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Abstract

In this paper, we investigate the existence of solutions for a class of second
order impulsive differential inclusions with Neumann boundary conditions. By
using suitable fixed point theorems, we study the case when the right hand side
has convex as well as nonconvex values.

Key words and phrases: Neumann boundary value problem, differential inclusions,
fixed point.
AMS (MOS) Subject Classifications: 34A60, 34B15

1 Introduction

This paper is concerned with the existence of solutions of boundary value problems
(BVP for short) for second order differential inclusions with Neumann boundary con-
ditions and impulsive effects. More precisely, in Section 3, we consider the second order
impulsive Neumann BVP,

2" (t) + Kz(t) € F(t,z(t)), a.e. t€J :=[0,1]\ {ts,...,tm}, (1)
Ad'|my, = I(z(t)), k=1,...,m, (2)
2'(0) =2/(1) =0, (3)

where F': [0, 1] xR — P(R) is a compact valued multivalued map, P(R) is the family of
all subsets of R, k € (0,5),0<t; <to <...<tp, <1, I; € C(R,R) (k=1,2,...,m),
Azlmy, = z(t)) — z(t;), z(t{) and z(t; ) represent the right and left limits of z(¢) at
t =ty respectively, k =1,2,...,m.

In the literature there are few papers dealing with the existence of solutions for
Neumann boundary value problems; see [15], [16] and the references therein. Recently
in [14], the authors studied Neumann boundary value problems with impulse actions.
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2 S. K. Ntouyas

Motivated by the work above, this paper attempts to study existence results for im-
pulsive Neumann boundary value problems for differential inclusions.

The aim of our paper is to present existence results for the problem (1)-(3), when
the right hand side is convex as well as nonconvex valued. The first result relies on the
nonlinear alternative of Leray-Schauder type. In the second result, we shall combine
the nonlinear alternative of Leray-Schauder type for single-valued maps with a selection
theorem due to Bressan and Colombo for lower semicontinuous multivalued maps with
nonempty closed and decomposable values, while in the third result, we shall use the
fixed point theorem for contraction multivalued maps due to Covitz and Nadler. The
methods used are standard, however their exposition in the framework of problem (1)-
(3) is new. It is remarkable also that the results of this paper are new, even for the
special case I, = 0.

The paper is organized as follows: in Section 2 we recall some preliminary facts
that we need in the sequel and in Section 3 we prove our main results.

2 Preliminaries

In this section, we introduce notations, definitions, and preliminary facts from multi-
valued analysis which are used throughout this paper.

C(]0,1],R) is the Banach space of all continuous functions from [0, 1] into R with
the norm

2]l = sup{[z(t)] - ¢ € [0, 1]}.

L'([0,1],R) denotes the Banach space of measurable functions x : [0,1] — R which
are Lebesgue integrable and normed by

1
||| 21 :/ lz(t)|dt  for all z € L'([0,1],R).
0

AC*((0,1),R) is the space of differentiable functions z : (0,1) — R, whose first deriva-
tive, 2, is absolutely continuous.

For a normed space (X, |- ]), let Py(X) = {Y € P(X) : Y closed}, Py(X) =
{Y € P(X) : Y bounded}, P,(X) = {Y € P(X) : Y compact} and P, .(X) =
{Y € P(X) : Y compact and convex}. A multivalued map G : X — P(X) is convex
(closed) valued if G(z) is convex (closed) for all x € X. G is bounded on bounded
sets if G(B) = U,epG(x) is bounded in X for all B € P,(X) (i.e. sup{sup{ly| :y €

zeB

G(z2)}} < o). G is called upper semi-continuous (u.s.c.) on X if for each zy € X, the
set G(zy) is a nonempty closed subset of X, and if for each open set N of X containing
G(zo), there exists an open neighborhood Ny of zy such that G(Ny) C N. G is said
to be completely continuous if G(B) is relatively compact for every B € B,(X). If the
multivalued map G is completely continuous with nonempty compact values, then G
is w.s.c. if and only if G has a closed graph (i.e. x, — x., Yp — Ui, Yn € G(z,)
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Neumann BVP for Impulsive Differential Inclusions 3

imply y. € G(x,)). G has a fixed point if there is x € X such that x € G(x). The fixed
point set of the multivalued operator G will be denoted by FixG. A multivalued map
G : [0,1] — P4(R) is said to be measurable if for every y € R, the function

t—d(y,G(t)) =inf{ly — 2| : z € G(t)}

is measurable. For more details on multivalued maps see the books of Aubin and
Cellina [1], Aubin and Frankowska [2], Deimling [6] and Hu and Papageorgiou [9].

Definition 2.1 A multivalued map F : [0,1]xR — P(R) is said to be L'-Carathéodory
if

(i) t — F(t,u) is measurable for each u € R;
(ii) u— F(t,u) is upper semicontinuous for almost all t € [0, 1];
(iii) for each q > 0, there exists ¢, € L*([0,1],R) such that
| F(t,u)|| = sup{|v| : v € F(t,u)} < p,u(t) for all ||ulle < q and for a.e. t € [0,1].

For each x € C([0,1],R), define the set of selections of F by
Sp.={v e LY([0,1],R) : v(t) € F(t,x(t)) a.e. t € [0,1]}.

Let E be a Banach space, X a nonempty closed subset of £ and G : X — P(F) a
multivalued operator with nonempty closed values. G is lower semi-continuous (l.s.c.)
if the set {x € X : G(x) N B # 0} is open for any open set B in E. Let A be a
subset of [0,1] x R. A is £ ® B measurable if A belongs to the o-algebra generated
by all sets of the form J x D, where J is Lebesgue measurable in [0,1] and D is
Borel measurable in R. A subset A of L'(]0, 1], R) is decomposable if for all u,v € A
and J C [0, 1] measurable, the function uy s + vxs-7 € A, where x 7 stands for the
characteristic function of 7.

Definition 2.2 Let Y be a separable metric space and let N : Y — P(L'([0,1],R)) be
a multivalued operator. We say N has property (BC) if

1) N is lower semi-continuous (l.s.c.);
2) N has nonempty closed and decomposable values.

Let F': [0,1] x R — P(R) be a multivalued map with nonempty compact values.
Assign to F' the multivalued operator

F:0([0,1],R) — P(L'([0, 1], R))
by letting
F(x) = {we L'([0,1,R) : w(t) € F(t,x(t)) for a.e. t € [0,1]}.

The operator F is called the Nymetzki operator associated with F.
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4 S. K. Ntouyas

Definition 2.3 Let ' : [0,1] x R — P(R) be a multivalued function with nonempty
compact values. We say F is of lower semi-continuous type (L.s.c. type) if its asso-
ciated Nymetzki operator F is lower semi-continuous and has nonempty closed and
decomposable values.

Let (X,d) be a metric space induced from the normed space (X, |-|). Consider
H;:P(X)xP(X)— R; U{oo} given by

Hy(A, B) = max {sup d(a, B),supd(A, b)} :

a€A beB

where d(A,b) = in£ d(a,b), d(a,B) = gng d(a,b). Then (P, 4(X), Hy) is a metric space
ac S
and (P (X), Hy) is a generalized metric space (see [12]).

Definition 2.4 A multivalued operator N : X — Py(X) is called

a) y-Lipschitz if and only if there exists v > 0 such that

Hy(N(x),N(y)) <~vd(z,y), foreachz, ye€ X,

b) a contraction if and only if it is ~y-Lipschitz with v < 1.
The following lemmas will be used in the sequel.

Lemma 2.1 [13]. Let X be a Banach space. Let F : [0,1] x R — P, .(X) be
an L'-Carathéodory multivalued map and let T be a linear continuous mapping from
LY([0,1], X) to C([0,1], X), then the operator

ToSp:C([0,1,X) — P,.(C([0,1], X)),
T — (I'o Sp)(z) :=T'(Sp.)

is a closed graph operator in C([0,1], X) x C([0, 1], X).

Lemma 2.2 [3]. Let Y be a separable metric space and let N : Y — P(LY(]0,1],R))
be a multivalued operator which has property (BC). Then N has a continuous selection;
i.e., there exists a continuous function (single-valued) g : Y — L'([0,1],R) such that
g(x) € N(x) for every xz €Y.

Lemma 2.3 [5] Let (X,d) be a complete metric space. If N : X — Py(X) is a
contraction, then FizN # ().
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Neumann BVP for Impulsive Differential Inclusions 5t

3 Main Results

In this section, we are concerned with the existence of solutions for the problem (1)-(3)
when the right hand side has convex as well as nonconvex values. Initially, we assume
that F'is a compact and convex valued multivalued map.

In the following, we introduce first the space

PCY[0,1],R) ={z:J — R:xz(t) is continuously differentiable everywhere except
for some ¢ at which 2/(t;) and 2/(t]),k=1,...,m exist and
a'(ty) = @'(tk) }-

It is clear that PC'([0,1],R) is a Banach space with norm

2]l por = max{||]|co, [|7"]| oo }
where
[2]loc = sup{|z(t)| : t € [0,1]}, [|2"|loc = sup{|2’(t)| : t € [0, 1]}.

Definition 3.1 A function x € PC*([0,1],R) N AC%*(J',R) is said to be a solution
of (1)-(3), if there exists a function v € L'([0,1],R) with v(t) € F(t,z(t)), for a.e.
t € [0,1], such that 2" (t) + k*z(t) = v(t) a.e. on J', and fork=1,...,m the function
x satisfies the condition z' (t))—x'(t,)) = Ix(x(t;)), and the boundary conditions x'(0) =
0=2a'(1).

We need the following modified version of Lemma 2.3 from [14].
Lemma 3.1 Suppose o : [0,1] — R is continuous. Then the following problem
2" (t) + k*z(t) = o(t), a.e. t €[0,1], k€ (0,7/2)
Ax |y, = I(z(ty)), k=1,...,m,
2'(0) =0, 2/(1) =0,
has a unique solution x € AC*((0,1),R) with the representation

z(t) = /0 G(t,s)o(s)ds + Z G(t, te)Ik(z(ty,)),

k=1

where G(t, s) is the Green function associated to the correspondinh homogeneous prob-
lem

2" (t) + K*2(t) =0, a.e. t €10,1], k€ (0,7/2)
2(0) =0, 2/(1) =0,
given by

——cosk(l —t)cosks, 0<s<t<I,
G(t,s) = ksink

ksin k

cosk(l —s)coskt, 0<t<s<I.
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6 S. K. Ntouyas

It is easy to prove the following properties of the Green’s function:

(I) G(t,s) > 0 for any (¢,s) € [0,1] x [0, 1],

(II) G(t,s) < Gy := ! ’ for any (¢,s) € [0, 1] x [0, 1],

k sin
Theorem 3.1 Suppose that:
(H1) the function F :[0,1] x R — Py, (R) is L'-Carathéodory;

(H2) there ezist a continuous non-decreasing function ¢ : [0,00) — (0,00) and a
function p € L*([0,1],Ry) such that

()l == sup{[v] - v € F(t,u)} < p(t)([[ullo)
for each (t,u) € [0,1] x R;
(H3) there exists a continuous non-decreasing function € : [0, 00) — [0, 00) such that
[ (w)| < Q([|ull)
for each (t,u) € [0,1] xR, k=1,2,...,m;
(H4) there ezists a number M > 0 such that

M
[ (M)]|pl[r + m(M)]

> 1.

1
k sink

Then the BVP (1)-(3) has at least one solution.

Proof. Consider the operator

N(z) := {h € C([0,1],R) : h(t) = /0 G(t, s)v(s)ds + ZG(t,tk)Ik(x(t;)), v E SF@} .

We shall show that N satisfies the assumptions of the nonlinear alternative of
Leray-Schauder type. The proof will be given in several steps.

Step 1: N(z) is convex for each x € C([0,1],R).

Indeed, if hy, hy belong to N(x), then there exist vy,vs € Sp, such that for each
t € [0,1] we have

hi(t) = / G(t, s)vi(s)ds + ZG(t,tk)Ik(x(t,;)), (1=1,2).
0 k=1
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Neumann BVP for Impulsive Differential Inclusions 7

Let 0 < d < 1. Then, for each ¢ € [0, 1], we have

(dhy + (1 — d)ho)(t) = /0 G(t, s)[dvi(s) + (1 — d)va(s)]ds + Z G(t, t) Ik (z(t},)).

Since Sp, is convex (because I has convex values), then

dhy + (1 — d)hs € N(z).

Step 2: N maps bounded sets into bounded sets in C([0,1],R).

Let B, = {z € C([0,1],R) : |||~ < ¢} be a bounded set in C([0, 1], R) and = € B,
Then for each h € N(x), there exists v € Sg, such that

ht) = /0 G(t, s)o(s)ds + 3 G(t, t) (o (t5)).

k=1

Then we have

()] < /OIG(t,S)Ilv(S)Id8+ZIG(t,tk)IIIk(ﬂc(t;))l

=k sink; {/01 \U(S)|d8+m9(q)}

| s moa).

IN

Thus
1

e < e | [ atorts + m)]

Step 3: N maps bounded sets into equicontinuous sets of C'([0,1],R).

Let r1,7m5 € [0,1], 7 < ry and B, be a bounded set of C([0, 1], R) as in Step 2 and
x € B,. For each h € N(z)

|h(ra) = h(r1)] < /0IG(Tz,S)—G(Tl,S)Ilv(S)IdS

+ ) 1G(ra, te) = Glry, ta) || Ta((8))|

IN

/0 (G(ra, 5) — G(r1, 5)|0als)ds

+ |G (rayt) = Glro )| Ia(e(t,)]-
k=1

EJQTDE Spec. Ed. I, 2009 No. 22



8 S. K. Ntouyas

The right hand side tends to zero as ro — r; — 0. As a consequence of Steps 1 to 3
together with the Arzeld-Ascoli Theorem, we can conclude that N : C([0,1],R) —
P(C([0,1],R)) is completely continuous.

Step 4: N has a closed graph.

Let x, — x4, h, € N(x,) and h,, — h,. We need to show that h, € N(z,).
h, € N(x,) means that there exists v, € Sp,, such that, for each t € [0, 1],

hn(t) = /o G(t, s)v,(s)ds + ZG(t, ti) Ie(z ().

We must show that there exists h. € Sp,, such that, for each t € [0, 1],

hi(t) = /0 G(t, s)v.(s)ds + Z G(t, ty) Ik (z(t))).

k=1

Clearly we have
|hn — hulloc — 0 as n — oo.

Consider the continuous linear operator
r: L0, 11, R) — C([0, 1], R)

defined by
v— (TW)(t) = / G(t,s)v(s)ds + Z G(t, tp)L(z(ty,)).
0 k=1

From Lemma 2.1, it follows that I" o Sk is a closed graph operator. Moreover, we have
hy(t) € T(Spa,)-

Since x,, — x,, it follows from Lemma 2.1 that
1 m
h(t) = / G(t, s)v(s)ds + ZG(t, te) L (z()))
0 k=1

for some v, € Sp,,.
Step 5: A priori bounds on solutions.

Let = be a possible solution of the problem (1)-(3). Then, there exists v €
L}([0,1],R) with v € Sg, such that, for each ¢ € [0, 1],
1 m
z(t) = / G(t,s)v(s)ds + Y Gt tx) (= (ty)).
0 k=1
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Neumann BVP for Impulsive Differential Inclusions 9

This implies by (H2) that, for each ¢ € [0, 1], we have

u@|gk;kup@wmw@+2mwm]

1
<
— ksink

[w(leloo) /Olp(S)dS + mQ(Ila:Hoo)} :

Consequently
[l
1

1 Q
(el + mE el
Then by (H3), there exists M such that ||z||. # M.

<1

Let
U={xeC(0,1],R) : ||z|loc <M + 1}.

The operator N : U — P(C([0,1],R)) is upper semicontinuous and completely con-
tinuous. From the choice of U, there is no # € OU such that x € AN(z) for some
A € (0,1). As a consequence of the nonlinear alternative of Leray-Schauder type [7],
we deduce that N has a fixed point z in U which is a solution of the problem (1)—(3).
This completes the proof. O

Next, we study the case where F' is not necessarily convex valued. Our approach
here is based on the nonlinear alternative of Leray Schauder type combined with the
selection theorem of Bresssan and Colombo for lower semi-continuous maps with de-
composable values.

Theorem 3.2 Suppose that:

(H5) F :[0,1] xR — P(R) is a nonempty compact-valued multivalued map such that:
a) (t,u) — F(t,u) is L@ B measurable;
b) u F(t,u) is lower semi-continuous for each t € [0, 1].

(H6) for each p > 0, there exists o, € L'([0,1],Ry) such that

| F(t,u)|| = sup{|v] : v € F(t,u)} < @,(t) for all ||ul|o < pand fora.e.t € [0,1].

In addition assume that (H2), (H3) and (H4) hold. Then the BVP (1)-(8) has at least

one solution.
Proof. Note that (H5) and (H6) imply that F'is of Ls.c. type. Then from Lemma 2.2,

there exists a continuous function f : C'([0, 1], R) — L'([0, 1], R) such that f(z) € F(z)
for all z € C([0, 1], R).
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10 S. K. Ntouyas

Consider the problem

2" (t) + K2x(t) = f(zt), ae. t € J :=[0,1]\ {t1, ..., tm}, (4)
Ad'|my, = L(z(ty)), k=1,...,m, (5)
Z'(0) =2/(1) = 0. (6)

It is clear that if z € PC'([0,1],R) N AC?*(J',R) is a solution of (4)—(6), then x is
a solution to the problem (1)—(3). Transform the problem (4)-(6) into a fixed point
theorem. Consider the operator N defined by

(Nz)(t) := /0 G(t,s)f(x(s))ds + ZG(t,tk)Ik(x(t;)), te

k=1

We can easily show that N is continuous and completely continuous. The remainder
of the proof is similar to that of Theorem 3.1. O

We present now a result for the problem (1)-(3) with a nonconvex valued right
hand side. Our considerations are based on the fixed point theorem for multivalued
map given by Covitz and Nadler [5].

Theorem 3.3 Suppose that:

(H7) F : [0,1] x R — P.(R) has the property that F(-,u) : [0,1] — P,(R) is
measurable for each u € R;

(H8) Hy(F(t,u), F(t,u)) < I(t)|u —u| for almost all t € [0,1] and v, uw € R where
[ € LY([0,1],R) and d(0, F(t,0)) < I(t) for almost allt € [0, 1];

(H9) there ezist constants ¢y such that

|i(z) — I(z)| < ez — 2|, k=1,2,...,m, Va,z € R.

If
1

k sin k
then the BVP (1)-(3) has at least one solution.

1 + meg] < 1,

Remark 3.1 For each x € C([0,1],R), the set Sg, is nonempty since by (H7), F has
a measurable selection (see [4], Theorem II1.6).

Proof. We shall show that N satisfies the assumptions of Lemma 2.3. The proof will
be given in two steps.

Step 1: N(z) € P,(C([0,1],R)) for each x € C([0,1],R).
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Neumann BVP for Impulsive Differential Inclusions 11

Indeed, let (z,)n>0 € N () such that x, — & in C([0, 1], R). Then, & € C([0, 1], R)
and there exists v, € Sp, such that, for each t € [0, 1],

xn(t) = /0 G(t, s)vn(s)ds + ZG(t,tk)Ik(xn(t;)).

k=1

Using the fact that F' has compact values and from (H5), we may pass to a subsequence
if necessary to get that v,, converges to v in L*([0, 1], R) and hence v € Sg,. Then, for
each t € [0, 1],

Tn(l) — F(t) = /0 G(t,s)u(s)ds + > G(t, ty) L (E(t7)).

So, ¥ € N(x).
Step 2: There exists v < 1 such that
Hy(N(z), N(T)) < v||lx — T||oo for each x,T € C([0,1],R).

Let 2,7 € C([0,1],R) and hy € N(z). Then, there exists v;(t) € F(t,z(t)) such that

for each ¢t € [0

1
hy(t) = / G(t,s)vi(s)ds + > G(t, te) Iz (k).
0 k=1

From (H8) it follows that
Hy(F(t,x(t)), F(t, 7)) < U(t)]x(t) —z(1)].
Hence, there exists w € F'(¢,Z(t)) such that
lor(t) — w| < I(t)]x(t) —Z(t)], t € [0,1].
Consider U : [0,1] — P(R) given by
Ut) = {w e R:for(t) —w| <IU()]2(t) —z@)]}-

Since the multivalued operator V (¢) = U(t) N F(t,Z(t)) is measurable (see Proposition
I11.4 in [4]), there exists a function wve(¢) which is a measurable selection for V. So,
vo(t) € F(t,Z(t)), and for each t € [0, 1],

01 (t) — w2 ()] < 1) | (t) —Z(1)].

Let us define for each ¢ € [0, 1]
1 m
ho(t) = / G(t,s)va(s)ds + > G(t, te) Iz (k).
0 k=1

EJQTDE Spec. Ed. I, 2009 No. 22



12 S. K. Ntouyas

We have

|ha(t) — ha(D)] < /|G(t>5)||v1(8)—02(8)|d8+Z|G(t>tk)|0k|l°(8)—IE(S)l
0 k=1

1 ! 1
l —7Z||d —7z|.
k sink:/o (s)llz — =] 8+mckk sink”aj gl
Thus
— < 1 — .
s = hallos < o [+ mes) 2 = 7l

By an analogous relation, obtained by interchanging the roles of x and Z, it follows
that

1
Hy(N(z), N(T)) < — T|o-
AN ) N@) < 7 [l + meid 2 — 7l
So, N is a contraction and thus, by Lemma 2.3, N has a fixed point x which is solution
to (1)—(3). The proof is complete. O
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