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1. INTRODUCTION

First, let us notice that, throughout this paper, (X,|| ||) and (Y, ]| ||) will
represent complex Banach spaces. A linear relation T : X — Y is a mapping
from a subspace D(T) = {u € X : T(u) # 0} C X, called the domain of
T, which takes values in P(Y)\{0} (the collection of nonempty subsets of Y")
and is such that T(ax1 + Bx2) = oT(x1) + ST (x2) for all non-zero scalars
a,f € Kand x1,z9 € D(T). The class of all linear relations from X to Y will
be denoted by LR(X,Y). We write LR(X) = LR(X, X).

If T maps the points of its domain to singletons, then 7" is said to be an
operator, which is equivalent to 7°(0) = {0}. The class of linear bounded
operators defined on all X is denoted by B(X,Y). A linear relation T is
uniquely defined by its graph G(T") = {(u,v) € X XY : we D(T), v € T(u)}.

The inverse of T is the relation 77! given by:

GT™H ={(v,u) €Y x X : (u,v) € G(T)}.

If G(T) is closed, then T is said to be closed. The class of such relations is
denoted by CR(X,Y). We denote by R(T) = T(D(T)) the range of T and
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by N(T):=={z € X : (2,0) € G(T)} the kernel of T'. If R(T') =Y, then T is
called surjective, and if N(7T') = {0}, then T is called injective. We may write
n(T) = dim N(T') and d(T') = codim R(T") and the index of T', namely i(7T),
is defined by i(T") = n(T) — d(T), provided that n(T") and d(T) are not both
infinite.

For S,T € LR(X,Y) and A € K, the linear relations S+7', S+T, S®&T and
AS are defined by G(S+T) := {(z,y+2) € XxY : (z,y) € G(S) and (z,z2) €
G(T)}, G(SHT) == {(z+y,2+t) € X xY : (x,2) € G(S) and (y,t) € G(T)},
this last sum is direct when G(S) N G(T) = {(0,0)}. In such case, we write
SeT, GAS) ={(zx,\y) € X xY : (z,y) € G(S)}, and S C T means that
G(S)CG(T). ForT € LR(X,Y) and S € LR(Y, Z), the product ST is given
by G(ST) :={(z,2) e X xZ : (z,y) € G(T), (y,2) € G(S) for some y € Y}.

Let T € LR(X). If a € K, then o — T stands for af — T', where I is the
identity operator in X. The resolvent set of T is the set p(T) = {z € C :
(z —T)"' € B(X)}. If M is a subspace of X, then Ty is the linear relation
whose graph is G(T') N (M x M).

Recall that the class of upper semi-Fredholm linear relations is denoted

by:
o+ (X,Y)={T € CR(X,Y) : R(T) is closed and n(T) < co}.
Moreover, the class of lower semi-Fredholm linear relations is denoted by:
o_(X,Y)={T € CR(X,Y) : R(T) is closed and d(T) < co}.

T is called a Fredholm relation, if T € ¢+ (X,Y) N ¢_(X,Y). The class of all
Fredholm relations is denoted by ¢(X,Y).

Recall that a closed subspace M in a normed space X is said to be comple-
mented in X if there exists a closed subspace N of X such that X = M + N
and {0} = M NN (in short, X = M @ N)).

If a linear relation 7" € LR(X,Y) is upper semi-Fredholm and R(T) is
complemented in Y, then T is said to be left-Fredholm linear relation. A linear
relation T' € LR(X,Y) is right-Fredholm relation if it is lower semi-Fredholm
and N(T') is complemented in D(T'). The set of left-Fredholm linear relations
(right-Fredholm linear relations) is denoted by ¢;(X,Y) (¢-(X,Y)).

Let T € LR(X). We define T" € LR(X), n € Nby T = I, T' = T and
T = TT" 1. We define N*°(T) = U, N(T™) and R®(T) = N, R(T™). The
singular chain manifold of T € LR(X), R.(T) is defined by

R(T) := (glN(T)> N (gl T"(O)).
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The ascent and the descent of T'€ LR(X) are defined as follows:
asc(T) ;== min{p € N : N(T?) = N(T?*)},
des(T) := min{p € N : R(T?) = R(TP™)},

respectively, whenever these minima exists. If no such numbers exist, the
ascent and descent of T are defined to be co. A relation T € CR(X) is
upper semi-Browder if it is upper semi-Fredholm with finite ascent. If T' €
CR(X) is lower semi-Fredholm with finite descent, then 7' is lower semi-
Browder. Let By(X) (B_(X)) denotes the set of all upper (lower) semi-
Browder linear relations. The set of Browder linear relations is defined by
B(X) =B4(X)NB_(X). T € CR(X) is said to be left-Browder relation if
it is left-Fredholm with finite ascent. If T € C'R(X) is right-Fredholm with
finite descent, then T is right-Browder relation. Let B;(X) (B,(X)) denotes
the set of all left-(right-) Browder linear relations.

A study of left and right Browder linear relations has been carried by a
number of authors in the recent past (see [5], [7], [9]). In a recent paper of
(2016) [7], the authors prove that a left (right) Browder linear relation 7" in a
Banach space can be expressed in the form T'= A+ B where A is an injective
(onto) left (right) Fredholm linear relation and B is a bounded finite rank
operator with BT C T'B.

The purpose of the present paper is to consider the notion of left and
right invertible linear relations and we give some characterizations of left- and
right-Browder closed linear relations.

To make the paper easily accessible, some results from the theory of linear
relations due to Cross [8] are recalled in Section 2. In Section 3, we extend to
the general case of closed linear relations in Banach spaces, some results con-
cerning upper and the lower semi-Browder closed operators proved by SneZana
C in [11, Theorem 3 and Theorem 4|. In particular, we prove that the upper
(lower) semi-Browder linear relation 7" is a upper (lower) semi-Fredholm and
almost bounded below (onto) linear relation. Finally, in Section 4, the defi-
nition of left (right) invertible linear relation is given, and some properties of
these relations are shown wich have been used to characterize the left (right)
Browder linear relations. In particular, we prove that the linear relation 7" is
left (right) Browder if and only if there exists a bounded operator projector
P, such that TP — PT = T —T, dim R(P) < oo, (T'P)? = T(0) for some d € N
and T + P is left (right) invertible linear relation if and only if there exists a
compact operator B satisfying TB — BT =T — T and T — B is a left (right)
invertible linear relation. These results are generalizations of the results in the
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case of linear operators shown by SneZana C. Zivkovié-Zlatanovid, Dragan S.
Djordjevi¢ and Robin E. Harte [11, Theorem 5 and Theorem 6].

2. AUXILIARY RESULTS

In this section, we recall some auxiliary results from the theory of linear
relations in Banach spaces.

Let T be a linear relation in a Banach space X. Recall that T is said to be
continuous if for each neighborhood V in R(T), the inverse image T(V) is
a neighborhood in D(T), bounded if it is continuous and its domain is whole
X, open if its inverse is continuous.

In order to give some characterizations of these classes of linear relations,
one introduces the following notations. Let Q7 denotes the quotient map
from X onto X/T(0). We note that Q7T is single-valued and so we can
define ||Tz|| := ||QrTz||, z € D(T') and ||T|| := ||Q7T|| called the norm of Tx
and T respectively, and the minimum modulus of T is the quantity

Y(T) :=sup{\ >0 : Adist(z, N(T)) < ||Tz||, x € D(T)}.
In [8, I1.3.2 and IL.5.3] Ronald Cross proves that:
(i) T is continuous if and only if |T|| < oo;

(ii) T is open if and only if v(T') > 0;

(iii) T is closed if and only if Q7T is a closed operator and 7T°(0) is a closed
subspace.

Recall that T is said to be regular linear relation if R(7T) is closed and T
verifies one of the equivalent conditions:

(i) N(T) C R(T™), for all nonnegative integer m;
(ii) N(T™) C R(T), for all nonnegative integer n;

(iii) N(T™) C R(T™), for all nonnegative integers n and m.

The Kato decomposition of left and right-Fredholm linear relations are
collected in the following lemma.

LEMMA 2.1. ([7, THEOREM 5.1 and THEOREM 6.1]) Let T' € CR(X,Y).
Then:
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(i) If T € ¢1(X,Y), then there exist two closed subspaces M and N of X
such that X = M & N with N C D(T) and dim N < oo; T =Ty & T,
such that Ty is a regular left-Fredholm linear relation in M and Ty is
a bounded nilpotent operator in N.

(i) If T € ¢,(X,Y), be such that D(T) = X and p(T) # 0, then there
exist two closed subspaces M and N of X such that X = M & N
with N C D(T) and dim N < oo; T = Ty ® Tn, such that Ty is
a regular right-Fredholm linear relation in M and Ty is a bounded
nilpotent operator in N.

Let M, L be two subspaces of a Banach space X and let

0(M,L)= sup dis(z,L).
z€M |lz||<1

The gap between M and L is defined by

~

0(M, L) = max{6(M,L),5(L,M)}.
Finally, we give the main result of this section.

THEOREM 2.1. Let T be a bounded regular linear relation with p(T) # ().
Then

(i) If T is almost bounded below, then T is bounded below.

(ii) If T is almost onto, then T is onto.

Proof. (i) We have T' is almost bounded below, then there exists 6 > 0
such that T'— X is injective and open for all 0 < |A| < §. Hence N(T'—\) = {0}
and v(T'— A) > 0. On the other hand, we have T is regular, then v(7T") > 0.
By using [2, Lemma 2.10 (ii)] and [1, Theorem 23 (5)], we deduce that

X 2]
SNT=NND) < T @)

[ A
AT =3AT

Hence limy_, g(N(T —)),N(T)) = 0. Therefore there exists A > 0 such that
g(N(T — A),N(T)) < 1. Thus by [10, Corollary 10] we have dim N(T) =
dim N(T — X). Then N(T) = {0}. Therefore T is bounded below.
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(ii) Suppose that T" is almost onto, then there exists ¢ > 0 such that for all
0 < |\ < 6 we have R(T—AI) = X. Hence N((T—\I)") = R(T—\I)*+ = {0}.
By [12, Proposition III.1.5] we have N(T” —AI) = {0}. Therefore 7" is almost
bounded below and regular relation. Then, by (i), we have 7" is bounded
below. Hence N(T") = {0}, then R(T) = X. Thus, T is onto. 1

3. SOME PROPERTIES OF UPPER AND LOWER SEMI-BROWDER
LINEAR RELATIONS

The goal of this section is to discuss some properties of upper and lower
semi-Browder linear relations that will be used in the last section.

DEFINITION 3.1. Let T' € LR(X) and S € B(X). We say that S com-
mutes with 7" if S(D(T')) = D(T) and for all x € D(T), we have, STx = T'Sx.
We shall write

comm_ ' (T) = {S € B(X) : S invertible, commutes with 7" and ||S|| < €}.

PROPOSITION 3.1. Let X be a Banach space and T' € C'R(X) be such

that D(T) = X and p(T) # 0. Let S € comm_ (T). Then
(i) S=! commutes with T.
(i) S" commutes with T".

(iii) For all n € N*, S™ commutes with T™.

Proof. (i) Let x € D(T). Then there exists u € D(T') such that Su = x.
We have T'Su = STu, hence Tz = STS 'z, and S~'Tx = TS~ '2. Therefore
S~! commutes with 7.

(ii) First we claim that S'(D(T")) = D(T"). Indeed, for y' € D(T") we
have

15y (T2)l| = 1I(y'S)(Tx)ll = I(y'T)(S2)Il < Iy TS|
for every x € D(T). Hence, S'y'T is continuous. We have S’y'T(0) =
S"(T"y'(0)) = S’(0) = 0, then, by [8, Proposition III.1.2] we deduce that
S'y' € D(T"). Therefore, S’"(D(T")) C D(T"). We have S € comm_ (T then,
S’ is bijective and ||S’|| = ||S||. Let ¢’ € D(T’). Then there exists a unique
functional 2’ € X’ such that 3/ = 'z’ = 2/S. It follows that 2’ = 4/S~! and
by (i) we get:

1" Tzl = Iy (S~H(T2))ll = Iy (T (S~ )|
=1 T)S™ ) < Iy TS ]
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Therefore, /T is continuous. We have 2'T(0) = y'S~'T(0) = y'T(0) = 0,
then, by [8, Proposition II1.1.2] we deduce that 2’ € D(T"). Now, we show that
T'S" = S'T’'. We have S and S’ are bijective, then R(S") = X', D(S") = X/,
D(T) Cc R(S) =X, and R(T) C D(S) = X. Hence by [9, Theorem II1.1.6], we
have (ST) = T'S" and (T'S)" = S'T". Therefore T'S" = (ST) = (T'S)' = S'T".
Then S’ commutes with T".

(ili) For n = 2 we will show that S*(D(T?)) = D(T?) and for all x €
D(T?), we have, S?T?x = T%25%z. Indeed, let z € D(T?). Then = € D(T)
and Tx N D(T) # (). Using that x € D(T) and S(D(T)) = D(T), we get
S%r € D(T). On another hand, we have T'S?x = S*Tz, Tz N D(T) # ()
and S(D(T)) = D(T) then T'S?xz N D(T) # 0. So, S?x € D(T?). Therefore
D(T?) c S?(D(T?)). Let x € D(T?). Then x € D(T) and Tx N D(T) # 0.
We have S(D(T)) = D(T), then there exists y € D(T) such that x = S%y. It
remains to prove that Ty N D(T) # (. We have,

TxND(T)=TS*yND(T) = S*TynND(T) #0.

Then Ty N D(T) # (. Hence S?(D(T?)) C D(T?). Therefore S?(D(T?)) =
D(T?). Let © € D(T?). Then

S*T2x = SSTTx = STSTx = TSTSx = TTSSx = T°S%x.
The case n > 2, is deduced by using an induction argument. [

Now, we prove the following result useful for the proof of the first main
result of this section.

PROPOSITION 3.2. Let T € LR(X) and S € comm_!(T). Then
N(T — §) € R®(T).

Proof. First we show by induction that, if € N(T — S) then for all
n > 1, we have T"x = S™x + T"(0). The case n = 1 is obvious. Assume
that 7"z = S™x + T™(0) and we shall prove that 7"z = S"+lz + THL(0).
Indeed,

T e =TS + TT™(0) = S"Tx + T™(0)
= S"(Sx + T(0)) + T (0) = S"Ha + 77(0).

Now, let # € N(T'—S). We have S~ commutes with T', then for all n > 1,
(S~ Hre = (S™H)"T"x = z + T"(0). Hence N(T — S) C R(T™). Therefore
N(T —-5S8)CR>(T). 1
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Now, we are ready to state the first main result of this section.

THEOREM 3.1. Let T € By(X) be such that R.(T) = {0}. Then, the
following statements holds:

(i) T € ¢+ (X), and there exists e > 0 such that for all S € comm_*(T), we
have T'— S is bounded below.

(ii) T € ¢4(X), and almost bounded below.

Proof. (i) We have T' € ¢4 (X), then, by [5, Lemma 2.5], T" € ¢, (X) for
alln € N. Let X1 = R*°(T). Then X; is a closed subspace. Let 77 : X7 — X7;
the restriction of 7' to X;. Then, by using [1, Lemma 20] we deduce that
B(T1) =0 and a(T1) < co. Then, T} € ¢(X).

Clearly we have S(X1) C X;. Writing S7 : X1 — X1, the restriction of S
to X1. Then, by using [12, Proposition 2.4 and Proposition 2.6], we deduce
that a(T1 — Sl) < a(Tl); ,B(Tl — Sl) < B(Tl), and i(Tl — Sl) = i(Tl).

From Proposition 3.2 we deduce that o(T — S) = «(T1 — S1). Therefore
a(T —8) =i(Ty — S1) = i(T1) = a(T1). Now, by using R.(T) = {0} and
asc(T) < p for some p € N, we get N(T*) N R(TP) = {0} for all k € N. Hence
a(T1) = 0 and therefore a(T — S) = 0. Furthermore by [4, Proposition 3],
T — S has a closed range, then T'— S is bounded below.

(ii) is obvious. NI

Now, we are in position to give the second main result of this section.

THEOREM 3.2. Let X be a Banach space and T € B_(X) be such that
D(T) = X and p(T) # 0. Then

(i) T € ¢_(X) and there exists € > 0 such that for all S € comm_ (T, we
have T' — S is onto.

(ii) T € ¢_(X) and almost onto.

Proof. (i) Let T € B_(X) be such that D(T) = X and p(T) # (. Then,
by using [6, Theorem 2.1], [5, Lemma 2.3] and [8, V.1.1] we deduce that
T" € B4(X) and R.(T") = 0. Hence by Theorem 3.1, there exists € > 0 such
that for all A € comm_*(T"), T’ — A is bounded below.

Let S € comm_!(T). Then by Proposition 3.1, we have S’ € comm_1(T").
Therefore S(T — S) = a((T' = S)') = a(T' = S’) = 0. Then T — S is onto.

(ii) is obvious. 1
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4. CHARACTERIZATION OF LEFT- AND RIGHT-BROWDER
LINEAR RELATIONS

This section concerns the characterization of left- and right-Browder linear
relations in Banach spaces.

4.1. CHARACTERIZATION OF LEFT-BROWDER LINEAR RELATIONS. We
begin by introducing the new concept of left invertible linear relation and give
some of its properties.

DEFINITION 4.1. Let T' € LR(X). We say that T is left invertible, if there
exists a bounded operator A such that for all x € D(T), ATz = x. In this
case we say that A is a left inverse of T

The following lemmas give the relationship between the notion of bounded
below linear relations and the notion of left invertible linear relations.

LEMMA 4.1. Let T be an everywhere defined closed bounded below linear
relation. If R(T') is complemented in X, then T is left invertible.

Proof. Since T is injective and open then T~! is a continuous operator.
We have R(T) is complemented, then there exists a closed subspace F' of X
such that X = R(T) @ F and there exists a continuous projector P such that
R(P) = F and N(P) = R(T). Take A = T-'(I — P) + P. Then A is a
bounded operator and we have for all z € D(T'), ATx = z. Therefore T is
left invertible. N

LEMMA 4.2. Let T be a closed left invertible linear relation. Then T is
bounded below.

Proof. Let A be a bounded operator such that for all z € D(T), ATz = x.

Let x € N(T'). Then T'(z) = T(0). Hence x = AT (x) = AT(0) = 0. Therefore
N(T) = {0}

On the other hand, for all z € D(T), T™'T(z) = z = AT(x). Then for
all y € R(T) we have T7(y) = A(y). Hence [|T7y|| = ||Ay| < [Allllyl

for all y € D(T~'). Hence T~! is a continuous relation. Thus 7T is bounded
below. 1

PROPOSITION 4.1. Let T' be an everywhere defined closed left invertible
linear relation on a Banach space X such that T'(0) is complemented. Then

T € 41(X).
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Proof. Using Lemma 4.2 and [8, V.18] we deduce that T" € ¢4 (X). Let
A be a left inverse of T, we have (TA)?x = TATAz = TAz. Then TA
is a multivalued projector. Let N = R(T) = R(TA) = N(I —TA) and
M = N(TA) = R(I —TA). We claim that M NN = T(0). Indeed, let
x € M N N. Then there exists y € X such that z € TAy and 0 € T Ax.
Hence 0 € TAT Ay = T'Ay. Therefore TAy = TA(0) = T(0) and, as a result,
M NN C T(0). Conversely, let z € T(0). Then 2z € TA(0) and so x € R(TA)
and TAz = TA(0). Hence z € N(T'A). Thus M NN = R(TA)NN(TA) =
7(0).

We have M, N and M + N = X are closed, then by [5, Lemma 3.1 (i)],
P =TA is a continuous multivalued projector. On the other hand, we have
M NN =T(0) is complemented in X. Then by using [5, Lemma 3.1 (ii)], we
deduce that R(T') is complemented in X. Therefore T € ¢;(X). 1

LEMMA 4.3. If T is an injective everywhere defined linear relation and S
be a bounded operator such that ST C T'S, then, for alln € N,

T=HT +S)™(0) = (T + S)""(0) C T(X).

Proof. We have (T+S)™"(0) = (T+S)™"T~1(0) = (T'(T+5)")~1(0). By
using [9, Proposition 3 (iii)] we deduce that (T+S)~"(0) = ((T+S5)"T)~1(0) =
T-YT + $)™(0). Then T(T + S)~"(0) = (T + S)~"(0) + T(0). Hence
(T+8S)™0)cT(T+S)™0)CcT(X). 1

~— —

PROPOSITION 4.2. Let T be a bounded closed bounded below linear rela-
tion and S be a compact operator such that ST C T'S. Then asc(T+S) < 0.

Proof. We have T is injective then by Lemma 4.3, we deduce that
T-YT +S)™™(0) = (T + S)""(0) C T(X). (4.1)
If k£ > 0 be such that ||z|| < k||Tz| for each z € X, then
dis(z, (T'+ 5)7"(0)) < k dis(Qr+sTz, Qrs(T + 5)7"(0)).

Indeed; if z € X and y,, € (T + S)7"(0) are arbitrary, then by (4.1), there
exists z, € (T'+5)7"(0) for which y,, € Tz, (T2, = yp, + T'(0) = yn, + T(0));

dis(z, (T + 8)7"(0)) < llx — 2zul| < k||T (2 — 2,)]|
S E|QTT(x — z,)|| < k||Qry5Tr — QrisYnl-
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We deduce that dis(z, (T'+ S)7"(0)) < k dis(Qr+sTx, Qr+s(T + S)~"(0)).

Assume that asc(T + S) = oo, then there exists (x,) C X such that
|2n|| = 1; 2, € (T +S)7"71(0) and dis(zp, (T +.5)7"(0)) > 3. It follows that
if n and m > n + 1 are arbitrary, then

kQrisSzm — QrisSanll = klQr+sStn — Qres(T + S)am + QrasTam|.-
We have z,, € (T + S)™"71(0), then 0 € (T + S)"*!(x,). Hence, using [9,
Proposition 3], we get 0 = S(0) € S(T + S)" " (zn) C (T + S)"L(S(zn)).
Therefore S(z,,) € (T +5)"""1(0). Thus,
QrisS(za) € Qres(T+8)7"7H0) C Qrys(T +8)7(0).
Now, we have z,, € (T + S)~™1(0), then
(T + S) () C (T + S)(T + 8)"™"10) = (T + S)™™(0) + (T + S)(0).
Hence Qris(T + 5)(zm) € Qr4s(T + 5)7"(0). Therefore
E[|QT+5STm — QrisSral > k dis(QrisTom, Qrs(T + 5)7™(0))
> dis(an, (T + 5)7(0)) > 3.
Which contradicts the compactness of the operator Qr4sS. I

DEFINITION 4.2. We say that a relation T' € CR(X) is almost left invert-
ible if there exists 6 > 0 such that for all 0 < |A] < § we have T'— AI is left
invertible.

The following theorem is our first main result of this section where we give
several sufficient and necessary conditions for a closed bounded linear relation
to be left-Browder.

THEOREM 4.1. Let T be a bounded closed linear relation such that p(T) #
() and T(0) is complemented in X. Then the following properties are equiva-
lent:
(i) T € Bi(X).

(ii) T € ¢;(X) and there exists € > 0 such that for all S € comm_ (T, we
have T'— S is bounded below.

(iii) T € ¢1(X) and almost bounded below.
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(iv) There exists a bounded operator projector P, such that TP — PT =
T—-T,dim R(P) < oo, T is completely reduced by the pair (N (P), R(P))
with T (py is regular left invertible linear relation in N (P) and Tg(p) is
a bounded nilpotent operator in R(P).

(v) There exists a bounded operator projector P, such that TP — PT =
T — T, dim R(P) < oo, (TP)? = T(0) for some d € N and T + P is left
invertible linear relation.

(vi) There exists a compact operator B satisfying TB — BT =T — T and
T — B is left invertible.

Proof. (i)=(ii): An immediate consequence of Theorem 3.1.

(ii) = (iii): obvious.

(iii) = (iv) : From Lemma 2.2 it follows that there exist two closed sub-
spaces M and N of X such that X = M ® N withdim N < oo; T =Ty d T,
such that Ty is regular left-Fredholm linear relation in M and T is bounded
nilpotent operator in N. Let P be the projector such that R(P) = N and
N(P) = M. We claim that TP — PT =T —T. Indeed, let x € X. Then there
exist 1 € M and x9 € N such that x = 21 + x5. Hence

(TP — PT)x =TPx — PTz =T(x2) — P(Ty(x1) + Tn(x2))
= TM(O) + TN(iL'Q) — TN(:L'Q) = TM(O) = T(O).

Therefore TP — PT' =T —T.

We have Trpy = In and Typy = Thy. Evidently Trp) is a bounded
nilpotent operator. We claim now that Ty(p) is a regular left invertible linear
relation. Indeed, we have Ty = Ty (p) is regular and left Fredholm linear
relation in N(P). So R(Tn(p)) is complemented in N(P). On another hand
T(0) = Tn(p)(0) is complemented in X. So there exists a closed subspace F'
of X such that T(0) @ F = X. Hence (T'(0) ® F) N N(P) = N(P). Since
T(0) C N(P), then T'(0) © FF N N(P) = N(P). Therefore T(0) = T p)(0) is
complemented in N (P).

We have T is almost bounded below, then there exists § > 0 such that
for all 0 < |A] < d there exists ky > 0 such that for all z € X; |z| <
Ex||(T — AI)z||. So for all x € N(P);

[zl < kall(T" = AD)z|| = kall Ty — Az + Trep) (0) = A0|

= [(Tnepy — Mnepy)zl|-
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Therefore Ty (p) is almost bounded below in N(P). By using Theorem 2.1,
we deduce that Ty (p) is bounded below. Using Lemma 4.1, we get Ty (p) is
left invertible.

(iv)=(v): Let P be the projector in (iv) and x = w + v such that
u € N(P) and v € R(P). We have Tp(p) is a nilpotent operator. Then there
exists d € N such that T}%(P) = 0. Hence:

(TP)lz = (TP)(TP)...(TP)T(v)
d—1
= (TP)(TP)...(TP)(Tn(p)(0) + Trp)(v))-
d—1

And by iteration, we get
(TP)"x = Tfy py(v) + T(0) = T(0).

Now, if we show that 7'+ P is bounded below and R(T + P) is comple-
mented, then we can use Lemma 4.1 to deduce that T+ P is left invertible.
For that, since T is closed and P is a bounded linear operator, then T + P
is closed.On another hand we have Tx(p) is a bounded nilpotent operator, so
Tr(py+1 is invertible, and hence N(T'+ P) = N(Ty(p)) © N (Tgrp)+1) = {0}
and R(T+ P) = R(Ty(p)) ® R(Trpy+1) = R(Tn(py) ® R(P) which is closed.
Therefore, T'+ P is injective with closed range. Then by the closed graph
theorem and Lemma 2.7 we get T' 4+ P is bounded below. Now, by Proposi-
tion 4.1, Tx(py is ¢1(N(P)). Then R(Ty(py) is complemented in N(P). So
there exists a closed subspace F such that R(T(p)) ® F1 = N(P). Therefore
R(T+ P)+ F1 = X. Let x € R(T'+ P)N F1. Then & = g1y ) + Tr(P)
and z = xp,. So, Tr(p) = TR — TR(Ty(py)- By according to zppy € R(P),
TR — TR(Typy) € N(P) and R(Tn(p)) N F1 = {0}, we may deduce that
TR(P) = TF = TR(Typ) = 0. Therefore 2 = 0. So RT+P)ao F = X.
Hence R(T + P) is complemented in X.

(v)=(vi): As, P is a bounded operator with finite rank, then P is
compact. So, just take B = — P, we deduce the desired result.

(vi)=(i): Let B be a compact operator satisfying 7B — BT =T —T and
T — B is left invertible. By Proposition 4.1, we deduce that T — B € ¢;(X).

By using [2, Theorem 11] we infer that T € ¢;(X). We claim now that
asc(T") < +o0. Indeed, let y € BT'xz. We have TBx — BTz = T'(0), then there
exist z € TBx and « € T'(0) such that y —z = .. Thereforey € TBx+T(0) =
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TBxz. So G(BT) C G(T'B). Then
B(I' - B)c BT — BB CTB— BB = (T — B)B.

By using Lemma 4.2 and Proposition 4.2 we deduce that asc(T") < oo and, as
a result, T € Bi(X). I

4.2. CHARACTERIZATION OF RIGHT-BROWDER LINEAR RELATION. We
begin by introducing the new concept of right invertible linear relation and
giving some of its properties.

DEFINITION 4.3. Let T' € LR(X). We say that T is right invertible, if
there exists a bounded operator B such that T'B = I[+7'(0) and R(B) C D(T).
In this case we say that B is a right inverse of T

PROPOSITION 4.3. Let T € ¢.(X) be such that T is bounded and onto.
Then T is right invertible.

Proof. We have T is onto and closed, then T is open. Hence 7! is con-
tinuous. Since T' € ¢,(X), then N(T') is complemented. Hence there exists
a continuous projector P such that R(P) = N(T). Let P, = I — P and
A = PT~!. Then, A is a continuous selection of T~!. Hence T Az = x4 T(0)
for all # € X and R(A) C R(T~!') = D(T). Therefore T is right invertible. W

Remark 4.1. Let T € CR(X) be everywhere defined. If T is right invert-
ible and 7°(0) is complemented, then there exists a bounded operator B such
that TB =1+ T'(0) and T'(0) = N(B).

Proof. We have T is right invertible, then there exists a bounded operator
A such that TA = I +7(0). Using that 7°(0) is complemented we deduce that
there exists a closed subspace G C X such that T(0)®G = X. Let B = APg,
where Pg is the projector onto G with kernel 7°(0). Hence for all z € X, we
have

TBx =TAPgx = Pgx + T(0)
=xg +T(0) = 26 + 270 +T(0) = = + T(0).

Therefore TB = [ + T(0) and N(B) C T(0). Now, let x € T(0). Then
Bx = APgx = A(0) = 0. Hence T'(0) C N(B). Therefore T'(0) = N(B). 1
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PROPOSITION 4.4. Let T' € CR(X) be everywhere defined. If T is right
invertible with T'(0) is complemented, then T' € ¢,.(X).

Proof. Let A be a right inverse of 7" and = € X. Then TAz = z + T(0).
Hence z € TA(x) C R(TA) C R(T). Therefore T is onto and, as a result,
Te¢p_(X).

Now, by Remark 4.1 we deduce that there exists a bounded operator B
such that TB = I + T(0) and T(0) = N(B). Let z € X = D(T). Then
there exists y € X such that z € T~!(y). We have TBy = y + T/(0), then
T~ly = By + T71(0). Hence x € R(B) + N(T).

Let x € R(B) N N(T). Then 0 € Tz and there exists y € X such that
x € By. Hence 0 € TBy = y+ T(0). Therefore y € T'(0). Since N(B) = T(0)
we deduce that z = 0 and so, X = R(B) & N(T).

Let S : (X/N(B)) ® N(T) — X defined by S(Z,y) = Bz +y. We have
R(S) = R(B)+ N(T) = X, then S is onto. Let 7 € X/N(B) and y € N(T)
be such that S(z,y) = Br+y = 0. Then Bz =0 and y = 0, hence T = 0 and
y = 0. Therefore S is injective. We have S is bijective and continuous, then
S~ is continuous. Since (X/N(B))@ {0} is closed and S((X/N(B))®{0}) =
R(B), then we deduce that R(B) is closed. Hence N(T') is complemented and
T e ¢r(X). 1

DEFINITION 4.4. We say that a relation 7' € LR(X) is almost right in-
vertible if there exist § > 0 such that for all 0 < |A\| < § we have T — \I is
right invertible.

We finish this section by giving a characterization of right Browder linear
relations.

THEOREM 4.2. Let X be a Banach space and T € CR(X) be such that
D(T) = X, T(0) is complemented and p(T) # (). Then the following proper-
ties are equivalent:

(i) T € B, (X).
(ii) T € ¢-(X) and there exists € > 0 such that for all S € comm_(T), we
have T' — S is onto.

(iii) T € ¢,(X), and almost onto.

(iv) There exists a bounded projector operator P, such that TP —PT =T —
T, dim R(P) < oo, T is completely reduced by the pair (N(P), R(P)),
with T (py is a regular right invertible linear relation in N (P) and Tx(p)
is a bounded nilpotent operator in R(P).
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(v) There exists a bounded projector operator P, such that TP — PT =
T —T, dim R(P) < oo, (TP)% = T(0) for some d € N, and T + P is right
invertible.

(vi) There exists a compact operator B satisfying TB — BT =T — T and
T — B is right invertible.

Proof. (i)=(ii): An immediate consequence of Theorem 3.2.

(ii) = (iii): obvious.

(iii)=(iv): If T € ¢,(X), then by Lemma 2.2 and as in the proof of
Theorem 4.1 there exists a projector P = P?, such that TP — PT =T — T,
Tr(p) is a bounded nilpotent operator and Ty (p) is a regular right-Fredholm
linear relation. We claim now that Ty (p) is a bounded regular right invertible
linear relation.

Indeed, we have T is almost onto, then there exists § > 0 such that for
all 0 < |A] < &, T — X is onto. Then, N(P)NR(T —X) = N(P). Let y €
N(P)NR(T — M) = N(P). Then, there exists z € X such that y € Tx — Az.
Therefore there exist zpy € R(P) and zy(p) € N(P) such that

y € TrpyTrp) — ARr(P) + IN(P)TN(P) — ATN(P)-

Then,
—Trp)yTr(P) T AZR(P) € —Y + TN(P)ZN(P) — AN (P)-

By using —TR(P)SZZR(p) + /\.TR(p) € R(P) and —y + TN(p)xN(p) - )\mN(p) €
N(P) we deduce that —TrpyTr(p) + ATr(py = 0. Then, y € R(Ty(p) —
My py). Therefore, T(py — My(p) is onto. So T (py is almost onto. By
using Tv(p) is regular and by Theorem 2.2, we deduce that Ty(p) is onto.
Finally, according to T(py € ¢»(N(P)) and Proposition 4.3, we infer that
T'n(py is right invertible.

(iv)= (v): Suppose that there exists a projector P, such that TP — PT =
T —T, Tgpy is a nilpotent operator of degree d and Tl (py is onto. As in the
proof of Theorem 4.1 we get that (TP)? = T(0). From

R(T + P) = R(Ty(p)) ® R(Trpy + 1) = N(P) & R(P) = X,

we see that 7'+ P is onto. Now, we claim that N (74 P) is complemented. In-
deed, first we note that N(T'+ P) = N(Tn(py). On another hand, N (T p))
is complemented in N(P), then there exists a closed subspace F' such that
N(Tnwpy) @ F = N(P). Hence N(Tn(py) + F' + R(P) = X. Let x €
(N(Tn(p)) + R(P)) N F. Then & = n(1y ) + Trp) and @ = zp. Hence
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TN(Typy) T TR(P) = TF- So, Tr(p) = TF — TN(Ty(p)): By according to
rrp) € R(P) and zp — TN(Ty(p)) € N(P), we may deduce that zrp)y = 0
and zp = TN (T (py)- Therefore xp = 0 and TN(Ty(py) = 0. Thus x = 0. So
N(T + P) is complemented in X. Then T+ P € ¢,(X) such that T+ P is
onto. By using Proposition 4.3 we deduce that 7'+ P is right invertible.

(v)=(vi): As, P is a bounded operator with finite rank, then P is
compact. So, just take K = —P, we deduce that there exists a compact
operator K satisfying TK — KT =T — T and T — K is right invertible.

(vi)=(1): We have T'— K is right invertible, then by Proposition 4.4 we
deduce the desired result.

We have (T'— K)(0) = T(0) is closed, K(T'— K) C (T - K)K and T — K
is onto, then by [9, Proposition 14] we deduce that d(T') < oo. Therefore
TeB(X) 1
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