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UNIFORM LIPSCHITZ AND ASYMPTOTIC STABILITY
FOR PERTURBED DIFFERENTIAL SYSTEMS

YooN HorE Goo* AND YINHUA Cur**

ABSTRACT. In this paper, we investigate uniform Lipschitz and as-
ymptotic stability for perturbed differential systems using integral
inequalities.

1. Introduction

Dannan and Elaydi [7] introduced a new notion of stability, which is
called uniform Lipschitz stability (ULS), for systems of differential equa-
tions. For linear systems, the notions of uniform Lipschitz stability and
that of uniform stability are equivalent. However, for nonlinear systems,
the two notions are quite distinct. This notion of ULS lies somewhere
between uniform stability on one side and the notions of asmptotic stabil-
ity in variation of Brauer[3] and uniform stability in variation of Brauer
and Strauss[2] on the other side. Also, Elaydi and Farran [8] introduced
the notion of exponential asymptotic stability(EAS) which is a stronger
notion than that of ULS. They studied the properties of EAS dynami-
cal systems on a compact Riemannian manifold, and gave some analytic
criteria for an autonomous differential system and its perturbed systems
to be EAS. Gonzalez and Pinto[9] investigated the asymptotic behavior
and boundedness of the solutions of nonlinear differential systems.

In this paper, we investigate uniform Lipschitz and asymptotic sta-
bility for solutions of the nonlinear differential systems using integral
inequalities. The method incorporating integral inequalities takes an
important place among the methods developed for the qualitative anal-
ysis of solutions to linear and nonlinear system of differential equations.
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In the presence the method of integral inequalities is as efficient as the
direct Lyapunov’s method.

2. Preliminaries

We consider the nonlinear nonautonomous differential system

(2.1) a'(t) = f(t,2(t)), x(to) = o,

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 Rt x R™ and f(¢,0) = 0. Also, consider the perturbed
differential system of (2.1)

t
22) o = fta)+ [ ol Ty)ds, u(to) = o
0

where g € C(RT x R" x R",R") , ¢g(¢,0,0) = 0 and T is a continuous
operator mapping from C(RT,R™) into C'(R*,R"™). The symbol | - |
donotes arbitrary vector norm in R™.

In our subsequent discussion we assume that for any two continuous
functions u,v € C(I) where I is the closed interval, the operator T
satisfies the following property:

u(t) <o(t),0<t<tytel,

imples Tu(t) < Tw(t),0 <t <ty, and |Tu| < T|u|.

Let z(t, to, o) be denoted the unique solution of (2.1) through (¢o, o)
in Rt x R™ with x(tg, o, z9) = o, existing on [ty,00). Then we can
consider the associated variational systems around the zero solution of
(2.1) and around z(t), respectively,

(2.3) V'(t) = fo(t,0)v(t), v(to) = vo
and
(2.4) 2'(t) = fu(t,z(t, to, 20))2(t), 2z(to) = 20.

The fundamental matrix ®(t, g, zo) of (2.4) is given by

O(t,t9,z0) = t,to, o),

e
and ®(t,10,0) is the fundamental matrix of (2.3).

Before giving further details, we recall some notions of stability that
we need in the sequel[8].
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DEFINITION 2.1. The system (2.1) (the zero solution z = 0 of (2.1))
is called
(S)stable if for any € > 0 and to > 0, there exists § = (o, €) > 0 such
that if [xg| < 0 , then |z(t)| < € for all t >ty > 0,
(US)uniformly stable if the ¢ in (S) is independent of the time to,
(ULS)uniformly Lipschitz stable if there exist M > 0 and § > 0 such
that |z(t)| < M|xo| whenever |zg| < § and ¢t > tg > 0,
(ULSV)uniformly Lipschitz stable in variation if there exist M > 0 and
d > 0 such that |®(t,tg, x0) < M for |xg| < d and t >ty > 0,
(EAS) exponentially asymptotically stable if there exist constants K > 0,
c> 0, and § > 0 such that

l2(t)] < K |zole 10) 0 <ty <t
provided that |zg| < oo,
(EASV) exponentially asymptotically stable in variation if there exist
constants K > 0 and ¢ > 0 such that
|® (¢, to, 20)] < K e et 0 <ty <t
provided that |zo| < oc.

We give some related properties that we need in the sequel.
We need Alekseev formula to compare between the solutions of (2.1)
and the solutions of perturbed nonlinear system

(2.5) y' = f(t.y) +g(ty), y(to) = yo,

where g € C(RT x R",R") and ¢(t,0) = 0. Let y(t) = y(t, to, yo) denote

the solution of (2.5) passing through the point (¢g,yo) in Rt x R"™.
The following is a generalization to nonlinear system of the variation

of constants formula due to Alekseev [1].

LEMMA 2.2. Ifyy € R™, then for all t such that x(t,ty,y0) € R",

t
y<t7 ZL’07 3/0) = $(t, th 3/0) + / @(ta S, y(S)) 9(87 y(S)) ds.
to
LEMMA 2.3. [6] Let u, f,g,w € C(R"), w(u) be nondecreasing in u
and 2w(u) < w(%) for some v > 0. If for some ¢ > 0,

u) S e | feuls)ds+ | f(s){/sg(T)w(u(T))dT}dS, t> 1t >0,

to
then

u(t) < Wt [W(c) + /tg(s)ds] exp ( ttf(s)ds), to <t <by,

to
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where W(u) = [* 45y > 0, ug > 0, W™1(u) is the inverse of W (u)

up w(s)’
and

t
by = sup {t >to: W(e) +/ g(s)ds € domWfl}.
to
LEMMA 2.4. [12] Let u, f,g,h € C(R"), w € C((0,00)) and w(u) be
nondecreasing in u ,u < w(u) . Suppose that for some ¢ > 0,

u(t) <ec+ tt f(s)w(u(s))ds + /tg(s)(/S h(T)U(T)dT) ds, 0<ty<t.

to to
Then
(2.6)
t s
ut) < W Wi+ [ (1) +9() [ hyamas], 1o <<,
to to
where W, W~ are the same functions as in Lemma 2.3 and

s

by = sup {t > to: W(c) + /t(f(s) + g(s)/ h(r)dr))ds € domw—l}.

to to
LEMMA 2.5. [4] Let u, f,g,h € C(RT), w € C((0,00)) and w(u) be
nondecreasing in u. Suppose that for some ¢ > 0,

S

u(t) < c+ t f(s)w(u(s))ds+/ g(s)( | h(m)w(u(r))dr)ds, 0 <ty <t.

to to
Then

) s W W+ [ () +90s) [

to to

s

h(T))dS}, to <t < by,
where W, W1 are the same functions as in Lemma 2.3 and

n=swp {12 10: W) + [ (76) 405 |

to to

s

h(r))ds € domw—l}.

LEMMA 2.6. [10] Let u,p,q,w,and r € C(R") and suppose that, for
some ¢ > 0, we have

(2.7)
u(t) < c—l—/t p(s)/t [q(T)u(T) —{—w(T)/t r(a)u(a)daldrds, t > tg.
Then

(2.8) wu(t) < cexp (/tp(s) /s[q(T) + w(7) /T r(a)da]des), t > tp.

to to to
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LEMMA 2.7. [12] Let u,p,q,w,r € C(RT), w € C((0,00)) and w(u)
be nondecreasing in u. Suppose that for some ¢ > 0,

(2.9)
u(t) < e+ /t (p(s) /t (q()w(u(r)) + v(r) /t r(a)u(a)da)dr)ds, t > to.
Then

(2.10) t

u(t) < W1 {W(c)—}—/t (p(s)/t (q(T)—H)(T)/t r(a)da)dr)ds|, to <t < by,

where W, W~ are the same functions as in Lemma 2.3 and

= {1210 W) + [ 6t9) [ tatr)

to to

+ (1) /T r(a)da)dT)ds € domW_l}.

to

LEMMA 2.8. [14] Let u(t), f(t) ,and g(t) be real-valued nonnegative
continuous functions defined on R, for which the inequality

u(t) <wup+ /Ot f(s)u(s)ds + /Ot f(s)(/os g(T)U(T)dT)dS, teRT,

holds, where ug is a nonnegative constant. Then,

ut) < uo(l—i—/otf(s) exp(/os(f(T) +g(7’))d7))ds, t e R*.

LEMMA 2.9. [5] Let the following condition hold for functions u(t),
v(t) € C(RY) and k(t,u,v) € C(RT x RT x RT,R*):
t

u(t)—/ k(s,u(s),Tu(s))dsgv(t)—/ (s, v(s), To(s))ds,

to to

t > top >0 and k(t,u,v) is monotone nondecreasing in u and v for each
fixed t > 0. If u(to) < v(to), then u(t) < v(t), t >ty > 0.

3. Main results
In this section, we investigate uniform Lipschitz and asymptotic sta-

bility for solutions of the nonlinear perturbed differential systems using
integral inequalities.
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THEOREM 3.1. Suppose that x = 0 of (2.1) is ULS. Let the following
condition hold for (2.2):

t
l9(s,y(s), Ty(s))|ds < W (L, [yl, T|yl),0 < to <,
to
where W (t,u,v) € C(RT x RT x R* R™) is monotone nondecreasing in
u and v for each fixed t > 0 with W (t,0,0) = 0. Assume that u(t) is
any solution of the scalar differential equation

(3.1) u'(t) = KW (t,u, Tu),u(to) = up > 0, K > 1,

existing on RY such that m(to) < u(ty). If u = 0 of (3.1) is ULS, then
y =0 of (2.2) is also ULS whenever K |yg| < ug.

Proof. Let y(t) = y(t,to,yo) be any solution of (2.2). By Lemma 2.2,
we have

ly(t)] < |z(t)] + t!¢(t78,y(8))\/ts l9(7,y(7), Ty(7))|drds,

to
where (¢, 1o, yo) is the fundemental matrix of (2.4). Since z = 0 of (2.1)
is ULS, it is ULSV by Corollary 3.6[7]. Therefore there exist K > 0 and
d > 0 such that |®(¢, 10, y0)| < K fort >ty > 0. Thus, by the assmption,
we obtain

t
()] - K t W (s, ly(s)l, Tly(s)l)ds
0
t
< Klyo| <up=u(t) — K | W(s,u(s), Tu(s))ds.
to
Hence |y(t)| < u(t) by Lemma 2.9. Since u = 0 of (3.1) is ULS, it easily
follows that y = 0 of (2.2) is ULS. O

COROLLARY 3.2. Suppose that x = 0 of (2.1) is ULS. Consider the
scalar differential equation

(3.2) u'(t) = KW (t,u,Tu) = Ka(t)[u +/ k(s)u(s)ds],

to
where ug > 1, K > 1 and a,k € C(R™") satisfy the conditions:
(@) [y l9(s,y(s), Ty(s))lds < W(t, |yl, T|yl),where [} g(s,y(s), Ty(s))ds
isin (2.2),
(b) M(ty) = (1 + Kﬁ? a(s) exp(ftf)(Ka(T) + k(7))dr)ds) < oo and
b1 = OQ.

Then y = 0 of (2.2) is ULS.
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Proof. Let u(t) = wu(t,to,up) be any solution of (3.2). Then, by
Lemma 2.8 , we obtain
t

lu(t)] < u0(1 v K | als)exp (/S(Ka(T) n /-c(T))dT) ds) < M (to)|uo),

to to
Hence u = 0 of (3.2) is ULS. By Theorem 3.1, the solution y = 0 of (2.2)
is ULS . U

REMARK 3.1. In corollary 3.2, it is needed that b; = co. The condi-
tion W (00) = oo is too strong and it represents situations which are not
stable. For example, if w(u) = u®, then only a < 1 satisfies W (o0) = oo
and o < 1 is not stable. See [17].

COROLLARY 3.3. Suppose that = 0 of (2.1)is ULS. Consider the
scalar differential equation

t
(3.3) W (1) = KW (t,u, Tu) = Kaft) [u n / k(s)w(u(s))ds],
to
where ug > 1, K > 1, u,w € C(R"), w(u) is nondecreasing in u and
Lw(u) < w(¥) for some v > 0, and a,k € C(RT) satisfy the conditions:

(a) Sy, l9(s.y(s), Ty(s))lds < W (. |y, Tly]),
where fti g(s,y(s), Ty(s))ds is in (2.2),
(b) M(to) = WHW (ug) + ftzo k(s)ds] 'exp(ftzo Ka(s)ds) < oo, by =
oo,and a, k € L1(RT) .
Then y = 0 of (2.2) is ULS.

Proof. Let u(t) = wu(t,to,up) be any solution of (3.3). Then, by
Lemma 2.3, we have

|u(t)|§W_1[W(u0)_|_ ttk(s)ds} -eXp< tt

= M(to) < M (to)|uol,

Hence u = 0 of (3.3) is ULS, and so by Theorem 3.1, the solution y = 0
of (2.2) is ULS . O

COROLLARY 3.4. Suppose that x = 0 of (2.1) is ULS. Consider the
scalar differential equation

Ka(s)ds)

(34)  W/(t) = KW(t,u, Tu) = K [a(®)w(u(t)) + b(t) / K(s)u(s)ds].

to

where w € C((0,00), w(u) is nondecreasing on u and u < w(u), ug > 1,
K >1 and a,b,k € C(R") satisfy the conditions:
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() [ l9(s,y(s), Ty(s))lds < W(t, [y|, Tlyl),
where ftto g(s,y(s), Ty(s))ds is in (2.2),
(b) M(tg) = W1 [W(uo) + K [(a(s) +b(s) [ k(s)ds)] < o0,
by = oo, and a,b, k € L1(RT) .
Then y =0 of (2.2) is ULS.

Proof. Let u(t) = u(t,to,up) be any solution of (3.4). Then, Lemma
2.4, we obtain

u(®)]

t

1 [W(uo)+K (a(s) +b(s) / sk(s)ds)]

to to

<WwW
< M (to) < M(to)|uol,

Hence v = 0 of (3.4) is ULS. This implies that the solution y = 0 of
(2.2) is ULS by Theorem 3.1. O

THEOREM 3.5. For the perturbed (2.2), we suppose that
t t
(3.5) l9(s,y(s), Ty(s))|ds < a(t)w(|y(t)]) + b(t)/ k(s)ly(s)|ds,
to to

where a,b,k € C(R),a,b,k € Li(RT), w €
nondecreasing in u, u < w(u), and Lw(u) < w(

(a(s) + b(s) / ) k(r)dr)ds].

to to

C((0,00), and w(u) is
%) for some v > 0,

o0

(3.6)  M(to) = W1 [W(K) +K

where M (ty) < oo and by = oo. If the zero solution of (2.1) is ULSV,
the zero solution of (2.2) is ULS.

Proof. Let x(t) = x(t,to,yo) and y(t) = y(t,to,y0) be solutions of
(2.1) and (2.2), respectively. Since z = 0 of (2.1) is ULSV, there exist
K > 0 and § > 0 such that |®(t,to,y0)| < K for t > top > 0. In view of
Lemma 2.2 and (3.5), we obtain

] < Jz®)]+ t I‘I’(tjs,y(S))\‘/tsg(T,y(T),Ty(T))dT ds

t
S
< Kyl + [ Klyola(s)w( 2y
to ‘y0|
t S
- K\yoyb(s)/ k) g
to to |y0|

Set u(t) = |y(t)|lyo|~'. Then, by Lemma 2.4, we have
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t

)] < oW W) + K [ (al)+0Gs) [ k(r)dr)ds].

to to

The above estimation yields the desired result. Hence the proof is com-
plete. O

THEOREM 3.6. For the perturbed (2.2), we suppose that

(3.7) l9(t,y(1), Ty(®))] < a(®)w(ly()]) +b(t)/ k(s)[y(s)lds,

to

where a,b,k € C(RY), a,b,k € L1(RT), w € C((0,00), and w(u) is
nondecreasing in u, u < w(u), and Lw(u) < w(%) for some v > 0,

(3.8) M(ty) =w! [W(K) + K/too /ts(a(T) +b(7) /tT k(r)dr)drds|,

where M (ty) < oo and by = oo. If the zero solution of (2.1) is ULSV,
the zero solution of (2.2) is ULS.

Proof. Let x(t) = x(t,to,yo) and y(t) = y(¢,t0,y0) be solutions of

(2.1) and (2.2), respectively. Using Lemma 2.2, ULSV condition of x = 0
of (2.1), and (3.7), we obtain

ly(?)]

IN

|z(8)] + t \‘P(tysay(S))l/tS l9(7,y(7), Ty(7))|drds

Klunl+ [ Kl S[amw(‘y(;‘)‘
|

to to
)

ly
t S T r
+ [ xlul [ o) [k Iy

to |y0|

IA

)dTds

drdr]ds.

Set u(t) = |y(t)||yo|~!. Then, an application of Lemma 2.7 yields
t s T

(o) < oW [ W) + K / / (a(r) + b(r) / k(r)dr)drds|.
to Jto to

Thus we have |y(t)| < M (to)|yo| for some M (tg) > 0 whenever |yo| < 0.
This completes the proof. O
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THEOREM 3.7. Let the solution x = 0 of (2.1) be EASV. Assume
that the perturbing term fti) 9(s,y(s), Ty(s))ds satisfies

9(s,y(s), Ty(s))lds
(3.9) fo .
< e (atulu(@D) +000) [ Hsyully(s))as).
where a > 0, a,b,k,w € C(R"), a,b,k € L1(R") and w(u) is nonde-
creasing in u. If
(3.10)

M(tg) =W! [W(c) + K

o0

(a(s) + b(s) / | k(T)dT)ds] < 00, by = o0,

to to

where ¢ = K|yo|e®, then all solutions of (2.2) approch zero as t — oo

Proof. Let x(t) = x(t,to,yo) and y(t) = y(t,to,y0) be solutions of
(2.1) and (2.2), respectively. Using Lemma 2.2 and (3.9), we obtain

)] < fz(®)] + I‘P(t,S’y(S))\‘/tsg(77y(7)7Ty(T))dTds

to

t
< Klyole ) 4 [ Kem 0 ema(s)uw(|y(s)))

to
S

+Kb(s)e / k(m)w(|y(T)|)dr]ds.

to
Set u(t) = |y(t)|e®*. Then, since w(u) is nondecreasing, by Lemma 2.5
we obtain

t

\y(t)] < e~ oty —1 [W(C) + K (a(s) + b(s) /s k(T)dT)d8:|, t>1ty >0,

to to

where ¢ = K|yo|e®!. The above estimation yields the desired result. [

THEOREM 3.8. Let the solution x = 0 of (2.1) be EASV. Assume
that the perturbing term fti) 9(s,y(s), Ty(s))ds satisfies

(811)  lg(t.y(®), Ty(®)] < e (a(®)ly()] +b(1) / B(s)ly(s)lds ).

where a > 0, a,b,k € C(RT), a,b,k € L1(R"), w(u) is nondecreasing in
wand 2w(u) < w(¥) for some v > 0. If
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M(ty) = cexp( h Ke*® /ts e “la(r)

to 0

+ b(T)/ k(r)drldrds) < oo, t >ty > 0.
t

0

(3.12)

where ¢ = K|yo|e®", then all solutions of (2.2) approch zero as t — oo

Proof. Let x(t) = z(t, to,yo) and y(t) = y(¢,t0,y0) be solutions of
(2.1) and (2.2), respectively. By the assumption, we have |®(¢, o, yo)| <
Ke=<(t=t) for some K > 0 and ¢ > 0. Using Lemma 2.2 and (3.11), we
obtain

ly(®)]

[z + | 12 5,y(s))] s\g(ﬂy(T)aTy(T))ldeS

to to

t s
Kluple 04 [ e [ emeja(oly(n)
t

to 0

+b(1) /tT k(r)|y(r)|dr]drds.

0

IN

IN

Set u(t) = |y(t)|e**. Then, since ¢** > 1, an application of Lemma 2.6
obtains

ly(t)| < ce”exp (/t: Ke* /t: e “Tla(r) + b(7) /tT k(r)dr]dfds)

0
< ce " M(to), t >t >0,

where ¢ = K|yo|e®®. From the above estimation, we obtain the desired
result. O
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