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Existence of solutions for a multivalued boundary value
problem with non-convex and unbounded right-hand side

by DIEGO AVERNA (Palermo) and
GABRIELE BONANNO (Reggio Calabria)

Abstract. Let F': [a,b] xR" xR" — 2*" be a multifunction with possibly non-convex
and unbounded values. The main result of this paper (Theorem 1) asserts that, given the
multivalued boundary value problem

(Pr) {u” € F(t,u,u’),

u(a) = u(b) = Ign,
if an appropriate restriction of the multifunction F' has non-empty and closed values
and satisfies the lower Scorza Dragoni property and a weak integrable boundedness type
condition, then we can substitute the problem (P ) with another one (Pg), with a suitable
convex right-hand side G, such that every generalized solution of (P¢) is also a generalized
solution of (Pp) (see also Remark 1 and Corollary 1).

As a consequence of our results, in conjunction with those in [13] and [18], some
existence theorems for multivalued boundary value problems are then presented (see The-
orem 2, Corollary 2 and Theorem 3).

Finally, some applications are given to the existence of generalized solutions for two
implicit boundary value problems (Theorems 4-6).

1. Introduction. Let ([a,b], £, 1) be the Lebesgue measure space on the
compact real interval [a,b]; R™ the euclidean n-space, whose zero element
is denoted by Vgn; s € [1,00]; W?4([a,b],R") := {u : [a,b] — R" | u €
CY([a,b],R"), v € AC([a,b],R™), u" € L*([a,b],R™)}; F : [a,b] x R" xR™ —
2R" a multifunction.

Consider the problem

(Pp) {u” € F(t,u,u),

u(a) = u(b) = Ugn.
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A function u : [a,b] — R™ is said to be a generalized solution of the
problem (Pr) in W2%([a,b], R") if u € W%*([a, b],R™), u(a) = u(b) = Ign,
and u”(t) € F(t,u(t),u' (t)) a.e. in [a,b].

This paper is arranged as follows. After some notations and preliminary
results given in Section 2, in Section 3 we prove our main result (Theorem 1)
which states that, if F'(¢,z,z) is a multifunction, with possibly non-convex
and unbounded values, such that an appropriate restriction of I’ satisfies
the lower Scorza Dragoni property and a weak integrable boundedness type
condition with a function m € L*([a,b], R} ), then there exists another mul-
tifunction G : [a,b] x R™ x R"® — 2R with non-empty, closed and convex
values, such that G(-,z,z) is measurable, G(t,-,-) has closed graph, G is
integrably bounded by m, and every generalized solution of the problem

{u” € G(t,u,u’),

(P) u(a) = u(b) = Ugn,

in W25([a,b],R™) is also a generalized solution of (Pr) in W?*([a,b],R™)
(see also Remark 1 and Corollary 1).

The technical approach consists in the substitution of the multifunction
F with another one H, which is integrably bounded by m and has the lower
Scorza Dragoni property, and in the use of Bressan’s directional continuous
selections ([6]) in order to obtain G by means of a convexification.

In Section 4, some existence theorems for problem (P ) follow as a simple
consequence of our theorems and Theorem 2.1 of [13] (see Theorem 2 and
Corollary 2). They both improve Theorem 3 of [8]. Moreover, by using a
result of [18] and our Theorem 2, an existence theorem for the problem

{u” € F(G(t,u,u')),

(Proc) u(a) = u(b) = Jgn,

is given (Theorem 3), where the multifunction F' o G is not required to be
lower or upper semicontinuous, and its values can be non-convex, non-closed
and unbounded (see also Remark 4).

In Section 5, some applications are given of our results to the existence
of generalized solutions in W?%#([a, b], R™) for a boundary value problem for
second-order implicit equations f(¢,u,u’,u”) = 0. Usually, in the literature,
very strong conditions are required for f(¢,u,u,-) to assure existence of
solutions for such a problem (such as lipschitzianity, with Lipschitz constant
strictly less than 1). The first attempt to obtain existence theorems where
rather general conditions on the function f with respect to the last variable
are required seems to be [14], to which we refer for other bibliographical
references.

We give three theorems.
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The first one (Theorem 4) is an existence theorem for the boundary value
problem
7 T

u(a) = u(b) = Ign,
where, given a non-empty, connected, locally connected, but possibly non-
closed and unbounded subset Y of R, f : [a,b] x R" x R" XY — Ris a
function which, besides other conditions, is continuous in its last variable (for
suitable values of (t,u,u’)) and satisfies with respect to the other variables
a condition weaker than the Scorza Dragoni property.

The second one (Theorem 5) is another existence theorem for the bound-
ary value problem (P}), where Y is a non-empty, bounded, connected and
locally connected, but possibly non-closed subset of R”, and f is again con-
tinuous in «”. This theorem, just as Theorem 2.1 of [14], in which Y is also
closed, gives existence of solutions in W?2:°°([a, b], R™).

The last one (Theorem 6) is an existence theorem for the boundary value
problem
(Pz ) { f(’LLN) = g(t7 u, u/)7

f.a u(a) = u(b) = Ign,
where, given a non-empty subset Y of R", f : ¥ — R is not required
to be continuous, and a suitable restriction of g : [a,b] x R® x R” — R
has the Scorza Dragoni property. Theorem 6 improves Theorem 2.2 of [14],
in which the continuity of f and g is required, Y is a non-empty, compact,
connected and locally connected subset of R”, and only generalized solutions
in W2°°([a,b],R™) can be obtained.

Finally, we give an example which shows that our Theorems 4 and 6 can
be used to obtain existence of solutions also for boundary value problems
with no solutions in W2°°(a, b], R™).

2. Notations and preliminaries. Let A, B be two non-empty sets.
A multifunction ® : A — 28 is a function from A into the family of all
subsets of B. The graph of @ is the set gr(®) := {(a,b) € Ax B:be ®(a)}.
If 2 is a subset of B, we put & (£2) := {a € A : ®(a) N2 # (} and
Pt (2) :={a € A:d(a) C 2}. If C is a non-empty subset of A, we put
D(C) := U ec P(c), and we denote by @ the restriction of & to C.

If (A, 74) is a topological space and E C A, then int(E) and E denote,
as usual, the interior and the closure of the set F respectively; B(A) denotes
the o-algebra generated by 74.

If (B, 7p) is a topological space, then @ denotes the multifunction from
A into 28 defined by @(a) = &(a).

If (A, F4) is a measurable space and (B, 7g) a topological space, we say
that @ is measurable (or Fa-measurable) if &~ (£2) € F4 for every {2 € 7.
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If (A,74) and (B, 7p) are two topological spaces, we say that @ is lower
(resp. upper) semicontinuous if @~ (§2) € T4 (resp. T (2) € 74) for every
2 € Tp; @ is said to be continuous if it is simultaneously lower and upper
semicontinuous. We say that a multifunction ¥ : [a,b] x A — 2P has the
lower Scorza Dragoni property if for every € > 0 there exists a compact set
T. C [a,b], with u([a,b] \ T:) < €, such that ¥y, 4 is lower semicontinuous;
we say that a function f : [a,b] X A — B has the Scorza Dragoni property if
for every £ > 0 there exists a compact set T, C [a, b], with u([a,b]\ T.) < ¢,
such that f|7. x4 is continuous.

Let (A, 0) be a metric space. For every a € A and every r > 0, we denote
by B,(a,r) :={a’ € A: o(a,a’) < r} the closed ball of center a and radius
r and by Bg(a,r) := {a’ € A : g(a,a’) < r} the corresponding open ball.
If x € A and C is a non-empty subset of A, we put o(z, A) := inf{o(x,c) :
¢ € C}. As usual, when the metric is clear from the context, we use the
notations B(a,r) and B°(a,r) respectively.

For all (¢,0) € [a,b] X [a,b], put

K(t,o) = a
W ifa<t<o<b.

LEMMA 1 (cf. [13]). If u € W?P([a,b],R"), p € [1,00], and u(a) =
u(b) = Ogn, then
(1) K(t,o)u" (o) do,

0K(t,o) ,
(2) — U (0)do.

b

u(t) = — S

a

b

u'(t) = —|

a

To simplify the notations, in the following Lemmas 2 and 3 we assume

the indeterminate expressions, when p = 1 or p = oo, to be read as lim,,_,;+
or lim,_,, respectively.

LEMMA 2 (cf. [13], Lemma 1.1). Let p€[l,00]. Then, for every t€ [a,b],
we have

(b— a)1+1/p
3 K(t,)|lrr(a < —
3) K ) Lr (b)) < 1T D)7
OK (t,0) (b—a)/?
) ot =i
r(ayR)  (PF1)
In the following, || - || denotes a fixed norm on R™ and d the metric

induced by || - ||.
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LEMMA 3. If u € W?P([a,b],R™), p € [1,00], and u(a) = u(b) = Jgn,
then, for everyt € [a,b], we have

b—al|l(b—a)(p—1 1-1/p

I e ) I T PR
b—a)(p—1 1=1/p

© ol S e,

Moreover, for every t,t* € |a,b] with a <t < t* <b, we have

—a)(p— 1-1/p
@ tute) — e < [E2EZ D sy - 0,

Proof. By using (1), Holder’s inequality and (3), we obtain

b
K(t, o) (o) daH <\|K(t,0)| - |lu"(0)|| do

ey O~

Jull = |

a

< K@) zoro-n (a5.2) 10 |22 (0,67, 70)

<° < a [(b _2Z)£p1_ 1)] 1-1/p

[l £ (fa,b), R7)

Similarly, by using (2), Holder’s inequality and (4), we obtain

b b
0K (t,o) 0K (t,0)
/ — 9 /! < I 1!
I = || 25 P oo < 8| ZE o
8K(t7')
SH ot a1 )
Lv/ (=) (a,b).R)

10" || Lo ([a,b) k)

. [<b —2;><_p1— 1)}““”

Finally, (7) is an immediate consequence of (6) and the weak form of the
mean value theorem. m

We recall that, given a set L € £, a point t is a point of density for L if

lim p(L N[t —n,t+mn])
n—0+ 2n

=1.

The “density theorem” (cf., for instance, [16], p. 17) asserts that almost
every point of a set L € L is a point of density for L.

LEMMA 4. Let G : [a,b] x R" x R" — 28", Let E € L, s € [1,00], and
u € W25([a,b],R™) be such that v (t) € G(t,u(t),u' (t)) a.e. in E. Let T be
the set of all t € E such that:
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1) u'(t) € G(t,u(t), v (t));

2) there exists a strictly decreasing sequence (t;); in E such that

bt u(t) Dult),  u(ty) € Gt ulty), o (t))).
Then p(T) = pu(E).

Proof. Let T4 := {t € E : ¥'(t) € G(t,u(t),u'(t))}. By hypothesis,
w(Tr) = p(E).

Since u” € L*([a,b],R™), in particular it satisfies the assumption of
Lusin’s theorem. Thus, for every ¢ > 0 there exists 7. C [a,b] such that
w(T:) > b—a— e and u” |7, is continuous.

Put Ty :=T1NT;. Then pu(T2) = p(ENT:) > pu(E)—e, u” |, is continuous,
and v (t) € G(t,u(t),u (t)) for every t € T5.

Let T3 be the set of all points of Ty which are points of density for T5.
By the density theorem and the definition of point of density, we obtain
w(T3) = w(Tz) > p(E) — e, and for every ¢t € T3 there exists a strictly

decreasing sequence (t;); in T, such that ¢; 2 t. Thus, T3 C T, so that
w(T) > u(Ts) > p(E) —e. Since € > 0 is arbitrary, the conclusion follows.
|

LEMMA 5. Let (A,7a) be a topological space and (Y, o) a metric space.
Let F : A — 2Y be a lower semicontinuous multifunction, m : A — RZ
a lower semicontinuous function, and y € Y. Then the multifunction I, :
A — 2Y defined by I,,(t) := F(t) N B°(y,m(t)) is lower semicontinuous.

Proof. Let £2 be an open subset of Y and ¢y € I,” (£2). Then there is
Yo € F(to) N B°(y,m(to)) N 2. In particular, o(yo,y) < m(ty). Let § > 0 be
such that o(yo,y)+9 < m(tg). Obviously, yo € F(tg)NB°(yo,d)N{2. By the
hypotheses on F' and m, there exists an open neighborhood U of tg such that
F(t) N B°(yo,9) N2 # 0 and o(yo,y) + d < m(t) for every t € U. Then, for
every t € U, since B°(yo,d) C B°(y,m(t)), we have F(t) N B°(y,m(t)) N 2
#0. m

LEMMA 6. Let (A, Fa) be a measurable space, (X, Tx) a second-countable
topological space and (Y, 0) a metric space in which bounded sets are rela-
tively compact. Let G : A x X — 2V be a multifuction, with non-empty
values, such that:

(i1) G(t,-) has closed graph for everyt € A;

(iz) {z € X : G(-,z) is Fa-measurable} is dense in X.
Then, for each y € Y and for each B C X such that B = int(B) # (), the
extended real function t — sup,cp 0(y, G(t,x)) is Fa-measurable.

Proof. Let {B; : i € N} be a countable base for 7x. Put Np := {i €
N: B;N B # (0}. By (iz), for each i € N there exists x; € B; Nint(B) such
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that o(y, G(-,z;)) is Fa-measurable. The countable set D := {x; : i € Ng}
is dense in B.

The extended real function ¢ — sup,cy, o(y, G(., x;)) is Fa-measurable;
thus the conclusion follows if we prove that

sup o(y, G(t,z)) = sup o(y,G(t,z;)) for every t € A.
z€DB 1€Np

Let t € A. For every x € B and every £ > 0, by using Proposition 1 of
[15] and the density of D in B, there exists ig € Np such that

oy, G(t,x)) —e < oy, G(t,@i,)) < sup oy, G(t,xi));

thus, € > 0 being arbitrary,

sup o(y, G(t,x)) < sup oy, G(t,z;)).
rEB 1€Np

The opposite inequality is obvious. m

3. Main result. Let || -||1,] - [|2 be two fixed norms on R™ (besides the
already fixed norm ||-||, whose induced metric we have denoted by d). Define
the norm || « ||gnxgr» on R™ x R™ by putting, for every (z,z) € R™ x R",

4 b—
e = mae { e {1 22 Al e {1, 252 b}

4 .
max{b_a”le,HzHQ} ifb—a<4,
b—a .
maX{Hle,THzHQ} ifh—a>4.

If ¢q, co are two positive constants such that

|lzl]h < ezl and |z|l2 < e2lz]]  for all (x,2) € R™ x R™,

put v := y(p) := max{cy, c2}7/, where

b— b—a)(p—1)] 1"

max{l, 4a}[( 22)(_1)1 )} if1<p<oo,

v =7 (p) = lim 7'(q) = max<{ 1 b—_a
g—1t !

ifp=1,

2
lim, o0 7' (q) = max{b — a, (b—oa) } if p=o0.
2 8

Recall that, if M > 0 is given and I'™ denotes the cone {(t,z,2) € R x
R"XR™: ||(z,2)||rn xgn < Mt}, afunction h: E — R™, E C RxR"xR", is
said to be I'M-continuous in E if for every (t,z,z) € E and every € > 0 there
exists 0 > 0 such that d(h(t*,v,w),h(t,z,z)) < e for every (t*,v,w) € E
such that ¢t < ¢* <t+ ¢ and [|(v,w) — (z, 2)||gn xgn < M (t* —1).
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The following is our main result.

THEOREM 1. Let F : [a,b] x R™ x R® — 28", Suppose that there exist
p,s € [1,00] with p < s, a non-negative function m € L*([a,b],R), and a
positive number r > ||m/|| Ly ((a,5),r) Such that

(i) Fl(a,b)x B(9gn zn yr) has the lower Scorza Dragoni property;
(ii) for almost every t € [a,b] and every (x,z) € B(Ugnxrn, r), the set
F(t,z,z) is closed and F(t,z,z) N B°(Ign, m(t)) # 0.

Then there exists a multifunction G : [a,b] x R™ x R™ — 28" with non-
empty, closed and convex values such that

() G(-,z, 2) is L-measurable for every (x,z) € R™ x R™,
(Gj) G(t,-,+) has closed graph for everyt € |a,b],
(Gij) G(t,z,z) C B(9gn,m(t)) for every (t,x,z) € [a,b] x R™ x R™,

and every generalized solution u of the problem (Pg) in W25([a,b],R™) is
also a generalized solution of (Pr) and satisfies |[u” (t)|| < m(t) a.e. in [a,b).

Proof. Put (X, |-[lx) = (R™R™, | [z xze), (¥, [ Jy) = (R, ) and
denote by ¥x and ¥y the zero elements of X and Y respectively. Moreover,
identify (¢, (x, 2)) € [a,b] x X with (¢,z, 2) € [a,b] x R" x R™ and ((x, 2),y) €
X x Y with (z,2,y) € R" x R™ x R".

Let N be the set of all t € [a, b] such that, for some (z,z) € B(dx,7r),
the set F'(t,z,z) is not closed or F(t,z,z) N B°(Jy,m(t)) = 0. By (ii), we
have u(N) = 0.

Define H : [a,b] x X — 2Y by putting, for every (t,z,2) € [a,b] x X,

F(t,z,z) N B°(¥y,m(t))
H(t,x,z2) = if (t,z,2) € ([a,0] \ N) x B(dx,7r),
By, m(t)) if (t,x,2) & ([a,b] \ N) x B(¥dx,7r).
We claim that H, which obviously has non-empty and closed values, has
the lower Scorza Dragoni property.
For £ > 0 fixed, let T be a compact subset of [a, b]\ N, with u([a,b]\T:) <
g, such that Fi7 « B9y, r) is lower semicontinuous and m7, is continuous.
Such a set exists since Fl[q 5] x B(9x,vr) has the lower Scorza Dragoni property,
m satisfies the assumption of Lusin’s theorem, and p(N) = 0.
Let {2 be an open subset of Y. Then

Hip x (2) ={(t,r,2) € T. x B(¥x,77):
F(t,x,z) N B°(Yy,m(t)) N 2 # 0}
U[{t € T. : B°(9y,m(t)) N 02 # 0} x (X \ B(x,7r))]
and, as (¢,z,2) — F(t,z,z) N B°(Jy,m(t)) is lower semicontinuous in T X

B(¥x,vr) by Lemma 5, and mp, is continuous, it is simple to show that the
last set is open in T, x X. Thus H has the lower Scorza Dragoni property.
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Now, by using a standard argument, we can find a sequence (E;);,
i =0,1,..., of pairwise disjoint subsets of [a,b] such that [a,b] = ;= E:,
u(Eo) = 0, and, for every i = 1,2,..., E; is compact, H g, x is lower
semicontinuous and mg, is continuous.

For each i = 1,2,..., put m; := max{m(t) : t € E;} and choose M; > 0
such that (if p =1 or p = oo, we assume the indeterminate expressions to
be read as lim,,_,;+ or lim,_.., respectively)

(b_;p)#} l_wr’ ® —4 Zl)w (i,__ll)l_l/pr,
200y .

By Theorem 2.1 of [6], H|g,x x hasa I’ M;_continuous selection h;. More-
over, for ¢ = 0, by the axiom of choice, H|g,xx has a selection hg. Define
h:[a,b] x X — Y by putting, for every (¢,z,z2) € [a,b] X X,

h(t,xz,z) := hi(t,x,z) ifte E; i€eN.

(8) M; > max {cl [

02(1 + mi),

The definition is correct, since the sets E;, i = 0, 1,..., are pairwise disjoint
and [a,b] = ;o Ei.
Now, define G : [a,b] x X — 2Y by putting, for every (¢, z, 2) € [a,b] x X,

G(t,z,z) = ﬂ co{h(t,v,w) : ||(v,w) — (z,2)||x <€},
e>0

where, as usual, €0 denotes the closed convex closure operator.

G, obviously, has non-empty, closed and convex values and satisfies (jjj).

Moreover, arguing for example as in [9], pp. 69-70, it can be easily proved
that G also satisfies (j) and (jj).

Now, let u be a generalized solution of the problem (Pg) in W?2:4([a, b],Y).
Obviously, ||u”(t)|| < m(t) a.e. in [a,b]. Thus, in particular,

9) 1w || Lo (fa,p),v) < -

Let us prove that u”(t) = h(t,u(t), v (t)) a.e. in [a,b] and (u(t),u'(t)) €
B(¥x,~r) a.e. in [a, b], from which it follows that u is a generalized solution

As the second assertion is an easy consequence of (5) and (6), we only
prove the first. Since b—a=p({J;=, E;), it is sufficient to prove that u”(t)=
hi(t,u(t),v' (t)) a.e. in E; for every i = 1,2,... Let T be the set of all t € E;
such that:

1) w"(t) € G(t,u(t), v (1));
2) there exists a strictly decreasing sequence (t;); in E; such that
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ty St () S u(t),  u(ty) € Gty ulty), v (ty)).

Then, by Lemma 4, u(T) = u(E;).

We prove that, for every t € T', u”(t) = h;(t,u(t), v (t)).

Fix £ > 0. By the I"™i-continuity of &g, in (¢,u(t),u (t)), there exists
d > 0 such that, for every (t*,v,w) € E; x X with t < t* < t + § and
|(v,w)—(u(t), v (t)||x < M;(t*—t), we have d(h(t*,v,w), h(t,u(t),u'(t))) <
g/2.

Since t; L, ¢, there exists jo € N such that, for every j € N with j > jo,
we have

t<t;<t+96, du"(t;),u"t) <e/2, W(t;) € G(tj,ult;),u (t;))

and

/ t _ / t
Wit =) | <y
tj—t
Then, for every j € N with j > jg, we obtain

(10) I/ (t;) =/ ()] = M‘

t;—t
c (|e=ve
< (T4 mg)(t; —t).

Taking into account (7)—(10), it is simple to verify that

Iu(t;), ' (t5)) — (u(t), w' () llx < Mi(t; —t),

(t; — 1)

o)+ 1)~

hence
G(tj, ult;),u'(t;)) C B(hi(t,u(t), u'(t)),£/2),
and thus
d(u (t;), hi(t, u(t),u'(t)) < e/2.

Therefore, we obtain
d(u” (), hi(t, u(t), w' (1)) < d(u”(t), w" (t;)) + d(w” (1), hi(t, u(t), u'(1)) <e,
from which w”(t) = h(t,u(t), v (t)) follows, since ¢ is arbitrary. =

REMARK 1. In Theorem 1 (and in Theorem 2 below), the hypothesis (ii)
can be replaced by

(i)’ for almost every t € [a,b] and every (z, z) € B(Urn xrn,T), the set
F(t,z,z) is closed and 0 # F(t,x,z) C B(9gn, m(t)).

The proof differs from that of Theorem 1 only in the definition of H.
Under (ii)’ one can use H : [a,b] x R” x R® — 28" defined by putting, for
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every (t,x,z) € [a,b] x R" x R™,

Ht, = {B6o2) ) € 00\ X B0k
T AT B0, mlt)) if (82, 2) € ([a,b] \ N) x B(Opn e, 7),

where N’ is the set of all t € [a, b] such that, for some (z, z) € B(Ugnxgn,y7),
F(t,x,z) is empty or not closed or F(t,z,z) ¢ B(9gn, m(t)).

It is not difficult to show that H has non-empty and closed values and
has the lower Scorza Dragoni property.

REMARK 2. It is well known that Fj 5] x B(9an xzn,yr) has the lower Scorza
Dragoni property if, for example, it is L&B(B(Jgn xgn,yr))-measurable and
lower semicontinuous in (z, z), or if it is £-measurable in ¢ and continuous
in (z,2).

There is extensive literature on this topic (see, for example, [2]-[4], [7],
[12] and the recent survey [1]).

Also mixed properties of the multifunction guarantee the lower Scorza
Dragoni property. We mention here Theorem 2 of [4].

When the multifunction F' is weakly integrably bounded by a function
m* € L*([a, b],R), the following result is a corollary of Theorem 1.

COROLLARY 1. Let F : [a,b] x R” x R"® — 28" have the lower Scorza
Dragoni property. Suppose that there exist s € [1,00| and a non-negative
function m* € L*([a,b],R) such that

(i) for almost every t € [a,b] and every (x,z) € R™ x R™, the set
F(t,x,z) is closed and F(t,x,z) N B(dgn, m*(t)) # 0.

Then for each A > 0 there exists a multifunction Gy : [a,b] x R x R™ —
2R™ with non-empty, closed and convex values such that

(G) Ga(+,x, 2) is L-measurable for every (z,z) € R™ x R™,
(4j) Ga(t,+,-) has closed graph for every t € [a, ],
(4ij) GaA(t,x,z) C B(9gn,m*(t) + A) for every (t,x,z) € [a,b] x R™ x R™,
and every generalized solution u of the problem (Pg,) in W25([a,b], R") is

also a generalized solution of (Pg) and satisfies ||u” (t)|| < m*(t)+ X a.e. in
[a,b].

Proof. Fix A > 0. Then F satisfies (ii) of Theorem 1 with m := m*+ A,
p=s, and 1 := [|m” + All Lo (0,0 %)- ®

4. Existence. In this section || - ||, d, || - ||gnxr~ and v are as at the
beginning of Section 3.

The following existence theorem follows at once from Theorem 1, Lemma
6 and Theorem 2.1 of [13].
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THEOREM 2. Let F be a multifunction as in Theorem 1 (in which (ii)
or (i)' can be used; see Remark 1). Then the problem (Pr) has at least one
generalized solution u € W2*([a,b],R™) such that ||u”(t)|| < m(t) a.e. in
[a, b].

Proof. Let G be the multifunction whose existence has been stated
in Theorem 1, and 7 > ||m||»([a,4),r) @ positive number. By Lemma 6,
t — sup{d(Jgn,G(t,x,2)) : (x,2) € B(Ignxgrn,yr)} is L-measurable. Thus,
by (ii) and as d(9gn,G(t,x, 2)) < m(t) for every (t,z,z) € [a,b] x R™ x R"™,
it follows that ¢ — sup{d(Vrn,G(t,x,2)) : (x,2) € B(Urnxrn,yr)} belongs
to L*([a,b],R) and its norm in L?([a,b],R) is less than or equal to 7.

Hence, we can use Theorem 2.1 of [13] to obtain a generalized solution
u of (Pg) in W2%([a,b],R™), which, by Theorem 1, is also a generalized
solution of (Pg) such that ||u”(t)|| < m(t) a.e. in [a,b]. m

COROLLARY 2. Let F be as in Corollary 1. Then for each A > 0 the
problem (Pr) has at least one generalized solution uy € W?*([a,b],R")
such that ||uf (t)|| < m*(t) + A a.e. in [a,b].

REMARK 3. Theorem 2 and Corollary 2 both improve Theorem 3 of
[8], in which F' has non-empty and compact values and is measurable in ¢,
Hausdorff continuous in (z, z) and integrably bounded.

The following existence theorem is a consequence of our Theorem 2 and
Theorem 11 of [18].

THEOREM 3. Let I be a non-empty subset of R and F : I — 28" ¢
multifunction with non-empty and closed values such that:

() gr(F) is connected and locally connected;
(a) for every open set 2 C R™, the set F~(£2) Nint(I) has no isolated
points.

Moreover, let G : [a,b]x R" xR™ — 2R be a multifunction with non-empty
values, p, s € [1,00], with p < s, m € L*([a,b],R) a non-negative function,
and v > ||[m|| e ((a,p),r) @ positive number such that:

(B) G|la,b)x B(8gn xun yr) has the lower Scorza Dragoni property;

(BB) for almost every t € [a,b] and every (x,z) € B(Ognxgrn,r), the set

G(t,z,z) is a compact subset of I and G(t,x,z) N FT(B°(Irn, m(t))) # 0.

Then there exists a generalized solution u € W2*([a,b],R™) of the prob-
lem

u” € F(G(t,u,u')),
(Proc) { u(a) = u(b) = VIgn,

such that ||u”(t)|| < m(t) a.e. in [a,b].
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Proof. Thanks to our assumptions on F', we can apply Theorem 11 of
[18]. Hence, there exist @1, P, : I — 28" such that &, is lower semicontin-
uous, P, is upper semicontinuous with compact values, and ) # @4 (v) C
®o(v) C F(v) for every v € 1.

Let Ny C [a,b] with pu(Ng) = 0 be such that, for every (t,z,z) €
([a,b] \ No) x B(Urnxgrn,7r), the set G(t,z,z) is a compact subset of I
and G(t,x,z) N FT(B°(Ign, m(t))) # 0.

For every (t,x,z) € [a,b] x R™ x R™, put

Pt 2) = {qsl(c:(t,x,z)) if (t,2,2) € ([a,0] \ No) x B(Vgrnxrn, 7),
R™ if (t,a:,z) §Z([a,b]\N0) X B(ﬁR”XR”77T)’

Obviously, the values of I" are non-empty and closed and it is simple to
see that I" has the lower Scorza Dragoni property.
Moreover, for every t € ([a,b] \ No) X B(Urnxrn,7 ), We have

I(t,z,z) N B°(Ogn, m(t)) # 0.
In fact, we have

G(t,r,z) N®F (B°(Ign,m(t))) # 0,
hence

G(t,z,z) NPy (B°(Irn,m(t))) # 0,
and then

P1(G(t, x,2)) N (B (Jrn,m(t))) # 0,
which is equivalent to

D1 (G(t,z,2)) N (B°(Urn, m(t))) # 0.

By Theorem 2 (with the hypothesis (ii)) applied to I', there exists u €
W?25([a, b],R™) such that

u’(t) € I'(t,u(t),u' (t)) for a.e. t € [a,b],
u(a) = u(b) = Jgn,
and |[u”(t)|| < m(t) a.e. in [a,b]. The function u is our solution.
In fact, by (5) and (6), we have (u(t),u'(t)) € B(Ugnxrn,7yr) for every
t € [a,b]. Then
u”(t) € &1(G(t,u(t),u/(t))) for a.e. t € [a,b],
U(CL) = u(b) = lan

and, for almost every ¢t € [a,b], G(t,u(t),u/(t)) is a compact subset of I,
hence, by Theorem 2.1 of [11], $2(G(t, u(t), v’ (t))) is compact.
Thus, for almost every ¢ € [a, b], we have

él(G(t’ u(t)v u,(t))) C ¢2(G(t’ u(t)v u,(t))) = QQ(G(t’ u(t)v u,(t)))v
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therefore

(Gt u(t),w () C F(G(t,u(t),u'(t))),
from which the conclusion follows. m

REMARK 4. In Theorem 3 the hypothesis (83) can be replaced by

(BB)" for almost every t € [a,b] and every (z,z) € B(Ugnxrn,7yr), the
set G(t,z,z) is a compact subset of I and F(G(t,x,z)) C B(9gn, m(t)).

In fact the multifunction I" defined in the proof of Theorem 3 satisfies
the assumptions of Theorem 2 with (i)’ in place of (ii).

REMARK 5. An existence result for the Cauchy problem for a first order
differential inclusion with right-hand side of the type F oG has recently been
given in [5].

5. Applications. In this section, we give some applications of our results
to the existence of solutions for a boundary value problem for second-order
implicit equations. ||-||, ||-||g» xg» and  are as at the beginning of Section 3.

THEOREM 4. Let Y be a non-empty, connected and locally connected
subset of R™ and f : [a,b] X R" x R" x Y — R. Assume that there exist
p,s € [1,00], with p < s, a non-negative function m € L*([a,b],R), and a
positive number r > ||m|| s ((a,5],r), Such that:

(k) for almost every t € [a,b] and every (z,z) € B(Urnxrn, T), the
function f(t,x,z,+) is continuous, 0 € int(f(t,x,z,Y N B°(Ygn,m(t)))), and
{yeY : f(t,z,z,y) = 0} has empty interior in Y,

(kk) for every € > 0 there exists a compact set T. C [a,b] with
w(la,b] \T.) < € and a set D. CY xY with D. DY x Y such that, for
every (y',y") € De, the set {(t,z,z) € T. X B(Urnxrn, ) : f(t,2,2,9") <
0< f(t,!E,Z,y”)} is open in TE X B(ﬂR"XR"/}/T);

(kkk) for almost every t € [a,b], the set Y N B°(Jrn, m(t)) is connected.

Then the problem
3 f(t7u7ul7u”) = 07
(F) { u(a) = u(b) = Ve,

has at least one generalized solution u in W2*([a,b],R™) such that ||u” (t)| <
m(t) a.e. in [a,b].

Proof. Define Q : [a,b] x B(Jrnxrn,yr) — 2¥ by putting, for every
(t,$,2) € [CL, b] X B(ﬁR"XR”77T)7

Q(taxa Z)
={yeY:f(t,x,z,y)=0, y is not a local extremum point for f(¢,z,z,-)}.
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For every >0, let T, be a compact subset of [a,b] as in (kk) such that,
for every (t,z, z) € T. X B(Urn xrn,y7), the function f(t,z, z, ) is continuous,
0 € int(f(¢,x,2,Y N B°(Urn,m(t)))) and the set {y € Y : f(t,x,2,y) =0}
has empty interior in Y.

By Théoreme 1.1 of [17], Q7. x B(9gn can,yr) (has non-empty and closed
values (in Y) and) is lower semicontinuous. Thus @ has the lower Scorza
Dragoni property.

We claim that, for almost every ¢ € [a, b] and every (z, z) € B(Ugn xgn, Y1),
the set Q(t,x, z) is closed and Q(t,z,2) N B°(Ygrn,m(t)) # 0.

Let T be the set of all ¢ € [a, b] such that Y N B°(Jgn, m(t)) is connected
and such that, for every (z,z) € B(Urnxgrn,vr), the function f(¢,z,z,-) is
continuous, 0 € int(f(¢,z,z,Y N B°(Ygn,m(t)))), and {y € Y : f(t,x,z,y)
= 0} has empty interior in Y and, thus, also in Y N B°(Jg»,m(t)). Clearly,
w(T)=0b—a.

Let (t,z,z) € T x B(Ur, xgn,77).

If y € Q(t,x,2), then f(t,x,2,7) = 0 since f(t,z,z,-) is continuous;
moreover, for every open neighborhood (2 of 7, there is y* € Q(t,z,z) N {2.
Thus, since y* is not a local extremum point for f(¢,x, z,-) and f(t,z, 2,7) =
flt,z,z,y*) = 0, also ¥ is not a local extremum point for f(t,x,z,-), that
is, 7 € Q(t,z,z). Hence Q(t,z, z) is closed.

Let y € Y N B°(Ygn, m(t)) be such that f(t,x,z,y) = 0. If y is not a
local extremum point for f(t,z,z,-), then y € Q(t,x, z) N B°(Ign,m(t)). If
y is a local extremum point for f(¢,z, z,-), then, by Lemma 3.1 of [19], there
exists another point y* € Y N B°(Jgn, m(t)) such that f(¢,z,z,y*) = 0 and
y* is not a local extremum point for f(¢,x,z,-), that is, y* € Q(t,z,z) N
B°(Ugn,m(t)). Hence, Q(t,x,z)NB°(Jgn, m(t)) is non-empty and the claim
is proved.

Finally, define F : [a,b] x R® x R™ — 28" by putting, for every (t,z,2) €
[a,b] x R™ x R™,

L Q(t, 1’, Z) lf (l’, Z) & B('ﬁRnXRn”}/T),
Fltme)= {R" if (2, 2) # B(Jgn s 77)-

F satisfies the hypotheses of Theorem 2. Thus, (Pr) has at least one
generalized solution u in W?2%([a, b], R™) such that ||u”(t)|]] < m(t) a.e. in
[a,b]. Taking into account (5), (6), it is simple to show that (u(t),u/(t)) €
B(Urnxrn,yr) for every t € [a,b], so that v’ (t) € Q(t, u(t), v (t)) a.e. in
[a,b], that is, f(t,u(t),u (t),u"(t)) =0 a.e. in [a,b]. =

In the following Theorem 5, we put p = s = co and 7 := y(0).

THEOREM 5. Let Y be a non-empty, connected and locally connected
subset of R™, and f : [a,b] x R" x R™ x Y — R. Assume that there exists
r > 0 such that Y C B(Ogn,r) and:
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(k)" for almost every t € [a,b] and every (z,z) € B(Ornxgrn,r), the
function f(t,z,z,-) is continuous, 0 € int(f(t,z,2,Y)), and {y € Y :
f(t,x,z,y) = 0} has empty interior in Y

(kk) for everye > 0 there exists a compact set T, C [a,b] with p([a,b]\T%)
<eandaset D. CY xY with D. DY x Y such that, for every (y',y") €
D, the set {(t,z,z) € T. X B(Ognxgn,yr) : f(t,x,2,9") <0< f(t,z,2,9")}
is open in T. X B(Ognxrn, 7).

Then the problem (P;) has at least one generalized solution u in the space
W2 ([a,b],R™) such that ||u”(t)|| <7 a.e. in [a,b].

Proof. Put m(t) := r for every t € [a,b], define Q and F' as in Theo-
rem 4, and use Theorem 2 with (ii)’ instead of (ii). m

REMARK 6. In Theorems 4 and 5, the hypothesis (kk) is satisfied, in par-
ticular, when f(:,,*,9)|[a,b]x B(9an xan,yr) Nas the Scorza Dragoni property
for every y in a dense subset of Y.

We observe that the hypothesis (kk) in Theorem 5 could be substituted
with (i) and (iii) of Theorem 2.1 of [14]; in fact, with these hypotheses the
multifunction @ is £ ® B(B(Ugrnxrn,7r))-measurable and lower semicontin-
uous in (z, z), thus (see Remark 2) it has the lower Scorza Dragoni property.
In any case, in Theorem 2.1 of [14] the set Y is also compact.

THEOREM 6. Let Y be a non-empty subset of R™ and f:Y — R such
that:

() gr(f) is connected and locally connected;
(aa)’ for every v € int(f(Y)), the set f~(v) has empty interior in Y;
(aaq) for every v € f(Y), the set f~1(v) is closed in R™.
Moreover, let g : [a,b] x R" x R® — R, p,s € [1,00|, with p < s,
m € L*([a,b],R) a non-negative function, and v > ||[m||Ls(ja,p),r) @ positive
number such that:

(B) l[a,b]x B(9gn xan yr) has the Scorza Dragoni property;

(BB)" for almost every t € [a,b] and every (x,z) € B(Jrnxrn,yr), we
have 0 % 1= (glt,,2)) C B(dgn, m(1)).
Then the problem
(Pi ) f(uu) = g(t7 u, u/)7
o ula) = u(b) = v,
has at least one generalized solution u in W**([a, b],R™) such that |[u” (t)|| <
m(t) a.e. in [a,b].

Proof. Put I:= f(Y), F(v) := f~(v) for every v € I, and G(t,z, 2) :=
{g9(t,x,2)} for every (t,z,z) € [a,b] x R™ x R™.
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The multifunctions F' and G satisfy all the assumptions of Theorem 3,
in which (53)" is used instead of (303).

This follows easily in the particular case when f is constant.

If f is not constant, then we can suppose that int(f(Y")) is a non-empty
open interval, and the only thing to prove is (a«), which is equivalent to
saying that, for every open set 2 C R", the set f(£2NY) has no isolated
points. Suppose, on the contrary, that there exist zg € 2NY and € > 0 such
that |f(xo) — ¢, f(xo) +e[N f(2NY) = {f(x0)}. Let 2 and 2" be open
subsets of R™ such that 2o € 2/ C 2/ C 2" C 2" C (2. Taking into account
(a)’, it is simple to verify that the sets ((2'NY) x |f(xo) — /3, f(x0) +
e/3[) Ngr(f) and [(V x R)\ (£27NY) x [f(20) — /2, f(x0) +€/2])] Ngr(f)
are open in gr(f) and form a partition of gr(f), which is a contradiction.

Thus, the problem (P o) has a generalized solution u in W?2:*([a, b], R™)
such that ||u”(t)|| < m(t) a.e. in [a,b]. The function u is solution. m

REMARK 7. We point out that, as the example on p. 227 of [18] shows,
there are discontinuous functions f satisfying the hypotheses (a), (aa)” and
(avar) of Theorem 6.

REMARK 8. Theorem 6 improves Theorem 2.2 of [14], in which the con-
tinuity of f and g is required, Y is a non-empty, compact, connected and
locally connected subset of R”™ and generalized solutions in W?2°°([a, b], R™)
can only be obtained.

Finally, we stress that Theorems 4 and 6 can give existence of solutions
also for boundary value problems with no solutions in W%([a,b],R") as
the following example shows.

ExaMpPLE 1. Consider the following boundary value problem:

_ 1 3 ]u’\+1>
u’ (2 +sinu’) = — | |u| + = ,
" st = 30 (0 +3) (%
u(0) = u(l) = Jg.
Put ||-|=1-li=]"ll2=]|-|and ¢ = ¢o = 1. Theorem 4 or Theorem 6

can be used to prove existence of generalized solutions in W21([0, 1], R).
In fact, put Y : =R, p:=s:=1,

_1/@ev) ifte]o,n],
m“%_{o it =0,

and ri= Hm|’L1([071]7R).
It is not difficult to verify that Theorem 4 can be used if we define, for
every (t,z,z,y) € [0,1] x Rx R x Y,

i 1 3N\ (lwl+1Y .
ft,z,2,y) = y<2+smy>—2—ﬁ<\u!+g>< 5 ) if ¢ €10,1],
y(2 +siny) if t = 0.
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In a similar way, Theorem 6 can be used if we define f(y) := y(2+siny)
for every y € Y and we put, for every (t,z,z) € [0,1] x R™ x R"™,

1 3\ (|| +1\ .
st = (4 3) (M) iteetony
0 ift=0.

Nevertheless, lim; o+ u”(t) = oo for every generalized solution of problem
(P), thus problem (P) has no generalized solutions in W2°°([0, 1], R).
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