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Abstract

The aim of this work is to give new necessary and sufficient conditions for the
existence of solution and Hermitian solution to some operators equations in Banach
and Hilbert spaces and give the general solutions and Hermitian solutions for the
first time via the inner inverses of elementary operators and via simple operators.
One of the main objective of this thesis is generalization of results of Alegra Dajié
and J. J. Koliha in [15] and [16].

Résumé

Le but de ce travail est de donner de nouvelles conditions nécessaires et suff-
isantes d’existence des solutions et des solutions Hermitiennes de quelques équa-
tions opératorielles sur les espaces de Banach et de Hilbert, ensuite donner les
formes des solutions et des solutions Hermitiennes pour la premiére fois via les in-
veres intérieurs des opérateurs élémentaires et via les opérateurs simple. L'un des
principaux objectifs de cette thése ¢’est la généralisation des résultats de Alegra
Dajié et J. J. Koliha dans [13] and [16].

Key words: Banach spaces, Hilbert spaces, Inner inverse, Elementary opera-

tors, Operators equations, Hermitian solutions
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General introduction

Many problems of the theory of linear operators or in other fields of mathemat-
ics such as algebra, numerical analysis, optimal control, spectral theory ..., are
strongly linked to the notion of invertibility of the elements. This is the reason
why some mathematicians have thought of introducing new notions of invertibil-
ity "Generalized inverses" which are useful for the solutions to these problems.
Among them, we cite I. Fredholm, J. Von Neumann, M. Z Nashed, C. R. Caradus,
J. J. Koliha... and many others.

The concept of generalized inverses seems to have been first mentioned in print
in 1903 by Ivar Fredholm [22], 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, W. A. Hurwitz [24] 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 operators were consequently studied by nu-
merous authors, in particular, Myller (1906), Westfall (1909), Bounitzky in 1909,
Elliott (1928), and Reid (1931).

Generalized inverses of differential and integral operators thus antidated the
generalized inverses of matrices whose existence was first noted in 1920 by E. H.
Moore [42], who defined a unique inverse A™ called by him the "general reciprocal"
for every finite matrix (square or rectangular). E. H. Moore established the exis-
tence and uniqueness of A 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 [6l [71 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 [50] sharpened and extended Bjerhammar’s results on linear

v
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systems, and showed that Moore’s inverse, for a given matrix A, is the unique
matrix X satisfying the following four equations

AXA = A,
XAX = X,
(AX)* = AKX,
(XA = XA.

The latter discovery has been so important that this unique inverse is now com-
mouly called the Moore Penrose inverse. Since 1955 the theory of generalized
inverses and their applications and computational methods have been developing
rapidly. Many authors investigated various types of generalized inverses, also gen-
eralized inverses which satisfy some of the four Penrose’s equations. Generalized
inverses which satisfy some, but not all, of the four Penrose equations play an
important role in solution of systems of linear equations. The generalized inverse
which satisfy the first equation is noted {1}-inverse and is often called inner gen-
eralized inverse. Since we have used this generalized inverses in the general setting
of Banach and Hilbert spaces, we can therefore give a general definition. Let £
and F' are Banach space and B(E, F) is the algebra of all bounded linear operators
and let A € B(E, F'), then any solution B in B(F, E) of the equation

ABA=A

will be called a pseudo-inverse, or {1}-inverse or inner inverse of A. An operator
with a pseudo-inverse will be called regular.

Many results have been obtained on the solvability of equations for matrices
and operators on Hilbert and Banach spaces using generalized inverses, see for
example |3, @, [T 141 151 16, (17 231 25 36].

In 1973, Mitra [38] obtained a necessary and sufficient condition for the matrix
equations

AIXB,=0Cy, AaXBy =
to have a common solution.
In 1976, Khatri and Mitra |25] considered matrix equations of various types

AX =C: AX=C, XBE=D and AXB=C

over the complex field and obtained conditions for Hermitian and non-negative
definite solutions and gave explicit solutions based on generalized matrix equations.

In 1979, Phadke and Thakare [51] attempted to describe Hermitian, positive
definite and semi-definite solutions for Hilbert space operators of

AX =C and AXA* =C,



CONTENTS

but several of their results are incorrect or have incorrect proofs.
In 1998.J. Grok|23] gives a necessary and sufficient condition for consistency of
this matrix equation

AXA =0

and gave a representation of its general Hermitian solution.

In 2004, Q. W. Wang derived the necessary and sufficient for the existence and
the expression of the general solution to the same matrix equations over arbitrary
regular rings with identity.

In 2007, Alegra Daji¢ and J.J. Koliha [16] gives conditions for the existence
of Hermitian solutions and positive solutions for Hilbert spaces of some operator
equations

AX =C and XB =D,

and obtained the formula for the general form of these solutions and corrected the
results of Phadke and Thakare [51].

In 2008, Alegra Daji¢ and J.J. Koliha [I5] reviews the precedent equations
from a new perspective by studyving them in the setting of associative rings with
or without involution.

In 2011, N. Li, J. Jiang and W. Wang considered Hermitian solution and skew-
Hermitian solutions to a quaternion matrix equation

AXA*+ BYB*=C,

In 2015, Alegra Dajié¢ [14] gives conditions for the existence of solutions for
some operator equations between Banach spaces and obtains the formula for the
general solutions.

The aim of this thesis is to present new necessary and sufficient conditions for
the existence of a common solution of the operator equations M4, g, (X) = C) and
My, B,(X) = Cy, using for the first time the generalized inverses of elementary
operators, where E, F, G and D are infinite complex Banach spaces and Ay, As €
B(F,E). B1.By € B(D.G), and M4, ,. Ma, g, are the multiplication operators
defined on B(G, F) by Ma, g, (X) = A1XB) and My, g,(X) = A2X By and we
derive a new and for the first time a representation of the general common solution
via the inner inverse of the elementary operator W = My, g, + My, p,. we apply
this result to determine new necessary and sufficient conditions for the existence of
a Hermitian solution and a representation of the general Hermitian solution to the
operator equation M4 g(X) = C, where A, B and C' are bounded linear operators
on Hilbert spaces. As consequence, we obtain well-known results of Alegra Dajié
and J. J. Koliha in [I3]. We consider the same system

A1X B =C, Ay X By = (Y,

vi
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where Ay, A, By, B2, C1 and (3 are linear bounded operators on Hilbert spaces,
and we give other necessary and sufficient conditions for the existence of a common
solution, we apply the result to determine new necessary and sufficient conditions
for the existence of a Hermitian solution and a representation of the general Her-
mitian solution to the operators equations AXB = C, and AXA*+ BY B* = C.

The thesis is organized in four chapters.

Chapter 1 is a reminder on essential notions about inner inverses and classes
of bounded linear operators, first we present some basic and important properties
of projections, second we introduce basic concepts of inner inverses and we recall its
algebraic and topological properties in Banach and Hilbert spaces. We also recall
the definitions of some classes of bounded linear operators Hilbert spaces. Finally
the convergence and stability concepts of operators and their characterizations are
given.

Chapter 2 is divided into 3 sections. In section 2.1, we present the inner
inverse for elementary operators in Banach space. In section 2.2, we give new
necessary and sufficient conditions for the existence of a common solution of the
operator equations

a’l-f‘qlABI(X) = Cl and 11'1[_.12,3._, (X) = CQ.

using for the first time the inner inverses of the elementary operators and derive
a new representation of the general common solution via the inner inverse of the
elementary operator W = My, p, + My, g, in Banach space. In section 2.3, we
apply the previous result to determine new necessary and sufficient condition for
the existence of a Hermitian solution and a representation of the general Hermitian
solution to the operator equation

Map(X)=0C.

in Hilbert space. As consequence, we obtain well known results of Alegra Dajié
and J.J. Koliha in [15].

Chapter 3 is divided into 3 sections. In section 3.1, we give new necessary
and sufficient conditions for the existence of common solutions to the operator
equations

A1XB) =C,, Ay XB;=0C,,

where Ay, Ay, By. By, C) and C; are linear bounded operators defined on Hilbert
spaces. Insection 3.2, we apply the previous result to determine new necessary and
sufficient conditions for the existence of a Hermitian solution and a representation
of the general Hermitian solution to the operator equation

AXB=0C,

vii
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where A, B and C are linear bounded operators. In section 3.3, we deduce neces-
sary and sufficient condition for the existence of Hermitian solution to the operator
equation

AXA*+ BYB*=C,

where A, B and C are linear bounded operators.

Chapter 4 This chapter is independent of the two previous ones. We present
a study developed by O. L. V. Costa and C. S. Kubrusly [L3] "Lyapunov equation
for infinite dimensional discrete bilinear systems", published in Systems & Control
Letters 17(1991) pp 71-77. The first section of this chapter is about preliminar-
ies, we recall some concepts needed in this chapter. The second section we shall
conclude the proof for the equivalence between the assertions

o 1;(M) <1
e for every Y € G*(H) there exists a unique solution X € G*(H) for

the Lyapunov equation ¥ = X — M(X),

where M is the operator defined on B(H) (H is a separable complex Hilbert space)

by
o0

M(X) =My (X)+ Y (Cer,ex)Ma, a;(X),
k=1
and C' is a non-negative nuclear operator. This supplies a necessary and sufficient
condition for the convergence preserving property between input and state cor-
relation sequences, as required in the mean-square stability problem, for infinite-
dimensional discrete bilinear systems.

viil
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0.1 Terminology

1. Let E and F be infinite complex Banach spaces

(a) B(E. F) be the set of all bounded linear operators from a Banach space
E into F.

(b) G(E, F) be the set of all invertible operators from B(E, F').
2. Let H be a complex Hilber space

(a

(b

) BT (H) be the set of all self adjoint non-negative operators.
) G

(¢) Bo(H) be the set of all compact operators.
)
)

( ) be the set of all strictly positive operators.

(d) By be the set of all nuclear operators.

(e¢) B be the set of all non-negative nuclear operators.
3. Let A B(H)
* the adjoint of A.

(h A~ the inner inverse of A
(¢) R(A) the range of A.
(d) NV(A) the kernel of A.

(f) r4(A) the spectral radius of A.

(g) |- [| thc norm.

(a) A
)
‘)
)
(e) o ) the spectrum of A.
)
)
(h)

(.;.) inner product.

4. Elementary operators.
Let D and G be two other Banach spaces. Consider A;, A; € B(F. FE),
By, B; € B(D,G).
(a) The multiplication operator on B(G, F') induced by Ay, By is
4'1-[__1]__31 X = A XB;.
(b) In particular La, = M4, ; and Rg, = M g,, where [ is the identity
operator are the left and the right multiplication operators, respectively.
(¢) The elementary operator ¥ defined on B(G, F') is the sum of two mul-
tiplication operators

“I" == A"'l’_!‘.ll’Bl + 1:,'1'{_-1.2,.32‘

ix



Chapter 1

Preliminaries

In this introductory chapter, we will introduce some basic concepts and well-known
results that facilitate the understanding of this thesis, in particular the projections,
as well as some basic notions and theorems of inner inverses of operators in Banach
and Hilbert spaces. We also recall the spectrum and the classes of linear bounded
operators in Hilbert space that will be used throughout this thesis. Most contents

of chapter 1 are taken from [10], [24], [14].[13]. [32]. [57] and [47].

1.1 Projections

Let E, F' be Banach spaces and let B(E, F) denote the set of all linear bounded
operators from FE to F.

Proposition 1.1.1. Fach projection P determines a direct sum decompsition of
E, namely
E=TR(P)®N(P). (1.1)

Conversely every direct sum decomposition of E determines a projection.

Proof. It is clear that E = R(P)+ N (P), since each x € E may be written in the
form
z = Pe+ (z— Pz).

Furthermore, Y € R(P) are characterized by the fact that Pz = =.

So, if x € R(P) N N(P), then x = Pz = 0, that is R(P) N N(P) = {0}. This
proves . Conversely let E = M & N, then Yo € E may be written uniquely in
the form @ = x; + x2 with 1 € M and 22 € N. If we define P by Px = x,, 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 E onto M along N. O



CHAPTER 1. PRELIMINARIES

Remark 1.1.1.  The operator (I — P) is also a projection of E onto N along
M.

Definition 1.1.1. A subspace M of a Banach space E is satd to have a comple-

mented subspace if there exists a subspace N such that E = M & N.

Theorem 1.1.1. Let M and N be closed subspaces such that E = M & N. Then
the projection P of E onto M along N 1s continuous.

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

Then

T —= N0 =3 By
Since Pz, € M and x, — Px,, € N, it follows that
yeEM and z—ye€N=N(P).
Then
Pr—Py=0 ond Pr=Py=y.
Thus P is closed. [l

Remark 1.1.2.  The decomposition E = M & N in Theorem|1.1.1 is said to be
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 E is closed.

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

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 E. If M = R(P) for some continuous pro-
jector P on E, then E = 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 £
onto M, and the result follow.

a
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1.2 Inner inverses in Banach spaces

Definition 1.2.1. Let A € B(E,F). An operator S € B(F, E) 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™.

Remark 1.2.1.

1. A € B(E,F) has an inner inverse iff N(A) and R(A) are closed and com-
plemented subspaces of E and F' respectively.

2. If A has an inverse A" in B(E, F), then A~ is the only inner inverse of
A

Definition 1.2.2. An operator A € B(E, F') is called reqular if A~ exists.

Definition 1.2.3. Let A € B(E, F). An operator S € B(F, E) is said to be an
outer inverse of A if it satisfies the equation

SAS =8, (1.3)

Lemma 1.2.1. If S is an inner inverse of A, then the operator SAS satisfies both

equations @) and .
Proof. The proof of this assertion is a simple verification. If ASA = A, then
A(SAS)A=(ASA)SA=ASA = A,

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

Theorem 1.2.1. [10] Let A € B(E,F). Then

1. If S € B(F, E) is an inner and outer inverse of A, then AS s a projection
of F onto R(A) along to N'(S) and SA is a projection of E onto R(S) along
to N'(A).

2. If S € B(F.E) 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).
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3. Suppose that N(A) and R(A) are closed and complemented subspaces of E
and F respectively, P is a projection onto R(A) and M is a complementary
subspace to N(A). Then S = ATIP ts an inner inverse of A, where Ay s
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)2 = 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 ¢ € £
such that y = Ax, we can write
Az = ASAz,

so that

R(A) CR(AS).
In a similar way, we have N (S) C N(AS) and if ASz = 0, then from
equation (1.3) we know that

Sx = SASx =0,
so that

N(AS) CN(S).
This means that, AS is a projection onto R(A) along to N (5).
On the other hand. clearly R(SA) C R(S). Conversely, for each y € R(S)
such that y = Sx we can write

Sz = 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

Arx = ASAxz =0,
s0 that

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

4
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2. According to property 1, there exist projections SA € B(E) and AS € B(F)
such that
N(SA)=N(4),  R(AS)=R(4),

On other hand, There exist closed subspaces R(S) and N (S) such that
E=N(A)a&R(S), F=N(S)&R(A),

Thus, R(.S) is a closed complemented subspace of N'(A) and N(S) is a closed
complemented subspace of R(A).

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

E=NA @M, F=NoR(A), (1.4)

let Ay = A/M, and let P be the continuous projection of F' 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 Al_l is
continuous, hence A7'P is also continuous. Clearly A(A7'P)A = A. This
proves that S = Al_lP is a bounded inner inverse for A.

O

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. [57] Let A € B(E,F). Then the following conditions are equiv-

alent:

1. There exist projections P € B(E) and Q € B(F') such that

2. There exist closed subspaces M and N such that

E=NA)®M, F=Na&R(A), (1.6)

3. A has an inner inverse.

Proof.
(1) = (2) Clear from Lemma [[.1.1]
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(2) = (3) Suppose that M and N are closed subspaces such that
E=N(A)&M, F=Na&R(A),

from the third part of Theorem 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
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

Examples
1. All projections are regular, in fact, if P2 = P then P is its own inner inverse.

2. A compact operator K with infinite dimensional range does not admit a
bounded inner inverse since R(K) is not closed.

3. Let A be a linear operator of finite rank (dimR(A) < oc). Then A has a
bounded inner inverse. Because R(A) being finite dimensional, is comple-
mented m F. Clearly A is bounded, NV(A) is closed and the quotient space
E/N(A) is finite dimensional, from which it follows that A/(A) has a finite
dimensional complement; hence N(A) is topologically complemented.

4. Let A : E — F be a Fredholm operator. Then A has a bounded inner
inverse. This follows from Theorem [1.2.2] since N'(A) is complemented in E,
and R(A) is closed and has finite codimension, so R(A) is complemented in
F. In particular , any operator of the form A = I — K, where K is compact
has a bounded inner inverse.

Remark 1.2.3. We have seen in Theorem [1.2.4 how to characterize the set of
inner inverses in term of the formula S = A7 P. However, in many situations,
this is not 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. [17}] Let A, B € B(E, F) are regular operators and C € B(E, F),
then the operator equation
AXB=2C, (1.7)

has a solution if and only if
AACB B =C. (1.8)
In which case, the general solution is
X=ACB +U-AAUBB™, (1.9)

where U € B(F, E) is an arbitrary operator.

6
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Proof. Suppose that X is a solution of equation ([1.7]), then
C=AXB=AAAXBB B=AACB B,
so the condition is necessary. If AA-C'B~ B = C holds, then Xo = A~CB~

is a solution of the operator equation ll

Now suppose that the condition (1.8) holds. Then clearly every operator of the
form (1.9) is a solution of ({1.7]).

Conversely, if X is a solution of (1.7) then X — A~C'B~ is a solution of the
equation AXB = 0.

Let Xg =X — A"CB™, so that Xg =Xy, — A~ AXy BB, then

X-ACB =Xy—-AAXyBB™,

from which (1.9) follows. O
Corollary 1.2.1. Let A € B(E, F) is regular operator and C € B(E, F), the

operator equation
AX =C,

has a solution if and only if
AAC =C.

In which case, the general solution is
X=AC+ (Ig— AA,
where U € B(E) is an arbitrary operator.

Corollary 1.2.2. Let B € B(E, F) is reqular operator and D € B(E, F'), then the
operator equation
XB=D,

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

In whach case, the general solution 1s
X=DB +U(Ilp—-BB7),
where U € B(F) ts an arbitrary operator.

Theorem 1.2.3. If A € B(E., F) has an inner inverse A~ € B(F. E) 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 - A AUAA",
where U € B(F, E) is an arbitrary operator.

-
i
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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 - A" AUAA™,
where U € B(F, E) is an arbitrary operator a
Remark 1.2.4.

o In [1f. Arens considers the problem of finding all left inverses i.e. all solutions
of the equation
BA=1.

He shows that if By is any left iverse, then the family of left inverses is
qiven by
B=DBy,+V(I — AB),

where V' is an arbitrary operator.

Corollary 1.2.3. Suppose that M is a closed complemented subspace of Banach
space E and that F, is a projection of E onto M. Then the family of projections
of E onto M is given by

P=DFo+ BU(I'— B),

where U € B(E) is an arbitrary operator.

Proof. Clearly P, is its own inner inverse. Hence, from the Theorem [[.2.3|all other
inner inverses of By can be written

B = Py+U-—PUP}
= PBy+U— FUPF,.

But from such an inner inverse, we can obtain a projection onto M:

P = BB,
— Py+ PU — P,UP,,
= P+ RU(I - R).

Since all projections can be obtained by this way, the result follows. O
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1.3 Inner inverses in the Hilbert spaces case

In Hilbert space, it is well-known that every closed subspace is complemented.
Therefore an operator in Hilbert space is regular if and only if it has closed range.
Let H, K be Hilbert spaces and let B(H, K) denote the set of all linear bounded
operators from H to K.

Lemma 1.3.1. Let A € B(H, K) be regular operator, M and N are complemented
subspaces of R(A) and N'(A) respectively. Then there exist an inner inverse A~ €
B(K,H) of A, such that

1. (I — A™A) is a projection onto N'(A).
2. R(AA™) =R(A).

3. N(AA™) = M.

. R(I— A-A) = N(A-A) = N(A).
N(I - A-A) =R(A-A) = N.

B

o

Theorem 1.3.1. [{{] Let A € B(H, K). The following statements are equivalent
1. A has a bounded inner inverse.
2. A* has a bounded inner inverse.
3. R(A) is closed.
4. R(A*) is closed.
3. T has a bounded right inverse on R(A).
6. The restriction of A to N(A)* has a bounded inverse.

Before giving the inner inverses of matrix of operators we recall that if H and
K are Hilbert spaces, then the Cartesian product space H x K is itself a Hilbert
space and H x K will be denoted by H & K.

Lemma 1.3.2. [/7] Suppose that E is another Hilbert space. Let A € B(H, K),

A ) € B(H,K & E) is reqular if only

B € B(H, E) are reqular operators, then ( B

and ';‘.f( ; g ) s regqular.
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3 ; A s A
Proof. Suppose that ( A~ B~ ) is an inner inverse of ( B ), then

(5) 0 5(5)=(5);

this implies that the equalities A(A"A+ B B) = Aand B(AA+B B)=1B

holds. So,
AO\(A B \(AO0\ (A0
B 0 0 0 B o) \B 0]’

(A 0. .
thus ( B 0 ) is regular.

; A- B\ . : 4 A0 sk
Conversely, if 0 0 is an inner inverse of B o) then the equalities

A(A-A+B B)=Aand B(A“A+ B~ B) = B holds. So

() 5(5)-(5)

thus, ( g ) is regular. O

Lemma 1.3.3. [{7/ Let A € B(H.K) and B € B(E, K) be regular operators. Then

(A B )eB(H® E, K) is regular if and only if S = (Ixx — AA™)B is regular.

~- (A —A-BS—(Ix— AA-
(A B) = ( Sk _(;A_) ) ) (1.10)

In this case

Lemma 1.3.4. [I6l] Let A € B(H.K) and B € B(H,E) be regular operators.
Then the reqularity of any one of the following operators implies the reqularity of
the remaining three operators:

D=B(ly—- A—A), M = A(Iy - B-B), ( g ) and ( ‘?1 ) .

; : , AN
In this case an imner inverse of ( g | s given by

( g )_ —((Iy—B B)M~ B~ —(Iy— B B)M~AB~ ). (1.11)

10
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1.4 The spectrum of bounded linear operators

Let A € B(E). For A € C, if the operator A\ — A has an inverse, which is linear,
we denote it (A, A) the inverse operator, that is

R\ A)= (A - A7, (1.12)

and call it the resolvent operator of A at A\. The name resolvent is appropriate,
since R(A, A) helps to solve the equation

(M —A)z =y.
Thus
x = R(\, A)y,

provided R(A, A) exists. More important, the investigation of properties R(A, A)
will be basic for an understanding of the operator A itself. Naturally, many prop-
erties of (Af — A) (or simply (A — A)) and R(\ A) depend on A, and spectral
theory is concerned with those properties. For instance, we shall interested in the
set of all A in the complex plane such that R(\, A) exists and bounded. For our
investigation of R(\, A), we shall need some basic concepts in the spectral theory
which are given as follows

Definition 1.4.1. The resolvent set of A 1s
p(A) ={A € C: (A — A) has an inverse in B(E)}, (1.13)

its complement

o(A) = C\ p(A), (1.14)

15 called the spectrum of A. The number

ro(A) = sup{|A

A e o(A)}, (1.15)
is called the spectral radius of A.

for further reference [32, [57] we collect some important facts about spectrum,
resolvent operator and spectral radius in the following theorem.

Theorem 1.4.1. Let A € B(E).

1. The resolvent identities
VA, i€ p(A), RN A)— R(p, A) = (p— AN)R(X, A)R(u, A),

moreover R(\, A) and R(u, A) commute for A, p € p(A).

11
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2. if X € p(A) and |\ — p| < ||R(X, A)|| 7, then € p(A). Thus p(A) is open
set in C.

3. The resolvent is an analytic map. Moreover

o0

R(A A) = Y (=1)"(A = Ag)"(R(Xo, A))"*,

n=0

for all \g € p(A) such that |\ — Xo| < ||R(Mo, Al

4. o(A) s closed in C.
Theorem 1.4.2. Let A € B(E). Then
1. 0(A) is nonempty compact set in C.
2. The spectral radius is given by the Gelfand formula
ro(4) = lim [lA"]% = inf]| A"
3. We have
ro(A) < ||A|,

equality holdes, for example, if E is a Hilbert space and A is normal, it means
commutes with its adjoint.

4. The Neumann series

1
R(MA) = (I - -4 Z/\”ﬂ

converges in B(E) for each A € C with || > ry(A).

e A€ p(A) and

1

1.16
N =TT .15)

IR, Al < 57— =4l

Note that the spectrum of bounded operator is never empty nor equal to C

example 1.4.1. Let E = (Y(Z) be the space of all summable complex sequences

= (Tp)p = (., ®_2,T_1, 0,71, T2, ...),

12
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indexed by the integers, with the usual norm. For any e € R, let Ac € B(E) be
defined by Ac(xz) = y. where v = (xn)n and y = (yn)n are related by

g T z_fk#[]
exey fk=10

Then, we have

o(Ag) =D,
where D denotes the open complex unit disc. On the other hand,
o(A)=S=0D={AeC:|\=1}e#0).
So, here the spectrum collapses when € changes from zero to a nonzero value.
The spectrum o(A) is partitioned into three disjoint sets as follows:

e The point spectrum o,(A) of A, is the set of A € C such that A — A is not
injective. A € g,(A) is called an eigenvalue of A and for this A there exists a
non zero vector x such that Az = Az called an eignvector corresponding to
A

e The continuous spectrum o.(A) of A, is the set of A € C such that A— A
is injective but its range is not closed.

e The residual spectrum o,(A) of A, is the set of A € C such that A — A
is injective but its range is not dense in E.

Remark 1.4.1.
1. If E 1s finite dimension, then o.(A) = 0,(A) = ¢.
2. If E is a Hilbert space and A is a self-adjoint operator then o,.(A) = ¢.

3. If A € 0.(A), then X is not eigenvalue of A or of A*.

1.5 The classes of bounded linear operators
In this section we will investigate some classes of bounded linear operators A on a
complex Hilbert spaces.

Definition 1.5.1. Let A € B(H, K), then the unique operator A* € B(K, H) such
that
Vee H Vye K : (Ax,y) = (z, A%y),

15 called the adjoint of A.

13
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Definition 1.5.2. An operator A € B(H) is said to be

1. Hermitian (or self-adjoint): if A* = A.

2. strict positive: if and only if 3y > 0, such that (Az,z) > 7||z|? Yz € H.
3. Unitary: if A*A=1= AA*, where I is the identity operator on H.
4. Isometry: if A*A =1

o

Projection: if A2 = A.
. Contraction: 1f ||A| < 1.

6
7. Strict contraction: if < 1y

Al

Proposition 1.5.1. If A € B(H) is Hermitian then

(Az,z) =0, Vxr € H if and only if A=0.

1.5.1 Non-negative operators

Definition 1.5.3. An operator A € B(H) is said to be non-negative if and only if
(Az,zy > 0, Vz € H.

Remark 1.5.1. If A is a non-negative operator, then A is Hermitian.

Theorem 1.5.1. Every non-negative A € B(H) has a unique operator T € B(H)
such that T2 = A, then T = A% is called square root operator of A.

Theorem 1.5.2. Let A € B(H), then A*A is a non-negative operator in B(H)
and the unique square root of A*A is defined by

|A]* = (A*A4),

That is
|4] = (A*A)¥2,

and |A| is called the absolute value of A.

14
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1.5.2 Compact operators

Throughout this section £, F and G will denote normed linear spaces and Boo (E, F)
the set of all compact operators of a normad space E into F. If E = F, we write
B.o(F) = B (E, E) the set of all compact operators on a normed space E.

Definition 1.5.4. [57/ A linear operator A : E — F is compact if, for each
bounded subset 2 of E, A(2) is relatively compact in F. Since F is a metric space,
A is compact if and only if for each bounded sequence {x,} in E, the sequence
{Az,} contains a subsequence converging to some limit in F.

Theorem 1.5.3. [57] The set B (E, F) is a subspace B(E, F'). if F' is complete,
this subspace is closed.

Theorem 1.5.4. [57] Suppose that A € B(E,F) and B € B(F,G). If one the

operator A or B is compact, then BA is compact.

Remark 1.5.2.

1. If E isinfinite dimensional, then the identity operator I on E, is not compact.

2. If A is a compact operator whose domain E is infinite dimensional, then A
cannot have a bounded inverse. Since, if we suppose that A is invertible, then
A7YA =1, on E must be compact, which would imply dimE < oo.

Theorem 1.5.5. [J3] If A € B (E,F) and A € C\ {0}, then R(A — A) is closed.
Theorem 1.5.6. [73] If A € B (E,F), A € C\ {0} and N'(M — A) =0, then
R(M —A)=H.

1.5.3 Nuclear operators

Recall that when E is a Banach space, the dual space E' = B(E, C), consists of
the bounded linear functionals =" on E, it is a Banach space with the norm
[z

Definition 1.5.5. Let F and F Banach space, An operator A € B(E, F) is nuclear
if there exist sequences (a;) cE, (bj) C F, and (A;) is a set of complex numbers
obeying Z?(:’l|/\j[ < oo, with ||aj|| <1 and ||b;|| <1 for all j, such that

E = .’,nf{|ﬂ"(1:)| 1T e E" ||'T|| - l}

Az =" Ajdli(x)bj, (1.17)
=1

forallz € E.
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Proposition 1.5.2. every nuclear operator is compact
Proof. Note that the series in ((1.17) is absolutely convergent since
IAja5(x)b; 1l < (A5l (1.18)

and Z_?c:'1|)\_.,-| < oo. We shall show that a nuclear operator is compact.
Suppose that A is given by (1.17)), and define A, n =1,2,3,..., by

n
Apz = Z )\jrz;-(:t)bj,

Clearly, A, € B(E, F) and dimR(A,) < n. Furthermore, implies that

o0

1Az — Anall < (Y Dl

j:i’?+l

which shows that ||[A — A,|| — 0 as n — oc. since each A, is compact, so is A by

Theorem [[53 O
In the following we suppose that H and K are two separable Hilbert spaces

Definition 1.5.6. [52] An operator A € B(H, K) is said to be a nuclear operator
if there exists a sequence (a;)jen in K and a sequence (b;)jen in H such that

szzaj(bj,l‘>“. forall z € H, (1.19)

H=]

and N
> lajll - [1blle < oo (1.20)

The space of all nuclear operators from H to K is denoted by B, (H, K).
Remark 1.5.3. If A € By(H) is non-negative, then A is called trace class.
Proposition 1.5.3. [52] The space B (H, K) endowed with the norm

By (HK) = illf{zuﬂ,j“ . ||bj||H such that Ar = Z a; (hj, r)u, v € H}, (1.21)
JeN g=1

A

1s @ Banach space.

16
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Definition 1.5.7. [52] Let A € B(H) and let {ex, k € N}, be an orthonormal
basis of H. Then we define

trA =" (Aex, ex)n, (1.22)

kel
if the series is convergent.

This definition could depend on the choice of the orthonormal basis. However,
note the following result concerning nuclear operators.

Proposition 1.5.4. [02] If A € By(H), then trA is well-defined independently of
the choice of the orthonormal basis {ex,k € N}. Moreover we have that

ltrA] < || Alle,m), (1.23)

Proof. Let (aj)jen and (b;)jen be sequences in H such that

A = Z aj{bj, ),

jEN

for all z € H and EjeN”aj”H bl & < o0
Then we get for any orthonormal basis {e;, k€ N} of H that

(Aer, ex)r =Y (ex.aj) - (ex:b)n,
jen

and therefore

D HAer.e)ul < DD Hewsashm - (ex bl

jeN jEN keN
¥ 1 ¥ 1
< TS ewa)at (Sl byal,
jeN keN keN
= Y lajlla - lIb;]la < oc.
JEN

This implies that we can exchange the summation to get that

Z(At?xw er)H = ZZ(C% ajyu - (ex,bj) g = Z(‘% bj)a

kEN JEN keN jEN

and the assertion follows. |
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1.5.4 Correlation operators
Definition 1.5.8. [20] for any h € H, let ho h € B (H) be defined as
U.‘ o] h.)."!.‘ = (:I-‘: h) h fr)'r all © € H. (124)

Where B] (H) = {T € BL(H) : tr(T) < oo}, The class of all non-negative nuclear
operators.

1.6 Convergence and stability of operators

Definition 1.6.1. [F7] Let { Ay }n>0 be a sequence of operators on B(H, K).

1. A sequence {A,},>0 is uniformly convergent if and only if there exists an
operator A € B(H, K) such that lim ||(4, — A)|| =0, denoted by A, = A.
I—r0C

2. A sequence {Ap},>0 is strongly convergent if and only if there exists an
operator A € B(H, K) such that lim |(A,x — Az)|| =0, Vo € H, denoted
n—oa
by An > A.

3. A sequence {Ap}n>o ts weakly convergent if and only if there exists an opera-

tor A € B(H, K) such thatVex € H Vy € K : (Apz,z) = (Az,y), Vr €
H, denoted by A, A,

lim
n—oC

Definition 1.6.2. [72] Let A € B(H, K),

1. A s uniformly stable if the power sequence { A" }n>0 converges uniformly to
the null operator (i.e. ||A"|| — 0, as n — o0 ).

2. A is strongly stable if the power sequence {A"},>0 converges strongly to the
null operator (i.e. |A"z|| — 0, as n —> 00, Vx € H ).

3. A is weakly stable if the power sequence {A"},>0 converges weakly to the null
operator (i.e. (A"z;y) — 0, as n —> o0, Va,y € H).

Remark 1.6.1. Let {A"},>0 the power sequence in B(H, K), then

(A<l & A" 50 = A" 50 = A" 50

Proposition 1.6.1. [72] Two Hilbert spaces H and K, are topologically isomor-
phic if and only if they are unitarily equivalent. Therefore

1. G(H,K) # 0 if and only if {U € G(H,K) : U™ =U*} # 0.

18
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2. For each A € B(H) and W € G(H, K), |[WAWY|| = |[|w] A|w|7"].

3. A€ B(H) is similar to a contraction ( resp. strict contraction ) if and only
if there exists X € G (H) such that || XAX || < 1 (resp. | XAX Y| < 1).

4. Forany A€ B(H), X € G*(H) and a € |0,00]

| XAX7| < a if and only if (a*X* — A*X*A) € BT (H).

||XAX'1|| < o if and only if (62X? — A*X2A) € G1(H).

Proposition 1.6.2. [72] Let A € B(H, K), The following assertions are equiva-
lent:

1. A" S0

e

re(A) < 1.

. A" < Ba”, for every n >0, for some > 1and a € (0,1).

e L

En:in”A“”P < o0, Vp> 0.

g}

S ollA™z||P < o0, Yz € H, Vp > 0.
Theorem 1.6.1. [71] Let A € B(H). The following assertions are equivalent:
1. ¥{A) < 1
2. M = M. 4 is similar to a strict contraction.
3. There exists X € G*(H) such that
X — M- a(X) € G™(H).
4. For everyY € GY(H) there exists X € GT(H) such that

Y = X — M- 4(X).

foranyY € GT(H), X is given by

X =) A%y A (1.25)

k=0

19
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Proof. 4= 3
For every Y € GT(H), there exists X € G™(H) such that
Y = X — My 4(X), then X — My. o(X) € GT(H).
3=2
Suppose that there exists X € G7(H) such that
X — My- 4(X) € GT(H). According to Proposition 1.6.1, we have

[XAX7Y| < a & o?X? — A*X?A € GH(H).
Let a=1and X = W2 e G™(H), then
X — Ma-a(X) € GT'(H),

this implies that
| XYV2AX 12| < 1.

Thus A is similar to a strict contraction.

2=1
Suppose that A is similar to a strict contraction, then there exists W € G(H) such
that ||W AW || < 1. Since

re (A) =1, (WAW ™) < [WAW!|.
Thus
s (A) < 1.

1 =14 .
Suppose that r, (A) < 1, so that ) ||A*'H2 < 00.
k=0

Let Y = R? € G*(H), then ¥Yn > 0, we have

I n )
1B 2l < 1 Relf? < 3 [|RAS] < IRIP (3 || 44)) el

k=0 k=0

We define a map
W: H — ty(H)
r +— Wz =(Rz, RAxz,..),

W is linear and bounded with

IWz|* =Y |RA*|*, Vo € H.

k=0

So that W has a bounded inverse in R(W), then W € G(H). Thus

W |* € GT(H).

20
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Note that

<(R2 - |H”I2 + A |W'|2 A) :rr,.-!'> = <(R2 . |W'|2) x, .-1:) - <A* |W'|2 Ar, .-r_.'> .
— ((RQ _ |H;|2) I‘,;}:) g “”"A-'L'”g ‘
= || Ral|? - |Wz| + || W Az

_ R.z_m RAJ.-._.Q - RA;,-+1_2
= ||Rzl| = )_[|RA"||"+ ) _[|RA™ 2|,
k=0 k=0

[s. %] oo .
= RelP = Y[ RAN| + 3 [RA¥a ]
k=1

k=0
= ||Rz||®* - ||Rz||*=0. Vo e H

this implies that
RE— WP+ A WPA=0.
So that ‘ )
R = |\W|* - A*|W]* A,
let X = |W|* and Y = R2, we get (4).
Suppose that Q? € GT(H) is another solution of the equation

R? = |W)? — 4*|W]* A,

then
|RA*||* = (RAY2z,RA'z),
= (4" R4's,0),
= (4" (@ - A'Q24) A¥z,z),
= (4@ akz,z) - (A7 Q2AM e 1),
= [lQA%]* ~ [|Qa* |,
hence

s

S lIrate]” = Y(l@atal” - 4],
k=0

k=0

Qx| - [|QA™ z|?,
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then Vo € H, Yk > 0, we have

Wal? = Jm 3" [[RA "

n—r 0ol
k=0

: : # 2
= lim (|Qz|* - [[QA™=|"),
2
= [lQ=|",
because r, (A) < 1, thus

((Iw

2~ QY)ax,2) = |[Wa|®- ||Qa|?
= 0, Vx € H,
therefore _
Q? = W,
So that X is the unique solution of
Y =X— M, ,A(X). VY € G+(H)
Finally, let Y = X — M- a(X), then

2‘4*.‘.:})14&' _ ZAHCXAk _ Zfltk_HXAk—Fl,
k=0 k=0 =0
= X -A"" XA™! e B*(H), Vn >0,
where X is the solution of the equation ¥ = X — Ma. 4(X), let

mn

JYn = Zfi*h‘ya‘ik,
k=0
then
X, — X|| = HA X A | .
< x| A™Y)?, vn >0,
Hence

lim [ X, — X[ < lim || X [|A™"]*.
Since r, (A) < 1 (ie. [|A"|| = 0), so that
lim || X, — X|| =0,
n—+o0
therefore

X = iA*"’YA*‘.
k=0



Chapter 2

Operator equations and elementary
operators

2.1 Introduction

This chapter is the subject of an article [37] written in collaboration with Pr
Lombarkia published in Linear and Multilinear Algebra.

Let £, F, G and D be infinite complex Banach spaces and B(F. E) the Banach
space of all bounded linear operators from F into E.

Consider Ay, A2 € B(F, F), By, B2 € B(D,G). Let
Mi s : X = A4XB
be the multiplication operator on B(G, F') induced by A,. B;. In particular
La, =My, 1 and Rp, = M) ,,

where [ is the identity operator are the left and the right multiplication operators
respectively. The elementary operator ¥ defined on B(G, F) is the sum of two
multiplication operators

V= JNIIANBI = 11'1'_4_2_32.

In this chapter, we give necessary and sufficient conditions for the existence of a
common solution of the operator equations My, g, (X) = C; and My, g, (X) = Cy,
and we derive a new representation of the general common solution via the inner
inverse of the elementary operator ¥ = My, g, + M4, p,. we apply this result to
determine new necessary and sufficient conditions for the existence of a Hermitian
solution and a representation of the general Hermitian solution to the operator
equation My g(X) = C, where A, B and C are bounded linear operators on Hilbert
spaces. As consequence, we obtain well known results of Alegra Daji¢ and J. J.
Koliha in |15].
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2.2 Inner inverses of elementary operators

Lemma 2.2.1. [I{}] Let Ay, Ay € B(F. E), By, By € B(D,G), such that
U = My, g, + My, p, is reqular. Then the operator equation

U(X)=C,

has a solution if and only if
v (C)=C.

A representation of the general solution is
X =07(C) + (Ip@,p — ¥ I)U),
where U € B(G, F) is an arbitrary operator.

It can be easily seen that in the case, where Ay = A € B(F.E), B = I and
Az = By =0, Lemma 22T reduces to the well-known result, here related as

Corollary 2.2.1. Let A € B(F,E), such that A is reqular. Then the operator
equation

La(X) =C,
has a solution X € B(E) if and only if

Laa-(C)=C.
A representation of the general solution is
X =Ly (C) + (I - La-a)(U),
where U € B(E) is an arbitrary operator.
Proof. The operator equation L(X) = C has a solution if and only if

La(La)™(C) =C.

Since
La-a=La-Ly,
it follows that if A~ is the inner inverse of A, then (L,)~ = L,- is the inner
inverse of L.
Consequently, from Lemma 2.2.1] we get the result. a

It can be easily seen that in the case, where Ay = Ay = A € B(F,E), B, =
B, =B e B(D,G), Lemmarcdu(:es to the well-known result, here related as
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Corollary 2.2.2. Let A€ B(F,E) and B € B(D, G) be reqular. Then the operator
equation
Map(X) =G,

has a solution if and only if
Maa- g-8(C) =C.
A representation of the general solution is
X = My- p-(C)+ (I — My-a.88-)(U),
where U € B(G, F) is an arbitrary operator.

Proof. Since
MagMa- B- = Mas- B-B,

it follows that, if A~ and B~ are the inner inverses of A and B, then (M4 p)” =
M - p- is the inner inverse of M4 g.
Consequently from Lemma we get the result. a

2.3 Common solution to the pair of equations
]ﬂAI-Bl(X) = Cl and ﬂ/[AQ?BQ(X) — CQ

In the following section, we give necessary and sufficient conditions for the existence
of a common solutions of the operators equations

Ma,B,(X)=C1 and My, ,(X) = Cy,
we suppose that all the spaces are complex Banach spaces.

Theorem 2.3.1. Let A, € B(F,E), A; € B(F,N),B, € B(D,G) and B; €
B(M,G), such that Ay, By and ¥ = My, g, + M_ 5, a7 A, B, B B, are Tegular, then
the pair of equations

My, B, (X) = Ch, 2:1)

Ma,5,(X) = Ca, (2.2)
has a common solution if and only if
"UAlAI B; s,(C1) = C1,

and
VU™ (Cy — AgA[ C 1By By) = Cy — A3 ATC\ B Bs.
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If a common solution to (2.1) and exists, a representation of the general
common solution is given by

X = M, 5 (C1)+ ¥ (Co— AATCIBT By) + (I - U W)(V)
— My 4, 5,5 [V (Co— AA[C1B By) + (I -V U)(V)],  (2.3)

where V € B(G, F') 1s an arbitrary operator.

Proof. Suppose that the pair of equations ([2.1]) and (2.2) has a common solution.

Since equation has solution, then from Corollary we have that
j”.—hAi'.B; B, (C1) =Cn,
and the representation of the general solution to equation is
Xy =My 5-(C1) + (Is.e) — My- 4, 5,8 )(U), (2.4)

where U € B(D, E) is an arbitrary operator.
Because equations (2.1) and (2.2) have a common solution, there exists an
operator Uy € B(D, E), such that X satisfies

Ma, B, (X1) = Coa.
Thus

Ma, ,(X1) = My s -5, (C1) + Ma, 5,(Uo) + M_p, - 4, 5,5 B, (Vo)
= G,

which implies that
(Vo) = Cy — A2 AT C\By By, (2.5)

has a solution, applying Lemma [2.2.1] the equation has a solution if and only
if
VU™ (Cy — AA; OBy By) = Cy — A2A| C1 By Bs. (2.6)

Now assume that
My, A7 .By By (C1) =Ch,

and
VU™ (Cy — AA| C1 By By) = Cy — A A C By Bs.

We can show that X as defined in ((2.3)) is a common solution to (2.1) and (2.2)).
Let X an arbitrary common solution to ((2.1) and (2.2). Then we have

_'I'LI_;‘IQ‘.BE (X[l) + 11.!_‘12!11—41‘31 31—82 (X[]) = Cz — ABA]__ Cl BI._ B'z.
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ar
U(Xo) = Cy — A2 A7 C1 B} Ba.

Letting V = X in (2.3]), we have that

X = My 5 (C1)+ ¢ (C2 — AA C1By By) + (I — ¥~ ¥)(Xo)
— Mya 55 [V (Co— A2ATC\ BT By) + (I — T W)(Xo)),
= "”.4.‘_.5; (C1) + Xo + U™ (Cq — Ay AT C1 By Bp) — (X))
— My 4, 8- (¥ (C2 — A2ATC\ By By) — ¥~ ¥)(Xo)] + M y- 4, g, - (Xo0),
- *'”A;,B;{Cl) = MA;& BLBy (Xo) + Xo,
= Xj.
Hence X as defined in is a representation of the general common solution to
and @ O

Corollary 2.3.1. Let A € B(F,E), B € B(M,G), C; € B(G,E) and C; €
B(M, F) such that A and W = Rg+ M_a- o p = M(j_a- a)B are regular, Then the
pair of operator equations

LaX=C]. (2.7)

RpX = O, (2.8)
has a common solution if and only if
LaLa-Cy = Gy,

and

YU (Ca— A C1B)=Cy— A"C1B.
If a common solution to and exists, a representation of the general

common solution is given by
X = La-(C))+V¥ (Co—AC\B)+ ([ -9 ¥)(V)
— Lp-Al¥ (G — ACiB) + (I - V) (V)]
where V € B(G, F) is an arbitrary operator.

In the following corollary, we can see that Corollary 2.3.1] reduces to the well-
known result of Daji¢ and Koliha [I5, Theorem 4.5]

Corollary 2.3.2. ([I5, Theorem 4.5]) Let A,C) € B(F.E), B,Cy € B(G,E), and
let A and B be reqular. Then the equations

AX =C; and XB = &, (2.9)
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have a common solution X € B(FE) if and only if
R(C1) € R(A), N(B) c N(C2) and AC2 = (1 B.
The general common solution is of the form
X=A"C1+CB"—-A"AC;B~ +(I-AA)U(I-BB"), (2.10)
where U € B(E) is an arbitrary operator.

Proof. If A and B are regular, then the multiplication operator ¥ = M;_4- 4 p
is regular and M;_a- 4y - is the inner inverse of M(;_a- 4 5.
Applying Corollary we get that the equations

Li(X) =C1, Rp(X) =C
have a common solution X € B(FE) if and only if
Lasa-(C1)=C1 and Y9 (C—-AC1B)=C;— A"C1B.
The equation L4~ (C1) = Cq, implies that
AAC1 =,

which is equivalent to
R(C1) € R(A).

The condition

YU (Cy — A"C1B) = Cy— A~C,B

implies that

M1-4-4),8-B(C2 — AC1B)=Cy— A (1B,

consequently
(I—-—ATA)C3B B+ AAAC1B=C,, (2.11)
applying A to the equation (2.11f) we get
AATC\B = AC,,

since

AACy = 4.
Hence

ACQ = CIB,
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using in equation (2.11)), the equality
AC, = (1B,
we get
CyB™ B = (s,
which is equivalent to
N(B) C N(Cy).
From Corollary the general solution is of the form
X = L (C)+Y (C-—ACiB)+(I—-3"¥)(U)
— Ly A9 (Cy—AC1B)+ (I -9~ 9)(U)],
where U € B(FE) is an arbitrary operator, it follows that
X = ATCi+ My_ag-a,8-(Ca— A"C1B) + (I — M(1_a-4),8-8)(U)
- ATA(Mj-a-4),8-8)(U),
using the equality ACy = C B, we get
X=A"C1+CB"—A"ACB™ +(I - A"A)U(I — BB™), U € B(E).
O

2.4 Hermitian solution to the operator equation
Myp(X)=C

In this section, we suppose that F' = H and £ = K are complex Hilbert spaces and
we determine conditions for the existence of a Hermitian solution to the operator
equation My p(X) = C.

Lemma2.4.1. Let Ac B(H,K), Be B(K,H) and ¥V = Mg- a-+M_p- s- A BB- A+,
such that A, B and WV are regular. Then the operator equation
My p(X) =C, (2.12)
has a Hermatian solution if and only if the pair of equations
My p(X) = C and Mp- 4-(X) =C*, (2.13)

has a common solution, a representation of the general Hermitian solution to
2. is of the form
X4 X"

Xp= g

where X is the representation of the general common solution to equations .
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Proof. From Theorem the pair of operator equations (2.13]) has a common
solution if and only if
Maa- 5-8(C) =C,

and

YU (C* - B*A CB A")=C*"—B*'A CEBE A",
a representation of the general common solution to ([2.13) is

X = My 5 (C)+¥(C*—B*ACB A*) + (I — U 0)(V)
— Muapp- [ (C*—B*A"CB A*) + (I -9 ¥)(V)].

Clearly, Xp is a Hermitian solution to (2.12)). a

Corollary 2.4.1. Let A = B(H, I() and ¥ = RA' | ﬂi{—.—l‘.‘l,ﬂ" = ip":{(f—:‘l—.‘l).A' be
reqular operators. Then the operator equation

La(X) =C, (2.14)
has a Hermitian solution if and only if the pair of equations
L4(X)=C and Rs-(X) =C", (2.15)

has a common solution, a representation of the general Hermitian solution to

15 of the form

X4 X*
7
where X s the representation of the general common solution to equations .

Xu

Proof. The result follows from Lemma [2.4.1] and Corollary 2:3.1] O

In the following corollary, we can see that Corollary reduces to the well-
known result of Dajic and Koliha |15, Theorem 4.6

Corollary 2.4.2. ([13, Theorem 4.6]) Let A,C € B(H,K) be reqular operator.
then the operator equation
AN =

has a Hermitian solution if and only if
R(C)CR(A) and AC* € B(K) is Hermitian.
The general Hermitian solution is of the form

Xu=A"C+({I—AA)AC) +(I — A~ AUl = A-A)*, U* =U e B(H).
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Proof. If A is regular, then the left multiplication operator ¥ = L4 is regular and
L 4 is the inner inverse of L4,
applying Corollary and Corollary 2.3.1] we get that the equation

La(X)=C
has a Hermitian solution Xy € B(H) if and only if
Laa-(C)=0C,
and
YU (C* — A"CA*) = C* — A~CA".
The equation L4~ (C) = C implies that
AAC=C,
which is equivalent to
R(C) C R(A),

the condition
YU (C"— A"CA") =C*"— A"CA",

implies that
M1_a-a)a)-4-(C* — A"CA") =C" - ACA®,

consequently

C* (A" ) A*— A~ AC* (A~ )*A*— A-C(AA-A)*+A-AA"C(AA~A)* = C*—A~CA*,

hence
ATAC* — A CA* =0, (2.16)
applying A to the equation (2.16), we get
ACT =UA".

From Corollary the Hermitian solution is of the form

XX
===,

Xn

where X is the representation of the general common solution to equation (2.15)).
Then

X = LylCY+ W (0" —ACA) £ (T -0 O)(T)
— Ly A[U(CT - ACAY) + (I - T E)(U)],
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where U € B(K) is an arbitrary operator, it follows that

X = A C+ ﬂf(}»-;-l-;i)?(.»l-)— (C* = _4_("4.*) + (I == ‘7\4(1..,1—‘4),‘4-(‘4—)—)(U)
— A_J‘-ﬂl(f = ﬂf{j__.l— A), A (A*)- )([)T]

using the equality AC* = CA”*, we have
X=ACH+{I-AAAC)+(I-AAUI-AA)

Consequently, we get

Xg=ACH+({I-AAAC)+{I-AAU(I-AA)*, whereU* =U € B(H).

a
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Chapter 3

Hermitian solutions to some
operators equations

3.1 Introduction

This chapter is the subject of an article [0] written in collaboration with Pr F.
Lombarkia accepted in Facta universitatis (Nig). Ser. Math. Inform.
We consider the same system us in the second chapter

f’ll,-‘i'BL — C[. f’lg}{Bz = C-)_,
where Ay, A3, By, By, Cy and C are linear bounded operators on Hilbert spaces,
and we give other necessary and sufficient conditions for the existence of a common
solution, we apply the result to determine new necessary and sufficient conditions
for the existence of a Hermitian solution and a representation of the general Her-
mitian solution to the operators equations AXB = C, and AXA* + BYB* = C.
As consequence, we obtain well-known results of [16]

3.2 Common solution to the pair of equations A1 X B; =
Cl and AzXBQ — GZ

Let Ay, Ay, By, By, € and C3 are linear bounded operators defined on Hilbert
spaces H, K, E, L, N and G. Before enouncing our main results, we need the
following lemmas

Lemma 3.2.1. [I7)] Suppose that A, € B(H,K), A, € B(H,E), B; € B(L,G),
By € B(N,G), S1 = As(lg — AT A1) and My = (Ig — B1By)By are regular

operators. Then

Ty = (I — S1S7)AA] and Dy = By By(Iy — M M,),
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are reqular with inner inverses Ty = A1Ay and Dy = B, B1.

Lemma 3.2.2. [15] Let A, B € B(H, K) are reqular operators and C,D € B(H, K),

then the pair of operators equations
AX =Cand XB = D, (3.1)
have a common solution is
AAC=C, DB "B=D,and AD = CB, (3.2)
or equivalently
R(C) Cc R(A), R(D*) c R(B*), and AD =CB.
A representation of the general solution is
X=AC+DB —A ADB™ +(Ig— A"A)V(Ir— BB"), (3.3)
where V € B(K') is an arbitrary operator.

In the following theorem, we give necessary and sufficient conditions for the
existence of a common solution of the operator equations

AXB =C). Ay XBy= (.

Theorem 3.2.1. Suppose that Ay € B(H,K), A € B(H,E), B € B(L,G),
By € B(N.G), My = (Ig — B1B)B2 and S\ = Ax(Ig — A A1) are regular
operators and Cy € B(L.K), Cy € B(N,E), then the following statement are
equivalent

1. The pair of equations
Al_XB] =65, AQXBQ =0y, (3.4)
have a common solution X.

2. There exists two operators U € B(N,.K) and V' € B(L, F), such that the
operator equation AXB = C 1s solvable, where

(A B (o U
A=(4). = (s m), 0= (G 8).
3. Fori=1,2, R(C;) C R(A), R(C}) C R(BY) and
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T'C1Dy = T5C3 D,

where T = (IE—SISI_);—‘QA;, Ty = (IE—SISI_), Dy = BfBg(f@-ﬂf{ﬁfﬂ
and Dg = (IN == Jfl_f'l/f])

Proof.
(1) & (2) We have

A N o a U
AXB=C & (A:),X(Bl Bg)=(V‘ pe )

2
A X By
AXBy=T.
.-4.2){31 = V.
AsX By = Ch:

Since the pair of equations
AX B =C) and A3 X By = (s,
has a common solution. Then, by applying Lemma [[.2.2] the operator equations
A XBy=U and A3 XB, =V,
have a solution if and only if
U=A1A[UB; By and V = Ay A, VB By,

respectively. This is equivalent, there exists two operators U € B(N,K) and
V € B(L,E), such that the operator equation AXB = C is solvable. Thus
(1) & (2)

(2) = (3) According to LL'mma the operator equation AXB = C has a

solution if and only if
R(C) c R(A) and R(C*) C R(B*),
then, we deduce that
for i=1,2, R(C;) CR(Ai) and R(C;)C R(B;). (3.5)
On the other hand, we have

TW\C\Dy, = (Ig— 5157)AA; C\By By(Iy — M| M),
= (IE = SlSl_)‘42‘41_,41)(08131_32(.137 = ;"lfl_ﬂ'.'!rl), (36)

where Xy is the common solution of the pair of equations (|3.4]).
Let
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S1 = Ay(Ig — A7 A1) and My = (Ig — BB )Bs.

This implies that
AgAl_AI = A-_g - Sl and BlBl_ Bg =3 —.'1'[1‘ (3?)

We insert ((3.7)) in (3.6), to obtain

TC\Dy = (Ig — 5157 )(A2 — S1) Xo(B2 — My)(Iv — My M),
= (Ij_’_‘ — 5151_)(_{42 — Sl)Xg(B:_}(If\r == Ilfl_flfj),
= (Ig — S157)A2XoBa(Iy — M My).

Therefore
T\C1Dy = ThCyDs. (3.8)

From (3.5) and (3.8)), we deduce that (2) = (3). Conversely, since
TVC1Dy = TyCy Dy,

then
R(T3C3) C R(Ty) and R(D]CY) C R(D3).

By applying Lemma there exist U € B(N, K') which is the common solution
to the pair of equations

{ﬂU:EQ. (39)

UDy= CiDi,

given by
U =Ty 202+ C1D1Dy — Ty TiC1D1\Dy + (Ix — Ty Th)Z(In — D2Dy),
where Z € B(N, i) is an arbitrary operator. On the other hand, we have
U= A1A]UB; By,
then

U = AiATTyT:CiB; By + A AT CiD\Dy By By — AATTT TiC1D1D; BT B,
+ AAT(I —TyT)Z(I — DoD7)B; B,

After simplification we obtain
U=C\D)+ Ty (Ig — SiS7)CoMT My + (A)A] — TTTh) ZM[ M, (3.10)

where Z € B(N, K) is an arbitrary operator.
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In the same way, since
T'C1Dy = ThCy D,

then
R(T1Cy) C R(T2) and R(D5C3) € R(Dy).

it follows from Lemma that there exist V' € B(L, £') which is the common
solution to the pair of equations

{ TV =1T1Cy, (3.11)

VD, = CaDy,

given by

V =Ty, TVCy + C2D; Dy — Ty TyC2D,Dy + (I — Ty T3)Z'(I — D\DY),
where Z' € B(L, E) is an arbitrary operator. On the other hand, we have

V = A2A, VB| B.

After simplification we obtain

V =TiC) + S187 Ca(Iny — My M) Dy + S1S7 Z'(By By — D1D7), (3.12)
where Z' € B(L, E) is an arbitrary operator.

Thus, there exists U € B(N,K) and V' € B(L, E) solutions of the pair of
equations (3.9), (3.11) and as for i = 1,2, we have A;A; C; = C; and C;B] B; = C;,

we obtain
P G, U
AAC'BB—(V C'g)'
= {J,
So that, the operator equation AXB = C is solvable and (3) = (2). a

Theorem 3.2.2. Suppose that Ay € B(H,K), Ay € B(H,E), B, € B(L,G),
By € B(f\?, G':], M, = (Ic: — BiBl_)B;z and S1 = AQ(IH —Al_Al) are regular
operators and Cy € B(L, K), Cy € B(N, E), when any one of the conditions (2),
(3) of Theorem holds, a general common solution to the pair of equations

1s given by
X =(ATC + (Ig — AT A)ST (V — AATCY)) By (Ig — BaMy (I — B1By))
- (AI_U -+ (Iﬂ' — 441_‘41)5;(C2 — Az;flj_U))ﬂfl_(fG — B]Bl_] 4-F
— (AT A1+ (Ig — AT A)ST S1)F(B1 By + M iM[ (I — B1By)),
(3.13)
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where F € B(G, H) ts an arbitrary operator and U, V' are given by

U = C\ByBy(Iy — M M)+ A1 A5 (Ig — 5187 )CaoMy My + Ay A7 ZM; M,
— A1A; (I — S157 ) A247 ZM M,
and
V = (IE = S;Sl_)[-ﬂlgr'-ll_(}l + SISI_ 'Z(IN = ﬁfl_;ljfl)Bz_Bi + SierrBrBl
— SlSl_Z'Bl_Bg(L\- — M; M) By By,
where Z € B(N,K), Z' € B(L, E) are arbitrary operators.
Proof. From Theorem we get that the pair of equations (3.4) has a common

solution equivalently the two conditions (2) and (3) holds.
On the other hand, since the pair of equations (3.4) is equivalent to

(jzl)X(Bl B-_)_):(g.l é’.z) (3.14)

According to Lemmas [1.3.3] and [1.3.4] we have
( ;il ) € B(H, K@ E)and ( By B, ) € B(L & N,G) are regular with inner
2

inverses

A - = = = o2 = —
( A; ) = ( (I — A3 A2)Sy Ay — (Ig — A3 A2)ST A1dy ), (3.15)

| _( B{ — B{ B;My (I — B1By) o
and ( Bl Bz ) = ( Jtrl_(f(; _ B[Bl_) 3 (316)
respectively. Using Lemma [1.2.2) we deduce that the general solution of (3.14) is

given by

X:(j;)_(i_' g;)(Bl B, )_+F—(j;)_(j;)F(Bl B )( B B) .

(3.17)
By substituting (3.15)) and (3.16) in (3.17), we get the solution X as defined in
(3.13) such that U, V" are given in (3.10) and (3.12)) respectively and F € B(G, H)

is an arbitrary operator O

3.3 Hermitian solution to the operator equation
AXB=C

Based on Theorem and Theorem in this section we give necessary
and sufficient conditions for the existence of Hermitian solutions to the operator
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equation
AXB=C,

and we obtain the general Hermitian solution to this operator equation. DBefore
enouncing our main results we have the following lemma

Lemma 3.3.1. Let A € B(H.K) and B € B(K,H), such that A, B, S| =
B*(Ig — A~ A) and M, = (Iy — BB™)A* are regular, then the operator equation

AXB=C, (3.18)

has a Hermitian solution if and only if the pair of operator equations

AXB=C and B’XA"=C", (3.19)
has a common solution, a representation of the general Hermitian solution to
is of the form

X + X*
Xpy= 9

where X is the representation of the general common solution to equations (3.19).

Proof. From Theorem the pair of operator equations (3.19)) has a common
solution if and only if

R(C) Cc R(A) and R(C™) C R(B"),
and
(Ix — 8157 )B*A—CB~ A*(Ix — My Mi) = (Ix — 51571 )C*(Ix — My M).

A representation of the general common solution to equations ({3.19) is given by
(3.13) in Theorem [3.2.2f where Ay = A, B1 =B, C, =C, Ay = B*, B, = A* and
Cy = C*. Clearly Xy is a Hermitian solution to . O

From the above proof and Theorem we obtain the following corollary.

Corollary 3.3.1. Let Ac B(H,K), Be B(K.H), M, = (Iy — BB™)A* and
Sy = B*(Iy — A™A) are reqular operators and C € B(K), then the operator
equation

AXB=C,

has a Hermitian solution if and only if
1. R(C) C R(A) and R(C*) C R(B"),

2. (Ix — S1S7)B*A~CB~A*(Ix — My M) = (Ix — S157)C*(Ix — My My).
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In this case, a representation of the general Hermitian solution is of the form

X + X*
Xg= 5
where
X=AC+({Iy—AAS{(V-B*AC)B (Iy— A*M; (Iy — BB))
+ (A U+ Iy —AA)S[(C*"—B"AU))M;(Iy— BB )+ F (3.20)

—(A"A+(Ig— A"A)S; S)F(BB™ + MMy (Ig — BB™),
where F € B(H) is an arbitrary operator and U, V' are given by

U = CB A*(Ix— My M)+ A(B*) (Ix — 5157 )C* My My + AA™Z M| M,
— A(B*) (Ix — 5157 )B*A"Z My M,
and
V = (Ix—S51S[)B*AC + 5,57 C*(Ix — My M,)(A*) "B+ 8,S{Z BB
— 8,S7Z B=A*(Ix — My M,)(A*)™B,
where Z,Z' € B(K) are arbitrary operators.

Corollary 3.3.2. Let A€ B(H,K), C € B(K) such that A is reqular and C* = C.
Then the operator equation
AXA* =C, (3.21)

has a Hermitian solution X € B(H) if and only if
R(C) C R(A).
A representation of the general Hermitian solution is
X=ACA)V+Z-A"AZ(A"A), (3.22)
where Z € B(H) s an arbitrary Hermitian operator.
Proof. We put B = A* in Corollary we get the result. O

example 3.3.1. Let the operator equation AXA* = C, such that A : (> = C is

defined by
2 Lk
Ay o) = Y oo,
k=1

and C : C — C is defined by
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It is easy to check that A € B(¢2,C). We have A* : C — [? is defined by

w);

l\:>|r—k
4—|~

AY(\) = A(L,

1

8
for all A € C. The inner inverse A= : C — 1 of A is defined by
3A l
4’

- 1
A =215, 70)
We have
AA-C() = AA—(D
N = AA(3)),
X 1.i
= 52"
k=0
A4
= — X,
32 3
= (C(A).

Hence, from Corollary[3.3.3 we deduce that the operator equation AXA* = C has
a Hermitian solution given by

Xu=ACA )"+ Z+AAZ(A”A)".
Where Z is an arbitrary Hermitian operator.

As a consequence of Corollary [3.3.1] we obtain the well-known Theorem of
Alegra Daji¢ and J.J. Koliha [L6, Theorem 3.1].

Corollary 3.3.3. [16, Theorem 5.1 Let A,C € B(H, K) such that A is a regular

operator. Then the operator equation

AX =C,

has a Hermitian solution X € B(H) if and only if

AA™C = C and AC* is Hermitian.
The general Hermitian solution is of the form
X=AC+(Ig—AA)AC)+(In—AA)Z(Ig— A"A),

where Z' € B(H) s an arbitrary Hermitian operator.
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Proof. By applying Corollary the operator equation AX = C has a Hermi-
tian solution if and only if
R(C) Cc R(A),

which is equivalent to
AAC =0C,

and

(In — Iy + A" A)A~CA* = (Iy — Iy + A~ A)C*,

this implies that
CA* = AC".

Hence, AC™* is Hermitian. In this case,
X = [AC+({Ig—AAAC+(Inu—AAC (A"
+ (Iy—AA)Z'(Iy— AA)* — A_C')]._
= AC+(Uy—AAACY+(Iy—AA)Z(Iy— A A"

It follows that,

X+ X
JYH: 2

=AC+ Iy — A~A)AC)* + (Iy — A=A Z'(Ig — A~ A)*.

a

3.4 Hermitian solutions to the operator equation
AXA*+BYB*=C

In this section, we determine conditions for the existence of a Hermitian solution
to the operator equation AXA* + BY B* =C.

Theorem 3.4.1. Let A, Be B(H,K) and Ay = (Ix—AA")B, C, = (Ig—AA")C
and Sy = B(Iy — Ay Ay) be all reqular and C' € B(K) is Hermitian. Then the
operator equation

AXA*+ BYB*=0C, (3.23)

has a Hermitian solution if and only if
1. AyAT(Igx — AAT)C(B*) B*= (Igx — AAT)C,

2. (Ix — 535,)[C — BAy (Ix — AA™)C(B*)"B*](Ix — (A7)"A") = 0.
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In this case, a representation of the general Hermitian solution is of the form

X+X*Y+Y
2 7 9 )

i

(X, Yu) = (

where X and Y are given by

X = A=(C — BYB*)(A*)~ + F — A-AF(A-A)",
Y = Af(Ix — AA™)C(B*)~ + (In — AT A1)S; [V — BAT(Ix — AA™)C|(B*)~
FU — AT 4+ (g — AT A ST ST BB

and

V =(Ik— 5257)BA] (Ix — AA™)C + S35, C(Ix — (A7)*A%)(A]) B*
+ 5255 Z(B*)” (Ig — Aj(A7)")BY,

with F e B(H), U e B(H) and Z € B(K) are arbitrary Hermitian operators.
Proof. The operator equation (3.23) is equivalent to
AXA*=C - BYB". (3.24)

Applying Corullar}' the operator equation (13.24) has a Hermitian solution if
and only if

R(C — BYB") c R(A) & AA~(C— BYB*)=(C — BYB"),
& (I-AA™)(C-BYB*)=0. (3.25)

Then, (3.25)) is equivalent to the operator equation
A Y'B* = ¢, (3.26)

with Ay = (Ix — AA™)B, C = (Ig — AA7)C. From Cumllar}-'m the operator
equation (3.26) has a Hermitian solution if and only if

R(Cl) C R(aﬁll) = ;41;41—01 = Clu
& A1A Ik — AAT)C = (Ixk — AAT)C, (3.27)
and

R(CH) CcR(B) & C\(B*) B*=0(,,
& (Ixk—AAT)C(BY) B* = (Ix — AAT)C.  (3.28)

From ({3.27) and (3.28), we get

MAT (Ix — AAT)C(B) B" = (I — AA7)C.
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On the other hand, we have
(I — S35, )BA, (I — AA™)C(B") Al = (Ix — 5352 )C(Ix — (A7) A"),
this implies that
(Ix — 5355 )[C — BA](Ix — AA™)C(B")" B*|(Ig — (A7)"A") =0.
A representation of the general Hermitian solution to the operator equation (i3.26)
is of the form
. }r + y*
= 9 '

where Y is given by (3.20) in Corollary ({3.3.1) such that A = A, B = B* and
Cc=0c,

y' — 441_(1-;" EE= ;4A_)C(B*}_ _|_ (I.H _ —41_141)52_[1/ _ BA]__(IK . Ax_l_)c](B*)_
+ U—[AT A+ (In — AT A1) S; SHUBY(BY)™,

and

V =(Ix — 5257)BA; (Ix — AAT)C + $28; C(Ix — (A7)*A%)(A]) " B*
+ 525, Z(B")" (In — A{(A7)") B”,
with U € B(H) and Z € B(K) are arbitrary Hermitian operators. We return to

the operator equation
AXA*=C - BYB",

in order to fined the Hermitian solution X. By Corollary the operator
equation (3.24) has a Hermitian solution if and only if

R(C — BYB*) Cc R(A).
So the operator equation has a Hermitian solution X is given by
Xpu=X=A(C-BYB")(A") "+ F— A AF(A” A",

with F' € B(H ) is an arbitrary Hermitian operator. a
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Chapter 4

Lyapunov equation for infinite
dimensional discrete bilinear
systems

4.1 Introduction

Control theorists in recent vears developed extensively the mathematical theory
of so-called bilinear systems.

Bilinear systems are an important subclass of nonlinear dynamical systems,
with numerous applications in engineer, biology, ecology, physical process, and
economics. The main reason for this is that offers considerable intrinsic theoretical
interests since they form a transitive class between the linear and the general
nonlinear problems.

Since the beginning of the 1970’s, they have attracted the attention of many
researchers for example Mohler (1973), Bruni, Dipillo, and Koch (1974) Espana
and Landau (1978), Brockett (1979), and Mohler and Kolodziej (1980)..., Some of
them focused on continuous-time systems, and others on discrete-time, A simple
example is as follows.

example 4.1.1. Automobiles(Mohler, 1987)

The frictional force between an autornobile brake shoe and drum is nearly pro-
portional to the product of the orthogonal force uy between the surfaces and their
relative velocity. Thought actually involving by the mechanical brake is commonly

approzimated by
dx
= CpUy—.
fo = epun—

Then, by a summation of engine force ua with inertial, braking, and other frictional
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forces, it is seen from Newton’s second law that the state of the vehicle is given by

d*x dx
F = — = —kcj— — k
e St Kt u
dx dx
= —Rc'._fE — I.-c{,ulg + 1z
d*x B —kepdr  keyuydr oug
at2—  m dt m dt  m
day B i
Let x1 =z, & = TR then we have the state equation is as follows:
dt
dX
T AX +u BX + Cus, (4.1)
ct

where X is composed of 1, position, and x2, velocity; C = [0,1/m]T;

0 1
&= ( 0 —kecg/m ) ’

0 0
B_(U mkcb/m)’

here k 1s a proportionality constant, c; is a vehicle frictional constant, ¢, is a brake
constant, and m is vehicle mass. Here is a bilinear systems.

Since most models in the real world are nonlinear, recently more and more at-
tention to the stability of nonlinear systems. Specifically, the stability of discrete
bilinear systems operating in a stochastic environment, where sufficient conditions
for mean-square stability were established. Many results have been obtained of
this stability, in 1985, Kubrusly and Costa [35] gives the necessary and sufficient
conditions for mean-square stability of finite-dimensional discrete bilinear systems
driven by random sequences. In 1986, Kubrusly [30] got mean square stability
conditions for discrete bilinear systems only independence and wide sense station-
arity are required for the second-order disturbance sequences involved. In 1989,
X. Yang et al [66] drove sufficient conditions ensuring the stability and asymptotic
stability of discrete bilinear systems with output feedback. Also, in [67]. X. Yang
et al gives mean square stability conditions for stochastic models without the as-
sumption of stationarity for the random noise. After, in 1991 Costa and C. S.
Kubrusly present a study was motivated by the earlier works on finite-dimensional
stochastic bilinear systems in [30] and on infinite-dimensional deterministic linear
systems. Suppose in this chapter that H is a separable nontrivial complex Hilbert
space.
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Consider two operators sequences {R; € B(H);¢ > 0}, and
{X; € B(H);i > 0} recursively defined by a linear autonomous difference equation

Xiy1 = M(Xi) + Ry, Xo = Ry, (4.2)

where

M : B(H) — B(H).
Recall that {X; € B(H);i > 0} converges in B(H) whenever {R; € B(H):i > 0}

converges in B(H) if and only if
r{M) < 1. (4.3)

Let us consider first a well-known particular case M = M 4, where M 4 € B[B(H )]
is the multiplication operator defined by

Ma(X) = Maa-(X)=AXA", VX e B(H),
for some A € B(H). Since || M| = || M}y 4-|| = || A%||* for every i > 0, then
ro(Ma) = 15(A)?,
according to the Gelfand formula for the spectral radius. Hence,
ro(My) <1 if and only if r,(A) < 1.
However, in [31], C.Kubrusly proved that r,(A) < 1 if and only if

for every Y € G*(H) there exists a unique solution X € G"(H)

for the Lyapunov equation ¥ = X — M, (X). (4.4)
The purpose of this section is to show that the equivalence between ({.3]) and
(4.4) still holds for a more general case where, instead of setting M = M, we
take M = M, + J with 7 is an operator in B[B(H)] defined as follows:
o0
J(X) = (Cepe) AXA} VX e B(H),
k=1
where
e {A, € B(H):k > 0} is an arbitrary bounded sequence of operators,
e C € B (H) is any nonnegative nuclear operator,
e {e:k > 1} is a suitable orthonormal basis for H ensuring convergence for
the above infinite series.
This supplies a necessary and sutlicient condition for the convergence preserving
property between input and state correlation sequences, as required in the mean-
square stability problem, for infinite-dimensional discrete bilinear systems.
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4.2 Preliminaries

Consider a bounded sequence of operators { Ay € B(H): k > 1}, and let {ex: k > 1}
be an orthonormal basis for H. Given C' € B] (H), set 7, € B[B(H)] as follows.
For each integer n > 1

n

Tn(X) = Z(Cﬁ;f’-k):’l-f,-l,k...»tg(X) VX € B(H)
ki=1

Assumption

I — T €B[B(H)] as n—oc in B[B(H).

Under the above assumption, write
J(X) = Z Ceex)Ma, a:(X), VX e B(H),

and, given A € B(H), let M € B[B(H)| be defined as
M(X) = My a4 (X) + T(X), VX € B(H).

Remark 4.2.1. Note that the very definition of {J, € B[B(H)].n > 1} in terms
of bounded sequence {Ax € B(H);k > 0} and a non-negative nuclear operator C
is not enough to ensure its convergence as proved in an example given in [13]

For any W € G"(H) let W € G[B(H)| is the multiplication operator defined

by

W(X) = Mww(X) =WXW, VX € B(H),
so that W1 € G[B(H)] is such that

WHX) = My w— (X)=WIXW™, VX € B(H).
Proposition 4.2.1. For every W € GT(H)
(P1)  WIMWYBT(H)) CB*(H)
(P2) WMWY = (W iMmMw (D)

Proof. Consider the direct sum H = C & H. which is a Hilbert space with inner
product given by

(x;y) = &0+ (z;9)
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foralx =@ rand y=v @y in H, where §,v € C, and z,y € H.
Given the orthonormal basis {ex; k > 1} for H set, for each k > 0

o 150 k=10,
71 0@ e k>1;

so that {fy: k& > 0} is an orthonormal basis for H.
Let C = (18 C) € Bf (H) be the direct sum of the identity on C with C € B} (H),
so that

(Cx;y) =(EDCr;vB y) =Ev + (Cx; y),

foral x =¢®@r e H and y = v & y € H. In particular

1 ifk=1=0
(Cfi: fx) = (Cep;ex) iof k121,
0 otherwise.

Thus, for each n > 1, set M, € B[B(H)| as follows

MalX) = Muas(X) +TlX)
= AXA* + Jn(X)

n

= Y (Cfis fdAX AL

e =0
where Ag = A € B(H). So that
Mp = M eBB(H)] as n— ocoin BB(H)).
where

M(X) = AXA*+ J(X)

20

= Z(Cft:fk}AkXAL VX € B(H).

k,i=0

According to the convergence assumption on {7, € B[B(H)]:n > 1}.
Now, since C € B{ (H) the spectral theorem says that

o0

Cx = Z vilx; £i) i Vr € H,

=0

for some orthonormal basis {f;} > 0} for H, where v; > 0 for every j > 0.
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Then, by continuity of the inner product. for every k,1 > 0

(Cfis fx) = Z‘f; fis £ 13 fi)-

J=

Hence, for each n > 1, for all z, y € H

(Ma(X)zsy) = DD %ilf [ ) (X Ajw; Ajw),

k=0 j=0

ZWJZ (s [ AT (Fis 1) Arw).

=0 k=0

Z 14X Z(.ﬁ: Az Y (fis FlAL)-

=0 1=0 k=0
Since addition is continuous. Thus, if X € BT(H), then , for every n > 1

(M Z“uHX”JZ fis £ A, Va € H,

j=0
which implies that M, (X) € BT(H). Therefore,
M(B(H)) C B (H), (4.5)

because B (H) is closed in B(H).
Now, by using Schwars inequality twice, and recalling that

IMa(D)72]] = | Ma(D)]|/
since M, (I) € BT(H) for every n > 1, we get

xnzfnnz i ED AL e Ayl

=0 k=0

< ||X||(Z @uZ (fis [ Ar]|?) ‘“(Z @uZ (fi £ ArylP) 2,

k=0

|(Mn(X)z:y)| <

= ||X||<Mu(f: :>‘“<Mn() >”
= ||)(||||"""1u(jr UZ'THHMH( )lmJ”
< IX M) 2] -

o0
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for all #, y € H and every n > 1, so that

M (X)) = e lI(J‘Vfu()'f)-'l"-i v | < IX[[Ma(Dl
zl|=|lvll=

for all X € B(H) and every n > 1. Hence,
[Mal| = [Ma(I)],

because

[Mn(D)]| < [[Ma]l = “f}lﬁgllan{XJll < IMa(D) ],
for every n > 1. Therefore, since M,, — M as n — oo in B[B(H)],
M| = [IM(T)]. (4.6)

Finally, take an arbitrary W € G*(H) and set Ay = WA, W € B(H) for every
k > 0. Thus,

WEIMWX) = WEIMWXW)W !

oo

> (C s iYAX AL, VX € B(H).

k=0

Hence, implies (P1), and (4.6) implies (P2). O

Lemma 4.2.1. For any W € G"(H) and any o € (0,0).

[l

L IWIMW| € a & aW? — M(W?) € B*(H),

2. IWIMW| < a & aW? — M(W?) e GT(H).

Proof. Take an arbitrary W € G*(H) and set M = W' MW € B[B(H)], so that
M) =WIMWHw! e B(H)).

Thus, for any a € (0; o)

(@W? — M(W?))z; z)

((aW? = WW I MD)W IW); ),
(W — W MW= W)z W),
(aWW W — W I M(D)W W)z, W),
((

((

aWW ™ — WA M)W HYWa; W),
al — M(I))Wz;Wz), Ve H.
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Hence

aW? — M(W?) e BY(H)(e GT(H)),

if and only if .
al — M(I) e BY(H)(e GT(H)),

which in turn is equivalent to
IM(DY?| < &'*(< alf?),

since M(I) € B*(H) by proposition (P1).
However, by Proposition (P2)

IMI| = IMD)]| = M) 2.
Thus, the above inequality is equivalent to
||J\:’l|| < a(< a).
O

Proposition 4.2.2. [72] Let A € B(H, K). The following assertions are equiva-
lent:

1. There exists A~! € B(R(A), K).

2. N(A) = {0} and R(A) = R(A).

3. There exists a real constant o > 0 such that ||Az|| > «fz
(t.e. A is bounded below).

, forall v e H

4.3 Stability for discrete bilinear systems

In the following section we shall conclude the announced proof for the equivalence

between assertions and with M = M, replaced by M = M, + J.
Theorem 4.3.1. The following assertions are equivalent:

1. r¢(M) < 1.

2. M is similar to a strict contraction.

3. There exists X € GT(H) such that

X — M(X) € G(H).
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4. For everyY € G*(H) there exists X € GT(H) such that
Y = X — M(X).

Moreover, if the above holds, then the solution X € GT(H) of the Lyapunov equa-
tion Y = X — M(X), for any Y € G"(H), is unique and given by

X = imm = - M)7(Y), (4.7)
j=0

where I standing for the identity in B[B(H)].
Proof. 4 = 3. is trivially verified.

3 = 2 Suppose that there exists X € G7(H) such that X — M(X) € GT(H).
According to Lemma we have

IWIMW| < a & aW? — M(W?) € GT(H).
Let @ = 1 and X = W2, then
X -M(X)e G (H),
this implies that
IwMw| < 1.

Thus, M is similar to a strict contraction.

2 = 1 Suppose that M is similar to a strict contraction, then there exist
W € G(H) such that [WMW)| < 1. Since

re(WIMW) < (W MW,
and
re(WMW) = rg(M).
Thus
TJ(M) < T;

1 = 4 Suppose that r,(M) < 1, so that 372, M| < occ.
According to Pruposition (P1) with W = I we get by induction on j that
MI(Y) € BT (H) for every j > 0 and Y € GT(H). Then, for every n > 0, Vr € H
(16 2 o T G g

mn

< S IMIY) 2|,

< Q_IMIDIY Il (4.8)

j=0
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Hence we may define a map

®:H — Iy(H)
r — q’mzﬂ)?i_'{,Mj(Y)iﬂx

@ is linear and bounded with

o0
191,y = D _IMI(Y)22|%, Va € H. (4.9)
3=0

From and (M.9)), the operator @ is bounded below and from the Proposition
1.2. 2 we have, ® has a bounded inverse in R(®). Thus

*d € GT(H).

By the continuity of the inner product we get, for every z € H,

o0
(M(P7D)a; ) = {Z(Cﬁ;;ek)/{k@*@fl}'x:;z:).
k=0
= Y (Ceper)(PAjz: DALTY, ).
k=0

However, for each k,! > 0 and every z € H,

o0
(DA DAYy = D _(MI(Y)EAfm; MI(Y)E Ap),

=0

= Z(Aij(Y)A}'I; x),

j=0

= {(Ad_ M(Y))Alz;2),

j=0

since {Z?:u MI; n > 0} converges in B[B(H)] whenever r,(M) < 1. Therefore,
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for all z € H.
(M(®*®)z;2) = (Z{Cq ex AL(Z MI(Y)) Atz ),
k.1=0 j=0
= <M(Z MIY))a; a),
j=0

(MITY(Y)z; ),

e 1[]e

MY )
1
’=’-‘-||129(H) — [y 12|,

_K...
Il

so that, for all x € H,

(Y = 2D+ M(P*D))aix) = ||V % — | @2} ) + (M(P*D)z: 7).
=

]

Hence
Y =99 — M(P*P).

Thus, 1 = 4 with X = ®*® € G7(H). Moreover, such an operator is unique.
Indeed, if Y = X — M(X) € GT(H) for some X € GT(H), then for all z € H and
every j =0

M) Paf® = (MI(Y)a;2),
M (X)!22]|? — | M (X) 2|

Hence, for every x € H,

n
12 — : i /2. 112
1®2)f ey = uh_lgoZDHM (Y) 2|2,
J=
= lim (JX"%|? - | M (X)),
n—roo
||‘X’U2.'r.'||2,
since

IMMX) 2?2 < IMOIX )

— 0 as n— oo,



CHAPTER 4. LYAPUNOV EQUATION FOR INFINITE DIMENSIONAL
DISCRETE BILINEAR SYSTEMS

because ry(M) < 1. Therefore

(2°0 — X)z;2) = ||®z||f, ) — X2,
0, Vz e H.

So that X = ®*®, which proves uniqueness. Finally, if X € G*(H) is the solution
of Y =X — M(X) € G'(H), then for each n > 0

D MY) = Y (MI(X) - MT(X)),
j=0 j=0

= X - M"Y(X)eBT(H).

Thus

n
1D M) -X| = [MHHX),
j=0
< JIM™YIX] — 0 as n — oo,

because r,(M) < 1. Hence

ZMJ(Y) — X asn — oo in B(H).
=0

However, since r,(M) < 1 implies that
(I = M) € G[B(H)],
and that {3°7_, M7 € B[B(H)];n > 0} converges in B[B(H)] to

(I—-M)"! e G[B(H)].



Conclusion

In this work we presented new necessary and sufficient conditions for the exis-
tence of solutions and Hermitian solutions to some operators equations in Banach
and Hilbert spaces and we got the general solutions and Hermitian solutions via
the inner inverses of elementary operators and via simple operators. Our results
generalize and improve many previous results in the literature.

oo
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