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Abstract

We consider semidynamical systems with impulse effects at variable times and we discuss some prop-
erties of the limit sets of orbits of these systems such as invariancy, compactness and connectedness. As a
consequence we obtain a version of the Poincaré—Bendixson Theorem for impulsive semidynamical sys-
tems.
© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

The theory of impulsive semidynamical systems is an important and modern chapter of the
theory of topological dynamical systems. Interesting and important results about this theory have
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been studied such as “minimality,” “invariancy,” “recurrence,” “periodic orbits,” “stability” and
“flows of characteristic 07 .” For details of this theory, see [2-5,7,8] and [9], for instance.
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n [6], the author presents the theory of Poincaré—Bendixson for non-impulsive two-
dimensional semiflows. A natural question that arises is how the Poincaré-Bendixson theory
can be described in impulsive semidynamical systems.

In the present paper, we give results about limit sets for impulsive semidynamical systems of
type (X, r; £2, M, I), where X is a metric space, (X, 7r) is a semidynamical system, £2 is an open
set in X, M = 952 denotes the impulsive set and I : M — £2 is the impulse operator. Our goal,
however, is to establish the Poincaré—Bendixson Theorem in this setting.

In the next lines, we describe the organization of the paper and the main results.

In the first part of this paper, we present the basis of the theory of impulsive semidynamical
systems. In Section 2.1, we give some basic definitions and notations about impulsive semidy-
namical systems. In Section 2.2, we discuss the continuity of a function which describes the
times of meeting impulsive sets. In Section 2.3, we give some additional useful definitions.

The second part of the paper concerns the main results. Section 3.1 deals with various proper-
ties about limit sets. An important fact here is that we consider the closure of the trajectories in X
rather than in £2 as presented in [8]. Thus, our impulsive system encompasses the one presented
in [8]. Indeed, some new phenomena can occur. We begin this section with an example which
shows that the impulsive set can “destroy” the invariancy of a limit set in an impulsive semidy-
namical system. In the sequel, we study the invariancy, compactness and connectedness of limit
sets in impulsive semidynamical systems with a finite numbers of impulses. Then we consider the
more general case when the system presents infinitely many impulses and we obtain analogous
results. In the end of this section, we present an important theorem that will be fundamental in the
proofs of the results of Section 3.2. This theorem concerns an impulsive semidynamical systems
(X, ; £2,M, 1), where £2 is compact and x € £2, and it says that if a trajectory through x has
infinitely many impulses, {x,},>1, with x, & p, then the limit set of x in (X, 7; £2, M, ),
Lt (x), is the union of a periodic orbit and the point {p}.

In Section 3.2, we discuss a version of the Poincaré—Bendixson Theorem for impulsive
semidynamical systems. The main result states that given an 1mpu1s1ve semidynamical system
(R2,7; 2,M,1) and x € £2, if we suppose §2 is compact and L*(x) admits neither rest points
nor initial points, then Lt(x)isa periodic orbit.

2. Preliminaries

For the sake of selfcontainedness of the paper, we present the basic definitions and notation
of the theory of impulsive semidynamical systems we need. We also include some fundamental
results which are necessary for understanding the theory.

2.1. Basic definitions and terminology

Let X be a metric space and R, be the set of non-negative real numbers. The triple
(X, m,Ry) is called a semidynamical system, if the function 7 : X x Ry — X is continuous
with 7(x,0) =x and 7w (7w (x,t),s) =n(x,t + ), for all x € X and 7, s € R;. We denote such
a system by (X, 7, Ry) or simply (X, 7). When R is replaced by R in the definition above,
the triple (X, 7, R) is a dynamical system. For every x € X, we consider the continuous function
Ry — X given by 7, (t) = m(x, t) and we call it the motion of x.
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Let (X, ) be a semidynamical system. Given x € X, the positive orbit of x is given by
Ct(x) = {m(x,t): t € Ry} which we also denote by 7" (x). For t > 0 and x € X, we define
F(x,t) ={y: n(y,t) =x} and, for A C [0, +00) and D C X, we define

F(D, A)=| J{F(x.0): xe Dand 1 € A}.

Then a point x € X is called an initial point, if F(x,t) = for all t > 0.

Now we define semidynamical systems with impulse action. An impulsive semidynamical
system (X, ; £2, M, I) consists of a semidynamical system, (X, i), an open set §2 in X, a non-
empty closed subset M = 9£2 of X and a continuous function I : M — £2 such that for every
x € M, there exists &, > 0 such that

F(x,(0,e))NM=0 and x(x,(0,&,))N"M=0.

The points of M are isolated in every trajectory of the system (X, 7). The set M is called the
impulsive set, the function I is called the impulse function and we write N = I[(M). We also
define

MT(x) = (7T+(x) N M) \ {x}.

Given an impulsive semidynamical systems (X, 7r; £2, M, I) and x € X with M*(x) £ @, it is
always possible to find a smallest number s such that the trajectory m, (¢) for 0 <t < s does not
intercept the set M. This result is stated next and a proof of it follows analogously to the proof of
Lemma 2.1 from [2].

Lemma 2.1. Let (X, r; 2, M, 1) be an impulsive semidynamical system. Then for every x € X,
there is a positive number s, 0 < s < +o00, such that w(x,t) ¢ M, whenever 0 <t < s, and
w(x,s) e Mif M (x) # 0.

Note that here, in the present paper, 2 is any open set in X.
Let (X,7;$2,M,I) be an impulsive semidynamical system and x € X. By means of
Lemma 2.1, it is possible to define a function ¢ : X — (0, +o0] in the following manner

s, ifr(x,s)eMand r(x,t) ¢ MforO <t <s,

o) = {—l—oo, i Mt (x) = 0.

This means that ¢ (x) is the least positive time for which the trajectory of x meets M. Thus for
each x € X, we call w(x, ¢ (x)) the impulsive point of x.

The impulsive trajectory of x in (X, ; §2, M, 1) is an X-valued function 7, defined on the
subset [0, s) of Ry (s may be +00). The description of such a trajectory follows inductively as
described in the following lines.

If M*(x) =0, then 7, (t) = (x, ), forall t € Ry, and ¢ (x) = +00. However if MT (x) #£ @,
it follows from Lemma 2.1 that there is a smallest positive number sg such that 7 (x, so) = x1 € M
and w(x,1) ¢ M, for 0 < ¢ < sg. Then we define 77, on [0, so] by

: () m(x,t), 0<1<s0,
7o) =
! xf t = s0,

where x;” =1(x1) and ¢ (x) = s0.
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Since sy < +00, the process now continues from xfr onward. If M (xfr) = (), then we define
T (1) = JT(Xf_,l‘ —sp), for 5o <t < 400, and d)(fo) = +00. When M+(xfr) #+ ¢, it follows
again from Lemma 2.1 that there is a smallest positive number s1 such that Jr(xfr, s1))=x2eM
and Jr(xfr, t —s0) ¢ M, for 5o <t < so—+ s1. Then we define 7, on [sq, so + 51] by

- n(xfr,t—so), so <t <sg+ 51,
7Ty (1) = +
x2 ) I = 50 + 51,
where x; = I(xp) and ¢(fo) =51, and so on. Hence 7, is defined on [0, #,,41].

The process above ends after a finite number of steps, whenever M (x.7) = @ for some n.
Or it continues infinitely, if M*(x;F) # @, n =1,2,3,..., and if 7, is defined on the interval
[0, T (x)), where T (x) =Y 1o si.

It worths noticing as well that given x € X, one of the three properties hold:

(i) Mt (x) = ¢ and hence the trajectory of x has no discontinuities.
(ii) For some n > 1, each x,j, k=1,2,...,n, is defined and M* (x;7) = @. In this case, the
trajectory of x has a finite number of discontinuities.
(ii1) Forall k > 1, x,j is defined and M (x,j ) # (. In this case, the trajectory of x has infinitely
many discontinuities.

Let (X, r; £2, M, 1) be an impulsive semidynamical system. Given x € X, the impulsive posi-
tive orbit of x is defined by the set

Ctx)={7(x,0): t eRy},

which we also denote by 7+ (x). We denote the closure of C*(x) in X by KT (x).
Analogously to the non-impulsive case, we have standard properties presented in the next
proposition whose proof follows straightforward from the definition. See [3, Proposition 2.1].

Proposition 2.1. Let (X, m; £2,M,1) be an impulsive semidynamical system and x € X. The
following properties hold:

1) 7(x,0)=x,
(i) 7(mT(x,1),s)=a(x,t+s), forallt,s € [0, T(x)) such thatt + s € [0, T (x)).

2.2. Semicontinuity and continuity of ¢

The result of this section is borrowed from [4] and concerns the function ¢ defined previously.
The function ¢ indicates the moments of impulse action of a trajectory in an impulsive system
and the result is applied sometimes intrinsically in the proofs of the main theorems of the next
section.

Let (X, ) be a semidynamical system. Any closed set S C X containing x (x € X) is called
a section or a A-section through x, with A > 0, if there exists a closed set L C X such that

(@) F(L,2) =S;
(b) F(L, [0, 24]) is a neighborhood of x;
(c) FIL,w)NF@L,v) =0, for0 < nu < v < 2.
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The set F(L, [0, 2A]) is called a tube or a A-tube and the set L is called a bar.

Let (X, ) be a semidynamical system. We now present the conditions (TC) and (STC) for a
tube.

Any tube F(L, [0, 2A]) given by a section S through x € X such that S € M N F(L, [0, 21]) is
called TC-tube on x. We say that a point x € M fulfills the Tube Condition and we write (TC),
if there exists a TC-tube F(L, [0, 2A]) through x. In particular, if S =M N F(L, [0, 21]) we have
an STC-tube on x and we say that a point x € M fulfills the Strong Tube Condition (we write
(STC)), if there exists an STC-tube F(L, [0, 2A]) through x.

The following theorem concerns the continuity of ¢ and it can be proved in a similar way to
Theorem 3.8 from [4]. Recall that here §2 is any open set in X.

Theorem 2.1. Consider an impulsive semidynamical system (X, m; $2, M, 1). Assume that no
initial point in (X, ) belongs to the impulsive set M and that each element of M satisfies the
condition (TC). Then ¢ is continuous at x if and only if x ¢ M.

2.3. Additional definitions

Let us consider the metric space X with metric p. By B(x, §) we mean the open ball with cen-
ter at x € X and ratio 6. Let B(A,8) = {x € X: pa(x) <8} and B[A,d] ={x € X: pa(x) <6},
where p4(x) = inf{p(x, y): y € A}. Throughout this paper, we use the notation dA and A to
denote respectively the boundary and closure of a set A in X.

In what follows, (X, r; £2, M, I) is an impulsive semidynamical system and x € X.

We define the limit set of x in (X, r; £2, M, I) by

Lt(x) ={yeX: #(x,t,) — y, for some t, — +00}.
The prolongational limit set of x in (X, 7; £2, M, I) is given by
Aﬁ(x) = {y € X: w(xy,,t,) — vy, for some x, — x and 1, — +oo};
and the prolongation set of x in (X, mr; £2, M, ]) is defined by
f)+(x) = {y € X: 7 (xy,t,) > vy, for some x,, — x and t,, € [0, —|—oo)}.

For the case of semidynamical systems without impulses, we denote by L™ (x), J*(x) and
D™ (x) respectively the limit set, the prolongational limit set and the prolongation set of a point
x e X.

For a set K C X we consider L1 (K) = [ J{Lt(x): x € K}.

Let A C X. We say that A is minimal in (X, m; $2,M, 1), whenever A = IZ+(x) for each
x € A\ M. (This definition is due to S.K. Kaul (see [9]).) If 7T(A) C A, we say that A is 7-
invariant.

A point x € X is called:

e a stationary or rest point with respect to 7, if w(x,t) = x forall r > 0,

e a periodic point with respect to 7, if 7 (x, t) = x for some ¢ > 0 and x is not stationary,

e a regular point, if it is neither a rest point nor a periodic point.
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For results concerning the stability and invariancy of sets in an impulsive system, the reader
may want to consult [2,3,5,8].

3. The main results

We divide this section into two parts. The first part concerns some properties about limit sets.
In the second part, we consider a version of the Poincaré—Bendixson Theorem for impulsive
systems.

Let (X, m; £2,M,I) be an impulsive semidynamical system. We assume that each element
of M satisfies the condition (TC) and that no initial point in (X, ) belongs to the impulsive
set M, that is, given x € M one always has y € X and ¢ € R such that 7 (y, ) = x. Under these
conditions, ¢ is always continuous on X \ M (Theorem 2.1).

3.1. Limit sets in impulsive semidynamical systems

A lot of typical properties of non-impulsive dynamical systems are not present in systems
subject to impulse effects. On the other hand, impulsive systems can present interesting and
unexpected phenomena as “beating,” “dying,” “merging,” noncontinuation of solutions, etc.

In this section, we discuss some properties of the limit set of an orbit in an impulsive semidy-
namical systems. We are mainly concerned with semiflows 7, x € X, defined on [0, 4+00).

In [8], the author considers impulsive semidynamical systems (Xr; §£2, M, I) with the property
that KT (x) is the closure of C*(x) in £2. The author defines

Ltx) = {ye: 7(x,1,) > y, for some t, — +oo},

T+(x) = {y € 2: 7(x,,t,) > y, for some x, — x and t,, — —|—oo}
and
ﬁ+(x) = {y € 2: w(x,,t,) — y, for some x, — x and ¢, € [0, —|—oo)}.

Note that the elements of L™ (x), Tt (x) and D+ (x) are taken in §2. Therefore these sets are closed
in £2.

The definition of impulsive semidynamical system we use here is more general than the one
presented in [8], because we consider the closure of Ct (x) in X and the elements of Lt (x),
T (x) and D+ (x) belong to X and not necessarily to £2. Due to this apparently slight difference
in the definitions, a new phenomenon that is not present in the impulsive systems considered
by [8] can occur in our impulsive systems. For instance, in [8, Lemma 2.6], the author proves
that given an impulsive semidynamical system (X, 7r; £2, M, I) and x € §2, the limit set Lt (x) is
closed and 7 -invariant. But, in our case, LT (x) is not necessarily 77-invariant. The next example
clarifies this aspect.

Example 3.1. Consider the impulsive differential system in R? given by

X1 =x1,
{562=0, (D)

I:M— N,
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Fig. 1. Trajectories of the impulsive system (1).

where M = {(x1, x2) € R%: x12 + x% =9}, N = {(x1, x2) € R%: x12 + x% = 1} and the operator |
assigns to every point x € M a point y € N which is on the ray joining x to the origin in R?.
The trajectory of the system

{’:“:xl’ )

xp =0,

with initial condition (x1(0),x2(0)) = (1,2) is (x1(¢), x2(¢)) = (e’,2) for all + > 0. At time
t = In+/5, the solution of the system (2) meets the circle M. Then the impulse operator I trans-

fers the point (+v3,2) to 1(x/5,2) = ( 3 3) Thus the solution of the impulsive system (1), with
initial condition (x1(0), x2(0)) = (1, 2), on the interval [0, In /5] is given by

) = (ef 2), 0<r<In+/5,
X
(£.2), 1=InV5.

Now the solution of system (1) starts at ¢t = lnﬁ in ( 3 ,3) Let us consider the sys-
tem (2) with initial condition (x1(0), x2(0)) = (T’ 3). Then, the trajectory of the system (2)
is (x1(t), x2(2)) = (ie’, %) Att=1In ?, the solution of (2) with initial condition (g, %)
meets the circle M. Again, the operator I transfers the point ( 3 , 3) to the point ( ). Thus
the solution X (7) of (1) is defined for Inv/3 < ¢ < ln\/; +1In+/5=1In+/77 and it is given by

cy 2 [ G VS < <V,
X =
(@,%), t =1n+/77.

The evolution process above continues indefinitely as shown by Fig. 1.
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Let Py = (x1(0), x2(0)) = (1,2) and P; = (1,0). Then the limit set i+(P0) equals [1, 3] x
{0} = 6+(P1) U {(3,0)}, where (~3+(P1) is a periodic orbit of period 2. Note that considering the
point (3,0) € L+ (Py), we have C ' ((3,0)) = [3, +00) x {0} which means that Lt (Py) is not
7T -invariant.

This example shows that the impulsive set M can “destroy” the invariancy of an orbit if one
considers the closure of a set in X rather than in £2. The next result solves this problem and its
proof follows the steps of Lemma 2.4 from [8].

Lemma 3.1. Given an impulsive semidynamical system (X, m; 2, M, 1) and a mw-invariant set
A C £2, then AN $2 is w-invariant.

Remark 3.1. Since L (x), x € £2, may not be 7-invariant, it follows that J* (x) and DT (x) are
not necessarily 77 -invariant.

The following result will be very useful. It is a new version of Lemma 2.5 from [8]. Here we
consider X as the phase space and we do not require that the sequence {x, },> converges in £2.
The proof follows as in [8].

Lemma 3.2. Let (X,m;2,M,1) be an impulsive semidynamical system. Suppose p € 2
(p= par), M*(p;) # @ for all n € N and there exists a subsequence of {p;},>1 converging
in 2. Then, T = Z:ﬁ?) G (p;h) is infinite.

In the sequel, we present a series of properties of limit sets in impulsive semidynamical sys-
tems. We state conditions so that properties such as invariancy, connectedness and compactness
hold.

As we did before in the description of a trajectory of a flow of an impulsive system, given
x € §2, we write

Xn =71(xjL 1,¢(x+_1)), forn=1,2,...,

n— n

where x :)car and x,” =1(x,),n=1,2,....

Given x € §2, we have Ct (x) "M = @, because [(M) C £2. Thus the flow through x in an
impulsive semidynamical system has no points in M. Note as well that if x is not an initial point
of an impulsive semidynamical system, then x ¢ M. However, if x € M, then x is an initial point
in a given impulsive semidynamical system, since y € X and s € R cannot exist simultaneously
satisfying 7 (y,s) = x. (Note that x € M is an initial point in the “impulsive sense” since no
initial point in (X, 7r) belongs to the impulsive set M, that is, F(M, ¢) £ ¢} for all t € R;..)

The first result we present says that the convergence of the sequence {x,},>1 implies the
convergence of {x, },>0.

Lemma 3.3. Let (X, r; 2, M, 1) be an impulsive semidynamical system and x € 2. If {x,}n>1
is convergent in M = 082, then {x;" }n>0 is convergent in 2.
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Proof. Let {x,},>1 be convergent in M = 3£2. Then we can suppose that x, lind 5N p, where

p €M =082, because {x,},>1 CM and M is closed. Since I is a continuous function, we have
I(xp) 2522 1(p).

But, since I(x,) = x;F, it follows that

Hence {x,jr }n>0 is convergent in §2, since IM) C £2. O
The next lemma says that the limit set of the trajectory through x intercepts the set M.

Lemma 3.4. Given an impulsive semidynamical system (X, m; £2,M,1) and X € §2, suppose
M (x;5) # @ for all n € N and {x,}, >1 admits a convergent subsequence. Then Lt(x)NM # 0.

Proof. We can suppose Xxp; k=>oo, peMwithng <np<ny <---<np<---. We have
Jr(x;;, [0, ¢(x;j())) C CT(x) fork =1,2,.... Thus we can choose a sequence of real numbers,

{Ang k=1, such that 0 < A, < ¢>(x,;;) forall kK > 1 and

P (ke #(77)) =0, 3)

Now, let us define y,, = (x, . A,) for k=1,2,... (see Fig. 2). Note that y,, € C*(x) for all
k e N.
Taking ¢, = Z';’;)] qb(x;.r) + Ap, for k € N, we have 1, K2H9%, 4 00, because by Lemma 3.2

4+ k—>+4o0

the series Z::g gb(x,;r ) is divergent. Since ¢ is continuous on §2 and x,, —— I(p) (because



E.M. Bonotto, M. Federson / J. Differential Equations 244 (2008) 2334—2349 2343

1(xn,) 22755 1(p)), it follows that ¢ (x;} ) X252 ¢ (1(p)) and, from (3), we have i, ==

¢ (I(p)). It follows from the continuity of 7 that

7 tg) = (x5, Ay ) 252 7 (1), ¢(1(p))) € M.

ni’
Hence, Lt (x) "\M#¢. 0O

Remark 3.2. Note that if we require that x, 2= p in Lemma 3.4, then 7(I(p), ¢ I(p))) = p

because we have x, 11 = 7 (x,", ¢ (x;1)) 12F%0, pand T(x P (x;)) 22F0 7 (U(p), p(I(p)))-

If, in Lemma 3.4, we suppose {x,},>1 is convergent, then it can be proved that Lt (x)NM s
a singleton, x € £2. This fact is stated next.

Lemma 3.5. Given an impulsive semidynamical system (X, ; §2,M,I) and x € §2, suppose
M+ (x;f) # W for alln e N and {x,},>1 is convergent. Then L*(x) "M is a singleton.

Proof. By the previous lemma, LT (x) N M # @, so let a, b € LT (x) N M. Then, there are se-

quences {ty}n>1, {kntn>1 CRy, 1 n—too, +00, K, 119, 1+ 50 such that

A, t) 22F2 0 and 7 (x, k) 222 b

For each n € N, there exist k(n), (n) € N*, k(n) 222 40 and r(n) 2=+ 00, such

that

=Y ¢(x") +in, with 0 <7, < (3.

i=0
and
r(n)—1
= 3 B07) s WO <R < (i)
i=0
Consequently,

fr(x,t,,):n(x,j(n),in) and fr(x,/cn)zn(x:zn),/?n).

+ + n——400

Supposing x, == p, it follows that x,, —— I(p), and since ¢ is continuous on §2, then

d)(x,’f ) n—too, ¢ (I(p)). Thus, there are subsequences {n,} and {n,} such that

- f—>+o00 — —+00
tn£—+>c and K,,jj—>d,

with 0 < ¢ < ¢(1(p)) and 0 < d < ¢(I(p)). Then,

7, b)) s w(I(p), ) and 7 (x, kn,) Lo 7 (I(p), d).
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Hence, a = n(I(p),c) and b =7 (I(p),d). Since a,b e M, I(p) € 2 and 0 < c,d < p(I(p)), it
follows that c =d = ¢ (I(p)). Therefore, a = b and the result follows. O

The two next results state conditions for the invariancy, compactness and connectedness of a
limit set in an impulsive semidynamical system with a finite number of impulses. Their proofs
are simple since we can apply the known results for non-impulsive semidynamical systems. We
will also consider the case when the orbit admits infinitely many impulses in the sequel.

Theorem 3.1. Consider an impulsive semidynamical system (X, 7r; 2, M, I) and x € §2. If there
exists a positive integer k such that M+ (x,j) =, then L* (x) is closed and 7 -invariant.

Proof. Since M™ (x,j) = (), then fr(x,j, t)= JT()CZ_, t) for all > 0. Hence
Lt =LT(x).

But from the non-impulsive case we know that L™ (x,j ) is closed and invariant. Therefore Lt (x)
is closed and 7 -invariant. O

Theorem 3.2. Let X be a locally compact metric space. Given an impulsive semidynamical
system (X, m; £2,M,1) and x € §2, suppose §2 is compact and there exists a positive integer k
such that M+ (x,j' ) = @. Then the following properties hold:

(@) LT (x) #0.
(b) Lt (x) is compact.
(©) Lt (x) is connected.

Proof. As in the previous theorem, it follows from the fact that M™ (x,j) = () that ft(x,j, t) =
n(x,j, t) for all + > 0. Thus

Lt =LT(x).

Since C* (x,j ) = cr (x,j) C £2 and £ is compact, it follows from the non-impulsive case that
Lt (x,;|r ) is non-empty, compact and connected. Therefore L1 (x) is non-empty, compact and
connected. O

Let us now consider the case when the orbit undergoes infinitely many impulse effects.
Clearly, LT (x) is closed for all x € X in a given impulsive semidynamical system. See [7, p. 122].

Theorem 3.3. Let X be a locally compact space metric. Given an impulsive semidynamical sys-
tem (X, ; $2,M, 1) and x € 2, suppose S2 is compact, {x,},>1 is convergent and M+ (x,jr )£ 0
for all n € N. Then the following properties hold:

(@) Lt(x) N2 #£0.

(b) Lt (x) is compact.

(c) Lt (x) is connected.

(d) p((x, 1), Lt(x) == 0.
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Proof. (a) Since {x,},>1 is convergent, it follows from Lemma 3.3 that {x,‘l|r }n>0 1s convergent,
say

for some p € £2. Since

where ¢, = Z d)(x+) and ¢, 12H0, Lo by Lemma 3.2, it follows that p € L+ (x). Thus
Lt(x) N2 #9.

(b) Since £ is compact, K+(x) is closed and K+(x) C 2. Then K+(x) is compact. But
Lt (x) c KT(x) and Lt (x) is closed. Hence L* (x) is compact.

(¢) Suppose Lt(x) is not connected. Then LT(x) = A U B, where A and B are non-
empty closed sets such that A N B = (. It follows from Lemma 3.4 that LT(x)NM # (). Let
p € f+(x) N M. We assert that A "M # ) and B N M # (). Indeed, note that p € A or p € B.
We can consider p € B. If ANM = {J, then it follows from the fact that X is locally compact and
Lt (x) is compact that there exists n > 0 such that B[A,n] N B N M = (. Thus taking a point

a € A, there exists a sequence {t,},>1 C Ry, 1, N+, 1 5o such that

ﬁ(x,tn)——"_of—)a

We can assume that there exists m € N such that
7(x, 1) =m(T(x,tm), t —tw) C B(A,n), forallt > t,. 4)
Otherwise there exists a sequence of positive real numbers, {«,},>1, such that «, n—too, +o00,
with 7 (x, /cn) e dB(A,n). Then by the fact that 0 B(A, n) is compact, we can assume that
T(x,k,) n—too, ye€dB(A,n)andhence y € dB(A,n)and y € Lt (x) which is a contradiction.
Thus by (4), the trajectory of x has a finite number of discontinuities which is a contradiction,
since ¢ (x;7) < +oo for all n € N. Hence A NM # ¢ and B N M # (. But this is a contradiction
because LT (x) = AU B, AN B = and Lemma 3.5 says that LT (x) N M is a singleton. Hence
L+ (x) is connected.
(d) Suppose the assertion does not hold. Then there exists a sequence {#,},>1 C Ry, with

ty 221 4+ o0 and n > 0, such that

p(7 (x, 1), LY (x)) =1 > 0.
But 7(x,1,) € K+ (x) and KT (x) is compact because K+ (x) C 2. Thus we can assume that

7(x, ty) 22125 v € LH(x). Then

0 <1< p(F(x, 1), LT () < p(7(x, 1), ¥) + p(y, LT(x)) .
—
=0

When n — 400, we have

0<n<p(y,LT(x) <0

which is a contradiction. Hence p (7 (x, ), Lt (x)) I2%%.0. O
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Remark 3.3. If we suppose that {x,},>1 admits convergent subsequence, then the item (a) of
Theorem 3.3 still holds. Items (c) and (d) are independent of the hypothesis on {x,},>1.

By Lemma 3.4, when a trajectory undergoes infinitely many impulses and its limit set is non-
empty, then there is a point of M which belongs to the limit set. The following result states that
when the limit set of a trajectory and M are disjoint, then the trajectory has a finite number of
discontinuities.

Lemma 3.6. Let X be a locally compact metric space. Given an impulsive semidynamical system
(X, 7; 2, M,1) and x € 2, suppose LT (x) "M = and $2 is compact. Then there exists £ € N
such that each x,j, k=1,...,¢, is defined and M™ (xZ') ={.

Proof. Suppose that M (xj) # ¢ for all £ € N. Since £ is compact so 32 is compact, con-
sequently the sequence {x,},>1 = {n(x;r_ 1 qﬁ(x;[_ N1 C 082, xar = x, admits a convergent
subsequence. By Lemma 3.4, Lt(x)NM # () and it is a contradiction. Therefore, the proof is
complete. O

Before we say something about the Poincaré—Bendixson Theorem for impulsive systems, we
shall prove a result that will be fundamental in the proofs of the results of the next section. We
need the following lemma from [8] (see Lemma 2.3 there).

Lemma 3.7. Suppose {z,},>1 is a sequence in §2 that converges to a point y € §2. Then for

any t € [0, T(y)), there exists a sequence of real numbers, {€,},>1, &n n—too, 0, such that

t+¢&, <T(z,) and 7w (z,,t + &) n—too, T(y,t).

Theorem 3.4 below states conditions so that the trajectory through x tends to the union of a
periodic orbit and an point on M.

Theorem 3.4. Let (X, 7w; 2, M, I) be an impulsive semidynamical system, X be a locally compact
metric space, 2 be compact and x € £2. Suppose M (x;F) £ @ foralln €N, x, UmaisN p. Then
L*(x) is the union of a periodic orbit C* (I(p)) and the point {p}.

n—-+oo + n—400

Proof. Since x, ———— p, then x,7 ——— I(p). By Lemma 3.4 and Remark 3.2, p € L+ (x)

and it is easy to see that I(p) € f+(x). Taking 0 <t < ¢(I(p)), then from Lemma 3.7, there
. n——400
exists a sequence of real numbers, {€,},>1, & ——— 0, such that

75t +en) 2 7 (I(p), ).

n——400

But # (x; .t + £,) =7 (x, Y12, ¢(x1)+1+e,) and X1 ¢ () + 1+ £0) =5 o0 by
Lemma 3.2. Thus, 7 (I(p), t) € f+(x) for0 <t <¢{(p)). Hence,

{7 (1p),1): 0<t <p(I(p)} U P} T ().

Then Ct(I(p)) U {p} C~E+ (x), where C+(I(p)) is a periodic orbit with period ¢ (I(p)).
We shall prove that L™ (x) = C*(I(p)) U {p}.
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Letwe Lt (x) be arbitrary. Thus there exists a sequence of positive real numbers, {7i}i>1,

such that 7, <27 4 50 and

T(x, ) k=doo .

) k ...
Since T Koo, +00, we can choose a subsequence {tx, },>1 and, for each n, also a positive
integer m (k;) such that

m(kp)—1
_ + ; _
Tk, = E . ¢(xj ) + Ty, and ngriloom(kn) = 400,
J:

with 0 < Ty, < ¢(x;(kn)). Since ¢ (x;") k= oo, ¢ (I(p)), we can assume without loss of gener-

ality that Ty, “=F T and 0 < T < ¢(I(p)).
Note that

A w,) =7 (X0 ) Th,) > 7 (I(p), T).

By the uniqueness of the limit, w = 7 (I(p), T'). Recall that 7 (I(p), ¢ (I(p))) = p because we
have x, = (x|, ¢(x, ) == pand w(x,}_ |, ¢ (x, ) == w(I(p), ¢ (I(p))). Since

0< T < (p)), it follows that w € CH(I(p)) U { p}. Therefore,
Lt () =CH (1) U (p)

and the proof is complete. O

3.2. The Poincaré—Bendixson Theorem for impulsive systems

Our aim in this section is to obtain a version of the Poincaré-Bendixson Theorem for im-
pulsive systems. We shall consider an impulsive semidynamical system (X, 7; £2, M, I), where
X = R?. Thus the system (R?, 77) does not have any initial point (see [1, Theorem 11.8]). In this
section, by an initial point we mean an initial point in the impulsive system (R?, ; £2, M, I).

The next results are the corresponding impulsive formulations of classical results. For the
latter see, for instance, [6].

Lemma 3.8. Let (R2, 77; 2, M, 1) be an impulsive semidynamical system and x € 2. Suppose
that L™ (x) contains a periodic orbit I'. Then I’ "M = (.

Proof. The set M consists of initial points in the impulsive system (]RZ, ; £2, M, 1) and an initial
point cannot be in a periodic orbit I, because if z € I" M then we cannot have y € R? and s > 0
simultaneously satisfying 7(y,s) =z. Hence, T "M =¢. 0O

Theorem 3.5. Let (R%, 7w; 2, M, 1) be an impulsive semidynamical system and x € 2. Suppose
2 is compact and L™ (x) contains a periodic orbit I'. Then L™ (x) = I" if and only if there exists
an integer £ > 0 such that M+ (x;) =0.
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Proof. Let us prove the sufficient condition. Suppose M™ (x;1) # ¢ for all n € N. Then the se-

k—
quence {x;},>1 1s infinite and since Qs compact, we can assume that xnkﬁ p € M. By

Lemma 3.4, it follows that LT (x) "M # (. But this is a contradiction because by hypothesis
Lt (x) =T and I is a periodic orbit, see Lemma 3.8.

Now we will prove the necessary condition. Suppose there exists an £ > 0 such that
M (x;) = 0. Then

(zr(x te), t) (xj, t) = TL’()CZ_, t), forallt > 0,
where t) = Zf;%) ¢(x]7L). Thus
EJF(xZ) =Ct (x;) and L7 (x;) = f+(x).

I~t follows from the non-impulsive case (see [6, Lemma 5.1]) that L+(x2) = I', that is,
Ltx)=I. O

The analogue of Theorem 3.5 for the case in which M+ (x;.r) # () for all j € N is presented in
Theorem 3.6 and follows straightforwardly from Theorem 3.4.

Theorem 3.6. Ler (R?, 77; 2, M, 1) be an impulsive semidynamical system and x € §2. Sup-
pose 2 is compact, {Xn}n>1is convergent and L (x) contains a periodic orbit I'. If M (x;.r) #
forall j €N, then i+(x) = I"U{p} where p =1limy,_, ;o0 Xp.

Theorem 3.7. Let (R?, r; 2, M, 1) be an impulsive semidynamical system and x € 2. Sup-
pose 2 is compact and L+ (x) does not contain any rest point. Then L+ (x) is equal to a periodic
orbit I if and only if there exists an integer £ > 0 such that M (x;) =

Proof. The sufficient condition follows from Theorem 3.5. Let us prove the necessary condition.
By hypothesis, M (xZ) =} for a positive integer £. Then

fr(xj, t) = zr(xZ', t), forall + > 0.

Since L™ (xZ') =Lt (x), it follows from the case without impulses (see [6, Theorem 5.3]) that
Lt (xj) is a single periodic orbit I”

and the result follows. O

The analogue of Theorem 3.7 for the case in which M (x;.’) # () for all j € N, is presented
below. Its proof also follows straightforwardly from Theorem 3.4.

Theorem 3.8. Ler (R, 77; 2, M, 1) be an impulsive semidynamical system and x € §2. Sup-
pose 2 is compact and {x,, }n>1 is convergent. If Lt (x) contains an orbit I such that I admits
no initial points and M+ (x+) %@ forall j €N, then I' is periodic and L+ (x) =T"U{p}, where

= lim;, 4 o0 Xp.

Finally, we shall present a version of Poincaré—Bendixson Theorem for impulsive systems.
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Theorem 3.9. Let (R?, r; 2, M, 1) be an impulsive semidynamical system and x € 2. Sup-
pose 2 is compact and LJr (x) admits neither rest points nor initial points. Then Lt(x) isa
periodic orbit.

Proof. The set of initial points is equal to M, so LT(x) "M =¢ and according to Lemma 3.6,
there exists an £ > 0 such that M™ (xj) = ). By Theorem 3.7, it follows that L™ (x) is a periodic
orbit. O

Corollary 3.1. Let (R?, ; £2, M, D) be an impulsive semidynamical system. If C is a non-empty
closed subset of 2, 7 -invariant, C is compact, C N $2 does not contain initial points and L™ (x) N
M =0 for all x € C, then C contains a rest point or a periodic orbit.

Eroof. Since C is closed in §2, 7 -invariant and L™ x)yNM :~@ for all x € C it follows that
L*(x) C C for all x € C. If there are not rest points in C, then L*(x) admits neither rest points
nor initial points. By the Poincaré—Bendixson Theorem, L*(x) C C is a periodic orbit. O

Acknowledgment
The authors thank the anonymous referee for the careful correction and useful suggestions.

References

[1] N.P. Bhatia, O. Hajek, Local Semi-Dynamical Systems, Lecture Notes in Math., vol. 90, Springer-Verlag, 1969.

[2] E.M. Bonotto, M. Federson, Topological conjugation and asymptotic stability in impulsive semidynamical systems,
J. Math. Anal. Appl. 326 (2) (2007) 869-881.

[3] E.M. Bonotto, Flows of characteristic 0T in impulsive semidynamical systems, J. Math. Anal. Appl. 332 (1) (2007)
81-96.

[4] K. Ciesielski, On semicontinuity in impulsive dynamical systems, Bull. Pol. Acad. Sci. Math. 52 (2004) 71-80.

[5] K. Ciesielski, On stability in impulsive dynamical systems, Bull. Pol. Acad. Sci. Math. 52 (2004) 81-91.

[6] K. Ciesielski, The Poincaré—Bendixson theorem for two-dimensional semiflows, Topol. Methods Nonlinear Anal. 3
(1994) 163-178.

[7] S.K. Kaul, On impulsive semidynamical systems, J. Math. Anal. Appl. 150 (1) (1990) 120-128.

[8] S.K. Kaul, Stability and asymptotic stability in impulsive semidynamical systems, J. Appl. Math. Stoch. Anal. 7 (4)
(1994) 509-523.

[9] S.K. Kaul, On impulsive semidynamical systems, II, Recursive properties, Nonlinear Anal. 16 (1991) 635-645.



