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1. INTRODUCTION

In this paper we shall be concerned with the existence of solutions for first order
impulsive semilinear functional differential inclusions with infinite delay in a Banach

space of the form:

y'(t) € Ay(t) + F(t,y), ae teJ:=[0,b], t#tg, k=1,...,m (1)
Ay|t:tk :]k(y(tl;)% k=1,....,m (2>
y(t) = ¢(t), t<0, 3)

where A : D(A) C X — X is nondensely defined closed linear operator, F': J x B —
P(X) is a multivalued map, (P(X) is the family of all nonempty subsets of X), 0 <
t1<...<tp,<bpeN,¢eB, I;: X = X, k=1,...,m, Ayli—, = y(t]) —y(t;),

This research was funded by the program "Heraklitos’ of the Operational Program for Education
and Initial Vocational Training of the Hellenic Ministry of Education under the 3rd Community
Support Framework and the European Social Fund.

This paper was presented at International Conference on Nonlinear Operators, Differential Equations
and Applications held in Cluj-Napoca (Romania) from August 24 to August 27, 2004.

47



48 E. P. GATSORI, L. GORNIEWICZ, S. K. NTOUYAS AND G. Y. SFICAS
y(th) = hlirél+ y(ty +h) and y(t, ) = hlirél+ y(tx, — h) represent the right and left limits
of y(t) at t =ty and X a real separable Banach space with norm | - |.

We assume that the histories y; : (—00,0] — X, y:(0) = y(t + ), belong to some
abstract phase space B, that is a phase space defined axiomatically. Thus B is a linear
space of functions mapping (—o0,0] into X endowed with a seminorm || - || .

Consider the following space
B, = {y :(—00,b] = X,y € C(Jk, X) and there exist y(t;,), y(t])
with y(te) = y(ty), y(t) = 6(t), ¢ <0}

where yy, is the restriction of y to Jy = (tg,tg+1], £ = 0,...,m. Let || - || be the

seminorm in By defined by

lylls = llyolls + sup{|y(s)| : 0 < s < b}, y € By.

We will assume that B satisfies the following axioms suggested by Hale and Kato
[15]:
(A) If y: (—o00,b] — X,b> 0 is such that y|jgs € By and yo € B, then for every ¢
in [0,b) the following conditions hold :
(i) y¢ is in B;
(i) [lyells < K (8 suplly(s)] -0 < s < £} + M(D)lgolls,
where K : [0,00) — [0,00) is continuous, M : [0,00) — [0,00) is locally
bounded and K, M are independent of y(-).
(A-1) For the function y(-) in (A), y; is a B-valued continuous function on [0, b).
(B) The space B is complete.

The theory of impulsive differential equations has been emerging as an important
area of investigation in recent years, because all the structure of its emergence has
deep physical background and realistic mathematical model. The theory of impulsive
differential equations appears as a natural description of several real processes subject
to certain perturbations whose duration is negligible in comparison with the duration
of the process. It has seen considerable development in the last decade; see the mono-
graphs of Bainov and Simeonov [5], Lakshmikantham, et al. [19], and Samoilenko and
Perestyuk [22] where numerous properties of their solutions are studied, and detailed
bibliographies are given. The case of impulsive inclusions was considered by Ahmed
[1]. The case of infinite delay was described by Gori et al. in [13].

The differential inclusion (1), when A generates a Cy semigroup of bounded linear

operators, or equivalently,

(o) D(A) = E, (D means domain),
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(8) the Hille-Yosida condition that is, there exists M > 0 and 7 € R such that
(r,00) C p(A), sup{( AT —7)"|(A\] —A)"|: A>71, ne N} <M,
where p(A) is the resolvent operator set of A and I is the identity operator, has been
studied extensively. See for instance [7], [8] and the recent monograph [17] where the
general theory is expounded.

In this work we investigate the case when the operator A satisfies only the as-
sumption (), that is, when A is nondensely defined. Related studies and examples
concerning nondensely defined operators can be found in references such as [6], [9],
[11], [12].

This paper will be organized as follows. In Section 2 we state some facts from
multivalued analysis, integrated semigroups and integral solutions that will be used
later. In Section 3 we establish an existence theorem for the problem (1)—(3) using
Ma’s fixed point theorem [21].

2. PRELIMINARIES

We will briefly recall some basic definitions and facts from multivalued analysis
and integrated semigroups that are used throughout this paper.

We denote by P(X) the set of all subsets of X normed by || - ||p. C(J, X) is the
Banach space of continuous functions from J into X normed by

[Ylloo := sup{|y(t)| : t € J}.

B(X) denotes the Banach space of bounded linear operators from X into X with

norm

INI 5 x) = sup{ N (y) : [y] = 1}.
A measurable function y : J — X is Bochner integrable if and only if |y| is Lebesgue
integrable. (For properties of Bochner integral see Yosida [23]).

L(J, X) denotes the linear space of equivalence classes of all measurable functions
y : J — X which are normed by

b
Iyl = / ly(0)]dt.

A multivalued map G : X — P(X) is convex (closed) valued if G(x) is convex
(closed) for all z € X. G is bounded on bounded sets if G(B) = U,ecpG(z) is bounded
in X for any bounded set B of X, that is, sup{sup{|y| : y € G(z)}} < 0.

r€B

G is called upper semicontinuous (u.s.c.) on X if for each y; € X the set G(y) is
a nonempty, closed subset of X, and if for each open set B of X containing G(y1),
there exists an open neighborhood A of y; such that G(A) C B.
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G is said to be completely continuous if G(B) is relatively compact for every
bounded subset B C X.

If the multivalued map G is completely continuous with nonempty compact values,
then G is u.s.c. if and only if G has a closed graph (i.e. T, — Tu, Yn — Ys, Yn €
G(zy) imply y.« € G(x.). G has a fixed point if there is © € X such that z € G(x).

Let P(X)={Y e P(X):Y #0}, Py(X)={Y € P(X) :Y closed}, Py(X) =
{Y € P(X) :Y bounded}, P.(X)={Y € P(X):Y convex}, and P, (X) ={Y €
P(X):Y compact}.

A multivalued map G : J — P, (X) is said to be measurable if for each x € X
the distance between z and G(t) is a measurable function on J.

For more details on multivalued maps we refer to the books of Deimling [10],
Gorniewicz [14], Hu and Papageorgiou [16] and Kamenski et al. [17].

Definition 2.1. ([2]). Let X be a Banach space. An integrated semigroup is a
family of operators (S(t))i>o0 of bounded linear operators S(t) on X with the following
properties:

(i) $(0) = 0;

(ii) ¢t — S(¢t) is stv;ongly continuous;

(iii) S(s)S(t) = /0 (St +r)—S(r))dr, forallt,s>0.

Definition 2.2. ([18]). An operator A is called a generator of an integrated semigroup
if there exists w € R such that (w,00) C p(A) (p(A) is the resolvent set of A) and

there exists a strongly continuous exponentially bounded family (S(t))i>0 of bounded

operators such that S(0) = 0 and R(\, A) := (A — A)~! = )\/ e MS(t)dt exists
0

for all X with A > w.

Proposition 2.3. ([2]). Let A be the generator of an integrated semigroup (S(t))i>0-
Then for allxz € X and t > 0,

/t S(s)xds € D(A) and S(t)r = A/t S(s)xds + tx.
0 0

Theorem 2.4. ([18]). The following assertions are equivalent:

(i) A is the generator of a non degenerate, locally Lipschitz continuous integrated
semigroup;
(ii) A satisfies the Hille-Yosida condition.

If A is the generator of an integrated semigroup (S(t));>o which is locally Lips-

chitz, then from [2], S(-)x is continuously differentiable if and only if z € D(A) and
(S'(t))e>0 is a Cy semigroup on D(A).
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Definition 2.5. We say that y : (—00,b] — X is an integral solution of (1)-(3) if
(i) v € By,
(ii / y(s)ds € D(A) fort e J,

)
(i) Ayli=r, = Ie(y(t;)), k=1,...,m,
(iv) there exists a function v € Ll(J7 X) such that v(t) € F(t,y) a.e. ont e J

and
B(t), t<0
y(t) = ¢(0)+A/ y(s)d8+/ s)ds + Z Li(y(ty)), ted
0

O<trp<t
From (ii) it follows that y(t) € D(A), V t > 0 and from (iv) that ¢(0) € D(A).
Here and hereafter we assume that

(H1) A satisfies the Hille-Yosida condition.
Let By = AR(\, A), then for all z € D(A), Byz —z as A\ — oo.

Remark 2.6. If y is an integral solution of (1)-(3), then it is given by

¢>(t) t <0,
y(t) = * / St (4)
+ Z S'(t — ti) I (y(ty, ) teld
0<ty <t

For the multifunction F' and for each y € C(J, X) we define Sg, by
Spy = {g € L'(J,X): g(t) € F(t,y;) for ace. t€ J}.

This set is not empty if F(¢,y) is measurable and satisfies (H5) below (see [10] and

[17]).
For the proof of our main theorem we will need the following;:

Lemma 2.7. ([20]). Let X be a Banach space. Let F : J x B — Py (X);
(t,y) — F(t,y) be measurable with respect to t, for each y € X, u.s.c. with respect
to y, for each t € J, and let T' be a linear continuous mapping from L'(J, X) to
C(J,X). Then the operator

TFoSp:C(J,X) — P (C(J, X)), y— (T 0 Sp)(y) :=T(Sry)

is a closed graph operator in C(J,X) x C(J, X).
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3. EXISTENCE RESULT

In this section we are concerned with the existence of solutions for problem (1)—(3).

Let By, be the set of all functions that belong in By, and have values in D(A).

Let us introduce the following hypotheses:

(H2) The operator S’(t) is compact in D(A) whenever ¢ > 0.
(H3) F: J x B — Py o(X), (t,v) — F(t,v) is measurable with respect to ¢ for
each y € B.

H4) I, : X — D(A) and there exist constants di, k= 1,...,p such that
(

(H5) There exists a continuous nondecreasing function ¢ : [0,00) — (0,00) and
p € LY(J,R,) such that

|1E(t,w)|| < pt)(||ul|g) for a.e. t € J and each u € B,

with

b > dr
/Om(s)ds< ) W7

where
p
c:= M|l + KoM*||¢|l5 + KoM* Z e W, m(t) := KoM*e “'p(t)
k=1

and

— o * L wb
Ky := I?ea}(K(t)’ My = r{leajcM(t), M* := M max{e*’, 1}.

Theorem 3.1. Assume that hypotheses (H1)-(H5) hold and that $(0) € D(A). Then
the IVP (1)-(3) has at least one solution.

Proof. Transform the problem (1)-(3) into a fixed point problem. Consider the
multivalued operator N : B,, — P(Bs,) defined by:

(1), t<0,

N = {he B b ={ S©00)+ Jim [ 5= B(s)ds

+ 3 St -t Ly(ty), ted

0<trp<t

where v € SFy.
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We will show that N(-) has a fixed point. For ¢ € B we define
¢(t), —oo <t <0,
S'(t)p(0) 0 <t <b,
Then ¢ € By. Set

y(t) = z(t) + 6(1).

It is clear to see that y satisfies (4) if and only if z satisfies g = 0 and

t
x(t) = lim [ S'(t—s)Byv(s)ds + Z S'(t — tr) I (x(ty ) + ().
Amee Jo 0<tp<t
Let B) = {z € By, : 2o =0 € B}. For any = € BY we have
[zllo = llzolls + sup{|z(s)] : 0 <'s < b} = sup{|a(s)] : 0 < s < b}.

Thus (BY, || - ||») is a Banach space.
Define the multivalued operator N : BY — P(BY) by:

0, t<0,
t
N@) = {heB) h={ jim /0 S'(t - ) Bro(s)ds
+ Y S(t—t)I((x(ty) + (t;)), te T,
0<tp<t

where v € Spy.
Step 1: N(z) is convex for every x € BY.
The proof of this step is obvious therefore we omit the details.

Step 2: N sends bounded sets into bounded sets.

We will show that for any r» > 0 there exists a positive constant ¢ such that for
each h € N(z),z € B, = {z € B) : ||z|ly < r} one has ||[N(z)| := sup{||hlly : h €
N(z)} < . We remark that by (H1) [|S'(t)||px) < Me“?, for every t € J (see [18]).

For every = € B,, we have
lze +lls < llzdlls + 6l
< K(t)supfla(s)] : 0 <s <t} + M(1)[zoll 5

+K(t)sup{|o(s)| : 0 < s < t}+ M(t)||dolls

IN

Kor + KoM|¢(0)| + Mo|[6]|5 := 7.
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By (H1), (H2), (H4) and (H5), for each ¢ € J, we have that

t p
HOL < M [ e ps)ule + bulla)ds + MY die
0 k=1

b P
< M* / e~ p(s)yY(r*)ds + M Z dpe .
0 k=1
Then for each h € N(B,) we have

b p
INGI <M [ e plitrds +M* Y die™ " = .

0 1
Step 3: N sends bounded sets into equicontinuous sets

Let 7,7 € J, 0 <7y < 7. Then we have

[h(r2) = h(r)| < |[S"(r2 =) — 1] lim S'(11 — s)Byv(s)ds

T1
’ A—o0 0

+ D IS =) = 8 (r2 — 8)|(L(a(ty) + 6(1;)))]

0<trp <71
2
+ M*/ e “p(s)Y(r*)ds + M* Z dpe “tx,
L T1<te<T2

The right-hand side tends to zero as 72 — 71 and e sufficiently small, since S’(t)
is a strongly continuous operator and the compactness of S’(t) for ¢ > 0 implies
the continuity in the uniform operator topology. The equicontinuity for the cases
71 <79 <0and 7 <0 < 7y is obvious.

This proves the equicontinuity for the case where t # ¢; ¢ = 1,...,m. It remains
to examine the equicontinuity at ¢ = ¢;.

First we prove equicontinuity at ¢ = ¢;. Fix d; > 0 such that {t; : k # i} N [t; —
51,t; + 61] = 0.

For 0 < h < §; we have that

t;

|h(t; +h) = h(t;)] < ’[S’(h) —I] lim S'(t; — s)Byv(s)ds

A—o00 0

+ D IS (i —te) = St + h— )| (I (ty) + tildeg(t;))))]

0<ty<t;
tith

+ M*/ e “p(s)Y(r*)ds + M* Z dpe “,
ti t;<tp<ti+h

The right-hand side tends to zero as h — 0.
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Next we prove equicontinuity at ¢ = ¢; . Fix §; > 0 such that {tx : k # i} N [t; —
O1,t; +01] = 0.
For 0 < h < §; we have that

h(ti) = h(t: = h)| <

A—o0

ti—h
lim /0 [S'(t; —s) — S'(t; — h — 8)|Byv(s)ds

b 3|18~ ) = 8~ B ) Taaltg) + 3|
k=1
+ M*/ti_he_“’sp(s)z/}(r*)ds.

The right-hand side tends to zero as h — 0.

As a consequence of Steps 1-3 together with the Arzeld-Ascoli theorem, it suffices
to show that N maps B, into precompact sets.

Let 0 < t < b be fixed and let £ be a real number satisfying 0 < ¢ < t. Then for
each x € B, we have that

t—e
he(t) = lim S'(t—s)Byvn(s)ds + > S (t = te) I(wn(tyy) + o(t;)-
—eJo 0<tp<t

Since S’(t) is a compact operator the set H.(t) = {h.(t) : h. € N(x)} is precompact
in D(A) for every €, 0 < & < t. Moreover, for every h € N(z) we have that

[h(t) — he(t)] < M* /ti e~ p(s)Y(r*)ds.

Therefore, there are precompact sets arbitrarily close to the set H(t) = {h(t) : h €

N(z)}. Hence H(t) is precompact. Hence the operator is completely continuous.
Step 4: N has closed graph.

Let ©, — 2., hy, € N(2,), =, € Bg and h,, — h,. We shall prove that
h. € N(z4).
hy, € N(z,) means that there exists v, € Sg, such that for each ¢t € J

t
ho(t) = lim [ S'(t—s)Byvn(s)ds+ > S'(t—tu)lu(za(ty) + S(t;))-
A= o 0<trp<t
We must prove that there exists v, € Sg,, such that for each t € J

ha(t) = Jim_ i S'(t—s)Bvi(s)ds+ > 8'(t — ti) Iu(za(ty) + o(17))-
0<tp<t
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Clearly since Iy, k =1,...,m are continuous we have that

(- 3 - tanent) i)

O<tr<t

f(h*f 3 S’(tftk)lk(x*(t,;)+¢~>(t,;)))H 0,

b
0<trp<t
as n — OoQ.

Consider the linear continuous operator

r:L'(J,X) — C(J,X),

v— I'(v)(t) = lim S'(t — s)Byv(s)ds.

A—00 0

From Lemma 2.7 and Theorem 5.1.2 of [17], it follows that I' 0 Sp is a closed graph
operator. Moreover, we have that

ha(t) = Y S'(t =t Ie(za(ty) + 6(t;)) € T(Sp,)-

0<trp<t

Since y,, — Y, it follows from Lemma 2.7 and Theorem 5.1.2 of [17] that

t

lim S'(t — 8)Bavi(s)ds

_/\—>oo 0

ho(t) = > S'(t—ti)Ie(wa(ty) + 0(t;)

0<tp<t

for some vy € Sy, .

Step 5: The set
M:={zxecB):  \xc N(z), for some \>1}

is bounded.

Let z € M. Then Az € N(z) for some A > 1. Thus for each ¢t € .J

t

z(t)=A""lim [ §'(t—s)Baw(s)ds + A" > St —t)I(x(ty) + o(t,)).

Az Jo 0<te<t
By (H1), (H4) and (H5) we have that
t ~
EQIRS M*/ e () ([[2s + Bsllm)ds + M* Y e kdy. ()
0

0<trp<t
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But
lze + dells < llzells + 10ells
< K(t)supf{|z(s)| : 0 < s <t} + M(t)||zolls

+E (1) sup{|o(s)] : 0 < s < t} + M(2)]| ol

IN

Kosup{lz(s)] : 0 <5 <t} + M*Ko[$(0)| + Mol|9|5-
If we set w(t) the right hand side of the above inequality we have that

lze + Gells < w(t)

and therefore (5) becomes

0] <30 [ psptue)ds £ 3D et (6)

0<tp<t

Using (6) in the definition of w, we have that

t
w(t) <Ko [M*/O e p(s)p(w(s))ds + M* " e <dy | +KoM*|$(0)|+Mol|¢||s-

O<tp<t

Denoting by ((t) the right-hand side of the above inequality we have

w(t) < B(), ted,
B(0) = KoM™ > e “dy, + KoM*[$(0)| + Mo 65

O<tp<t
and

B'(t) = KoM e “'p(t)y(w(t), t € J.
By using the increasing character of ¢ we get
B'(t) < KoM*e “'p(t)y(B(t))
<m()y(B(t), te

Then for each t € J we have

B gy b * du
— < d _—
Amwm—ém@s<éw<w

This inequality implies that there exists a constant K such that 5(¢t) < K, t € J, and
hence ||z, + ¢¢||s < w(t) < K, t € J, where K depends on ¢ and on the functions p
and . From equation (5) we have that

b
lz()| < M*/ e p(s)yY(K)ds + M* Z e “dy = L. (7)
0 0<ti<t
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Thus ||z||y < L.
As a consequence of Theorem 16.1 of Ma [21] we deduce that N has a fixed point,
z* € BY. Let y(t) = 2*(t) + é(t), t € (—o0,b]. Then, y(t) is a fixed point of the

operator N which gives rise to an integral solution of the problem (1)-(3).
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