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Abstract

This paper deals with the structural properties of the solution set for a class of
nonlinear evolution inclusions with nonlocal conditions. For the nonlocal problems
with a convex-valued right-hand side it is proved that the solution set is compact Rs;
itis the intersection of a decreasing sequence of nonempty compact absolute
retracts. Then for the cases of a nonconvex-valued perturbation term it is proved that
the solution set is path connected. Finally some examples of nonlinear parabolic
problems are given.
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1 Introduction

In this paper, we study the structural properties of the solution set for a class of nonlinear
evolution inclusions initiated in [1] with nonlocal conditions. The nonlocal Cauchy prob-
lems of evolution inclusions were investigated by Aizicovici and Lee [2], Aizicovici and
McKibben [3], Aizicovici and Staicu [4], Garcia-Falset [5], Garcia-Falset and Reich [6],
and Paicu and Vrabie [7], and by the references therein. However, as far as we know, not
much work has been done for the topological structure of the solution set studied in this
paper. In the past the topological structure of the solution set of differential inclusions in
RN has been investigated by Himmelberg and Van Vleck [8] and DeBlasi and Myjak [9].
Himmelberg and Van Vleck considered the topological structure of the solution set to the

following differential inclusions:
x(t) € F(t,x(8)), x(0)=0,

and they showed that the solution set was an R; set (see page 5). For the Cauchy problems
the topological structure of the solution set of evolution inclusions was examined primar-
ily by Papageorgiou and Shahzad [10], Andres and Pavlackova [11], Chen et al. [12] and
Papageorgiou and Yannakakis [13] in a Banach space. For the optimization of this subject,
we refer the reader to [14]. The corresponding work for multivalued evolution systems is
limited to the Cauchy or periodic problems. The paper is largely motivated by the work of
[1] in which the existence of solutions for first-order nonlinear evolution inclusions were
proved. In [1], they only showed that there exists at least one solution for the cases of a
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convex and of a nonconvex-valued perturbation term to the nonlocal problems, also prove
that, under appropriate hypotheses, the extremal solution set is dense in the solution set
of a system with a convexified right-hand side. However, it has to be noted that the topo-
logical structure of the solution set for this type of nonlinear evolution inclusions is an
interesting problem which we intend to study in this paper.

In this paper we first of all prove that the solution set of nonlinear time-dependent evo-
lution inclusions with a convex-valued right-hand side is compact R;; it is the intersection
of a decreasing sequence of nonempty compact absolute retracts in C(I, H). Second, we
go further and show that the solution set is path-connected in C(/, H) for the case of a
nonconvex-valued orientor field. Finally, some examples are also given to illustrate the ef-
fectiveness of our results. In particular, control systems given in this paper with a prior
feedback, and systems with discontinuities, have a built-in multivalued character which is
modeled appropriately by evolution inclusions.

2 Preliminaries

In this section we recall some basic definitions and facts from multivalued analysis, which
will be needed later in this work. For further details we refer to the books of Hu and Pa-
pageorgiou [15, 16] and Zeidler [17]. Let X" be a separable Banach space. The following
notations are needed:

Pr(X)={A C X :Ais anonempty; closed subset of X},

Pr(X) ={A C X : Aisanonempty; closed and convex subset of X'}.

Definition 2.1 A multifunction H: Q — P/(X) is called ‘measurable; if for all y € X, R, -
valued function x — d(y, H(x)) = inf{||y — v||,v € H(x)} is measurable.

For given A, B € P¢(X), let

(A, B) = max[sup d(a, B), sup d(b,A)].
acA beB

The function dj; : Pr(X) x Pr(X) — R, is a metric on Pr(X) and is called the ‘Hausdorff

metric.

Definition 2.2 Let Z be a separable Banach space, a multifunction H : X — 2%\ @ is called
‘h-upper semicontinuous’ (h-usc) if, for every x € X, the function 8’ — dy(H(x'), H(x)) is

continuous.

Let Z be a complete metric space, also H : X — Pr(Z) is called ‘h-continuous’ (resp.
‘h-Lipschitz’) if it is continuous (resp. Lipschitz) as a function from Z into Pr(Z, dy). For
details refer to [18].

Let (V,H, V*) bean evolution triple where the embedding V' — H — V* is compact. Let
{-»-)x denote the pairing of an element x € V* and an element y € V. Let (--) be the inner
product on H, then (-,-), = (-}, if x,y € H. The dual space of L(I, V) is L1(I, V*) where
l<g<p<oo, 111 + % =1, and [ is an interval in R. The norm in Banach space L?(1, V)
will be denoted by || - ||1r(,v). Due to the reflexivity of V, both L?(Z, V) and Li(I, V*) are
reflexive Banach spaces (see Zeidler [17], p.411).
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We define a Banach space W,,(I) = {x : x € L?(I, V),x € L1(I, V*)} furnished with the
norm |lx[lw = |%ll2¢, vy + 1%l La¢,v+). The pairing between L?(Z, V') and L1(Z, V*) is denoted

By Sé we denote the set of all L?(I, H)-selectors of a multifunction G, i.e. S’é ={f e
LP(I,H) : f(x) € G(x) a.e. for x € I}. We say that the set St is decomposable if x4f; + xacfs €
S% where (f1, 2, A) € S¢ x S x Z.

We recall some of the topological concepts which will be used to characterize the solu-

tion set of the evolution inclusion.

Definition 2.3 A subset. A C X is called ‘path connected, if for every x,y C A, there exists
a path /: [0,1] — A which joins x to y.

For A C X nonempty, we claim that A is a retract of X, if there exists a continuous map
f: X = Asuch that f | 4= identity. It is clear to see that a retract A C X is closed.

Definition 2.4 A closed subset A of X’ is called an absolute retract, if for any closed subset
C in every metric space Y, every continuous map f : C — A can be extended to be a

continuous function, f: ¥ — A.

Definition 2.5 A subset A of a metric space X’ is said to be contractible, if and only if
there exist a continuous function g: [0,1] x A — X and a point a € A such that for all

x € A we have g(0,x) = a and g(1,x) = «.

A subset A of a metric space X is said to be simply connected if every closed path in it

is contractible to a point. A contractible set is both simply connected and path connected.

Definition 2.6 A subset A of a metric space is called an R; set if there exists a decreasing

sequence {A,} of compact and contractible sets such that

It is well known that any R; set is nonempty, compact, and connected. The following ap-
proximation result that we shall need can be proved as Proposition 4.1 of [9] with minor

obvious modifications to accommodate the presence of ¢ € [ := [0, T].

Lemma 2.1 If F : I x H — Pp(V*) is measurable in t, h-usc in x, and |F(t,x)| < ¥ (2)
for almost all t € I with (t) € L1(I), then there exists a sequence of multifunctions F, :
I x H— Pp(V*), n>1, such that for every t € I there exist ju(t) > 0 and € > 0 such that
ifx1,%0 € Be(x) = {y € H: ||y — x|l < €}, then dy(F,(t,%1), Fu(t,%2)) < (@) ¥ (£) Iy — %2l 1
for almost all t € I (i.e., F,(t,x) is locally h-Lipschitz), F(¢,x) C - -+ C F,(t,x) C Fy1(t,x) C
<L |Futx)| < ¥ (8), n €N, F,(t,x) — F(t,x) as n —> oo for every (t,x) € [ x H, and
there exists u, : I x H — H, measurable in t, locally Lipschitz in x (as F,(t,x)) and
uy(t,x) € F,(¢,x) forevery (t,x) € I x H. Moreover, if F(t, -) is h-continuous, then t — F,(t, x)

is measurable (hence (t,x) — F,(t,x) is measurable too; see [19]).
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3 Main results
Let] =[0,T]and (V,H, V*) be an evolution triple of spaces. Consider a nonlocal problems

of evolution inclusions in the form

x(t) + B(t,x(t)) +Dx(t) € .F(t,x(t)) ae. fortel, 51
3.1
%(0) = 7(x),

where B:I x V — V* is a nonlinear operator, D : V — V* is a bounded linear operator,
7:C(I,H) — H is a continuous map, and F : I x H — 2" is a multifunction to be given
later. Some classical examples for 7 are

(i) Tx)=x(T);

(i) T(x) = —x(T);

(i) T(x) = % [ x(0) dt;

T(x) = > 1, 0x(t;), where 0 < #; < --- < £, < T are arbitrary, but fixed and

Z;lzl |9i| =< 1.

We investigate the solutions of (3.1) in the weak sense. Let u be a solution of problem

)
)
)
)

(iv

(3.1), we mean a function u € W,,,(I) and there exists a function f () € F (¢, #) such that

(L't(t),v>* + (B(t, u(t)), V>* + (Du(t),v>* = (f(t),v>*,

where #(0) = 7(u) for all v € V and almost all £ € I.
From [1], the existence of solution x € W),,(I) N C(I, H) of problem (3.1) is obtained. Let
S denote the solution set of problem (3.1) defined as

S= {x € W,,(I) N C(I,H) : x is the solution of (3.1)}.

In this paper, we can study the first structural property of the solution set S C C(, H) of
(3.1). We show that S is an R; set in C(I, H).
We need the following hypotheses on the data of (3.1).
(H1) B:I x V — V*isan operator such that
(i) t — B(t,u) is measurable;

(ii) for almost all £ € I, there exists a constant C; > 0 such that
(B(t, u1) — B(t, u2), 1 — ua), > Ci ||ty — ua |1

for all uy,uy € V, and the map s — (B(¢, u + sz), ) is continuous on [0, 1] for
allu,y,ze V,andp > 1;

(iii) there exist a constant C, > 0, a function a(-) € L1(I) where g is the conjugate of
p > 1, and a nondecreasing continuous function «(-) such that
|1B(t, u)||v+ < a(t) + Coa(||u]|v) forall u € V, ae. for t € I;

(iv) there exist C3 > 0, C4 > 0, b(-) € L}(¢) such that

(B(t, ), u), > Csllully, - Callully

+ %HM(O)”Z—[?(L‘) ae.tellVueV,l<p<2,
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and
(B(t, u), u)* > Csllullf, - C4||u||1\7;1 -b(t) aetel,VueV,p>2.

(H2)
(i) D:V — V*isabounded linear self-adjoint operator such that (Du, u), > 0, for
allu € V, for almost all £ € I;

(ii) there exists a continuous function t : C(I, H) — H such that
lz@) - t(wa) |, <l - wallcamy, Y, uz € CULH),

and 7(0) = 0.
For every f € L1(I, H), consider the following nonlinear evolution equation:

u(t) + B(t, u(t)) +Du(t) =f(¢), ae.fortel, 52)
3.2
u(0) = 7 (u),

where B: I x V — V* is a nonlinear map, D: V — V* is a bounded linear map, 7 :
C(I,H) — H is a continuous map. If hypotheses (H1), (H2) hold, then for every f €
L4(I, H), from [1], the problem (3.2) has a unique solution u € W),,(I) C C(I, H), moreover,
lleell cz,ry < M, for some constant M > 0. Let us define an operator L : W,,(I) — L(I, H)
as L(u(t)) = u(t) + B(t, u(t)) + Du(t) and u(0) = 7(u). By Theorem 3.1 of [1], then L is one-
to-one and surjective. Thus the inverse mapping P : LI(I,H) — W,,(I) is well defined.
From (H1)(ii) and (H2), it is easy to deduce that L : W,,,(I) — L%(I, H) is continuous. So
P:Li(I,H) — W,,(I) is continuous. Because W), (I) embeds continuously into C(, H) (see
Proposition 23.23 of [17]), we see that P: L4(I,H) — C(I, H) is continuous. Let LY(I, H),,
denote the Lebesgue-Bochner space furnished with the weak topology.
Let us give a proposition which is essential for our results.

Proposition 3.1 If hypotheses (H1) and (H2) hold, then P : L1(I,H),, — C(I, H) is sequen-
tially continuous.

Proof Let
W = {v eLi(,H): Hv(t)HH <y(t)ae.forte I},

with v (¢) € L1(I). Similar to the step 2 of Theorem 3.1 in [1], we will show that there is
a prior bound to problem (3.2) for each f € W. Let f, € W for every n > 1. From the
definition of W, {f,},>1 is uniformly bounded in L%(, H). By the Dunford-Pettis theorem,
passing to a subsequence if necessary, we may assume that f,, — f weakly in L?(, H) for
some f € W as n —> oo. For the possible solution u,, = P(f,), we have

i, () + B(t, M,,(t)) +Du,(t)=f,(t) aefortel.
It follows that

(s Uy} v + <B(t) un)¢un)** + (Dtgy, Uyy) 4 = (ﬂuun)**~
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From (H1)(iv) and

2
H’

r . 1 2 1
| tinter o) e = 3D - 5 Ja0)
0

(s Un)sese < Wl a@,ve 1ot |l o, v

we derive

-1
Callttnllpy < CalltnllZpt oy + Wil letallivay + 116111,

with p > 2, and

p p-1 2
CB””V!”LP([’V) = C4||un||Lp(1,v) + |[ﬁ1|qu(1,V*)||un”LP(1,V) + ”b”L1 + ”un”bv(],v);

with 1 < p < 2. Hence, we have, foralln € N, |lu, || 1r(,v) < M where M > 0. From (3.2), it is
easy to deduce that, for all n € N, ||y || zag,v+) < M where M > 0. So we see that {un}ns1 is
uniformly bounded in W),,(I). Due to the boundedness of the sequence {1, },>1 C W)4(I),
it follows that the sequence {u,},>1 C L%(I, V*) is uniformly bounded. So passing to a
subsequence if necessary, we may assume that i, — v weakly in L(Z, V*). Obviously,
v =1 and u, — u weakly in W), (I). Since the embedding V — H is compact, the em-
bedding W,,(I) — L*(I,H) is compact. Thus, we have u, — u in L(I,H). Since the
operator B is hemicontinuous and monotone and D is a continuous linear operator, we
have B(t,x,) — B(t,x), Dx, — Dx weakly in LI(I, V*) as n —> oo. Therefore, we ob-
tain i(¢) + B(t,u(t)) + Du(t) = f(¢). Since the embedding W), (I) — C(I,H) is continu-
ous, the sequence {u,},>1 C C(I,H) is uniformly bounded. Also, {u,},>1 is equicontin-
uous. By the Arzela-Ascoli theorem, passing to a subsequence, we may assume u, — u
in C(I,H). Since t : C(I,H) — H is continuous, we have u,(0) = t(u,) — u(0) = t(u).
Hence, u = P(f). Because of W,,(I) C C(I,H), one has u, — u € C(I, H). Note that

(it (£) = 10(2), un(2) — u(2)) < (fu(2) = £ (£), 1 (2) — ui(2)).

Integrating the above inequality over [0, ], by hypotheses (H1), (H2), for arbitrary ¢t < T
we find

a8 ()|, <2 /0 (£(5) = £ (), 1n(s) — (5)) s + || 1, (0) = w(0) %
By
L (f"(s) —f(S), Mn(s) - M(S)) ds

T T
<2 [ 101 0 -] a2 [ O], a0 - o) e
0 0

T
<4 /0 WO wal0) — )], dt
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it follows that
2 T 2
|un(e) - u®) |, < 4/0 [V ()] | () = () ||, At + || 4(0) — (0) |

T
<4 / O n6) = )], dt + |2 ) - @),

< 4 llzallttn - ullpn + | T) - 2@},

—0 (3.3)

as n — Q.

Then we get
max”u,,(t) — u(t) ”1—1 — 0 asn— o0.
tel

So, u, — uin C(I,H), i.e. P: L1(I,H),, — C(I, H) is sequentially continuous. O

To prove such a structural result for the solution set of (3.1) we need the following hy-
potheses on F(¢,x):
(H3) F:Ix H — 2" is a multifunction with closed and convex values such that
(i) (¢, u) > F(t, u) is graph measurable;
(ii) for almostall ¢ € I, u — F (¢, u) has a closed graph;
(iii) there exist a function b;(-) € L1(I) and a constant Cs > 0 such that

|f(t, M)| = SUP{Hf”H:fe F(t, M)}

<bi(t) + C5||u||,k{_1, Vx e H, ae. fortel,

where 1 <k <p.
Theorem 3.1 Under assumptions (H1)-(H3), S is an R; set in C(I, H).

Proof From the prior estimation executed in the proof of Theorem 3.1 in [1], without loss
of generality, we may suppose that, for almost all ¢ € I, all ¥ € H, and all h(t) € F(t, u),
we have ||A(t) || < ¥ (¢) where v € L1(I). Applying Lemma 2.1, we can obtain a sequence
of multifunctions F,, : I x H — Pr(H). For every n > 1, consider the following evolution

inclusion:

u(t) + B(t, u(t)) +Du(t) € F, (t, u(t)), ae fortel, 3.4
3.4
u(0) = 7(u).

From Theorem 4.1 of [1], we see that the solution set S, € W,,(I) C C(I,H) of problem
(3.4) is compact in C(I, H). The following two steps are needed to complete the proof.
Step 1. This set S, is contractible.
Let w, (¢, u) be measurable selector of F,(t, ) generated by Lemma 2.1, the locally Lip-
schitz continuous in u € H. Fixing w, (¢, u) € F,(t, u), let 4 = P(w,,(¢t,u)) € S,, where P is
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defined as before. Consider the following Cauchy problem:

2(t) + B(t,2(t)) + Dz(t) = wy(t,z) ae. forte[8T, T], 63
3.5
z(8T) =8u(8T) + (1 - 8)u(0).

It is easy to check the existence of solution in (3.5) (see [20]). Because B is hemicontinu-
ous and monotone, D is a continuous linear operator and w, (¢, «) be the locally Lipschitz
continuous in # € H, the solution of (3.5) is unique. For every § € [0,1] and every u € S,,,
let z(8, u)(¢) € Wy4(I) be the unique solution of (3.5). In order for this set S, to be con-
tractible, for given 7 € S,;, we only need to find a continuous function p : [0,1] x S, — S,
such that, for all u € S,,, we have (0, u)(¢) = u(¢) and (1, u)(¢) = u(t). So we can define
n:[0,1] x §,, — S, by

Su(t)+ (1-8)u(0) fortel0,8T],
w(s,u)(t) = ( )
z(8, u)(t) forte (8T,T].

If § = 0, by (H1) and (H2), we know that z(¢) = %(¢) for every ¢ € I. So (0, &)(¢) = 4. From
the definition of w(8,u)(t), obviously, u(1,u)(¢) = u(t) for every u(t) € S,. We show that
(8, u)(t) € S, for each (8, u) € [0,1] x S,,. Note that for each u € S,,, there exist57 € F,(t,u),
such that u = P(}F). Let

W(e) = f xi057)(E) + waxory(t) fortel,

where x is the characteristic function. Since JF,,(t, u) is closed and convex-valued, from the
definition of a decomposable value (see Section 2), we see that F,,(¢, u) is decomposable,
from which one deduces v € F,,(t, u). Obviously, P(v) = u(t) for all ¢ € [0,6T] and P(v) =
z(8,u)(¢) for all t € (8T, T, which means P(v) = (8, u) for any 8 € [0,1]. Hence, u(8,u) €
Sy

To prove that S,, is contractible, we first note that 1 : [0,1] x S,, — S,, and (0, u)(£) = u(t)
and w(1, u)(2) = u(¢) for every u € S,,. Next, it remains to show that (8, #)(¢) is continuous
in [0,1] x C(I, H). To this aim, let (8, ) —> (8, ) in [0,1] X S,,. Next, we will distinguish
two distinct cases to proceed.

I: 8,, > 8 for every m > 1. Let v, (t) = (8, um)(2), for ¢ € I. Obviously, v, € S,,, m > 1.
Due to the compactness of the solution set S, in C(I, H), by passing to a subsequence
if necessary, we may suppose that v,, — v in C(I,H) as m —> 00. Next, we only need
to check v(t) = u(8, u)(t). Clearly, [0,8T] < [0,6,,T], by the definition of (5, u), one has
V() = 8,uty(t) + (1 = 8,,)1(0) for 0 < t <68, T. As (8,, th,) — (8, 1) in [0,1] x C(I, H), we
obtain v(¢) = Su(t) + (1 - §)u(0) for 0 <t < 8T. Also let y € W, (I) be the unique solution
of the following equation:

(£) + B(t,y(t)) +Dy(t) =w,(t,v) ae.forte[sT,T], 56)
3.6
y(8T) =v(8T).

Let m > N be large enough for some constant N > 0, by (3.6), v,,(-) satisfies

Vn(£) + B(t, Viu(0)) + DVyu(8) = wa(t,v(0))  ace.for t € [8,,T, T). (3.7)
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Exploiting the monotonicity of the operator B(t, -) and D, and combining (3.6) with (3.7),
we find

(@) = 1 (2), 7(2) = vin(2))
< (W6, v(0) = wa(t;vin(0)), 3(8) = vin(2)) ace.fort e 65T, T).

Taking the integral over the above inequality from §x5 7 to ¢ (¢ < T), we have

ly®) = v @),

< Hy(SNT) — V(8N T) ”12_1 + 2/ T”w,,(s, v(s)) — W, (s, V,,,(s)) ||H”y(s) —Vu(s) HHds.

t
SN
By Brezis [21], p.157, we obtain

ly@® = vi@®) | ,; < |yONT) = V(SN T) |, + /S . |14 (5, v(5)) = thn (5, vin(9)) | ,, ds.

Passing to the limit as m —> oo, and recalling that v, — vin C(I, H) and w, (¢, u) is locally
Lipschitz continuous in u, we get ||y(¢) — V()| < |ly(SnT) = V(SN T)||pg for ST <t < T.
Since y(¢) is the solution in (3.6), y € C(I, H). So y(¢) is continuous with respect to ¢. Finally,
y(ONT) — v(8T) and v(SyT) — v(8T) in H as N — oo, in the limit we get y(£) = v(¢£) for
every$T <t <T.So

v(t) + B(t, v(t)) +Dv(t) = w,, (t, v(t)) ae. forte[8T,T],
v(8T) =8u(8T) + (1 - 8)u(0),
hence v = (8, ). Therefore 1u(8,,, t,,) —> w(8,u) in C(I, H) as (8, t,) —> (8, u).
II: §,, < § for every m > 1. Keeping the notation as in case I, we have [0,5,,7] < [0,8T].
By the definition of w(8,u), one has v,,(¢) = 8,4, () + A - 8,,)u(0) for 0 < ¢ <§,,T. As

(8> ) —> (8,u) in [0,1] x C(I, H), we get v(¢) = Su(t) + (1 — 8)u(0) for 0 < ¢ < 8T. Also
let y € W,,(I) be the unique solution of the following equation:

(£) + B(t,y(t)) +Dy(t) =w,(t,v) ae.forte[sT,T],

(3.8)
y(8T) =v(8T).
Let m > N large enough for some constant N > 0, by (3.8), v,,,(-) satisfies
V() + B(t, vm(t)) +Dv,,(t) =w, (t, vm(t)) ae. forte 65T, T]. (3.9)

Due to the monotonicity of the operator B(t, -) and D, and combining (3.8) with (3.9), we
have

(310) = m(2), y(8) = v (D))
< (w,, (t, v(t)) - Wy, (t, vm(t)),y(t) - vm(t)> ae. forte[8T,T].
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Integrating the above inequality over [87,t), t < T, we have

ly@® - v,

< Hy(8 T)=v,(8T) HZ +2 /5T H Wy (s, V(s)) - Wy, (s, vm(s)) HH Hy(s) —V(s) HH ds.

As before, we obtain

||y(t) - vm(t)”H < ||y(8 T)-vu(8T) ||H + /H”wn (5,v(8)) = wi(s, vim(s)) ||Hds.

Taking the limit as m — o0, and recalling that v,, — vin C(I, H) and w,(¢, x) is the locally
Lipschitz continuous in x € H, we get ||y(¢) — v(O)||g < |ly(8T) —v(8T)||yy for 8T <t < T.
Since y(¢) is the solution in (3.8), (8 T) = v(§ T). Finally, in the limit we get y(¢) = v(¢) for
everyéT <t <T.So

v(t) + B(t, V(t)) +Dv(t) =w, (t, v(t)) ae forte[8T,T],

v(8T) =8u(8T) + (1 - 8)u(0),

hence v = u(8, u). Therefore w(8,,, ) —> (8, u) in C(I,H) as (8, ;) —> (8, u).

In fact, we can always get a subsequence of {3,,},,>1 conforming to I or II. Thus we have
established the continuity of (8, «). Therefore, for every n > 1, S, € C(I, H) is compact
and contractible.

Step 2.8 =(),21 Sn-

Evidently, S € [, Su- Let u € (1,2, Su. Then through definition u = P(f,), where f, €
S?-n(,yun(,)) (the set of all L(1, H)-selectors of F,)), n > 1. By passing to a subsequence if nec-
essary, we may assume that f, — f weakly in L4(I, H). Then f € Sqf(_’u(,)) (see Theorem 3.2
of [1]). So u = P(f) with f € S;-(.,u(_)) from which we conclude that S = ﬂnzl S,. Finally, by
Steps 1 and 2, Hyman'’s result [22] implies that S is an R;s set in C(I, H). d

An immediate conclusion of Theorem 3.1 is the following result for the multivalued
problem (3.1).

Remark 3.1 Assume (H1)-(H3), then for every ¢ € I, S(¢) = {x(¢)|x € S} (the reachable set
at time ¢ € I) is compact and connected in H.

We can establish an analogous result for the topological structure of a nonconvex evolu-
tion inclusion (i.e., F (¢, u) has nonconvex values) provided we strengthen our assumption
on the continuity of F(¢,u). In fact, in this case we can see that the solution set is path
connected.

To prove such a structural result for the solution set of (3.1) we need the following hy-
potheses on F(¢,x) and t:

(H4) F:Ix H— Py(H) is a multifunction such that
(i) t — F(t, u) is measurable;
(ii) for every uy,uy € H, h(F(t,u1), F(t, u)) < z(t)||u1 — uz|| i a.e. with
2(t) € L1(I);



Cheng et al. Boundary Value Problems (2016) 2016:26 Page 11 of 17

(iii) there exist a function by(-) € L1(I) and a constant Cs > 0 such that
|.7-'(t, u)‘ = sup{|[f||H :f e F(t, u)} < by(t) + C5||u||§‘{_1 YueVaefortel

with1 <k<p.
(H2)
(i) D:V — V*isabounded linear self-adjoint operator such that (Du, u), > 0,
forallu e V,ae. fort el
(ii) there exists a continuous function t : C(I, H) — H such that

|z(w) - t(w2) |, < Ll — wallcamy,  Ver,uz € CULH),
where £ € [0,1), 7(0) = 0.

Theorem 3.2 If hypotheses (H1), (H2),, and (H4) are satisfied, then S € C(I,H) is
nonempty and path connected.

Proof The prior estimation conducted in the three part of the proof of Theorem 3.1
in [1] is still valid here. So according to it, we see that without any loss of generality
we may suppose that |F(¢,u)| < ¥ (t) a.e. with ¥(t) € L1(I). Let W, = {g € LI([,H) :
gl < ¥(t) a.e. for ¢ € I}, and the multifunction N : W, — Pr(L%(I, H)) be defined by
N(g) = Sqf(_’[,@(')) (here P(g) is defined as before). Next, we present a new norm on L7(I, H)
defined by

T . 1
”g”q _ </ exp—rfozq(s)ds”g(t) ”Z[dt>q,
0

where r is a number satisfying r > T? ,p>1,and g is the conjugate of p. It is easy to check
that the norm || - ||, is the equivalent of || - || za¢z,m). Denote by d, (-, -) and dj (-, -) the distance
function and Hausdorft metric, respectively, generated by || - ||,. Let f,g € W, and v € N(g).
Let € > 0 and define

D.(t) = {w € f(t, P(f)) : H v(t) — w(t) ||H < d(v(t),F(t,P(f)(t))) + e}.

Let b(t,w) = d(v(t), F(t,P(f))) — lv — w|lu + €. Obviously, for every ¢t € I, D.(t) # !
and GrD, = {(t,w) € Gr F (¢, P(f)(¢)) : b(t,w) > 0}. In fact, because of (H4)(i) and (ii),
(¢, u) —> F(t,u) is measurable, thus t — F(t, P(f)(¢)) is measurable. So, (t,w) — b(t,w)
is a Carathéodory function, thus jointly measurable. Hence Gr D, € B(I) x B(H). Apply
Aumann’s selection theorem to get w: I — H measurable such that w(t) € D.(¢) a.e. for
t € I. Then we find

dq(VrN(f)) <lv-wly

T 1
t q
= </ lv— w||?1 exp"fqu(s)ds dt)
0

r i
5( / [d(v(e), F (£, PF)(0)))]  exp fo 1O dt> +(T)1e
0
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1

T q 1
5( / [1(F (£, P@)(t)), F(t, P(F)())) | * exp fo 1) s dt) +(T)7e
0
T . i
5( / ) |P(f)() - P)®) |} exp 0O dt) +(D)ie.  (3.10)
0

For every y € C(I, H), consider the following differential inclusion:

x(t) + B(t,x(t)) +Dx(t)=f(¢), ae.fortel,

x(0) =z(y),

(3.11)

where f(¢t) € F(t,x(¢)). Let S(y) denote the solution set of (3.11), by Theorem 3.1 in [1], we
have S(y) # @. Since B(t, -) is monotone, D is a continuous linear map, and P(f)(0) = P(g)(0)
(P(f), P(g) € S(y)), we have

NP0 - PO, = [ 176 - P, 50 -0 (312)

Hence, we obtain || P(f)(¢) — P(g)(t)||H < fot If(s) — g(s)|| ds for all ¢ € I (see Brezis [21],
p.157), then ||P(f)(£) - P(g)(8)||%, < Th fo IIf(s) — g(s)I|%, ds. From (3.10), it follows that

=

€

¢ (T ‘ . i
dy(v,N(f)) < (TP/O Z"(t)/o Hf(s)—g(s)”idsexp"foz (5)ds dt) +(T)

_<—— Iﬂ’/ /Hf HHds—(exp_’fOZq ds)dt) +(T)%e
< (3t / exp 5010 - g0+ (e
0
< C)T F®-g0], + (T)¥e. (313)

Lete — 0 togetd,(v,N(f)) < (%)% Tll’ f (£) —g(®)ll4- Exchanging the roles of f and g we also
get d, (1, N(@) < ()7 T7|[f(£) ~ g(t)l- Thus, finally, dg (N(£)(6), N(g)(¢)) < ()7 TP |[f (1) -
g(®)ll; where (%)é Té <1.Set ® = {g € W, : g € N(g)}. From Nadler’s fixed-point theorem
[23] we get ©® # @, and then from Theorem 1 in [24] we see that ® is an absolute retract
in L9(I, H). Since an absolute retract is path connected, we see that ® is path connected.
Then P(®) is path connected in C(Z, H). However, note that P(®) = S(y), to conclude that
S(y) is nonempty and path connected in C(I, H). For every y1,y, € C(I,H), we see that
there exist x1(£) € S(y1), x2(£) € S(y2) such that

A (SO, $(v2)) = |21 () = %2(8) | ¢ 1 - (3.14)

Note that

x(0) = /0 505 ds + 7 (30),
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for i =1,2. By (3.11), one has

t

x1(8) — xo(8) + /(; (B(s, x1 (s)) — B(s, X9 (s))) ds + /0 (Dx1 (s) — sz(s)) ds
=t(y) —t(n) (3.15)

for every y1,y, € C(I, H). Taking the inner product over (3.15) with x;(£) — x,(£), by (H1)(ii)
and (H2), (i), then

(x1(2) = 2%2(2), %1(8) = 2%2(2)) < ( (01(9)) — T (32(8) ), %1.(2) — x2(2)).

It follows that

lloer = x2llcumy < ||T()/1) - T(J’z)“,_p

By (H2),(ii), we have

ller = %2 llcamy < Lllyr = y2llcam.-

From (3.14), one has

dr (S01),S(12)) < Llyr = y2llcum-

Since L € [0,1), from Nadler’s fixed-point theorem [23] and Theorem 1 in [24], we know
that S = {y: y € S(y)} is an absolute retract in C(I, H), which shows that S is path connected
in C(I, H). The proof is completed. a

Remark 3.2 In[25],itis proved that the set of extremal solutions of a differential inclusion

in RN is path connected based on the Baire category method.

4 Examples

To reveal the effectiveness of the previous results, we introduce two examples. Our exam-
ples are inspired directly by the work of [1], Examples, and [26], but here our boundary
value conditions more general. Furthermore, we obtain the results which are new on the
structural properties of solution set for the following examples. Let 2 C RN be a bounded
domain with smooth boundary 92, I = [0, T], 0 < T < 0o. Let g be the conjugate of p and
p>LlLet A= fozl % We first consider a nonlinear evolution equation with a discon-

tinuous right-hand side of the form

ou(t,x)
at

:g(t,x,u(t, x)) for (t,x) € I x ,

- div(’Vu(t,x) ‘p_ZVu(t,x)) + !u(t,x) }p_zu(t,x) — Au(t,x)

(4.1)
u(t,x) =0 for (t,x) €I x 0%,

6 T
u(0,%) = %/ ult,x)dt + 6ou(T,x) forxeQ,
0



Cheng et al. Boundary Value Problems (2016) 2016:26 Page 14 of 17

where p > 1, 61,0, € [-1,1], and |6;] + |62] < 1. In general, the function g(t,x,-) is discon-
tinuous. In order to obtain the nonemptiness of the solution set for (4.1), we change to
a multivalued problem by, generally speaking, cramming the gaps at the discontinuous
points of g(¢,x, -). To this end, we introduce the functions g (¢, x, #) and g»(¢, %, u) defined
by

a(t,xu) = ligninfg(t,x,é) and g(t, %, u) =limsupg(t, %, §).

E—u
For all (¢,x) € I x Q, we can define the set-valued function F(t,x, u) by
Ft,x,u) =gt % u),gbxu)] = {veR:g(txu) <v<g(t,xu)}.
Next, corresponding to (4.1), we consider the following evolution inclusion:

dult,») _ div(|Va(t, )" Vult,x)) + [ult,2) | ult, x) - Ault,)

€ F(t,x, u(t,x)) for (¢,x) e I x Q,

u(t,x) =0 for (t,x) el x 0L,

0 T
u(0,x) = ?1 / u(t,x)dt + 6,u(T,x) forxe Q.
0

To get the topology structure of the solution set of (4.1), we need the following hypothe-
sesong.
(H5) g:Ix Q2 xR — Risa function such that
(i) if u:1 x Q@ — R is a measurable function, then so are
(6,2) = g1t ult, %)), 226, %, 1(t, )
(ii) for almost all (t,x) € I x € and all # € R, there exist as(t,x) € L1(I, L*(2)) and
Tlx) € L*(R) such that

|g(t,, )| < an(t, %) +Clow) ],

withl <k<p.
The evolution triple is, in this case, H = L2(Q), V = Wé’p(ﬂ), and V* = W14(Q). Due to
the Sobolev embedding theorem, we know that all embeddings are compact. Let us define
the following operator on Wé’p ():

(B(u)(t),v))k = / (|Vu|p_2Vu -Vv+ |u|”_2uv) dx.
Q

By the monotone property of p-Laplacian, it is easy to deduce that B satisfies our hypoth-
esis (H1). Also we define the operator D by

(D(u)(t),v)*:/ Vu - Vvdx.
Q

Evidently, (H2)(i) holds. Next, let F : I x H — Py (H) be defined by

F(t,u) = {V € L*(Q) : @i(t,x, u) < v(x) < go(t,x, u)}.
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Hypothesis (H5) shows that (H3) is satisfied. Since gi(¢,%,-) is lower semicontinuous,
g (¢, x,-) is upper semicontinuous, and so F(t,«, -) is upper semicontinuous (see [15], Ex-
ample 2.8, p.371]). Finally, let 7 : C(I, L%(R2)) — L*(R2) be defined by 7 (u) = 971 OT u(t,x) dt +
O,u(T,x), we have

T
/ max|uy (£, %) — us(t, x)| dt
0 tel

|61
lz@) - tw)|,» < - .

+ 102 max i (8,2) - (8, 2) | 2

< |l — w2l e r2())

for every u;,u, € C(I,L*(2)), which means 7 satisfies our hypothesis (H2)(ii). Then we
solve equivalently (4.1) as (3.1), with B, D, and F as above. Finally, we can use Theorem 3.1
on problem (4.1) and obtain the following consequence.

Theorem 4.1 Ifhypothesis (H5) is satisfied, then the solution set S of (4.1) is nonempty and
compact Rs in C(I,L*()). Moreover, it is compact and connected in C(I,L*(Q)).

Second, we offer an example of a quasilinear control system, with a prior feedback. Let
I=10,T] where 0 < T < 00, and € R" a bounded domain with C2-boundary 9<2. Let

Dy = %, D= (Dy,...,Dy), A= Z],:il % We examine the following control system:

ou(t,x)
at

N
— > DiBr(t, %, u(t, x), Du(t,x)) — Au(t, x)
k=1

=f(t,x,u(t, x))v(t,x) for (t,x) e I x L,

u(t,x) =0 for (t,x) el x 0L, (4.3)
1 (7

u(0,x) = 2_T/(; u(t,x)dt forxeQ,

v(t,x) € U(t,x, u(t,x)) for (¢,x) € I x Q.

The following hypotheses on (4.3) are needed:
(H6) Bi(k=1,2,...,N):Ix Q x R x RN — R are functions such that
(i) (t,%) — Bi(t,x,u,&) is measurable on I x R for every (4,&) € R x RY,
(u,&) = By(t,x,u,&) is continuous on R x RY for almost all (¢,x) € I x Q;
(ii) |Bi(t,x,u,&)| < 1 (t,x) + &1(x)(|u| + |£]) with a function & € L2(1,L*(R2)) and
c1(z) € L®(R2) for almost all ¢ € [;
(iii) Zﬁl(Bk(t,x, u,€) — B(t,%,u,&)) (& — ;) > |§ — &'|? for almost all £ € I;
(iv) B(t,%,0,0) =0 forall (¢,x) € I x Q.
(H7) The functions f : I x 2 x R — R satisfies
(i) forall u € R, (¢,x) — (¢, u) is measurable;
(i) forall (¢,x) € I x Q, u — f(t,x,u) is continuous;
(iii) for almost all (¢,x) € I x  and all u € R, we have

V(t’xx u)! = nl(t:x) + le(x)|u|,

where 1y € LX(I, L*(Q)), 12 € L2(R).
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(H8) U :Ix Q2 xR — Pr(R)is a multifunction such that
(i) forall u e R, (t,x) — U(t,x, u) is measurable;
(ii) for almostall (t,x) € I x Q and all u;,uy € L*(R),
du(U(t, x, 1), U(t, x, u3)) < z()||ug — ua|| ;2 with z(2) € LL(I);
(iii) for almostall (£,x) € I x Q and all u € R, |U(t,x, u)| < M, where M > 0.
Let (V,H, V*) be an evolution triple with compact embeddings where V = H}(Q), H =
L2(Q), V* =HY(Q).Let B: 1 x V — V*,D:V — V* be the operators defined by

N

(B(t,u),w) = / Z Bi(t, %, u(t, x), Du(t, x)) Diw(x) dx,

2 k=1

N
(Du,w) = | Y Dgu(t, %) Dw(x) dx
2 k-1

for all w € Hy(R). Let 7 : C(I,L*(RQ)) — L*(R) be defined by (1) = - fOT u(t, x) dt. Evi-
dently, by hypotheses (H6), it is forthright to verify that B, D, t satisfy hypotheses (H1),
(H2);. Also, let F : I x L*(Q) — P;(L*(2)) be defined by

.7-"(t, u(t)) = {w e LX) : w(t, x) :g(t,x, u(t,x))v(x),v(x) € U(t,x,u(t,x)), forx e Q}

According to hypotheses (H7) and (H8), it is easy to verify that F satisfies hypotheses
(H4).

Convert problem (4.3) to the following equivalent form:

% + B(t,u(t)) + Du(t) € F(t,u(t)) fortel, (4.4)

By applying Theorem 3.2 on problem (4.4), we obtain the following theorem.

Theorem 4.2 If hypotheses (H6)-(H8) are satisfied, then the solution set S of (4.3) is
nonempty and path connected in C(I,L*()).
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