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Abstract

Nonlinear differential equations with non-instantaneous impulses are studied. The
impulses start abruptly at some points and their actions continue on given finite
intervals. We pursue the study of Lipschitz stability using Lyapunov functions. Some
sufficient conditions for Lipschitz stability, uniform Lipschitz stability, and uniform
global Lipschitz stability are obtained. Examples are given to illustrate the results.
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1 Introduction

The problems of stability of solutions of differential equations via Lyapunov functions have
been successfully investigated in the past. One type of stability, very useful in real world
problems, is the so-called Lipschitz stability. Dannan and Elaydi [1] introduced the notion
of Lipschitz stability for ordinary differential equations. As is mentioned in [1] this type of
stability is important only for nonlinear problems, since it coincides with uniform stability
in linear systems.

There are a few different real life processes and phenomena that are characterized by

rapid changes in their state. We will emphasize two main types of such kind of changes:

- The duration of these changes is relatively short compared to the overall duration of
the whole process and the changes turn out to be irrelevant to the development of the
studied process. The mathematical models in such cases can be adequately created
with the help of impulsive equations (see, for example, [2—5], the monographs [6, 7]
and the references therein).

- The duration of these changes is not negligible short, i.e. these changes start
impulsively at arbitrary fixed points and remain active on finite initially time intervals.
The model of this situation is the non-instantaneous impulsive differential equation.
Hernandez and O’Regan [8] introduced this new class of differential equations where
the impulses are not instantaneous and they investigated the existence of mild and
classical solutions. We refer the reader for some recent results such as existence to
[9, 10], to stability [11-16], to periodic boundary value problems [17, 18].

Some examples of such processes can be found in physics, biology, population
dynamics, ecology, pharmacokinetics, and others.
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In this paper Lipschitz stability of solutions of nonlinear non-instantaneous impulsive
differential equations is defined and studied. Several sufficient conditions for Lipschitz
stability, uniform Lipschitz stability, and global uniform Lipschitz stability are obtained.
Some examples illustrating the results are given. Note that non-instantaneous impulsive
differential equations are natural generalizations of impulsive differential equations and
some of the obtained sufficient conditions are a generalization of some results in [19].
Also, Lipschitz stability of impulsive functional-differential equations is studied in [20].

2 Preliminaries
In this paper we assume two increasing sequences of points {£;}75 and {s;}, are given
suchthat 0 <sg <t <s; <tj1 <Sis1,i=1,2,..., and limy_, o £x = 00.

Let ¢y € |Ugoo sk tks1) be a given arbitrary point. Without loss of generality we will as-
sume that ¢y € [0, sp).

Consider the initial value problem (IVP) for the system of non-instantaneous impulsive
differential equation (NIDE)

x =f(t,x) forte U(tk,Sk],

k=0

x(t) = Wy (t,x(t),x(sk - 0)) for t € (s, txs1],k=0,1,2,..., (1)

x(t()) = X0,
where x,x9 € R”, f : oo [tio skl X R" — R, Wy [, ] X R” x R” - R” (k=1,2,3,...).

Remark 1 The functions Wy are called impulsive functions and the intervals (s, tx11], K =
0,1,2,... are called intervals of non-instantaneous impulses.

Remark 2 In the partial case sg = tx41, K = 0,1,2,... each interval of non-instantaneous
impulses is reduced to a point, and the problem (1) is reduced to an IVP for an impulsive
differential equation with points of jump # and impulsive condition x(¢ + 0) = L (x(tx —
0)) = Wi (tx, x(tx — 0), x(tx — 0)).

The solution x(¢; £y, %) of IVP for NIDE (1) is given by

Xi(2) for t € (¢, 8¢],k=0,1,2,...,

2
Wi (8, %(t; £, %0), Xic(sk — 0))  for t € (s, tg1l, k=0,1,2,..., @

x(t; £0, %0) =

where
- forany k=0,1,2,... the function Xi(t), t € [, s«] is a solution of the initial value
problem for ODE &’ = f(t, x), x(tx) = x(£; Lo, %0), respectively;
- on any interval (sg, t.1], K = 0,1,2,... the solution x(t; o, %o) satisfies the algebraic
equation x(t; £y, x0) = Wi (2, x(£; to, %0), Xk (t1 — 0)).
LetJ C R* be a given interval. Introduce the following classes of functions:

NPC(J) = :u:]—> R':uc C(]/U{sk},R”) :

k=0

u(sy) = u(sg — 0) = lim u(¢) < 0o, u(sg + 0) = limu(t) < oo, k:sx €J ¢,
sy tlsi
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NPC'() = u:] — R":ue NPC(J),u e C! (}/ U{sk},R”> :
k=0

u(sg) =u/(sp—0) = IlfiTmu/(t) < 00,k : sk e]}.
sk

Remark 3 According to the above description any solution of (1) might have a disconti-
nuity at any point s, k=0,1,2,....

Now we will illustrate the influence of the impulsive condition on the behavior of the

solution.

Example 1 Consider the IVP for the NIDE

o0
¥ =-«x forte U(zk, 2k +1],
k=0

x(t) = \IJk(t,x(t),x(Zk +1- O)) forte 2k+1,2k+2],k=0,1,2,..., (3)

x(0) = xo.

Case 1. Let Wi (¢,x,y) = 2y. Then the impulsive condition is x(f) = 2x(2k + 1 — 0) and the
solution of (3) is

2kxoe t*  for t e (2k,2k +1],k=0,1,2,...,

x(t;0,x0) =
(£:0,0) Kxoe™  forte (2k-1,2k],k=1,2,....

(4)

The graph of the solutions of (3) on [0, 8] with various initial values xy = 0.5, xp = 1,
xo = 1.5 is given in Figure 1.

Case2.Let Wi(t, x,y) = 2x. Then the impulsive condition is x(¢) = 2x(¢) for ¢ € (2k -1, 2k],
k=1,2,... with asolution x(¢) =0, ¢ € (2k —1,2k], k =1,2,.... The solution of (3) with the

new impulsive condition is

xoe™t forte(0,1],

x(t;0,%9) =
( 0) 0 fort>1.

(5)

Figure 1 Graphs of solutions of (3) for various xg.
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Case 3. Let Wy (t,x,y) = t —x. Then the impulsive condition is x(¢) = ¢ — x(¢) for ¢ € (2k —
1,2k], k=1,2,... with a solution x(¢) = 0.5¢, t € (2k —1,2k], k =1,2,.... The solution of (3)
with the new impulsive condition is

xpe”t  forte(0,1],
x(£0,%0) = | 0.5¢ forte (2k-1,2k,k=1,2,..., ©
ke % fort € (2k,2k +1],k=1,2,....

Therefore, if any impulsive function W (z, x, y) do not depend on y the solution does not
depend on the initial value x for ¢ > s; (see Cases 2 and 3).

Remark 4 Note in some papers (see, for example [14]) the functions of non-instantaneous
impulses are given in the form gi (£, x(2)), i.e. they do not depend on the value of the solution
before the jump x(sx — 0). Then the solution will depend on the initial value only on the
interval [£y,s9]. Then the meaning of the stability as well dependence of the solution on
the initial value is lost.

Introduce the following condition.

(H1) The function f € C((Uz<oltir sl x R”,R") and f(¢,0) = 0.

(H2) Forany k=0,1,2,... and any fixed t € [s, t+1] and y € R” the algebraic equation
x = Wi (t,%,y) has unique solution x = ¢ (¢, y) with ¢x € C([sk, tx1] x R”,R") and
oi(t,0)=0.

If condition (H2) is satisfied then IVP for NIDE (1) could be written in the form

x =f(t,x) forte U(tk’sk]’

k=0
x(6) = gu(t,x(6 ~0))  for £ € (sp, k], k=0,1,2,..., 7)

x(ty) = x9.
LetJ CR,, 0 €], p > 0. Introduce the following sets:

M()) = {a € C[], R*] :a(0) = 0,a(r) is strictly increasing in /,and
a Yar) < rq,(a) for some function g, : g4(or) > 1,if o > 1},

K(J) = {a € C[], R+] :a(0) = 0,a(r) is strictly increasing in J, and
a(r) < K,r for some constant K, > 0},

S, = {x e R": |lx]l < p}.

Remark 5 The function a(u) = Kju, K; € (0,1] is from the class K(R,) with g(#) = u. The
function a(u) = Kyju?, Ki > 0 is from the class M([0,1]).

We will use the class A of Lyapunov-like functions, defined and used for impulsive dif-

ferential equations in [7].

Definition 1 Let /J C R, be a given interval, and A C R” be a given set. We will say that
the function V(¢,x):J x A — R,, belongs to the class A(J, A) if:
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- the function V/(¢,x) is a continuous on J/{tx € J} x A and it is locally Lipschitz with
respect to its second argument;
- for each sx € J and x € A there exist finite limits

V(sk,x) = V(sp —0,%) = liTm V(t,x) and V(sg+0,x)= 1i¢m V(t,x).
sk tysk

For any ¢ € (f,sx), k = 0,1,2,..., we define the Dini derivative of the function V(¢,x) €
A(J,A) by

D.V(t,x) = hl_i)lg sup % { V(t,x) - V(t —h,x - hf(t, x)) },

where x € A, and for any ¢ € (¢, sx) there exists /1, > 0: t — h € (t,sx), x — hf (£,x) € A for
0<h<hy.

3 Main results
We define Lipschitz stability [1] of systems of differential equations with non-instanta-
neous impulses.

Definition 2 (Lipschitz stability) The zero solution of (7) is said to be:
- Lipschitz stable if there exists M > 1 and for every ¢y, > 0 there exists § = §(¢y) > 0 such
that, for any xo € R”, the inequality |xo| < § implies |x(£; £, %0)| < M|xo]| for ¢ > to;
- uniformly Lipschitz stable if there exist M > 1 and § > 0 such that for any ¢, > 0 and
x0 € R” the inequality |xo| < § implies |x(z; to, x0)| < M|xo| for ¢ > £o;
- globally uniformly Lipschitz stable if there exists M > 1 such that for any £, > 0 and
x0 € R” the inequality |xo| < co implies |x(¢; to, x0)| < M|xo| for ¢ > to.

Example 2 Let £y > 0 be an arbitrary point and without loss of generality we can assume
0 < ty < sg. Consider the IVP for the NIDE

oo
, X
x = forte |t AR
+If)2 kio( k k]

x(t) = Wy (t,x(t),x(sk - 0)) fort € (s, te), k=1,2,..., (8)

x(0) = xg.

The solution of ODE &' = ﬁ, x(19) = x? is ﬁ(t) = xoeﬁfﬁ , t > 79. Note, for any finite
initial value x¢ the inequality |x(¢)| = xpe™%0 ¥ < M|x| for £ > 7o holds with M =, i.e.
the zero solution of ODE is globally Lipschitz stable but not asymptotically stable (see the
graphs for 7o = 0, x9 = 0.1,0.5,1,1.5 in Figure 2).

Casel.Let Wi(t,x,y) =xy,k=0,1,2,.... Then the impul§ive Clondition is x(t) = x(t)x(sx —
0) which unique solution is x(¢) = 0 since x(sx — 0) = xpeT% 0 0 iff ¥y # 0 and £y < $o.
Then the solution of NIDE (8) will be

11
xpeTo "+ for t € (¢, S0],

)

x(t’ tOer) = for ¢
ort>s.

11
The zero solution is globally Lipschitz stable, since xgel* # < M|xy| for t > £, with

11
M = e T+t =¢> 1. In this case the solution is also asymptotically stable.
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-~ x0=0.1
— XOIO.S
- xp=1

— X0=1.5

Figure 2 Graphs of solutions of (8), Case 1, for various xg.

— xp=0.5
- xo=1

— X0=145

Figure 3 Graphs of solutions of (8), Case 2, for various xg.

Case 2. Let Wi(t,x,y) =y, k=0,1,2,.... Then the impulsive condition is x(£) = x(sx — 0)
and the solution of (8) is

xo([ [y e™ si)el & ¢ fort e (t,s¢),k=0,1,2,...,
(8 %0, %0) = Hk’ff a1 (10)
xo [ [1oo €T T fort € (s_1, ), k=1,2,....

The solution is a continuous function. The graphs of solutions for £y = 0, sx = 2k—1, #; = 2k,
k=1,2,... and various initial values x( are given in Figure 3. There exists M = e > 1 such
that x(t) < M|xo|, t > ¢t for any finite value of xy. Therefore the zero solution of (8) is
globally uniformly Lipschitz stable but not asymptotically stable.

Case 3. Let Wi(t,x,y) =y —x,k =0,1,2,.... Then the impulsive condition is x(¢) = x(sx —
0) — x(¢) which unique solution is x(£) = 0.5x(s; — 0). The solution of (8) is

a1 1
xOO.Sk‘l(]_[f:Ol el Tsi)elttc W+ fort € (t,sx],k=0,1,2,...,

x(L; to, x0) = 11
%005k T~ e T fort € (se, tel,k=1,2,....

(11)
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— X0=0.5
——- xp=1

— X0=].5

Figure 4 Graphs of solutions of (8), Case 3, for various xg.

The graphs of solutions for £y = 0, sy = 2k — 1, tx = 2k, k =1,2,..., and various initial values
%o are given in Figure 4. There exists M = e > 1 such that x(¢) < M|xo|, ¢ > £, for any finite
value of xy. Therefore the zero solution of (8) is globally uniformly Lipschitz stable. Also

it is asymptotically stable.

The above example shows the presence of non-instantaneous impulses and the type of
impulsive functions that have influence on the behavior of the solution.
We study the Lipschitz stability using the following scalar comparison differential equa-

tion with non-instantaneous impulses:

o0
W =g(t,u) forte| J(tos,
k=0

u(t) = Yi(tulsk —0))  fort € (s, bl k= 0,1,2,..., (12)

u(to) = uo,

where u,u9 € R, g: Uiooltiosk] X R = R, Yt [si, ] x R— R (k=0,1,2,3,...).
We introduce the following condition.
(H3) The function g(¢, u) € C((Uz<o [tk skl x R4, R), g(,0) = 0, and for any k = 0,1,2,...
the functions Y : [sk, tks1] X Ry — R, are nondecreasing with respect to their
second argument and ¥(¢,0) = 0.
In the main study we will use the following result.

Proposition 1 (Theorem 3.1.1 [21]) Let the function V € C([to, T] x R",R,) and V(t,x)
be locally Lipschitz in x and D,V (t,x) < g(t, V(t,x)) for (t,x) € [to, T] x R", where g €
C([t0, T] x Ry, R). Let 7(t) = r(t;to, uo) be the maximal solution of the scalar differen-
tial equation u' = g(t,u) with initial condition u(ty) = uo > 0, existing on [to, T]. If x(t) =
x(; to, x0) is any solution of the IVP for ODE x' = f (¢, x), x(to) = x¢ existing on [to, T] such
that V (ty,x0) < uy, then the inequality V (t,x(t)) < 7(t) for t € [ty, T] holds.

Lemma 1 Assume the following conditions are satisfied:
1. Conditions (H1), (H2), and (H3) are satisfied.
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2. The function x*(t) = x(t; to,x0) € NPC ([to, T], A) is a solution of (7), where T > ty is
a given constants, A C R".

3. The function V € A([ty, T1, A) is such that:
(i) the inequality D,V (¢,x*(¢)) < g(t, V(t,x*(2))) for t € [to, T1 N (Ugeo (x> sx)) holds;
(ii) forallk=0,1,2,3,... the inequality

V(t, dic(6,5 (s = 0))) < Y (8, V(s — 0,5 (sk = 0)))  for t € [to, T1 N (st s ]

holds.
If V(to,x0) < uo, then the inequality V(t,x*(t)) < r(t) for t € [ty, T] holds, where r(t) =
r(t; to, uo) is the maximal solution of (12) with uy > 0.

Proof We use induction to prove Lemma 1.
The function x*(¢) € C([to,S0] N [to, T1, A). According to condition 3(i) and Proposi-
tion 1 applied to the interval [£y,s0] N [0, T] the inequality

V(t,x*(t)) < r(t; to, uo) (13)

holds.
Let T > so and ¢ € (so,t1] N [£9, T]. From condition 3(ii)

V(o (£:5*(so = 0))) < o (L, V(so — 0,x*(so — 0))).

From the inequality (13) we get V(so — 0,x*(so — 0)) < r(so — 0; o, #40) and the monotonic-
ity of ¥ we get

Yo (£, V(so = 0,x"(s0 = 0))) < o (£, (so — 0320, uo)) = r(t; to, uo),

ie. V(t,x*(t)) < r(t;to, uo) for t € (so, 1] N [to, T'].

Let T > t; and t € (t1,51] N [to, T]. Consider the function x(¢) = x*(¢) for ¢ € (t1,s;] and
x(t1) = x*(t1) = ¢o(t1,x™(so — 0)). Since lim;— 140 %(¢) = X(&1 + 0) = Po(t1,%(s1 — 0)) = x(t1 +
0), %(t) € C}([t,,51], A). From condition 3(ii) for the interval [f;,s;] N [£y, T] and the proof
above we obtain

V (1, %(t1)) = V(t1, o (11,5 (50 - 0)))
<vo(t, V(so — 0,5%(so — 0)))
<o (t1,7(s0 — 030, o))
= r(t1; to, o).
Apply Proposition 1 to the interval [¢;,s1] N [y, T'] with the initial value uo = r(t; fo, 1o)
and V(t1,x(t1)) < r(t1; to, uo) and we obtain V (¢,%(¢)) < r(t), t € [t1,51] N [£y, T]. Therefore

V(t,x*(t)) < V(t; to,uo), te (tl,Sl] N [to, T]
Let T > sy and ¢ € (s1, ] N [£o, T]. From condition 3(ii)

V(t, (62" (51— 0))) < ¥ (2, V(s1 - 0,x*(s1 = 0))).
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From the proof above and monotonicity of ¥, we get
Y1(t, V(s1— 0,4%(s1 = 0))) < 1 (£ r(s1 — 0380, 10)) = r(£; to, o),

ie. V(t,x*(t)) < r(t;t, ug) for t € (s1,2] N [to, T.
Continue this process and an induction argument proves the claim of Lemma 1 is true
for t € [ty, T]. O

Remark 6 Proposition 1 and Lemma 1 are true for T’ = oo for the interval [z, 00).

Theorem 1 Let the following conditions be satisfied:
1. Conditions (H1)-(H3) are fulfilled.
2. There exists a function V (t,x) € A(R*,R") with Lipschitz constant L in S,,,
V(¢t,0) =0, and:
(i) the inequality

b(llxll) < V(t,x), xeR"teR,,

holds, where b € K(R.);
(ii) the inequality D*V(¢,x) < g(t, V(t,%)), t € Ureo (b Sk), x € R, holds;
(iii) forany k =1,2,... the inequality

V(6 di(t,9) < Y (6 V(sk = 0,9)), t€ (se,trenal,y €RY,

holds.
3. The zero solution of (12) is Lipschitz stable.
Then the zero solution of (7) is Lipschitz stable.

Proof Let to > 0 be an arbitrary. Without loss of generality we assume £y € [0,s0). From
condition 3 there exist M > 1, §; = 81(¢o, M) > 0 such that for any uy € R: |ug| < 8; the

inequality
|u(ts o, )| < Mluo| fort =t (14)

holds, where u(¢; £y, 4g) is a solution of (12).

Since V (£, 0) = 0 there exists a §, = 8, (¢g, 81) > 0 such that V (¢, x) < 8; for ||x|| < 3. The
function V(t,x) is Lipschitz on S, then ||x|| < p implies |V (¢,%)| = [V (¢, %) - V(£,0)| < L|x]|.

Let § = min{8y, 85, p} and choose M; > 1 such that M; > ML and let M, = g(M;). Note
since M; > 1 we have M, > 1 and § depends on £, and M, therefore on M.

Now let the initial value be such that ||xg|| < 8. Consider a solution x(¢) = x(¢; £y, x¢) of
system (7). Let ufy = V(ty,xo). Then from the choice of x it follows that u§ = V(ty,xo) <
81 for ||xo|| < 8. Therefore, the function u*(¢) satisfies (14) for ¢ > o with ug = uj, where
u*(t) = u(t; to, u) is a solution of (12).

Using condition 2(ii) and applying Lemma 1 for A =R”, T = oo we get

V(t,x* ) <u*(¢) fort > t. (15)
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From inequalities (14), (15), Lipschitz property of V/(¢,x), condition 2(i), and Lemma 1 we

obtain, for any t > ¢,

b(|lx*@)]) < V(64 (@®) < [u*(®)| < M|ug| = MV (2o, %0)

< MLllxoll < Mllo]l- (16)
From the properties of b € K and M; > 1 it follows that b1 (M, u) < Myq(u), and
[x* @] < o7 (Millxoll) < llxolg(M1) = Mz |0 .
From M; > 1 its follows that g(M;) > 1 and therefore

" (& to, %0) | < Malxol, &= to. O

Corollary 1 Let the conditions of Theorem 1 be satisfied with b(u) = Kiu, K > 0.
Then the zero solution of (7) is Lipschitz stable.

Proof The proof is similar to the one of Theorem 1 with M; > 1: M; > MK% and
My = M. O

Theorem 2 Let the following conditions be satisfied:
1. Conditions (H1)-(H3) are fulfilled.
2. There exists a function V(t,x) € AR,,R") and:
(i) the inequalities

b(Ixll) < V(t,x) <a(llxl), x€S,teR,

holds, where b € K([0, p]), a € M([0, p]), p > 0;
(ii) the inequality D*V(¢,x) < g(t, V(t,x)), t € Ureo(tirSk), x € S, holds;
(iii) forany k=0,1,2,... the inequality

V(t! ¢k(try)) < Wk(t: V(Sk - 07)’)): te (Sk, tk+l]7y € S,o:

holds.
3. The zero solution of (12) is uniformly Lipschitz stable (uniformly globally Lipschitz
stable).
Then the zero solution of (7) is uniformly Lipschitz stable (uniformly globally Lipschitz
stable).

Proof Let the zero solution of (12) be uniformly Lipschitz stable. Let £, > 0 be an arbitrary.
Without loss of generality we assume ¢ € [0, s¢). From condition 3 there exist M > 1,8; > 0
such that for any ¢ € U}io [sk> trs1) and any ug € R : |up| < 8; the inequality

|u(t; to, u0)| < Mluo|  fort >t (17)

holds, where u(¢; £y, ug) is a solution of (12).
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From the inclusions b € K([0, p]) and a € M([0, p]) there exist a function g,(#) and a
positive constant K,. Choose M; > 1 such that M; > ¢,(M)K, and § < Mil. Therefore,
3 < p.

Let § = min{é1, &5, %}. Choose the initial value xq: ||xg]| < 8. Therefore, ||xo] <8 < 3; <
p, i.e. xg € S,. Consider the solution x(£) = x(¢; £y, %0) of system (7) for the chosen initial
data. Let uj = V(to,xo). From the choice of xy and the properties of the function a(u)
applying condition 2(i) we get uf = V(¢5,%0) < a([lxoll) < Kzllxo|l < K8 < 8. Therefore,
the function u*(t) satisfies (17) for t > t, with ug = uj, where u*(¢) = u(t; o, ug) is a solution
of (12).

We will prove

|x(@®) | < Millxoll, £>0. (18)

Assume (18) is not true. Therefore, there exists a point T > £y such that ||lx(f)|| < M |lxo||
for t € [ty, T], |x(T)|| = Millxo|l and ||x(2)]| > Mi|lx0|| for £ € (T, T + €], where € > 0 is
a small enough number. Then for ¢ € [ty, T] the inequalities ||x(¢)|| < Millxo|l < M18 <
M85 < p hold, i.e. x(t) € S, for t € [ty, T].

Using condition 2(ii) and applying Lemma 1 on [y, T] for A =S, we get

V(t,x"(t)) <u™(t) fort € [t, T1. (19)
From inequality (19) and condition 2(i) we obtain
Mllxoll = |(T)| < b7 (V(T,%(T))) < b7 (|u*(T)|)
< b (M|uy|) = b (MV (2o, %0))
< (M) V(to,%0) < qp(M)a(llxol)

= qp(M)Kqlxoll < My lxol- (20)

The contradiction obtained proves the validity of (18).
The proof of globally uniformly Lipschitz stability is analogous and we omit it. O

Corollary 2 Let (H1)-(H3) and condition 2 of Theorem 2 be satisfied with g(t,x) = 0 and

Wk(t, x) =X.
Then the zero solution of (7) is uniformly Lipschitz stable.

Corollary 3 Let (H1), (H2) be satisfied and the inequality

00
xf(t,x) <0, te U(tk,sk)?x € Rn;
k=0

holds and for any k = 0,1,2,... the inequality
2 2 n
(¢k(try)) Sy y JE R S (Sk, tk+1],

holds.
Then the zero solution of (7) is uniformly Lipschitz stable.
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Proof Consider the quadratic Lyapunov function V(t,x) = x* for which D*V(t,x) =
2xf(t,x) and condition 2 of Theorem 2 is satisfied with K3 <1, K; > 1, g(¢,x) = 0, and

Yi(t, x) = x. O

Theorem 3 Let the conditions of Theorem 2 be satisfied where 2(i) is replaced by
2. (i) the inequalities M (¢)||x||> < V(£,x) < ()%, x € S,, t € RY holds, where
A, A € C(Ry, (0,00)) and there exist positive constants Ay, Ay: Ay < Ay such that
M(E) = Ay, Aa(t) <Ay fort >0, and p > 0.
Ifthe zero solution of (12) is uniformly Lipschitz stable (uniformly globally Lipschitz sta-
ble) then the zero solution of (7) is uniformly Lipschitz stable(uniformly globally Lipschitz
stable).

Proof The proof is similar to the one of Theorem 2 where M; = ,/M ‘:—f. O

4 Applications

Let two increasing sequences of points {£;}7° and {s;}7°, be given such that £, = 0, 0 < s <
L <s;<ty1,i=12,...,and limy_, « & = co. Consider the following single species model
exhibiting the so-called Allee effect in which the per-capita growth rate is a quadratic
function of the density:

N'(t) =N(t)(=a - bN(¢) + cN*(t)) fort € (te,s¢],k=0,1,2,..., o
21
N(t) = yu(t, N(tx — 0))  fort € (sg, tin], k=0,1,2,...,

where a,¢ > 0, b € R. The impulsive functions ¥ (f,x) < Cyx, k =0,1,2,..., where C; €
(0,1].

Define the function V(t,x) = 2.

Then condition 2(i) of Theorem 3 is satisfied for A1(¢) = 0.5, A, (¢) = 1.5.

For any x: |x| < p, p = |%@| >0 we have D*V(t,x) = 24*(cx*> —bx —a) <0, t €
Ureo (e s6), x € S,,. Therefore, condition 2(ii) is satisfied with g(¢,x) = 0.

The condition 2(ii) is satisfied for (¢, x) = Crx.

Therefore, the comparison equation is

u(t)=0 forte(t,si],k=0,1,2,...,
(22)
u(t) = Cru(sy —0) for t € (sg, trial, k=0,1,2,...,

which solution is u(¢; £, ug) = ug ]_[f:1 C;, fort € (sg, 56411, kK =0,1,2,.... Therefore, the zero
solution of (21) according to Corollary 2 is uniformly Lipschitz stable.
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