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LIPSCHITZ AND ASYMPTOTIC STABILITY FOR
NONLINEAR PERTURBED DIFFERENTIAL SYSTEMS

SANG IL Cuor* AND YooN Hor Goo**

ABSTRACT. In this paper, we investigate Lipschitz and asymptotic
stability for nonlinear perturbed differential systems.

1. Introduction

The notion of uniformly Lipschitz stability (ULS) was introduced
by Dannan and Elaydi [9] . This notion of ULS lies somewhere between
uniformly stability on one side and the notions of asymptotic stability
in variation of Brauer[4] and uniformly stability in variation of Brauer
and Strauss[3] on the other side. An important feature of ULS is that
for linear systems, the notion of uniformly Lipschitz stability and that
of uniformly stability are equivalent. However, for nonlinear systems,
the two notions are quite distinct. Furthermore, uniform Lipshitz sta-
bility neither implies asymptotic stability nor is it implied by it. Also,
Elaydi and Farran[10] introduced the notion of exponential asymptotic
stability(EAS) which is a stronger notion than that of ULS. They in-
vestigated some analytic criteria for an autonomous differential system
and its perturbed systems to be EAS. Gonzalez and Pinto[11] proved
theorems which relate the asymptotic behavior and boundedness of the
solutions of nonlinear differential systems.

The purpose of this paper is to employ the theory of integral in-
equalities to study Lipschitz and asymptotic stability for solutions of
the nonlinear differential systems. The method incorporating integral
inequalities takes an important place among the methods developed for
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the qualitative analysis of solutions to linear and nonlinear system of
differential equations.

2. Preliminaries

We consider the nonlinear differential system

(2.1) 2(t) = f(t,2(t), w(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
(2.2) y' = f(t,y) +/ 9(s,y(s))ds, y(to) = vo,
to

where ¢ € C(RT x R*",R") |, g(t,0) = 0. For z € R", let |z| =
(2?21 x?)l/Q. For an n x n matrix A, define the norm |A| of A by
|A| = sup|g|< [Az].

Let x(t,to, o) denote the unique solution of (2.1) with x(to, tg, z¢) =
xg, existing on [tg,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 ®(¢,tp, zg) of (2.4) is given by

0
(L, t = —ux(t,t
( 5 O;-’EO) 8.’1)01‘( ) OaxO)a
and ®(t,10,0) is the fundamental matrix of (2.3).
Before giving further details, we give some of the main definitions
that we need in the sequel[9].

DEFINITION 2.1. The system (2.1) (the zero solution z = 0 of (2.1))
is called
(ULS) wuniformly Lipschitz stable if there exist M > 0 and § > 0 such
that |z(t)| < M|xo| whenever |zp| < and ¢ >ty >0
(ULSV) uniformly Lipschitz stable in variation if there exist M > 0 and
d > 0 such that |®(t,tg, xo)| < M for |zo| <6 and t >ty > 0,
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(EAS) exponentially asymptotically stable if there exist constants K > 0,
¢ >0, and 6 > 0 such that

lz(t)| < K |mole 0 0 < tg <t

provided that |zg| < 4,
(EASV) exponentially asymptotically stable in variation if there exist
constants K > 0 and ¢ > 0 such that

|® (¢, to, z0)] < K e et00) 0 <ty <t
provided that |zg| < oco.

REMARK 2.2. [11] The last definition implies that for |zo| < o

z(t)] < K |zole 1) 0 <ty < t.

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(t,y), y(to) = o,

where g € C(RT x R",R") and g(¢,0) = 0. Let y(t) = y(¢, to, yo) denote
the solution of (2.5) passing through the point (¢o,yo) in RT x R™.

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

LEMMA 2.3. Let x and y be a solution of (2.1) and (2.5), respectively.
If yo € R™, then for all t such that x(t,tg,y0) € R",

t
ot to.0n) = ot gn) + [ @t 5,(5)) gl 5() d.
to
LEMMA 2.4. [14] Let u,p,q,r,v € C(RT), w € C((0,00)), w(u) be
nondecreasing in u, and u < w(u). Suppose that, for some ¢ > 0,
(2.6)
t s T
u(t) < c—l—/ (p(s)/ [q(T)u(T)—i—v(T)/ r(a)w(u(a))da]d7>ds, t > to.
to to to

Then
(2.7)

uy < W [wo+ [ () [ @)+ o) [ r@dayanias), 1o <t <,

to to to
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where W (u) = [ -3 > 0, ug > 0, W~!(u) is the inverse of W (u)

up w(s)’
and

by = sup {t >t : W(c)+/t(p(s) /S(q(7)+v(7') /T r(a)da)dr)ds € domW_l}.

to to to

LEMMA 2.5. [12] Let u,p,q,r,v € C(RT), w € C((0,00)) and w(u)
be nondecreasing in u. Suppose that for some ¢ > 0,
(2.8) t
u(t) < c—i—/t (p(s)/t [q(T)w(u(T))—i—v(T)/t r(a)w(u(a))da} dT)dS, t > to.
Then
(2.9) .
ut) < W [ 06) [ @) [ r@daanas], <<,

where W, W~ are the same functions as in Lemma 2.4 and

by = sup {t >t : W(C)—i—/t(p(s) /s(q(7)+v(7) /T r(a)da)dr)ds € domW_l}.

to to to

LEMMA 2.6. [8] Let u, A1, Ao, w € C(R™), w(u) be nondecreasing in
u and 2w(u) < w(¥) for some v > 0. If , for some ¢ > 0,

u(t) < c—i—/t Al(s)u(s)ds+/t X (5)] / Mol (u(r))dr Jds, t > 1 >0,

to to to
then
t t
u(t) < W1 [W(c) +/ /\g(s)ds} exp (/ )q(S)dS), to <t <by,
to to

where W, W~ are the same functions as in Lemma 2.4 and

t
by = sup {t >ty : W(e) +/ Xo(s)ds € domWfl}.
to
LEMMA 2.7. [13] Let u, A1, A2, A3 € C(RT), w € C((0,00)) and w(u)
be nondecreasing in u, u < w(u). Suppose that for some ¢ > 0,

u(t) < c—l—/t Al(s)w(u(s))ds—i—/t )\2(3)(/8 As(T)u(r)dr)ds, 0 <ty <t.

to to to
Then
(2.10)

u(t) < W Wi + / "Ou(s) + a(s) /

to to

S

)\3(7))613}, to <t <by,
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where W, W1 are the same functions as in Lemma 2.4 and

by = sup {t >to: Wie)+ /t()\l(s) + Xa(s) /S A3(7))ds € domW_l}.

to to

LEMMA 2.8. [6] Let u, A1, A2, A3 € C(RT), w € C((0,00)) and w(u)
be nondecreasing in u. Suppose that for some ¢ > 0,

u(t) < c+/ A1(s)w(u(s))ds

+/tt AQ(S)([ Ag(T)w(u(T))dT)ds, 0<ty<t.
Then 0 i
u(t) < w1 [W(C) + /tt()\l(s) + Aa(s) /ts )\3(7))ds}, to <t < by,

where W, W~ are the same functions as in Lemma 2.4 and

by = sup {t >to: W(e) + /t()\l(s) + A2(s) /s A3(7))ds € domW_l}.

to to
3. Main results

In this section, we investigate Lipschitz and asymptotic stability for
solutions of the nonlinear perturbed differential systems.

THEOREM 3.1. For the perturbed (2.2), we assume that

ot (s)lds < alt) (o) + | Ko)u(ly(s))ds).

to to
where a,k € C(RY), a,k,w € L1(R") , w € C((0,)), w(u) is nonde-
creasing in u, and 2w(u) < w(%) for some v > 0,

(3.1)  M(tg) =W [W(M) + / kz(s)ds} exp ( Ma(s)ds),

to to
where M (tp) < oo and by = oo. Then the zero solution of (2.2) is ULS
whenever the zero solution of (2.1) is ULSV.

Proof. Using the nonlinear variation of constants formula of Alek-
seev([1], the solutions of (2.1) and (2.2) with the same initial value are
related by

ot tos 10) :x(t,to,yo)+/tq)(t,s,y(s))(/Sg(T,y(T))dT>ds.

to to
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Since z = 0 of (2.1) is ULSV, it is ULS by Theorem 3.3[9]. Using the
ULSV condition of x = 0 of (2.1), we have

t

ly(®)] < |=(8)] + t [@(,5,y(s))|

t
S
< Ml + [ Mluola(s) 2
to

ds

| strutoir

to

%ol
+ tM|y0]a(s) /S k(T)w<|y(T)|)de5.

tO to ’yﬂ |

Set u(t) = |y(t)||yo| ~'. Now an application of Lemma 2.6 yields

ly(t)] < |yolW ! [W(M) + /oo k‘(s)ds} exp < - Ma(s)ds).

to to

Thus we have |y(t)| < M (to)|yo| for some M (tg) > 0 whenever |yo| < 0.
So, the proof is complete. O

THEOREM 3.2. For the perturbed (2.2), we assume that

¢
l9(t,y)| < a(t)w(ly(?)]) +b(t)/t k(s)w(ly(s)|)ds,
0
where a,b,k € C(RY), a,b,k,w € L1(RT), w € C((0,00), w(u) is non-
decreasing in u, and 1w (u) < w(%) for some v > 0,

(3.2) M(tg) =W™1 {W(M) +M/t00 /ts(a(T) +b(7) /T k:(r)dr)des],

to

where M (tp) < oo and by = oo. Then the zero solution of (2.2) is ULS
whenever the zero solution of (2.1) is ULSV.

Proof. Let x(t) = x(t, to,yo) and y(t) = y(¢,t0,y0) be solutions of
(2.1) and (2.2), respectively. Using the nonlinear variation of constants
formula and the ULSV condition of z = 0 of (2.1), we have

t s
@] < lz@®)]+ [ [t s,y(s)] | lg(r,y(7))|drds

to to

t s -
< M|yo +/ Mlyo [a(T)w<M)drds
to to ’y0|

+/ttM\y0| T b(r) /T/f(r)w(’y(r)‘)dr]dnis.

to to ‘ Yo ’
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Set u(t) = |y(t)||yo|~!. Now an application of Lemma 2.5 yields

w01 < olw " [won 401 [ [ ate) +0t) [ kirrarras)

to
Thus we have |y(t)| < M (to)|yo| for some M (tg) > 0 whenever |yo| < 0,
and so the proof is complete. O

REMARK 3.1. Letting b(t) = 0 in Theorem 3.2, we obtain the same
result as that of Theorem 3.1 in [5].

THEOREM 3.3. For the perturbed (2.2), we assume that

l9(s,y(s))lds < a()w(|y(t)]) + b(t)/ k(s)w(ly(s)|)ds

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

(a(s) + b(s) / ) k;(T)dT)ds} ,

to to

e}

(3.3)  M(to) = W [W(M) + M

where M (tp) < oo and by = oo. Then the zero solution of (2.2) is ULS
whenever the zero solution of (2.1) is ULSV.

Proof. Let x(t) = x(t,to,yo) and y(t) = y(¢,to,y0) be solutions of
(2.1) and (2.2), respectively. Since x = 0 of (2.1) is ULSV, it is ULS.
Applying Lemma 2.3, we have

t

ly@] < [z@)|+ | [®(t,s,y(s
to

Y
<mm+/Mmm>Uy

g(t,y(7))dr|d

+ M|y0|b(s) t k(T)w(‘%”)des.

Set u(t) = |y(t)||yo| . Now an application of Lemma 2.8 yields

(a(s) + b(s) / | k(T)dT)ds] :

to to

Hence we have |y(t)| < M (to)|yo| for some M (ty) > 0 whenever |yo| < 6.
This completes the proof. ]

y(®)| < lyolW ™! [W(AD) + M

REMARK 3.2. Letting b(t) = 0 in Theorem 3.3, we obtain the same
result as that of Theorem 3.3 in [5].
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THEOREM 3.4. Let the solution x = 0 of (2.1) be EASV. Suppose
that the perturbing term g(t,y) satisfies

t
(34 gty < e (al®)ly(®)] +b(t) / B(s)w(ly(s) )ds),
w € Li(RY) , w(u) is nonde-

where a > 0, a,b,k,w € C(R"), a,b,k,
w(y) for some v > 0. If

creasing in u, u < w(u), and Lw(u) <
(3.5)
M(tg) = WL [W(c) +/t (Me‘“/t a(7)

+ b(7) /tT k:(r)dr)dT)ds} < oo, t>tp.

ato

where ¢ = |yo|Me®° | then all solutions of (2.2) approch zero as t — oo

Proof. Let x(t) = x(t,to,yo) and y(t) = y(¢,to,y0) be solutions of
(2.1) and (2.2), respectively. Since the solution z = 0 of (2.1) is EASV,
by remark 2.2, it is EVS. Using Lemma 2.3, we have

@] < [=(8)] + t ‘P(tas,y(S))I’ /tsg(Tay(T))dT ds

t s
< Mgl + [yt [ [emeratolyio)
to to

+e7Tb(r) / Tk(r)w(]y(rﬂ)drdr} ds,

to

t s
< Migole2t0) + [ ageet) [ famjytryier

to to

+b(7) / Tk(r)w(|y(r)\em)drd7} ds.

to

Set u(t) = |y(t)|e*. An application of Lemma 2.4 obtains

T

wol < e w2 [wie) + [ e ot +o) [

to to to
< e ™M(tg), t > to,

k(r)dr)dT)ds]

where ¢ = M|yp|e®® and M (ty) > 0. Therefore, all solutions of (2.2)
approch zero as t — oo. ]
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THEOREM 3.5. Let the solution x = 0 of (2.1) be EASV. Suppose
that the perturbing term g(t,y) satisfies

t

t

30 [ lats.ptelds < e (aullu(@ +o0) [ Klu(o)lds),
0 0

where a > 0, a,b,k,w € C(R"), a,b,k,w € Li(R"), w(u) is nonde-

creasing in u and u < w(u). If

(3.7)
M(tg) = W™ [W(c) +M

o0

(a(s) + b(s) / ) k(r)dr)ds] < o0,by = oo,

to to

where ¢ = M |yp|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,t0,y0) be solutions of
(2.1) and (2.2), respectively. Since the solution x = 0 of (2.1) is EASV,
by remark 2.2, it is EVS. Using Lemma 2.3 and the assmptions, we have

t

ly(®)] < |z(@)] + t [P, 5,y(s))|

ds

| strutryir

to
t
< Mipole ) 4 [ aemo@=9 [ 1y )

eas

X [ miutriar]as

+

t
< Mlyole™10) 4 [ e [a(s)w(Jy(s)]e™)
to
+(s) [ k(r)ly(r) e d.
to
Set u(t) = |y(t)|e®. Since w(u) is nondecreasing, an application of
Lemma 2.7 obtains

t

ly(t)| < e~ [W(c) M (a(s) +b(s) / /{(T)dT)ds},

to to

< e ™ M(ty), t > to,

where ¢ = M|yple®®® and M(tg) > 0. From the above estimation, we
obtains the desired result. O

REMARK 3.3. Letting b(t) = 0 in Theorem 3.5, we obtain the same
result as that of Theorem 3.7 in [5].
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THEOREM 3.6. Let the solution x = 0 of (2.1) be EASV. Suppose
that the perturbing term g(t,y) satisfies
t

68) [ lotsteDids < e tatt) (o)l + [

to to

t

B(s)w(ly(s)))ds),

where a > 0, a, k,w € C(R"), a,k,w € L1(R") and w(u) is nondecreas-
ing in u. If

(3.9)

M(tg) = WL [W(c)+/ k(T)dT)} exp (M/

to to

oo

a(s)ds) < 00,b1 = 00,

and ftzo a(s) < oo where ¢ = M|yple®® | then all solutions of (2.2)
approch zero as t — oo

Proof. Let x(t) = x(t,to,yo) and y(t) = y(¢,to,y0) be solutions of
(2.1) and (2.2), respectively. Using Lemma 2.3 and the assmptions, we
have

t s
ly@] < lz@)|+ | [®(L,s,y(s))] / g9(7,y(7))dr|ds
to to
Cati—te) . [ 1 y—a(—s) [4(5)
< Mlyole™ =) 4 [ Memo=) [Ty (s))

2 [k ullytar]as

t
< Mlyole™0) 4+ [ Me0|a(s)[y(s)]e™

to
+a(s) / k(T)w(|y(T)|eaT)dT}ds.
to
Set u(t) = |y(t)le*’. Since w(u) is nondecreasing, an application of

Lemma 2.6 obtains

ly(t)] < e MWt [W(C) + /t ]C(T)dT)] exp (M/

to to

<e “M(ty), t > to,

where ¢ = M|yp|e®® and M (ty) > 0. Therefore, all solutions of (2.2)
approch zero as t — oo

t

a(s)ds),

O

REMARK 3.4. Letting k() = 0 in Theorem 3.6, we obtain the same
result as that of Corollary 3.8 in [5].
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