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EXISTENCE OF VIABLE SOLUTIONS FOR
NONCONVEX-VALUED DIFFERENTIAL
INCLUSIONS IN BANACH SPACES

TRUONG XUAN Duc HA

Abstract: A local existence result is proved for the viability problem
z(t) € F(t,xz(t)), x(0)=uz, x(t)e K,

where F(-,-) is an integrably bounded, (strongly) measurable in ¢, Lipschitz continuous
in z multifunction with closed values and K is a closed subset of a separable Banach
space.

1 — Introduction

The viability problem

z(t) € F(t,z(t)),
(1) .’L‘(O) = Zo,
x(t) e K ,

has been the subject of many papers (see [1, 2, 10, 14] and the references therein).
In particular, Bressan ([5, 6]) and Bressan—Cortesi ([7]) solved the viability prob-
lem (1) for jointly lower semicontinuous F. V.V. Goncharov ([11]) developed an
original fixed point argument, in order to handle the Caratheodory case. How-
ever, his result requires the convexity of the set K. Using the technique of
directionally continuous selection of [5], Colombo ([9]) had obtained recently the
local existence result for (1) when F' is a Caratheodory lower semicontinuous, in-
tegrably bounded, closed valued multifunction and K is a locally compact subset
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of a reflexive Banach space. K. Deimling ([10], Theorem 9.3) and D. Bothe ([4],
Theorem 4.1) give existence results for “almost lsc” multifunctions defined on the
graph of another multifunction ¢ — K (¢) under an assumption that involves the
measure of noncompactness.

In this note we consider the viability problem (1) in the case when F(-,-) is
an integrably bounded, closed valued map which is measurable with respect to
the first argument and Lipschitz continuous with respect to the second argument.
We do not require the Banach space to be reflexive. However, we must place on
the multifunction F' and on the set K a condition which is more strict than the
classical tangency condition. Nevertheless, our condition is closely related to the
usual assumptions, as Proposition 4.4 in [3] shows. The technique we shall adapt
here is motivated by that used by Larrieu in [12] for studying (1) in the case
when F' is a singleton valued map in a Banach space.

2 — Existence of solutions to the viability problem (1)

Let E be a separable Banach space and let K C E be a nonempty closed set.
For measurability purpose, E (resp. 2 C E) is endowed with the o-algebra B(F)
(resp. B(£2)) of Borel subsets for the strong topology. Let I = [0,1] be endowed
with Lebesgue measure and the o-algebra £([0,1]) of Lebesgue measurable sub-
sets. For nonempty sets A, B of E and a € A we denote d(a, B) = inf{d(a,b),
be B}, d(A, B) =sup{d(a,B), a € A}, H(A, B) = max{d(A, B), d(B,A)}.

Let F': I x E — E be a multifunction with nonempty closed values.

The main result of this note is the following

Theorem 2.1. Assume that
i) For all z € E, F(-,x) is measurable for the above o-algebras;
ii) There is a function k € L*(I, R") such that for allt € I, all 71,79 € E

H(F(t,21), F(t,72)) < k(t) |21 — 22

iii) For any bounded set B of K, there is a function gg € L'(I, R") such that
forallte I and allx € B

[F(t,x)[[=: sup |lyll <gB(t);
yEF(t,x)

iv) For every x € K, the following equality

—~
\V)
~—

| t+h
lzrgérifgd(x—i—/t F(r,z)dr, K) =0

holds.
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Then for any ty € [0,1) and any xo € K there exists a € (to, 1] such that the
viability problem (1) has solutions on [ty al, i.e. there is an absolutely continuous
function x from [to,a] into E satisfying

z(t) € F(t,z(t)) a.e. [to,qa],
x(to) = o,
z(t) € K [to,al .

Firstly, let us prove the existence of approximate solutions.

Proposition 2.2. Suppose that the multifunction F satisfies conditions i)—
iv) of Theorem 2.1 and ty € [0,1), xg € K, M > 1 are given. Let gpy € L*(I, RT)
and b € (tg, 1] be such that

(3) [E(t, )]l < gnm(t)
forallt e I, x € KN B and
b
(4) /gM(r)drgM—l,
to

where B is the closed ball centered at xog and with radius M.
Then for any € € (0,1), a € (t9,b) and y € L*([tp,a], E) there are a function
f € LY([to, a], E) and a step function z from [to, a] into K such that

1) 2(t) € KN B for all t € [ty,al;

2) f(t) € F(t, z(t)) for almost all t € [to,al;

3) || f(t) —y(t)]] <d(y(t), F(t,z(t))) + € for almost all t € [to, al;
4) d(2(t), zo + [{ f(r)dr) < e for all t € [ty,a].

For the proof of this proposition we need the following results concerning
measurable multifunctions in Banach spaces. The reader interested in the theory
of measurable multifunctions is referred to [8].

Lemma 2.3 [13]. Let Q be a nonempty set in a Banach space E. Assume
that F': [a,b] x Q — E is a multifunction with nonempty closed values satisfying:

a) For every x € Q, F(-,z) is measurable on |a, bl;

b) For every t € [a,b], F(t,-) is (Hausdorff) continuous on Q.

Then for any measurable function z: [a,b] — 2, the multifunction F(-,z(-))
is measurable on [a, b].
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Lemma 2.4 [13]. Let G: [a,b] — E be a measurable multifunction and
y: [a,b] — E a measurable function. Then for any positive measurable function
r: la,b] — R™, there exists a measurable selection g of G such that for almost
all t € [a,b]

lott) —y(0)]| < D(y(1).G(1)) + (1) -

Proof of Proposition 2.2: For the sake of convenience we take tg = 0.
Denote by 7(-) the modulus of uniform continuity of the function G(t) defined by

t
= / g (r) dr
0
so that |G(t) — G(t)] < eif [t — /| < n(e).
Denote
. € €
(5) a:m1n{b,4,n(4)} .

We now define inductively a finite sequence {t;}I", C [0,b] with ¢, € [a,b],
a function @ from [0, ¢,] into [0,t,] such that for all i <n —1 and ¢ € [t;,ti41),
0(t) = t; and a finite sequence {z;}}, with zp = x¢ such that

a) |tiy1 —ti| <afori=0,1,...n—1;

b)zze KNBfori=0,1,..,n;

c) f(t) € F(t, zgr)) for almost all t € [0, a], where zy(y) = 2; if O(t) = t;
d) [f(t) —y@)[| < d(y(t), F'(t, zgr))) + € for almost all ¢ € [0, al;

e) |z —xo— [ f(r)dr| < at,i=0,1,..,n

For : =0, let t9 = 0 and zp = xo (f(0) need not be defined).
Suppose that the inductive procedure is realized on [0, ¢;] with ¢; < b, i.e. the
following conditions hold:

a) |tjy1 —tj| <aforj=0,1,...,i—1;

b) z; € KN B for j=0,1,...,4;

c) f(t) € F(t, zgr)) for almost all t € [0,1;];

d) [ f(t) —y@)|l < d(y(t), F(t, zgr))) + € for almost all t € [0, ;];
e) |lzj — 20— Jy? F(r)dr| < atj for j =0,1,...,i

Let

/ / tith! ah’
h; = max hga,hgb—ti|d(zi+/ F(r, z;)dr, K>§ T
t;
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Set t;11 = t;+h;. In view of Lemma 2.4, there is a function f;11 € L'([t;, ti11], E)
such that fi11(t) € F(t, z;) for all t € [t;,t;41] and

[ fira(t) =yl < d(y(e), F(t,2) +

for almost all ¢ € [t;, tiy1].
Extend f to [t;,t;+1) by setting, for all ¢ € [t;,t;41)

f(@) = firr (D) -
Let z;11 be a point of K such that

Oéhi

(6) d(zi + /;iJrhi f(r)dr, Zz'+1) <

<ah;= Oé(thrl — ti) .
Then we have

tir1
Zit1 — 20 _/0 f(r) dTH <

<

Zit1l — Zi — /:Hl f(r) drH + ||z — 20 — /Oti f(r) drH

<a(tipr —ti) +aty = ot

(7)

which together with (4) gives

tit1 tit1
[zi+1 — 20|l < ativ1 + H/o f(r) dTH <atin +/0 gm(r)dr

<atip+M—-1<14+M—-1=M,

which means that z;4; € B. Thus the conditions a)—e) are satisfied on [0, t;11].

The inductive procedure can be now continued further. We claim that there
is a positive integer n such that ¢, > a. Suppose the contrary: t, < a for all
n > 1. Then the bounded increasing sequence {t;};cn converges to t < a < b.
Therefore, the sequence {z;};cn converges to a point Z € K N B. Indeed, by
construction we have

tnt1
st = 2l < altass = ta) + | [ 100y ar

tn+1
< aftns1 —tn) + t gm(r)dr
and, for n > m

tn
120 — 2| < ltn — tm) + / g (r) dr |
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Since {t;}:2, is a Cauchy sequence, the sequence {z;}32, is also Cauchy and,
therefore, z, converges to a point z € K.
Choose a scalar h € (0,b — t) and a positive integer ng such that for n > ng

= t+h B ah
d(z—l— A F(r,z)dr,K) < 55

t+h ah
W= dr < = .
[ k) e =2l ar < G

Let n > ng be given. For an arbitrary measurable selection ¢,, of F(t, z,) on
[0, 4 h] there exists a measurable selection ¢ of F(¢,%) on [0,¢ + h] such that

o) lén (8) — ¢(B)]] < d(%(t) Ft, z)) + %
) Hzn - 2” + — 25

Then inequalities (8)—(9) give

tnth
S dn(r)dr, K) <

tn

t+h i+h
Slen =2l +a(z+ [ o0)ir K) 4| ot ar]

L[ entri] 4] [mw_w o

t+h t+h

F(r,z)dr, K) +/ g (r) dr

<llzn -zl +d(z+ [
t tn+h

t tn+h
s [+ [ ontr) - o) ar

t+h t+h

F(r,z)dr, K) +/ th(r) dr
tn+

t+h ah
+/gM dr—i—/ ) |20 — z\|dr+75_

< Jlzn — 7| +d(§+ [
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<ah+ah+ah+ah+ah+a_h
- 25 25 25 25 25 25
ah
T
Since ¢y, is an arbitrary measurable selection of F'(¢,z,) on [0, + h] it follows

tnth ah

d(zn—l— F(r,zy)dr, K) < o

tn

On the other hand, by construction, for n large enough we have t,11 < t <
tp, +h < b, ie. h > ty41 —ty, = hy. Thus the last inequality contradicts the
definition of h,. Therefore, there is a positive integer n such that ¢, > a.

Now we define the function z on [0, a] by setting

(10) Z(t) = Zg(t) .

It is clear that z(t) € K N B for all t € [0,a]. Assume that t € [¢;,t;+1) N[0, a].
Then (6), (7) and (10) imply

Hz(t) — 20— /Ot f(r) drH =

Zi — 20 + /Ot flr) drH

<||lzi — zit1|l +

= [ ] | [ o]

i+1

<atten— )+ | [ soar] +at+ | [ 50 ar|

tit1
§2oz+2/ gy (r)dr .
t;

Taking account of (5) we get

t

Hz(t) — 20— /0 f(r) drH <e,
which concludes the proof. m

Proof of Theorem 2.1: Without loss of generality we can assume that
to = 0.

Let (e,)52; be a strictly decreasing sequence of positive scalars such that
Yooy €n < 00. Let M, gpr and b be as in the Proposition 2.2, a € (0,b) and fo a
measurable selection of F(t,z¢) on [0, a].
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In view of Proposition 2.2, we can define inductively sequences {f,}72; C
LY([0,a], E) and {z,}>, C S([0,a], E) (S([0,a], E) is the space of step functions
from [0, a] into E) such that

1) z,(t) e KN B for all t € [0, al;
2) fn(t) € F(t, z,(t)) for almost all ¢t € [0,a], n > 1;

3) [[far1(t) = fa(®)l < d(fa(t), F(t, 2n41(t))) + €pt1 for almost all ¢ € [0, q]
and n > 1;

4) d(zn(t), 20 + [3 ful(r)dr) < e, for all t € [0, al.
Observe that 2) and 3) imply

[ Frsr(0) = Sl < H(F(t 2 (0), Pt 21 (1)) + ena

(11)
< k() [Iz0(t) = 21D + €nta -

Combining 4) and (11) yields

i) = 20Ol < [enia®) =20 = [ faa(r)ar] +
et = 20— [ gty + [ Nwar) = ol ar
< entenrit [ nsalr) = falr)ldr
<260+ [ K0 lnia(r) = () dr - ng
<Bent [ K0 nia(r) = 2l dr
It follows then from the Gronwall’s inequality (see e.g. [8, Proposition VI-9]) that
et (t) = 2@l < 3enel,

where L = [ k(r) dr.
Therefore we have, for n < m:

m—1
l20(8) = 2Ol <32 Y
i=n

Thus the sequence {z,(-)}>2; converges uniformly on [0, a] to a function z(-).
Since z,(t) € K N B for every t € [0,a] and the set K is closed, it follows that
z(t) e KNBforall t € [0,1].
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Observe that for every n > 1 we have

| fas1 () = Fa®)] < H(F(t 201 (8), F(t 20(1))) + enta
< k() [|2ns1(t) = 2a (D) + €ns1
< en [3 k(t) ek + 1} .

This implies (as above) that {f,(¢)}7_,; is a Cauchy sequence and f,(t) con-
verges to f(t).
Further, since || f,(¢)|| < ga(t), by 4) and Lebesgue’s theorem we have

t t
x(t) = lim z,(t) = lim(xo +/ fn(r) dr) = xo —I—/ f(r)dr .
0 0
Finally, observe that by 2),

(1), F(t,z(1)) < 1) = fa®)ll + H(F(t, 20(0)), F(t,2(1)) )
SIS = Fal)l + k(@) [ 20(8) = 2(2)]

so that z(t) = f(t) € F(t,z(t)) a.e. in [0,a]. The proof is complete. m
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