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Nonlinear boundary value problems for
differential inclusions y” € F(t,y,y')

by L. H. ERBE and W. KrawcEwICz* (Edmonton)

Abstract. Applying the topological transversality method of Granas and the a priori
bounds technique we prove some existence results for systems of differential inclusions of
the form y” € F(t,y,y’), where F is a Carathéodory multifunction and y satisfies some
nonlinear boundary conditions.

§1. Introduction. In this paper we study the existence of solutions to
differential inclusions of the form
() { y' € F(ty,y),

yeb,
where F' : [a,b] x R™ x R” — R" is a multifunction and B denotes the (in
general, nonlinear) boundary conditions. Our approach applies the topo-
logical transversality method of Granas and the a priori bounds technique
for a class of multifunctions F' with compact convex values satisfying Cara-
théodory conditions (cf. [35], [36]).

Differential inclusions have been studied by many authors, for example
1], [9], [6], [7], [B], [17], [28], [35], [36], [39] (see [36] for a historical outline
and extensive list of references).

The topological transversality method of Granas and the a priori bounds
technique have been used before in the study of boundary value problems in
[27], [23], [24], [25], [26] (for scalar second order equations with continuous
function F), in [17] (for scalar second order equations with multivalued
function F) and in [22] (for scalar equations and Carathéodory function F).

In this paper we apply the method of Granas to the study of second
order systems of differential inclusions. The results obtained in this way
may be viewed as improvements, even in the case where F' is a single-valued

1991 Mathematics Subject Classification: Primary 34B15.

Key words and phrases: boundary value problems, differential inclusion, topological
transversality.

*Research supported by grants from NSERC Canada.



196 L. H. Erbe and W. Krawcewicz

Carathéodory multifunction (cf. [27], [2], [11], [13], [31], [32], [30]). In fact,
the classical methods are not always applicable in some situations treated
here.

We also show the existence of solutions y(t) to (%) such that y(t) -
P(t)y(t) < r?, where P(t) is a given symmetric positive definite matrix.
Such problems were considered in [31], [32], [11] and [14] (see also [16] and
[15]). In addition in §6 we apply results obtained in the previous sections
to study differential inclusions on the infinite interval [0, co).

The problems studied in §6 are related to [27] and [17] where differential
equations of second order on an infinite interval were studied by similar
methods. (See also [6], [7], [39]).

§2. Preliminaries. Suppose that E and F are spaces and X C E and
Y C F are subsets. By K(Y) we denote the family of all nonempty convex
and compact subsets of Y. A multivalued map I" : X — K(Y) is called upper
semi-continuous (u.s.c.) if {x € X : I'(x) C U} is an open subset of X for
any open U in Y. I'is said to be compact if I'(X) = J{['(z) : x € X}
is relatively compact in Y. We denote by C the class of all multivalued,
compact and upper semi-continuous maps I' with nonempty, closed and
convex values. Let K be a convex subset of the Banach space E. For any
bounded closed subset A and B of K, such that B C A, we denote by
Ck (A, B) the set of all multivalued maps I" : A — KC(Y) such that (i) I" € C
and (ii) x ¢ I'(z) for all z € B.

Let us present a short outline of the topological transversality method
of Granas.

(2.1) DEFINITION. A multivalued map I" € Cx (A, B) is called essential
if for every multivalued map G € Cx (A, B) such that G |p= I' |p there
exists a fixed point € A of G, i.e. x € G(x).

It is well known (see [10]) that if U is a bounded open subset of K and
p € U then the map G(z) = {p}, = € U, is essential in Cx (U, 9U).

(2.2) DEFINITION. Two multivalued maps I', G € Cx (A, B) are said to be
homotopic (notation I" ~ G) if there is a compact homotopy
H:Ax]0,1] - K(K) such that H € Cand (i) I' = Hy, G = Hy, (ii) H) €
Ck (A, B) for all A € [0,1], where Hy(z) := H(xz,\), z € A, A € [0,1].

(2.3) THEOREM (TOPOLOGICAL TRANSVERSALITY THEOREM). Let
I''G € Ck(A, B) be two homotopic multivalued maps. Then one of these
maps is essential if and only if the other is.

The Topological Transversality Theorem can be reformulated as the fol-
lowing alternative:
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(2.4) COROLLARY. Suppose that I' € Cx (A, B) and let H : A x [0,1] —
K(K) be a multivalued homotopy such that H € C, Hy = I" and put G = H;.
If I' is essential, then either

(i) G is essential, or
(ii) there exist x € B and X € [0, 1] such that x € H(x,\).

Suppose that U is a bounded open subset of K. As a consequence of
(2.3) we have the following corollaries:

(2.5) COROLLARY (NONLINEAR ALTERNATIVE). Suppose that " : U —
K(K) is a multivalued map such that I' € C and let p € U. Then either

(i) I is essential in Cr(U,0U), or
(ii) there exist x € OU and X € (0,1] such that x € AXI'(z) + (1 — A)p.

We say that I' : K — K(K) is completely continuous if I'|x € C for
every bounded subset X of K.

(2.6) COROLLARY (LERAY-SCHAUDER ALTERNATIVE). Suppose that
0 € Kandlet I' : K — K(K) be a completely continuous multivalued
map. Then either

(i) I' has a fized point in K, i.e. there is x € K such that x € I'(x), or
(ii) the set {x € K : AN € (0,1) with x € XI['(x)} is unbounded.

For more facts concerning the topological transversality method for mul-
tivalued maps and the proofs of the above results we refer to [10], [17], [36],
21), [30).

In what follows we will consider the following Banach function spaces:

C([a,b];R™) ={u: [a,b] — R™ : u is continuous on [a, b]}
with the norm ||ulloc = supyefq ) llu(?)]| where || - || denotes the usual eu-
clidean norm in R™;

L*([a,b]; R™) = {u : [a,b] — R™ : ||lu(t)| is L*-integrable}

with the norm
b 1/2
el = (f Jul?at) "

H%([a,b]; R™) = {u: [a,b] — R™ : u has weak derivatives
u € L*([a,b]; R™) for 0 <i < k}
with the norm
lull2x = max{[[ut]2: 0 < i < k}.

The spaces H*([a,b]; R™) are usual Sobolev spaces of vector functions
denoted also by W*:2([a, b]; R™) (for more details see [3]).



198 L. H. Erbe and W. Krawcewicz

We now introduce the notion of a Carathéodory map or multifunction
which will be central in the results to follow.

(2.7) DEFINITION. A multifunction F : [a,b] x R™ — IC(R") is said to
be a Carathéodory multifunction in case it satisfies the following conditions:

(i) the map t — F(t,u) is Lebesgue measurable for each u € R™;
(ii) the map u — F'(t,u) is u.s.c. for each t € [a, b];
(iii) for any r > 0 there is a function ), € L?[a,b] such that for all
t € la,b], ueR™ with ||ul| <r and y € F(t,u) we have |y|| < ¥,(¢).

We note that as a consequence of conditions (i) and (ii) it follows (cf.
[5]) that for each measurable u : [a,b] — R™ the map ¢ — F(t,u(t)) has
measurable single-valued selections.

We recall that if F': [a,b] x R™ — IC(R™) then the associated Nemytskii
operator N : C([a, b]; R™) — L?([a, b]; R™) is given by

Np(u) == {w € L*([a,b];R™) : w(t) € F(t,u(t)) for a.e. t € [a,b]}.

As a consequence of results of [35], [36], if F' is a Carathéodory map, then
the Nemytskii operator is well defined with nonempty closed convex values
and is such that the composed multivalued map (J o Np)(u) := J(Np(u))
is completely continuous for any completely continuous linear operator J :
L*([a, b]; R™) — C([a, b]; R™) (cf. Prop. 1.7 in [35]).

Consider now a function f : [a,b] x R"™ — R"™ such that f = (f1,..., fn),
where f; : [a,b] x R™ — R, i =1,...,n. We define

ftu) = (fl(t,u), ooy fu(t,u)) and ft,u) = (fi(t,u),..., f.(tu),

where

-t Yy—u Yy—u
fori=1,...,n. Assume that fl and f, are well defined finite-valued func-
tions. We introduce the multivalued function F' : [a,b] x R™ — KC(R™)
defined by

F(t, u) = [f(t, u)af(tvu)] = [fl(tvu)af1<t7u)} X X [fn(t,u),fn(t,u)].

(2.8) DEFINITION. We say that the multifunction F' is of type M if
both f (¢, u(t)) and f;(t,u(t)) are measurable for every measurable function

w:la,b) = R™ i=1,...,n (cf. [17]).

We note that if the function f : [a,b] x R™ — R™ satisfies (i) and (ii) of
Definition (2.7), then fZ = f, = f and f is evidently of type M. Moreover,
by the definition of the functions fz and f; we find that fl is lower semi-

continuous and f, is upper semi-continuous with respect to u. Therefore F
is upper semi-continuous with respect to the variable u. This implies that
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if F' is of type M, and satisfies the growth condition (iii) of Definition (2.7)
then F is a Carathéodory map.

§3. Abstract existence theorems for differential inclusions. Let
ap < ay be real numbers and assume that F : [ag,a1] X R™ x R" — KC(R™)
is a Carathéodory multifunction. Suppose that g; : R™ x R® x R” x R" —
R™, 4= 0,1, are continuous functions and let

w;(¥) = Aioyo + Aiyy + Bioyr + Biyi, 1=0,1,

where A;;, B;; € R”Q, i,j = 0,1, are matrices and ¥ = (yo, ¥4, y1,y;) € RI™.
Thus, w;, i = 0, 1, are linear operators from R*" to R".

In this section we study the existence problem for solutions y €
H?([ag,a1]; R™) to the differential inclusion

Ly € F(t,y,y') for a.e.t € [ag,a1],

where Ly = 3" + b(t)y’ + c(t)y, and b,c : [ag,a1] — R™ are L2-functions
which satisfy the boundary conditions
wi(y) =g:(y), i=0,1,

where ¥ = (y(ag), v’ (a0),y(a1),y’(a1)). It is clear that L maps continuously
H?([ap,a1];R™) into L?([ag, a1]; R™).

Let By be the set of all functions y : [ag, a1] — R™ satisfying the homo-
geneous boundary conditions: w;(y) =0, i =0,1. We set

HKQ% = {y € H*([ag,a1];R"™) : y € By},
L? := L*([ag, a1]; R™).
We shall make the following assumption in some of the results to follow:

(A) The operator L|gz : Hg — L? is one-to-one.
0

The main result of this section is the following existence theorem. It
may also be proved using the results of [36]. However, the proof given below
is different.

(3.1) THEOREM. Suppose that F : [ag,a1] x R" x R" — K(R™) and
Ly = y" + b(t)y' + ¢(t)y are such that F is a Carathéodory multifunction
and L satisfies the assumption (A). If there is a constant M < oo such that
1y, ¥)lo == max{||y|lco, IV |lec} < M for all solutions y to the differential
inclusion

(2,) {Ly € NF(t,y,y') for a.e. t € [ap,a1],
for A € [0,1], then the differential inclusion

9 Ly € F(t,y,y’) for a.e.t€ [ag,ai],
2) wi(i) = @), i=0,1,
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has at least one solution in H?([ag,a1]; R™).

Proof. Put
C := C(lag,m1;R™ x R™), H?:= H*([ag, a1]; R"),
L:H?> S L*xR*"xR", Lu=(Lu,w(a),w (),
j:H?* — C, j(u) = (u,u), where u € H? and u = (u(ag),u'(ap),u(ay),
u'(a1)) € R, By the Ascoli theorem j is a completely continuous linear

operator.
Next, we define a multivalued map I" : C — L? x R” x R" by

I(u,v) = {w e L* : w(t) € F(t,u(t),v(t)) a.e.} x {g1(7,7)} x {g2(T,7)},

where (u,v) € C and (u,v) = (u(ag), v(ag), u(ar),v(ar)) € R".
We consider the following diagram:
c L L2xR"xR"
N e
H2
By the assumption (A) the operator L[z : Hg — L? is one-to-one,
and therefore the linear operator L : H2 — L2 x R™ x R™ is an isomor-
phism. Indeed, by the open mapping theorem it is sufficient to verify that
L is surjective. Let 79,71 € R™ and let yo € H? be the unique solution
to the equation Lyo = 0 which satisfies w;(yo) = 7r;, ¢ = 0,1. Then
L~ (z,70,71) = L™ 4 yo, where L' is the inverse of L : Hg — L.
Since the operator L is invertible, we can define a multivalued map F :
C — Chby F(w) :==joL oI'(w), we C. Since F is a Carathéodory
map, F is a completely continuous multivalued map with nonempty compact
convex values, i.e. F |x€ C for all bounded sets X C C.
We wish to solve (2), i.e. we are looking for y € H? such that Ly €

I'(j(y)), that is, y € L~ o I'(j(y)). It follows that j(y) € jo L' o I'(j(y))
and we see that the problem (2) is equivalent to the fixed point problem

weF(w), w=uv)eC.

Put U = {(u,v) € C : [[(u,v)|lo < M} and let H : U x [0,1] — C
be the homotopy defined by H(w,\) = AF(w), w € U, X € [0,1]. The
homotopy H is a well defined multivalued homotopy such that H € C.
Suppose that w € H(w, ) for some A € [0,1]. Then by definition of H,
it follows that w € Im(j), thus w = (u,u’), and therefore u satisfies the
differential inclusion (2y). By hypothesis, ||w||o < M, thus w € U. Now we
can apply Corollary (2.5) or Theorem (2.3) to obtain the existence of a fixed
point of F in the set U. Indeed, for every A € (0, 1] there is no w € 9U such
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that w € AF(w), therefore the condition (ii) of Corollary (2.5) cannot be
satisfied, and it follows that Fo := F|g : U — C'is essential in Co(U;0U). m

We should remark that Theorem (3.1) may be stated in the following,
slightly more general form, admitting a broader class of deformations of
the boundary conditions. The proof is essentially the same and therefore is
omitted.

(3.2) THEOREM. Let L satisfy (A) and let F : [ag, a1] xR" xR™ — K(R™)
be a Carathéodory multifunction such that Fo : U — C (defined in the proof
of (3.1)) is an essential map in Cc(U;0U). Suppose that h; : RY™ x [0,1] —
R™, i = 0,1, are continuous maps such that h;(-,0) = g; for i = 0,1. If
Iy, y")]lo < M for all solutions y to the differential inclusion
(33) Ly € F(t,y,y')  for a.e. t € [ag,a1],

g wi(§) = hi(g, ), i=0,1,
for X € [0,1], then the differential inclusion

(3) Ly € F(t,y,y)  for a.e. t € [ag,a1],
wz(g) :hi(g7 1)5 7::07]-5
has at least one solution in H?([ag,a1]; R™).

Finally, we can apply the Leray—Schauder Alternative (Corollary (2.6))
to obtain the following theorem.

(3.3) THEOREM. Suppose that F : [ag,a1] X R" x R" — KC(R") is a
Carathéodory multifunction and Ly = y"+b(t)y'+c(t)y satisfies the assump-
tion (A). Let U C C([ag, a1]; R™ xR™) be an open and bounded neighborhood
of zero. Suppose that for all X € (0,1) the differential inclusion

(2,) {Lye)\F(t,y,y’) for a.e. t € [ag, a1],

has no solution y € H?([ag, a1]; R™) such that (y,y') € OU. Then the differ-
ential inclusion

) {Ly € F(t,y,y') for a.e. t € [ag,a1],
wl(ﬂ) :gi<ﬂ)7 i=0,1,
has a solution y € H?([ag, a1];R™) such that (y,y') € U.

Proof. We use the same notation as in the proof of (3.1). We have the
diagram
c L I2xR"xR”
N

H2



202 L. H. Erbe and W. Krawcewicz

and the problem (2) is equivalent to the fixed point problem
w=Fw)=joL 'ol(w), weC.

We have Fy := F|iz € C, thus we can apply Corollary (2.6). Since the
inclusion w € AFo(w), A € (0,1), is equivalent to (2), we find that the
condition (ii) of (2.6) cannot be satisfied. This implies that F has a fixed

point in U. m

§84. Existence results for nonlinear differential inclusions. The
proofs for the abstract theorems, presented in §3, depend on finding bounds
for the solutions and their derivatives of first order. This section deals with
a priort bounds which are applied to prove the Main Theorem characterizing
the existence of solutions to the differential inclusion y” € F(t,y,y’) with
the nonlinear boundary conditions.

In this section, unless otherwise specified, we shall assume that F' :
[ag,a1] x R™ x R™ — KC(R™), ap < ai, is a Carathéodory multifunction and
w;, © = 0,1, denotes one of the following sets of linear boundary operators:

(@)  wi(y) =y,

(B)  wi(y) =i,

(v)  wo(y) = Ay1 —yo, or w1(y) = By] —y(,, where A € O(n), B € GL(n),
and z - AB~ 'y < 0 provided z -y < 0,

where ¥ = (yo, b, y1, ¥;) € R, As in §3, let By denote the set of functions
satisfying the homogeneous boundary conditions w;(y) = 0, i = 0,1, and
Hi, = {y € H*([ag,a1]; R") : y € Bo}, L? := L*([ag, a1];R™). Tt is well
known that the operator Lg : Hl%»0 C L? — L?, Loy := 4", has a discrete
denumerable spectrum o(Lg) C R (cf. [4]), thus for all small € > 0 the
operator Ly := y"" — ey satisfies the assumption (A).

We shall state the following hypothesis, which is a generalization of anal-
ogous conditions from [27], [23], [24], [25], [26], [17], [13].

(H1)  There exists a constant R > 0 such that if ||yo|| > R and yo-y{ =0
then there is a 6 > 0 such that

essinf inf{y-w+ [[y/|*: w e F(t,y,y'), (y,4') € Ds} >0,
tE[ao,al]

where Ds = {(y,) € R* : ly — woll + [l — woll < 3}

In the case where F' is a continuous function (H1) reduces to the classical
Nagumo—Hartman condition (cf. [29]) and becomes simply y - F(¢,y,y’) +
lly'[> > 0 if |ly|| > R and y - ¥’ = 0. In the scalar case (H1) in a modified
form was used in, for example, [27], [23], [24], [25], [26], [22]. In the latter,
the authors considered an even more general condition for the case when
F' is a Carathéodory function. Another example of a multivalued function
satisfying (H1) was considered in [12].
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The next two lemmas will be used to obtain the necessary a priori bounds
required in Theorems (3.1) and (3.2).

(4.1) LEMMA. Let € > 0 be such that Ly = y' — ey satisfies (A) and
suppose that F' satisfies (H1). LetY be a solution to the differential inclusion
y" —ey € N[F(t,y,y') —ey], A €[0,1], such that the function r(t) = ||y(t)||?
achieves its mazimum at a point to € [ag, a1] with ' (to) = 0. Then |ly(t)]| <
R for all t € [ag,a1].

Proof. Notice that the multifunction Fy(t,y,y’) :== AF(t,y,y") + (1 —
ey also satisfies (H1). For, let wy € Fy(t,y,y’) and Aw = w; — (1 — N)ey,
where w € F(t,y,y"). We can suppose that A > 0. If ||yo|| > R and yo-y{, = 0
then for (y,y’) € Ds, where § > 0 is given by (H1), we have

y-wr+ Y117 = dy-w+ (1= Nelyll® + [|y/]1?
= Ay-w+[[Y1?) + (1= Vellyl® + [ly'[17]
> Ay - w+ [ly']1%],
thus
ess inf] inf{y - wi + |[y'[|> s w1 € Fa(t,y,9), (y,9') € Ds}

t€laog,a1

2 gssinf infly-w+ Iy : w € F(t,y,4), (y,9) € Ds} > 0.
telap,a1

Suppose now that 7(ty) = maxr(t) > R? and 7’ (tg) = 2y(to) - v'(to) = 0.
Since (y(t),y'(t)) — (y(to),y'(to)) as t — to, there exists an a > 0 and an
n > 0 such that for almost every t € A, := {t € [ap,a1] : |to —t| < n}

inf{y(t) - w+ [[y/[|* : w € Ex(t,y(t),y'(£))} > a >0
and therefore
3" () =y(t) -y () +ly @) >0
for almost every ¢t € A,. But this contradicts the maximum principle (see
3]). =

(4.2) LEMMA. Let ¢ : (0,00) — [0,00) be a function such that s/¢(s) €
L [0,00) and let o, K, R, T be nonnegative constants such that

T sds T
| Ok oM +2aR?,

1

4R(1+aR) KT
T + 4

Then there exists a constant M (depending only on ¢(s), a, R, 7, K) with

the following property. Suppose x € H?([ag,a1]; R™) satisfies

(5) =" @) < ¢(l"@)]) ~ for a.e. t € [ag, a1], a1 — a0 =7,

where My := , T'=a1 — ap.
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|lz®)|| <R  for allt € [ag,a1],
2" ()] < ar”(t)+ K for a.e. t € [ag,a1],
where r(t) = ||z(t)||?. Then ||2'(t)|] < M for all t € [ag,a1].

(6)

Proof. The proof is standard and is similar to the proof of this result
when z € C? (cf. [29]). However, we have to apply here the following lemma
(cf. [17]).

LEMMA. Let f € Whila,b] be a function such that ky < f(t) < ko for
all t € [a,b] and let g : [k1, k2] — R be measurable and bounded. Then
f(b)
[ g(x)da =
f(a)
Before we present the existence results, we shall state some additional
hypotheses on the mutlifunction F': [ag,a1] x R™ x R" — IC(R"™):

(H2)  There is a function ¢ : [0,00) — (0,00) such that s/¢(s) €
Ly [0,00), [y~ (s/¢(s)) ds = oo, and [|[F(t,y,y")|| < ¢([|y']]) for a.e.

t € [ap,a1] and all (y,y') € D := {(z,2) € R* x R" : ||z| < R},
where R is the same as in (H1).

g(f@)f'(t)dt. m

g\c-

(H3)  There exist constants k,« > 0 such that
IF(ty, 9| < 20(y - w+[|y'[*) + &
for a.e. t € [ag,a1], all (y,y') € D and w € F(t,y,y’).

The conditions (H2) and (H3) are related to the usual Bernstein-Nagumo
growth conditions (cf. [29], [25], [17], etc.) and for a continuous single-valued
function F' they coincide with these conditions.

Now we introduce the hypotheses which are related to the classes of
boundary conditions which we shall study.

Let G; : R*™ — R™ i = 0,1, be continuous functions. For a fixed
function G;, ¢ = 0,1, we introduce the following conditions:

(N1)  One of the following inequalities is satisfied for all ug, up, w1, u} €
R™:

(—1)%[u; - v — Gi(uo, uf, ui,uy) - ui] > 0.

(N2)  One of the following inequalities is satisfied for all ug, up, ui, v} €
R™:

(—1)"[us - wj — Gi(uo, ug, ur, uj) - u;] > 0.
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(N3)  One of the following relations is satisfied for all A € [0,1] and all
uo, ug, ur, uy € R™ such that ||u;|| > R:

U 75 )\[’LLI — Gi(U07u67ula u/l)]

The conditions (N1) and (N2) are associated with the conditions
(=1)g;(y) - y; > 0 and (—1)g;(¥) -y, > 0 resp., where i = 0,1, § =
(y(a0), y'(a0),y(a1),y'(a1)) and Gi(y) = yi — 9:(y) and Gi(y) = y; — ¢;(¥y)
respectively. Special cases of these have been considered by many authors,

see e.g. [25], [36], [32].

THEOREM 4.3 (MAIN THEOREM). Suppose that F : [ag, a1] X R" xR™ —
K(R™) is a Carathéodory multifunction such that the hypotheses (H1)—(H3)
are satisfied, and let G; : R — R"™ i = 0,1, be continuous functions
satisfying one of the conditions (N1)—(N3). Then the nonlinear boundary
value problem

(P) {y" € F(t,y,y') fora.e.t € lag,ai],
Gi(y(ao),y'(ao),y(a1),y'(a1)) =0, i=0,1,

has at least one solution in H?([ag,a1]; R™).

Proof. If G; satisfies (N1) or (N3) we consider the nonlinear boundary
condition

(7) y(ai) = Aly(ai) = Gi(y)] := Agi(y) ,
and if G; satisfies (N2) then
(8) y'(ai) = Aly'(ai) — Gi(y)] == Agi(y) ,

where i = 0,1 and § = (y(ao), ¥y (ao0),y(a1), vy (a1)).

We denote the linear boundary conditions given by the left-hand side of
(7) or (8) by w;(y), i = 0,1, they are of the type («), (5), or () mentioned
before. Consider the following family of nonlinear boundary value problems:

(Py) y' —ey e MF(t,y,y') —ey} forae. t € lag,a],
A wl(g) :)‘gl(g)7 i:oala A€ [07 1]

We note that for sufficiently small € > 0, the operator Ly := y"' —ey, defined
on the space H 1230, satisfies the assumption (A) and we also observe that we
can choose this € such that

T sds TMl
>

M, (E(S) 2

where k := k + R, M, := 4R(1 + aR)/T + kT/4, T = a; — ao, and ¢(s) =
#(s) + eR. Thus we can apply Lemma (4.2) with the constants o, K, R, T
and function ¢, to obtain the existence of a constant M (depending only on

+ 2aR?,
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a, R, K, ¢ and ¢(s)) such that every solution y(t) to (Py) with ||y(¢)|| < R
satisfies ||y (¢)|| < M.

In order to apply Theorem (3.1) we need a priori bounds on ||y (¢)]| for all
solutions y to (Py). Let y(t) be a solution to (Py), and put r(¢) = ||y(¢)||*.
Suppose that r(t) achieves its maximum at ¢y € (ag,a1). Then the a priori
bound ||y(to)|| < R follows from Lemma (4.1). Suppose then that r(t)
achieves its maximum at tg = a;, @ = 0 or 1. We consider the following
cases:

G; satisfies (N1): We have
0> (=1)""(as) = (—=1)"2y(a;) - y/'(ai)
= (=1)"2A[y(ai) - y'(a:) — Gi(H) - ' (a:)] = 0
and thus r’(a;) = 0. Therefore we can apply again Lemma (4.1) to obtain

the a priori bound ||y(t)|| < R.
G; satisfies (N2): We have

0> (=1)'r'(ai) = (—1)"2y(a) - y/'(a2)
= (=1)"2X[y(a:) - y'(a:) = Gi(¥) - ( i)] =
and thus 7/(a;) = 0. By (4.1) we find that ||y(¢)|| <

G; satisfies (N3): We can suppose that A > 0 and thus we have the
equality

ylai) = Aly(ai) — Gi(y)]
and hence ||y(a;)|| < R. Thus the conclusion follows from Theorem (3.1). m

Let B denote the set of all functions y(t) satisfying one of the following
sets of boundary conditions:

Va) y'(ap) =0, Cy(ar)+ Dy'(a1) = s,
Vb)  —Ay(ao) + By'(ao) =7, y'(a1) =0,

where A, B, C, D are nonnegative definite symmetric n X n-matrices and
r,s € R™. We suppose that if y(ag) = r (resp. y(a1) = s), then ||r|| < R
(resp. ||s|| < R), and if —Ay(ao)+ By (ag) = r (resp. Cy(ar1)+Dy'(a1) = s),
then A, B (resp. C, D) are nonsingular and ||B~L|| ||[A=1B|| ||r]| < R (resp.
lC=Y |D~1C] |Is|]] € R) but if » = 0 (resp. s = 0), we suppose that only
one of the matrices A, B (resp. C, D) is nonsingular.

The boundary conditions (I)~(V) in the scalar case were studied in [27],
[23], [24], [25], [26], [22]. For the case of a Carathéodory function or a

(D y(lao) =7, yla1) =s,

(IT) y'(ag) =0, y'(a1) =0,

(II)  —Ay(ao) + By'(ao) =7, Cy(a1)+ Dy'(a1) = s,
(IVa)  y(ag) =7, Cyla1)+ Dy (a1) = s,

EIVb) —Ay(ao) + By'(ao) =7, yla1) =s,

(
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multivalued scalar operator F' these conditions were considered in [17]. For
second order systems similar problems were considered in [14]. We also refer
the reader to [35], [36].

Under the above hypotheses we have the following corollary:

(4.4) COROLLARY. Suppose that F : [ag,a1] X R" x R™ — IC(R"™) is a
Carathéodory multifunction such that the hypotheses (H1)—(H3) are satisfied.
Then the differential inclusion

() {y” € F(t,y,y') for a.e. t € [ag,a1],
y € B,

has at least one solution in H?([ag,a1]; R™).

Proof. First, consider the cases of boundary conditions B, where the
conditions —Ay(ag)+ By'(ap) = r and Cy(a1)+ Dy’ (a1) = s are replaced by
the homogeneous conditions —Ay(ag)+ By (ag) = 0 and Cy(a1)+Dy'(a1) =
0 respectively. We define for ¢ = 0, 1

GHug,up, ur,u)) =ui —r,  G%(ug,up,ur,u)) = u,

G (uo,up, ur,uy) = —Aug + Buy, G (uo, up, u1,u)) = Cuy + Duj.
Note that G} satisfies (N3) and G7 satisfies (N2). We shall verify that G

and G% satisfy one of the conditions (N1) or (N2). Assume first that A is
nonsingular. Then A~!B is a nonnegative definite matrix and thus

ug - up + ATTGE(U) - uhy = A" Bug - up >0, where U = (ug, up, uy, u}),
and therefore (N2) is satisfied. Suppose now that B is nonsingular. Then
uo - uy — BTG () -ug = B~ Aug - up > 0

and thus (N1) is satisfied.
It can be verified in a similar way that G satisfies (N1) or (N2). By
Theorem (4.3), it follows that the differential inclusion

o) {y” € F(t,y,y') fora.e.t € [ag,a1],
y € B,

has a solution.
Before we prove Corollary (4.4) in the general case, we need to recall
some notation used in the proof of Theorem (3.1). Put

U={(u,v) € C:||(u,v)]| <max(M,R)+1},
where M is given by Lemma (4.2), and let Fo : U — C be defined by
Folw)=joL 'ol'(w), weC

(see the proof of (3.1) for notation), where Ly = y"” — ey. Then it is known
that Fy is essential in Co (U, OU) (Theorem (4.3)). We shall apply Theorem
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(3.2). We consider the family of differential inclusions

y' e F(t,y,y),
(93) { y € By,
where By denotes one of the boundary conditions of B with —Ay(ag) +
By'(ap) = r and Cy(a1)+ Dy’ (a1) = s replaced by —Ay(ag) + By’ (ag) = Ar
and Cy(a1)+Dy (a1) = As respectively, for A € [0, 1]. By the same argument
as in the proof of (4.3), we need only prove that if r(t) = ||y(t)|?, where
y(t) is a solution to (9)), achieves its maximum at ¢y = ag or a; then
lly(to)]] < R. Suppose first that tg = ag and —Ay(ag) + By'(ag) = Ar. Then
we have
0> 1'(ao) = 2y(ao) - y'(a0) = 2y(ao) - [B~" X + B~ Ay(ao)]
= 2y(ap) - B~ Ar + 2y(ag) - B~ Ay(ay).
Evidently, if » = 0, then r/(ag) = 0. If » # 0, then, by assumption, A > 0
and B > 0. Since B~'A > 0, we have z - B~!Ax > meHQ and thus

1

>/ >2 | —
0 =T (aﬂ) - 2 |:||A_1B’ ”y

(@) I2 = lyao)l 1B~ 7]
)l .
> 2ly(ao)| [ B
[A1B]
and this implies
lyao)ll < [A="BI 1B~ ]| < B.

Suppose now that r(a;) = maxr(t) and Cy(ay) + Dy'(a;) = As. Thus
r’(a1) > 0 and we have

0 <r'(a1) = 2y(a1) - y'(a1) = 2y(a1) - [D~"As — D' Cy(as)]
=2y(a1) - D™ As — 2y(a1) - D™ Cy(ar)

1
< =2|ly(a) I* =77 + 2y (a) D] Is]
[C-1D]
ly(ad)| -
- 2||y(a1)H - HC_IDH + HD 1” HSH

and thus [jy(a1)|| < [|CT DI [D7] ||s[| < R
Now we can apply Theorem (3.2) and the existence of a solution to the
differential inclusion (9) follows. m

We remark that if we replace » and s by any bounded functions
r(ug, uh, u1, u)) and s(ug, ug, u1, v} ) such that the required inequalities, such
as: [r(@)] < R, Is@)]| <R, BT [[AT'B|[ [r(@)]| < Ror [CTH] |IDC|
x ||s(u)|| < R (depending on the boundary conditions), are satisfied, then
Corollary (4.4) is still true.
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(4.5) DEFINITION. We say that two matrices A € O(n) and B € GL(n)
have the property (P) if u-v < 0 implies u - AB~!v < 0 for all u,v € R™. If
A:X — O(n) and B : X — GL(n) are two maps, then we say that A and
B have the property (P) if A(x) and B(x) have (P) for all z € X.

(4.6) THEOREM. Suppose that F : [ag,a1] x R" x R" — K(R") is a
Carathéodory multifunction such that the hypotheses (H1)—(H3) are satisfied
and let A : R*™ — O(n) and B : R*™ — GL(n) be continuous maps having
the property (P). Then the boundary value problem

y" € F(t,y,y') for a.e. t€ |ag,ai],
(10) (o) = A@)ylan).
y'(ao) = B(y)y'(a1),
where § = (y(ao),y'(ao),y(a1),y' (a1)) € R, has at least one solution in
H?([ag, a1]; R™).
Proof. Since the space R*" is contractible, there exists a homotopy
h : R4 x [0,1] — R*" between the identity map and a constant map, say
ho = 79 € R* and h; = 1Id : R* — R*". Denote by A, B : R*" x [0,1] —
GL(n) the composed maps A = Aoh and B = Boh. It is clear that A and
B still have the property (P), and Ay := A(-,\) and B, := B(-,\) are two
homotopies such that
AOEA(LIZQ), B()EB(CC()), A1:A, BlzB
We consider the diagram
¢ L L2xR"xR"
N
H2

where

C :=C([ag,a1];R™ x R™),

H2 = Hz([ao, al];R”),

L? := L*([ag, a1]; R™),

Iu,v) ={w e L? :w(t) € Fe(t,u(t),v(t)) a.e.}

x {A(w)u(ar)} x {B(w)v(a1)},

Fe(t,u,v):F(t,u,v)—eu, w:(u,v),

w = (u aO)? 'U(ao), u(al)ﬂ U(al))a
) = (u, '), Lu= (u" —eu,ulap), v (ap)) .

The operator Lis a continuous, linear and one-to-one map of H 2 onto
L? x R™ x R™ and thus it has a continuous inverse map L~'. The problem
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(10) is equivalent to the fixed point problem
(w,v) €joL ' o(u,v), (u,v)eC.
We define a multivalued homotopy H : C x [0,1] — C by H(w,\) = jo
L=t o I\(w), w = (u,v) € C, X € 0,1], where
Iy(w) = T (u,v) = {w € L? : w(t) € AF.(t,u(t),v(t)) a.e.}
x {Ax(w)u(ar)} x {Ba(w)v(ar)}-

H is a well defined multivalued homotopy such that H € C, and if w €
H(w, \) then w = (u,u') and u satisfies the differential inclusion

u" —eu € MF(t,u(t),u(t) —eu} for ae.t € [ag,a1],
(10x) u(ag) = Ax(w)u(as),

u'(ag) = By(u)u'(a1), A e€0,1].
Observe that for A = 0, H(w,0) = jo L™! o I'y(w) = {0}, since the equation
v’ — eu = 0 with the boundary conditions u(ag) = A(zg)u(ar), v'(ag) =
B(xg)u'(a1) has only the trivial solution. Therefore, the constant map Ho|z
is essential in Cc(U;0U) for every neighborhood U of zero in C, and it is

sufficient, by (2.2), to prove that there exists a constant M < oo such that
for any solution y(t) to the inclusion (10,) we have

(,9") € U = {(u,v) : [[(w,v)|| < M}
Exactly in the same way as in the proof of (4.3) we observe that it is enough
to show that if r(t) = ||y(t)||? achieves its maximum at tq = a;, i = 0 or 1,
then r(tg) < R%. First we notice that
r(ao) = y(ao) - y(ao) = Axy(ar) - Axy(ar)
=y(a1)- ﬁfﬁxy(al) =y(a1) -y(a1) = r(a1),
where Ay := A5 (7). Hence, r(ag) = r(a;) = maxr(t), and thus ' (ag) < 0
r’(ay). Since Ay and B) have the property (P) and ’(ag) = 2y(ao)-y'(ao)
0, it follows that
0 < 7'(a1) = 2y(a1) - ¥'(a1) = 245 y(ao) - By "y (ao)
= 2y(ao) - A B3y (a0) <0

and we have r’(a;) = 0. We can now apply Lemma (4.1) to obtain the a
priori bound ||y(t)|| < R and the result follows. m

Suppose that G; : R** — R", i = 0, 1, are continuous functions satisfying
one of the conditions (N1)-(N3), and A : R*" — O(n) and B : R** — GL(n)
are continuous maps having the property (P). By A we denote one of the
boundary conditions (I)-(V) or

Gi(y(ao),y'(ao),y(a1),y'(a1)) =0, i=0,1,
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or

y(ao) = A[@)y(ar), ¥'(ao) = B(y)y'(ar).
Then we have the following corollary:

(4.7) COROLLARY. Let f : [ag,a1] x R™ x R™ — R™ be a Carathéodory
function. Suppose that there are nonnegative constants «, k, R and a func-
tion ¢ : [0,00) — (0,00) such that the following conditions are satisfied:

(a) If [|lyo|l > R and yo -y, = 0 then there is a 6 > 0 such that
essinf inf{y - f(t,y,y') +ly'|I* : (y,9) € D5} >0,

t€laog,a1]
where Ds := {(y.4') < |y = yoll + Ily" — yoll < 3}-
(b) 5/¢(s) € Lig.[0,00), [y~ (s/¢(s)) ds = o0 and [|f(t,y,y")Il < &(|ly'[])
for a.e. t € [ag,a1] and all (y,y') € D :={(z,2’) : ||z|| < R}.
() Ity )l < 2a(y - f(t,y,9") + 1Y11?) + K for a.e. t € [ag, a1] and
all (y,y') € D.

Then the boundary value problem

y' = f(t,y,y') fora.e. te€ ag,ai],
yeA,

has at least one solution y(t) in H?([ag, a1]; R™).

The previous results may be further extended by introducing the gen-
eralized height function (cf. [12]) that replaces the usual euclidean norm in
the space R™.

Suppose that there is given a function ¥ : R™ — R of class C? such that
¥ is convex and coercive, i.e. ¥(x) — oo as ||z|| — oo. This implies that
for every R € R the set ¥~1(—oco, R] is bounded and we can put £(R) :=
sup{|ly|| : v € (00, R]}. We will call the function ¥ a height function.

Now, let us introduce the following modified version of the hypotheses
(H1)-(H3):

(A1)  There exists a constant R > 0 such that if ¥(a), ¥(b) < R and if
W (zg) > R then for every z{, € R" such that D¥(xg) - z{, = 0 there
exists a 0 > 0 such that

s inf] inf{Dw(x) - w + D*Y(z)2’ -2’ - w € F(t,z, '),
te ap,aq
(x,2') € Ds} >0,
where Ds := {(x,2") € R*" : ||xg — || + ||z — 2'|| < &}
(A2) There is a function ¢ : [0,00) — (0,00) such that s/¢(s)

€ Lis.[0,00), [y (s/d(s))ds = oo and [[F(t,y,5)]| < ¢(lly']]) for
a.e. t € [ag,a1] and all (y,y') € D :={(z,2') : ||z|| < &(R)}.
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(A3)  There exist constants K, o > 0 such that
IF (g ) < 2a(y - w + ||y [I°) + K
for a.e. t € [ag,a1] and all (y,y’) € D, w € F(t,y,y).

It is very easy to construct examples, even in the case of single-valued
mappings, that satisfy the conditions (A1), (A2) and (A3) for some height
function ¥, but do not satisfy the condition (H1).

The following two conditions are modifications of the conditions (N1)
and (N2). Assume that G; : R¥ — R"™ 4 = 0,1, are continuous functions
such that for a fixed function G;, ¢ = 0, 1, one of the following conditions is
satisfied:

(M1)  (=1)iDW(u;) - [ui — Gyi(ug, uh,ur,u})] > 0, i = 0,1 for all ug,uf,
uy, uy € R™.
(M2)  There exists a constant M < &(R) such that
(=1)'D¥[u; — Gi(ug, up, uy,uh)] -us >0, i=0,1,

for all ug,ul, ur,u) € R™ and u; # AMu — G;(uo, uj), ui,up)] for all

A € (0,1] and wp, uf, u; € R™ such that |lu;|| > M, i=0,1.
Now we can state the following result which generalizes Theorem (4.3).
(4.8) THEOREM. Suppose that F : [ag,a1] X R" x R" — KC(R") is a
Carathéodory multifunction such that the hypotheses (A1)—(A3) are satisfied
and suppose that G; : R —R"™ i = 0,1, are continuous functions satisfying

one of the conditions (M1) or (M2). Then the nonlinear boundary value
problem

(11) {y”(t) € F(t,y(t),y' (t)) for a.e.t€ |ag,ai],
Gi(y(ao),y'(ao),y(a1),y'(a1)) =0, i=0,1,

has at least one solution in H?([ag, a1]; R™).

Proof. First, we consider the case where G;, i = 0, 1, satisfy the con-
dition (M1). Let us introduce the following family of nonlinear boundary
conditions:

y'(a0) = Aly'(a0) = Go(y(ao),y'(a0), y(a1), 4’ (a1))]
=: Ago(y(a0), ' (a0), y(a1), ' (a1)) = Ago(¥) ,
y'(a1) = Aly'(a1) — ((ao)y(ao) y(a1),y'(a1))]
=: Ag1(y(ao), ¥’ (a0), y(ar),y'(a1)) = Ag1(¥) ,

where A\ € [0,1] and § = (y(aop), vy’ (ag),y(al),y (a1)).

Using the topological transversality method, in a standard way we con-
clude that in order to prove the existence result for (11) it is sufficient to find
a priori bounds on solutions (with respect to the C'-norm) for the family
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of differential inclusions

(11,) {y” —ey € ME(t,y(t),y'()) —ey(t)}  for ae. t € ag, ar,
y’(ao) = AgO(?)? y/(al) = Agl(@)? =01, Xe [07 1]7
where € > 0 is chosen to be a sufficiently small number. Suppose then that
y(t) is a solution to (11)). We can assume that A € (0,1]. Consider the
function (t) := ¥(y(t)). If v(¢t) achieves its maximum at ¢ € (ag,a1), then
exactly as in the proof of Theorem (3.4) in [12], the hypothesis (A1) will
imply that ¥(y(t)) < R and thus ||y(¢)|| < &{(R). We have to emphasize that
in that proof the only one essential point was that v'(tg) = 0. Therefore,
if we can show that if v(t9) = max¥(y(t)) then +'(t9) = 0, the conclusion
lly(®)|| < &(R) will follow.
Suppose now that () achieves its maximum at ag. We have

0 > 9'(ao) = D¥(y(ao)) - y'(ao)
= D¥(y(ao)) - Aly'(ao) — Gi(y(ao), ¥ (ao), y(ar),y'(a1))] > 0.
Thus 7' (ag) = 0. In a similar way we deduce that if tg = a; then +/(ay) = 0.
Therefore the hypothesis (A1) implies that ||y(¢)|| < {(R). The hypotheses
(A2), (A3) give the a priori bounds ||y’ (¢)|| < Mi, and the result follows.

Consider now the case where the functions Gy, G; satisfy the condition
(N2). In this case we consider the family of differential inclusions

y' —ey e MF(t,y(t),y'(t) —ey(t)} forae. t € [aog,ai],
(123) y(ao) = ho(y),
y(al) = hl(g)a S [Oa 1]7

where h;(ug, ul, ur,uy) = u; — Gi(ug,uj, ur,uy). For X\ = 0, the system
(12)) becomes

(120) { y'(t) —ey(t) =0 for ae. t € ag, a1],

y(ao) = ho(y), wyla1) =hi(y).

Now, we introduce the family of problems

{ y'(t) — ey(t) =0,

(133) y(ao) = Mho(@),  yla) = Nu(@), Ae 0,1,

where
i (wo, uh, ug,uw)) = u; — Gi(ug, uh, u, ul).

For A = 0, the system (13p) can be reformulated as a fixed point problem
involving a constant map, thus the topological transversality implies that in
order to obtain the existence result for (11) it is sufficient to find a priori
bounds on solutions to (12)) and (13)) (with respect to the Cj-norm).

In the same way as in the previous case it is sufficient to show that if
the function ~(t) = ¥(y(t)), where y(t) is a solution to (12y), achieves its
maximum at an end-point to of the interval [ag,a1], then 4/(tg) = 0. This
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will imply, by (A1), that [|y(¢)|| < £(R). Suppose, for example, that to = ao.
Then

0 > +/(a0) = D¥(y(ao)) - ¥'(a0) = D¥[y(ao) — Go(¥)] - y'(a0)] = 0.

Thus «v/(ag) = 0. For tg = a1, we see exactly in the same way that 7/(a1) = 0.
Now, we have to show that if y(¢) is a solution to (13y) then |y(t)| <
¢(R). But this follows from the hypothesis (A1) and the assumption (M2).
Now, the hypotheses (A2) and (A3) imply the existence of a priori bounds
lly'(t)]] < M; on all solutions to (12)) and (13y). Therefore, there exists a
solution to (11) in the class H?([ag, a1]; R"). =

(4.9) DErFINITION. We say that two matrices A € O(n) and B €
GL(n,R) have the property (P') if u-v < 0 implies u - A=* B~y < 0 for all
u,v € R". If A: X — O(n) and B : X — GL(n,R) are two maps, then we
say that A and B have the property (P’) if A(x) and B(x) have (P’) for all
zecX.

Moreover, we will say that A is Y-invariant if U(A(x)y) = ¥(y) for all
r € X and y € R™.

(4.10) THEOREM. Suppose that F : [ag,a1] x R" x R™ — K(R"™) is a
Carathéodory multifunction such that the hypotheses (A1)—(A3) are satisfied
and let A : R — O(n) and B : R — GL(n,R) be continuous maps
having the property (P’) such that A is W-invariant. Then the boundary
value problem

y" € F(t,y,y') for a.e. t € |ag,ai],
(14) y(ao) = A@))y(al),
Yy

Yy
where § = (y(ao),y'(ag),y(a1),y' (a1)) € R, has at least one solution in
HQ([ao,al];]R”).

Proof. Suppose that h : R x [0,1] — R*" is a deformation of the
identity map to a constant map, say ho = xo and h; = Id : R4 — R*",
Define A, B : R*" x [0,1] = R* by A= Aoh, B= Boh. It is clear that
A and B still have the property (P"). Put

Ay = A()), By:=DB(\), Ag:=A(x), Bo:= B(xo).
We now consider the family of differential inclusions

Yy —ey e MF(t,y(t),y' (t)) —ey(t)} for a.e. t € [ag,a1],
(145) y(ao) = Ax(y)y(ar),
y'(ap) = BA(¥)y'(a1), where A € [0, 1].

Suppose that y(t) is a solution to (14y). It is enough to show that if v(¢) =
WU(y(t)) achieves its maximum at to = ag or aj then y(tg) = ~(a1) and
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~'(a1) = 0. Observe first that
Yao) = P(y(as)) = TANGIy(ar)) = P(y(ar)) = (as).

If (t) achieves its maximum at tg = ag or a; then

0 < v'(a1) = D¥(y(a1)) -y (a1) = DY (AL (§)y(ao)) - By (§)y' (ao)
= AX(7)D¥(y(ao)) - B )y (a0) = D¥(y(ao)) - Ax(7)B5 ' )y (o).
But 0 > +'(ag) = D¥(y(ao)) - ¥'(ap), thus the property (P’) implies that
"(a1) <0, therefore v/ (a;) =0. =

85. Other results for nonlinear differential inclusions. Let F :
[ag, a1] xR™xR™ — K(R™) be a Carathéodory multifunction. In this section
we consider the differential inclusion

(1) y' € F(t,y,y') forae.t € [ag,ai]

and we investigate the following problem: under what conditions will there
exist a solution y(t) to (), satisfying certain boundary conditions, which
remains in
P={(t,x) a0 <t<ay, x-Pt)r<r?},

where r > 0 is a given real number and P(t) is a given symmetric positive
definite n x n-matrix which is elementwise of class C? on [ag, a1].

Problems of this type for differential systems have been considered by
many authors, for example see [31], [33], [11] or [14]. For the Dirichlet
problem Knobloch (cf. [31]) showed the existence and uniqueness results
under certain positivity assumptions (see also [11]). In [14] some further
existence results for such systems were obtained.

We introduce the following sets of boundary conditions:

(Br) y(ao) =0, y(a1) =0,
Bu)  ylao) = Qy(a1), y'(a0) = Qy'(a1), where we suppose that Q is
an n X n-matrix satisfying

Q" P(ag)Q = P(a;) and Q"P'(ag)Q > P'(a1),

ag) =0, y(ao) = Ay'(ao),

v)a  ¥'(a0) =0, y(ar) = By'(ar) if P'(ao) =0,
Bv)r  y'(a1) =0, ylao) = Ay'(ao) if P'(a1) <0,
where A and B are two n X n-matrices satisfying

P(ag)A+ ATP'(ag)A >0 and 2P(a;)B+ BTP'(a;)B <0.
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Define

alt,z,2') := 22" - P(t)2' + 42’ - P'(t)x +x - P"(t)x,

B(t,x,x") = 22" - P(t)x +x - P'(t)z,
where t € [ag,a1], z,2' € R". Observe that for a fixed ¢ € [ag, a;], the
functions «(t, -, -) and f3(t, -, ) are quadratic forms on the phase space R™ x
R™. We shall make the following assumption:
(PO) a(t,z,z') >0 forall t € [ag,a1], x, 2’ € R".

Notice that in the special case where the matrix P(z) satisfies the com-
mutativity conditions

P(t)P'(t) = P'(t)P(t) and P(t)P"(t) = P"(t)P(t) for allt € [ag,a],
the condition (PO0) is equivalent to
(PO’) P(t)P"(t) —2[P'(t)}* >0, P"(t)>0 foralltc [ag,ai].
Therefore, if the matrix P(t) is diagonal, i.e.
p1(t) 0
0 Pn(t)
then (P0) can be replaced by the following assumptions:
(ii) pi’(t) > 0,
(1) pi (£)p () = 2[p;(1)]* = 0,
for all t € [ag,a1], where i =1,...,n.
Now we shall state some hypotheses, which are the modified versions of

the hypotheses (H1)-(H3), on the multifunction F' : [ag,a1] x R® x R" —

K(R™):

(P1)  If yo - P(to)yo = r* and B(to,yo,ys) = 0 then there exists a § > 0
and an open neighborhood V of ¢y in [ag, a;] such that

ess inf inf{2w - P(t)y +a(t,y.y') s w € F(t.y.y), (y,9') € Ds} >0,

where Ds := {(y,4') : ly — ol + Iy — woll < 0}
(P2)  There is a function ¢ : [0,00) — (0,00) such that s/¢(s) €
L35.10,00), 5 (5/0(5)) ds = o0 and |F(t,y,4)]| < 6(J/|}) for a.e.

loc

t € lap,a1] and all (y,y') € D = {(x,2') : ||z|| < R}, where
R =sup{|lyl : (t,y) € P}.
(P3)  There exist constants K, a > 0 such that
IF(t,y, )| < 2a(y - w+ |ly'|1?) + K
for a.e. t € [ag,a1], all (y,y') € D and w € F(t,y,y').
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(5.1) THEOREM. Suppose that F : [ag,a1] X R" x R" — IC(R"™) is a
Carathéodory multifunction such that P(t) and F satisfy the hypotheses
(P0)—(P3). Then the differential inclusion

(15) y' € F(t,y,y') for a.e. t € [ag,a]

for each of the boundary conditions (Br)—(Bv) has at least one solution
y € H?([ag, a1];R™) satisfying
y(t) - Pt)y(t) < 2.
Proof. Notice that for € > 0 sufficiently small, the operator Ly =
y" — ey defined on the space H% , where By denotes one of the sets of

boundary conditions (Br)—(By ), satisfies the assumption (A1). Observe also
that we can choose € > 0 such that

* sds  TM,
545 Lt 2aR?,

2
23
where K := K + ¢R, M, := 4R(1 + aR)/T + KT/4, T = a; — ao, and
#(s) = ¢(s) + eR. We can apply Lemma (4.2) to obtain the existence of

a constant My (depending only on a, R, K, € and ¢(s)) such that every
solution y(t) to the differential inclusion

(154) {y” —ey € MF(t,y,y) — ey},

y € Bo,
satisfying y(t) - P(t)y(t) < r2, satisfies ||y/||o < Mo. We put
U :={(u,v) € C:u(t)- P(t)u(t) < r? and ||v(t)| < Moy}
We shall apply Theorem (3.3). We need to show that there is no solution
y(t) to the differential inclusion (15)) such that (y,y’) € U, where \ €
(0,1). Set h(t) = y(t) - P(t)y(t). Then (y,y’) € OU implies that there is
a point tg € [ag,a;] such that h(tg) = r? = maxh(t). Suppose first that
to = a;, i =0 or 1. Since the case y € (Bj) is excluded, we have to consider

only the following cases:
Case y € (By): In this case we have

h(ao) = y(ao) - P(ao)y(ao) = Qy(ar) - Pao)Qy(a1)
= y(a1) - Q" P(ao)Qy(a1) = y(ar) - Plar)y ( ) h(ai),
thus h(ag) = h(a1) = max h(t), and hence h'(ag) <
K (ao) = 2y'(ao) - Pao)y(ao) + y(ao) ‘P,(ao)y(ao)
=2y (a1) - QT P(ag)Qy(a1) + y(a1) - QT P'(a0)Qy(ar)
> 2y'(a1) - P(a1)y(a1) +y(a1) - P'(a1)y(a1) = h'(a1)
and thus h/(ag) = h'(a1) = 0.
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Case y € (Byr): We see that if tg = ag, then h'(ag) < 0 and since

h'(ao) = 2y'(ao) - P(ao)y(ao) + y(ao) - P'(ao)y(ao)
= 2y'(ao) - P(a0)Ay'(ao) +y'(a0) - AT P'(a0) Ay (ao)
=4/ (ag) - [2P(ag)A + AT P'(ag) Aly' (ag) > 0
we have h/(ap) = 0. Similarly, if ¢y = a; we find that h'(a;) = 0.

Cases y € (Bry) or (By) are analogous to (Birr). We conclude that if
to = ag or ay, then h/(ty) = 0.

Consider now h”(tg) = 2y"(to) - P(to)y(to) + a(to, y(to),y (to)), where
h(tp) = maxh(t) =r, ty € [ap,a1]. We already know that 5(to, y(to), v (to))
= h/(ty) = 0, thus by the assumption (P1) there are 6 > 0 and an open
neighborhood V' of tg in [ag, a1] such that

essinfinf{2w - P(t)y + a(t,y,y') : w € F(t,9,9), (v,y') € Ds} > 0.
(S

Since y(t) satisfies (15y), we have
y"(t) € \F(t,y,y') + (1 —Ney  for a.e. t € [ag, a1]

and if we define w(t) by y”(t) = Aw(t) + (1 — N)ey(t), then w(t) € F(t,y,y’)
and

h'(t) = 2xw(t) - P(H)y(t) + 2(1 = Ney(t) - P()y(t) + alt, y (1), y' (1))

> Muw(t) - P)y(t) + alt,y(t),y' (1)}
But if ¢ is sufficiently close to tg, then ||y(t) — y(to)|| + ||v'(¢) — ¥’ (to)|| < &
and this implies that there is an open neighborhood Vi C V of ty such that
R"(t) > M2w(t) - P(t)y(t) + a(t,y(t),y' (t))} >0 for ae. t € V.

But this is impossible by the maximum principle (see [2]), and hence we
have a contradiction. m

(5.2) COROLLARY. Let r > 0 and let f : [ag,a1] x R™ x R — R™ be
a continuous function. Suppose that there are monnegative constants a, K
and a function ¢ : [0,00) — (0,00) such that

(a) 2f(t,y,v')- P(t)y+alt,y,y') > 0 if B(t,y,y') =0 and y- P(t)y = r>.
(b) 5/(s) € Li%,[0,00), [y (s/d(s))ds = oo and || f(t,y, )|l < o(|l¥']])
for (y,y') € D= {(z,2") : |lz[| < R}, where R = sup{|ly| : (t,y) € P}.

(©) Ifty. 9l < 2a(y - f(t,y,9") + IVII°) + K for (y,y') € D and
t € [ao, a1].

Then the equation

y' = f(t,y,y"), tE€lag,ail,



BVPs for differential inclusions 219

for each of the boundary conditions (Br)—(By) has at least one solution y(t)
in C?([ao, a1]; R™) satisfying

y(t) - P(t)y(t) <r*.
(5.3) COROLLARY. Let r > 0 and let f : [0,1] x R" x R" — R"™ be a
Carathéodory function. Suppose that there are nonnegative constants a, K
and a function ¢ : [0,00) — (0,00) such that:

(a) If yo - P(to)yo = r? and B(to, yo,yl) = 0 then there exist a § > 0 and
an open neighborhood V' of ty in [ag, a1] such that

ess inf inf{2f(t,y,y") - P(t)y + a(t,y,y') : (y,y') € Ds} >0,

where Dy = {(y,y') = |y = yoll + [ly" —woll <}

(b) s/8(s) € L5.[0,00), [y~ (s/0(s)) ds = oo and || f(t,y,4)I| < &([ly'[])
for a.e. t € [ag,a1] and all (y,y’) € D := {(z,2') € R* x R" : ||z]| < R},
where R = sup{||y| : (¢,y) € P}.

(©) [1fty, 9l < 2a(y - f(t,5.9) + |Y'II°) + K for a.e. t € [ag, a1] and
all (y,y') € D.

Then the equation

y' = f(t,y,y') for a.e. t € [ag,ai]

for each of the boundary conditions (Br)—(By) has at least one solution y(t)
in H?([ag, a1]; R™) satisfying

y(t) - P(t)y(t) <r?.

§6. Differential inclusions on the interval [0,00). In this section
we discuss boundary value problems for differential inclusions on the interval
[0, 00). Such problems have been discussed in [23], [24] and [17] for the scalar
case. We refer also to [6], [7], and [39].

Let F : [0,00) x R™ x R” — IC(R™) be a multifunction. We say that F' is
a Carathéodory multifunction if F|y . is a Carathéodory multifunction for
all > 0. In this section we study the problem of existence of solution to
the differential inclusion

y" € F(t,y,y') fora.e. te|0,00),

where F' is a Carathéodory multifunction and y satisfies a certain boundary
condition (A). More precisely, (A) denotes the set of all functions satisfying
one of the following boundary conditions:

(C)  y(0)=r

(Cu)  Ay(0) — By'(0) = r, where A and B are symmetric nonnegative
definite n x n-matrices such that if » = 0 then at least one of these
matrices is nonsingular, otherwise both are nonsingular.



220 L. H. Erbe and W. Krawcewicz

(Cir)  G(y(0),y'(0)) = 0, where G : R™ x R" — R" is a continuous
function which satisfies either (N1) or (N3) for ¢ = 0, where ag = 0.
(Crv)  ¥'(0)=0.
(Cv)  G(y(0),y'(0)) = 0, where G : R x R® — R" is a continuous
function which satisfies (N2) for i = 0, where ay = 0.
Note that (Cy) is a special case of (Cyyr), and (Cry) is a special case of
(Cv). Moreover, we can replace r by any bounded function r(ug,ug). In

order to use the results of the previous sections we need some assumptions
on the multifunction F'.

(I1)  There exists a constant R > 0 such that if ||yo|| > R and yo -y, =0
then for all compact subsets [0,7] C [0,00), 7 > 0, there is a 6 > 0
such that

essinfinf(y-w+ /| s w € F(t..3/). (0.9') € Ds} >0,
te|0,r

where Ds := {(y,') : [ly — woll + [ly" — woll < 6}

(I2)  There exists a function ¢ : [0,00) — [0,00) such that s/¢(s) €
Lis.[0,00), [;" (s/(s))ds = oo and [|F(t,y,y")l| < o(|ly']]) for a.e.
t € ]0,00) for all (y,y') € R™ x R™.

(I3)  There exist constants a and k such that |F(¢,y,vy")| < 2a(y - w +
lv']]?) + k for a.e. t € [0,00) and for all (y,y') € R* and w €
F(t,y,y).

We would like to emphasize that if we suppose that ||r|| < R in (C;) and

I B~ |A=1B|| ||r|| < Rin (Cy1) then in the assumption (I2) (resp. (I3)) the

inequality || F(t,y,5')| < &([y'l]) (resp. | F(t,y, )| < 2a(y-w+|y'||*) +k)

can be assumed to be satisfied only for (y,vy’) € D := {(z,2') : ||z| < R}.

(6.1) THEOREM. Suppose that F : [0,00) x R" x R" — K(R") is a

Carathéodory multifunction such that the hypotheses (I11)—(13) are satisfied.

Then the differential inclusion

y' € F(t,y,y') for a.e. t €0,00),
(16) {yeA,

has a solution y € HIZOC
y € W2°°([0,00); R™).

Proof. Consider the family of differential inclusions

(16,,) y' € F(t,y,y') fora.e.te[0,m],
" Yy € A,

([0,00),R™).  Moreover, if ¢ € Li3.[0,00), then

loc

where A, denotes the set of all functions satisfying either (Cy), (Cyr) or
(Crir) and the condition y(m) = 0, or (Cry) or (Cy) and the condition
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y'(m) = 0. We can suppose that there is an € > 0 such that the oper-
ators L,y = y” — ey, defined on H?([0,m];R"™), satisfy the assumption
(Al). Therefore, it follows from Theorem (4.3) and Corollary (4.4) that
(16,,) has a solution y,, € H?([0,m];R"™). Moreover, we find that for all
m € N the sequence {ym1x}5, restricted to the space H2([0,m]; R"™) is
bounded and thus it contains a subsequence convergent in C'-norm. Us-
ing a “diagonal method” of choosing successively convergent subsequences
of {Ymiktr in CLH([0,m];R™), as m — oo, we construct a subsequence
{Ym@) }e of {ym}m such that there is a C'-function y : [0,00) — R™ such
that Ym)lo,m) — ¥ljo,m) in Ci-norm for all m € N. We have to show
that for all m € N, yljg,» € H?([0,m];R") and that y satisfies (16). Set
Cm := C([0,m]; R™ x R"), L2, := L?([0,m];R") and H2, := H?([0,m];R")
and consider the diagram

Cp ™ L2 xR xR"

N TL

H2

where
To(u,v) = {w € L2, : w(t) € Fo(t,u,v) a.e.} x {g(u,v)} x {wn,(u,v)},
F.(t,u,v) = F(t,u,v) —eu, wpy(u,v) =u(m) or v(m),
Lypu = (u" — eu,wo(u,u’), wy(u,u)),
and wo(u,v) = g(u,v) denotes the condition (A), where wy(u,v) = u(0) or

v(0) (see the proof of (4.3) for more details). The function u € H?([0, m]; R™)
satisfies (16) if and only if

(w,u') € jo L, o Dy (u,u) =: Frnlu, ).

By the assumption on F', we see that F,, : C,, — C,, is a completely
continuous and also upper semi-continuous multivalued map. Therefore, for
all closed subsets A C C,, the set F,,1(A) = {w € Cy, : Frn(w) N A # 0},
w = (u,v), is closed. Take

It is clear that (Ym(k): Yuy) € Fi' (A), thus (y,9') € F'(A) and this
means that F,(y,y’) N A # 0. We shall show that (y,vy’) € Fn(y,v).
Suppose for contradiction that (y,vy’) € Fmn(y,y’). Thus there exists a sub-

sequence {(ym(kl),y;n(kl))} such that (ym(kl),y;l(kl)) € Fm(y,y') for I =
1,2,... Since F,(y,y") is compact and (ym(kl),y;n(kl)) — (y,vy'), we find

that (y,y’) € Fin(y,y’) and this is a contradiction. Therefore we have proved
that (y,y') € joL oI, (y,y") and this implies that y € H?([0,m]; R™) for



222 L. H. Erbe and W. Krawcewicz

all m € N and

Yy’ € F(t,y,y") forae. t€0,00),
ye A.

Therefore y satisfies (19) and y € HZ ([0, 00); R™). It is left to prove that if
¢ € Li[0,00) then y € W([0, 00); R™). Since ||F(t,y,5)| < o([ly']]) we
have

ly" @O < olly’ (B)]]) < esssup{e(s) : s € [0, [[y"llo]} < o0
and this proves that y € W2°°([0,0); R"). m

(6.2) COROLLARY. Suppose that f : [0,00) x R™ x R" — R™ is a con-
tinuous function and let a, k, R be nonnegative constants and ¢ : [0,00) —
(0,00) a function such that:

(a) Ify-y' =0 and |ly| > R then y - f(t,y,y') + [y’ > 0 for all
t €10,00).

(b) s/8(s) € Li5.[0,00), [y~ (s/¢(s)) ds = oo and || f(t,y,4)I| < &([ly'[])
for a.e. t € [0,00) and all (y,y") € R?*".

(©) If(ty, ")l < 2a(y - £ty 9) + Y1) + & for all t € [0,00) and all
(y,y') € R?".

Then the problem

yeA,
has at least one solution y(t) in W2>°(]0, 00); R™) N C2(]0, 00); R™).
(6.3) COROLLARY. Let f :[0,00) Xx R" x R" — R" be a Carathéodory
function. Suppose that there are nonnegative constants a, k, R and a func-
tion ¢ : [0,00) — (0,00) such that:

(a) If |lyol| > R and yo-y{, = 0 then for all compact subsets [0, r] C [0, 00),
r > 0, there is a § > 0 such that
essinfinf{y - £(t,y,4') + I1y'II” : (v, 9') € Ds} >0,
where Ds = {(y,y) : lly = ol + Iy ~ vl < &}
(b) s/(s) € Li.[0,00), [y (s/8(s)) ds = oo and || f(t,y,5/)Il < &(Ily'l])
for a.e. t € [0,00) and all (y,y") € R*™.

() IF @ty )l < 2aly - £y, y") + W N17) + F for all (y,y') € R*™ and
for a.e. t € [0,00).

{y” € F(t,y,y), tel0,00),

Then the problem

y" e f(t,y,y') forae te|0,00),
yeA,

has at least one solution y(t) in W2°°([0, 00); R™).
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Let us now consider the symmetric positive definite n x n-matrix P(t)
which is elementwise of class C? on [0,00). Let 7 > 0 be a given real number.
We put (as in §5)
a(t,z,2') := 22" - P(t)2' + 42’ - P'(t)x +x - P"(t)x,
Bt,z, ') :=2x" - P(t)x +x- P'(t)x

and we suppose that the following condition is satisfied:

(PO)  «a(t,z,a’) >0 for all t € [0,00), x,2" € R™.

Let F': [0,00)xR™ x R® — IC(R™) be a Carathéodory multifunction such
that the following hypotheses are satisfied:

(P1Y Tfyo - Plto)yo = 1 and f(to,yo.yp) = 0 then there is a & > 0 and
an open neighborhood V of ¢ in [0, c0) such that

essinfinf{2w- P(t)y +a(t,y,y) : w € F(t,y,4), (4,9') € Ds} >0,
<

where Ds == {(y, ') : ly = woll + ly" — woll <0}

(P2)"  There is a function ¢ : [0, 00) — (0, 00) such that s/¢(s) € LS. [0, 00),
Jo~ (s/¢(s)) ds = oo and ||F(t,y,y)| < o(||y']]) for ae. t € [0,00)
and all (y,vy') € D := {(z,2") : ||z|]| < R}, where R = sup{||y|| :
y-P(t)y <r? te0,00)}.

(P3)" There exist constants k, a > 0 such that [|F(t,y,vy")| < 2a(y - w +
|/ ||1?) + k for a.e. t € [0,00), all (y,y') € D and w € F(t,y,y').

(6.4) THEOREM. Suppose that F : [0,00) x R" x R" — K(R") is a
Carathéodory multifunction such that P(t) and F satisfy the hypotheses
(P0)'—(P3)’. Then the differential inclusion

(17) {y” € F(t,y,y') forae tel0,00),
y(0) = Ay'(0),
where A is an n x n-matriz satisfying 2P(0)A+ AT P'(0)A > 0, has at least
one solution y € HZ _([0,00); R™) satisfying
y(t) - P(t)y(t) <r?.
Proof. Consider the family of differential inclusions
{y” € F(t,y,y') fora.e.te[0,m],
y(0) = Ay'(0), y(m) =0.
It follows from Theorem (5.1) that (17,,) has a solution y,, € H?([0, m]; R™)
such that yp,(t) - P(t)ym(t) < r? and the sequence {ymix}5, restricted
to the space H?([0,m];R™) is bounded in H?-norm. Therefore, it con-

tains a subsequence which is convergent in C'-norm. Using the “diagonal
method” of choosing successively convergent subsequences of {y,,tr}x in

(17m)
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CL([0,m];R™), as m — oo, we construct a subsequence {Ym@) tr of {¥m}m
such that there is a C'-function y : [0,00] — R™ such that ¥, ljo,m) —
Ylj0,m) in C'-norm for all m € N, and y(t)- P(t)y(t) < r?. We show exactly in
the same way as in the proof of Theorem (6.1) that ylo ) € H*([0,m]; R™)
and that y satisfies (17). m

(6.5) COROLLARY. Suppose that F : [0,00) x R™ x R" — K(R") is
a Carathéodory multifunction such that P(t) and F satisfy the hypotheses

(P0)'~(P3)" and suppose that lim;_ .o, |P~Y/2(t)|| = 0. Then the differential
inclusion

{y" € F(t,y,y') forae. te0,00),

y(O) = Ay/(0)7 limy—, o0 y(t) =0,

where A is an n x n-matriz satisfying 2P(0)A + AT P'(0)A > 0, has at least
one solution y € HZ _([0,00); R™).

loc
(6.6) COROLLARY. Let

0 Pn(t)

be a diagonal matriz such that p;(t) > 0, p/(t) > 0 and p;(t)p (t) — 2[pi(t)]?
>0 fori=1,...,n and t € [0,00). Suppose that F : [0,00) x R” x R" —
K(R™) is a Carathéodory multifunction such that P(t) and F satisfy the
hypotheses (P1)—(P3)" and suppose that fori =1,...,k, lim;_ p;(t) = oo,
k <mn. Then the differential inclusion

y' € F(t,y,y') fora.e. t€|0,00),
y(0) = Ay’ (0), limyoy;i(t)=0,i=1,...,k,

where A satisfies 2P(0)A + AT P'(0)A > 0, has at least one solution y €
H;([0,00); R™).

loc
The authors are very grateful for the detailed comments of the referee
on an earlier version.
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