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EXISTENCE THEOREMS FOR A MULTIVALUED
BOUNDARY VALUE PROBLEM

SALVATORE A. MARANO

Let F be a multifunction from [a, ] X R™ x R™ into R™, with non-empty closed
convex values. In this paper we prove that, under suitable assumptions, the mul-
tivalued boundary value problem

{ u" € F(t, u, u')
u(a) = u(b) =0

has at least one solution u € W*?([a, b], R”). Next we point out some particular
cases.

0. INTRODUCTION

Let [a, b] be a compact real interval with the Lebesgue measure structure; n a
positive integer; R™ the real Euclidean n-space, whose zero element is denoted by
0; p € (1, +o0]; W2P([a, b], R™) the space of all u € C¥([a, b], R®) such that u'
is absolutely continuous in [a, b] and v" € LP([a, b}, R™); F a multifunction from
[a, b} x R™ x R™ into R™, with non-empty closed convex values.

Consider the problem

n !
() {u € F(t,u,u')
u(a) = u(b) = 0.

A function u: [a,b] — R™ is said to be a generalised solution of (P) if u €
W?2?([a, b], R"), u(a) = u(b) = 0 and, for almost every ¢ € [a, b], one has u"(t) €
F(t, u(2), w'(1).

In this paper we prove that, under suitable assumptions, problem (P) has at least
one generalised solution (see Theorem 2.1). Further, as a simple consequence of The-
orem 2.1, we obtain a result (Theorem 2.2) which improves Theorem 3 of [7] and, for
F single-valued and continuous, gives Theorem 4.2, p.424, of [6] (see also [1], Theorem
1.1.2). Afterwards, we point out some particular cases of Theorem 2.2.
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As far as we know, one of the most used methods to get existence results for problem
(P) is that of the topological transversality by A. Granas (or similar degree-theoretic
arguments). In order to apply this method, one needs conditions which guarantee
e priori bounds, with respect to the norm tlélﬁi.}g] lu()llgn on C°([a, b], R™), for the

solutions and their first order derivatives of a suitable family of problems related to (P)
(see, for instance, [3, 4, 5]). Our approach is rather different and is based on a very

recent existence theorem for operator inclusions by O. Naselli Ricceri and B. Ricceri
(see [7], Theorem 1).

1. PRELIMINARIES

Let A, B be two non-empty sets. A multifunction ®: A — 2P is a function from
A into the family of all subsets of B. The graph of ® is the set {(a,b) € Ax B: b€
®(a)}. If (A, F) is a measurable space and B is a topological space, we say that ® is
measurable if, for every open set §} C B, the set {a € A: $(a) N # ¢} belongs to F.

Let (%, §) be a metric space. For every ¢ € £ and every non-empty set  C X,
put:

&eo, ) = “1,161% 5(o, w).

Now, let I be a compact real interval and let k € [1, +o0]. We denote by
W2k(I, R™) the space of all u € C*(I, R") such that u' is absolutely continuous
in I and u" € L*(I, R"), where u' = du/dt and u" = d?u/di?.

I v € W2k([a, b], R™) and u(a) = u(b) = 0, then it is easy to check that for every
t € [a, b] one has

b ]
(1) u(t) = —/“ G(t, o)u"(0)do, u'(t) = —/‘l %gt’—a)u"(a)da,
(b-1t)(c—a)

fora<o<tgd
b—a

where G(t, o) =

(b—_bi)(t———i)- fora<t<o<b
—a

The following lemma will be useful in the sequel.
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LEMMA 1.1. Let k € [1, +oo[. Then, for every t € [a, b] one has:

b 1k _ \141/k
(1) ( / IG(t, a’)lkda) oo™

T4k + 1)
b E 1/k
(i2) / 9G(t, o) do (b a.)1 ,,
ol O (k +1)Y
is) sup 16(t, o) < * 3%
o€la, b]
. aG(t, o)
(is) el VAL P T
oefa,bl\(1} | O

PROOF: When k =1, (i; ) is well-known (see, for instance, (6], p.422); hence, we
may suppose k > 1. For every t € [a, b] one has

( / "t «r)n*da)w = [(,f - fl)k / (o —a)do
/&
(i) [fomore] - e

The function t — (b—t)(t—a), t € [a, b], takes its maximum for ¢t = (a + b)/2.

Therefore,
1/
/b 1G(t, ‘,)]’“ do M?_/k_k
a 4k + 1)/

for every t € [a, b]. This shows (i; ). The proof of (i2) is similar to that of (i, ); hence
we omit it. Since (is) is well-known (see, for instance, [6], p.422) and (i4) is trivial,

our claim is proved.

2. RESULTS

Let ||[l;, lIllz» I]ls be three fixed norms on R™; ds the metric induced by ||||5;
[I-llgn xgn the norm on R™ x R™ defined by putting, for every (z, z) € R™ x R™,

ma.x{

2zl izl fb-a<4

12, 2l e = o
max{||z||, , 3 lzll,} ifbd—a>4.

If C,, C; are two positive constants such that

lzll, < Cill=lls,  llzll; < Call=lls
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for every z € R™, put

(2) v = max{Cy, C2}v',
where
1 ifp=1
_ _ 1-1/p
(3) ¥ = [%’T—D] if1<p< oo
(b—a)/2 if p=+oo
or
(b—a)/4 ifp=1
_ b— _ 1-1/p
4) v = b4a[( 2:)8’1 1)] if1<p<+oo
(b—a)?/8 if p = +oo0,

according to whether 5 —a < 4 or b — a > 4. Our main result is the following

THEOREM 2.1. Let F: {a, b} x R® x R* — 2% be a multifunction with non-
empty closed convex values. Assume that:
(i) for almost every t € [a, b] the multifunction F(t, -, -) has closed graph;
(ii) the set {(z, z) € R™ x R™: the multifunction F(-, z, z) is measurable }
is dense in R™ x R";
(ii) there exist p, 8 € [1, +00], with p < 5, and r € 0, +oo[ such that the
function

t — sup{ds(0, F(¢, z, z)): (z, 2) € R" x R™, ||(z, 2)|lgn xmn < 77}

belongs to L*([a, b], R) and its norm in L?([a, b], R) is less than or equal
tor.

Then, problem (P) has at least one generalised solution u € W2*([a, b], R™). Moreover,
for almost every t € [a, b], one has

u"(®)lls < sup{ds(0, F(t, =, 2)): (=, 2) € R" x R™, ||(z, 2)llgn g < 77}

PROOF: Let us apply Theorem 1 of [7]. To this end, choose: T = [a, b] with
the Lebesgue measure structure; V = {u € W??*([a, b], R"): u(a) = u(b) = 0};
(X, ) = (R X R™, [-llgn xgn) i (¥ 1) = (R™, |-l3); ¢ =1 and p, s, = such as
in (iii); ¥(u) = u" for all v € V; ®(u)(t) = (u(t),v'(t)) e R*xR" forall u € V,
t € [a, b]; ¢(A) =X for all A € [0, +oo[, where v is given by (2). It is easy to check
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that ¥ is a one-to-one operator from V onto L’([a, b}, Y). Moreover, thanks to (1),
for every w € L*([a, b, Y) and every t € [a, b], one has:

] b
(5) (T Y (w))(t) = (—/ G(t, o)w(o)do, —/‘l %w(a’)da).

Now, let v € L*([a, b], Y) and let {v;} be a sequencein L*([a, b], Y') weakly converging
to v in L([a, b], Y). Since G(¢, -), 8G(t, -)/8t € L*({a, b], R) for all ¢ € [a, b], from
(5) it follows that the sequence {&(¥~!(vi))} converges pointwise to &(¥~!(v)) on
[a, b]. Taking into account that {v;} is bounded in L([a, b], Y) and that, by Lemma
1.1, for every t € [a, b] and every k € N one has

< b do,

b
/n G(t, o)vr(o)do

b o b
/,, %vk(d)dd 3 S/GI lvi(o)lls do,

we find that the sequence {Q(\Il‘l(vk))} is bounded in L*([a, b], X). Hence, by
the Lebesgue dominated convergence theorem, {®(¥~!(vi))} converges strongly to
&(¥*(v)) in L([a, b], X).

Next, we prove that for every u € V one has
esssup [2(u)(0)] x < ¢ (120 o, 1)
t€la,

We verify this only for b — a < 4 and p € ]1, +00[, since in the other cases the proof is
similar. To this end, fix u € V and t € [a, b]. Thanks to Lemma 1.1, we get:

b 1-1/p b 1
lu(®)ll, < (/ |Ga(t, ")|p/(P_1)da) (/u ) da)
boe [6-ao-0]" ",
W0l < ( [ |t

< [esde=n
= 2p—-1

”‘I’(“)“Lp([u,b],y) ;

p/(r—l) 1-1/p 1/p
) ( [ ||u"(a>||’da)

1-1/p
} Co 12wl 1o (o, 17 -

This implies that

s { 2 (ol 'O,

a 1-1/p
< max{Ch, C,} [(l)_)(g__)] ”‘I'(")"Lp([a,b],Y)
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for every t € [a, b]. Hence

esssup || P(u)(t)|| x

€la,

”‘I’(")”Lp([a,b],y) .

_1) l—l/p
]

< max{C}, C:} [(";2‘;)(_”—

At this point, we are able to apply Theorem 1 of {7]. By that result, there exists u € V
such that
u"(t) € F(¢, u(t), u'(t))

almost everywhere in [a, b] and

”u"(t)lls < sup{d3(01 F(t: z, z)): (z, z) € R*xR", "(37 z)”mn xBn S 77'}

almost everywhere in [a, b]. This completes the proof. 0
From now on, ||-||g= will denote a fixed norm on R™ and d the metric induced by
I llgn - I I-llk = lI'l2 = Ills = |-llgn and p = 8, Theorem 2.1 assumes the following

form, which improves Theorem 3 of [7].
THEOREM 2.2. Let F satisfy assumptions (i) and (ii) of Theorem 2.1. Further,
suppose that:
(j) there exist p € {1, +o0] and r € ]0, +oo[ such that

2
_ b—
€ss sup sup {d(O, F(t, z, z)): ||z|lga < (b—gi)—r, |2]lgn < ar} <r
t€[a, b]

ifp=+°°s

b 1/p
( [ (sup{d©, F(t, 2, 2)): g < 127", ol sm'r})’dt) <r

ifp €1, +oof,
where
(b—a)/4 ifb—a<4 1 ifb—a<4
7‘={1 ifb—a>4’ 722{4/(1;—«;) ifb—a>4

and v' is given by (3) or (4), according to whether b—a < 4 or b—a > 4.

Then, problem (P) has at least one generalised solution v € W??([a, b}, R®). Moreover,
for almost every t € [a, b], one has

" (llgn < sup{d(0, F(¢, 2, 2)): ||zllgs < 117'r, l2llgn < 7277}

When F is single-valued and continuous, Theorem 2.2 assumes the following form
(see Theorem 4.2, p.424, of [6)).
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THEOREM 2.3. Let f be a continuous function from [a, b] x R™ x R™ into R™.
Suppose that there exists r € |0, +oo| such that

1z, 2)lgn <7

for every t € [a, b] and every z, z € R™ such that ||z||zgn < ((b - a)2/8)r y 12llen <

((b—a)/2)r.
Then, there exists u € C%([a, b], R™) such that

u'(t) = f(¢, u(t), v'(t)) for every t € [a, b),
u(a) = u(b) =0,

e < =2

r |lu'()llgn < 2l for every t € [a, b).

PROOF: Thanks to our assumptions, we are allowed to apply Theorem 2.2, with
p = +00, to the multifunction F defined by putting, for every (¢, z, z) € [a, b] x R™ X
R™, F(t, z, z) = {f(t, z, 2z)}. There is, therefore, u; € W?%([a, b}, R™) such that
ui(a) =u1(d) =0 and

(6) uy(t) = f(t, ua(t), vi(2)),
(7) lud ()l <7

for almost every ¢ € [a, b]. Taking into account that the function t — f(¢, uy(t), 4} ()
is continuous, from (6) it follows that there exists u € C?([a, b], R™) such that u"(t) =
u{(t) almost everywhere in [a, b], u(a) = u(b) =0, w"(t) = f(¢, u(t), u'(t)) for every
t € [a, b}. Thanks to (1) and (7), this implies that

b b -
()l < v / G(t, )| do, |[u'(&)llge <7 / aagﬂt, )| 4

for every t € [a, b]. Hence, by Lemma 1.1,

3

b—a)? b—
@l < E%r, @) <

for all t € [a, b]. 0

REMARK 2.1. A simple sufficient condition in order that (j) of Theorem 2.2 holds is
the following.

(ij) There exist p € {1, +o0] and a, B, x € L?([a, b], R) such that

717 el oa,,m) + 727 181 Lo(a, 51, m) <1
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(where 7, 72, 7' are such as in Theorem 2.2 and ||| zp((q, 4, m) i5 the
usual norm of L?([a, b], R)) and

(8) d(0, F(, 2, 2)) < a(t) |lzllg= +B(2) l|2llwn + x(2)

for almost every t € [a, b] and every z, z € R™.

To verify this, it suffices to choose

”x”LP([u, b], R)

>
1= (17" lall e, + 127" 1Bl o ra 8,3

and to observe that, thanks to (8), one has:

b i/p
( / (sup{d(0, F(2, z, 2)): [lzllgn <7177, [l2]lpn < 'm'r})’dt)

< [ ”a"LP([a,b],IR) + 727 ||ﬁ||z,p([a,b],m)]7' + ”X"LP([a,b],m)
for p € [1, 4+o0[;

2

- b—
esssupsup ¢ d(0, F(t, z, 2)): ||z]lga < u—7', |z]lgn < 2y
t€[a, b] 8 2

(b—- a.)2 b—a
< [ 3 lell oo ((a,8), 3y T+ 2 181 Loo(faey,m) | ™ + X1 Loo((a,8), By
for p = +o0.

It is worth noticing that Theorem 2.2, with (jj) instead of (j), improves and extends
to multi-valued boundary value problems some classical results, such as the Theorem
of p.256 of [9] and Theorem III of [2].

For other existence results for problem (P) where one assumes that F satisfies a
growth condition like (8), we refer to Theorem 4.6, p.36, of [8]. It is easy to check that
this result and Theorem 2.2 (with (jj) instead of (j)) are mutually independent.

REMARK 2.2. Another simple sufficient condition in order that (j) of Theorem 2.2 holds
is the following.

(1ij) There exist p € [1, +o0], 7 € ]0, +o00[ and a(t, z), B(2, 2): [a, b xR™ —
R, measurable with respect to ¢ for every fixed z € R™ and continuous
with respect to z for every fixed t € [a, b], such that:

for almost every t € [a, b] and every z, z € R™ one has

(9) d(0, F(t, z, 2)) < a(t, z) |lzllgn +A(t, 2);
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if 41, 72, 7' are such as in Theorem 2.2, then
b i/p
(727')* (/ (sup{a(t, z): [|z||pa < 717"'})Pdt) r?

b i/p
+ ( ] (sup{B(t, 2): ||elige <‘n'r’r})pdt) <r
or

(b—a)’

(b— ‘1)2 2
esssupsup §{ a(t, z): ||z|lpgn < ————r¢r
t€fa, b] 8

b— a)?
+ esssupsup § B(¢, z): ||z|lgn < (—L)r <,
t€[a, b] 8
according to whether p € {1, +o00[ or p = + 0.
The proof that (jjj) = (j) is trivial; hence we omit it.

For other existence results for problem (P) where one assumes that F satisfies a
growth condition like (9), we refer to Theorem 4 of [5]. It is easy to verify that this
result and Theorem 2.2 (with (jjj) instead of (j)) are mutually independent.

The next result can be regarded as the multi-valued analogue of Theorem 9 of [10].

THEOREM 2.4. Let F satisfy assumptions (i) and (i) of Theorem 2.1. Fur-

ther, suppose that there exists p € [1, +oo] such that for every T > 0 there is
h, € L?({a, b}, R) such that

(10) sup{d(0, F(t, z, 2)) : llzllgn <7, lzllgn <7} < Br(t)

for almost every t € [a, b].
Then, for every € > 0 there exists §, > 0 such that, if [a1, b)] C [a, b] and
by — a; < 6., then the problem

(P1) { u" € F(t, u, u')

u(a) =u(b)) =0

has at least one generalised solution u € W2?([a;, b;], R™). Moreover, for every t €
[a1, b1], one has
[u(®)llzn <e-

PRrOOF: Fix € > 0 and choose

(11) T=€max{1,b:1a}.
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Taking into account that k, € L?([e, b], R), we get §, > 0 such that, if [a;, b)] C
[a, b] and b; —a; < &, then

b 1/p c
(/ |hr ()P dt) S — for p € (1, +oof,

(12) a1 7Y

esssup |h(t)] < —~€—, for p = +o0,

t€[ay, by] Ny
where 7, and 4' are such as in Theorem 2.2. Now, fix [a;, b1] C [a, b] with b; —a; < §,.
Thanks to our assumptions, the multifunction F |j; 4 xgn xg» satisfies (i) and (ii) of
Theorem 2.1. Moreover, if we take

£

r= )

Ny
then, from (10), (11) and (12) it follows that

by 1/p
( (sup{d(0, F(2, =, 2)): l|zllgs < 117'", llzllpgn < ‘Yz’Y'T})Pdt)

1

by 1/p
< (/ (sup{d(0, F(¢, , 2)): [lzllgps <7 |lz]lpn < T})pdt) <r
ay

for p € [1, +oo[,

b—a)? b—a
esssup sup ¢ d(0, F(t, z, z)): ||z|ge < ( ) 7 |2llg < re&r
t€(aq, b1 8 2

for p = +o0.
At this point, we are allowed to apply Theorem 2.2 to the multifunction

F |(a,,b)xBn xp» - There is, therefore, a generalised solution u € W2 ?([a1, b), R™)
of the problem (P;) such that

lw"(t)llgn < h-(2)
for almost every ¢ € [a, b]. Next, observe that, by (1), (12) and Lemma 1.1, for every
t € [a1, by1] one has:

by b-— €
(el < esssup|G(t, o) [ Ihy(ldt < 27t =
o€la, b) a1 4 (b-a)/4

b P 1-1/p 4, 1/p
lutlee < ( [ 168 )P da) ( / |h7<t)|"dt) Smy=
a a1

for p € ]1, +oo[;

b 2
(b-af e
w(t)[|ge < |G(¢, o)| do ess sup |h,(t)| < =¢ for p=+oo.
le®lla < | 1G(2, <) te[al,bl]l (t) SRS

=¢ for p=1;
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Hence, in any case,
ez <
for every t € [a1, b1]. This completes the proof. 0

Finally, we give a very simple example of an application of Theorem 2.2, where it
is impossible to apply any of the theorems just now quoted.

ExXAMPLE 2.1. Let p € [1, 400} and let ¢ € L?([a, b], R) such that

1
(13) lellLo(a, b, ) < popt

where v' is given by (3) or (4), according to whether b —a <4 or b—a > 4.
Then, the problem
u' = (p(t)emax{h‘.l, [u'l}
u(a) = u(b) =0
has at least one generalised solution u € W2:?([a, b], R). Moreover, for almost every
t € [a, b], one has
[u"(2)] < elo(t)].

Proo¥r: For every (i, z, z) € [e, b] x R x R, put:
F(t, 7, 2) = {p(t)e™x0eb =0},

Of course, the multifunction F: [a, ] x R x R — 2% so defined satisfies assumptions
(i) and (ii) of Theorem 2.1. Moreover, if we take » = 1/4', thanks to (13) one has:

/r
b » \!
(/ (supdly(e)] <010+ ja] < 7, 2] < 723 dt)

1
= emax{7,72} ||‘P||Lp([a,b],m) < ? for p € [1, +oo[;
ess sup sup{Jp(t)] e {I=h 4} : [z] < 1, 2] < 1)
tE[aIb]

1
= ™I 10|l oo a8,y < po] for p = +o0.

This shows that (j) of Theorem 2.2 holds. Hence, by that result, there is u €
W2?([a, b], R) such that u"(f) = <p(t)em“{|“(t)|’|"’(‘)l} almost everywhere in [a, b],
u(a) = u(b) = 0 and |u"(t)| < e|p(t)| for almost every t € [a, b].

It is worth noticing that Theorem 3 of [7] does not apply to the previous problem
when, for instance, b—a > 1 and [|¢|| 1o((q, 5, m) > 1/((b - a.)z_l/”e) .
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