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ASYMPTOTIC PROPERTY FOR PERTURBED NONLINEAR
FUNCTIONAL DIFFERENTIAL SYSTEMS

DONG MAN IM AND YOON HOE GOO*

ABSTRACT. This paper shows that the solutions to the perturbed nonlin-
ear functional differential system

t
Y = f(ty) + / 9(5,9(s), Ty(s))ds, £(t,0) = 0,g(£,0,0) = 0

go to zero as t goes to infinity. To show asymptotic property, we impose
conditions on the perturbed part ftto g(s,y(s), Ty(s))ds and the fundamen-
tal matrix of the unperturbed system y’ = f(¢t,y).
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1. Introduction

Elaydi and Farran [8] introduced the notion of exponential asymptotic stabil-
ity(EAS) which is a stronger notion than that of ULS. They investigated some
analytic criteria for an autonomous differential system and its perturbed systems
to be EAS. Pachpatte [13] investigated the stability and asymptotic behavior of
solutions of the functional differential equation. Gonzalez and Pinto [9] proved
theorems which relate the asymptotic behavior and boundedness of the solutions
of nonlinear differential systems. Choi et al. [6,7] examined Lipschitz and expo-
nential asymptotic stability for nonlinear functional systems. Also, Goo [11] and
Choi and Goo [2,4] investigated Lipschitz and asymptotic stability for perturbed
differential systems.

In this paper we will obtain some results on asymptotic property for nonlinear
perturbed differential systems. We will employ the theory of integral inequalities
to study asymptotic property for solutions of the nonlinear differential systems.
The method incorporating integral inequalities takes an important place among

Received March 29, 2015. Accepted June 29, 2015. *Corresponding author .
© 2015 Korean SIGCAM and KSCAM.
687



688 Dong Man Im and Yoon Hoe Goo

the methods developed for the qualitative analysis of solutions to linear and
nonlinear system of differential equations.

2. Preliminaries

We consider the nonlinear nonautonomous differential system

:C/(t) = f(tvx(t))7 CC(to> = Zo, (1)
where f € C(RT x R",R™), RT = [0,00) and R" is the Euclidean n-space.
We assume that the Jacobian matrix f, = 0f/0x exists and is continuous on
R*T x R™ and f(¢,0) = 0. Also, we consider the perturbed differential system of

(1)
Y = fty) + / 9(5,4(5), Ty(s))ds, y(to) = vo, @)

to

where g € C(RT x R" x R",R"), ¢(¢,0,0) =0, and T : C(RT,R") — C(R",R")
is a continuous operator .

For z € R™, let |z = (307_, x?)l/Q. For an n x n matrix A, define the norm
|A| of A by |A| = sup,<q |Az|.

Let x(t,to, zo) denote the unique solution of (1) with x(tg, to, z¢) = x0, exist-
ing on [tg,00). Then we can consider the associated variational systems around
the zero solution of (1) and around xz(t), respectively,

() = fa(t,0)v(t), v(to) = vo (3)
and

2'(t) = fo(t,x(t, to,0))2(t), 2(to) = 20. (4)
The fundamental matrix ®(¢,tg, xg) of (4) is given by

0
(P(t, to, mo) = Tml'(t,to,xo),

and ®(t,tp,0) is the fundamental matrix of (3).
Before giving further details, we give some of the main definitions that we
need in the sequel [8].

Definition 2.1. The system (1) (the zero solution z = 0 of (1)) is called
(S)stable if for any € > 0 and to > 0, there exists 6 = d(fp,€) > 0 such that if
|zo| < 6, then |z(t)| < € for all t >ty > 0,

(AS)asymptotically stable if it is stable and if there exists § = §(tg) > 0 such
that if |zo| < d , then |z(t)] — 0 as t — oo,

(ULS) wniformly Lipschitz stable if there exist M > 0 and 6 > 0 such that
|z(t)| < M|zo| whenever |zo| < d and t > t5 > 0,

(EAS) exponentially asymptotically stable if there exist constants K > 0, ¢ > 0,
and 0 > 0 such that

lz(t)] < K |zole ¢t 0 <ty <t
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provided that |zo| < 4,
(EASV) exponentially asymptotically stable in variation if there exist constants
K > 0 and ¢ > 0 such that

|®(t, to, z0)| < Ke ¢t 0 <ty <t
provided that |zo| < oco.
Remark 2.1 ([9]). The last definition implies that for |zg| < §

z(t)| < K |xgle V7,0 <ty < t.
<K clt=to) <ty <t

We give some related properties that we need in the sequel. We need Alekseev
formula to compare between the solutions of (1) and the solutions of perturbed
nonlinear system

y' = f(t.y) +9(t.y), y(to) = yo. ()
where g € C(RT x R",R") and ¢(¢,0) = 0. Let y(t) = y(¢,to,yo) denote the
solution of (5) passing through the point (tg,%0) in Rt x R™.

The following is a generalization to nonlinear system of the variation of con-
stants formula due to Alekseev [1].

Lemma 2.1. Let x and y be a solution of (1) and (5), respectively. If yo € R™,
then for all t >ty such that x(t,to,y0) € R"™, y(t, to, yo) € R™,

y(ts to, o) = (t, o, yo) + / B(t,5,y(s)) g(5,4(s)) ds.

to

Lemma 2.2 (Bihari-type inequality). Let u,A € C(RT), w € C((0,00)) and
w(u) be nondecreasing in u. Suppose that, for some ¢ >0,

u(t) <c+ /t A(s)w(u(s))ds, t >ty > 0.

to
Then .
ult) < W’I[W(C)Jr / )\(s)ds],
to
where to <t <by, W(u) = fjo Uf{(i), W=Y(u) is the inverse of W(u), and

¢
by = sup {t >ty : W(c) —|—/ A(s)ds € domWﬁl}.

to

Lemma 2.3 ([10]). Let u, A1, X2, A3, A1 € C(RT), w € C((0,00)), and w(u) be
nondecreasing in u, u < w(u). Suppose that for some ¢ >0 and 0 <ty <,

u(t) < e+ /t A (s) / D(P)w(u(r)) + As(r) /f " Aa(P)u(r)dr)drds.

to

Then
u(t) < W—l[W(c) + [ A() [ Qar) + As(r) [ Ma(r)dr)drds|,
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where tg <t < by, W, WL are the same functions as in Lemma 2.2, and
t s T
b1 = sup {t >to: W(e) —|—/ )\1(8)/ (A2(7) + )\3(7)/ As(r)dr)drds € domWfl}.
to to to

Lemma 2.4 ([3]). Let u, A1, A2, A3, A, As, A6, A7 € C(RT), w € C((0,0)), and
w(u) be nondecreasing in u, u < w(u). Suppose that for some ¢ > 0 and 0 <
tO S t:

ut) < c+ /t:A1<s>u<s>ds+ / Na(s) /t:usmw(u(m

T t s (6)
—|—)\4(7)/75 )\5(T)w(u(r))dr)d7ds+/t AG(S)/t A7 (T)u(T)drds.
Then
u(t) < W W) + / (A (s) + A (s) / (s(r) + Aa(7) / N (r)dr)dr
to to to (7)

+ X6 (s) /ts /\7(7‘)d7’)d8},
where tg <t < blo, W, W= are the same functions as in Lemma 2.2, and
b= sup {t > 1o s W(e) + [ (Aa(s) + Ae(s) [ Qa(r) + Aa(7) [} As(r)dr)dr
+X6(s) fti A7 (T)dT)ds € domW‘l}.

Proof. Define a function v(t) by the right member of (6). Then, we have v(ty) = ¢
and

V' (t) = M(t)u(t) + )\Q(t)(/t (As(s)w(u(s)) + Aa(s) /ts As(T)w(u(T))dr)ds

+)\6(t)/tl)\7(s)u(s)ds)
< [+ 200)( /t Oa(s) 4 M) /t " a(r)dr)ds

¢
) [ des)ds)|ule(e)

to
t > to, since v(t) is nondecreasing, v < w(u), and u(t) < v(t). Now, by integrat-
ing the above inequality on [tg,t] and v(tg) = ¢, we have

o(t) < e+ / t (M) + () / " (7) + Aa(r) / " s (r)dr)dr
to . to to 8)
—I—)\G(s)/t )q(T)dT)w(z(s))ds.

0

It follows from Lemma 2.2 that (8) yields the estimate (7). O
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For the proof we need the following corollary from Lemma 2.4.

Corollary 2.5. Let u, A1, A2, A3, A1, A5, Ag € C(RT), w € C((0,00)), and w(u)
be nondecreasing in u, u < w(u). Suppose that for some ¢ >0 and 0 < tg < t,

u() <ot / 30 [ datryutriards + /t:A3<s> | Gutryntut)

s (7) / o (Yoo (uu(r)) dr)drds.

to
Then

u(t) < WHW() + [ (Aals) f; Aa(r)dr + Aa(s) [y (Ma(7)
+2s(r) [T As(r)dr) dT)ds}
where tog <t < by, W, W1 are the same functions as in Lemma 2.2, and
by = sup {t >ty : W(e)+ ftt (Ai(s) [y Aa(m)dr + X3(s) [, (Ma(7)
+3(7) fi Ao(r)dr)dr)ds € domW .

Lemma 2.6 ([5]). Let u, A1, A2, A3, A1, A5, Ag € C(RT), w € C((0,00)) and w(u)
be nondecreasing in u, u < w(u). Suppose that for some ¢ > 0,

ut <cr [ hi(s)u(s)ds + / ho(s)w(u(s))ds + / " xals) / Na(r)u(r)drds

to to to

/)\5 />\6 deS Ogtogt.
Then

u(t) <w—! [W(c) +/ (A1(8) + Aa(s) + As(s) /S A (T)dT + A5(8) /S Xe(T)dT)ds|,

to to to
(10)
where tog <t < by, W, WL are the same functions as in Lemma 2.2, and

)

S

by = sup {t >to: W(e)+ /tt()\l(s) + Aa(s) + )\3(8)/t Aa(T)dT
+Xs5(s) /ts Xe(T)dT)ds € domW_l}.

Proof. Define a function z(t) by the right member of (9). Then, we have z(ty) = ¢
and

Z(t) = M(ult) + Aa®)w(u(t) + As(t) [ Ma(s)u(s)ds + As(t) [;. Ao(s)w(u(s))ds
< (A1(8) + Aa(t) + As(t) ft Ay(8)ds + X5 ( )f X6 (8)ds)w(z(t)), t > to,
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since z(t) and w(u) are nondecreasing, u < w(u), and u(t) < z(¢). Therefore, by
integrating on [tg, t], the function z satisfies

2(t) < c+/t (A1(s) +A2(s)+As(s) /j Aa(T)dr)w(z(s)) + As(s) S)\G(T)dT)”LU(Z(S)))dS. (11)

0 to

It follows from Lemma 2.2 that (11) yields the estimate (10). O

We prepare two corollaries from Lemma 2.6 that are used in proving the
theorems.

Corollary 2.7. Let u,\1, A2, A3 € C(RT), w € C((0,00)) and w(u) be nonde-
creasing in u, u < w(u). Suppose that for some ¢ > 0,
u(t) <ct i M(s)w(u(s))ds + [} Xa(s) [} As(r)u(r)drds, 0 <t <t.

Then
t

u(t) gw—l[W(cH / (A1(s) + Aa(s) / ’ AS(T)dT)dS],

to tO
where tg <t < by, W, WL are the same functions as in Lemma 2.2, and
i s
by = sup {t > to 1 W(c) +/ (M(s) + Ag(s)/ A3 (r)dr)ds € domW’l}.
to tO
Corollary 2.8. Let u, A1, A2, A3, A € C(RT), w € C((0,00)) and w(u) be non-
decreasing in u, u < w(u). Suppose that for some ¢ > 0,
W) < et L uls)ds + [ da(s)wlu(s))ds
+ ftto As(s) ffj) Aa(T)w(u(r))drds, 0<tg<t.
Then
t s
u(t) < W [w(e) + / (Aa(s) + Aa(s) + Aa(s) / Ma(7)dr)ds].
tg t()
where tg <t < by, W, W™ are the same functions as in Lemma 2.2, and
t s
by = sup {t > to s W(c) +/ (A (5) + Aa(s) + )\3(5)/ Ai(r)dr)ds € domw—l}.
t() t(J

3. Main results

In this section, we investigate asymptotic property for solutions of perturbed
nonlinear functional differential systems.

Theorem 3.1. Let the solution x = 0 of ( 1) be EASV. Suppose that the per-
turbing term g(t,y, Ty) satisfies

9,50, Ty(e)] < e (alyw(ly(e)) + To(0)). (12
and .
Ty(t)] < b(t)/t k(s)|y(s)|ds, (13)
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where a > 0, a,b,k,w € C(RT), a,b,k,w € L1(RT), w(u) is nondecreasing in
u, and u < w(u). If

M(to) = W [W(e) + /t 7 Mo /t la(7) + b(7) / Tk(r)dr]drds] < o0, (14)

0 to

where t > to and ¢ = |yo|Me“™, then all solutions of (2) approach zero as
t — o0.

Proof. Let x(t) = x(t, to,y0) and y(t) = y(t,to,yo) be solutions of (1) and (2),
respectively. Since the solution = 0 of (1) is EASV, it is EAS by remark 2.1.
Using Lemma 2.1, (12), and (13), we have

w(t)] < Je(t)] + / 1B, 5,y(s)| / |g(ry(r), Ty(r))|drds

t S
< Mlgolet1) 4 / Mee(t=9) / e (a(r)w(ly(r)))
to

+b(r) /t " B(r)e T ()| dr)drds.

Then, we obtain

ly(8)] < Mlyole—ott) 1 / Mol / (a(ryu(ly(r) )

to to

+b(7) /tT k(r)|y(r)|e*"dr)drds,

since w is nondecreasing. Set u(t) = |y(t)|e®*. By Lemma 2.3 and (14) we have

)] < e W W) + /t "Moo /t la(r) + b(r) / " k(r)dr]drds

to
< e ™M(ty), t > to,

where ¢ = M|yple®*. The above estimation yields the desired result. O

Remark 3.1. Letting b(t) = 0 in Theorem 3.1, we obtain the similar result as
that of Theorem 3.5 in [4].

Theorem 3.2. Let the solution x = 0 of (1) be EASV. Suppose that the per-
turbing term g(t,y, Ty) satisfies

90 50, Ty(0)] < e (a(®)ly(1)] + [Ty(0)] ), (15)
and
(Ty(0)] < beyully(O) + et [ ks)uly())ds (16)
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where a > 0, a,b, ¢, k,w € C(RT), a,b,c,k,w € L1(RT), w(u) is nondecreasing
inu, u<wu ) If

M(to) = /O Mo / (1) + b(r) + c(7) /to k(r)dr]dfds] < oo, (17)

where t > tg and ¢ = |yo|Me®, then all solutions of (2) approach zero as
t — 0.

Proof. Let x(t) = x(t,to,y0) and y(t) = y(t, to,yo) be solutions of (1) and (2),
respectively. Since the solution = 0 of (1) is EASV, it is EAS by Remark 2.1.
Applying Lemma 2.1, (15), and (16), we have

ly(t)] < Mlyole=—") +/t Me= (=) / e (a(r)ly(7)] + b(r)w(ly(7)])

7) /tT E(r)e= " w(|y(r)|)dr)drds.

Since w is nondecreasing, we obtain

ly(t)| < Myole ") + / Mot / s(a(ﬂ\y(ﬂ\e“ + b(m)w(|y(r)|e*T)

to

“+e(T) /tT k(r)w(ly(r)|e®")dr)drds.

Set u(t) = |y(t)|e**. By Corollary 2.5 and (17), we have

ly(t)| < e Wt / Meas/ )+ b(1) + (7 / k(r)dr]drds

< e*‘“M(to), t > to,

where ¢ = M|yple*™. From the above estimation, we obtain the desired result.
O

Remark 3.2. Letting w(u) = u,b(t) = ¢(¢t) = 0 in Theorem 3.2, we obtain the
similar result as that of Corollary 3.6 in [4].

Theorem 3.3. Let the solution x = 0 of (1) be EASV. Suppose that the perturbed
term g(t,y, Ty) satisfies

905 y(s), Ty(s))lds < e=* (a@u(y(®)) + [Ty(®)),  (18)

to
and

Ty(t)] < b(t) / K(s)ly(s)ds, (19)

where a > 0, a,b,k,w € C(RT), a,b,k,w € L1(R") and w(u) is nondecreasing
inu, u<w(u). If
(oo}

M(to) =W [W(e)+ M [ (a(s) +b(s) / Sk(T)dr)ds} <oo,  (20)

to to
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where by = oo and ¢ = M|ygle®®, then all solutions of (2) approach zero as
t — oo.

Proof. Let x(t) = z(t, to,y0) and y(t) = y(t,to,yo) be solutions of (1) and (2),
respectively. Since the solution z = 0 of (1) is EASV, it is EAS. By conditions,
Lemma 2.1, (18), and (19), we have

t
)] < Mlgole™ 4 [ 2e=9 e as)u(ly(s))
to

+e~**b(s) /s k(T)|y(r)|d7]ds

to

Since w is nondecreasing, we have

t
ly(t)] < Myole= 1) 4 / Me~a(syw(y(s)[e™)ds
to

t s
+/ Mefatb(s)/ k(7)|y(T)|e*" drds.
to to

Then, it follows from Corollary 2.7 with u(t) = |y(¢)|e®* and (20) that

ly(t)] < e Wt +M/~ /Uvmﬂm}

to
gf“Mwmtzm,

where ¢ = M|ygle®™. Hence, all solutions of (2) approach zero as t — co , and
so the proof is complete. O

Remark 3.3. Letting b(¢t) = 0 in Theorem 3.3, we obtain the similar result as
that of Theorem 3.7 in [4].

Theorem 3.4. Let the solution x = 0 of (1) be EASV. Suppose that the perturbed
term g(t,y,Ty) satisfies

t

l9(s. (), Ty()lds < e~ (a(t)lu(0)] + Ty(0)]). (21)

to
and ,
Ty ()| < b()w(|y(@)]) +C(t)/ k(s)w(ly(s)|)ds, (22)
to
where a > 0, a,b,c,k,w € C(RY), a,b,c,k,w € L1(R") and w(u) is nonde-
creasing in u, u < w(w). If

M(tg) = W1 [W(c) +M (a(s) +b(s) + c(s) /S k(T)dT)d8:| < oo, (23)

to tO

where by = oo and ¢ = M|ygle®, then all solutions of (2) approach zero as
t — 00.
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Proof. Let xz(t) = x(t, to,y0) and y(t) = y(t,to,yo) be solutions of (1) and (2),

respectively. Since the solution = 0 of (1) is EASV, it is EAS. By means of
Lemma 2.1, (21), and (22), we have

ly(t)| < Mlyole™*(—*) +/t Me= = (e (a(s)[y(s)| + b(s)w(ly(s)])

+elo) | " k(r)uly(r) ) dr)]ds.

Since w is nondecreasing, we have

[y(8)] < Mlgole2¢=t) + / Me(a(s)ly(s)]e® + b(s)w(ly(s)[e**)ds

+ [ Me *c(s) /s E(n)w(|y(r)|e*T)drds.

to tO

Set u(t) = |y(t)|e®*. Then, it follows from Corollary 2.8 and (23) that

(a(s) + b(s) + c(s) / ’ k‘(T)dT)ds}

to to

[y(t)] < W W(e) + M

< e *M(ty), t > to,

where ¢ = M|yple®®®. From the above inequality, we obtain the desired result.

O

Remark 3.4. Letting w(u) = u,b(t) = ¢(¢) = 0 in Theorem 3.4, we obtain the
similar result as that of Corolary 3.8 in [4].
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