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Abstract

This paper is devoted to the study of global attractors for problems with state-dependent
impulses and possible nonuniqueness of solutions. We provide the criteria under which
there exists the global attractor, being on one hand an invariant set, and on the other
hand given by the difference of the minimal compact attracting set and the impulsive
set M. The new condition (7') used to get the global attractor invariance is discussed
and compared with other conditions used in literature for impulsive problems. The
theory is illustrated by several examples.
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1 Introduction

In the last 20 years, a lot of interest has been attracted to dynamical systems approach
to evolutionary problems where the uniqueness of solutions is unknown, or the solution
is known to be nonunique for a given initial data. There are several approaches to con-
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struct the global attractors for such problems: the approach by multivalued semiflows
(or m-semiflows) anticipated by Babin and Vishik [1] and developed by Melnik and
Valero [28,29], the approach by generalized semiflows developed by Ball [3,4], the
one by trajectory attractors developed independently by Chepyzhov and Vishik [11],
Malek and Necas [27], and Sell [32], and finally the approach by the evolutionary
systems by Cheskidov and Foiag [12]. Fairly recent overview of all these approaches
can be found in the review paper [2], and some most recent new results for the nonau-
tonomous problems can be found in [17,18]. In the present paper, we focus on two of
those theories, the one of m-semiflows and the one of generalized semiflows (which
were related to each other in article [9]) to develop the theory of global attractors
for the problems with possible nonuniqueness of solutions and with state-dependent
impulses.

The theory of dynamical systems with state-dependent impulses describes the evo-
lution of systems whose continuous development of the process is interrupted by
abrupt changes of state. A motivation for considering the dynamical systems with
state-dependent impulses comes, for example, from neuroscience. The simplest model
of a neuron, the so-called integrate-and-fire neuron, is represented by means of the
following ordinary differential equation (ODE)

' (1) = —yu(t) + S(),
with the additional condition
if u(t) =06 then u(t) isresetto value u, < 6.

We are looking for the function # which is the membrane potential of a neuron. It is
charged through the excitation, S(#) > 0, and when it reaches the threshold value 6,
the neuron fires and it is reset to the rest potential u,, see [26].

Another impulsive model of a neuron is the Izhikevich model [23] that is based on
the following system of two ODEs with the state-dependent impulse

V(1) = 0.04v% (1) + 5v(t) + 140 — u(r) + 1 (1),
' (1) = a(bv(t) — u(r)),
if v(#) > 30 then v(¢t) =candu(t) = u(t) +d.

In this model, the membrane potential of a neuron is represented by the variable v
and the membrane recovery variable u represents the ionic currents. On one hand,
for various values of constants a, b, c, d, the model can mimic various firing patterns
of physiological neurons, and, on the other hand, it is computationally simple, as it
reduces the number of unknowns from four in the biologically plausible Hodgkin—
Huxley model, just to two variables. This simplification without the loss of accuracy
in representing the actual physiological behavior is possible due to the presence of
impulses in the model [23].

The theory of impulsive dynamical systems with state-dependent impulses, started
with Kaul in the paper [24], where he defined the evolution of such systems. Later on,
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Ciesielski in article [13] presented sufficient conditions to guarantee the continuity
of the function that describes the time of reaching impulse points. Moreover, in [14],
he obtained the impulsive version of the Ura theorem on stability. Finally, in recent
years, Bonotto et al. [5—7] obtained the results on existence and upper and lower
semicontinuity of attractors for impulsive systems.

In this article, we develop the theory of impulsive dynamical systems for the semi-
groups without imposing the uniqueness of the state obtained after some time of
evolution from the given initial state. We define the impulsive and multivalued dynam-
ical system, which we call impulsive generalized semiflow, and which consists of a
generalized semiflow G, an impulsive set M, and an impulsive multifunction /. The
set M is the set of states such that if a trajectory of G reaches the point x € M, then
it jumps into a point belonging to /(x). We define the notion of a c-attractor A, for
this semiflow, i.e., the smallest compact attracting set, without requiring its invariance,
and, using the approach of [10] we establish the equivalent conditions for its existence.
If M N I(M) = @ then the points of M can only be initial points of the trajectories of
the impulsive system and, hence, if the intersection M N A, is nonempty then there is
no chance for the set A, be invariant. Thus, similar as it is done in the single-valued
case in [6], we define the global attractor for the impulsive system as A = A \M.
The first key results of this paper, Lemma 3.7 and Theorem 3.9 provide the conditions
under which this set, although it can possibly be only relatively compact rather than
compact, is attracting. This result is new even in the single-valued case as it does not
require the tube conditions used in [6] to get the same result. The next key results of
this paper, Theorem 4.7 and Corollary 4.8 provide the new condition, called here the
condition (7'), under which the global attractor A is invariant. The results are based
on the approach of [10,16,17], where it is noted that it is enough to obtain the negative
invariance of the attractor only for a one given positive time to get its full invariance
for all possible times. This approach proves to be convenient for impulsive problems
because it allows to restrict to the time length on which at most one jump can occur,
and thus it is sufficient to study the situation where the trajectory has only one jump.
The results are complemented by the discussion on the continuity of the impact time
function, the comparison of our condition (7") with other conditions used for invari-
ance of the attractor for impulsive systems, the criteria for asymptotic compactness,
and several examples of impulsive dynamical systems without uniqueness.

We note here that the impulsive dynamical systems for the problems without unique-
ness of solutions have already been studied in [20,30,31]. The theory developed in the
present article complements and extends the results of these papers. First, in addition
to them, we obtain the result that the set A = A\ M is attracting, and second, similar
as [20,30,31] we provide the criteria for the global attractor invariance but we show
that the condition (24) of [20] is not needed for this invariance which significantly
broadens the class of problems, for which our theory works with respect to that of
[20,30,31], cf. Example 7.8 in Sect. 7.

The structure of the article is as follows. Section 2 is devoted to the definition of the
impulsive generalized semiflows. The results on the existence of the global attractor
for these semiflows are the subject of Sect. 3 and on their invariance, of Sect. 4. The
continuity of the impact time map is studied in Sect. 5, and the criteria which guarantee
the asymptotic compactness of generalized impulsive semiflows are provided in Sect.
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6. Finally, the comparison of our condition (7") used to obtain the invariance with the
other conditions used in literature is contained in Sect. 7, and some examples which
illustrate the constructed theory are presented in last Sect. 8.

2 Generalized Impulsive Semiflows

In this section, we remind two useful formalisms for the dynamical systems description
of problems without uniqueness of solutions, namely the theory of m-semiflows and
the theory of generalized semiflows.

Let (X, d) be a complete metric space. By P(X) and B(X) we will denote, respec-
tively, the families of nonempty and nonempty bounded subsets of X. We will also
denote Ry =[0,00), N=1{0,1,2,...} and N* = {1, 2, ...}. We denote a sequence
{xj}jen simply by {x;}. By C([0, c0); X) we mean the set of all continuous func-
tions defined on [0, co) taking values in X. We recall the definition of the Hausdorff

semidistance between two sets A, B C X by distx (A, B) = sup ing d(x,y).
xXeAYE
We start by recalling the theory of generalized semiflows in the sense of Ball [3,4].

The concept of generalized semiflow will be the base for our formalism of multivalued
impulsive systems since it includes in its definition the notion of trajectories and this
extra structure is crucial to build the impulsive theory.

Definition 2.1 A family G of functions u : Ry — X will be called a generalized
semiflow if the following conditions are satisfied:

(B1) (Existence) For every x € X there exists u € G such that u(0) = x.

(B2) (Translation property) If u € G then for every t > 0 the function u” defined as
ut(t) = u(t + 7) for t > 0 also belongs to G.

(B3) (Concatenation property) If u, v € G with v(0) = u(z), t > 0, then the function
w € G, where

u(s) when s € [0, 1],
w(s) = .
v(s —t) otherwise.

(B4) (Uniform upper semicontinuity with respect to initial data) For every sequence
{u;} € G withu;(0) — zas j — oo, there exist a subsequence {u,} C {u;}
and u € G such that for every compact set / C Ry

lim supd(u,(t), u(t)) =0.

H=>0 ey

(BS) (Continuity) Every trajectory u € G is a continuous function from [0, c0) to X.

The functions u € G will be called trajectories of the generalized semiflow G. We
will use the notation §, = {u € G : u(0) = x}.
Next, we recall the definition of upper semicontinuity of multifunctions.

Definition 2.2 Let X, X, be metric spaces. A multifunction F : X| — P(X») is said
to be upper semicontinuous at x € X1, if for every sequence x; — x in X and every
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open set U C X» such that F(x) C U then there exists jo € N such that for every
J = Jjo we have F(x;) C U.

The following fact is well known in set-valued analysis. Its proof follows the lines
of the proof of [21, Proposition 4.1.11], we provide it only for the completeness of
exposition.

Lemma 2.3 Let X, X5 be metric spaces. The multifunction F : X1 — P(X») is upper
semicontinuous and compact valued for each x € X if and only if for every sequence
x; — x in X1 and every sequence y; € F(x;), j € N, there exists a subsequence
{vu} C{yj}suchthaty, — yinXsandy € F(x).

Proof We first prove the sufficiency. Take x; — x as j — ooand y; € F(x;), j € N.
Suppose that no subsequence of {y;} converges to a point in F'(x). This means that
for every y € F(x) there exists mo(y) and an open neighborhood U(y) such that
v; ¢ U(y) for all j > mo(y). The sets U(y) constitute an open cover of the compact
set F(x), whereas F(x) C |Ji_; U(Ji) = U. There exists mq such that for every
J = my there holds y; ¢ U. On the other hand, by the upper semicontinuity of F it
follows that there exists jo such that for every j > jjo there holds F'(x;) C U, whereas
y; € U, which is a contradiction.

We pass to the proof of necessity. It is clear that ' (x) must be a compact set for
every x € X1.Letx; — xin X as j — oo and let U C X be an open set such that
F(x) C U.If F is not upper semicontinuous, there must exist a sequence y; € F(x;)
and jo such that y; ¢ U for j > jo. By hypothesis, for a subsequence, denoted by the
same index, y; — y where y € F(x), which is a contradiction. O

Remark 2.4 If we equip § C C([0, 00); X) with the following metric of the uniform
convergence on compact subsets of R,

1 maxiejon du(r), v(t))
27 1 + max; e d (), v(t))’

o0
dg(u,v) =

n=1

then, by Lemma 2.3, it is not difficult to see that condition (B4) actually means that
the mapping

x 33X~ G, C§GcC(0,0);X)

is upper semicontinuous and compact valued in C ([0, 00); X).

Remark 2.5 Our definition enforces in the definition of the generalized semiflow con-
ditions (C3) and (C4) presented in [3,4]. These conditions are needed to build the
impulsive theory of generalized semiflows. Note that Ball [3,4] uses a weaker defini-
tion, he does not impose (B5), and in place of (B4) he has a weaker assertion of upper
semicontinuity with respect to initial data, not necessarily uniform with respect to ¢
in compact sets, that is, Ball considers the following condition

(B4') For every sequence {uj} € G with u;(0) — z as j — oo, there exist a
subsequence {u,,} C {u;} and u € G such that u(0) = z and

M]med(uu(l), u(t)) =0.
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In our theory, we will need (B4) and (B5) for the global attractor existence, so we
incorporate these two assertions in the definition. Our conditions (B4) and (BS5) are
restrictive; however, they usually hold for generalized semiflows governed by ordinary
differential equations (ODEs). They also hold for the weakly damped semilinear wave
equation with cubic growth on the nonlinearity (without any growth assumptions on
its derivative), cf., [3, Example 2.3].

The theory of generalized semiflows will be the starting point in the construction
of the multivalued impulsive dynamical systems. We will, however, also need some
notions from an alternative theory, namely multivalued semiflow theory. Hence, fol-
lowing Melnik and Valero [28], we remind the definition of a multivalued semiflow
(m-semiflow).

Definition 2.6 A family {7 (¢)};>0 of multivalued maps 7 (¢) : X — P(X) is called

an m-semiflow if the following conditions hold:

(A1) m(0)x = {x} forevery x € X;
(A2) (s +t)x Cm(s)m(t)x foreveryt,s € Ry and x € X.

If in (A2) we have the equality 77 (s + t)x = 7 (s)7 (f)x in place of the inclusion, then
the m-semiflow is said to be strict.

The comparison of the two theories has been done in [9]. From [9, Proposition
2] it follows, that having, from a generalized semiflow § we can construct a strict
m-semiflow by the formula

yemn(t)x < there exists a trajectory u € G such that u(0) = x and u(t) =y,

valid forall x € X and ¢ > 0.
Now, we are in position to define an impulsive generalized semiflow.

Definition 2.7 An impulsive generalized semiflow (G, M, I) consists of a generalized
semiflow G, anonempty closed set M C X and an upper semicontinuous multifunction
I : M — P(X). We assume that for every x € M there exists €, > 0 such that for
every u € Gy

U woinm =9 (M

1€(0,€x)
and

if u(tg) =x forsome 7y € (0,e,) and u € G then U fu)}Nn M = 9.
1€[0,19)

@)

Let (G, M, I) be an impulsive generalized semiflow. By condition (1), we are able to
define the impact time of a trajectory u € G by the function

¢w) =1inf{t >0 : u(t) € M},
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1418 E. de M. Bonotto, P. Kalita

where we use the notation ¢ (1) = oo if u(t) ¢ M forall ¢t > 0.

Remark 2.8 Note that ¢ (1) > 0 for every trajectory u € G. Indeed, if u is a trajectory
in G with u(0) € M then it is clear from (1) that ¢ (u) > 0. On the other hand, let
u € Gwithu(0) ¢ M and ¢ (u) = 0. Thus there exists a sequence t; — 0tasj — oo
with u(t;) € M for all j € N, whereas due to condition (B5) of Definition 2.1 and
closedness of M, it must be that #(0) € M, which is a contradiction.

Remark 2.9 For every trajectory u € G such that ¢ (1) # oo there holds u (¢ (u)) € M.
In fact, if we assume that u(¢(u)) ¢ M then there exists a sequence ¢; — 0t as
J — oc such that u(¢(u) +t;) € M for all j € N. The assertion follows by the
continuity of u and closedness of M.

Next, we define the concept of impulsive trajectory of an impulsive generalized
semiflow. Let us define Ny, = {0, 1,2, ..., k} fork € Nand Ny, = N.

Definition 2.10 A mapping i : [0, ®) = X (0 < w < 00) will be called an impulsive
trajectory of an impulsive generalized semiflow (G, M, I) if there exists a division of
[0, w) into a family of intervals

[0.0) = (J ltn ta+1) With 19=0, tn <41 and 0 <k < oo,
nENk

such that for every n € Ny there exists a trajectory u, € G satisfying:

(i) either ¢ (u,) = oo or ¢p(uy) = tyy1 — tys
(i) w(t +1ty) = uu(t) fort € [0, ¢ (un));
(iii) if ¢ (u,) # oo then it(ty11) € I (un(P(un))).

The time points 7, forn € N\ {0} will be called jump points of the impulsive trajectory
u. The family of impulsive trajectories of an impulsive generalized semiflow will be
denoted by G.

Remark 2.11 In Definition 2.10, if @ = oo then t; = co when k = 0, x| = oo when

1 <k <ooand lim t; = oo when k = co. On the other hand, if ® < oo then
Jj—>00
k = o0 as the functions in G are defined on [0, 00).

Having the definition of an impulsive trajectory, we may define a new family of
multivalued mappings {7 (¢)};>0 with 7 (¢) : X — P(X) by the formula

yen(t)x < thereexistsu € G such that #(0) = x and ii(r) = y.

Note that, we first construct the family of trajectories G, and then, from this family, we
construct the multivalued mappings 7 (), t > 0. This is similar to the construction of
an m-semiflow from the generalized semiflow described in [9]. In the sequel, we prove
several properties of 7 and of G which will indeed signify that 77 is a strict multivalued
semiflow.
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Proposition 2.12 Assume that (G, M, I) is an impulsive generalized semiflow. Then
for every x € X there exists u € G defined in some interval J = [0, ®) (w may be 00)
with u(0) = x.

Proof Let x € X and ug € Gy. If ¢(ug) = oo then the construction is complete.
Otherwise, by Remark 2.8 we have ¢ (#g) > 0. Denote 1 = ¢ (up). By Remark 2.9,
uo(t1) € M. Let x1 € I(up(t1)). Now, take u; € Gy,. If ¢ (u1) = oo then we end the
construction and define

- uo(t) for 1 €0, 1)
u(r) = .
ui(t —t;) otherwise.

If ¢ (uy) is finite, then we denote 1, = 11 + ¢ (11) and we choose x> € I(u1(¢p(u1))).
Take uy € G, a trajectory with u»(0) = x;. Again, either u> does not touch M which
allows us to end the construction by taking

uo(t) for r €10, 1)
u(t) = ui(t —ty) for t e, n)
ur(t — tp) otherwise,

or ¢ (uy) is finite, in which case we continue the construction recursively. Either the
construction ends after a finite number of steps, in which case

i) u,(t —t,) for telty, tyy1), ne{0,....,.M—1}

u =
upy(t —ty) for t=>ty,

or

u(t) =u,(t —t,) for telt,, th41), neN.

Note that

o0
either J =1[0,+00) or J=[0,0) with 0= ¢(u,).
j=0

whence we have constructed an impulsive trajectory starting from x which ends the
proof. O

In the proof of Proposition 2.12, if we assume that there exists & > 0 such that
¢(u) > & forevery u € G withu(0) € I(M) and ¢ () < oo forall j € N, then

o0

> ¢u)) = oo.

j=0
Consequently, we have the next result.
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Corollary 2.13 Assume that (G, M, 1) is an impulsive generalized semiflow and there
exists & > 0 such that ¢ (u) > & for every u € G with u(0) € I(M). Then every
trajectory u € S is defined in J = R.. Consequently, for every x € X there exists
ie§ defined in Ry such that u(0) = x.

In this way, we shall assume from now on the following condition:
(H)  There exists £ > 0 such that ¢ (u) > & for every u € G with u(0) € I(M).

Lemma 2.14 below shows that G satisfies the translation and concatenation prop-
erties and 7 is a strict multivalued semiflow.

Lemma 2.14 Assume that (G, M, I) is an impulsive generalized semiflow satisfying
(H). Then

(i) G satisfies the translation and concatenation properties from Definition 2.1.
(ii) {7 (t)}i>0 satisfies 7w (s + t)x = 7w (s)7T(t)x for every x € X and every s, t > 0.

Proof (i) Letii € Gand T > 0. Define the function ii® by u®(r) = u(t+7) fort > 0.
Assuming without loss of generality that the impulsive trajectory & admits infinite
number of impulses, we may write

u(t) =u,(t —t,) for telt,,t,41) neN,

where {u,} C G, to =0andt, = ¢(up) +...+¢(u,_1) foreveryn € N, There
exists k € N such that 4 < T < f;41. Denote 79 = 0, 7,, = x4, — 7 forn € NT,
vo = uy(- + 1t — t) and v, = u,4 forn € N*. Then

it () =v,(t — ;) for €[y, tnr1) and n €N,
¢(Un)~: Tutl — Tno U(Tua1) € 1(0p(P(vy))) and Ry = UneN[Tn’ 7,41). Hence,
ut € g. ~
We pass to the proof of the concatenation property. Let i, v € G be such that

u(t) = v(0), t > 0. Define w by

. u(s) when s € [0, ¢],
w(s) =4 . .
v(s —t) otherwise.

Assuming that # and v admit infinite numbers of impulses, we may write
u(t) =u,(t —t,) for telty,, t,41) neN,

and
v(t) = v, (t —s,) for t € [sy,sn+1) neN,
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where {u,}, {v,} € G, 10 =50 = 0,1, = ¢(ug) + ... + ¢p(uy—1) and s, =
¢(o) + ... +¢p(,_1) foralln € NT. Let k € Nbe such that ty < t < f54.
Define the sequence {1,} by 70 =0, 7; =t for1 < j <k,and 73 y; =t +s; for
jeNT.Also,letw; =ujfor0<j<k—1,

wi(s) = u(s) when s € [0, t — 1],
vo(s —t+ 1) whens e [t — 1, Thks1 — Tk,

and wiyj = v for j € NT. Note that {w;} C G. Then R, = UnEN[Tn’ Tnt1),
d(wy) = Typy1 — Tn, W +~7:n) = wy(?) for t € [0, ¢(wy,)) and W(Tyy1) €
I (wy, (¢ (wy))). Hence, w € G. ~

(ii) Let y € w(s + t)x. Then there exists an impulsive trajectory u € G such that
u(0) = x and u(t +s) = y. Let u(s) = z which implies in z € 77 (s)x. Note that

v(r)=u(s+r), r=>=0,

belongs to G, 5(0) =zand 9(r) = y. Hence, y € 7 (t)z, thatis, y € 7 (t)7 (s)x.

On the other hand, let y € 77 (¢)77 (s)x. Then there is z € 7 (s)x such that y € 7 (t)z.

Thus, there are impulsive trajectories i, v such that z(0) = x, u(s) = z, v(0) = z and
v(t) = y. Since

- u(r) when r € [0, s],
w(r) =1 . .
v(r —s) otherwise,

belongs to g, w(0) = x and w(t + s) = y, we obtain y € (s + t)x. Therefore,
(s +t)x = 7w (s)m(t)x forevery x € X and every s, ¢ > 0. m|

3 First Results on Attractors

We follow the approach of Chepyzhov, Conti, and Pata who define the global attrac-
tor as the smallest compact attracting set, see [10]. Note that in [17] this approach
was applied for pullback attractors of nonautonomous multivalued systems, and the
same approach was also used in [19], where such type of attractor was called a mini
attractor. In [10,17,19], no invariance is assumed in the definition of the attractor and
no continuity of the underlying semiflow is required for the existence of this object.
After obtaining the attractor existence in this “minimal” sense, one tries to recover
the attractor invariance (or semi-invariance) after assuming something on the semi-
flow continuity. Since, in the impulsive case, the semiflow continuity and the attractor
invariance are most difficult and delicate to deal with, this approach appears especially
well suited in this situation.

@ Springer



1422 E. de M. Bonotto, P. Kalita

3.1 Existence of the Global c-Attractor

Following [5] we define the c-attractor of an impulsive generalized semiflow as its
smallest compact attracting set. While the existence of such an object is easy to guar-
antee under standard assumptions of existence of an absorbing set and asymptotic
compactness, this set, in general, will not necessarily be invariant. First, we present
the definition of an impulsive @-limit set which is a generalization to the multivalued
case of [0, Definition 3.1].

Definition 3.1 Let B € B(X) and (G, M, I) be an impulsive generalized semiflow.
The impulsive @-limit set is defined as

&(B) = ﬂ Uﬁ(s)B.

t>0s=t
It is clear that the above definition is equivalent to the following one

®(B) = {x € X : there exist sequences {¢;} C R4 and {ii;} C g
such that;(0) € B, j €N, t; > ooand & (t;) — x as j — oo}.

We are in position to define the asymptotic compactness of an impulsive generalized
semiflow. Similar as in the nonimpulsive situation the asymptotic compactness will
turn out to be equivalent to the fact that the @-limit set of B € B(X) is nonempty,
compact, and attracts B.

Definition 3.2 An impulsive generalized semiflow (G, M, I) is said to be asymptot-
ically compact if given a set B € B(X), a sequence {t;} C Ry witht; — oo, a
sequence {it;j} C G with i1;(0) € B, j € N, then the sequence {it;(¢;)} possesses a
convergent subsequence in X.

Lemma3.3 Let B € B(X). Assume that (S, M, I) is asymptotically compact, satisfies
the condition (H) and for each x € B there exists an impulsive trajectory u € G such
that u(0) = x. Then &(B) is nonempty, compact, and attracts the set B.

Proof The proof is standard and follows by Corollary 2.1 in [25]. O

Definition 3.4 An impulsive generalized semiflow is said to be dissipative if there
exists aset By € B(X) such that for every B € B(X) there existsatimer =1(B) > 0
such that forevery # € G with #(0) € B and forevery s > #(B) there holds ii(s) € By.

Next, we define the c-attractor of an impulsive generalized semiflow G.

Definition 3.5 A set. A, C X is called a global c-attractor for an impulsive generalized
semiflow (G, M, I) if the following properties hold

e A, is compact;
e A, is attracting, i.e.,

tlirgo distx (7 (t)B, A;) =0 forevery B € B(X);
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e A, is minimal in the class of all closed attracting sets.
The next result follows directly from [17, Theorem 3.6].

Theorem 3.6 Let (G, M, I) be an impulsive generalized semiflow satisfying condi-
tion (H). Then it has a uniquely defined global c-attractor A, if and only if it is
asymptotically compact and dissipative. The attractor A, is given by

Ac=aBy)= [ @B,

BeB(X)

where By is an absorbing set of (3, M, I).

The notion of global c-attractor was defined for nonautonomous and single-valued
case in [5]. This set does not have to be invariant, since it is possible to construct an
example where A, contains points from M and (M) N M = (), whereas elements of
M can only be the initial points of trajectories in 9 see [7]. Hence, a natural candidate
for the global attractor is the set A = A.\M. Two questions appear: if the set A
is invariant and if it still attracting. While we postpone the more difficult question
of invariance to the next sections, we will first provide the affirmative answer to the
second one.

3.2 Existence of Global Attractor

The next property allows us to deduce that if an impulsive generalized semiflow has
a c-attractor A, then the possibly noncompact set A.\M is still attracting. This set
will be called a global attractor of an impulsive generalized semiflow. Note that the
next lemma is a multivalued counterpart of [6, Lemma 3.13].

Lemma 3.7 Let (G, M, I) be an impulsive generalized semiflow which is asymptoti-
cally compact and satisfies the condition (H). If B € B(X) then

&(B)NM C &(B)\M.

Proof Take B € B(X) and x € @(B) N M. There exist sequences {z;} C B and
tj — ooas j — 00, and a sequence of impulsive trajectories {i;} C G such that
ij(tj) - xas j — ooand it;(0) = z; for every j € N. For each j € N, there is an
. J J

integer n; > 0 such that Ty, <tj < Tn,-+1 and

ﬁ](t]) = Ul!lj(tj - TI{j)v

J SN — o (] J ] j . . .
where Un; € Gand itj(t) = Un; (t ‘L’nj) for T, < 1j < n 41 (if there is no jump

in the trajectory u; for time less than ¢}, then we may just take T ; =0).Letm € N

be such that n% < min{e,, %}, where €, comes from Definition 2.7. There exists a
subsequence of indexes, which we do not renumber, such that one of the next two
assertions hold

@ Springer



1424 E. de M. Bonotto, P. Kalita

@), <tj—&/4,jeN
(i) 1 +&/4 <1, .. j €N

We continue the proof separately for the two cases.

Case (i). Define u)’J" =u;(tj— ”il) form € N*, j € N. By the asymptotic compactness
of the impulsive generalized semiflow, if we fix m, then for a subsequence of j, denoted
by the same index and possibly different for each m, there exists y,, € @(B) such that

w’;‘ — ym as j — oo. At first, note that y,, ¢ M for all m € N*. In fact, let

i 1
UT(S):v,ﬁj <S+tj_n_1_ ,{J) for s > 0.

Since n'}‘ (0) — yp, as j — oo, it follows by condition (B4) of Definition 2.1 that
there exists 1, € G with 1,,(0) = y,, such that for a subsequence of j, which we still
denote by the same index, ;7;" — Ny as j — oo, uniformly on compact subsets of
R.. Hence,

dm(1/m), x) < d(m(1/m), 07 (1/m)) +d (@} (1/m), x)

< sup d(nm(t), 0} (1) +d (i (1)), x).
tel0,1]

The last expression can be made arbitrarily small by taking j large enough, and hence
Nm(1/m) = x € M. Since 1,,(0) = y,, and 1/m < €., we deduce that y,, ¢ M, i.e.,
Ym € @(B)\M for every m € N7,

Second, the compactness of @(B) implies that y,, — xo as m — 00 (passing to a
subsequence if necessary). If xo # x, then taking another subsequence if necessary,
there exists n € G with n(0) = x¢ such that n,, — n as m — oo, uniformly on
compact subsets of R (see condition (B4)). Thus,

d(x, x0) = d(m(1/m), n(0)) < d(m(1/m), n(1/m)) +d(n(1/m), n(0))
=< Sll(l)pud(nm(t),n(t))+d(77(1/m),77(0))-
tel0,

The right-hand side of the last expression can be made as close to zero as we want
by taking large m. Hence, it has to be x = xp. It follows that the whole sequence y;,
converges to x and the proof for case (i) is complete.

Case (ii). Define w;” =u;(tj+ %) form € N*, j € N. Similarly as in the case (i),
using the asymptotic compactness, it follows that for each m there exists y,;, € @(B)
such that, for a subsequence, still denoted by j, there holds w;” — Ymp as j — oo.

We will prove that y,, ¢ M for all m € N*. In fact, let

nj(s) = v,’;j (s +1t; — r,{j> for s> 0.

Since n;(0) — x as j — oo, it follows by condition (B4) of Definition 2.1 that there
exists n € G with n(0) = x such that for a subsequence of j, still denoted by the
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same index, n; — n as j — oo, uniformly on compact subsets of R_. In particular,
w;." = n;(1/m) — n(1/m) as j — oo, which means that y,, = n(1/m). Since
n(0) =x € M and 1/m < €, we deduce that y,, & M, i.e., y,, € @(B)\M forallm €
N*. Now, since 7 is a continuous function it follows that y,, = n(1/m) — n(0) = x

as m — oo and the proof for case (ii) is complete. O

Next, we define the concept of global attractor for an impulsive generalized semi-
flow.

Definition 3.8 A set A C X is called a global attractor for an impulsive generalized
semiflow (G, M, I) if
(i) A = A\M and A is compact;
(i) A is attracting;
(iii) A is the smallest closed attracting set.

The difference between the above definition and the definition of the c-attractor stands
in the fact that we demand that after we remove elements of M from the smallest
closed attracting set, the resulting set should still be attracting.

Theorem 3.9 Let (G, M, I) be an impulsive generalized semiflow which satisfies the
condition (H). Then (G, M, I) has a global attractor A if and only if it is asymptotically
compact and dissipative.

Proof If the global attractor exists then its closure is a c-attractor, consequently the
dissipativity and the asymptotic compactness follow from Theorem 3.6. For the proof
of the opposite assertion, we assume that the impulsive generalized semiflow is asymp-
totically compact and dissipative. Theorem 3.6 implies the existence of the c-attractor
Ac. Define A = A, \M. We need to show that A= A, and that A is attracting.
By Theorem 3.6 the c-attractor is the impulsive w-limit of an absorbing set By, i.e.,
A = @(Byp). It is clear that AcC Ac. The opposite inclusion follows from Lemma
3.7. Indeed,

Ac = (@(Bo)\M) U (&(Bo) N M) C (@(Bo)\M) U w(Bo)\M = &(Bo)\M
= A.

Now, for B € B(X),
disty (7 (t)B, A) = distxy (7 (t)B, A:;) > 0 as t — o0,

and hence A is attracting, which concludes the proof. O

Remark 3.10 We stress that the statement of the above theorem is similar to [20,
Lemma 1]. We note, however, that in [20] the authors do not prove that A = A.\M
is attracting. So, the result of [20, Lemma 1] is equivalent to our Theorem 3.6 which
is the intermediate step to get Theorem 3.9. The novelty of Theorem 3.9 is the proof,
that if we remove the elements of the impulse set M from A, then the resulting set
will still be attracting. We also stress that the above result is the improvement of [6,
Lemma 3.13] even for the single-valued case, as we show that the Tube Condition
assumed in [6, Lemma 3.13] is in fact not needed for this result to hold.
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3.3 Is the Global Attractor Invariant?

The question that remains is, whether the global attractor A of an impulsive general-
ized semiflow is an invariant set. Typically, we need to impose some continuity type
assumption on the semiflow to recover the attractor invariance. The following exam-
ple shows that although the underlying generalized semiflow G satisfies (B4), i.e., it
is upper semicontinuous with respect to the initial data, and the jump multifunction /
is upper semicontinuous, the global attractor does not have to be invariant.

Example 3.11 Consider the single-valued semiflow given by the solutions of the ODE

{x’ =x(1—-x)(1+x)
Y =-.

Let M = {1/2} x [—1,0] and let I(1/2,y) = {(3/4, y)} for y € [—1, 0]. It is not
hard to verify that A, = [—1, 1] x {0}. Therefore, A.\M = ([—1, 1]\{1/2}) x {0}.
This set is attracting but it is neither positively nor negatively invariant. In fact, the
largest invariant set included in A is ([—1, 1/2) U [3/4, 1]) x {0}.

Hence, despite both the semiflow § is upper semicontinuous with respect to the
initial data (in fact, it is single-valued and continuous in the above example) and
the jump multifunction is upper semicontinuous (in the above example it is single-
valued and continuous), the global attractor does not have to be neither positively nor
negatively invariant. This implies that if we want the global attractor to be invariant,
then we need some additional assumptions. In the following section, we will provide
such assumptions.

4 Invariance of Global Attractor

In Sect. 3, we have proved a result on the existence of the c-attractor A, for animpulsive
generalized semiflow. This c-attractor could intersect with the set M, thus there was
no chance for it to be invariant as in many cases, namely if I(M) N M = @, points
in M can be only the initial points of the trajectories in §. We have also defined the
set A = A.\M and we proved that although this set could be no longer compact, it is
still attracting. We called this set as the global attractor. This section is devoted to the
proof of the invariance of this attractor.

4.1 Definitions and Preliminary Facts

In this subsection, we prove that it is sufficient to obtain the negative semi-invariance
of the global attractor on any given time interval. This approach is convenient for
problems with impulses as we can restrict our considerations to the short time intervals
on which there can occur only at most one jump.

We first remind the definitions of negative and positive semi-invariances for multi-
valued semiflows (and, equivalently, for impulsive generalized semiflows).
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Definition 4.1 A set S C X is negatively semi-invariant under the impulsive general-
ized semiflow (G, M, I) if for every ¢ > 0 there holds

Sca@s,

or, in other words, for every x € § and every # > 0 there exists an impulsive trajectory
u € Gsuch that u(0) € S and u(r) = x.

Definition 4.2 A set S C X is positively semi-invariant under the impulsive general-
ized semiflow (G, M, I) if for every ¢ > 0 there holds

T(t)S C S,

or, in other words, for every x € S, every impulsive trajectory u € G with u0) =x
and every ¢t > 0 there holds u(z) € S.

Definition 4.3 A set S C X is said to be invariant under the impulsive generalized
semiflow (G, M, I) if it is both negatively and positively semi-invariant.

The proof of the next result follows the lines of the proof of [17, Proposition 4.3].
Since impulsive generalized semiflows are strict multivalued semiflows, it states that
it is sufficient to prove the negative semi-invariance for some small time t* > 0

and, consequently, both negative and positive semi-invariances (and hence the full
invariance) will follow for every r > 0.

Lemma 4.4 Let (G, M, I) be an impulsive generalized semiflow satisfying condition
(H) such that (M) N M = (. Assume that A is the global attractor of this semiflow.
If for some t* > 0 there holds A C 7 (t*).A, then A is invariant.

Proof Using the fact that 7 is strict, we obtain

ACra(HACAEHTE)A=7QRAC...C 7(nt*)A forevery n e N*,
(3)

Pick any s > 0. It follows that
disty (7 (s)A, A) < disty (7 (s)7 (n*)A, A) = distx (7 (s + nt*)A, A).
As A is attracting, we can pass with n to co whence
lim disty (7 (s +nt*)A, A) = 0.
n— 00
Thus
disty (7 (s)A, A) =0,
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or, in other words,
7(s)A C A.

Since points in M can be only the initial points of the trajectories in Gas I(M)NM = §,
we deduce that

#(s)A C A\M = A forevery s> 0. )

This implies that A is positively semi-invariant. We pass to the proof of the negative
semi-invariance. Using (3) and (4) we deduce that

AcCamt™ACA forevery neN,
whence
A =7rmt*)A forevery n € N.

Let s > 0 be fixed and choose n such that s < nt*. Then, by the strictness of 7 and
(4) it follows that

A =7(nt")A = 7 ()7 (nt* — 5)A C 7(s)A,

whence the assertion follows. O

In the next subsection, we give the criterion for the negative invariance of A for
t, = &/2. In consequence, the full invariance for every r > 0 will follow by Lemma
4.4.

4.2 Negative Invariance of the Global Attractor

Itis clear from Example 3.11 that without any additional assumptions the invariance of
the global attractor is not true in general. We formulate an additional hypothesis which
will guarantee this invariance. The hypothesis relates the set M with the generalized
semiflow G:

(T) If x € M, {uj} C Gandt € (0,00) are such that {u;(0)} converges in X
and u () — x then there exist a subsequence {u,} and a sequence {o,} C R,
ay, — 0,suchthatt +ay, > 0and u,(t +ca,) € M.

Remark 4.5 Since condition (B4) holds, the condition (7') is equivalent to the following
condition: if x € M, {u;} C Gand t € (0, 0o) are such that u;(t) — x and

lim supd(u;(r), u(r)) =0 onevery compactset J C Ry and forsome u € G,
J 7R rey

then there exist a subsequence {u,} and a sequence {«,} C R, oy, — 0, such that
t+oy, >0andu,(t +oy) € M.
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Remark 4.6 We stress that the condition (T) is equivalent to the condition introduced in
[20, formula (20), p. 201], as we prove in Sect. 7.2. We remark, however, thatin [20] the
authors obtain the invariance under this condition, and additional condition given by
[20, formula (26), p. 204]. In the following result, we prove that indeed condition (7")
guarantees the global attractor invariance, without the need of additional conditions.
In Sect. 7.2, we recall [20, formula (26), p. 204] and we give a simple example where
this condition is not satisfied and hence the results of [20] cannot be applied, but our
next theorem still works.

Theorem 4.7 Let (G, M, I) be an impulsive generalized semiflow satisfying condition
(H) such that M) " M = (. Let A be the global attractor of (G, M, I). If the
condition (T) is satisfied then there holds

A C7(E/2)A.

Proof Theorem 3.6 and Theorem 3.9 imply that there exists a set By € B(X) such
that A = @&(Bo)\M. Let x € A. There exist sequences {x;} C By, t; — oo, and
{;j} C G such that u;(t;) — x as j — ooand #;(0) = xj, j € N. The jump
Nj

i=1°

Nj=o0orN; < ooand TI{I]-H = o0. For each j € N, let n; be an integer such that

points in the trajectory ii; are denoted by {ri] } where we set t({ = 0 and either

r,{j <tj < r,fj 1~ For simplicity, we will write in the remaining part of the proof just
7; in place of r,{j. We consider three possibilities.

Case 1. There holds t; — t; — &/2 as j — oo. For each j € N, there exist

trajectories v;, w; € G such that v;(t) = ujj_g/z(t) for + € [0,&/2) with
vj6/2) = lim_ i) € M, and wi) = @) for 1 € [0, — 1]
with w;(0) € I(v;(§/2)). Asymptotic compactness of G implies that there exist
v, z € @(Byp) such that, for a subsequence of indexes, that we still denote by j, there
holds it j(t;) = w;(0) — zand iij(r; —&/2) = v;j(0) — y as j — oo. Property
(B4) of Definition 2.1 implies that, for another subsequence, there exist trajectories
v, w € G such that v; converges to v and w; converges to w uniformly on compact
subsets of R ;. In particular, v;(§ /2) — v(§/2) as j — 0o.From Lemma 2.3, we have
w(0) =ze€lWE/2) CI(M).AsI(M)NM = @itfollowsthatz € o(By)\M = A.
Moreover, as ¢ (w) > § it follows that w(z) ¢ M for 7 € (0, §/2]. This means that the
function w|jo,¢/2) is a prefix of a trajectory in §. Moreover,

o35 o) e

< d(w (%) ,w(tj —‘L’j)) +d(w(tj —‘Cj),wj(lj —‘Kj))
+d(ﬂj(tj),x),

and, using (B4) and (B5) of Definition 2.1, all sequences on the right-hand side of
the last expression converge to zero, whence w(§/2) = x. Hence, as wljo,£/2] is a
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prefix of a trajectory in G with w(0) € A and w(& /2) = x, the proof for this case is
complete.

Case 2. There exists € > 0 and a subsequence of indexes, still denoted by j, such that
tj —1; > &/2 + €. There exist trajectories v; € § such that v;(r) = ﬂ;jié/zig(t)
for every t € [0,§/2 + €], j € N. Asv;(0) = u;(t; — &/2 — €) the asymptotic
compactness of 9 implies that, for a nonrenumbered subsequence, v;(0) — z as
Jj — oo for some z € &(Bp). Using (B4) of Definition 2.1, there exists a trajectory
v € § with v(0) = z such that, for another subsequence of indexes, v; converges to v
uniformly on the compact subsets of R . In particular, v;(€) =i (t; —&/2) — v(e)
anduj(tj) = vj(e+§/2) — v(e+&/2)as j — oco.But,asii(t;) — xas j — 00, it
must be that v(e +£/2) = x. Now, we show that for every ¢ € [€, € +&/2) there holds
v(t) ¢ M.Indeed,ifv(s) € M foracertains € [€, €e+&/2) then condition (7') implies
that, for a subsequence of indexes, still denoted by j, there exists a sequence o; — 0
such that s +«; > 0 and v;(s + ;) € M. But for sufficiently large j, there holds
s+aje€(0,e+&/2)andhence it(t; —&/2 — € +s + ;) € M. This is impossible
since points in M can only be initial point of trajectories in Gas I(M)NM = §.
Consider the translation v¢. This is a trajectory in § with v¢(0) € @(Bp)\M = A,
v(§/2) = x and v°(r) ¢ M fort € [0, £/2]. It follows that v|[o,¢/2] is a prefix of a

trajectory in § which makes the proof for this case complete.

Case 3. There exists a subsequence of indexes, still denoted by j, suchthatt; —t; —
s € [0,£/2) as j — oo. In this case, one may obtain trajectories v; € G such

that v; (1) = a7 @) for 1 € [0,7j — 1 + 36/4) and v, (r; — 1; + 3§/4) € M,

J € N.Asv;(0) = u;(t; — 35/4), asymptotic compactness of g implies that, for
a subsequence still denoted by j, v;(0) — y as j — oo. From condition (B4) of
Definition 2.1, there exists a trajectory v € G suchthatv(0) = y and, for a subsequence,
we have the uniform convergence of v; to v on compact time intervals. Condition
(B5) of Definition 2.1 implies the convergence v;(t; — t; + 3§/4) — v(3§/4 — )
as j — oo, whence, by the closedness of M we must have v(3£/4 — 5) € M.
Moreover, i (tj) = ﬁljj_SE/4(Tj —tj +38/4) € I(vj(r; —t; + 3£/4)) and, by
the asymptotic compactness of G, it;(r;) — w as j — o0o. From Lemma 2.3, it
follows that w € I(v(§/2 — 5)) C I(M). Consider the sequence {z;} C G such that
zj(t) = ﬁ;j(t) fort € [0,¢; — 7j] and j € N. The fact that #;(r;) — w implies
that z;(0) — w and by (B4) of Definition 2.1, for a subsequence of indexes, which
we do not renumber, we have the uniform convergence z; — z for some z € G, on
the compact subsets of R.. This fact, together with continuity of trajectories in G, cf.,
(B5) of Definition 2.1, implies that z;(s) — z(s) and z;(t; — ;) — z(s) as j — oo.
But, since z;(¢t; — 7;) = u(t;), we have z(s) = x. We construct the trajectory

0(1) = v(t +&/4) for t €[0,&/2 —5)
Tzt —€/2+5) for tel[E/2—s5,E/2].

Firstnote that6(0) = v(§/4).Sincev;(§/4) — v(§/4)as j — oo, and for sufficiently
large j there holds v;(§/4) =i (¢t; — &/2), there must hold 6(0) € @(Bp). We must
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show that 6 is a prefix of a trajectory in G and 0(0) ¢ M. Since z(0) = w € I(M)
and z € Gitis clear that z(r) ¢ M for r € [0, s] which means that 6(¢) ¢ M fort €
[£/2—s, &£/2]. Itremains to prove that v(t+& /4) ¢ M fort € [0, £/2—s). The proofis
analogous to the proof in Case 2. Suppose that v(r) € M forsomer € [§/4,3&/4—5).
Condition (7') implies that there exists a subsequence of indexes, still denoted by j,
and a sequence of real numbers {«;} C R such thata; — Oas j — oo, 7 +a;j >0
and v;(r + ;) € M. There exists jo € Nsuchthat 0 < r +«aj, < 7)) — tj, +3&/4.
Indeed, suppose that for every j € N there holds r + a; > 7; — t; + 3§/4. We
can pass to the limit with j to infinity, whence r > —s + 3£ /4, a contradiction with
r € [§/4,36/4 — s). Hence, as 0 < r + «aj, < tj, — tj, +3&/4 it follows that
Vi (r +ajy) = ujo(r +oaj, +1tj, —36/4) ¢ M, acontradiction as /(M) N M = .
The proof is complete. O

As a consequence of Theorem 4.7 and Lemma 4.4, we obtain the following result.

Corollary 4.8 Let (G, M, I) be an impulsive generalized semiflow satisfying condition
(H) with a global attractor A such that (M) N M = (. If the condition (T') holds,
then the attractor A is invariant.

5 Continuity of the Impact Time Map

A natural question that appears when studying the theory of impulsive dynamical
systems is whether the mapping that defines the impact time, i.e., the time of the
first jump for the trajectory, is continuous. It turns out that for multivalued dynamical
systems the same condition (7') which guarantees the global attractor invariance is
also sufficient for the impact time map continuity. In precise words, we will study the
continuity of the mapping ¢ : § — (0, +00] given by

¢(w) =1inf{t >0 : u(t) € M}.

In a standard way, we make (0, +o00] a locally compact space by defining the neigh-
borhoods of 400 as the sets (K, +oo] for K > 0. We will also consider a multivalued
map @ : X — P((0, +00]) given by

P(x) ={pu) : u e G}

For the set M C X, we denote by Gx\u the set of all the trajectories with the initial
points not belonging to M. We will show that (T') guarantees the continuity of the
function ¢ on Gx\ » and upper semicontinuity of ® on X\ M. We remind that § and
Sx\m are equipped with the metrics given by the uniform convergence of the compact
subsets of R.. The next example demonstrates that, in general, the function ¢ is not
continuous on G\ y and the multifunction & is not upper semicontinuous on X\ M.

Example 5.1 Consider the system governed by following ODEs

x'=0
y'=-1
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and let G be the set of its classical solutions (in fact, these solutions generate a single-
valued semiflow). Let M = [—1, 1]x {0} be animpulsive set and consider the sequence

1
Mj(t)=<1+;,1—t> for t e Ry and j e N*t.

Then u; — u uniformly on compact subsets of R, where
u@®)=1,1—1r) for reR;.

It is clear that u; € Gx\y and u € Gx\y. Also note that u;(0) — u(0) = (1, 1),

¢(uj) =ooforall j € NT and ¢ (1) = 1. Consequently, we have lim inf ¢ (1) >
n— oo

¢ (u), but we do not have limsup ¢ (u,) < ¢ (u). Thus ¢ is not continuous on Gx\y

n—o00
and @ (which is single-valued whence upper semicontinuity is just continuity) is not

continuous on X\ M.

The next result demonstrates that (7) in fact guarantees the continuity of ¢.

Theorem 5.2 Let G be a generalized semiflow and let M C X be a closed set satisfying
the condition (T'). The mapping ¢ : Gx\m — (0, +00] is continuous.

Proof Letz € X\M,u € G; and {u;} C G be a sequence such that

supd(u;(t),u(t)) - 0 as j— oo (®)]

teJ

forall compactset J C Ry.Sinceu(0) = z ¢ M, thereis jo € Nsuchthatu; € Gx\p
for every j > jo. We first prove that

¢ () < liminf ¢ (u;).
Jj—00

If lim inf ¢ (1 ;) = oo then the result follows. Now, let us assume that lim inf ¢ (u ;) =
J—> 00 ] —> 00

re [0, 00). Using (5) and condition (B5), we may obtain a subsequénce {u,} such
that

up(@puy)) — u(r) as p — oo.

As u,(¢p(uy)) € M for all u € N, we conclude that u(r) € M, which means that
r > ¢ (u), and the assertion follows.
Now, let us prove that

limsup ¢ (u;) < ¢(u).

j—o0

If ¢ (u) = oo then the result is trivial. Otherwise, take a subsequence {u,} C {u;}
such that ¢ (u,) — c as u — oo. We will prove that ¢ < ¢(u). As u(p(u)) € M,
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using condition (7') we may assume that there exists a subsequence of indexes {u'},
a sequence {o,} with ¢y — 0, such that u,,/ (¢ (u) + c;/) € M. Then,

c= lim ¢(uy) < }im [pu) + o] = P(u).
M —> 00

n—00

The proof is complete. O
We deduce the following result on the multifunction ® : X\M — (0, 4+o0].

Theorem 5.3 Let G be a generalized semiflow and let M C X be a closed set satisfying
the condition (T). If x; — x in X\M and t; € ®(x;), j € N, then, for a subsequence
of indexes we have t,, — t € (0, +00], where t € ®(x).

Proof The result follows immediately from the condition (B4) and Theorem 5.2. O

Remark 5.4 Lemma 2.3 implies that if a closed set M satisfies the condition (7) then
the multifunction ® : X\M — (0, +oc]is upper semicontinuous and compact valued.

We summarize the results of this section in the following Theorem.

Theorem 5.5 Let (G, M, I) be an impulsive generalized semiflow satisfying condition
(T). Then

(1) The function ¢ is continuous on Gx\m.
(i) Ifx; — x in X\M and t; € ®(x;), j € N, then, for a subsequence of indexes,
we have t,, — t € (0, +00], where t € ®(x).
(iii) Equivalently to (ii) we may say that the multifunction ® is compact valued (in
the interval (0, +00] compactified at +00) and upper semicontinuous on X\ M.

6 Criteria for Asymptotic Compactness

In the previous sections, we have given conditions which characterize the global attrac-
tor existence and its invariance for impulsive generalized semiflows. One of these
conditions, given by Definition 3.2 is the asymptotic compactness of an impulsive
generalized semiflow. In this section, we prove two results which relate the asymp-
totic compactness of an impulsive semiflow with the properties of the underlying
generalized semiflow §G. The first result says that asymptotic compactness of § and
compactness of the set /(M) guarantee the asymptotic compactness of G.

Recall that the definition of asymptotic compactness of G is the same as presented
in Definition 3.2 by replacing G by G.

Lemma6.1 Let (G, M, I) be an impulsive generalized semiflow satisfying condition
(H). Assume that G is asymptotically compact and 1 (M) is compact. Then G is asymp-
totically compact.

Proof Let B € B(X),t; — ocand {itj} C G be such that j(0) € Bforevery j € N.
Denote by v;ﬁ € § the trajectories such that

vl =a;+1)) for 10,7, —1).
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Clearly, for each j € N, there exists m; € N such that r,f;j <t < r,f;j e with the
possibility that 7:,{11, +1 = oo. For simplicity, let us denote 7; = 7, Tj+1 = r,{lj +

Y
and vj = vjy;.

Case 1. There exists a subsequence of {t;}, denoted by the same index, such that
7; =0 (m; = 0). In this case, #;(#;) = v (¢;) which has a convergent subsequence
by the asymptotic compactness of G.

Case 2. For all but finite number of indexes there holds Tj # 0.

We split this case into two separate subcases.

Subcase 2.1. For an infinite number of indexes there holds t; = t;. In this case,
uj(t;) € I(v;;,fl(tj)) C I(M) for an infinite number of indexes, and the result
follows by the compactness of I (M).

Subcase 2.2. For all but finite number of indexes there holds t; < t; < tj1. We may
assume that there is jo € Nsuchthatt; #0and 7; <t; < 74 forall j > jo. Note
that it (t;) = v;(t; — ;) and v;(0) € I1(M) for every j > jo. Thus, we may assume
that there is x € I (M) such that

v;(0) > x as j— oo.
By condition (B4), there is u € G with u(0) = x such that, up to a subsequence,

supd(v;(t),u(t)) - 0 as j— oo (6)
teJ

for all compact J C R4.. Now, if the sequence {t; — 7;} is bounded, we may assume
that for a subsequence, still denoted by the same index, t; — 7; — #p as j — 00, and
then

wj(t)) =v;t; —tj) = uto) € X as j — oo.

On the other hand, if t; — 7; — oo then it;(t;) = v;(t; — ;) converges by the
asymptotic compactness of G. O

In the second result, we present the criterion for the asymptotic compactness of
(G, M, I) for the situation when /(M) is not necessarily a compact set.

Definition 6.2 The generalized semiflow G is compact if for any sequence {u;} C §
with u ;(0) bounded and ¢ > 0, the sequence {u  (¢)} is relatively compact.

Lemma 6.3 Let (G, M, I) be an impulsive generalized sen~1iﬂow such that the coqdi-
tions (H) and (T) hold. Assume that G is compact and G is dissipative. Then G is
asymptotically compact.

Proof Let B € B(X),t; — ooand {ii;} C G with ij(0) € Bforevery j € N. By the
dissipativity of G there exists a set By € B(X) and tp > 0 such that i1 (s) € By for
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all s > tp and j € N. Let jo € Nbe such that?; > tp +& + 1 forall j > jp. Since

uj € 9 for each fixed j, there exists a sequence {v,{},ivio C §(0 < N; <00)such
that

ij(t)=vl(t—1)) for telt/,7/,)) and ke{0,....N;},

i \N; . . - j . .
where {r,f }iLo are the jump times of i; with t({ = 0. For each j € N there exists

mj € N such that 7, <t; < 1,,

= 1/ . — J
mj41- Letus denote Tj = Ty, Tj41 = Tonj 41 and

R
Vj = Up;-

Case 1. There exists a subsequence, still denoted by {t;}, such that t; < d)(vé)for all
Jj = jo. Define

wi(t) = v)(t +1;—1) forall >0, j> jo.

Note that w; € Gand w;(0) = it;(t; — 1) € By for all j > jo. By the compactness
of §G there exists a subsequence, which we also denote by {w;}, such that w;(¢) is
convergent for each t+ > 0. Consequently,

~ J
uj(t;) = vy(t;) = wj(l)
is convergent, and the assertion for this case is proved.

Case 2. For all but finite number of indexes there holds t; > le . Here, we my choose
J1 = jo such that 7; > rlj for all j > jj. Since t; < t; < 7j41 and condition (ii)
holds, it follows that

Tjiy1 —1; =& forevery j > ji.

We split the rest of the proof into three subcases.

Subcase 2.1.tj < tg forall j > ji, taking a subsequence if necessary. In this case, we
definew;(t) = v;(t+tj—t;—&)fort > Oand j > ji.Sincet; < tp <t;—& < Tjy1,
it follows that w;(0) =i (t; — &) € Bo for all j > j;. By the compactness of G, we
conclude that i ; (t;) = w;(§) is relatively compact in X and the assertion follows.

Subcase 2.2. There is j, > ji suchthatt; > tgandt; > 7; + %,for every j > jp.In
this case, we define w;(t) = v;j(t +t; —&/2 — ;) fort > O and j > j». Using the
previous argument, we conclude that i (t;) = w; (& /2) is relatively compact and the
proof is complete.

Subcase 2.3. There is jz > ji such that t; > tp and t; < t; + %for every j > ja.
Note that 7;_1 < t; — & < 1, where 7, = rnj”_l and j > j3. For j > j3, set

vj_1 = vr{lj_l and define
wi(t) =vj_1(t+t; —& —1j_1) forevery t>0.
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There holds w; € Gand w;(0) =it (t; —&) € By, j > j3. By the compactness of G,
we may assume that

ﬁj<tj—E>=vj_1<tj—E—tj_1>=wj(§>—>a as j — o0
8 8 8

for some a € X. Define z; = wf/s for j > j3,1i.e.,

7
7j(t) = w; <t+ %) =vj_1 <t~|—tj — g —rj_l) for every ¢ > 0.

Condition (B4) of Definition 2.1 implies that, for a subsequence of indexes, still
denoted by j, there holds

lim supd(z;(s),z(s)) =0 forsome z € G, (7)

] sed

on compact subsets J C R. In particular,

o)) <) = s

We claim that z (§/8) ¢ M. In fact, suppose to the contrary that z (§/8) € M. By
condition (T), there exists a subsequence of {z;}, which we denote by the same index,
and a sequence {o;} C R, a; — O as j — oo, such that

%+aj >0 and z; (%+aj) e M.

But, for j sufficiently large, we get t; 1 < t; — % +a; < tj, thatis,

3
Zj (% +“j) =w;j <§ +04j> =Vj-1 (fj - ZS +oaj— fjl)

=ﬁj<tj—%+0lj)¢M

which is a contradiction. Hence, z (£§/8) ¢ M.
Now, let us define

3
9j(t)=z§/8(l)=Zj (l+§)=vj_1 (I—i—l‘j—;—fj_l) for t >0, Jj> 7.

Then 6; € Gand 6;(0) = z;(§/8) — z(§/8) ¢ M as j — oo. Moreover, from (7)
and Theorem 5.2, it follows that

supd(0;(1), 22/°(1)) > 0 and ¢(0)) = /%), as j — oo,

teJ
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for every compact interval J C Ry. Thus,
0j(¢(0)) — 2P @E/%) as j— oo

As vj(0) € 1(0;(¢(0;))) and I is upper semicontinuous, for a subsequence, still
denoted by j, there holds

vj(0) = b e I3 PP as j— .
Again, using condition (B4), there exists w € § with w(0) = b such that

supd(v;j(1), w(t)) - 0 as j — oo,
teJ

for every compact interval / C R,. Note that t; = 7; + s; for s; € [0,&/2] and
ij(tj) =v;(sj), j > j3. For a subsequence of indexes, still denoted by j, there holds
sj— X e[0,&/2], and

ﬁj(l‘j) =v;(s;) > w(d) as j— oo.

The proof is complete. O
7 Comparison Between Condition (T) and Other Conditions used to

get Invariance for Impulsive Systems
7.1 Condition (T) and Tube Condition for Single-Valued Systems
For single-valued impulsive semiflows it is proved in [6] that the so-called tube con-
dition guarantees the global attractor invariance. We have proposed the condition
(T') which guarantees this invariance in the general multivalued situation and, thus,
also in the single-valued one. In this section we prove that the tube condition, in the
single-valued case, implies condition (7). In this way, we assume that the generalized
semiflow § is single-valued, i.e., for every x € X theset{u € G : u(0) = x}isa
singleton. In such case, we will use the notation

S()x =u(t) for ue§G with u(0) =x.
For D C X and A C [0, c0), we define

F(D,A) ={y € X : there exists 8 € A such that S(8)y € D}.

Definition 7.1 Let . > 0. A closed set S containing x € X is called a A-section
through x, if there exists a closed set L such that

(T1) F(L,A) =S,
(T2) F(L,[0,2)]) contains a neighborhood of x;
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(T3) F(L,uw)NF(L,n) =@, for0 < pu <n <2
The set F(L, [0, 2)]) is called a A-tube and the set L is called a bar.
We recall the following Lemma, cf. [15, Lemma 1.9].

Lemma 7.2 Let {S(t)}i>0 be a single-valued semiflow. If S is a A-section through x,
then S is a u-section through x.

The notion of section allows us to define the following property for a tube.

Definition 7.3 Let M C X be an impulsive set. We say that a tube F (L, [0, 2)]) given
by a section S through x € M is a TC-tube if

SCMNF(L,[0,2x]).
A point x € M satisfies the Tube Condition (7 C) if there exists a T C-tube through
X.

As a consequence of Lemma 7.2, we obtain the next result.

Lemma 7.4 Letx € X be apoint satisfying TC with a A-section S. Then for anyn < :
the set S is an n-section with a TC-tube.

In the next result, for single-valued semiflows, we prove that the tube condition
implies the condition (T).

Theorem 7.5 Let (G, M, I) be an impulsive generalized semiflow such that the under-
lying generalized semiflow G is single-valued. If x € X satisfies TC then x satisfies
the condition (T).

Proof Let x € M, t > 0 and {u;} be a sequence of trajectories of the single-valued
semiflow {8(#)};>0 such that

lim supd(u;(r),u(r)) =0 forevery compact J C R andforsome u e G,
J7 X reJ

and that u ;(t) — u(t) = x for a certain ¢ > 0, see Remark 4.5. It is not difficult to
see that

supd(utj(r), u'(r)) > 0 as j— oo, (8)
redJ

for all compact J/ C R. By condition (1) from Definition 2.7, there exists €, > 0
such that

U weinm=a. 9)

s€(0,€y)

Now, as x satisfies the condition TC, let F'(L, [0, 21]) be a A-tube through x given by
a section S, with A < €,. By condition (T2) of a tube, there exists jo € N such that

zj =u;(t) € F(L,[0,21]) forall j > jo.
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Then there exists s; € [0, 2A] such that u;(t + s;) € L for every j > jo. We may
assume that s; — 5 € [0,2A] as j — oo.

Case 1. There exists a subsequence, which we denote by the same index, such that

sj > A. Since u;(t +s;) = ut,ﬂjﬁ()\) € Land F(L,X) = S by (Tl), we get

J
;4‘51‘_)‘(0) € S C Mforevery j > jo.Setaj =s;—A,j > jo. Weclaim that § = A.

Indeed, assume that 5§ > A. Using (8) and (BS5), it follows that
u;-(ozj) —u'(5—1) as j— oo.

But u’j(a j) € M, which implies that u’(§ — 1) € M and it contradicts (9). Thus, for
J = Jjo

aj >0, t+a;>0 and u;j(t+a;)eM.

Case 2. There exists a subsequence, which we denote by the same index, such that
sj < A Definea; =s; — A, j > jo. By (8) and (B5) it follows that

u?(sj) —u'(G)eL as j— oo.
But,as u’(0) =x € M C Sand 0 < 5§ < A, it follows from the definition of the tube
that s = A. Let ji € N, ji > jo, be such that # + «; > O for all j > j;. Then, for
j =i
u;+aj (M) € L whereas u;(t+oj) = u;+aj ®eScMm.
Hence,

aj—>0, t+a; >0 and wu;j(t+a;)eM foral ;> ji.

The proof is complete. O

7.2 Condition (7) and Conditions of [20]

The authors in [20, formula (20), p. 201] use the following condition in their proof of
the global attractor invariance for generalized impulsive semiflows.

(T*) If x € X\M, {u;} C Gissuchthatu;(0) — x and for some u € G, there holds

lim d(u;j(t),u(t)) =0 forevery t >0,
J—> 00

then ¢(u) = oo if ¢(u;) = oo for infinitely many j, or ¢ (u;) — ¢ (u)
otherwise.

We establish the following result.
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Lemma 7.6 The impulsive generalized semiflow (G, M, I) satisfies the condition (T*)
if and only if it satisfies the condition (T).

Proof Assume first that (7) is satisfied. In view of Remark 4.5, let {u;} C Gbe a
sequence and u € G be such that

lim supd(u;(s),u(s)) =0

] seJ

for every compact J C Ry, and u () — x for some x € M and ¢ € (0, 00). Define
é = min {t, %‘ }, where €, > 0 comes from condition (1) of Definition 2.7. Consider

the sequence {u;_‘s}. Then

lim sup d(uzf‘s(S), W'~ () =0,

] sed

for every compact / C R.. Condition (2) from Definition 2.7 implies that for s €
[0, 8) there holds u'~%(s) ¢ M. In particular, u’~%(0) ¢ M. Hence, as u’~%(8) =
u(t) = x € M (thus, § = ¢ (u'~%)), condition (7*) implies that ¢(u’j—5) — pu'%)
as j — 00, so we can define a; = ¢(u’jf‘3) — ¢(ut_5) and obtain jo € N such that
t +aj > 0 forevery j > jo. Thus the assertion follows.

On the other hand, assume that (T') holds. Take x € X\M, {u;} C G such that
u;j(0) — x as j — oo, and for some u € G there holds

lim d(u;j(t),u(t)) =0 forevery t>0.
j—00

As every subsequence of {u;} has another subsequence such that for some v € G,
there holds

lim supd(u,(s),v(s)) =0 forevery compact J C Ry,
—Xseg

the uniqueness of the limit implies that v(s) = u(s) for every s > 0, and the con-
vergence holds for the whole sequence {u ;}. Thus, the continuity of ¢ established in
Theorem 5.2 implies that (7*) holds. O

Thus we have established that the condition (7)) in Corollary 4.8 can be replaced
with its equivalent condition (7*). In consequence, there holds the following result.

Corollary 7.7 Let (G, M, I) be an impulsive generalized semiflow satisfying condition
(H) with a global attractor A such that (M) N M = (. If the condition (T*) holds,
then the attractor A is invariant.

In [20, Lemma 8], the authors establish the negative invariance for an impulsive
generalized semiflow, assuming the condition (7*) and the following additional con-
dition, which appears there as [20, formula (26), p. 204]:
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(T**) If x € M and {u;} C Gis such that u;(0) — x as j — oo, then there exists a
subsequence {u,} such that either ¢ (u,) — 0 as u — oo or ¢(u,) = oo for
infinitely many indexes .

We have proved that (T*) is equivalent to our condition (7) and no additional
conditions, such as (T**), are needed for the attractor invariance. Next, we exhibit an
example where (T**) is not satisfied, and the global attractor, being an invariant set,
exists by Corollary 7.7.

Example 7.8 Let the generalized semiflow G (single-valued) be given by the solutions
of the following ODE

Define M = {1,2}and I (1) = I1(2) = 3. Note that the impulsive generalized semiflow
(G, M, I) is also single-valued. It is not difficult to see, that conditions of Corollary
7.7 as well as (T') (or equivalently (7*)) are satisfied. In order to see that (7**) does
not hold, let us consider the sequence of initial data

1
xj=2-~ for j>2.
J

Itis clear that x; — 2 € M as j — 0o. We denote the trajectories that start from x ;

by u ;. Since
1
uj(t) = <2 — ;) e !,

by a simple calculation we see that

¢(uj)=1n(2j._l),
J

whereas
lim ¢(u;) =1n(2),
J—00

and (7*) does not hold. It is easy to see that for this example A, = {0} U[2, 3], and
the global attractor A = {0} U (2, 3] is an invariant set.

8 Examples

We complement this article by several additional examples that illustrate the obtained
results.
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Example 8.1 Let F : R — 2R be given by

[—1,1]if x € {—1,0, 1},
F(x) = 1 ifx e (=00, —1)U (O, 1),
—1 ifx e (=1,0)U (1, 4+00).

Consider the ordinary differential inclusion
1) e P
—_ X
dt

and let G be the set of its solutions, i.e., absolutely continuous functions x : Ry — R
which satisfy the inclusion for almost every r € R . For the initial data not equal to
zero, the solutions are given by

t fort € [0, —1 — xp],
ifxg < —1, x(ry= |0 trforrel %ol
—1fort > —1 — xp.
ifxo=—1, x(t)=—1fort > 0.
—tforr €]0,1 ,
ifx0 € (—1,0), x(r) = |0 tfort €01+l
—1fort > 1+ xp.
t fort € [0, 1 — xp],
ifxo € 0.1), x(ry= {0 Triorrel %ol
1fort > 1— xop.
ifxo=1, x()=1fort > 0.
xo — t fort € [0, —1 + x¢],

1fort > —1+ xg.

ifxo>1, x(t) = {

If xo = 0 we get a family of trajectories originating from xq given by

x(t) =0fort > 0.

Ofort € [0, T],

x(t)=3T —tforte[T, T+ 1],
—1fort>T +1.
Ofort € [0, T],
x(t)={t—Tfort e [T, T+ 1],
lfort >T+1.

Verification that the trajectories of the formulated problem constitute a generalized
semiflow according to Definition 2.1 is straightforward. This semiflow is moreover
compact. Let M = {1/2} be the impulsive set and let 7(1/2) = {—1/2}. It is clear
that with these defined M and [ the problem constitutes an impulsive generalized
semiflow. This semiflow is dissipative, and if x(0) € I(M), then ¢(x) = oo. It
is also not hard to see that condition (7) holds, so, according to Lemma 6.3 the
constructed impulsive generalized semiflow is asymptotically compact. By Theorem
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3.6, it has the global c-attractor. It is also not hard to see that the c-attractor is given by
A, = [—1, 1/2]U{1}, and hence the global attractor is given by A = [—1, 1/2) U{1}.
Corollary 4.8 implies that the global attractor is invariant, which is also clearly seen
from the explicit formulas for the underlying generalized semiflow.

Example 8.2 Consider the generalized semiflow G given by the solutions of the ODE
x' = —x, the set M = {1} and I(1) = {2, 3}. Assumptions of Lemma 6.3, Theorem
3.6 and Corollary 4.8 are satisfied, so the global attractor, an invariant set, exists. It is
easy to see that the global attractor is A = {0} U (1, 3]. Let us show that the impulsive
generalized semiflow has an uncountable number of distinct eternal and bounded
trajectories. Indeed, let {a; };c7 be a sequence of zeros and ones, i.e., {a; }icz € {0, 1)Z.
Set #9 = 0 and define a sequence {t;};c7 by the following recursive formulas

tiv1—ti=In2 if q; =1,
tiv1 — t; =1In3 if a; =0.

Now, construct the trajectories of the impulsive generalized semiflow by the formulas

x(t) = 26l if a;i =1 and ¢t € [t;, tj+1),
x(t) = 3eli™! if a; =0 and ¢ € [t;, tj+1)-

Itis visible from the example that introduction of multivalued impulses even in a simple
one-dimensional ODE can lead to an uncountable number of distinct nonperiodic
complete trajectories in the attractor. Each of these trajectories can be uniquely encoded
by an infinite sequence of zeros and ones and each sequence of zeros and ones gives rise
to a distinct trajectory. So, the dynamics of the impulsive system can be transformed
to the symbolic dynamics over alphabet {0, 1} with the nonzero topological entropy.
Hence, the dynamics of multivalued impulsive problems can potentially be much richer
than that of single-valued problems without impulses, in particular it is possible that
the dynamics of a one-dimensional impulsive system is topologically chaotic [22]. We
stress the fact that it is crucial for the system in this example to be both multivalued
and impulsive in order to generate the topologically chaotic symbolic dynamics.

Example 8.3 Consider the phase space X = L*(2), where @ C R” is an open and
bounded set with sufficiently smooth boundary. Consider the problem

u; — Au =0 for (x,1) € Q x (0, 00),
u(x,t) =0 for (x,1) € 92 x (0, 00),
u(x,0) = ug(x) for x € Q.

Clearly, if up € L?(£2), then the problem has a unique weak solution, and the trajecto-
ries of the problem constitute a generalized semiflow G, in fact single-valued. Define
M={velL*Q) : |v lz2() = 1}. Denote by {e; 2, the orthonormal sequence in
L?(Q) of the eigenfunctions of the — A operator with the Dirichlet boundary conditions
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on 92, and the corresponding eigenvalues given by
O<M<Mm=<...<A <...> .

Every function from L?(£2) can be represented by the Fourier series

o0
u= Z(”v en)LZ(Q)ena

n=1

2

where (u, en)2(q) = an(u) is the n-th Fourier coefficient, and |lu]| 12

3% | &2(u). If the initial condition has the decomposition

00
up = Z a, (up)ey,

n=1

then the trajectories of the system are given by

u(t) = Zan(uo)e_)‘”[en.

n=1

Now, define

I(v) = (a1(v) +[3,4Der + Zan(v)en for v e M.
n=2

The multifunction / is upper semicontinuous and each trajectory of the underlying
problem crosses the set M only at most once, hence the problem constitutes an impul-
sive generalized semiflow.

We show that /(M) N M = (. Indeed, let v € M, then ||v||iz(9) = 1, ie,

Z;’lozl a,%(v) = 1. If u € I(v), then for some ¢ € [3, 4] there holds
o
= (V) + e+ Y _ an(v)e,.
n=2

Then, as | (v)| < 1,

o
ll172g) = (@1() +)* + ) an(v)?
n=2
=14+ 20 1(0)c+c? =1 -2c+c% =(c—1)? >4,
and I (M) N M = . Next, we study the quantity
¢w) =inf{t > 0: u(t) €e M} forevery ueG with u(0) =ug e I(M).
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For ug € 1(M) there exists v € M such thatug € I (v), and hence for some ¢ € [3, 4]

ug = (a1 (v) + c)e; + Zan(v)en for Za,zl(v) =1.
n=2 n=1

We can decompose the dynamics starting from ¢ into modes, whence,

[
u(t) = (a1 (v) + c)e—Mtel + Za” (v)e_k”ten,
n=2

2

and, since the ||u(t)||L2(Q)

bound on ¢ such that

is continuous and decreasing it suffices to find the lower

o0
(a1 (V) + ¢)%e M 4 Z(x,zl(v)e_z)‘"t =1.

n=2
It follows that
22672)”[ < l,
whence
1
t > —1In4,
1
and

1
> — In4,
o) = o n

for every u € G with ug € I(M). Finally, we demonstrate the condition (7"). Let
x €M, {u,} C Gandty > 0 such that u,(t9) — x asn — oo and

lim sup [lun(r) —u(r)| 2y =0 forevery compact J C Ry andsome u € §.
=00 e

Let u,(0) = ug and u(0) = ug, up, uy € L2(). It is clear that u(zg) = x and
ug — ug as n — o00. Since |[u(#)||;2(q) is decreasing to zero for any nonzero initial
data, in fact

@2y < e lluoll 20 (10)
itfollows that [lug |l 2(q) > 1and [lugll 2(q) > 1forsufficiently large n. It follows that

for every natural n there exists t, > 0 such that u, (t,) € M. Moreover, the sequence
{t,} is bounded (as u, satisfies (10)), so, for a subsequence, there holds 1, — f as
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n — oo. It suffices to prove that 7 = 7y. Indeed, take a compact interval J such that
{tn} C J, then

len (tn) — u@® | 1200) < Nun(tn) — ult) |l 20q) + lluty) — u@®)|lL2q)

< sup |lu,(r) — M(”)”LZ(Q) + llu(tn) — M(f)”LZ(Q)-
reJ

This means that u,, (¢,) — u(f) asn — oo, and, as u,(t,) € M and M is a closed set,
it follows that u(f) € M. Since 1y is the only time such that u(fg) € M it must be that
t = 1y. Finally, take o, = t,, — fp, which yields u, (fo + a,) = u,(t,) € M and the
proof of condition (7) is complete.

We have proved that assumptions of Lemma 6.3, Theorem 3.6, and Corollary 4.8
are satisfied, which implies the existence of the global attractor, being an invariant set.
By studying the behavior of the impulsive generalized semiflow on separate modes, it
is not hard to verify that its attractor is given by

A={0}U{cey : ce(1,4]}.

Comparing this example with the examples of [20,30,31], the impulsive set M is no
longer a part of a hypersurface of codimension one, but a sphere. The dynamics on
the attractor is, however, similar as in [20,30,31] still reduced to a finite number of
first Fourier modes (in fact to the first mode, only). It remains open, to our knowledge,
to construct an example of an infinite dimensional impulsive dynamical system such
that its attractor contains impulsive trajectories, and the dynamics cannot be reduced
to the dynamics on the finite number of first Fourier modes.

Example 8.4 Next, we discuss the example of [20]. We consider the same initial and
boundary value problem as in Example 8.3. Consider the impulsive set defined as, cf.
formula (34) in [20]

M= [v €LXQ) : a1(v) + @) =1 and ay(v), a2(v) > 0} .
Then we define the sequence of the initial data
ug = —%el +2ep, n e N,
The trajectories of the system are given by
u,(t) = —%e_)‘”e] +2¢ e, n e NT.

Forn € NT, u,(¢) will never touch M as oy (u,, (¢)) is always negative. Hence, ¢ (u,,) =
00. Now ug — up as n — oo, where ug = 2e;. The trajectory that starts from u is
given by the formula

u(t) =2e e,
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Clearly, for every ¢, we have the uniform convergence u,(f) — u(¢#) on compact
subsets of R. The trajectory u will hit M at time given by

e M2t — 1,
SO
t=In2/xr.

This means that ¢ (u) = In2/A, and ¢ (u,,) = oo for every n € NT. Condition (T*),
and equivalently, the condition (7') is violated. Hence, we cannot deduce the invariance
of the global attractor from Corollary 7.7. Still, if we fix u > 0 and define, forv € M

oo
I)={ciei +crer+ Y an@le, : c1,c2=0,c1+ca=1+pug,

n=3

it is clear that the constructed impulsive multivalued dynamical system has a global
attractor defined as, cf. [20, Lemma 10],

A= {cle_)“tel +cze_)‘2tez :1tel0,7),c1,c0>0,c1 4¢3
=14 u,cre M 4 cpe ™7 = 1}.

The example shows that the condition (7'), and equivalently (7*), as well as the
tube condition, are only sufficient for the global attractor invariance, and there are
cases, when the set M has a boundary, for which the global attractor for the impulsive
problem exists but its existence is not guaranteed by the conditions known so far. This
observation motivates the further work on impulsive problems, to find the condition
which would hold for the case such as Example 8.4, but which would exclude the
situation such as in Example 3.11, and which would be sufficient for the global attractor
existence for the case when the impulsive set M has a boundary.

Example 8.5 In the last example, we come back to the integrate-and-fire neuron model
given in the introduction. We assume that the excitation S > 0 is constant in time but
there are two possible reset values. The model is given by the equation

u'(t) = —yu(t) + 5, (1)
with the reset condition
if u(t) =6 then u(t) isresetto one of values u} uf
with u! < u? < . Indeed, in integrate-and-fire neuron models the reset values can
vary for different action potentials, cf. [8, Fig. 1C]. We also assume that y > 0 and

6 > 0. We demonstrate that the model satisfies all our assumptions. First, in our
case, the family G are just solutions of the ODE (11), continuous functions, so they
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constitute, in particular, a generalized semiflow on X = R, according to Definition
2.1. We define M = {0} and 1 (0) = {u}, u%}. Now, if only we assume that S # 0,
then the triple (G, M, I) constitutes an impulsive generalized semiflow in concordance
with Definition 2.7. As u] < u5 < 0 itis straightforward to see that the condition (H)
is satisfied. It is also easy to see that the set

S S
B():[u{,e]u[——l,—~|—1:|
y y

is absorbing, and so the impulsive generalized semiflow (G, M, I) is dissipative in
agreement with Definition 3.4 and asymptotically compact in agreement with Defini-
tion 3.2. We can use Theorem 3.9 to deduce the existence of the global attractor A.
Since the ODE (11) can easily be integrated exactly, is not hard to see that

S
if 6y > S then A:{—},
14

S
if 6y < S then A:[u{,@)u{;}.

If the excitation S is small, less than the threshold value 0y, then the membrane
voltage u always stabilizes to the value S/y. On the other hand, under sufficiently
large excitation S, the structure of the attractor drastically changes, meaning that the
neuron can then generate action potentials. It is also not hard to see that the condition
(T) is satisfied, which leads to the attractor invariance. For the case 0y < S, the
dynamics in the attractor on the interval [u', 6) can be transformed into the symbolic
dynamics with positive topological entropy, as in Example 8.2, since each jump from
value 6 can occur either to u! or to u2. This means that as S passes the value 0y there
occurs the change of the dynamics from the existence of the globally asymptotically
stable equilibrium to the dynamics which is topologically chaotic.
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