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1. Introduction

In the complex theory the concept of Weyl spectrum and Browder spectrum are subjects of the theory of perturbation of
the spectrum, however it has found applications in operator theory and related areas [ 13,9,14]. In the complex case, the Weyl
spectrum of a bounded linear operator is the largest part of the spectrum that is invariant under compact perturbations [ 14,9].
We shall show that the same is true in the quaternionic Weyl S-spectrum. However, in the complex case, the Browder
spectrum is not invariant under compact perturbations [14].

In the complex setting, in a Hilbert space §, for a bounded linear operator, A, the point spectrum or the eigenvalues of
A contain isolated eigenvalues of finite algebraic and geometric multiplicities. Also these sets are important in the study of
Weyl and Browder spectra [14]. In the quaternionic setting, let V£ be a separable right Hilbert space, A be a bounded right
linear operator, and R,(A) = A% — 2Re(q)A + |q/? ]IVR with q € H, the set of all quaternions and ]IVR be the identity operator

on V&, be the pseudo-resolvent operator, the set of right eigenvalues of R;(A) coincides with the point S-spectrum (see
proposition 4.5 in [11]). In this regard, it will be appropriate to define and study the quaternionic isolated S-point spectrum
as the quaternions which are eigenvalues of R,(A).

Due to the non-commutativity, in the quaternionic case there are three types of Hilbert spaces: left, right, and two-sided,
depending on how vectors are multiplied by scalars. This fact can entail several problems. For example, when a Hilbert space
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‘H is one-sided (either left or right) the set of linear operators acting on it does not have a linear structure. Moreover, in a
one sided quaternionic Hilbert space, given a linear operator A and a quaternion q € H, in general we have that (qA)" # gA"
(see [16] for details). These restrictions can severely prevent the generalization to the quaternionic case of results valid in the
complex setting. Even though most of the linear spaces are one-sided, it is possible to introduce a notion of multiplication on
both sides by fixing an arbitrary Hilbert basis of #. This fact allows to have a linear structure on the set of linear operators,
which is a minimal requirement to develop a full theory. Thus, the framework of this paper, is in part, is a right quaternionic
Hilbert space equipped with a left multiplication, introduced by fixing a Hilbert basis.

In the study of Weyl and Browder S-spectra, the essential S-spectra gets involved. In defining the essential S-spectrum
the structure of the so-called quaternionic Calkin algebra is used, in which the set of all bounded quaternionic right linear
operators, B( Vﬁ), should form a quaternionic two-sided Banach C*-algebra with unity. This can only happen if we consider
VR with a left multiplication defined on it, which is a basis dependent multiplication [ 11]. However, regardless of which basis
we choose the set B(VX) will become a quaternionic two-sided Banach C*-algebra with unity. Thus, the invariance under a
basis change naturally exists.

As far as we know, Weyl and Browder operators and the Weyl and Browder S-spectra have not been studied in the
quaternionic setting yet. In this regard, in this note we investigate the quaternionic Weyl operators and Weyl S-spectrum and
provide a characterization to the S-spectrum in terms of the Weyl operators (see Theorem 6.6). We also study the Browder
operators to certain extent and introduce the Browder spectrum. However, in the complex case, the Browder spectrum and
its characterizations depend on the so-called Riesz idempotent which is defined in terms of the Cauchy integral formula
for operators [ 14]. In the quaternionic setting, the Cauchy integral formula, and thereby the S-functional calculus, is known
only for the slice regular functions and it is defined on an axially symmetric domain in quaternion slices. A quaternion slice
is a complex plane contained in the set of all quaternions [12,4,5]. In this regard, this fact severely affected our ability in
studying the Browder S-spectrum in broad on the whole set of quaternions. However, one may be able to study it in an
axially symmetric domain. Also in the study of quaternionic Weyl and Browder operators and S-spectra results regarding
quaternionic Fredholm operators and quaternionic essential S-spectrum are involved. Materials regarding these two topics
are heavily borrowed from the recent paper [15] as needed here.

The article is organized as follows. In Section 2 we introduce the set of quaternions and quaternionic Hilbert spaces
and their bases, as needed for the development of this article, which may not be familiar to a broad range of audience. In
Section 3 we define and investigate, as needed, right linear operators and their properties. In Section 3.1 we define a basis
dependent left multiplication on a right quaternionic Hilbert space. In Section 3.2 we deal with the right S-spectrum, left
S-spectrum, S-spectrum and its major partitions. In Section 4 we recall some facts about the Fredholm operators and its index
for a bounded quaternionic right linear operator from [15]. In Section 5, from [15] we recall results about the essential S-
spectrum as needed. We also prove certain results which are omitted from [ 15]. In Section 6 we introduce quaternionic Weyl
operators and Weyl S-spectrum. In particular we provide a characterization to the S-spectrum in terms of the quaternionic
Weyl operators. In Section 7 we define and study the quaternionic Browder operators and Browder S-spectrum in a limited
sense, which is due to the unavailability of a Cauchy integral formula on the whole set of quaternions. Section 8 ends the
manuscript with a brief conclusion.

2. Mathematical preliminaries

In order to make the paper self-contained, we recall some facts about quaternions which may not be well-known. For
details we refer the reader to [1,11,18].

2.1. Quaternions

Let H denote the field of all quaternions and H* the group (under quaternionic multiplication) of all invertible quaternions.
A general quaternion can be written as

q = qo + q1i + @2 + g3k, do, q1, G2, 3 € R,

where i, j, k are the three quaternionic imaginary units, satisfying i’ = j> = k> = —1andij = k = —ji, jk =i =
—Kkj, ki = j = —ik. The quaternionic conjugate of q is

q = qo — iq — jq2 — Kqs,

while |q| = (q§)"/? denotes the usual norm of the quaternion q. If q is non-zero element, it has inverse q~! = % Finally,
the set

S={l =xi+xj +x3k | x1,%,%3 €R, & +x5 +x% =1},

contains all the elements whose square is —1. It is a 2-dimensional sphere in H identified with R*.
2.2. Quaternionic Hilbert spaces

In this subsection we discuss right quaternionic Hilbert spaces. For more details we refer the reader to [1,11,18].
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2.2.1. Right quaternionic Hilbert Space
Let VR be a vector space under right multiplication by quaternions. For ¢, ¥, » € Vf and q € H, the inner product
(1) :VEx v —m

satisfies the following properties

@l +o)=(P|¥)+(d]|w)
(iv) (¢ | ¥a) = (& | ¥)a
(V) (Pa | ¥) =1d(o | ¥)

where q stands for the quaternionic conjugate. It is always assumed that the space VI}’fI is complete under the norm given
above and separable. Then, together with (- | -) this defines a right quaternionic Hilbert space. Quaternionic Hilbert spaces
share many of the standard properties of complex Hilbert spaces.

The next two propositions can be established following the proof of their complex counterparts, see e.g. [11,18].

Proposition 2.1. Let © = {¢; | k € N} be an orthonormal subset of VX, where N is a countable index set. Then following
conditions are pairwise equivalent:
(a) The closure of the linear combinations of elements in © with coefficients on the right is VE.
(b) Forevery ¢, ¥ € VR, the series D ken (@ | 0i) (@ | ) converges absolutely and it holds:
(@ 1Y) = (&1 odgx | V).
keN
(c) Forevery ¢ € VX, it holds:
1> =" 1 (ol 6) .

keN

(d) o+ = {0}
Definition 2.2. The set O as in Proposition 2.1 is called a Hilbert basis of V§.

Proposition 2.3. Every quaternionic separable Hilbert space VR has a Hilbert basis. All the Hilbert bases of VR have the same
cardinality.
Furthermore, if © is a Hilbert basis of V&, then every ¢ € VR can be uniquely decomposed as follows:

= oulpil9),

keN

where the series Y,y @k{@k | ¢) converges absolutely in VH’fI.

It should be noted that once a Hilbert basis is fixed, every left (resp. right) quaternionic Hilbert space also becomes a right
(resp. left) quaternionic Hilbert space [11,18]. See Section 3.2 for more details.

The field of quaternions H itself can be turned into a left quaternionic Hilbert space by defining the inner product
(q'| ') = qq’ or into a right quaternionic Hilbert space with (q | ') = qq’.

3. Right quaternionic linear operators and some basic properties

In this section we shall define right H-linear operators and recall some basic properties. Most of them are very well known.
In this manuscript, we follow the notations of [2,11].

Definition 3.1. A mapping A : D(A) € VR — V&, where D(A) stands for the domain of A, is said to be right H-linear
operator or, for simplicity, right linear operator, if

Alpa + yb) = (Ap)a+ (Ay)b, if ¢, ¥ € D(A) and a,b € H.

The set of all right linear operators will be denoted by £(V{%) and the identity linear operator on V{ will be denoted by
va .ForagivenA e E(VHR;I), the range and the kernel will be

ran(A) = {¢ e V{ | Ap = for ¢ € D(A)}
ker(A) = {¢ € D(A) | Ap = 0}.
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We call an operator A € £(VR}) bounded if
Al = sup [|A¢] < oo, (3.1)
llpll=1
or equivalently, there exists K > 0 such that ||A¢|| < K||¢|| for all ¢ € D(A). The set of all bounded right linear operators
will be denoted by B(VR). Set of all invertible bounded right linear operators will be denoted by G(V}). We also denote for a
set ACH, A*={q|qe A}

Assume that Vﬁ is a right quaternionic Hilbert space, A is a right linear operator acting on it. Then, there exists a unique
linear operator A’ such that

(¥ | Ap) = (ATy | ¢); forall ¢ € D(A), ¥ € D(AT), (32)
where the domain D(A") of A is defined by
D(AT) = {¢ € Vif | 3p suchthat (v | Ap) = (¢ | ¢)}.

Proposition 3.2 ([11]). IfA € B(V{) is normal then ker(A) = ker(A').

Proposition 3.3 ([15,17]). Let A € B(VE, UR) then
(a) ran(A)* = ker(A1). (b) ker(A) = ran(AT)*.

Definition 3.4. Let V? and UR be right quaternionic Hilbert spaces. A bounded operator K : V8 — UF is compact if K

maps bounded sets into precompact sets. That is, K(U) is compact in UR, where U = {¢ € V| ||¢|l < 1}. Equivalently, for

all bounded sequences {¢,}>°, in VX the sequence {K¢,}°°, has a convergence subsequence in UE.

We denote the set of all compact operators from Vi to UR by Bo(VE, UR) and the compact operators from V& from Vi will
be denoted by By(VR).

Definition 3.5. An operator K : V8 — UR is said to be of finite rank if ran(K) € UR is finite dimensional.
Proposition 3.6 ([15]). IfA € B(VR, UR) is of finite rank, then A is compact.

Proposition 3.7 ([15]). Let A € B(VE, UR) be a finite rank operator, then A' € B(UX, VR) is a finite rank operator and
dim(ran(A)) = dim(ran(A")).

Definition 3.8. Let M C V£ be a closed subspace, then codim(M) = dim(VE/M).

Definition 3.9. LetA : V¥ — UR be a bounded operator, then coker(A) := UR /ran(A) and dim(coker(A)) = dim(UR) —
dim(ran(A)).

Proposition 3.10 ([15]). A bounded operator K : Vﬂ’ﬁ — Uﬁ is compact if and only if there exist finite rank operators
Ky : VB — UR such that |K — K,|| — 0asn — 0.

Corollary 3.11 ([15]). A bounded operator K : V8 — UR is compact then so is K.
Proposition 3.12 ([15]). Let A € B(VR) and K be a compact operator on VX, then AK and KA are compact operators.

Definition 3.13. Let A € B(VR). A closed subspace M C VZ& is said to be invariant under A if A(M) < M, where
AM) = {A¢p | ¢ € M}.

3.1. Left scalar multiplications on VR

We shall extract the definition and some properties of left scalar multiples of vectors on Vﬁ from [11] as needed for the
development of the manuscript. The left scalar multiple of vectors on a right quaternionic Hilbert space is an extremely
non-canonical operation associated with a choice of preferred Hilbert basis. From Proposition 2.3, VR has a Hilbert basis

O ={px | ke N}, (3.3)
where N is a countable index set. The left scalar multiplication on V& induced by © is defined as the map Hx VR 5 (q, ¢) —>
q¢ € VR given by

a6 =) ealec | ¢), (34)

keN
for all (q, ¢) € H x VE.
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Proposition 3.14 ([11]). The left product defined in Eq. (3.4) satisfies the following properties. For every ¢, ¥ € VR and p, q € H,

) llagll = lalli@ll.
) a(pe®) = (ap)o.
) (@@ | ) = (¢ | ay).
) r¢p = ¢r, forallr € R.

(f) qer = @kq, forallk € N.

Furthermore, the quaternionic left scalar multiplication of linear operators is also defined in [7,11]. For any fixed q € H
and a given right linear operator A : D(A) — Vﬁ, the left scalar multiplication of A is defined as a map gA : D(A) — Vﬁ
by the setting

(aA)p = a(Ap) = > _ pralgx | Ad), (35)
keN

for all ¢ € D(A). It is straightforward that gA is a right linear operator. If q¢p € D(A), for all ¢ € D(A), one can define right
scalar multiplication of the right linear operator A : D(A) —> V& as amap Aq : D(A) —> V& by the setting

(Aq)p == A(qd), (3.6)
for all ¢ € D(A). It is also a right linear operator. One can easily obtain that, if q¢ € D(A), for all ¢ € D(A) and D(A) is dense
in VR, then

(qA)’ = A'q and (Aq)' = qA". (3.7)
3.2. S-spectrum

For a given right linear operator A : D(A) € VR — VR and q € H, we define the operator R,(A) : D(A*) —> H by
Rq(A) = A — 2Re(@)A + |q| Lz,

where q = qo + iq1 + jqz + Kgs is a quaternion, Re(q) = go and |q/* = q3 + ¢ + ¢3 + ¢3.

In the literature, the operator is called pseudo-resolvent since it is not the resolvent operator of A but it is the one related
to the notion of spectrum as we shall see in the next definition. For more information, on the notion of S-spectrum the reader
may consult e.g. [6-8,11].

Definition 3.15. Let A : D(A) C VR — V& be a right linear operator. The S-resolvent set (also called spherical resolvent set)
of A is the set ps(A) (C H) such that the three following conditions hold true:

(a) ker(Rq(A)) = {0}.
(b) ran(R4(A)) is dense in VE.
() Rq(A)~! : ran(Ry(A)) —> D(A?) is bounded.

The S-spectrum (also called spherical spectrum) os(A) of A is defined by setting os(A) := H ~ ps(A). For a bounded linear
operator A we can write the resolvent set as

ps(A) = {q € H | Ry(A) € G(V§)}
= {q € H| R,(A) has an inverse in B(V}\)}
= {q € H | ker(Ry(A)) = {0} and ran(R,(A)) = VH'fI}
and the spectrum can be written as
os(A) = H\ ps(A)
= {q € H | Ry(A) has no inverse in B(V})}
= {q € H | ker(R,(A)) # {0} or ran(R,(A)) # V{}

The right S-spectrum o?

>(A) and the left S-spectrum af (A) are defined respectively as

07 (A) = {q € H| Ry(A) in not right invertible in B(V{)}
o7 (A) = {q € H| R,(A) in not left invertible in B(V{)}.
The spectrum os(A) decomposes into three disjoint subsets as follows:
(i) the spherical point spectrum of A:

ops(A) == {q € H | ker(Rq(A)) # {0}}.
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(ii) the spherical residual spectrum of A:
ors(A) == {q € H | ker(Ry(A)) = {0}, Tan(R,(A)) # V }.
(iii) the spherical continuous spectrum of A:
oes(A) = {q € H | ker(Ry(A)) = {0}, ran(Ry(A)) = V&, Ry(A)™" ¢ BIVE) }.
If Ap = ¢q for some q € Hand ¢ € VR < {0}, then ¢ is called an eigenvector of A with right eigenvalue q. The set of right

eigenvalues coincides with the point S-spectrum, see [11], Proposition 4.5.

Proposition 3.16 ([5,11]). For A € B(VR), the resolvent set ps(A) is a non-empty open set and the spectrum os(A) is a non-empty
compact set.

Proposition 3.17 ([5]). Let A € B(VR) and let p = py + p1l € po + p1S € H \ R be an S—eigenvalue of A. Then all the elements
of the sphere [p] = po + p1S are eigenvalues of A.

Proposition 3.18 ([15]). Let A € B(VF).
o,S(A) = {q € H | ran(R,(A)) is closed or ker(R,(A)) # {0}}. (3.8)
0°(A) = {q € H | ran(R,(A)) is closed or ker(R5(A")) # {0}}.

r

4. Fredholm operators in the quaternionic setting

In order to study the Weyl and Browder operators and Weyl and Browder S-spectra we need some results regarding the
Fredholm operators. We borrow the materials of this section from [15] as needed for the development of the manuscript.
For an enhanced explanation we refer the reader to [15]. In this regard let VH’fI and U[’fﬂ be two separable right quaternionic
Hilbert spaces.

Definition 4.1. A Fredholm operator is an operator A € B(VE, Uﬁ) such that ker(A) and coker(A) = Uﬁ /ran(A) are finite
dimensional. The dimension of the cokernel is called the codimension, and it is denoted by codim(A).

Proposition 4.2 ([15]). IfA € B(VE, UR) is a Fredholm operator, then ran(A) is closed.

Definition 4.3. Let A € B(VR, UR) be a Fredholm operator. Then the index of A is the integer, ind(A) = dim(ker(A)) —
dim(coker(A)).

Remark 4.4. Since ran(A) s closed, we have UR = ran(A)@ran(A)- = ran(A) @ ker(A"). Therefore, coker(A) = UR /ran(A) =
ker(A"). Thus,

ind(A) = dim(ker(A)) — dim(ker(A1)).
Theorem 4.5 ([15]). Let A € B(VR, UR) be bijective, and let K € Bo(VE, UR) be compact. Then A + K is a Fredholm operator.
Proposition 4.6 ([15]). If A € B(VE, UR) is Fredholm then A" € B(UR, VR) is Fredholm.

Theorem 4.7 ([15]). A € B(VR, UR)is Fredholm if and only if there exist Sy, S, € B(UR, VR)and compact operators K; and K,, on
VR and UE respectively, such that

S]A = HVﬁ + K] and ASz = HUH’?I + Kz

Remark 4.8 ([15]). Let A € B(VR, UR), then

(a) Ais said to be left semi-Fredholm if there exist B € B(UR, VR)and a compact operator K; on V£ such that BA = HVﬁ +Kj.

The set of all left semi-Fredholm operators is denoted by F(V, UR) [9].
(b) A is said to be right semi-Fredholm if there exist B € B(UR, VF) and a compact operator K, on U such that
AB = Ik + Kp. The set of all right semi-Fredholm operators is denoted by F(VE, URY[9].

(c) By Theorem 4.7, the set of all Fredholm operators, F(VE, UR) = F(VR, UR) n F7.(VE, UR).
(d) From Theorem 4.7 it is also clear that every invertible right linear operator is Fredholm.
(e) Let SF(VR) = A(VR) U F.(VR). From Theorem 4.7 and Corollary 3.11, we have
Aec F(VY) & AT e 7 (VY
AeSFVR) & AT e sF(VE)
Ae F(V}) & AT e F(VR).
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Theorem 4.9 ([15]). Let VR, UR and WR be right quaternionic Hilbert spaces. If A; € B(VE, UR) and A, € B(UR, WR) are two
Fredholm operators, then A,A; € B(VR, WR) is also a Fredholm operator, and it satisfies ind(AyA;) = ind(A;) + ind(A, ).

Lemma 4.10 ([15]). Let F € B(VR) be a finite rank operator, then ind(]IV@ +F)=0.

Theorem 4.11 ([15]). Let A € B(VE, UR) be a Fredholm operator, then for any compact operator K € B(VE, UR), A+ K isa
Fredholm operator and ind(A + K) = ind(A).

Corollary 4.12 ([15]). Every invertible operator A € B(VR) is Fredholm and ind(A) =
Corollary 4.13 ([15]). Let n be a non-negative integer. IfA € ]-‘(V[S) then A" € ]-'(Vﬁ) and ind(A") = n ind(A).
Theorem 4.14 ([15]). An operator A € B(VR) is left semi-Fredholm if and only if ran(A) is closed and ker(A) is finite dimensional.
Hence
Fi(VE) = {A € B(VR) | ran(A) is closed and dim(ker(A)) < oo} (4.1)
F (VR = {A e B(VY) | ran(A) is closed and dim(ker(A")) < oo} (4.2)
Remark 4.15 ([15]). Let A € B(VR).
(a) The so-called Weyl operators are Fredholm operators on V{ with null index. That is, the set of all Weyl operators,
W(VE) = (A e F(VF) | ind(A) = 0}.

b) Since, by Remark 4.8(e), A € F(VF) & AT € F(V}) and ind(A) = —ind(AT), A € W(VE) & AT € W(V]).
¢) By Theorem 4.5 and Lemma 4.10, if F is a finite rank operator, then ]IVR +Fe W(VR)

)
)
) By Theorem 4.9, A, B € W(VR) = AB € W(VR).

e) By Theorem 4.11,A € W(VR) K € Bo(VE) = A+ K € w(VR).

(f) By Corollary 4.12,A € B(VR) is invertible, then A € W(VR)

(g) Suppose dlm(VR) < 0o, thenind(A) = O forany A € B(VR) Therefore, every operator in B(Vﬂ’fl) is a Fredholm operator
with index zero. In this case, W(VE) = B(V{).

5. Essential S-spectrum

Most part of this section is borrowed from [15] as needed here. For details we refer the reader to [ 15]. We also give proofs
to some new results which are omitted in [15].

Theorem 5.1 ([11]). Let VX be a right quaternionic Hilbert space equipped with a left scalar multiplication. Then the set B(VR)
equipped with the point-wise sum, with the left and right scalar multiplications defined in Egs. (3.5) and (3.6), with the composition
as product, with the adjunction A — A%, asin Eq. (3.2), as *— involution and with the norm defined in Eq. (3.1), is a quaternionic
two-sided Banach C*-algebra with unity ]Iv[g-

Remark 5.2. In the above theorem, if the left scalar multiplication is left out on Vﬁ, then B(VH’;) becomes a real Banach
C*-algebra with unity HVu'i .
Theorem 5.3 ([10]). The set of all compact operators, Bo(VR) is a closed biideal of B(VR) and is closed under adjunction.
On the quotient space B(VR)/Bo(VR) the coset of A € B(VER) is
[A]=1{S e B(VR)|S=A+K forsome K € Bo(VF)} = A+ Bo(VE).
On the quotient space define the product
[A][B] = [AB].

Since Bo(ViR) is a closed subspace of B(VF), with the above product, B(VR)/Bo(VR) is a unital Banach algebra with unit (L]
We call this algebra the quaternionic Calkin algebra. Define the natural quotient map

7w B(Vi) —> B(V§)/Bo(Vi) by m(A)=[A]l = A+ Bo(Vy).
Note that [0] = Bo(VR) and hence
ker(m) = {A € B(Vf) | m(A) =[0]} = Bo(V).
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Since Bo(VR) is an ideal of B(V}), for A, B € B(V), we have

(2) (A +B) = (A+B) + Bo(VE) = (A+ Bo(VE)) + (B + Bo(VE)) =
(b) 7(AB) = AB + Bo(VE) = (A + Bo(VA))B + Bo(VE)) = m(A)(B).
(c) (Tyg) = el

Hence 7 is a unital homomorphism. The norm on B(VE)/By(VR) is given by

[[All=inf [A+K] < [A].
KeBo(VR)

7(A) + 7(B).

Therefore 7 is a contraction.

Definition 5.4. The essential S-spectrum (or the Calkin S-spectrum) aes(A) of A € B(VE) is the S-spectrum of 7(A) in the
unital Banach algebra B(VR)/Bo(VE). That is,

0, (A) = os(7(A)).

Similarly, the left essential S-spectrum oeS,( ) and the right essential S-spectrum o S (A) are the left and right S-spectrum of
7 (A) respectively. That is,

aesl(A) = a,s(n(A)) and aesr(A) = O'TS(N(A))

in B(VR)/Bo(VR).

Clearly, by definition, 05(A) = 0(A) U 05.(A) and o (A) is a compact subset of H.

Proposition 5.5 ([15]). Let A € B(VR), then
oq(A) = {a € H| Ry(A) € BIVE) \ A(VE)) (5.1)
05 (A) = {q € H | Ry(A) € BV) \ F (Vi) (52)

Corollary 5.6 ([15] (Atkinson Theorem)). Let A € B(Vﬁ), then

o (A)={a € H | Ry(A) € BV{)\ F(V{p)}. (5.3)

e
Proposition 5.7. For A € B(VR), 03(A) # @ if and only if dim(VE) =

Prop051t10n58([15]) Forevery A € B(VR)and K € Bo(V{), we have 03(A+ K) = o, (A). In the same way, o 5(A+ K) = o;(A)
and o3(A+K) = o5 (A).

Definition 5.9. LetA € B(VR)and k € Z \ {0}. Define,
of(A)={q e H | R(A) e F(VR) and ind(R,(A)) = k}.
Also
a5 = {a € o5(A) | Ry(A) € W(V).
Proposition 5.10 ([15]). Let A € B(VR), then o5(A) = 05(A) U |y, 0 (A).
Definition 5.11. For A € B(VE), we define
03 o(A) = {q € H|Ry(A) € SF(VF) and ind(Ry(A)) = +oc},

oS (A)={q € H|R,(A) € SFVE) and ind(R,(A)) = —o0}.

Proposition 5.12. For A € B(VER) we have
01 o(A) U 0® (A) = {q € 05(A) | Ry(A) € SF(VE)\ F(VE)}.

Proof. We have

03 (A) = {q € H|Ry(A) € SF(V{) and ind(Ry(A)) = +o0}
={geH|R(A) e S]—‘(VR) and dim(ker(Ry(A))) = +o0}
= {q € H|Ry(A) € F(V)\ A(VE)} by Theorem 4.14
= 05(A)\ 05(A) € 0 (A) C o5(A).
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Similarly
0° (A) = {q € H|Ry(A) € SF(VF) and ind(R,(A)) = —o0}
= (g€ H|Ry(A) € SF(VR) and dim(ker(Rg(A1))) = +o0}
= {qg € H|R,(A) € A(VE)\ F(VF)} by Theorem 4.14
= 05(A)\ 05(A) C 05 (A) C o5(A).

Therefore we get
03 (A Ua® (A) = {q € 05(A) | Ry(A) € SF(V{)\ F(VE)}). D

+o00

Proposition 5.13. Let A € B(VR), then we have
02(A) = (05(A) N0a(A) Uoi (AU o (A)

e

with (65(A) N 05.(A)) N (03, (A) U oS (A)) = 0.

Proof. Since 03(A) = 0,(A) U 05.(A) C os(A), we get by Proposition 5.5,
0a(A) N oy (A) = {a € H | Ry(A) & SF(VE)} S 07 (A),
and by Proposition 5.12 we get
050(A) U 02 (A) = {q € 05(A) | Ry(A) € SFVE)\ FVE)).
Therefore
03(A) = (05(A) Nog(A) Uay (A Uo® (A),

and (03(A) N 05.(A)) N (03, (A)Uo® (A) =9¥. O
Proposition 5.14. LetZ = Z U {+o0, —oc}. For A € B(VR), K € By(VR), and k € Z \ {0} we have o (A + K) = o} (A).

Proof. Let A € B(VR), K € By(VR), then R,(A + K) = Ry(A) + K1, where Ky = AK 4 KA — 2Re(q)K and, by Proposition 3.12,
Ky € Bo(VR). Therefore, for k € 7 \ {0}, by Theorem 4.11, R,(A) € F(VE¥) implies Ry(A + K) € F(V) and ind(R,(A + K)) =
ind(Ry(A)). Thus, for k € Z \ {0},

oi (A+K) = o} (A).
Now by Propositions 5.8 and 5.12, we have

0l (A+K)=07,(A) and o’ (A+K)=0’_(A). O
Remark 5.15. Let A € B(VZR). The results of Proposition 5.14 not true for aOS(A). Since UOS(A) = {q € o5(A) | Ry(A) € W(VE)}
and, according to Theorem 4.14,

F(Vig) = AV N F (Vi)

={Ae B(V]g) | ran(R,(A)) closed, dim(ker(R,(A))) < oo and dim(ker(Ra(AT))) < o0}
we can write

crg(A) = {q € o5(A) | ran(R,(A)) closed, dim(ker(R,(A))) = dim(ker(Rﬁ(AT))) < 0o}.
Since ops(A) = {q € H | ker(R,(A)) # {0}}, we have

05 (A) = {q € os(A) | ran(R,(A)) = ran(R,(A)) # V{, dim(ker(R,(A))) = dim(ker(R;(A"))) < oo}.
Therefore, if dim(V¥) < oo, we have

05 (A) = ops(A) = o5(A).
Suppose that dim(V}) < oo, then B(VE) = By(VF). Since

Iyx® — 2Re(q)Lyx + lal*Lys = (1 — 2Re(q) + [a*)Lyx = (1= a)(1 = Dz,
Rq(]IV]ﬁ) is invertible if and only if g # 1and g # 1. That s, Rq(]IV]g) is invertible if and only if g # 1. Thus 03(11\,@) = US(HV]ﬁ) =
{1}. Also Rq(]lvé — va) =R (0) = |‘1|2va is invertible if and only if g # 0, thus ag(O) = 05(0) = {0}. That is,

ag(llvgl +K) £ og(ﬂvﬁ)

withK = _HVxﬁ’ a compact operator on V&,
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6. The Weyl S-spectrum on V#

In this section we define the S-Weyl spectrum on VR and give a characterization to the S-spectrum in terms of the Weyl
spectrum.

Definition 6.1. The S-Weyl spectrum of an operator A € B(VR}) is the set

osA)= () os(A+K).
KeBo(VR)

Hence, by the definition, o3 (A) is the largest part of o5(A) such that o>(A + K) = o3(A) for every K € Bo(VR). Since the
S-Weyl spectrum is the intersection of compact sets in H, ai(A) is a compact subset of H.

Definition 6.2. Let o,

(A) denote the set of all isolated points of the S-spectrum os(A), that is

N

05,(A) = {q € o5(A) | q isanisolated point of os(A)}.

Its compliment in os(A), o5..(A) = as(A)\ o5, (A), is the set of all accumulation points. Also we denote 77o(A) = o33, (A) Moy (A).

Remark 6.3. By Proposition 3.17, the isolated eigenvalues are in fact isolated spheres in H. However we denote the sphere
[al by q.

Lemma 64. LetA € B(VR). IfA € SF(VR) with ind(A) < O then there is a compact (in fact a finite rank) operator K € Bo(VR)
such that ker(A + K) = {0}.

Proof. Let A € SF(VR).If ind(A) < 0, then dim(ker(A)) < dim(ker(A")), and by Theorem 4.14, dim(ker(A)) < oo. Let {¢; K
be an orthonormal basis for ker(A) and let B be an orthonormal basis for ker(AT) = ran(A)‘, where the cardinality of B,
IB] > n. Let {,}7_,  Bbe an orthonormal set. Define the map K : V§ —> VE by

n
K¢ = vj(¢lg) foreach ¢ e V,
=1
which is clearly right linear. Since
ran(K) C right — H — span{y;}i_; < right — H — span B = ker(A") = ran(A)",

K is bounded and finite rank, hence compact. Let i/ € ker(A), then by Proposition 2.1,
n
Iy l> =) Kily)I” = Ky |,
i=1

Now, if Y € ker(A + K), then AYy = —Kv, and therefore,
A € ran(A) Nran(K) € ran(A) N ran(A)* = {0}.
Thus Ay = 0and || = |[Ky¥| = ||A¥ | = 0, which implies ¢ = 0. Hence ker(A + K) = {0}. O

Proposition 6.5. LetA € S}‘(Vrﬁ), then ind(A) = 0 if and only if there exists a compact operator (in fact, finite rank) operator
K € Bo(VR) such that A + K is invertible.

Proof. IfA € SJ—‘(VH’ﬁ) with ind(A) = 0, then A € }‘(Vlﬁ[) and , by Lemma 6.4, there exist a compact (in fact, finite rank)
operator K € Bo(V{R) such that ker(A + K) = {0}. Now, by Theorem 4.11,A + K € F(V{) and ind(A + K) = ind(A) = 0. Thus
ker((A + K)') = {0} as ker(A 4+ K) = {0}. Therefore, ker((A + K)) = ran(A + K)* = {0}, which means ran(A + K) = Vﬁ.
Therefore A + K is invertible.

Conversely, if there exists K € Bo(VE) such that A + K is invertible, then by Remark 4.15(f), A + K is Weyl. Since
A=(A+K)—K,byTheorem4.11,A € F(V¥)and ind(A) = 0. O

The following theorem characterizes the S-spectrum in terms of the Weyl operators, see Definition 5.9 and Proposition 6.8.
Theorem 6.6 (Schechter Theorem). If A € B(VR), then

oa(A) =0, (AU | ] of(A) = 05(A)\ o3 (A).
kezZ\{0}
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Proof. LetA € B(VR).

Claim: If g € o5 (A), then there is a K € Bo(V{) such that q & os(A + K).

For, if ¢ € o3(A), then R,(A) € SF(VE) with ind(R,(A)) = 0. Since, for K € Bo(VK), Ry(A + K) = Ry(A) + K with, by
Proposition 3.12, K; = AK + KA — 2Re(q)K € Bo(VR), by Proposition 6.5, R,(A + K) is invertible. Therefore, g € ps(A + K) or
q & os(A+ K) as claimed.

Now by Proposition 5.10,

RO GEALY

keZ
where all the above sets are pairwise disjoint, therefore,

o3(A) = os(A)\ | os (AU | ] oi(A)
keZ\{0}

Let q € os(A), ifq € 03(A)U Ukez(0) oi(A), then by Propositions 5.8 and 5.14, for every K € By(VR), q € o3(A+K)U
Ukez (o) 9 (A + K). On the other hand, if q € o;(A), then by the above claim q ¢ as(A + K). Therefore, since the S-Weyl
spectrum o]f) (A) is the largest part of the S-spectrum os(A) that remains invariant under compact perturbations, we have

oAy =0,AU | ] of(A) =os(A)\o5(A). D

kezZ\{0}

Remark 6.7. LetA € B(VR).From the above theorem, Theorem 6.6, we can make the following straightforward observations:

(a) cre( ) € 0,(A) S os(A).

(b) ( ) - US(A <:> UkeZ\ Ok (A) = 0.
(c) as(A )—GS(A)U%()andcr()ﬂcrg(/\)z
(d) S(A) = 05(A) <= 0p(A) = 0.

(€) 02 (A) = 03 (A) = 05(A) &= Uyez 05 (A) = 0.

Proposition 6.8. Forevery A € B(VR), o5(A) = {q € H | Ry(A) € BVR)\ W(VR)}.

Proof. If ¢ € ps(A), then R (A) is invertible. Since, by Remark 4.15(f), invertible operators are Weyl, R,(A) € W(Vﬁ),
Therefore, if R,(A) & W(VR), then q € os5(A). Also by Definition 5.9 and Theorem 6.6 we have oj(A) = os(A) \ ag(A) and
og(A)={q e as( ) | Ry(A) € W(VR)}. Therefore, o5(A) = {q € H | Ry(A) € BIVR)\ W(VE)}. O

Remark 6.9. By Remark 4. 15(b) A € W(VERyif and only if AT € W(VE). Also by Proposition 6.8, q € o, (A) if and only if
q € o5(A). Therefore. 03 (A) = o3 (AT)".

Proposition 6.10.
W(VE) = (A € BIVE) | 0€ ps(A)Uap(A)} ={A e F(VE) | 0e ps(A)Uag(A).

Proof. Let A € B(VR).IfA € W(VR), then A € F(VR) and, by Remark 4.15(e), A + K € W(VR) for some K € Bo(VR).
Therefore, by Proposition 6.5, A 4+ K is invertible and hence Ry(A + K) = (A + K)? is invertible. Thus 0 € ps(A + K),
which means 0 ¢ os(A + K). Therefore, by the definition of the Weyl S-spectrum 0 ¢ o3(A), and hence by Theorem 6.6,
0 € ps(A) U oy S(A) . Conversely, let 0 € ps(A) U o, S(A). If 0 € ps(A), then Ry(A) = A? is invertible and hence A is invertible.
Therefore, by Remark 4.15(f), A € W(VF).If 0 € o;(A), then by Definition 5.9, Ro(A) = A> € W(VF) and 0 € os(A). Thus
by Theorem 4.9, A € W(VR). Hence, W(VR) = {A € B(VF) | 0 € ps(A) U o;(A)}, and since W(VR) € F(VR), we get
W(VE) = {A € F(VE) | 0¢c ps(A)Uo§(A)). O

Remark 6.11.

(a) Let A € B(VR), by Theorem 6.6, o, S(A) C o (A) By Proposition 5.7, o; 5(A) # ¢ if and only if dim(V}) = co. Hence,

a3(A) = ¢ implies dlm(VR) < oo, Further, smce o3(A) = {q € H | RyA) € B(Vﬂ’ﬁ) \ W(VE), by Remark 4.15(g),
dim(V®) < oo implies o (A) = . Therefore, 03 (A) # (ZJlfand only 1fd1m(VR)

(b) LetK € Bo(VER)and q # 0. Since R,(K) = K? — 2Re( K +ql? Iz, clearly lq/? Iy is Fredholm with ind(|q|2]IV];He) =0and

K? — 2Re(q)K is compact by Theorem 4.11, Ry(K) is Fredholm w1th ind(Ry(K)) = 0. That s, Ry(K) € W(Vﬁ), Therefore,
by Proposmon 6.8, 0 (K) \ {0} = @. Thus, if chm(VR) o0, then by 1tem( ) j(K) {0}. Since, by Proposition 5.7,
%(K) aS(K), if dlm(VR) = oo, then @ # o7 (K) € {0}. Hence, for K € Bo(VE), dim(VR) = oo if and only if
- (K) = (K ) ={0}.
(c) Suppose that A e B(VR) is normal and Fredholm. Then clearly R,(A) is normal. Therefore, by Proposition 3.2,

R,(A) € W(VE). Thus, by Corollary 5.6 and Proposition 6.8, T is normal implies o; S(A) = oj(A).
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7. Browder s-spectrum in V§

In the complex case, the Browder theory uses the so-called Riesz points and Riesz idempotent and which is defined in
terms of Cauchy integral formula. The Cauchy integral formula, in the quaternionic setting, is only available on an axially
symmetric domain for slice regular functions in a quaternion slice. Due to this we are unable to provide a complete study
on the Browder S-spectrum. However, in this section, we provide certain results about Browder operator and Browder
S-spectrum on the whole set of quaternions without the use of the Riesz idempotent.

Let A € B(VR) and Ny be the set of all non-negative integers. From now on we denote ker(A) = K(A) and ran(A) = R(A).
Then, for n € Ny, clearly

K(A") € K(A™!) and R(A™') € R(A"),

which means, in the inclusion ordering, {/C(A")} and {R(A")} are nondecreasing and non-increasing sequences of Vﬁ
respectively.

Lemma 7.1. Letng € No.
(a) IfFKC(A™0+1) = K(A™), then KC(A™1) = K(A™) for every n > ny.
(b) If R(A"+1) = R(A™), then R(A™!) = R(A") for every n > ny.

Proof. The proof is same as the complex proof. For a complex proof see lemma 5.29in [14]. O

Definition 7.2. Let Ny = Ny U {+00}. The ascent and descent of an operator A € B(V{) are defined respectively as follows.
asc(A) = min{n € Ny | K(A™ 1) = (A"},
dsc(A) = min{n € Ny | R(A™!) = R(A")}.
Note that for A € B(V{}) clearly we have
asc(A) = 0 & K(A) = {0}, thatis, A isinjective.

dsc(A) = 0 & R(A) = V&, thatis, A is surjective.

Lemma7.3. LetA € B(VE).
(a) Ifasc(A) < oo and dsc(A) = 0, then asc(A) = 0.
(b) Ifasc(A) < oo and dsc < oo, then asc(A) = dsc(A).
Proof. The proof is exactly same as its complex counterpart. For a complex proof see lemma 5.30in[14]. O

Lemma 7.4. IfA € F(V}), then asc(A) = dsc(AT) and dsc(A) = asc(A').

Proof. By Corollary 4.13,ifA € J—‘(V]}RH) then A" € F( VJ}RH) for all n € Ny. Therefore, by Proposition 4.2, R(A") is closed for every
n € Ny. With these facts the proof follows from its complex version. For a complex proof see lemma 5.31in[14]. O

Definition 7.5. Aright quaternionic Browder operator is a right quaternionic Fredholm operator with finite ascent and finite
descent. Let Bt(VX) denote the set of all right quaternionic Browder operators from B(VX). Then
Be(VR) = {A e F(VE) | asc(A) < oo and dsc(A) < oo}.
Note that according to Lemma 7.3,
Be(VE) = (A € F(VE) | asc(A) = dsc(A) < o0} (7.1)
=m

={Ae f(Vf}I) | asc(A) = dsc(A) for some m € Ng}

Hence

FVH\ B(VE) = {A € F(V{) | asc(A) = oo or dsc(A) = oo} (7.2)
Also by Lemma 7.4

A e Be(VR) & AT € By(VH). (7.3)

Definition 7.6. Let X be a right quaternionic linear space. The subspaces R and K are said to be algebraic compliments of
each other if

X=R+K and RNK = {0}.
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Lemma 7.7. IfA € B(Vﬁ) with asc(A) = dsc(A) = m for some m € Ny, then R(A™) and IC(A™) are algebraic compliments of
each other.

Proof. The proof is purely algebraic and it is the same as its complex counterpart. For a complex proof see lemma 5.32
in[14]. O

Theorem 7.8. Let A € B(VR). Consider

(@) A e B(VR)and A & g(VE).
(b) A € F(VE)is such that R(A™) and K(A™) are complimentary subspaces for some m € N.
(€) A e W(VE).

Then (a) = (b) = (c).

Proof. (a) =(b): A € B(VR) is invertible if and only if A € G(V}). That is, A € B(VR) has a bounded inverse and R(A) = V&,
K(A) = {0}. By Corollary 4.12, every invertible operator is Fredholm. Also by Definition 7.2, R(A) = VR and K(A) = {0}
if and only if asc(A) = dsc(A) = 0. Thus every invertible operator is Browder. That is, clearly the inclusion is strict,
G(VEY € Be(VR) c F(VR). Therefore, if A € Be(VE)and A ¢ g(Vlgl), then asc(A) = dsc(A) = m for some m > 1. Hence
by Lemma 7.7, K(A™) and R(A™) are complimentary subspaces of V.

(b) = (c): Suppose (b) holds. That is, A € F(V&) and there exists m € N such that R(A™) + K(A™) = VR and
R(A™) N K(A™) = {0}. Since A € F(VF), by Corollary 4.13, A™ € F(VE). Hence K(A™), K((A™)) are finite dimensional,
and by Proposition 4.2, R(A™) is closed. Since R(A™) is closed, R(A™) + R(A™)t = VR, where R(A™)* = K((A™)'). Hence,
RA™) + K((A™L) = vg; and R(A™) N K((A™)') = {0}. Thus K(A™) and K((A™)!) are both algebraic compliments of
R(A™), and therefore, they have the same finite dimension. Thus, by Remark 4.4, ind(A™) = 0. Since by Corollary 4.13,
mind(A) = ind(A™) = 0 and m > 0, we have ind(A) = 0. Hence A € W(VE). O

Remark 7.9. From Theorem 7.8, it is now clear that, obviously the inclusions are strict, G(VR) c B(VR) c W(VR) c F(V]).
Theorem 7.10. LetA € B(VR). IfA € Bv(VR)and 0 € os5(A), then 0 € mo(A).

Proof. Since o5(A) = {q € H | Ry(A) € W(VE)} and Bx(VF) € W(VR),if A € B(VF) and 0 € o5(A), then 0 € o5 (A).
Further, by Theorem 7.8, there is an integer m > 1 such that R(A™) + K(A™) = VR and R(A™) N K(A™) = {0}, equivalently
(the direct sum is not necessarily orthogonal) R(A™) & K(A™) = VR and R(A™) N K(A™) = {0}. Further, R(A™) and K(A™)
are A™-invariant. Therefore, A" = A™|gam)@A™|xam). Since A™ is not invertible, K(A™) # {0} and A™|cam)= O, the zero
operator. Thus by the spectral mapping theorem (see theorem 4.3 (d) in [11]), o5(A)™ = 05(A™) = 05(A™|Ram)) U {0}. Since
A" @amy: R(A™) —> R(A™) is bijective and, by Corollary 4.13, A™ € F(VX), hence by Proposition 4.2, R(A™) is a closed
subspace of V&, A™|zamye G(R(A™)). Therefore 0 € p(A™|r(amy), thus 0 & o5(A™|z(am)). Hence os(A™) is a disconnected
set, and therefore 0 is an isolated point of o5(A)™ = o5(A™). Thus 0 is an isolated point of o5(A). That is, 0 € aéo(A) and by
definition of 7r9(A), 0 € mo(A) = 05 (A) N o3, (A). O

Remark 7.11. Let A € B(VR).

0s(A) \ mo(A) = a5(A) \ (075(A) N 0 (A))
(05(A) \ 0735(A)) U (0s(A) \ 05(A))
= 03 (A)Uc>(A) by Theorem 6.6.

acc

Definition 7.12. The Browder S-spectrum of an operator A € B(V), denoted by abs (A),is
3 (A) = {q € H | Ry(A) & Be(Vg)}.
By Eq. (7.3), A € Be(VF)if and only if AT € Be(VF). Hence

0} (A) = o (AT)* (7.4)
Also by Proposition 6.8,
o2 (A) C o} (A). (7.5)

Proposition 7.13. Let A € B(VR), then o} (A) C o5(A).

Proof. If g € o;(A) then Ry(A) & Br(VR), so either R,(A) ¢ F(V{) or Ry(A) € F(VE) and asc(Ry(A)) = dsc(Ry(A)) = oo.
IfA ¢ F(VE), then by Corollary 5.6, g € aS(A) € os(A). If Ry(A) € F(V{) and asc(R,(A)) = dsc(R4(A)) = oo, then, since
K(R4(A)) = {0} if and only if asc(R,(A)) = 0, Ry(A) is not invertible. Therefore q ¢ ps(A) and hence q € os(A). Thus
o5 (A) C o5(A). O
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Remark 7.14. By Remark 6.7, Eq. (7.5) and Proposition 7.13, for A € B(Vﬁ), we have
0, (A) S oy (A) € 07 (A) C o5(A).

8. Conclusion

We have studied Weyl operators and Weyl S-spectrum of a bounded quaternionic right linear operator. We have also
given a characterization to the S-spectrum in terms of Weyl operators. We have studied the Browder operators and the
Browder S-spectrum in a limited sense, which is due to the unavailability of the Cauchy integral formula on the whole set of
quaternions. However, using the Cauchy integral formula and the S-functional calculus on an axially symmetric domain for
slice-regular functions, which is accessible [4,3,12], one may define the Riesz idempotent and study the Browder spectrum
on axially symmetric slice domains in the point of view of the S-spectrum. However, we have avoided studying it in this
manuscript and we will treat it elsewhere.
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