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CONNECTIONS BETWEEN EXPONENTIAL
STABILITY AND BOUNDEDNESS OF SOLUTIONS OF
A COUPLE OF DIFFERENTIAL TIME DEPENDING
AND PERIODIC SYSTEMS

SADIA ARSHAD, CONSTANTIN BUSE, AND OLIVIA SAIERLI

ABSTRACT. Among others, we prove that the vectorial time de-
pendent g-periodic differential system
z(t) = A(t)x(t), teR, x(t)eC” (A(t))
is uniformly exponentially stable (i.e. all its solutions decay ex-
ponentially at infinity) if and only if for each vector b € C™, the
solution of the Cauchy Problem
y(t) = A{t)y(t) +e*b, t>0, beC™ y(0)=0

is bounded on R, uniformly in respect with the parameter y on the
entire real axis. As a consequence, we get that the system (A(t)) is
uniformly exponentially stable if and only if for each vector x € C",
the map

t— /| < ®(t)D(s) " (s)w, x> |ds
0

is bounded on R . This latter result is a weak version of the Bar-
bashin theorem which seems to be new. Here ®(t) is the funda-
mental matrix associated to the system (A(t)).

1. INTRODUCTION

Let consider the vectorial time dependent and g-periodic system
z(t) = At)x(t), teR, =z(t)eC" (A(t))
and the Cauchy Problem

{ Z'EE))Z‘S,(W@ +etf(t), t=0 (A(), p, £,0)

Here, f is a C™-valued continuous function defined on R, .
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By Fe(R,,C") will denote the set of all g-periodic and continuous
functions f, : Ry — C", whose restrictions to the interval [0, ¢q] are
given by fy(s) = h(s)®(s)b, with b € C". Here ®(-) is the fundamen-
tal matrix associated to the vectorial homogeneous system (A(t)). See
the next section for further details. The map h(-) belongs to the set
{h1(:), ha(-)} where hy and hy are scalar valued functions, defined on
the interval [0, ¢|, by:

As is known, see [7], the system (A(t)) is uniformly exponentially stable
if and only if for each real number p and each function f, € Fe (R4, C"),
the solution y,, 5, of the Cauchy Problem (A(t), i, f3,0), is bounded on
R, . In the present note we improve this result showing that it may be
preserved if consider only C"-valued constant functions instead of func-
tions in Fg (R, C™"). However, our boundedness assumption is stronger
than the given one in [7]. More exactly, we require that the solution
of the Cauchy Problem is bounded on R, uniform in respect with the
parameter p on the real axis. Our interest to the present result is
stimulated by the discrete analogous one proved recently in [3] and [IJ.
The main ingredient of the proof in [3] is that to use a development in
a Fourier series of a smooth, ¢-periodic, C™-valued function whose re-
striction to the set of all positive integer numbers is a given g¢-periodic
sequence (z,) decaying at zero. Then the assertion is a consequence
of a result in [6]. In the discrete case, ¢ is an integer number greater
than one. The infinite dimensional version of the described result is
also proved in [3]. This was possible because the linear span of the
range of the sequence (z,) is a finite dimensional one. The Fourier
method was successfully applied by Lan Thanh Nguyen in his research
on higher order differential equations in Hilbert spaces. See [II]. In
this paper we use other trick. Namely, we prove that each function
in Fe(R,,C™) satisfies a Lipschitz condition on R, and then, by an
well-known classical Fourier theorem ([I6], pp. 93), it belongs to the
space AP (Ry,C")) of all almost periodic functions in the sense of
Bohr, whose associated series of the Fourier-Bohr coefficients is abso-
lutely convergent in C". Further details about the space AP;(R,,C"))
may be found, for example, in the recent monograph [8] of Constantin

Corduneanu.
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Our interest is also stimulated by the possibility to find new real
integral characterizations for the exponential stability of the system
(A(t)). It is widely known that such characterizations are very useful
in the control theory and in the stability theory, especial when we
want to build Lyapunov functions associated to the system (A(t)).
We refer only to the theorems of the Datko type and to the the-
orems of Barbashin type which are briefly presented in as follows.
The theorem of Datko states that a (non necessarily periodic) sys-
tem (A(t)) is uniformly exponentially stable if and only if each tra-
jectory t +— ®(t)(®)"!(s)b : [s,00) — C" of the evolution family
U ={D(t)(®)(s)}+>s belongs to LP([s,00)) and for each b € C", the
map s — |[|®(-)®!(s)b||,, is bounded on R, for some (and then for
all) p > 1. Further details refereing to this type of theorems in the gen-
eral framework of strongly continuous evolution families of bounded
linear operators acting on a Banach space may be found in [9]. For
further proofs and generalizations of such theorems and for different
approaches of this theory we refer to [I3],[10], [T4], [T5], and the refer-
ences therein. The uniform variant of the theorem of Barbashin states
that the system (A(t)) is uniformly exponentially stable if and only if

t

the map ¢ — [||U(t,s)||Pds : [0,0) := R; — R, belongs to L>(R.)
0

for some (and then for all) p > 1. Further details and proofs may be
found in [2], where the finite dimensional case is treated, and in [12]
where the general framework of strongly continuous evolution families
of bounded linear operators acting on a Banach space is analyzed. The
strong variant of the theorem of Barbashin asserts that the evolution
family {U(t, s)} of bounded linear operators acting on a Banach space
X is uniformly exponentially stable if for each z € X and some p > 1,
the following estimation holds true.

t
sup / |U(t, s)x|[Pds = M,(z) < oco. (SBA)
0

teRy

Surprisingly, the proof of the strong variant of the theorem of Bar-
bashin seems to be more difficult and as long we can see, it is still an
open problem for strongly continuous evolution families acting on an
arbitrary Banach space. In this direction, some progress has made in

[5], where the dual family of & was involved, and the estimation like
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(SBA), is related to the strong operator topology in £(X*). In the dis-
crete and periodic case the strong variant of the Barbashin problem is
completely solved in [I] and [3]. In this paper we clarify such result in
the continuous case of the finite dimensional and time dependent and
periodic systems.

The paper is organized as follows. Second section contains the nec-
essary definitions and preliminary results for that the paper to be self-
contained. In the third section we state and prove the announced
results and establish its natural consequences.

2. NOTATIONS AND PRELIMINARY RESULTS

Let X be a Banach space and let £(X) be the space of all bounded
linear operators acting on X. The norm in X and in £(X) is denoted
by the same symbol, namely || - ||.

A family U = {U(t,s) : t > s} C L(X) is called evolution family if

e U(t,t) = I and
o U(t,s)U(s,r) =U(t,r) forallt >s>r>0,

where I denote the identity operator on £(X).
An evolution family U is called strongly continuous if for each x € X
the map

(t,s)— U(t,s)z: {(t,s) eER*:t >s>0} - X
is continuous. Such a family is called g-periodic (with some ¢ > 0) if
Ut+q,s+q)=U(t,s), forall pairs (¢,s) with ¢t > s > 0.
Clearly, a g-periodic evolution family also satisfies
Ulpg +p,pg+u) =Ulq,u), VpeEN, Vp>ueRy
and
Ulpg,rq) = U((p —7)q,0) = U(q,0)"", VpeN,reN,p>r.

The family U is called uniformly exponential stable if there exist two
positive constants N and v such that

|U(t,s)|| < Ne7"=) for all t > s > 0.

In the next proposition we collect some equivalent characterizations for

the exponential stability of a ¢-periodic evolution family.
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Proposition 2.1. Let U = {U(t,s) : t > s > 0} be a strongly con-
tinuous and q-periodic evolution family acting on the Banach space X .
The following four statements are equivalent:

(1) The family U is uniformly exponentially stable.
(2) There exist two positive constants N and v such that

|U(t,0)]| < Ne ™, for all t > 0.
(8) The spectral radius of U(q,0) is less than one, i.e.

r(U(g,0)) = sup{|A|, A € o(U(q,0))} = lim [[U(g, 0)"[ < 1.

(4) For each u € R, one has

v

sup E
v>1 =1

e U (q,0)%|| := L(u) < oo.

Proof. The proof of the implications (1) = (2) = (3) = (4) is
obvious. The proof of (4) = (1) can be found in [6].
The result of this section is based on the next technical lemma.

Lemma 2.2. Let us consider the functions hy, hs : [0,q] — C, defined
by:

s , s€l0,%)
hl(s):{q—s selLd and  he(s) =s(¢g—s), se€]0,q].

q q
Denote Hy(p) == [ hi(s)e™ds and Hy(p) := [ hao(s)e™**ds. Then,
0 0

Hy(u) = 0 if and only if p € A = {4]“7” . k € Z\{0}}. Moreover,
Hy(p) = % #0 forall pe A.

Proof. For pn # 0, a simple computation shows that

ke O
Q Nk

Y
Y

q

. 1 ipg ;
—1iuSs — _ —3 —uq
O/hl(s)e ds (i) (1 2e +e ) :

The first assertion is now clear. Let uy := ‘”fT’T. Then

q q q

/h2(5>€_i“ksd5’:q/se_iﬂksds_/82€—ipksds
0
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se kS

q .
q e~ kS S2e—zuks
+ —ds | — | —
0 (922" g

q 7 Se—iuks
, + 2 / : ds
(22 0 9 Uk

o—itigs
+f (Zﬂkk ds]

qefi,u,ks
(ipr )

q —ipg s
— 2| st
0 Z/J'k

—  _geTtT 9| g _ e |
(i )2 (luk) (i )? (i) |
— 2 _

(he)® (4’f7f)

Let P)(R, X) be the set of all continuous X-valued functions f de-
fined on Ry, with f(0) = 0 and f(t + ¢q) = f(t) for t € R,. Next
theorem is essentially contained in article [ of the second named au-
thor of this paper, but we include here by sake of completeness and
because there the proof is not complete.

Theorem 2.3. Let U = {U(t,s):t > s > 0} be a strongly continuous
and q-periodic evolution family on the Banach space X. If for each
1 € R and each f € P)(Ry, X), one has

t

(2.1) sup I [ e Ut 5)f(s)ds|| == K (s, f) < o0
0

then U is uniformly exponentially stable.

Proof. Let V = U(q,0),z € X,z # 0,n € Nand g € P)(R;, X)
given on [0, ¢] by:

9(s) = hi(s)U(s,0)z, s €[0,q].
From (I), for t = (n + 1)g and denoting

q(k+1)
T = [ U+ Das)e*g(s)ds
qk
results
(2:2) sup || Y Tx(g) | == Ly, g) < o0
neN k=0
Now, for each k = 0,1, ..., we have:
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q(k+1)
Ti(g) = { U((n+1)q, (k+1)q)U((k + 1)q,s)e"*g(s)ds
q(k+1

)
= { Ulg(n —k),0)U((k + 1)q, s)e"**g(s)ds

q(k+1) ‘
= Vb [ U((k+1)q,s)e " g(s)ds
qk

q
= V" * [U((k+1)q, kq +u)e " *at) g(kq + u)du
0
q
= Vnkemihe [U(q, u)e " g(u)du
0

q
= yntemba f e, ()0 (g, )0 (u, O)ad
0

q
= Vnheminka [e=imup (u)U(q, 0)zdu
0

. q .
= e wka | [emmupy (u)du | Vg

0
= Hl (Iu)e_iﬂ(n+1)qei#(n—k+1)qVn_k_Hx‘

Using Lemma 2, we may write

pin(n—k+1)qyn—k+1,. _ e~ (g), 1 ¢ A.

Hi(p)
Set

g(s) = ha(s)U(s,0)x, s€0,q].
Puting ¢ instead of g, we get

e I (g), p ¢ A

eit(n—k+1)qyn—k+1,. _ Hy(p) i -~
eI (G), € A

Then

eiu(n—k-i—l)qvn—k-l—lx 7
Z mL(%g) e A

<{ mL(M,Q) A

k=0
Finaly, we obtain:
n+1
sup Zei“quj < Q.
neN =1

The assertion follows now from Proposition 211
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3. CONNECTIONS BETWEEN THE UNIFORM EXPONENTIAL
STABILITY AND BOUNDEDNESS

Let us consider the vectorial time dependent and g¢-periodic system
z(t) = A(t)z(t), teR,xz(t)eC" (A(t))
and the vectorial Cauchy Problem

{0 g s eh B2 OPEER T (a, wo)

By ®(-) we denote the fundamental matrix associated to the system
(A(t)). As is well-known ®(-) is the unique solution of the Cauchy

Problem )
{ X(t)=AM)X(@), teR (A(t), )

X(0)=1.
Throughout in the paper, we assume that the map
t— A(t) : R — M(n,C)

is continuous and g-periodic. The matrix ®(¢) is an invertible one and
its inverse is the unique solution of the Cauchy Problem

X(t) = —X(t)A(t), teR
{ X(0) = 1.

Set U(t,s) := ®(t)®~!(s), for all t > s. Obviously, the family U =
:t > s} has the following properties:

U(t,t) =1 for all t € R.

U(t,s)U(s,r) =Ul(t,r), forallt > s >r.

The map (t s) — Ult,s) : {(t,s) € R? : t > s} — L(C") is
continuous.

YU(t+q,s4+q)=Ul(t,s), for all t,s € R.

) 2U(t,s) = A(t)U(t, s), for all ¢, s € R.

) 2U(t,s) = —U(t,s)A(s), for all t,s € R.

) There exist two real constants w and M > 1 such that

|U(t,s)|| < Me*t=*) for all t > s.
EJQTDE, 2011 No. 90, p. 8



We also consider:
(A(t), 1, 1,0)

The solution of (A(t), u, 1,0) is given by

t

(1) :/U(t, s)e s ds.

0

First result of this section connects the uniform exponential stability of
the system (A(t)) with the boundedness of all solutions of the Cauchy
problems (A(t), p,b,0), with 4 € R and b € C™.

Theorem 3.1. The following two statements hold true:

(1) If the system (A(t)) is uniformly exponentially stable (i.e if the
spectral radius of U(q,0) is less then one) then for each real
number u and each vector b € C", the solution of the Cauchy
Problem (A(t), i1, b,0) is bounded on R.

(2) Conversely, if for each real number p and each vector b € C"
the solution of the Cauchy Problem (A(t), i, b,0) is bounded on
Ry and if the matriz ®,(q) is invertible, then the system (A(t))
1s uniformly exponentially stable.

Proof. (1) Let v be the integer part ofé and let r := (t—qv) € [0, q).
Then

qu—+r
D, ()b = [ Ult,s)e*bds
qB ) qu—+r ]
= [U(t,s)e™bds+ [ U(t,s)e™bds
0 qu
v—1 q(k+1) qu+r

= Y [ Ulqu+rs)e*bds+ [ Ult,s)e*bds.
k=0 k v
! EJQTDE, 2011 No. 90, p. 9



On the other hand

v—1 q(k+1) ' v—1 q(k+1) ,
o [ Ulgu+r,s)e*bds = > [ Ulgr+r,qu)U(qu,s)e™bds
k=0 gk k=0 gk
v—1 q(k+1) )
= Y [ U(r0)U(qu,s)e*bds
k=0 gk

v—1 g .
= 0) > [Ul(qv, gk + 7)e b+ pdr

k=00
v—1
= U(r,0) ) etrak f Ulq(v — k), 7)e"bdr
h=0
= U(r0) Z ek (q,0)V = ka q, T)e*rTbdr.
k=0
Therefore,
t
/U(t, s)e™bds = I, + I
0
where
v—1 i
L =U(r,0) Zei“qu(q,O)”_kéu(k‘)b and I, = / U(t,s)ebds.
k=0

qu

The boundedness of I; follows because the spectral radius of U(g, 0) is
less than 1. The family ¢/ has exponential growth and 0 <t—s <r <gq
hence we have:

qu—+r
0= || [ Utspernds| < arew .

qu

(2) Using the invertibility of the matrices U(r,0) and ®,(¢) and the
identity

v—1 qu—+r

®,(t) =U(r,0) Ze’”qu q,0)" *®,(q) + / Ul(t,s)e™ds

EJQTDE 2011 No. 90, p. 10



we get
U(r,0)"(®,(t)P, (q) = :Z:)ei”qu(q,O)”_k+

qu—+r
Ulr, 007t [ Ut,s “‘sds) ' (q).

qu

Thus

v—1
> cT(g, 0
k=0

< U0 ()] < @ (@) + Me].

The assertion follows from Proposition 211
The second result of this section may be read as follows:

Theorem 3.2. The system (A(t)) is uniformly exponentially stable if
and only if for each b € C", the solution of (A(t), i, b,0) is bounded on
R, uniformly in respect to the parameter p on R, i.e.

t

(3.1) sup sup / () D (s)ebds|| = K (b) < oo,
PER >0
0
Before giving the proof, we state a new lemma. Recall that Fg(R,, C")
is the set of all C"-valued continuous and g-periodic functions defined
on R, given on [0,¢| by fi(s) = hi(s)P(s)b, for ¢ € {1,2} and b € C",
where h; and hy was introduced in the previous section.

Lemma 3.3. If sup,, [|®(t)®'(s)|| = M < oo then each function
fo € Fo(Ry, X) satisfies a Lipschitz condition on R.

Proof. Let b € C" and i € {1,2} and letf;, € Fo(Ry, X). Clearly, h;
is bounded

sme[%’)fﬂh,-() h, where h —max{g i}

Integrating the equality 3 2®(t) = A(t)®(t) between the positive num-
bers t; and t,, with t5 > tl, we get:

[ B(t) (1) | = / 5)ds /M 9ldt < MIAC) e to—ta].

t1
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The last inequality holds true also for t, < t;. Moreover, one has

| fo(t2) — fu(t)l] = [|®(t2)hi(t2)b — @(t1)hi(t1)b]]
< || @(t2)hi(t2)b — P(t2)hi(t1)b]]
+|P(t2)hi(t1)b — P(t1)hi(t1)b]]
< [[@(t2)|[[hilta) — ha(t1)][|]]

Hat)ll (k) - ()bl
< M (R hlAC) ) IBlIE2 — 1]

In the previous estimation was used the following inequality
|hi(t2) — hi(t1)] < hltz — 1], h:=max{l,q}

which is an easy consequence of the Lagrange’s Mean Value Theorem.

Proof of Theorem [Z2A.

We establish that (Z1]) is a consequence of ([B1l). It is known (see
[16], pp. 93) that each g-periodic function f satisfying a Lipschitz
condition on R, belongs to AP;(R,,C"), i.e. there exists a sequence
(b,)vez, with b, € C", such that

(e e] o o0
= Z e*™4b, and Z |6, || < oo,

where b, are the Fourier-Bohr coefficients of f given by

q
1 L
b, = p / e ™4 f(t)dt, for v € Z.

0

Using the Uniform Boundedness Principle and (Bl) we find a positive
constant K such that

t

sup sup /(I)(t)é_l(s)ei”sbds < K||b]|.
pek 120 ||

Let f € Fo(R,,C") and p € R. We analyze two cases.

Case 1. When sup,, ||®(¢)®71(s)|| :== M < oo.
- EJQTDE, 2011 No. 90, p. 12



t
[ o( s ( S eF b ) ds
0

0 v=—00
< z(27r1/ +u) sb ds
- I/——OO
< Z KHb,,H < 00.
v=—00

The last inequality holds true because the map f belongs to AP;(R,, C").
The assertion follows from Theorem P23

Case 2. We assume only the fact that the family &/ has an expo-
nential growth. There exist M > 1 and w > 0 such that ||U(t, s)|| <
Me*®*) for all t > s. Let V(t,s) := e “(=9U(t,s). Integrating by
parts, we get

t t

t
/ei“sV(t, s)ds = /ei“sU(t, s)ds—we_”t/e“’s/ e*TU(t, T)drds.
0
0 0

0

Passing to the norms in the both sides, we get

t
WY (t, s)ds

t t

Ut S)dSH +we ™t [ e || [T e U(t, 7)dr|| ds

0
<K+ K(1—e*)<2K

As is stated above may find two positive constants N and v such

that
Ut )| = 2V ()| < Ne@™ 0 vt > s,

The assertion is obtained by repeating this reasoning for a certain num-
ber of times.

Theorem yields the following weak version of the Barbashin the-

orem. This result seems to be a new one and it opens the problem if
similar result could be preserved in infinite dimensional spaces.

Corollary 3.4. The time dependent q-periodic system (A(t)) is uni-
formly exponentially stable if and only if for each x € C", have that

sup/| < ®(t)d 1 (s)z, x> |ds < o0.

>0
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Proof. The polarization identity

(@()2 ()7, y) = i Y @) () (@ + ity +ity))

k=0
and the assumption yield
sup/| s)z,y)|ds == K(z,y) < oo, VzeC"VyeC".
£>0
Therefore

t
ws < O(t)d(s)x,y > ds

(s s -

< bf| <P()PY(s)z,y > |ds < K(x,y).

Using the Uniform Boundedness Principle we may find a positive con-
stant K such that

</eiﬂsq>(t)®‘1(s)xd8,y> < Kaflzfly]l-

0

t

Then || [ e*®(t)® !(s)ds|| < K;. The assertion is a consequence of
0

Theorem

Corollary 3.5. The time dependent q-periodic system (A(t)) is uni-
formly exponentially stable if and only if for each b € C", one has

(3.2) stup/||(I> (s)bl|ds :== K(b) < 0.

REFERENCES

[1] S. Arshad, C. Buge, A. Nosheen and A. Zada, Connections between the stability
of a Poincare map and boundedness of certain associate sequences, Electronic
Journal of Qualitative Theory of Differential Equations, (2011), No. 16, pp.
1-12.

[2] E. A. Barbashin, "Introduction in the theory of stability”, Izd. Nauka, Moskow,
1967(Russian).

EJQTDE, 2011 No. 90, p. 14



[3] D. Barbu and C. Buse, Asymptotic stability and uniform boundedness with re-
spect to parameters for discrete non-autonomous periodic systems, Journal of
Difference Equations and Applications, (2011), to appear.

[4] C. Buse, Ezponential stability for periodic evolution families of bounded linear
operators, Rend. Sem. Mat. Univ. Pol. Torino, Vol. 59, 1(2001), 17-22.

[5] C.Buse, A. D. R. Choudary, S. S. Dragomir and M. S. Prajea, On Uniform Ez-
ponential Stability of Exponentially Bounded Evolution Families, Integral Equa-
tion Operator Theory, 61(2008), 325-340.

[6] C. Buge, P. Cerone, S. S. Dragomir and A. Sofo, Uniform stability of periodic
discrete system in Banach spaces, J. Difference Equ. Appl. 11, No .12 (2005)
1081-1088.

[7] C.Buse and A. Zada, Boundedness and exponential stability for periodic time de-
pendent systems, Electronic Journal of Qualitative Theory of Differential Equa-
tions, 37, pp 1-9 (2009).

[8] C. Corduneanu, Almost Periodic Oscillations and Waves, Springer Sci-
ences+Business Media LLC(2009).

[9] R. Datko, Uniform asymptotic stability of evolutionary processes in a Banach
space, STAM J. Math. Analysis 3 (1973), 428-445.

[10] A. Ichikawa, Fquivalence of LP for a class of nonlinear semigroups, Nonlinear
Analysis Theory and Applications, Vol. 8, No. 9, (1984), 805-815.

[11] Lan Thanh Nguyen, Almost periodic solutions of higher order differential
equations on Hilbert spaces, Flectronic Journal of Differential Equations, Vol.
2010(2010), No. 72, pp. 1-12.

[12] M. Megan, ”Proprietes qualitatives des systems lineaires controles dans les
espaces des dimensiones infinie”, Monographies Mathematiques, Timigoara,
(1988).

[13] A. Pazy, ”Semigroups of linear operators and applications to partial differential
equations”, Springer-Verlag, 1983.

[14] S. Rolewicz, On uniform N -equistability, Journal of Math. Anal. Appl. 115
(1986), 434-441.

[15] R. Schnaubelt, Well posedness and asymptotic behavior of non-autonomous lin-
ear evolution equations, Evolution Equations, semigroups and functional analy-
sis, Progress in Nonlinear Differential Equations Appl., Birkhduser Basel (2002),
318-338.

[16] E.M. Stein and R. Shakarchi, ”Fourier Analysis: An Introduction”, Princeton
University Press, Princeton and Oxford(2003).

(Received July 16, 2011)

EJQTDE, 2011 No. 90, p. 15



S. Arshad:
GOVERNMENT COLLEGE UNIVERSITY, ABDUS SALAM SCHOOL OF MATHEMATI-
CAL SCIENCES, (ASSMS), LAHORE, PAKISTAN

E-mail address: sadia_735@yahoo.com

C. Buse:
WEST UNIVERSITY OF TIMISOARA, DEPARTMENT OF MATHEMATICS, BD. V.
PARvAN No. 4, 300223-TIMISOARA, ROMANIA

AND

GOVERNMENT COLLEGE UNIVERSITY, ABDUS SALAM SCHOOL OF MATHEMAT-
ICAL SCIENCES, (ASSMS), LAHORE, PAKISTAN
E-mail address: buse1960@gmail.com

O. Saierli:
WEST UNIVERSITY OF TIMISOARA, DEPARTMENT OF MATHEMATICS, BD. V.
PARVAN No. 4, 300223-TIMISOARA, ROMANIA

AND

TiBIscus UNIVERSITY OF TIMISOARA, DEPARTMENT OF ECONOMIC SCIENCES,
STR. DALIEI, NO. 1A,300558-TIMISOARA, ROMANIA
E-mail address: saierli_olivia@yahoo.com

EJQTDE, 2011 No. 90, p. 16



	1. Introduction
	2. Notations and preliminary results
	3. Connections between the uniform exponential stability and boundedness
	References

