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Abstract

The aim of this thesis is to study the solvability of the Lyapunov (AX — X B = C),
the Sylvester (AX —Y B = C) and the Riccati (AX — XB+XDX = C') operator
equations in Hilbert spaces of infinite dimensions using generalized inverses. More
precisely, we give new necessary and sufficient conditions for the solvability to the
operator equations AX — XB =(C and AX —Y B = C, where A and B are group
invertible. In addition the general solutions to the equation AX — Y B = C, are
derived in terms of the group inverse of A and B. As a consequence, new necessary
and sufficient conditions for the solvability to the operator equation AY B—Y = C,
are derived. Next by application of the generalized Drazin inverse, we give a new
method for solving Riccati and Lyapunov operator equations in Hilbert space. Re-
sults are applied to Riccati and Lyapunov operator differential equations.

Key words : Hilbert spaces, Inner inverse, Drazin inverse, Group inverse, Gen-
eralized Drazin inverse, Lyapunov equation, Riccati equation, Sylvester equation,
Pseudo-similarity, Pseudo-equivalence.

AMS Classification : Primary 47A62; Secondary 15A009.

Résumé

Le but de cette thése est d’étudier la solvabilité des équations opératorielles de Lya-
punov (AX—XB = (), Sylvester (AX —Y B = () et Riccati (AX—XB+XDX =
C'") sur des espaces de Hilbert de dimension infinie en utilisant les inverses général-
isés. Plus précisément, nous donnons de nouvelles conditions nécessaires et suff-
isantes d’existence des solutions des équations opératorielles AX — XB = C et
AX —YB = C, ou A et B sont des opérateurs groupe inversibles. De plus les
formes des solutions générales de 1'‘équation AX —Y B = (| sont données en terme
des groupe inverses des opérateurs A et B. Comme conséquence, nous déduisons
de nouvelles conditions nécessaires et suffisantes pour la solvabilité de ’équation
AY B —Y = C. Ensuite, par application de I'inverse de Drazin généralisé, nous
donnons une nouvelle méthode pour résoudre les équations de Riccati et de Lya-
punov. Les résultats obtenus sont appliqués aux problémes de Cauchy pour les
équations différentielles opératorielles de Riccati et de Lyapunov.

Mots clés : Espaces de Hilbert, Inverse intérieur, Inverse de Drazin, Groupe in-
verse, Inverse de Drazin généralisé, Equation de Lyapunov, Equation de Riccati,
Equation de Sylvester, Pseudo-similarité, Pseudo-équivalence.
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General introduction

Since 1955 a great number of papers on various aspects of generalized inverses and
their applications have appeared. Generalized inverses pervade a wide range of
mathematical areas, matrix theory, operator theory, differential equations, numer-
ical analysis, Markov chains, C*-algebras or rings. Numerous applications include
areas such as statistics, cryptography, control theory, coding theory.

We recall that the concept of generalized inverses seems to have been first
mentioned in print in 1903 by Ivar Fredholm [40], who formulated a pseudo inverse
for a linear integral operator which is not invertible in the ordinary sense.

One year later, in 1904 Hilbert made implicit use of pseudo-inverses when con-
sidering the theory of linear ordinary differential equations. In fact, he introduced
the notion of the generalized Green’s function which was the integral kernel of the
pseudo-inverse of the differential operator.

In 1913, Hurwitz [47] reconsidered the same problem of Fredholm and used
the finite dimensionality of the null-space of Fredholm operators to give a simple
algebraic construction.

Generalized inverses of differential and integral operators thus predated the
generalized inverses of matrices whose existence was first noted in 1920 by Moore
[66], who defined a unique inverse A called by him the "general reciprocal" for
every finite matrix (square or rectangular). Moore established the existence and
uniqueness of AT for any A, and gave an explicit form for A" in terms of the sub-
determinants of A and A*. His work received practically no attention in the next
30 years, mostly because it used very complicated notation.

In 1951, Bjerhamar |9, 7, 8] recognized the least squares properties of certain
generalized inverses and noted the relation between some generalized inverses and
solutions to linear systems.

In 1955, Penrose |71] sharpened and extended Bjerhammar’s results on linear
systems, and showed that Moore’s inverse, for a given matrix A, is the unique
matrix X satisfying the following four equations

(1) AXA=A, (2) XAX =X, (3) (AX)" = AX, (4) (XA) = XA.

The latter discovery has been so important that this unique inverse is now
commonly called the Moore Penrose inverse. Since 1955 the theory of generalized
inverses and also the applications and computational methods have been devel-
oping rapidly. Throughout the years the Moore-Penrose inverse was intensively

1X
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studied, one of the primary reasons for that being its usefulness in applications
to dealing with diverse problems such as, for example, that of solving systems of
linear equations, which constitutes one of the basic but at the same time the most
important applications of this type of generalized inverse. As we will be working
with a number of different subsets of the above mentioned set of four equations
for operators defined on Hilbert spaces, we need some convenient notations for the
generalized inverses satisfying those certain specified equations.

Let H and K be two Hilbert spaces of infinite dimension, and let B(H, KC) denote
the set of all linear bounded operators from H to K. An operator T' € B(H, K) is
generalized invertible if there is an operator S € B(KC, H) such that the equation
TST =T ((1) of Penrose ) is satisfied. The operator S is not unique in general.
In order to have its uniqueness, further conditions have to be imposed. The most
convenient additional conditions are

(2) STS =8, (3) (IS)" =TS, (4) (ST)*=ST, (5) TS = ST.

One also considers the condition (I;) T*ST = T* where k is a fixed positive
integer. Clearly, (1) = (/;). Elements S € B(H, K) satistying (1) are called {1}—
inverses or inner inverses of 7" and denoted by S = T~. Similarly, {1, 2, 5}-inverse
called group inverse and denoted by S = T*. {1,2,3,4}-inverse called Moore-
Penrose inverse and denoted by S = TT. And {I;,2,5}-inverse called Drazin
inverse and denoted by S = TP where k = ind(T) the Drazin index of T is the
smallest non-negative integer for which R(T*) = R(T*) and N (T*+1) = N(T*)
(see [17]). In particular, when ind(T) = 1 the operator T'? is the group inverse of
T denoted by T*.

In [53] Koliha introduced the concept of generalized Drazin inverse (GD-inverse),
which is an element T? of B(K, H) satisfying the equations (2), (5) and T —T?T is
quasi-nilpotent. If T"is GD-invertible, then the spectral idempotent corresponding
to {0} is given by T™ = [ — T'T*.

There are many papers in which the basic aim is to find necessary and sufficient
conditions for the existence of a solution to some matrix or operator equations.
The reason for this is a large number of applications in physics, mechanics, control
theory and many other fields.

In 1952 W.E. Roth [80] showed that the matrices equations of the form AX —
YB = C and AX — XB = (| over fields can be solved if and only if the block

of matrices [61 g] and [61 g] are equivalent or similar. In 1969, Rosenblum

[79] showed that the result of Roth for the equation AX — X B = C, remains true,
when A and B are selfadjoint operators on a complex separable Hilbert space. In
1982, Schweinsberg [82] extended the result to include finite rank operators and
normal operators on Hilbert space.
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The first aim of this thesis is to give new necessary and sufficient conditions for
the existence of solutions to the operator equations AX—Y B = C and AX—XB =
C, using generalized inverses and the concept of pseudo-similarity and pseudo-
equivalence of the matrices of operators

A C

M:[OB

Janan=[5 3

0 B
In addition the general solutions to the equation AX — Y B = C, are derived in
terms of group inverse of A and B. As a consequence, new necessary and sufficient

conditions for the solvability to the operator equation AY B —Y = C| are derived.
The problem of solving operator equations of the type

XDX +AX —XB—C =0, (R)

called the Ricatti equation appears in the study of certain control problems [85, 64,
59, 19] and it has been studied by several authors in different contexts [14, 27, 68|.
The second aim of this thesis is to present a method using GD-inverse for solving
equations (R), that permits to reduce this equation to a system of two linear
operator equations. This reduction is available by means of the application of the
GD-inverse of matrices of operators, we add some conditions in order to give the
form of the general solution to the Riccati equation (R), then we deduce the same
results for the operator equation AX — X B = C. The results are applied to Cauchy
problems for Riccati and Lyapunov operator differential equations, because of the
relation between algebraic and differential problems.

The thesis is organized in four chapters.

Chapter 1, is a reminder on essential notions and the main tools needed
throughout this thesis. First we present some basic and important properties of
projections. Then we introduce basic concepts of generalized inverses and we recall
their algebraic and topological properties in Banach and Hilbert spaces, also we
give some known methods about finding an explicit formulas for the GD-inverse
and the group inverse of block operator matrix. Finally we recall some known
results about matrix and operator equations.

Chapter 2, is divided into three sections. In Section 2.1, we generalize the
notion of pseudo-similarity and pseudo-equivalence introduced by Hartwig and
Hall [45] for matrices over a ring to the setting of bounded linear operators defined
on Hilbert spaces of infinite dimension, in addition we give some properties of
these two notions which are weaker than similarity and equivalence known in the
literature. In Section 2.2, we prove that if A € B(H), B € B(K) and C € B(K,H)
such that A and B are group invertible, then the equation AX — XB = C has a
A O}

. . : A
solution if and only if M = [ 0 B

C
0 B

is pseudo-similar to D = [
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In Section 2.3, we provide some equivalent conditions to the solvability of the
operator equation AX — Y B = (|, the most important one is that the matrices
of operators M and D are pseudo equivalent via P and ) and the operator U =
DQPDD! + I — DD* is invertible. As a consequence we deduce new necessary
and sufficient conditions for the existence of solutions to the operator equation
AYB-Y =C.

Chapter 3, is divided into two sections. In Section 3.1, we present a method
using GD-invese for solving equations AX — XB+XDX = (C and AX—-XB=C,
that permits to reduce the equation AX — XB + XDX = C to a system of two
linear operator equations. This reduction is possible by means of the application of
the GD-inverse of matrices of operators, we add some conditions in order to give the
form of the general solution to the Riccati equation (R), then we deduce the same
results for the Lyapunov operator equation AX —X B = C'. In Section 3.2, we apply
the results of Section 3.1 to Cauchy problems for Riccati and Lyapunov operator
differential equations, because of the relation between algebraic and differential
problems.

Chapter 4, is independent of the two previous ones. It is divided into three
sections. Section 4.1 is a reminder on essential notions about the Kroneker product,
the matrix hermite echelon form and some Matlab software functions.

In Section 4.2, we present a procedure for computing the Drazin inverse of matrix
and we give its Matlab software code with numerical example.
In Section 4.3, we review some known results of [75] on the application of the
Drazin inverse to study the positivity and stability of time-invariant descriptor
systems. We give a Matlab software code to check the positivity and stability of
the time-invariant descriptor systems with numerical examples.
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0.1 Terminology

Here we present all the notations used in this thesis.

1. H, K are two complex Banach or Hilbert spaces of infinite dimensions.
2. B(H,K) the set of all bounded linear operators from H into K.
3. T* the adjoint of T
4. T~ the inverse of T
5. T~ the inner inverse of 7'
6. TP the Drazin inverse of T
7. T? the generalized Drazin inverse of 7.
8. T* the group inverse of T
9. R(T) the range of T.

10. N(T) the kernel of T'.

11. o(T) the spectrum of 7T

12. asc(T') the ascent of T

13. des(T) the descent of T

14. ind(T) the Drazin index of T

15. (.,.) the inner product.

16. ® the kronecker product.

17. = pseudo-similarity.

18. R™*™ the vector space of all m by n reel matrices.

19. C™*™ the vector space of all m by n complex matrices.

Let H, K be two Hilbert spaces of infinite dimensions, an operator 7" € B(H, K)
is said to be

1. Projection or idempotent if 7% = T.

2. An orthogonal projection if 7?2 =T and T* = T.
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9.
10.

11.

Self-adjoint, 7" =T

. Isometry if T*T = I.
. Normal if T*T = TT*.
. Unitary it 7T =TT* = I.

. n-normal if T"T* = T*T™ where n € N.

Polynomially normal if there exists a non-trivial polynomial p such that
p(T)T" =T"p(T).
Algebraic if there exists a non-trivial polynomial p such that p(T") = 0.

Nilpotent if there exists n € N* such that 7" = 0.

Quasi-nilpotent if and only if ||77[+ — 0.



Chapter

Preliminaries

In this introductory chapter, we introduce some basic concepts and well-known
results and mathematical backgrounds on generalized inverses their algebraic and
topological properties. In particular we recall some basic notions and theorems of
the Drazin inverse, also we give some known methods about finding an explicit
formulas for the GD-inverse and the group inverse of block operator matrix. Finally
we recall some known results about matrix and operator equations.

1.1 Projections

In this section, we give some definition and properties of projections, for more
details and proofs see [86].

Proposition 1.1.1. Each projection P determines a direct sum decomposition of
H, namely
H=R(P)®N(P). (1.1)

Conversely every direct sum decomposition of H determines a projection.

Proof. Tt is clear that H = R(P)+ N (P), since each € H may be written in the
form
r = Px + (x — Px).

Furthermore, forall z € R(P) are characterized by the fact that Px = xz. So, if
z € R(P)NN(P), then x = Px = 0, that is R(P) N N(P) = {0}. This proves
(1.1). Conversely let H = M & N, then Vax € H may be written uniquely in the
form x = x1 + 29 with 1 € M and x5 € N. If we define P by Px = x1, then it is
clear that P is a linear operator such R(P) = M, N(P) = N, and P? = P.

We call P a projection of H onto M along N. O

Proposition 1.1.2. If P is a projection of H onto M along N, then the operator
(I — P) is also a projection of H onto N along M.
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Definition 1.1.1. A subspace M of a Banach space H 1is said to have a comple-
mented subspace if there exists a subspace N such that H = M & N.

Theorem 1.1.1. Let M and N be closed subspaces such that H = M & N, then
the projection P of H onto M along N is continuous.

Proof. Because of the closed graph Theorem it suffices to prove that P is a closed
operator. Suppose that
rp, —x and Px, —y.

Then
Tpn — Pxr, — o —1y.

Since Pz, € M and z,, — Pz, € N, it follows that
yeM and x—yeN=N(P).

Then
Pr—Py=0 and Pzx=Py=y.
Thus P is closed. O

Remark 1.1.1. The decomposition H = M & N in Theorem 1.1.1 is a topological
direct sum because M and N are both closed subspaces.

Lemma 1.1.1.
1. The range of a continuous projector P on a Banach space H is closed.

2. A closed subspace of a Banach space H is complemented if and only if it is
the range of some continuous projector in H.

Proof.

1. Since R(P) = N(I — P), thus R(P) being the nullspace of a continuous
linear operator is a closed subspace.

2. Let M be a closed subspace of H. If M = R(P) for some continuous pro-
jector P on H, then H = R(P) & N(P) and N(P) is closed. Thus M is
complemented.

Conversely, if M is complemented, let P be the continuous projector of H
onto M, and the result follows.

O
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1.2 Inner inverses

1.2.1 Inner inverses in Banach spaces

Definition 1.2.1. Let A € B(H,K). An operator S € B(K,H) is said to be an
inner inverse of A if it satisfies the equation

ASA = A. (1.2)

We denote the inner inverse by A~. An operator A € B(H,K) is called reqular if
A~ ewists.

Remark 1.2.1.

1. A€ B(H,K) has an inner inverse if and only if N(A) and R(A) are closed

and complemented subspaces of H and IC respectively.

2. If A has an inverse A~' in B(IKC,H), then A™' is the only inner inverse of
A.

Definition 1.2.2. Let A € B(H,K). An operator S € B(K,H) is said to be an
outer inverse of A if it satisfies the equation

SAS = S. (1.3)

Example 1.2.1. Let S, be the unilateral right shift and Sy the left shift defined on
the Hilbert space lo(N)by

ST(.Tl,ZEQ,.Tg, ) = (0,1’1,1‘2, ...... ),
Sl(l'l,mg,l'g, ) = (.1'2,1'3,.%4 ...... )

Since

STSZST(ZEh To, T3, ) = STSZ<O, T1,T9,T3, )

= Sr<$17$2,{173, )

SISTSI(Jfl,IQ, xrs, ) = SZST<.I’2, xs, )
= Sl<0,$2,$3,....)

Then S; is an inner and outer inverse inverse of .S,.
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Lemma 1.2.1. If S is an inner inverse of A, then the operator SAS satisfies both
equations (1.2) and (1.3).

Proof. The proof of this assertion is a simple verification. If ASA = A, then

and

A(SAS)A = (ASA)SA = ASA = A,

(SAS)A(SAS) = S(ASA)SAS = S(ASA)S = SAS.

Theorem 1.2.1. [16] Let A € B(H,K). Then

1.

If S € B(K,H) is an inner and outer inverse of A, then AS is a projection
of K onto R(A) along N(S) and SA is a projection of H onto R(S) along
N(A).

If S € B(K,H) is an inner and outer inverse of A, then R(S) is a closed
complemented subspace of N'(A) and N'(S) is a closed complemented subspace

of R(A).

Suppose that N'(A) and R(A) are closed and complemented subspaces of H
and IC respectively, P is a projection onto R(A) and M is a complementary
subspace to N'(A). Then S = A['P is an inner inverse of A, where Ay is
the restriction of A to M.

Proof.

1.

Suppose that A has an inner and outer inverse, so that there exists an oper-
ator S which satisfies equation (1.2) and (1.3).

Then, since

(AS)* = ASAS = AS,

and

(SA)? = SASA = SA,
it is clear that AS and SA are projection.

Clearly, R(AS) C R(A). Conversely, for each y € R(A) there exists x € H
such that y = Az, we can write

Ax = AS Az,

so that
R(A) C R(AS).
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In a similar way, we have N(S) C N(AS) and if ASz = 0, then from

equation (1.3) we know that
Sxr=SASz =0,
so that
N(AS) CN(S).
This means that, AS is a projection onto R(A) along N (S).
On the other hand, clearly R(SA) C R(S). Conversely, for each y € R(S)

such that y = Sz we can write

Sx = SASz,

so that

R(S) C R(SA).
In a similar way, we have N(A) C N(SA) and if SAz = 0, then from
equation (1.2) we know that

Ar = ASAz =0,
so that

N(SA) CN(A).
This means that SA is a projection onto R(S) along N (A).

2. According to property 1, there exists a projections SA € B(H)) and AS €
B(K) such that
N(SA) =N(A), R(AS) =R(A),

On the other hand, There exists a closed subspaces R(S) and N (S) such
that

H=NAVSRES), K =N(S) o R(A)
Thus, R(S) is a closed complemented subspace of N'(A) and NV(S) is a closed
complemented subspace of R(A).

3. Suppose that R(A) and N (A) are closed and complemented subspaces in H
and IC respectively

H=NA)oM, K=NaoR(A), (1.4)

let Ay = A/M, and let P be the continuous projection of K onto R(A)
along N. Since A; is a bijective map of M onto R(A), which are both
closed subspaces, it follows from the inverse mapping theorem that A;*' is
continuous, hence A7'P is also continuous. Clearly A(A;'P)A = A. This
proves that S = A;'P is a bounded inner inverse for A.
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]

Remark 1.2.2. Note that if S is an inner inverse and not an outer inverse, then
the arguments in the first and second part of Theorem 1.2.1, can be applied to the
operator SAS to show that the conclusions are true in general.

Theorem 1.2.2. [86] Let A € B(H,K). Then the following conditions are equiv-
alent:

1. There exists projections P € B(H) and Q € B(K) such that

2. There exists closed subspaces M and N such that

H=NA)SM, K=No&RA), (1.6)

3. A has an inner inverse.

Proof.
(1) = (2) Clear from Lemma 1.1.1.
(2) = (3) Suppose that M and N are closed subspaces such that

H=NA)aM, K=Na&R(A),

from the third part of Theorem 1.2.1, S = A;'P is an inner inverse of A. Thus
(2) = (3).

(3) = (1) Suppose that S is an inner inverse of A. Then from Theorem 1.2.1,
SA is a projection and N(A) = N(SA), also AS is a projection and R(A) =
R(AS). So (3) = (1), with P=1—SA and Q = AS. O

Remark 1.2.3. We have seen in Theorem 1.2.2 how to characterize the set of
inner inverses in term of the formula S = A7'P. However, in many situations,
this is mot so useful since we may not be able to describe all the projections onto
R(A) and N(A). We are able to describe the set of inner inverses in another way;
we first need a simple lemma.

Lemma 1.2.2. [16] Let A, B € B(H,K) be regular operators and C € B(H, K),
then the operator equation
AXB=C,

has a solution if and only if

AACB B=C.
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In which case, the general solution is
X=ACB +U—-A"AUBB™,
where U € B(K,H) is an arbitrary operator.

Corollary 1.2.1. Let A € B(H,K) be a regular operator and C' € B(H,K), the
operator equation
AX =C,

has a solution if and only if
AAC =C.

In which case, the general solution is
X=ACH+ (Iyy— A"AU,
where U € B(H) is an arbitrary operator.

Corollary 1.2.2. Let B € B(H,K) be a regular operator and D € B(H,K), then
the operator equation
XB =D,

has a solution if and only if
DB B=D.

In which case, the general solution is
X =DB +U(lx — BB™),
where U € B(K) is an arbitrary operator.

Theorem 1.2.3. If A € B(H,K) has an inner inverse A~ € B(KC,H) satisfying

equations
AATA=A and A AA” =A",

then the set of inner inverses of A consists of all operators of the form
A+ U - ATAUAA™,
where U € B(K,H) is an arbitrary operator.

Proof. We know that AA~A = A. From Lemma 1.2.2, we conclude that the other
inner inverses are given by

ATAA +U - ATAUAA” = A" +U - ATAUAA,

where U € B(KC,H) is an arbitrary operator. O
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1.2.2 Inner inverses in Hilbert spaces

It is well-known that every closed subspace is complemented, therefore an operator
T in Hilbert space is regular if and only if it has closed range.

Theorem 1.2.4. [69] Let T € B(H,K). The following statements are equivalent
1. T has a bounded inner inverse.
2. T* has a bounded inner inverse.
3. R(T) is closed.
4. R(T™) is closed.
5. The restriction of T to (N'(T))* has a bounded inverse.

Remark 1.2.4. We recall that if H and K are Hilbert spaces, then the cartesian
product space H x K itself is a Hilbert space and H x K will be denoted by H & K.

Now we give some well-known results which gives the inner inverses of block
operators matrix.

Theorem 1.2.5. [70] Let A € B(H), B € B(K) and C € B(H,K) such that A, B

are reqular operators, then

A 0

M:{C B

} eEBH®K)

is reqular if and only if T = (Ix — BB~ )C(Iyy — A~ A) is regular, in this case

- A-AA- = SCA- S
= |-B"CA"AA~ + B-CSCA~ —B~CS+ B BB~ |’

where S = (Iy — AA™)T~ (Ix — B~ B).

Lemma 1.2.3. [70] Let A € B(H,K) and B € B(H,K) such that A is regular,
then M = [A B € B(H® H,K) is reqular if and only if S = (Ix — AA™)B is
reqular, in this case

A=AA~ — A-BS—(Ix — AA7)

A4 B = S~ (Ix — AA")
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Lemma 1.2.4. [70] Let A € B(H,K) and B € B(H,K) such that A is regular,

then M = {g} € B(H,K ® K) is reqular if and only if S = B(ly — A~ A) is

reqular, in this case

[g} CC[AAA — (I A-A)S-BA- (I — A~A)S].

A C

Example 1.2.2. Consider the following block matriz M = {0 B

o2 Pl

10
It is easy to check that A~ = |0 0|, B~ = [O 1] are inner inverses of A and B
0 1

] , where

respectively. According to Theorem 1.2.5, M~ is given by

100 -1
_ 000 O
M_010—2
000 1

A C

Example 1.2.3. Consider the operator matriz M = [0 B

} € B(l2(N) @ Ip(N)),

where

A(l’l,l‘g,l’gﬂ .. ) (0 I’Q,IL‘g,....),
B($1,$2,$3,.. ) (O 271,1’2,....),
C($1,$2,$3,.. ) (0 iL'l, ...... )

We have A is a projection, then A~ = A, and according to Exemple 1.2.1 we get
B_(l’l,l'Q,Ig, ) = Sl(Il, T2, T3, ) = ($2,LE3, )

Since T'= (Iy — AA™)C(Ix — B~ B) = 0, then T is regular which implies according
to Theorem 1.2.5 that M is reqular and M~ 1is given by

A ~

M_:[o B~
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Lemma 1.2.5. [25] Let A € B(H), B € B(K,H), C € B(H,K) and D € B(K)
such that A is reqular and AA—B =B, CA~A=C, then
A B
v-[e 3]

1s reqular if and only if S = D — C'A™ B is reqular, in this case

M- — AT+ A BSTCA~ —A"BS™
B —STCA~ S~ ’
. : , A B
Example 1.2.4. Consider the following block matriz M = c Dl where
11 1 2
A= |2 2(,B=|2 4|, C=1 2|, D=2 3].
0 1 5 6

1 0 -1

It is easy to check that A~ = [O 0 1

} is an inner inverse of A, we have

S=D-CA B= [—4 —5] and S~ = { H Since AA-B =B and CA~A = C,

then according to Lemma 1.2.5 M~ 1is given by the formula

10 -1 O

, -1 0 0 1
M= -1 0 -1 1
10 1 -1

1.3 Drazin inverses and Generalized Drazin
inverses

In this section we introduce basic concepts of Drazin and generalized Drazin in-
verses and we recall their properties in Hilbert spaces, also we give some known
methods about finding an explicit formulas for the GD-inverse and the group in-
verse of block operator matrix.

1.3.1 Drazin inverses

First we recall the notions of ascent and descent of operators.

Definition 1.3.1. [86] Let T € B(H), then
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1. The ascent of T denoted by asc(T) is the smallest n € N such that
N(T™) = N(T"),
if such n does not exists then asc(T) = oc.

2. The descent of T denoted by des(T) is the smallest n € N such that
R(T™) = R(T™),
if such n does not exists then des(T) = oo.
Theorem 1.3.1. [86] Let T € B(H), then
1. asc(T) = 0 if and only if T is injective.
2. des(T) = 0 if and only if T is surjective.
3. If asc(T) < oo and des(T') < oo, then asc(T) = des(T') = k and
H =R(T") & N (T").

Definition 1.3.2. Let T' € B(H) such that asc(T) < oo and des(T) < oo, then
the non-negative integer k such that

k= asc(T) = des(T),

is called the Drazin index of T and denoted by ind(T'), in particular if ind(T) = 0,
then T 1is invertible.

Definition 1.3.3. An operator T € B(H) is said to be Drazin invertible if there
exists an operator S € B(H) such that

1. TS =5T

2. 8TS =S

5. TSTF =Tk where k= ind(T).
If such S exists then it is called the Drazin inverse of T, denoted by TP.
Theorem 1.3.2. [89] If the Drazin inverse of T exists, then it is unique.

In particular if ind(T) = 1, then T'? is the group inverse of T', which is defined
as follows
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Definition 1.3.4. The group inverse of T € B(H) is the unique (if exists) operator
T% € B(H) such that

1. TTT: = T,
2 TT'T =T,
3. TT: = T*T.

If T* exists, then the spectral idempotent T™ is given by T™ = I — TT*.

Theorem 1.3.3. If T' € B(H) is Drazin invertible, ind(T') = k, then the following
properties hold

1. R(TP) = R(T*) and N(TP) = N(T*).

2. T" =1—-TTP and so R(T™) = N(T*) and N(T™) = R(T*). In the partic-
ular case that ind(T) =1, then TT™ = 0.

Lemma 1.3.1. [31, Lemma 2.2] Let A, B € B(H). If A is group invertible, then
the following assertions hold

1. R(A) is closed.

2. H=TR(A) ®dN(A).

3. R(AAY = R(A) and N(AAY) = N(A).
/. (Ab)E = A.

1S3

(A)F = (A9 (AF)E = (ADY* for each monnegative integer k.
6. If AB = BA, then A'B = BA".

7. A™ is a projection of H onto N'(A) along R(A) and AA* is a projection of
H onto R(A) along N(A).

Lemma 1.3.2. [31, Lemma 2.2] Let A € B(H). The following assertions are
equivalent

1. A is group invertible.
2. R(A) = R(A*), N(A) = N(AF), k > 2.

_|An Ap
s [
R(A)L, where A1y is invertible.

] with respect to the space decomposition H = R(A) &+
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4. A = Ay @0, with respect to the space decomposition H = R(A) & N (A),
where Ag is invertible.

In the following theorem, we recall the group inverse of matrix of operators.

Theorem 1.3.4. [31, Theorem 2.5] Let A € B(H), B € B(K) and C € B(K,H)

and let M = ﬁ)l g} , then the following assertions hold

1. Assume that B exists (resp., A* exists), then M* ewists if and only if A
exists (resp., B exists) and ATCB™ = 0.

2. Assume that A*, B emists, then M¥ exists if and only if ATCB™ = 0, in this

case g
f_
w5
where S = (A")2CB™ + A™C(B*)? — A*CB*.

3. Assume that H (resp., K) is finite dimensional, then M* exists if and only
if A%, BY exists and ATCB™ = 0.

Example 1.3.1. Consider the following block triangular matric M = {gl g} ;
where
1001 100
1 00
1 101 0 00
A= 010 0| B= 8 8 8 » U= 0 00
1001 -1 0 0
oo ] e
According to [76] we have A* = 3 Lo _2 and A™ = (1) 1 ; (1)
-3 10— s ~1 1 3
i 1 1 1
000
Since B?> = B, then B is a projection and B* = B so that B~ = |0 1 0].
00 1
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We can check that ATCB™ =0 and S =

, thus we get

N OO N
o O O O
o O OO

O O OBl wro |k
o O Orblmblwwh—»bh—‘
OO RN O ONN
SO OO o oo
S OO oo oo

SO OO~ = O
SO OO O oo

1.3.2 Generalized Drazin inverses

In [53] Koliha introduced the concept of the generalized Drazin inverse (GD-
inverse), which is defined as follows

Definition 1.3.5. An operator T € B(H) is said to be GD-invertible if there exists
a unique operator S € B(H) such that

| TS = ST,
2. STS =185,
3. T —T?S is quasi-nilpotent.

If such S exists, then it is called the GD-inverse of T denoted by T¢ and its spectral
idempotent is given by T™ = I — TT?.

Remark 1.3.1. Note that since every nilpotent operator is quasi-nilpotent, then
the Drazin inverse is the special case of GD-inverse.

Lemma 1.3.3. [53] An operator T € B(H) is GD-invertible if and only if zero is
not an accumulation point of o(T).

Lemma 1.3.4. [67] Let T € B(H) be GD-invertible, then T has the following
operator matriz representaion

r=[4 ) [mir)

with respect to the decomposition H = N (T™) @& R(T™) where
Ty : N(T™) — N(TT) is invertible and Ty : R(T™) — R(T™) is quas-inilpotent,

e
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and the generalized Drazin inverse of T is given by

[ )

0 0] |[R(T7) {N(TW)]’

R(T™)
Now we give some well-know results concerning the GD-inverse of block trian-
gular operator matrices .

Lemma 1.3.5. [37, Lemma 2.2] Let A € B(H), B € B(K), C € B(K,H) and
D € B(H,K), then

1. If A and B are GD-invertible, then M = {jg g] 1s GD-invertible and
Al S
d _
wlo

where S = (AY)? [0 [(AY"CB"] B™+A™ [> "2, A"C(BY)"] (B?)?—ACB".

2. If A and B are GD-invertible, then M = {é g] 1s GD-invertible and
A0
d _
=k al

where R = (B [Y_0” ((BY)"DA"] A™+B™ [>"2° , B"D(A%)"] (A%)2—BDA".

Example 1.3.2. Consider the following block triangular matric M = ﬁ)l g] ,
where

-3 -1 -3 -1 10 1 —1 2]
A=|3 2 3|, B=|-110]|, c=|1 01
2 1 2 0 00 2 1 1_
-9 —1 —9]

According to [15, Algorithm 7.2.1] we have A* = 1| 6 2 6| and since
5 1 5

B? = 0, then B is a nillpotent matriz which implies that B* = 0 so that we get
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.
O OO ot oy ©
O OO =N
O OO ot oy ©
SO O WO W
S OO O oo
SO OO WO W

It is still a hard problem to find an explicit formula for the Drazin inverse of

the operator matrix { D g] in terms of A, B, C',D and related GD-inverses. GD-

¢ under various conditions appears
D B pPp

in literature, in the following theorem we give some of these results.

inverse formula for the operator matrix [

Theorem 1.3.5. Consider the following block operator matrix M =
where A € B(H), B € B(K), C € B(K,H) and D € B(H,K).

A C
D B|’

1. under the condition that A and B are GD-invertible, D. S. Djordjevic et al.
in [37] and C. Deng et al. in [32] proved that

a) If CD =0, BD =0 and CB = 0, then M is GD-invertible and

a_ | A (A9)2C
ME=1paty Bd+D(Ad)3C]'

b) If CD =0, CB =0, then M is GD-invertible and

Md B Ad (Ad)QO
" |S+T - BDA? B+ (BT + SAY)C — BYBD + DAY AC |’

c) If AC =0, DC' =0, then M is GD-invertible and
Al — Al + C(BIT + SAY — CBYBID + DAY A? C(BY)2C
- S+ T — B*DA? B ’
(1.9)
d) If DA=0, DC =0, then M is GD-invertible and

apd — {Ad + (ToB? + A4Sy)D — AYCBY + AYCYBID Sy + Ty — AdCBd}

(Bd>2D Bd
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e) If CD =0, BD =0, then M is GD-invertible and

A — Al So + Ty — ACB?
| D(AY? BY+ D(TyBBY+ ABYSy) — DABY(CB? + AYC)B?|”
) IfCD =0, DC =0 and BD = DA, then M is GD-invertible and

A — Ad So + Ty — AYCB?
T |=D(AY D Bi+4 DAYAYC + CBY)B? — D(ASy + TyBY) |

g) If CD =0, DC =0 and AC = CB, then M is GD-invertible and

A — AY+ CBYDA?+ BD)AY —C(B%)?
- S+ T — BiDA? B |’

where

So = X2 (AN2CB"B™, T, = A™S°  A"C(B%)",
and

S = B™ (B"D(AY)""2 T =% (BY)""™DA"A".

2. Under the condition that A is GD-invertible and the schur complement
S =B — DAC,
is invertible C. Deng et al. in [32] proved that

a) If AT"CD = 0, DA™C = 0 and ATAC = A™CB, then M is GD-

tmvertible and

d_ _ 0 A™C 9 0o pntl 0 0
M‘{R <0 o I |EFE= "\ paran o)

b) If CDA™ = 0, DA™C = 0 and DAA™ = BDA™, then M is GD-

tmvertible and

d __ e 0 AnAﬂC n+2 _ yoo O O n—+3
M —R+En_0(0 0 )R =0 parare ) B

Al AdCSIDAY —AdC S
where R =

—S~tDA* St
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3. Under the condition that A, AG are GD-invertible with G = AAY+ AC' D A?
and the schur complement S = B — DAC is equal to zero, Hartwing et al.
in [44] and C. Deng et al. in [32] proved that

a) If DA™ =0, A™C' = 0, then M is GD-invertible and

M= [ D{M] (AG)PA[I AlC] .

b) If AACD = 0, DA™C' = 0 and ATAC = A"CB, then M is GD-

mvertible and

i [p (0 ATC\ o [ 00
M_[Ro (0 o )BT +E20Re ™ ( paran o) |-

¢) If CDA™ = 0, DA™C' = 0 and DAA™ = BDA", then M is GD-

tmvertible and

d __ I gle 0 A"A™C n+2 _ yoo 0 0 n+3
M = Ry En:O <O 0 RO Z]n:O 0 DA"A™B RO :

1
Where Ry = [DAd] [(AG)'PA I AC].
. . . A C
Example 1.3.3. Consider the following block matriz M = D Bl where
01 -1 1 1 3 —19 11 0000 -3 00 6
101 =11 _ 1100 T =T 100 00 | 100 =2
A= 01 -1 1’B_7 1 3 —12 11 = OOOO’D_ 000 O
00 01 00 7 0 0000 000 O
According to []/] we have A, B are GD-invertible where
0001 1 3 -1 1
0001 1L 10 4
d __ d_ 3 3 3
AT = 00 0 1”7 B = 0 0 0 3
0001 -1 -3 1 2

Since A and B are generalized Drazin invertible and CD = 0,CB =0 and BD =
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0, then M is GD-invertible, and by using formula (1.8), we get

0oo0o0o 1 0 0 0 O
o000 1 0 0 0 O
oo0o 1 0 0 0 O
oo0oo 1 0 0 0 0

1 1 1

Mi=1|0 0 0 3 2 1 —= 2 |

00 0 1 10 10 113 13

9 3 9 9
0oo0o0o o0 0 0 0 1
000 O L 1 L2
L 3 3 3

. . . (A C
Example 1.3.4. Consider the following block matriz M = D Bl where

10 10 0 0 00
Sl R R A R R F
Since A and B are GD-invertible and AC' =0, DC = 0, then M 1is GD-invertible,
and by using formula (1.9) we get

M =

— O~
o O OO
— = = O
o O OO

1.4 Matrix and operator equations

In this section we recall some known results about matrix and operator equations,
first we need the following definitions.

Definition 1.4.1. Let A € B(H) and B € B(K). We say that A is similar to B,
if there exists an invertible operator T € B(K,H) such that

A=TBT '

Definition 1.4.2. Let A € B(H) and B € B(K). We say that A is equivalent to
B, if there exists two invertible operators T' € B(K,H) and P € B(H,K) such that

A=TBP.

The equation AX — X B = (' has first studied in the finite dimensional case
where basic theorem was proved by Sylvester in [84] many authors find the exten-
sions to operators as did Rosenblum [78] in the following Theorem



CHAPTER 1. PRELIMINARIES 20

Theorem 1.4.1. [6] If A, B € B(H), such that c(A)No(B) = 0, then the operator
equation AX — X B = C has a unique solution X, for every C' € B(H).

The Sylvester Rosenblum Theorem gives the following result.

Theorem 1.4.2. Let A, B € B(H). If c(A)Na(B) =0, then for every C € B(H),

the operators
A C d A0 -
o Bl @ |y pl| are similar.

This result was first observed in the finite dimensional case by Roth [80] who
gives an interesting necessary and sufficient condition for the equation

AX —XB=C,
to have a solution as follows.

Theorem 1.4.3. [80] If A, B are operators on fnite-dimensional spaces, then

1. AX — XB = C is solvable, if and only if {1(4)1 g} and {jg g] are similar.

2. AX —=Y B = C 1is solvable, if and only if {61 g} and {1(4)1 g} are equivalent.

A nice proof of Roth’s Theorem was given by Flanders et al. in [39], Rosenblum
in [79] showed that Roth’s Theorem can be extend to infinite-dimensional Hilbert
spaces in the special case when A and B are self-adjoint operators on a complex
separable Hilbert space as follows.

Theorem 1.4.4. [79] Suppose that A and B are bounded self-adjoint operators on
complex separable Hilbert spaces H, K respectively, then the equation

AX —XB=C,

15 solvable if and only if {61 g} and [61 g} are similar.

Also in [82] Schweinsberg proved that Roth’s Theorem can be extend to include
finite rank operators and normal operators on infinite-dimensional Hilbert spaces.

Theorem 1.4.5. [82] Let A and B be bounded normal operators on complex Hilbert
spaces H, IC respectively, then AX — X B = C has a solution X if and only if

A C d A 0 il
0o gl ™|, pg| aresimiar.
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Proof. If the equation AX — X B = C has a solution , then
I -X|1A 0|1 X| |AC
0 I 0 B||0 I| |0 B}’

A C A 0 ..
then { 0 B] and [ 0 B] are similar.

0 B ™ o B
such that {Q R} {A O} = {A C} {Q R] , which implies

Suppose that [A 0 nd 4 C are similar, then there exists an invertible

Q
Operator[ s T|lo B|] |0 B||s T

R
S T
that
QA—AQ=CS,RB— AR=CT
SA=BS,TB = BT.
We apply the Fuglede-Putnam theorem, we obtain

AS*=S"B,T"B = BT",
then B commute with SS* and 7T7™. We have also
C(SS*+TT") = (QS*+ RT")B — A(QS™ + RT™),
then there exists
X = —(QS* + RT*)(SS* + TT*)"', such that AX — XB =C.
O

Theorem 1.4.6. [82] Suppose that A and B are finite rank operators on complex
Hilbert spaces, then AX — X B = C" has a solution X if and only if

A C d A 0 -
0o Bl @ |y gl are similar.
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Solvability of the operator
equations AX — XB =C(C and
AX —-YB=C.

This chapter is the subject of a submitted article [61] written in collaboration
with Pr. Lombarkia Farida. In this chapter we generalize the notions of pseudo-
similarity and pseudo-equivalence introduced by R.E. Hartwig and F. J. Hall [45]
for matrices over a ring to the setting of bounded linear operators defined on
Hilbert spaces of infinite dimension.

Also we provides new necessary and sufficient conditions for the solvability to the
operators equations AX — XB = C and AX —Y B = C, where A and B are group
invertible operators defined on an infinite dimensional Hilbert spaces.

In addition the general solutions to the equation AX — Y B = C, are derived in
terms of the group inverse of A and B.

As a consequence, new necessary and sufficient conditions for the solvability to the
operator equation AY B —Y = C, are derived.

2.1 Pseudo-similarity and pseudo-equivalence of
operators

In this section we give the definitions and some properties of the notions of pseudo-
similarity and pseudo-equivalence of bounded linear operators defined on Hilbert
spaces of infinite dimension, which are weaker than similarity and equivalence
known in the literature.

Definition 2.1.1. Let A € B(H) and B € B(K), we say that A is pseudo-similar
to B, via T and we write A~B, if there exists a regular operator T € B(KC,H)
such that

A=TBT= and B=T"AT,

where T~ ,T= are two possibly different inner inverses of T'.

22
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It is easy to prove that similarity implies pseudo similarity but in general
pseudo-similarity does not imply similarity as seen from the following example.

Example 2.1.1. Let S, the unilateral right shift and S; the left shift defined on
the Hilbert space lo(N) by

Sr(l'l,l'Q,ZL‘g, ) = (O,ZEl,JZQ, ...... ),
and
Sl<$1,x2,$3, ) = ((132,33'3, ...... )

Let A = S,.5;, and B = I is the identity operator on l3(N), since S; is the inner
inverse of S,, we have S;AS, = B and S,BS; = A, so that A is pseudo-similar to
B, and B is not similar to A.

Theorem 2.1.1. Let A € B(H) and B € B(K), suppose that A is pseudo-similar
to B, with T € B(K,H), T~ and T= are as in Definition 2.1.1, then the following

are valid
A=TT ATT= =ATT- =TT A,

and

B=TT"BT~T=TT"B=DBT"T.

Proof. Since A is pseudo-similar to B, with T, T~ and T= are as in Definition
2.1.1, hence by substituting B = T~ AT into A = T BT~ yields A = TT-ATT=
which on post-multiplying by 777~ and per-multiplying by 77T~ we get

TT-A=TT TT ATT=
= (TTT)T~ ATT=
=TT~ ATT=
= A,

and

ATT= =TT ATT=TT=
=TT A(TT=T)T=
=TT ATT=
= A

Hence we get A =TT~ ATT= = ATT= =TT~ A hold.
Similarly we proof that B=TT-BT-T =TT-B = BT=T. O]

We deduce the following corollary.
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Corollary 2.1.1. Let A € B(H) , B € B(K) and let T € B(K,H) be a reqular

operator, then the following are equivalent
i. A=B via T,
. AT =TB, A= ATT= and B=T"TB,
wi. BT==T"A, TT-A= A and BT=T = B.

Proof. (i) = (ii) Since A is pseudo-similar to B, then according to Theorem 2.1.1,
we get

A=ATT=-=TT"Aand B=TT"B=BT"T,
per-multiplying B = T~ AT by T yields

TB=TT AT = AT.

(1) = (iii) Subsisting AT =TBin A= ATT= and B =T "TB yields A=TBT=
and B =T~ AT, post-multiplying B =T~ AT by T= we get

BT= =T ATT~ =T A.

Which on post-multiplying and per-multiplying BT= =T~ A by T, yields
BT=T=T"AT=Band TT"A=TBT=- = A.

Subsisting BT~ = T~-Ain TT-A = A and BT=T = B yields A = TBT~ and

B =T~ AT which implies according to Definition 2.1.1 that A~B via T m

Now we give the definition of pseudo-equivalence for bounded operators defined
on Hilbert spaces.

Definition 2.1.2. Let A € B(H) and B € B(K), we say that A is pseudo-
equivalent to B, if there exists two regular operators P € B(H,K) and Q € B(K,H)
such that

B =PAQ and A= P~ BQ,

where Q~, P~ are the inner inverses of (Q and P respectively.

Proposition 2.1.1. Let A € B(H) and B € B(K), if A is pseudo-equivalent to B
via P and @), then we have

i. PPPA=A and AQQ~ = A,
it. PP~B =B and BQ~Q = B.
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Proof. i. A is pseudo-equivalent to B, then there exists two regular operators
P e B(H,K) and Q € B(K,#H) such that
B =PAQ and A= P~ BQ".
From the equality A = P~ B(~, we obtain
P PA=P PP BQ~
= P PP (PAQ)Q™
=P (PP P)AQQ~
=P (PAQ)Q”
=P BQ~
and
AQQ™ =P BQ QQ"™
= P PA(QQ™Q)Q~
=P (PAQ)Q”
= P BQ™
=A.

ii. Similarly as the proof of (i), we have PP~ B = B and BQ~(Q = B.

2.2 Solvability of the operator equation
AX —XB=C

In the following section , we give necessary and sufficient conditions for the exis-
tences of the solutions to the operator equation AX — X B = C, using the pseudo-

4 C] andD:{A 0}.

similarity of the matrix of operators M = [ 0 B 0 B

Theorem 2.2.1. Let A € B(H), B € B(K) and C € B(K,H) such that A and B

are group invertible. Then the following are equivalent.

i. There exists X € B(K,H) solution to the equation

AX - XB=C. (2.1)

ii. There exists P € B(H & K) regular, such that M is pseudo-similar to D wvia
P.
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Proof. (i) = (ii) Suppose that X is a solution of the equation (2.1) and let

p_ [A4 -XBB
~ |0 BB

Observe that AA* and BB* are group invertible and that (AA*)™ = A™ and
(BB*)™ = B™. Since A"(—XBB*)B™ = 0, then from [31, Theorem 2.5] P is
group invertible, hence P is regular and

P _ AAY AA*XBB*
10 BB ’
is an inner inverse of P. Since from [16, Theorem 2| the set of inner inverses is given
#
by {P~+U — P~ PUPP~}, where U is arbitrary, If we choose U = [O A4 X],

0 0
we get that

0 BB*

is another inner inverse of P and we have

1 #
p=_ [AA AA X}

_ [AA* —XBBf[A 0] [AA* AAlX
D™= " BBﬂHo BHO BBﬁ}

[A AX -XB

~ o B

e

o B

=M

Y

and

[AA! # # f o #
PP — AA AAXBB] [A C} [AA XBB]

0 BB* 0 B 0 BB*

AAYC + AA*XB]| [AA* —XBB*
B 0 BB*

—~AXBB* + AA*CBB* + AAﬁXB}
B

—~AXBB* + AA*(AX — XB)BB* + AAﬁXB}

B
0
B

[A
10
[A
10
[A
10
[A
10

=D.
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Then M is pseudo-similar to D, via P.
(i) = (2)
Suppose that there exists P = g ? € B(H®K) regular such that M is pseudo-
similar to D, via P, it follows from Corollary 2.1.1 that

MP =PD, MPP= =M and P~PD = D.

The equation M P = PD implies that

AQ+CS AR+CT| |QA RB
BS BT ~ |SA BT\’
then

CS = —AQ+ QA,

CT = —AR+ RB,

BS = SA,

BT = TB.

Hence P is of the following form
AAY R
P= { 0 BB’i]'

Since P is regular then W = (I — AA*)R(I — BB*) is regular and it follows from
[70, Theorem 1] that

p- _ [AAP— AARW  —AA'RBB* + AA*RWRBB?
B w BB* — WRBB* ’

is an inner inverse of P,where W = (I — BBY)W (I — AA").
Since the set of inner inverses of P is given by {P~ + U — P~ PUPP~} where U

is arbitrary, then if we choose U = lé (j)'} we get that
p=_ [1- AA*RW —AA*RBB*+ AA*RW RBB’
B W I — WRBB* ’

is another inner inverse of P.
We have the equality P"PD = D is satisfied and the equality MPP= = M
implies that CBB* = C — AR + ARBB", substituting CBB* in the equation
CBB* = —AR + RB we get
C = —-ARBB'+ RB
= A(~RBB*) — (-RBB")B,

which means that —RBB? is a solution of the equation AX — XB = C. n
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Now we cite some of class of operators which are group invertible.
In [34] Djordjevic et al. introduced the class of polynomially normal operator on
a complex Hilbert space, extending the notion of n-normal and normal operators,
recall that A is polynomially normal if there exists a non-trivial polynomial p such
that p(A) is normal.
In [21, Theorem 3.3| the authors proved that if A € B(#) is polynomially normal
such that p(A) has closed range, where p is non-trivial polynomial defined as follow
p(z) = 37" a;2" and a; # 0, then A is group invertible.
Another class of operators A € B(H), which are group invertible is the class of
algebraic operators p(A) = 0, where p(z) = ¥7_,a;2" and a; # 0.

Example 2.2.1. Consider the matriz equation

AX —XB=C,
-1 0 1 2 4 -2 =2 0
—1 1 0 —1 1{-2 4 -2 0
such that A = 0 -1 1 3l B = 1l 1 4 and
1 1 -2 -5 -1 -1 -1 3

43 39 43 —125
coa| 20 20 21 -6
19 0 0 0 0
—24 =20 —-24 68
According to [76] A is group invertible and

-5 4 1 =2 —1 1 0 —1
=21 17 4 -9 -5 4 1 =2
b — =
4 16 —13 -3 7|’ A4 4 -3 -1 1
—11 9 2 -5 -3 2 1 0
Stmilarly we find that B is group invertible and
265 —61 —96 —108 13 -5 -6 =2
—96 300 —96 —108 -6 14 -6 =2
P 2 t_— L1
B = mom —115 —137 246 6 |’ BB = 5 -6 -5 13 =2
—210 —156 —210 576 -6 -5 —6 17
Then there exists
6 5 6 —17
AA* R 410 00 O
P_[O —I] whereR——E 00 0 0
000 O

Since P is reqular then, it follows from [70, Theorem 1] that

po _ [AA} —ANRBB . [AA* R— AA'RBB
o BB! @ ) BB!
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are two inner inverses of P and we have the equalities MPP= =M, P PD = D
are satisfied, then M and D are pseudo-similar via P, hence according to Theorem
2.2.1, AX — XB = C 1is solvable.

2.3 Solvability of the operator equation
AX -YB=C

In this section we give some equivalent conditions to the solvability of the operator
equation AX —Y B = C, the most important one is that the matrices of operators
A C A 0
M = {O B} and D = 0 B}’
operator U = DQPDD* + I — DD# is invertible.

are pseudo equivalent via P and () and the

Theorem 2.3.1. Let A € B(H), B € B(K) and C € B(K,H) such that A and B

are group invertible. Then the following conditions are equivalent.
1. M s group invertible,
2. ATCB™ =0,
3. There exists X,Y € B(IC,H) solutions of the equation AX —Y B = C,

4. M and D are pseudo equivalent via P and Q and the operator U = DQPD D+
I — DD* is invertible.

In this case the general solutions of AX —Y B = C, are given by

— At # n
{X AC+ A ZB + A™W (2.2)

Y = —A"CB'+ 7+ AA*ZBB* — ZBDB*
where W, Z € B(IKC,H) are arbitrary.

Proof. (1) < (2) Since A and B are group invertible it follows from [31, Theorem
2.5], that (1) and (2) are equivalent.
(2) & (3) Since ATCB™ = 0, then we get

A(A'C) — (AA*CB* — OBY)B = C,
which implies that AXy — Yy B = C, where

XO = AﬁC
Y, = (AA'—I)CB?
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are particular solutions of the equation AX — Y B = C.
Since there exists X,Y € B(K,H) solutions to the equation AX — Y B = C, then
A™[AX — Y B] B™ = ATCB7, this implies that ATCB™ = 0, thus (2) < (3).
(3) = (4) Suppose that X and Y are solutions to the equation AX — Y B = C,
which is equivalent to A"C'B™ = 0, then there exists
p_ AAP ATCO Bt 10— AA AC
“lo B |WMC=1y ppl|
Since AA*, BB* are idempotent and A"CB!B™ = 0, ATA*CB™ = 0, it follows
from |31, Theorem 2.5| that P and ) are group invertible then they are regular,
the inner inverses are given by
AAR 0 AAY —A*CBB?
P:{o BBﬁ}andQ:[O BB’ }

We have
[AA? ATCB!Y| [A 0] [AA? AfC
PDQ = 0 BB* } {0 B} { 0 BBﬂ]

—CBB*+ AA'CBBY| [AA" AlC
B 0 BB

AA'C + CBB* — AAﬁC’BBﬁ]

B
C
B

S oronon

and

P-MQ =

[AAP 0 A C|[AAY —A'CBB!
0 BB! |0 B 0 BB!

B 0 BB*

A AAICT [AAP —A'CBB!
0

A —AA'CBB!+ AA'CBB!
0
A
0

B

=D.

Then M and D are pseudo equivalent, in addition we have

A+ A" AA'CBB*
— # _ f
U=DQPDD"*+1 DD—{ 0 B+B”]
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Since A and B are group invertible, A™ and B™ are projections, then from [77,
Lemma 3|, A+ A™ and B + B™ are invertible, hence from [43, Lemma 1|, U is
invertible.

(4) = (1) Suppose that M and D are pseudo equivalent via P and @, it follows
from Proposition 2.1.1 that P~ PD = D and DQQ~ = D, where P~, ()~ are the
inner inverses of P and (@) respectively, since U is invertible, then from [31, Lemma
3.1], M is group invertible. If one of the conditions (1) — (4) holds, substituting
(2.2) into AX — Y B gives

A[A'C + A ZB + A™W] — [(AA* — CB* + Z + AA*ZBB* — ZBB*|B

= AA'C + AA*ZB — (AA* — I)CB*B — AA*ZB
— AA'C + CB*B — AA*CB'B
=C.

Hence (2.2) satisfies the equation AX — Y B = C. Let X, and Y| are arbitrary
solution to the equation AX — Y B = C. Letting W = Xy and Z = Y. Then

X = A'C 4+ AY,B + A" X,
= A'C + AYY,B + X, — AA*X,
= Xo.

And
Y = (AA* -~ I)CB* + Y, + AA*Y,BB* — Y,BB*
= —(AA* - 1)Y,BB* + Y, + AA"Y,BB* — Y,BB*
—Y,.
This show that (2.2) are general solutions of the equation AX —YB =C. O

Example 2.3.1. Consider the matrix equation

AX —-YB=2C,
—1 0 1 2 [ 4 —2 -2 0
—1 1 0 —1 1 (-2 4 -2 0
such that A = 0 1 1 3 ’B_Z 9 1 4 1 , and
1 1 -2 -5 _—1 -1 -1 3
31 1 —2]
000 O
C=1l9200 1|
6 1 1 —2]
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According to [76] we have A is group invertible where

-5 4 1 =2 -1 1 0 -1

-21 17 4 -9 -5 4 1 =2

i — =
A 16 —13 —3 7| dAd 4 -3 -1 1

—11 9 2 -5 -3 2 1 0

Similarly we have B is group invertible where
266 —61 —96 —108 13 -5 -6 =2

—96 300 —96 —108 —6 14 -6 =2

ws | _115 —137 246 6 | BB =n| g 5 13 2
—210 —156 —210 576 -6 -5 —6 17

We obtain ATCB™ = 0, then according to Theorem 2.5.1, the equation

AX — Y B = C have a solutions.

Bt =

Example 2.3.2. Consider the operators equation AX —Y B = C, where A, B and
C are defined on the Hilbert space H & H by

I 0 I 0 0 I
A_[O 0],3—{0 O] andC’—{_I 0}

Then we have ATCB”™ = 0, consequently the equation AX — Y B = C have a
solutions.

Now we apply Theorem 2.3.1 to give new necessary and sufficient conditions
for the existence of solution to the Stein equation AYB —Y = C.

Corollary 2.3.1. Let A € B(H), B € B(K) and C € B(K,H), such that A+ I
and B + I are group invertible, then

The equation AY B —Y = C' has a solution if and only if My, =

A+1T 0
0 B+1

U, = DlQPD1D§ + 1 — DlDﬁ 1s invertible.

A+1 C
0 B+1

and Dy = { 1 are pseudo equivalent via P and ) and the operator

Proof. The equation AY B —Y = (' is equivalent to

X =YB .
{ AX-Y = C (23)
(2.3) is equivalent to
A+ DX —-Y(B+1)=C. (2.4)

Since A+ I and B + I are group invertible, it follows from Theorem 2.3.1, that
the equation (2.4) has a solution if and only if M; and D; are pseudo equivalent
via P and () and the operator U; = DlQPDng + 1 — DlDtlt is invertible. O



Chapter

On the operator equation
AX — XB+XDX -C=0

This chapter is the subject of the following article [5] written in collaboration with
Pr. Lombarkia Farida published in Rendiconti del Circolo Matematico di Palermo
Series 2.

In this chapter we present a method using GD-invese to solve the following alge-
braic Riccati and Lyapunov equations in Hilbert spaces

XDX +AX —XB-C =0, (3.1)

AX - XB=C, (3.2)

that permits to reduce the equation (3.1) to a system of two linear operator equa-
tions. This reduction is available by means of the application of the GD-inverse
of matrices of operators, we add some conditions in order to give the form of the
general solution to the Riccati equation (3.1), then we deduce the same results
for the Lyapunov operator equation (3.2). This result is applied to the Cauchy
problems for Riccati and Lyapunov operator differential equations, because of the
relation between the algebraic and the differential problems.

3.1 Solvability of the Riccati equation

Theorem 3.1.1. Let A, B,C,D € B(H), such that

A C

W:{DB

] is GD-invertible and W4 = [U M}

V N

i. If X € B(H) is a solution of the Riccati equation (5.1) such that A+ XD is
quasi-nilpotent, then X satisfies the operator system

U+XV = 0
{M+XN ~ 0 (3:3)

33
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i. If X € B(H) is a solution of the system (3.3) and V* or N* is injective,
then X satisfies the Riccati equation (5.1).

Proof. i. Suppose that X is a solution of equation (3.1), then we have

ST

[ X]W =11,
= [A+XD,C+ XB]
=
=

A+ XD, AX + XDX]
A+ XD)[I,X],

hence X satisfies
[1,X] W = (A+ XD) [I,X].

Thus, we have from [53, Theorem 4.4]
[I,X] W= (A+XD)*[I,X].
Since (A 4+ X D)% =0, we obtain [/, X] .W¢ = 0, which implies that

U+XV =0
M+XN = 0

Thus X satisfies the operator system (3.3).

ii. Suppose that X satisfies the system (3.3), by the equality WeW = WW¢,

we obtain
UA+MD = AU +CV (3.4)
VA+ND = DU+ BV "’ '
and
VC+NB = DM+ BN (3.5)
UC+MB = AM+CN ’

Let X be the solution of the system (3.3), then using (3.4), we have the
following equation

(XN + M)D = X(DU + BV — VA) + (AU + CV — UA)

o (3.6)

by substituting U = —XV in (3.6), we obtain

(—C+ AX — XB+ XDX)V =0.
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Since V* is injective, then —C' + AX — XB + XDX = 0, thus X satisfies
the Riccati equation.

Let X is the solution of the system (3.3), then using (3.5) we have the
following equation

(XV+U)C=X(DM+ BN — NB)+ (AM + CN — MB)

o (3.7)

by substituting M = —X N in (3.7), we obtain
(—C + AX — XB + XDX)N =0,

Since N* is injective, then —C' + AX — XB + XDX = 0, thus X satisfies
the Riccati equation (3.1).
O

It is still a hard problem to find an explicit formula for W< in terms of A, B, C,D
and related GD-inverses. GD-inverse formula for the operator matrix W under var-
ious conditions appears in literature, see [18, 20, 22, 28, 36, 32] and the references
therein.

In the case when C' = 0 or D = 0, the authors in [37] got the form of the GD-
inverse of W, so if we put C' = 0 in the Riccati equation (3.1) we get the following
Corollary.

Corollary 3.1.1. Let A, B, D € B(H), such that A and B are GD-invertible, then

i. If X € B(H) is a solution of the equation X DX + AX — X B =0, such that
A+ XD is quasi-nilpotent, then X satisfies the operator system

AT+ XV = 0 ,
{ vEl — o (3.8)
where
V = (B%)? (BY'DA™| A"+ B™ | Y B"D(AY)"| (A%’ — B'DA".
n=0 n=0

(3.9)

ii. If X € B(H) is a solution of the system (5.8) and V* or (BY)* is injective,
then X satisfies the equation XDX + AX — XB = 0.

Proof. If A and B are GD-invertible, it follows from [37, Lemma 2.2] that
Wd — Ad 0
(Bd)2 [Zzzgo(Bd)"DA”] AT + BT [Zzzgo BnD(Ad)n} (Ad)2 _BipAd B4l
[
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In the following theorem we add some conditions to obtain the form of the
solutions to the Riccati operator equation (3.1).

Theorem 3.1.2. Let A, B,C,D € B(H), such that

A C

D B

W:[ vV N

] is GD-invertible and W® = [U M}

Suppose that A+ X D is quasi-nilpotent, where X is the solution of (3.1).
If V is surjective, E = [V N] is reqular and FE~FE = F with F = [U M]|, then
the general solution X of the equation (3.1) is given by

X =—FE +Z(I — EE"),
= UV VV +(UV N=MS (I -VV )+ Z(I—-8S)I-VV"),
(3.10)

where Z € B(H) is arbitrary and S = (I —VV~)N.

Proof. 1f X is a solution of the equation (3.1), then from Theorem 3.1.1, X is the
solution of the system (3.3) which is equivalent to the equation XE + F = 0, we
have V' is surjective, it follows that V' has closed range, then V' is regular and since
FE-FE = F is satisfied, we deduce from [16] that the equation XF + F' = 0 is
solvable and the solutions is given by

X =-FE +Z(I - EE™),

where Z € B(H) is arbitrary.
Since E is regular, it follows from [70, Theorem 3| that S = (I —VV™)N is regular
and

Jo V-VV-—V-NS~(I-VV")
N S=(I-VV™) ’
hence by substituting £~ in the equation X = —FE~ 4+ Z — ZEE~, we obtain
X=-UVVV +(UV N-M)S I-VV)+ZI-S5)I-VV7),

where Z € B(H) is arbitrary. Since V' is surjective, it follows that V* is injective,
then from Theorem 3.1.1, we have X is the solution of the Riccati equation (3.1).
O

Corollary 3.1.2. Let A,B,D € B(H), such that A and B are GD-invertible.
Suppose that A+ X D is quasi-nilpotent, where X s the solution of the equation

XDX +AX - XB=0.
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If V' defined in equation (3.9) is surjective, E = [V B9 is reqular and FE~FE = F
with F = [A? 0], then the general solution X of the equation X DX +AX —~XB =0
s given by

X=-AVVV 4+ AV BIST(I-VV )+ ZI—-8SS)I-VV),
where Z € B(H) is arbitrary, S = (I — VV~)B? and V is defined in (3.9)
Example 3.1.1. Consider the matriz equation —C + AX — XB + XDX = 0,

where
01 2 0 10 1 1
a=[v o) =l afe=[i o] 2=l )

Since A is a projection, then A is GD-invertible and A% = {(1) (1)} . Since
S = B— DAYC =0, DATC = 0 = A"CD, ATAC = A"CB and AG — B ﬂ

2 1

is GD-invertible where G = AA* + AYCDA? = L 5

11], W is GD-invertible and

}. Then from [32, Theorem

-4 3 0 -1
i_|p _ (0 ATC\ o pntl 0 O0\]_1] 5 —-40 1
W —{RO (O 0 RG| 1T +352,R patar o) =9l 1 —1 0 o
-4 3 0 -1
where Ry = ! [(AG)"PA I AYC] and (AG)? = 2 -1
0 DAd 1 9 |

1
3
LetE=[V N|, F=[U M},whereUzé[_g _i],vzg{_i _?ﬂ

i e

910 —1 910 1
27 -9
_ -36 —9 . . _ :
We have E— = 0 o stmee the condition FE~FE = F holds, then according
0 0

to Theorem 53.1.2

X=-FE +T(-EE )= [_2 _11} ,

1s a solution of the matriz equation C = AX — XB + XDX, we can chek that
A+ XD s quasi-nilpotent matriz.
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Example 3.1.2. Consider the operator equation XDX + AX — XB = 0, where
A, B, D € B(l2(N)) are defined by :

A(l‘l,xg,l’g, ) = (0,]31,0,ZE3,0,JI5, ),

and we choose D € B(l3(N)) a surjective operator such that A+ XD is quasi-
nilpotent, where X is the solution of the equation XDX + AX — XB = 0.

We have A? = 0, then A is quasi-nilpotent and AY = 0, the operator B is a
projection, hence B* = B, and

nf:o B"D(AY)"

n=0

(B%)? A"+ B™ (A"? — BDA? = BD + BDA.

n=0

Since the operators A, B and D are surjective, then V is surjective and the con-
dition FE~FE = F s satisfied, it follows from Corollary 3.1.2 that the operator
equation XDX + AX — X B = 0 is solvable and the general solution is given by

X = Z(I - §57)(I - VV),
where Z € B(l2(N)) is arbitrary.

If we put D = 0 in Theorem 3.1.1, we obtain the following corollary which
gives information on the solutions of the Lyapunov operator equation (3.2).

Corollary 3.1.3. Let A,B,C € B(H), such that A is quasi-nilpotent and B is
GD-invertible (B is not quasi-nilpotent and B is not invertible).

i. If X € B(H) is a solution of the equation (5.2), then X satisfies the operator
equation

> (A")C(BY)"

n=0

(B + XB*=0. (3.11)

ii. If X € B(H) is a solution of the equation (5.11) and (B%)* is injective, then
X satisfies the Lyapunov equation (3.2).

Proof. Since A is quasi-nilpotent, then A? = 0 and it follows from [37, Lemma 2.2]

thet 0 [SITE(ANC(BY] (B
W = {0 n0 }

00 so we have
0 o)’

If we suppose that B is also quasi-nilpotent, we obtain W% = [

nothing to prove.
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If we suppose that B is invertible, we obtain that the spectrum of A and B are
disjoint, this condition implies that the Lyapunov equation (3.2) has a unique
solution which is a known result in the literature. O]

In the following proposition we add some conditions to obtain the form of the
solution to the equation (3.2)

Proposition 3.1.1. Let A, B,C € B(H), such that A is quasi-nilpotent and B is
GD-invertible (B is not quasi-nilpotent and B is not invertible).
Suppose that B is surjective and

(BH?(BY)~ B4 = (B2, (3.12)

S (4B

S (An (B

If X € B(H) is a solution of the Lyapunov equation (3.2), then

n=oo

> (AHeBY”

n=0

where T € B(H) is arbitrary.

X = (BH*(BY~ +T(I — BYBY™), (3.13)

Proof. 1f X is a solution of the Lyapunov equation (3.2), then from Corollary 3.1.3
X is the solution of the equation (3.11), since B? is surjective, it follows that B?
has closed range, then B¢ is regular and since the condition (3.12) is satisfied, we
deduce from [16] that the equation (3.11) is solvable and the solutions is given by

(A")C(BY)"
n=0
where T' € B(H) is arbitrary.

Since B? is surjective, it follows that (B9)* is injective, then from Corollary 3.1.3,
we have X is the solution of the equation (3.2). O

X = (BY)*(BY)” +T(I - BYB")7),

Example 3.1.3. Consider the Lyapunov operator equation AX — X B = C, where
A, B,C € B(l5(N)) are defined by :

Az, 9, 23, ....) = (0,21,0, 23,0, 5, ...),
B(l’l,l'g,mg, ) = (0,.1'2,1'3,.%'4, ........ ),

and we can choose C an arbitrary operator in B(ly(N)).
We have A? = 0, then A is quasi-nilpotent and A% = 0, the operator B is a
projection, hence B4 = B~ = B, and

(BY)? = OB + ACB.
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Since B s surjective and (CB + ACB)B~B = (CB+ ACB)B?* = CB+ ACB, it
follows from Proposition 5.1.1 that the Lyapunov operator equation (3.2) is solvable
and the general solution is given by

X =CB+ ACB+T(I — B),
where T' € B(l3(N)) is arbitrary.

3.2 Application to solve differentiel problems

Cauchy problems for Riccati operator equations of the type

{ 4X(t) = —C+AX(t)— X(t)B+X(t)DX(t)

X0) = n (3.14)

where A, B,C, Py € B(H), and t belongs to the interval J that contains zero, arise
in control theory and transport theory.

The infinite dimensionel case has ben studied in |14, 27, 57, 68, 93|, the author in
[49] showed that from the existence of a solution for the algebraic Riccati equa-
tion (3.1), the problem (3.14) may be transformed into others for which explicit
expressions for solutions are available.

In this section we show that from the existence of a solution for the Riccati equa-
tion (3.1) given in Theorem 3.1.2; the problem (3.14) may be transformed into
other for which the expressions for general solutions are given, finally we deduce
the general solution for the Cauchy problem for Lyapunov equation.

Let us suppose that the conditions of Theorem 3.1.2 are satisfied, then there exists
a solution X of the algebraic equation (3.1) given in (3.10) considering the change
U(t) = X(t) — Xo, the problem (3.14) is equivalent to the problem

i) = AU(t) — U(t)By + U(t)DU(1)
{ U ) = Uy,

where AO :A—f-XoD, Bo :B—DXO and Uo :P()—X().
Similarly as in [49], we get the following theorem

(3.15)

Theorem 3.2.1. Let us suppose that the conditions of Theorem 5.1.2 are satisfied
and Xy is a solution of the operator equation (5.1), and let us consider the Cauchy
problem (5.1/).

Then there exists an interval Jy containing the origin such that the general solution
of (3.14) is given by

X (t) = Xo+exp(tAg) Uy (I — fot exp(—vBo)Dexp(—vAo)dvUo)71 exp(—tBy), VYt € Ji,
where A0:A+XOD, BOIB—DXO and U():PO—XO.
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If we put D = 0 in Theorem 3.2.1, we obtain the following corollary which
gives the form of the solutions of the following Cauchy problem

IX(1) = —C+AX(t)— X(1)B }
{ P (3.16)

where A, B,C, Py € B(H), and ¢ belongs to the interval J that contain zero.

Corollary 3.2.1. Let us suppose that the conditions of Corollary 5.1.1 are satisfied
and Xy is a solution of the operator equation (5.2), given in 3.13 and let us consider
the Cauchy problem (3.16).

Then there exists an interval Jy containing the origin such that the general solution
of (3.16) is given by

X(t) = Xo + exp(tAg)Upexp(—tBy), Vit e Jp.



Chapter

Drazin inverse and applications

This chapter is written in collaboration with Dr. Maissa Kada.

In this chapter we present a procedure for computing the Drazin inverse of matrix
and we review some known result of [75] on the application of the Drazin inverse
to study the positivity and stability of the time-invariant descriptor systems. We
give a Matlab software code to check the positivity and the stability of the time-
invariant descriptor systems with numerical examples.

4.1 Preliminaries

4.1.1 Kronecker Product

Definition 4.1.1. [83] Let A € C"™*" and B € CP*9, then the Kronecker product
of A and B is the Ct")*("9) matriz defined by

anB CL12B PN alnB
A 2 B CLQ%B QQ?B e CLQP,'LB
a/mlB amQB . a/mnB

Sometimes the Kronecker product is also called direct product or tensor product.

01 20
Example 4.1.1. Let A = {2 J , B= [1 1] then
00 20 0 2 00
0011 4 2 0 0
AOB=\, 5 9 o] B®4=1g 1 0 1
2 211 21 2 1

Note that A® B # B® A.

The following lemma list some basic properties of the Kronecker product.

42
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Lemma 4.1.1. [83] Let A € C™", B € CP*1, C' € C*** and ¢ € C. Then the
following properties hold.

1. (A®B)®C=A® (B®O0).
2. (cA® B) = (cA) ® B=A® (cB).
3. (A+B)®(C)=A®C+B&C.
/. A9 (B+C)=A® B+ A®C.
5. (A® B)T = AT @ BT,

Definition 4.1.2. [83] Let A € C"™*", the vec operator of A denoted by vec(A) is
the operation of stacking the columns of A under an other matrixz to form a single
column.

Example 4.1.2. Let A = E ﬂ , then vec(A) =

— N W o

The following Theorem investigate the connection of the vec operator with the
Kronecker product.

Theorem 4.1.1. [83] Let A, B,C' be matrices such that the matriz product ABC
exists, then

vec(ABC) = (CT @ A)vec(B).
Corollary 4.1.1. Let A, B € C"*", then
1. vec(AB) = (I, ® A)vec(B).
2. vec(AB) = (BT @ A)vec(I,).

Remark 4.1.1. In order to compute the Kronecker product and the vec operator

of a given matrices, we make use of the kron() and reshape() Matlab functions.
Example 4.1.3. Let A = |© 2. B = |2 Y L 4y wsing the & () and

ample 4.1.3. Le =1y _o| = |3 o ol by using the kron() an
reshape() Matlab functions we will compute A ® B and vec(A).

1|\>> A=[1 —1;0 -2 ];

JB=[2 0 1; 30 0];

3l AB_ Kroneckerproduct = kron(A, B)
4lvec_ A = reshape(A,[],1)

8]
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6| AB_ Kroneckerproduct =

8 2 0 1 -2 0 —1
9 3 0 0 -3 0 0
10 0 0 0 —4 0 -2
11 0 0 0 -6 0 0
12

13

14| vec. A =

15

16 1

17 0

18 —1

19 -2

4.1.2 Matrix Hermite echelon form

Definition 4.1.3. [15] A matric H € C"™*™ is said to be in the Hermite echelon
form, if its elements h;; satisfies the following conditions.

1. H is upper triangular (i.e. hi; =0 if i > j).

2. hy; is either O or 1.

3. If hyy =0, then hy, =0 for every k, 1<k <n.
4. If hyy =1, then hy; = 0 for every k # 1.

Remark 4.1.2. In order to compute the Hermite echelon form of a given matrix
we make use of the rref() (i.e., Reduced row echelon form) Matlab function which
returns the reduced row echelon form.

7220

0 -1 3 0 . .
Example 4.1.4. Let A = 4 13 ol by using the rref() Matlab function

0 3 00

we will compute the Hermite echelon form of the matriz A.

o> a7 075 2 0: 0 —1 3 0; —4 13 0; 030 0]
2|H = rref(A)

3

1A =

(ii 7.0000 0.7500 2.0000 0

7 0 —1.0000 3.0000 0

8 —4.0000 1.0000 3.0000 0




10
11
12
13

15
16
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0 3.0000 0 0
H =
1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 0

4.2 Procedure for computing the Drazin inverse
of matrix

In this section we present a procedure for computing the Drazin inverse of matrix.
The following procedure for computing the Drazin inverse is obtained from [15,
Algorithm 7.2.1 |.

Algorithm 4.2.1.
Input The matriz A € C"" such that ind(A) = k.
Output The Drazin inverse of A, AP.
Step 1 : Let p be an integer such that p > k (p can be always taken to equal n if
no smaller value can be determined), if A¥ =0, then AP =0 thus we assume that
AP £ 0.
Step 2 : Rew reduced AY to it’s hermite echelon form Hur (the sequence of re-
ducing matrices need not to be saved).
Step 3 : By noting the position of the non-zero diagonal elements in Hyr, select
the distinguished columns from AY and call them vy, vo ,..., vy, this is a basis for
R(AF).
Step 4 : From the matriz I — H 4» save it’s non-zero columns and call them v, 1,
Vpya,..., U this is a basis for N'(AF).
Step 5 : Construct the non-singular matrix P = [Ul v Up Upsq .. vn} .
Step 6 : Compute P71,
Step 7 : From the product P~*AP, this matriz will be of the form
_1 C 0

poar=[C ]
where C' 1s non-singular matrix and N s a nilpotent matriz.
Step 8 : Compute C~1.

-1
Step 9 : Compute AP by forming the product AP = P [CO 8] P
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This is the Matlab software code of Algorithm 4.2.1 .
Code 4.2.1.

% - — - - - - - - Compute the Drazin inverse of Matriz — — — — — —
% — - — - — - - - - - - - — = Step 1 — — — — — — — — — — — — — —
X = input(’'Please enter your matrizc X :7)
[n, n] = size(X);
G = X"n;
% — - — - — - - - - - - - — = Steps 2, 8, 4, § — — — — — — — — — —
H = rref(G);
H 1 = eye(n)-H;
for(i = 1:1:n)

for (k= 1:1:n)

if (H(i, i)~ 0)

Plk,i) = G(k,i);
elseif ( H 1(i,i)™= 0)
P(k,i) =H 1(k,i);

end

end
end
% — - — - — - - - - - - - - = Steps 6, T — — — — — — — — — — — — —

K 2 = mtimes(X,P);
K = mtimes(inv(P),K_2)

- ————— - - — - = - - = Step 8§ — — — — — — = — — — — — — — —
C = input( ’Please enter the non—singular matriz C:’)

C _inverse = inv(C);

% — — — — - — - — — — — — — = Step 9 — — — — — — — — — — — — — —

for (j = 1:1:n)
if (i <=71r 66 j<=71)
Q(i.j) = C_inverse(i,j);
else
Q(Z,_]) = 0;
end
end
end

X Drazin = mtimes(mtimes(P,Q),inv(P))

-3 -1 -3
Example 4.2.1. Let A = 3 2 3|, by using the Matlab code /.2.1 we will
2 1 2

compute the Drazin inverse AP of A.

>> Drazinfinal
Please enter your matric X :[—8 —1 —=8;8 2 3;2 1 2]
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X —
-3 —1 -8
3 2 3
2 1 2
K =
—1.0000 —0.0000 0
3.0000 2.0000 0
0 0 0
Please enter the non—singular matriz C:[ —1.0000 —0.0000; 3.0000
2.0000]
C =
—1 0
3 2
5| X Drazin =
—2.2500 —0.2500 —2.2500
1.5000 0.5000 1.5000
1.2500 0.2500 1.2500

4.3 Application of the Drazin inverse to the
analysis of positivity and stability of
descriptor systems

Consider the time-invariant descriptor system described by the following abstract

differential equation
Ai(t) = Bx(t), (4.1)

where A, B € R™" are constant coefficient matrices, z(t) € R is the state vector.
If det(A) # 0, then the system (4.1) turns into
i(t) = A Ba(t),

which is called a standard time-invariant descriptor system, if det(A) = 0, then
the system (4.1) is known in the literature as descriptor systems [87, 60, 65, 94],
singular systems [11, 12|, differential-algebraic equations [10, 73], generalized state
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space systems [51] and implicit linear systems [?, 1|, these systems have many
applications in different areas such as electrical circuits [50, 42, 41], economic
systems [63], engineering [56] and many others.

In this section we review some of the results given of [75] on the application of
Drazin inverse to study the positivity and stability of the time-invariant descriptor
system.

Definition 4.3.1. Let A, B € R™™"™ such that det(A) = 0, then the pencil (A, B)
of system (/4.1) is called reqular pencil, if there exists ¢ € C, such that

det(cA — B) # 0.

Assuming that det(A) = 0 and that for a chosen ¢ € C the pencil (A, B) is
regular, hence by per-multiplying system (4.1) by (cA — B)~! we obtain

where

A=(cA—B)'A, B=(cA—B)"'B. (4.2)

In [?] Campbell et al. proved that the matrices A and B commute, which implies
that the following properties hold

ABP = BPA, APB = BAP, APBP = BPAP.

Definition 4.3.2. The set of intial conditions for which system (4.1) has at least
one solution is called the set of admissible initial conditions and it will be denoted
by Xo.

By using the Drazin inverse Campbell in [13, Theorem 3.1.1, Theorem 3.1.3|
obtained the following results on the solvabilty of system (4.1).

Theorem 4.3.1. [13] The descriptor system (4.1) has a unique solution for each
admissible initial condition if and only if the pencil (A, B) is reqular, in this case
the set of admissible initial conditions is given by Xy = R(ADA) and the solution
of (4.1) is given by

x(t) = 7B AP Ay, (4.3)

where v € R™ is arbitrary and A, B are defined as in (4.2).
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4.3.1 Positivity analysis of the time-invariant descriptor
system

It is obvious that when A is invertible, system (4.1) reduce to the standard sytem

2(t) = A7'Bz(t) which is positive if and only if A™'B is a Metzler matrix (i.e.

its off diagonal entries are non-negative ). In this sub-section we summarize the

notion of positivity given by Rami et al. in [75] to analyze the positivity of system
(4.1) in the general case (i.e. when A is not necessarily invertible).

Definition 4.3.3. [75] The time-invariant descriptor system (4.1) is called pos-
itive if for any nonnegative admissible initial condition xy > 0 we have x(t) > 0
for allt > 0.

We can show that z(t) given by (4.3) satisfies the following system

i(t) = Bux(t)
To € R(Z), <44)

where B = APB, A = AP A, hence systems (4.1) and (4.4) are equivalent in the
sense that they have the same solution.

Before we present the principal Theorem to study the positivity of system (4.4)
we need the following Lemmas

Lemma 4.3.1. [75] Let B= APB, A= AP A, then the following hold.
i. AB=B A=DB.

ii. For any solution x(t) of system (/.1) or equivalently to sytem (/./) we have

Proof. According to (4.2) since AB = BA, then AP B = BAP thus we get
B = APAAPB=APB=B.
A APBAPA = BAPAAP = BAP = B.
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Lemma 4.3.2. [17] Let F € RP*™, M € R™" and consider the linear system
2(t) = Mz(t), then the following implication hold

[Fz(0) > 0] = [Fz(t) > 0,Vt > 0],
if and only if there exists a Metzler matriz H such that FM = HF.
Theorem 4.3.2. [75] The following statements are equivalent
1. System (4.]) is positive.
2. There exists a Metzler matriz H such that B = HA.
3. There exists a matriz D such that H = B + D(I — A) is Metzler.

Proof. 1 < 2 According to Lemma 4.3.1 since A B
of (4.4) can be written as follow

B A = B, then any solution

2
dﬂ:e&ZDX%:%Z+Q?Z+%Eﬁﬁhmww:2£%@:de
where z(t) = ePtuy is a solution to #(t) = Bz(t), 2(0) = vy € R, thus the
positivity of (4.4) is equivalent to [x(0) = Avy = Az(0) > 0] = [z(t) = Az(t) > 0],
therefore according to Lemma 4.3.2 there existe a Metzler matrix H such that

A B=HAsince A B=DB weget B=HA.

2=3

Suppose that there exists a Metzler matrix H such that B = HA since A is
idempotent then (A)~ = A and since B (A)~ A = B, then according to [16] H is
given by H = B (A)~ +T(I — A (A)~) which implies that

H =B+ D(I - A),

where D is arbitrary matrix.
3=2

Suppose that there exists a matrix D such that H = B+ D(I — A) is Metzler,
postmultipling H by A we get

HA-BA+DI-AA-BA-B.

Example 4.3.1. Let system (4.1) be given by the following matrices

-1 00 o o0 -1
A=| 0 3 0|, B=|1 —3 0
000 0o 0 3
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-1 1
Since det(A) = 0, and det(A — B) = —i g (2) = 0.1875, then (A — B)™!
00 —3
-2 0 -2
always exists, for ¢ = 1 we get (A — B)™' = [=2.67 1.33 —2.67|, therefore
0 0 —2
1 0 0 0 0 0
A= 1133 067 0|, B= |133 —0.33 0|, by using the Matlab code }.2.1
0 0 O 0 0 -1
1.0000 0 O
we get AP = | =1.9997 1.499 0|, which implies that
0 0 0
100 0 00
A=10 10|, B=|2 -1 0
000 0 0 0

Since B =B A and all the off diagonal entries ng are non-negative, then there
exists a Metzler matric H = B such that B = HA which implies that system (4.1)

18 positive.

4.3.2 Stability analysis of the time-invariant descriptor
system

In this sub-section we summarize the notion of stability given by Rami et al. in
[75] to analyze the stability of system (4.1) under the positivity constraint.

Definition 4.3.4. [75] The time-invariant descriptor system (4.1) is said to be

stable if x(t) — 0 as t — oo for all 2(0) € R(A) NR7.

Before we present the principal Theorem to study the stability of system (4.4)
we need the following Lemma

Lemma 4.3.3. [75] Let B be a Metzler matriz. Then the following are equivalent.
1. B is Hurwitz (i.e. every eigenvalue A of B has strictly negative real part).
2. There exists w € R"™ such that w > 0 and Bw < 0.
3. There exists u € R™ such that u > 0 and uT B < 0.

Theorem 4.3.3. [75] Assume there exists vy € R™ such that Avy > 0 (i.e. R(A)N
R" # @). Then the following statements are equivalent.
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1. System (/.4) is positive and stable for all z(0) € R(A) NR’.
2. There exists a matriz D such that H = B+ D(I — A) is Metzler and Hurwitz.

Proof. (1= 2)
Since (4.4) is stable we get

x(t) — 0 as t — oc.

By integrating (4.4) we get
F/ x(t)dt = x(7) — (0).
0

Since z(0) = Avy > 0 and z(t) is continuous and positive then w = fOTx(t)dt >0
and we can show that for 7 sufficiently large we get

E/Tx(t)dt — Bw = () — 2(0) < 0.

According to Lemma 4.3.1 since Az (t) = z(t) we get Aw = [ Az(t)dt = [[ z =w
thus (I — A)w = 0.

And since (4.4) is positive, then according to Theorem 4.3.2 there exists a matrix
D such that H = B + D(I — A) is a Metzler matrix, post-multiplying H by w we
get Hw = Bw < 0 which implies according to Lemma 4.3.3 that H is Hurwitz.
(2=1)

Suppose that there exists a matrix D such that H = B + D(I — A) is a Metzler
and Hurwitz then according to Theorem 4.3.2, B = HA thus

i(t) = Ba(t) = HAz(t) = Hx(t),

which implies that (4.4) is positive and stable since H is a Metzler and Hurwitz. [

4.3.3 Numerical example

In this sub-section we present a Matlab software code to check the positivity
conditions given in Theorem 4.3.2.

In [75] Rami et al prouved that the positivity condition 3D € R™™ such that
H = B+ D(I — A) is Metzler matrix is equivalent to the following inequality

B+ D(I—A)+al >0,

which can be expressed as follow

[(Z -NTel —vec([)] [ } < vec(B) (4.5)
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where o € R, D € R™™" is the unknown matrix. Thus we can check the positivity
conditions of system (4.1) given in Theorem 4.3.2 by solving the standard linear
programming problem (4.5).

Code 4.3.1.

A = input(’Please enter your system matric A:’)
B = input(’Please enter your system matriz B:’)
[a:q] = size(A);
A 0= AB;
% — - — - - - - = Compute cB-4 — — — — — — — — — — — — — — — — — —
if (det(A_0) = 0)
A 1 = mtimes(inv(A_0),A);
B 1 = mtimes(inv(A_0),B);
else
¢ = input( ’Please chose a wvalue for c:’)
A 0 = cxA-B;
A 1 = mtimes(inv(A_0),A);
B 1 = mtimes(inv(A_0),B);
end
% - - - - - - - - Compute the Drazin inverse of FI — — — — — — — —
% — — — — — — — — — — — — — = Step 1 — — — — — — — — — — — — — —
[n, n] = size(A_1);
G =A 1"n;
% — - — - - - - - - - - - — = Steps 2, 8, 4, § — — — — — — — — — —
H= rref(G);
H 1 = eye(n)-H;
for(i = 1:1:n)
for (k = 1:1:n)
if (H(i,i)— 0)
P(k,i) = G(k,i);
elseif (( H 1(i,i)™= 0)
Plk,i) = H 1(k,i);
end
end
end
% — - — - — - - - - - - - — = Steps 6, T — — — — — — — — — — — — —

K 2 = mtimes(A_1,P);
K = mtimes(inv(P),K_2)

- —-—-——— - - - - - = - = Step 8 — — — — — — — — — — — — — — —
i|C = input(’Please enter the non—singular matriz C:’)

C _inverse = inv(C);

- ——-—-—-—- - - - — - - = = Step 9 — — — — — — — — — — — — — —
[r,r] = size (C);

for(i = 1:1:n)

for (j = 1:1:n)
if (i<=7r 66 j<=71)
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Q(i,j) = C_inverse(i,j);

else
Qi j) = 0;
end
end
end
Drazin = mtimes(mtimes(P,Q) ,inv (P))
%——-—-—-—-—- - Compute the dynamic and the projector matrices — —
A _projectormatriz = mtimes(Drazin ,A 1)
B _dynamicmatriz = mtimes(Drazin ,B 1)
%»—-—-—-—---- Solve the linear inequality of our system — — — —
L 0= A projectormatric’—eye(q);
I 0= vreshape(eye(q),[],1);
I 1 = mtimes(I_0,—1);
K 0= kron(L_0,eye(q));

[;,z] = size (K _0);

for (i = 1:1:z)
for (j = 1:1:2+1)
if ( j<=2)
L i(i,j) =K 0(i.j) ;
else
L 1(i,z+1) =1 1(i,1);
end
end
end
disp (L_1)

[l ,w/=size (L 1);

B 3 = reshape (B_dynamicmatriz,[],1);
f = zeros(1,w);

x = linprog(f,L_1,B 8 );

z([w])=[];
D = reshape(z, q, q);
%»——-—-—-—--- Compute the Metzler matric H— — — — — — — — — — —

A S8=eye(q)—-A projectormatriz;
H = B_dynamicmatriz + mtimes(D,A_3)
H cigenvalues = eig(H)

Example 4.3.2. Let system (4.1) be given by the matrices

3 3 3 5 g _T
4 4 4 4 4
A=|2 0 2|, B=|-5 =3 4],
1 3 1
i1 1 -5 0 0

by using the Matlab code J.3.1 we will check the positivity and the stability of sys-
tem (4.1)
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Ut

ot

>> programmefinal
Please enter your system matriz A:[0.75 0.75 0.75;0.75 0 0.75;0.25

0.75 0.25]

A —
0.7500 0.7500 0.7500
0.7500 0 0.7500
0.2500 0.7500 0.2500

Please enter

your system matriz B:[—1.25 0 —1.75; =5 =8 4; =5 0 0]

B =
—1.2500 0 —1.7500
—5.0000  —3.0000 4.0000
—5.0000 0 0

K —
0.1429 0.3429 0
0.5022  —0.049/ 0
—0.0000  —0.0000 0

5| Please enter

the non—singular matriz C:[0.1429 0.3429;0.5022

—0.0494]

1o =
0.1429 0.3429
0.5022 —0.0494

33| Drazin =
—0.3815 0.8732 —0.3815
2.8016 —0.7968 2.8016
0.6567 1.0897 0.6567

A _projectormatriz =

0.3840 —0.1739 0.3840
0.0001 0.9999 0.0001
0.6159 0.1759 0.6159

44
45
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B dynamicmatric =

0.7655  —1.0471
—2.801/ 1.7966
—0.0408  —0.8658

Optimal solution found.

H -
—0.469/ 0

0 —1.5/66

3.026/ 0

H eigenvalues =

—1.5/66
—0.469/
—1.9537

0.7655
—2.801/
—0.0408

0.0000
0.0000
—1.9537

Since all the off diagonal elements of H are nonnegative, then H is a Metzler
matriz and for v = [—4, =2, —6.5] we get AprojectormatrizVo > 0 and since

o(H) = {—1.5466, —0.4694, —1.9537},

then H is Hurwitz, which implies that system (/.1) is positive stable for the given

matrices A and B.

Example 4.3.3. Let system 4.1 be given by the matrices

1
A= |-1
0

00 2 2 2
00|, B=11 2 2/,
00 2 1 2

by using the Matlab code 4.5.1 we will check the positivity and the stability of sys-

tem (4.1)

>> programmefinal

Please enter your system matriz A:[1 0 0;—1 0 0;0 0 0]

A —
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—1 0 0
0 0

0 =
=

10| Please enter your system matric B:[2 2 2; 1 2 2; 2 1 2]

12|B =

13

14 2 2 2
15 1 2 2
16 2 1 2
17

18

19K =

20

21 2 0 0
22 0 0 0
23 0 0 0
24

25| Please enter the non—singular matriz C:2
26

271 C =

28

29 2

30

31

32| Drazin =

34 0.5000 0 0
35 0.2500 0 0
36 —0.6250 0 0
37

38

39| A _projectormatriz =

40

41 1.0000 0 0
42 0.5000 0 0
43 —1.2500 0 0
44

45

16| B_dynamicmatriz =

47

48 0.5000 0 0
49 0.2500 0 0
50 —0.6250 0 0
51

52

53| Optimal solution found.

[SLIGI I
(A
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0.5000 0 0
0.2500 0 0
0 0 0.5000

63| H eigenvalues =

64
65
66

67

0
0.5000
0.5000

Since all the off diagonal elements of H are nonnegative, then H is a Metzler
matriz and for vy = [1, —2,3] we get AprojectormatrizVo > 0 and since

o(H) = {0,0.5000,0.5000},

then H is not Hurwitz, which implies that system (/.1) is positive and not stable

for the given matrices A and B.




Conclusion

In this thesis we have studied the solvability of the Riccati, Sylvester and Lyapunov
operator equations in Hilbert spaces of infinite dimensions using generalized in-
verses under some new conditions.

1. We presented new necessary and sufficient conditions for the solvability to
the Lyapunov, Sylvester and Stien operator equations.

2. We presented new method for solving Riccati and Lyapunov operator equa-
tions in Hilbert space, the results are applied to the problem of finding general
solutions to Cauchy problems for Riccati and Lyapunov operator differential
equations.

3. We got some Matlab software codes to compute the Drazin inverse of a matrix
and to check the positivity and stability of the time-invariant descriptor
systems with numerical examples.

Perspectives

In the future, we will try to extend our results to the case of unbounded operators
in order to find some applications in control theory.
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