J. Nonlinear Var. Anal. 5 (2021), No. 1, pp. 23-42
Available online at http://jnva.biemdas.com
https://doi.org/10.23952/jnva.5.2021.1.03

ON THE UNIFIED APPROACH BETWEEN UPPER AND LOWER
SEMICONTINUOUS DIFFERENTIAL INCLUSIONS

PAOLO CUBIOTTI

Department of Mathematical and Computer Sciences, Physical Sciences and Earth Sciences,
University of Messina, Messina 98166, Italy

Abstract. In this paper, we consider a k-th order differential inclusion with a multifunction F' such that
its restriction to the complement of a suitable null-measure set is lower semicontinuous and bounded.
We prove that there exists an upper semicontinuous multifunction G such that each generalized solu-
tion of the corresponding k-th order differential inclusion is also a generalized solution of the original
differential inclusion. As an application, we prove an existence and qualitative result for the Cauchy
problem associated to a class of k-th order differential inclusions. In particular, we give sufficient condi-
tions under which the solution multifuncion admits an upper semicontinuous multivalued selection with
nonempty compact connected values. Finally, as a further application, we prove an analogous existence
and qualitative result for the generalized solutions of the Cauchy problem associated to a class of k-th
order implicit discontinuous differential equations.

Keywords. Differential inclusions; Cauchy problem; Generalized solutions; Differential equations; Dis-
continuous functions.

1. INTRODUCTION

Letn € N, T >0, and F : [0,T] x R* — 2®" be a given multifunction. We recall that a
generalized solution of the differential inclusion &’ € F(z,u) in [0, T] is an absolutely continuous
function u : [0, 7] — R” such that

u'(t) € F(t,u(t)) forae. t€l0,T]. (1.1)

Such a differential inclusion arises in the study of many problems, including control theory,
dynamical systems, discontinuous differential equations and so on. Historically, differential
inclusion (1.1) has been studied under two different and separate kind of assumptions, that is,

(1) F 1is upper semicontinuous with nonempty compact convex values;

(i1) F is lower semicontinuous (or continuous) with nonempty compact (possibly non-convex)
values.

As remarked in [1], the results and the techniques for the two classes of differential inclusions
are substantially distinct in most literature. In [1], Bressan proved a deep result which allowed
to treat the two classes of differential inclusions in a unified way. The following is Bressan’s
result.
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Theorem 1.1. [1, the theorem at p.22]. Let F : Rx R" — 2R" be a bounded, lower semicontin-
uous multifunction with nonempty compact values. Then there exists an upper semicontinuous
multifunction G : R x R" — 2R" with nonempty compact convex values, such that every gen-
eralized solution u : [o, B] — R" of the differential inclusion v’ € G(t,u) in [a, B] (with [ct, B],
real compact interval) is also a solution of u' € F(t,u) in (@, B).

Theorem 1.1 was proved by using an existence result for directionally continuous selections
([1, Corollary 2.2]). As a matter of fact, Theorem 1.1 allowed to apply to the lower semicontin-
uous and nonconvex case many results valid for the upper semicontinuous convex-valued case,
obtaining new existence and qualitative results for the generalized solutions of problem 1.1
associated with a lower semicontinuous multifunction F (see, for instance, [1, Theorem 4.2]).

Recently, in [2], Theorem 1.1 was extended to a larger class of multifunctions F : R x R" —
2R", which is wider than the one of lower semicontinuous multifunctions. In order to state the
main result of [2], we need to introduce some notations. First, we denote by & the class of all
subsets U C R x R” that can be expressed as a finite union of subsets of R x R", each with at
least one projection of null Lebesgue measure. Of course, each set U € Z has a null (1 + n)-
dimensional Lebesgue measure. Moreover, we denote by ¢, the family of all subsets A C R”
such that, for all i = 1,...,n, the supremum and the infimum of the projection of conv (A) on
the ith axis are both positive or both negative (“conv” stands for the “closed convex hull”).

The following is the main result of [2].

Theorem 1.2. [2, Theorem 1.3]. Lern € N, and let F : Rx R" — 2R pe ¢ multifunction.
Assume that there exists a set U € 9 such that the multifunction F ](Ran)\U is bounded and
lower semicontinuous with nonempty closed values, and F((R x R")\U) € %,,.

Then, there exists a multifunction G : R x R" — 2R such that

(a) G is bounded and upper semicontinuous with nonempty compact convex values.

(b) G(RxR") CconvF((RxR")\U).

(c) every generalized solution u : [0, B] — R" of the differential inclusion u' € G(t,u) in [, B]
(with [o, B], a real compact interval) is also a solution of the differential inclusion u' € F(t,u)
in [a,B], and the point (t,u(t)) € (RxR")\U fora.e. t € |a,f].

As a matter of fact, a multifunction F : R x R” — 2R®" satisfying the assumptions of Theorem
1.2 can fail to be lower semicontinuous even at all points (¢,x) € R x R" (see [2]). Such a
weaker regurarity is paid by assuming that the set F((R x R")\ U) belongs to the family ¥,,.
As showed in [2, Example 3.3], Theorem 1.2 does not hold without the latter assumption. As
an application of Theorem 1.2, some new existence and qualitative results were obtained for
the first-order differential inclusion 1.1 associated with a multifunction F, which may not have
any semicontinuity property, as well as for first-order implicit differential equations of the type
g(u") = f(t,u) associated with a discontinuous function f (see, e.g., [2, 3]).

Now, fix n,k € N, let I C R be a compact interval, and let p € [1,4oo|. As usual, we denote by
Wk (1, R") the space of all functions u € C*~1(I,R") such that u*~1) is absolutely continuous
in 7 and u®) € LP(I,R"). Let T > 0, and let F : [0,T] x (R")¥ — 2R" be a given multifunction.
We recall that a generalized solution of the differential inclusion

u® e F(tud,...,u*V)in [0, 7] (1.2)
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is a function u € W51([0, T],R") such that
u® () € F(t,u(t),d(1),...,u* V(1)) forace. t € [0, T]. (1.3)

The aim of this paper is to extend the Theorem 1.2 above to the kth-order differential inclusion
1.3. With respect to the original proof of Theorem 1.2, such an extension is not trivial and
requires a more articulate technical construction. The main tool of the proof will be a selection
result ([4, Lemma 2.4 ]) for lower semicontinuous multifunctions with possibly nonconvex
values. As an application, we shall prove an existence and qualitative result (Theorem 3.2, see
below) for the generalized solutions of the Cauchy problem

{u(k) eF(t,u,u,...,u*=D) in[0,T],

. 1.4
uD(0) =&, i=0,1,....k—1, (4

(where & = (&, &1,...,&—1) € (RM)Kis a given point) associated with a multifunction F, which
does not necessarily have any semicontinuity property. In particular, we shall give sufficient
conditions under which the multifunction

Ee(RH = {ue W 1([0,T],R") : u is a generalized solution of (1.4)}

admits an upper semicontinuous multivalued selection with nonempty compact connected val-
ues. We explicitly remark that a multifunction F satisfying the assumption of Theorem 3.2
below can fail to be lower semicontinuous (even separately) even at all points (¢,&) € [0,T] x
(R,

Finally, as a further application, we shall prove an existence and qualitative result (Theorem
4.1, see below) for the generalized solutions of the Cauchy problem

£(u¥) = f(ted . ) in[0.7], s
uD(0) =&, i=0,1,... k-1, '
(where & = (&y,&1,...,&—1) € (R")¥ is a given point) associated with a discontinuous function

f. In particular, we shall give sufficient conditions under which the solution multifunction
Ec (R = 7(&) = {ue W L([0,T],R") : u is a generalized solution of (1.5)}

admits an upper semicontinuous multivalued selection with nonempty compact connected val-
ues. As before, our assumptions do not imply the continuity of f. As a matter of fact, a function
f:[0,T] x (R")* — R satisfying the assumptions of Theorem 4.1 can be discontinuous, with
respect to the second variable, even at all points & € (R")X. As regards the function g, we only
require that it is continuous and locally nonconstant. Counterexamples to possible improve-
ments are also given.

2. PRELIMINARIES

Let n,k € N, and let I/ C R be a compact interval. In what follows, we consider the space
W*=(1,R") with the initial topology o/ , that makes the function

ue WL, R") = (u,u®) e C*"1(1,R") x L*(I,R")

continuous, where the space C*~1(I,R") is considered with its strong topology, and the space
L>(I,R") is considered with its weak-star topology.
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Let T > 0,andlet F : [0, T] x (R")* — 2R" be a given multifunction. Let & = (&), &;,...,&_1) €
(R")* be fixed. According to Section 1, we recall that a generalized solution of the Cauchy
problem (1.4) is a function u € W*!([0,T],R") such that

u® (@) e F(t,u(t),d(1),...,u* V(1)) forae. tel0,T]

and u? (0)=¢;foralli=0,...,k—1. Of course, if F is bounded, then every generalized solu-
tion of problem (1.4) (as well as of the differential inclusion (1.2) belongs to W**([0,T],R").

In the following, we shall often make the obvious identification (R")¥ = R, For all i =
0,1,...,nk, we denote by P; : R x R" — R the projection over the j-th axis. That is, if (¢,x) =
(t,x1,%2,...,%%) € Rx R, we put

t =0
Pj(t,x): ,. J ’
xj, je{l,2,...,nk}.

For each j € N, we shall denote by m; the j-dimensional Lebesgue measure in R/. More-
over, we shall denote by .# the family of all subsets U C R x R”% such that there exist sets
Vo, Vi, ..., Vi SR x R with my (Pj(V;)) =0forall j=0,1...,nk, such that U = U?’;O V;. Of
course, any set U € .F satisfies my.1(U) = 0.

Letm € N. If x € R" and r > 0, we shall denote by B, (x, r) (resp., By, (x,r)) the open (resp.,
closed) ball in R™, centered in x with radius r, with respect to the Euclidean norm || - ||, of R™.
Finally, we shall denote by Z(R) and £ ([a,b]), respectively, the Borel family of R and the
family of all Lebesgue measurable subsets of the interval [a,b]. For the reader’s convenience,
we now state some results that will be useful in the sequel. First, we recall the following
proposition.

Proposition 2.1. [5, Proposition 2.6]. Let W : [a,b] x R* — R be a given function, and let
E C R" be a Lebesgue measurable set, with m,(E) = 0. Let D be a countable dense subset of
R”", with DN E = 0. Assume that

(i) for all t € [a,b], the function y(t,-) is bounded;

(ii) for all x € D, the function y( - ,x) is £ ([a,b])-measurable.

Let G : [a,b] x R" — 2R pe the multifunction defined by setting, for each (t,x) € [a,b] xR",

Glt,x) = oo (U {wlen)}).

meN YED
ly=xlln< &

Then,
(a) G has nonempty closed convex values;

(D) for all x € R", the multifunction G(-,x) is £ ([a,b])-measurable;
(c) for all t € [a,b], the multifunction G(t, -) has closed graph;
(d) ift € [a,b], and y(t,-)|re\g is continuous at x € R"\ E, then one has

G(t,x) ={w(t,x)}.
The following result summarizes several results proved in [6, pp.103—109]

Theorem 2.1. Let x* € R", and let QO C R X R”" be an open set such that (0,x*) € Q. Let
G : Q — 2®" be an upper semicontinuous multifunction with nonempty compact convex values.
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Assume that there exist M > 0, b > 0 and T > 0 such that
Q:=[0,T] x B,(x*,b+MT)CQ and G(Q)C B,(0,M).

Then,
(i) for every & € B, (x*,b), the solution set

Tor)(&) = {u e WH([0,T,R") : u(0) = & and u'(t) € G(t,u(t)) a.e. in [0,T]}

is nonempty. Moreover, the multifunction & — F9_. (E) is upper semicontinuous from By,(x*,b)

[0,7]
to Wh>([0,T],R"), with nonempty compact and connected values;
(ii) the multifunction & — <70 07] (&):={u(T):uec ‘?[OGT] (&)} is upper semicontinuous from

B, (x*,b) to R" with nonempty compact connected values.
Finally, we prove the following fact, which will be crucial in the sequel.

Proposition 2.2. Let n,k € N, and let I = [0,a] be a compact interval. For each function
v e Whe(I,R"), let
yy i I — (RM)K

be defined by putting, for every s € I,

yols) = (v(s),V/(5), ... vV D(s)).
Let E :={y,: ve Wo(I,R") }, and let

P W, RN = whe(1,RY)
be the first projection. Then, E is a closed subset of [W'**(I,R")|¥ and the function

Pllg: (E.(0,1)") = (WS(L,R"), 0, )

is surjective and continuous.

Proof. Clearly, one has y, € [W!=(I,R")| for every v € W&=(I,R"). In order to check that E
is a closed subset of [W (I, R")]¥, let {vg }qea be a net in W5 (1, R") and let

w= (WO,Wl,. .. ,Wk_1) S [Wl’w(I,Rn)]k,
such that {y,, }ger — w in [W1=(I,R")]* with respect to the topology <Gr€,1)k‘ Therefore, for

every j=0,...,k— 1, we have {vg) }aea — wjin Wh=(I,R") with respect to the topology 6,11’1.

By the definition of the topology o7 ,, this means that

nl’
) 1) . o
{(VO{ ,v0{+ )} ek, (wj,w;) in CO(I,R”)XL (I,R")

for every j =0,...,k— 1, where C°(I,R") is considered with its strong topology, and the space
L>(I,R") with its weak-star topology. Therefore, for every j =0,...,k— 1, one has that

{vg)}ae/\—>w]' strongly in  C°(1,R")

and
5 gen = w' weakly-starin  L™(I,R").
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In particular, for every i = 1,...,k — 1, one has at same time that {vg)}ae A — w; strongly in

C%(1,R") and {vg)}ae A — wi_, weakly-star in L*(I,R"). Consequently, we get that, for every
i=1,... k-1,

wi(s) =w,_,(s) forae. sel. (2.1)

Now, fix i € {1,...,k— 1}. From the absolute continuity of w;_; and (2.1), we have

S S
wi—1(s) = wi—1(0) +/0 wi_1(z)dz=w;_1(0) +/0 wi(z)dz
for all s € 1. Since w; is continuous, we get that w;_; € C!(I,R") and
wi_i(s) =wi(s) forall sel.

Therefore, we have proved that, foreveryi=1,... k—1,w;_| € C! (I,R") and w§_1 = w;. This
easily implies that wy € Wk’°°(1 ,R") and w = y,,,. Hence, w € E and E is closed, as claimed.
Of course, P} (E) = Wk (I,R"). We now prove that

Plg: (E,(0,,)") = (W' (L R"), 07)

is continuous. To this aim, let (W¢)qear be a net in E, converging to a point w € E with respect
to the topology (o ). For each & € A/, let o, € W5 (1, R") be such that Wy = yy5,. Moreover,

let v € Wh*(I,R") be such that w = y;. Hence, we have that

{Fas Vs, Naen = @,7,...,56 )

with respect to the topology (G,il )k. Consequently, we have

{vé{)}a@, 9 forevery j=0,....k—1,
with respect to the topology G,{jl. By the definition of the topology Gil, this means that

(G5 ™ N gens = GU 5UTD) forevery j=0,...,k—1

in CO(I,R") x A(I,R") (where C°(I,R") is considered with its strong topology, and L™(I,R")
is considered with its weak-star topology). Hence, we have that {Vé{)}ae A~ — ) for every
j=0,...,k—1 with respect to the strong topology of C(I,R"), and {Vg()}ae,\/ — %) with
respect to the weak-star topology of L (I,R"). Therefore, {Vy}qen — v with respect to the
strong topology of C¥~!(I,R"), and thus

{Fa, 7)) Yaen — (7,90)

in Ck=1(I,R™) x L=(I,R"), where the first space is taken with its strong topology, and the second
space with its weak-star topology. Therefore, we have that {Vy}4ca — v With respect to the
topology Grlz,k- This implies that {P] (W¢)}aenr — P (W) with respect to the topology Grlz,k-
Thus, our claim follows. The proof is complete. U

For the basic facts and definitions about multifunctions, we refer the reader to [7, 8].
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3. MAIN RESULTS
The following is our main result.

Theorem 3.1. Let n,k €N, and T > 0. Let F : [0,T] x (R")* = 2R" be a given multifunction.
Put S :=[0,T] x (R”) Assume that there exists a set U C S, with U € % such that
(i) F| s\u is lower semicontinuous with nonempty and closed values;

(ii) F(S\U) € 9, and F(S\U) is bounded.

Then, there exists a bounded and upper semicontinuous multifunction G : R X (R”)k — 2R
with nonempty convex and compact values such that

(a) G(R x (R")¥) Cconv (F(S\U));
(b) every generalized solution u € W**([0,T],R") of the inclusion
u) e G(t,u,u',...,u(k_l))
in [0,T] is also a generalized solution of the inclusion u® e F(rud,. .. .u* )Y in [0,T].
(c) for every generalized solution u € W*>([0,T],R") of the inclusion

u®) e G(t,u,u/,...,u(k_l))

in [0,T], one has
(tu(t),d (1),...,u* V() e S\U forae te]0,T).

Proof. Let r > 0 be such that F(S\U ) C B,(0,r). By the definition of the family .%, there exists
Wo, Wi, .., Wy € Rx R, with m; (P;(W;)) =0forall j=0,1...,nk, such that U = [J%, W;.
Let Hy,H € A(R), with Hy C [0,T] and ml( 0)=m(H)=0, be such that

nk
Py(Wo) CHy and | JP;(W;) CH.
j=1
Put
V*:= ((0,T]\ Ho) x (R\ H)"
Obvious, we have
V*CS\U. (3.1)
By [4, Lemma 2.4], there exist two sets H), H' € Z(R) with Hy C [0,T] and m; (H}) =m;(H') =
0, and a function f: V* — R" such that
M) f(2,8) € F(1,8) forall (1,§) € V*;
(ii)’ f is continuous at every point
(1,8) € ((0,T]\ (HoUHp)) x (R\ (HUH"))"™.
Fix a point z* € f(V*), and let f* : R x R — R” be defined by putting

) _Jr@8), if(r,8) vy,
f(t’g)_{z* if(t,&) € (RxR™)\V*,
Let
Z:= [(HOUHOU{OT})XR”"}U[SQUP HUH’)]
i=1
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Of course, Z C S. We claim that f*| g, g\ 7 is continuous. To see this, fix (¢,&) € (R x R\
Z.
First, we assume that (z,£) € S. Hence,

(t,€) € S\Z = (]0,T[xR™)\ Z.
Since (S\Z) C V*, we get

f*|(]0,T[xR"k)\Z = f|(]O,T[xR"k)\Z' (3.2)
By (ii)’, the function f |(]07T[><Rnk)\z is continuous. Consequently, by (3.2), we have that f™| (10, T[xR™)\Z

is continuous. Since (]0,T[xR"¥)\ Z is an open neighborhood of (z,&) in (R x R™)\ Z, we
have that f*|(g g\ 7 is continuous at (7,5 ), as desired.

Conversely, we assume that (¢,&) ¢ S. Since (R x R™)\ S is open in R x R™ and
(RxR™)\ § C (RxR™)\Z,
the set (R x R"™)\ S is open in (R x R")\ Z . Since f* is constant over (R x R™)\ S, we get

that f*[ (g ety 7 is continuous at (7, ), as desired.
Now, taking into account (3.1) and (i)', we have

f*RXR™) = f(V*) CF(V*) CF(S\U) C B,(0,7).

In particular, by assumption (ii), we get that f*(R x R™) € 4.

Let D C (R x R")\ Z be a countable set, which is dense in R x R, Of course, such a set D
exists due to my4,4(Z) = 0.

Now, let G : R x R — 2R" be the multifunction defined by setting, for each (t,E) € Rx R,

G(t,&) = () conv ( U {f*<la77>}>-
meN (I,n)eD
1M~k < e

Using Proposition 2.1, and taking into account that f™| (RxR™)\Z is continuous, we get that

(1)” the multifunction G has closed graph and nonempty closed convex values;
(ii)” for every (¢,&) € (R x R™)\ Z, one has

G<t7‘§) - {f*(tv‘g)}

In particular, since (S\ Z) C V*, we have that f*|g\7 = f|s\z. Hence

G(t,&)={f(t,&)} forall (1,§)eS\Z. (3.3)
Moreover, from the above construction, we get
G(R x R™) C conv (F(V*)) C conv (F(S\U)), (3.4)
which implies that
GRxR™ %, and G(RxR™%) CB,(0,r). (3.5)

From (3.5), (i) and [8, Theorem 7.1.16], we have that G is upper semicontinuous. Of course,
we can regard the multifunction G as defined on R x (R")¥ by means of the identification
(R")* = R, Now, let u € W&=(]0,T],R") be a solution of the differential inclusion

u®) e G(t,u,u,... ,u(k_])) in [0,T].
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Hence, there exists § € -£([0,7T]), with m;(§0) = 0 such that
u® (1) e Glt,u(t),u t),...,u* V()) forall re€]0,T]\$o. (3.6)
In particular, by (3.4), we have
u¥ () e conv (F(V*)) Cconv (F(S\U)) forall ¢€[0,T]\$o.

Fix i € {1,...,n}, and let us denote by u; the i-th component of the function u. From (3.5) and
(3.6), we get that ul(k) (t) has constant sign for all € [0,7]\ §9. Assume that

WP () >0 forall 1e[0,7]\$0

(if ul(k) (1) <O forallz € [0,T]\ §, then the argument is analogous). This implies that the ab-
(k1)

; is strictly increasing in [0, 7| (with a.e. positive derivative).

(k=1)

i

solutely continuous function u

Applying [9, Theorem 2], we have that (u )~! is absolutely continuous. Hence, it follows

from [10, Theorem 18.25] that

Cior =N HUR) = {te0,T]: V(1) e HUH'}

~1)

has null Lebesgue measure. Since ul(k is strictly increasing in [0, 7], there exists a partition

0 =10 <. . <Ig—1,j, = T

(k=1)

(with ji_; < 2) of the interval [0,7] such that u; has constant sign over each interval

ltk—11-1,t%—1,[ (in particular, ul(k_l) (t) # 0 on each interval |t;_y ;_1,%—1[). This implies that,
for every [ = 1,..., ji_1, the function ul(k_z)“,kil ' 141, 18 strictly monotone. Then, for each

l=1,...,jr_1,[9, Theorem 2] yields that the function

(k=2) —1
(”i ’[tk—l,l—lvtk—l,l])
is absolutely continuous. So, in view of [10, Theorem 18.25], it maps null sets into null sets.
Consequently, for every [ =1,..., ji_1, the set
(u(k—z)

i |[fk71~1717fk71’1

_ k—2
}) I(HUH/>:{IG[lk_lJ_l,tk_U]I ul( )(I)GHUH/}
has null Lebesgue measure. Thus, it is easily seen that the set

Cisa 1= () (HUH) = {re 0,1]:u P () e HUH'}
has null Lebesgue measure. Since the function ul(k_z) is strictly monotone on each interval
[te—11—1,tk—1,] with [ =1,..., jr_1, we have that there exists a partition

0= 2,0 <. lg—2j, = T
(k=2)

i

(with ji_, < 4) of the interval [0,7] such that u
(k-2

i

has constant sign over each interval
Jtx—2.1-1,tk—2,[ (in particular, u ) (t) # 0 on each interval |ty_5 ;1,2 [). This implies that,
forevery [ =1,..., jr_o, u§k73)|[,k72,]71’,k72’[] is strictly monotone. Then, by [9, Theorem 2], for
each/=1,..., jx_», the function

k-3 —
(”z( : |[tk72,/71 kaz,l]) :
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is absolutely continuous. Consequently, it follows from [10, Theorem 18.25] that the set

Cinos =WV HUE) = {r0,T]:u* P (t) e HUH'}

1

has null Lebesgue measure. If we apply recursively the same argument, we get that, for every
j=0,...,k—1, the set

Cj=u )\ HUH) ={r€[0,T]:ul(r) e HUH'},
has null Lebesgue measure. At this point, put

C .= {0,T}UH()UH6U§()U [ U C,‘J] .

i=1,...n

j=0,... k—1

The above construction implies that m; (C) = 0. Choose a point ¢ € [0,T]\ C =0, T[\C. From
the definition of the sets C; ;, we have that

u (1) ¢ HUH'

foreveryi=1,...,nandevery j=0,...,k— 1. Hence

(t,u(t), ' (t),...,u’=D (1)) € S\ Z. (3.7)
By (3.3), we then get

G(t,u(t),u (t),...,u* V@) = {f(t,u@),d' @),...,u*D (1)}
Taking into account (i)’ and (3.6), we then have
u® (@) = f(r,u(),d (0),...,u* V@) € Ft,ut),u (¢),...,u* V().
Consequently, since m(C) = 0, the function u is a generalized solution in [0, 7’| of the differen-
tial inclusion
u) e F(t,u,u',...,u(k_l)).
Since (S\ Z) CV* C (S\U), the relation (3.7) implies that
(tu(t),d (1),...,u* V() e S\U forae. 1e€]0,T].

The proof is now complete. 0

As an application of Theorem 3.1, we now prove the following existence and qualitative
result for higher-order differential inclusions.

Theorem 3.2. Letn,k € Nand T >0, and let F : [0,T] x (R")* — 2R" be a given multifunction.
Put S :=[0,T] x (R")X. Assume that there exists a set U C S with U € .F such that

(i) F|s\p is lower semicontinuous with nonempty and closed values;

(ii) F(S\U) € 9, and F(S\U) is bounded.

Then, for every & = (Eo,&1,...,E—_1) € (R, the solution set
,?[({T](g) ={uc W5L([0,T],R") : u is a generalized solution of (1.4)}
of problem (1.4) is nonempty. Moreover, there exists a multifunction
P (Rn)k N 2W"*°°([0,T};R”)

such that
(@) ®(E) C T (&) forall & € (R7)E;



UPPER AND LOWER SEMICONTINUOUS DIFFERENTIAL INCLUSIONS 33

(b) ® is upper semicontinuous (with respect to the topology G of Wk ([0, T];R™)) with
nonempty, compact and connected values;
(c) the multifunction

§e R = {u(T):uec®(§)}
is upper semicontinuous with nonempty connected and compact values;
(d) for every & € (R")¥ and every u € ®(&), one has

(t,u(t),d' (t),...,u* V() e S\U forae 1e[0,T];
(e) the multifunction
£ e R = {u™ e L=(0,T|,R") : ue (&)}

is upper semicontinuous (with compact connected values) with respect to the weak-star topology
of L=([0,T],R").

Proof. Let r > 0 such that F(S\U) C B,(0,r). By the definition of the family .7, there exists
sets Wo, Wi, ..., Wy € R x R, with my(Pj(W;)) =0 for all j =0,1...,nk, such that U =
U, W;. Let Hy, H € #(R), with Hy C [0,T] and m; (Hp) = m1(H) = 0, be such that

nk
Py(Wo) CHy and | JPj(W;) CH.
j=1
Of course, we have that
Q:=([0,T]\ Hp) x (R\H)"* C §\ U. (3.8)

By the definition of the family ¢, and assumptions (i) and (i), we have that F|q is lower
semicontinuous with nonempty and closed values, F(Q) € ¥, and F(Q) C B,,(0,r).

Now, let I := [0,1/2], and let F* : I x (R")k — 2R" be defined by putting, for each (s, &, &1, .. .,
1) €1x (R,

1 1 1
* __ ~kpk
F*(s,80,81,..,8-1) =2"T"F(2Ts, éo,ﬁgl,ﬁézw-wmﬁ—l)-

Consider the function f : I x (R")* — [0,T] x (R")* defined by putting, for each (s, &y, &, ...,
&) € Ix (R,

1
f(s7€05517"'7§k—1):(2Ts7 €07 ﬁgla 22T2€27 . 2k ]Tk ]gk 1) (39)
It is immediate to check that f is continuous. Moreover, one has
F*(S7 gO?&la cee 75/{*1) = 2kaF(f<S7 507615 s 76/{*1)) (310)
for every (s,&y,&1,...,E—1) € I x (R")k. Now, put
1 k=1
H} ;= —H H* = 2'T'H).
0 T 05 U ( )

i=0
Of course, Hj,H* € #(R), Hy C I and m;(H;) = m(H*) = 0. Moreover, put
S =Ix (R, Q*:=(I\H}) x (R\H")™,
and let U* = §*\ Q*. We observe the following facts.
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(1) U* € .Z. Indeed, one has
nk
vt =B H) v (U P )| ns”.
j=1

(i) £(Q*) C Q (again, we identify (R")* = R in the obvious way).

(iii)’ The multifunction F*|g- is lower semicontinuous with nonempty closed values. This
follows easily from assumption (i), (3.10), (ii)’, the continuity of f and Q C S\ U.

(v) F*(Q*) C B,(0,r*), where r* := 25T*r. This follows from (3.10) and (i)’ since

F*(Q*) = 2"TFF(£(Q%)) C2*TFF(Q) C 2FTFF(S\U). (3.11)

(v) F*(Q*) € 9,. This follows easily from assumption (ii), (3.11) and the definition of ¥;.

Therefore, taking into account that Q* = §*\ U™, we have that F* satisfies all the assumptions
of Theorem 3.1. Consequently, there exists a bounded and upper semicontinuous multifunction
G:Rx (R")k — 2R" with nonempty convex compact values such that

(i) G(R x (R")¥) C conv (F*(Q*)) € B,(0,r*);

(ii)” every generalized solution u € W**(I,R") of the inclusion

u® e G(s,u,u',...,u(k_l))

in [ is also a generalized solution of the inclusion u®) e F*(s,u i, ... ,u(k_l)) in I.

(iii)” for every generalized solution u € W** (I, R") of the inclusion

u®) e G(s,u,u',...,u(k_l))
in I, one has
(s,u(s),u'(s),...,u*"V(s) e Q" forae. sel.

Now, let us define a multifunction Q : R x (R")* — 2R by putting, for each (s,&) =

(S7§0a 517 R ékfl) € Rx (Rn)k’
O(s,6) = O(5,50,815 -+, Gk—1) = {1} x {&} x - x{G1} X G(s,8).

By [8, Theorem 7.3.14], the multifunction Q is upper semicontinuous.
For every fixed & = (&, &1,...,&—1) € (R™)*, let us consider the first-order Cauchy problem

i

Moreover, let

T = {(5) = 00(5) 31 (), 31 (5)) € WH (R

:y(s) is a generalized solution of (3.12) }
and
2(&) = {3(1/2) = 00(1/2)31(1/2),... 31(1/2)) : v € Z2(E) |
be the solution set and the attainable set of problem (3.12), respectively. Fix £* € (R")K and

choose any b > 0. Since

Jim 22— ((b+ % F|E uk)? + (r)?) ] = oo,
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there exists M > 0 such that
(b5 + 18" e+ () < M. (3.13)
We now show that
Q(lxﬁnk(é*,b+%)) C B (0,M). (3.14)
To this aim, fix s € I and & = (&y,&1,...,& 1) € (R with & € By (E*,b+ (1/2)M). Let

n = (Mo,M1,---,Mk—1) € O(s,&). By the definition of Q, there exists z € G(s,&) such that
N =(&,&,...,&_1,2). Taking into account that

M *
I < b+ 1€ ),
(i1)" and (3.13) we have

05 < NEIZ+ NG5+ 11 Ee1lla + 2117
<&+ ()2
< (P4 (bt + 18 )
<M.
Hence, (3.14) is proved. Applying Theorem 2.1 to problem (3.12), we have that, for every

E=(&,...,& 1) € (RMF with & € B (E*,b), the solution set ZQ(é) is nonempty. Moreover,
the multifunction & — ZQ(ﬁ) is upper semicontinuous from B, (E*,b) to

W (L R™) = (Wh(1,R")",

with nonempty compact connected values (it is quite immediate to check that the topology G,{k |

coincides with the product topology (o |)¥). Moreover, Theorem 2.1 implies that & — %IQ(i)
is upper semicontinuous in B, (&*,b) with nonempty compact connected values. Since £* €
(R")¥ is arbitrary, we get that
()"’ the solution set ZQ(‘g’) is nonempty for every & € (R")*. Moreover, the multifunction
& — ZQ(é) is upper semicontinuous from (R™) to [W!*(I,R")]* with nonempty compact
connected values;
(i) the multifunction & — %Q(é) is upper semicontinuous from (R™)¥ to (R")* with
nonempty compact connected values.
Now, let
P [Whe (LR — wh(1,R")
be the first projection. For each v € W5 (I,R"), let y, : I — (R")* be defined by putting, for
every s € 1,
Yols) = (v(8),V ()., v (),
and let
E:={y,:veW"(ILR")}.
By Proposition 2.2, we have that E is a closed subset of [W!=(I,R")]¥, P}(E) = Whk=(I,R"),
and the function
Pili - (. (01,)) = (W(1,R"), oL,
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is continuous. For each & = (&, &1,...,&_1) € (R")*, let us consider the Cauchy problem
u® e G(tyuu,... . u* ) inl, 3.15)
u(0) =&, ’

and let
F9(&) == {u e WEL(I,R") : uis a generalized solution of (3.15)}

its solution set. Since G is bounded, we have Z,%(&) C W5=(I,R") for all & € (R")k.
Fix é = (éOa 517' ) ék—l) S (Rn)k , and let
v k
w(s) = (wo(s),wi(s),...,we_1(s)) € Z2(E) C [W'=(1,R")]".

Hence, w'(s) € Q(s,w(s)) for a.e. s € I. Therefore, by the definition of O, we have, for a.e.
sel,

wi(s) =wp(s), wals) =wils), ..., wi1(s) = wi_,(s),
wi_1(s) € G(s,wo(s),...,wr_1(s)).
Since the functions wg,wy,...,wy_ are absolutely continuous, by the same standard argument

as in the proof of Proposition 2.2, it follows that wy € C¥~!(I,R"). For every s € I, one has

wi(s) =wy(s), wals) =wi(s), ... wi_1(s)= w(kfl)(s).
Hence, wg € W5=(I,R")) and

Wl (s) =wh_1(s) € Gs,mwo(s),...,w(s))

for a.e. s € I. Moreover, one has
w(()j)(O) =w;(0)=¢&; forevery j=0,...,k—1.

Hence, wy € Z,%(&) and w = y,,, € E. Therefore, we obtain that, for every & = (&,...,&_1) €
(R,

PG CE. and P{(FP(E)C TE). (3.16)
Now, let us define a multifunction J : (R")k — 2"*“(.R") by putting, for each & = (&, &1, ..., E1)
c (R”)k,

€1E) == Pi(7°(8)).

By (3.16), we get that

(&) C %G(é) forevery & = (&, &1,...,& 1) € (R”)k. (3.17)
By (i), (3.16) and the continuity of the function
Plg: (E,(0,1)") = (WE2(LR"),04,),

we get that
(a)’ the multifunction q is upper semicontinuous (with respect to the topology Glf i of the

space Wk"”(l ,R™)), with nonempty, compact and connected values.
Now, if we denote by IT; : (R”)* — R” the first projection from (R")¥ to R, it is easy to see
from the above construction that, for every & = (&,...,&_1) € (RME,

{u(1/2) :u € 1(€))} = (2(&)).

Thus, taking into account (ii)"”’ and the continuity of IT;, we have that
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(b)’ the multifunction

R:& e R = R(E) = {u(1/2) :uc (&)}
is upper semicontinuous in (R")¥ with nonempty, compact and connected values.
In order to conclude the proof, let /2 : (R")* — (R™)¥ be the continuous functions defined by
putting, for each & = (&y,...,&_ ) € (RMF,

&)= (8o, 2781, 2°T2 &, ..., 27T G y).
Moreover, let

0 (WE (LR, 01,) = (W ((0,7],R"), 0,37
be defined by putting, for each u € W5 (I, R"),

q)(u)(t):u(it) forevery t€[0,7].

2T
Arguing as above, it is not difficult to check that ¢ is continuous. Moreover, one has
0(7°(h(&))) S Tr)(&) forevery &=(&,&1.....&1) € (RN~ (3.18)

To see this, fix & = (&0, &1, ...,&—1) € (R")* and a function v € ¢ (F,%(h())). Therefore, there
exists u € ;0 (h(&)) such that v = ¢ (u). By the definition of ¢ (u), for every j=0,...,k—1,
we have

; 1 . t
U)(f) = (J) _>
W (1) = = u (2T forall 7€ 0,T]. (3.19)
Moreover, taking into account (ii)”, there exists a set K C I with m;(K) = 0 such that
1 t
v () = S <ﬁ> forall te[0,7]\(2TK) (3.20)
and
u®(s) € F*(s,u(s),u'(s),...,u* D(s)) forall sel\K. (3.21)
Consequently, for every j =0,...,k— 1, we have
; 1
D)= — 4,0 — g,
v (0) = S = ¢j.

Moreover, for every ¢ € [0,T]\ (2TK), taking into account (3.21), one has

k 1 K, L
vi® (1) = SkTK u(2)

2T
1 t t t t
P u( (), e
—LF*(L v(1),2TV (t),..., 25 =10 )
2kTk 2T’ ’ I

Hence, v € ﬂ[OFﬂ(é).
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Now, let @ : (R")* — oW (0.TIRY) be the multifunction defined by setting, for each £ €
(R™)%,
D(5) = o (1(A(&)))-
By (a)’ and the continuity of ¢ and A, it follows that ® is upper semicontinuous (with respect to

the topology GIEO,;T] of W%=([0,T],R")) with nonempty, compact and connected values. More-

over, by (3.17) and (3.18), we have that (&) C ﬁ[gﬂ(é) for every £ € (R")k.

In order to prove conclusion (¢), it is immediate to check that, for every & € (R”)k,

{(v(T):ve®(S)} ={u(1/2) - ued(h(s)) }-

Consequently, conclusion (c) follows from the continuity of / and (b)'.

Now, in order to prove conclusion (d), we fix a point & € (R")* and v € ®(£). By the
definition of @, there exists u € {[(h(§)) such that v = ¢ (u). By (3.17), in particular, we have
u€ 7,%(h(€)). Hence, by (iii)”, there exists a set K; C I with m;(K;) = 0 such that

(s,u(s),u'(s),...,.u*"V(s)) € Q" forevery seI\Kj. (3.22)
Fixr € [0,T]\ (2TK;). Putting s = (1/2T)t € I\ K|, and using (3.19) and (3.9), we have

. k= — o Ly Lo I S
(19O @s WV 0) = () 370 () e (5)
1

1
= (2Ts,u(s),ﬁul(s)7---,mu

= f(s,u(s),1/(s),...,u*"(s)).
By (3.22), (i)’ and (3.8) we immediately get
(tv(0),V (0);... VD) e @ C (S\U),

ED(5))

as desired. Therefore, conclusion (d) is proved since m; (2TK;) = 0.
Finally, in order to prove conclusion (e), we observe that, by the definition of the topology

O'rEO,;T}, the function

vewk=([0,T],R") =¥ e L*([0,T],R")

is continuous (where, as before, L=([0,T],R") is considered with its weak-star topology).
Hence, conclusion (e) follows at once from conclusion (b). The proof is now complete. O

Remark 3.1. The assumptions on the multifuncion F in Theorems 3.1 and 3.2 do not imply
any kind of semicontinuity for F. To see this, fix T > 0, and consider the case where n =k =1,
and F : [0,T] x R — 2R is defined by putting, for each (¢,x) € [0,7] x R,

Ft.x) = [—2x%,—x%], t€[0,T],x€Q,
T\ 24sin 4] 1€[0,T],xeR\Q.

It is immediate to check that all the assumptions of Theorems 3.1 and 3.2 are satisfied by taking
U = [0,T] x Q (in particular, the lower semicontinuity of F|g\; follows by [8, Theorems 7.3.8
and 7.3.17]). However, for every fixed (¢,x) € [0,T] x R, such a multifunction F is neither lower
nor upper semicontinuous at (z,x).



UPPER AND LOWER SEMICONTINUOUS DIFFERENTIAL INCLUSIONS 39

Remark 3.2. Theorems 3.1 and 3.2 do not hold without the assumption F(S\U) € ¢,,.. To see
this, fix T > 0, and consider the function f : [0,7] x R — R defined by setting

_Jo, refo,1],x#0,
f(t’x)_{l, t€0,T],x=0. (3.23)

As showed in [11, Example 1], for such a function f the Cauchy problem

{u’ = f(t,u) in [0,T],

4(0) =0 (3.24)

has no generalized solutions in [0, T]. Now, we consider the multifunction F : [0,T] x R — 2R
defined by setting, for each (¢,x) € [0,7] xR,

F(t,x) = {f(z,%)}.

It is immediate to check that such a multifunction F satisfies all the assumptions of Theorems
3.1 and 3.2 (withn =k =1, U =[0,T] x {0}), except the assumption F(S\U) € ¢,. Now,
observe that the conclusion of Theorem 3.2 does not hold since 3[5 7] (0) =. Moreover, even
the conclusion of Theorem 3.1 is not true for such a multifunction F. To see this, we assume
that there exists a multifunction G : R x R — 2R satisfying the conclusion of Theorem 3.1.
Then, by Theorem 2.1, there should exist an absolutely continuous # : [0,7] — R such that
u(0) =0and @ (r) € G(t,u(r)) for a.e. t € [0,T]. Consequently, &' (t) € F(¢,u(t)) = {f(¢,u(t))}
for a.e. t € [0, T], which is a contradiction since the Cauchy problem (3.24) has no generalized
solutions.

4. AN APPLICATION TO ORDINARY DIFFERENTIAL EQUATIONS

Letn,k € N,and T > 0. Let Y C R” be a nonempty set. Letg: ¥ — Rand f: [0, 7] x (R")* —
R be two given functions, and let £ = (&, &,...,&_ ) € (R")X. We recall that a generalized
solution of the Cauchy problem

{g<u<’<>> = fltud,...,u*=V) in[0,T],

, 4.1
u(0) =&, i=0,1,... k-1, “.1)

is a function u € W*1([0,T],R") such that
ub@)yey and g™ @) = fle,u(®),d(1),...,u* VD)) forae. te[0,T],

and u\)(0) = & for every i =0, 1,...,k— 1. For each fixed & = (&),&,...,&_1) € (R, we
denote by

L&) = {u e Wh1([0,T],R") : u is a generalized solution of (4.1) }

the solution set of problem (4.1). Of course, if Y is bounded, then every generalized solution of
problem (4.1) belongs to W5 ([0, T],R™).

Our aim in this section is to apply Theorem 3.2 to obtain an existence and qualitative result for
the generalized solutions of the implicit problem (4.1) associated with a discontinuous function
f. As far as we know, there are not many results in this direction, even for the special case

= 1. In this latter case, some existence and qualitative results can be found in [2] and [11].
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In the explicit case where k = 1 and g(«’) = «’, conversely, the Cauchy problem (4.1) has been
widely studied in the past (see, for instance, [12, 13, 14, 15, 16, 17, 18]).
The following is our result.

Theorem 4.1. Let n,k € N, and T > 0. Let Y € %, be a nonempty, compact, connected and
locally connected subset of R". Let g:Y — Rand f : [0,T] x (R")* — R be two given functions
with g continuous. Put S := [0,T] x (R")X. Assume that there exists a set U C S with U € .F
such that

(i) fls\v is continuous;

(ii) f(S\U) € g(Y);

(iii) for every r €]infg(Y), supg(Y)[, inty (g1 (r)) = 0.

Then, for every & = (&o,&1,...,&—_1) € (RMK, the solution set .7 (&) of problem (4.1) is
nonempty. Moreover, there exists a multifunction

D - (Rn)k N 2Wk*°°([O7T};R")
such that
(a) D(E) C .7 (&) forall E € (RME;
(b) ® is upper semicontinuous (with respect to the topology GBLT} of Wk=([0,T];R")) with
nonempty, compact and connected values;
(c) the multifunction

§e R = {u(T):ue (&)}

is upper semicontinuous with nonempty connected and compact values;

(d) for every & € (RM)K and every u € ®(&), one has

(t,u(t),d' (t),...,u* V() e S\U forae 1e[0,T];
(e) the multifunction
§e®) = {uh eL™([0,T),R") : ued(&)}

is upper semicontinuous (with compact connected values) with respect to the weak-star topology
of L=([0,T],R").

Proof. By [19, Theorem 2.4], the function g is inductively open on Y. That is, there exists a set
Y* CY such that g(Y*) = g(Y) and the function g|y~ : Y* — g(Y) is open. Let T : S\ U — 2¥
be the multifunction defined by setting, for each (¢,&) = (7,&p,&p,- .., E—1) € S\ U,

T(t,60,&1,...,6—1) =g 1 (f(t,80,E1,. ., &1)) MY

By the above construction, and assumptions (i) and (ii) and [8, Proposition 7.3.3], it is not
difficult to check that 7" is lower semicontinuous with nonempty closed values. Moreover,
T(S\U) CY is bounded by the compactness of Y. Choose any point y* € T(S\ U), and let
F : S — Y be the multifunction defined by putting, for each (z,§) = (¢,0,&1,...,&1) €S,

Tt’ 07 17"'7 k_ if t? 07 17"'7 k_ GS U7
F(tagoaél,---,ék—l): (*5 é é 1) ‘ ( é 5 5 1) \

{y} lf(né()aélv"'aékfl)EU-
Since F(S\U)=T(S\U) CY, the multifunction F satisfies all the assumptions of Theorem 3.2.

Consequently, there exists a multifunction ® : (R")F — W (0.1 R") satisfying the conclusion
of Theorem 3.2.
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Now, we claim that ®(&) C .7() for every £ € (R")F. To this aim, fix & € (R")¥ and
u € ®(&). By the properties (a) and (d) described in the conclusion of Theorem 3.2, there exists
aset K C [0,T] with m;(K) = 0 such that

uf (@) e Fe,u(t), ' (1),...,u®* D)) and (r,u(t),d(1),...,u* VD)) eS\U
forallt € [0,7T]\ K. Hence,
ub@)yey and u®@) e T(t,u@),d(r),...,u* V() forall re0,T]\K.

Consequently, for every ¢ € [0, 7]\ K, taking into account the definition of 7', the continuity of
g and the closedness of Y, we get

u (1) € gV (f(t,u(t),u(1),...,u=D (1)) NY*
C g (flt,u(e),u'(t),....uk=D(r)))
=g '(f(e,u(), i (1),....u" V().

Hence, we get
g @) = f(r,u(t),d 1),...,.u* V@), Vrel0,T]\K,

hence u € .(&), as claimed. At this point, our conclusion follows at once by the conclusion of
Theorem 3.2. UJ

Remark 4.1. The assumptions of Theorem 4.1 do not imply the continuity of the function
f:[0,T] x (R")* — R with respect to the second variable. To see this, fix 7 > 0, and consider
the case n =k =1,Y =[2,3], g(y) =y, and f : [0,7] x R — R defined by putting, for each
(t,x) € [0,T] xR,

t€1[0,T],x € R\ Q.

It is immediate to check that all the assumptions of Theorems 4.1 are satisfied by taking U =
[0,T] x Q. However, for every ¢ € [0, T], function f(z,-) is discontinuous at each point x € R.

Indeed, in Theorem 4.1 we make requirements only on f]| s\u- Consequently, f could even be
defined only over S\ U. This fact is the main peculiarity of Theorem 4.1 since in the literature
(up to our knowledge) the function f(z,-) is usually defined either on the whole space (R")X, or
on a closed set with empty interior, or on a ball (see, for instance, [20, 21, 22, 23, 24, 25, 26, 27]
and the references therein).

Remark 4.2. Theorems 4.1 does not hold without the assumption Y € ¢,. To see this, let
T>0n=k=1,Y=10,1],g(y) =y, U =[0,T] x {0}, and let f : [0,T] x R — R be defined by
(3.23). It is immediate to check that all the assumptions of Theorem 4.1 are satisfied except for
the assumption Y € ¢;. However, the conclusion of Theorem 4.1 does not hold since we have
(0) = in this case (see Remark 3.2).
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