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Abstract. We discuss the existence of solutions for second-order impulsive differential equation with nonlocal conditions
in Banach spaces. Our approach is based on the generalization of Schauder fixed point principle that is Darbo fixed point
theorem. An example is also presented for illustration.
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1. Introduction

In the present paper we consider the abstract second-order nonlinear impulsive differential equation with non
local condition

2(0) = 20+ g(@), #/(0) = o1 an
A1) = Dife(t), #(1), 1= 0,.0.p

Where A is a linear operator from a Banach space E into itself, Az(t;) = x(t]) — z(t]), A2/ () = /() —
z'(t7),0 < t; <ty <..<t, <T are the instants of impulse effect, f : [0,T|x ExE - E, I, : E — E,
D;:Ex E— E, x9,21 € E and g(z) is a function with values in F to be specified later.

For the basic theory on impulsive differential equations in infinite dimensional spaces, the reader is referred to
the literature [2, 3]. The impulsive differential equations has become an important area of investigation by many
authors because of their applications. For more details, we refer the reader to [3, 11, 15]. In [4], Peng and
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Xiang discuss the existence of optimal controls for a Lagrange problem of systems governed by the second-order
nonlinear impulsive differential equations in infinite dimensional spaces:

t) = Ax(t) + f(t,z(t),2'(t)) + B(t), t € J =[0,T], t #¢;,i =0,...,p
2(0) =z, 2'(0) = x4

(z(t:)) = I( (t:), ' (t;

A(2'(t:) = Di(z(t:), 2'(

They apply a direct approach to derive the maximum principle for the problem at hand. The authors [6] considered
the existence of mild solutions for a class of abstract impulsive second-order neutral functional differential
equations. In [10], the authors studied the abstract second-order nonlinear impulsive differential equation with
nonlocal condition

), i=0,..,p
tl))? L= 07 P

a”(t) = Az(t) + f(t, 2(t),2' (1)), (b1 (1)), z(b2(1)), .-
(b (1)), 2 (b1(¢)), .., @' (b (t))) t € J = [0,T],

(t
2(0) = mo, 2'(0) + g(x) = 21
A(SC( ))_I (tl)a)v i=0,..,m
A2 (t;)) = Di(x(t;), 2’ (t;)), i =0, ...,m.

In the present work, the existence of a mild solution for problem (1.1) is obtained by the cosine family theory,
measure of non-compactness and the the well known Schauder fixed point principle. Its generalization, called
the Darbo fixed point theorem. It should be pointed out that the restrictive condition on the impulsive term is
removed. The work is organized as follows: In Section two, we recall some definitions and facts about the cosine
family and facts concerning the Kuratowski measures of noncompactness in the Banach space PC([0,T7], E). In
Section three, we give the existence of mild solutions to the problem (1.1). In Section four we present an example
to illustrate our main result.

2. Preliminaries

We begin by giving some notation. Let E be a Banach space with the norm || - ||. We use 6 to present the zero
element in E. For any constant 7' > 0, denote J = [0, T]. Let C'(J, E) and be the Banach space of all continuous
functions from J into E endowed with the supremum-norm ||z||c = sup,c; ||z(t)|| for every x € C(J, E).
From the associate literature, we consider the following space of piecewise continuous functions,

PC(J,E) ={u:J— E : zis continuous for t # t,

left continuous at ¢ = t;, and x(t; ) exists for k = 1,2,...,m}.

It easy to see that PC(J, E) is a Banach space endowed with the PC-norm

el = max { sup [lo(¢9)], sup o(t)I}, @ € PC(J, B),
teJ teJ

where x(t*) and x(t™) represent respectively the right and left limits of x(¢) at ¢ € J. Similarly, PC"" will be
the space of the functions z(-) € PC such that x() is continuously differentiable on J, ¢;,% = 1,2, ..., n and the
derivatives N
t —x(t 4 —x(t™
2 () = lim D) T2 -y gy ZEES) —2(T)
5—0 S s—0 S
are continuous on [0, 7 and ]0, T, respectively. Next, for z € PC*, we represent, by z’(t), the left derivative at

t €]0, T and, by 2’(0), the right derivative at zero. It is easy to see that PC", provided with the norm

|zllpcr = max{||z]| pc, [’ || P}
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Mild solutions of second-order impulsive differential equations

is a Banach space. For each finite constant > 0, let
Q. ={ue PC(J,E): |u@®)] <r, teJ}

then €2, is a bounded closed and convex set in PC(J, E).
Let £(F) be the Banach space of all linear and bounded operators on E. Since the semigroup T'(¢)(t > 0)
generated by A is a Cy-semigroup in F, denoting

M :=sup |T(t)|| (), (2.1
teJ

then M > 1 is a finite number.

Definition 2.1. A Cy-semigroup T'(¢)(¢t > 0) in E is said to be equicontinuous if 7'(¢) is continuous by operator
norm for every ¢ > 0.

Now we introduce some basic definitions and properties about Kuratowski measure of noncompactness that
will be used in the proof of our main results.

Definition 2.2. [1, 8] The Kuratowski measure of noncompactness «(-) defined on a bounded set S of Banach
space E is
a(S) :=inf{o0 > 0: S =U,S; with diam(S;) < dfori =1,2,...,m}.

The following properties about the Kuratowski measure of noncompactness are well known.
Lemma 2.3. /I, 8] Let E be a Banach space and S, U C E be bounded. The following properties are satisfied:

(i) a(S) = 0ifand only if S is compact, where S means the closure hull of S;

(ii) a(S) = a(S) = a(conv S), where conv S means the convex hull of S;
(iii) a(A\S) = |A|a(S) for any X € R;
(iv) S C U implies a(S) < a(U);
(v) a(SUU) = max{a(S),a(U)};
i) a(S+U) < a(S) +a(U), where S+ U ={z |z =y+2z,y€ S,z€ U};

(vii) If the map Q : D(Q) C E — X is Lipschitz continuous with constant k, then a(Q(V)) < ka(V) for any
bounded subset V. C D(Q)), where X is another Banach space.

In this work, we denote by «(-), ac(-), ape(-) and a;ye1 (+) the Kuratowski measure of noncompactness on the
bounded set of E, C(J, E), PC(J, E) and PC(J, E), respectively.
In the following, let Jo = [0,%1], J1 = (t1,t2], ..., Jp—1 = (tp—1,tp] and J, = (¢, 1], tp4+1 = 1. For any
X C PC(J,E),wedenote by X' ={z' : z € X} C PC(J,E)andby X (t) = {z(t): x € X} C E and by
X'(t) ={z(t): € X} C Efort € J. To discuss the problem (1.1), we also need the following lemma [12].

Lemma 2.4. [12] If X C PCY(J,E) is bounded and the elements of X' are equicontinuous on each Jy,, k =
0,1,...,p then

aper (X) = max{ilelg) a(X(t)), ilelg) a(X' ()} (2.2)

Obviously the following formulated theorem constitutes the well known Schauder fixed point principle. Its
generalization, called the Darbo fixed point theorem, is formulated below.

e
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Lemma 2.5. [8] Let §2 be a nonempty, bounded, closed and convex subset of a Banach space E and let'T : €} —
Q be a continuous mapping. Assume that there exists a constant k € [0, 1) such that p(T(X)) = ku(X) for any
nonempty subset X of §2, where (1 is a measure of noncompactness defined in E. Then T" has a fixed point in the
set ).

Lemma 2.6. [5, 16] Let E be a Banach space, and let X C E be bounded. Then there exists a countable set
Xo C X, such that o(X) < 2a(Xy).

Lemma 2.7. [13] Let E be a Banach space, and let X = {u,, : n =0,1,...} C PC([0,T], E) be a bounded
and countable set for constants —oo < 0 < T < +o0o. Then a(X (t)) is Lebesgue integral on [0, T}, and

a({ /OT up(t)dt i m € N}) < 2{/OT auny(t))dt :n=0,1,...}.

Lemma 2.8. [1] Let E be a Banach space, and let X C C([0,T], E) be bounded and equicontinuous. Then
a(X (t)) is continuous on [0, T), and
(X) = X(1)).
c(X) = max a(X()
Next, we shall need the following definitions [25].

Definition 2.9. A one parameter family {C(t),¢ € J} of bounded linear operators in the Banach space X is
called a strongly continuous cosine family if

() C(s+t)+C(s—1t)=2C(s)C(t), forall s,t € J;
(i) C(0) =1I;
(iii) C(t)x is continuous in ¢ on J, for each z € X.

Define the associated sine family S(t),¢ € J by
t
S(t)x :=/ C(s)xds, ze€X,teJ
0

The infinitesimal generator of a strongly continuous cosine family {C(t),t € J} is the operator A : X — X,
defined by

Az = lim —C(t)z, =z € D(A),

where D(A) := {z € X : C(t)x is twice continuously differentiable in ¢}.
Define E := {x € X : C(t)z is twice continuously differentiable in ¢}. We assume

(H4)  Ais the infinitesimal generator of a strongly continuous cosine family {C(t),t € J} of bounded linear
operators in the Banach space X.

To establish our main theorem, we need the following lemmas.
Lemma 2.10. Let (H 4) hold. Then

(i) there exist constants M > 1 and w > 0 such that |C(t)| < Me*!* and

||S(b)—S(a)||§M\/ “olds|, forab e J:
b

(ii) S(t)X C Eand S(t)E C D(A), fort € J;

3

s
2

120



Mild solutions of second-order impulsive differential equations
(i) LC(t)z = AS(t)z, forx € Eandt € J;

(iv) LC(t)x = AC(t)x, for = € D(A) and t € J.

Further we denote by||C(t)]| and ||S(t)]| the operators norm of C(¢), S(t) for t € [0,T] in the Banach space
E, respectively. From assumption (H 4) it follows that there is a constant M/ > 1 such that

IC@)| < M and [|S(¢)]| < M fort € [0,T].

Lemma 2.11. [25] Let (H 4) hold and v : R — X be such that v is continuous and let q(t fo s)ds.
Then q is twice continuously differentiable and, fort € Z: q(t) € D(A fo (t—s)v )ds and

q"(t) = /0 C(t — s)v'(s)ds + C(t)v(0) = Aq(t) + v(¢).

3. Main results

We first give the following hypotheses:

(Ha) A is the infinitesimal generator of a strongly continuous cosine family {C(¢),t € Z} of bounded linear
operators in the Banach space X.

(Hy) (@) (t,z,y) — f(t,x,y) satisfies the Carathéodory conditions, i.e. f(.,z,y) is measurable for z,y € E
and f(t,.,.) is continuous for a.e. t € [0, 7]

(ii) There exist m € L*([0,T],R.) such that || (¢, z,y)|| < m(t)(||z| + ||y]|) for a.e. t € [0, 7] and all
reE.

(iii) There exists a function [ €  L([0,7],R.) such that for any bounded subset
B,D C E,a(f(t,B,D)) = I(t) max{a(B), (D)} forae. t € [0,T].

(Hy) (i) gis continuous.

(i) There is nonnegative constant ¢ such that a(g(D)) < qope(D) for any bounded set
D c PC'([0,T], E).

(H) () I; and D; are continuous.

(ii) There exist nonnegative constants k; and k? such that o([;(B)) < k}a(B) and a(D;(B, D)) <
k? max(a(B), a(D)) for any nonempty and bounded subset B, D C Eandi = 1,...,p

(HR) There exists a number R > 0 such that
max(n1(R),m(R)) < R,

where,

t
m(R) = M{|zol| + [|z1] + C1] +2MR S[up] (/ m(s)ds) + Mp(Cy + C3)
tel0,T

and

n2(R) = M[|[A]|([lzoll + C1) + [|lza]l] +2MR S[%I;“]( m(s)ds) + Mp([|A[|C2 + C3),
telo, 0

e
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where
Ci= sup g(||z]),
wech1(R)
Co= sup | Li(x(t:))]
z€B, 1 (R)
and

Cs=sup ||Di(x(t;),2'(t:))]]-

z€B, 1 (R)
Next, let us start by defining what we mean by a solution of the problem (1.1)(see [6]).
Definition 3.1. A function x € PC*([0,T), E) is said to be a mild solution of the problem (1.1) if x satisfies the
equation
z(t) = C(t)[xo + g(x)] + S(t)z1 + /Ot S(t—s)f(s,z(s),'(s))ds
+ Y Clt—t)Li(a(t) + > S(t—t:)Di((ts), ' (t:)), t € [0,T). 3.1)

0<t; <t 0<t; <t

Remark 3.2. Assumptions (Hy) (i), (Hy)(ii) and (H)(i3) imply that mappings f, g, I; and I; are bounded on
bounded subsets of PC1([0,T), E) and E, respectively.

To simplify the writing and the calculation one poses

/l )ds, Sy = > klandSy= >k}

0<t; <t 0<t; <t

Theorem 3.3. Let E be a separable Banach space. Assume that the assumptions (Ha), (Hy), (Hy),(H) and
(Hpg) are satisfied. If

_ - 1
max{q+ L+ S1 + S; ||Allg + L + ||A||S; + Sa} < 7

then for each xo € E, the equation (1.1) has at least one mild solution x in PC'(J, E).

Proof. Consider the operator F'z : PC'([0,T], E) — PC*([0,T], E) define by

(Fz)(t) = C(t)[zo + g(x)] + S(t)x1 + / S(t =) f(s,x(s),2(s))ds

+ ) Clt—t) + > S(t—t)Di(x(t:), 2’ (t:)), t € [0, 7). (32)

o<t; <t o<t; <t

It easy to see that (Fz) € PC([0,T), E) for x € PC*([0, T}, E). Moreover,

(P (1) = 8<§:> (1) = AS(O) oo + 9(@)] + C(Bm1 + | €t = 9)f(5.2(5).'(3))ds
+ Y AS(t—t)Li(x(t:) + Z O(t — t;)Di(z(t;), ' (t:)), t € [0, T]. (3.3)

Then, we get that (Fz)' € PC([0,T],E) and therefore, Fx € PC'([0,T],F). So, F maps the Banach space
PC'([0,T), E) into itself. Next, Let R be a positive number satisfying the inequality from assumption (Hg). Taking an

e
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arbitrary function € B,,.1 (R), we get

([ Fz(t) HpcSM[I|$0H+9(Ilwll)]+M\|w1||+M/ m(s)(|z(s)]| + 2" (s)[)ds

+M Y i) +M Y D @)l

0<t; <t 0<t;<t
M |lzol| + sup )g(llwll)] + M|z ||

xEchl

+ 2M sup (/O m(s) max{[lz(s)], [« (s)||}ds)

te[0,T)

IN

+M Y sup )Hli( Ni+M > sup  |IDi(a(ts),«' ()]

0<t;<t €81 0<t; <t *€B, 1 (R)

IN

m(R). 34

Similarly,

[(Fz)' ()llpe < M|[A][llzoll + g(lI)] + M|lz1]] +M/0 m(s)(|z(s)[| + |2 (s)Il)ds

+ MIAL DD M)l +M Y [[Di(e(t), o (8)]]

Mllzoll +  sup  g(llz])] + Ml ||

ZEBPC

2M sup / m(s) max{||z(s)]|, ||z’ (s )||}ds)

te[0,T)

IN

—+

—+

MIAL YD sup (L)l Ml YD sup [IDie(t), 2 (t:)]

05t 4t TEB, 1 (R) 0ctict TEB 1 (

n2(R), (3.5)

IA

and thus,

I(F)(B)llper = max {I(F2)(0) e, | (F2)' (¢)]e }
max {ng(R),nz(R)} =n(R) <R. (3.6)

IN

The last inequality shows that (Fz) € B,.1(R) for x € B,.1(R), thatis F'(B,.(R)) C Bp.1(R). Now, we prove that
operator F' is continuous in B,,.1 (R). To do this, let us fix z € B,,.1(R) and take an arbitrary sequence (z,) € B,.1(R)
such that z, — x in B,.1 (R). It also implies that the family { 'z x € B,.1(R)} is equibounded. Next, we shall show that
the family { Fz = € B,.1(R)} is equicontinuous on each interval of continuity Ji, k = 0, 1, ..., p. For this, let = € B,,.1(R)
and 0 < t; < to < T. Then we have

(Fa)(t2) — (Fa)' (1) = A[S(t2) — S(t1)] [0 + g(x)] + [C(t2) — C(t2)]as
+ / [Cts — ) — Clts — )] (5, 2(5). 2/ (5))ds + / " C(ta — ) (5, 2(s), 2/ ())ds
S At — ) - S — L)+ S AS( — t)]Li(x(t:)

o<t; <ty t1<t; <tz
+ Y [Clta —ts) = Cltr — t)]Da((ts), &' (t:) + Y [Clta — ta)]Dila(ta), 2 (1)
0<t; <ty t1 <t;<tg

e

123



Adel Jawahdou

So,
[(Fz)'(t2) — (F)' (t)]| < [|AJI1S(t2) = SE) ol + llg@)1] + [IC(t2) = Ct2) I}l
+ /Otl[l\c(tz —5) = Clt2 = s)[1ll f (s, z(s),2"(s)) [l ds + /t2 IC(t2 = sl f (s, 2(s), ' (s)) | ds
+ 0<;t IS (t2 = ) = St — ) ][ (= |+t ;@ IA[I1S (22 = )l Zi ()
+ O<:Z<t IC(t2 = t:) = Ctr — o) || Di(a(ts), =" ()| + t <t2<t 1C (2 — o) | Ds ((ts), 2" (£:) |-
Then, | |

[(Fz)'(t2) — (Fz) (t1) || < JANlIS(t2) — S(t)|[[[|woll + C1] + [|C(t2) — C(t2)||[|21]]
+ R/O IOz — 8) — Clts — )|]m(s)ds + MR/t * () ds

+AIC: Y [1S(t2 = ti) = St — ta) | + [|A M Cai(ta, t2)
0<t; <ty

+Cs Y IC(ta —ts) = Cltr — ta)|| + Mi(ta, 1) 3.7)

0<t; <ty

where, i(t1, ¢2) is the number of instants of impulse effect in the interval [¢1,¢2). First, notice that the right-hand side of

inequality is independant of the choose of = € B,,.1 (R). Further, from the uniform continuity of C(¢) and S(t) on .J in the
operator norm, all norm in the right-hand side converge to 0 as t1 — t2. Finally i(¢1, ¢2) is zero for ¢1, t2 both in one of the
intervals of continuity Ji, k = 0, 1, ..., p. This, prove that the family of functions {(F'z)’ : = € B,.1(R)} is equicontinuous
on each interval Ji, k = 0,1, ..., p. In what follows, we will show that F is a strict set contraction from PC*(J, E) into
itself. Let @ be a bounded set of PC(J, E). Then F(Q) C PC*(J, E) is bounded and by (3.7) the elements of (F(Q))’
are equicontinuous on each interval J, k = 0,1, ..., p. Hence by lemma 2.4, we get

ape (FQ) = max{fglja((FQ)(t)),ilelg a((FQ) (1)} (3.8)
Firstly,
a(FQ)(®) < Malg(@Q)) + M / $),Q'(5)))ds
+ M D aLQ)+M D a(Di(Qt), Q' ()
0<t; <t 0<t; <t
< Mgay (@) + Maya (@) / U(s)ds
0
+M D ki )+ Ma,a (Q) > K
0<t; <t 0<t; <t
< M(q+ L+ 81+ S2)a,.1(Q). (3.9)
Similarly,
a((FQ)(t)) < M(||Allg+ L + ||A||S1 + S2)ar,e1 (Q). (3.10)

Finally, inequalities (3.8), (3.9) and (3.10) imply that
et (FQ)) £ MK a1 (Q),

where K = max(||Allqg+ L + ||A||S1 + S2,q+ L + S1 + S2)
By lemma 2.5 the theorem (3.3) is proved.

e
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4. Application
Consider the following impulse scalar second order differential equation with nonlocal conditions

o (t) = a(t) + 2200 [2(t) + 2/ (1)], t € J = (0,1]\{B1, B2, ..., Bs }
3
> 2772(t;), 2'(0) = 21 @1

z(0) =z + &
»

1
1),i=0,..,5
(2'(3)) = 150 (2(3) +2(3)),

where 0 < 1 < B2 < ... < fB5 < landt; € (0,1],5 = 1,2,...,p. Here E = R, C(¢t) = cosh(t), S(¢t) = sinh(¢),

m{g;il cosh(t) = cosh(1) < 3. Since arcosh(3) = 1,7627, m[(a)ui sinh(¢) = sinh(1) < 3, thus we can choose M = 3. It is
telo, tel0,

easy to see that f(t,x,y) = 1+1z2 v/ 22 + y? satisfies to the inequality | f(¢, z,y)| < ﬁ(bﬂ + |y|) forall t € [0, 1] and
x,y € R. Similarly, it is not difficult to show that

1 1., .
=3 Z(E)J, ki = 4. ki = §andl(s) = (a7 If we take R = 3 it is easy to see that when [[zol| + [[z1]| < 2
=1
andg+ L+ S1+ 52 < % Then all conditions of theorem (3.3) are satisfied. Thus, our conclusion follows from the main
theorem.
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