GALERKIN-LIKE METHOD AND GENERALIZED PERTURBED
SWEEPING PROCESS WITH NONREGULAR SETS
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Abstract. In this paper we present a new method to solve differential inclusions. This method
is a Galerkin-like method where we approach the original problem by projecting the state into a
n-dimensional Hilbert space but not the velocity. We prove that the approached problem always has
a solution and that under some compactness conditions the approached problems have a subsequence
which converges strongly pointwisely to a solution of the original differential inclusion. We apply
this method to the following differential inclusion:

—u(t) = Bu(t) a.e. t € [Tp, TY;
(1) —i(t) € N (Clt,u(t), o(); v(t)) + F(t, u(t), v(t) + Aut)  ae. t € [Ty, T

’I.L(To) = uo,v(To) =1 € C(To,uo,vo),
where A: U — V and B: V — U are two bounded linear operators, N(S;-) denotes the Clarke
normal cone to a closed set S C V and F: [To,T] x U x V = V is a set-valued mapping with
nonempty closed and convex values satisfying some appropriate conditions. The sets C(-,-,-) are
nonregular (equi-uniformly subsmooth or positively a-far). The differential inclusion (1) includes

the Moreau’s sweeping process, the state-dependent sweeping process and second-order sweeping
process for which we give very general existence results.

Key words. Sweeping process, subsmooth sets, positively a-far sets, differential inclusions,
second-order sweeping process, normal cone
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1. Introduction. Let H, U and V be separable Hilbert spaces, Ty, T' be two
non-negative real numbers with Ty < T. In this paper we present a new method to
solve differential inclusions. This method is a Galerkin-like method where we approach
the original problem by projecting the state into a n-dimensional Hilbert space but
not the velocity. We prove that the approached problem always has a solution (see
Proposition 13) and that under some compactness conditions the approached problems
have a subsequence which converges strongly pointwisely to a solution of the original
differential inclusion (see Theorem 14).

More explicitly, we consider the following differential inclusion:

#(t) € F(t,z(t)) aete [Ty, T];

(2) x(To) = Xq.

For each n € N we approach (2) by the following differential inclusion:

#(t) € F(t, Pa(2(1)))  aete [Ty, T]:
z(To) = Pa(zo),

where, given an orthonormal basis (e,)nen, P, is the projector from H into
span{ey,...,e,}. We will call this method Galerkin-like method. We will show how
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this method is well adapted to deal with constrained differential inclusions by provid-
ing existence of solutions to the following differential inclusion:

—u(t) = Bo(t) a.e. t € [To, T);
—0(t) € N (C(t,u(t),v(t));v(t)) + F(t,u(t),v(t)) + Au(t) a.e. t € [Ty, T;
(To) = wo,v(To) = vo € C(To,uo, vo),

(3)

S

where A: U — V and B: V — U are two bounded linear operators, N(S;-) denotes
the Clarke normal cone to a closed set S C V and F: [Ty, T] x U x V =% V is a set-
valued mapping with nonempty closed and convex values satisfying some appropriate
conditions.

We call the differential inclusion (3) generalized sweeping process because it in-
cludes the perturbed state-dependent sweeping process, the Moreau’s sweeping pro-
cess and the perturbed second-order sweeping process.

Perturbed state-dependent sweeping process. The perturbed state-dependent
sweeping process is the following differential inclusion:

(4) 2(To) = xo € C(Tp, o),

{ —&(t) € N(C(t,z(t));z2(t)) + F(t,xz(t)) ae. te [Ty, T);

where for any subset S in H the set N(S;-) denotes the Clarke normal cone to S
and F: [Ty, T] x H = H is a set-valued mapping, called perturbation term, with
nonempty closed and convex values. This differential inclusion includes the state-
dependent sweeping process:

(5)

—i(t) € N (Ct,z(t);2(t) ae. te[Tp,T);
I(To) = X9 S C(TmﬁCo),

and the perturbed Moreau’s sweeping process:

(©) —i(t) € N(C(t);z(t)) + F(t,z(t)) ae. te[ly,T];
.T(To) =9 € C(To)

The study of this kind of differential inclusions was initiated by Moreau [41, 42, 43,

44, 45], for (6), to deal with problems arising in mechanics (see [40] for a general

introduction to the subject). Since then, several authors have been interested in

the existence and uniqueness of solutions in the convex and nonconvex case (see

[19, 25, 9, 29, 50, 16, 28, 16, 51, 33, 38, 37]).

Concerning (5), as far as we know, it has been introduced and studied for the
first time, for convex sets C(t,z) in R?, by Chraibi Kaadoud [23] to model certain
mechanical problems and later generalized to (4) in the convex and nonconvex setting.

In the convex setting, Kunze and Monteiro-Marques [39] proved the existence of
solutions to (5) when the set-valued satisfies the following Lipschitz condition: There
exist L1 > 0 and Ly € [0, 1] such that

(7) ld(z, C(t,u)) — d(e, C(s,0))| < Lilt — s| + Loflu vl

for t,s € [Ty, T] and z,u,v € H. Also, they showed that when Ly > 1 no solution
of (5) can be expected. The authors used Darbo’s fixed point theorem to show the
convergence of the following semi-implicit discretization scheme:

(8) $?+1 = proj (af?a C(t?+1,$?+1)) .
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The discretization scheme (8) comes from an implicit discretization of (5) and can be
seen as a generalization of the well known Moreau’s Catching-up algorithm [41, 44, 45].
Next, Haddad and Haddad [32] showed, using an explicit discretization scheme, the
existence of solutions to (4) in the particular case C(t,z) := C(z) and F(t,z) = Ax+
f(t), where A is a linear bounded operator and f is a continuous and bounded function.
This result was used to show the existence of solutions to a superconductivity model.
Later, Haddad [31] showed the existence of solutions of (4) with upper semicontinuous
perturbation by using the explicit discretization scheme:

9) xiy = proj(z; — " < Ot o)) and f" € (], x7).

Finally, Bounkhel and Castaing [14], by using (9), showed the existence of solutions
to (5) in uniformly smooth and uniformly convex Banach spaces.

In the nonconvex case, Chemetov and Monteiro-Marques [21] proved the existence
of solutions to (4) for uniformly prox-regular sets C'(¢,x) with absolutely continuous
variation in space and Lipschitz variation in time with a single-valued perturbation.
They construct the operator w = P(v) where w is the unique solution of (6) with
C(t) .= C(t,v(t)) and they show the existence of a fixed point of P via Schauder’s
fixed point theorem. Then, the same authors [22] proved the existence of solutions
to (5) by using a fixed point argument in ordered spaces. Next, Castaing, Ibrahim
and Yarou [20] used an extended version of Schauder’s theorem and the discretization
scheme (8) to show the existence of solutions to (5) in the uniformly prox-regular
case. Later, Azzam-Laouir, Izza and Thibault [7] and Haddad, Kecis and Thibault
[34] showed the existence of solutions to (4) in the finite dimensional and uniformly
prox-regular setting with a perturbation term defined as the sum of an u.s.c and a
mixed semicontinuous set-valued mapping with closed and convex values satisfying a
linear growth condition. They reduce the constrained differential inclusion (5) to the
following unconstrained one

_i(t) € 1|C_(t2|28d(x(t);C(t,x(t))) a.c. on [Ty, T:

IIT(T()) =X S C(To,l‘o),

where Lo € [0,1] is the constant in (7) and ( is the variation in time of C. Next,
Noel [46] and Noel and Thibault [47] showed, respectively, the existence of solutions
of (4) with equi-uniformly subsmooth and uniformly prox-regular sets for scalarly
upper semicontinuous set-valued perturbations with closed and convex values. By
using an extended Schauder theorem, they showed the convergence of the following
semi-implicit discretization scheme:

n ) T-T n ..n n n :
Tiyq € Proj(zy + 79( k)i C(thgrs Tiy1)) and g(t,z) = Projp 4 (0)
Finally, Jourani and Vilches [37] showed the existence of solutions to (5) and (6) (with
F = 0), respectively, for subsmooth and positively a-far sets by using the Moreau-
Yosida regularization techniques.

The perturbed state-dependent sweeping process (4) includes, as a special case,
the Bensoussan-Lions-Mosco problem (see [48]): Find v € [Ty, T] — H with v(t) €
T'(v(t)) such that

(10) a(v(t),u —v(t)) + (0(t), u — v(t)) = (1), u —v(t)),
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for a.e. t € [Ty, T] and for all u € T'(v(t)), v(Tp) = vo € T'(vg). In the above parabolic
quasi-variational inequality a(-,-) is a real bilinear, symmetric, bounded and elliptic
form on H x H, 1 € L'([Ty,T); H) and I'(-) C H is a convex set of constraints. The
interest in the study of (10) arises in connection with quasi-static problems, sandpile
growth and superconductivity models, among others (see [48, 49] for more details).

In section 7, we give a very general existence result to (4) (see Theorem 17) where
the moving sets are assumed to be nonempty, closed and subsmooth with absolutely
continuous variation in time and Lipschitz variation in the state. The perturbation
term is supposed to be upper semicontinuous from H into H,, with nonempty, closed
and convex values satisfying a weak linear growth condition, namely, the intersection
between the perturbation term and the ball with linear growth is nonempty. This
enables us to deal with unbounded perturbation terms.

Perturbed second-order sweeping process. The perturbed second-order sweeping
process is the following differential inclusion:

" —ii(t) € N (Ct, u(t), a(t)); u(t)) + F(t,u(t), u(t)) ae. ¢ € [To, T,
U(To) = uO,’l'l,(To) =19 € C(TO7U0,’U()).

The study of this kind of differential inclusions was initiated by Castaing [18], where
the moving set depends on the state with convex and compacts values. Since then,
several works deal with second-order sweeping process with convex/prox-regular sets
in Hilbert/Banach spaces (see [19, 10, 13, 5, 15, 6, 3, 12, 1]).

The second-order sweeping process (11) includes the dynamic analogue of the
Signorini problem: Find u: [Ty, T] — H, u(Ty) = ug, w(To) = vg € C(Tp) such that
u(t) € C(t) for a.e. t € [Ty, T] and

(12) (U(t) —(t),y —a(t)) < a(u(t),y —a(t)) + J(t,y) — J(t,u(t)),

for all y € C(t) and a.e. t € [Ty, T]. Here a(-,-) := (A(-),-) is a real bilinear,
symmetric, bounded and elliptic form on H x H, [ € L* ([Ty,T); H) and J: [Tp, T] %
H — R is a convex and locally Lipschitz continuous function. We observe that (12)
can be written in the following form:

—i(t) € O (t,a(t)) + N (C(t):a(t) + Au(t) — I(t)  ae. t € [Ty, T].

This differential inclusion can be studied in a more general context, namely, the
convexity of J and C(-) can be removed.

In section 9, we give a very general existence result to (11) (see Theorem 22) where
the moving sets are assumed to be nonempty, closed and subsmooth or positively ag-
far with absolutely continuous variation in time and Lipschitz variation in the state.
The perturbation term is supposed to be upper semicontinuous from H x H into H,,
with nonempty, closed and convex values satisfying a weak linear growth condition
which enables us to deal with unbounded perturbation terms. We emphasize that the
novelty of our work resides as much in the method as in the great generality in that
the second-order sweeping process is treated. In fact, this is the first time in that the
moving set depends jointly on the state and on the velocity.

The paper is organized as follows. After some preliminaries in section 3, we collect
the hypotheses used along the paper. In section 4, we give some necessary lemmata
that are used along the paper. The Galerkin-like method is studied in section 5
where we prove the existence of solutions to the approached problems section 1 (see
Proposition 13) and its convergence (up to a sequence) strongly pointwisely to a
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solution of (2) (see Theorem 14). In section 6, we established existence of solutions
to (3) via the Galerkin-like method. In section 7, section 8 and section 9, we obtain,
respectively, existence of solutions to (4), (6) and (11). Finally, in the last section, we
give an example proving the necessity of the compactness assumptions on the swept
sets.

2. Preliminaries. From now on H, U and V stands for separable Hilbert spaces
whose norm is denoted by || - ||. The closed ball centered at = with radius r is defined
by B(z,p) :== {y € H: ||z — y|| < p} and the closed unit ball is denoted by B. The
notation H,, stands for H equipped with the weak topology and z,, — z denotes the
weak convergence of a sequence (), to x (similar notation for U, and V,,).

Recall that a vector h € H belongs to the Clarke tangent cone T'(S;z) when
for every sequence (), in S to z and every sequence of positive numbers (¢,)n
converging to 0, there exists some sequence (hy,), in H converging to h such that
Ty + tphy, € S for all n € N. This cone is closed and convex and its negative polar
N(S;z) is the Clarke normal cone to S at x € S, that is,

N (S;z)={ve H: (v,h) <O0Vh e T(S;z)}.

As usual, N(S;z) =0 if ¢ S. Through that normal cone, the Clarke subdifferential
of a function f: H — RU {400} is defined by

Of () :={ve H: (v,—1) € N (epif, (z, f(x)))},

where epi f := {(y,r) € H x R: f(y) < r} is the epigraph of f. When the function f
is finite and locally Lipschitzian around z, the Clarke subdifferential is characterized
(see [24]) in the following simple and amenable way

Of(x) ={ve H: {v,h) < f°(x;h) for all h € H},

where

fo(zsh) = limsup 7' [f(y+th) — f(y)],
(t9)— (0% 2)

is the generalized directional derivative of the locally Lipschitzian function f at x
in the direction h € H. The function f°(z;-) is in fact the support of df(x). That
characterization easily yields that the Clarke subdifferential of any locally Lipschitzian
function has the important property of upper semicontinuity from H into H,,.

For x € H and S C H the distance function is defined by ds(z) := infycg ||z —y||.
We denote Projg(z) the set (possibly empty)

Projs(z) :=={y € S: ds(z) = [l -y} -
The equality (see [24])
(13) N (S;z) =Ry0ds(x) forx €S,

gives an expression of the Clarke normal cone in terms of the distance function. As
usual, it will be convenient to write dd(z, S) in place of 9d (-, S) (z).

We denote by L' ([Ty,T]; H) the space of H-valued Lebesgue integrable func-
tions defined over [Ty, T]. We write LY ([T, T]; H) to mean the space L' ([To, T]; H)
endowed with the weak topology.
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We say that u € AC ([To, T|; H) if there exists f € L* ([T, T]; H) and ug € H such
that u(t) = uo + f;o f(s)ds for all t € [Ty, T]. Also, we say that u € W ([Tp, T); H)
if w € AC([To,T]; H). Also, for u: [Ty, T] — H we define Lip(u) := sup,, [lu(t) —
u(s)||/|t — s| and Lip ([Ty, T); H) := {u: [Ty, T] — H: Lip(u) < +oo}.

The following lemma, proved in [37], is a compactness criteria for absolutely
continuous functions.

LEMMA 1. Let (x,)n be a sequence of absolutely continuous functions from [Ty, T)
into H with x,(Ty) = xf. Assume that for alln € N
(14) lin @) < 9(t)  a.et e [To,T],

where ¢ € LY (Ty,T) and that z} — xo as n — +oo. Then, there exists a subsequence
(T )k of (Tn)n and an absolutely continuous function x such that
(i) xp, (t) = x(t) in H as k — +oo for all t € [Tp,T);

(ii) xp, — x in L' ([Ty,T); H) as k — +00;

(iii) in, — @ in L* ([To,T); H) as k — +00;

() ||&(t)]| <(t) a.e. t € [Ty, T).

Let (en), ey be an orthonormal basis of H. For every n € N we consider the linear
operator P, from H into span{ey,...,e,} defined as

P, (Z (x,er) ek> = Z (x,ex) eg.

k=1 k=1
The following lemma summarize the main properties of the linear operator P,.

LEMMA 2. (i) ||Pn(z)|| < |lz|| for all z € H;
(ii) (Pn(x),x — Py(x)) =0 for allz € H;
(iii) P,(x) = x as n — +oo for all x € H;
(iv) if (xn)n is a bounded sequence with x, — x as n — +oo then P,(x,) — x as
n — +00;
(v) if B C H is relatively compact then sup,¢p || — Py(2)|| = 0 as n — +o0.

Proof. It is enough to prove (iv): Let j € N. Then, for n > j:

—+oo

(xn, — Pp(zn),€5) = Z (@n, er) (er,e;) = 0.

k=n-+1
Thus, by linearity,

lim (z, — Py(2,),v) =0 Vv € span ({e;};en)-

n—-+o0o

Let v € H. Then, there is v, — v with v, € span ({e;};jen). Hence,

[ {(zn — Po(®0),0) | < [{Tn — Po(®0n),v = vm) | + [ {20 — Pr(2n), vm) |
<Nzn = Pol(@n)|| - lom — ol + [ (@0 — Pa(zn), vm) |

< 2sup [|zn| - lvm — vl + [{(Tn — Pu(®n), vm) |-
neN

Therefore, taking the limit n — 400 and then the limit m — +o0o we get the result.0

Let A be a bounded subset of H. We define the Kuratowski measure of non-
compactness of A, a(A), as

a(A) =inf{d > 0: A admits a finite cover by sets of diameter < d},
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and the Hausdorff measure of non-compactness of A, 8(A), as

B(A) = inf{r > 0: A can be covered by finitely many ball of radius r}.

The following proposition gather the main properties of Kuratowski and Hausdorff
measures of non-compactness (see [26, Section 9.2]).

PROPOSITION 3. Let H be an infinite dimensional Hilbert space and B, By, By be
bounded subsets of H. Let ~y be either the Kuratowski or the Hausdorff measures of
non-compactness. Then,

(i) v(B) = 0 if and only if B is compact;

(i1) v(AB) = |A|y(B) for every A € R;

(ii1) v(B1 + B2) < y(B1) +v(B2);

(iv) By C Bo implies v(B1) < v(Bs);

(v) v(conv B) = ~(B);

(vi) ¥(B) =~(B).

The following lemma (see [26, Proposition 9.3]) is a useful rule for interchange of

and integration.

LEMMA 4. Let (v,) be a sequence of measurable functions vy, : [To,T) — H such
that sup,, |va(t)]| < ¥(t) a.e. t € [Ty, T], where ¢ € L*(Ty, T). Then

t+h t+h
7({/t vn(s)ds:neN}> §/t v ({vn(s): n € N})ds,

forTh <t<t+h<T.

We recall the definition of the class of positively a-far sets, introduced in [33] and
widely studied in [38].

DEFINITION 5. Let o €]0,1] and p €]0,4+00]. Let S be a nonempty closed subset
of X with S # X. We say that the Clarke subdifferential of the distance function
d(-,S) keeps the origin a-far-off on the open p-tube around S, U,(S) :={x € H: 0 <
d(z,S) < p}, provided

15 0<a< inf d(0,0d(-,S .

(19 @< inf d0.0(.5)()

Moreover, if E is a given nonempty set, we say that the family (S(t)):tcr is positively
a-far if every S(t) satisfies (15) with the same a €]0,1] and the same p > 0.

This notion includes strictly the notion of uniformly subsmooth sets (see Proposi-
tion 7) and the notion of uniformly prox-regular sets (see [38]).

DEFINITION 6. Let S be a closed subset of H. We say that S is uniformly sub-
smooth, if for every e > 0 there exists 6 > 0, such that

(16) (x] — 23,21 — 22) > —¢l|z1 — 22,

holds for all 1,z € S satisfying ||x1 —x2|| < 6 and all z} € N (S;z;)NB fori=1,2.
Also, if E is a given nonempty set, we say that the family (S(t)),cp is equi-uniformly
subsmooth, if for every € > 0, there exists 6 > 0 such that (16) holds for each t € E
and all x1,x9 € S(t) satisfying ||z1 —x2|| < 6 and all xF € N (S(t); ;) NB fori=1,2.

PROPOSITION 7 ([38]). Assume that S is uniformly subsmooth. Then, for all
e €]0,1] there exists p €]0,+oo[ such that the origin is kept positively /1 — e-far



8 A. JOURANI AND E. VILCHES

from the Clarke subdifferential of the distance function d(-,S) on the open p-tube
Up(S)={ye H:0<d(y,S) < p}, i.e.

V1—e < inf d(0,0d(y,S)).
yeU,(S)
3. Technical assumptions. For the sake of readability, in this section we collect
the hypotheses used along the paper.

Hypotheses on the set-valued map C: [Ty, T)xU xV = V. C'is a set-valued map
with nonempty and closed values. Also, we will consider the following conditions:
(H1) There exist ¢ € AC([To,T];R), Ly > 0 and Ly € [0,1] such that for all
s,t €[0,T) and all z,y € U and u,v,w € V

|d(w, C(t, ,u)) — d(w, C(s,y,v))| < |C(t) = ((s)| + Lallz — yll + Lafju —v].

(H2) There exist two constants ag €]0,1] and p €]0,+o00] such that for every
(u,v) eU xV

0<apg< zeUp(l(IJl(ft,u,u)) d(0,0d(-,C(t,u,v))(z)) a.e. te [Ty, T],
where U, (C(t,u,v)) ={x € V: 0 < d(z,C(t, u,v)) < p}.
(Hs3) The family {C(¢t,u,v): (t,u,v) € [Tp,T] x U x V} is equi-uniformly sub-
smooth.
(H4) For every t € [Ty, T|, every r > 0 and every pair of bounded sets A C U and
B C V, the set C(t, A, B) N rB is relatively compact.

Hypotheses on the set-valued map C': [Ty, T] x H = H. C is a set-valued map
with nonempty and closed values. Also, we will consider the following conditions:
(Hs) There exist ¢ € AC ([To,T];R) and Lo € [0,1] such that for all s,¢ € [0,T]
and all x,y,z € H

|d(z,C(t,2)) — d(z,C(s,9))| < [C(t) = ()] + Laflz — y].

(He) The family {C(t,v): (¢t,v) € [Ty, T] x H} is equi-uniformly subsmooth.
(H7) For every t € [Ty, T], every r > 0 and every bounded set A C H the set
C(t, A) NrB is relatively compact.

Hypotheses on the set-valued map C: [Ty, T) = H. C is a set-valued map with
nonempty and closed values. Also, we will consider the following conditions:
(Hg) There exists ¢ € AC ([To, T]; R) such that for all s,z € [0,T] and all z € H

|d(z,C(t)) — d(z, C(s))] < [C(£) = ((s)]-
(Ho) There exist two constants g €]0,1] and p €]0, +o0] such that

0<ap< inf  d(0,0d(x,C(t e teTy,T],
cos it d(0.0dz,C0) ac. te D7)
where U, (C(t)) ={z € H: 0 < d(x,C(t)) < p} for all t € [To, T].
(H10) For all t € [Ty, T] the set C(t) is ball-compact, that is, for every r > 0 the set
C(t) NnrB is compact in H.
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Remark 8. L. Under (H4), the set Projo . (v) # 0 for all (t,u,v) €
[To, T]x U x V. Indeed, let (2,,),, C C(t,u,v) such that [|[v—2zy| = dc(t,u,m) (V)
as n — 4o00. Then, (z,), C rBNC(¢t, {u},{v}) for some r > 0, which implies,
by virtue of (#4), that (z,), is relatively compact. Thus, a subsequence of
(2n) converges to an element of Proje (s ,v)(v)-

2. Let Ly € [0,1[. Under (H3) for every ag €]v/La, 1] there exists p > 0 such
that (Hz) holds. This is a consequence of Proposition 7.

Hypotheses on the set-valued map F: [To,T] x U x V = V. F is a set-valued
map with nonempty, closed and convex values. Also, we will consider the following
conditions:

(HE) For each (u,v) € U x V, F(-,u,v) is measurable.
(HL) For a.e. t € [Ty, T), F(t,-,-) is upper semicontinuous from U x V into V.
(HL') There exist ¢,d € L'(Ty, T) such that

d (0, F(t,u,v)) := inf{||w||: w € F(t,u,v)} < c(t)](u,v)| + d(t),

for all (u,v) € U x V and a.e. t € [Tp, T.

Hypotheses on the set-valued map F: [Ty, T] x H = H. F is a set-valued map
with nonempty, closed and convex values. Also, we will consider the following condi-
tions:

(HL) For each v € H, F(-,v) is measurable.
(HE) For a.e. t € [Ty, T, F(t,-) is upper semicontinuous from H into H,,.
(HE) There exist ¢,d € LY(Ty, T) such that

d (0, F(t,v)) := inf{||w||: w € F(t,v)} < ct)|v| + d(t),

for all v € H and a.e. ¢t € [Ty, T).

4. Preparatory lemmas. In this section we give some preliminary lemmas that
will be used in the following sections. They are related to properties of the distance
function and set-valued maps.

LEMMA 9 ([37]). Let S C H be a ball-compact set. Then, for all x ¢ S we have

x —¢oProjg(z)
ds()

LeEMMA 10 ([37]). Assume that (H1), (H3) and (Ha) hold. Then, for all t €
[T, T] the set-valued map (u,v) = d(-, C(t,u,v))(v) is upper semicontinuous from
U xV into V.

The following lemma will be used in the proof of Proposition 13

LEMMA 11. Assume that (H), (HL) and (HE) hold and let r: [Ty, T] — R, be
a continuous function. Then, the set-valued map G: [Ty, T] x H = H defined by

ddgs(z) =

G(t,z) = F(t, pr(y () N (c®)lprry (@) +d(t) B (t,2) € [T, T] x H,

z if |zl < r(t);

. : , satisfies:
O if 2l > (o),

where py () = {
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(i) G(t,x) is nonempty, closed and convez for all (t,x) € [To,T] x H;
(i) for each x € H, G(-,x) is measurable;
(i11) for a.e. t € [Ty, T), G(t,-) is upper semicontinuous from H into H,;
() for all z € H and a.e. t € [Ty, T)

|G, z)|| := sup{||w|: w € G(t,x)} < c(t)r(t) + d(t).

Proof. (i) is direct. (iii) follows from (HZ') and [4, Theorems 17.23 and 17.25].
Also, due to (HE'), we have

Gt 2)|| = sup{|lw]: w € G(t,2)}
< c(®)llpry ()] +d(?)
< c(t)r(t) + d(t)

which proves (iv). Thus, by virtue of (i) and (iv), G takes weakly compact and convex
values. Therefore, (ii) follows from (H1") and [36, Proposition 2.2.37]. d

The following result may be proved in much the same way as [37, Lemma 4.4]
(see also [38, Lemma 5.7]).
LEMMA 12. Let x,z: [Ty, T] = V and y: [To,T] — U be three absolutely contin-

wous functions and let C: [To, T) x U x V. =3 V be a set-valued map with nonempty
closed values satisfying (H1). Then

(i) The function t — d(z(t); C(t,y(t), z(t))) is absolutely continuous over [Ty, T).

(i1) For all t €]Ty, T[, where ((t), y(t) and 2(t) exist,
. 1
hmfoup 3 [detrs,ytirs),=49) (@t +5)) = dogy),=() (@(1))]
< O]+ Lallg(®)] + Lall2()]

1
+limsup = [y, (@ +5) = dowy o) (#(0)]
S

(i3) For allt €Ty, T[, where ©(t) exists,

1
limsup = [deqeye) =) (2 +5)) = dotwyo ) (@(0)]

< max ham).
Y* €A1, y(t), (1)) (®(t))

(iv) For allt € {s € [Ty, T): x(s) ¢ C(s,y(s),z(s))}, where &(t) exists,
o1
lim = [dety ()20 (@t + 8)) = doryn),=) (2 (2))]

= min
y*€0d(z(t),C (t,y(t),z(t)))

(y", @) -

(v) For every x € V the set-valued map t = 9d(x, C(t,y(t), z(t))) is measurable.

5. Galerkin-like method. In this section we study existence of solutions to the
following differential inclusion:

an { i(t) € F(t,z(t)) ae. t € [Ty, T);

:L‘(To) = Xo,
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where F: [Ty, T] x H = H is a set-valued map with nonempty closed and convex
values. For every n € N let us consider the following differential inclusion:

(18) z(t) € F(t,P, (z(t))) ae. te[To,T);
z(To) = Pp(o),
where P,: H — span{ej,...,e,} is the linear operator defined in Lemma 2. The

next proposition asserts the existence of solutions for the approximate problem (18).

PROPOSITION 13. Assume that (1Y), (HL) and (H}') hold. Then, for eachn € N

s}

there exists at least one solution x,, € AC ([Ty,T]; H) of (18). Moreover,
t t

(19) |z ()] < r(2) == (||a:0|| +/ d(s)ds) exp (/ c(s)ds) for all t € [T, T,
Ty Ty

and
(20) |20 ()| < (t) :=c(t)r(t) +d(t) a.e t€[To,T).

Proof. Let us consider G(t,z) = F(t,p,u)(z)) N (c(t)||pr)(x)|| + d(t)), where
prty: H — H is given by

oL if ||| < r(t);
Pr(t) rt)e if ] > (),

[E
Then, due to Lemma 11, G satisfies (#1), (HL') and
(21) G (¢, @) := sup{[lw]|: w € G(t,z)} < c(t)r(t) + d(?),

for all z € H and a.e. t € [T, T].
Consider the following differential inclusion:

(22) { i(t) € G(t, Py(z(t)) ae. t € [Ty, T);

(To) = Pa(o).
Let K C L' ([To, T); H) be defined by

K= {fe L' ([To,T;H) : [|f()]| < ¥(t) ace. t € [To,T]},
where 1) is defined by (20). This set is nonempty, closed and convex. In addition,
since ¢ € L'(Ty,T), K is bounded and uniformly integrable, hence, it is compact in
L} ([Ty,T); H) (see [30, Theorem 2.3.24]). Since L' ([Ty, T]; H) is separable, we also

note that K, endowed with the relative L} ([Tp, T]; H) topology is a metric space (see
[27, Theorem V.6.3]). Define the map F,,: K = L' ([Ty,T]; H) by

Folf) = {v € L' ([T, T); H) : v(t) € G(t, Py(xo + . f(s)ds)) ae. t € [TO,T]},

for f € K. By (ML), (#L), (21) and [2, Lemma 6], we conclude that F,(f) has
nonempty, closed and convex values. Moreover, F,,(K) C K. Indeed, let f € K and
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v € Fp(f). Then,

lo(@) < sup{[|w||: w € G(t, P, (zo + . f(s)ds))}

< c(t)r(t) +d(t)
= ().
We denote K, the set K seen as a compact convex subset of LY ([To, T); H).
Claim 1: JF, is upper semicontinuous from K, into K.
Proof of Claim 1: By virtue of [36, Proposition 1.2.23] it is sufficient to prove that
its graph graph(F,) is sequentially closed in Ky, x K.
Let (fm,vm) € graph(F,) with f,, — f and v,,, — v in LY ([Tp,T); H) as m —
+00. We have to show that (f,v) € graph(F,,). To do that, let us define

t
U (t) := Pp(zo) + ; fm(s)ds  for every t € [Ty, T].
0

Thus,
(23) Um (t) € G(t, Pp(um(t))) for a.e. t € [Ty, T).
Also, since f,, € K, we have that

lin (O < (t)  ae. t € [T0,T].

Hence, due to Lemma 1, there exists a subsequence of (), (without relabeling)
and an absolutely continuous function u: [Ty, T] — H such that

U (t) — u(t) weakly for all ¢t € [Ty, T1;
Uy — @ in Ly, ([To, T); H)
which implies that @ = f. Moreover, since (u, (t)), is bounded for every t € [Ty, T1,
P, (um (t)) = Pn(u(t)) for every t € [Ty, T]. Consequently, by virtue of [30, Proposi-
tion 2.3.1], (23) and the upper semicontinuity of G from H into H,,, for a.e. t € [Ty, T
v(t) € conv w- lim sup{v, (t)}

m——+00
C cov G(t, Pp(u(t)))
= G(t, Pa(u(t))),
which shows that (f,v) € graph(F,), as claimed. O

Now, we can invoke the Kakutani-Fan-Glicksberg fixed point theorem (see [4,
Corollary 17.55]) to the set-valued map F,,: K,, = K, to deduce the existence of

fn € K such that f, € ]-'n(fn) Then, the function x,, € AC ([To, T|; H) defined for
every t € [Tp,T) as:
t ~
Tn(t) = Po(zo) + [ fu(s)ds,
To

is a solution of (22). Moreover, x, € AC([Ty,T]; H) is a solution of (18). Indeed, for
a.e. t € [To, T,

[En (B < e(®)llpre) (Pa(zn (@) + d(?)
< c(@)|zn(B)] + d(?),
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which, by Gronwall’s inequality and the fact that || P, (zo)| < ||zo||, implies (19).
Finally, || Py (2n(t))]] < 7(t) and pys)(Pn(2n(t))) = Pa(xn(t)) for all t € [Ty, T, which
finishes the proof. ]

The following theorem asserts the existence of solution of (17) under a compactness
condition on the sequence (P, (z,(t)))y for every t € [Ty, T).

THEOREM 14. Let assumptions (HL), (HL) and (HE) hold. Assume that the
sequence (Pp(xn(t)))n is relatively compact for all t € [Ty, T). Then, there exists

a subsequence (Xn, )i of (Tn)n converging strongly pointwisely to a solution x €
AC([Ty,T); H) of (17). Moreover,

oo < rte) = (llooll + [ t asyas) eso ([ t (s)ds) for allt € [T,

To TD

and
Iz < ®(t) :=c(t)r(t) +d(t) ae. te [Ty, T).

Proof. We will show the existence of the subsequence via Lemma 1.
Claim 1: There exists a subsequence (z,, ) of (x,), and an absolutely continuous
function z such that (i), (ii), (iii) and (iv) from Lemma 1 hold with ¢ defined as in
the statement of the theorem.
Proof of Claim 1: According to Proposition 13, ||, (¢)| < 9 (t) = c(t)r(t) + d(t) for
a.e. t € [Ty, T], which shows that (14) holds with the function ¢ defined as above.
Also, P, (x0) — xp as n — +oo. Therefore, the claim follows from Lemma 1. O
By simplicity we denote zj := z,, for k € N.
Claim 2: Py(xi(t)) — z(t) as k — 400 for all t € [Ty, T1.
Proof of Claim 2: Since zy(t) — x(t) as k — +oo for all ¢ € [T, T, the result follows
from (iv) of Lemma 2. O
Claim 8: Py(xp(t)) — z(t) as k — +oo for all ¢ € [Tp, T.
Proof of Claim 3: The result follows from Claim 2 and the relative compactness of
the sequence (P (x,(t)))n for a.e. t € [Ty, T). O
Summarizing, we have
(i) For each x € H, F(-,x) is measurable;
ii) for a.e. t € [Tp,T), F(t,-) is upper semicontinuous from H into H,.
(iii) #p — @ in L' ([To,T); H);
(iv) Pp(xk(t)) — z(t) as k — 400 for a.e. t € [Ty, TY;
(v) for all k € N, @, (t) € F(t, Pe(zi(t))) for a.e. t € [Ty, T).
These conditions and the Convergence Theorem (see [2, Proposition 5] for more de-
tails) implies that « € AC ([To,T]; H) is a solution of (17), which finishes the proof.0

6. A generalized perturbed sweeping process with nonregular sets. In
this section we study the generalized perturbed sweeping process:

—u(t) = Bu(t) a.e. t € [To, T];

(24) { —i(t) € N (C(t, ult), v(t)); v(t)) + F(t, u(t), v(t) + Au(t) ae. t € [To, T);
u(To) = uo,v(Ty) = vo € C(Tp, uo,v0),

where A: U — V and B: V — U are two bounded linear operators, C: [Ty, T| x U x
V = V is a set-valued mapping with nonempty closed values and F': [Ty, T|xU XV =
V' is a set-valued mapping with nonempty closed and convex values.
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The following theorem, which is the main result of this section, gives an existence
result for (24).

THEOREM 15. Assume that the set-valued mapping C satisfies (H1), (Hs), (Ha)
and the set-valued mapping F satisfies (H1'), (HL) and (HL). Then, for all agy €
WLz, 1] there exists at least one solution (u,v) € W ([Ty, T];U) x AC([Ty, T); V) of
(24) satisfying

mwmvaSum:@mmmm+/7%mﬁew(/zﬁmﬁ,

T() TO

for all t € [Ty, T, where

2
~ OZO+1 L1
t) = t A 1 Bl;
(0 = S )+ 1A+ (14 57 ) 181,
~ a2 +1 1 :
d(t) = =2 d(t —|C(¢
(1) = =)+ =l

for all t € [Ty, T).

Proof. The proof will be divided into two steps.
Step 1: We first prove the theorem under the additional assumption:
(25)

2 T,
S | (€00 + LallBlis(s) + (1 + Lo)(elsu(s) + () + | AlJu()) ds < p.

where p > 0 is defined by Remark 8.
Let m: [Ty, T] x U x V — R be defined by
(26)
1
m(t,u,v) :=

Oé(%—Lg

(\C(t)\ + La||B[[[vll + (1 + La2)(e(t)| (u, v)[| + d(¢) + IIAIIIIUH)) :

for all (t,u,v) € [Tp,T] x U x V.
Define the set-valued map G: [To,T] x U x V=3 U x V as

G(ta Uu, 1)) = (7BU7 7m(t7 u, U)adC(t,u,v)(v) - F(tv u, ’U) - Au)a

for all (t,u,v) € [To,T] x U x V. We will show, by using Theorem 14, that the
following differential inclusion has at least one solution:

27 { (u(t),5(t)) € G(t, u(t),v(t)) ae. te [Ty, T);

(u(To),v(To)) = (uo,vo)-

Claim 1:
(i) For each (u,v) € U x V, G(-,u,v) is measurable.
(i) for a.e. t € [T, T), G(t,,-) is upper semicontinuous from U x V into U, X Vi,;
(iii) for all (u,v) € U x V and a.e. t € [Ty, T

(0, G(t, u,v)) < @) (u, v)|| + d(?),

where ¢ and d are defined as in the statement of the theorem.
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Proof of Claim 1: (i) follows from Lemma 12 and (H1"). Also, (ii) follows from Lemma
10 and (H1"). To prove (iii) let (u,v) € U x V and t € [Ty, T]. Then, by virtue of
(H5),
d(0,G(t,u,v)) = inf{||lw||: w e G(t,u,v)}
< [IBl[[[oll +m(t, u, v) + inf{|lw]: w € F(t, u,v)} + [|All[|u]
< IBllllvll +m(t, u, v) + c(@)]|(u, v) || +d(t) + | All||u]

< e(®)ll(u,v)|| + d(t),
which finishes the proof of Claim 1. O
For each n € N, let us consider the following differential inclusion:
(u(t),0(t) € G(t, Pa(u(t)), Qn(v(t)) ae. t € [Ty, T];
(u(To), v(To)) = (Pn(uo), @n(vo)),
where (P,), and (Q,), are, respectively, orthonormal basis of U and V. By virtue

of Proposition 13, the differential inclusion (28) has at least one solution (un,v,) €
AC([Ty, T); U) x AC([To,T); V). Moreover,

(28)

(20) (), 0a (D) < plt)  for all ¢ € [T, 7],
and
(30) G (8), 5 (0)) | < EORE) + () ae. t € [T, T],

where pu, ¢ and d are defined as in the statement of the theorem.
To simplify the notation, we write

1 (t) := m(t, Po(un(t)), Qn(va(t)))

L0 (t) 1= 0dc (1, P (un (4)),@n (00 (1)) (@ (Un (1)),
and we note that (see (29) and (30))
mp (t) < 6(t) ::ag iLQ
L
ozg — Ly

(1)1 + LBl
(31)

+ (14 Lo)(e(O)p(t) + d(t) + [ Allu())) ,

for a.e. t € [Tp,T]. Moreover, there exist f,(t) € F(t, Pp(un(t)), Qn(va(t))) and
dn(t) € T'y(t) such that

—tn(t) = B(Qn(vn(t))) a.e. t € [Ty, T};
— 0 (t) = M ()dn (t) + fr(t) + A(Qn(vn (1)) ace. t € [To, T,

Define ¢, (t) = de (¢, P, (un (4)),Qn (vn (1)) (@n(vn(t))) for t € [To, T].
Claim 2: For all t € [Ty, T

t
ent) <3 [ 8(s) sup [z — Qn(x)|*ds,
To z€D(s)

where by (H4) the set D(t) :=co (C(¢, u(t)B, u(t)B) N (p + p(t))B) is relatively com-
pact for every t € [T, T1.
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Proof of Claim 2: The idea of the proof is to use (H2) (see Remark 8). To do that,
we proceed to show first that ¢, () < p for all t € [To,T]. Indeed, let ¢ € [Ty, T
where 1,,(t) and v,,(t) exist. Then, due to Lemma 12, (31) and (26),

Gn(t) < ICE)] + Ll Palin ()] + L2 | Qn (0n(6))]| + nax (Y, Qn(0n(t))
< [CO)| + Ll BIIIQn(wn (D) + (1 + La)||Qn (6 (1)
< O]+ LalBIIQn )] + (1 + L2) [ (8) + (O (Pt (£)), @u(va(®)))]
+d(t) + [[ Al P (un (£))]]
= (o + 1)ma(t)
< (ag+1)a(t),
Therefore, according to (25), ¢, (t) < p for all t € [Ty, T1.

Now, let t € @ 1= {t € [To,T]: Qu(vn(t)) & C(t, Pa(un(t)), Qu(vn(t)))} where
Un(t) and 0, (t) exist. Then, due to Lemma 12,

Pu(t) < 1O+ Lal| Pa(in (£) | + LallQn (0n(2))l] + (y", Qn(0n(1)))

€r, (1)

= ({1 + LulIBINQn (vn (D)) + La(mn(t) + ()II( P (un(t)), @n(va (1))l

+d(t) + [ Al P (un(E)I) + min {57, @n(0n ()

Also, since d,(t) € T, (t),
min  (y*, Qn(0n(t))) < (dn(t), Qn(0n(t)))

y* €T (1)
= (dn(t), @n (=mn(t)dn(t) — fu(t) — A(Pu(un(t)))))
S @+ AP (un ()| = mn () (dn (), @n(dn(£)))
< (O (Pr(un(t)), Qn(vn ()] + d(t) + (Al Pn (un ()
— M (t) (dn(t), @n(dn(t))) -

Hence, by using the last two estimations and (26), we obtain

n(t) < ma(t) (0f — (da(t), Qu(da(1)))) -
Moreover, due to (Hz),

(dn(t), =Qn(dn (1)) = (dn(t), dn(t) = Qn(dn(t))) + {dn(t), —dn(t))
< {dn (), dn(t) — Qu(dn(?))) — of
= [ldn(t) = Qu(dn(®)]I* — af

Then,

Pu(t) < ma(t) (af = (dn(t), —Qn(dn(1))))
< m(t)|ldn (1) = Qu(dn (1))
< 8(t)lldn(t) — Quldn(®))].
Furthermore, for ¢t € ,, since d,(t) € I',(¢t), Lemma 9 ensures the existence of
gn(t) € COPTOjo (1, P, (wn (£)),@n (00 (1)) (Qn(vn( ))) such that

(32) dn(t) = (Qn(vn(t)) = gn(t)) -

@T(t)
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Then,

9o < @n(t) + |Qn(va (D))l
< p+ (),

which entails that g, (t) € D(t) for all t € Q,,. Thus, for every t € Q,, (see 32)

Pn(t)*||dn(t) = Quldn ()] = llgn(t) — Qu(gn(t))|?
< S [z — Qn ()|

Let t € [Ty, T]. Then,

t
A0 = M) +3 | (3.0
t
<3 0(s) sup |z — Qn(x)Hst,
To z€D(s)

as claimed. 0
Claim 3: hrf on(t) =0 for all ¢t € [Ty, T).

n—-+0oo
Proof of Claim 8: Fix t € [Ty, T]. Then, since D(t) is relatively compact and (v) from

Lemma 2,

lim sup |[z—Qn(zx)||=0.
Jim s e = Qua)]

Hence, by Fatou’s lemma and Claim 2,

t
limsup 3 (t) < 3limsup [ 6(s) sup ||z — Qn(z)||*ds

n—s-+o0o n—+oo JT, z€D(s)

t
<3 [ st sup e~ Que)lds
To n—+00 zeD(s)

:07

as required. O
Claim 4: (Pn(un(t)))n and (Qn(vn(t)))n are relatively compact for all ¢ € [Ty, T1.
Proof of Claim 4: Let v = « or 7 = B be either the Kuratowski or the Hausdorff
measure of non-compactness. On the one hand, let

$n(t) € PIOjc(t, Py (un (1)).@n (vn (£))) (@n(vn (1)) -
Then, s,(t) € (p+ p(t))B and, due to Claim 3,

Y ({@n(vn(t)): n € N}) = ({sn(t): n € N})
<y (C (¢ pu(t)B, w(t)B) N (p+ u(t))B)
=0,

which shows that (Q,(v,(t)))n is relatively compact. On the other hand, by using
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Lemma 4 and the relative compactness of (Q, (v, (t)))n for all t € [Ty, T, we obtain

t

¥ {un(t): n € N}) = v({Pn(uo) +/ Un(s)ds: n € N})

Ty
< Y({Pn(up): n € N}) +~ ({/TZ Un(s)ds: n € N})
_ <{_/Tt B(Qn(vn(s)))ds: n € N})

=0,

which shows that (u,(t)), is relatively compact for all ¢t € [Ty, T]. Therefore, the

sequence (P, (un(t)))n is relatively compact for all ¢ € [Ty, T], as claimed. O
Hence, we have verified all the hypotheses of Theorem 14. Therefore, there exists

at least one solution (u,v) € AC([Ty, T); U) x AC([Ty,T]; V) of (27). Now it remains

to show that (u,v) is a solution of (24).

Claim 5: For all t € [Ty, T, v(t) € C(t, u(t), v(t)).

Proof of Claim 5: Fix t € [Ty, T]. Then, as in the proof of Theorem 14, Py (uy(t)) —

u(t) and Qg (vi(t)) — v(t), where (ug,vg)r is a subsequence of (uy, vy, ),. Thus, due

to Claim 3,

de(tu(t)ww) (0(t))
= limsup (dc(t,u(t),v(t))(v(t)) — k() + @k(t))
k— 400

< limsup ((1+ Lo)[[o(t) — Qr(or(®) | + Lafu(t) = Pr(ur(®)] + ¢r(t))

k— 400

:0’

as claimed. (]
Finally, by virtue of (13) and Claim 5, (u,v) is also a solution of (24).
Step 2. In the general case, without any restriction on the length of T, let us
consider {Ty,T7 ...,Tn} be a partition of [Ty, T] such that for every k € {1,...,N}

a%+1
OZ%_LQ

Ty
[ (€O LalBluto) + 1+ L)ttt + ) + A1) ds < p
k—1

For k = 1, due to Step 1, let (u',v!) be a solution of (24) over [Ty, T1]. Then, vi(t) €
C(t,ut(t),v(t)) for all t € [Ty, Ty] and u!(Tp) = ue and v (Ty) = vo € C(To, ug,vo)-
Inductively, for k = 2,..., N, since v*"1(T},_1) € C(Typ—1,u* 1 (Th_1),v* " H(Tk_1)),
let (u*,v*) be a solution of (24) over [T}_1,T%]. Then, v*(t) € C(t,uk(t),v*(t)) for
all t € [Ty,_1,Ty) and v*(Ty_1) = v* 1 (Th_1).

Finally, we define u(t) = u*(t) and v(t) = v*(t) over [Tx_1,T}], for k = 1,...,N.
Then (u,v) is a solution of (24), which finishes the proof of the theorem. 0

According to the proof of Theorem 15, we observe that (H3) was used only to
obtain the upper semicontinuity of dd¢,...)(:) from U x V' into V,, for all ¢ € [Ty, T7.
Since, when C(t,u,v) = C(t) for all (u,v) € U x V and t € [Ty, T the subdifferential
ddc ) (+) is always upper semicontinuous from V' into V,, for all ¢ € [T, T], we have
the following existence result for (24) with positively ao-far sets.

THEOREM 16. Suppose that the set-valued mapping C : [To,T) xV = V is
nonempty and closed-valued and satisfies (Hs), (Ho), (H10) and that the set-valued
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mapping F satisfies (ML), (HL) and (HLY'). Then there exists at least one solution
(u,v) € AC([To, T}; U) x AC([To, T); V) of

—u(t) = Bo(t) a.e. t € [Tp, TY;
—o(t) € N (C(t);v(t)) + F(t,u(t),v(t)) + Au(t) a.e. te [Ty, T];
u(To) = UO,U(T()) =1 € C(To),

satisfying
nwww@n<mw:(w%wm+ﬂﬁmmﬁmm(aa@@)
for all t € [Ty, T), where
a(0) 1= 2L (o) + 1) + | B
a = " a4 L ic)
0 0

for all t € [Ty, T).

7. Perturbed state-dependent sweeping process. In this section we give
and existence result for the perturbed state-dependent sweeping process:

- {w@eNW@W»WWHWMW a.c. t € [Ty, TY;

’U(TO) =19 € C(T‘[),'UO)7

where C : [Ty, T] x V = V is set-valued mapping with nonempty and closed values
and F : [Ty, T) x V = V is a set-valued mapping with nonempty closed and convex
values.

The following result, consequence of Theorem 15, gives a very general existence
result for the perturbed state-dependent sweeping process. The following theorem is
related to [37, Theorem 6.1] and improves the results given in [46, 47].

THEOREM 17. Suppose that the set-valued mapping C satisfies (Hs), (He) and
(H7) and that the set-valued mapping F satisfies (HY), (HL) and (HL). Then, for
all ag €]y/La, 1] there exists at least one solution v € AC([Ty, T|; H) of (33) satisfying:

HWMSQWHA§®@%m<faMQ for all t € [Ty, T1,

To

where for all t € [Ty, T

2
~ ag +1
t) := t);
a0 = Sl
~ a2 +1 1 :
d(t) == ———d(t) + ———[{(t)].
(1) = () + I
Remark 18. 1. The hypothesis Ly € [0,1] in Theorem 17 cannot be im-

proved. In fact, there are counterexamples to the existence of solutions to
(33) when Ly > 1 (see [39]).
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2. It is well known that under the conditions of Theorem 17, uniqueness of
solution to (33) (even for convex sets) does not necessarily hold (see [8, 39]
for more details). However, Krejéi and Schnabel [17] have proved existence
of solutions to (5) when the dependence of the Minkowski function and its
gradient are Lipschitz functions.

3. Existence results for the state-dependent sweeping process with uniformly
subsmooth sets have been proved in [46] under very strong conditions. In
fact, in [46] it is assumed that for any bounded set A, the set C([Ty, T, A)
is relatively ball-compact, C' has a Lipschitz variation in both variables and
the perturbation term F' is upper semicontinuous from [Ty, T] x H into H,,,
with bounded perturbation term F'.

As an application of Theorem 17 we get existence of solutions for the Bensoussan-
Lions-Mosco problem (10). The following proposition improves [32, Proposition 17.5]
where the authors assume that T'(-) C K for some convex compact set K and [ €
WL2([To, T); H) N L ([Ty, T); H).

PROPOSITION 19. Let a(-,-) be a bilinear, symmetric, bounded and elliptic form
and | € LY([Ty,T); H). Assume that I': H = H is Lipschitz continuous with ratio
0 < L < 1, takes closed convex values and for any bounded set A, the set T'(A) is
relatively ball-compact. Then, for every vy € T'(vg), there exists at least one solution

of (10).

8. Perturbed Moreau’s sweeping process. In this section we give an exis-
tence result for the perturbed sweeping process:

(34)

—0(t) € N (C(t);v(t)) + F(t,v(t)) ae. te [Ty, T
v(To) = vy € C(Ty, vo),

when the set-valued map takes positively ag-far values. The following result, conse-
quence of Theorem 16, was established in [38] by using a completely different approach.

THEOREM 20. Assume that (Hsg), (Ho) and (Hio) hold. Let F: [Ty, T] x H = H
be a set-valued mapping with nonempty closed and convex values satisfying (H1),
(HL) and (HL). Then, there exists at least one solution v € AC([Ty,T]; H) of (34)
satisfying

mww@wu&ﬂmﬁm{f%m)ﬁmmﬂmm

To

where for all t € [Ty, T

() = S Ly
~ 241 1 .
aw:ﬁ%dm+gmm

Related to uniqueness for (34) with positively ap-far sets, we have the following neg-
ative example.

Ezample 21. Let us consider the set-valued map C': [0, 1] = R? defined by C(t) =
S—(t,0) for t € [0,1], where S = {(z,y) € R?: |y| > 2} NB (see Figure 1). Then, C(t)
is v/2/2-far. Also, v1(t) = (—t/2,t/2) and vy(t) = (—t/2, —t/2) defined for t € [0, 1]
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Fic. 1. Set S in (38).

are solutions of (34) with F' = 0. Thus, in general, there is no uniqueness of solutions
to (34) with positively ag-far sets. This is not the case when the sets C' are convex
or r-uniformly prox-regular (see for instance [11]).

9. Perturbed second-order sweeping process. In this section we give an
existence result for the perturbed second-order sweeping process:

) Lii(t) € N (C(t, u(t), i) a(t) + F(t, ut), a(t))  ae. te [Tp,T],
U(To) = uO,’l:L(To) =g € C(To,uO,Uo),

The following result, consequence of Theorem 15, extends several works present in
the literature [19, 10, 13, 6, 12, 5, 3] where the authors assume that the set-valued
map takes convex or uniformly prox-regular values.

THEOREM 22. Assume that (H1), (Hs) and (H4) hold. Let F: [Ty, T] x H x
H = H be a set-valued mapping with nonempty closed and convex values satisfying
(HE), (HE) and (HE). Then, for all ag €]\/La, 1] there exists at least one solution
u € WHY([Ty, T); H) of (35) satisfying

ltato) o)l < (o, vl + [ J(s)ds) e ([ t ’5<s>ds) for all t € [Ty, ),

To
where
) = @C(t) and  d(t) = ap +1 d(t) + ———|¢(8)]
’ Oé%—Lg ' a%—Lg a%—LQ ’

for all t € [Ty, T).

By using Theorem 15, we can get existence of solutions for a variant of the
second-order sweeping process with perturbation considered by Bounkhel and Haddad
[15]. The next proposition greatly extends [15, Theorem 3.1], where the authors
assume that C(-) is uniformly prox-regular, C(-) C K for some convex compact set
K and F: [Ty, T) x H = H is an upper semicontinuous set-valued mapping from
[To, T) x H into H,, with nonempty closed convex values satisfying the stronger linear
growth condition: There exists L > 0 such that F(¢,2) C L(1+ ||z||) for all (¢,z) €
[To, T] x H.
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PROPOSITION 23. Let C: [Ty, T] = H be a set-valued map satisfying (Ho), (Hs)
and (Hio), A: H — H be a linear bounded operator and let F': [Ty, T] x H = H be
a set-valued map with nonempty closed and convex values satisfying (HL), (HL') and
(HE). Then, there exists at least one solution u € W' ([Ty, T]; H) of the problem

ii(t) € N (C(); i) + F(t, a(t)) + Au(t)  a.e. t € [T, T),
u(To) = uo, W(Tp) = vo € C(Tp).

As a consequence of Proposition 23, we obtain the existence of solutions of the follow-
ing dynamic analogue to the Signorini problem : Find u: [Ty, T] — H, u(Ty) = uo,
w(Ty) = vo € C(Tp) such that

(36) —ii(t) € OJ (t,u(t)) + N (C(t):a(t)) + Au(t) — I(t)  ace. t € [Ty, T).

Here C': [Ty, T] = H is a set-valued map with closed values, a(-,-) := (A(-),-) is a
real bilinear, symmetric, bounded and elliptic form on H x H, | € L' ([Ty, T); H) and
J: [Ty, T) x H— R is a locally Lipschitz continuous function.

The following corollary extends [15, Corollary 1], where the authors assume that
C(-) € K for some convex compact set K, [ is uniformly bounded and .J is time-
independent and uniformly Lipschitz continuous.

COROLLARY 24. Suppose that the set-valued mapping C satisfies (Hs), (Ho) and
(H10), 1 € L* ([Ty, T); H) and that the function J is such that the set-valued mapping
F := 0J satisfies (HL), (HL) and (HL). Then, for everyug € H and any vy € C(Tp),
there exists at least one solution of (36).

10. The necessity of the compactness assumptions. The existence of a
solution of unperturbed sweeping process has been established in the literature (see
the introduction) in the case where the sets (C(t)) are uniformly prox-regular. But
the situation becomes more complicate in presence of the perturbation. As shown by
the following counter-example, the compactness assumptions (H4), (H7) and (H;0) in
the previous theorems cannot be removed. It shows that a sweeping process governed
by a single-valued continuous perturbation mapping and a normal cone to a closed
bounded convex and autonomous set may have no solution. This example is based on
the reference [35] where the authors have shown that in every separable Banach space
X there is a continuous function f: X — X such that the autonomous differential
equation

(37) #(t) = f(x(t))

has no solutions in any interval of the real line (see [35, Theorem 8]). Since f is
continuous at 0, we may assume that f is bounded on rB, for some r > 0. By
considering this function we define

T if |x]] <,
g(x):{f( ) Il <

f (rﬁ) if ||z > 7,

which is continuous in X and uniformly bounded. Now, consider the following differ-
ential inclusion:

{ i(t) € =N (M + 1)B;x(t)) + g(z(t)) ae. tel0,T]

(38) x(0) =0,
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where M := sup ||g(x)||. Assume that (38) has a solution z: [0,7] — X for some
reX
T > 0. Then,

(=i(t) + g(x(t),y —x(t)) <0 Vy e (M +1)B.
Since z(t) € (M + 1)B for all ¢t € [0, T, we have for every ¢ € [0,T] where &(t) exists

(=2(t) + g(2(t), £(t)) = 0

Thus ||(t)|| < M for a.e. t € [0,7] and hence ||z(t)|| < MT for all t € [0,T]. Thus,
if T' < min(47, 1), 2(t) € int(M + 1)B for all ¢ € [0, T]. Therefore,

#(t) = g(z(t)) ae. te0,T),

which, since g and z are continuous and ||z||s < r, implies that x is a solution of
(37). Therefore, the system (38) has no solutions.

Remark 25. The function g: X — X is continuous, thus is usc strongly-weakly
from X into X.
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