several other conditions. Another useful condition is given
by the following result.

Theorem 4.45. T' € Py(X) if and only if poo(T) = moo(T). In
particular, if T has SVEP then Weyl’s theorem holds for T if and only
if T € P(](X)

Proof Suppose T' € Py(X) and X € mpo(T"). Then there exists p € N
such that Ho(A —T') = ker (A — T')P. Since A is isolated in o(T') then,
by Theorem 2.9

X = HyM —T) @ K\ - T) = ker (\[ - T)? @ K(\ — T),
from which we obtain
M-TPX)=N-TP(KW\ -T)) =KW\ —-T),

so X =ker (\I = T)? & (A — T)P(X) which implies, by Theorem 1.26,
that p(AI — T) = q(AMl —T) < p. By definition of myy(7") we know
that (A — T') < oo and this implies by Theorem 1.21 that S(AI —
T) < oo. Therefore A € poo(T") and hence mpo(T) < poo(7'). Since
the opposite inclusion holds for every operator we then conclude that
poo(T') = moo(T).

Conversely, if poo(1") = moo(T) and A € moo(7") then p := p(AI-T) =
g(AMl = T) < oo. By Theorem 2.45 it then follows that Ho(A —T) =

ker(A — T)P.
The last assertion is clear from Theorem 4.44, since the SVEP entails
Browder’s theorem for T .

Theorem 4.46. Suppose that T € L(X) and N is nilpotent such
that TN = NT. Then T € Po(X) if and only if T + N € Py(X).
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Proof Suppose that N? = 0. Observe first that without any assumption
on T we have

(46) ker T'C ker (I'+ N)? and ker (T'+ N) C ker TP.
The first inclusion in (46) is clear, since for x € ker T' we have
(T + N)Pz = NPz = 0.

To show the second inclusion in (46) observe that if = € ker (T'+ N)
then TPz = (—1)P NPz = 0.

Suppose now that 7' € Py(X), or equivalently poo(T) = moo(7"). We
show first that moo(7") = moo(1'+ N). Let A € mpo(T"). There is no harm
if we suppose A = 0. From o(T'+ N) = o(T") we see that 0 € iso (T'+ N).
Since 0 € mpo(7T') then o(T) > 0 and hence by the first inclusion in (46)
we have a(T + N)P > 0 and this obviously implies that a(T"+ N) > 0.
To show that a(T' + N) < oo, observe that

ker (T'+ N) C ker TP C Hy(T).

The equality poo(T) = moo(T) by Theorem 4.43 is equivalent to saying
that Hy(AI—T) is finite-dimensional for all A € mpo(7"), and hence Hy(T')
is finite-dimensional. Therefore (T + N) < 00, so 0 € moo(T + N) and
the inclusion moo(T) C moo(T + N) is proved.

To show the opposite inclusion, assume that 0 € mgo(T+N). Clearly,
0 €isoo(T) =isoo(T+N). By assumption a(T+N) > 0, so the second
inclusion in (46) entails that a(7?) > 0 and this trivially implies that
a(T) > 0. We also have a(T' + N) < oo and hence, by Remark 2.78,
a(T + N)P < oco. From the first inclusion in (46) we then conclude
that a(7T) < oco. This shows that 0 € mpo(7T'), so the equality mpo (1) =
moo(T + N) is proved.

Finally, if T' € P(](X) then poo(T+N) = poo(T) = 7T00(T) = 7T00(T—|—
N),so T+ N € Py(X). Conversely, if T+ N € Py(X) by symmetry we
have

poo(T") = poo(T + N) = moo(T + N) = 7moo((T" + N) — N) = moo(T),
so the proof is complete. "
A large number of the commonly considered operators on Banach

spaces and Hilbert spaces have SVEP and belong to the class Py(X).

(a) A bounded operator T € L(X) on a Banach space X is said
paranormal if

ITz||? < |T22||| for all z € X.
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The operator T' € L(X) is called totally paranormal if \I — T is paranor-
mal for all A\ € C. For every totally paranormal operator the following
property H (1) is satisfied

(47) Ho(M —T)=ker(AI —=T) forall A € C,

see Aiena[l, Chap.3]. The class of totally paranormal operators includes
all hyponormal operators on Hilbert spaces H. In the sequel denote by

T’ the Hilbert adjoint of T € L(H). The operator T' € L(H) is said to
be hyponormal if

|T'z|| < ||Tx|| for all z € X.
A bounded operator T' € L(H) is said to be quasi-hyponormal if
|T'Tx|| < ||T%z| for all z € H.

Also quasi-normal operators are totally paranormal, since these opera-
tors are hyponormal, see Conway [43].
An operator T' € L(H) is said to be *-paranormal if

IT"||* < || T%x]

holds for all unit vectors x € H. T € L(H) is said to be totally *-
paranormal if \I — T is *-paranormal for all A € C. Every totally
x-paranormal operator satisfies property (47), see [66].

(b) The condition (47) is also satisfied by every injective p-hyponormal
operator, see [24], where an operator 1" € L(H ) on a Hilbert space H is
said to be p-hyponormal , with 0 < p <1, if (T'T)P > (TT")P.

(c) An operator T' € L(H) is said to be log-hyponormal if T is invert-
ible and satisfies log (T"T') > log (T'T"). Every log-hyponormal operator
satisfies the condition (47), see [24].

(d) A bounded operator T' € L(X) is said to be transaloid if the
spectral radius r(A\ — T') is equal to ||\ — T'|| for every X\ € C. Every
transaloid operator satisfies the condition (47), see Curto and Han [44].

(e) Given a Banach algebra A, a map T : A — A is said to be a
multiplier if
(Tz)y = x(Ty) forall z,y € A.

For a commutative semi-simple Banach algebra A, let M (A) denote the
commutative Banach algebra of all multipliers, [76]. If T € M(A), A
a commutative semi-simple Banach algebra, then T' € L(A) and the
condition (47) is satisfied, see [10]. In particular, this condition holds
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for every convolution operator on the group algebra L!(G), where G is
a locally compact Abelian group, see Chapter 4 of Aiena [1].

(f) Every generalized scalar operator has SVEP, see [76], since it
is decomposable. An operator similar to the restriction of a generalized
scalar operator to one of its closed invariant subspaces is called subscalar.
The interested reader can find a well organized study of these operators
in the Laursen and Neumann book [76]. The following class of operators
has been introduced by Oudghiri [88].

Definition 4.47. A bounded operator T € L(X) is said to have
property H(p) if

(48) Ho(M —T) =ker (\[ = T)?  for all A € C.
for some p =p(\) € N, see [88].

The condition H (1) defined in (47), which corresponds to the case
p = p(A) = 1, is satisfied by all operators (a)-(e). Anyway the class
H(p) is strictly larger than the class H(1). Indeed, Every generalized
scalar operator satisfies the following property H(p) and this captures
the classes of operators listed in the next point (g)..

(g) An operator T' € L(H) on a Hilbert space H is said to be M-
hyponormal if there is M > 0 for which TT' < MT'T. M-hyponormal
operators, p-hyponormal operators, log-hyponormal operators, and al-
gebraically hyponormal operators are generalized scalars, so they satisfy
the condition (48), see [88].

(h) An operator T' € L(X) for which there exists a complex non
constant polynomial h such that h(T') is paranormal is said to be al-
gebraically paranormal. 1If T € L(H) is algebraically paranormal then
T € Py(H), see [21], but in general the condition (48) is not satisfied
by paranormal operators, (for an example see [21, Example 2.3]). Note
that if 7" is paranormal then 7" has SVEP, see [21], and this implies that
also every algebraically paranormal operator has SVEP, see Theorem
2.40 of [1].

Theorem 4.48. Suppose that T is any of the operators listed in
(a)-(h). Then Weyl’s theorem holds for T.

Proof The condition (48), and in particular the condition (47), entails
that 7" has SVEP. Weyl’s theorem for the operators (a)-(g) then follows
by Theorem 4.45. Also, every algebraically paranormal operators on



162 4. SPECTRAL THEORY

Hilbert spaces has SVEP, so Weyl’s theorem for these operators follows
again from Theorem 4.45. "

Weyl’s theorem for algebraically paranormal operators on Hilbert
spaces has been proved by Curto and Han [45]. It should be noted
that the operators having property H(p) we have much more: Weyl’s
theorem holds for f(T") and f(T*) for every analytic function f defined
on an open disc containing the spectrum, see Oudghiri [88]. The result
of Theorem 4.48 may be improved as follows. Suppose that T' € L(X) be
algebraic, i.e. there exists a non-trivial polynomial ¢ such that ¢(7") = 0.
In [89] Oudghiri proved that if 7" has property (48) and K is an algebraic
operators commuting with 7" then T+ K satisfies Weyl’s theorem. This
result has been extended in [21] to paranormal operators, i.e. if T is a
paranormal operator on a Hilbert space and K is an algebraic operators
commuting with T then T+ K satisfies Weyl’s theorem. Note that
Weyl’s theorem is not generally transmitted to perturbation of operators
satisfying Weyl’s theorem.

6. a-Weyl’s theorem

In this section we shall consider an approximate point version of
Weyl’s theorem introduced by Rakocevié [93] .

Definition 4.49. A bounded operator T' € L(X) is said to satisfy
a-Weyl’s theorem if

(49) AYT) = 0a(T) \ ouw(T') = 750 (1)

Theorem 4.50. If a bounded operator T' € L(X) satisfies a-Weyl’s
theorem then

Pio(T) = mio(T) = AX(T).

Proof Suppose that T satisfies a-Weyl’s theorem. By definition then
AMT) = 7§y (T). We show now the equality pg,(T") = w6 (T). It suffices
to prove the inclusion 7§, (T") C p§y(T"). Let A be an arbitrary point of
mgo(T). Since A is isolated in 0,(T") then 7' has SVEP at A and from
the equality 7§,(T) = 0a(T) \ ouw(T) we know that \I — T € W, (X).
Hence A\ —T € ¢, (X) and the SVEP at A implies that p(Al —T") < o0,
so A € pgo(T). .

Comparing Theorem 4.32 and Theorem 4.50 it immediately follows
that for an operator a-Weyl’s theorem implies a-Browder’s theorem. It
is not difficult to find an example of operator satisfying a-Browder’s
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theorem but not a-Weyl’s theorem. For instance, if T € L(£?) is defined
by
11 )
T(xg,x1,...) = (5351, gxg,...) for all (x,) € £7,
then T' is quasi-nilpotent, so has SVEP and consequently satisfies a-
Browder’s theorem. On the other hand T does not satisfy a-Weyl’s
theorem, since 0,(T") = ouw (1) = {0} and 7§,(T") = {0}. Note that the
condition A?*(T') = () does not ensure that a-Weyl’s theorem holds.
To describe the operators which satisfy a-Weyl’s theorem let us de-
fine

00(T) := AXT) U mo (7).

Clearly, if A§,(T") = 0 then the equalities (49) are satisfied, so this
condition implies that a-Weyl’s theorem holds. Theorem 4.44 has a
companion for a-Weyl’s theorem. In fact, a-Browder’s theorem and a-
Weyl’s theorem are related by the following result:

Theorem 4.51. Let T € L(X). Then the following statements are
equivalent:

(i) T satisfies a-Weyl’s theorem;
(ii) T' satisfies a-Browder’s theorem and pgy(T") = wio(T);

(iii) a-Browder’s theorem holds for T and (A — T')(X) is closed for
all A € wiy(T).

(iv) the map A — (A —T) is not continuous at every A € Ay (T);

Proof We exclude the trivial case that A§y(T") = 0.

(i) & (ii) The implication (i) = (ii) is clear, from Theorem 4.50
and Theorem 4.23. The implication (ii) = (i) follows immediately from
Theorem 4.32.

(1) = (iii) If T" satisfies a-Weyl’s theorem then 7" obeys to a-Browder’s
theorem. Furthermore, 7§,(T") = p§y(T) by Theorem 4.50, so \I — T €
By (X) for all A € 7§,(T"), and hence (A —T)(X) is closed.

(iii) = (ii) The condition (A — T')(X) closed for all A € n§,(T)
entails that for these values of A we have A\I — T € & (X). Now, T has
SVEP at every isolated point of 0,(7"), and in particular 7" has SVEP
at every point of 7(,(T"). By Theorem 2.51 and Theorem 2.45 it then
follows that p(AI —T') < oo for all A € 7(y(T), from which we deduce
that w0 (T") = po(T)-
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(i) = (iv) By Theorem 4.50 we have that Aj,(T) = A*(T') and
T satisfies a-Browder’s theorem, so by Theorem 4.35 the map A\ —
v(AL —T') is not continuous at every A € A§,(T').

(iv) = (iii) Suppose that A — (Al —T) is not continuous at every
A€ A (T) = A¥T) U m§y(T). The discontinuity at the points of
A*T) entails by Theorem 4.35 that 7' satisfies a-Browder’s theorem.
We show now that the discontinuity at a point \g of 7§,(7") implies that
(Aol —T)(X) is closed. In fact, if A\g € 7§, (T) then Ao € iso0,(T") and
0 < a(MI —T) < oo. Clearly, A\I — T is injective in a punctured disc D
centered at \g. Take 0 # x € ker(A\gI — T'). If A € D then

[AM =Tz (M =Tz
WWN-T) S e kaOl=T) ~ 7]
- T):cH—x|(|)\OI— Dl _

i From this estimate it follows that limy_,\, Y(AI —=T) = 0 # y(Aol —1T),
so (Aol — T')(X) is closed. .

(From Theorem 4.35 and Theorem 4.51 we see that a-Browder’s
theorem and a-Weyl’s theorem are equivalent to the discontinuity of the
mapping A — (Al — T') at the points of two sets A*(T") and A§,(T),
respectively, with A3,(7)in general larger than A*(T"). Comparing The-
orem 4.51 and Theorem 4.35 one might expect that the discontinuity of
the mapping A — ker(A — T') at every A € A§y(T") is equivalent to
a-Weyl’s theorem for T'. This does not work. In fact, by definition of
7Go(T) the map A — ker(A — T') is not continuous at every A\ € m§y(T)
for all operators T' € L(X), since every A € 7§y (T) is an isolated point
of o, (7).

Theorem 4.52. If T € L(X) satisfies a-Weyl’s theorem then T
satisfies Weyl’s theorem.

Proof Suppose that a-Weyl’s theorem holds for 7. We claim that
A5y(T) D Ago(T). We show first that A(T) C A*(T'). Let A € A(T) =
o(T) \ ow(T). From the inclusion ouw (1) C ow(T) it follows that
A ¢ ouw(T), and since A\l — T is Weyl we also have 0 < a(A] —T") < o0,
otherwise we would have 0 = (A —T') = S(A—T') and hence A ¢ o(T).
Therefore A € 0,(T) \ ouw (1) = A*(T), as desired.
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We also have mpo(T") C 7§o(T), thus, since T satisfies a-Weyl’s the-
orem, we have

00(T) = AMT) Umgo(T) 2 A(T) Umoo(T) = Boo(T),
as claimed. By Theorem 4.51 the mapping A — (Al — T') is discon-

tinuous at the points of Af,(7") and hence at the points of Agy(T"). By
Theorem 4.44 we then conclude that Weyl’s theorem holds for 7. "

Example 4.53. We give now an example of operator T' € L(X)
which has SVEP, satisfies Weyl’s theorem but does not satisfy a-Weyl’s
theorem. Let T" be the hyponormal operator T' given by the direct sum
of the 1-dimensional zero operator and the unilateral right shift R on
(2(N). Then 0 is an isolated point of o,(T) and 0 € 78, (T), while
0 ¢ pgy(T), since p(T') = p(R) = co. Hence, T" does not satisfy a-Weyl’s
theorem.

7. Property (w)

Another variant of Weyl’s theorem has been introduced by Rakocevi¢
[93] and more recently studied in [22].

Definition 4.54. A bounded operator T' € L(X) is said to satisfy
property (w) if
AYNT) = 0a(T) \ ouw(T) = mo0(T).
Unlike a-Weyl’s theorem, the study of property (w) has been rather
neglected, although, exactly like a-Weyl’s theorem, property (w) im-

plies Weyl’s theorem (see next Theorem 4.57). A first result shows that
property (w) entails a-Browder’s theorem.

Theorem 4.55. Suppose that T € L(X) satisfies property (w).
Then a-Browder’s holds for T'.

Proof By part (i) of Theorem 4.34 it suffices to show that 7" has SVEP
at every A\ ¢ ouw(T). Let A ¢ ouw(T). If A ¢ 0,(T) then T has SVEP
at A, while if A € 0,(T), then A € 0,(T) \ ouw(T) = meo(T") and hence
A €isoo(T), so also in this case T has SVEP at \. .

Property (w) may be characterized in the following way:

Theorem 4.56. If T € L(X) the following statements are equiva-
lent:

(i) T satisfies property (w);
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(ii) a-Browder’s theorem holds for T' and p§,(T") = moo(T).

Proof (i) = (ii) By Theorem 4.55 we need only to prove the equality
Péo(T) = moo(T). It X € moo(T) = X € 0a(T) \ ouw(T') then X\ € 0,(T)
and A\ — T € W, (X). Since A is isolated in o(T) the SVEP of T at
A is equivalent to saying that p(A —T) < oo, so A € pdy,(T"). Hence
o0(T) € pGo(T).

To show the opposite inclusion, suppose that A € p§,(T) = oa(T) \
oub(T). Since by Theorem 4.55 T satisfies a-Browder’s theorem we have
Jub(T) = UUW(T>7 SO A € Ua(T) \ JuW(T) = WOO(T)‘ Therefore the
equality piy(T) = moo(T") is proved.

(ii) = (i) If X € 0a(T)\ouw(T") then a-Browder’s theorem entails that
A€ 0a(T)\ oun(T) = p§o(T') = moo(T"). Conversely, if A € moo(T") then
A € Pio(T) = 0a(T) \ oup(T) = 0a(T") \ ouw(T). Hence 0,(T) \ ouw (1) =
7T00(T). ]

Theorem 4.57. If T € L(X) satisfies property (w) then Weyl’s
theorem holds for T.

Proof Suppose that T satisfies property (w). By Theorem 4.55 T satis-
fies a-Browder’s theorem and hence Browder’s theorem. ;From Theorem
4.44 we need only to prove that moo(7) = poo(T). If A € moo(T) then
A € 0,(T), since «(AI—T") > 0, and from A € iso o(T) we know that both
T and T™ have SVEP at A\. From the equality moo(T") = 0a(T") \ ouw (1)
we see that A\ ¢ ouw(7) and hence A\l — T € &,(X). The SVEP
for T and T™ at A, by Theorem 2.45 and Theorem 2.46, implies that
p(AM —T) = q(Al —T) < co. From Theorem 1.21 we then obtain that
a()\I — T) = ﬂ()\[ — T) < 00, 80 \ € poo(T). Hence 7T00(T) - poo(T),
and since the reverse inclusion holds for every T' € L(X) we conclude
that 7T00(T) = poo(T). n

The reverse of the result of Theorem 4.57 generally does not hold,
see next Example 4.63. Define

A(T):={ € A¥T) :ind (A — T) < 0}.
Clearly,
(50) AYT)=A(T)UAT) and A(T)NA(T)=0.
The next result relates Weyl’s theorem and property (w).

Theorem 4.58. If T € L(X) satisfies property (w) then A(T) = 0.
Moreover, the following statements are equivalent:
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(i) T satisfies property (w);

(i) T satisfies Weyl’s theorem and A(T) = (;

(iii) T satisfies Weyl’s theorem and A?*(T) Q oo(T ),

(iv) T satisfies Weyl’s theorem and A*(T) C ( ), 0o (T) the topo-
logical boundary of o(T);

Proof Suppose that T satisfies property (w). Suppose that A(T) is
nonempty. Let A € A(T). Then A € A*(T) = mpo(T), so A is isolated in
o(T) and hence T™ have SVEP at \. Since A\I -T € &, (T'), by Theorem
2.46, we have ¢(A\[ —T) < oo, and hence by Theorem 1.21 ind (\[-T') >
0, and this contradicts our assumption that ind (A —7T) < 0.

(i) < (ii) The implication (i) = (ii) is clear from the first part of
the proof and from Theorem 4.57. Conversely, from the equality (50)
we see that if A(T) = 0 and T satisfies Weyl’s theorem then we have
AMT) = A(T) = mo(T'), so property (w) holds.

(iii) = (ii) Suppose that T satisfies Weyl’s theorem. If A*(T") C
isoo(T'), then both T" and 7™ have SVEP at every A € A*(T'). As in
the first part of the proof, this implies that ind (Al — T") = 0 for every
A€ A*T), so A(T) = 0. Hence property (w) holds for 7T

(i) = (iii) If property (w) holds then A*(T") = mpo(7T') C isoo(T).

(iii) = (iv) Obvious.

(iv) = (ii) Both 7" and T™ have SVEP at every point of do(T) =
0o (T™), so, by Theorem 2.45 and Theorem 2.46, p(Al —T') = q(A\ —
T) < oo for all A € A*(T). Finally, by Theorem 1.21 we conclude that
ind (AI —T) =0 for all A\ € A*(T), and hence A(T) = (. .

The condition A(T) = 0 is satisfied by every Riesz operator T €
L(X) on an infinite dimensional Banach space X, in particular by every
compact operator. It is easily seen that Weyl’s theorem holds for every
compact operator having an infinite spectrum. However, Weyl’s theorem
may fail for a compact operator T, for an example see [31].

Corollary 4.59. Suppose that T € L(X) is decomposable. Then T
satisfies property (w) if and only if T' satisfies Weyl’s theorem.

Proof If T is decomposable then both T'and 7™ have SVEP. This entails
that A\ — T has index 0 for every A € A*(T'), and hence A(T) = (). The
equivalence then follows from Theorem 4.58. "

As a consequence of Corollary 4.59 we have that for a bounded op-
erator T' € L(X) having totally disconnected spectrum then property
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(w) and Weyl’s theorem are equivalent.

Corollary 4.60. If T € L(X) is generalized scalar then property
(w) holds for both T and T*.

Proof Every generalized scalar operator 1" is decomposable and hence
also the dual T™ is decomposable, see [76, Theorem 2.5.3]. Moreover,
every generalized scalar operator has property H(p), [88, Example 3],
so Weyl’s theorem holds for both T and T*. By Corollary 4.59 it then
follows that both 7" and T* satisfy property (w). .

Example 4.61. Property (w), as well as Weyl’s theorem, is not
transmitted from T to its dual T™. To see this, consider the weighted
right shift T € L(¢?(N)), defined by

T(x1,2a,...) == (0, 2L, 12

T1 Z2 2
= 3,...) for all (x,,) € £<(N).

Then

T*(21,29,...) = (%, % ...) for all (z,) € £2(N.
Both T and T* are quasi-nilpotent, and hence are decomposable, T
satisfies Weyl’s theorem since 7oo(T") = poo(T') and hence T has property
(w), by Corollary 4.59. On the other hand, we have myo(7T™*) = {0} #
o(T*)\ ow(T*) =0, so T* does not satisfy Weyl’s theorem. Since T* is
decomposable, by Corollary 4.59 then T* does not satisfy property (w).

In the following diagram we resume the relationships between Weyl’s
theorems, a-Browder’s theorem and property (w).

Property (w) = a-Browder’s theorem

4 )

Weyl’s theorem <« a-Weyl’s theorem

The following examples show that property (w) and a-Weyl’s theo-
rem are in general not related. The first example provides an operator
satisfying property (w) but not a-Weyl’s theorem .

Example 4.62. Let T be the hyponormal operator 1" given by the
direct sum of the 1-dimensional zero operator and the unilateral right
shift R on ¢2(N). Then o(T") = D, D the closed unit disc in C. Moreover,
0 is an isolated point of o,(7) = I' U {0}, I' the unit circle of C, and
0 € w§y(T), while 0 ¢ pg,(T) = 0, since p(T') = p(R) = co. Hence, by
Theorem 4.51, T" does not satisfy a-Weyl’s theorem. On the other hand
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moo(T") = 0, since o(T") has no isolated points, so pi,(T') = mo(T). Since
every hyponormal operator has SVEP we also know that a-Browder’s
theorem holds for T, so from Theorem 4.56 we see that property (w)
holds for T.

The following example provides an operator that satisfies a-Weyl
theorem but not property (w)

Example 4.63. Let R € (?(N) be the unilateral right shift and
U(xy,x,...) = (0,29,23,---) for all (z,) € £*(N)

If T:= R® U then o(T) = D so isoo(T) = moo(T) = (. Moreover,
0a(T) =T U{0}, ouw(T) =T, so T does not satisfy property (w), since
Ay(T) = {0}. On the other hand we also have 7§,(T") = {0}, so T
satisfies a-Weyl’s theorem.

We give now two sufficient conditions for which a-Weyl’s theorem
for T (respectively, T*) implies property (w) for T' (respectively, 7).

Theorem 4.64. If T € L(X) the following statements hold:

(i) If T* has SVEP at every A ¢ ouw(T) and T satisfies a-Weyl’s
theorem then property (w) holds for T.

(ii) If T has SVEP at every A\ ¢ o1w(T) and T* satisfies a-Weyl’s
theorem then property (w) holds for T*.

Proof (i) We show first that if 7* has SVEP at every point A ¢ oy (T')
then 0, (T)\ouw(T') C moo(T"). Let XA € 04(T)\ouw(T"). Since by part (iv)
of Theorem 4.34 T satisfies a-Browder’s theorem then oy (71") = oy, (1),
s0 X € 0o(T) \ ouwp(T') = p§o(T') C 7§y(T), so A € isooa(T).

On the other hand, since A\ — T € B, (X), by Theorem 2.52 we
know that the SVEP for 7% at A implies that A\ € isoos(T). Therefore,
A €isoo(T). Since A € 0,(T) and A\ — T has closed range we also have
0 < (M —T) < o0, and hence A € myo(T"). This shows the inclusion
0a(T) \ ouw(T) C moo(T"). To prove the opposite inclusion observe that
a-Weyl’s theorem for T entails that 0,(T") \ ouw(T") = 78y (1) 2D meo(T).
Hence 0,(T) \ ouww(T) = moo(T"), so property (w) holds for T'.

(ii) Suppose that 7" has SVEP at every A ¢ o1y, (T"), and suppose that
A € 0.(T%) \ ouw(T™). By part (iii) of Theorem 4.34 then 7™ satisfies
a-Browder’s theorem, so ouw(7™) = oy, (1) and by duality o1 (T") =
o (T). Hence A € 0o(T™)\ouw (1) = 05(T")\ow (T'). Therefore \I-T €
B_(X) and hence ¢(Al —T) < oo. This implies the SVEP for T* at
A, or equivalently that A € isoos(T"). Since A\l — T € ®_(X), our
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assumption of SVEP of T at A entails also that A € isoo,(T'). Hence,
A € isoo(T) = isoo(T*). Furthermore, since X\ € o4(T) and A\ — T is
semi-Fredholm we have a(AI[* — T*) = B(AI —T) > 0, so A € mwo(T™).
This proves the inclusion o, (7™) \ ouw (T*) C moo(T™). Finally, a-Weyl’s
theorem for T™* entails that

0a(T*) \ ouw (T7) = 750 (T7) 2 moo(T7),

so that the equalities 0, (T™) \ ouw(T™) = moo(T™) hold, and hence prop-
erty (w) holds for T*. .

The next result shows that Weyl’s theorems and property (w) are
equivalent in presence of SVEP.

Theorem 4.65. If T' € L(X) the following statements hold:

(i) If T* has SVEP, the property (w) holds for T if and only if Weyl’s
theorem holds for T', and this is the case if and only if a- Weyl’s theorem
holds for T'.

(ii) If T has SVEP, the property (w) holds for T* if and only if
Weyl’s theorem holds for T, and this is the case if and only if a- Weyl’s
theorem holds for T™.

Proof (i) By Theorem 4.57 and part (i) of Theorem 4.64, for T' we have
the implications

(51) a-Weyl = (w) = Weyl .

Assume now that T satisfies Weyl’s theorem. The SVEP of T* implies
that o(T") = o4(T), by Corollary 2.28, so

oo(T) = moo(T) = o(T) \ 0w (T).

Furthermore, by Theorem 4.6 we also have oy (1) = oy (7") from which
it follows that 7§y(T") = 0a(T") \ ouw(T") = p§y(T). Since the SVEP for
T* implies a-Browder’s theorem for T" we then conclude, by Theorem
4.51, that a-Weyl’s theorem holds for 7.

(ii) The argument is similar to that used in the proof of part (i). The
implication (51) holds for T* by Theorem 4.57 and part (ii) of Theorem
4.64. If T has SVEP then o(T%) = o(T) = 05(T) = 0a(T%), again by
Corollary 2.28, and hence 7§,(T™*) = moo(T™*). Moreover, by Theorem
4.6 we also have

ow(T*) = ow(T) = o (T) = ouwn(T7),
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from which it easily follows that #f,(T™*) = p§,(T™*). The SVEP for T
implies that T* satisfies a-Browder’s, so by part (ii) of Theorem 4.51
a-Weyl’s theorem holds fo T™. "

Remark 4.66. The operator T' considered in Example 4.62 shows
that in the statement (i) of Theorem 4.65 the SVEP for T* cannot be
replaced by the SVEP for 7. Similarly, in the statement (ii) of Theorem
4.65 we cannot replace the SVEP for T" with the SVEP for T*. For
instance, let 0 < € < 1 and define T' € L(¢*(N)) by

T(x1,x2,...) = (ex1,0,29,23,...) for all (z,) € *(N).

Then o, (T*) = TU{e}, and hence int 0,(T*) = (), which implies that T*
has SVEP. Moreover, ouw (T*) =T, 7§y (1) = {¢} , so a-Weyl’s theorem
holds for 7. On the other hand, it is easy to see that moo(7™) = 0, so
property (w) does not hold for 7.

In the case of operators defined on Hilbert spaces instead of the
dual T* it is more appropriate to consider the Hilbert adjoint 7" of
T € L(H). However, some of the basic results established in the previous
sections for T* are also true for the adjoint 7”. In fact, by means of the
classical Fréchet- Riesz representation theorem we know that if U is the
conjugate-linear isometry that associates to each y € H the linear form
x — (z,y) then UT" = T*U. From this equality, by using an argument
similar to that used in the proof of Theorem 2.17, we easily obtain that

T’ has SVEP at \g < T* has SVEP at \g,

In the case that the Hilbert adjoint 77 of T' has property H(p) we
have the following interesting result.

Corollary 4.67. If T' has property H(p) then property (w) (or
equivalently, a-Weyl’s theorem) holds for f(T) for every f analytic on
an open set containing o(T). In particular, if T' is generalized scalar
then property (w) holds for f(T).

Proof If 7" has property (H,) then Weyls theorem holds for T', see
[4, Theorem 4.1]. Moreover, 7" has SVEP, and, as observed before, this
entails that also 7% has SVEP. Therefore, by Theorem 4.18 f(7')* =
f(T*) has SVEP so part (i) of Theorem 4.65 applies. Property (w) and
a-Weyl’s theorem are equivalent, again by Theorem 4.65. "

JFrom Corollary 4.67 it then follows that if 77 belongs to each one of
the classes of operators mentioned in Theorem4.48 then property (w),
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or equivalently a-Weyl’s theorem, holds for f(7).

A similar result holds for algebraically paranormal operators. If
T' is algebraically paranormal then, see Theorem 2.40 of [4], a-Weyl’s
theorem holds for f(T). Moreover, T’ has SVEP and hence f(T)* =
f(T*) has SVEP by Theorem 4.18, so by Theorem 4.65 f(7T) satisfies
property (w) for all f € H(o(T)).

An operator T' € L(X) is said to be polaroid if every isolated point
of o(T) is a pole of the resolvent operator (A — T')~!, or equivalently
0 <pAM —T)=¢q(M —T) < co. An operator T € L(X) is said to
be a-polaroid if every isolated point of o,(7) is a pole of the resolvent
operator (Al —T)~!, or equivalently 0 < p(AI —T) = q(Al —T) < oo.
Clearly,

T a-polaroid = T polaroid.

and the opposite implication is not generally true.
For a-polaroid operators the equivalence between a-Weyl’s theorem
and property (w) is true without assuming the SVEP for T™*.

Theorem 4.68. Suppose that T is a-polaroid. Then a-Weyl’s theo-
rem holds for T if and only if T' satisfies property (w).

Proof Note first that if T is a-polaroid then 78,(T) = poo(T). In
fact, if X € w§y(T") then A is isolated in 0,(T") and hence p(AI —T') =
g(AMl — T) < co. Moreover, a(Al — T) < 00, so by Theorem 1.21 it
follows that (Al — T) is also finite, thus A € poo(T"). This shows that
75(T) C poo(T), and consequently by Lemma 4.40 we have 7§, (T) =
poo(T).

Now, if T' satisfies a-Weyl’s theorem then A*(T") = #§,(T) = poo(T),
and since Weyl’s theorem holds for T we also have by Theorem 4.44 that
poo(T) = moo(T). Hence property (w) holds for T'.

Conversely, if T satisfies property (w) then A?(T') = mo(7T'). Since
by Theorem 4.57 T satisfies Weyl’s theorem we also have, by Theorem
4.44, moo(T') = poo(T') = 7§y (T'), so T satisfies a-Weyl’s theorem. .

The last theorem implies that property (w) holds for every multiplier
T € M(A) of a commutative semi-simple regular Tauberian Banach
algebra A, and in particular for every convolution operator on L!(G),
where G is a compact Abelian group (see Chapter 4 of [1] for definitions
and details). In fact a-Weyl’s theorem holds for 7" [24], and by Theorem
5.54 and Theorem 4.36 of [1], every multiplierT is a-polaroid.

The operator defined in Example 4.63 shows that a similar result
to that of Theorem 4.68 does not hold for polaroid operators, i.e. if
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T € L(X) is polaroid Weyl’s theorem for 7" and property (w) for T in
general are not equivalent. However, we have

Theorem 4.69. Suppose that T € L(X). Then the following state-
ments hold

(\)If T is polaroid and T has SVEP then property (w) holds for T*.

(i) If T is polaroid and T* has SVEP then property (w) holds for T'.

Proof (i) By Theorem 4.65 it suffices to show that Weyl’s theorem holds
for T*. The SVEP ensures that Browder’s theorem holds for 7. We
prove that moo(T™*) = poo(T™). Let A € moo(T™). Then A € isoo(T*) =
isoo(T) and the polaroid assumption implies that A is a pole of the
resolvent, or equivalently p := p(AIl = T) = ¢\l —=T) < oo. If P
denotes the spectral projection associated with {A}, by Theorem 2.9
we have (AI — T)P(X) = ker P so (Al — T)P(X) is closed, and hence
also (A\[* — T*)P(X*) is closed. Since \ € mpo(T™) then a(A[* —T*) <
oo and this implies a(A[* — T*)P < oo, from which we conclude that
(AM[* = T*)P € &, (X*), hence A\*I — T* € &, (X*), and consequently
M —T € &_(X). Therefore S(A] —T) < oo and since p(Al —T') =
g(AM —T) < 0o by Theorem 1.21 we then conclude that a(A —T') < oco.
Hence A € poo(T) = poo(T™*). This proves that moo(T*) C poo(T*),
and since the opposite inclusion is satisfied by every operator we may
conclude that moo(T*) = poo(T*). By Theorem 4.44 then T* satisfies
Weyl’s theorem.

(ii) The SVEP for T* implies that Browder’s theorem holds for 7.
Again by Theorem 4.65 it suffices to show that T satisfies Weyl’s theo-
rem, and hence by Theorem 4.44 we need only to prove that moo(7T) =
poo(T). Let X € moo(T'). Then A € isoo(T') and since T is polaroid then
p:=pAN —T)=q\ —T) < o0o. Since a(A —T) < oo we then have
B(A —T) < oo and hence A € poo(T). Hence mpo(T) € poo(T) and
hence we can conclude that moo(7") = poo(T). .

Part (i) of Theorem 4.69 shows that the dual 7™ of a multiplier
T € M(A) of a commutative semi-simple Banach algebra A has property
(w), since every multiplier " € M(A) of a commutative semi-simple

Banach algebra satisfies Weyl’s theorem and is polaroid, see Theorem
4.36 of [1].
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8. Further and recent developments

It is natural to ask if Weyl’s theorems or property (w) is transmitted
from a bounded operator T' € L(X) to some perturbation T+ K. The
following result has been first proved by Oberai [87].

Theorem 4.70. Weyl’s theorem is transmitted from T € L(X) to
T + N when N is a nilpotent operator commuting with T

Proof The assertion follows from Theorem 4.46 and from the fact
the o(T) = o(T + N), see Lemma 2.75, and ow(T') = ow(T + N), see
Theorem 4.7. n

The following example shows that Oberai’s result does not hold if we
do not assume that the nilpotent operator N commutes with 7', so we
see that also for a simple case the condition of commutativity is required.

Example 4.71. Let X := (?(N) and T and N be defined by
ry
T(a1,22,....) = (0,55 ), (o) € £
and

N(z1,2,...,) = (0,—%,0,0,...), (zn) € %(N)

Clearly, N is a nilpotent operator, and T is a quasi-nilpotent operator
satisfying Weyl’s theorem. On the other hand, it is easily seen that
0€mo(T’"+N)and 0 ¢ o(T'+ N)\ ow(T'+ N), so that T'+ N does not
satisfies Weyl’s theorem.

Note that the operator N in Example 4.71 is also a finite rank op-
erator not commuting with 7. In general, Weyl’s theorem is also not
transmitted under commuting finite rank perturbation, as the following
example shows.

Example 4.72. Let S : 2(N) — ¢%(N) be an injective quasi-
nilpotent operator, and let U : ?(N) — ¢2(N) be defined :

Uz, x2,...,) = (—21,0,0,...), with (z,) € (*(N).
Define on X := ¢?(N) @ ¢?(N) the operators T and K by
T:=1¢S and K:=Ua0

Clearly, K is a finite rank operator and KT'= TK. It is easy to check
that

o(T) = 0(T) = 0a(T) = {0,1}.
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Now, both T" and T* have SVEP, since o(T") = o(T™) is finite. Moreover,
700(T) = o(T) \ ow(T) = 0, so T satisfies Weyl’s theorem.
On the other hand,

o(T + K) = 0(T + K) = {0,1},
and moo(T'+ K) = {0}, so that Weyl’s theorem does not hold for 7'+ K.

Definition 4.73. A bounded operator T € L(X) is said to be isoloid
if every isolated point X of the spectrum is an eigenvalue of T. T €
L(X) is said to be finite-isoloid if every isolated spectral point X is an
eigenvalue having finite multiplicity, i.e. 0 < a(AM —T) < oo.

A result of W. Y. Lee and S. H. Lee [77] shows that Weyl’s theorem
for an isoloid operator is preserved by perturbations of commuting finite
rank operators. This result has been generalized by Oudghiri [89] as
follows:

Theorem 4.74. If T € L(X) is an isoloid operator which satisfies
Weyl’s theorem, if ST =TS, S € L(X), and there exists n € N such
that S™ is finite-dimensional, then T + S satisfies Weyl’s theorem.

More recently, Y. M. Han and W. Y. Lee in [65] have shown that in
the case of Hilbert spaces if T" is a finite-isoloid operator which satisfies
Weyl’s theorem and if S a compact operator commuting with T then
also T'+ S satisfies Weyl’s theorem. Again, Oudghiri [89] has shown
that we have much more:

Theorem 4.75. If T € L(X), X a Banach space, is a finite-isoloid
operator which satisfies Weyl’s theorem and if K is a Riesz operator
commuting with T then also T + K satisfies Weyl’s theorem.

Recall that a bounded operator T is said to be algebraic if there
exists a non-trivial polynomial A such that h(7") = 0. Note that if 7" is
finite-dimensional for some n € N then T is algebraic. The following two
results show that Weyl’s theorem survives under commuting algebraic
perturbations in some special cases.

Theorem 4.76. [89] Suppose that T € L(X) has property H(p), K
algebraic and TK = KT. Then Weyl’s theorem holds for T + K

As already observed the property H (p) may fail for paranormal oper-
ators, in particular fails for quasi-hyponormal operators [21]. However,
to these operators we can apply the next result to this case.
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Theorem 4.77. [21] Suppose that T € L(H) is paranormal, K
algebraic and TK = KT. Then Weyl’s theorem holds for T + K.

As observed above every finite-dimensional operator is algebraic. If
T satisfies H(p), or is paranormal, then 7" is isoloid (see [4]), so that the
result of Theorem 4.74 in these special cases also follows from Theorem
4.76 and Theorem 4.77.

In the perturbation theory the ”commutative” condition is rather
rigid. On the other hand, it is known that without the commutativity,
the spectrum can however undergo a large change under even rank one
perturbations. However, we have the following result due to Y. M. Han
and W. Y. Lee [65].

Theorem 4.78. Suppose that T € L(H) is a finite-isoloid operator
which satisfies Weyl’s theorem. If o(T) has no holes (bounded compo-
nents of the complement) and has at most finitely many isolated points
then Weyl’s theorem holds for T+ K, where K € L(H) is either a com-
pact or quasi-nilpotent operator commuting with T modulo the compact
operators.

The result below follows immediately from Theorem 4.78

Corollary 4.79. Suppose that T € L(H) satisfies Weyl’s theorem.
If o(T) has no holes and has at most finitely many isolated points then
Weyl’s theorem holds for T + K for every compact operator K.

Corollary 4.79 applies to Toeplitz operators and not quasi-nilpotent
unilateral weighted shifts, see [65].

It is easy to find an example of an operator such that a-Weyl’s theo-
rem holds for T while there is a commuting finite rank operator K such
that a-Weyl’s theorem fails for T+ K.

Example 4.80. Let Q be any injective quasi-nilpotent operator on
a Banach space X. Define T := Q @& I on X & X. Clearly, T satisfies
a-Weyl’s theorem. Take P € L(X) any finite rank projection and set
K :=0®(—P). Then TK = KT and 0 € 7§y(T + K) Noww (T + K).
Clearly, 0 ¢ 0,(T+ K) \ ouw(T + K), so that oo (T+ K) \ ouw(T + K) #
7go(T) and hence a-Weyl’s theorem does not holds for 7"+ K.

To see when a-Weyls theorem is transmitted under some pertur-
bations we need to introduce some definitions. A bounded operator
T € L(X) is said to be a-isoloid if every isolated point of the approx-
imate point spectrum o,(7") is an eigenvalue. T' € L(X) is said to be
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finite a-isoloid if every isolated point o,(T') is an eigenvalue having finite
multiplicity. The following two results are due to Oudghiri [90].

Theorem 4.81. [90] If T € L(X) is an a-isoloid operator which
satisfies a-Weyl’s theorem, if ST = TS, S € L(X), and there exists
n € N such that S™ is finite-dimensional, then T + S satisfies a-Weyl’s
theorem.

Theorem 4.81 extends a result of D. S. Djordjevié [47] , where a-
Weyl’s theorem was proved for T4+ S when S is a finite rank operator
commuting with 7. In the case of finite a-isoloid operators we can say
much more:

Theorem 4.82. [90] IfT € L(X) is a finite a-isoloid operator which
satisfies a- Weyl’s theorem and if K a Riesz operator commuting with T
then also T + K satisfies a-Weyl’s theorem.

In particular, Theorem 4.82 applies to compact perturbations T+ K.

We have seen that property (w) is not intermediate between Weyl’s
theorem and a-Weyl’s theorem. Property (w) is preserved by commuting
nilpotent perturbations in the case that T is a-isoloid.

Theorem 4.83. [7] Suppose that T € L(X) is a-isoloid. If T satis-
fies property (w) and N is nilpotent operator that commutes with T then
T + N satisfies property (w).

Property (w) is not preserved by commuting finite rank perturba-
tions K, also in the case that T is a-isoloid. However, we have:

Theorem 4.84. [7] Suppose that T € L(X) is a-isoloid and K is a
finite rank operator that commutes with T. If T satisfies property (w)
and 0o(T 4+ K) = 0,(T) then T + K satisfies property (w).

Example 4.85. In general, property (w) is not transmitted from T°

to a quasi-nilpotent perturbation 1"+ (. For instance, take 7' = 0, and
Q € L(£*(N)) defined by
o X3

Q(r1,x2,...) = (5, 3 ..) for all (z,) € FA(N,
Then @ is quasi-nilpotent and {0} = 7p(Q) # 0a(Q) \ ouw(Q) = 0 .
Hence T satisfies property (w) but T4+ @ = @ fails this property.

Note that in the Example 4.85 @) is not injective. We want to show
that property (w), as well as a-Weyl’s theorem, holds for T if T com-
mutes with an injective quasi-nilpotent operator. We need first a pre-
liminary result.
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Lemma 4.86. Let T € L(X) be such that o(T) < co. Suppose that
there exists an injective quasi-nilpotent operator @ € L(X) such that
TQ = QT. Then T is injective.

Proof Set Y :=ker T. Clearly, Y is invariant under ) and the restric-
tion (A — @Q)]Y is injective for all A # 0. Since Y is finite-dimensional
then (A — Q)|Y is also surjective, thus o(Q|Y) C {0}. On the other
hand, from assumption we know that Q|Y" is injective and hence Q|Y is
surjective, so o(Q|Y) = 0, from which we conclude that Y = {0}. ]

Theorem 4.87. Suppose that for T € L(X) there exists an injective
quasi-nilpotent Q) operator commuting with T'. Then both T and T + Q
satisfy property (w) and a-Weyl’s theorem (and, consequently, Weyl’s
theorem).

Proof We show first property (w) for T'. It is evident, by Lemma 4.86,
that moo(7) is empty.

Suppose that 0,(T")\ouw (T') is not empty and let A € 0,(T")\ ouw (T).
Since AXI — T € Wi (X) then a(A —T) < oo and Al — T has closed
range. Since Al — T commutes with @ it then follows, by Lemma 4.86,
that A\I — T is injective, so A ¢ 0,(T), a contradiction. Therefore, also
Ua(T) \JUW(T) is empty.

Property (w) for T'+ @ is clear, since also T'+ () commutes with Q.

To show that a-Weyl’s theorem holds for T" observe that by Lemma
4.86, also 7§y (T") is empty, hence o, (T") \ ouw(T) = 7§y(T) = 0. Analo-
gously, a-Weyl’s theorem also holds for T+ @, since T+ () commutes
with Q. L]

Property (w) is preserved under finite rank perturbations or nilpo-
tent perturbations commuting with 7" in the case that T* € L(X) has
property H(p) or T* is algebraically paranormal. This is a consequence
of the next two theorems, taking into account that finite rank operators
and nilpotent are algebraic.

Remark 4.88. In the case of an operator defined on a Hilbert space
H instead of the dual 7% of T' € L(H) it is more appropriate to consider
the Hilbert adjoint 7" of T' € L(H). However, we have [4]

T’ has SVEP < T* has SVEP,

so that the result of Corollary 4.105 holds if we suppose that 7" has
SVEP.
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Theorem 4.89. [11] Suppose that T € L(H), H a Hilbert space,
and let K be an algebraic operator commuting with T. The following
statements hold:

(i) if T is algebraically paranormal then property (w) holds for T' +
K'.

(ii) if T' is algebraically paranormal then property (w) holds for T +
K.

An analogous result holds for H(p) operators defined on Banach
spaces:

Theorem 4.90. [11] Suppose that T' € L(X) and K is an algebraic
operator commuting with T'.

(i) if T € H(p) then property (w) holds for T* + K*.
(ii) of T* € H(p) then property (w) holds for T + K.

Browder’s and Weyl’s theorems admit a generalization in the sense of
semi B-Fredholm operators. Recall that a bounded operator T' € L(X)
is said to be B-Browder (resp. upper semi B-Browder, lower semi B-
Browder) if for some integer n > 0 the range 7™ (X) is closed and T}, is
Browder (resp. upper semi-Browder, lower semi-Browder). The respec-
tive B-Browder spectra are denoted by opy, (1), ousbb(T') and oispn (7).
A bounded operator T' € L(X) is said to be B-Weyl (resp. upper semi
B-Weyl, lower semi B-Weyl) if for some integer n > 0 the range 7" (X)
is closed and Tj, is Weyl (resp. upper semi-Weyl, lower semi-Weyl).
The respective B-Weyl spectra are denoted by opw (1), ousbw(7T) and
osbw(T). Finally, define the left Drazin spectrum as

014(T) == {A € C: A — T is not left Drazin invertible},
the right Drazin spectrum as
0:d(T) := {X € C: A\ — T is not right Drazin invertible},
and the Drazin spectrum is defined as
04(T) :={A € C: A\I — T is not Drazin invertible}.

Obviously, o4q(T) = 01q(T) U oq(T).
By Theorem 2.92 we have

Theorem 4.91. For every T € L(X) we have
Uusbb(T) = Uld(T)v Ulsbb(T) = Urd(T)? Jbb(jj) = Ud(T)'
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The results of following two theorems are analogous to those estab-
lished in Theorem 4.5 and Theorem 4.6.

Theorem 4.92. [8] For a bounded operator T € L(X) the following
equalities hold:

(i) Jusbb(T) = Uusbw(T) U acc Ua(T)'

(ii) Ulsbb(T) = Ulsbw(T) U acc US(T).

(111) Ubb(T) = Ubw(T) U acc J(T)

If T or T* has SVEP some of these spectra coincide.

Theorem 4.93. [8] Suppose that T € L(X). Then the following
statements hold:

(i) If T has SVEP then

(52) Tusbw(T) = 1566 (T') = 0a(T) = obw(T).
(ii) If T* ha SVEP then

(53) 1sbw (T') = oushb (T') = oy (T') = 0a(T).
(iii) If both T and T* ha SVEP then

(54) Tusbw (1) = O1sbw (T') = o (T) = 04 (T).

A consequence of Theorem 4.93 is that the spectral mapping theorem
holds for oughw (1) in the case that T* has SVEP.

Theorem 4.94. [13] If T € L(X) and T* has SVEP then the spec-
tral mapping theorem holds for oushw(T), i.e.
f(o'usbw(T)) = Uusbw(f(T))
for each f € H(o(T)).

In the case that T" has SVEP we require that f is not constant on
each of the components of its domain.

Theorem 4.95. [13] Suppose that T has SVEP and that f € H(o(T))
is not constant on each of the components of its domain. Then f(ouspw(T)) =

Tusbw (f(T))-

Define IIpo(T") := o(T') \ 0q(T") and II%(T") = 0,(T") \ 01a(T"). More-
over, set

Ap(T) :=0o(T)\ opw(T) and AL(T) := 0a(T) \ dusbw(T).
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Definition 4.96. [35] T' € L(X) is said to satisfy generalized Brow-
der’s theorem if Ay (T) = Iy (T), or equivalently ony(T) = 0q(T). A
bounded operator T € L(X) is said to satisfy generalized a-Browder’s
theorem if AR (T) =11*(T"), or equivalently oyshw (1) = o1a(T').

Clearly, by Theorem 2.92
(55) generalized Browder’s theorem holds for 7' < oy, (1) = obw (1),
or equivalently, by Theorem 4.92,

(56)
generalized Browder’s theorem holds for T' < acc o (T) C opw(T).
Analogously,

(57)

generalized a- Browder’s theorem holds for T' < oyspn (1) = dusbw (1),

or equivalently, by Theorem 4.92,

(58)

generalized a-Browder’s theorem holds for 7" < acc 0, (T") C ousbw (T).

Theorem 4.97. ([17], [13]) Let T € L(X). Then the following
statements hold:

(i) T satisfies generalized Browder’s theorem if and only if T has
SVEP at every A ¢ ouy(T)

(ii) T satisfies generalized a-Browder’s theorem if and only if T has
SVEP at every A ¢ ousbw(T)

Since opyw(T') C 0w (T) and oyspw (T) C ouw(T) for all T € L(X), by
Theorem 4.97 and Theorem 4.23 we readily obtain

generalized Browder’s theorem for 7' = Browder’s theorem for 7.
and
generalized a-Browder’s theorem for T' = a-Browder’s theorem for 7.

The main result of a very recent paper [27] proves that Browder’s
theorems and generalized Browder’s theorem (respectively, a-Browder’s
theorems and generalized a-Browder’s theorem) are equivalent, see also
[8] for a shorter proof.

Theorem 4.98. For every T € L(X) the following equivalences
hold:

(i) Browder’s theorem for T and generalized Browder’s theorem for
T are equivalent.
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(ii) a-Browder’s theorem for T' and generalized a-Browder’s theorem
for T are equivalent.

Denote by H(o(T)) the set of all analytic functions defined on a
neighborhood of o(T'), let f(T') be defined by means of the classical
functional calculus.

Theorem 4.99. If either T or T* has SVEP and f € H(o(T)) then
the spectral mapping theorem holds for o (T), i.e.
obw(f(T)) = floww(T)) for all f € H(o(T)).
Define
E(T) ={ €isoo(T):0 < a(A-T)}.
It is easily seen that
Mo (T) C E(T) forall T € L(X).

Also Weyl’s theorem may be generalized in the semi B-Fredholm
sense of Berkani :

Definition 4.100. A bounded operator T € L(X) is said to satisfy
generalized Weyl’s theorem if A(T) = o(T) \ ouw(T) = E(T).

Generalized Weyl’s theorem has been recently studied by several
authors, see [32], [37], [35], [107], and its relevance is due to the fact
that it implies the classical Weyl’s theorem . Define

A (T) := Ap(T)U E(T).

Theorem 4.101. [17] For a bounded operator T € L(X) the fol-
lowing statements are equivalent:

(i) T satisfies generalized Weyl’s theorem;

(ii) T satisfied generalized Browder’s theorem and E(T) = Ty (T);

(iii) For every A € Ay(T) there exists p := p(\) € N such that
Ho(M —T) = ker (\[ — T)P.

Define

EYT):={X€isoo,(T): 0 < (N —T)}.

Definition 4.102. A bounded operator T' € L(X) is said to satisfies
generalized a-Weyl’s theorem if A*(T) = E*(T).
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Define
AYT) == ALT)U EY(T).
The following characterization of generalized a-Weyl’s theorem has
been proved in a recent paper of Aiena and Miller [13] .

Theorem 4.103. [13] For a bounded operator T € L(X) the fol-
lowing statements are equivalent:

(i) T satisfies generalized a-Weyl’s theorem;

(ii) T satisfies generalized a-Browder’s theorem and the equality E*(T) =
I1*(T) holds;

(iii) For every A € A{(T) there exists p := p(\) € N such that
Ho(M —T) =ker (AN —T)P and (A —T)"(X) is closed for all n > p.

Since

A (T)=AL(T)UE(T) CALNT)UEYT) = AY(T)

we easily deduce from Theorem 4.103 and Theorem 4.101 the following
implication:
generalized a-Weyls’s theorem for T' = generalized Weyl’s theorem for 7.

In a very important situation the previous implication may be reversed:

Theorem 4.104. [13] If T* has SVEP then generalized a-Weyl’s
theorem holds for T if and only if generalized Weyl’s theorem holds for
T.

Corollary 4.105. If T* has SVEP and T is polaroid then general-
ized a-Weyl’s theorem holds for f(T) for every f € H(o(T)).

Proof By Theorem 1.20 of [17] f(T') satisfies generalized Weyl’s theo-
rem. By [1, Theorem 2.40] f(7™) = f(T)* has SVEP. .

The following result has been proved in [13].

Theorem 4.106. If T € L(X), X a Banach space, and T* satisfies
the condition H(p), then generalized a-Weyl’s theorem holds for f(T)
for every f € H(o(T). Analogously, if T' € L(H), H a Hilbert space,
is algebraically paranormal then generalized a-Weyl’s theorem holds for

f(T) for every f € H(o(T)).
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