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EXISTENCE OF SOLUTIONS TO DIFFERENTIAL INCLUSIONS
WITH PRIMAL LOWER NICE FUNCTIONS

NORA FETOUCI, MUSTAPHA FATEH YAROU

ABSTRACT. We prove the existence of absolutely continuous solutions to the
differential inclusion

z(t) € F(z(t)) + h(t, z(t)),
where F' is an upper semi-continuous set-valued function with compact values
such that F(z(t)) C 8f(z(t)) on [0,T], where f is a primal lower nice function,
and h a single valued Carathéodory perturbation.

1. INTRODUCTION

In this article we study the first-order differential inclusion
z(t) € F(x(t)) + h(t,z(t)) a. e t>0
LU(O) = X0

where F' is an upper semi-continuous set-valued function with nonconvex values
and h is a Carathéodory function. It is well known that the problem admits a
solution when F has convex values (see [2]). When the values of F fail to be convex
many results have been established in the case when F(x) C df(z), for some proper
convex lower semi-continuous function f, see for instance [5]. For some extensions of
these results, we refer to [1l [0, [8, [I0]. The case where the convexity of f is dropped
has been studied in [3] by supposing f is (Clarke) regular. This class of function
is of great importance in nonsmooth analysis and optimization as it generalizes
several classes of functions such as convex proper lower semi-continuous functions
and uniformly regular functions. A more general problem has been studied in the
infinite dimensional setting in [I2], in which the author proved that for locally
Lipschitz functions, the class of convex functions, the class lower-C? functions and
the class of uniformly regular functions are strictly contained within the class of
regular functions. Another class of functions which is of great interest in variational
analysis and optimization is the so called primal lower nice function (pln for short).
This class of functions covers all convex functions, qualified convexly composite
functions, and benefits from remarkable features such the strong connection of
pln functions and their Moreau envelopes, in addition to the coincidence of their
proximal and Clarke subdifferential. The notion of pln functions was introduced by
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Poliquin [9] where a subdifferential characterization of these functions was given in
the finite dimensional setting. Analogously to the convex case, it was proved that
pln functions are completely determined by their subgradients, more precisely, if
two lower semi-continuous functions are pln at some point x of their domain and
have the same proximal subgradient on a neighborhood of z, then the difference
between these functions is constant near x. Some local regularity properties of the
Moreau envelopes and the related proximal mappings of prox regular functions and
pln functions in Hilbert space have been established, see [4] and [7]. In this paper,
we aim at showing that existence of solution of (1.1) holds in the context of pln
lower semi-continuous functions f. The paper is organized as follows: In section
2 we recall some preliminary facts that we need in the sequel and in section 3 we
prove our existence result; first in R™ and then in infinite dimensional Hilbert space.

2. PRELIMINARIES

Throughout this article, H stands for a real Hilbert space with scalar product
(+,+) and norm || - ||, B(x,r) is the closed ball centered at x with radius r.

Definition 2.1. Let X and Y be topological spaces and F a set-valued mapping
defined on X with values in the space P(Y) of all nonempty subsets of Y. We
will say that F' : X — P(Y) is upper semi-continuous (usc) at z € X if for every
neighborhood U of F(Z) there exists a neighborhood V of Z such that F(x) C U
forall z € V.

Definition 2.2. Let f : H — RU {400} be an extended real valued lower semi-
continuous function and let T € dom f, that is f(Z) < +o0o. The proximal subd-
ifferential of f at T is the set 0, f (%) of all elements v € H for which there exist
r > 0 and € > 0 such that
(v,x —7T) < f(z) — f(T) +el|lx —Z||* for all x € B(T,r).
The Fréchet subdifferential Op f(T) of f at T is defined by v € 9p f(T) provided
that for each € > 0, there exists some 1 > 0 such that for all x € B(7,n),
(0,0~ 7) < f(2) — f(@) + el — 7.
The Clarke subdifferential of a lower semi-continuous function f at T is the set
dcf(@) ={ve H: fl(T;y) > (v,y), Yy € H}.
where f1(%;y) is the generalized Rockafellar derivative given by
f1(@;y) = limsup inf ¢'[f(z +ty) - f(2)]
y'—y

t4>0+,
f

where x —/ T means * — T and f(z) — f(Z). If f is locally Lipschitz, the general-
ized Rockafellar derivative f!(Z;y) coincides with the Clarke directional derivative
%z, y) defined by

fo(f, y) — lim sup f(l‘ + ty) — V(,T)
T—T t10 t

If x ¢ dom f, Oc f(x) := (). When f is convex and lower semi-continuous, one has
Opf =0cf=0rf=0f.

The operator df denotes the subdifferential in the sense of convex analysis.
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Now, let us recall the definition of Primal Lower Nice functions [7].

Definition 2.3. Let f : H — RU {400} be a proper function and consider z, €
dom f. The function f is said to be primal lower nice (pln for short) at xg, if there
exist positive real numbers sq, cp, Qo such that for all x € B(xy, so), for all ¢ > Qo
and all v € 9, f(z) with ||v]| < coq, one has

J) 2 J(@) + vy =) = Jlly — > for cach y € B(ao, s0).

Remark 2.4. (1) Each extended real valued convex function is primal lower nice
at each point of its domain.
(2) Clearly, if f is pln at ug with constants sg, ¢o, Qo, one has

(v1 — Vo, T1 — T2) > —ql|z1 — 322

for any v; € 9, f(x;) with |Jv;|| < cog whenever ¢ > Qo and z; € B(ug,so), i = 1,2.

(3) If f is pln at ug € dom f then for all z in a neighborhood of ug, the proximal
subdifferential of f at x coincides with the Fréchet subdifferential and the Clarke
subdifferential of f at z, i.e, 0,f(x) = Orf(x) = Ocf(x). In this case, we simply
denote by df(z) the common subdifferential, and by 0° f(z) its element of minimal
norm for x € dom f.

The graph of the (proximal) subdifferential of a pln function enjoys the useful
closure property.

Proposition 2.5. Let f: H — RU{+o00} be a proper lsc function which is pln
at ug € dom f with constants sg, cg, Qo > 0, and let Ty, T, vy, 19 be positive real
numbers such that T > Ty and vo+no = so. Let v(.) € L*([To, T], H) and u(-) be a
mapping from [To,T| into H. Let (un(-))n be a sequence of mappings from [Ty, T)
into H and (v,(-))n be a sequence in L?([Ty,T), H). Assume that:

(1) {un(t),n € N} C B(ug,n0) Ndom f for almost every t € [Ty, T,

(2) (un)n converges almost everywhere to some mapping u with u(t) € dom f

for almost every t € [Ty, T,
(3) v, converges to v with respect to the weak topology of L*([Ty,T), H),
(4) for each n > 1, vy, (t) € Of (un(t)) for almost every t € [Tp, T).

Then, for almost all t € [Ty, T], v(t) € Of (u(t)).
For the proof of the above proposition, we refer the reader to [7].

Proposition 2.6 ([I1]). Let f : H— RU{+o0} be a lower semi-continuous and
pln function at T € dom f with constants €,¢,T and f is bounded from above on
B(Z,¢€). Assume also that Of is included in the Clarke subdifferential of f. Then
the function f is Lipschitz continuous and DC (difference of convex functions) near
T. In fact, if € > 0 is such that f is also bounded from below on B(ZT,e€), then for
any o €0, 1] the function f is Lipschitz continuous and DC on B(T, ce)

For more details about pln functions we refer to [4] and [9].

3. MAIN RESULTS

Let us recall first the existence result for the subdifferential operator of a pln
function obtained in [7].
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Theorem 3.1. Let f: H — RU {+o0} be a proper lsc function. Consider Ty €
[0, +o0[ and let xg € dom f be such that f is pln at xg with constants sg, cg, Qo-
Then, there exist a real number T €]Ty,+oo| and a unique absolutely continuous
mapping x : [Ty, T] — B(xg, s0) which is a solution of the problem
0€x(t)+0f(x(t)) foraete [Ty T,
JJ(TQ) = Zg-
Further, in the particular case when g € dom 9 f, the solution x(-) above is actually
Lipschitz continuous and it also satisfies:

(3.1)

(1) fouwx(-) is Lipschitz continuous on [Ty, T).
(2) For almost every t € [Ty, T], the derivative (f o x)'(t) exists and

(fox)'(t) = —ll&(®)]*

and for any To < s <t <T:

ﬂum—fmwnz—/uuﬂwm.

Now we are able to establish existence result for the problem (|1.1)) in the context
of finite dimensional space R".

Theorem 3.2. Under the following assumptions:

(H1) © C R™ is an open set and F : Q — R™ is an upper semi-continuous
compact valued multifunction.

(H2) f:Q — RU{+o0} is a lower semi-continuous function, pln at xo € dom O f
with constants sg, cg, Qo such that

F(z) cof(x) Ve

(H3) h:R x R"™ — R"™ is a Carathéodory function, i. e. for every x € R™, h(-, x)
is measurable, h(t,-) is continuous, and there exists m(-) € L*(R%) such
that

|h(t, )| < (14 ||z])m(t), VzeR™ ae teR.

Then, there exist T > 0, and an absolutely continuous solution x : [0,T] — R™ of
the differential inclusion

z(t) € F(x(t)) + h(t,z(t)) a.e. t€]0,T],
z(0) = xo.
Proof. Since € is open, there exists 7 > 0 such that the compact set K = B(xq,7)
is contained in . Moreover, by (H;) and [2, Proposition 1.1.3], F(K) = ngF(x)
is compact, hence there exists M such that
sup{|lu|| : v € F(z),z € K} < M. (3.2)

Since f is pln at zo, there exist positive real numbers sg, co, Qo such that for all
x € B(xo0,50), ¢ > Qo and u € 0, f(x), with ||u|| < coq one has

) = F@) + (uy =) = lly - al)

for each y € B(zg, s9). Let us choose 7" > 0 such that

/T (M + am(t))dt < g
0
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where o = 1+ ||z ||+5. Set 79 = min(5, so), take T' = min(3, ") and let I = [0, T7].
For each integer n > 1 and for 0 <@ <n —1, we set th =1L [l = [t!, ¢, and
for every t € I, we define

¢
To(t) = 2! 4 (t —t!))ul + / h(s,x!)ds, (3.3)
i L
where x,,(0) = 2% = x¢ and
_ . . T
r,(th) =2t =2 + =it for every i € {1,2,...,n}, (3.4)
n
ul, € F(zi), for every i e {0,1,2,...,n}. (3.5)
(xy,) is well defined on [0,T]. Clearly one has for every i € {1,2,...,n},
Ty =@y = (4w
oo 1 2 i1
< |+l I+ g [ -+ [l
ITM _r
< < -,
- on T2
proving that
2a(th) = 2 € Blao, -). (3.6)

2
By (3.2) and (3.3) for all t € [ti,t:F1], we obtain

Jon(t) = 2t < [ (M + (14 o] + Fm(r))dr
o (3.7)

t
< / (M 4+ am(r))dr < %
th

From (3.6)) and (3.7)) one can deduce that
[0 (8) = 2ol < [l (t) = & (t)[| + [ (ty,) — o

ST
=37370h
and so
x,(t) € B(wg,r), foreacht € [0,T). (3.8)

By (3.3) we have

@n(t) = u, + h(t, (1) VE €Nt 61, (3.9)
the last equality with (3.2]) ensures that

lZn ()| < M + am(t) foraete[0,7], (3.10)
then

T T
/ H:‘gn(t)||2dt§/ (M + am(t))?dt,
0 0

and so the sequence (i, ),, is bounded in L?([0,T],R™). Further, for all ¢, s € [0, 77,
0<s<t<T,onehas

o) = 2o = | [ a(r)arl < [ 0 +ammar,  (311)



6 N. FETOUCI, M. F. YAROU EJDE-2016/48

hence by [2] Theorem 0.3.4], there exist a subsequence, still denoted by (z,,),, and an
absolute continuous function, x : [0, 7] — R™, such that (), converges uniformly
on Cgn ([0, T]) to z and (i, ),, converges weakly in L2([0,T]; R") to &. Let us define
step functions from [0, 7] to [0, 7] by
0,(t) =t¢, forallt e [ti tiT] 6,(T) =T,
then by (8:3), (B5), and (39),
In(t) = h(t, zn(t) € F(zn(0n(t) C Of (20 (6n(t)), (3.12)

and by (3:6), 2,(0,(t)) € B(zo,r), for any t € [0,T]. We have |0,,(t) —t| <
for each ¢t € [0,T], then 6,(t) — t uniformly on [0,T], further, by the uniform
convergence of (z,) and (6,), we conclude that z,(6,(t)) — x(¢t). By (Hz) and
Proposition 2.5] we obtain

#(t) — h(t,z(t)) € Of (z). (3.13)

By Theorem the maps ¢ — =z(t) and ¢ — f(x(t)) are Lipschitzian, so by [3]
Proposition 3.4]

d . . : ;
(1) = (#(2), &) — h(t,2(¢))

for a.e ¢t € [0,T], hence

T T
F(T) = 1) = [ a@lPdr - [ ). braEdn. (61)
0 0
On the other hand, since
() = Bt o (t) € Flon(th) C Of (wa(th), Ve €lti, £:41],
and using the fact that f is pln on xg, we obtain for all ¢ > max(Qy, %)
Flon () = Faa(t)
> (1) — h{t,2a(6)), 2(15) — (a(th) — Lea(t) — 2a(th) P
e . |
> Gin(0) = hltalt5), [ n(00de) = D) = ) P
ty
> / t t

. " i . q i i
ld:(t)[|*dt — / (h(t,zn(t3,)), En(t))dt — §||fvn(tn“) — zn(t,)1?
£ i

t

i
n

Z/ﬂ' IIi’(t)IIth—/ti <h(t,xn(t;)),j;n(t)>dt_g(%”u;‘l”z)
> [T paiPa - [ i) s - G0
By adding we obtain
T T 2772
Fan(D) = 1) > [ a0t = [ bitaat). ()it = T, (315)

As ‘ﬂ:n];ﬁ — 0, the convergence of (z,,(+)) in L2([0,T],R™)-norm and of (i,) in the

weak topology of L?([0, 7], R™) implies that
T

lim <h(t,xn(t;)),¢n(t)>dt:/o (h(t,z(t)),&(t))dt.

n—-+o0o 0
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Taking the limit superior in and using the continuity of f, we obtain
T T
FalT) = Fao) = timsup [, @i~ [ (ita@) i@ (316)
By we obtain

l2(®)]1Z> > limsupl|an (£)]7

n—-+o0o

By the weak lower semi-continuity of the norm, one has
[#0)3 < inf _[ln(®)l

So that
#(0)3 = T [0l

By (H1), the graph of F' is closed and since (x,,(t), <n(t) — hy(t, 2, (t))) converges
to (z(t),z(t) — h(t,z(t))) on a complement of a null set, we conclude from ((3.12)
that
z(t) — h(t,z(t)) € F(z(t)), a.e on [0,T].
(]

Next, we prove an existence result for the problem (I.1)) in the case of infinite
dimensional Hilbert space. For this purpose we use the same techniques given by
Yarou [12].

Theorem 3.3. Under the following assumptions:

(H1) Q C H is an open set in H and F : Q — H is an upper semi-continuous
compact valued multifunction.

(H2’) f:Q — RU{+o0} is a lower semi-continuous function, pln at xo € domdf
with constants sg, cg, Qo such that

F(z)cof(x) VeeQ, F(z)C (1+]|z])K (K acompact set).

and f is bounded from above on B(zo, s0),
(H3’) h:RYxH — H is measurable in t and Lipschitz in x, and for any bounded
subset B of H, there is a compact set Ki such that h(t,x) € Ky for all
(t,z) e Rt xB,
Then there exist T > 0 and an absolutely continuous function x : [0,T] — H

solution of the differential inclusion (L.1)).

Proof. Since € is open, there exists r > 0 such that B(zo,r) is contained in Q. By
the definition of f, for all x € B(xo, so), for all ¢ > Qo and all u € 9,f(x), with
lu]l < coq, one has

) = f@) + (uy - 2) = Jlly - all”

Since f is lower semi-continuous on xzg, taking sg smaller if necessary, we may
suppose that f is bounded from bellow on B(zo, s9). Let us fix 3 €]0, 1], Proposition
implies that there is L > 0 such that 8, f(z) C LB, whenever x € B(xg, s0).
By our assumption (H3’) there is a positive constant m such that h(t,z) € K1 C mB
for all (t,z) € RT xB(zq,r). Moreover, by (H2’), there exists a positive constant
my such that for any = € B(xo,r), F(x) C (1+ ||zo||+7)K C my1B. Choose T such

that
To

0<T < ——m,
(m1+m)

(3.17)
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where 1o = min(g, 8sg). Let I = [0, 77, for each integer n > 1 and for 0 <i < n-—1,
we set t;, = L J1 = [t ¢%F1], and consider the same discretization (3.3), (3-4) and

n»’'n

(3:5). We obtain (3.6)), and (3.8). By we have for every t € [0, T|\{t}},
T (t) = ul, 4+ h(t, 2, (t)). (3.18)

The above equality with ensures that
&, (t)]| < (mq +m) for a.et € [0,T], (3.19)

then the sequence (i, ), is bounded in L'([0,T], H). Then (), converges weakly
in L1([0,T]; H) to i.

Following the same steps of proof of Theorem we obtain: for all ¢, s € [0,T],
0<s<t<T,

la(t) — 2n(s)] = 120 + / b (7)dr — 0 — / b a(r)dr]
=1 [ aulriar]

¢ ¢
< / |Zn (7)||dr < / (my +m)dr
< (m1 4+ m)|t —s|.
So that the sequence (x,), is an equi-Lipschitz subset of Cr([0,7T]), and the set
{zn(t) : n € N*} is relatively compact in H for every t € [0,7T] since x,(t) €
zo + (K1 + (1 + ||=o|| + 7)K)[0,T] := K>, hence by Ascoli Theorem, there exists
a subsequence, still denoted by (x,), and an absolute continuous function, x :
[0,T] — H, such that (z,), converges uniformly on Cg([0,T]) to x. Further, the
sequence (un)nen, is relatively o(LY([0,T], H); (L>°([0,T], H))-compact since we
have almost everywhere

Uun(t) € (1+ |lzo]| + r)K. ¥n € N*. (3.20)

Therefore, by extracting subsequences if necessary, we can assume that there exists
u € LY([0,T],H) such that u, — u for o(L'([0,T], H); (L>°([0,T], H))-topology.
Also, we have h(-,z, (0,(-)) — h(-,z (-)) in the norm of the space L'([0,T], H).
Consequently, one has for all ¢ € [0, T]
t t
x(t) = xo + lim [h(s, 20 (0n(5))) + un(s)]ds = xo + / [h(s,z(s)) + u(s)]ds,
which gives the equality
z(t) = h(s,z(s)) +u(s) for almost every t € [0,T].

Since u, converges weakly to u, &, converges weakly to ©. By construction, we
have for a.e t € [0, T

By (1) — h(s, 20 (00(1))) = un(t) € F(2n(0n(t))),
and by (H2),
un(t) € F(zn(0n(t))) C (1 + lzn(0n ()N K C (14 fl2oll +r)K.

Then wu,, is in the fixed compact set (1 + ||zg|| + r)K, consequently it converges
strongly to w which gives the strong convergence of ,. Since the graph of F' is
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closed, we get

Th

(1]

2]
[3

(4]
(5]
(6]
(7]
(8]
(9]

(10]

&(t) € F(x(t)) + h(t,z(t)) a.e. on [0,T].

erefore, the differential inclusion (|1.1) admits a solution. (Il
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