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ON LOCALLY CLOSED GRAPH
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Abstract. The purpose of this paper is to prove some necessary and sufficient

conditions in order that the graph X of the multi-function K : I ~» D(A) x D(B) be
C%-viable with respect to the nonlinear system of the form

u'(t) € Au(t) + F(t,u(t),v(t)), t>r1
V' (t) € Bu(t) + G(t,u(t),v(t)), t>T1
u(r) =& v(r) =1,
where I C R is an open from the right interval, X and Y are real Banach spaces, A :
D(A) C X ~ X and B : D(B) C Y ~ Y are m-dissipative operators generating
nonlinear semigroups of contractions, F' : X — X is a given function and G: KX ~~ Y is a
nonempty valued multi-function. We provide a necessary and sufficient condition in order
that the system has at least one C%-solution (u,v) satisfying time-dependent constrains
(u(t),v(t)) € K(t) for each t. We include a comparison result referring to a nonlinear
system with multi-valued perturbations of subdifferentials in a Hilbert space.
Mathematics Subject Classification 2000: 35K57, 34G25, 47J35, 47TH06, 47H20.
Key words: m-dissipative operator, reaction-diffusion system, viable set, tangency
condition.

1. Introduction

Let (X,| -|x) and (Y, || - |y) be real Banach spaces and let A : D(A) C
X ~ X and B: D(B) CY ~ Y be m-dissipative operators generating the
nonlinear semigroups of contractions, {Sa(t) : D(A) — D(A); ¢ > 0} and
{Sg(t) : D(B) — D(B); t > 0} respectively. Let I C R be a nonempty and
open from the right interval, let K : I ~» D(A)x D(B) be a given nonempty
valued multi-function and X := graph (K).
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We consider the system

u'(t) € Au(t) + F(t,u(t),v(t)), t>71
(1.1) V' (t) € Bu(t) + G(t,ult), o(t), t>7
u(t) =¢&, (1) =n,

where (1,&,m) € K, F : X — X is a given function and G : X ~ Y is a
multi-function with nonempty values.

We are interested in finding necessary and sufficient conditions in order
that K be C%-viable with respect to (A + F, B + G).

Definition 1.1. The continuous function (u,v) : [7,T] — D(A)x D(B)
is a CY-solution of (1.1) on [, T] if (t,u(t),v(t)) € K for each t € [7,T], the
function f(t) = F(t,u(t),v(t)) for each t € [7,T], belongs to L(7,T; X )
and there exists g € L(7,T;Y ) such that g(t) € G(t,u(t),v(t)) a.e. for
t € [7,T] and (u,v) is a CY-solution on [7,T] of the problem

u'(t) € Au(t) + f(1),
(1.2) v'(t) € Bo(t) + g(t),
& v(m)=n.

u(T)

Definition 1.2. The graph, X, of K : I ~ D(A) x D(B), is CY-viable

with respect to (A + F, B 4+ G) if for each (7,&,7n) € X there exists T > 7,

[7,T] C I such that the problem (1.1) has at least one C%solution on
[7,T].

A growing literature is devoted to the abstract theory of viability re-
ferring to the differential inclusion u/(t) € Au(t) + F(t,u(t)). We mention
the starting paper of PAVEL [15] for the semilinear single-valued case and
VRABIE [19] for nonlinear case. Referring to the semilinear multi-valued
case when A is linear unbounded, K C [ x X is locally closed set and
F : K ~ X is multi-valued, we notice the works of PAVEL-VRABIE [16], [17],
CARJA-VRABIE [11], [10], CARJA-NECULA-VRABIE [8]. As concerns the
fully nonlinear inclusion see BOTHE [2], [3], CARJA-NECULA-VRABIE [7],[9].
For the case in which F' is defined on the graph X, of the multi-function
K : I ~» D(A) see NECULA-POPESCU-VRABIE [13], [14]. They intro-
duced the concept of A-quasi-tangent set to the graph of K at a given
point (7,£) € X in order to give a necessary and sufficient condition for
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C-viability referring to the nonlinear inclusion with multi-valued and ¢-
discontinuous perturbations defined on graphs. We recall this concept and
the necessary condition for C%-viability in section 2.

The CC-viability problem of a locally closed set with respect to the
multi-valued reaction-diffusion system of the form (1.1) has been studied
by BURLICA [4] in the semilinear case and by Rosu [18] in the nonlinear
case. The semilinear system with multi-valued perturbations defined on
graphs has been considered by BURLICA [5].

Our paper is divided into 5 sections. In Section 2 we recall some results
referring to evolutions governed by m-dissipative operators, the concept of
tangent sets and some concepts about multi-functions. The third section
contains the main results for C%-viability concerning the system (1.1), while
in Section 4 we prove the main sufficient condition. In Section 5, as an
application of our viability results, we give a comparison result referring to
a nonlinear system with multi-valued perturbations of subdifferentials in a
Hilbert space.

2. Preliminaries
In that follows, (X, || -||) denotes a real Banach space. For { € X and
p > 0, D(&, p) denotes the closed ball in X of radius p centered in & and
S(&, p) denotes the corresponding open ball. For x € X,C C X and E C X,
we denote

Cll = , dist(z,C) = inf ||z— d dist(E,C) =  inf -yl
€ = sup o], dist(r.C) = inf le—y|| and dist(E,C)= inf _[e—y]

Let A: D(A) C X ~» X be an m-dissipative operator, £ € D(A) and
f € L'(7,T; X) and let us consider the Cauchy problem:

(2.1) {u’(t) € Au(t) + f(t), t>7

u(r) = ¢
Definition 2.1. A C-solution of the problem (2.1) is a continuous

function u € C([1,T]; X) satisfying u(7) = £ and, for each 7 < ¢ < T and
€ > 0 there exist

(i) T=to<t1 < - - <c<t,<T, tp—tx_1<e for k=1,2,...,n;

(i) fi,---r fo € X with 37—, [ |l f(t) = falldt <&

tk—1
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(iii) wo,...,v, € X satisfying:

MEAvk-i-fk for k=1,2,...,n
te — te—1
||lu(t) — vkl <e for t€ [tp_1,tk), k=1,2,...,n.

Theorem 2.1. Let A : D(A) C X ~» X be m-dissipative. Then, for
each ¢ € D(A) and f € LY(1,T;X), there exists a unique C°-solution
u:[7,T]— D(A) of the problem (2.1).

See LAKSHMIKANTHAM-LEELA [12, Theorem 3.6.1, p. 116].

We denote by u(-,7,&, f) : [7,T] — D(A) the unique C°-solution of
(2.1) satisfying u(7,7,&, f) = & We recall that, if u = u(-,7,§, f) and
v =u(-,7,1n,9) we have

(2.2) [a(t) = o)l < 1€ =l +/ 1f(s) = g(s)llds,

for each t € [7,T']. Moreover, for each 7 < a < v <t < v+ §, we have the
following evolution property u(t,a,§, f) = u(t,v,u(v,a,&, f), f ly+6))- See
VRABIE [20, Corollary 1.7.1, p. 26].

If A: D(A) C X ~ X is m-dissipative, {S(t) : D(A) — D(A); t > 0}

denotes the nonlinear semigroup of nonexpansive mappings generated by A
on D(A), ie. S(t)€ = u(t,0,£,0) for each ¢t > 0 and £ € D(A).
For more details referring to evolutions governed by m-dissipative oper-

ators, see BARBU [1], LAKSHMIKANTHAM-LEELA [12] or VRABIE [20].

Now, let us consider the Cauchy problem

{u’(t) € Au(t) + F(t, u(t)),
U(T) = Ev

where A: D(A) C X ~ X is m-dissipative, I C R is a nonempty and open
from the right interval, K : I ~ D(A) and F : X ~» X are two multi-

functions with nonempty values and X C I x D(A) is the graph of K, i.e.
X ={(t,u); ue K@)}

(2.3)

Definition 2.2. The continuous function v : [7,7] — X is a C°-
solution of the problem (2.3) if (¢,u(t)) € X for each t € [7,T'], there exists
f € LY7,T;X), with f(s) € F(s,u(s)) a.e. for s € [7,T] and u is a
CY-solution on [7,T'] of the problem (2.1) in the sense of Definition 2.1.
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Definition 2.3. The graph K is C%-viable with respect to A + F if for
each (7,¢&) € X there exists T' > 7, [7,7'] C I such that (2.3) has at least
one CY%solution u : [1,T] — X.

We recall the concepts of A-tangent set and A-quasi-tangent set intro-
duced by CARJA-NECULA-VRABIE [6] in the constant case, i.e. K(t) = K
for each t € I, and by NECULA-POPESCU-VRABIE [14] in the general case.
Let (7,€) € X and let E be a nonempty and bounded subset in X.

Definition 2.4. We say that the set £ C X is
(i) A-tangent to X at the point (7,&) if

1
(2.4) hrﬁionf Edist (u(t+h, 7, E); K(t+h)) =0,

where
u(t + h,7,&, E) ={u(r + h,7,§,n); n € E};

(ii) A-quasi-tangent to X at the point (7,&) if
1
(2.5) lil}zl¢i()nf Edist (u(t+ h,7,& Fg); K(t+ h)) =0,

where u(r + h, 7, &, Fi) = {u(r + h,r,€, )i f € LL(R; X), f(s) € E ae.
for s € R}.

We denote by ‘J'Sg’% (1,€) the class of all A-tangent sets to X at (7,£) € K
and by QTS4(7,£) the class of all A-quasi-tangent sets to K at (7,£) € K.
Obviously, we have ‘3'85%(7', €) C QU’SS‘%(T, €).

Next, we recall some basic concepts and results from NECULA-POPESCU-
VRABIE [14], we need in the sequel. Throughout, A is the Lebesgue measure
on R.

Definition 2.5. The multi-function F' : X ~» X is called (strongly-
weakly) almost u.s.c. if, for each e > 0, there exists an open set O, C I
such that A(O¢) < e and F [[(1\0.)xx]nx 18 (strongly-weakly) u.s.c.

Definition 2.6. The multi-function F' : X ~» X is called essentially
locally bounded if, for each (7,&) € K, there exist a negligible set Ny C I, p >
0 and Iy € LS. (1;R) such that for all (t,u) € (I \ N1) x D(§,p)) NK, we

have || F'(t,u)|| < l1(t). If the same condition is satisfied with [y € L{ .(I;R),
we say that F' is locally integrally bounded.
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Remark 2.1. If D(A) is separable, we can choose N; in Definition 2.6
independent of (7,&) € XK.

Definition 2.7. The graph X is A-C°-viable by itself if for each (7, §) €
K there exist T > 7, p > 0 and ly € LL _(I;R), so that for each (7,¢) €

([7,T) x S(§,p)) N K, there exist T € (7,T] and a pair of functions,
(g,v) € LY([7,T); X) x C([7,T]; X), satisfying:

(i) v(t) = u(t, 7,&, g) for each t € [7, T);
(ii) (t,v(t)) € ([F,T] x S(€, p)) N K, for each t € [7,T);
(i) [lg(s)|| < la(s) a-e. for s € [7,T).

A pair (g,v) satisfying (i)-(iii) is called simple solution issuing from
(7,8) € ([7.T) x 5(§, p)) N K.

Remark 2.2. (i) If K : I ~» D(A) is constant and S(t)K C K for each
t >0, then X is A-CP-viable by itself.

(i) If K is C%-viable with respect to A + F, where F : X ~ X is
essentially locally bounded multi-function, then X is A-C°-viable by itself.

Definition 2.8. (i) The graph X is locally closed from the left if for
each (7,€) € X there exist T > 7 and p > 0 such that, for each (7,,&,) €
([7,T]xD(&,p)) "X, with (), nondecreasing, lim, 7, = 7 and lim,, &, =
&, we have (7,¢) € X;

(i) The graph X is closed from the left if for each (7p,,&,) € X, with
(Tn)n nondecreasing, lim,, 7,, = 7 and lim,, &, = £, we have (7, &) € X.

Definition 2.9. An m-dissipative operator A : D(A) C X ~» X is of
compact type if for each sequence ((fn,un))n in LY (7,T; X) x C([7,T]; X)
with u, a C%solution of the problem u/,(t) € Auy,(t) + f.(t) on [7,T] for
n=1,2,..., lim, f, = f weakly in L'(7,T; X) and lim, u,, = u strongly
in O([r,T]; X), it follows that u is a C-solution of the problem w’(t) €
Au(t) + f(t) on [1,T].

We conclude this section with a necessary condition for CO-viability
referring to the inclusion (2.3).

Theorem 2.2. Let X be a Banach space, let A : D(A) C X ~ X be
an m-dissipative operator which generates a nonlinear semigroup of con-
tractions on D(A) and let F' : X ~~ X be a multi-function with nonempty




7 NONLINEAR MULTI-VALUED SYSTEMS ON GRAPHS 349

and closed values, almost u.s.c. and locally integrally bounded. If D(A) is
separable and K is C°-viable with respect to A + F, then K is A-C°-viable
by itself and there exists a set N C I, with \(N) = 0, such that, for each
(1,€) € [(I\ N) x X]NK, we have F(r,£) € QTS (r,£).

See NECULA-POPESCU-VRABIE [14, Theorem 4.1].

3. The main results

The aim of this section is to present the necessary and sufficient conditions
for CO-viability referring to the systems of the form (1.1).

Remark 3.1. The system (1.1) can be rewritten as a multi-valued non-
linear Cauchy problem in the product space Z = X x Y endowed with the
norm || - |1z, defined by [[(z,y)llz = llz]lx + |ylly for each (z,y) € Z. Let
A= (A,B): D(A) CZ — Z be defined by D(A) = D(A) x D(B), A(z) =
(Axz,By) for each z = (z,y) € D(A) and let F : X ~» Z be the multi-
function defined by F(t,z) = (F(t,2),G(t,z) ) = {(F(t,2),w); w € G(t,z)}
for each (¢, z) € K. So, the system (1.1) can be rewritten as

2'(t) € Az(t) + F(t,2(t)), t>7
(3.1)
{z(T) ¢,

where ¢ = (&, 7). Let us remark that, if {S4 : D(A) — D(A);t > 0}
and {Sg(t) : D(B) — D(B);t > 0} are the semigroups of contractions
generated by A and B, then A generates the semigroup {S(t): Z — Z; t >
0}, given by S(t)(z,y) = (Sa(t)z, Sp(t)y), for each t > 0 and (z,y) € Z.

We also remark that the graph X is C°-viable with respect to (A+F, B+
G) in sense of Definition 1.2 if and only if X is C%-viable with respect to
A + F in sense of Definition 2.3, which means that for each (7,() € X,
there exists T > 7, [7,7'] C I such that (3.1) has at least one C%-solution
z:[1,T] — Z with (t,2(t)) € X for each t € [7,T].

We introduce the following hypotheses:

(H)) A: D(A) C X ~» X and B : D(B) CY ~ Y are m-dissipative
operators and {S4(t) : D(A) — D(A); t > 0} and {Sg(t) : D(B) —
D(B); t > 0} are the nonlinear semigroups of contractions generated

by A and B respectively;
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(Hz2) the semigroup {Sg(t) : D(B) — D(B); t > 0} is compact, i.e., Sp(t)
is compact for each ¢t > 0;

Hjs D(B) CY ~ Y is of compact type;

Hs

(Hs) B

(Hy) the graph X is A-C-viable by itself;

(Hs) the graph X is locally closed from the left;
(Hs)

Hg) F: I x X xY — X is continuous on I x X x Y and locally Lip-
schitz with respect to its second argument, i.e., for each (7,&,m) €

I x X xY there exist T" > 7,p > 0 and L = L;¢, > 0 such that
|F(t,u,v) — F(t,u,v)||x < L|ju — ul|x for each (¢,u,v),(t,u,v) €

[7,T] x Dx(&, p) x Dy (n,p);
(H7) G : X ~ Y is essentially locally bounded;

(Hy

(Hio) there exists a set N C I, with A(N) = 0 such that for each (7,&,7n) €
[(I\N) x X x Y]NX, we have (F(7,£,1),G(r,£,1)) € QTS (T, £,m).

)
(Hg) G : X ~~Y is almost strongly-weakly u.s.c.;
) G:X ~»Y is almost u.s.c.;

)

From Theorem 2.2 and Remark 3.1 we deduce:

Theorem 3.1. Let us assume that (Hy) is satisfied and D(A) and D(B)
are separable. Let I C R be a nonempty and open from the right interval,
let K : I ~ D(A) x D(B) be a multi-function with nonempty values and
K = graph(K). Let F' : X — X be a continuous function and let G : KX ~» Y
be a multi-function with nonempty and closed values, almost u.s.c. and
locally integrally bounded. If X is C°-viable with respect to (A+ F, B+ G),
then (Hy) and (Hyg) are satisfied.

The next result is the main sufficient condition of C-viability.

Theorem 3.2. Let X and Y be Banach spaces, I C R be a nonempty
and open from the right interval, let K : I ~ D(A) x D(B) be a multi-
function with nonempty values and X = graph(K). Let us assume that
(Hy), (Ho), (Hs), (Ha), (H5) and (Hg) are satisfied. Let G : X ~~Y be a
nonempty, convex and weakly compact valued multi-function which satisfies
(H7) and (Hg). If the tangency condition (Hyg) is satisfied, then X is C°-
viable with respect to (A + F,B + G). If D(A) is separable and, instead
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of (Hg), we assume that (Hg) is satisfied, then a necessary and sufficient
condition in order that X be C°-viable with respect to (A + F,B + G) is

(Hio).

The necessity follows from Theorem 3.1 by observing that (Hy) implies
the separability of D(B), while the sufficiency will be proved in the next
section.

4. Proof of Theorem 3.2
Proof. From Remark 3.1, it suffices to show that the set K is C%-viable
with respect to A+ F. Let (7,¢) = (7,£,n) € K be arbitrary. We will prove
that the problem (3.1) has at least one C’-solution on an interval [7,Tp ].
Let Z C I be a negligible set including the negligible sets from (H7) and
(Hio). Let p >0, T'> 7, [7,T] C I, My >0, L >0 and l; € LS (I;R)

be such that ([7,7'] x Dz(¢,p)) N XK is closed from the left and the next
condition are satisfied:

(4.1) |E(t, u,v)||x < My

§,p) x Dy (n, p),
(t,u,v)|[x < Lflu—ullx
]

X -DX(fap) X DY(%P),

(
for each (t,u,v) € [7,T] x Dx(

(42) VF(tu,0) — F
for each (t,u,v), (t,u,v) € [T,f
(4.3) 1G(t, u,v)|ly < hL(t)

(
for each (t,u,v) € ([7,T]\ Z) x Dx (&, p) x Dy (n,p)) N K.
Let (en)n 4 0 be a sequence in (0,1) and let (On,)n>1 € R be a sequence
of open sets such that:

(a) Z C O, for each n > 1;
(b) Op+1 € O, and A([7,T]NO,,) < g, for each n > 1;
(¢) G|i(n\0,)xz)nx 18 strongly-weakly u.s.c., for each n > 1.

Now, from NECULA-POPESCU-VRABIE [14, Lemma 5.1], we deduce that
there exist T' € (7, T}, independent of n, and a sequence of (&5, O, )-approxi-
mate C%-solution of (3.1) on [7,T], ((an; fn,2n))n- This means that, for
eachn > 1, ap : [7,T] — [7,T] is nondecreasing and right continuous, f, :
[7,T] — Z is measurable, z, € C([7,T];Z) and the following conditions
are satisfied.
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(i) t—en < an(t) < tforall t € [7,T], an(T) = T}
(ii) for each t € [7,T] for which ay,(t) € Oy, it follows that [, (t),] € Oy
(iii) zn(an(t)) € Da(C, p) N K (an(t)) for all t € [, T];
(iv) fo(t) € Flan(t), zn(an(t))) for each t € [7,T]\ On;
V) [IFn(®)llz < U(t) ae. for t € [, T], with I(t) = max{Mo + 11 (t), l2(t)}

where My is from (4.1), [y € LS (I;R) is from (4.3) and I € L (I; R)
is as in Definition 2.7;

(vi) 2n(7) = C and ||z, (t) _u(t7QN<3>vzn(an(3))7ﬁz)HZ < (t—an(s))en for
allt,se [, T], 7 <s<t<T;

(vil) [|zn(t) — zn(an(t))|lz < ey, for all t € [7,T];
(viid) supperr 7y S = Cllz+ [ 1(s) ds +T —7 < p.

Let us denote by fn := (fn, gn) and by z, := (tn, vy). By (vi), for s = 7,
we have

(44) Hzn(t> - u(t7 T, C7 ﬁ’b)HZ < (t - T)En

for each t € [7,T], where u(-, 7, ¢, fn) is the CY-solution of the problem

(45) {z’(t) € Az(t) + folt)

This means that u('aTvgafn) = (ZL‘(',T,£, fn)vy('77—’ n)gn)) where ZE() =
x(-, 7, €&, fn) is the C%solution of the problem

(46) {x’(t) € Az(t) + fo(t)
x(t) =,

and y(-) = y(-, 7,71, gn) is the C%-solution of the problem

(4.7) {y'(t) € By(t) + gn(t)
y(T) =1.
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We will prove that, on a subsequence at least, (z,), is uniformly con-
vergent on an interval [T, Ty] to some function z which is a C%-solution of
(3.1).

From (i), we obtain
(4.8) nh_>nolo an(t) =t
uniformly for t € [7,T].

By (v), we have ||g,(t)]ly < I(t) for each n = 1,2,... and for all ¢ €
[7,T] with | € L _(I;R). Thus {g,; n = 1,2,...} is uniformly integrable
in L}(7,T;Y). Since B generates a compact semigroup, from (4.7), thanks
to VRABIE [20, Baras’ Theorem 2.3.3, p. 47], we conclude that there exists
y € C([1,T];Y) such that, on a subsequence at least,

(4.9) Jim y(t, 7,1, 90) = y(t)
uniformly for ¢ € [7,T']. From (4.4) and (4.8), we deduce

(4.10) nh_}ngo vn(t) = nh_)rrgo vp(an(t)) = y(t)
uniformly for ¢ € [7,T']. Since, by (iii), we have vy, (an(t)) € Dy(n,p) we
deduce y(t) € Dy (n,p) for all t € [7,T].

Now, let us consider the Cauchy problem:

(4.11) {w( <t>> - ?w@) +F(t(t),§(1), te[nT]

Since A is m-dissipative operator, £ € D(A) and the function fy: [7,T] x
X = X, fo(t,x) = F(t,x,y(t)) for each (t,z) € [7,T] x X, is continuous on
[7,T] x X and locally Lipschitz with respect to z € X, it follows that there
exists Ty € (7,7T] such that the problem (4.11) has an unique C%-solution
z:[7,To] = D(A).

Let us prove now that lim, u,(t) = Z(¢) uniformly for ¢ € [7,Ty]. From
(iv) we have f,(s) € F(an(s), un(an(s)),vn(an(s))) for all s € [7,Tp] \ On.
From this and (2.2), we deduce

[, 7, €, fn) — T()] x S/ [fn(s) = F(s,2(s),5(s))l x ds

< / [ (n(5), zn(an(s))) = F(s,2(s), y(5)) || x ds
[Tt ]\On
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! /[T,tm | fo() = F(5,2(5),5(5)) | x ds

< /[ " HF(an(s),un(an(s)),vn(an(s))) - F(an(s),f(s),vn(an(s)))HX ds
T / I P (n(s), F(5), valom(s))) — F(s,5(s), 5(5)) | x ds

[7t]
T / (£a(8)l1x + | (5,7 (5), 5(s))x) ds

[1,t]NOy

for each ¢t € [7,Ty]. Now, using (4.1), (4.2) and (v), we get
(7€ fn) — Z(t)[|x
t
(4.12) < L/ lun(an(s)) — Z(s)||x ds + 2/ l(s)ds

" [7,£]NOn
+/ [1F(cn(s), Z(s), valan(s))) — F(s,2(s),4(s)) | x ds.

By (b), (4.8), (4.10) and the continuity of F on I x X x Y, we deduce
that, there exists v, | 0 such that f[T ToO, I(s)ds < p forn=1,2,... and
|F(an(5), 5(5), vnlan(5))) — F((5),5(), 5(5)lx < for n=1,2,... and
each s € [7,Tp].

On the other hand, we have ||u, (0o (t))—Z(t)|| x < ||un(on(t))—un(t)||x+
[un () =2(t, 7, o)l x |2t 7, &, fr) =Z(8)[| x . From (vii), (4.4) and (4.12),
we obtain

lun(an(t)) = (Bl x < 0n + L/ [[un (e (s)) — z(s)||xds,

foreach t € [7,Tp ], where d,, := (14+Tp—7)en+(24+To—7)Vn. By Gronwall’s
Lemma, we conclude ||u,(an (1)) — Z(t)||x < 6,70~ for each n > 1 and
each t € [7,Tp]. Since 0, — 0 and ay,(t) — ¢ uniformly for ¢t € [7,Tp], we
get

(4.13) lim up,(an(t)) = lim u,(t) = Z(t),

n—oo n—o0

uniformly for t € [7,7p ] and by (4.4),

(4.14) lim x(t,7.&, fa) = (1),

n—o0
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uniformly for ¢ € [7,Tp]. Thus

(4.15) nh_}rlgo zn(an(t)) = nh_}rrolo zn(t) = nh_}rrgo u(t, 7, ¢, fn) = 2(1)
uniformly for t € [ 7,7 ], where z := (z,y) € C(| 7,10 ]; Z).

Since zp(an(t)) € K(an(t)), an(t) T t uniformly for ¢ € [7,Ty] and
([7,To] x Dg(¢, p) )NK is closed from the left, from (4.15), we deduce that

(4.16) (t,2(t)) € K,
fort € [1,Tp].

Let k € Nk > 1 be arbitrary. From (4.8) and (4.15) we deduce that,
the set

{(an(t), zn(an(t))); t € [, To], n = k}

is compact. Since F has weakly compact values and Fj((r 1,]\0,)x2n% 18
strongly-weakly u.s.c., by CARJA-NECULA-VRABIE [6, Lemma 2.6.1, p. 47],
it follows that, for each k& > 1, the set

Go=com(lJ U Flanld), o)

n>k t€[r,To]\O

is weakly compact. From (v) we deduce that {f,; n > 1} is uniformly inte-
grable in L' (7, Ty; 2) and from (iv) we deduce that, for each k > 1 and each
n >k, fo(t) € Cy for each t € [1,Tp] \ Ok. Since C}, is weakly compact in
Z and \([7,To]NOf) < &, by CARJA-NECULA-VRABIE [6, Diestel’s Theo-
rem 1.3.8, p. 10}, it follows that {f,,n > 1} is weakly relatively compact in
LY(1,Ty; 2). So, there exists f € LY(7,Ty; 2) such that, on a subsequence at
least, lim,, oo fn = f weakly in L'(7,Tp; Z). Let us denote by f := (£, g).

Since fn(s) = F(an(s), zn(s)) for each s € [1,TH ]\ Oy, F is a continuous
function, lim,, f, = f weakly in L!(7,Tp; X), lim,(a,(s), z,(s)) = (s, 2(s))
uniformly for s € [7,Tp] and lim, \(O,,) = 0, it follows that

(4.17) f(s) = F(s,2(s),y(s))

a.e. for s € [7,Tp]. We notice that, in fact, lim, f, = f strongly in
LY(7,Ty; X). Since gn(s) € G(an(s), zn(an(s))) for each s € [7,Tp] \ Ok,
G|((1\0y)x2nx 18 strongly-weakly u.s.c., lim;, g, = g weakly in LY (7, To;Y),
lim,, (an(s), 2n(s)) = (s, 2(s)) uniformly for s € [7,Ty] and, for each n > k,
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we have ay,(s) € [1,Tp] \ Ok, from VRABIE [20, Theorem 3.1.2, p. 88], we
conclude that g(s) € G(s, z(s)) for each k > 1 and a.e. for s € [T, o]\ Ok.
Since limg A\(Oy) = 0, we conclude that

(4.18) 9(s) € G(s,7(s),y(s))

a.e. for s € [1,Tp]. Since B is m-dissipative of compact type, lim, g, = ¢
weakly in L!(7,Tp;Y) and lim, y(-, 7,71, 9,) = ¥ strongly in C([7,Tp];Y),
we get ¥ = y(-, 7,7, g). Finally, taking into account that Z is the C°-solution
of (4.11), from (4.16), (4.17) and (4.18), we conclude that z = (Z,y) is a
CY-solution of (3.1). The proof is complete. O

5. An example

Let H be a real Hilbert space, let C C H be a proper pointed closed
convex cone and let ” <" be the partial order on H defined by C, ie., x <y
if and only ify —z € C. Let o : H - R, U{oo} and ¢ : H — R U{oco} be
two proper, convex and l.s.c. functions and let d¢ : D(d¢) C H ~~ H and
oY : D(OY) C H ~» H be the subdifferentials of ¢ and 1 respectively. Let
us denote by {S,(t) : D(0¢) — D(0p); t > 0} and by {Sy(t) : D(9y) —

D(0); t > 0} the nonlinear semigroups of contractions generated by the
m-dissipative operators —d¢ and —dv respectively. Let a : I — D(Jy) and
b: I — D(0¢) be two continuous functions. Let K : I ~» H x H be defined
K(t) :=={(z,y); a(t) <z, y 2 b(t)} for each t € I and let K be the graph of
K. Let F : X — H be a given function and G : X ~» H be a multi-function
with nonempty values. Let us consider the problem:

(5.1)

Definition 5.1. A continuous function (u,v) : [7,T'] — D(9¢) x D(0)
is a strong solution on [7,T] of (5.1) if (u,v) € WH2(r,T; H x H), the
function ¢ — f(t) = F(t,u(t),v(t)) belongs to L?(7,T; H) and there exists
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g€ L3(r,T; H), g(t) € G(t,u(t),v(t)) a.e. for t € [7,T] such that:

u'(t) € —0p(u(t))
v'(t) € W(U(t))
u(r) =& v(r) =,

a(t) = () v(t) 2 b(t) for each t € [7,T].

f(t), ae. fort € [1,T],

+
+g(t), ae. fort e [1,T],

(5.2)

Using Theorem 3.2, we obtain a sufficient condition in order that X be
strongly-viable with respect to (—0p + F, —0v + G), i.e., in order that, for
each (1,&,m) € I x H x H with a(1) <&, n =< b(7), the problem (5.1) has
at least one strong solution on an interval [7,7T].

Definition 5.2. A convex function ¢ : H — Ry U {oo} is called of
compact type if, for each k > 0, the level set £y, = {u € H; ||ul|>+v(u) < k}
is relatively compact in H.

Remark 5.1. If ¢ : H — R U{oc} is a proper, convex, l.s.c. function of
compact type, then —dy generates a compact semigroup — see VRABIE [20,
Proposition 2.2.2, p. 42],— and it is an m-dissipative operator of compact
type in the sense of Definition 2.9 — see VRABIE [20, Corollary 2.3.2, p. 50].

Theorem 5.1. Let H be a real Hilbert space, let ¢ : H — R4 U {00}
and ¢ : H — Ry U {oo} be two proper, conver and l.s.c. functions, with
Oy and 0y single-valued, let a : I — D(0p), b : I — D(0Y), a,b €
VVlicl(I H), let C C D(0p) N D(OY) be a closed convex cone with C' N
(=C) = {0} and D(Op)NC = DOY)NC = C. Let K be the graph of
multi-function K : I ~ D(9¢) x D(0v), K(t) = (a(t) + C,b(t) — C) for
eacht € I. Let us assume that v is of compact type, S,(t)C C C, Sy (t)C C
C for each t € I and X is (—0p, —0v) — C-viable by itself. Let F :
I x Hx H — H be a continuous function which is locally Lipschitz with
respect to its second argument and G : X ~ H be a nonempty, conver and
weakly compact valued multi-function which is essentially locally bounded
and almost strongly-weakly u.s.c. Then, a sufficient condition in order that
K be CV-viable with respect to (—0¢ + F,—0v + G) is to exists a neglijable
set N C I such that, for each 7 € I \ N and each (§,n) € 0(C x C)N
(D(0p) x D(0)), we have

(53) {di“(a@(@ — 0pla(r) + €)=/ (1)+F (7, al(r)+€, b(r) —1); C)=0
dist(9(n) 4+ 0 (b(1) — )+ (1) =G (7, a(T)+E,b()—n); C)=0.
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Proof. We will prove that (5.3) implies the next tangency condition
(F(r,a(r) + €,b(r) = 1), G(r.a(r) + &b(r) =) € T8~ (r,a(r) +
&, b(1) — n) or, equivalently

(5.4) lirzli%nf %dist(z(T + h,1,a(T) +&,b0(1) =1, E); K(T + h)) =

for each 7 € I'\ N and each (§,n) € (C x C) N (D(9¢) x D(0v)), where

E = (F(r,a(7) +&,b(1) —n), G(7,a(7) + £ b() — 1))
={(z,y); x = F(r,a(r) + & b(7) = n), y € G(7,a(7) +&,b(T) =)},
2T +h,7a(7) +&,b(1) =1, E)
={2(r 4+ h,7,a(7) + &,0(7) =, (2,9)); (2,y) € B},

and z(-,7,a(7) + &,b(7) —n, (z,7)) is the CY-solution of the problem
Z(t) € (=0p, —09)2(t) + (2,y)

> {zm ~ (alr) + £4r) ).
Let us denote by z(-, 7, a(7)+&,b(17) —n, (z,y)) := (u(-),v(:)). Then u(-) :=
u(-,7,a(r) + & 2), where x = F(1,a(7) + £,b(7) — 1), is a CY-solution of
{u'u) € ~dp(u(t) +

=a(7) +&,
and v(-) := v(-,7,b(T) — n,y), where y € G(7,a(7) + £,b(1) — 1), is a C°-
solution of

(5.6)

(5.7)

Let us denote by O;, j = 1,2,... some functions defined on (0, 1) with
values in H, with limj o O;(h) = 0.

Let h € (0,1), £ € CND(dp), n € CND(dY) such that a(r)+& € D(Ip)
and b(1) —n € D(0). Let us denote by = = F(7,a(r) +&,b(7) —n) and let
y € G(1,a(1) + & b(7) — n) be arbitrary but fixed. We have

(5.5) a(t + h) = a(7) + ha' (1) + hO1(h)
' b(1 + h) = b(t) + ht/ (1) + hO1(h),
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(5.9) {“(T +h,7a(7) + & @) = a(T)+E—hdp(a(T)+§)+ha + hOz(h)
o(T 4+ h, 7,0(7) — 1, y) = b(7)—n—hoY(b(T) — n)+hy + hO2(h),

(5.10) {S%’(h)f = &§ — hop(§) + hO3(h)
| Sy(h)n =1 — how(n) + hOs(h),

where {S,(t) : D(@) = D(@p), t > 0} and {S, () : D(OW) — D(9W), t

0} are the nonlinear semigroups generated by —d¢ and —0v respectlvely
Since £ € CND(0yp), n € CND(0Y), Sy(h)C C C, Sy(h)C C C and C

is a convex cone, it follows that

(5.11) CC—-S,(h)+C, CC—=Sy(h)n+C and hC=C.
In view of (5.8), (5.9), (5.10) and (5.11) we get

dist(u(r + h,7,a(7) + &, x);a(T + h) + C)

= dist(a(r ) E—hdp(a(T)+E&)+hx + hOs(h);a(T) + ha' (1) + hO1(h) + C)
= dist(§ — Sy (h)é—hdp(a(r)+&)~ha'(1)+hw + hO4(h); —=Sy(h)€ + C)
= dist(hdp(§) — hdp(a(t) 4+ &) — ha'(T) + ha + hO5(h); —Sy(h)€ + C)
< dist(hdp(€) — hop(a(T) + &) — had' (1) + ha + hO5(h); O)
< dist(hdp(€) — hdp(a(T) + &) — ha' () + hz + hOs(h); h C).
So, we have

(5.12) dist(u(r + h,7,a(7) + &, x);a(T + h) + C)
< hdist(9p(§) — Op(a(r) + &) — d'(1) + 2;C) + h||Os(h)]].

Similarly we deduce

dist(v(7 + h, 7,b(7) —n,y);b(t + h) — C)
= dist(b(7) — n— haw( (’7’) n) + hy+hOa(h); b(T)+hb (1)+hO;1 (k) — C)
Sy (R)n+ho(b(1) — n)+h¥ (1) —hy+hOg(h); =Sy (h)n + C)

= dist(n —

= dist(hd(n) + hdp(b(T) — n) + hb (T) — hy + hO7(h); =Sy (h)n + C)
< dist(hdy(n) + hoy(b(T) — n) + kb (1) — hy + hO7(h); C)

< dist(h0v(n) + hOY(b(T) — n) + W' (1) — hy + hO7(h); L C).
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So, we have

(5.13) dist(v(T + h, 7,b(7) — n,y);b(T + h) — C)
< hdist(9(n) + 0 (b(1) —n) + (1) — y; C) + h[|O7(R)].

On the other hand, we have

dist(z(1 + h,7,a(7) + & b(1) —n, E); X(T + h))
(5.14) < dist(u(r + h,7,a(1) + &, x);a(r + h) + C)
+ dist(v(7T + h, 7,b(T) — n,y);b(T + h) — C).

Dividing by h and passing to the limit for A | 0 in (5.14) and using
(5.12) and (5.13), we get

hrabnf dlst(z(T +h,7,a(t) +&0(1) — 1, E); XK(T + h))

(5.15) < dist(9p(&) — dp(a(r) + &) —d' (1) + z; O)

+ dist (9 (n) + 0v(b(7) —n) + V(1) —y;C)
for each y € G(7,a(1) + &,b(1) — 1), where x = F(7,a(7) + &,b(T) — n).

If (£,m) € O(C x C)N (D(0p) x D(0)), we have
dist(0¢(n) + 9 (b(r) —n) + V'(r) — G(r,a(7) + &§,b(r) — 1); C)
= inf{dist(9v(n) + 0v(b(r) — n) + V(1) — y; C);
y € G(1,a(1) +&,b(1) —n)}

and, by (5.3) and (5.15) we conclude that (5.4) holds true.

If (&,n) € ((CxC)\9(C x C)) N (D(Op) x D(0Y)) then, for h > 0
small enough, we have dist(z(7 + h, 7,a(7) + &, b(7) =0, E); K(1+ h)) =0
So (5.4) holds true for each (£,7) € (C x C) N (D(d¢) x D(0v)) and this
completes the proof. O

Remark 5.2. Since F is single-valued, G is a convex and weakly com-
pact valued multi-function and C' is convex and closed, (5.3) is equivalent
to: for each 7 € I\ N and each (§,7n) € 9(C x C)N(D(dyp) x D(9¢)), there
exists y € G(7,a(r) + &,b(T) — n) such that

{390(6) — dp(a(r) + &) —d (1) +z€C
oY(n) + 0Y(b(T) —n) + V(1) —y € C,

where x = F(1,a(7) + &,b(1) — n).

(5.16)
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