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Abstract

In this paper we investigate several properties of Lyapunov type op-
erators occurring in connection with the characterization of exponential
stability in mean square of systems of linear 1t6 differential equations
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states. A criterion for exponential stability of linear differential equa-
tions defined by a Lyapunov operator is derived under the assumption
of property of detectability adequately defined for this type of operator
valued functions.
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1 Introduction

The Lyapunov type linear operators play a central role in the characteriza-
tion of exponential stability of linear systems of differential equations both in
deterministic and stochastic framework, continuous time and discrete-time
cases. For the readers convenience, we refer to [13, 14] for the deterministic
framework and [1, 2, 9, 10, 15] for the stochastic context. In the stochastic
case, the differential equations defined by the Lyapunov type operator valued
functions offer a deterministic framework for the characterization of expo-
nential stability in mean square for stochastic linear differential equations
with multiplicative white noise perturbations and/ or Markovian jumping.
The systematic investigation of linear differential equations defined by Lya-
punov type operator valued functions regarded as mathematical object with
interest in itself, started with the time invariant case, namely, the differential
equation is defined by a Lyapunov operator not depending upon the time.
In this case, criteria for exponential stability of differential equations de-
fined by a Lyapunov operator were derived based on properties of resolvent
positive operators [4, 5, 6]. In the time varying case, criteria for exponen-
tial stability of differential equations defined by a Lyapunov type operator
valued function were obtained in [8, 7] for the finite dimensional case and
in [11] for infinite dimensional case. The derived criteria are expressed in
terms of existence of some global bounded and uniform positive solutions
of some suitable affine differential equations. It is known that in the case
when the operator valued function defining the Lyapunov type differential
equation is either periodic function or constant function, the unique global
bounded solution of the affine differential equations involved in study of ex-
ponential stability criteria, is also periodic or constant function. Therefore,
in this important special cases, the existence of a positive definite solution
may be tested by numerical computations. Usually, to a system of stochas-
tic linear differential equations one may associate two kinds of Lyapunov
type operator valued functions which define two types of differential equa-
tions on some linear spaces of symmetric matrices: a forward differential
equation and a backward differential equation. In the case of finite dimen-
sional linear space of symmetric matrices one may introduce in a natural
way an inner product which induces a Hilbert space structure. In this case
the two types of Lyapunov type operators are interconnected, one of them
being the adjoint operator of the other. A detailed study of linear differen-
tial equations defined by the Lyapunov type operator valued functions on
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a finite dimensional linear space of symmetric matrices may be found in
Chapter 2 in [9]. The goal of the present paper is to study the Lyapunov
type operator valued functions on an infinite dimensional linear space of
bounded sequences of symmetric matrices. Such linear spaces can be orga-
nized as infinite dimensional ordered Banach spaces. We shall prove that
under some additional assumptions we may identify some suitable subspaces
which may be organized as infinite dimensional ordered Hilbert spaces where
the two Lyapunov type linear operators are interconnected. More precisely,
the restriction of the Lyapunov type operator defining a backward differen-
tial equation coincides with the adjoint of the Lyapunov operator defining
a forward differential equation. Finally, we shall introduce a concept of de-
tectability for Lyapunov type operators and we shall derive a new criterion
for exponential stability for differential equations defined by the Lyaponov
type operator valued functions.

2 Linear differential equations with positive evo-
lution on an ordered Banach space

2.1 Linear evolution operators on ordered Banach spaces

Let (X, - ||) be a real Banach space. Let Z C R be an interval of real
numbers. Let £ : Z — B(X) be a strongly continuous operator valued
function. This means that for each x € X the vector valued function t —
L(t)z is continuous on Z.

We consider the linear differential equation on X':

La(t) = LDa(1). (1)
Based on the developments in Chapter 3 of [3] we deduce that for each
(to,m0) € Z x X there exists a unique C'-function z(-;tg,z9) : T — X
satisfying (1) and the initial condition x(to;to, zo) = zo.

In Chapter 3 of [3] it is shown that there exists an operator valued func-
tion Tz : 7 x T — B(X') with the property that x(¢;to, z0) = Tz (¢, t0)xo for
all t,t9 € Z and xp € X. The operator valued function (t,7) — T(t,7) or
Tr(t,7) for shortness is named the linear evolution operator on X defined
by the operator valued function L£(-) or, equivalently, the linear evolution
operator defined on X by the linear differential equation (1).
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Often, we shall write T'(¢,7) instead of T, (¢,7) if confusions are not
possible.

Remark 1 A linear evolution operator T'(t,T) on a Banach space X has the
properties (see [3] Chapter 3 for details).

(i) t — T(t,7) is the unique solution of the problem with given initial
value on B(X)

d
ZX(t) = LIOX (D), X(r)=Lv

where Iy is the identity operator on X. More precisely,

Dt r) = LT )t €T (2)

dt
T(r,7) = Ix.

(ii) 7 = T'(t,7) : T — B(X) satisfies

%T@ﬂ:—T@ﬂaﬂ,WeI. (3)
(i)
T(t,7)T(r,5) = T(t5), (V) t,75 € 1. (@)

(iv) For each (t,7) € T x I, the operator T(t,T) is invertible and T1(t,7) €
B(X). More precisely, we have T(t,7) = T(1,t).

| 1£(s) lds
W T < v e

o0
(vi) If L(t) = £ € B(X) then T(t,7) = e“=7) | where et = 3 %Ek.
k=0
This series is convergent in the topology induced by the operator norm uni-
formly on any compact subinterval of R.

(vii) If T = R and L(t +60) = L(t) for allt € R and some 6 > 0 then
T(t+ kO, 7+ kO) =T(t, ) for any t,7 € R, k € Z.

The strongly continuous operator valued function £(-) defines also the
linear differential equation

S(t) + LO)y() = 0. o)

Applying the results from Chapter 3 of [3] to the operator valued function
t — —L(t) we deduce that for each (to,y0) € Z x & the linear differential
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equation (5) has a unique solution y(-; to, yo) : Z — X which satisfy the initial
condition y(t; o, yo) = yo. In what follows we denote by T (¢, o) the causal
evolution operator generated by —L(¢) and we call it the anticausal linear
evolution operator on X generated by the operator valued function L£(-).
One proves also that y(t;to,y0) = T(t,to)yo for all (t;to,90) € Z x I x X
and therefore the evolution operator T#(t,t9) : Z x T — B(X) will be also
called the anticausal linear evolution operator on X generated by the linear
differential equation (5).

In the sequel, we shall write T(t,ty) instead of T(t,1o), if confusions
are not possible.

Remark 2 Many of the assertions of Remark 1 remain valid if the causal
linear evolution operator T'(t,T) is replaced by the anticausal linear evolution
operator T(t, ).

In the case of anticausal linear evolution operator, the statements (i),
(i), (vi) from Remark 1 become:

(i') for each T € T, t — T°(t,7) satisfies the linear differential equation
on B(X):

d a o a
$T (t,7)=—L(t)T(t,7) (6)

and the initial condition T*(1,7) = I x.
(ii) for each t € T, 7 — Tt,T) satisfies:

%T“(tﬁ) e, )L (T, (7

vi) If L(t) = L € B(X), t € R, then, T%(t,7) = £V ¢, 7 € R.
(vi) L

Beside the linear differential equations (1) and (5) respectively, we asso-
ciate the following affine differential equations:

d
2t = L)z(t) + f(1) (8)

and
Sult) + L) + 9() =0 )

where L(-) is an operator valued function as before, and f:Z — X, g:Z —
X are continuous vector valued functions.
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The solutions of (8) and (9) have the following representation formulae:
t

ot to,0) = Tt to)ao + [ T(t.5)f(5)ds (10)
to

for all t € [tg,00) NZ, 9 € X and

to

y(ti o, yo) = T°(t, fo)yo + / (1, 5)g(s)ds (11)
t

for all t € (—o0;t0) NZ, yo € X.

In the development from this paper, the affine differential equation of
type (8) will be called forward affine differential equation while the affine
differential equations of type (9) will be named backward affine differential
equations.

Remark 3 If y(t) is a solution of the backward affine differential equation

Ly(t) + L) + 9(1) = 0

then &(t) defined by (t) = y(—t) is a solution of the forward affine equation
da(t) = L(O)x(t) + f(t) where L(t) = L(—t) and f(t) = g(—1).

Moreover if T%(t,to) is the anticausal evolution operator defined by the
operator valued function L(-) then T'(t,ty) defined by

T(t,to) = T(—t,—tg), Vt,toe T ={te R;—t €T} (12)

is the causal evolution operator defined by the operator valued function L:

1 — B(X), L(t) = L(—1).

2.2 Linear differential equations with positive evolutions on
ordered Banach spaces

Let (X, - ||) be a real Banach space ordered by a solid, closed, normal,
convex cone A .
Let £ :7Z — B(X) be a strongly continuous operator valued function.
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Definition 1 We say that the operator valued function L(-) generates:

(i) a causal positive evolution on X, or a positive evolution (for short-
ness) if Tr(t, to)Xy C Xy, for all t > to, t,tg € L.

(ii) an anticausal positive evolution on X, if T3(t,to) X, C Xy, for all
t <to, t,to € T.

In other words, the operator valued function L£(-) generates a positive
evolution on X if the solutions of the linear differential equation (1) have
the property that xz(t;tg, z9) € Xy for all t > tg, t,tg € Z if o € X4. In this
case we shall say that the linear differential equation (1) defines a positive
evolution on X.

Similarly the operator valued function £(-) generates an anticausal posi-
tive evolution on X if and only if the solutions of linear differential equation
(5) have the property that y(t;to,y0) € X4, for all ¢ < to, t,tg € Z, if
yo € X4. In this case, we shall say that the linear differential equation (5)
defines an anticausal positive evolution on X.

Based on (12) we obtain:

Corollary 1 Let L : T — B(X) be a strongly continuous operator valued
function and L(t) = L(—t), t € T. Then the operator valued function L(-)
defines an anticausal positive evolution if and only if the operator valued
function ﬁ() generates a causal positive evolution on X.

The next result was proved in [8] for the finite dimensional case. In
infinite dimensions, the proof can be found in [11].

Corollary 2 Let L(-),II(:) be two strongly continuous operator valued func-
tions defined on I, taking values in B(X). Assume that 1I(t) > 0 for all
t € Z. Then the following are true:

(i) If L(-) generates a positive evolution on X then L(-)+1I(-) generates
a positive evolution on X.

(i) If L(-) generates an anticausal positive evolution on X, then L(-) +
I1(-) generates an anticausal positive evolution on X.

(iii) II(-) generates both a causal positive evolution and anticausal posi-
tive evolution on X.

Definition 2 (i) We say that the zero state equilibrium of the linear dif-
ferential equation (1) is exponentially stable, or equivalently, the operator
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valued function L(-) generates an exponentially stable evolution if there exist
the constants 3> 1, a > 0 such that

1Tt to)[| < pe=et=") (13)

for allt > tg, t,tg € T.

(ii) We say that the zero state equilibrium of the linear differential equa-
tion (5) is anticausal exponentially stable, or equivalently, the operator valued
function L(-) generates an anticausal exponentially stable evolution on X if
there exist the constants B> 1, a > 0 such that

1T (t, to) || < Bet0) (14)
for allt <tg, t,tg € T.

Since both (1) and (5) are linear differential equations we will often say
that the linear differential equation (1) is exponentially stable and the linear
differential equation (5) is anticausal exponentially stable, respectively if
(13) and (14), respectively, are fulfilled.

It is worth mentioning that under the considered assumptions for any

¢ € IntX, the corresponding Minkovski operator norm || - [|¢ is equivalent
with the norm || - || (see the Appendix for the definition of || - ||¢). Therefore,
the above definition may be stated in terms of the operator norm || - ||¢ for

some & € IntX,.
Based on the identity (12) together with the Definition 2 we obtain:

Corollary 3 Let L : T — B(X) be a strongly continuous operator valued
function and L(t) = L(—t), t € T = {t € R;—t € I}. Then the operator
valued function L(-) defines an anticausal exponentially stable evolution if
and only if the operator valued function ﬁ() generates a causal exponentially
stable evolution.

The above corollary allows us to derive criteria for anticausal exponen-
tial stability of a linear differential equation defined by an operator valued
function L£(-) directly from the criteria for causal exponential stability for
the linear differential equation defined by the operator valued function £(-).

Criteria for exponential stability of differential equations with positive
evolution on an ordered Banach space are derived in [11].
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2.3 The case of differential equations with positive evolution
on ordered Hilbert spaces

Throughout this subsection (X (-,-)) is a real Hilbert space, ordered by the
ordering ”<” induced by the closed, solid, selfdual, convex cone. Based on
Proposition 2.4 in [10] we deduce that the norm || - ||, induced by the inner
product is monotone with respect to the cone X;. So, Xy is a normal cone
with a constant b = 1 (see Definition 5 from the Appendix).

Let £ € IntX, be fixed and | - |¢ be the corresponding Minkovski norm.
As we can see, applying Proposition 4 and Proposition 5 one deduces that
| - |¢ is equivalent with the norm || - || of the Hilbert space X. It is known
that, if T € B(X) and T™* is its adjoint operator, then, | 77| = ||T||. The
equality ||T™||¢ = [|T'||¢ is not, in general, true. However, one can prove, via
the equivalence of the operator norms || || and ||-||¢, that there exist positive
constants, ¢, ¢s such that

alTle <[IT"le < |, ¥ T < B(X). (15)

Let £ : Z — B(X) be a continuous operator valued function, Z C R
being a right unbounded interval. In this case t — £*(¢) : 7T — B(X) is also
a continuous operator valued function. It is known that if 7'(¢,7), ¢, 7 € Z,
is the linear evolution operator defined by the linear differential equation

%x(t) — L)), teT (16)
then, 7 — T*(t, ) verifies
D) = LT (L) an
or
) = Iy
So we have:
T*(t,7) = T (,1) (18)

V t,7 € Z, where T2.(7,t) is the anticausal linear evolution operator defined
by the operator valued function £*(-). This means that, T2.(7,t) is a linear
evolution operator associated to the linear differential equation

Lyr) = L) (19)

Combining (15), (18) one obtains the following result:
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Proposition 1 If £L:Z — B(X) is a continuous operator valued function,
then the following statements are true:

(i) The operator valued function L(-) defines a causal positive evolution
on X, iff the operator valued function L*(-) defines an anticausal positive
evolution on X.

(ii) The operator valued function L(-) defines an exponentially stable evo-
lution on X iff the operator valued function L*(-) defines an anticausal ex-
ponentially stable evolution on X.

Using criteria for the anticausal exponential stability of the linear differ-
ential equation defined by the operator valued function £*() and taking into
account the equality (18) and Proposition 1 one obtains a set of criteria for
the causal exponential stability of the linear differential equation (16). For
details see [11]. Such criteria are specific to the linear differential equations
with positive evolution on ordered Hilbert spaces.

3 Ordered vector spaces of sequences of symmetric
matrices

This section collects several examples of real ordered Banach spaces. As
usual |z| stands for the euclidian norm of a vector x € R", that is, |z| =
(Tx)Y/2. For a matrix A € R™*", |A| stands for the matrix norm induced
by the euclidian norm |- |, that is

4] = sup |Aa (20)
|z<1
Also, we shall use the notation |Al| for the Frobenius norm of the matrix A,
ie.

1/2

|Al2 = (Tr[ATA]) (21)

where T'r[-] stands for the trace operator. Beside the two norms introduced
before, we shall use also the norm

Al =Tr |(AT4)"2] (22)

where (AT A)Y/? is the unique positive semidefinite matrix X such that X2 =
AT A.
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Let S, € R™™ be the linear subspace of symmetric matrices of size
n x n, that is S € S,, iff § = ST

The restrictions of the norm (20)-(22) to the subspace S,, take the equiv-
alent form:

5] = maz [\ A € A(S)} = sup ([« S} (23)

n 1/2
1S = (Z A?) (24)

i=1

Sh=Y"In (25)
i=1
where A1, ..., A\, € A(S) with A(S) is the spectrum of the matrix S.
For a matrix S € &, the following hold:
S| < [S]2 < [S]i < nlS]. (26)
Throughout this paper D denotes either the set {1,2,...,d} or the set Z.

3.1 The space S?

Let X = SP = ¢*{D,S,} be the linear space of the bounded sequences of
symmetric matrices, that is

(D, S} = {X = {X(D}ien|X(7) € Sw,i €D, sup|X ()] < +oo} :

The space SZL) equipped with the norm

[ X[loo = sup | X ()] (27)
€D

is a real Banach space. On S? we consider the ordering induced by the cone
X+ = ST?—{- = EOO{D, Sn+} where

0°(D, Spt} = {X = {X (i) }iep; X(i) > 0,5 € D}. (28)
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Here X (i) > 0 means that X () is positive semidefinite. One verifies that
X, is a closed, solid, convex cone. Its interior IntX; consists of the subset
of the sequences X = {X(i),i € D;X(i) > 6I,,Yi € D for some § > 0
independent of i}.

Based on the monotonicity of the norm |- | on S,, one obtains that || - ||so
introduced by (27) is monotone with respect to the cone A;. Hence X} is
a normal cone.

Further we shall use S¢ instead of SP and S¢ . for SP . when D =
{1,2,..,d}, while S is used for S? when D = Z,. In the last case, S5
stands for the convex cone £>*(Z,S,+). It is obvious that (SZ, || - ||e) is a
finite dimensional real ordered Banach space, while (S2°, || - || ) is an infinite
dimensional real ordered Banach space.

Specializing the results from Theorem 4, Proposition 4, Proposition 5,
to the ordered Banach space SP we obtain:

Corollary 4 In the case of the Banach space (S2,||-||c0), the following hold:
() If D = {1,2,...d} and J* = (I, Ip,....I,) € IntS%, then the
———

d
Minkovski norm defined by (112) for & = J% is:

[ X1 ga = [[ XTI (29)

for all X = (X (1), X(2),..., X(d)) € S
(1) If D=7y and J* = (I, In, ..., In,...) € IntS;S then the Minkovski
norm introduced by (112) for & = J*° is given by

X yoe = [[Xlloo (30)
for all X = {X (i) }iez, -
Remark 4 For the sake of brevity we shall use | X| and |X|, respectively,
instead of |X |4 and |X|jeo, respectively, for the Minkovski norms defined
by (29) and (30), respectively, if no confusions are possible.
3.2 The space (*(D,S,)
Let X = ((D,S,,), where

(D, 8,) = {X = {X(i)}iep C Sni »_ 1X (i) < o0}.
€D
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Taking
X[ = 1X (i) (31)
1€D
one obtains that (X, || - ||1) is a real Banach space.
On the Banach space (X, ||-]/1) we consider the order relation induced by

the convex cone Xy = (1(D, S, 1) = {X € (D, S,); X = {X (i) }iep, X (1) >
0}. It is a closed convex cone. In the case D = {1,2,...,d}, ¢}(D,S,)
coincides with S¢ and ¢'(D, S,+) coincides with SZ, . In the case D =Z,
X =(Y(Z+,S,) C 8. The convex cone /(Z,S,+) has an empty interior.
Finally, let us remark that based on (26) we may introduce a new norm on

X, by o
X[ = 1x @) (32)

1€D

Based on (26), (32) we deduce that the norms || - ||; and |- [|; are equivalent,
more precisely we have:

Xl < I1X < nfl Xl (33)

for all X = {X (i) }iep € £1(D, Sy).

3.3 The space *(D,S,)

Let X = (2(D,S,) = {X = {X()}iep C Su; Y. (1X(0)]2)? < o0}. On
i€D
?*(D,S,) we introduce the inner product:

(X, Y)o =) Tr[X (i)Y (i)] (34)
€D

for all X = {X (i) }iep, Y = {Y (i) }iep from ¢*(D,S,).
To show that the sum from the right hand side of (3/) is convergent, let
us remark that

S THX ()Y Z{\X —1X() - Y(@)3} =

€D zeD

i{Z!X( )+ Y () - 1X() }ER

€D i€D
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because
i€D
i€D

One may check that the inner product (-,-)2 induces a real Hilbert space
structure on £2(D,S,,). Set

I1X2 = (X, X)5/%. (35)

On the space ¢?(D, S,,) we consider the order relation induced by the convex
cone Xy = (*(D,8,+) = {X = {X(i)}iep € *(D,S,); X(i) > 0,i € D}.
The cone £2(D, S, ) is a closed cone. If D = Z its interior is empty.
Remark 5 In the case D={1,2, ..., d} the linear spaces {>*(D, S,), (D, S,),
2(D,S,) coincide with Sg =8p X Sp X ... X Sy,

d
On 8¢ we have three norms:

| - loc introduced via (27),

Il - |1 defined in (31) and

| - |2 introduced by (35) for D ={1,2,...,d}.

We have ||S]loo < ISll2 < [IS]l1 < nd||S||le for all S € SE. The convex
cone ?(D, S, 1) coincides with the convex cone Sg+ = Spt+ X Spge-Sngt if

d
D =1{1,2,...,d}. The cone Sff_,_ s a closed, solid, selfdual convex cone. It is

selfdual with respect to the inner product

d
= Tr[X()Y(i)] (36)
i=1
for all X = (X(1),X(2),...,X(d)),Y = (Y(1),Y(2),...,Y(d)) € S which is
the special form of (34) for the case D ={1,2,...,d}.
In the case D = Z, we have the following result.

Proposition 2 If (1(Z,,S,) and (*(Z,,S,+) are the linear spaces intro-
duced in a previous subsections for D = Z then

(NZy,8,) C (2, Sny).

Proof is similar to the one given in [19] for the case of sequences of
nuclear operators and Hilbert-Schmith operators.
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4 Lyapunov type linear differential equations on
the space S?

In this section we emphases several properties of an important class of oper-
ator valued functions on the Banach spaces S? and ¢*(Z,S,,), respectively.
These operators extend to this framework the well known Lyapunov op-
erators and they will play an important role in the characterization of the
exponential stability in mean square of stochastic linear differential equation.

4.1 Extended Lyapunov operators

Let MP = ¢>(D,R™*") be the space of the bounded sequences of matri-
ces A = {A(i) }iep where A(i) € R™*™. We introduce the norm [|A||o =
sup |A(7)| where |A(7)| is defined by (20). One obtains that (MZ, .| - |ls)
1€D

is a real Banach space. If m = n we shall write MP instead of MP . If
D =7Z,, M, and M, respectively stand for ML and MP. It is obvious
that SP? ¢ MP.

We make the following convention of notation:

(a) If A= {A(i)}iep € MD,, X = {X(i)}iep € MD,, by Y = AX we
understand the sequence Y = {Y (i) };ep € M?LP, Y (i) = A1) X (i), i € D.

(b) If A= {A(i)}iep € MP . then AT = {AT(i)}iep € ME .

Let A :Z — MP be a continuous function. This means that A(t) =
{A(t,7) }iep, where t — A(t,4) are matrix valued functions which are con-
tinuous on Z uniformly with respect to i € D.

The extended Lyapunov operators associated to A(t):

La(t): SP - SP,

Lat): 8P — 8P,

are defined as follows

L)X =A)X + XAT(t) (37)

LA X = AT ()X + XA(1) (38)

for all X = {X (i) }iep € SP.
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According to the notation introduced at the beginning of this subsection
the i*" component of (37) and (38) respectively, is:

[CA()X](0) = A(t, 1) X (i) + X () AT (t,4)

[LAt)X](1) = AT(t,9) X (3) + X (i) A(t, 1)

ieD,tel.

We deduce that [[La(t)X]leo < 2[|A(f)]|oo]| X ||oo and [[£4(t) X |0 <
2/|A(t)]|oo || X |- Hence, L£a(t), £a(t) € B(SP). Moreover t — L4(t) and
t — £4(t) are continuous functions in the topology induced by the operator

norm.

Remark 6 To be sure that the linear differential equations (39), (44), re-
spectively, defined by La(t) and £4(t) on SP have nice properties, would be
sufficient to assume that t — La(t) and t — £4(t) are strongly continuous
operator valued functions. This means that for each X € SP, t — La(t)X
and t — £4(t)X are continuous vector valued functions. If we take X =
{X (i) }iep with X (i) = I,,, Vi € D one obtains that t — AT (t) + A(t) must
be continuous. This condition is not far from our assumption that t — A(t)
is a continuous function.

Let us consider the extended Lyapunov equation

d

dt

Let Tx(t,tg) t,to € Z be the linear operator defined by

X(t) = LA()X (1), teT. (39)

(Ta(t,t0)X) (i) = i(t, o) X (i) @] (¢ to) (40)

Vi € D and X = {X(i)}iep € SP, where ®;(t,tg) is the fundamental matrix
solution of the linear differential equation on R™:

@x(t) = A(t,i)z(t).
This means that ¢t — ®;(t,tg) verifies

%(I)i(t,to) = A D)(t 1) (41)

(I)i(to, tg) = In.
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Based on the convention of notations introduced before we may write (40)
in the compact form:

Tt to) X = O(t,t0) X DT (t, 1) (42)

for all ¢,ty € Z, where ®(t,t0) = {Pi(t, to) }iep. If D = {1,2,...,d} one may
check that t — ®(t,tp) is a differentiable map and it satisfies:

%@(t,to) = A(t)®(t,tg), P(to,t0) = J% = (I,...I,).

By direct calculations one obtains from (42) that

STAL )X = Lat)Talt,t0)X (43)

Ta(to, to)X = X

for all t,tg € Z,X € S?. Therefore T(t,ty) defined by (40), or equivalently
by (42) is just the linear evolution operator on S% defined by the linear
differential equation (39).

It remains to show that (40) defines also the linear evolution operator
generated by (39) on S¢°. To this end, let us notice that

@it 5)| < )

for all i € Z,t,s € Z, where v = sup;c7 ||A(t)||c. Using also the fact that
t — A(t,i) are continuous functions uniformly with respect to i € Z, we
deduce that

1
}llll% m|q>l(t + h, to) - (I)i(t, to) - hA(t, i)‘bi(t, t0)| =0

uniformly with respect to i € Z,..

This shows that t — ®(t,%0) : T — M;° is a differentiable map and it
satisfies:

d

&Q(t’ to) = ,CA(t)(I)(t,to), (I)(to,to) = J* = (InIn) € S,?LO
Thus we may obtain that T'4(t,to) defined by (42) for D = Z, is differen-
tiable and satisfies (43).
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Remark 7 From (40) one sees that Ta(t,t0)X € SP, if X € SP,. This
shows that the operator valued function L4(-) generates a positive evolution
on the Banach space SP.

Changing A(t,i) with AT (¢,7) in (40), (41) one obtains that the oper-
ator valued function £4(-) generates also positive evolution on the Banach
space SE . However, concerning the operator valued function £4(-) we are
interested by the anticausal evolution operator 7' (t, to) defined by the linear

differential equation

%Y(t) L EADY(t) = 0. (44)

Reasoning as in the case of the equation (39) we may conclude that
(T5(t,10)Y) (i) = @] (to, )Y (1) @i (to, 1) (45)

foralli € D,0<t<ty, Y ={Y(i)liep € SP.
From (45) one deduces that the operator valued function £4(-) generates
an anticausal positive evolution on the Banach space SZ.

4.2 Lyapunov-type differential equations on the space S¢

Let Z C R be an interval and A : 7T — Mﬁ, k = 0,...,r be continuous
functions

Ap(t) = (A (1,1), ... Ay (t,d)), k€ {0,...,r}, teT.

Denote by Q € R*¢ a matrix which elements gi; verify the condition

gij > 01if @ # j. (46)
For each t € Z we define the linear operator £ (t), £ (t) : S — S? by
(L()8) (1) = Ao(t,i)S (i) +S0)AF (t,1) (47)
r d
+2Ak (t’i) S(l) Ag (t’i) + ZjSS (]) )
=1 j=1
(L(t)S) (i) = Af ()5 (i) + 5 (i) Ao (t,9) (48)
r d

+3 AT (14) S (1) Ak (8,) + Y 455 (5)

k=1 j=1
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i €D, S e S% Ttis easy to see that t — L (¢) and t — £ (¢) are continuous
operator valued functions.

One can see that (47) and (48) may be written as:
L(t)S = La(t)S +1I(t)S

L£(1)S = £a(t)S +11(t)S

where L£4(t) and £4(t) are the extended Lyapunov operators introduced via
(37) and (38), respectively, for D = {1,2,...,d} and A(t,i) = Ao(t, 1)+ 3iln,

r d
(I(#)S)(0) = Y At )SHAL (D) + Y a;S(),
k=1 =1,
~ r d
([()S)(i) = > AL DSDAE D) + D aiyS().
k=1 j=1,j#i

Based on (46) one obtains that II(t)S > 0,II(t)S > 0 if S > 0. Therefore,
combining Remark 7 and Corollary 2 (i) we conclude that the operator
valued function £(-) introduced via (47) generates a positive evolution on S¢.
Also, combining (45) and Corollary 2 (ii) we infer that the operator valued
function £(-) defines an anticausal positive evolution on S?. Moreover, by
direct calculation one obtains that £(t) = £*(t) where £*(¢) is the adjoint
operator with respect to the inner product (36) of L(t).

The Lyapunov operator L (t) defines the following linear differential equa-
tion on SZ:

d
%S(t)zﬁ(t)S(t), tel (49)
while, the linear operator £(¢) defines the following backward differential
equation
d

@S(t)—kﬂ(t)S(t):O, tel. (50)
Criteria for exponential stability of the zero solution of differential equations
(49) and (50) may be found in Chapter 2 in [9].
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4.3 Lyapunov-type differential equations on the space S>°
4.3.1 Definition and basic properties

Let Ay : 7 — M;°,0 < k < r be continuous and bounded functions. This
means that Ay(t) = {Ag(t,4)}icz, are such that ¢ — Ay(t,4) are continuous
functions on 7 uniformly with respect to i € Zy and sup,c7 || Ak (t)||oo < 00.
Let @ = (¢ij)ijez, be an infinite real matrix whose elements satisfy the
conditions:

qij 20, if i#j (51)
and
sup (|gis| + Z ¢ij) = v < 00. (52)
€ §=0.j#i

It is worth mentioning that the conditions (51) and (52) are satisfied by
the generator matrix of a standard homogeneous Markov process with an
infinite countable number of states (n(t), P,Z4) (see Section 7 in [11] for
more details).

Based on the functions ¢ — A(t,7) and the elements g;; of the matrix
@, one constructs the operators £ and £ by:

(LX) (1) =Ao(t,§) X (1) +X (1) AF (£, )+ Ap(t, D) X ()AL (£, )+ q;iX

k=1 Jj=0
(53)
(L)X)(i)= AOT(t, 1) X (1)+X (3) Ao (t, i)+ZAZ(t, 1) X (1) Ax(t, i)+z qi; X
k=1 j=0
(54)

for all sequences X = {X (i) }icz, -

Lemma 1 If the real numbers g;; satisfy conditions (51) and (52) then for
eacht € T, L(t) € B({Y(Z4,S,)) and £(t) € B(S2°).

Proof. If X € {*(Z,S,) then one obtains via (32), (51)-(53) that:

l£(t) Z <y X[h
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where

() = 2] Ao(®)loo + D I AR(D) 1% + v- (55)
k=1

Based on (33) we may write |£(t)X||1 < n[|£(6)X]|: < ny(®)]X]}1 which
yields ||£(t) X1 < ny(¢)||X]|[1. This shows that L£(¢) introduced by (53)
defines a linear and bounded operator on ¢*(Z.,S,) and ||L(t)|1 < ny(t),
t>0.

Similarly, if X € §2° one obtains via (51), (52), (54) that
1€)X [loo <)X ]loo
where () is defined by (55). This completes the proof.

In the developments of this paper the linear operator £(t) introduced via
(53) will be named the Lyapunov type operator on the space {*(Z,S,) de-
fined by the system (Ao, A, ..., 4,; Q) while £(¢) will be named the Lyapunov
type operator on the space So° defined by the system (Ag, Ay, ..., Ar; Q).

Proposition 3 [11] Under the considered assumptions, the operator valued
function L(-) introduced by (53) defines a positive evolution on (*(Zy,S,)
while, the operator valued function £(-) introduced by (54) defines an anti-
causal positive evolution on the Banach space S;°.

Let T(t,7), (t,7) € T x T be the linear evolution operator on ¢}(Z,S,)
defined by the linear differential equation

d
%X(t) =L(t)X(1). (56)
This means that $7'(t,7) = LT (t,7), T(r,7) = Iz, 5.)-

Consider, also T%(t,7) the anticausal linear evolution operator on S5°
defined by the backward linear differential equation

SX(1) + L)X (1) =0. (57)

This means that 5
et T) = —L£t)T(t,7),

T1,7) = Is0. (58)
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Remark 8 Under the considered assumptions the operator valued functions
t — L(t) and t — £(t) are continuous in the topology induced by the norms
of Banach algebras B({(Z,,S,)) and B(S°), respectively.

In the previous subsection we saw that in the case D = {1,2,...,d} the
operator defined by (48) which is the analogous of the operator £(¢) (intro-
duced by (54)) coincides with the adjoint £*(¢) of the operator L(t).

In the case D = Z, such an equality is not possible because the operator
L(t) and £(t) act on different linear spaces.

In the next developments we shall see that under some additional assump-
tions the restriction of the operator £(¢) to the Hilbert space (¢2(Z4,Sy), || -
||l2) coincides with the adjoint operator of L(t).

To this end we need the following auxiliary result which could be also of
interest in itself.

Lemma 2 If A, M € R"™ " are given matrices, then |AM |o < min{|A||M |2,
|Al2| M|} where |- | and |- |2 are the norms introduced by (20) and (21).

Theorem 1 Assume that beside the conditions (51)-(52) the real numbers
qij satisfy the condition:

sup Z lgjil = ¢ < +o0. (59)
16Z+j -0

Let £(t) = L£(t)|2(z, s, be the restriction of the operator £(t) to *(Z.,8),) C
S;°. Under these conditions, for each t € I, the following hold:

(i) £(t) € B(2(Zy, S0).

(ii) £(t) € B(2(Z4,Sy)).

(iti) £(t) = L*(t).

Proof. (i) Let X = {X(i)}icz, € (*(Z4,Sn) be arbitrary but fixed.
Based on (54) we obtain

(LOX)(@)]5 < 4[1AG (8, 1) X (D)3 + \X( )Ao(t, 1) 5+

IZAth (i) Ax(t,9) |2+|qu 13]-
7=0
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Based on Lemma 2 we deduce

2
(LX) @5 <4 [nlt Zlqw\lX )2 (60)
where 71(t) = 2] Ao (t)[I3, + 7 Z 1A (1)]I5
Let NeZ,, N >1be arbltrary but fixed. We have
N 2N N
DolalIX Gl | <D lail Y laill X (). (61)
j=0 j=0 §=0
Using (52) we obtain:
2
N N
DolaliX Gl | <v ) lallX ()13 (62)
§=0 j=0

2
N Ny
Further we have }° ( lgii 1| X (5) ) < vy, (Z lgij|| X (4 )|2) for all
i=0

Nie€Z,, Ny > 1. U51 (59) one gets:

N [ N
S lasliX ()2 | < vl X3
i=0 \ j=0

for all Ny,N € Z.
Taking the limit for N — oo, N1 — 0o one obtains

YA Il Xl | < S el X6z | < vall X3 (63)
i=0 \ j=0

i=0 \ j=0

foralli e Z,.
So, we have shown that the right hand side of (60) is finite. Further,
from (60)-(63) we deduce:

D IEBX) @) < 4 () +r@) | X3
1=0
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This shows that (£(t)X) € (*(Z4,S,) if X € ¢*(Z,S,). Furthermore we
have ||[£(t) X |2 < v@®)|| X2 VX € (3(Z4,S,), with

N\»—-

72(t) = 2(n (1) + vq)>. (64)

Thus (i) is proved.
Further we show that (53) is well defined if X = {X (i) }icz, € (*(Z4,Sn).
Proceeding as in the proof of (i), we show that

2

(LOX)@) <4 [ n@OIXGOE+ [ D laill X (0)]2 (65)

§=0
i € Z, v1(t) being as in (60).
N ) 9 N N N
For each N > 1 we have (;}\QﬂHX(J)b) < Zolqy'z'l > gl X ()3
J]= J=

=0
. . N . 2 ~ N . 2
which yields (Z lg;il| X (5)2)* < g EO |a;i|[ X (4)3-
2

Further we obtain Z Z 3| X (D)2 | < vdl X3
. =
Taking the hmlts for N — oo and N; — oo we deduce

2

oo oo
S Il X ()l Z!qﬂllX )2 < vl X |5
7=0

i=0 \ j=0 =

foralli € Zy, X € (*(Z4,S,).
This shows that the right hand side of (65) is finite for all i € Z,.
Furthermore we obtain that

D ILOX)D) <v®X]3, (V) X € (Z4,S,)
=0

where yo(t) is defined as in (64). Thus we have proved that L({€B(¢*(Z+, Sy,).

In order to prove (i7i) one employs (34), (53), (54) to show that the
equality (£(t)X,Y)s = (X, L(t)Y ), holds for all X,Y € ¢%(Z,,L,). Thus
the proof is complete.
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Remark 9 Under the assumptions of Lemma 1, the condition (59) is satis-
fied if there exist hy > 0, ho > 0 such that q;; = 0 if i < j—hy ori > j+ ho.
In this case (59) is satisfied with ¢ = (h1 + ha + 1)v where v is the constant
from (52).

By direct calculation one shows that £ : 7 — B((3(Z,S,)) is a strongly
continuous operator valued function. This function defines the linear differ-
ential equation:

d N
YO+ LY (R) =0 (66)

t € T on the space ((2(Z4,Sy,), || - |2)-
Let Tg(t,r), t,7 € I, be the anticausal linear evolution operator on
(*(Z,S,) defined by the linear differential equation (66).

Corollary 5 Under the assumptions of the Theorem 1 we have:

Ti(rt) =T(t,7), V t,7el.
T(t,7) being the linear evolution operator defined by L(t) € B({*(Z,Sy)).
Proof follows from Theorem 1 (iii) and the equality (18).

Let £(t) = £4(t)+11(t) be the partition of the linear operator £(t) where

(M) X)) =Y AL DX AR(t )+ > X () (67)
k=1 §=0,j#i

We prove:

Lemma 3 For any monotone and bounded sequence { X }trez, C S;° we
have: ) .

(i) klingo(ﬂ(t)[Xk])(z) = (II()[X])(i) for alli € Zy, t € T.

(ii) kILI{.lo(Ta(t’to)Xk)(i) = (T%(t,t0)X) (@) for alli € Zy, t <ty t,tp €
T, where X = {X (i) }iez, € S° is defined by X (i) = khl& Xi(i), 1 € Z.
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Proof. Without loss of generality we may assume that {Xj}rez is an
increasing and bounded sequence. This means that there exist u; € R,
7 = 1,2 such that

piln < Xpp(i) < Xiy1 (1) < poln,  V(k,i) € Zy x Zy (68)
Therefore, for each i € Zy, X (i) € Sy, is well defined by
X (i) = lim Xp(7). (69)

k—o0

Based on (68) we infer that X = {X(i)}iez, € S3°. From (67) we obtain

(LL(8) X) (1) — (L) X) (1) = D AT (8,9) (Xp(0) =X (1) Au(t, 6) +
=1

+un Xk (j) = X(5))- (70)

J#Z

First, from (68) we obtain
Jdim AT (8 0) (X (1) = X (D) Ai(t.1) = 0 (71)

On the other hand, applying Corollary 7 from the Appendix for ag(j) =
| =0

ij| Xk () — X(5)], we deduce that limg—oo 3 720 ;2 6| Xk (5) — X (4)
which leads to -
Tm > gy(X() - X() =0. (72)
=0

Combining (70)-(72) we obtain that (i) is true.

Let us now prove that (i) holds. To this end, let us denote Y;(t) =
Tt to) Xk, t € (—o0,tg] NZ, to € T being fixed. Since T°(¢,t() is a positive
operator, if ¢ <ty the inequalities (68) yield

pa (T (E,80) J7) (1) < Yi(t,4) < Yiga (t,0) < pa(T(E,80)J7)(0) - (73)

forall i € Zy, t <tp, t € Z. From (73) we obtain that the matrices Z(t,1)
are well defined by

Z(t,i) = lim Yy(t,i),i € Z4,t € (—oo;tg] NT.

k—oo
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Furthermore (73) yields |Z(t,4)] < us|T%(t,t0)J>°| = ps||T(t,to)| for all
i € Z4. This leads to

Z(8)] < ps| Tk to)ll, VEE Tt < to,

where Z(t) = {Z(t,1) }iez. -
Since t — ||£(t)]|oo is @ bounded function we deduce that ||T%(¢,tp)| <
e(to=t) for all t € Z, ¢t < to. This leads to

|Z(t)] < e, (74)
Reasoning in the same way we obtain from (73)
Vi (t)] < pgectto) (75)

forallteZ, t<tg,keZ;.
Let T'4(t, s) be the anticausal linear evolution operator on S;° defined by
the extended Lyapunov operator £4(t). We have the representation formula

to
Vilt) = T5(0 00X+ [ T3(t ) 1(6)Vi5)ds
t
for all t <tg, t € 1.
Based on (45) written for A(t,4) replaced by Ao(t,7) + %qiiln, we obtain
the component wise representation formula
to
Yi(t,3) = ®F (to, ) X3 (1) ®; (o, t) + /(IDZ-T(S,t)(ﬁ(s)Yk(s))(z')CDi(s,t)ds (76)
t

foralli € Zy,t <to,t €T, where ®;(s,t) is the fundamental matrix solution
of the differential equation

d

a;p(t) = (Ao(t,7) + %Qiiln)z(t)'

Using the result proved in the part (i) of the lemma, we obtain that

lim @7 (s, £) (TL(s) Yi(5)) (1) (s, £) = ®F (s, ) ((L(s) Z()) (D) ®i(s. ) (77)

k—o0

foralli € Z,,t < s <t
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We recall that the boundedness of the function s — ||Ap(s)||~ together
with (52) allow us to deduce that

[@i(s,1)] < e, (78)

Vit < s <ty t €Z, where ¢; > 0 is a constant not depending upon s, t.
Further, from (76), (78) together with the boundedness of the functions
s — ||A1(s)]]oo, 0 <1 <71 yield

T @] (s,0)(LL()Yi(5)) (1) i(s, ) < Fe V] (79)

for all t < s < ty, where 3, ¢ are positive constants. Applying Lebesque’s
Theorem we obtain via (77) and (79) that

lim [ 27®F (s,6)(I(s)Y5(s)) (i) ®;(s, t)xds

k—oo
t

_ / 27 (s,4)(T1(s) Z(5)) (3) B (s, £)xds

for all z € R™. By a standard procedure, one obtains finally that

to to

Jm. ‘I%-T(S’t)(ﬁ(S)Yk(S))(i)@(s,t)ds=/‘I%T(S,t)(H(S)Z(S))(i)@(SJ)dS
t t

for all t < ty, t € Z. Taking the limit for kK — oo in (76) we obtain that

to

Z(t,1) = 7 (to, 1) X (1) (to, 1) + / &7 (s, 1)([1(5)Z(5)) (1) @i (s, ) ds

foralli € Z,,t <tg,tel.
The above equality may be rewritten in a compact form:

to

Z(t)=T4(t, to) X + /Tz(t,s)H(S)Z(s)ds. (80)
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Under the considered assumptions the identity (80) allows us to deduce
that t — Z(t) is differentiable and additionally it solves the problem with
given terminal condition:

d
ﬁZ(t) + L) Z(t) = 0, t<tp (81)
Z(ty) = X.
From the uniqueness of the solution of the problem (81) we conclude that
Z(t,0) = (T%(¢, o) X)(7) (82)

foralli € Z,,t <tg,tel.
The conclusion follows now from (82). So, the proof is complete. O

Lemma 4 Assume that the assumptions of Theorem 1 are fulfilled. Let
HY = {H?(j)}jez,. be defined by

mi={ ST (59)

where x € R™ and i € Zy are arbitrary but fized.
Under the considered assumptions we have:

T (¢, 7)HF |1 = 2" [(T%(7,£).T%) (i) (84)
forallt>T1,t, 7€ L.

Proof. First we notice that H? € ¢*(Z,S,,) and |HZ||; = |z|?. Therefore
T(t,7)HY is well defined and we have

Tt 1) HE |2 =) Tr{(T(t,7) HY)(5)] (85)
j=0

for all t,7 € T.
For each k € Z we consider J° = {J°(j)}jez, where

sor [ I if0<j <k
i (J)_{ 0,ifj > k.

It is obvious that J° € ¢*(Z4,S,) C S° and we have || J°||2 = (k + 1)y/n
and [|J%]|cc = 1. Also we have Jp° < J2¢, < J* for all k € Z,. This
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yields: T(7,t)J° < Tr,t)JpS, < T7,t)J>, for all k € Zy, t > 7,
t,7 € T because T%(1,t) > 0 for all t > 7
This allows us to obtain

e [(T(r, ) JR) (D)) < 2" [(T(r, 1) J21) ()] < & [(T(7,6) %) (i) (86)

for all k € Z;. Moreover, applying Lemma 3 (i7) for X, = J2° we obtain
that
klim (T, 1) J2) (1) = a7 (T(7,t)J>®)(i). (87)

On the other hand, from Theorem 1 (i) we deduce that 7°(7,t)J° €
(*(Z,S,). Therefore we may write:

2 [(T(r, ) J) ()] = Tr[(T(7,6) ) (i)wa] =

= S T[T ()T GV HE ()] = (T°(r, 1) T, HY ).

7=0

Further, the equality proved in Theorem 1 (iii) together with (18) yield:

<Ta(7-7 t)J]SO,Hfh = <T*(t7T)Jl?O7Hix>2 =

k
= (J°, T(t, ) HY)y = > Tr[(T(t, 7)H)(5)]-
§=0

Thus we obtain
k
2T (T (7, 0) J2°) (@) = Y Tr((T(t, 7) HF) (5))- (88)
§=0

Based on (88) we get

k
IT(t, B[l = klglgoZTT[(T(t,T)Hf)(j)] = lim o [(T%(7,)J2°) (i))z.

k—o0

(89)
The conclusion follows from (89) and (87). Thus the proof is complete. [

Theorem 2 Assume that the assumptions of Theorem 1 are fulfilled. Then
we have

T, ) < || T, t)| Vt>r, t,7eL. (90)



Lyapunov operators on ordered Banach spaces 95

Proof. Let i € Z be arbitrary but fixed and ¥; : ¢1(Z,S,) — (*(Z+,S,)
be defined by

w0 ={ S 2, (o)

for any X = {X(j)}jez, € ¢*(Z4+,S,). We have

1

‘X - Zf;)¢i(x)

00 k
> |X(4)]; which leads to lim HX — > i(X)
i=k+1 k—o0 i=0
Hence X = Y (X)) for all X € (1(Z,S,).
i=0
Further we have

=0.
1

T(t,7)X => T(t7)i(X) (92)

because T'(t,7) € B({1(Z+,S,)).
Let Aij1, A2, ..., Ain, be real numbers and e;1, e;o, ..., €;, € R™ be orthogonal
n

vectors such that |e;;| = 1,1 < j <nand X(i) = > /\ije,-jeiTj. Combining
j=1

(83) and (91) we deduce:
X) = Z \ijHY (93)
j=1

where H;"” is defined as in (83) with e;; instead of x.
For each k£ > 1 we write

k
> Tt )X
=0

Applying Lemma 4 we obtain

Z IT(, 7)Ws(X)[l1 < ZZ Nijless [(T°(7,8)T) ()]es; <

=0 j=1

k h
<D I8 ) )]

i=0 j=1

k

k n
Z (X < D0 > il |76 7 EE
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k 0
Invoking (25) we infer > [|T(t, 7)v:(X)||1 < | T(7,t)J®|loc D> | X (2)]1 for
i=0 1=0

all k > 1.
Hence we have shown that

DT (X < 1T 6) T oo X 1. (94)
1=0

Further, from (92)-(94) we get:
1Tt )X < T t) ool X][1, V X €(Zy,S,), t>7, t,7€T.

So, we may conclude that || T'(¢,7)||1 < |[|T%(7,t)J || forallt > 7, ¢, 7 € Z.
To show that the last inequality coincides with (90) we apply Theorem 5 in
the special case of the positive operator T%(7,t) together with Corollary 4
(ii) and obtain that ||T%(7,t)J*®|lcc = ||T%(7,t)|. This ends the proof. [

4.3.2 Detectability and exponential stability

Let £ and £ be the Lyapunov type operators defined by (53) and (54),
respectively. In this section we discuss the exponential stability of the an-
ticausal evolution generated by £ under detectability conditions and under
the assumptions of Theorem 1.

Since the cone ¢(Z,,S,+) has empty interior we cannot apply the devel-
opments from Section 4 in [11] in order to derive criteria for exponential
stability of the linear differential equation (56) on ¢'(Z,,S,). The next
corollary shows that the criteria for anticausal exponential stability of (57)
could be used as necessary and sufficient conditions for the exponential sta-
bility of (56).

Corollary 6 Under the assumptions of Theorem 1 the following are equiv-
alent:

(i) the operator valued function £(-) defines an exponentially stable an-
ticausal evolution on S5°;

(ii) the operator valued function L(-) defines an exponentially stable evo-
lution on ¢*(Z+,S,).

Proof. (i) — (i7). If (i) holds then there exist § > 1, a > 0 such that
T (7, t)|| < e~ =7 for all 7,t € Z, t > 7. Then from Theorem 2 we get

It )]y < Be=7) (95)
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for all t > 7, t,7 € Z. This shows that (i) is true.
Let us prove now that (i) — (i). If (i7) holds, then there exist § > 1,
a > 0 such that (95) is true. From Lemma 4 we have

2 (T(7, 1) %) (D)o < | T(¢,7) 1 HF |2

which yields 27 (T%(7,t)J>)(i)x < Be~t=D|z> for all t > 7 € 7, = € R",
i € Zy. Therefore |(T%(7,t)J>)(i)| < Be™=Y (V) i€ Z,, which leads
to

1T(7,1) T ||oe < BT (96)

Applying Theorem 5 to the positive operator T%(7,t) and using Corollary
4 (i) we obtain from (96) that | T%(r,t)|| < Be*™=Y for allt > 7, t,7 €
Z. This confirms that the implication (i) — (¢) is true. So the proof is
complete. Il

Definition 3 Let C' : T — M be a continuous, bounded function. We
say that the pair (L,C) is detectable if there is a continuous and bounded
Junction F : T — MPS such that

Lr()(X)=LOX)+FH)CHX+XCH) FO)",X €l (Z+,5)
(97)
generates a positive and exponentially stable causal evolution on (1 (Zy,S,).

A standard computation shows that t € Z — Lp (t) € B ((*(Z4,S5,))
is a well defined, strongly continuous mapping, which generates a causal
evolution operator Ty, (t,s) on ¢*(Zy,S,). Since Lr and £ have the same
form, we can apply Proposition 3 to deduce that T, (f,s) is a positive
operator. Moreover, T, (t,s) is exactly the restriction to ¢1(Z,S,) of the

positive causal evolution operator Ty - (t,8) generated by Lp on (2(Z,,S,)
( [18], [3]). Let

L) (X)) =) X)+C )T FO)T' X +XF(t)C (),

for all X € &;° and t € Z. Obviously, the conclusions of Corollary 6 re-
main true if we replace the operators £ and £ with £ and Lp, respec-
tively. Therefore £ generates an anticausal exponentially stable evolution
on S;° if and only if L generates a causal exponentially stable evolution on
(NZ,S)).
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Remark 10 The pair (L,C) is detectable if and only if there is F : T —
M, @ continuous and bounded function such that £ (t),t € T generates

a positive and exponentially stable anticausal evolution on S;°.

Let Z = R4 := [0,00). A mapping P : 7—S;9 will be called nonnega-
tive. The next theorem is the main result of this section. It gives sufficient
conditions for the exponential stability of the anticausal evolution gener-
ated by the Lyapunov type operator £, in terms of global solvability of an
associated affine equation.

Theorem 3 Assume that (L,C) is detectable and the backward differential
equation
dP (t)
dt
has a nonnegative solution in the class of all bounded C'-mappings P :

I—8°. Then £ generates an exponentially stable anticausal evolution on
Se.

+eWPH)+CT®)C(t)=0 (98)

Proof. If i € Z, and z € R" are fixed, then the unique solution in
(N(Z,,S,) of the equation

dZdt(t) — L) (Z(1), 2520 (99)
Z(s) = HFieZy, (100)

exists and is given by Z (¢, s; (HF)) =Tz (t,s) (HF) > 0,t > s. Let us prove
that there is v > 0 such that

o0
/Hz (7, 5: H)||, dr < va"a (101)
S

for all se Ryi € Z, and x € H. Then, Lemma 4 shows that

o0

/xT[(Tg(s, 7)J%°) (1)]zdr < ’yxTx.

s

From Theorem 4.4 from [11] it follows that £ generates an anticausal expo-
nentially stable evolution on §2° and the proof is complete.
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It remains to prove (101).

First, we establish a sufficient condition for (101). From the detectabil-
ity hypothesis, there is a bounded and continuous function F' : 7 — M®
such that the causal evolution operator T, (to,t) is exponentially stable on
MZy,S,). We define

Qe (1) (X) = Lr (1) (X) +2X, X € (MZ4,S,).

Using Gronwall’s Lemma and a standard computation we deduce that there
is g9 € (0,1) such that the causal evolution operator Tqre (¢, s), generated
by QF¢ (t), t € Ry, is exponentially stable for all 0 < € < g9. Then there
are 1 > 1 and a; € (0,1) such that | Tre (£, )], < Bi1al™® for all t > s.
Moreover, by Proposition 3.3 from [11] (see also Corollary 2), Tor. (t,s) is
a positive operator. Now, for such an € € (0,&(), we consider the equation

WO _ore (v @) + SFOCHZOCWTFO)T 12520,
(102)
Y (s) = HY, (103)
where Z (t) is the solution of (99). We obtain
d(y (t)dt— Z(t) _ OFS (Y (t)—Z(1) + T ()t >s,teN, (104)
Y (s)—Z(s) =0, (105)

where
1 1. \"
By a standard way it follows that Y (¢) — Z (t) > 0 for all ¢t € R4 and,

consequently, |Y (¢)||; > [|Z (t)||; . Therefore the existence of v > 0 such
that

JI sl dt < e (106)

is a sufficient condition for (101) to hold. Then, let us prove (106).
Applying (10) for (102), (103) we obtain

1

Y() TQFs(tS +€2

/t Toyre (t,7) F(JZ) (r) (FC) (T)T) dr,
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for any ¢ > s. Hence

1Y @), < prat—*aTe + /

(r) (FO) ( H dr.  (107)

By virtue of (26), the conclusions of Lemma 2 remains valid for |.|,
replacing |.|, and we get

|FenymyFoy@)| = Y ||[Fez) 0 ) o)) )|,
JEZ
= Y 1r|((FCn) () (FO)()") ()] <
JEZy
P> Tr{(czcT)(r) ()] = P Tr[(CTCZ)(r) ()] = (%).
JEZ4 JEZ4

The restrictions of the operators £ and £ to (*(Z,,S,) will be still
denoted by £ and £. So, Corollary 5 ensures that

T7 (rys) =T¢ (s,1) (108)
in 2(Z,,S,) and
Z(r)=Tg (r,s) (H) = (Tg (s,7))" (H).

From Lemma 21 in [19], we have
(x) = 1) Tr[(CTC)(r)(T&(s,r)" (HY) (5)]
JEZy
< B Tr[Teé(s,r) (CT (r)C(r) H (7)]
JEZy

= Pa"T¢(s,r) (CT (r)C (1)) (i) z (109)

Let P : T — M7 be a nonnegative solution of (98) in the class of all
bounded C'-mappings. From (11), P is also the unique solution of the
equation

P(s)=Tg(s,t)(P(t)) + /TS (s,7) (C’T (r)C (r)) dr,s <t.
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By inequality (109) and the positiveness of T¢ (¢, s), we get successively

t t

[Fenm ey a < / T () (O (1) € (1) (3)

s

= x /TQ (s,7) (CT (r)C (7)) (3) dra

= 2TP(s)(i)x — 2TTE (s,t) (P (1) (i)
< zTP(s)(i)x.

Setting m1 = I* supyeg,, ||P (s)|lo < 0o we obtain
/HFCZ ) (CF) (r H dr < 22T P (s) (i) z < miaTa,

Taking the integral from ¢ = s to oo in (107), we see that there are the
positive constants di and ds such that

/HY(t)Hldt < diz ac—i—/ |Feze)erm | ar )

do
< dizTx+ —2m1xTac < (d2m1/52 + dl) 2.
€

So, there is v > 0 such that
[y ©, de < 3"
and (106) follows. The proof is complete. O

5 Appendix

A. Convex cones. In the sequel we collect several basic definitions regard-
ing the convex cones and ordered Banach spaces. For more details concerning
the convex cones and ordered linear spaces we refer to [4, 12, 16, 17] and
references therein.

Let (X, - ||) be a real normed space.
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Definition 4 A nonempty subset C C X is called convex cone if:
i)c+ccc
(ii) aC C C for allo € R, a0 > 0.

It is easy to see that a cone C is a convex subset and thus we shall say
convex cone when we refer to a cone.

Definition 5 (i) A cone C is called a pointed cone if C((—C) = {0}.

(ii) A cone C is called a solid cone if its interior IntC is not empty.

(iii) A cone C is called normal cone if there exists a real number b > 0
such that ||z| < blly|| if 0 <z <y.

A convex cone C C X induces an ordering ” < ” on X, by x < y (or
equivalently y > z) if and only if y—x € C. If C is a solid cone then z < y (or
equivalently y > x) if and only if y — z € IntC. Hence C = {z € X|x > 0}
and IntC = {x € X|z > 0}. That is why, in this paper, we shall use the
notation X for the convex cone which induces the order relation on X.

Remark 11 (i) If in the definition of a normal cone we may take b=1 we
shall say that the norm || - || is monotone with respect to the convex cone C.
(ii) If C is a normal cone then it is a pointed cone. Indeed, if x is such

that x and —x are in C then from (1 + %)x € C we have 0 < —z < %:U

Hence ||z]| < %Hl‘“ Taking the limit for n — oo we deduce that ||x|| = 0
hence x = 0. Thus we obtained that C is pointed cone.

B. Minkovski norms. Linear positive operators

We assume that X is a real Banach space ordered by an order relation
induced by a solid convex cone X, where X, # X. For a fixed & € IntX,
we consider the open and convex subset

Be={zx e X;-( <z <&} (111)

The Minkovski functional |- |¢ : X — R associated to the subset B is

1
|zl = inf {t > 0; 7T € Bg} . (112)

The main properties of the Minkovski functional introduced by (112) are
collected in the next theorem.
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Theorem 4 The Minkovski functional introduced in (112) has the proper-
ties:

(i) |z|e > 0 and |0 = 0.

(i) |ox|e = |af|z|e for alla € R,z € X.

(iii) |xz|e <1 if and only if x € Be.

(iv) |z +yle < |zle + |yle for all z,y € X.

(v) There exists (&) > 0 such that |x|e < B(E)||z|], (V)r € X.

(vi) |z|le =1 if and only if x € OB¢.

(vii) |z|e <1 if and only if x € Be.

(viii) If X4 is closed then By = {x € X;—¢ < x < ¢}

(i) €le = 1.

(x) The set T (z) = {t > 0; +x € B¢} coincides with the interval (|z|¢, 00).
(xi) If x,y,z € X are such that y < x < z then |z|¢ < max{|yle, |2|¢}

Proof. Properties (i)-(iv), (vi) and (vii), can be proved in a more general
setting of Minkovski functionals, associated to some open and convex subsets
in linear topological spaces (see [12]). The other properties are based on the
special form of the set B¢ given in (111). For details see [10].

From (i) and (iv) in Theorem 4 one obtains that the Minkovski functional
is a seminorm.

The next result provides a sufficient condition such that the Minkovski
seminorm becomes a norm.

Proposition 4 [10] If B¢ is a bounded set then the Minkovski seminorm
| - |¢ defined by (112) is a norm. Moreover there exists g > 0 such that
|z|| < aglz|e for all x € X.

Proposition 5 [10] If the cone X is normal then for all § € IntX, the set
Be is bounded.

Let (X, ]|-||) be a real Banach space ordered by the closed, solid, normal,
convex cone X, .
If (.|| -1]|) is another Banach space, then B(X,)) stands for the space of
linear and bounded operators defined on X and taking values in ).
When X = ) we shall write B(X) instead of B(&X, X).

Under the considered assumptions, the Minkovski functional | - |¢ is a
norm equivalent with the norm || - || on X.
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If T € B(X) then ||T| and ||T||¢ are the operator norms of T, induced
by || - || and | - |¢, respectively. This means that

|IT| = sup || Tz (113)
[l]|<1
ITe = sup. | Tx|e. (114)

lze<1

Definition 6 Let (X, X}), (V,V4+) be two ordered linear spaces with the
order relation induced by the conver cones Xy and Yy, respectively. An
operator T € B(X,)) is called positive operator if TXy C V1. In this case
we shall write T > 0.

By definition, if 77,7, € B(X) then 77 < T5 or equivalently T > T} if
and only if To — 17 > 0.

Remark 12 IfT : X — X is a linear bounded and positive operator then T
is a monotone operator. This means that Tx < Ty if x < y.

The next result provides a simple formula of the operator norm of a
bounded linear positive operator induced by the Minkovski norm.

Theorem 5 Let (X, || -||) be a real Banach space ordered by a solid, closed,
normal, conver cone Xy. Let & € IntXy be fixred. Then for every positive
operator T' € B(X) we have ||T||¢ = |T¢|c.

Proof may be done in a standard way using (114).

C. Lebesque’s theorem for discrete measures

In the sequel, we provide some useful applications of Lebesque’s Theorem
to the study of the series of real numbers.

Let (Z+,2(Z+),,u) be the space with measure, where Z, is the set of
nonnegative integers, 2(Z+) is the family of all subsets of Z and p : 2(4+) —
R is defined by p(A) is the number of elements of A if A is a finite subset,
u(A) = 400 if A is an infinite subset and p(@) = 0. It is obvious that

p({i}) =11if i € Z,. A function a : Z; — R is a sequence of real numbers
a = {a(i)}iez,. It is easy to see that every function a : (Zy,2%+)) —
(R, B(R)) is a measurable function. The Definition 7, (ii), Chapter 1 in [9]
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specialized to this framework allows us to say that a function a = {a(i) }scz,
is integrable if and only if >~°]a(i)| < co. We have

o0

/Z+ ady = Za(i)

=0

if the right hand side is well defined.
Applying Theorem 11, Chapter 1, in [9] one obtains.

Corollary 7 Let ai, k > 0 be a sequence of functions aj, = {ay(i) }iez, with
the properties:

(a) limy o0 (i) = x(i) for alli € Zy;

(b) |ax(?)] < m(i), k>0, i >0 where > ;2 m(i) < co.

Under these conditions the following hold:

(i) The series Y .2 ag(i)],k > 0,> 2, |x(i)| are convergent.

(i) T oo 322 (1) — X(3)] = 0.

(i) Timyp oo 220 ar (i) = 3272 x(i).
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