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TOPOLOGICAL ESSENTIALITY AND DIFFERENTIAL INCLUSIONS

LECH GORNIEWICZ AND MIROSLAW SLOSARSKI

In the present paper a concept of topological essentiality for a large class of multi-
valued mappings is introduced. This concept is strictly related to the Leray-
Schauder topological degree theory but is simpler and also more general. Applying
the above concept to boundary value problems for differential inclusion with both
upper semi-continuous and lower semi-continuous right hand sides, several new
results are obtained.

0. INTRODUCTION

The use of topological methods in the study of boundary value problems of dif-
ferential equations was, in fact, started by J. Leray and J.P. Schauder in 1933 in the
context of their mapping degree theory. The topological degree theory was extended
to the multivalued setting {4, 13, 15]. The approach presented in this paper does not
refer to the above theory but is rather based on an elementary notion of essentiality of
a map which, in the single valued case, was introduced by Granas in [9].

First we define the notion of essentiality for a large class of multivalued mappings.
This class, of the so-called admissible maps (see [6, 7]), contains, in particular upper
semi-continuous convex- or contractible or acyclic-valued maps. It is also closed with
respect to composition. Qur attitude is relatively simple since it relies only on the
Schauder Fized Point Property of compact admissible maps of absolute retracts.

In the last two sections, we discuss certain boundary value problems for functional
differential inclusions with upper or lower semi-continuous right-hand sides. Roughly
speaking, we translate a boundary value problem into a problem of essentiality of a
related multivalued map. Using the homotopy approach combined with the “a prior:
bounds” technique (introduced in 1912 by Bernstein — see for example [10] for details)
we obtain results that generalise those from for example [4, 5, 13, 15]. In our opinion
our methods are more effective although simpler.
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1. MULTIVALUED MAPPINGS

In this paper all topological spaces are assumed to be metric. Below we recall some
preliminary notions and results. For details we recommend [6).

A space X is called an absolute retract (written X € AR) if for each space Y and
for each homeomorphism A: X — Y such that A(X) is a closed subset of Y, the set
h(X) is a retract of Y'; that is, there exists a continuous map r: ¥ — h(X) such that
r(z) = z for any =z € h(X). Note that a convex subset of a normed space E is an
absolute retract.

In what follows by H we shall let H denote the Cech homology functor with
compact carriers and rational coefficients Q (see [6]). A non-empty space X is called
acyclic provided:

0 ifn>0
Q ifn=0.

Note that if X is a contractible space or, in particular, if X € AR, then X is an acyclic

H,(X)= {

space. A continuous mapping p: Z — X is called a Vietoris map if the following two
conditions are satisfied:
(i) for each z € X, the set p~!(z) is acyclic,
(ii) p is proper (that is, p~(K) is compact for any compact K C X).
Let X and Y be two spaces and assume that for every ¢ € X a non-empty closed
subset (X)) of Y is given. In such a case we say that ¢: X — Y is a maultivalued
mapping. For a multivalued mapping ¢: X —Y and a subset U C Y, we let:

e, {(U) = {z € X;9(z) CU},
and ¢~ U) = {= € X; p(2) NV £0}.

If, for every open U C Y the set ¢;}(U) (respectively ¢~} (U)) is open then ¢ is called
an upper (respectively lower) semi-continuous mapping; we shall write ¢ is u.s.c. (Ls.c.)
continuous. In what follows Greek letters ¢, ¥, £, 5, x are reserved for multivalued
mappings; singlevalued mappings will be denoted by Latin letters for example, f, ¢,
P, q, h, et cetera.
Some important properties of u.s.c. mappings with compact values are summarised
in the following:
PROPOSITION 1.1. (see (6] or [1]). Assume that p: X - Y and ¥:Y — Z
are u.s.c. mappings with compact values and p: Z — X is a Vietoris mapping. Then:
(1.1.1) for any compact A C X, the image p(A) = U{p(X);z € A} of the set
A under ¢ is a compact sei;
(1.1.2) the composition Yoy : X - Z, (Fop)z) = U{¥(y);y € ¢(z)}, is an
u.s.c. mapping;
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(1.1.3) the mapping ¢,: X — Z, given by the formula p,(z) = p~(z), is u.s.c..

A us.c. mapping ¢: X — Y is called compact provided there exists a compact
subset K C Y such that ¢(X) C K; ¢ is completely continuous if the restriction
of p to any bounded subset of X is a compact mapping. A (single-valued) mapping
f: X oY is called a selector of p: X — Y (written f C ¢) provided f(z) € ¢(z) for
everyz€ X. H X CY and ¢: X = Y, then a point z € X is called a fized point of
i provided z € p(z). We let

Fix (¢) = {z € X;z € p(2)}-

We shall say that two mappings ¢, 7: X — Y have a coincidence if there exists a point
z € X such p(z)Nn(z) #0.

Now we are going to define the notion of admissible mapping.

DEFINITION 1.2: (see [6]). A multivalued mapping ¢: X — Y is called admissible
provided there exists a space Z and two continuous mappings p: Z — X and ¢: Z - Y
such that the following conditions are satisfied:

(1.2.1) p is a Vietoris mapping,
(1.2.2) (z)=gq(p~'(z)) forany z € X.

It follows from (1.1.2) and (1.1.3) that any admissible mapping is u.s.c. and has
compact values. Following [6] we would like to point out that the class of admissible
mappings is quite large. Namely, it contains all u.s.c. mappings with acyclic com-
pact values and all compositions of such mappings. Below we summarise some useful
properties of admissible mappings. Let us start with the following;:

ProrPosiTION 1.3. ([6])) If ¢: X - Y and ¥:Y; — T are admissible, then
so is the composition ¥ o ¢: X — T (when Y = Y;) and the Cartesian product
ex¥:XxY, 2Y xT of p and ¥.

Let E be a normed space over the field R of reals. Let ¢, ¥: X — E be two
admissible mappings and let s: E — R be a continuous mapping. Then letting:

(p+9): X > E, (p+9)z)={u+v;u € ¢(z) and v € ¥(z)},
(b= ): X > B, (p-¥)(2)={u—viu€p(z)andve ¥a)}
(sp): X = B, (ap)(z) = {s(z)u;u € o(2)},
we have:

PROPOSITION 1.4. (see [6]). If ¢ and ¥ are admissible, then the mappings
(¢ + %), (¢ — %) and (sp) are admissible.

Finally, we formulate a version of the famous Schauder Fized Point Theorem for
admissible mappings (see [6]).
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THEOREM 1.5. If X € AR and ¢: X — X is an admissible compact mapping,
then Fix () # 0.

2. TOPOLOGICAL ESSENTIALITY

The notion of a topological essentiality (sometime called a topological transversal-
ity) in the single-valued case was introduced by Granas {9] and later studied by many
authors. This notion in the multivalued case was considered in [4] and [8]. In this
section we shall present an approach more general than given in [4] and [8]. Moreover
we study a larger class of multivalued mappings.

In what follows by E and F we shall denote real normed spaces. We shall assume
also that U is an open bounded subset of E. By §U we shall denote the boundary of
U in E and by clU its closure.

Let

Asu(U, F) = {¢: elU — F;p is admissible and 0 ¢ (8U)},
A°(U, F) = {¢: clU — F;p is admissible and compact},
A’(U, F) = {¢: clU — F;p € A%(U, F) and ¢(z) = {0} for all z € §U}.

We are now in a position to formulate the main notion of this section.

DEFINITION 2.1: (compare (11, 14]). A map ¢ € Asu(U, F) is called essential
provided that for every ¥ € A°(U, F) there exists a point z € U such that ¢(z) N

¥(z) £ 0.
Taking E = F and putting ¥(z) = {0} for any = € clU we get the notion of
essentiality as given in [9] (compare also [4, 8, 11, 14]). Let us enumerate several

properties.

2.2. (Existence). If ¢ € Asu(U, F) is an essential mapping, then there exists a
point = € U such that 0 € p(z).

Now, in view of (1.4), we deduce:

2.3. (Compact perturbation). If a mapping ¢ € Asu(U, F) is essential and
n € A°(U, F), then (¢ + ) € Asu(U, F) is an essential mapping.

We prove the following property:

2.4. (Coincidence). Assume that ¢ € Asy(U, F) is an essential mapping, n €
A¢(U, F) and

A = {z € clU;p(z) N (tn)(z) # 0, for somet € [0, 1]}.
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If ACU, then ¢ and 5 have a coincidence.
PROOF: First observe that the essentiality of ¢ implies that A is a non-empty set.
Hence A is a closed set and AN§U = 0.

Let s: clU — [0, 1] be an Uryshon function such that s(z) =1 for z € A and
s(z) =0 for z € §U. Then we can define a map x: clU — F by the formula

x(z) = s(z)n(z), for every z € clU.
In view of (1.4), we have x € A°(U, F) and, since ¢ is essential, we get:

e(20) N x(z0) = p(z0) N (s(z0)n(z0)) # 0

for some zo € U. This implies that zo € A and, hence, s(z¢) = 1; consequently zq is
a coincidence point of ¢ and 5 and the proof is completed. 0

A general example of an essential mapping is given in the following proposition:

2.5. (Normalisation). Assume that 0 ¢ U, clU € AR and i: clU — E,
i(z) = z, is the inclusion mapping. Then i is an essential mapping if and only if
0eU.

ProOF: Evidently, it suffices to show that 0 € U implies essentiality of 1. Let
¥ ¢ AU, E). We put:

A={z€clU;z € (t¥(z)), for some t € [0, 1]}.

Since 0 € A we infer that A is a closed non-empty subset of ¢clU and A C U. We
consider an Uryshon function s: E — [0, 1] such that s(z) =1 for z € A and s(z) =0
for ¢ ¢ U. Let r: E — clU be a retraction mapping. Consider a map x: E — E
defined as follows:

x(z) = s(z)¥(r(z))
for every z € E.

Applying the Schauder Fixed Point Theorem for the map x (see (1.5)) we get a
point z € E such that

z € x(z) = 8(z)¥(r(z)).
If z ¢ U, then s(z) =0 and z = 0 contrary to the fact that 0 € U. If z € U, then
we get z =i(z) € ¥(z) and the proof is completed. 0

2.6. (Localisation). Let ¢ € Asy(U, F) be an essential mapping. Assume fur-
ther that V is an open subset of U satisfying the following conditions:

(2.6.1) o YOV
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and
(2.6.2) clV € AR.
Then the restriction ¢~: V — F of p to V is an essential mapping.

PROOF: From (2.2) we deduce that the set ¢~ !([0]) is non-empty.
Let ¥~ € A%(V, F) and let A be a subset of clV defined as follows:

A={z € cdV;z € (p(z) N (t¥~(z))) # 0, for some t € [0, 1]}.

Then ¢~([0]) C A and again let s: clU — [0, 1] be an Uryshon function such that
s(z) =1 for z € A and s(z) = 0 for z ¢ V. Moreover, we fix a retraction r: clU —
clV. Now define a map x: ¢clU — F by the formula:

x(z) = 5(z)¥~(r(<))

for every = € clU.
Obviously ¥ € A°(U, F). Since ¢ is essential there is a point z € U such that
p(z) N ¥(z) # 0. It is easy to see that ¢ € V and this concludes the proof. 0

2.7. (Homotopy). Let ¢ € Ag(U,F) be an essential mapping.
If x: clU x [0,1] — F is a compact admissible mapping such that:
(2.7.1) x(z, 0) = [0] for every z € §U,
(2.7.2) {z € clU;p(z)Nx(z, t) # 0, for some t € [0,1]} C U, then (v — x(:, 1)) :
clU — F is an essential mapping.

PROOF: Let ¥ € A°(U, F). We let:
A={z €cdU;p(z)N (¥(z) + x(=, t)) # 0, for some t € [0, 1]}.

Since (¥ + x(+, 0)) € A°(U, F) and ¢ is essential we gather that A is a non-empty
closed subset of ¢lU contained in U. Now let s: ¢lU — [0, 1] be an Uryshon function
equal to 1 on A and 0 on 8§U. Assume that {: clU — F is a mapping defined as
follows: &(z) = ¥(z) + x(z, s(z)). Then ¢ € A°(U, F) and our assertion follows from
the essentiality of . 1]

We shall end this section by proving the following property.

2.8. (Continuation). Let ¢ € Asu(U, F) be an essential mapping. Assume that
¢ is proper, that is, p~(K) is compact for any compact K C F. Assume further
that x: clU x [-1,1] — F is a compact admissible mapping such that x(z, 0) = {0}
for every = € 6U. Then there exists a positive real number € such that the mapping
(¢ — x(-, A)): elU — F is essential for each A € (—¢, €).

PROOF: According to the homotopy property it is sufficient to show that there
exists an € > 0 such that:

p(2) Nx(z, A) =0
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for any A € (—¢, €) and for every z € §U.
But this condition is readily verified reasoning by a contradiction. 1]

REMARK 2.9. Observe that the proofs of all the above properties rely only on (1.3),
(1.4) and (1.5). Therefore, we are able to repeat all results of this section for an arbitrary
class of multivalued mappings satisfying (1.3), (1.4) and (1.5).

3. TOPOLOGICAL CONSEQUENCES AND EXAMPLES

In this section we shall show that the notion of essentiality developed in the pre-
ceding section enables one to get the same consequences as those obtained by means
of the topological degree theory. In the second part of this section some examples of
essential mappings are given. In what follows we keep the notation used in the above
section.

THEOREM 3.1. Let ¢ € Asu(U, F) be an essential and proper mapping. If D
is a connected component of the set F \ p(8U) containing 0 € F, then D C ¢(clU).

PROOF: The set (8U) is a closed subset of F because any proper mapping
is closed. Let D be a connected component of the open set F \ ¢(8§U) containing
0 € F and let v € D. We shall prove that v € ¢(U). To this end we consider
a path o: [0,1] — D such that 0(0) = 0 and o(1) = v. We define a homotopy
x: clU x [0, 1] —» F by the formula:

x(2, t) = o(t)

for every (z, t) € clU x [0, 1].

Now, observe that ¢ and x satisfy all conditions of the homotopy property; hence
the map (¢ — x(-, 1)) = (¢ — 0(1)) = (¢ ~ {v}) is essential. Using the existence prop-
erty for the map (¢ — {v}), we deduce that v € ¢(U). Therefore the proof is com-
pleted. 0

Now, we are able to formulate a coincidence version of the so-called nonlinear
alternative.

THEOREM 3.2. Let ¢ € Asu(U, F), ¥ € A°(U, F). I ¢ is essential and
e(z) N ¥(z) = 0 for any z € §U, then at least one of the following conditions holds:

(3.2.1) there exists a coincidence point of ¢ and ¥ or

(3.2.2) there exists A € (0,1) and z € §U such that o(z) N (A¥(z)) # 0.

To prove (3.2) it is sufficient to apply the homotopy property for ¢ and x where
x(z,t) =t¥(z) for z € clU, t € [0, 1].

Theorem (3.2) and the normalisation property immediately imply:
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3.3. (Nonlinear alternative). Let ¢ € A°(U, E) and assume that 0 € U. Then
at least one of the following two conditions is satisfied:

(3.3.1) Fix(p)#0 or
(3.3.2) there exists = € §U and ) € (0, 1) such that z € (Ap(z)).

Now, by a standard procedure, by (3.3), we get:

3.4. (Leray-Schauder alternative). Let ¢: E — E be an admissible and com-
pletely continuous mapping. Let

E(p) ={z € E;z € Ap(z) for some X € (0, 1)}.

Then E(y) is unbounded or ¢ has a fixed point.

REMARK 3.5. Observe that we are able to state some other results using the technique
of essential mappings. For example we can prove the version of the Birkhoff-Kellogg
theorem and Borsuk’s theorem on antipodes. Since the proofs are similar to those
obtained using the topological degree technique we left them to the reader (compare
(6, 9, 11, 13]).

Below we shall show some concrete examples of essential mappings.

ExAMPLE 3.5. Let ¢ € Asu(U, R) where U is a connected open subset of E and
there are two points zg, 1 € §U such that, for every u € p(z9), v > 0 and for every
v € p(21), v <0. Then ¢ is essential.

Indeed, let ¥ € A°(U, R) and suppose to the contrary that p(z) N ¥(z) = @ for
each z € ¢lU. Then the map x: ¢lU — R\ {0}, x(z) = ¢(z) — ¥(z) is admissible
(compare (1.4)) and hence has connected values. So we get that:

elU = x;*((—o00, 0)) Ux;((0, +0))

but it contradicts the assumption that U is connected.

ExAMPLE 3.6. Let U C E be an open bounded subset such that ¢lU € AR. Assume
that f: clU — F is a homeomorphism onto the closed subset f(clU) of F. Assume
further that f(U) is open in F and 0 € f(U). Then f is essential.

In fact, let ¥ € A°(U, F). Since f(clU) is homeomorphic to clU, f(clU) € AR.
Let r: F — f(clU) be a retraction mapping. We shall denote by g: f(clU) — clU the
mapping inverse to f. Consider the set B C U defined as follows:

B = {z € clU; f(z) € (t¥(z)), for some t € |0, 1]}.

It is easy to see that 0 € B. Moreover, B is closed so f(B) is a closed non-empty
subset of F contained in f(U). Let s: F — [0, 1] be an Uryshon function such that
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s(y) = 1 for every y € f(B) and s(y) = 0 for every y € (F\ f(U)). Define an admissible
mapping x: F — F by the following formula:

x(¥) = s(y)¥(r(y))

for every y € F.

Observe that x is a compact mapping (because ¥ is compact) so, in view of the
Schauder fixed point theorem, there exists a point y € F such that y € ¥(y). Now
by a standard procedure we can find a point z € U such that y = f(z). Therefore,
f(z) € ¥(z) and this means that f is essential.

As a special case of (3.6) we have the following:

EXAMPLE 3.7. Let L: E — F be a continuous linear isomorphism. Then for any open
bounded neighbourhood U of the origin in E the restriction L~: ¢lU — F of L to
clU is an essential mapping.

Next there is

EXAMPLE 3.8. If p: clU — F is a Vietoris mapping such that p=({0}) C U, then p
is essential.

Indeed, let ¥ € A°(U, F). Consider the map ¢p: F — clU defined in (1.1.3). The
composition (¥ 0 ¢,): F — F is a compact admissible mapping hence, in view of (1.5),
there exists a fixed point y of (¥ 0 ¢p). Observe that if p(z) = y, then z € U and
p(z) € ¥(z), therefore p is essential.

4. PRELIMINARY TOPICS OF DIFFERENTIAL INCLUSIONS

In this section we shall present some background material necessary for the last
two sections. We recommend [1, 4, 7, 13, 15] for more details. In what follows, by R™
we shall denote the n-dimensional Euclidean space with the norm || ||. We also let:

R*™ =R"x...x R"*

m times .

We recall the following consequence of the Leray-Schauder alternative observed in
[2] (see also {7]).

PROPOSITION 4.1. Let T be a compact space and let ¢: T x R*™ x R* —» R™
be an admissible mapping such that:
(411) 30<k<13a,20VteTVz e R"™ Vy € R* Vu € p(t, 2,9) :
lull € «+Bll=ll + &liyll-
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Then the mapping ¥: T x R™ — R" defined as follows:
¥(t, z) = {y € R™y € ¢(¢, =, )}

is u.s.c. with compact non-empty values.

The proof of the following generalised Gronwall inequality is strictly analogous to
the ordinary one (see, [1, 10, 13, 15]).

PROPOSITION 4.2. Let f:[0,1] — [0, +o0) be a continuous mapping which
satisfies the following condition:

(421) 3¢<0,8>0Vt Ay, ... €[0,1]:

£(8) < c+/otﬁf(s)da+/ot (/0Al ﬂf(s)ds)d,\1+/ot (/oh( OA" ﬂf(s)ds) ...)d,\,,.

Then for every t € [0, 1] we have:

F(t) < (z(,\.-;i =0,..., k))ceﬁ“.

Now, given spaces X and Y by C(X, Y) we shall denote the set of all continuous
functions from X to Y. By C¥([a, b}, R"), where a < b, k = 0,1, 2, ..., we shall
denote the Banach space of all C*-functions with usual maximum norm:

llz|| = max{||z(t)]|, ¢ € [a, b]} + max{||'(¢)|| ;¢ € [a, B} + ...+
+ ma.x{“:c(")(t)” .t € [a, B]}.
Here z(*) denotes the kth derivative of z and we also put z(1) = &', z{®) = z. Observe
that C([a, b, R") = C°([a, b], R™).
Moreover, by L;([a, b], R*) we shall denote the Banach space of all Lebesgue

integrable functions with the norm:

b
ll=|| = / l2(2)] dt.

Following [3, 5] we recall the notion of decomposable sets. A subset K C
Ly([a, b], R™) is called decomposable provided for each u,v € K and any Lebesgue

measurable set A C [a, b] we have:
(£Au + f[a,b]\Av) € K,

where, for B C [a, b], we denote the characteristic function of B by £5p.

The following selection theorem was proved in [3].
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THEOREM 4.3. Let v: X — Ly([a, b], R"), where X is a separable complete
metric space, be an l.s.c. mapping with closed decomposable values. Then there exists
a continuous mapping f: X — Ly([a, b], R™) such that f C ¢.

We shall also make use of the following special case of the famous Kuratowski-Ryll-
Nardzewski Selection Theorem [12]:

THEOREM 4.4. Let v: [a, b] — R™ be an u.s.c. or L.s.c. mapping with closed
values. Assume further that « is bounded, that is, there exists M > 0 such that
lyll € M for every 2 € X and y € 4(z). Then there exists a Lebesgue integrable
selector u : [a, b)) = R™ of ¢.

We shall end this section with the following remark important in the theory of
differential inclusions:

ProPOSITION 4.5. Let ¢: [a, b x R® — R™ be a bounded and ls.c. map-
ping with closed values. Define the mapping +v: C([a, b], R*) — L:([a, b], R™) by the
formula:

¥(z) = {u € Li([a, b], R™); u(t) € ¢(t, z(t)) for almost everywhere (a.c.) t € [a, b]}.

Then « satisfies the assumptions of (4.3).

We can consider (4.5) as an example of an l.s.c. multivalued mapping with closed
decomposable values.

5. APPLICATIONS TO DIFFERENTIAL INCLUSIONS WITH U.S.C
RIGHT-HAND SIDES

First, we shall consider a boundary value problem for functional differential inclu-
sions of order k, where k > 1. To do this we need some auxiliary notation. Let a, r
be two positive real numbers. We let:

A: [0, a] —» C(C([-r, a], R™), C([-r, 0], R™)), be defined by the formula:
{[A®))(z)}(8) = z(t + 8), for every t € [0, a], s € [-7, 0] and z € C([—r, a], R");

;, l;: C*}([-r, a], R*) — C({-7,0,R"), i = 0,1,...,k — 1, where ¥; is
admissible and completely continuous for each i = 0,..., k — 1, I; is continuous for
each i = 0,1,...,k — 2 and le_s(z) = 2(*~1) |_, g is the restriction of z(*~!) to
[-r, 0] for each z € C*~}([—r, a], R™). Moreover let

F = Cc*Y(|-r, a], R"),
F=C([-—T, a], Rn) X C] Xaeo XCk_l,Fo =Cl X...X Ck,
p: [0, G] X Fo — Cl,
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where C, =C; =... = C} = C([-r, 0], R™®) and ¢ is an u.s.c. completely continuous
bounded mapping with convex values. Finally, let g: E — F,

9(2) = (247, b(2), -, lh-a(=))

forevery z € E.
For any p € [0, 1] we shall consider the following boundary value problem:

=B)(1) € pp (t, AR (2), ..., A(t) (z<'=-1>)), ae. telo,al

(5.1),, lo(z) € p¥o(z)

..........................

li_i(z) € p¥i_y1(z)

By a solution to (5.1), we mean a map z € E such that z(*~1) is absolutely continuous
and (5.1), holds a.e.

Let S,(¢, 1i, ¥;) denote the set of all solutions of (5.1), . In what follows we shall
treat S,(yp, 1i, ¥;) as a subset of E. Observe that for k = 1 problem (5.1), reduces
to the following one:

{ z'(t) € pe(t, At)(2))
Z |[—r,0)€ p¥o(z)

which is an often considered problem.
Now we are going to formulate our first application of the notion of essentiality for
multi-valued mappings.

THEOREM 5.2. Under the above notion and assumptions let us assume that the
following conditions are satisfied:

(5.2.1) there exists M > 0 such that for any p € [0, 1] and z € Su(p, ki, ¥:),
=l < M;

(5.2.2) themap g: E — F is essential on the ball kp = {2z € E; ||z|| < M}.

Then the set Sy(p, l;, ¥;) is non empty.

PROOF: Let z € E and u € ¥;_;(z). Using (4.4) (¢ is bounded) there exists
a Lebesgue integrable function z: [0, a] — R™ such that 2(t) € (¢, A(t)(=), ...,
A(t)(z("_l))) for any ¢ € [0, a]; then z is called a Lebesgue selector of ¢ with respect
to z. Define a function yz,.,, € C([-r, a], R®) by the formula

u(0) + f; 2(r)dr, forte€ |0, a]
u(t), fort € [—r, 0],

yz,u,z(t) = {
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and let {: E — C([-r, a], R"), be defined as follows:

{(z) = {¥z,u,2; 4 € Yir—1(z) and z to be a Lebesgue selector of ¢

with respect to z} .

Evidently ( is an u.s.c. completely continuous mapping with convex values and hence
¢ is an admissible mapping. Consider a map §: Kp — F given as follows:

e(z) = g(z) — {(2) x To(z) X ... x ¥r_2(z).

From our assumptions and (1.4) it follows that & is an admissible and compact
map. Observe also (see (5.2.1) that 0 ¢ $(z) for z € §Kar. Now it is sufficient to show
that 0 € $(z) for some z € Kps. This contradiction will follow from the essentiality of
#. In view of (5.2.2), g is essential on Kps. We shall end the proof of essentiality of
¢ by showing that { is homotopic on Kp to g (compare (2.7)). Define the following
homotopy

x:[0,1] x Kp — F, by the formula
x(#, z) = g(z) — p(é(z) x Yo(z) X ... x Ur_(z)),

for every u and =z.

Then (5.2.1) guarantees that x is a well-defined homotopy; hence the theorem
follows from (2.7) and (2.4). 0

REMARK 5.3. (5.3.1) Similarly to [2] we can assume merely that ¢ satisfies the linear
growth condition; moreover, we are able to get a solution of (5.1); in the case when
the right-hand side depends also on the derivative of order k (use (4.1) and see [2] for
details).

(5.3.2) Evidently, Theorem (5.2) implies the respective result for differential inclu-
sions.

(5.3.3) Even the special case of Theorem (5.2) formulated in the context of differ-
ential inclusions gives a generalisation of several earlier results presented in [4, 13, 14,
15]. Since we have considered functional differential inclusions, we have assumed only
that g is essential, meanwhile in [4, 13, 14, 15] g was actually a linear isomorphism
and its essentiality follows from (3.7).

Now we are going to present two examples as an illustration of the method of the
proof of Theorem (5.2).

ExAMPLE 5.4. Let li(z) = A(0)(z()), 0 < i < k—2, L_(z) = z(*=1) and let
p: [~7,0] = R™ be a C*~! mapping. We let:

Ui(z) =pP,0<i<k—1 (¥; is a single-valued mapping).
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Then Ii(z) € ¥;(z) means simply that Li(z) = p, 0<i<k—1.
Taking the same ¢ as in (5.2) we claim that the problem (5.1); has a solution.
Indeed, let E and F be as above. We let

G = {(z, Ug, ..., Ug—2) € F; 3y € E such that y*~V) = z and A(0) (y(‘)) = u;,

i=0,...,k—2}.

It is easy to see that G as a closed subspace of F' is a Banach space too.

Define a map ¢g: £ — G by the formula:

9(2) = (=*1, 4(0)(=), -, A(O)(z(”‘z))).

Since g is a linear isomorphism, it is essential on any bounded neighbourhood U of the
origin in E (see (3.7)). Now observe that the map { x ¥y x...X ¥;_5 has valuesin G,
where ( is as defined in the proof of (5.2). Therefore, in (5.2) we can replace the space
F by G, and since condition (5.2.1) is easy to verify, we conclude that the considered

problem has a solution.

EXAMPLE 5.5. Here we shall present a more concrete example which gives a generali-
sation of the main result obtained in [14]. Let ¢ : [0, 1] x R® — R be an u.s.c. bounded
and connected valued mapping. Consider the following boundary value problem:

3(3)(t) € ¢(t, z(t), 3’(t)’ "B“(t))7 a.e., t € [0, 1]
z(0)=0

(5.5.1) /1 S
z"(0) =0.

We shall show, using the technique developed in Theorem (5.2), that problem (5.5.1)
has a solution (the singlevalued case was considered in [14]). Let

E = C%([0, 1], R), F = C([0, 1], R) x R?

g: E— F, g(z) = (:c", z(0), /01 zs(t)dt),
e~ : E—F, ¢~ (z) =g(z) — {(y, 0, 0); y(t) = /0l z(7)dr, where z is a

Lebesgue selector of ¢ with respect to ::}.
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It is easy to see that g is essential on some bounded neighbourhood of the origin
of E (see (3.7)). Indeed, to see this we consider a linear map L: E — F, L(z) =

(z", z(0), fol z(t)dt) and homotopy

h(z, p) = (0, o, p./: (=(2) - z’(t)dt)).

Then g = (L — h(:, 1)) and our assertion follows from the homotopy ptoperty (2.7).
Now we only have to verify condition (5.2.1). Let M; be an upper bound for ¢. We
claim that condition (5.2.1) for M = (2M; + 1) holds. First, observe that the norm
|zl g = max{|z"(¢)|;t € [0, 1]} + |z(0)| + |=(a)| is equivalent to the usual norm of
C%*([0, 1], R). Since max{|z"(¢)|;t € [0, 1]} < M; and z(0) = 0 it suffices to show
that the values z(a) are uniformly bounded by M; for any solution to (5.1.1),,. We
shall proceed by contradiction. Suppose that |2(1)| > M; for some z to (5.5.1),,. Then
without any loss of generality we may assume that z(1) > 0. Since fol z3(t)dt =0,
there exists ¢) € [0, 1] such that z(¢;) < 0. We can also choose ¢z in such a way that
2’(tz) =0.

Using the Lagrange theorem two times (for z and z') we get ts € (0, 1) and ¢ in
an open interval determined by ¢; and ¢, such that:

M; < :c(l) - 2(0) = z’(ts)
and (assuming that, for example, 5 < t;)
M, < :D'(tz) — Z'(ts) = (tz - ts)z"(t4) <M,

se we get a contradiction. Therefore all assumptions of Theorem 5.2 are satisfied and
problem (5.5.1); has a solution.

REMARK 5.6. Finally we would like to add that, for instance, all results obtained in [4]
or [15] can be generalised using our technique of essentiality. Observe that Theorem 5.2
can also be formulated in terms of hyperbolic or eliptic partial differential inclusions.
We leave it to the reader (see [15]). In order to verify the assumption related to (5.2.1)
we need (4.2) (that is the reason we have formulated Proposition (4.2) in Section 4).

6. APPLICATIONS TO DIFFERENTIAL INCLUSIONS
WITH L.S.C. RIGHT-HAND SIDES

In this section we shall show that the notion of essentiality works also in the case
of functional l.s.c. differential inclusions and the main idea is exactly the same as in the
u.s.c. case. In the case of L.s.c. right-hand side we can say even more because, in view
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of selection Theorem (4.4), we can assume only that ¢ has compact values. Below we
formulate the main theorem of this section which generalises results from (5].

We shall keep the notation of Section 5 introduced before the formulation of The-
orem 5.2. So, consider mappings I;, i =0,...,k~1, A and g satisfying the same
assumptions as in Section 5. We also consider a mapping ¢: [0, ¢] X F; — C; being
Ls.c., bounded and having compact values.

Now (see Section 5) for every p € [0, 1] we can consider problem (5.1),. We prove
the following:

THEOREM 6.1. Under all of the above assumptions let us also assume (5.2.1)
and (5.2.2). Then the set Si(y, l;, ¥;) is non-empty.

ProoF: Define a map v: E — L,([0, a], R*) by putting:

7(z) = {y € L1([0, ], 7);(2) € o (t, A(t)(2), -, At)(z*)) ae., t€ [0, al}.

Then « is an 1s.c. mapping with closed decomposable values (see [5]) and, hence, using
(4.5), we get a continuous selection f : E — Ly([0, a], R*) of vy. Evidently M is an
upper bound for f. Now we define a map

¢: E - C([-r,a], R")

as follows:
((z) ={y € C([-r, a], R™);
_ | 8(0)+ fy f(z)(N)d), forte o, q
ylt) = { s(t), fort € [-r, g *€ ‘I’k_l(z)}
and a map x:E— F
by letting: x(z) = g(z) - {(z) X Ui_z(x)

To end the proof it is sufficient to show that x is an essential mapping. In view of
(5.2.1) and (5.2.2), the essentiality of x follows from the homotopy property (2.7).
Observe that, because of (4.5), the proof of Theorem 6.1 is simpler than that of

(5.2). 0

REMARK 6.3. We would like to add that in the l.s.c. case we are able to repeat the
results obtained in the u.s.c. case (compare results and comments of Section 5).
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