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Abstract. In this paper we study the exponential stability and exponential dichotomy of the first
order linear dynamic equation z*(s) = Mz(s) in terms of the boundedness of solutions of the
following Cauchy problems:

2(s) = Mz(s) + f(s)Qb, 0< s €T,
z2(0)=0

and

WA(s) = —Mw + f(s)(1 - Q)b,

w(0) =0,
where T is a time scale, M is a regressive matrix, b is a non-zero vector in C”, f(s) is a
bounded and right-dense continuous function on T, and Q is a projection on C”.

1. Introduction

Let </ be a bounded linear operator acting on a complex Banach space X. A
well-known theorem of Daletckii and Krein [12] and Krein [21] says that the system
x(t) = &/x(t) is uniformly exponentially stable if and only if for each u € R and each
b € X the solution of the Cauchy problem

V() =V (t) +eHb,
Y(0)=0

is bounded. The proof of this classical result can be found in [2]. This result can also
be extended for strongly continuous bounded semigroups; see [7, 8, 23].

Under a slightly different assumption the result on stability is also preserved for
any strongly continuous semigroups acting on complex Hilbert spaces; see, for exam-
ple, [24, 27] and the references cited therein. See also, [6, 16], for counter-examples.
In discrete case, similar results can be found in [1, 29, 30].

In [9, 28] the same results were extended to dichotomy for square size matrices in
both continuous and discrete cases. The main purpose of this article is to present the
results of [9, 28] in a unified way, i.e., on time scales.
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2. Basic Notation and Preliminaries

In 1988, the theory of dynamic equations on time scales was introduced by Hilger
[18, 19], with the motivation of providing a unification to continuous and discrete cal-
culus. Since then, this theory has been developing rapidly and has received a lot of
attention in recent years. The basic theory of time scales and dynamic equations on
time scales can be found in the monographes by Bohner and Peterson [3, 4] and the
references contained therein.

Recently, many researchers paid attention to the study of the different types of
stabilities of dynamic equations on time scales, with different approaches; see, e.g.,
[5, 10, 11, 14, 15, 17, 20, 22, 25, 26, 31].

By a time scale T, we mean a nonempty closed subset of real numbers. The for-
ward jump operator ¢ : T — T, backward jump operator p : T — T, and the graininess
function u : T — R are respectively defined as

o(s)=inf{neT:n>s}, p(s)=sup{neT:n<s}, u(s) =o(s)—s.

A point s € T will be called left-scattered and left-dense if s > p(s) and p(s) =,
respectively. If s < o(s) and o(s) = s, then s will be called right-scattered and right-
dense, respectively. We also need the set T° which is called the derived form of time
scale T and is defined as follows: if T has a left-scattered maximum »n, then T¢ =
T\{n}. Otherwise, T¢ = T. Shortly,

= — T\(p(supT),supT], if supT < oo,
T if supT = oo.

)

A function /: T — R is called right-dense continuous provided it is continuous at right-
dense points in T and its left-sided limits exist at left-dense points in T. The set of all
right-dense continuous functions is denoted by C,;. If & is continuous at each right-
dense and left-dense point, then £ is said to be a continuous function on time scale
T.

For h: T — R and s € T%, we define the delta derivative of %(s) denoted by
h*(s), to be the number (if it exists) with the property that for any & > 0, there exists a
neighborhood N of s such that

[1(0(5)) = h(1)] = h3(s)[o(s) ~1]| < €|o(s) —1], Vi €N

Also a function /2 : T — R is called regulated if its left-sided limits exist at all left-dense
points and right-sided limits exist at all right-dense points. A function H : T — R is
called an anti-derivative of & : T — R provided HA(s) = h(s), Vs € T*. Note that
every right-dense continuous function has an anti-derivative. The indefinite integral of
h:T — R is given by

and the Cauchy integral is given by

/r Ch(t)Ar = Hs)— H(r).
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A function ¢ : T — R is called regressive provided 1+ p(s)g(s) # 0 for all s €
T¢and is called positively regressive if 1+ 1 (s)g(s) > 0. The set of all regressive and
right-dense continuous functions will be denoted by Reg(T) and the set of all right-
dense and positively regressive functions will be denoted by Reg(T)™.

If g € Reg(T), then the first order linear dynamic equation z*(s) = g(s)z is called
regressive and e,(+,50) is the solution of initial value problem z*(s) = g(s)z, z(so) = 1.

Finally, if w: T — R is a function, then w° : T — R is defined by

wo(s) =w(o(s)) forall s € T.

DEFINITION 1. The function A € Reg(T?,C) is said to be uniformly regressive if
there exists an o/ > 0 such that it satisfies the following condition

a V< T+ u()A(r) | forr € TC. (2.1)

DEFINITION 2. If g € Reg(T), then the generalized exponential function e, (x,y)
on time scale T is defined by

y
eq(x,y) = exp (/ éu(s)q(s)As) forall x,y € T,
X
with the cylindrical transformation given by

{ Log(;lJrg}’) . ifh#0,

&) = v, Fh=0

DEFINITION 3. Let g,h: T — R be two regressive functions. The operations &
and © can be define as

gOh=g+h+ugh cg=— , and goh=g® (Sh).

_8
1+ug
Here we recall few results from [3], without proofs, which will be useful later on.

LEMMA 1. (see [3, Theorem 2.36]) If g, h € Reg(T) and c, x, y, z€ T, then
(i) eo(x,y) =1 and eg(x,x) =1;
(ii) eg(0(x),y) = (1+ p(s)g(s))eg(x, ),
(1ii) eq(x,y) = m =ece(x,y);
(iv) eg(x7y)eg(y,z) = eg(x,z) ;
(v) (ecg(x,y))* = (68)(s)ecg (x,¥) s
(vi) J3 8(s)eg(cz,0(s))As = eg(x,y) — eg(,2).
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Consider the first order linear dynamic system
2 (s) = Mz(s); z(s0) =20, s€ T, (M)

where M is a square matrix of order m.
Concerning the exponential stability of system (M), in [17] the following result
was obtained.

LEMMA 2. (see [17, Theorem 6.3]) System (M) is exponentially stable if and only
if there exists a Yy > 0 with —y € Reg(T)™ such that for any so € T, there exists an
o = a(so) = 1 such that for any solution y(s) of (M), we have

lw ()l < etflzolle—y(s,50), s = 50, s € T.

LEMMA 3. (see[13,Lemma3.1]) Let T be atime scale and B >0 be a positive
number such that B € Reg(T)T. Then for the corresponding scalar system 7* = Bz the
following inequality holds

ep (u,v) < ePl=v) forall u>v.

In [27], a result concerning the system (M) in scalar case was obtained as follows.

PROPOSITION 1. (see [27, Proposition 6]) Let T be an unbounded time scale and
let A € C. The scalar system z* = Az, z € C is exponentially stable if and only if one
of the following conditions is satisfied for arbitrary sy € T.

(i)
As < 0.

S log|1
/ lim og|l +ul|
_ u

so u—H(s)

o(A) = limsup
S—s00 — 350

(i) VSeT:3s €T with s > S such that 1+ p(s)A =0.

DEFINITION 4. Let T be an unbounded time scale and we define for arbitrary
so € T, the sets

Ec(T) := {k eC: lignsup _—

S log|l+ul
/nmiog‘ +ud|

As < O}
o u—Hu(s) u

and
ER(T):={A eR|VS € T:3seT withs > Ssuch that 1 + p(s)A =0}.
On time scale T there is a set of exponential stability defined by
E(T) = Ec(T) UEg(T).

REMARK 1. For any time scale T we have Ec(T) C {4 € C:Re(A) < 0}, be-
cause if Re(A) > 0, then |1 +uA| > 1 for all non-negative u € R.
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Let .(M) denote the spectrum of the matrix M.

THEOREM 1. (see [27, Theorem 21]) Let the time scale T be unbounded from
above and let M be a regressive matrix. Then the following statements are true.
(i) If the system 7 = Mz is exponentially stable, then . (M) C Ec(T).
(ii) If (2.1) is true for all eigenvalues A of M and if /(M) C Ec(T), then the system
22 = Mz is exponentially stable.

3. Spectral Decomposition Theorem on Time Scales

In [9, 28], the authors used the idea of spectral decomposition theorems in discrete
and continuous cases, respectively. Here, first we recall the spectral decomposition
theorems in continuous and discrete cases and then we prove them over time scales,
which is the main tool for proving our main results.

Let M be a square matrix of order m and gy be the characteristic polynomial
associated with M and let .7 (M) := {41, A2,..., Ak}, k < m be its spectrum. It is clear
that there exist integer numbers my,mo,...,my; > 1 such that

auA) = (A =A™ (A — )™ . (A =A™, my+ma+t...+my=m.

Let j € {1,2,...,k} and Zj :=ker(M — A;I)"i. It is easy to check that Zj is an
¢'M -invariant subspace of C™ and dim(2;) > 1.

In [28], the spectral decomposition theorem in continuous case was stated as fol-
lows.

THEOREM 2. (see [28, Theorem 1.1]) For each z € C" there exist rj € Z; (j €
{1,2,...,k}) such that

M

eMz=eMri+eMry+ . +eMr, seR.

Moreover; if rj(s) := eMr;, then rj(s) € Z; for all s € R and there exist C"-valued
polynomials tj(s) with deg(t;) < mj—1 such that

ri(s) =e*1(s), seR, je{l,2,...,k}.

Similarly, for discrete case the similar spectral decomposition theorem was proved in
[9] and is stated as follows.

THEOREM 3. (see [9, Theorem 1]) For each z € C" there exist y; €Y}, (je
{1,2,...,k}) such that

APz =A% + A%y + ...+ A%y, foranys €7, .

Moreover, if yj(s) := A%y, then yj(s) € Yj for all s € Z and there exist C" -valued
polynomials tj(s) with deg(t;) < mj— 1 such that

vi(s) = Ajti(s), s€Z4, jE{L,2,... .k}
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Consider the system z2(s) = Mz(s), s € T. We know that the solution of the
Cauchy problem
2 (s) = Mz(s), z(0) = zo

is given by z(s) = eum(s,0)z0. And the solution of the Cauchy problem

{z%) = Mz(s) + £(s),

is given by ‘
6) = [ ewls. o) s

We are in the position to state and prove the spectral decomposition theorem on
time scales.

THEOREM 4. Let M be a regressive matrix of order m. For each w € C" there
exist zj € Z; (j €{1,2,...,k}) such that

em(s,0)w =en(s,0)z1 +en(s,0)z+ ... +ep(s,0)zx, s€T.

Moreover, if z;(s) = em(s,0)z;, then z;(s) € Z; for all s € T and there exist C™-
valued polynomials t;(s) with deg(t;) < mj—1 such that

zj(s) = €, (5,0)t5(s), s€T, je{l,2,... .k}
From Cayley—Hamilton theorem and the fact that
ker[gh(M)] = kerlg(M)] & ker[h(M)),
whenever the complex valued polynomials g and / are relatively prime, it follows that
C"=2192D..0%. 3.1
Let we C™. For each j € {1,2,...,k} there exist unique z; € Z; such that
w=z1+22+...+ 2.

Thus
em(s,0)w=en(s,0)z1 +em(s,0)za+ ... +em(s,0)zx, se€T.

Let 7j(s) := ec,(s,0)z;(s). A simple calculation shows that

A" () = e (5,0)(M —A;I)™izjen(s,0)

=0.
/ (T i)

The last equality follows because z;(s) belongs to Z; for each s € T. Thus 7; is a
C™ -valued polynomial having degree less than m; .
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4. Exponential Dichotomy in terms of Boundedness of Solution of a Cauchy
Problem

Using the idea of [27], here first we decompose C into three parts and then with
the help of this decomposition we decompose C™ into three spectral subspaces which
will help us to use the idea of dichotomy.

Let us divide C into three sets as follows.

S
/ lim MAS<O},

so u—(s) N

Ec(T) = {/l eC: lignsup _—

EL(T) = {l € C:limsup —
S—oc0 S0

S log|1
/ lim og |1+ ul|

o u—pls) S

As>0}

and

EX(T) = {k eC: lirglsup _—

S
/ lim Mmzo},
S

o u—n(s) N

Clearly, C = Ec(T)UEE (T)UEL(T). By using this decomposition of C, we can state
the following definition.

DEFINITION 5. Let . (M) denote the spectrum of the regressive matrix M. The
system
2 (s) = Mz(s); z(s0) = 20 (M)

is said to be exponentially stable if all eigenvalues of matrix M are uniformly regressive
and . (M) C Ec(T) and it is said to be expansive if .(M) C EZ(T). If /(M)N
E2(T) = ¢, then the system is said to be dichotomic.

REMARK 2. By the decomposition of C" in (3.1), let us consider
C" = Wo(M) D Wo(M) D Wu(M),

where
k

Wi(M) = EB ker(M — A1),
jil,leEc(T)
k
HM)= D ker(M - A1),

J=1A;€EX(T)

and
k

VuM)= P  ker(M—MI)".

j=1.A;€EEL(T)
Now if M is a dichotomic matrix, then #((M) = {0}, and so C" = #5(M) ® #,,(M).

Our result concerning the exponential stability of (M) is stated as follows.
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THEOREM 5. The system z*(s) = Mz(s); z(so) = zo is exponentially stable if and
only if for each b € C"™ and each bounded function f the unique solution of the Cauchy
problem

Mz(s) + f(s)b, (M,b,z0)

—N
N
a b
S W
S~— ~—
I
[e]

is bounded.

Proof. Necessity: Let z*(s) = Mz(s); z(so) = zo be exponentially stable. Then
by Lemma 2,
()l < etllzolle—y(s,50), 5,50 € T
We need to prove that for each b € C" and each bounded function f the unique solution

of the Cauchy problem (M, b, z) is bounded. Taking norm of the solution of (M, b,z),
we have

|z(s)|| = sup /OseM(S,G(Z))f(Z)bAt

seT

< sup / en(s, () At
0

seT

F ()bl

= sup M_l/OSMeM(s7G(t))At’C

seT
= CM~'sup|ep(s,0) — ep(s,s)|
seT
= CMY|em(s,0) — 1|
<M Y|y (s)||+CcM!
< CMY||zolle—y(s,50) +CM !
<

CM 1 y||zolle 7670 M.

Hence, the unique solution of (M,b,zp) is bounded.

Sufficiency: Suppose to the contrary that system (M) is not exponentially stable.
Then for v € {1,2,...,k} there exists an eigenvalue A, of M such that A, ¢ Ec(T).
By Remark 1, Ec(T) C {A € C:Re(A) < 0}. Thus Re(4y) > 0, which implies that
[l +uAy| > 1 for all non-negative u € R. Letting f(t) =C and b=0+4+0+...+0+
by+0+...40, then by spectral decomposition theorem in Theorem 4, ey (s, o(1))b =
ey, (s,0(t))py(t), where py(t) is a polynomial of degree less than or equal to m, — 1.
In this case the solution of (M,b,zp) can be written as

Ceni(s, 0(1)) £ ()bt

A

ex, (5,0(1))py (1)CAt

s E)LV(S,Z)
/o T pyv(1)Ar.

z(s) =

S—

(=)

|
a
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Since Re(Ay) > 0, so z(s) — o as s — oo, i.e., the unique solution of (M,b,z) is
unbounded, which is a contradiction. Hence, system (M) is exponentially stable. This
completes the proof.

We know that the system z*(s) = Mz%(s); z(so) = zo is expansive if and only if
7A(s) = —Mz(s); z(so) = zo is stable. Thus we can state the following corollary.

COROLLARY 1. The system 7*(s) = Mz(s); z(so) = zo is expansive if and only
if for each b € C™ and each bounded function f the unique solution of the Cauchy
problem

A(s) = —Mz° + f(s)b,
z2(0)=0

is bounded.

In the next theorem we give our main result.

THEOREM 6. System (M) is dichotomic if and only if there exists a projection Q
having the property ep(s,0)0Q = Qep(s,0) for all s > 0 such that for each non-zero
vector b in C™ and each bounded function f such that ey(s,0)f(s) = f(s)em(s,0),
the solutions of the following Cauchy problems

Mz(s) + £(5)Qb, (M, 0b,2)

—N
N
a b
S W
S~— ~—
I
o

and

(_Mv (I - Q)b7W())
are bounded.

Proof. Necessity: Suppose that system (M) is dichotomic. By Remark 2, C" =
We(M) D #,(M). Let us define Q : C" — C™ by Ow := ws, where w = wy + wy,
wg € #5, and w, € #,. Clearly, Q is a projection. Moreover, for all w € C" and all
s > 0, we have

Qe (s,0)w = Qepr(s,0)(ws +wy)
= Q(em(s,0)ws +ep(s,0)wy,)
= em(s,0)w;
= eum(s,0)0Ow,

where the fact that #;(M) is an ep(s,0)-invariant subspace is used. Thus Qep(s,0) =
em(s,0)Q. Now the solution of (M,0b,zp) is given by

)= | “en(s, 6(1)) £ (1) QbA.
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Applying Theorem 4, we have

em(s,0(1))f(1)Qb = f(t)em(s,o(t))Qb
= f(1)Q(ex, (5,0(t))p1 () +ex,(s,0(1))p2(r) +
+ex, (5,0(0))pv(t) + ... +e3,(5,0(1)) pe(t ))
= f(t)(en, (s,0())p1(t) + ...+ ey, (5,0())pv(1)),

where A; € #5(M) forie {1,...,v} and A; € #, (M) for j€ {v+1,...,k}. Itis clear
that the solution of (M, Qb,z) is bounded. Similarly, we can show that the solution of
(=M, (I — Q)b,wp) is bounded.

Sufficiency: Suppose to the contrary that system (M) is not dichotomic. Then #4(M) #
0 and so there exists an eigenvalue 4; of M such that A; € EX(T). Since b € C™, so
let us choose b such that

b=04+0+...40+5+0+...+0.
Then either b; € #5(M) or by € #,(M). If I < v, then by € #5(M) and if [ > v, then

by € %(M) .
Case-1: Assume b; € #;(M). Then by Theorem 4,

em(s,0(1))f(t)0b = em(s, (1)) f(t)0br = f(t)ey, (s,0())pi(t), L € {1,2,...,v}.
So the solution of (M, Qb,zy) becomes

)= [ ey s.0)pna,

where p;(r) is a polynomial of degree less than or equal to m; — 1. Let f(r) = C. Then

= [[certommar=c [Ce(s.00)mnar,
0 0

which is clearly unbounded. Hence, we arrived at a contradiction.
Case-2: Suppose b; € #,,(M). The solution of (—M, (I — Q)b,wy) is given by

w(s) = [ ecmls.a) (01~ Qpar.
Now again by Theorem 4,
ecm(s, (1)) f (1) I — Q)b = ecm(s,0(1))f(1)(I — Q)b

= f(t)ecm(s,0
= f(t)ecy, (s,0

where p;(¢) is a polynomial of degree less than or equal to m; — 1. So the solution of
(=M, (I — Q)b,wp) becomes

— [ 10ecss.00mi0.



Differ. Equ. Appl. 8, No. 2 (2016), 123—134. 133

Letting f(r) = C, then

W) =C [ ecs, (s.00)p A

Clearly, ey, (s,0(t)) — 1 as s — o and s0 w(s) — o as s — oo, which is again
unbounded. Hence, in this case we also arrived at a contradiction. As in both cases we
have contradictions, and thus we accept that system (M) is dichotomic. The proof is
complete.
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