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Preface

In this thesis different modifications of invertibility in various settings and their
applications are investigated. In particular, the reverse order law is considered for
certain classes of generalized inverses in C*-algebras with the goal of finding appropriate
characterizing algebraic conditions, applications of generalized invertibility to solving
certain types of equations in rings with unit and determining the general form of
solutions. Another research concerns when the linear combinations of two operators
belonging to the class of Fredholm operators. Some cases where the Fredholmness of
linear combination is independent of the choice of the scalars will be described in detail.

In the first chapter we introduce fundamental concepts of the theory of generalized
inverses. In Section 1.1 we present the need for the creation of the pseudoinverses. In
Section 1.2 we describe the development of theory of generalized inverses. We also cite
some influential books which cover this theory. Section 1.3 contains definitions and
the most prominent results of different generalized inverses in different settings. We
present the differences of one generalized inverse for various mathematical objects. We
introduce the Moore-Penrose inverse, Drazin inverse, weighted Moore-Penrose inverse
and the classes of generalized inverses which satisfy just some of Penrose equations in
matrix, operator, C*-algebra, Banach algebra and ring case. In Section 1.4 we describe
some standard notation used in this dissertation.

The second chapter contains various reverse order laws. First, we mention some
results related to the reverse order law for generalized inverses in different settings
which had influence in our research. In Section 2.1 we present the original results
published in [36] on the reverse order laws for {1,3} and {1,4}- generalized inverses
in C*-algebras and particulary in the vector space of linear bounded operators on
separable Hilbert spaces. Section 2.2 contains elementary algebraic proof of Hartwig’s
triple reverse order law for the regular elements in C*-algebra from our paper [90].
Discussion on Hartwig’s triple reverse order law continue in Section 2.3 which contains
several significant improvements on Hartwig’s triple reverse order law given in [33]. This
new results are the product of our cooperation with the colleagues from The Johannes
Kepler University Linz in Austria. In Section 2.4 we discuss the reverse order laws
on {1,3},{1,4},{1,3,4},{1,2,3} and {1,2,4}-inverses in a ring setting. We present
therein new results from [34] which contain improvements of some known results in
C*-algebra case. The assumptions of the regularity of some elements are omitted.

In the third chapter, we present our original results, published in [35], about Fred-
holmness of a linear combination of two operators. Specially, we discuss some special



cases when Fredholmness of a linear combination of two operators is independent of
the scalars’ choice, as well as some classes of operators for which is dependent.

The topic of the fourth chapter are the equations. First, we introduce basic results
on this subject. In Section 4.1 we consider the algebraic conditions for the existence
of a solution and the expression for the general solution of the system of three linear
equations in a ring with a unit. Results from this section are published in [89]. In
Section 4.2 we present some possible directions of further research.

We came to the most beautiful and the easiest part of this dissertation. After
all I want to thank to my supervisor Professor Dragana Cvetkovié¢-Ili¢ for remarkable
guidelines and selfless help in our research. This kind of dedication to job is exceptional.
I am also thankful to all my professors who took me into world of mathematics. I want
to thank to my family, my backbone, which took part in my every single act. At the
end, thanks to my friends and all the people who helped to become what I am.



Chapter 1

Introduction

1.1 If I could turn back time...

For an element a from some algebraic structure with operation - and identity 1 we
say that it is invertible if there exists an element b from that structure such that

a-b=1=b-a.

In everyday language we can say that invertibility of some process is ability of annul-
ment that process with another one and vice verse.

Is this more invertible or non invertible process in real life probably depends of the
eyes of prospector, but what about mathematical object? We will describe this on the
set of n X n matrices over the field F,n € N. We write GL,(F) for the set of n x n
invertible matrices over the field F and Sing,(F) for the set of singular n x n matrices
over .

Let F first be an infinite field of the cardinality c. If n = 1, then there is only one
singular matrix (the zero matrix) and infinitely many invertible matrices. So there are
more invertible matrices. If n > 1, then it is easy to construct a family of ¢ singular
matrices and to construct a family of ¢ invertible matrices too. Since the cardinality
of the set of all n x n matrices is also ¢, it follows that there are ”the same number” of
invertible and singular matrices in this case.

Now, let F = F, be a finite field with ¢ elements. Over any field I, the set of
invertible n X n matrices is naturally bijective with the set of ordered bases for Fy.
For the first vector in a basis we can choose any non zero vector, so there are ¢" — 1
choices. For the second one we can choose any vector not in the span of the first, so
there are ¢" — ¢ choices. Inductively, it follows that

n—1

GL,(F) = [[(a" — ¢").

k=0

This number is a monic polynomial of g of degree n®. Hence Sing,(F,) = ¢"° —GL,(F,)
is a polynomial of ¢ of degree strictly less than n?. It follows that for fixed n, for ¢
large enough, there will always be more invertible matrices.



1.2. ALL STARTS IN PRACTICE

But if we treat dimension as our notion of size, then the set of invertible matrices
is always "bigger” than set of singular matrices. The set of all n x n matrices over
a field F is isomorphic to the affine space A{FLQ. The space of singular matrices is a
hypersurface in this affine space, since it is precisely the zero set of the regular function
det : A{F‘z — F, and its complement, GL,(F), is therefore an open subvariety of the
same affine space. It follows that dim(Sing,(F)) = n? — 1 and dim(GL,(F)) = n?
where dimension here is in the sense of that of varieties over F.

For intuition, this is totally analogous to the fact that a line and a plane (over
the reals) have the same cardinality, but the plane has a greater dimensionality, so we
think of it as bigger in that sense.

However, if we speak about invertibility in a matrix settings, matrix can have an
inverse only if it is square, and even then it has an inverse only if its columns (or rows)
are linearly independent. But what about singular or even rectangular matrices? Also,
how to consider some basic problems (for example equations) whose participants are
non invertible elements? In recent years needs have been felt in numerous areas of
applied mathematics for some kind of partial inverse of non invertible elements. So,
the concept of "pseudoinverse” or equivalently ”generalized inverse” is created.

1.2 All starts in practice

In [118] Robinson gave a brief description of Gauss’s participation in the theory of
generalized inverses. Namely, motivated by his considerations of problems in geodesy,
Gauss developed the method of least squares in 1794, but did not publish his results
until several years later. In his works ” Theoria motus” [60] and ” Theoria combinations”
[61], he improved the method of least square and even though he did not use the term
generalized inverse, equivalent expressions and explicit formulaes for some specific class
of matrices can be found. There is no evidence that he was willed to proceed in this
direction (see also [107]).

The founder of the term pseudoinverse is Ivar Fredholm. In his famous paper [56]
from 1903, Fredholm considered the problem of finding a continuous solution f(x) of
the functional equation, now named by him Fredholm integral equation of the second
kind,

f(:v)—/\/o K(z,t)f(t)dt = g(x), 0<x<1, (1.1)

in which g(x) and the kernel K (z,t) are given continuous functions, and A is a given
complex number. In the paper [114] from 1976, Rall described Fredholm pseudoinverse
and its connection with the theory of generalized inverses developed in later years.
Namely, the equation (1.1) can be treated as operator equation

where K is the linear integral operator with the continuous kernel K (x,t) on the space
of continuous functions on the segment [0, 1] denote by C[0, 1]. Looking for the inverse

4



CHAPTER 1. INTRODUCTION

of operator I — MK in the form I + AI', where the I is linear integral operator with
the continuous resolvent kernel T'(x,¢; ), and inspired by linear system of equations,
Fredholm discovered that, except for certain isolated values of A, equation (1.1) has a
unique solution given by

fz) =g(x) + )\/01 [(z,t;N)g(t)dt, 0<az<1.

For the exceptional values of A, now generally called eigenvalues of K(x,t), Fredholm
showed that equation (1.1) has no solutions or has an infinite family of solutions. If
the equation (1.1) has infinitely many solutions, he constructed the pseudoinverse of
the operator I — AK again in the form [ + AH, where the H is linear integral operator
with the continuous pseudoresolvent kernel H (z,t; \).

The Fredholm’s success led to a rapid development of the theory of integral equa-
tions and formed the basis of numerous concepts of functional analysis. However, the
idea of the pseudoinverse of an integral operator was not pursued as intensively as
some of the other Fredholm’s concepts. Hilbert [68] in 1904, wrote about generalized
Green’s functions. In 1912, Hurwitz [70] used the finite dimensionality of the null-space
of Fredholm operators to give a simple algebraic construction of class of all pseudoin-
verses. Let us mention also the works of Myller (1906), Westfall (1909), Bounitzky [16]
in 1909, Elliott (1928), and Reid (1931). In [117] Reid gave a great purview of history
of generalized inverses of differential and integral operators.

In the spirit of the phrase, from more complicated to simpler, generalized inverses
first appeared in the settings operators and then in the settings of matrices. Moore was
the first who gave a precise definition of generalized inverse for every finite matrix with
complex entries (square or rectangular). In his paper [93] from 1920, he called that
inverse general reciprocal and established its existence and uniqueness for any matrix
A. He also gave an explicit form for general reciprocal of matrix A in terms of the
subdeterminants of A and its conjugate transpose A* (see [92] too). However, since
Moore used unnecessarily complicated notation, his work was illegible for all but very
dedicated readers. So it was not attract a lot of attention for 30 years after its first
publication, during which time generalized inverses were given for matrices by Siegel
[125] in 1937 and for operators by Tseng [139, 136, 137, 138] in 1933 and 1949, Murray
and von Neumann [95] in 1936, Atkinson [3, 2] in 1951 and 1953 and others.

So, Moore’s inverse needed to be revived. Bjerhammar [11, 12, 13] rediscovered it
and also noted the relationship of generalized inverses to solutions of linear systems in
the 1950’s. In 1955, Penrose [103], unaware of Moore’s work as Bjerhammar, extended
Bjerhammar’s results and gave different algebraic definition for Moore’s inverse and
showed its existence and uniqueness for any rectangular complex matrix A too. This
discovery has been so important that this unique inverse is now commonly called the
Moore-Penrose inverse.

Confirming the importance of simplicity of inscription, since 1955 the theory of
generalized inverses has been started to develop rapidly. Generalized inverses which
satisfy some of the Penrose’s equations have been investigated, as well as some with
different characteristics. Authors have been started to define and study generalized



1.3. THE VARIETY OF GENERALIZED INVERSES IN VARIOUS SETTINGS

inverses in different settings (linear spaces of unbounded or bounded operators, C*-
algebras, Banach algebras, rings). Methods for their computation are also discovered
because of their applicability. Therefore, we can notice generalized inverses in numerical
analysis, control theory, cryptography, theory of differential equations and Markov
chains, robotics and statistics.

Huge number of the original papers and some excellent books cover this topic. One
of the fundamental books on that subject is ” Generalized inverses - Theory and Ap-
plications” by A. Ben-Israel and T.N.E. Greville from 1974. and its second edition
from 2003. [9]. It represent a comprehensive survey of generalized inverses illustrating
the theory with applications in many areas mostly on matrix settings and additionally
on operators between Hilbert spaces. ” Generalized inverses of linear transformations”
by S.L. Campbell and C.D. Meyer (1979) [17], another important book on this topic,
describes utility of the concept of generalized inverses by presenting many diverse appli-
cations in which generalized inverses have an integral role. Let us mention Proceedings
on of the Advanced Seminar on ” Generalized inverses and Applications” edited by
M.Z. Nashed, too. This book consists of 14 papers processing basic properties of gen-
eralized inverses, the Fredholm pseudoinverse (mentioned before), perturbations and
approximations for generalized inverses, linear operator equations and applications to
programming, games, networks and aggregation in econometrics. Book from 2003. by
G. Wang, Y. Wei, S. Qiao [144] comprises a lot of published papers since mid-1970s on
generalized inverses in the areas of perturbation theory, condition numbers, recursive
algorithms. Generalized inverses of linear bounded operators on Banach and Hilbert
spaces, and generalized inverses of elements in Banach and C*-algebras are illustrated
in [47] by V. Rakocevi¢ and D. Djordjevié¢. Last but not least recent ” Algebraic Prop-
erties of Generalized Inverses” by D.S. Cvetkovié¢ Ili¢ and Y. Wei [40], describes the
developments in the research directions on selected topics such as "reverse order law”
problem, certain problems involving completions of operator matrices and Drazin in-
verse. The book also discusses the relevant open problems for each presented topic.
One open problem stated in this book was a subject of one paper which will be pre-
sented in this dissertation.

1.3 The variety of generalized inverses in various
settings

In this section it will be presented different generalized inverses for different math-
ematical objects. But always, we allude to the existence of identity and associativity
of operation.

A basic intention of generalized inverse is to extend the concept of regular inverse.
So, by generalized inverse of some element a we mean some element = such that

e exists for a wider class of elements than the class of invertible elements,

e has some of the properties of the usual inverse,

6



CHAPTER 1. INTRODUCTION

e reduces to the usual inverse for invertible element.

Thus, for some element can be defined different generalized inverses for different pur-
poses i.e. with different characteristics of inverse of invertible element. Also, unlike the
case of the invertible element, which has an unique inverse, there are more generalized
inverses of some type.

The systematic study of generalized inverse firstly appears in matrix settings. As,
we mentioned before, Moore constructed his ” general reciprocal” for every finite matrix
with complex entries and showed its uniqueness. Because of the complexity of the
notation of the original Moore paper, we will give the interpreted Moore’s definition
by Ben-Israel and Charnes [8]:

Definition 1.3.1 If A € C™*", then the generalized inverse of A is the unique matrix
AT such that

CL) AA]L =P R(A);
b) ATA — PR(AT)'
Enlivened Moore’s inverse in Penrose’s work [103] has the following characterization:

Definition 1.3.2 If A € C™*", then the generalized inverse of A is the unique matrix
AT such that

1) AATA = A,

)
2) AtAA = A,
3)
)

(
(
(3) (AAD)* = AAT,
(

1) (ATA)* = ATA.

It is not hard to see that these two definitions are equivalent, or this proof can be seen
in [17]. As we said, the unique matrix from Definitions 1.3.1 and 1.3.2 is called the
Moore-Penrose inverse of matrix A and is usually denoted by A". Equations (1) — (4)
are called Penrose equations. If A is regular matrix, then it can be easy checked that
Al = A1

Let now, R be arbitrary ring with a unit 1 # 0 and an involution a — a* satisfying

(a*)" = a, (a+b)*=a"+b", (ab)* = b"a”,

for all elements a,b € R. Since, Penrose’s definition is algebraic it can be ’extended’
on this setting. So, if for an element a € R exists an element x € R which satisfies
the four Penrose equations we say that element a is Moore-Penrose invertible (MP-
invertible). Element z is called the Moore-Penrose inverse of a and is denoted by a'.
Similarly, from the matrix case we can carried uniqueness of Moore-Penrose inverse
and conclusion that both a'a and aa' are projections, where by a projection we mean
an element p € A which is a Hermitian idempotent, i.e. such that p* = p = p*.

7
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Generalized inverses which satisfy some, but not all, of the four Penrose equations
are very significant and they will be continuously present in this thesis. For K C
{1,2,3,4}, we shall call z € R a K-inverse of a € R if it satisfies the Penrose equation
(7) for each j € K. We shall write aK for the collection of all K-inverses of a € R,
and a* for an unspecified element # € aK. It is interesting to mention that first
Fredholm’s ”pseudoinverse” is {1}-inverse of considered operator, but not necessary
satisfies other Penrose equations. On the other hand, Hurwitz defined pseudoinverse
which is {1,3,4}-inverse of discussed integral operator. This can be found in [114].
{1}-inverse is often called inner generalized inverse, {2}-inverse is outer and {1,2}-
inverse is reflexive generalized inverse. In matrix settings {1,3}- and {1,4}-inverses
are, because of their properties, also called least squares g-inverse and minimum norm
g-inverses, respectively.

As we mentioned before, first application of generalized inverses was in a solving
equations. In the matrix settings basic problem is to solve linear system Ax = b where
A e C™™ and b € C™. This equation has a solution z € C” if and only if b is in the
range of A. Otherwise, the residual vector r = b— Az is nonzero for all x € C", and it is
desirable to find the best approximate solution in some sense. In other words, we may
found the vector x which minimizes some norm of r. The most frequently used norm
on C™ is the Euclidean norm which gives approximate solution x which minimizes the
expression

m n

2

b= Ax|® = | = > ayws|”
i=1 j=1

Because of the definition of the Euclidean norm this solution is called the least-square
solution of given system. The following theorem from [9] establishes the connection
between the {1, 3}-inverses and the least-squares solutions of Az = b.

Theorem 1.3.1 [9] Let A € C™™, b € C™. Then ||b — Ax| is the smallest for
= A3y, where AW € A{1,3}. Conversely, if X € C™*™ has the property that, for
all b, ||b — Ax|| is the smallest when x = Xb, then X € A{1,3}.

Another problem is to find a solution of minimum norm of consistent equation Az = b.
The following theorem from [9] asserts that there is a unique minimum-norm solution
of consistent equation Ax = b and connects that solution with {1,4}-inverses of A.

Theorem 1.3.2 [9] Let A € C™", b € C™. If Ax = b is solvable, then the unique
solution for which ||z|| is the smallest, is given by

x = ALY,

where AN € A{1,4}. Conversely, if X € C"™™ is such that, whenever Ax = b is
solvable, x = Xb is the solution of minimum norm, then X € A{1,4}.

Again, the leading part goes to the the Moore-Penrose inverse Af. Combining the pre-
vious two theorems, the formulae for the unique minimum-norm least-squares solution

of Az = b is deduced.
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Corollary 1.3.1 [104] Let A € C™*", b € C™. Then, among the least-squares solu-
tions of Ax = b, A'b is the one of minimum-norm. Conversely, if X € C™™ has the
property that, for all b, Xb is the minimum-norm least-squares solution of Ax = b,

then X = Af.

Directly, the minimum-norm least-squares solution, ¥y = A'b (approzimate solution
[104]) of Az = b, is vector x which satisfies the following two inequalities:

|Azg — b < [[Ax — b, forall xeC" (1.2)

and
[zoll < |,

for any x # x¢ which gives equality in (1.2).

Unlike uniqueness of Moore-Penrose inverse, its existence is not guaranteed in dif-
ferent structures. An element a from a ring R (not necessarily with involution) is
called regular (in the sense of von Neumann) if it has an inner inverse. In the excellent
paper [65], Harte and Mbekhta gave the sufficient and necessary conditions for the the
existence of the Moore-Penrose inverse of some element of C*-algebra. Unifying the
results from this paper we give the following

Theorem 1.3.3 [65] Let A be a C*-algebra and a € A. The following conditions are
equivalent:

(1) a is regular,

(i1) aA is closed,
(i1i) Aa is closed,

(iv) a' exists.
Clearly, a is MP-invertible if and only if a* is MP-invertible. In this case

(a")" = (al)".
If a is MP-invertible, then so are a*a and aa*, while
(a*a)' = al(a®)!,  (aa®)' = (a*)Ta'.

In C*-algebra we have more

Theorem 1.3.4 [65] If a € A for a C*-algebra A, then

a is reqular < aa® is reqular < a*a is reqular.
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Example 1.3.1 Let R be an algebra of 2 x 2 matrices over C with involution A +— AT,
for A € R. Element A = { 1

1
00
straightforward computation from Penrose equations, it can be derived:

} is regular but it is not MP-invertible. Indeed, by a

A{l}:{{j ?] ]:c—i—iz:l,x,y,z,teC},

A{3}:{[§ ‘3} \y—l—it:O,x,y,z,tEC},

A{4}:{[.x ﬂ ]x,y,z,tE(C}.

T

We can see that A{1,4} = (), while A{1} # 0, A{1,3} # (. Let us recall that if
a{l1,3} # 0 and a{1,4} # 0, then a is MP-invertible and af = a"Yaa3).

To present equivalent conditions for MP-invertibility of some element of a ring with
involution we must introduce another important generalized inverse. Drazin inverse in
rings and semigroups, name after his founder, is introduced in [49] in 1958.

Definition 1.3.3 Let R be a ring. The Drazin inverse of a € R is the element a” € R
which satisfies

CLDCLCLD = CLD, CL(ZD = CLDCL, CLkJrlCLD = CLk,

for some nonnegative integer k. The least such k is the index of a, denoted by ind(a).
If ind(a) < 1, then the Drazin inverse a” is called the group inverse and is denoted by
a? or at.

Drazin inverse is unique if it exists and is sometimes called spectral inverse because of
its spectral properties which are similar to ordinary inverse. Namely, in the algebra
of square matrices of dimension n the nonzero eigenvalues of the Drazin inverse are
the reciprocals of the nonzero eigenvalues of the given matrix, and the corresponding
generalized eigenvectors have the same grade. It is also known that it exists for every
square matrix and it is its polynomial. The inverse was a subject of huge number of
research papers and applications in various areas not only in matrix settings [17, 9, 113,
88] but in the setting of bounded linear operators and Banach algebras [87, 74, 81, 22].

Definition 1.3.4 An element a € R is left x-cancellable if a*ax = a*ay implies ax =
ay, it is right x-cancellable if zaa® = yaa® implies xra = ya, and *-cancellable if it is
both left and right x-cancellable.

We observe that a is left x-cancellable if and only if a* is right *-cancellable. In a
C*-algebra every element is x-cancellable.

The basic existence theorem for the Moore Penrose inverse in the setting of rings
with involution was given in Theorem 8.25 [10] or Theorem 5.3 [76]:

Theorem 1.3.5 Let R be a ring with involution and let a € R. Then the following
conditions are equivalent:

10
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(1) a is MP-invertible,

)
(i7) a is left x-cancellable and a*a is group invertible,
(1ii) a is right *-cancellable and aa* is group invertible,
)

(1v) a is x-cancellable and both a*a and aa* are group invertible.
The MP-inverse of a is given by a' = (a*a)’a = a*(aa*)9.

Let us mention the following theorem, which characterize MP-invertibility of an element
in ring with involution, too. First we give the necessary definition.

Definition 1.3.5 An element a of a ring R with involution is well-supported if there
exists a Hermitian idempotent p such that ap = a and a*a + 1 — p is wnvertible. The
wdempotent p is called the support of a.

Theorem 1.3.6 [75] Let R be a ring with involution. An element a € R is MP-
invertible if and only if a is left x-cancellable and well-supported. The support p of a
is given by p = a'a.

The question is how to generalize definition of MP- inverse in the Banach algebra
case? This did Rakocevi¢ in [110] using Vidav’s definition of Hermitian element in
complex Banach algebra with a unite.

Definition 1.3.6 [140] Let A be a complex Banach algebra with a unite. An element
a € A is said to be Hermitian if ||e"®|| =1 for all t € R.

In the case of the algebra of bounded linear operators in a Hilbert space, this definition
is equivalent with ordinary definition of Hermitian operator, i.e. self-adjoint operator
(A = A*). For this reason, Rakocevi¢ treated elements a € A for which there exists an
element x € A satisfying the following four conditions:

(1) axa=a,
(2) zaxr ==z,
(3) ax is Hermitian,
(4) xa is Hermitian.

For an element a € A by L, and R, we denote the left and the right regular
representation of a € A, i.e. functions from A to A defined by L,r = ax and R,x = xa,
for x € A. By Definition 1.3.6 can be seen that if a is Hermitian in A, then L, and R,
are Hermitian in B(A) ([14]). Like in other settings in [110] is proved the following

Lemma 1.3.1 [110] For a € A there is at most one x such that conditions (1) — (4)
are satisfied.

11
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Proof of previous lemma is not the same like in matrix case and is based on L,, R, and
the fact that Hermitian idempotent operator on Banach space is determined with its
range (see [97]). Now, analogously as in the ring with involution case, MP-inverse of
an element a € A, if it exists, is an element = € A which satisfies conditions (1) — (4).
From [110] we also cite the equivalent of Corollary 1.3.1 in Banach algebra. Namely,
one more constatation from [97] shows that a Hermitian idempotent operator on an
arbitrary Banach space retains several of the nice properties of a Hermitian idempotent
on Hilbert space. Its range and null space are "orthogonal” in the rather strong sense
that the norm of the sum of two vectors, one from each subspace, is unaffected by
multiplying each vector by a different complex number of absolute value 1.

Lemma 1.3.2 [110] Let a,b € A and a be MP-invertible. Then

int [laz — b] = [laz ],

where o = a'b.

Rakocevi¢ continued this research in [111, 112] where he gave a sufficient and necessary
conditions for the continuity of MP-inverse in Banach algebras and particulary in C*-
algebras.

One more fruit of the investigation about generalized inverses is so-called weighted
MP-inverse. In [20] Chipman introduced it for matrices, using positive definite weight
matrices. After that Prasad and Bapat in [106] generalized its definition using arbitrary
invertible, not necessarily positive definite, weights. (Recall that a complex n x n
matrix M is positive definite if the scalar z* Mz is strictly positive for every non-zero
column vector z of n complex numbers, where z* denotes the conjugate transpose of z.
Evidently, every positive definite matrix is invertible.) Here we will give the definition
in ring with involution case from [75].

Definition 1.3.7 Let R be a ring with involution and e, f two invertible elements in
R. We say that an element a € R has a weighted MP-inverse with weights e, f if there
exists b € R such that

aba =a, bab=>5b, (eab)" =eab, (fba)" = fba.

Correspondingly as for MP-inverse can be deduced, by algebraic proof, that an
element a € R can have at most one weighted MP-inverse with given weights e, f. We
give the proof of uniqueness as illustration. If b, ¢ € R are two weighted MP-inverses
with weights e, f of an element a € R, then

* gk %k %k

¢ = cac = cabac = ce ‘eabac = ce 'b*a*e*ac = ce 'b*a*eac = ce 'b*a*cfate
= ce 'b*a*e* = ce teab = cab = cabab = caf ! fbab = caf ta*b* f*b

=ca(f N a*b* f*b = fla*catb* f*b = fra*b* f*b = f! fbab = b.

The unique weighted MP-inverse with weights e, f is usually denoted by a; 5o 11t
exists. In the following theorem we present results from [75] which consider a weighted

12
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MP-inverse in a C* -algebra A under the hypothesis that e, f are positive invertible
elements in A. For the results on weighted MP-inverse in a Banach algebra see [15]. An
element a from C*-algebra is positive if a is Hermitian and if its spectrum is a subset
of [0,400). This definition can be found in wonderful Conway’s book [21].

Theorem 1.3.7 [75] Let A be a C*-algebra with a unit and let e, f be positive invertible

elements of A. If a € A is reqular, then al fr €TISts.

The proof of previous theorem is based on the fact that for a positive and invertible
element e from complex C*-algebra A with a unit and an involution *, A, = (A, %, ||||¢)
is also a C*-algebra with a unit and the involution z — z*¢ = e~ 12%e, z € A and the

1 1 . .
norm = +— ||z|. = |ezze z||, = € A. The useful connection between the weighted
MP-inverse and the ordinary MP-inverse is given in the coming theorem.

Theorem 1.3.8 [75] Let A be a C*-algebra with a unit and let e, f be positive invertible
elements of A. If a € A is regular, then

ol = 1 Heka el

We will finish this section with particular results on generalized inverses of bounded
linear operators on Banach and Hilbert spaces. Let X, Y be Banach spaces and let
B(X,Y) denote the set of all linear bounded operators from X to Y. Even though,
X and Y can be different spaces, the {1} and {2}-inverses of A € B(X,Y’) can be
defined at the same manner as in ring settings (similarly to rectangular matrix case).
If B € B(Y, X) is an inner generalized inverse of A, then BAB is a reflexive generalized

inverse of A. Because of that, A has reflexive generalized inverse if and only if A is
regular. The following theorems can be found in [109, 47].

N|=

Theorem 1.3.9 An operator A € B(X,Y) is regular, if and only if R(A) and N(A)

are closed and complemented subspaces of Y and X, respectively.

By a well-known theorem about existence of topological complement of closed subspace
of Banach space the previous theorem can be paraphrased.

Theorem 1.3.10 An operator A € B(X,Y) is reqular, if and only if exist idempotents
P e B(Y) and Q € B(X), such that R(P) = R(A) and R(Q) = N (T).

It is clearly that 0 € B(Y, X) is outer inverse of every A € B(X,Y). It was of
interest to find operators which have nonzero outer inverse.

Theorem 1.3.11 [109] An operator A € B(X,Y) has nonzero outer inverse B &
B(Y,X) if and only if A # 0.

If A€ B(X,Y)isregular and 7" and S are closed subspaces of X and Y respectively,
such that X = T @ N(A) and Y = R(A) @ S, then there is unique reflexive inverse
B € B(Y,X) of A, such that R(B) = T and N(B) = S. This inverse is denoted by
)

If we are looking for bounded linear operator between Hilbert spaces Theorem 1.3.9
can be simplified.

13



1.4. NOTATION

Theorem 1.3.12 Let H and K be complex Hilbert spaces and let A € B(H,K). A is
reqular if and only if R(A) is closed.

This simplification comes from the fact that every closed subspaces of a Hilbert space
is complemented. Precisely, for an operator A € B(H, K) with closed range we know
K =R(A) ®R(A)*T = R(A) @ N(A*) and H = N(A) @ N(A)L = N(A) @ R(AY).
Even more, it is readily seen that uniquely determined A%&QX*% N € B(KC,H) satisfies

third and fourth Penrose equation, i.e. A%iz*)’ N(A) is the Moore-Penrose inverse of A.
We in fact deduced Theorem 1.3.3 in the context of B(H, K).

Theorem 1.3.13 Let H and K be complex Hilbert spaces and let A € B(H,K). The
following conditions are equivalent:

(1) A is regular,

(1i1) R(A*) is closed,

)

(i1) R(A) is closed,
)
)

(iv) AT exists.

In the same spirit, for the positive and invertible operators M € B(K) and N €
B(H), introducing new inner products

(x,y)y = (Nz,y) inH, (u,v)py = (Mu,v) in K,

can be derived Theorem 1.3.7 for AL’ ~» the weighted Moore-Penrose inverse of A with
respect to the weights M and N.

1.4 Notation

In this section we give a description of symbols which will be used throughout this
dissertation. By C we denote the set of complex numbers, while by N we mean the set
of natural numbers and F is an arbitrary field. Complex Banach spaces will be often
denoted by X,Y, Z and complex Hilbert spaces with H, K, H1, Ha, K1, Ko with inner
product (-,-). A is a complex C*-algebra with a unite and R is a ring with a unit 1 # 0.
If m,n € N, the vector space of all m x n complex matrices over complex field will be
denoted by C™*™ and C" is the vector space of all n-tuples of complex numbers. For
the set of all m x n matrices with entries in R and F, we use symbol R™*" and F"*",
respectively.

A linear map A € C"™*" : C* — C™ will be presented in the respect to the standard
basis of C™ and C™. A* is the conjugate transpose matrix and r(A) is the rank of a
matrix A. For Banach spaces X', Y by B(X,)) we will denote the set of all bounded
linear operators from X to ). For simplicity, we also write B(X, X') as B(X'). I denotes
the identity operator. For a given operator A € B(X,)), the symbols N (A) and R(A)
denote the null space and the range of A, respectively. If H is a complex Hilbert

14
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space, by B(H)" we denote the cone of nonnegative definite operators of B(H), i.e.
BH)t :={AeB(H): (Az,z) > 0,V € H}. If A € B(H,K) then A* and A" denote
the Hilbert adjoint operator and the adjoint operator of A, respectively.

For a subspace M of Banach space X, dimM will stand for the dimension of M
if M is finite dimensional and otherwise will mean oco. The set of all annihilators of
Mis M° ={f € X' = B(X,C) | (Vx € M)f(x) = 0}. For subspaces M and N of
X with M C N, we set codimy M = dimN /M and codimy M = dim X /M. For
A € B(X,Y), we use the notations n(A) = dimN(A), 3(A) = codimR(A) and for
A € B(H, K) we use notation d(A) = dimR(A)*. If A € B(X,)) and M is a subspace
of X' then the restriction of the operator A to the subspace M will be denoted by A| .
Given a closed subspace S of H and A € B(H), the matrix operator decomposition of

A induced by S is
| A A | | S S
e R |

where All = PSAPS|S' € B(S), A12 = PSA(I — PS)’5L € B(;S'L,S’)7 A21 = (I —
Ps)Apslg € B(S, SL) and Agy = (I — Ps)A([ — PS)lSJ— € B(SL)

A mapping P € B(X) is called an idempotent if P> = P. A Hermitian idempotent
from B(H) will be called orthogonal projection. If M is a closed subspace of H, we
use the symbol Py to denote the orthogonal projection onto M and P55* to denote
an operator from B(H, M) defined by P35tz = Pyx, forallz € H. f X = Ma N
by Pu, we denote the projection onto M parallel to N and Pi{% € B(X, M) is
defined analogously as P35 above. The set of all Fredholm operators from the space
B(H, K) is denoted by F(H, K). By Fi(H,K) (F_(H, K)) we denote the set of all upper
(lower) semi-Fredholm operators from B(#, /). The index of a Fredholm operator
A € B(H,K) is denoted by ind(A).

R~ is the set of all regular elements of R. Also we will use notations r, =1 — aa™
and [, = 1—a"a for a € R~, where a~ is an arbitrary inner inverse of a. For A € R™*"
with AT we denote the transpose of matrix A. For given sets A, B, by A- B we denote
the setwise product A- B ={ab:a € A, b € B}.
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Chapter 2

Different types of the reverse order
law and improvements of some
results

If a and b are invertible elements in a semigroup, then their product ab is an
invertible element too, and its inverse is given by

(ab) ' =bta (2.1)

This equality is called the reverse order law and its looking in the context of generalized
inverses that led to investigation of so-called "reverse order law”, which resulted in a
huge number of the papers. Namely, if we are looking for the generalized inverses of
product of two matrices, the identity (2.1) cannot be trivially extended.

The investigation on the reverse order laws for the generalized inverses started with
the reverse order law for the Moore-Penrose inverse which was discussed by Greville
[63], in the 1960s, who gave a necessary and sufficient condition for the reverse order
law

(AB)' = BT AT, (2.2)
for matrices A and B. He proved that (2.2) holds if and only if R(A*AB) C R(B)
and R(BB*A*) C R(A*). This has been followed by further equivalents of (2.2). For
example, Arghiriade [1] proved that (AB)" = BYAT holds if and only if R(A*ABB*) =
R(BB*A*A). Further research on this subject has branched in several directions:
e The reverse order law for the products with more than two elements;
e The reverse order law for the different classes of generalized inverses;

e The reverse order law for the different settings.

The reverse order law problems are very applicable, both in theoretic research and
in numerical computations in many areas, including the singular matrix problem, ill-
posed problems, optimization problems, and statics problems (see for instance [9, 62,
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116, 128]). In the following lines, we will present some selected theoretical results. The
comprehensive survey of the results on this subject is presented in [40].

Koliha et al.[75] studied the reverse order law for the product of two Moore-Penrose
invertible elements in the setting of rings with involution. It is known that the product
of two Moore-Penrose invertible elements is not Moore-Penrose invertible element in
general (see Remark 4.1.1). We restate the main result from [75]:

Theorem 2.0.1 [75] Let R be a ring with involution, let a,b € R be MP-invertible
and let (1 — aa)b be left x-cancellable. Then the following conditions are equivalent:

(i) ab is MP-invertible and (ab)! = b'al,
(ii) [ata,bb*] =0 and [bb,a*a] = 0.

In the 1980s, Hartwig [66] considered triple reverse order law for the Moore-Penrose
inverse which was continued by other authors [134, 133, 45]. These results will be
presented later. Tian [132] first studied the reverse order law for the Moore-Penrose
inverse of product of n matrices. By using rank of matrices, he derived necessary and
sufficient conditions for Af AT ... Al to be {1}-, {1,2}-, {1,3}-, {1,4}-, {1,2,3}-,
{1,2,4}-inverse or Moore-Penrose inverse of A; Ay -+ A,.

The next step was to extend the discussion of (2.2) to the more general case of
reverse order law for K-inverses where K C {1,2,3,4}. When we consider the reverse

order law for K-inverse, we consider one of the following inclusions:

BK - AK C (AB)K,
(AB)K C BK - AK,
(AB)K = BK - AK.

Seems that the inclusion (AB)K C BK - AK is harder to be treated then the inclusion
BK - AK C (AB)K, because for the first one it is necessary to show that each element
of (AB)K can be represented as a product of some elements from BK and AK, re-
spectively, while in the second one it is necessary to checked some identities. This is
evident by the chronology of scientific results too.

Reverse order law for the inner inverses of matrices were investigated by many
authors (see [124, 123, 115, 148]). We mention the result of Wei [147], who gave the
necessary and sufficient conditions for inclusions (AB){1} = B{1}A{1} to hold, using
product singular value decomposition of a matrix (P-SVD).

Theorem 2.0.2 [147] Let A € C™™ and B € C"*?. The following conditions are
equivalent:

(1) (AB){1} = B{1}A{1},
(13) One of the following conditions holds:
(a) R(B) CN(A) and n > min{m +r(B),p+r(A)},
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(b) N(A) CR(B) and (m =r(A) orp=r(B)),
(1ii) One of the following conditions holds:

(a) r(AB) =0 and n > min{m + r(B),p+ r(A)},
(b) r(A) +r(B) —r(AB) =n and (m = r(A) or p =r(B)).

We restate also the result of Pavlovié¢ and Cvetkovié-Ili¢ [99] who studied the reverse
order (AB){1} C B{1}A{1} for {1}-inverses of operators on separable Hilbert spaces.
Some results on completions of operator matrices are involved in the proof of this result.

Theorem 2.0.3 [99] Let reqular operators A € B(H,K) and B € B(L,H) be given by

e A Ay | | R(B) N R(A)
0 0 | | NM(BY N(A*) |7
_ | Bt 0] | R(BY) R(B
o - [0 )N - L8]
and let AB be reqular. Then the following conditions are equivalent:
(i) (AB){1} € B{1}A{1},
(i7) One of the following conditions is satisfied:
(a) dimN(A*) < dimN(B), dimN (A3) + dimN (A*) < dimN (B*) and
dimN (B*) < oo,
(b) dimN(A*) < dimN(B), dimN (A*) < dimN (Ay) + dimA (A,) and
dimN (B*) = oo,
(¢) dimN(B) < dimN (4*), dimN (By) + dimN (B) < dimN(A) and
dimN (4) < oo,
(d) dimN(B) < dimN (A*), dimN(B) < dimN(By) + dimN(By) and
dimN(A) = oo,
where Ag = PN(AI)A2|R<A§)7 Bl = PR(B*)B*|R(A*); B2 = PR(B*)B*|N(A) and
By = Pusp) Balrss)-

Shinozaki and Sibuya [123] proved that (AB){1,2} C B{1,2}A{1,2} always holds
in the matrix settings. The generalization of their result in the case of regular bounded
operators on Hilbert spaces which product is also regular can be found in [40]. The
opposite inclusion B{1,2}A{1,2} C (AB){1,2} was studied by De Pierro and Wei
[105] for matrices and by Cvetkovié¢-Ili¢ and Nikolov [37] in operator on Hilbert spaces

case. We cite the generalization of this result by Nikolov Radenkovi¢ for n regular
bounded operators on Hilbert spaces.
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Theorem 2.0.4 [108] Let A; € B(Hii1,H;), be such that A;, i = 1,2...,n and all
AAy -+ Ay, A Aj, 5 = 2,3,...,n, are reqular operators. The following conditions
are equivalent:

(1) An{1,2} - Au 1,2} A{1,2) = (A1 A5 -~ A,){1, 2},
(i7) Ap{1,2} - Ay {1,2} - A {1,2} C (A1 Ay A){1,2},

(131) There exists an integer i, 1 <i < n, such that A; =0,

or

AjAy - A, #0 and A; € B7Y(Hig1, Hy) fori=2,3,...n,

or

A1A2An7é0 (l’ﬂdAz EBI_I(%Z‘+17HZ') fOTi: ].,2,...,71—].,
or

k < n — 1, such that
B Y (M, Hi) for i =

r

A1Ay--- A, # 0 and there exists an integer k, 2 <
A; € ByY (Mg, Hi) fori = 1,2,....k — 1, and A; €
k+1,k+2...,n.

The reverse order laws for the {1,3} and {1,4}-inverses were for the first time
considered in the paper of M. Wei and Guo [146] in the matrix case, where some
equivalent conditions for

B{1,3}A{1,3} C (AB){1, 3} (2.3)
and

(AB){1,3} C B{1,3}A{1,3}, (2.4)

are presented, using product singular value decomposition (P-SVD). Precisely, they
have proved the following results:

Theorem 2.0.5 [146] Suppose that A € C™*™ and B € C"*P. Then B{1,3}-A{1,3} C
(AB){1, 3} if and only if the following two conditions hold:

Zlg =0 and Zl4 == 0,
where submatrices Z19 and Zy4 are described in the P-SVD of matrices A and B.

Theorem 2.0.6 [1/6] Suppose that A € C™™ and B € C"*P. Then (AB){1,3} C
B{1,3} - A{1,3} if and only if the following conditions hold:

dim(R(Zys) = dim(R(Z12, Zr4))

Ogmin{p—rg,m—h} SN—Tl—TS_T(ZM)v

where submatrices Zio, Z14 and constants ri, ro, r% are described in the P-SVD of
matrices A and B.
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The further results on these reverse order laws can be found in the papers [46, 130, 32,
108, 85, 24]. The reverse order law for {1,3,4}— generalized inverses was studied in
[86, 39, 26| in different settings.

The inclusion B{1,2,3}A{1,2,3} C (AB){1,2,3} in the matrix settings was con-
sidered by Xiong and Zheng [155] using some expressions for the maximal and the
minimal ranks of the generalized Schur complement. This result was generalized to
the C*-algebra case by Cvetkovié¢-Ili¢ and Harte [32]. Some additional results, based
on a block-operator matrix techniques, concerning this inclusion can be found in [84].
The opposite inclusion (AB){1,2,3} C B{1,2,3}A{1,2,3} in matrix case is consid-
ered in [38] where purely algebraic equivalent conditions with this reverse order law
are derived.

Sun and Wei [126] extended the investigation of the reverse order laws to the case
of weighted Moore-Penrose inverses of matrices:

Theorem 2.0.7 [126] Let A € C™" B € C™ and let M € C™™ N € C™™",
L € C™ be positive definite Hermite matrices. Then

(AB)L,L = B}LV,LA}L\/[,N

iof and only if
R(A*AB) C R(B) and R(BB*A*) C R(AY),

where A = N~YA*M and B* = L *B*N.

The reverse order law for the Drazin inverse was first studied by Greville [63]. He
showed that if AB = BA, then (AB)? = BPAP holds. The reverse order law for
Drazin inverse of product od 2 and n matrices was considered by Tian [131] and Wang
[143], respectively.

In Section 2.1 we will present our results that concern the necessary and sufficient
conditions for the inclusion (AB){1,3} C B{1,3}A{1,3} in a C*-algebra case to hold,
and as a corollary in a case of bounded operators on separable Hilbert spaces. In
Section 2.2 we will extend Hartwig’s triple reverse order law to more general setting
and continue with relaxing some conditions in Section 2.3. In Section 2.4 we discuss
the reverse order laws on {1,3},{1,4},{1,3,4},{1,2,3} and {1,2,4} -inverses in ring
setting. We will present a generalization of the results from [32] on the reverse order
laws for {1, 3} and {1, 4}— generalized inverses, in the sense that the assumptions of the
regularity of some elements will be removed. Also we will prove that some conditions
of results from [39, 32|, which concerns the reverse order law for {1, 3,4} -inverses and
{1,2, 3} -inverses, respectively, can be relaxed.

2.1 The reverse order laws for {1, 3}-generalized in-
verses

In this section we present our results from [36] that concern the reverse order laws
for {1,3} and {1,4}- generalized inverses in C*-algebras. We give the corresponding
results for the case of linear bounded operators on separable Hilbert spaces, too.
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2.1. THE REVERSE ORDER LAWS FOR {1, 3}-GENERALIZED INVERSES

As we mentioned before, the reverse order laws for the {1,3} and {1, 4}-inverses in
the matrix case were considered by M. Wei and Guo [146]. Evidently a disadvantage of
the results presented in [146] Theorems 2.0.5 and 2.0.6 lies in the fact that the necessary
and sufficient conditions for (2.3) and (2.4) to be satisfied depend on subblocks pro-
duced by P-SVD. In order to overcome this shortcoming, two methods are employed.
One of the methods use some certain operator matrix representations (see [46]) and
the other one is based on some maximal and minimal ranks of matrix expressions (see
[130]). Using these two different methods, in both of the papers [46, 130] it is proved
that

B{1,3}A{1,3} C (AB){1,3} & R(A*AB) C R(B),

but in the first one in the case of regular operators and in the second one in the
setting of matrices. These results are more elegant because they require no information
about the P-SVD of appropriate matrices. Note that in the matrix case the condition
R(A*AB) C R(B) is equivalent to r([B A*AB]) = r(B). In the case of three linear
bounded operators, the reverse order law (2.3) was considered in [154]:

Theorem 2.1.1 [15}] Let J,K,Z be Hilbert spaces andTy € B(J,K), T, € B(Z,J),T5 €
B(H,T), such that Ty, Ty, T3 and TYT5T5 have closed ranges. Then the following state-
ments are equivalent:

(i) R(TTTTwT3) C R(Ty) and R((TVT2)* i T2 T5) C R(T3),
(i1) Ty{1,3}Tu{1,3}71{1,3} C (T1T>T5){1,3}.

The above mentioned results were generalized in the paper of Cvetkovié¢-Ili¢ et al.
[32] where purely algebraic necessary and sufficient conditions for (2.3) in C*-algebras
are offered, extending rank conditions for matrices and range conditions for Hilbert
space operators:

Theorem 2.1.2 [32] If a,b € A are such that a,b,ab and a(1 — bb') are regular, then
the following conditions are equivalent:

(1) b{1,3}-af{1,3} C (ab){1,3},
(i) bbla*ab = a*ab,

(4ii) bTal € (ab){1,3},

(iv) bla' € (ab){1,2,3}.

This was followed by the paper of Nikolov Radenkovié [107, 108] where the inclusion
(2.3) was considered in the case of n regular bounded linear operators on Hilbert spaces
whose product is also regular:

Theorem 2.1.3 [108] Let A; € B(Hi11,H;) be regular operators such that AjAs - -+ A,
15 reqular. The following statement are equivalent:

(1) An{1,3}- A,_1{1,3}---A;{1,3} C (A4, 45--- A4,){1,3},
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(1) R(ALAL |- A*A Ay Ay) € R(Apga), fork=T,n— 1.

Notice that the result above can be generalized in the prime C*-algebra settings.

On the other hand, concerning the inclusion (2.4) there are only several results:
Beside the mentioned result of M. Wei and Guo [146] which involves certain information
about the subblocks produced by P-SVD, we could find in the literature only two papers
on this subject before our paper [36], and both concern the matrix settings. One of
them is the paper of Liu and Yang [85] where is given the following result:

Theorem 2.1.4 [85] Let A € C™ " and B € C"**. Then (AB){1,3} C B{1,3}A{1,3}
if and only if
r([A*AB B])+r(A) =r(AB) +t,

where t = min {r([A* B]),max{n +r(A) —m,n+r(B) — k}}.
Some equivalent conditions with the one given in [85, 146] can be found in [24]:

Theorem 2.1.5 [2/] Let A € C™*™ and B € C™**. Then the following conditions are
equivalent:

<Z> (AB){L?)} - B{l,?)} ’ A{173}7
(it) (I — SSY)((AB)' — BTA") =0 and r(C) > min{n — r(A),k — r(B)},
where S = B (I — ATA) and C =1 — ATA — S1S.

Before proving the main results from [36], we present some auxiliary results. Let A
denotes a complex C*-algebra with a unite. A characterization of the set a{1, 3}, for
a € A is given in [32] and presents a generalization to C*-algebras of the result given
in [9] in the complex matrix setting:

Lemma 2.1.1 [32] Let a € A be regular and b € A. Then b € a{l,3} if and only if
atab = af. Hence,
a{1,3} ={a' + (1 —a'a)r: v € A}

The following lemma will be used very often throughout the proof of the main result.

Lemma 2.1.2 Let a € A and let p,q € A be projections such that ap and qa are
reqular. Then:

(1) (ap)' = p(ap)T,
(i) (qa)t = (ga)'q.

Proof. (i) Since (ap)! = (ap)*(app*a*)! = pa*(apa*)' it is clear that (ap)’ = p(ap)'.
(74) This can be proved similarly. [J

Lemma 2.1.3 Let a,b € A be such that a,b,ab and s = b'(1 — a’a) are reqular. Then
the following conditions are equivalent:
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(1) (1 —ss) ((ab)" —bla) =0,
(i7) (1 —ssT) ((ab)fa—bT) =0,
(1ii) For any z € A,

(1—ss") ((ab)! —bla’ + b6 (1 — (ab)'ab) z) = 0.

Proof. (i) = (éi) : If (¢) holds, then we have
(1 —ss")((ab)la —b') = (1 — ss")(blaTa — b') = —(1 — ssT)s = 0.
(i1) = (i) : If we multiply (i7) from the right by a' and use the fact that (ab)Taa’ = (ab)!
(see Lemma 2.1.2) we get that (i) holds.
(1) = (di7) : If (7) holds, then (ii) holds, so by Lemma 2.1.2 for any z € A
(1 —ss") ((ab)T = bla’ + b6 (1 — (ab)Tab) z) = (1 — ssT) (b — (ab)'a) bz = 0.
(73i) = (i) : This follows taking z = 0. O

Lemma 2.1.4 Let a,b € A be such that a,b,ab and s = b'(1 — a'a) are regular. Let
z,u,v € A. There exists y € A such that

z =y (a"+s' ((ab)" = blal +v) + (1 — ala)u), (2.5)

if and only if there exists v € A such that
z=u(a'+sTv+ (1 —ala)u). (2.6)
Proof. Note that as’ = as*(ss*)1 = a(1 — a’a)(b")*(ss*)" = 0. Now, using Lemma
2.1.2, it is easy to verify that if (2.5) holds then for x =y (1 + s ((ab)" — bla’) a) we

have that (2.6) holds. Conversely, if (2.6) holds then for y = x (1 — s ((ab)" — bla’) a)
it follows that (2.5) is satisfied. O

Lemma 2.1.5 Let a,b € A be such that a,b,ab and s = b'(1 — a’a) are reqular. Then
the following conditions are equivalent:

(1) For any z € A there exist y,u € A such that

(1—0b'b)z =y (a' +s" (1 — (ab)Tab) z + (1 — a'a)(1 — s's)u) , (2.7)

(i5) (1 —b'0)ACNyesA(al +s7(1— (ab)fab)v + (1 — ala)(1 — s's).A),
(i17) (1 —0b'0)AC A(al + (1 —ala)(1 - s's)A),
(iv) (1 —b'b)A(1 —aa') C A(1 —a'a)(1 — s's)A.
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Proof. (i) = (ii) : If (i) holds, take arbitrary but fixed z; € (1 — b'b).A. For arbitrary
v € A, let 2 =z + blbv. Then for such z there exist y,u € A such that

(1-0'b)z =y (a' +s" (1 — (ab)Tab) z + (1 — a’a)(1 — sTs)u)
=y (a' +s" (1= (ab)Tab) b'bz + (1 — aa)(1 — sTs)u),

where for the last equality we used s'(1—(ab)Tab)b'b = sT(1—(ab)Tab). Since (1-bb)z =
2 and bfbz = bTbu we get

2=y (a" + s (1= (ab)lab) v + (1 — ala)(1 — s's)u).
Now, since v is arbitrary it follows

2 € ﬂ A(a"+s" (1= (ab)lab) v+ (1 — ala)(1 — ss)A) .

veEA

Hence (i7) is satisfied.
(73) = (i) : This is evident.
(13i) = (1) : Suppose that (7i7) holds. We will prove that

A(a'+ (1 —d'a)(1 - s's)A) C ﬂ A (a' + s'(1 = (ab)Tab)v + (1 — ala)(1 — s's)A4) ,

vEA

so (i) will follow directly. Take any v € A and z € A (al + (1 —ala)(1 — sTs)A).
There exist y € A and v € A such that 2 = y (al + (1 — afa)(1 — sTs)u) . Since,
stsa'a = a'as's = 0 we have that s's and 1 — afa commute, so using that 1 =
ata+ s's(1 —a'a) + (1 — s's)(1 — a'a) we get
x:y(aT+(1—aa)(1—s s)u)
=y (a'a+s's(1—a'a) + (1 —s's)(1 — aa)) (a’ + (1 — a'a)(1 — sTs)u)
=y (a'a+ (1 —=s's)(1 —d'a)) (a' + (1 —a'a)(1 — sts)u).

Now, since as’ =0 and 1 — s's and 1 — a'a commute, we get that
(ala+ (1 = s's)(1 —a'a)) s" =0,
SO

x:y(aTa+(1—ss 1—a'a )( (1—a'a (1—sTs)u)
=y (a'a+ (1—s's)(1—ala )( — (ab)Tab)v + (1 — a'a)(1 — s's)u)
€ Afa' +s'(1 — (ab)Tab)v + (1 — )(1—33)A).
Since v is an arbitrary, the inclusion follows.
(14) = (i47) : This is evident.
(iii) = (iv) : If (i74) holds, then we get (iv) after multiplying (iii) by (1 —aa') from
the right.
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(1v) = (it3) : To prove (iii), take arbitrary z € A. Then
(1—=0'b)z = (1 = b'b)2(1 — aa’) + (1 — b'b)zaal
c A(1 —a'a)(1 — s's) A+ Aa' = A(a" + (1 — a'a)(1 — s's)A),

where the last equality can be checked. [
In the following theorem we completely answer the question when

(ab){1,3} € b{1,3}a{1,3}, (2.8)
in case when a,b € A are such that a,b,ab and s = b'(1 — a'a) are regular.

Theorem 2.1.6 Let a,b € A be such that a,b,ab and s = b'(1 — a'a) are regular.
Then the following conditions are equivalent:

(i) (ab){1.3} C b{1,3}a{1.3}.
(ii) (1 —ss")((ab)T —bla’) =0 and (1 —b'b)A(1 — aa’) C A(1 — a'a)(1 — sTs).A.
Proof. By Lemma 2.1.1, we have that (i) is equivalent with {(ab)" + (1 — (ab)Tab)z :

ze A C{0T+(1-bb)y: ye AH{a'+ (1 —a'a)r: = € A}, ie. that for every z € A
there exist z,y € A such that

(ab)" 4 (1 — (ab)tab)z

2.9
=b'a’ + (1 = b'b)ya’ +b'(1 —a'a)z + (1 — b'b)y(1 — a'a)x. (2:9)

Multiplying (2.9) by b'b and then by (1 — b'b) from the left and using Lemma 2.1.2, we
can show that (i) is equivalent with the fact that for any z € A there exist z,y € A
such that

(ab)" — bla 4 b'b(1 — (ab)Tab)z = sx (2.10)
and
(1—=0'b)z = (1 = b'b)ya" + (1 —b'b)y(1 — a'a)x. (2.11)

The last equality is equivalent with the fact that the equation (2.10) is solvable for
any z € A and that for any z the equation (2.11) is satisfied for some solution x of
(2.10) and some y € A.

(1) = (24) : Since the equation (2.10) is solvable for any z € A, by Lemma 4.0.1,
this means that for any 2z € A

(1 —ss") ((ab)T —blal + b6 (1 — (ad)Tab) z) = 0. (2.12)

Taking z = 0, we get that the first condition from (i7) is satisfied. Since the set of the
solutions of equation (2.10) is given by

S, = {s" ((ab)! — b'a" + (1 — (ab)ab)b'bz) + (1 — s's)u: u € A},
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taking « € S, in equation (2.11), we get

(1—=0'0)z= (1 —bb)y(al + (1 —a'a)s' -
((ab)" = blal + (1 — (ab)tab)b'bz) + (1 — a'a)(1 — s's)u).

Now using the fact that s = (1—afa)s™ we have that for any z € A there exist y,u € A
such that

(1=b'0)z =y (al + s' ((ab)T = bTa’ + (1 — (ab)Tab) bibz)
+(1—dfa)(1 - s's)u),
which is by Lemma 2.1.4, equivalent with the fact that for any z € A there exist
y,u € A such that
(1=b"b)z =y (a' + s' (1 — (ab)Tab) bTbz + (1 — a'a)(1 — s's)u) .
Now, taking (1 —b'b)z instead of z, we get that for any z € A there exist y, u € A such
that

(1-0'b)z =y (a' + (1 —ala)(1 — s's)u).

Therefore,

(1-b0)AC A"+ (1 —ala)(1 — sTs).A)

which is equivalent with the second condition from (i7), by Lemma 2.1.5.
(ii) = (i) : If (1 — ss")((ab)! — bla’) = 0 then by Lemma 2.1.3, we have that for
any z € A,
(1 —ss') ((ab)T = bla’ + b6 (1 — (ab)Tab) z) =0,

which means that for any z € A, the equation (2.10) is solvable and the set of the
solutions, is described by

S, = {s" ((ab)" — bTa’ + (1 — (ab)Tab) b'bz) + (1 — sTs)u: u € A}.

Now to prove (i) it is sufficient to show that for any z € A there exist y,u € A such
that

(1=b'b)z =y (a' + s' ((ab)! — bla’ + (1 — (ab)lab) b'bz) + (1 — ala)(1 — sTs)u) ,

which is by Lemma 2.1.4, equivalent with the fact that for any z € A there exist
y,u € A such that

(1=b'b)z =y (al + s (1 — (ab)Tab) z + (1 — a'a)(1 — ss)u) .

Using Lemma 2.1.5 we can conclude that this is satisfied if and only if (1—5'5).A(1—
aa’) C A(1 —a'a)(1 — sTs)A. O
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Remark 2.1.1 If b is left invertible or a is right invertible then the second condition
of (i), (1 — b'b)A(1 — aa') C A(1 — ala)(1 — s's).A is satisfied.

Remark 2.1.2 Notice that the inclusion (1 — b')A(1 — aa') C A(1 — a'a)(1 — s's)A
holds if and only if the inclusion (1 — aa’)A(1 — b'b) C A(1 — a'a)(1 — s's).A holds,
since (1 — a'a)(1 — sTs) = (1 — sTs)(1 — a'a).

Remark 2.1.3 In the case when A = B(H) is an algebra of linear bounded operators
on a Hilbert space, we have that the condition (1—b'0)A(1—aa’) C A(1—a'a)(1—s's)A
is equivalent to the one that for any X € B(#H), there exist Y, Z € B(H) such that
Pn ()X Prasy = Y Prnaynn s+ Z-

Literally repeating the proof of Theorem 2.1.6 one can obtain the following result
(note that the operators A and B belong to different linear spaces which are not C*-
algebras).

Theorem 2.1.7 Let A € B(H,K) and B € B(L,H) be such that A, B,AB and
S = BY(I — ATA) are reqular, where H,K, L are Hilbert spaces. Then the following
conditions are equivalent:

(i) (AB){1,3} € B{1,3}- A{1,3},

(ii) (I —SST)((AB)'— BTA") =0 and for any X € B(K, L), there exist Y € B(H, L)
and Z € B(IC, H)such that Prg)X Prasy =Y Pyn(ayw () Z -

In the following theorem, in the case of the space of linear bounded operators
on separable Hilbert spaces we present some conditions that are perhaps more easily
verifiable for the reverse order law (2.4) to hold. It is surprising that the conditions
are exactly the same as in the matrix case (see Theorem 2.1.5).

Theorem 2.1.8 Let A € B(H,K) and B € B(L,H) be such that A, B, AB and S =
BY(I—ATA) are reqular, where H, KC, L are separable Hilbert spaces. Then the following
conditions are equivalent:

(i) (AB){1,3} C B{1,3}- A{1,3},

(i) (I — SSHY((AB)" — BtAT) = 0 and dim(N(A) N N (B*)) > min {dimA(B),
dimA (A%}

Proof. (i) = (ii) : It is clear by Theorem 2.1.7, that the first condition from (i7) is
satisfied. Take X € B(K, L) such that

dim R(PN(B)XPN’(A*)) = min {lelN(B), lelN(A*)} .
By Theorem 2.1.7, there exist Y € B(H, L) and Z € B(K,H) such that
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Now,
dim R(YPN(A)QN(B*)Z) = dimR(PN(B)XPN(A*)).

Since dim R(Y Py ayw (s Z) < dim(N(A) NN (B*)), we get that inequality from (1)
is satisfied.

(74) = (7) : Suppose that (i7) holds and let us prove that (i) of Theorem 2.1.7 is
satisfied. We will consider two cases:
Case 1: If dimN(A*) > dim(N(A) NN (B*)) > dimN(B): Take any X € B(K, L).
There exists Y € B(H, L) such that R(Y |vaywss) = R(Pyv)X Pyvax)). Now,
R(Y Py ayws+)) = R(Pn(B)X Pya+)) implies by Theorem 4.2.3 that there exists Z €
B(KC,H) such that

Case 2: If dimN (A4*) < dim(N(A) NN (B*)): Take any X € B(K,L). There exists
V € B(H,K) such that R(V |n(a)yw(s)) = N(A*). By Theorem 4.2.3 it follows that
there exists Z € B(K,H) such that

Praxy =V Pyayw s Z-
Now, let Y = Py(p)X Pya)V. Evidently,
Y Pxayw s+ Z = Pn)X Pras)V Pyayw )2 = Py X Pyan.0
The case K = {1,4} can be treated completely analogously and the corresponding

result follows by taking adjoint elements.

Theorem 2.1.9 Let a,b € A be such that a,b,ab and v = (1—bb")a' are reqular. Then
the following conditions are equivalent:

(1) (ab){1,4} € b{1,4}a{l,4},
(ii) ((ab)" —bla")(1 —viv) =0 and (1 — aa®)A(1 — bTb) C A(1 — bb")(1 — vol)A.

It is interesting to mention that the second conditions appearing in (¢7) in Theorem
2.1.6 and in Theorem 2.1.9 are the same, which will be proved in the following lemma:

Lemma 2.1.6 Let a,b € A be such that a,b,ab,s = b'(1 — a'a) and v = (1 — bb")al
are reqular. Then the following conditions are equivalent:

(1) (1 =0b0)A(1 —aa’) C A(1 —a'a)(1 — s's)A,
(i) (1 —aa®)A(1 —b'b) C A1 —bbT)(1 — vol)A.

Proof. Set p = (1 —a'a)(1 —s's) = 1 —a'a — s's = (1 — s's)(1 — ala) and ¢ =
(1—bb") (1 —vv") =1 —bb" — vl = (1 —vv")(1 —bb"). We will show that p = ¢q. Using
Lemma 2.1.2 we have

qata = (1 — bb' —vvh)a'a

= (1 bb)ala — (1 = bb)al (1 — 0b)a")f (1 — bb)ala = 0, (2.13)
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qs's = (1 — bb' — vol)s’s = (1 —bb" — vol)s*(s*)T

=(1- bbT —v')(1 —a'a)(b ) (1 = a'a)(®)")!
1 - o (1 — ) 2
= —(bTUU ) ((1 —a'a)(b")! )T =0,
pbb' = (1 — a'a — sTs)bbT
= (1 —dla)bb’ — (1 — a'a)(b*)'((1 — a'a) (b)) (1 — a'a)bb! (2.15)
=0,
pov’ = (1 —a'a — sTs)vol
= (1 —a'a— s's)(1 — bbNal((1 — bb")a’)!
— (1 - dla— sts)al((1 — bb)al)i (2.16)

= —ssa’((1 —bb")a")l = 0.

From equations (2.13) — (2.16) we get gp = q(1 — a'a)(1 — s's) = ¢(1 — s's) = ¢ and
pq = p(1 — bb")(1 — vvl) = p(1 — vul) = p. Since p and ¢ are projections, follows
@ =4q=4q" =pqg=p.

Now,

(1-0"0)A(1 —aa') € ApA < (1 —aa’)A(1 —b'b) C ApA =
(1 —aa")A(1 —b'b) C AgA.O

Hence, we have the following corollary:

Corollary 2.1.1 Let a,b € A be such that a,b,ab,s = b'(1 — a'a) and v = (1 — bb")a’
are reqular. If (ab)" = blal, then the following conditions are equivalent:

(i) (ab){1,3} C b{1,3}a{1,3},
(i) (ab){1,4} C b{1,4}a{1,4}.

2.2 Hartwig’s triple reverse order law in C"*-algebras

As we mentioned before, Hartwig [66] considered the necessary and sufficient con-
ditions for the reverse order law

(ABC)' = CTBTAT, (2.17)

where A, B and C are complex matrices for which ABC' is defined, known now as a
Hartwig’s triple reverse order law.
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Theorem 2.2.1 [66] Let A, B,C be complex matrices such that ABC' is defined and
let P=A'ABCCt, Q = CCTBYATYA. The following conditions are equivalent:

(i) (ABC)t = C1BT AT,

(i7) Q € P{1,2} and both of A*APQ and QPCC* are Hermitian,

)

)
(ii1) Q € P{1,2} and both of A*APQ and QPCC* are EP,
(iv) Q € P{1}, R(A*AP) = R(Q*) and R(CC*P*) = R(Q),
)

(v) PQ = PQPQ, R(A*AP) = R(Q*) and R(CC*P*) = R(Q).

Hartwig’s proof of Theorem 2.2.1 can be generalized for the operators on infinite
dimensional Hilbert spaces except the proof of implication (v) = (i7) which use matrix
rank. Notice that one generalization on Hartwig’s result is given in [45] for the case
of closed-range bounded linear operators on infinite dimensional Hilbert spaces. The
proof presented in [45] is based on operator matrices. In this section we present a very
simple algebraic proof of Hartwig’s result for the regular elements in C*-algebra which
can be found in our paper [90].

For regular elements a,b and ¢ of a complex C*-algebra with a unite A we use the
following notations

p = a'abec! and q = cc'blala, (2.18)

analogously as in Theorem 2.2.1. An element a from a C*—algebra (a ring with invo-
lution) is EP if a is MP-invertible and aa’ = a'a.

Theorem 2.2.2 Let A be a complex C*-algebra with a unite and let a,b,c € A be such
that a, b, c and abc are reqular. Then the following conditions are equivalent:

(i) (abc)t = cfblal,
(13) q € p{1,2} and both of a*apq and qpcc* are Hermitian,

)
)
(131) q € p{1,2} and both of a*apq and qpcc* are EP,
(iv) q € p{1}, a*apA = ¢* A and cc*p* A = gA,

)

(v) pq = pgpq, a*apA = ¢* A and cc*p* A = gA.

Proof. (i) < (i) : This can be showed exactly as in [66]. We give the proof because of
the completeness. It is easy to notice that the condition abec'biatabe = abe is equivalent
to the condition pgp = p, while c'bfatabec’b’al = cfbfal holds precisely when ¢pg = q.
Next, if abcctbial is Hermitian, so is a*abec’bia’a = a*apg. The converse follows, since
(a*)T(a*apq)a’ = abecbial. Lastly, if c'bTaTabe is Hermitian, so is c¢(cTbTalabe)c* = gpec*.
Again, the converse relation follows from the condition c¢f(gpec®)(c*)T = c'bfalabe.
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(73) = (7i7) : This will follow if we show that a*apq and gpcc* are regular. Indeed,
we can check that af(a")* € (a*apq){1} and (c')*c" € (gpec*){1} :

a*apga’(a')*a*apq = a*apgatapq = a*apgpq = a*apq,

gpec’ (ch)*c'gpec” = qpectqpec” = qpgpec = gpec”.

(7i1) = (iv) : Since a*apA = ¢*A is equivalent with the facts that a*ap € ¢*A and
q* € a*apA, we have

a*ap = a*apqp = a*apq(a*apq)ta*apgp = (a*apq)'a*apga*ap

= ¢*p*a*a((a*apq)’)*a*ap € ¢* A,

and

k* %k k * sk

¢  =q¢pq¢ =qpdag =qgpa(a)q =g patad(a)q
= (a*apq(a*apq)'a*apq)*a’(a')*q* = a*apq(a*apq)iq* € a*apA.

Similarly, cc*p* A = ¢A is equivalent with the facts that cc*p* € ¢ A and g € cc*p* A,
so we have

CC*p* :cc*p*q*p* — (qpcc*(qpcc*)qucc*)*p*
= qpcc*(qpcc*)*cc*p* € qA,

and

¢ =aqpq = qpec'q = gpect (') clq = gpec” (gpec*)igqpec(c')*clq
= cc*p*q* ((qgpec™) ") q € cc™p* A.

(iv) = (v) : It is evident.

(v) = (ii) : Firstly we will show that pc and ga' are regular. Indeed, pc = a'abc
and aabc(abe)laatabe = a'abe. Also, cc*p*((pe)t)*clec*p* = cc*p*, so cc*p* is regular
and then, since qa’ € gA = cc*p* A and cc*p*(cc*p*)T € cc*p* A = qA we have ga’ =
cc'p*r = cc*p*(cc*p)lec' p*r = quec'p*r = qyga’ = qa’ayqa’. Hence qa' is regular.
Now, analogously using cc*p* A = g A, we get

p = pec' = pe(pe)pect = pectp*((pe)')e! = pqu,

and consequently pgp = pgpqu = pqu = p. This shows that ¢ € p{1} and gpgp = qp.
Also, using a*ap A = ¢* A, we get

q = qa'a = ga'(ga")ga’a = qa’(a’)*¢*((ga")")*a = qa’ (a’)*a*apv = galapv = gpv,
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which gives gpq = qpgpv = qpv = ¢. To complete the proof notice that, by a*ap A = ¢* A
and cc*p* A = qA, we set

* kK

¢'p'a*apq = ¢*p*q"t = ¢t = a*apq
and
qpec'p*qt = qpqz = qz = cc'p*q”

which imply that a*apq and gpcc* are Hermitian. [J

Remark 2.2.1 In the case when A, B and C are bounded linear operators on Hilbert
space ‘H, by Theorem 4.2.3, we can conclude that conditions (iv) ((v)) from Theorems
2.2.1 and 2.2.2 are equivalent.

Remark 2.2.2 Let H;,i = 1,4 be arbitrary Hilbert spaces, C € B(Hi,Hs),B €
B(Hy,Hs3) and A € B(H3,H4) be closed range operators such that ABC has closed
range. Hartwig’s proof of Theorem 2.2.1 can be improved for the case of closed range
operators with pure algebraic technique similarly as in proof of Theorem 2.2.2. Namely,
the regularity of elements A*AP() and () PC'C* can be shown as in the proof of Theorem
2.2.2. Now, as we said, the proof given by Hartwig’s stay valid except for the implication
(v) = (ii). The regularity of element PC' can be verified as in the proof of Theorem
2.2.2, and now as in [66] we can get that PQP = P and consequently QPQP = QP :

R(CC*P) = R(Q) = R(P) = R(PC) = R(PCC*P*) = R(PQ) "9X?" pop = P.

To see that the element QAT is regular notice that R(PCC*) = R(PC) is closed and
consequently R(QAT) = R(Q) = R(CC*P*) is closed. Now, using R(Q*) = R(A*AP),
we have

R(Q) = R(QAT) = R(QAN(QAT)") = R(QAT(AT)*Q") = R(QAT(AT)*A"AP)

— R(QATAP) = R(QP)

and now, since QP is idempotent with range R(Q) then QPQ = Q. The rest of the
proof is as in [66]. Since R(CC*P*) = R(Q) = R(QP) follows that QPCC*P* =
CC*P* and consequently QPCC*(QP)* = CC*(QP)*, which shows that QPCC* is
Hermitian. Lastly,
R(A*AP) = R(Q") = R(Q*P*) = Q"P*A"AP = A"AP = (PQ)"A"APQ = A*APQ,
and again, A*AP( is Hermitian.
Remark 2.2.3 Let us mention some special cases when triple reverse order low for the
Moore-Penrose inverse of the products of three regular elements a, b and ¢ of C*-algebra

A holds. Recall that an element x € A is unitary if xa* =1 = z*z.
If a is unitary we get that

(abe)t = c'blal < (be)t = cTbT.
Similarly, if ¢ is unitary

(abe)t = cblal < (ab)l = bla'.
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The case when b is unitary is not trivial like previous two, but can be deduced
easily from known result. For elements z,y € A set [z,y] = xy — yx. In an analogical
manner as in Theorem 2.0.1 can be shown the following theorem. We give its proof for
the completeness.

Theorem 2.2.3 Let A be a complex C*-algebra with a unite, let a,b,c € A be reqular
elements and let b be unitary. Then the following conditions are equivalent:

(i) abe is reqular and (abc)' = c'blal,

(i1) [bec™dt, a*a] = 0 and [bTa'ab, cc*] = 0.
Proof. (i) = (ii) : The left hand side of

c'btatabe = (c*c)t(c*bTalabe)
is Hermitian, which implies
[(c*e)t, c*blalabe] = 0.
Further,
abec*c = abec'b'alabect e = abe(c*e)T(c*balabe)cc
= abc(c*blalabe)c’c = abec*blalabe.
Hence abec*(1 — blatab)e = 0, and consequently
abee* (1 — blalab)(abec™ (1 — bla’ab))* = 0,
which gives abec* = abec*bfalab. Next we find that
blalabee® = blalabec*bTalab = blalabe(blalabe)*
is Hermitian, implying
[bTa’ab, cc*] = 0.

To prove the second result of (i), notice that by taking adjoints in (abc)’ = c'blaf
we obtain (c*b*a*)t = (a*)1(b*)T(c*)!. From the first part of the implication (i) = (ii),
we get [(b*)T(c*)Tc*b*, a*a] = 0, which is equivalent to
[bec'd', a*a] = 0.

(73) = (i) : Suppose that (i7) holds. Because the Drazin inverse of an element double
commutes with that element and a*a and cc* are Hermitian, we can conclude that
[bec™d, (a*a)t] = 0 and [blatab, (cc*)T] = 0. This implies [bec™d, afa] = [bfa’ab, cct] = 0.
Then we have

abectbiatabe = abb*alabe = abe,

cvlatabec'v’al = c'blalabb*a’ = ¢'blal,

abec'bal = abec'di (a*a)Ta* = (a')*bec’bTa* = (abectbial)*,

c'btatabe = c*(cc*)blatabe = c*blatab(c")* = (c'bla’abe)”,

which gives that element abc is regular and (abe)' = cfblal. O
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2.3 Improvements on Hartwig’s triple reverse order
law in different settings

In this section, we present several significant improvements on Hartwig’s triple re-
verse order law given in [33]. Ideas for the improvements comes from the fact that
a lot of recently published results for generalized inverses and their applications were
proved only under restrictive assumptions which limit their applications to certain very
particular cases. One reason for that is that, in contrast to the setting of matrices, gen-
eralized inverses are not defined for each element of more general settings considered
(algebras of operators, C*-algebras, rings, ...). In order to benefit from the rich the-
ory of generalized inverses and many already developed useful techniques, researchers
usually impose existence of generalized inverses when proving statements. This leads
to many results with redundant instances of assuming regularity of certain elements
which makes them less applicable. So, in recent years a lot of effort has been made to
widen the range of applicability of these results by considering more general cases of
the problems without imposing any such additional assumptions.

This result is exactly one such important step in generalizing Hartwig’s triple reverse
order law which was initiated by the software OperatorGB [69]. The advantage of
the framework developed in this software is that a single computation in an abstract
setting proves analogous statements in various concrete settings (e.g. for matrices,
linear bounded operators, C*-algebras, ...) without having to inspect every step of
the abstract computation. Just like in any ring, computations with noncommutative
polynomials allow any two elements to be added or multiplied. Therefore, it is not
clear a priori that a given proof of a statement in a ring is valid also for rectangular
matrices or operators with different domain and codomain. Using the framework for
algebraic proofs, the following steps have to be carried out once in a suitable ring of
noncommutative polynomials:

1. All the assumptions on the operators involved have to be phrased in terms of
identities involving those operators. Likewise, the claimed properties have to be
expressed as identities of these operators.

2. These identities are converted into polynomials by uniformly replacing the indi-
vidual operators by noncommutative indeterminates in the differences of the left
and right hand sides.

3. Prove that the polynomials corresponding to the claim lie in the ideal generated
by the set of polynomials corresponding to the assumptions.

More explicitly, in the last step, one has to find a concrete representation of the poly-
nomials corresponding to the claim as a two-sided linear combination of polynomials
corresponding to the assumptions, where coefficients are polynomials. Such cofactor
representations serve as certificates for ideal membership that can be checked indepen-
dently, but finding them is a hard problem. In practice, cofactor representations often
can be found with the help of the computer. It the previous steps are carried out,
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then, to rigorously prove a statement for various concrete settings it suffices to check
that the polynomials corresponding to the assumptions and claims are compatible with
domains and codomains of operators.

The software package OperatorGB provides the command Certify, which not only
tries to compute cofactor representations but also does the compatibility checks of
assumptions and claims. Inspecting the explicit cofactor representations found by
the software can also give hints how assumptions could be relaxed by dropping the
assumptions that do not appear in the cofactor representations. More generally, the
software makes it easy to experiment with different sets of assumptions for proving
a desired claim. Improvements of Hartwig’s triple reverse order law found by such
experiments were the basis for the main results presented in this section. These results
represent an important improvement of Hartwig’s result in several senses:

o we consider the problem in rings with involution, thus generalizing all the known
results on this subject.

o as for the original result of Hartwig (Theorem 2.2.1) we relax conditions (iv)
i (v) by replacing the respective equalities of ranges assumed in both of them
with appropriate inclusions of ranges. Furthermore, we show that only certain
combinations of inclusions (four of them in total), along with the assumption
that the element pq is idempotent, imply (2.17), while the other combinations do
not guarantee the claimed conclusion (there are two such). As for the analogous
results for algebras of operators and C*-algebras (see [45] and [90]) we improve
them in a similar way by replacing equalities with appropriate inclusions.

o as regards the results for algebras of operators and C*-algebras in general (see
[45] and [90]), we significantly reduce the set of starting assumptions upon which
these are based and which considerably restrict the set of elements to which they
apply. Namely, if one is interested in validity of (2.17), it is possible to omit the
requirement that the product abc be MP-invertible, since it follows directly from
some of the assumptions (iv) or (v). In the case of rings, MP-invertibilily of the
product abc can be replaced with the weaker condition of right x- cancellability
of abe.

o also, it is possible to generalize the result by showing that b’ can be replaced by
an arbitrary element b as well as that a' and ¢ can be replaced with arbitrary
a3 and 29 respectively. This way the assumption of MP-invertibility
of the element b is dropped and MP-invertibility of the elements a and c is
replaced with the existence of a(1*3) and ¢(1*% . This, although the last two are
equivalent conditions in operator algebras and C*-algebras, improves the results
significantly in rings with involution since there the existence of a {1, 2, 3}-inverse
of an element is equivalent with the existence of its {1, 3}-inverse and the latter
is a much weaker condition than MP-invertibility (see Example 1.3.1).

From now by R we denote a ring with a unit 1 # 0 and an involution a — a*,a € R.
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Theorem 2.3.1 Let a,b,c € R be such that a,c are MP-invertible. Let p = atabect
and q = cc'bata, for b € R. Then the following conditions are equivalent:

(i) abc is Moore-Penrose invertible and (abc)' = clbal,

)
(ivH) q € p{1}, a*apR 2 ¢*R and cc*p*R C ¢R,
(vH) abe is right - cancellable, pq = (pq)?, a*apR D ¢*R and cc*p*R C ¢R,
)

(vi) q € p{2}, a*apR 2 ¢*R and cc*p*R C ¢R.

Proof. Let m = abc and i = ctbal. Evidently pq is idempotent if and only if mm is
idempotent. Also we have that the following equivalents hold:

a*'apR D "R & mR 2O (m)*R < Rm* 2 Rm < m € Rm’;
PR CqgR & m*R CmR & m* € mR,;

(i) = (vH): If m! = m than clearly mm is idempotent. Also

m=ml =mimm! = m'(m")*m* € Rm*,

m* = (mm'm)* = m'mm* = mmm* € mR.

(vH) = (i) : If (vH) holds, then there exist u,v € R such that m = um* and m* =
mv. Now, multiplying mm = (mm)? by v from the right side, we get mm* = mmmm*
ie. (1 —mm)mm* = 0 which gives (1 —mm)m = 0 by right *- cancellability of m. So
m is an inner inverse of m. Further, we have that

m = um® = u(mmm)* = m(mm)*,

which implies that mm is Hermitian and further

m = m(mm)* = mmm.
Also
m =v"(m)" = v (mmm)* = m(mm)*,

which implies that mm is Hermitian.

(iwH), (vi) = (vH) : It is evident.

(1) = (ivH) : That ¢ € p{1} follows directly from the fact that m is an inner inverse
of m. The rest of the proof follows as in the part (i) = (vH).

(1) = (vi) : That ¢ € p{2} follows from the fact that m is an outer inverse of m.
The rest of the proof follows as in the part (i) = (vH). O
Notations (ivH), (vH) come from Theorem 2.2.1

It is interesting to mention that if we take the reverse inclusion from (ii) of The-
orem 2.3.1 and replace in the statement of the theorem the assumption of right *-
cancellability of abc with the assumption of left *- cancellability of c'bal, we will get
the analogous result:
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Theorem 2.3.2 Let a,b, C,g € R be such that a,c are MP-invertible. Let p = a'abec!
and q = cctbata. Then the following conditions are equivalent:

(i) abc is Moore-Penrose invertible and (abc)' = clbal,
(iwH) q € p{1}, a*apR C ¢*R and cc*p*R 2O ¢R,
(vH) cfbat is left - cancellable, pq = (pq)?, a*apR C ¢*R and cc*p*R D ¢R,

(vi) q € p{2}, a*apR C ¢*R and cc*p*R O ¢R.

Remark 2.3.1 It is worth noting that it can be seen easier than in the proof of
Theorem 2.3.1 (Theorem 2.3.2) the condition (vH) from that theorem implies condition
(vH) from Theorem 2.2.1, i.e. (2.17) in a matrix case. Note that

r(A*AP) =r(P*A*A) =r(P*) =r(P) and r(CC*P*)=r(PCC")=r(P).

So, if the condition (vH) from Theorem 2.3.1 (Theorem 2.3.2) is satisfied, then r(Q) =
r(P) = r(A*AP) = r(CC*P*) which implies R(A*AP) = R(Q*) and R(CC*P*) =
R(Q).

Remark 2.3.2 Similarly, for closed range bounded linear operators A, B,C' defined
on Hilbert spaces such that ABC can be defined, the implication (vH) = (i) in
Theorem 2.3.1 (Theorem 2.3.2) can be verified using operator matrices. Condition

(vH) from Theorem 2.3.1 is equivalent with MM = (MM)?* R((M)*) C R(M) and
R(M*) € R(M). By noting that R(M) C R(M) = R(MM*) C R(MM) = R(MM),
we can conclude that MMM = M. If we use the representations

- [ )]

PR AR ]

from R((M)*) C R(M) we get N(M*) C N (M) ie. Y =T =0, and from MMM =
M, that X = M;*. From R(M*) C R(M), it follows that for each z € R(M) there
exists y € R(M) such that Mz = M; 'y + Zy i.e. Mjz = M; 'y and 0 = Zy, which
implies ZM M7y = 0 i.e. Z = 0. Finally, we get M = M. The implication (vH) = (i)
in Theorem 2.3.2 can be derived from the above arguments just by replacing M with
(M)* and M with M*.

The following example illustrates the fact that the remaining two combinations of
inclusions in the original result of Hartwig (Theorem 2.2.1 (vH)) do not necessarily
imply (2.17).
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Example 2.3.1 Let

_3 2 2 101 N
A=l o0 0oo0]. B=|lo11], c==|111
0 0 0 100 31111
Then
[-300 0 0 1
Al=—1| 2 00|, Bf=| -11 1 |, Ct=C
71 9 00 1 0 —1

If we define P and () as in Theorem 2.2.1, we get that PQ) = 0 is idempotent and
R(A*AP) C R(Q*) and R(CC*P*) C R(Q) but (ABC) # CTBTAT.

If matrices A, B,C are defined respectively as CT, B and AT given above, we con-
clude that neither does the second pair of inclusions R(Q*) C R(A*AP) and R(Q) C
R(CC*P*) and the assumption that the matrix PQ is idempotent imply (2.17).

On the other side above mentioned pairs of inclusions imply (2.17) with some assump-
tions on p and ¢:

Theorem 2.3.3 Let a,b,c € R be such that a,c are MP-invertible. Let p = atabect
and q = cc'bata, for b € R. Then the following conditions are equivalent:

(i) abc is Moore-Penrose invertible and (abc)' = c'bal,
(ivH) q € p{1}, a*apR 2 ¢*R and cc*p*R 2 ¢R,
(vi) q € p{2}, a*apR C ¢*R and cc*p*R C ¢R.

Following previous mentioned results we can deduced that MP-invertibility of the ele-
ments a and ¢ can be replaced with the existence of a3 and ¢4,

Theorem 2.3.4 Let a,b,c,b € R be such that exist a®3) and MY and abe is right
- cancellable. Let a(%*3) 129 be given such that c129pa(123) s left - cancellable
and let p = a2 abecH>Y and ¢ = ccM?*YbaM23)a. Then the following conditions are
equivalent:

(i) abc is Moore-Penrose invertible and (abc)t = (129 pq(1:2:3),
(i7) q € p{1,2} and both of a*apq and qpcc* are Hermitian,

(131) q € p{1,2} and both of a*apgR = (a*apq)*R and qpcc*R = (qpcec®)* R,
(ivH) pq = (pq)?, a*apR 2 ¢*R and cc*p*R C ¢R,

(vH) pq = (pq)?, a*apR C ¢*R and cc*p*R 2 ¢R.

Notice that if in Theorem 2.3.4 we replace a(b??) (124 with %) and ¢, respec-
tively the assertion of the theorem will not hold anymore which will be shown in the
next example:
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Example 2.3.2 Let B = C = B = I and take any matrix A such that A{1,3,4} #
{Af} (such A can be any projection different than unit). If we take that A13) =
AW34 £ At we will get that all conditions from (ii) — (vH) are satisfied while (i) from
Theorem 2.3.4 is not satisfied.

Finally by the above discussion we end this section with the improved version of the
original Hartwig’s result:

Theorem 2.3.5 Let A, B,C be complex matrices such that ABC' is defined and let
P =ATABCC', Q = CC'BTATA. The following conditions are equivalent:

(i) (ABC)T = CTBTAT,
(17) Q € P{1,2} and both of A*APQ and QPCC* are Hermitian,
(1ii) Q € P{1,2} and both of A*APQ and QPCC* are EP,
€ P{1} ;R(Q*) C R(A*AP) and R(CC*P*) C R(Q

(10 :

)
)
)
) @ )
(") Q € P{1}, R(A*AP) C R(Q*) and R(Q) C R(CC*P*),
(") Q € P{1}, R(Q*) C R(A*AP) and R(Q) C R(CC*P¥),
(™) Q@ € P{2} /R(Q") C R(A*AP) and R(CC*P*) € R(Q),
(") Q € P{2}, R(A*AP) C R(Q*) and R(Q) C R(CC*P*),
(@™) Q € P{2} R(ATAP) C R(Q (

(v') PQ = (PQ)*, R(Q") € R(A

(v") PQ = (PQ)*, R(

p)
)
) and R(CC*P*) C R(Q),
) € R(A*AP) and R(CC*P*) € R(Q)
A*AP) C R(Q*) and R(Q) C R(CC*P¥).

2.4 Improvements of results on reverse order laws
for {1,3} and {1, 2, 3}-generalized inverses

Following the spirit of the previous section in this section we present several im-
provements on some results that concern the reverse order laws from [34]. In C*-algebra
case we will remove the assumptions of the regularity of some elements. Precisely, we
discuss the reverse order laws on {1,3},{1,4},{1,3,4},{1,2,3} and {1, 2,4}-inverses
in a ring setting.

As in Section 2.3 the main settings that we consider is a ring R with a unit 1 # 0 and
an involution a +— a*,a € R, while A denotes a C*-algebra. If p and ¢ are projections
in R, then we can represent an element z € R as 2 X 2 matrix over R, writing

Ty T2
r= Tg X ’
3 Ipg

where x; = pxq, o = pr(l —q), v3 = (1 — p)xq, x4 = (1 — p)z(1 — ¢); note that
T =21+ T2+ 23+ 24
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2.4.1 Improvements on the reverse order law for {1,3} and
{1, 3,4}-generalized inverses

In this subsection, we present improvement of the Theorem 2.1.2 [32] that concerns
the reverse order law (2.3) in a C*-algebra, first. Strictly speaking, we will remove
assumptions of the regularity of ab and a(1—bb"), by showing that under the assumption
of regularity of a and b we have that condition bbfa*ab = a*ab implies the regularity of
their product ab. Before the main result, we prove the following auxiliary lemma.

a 0

Lemma 2.4.1 Let p,q € R be given projection and let ¢ = [ 0 b

] . Then ¢ is
P

T
MP-invertible if and only if a and b are MP-invertible. In this case ¢t = { % [3 ] .
a.p

Proof. («<:) If a and b are MP-invertible it can be checked, by straightforward com-

f0
putation, that ¢l = [ O(L) bi Lp.

Ty
z t »
equations can be deduced that x € a{1,3,4} and ¢ € b{1, 3,4} which implies that zax
and tbt are MP-inverses of a and b, respectively. Like in the opposite implication, the
form of MP-inverse of ¢ can be checked. [J

(=:) Suppose that ¢ is MP-invertible and ¢/ = [ } . From the Penrose’s
q7

Theorem 2.4.1 Leta,b € R be such that a,b are MP-invertible and a(1—0bb") is right
x-cancellable. The following conditions are equivalent:

(i) bbfa*ab = a*ab,
(1) b{1,3}-a{1,3} C (ab){1,3},
(4ii) bTa € (ab){1,3},
(iv) bla' € (ab){1,2,3}.
Proof. Let a; = abb', ay =a —a; and d = a1a; + asa;.
(7i1) = (i): Since
aa*ab = aa*abb'a’ab = aa*(abb'a')*ab = aa*(a')*bb'a*ab = abb'a*ab
we have that
a(l —bb)a*ab = 0.

By
a(1—bb') (a(l —bb"))" ab = a(l — bb')a*ab =0

and right *-cancellability of a, we get bbfa*ab = a*ab.
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(i) = (iv): Notice that the MP-invertibility of a implies the MP-invertibility of
aja; 0O }

0 aa bbt bbt
conclude that a; and as are MP-invertible. Let s = alaJ{. Since ajas = 0 we have that
a1a} € sRs and agal € (1 — s)R(1 —s). So d can be represented by

| aal O
=[5 o],

To prove that abbla’ is Hermitian, using Lemma 2.4.1, we have that

a*a. Since a*a = [ , by Lemma 2.4.1 and Theorem 1.3.5, we can

abbla’ = abb'a*(aa*)’ = abb' (abb?)*d" = ara} ((ara})" + (aza3))

= arat(ayal)l.

Hence abb'a’ is Hermitian. Since
ab = (a")*a*ab = (a")*bb'a*ab = abb'a’ab
we get blal € (ab){1}. To prove that bfa’ € (ab){2}, notice that

bblatabblal = bbla*(aa*) T (abb')a* (aa*)" = ad'ay(ay + ag)*d'

= a’l‘(ala{)Tala’{(ala{)T = a}

On the other side bbfal = bbfa*(aa*)t = atdl = a*(aya?)’ = al. Hence
bblatabbla’ = bb'al

ie. blal € (ab){2}.

(i) = (i1): Notice that any {1, 3}-inverse of a has the form a3 = af+(1—afa)z, for
some x and that for any {1,3}-inverse of b, we have that bb*3) = bbt. Let a(t®) p(13)
be arbitrary but fixed {1,3}-inverses of a and b, respectively. We will prove that
abb' (1 — a’a) = 0. Indeed, using Lemma 2.4.1 (see part (i) = (iv)), we have

abb'a'a = aja*(aa*)'a = ara* ((ar1a})' + (aza3)’) a = a; = abb'.
Now
abb¥ a3 = abbfa3) = abbtal.

Since we already proved that (1) = (4), we have b3a(3) € (ab){1, 3}.
(74) = (d13): It is evident.
(1v) = (i17): It is evident. OJ

The analogous result can be obtained in the case of {1, 4}-generalized inverses.

Theorem 2.4.2 If a,b € R are such that a,b are MP-invertible and (1 — a'a)b is left
x-cancellable. The following conditions are equivalent:

(i) abb*a’a = abb*,
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(ii) b{1,4}-a{1,4} C (ab){1,4},
(i3i) bla' € (ab){1,4},

(iv) bla' € (ab){1,2,4}.

Notice that the conditions that a(1 — bb') is right *-cancellable from Theorem 2.4.1
and that (1 — aa)b is left x-cancellable from Theorem 2.4.2 are always satisfied in
C*-algebra. Since the property of the closedness of the range of operators is essential
and we know that for operators A, B € B(H) whose range is closed the range of their
product need not to be closed, the following result which is a corollary of the Theorem
2.4.1 can be useful:

Corollary 2.4.1 Let A, B € B(H) be given operators with closed ranges. If R(A*AB) C
R(B) or R(BB*A*) C R(A*), then R(AB) is closed.

By Theorems 2.4.1 and 2.4.2, we can prove the following results:

Theorem 2.4.3 Let a,b € R be MP-invertible, a(1 — bb") be right x-cancellable and
(1 —a'a)b be left x-cancellable. The following conditions are equivalent:

(i) b{1,3.4} - a{1,3.4} C (ab){1.3.4},
(ii) bbia*ab = a*ab and abb*a‘a = abb*,

(ii7) bTa’ = (ab)T.

Notice that in the C*-algebra case, Theorem 2.4.2 presents a generalization of The-
orem 2.1 from [26] since the conditions for the regularity of a(1 — bb'), (1 — a'a)b and
ab are removed.

It is interesting to mention that using the previous result for {1, 3}-inverses, in the
same manner as in Section 2.1, the approaching theorem can be proven.

Theorem 2.4.4 Let a,b € R be such that a,b are MP-invertible and a(1—bb") is right
x-cancellable. The following conditions are equivalent:

(1) (ab){1,3} = b{1,3} - a{1,3},

(i4) bb'a*ab = a*ab, (ab) — bla’ € bT(1 — a’a)R and (1 — bb)R(1 — aa’) C R(1 —
b ) (1 — (a(1 — bb'))Ta(l — bb"))R.
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2.4.2 Improvements on the reverse order law for {1, 2, 3}- gen-
eralized inverses

In this subsection, by the similar techniques as in the case of {1, 3}-inverses, we
present a generalization of some recently published results on the reverse order law for
{1, 2, 3}-inverses by moving some regularity conditions. As we mentioned, the inclusion,

B{1,2,3}A{1,2,3} C (AB){1,2,3}, (2.19)
was considered by Xiong and Zheng [155] in the matrix settings:

Theorem 2.4.5 [155] Let A € C™™ and B € C™**. The following are equivalent:
() B{1,2,3}A{1,2,3} C (AB){1,2,3}.
(i) r ([ B A*AB ]) =r(B) and r(AB) = min {r(A),r(B)} = r(A) + r(B)

~([])

This result was generalized to the C*-algebra case by Cvetkovié¢-Ili¢ and Harte [32] as
follows:

Theorem 2.4.6 [32] Let a,b € A be such that a,b,ab and a — abb' are regular. The
following are equivalent:

(i) b{1,2,3}a{1,2,3} C (ab){1,2,3},
(ii) bbia*ab = a*ab and (bb' — (abbl)Tabb) A(aal — (ab)(ab)’) = {0}.
Using the same method as in the case of {1, 3}-inverses, we deduce that the regu-
larity condition of ab and a — abb’ in C*-algebra case (Theorem 2.4.6) can be removed.
Our proof concerns ring case with some parts of the proof that are the same as in the

proof of Theorem 2.4.6 but we will give it for the completeness. First, we need the
following elementary lemma:

Lemma 2.4.2 Let a € R be such that a{1,3} # (. Then b € a{1,2,3} if and only if
a*ab = a* and baa™® = b, for some a¥ € a{1,3}.

Proof. (=) Let b € a{1,2,3}. Then
a*ab = a*(ab)* = a*b*a* = (aba)* = a”

and
baa? = babaa? = bb*a*aa™? = bb* (aatPa)* = bb*a* = bab = b.

(«=:) If we multiply a*ab = a* by (a®)* from the left side, we have aa"®ab = aa**
i.e. ab = aa®® which implies that b € a{1,3}. Also, bab = baa™® = b. Hence
bea{l,23}.0

The main result on the reverse order law (2.19) in the ring case follows.
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Theorem 2.4.7 Let a,b € R be MP-invertible and let a(1—0bb") be right *-cancellable.
The following conditions are equivalent:

(i) b{1,2,3%a{1,2,3} C (ab){1,2,3},
(ii) bbTa*ab = a*ab and (bb' — (abb")Tabb")R(aal — (ab)(ab)’) = {0}.

Proof. Let p = bbf, ¢ = b'b and r = aa’. Then b= [8 8} and a = {%1 ‘LQ} ,
p.q mp

bt 0

We have that b{1,2,3} = { { " O] tu € (1 —¢Rp} and o' = a*(aa”)l =
q9,p

aid™ 0
azd 0
ajarz + ajaszs = af, ajarz + ajaszy = aj, z € pRr, z3 € (1 — p)Rr}.

. . bJer 0
Hence z € b{1,2,3}-a{1,2,3} if and only if z = w0
1

and some z; € pRr for which there exist z3 € (1 — p)Rr such that the following hold:

} , where d = aya} + agaj. By Lemma 2.4.2, a{1,2,3} = { [ 21 8 } :

} , for some u € (1—q)Rp

ajarzy + ajagzz = aj, ajaz + ajagzz = aj. (2.20)
. bTZl 0
Hence, such = given by x = w0 , for some u € (1 — q)Rp and some z; € pRr
1 T

such that (2.20) is satisfied for some 23 € (1 — p)Rr, belongs to (ab){1,2,3} if and
only if z; € a;{1,2,3}. Indeed, b{1,2,3}a{1,2,3} C (ab){1,2,3} if and only if for
any z; € pRr such that (2.20) is satisfied for some z3 € (1 — p)Rr it follows that
21 € a1{1,2,3}. This conclusion will be crucial in the rest of the proof and we will call
it conclusion ().

(i) = (i7) : If () holds, then b'al € (ab){1,2,3}. By Theorem 2.4.1, we have that
bbla*ab = a*ab. Now (2.20) has the form

ajarzy = aj, ayasz3 = aj. (2.21)

Notice that, by Lemma 2.4.1, we have that a; and ay are MP-invertible, so the second
equation from (2.21) is satisfied for z3 = ag while the first one is equivalent with a,z; =
alai. By the conclusion (x), we have that for each z; € pRr such that a1z, = alai it
follows that zja12z;1 = 2;. Using the fact that z; € pRr, we get that any solution of
the equation abb!zaa' = abb'(abb") satisfies that a; € bbfzaa’{1}. Since the set of all
bbfzaa' for which z is a solution of the equation abb'zaa’ = abb'(abb’)' is described by

Z = {(abb") + bb'yaa’ — (abb")Tabblyaa’ : y € R}, we get

(bbT - (abbT)T(abbT))y(aaT - (ab)(ab)T) —0,
for any y € R.

(i) = (i) : Suppose that (ii) holds. Since bbla*ab = a*ab, is equivalent to aja; = 0
i.e. ajay = 0, we have that (2.20) is equivalent to (2.21). As in the previous direction
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since a; and ay are MP-invertible, we have that the second equation from (2.21) is
satisfied for z3 = a; while the first one is equivalent with a;z; = alaJ{. Now, to prove
that b{1,2,3}a{1,2,3} C (ab){1,2,3}, by the conclusion (x), it is sufficient to prove
that z1a121 = z; holds, for every z; € pRr which satisfies the equation a;2z; = alai.
But this follows since (bb' — (abb’)Tabb")R(aa’ — (ab)(ab)?) = {0}. O

The case K = {1,2,4} is treated completely analogously, and the corresponding
result follows by taking adjoint elements, or by reversal of products.

Theorem 2.4.8 Let a,b € R be such that a,b are MP-invertible and (1 — a'a)b is left
x-cancellable. The following are equivalent:

(i) b{1,2,4}a{1,2,4} C (ab){1,2,4},
(i) a'abb*a* = bb*a* and (a'a — a’ab(a’ab) )R(b'6 — (ab)(ab)) = {0}.
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Chapter 3

The Fredholm property of the sum
of operators

In this chapter we will present our results from the paper [35] in which we gave
necessary and sufficient conditions for the Fredholmness of a sum of two operators
and considered some special cases when the Fredholmness of a linear combination of
two operators is independent of the scalars’ choice. Particulary, the Fredholmness of a
linear combination of two idempotents is discussed and, as a corollary, the known result
for the case of orthogonal projections is derived, and contrary some special classes of
operators for which a linear combination of two operators depends of the choice of the
scalars are mentioned. We start with some basic properties of Fredholm operators.

The class of Fredholm operators is the generalization of the class of invertible op-
erators which is frequently present in applications.

Definition 3.0.1 [9/] Let X, be Banach spaces and let T € B(X,)). We say that:
(i) T is upper semi-Fredholm if R(T) is closed and n(T) = dim N (T) < oo,
(1) T is lower semi-Fredholm if 5(T") = codimR(T") < oo,

(13i) T is Fredholm if n(T) < oo and 5(T) < oo.

The sets of all Fredholm operators, upper semi-Fredholm operators and lower semi-
Fredholm operators from the space B(&X',)) are denoted by F(X,)), F(X,)) and
F_(X,)), respectively. The index of a semi-Fredholm operator 7" € B(X,)) (either
upper or lower) is defined as ind(T) = n(T) — B(T). It is known that, if 5(T") < oo,
then R(T) is closed, so F(X,Y) = F.(X,Y)N F_(X,Y). The approaching theorem
illustrate the connection between Fredholm operator and invertible operator.

Theorem 3.0.1 [122] Let X and Y be Banach spaces and T € F(X,Y). There is a
closed subspace Xy of X such that X = Xo®N (T), and a subspace Yo of Y of dimension
B(T) such that Y = R(T) @ o, holds. Moreover, there is an operator Ty € B(), X)
such that:
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(i) N(To) = Do,

(it) R(Tp) = Xo,
(i4i) ToT = I on Xy,
() TTy = I on R(T),

(i11) ToyT = I — Fy on X, where Fy € B(X) is an operator of finite rank with R(Fy) =
N(T),

(i1i) TTo = 1 — Fy on Y, where Fy € B(Y) is an operator of finite rank with R(Fy) =
Yo.

It is well-known that an operator I — K, where K is a compact operator on Banach
space X is Fredholm. Recall that, if X’,) are normed vector spaces, then a linear
operator K from X to ) is called compact (completely continuous) if it is defined on
X and for every bounded sequence {z,} C X, the sequence { Kz, } has a subsequence
which converges in ).

Theorem 3.0.2 [122] (Fredholm alternative) Let X' be a Banach space and let K be
a compact operator on X. Then, R(I — K) is closed in X and n(I — K) = (I — K)
is finite. In particular, either R(I — K) =X and N(I — K) ={0}, or R(I - K) # X
and N(I — K) # {0}.

Some of the basic characteristics of Fredholm operators are contained in the follow-
ing theorems.

Theorem 3.0.3 [94] Let X,Y and Z be Banach spaces, T € B(X,Y) and S €
B(Y,Z). Then:

(7) if T and S are lower semi-Fredholm, then ST is lower semi-Fredholm, and

ind(ST) = ind(S) + ind(T),

(ii) if T and S are upper semi-Fredholm, then ST is upper semi-Fredholm, and
ind(ST) = ind(S) + ind(T),

(i13) if T and S are Fredholm, then ST is Fredholm, and ind(ST) = ind(S) + ind(T).

Theorem 3.0.4 [94] Let X,Y be Banach spaces and T € F(X,Y). If M is closed
subspace of X, then T (M) is closed subspace of ).

Theorem 3.0.5 [94] Let T € B(X,)) be a (upper semi-, lower semi-) Fredholm oper-
ator and let K € B(X,)) be a compact operator. Then T + K is (upper semi-, lower
semi-) Fredholm and ind(T + K) = ind(T).
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The Fredholmness of a difference, sum and in general a linear combination of
idempotents and orthogonal projections has been considered in several papers (see
[51, 58, 59, 77, 78, 79, 153, 157]). Namely, in the literature, there are a several pa-
pers which contain the so-called stability theorems for linear combinations of idem-
potents. Baksalary and Baksalary [4] proved that, for idempotent matrices P and Q
the invertibility of the linear combination ¢; P + c3() is independent of the constants
c1, 02 € C\ {0}, c1 + ¢ # 0. In [52] this result is extended to the case of two idempotent
operators on a Hilbert space. This result is followed by Koliha and Rakocevié [79]
and they proved, using arguments based on the stability of the nullity of linear com-
binations of two idempotent operators, that if P,Q € B(X') are idempotent operators
on a Banach space X then the Fredholmness of the linear combination ¢; P + () is
independent of the constants ¢1,co € C\ {0}, ¢; + o # 0.

Theorem 3.0.6 [79] Let P,Q € B(X) be idempotents. Then:

(1) If c1 P + coQ is upper semi-Fredholm for some ci,co € C\ {0}, ¢1 + co # 0, then
it s upper semi-Fredholm for all c1,co € C\ {0}, ¢1 + o # 0, and n(c; P + c2Q)
1s constant for these constants.

(13) If c1 P + c2Q is lower semi-Fredholm for some c¢1,c5 € C\ {0}, ¢1 + o # 0, then
it 1s lower semi-Fredholm for all ¢y,co € C\ {0}, ¢1 + o # 0, and 5(c1 P + c2Q)
1s constant for these constants.

(1ii) If c1 P+ co@Q is Fredholm for some c1,co € C\{0}, c1+co # 0, then it is Fredholm
for all ¢y, ¢y € C\{0},c14co # 0, and n(c1 P+ c2Q), B(c1 P+ Q) and ind(c; P+
Q) are constant for these constants.

Also, in the case when P and () are orthogonal projections some necessary and
sufficient conditions for P — @) being Fredholm are known [77, 58].

Theorem 3.0.7 [77] Let R and K be closed subspaces of a Hilbert space H and let
P and @ be the orthogonal projections with the ranges R and K, respectively. The
following are equivalent:

(1) P —@Q is Fredholm operator,

)
(15) I — PQ and I — (I — P)(I — Q) are Fredholm operators,
(iit) R+ K is closed in H and dim[(RN K) ® (Rt N KY)] < oo,
)

|IP+Q—1I|.= inf |IP+Q—1+K| <1,
KeB(H),K is compact

(1w
(v) P+ @ and I — PQ are Fredholm operators.

Corollary 3.0.2 [58] Let P and @ be idempotents on H. If P — @ is Fredholm than

so is P+ Q. Also, if dim(R(P) N R(Q)) < oo, than P — Q is Fredholm if and only if

P+ Q is.
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In [35], using some results on completion problems of operator matrices, we derived
the results about Fredholmness of a sum of two bounded linear operators. If Banach
spaces X and )Y are represent with topological sums X = M @ N and )V = L& R, then
an operator T € B(X,)) can be seen as an 2 x 2 operator matrix

(3540~ [2]
D B| | N R |’
where A, B,C and D are bounded linear operators between appropriate spaces. By
using this decomposition of operator, some problems of operator theory can be simpli-
fied. An operator T' € B(X') for which there exists a closed, complemented T-invariant
subspace of X', can be represented by an upper-triangular operator matrix.

One of the basic problem in the context of operator matrices is its completions. For
example, if A € B(H) and B € B(K) are given operators on Hilbert spaces H and I,

there are many published results which consider the necessary and sufficient conditions
for the existence of an operator C' € B(K,H) such that the upper-triangular operator

matrix
A C H H
ve=4 5]+ [X]-[X]
belongs to certain class of operators, as well as the set of all such C' is described.

Here Mo € B(H x K), where the inner product in H x K is as usual given by
((h1, k1), (ho, ko)) = (h1, he) + (K1, ko). Additionally, in some papers the set

N (M),
C’EB(IC,’H)U( )

for different types of spectrum, is treated and the existence of an operator C” such that

N «(Mc) = 0. (Mcr).
CEB(IC,H)O( c) = ox(Mc)

Speaking of invertibility throughout the text, and now we will start with the basic
result about completion to invertibility of M. The invertibility of M¢, for given op-
erators A € B(H) and B € B(K), first was considered in [50], in the case of separable
Hilbert spaces ‘H and K. In [64], authors showed that result from [50] stay valid in the
case of Banach spaces. We will present results given in [23], where are given necessary
and sufficient conditions for the invertibility of Mg, using a method which allowed
author to completely describe the set of all C' € B(Y, X) for which M¢ is invertible
for given operators A € B(X) and B € B()), in the case when X and ) are Banach
spaces.

Theorem 3.0.8 [23] Let A € B(X) and B € B(Y) be given operators. The operator
matriz M is invertible for some C' € B(Y, X) if and only if

(1) A is left invertible,
(13) B is right invertible,
(i11) N(B) = X/R(A).
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If conditions (i) — (iii) are satisfied, the set of all C' € B(Y,X) such that M¢ is

vertible is given by

S(A,B):{CGB(J?,X):C:[% 34};[N7(’B)]—>[R‘(9A)],

Cy is invertible, X = R(A) @S and Y =P & N (B)}.

In [27], the author established the necessary and sufficient conditions for the ex-
istence of an operator C' such that M is injective and described the set of all such

C.

Theorem 3.0.9 [27] Let A € B(H) and B € B(K) be given operators on separable
Hilbert spaces H and K. There exists C' € B(K,H) such that the operator matriz Me
18 injective if and only if A is injective and one of the following conditions is satisfied:

(i) R(A) is closed, n(B) < B(A),
(17) R(A) is not closed.

Furthermore, if (i) is satisfied, then the set of all C' € B(KC, H) such that M¢ is injective
s given by
Si(A,B) = {C € B(K,H) | Cs is injectiv},

while if (ii) holds, it is given by

S1(A, B) = {C € BIK,H) | N(C1) NN (C3) = {0}, C1(N(C5)) NR(A) = {0},

where C' s given by

C—[Cl 021_[/\/(3) }_}{ R(A) }
Cs Cy || N(B)* R(A* |7

There are several papers which consider when an upper-triangular operator matrix
M¢ is a Fredholm operator. One of them is [18] where the completion problem to
upper (lower) semi-Fredholmness of an operator matrix Mo was studied while the set
of all C' € B(K,H) such that Mq is upper (lower) semi-Fredholm was described in
[31]. Furthermore, in [31] necessary and sufficient conditions for M¢ to be a Fredholm
operator were given. For given A € B(H) and B € B(K), the set of all C' € B(K,H)
such that M¢ is Fredholm will be denoted by Sr(A, B).

Theorem 3.0.10 [31] Let A € B(H) and B € B(K) be given operators, where H and
IC are separable Hilbert spaces. Then Mc is Fredholm for some C € B(KC,H) if and

only if one of the following conditions is satisfied:

(i) A and B are Fredholm;

(i) A is upper semi-Fredholm, B is lower semi-Fredholm and d(A) = n(B) = oco.
Furthermore, if (1) is satisfied then Sp(A, B) = B(K,H), while if (ii) holds,

Sp(A, B) = {c € B(K,H) : Pt CPlus) € F(N(B),R(A)L)} .
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3.1 Fredholmness of the linear combination of op-
erators

In this section we will first present the modification of Theorem 3.0.10 which con-
cerns the Fredholmness of an upper triangular operator matrices on Hilbert spaces
and then apply the obtained results to our consideration of the Fredholmness of the
sum of two operators. Special emphasis will be put on some particular cases when the
Fredholmness of the linear combination of two operators is independent of the choice
of the scalars.

Notice that in Theorem 3.0.10 the Hilbert spaces H and K are isomorphically
embedded in H x K as two mutually orthogonal closed subspaces whose direct sum
is H x K. Here we will consider the case when My : H — K and H = Hi D Ha,
KK =K1 ® Ky are topological decompositions which are in general nonorthogonal. Also
we will not need the separability condition that is required in Theorem 3.0.10.

Theorem 3.1.1 Let H, K be infinite dimensional Hilbert spaces and let H = H1 D Ho,

4 ¢ } HL O Hy — K1 Ky is Fredholm

K=K ®Ky. An operator matriz Mo = [ 0 B

if and only if
(i) A is upper semi-Fredholm,
(i1) B is lower semi-Fredholm,
(iii) P§% 4 Clns) is Fredholm,
where K1 = R(A) @ S.

Proof. First, notice that if M¢ is a Fredholm operator then R(A) = R(Mc|y,) is
a closed subspace of Ky by Theorem 3.0.4. Hence, in the proof of either implication
we can suppose that K1 = R(A) @ S, for some closed subspace S. So, M has the
following representation

A G Gy H, R(A)
0 0 Bl 7- IC2

Let Mc be a Fredholm operator. Since N(A) C N (M), we have that A is upper
semi-Fredholm. Also, since R(Mc) CR ([ A C ]) ® R(B), we have that B is lower
semi-Fredholm. Now, evidently A; is right and Bj is left invertible. Let

I 0 0 R(A) R(A)
U = 0 I —04(31);1 : S — S
00 1 Ko Ko
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and
I —(Al);lC'l —(Al);ICQ Hl Hl
V=10 I 0 | N(B) | = | N(B)
0 0 1 T T
We can check that U,V are invertible and
A1 0 0
UMV =1 0 C3 0 |. (3.2)
0 0 B

The operator matrix UMV is Fredholm if and only if A;, C3 and B; are Fredholm op-
erators. Since C3 = P§% 4 C|a(p), the condition (i) follows. Hence, all the conditions
(1) — (i4i) are satisfied.

If we suppose that (i) — (iii) are satisfied, then M¢ can be represented by (3.1) and
using (3.2) we can see that M¢ is a Fredholm operator. [

Remark 3.1.1 The advantage of Theorem 3.1.1 lies in the fact that the decompo-
sitions of the spaces which are used are not orthogonal unlike to what is the case
in Theorem 3.0.10 in [31] and all other related recently published results. This will
particularly be useful in the following results which concern Fredholmness of a linear
combination of idempotents.

Remark 3.1.2 It is worth mentioning that Theorem 3.1.1 is also correct if H and K
are Banach spaces with the additional assumptions that subspaces R(A) and N(B)
are complemented.

Remark 3.1.3 From the proof of Theorem 3.1.1, we have that if M is Fredholm than
ind(Mc) = ind(UMcV) = ind(A;) +ind(Cs) +ind(By) = n(A;) + ind(Cs) — B(B;) =
n(A)+ind(Cs) — B(B). Moreover, n(M¢) = n(A)+n(Cs) and B(M¢) = B(C3)+ 5(B),
where A;, By and C5 are defined as in the proof of this theorem. Let us mention that
this formulas are correct even when just R(A) is closed. This is very elementary fact
but we mention it since it will be used in the proof of the next theorem.

Now using the previous results on Fredholmness of upper-triangular operator ma-
trices and appropriate matrix representations of the given operators A, B € B(H, K),
we derive some necessary and sufficient conditions for the Fredholmness of their sum.

Theorem 3.1.2 Let A, B € B(H,K) be given operators. Let H = N(B) ® P and

K = R(A) @ Q. Then the operator A+ B is Fredholm if and only if the following
conditions hold:

(1) dim(WN(A) NN (B)) < oo and A|n(p) has closed range,
(it) dim(N(A) NN (B')) < 0o and PyzzyB has closed range,

(ii7) dim(P NN (A + B)) < oo, dim(R(A|xs) NRI(A + B) |p)) < 0o and

dim R(A)/(R(Alns)) + (R(A) VR((A+ B) |p))) < .
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Furthermore, if (i) — (iit) hold, then

n(A+ B) = dim(N(A) NN (B)) + dim(P NN (A + B))
+ dim(R(Alns)) N R((A + B)|p))

B(A+ B) = dim(N(A) N N(B')) + dim R(A)/(R(Alwz))
+ (R(A) NR((A+ B) |p))).

Proof. With respect to the decompositions given below, A, B € B(H,K) have the
following representations:

RN A
S IR B L

So A + B is a Fredholm operator if and only if the operator matrix given by

3 3 L)
is Fredholm.

Let R(A) = R(A;) & S and P = N(By) ® W. By Theorem 3.1.1 we have that
A+ B is a Fredholm operator if and only if the following three conditions are satisfied:

(*) A is upper semi-Fredholm,

(**) Bs is lower semi-Fredholm,

(¥) P50 (A+ B) sy is Fredholm.

Evidently, () holds if and only if dim(N(A) NN(B)) < co and R(A|ns)) is closed.
Also, (xx) holds if and only if B} is upper semi-Fredholm. Since N'(Bj) = N(B')N
N(A") it follows that (>x<>x<) holds if and only if the range of Py 7B is closed and
dim(NV(B) NN (4)) <
Now, we will consider Condition (% * %) taking into account that R(A;) is closed in
both directions. The condition (* * *) is satisfied if and only if

dimN(ngR(Al)@Q (A + B) |N(Bg)) < 00

and
dimS/R(P&R(Al)@Q (A + B) |N(32)) < OQ.

Since
N(Psraneo (A+ B) |npBy)) ={r € P | (A+ B)r € R(A1)},
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we have that dim N (Ps z(a,)e0 (A + B) |n(By)) = dim(PNN (A + B))+dim(R(A|as))N
R((A+ B)|p)). Also,

dim S/R(Psr(aea (A + B) |as,)) < o0,

if and only if there exists a finite dimensional subspace M such that § = M &
R(Psrayyeo (A+ B) |aBy)). The last assertions is equivalent with the existence

of a finite dimensional subspace N such that R(A) = N @ (R(A|xs) + (R(A) N
R((A+ B)|p))), i.e. dimR(A)/(R(Alxpy) + (R(A)NR((A+ B)|p)) < co. The rest
of the proof follows by Remark 3.1.3. [J

Notice that the condition dim(N(A") NN (B')) < oo from item (ii) of the previous
theorem can be replaced by dim(R(A)* NR(B)1) < oo which will be proved later in
the Section 3.2.

In the special case when we take the orthogonal decompositions of spaces H, K in

proof of Theorem 3.1.2 we get the following result:

Theorem 3.1.3 Let A € B(H,K) and B € B(H,K) be given operators. Then A+ B
15 Fredholm if and only if the following conditions hold:

(i) dim(N(A) NN (B)) < oo, dim(R(A)* NR(B)*) < o,
(41) APy By and PreayL B have closed ranges,

(itg) Pt (A+ B) |7 is Fredholm,

where S = N (PypyA*) N R(A) and T = N (Pray. B) NN (B)*.
Furthermore, if (i) — (i) hold then

ind(A + B) = dim(N(A) NN(B)) — dim(R(A)*: N R(B)*) + ind(P5* (A+ B) | 7).

Proof. Let H = N(B) ® N(B)* and K = R(A) ® R(A)*. With respect to these
decompositions A, B € B(H, K) have the following representations:

(55 ]-(F) e
L)L) e

Using the orthogonal decomposition R(A) = R(A;) ® (R(A;)T NR(A)) in the proof
of Theorem 3.1.1, we get that the sum A + B is a Fredholm operator if and only if the
following three conditions are satisfied:

(i) A;p is upper semi-Fredholm,

(ii) By is lower semi-Fredholm,
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(iii) PISZ L RCA (Ag + B1) |nv(B,) is Fredholm.

Evidently, (¢) holds if and only if dim(N(A) NN (B)) < oo and APy p) has closed
range. Also, (i7) holds if and only if B is upper semi-Fredholm. Since
N(B3) = N(B)NR(A)" =R(B)" NR(A)",

it follows that (ii) holds if and only if the range of Pg(4y. B is closed and dim(R(A)t N

R(B)*) < co. The third condition follows directly from the fact that R(A4;)TNR(A) =
N (Pn)A*) N R(A) and N (By) = N'(Prayr B) \(B)*. O

Remark 3.1.4 If operators A; and Bs from (3.3) and (3.4) are Fredholm, then NV (By)
and S defined in Theorem 3.1.2 are finite dimensional, so the condition (x * %) from
the proof of Theorem 3.1.2 is satisfied. Hence, in this case taking into consideration
aA instead of A and BB instead of B, we get that for all constants «, 5 € C\ {0}, the
linear combination aA + B is a Fredholm operator.

Also if one of the operators A; and Bs is Fredholm and the other one is not, at least
one of the conditions (*)—(xx) from the proof of Theorem 3.1.2 is not satisfied. Indeed,
if conditions () and (xx) are satisfied one of spaces N(Bs) and S is finite dimensional
and other one is infinite dimensional, so the condition (** %) is not satisfied and A+ B
is not a Fredholm operator. Moreover, in this case the linear combination oA + B is
not a Fredholm operator for any constants «, 5 € C\ {0}. Thus we have the following
result:

Theorem 3.1.4 Let A, B € B(H,K) be given operators and let H = N (B) ® P and

IC 'R,( ) éb Q Let A1 PTSt A|/\/'(B) and B2 Pés;%(A B"P

(1) If the operators Ay and By are Fredholm, then for all constants o, € C\ {0}
the linear combination oA + BB is a Fredholm operator.

(13) If one of operators Ay and By is Fredholm and the other one is not, then for
all constants o, B € C\ {0} the linear combination oA + BB is not a Fredholm
operator.

Remark 3.1.5 If we take orthogonal decompositions of spaces ‘H and IC, as in The-
orem 3.1.3, we have that S = N(47) = {z € N(A*)* | Az € R(B*)} and T =
N(Bs) = {z € N(B)* | Bz € R(A)}. It can be checked that dim N'(A}) = dim(R(A*)N
R(B*)) and dim N (By) = dim(R(A)NR(B)). So, we are ready to present some partic-
ular cases when the linear combination a A + 8B is independent of the choice of scalars

a, € C\ {0}:

Theorem 3.1.5 Let A € B(H,K) and B € B(H,K) and let m = dim(R(A*)NR(B*))
and n = dim(R(A) NR(B)). If one of the following conditions hold

(i) max{m,n} < co
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(i1) min{m,n} < max{m,n} = oo

then Fredholmness of the linear combination A + BB s independent of the choice of
scalars a, € C\ {0}.

Furthermore, we have that in the case (i): A+ B is Fredholm if and only if dim(N(A)N
N (B)) < oo, dim(R(A)* NR(B)*) < 0o and APx(p), Pr(ay:B have closed ranges,
while in the case (ii) we have that A + B is not Fredholm.

Proof. The proof follows by Theorem 3.1.3 and Remark 3.1.5. [J

Remark 3.1.6 From previous theorem, we have that if m,n are both finite or if one
is finite and the other infinite then Fredholmness of the linear combination oA+ B is
independent of the choice of scalars «, 5 € C\ {0}. What will happen in the case when
both m,n are infinite? By the next example we will give an answer on this question:

Example 3.1.1 Let H be infinite dimensional Hilbert space and let A = [ and
B = —2[3. Evidently aA 4+ B is a Fredholm operator except in the case when
a = 2 which means that Fredholmness of the linear combination oA + 8B depends
on the choice of o, 5 € C\ {0}. On the other side if A € B(H) is non Fredholm and
B = A we will get that A + B, is a non Fredholm operator for any «, € C\ {0}
which means that Fredholmness of the linear combination A 4+ 8B is independent of
the choice of scalars a, § € C\ {0}.

From Theorem 3.1.3 we can deduce the following well known result a proof of which
will be presently given since it is quite different from all others that can be found in
the literature:

Corollary 3.1.1 Let A € B(H,K) be an operator of finite rank and B € B(H,K).
Then A + B is Fredholm if and only if B is Fredholm.

Proof. Since dimR(A) < oo from Theorem 3.1.5, we get that A + B is Fredholm if
and only if the following conditions hold:

(i) dim(N(A) NAN(B)) < oo, dim(R(A)* NR(B)*) < oo,
(4) Pr(ayrB has closed range.

These conditions are satisfied if and only if B is Fredholm. Indeed, if B is Fredholm, the
condition (i) is obviously satisfied. Also Pg(4).B is an upper semi-Fredholm operator
as the product of two such operators, so its range is closed. Conversely, if conditions ()
and (77) are satisfied, then from closedness of R(Pg(4y-B) we have that R(B*Pr(a)+)
is closed. Now, from R(B*) = R(B*Pg).) + R(B*Pr(a)), we get that R(B) is
closed. Using the fact that in any vector space X if X}, X5 and M are subspaces of
X such that X = X} & X,, dim Xy < oo, and dim(M N A&}) < oo then dimM < oo,
from dim(N(A) NN (B)) < oo, H = N(A) @ R(A*) and dimR(A*) < oo it follows
that dim N (B) < oco. In the same manner from dim(R(A)* N R(B)*Y) < 00, K =
R(A)t @ R(A) and dim R(A) < oo we get that dim R(B)* < co. So B is a Fredholm

operator. [
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3.2 Some particular cases

In this section we present the necessary and sufficient conditions for ¢; P, + co P
to be Fredholm in the case when P, and P, are idempotents and as a corollary we
get the known result for the case of orthogonal projections. We will end this chapter
with some examples which illustrate that, unlike the case of orthogonal projectors
and idempotents, for some classes of operators Fredholmness of linear combinations of
operators in general depends on the choice of scalars «, 5 € C\ {0} such that a+ 3 # 0.
First, we give the following two results whose proofs will simultaneously be given below
as one:

Theorem 3.2.1 Let P,Q € B(H) be idempotents and c, 5 € C\ {0}, a+ 5 # 0. Then
aP + BQ is Fredholm if and only if the following conditions hold:

(i) dim(N(P) NN (Q)) < co and dim(R(P)* NR(Q)*) < oc.
(15) P(I — Q) and (I — P)Q have closed ranges.

(#i1) dim(R(P(I-Q))NR(Q)) < 00 and dim(R(P)/(R(P(I-Q))+(R(P)NR(Q)))) <

Furthermore, if (i) — (iit) hold, then

n(aP + Q) = dim(N (P) NN(Q)) + dim(R(P(I — Q)) NR(Q)),
BaP + AQ) = dim(R(P)* NR(Q)")) + dim(R(P)/(R(P(I - Q))
+(R(P)NR(Q))))-

Theorem 3.2.2 Let P,QQ € B(H) be idempotents. Then P — Q is Fredholm if and
only if the following conditions hold:

(i) dim(N(P) NN (Q)) < oo and dim(R(P)* NR(Q)*) < cc.
(i1) (I — P)Q has closed ranges.
(i) dim(R(P) NR(Q)) < oo and dim(R(P)/R(P(I — Q))) < co.
Furthermore, if (i) — (iii) hold, then

n(P — Q) = dim(WN(P)NN(Q)) + dim(R(P) N R(Q)),
B(P = Q) = dim(R(P)" NR(Q)") + dim(R(P)/R(P(I - Q))).

Proof. Let o, € C\ {0}. By Theorem 3.1.2, we have that aP + 8Q is a Fredholm
operator if and only if

(i) dim(N(P)NN(Q)) < oo and dim(N (P") NN (Q")) < .
(ii) P(I — @) and (I — P)Q have closed ranges.
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(iid) dim(R(Q)NN (aP+8Q)) < oo, dim(R(P|x (@) "R((al + Q) [r(@))) < oo and
dim(R(P)/(R(P|n (@) + (R(P) N R((aP + Q) |r@))))) < .

Notice that
N(P)YNN(Q) =R(P)°NR(Q)°” = (R(P) + R(Q))°

which implies that
dim(WNV (P ) NN(Q')) = dim(R(P) + R(Q))° = dim(H/R(P) + R(Q))".
Hence, we have that dim(N (P)NN(Q’)) < oo if and only if dim(R(P)*NR(Q)*1) < oo.

Now the theorems follow from the following equalities

{0} ifa+B+£0

RQNN(aP+5Q) = {R(P)mz(@) ifa+5=0

(P -Q)NR(Q) ifa+B#0

R(P|nv@) NR((aP + BQ) |r©@) = {{0} fatB-0

R(P)YNR(Q) ifa+pB#0

R(P)ﬂR((OzP‘l'/BQHR ) {{O} ifa+ﬁz().

In the case a + 8 = 0, the condition

dim(R(P)/(R(Plx(a) + (R(P) N R((@P + 5Q) lrio)))) < o

is equivalent to the condition dim(R(P)/R(P(I — @))) < oo which implies that
R(P(I —Q)) is closed. O

In the case when P,Q € B(H) are orthogonal projections, the well-known result
follows from our Theorems 3.2.1 and 3.2.2. First we give the following lemma which
will be used in the proof of the following theorem.

Lemma 3.2.1 [77] Let P and Q be orthogonal projections in B(H). Then the following
conditions are equivalent:

(1) R(P — Q) is closed,
(it) R(P+ Q) is closed,

(iv) N(P)+ N(Q) is closed,

(v

)
)

(iii) R(P)+R(Q) is closed,
)
) R(P(I - Q) is closed,
i

(vi) R((I — P)Q) is closed.
If any of the conditions (i) — (vi) is satisfied, then R(P + Q) = R(P) + R(Q).
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Theorem 3.2.3 Let P,Q) € B(H) be orthogonal projections on a Hilbert space H.
(1) If a,p € C\ {0}, a+ B # 0, then the following are equivalent:

(1) aP 4+ 5Q is Fredholm,
(it) The range of R(P) + R(Q) is closed and dim(N (P) NN (Q)) < oo.

(2) P—Q is Fredholm if and only if P+ Q is Fredholm and dim(R(P)NR(Q)) < oo.

Furthermore, if aP + BQ is Fredholm then ind(aP + Q) = 0.

Proof. Tt is evident that condition (i) from Theorem 3.2.1 is equivalent with dim (AN (P)N
N(Q)) < oo while using Lemma 3.2.1 we have that the condition (i7) from Theorem
3.2.1 is equivalent with the fact that R(P) + R(Q) is closed. Now, the proof follows
having in mind that

R(P(I - Q) NR(Q) = {0}
and from the fact that R(P) + R(Q) is closed implies

R(P)/(R(P(I = Q)) + (R(P)NR(Q)) = {0}.00

Let us mention that using the result from [79] which says that for any two idempotents
P, @ and o, € C\ {0} such that o+ 8 # 0,

n(aP + BQ) = dim(N((I — P)Q) NN (P)),
and our Theorem 3.2.1 we get the following result:
Theorem 3.2.4 Let P,Q € B(H) be idempotents and R(P(I — Q)) be closed. Then
dim(N(P) N A(Q)) + dim(R(P(I - Q) NR(Q)) = dim(N (I — P)Q) NN (P)).

Notice that if remove the condition that R(P(I — @)) is closed, the equality from the
previous theorem will be still valid.
The next example shows that the formula given in Corollary 4 from [58] stating

that ind(P — Q) = ind(P 4+ Q) + dim(R(P) N R(Q)), in the case when P,Q € B(H)
are orthogonal projections is not true:

Example 3.2.1 Let P,Q € B(ly) be defined by
Pz = (21,0,23,0,z5,...),

Q:B = (1’1,$2,0,l’4,0,$6, .. ')7

for any x = (2,)32, € lp. It is easy to see that P, (@ are orthogonal projections and
that ind(P + Q) = ind(P — Q) = 0 and dim(R(P)NR(Q)) = 1. Hence, ind(P — Q) #
ind(P + Q) + dim(R(P) N R(Q)).
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Unlike the case of orthogonal projectors and idempotents, for classes of k-potent,
nilpotent and partial isometry operators, Fredholmness of linear combinations of oper-
ators in general depends on the choice of scalars «, § € C\ {0} such that a+ 3 # 0. The
following examples illustrate this facts. Recall that an operator A € B(H) is k-potent
if A*¥ = A, where k € N,k > 2, while A is nilpotent operator if A® = 0, for some n € N.
An operator A € B(H,K) is partial isometry if ||Az|| = ||z|| for all z € N(A)+.

Example 3.2.2 (k-potent operators) Let A, B € B(ly) be defined by

1 V3 V3 1 1 V3 V31

Az = (5271 — 71‘2, 71’1 + 51‘2, ey §l‘k — 7&7]9_;,_1, 71’].3 + §[L‘k+1, .. .),
ooy Y3 VB L1 VWG |
Tr = 21’1 9 T2, 2 x ng,...,ka 9 Tk+1, 9 T 2xk+1a"' )

for any = = (2,)%%, € lo. It is easy to see that A" = A and B* = B, so A and B
are k-potent operators. Also, for o, 5 € C\ {0}, if a # £ we have that oA + B is
invertible, so is Fredholm. On the other hand, A + B and A — B are not Fredholm
since n(A+ B) =n(A — B) = oo.

Example 3.2.3 (nilpotent operators) Let A, B € B(ly) be defined by
Al’ = (132 + I3, I3, 0, I + L6, L6, 0, vy T3k—1 + T3k, T3k, 0, .. .),

Bx = (O, 21’3, T, 0, QIG, Lyy - - ,O, 2I3k, T3k—2, - - .),

for any x = (2,,)%%, € l. Than A% = B? = (. It is easy to see that A+ B is invertible,
so is Fredholm and that 24 — B is not Fredholm since n(2A — B) = $(2A — B) = oc.

Example 3.2.4 (partial isometry) Let A, B € B(ly) be defined by

1 \/_§ V3 1 1 V3 V3 1

Az = (5561 Ty T Ty T T T Gk T T Tty o Tk T 5Tk s
B:c—(lsc —\/—gx \/—gsc —|—l:c lsc —ﬁx ﬁx —|—1:c )
- 21 9 2 9 1 227"'72k 92 k+1, 2 k 2k‘+17"'7

for any © = (2,)2, € ly. It is easy to check that A 4+ B is not a Fredholm operator
while A + 2B is Fredholm.
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3.2. SOME PARTICULAR CASES
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Chapter 4

A system of three linear equations
in a ring

Probably the most familiar application of matrices is in solving the systems of
simultaneous linear equations. Let
Az =b (4.1)

be such a system, where b is a given vector and x is an unknown vector. If A is
nonsingular, there is a unique solution for x given by x = A~!b. In the general case,
when A may be singular or rectangular, there may sometimes be no solutions or a
multiplicity of solutions. What can be done in the case when A is rectangular or
nonsingular? Namely, the principal application of {1}-generalized inverses is in solving
the linear systems, where they are used in much the same way as ordinary inverses in
the nonsingular case. The following theorem is a fundamental, well-known result given
by Penrose in 1955. In this chapter, because of simplicity, unspecified inner inverse of
an element A will be denoted by A~.

Theorem 4.0.1 [1053] Let A € C™", B € CP*1 and C € C™*9. Then the matrix
equation
AXB=C (4.2)

is consistent if and only if for some (any) A~ and B~
AA~CB B =C, (4.3)
i which case the general solution is
X=ACB +Y-AAYBB ™,
for arbitrary Y € C™*P.

It is important to emphasize that Penrose’s proof of the previous theorem stay valid
in different settings (C* algebra, ring, vector space of bounded linear operators) with
additional assumptions on regularity of A and B. Specializing Theorem 4.0.1 to the
system (4.1) gives
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Corollary 4.0.1 [11] Let A € C™*"™ and b € C™. Then the system of linear equations
Ax = b is consistent if and only if for some A,

AATbH =0,
i which case the general solution is
r=A"b+ (I —A Ay,
for arbitrary y € C™.

The least-squares, minimum-norm and least-squares minimum-norm solutions of the
equation (4.1) are already described in Theorem 1.3.1, Theorem 1.3.2 and Corollary
1.3.1.

A necessary and sufficient condition for the system of equations

AX = C,

XB_D (4.4)

to have a common solution was given by Cecioni [19], and an expression for the general
common solution by Rao and Mitra [116].

Theorem 4.0.2 [19, 116] A necessary and sufficient conditions for the solvability of
the matriz system (4.4) over C are given by

AAC =C, DB B=D, AD =CB.
In that case a general solution is given by
X=AC+DB —AADB  +(I-A AV —-BB"),
where V' 1s arbitrary.

The system of two linear matrix equations

AlXBl - Cl,

(4.5)
AQXBQ - CQ

seems first to have been studied by Mitra [91] over the complex field. Using the systems
of the form (4.4), they first solved the system (4.5) when A;, Ay, By and B, are non-
negative definite matrices, and then considered the general case.

Theorem 4.0.3 [91] A necessary and sufficient condition for the consistency of the
system (4.5) is

ATA(ATA, + ALAS)~ ACoB (B BY + BoBL) BB}
— AL AL (AT A, + ALAs)” AJC\ B (B, B! + BoB}) " ByB;,
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CHAPTER 4. A SYSTEM OF THREE LINEAR EQUATIONS IN A RING

in which case the general common solution is

X = (AJA; + A3A0) (ALCB; +Y + Z + ACoB)(B1B: + BoBy)~
+U — (ATA; + ASA) (AT Ay + ASA)U(B1B; + BoB3)(Bi Bl + BoBy) ™,

where U s arbitrary, Y and Z are arbitrary solutions of the systems

A;AQ(ATAl + A;AQ)_Y - ATAl (ATAl + A;Ag)_ASCQB;,
Y (BBt + ByB;)"B\Bf = A'C,B; (BB} + ByB}) B,B;

and

ATAI(ATAl + A;Ag)_Z == A;A2<ATA1 + A;Az)iATCHBT,
Z(B\Bf + BoB3)" By B; = A5Co B3 (B By + B2 B3)™ BBy,

respectively.

There have been many generalizations of this problem in different settings. Let us
mention some of them: Van der Woude [150], [149] investigated it over a field, Ozgiiler
and Akar [96] considered it over a principle domain, Wang [142, 141] studied it over an
arbitrary division ring and arbitrary regular ring with identity, Daji¢ [43] discussed it
in a ring with a unit. Here, we give Daji¢’s result. In the rest of the chapter R denotes
a ring with a unit 1 # 0 and R~ is the set of all regular elements of R. We also use
notation r, = 1 —aa™ and [, = 1 — a"a for a € R~ where a~ is an arbitrary inner
inverse of a.

Theorem 4.0.4 [45] Let a;,b;,¢; be elements of a ring R with a unit such that a;,b;
are reqular, a;a; ¢;b; b; = ¢; fori = 1,2 and s = as(1 —ajay),t = (1 — byby )by are
reqular elements. The system of equations

b pu—
a1Tby = (1, (4.6)
CLQQJbQ = Cy
15 consistent if and only if
(1—=ss")(ca—garf)(1—=t"t)=0, (4.7)

where g = (1 — ss™)agay and f = bybe(1 —t7t). In that case the general solution is
given by

r=la;c; — (1 —ajay)s (azajcy —w)]by [1 — bot™ (1 — byby )]
+[(1—=(1—=aja1)s az)a;v+ (1 —ajay)s ct™ (1 —biby)
+2z—(aya; + (1 —ajay)s s)z(biby +tt (1 —byby)),
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where v, w are given by

v=cf+9 (1 —ss )t t+ (a1a] — g~ g)zatt,

w=gc,+ss co(1—t7t)f +ss z1(byby — ff), (48)

21, 22 and z are arbitrary elements of R and f~ =byb1, g~ = aqa; .
When we talk about equations it is inevitably not to mention Sylvester’s equation

AX - XB=C, (4.9)
where A € C"*" B € C™*™ and C' € C"*™, discussed among others by Silvester [129].

I } = (. One of the

This equation can be seen as equation (4.2), i.e. [ A I, ] X [ B

basic result on Equation (4.9) is the following theorem.

Theorem 4.0.5 For given matrices A € C**" and B € C"*", Sylvester’s equation
has a unique solution X for all C € C™" if and only if A and B have no common
eigenvalues.

First generalization of Equation (4.9) is a generalized Sylvester’s matrix equation

AX —-YB=C, (4.10)

where A € C™*" B € C**" and C € C™*". Many problems in systems and control
theory require the solution of Equation (4.10). Roth [120] in 1952 gave a necessary
and sufficient condition for the consistency of the Sylvester’s matrix equation and
generalized Sylvester’s matrix equation.

Theorem 4.0.6 [120] (Roth’s removal rule) The necessary and sufficient condition
that Equation (4.9), where A, B and C' are square matrices of order n with elements in
a field F, has a solution X with elements in F is that the matrices

A C J A 0
0 B a 0 B
are similar.
Theorem 4.0.7 [120] (Roth’s equivalence theorem) The necessary and sufficient con-

dition that Equation (4.10), where A € F™*" B € F¥*" and C € F™ ™, has a solution
X e F™*" Y € F™*® is that the matrices

A C d A 0
0 B o 0 B
are equivalent.
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CHAPTER 4. A SYSTEM OF THREE LINEAR EQUATIONS IN A RING

Recall that two rectangular matrices U and V are equivalent if V = QU P, for some
invertible matrix P € F™*" and some invertible matrix ) € F™*", while two square
matrices U € F™™ and V € F™ " are similar if V = P~1UP, for some invertible matrix
P € F™*™. Other characterization of the solvability of generalized Sylvester’s matrix
equation is given by Baksalary and Kala [6].

Theorem 4.0.8 [6] The necessary and sufficient condition that the equation (4.10),
where A € F™*" B € F**™ and C' € F™*", has a solution X € F™*"Y € F™*5 is that

(I — AA™)C(I — B~B) = 0.

If this is the case, the general solution of (4.10) has the form

X=AC+AZB+(I-A AW,
Y=-(I-AA")CB +Z— (I - AA")ZBB™,

with W € F™™ and Z € F"™*5 are arbitrary matrices.

Further generalization of Equation (4.10) is more generalized Sylvester equation
which in the ring case can be written as

axb+ cyd = e, (4.11)

for a,b,c,d,e € R. Equation (4.11) was considered by many authors [5, 141, 43]. In
the previous research the solvability of Sylvester equation (4.11) was considered as the
solvability of a special case of (4.6) given by

gyd = rae, (4.12)
cyh = ely, '

where g = r,c, h = dl, and Theorem 4.0.4 (or analogue result in different setting) was
applied. As the result of that particular research the condition for the existence of a
joint solution of the equations from (4.12) is superfluous. Therefore, Theorem 4.0.4 is
not really necessary.

Indeed, if y; and y, are solutions of the first and second equations from (4.12)
respectively then we can check that both, y; and y,, are solutions of the equation
gyh = rel,. Hence by Lemma 4.0.1 there exists u € R such that y; = yo+u—g~ guhh™.
It proves that z = y; — l,u = y2 + g~ gury, is a solution of system (4.12).

However, combining the previous results after some considerations it can be con-
cluded that one regularity and one algebraic condition can be omitted from the ap-
propriate result of [43], so we give the following result which is similar to the result of
Bekselary and Kala [5] for matrices over a field.

Theorem 4.0.9 Let e € R and a,b,c,d € R~ be such that g = r,c and h = dl, are
reqular. Equation (4.11) is consistent if and only if
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4.1. ALGEBRAIC SOLVABILITY CONDITIONS

gg reed d =rqe and ccelyh™h = ely,

where all inner inverses involved are arbitrary but fixed. In that case the general solution
s given by

y=g reed” + (ly¢” + g ry)elyh™ +w — ¢ clyjwhh™ — g~ gwdd ™,
r=a (e—cyd)b” +z—a azbb™,

where z,w € R are arbitrary.

4.1 Algebraic solvability conditions

Even though there are a certain number of papers concerning the system (4.6) in
the literature, there are just few papers that considered the system of three linear
matrix equations

AlXBl - Cl,
A X By = Cy, (4.13)
AgXBg == 03.

Precisely, we are familiar with two papers [67], [135] and in both of them the methods
used in the proofs are based on some properties of rank of matrices, so the results
cannot be applied in the ring case. Here, we present the result from [135].

Theorem 4.1.1 [135] The system of matriz equations (4.13) have a common solution
iof and only if the following eleven rank equalities hold:

r([ 4 G ) =r(d), r([ngﬂ(Bi), =123

(C, 0 A AT
r 0 —02 AQ :7“( Al )+7’([B1 B2 ])7
| B B, 0 L2
;0 A AT
r 0 —C3 A; :r( Al )+7’([B1 Bs ),
| B By 0 | L
Cy 0 Ay AT
T 0 —03 A3 —T( A2 )+7’([ BQ 33 ])7
| B, By 0 | L4
01 0 0 Al Al
0 —Cy, 0 Ay 0 A
r 0 0 -G 0 A =r Ay 0 +r([ B1 B Bs]),
| Bi B, By 0 0 0 4
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CHAPTER 4. A SYSTEM OF THREE LINEAR EQUATIONS IN A RING

C; 0 0 A
0 —02 0 AQ Al
r 0 0 —03 Ag =T AQ +7’<|:B1 B2 0 :|)
By B, 0 0 As
By 0 By 0

In this section, we will present the purely algebraic conditions for the solvability of
the system of the equations (4.13), in the ring case, as well as its general solution form
presented in [89]. We generalize the method given in [43] for the system of two linear
equations (4.6) and we start with some auxiliary results. The forms of inner inverses of

the elements in R?*! are given in the next lemma which is a consequence of Theorem
4 from [98] and can be found in [44].

Lemma 4.1.1 [44] Let u,v € R™. Then

v(l—uu) ER & [ Z ] is reqular < [ Z ] is reqular < u(l — v v) € R™.
If [ z ] 1s reqular, two of its inner inverses are given by

{ Z }_ —[u - (1 —uwwmou (1—uwm ]

and

[ Z ] =[(1-vopn v —(1—-vonuw |,

where m™ and n~ are inner inverses of m = v(l—u"u) andn = u(l—v~v), respectively.
Remark 4.1.1 Notice that if u,v are regular, then v(1 — v~ u) is not always regular.
For example, if R is a space of bounded linear operators on separable Hilbert space H
there is an operator with closed range which does not preserve closeness of subspaces

of H. Precisely, let H = M @& M+, where M and M+ are infinite dimensional. Let
U = Py and V be given by

sofo 0] [ M [ M
- V'l ‘/'2 : ML ML )
such that V} is isomorphism and V3 is not regular. Notice that R(V) = M+ so V is
regular, while R(V (I — UTU)) = R(Vz). So V(I — UU) is not regular.

Furthermore, by Lemma 4.1.1 we derive the forms of the inner inverse of the ele-
ments in R3*!, which will be used in the proof of the main result.

Lemma 4.1.2 Let u,v,w € R.
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4.1. ALGEBRAIC SOLVABILITY CONDITIONS

U
(1) Ifu,vl, € R™, then | v | is reqular < wl,l,, € R™, in which case
w
ul” (1 = Llur, (wlyly, )~ w) (u™ — (vl ~vu™) 17
v = (1 = Lyly, (wlyly, )~ W)l (vl,) ™ ) (4.14)
w lulvlu (wlulvlu)i

u
(i) Ifv,ul, € R™, then [ v ] is reqular < wl,l,, € R, in which case

il

(i13) If w,ul, € R™, then ] is reqular < vlyly, € R, in which case

l lulv (wlyly,) " w)(v™ = 1, (ul,)~

— Uyl (wlylog, )W)l (uly)~ g
)"uv”) ]
l lulv (wlvlulv)_

l lul (’Ul lulw)
— Lipluty, (Vlplur, )~ 0) (W™ — Ly (uly) " uw™)

u
(iv) If u,wl, € R™, then | v ] is reqular < vl ly, € R™, in which case
w

[ lwlu<Ul lwl )_
(1 = Lyl (0l ) ~0)y (wly,) ™

] (1 = Lulog, (vlylur, )~ 0) (u™ — Ly(wly)~wu=) 7

[ Ll (0l Lty )0l ()~ '

(v) If v,wl, € R™, then ] is reqular < ulyly, € R™, in which case

lvlwlv (uzvlwlv )7 g
v = | (1= lyly, (ulply,) w)(v™ =l (wl,) " wov™)
w (1 = Ly, (ulyli, )~ w)ly(wly,) ™
U
(vi) If w,vl, € R™, then | v | is reqgular < ulyly, € R, in which case
w

w | Liloty, (Wlylyr, )™ !
v = (1 = Ll (uliplyy, )~ u)ly(vly) ™ )
(1 — Lyl (ulyly,) " uw) (W™ — Ly (vly) "vw™)
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CHAPTER 4. A SYSTEM OF THREE LINEAR EQUATIONS IN A RING

u] and
)

w respectively and omit unnecessary regularities by using the first form of inner inverse

Proof. (i) The result follows from Lemma 4.1.1 when we replace v and v by [

of z . (Lemma 4.1.1 is still correct for u € R**!.) The concrete proof follows.

u
If wilyly, € R™, we can check that (4.14) is correct. Conversely, if | v | is regular
w
with an inner inverse [ p q T ] , multiplying the equation
U u u
v [ p q r ] v|=1wv
w w w
0 0 0
by 0 0 0 | from the left and by [,l,;, from the right,
wly, (vly) vu™ —wu™  —wl,(vl,)” 1
we get
0 0
0 = 0
Wiy ly, rwlyly, Wiyly,
U
(77) — (vi) This follows from (i) because matrix | v | is regular if and only if matrix
w
with any permutation of its rows is regular with an inner inverse whose columns are

u
appropriate permutation of columns of inner inverse of matrix | v | .0
w

Corollary 4.1.1 Let u,v,w, ul,,vl,,wl, € R~. Then

Ulylyt, € R™ < ulyly, € R™ < vlyly, € R < vlylu, € R™
& wlyly, € R™ < wlyly, € R

At the same manner, or just taking adjoint elements in rings with involution, we can
get

Lemma 4.1.3 Let u,v,w € R.
(i) If u,ryv € R™, then [ u vow } is reqular < 1., w € R™, in which case
(u™ —u v(ry) 1) (1 — W(rewruW)  TryeTy)

[u v w] = (140) "7 (1 = W (7, oy W) " TryoT) . (4.15)

(Tr 0T W) Ty
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4.1. ALGEBRAIC SOLVABILITY CONDITIONS

(13) If v,r,u € R™, then [ u v ow } is reqular < 1., row € R™, in which case

(rvu)*rv(l - w(’rruu"ﬂvw)i"“ruurv)
[uw v w] = | (7 =vulrw) ) (1 = wrurw) rur)
(TryuloW) " Tryuly

(131) If w,ry,u € R, then [ U vow } is reqular < r, .U € R™, in which case

(rot) rw(1 — 0(rry W) TryuTw)
[ U v w ]_ = (Trpulw?)  Trgulw
(U)f — w’u(rwu)fﬁu)(l - U(Trwurwv)irrwurw)

() If u,ryw € R~ then [ U vow } 1s reqular < ., 0 € R™, in which case
(u™ —u”w(r,w) ry) (1 — v(rrywra®)  Trwl)
[ u v ow r = (FrywTul)  Tryw’
(row) Ty (1 = 0(TrywTu®)  Trywr)
(v) If v,ryw € R™, then [ u v ow ] is reqular < 1. ,ro,u € R~ in which case
(Trvavu)irmwrv
[ U vow }_ = | (v7 — v w(r,w) 1) (1 — u(rywrtt)  Trwr)
(rUU))_TU(l - u(rvarvu>_rrvwrv)
(vi) If w,ryv € R™, then [ uvow } is reqular < 1, Tt € R™, tn which case
(rrwvrwu)_rrwurw
[ U vow ]_ = (1) Tl — w(rey, o rwtt) TryoTw)
(W™ = wV(ryv) Ty (1 — w(re,, rwtt) " TrpoTw)

Corollary 4.1.2 Let u,v,w,r,v, r,w,r,u € R™. Then

Trowlol € R™ & 1 oTwtt € RT S 1Ty € RT S 1yl € RT
S Tp W €ER™ &1y € R

u u
Let us compute | v v and [ U vow }_ [ U vow } , using formulaes
w w

(4.14) and (4.15) respectively, since it will be used later on. After a straightforward
computation, we get the following

U u | uu” 0 0
v v = Tol, VU™ vl (vly)~ 0
w w Twlyly, W1 — L(l)T0)U™ T, Whi(vl) ™ wlhily, (Wi, )~
(4.16)
and
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vu o w vl uT(1—=v(rw)Tr ) wl, e
(v v w] [unv w]= 0 (ryv) ryw (1) Tyl row
0 0 (T o T W) Ty T W
(4.17)
The following two lemmas will be useful in the proving of Theorem 4.1.2.

Lemma 4.1.4 [45] Let u,v € R~ be such that s = vl,,t = r,v are reqular. Then
g =rsuu_ and f=u vl

are reqular with inner inverses f~ = v~ u and g~ = uv~, respectively. Element ryv is
also regqular with inner inverse v—.

Lemma 4.1.5 Let p,q € R be idempotents and ¢ € R. The equation
r—prq=-c (4.18)

is solvable if and only if pcq = 0. In that case the set of solutions is given by {c+ ptq |
teR}.

Proof. If Equation (4.18) is solvable, then there exists zy € R such that
Ty — proq = C. (4.19)

Multiplying the equality (4.19) by p from the left and by ¢ from the right, we get
0 = pcq. Conversely, if pcg = 0, then x = ¢ is a solution of Equation (4.18).

Now, let Equation (4.18) be solvable. If x is a solution of this equation, then z =
c+prq € {c+ptq|t e R} Also, can be checked, since pcg = 0, that all the elements
of the set {c+ ptq | t € R} are solutions of Equation (4.18).00

Theorem 4.1.2 Let a;, b;, ¢c; be elements of a ring R with a unit such that a;,b; are
reqular and a;a; c;b; b, = ¢; for i = 1,3. Additionally, let s = asly,,j = asgly,,m =
Jls,t =14, b2, k = 14, b3, n = ik be regular elements. The system of equations

a1xby = ¢y,
CLQZL'bQ = C9, (420)
agxbg = C3

is consistent if and only if the following condition holds
rs(cy — agay c1bybo)ly =0 (4.21)
and the given equation is solvable by y1,ys € R
Tmglay (1 — Lo, s”ag)ay yat™ kly + rmjs ysby (1 — bat™ry, )re,bsl,

= rpfes — js otk — agay rscat "k — jsT ealiby bs (4.22)
— ((13 — jsfag)afclbf(bg — thik')]ln
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Proof. The solvability of the system of equations (4.20) is equivalent to the existence
of z; € R,i = 1,6 such that the equation

aq C1 21 &9
Q9 X [ b1 b2 bg ] = zZ3 Co 24 (423)
as Z5 Z2¢ C3

is solvable by z. The consistency of Equation (4.23) is, by Lemma 4.0.1, equivalent
with

ax ay €1 21 %2 €1 21 %2
az az 23 C2 24 [ bi by b3 } [ bi by b3 } = | %3 C2 24
as as Zr Z2¢ C3 Z5 Zg C3
(4.24)

Using (4.16) and (4.17), by a straightforward computation, we conclude that the solv-
ability of the system (4.20) is equivalent to the existence of z; € R,i = 1,6 such that
the approaching nine conditions from the matrix equation (4.24) are satisfied.
Positions (1.1),(1.2),(2.1) and (2.2) in the matrix equation (4.24) are equivalent
to the existence of the common solution of the first and second equations from (4.20)
(which is exactly condition (4.21)) and the condition that z; and z3 are given by

z] = le + g rscot ala;lgylt_tv (4 25)
Z3 = gcC1 -+ 887C21tf7 + 557y3rfb17b1’ |

where g = rsasay, f = by baoly, g~ = ajasy, [~ = by by, and y1,y3 € R are arbitrary (this
is a direct result of Theorem 4.0.4).
Positions (1.3) and (3.1) in (4.24) are exactly

c1by (b — bot k)L, + aray 21t~ kl, = 22 — aray zen m,
rm(ag — js~as)ay ¢y + rpjs z3by by = z5 — mm” z5by by,

therefore by Lemma 4.1.5, the above equations are solvable by zs, z5 respectively, for
all zq, z3 and the general forms of solutions are given by

29 = ¢1by (by — bt " k), + aray z1t”kl, + a1ay yan ™ n,
25 = ry(as — js~ag)ajy ey + rmjs” z3by by + mm”ysby by,
where 15, y5 € R are arbitrary.

In addition, by replacing in the above two equations the appropriate z; and 23 given
by (4.25), and using that tt~kl,, = kl,,rmjs—s = rn,j, we get

2o = (e1by (b3 — bat ™ k) + g~ rscat™ k)l + aray Lyyat~kl, + aray yan n, (4.26)
25 = Tm((az — js~az)ayci + js~cale f7) 4 rings”yar by b + mm”ysby by '
Similarly, the positions (2.3) and (3.2) in (4.24) are

(gc1 + 887 23)by (bs — bat k)l + (921 + ss™ o)t kly, + gzon™n = z4 — 88~ z4n™n,
rm(as — js"ag)ay (e f + z1t7t) + rpgs™ (zaf + cot7t) + mm™ z5 f = 2 — mm™ 2zt t.
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By Lemma 4.1.5, the above equations are solvable by z4, zg respectively, for all z1, 29, 23, 25
and general forms of solutions are given by

zg = (geg + ss™ 23)by (bg — bat™ k), + (921 + 88~ co)t™ kly, + gzon ™ n + ss” yyn™ n,
26 = Tmlag —js ag)ay (crf + z1t7t) + rmgs (z3f + ot t) + mm™ z5 f + mm ™ yet ™ t,

where y4, ys € R are arbitrary.
Next, when we replace in the above two equations the appropriate z1, 2o, 23, 25 given
by (4.25) and (4.26), and using that

gaay =9,

byof =f,

rm(ag — js~ag)aya; = ry(az — js~ as),

biby (bs — bat™ k)ln = (bs — bat k)1, (4.27)

rm(as — js~as)ay ajas rsCo = Tpa3a4 T5Co,

CgltbQ_blbl_ (bg — th_k)ln = Cgltbz_bgln,

we get

24 = (gc1 + ssysrf)by (bg — bat ™ k)1, + 55~ caliby bsly, + (gg~1sc2 + ss~ o)t kl,
+ gyon N+ ss yan n,
(4.28)
26 = rm(as — js~ag)ay (c1f + Lyt t) + rasag rscat ™t + 1 js~ (i f~ f + ot t)
+mmTysf +mm yst t,

where y1, Yo, Y3, Ys, Y5, Ys € R are arbitrary. The first two equalities from (4.27) are

evident. Let us prove the third and fifth equalities (the fourth and sixth will follow in
the similar way).

Since 0 = r,,m, we have r,asly, = rmjs” asly,, i.e. ry(az — js ag)l,, = 0 which is

equivalent with the third equality from (4.27). To prove the fifth equality from (4.27)

notice that

rm(ag — js~ag)ay ajay rsca = rp(as — JSTa2)ay rsCy = TpG3aq TsCo — Ty jS~ G2ay T'sCa

= I'pQ305 TsCo — Ty ]S T'sCoy = TpyA3Qy TsCo — TS Co = T'pA3as T'sCa.
The last position (3.3) of (4.24) is given by
rml(as — js~ag)ay z1t”k + js~ 2307 (bs — bot ™ k)1, +

rml(as — js~ag)ay zo + js~ za)n"n 4+ mm” [z5b] (bs — bat k) + 26t K|, =

3 —mm-cesn n —rpjs cot” kl, — rym(as — js”ag)ay c1by (bs — bot T k)i,
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which is if we replace z;, i = 1,6 equivalent to

rml(as — js~az)ay lyyit™k + js~ ysreby (bs — bat™ k)|, +
rml(as — s~ ag)ay ya + js yaln n + mm” [ysby (bs — bat ™ k) + yet~ kL, (4.20)
=c3—mm c3n N —ryljs ot k4 agagrscat ™k + js” caliby by '

+(a3 - jS_ag)al_Clbl_(bg - bgt_k’)]ln.

Notice that y1,ys, ¥, Y4, Y5, ys € R are the solutions of (4.29) if and only if y; and
y3 are the solutions of

Tml(az — js~az)ay lyyit™k + js~ysrpby (bs — bot™ k)1, =
Tmlcs — Js~ ot "k — azag recot” k — jsT colyby by (4.30)
—<G3 — jSiag)Cl;Clb; (bg — bgtik)]ln,

Yo and gy, are the solutions of

rml(as — js"ag)ay ys + js yaln n = rpcsnn, (4.31)
and y5 and yg are the solutions of

mm™ [ysby (bs — bat™ k) + yet~ k]l, = mm™ csl,. (4.32)

Namely, let y1, ys, Y2, Ya, Us, ys be the solutions of (4.29). Multiplying Equation (4.29)
by 7, from the left and by [, from the right we get that y; and y3 are the solutions of
Equation (4.30). At the same manner, multiplying Equation (4.29) by r,, from the left
and by n~n from the right, we get that y, and y4 are the solutions of Equation (4.31),
and multiplying Equation (4.29) by mm ™~ from the left and by [,, from the right we get
that ys and ys are the solutions of Equation (4.32). Conversely, let yi,ys, and ys, 4,
and ys,ys be the solutions of Equations (4.30),(4.31) and (4.32), respectively. If we
sum up these three equations we exactly get that vy, ys, y2, ¥4, ys, ys are the solutions
of Equation (4.29).

As a result, there are three general Sylvester equations, where it will be shown that
(4.31) and (4.32) always have a solution. First, note that elements r,,js~ and ¢t kl,
are regular by Lemma 4.1.4 with inner inverses sj~ and k™t respectively. By Lemma
4.0.1, the solvability of Equation (4.31) is equivalent to the solvability of the equation

(1 —rpnjji )rm(as — js ag)ayyan n = (1 — ryj7 7 )rmesn n. (4.33)

Since

(1 - ijj_)rm =Tm — Tm].]_(l - mm_) m::ﬂs 'm — ijj_ +rpmms = T'mTj
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and
(1 - ijj_>7ﬂm(a3 - js_a2)a1_ = Tmrj<a3 - jS_CLQ)al_ = Tmrjafﬂa’l_’

we get that (4.33) is equivalent to

TmTja3ay Yol N = TpyTiC3n N, (4.34)

Using the fact that agascs = c3 and that r,r;jasa; is regular with inner inverse
ajay , it can be seen that (4.34) is always solvable with the general solution

Yo = Q103 C3 + Uy — Q103 Ty, T;G307 UM M. (4.35)
So, Equation (4.31) is solvable with the general solutions given by (4.35) and (4.36),

Yas = 8J [TmC3 — rm(az — js~az)ay yo]n n +ug — 85" rmjs uan n
= $J rmjls azaz cs + (s as(l — azryrias) — jTaz)ayusinn (4.36)

4+ Uy — 8 TmjS ugn n,
where us, 1y € R are arbitrary.

At the same manner, the consistency of Equation (4.32) is equivalent to the con-
sistency of the equation

mm”ysby (bs — bat " k)1, (1 — k™ kl,) = mm™c3l, (1 — k™ kly,),
i.e.
mm” ysby bslil, = mm™ cslyl,. (4.37)

Having in mind that c3b; by = c3 and b3 by € by bslil, {1}, Equation (4.37) is consis-
tent with the general solution

Ys = Cgbgbl + ug — mm_u5b1_bglklnb§b1 (438)
which together with

ye = mm” [c3ly, — ysby (bs — bat " k)l |kt + ug — mm " ugt "kl k™t
— v [esbiy bat~ + usbi (1 — baliplnby Yoot~ — bak™ ) klnkt (4.39)

+ ug — mm~ ugt kl, k™t

gives the general solution of (4.32) for arbitrary us, ug € R.
We get that (4.30) is actually (4.22), using that

rm(as — jsaz)ayly = rpasly, (1 — lo, s~ ag)ay,

T’fbl_(bg — bgt_k)ln = bl_(l — bgt_Tbl)T’begln.
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Indeed,

rm(as — jsaz)ayly = rpazay — rymjs asa; — ry(as — js”az)ag rsaza; =
TmQ30] — TmJS Q20] — Tm03ly TsAad] + T'yp]s TsQo] =

Tm0slay @] — Tmsle, S~ asa;] + rpazag asly, s~ asay = rymasly, (1 — 1y, s asz)ay ,
and the second equality can be obtained in the same manner. [
Remark 4.1.2 Notice that by Remark 4.1.1 we cannot omit the assumed regularities.

In order to derive algebraic conditions for the solvability of the system of the equa-
tions (4.13), we discuss the solvability of Equation (4.22). Since

Tm0slay (1 — o, 8" ag)ay a; = rpasle, (1 — 1y, 8" as),

we have that the regularity of the element r,,as3l,, is sufficient (and necessary) for the
regularity of the element a = r,,a3l,,(1 —l,, 8 as)a; . Furthermore, the inner inverse of
a is a1la, (rmasla,)” and 74 = 7y, a4, - Similarly, since

bﬂ);(l — bgti'f’bl)Tbe;gln = (1 — bgti’l”bl)hhbgln,

the inner inverse of element d = by (1 — bot ™1y, )ry,b3l, is (rp,b3l,) 1p,01. Let G =
TaTmJS™ = Trpasle,"mJS and H = by (1 — bat™ 1y, )1p,b3lkl,. We have that G— =
S<T7"ma3la2 ij)i and, since

blbl_(l — bgt_Tbl)’r’b2b3lkln = (1 — bgt_Tbl)Tb2b3lkln,

we get that H~ = (rp,b3lkl,) rp,b1. Let p = asly,,q = 1,03 and e = ¢35 — js cot ™k —
a3y TsCot ™k — jsT caliby by — (a3 — js~ag)ay ¢1by (bs —bat™ k). Theorem 4.0.9 implies that
Equation (4.22) is solvable if and only if

TropTmd (TrpTm)” TrnpTm€ln (qln) " qly = 10 pTmely, (4.40)

TmJJ~ eliln(qliln) " qlily = rmelil,. (4.41)

Let us simplify the above conditions. Since Iy, + (¢l,) ql, = 1, if we multiply (4.40)
from the right, first by l,, and then by (¢l,) ¢l,, we get that (4.40) is equivalent with
the following two conditions:

TropTm€lnlg,, =0,

Tnmprijrmmeeln(qln)iqln = O,
ie.

TrpTm€lnlg,, = 0, (4.49)

rrrmpmjrrmprmeln =0.

Similarly, using that {y,;, + (¢lil,) " qlil, = 1, if we multiply (4.41) from the right, first
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by lg,., and then by (qlkl,)~ qlil,, we get that (4.41) is equivalent with the following
two conditions

rmelklnlqlkln == 0,

4.43

T i€l (qliln) " qlil, = 0. ( )
By rj = rjrm,, (4.43) is further equivalent with
melilyl =0,

TmER gty (4.44)

rmTjelpl, = 0.

When we replace the formulae for e in the conditions (4.42) and (4.44), we get that
Equation (4.22) is consistent if and only if the following four conditions hold

Tt (cs — azay ¢1by bs)lgl, =0,

Tm(cs — js™ caliby by — (a3 — js~az)ay c1by bs)lilnly,, =0,

4.45

Try i TrmpTm (C3 — G305 TsCot ™k — agay c1by (bs — bat™ k), = 0, ( )
TrpTm€lnlg,, = 0.
Having in mind that

Tj(Cg - a3a1_61b1_bg)lk =0 (446)

is the exact condition for the existence of the common solution of the first and third
equations from (4.20), we can conclude that the first condition from (4.45) can be
replaced by (4.46) in the case when the rest three conditions from (4.45) and the
condition (4.21) are satisfied and all equations from (4.20) are solvable separately.
Also, by Theorem 4.0.9, the solutions y3 and y; of Equation (4.22) are given by

Ys = S(TTmPij)_rrmprmeln(qln)_Tbgbl

+5(lry, rid” (1 =570 (TrpTmd)” Trp) Tmeliln (qlily) 1o, b1

4.47
+uz = 85 Tl yrmgs usby (1 — bat ™o, )qliln(qleln) 15,01 (447
- S(Trmprmj)_rrmprmjs_ufibl_(1 - th_Tbl)qln(qln)_erbla
and
Y1 = ailay (rmp) " rmle = G (rrpTmd) Trnprme
- jlrrmprmj57u3bli(1 - b2t77‘b1)rqlklnq (4 48)

- (1 - j(rrmprmj)_Trmprm)elkln(qlkln)_Q]lnk_t + uq
- allaQ (Tmp>77jmp(1 - la1sia2)a17ultiklnkita

where uy,u3 € R are arbitrary.
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Let us now compute the general solution of system (4.20). We have that

ay 1 =21 %2

r = a9 zZ3 Co 24 [bl bQ b3}7+u—
as %5 26 C3
ap | | m
Q9 Q9 u[bl b2 bg][bl b2 bg]_,
as as

where u € R is arbitrary and z; € R,i = 1,6 are such that Equation (4.23) is solvable.
By (4.14) and (4.15) we get

r=(1—1ylsm as)(a] — ls, s asay )[(e1by (1 — bot™ry,) + 21t 7y, ) (1 — b3n"rery,)
+ zon ey, + (1 — Ly lsm™ag)la, s~ (2307 (1 — bt " 1y,)
+ ot 1y ) (1 — bsn " ryry,) 4 zan” iy, |+ Loy Lsm T (2507 (1 — bot " 1,)

+ 2zt rp ) (1L — bsn"ryry, ) + csn |+ u — (1 — Loy Ll )u(1 — rpryry,),

(4.49)

where z;,7 = 1,6 are given by (4.25), (4.26), (4.28); y;,7 = 1, 6 are given by (4.35), (4.36),
(4.38),(4.39), (4.47), (4.48) and u,u; € R,i = 1,6 are arbitrary. Finally, we get the
main result of this section:

Theorem 4.1.3 Let a;, b;, ¢; be elements of a ring R with a unit such that a;, b; are reg-
ular and a;a; c;b; b; = ¢; for i = 1,3. Additionally, let s = aola,, 7 = asly,,m = jls,t =
7o, b2, k = 13,03, = 1¢k, p = asla,, q = ry,b3 be such that s, j,m, t, k, n,rmp, qln, Tr, pTmJs
qlil, € R™. The following are equivalent:

(1) The system of equations (4.20) is consistent.
(7i) The conditions
rs(co — agay ¢1by ba)ly =0,
Tt mJ (TrpTmd)” TrmpTm€ln(qln)” qln = Trpprmely,
ijj_elkln(qlkln>_qlkln = Tmelkln
are satisfied, where e = c3 — js cot™k — agagrscat™k — jsTcoliby by — (az —
jsfag)al_clbl_ (bg — bgtik)
(1ii) The conditions
rs(ca — asay c1by b))l = 0,
T’j(C3 - agal_clbl_bg)lk = 07
rm(cs — js~ caliby by — (a3 — js~az)ay c1by bs)lilnly,i, =0,
ey ormiTrmpTm (C3 — G305 TsCot ™k — agay c1by (bs — bat™ k)L, = 0,
TropTm(C3 — JS™Cot ™k — agag rscat™k — js™caliby bs
—(Gg — js*az)afclbf(bg — bgtik))lnlqln =0

are satisfied.
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In that case, the general solution of (4.20) is given by (4.49), where

21 =c1f + g rscat t + arle, (Tmp) Tmle — (Ve pTmJ)” Trpplme
— Gl e S Usby (1= bat ™13, )7 g1,0,q
— (1 = 5(rrpTmd) TrmpTm)€liln (qleln) " qlln k™t + aray Lyustt™
— A1lay (Tmp) (1 — oy 8~ ag)ay urt™ kl, k™ t,

2o = (c1by (bs — bat™ k) + g rscat™ k)l + araz csn™ n + a1 (1 — ag rprjas)ay usn™ n
1lay (rmp) " Tmle = J(TrpTmd)  TropTm€ = Jlry. i sy (1 — bot ™1, )7 g1,0,4
— (1= J(rrpTmd) TropTm)elieln (qleln) " qlk™ kL, + aray Lyust™ kL,
= @il (rmp) " rmp(1 = loy s~ az)ay uit ™ kly,

23 = gc1 + 8s Cali f7 4 S(TrypTmd) TrpTmeln(ql) 7,01
+5(lry, prmid (1= 7 Tmd) (TrpTmd)” Trmp) Tmeliln (qliely) 16,01
+ 55 ugr by by — 8 il S usby (1= bot ™1y, )qliln (qliln) e, b1
— $(TrpTmd) TrpTmJ s usby (1 — bat ™1y, )qln(qly) " 1,01,

24 = ge1by (by — bat k)l + s~ caliby bsly, + (g9~ rsca + 88~ co)t™ kly, + rsasaz csn™n
+ rsas(l — agrimrjaz)ay uen n+ S5 rmjlsT asaz cs + (s ax(l — azryrias)
—jaz)ayugn n+ s(1 — j rmi)s wan n 4+ $(re pTmd) Trpptmeln(qln) " qly,
+ 5Ly, rmid (L= 377md) (PrpTmd)” Trop) Tmeliln (qliln) ~ gl
+5ly,,
— 8J TmJl,, yrmiS by (1= bot ™1y, ) qliln (qliln) ~ gln,

25 = rm((ag — js~as)aycy + js~ coly f7) +mm ™ c3bs by + mm ™ usby (1 — bslil,bg )by
+ T (PrapTmd)” TrwpTm €l (@ln) " Toy 01 4 T ilen rnid ™ Tm€leln (qliln) " T,01
+ g s usr by by — gl s usby (1= bot ™1y, ) qliln (qliln) " re,01
— T (PropTmd)” TrppTmJ S ugby (1 — bat ™16, )qln(qly) 76,01,

26 = rm(ag — js"ag)ay c1 f + rpazag recot "t 4+ ryjs (coly f T f 4 cat™t)

+ mm” csby baly + mm T usby (1 — bslil,bg )baly + mm™ [cgbs bat™

S ushy (1 = balilby Yoat™ — bak ™ )klpk—t + mm~ugt= (1 — ki, k™)t

+ rmp(l =l s"ag)ayuit™ (1 — ki, k™)t

+ TD(TmD) Tmle = jl., rmiS Usby (1 — bat ™ 714, )Tq1,0,9

— J(TrpTmd)  TrmpTm€ — (L = J(7rpPmd) ” TrppTm) €lkln (qliln) ~q)ln k™ t,

;8 usby (1 — bot 1y, )gly,

u,u; € R,i = 1,6 are arbitrary, g = rsasay, f = b boly, g~ = ajay , f~ = by by, and e is
as in (i1).
As an application of Theorem 4.1.3 we get necessary and sufficient conditions for the

existence of common inner inverse of three regular elements.

Corollary 4.1.3 Let a;,i = 1,3 be reqular elements of a unitary ring R, with inner
inverses a; ,i = 1,3, and let s = asla,,j = asly,m = jls,t = re,as,k = rqaz,n =

7 )
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rik,p = asla,,q = rq,a3 be such that s, j,m,t,k,n,rmp, qln, Trp"mJ, ¢leln, € R™. Then
elements a;,i = 1,3 have a common inner inverse if and only if the following conditions
are satisfied

rsag(as — ay )asly =0,

rjas(as —ay)asly =0,

rmlas(as —ay) — js as(ay — ay)aslelnly,, =0,

oy ormiTrmpTm@3[ (a3 — ay )ag — (ay — ay )agt™ k)l, =0,
TropTml@s(as — ay)as — as(ay — ay )ast™k — js~ as(ay — ay )as

+js"as(ay — ay )ast” kllyly, = 0.

Proof. Result follows from (i) < (4i7) in Theorem 4.1.3 after some computations. [J

4.2 Possible directions of further research

In the setting of operators the consideration of the solvability of the equation
AXB = (' is much more difficult than in matrix settings. If A and B are closed
range operators on Hilbert spaces, then Theorem 4.0.1 can be applied. But, Theorem
4.0.1 can not be applied in the general case. To present the solvability conditions for
Equation (4.2) it is necessary to introduce the concept of generalized inverses for arbi-
trary operators. Let Hy, Hs, Hz and H4 be complex Hilbert spaces with inner product
(-,-). In this section, for an operator A € B(H1,Hs) by its inner inverse we mean the
arbitrary linear operator A : D(A") C Hy — H; with R(A) € D(A’) and

AAA= A
Thus, A" ¢ B(Hy,H1), in general. If, in addition, A" verifies
AAA = A,

. . . . . .
then A is called a reflexive inverse of A. Moreover, there exists a unique reflexive
inverse of A which also verifies

!

(AA) |y = AA

and

(A'A) = A'A,

which is called the Moore-Penrose generalized inverse of A and it will be denoted by
AT, Therefore, A" is the unique reflexive inverse of A such that

ATA = Py and AAT = Proglrierca:

The following lemma allows us to use the results on bounded operators for the
Moore-Penrose generalized inverse.
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Lemma 4.2.1 [80] Let A € B(H1,Hz2) and C € B(Hs, Ha) such that R(A) C R(C).
Then CYA € B(H1,Hs).

Let us remark that by a solution of the equation AX B = C, for A € B(H4, Hs), B €
B(H1,H3) and C' € B(H1,Hs), we mean an operator X € B(H3z, H4) which satisfies
(4.2). Equation (4.2) was considered for the first time in 2010 in [80] in general case.
Authors treated (4.2), first if A, B or C has closed range, and second in general case. It
is interesting to mention that if just one of the three operators, A, B or C, has closed
range, the solvability of the equation AX B = C'is equivalent with Penrose’s condition
(4.3), while if neither A, B nor C' has closed range then the Penrose’s assertion fails.
For example, if A = B = C and R(A) is not closed then AA“AA~A = A, while
Equation (4.2) it is not solvable, because an inner inverse of A must be unbounded.

Theorem 4.2.1 [80] Let A € B(Ha,Hz2), B € B(H1,Hs) and C € B(Hi, Ha). If
R(A),R(B) or R(C) is closed then the following conditions are equivalent:

(1) There exists X € B(Hs, Ha) such that AXB = C,
(2) AA=CB~ B = C for every inner inverses, A=, B~, of A and B, respectively,
(3) R(C) CR(A) and R(C*) C R(B").

In the general case we have the following result.

Theorem 4.2.2 [80] Let A € B(Ha, Hz), B € B(H1,Hs) and C € B(Hy,Hz). The
following conditions are equivalent:

(1) There exists X € B(Hs, Ha) such that AXB = C,
(2) R(C) C R(A) and R ((ATC)*) C R(B*),
(3) R(C) C R(A) and there exists Y € B(Hsz, Ha) such that Y B = ATC.

In the proofs of previous two results Lemma 4.2.1 and well-known Douglas lemma are
used. Douglas lemma [48] relates factorization, range inclusion, and majorization of
Hilbert space operators. It has been extensively used in operator theory, in particular in
studies of division and quotients of operators (see [158, 71]), operator range inclusions
[55], and operator inequalities [82]. In the context of Banach spaces results around
the Douglas lemma are given in a recent paper [7]. It also has been generalized for
unbounded operator case, Krein space operator and Hilbert modules case (see [57, 119,
54]).

Theorem 4.2.3 [/8] Let A, B € B(H). The following conditions are equivalent:
(1) R(A) € R(B).
(2) AA* < N2BB* for some constant A > 0.

(3) A= BC, for some C € B(H).
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If the equivalent condition (1) — (3) hold, then there is a unique operator C' such that
(a) ||C|* = inf{\?: AA* < \?BB*}
(b) N(A) = N(C)

(c) R(C) € R(B¥)
This solution is called the Douglas reduced solution and can be expressed as BT A.

There are many papers considering some special subclasses of the solutions of dif-
ferent types of the equations. Existence of a nonnegative definite solution of the matrix
equation AX B = C first was considered by Khatri and Mitra [73] in 1976 in terms of
range conditions.

Theorem 4.2.4 [73] Let A,B,C € C" " be such that the equation AXB = C is
solvable. There exists a nonnegative definite solution X € C™*™ of the equation AX B =
C if and only if

r(B(A+ B)"C(A+ B)~A) = r(A(A + B)"C*) = r(B(A + B)~C).

Evidently in the settings of operators this problem looks much more difficult. The
special case when B = A* (see [41]) of this question was considered for the operator
case, and one generalization was presented by Xu et al. [156] under some regularity
conditions and special condition that R(B) C R(A*). Arias [80] succeeded to remove
regularity conditions but not the condition R(B) C R(A*).

Theorem 4.2.5 [80] Let A € B(Hs, Ha), B € B(H1,Hs), C € B(Hi1,Ha) be such that

R(B) C R(A*). If the equation AXB = C' is solvable then the following conditions
are equivalent:

(1) The exists X € B(Hs)" such that AXB = C.
(2) The exists Y € B(H3)" such that Y B = A'C.

(3) B*AIC >0 and R ((ATC)*) C R ((B*ATC)Y/?).

If one of these conditions holds and we consider the matriz operator decomposition
induced by R(A*) then the general form of the positive solutions is:

X X2
X — t * T
X1 ((Xhﬂ) Xu) <X111/2) X+ F |’

where X1 = PrmY|ggsy with Y € B(Hs) a positive solution of YB = ATC,
R(X12) CR <X111/2> and F € B(N(A)) is positive.
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The existence of a nonnegative definite solution of AXB = C was considered in [53]
in the case of Hilbert C*-modules under the assumption that R(B) C R(A*).

However in the case of the equation X B = C' we have a complete answer obtained
for the first time by Sebestyén [121]:

Theorem 4.2.6 [121] Let B,C € B(H,K) be such that the equation XB = C has a
solution. There exists a positive solution if and only if C*C < A\B*C, for some constant
A>0.

Theorem 4.2.6 was used in proving Theorem 4.2.5 too. On the other side, in [42] a
more general result from [121] which concerns necessary and sufficient conditions for the
existence of a nonnegative definite linear operator on Hilbert space whose restriction
to a subset of this space is given, was used.

Theorem 4.2.7 [121] Let H be a (complex) Hilbert space, Hy its subset, and b a
function on Ho with values in H. There exists B € B(H)T with restriction to Hyg
identical to b if and only if

Chb(h) SM Chb(h), Chh s (450)
o] <. o)

holds with some constant M > 0, for any finite sequence {cp}nhen, of complex numbers
indezed by elements of Hy. In this case, |B|| < M.

Using Douglas and Sebestyén’s lemmas 4.2.3 and 4.2.7, Cvetkovi¢-Ili¢ and al. gave
an equivalent conditions for the existence of a nonnegative definite solution of the
operator Equation (4.2) as well as a general form of a nonnegative definite solution
under the condition of regularity of B*(I — ATA), which is weaker than the condition

R(B) C R(A").

Theorem 4.2.8 [42] Let A € B(Hs, Ha), B € B(Hi1,Hs), C € B(Hi,Hs) be such
that the equation AX B = C' is solvable and R(B*(I — ATA)) is closed. There exist a
nonnegative definite solution of the equation AXB = C' if and only if

(1) (I — P)B*AfC(I — P) > 0,

(2) R((I - P)B*ATC) C R(K),

(3) R((I - P)(ATC)") C R(K),
where P = B*(I — ATA)(B*(I — ATA)! and K = ((I — P)B*ATC(I — P))">. If the
equation AX B = C has a nonnegative definite solution set QQ = (B*(I — ATA))TB*(I —

AYA) and Z15 = (I — P)B*ATCP. Then any nonnegative definite solution X of AX B =
C is given on R(B) ® R(B)* by

X = A'CB' + (B*(I — ATA)(Z — B*ATC)B" + W — (ATA + Q)W BB,
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where
7Z = (I — P)B*A'C + P(B*A'C)*(I — P) + (K'Zy,)*"K'Z;5 + PFP,

and W € B(M3) is such that R (((I —Q)(I — ATA)WB)") C R(K + (K'Zp)* +
(PFP)Y?), F € B(H1)" and R (P(ATC)* — (K'Z15)*KT(ATC)*)) C R ((PFP)"?).

The research from [42] can be continued. The idea presented in [42] can be used
with some modifications to generalize the result from [53] in the case of Hilbert C*-
modules without any range condition. Also, interesting application of Theorem 4.2.8
can be obtained in finding necessary and sufficient conditions for the existence of a
nonnegative definite solution of the system of equations (4.5).
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