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ESSENTIAL APPROXIMATE PSEUDOSPECTRA OF
MULTIVALUED LINEAR RELATIONS

AREF JERIBI' AND KAMEL MAHFOUDHI!

ABSTRACT. One of the fundamental ideas investigated in A. Ammar, A. Jeribi
and K. Mahfoudhi in [5] is that of providing conditions under which the essential
approximate pseudospectrum of closed, densely defined linear operators have a
relationship with Fredholm theory and perturbation theory. In this paper the
approximate pseudospectrum and the essential approximate pseudospectrum of
closed, densely defined multivalued linear relations are introduced and studied, and
work done in the aforementioned papers are extended to general multivalued linear
relations

1. INTRODUCTION

A vast number of the problems that have been investigated in the Banach algebra
setting originated in the context of bounded linear operators or multivalued linear
relations on a Banach space. Let X denote a linear vector space over K =R or C. T
multivalued linear operator on X is a mapping from a subspace D(T") of X, called the
domain of T', into the collection of non empty subsets of X such that

T(axy + Baz) = oT (1) + BT (),

for all non zero scalars o, 5 € K and zy,29 € D(T). If T maps the points of its
domain to singletons, then 7' is said to be a single valued linear operator or simply
an operator, which is equivalent to 7'(0) = {0}.
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We denote by LR(X) the class of linear relations everywhere defined. T € LR(X)
is uniquely determined by its graph G(7'), which is defined by
S(T) ={(x,y) e X x X :2€ D), y e Tx},
so that we can identify T with G(T'). The closure and completion of T', denoted by T

and T, respectively, is the linear relation defined by

S(T) :=5(7),

S(T) :=5(T).

We denote by CR(X) the class of all closed linear relations from X into X. The
inverse of T is a linear relation 7! given by

S(T71) = {(y. ) : (x,y) € S(T)}.
If G(T) is closed, then T is said to be closed,
N(T) :={x € D(T): (x,0) € S(T)} and R(T):=T(D(T))

denote kernel structure and the range of the relation 7', respectively. The linear
relation T'+ S is defined by

S(T+S):={(r,y) € X x X :y=u+v with (x,u) € §(T), (z,v) € §(9)}.
Let T € LR(X) and S € LR(X) where R(T) N D(S) # (. The product of ST is
defined by

G(ST) :={(x,2) € X x X : (x,u) € §(T) and (u, z) € §(5) for some u € X}.

Let Q7 denote the quotient map from X onto X/7'(0). We shall denote QTO) by Q7.
Clearly, Q7T is a single valued operator and the norm of 7' is defined by

1T = [1QrT.

We say that T is continuous if for each neighborhood V in R(T), T1(V) is a
neighborhood in D(T) ( ||T'|| < oo), bounded if it is continuous with D(7') = X, open
if T~ is continuous, equivalently v(7") > 0 where (T is the minimum modulus of
T defined by

+(T) = sup {)\ > 0: Ad(z, N(T)) < | T|| for = € D(T)},

where d(z, N(T")) is the distance between x and N(7"). If D(T") and if ||T'|] < oo, then
we shall say that 7" is bounded.

The class of such relations is denoted by LR(X) and we denote by £(X) the set of
all bounded linear operators from X. For 7' € LR(X), we write

a(T) == dimN(T), B(T) :=dim X/R(T), B(T) :=dim X/R(T),

and the index of T is the quantity i(T") := «(T) — B(T') provided that «(7T") and
B(T) are not both infinite. We say T is upper semi-Fredholm, if there exists a finite
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codimensional subspace M of D(T) for which T}y is injective and open. If M and N
are subspaces of X and of the dual space X' respectively, then

ML:{feXﬂkazomnmxewﬁ

and
NT .= {x €eX:z'(x)=0forallz e N}.

The conjugate of T € LR(X) is the linear relation 7" defined by
G(T):=G(-THr cY x X,

so that (y,2") € §(T") if, and only if, 3 (y) = ' (z) for all (x,y) € G(T).
A closed linear relation 7" acts from X into X.

Definition 1.1. Let 7' € LR(X).
(¢) T is said to be upper semi-Fredholm, if there exists a closed, finite, codimensional
subspace M of X, such that the restriction 7'|)s has a single valued continuous inverse.
(44) T is said to be lower semi-Fredholm linear relation if its conjugate T is
uppersemi-Fredholm linear relation.

We denote by F,(X), the set of upper semi-Fredholm linear relations and by F_(X)
the set of lower semi-Fredholm linear relations.

In the case when X is Banach space, we extend the classes of closed single-valued
Fredholm type operators given earlier to include closed multivalued operators, and
note that the definitions of the classes ¥ (X) and F_(X) are consistent, respectively,
with

o, (X) = {T € CR(X) : a(T) < oo and R(T) is closed in X},

o (X)= {T € CR(X) : B(T) < 0o and R(T) is closed in X}.

O(X) := &, (X)NP_(X) denotes the set of Fredholm relations from X and & (X) :=
O, (X)UP_(X) denotes the set of semi-Fredholm relations from X.

We say that T is strictly singular, if there is no infinite dimensional subspace M of
D(T') for which the restriction 7’|y has a single valued continuous inverse.

The families of all compact and strictly singular linear relations will be denoted by
KR(X) and SSR(X), respectively.

Let T € LR(X), the set

p(T) = {)\ € C: X\ —T is injective, open with dense range on X}.

Referring back to the closed theorem of linear relations (see [16,17]), when T is closed
and X is a Banach space, this coincides with the set

{)\ € C: (A—T) !is everywhere defined and single Valued}.

Therefore, our definition of a resolvent set coincides with the standard definition for
bounded or closed operators in Banach spaces.
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The spectrum of T is the set o(T) := C\p(T'). The set p(T') is open, whereas the
spectrum o (7T') of a closed linear relation 7' is closed. The approximate point spectrum
of T' is the set defined by

oop(T) = {)\ € C: A —T is not bounded below}.
The defect spectrum of T' is the set defined by
os(T) :== {/\ € C: A =T is not surjective}.
Let T'€ LR(X) and € > 0. We define the pseudospectra of a linear relation 7" by
7:(T) = o(T) U {Ae T [ =T) "] > i}
The approximate pseudospectrum of a linear relation 7" by the set

Gane(T) = 00p(T) U {A eC:  inf__ ||(A=T)z| < g},

z€D(T)\N(T),
llell=1

and the defect pseudospectrum of a linear relation 7' by
o5:(T) = aapvg(T/).

Our concern in this paper is mainly the following essential pseudospectra

Oe1(T)=C\{Ae€eC:AN=T+S5e€ P, (X)forall SeIp(X)},
Oe2(T) =C\{ANe€eC:AN=T+Se€d_(X)forall SeIp(X)},
Oe3(T) =C\{Ae€C: AN=T+S5e€ P, (X) forall SeIp(X)},
Oese(T) =C\{AN€C: AN=T+ S € ®(X) forall S €Ip(X)},

where
Ir(X) :={S € LR(X) is continuous : ||S|| < &, D(S) D D(T) and S(0) C T(0)},
Owe(T) = m o-(T + K),

KeXr(X)
Ueap,s(T) = ﬂ Oap,e (T + K),
KeXp(X)
Oes,e (T) = m O5.e (T + K)
KeXp(X)

and
Kr(X) :={K € KR(X) : D(K) D D(T) and K(0) C T(0)}.
We turn our attention to the following inclusions
Oe1e(T) N 02 e(T) =0e3(T) C Oese(T) C 0y e(T) C 0 (T),
Oe1(T) COeap(T) and e (T) C 0es.(T),
Owe(T) =Ccape(T) U 0ese(T).
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If £ tends to 0, we recover the usual definition of the essential spectra of a closed
operator T'. The subsets ¢ (.) and oes(-) are the Gustafson and Weidmann essential
spectra, o.3(+) is the Kato essential spectrum, o.4(+) is the Wolf essential spectrum,
0w () is the Schechter essential spectrum, o..,(-) is the essential approximate point
spectrum and o.4(-) is the essential defect spectrum.

Remark 1.1. Let T € LR(T).

(1) If €1 < €9, then 0, (T) C 0, (T) with j =1,2,3,4,w, eap, 6.

(1) It is clear that o,.(T), with j = w,eap,d has a remarkable stability, any
compact perturbation K € Kp(X) leaves the essential pseudospectrum invariant,
then we have 0;.(T + K) = 0,.(T), with j = w, eap, .

This paper is a continuation of the research which was undertaken by A. Ammar and
A. Jeribi in works [3,5,6,13] and was devoted to special subsets of the pseudospectrum
and the essential pseudospectrum of closed, densely defined multivalued linear relations

Owe(T) = (l o.(T+K):= |J ou(T+D),
KeXr(X) | D||<e
where
ou(T) == ﬂ o(T+ K).
KeXr(X)

Also, for the benefit of the reader we review an important result about pseudospectrum
from [7-10] and [11,12].

After compressing or depressing them, certain parts of pseudospectrum of an linear
relations acting between Banach space may be distinguished. Among these parts, we
are interested in two: one is the approximate pseudospectrum and the other is the
essential approximate pseudospectrum. Motivated by the approximate pseudospec-
trum versions introduced by M. P. H. Wolf [22] in the case of linear operator, it
becomes possible to extend this definition to the case of multivalued linear relations
of closed, densely defined multivalued linear relations. Recently, J. M. Varah [21], has
introduced the first idea of pseudospectra. L. N. Trefethen [18,19], not only initiated
the study of pseudospectrum for matrices and operators, but he also talked of ap-
proximate eigenvalues and pseudospectrum and used this notion to study interesting
problems in mathematical physics. In the same vein, several authors have worked on
this field. For example, we may refer to E. B. Davies [15].

The main aims of this work are the following: we introduce and study the ap-
proximate pseudospectrum and the essential approximate pseudospectrum of closed,
densely defined multivalued linear relations. We begin by the definition and we investi-
gate the characterization, the stability and some properties of these pseudospectrum.

We organize our paper in the following way. In Section 2 contains preliminary and
auxiliary properties that will be necessary in order to prove the main results of the
other sections. Some results concerning approximate pseudospectrum and essential
approximate pseudospectrum are established in Sections 3 and 4. The main focus
of this section are Theorems 3.4, 3.5 and 4.1. Subsequently, we apply the obtained
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results to study the invariance and the characterization of the essential approximate
pseudospectrum of a closed multivalued linear operator.

2. PRELIMINARY RESULTS

In this section we collect some results of the theory of multivalued linear operators
which will be needed in the following sections.

Definition 2.1. Let S € LR(X) be continuous where, X is normed spaces.

(i) S is called a Fredholm perturbation if '+ S € ®(X), whenever T' € &(X).

(#7) S is called an upper semi-Fredholm perturbation if 7'+ S € ®, (X)), whenever
Ted, (X).

(77i) S is called a lower semi-Fredholm perturbation if 74+ S € ®_(X), whenever
Ted_ (X).

The sets of Fredholm, upper and lower semi-Fredholm perturbations are denoted
by P(®(X)), P(P, (X)), and P(P_(X)), respectively.
We denote also the set
Pr(®(X)) :={S € P(®(X)):S5(0) CcT(0) and D(S) D D(T)},
Pr(® (X)) :={S € P(P,(X)):5(0) CcT(0) and D(S) D> D(T)}
and
Pr(®_(X)):={S € P(®_(X)):S(0)CcT(0) and D(S) D D(T)}.
In general by [2] we have
Kr(X) CPr(P (X)) CPr(P(X)) and Kp(X) C Pr(P_(X)) C Pr(P(X)).

Lemma 2.1 ([2]). Let T € CR(X), where X is Banach spaces. Then the following
hold.
(i) If T € ®(X) and S € Pr(P, (X)), then T+ S € ,.(X) and i(T + S) = i(T).
(it) If T € ®_(X,Y) and S € Pp(®_(X)), thenT+S € ®_(X) andi(T+S) = i(T).

Lemma 2.2 ([16]). Let T € LR(X). Then for x € D(T), we have the following
equivalence:

(i)y e Te < Tx =y +T(0).

In particular,

(i1) 0 € Te & Tx = T(0).

Lemma 2.3 ([16, Corollary 1.2.11]). Let T' € LR(X). Then
(i) T'Tx =2+ T7(0) for all v € D(T);
(4i) TT 'y =y + T(0) for ally € R(T).

Lemma 2.4 ([16, Proposition I1.1.4 and I1.1.6]). Let X is normed spaces and T €
LR(X). Then

(i) | Tx|| = d(y,T(0)) for any y € T'z;

(i) |Tz|| = d(Tz,T(0)) = d(Tx,0) (x € D(T));

(4it) ||T'|| = sup,ep, |T2|| with Bx :={r € X : ||| < 1}.
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Lemma 2.5 ([12, Proposition 3.1]). Let S, T € LR(X) such that S(0) C T(0),
D(T) C D(S). If T € CR(X) and S is continuous, then S+ T € CR(X).

Theorem 2.1 ([16, Theorem I11.4.2]). Let T € CR(X), then
(1) T is continuous if and only if D(T) is closed;
(13) T is open if and only if R(T) is closed.

Lemma 2.6 ([16, Proposition 11.3.20]). Let T' be open and injective and let S € LR(X)
be a linear operator satisfying ||S|| < v(T). Then T + S is open and injective.

Proposition 2.1 ([16, Proposition 1.4.2], [14, Lemma 2.4]). Let R, S,T € LR(X).
Then

(1) (R+ S)T C RT + ST with equality if T is single valued.

(i1) Let T € LR(X) and S, R € LR(Y, Z). If T(0) C N(S) or T(0) C N(R), then
(R+S)T'=RT + ST.

Theorem 2.2 ([16, Theorem I11.5.3]). Let X,Y be Banach spaces and let T € CR(X).
Then T is open if and only if R(T) is closed.

Theorem 2.3 ([12, Theorem 2.2]). Let S,T € LR(X) be closed. We have the follow-
ing.
(0) If S, T € . (X), then ST € &, (X) and TS € ¢ (X).
(i1) If S, T € ®_(X), with T'S (resp. ST) closed, then TS € ®_(X) (resp. ST €
o_(X)).
(iii) If S,T € ®(X), then TS € ®(X) and i(T'S) = i(T) + i(S) + dim X /(R(S) +
D(T)) — dim[S(0) (1 N(T)].
() If S and T are everywhere defined and TS € &, (X), then S € &, (X).
(v) If S and T are everywhere defined such that TS € ®(X) and ST € ®(X), then
SeP(X)and T € O(X).

3. THE APPROXIMATE PSEUDOSPECTRUM OF LINEAR RELATIONS

The goal of this section is to study the approximate of pseudospectrum of closed,
densely defined multivalued linear relations.

Proposition 3.1. Let T € LR(X) where X is a normed space. Then
Oupe(T) C o.(T).
Proof. Let A ¢ o-(T), then [|[(A —T)7"|| < L. Moreover,

1 ey el
il [A—D)zl  eomam, |- D)zl
xeml(lTH)E@, e ﬁ = 1
(3.1) = Sup =

oxaenyw |(A = Tl
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Putting x := (A — T) 'y we have
A=T)z =AN=T)A—T)'y (by Lemma 2.3)
=y+ A =T)0).
Using Lemma 2.2, we obtain that y € (A — T")z. On the other hand, (A —7)(0) =
A0) —=T(0) =0—"T(0) =T(0). Also by Lemma 2.2, 0 € T(0) and from Lemma 2.4

we have

(3.2) (A =T)z| = d(y,(A=T)(0)) = d(y,T(0)) < d(y,0) = |lyll.
Combining (3.1) and (3.2) that
A—T)1 L 1
yeX\{0} [yl £
Consequently,

inf |((A=T)x| > e.

a€D(T)\N(T),
llzll=1

Hence,

AN 04 (T). U

Ezample 3.1. Let X = C™ and let T" be the single-valued linear operator on £(C")
given for all n > 2 with the infinity norm by

{T:(C”—HC”,

e; — Te;, where Te; = €(41)—;-

T=T7"
7] =1,
o(T)U{oo} ={-1,1}.
Therefore, T is everywhere defined closed linear relation. We will check that if

A = Teill = Aei — ey,

It is easily checked that

then
inf (A =T)ei| = [A +1,
e, €D(T)\N(T),
lle;llI=1
and if
e; — e i
-1 o ) (n+1)—1
then
_ A+ 1
IA=T)"" =

A2 —1]
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Moreover, for € > 1 we obtain
Oape(T) ={A € C: |\ <e -1},

|A|+1>1
IN2—=1] " e

It is easy to verify that, for all A with 0 < |[A] <1 we have
0(T) # Oape(T).
Proposition 3.2. Let T € LR(X), where X is a normed space. Then

ﬂ Oape(T) = 0ap(T).
e>0

Proof. 1t is clear that 0,,(T) C 04,(T) for all € > 0, then
Oap(T) C () Oape(T).

e>0

o.(T) :{Ae(C:

Conversely, let A ¢ 0,4,(T). Then A —T' is bounded below, hence A — T is injective,
open with dense range on X and (A — T)~! is a bounded linear operator, so there

exists € > 0 such that
1

I =) <=

Therefore,
A ¢ o(T),
and we conclude from Proposition 3.1 that A & 04 (T). S0, A & Nesg ape(T). O

Theorem 3.1. Let T € LR(X) and ¢ > 0. Then, for any o, f € C with B # 0 we
have the following.

(i) If o € C and € > 0, then 04y (T + o) = o+ 04y (T).

(ii) If B € C\{0} and € > 0, then 0ap c(BT) = Boap(T).

Proof. (i) Let A € 04p (T + o), then
A€ og(T+al) or inf A —al —T)zx| <e.

z€D(T)\N(T),
=1

Hence, (A — a)l — T is not bounded below (not injective) or

inf  [[(AN=—a)] =T)z| <e.
z€D(T)\N(T),
lzll=1

This yields to A € a 4 04y (T). For the second inclusion it is the same reasoning.
(i) Let A € 0gpjae(@T), then X € 04y(aT) or
inf |A —aT)z|| < |ale.

z€D(T)\N(T),
lz|l=1
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It follows that A — o7 is not bounded below (not injective) or

A
inf |« ( - T) z|| < |ale.
2€D(T)\N(T), Q@
llzii=1
Hence, a(2 — T)) is not bounded below (not injective) or
A A
inf a(—T)a: = |of inf|<—T>a: < lale.
z€D(T)\N(T), « z€D(T)\N(T), || \ ¥
[lz]|=1 |z||=1
Thus, 2 € 0,,(T) or
A
inf ‘(—T)x <e.
2eD(T)\N(TY, || \ @
llzii=1
S0, Oap,ale(@T) C aoqp(T). However, the reverse inclusion is similar. O

Corollary 3.1. Let T € LR(X) and € > 0. Then, for any a, 5 € C with  # 0 we
have

O’ap,g(a[ + BT) =« + ﬁ(fap,s‘m(T).

Definition 3.1. Given a polynomial P(2) = ¥7_, axz* with coefficients oy, € C, we
define the polynomial in T by P(T) = X1, ai T*.

Theorem 3.2. Let T be closed relation and assume that V' is closed single valued
bounded relation such that 0 € p(V'). Let S = VTV =Y. Then, for all polynomial P(T)
of degree n we have P(S) is closed and

P(S)=VP(T)V

Proof. We need to show that P(S) is closed. Let T is closed relation, then from [1,
Lemma 2.7] we obtain that P(T) is closed. On the other hand, V' is closed single
valued bounded relation such that 0 € p(V'), then V' has a closed range (R(V) = X).
By the fact that V' injective and open we have

a(V)=0<oco and (V) >0.

By using [16, Proposition I1.5.17|, we deduce that VP(T) is closed. Moreover,
since V1 is single valued and bounded, then from [16, Exercise 11.5.18] we obtain
VP(T)V~!is closed. Hence, P(S) is closed. Now, let

P(S) == i OékSk == i Oék(VTV_l)k.

k=0 =
Since, V' is single valued injective we infer that

P(S) = Enj ap(VIV O =V (f: aka> Vi=VPT)V O
k=0 k=0
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Theorem 3.3. Let T € CR(X) where X is a complete space and assume that V' as
in Theorem 3.2. Let k = ||V |||V and P(S) =V P(T)V~'. Then

Tap(P(5)) = 0ap(P(T)).
Proof. We have

A— P(S) =X\~ VP(T)V,
A= P9V =\-VP(T)VHV
=(\V —VP(T)V~'V) (using [16, Proposition 1.4.2 ])
=(A\V —=VP(T)) (asV is injective)
and

VA= P(S)V =V YAV - VP(T)),

VA= P(S)V ()\V W —V7'WP(T)) (using [16, Proposition 1.4.2 ])

VE A= P(S)V =(A— P(T)) (asV is injective)

(A= P(9)) =V(A— P(T))V~" (as V is single valued).

Now, if A ¢ 0,,(P(T)) then the closed relation A— P(T") is bounded below (injective,
open). By [16, Proposition VI.5.2])

VA= P(T)Vt=X-P(S)

is closed, bounded below (injective, open). Hence, A €¢ 7,,(P(S)).
Conversely, if A ¢ 04,(P(5)) then the closed relation A — P(S) is bounded below
(injective, open). By [16, Proposition VI1.5.2])

VA= P(S)V =X—P(T)

is also closed, bounded below (injective, open). Hence, A ¢ o,,(P (7)), which implies
the result. O

Now, we are ready to give our first main result of this section.

Theorem 3.4. Let T € CR(X), A € C, and ¢ > 0. If X € 04,(T), then there is
S € LR(X) satisfying D(T) C D(S), S(0) C T(0), ||S]| < € such that X € 04,(T+5).

Proof. Let X € 04, -(T). We will discuss these two cases.
1. case. If A € 0,4,(T), we may put S = 0.
2. case. If A ¢ 0,,(T), then there exists o € X, ||zo| = 1 such that

A = T)xol| <,

and by the Hahn Banach Theorem (see [20]), there exists 2’ € X’ such that ||2/|| =1
and z’(zg) = ||xo||. We define the relation S : X — X by

S(z) =2 (x)(N = T)xo.
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It is clear that S is everywhere defined and single valued (as S(0) = 0).
1S5z = [[«"(z)(A = T)zo) || < [[2"[|#[[[[(A = T)oll,

for x # 0, we have
[[1S]]

]

< [[(A=T)o,
S0,

IS < /(A = T)ol| <e.
We can rewrite

inf__[[(A =T = S)a|| <[[(A =T = S)xoll

xEDﬁz‘“)yl\f(T),
<A = T)zo = Sioll
<IA = T)ao — 2 (20) (A = T
<[IA =) (0)]
<[|A(0) = T(O)
<7 () = d(T(0),7(0)) = 0

Then, A € o,,(T + ). O

Theorem 3.5. Let T € CR(X), A € C, and € > 0. If there is S € LR(X) satisfying
D(T) C D(S), S(0) CT(0), ||S|| < e such that X € oap(T + S). Then X\ € 0,4y (T).

Proof. Suppose that there exists a continuous linear relation D € LR(X) satisfying
D(T) € D(S), S(0) € T(0) and ||S|| < € such that

A€ 0g,(T+9),

which means that
inf |(A=T - S)z| =0.

2eD(T)\N(T),
=1
In order to prove that

inf |(A—=T)x| <e,

2€D(T)\N(T),
lzfl=1

we can write
(A= T)wol] = (A =T — S+ S)aol| <[[(A =T — S)ol| + [ Szol|
<|IT(0)[| +¢
<e.

Then
inf A =T)z|| < e. O

z€D(T)\N(T),
llfl=1
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Corollary 3.2. In summary, at the present moment we have shown that from Theo-

rems 3.5 and 3.4, that for T € CR(X) and e > 0

Oape(T) = U (T +5),
Ir(X)

where

Ir(X) = {S € LR(X) is continuous : ||S|| < &, D(T) C D(S) and S(0) C T(O)}.

Theorem 3.6. Let T' € CR(X) where X is a complete space, then for any e > 0 and
E € LR(X) such that E(0) C T(0) and D(E) D D(T)

Tap.e—|1E(T) S Oape(T + E) S 0aperymy (T)-
Proof. Let X € 0gp.—g|(T). Then, by Theorem 3.4 there is S € LR(X) satisfying
D(T) C D(S), S(0) Cc T(0), ||S|| < e — || E]| such that

A€ 0op(T + 5) = aap((T—l—E) + (S — E)).

Using [16, Proposition I1.1.7 | we get
IS = Ell <|IS[l+ 1 - £
=||S|| + ||1E|| <& (using [16, Proposition II.1.7]).

Then, from Theorem 3.5, we deduce that A € 0,,.(T + E). Using a similar reasoning
to the first inclusion, we deduce that A € o4y oy (T). O

4. ESSENTIAL APPROXIMATE PSEUDOSPECTRA OF LINEAR RELATIONS

We begin this section by showing that the essential approximate pseudospectra of
linear relations are closed, and then illustrate some characteristic properties.

Theorem 4.1. Let T € CR(X) and ¢ > 0. Then the following statements are
equivalent:

(1) A & Ocape(T).
(i7) For all continuous linear relations S € LR(X) such that D(T) C D(S), S(0) C
T(0) and ||S]| < e, we have

A—T-Sed, (X) and i(A-T-S)<0.

(¢4i) For all continuous single valued relations D € LR(X) such that D(T) C D(D)
and || D|| < e, we have

A-T-Ded (X) and i(A-T—-D)<O0.
Proof. (i) = (i) Let A € 0cqp(T). Then there exists K € K¢ (X) such that
AN oge(T+K).
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Using Theorems 3.5 and 3.4, for all continuous linear relations S € LR(X) such that
DT+ K)=D(T)ND(K)
=D(T) C D(S) (as D(T) C D(K))
(T+ K)(0) =T(0) D S(0) (as K(0) C T(0)),
and ||S|| < e, we have A ¢ 0,,(T+ S+ K). Then, \—T — S — K is open, injective with
dense range. On the other hand, T is closed and K is compact then K is continuous
hence A — S — K is continuous, furthermore (A — S — K)(0) € T(0) , then using

Lemma 2.5, we obtain that A\ — T — S — K is closed. Hence, from Theorem 2.1,
R(AN—T — S — K) is closed. We conclude that, R(A —T — S — K) = X. Therefore

A—T-S-—Ked (X)and iA—T -5 —K) <0,

for all continuous linear relations S € LR(X) such that D(T') € D(S), S(0) C T(0)
and ||S|| < e. It is obvious from [1, Lemma 2.3] that for all continuous linear relations
S € LR(X) such that D(T") € D(S), S(0) C T(0) and ||S]| < & we have

A-T-8Se€d, (X) and i(A-T-95)<0.
(id) = (4ii) Ts trivial.
(i13) = (i) We assume that for all D € LR(X) a continuous single valued relations
such that D(T) € D(D) and ||D|| < &, then we have

AN=—T—-Ded,(X) and i(AN—T—D)<0.

By virtue of [2, Theorem 3.5 (i)], A — T — D can be expressed in the form

A—T-D=S+K,
where K € K)_7_p(X) = Kr(X) since

K(0) CT(0) = (A =T = D)(0),

DAN—T — D) =D(T) C D(K),
and S is a linear relation with closed range and S is injective linear relation (i.e.,
a(S) =0). So,
A—T-D-K=S and oA-T-D-K)=0.

Since A —T'— D — K is injective linear relation (bounded below), then there exists a
constant M > 0 such that

|(A\=T =D —K)z| > M|z, forallze D(T).
This proves that
inf  ||[AW=T—D—K)z|| > M >0.

a€D(T)\N(T),
llzll=1

This is equivalent to say that
AN o,(T+ D+ K),
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and therefore, A & ey (T). O

Remark 4.1. In summary, we have shown that from Theorem 4.1, that for T' € CR(X)
and € > 0

Ocape(T) = U Ueap(T + D) = U Teap(T +5).
I Dl|<e ISll<e
D(T)CD(D) S(0)CT(0)
D(S)>D(T)

Theorem 4.2. Let T' € CR(X) and e > 0. Then 0eap(T) is a closed set.

Proof. Let A ¢ 0cqp (1) and D be a single valued continuous linear relation such that
D(D) D D(T) and | D|| < e. Hence, by Theorem 4.1, we have
A—T—-Ded.(X) and i(A—T—D)<0.

So, R(A—T — D) is closed and from Lemma 2.5, we have A — T — D is closed. Then
by using Theorem 2.1, A — T — D is open and hence (A —T — D) > 0. Let r > 0 such
that r < y(A =T — D), let € By(A,7) then |u— A <r <y(A—T — D). According
to Lemma 2.6, it is clear that

U—T—D=XA—=T—D+p—A\

is open and injective. Since y — T — D is closed and open, then from Theorem 2.1
we deduce R(u — T — D) is closed. Then, p — T — D € &, (X). On the other hand,
using [16, Corollary V.15.7], we have

ilw—T—-D)=i(A\—=T—D)<0.
Consequently, i & 0eqp (1) and we infer that o4, (T) is a closed. O

Observe that as a direct consequence of Theorem 4.1, we infer the following result.

Proposition 4.1. Let T € CR(X).
(1) If 0 < &1 < €9, then Teap(T) C Geape, (T) C Ceape, (T).
(i7) If € > 0, then oeap(T) C 0ap(T).

(i) () Oeape(T) = Ocap(T).

e>0

Theorem 4.3. Let T € LR(X) where X is a complete space, then the following hold.
(i) For any € > 0 and S € LR(X) such that S(0) C T(0), D(S) D D(T) and
|S]| < e we have

Oeape—|5(T') € Teape(T +5) C Teapetysy(T).
(13) For every o, f € C, with B # 0
O'eapf(&[ + BT) =a+ Baeap,s\m(T)-

Proof. The proof of this theorem is inspired from the proof of Corollary 3.1 and
Theorem 3.6 and [4, Propositions 4.2 and 4.4]. O
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Theorem 4.4. Let T € CR(X) and e > 0. Then

(4) Ocape(T) = m Oape(T + P);
PePr(®4 (X))
(44) Oeap,e (T) = m Uap,E(T +5).
SESSR(X)

Proof. (i) Because, K7(X) C Pp(P, (X)), we have that

m UQP,E (T + P) - Ueap,a(T)-
PePr(24(X))

Conversely, let \ ¢ N Oape(T + P) then there exists P € Pp(P, (X)) such
PePp(®4(X))
that

AN 04y (T + P).
Since, P is continuous and the use of Lemma 2.5 we infer that 7"+ P is closed. Now,

by using of Corollary 3.2 we see that A\ ¢ 0,,(7T + S + P) for all continuous linear
relations S € LR(X) such that ||S|| < e and

D(T + P)=D(T)ND(P) =D(T) C D(S),

(T'+ P)(0) =T(0) (as P(0) C T'(0))

S(0).

On the other hand, (A — S — P)(0) C T(0), DA =S — P) =D(S)ND(P) > D(T)
and T is closed, by using of Lemma 2.5, A\—T — S — P is closed,and A\— T — S — P

is open as A ¢ 0,,(T + P + 5), then from Theorem 2.1, R(A =T — S — P) is closed.
Hence A\ —T'— S — P is injective and open. Therefore

A—T-S—-Ped (X) and iA—T—S—P)<0.

U

Since
PePp(® (X)), PO)c(A-T-5-P)0),
DP)DDAN-T—-5S—-P)=D(T)NDS)ND(P), PePrr_p-p(® (X))
Using Lemma 2.1, we obtain that for all continuous linear relations S € LR(X) such
that S(0) C T(0), D(T) C D(S), ||S]| < e
A-T-S€d,(X) and (AN-T—-S5)<0.
Finally, it follows from Theorem 4.1 that A\ ¢ 0eq, (7).

(#7) From [2, Theorem 3.3], we have the inclusion X(X) C SSR(X) C Pr (P, (X)).
Then

Oeap,e (T) = m Oap,e (T + K) - ﬂ Uap,E(T + S)
KeXr(X) SESSR(X)

C ﬂ Oape(T + P) = Oeap(T). O
PEP (P4 (X))

We finally close this paper with the following theorem.
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Theorem 4.5. Let T, S € LR(X) such that S(0) C T(0) and e > 0. If D € LR(X)
such that D(0) C S(0) C N(T), ||D|| < e and T(S + D) € F,(X), then

Oeape(T +5) C Oeape(S) U Oeap(T).
If, further, (S + D)T € F,.(X) and T(0) C N(S) or T(0) C N(D) we have
Oeape(T +5) = Oeape(S) U 0eap(T).
Proof. Since D(T') = X, then using Proposition 2.1, we obtain that
A=T)YAN=S—=D)=XA-S—-D)—-T(A—S-D).
Also, by Proposition 2.1, we have
A=T)YAN—=S—=D)=X—-AS —AD -\ +TS+TD
=\XA=S-D-T)+T(S+ D)
Let A & Oeape(S) U Oeap(T), then A & 0eap(S) and A & 0q,(T'). Using [12, Corollary

4.1] we have
A=T)ed, (X) and i(N-T)<0.
According to Theorem 4.1 we obtain
A=S—-Ded (X) and i(A—S5—-D)<0,

for all continuous linear relations D € LR(X) such that D(0) C S(0) and || D] < e.
We infer that

A=T)A\—=S—D) e D (X).
Since
T(S+ D)(0) =TS(0) c TT~*(0) = T(0) = (A= S — D —T)(0) = T(0),
and T'(S+ D) € F (X)), then A\— S —D —T € &, (X) for all D € LR(X) such that
D(0) € S(0) and ||D|| < ¢
iA=8=D=T)=i(A=T)+i(A— S — D) —dim (T(0) N N(A - S — D))
—i(A=T)+i(A—S—D)<0.

Hence, from Theorem 4.1, we have A & 0qpo(T+S). The second inclusion is analogous
to the previous one. [l
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