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Abstract

In this paper, we deal with the state-dependent nonconvex sweeping process motivated through
quasi-variational inequalities arising in the evolution of sandpiles, quasistatic evolution problems with
friction, micromechanical damage models for iron materials. We prove the existence of absolutely
continuous solution for the problem in presence of a perturbation, that is an external force applied on
the system. The perturbation considered here is general and take the form of a sum of a single-valued
Carathéodory mapping and a set-valued unbounded mapping.
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1. Introduction

The perturbed state-dependent sweeping process is an evolution differential inclusion governed
by the normal cone to a mobile set depending on both time and state variables, of the following form:

{ —i(t) € Nogaey(@(t) + F(t,z(t)), ae t € [Ty, T); 1)
z(t) € Ct, z(t), Vt € [Ty, T], 2(Tp) = a, '

where Ne 1,z (2(t)) is the normal cone to C'(t,z(t)) at x(¢) and F is a single or set-valued mapping
playing the role of a perturbation to the problem, that is an external force applied on the system.
This kind of problems was initiated by J. J. Moreau (see [23]) for time-dependent sets C(t) and
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F = {0} to deal with problems arising in elastoplasticity, quasistatics, electrical circuits, hysteresis
and dynamics. Since then, various generalizations have been obtained, see for instance [, 2, B, 4, b,
7, 8,09, 10, 17, 18, 19, 20] and the references therein.

When the moving sets C' depends also on the state, one obtain a generalization of the classical
sweeping process known as the state-dependent sweeping process. Such problems are motivated by
parabolic quasi-variational inequalities arising e.g. in the evolution of sandpiles, and occur also in the
treatment of 2-D or 3-D quasistatic evolution problems with friction, as well as in micro-mechanical
damage models for iron materials with memory to describe the evolution of the plastic strain in
presence of small damages. We refer to [22] for more details. This problem have been studied for the
first time for convex sets C(t,u) by Chraibi [15] in R?, then by Kunze and Monteiro Marques [21]
in Hilbert spaces under some compactness condition. After, Chemetov and Monteiro Marques [14]
established the existence for prox regular sets C(t,u) with a Carathéodory perturbation F'(t,u(t))
by applying the Shauder fixed point theorem. By means of a generalized version of the Shauder
theorem, Castaing, Ibrahim and Yarou [[11] provided an other approach to prove the existence when
F = {0} and C(t,u(t)) is prox regular and ball-compact, and for the perturbed problem (even in
presence of a delay). The approach is based on the Moreau catching-up algorithm. For recent results
in the study of state-dependent sweeping process, we refer to [4, 24]. Vilches [2§] has studied the
first order state-dependent sweeping process with single-valued perturbation using the approach of
Yoshida regularization. It consists in approaching the problem by a penalized (regularized) one
depending on a positif parameter converging to zero.

Usually in mechanical systems and also in planning procedures in mathematical economics, ex-
ternal forces are applied, which leads to consider the sweeping process with set-valued perturbations.
Several results have been obtained when the perturbation takes bounded values or satisfies a linear
growth condition. Recently, the case of unbounded perturbations has been considered (see for in-
stance [4, 2, 24]). The idea is to take only the element of minimal norm bounded, that is: there
exists some real a > 0,

d(0, F(t,u)) <« forall t € [Ty, T)ue H with ue C(t,u).

Our aim in this paper is twofold: taking a perturbation as a sum of two mappings with single and set-
values respectively, we generalize all the results obtained in the two cases. Using a different approach,
we weaken the hypotheses on the perturbation by taking a Carathéodory single-valued mapping
satisfying only a linear growth condition and an unbounded set-valued perturbation; furthermore we
extend the approach given in [[18] in the case of time-dependent prox regular sets to the time and
state-dependent case. The paper is organized as follows. In Section 2, we introduce notation and
preliminaries needed throughout the paper. Section 3 is devoted to the study of the existence of
solutions for the considered problem.

2. Preliminaries and background

Throughout this paper, let 7" > Ty > 0, I = [Ty, T] be an interval of R and H be a separable
Hilbert space whose inner product is denoted by (-, ) and the associated norm by || - ||. The closed
unit ball of H with center 0 will be denoted by B, and By (a,n) will be the closed ball of center
a € H and radius n > 0. If A is a subset of H, ¢0 A stands for the closed convex hull of A and
0*(+, A) the support function of A that is, for all £ € H,

6"(€, A) = sup(¢, x).

z€A
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LY ([Ty, T),dt) (shortly L (Tp,T)) is the Banach space of Lebesgue-Bochner integrable functions
f [T, T) — H and Cgx(I) is the space of continuous mappings u : I — H equipped with the
norm of uniform convergence. A mapping u : [Ty,T] — H is absolutely continuous if there is a
function @ € LL(Ty, T) such that u(t) = u(Tp) + f;b u(s)ds, Vt € [To,T]. A set-valued mapping
G : [To,T) x H — H is said to be upper semicontinuous if, for any open subset V C H, the
set {x € H : G(x) C V}isopenin H. G is said to be scalarly upper semicontinuous or upper
hemicontinuous if, for any y € H, the real-valued function z — ¢*(y, G(x)) is upper semicontinuous.
We refer to [13] for measurable set-valued mappings and convex analysis.

For a given r €]0, +00], a nonempty subset S of a Hilbert space H is r-prox regular or equivalently
r-proximally smooth [[16, 27] if and only if every nonzero proximal normal to S can be realized by a
r-ball. This is equivalent to say that for every z € S, and for every v # 0, v € N§(Z),

v _ 1 _
(maf—@ < g“xl —z||?

for all 2/ € S, where NE(Z) is the proximal normal cone of S at the point Z € S defined by
Ni(z)={¢€ H:3a>0,z € Projg(z+ af)},
Proj¢(-) stands for the projection on the set S defined by
Projs(x) :={y € §:ds(x) = |z —yl[}

and dg(-) is the distance function to S. We make the convention % = 0 for » = 400 and recall that for
r = 400, the r-proximal regularity of S is equivalent to the convexity of S. Let f: H — RU {400}
be a proper function and = € domf = {x € H : f(x) < o0}, the prozimal subdifferential of f at
T is the set 07 f(Z) of all elements v € H for which there exists 6 > 0 and § > 0 such that

fy) = f(2) + (v,y — 7) = Blly — 2| for all y € By(z,9).

Given a nonempty closed set S and given a point & € S, the Clarke normal cone Ng(Z) to S at
Z defined by
Ng(z) = cly,(Ry0ds(x)),

where cl,, denotes the closure with respect to the weak topology of H. With the definition of Clarke
normal cones to nonempty closed sets in hand, the Clarke subdifferential Of(Z) of f at a point z
(where f is finite) can be defined in terms of Clarke normal cones to the epigraph of the function by

0f(r) ={v e H:(v,—1) € Nepi (7, f(7)))},
where epi f denotes the epigraph of f, that is, epi f = {(z,\) € H x R: f(z) < \}. Further
dds(Z) C Ng(z)NB, forall z € S.
Let C,C’" be two subsets of H, we denote by
e(C,C") = sup{dc/(a), a € C}
the excess of C' over C’ and if C' and C" are closed,

H(C,C") = max {e(C,C"),e(C",C)}
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the Hausdorff distance between C' and C’. Let us denote, for r > 0, by U,.(C) (respectively, by
E,(C)) the open tube around the set C' (respectively, the open enlargement of C'), that is,

U, (C) = {ve H:0<do(v) <1},

respectively,
E.(C):={veH :do(v) <t}

The following proposition provides some properties of the proximal and Clarke subdifferentials
of the function distance d¢(-) when the set C' is r-prox regular. It also summarizes some important
consequences of the prox regularity property which will be needed in the sequel of the paper. For
the proof of these results, we refer to [7, 25].

Proposition 2.1. Let S be a nonempty closed subset in the Hilbert space H and let r > 0. If S is
r-prox reqular, then the following hold:

a) Foranyx € U,(S), Projg(z) exists and is unique, the mapping Projg(-) : U,(S) — S is locally
Lipschitz on U,(S);

b) For any v € U.(S) and y = Projg(v) one hasy € Projg <y + =L );

lo=yll

c) The Clarke and prozimal subdifferentials of ds(-) coincide at all points v € E,.(S);

d) The Clarke and proximal normal cone to S coincide at all points uw € S and adPds(u) =
Ng(u) () oB;

e) Let C: [Ty, T] x H— H be r-proz reqular and satisfies

|dea) (1) = dosy) (V)] < ffu = o[ +x(t) = x(5) + L]z = ]|

for all u,z,v,y in H and for all s <t in [Ty, T|, where x : [To,T] — Ry is a nondecreasing
absolutely continuous function and L is a positive constant. Then the conver weakly compact
valued mapping (t,x,y) — OPdewq)(y) satisfies the upper semicontinuity property: Let (t,,x,)
be a sequence in [Ty, T| x H converging to some (t,z) € [To,T] x H, and (y,) be a sequence in
H with y, € C(t,,x,) for all n, converging toy € C(t,x), then, for any z € H,

lim sup 6" (Z7 apdC’(tn,mn) (yn)) S 6*(27 apdC(t,ac) (y))

n—o0

3. The main result

Let assume the following assumptions:

(A;) There is some constant r > 0 such that, for each ¢ € [Ty, T'] and each u € H, the sets C(t,u)
are r-prox regulars.

(Ay) For each bounded subset A C H, the set C(t,z) is relatively ball-compact for all (¢,z) €
[To, T] x A.

(A3) There is a constant L €]0, 1] and an absolutely continuous nondecreasing function x : [Ty, T] —
R, such that, for all s,t € [Ty, T],s <t and any z,y,u,v € H one has

|dequ) (2) = degsa (4)] < e =yl + x(t) = x(s) + Lllu =]



Perturbed sweeping process;
Volume 12, Special Issue, Winter and Spring 2021,605-615 609

Let recall the following existence result for the sweeping process without perturbation and with
time and state dependent nonconvex moving sets in Hilbert space proved in ([11], Theorem 3.4):

Theorem 3.1. Assume that (A;), (A2) and (As) hold. Then, for any a € C(Ty,a), there exists an
absolutely continuous solution u : [Ty, T| — H of the problem

—?l(t) € Nc(t,u(t))(u(t)) a.e te [TO,T],
w(Ty) = a, u(t) € C(t,u(t)), Vte [Ty, T],
which satisfies
1
()| < ——=x(t).
(o) < k(1)
We start with the case when the perturbation is a single valued integrable function.

Proposition 3.2. Assume that (A;), (A2) and (A3) hold, then, for any mapping h € Ly (To,T) and
any a € C(Ty,a), there exists an absolutely continuous solution u : [Ty, T] — H of

{ —0(t) € Newuw) (u(t)) + h(t) ae. in [Ty, T]
uw(Ty) = a, u(t) € C(t,u(t)), Vte |[To,T).
Moreover, we have
Ji(6) + B0 < = (Gue) + B ae. in [T, T] (31)

Proof . Set ¢(t) fT s)ds, for all t € [Ty, T], and consider the set-valued mapping D : [T, T| X
H — H defined by

D(t,z) = C(t,z = ¥(t)) + ¥(t)
for all (¢, z) € [Ty, T] x H. Obviously, D satisfies (A;) and (Ay), let verify (Ajz). For any y1, ya, 21, 2o
in H and all ¢, s in [Ty, T, we have

|dp(t.2) (Y1) = dp(s.20) (Y2)| < dez—v(e) (W1 = Y1) = dos.za—w(s) (Y2 — ¥ ()]
< () = () + ldoz—ww) 1) = dogs 2w (¥2)]
< [w(&) = D) + llyr — wall + x (@) = x(s) + Lllzr = 9(t) — 22 + (s,
< v = g2l + x2() = xa(s) + Ll|z1 — 2
where (¢ fT + (14 L)||h(s)]|)ds is nondecreasing absolutely continuous. Hence, D satisfies

(A3), as a E D(T 0,Q ) C (To, a), from Theorem 3.1 there exists an absolutely continuous solution y
to the state-dependent sweeping process

{ —9(t) € Npgyay(y(t)) ae. in [To, T
y(To) = a, y(t) € D(t,y(t)),

which verify

l9@I < =7 xa(0).
Furthermore, the mapping u(t) = y(t) — ¢ (t) is solution of

—u(t) — h(t) = —=9(t) € Negy—ww) (Yt) — ¥({)) = Newum)u(t)
and satisfies ||(t) + h(t)|| < 5 (x(¢) + |h(D)]]) ae. t € [To, T]. O

Now, we are able to give our main result in the paper, which is an existence result for a class
of first-order differential inclusions. The perturbation is supposed to be the sum of a Carathéodory
mapping and a scalarly upper semicontinuous set-valued mapping.
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Theorem 3.3. Assume that (A;), (As) and (As3) hold. Let g : [Ty, T] x H — H be a map such that
i) g is a Carathéodory mapping on [Ty, T| X H;

ii) there exists a non-negative function a(-) € Ly (To, T) such that, for all t € [Ty, T] and for all
x € H, we have

lg(t, 2)[| < a(@) (1 + [l]]).
Let G : [Ty, T) x H — H be a set-valued mapping with nonempty closed convex values such that
iti) G is L([To, T) ® B(H)) measurable and scalarly upper semicontinuous on H;

iv) there exists a real v > 0, such that, for all (t,x) € [Ty, T] x H,

d(0, G(t, u)) < (1 + [|lz)-

Then, for any a € C(Ty, a), there exists an absolutely continuous mapping u : [Ty, T] — H solution
of
(SP) —0(t) € Neouwy) (u(t)) + G(t,u(t)) + g(t,u(t)) a.e. in [Ty, T7;
w(Ty) = a, u(t ) e C(t,u(t)), vte [Ty, T).

Proof . For each (t,x) € [Ty, T] x H, denote by P(t,z) the element of minimal norm of the closed
convex set G(t,z) of H, we put f(t,z) = g(t,z) + P(t,x) and S(t) = a(t) +~, by ii) and iv), we get
for all (¢,z) € [Ty, T] x H ,

1 (&)l < B+ [[=]])- (3.2)
We suppose that
T 1-L
B(s)ds < ——, (3.3)
T 4

and consider, for every n € N, a partition of [Ty, T'] defined by

T—T,
= 0

1

0<i<n).

2 0<i<n)
We are going to construct a sequence of maps (u,(+)) in Cy(Tp, T') via Proposition @ by considering
a perturbation f with fixed second variable u in each subinterval. So, for a € C(Tp, a), let us consider
the following problem on the interval [T, t7] :

{ —u(t) € Nouw)(ut) + f(t,a) ae t€[To,t];
u(Ty) = a € C(Ty,a),

where f(-,a) is a mapping depending only on ¢ and is L% (T, 7). By Proposition 3.2, it has an
absolutely continuous solution that we denote by u((-) : [T, 7] — H. According to (B) this solution
satisfies

J650) + £t < = (O + It a)l) ae. t € [Ty, 2] (3.4)

Now, since uf(t7) € C(t7,ug(t})) is well defined, let consider in the interval [}, %] the problem

{ —u(t) € Nouw)(u(t)) + f(,ug(t7)) — ae. te[if,B];
u(ty) = ug () € O, ug (t7))
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which admits a solution denoted by wf(-) : [t},t5] — H with u}(t}) = ug(t}) and satisfying

Ji5(0) + 7w (BN < T G0+ IFE g ae in [, 6] (35)

And so on, for each n, there exists a finite sequence of absolutely continuous mappings u(-) :
[tr,tr,] = H, (0 <i<n—1)such that, for each i € {0,...,n — 1},

{ — 7 (8) € Nogaury (wr(t) + f(t, uiy () aet €[t 1],
(7)) = uwil, (87) € O, wil, (1)),
where u”,(0) = a and

° N 1 g n n : n n
Il Ol < =7 (@) + 20 f (8w, E))) - ae. in 8, 82,]. (3.6)
Define the functions w,, : [Ty, 7] — H and 6, : [Ty, T] — [To,T] by

0,(t) =1t vVt ety tr,], i=0,...,n—1
Lo 2, 37
S0, u,(+) is absolutely continuous on [Tp, T, and one has
—dn(t) € NC(t,un(t))(un(t)) + f(t,un(Qn(t))) ae. te [TO,T]
(3.8)
un,(To) = a
with |
lin @I = 77 (&) + 2/t un(Bu(O))]]) - ae. t & [To, T, (3.9)
It follows that
1 t?+1 ) n
et DN Nun(E + T (X(s) + 2[1f (s, un(t7))[)ds. (3.10)
t

By iteration, we obtain

funEill < el + = 3 )+ 205G ez

1 t?+1 )
<l + 7 s ds+—2/ £, ua(t)lds
)

1 fin 2 "
< ol g [ s S -

1-L Jg —

Then

n
tz‘l

2 +
) < el + / s + T (14 s [ ()) [ B(s)ds

To
for each + = 0,...,n — 1 and thus

T
nax lun(6)] < llall + —/ s)ds + —L(l g unEll) | Bls)ds.



612 D. Affane, M. F. Yarou

Taking in account (B33), we obtain

T

1 1
g o)) < llall + 5 + = | ¥()ds + 5 gua (5]

and hence T
Jan @) < 21l + 5+ 2 [ k()ds) i=m. .11

= 2 1-L Jg

By (BM), (B) and (3.2), one has for any n and almost all ¢
17t un (@) < (1 m)3(0) (312
()] < T (L) + 20+ m)B(0) = ma (1) (3.13)

Thus by () and () we may suppose that (u,) o(Lk(Ty, T), L3 (Tp. T))-converges in L, (Ty, T')
to a function z with ||z(¢)|] < my(t) for ae. t € [Ty, T] (see e.g. [12], Proposition 6.2.3), and
(u,) converges pointwisely on [T, T'| with respect to the weak topology to an absolutely continuous
function u

u(t) =a+ /t u(s)ds, Yt € [T, T

To
for all t € [Ty, T] with @ = z. Further, according to (), we have by construction

(0 (1)) € C(On(1), n(0,(£))) [\ Brr(0,m). (3.14)
Then, (u,(0,(t)) is relatively compact for every t € [Ty, T| in H since
D(t) := U, C(0,(t), un(0.(t)))
is ball-compact thanks to (Ay) and () As 0,(t) — t, it follows that

lim ||up (0 (2)) — wn(t)]] = 0 (3.15)

n—oo

and (u,(t)) is relatively compact. By (), (un(+)) is equicontinuous, thus relatively compact
in Cy(Th,T), consequently, (u,) converges in Cy(Ty,T’) to the absolutely continuous function w.
Furthermore, for all ¢ € [T, T

lg(t, un(0n ()| < (1+m)a(t),
by the continuity of the mapping ¢g(t, ) we get

and
lg(t, @) < (L +m)a(?).
In the other hand we have for all t € [Tp, T

1P, un (On (D)) < (1 +m)y
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for all n > ny and for all ¢ € [Tp, T, we put (P(-,un(0,(-)))) = (pn(-)) so (pn(-)) is bounded, taking
a subsequence if necessary, we may conclude that (p,(+)) converges o(LL (Ty, T), L5 (Ty, T)) to some
mapping p € LL(Ty, T) with
o] <1 +m).
Now, we proceed to prove that @(t) € —Neuw)(u(t)) + Gt u(t)) + g(t, u(t)) ae. t € [Ty, T
First, we check that u(t) € C(t,u(t)), for all t € [TO, T). Indeed, for every t € [Ty, T] and for every n,

we have
do(tu()(un(t)) < [lun(t) = un(0n ()] + deu) (un(0(1)))
< un(t) = un (0 ()| + H(C(0n(t), un(6n(2))), C(E, u(?)))
< un(t) = wn(0n ()] + x(0a(t)) — x(2) + L{|un(6n(t)) — w(?)]].

Taking into account () and_passing to the limit when n — oo, in the preceding inequality, we get
u(t) € C(t,u(t)). Recall that (@), (B-12), (B.13) and Proposition @ entails for a.e. t € [Tp, T

— i (t) = £ 0 (00 (8))) € N2y, 0n (8) 18] (316)

= ma(t)0"dc 1., (1)) (un (1))

with

my(t) = mi(t) + (1 4+m)B(t). (3.17)
Putting p,(t) = f(t,u,(0,(t))) and p(t) = f(t,u(t)), remark that (4, + p., pn) weakly converges in
L 5(To,T) to (u+p, p). An application of the Mazur’s theorem to (i, + pn, pn) provides a sequence
(wn, () with

wy, € co{ty +p: 1 >n} and ¢, € co{p;: j >n}

such that (w,,(,) converges strongly in L}, (T, T) to (i + p,p). We can extract from (w,,(,) a

subsequence which converges a.e. to (i + p, p). Then, there is a Lebesgue negligible set S C [Tp, T
such that for every t € [Ty, T]\ S

€ () {we(®) : k=n} C (eo{w(t) + pe(t) : k >n} (3.18)
and _ _
€ ({G(t) s k>n} c (eof¢(t): k> n}. (3.19)

Fix any t € [Ty, 7]\ S,n > ng and u € H, then the relation B8 gives

n—oo

< 5"(/%mz(t)adca,u@))(u(t)),
according to (A3z) and Proposition 2.1, taking the supremum over p € H, we deduce that

O(—u(t) = p(t), ma(t)dde(ruwy (w(t)) = 0 (—i(t) — p(t), ma(t)Odouwy (u(t)) <0,
which entails

—u(t) € ma(t)0dog ) (ut)) + f(t,ult))
€ Nouy(ult) + f(t, ult))
€ Nequy)(ut)) + p(t) + g(t, u(t)).
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Further, the relation () gives

(1, p(t)) < limsup 6" (4, G(t, un(0n(t)))),

n—oo

since 6*(u, G(t,+)) is upper semicontinuous on H, then

{1, p(8)) < 6%(n, G(t, u(t))),
so, we get d(p(t), G(t,u(t))) < 0, consequently
p(t) € G(t,u(t)) ae. te [Ty, T).

Finally, to turn to the general case when condition (@) is not satisfied, we subdivide I into
intervals satisfying (B33) and, thanks to the foregoing, one construct an absolutely continuous solution
in each subinterval, then by continuity the problem (SP) admits a solution on [Ty, 7. O

Remark 3.4. We cannot replace the constant v in the condition (iv) of Theorem BZ3 by an integrable
mapping since the distance function (which define the element of minimal norm of G ) is not necessary
continuous. This is possible in finite dimensional setting, see (|26], Lemma 2.2) or if G has compact
values, (3], Corollary 1.4.17,) we get then the following result

Corollary 3.5. Assume that (A;), (A2), (As) and assumptions on g hold. Let G : [Ty, T| xR™ — R"
be a set-valued mapping with nonempty closed convex values such that

i) G is Carathéodory on [Ty, T] x R™;

i) there exists a non-negative function (-) € Ly (To,T) such that, for all t € [Ty, T] and for all
x € R™, we have

d(0, G(t,u)) < ()1 + [l])-

Then, for any a € C(Ty,a), there exists an absolutely continuous mapping u : [Ty, T] — R"™ solution
of (SP). Moreover, we have for a.e. t € [Ty, T

1d(0, G(¢,w))|| < (1+m)y(¢)
and

Jo(0) + gt () + 400, Gl )] < 27 (16 + (L4 m)6(0) +a(0))

where

= o(lall+ 5+ 127 [ o))
m=2(llal +5+1=7 TOXS 5).
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