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Abstract

We establish Filippov type existence theorems for solutions of certain boundary
value problems of some second-order differential inclusions.
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1 Introduction

This paper is concerned with differential inclusions of the form
Dx € F(t,x), (1.1)

where D is a differential operator and F(.,.) : [0,1] x R — P(R) is a set-valued map.

In the last years we observe a remarkable amount of interest in the study of existence
of solutions of several boundary value problems associated to problem (1.1). Most of these
existence results are obtained using fixed point techniques and are based on an integral
form of the right inverse to the operator D. This means that for every f the unique
solution y of the equation Dy = f can be written in the form y = R f, where the operator
R possesses nonnegative Green’s function.

For a first order differential inclusion defined by a lipschitzian set-valued map with
nonconvex values, Filippov’s theorem ([8]) consists in proving the existence of a solution
starting from a given almost solution. Moreover, the result provides an estimate between
the starting almost solution and the solution of the differential inclusion.

The aim of this paper is to show that Filippov’s ideas can be suitably adapted in order
to obtain the existence of solutions for the following problems

2" — X' € F(t,z), ae. (I), z(0)=ao, z(1)=a, (1.2)
2" € F(t,z), ae. (I), z(0)—kz'(0)=ci, =(1)+ koz'(1) = co, (1.3)

where I = [0,1], F(.,.) : I x R — P(R) is a set-valued map, A > 0 and a;,¢; € R, and
ki €Ry,i=1,2.
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Existence results obtained using fixed point techniques for problem (1.2) may be found
in [4,5] and for problem (1.3) may be found in [3,6,7]. We note that a similar results for
another class of differential inclusions may be found in [2].

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 result.

2 Preliminaries

Let (X, d) be a metric space. We recall that the Pompeiu-Hausdorff distance of the closed
subsets A, B C X is defined by

di(A, B) = max{d*(A, B),d"(B, A)}, d*(A, B) =sup{d(a, B);a € A},

where d(x, B) = inf cp d(z,y).

Let I =[0,1], by C(I) we denote the Banach space of all continuous functions from I
to R with the norm ||z(.)||c = sup,e; |2(t)|, by AC' we denote the space of differentiable
functions z(.) : (0,1) — R whose first derivative 2/(.) is absolutely continuous and by L'
we denote the Banach space of Lebesgue integrable functions z(.) : [0,1] — R endowed
with the norm [Ju(.)|[i = [ [u(t)|dt.

A function z(.) € AC! is said to be a solution of (1.2) (resp., (1.3)) if there exists a
function v(.) € L' with v(t) € F(t,z(t)), a.e. (I) such that 2”(t) — Az’ = v(t), a.e. (I) and
x(.) satisfies the corresponding boundary conditions.

Lemma 1. If v(.) : [0,1] — R is an integrable function then the problem
2/ (t) = X' (t) =v(t) ae. (I), x(0)=ag, z(1)=ay,

has a unique solution x(.) € ACt given by

1
x(t) = P,(t) —I—/O G(t,s)v(s)ds,

where, if a = (ag,a1) € R?, we denote

Pa(t) = 5 [(* — g + (¥~ an]

the unique solution of the problem
2" — X' =0 2(0)=ag, =z(1)=ay,

and

Gt,s) =~ {(eM—l)(eAS—e*) if 0<t<s<l

eds(l—er) | (M —1D(eM—e) if 0<s<t<1

s the Green function associated to the problem.

" —X'=0 z(0)=0, z(1)=0.
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The proof of Lemma 1 may be found in [4].
Note that if a = (a1, a2),b = (b1, b2) € R? we put ||a|| = |a1| + |az| and

|[Pa(t) = Po(t)] < [la = b|.
Denote M := sup, ¢ |G(t, s)|.

Lemma 2. Ifv(.):[0,1] — R is an integrable function then the problem

2'(t) =v(t) ae. (I)
x(0) — k12/(0) = ¢y,
(1) + ko' (1) = co,

has a unique solution z(.) € AC' given by

1
£(t) = Qult) + /0 G (t, 5)o(s)ds,

where if ¢ = (c1,c2) € R? we denote

(1 —t+ko)er + (k1 +t)eo

elt) =
Qe(t) 14k + k2

and

G (t, 5) —1 {(k1+t)(1—s+kz) if 0<t<s<l

T itttk | (Bt s)1—t4ky) if 0<s<t<1

s the Green function of the problem.

The proof of Lemma 1 may be found in [3].
Note that if a = (a1,a2),b = (b1, b2) € R? we put ||a|| = |a1| + |az| and

|Qa(t) — @u(t)] < [la —0l|.

On the other hand, it is well known that sup; sc; |G1(t, 5)| = %.
In what follows we impose the following conditions on F.

Hypothesis 1. (i) F(.,.) : I xR — P(R) has nonempty closed values and for every x € R
F(.,z) is measurable.

(ii) There exists L(.) € L! such that for almost all ¢ € I, F'(¢t,.) is L(t)-Lipschitz in the
sense that

dg(F(t,z), F(t,y)) < L{t)|lx —y| V z,y €R.

3 The main result

We are now ready to prove the main result of this paper.
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Theorem 1. Assume that Hypothesis 1 is satisfied, assume that M||L||; < 1 and let
y(.) € AC* be such that there exists q(.) € L' with d(y"(t) — M/ (t), F(t,y(t))) < q(t), a.e.
(I). Denote ap =y(0), a1 = y(1) and a = (ao, ai).

Then there exists x(.) a solution of (1.1)-(1.2) satisfying for all t € 1

1 M
z(t)—y)| £ ————lle —a|| + ————— . 3.1
() = w(8) < 7=y e =l + 1=yl (31)
Proof. The set-valued map ¢t — F(t,y(t)) is measurable with closed values and

F(t,y) n{y"(t) = M/ @) + q()[-11]} #0 ae. (I).

It follows (e.g., Theorem 1.14.1 in [1]) that there exists a measurable selection fi(t) €
F(t,y(t)) a.e. (I) such that

[f1(t) —y" (1) + M/ ()] < q(t)  ace. (1) (3.2)
Define x1(t) = P,(t) + fol G(t, s)f1(s)ds and one has
1(t) —y(@)| < lla —al[ + Mlql|1.

We claim that it is enough to construct the sequences z,(.) € C(I), fo(.) € L', n > 1
with the following properties

1
alt) = Pa(t) + /O Glt, s)fu(s)ds, tel, (3.3)
fut) € F(t,zp—1(t)) ae.(I), n>1, (3.4)
[fas1(t) = fu(O)] < L@O)|2n(t) — 2n-1(t)| ae.(I),n > 1. (3.5)

If this construction is realized then from (3.2)-(3.5) we have for almost all t € T

1
i1 () — 2a(8)] < /O Gt o (01) — Fult)dtr <

1 1 1
M/O L) [ (ty) — 2 (b1)|dt1 < M/O L(tl)/o Gt 1)),
1

1
Fultz) — fuos(t2)|dby < M2 /O L(ty) /O L(ts)|n—1(t2) — tn_a(t)|dtadts

1 1 1
SM”/O L(tl)/o L(t2).../0 L(tnﬂxl(tn)—y(tn)\dtn...dtl <
< (MIL[[1)"(la — all + Mlq||)-

Therefore {z,(.)} is a Cauchy sequence in the Banach space C(I), hence converging
uniformly to some z(.) € C(I). Therefore, by (3.5), for almost all ¢ € I, the sequence
{fn(t)} is Cauchy in R. Let f(.) be the pointwise limit of f,(.).
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Moreover, one has

[2n(t) = y(0)] < ler(t) = y(0)] + X7 feia (6) — 24(0)] < la - al| 56
+M]lqll1 + 7 (lla — al| + Mllqll) (M]|Z]]1) = Lot ‘

On the other hand, from (3.2), (3.5) and (3.6) we obtain for almost all ¢t € 1

[fa(t) = 4" (1) + My ()] < 075 | fia (1) = fil®)] + () — 9" () + X/ (1))
< L(t) Halillfu_‘%wflll + q(t).

Hence the sequence f,(.) is integrably bounded and therefore f(.) € L.

Using Lebesque’s dominated convergence theorem and taking the limit in (3.3), (3.4)
we deduce that x(.) is a solution of (1.1). Finally, passing to the limit in (3.6) we obtained
the desired estimate on z(.).

It remains to construct the sequences ,(.), fn(.) with the properties in (3.3)-(3.5).
The construction will be done by induction.

Since the first step is already realized, assume that for some N > 1 we already con-
structed x,(.) € C(I) and f,(.) € L',n = 1,2, ...N satisfying (3.3),(3.5) forn = 1,2,..N
and (3.4) forn =1,2,...N — 1. The set-valued map t — F(t,zxn(t)) is measurable. More-
over, the map ¢t — L(t)|xn(t) — xn—1(t)| is measurable. By the lipschitzianity of F(¢,.)
we have that for almost all ¢t € T

F(t,zn(t) N {fn(t) + L)y (t) — xn—1(t)|[-1,1]} # 0.

Theorem 1.14.1 in [1] yields that there exist a measurable selection fy1(.) of F(.,zn(.))
such that

[fna(t) = In(@)] < L@B)|en(t) —2n-a ()] ae. ().

We define xn4+1(.) as in (3.3) with n = N + 1. Thus fy41(.) satisfies (3.4) and (3.5)
and the proof is complete.

Remark 1. According to Theorem 1 in [5], if the assumptions of Theorem 1 are satisfied
then for any € > 0 there exists z.(.) a solution of (1.2) satisfying for all ¢t € 1
lla —all +

|ze(t) — y(t) gl +e. (3.7)

< 1 M
— 1= M]||LL 1 — MI|L[}x

Obviously, the estimation in (3.1) is better than the one in (3.7).
We are concerned now with the boundary value problem (1.3).

Theorem 2. Assume that Hypothesis 1 is satisfied, | := 1tk ||y

<1 and let y(.) € AC" be such that there exists q(.) € L' with d(y"(t), F(t,
y(t))) < q(t), a.e. (I). Denote ¢y = y(0) — k1y'(0), ¢1 = y(1) + kay/ (1) and é = (¢1,¢2).
Then, there exists z(.) a solution of (1.3) satisfying for all t € I

14 k1 + ko

() — y(0)] < "

lle—ell + llallx (3.8).

1
1-1
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The proof of Theorem 2 is similar to the one of Theorem 1.

Remark 2. According to Theorem 3.1 in [6], if the assumptions of Theorem 2 are satisfied
then for any € > 0 there exists z(.) a solution of (1.3) satisfying for all t € I

1+ k1 + ko

2e(t) — ()] < ——lle | + 4(1—1)

— lally +e. (39)

Obviously, the estimation in (3.8) is better than the one in (3.9).
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