/ Electronic Journal of Qualitative Theory of Differential Equations
i;lLf 7 2019, No. 18, 1-18; https://doi.org/10.14232/ejqtde.2019.1.18 www.math.u-szeged.hu/ejqtde/

Lipschitz stability of
generalized ordinary differential equations
and impulsive retarded differential equations

Suzete M. Afonso™! and Marcia R. da Silva?

Universidade Estadual Paulista (UNESP), Instituto de Geociéncias e Ciéncias Exatas,
Campus de Rio Claro, Avenida 24-A, 1515, Bela Vista, Rio Claro, Sdo Paulo, 13506-900, Brazil
%Instituto de Ciéncias Mateméticas e de Computagio, Universidade de Sao Paulo-Campus de Sao
Carlos, Avenida Trabalhador sdo-carlense, 400, Sdo Carlos, Sdo Paulo, 13566-590, Brazil

Received 19 October 2018, appeared 12 March 2019

Communicated by Eduardo Liz

Abstract. We consider a class of retarded functional differential equations with preas-
signed moments of impulsive effect and we study the Lipschitz stability of solutions
of these equations using the theory of generalized ordinary differential equations and
Lyapunov functionals. We introduce the concept of variational Lipschitz stability and
Lipschitz stability for generalized ordinary differential equations and we develop the
theory in this direction by establishing conditions for the trivial solutions of generalized
ordinary differential equations to be variationally Lipschitz stable. Thereby, we apply
the results to get the corresponding ones for impulsive functional differential equations.
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1 Introduction

We denote by G~ ([a,b],R") the Banach space, equipped with the usual supremum norm, of
all functions from [a,b] C R to R" which are regulated and continuous from the left. We
denote by G~ ([a, +0),R") the space of all bounded functions f : [2, +00) — R” such that for
every real number b > a, the restriction f|(, ;) belongs to G~ ([a, b], R").

Let r > 0 and ty > 0. Given a function y € G~ ([t — 1, +0),R") and t € [tg, +0), we
define y; € G~ ([—r,0],R") as usual, by

ye(0) =y(t+90), 6 € [—r,0].

In this work, we consider the following retarded functional differential equation with pre-
assigned moments of impulsive effect (impulsive RFDE):

{yu) =fyut), t#b t>1 )
Ay (t) = I (y(t), t=t, ke,
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subject to the initial condition

Yty = ¢, (1.2)
where f : G ([-r,0],R") x [ty, +o0) — R" and ¢ € G~ ([-r,0],R"). We also consider that,
for each y € G~ ([tp — 1, +00),R"), the application t — f(y;,t) is Lebesgue integrable over
[to — 1, +00). The jumps occur at preassigned times t, k € IN, such that fo < tg, ty < tgi1
for k € N and ty — +o0 as k — +0co, and their action is described by the impulse operators
I : R" — R", k € IN. We assume that Iy, k € IN, are bounded and Lipschitz continuous
functions and

Ay(t) =y(t+) —y(t=) = y(t+) —y(t) = L(y(1)), kN,
for every y € G~ ([tg — 1, +00),R") and t > t.

In [3], the authors defined the notion of Lipschitz stability of solutions for a certain system
of impulsive functional-differential equations. However, this notion has been introduced by
Dannan and Elaydi [4] for ordinary differential equations without impulses.

Bainov and Stamova [3] established sufficient conditions to guarantee the Lipschitz stabil-
ity of the zero solution for the following impulsive functional differential equation:

{y' () = f(yuy(t)t), t#b, t >t
Ay(t) =1L (y(t), t=t, keN,

with f: G~ ([—r,0], R") x R" X [tg, +00) — R".

Here, our main goal is to establish results on Lipschitz stability for the zero solution of
equation (1.2). In [3], the results were obtained by virtue of a comparison equation and
differential inequalities for piecewise continuous functions. In this work, by considering a
Lyapunov function U : [ty, +00) X E, — R satisfying some conditions, where E, is the closure
of E, = {p € G~ ([-r,0],R") : ||| < p}, p > 0, we use the correspondence theorem between
impulsive RFDEs and generalized ordinary differential equations (generalized ODEs) to show
that the trivial solution y = 0 of (1.1)—(1.2) is uniformly Lipschitz stable and globally uniformly
Lipschitz stable. Then, the main tools used to obtain our results are Lyapunov’s functions and
the correspondence between impulsive RFDEs and generalized ODEs. One of the advantages
of treating impulsive RFDEs impulses by means of the theory of generalized ODEs is that the
theory of generalized ODE:s is developed to a great extent. The assumptions usually concern
the indefinite integral (in some sense) of the functions involved in the equations instead of the
functions themselves. Furthermore, because impulsive RFDEs can be regarded as generalized
ODEs, it is possible to obtain quite good results with short proofs just by transferring the
results from one space to the other through the relation between the solutions [5]. Note that,
in contrast to (1.1), Bainov and Stamova [3] have considered in system (1.3) that the right hand
side of the functional differential equation depends also on y(t). For the sake of simplicity,
we have chosen to study equation (1.2), but according to [2], our results can be accomplished
to equation (1.3), as one can verify in Section 5, [2]. However, our mathematical proposal
here is not to introduce more general results than those present in [3], but to show another
strategy and different conditions to obtain similar results. Such strategy was also used in [1],

[2], and [6].

(1.3)

2 A brief exposition on generalized ODEs

A tagged division of a compact interval [, b] C R is a finite collection of point-interval pairs
{(7;, [si—1,81]) :i=1,2,...,k}, where a = sp < 57 < -+ < s = b is a division of [4,b] and
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T € [51;1,51‘], i=1,2,...,k
A gauge on [a,b] is any function ¢ : [a,b] — (0,400). Given a gauge ¢ on [a,b], a tagged
division d = (1, [s;_1,si]) of [a, b] is d-fine if, for every i,
[si—1,si]l C{teab]: [t—7|<d(n)}.

Let X be a Banach space. The next type of integration is due to Jaroslav Kurzweil. See [8]
and also [9].

Definition 2.1. A function U (7, t) : [a,b] x [a,b] — X is Kurzweil integrable over [a, ], if there
is a unique element I € X such that given € > 0, there is a gauge J of [a,b] such that for
every J-fine tagged division d = (T, [si—1,s;]) of [a,b], we have ||S(U,d) —I|| < ¢, where
S(U,d) = Zl[ (ti,5:) — U (T5,8i-1)]. In this case, we write [ = fab DU (t,t) and use the
conventlonf DU (t,t) = — [, DU (1, t).

The Kurzweil integral is linear, additive with respect to adjacent intervals and it encom-
passes the known Lebesgue integral. For more properties of this kind of integration, the
reader may consult [9].

Let X be a Banach space and consider the set ) = O X [tg, +00), where O C X is an open
set. Assume that G : ) — X is a given X-valued function defined for all (x,t) € Q.

Definition 2.2. A function x : [a, f] — X is called a solution of the generalized ordinary differential

equation
X DG(xb) 2.1)

dt
in the interval [a, B] C [to, +o0) if (x(t),t) € Q for all t € [, B] and if the equality
~x(7) / DG(x 2.2)

holds for every v, v € [«, B].

The integral on the right-hand side of (2.2) is in the sense of Definition 2.1.
Given an initial condition (X,t*) € (), a solution of the initial value problem for equation
(2.1) is given as follows.

Definition 2.3. A function x : [a, f] — X is a solution of the generalized ordinary differential
equation (2.1) with the initial condition x(t*) = X, in the interval [a, B] C [to, +0), if t* € [a, B],
(x(t),t) € Qforall t € [w, B] and the equality

@) %= [ DG(x(1),8) 2.3)

t*
holds for every v € [a, f].

In the sequel, we define a special class of functions G : () — X for which we can obtain
interesting properties of the solutions of (2.1).

Definition 2.4. Let h : [tp, +00) — R be a nondecreasing function. We say that a function
G : Q) — X belongs to the class F(Q, h) if

1G(x,52) = G(x,81)|| < |h(s2) — h(s1)] (2.4)
for all (x,s7), (x,51) € Q and
1G(x,52) = G(x,51) = G(y,52) + G(y,s1) || < [|x — yl[[h(s2) — h(s1)] (2.5)
for all (x,s2), (x,51), (v,82), (y,51) € Q.
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Assume that G : () — X satisfies condition (2.4). Let us denote by Varf(x) the variation of

a function x : [ty, +00) — X on a compact interval [«, B] C [to, +o0). If x : [¢, B] — X is a local
solution of (2.1), then

[2(s1) — x(s2) || < |h(s2) = (1) (2.6)
for all s, € [, B], and hence x is of bounded variation on [«, B] with
vark x < h(B) — h(a) < +oo. 2.7)

Furthermore, every point in [«, f] at which the function & is continuous is a continuity point
of the solution x : [«, ] — X and one has

x(c+)—x(0) = G(x(0),0+) — G(x(0),0), foro € [a,p) (2.8)
and
x(0) —x(c—) = G(x(0),0) — G(x(0),0—), foro € (a,p], (2.9)
where
G(x,0+) = slirgl+ G(x,s), foro € [a,B)
and

G(x,0—) = lim G(x,s), foro € (a,p].

S—0—
To verify the proofs of the above assertions, see [9, Lemmas 3.10 and 3.12].
Now we present a result on the existence of the integral involved in the definition of the
solution of the generalized ODE (2.1).

Lemma 2.5. Let G € F(Q,h). Suppose &, B] C [to, +0), x : [, B] — X is of bounded variation on
(&, B] and (x(s),s) € Q) for every s € [a, B]. Then the integral ff DG(x(t),t) exists and the function
s+ [*DG(x(1),t) € X, s € [w, B, is of bounded variation.

The next result concerns local existence and uniqueness of a solution of a generalized
ODE:s of type (2.1) with right-hand side in F(Q, h). A proof of such result can be found in [5]
(see Theorem 2.15 there).

Theorem 2.6 (Local existence and uniqueness). Let G € F(Q, h), where the function h is nonde-
creasing and left continuous. If for every (X, t*) € Q) such that for x; = X+ G(X,t*+) — G(X, t*), one
has (X4, t*) € Q, then there exists A > 0 such that there exists a unique solution x : [t*,t* + A] — X
of the generalized ordinary differential equation (2.1) for which x(t*) = X.

3 Lipschitz stability for generalized ODEs

In this section, (X, || - ||) is a Banach space and we set ) = B, x [ty, +o0), where B, =
{y € X :|lyl| <c}, withc > 0and tp > 0. We also assume that G € F(Q,h), where
h : [to, +00) — R is a left continuous nondecreasing function, and G(0,t) — G(0,s) = 0 for all
t,s € [to, +00). Then for every [y,v] C [tg, +o0), we have

/v DG(0,t) = G(0,0) — G(0,7) = 0.
:

Thus x = 0 is a solution of the generalized ODE (2.1) on [tp, +o0). Note also that, by (2.6),
every solution of (2.1) is continuous from the left, whenever h from the definition of F(Q, h)
is left continuous.
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In the sequel, we introduce the concept of variational Lipschitz stability for generalized
ODEs. This concept was inspired by the concept of variational stability introduced by S.
Schwabik in [10].

Definition 3.1. The trivial solution x = 0 of the generalized ODE (2.1) is said to be variationally
uniformly Lipschitz stable if there exist M > 0 and 6 > 0 such that if ¥ : [a, ] — B, tp < a <
B < +oo, is a function of bounded variation on [«, f] and it is left continuous on («, B] such
that

[X(@)]| <o

Vara< / DG(% ><5

|1X(8)]] < M||x(«)|| forallt € [a,B].

and

then

In the next lines, we introduce the concept of Lipschitz stability for generalized ODEs.
Definition 3.2. The trivial solution x = 0 of the generalized ODE (2.1) is said to be:

i) uniformly Lipschitz stable if there exist M > 0 and § > 0 such that, if ¥ : [a, 8] — B,
to <o < B < 409, is a solution of the generalized ODE (2.1) on [, B] such that
[x(a)] <6
then
X[ < M[x(a)|| forall £ € [w, p].

ii) uniformly globally Lipschitz stable if there exists M > 0 such that, if ¥ : [a,f] — Bc
to <o < B < 409, is a solution of the generalized ODE (2.1) on [«, ], then

1Z(t)]] < M||x(«)|| forall t € [a,B].

Note that, if the trivial solution x = 0 of the generalized ODE (2.1) is variationally uni-
formly Lipschitz stable, then it is uniformly Lipschitz stable.

In what follows, we establish conditions under which the trivial solution of (2.1) is varia-
tionally uniformly Lipschitz stable. We shall need the following auxiliary result whose proof
can be found in [10], pages 395—-400.

Lemma 3.3 ([10, Lemma 1]). Let G € F(Q,h). Suppose V : [tg,+o0) x X — Ry is such that
V(-,x) : [to, +00) — Ry is left continuous on (tg, +00) for x € X and satisfies

V(D) -V <Klz—yl, 2y €X, te [t +o),
where K > 0. Suppose, in addition, that there is a function ® : X — R such that, for every solution
x : [a,b] — X of (2.1) with [a,b] C [to, +00), one has

DV (t, x(t)) = limsup L LEF ”'x(”Z)) —VXO) - pier)), e labl.
n—0+

Ifx:[a,B] = X, to <a < B < +o09,is left continuous on («, B] and of bounded variation on |, B,
then

V{B,F(B)) - V() < Kvarl (65) ~ [ DG(r(r)0)) + M(B - ),
where M = sup, 1, g D(x(t)).
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Theorem 3.4. Let V : [to,400) X B, — Ry be a function, where B, = {y € X : |ly|| < p},
0 < p < c. Suppose V satisfies the following conditions:

(i) V(t,0) =0 forall t € [ty, +o0);
(ii) V(-,x) : [to, +00) — R is continuous from the left on (to, +o0) for all x € B,;
(iii) There is a positive constant K such that

V(t2) - V(ty) <Klz—yll,  t€ [to,+00), 2,y € By

(iv) There is a monotone increasing function b : [0, +00) — [0, +o0) satisfying b(0) = O such that
V(t,x) > b(||x||) forall t € [t, +00) and x € By;

(v) For all solution x : [a, B] — Ep of (2.1), one has

V(t+n,x(t+n)) = V(tx(t) <0, t € [a,B].

DV (t,x(t)) = limsup
n—0+ n

Then the trivial solution x = 0 of (2.1) is variationally uniformly Lipschitz stable.

Proof. LetX : [a, B] — B, be a function of bounded variation on [«, 8] and continuous from the
left on («, B], with [«, B] C [to, +0). By Lemma 3.3, we have

V(t,E() — V(a,%(a)) < Kvar? < / DG(x(7), 1) > forallt € [0, 8], (3.1)
and properties (i) and (iii) yield
V(e X(a)) < K|[x(a)]- (3.2)

Choose ¢ > 0 in such a way that the inequality 0 < b(e) < b(||x(a)|| + ¢€) holds. Let 6 > 0
be such that 2Ké < b(e). If

IF(a)| <6 and Vara< /DG ), ><5
then (3.1) and (3.2) imply

V(t,x(t)) <2Ké < b(e) < b(||x(a)| +¢), t € [, Bl (3.3)
On the other hand, by (iv), we have

V(L x(#) = b(Ix()), e apl. (34)
Since b is an increasing function, we conclude that
O < [x@)+e  telapl,

by (3.3) and (3.4).

By taking M = 1 in Definition 3.1, we get the result, since ¢ > 0 can be as small as we want
it to be. O
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The following result presents conditions under which the trivial solution of (2.1) is uni-
formly globally Lipschitz stable.

Theorem 3.5. Let V : [to,4+00) x B, — Ry be a function satisfying conditions (i), (ii), (iii) and (v)
of Theorem (3.4) and such that:

(iv’) V(t,x) > ||x|| for all (t,x) € [to, +00) X By,
Then, the trivial solution x = 0 of (2.1) is uniformly globally Lipschitz stable.
Proof. Let X : [a, B] — B, be a solution of the generalized ODE (2.1) on [, f].
From Lemma 3.3 and (iv’), it follows that, for each t € [«, B],

(001 < Vi 5(0) < Vi 5(0) + Kvarf (5(6) [ DG(E(x),1) ) < K@),

since varh (x(s) — [T DG(x(7),t)) = 0 and V(a,x(x)) < K||X(a)| (see (3.2)). This completes
the proof. O

4 The correspondence between impulsive RFDEs and generalized
ODEs

In this section, we describe a certain class of retarded functional differential equations with
pre-fixed moments of impulsive effect. Then, we show that any solution of this class of RFDEs
with pre-fixed impulses admits a one-to-one correspondence with a solution of a certain class
of generalized ODEs. This correspondence is crucial to the proof of our main results.

4.1 A class of impulsive RFDEs
Consider the impulsive RFDE

y(t)=fwt), t#Fi t=t, )
Ay(t) =T (y (1), t=t, k€N, '
subject to initial condition
Yt = ¢, (4.2)

where ¢ € G~ ([-7,0],R") and f : G~ ([—r,0],R") x [ty, +00) — R". The impulse operators
Iy(x), k € IN, are bounded continuous functions from R" to R" and

Ay(t) = y(t+) —y(t—) = y(t+) —y(t)

forally € G ([tp — r,+0),R") and all ¢ > t.
With respect to the moments of impulsive effect t;, k € IN, we consider the following
conditions:

(C1) to < tpand ty < tgq fork € IN;
(C2) tp — 400 ask — +oo.

Remark 4.1. In this work, we do not consider the initial time fp as a moment of impulsive
effect.
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Let G1 C G~ ([to — 1, +00),IR") be an open set with the prolongation property that is, if y
is an element of G; and f € [fg, +0), then 7 given by

Mﬂ{y@rfor<t<h

y(f), E<t< +oo,

is also an element of G;. In particular, any open ball in G~ ([tp — 1, +o0),R") has this property.

Let R"” be the n-dimensional Euclidean space with norm |-|. We assume that f :
G ([-r,0],R") x [tg,+o0) — RR" is such that, for every y € Gy, t — f (y;,t) is Lebesgue
integrable on [tp, +o0) and moreover:

(A) There is a Lebesgue integrable function M : [tg, +00) — R such that for all x € G; and
all uy, up € [ty, +0)
u

< / ’ M (s)ds;
u

1

/uuzf(xs,s) ds

(B) There is a Lebesgue integrable function L : [y, +o0) — R such that for all x,y € G; and
all uy,up € [i’o, +oo)

[ (o) = £ ()] ds

1

U
< [ L) % -yl s
Ui

For the impulse operators I : R" — R", k € IN, we assume:
(A’) There is a constant K; > 0 such that for all k € N and x € R” we have

|Ik(x)| < Ky;

(B”) There is a constant K, > 0 such that for all k € IN and x,y € R" we have
Te(x) = Ie(y)| < Kafx —y].
Consider the following definition of a solution of the initial value problem (4.1)-(4.2) on
some interval [ty — 7ty + o] for ¢ > 0.

Definition 4.2. Let ¢ > 0 and consider the impulsive RFDE (4.1)-(4.2), where f :
G~ ([-r,0],R") x [to, to + ¢] — R", and for every y € Gy, t — f (y:,t) is Lebesgue integrable
over t € [ty, tp + 0]. If there is a function y € G; such that

(i) v (f) = f (ys t), for almost every t € [to, to+ 0]\ {s € [to,to+ 0] : s =, k€ N};
(i) y(t+) =y () + I (v (1), t = & € [to, to + 0], ke N;
(iii) for each k € IN, the function y, given by
Yi(te) = y(tet)
ye() = Qy(t), ift € (tetei),
Y(ter1) = y(t )
is absolutely continuous on [, txi1].
(IV) yto - 4)/

then vy is called a solution of (4.1) on [ty — 7, to + o] with initial condition (¢, ty).
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Let us consider the initial value problem (4.1)-(4.2) and assume that the function
f: G ([-r,0],R") X [to, to + 0] — R" is such that, for every y € Gy, t — f (y;,t) is Lebesgue
integrable over [to, tg + ¢]. Then it is not difficult to see that y € Gj is a solution of (4.1)—(4.2)
on [ty —r,to + o] if, and only if,

(P(t - tO)/ t e [to -1, to],

A P /tf<ys,s)ds+f1k<y<fk>>f te ltoto+al,
to k=1

where missuchthattfy <t <t < - - <t, <tg+o.

m
Remark 4.3. The sum Y I;(y(tx)) can be rewritten as
k=1

ki Hy, () He (8) I (y (£)),
=1

where m is such that t) < t; < t, < --- < t;; <ty + ¢ and H;, denotes the left continuous
Heaviside function concentrated at #, that is, the function given by

H (t) 0, for to <t< tk,
k =
1, for t > t.

4.2 Impulsive RFDEs and generalized ODEs

The results of this section can be found in [5] and they are only exposed here to provide a
good understanding of the whole work to the reader.

Let tp > 0, ¢ > 0 and r > 0. Suppose conditions (A) and (B) of the previous subsection
are satisfied for the application f (¢,t) : G~ ([—r,0],R") x [to, to + 0] — R" on the right-hand
side of (4.1). Then, for y € Gy and t € [to, tp + 0], define

0, to—rgﬂgtoorto—rgtgto,
9
F(y,t)(8) = /to fys,s)ds, to<®<t<to+o, (4.3)

t
/f(ys,s)ds, thh<t<d<ty+o.
to

Thus, for each pair (y,t) € Gy X [to, to + 0], equation (4.3) defines an element F (y,t) of the
space C ([to —r,to + 0], R") of continuous functions from [ty — 1,y + o] to R", that is,

F:Gp x [to,to—l—O’] — C([to — 71,1t —|—(7],]Rn)
and F (y,t) () € R" is the value that F (y,t) assumes at a point T € [ty —r,fp + 0].

As proved in [5], F € F(Q, hy), with hy : [to, to + 0] — R given by

hi(t) = /t[M(s) + L(s)]ds, t € [to, to+ 0. (4.4)

fo

The function h; is absolutely continuous and nondecreasing, since M, L : [ty, fp + 0] — R are
non-negative and Lebesgue integrable functions.
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Now, let us assume that conditions (C1) and (C2) are satisfied. For y € G and t €
[to, to + o], define

J(9,60(8) = Y. Hiy (0 Hi, (8) ey (1), @5)
k=1

where ¢ € [tg — 1, to + 0.
As in [5], one can show that | € F(Q, hy), where h; : [to, tp + 0] — R is given by

m
ha(t) = max(Ky, Kz) Y Hy, (1) (4.6)
k=1
It is easy to verify that h; is a nondecreasing real function which is continuous from the left at
every point.

Taking F(y,t) given by (4.3) and J(y, t) given by (4.5), define for y € G; and t € [to, to + 0],

Gy, )(8) = Fy, )(8) + ] (v, £)(9), (4.7)

where @ € [tg —r,to + ¢]. Then the value of G(y,t) belongs to G~ ([to — 1, to + ¢],R"), that is,
we have
G:Gy x [to,to —|—0’] — Gf([t() —7r,ty+ U],JR”).

Besides, the function G given by (4.7) belongs to the class F(Q), ), where Q) = G; X [to, to+0]
and h = hy + ho.

Assume that the functions f and I in equation (4.1) satisfy conditions (A), (B), (A") and
(B’) of the previous subsection and that the impulsive moments #; satisfy conditions (C1) and
(C2). Consider the generalized ODE

dx

17 = DG(x,t), (4.8)

where the function G is given by (4.7).
Now, we proceed to establish the correspondence between the impulsive RFDEs and a
class of generalized ODEs on each compact interval [ty — 7, + 0], ¢ > 0.

Lemma 4.4. Let x be a solution of (4.8) on the interval [to,to + 0|, with G given by (4.7) and with
initial condition x (to) € Gy given by x(to)(9) = ¢(9) for & € [to — 1, to] and x(ty) () = x(to)(to)
for © € [to, to + 0]. Then if v € [to, to + 0], we have

x(v) (8) =x(v) (v), 0 >v, 0 € [ty ty+0] (4.9)

and
x(0) (9) =x(9) (9), v>19, 0 € [t to+0]. (4.10)

The next results give a one-to-one relation between the solution of the impulsive system
(4.1)-(4.2) and the solution of the generalized ODE (4.8) with initial condition described in
terms of the initial condition of (4.1)—(4.2).

Theorem 4.5 (Theorem 3.4, [5]). Consider system (4.1)—(4.2), where for every y € Gy, the function
f : G ([-r,0],R") x [to,to+0] — R" is such that t — f (yst) is Lebesgue integrable over
[to, to + o] and conditions (C1) to (C5) and (A), (B), (A’), (B') are fulfilled. Let y be a solution
of system (4.1)—(4.2) on the interval [ty —r,to + o). Given t € [to, to + 0], let

Jy(®), dcfto—nt],
x(t)(ﬂ){y(t), 0c it ol (4.11)
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Then x (t) € G~ ([to — 1, to + ], R™) and x is a solution of (4.8) on [to, to + ] with initial condition

4)(19), % e [to—?’,to],
y(t), l9€[to,t0—|—0’].

Theorem 4.6 ([5, Theorem 3.5]). Let G be given by (4.7) and let x be a solution of (4.8) on the
interval [ty, to + 0] satisfying the initial condition

() (®) p(0—ty), to—r <9<ty
X =
’ x(bo)(ty), o< B <to+o,

where ¢ € G~ ([—r,0],R"). For every 0 € [ty — 1, to + 0], let

. {x (to) (8), to—r <0<t W)

x(19)(19), <9 <ty+o.
Then y is a solution of system (4.1)—(4.2) on [ty — 1, ty + 0.
Now, consider the generalized ODE (4.8). Let t* € [tg,+o) and ¢ € G~ ([-r,0],R") be

given and define a function X € G; by

w8 {(])(ﬁt*), for 9 € [t* —1,17], .
$(0), for & € [t*, +00).

Looking at the initial value problem (4.8)—(4.13), Theorem 2.6 together with Theorems 4.5
and 4.6, can be used to obtain the following local existence and uniqueness result.

Theorem 4.7. If conditions (C1), (C2), (A), (B), (A") and (B') are fulfilled and if X € G given by
(4.13) is such that
%(9) + Hy, (0) (R(+")) € Gy, (414)

when t* = t for some k € IN, then there is a A > 0 such that, in the interval [t*,t* 4+ A], there is a
unique solution y : [t*,t* + A] — R" of the impulsive REDE (4.1) for which y; = ¢.

By Theorem 2.6, for x € Gy, the relation
Xp =X+G(Xt'+) - G(x,t") € Gy

is needed. This condition assures that the solution of the initial value problem (4.8)—(4.13)
does not jump out of the set G; immediately at the moment t*. Notice that, in our situation,
where the function G is given by (4.8), we have

G(Ft'+)—G(F 1) =0, ift' £t,k=12,...,m

and
[G(X, t"4) — G(X,t%)](9) = H, (O) L (X(t7)), ift'=t, k=12,...,m (4.15)

and (4.15) implies condition (4.14) in Theorem 4.7.
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5 Lipschitz stability for impulsive RFDEs

We consider the RFDE with impulse action (4.1)—(4.2) and we assume that conditions (C1),
(C2), (A), (B), (A’) and (B’) of the previous section are fulfilled.
In the sequel, we consider

f(0,t) =0 forevery t and I(0) =0, k € N,

so that the function y = 0 is a solution of the impulsive RFDE (4.1) in any interval contained
in [to , —I—OO)

Our goal in this section is to present Lipschitz stability results for the trivial solution of the
impulsive RFDE (4.1) through the theory of generalized ODEs using Lyapunov functionals.

Given ¢ > 0, let p be such that 0 < p < ¢. Consider the sets E. = {¢y € G~ ([—r,0],R") :
[l <c}, Eg ={yp € G ([-r,0L,R") : ||| <p}and By ={yp € G1: [|g]| <p}.

The following concept of Lipschitz stability of the trivial solution of (4.1) was investigated
in [3] and [4], for instance.

Definition 5.1. The trivial solution y = 0 of impulsive RFDE (4.1) is said to be:

(i) Uniformly Lipschitz stable if there exist M > 0 and é > 0 such that, if ¢ € E. and ¥ :
[to — 7, +00) — IR" is a solution of (4.1) such that 7, = ¢ and ||¢|| < 4, then

[Y(t to, )] < M||p|| forall t > to;

(ii) Globally uniformly Lipschitz stable if there exists M > 0 such that, if ¢ € E; and ¥ :
[tp — 7, +00) — IR" is a solution of (4.1), with Y, = ¢, then

(¢ to, ¢)| < Ml|¢]|  forall £ > to.

Given t > ty and a function ¢ € G~ ([—r,0],R"), consider the impulsive RFDE (4.1) with
initial condition y; = ¢. We also consider the generalized ODE (4.8) subject to the initial
condition x(t) = X, where X(7) = ¢(t—t), fort —r < 7 < t, and X(1) = ¥(0), for T > .
Assume that X, = X+ G(X,t+) — G(X,t) € Gy. By Theorem 4.7, there is a unique local solution
y: [t—r,v] = R" of the impulsive RFDE (4.1) satisfying y; = 1. By Theorem 4.5, we can find a
solution x : [t,v] — G ([t,v], R") of the generalized ODE (4.8), with initial condition x(f) = X.
Then x(t)(t+6) = y(t + 0) for any 6 € [—r,0] and, therefore, (x(t)); = y;. In this case, we
write Yty = Yiiy(t, ¢) for every > 0. Then, for U : [tg, +00) x G~ ([-7,0],R") — R, we

define u u
t 7 t, - t/ tl

n—0+ Ui

On the other hand, given t > ty, if ¥ € G~ ([t — 1, +00),R") is such that X(7) = (T — 1),
t—r <t <t and X(1) = ¥(0), T > t, then, by Theorem 2.6, there exists a unique solution
x:[t,79] = G~ ([t, 7], R") of the generalized ODE (4.8) such that x(t) = X, with [t, 7] C [t, +00).
By Theorem 4.6, we can find a solution y : [t —r,0] — R" of (4.1) which satisfies y; = ¥
and is described in terms of x. In this case, we write xy(t) instead of x(t) and we have
yi(t, ) = (xy(t))r = . Consequently, (t,xy(t)) — (t,y:(f,¢)) is a one-to-one mapping, and
we can define a functional V' : [ty, +00) x G; — R4 by

V(t xy(t)) = Ut yi(t, ). (5.1)
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Then we have
V(t+n,xp(t+1)) — V(txyp(t))

DTU(t, ) = limsup , t > to. (5.2)
7—0% n
Remark 5.2. With the previous notations, given t > to, we have [|y;(t,¢)|| = [|xy(t)]|, since
et )l = llyell = sup |y(t+6)[ = sup [y(z)[ = sup |xy(t)(7)]
—r<6<0 t—r<t<t t—r<t<t
= sup  [xp(t)(D)] =[xy (D),
t—r<t<4o00

where we used Theorem 4.5 to obtain the fourth equality.

We proceed to show that the function V given by (5.1) satisfies some properties, provided
the function U also satisfies some similar properties.

Lemma 5.3. Let U : [ty, +00) X E, = Ry and V : [tg,+00) X B, — R beas in (5.1). The following
statements are valid:

(i) IfU(t,0) =0 for all t > to, then V(t,0) = 0 for all t > to;

(ii) If U(-,9) : [to,+00) — Ry is continuous from the left on (tg,+oco) for all € E,, then
V(-,z) : [to, +00) — Ry is continuous from the left on (t, +oo) for all z € By;

(iii) If there exist a constant K > 0 such that

\u(t, ) —U(t, )| <Kl|lp— || forall p,¢ € E,,

then
\V(t,z) = V(ty)| <K|z—yl| forallzy < B,

Proof. Ttem (ii) follows immediately from Definition 5.1.

Given t > tgpand ¢, P € fp, lety,y,y: [t —r,+00) — R" be solutions of equation (4.1) such
that y; = ¢, ¥, = ¢ and j; = 0. Suppose x, ¥, X are solutions on [t, +o0) of the generalized
ODE (4.8) given by Theorem 4.5 with respect to y,j and ¥ respectively. Then (x(t)); = y: = ¢,
(X(t))t =¥, = ¥ and (X(t)): = i = 0. By Remark 5.2, xy(t), x5(t) € By.

Let V : [ty, +o0) x G; — Ry be given by (5.1). We will prove i) and iii).

(i) 0 = U(t,0) = U(t7:(t,0)) = V(t,Xx(t)) = V(t0), since x(f)(t) = 0 for all T (see
Theorem 4.5), that is, X(t) = 0.

(ii) From (5.1), it follows that

[Vt xp(t) = V(I x5(1)| = (U ye(t ) — ULy, (8 )| = [U(E 9) — U )|
Then by Remark 5.2, we obtain
[V (t,xp(5) = V(£ F(0)] < Kllgp =Bl = Kllxy (1) = x| 53)
It is clear that, given t > tp and z,z € Ep, there exist solutions x and x of the generalized

ODE (4.8) with initial conditions ¢ and ¢ respectively, ¢, € G~ ([—r,0],R"), such that z =

le(t), (xlp(t))t = yt(t, lp), zZ= Ea(t) and (Y$(t))t = yt(t’ﬁ)’ by Remark 5.2.
Since

[l = llye (&, )| = llxp (O = [l2[] <o
and
[l = 17:(t, )| = x5O = [zl < o,
by (5.3), we have that |V (t,z) — V(t,z)| < K||z — z|| which completes the proof. O
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Theorem 5.4. Let 0 < p < cand U : [tg, +00) x E, — Ry be such that:
(i) U(t,0) =0 forall t > ty;
(ii) U(-, ) : [to, 00) — R is continuous from the left on (to, +o0) for all p € E,;
(iii) there exists a positive constant K such that |U(t, ) — U(t, ¢)| < K|y — ¢|| for all , ¢ € E,;

(iv) there exists a monotone increasing function b : Ry — Ry such that b(0) = 0 and U(t, ) >

b (I¢ll) for all y € Ey;

(v) for all solution y : [w —r, B] — E, of impulsive RFDE (4.1), with tg < a < B < +o0, one has
DtU(t,y:) <O0forallt € [a, B

Then the solution y = 0 of (4.1) is uniformly Lipschitz stable.

Proof. Consider V : [to, +00) X B, — R given by (5.1). By Lemma 5.3, V(-,z) : [to, +00) — R
is continuous from the left on (tg, +-o0) for all z € B,,

V(t,0) =0, fort € [ty +o0)

and
|V(t,z) = V(t,Z)| <K|z—Z|, forte [ty,+o0)and z,Z € B,.

Furthermore, by relation (5.1) and conditions (iv) and (v), the functional V satisfies condi-
tions (iv) and (v) of Theorem 3.4. Then, all hypotheses of Theorem 3.4 are satisfied. Therefore,
there exist M > 0 and 6 > 0 such thatif ¥ : [, ] — B, to < & < B < +00, is a function of
bounded variation on [, 8] and it is left continuous on (&, B] such that

[x(a)]| <6
and .
varh (x(s) —/X DG(x(r),t)) <4,

then
|X(t)]| < M||x(a)|| forall t € [a,B].

Letp € E, and 7 : [tg — 1, +00) — RR" be a solution of (4.1) such that Y, = ¢ and

¢l < 0. (5.4)
We need to prove that
y(t to, p)| < Mll@ll, € [to, +-00). (5.5)
Let us denote i, = ¥,(to, ¢) and define
_ y(T)/ tO—T’STSt,
x(t)(1)=4" (5.6)
y(t), 7>t

By Theorem 4.5, X(t) is a solution on [tg, +00) of the generalized ODE (4.8) satisfying the initial
condition X(ty) = X, where
X(1) =

{¢(r—t0), to—r <1<t 57)

(P(O), T Z t().
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Furthermore, X is of locally bounded variation on [ty, +0).
By (5.4) and (5.7), we have

[X(to)l[ = sup  [X(7)] = [lo]| <. (5.8)

to—r<t<400

Also, for any v € [tg, +00), we have

var? <x(s) _ [ DG(x(T),t)> —0<s. (5.9)

to

Hence, there exists M > 0 such that ||X(¢)|| < M||X(to)|| for every t € [to, v]. In particular,
[x(@)[l < Ml[x(to)
Then (5.6) implies that

O] <yl = sup [y(t+0)| < sup [y(7)]

—r<0<0 to—r<t<v
= sup [x(0)(7)]= sup [x(0)(7)] (5.10)
to—r<t<v to—r<t<400

= [[X(@)[| < M[x(to)[| = M[ol],
for any t € [to, v]. Since v is arbitrary, (5.5) holds and the proof is complete. O

Theorem 5.5. Assume that U : [to, +00) x E, — Ry satisfies conditions (i), (ii), (iii) and (v) from
Theorem 3.5 and, in addition,

iv) U(t,9) = ||l for all € E,.
Then the trivial solution y = 0 of (4.1) is globally uniformly Lipschitz stable.

Proof. It is simple to verify that the functional V : [ty, +00) x Ep — Ry given by (5.1) satisfies
all condition of Theorem 3.5. Then, there exists M > 0 such that, if X : [a, 8] = By, tg < a <
B < 409, is a solution of (4.8) on [«, B], then

X[ < M[x(a)|| forall £ € [w, p].

Let ¢ € E, and 7 : [fo — 1, +00) — RR" be a solution of (4.1) such that v, = ¢ . To prove
that
y(t to, @) < Ml|gpll, ¢ € [to, +-00), (5.11)

it is enough to follow the steps of the proof of the previous result. O

6 Example

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:

{y'u) = yI<t>[a +by(t—r) —cyP(t—7)], t# b, >0 61)
= Ik

Ay(t) = L(y(t)), t=ty, kN,

where r > 0 characterizes the maturity of the population, a,¢ € (0,+0), b € R are constants,
and the impulse operators Iy, k € IN, characterize the value of the increase or decrease of
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the population under the action of external perturbations (for example, human action) at the
moments 0 < t; < tp < --- and limy_,« tx = co. This model was proposed by Gopalsamy and
Ladas in [7], and it was also studied by Bainov and Stamova in [3].
Let ¢ : [—7,0] — Ry be a continuous function. The initial conditions for (6.1) are assumed
to be as follows:
y(s) =¢(s) >0 for —r<s<0, y(0)>0.

Let p > 0 be such that |y(t)| < p and |y(t —r)| < p for t > 0.
We will assume that the impulse operators Ii, k € IN, satisfy the following conditions:
(B1) I(0) =0 for all k € IN;

(B2) there exist a constant K; > 0 such that for all k € IN and x € R, we have

|Ik(x)| < Ky;

(B3) there exist a constant K, > 0 such that for all k € N and x,y € R, we have
[k (x) — L(y)| < Ko|x —yl;

(B4) xIi(x) < 0 for all x # 0.

For each t > 0, let f(y:, t) = y(t)[a + by(t — r) — cy?(t — r)]. It is not difficult to verify that
f satisfies conditions (A) and (B) since |y(t)| < p and |y(t —r)| < p for t > 0.

We will show that the trivial solution of system (6.1) is uniformly Lipschitz stable if
bp < —a. In order to do this, we define an auxiliary function W : R — R by W(s) = |s|.
We claim that for each solution y of (6.1) on a compact interval I C [0, +00), we have
D*W(y(t)) < 0 for all + > 0. Indeed, we will consider two cases: when t = #; for some
k € N and when t # t; for any k € IN.

Case 1: If t # t; for k € IN, then:

@) if y(t) > 0, we obtain

DEW(y(t)) = y'(t) = y()a + by(t — 1) — cy*(t = )]
< y(t)[a+by(t —1)] < pa+bp* < pa—ap =0,

since ¢ > 0, y?(t —r) > 0, and bp < —a.
(i) If y(t) < 0, we have
DTW(y(t) = =/ (t) = —y(t)[a+ by(t —r) —cy*(t = )] < —y()[a + by(t — )] <0,
since y(t)cy?(t —r) <0, —y(t) > 0,and a+ by(t —r) < a+bp <O0.
Case 2: On the other hand, if t = t; for some k € IN, then:
(i) if y(tx) > 0, we have
0 < (1—-Ky)y(te) < I(y(te)) +y(te) < y(te),

by (B1), (Bs), and (By). Thus, W(Ix(y(t)) + y(tx)) < W(y(k))-
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(i) If y(#) < 0, we get
y(t) < L(y(t)) +y(k) < (1 - Ka)y(t) <0,

that is, W(L(y(t)) + (k) < W(y(te)).

Therefore, we can conclude in both cases that
W(y(t)) < W(y(t)).
From the continuity of W, it follows that

W(y(t)) = lim W(y(e)) < W(y(t))-

o—tf
Then, there exists a right neighborhood of t, say (t, tx + ¢) for some § > 0, such that
W(y(o)) < W(y(t)), for all o € (f, tx +9).
Let # > 0 be sufficiently small such that t, +# € (t,tx + J). Thus,

Wyt +1)) < W(y(t))

and
D Ws(t) — tim OB D) =Wk _ o
n—0" Ui
whence we can conclude that
D*W(y(t)) <0 forallt>0. (6.2)

Define a functional U : [0, +00) x G~ ([-7,0],R) — R by

U(t,¢) = sup W(¢(0)) = sup [¢(0)] = [l¢].

—r<6<0 —r<0<0

It is easy to verify that U satisfies conditions (i), (ii), (iii) and (iv) from Theorem 5.4.
We will prove that U satisfies condition (v) from Theorem 5.4, that is, DTU(t,y(t)) < 0 for
all t > 0. If 6y = 0, it follows from (6.2) that D™ U(t,y;) = DTW(y(t)) <O0.
Now, let —r < 6y < 0. For 17 > 0 sufficiently small, we have
sup W(yey(6)) = sup W(y(6))

—r<6<0 —r<6<0

and, hence,

sup W(yi4(0)) — sup W(y:(0))

—r<0<0 —r<0<0

DTU(t,y:) = limsup
n—0+ Ul

=0.

Therefore, Theorem 5.4 implies the solution y = 0 of (6.1) is uniformly Lipschitz stable.
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