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LOCAL MILD SOLUTIONS
AND IMPULSIVE MILD SOLUTIONS
FOR SEMILINEAR CAUCHY PROBLEMS
INVOLVING LOWER SCORZA-DRAGONI MULTIFUNCTIONS

T1ZIANA CARDINALI — FRANCESCO PORTIGIANI — PAoLA RUBBIONI

ABSTRACT. In this note we investigate in Banach spaces the existence of
mild solutions for initial problems, also in presence of impulses, governed
by semilinear differential inclusions where the non-linear part is a Scorza—
Dragoni multifunction. All the results are obtained via a generalization of
Artstein—Prikry selection theorem that we obtain in the first part of the
paper.

1. Introduction

In the last years the study of the existence of local and global mild solutions
for Cauchy problems involving semilinear differential inclusions has been exten-
sively developed. In the literature we first encounter semilinear differential in-
clusions where the linear part is given by an operator generating a Cy-semigroup
(see the monograph [12]). Later the linear part is given by a family of operators
generating an evolution system (see e.g. [2], [5], [15], [16]). Such research is ap-
plied in various fields, like engineering and physics (see e.g. [12] and examples
therein). Moreover, we point out that the study of the existence of global solu-
tions is of special importance since it permits to provide solutions in presence of
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impulses too. We recall that impulsive problems find wide applicability in the
modellization of many real phenomena. About impulsive problems we refer to
[6], [7] and [10].

In this paper we first obtain the existence of local mild solutions for semilinear
differential inclusions of the type 2’ € A(t)z + F(t,z), for t € [0,b], where
{A(t) }+e[o,4) is a family of linear operators in a Banach space £ and F: [0, b]x £ —
P(E) is a lower Scorza—Dragoni multifunction.

Our results extend in a broad sense the analogous ones in [3] even in the
setting of multifunctions which take values on Py.(E), as shown by Remark 3.9.

In the second part, we continue the study of the above semilinear differential
inclusion and we achieve both the existence of global mild solutions and the
existence of mild solutions in the impulsive case. In Remark 4.5 we compare
these results with the ones in [4].

According to the aim of obtaining our existence results we provide, in a pre-
liminary way, a new Caratheéodory selection theorem for lower Scorza—Dragoni
multifunctions in abstract spaces (see Theorem 3.1). We recall that from pa-
per [8] an important number of works has been devoted to the existence of such
selections. From the others we mention the paper [1], where the authors furnish
an interesting answer to the open problem posed in [13] (cf. [1, Theorem 3.2]).

Our selection theorem is a generalization to a larger class of multifunctions
of the mentioned result proved in [1] (see Remark 3.2).

2. Preliminaries

Let (Y, T) be a topological space or a linear topological space.

We will use the following notations:

PY)={HCY :H#0}

P.(Y) ={H € P(Y) : H convex};
PiY) ={H € P(Y) : H closed};
Pr(Y) ={H € P(Y) : H compact};
Pre(Y) =Pr(Y)NPY); ete.

Moreover, it will be useful to consider the following family introduced by Michael
in [14]

(2.1) DY) ={H e P.(Y): H > I(H)}

where [(H) = {z € H:x ¢ S, S supporting set for H} and a supporting set for
H is a proper closed and convex subset S of the closed and convex set H which
satisfies the property:
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e for every segment [z1, 22] C H such that |z1, 25[NS # 0, then the whole
segment [r1,x2] is contained in S.

For this family the following chain inclusion holds:
Pr(Y)CDY) CPY) .

Let (X,Sx) be a measurable space; a multifunction F: X — P(Y) is measurable
if F~(A) € Sx, A€ T, where F~(A)={z € X : F(z)N A # 0}.

Let (X,Sx,u) and (Y, d) be a measure space and a metric space respectively;
a multifunction F: X — Py (Y) is said to be strongly measurable if there exists
a sequence of step multifunctions (Fy,)nen, Frn: X — Pr(Y), such that

h(F,(z), F(x)) =0, p-ae. in X

where h is the Hausdorff metric.

If X and Y are Hausdorff topological spaces, we introduce the following
definitions for multifunctions F': X — P(Y) (see e.g. [11], [12]).

A multifunction F: X — P(Y) is said to be:

e upper semicontinuous at rg € X if, for every open set Q@ C Y with
F(xz0) C Q, there exists a neighbourhood V of z( such that F(z) C Q
for every z € V;

o lower semicontinuous at xg € X if, for every open set 2 C Y with
F(20)NQ # 0, there exists a neighbourhood V of 2 such that F(x)NQ #
(0 for every x € V.

Now, let T' be a Hausdorff topological space, B(T') be the Borel o-algebra on
T and p a Radon measure on T' (i.e. pu: B(T) — R for which p(C) = sup{u(K) :
K C C, K compact}); we recall the following property for multifunctions which
will play an essential role throughout the paper (see [1]).
A multifunction F: T x X — P(Y) verifies the lower Scorza—Dragoni property
if
(I-SD) for every e > 0 there exists a compact K. C T such that u(T\ K.) < e
and Fx_xx is lower semicontinuous.

Moreover, we will use a property introduced in [1], that we present it in the
form which follows.
A multifunction F: T x X — P(Y) is a Michael map if it verifies property

(M) for every closed set Z C T' x X such that F|; is lower semicontinuous,
there exists a continuous selection of F' on Z (i.e. there exists a contin-
uous function f:Z — Y such that f(t,x) € F(t,z), (t,x) € Z).

Moreover, we recall that a multifunction F: T x X — P(Y) has a Carathéo-
dory selection (see e.g. [1]) if there exists a function f: T x X — Y such that

(i) for every t € T, f(t, -) is continuous on X;
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(ii) for every x € X, f(-,z) is measurable;
(iii) for p-a.e. t € T and every x € X, f(t,z) € F(t,x).
If Y is a normed space, a multifunction F:T x X — P(Y) is said to be
e (DK)-almost lower semicontinuous at (tg, o) € T x X if for every € > 0
there exists a neighbourhood U of (to, zo) such that (¢, .y {F (¢ 2) +
eB1(0)} # 0, where B1(0) is the open unit ball in the space Y
o weak lower semicontinuous at (to,zo) € T x X if for every £ > 0 and

every neighbourhood V' of (to,z¢) there is a point (¢/,2') € V such that
for every z € F(t',z') there is a neighbourhood U, of (¢, x¢) such that

2 € N wyev. AF(t x) +eB1(0)}.

From now on, F will denote a Banach space and [a, b] will denote an interval
of the real line endowed with the usual Lebesgue measure.

By the symbol C([a,b]; E) (L'([a,b]; E)) we will denote the space of all the
continuous (Bochner integrable) functions «: [a, b] — E; for the sake of simplicity,
we will put L ([a,b]) instead of L'([a,b]; R™).

Given the multifunction G: [a,b] — P(FE), we will consider the set S}, = {g €
L'([a,b]; E) : g(t) € G(t),a.e. t € [a,b]}.

Fixed xg € E, we will deal with the following semilinear Cauchy problem

) { ' € A(t)x + F(t,z) for ¢ € [0,D],

z(0) = xo

where F:[0,b] x E — P(E) is a given multifunction.
On the family {A(t)}¢c[0,5) we will consider the following assumption
(A) {A(t)}iepo,p) is a family of linear operators A(t): D(A) € E — E, with
D(A) not depending on ¢ and dense in F, generating an evolution system
{T(t,5)}(t,s)en, where A = {(t,5) : 0 < s <t < b}.
Let us recall that a two parameter family {T'(Z,5)},s)en, T(t,8): E — E
bounded linear operator, is an evolution system if
(G) T(t,t)=1,te€[0,b]; T(t,r)T(r,s) =T(t,s),0<s<r<t<b
(Gj) (t,s) — T(t,s) is strongly continuous on A (i.e. the map (¢,s) —
T(t,s)x is continuous on A, for every z € E).

A function z € C([0,h]; E), 0 < h < b, is said to be a mild solution for (P) if

x(t) =T(t,0)xq —|—/0 T(t,s)f(s)ds, te]0,h]

where f € S};(,’I(.)).
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Moreover, let us consider the following impulsive Cauchy problem, governed
by the same semilinear differential inclusion.

'€ A(t)x + F(t,x) for ¢t € [0,0] \ {t1,... stm}s
(IP) z(th) = x(ty) + Ie(z(ty)) for k=1,...,m,
z(0) = zo,

where 0 =ty <t1 < ... <ty <tpy1 =0b; [ F — E, k=1,...,m are given
functions and z(t*) = lim,_ 4+ x(s).
In order to define a mild solution for (IP), we introduce the intervals Jo =
[0,t1], Jk = Jtk,tit1], K =1,...,m, and the set
Cp([0,0]; E) = {:[0,b] — E such that z|;, € C(Jy, E),k=0,...,m,
there exists z(t{) € E, k=1,--- ,m}.
It is easy to check that (C,([0,b]; E), || - ||c,) is a Banach space, endowed with

the norm
Izllc, = max{||z"|oGrmys k=0... ,m}

where 20 = x|y, and, for k € {1,... ,m}, z¥* is the function defined as
x(t for t € Ji,
2 (t) = (®) g
z(t)) fort=ty.
A function z € C,([0,b]; E) is said to be a mild solution for (IP) if
t
ot) = T(t0)0+ 3 T(tt)Rlalt)) + | T(9)f(s)ds, 1€ 0.y
0<t)<t 0

where f € 811;(, 2())
In the sequel, on the multifunction F:[0,b] x E — P(E) which appears in
(P) and (IP), we will use case by case some of the properties

(F1) for every bounded Q C E there exists a function po € L ([0,b]) such
that, for every x € €,

IF( )] < polt),  ac. t € [0,8]
(F1)’ there exists a function a € L% ([0,b]) such that, for every z € E,
[E( )l < a@)(X+ [Jzll),  ae. tel0,0];
(F2) there exists a function k€ L ([0, b]) such that, for every bounded DC E,
V(F(t, D)) < K(B)X(D), ae.te[0,8],

where x is the Hausdorff measure of noncompactness (see e.g. [12]).
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3. Existence of Carathéodory selections
and of local mild solutions for (P)

The following selection theorem will play a crucial role in this paper.

THEOREM 3.1. Let T, X and Y be Hausdorff topological spaces and p be
Radon measure onT. If F:TxX — P(Y) is a multifunction satisfying properties
(1-SD) and (M), then F has a Carathéodory selection.

PROOF. Let (¢;);en be a sequence of positive numbers converging to 0. From
property (I-SD) on F we deduce that for every j € N there exists a compact
K; C T such that

(3.1) W(T\K) <<

and F is lower semicontinuous on K; x X.
By (M), for each closed set K; x X we claim that there exists a continuous
function f;: K; x X — Y such that

(3.2) fit,z) € F(t,z), (t,xz)€ K; x X.
Put K = {J;cy K, we denote
My=FK,, Mj=K\|JK;, j=23,...
i<j
Obviously M; N M; = for i # j and
(3.3) K =] M.
jEN
Now, fixed ¥ € Y, let us denote by f the function f:7T x X — Y defined by
i(t,x) for (t,x) e M; x X, j €N,
f(t,a:):{fj( ) (t,z) J J

] otherwise.

We prove that f is a Caratheodory selection of F.

First of all, it is easy to see that for every ¢ € T the function f(¢, -) is
continuous on X. Next, we go to show that, fixed € X, the function f(-,x) is
measurable on T'.

Given an open set A C Y, we have
f(Ae) = [f7(Az) N KJU[f~(A,2) N K,

where K¢ =T \ K. Let us observe that the set f~(A,z) N K€ is equal to K¢ if
y € A, while it is the empty set if § ¢ A. So, in both cases, the set f~ (A4, x)NK®

is measurable.
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On the other hand, from (3.3) and taking into account the definition of f, it
follows that

(3.4) Fr(Ax)nK = JIf; (A z)n ).
jEN
Now, f;° (A, z) is open in Kj; from the measurability of K it is easily deducted
the measurability of f;” (A,z). Moreover, M; is measurable and so, by (3.4),
f~(A,z) N K is measurable too.
Finally, taking into account (3.2) and (3.3), we can state that

fit,x) e F(t,z), (t,x) e K x X.
Now, 4 is monotone and (3.1) holds; then
0< wWK) <u(T\K;) <ej, jeEN,
hence p(K°¢) = 0. Therefore, we can conclude that f is a Caratheodory selection

of the multifunction F'. O

REMARK 3.2. Let us notice that our Theorem 3.1 strictly contains the selec-
tion theorem proved by Artstein and Prikry ([1, Theorem 3.2]). In fact, in that
theorem the authors consider measurable multifunctions lower semicontinuous
with respect to the second variable; by Theorem 2.1 in [1] those multifunctions
verify the hypotheses of our selection theorem. Moreover, our framework is more
general than the one in [1].

Anyway, even if we consider the more restrictive framework of [1], we can
provide an example of a multifunction satisfying all the assumptions of our se-
lection theorem, but which does not verify anyone of the hypotheses required on
the multifunction of Theorem 3.2 in [1].

EXAMPLE 3.3. We consider the measure space ([0, 1], B([0,1]), A), where A
is the Lebesgue measure, and (cf. [9, Esempio 20]) a non-measurable set A,

A =10,1] x [0,1], such that

card{z € [0,1] : (t,z) € A} =1 forte[0,1],
card{t € [0,1] : (t,x) € A} =1 forz €[0,1],
(t,t) e A fort e [0,1]N(R\ Q).
Let F:[0,1] x [0,1] — P([0,1]) be the multifunction defined by
[0,1] for (¢t,z) = (0,0),
F(t,x) =< {0} for (t,z) € A\ {(0,0)},
[0,1/2] otherwise.

First of all, it is easy to check that F verifies both properties (I-SD) and (M). On
the other hand, F' does not satisfy the whole set of assumptions of Theorem 3.2
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in [1]; in fact the multifunction F'(0, -) is not lower semicontinuous at z = 0 and
F' is not measurable on [0, 1] x [0, 1].

Thanks to previous theorem, we state and prove the following two results on
the existence of local mild solutions for (P).

THEOREM 3.4. Let E be a separable Banach space. We suppose that family
{A(t) }eejo,p satisfies property (A) and that F:[0,b] x E — P(E) verifies proper-
ties (1-SD), (M), (F1) and (F2). Then there exists at least one local mild solution
for (P).

PrOOF. From Theorem 3.1 the multifunction F' has a Caratheodory selec-
tion f:[0,b] x E — E.
Let us consider the multifunction G:[0,b] X E — Pi.(E) defined as

(3.5) G(t,z) = {f(t,z)}, (t,z)e[0,b]x E

and the associated semilinear Cauchy problem

(3.6) { o' € A(t)z + G(t,x) fort € [0,b],

x(0) = xo.

Let us show that G fulfills all the hypotheses of Theorem 3 in [5].

For each xz € E, being G( -, x) measurable with compact values in the separa-
ble Banach space E, from Theorem 1.3.1 in [12] we have that G(-,z) is strongly
measurable. Moreover, for each t € [0,b], f(¢, -) is continuous and so G(t, - ) is
upper semicontinuous in F.

Now we prove that G fulfills (F1). Fixed a bounded set Q C E, by (F1)
on F, for every x € ), we get

IG(t,2)[| < [[F(tz)l| < pa(t), ae. te€[0,0].

Finally, let & be the function presented in (F2) relatively to F. Then, for
every bounded set D C FE, taking into account the monotonicity of the measure
of noncompactness x, we obtain the following inequality:

x(G(t,D)) < x(F(t,D)) < k(t)x(D), ae.te]l0,b]

which allows us to conclude that also G satisfies (F2).

By applying Theorem 3 in [5], the existence of at least one local mild solution
for problem (3.6) is deduced, and this solutions is a local mild solution for (P)
too. 0

THEOREM 3.5. Let E be a finite dimensional Banach space. We suppose
that {A(t)}iepo,) satisfies property (A) and that F:[0,b] x E — P(E) wverifies
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properties (1-SD), (M) and (F1). Then there exists at least one local mild solution
for (P).

PROOF. By proceeding as in Theorem 3.4, we can say that there exists
a Caratheodory selection f of F. Then we can consider the multifunction G
defined by (3.5), which is strongly measurable in the first variable, upper semi-
continuous in the second one and has property (F1).

Now, let D be a bounded set of E. Since D and f(t,D) are relatively
compact, by means of (3.5) we can write

x(G(t, D)) =x(f(t,D)) =0=x(D), te [Ovb]'

Hence we can conclude that G verifies (F2).
Therefore, by Theorem 3 of [5], we deduce the existence of at least one local
mild solution for problem in (3.6), and so for (P) as well. O

Restricting our considerations to multifunctions which assume values in the

family D(E) (see (2.1)), from Theorem 3.4 we can deduce the following result.

COROLLARY 3.6. Let E be a separable Banach space. We suppose that
{A(t)}eeqo,n satisfies property (A) and that F:[0,b] x E — D(E) verifies prop-
erties (1-SD), (F1) and (F2). Then there exists at least one local mild solution
for (P).

PRrOOF. First of all, let us consider a closed set Z C [0,b] x E such that the
multifunction Fz is lower semicontinuous. The multifunction F|z satisfies all the
assumptions of Theorem 3.1" in [14], and so it has a continuous selection. Hence
F verifies (M). Then we can apply Theorem 3.4 and the proof is concluded. O

Now, as a consequence of Theorem 3.5, we are in position to provide the
following result.

COROLLARY 3.7. Let E be a finite dimensional Banach space. We suppose
that {A(t)}epo,p) satisfies property (A) and that F:[0,b] x E — P.(E) verifies
properties (1-SD) and (F1). Then there exists at least one local mild solution

for (P).

PRrROOF. First of all, let us note that in the case when the Banach space is
finite dimensional, one has P.(E) = D(E) (see [14, p. 372]). Then, by following
the outline of the proof of Corollary 3.6 and by applying Theorem 3.5 instead of
Theorem 3.4, we achieve the thesis. O

REMARK 3.8. We note that by requiring in Theorems 3.4 and 3.5 and in
Corollaries 3.6 and 3.7 the lower semicontinuity in the second variable and the
global measurability instead of property (I-SD), thanks to Theorem 2.1 in [1] we
obtain results which are analogous to others existing in the literature for upper
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Caratheéodory-type multifunctions (see e.g. [5]). Whereas, it is not possible to
proceed in the same way if one assumes on the multifunction the lower semicon-
tinuity in the second variable and the measurability only in the first variable. In
fact, these two assumptions do not guarantee property (1-SD) nor the existence
of a Caratheodory selection for the multifunction (see [1, §4]).

REMARK 3.9. Our local existence results extend in a broad sense the the-
orems proved in [3]. This claim is a consequence of the fact that D(E) strictly
contains Py.(E). In fact, it is obvious if F is a finite dimensional space since
D(E) = P.(E), as observed above. Whereas, if E is infinite dimensional, we

prove the strict inclusion by means of the following example.

EXAMPLE 3.10. Let E = C([a,b];R). The set I' = {z € C([a,b];R) : z(s) =
ms, m > 0} is a one dimensional linear subspace of C([a,b];R). Therefore I is
an element of D(C([a,b];R)) (see [14, §5]). On the other hand, of course, I is
not closed.

Anyway, even in the setting of multifunctions taking values in Py.(E), we can
say that there exist multifunctions which verify the hypotheses of our existence
results but do not satisfy the whole set of assumptions required in Theorem 3.1
or 3.2 or 3.3 in [3]. This fact is obvious for Theorem 3.1 in [3] since there the
values of the multifunction are compact too. In the following example we show
a multifunction having all the properties required in our propositions but not
(DK)-almost lower semicontinuous (see §2), hypothesis assumed in Theorem 3.3
of [3]; by means of Remark 3.5 in [4], this multifunction is neither weak lower
semicontinuous (see §2), hypothesis assumed in Theorem 3.2 of [3].

EXAMPLE 3.11. Let F:[0,1] x R — P#.(R) be defined as

F(t,x) =
(t,2) {0} otherwise.

{ {1} if (t,2) = (1/2,1),

It is easy to verify that F' satisfies all the properties required in our existence
results.

On the other hand, fixed (1/2,1) € [0,1] X R, in correspondence to € = 1/3
we have that for every neighbourhood U of the point (1/2,1) it is

N {F(t,z)+sBl(O)}—}§,§{ﬂ};,;{—[2).

(t,x)eU

Therefore, F' is not (DK)-almost lower semicontinuous.
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4. Existence of global mild solutions for (P)
and applications to the impulsive problem (IP)

In this section, we strengthen (F1) by means of (F1)’ so that we are able to
prove the following results.

THEOREM 4.1. Let E be a separable Banach space. We assume that family
{A(t)}eejo,p satisfies property (A) and that F:[0,b] x E — P(E) verifies proper-
ties (1-SD), (M), (F1) and (F2). Then

(a) there exists at least one global mild solution for (P);
(b) there exists at least one mild solution for (IP).

PROOF. First we observe that, by proceeding as in Theorem 3.4, we can
define the multifunction G:[0,b] x E — Pi.(E) as in (3.5). From (F1)' on F we
can write

Gt 2)|| < alt)(X+ [lz])), ae. t €[0,0],

so we have that G verifies (F1)’. On the other hand, G satisfies also the other as-
sumptions required on the multifunction of Theorem 4 in [5]. Then, by applying
this proposition, we can say that there exists at least one global mild solution
for problem (3.6); this is a solution for (P) too. Thus the first thesis is proved.

Now, in correspondence to G, we consider the impulsive problem

'€ At)x + G(t,x) for t € [0,b] \ {t1,... ,tm},
(4.1) z(t)) = x(ty) + Ix(x(ty)) fork=1,...,m,
x(0) = xp.

From Theorem 2 in [6], it admits at least one mild solution, which obviously
solves (IP) as well. O

THEOREM 4.2. Let E be a finite dimensional Banach space. We assume
that {A(t)}repo,) satisfies property (A) and that F:[0,b] x E — P(E) wverifies
properties (1-SD), (M) and (F1)'. Then

(a) there exists at least one global mild solution for (P);
(b) there exists at least one mild solution for (IP).

PROOF. By proceeding as in Theorem 3.5, we apply Theorem 4 in [5] and
Theorem 2 in [6] to problems (3.6) and (4.1) respectively, where G is the same
multifunction used above. Hence we achieve both the theses. O

In analogy with the previous section, we can now formulate the following

corollaries.
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COROLLARY 4.3. Let E be a separable Banach space. If {A(t)}cqo,0) satisfies
property (A) and F:[0,b] x E — D(E) verifies properties (1-SD), (F1) and (F2),
then

(a) there exists at least one global mild solution for (P);
(b) there exists at least one mild solution for (IP).

COROLLARY 4.4. Let E be a finite dimensional Banach space. If {A(t)}ieqo.)
satisfies property (A) and F:[0,b] x E — P.(E) verifies properties (I-SD) and
(F1)', then

(a) there exists at least one global mild solution for (P);
(b) there exists at least one mild solution for (IP).

REMARK 4.5. The same reasonings developed in Remark 3.9 allow us to
claim that the results presented in this section extend in a broad sense the
analogous ones in [4].
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