PEOPLE’S DEMOCRATIC REPUBLIC OF ALGERIA

Ministry of Higher Education and Scientific Research
University of Mohammed Seddik Ben Yahia - Jijel -

Faculty of Exact Sciences and Informatics

Department of Mathematics

Thesis
Submitted by

MOUCHIRA MANSOUR
In partial fulfillment of the requirements for the degree of
LMD Doctorate
Field : Mathematics.
Option: Partial Differential Equations and Applications.

Subject

The study of some multivalued differential

equations and applications

Defended publicly on : In front of the jury composed of
Ali BOUSSAYOUD Assoc.Prof University of Jijel President
Tahar HADDAD Professor University of Jijel Supervisor
Ilyas KECIS Assoc.Prof University of Jijel Co-Supervisor
Ammar BOUDELIOU  Assoc.Prof University of Constantine Reviewer
Fateh ELLAGGOUNE  Professor University of Guelma Reviewer
Abderrazek CHAOUI Professor University of Guelma Reviewer

Academic Year : 2023/2024



ACKNOWLEDGMENT

First and foremost I am extremely grateful to my supervisors, Prof. Tahar HADDAD and
Prof. Ilyes KECIS for all their help, invaluable advice, continuous support, and patience
during my PhD study. Their immense knowledge and plentiful experience have encouraged me
in all the time of my academic research.

Additionally, I am delighted to share that Prof. Ali BOUSSAYOUD, Prof. Fateh ELLAG-
GOUNE, Prof. Abderrazek CHAOUI and Prof. Ammar BOUDELIOU have graciously
agreed to serve as the examiners for my thesis. Their insightful feedback and constructive com-
ments have significantly contributed to enhancing the quality of my dissertation.

I would also like to extend my heartfelt appreciation to my fellow Ph.D. students, colleagues,
and everyone who has provided moral or physical support along the way. Lastly, my wonderful
family deserves special mention; without their unwavering love and encouragement, none of

this would have been possible.

Thank you all for being an integral part of my academic journey.



This thesis 1s dedicated

to my parents.



Contents

Notations iii
Introduction 1
1 Mathematical background 4
1.1 Convex analysis . . . . . . . . . . . 4
1.1.1 Convex sets and functions . . . . . . .. .. ... ... .. 4

1.1.2  Projection onto Closed Convex Sets . . . . . . .. ... ... ... .... 9

1.1.3 Conjugate Convex Functions and Subdifferentials . . . . . . . . ... .. 12

1.2 Multivalued analysis . . . . . . . . . . . 14
1.2.1 Set-valued maps . . . . . . . . ... 14

1.2.2  Maximal monotone maps . . . . . ... ... L 17

1.2.3 Introduction to differential inclusions . . . . . . . ... ... ... ... .. 20

1.3 Non-smooth analysis . . . . . .. .. .. 21
1.3.1 Subdifferential Calculus . . . . . . .. .. ... 21

1.3.2 Normal Cones . . . . . . . . . . . . . 22

1.3.3 Someclasses of sets . . . . . . .. .o 24

1.4 Some useful results of functional analysis . . . . . ... .. ... ... ... ... 26
1.4.1 strong and weak convergence theorems . . . . . . .. .. ... ... ... 26

1.4.2 Integral inequalities of Gronwall type . . . . . . . .. ... ... ... .. 28

2 Semi Regularization Of Prox-Regular Integro-Differential Sweeping Process 31

2.1 Technical assumptions . . . . . . . . . .. 32
2.2 Existence and uniqueness results. . . . . . . ... 32
2.3 Parabolic variational inequalities with Volterra type operators . . . . . . . . .. 49



3 Moreau-Yosida Regularization of Degenerate Intgro-Differential Sweeping
Process
3.1 Assumptionsondata . . . . . .. ...
3.2 Preliminary tools . . . . . . . ...
3.3 Mainresults . . . . . ..

Conclusion

Bibliography

i



Notations

We list here the principal constructs that appear in the thesis.

i.e.
a.e.
s.t.
resp
()
I
-

sup, inf, max, min
Up —> U

Up — U

Unp u

u, L5 u

u.s.c

l.s.c

Operations and Symbols

Equal by definition.

Identically equal.

Identically equivalent.

Almost every.

Such that.

Respectively.

Inner product on a Hilbert space.

Norm of a Hilbert space.

Euclidean norm.

Supremum, Infimum, Maximum, Minimum, respectively.
u, converges to u strongly.

u,, converges to u weakly (in weak topology).
u, — u and u, € S for all n.

u, — u and f(u,) — f(u) for all n.
Upper semicontinuous.

Lower semicontinuous.

il




Sets

Closed unit ball of space H.

Convex hull of S.

Closed convex hull of S.

= {Z?Zl Nz : n>1, 2, € A\ > 0}

Boundary of S.

Interior of S.

Epigraph of an extended real valued function f.

Effectif domain of a set-valued mapping F.

Effectif domain of an extended real single-valued mapping f.
The range of a set-valued map F.

Graph of a set-valued map F.

The set of all lower semi-continuous proper convex functions on X.
Clarke normal cone of S at z.

Fréchet normal cone of S at x.

Proximal normal cone of S at x.

Mordukhovich limiting (basic) normal cone of S at .
Proximal subdifferential of f at x.

Mordukhovich limiting (basic) subdifferential of f at .
Gradient vector of f at x.

Laplacien of f.
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N
R
R,
R

R4

Q

oN="T

Q

mes (A)

H YV

LV, X)
LV)=L(V,V).
LC(V, X)

LC(V) = LC(V,V).

C(J; H)

LP([0,T], H)

LQ(Q)d
W’“’p([O,T},H) =
H*([0,T),H) = Wk
Hy([0,T), H) = Wy*

Spaces

The set of positive integers.

The real line.

The set of nonnegative numbers.

R U {—00,4+00}.

The d-dimensional Euclidean space.

An open, bounded, connected set in R? with a Lipschitz boundary 9.
The boundary of the domain 2.

The closure of Qin R?, i.e. Q = QU 99.

Lebesgue measure of the measurable subset A C I'.

Hilbert spaces.

The space of linear continuous operators from V' to a normed space X.
The space of linear compact operators from V' to a normed space X.

Any interval (resp. closed set) in R (resp. R?).

The space of continuous functions defined on J with values in H.

the spaces of measurable functions whose p-th power is integrable on .J.
The space of mapping : Q — R with v; € L>(Q)4, i = 1...,d.

The space of mapping v € LP(0,T; X) with |0 ps0.1.x) < 400 Vj < k.

The space of mapping v € H([0,T], H), with v|gq = 0.



©°(, )

ds(-) or d(-,5)

Is(:) or I(-,9)

os(:) or a(:,9)

Projg(-) or Proj(+, S)

XS

I

(p*

Iy

Ay

Var(u; J)
p: X —Y
F: X=Y

Functions and operators

Generalized directional derivative of ¢ at x.
Distance function.

Indicator function of a set S.

Support function of a set S.

Metric projection onto the set S.
Characteristic function of S.

the identity operator on H.

the conjugate function.

resolvent of the operator A.

Yosida approximation of the operator A.

Variation of a function u over J.
Mapping

Single-valued mapping from X to Y.
Set-valued mapping from X to Y.
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Introduction

Multivalued differential equations are a type of differential equation that were introduced
in the 1940s to examine systems of equations with nonlinear partial drift and problems from
mechanics. This theory has become increasingly significant over time and has proven successful
in diverse areas, such as unilateral mechanics, mathematical economy, and non-regular electrical
circuits in engineering. Multivalued differential equations are an important tool for studying
variational evolutionary inequalities, especially those governed by the normal cone. It is worth
noting that the sweeping process is one of the most common formulations of the evolution
variational inequality problem in the existing literature. This particular process was initially
presented and extensively studied by Jean Jacques Moreau in a collection of articles, notably
[51, 52]. It has been demonstrated in [51] that certain processes are of great importance for
mechanics, particularly in dynamics, elasto-plasticity and quasi-statics. The mathematical
form of the sweeping process, as described in [51, 52], corresponds to a point that is swept by
a moving closed convex set C'(t) in a Hilbert space H according to the following differential
inclusion

—i(t) € Newy(x(t)) a.e t e [T, T]
z(Ty) = x9 € C(Ty),

where Ty, T € R with 0 < Ty < T and N¢()(+) denotes here the normal cone of C'(t) in the sense
of convex analysis. The analysis of systems with external forces led to consider and analyze

the following perturbed variant

—i(t) € Now(@(t) + f(t,2(t) a.c.t € [To,T]
z(Ty) = xo € C(Tp),

where f : [Ty, T] x H — H is a Carathéodory mapping, i.e., f(t,) is continuous and f(-,x)
is Bochner measurable for [T, T'| endowed with the Borel o-field B([Ty,T]). By Bochner mea-

surable mapping we mean here any limit of uniformly convergent sequence of simple mappings



from [Ty, T] into H with [T, T] endowed with its Borel o-field.
On the other hand, the degenerate sweeping process is identified by the inclusion of a lin-

ear /nonlinear operator "within" the sweeping process, i.e., differential inclusions of the form

—U € Nc(t)<z4u(t)), a.e t e [O,T]
u(0) = ug, Au(0) € C(0),

This type of differential inclusion was introduced and studied by M. Kunze and M.D.P. Mon-
teiro Marques, specifically for the convex case where the set-valued map C(-) has nonempty
closed and convex values. The presence of the operator A within the sweeping process makes

the problem more complicated compared to the classical case where A = Id.

This thesis investigates two problems related to sweeping processes. The first concerns the
existence of solutions for integro-differential sweeping processes where the moving sets are prox-
regular. The second problem focuses on establishing the existence of solutions for degenerate
sweeping processes. This work is based on [43, 44].

On the next, we provide brief review of the thesis:

Chapter 1: Mathematical background.

This chapter is devoted to elementary findings concerning several specific topics that will be
usable tools in upcoming chapters. These findings include indications for convex analysis, mul-
tivalued analysis, and non-smooth analysis. We will also examine some fundamental principles
related to convex sets and functions, along with an emphasis on normal cones. Following this,

the chapter contains some relevant findings in functional analysis.

Chapter 2: Semi Regularization Of Prox-Regular Integro-Differential Sweeping

Process

This chapter focuses on the examination of the integro-differential sweeping process, as doc-

umented in [43]. This process is defined by the following differential inclusion:

(Pa)) —&(t) € New(x(t)) + Ax(t) + O/f(t,s,:c(s))ds a.e. t €[0,T]

z(0) = xo € C(0).

The aim of this chapter is to show that (P4 ) has a unique solution. We achieve this

through the semi-regularization technique. Namely, we approach the differential inclusion with



a penalized one, depending on a parameter whose existence is easier to establish, and then
study the limit when the parameter goes to zero. More specifically, let A\ > 0 and consider the

following approximate sweeping process :

t

—ZL:)\(t> c Nc(t)(l’)\(t)) —|—A)\.7))\(t) + /f<t78,13)\(8))d8 a.e. te [O,T],
l’)\(o> = X9 € C(t)

The first important results of this chapter is Theorem 2.2 which claims the existence of solu-
tions for (P4, r). Furthermore, by virtue of Theorem 2.2 we obtain the uniqueness of solutions
for (P4,f) under some additional conditions. Afterward, we applied this result to obtain the

existence and uniqueness result for parabolic variational inequalities.

Chapter 3: A Variant of Degenerate Sweeping Process

This chapter aims to establish the existence of solution for the following degenerate sweeping

processes

&(t) € =New (Ax(t)) + /f(t,s,x(s)) ds a.e. te€][0,T], 0

where C(-) is a set-valued map with nonempty, closed and positively a—far values, N (u(t))
represent the Clarke normal cone to C'(t). A : H = H is set valued maximal monotone
operator. Considering A a single valued linear, bounded, symmetric and [-coercive operator,
f =0 and C(t) a convex set in the previous differential inclusion we obtain the degenerate
sweeping process that was proposed by Kunze and Monteiro-Marques in [38].

To establish the existence of a solution for degenerate sweeping processes, we employ Moreau-
Yosida regularization. This technique involves approximating the given differential inclusion
by a penalized one, dependent on certain parameters. First, we derive uniform bounds for a
sequence of approximate solutions obtained through Yosida approximation of a maximal mono-
tone operator and by approximating the Clarke normal cone using the Clarke subdifferential of
the distance function. Finally, we obtain a solution for the original problem by jointly letting

the parameters tend to zero.



— Chapitre 1

Mathematical background

This chapter focuses on basic results related to specific topics that will be used in subsequent
chapters. We provide some reminders of theoretical backgrounds of analyses, for instance, some
background on convex analysis; more precisely, we outline concepts related to convex sets and
functions. This is followed by basic facts on multivalued maps, which are necessary for our study.
Such as, we discuss continuity properties and provide reminders on the maximal monotone
mapping. Additionally, we offer a brief introduction to differential inclusions. Afterward, we
look more closely at basic notions of nonsmooth analysis, For example, we present fundamental
definitions and facts related to normal cones. We also give a brief review on the properties of
prox-regular sets. In the last section of this chapter, we recall some results on weak and strong
convergence. In addition, we summarize without proofs some integral inequalities of Gronwall
type.The proof of the results presented in this chapter can be found in standard textbooks,
such as [9, 22, 62, 55, 61, 7].

1.1 Convex analysis

In this section, we present some properties of convex sets and functions as well as the subd-

ifferential and the conjugate properties of convex functions.

Throughout this section, X denotes a real Banach space and X* the topological dual of X.

1.1.1 Convex sets and functions

Definition 1.1. A subset K C X is convex if it contains the line segment
[z,y] ={(1 = Nz + Ay : A€ [0,1]},

connecting any two of its points x and y.



1.1. Convex analysis

Figure 1.1: convex and non-convex sets.

The following proposition summarizes some basic properties of convex sets.
Proposition 1.2. [9] In a subset K C X.

1. If K is a convex set, then \K = {\x : x € K} is convex, for all A\ € R.

2. The intersection of convex sets (K;);es is conver.

3. If Ky and Ky are convex, then Ky + Ky = {ky + ko, k1 € K1, ko € Ky} the Minkowski

addition of K1 and Ky is also convex.
4. If K is a convex set, then its closure K and its interior int(K) are convex as well.

Definition 1.3. Consider a subset K of X. The convex hull of K is defined as the intersection
of all convex subsets of X containing K. In other words, it is the smallest convex subset of X

that contains K. It is described by co(K') and has the following characterization:
CO(K) = {Z/\Zl'“ >\z > 0, x; € K, Z)\Z = ]_} .
=1 i=1

The closed convex hull of K is the smallest closed convex subset of X containing K. It is

symbolized by ¢6(K).
Definition 1.4. A subset K C X is known as:

1. (strongly) closed if the limit of every convergent sequence of elements of K belongs to K,

in other terms
{z,} C K, 2, 52 in X =1x€K;

2. weakly closed if the limit of every weakly convergent sequence of elements of K belongs

to K, in other terms

{z,} C K, x, =2 weaklyin X — z € K.



1.1. Convex analysis

Each weakly closed subset of X is also (strongly) closed. However, the converse is usually not

true, except for convex subsets in a Banach space, as demonstrated in the following result.

Theorem 1.5 (The Mazur Theorem). A convex subset of a Banach space X is (strongly) closed
if and only if it is weakly closed.

According to the Mazur theorem, for any sequence (x,) converges weakly to z, we have a

sequence (y,) constructed as convex combinations of (z,) that converges strongly to .

Let us recall some notions concerning convex functions. For an extended real-valued function

¢ : X — RU {400}, we denote by D(¢) the effective domain of ¢, that is
D(p):={z e X: p(r) < +oo}.
The epigraph of ¢ is the set
epi(p) :=={(z,\) € X xR: p(z) < A}
The function ¢ is proper if its effective domain is nonempty and ¢(z) # —oo, for all z € D(yp).
Definition 1.6. Let K C X be a convex subset. A function ¢ : K — R U {+o0} is said to
be convex if
(T =Nz +Ay) < (1= Nep(z) + Ap(y) Vo,y € K, VA€ [0,1].

Next we introduce some important properties of a convex functions.
Proposition 1.7. [22] Consider a function ¢ : K — R U {+o0}, then

1. ¢ is convex if and only if epi(p) is a convez set in X x R.

2. If o1 and 1 are conver, then p1 + @9 is conver.

3. If ¢ is conver , then for every A € R the sublevel sets of ¢ defined by
[p(2) A= {r € K :p(z) <A}

is convex. It is essential to note that the converse is not true in general.



1.1. Convex analysis

4. If (i)ier s a family of convex functions, then the function ¢ defined by

p(x) = Silelysoi(x)

1S convex

Definition 1.8. A function ¢ : X — RU{+o0} is said to be upper semi-continuous (u.s.c. for

short) at some point = € X if for each sequence {z,},en C X, we have

x, — x strongly in X = limsupy(x,,) < o(x).

n—-+0o00
The function ¢ is upper semi-continuous if it is upper semi-continuous at every point x € X.

Definition 1.9. A function ¢ : X — R U {+o0} is said to be lower semi-continuous (l.s.c.) at

some point z € X if for each sequence {z,},en C X, we have

x, — x strongly in X = liminfo(x,) > ¢(x).

n—-+0o00

The function ¢ is lower semi-continuous if it is lower semi-continuous at every point z € X.
We will now recall some fundamental facts about lower semi-continuous functions.
Proposition 1.10. [22] Let the function ¢ : X — RU {400}, then
1. @ is lower semi-continuous if and only if epi(y) is closed in X x R.

2. ¢ is lower semi-continuous if for any X € R the sublevel sets of ¢ defined by
[ < Al:={r e X :p(x) <A}

are closed.

3. If o1 and o are lower semi-continuous functions, then o1 + @9 is lower semi-continuous

as well.

4. If (¢i)ier 1s a family of lower semi-continuous functions then the function ¢ described by

p(r) = jlely%(w)

1s lower semi-continuous.



1.1. Convex analysis

Definition 1.11. A function ¢ : X — R U {400} is said to be weakly lower semi-continuous

at some point = € X if for every sequence {z,},en C X, we have

z, = x weakly in X = ¢(z) < liminfy(z,).

n—-+o0o

The function ¢ is weakly lower semi-continuous if it is weakly lower semi-continuous at every

point z € X.
An important property of convex lower semi-continuous functions is given by the next result.

Theorem 1.12. Let K be a nonempty closed convex subset of X and let p : K — R U {+o0}
be a convex function, Then ¢ is lower semi-continuous if and only if it is weakly lower semi-

continuous.

Remark 1.13. The proof of Theorem 1.12 is a consequence of Mazurs theorem. It follows from

this theorem that a convex continuous function ¢ : X — R is weakly lower semi-continuous.

Proposition 1.14. Let K C X be a nonempty convex subset. Then, for v € X the distance
function
di(x) :=inf{[|z —y||: y € K}

is Lipschitz continuous with the Lipschitz constant equals 1 and convex on X.

Definition 1.15. Given a nonempty set K C X, we set

I (2) 0 r e K,
K\T) =
+o00  otherwise.

The function Ik is known as the indicator function of K. Notice that:
1. I is proper if and only if K # (.
2. Ik is convex if and only if K is a convex set.

3. Ik is lower semi-continuous if and only if K is closed.

Definition 1.16. Let K C X be a nonempty subset. The support function ox : X* —
R U {+o0} is defined on X as

ok (z") == sup(z*,y), Va*e X"
yeK

Theorem 1.17. For the nonempty K C X and its support function og there holds

u € oK <= {{u,v) <og(v), Yve X}

8



1.1. Convex analysis

1.1.2 Projection onto Closed Convex Sets

In the following we recall some results which concerns the characterization of the projection
onto a closed convex set. We devote special attention to the case when these sets are closed

convex cones.

Theorem 1.18. Let K be a nonempty closed convex subset of a Hilbert space H. Then for any
x € H there exists a unique point denoted by projy(z) of K such that

d(z, K) = ||z — projg ().
The point proj(x) is characterized by the following variational inequality:
(v — projg(z),y — projg(z)) <0 for all y € K.

We call proj () the projection of x onto K (or the nearest point of K to x).

| I

o

Figure 1.2: The projection of x on C'is the point  of C.

Proposition 1.19. Let K is a nonempty, closed, convex subset of X. The mapping projy :

x — projg(z), from X into itself, is characterized by:

1.
projg(z) € K forall x € X,

proji(x) =z  if, and only if, x € K.
2. projg(x) is a monotone map in the sense that
(proj () — projg (y),x —y) >0 for all z,y € X.

9



1.1. Convex analysis

3. The map proj () is non-expansive
[proj (z) — projx (y)|| < llv —yl| for all z,y € X.

Definition 1.20. A subset C' C X is called a cone if and only if
Ve e C, VA >0 we have \x € C.

1. C' is a convex cone if and only if it satisfies both the properties of being a cone and a

convex set.
2. The conical hull of C, denoted by cone(C'), is the smallest convex cone that contains C.

3. The closed conical hull of C, denoted by ¢one(C), is the smallest closed cone in X con-

taining C'.

In the field of convex analysis, the tangent cone and the normal cone are widely recognized

as important types of cones.
Definition 1.21. Let C be a convex cone.

1. The dual cone C* of C' in X is defined by:

C*:={peX": (x,p) >0, Vx € C}.

2. The polar cone C° of C'in X is defined by:

Co={peX: (z,p) <0, Vzxel}=-C"

Definition 1.22. Let C be a nonempty convex subset of X and let x € X, the normal cone

to C at z is

Ne(z) {€eX* ((y—2)<0,VyeC} ifzeC;
C €T —
0 otherwise.

10



1.1. Convex analysis

Figure 1.3: Normal cone at different points of a convex set C'.

Remark 1.23. By using the concept of polarity, we can obtain the following equivalent formu-

lation of normal cones

(C—2x)={ueX : sup(C —z,u) <0}, ifzeC;
No(z) =

1) otherwise.

Lemma 1.24. Let C' C X be a nonempty convex set. The following assertions hold:
1. Ne(x) is a convex closed set containing the origin.

2. If int(C) # O and for x € int(C), we have No(z) = {0}, which shows that the normal

cone only interests with the boundary of C.

3. If C,D C X are a nonempty, closed, and convex with int(C) N D # (), then

Nenp(z) = Ne(x) + Np(x) for x € CND.
Proposition 1.25. Let C C X be a nonempty convex subset. Then for each x € —C' and
x,y € X, with x +y € C, we have
1. Nc(l’ + y) = Nc_y(:r).
2. —Nc(—x) = N_C(l’).

Definition 1.26. Let C' C X be a nonempty convex subset. For each z € X the tangent cone
to C at x is

cone(C —z)= Y MC —2) ifzeC;
TC(J;> = AER L

0 otherwise.

11



1.1. Convex analysis

Proposition 1.27. Let C' be a nonempty convex subset of X and let x € X, then
Te(xz) = Ne(x) and NG(z) =Teo(z).
Proposition 1.28. Let S C X be a nonempty closed convex cone, and let u,v € X, then

S*eulveS < —ue Ng(v).

1.1.3 Conjugate Convex Functions and Subdifferentials

Definition 1.29. Let ¢ : X — RU {+o00} be a proper convex lower semi-continuous function.

Then the subdifferential of ¢ at x € D(¢p) is the (possibly empty) set

Ip(x) ={£ € X :p(y) > p(x) + (§,y —x) for every y € X},

and if = ¢ D(yp), the set dp(z) := (. The elements of dp(z) are usually called subgradients of
p at @.

We list some elementary properties of the subdifferential of a Convex Functions.
Proposition 1.30. Let ¢ : X — RU {400} be a proper convex function, then
1. Op(x) is a closed convex set for every x € X.

2. Let a > 0, then Yz € D(p) we have
Do) (x) = adp ().
3. Let xy € D(p) and x € X, then
r € 0(¢)(x0) <= (7, —1) € Nepigp) (w0, (20)).
Example 1.31. for any boundary point x € C|
Olc(x) = No(z) ={( € X" : ({,y—x) <0, YveC}.

Recall that the set N¢(x) is the normal cone of C at x. It is readily seen that
1. D(afc) = C;
2. 0l¢(x) = 0 for each x € int(C).

12



1.1. Convex analysis

Definition 1.32. Let ¢ : X — R U {400} be a proper function. The conjugate function
©* : X* - RU {+o00} associated to ¢ is defined by

©*(§) == sup{(§, z) — p(x)}.

rzeX

Equivalently, we have

©*(€) = sup {(§ ) —(x)}.

z€Dom(p)

Theorem 1.33. Let the function ¢ : X — RU {400} be given and x € X. Then

§ € 9p(x) == ¢(x) + ¢"(§) = (£, 2).

Theorem 1.34. If the function ¢ : X — R U {+o0} is proper, convex and lower semi-
continuous, then
£ €0p(r) <=z € 0p*(§).

Example 1.35. The conjugate function of the indicator function of C

15(6) = sup  {{§,x) — Ic(x)} = sup(§, z) = oc(S),

z€Dom(I¢) zeC
is just the support function of C.

Definition 1.36. We denote by [5(X) the set of all functions X — R U {400} which are
pointwise supremum of a family of functions on X of the form x — (z, z*) + a, where z* € X*
and a € R. Which are not the constant functions —oo and +00. Analogously, we define I5(X™).

Note that I5(X) is the set of all lower semi-continuous proper convex functions on X.

Theorem 1.37. Let C € X be non-empty, closed and convex. Then the conjugate function of
the indicator function I € IH(X™).

Theorem 1.38. Let ¢ € Ih(X*) be positively homogeneous. Then there exists a unique non-
empty closed convex subset C' of X such that I}, = 1.

13



1.2. Multivalued analysis

1.2 Multivalued analysis

In this section, we introduce fundamental concepts and results related to set-valued maps.
Subsequently, we move on to the study of maximal monotone maps. Finally, we provide a brief

introduction to differential inclusions.

1.2.1 Set-valued maps

Let U and V' are two linear spaces.

Definition 1.39. A multivalued map F from U to V is a map that associates with any v € U
a subset F(u) C V.

1. The domain of F', denoted as Dom(F’), is the subset of U defined by

Dom(F) :={u € U | F(u) # 0}.

2. The graph of F'is the subset of pairs (u,v) where v € F(u):

gph(F) := {(u,v) € Dom(F) x V |v € F(u)}.

3. The range R(F) is, by definition, the subset

R(F) == | JF(u).

uelU

4. The inverse of F is the multivalued map F~':V = U such that

u€ F 1 (v) <= v € F(u) <= (u,v) € gph(F).

5. We say that a map F' is proper if its domain is nonempty.

Definition 1.40. Let F': U = V be a set-valued map with non-empty values.

1. We say that F' is upper semi-continuous (u.s.c.) at ug € U if for any open set M containing
F(ug) there exists a neighborhood V of ug such that F(V) C M. A set-valued map F is

said to be upper semi-continuous if it is so at every point uy € U.

14



1.2. Multivalued analysis

2. A set-valued map F' is called lower semi-continuous at uy € U if for any vy € F'(ug) and

any neighborhood V(vg) of vy there exists a neighborhood V(ug) of ug such that
F(u)NV(vg) # 0 for all u € V(uy).

A set-valued map F' is said to be lower semi-continuous if it is so at every point u € U.

3. A set-valued map F is said to be continuous at uy € U if it is both upper and lower

semi-continuous at ug. It is called continuous if it is continuous at every point u € U.

4. We say that I is Lipschitzian if there exists [ > 0 such that
F(uy) C F(ug) + l|Jug — us||By for all uy,us € U,

where By := {v e V| ||v| <1}

5. A set-valued map F' is said to be locally Lipschitzian if for any u € U there exist € > 0
and [ > 0 such that

F(uy) C F(ug) + ljug — us||By for all uy,us € x+ By

6. A set-valued map F' has a convex image on U if F'(u) is a convex set for all fixed values

ueU.

upper semi-continuous, con-

r semi-contin n .
upper semi-continuous and vex and closed image

upper semi-continuous i
convex image

i F I
Fiz) F(x) =)

,f/i ,,,// d d
L e e

* o I i ¢ L !

o

Figure 1.4: Tllustration of upper semi-continuity, convexity and closedness of a set-valued func-
tion.
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1.2. Multivalued analysis

The Hausdorff distance (also called Pompeiu-Hausdorff distance) is a classical measure for

the difference between two sets.

Definition 1.41. C] and (5 are two nonempty closed subsets of U. The Hausdorff distance
between Cy and Cy is defined as the function dg (-, -):

dy(C1, Cy) = max {d(v,C’g),d(u,Cl)}.

veCq u€Cyq

Proposition 1.42. Let C and Cy are two nonempty closed subsets of U. Then
dH(Cl,CQ) < €<= Cl C 02+€B and 02 C Cl —f—EB, e > 0.

Let A be a bounded subset of H. We define the Kuratowski measure of noncompactness of
A, as
a(A) = inf{d > 0 : Aadmits a finite cover by sets of diameter < d},

and the Hausdorff measure of non-compactness of A, as
B(A) = inf{r > 0 : Acan be covered by finitely many balls of radiusr}.

The following proposition gives the main properties of the Kuratowski and Hausdorff measure

of noncompactness.

Proposition 1.43. [23] Let H be a Hilbert space and B, By, By be bounded subsets of H. Let

~ be the Kuratowski or the Hausdorff measure of non-compactness. Then,
1. v(B) = 0 if and only if cl(B) is compact.
2. v(AB) = |A|y(B) for all A € R.
3. M(B1 + By) < A(By) + A(Ba).
4. By C By implies v(Bg) < v(By).
5. v(coB) = ~(B).
6. v(cIB) = v(B).

7. If A: H— H 1is a Lipschitz map of constant M > 0, then

1(A(B)) < My(B).
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1.2. Multivalued analysis

1.2.2 Maximal monotone maps

In this thesis, H always denotes a Hilbert space.

Definition 1.44. Let A : H = H be a set-valued map. Then A is called monotone if and only
if

(up — ug,v1 —v9) >0 Yuy,us € Dom(A), Yv; € A(w;), 1 =1, 2.
Definition 1.45. Let A : H = H be monotone. Then A is maximal monotone if there exists

no monotone operator B : H =% H such that gph(B) properly contains gph(A), i.e., for every
(u,v) € Hx H,

(u,v) € gph(A) <= VY(w, z) € gph(A) (u—w,v —z) > 0.

O

~ b

a b

Figure 1.5: a Graph of a monotone map, b maximal monotone map.
Theorem 1.46. (Moreau) Let ¢ : H — R U {+00} be a proper lower semi-continuous convex
function. Then Oy is a maximal monotone map.
Proposition 1.47. [9]

1. Let A be a mazimal monotone operator on H. The operators A™' and NA, where \ > 0,

are also mazimal monotone.
2. Let A: H — H be monotone and continuous. Then A is maximal monotone.
3. Let C' be a nonempty closed convex subset of H. Then Proj. is mazimal monotone.
4. Let C be a nonempty closed conver subset of H. Then N¢ is maximal monotone.

Proposition 1.48. Let A: H = H be maximal monotone operator and let w € H. Then Au

1s closed and convex.
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Proposition 1.49. [9] Let A: H = H be maximal monotone. Then the following hold:

(i) eph(A) is sequentially closed in HS™"8 x HYk e for every sequence (Uy,Vp)nen in

gph(A) and every (u,v) € H x H, if u, — u and v, — v, then (u,v) € gph(A).

(ii) gph(A) is sequentially closed in HY°* x H™& e for every sequence (U, Vp)nen in

gph(A) and every (u,v) € H x H, if u, — u and v, — v, then (u,v) € gph(A).
(iii) gph(A) is closed in H®™"8 x H5ons,
(iv) A locally bounded at every point in the interior of its domain int(Dom(A)).

Now we show that a maximal monotone A can be approximated through specific single-
valued Lipschitzian maps, denoted as Ay, from H to H that is maximal monotone. These

maps, known as Yosida approximations, play a crucial role.

Definition 1.50. Let A be a maximal monotone operator on H. Then, for all A > 0, the
Resolvent operator Jy : H — H corresponding to A > 0 is defined by the formula:

Iy = (I + NA)",

where I denotes the identity on H.

Definition 1.51. Let A be a maximal monotone operator on H. The Yosida approximation

of A corresponding to A > 0 is defined by
Ay = 1(I —J))
AE N A)-

Here, we outline the fundamental properties of the Yosida approximation for a maximal

monotone operator and its resolvent map.
Proposition 1.52. [15] Let A be a mazimal monotone operator. Then for all X > 0

1. Jy is a non-expansive single-valued map from H to H, that is

| Ix(u) — ()| < ||lu—wv] forall u,v e H.

2. Forallu e H, Ax(u) € A(Jyu).
3. For all u € Dom(A), Jyu converges to u.

1
4. Ay is Lipschitz continuous, with constant 3 and mazimal monotone.
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1.2. Multivalued analysis

5. For all w € Dom(A), [[Ax(u)|| < [[A°(u)||, where A°u = proj4,,(0) is the element of the

closed conver set A(u) of minimal norm, that is,
4°(w) | == min { i, € € Aw) }.

6. if ux — w as AL 0 and (Axuy)y is bounded then u € Dom(A).

Proposition 1.53. Let A be a mazximal monotone operator and T > 0. Then, the extension
of A to L*([0,T); H) noted by A : L*([0,T); H) = L*([0,T]; H) and defined by

v(-) € Au(-) <= v(t) € A(u(t)) a.e t €]0,T].

1s maximal monotone.

Lemma 1.54. [37] Let A be a mazimal monotone operator in H such that
(Az — Ay, z —y) > |z —y|?

in D(A) x D(A) for some ¢ > 0. Then
1. ¥z € H and X\ > 0 we have \x + A~z = A 'z.

2. Vx,y e H and A >0

c
1+ Xc

(Ao — Ay, z —y) > |z — yl>.

Lemma 1.55. [/] Let A be a mazimal monotone operator in H from Lemma 1.5/ we have
(Ant — Ayy,z — ) > ——— ||z — y|?

in D(A) x D(A) for some ¢ > 0, then

such that v(-) = Axza(+) and the mapping x : [0,T] — H is absolutely continuous.
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1.2.3 Introduction to differential inclusions

Differential equations first emerged in the mid-seventeenth century when calculus was inde-
pendently discovered by Newton and Leibniz, These equations frequently arise when trying to

explain physical phenomena through mathematical models. Differential inclusions of the form
u(t) € F(u(t))

are a generalization of ordinary differential equations, where F' is a set-valued map. Obviously,

any process described by an ordinary differential equation

= f(u)

can be described by a differential inclusion with the right hand side F(u) = {f(u)} as well.
Differential inclusions are fundamental in the theory of differential equations with a discontin-
uous right-hand side. The study of differential inclusions is motivated by various examples,
such as ordinary differential equations, control theory, evolution variational inequalities, and
sweeping process. The Sweeping Process is a special type of differential inclusions, introduced
and studied by J.J. Moreau [52]. To illustrate the mechanism described by this differential
inclusion, consider the following example from [18], imagine a large ring enclosing a smaller
ball. At time ¢ = 0 the ring begins to move, the ball will either remain stationary (in case it is
not hit by the ring), or be swept toward the interior of the ring. In the latter case, the velocity

of the ball must point inward to the ring in order not to leave.

C(I]_]

{= (1)}

/
®
7

Figure 1.6: Interpretation of the sweeping process.
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1.3. Non-smooth analysis

In more mathematical term, this becomes:

—u(t) € Newy(u(t)) a.e t € [To,T]

uw(Ty) = uy € C(Tp), 1)

where H is a Hilbert space, C': H = H is a set-valued mapping with nonempty closed and
convex values, and N¢(;)(-) denotes here the normal cone of the convex subset C'(t) with initial
condition ug € C(Tp). The differential inclusion (1.1) with the constraint u(t) € C(t) can be

stated in the form of the following Variational Inequality:

(—a(t),v —u(t)) <0, Yoe Ct)
U,(T()) = Ug € C(To)

The differential inclusion (1.1) is also written as follows:
—u(t) € Olow(u(t)) ae.te [Ty, T]
U,(To) =Ug € C(To)

Recall that the set 0lc((u(t)), the subdifferential of the indicator function of C'(t) at .

1.3 Non-smooth analysis

In this section, We recall some basic definitions and properties of subdifferentiability for
non-convex functions. Additionally, we introduce several types of normal cones, which serve as
essential tools in the study of sweeping processes. Finally, we define some classes of sets that

generalize the class of convex sets.

1.3.1 Subdifferential Calculus

The main goal of nonsmooth analysis is to extend differentiable tools to the nonsmooth
setting; therefore, in this subsection, we will discuss various types of subdifferentials for non-

convex functions and their properties.

Definition 1.56. [14] Assume that a function ¢ : H — R U +o0 is locally Lipschitz at w € H,
then

1. The Clarke subdifferential of ¢ at w is defined by
() :={ve H : (v,h) <¢°(u,h), forallhec H},
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1.3. Non-smooth analysis

where

©°(w, h) == limsup t [p(u +th) — o(u)]

(t,u)— (01 7)

is the generalized directional derivative of the function ¢ at w in the direction h € H.

2. The Fréchet subdifferential of o at @ is denoted 0¥ () and defined by

o) ={¢€H, YVe>0, 30 >0: (&u—1) < o(u)—p(@)+e|lu—a| for all, u € T+5B}.

3. The limiting subdifferential (also called basic subdifferential or Mordukhovich subdiffer-
ential) of ¢ at @ is denoted J.p(u) and defined by

oFp(u) == {ve H : Fu, — u,3¢ —* ¢ with ¢, € 0" p(u,)}.

4. The proximal subdifferential of ¢ at @ is denoted by 9 f(u) and defined as

O p(m):={¢ € H, 0,6 >0: (£,u—71) < ¢(u)—p@)+ollu—a|?® for all, u € u+B}.

Proposition 1.57. Let ¢ : H — R be a locally Lipschitz function. Then 0%¢ : H = H s

upper semicontinuous from H into HYVeX,

Proposition 1.58. We always has the following inclusions:
0" (@) C 9" p(u) C 0" p(T) C 9“p(T).
Remark 1.59. For any convex continuous function ¢ one has:

0" () = 0" p(u) = 0"p(1) = 0° p(u) = dp(u).

1.3.2 Normal Cones

In this subsection, we will discuss the definition and properties of several concepts of normal

cones to non-convex sets.

Definition 1.60 (The Clarke tangent cone). Let C' be a nonempty closed subset of H and
u € C. The Clarke tangent cone of a subset C' at some point u is defined by

TC(C;u) ={veH :Vt,|0,Yu, - u, withu, € C, Jv, = vs.t. u, +t,v, € C Vn € N}
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1.3. Non-smooth analysis

Definition 1.61 (The Clarke normal cone). we define N¢(C;u), the Clarke normal cone to C
at u, as follows:
N Ciu):={Ce€ H: (¢,v) <0, VveTC;u)}.

Definition 1.62 (The Proximal Normal Cone). Let C' be a nonempty closed subset of H and
u € C'. We define the proximal normal cone to C at u as

NE(u) = {v e H: Ir > 0 such that u € Projg(u +rv)}. (1.2)

When u ¢ C, the proximal normal cone N¥(C;u) is undefined.

Remark 1.63. When u belongs to C' and is such that u ¢ Proj.(v), for all v ¢ C' i.e., there is
no point v outside of C' such that u € Proj,(v) (which is the case when u € int(C)) we set
NP(C;u) = {0}.

Proposition 1.64. The prorimal normal cone is analytically characterized by the following:
£ € NP(Cu) <= {3(5,0 > 0; (&,v—u) <ollv—ul? forallve (u+B) ﬂS}
= {Ela =o(&u) > 0; (v —u) <ollv—ul|?, forallve C}.

Definition 1.65 ( The Fréchet Normal Cone). [14] Let C' be a nonempty closed subset of H
and u € C.The Fréchet Normal Cone of a subset C' at some point C' is defined by

NE(C;u) .= {Ve >0, Jo > 0; (&,v —u) < ¢€||lv—ul? for all v € (u + oB) ﬂC’}.

with N¥(C;u) := 0 whenever u ¢ C.

The Fréchet normal cone and the proximal normal cone suffer from instability, i.e., the
Fréchet normal cone (the same with the proximal normal cone) may vary widely as its point
base varies. This instability is a problem in applications of Nonsmooth Analysis, as it requires
exclusion. The limiting normal cone, or Mordukhovich normal cone, is defined to address this

issue.

Definition 1.66 (The Limiting Normal Cone or Mordukhovich Normal Cone). [14] Let C' be

a nonempty closed subset of H and u € C'. We define the limiting normal cone by

NE(Csu) = {5 € H, 3¢, — € weakly and &, € N¥(C;u,); u, — win C’}

= {f € H, 3¢, — € weakly and &, € N¥(C;uy); u, — uin C’}.
We set NL(u;C) =0 ifu ¢ C.
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1.3. Non-smooth analysis

Proposition 1.67. The following inclusions always hold true
NP(u;C) € N¥(u;C) € N*(u; C) € NY(u; O).
By convention, we set N°(u; C) = NP (u;C) = NF(u; C) = NE(u; C) = {0} if u € int(C).

One interesting relationship between the normal cone concept and the subdifferential

concept of the distance function is as follows:

Proposition 1.68. Let C' be a nonempty closed subset of H and u € C' Then

Opdc(u) = NE(u) "By and NE(u) = R, 0pdo(u), for allu € C. (1.3)

1.3.3 Some classes of sets

In this section, we recall some classes of sets that generalize the class of convex sets.

Positively a—far sets

The concept of positively a—far sets was introduced in [25] and subsequently extensively studied
in [31].

Definition 1.69. Let a €]0,1] and p €]0,+oc]. Let C' be a nonempty closed subset of H.
We say that the Clarke subdifferential of the distance function d(-, C') ensures that the origin

remains at least a—far from the open p-tube around, defined as C,
U,(C):={zx € H:0<d(z;C) < p},
if the following inequality holds

0 inf d(0,0d(-,C : 1.4
<a<_inf d(0.0d(,0)(x) (14)

Prox-regular sets

The proximal normal cone is the right concept to use for defining the prox-regularity of a set
C' by requiring in (1.2) that the constant r be uniform for all the unit proximal normal vectors

of r. Sets satisfying this property are known as (uniformly) prox-regular sets.
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Definition 1.70. Let r €]0, +oc]. A nonempty closed set C' is said to be r-prox-regular ( or

uniformly prox-regular with constant ) if each point u in the open r-enlargement of C'
U(C):={ue H|do(u) <r}

has a unique nearest point proj-(u) and the mapping proj-(-) is continuous over U,.(C). It is
evident that the r-prox-regularity of C' with » = 400 corresponds to its convexity. This class
of sets was first established by Federer [24] in the finite-dimensional framework under the name

"positively reached sets".

The next theorem provides some useful properties of prox-regular sets. For further properties

of prox-regular sets, refer to [21, 58].

Theorem 1.71. Let C' C H be a nonempty closed subset and let r €]0; +00|. The subsequent

properties are equivalent:
1. The set C' is r-prox-reqular.

2. Fb? CLH u e C andé S N (C,U), we hav@
’ QT ’

8. For all up,us € C, for all ¥, € N¥(C;uy) NB, and for all 95 € N¥(C;uy) N B, we have

1
(h — 09, u1 —ug) > _;HUI — uy|%.

Remark 1.72. The property (3) of the last theorem means that the set-valued map N¥(C;-)NB

is hypomonotone.

We use the notation proj(u) instead of Proj-(u) when this set has a unique point.

Proposition 1.73. Let the subset C' C H be a nonempty and closed, and let r €]0,00]. If C

s uniformly r-prox-reqular, then the following assertions are hold:
1. For allu € H with do(u) <7, projo(u) exists.
2. For allu € C, one has N°(u;C) = NP (u; C) = NF(u; C) = N¥(u; 0).

3. The Clarke and the Proximal subdifferentials of do coincide for all points w € H with
de(u) <.
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1.4 Some useful results of functional analysis

In this section, we examine fundamental concepts and theorems relevant to our work. These
results cover the strong and weak convergence theorem and specific integral inequalities of

Gronwall type.

1.4.1 strong and weak convergence theorems

In this subsection, we present some basic properties of weak and strong convergence in a

Banach space X and its topological dual X*.
Proposition 1.74. Let {x,} be a sequence in X. Then
1.z, = x <= (V,x,) = (¥,z), Ve X"
2. If x,, —» x then x,, — x.

3. If x,, = x, then (x,) is bounded and

|z|| < liminf]||z,].
n—+oo

4. If vy, = 2 in X and 9,, — 9 in X*, then (O, x,) — (0, x).

Theorem 1.75 (Lebesgue dominated convergence theorem). Let (fn)nen be a sequence of

functions in L*(§2) assumed to satisfy the following two properties.
1. Almost everywhere in §2, f, converge to f.

2. There exists a function g € L*(2) such that for alln € N,
[ fa(@)]] < g().

Then f € L'(£2) and
[fn(z) = f2)]| — 0.

Definition 1.76. A function f : [a;b] — H is said to be absolutely continuous if for each € > 0

there exists § > 0 such that for |a,;b,[ are pairwise disjoint subintervals of [a; 0]

Z(bn —an) <6 = Z [f(an) = f(ba)| <e.

n>0 n>0
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Furthermore, the function f : [a,b] — H is absolutely continuous if and only if

If f is Lipschitz-continuous, then f is obviously absolutely continuous.

Definition 1.77. Let a function f : [Ty, 7] — H, a subinterval J C [Ty, T], we define the

variation of f on I by the following expression

var(f,J) :=sup {Z | f(t:) — ftic)|], neN, t, € J, tg<t; <..< tn} )
i=1

We state that a function f has bounded variation on the interval [Tp, 7] if there exists a constant

M such that the variation of f over any subinterval J satisfies var(f, J) < M.

Corollary 1.78. Let f be an absolutely continuous function on [Ty, T|. Then f is of bounded

variation on [Ty, T).

Theorem 1.79. [/5] Consider a sequence u, of functions from the interval I = [0,T] to a

Hilbert space H. Assume that w, is uniformly bounded in norm and in variation, i.e., that
there exist L, M > 0 such that:

lu ()| <L (t€l,neN),

var(up, I) < M (n e€N).

Then, there exists a subsequence (uy,,) of (u,) which converges weakly to some function u :
I — H with Var(u,I) < M

Up, (1) = u(t) (tel,keN).

Lemma 1.80. [3/] Let (z,(t)), € N be a sequence of absolutely continuous functions from
[To, T) into H with x,(Ty) = . Assume that for alln € N

T, ()| < @(t) for all t € [T, T]

where ¢ € LY([Ty, T| and that xfj — xo as n — +00. Then, there exists a subsequence (T, )ren

of (Xn)nen and an absolutely continuous function x such that

1. 2, (t) = x(t) in H as k — 400 for allt € [Ty, T).
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2. Ty, (t) = z(t) in L'([T, T)) as k — +oo.
8. i, (t) = @(t) in L ([T, T)]) as k — +oo.
4o 1E 0] < 6(t) for all t € [T, T).

Proposition 1.81. [7] Let us consider a sequence of absolutely continuous function xx from

an interval I of R to a Banach space X satisfying
1. YVt e I, {zx(t)}x is a relatively compact subset of X,
2. there exists a positive function ¢ € Li(I) such that, for almost allt € I ||z(t)||< c(t).

Then there exist a subsequence (again denoted by xx ) converging to an absolutely continuous

function x from I to X in the sense that
1. xg converges uniformly to x over compact subsets of I.
2. &y, converges weakly to @ in Li(I,X).

Lemma 1.82. Let u: [Ty, T] — H be an absolutely continuous function. Then

2. / (a(t), u(t)) = %Hu(T)H2 - %I\U(To)HQ-

1.4.2 Integral inequalities of Gronwall type

Theorem 1.83. [6] Let ¢, ¢, ¢ be continuous and non-negative functions in |a, b, and let the

function ¢ also be non-decreasing in [a,b]. Then the inequality

o) < 6(t) + / b(s)p(s)ds,  te b

implies that .
o) < oo ] [ u(s)ds],  teai

Lemma 1.84. [7] Let o, 5 two positive numbers and ¢ : [0;T] — R be an absolutely contin-

uwous function. Assume that

o) + Bo(t) < a fora.e te[Ty;T]
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Then, for allt € [To; T
a
B

Lemma 1.85 (Gronwall-like differential inequality). [13] Let p : [Ty, T] — R be an absolutely

continuous non-negative function and let Ky, Ko, : [Ty, T] — Ry be non-negative Lebesgue

p(t) < e(To)(=p(t = To)) + Z (1 — exp(=B(t — Tp))).

integrable functions that satisfies for some € > 0

p(t) < e(t) + e+ K (t)p(t) +K2(t)m/ Vp(s)ds, ae.te [Ty T). (1.5)

Then for all t € [Tp,T], one has

t t

o < /o(To) T ¢ exp ( / (K (s) + 1) ds) + g j exp ( / (K(r) + 1) dT) ds

To

S

t t

+2< /5(3)ds+6—\/Eexp</(K(7')+1)dT)>

To TO

where K(t) := max{KlT@),KzT(t)} fort e [Tp,T].

Chapter Summary

This chapter is devoted to the preliminary results of some specific topics that we need in the
subsequent chapters. Thus, we make some theoretical reminders of analysis, such as, for exam-
ple, some points on convex analysis, particularly, we present some properties of convex sets and
functions as well as conjugate and subdifferential properties of convex functions. Subsequently,
we provide some tools which concern the characterization of the projection onto a closed con-
vex set. This is followed by some reminders on set-valued mappings that are necessary for the
study of differential inclusions. Next, we introduce some concepts of various semi-continuities.
We recall some results on maximal monotone operators. Finally, an introduction to differ-

ential inclusions is presented. In the next section, we look closely at some basic notions of
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nonsmooth analysis, for example, we present some definitions and properties of normal cones.
Subsequently, we give a short review on the properties of some class of sets. In the final section
of this chapter, we present some results covering the strong and weak convergence theorem and

specific integral inequalities of Gronwall type.

30



— Chapitre 2
Semi Regularization Of

Prox-Regular Integro-Differential

Sweeping Process

Let H be a Hilbert space, T' be a non-negative real number. In this chapter, which is based
on [43]. we study the existence and uniqueness of solutions of a perturbed differential inclusion
governed by a non-convex sweeping process by using a semi-regularization technique. In this
technique we approach the integro-differential sweeping process of Volterra type associated with

maximal monotone operators of following form,

—&(t) € Now(x(t)) + Ax(t) + /f(t,s,x(s))ds, a.e. t € 0,7

(Pay) (2.1)

z(0) =z € C(0),

by a penalized one, depending on a parameter. This makes it easier to prove the existence of
a solution. Subsequently, as the solution is established, the parameter can be taken to zero to
obtain the desired result.

This Chapter is organized as follows. In Section 1 we recall the main assumptions that will
be used throughout the chapter. In Section 2, we present our main existence and uniqueness
result. In Section 3, we provide an example in parabolic-variational inequalities with Volterra-

type operators.
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2.1. Technical assumptions

2.1 Technical assumptions

In this section, we gather the hypotheses used along the chapter to enhance readability.

(H1) The set-valued mapping C : [0,7] = H has non-empty, closed and r-prox-regular values
for some constant r €]0, +oc], and there exists an absolutely continuous function v(-) :

[0,7] — R such that
C(t) C C(s)+ |v(t) —v(s)|B, Vt,s€[0,T].

(H2) The set-valued mapping A : H = H is a maximal monotone operator.

(H3) f:Qa x H— H is a measurable mapping such that, there is a non-negative function
B(‘? ) € Ll(QA, RJr) satisfies:

|f(t, s, 2)|| < B(t,s)(1+]||z]]), forall (¢,s) € Qa and for each x € R(C(t)),

where

Qa :={(t,s) € [0,T] x [0,T] : s < t}.
(H4) For any real n > 0, there exists a non-negative function L"(-) € L'([0,T],R,) such that
1f(t,s,2) = f(t, s 9)| < L)z = yll,

for all (¢,s) € Qa and for each (x,y) € B[0,n] x B[0,n].

2.2 Existence and uniqueness results

We now proceed to prove the main results about the existence and uniqueness of the solution.

But first we need the following auxiliary theorem, which is proved in [13].
Theorem 2.1. Assume, in addition to (H1),(Hz), (H3) and (H4) that:

1. g : [0,T) x H — H s a measurable mapping such that, there exists a non-negative
function By(-) € L*([0,T],R) satisfies:

lg(t,z)|| < Br(t)(1+ ||x]|), for all t €[0,T] and for any x € R(C(t)).
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2.2. Existence and uniqueness results

2. For each real n > 0, there is a non-negative function L](-) € L'([0,T],R) such that

lg(t, ) = g(t, y)|l < Li(@D) ]|z = yll,

for any t € [0,T] and for any (z,y) € B[0,n] x B[0,n].

Then for any xy € C(0) there exists a unique absolutely continuous solution () for the following

differential inclusion

t

—&(t) € Now(x(t)) + g(t, z(t)) + /f(t, s,x(s))ds, a.e. t€[0,T],
0
Moreover, for almost every t € [0,T], one has

t

j:(t)—i—g(t,x(t))—i—/f(t,s,x(s))ds < g(t,x(t))—i-/f(t,s,x(s))ds + |o(t)].

0

We now present the primary outcome of this chapter, which establishes the existence solution
of (P A, f).

Theorem 2.2. Let the assumptions (Hi), (H2), (H3) and (Ha) hold. Under the following

additional conditions:
1. R(C(t)) € Dom(A),

2. there erists a non-negative functions o(-),8(-) € L*([0,T],Ry) with a(-) is a continuous

function, such that

Az || < a(t)||z| + o(t), for a.e. te€[0,T] and x € C(t),

3. there exists y1(+),v2(-) € L'([0,T],R,) such that

B(t,s) < vi(t).ya(s) for a.e. t,s€[0,T],

for each xo € C(0), the differential inclusion (2.1) admits, at least, an absolutely continuous
solution x(-) : [0,T] — H.
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2.2. Existence and uniqueness results

Proof. The proof of the existence of the solution is divided into several steps.
Step 1. A family of approximate solutions
Fix any A > 0 and consider the following approximate problem

_:'E)\(t) S NC(t)(l’)\( ) +A)\I,\ /f t,S,JZ)\ ae te [O,T], (2 2)

JI)\(O) =29 € C(O)

From Theorem 2.1, it results that for any A > 0, the integro-differential sweeping process (2.2)
has a unique absolutely continuous solution z,(-) on [0,7]. Furthermore, for almost every
te0,T]

t

lia(0) + Axast) + [ ts.ma(6)) dsl < Do + [ s,oa@)ds + o] (23)

0

Step 2. An upper bound of the norm of the approximate solutions z,(-)

From the assumption (2), one has

[Ax(zA@)] < [[A% (2 ()]
< at)llzx®)] + (). (2:4)

In addition, from the assumptions (H3) and (3) we have

ﬂmwmww@s/mwm+mwmm

/ﬁtsds+/6ts]|:m )il ds

/5 (t,s)ds+ 7 (t )/'yg(s)||a:,\(s)||ds, a.e. t € [0,T]. (2.5)

0
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2.2. Existence and uniqueness results

Therefore, from (2.3) and by utilize (2.4) and (2.5)

t

Hm@Wﬁ®@+&m®+/ﬂmwwm%—&m@—/ﬂwJMNMI

0
t

< J2a(t) + Axxa(t) + /f(t,s,a:A(s)) ds|| + || Axza(t) + /f(t,s,x)\(s)) ds||

0

§ﬂMwﬂ®+/f@&m@D%Wﬁﬁﬂ

SﬂMWAH+2/Wt8mUW%+W@|

t

(s ea(s) | ds + 26(2) + /ﬁw&m+ww«

0

< 2a(t)[|za(t)]] + 27(t)

o\

On the other hand, we note that

t

ummwwm+/mmwn

0

t
< lall+ [ llia(o)] ds
0

t , -

< laoll+ [ (200 erl +290(7) [ llas()] ds+28(r) 42 [ 8(r,5)ds + o)) s

0 0 0
= llwoll +1(2) + /a WAHW+2/% / laa(s)l| ds ) dr
0

where
t

() = / dT+2//,@7 s dsdr+/|'(7)|d7,

as a result of the fact

t T t

[ 1@ [l ds)ar < blogona [ a6 leats) s,

0 0 0
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2.2. Existence and uniqueness results

we get
t

[x (I < flzol|+17(2) +/W(T)H%(T)Hd77

where
w(t) := 2a(t) + 2|71 Lo reyV2(2).

Therefore, by applying Gronwall’s inequality as mentioned in Theorem 1.83, we can conclude
that

t T

lea()I< (lzoll+I°(1)) exp / w(r)dr | < (o +T(#) exp / w(r)dr | = M,

0 0

which signifies the boundedness of x,(-) independently of A on [0, 7.

Step 3. The convergence of the sequence (z))y

It suffices to show that (x,), is a Cauchy sequence in the Banach space (C([0, 7], H), | ||c0),

in another words

Jim flan() = 2,()loe = 0,

in a manner that

i (|23 () = 2,(llee = sup [lza(t) — 2. (@)]-
SO0 t€[0,T

Let us establish )

E(t) == Ma(t)+06(t) + (M +1) /5(t,s)ds,

0

moreover £ € L*([0,T],Ry), and for almost every ¢ € [0, 7] we obtain

| Asea(t) + / £t s, 22(s)) ds]| < (1),

and

[x(2) + Axza(t) +/f(t78;fffx(8))d8|l < () + [o@)]- (2.6)

Indeed,
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2.2. Existence and uniqueness results

t

Aver(®) + [ St oa(s) dsl) < JAna(oll + [ 1t 5,22(6)) s

0
t

< [[A%2\ (@)1 + /(1 + lza(s)[)B(E, 5) ds

0
t

< a(t)llzx(s)] + () + /(1 +llza(s)I)B(¢, s) ds

0

< Ma(t) + (1+ M) /ﬁ(t,s) ds + 5(t)

=: ().

As a consequence

t t

Hﬂ'ﬁx(t)+AA$A(t)+/f(t78,xx(8))d8|! =< HAAHJA(t)+/f(t,8,flfx(5))d8|! +o@)]

0 0

< &) + [0(8)].

which implies that

t

(@(t) + Ayra(t) + / F(t, 5, 2(5)) ds> € Now(za(t) NB. (2.7)

ot
§(t) +[0(?)]

Let now A, i > 0. Since the sets C(t) are r-prox-regular hence, by using the hypomonotonicity
property given in (3) of Theorem 1.71 and the inclusion (2.7), one has for almost all ¢ € [0, 7

< - m(m@) + Ay (t) + /f(t,s,m(s)) ds —,(t) — Aux,(t) — /f(t7 5, 2,(5)) ds)

aalt) = 2ult)) 2~ lea(®) = 2 (O,

37



2.2. Existence and uniqueness results

then

t

<x’A(t)+A,\x,\(t)+ / F(t, 5, 27(8)) ds — i (t)— Az, (t) — / f(t,s,x#(s))ds,m(t)—x#(t)>

wnm(@ —z, (0] (2.8)

<

It is obvious that z,(t) = Jy(zA(t)) + AAx(xa(t)). Additionally, the inclusion A x,(t) €
A(JyzA(t)) remains valid by virtue of Proposition 1.52. Notably, the operator A is monotone.

Consequently,
<A,\$,\(t) - A,ux,u(t)u J)\x)\(t) - Juxu(t» > 0.

Furthermore,

(Axaa(t) = Apay(t), 2a(t) — 2u(t)) = (Axa(t) — Auwu(t), Hhaa(t) + Adawa(t) — Juwu(t) — pduw,(t))
> (Axaa(t) — Az (t), Mz (t) — pAuz,(t))
+ (Asaa(t) — Apzu(t), haa(t) — Juwu(t))
> (Axaa(t) — Auzu(l), Mza(t) — pAuz,(t))

> M Az@I + pllAuz, O = A Asza@ Az, @)
= [ Auza @[ A @]

however,
\/X 2
0 < (VA0 - Sl
A
= MADI? + 314,01 = MA@ Auz,0))
and

0< (Va0 - Y lan0l)

1
= pl| Az (0] + lef‘luﬂfu(lt)ll2 — pl[ Az, ([ Axza(t)]],
for this reason

A
MA@l Ape, @Ol 2 =M = 714wz 017, (2.9)
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2.2. Existence and uniqueness results

and
1
—pl| Apz, (O | Axea @) | > —pl| Ap, (8] — Z!\wa(t)HQ- (2.10)

By virtue of (2.9), (2.10) and the assumption (2), we obtain

(Axaa(t) — Apau(t), 2a(t) — 2u(t) ) > i(AHA 2, (0)]1* + pll Axza(t)|?)
> —%(A + ) (Ma(t) + 5())
this implies .
(Araslt) = Ay (0, a(0) = 2,(0)) =~ )€X(0) (2.11)

On the other hand, as mentioned by the assumption (#,) one has

</ft8m cm—/ftsatnwxm>—%@§

</f (5, 2,0(5)) — f(t, 5,25(s))ds, () —xu(t)>

os(t) = 1) |

H/fts:vu F(t, 5, 2x(s))ds

> —L7(0)]Jex(t) — zu @] / [2x(s) = zu(s)| ds. (2.12)

From (2.8), we have

| loa(t) = 2u(B)]* = (Axza(t) — Apzu(t), 2a(t) — (1))

(Ta(t) — @, (t), mA(t) — 2,(t)) < M

true to Lemma 1.82, we get

Dhan(®) — a1 < 22Ny 01 — 20 Ares8) — A0 2200) = 1))

t

—2</f(t,s,x,\(s))ds—/tf(t,s,xu(s))ds,x,\(t)—:Eu(t)>.

0
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2.2. Existence and uniqueness results

Associating this last inequality with (2.11) and (2.12), appear to us

d () +[o(t)]

Slleatt) — )l < 5O+ () + 28 ENOEERO]

2000 ex(®) = O] [ llea(s) - m,(5)] ds.

by applying Lemma 1.85 with

§(t) + o)

p(t) = llza(t) — (D), Ki(t) =2 , Ka(t) = 2L7(2),

1
e(t) = A+ wE (), €>0
and considering the equality z,(0) = x,(0) = x¢, we can conclude that, for each t € [0, T

t t t

Jos() = a0 <veess | [k +1as | + L [ew | [+ 1ar ) as

t t

+2 /e(s)ds+e—\/éexp /(K(T)+1)dT

0 0

t t

+2/(K(S)+1)exp /(K(T)H)dT /Ss(T)dT—l—eds,

0 s

Ki(t) Ks(t
where K (t) := max {%, 22< )}, almost every t € [0, 7.

By taking ¢ — 0, we conclude that
Jim 1) = ()l = 0.

As a result, the sequence (z,(+))rs0 is a Cauchy sequence in C([0,T]; H), and therefore, it
converges uniformly to a sequence z(-) € C([0,T]; H) as A | 0. Furthermore, z(t) € C(t) due
to z)(t) € C(t) for every A > 0, and C(t) is closed subset. Additionally, z(t) € Dom(A) based
on the property (6) of Proposition 1.52; and the inequality ||A%z| < a(t)M + 6(t).
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2.2. Existence and uniqueness results

Step 4. x(-) is a solution of (Py )

For the reason that
lzx(t)]] < 2¢(t) + |0(t)] for almost every ¢ € [0,T],

there exists a subsequence (zy, ), converges weakly to some g(-) € L'([0,T]; H), in other words

/0 (x'n(s),h(s)>ds—>/0 (g(s), h(s)) ds, ¥ h e Lo([0,T); H).

Now fix any ¢ € [0,T1, for all z € H we find

/OT (Zn(s), 2X10,(5)) ds = /Ot ((s),2) ds = </Ot x'n(s)ds,z>.

/OT (9(5), 2x10.0(5)) ds = / Cg(s), 2 ds = ( / " o(s)ds. 2)

it follows from this that

Furthermore

t t
/ T,(8) ds converges weakly to / g(s)ds in H.
0 0

Consequently
t t
xn(t) = x,(0) —|—/ Tn(s)ds converges weakly to x(0) +/ g(s)ds in H.
0 0
Account of the fact that

x,(+) converges uniformly to z(-),

we establish that

x(t) = xo + /Otg(s)ds,

which expresses the absolute continuous property of z(-), furthermore () = g(-) a.e. t € [0,7],

and in related manner

T
o)) < My = ol + [ gls)ds. 213
0
Across the continuity property of x +— f(t,s,2) and the uniform convergence of x,, (-) to z(-)
we obtain
lim f(ts,22,(s)) — f(t,5,2(s)). (2.14)
n—-—+oo

41



2.2. Existence and uniqueness results

We establish for each ¢ € [0, 77,

Additionally, let us set 1 := max{M, M, }. Therefore,
(x(t),zA(t)) € B[0,no] x B[0,m], for all t € [0,T].

Thus, through assumption (H,) there exists L™ (-) € L*([0,T]; R, ) such that

/ 6a(t) — o() 1t < / Lt / 2, () — ()| ds . (2.15)

Recognize that, for each (¢,s) € Qa
() / lza, (5) — 2(s) | ds < 20T L™ (¢) dt. (2.16)

Furthermore, by combining (2.14), (2.15) and (2.16) and applying the Lebesgue dominated

convergence theorem, we establish
¢n(-) converges strongly to &(-) in L*([0,T]; H).
On the other hand, one has
| Ax, zx, (O] < Ma(t) 4+ 0(t) < &(t) for ae. t € [0,T],

for this reason, there exist a subsequence, still symbolized by (Ay, zx, (+)), and ¥ € L*([0,T]; H)
such that
Ay, converges weakly to ¢ in L'([0,T]; H).

Therefore we obtain
U, (-) ==&y, + Ay, 5, + Py, converges weakly to W(-) := 3+ +¢in L*([0,T]; H).

By Mazur’s Theorem 1.5, for any n € N, there exists a sequence of convex combinations in the
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2.2. Existence and uniqueness results

form of
T(n) T(n)
(Z Skm\ljk) with Sk,n Z 0 and Z Sk,n = 1,
k=n n k=n
such that

<ZSkn\Ifk) converges strongly to ¥ in L'([0,T]; H).

By extracting a subsequence, we can assume the existence of a negligible set A' C [0, 7] such
that

(Z Sk,nllfk(t)) converges strongly to ¥ in H, Vte [0,T|\\V.
and such that for all n € N
—V,(t) € New(xy,(t) ae tel0,T].

Fix any ¢t € [0,7] \ NV, through the prox-regularity of C'(¢) and by applying Theorem 1.71, one

has
(t).y — o, () = - TN o e e co. (2.17)
Therefore, for all y € C(t)
T(n
Zskn U(t),y — xa, (1) = — Zsknﬂy—%k )| (2.18)
Notice that
T(n) T(n)

> S () 0) 22,0 \ SENACIECRENG]

< (§() +[0() ZSanx ) — 2 )],
as a result
T(n)
ZSM (Wi (1), 2(t) =@, (1)) — 0, (2.19)
because it is easily discovered that
T(n)
> Seallz(t) =z (1) — 0
k=n
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2.2. Existence and uniqueness results

due to

la(t) — 2, ()] —> 0
and

T(n)
> Sim=1.
k=n

As a consequence of the convergence (2.19) and the equality

T(n)
ZSkn Ui(t),y — 2, (8)) = D Sk (Ui(t), y — 2(t) + 2(t) — 25, (1))
ke
T(n)
_ E:&M%@w—x@>
k=n
T(n)
53 S (Welt), 2(t) — 2, (1) (2.20)
k=n
we achieve
Z St (Ur(1),y — 2, (1)) — (U(t),y —2(1)) - (2.21)
On the other hand, since x,, (t) — x(t) we have
n—oo
T(n)
Y Seally = 2x O — lly — z(®)], (2.22)
k=n

Passing to the limit on n in the inequality (2.18), we obtain by virtue of (2.21) and (2.22)

W)y — () >~ SO, oy vy e o,
leading to
U(t) =a(t) +0(t) + /f(t, s,2(s))ds € New(x(t)). (2.23)

Immediately, for the purpose of complete the proof of the Theorem, let us show that

VU(t) € Ax(t) for a.e.t €[0,T].
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2.2. Existence and uniqueness results

In light of this, let us remember that

Ay, xn, (t) € A(Jy,xn,(t) fora.e. t e€l0,T],

as well as,
Ay, wy, converges weakly to ¢ in L*([0,T]; H).
Furthermore,
(Jx, T, )n converges weakly to = in L*([0,T]; H).
Indeed,

[ Tx 2, () = x(B)] = [[Tn, 20, () — 2, (1) + 22, (8) — 2(2)]]
< [, () = @, (O + [z, () — z(0)]
< Al Anea ()] + [, () — (@)

< Al(l) + [lon, (8) = z(@0)]] —— 0,

’ n—-+o0o

since A, — 0 and z,, — = as n = +00. Consequently, we have

A)\nx,\n(-) € A(J)\nl')\n()) in L2([O, T], H)
Ax, @, () == 0(:) in L([0, T); H)

T n, A () in £2([0, T1; H),

where A represents the extension of A presented in Proposition 1.53. linking this last three
properties with the strong-weak closeness of A in L*([0,T]; H) (see Proposition 1.49) we con-
clude that

9(-) € A(z(-)) in L2([0, T); H) < 9(t) € Az(t) for ae. t € [0, T). (2.24)

By combining (2.23) and (3.10), we conclude that

#(t) € —Neg (2(t)) — Aa(t) - / F(ts,2(s))ds for ace. t € [0.T],

which completes the proof of Theorem. Il

By imposing additional conditions, we can establish a uniqueness result. The following

theorem is formulated within this framework.
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2.2. Existence and uniqueness results

Theorem 2.3. Let the assumptions (H1), (Hz), (H3) and (Ha) hold and assume that
R(C) C int(Dom(A)). (2.25)

Then, for given initial condition o € C(0), the problem (2.1) has only one absolutely continuous

solution.

Proof. Let x1(+), x2(+) be two solutions of (2.1) satisfying
1‘1(0) = 1'2(0) = € C(O) C R(C)

Since A is maximal monotone, it follows that A is locally bounded in int(Dom(A)), as stated
in Proposition 1.49. In other words, there exists p > 0 and R > 0 such that B(xg,p) C
int(Dom(A)),

|lwl| < R, forall we A(y), and all y € B(xy, p). (2.26)

The continuity of z;(-), i = 1,2 on [0, 7] implies that
Ve >0, 30 <T' < T such that, ||z;(t) —2;(0)|| <e, forall te[0,17],
more particularly, for € = p, one obtains
z;([0,T"]) C B(xo,p), i=1,2.
It follows from (2.26) that
|lwl| < R, forall we A(z4(t)), and all t €[0,77], i =1,2. (2.27)

Let g;(-) € —Axz;(+) , i = 1,2 such that, for almost every ¢ € [0,7"],

—i;(t) € New (@i(t)) + g:(t) + /f(t,s,xi(s))ds, i=1,2.

Therefore, as claimed by Theorem 2.1, one has

Hﬁci(t)+gi(t)+/f(t,s7$i(8))d8!l < \O(t)!+\\9i(t)\|+/Hf(t,s,:vi(S))HdS

< |o(t)]|+ R+ K(t),
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2.2. Existence and uniqueness results

where KC(t) := (1 + p + [|zo]|) /B(t, s)ds. and
0

t

lgi(t) + / f(t,5,:(5)) ds]| < R+ K(t).

0

Therefore,

1 .
_R+/C(t)+lv(t)|< )+ gilt /f t, s, 2i(s > € Ne(z:(t) NB, i=1,2. (2.28)

As long as C(t) is r-prox-regularity, and by utilizing the hypomonotonicity property stated in
(3) of Theorem 1.71, along with the inclusion (2.28), we deduce that for almost every t € [0, T”]

<_R+K(t§+|®(t)]< 1) +a:1t) /”’S"%1 $))ds = 25(t) = gt /ftm ds

at) — () > Hxl(t) (1) "

r

Then,

t t

(a10)+ 910+ [ Fltscn(9)ds = ) -ga(t) ~ [ Flt5.22(5),(6) = alt))

§%<R+K()+|U G —xQ(t)HQ. (2.29)

which implies that

<92:1(t)—562(t),$1(75 — ot > 91(t) — galt (75)_$2(t)>
[ sias)) = St smn(6)ds,oa(t) — aalt)) (230
FH(REK) +1000)) [ ra(t) — )]

Recalling that the operator A is monotone, then

(g1(t) = g2(t), 21 (t) — 22(t)) > 0. (2.31)
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2.2. Existence and uniqueness results

Through the assumption (H,), we have

t

(/(f(t, s,02(5)) = f(t,s,21(s)))ds, x1(t) — 2a(t)) < L™ (8)]| 21 (8) — 22()]] /||$1(t) — z(t)]

0

where m, = p + [lzo].
Combining this last inequality with (2.30) and (2.31), we get

t

(21(t) = 22(t), 21 () — 22(t) ) SL"(O)[|21(2) — 22() || / [z1(s) — @2(s)]| ds
+ %(R + () + [o@)]) 21 (t) — z2()[
Hence
%le(t)—w(t)!\Q §2L’“(t)Hx1(t)—xz(t)ll/Hxl(S)—mz(S)HdS

+

N )

(R+ K1) +[0()]) |21 (t) — 22(6)]1*
Applying Lemma 1.85 such that
€ >0, e(t) =0, p(t) = [lz1(t) — 22(1)]1%,

Kolt) = 2L7 () and Ky = 2 (R +K(1) + [o(0)]),

we deduce that
z1(-) = x2(+) on [0,77]. (2.32)

Let us set
E.:={t€0,7];21(t) # z2(t)}

where 7 € [0, 7] is such that z1(7) # x2(7). It is obvious that
E. C]o,7].
Furthermore, through (2.32) and 7" > 0 one has

o:=inf £, €]0,7].
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Therefore
x1(t) = xo(t) forall t €0, ol.

Letting ¢ tending to ¢ we obtain
1(0) = 2(0)

as a consequence of the continuity of z;(-), ¢ = 1,2. For this reason
O<o<rT

due to x1(7) # xo(7). With the similar argument as discussed above, there exists some 7" > 0
such that
z1(-) = 22(-) on [0,0+ 71

This entails a contradiction with the definition of ¢ := inf F.. Consequently
x1(-) = x2(-) on [0, 7.

]

Remark 2.4. In Theorem 2.3, we can also weaken the condition R(C) C int(Dom(A)) by
assuming that A is locally bounded on R(C), in other words, for all x € R(C), there exists
K >0, p > 0 such that A is bounded by K in B(zy, p) N R(C).

2.3 Parabolic variational inequalities with Volterra type

operators

In this section, we present the connection between integro-differential sweeping process and
the parabolic variational inequalities with Volterra type operators. Our example completes
that in [2].

Consider a bounded subset € of R™. We define spaces as follows:
1. Hilbert space H is given by H = L*(2).
2. U=H(QNHYQ) ={ue H(Q) | Au e L*(Q)}.
Now, let us introduce the functions:
1. ¢ € L*0,T;U).
2. M € L*(0,T;R).
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2.83.  Parabolic variational inequalities with Volterra type operators

3. B:[0,T] — L®(Q).

Additionally, we suppose that ¢(-) is k-Lipschitz continuous with respect to the supremum
norm.

For almost every ¢ € [0, 7], we have the following
L. Ci(t) :={velU:v>a¢t)ae onQand [|[Av| < M(t)} is closed and convex set.
2. Cy(t):={velU:v<g(t)—1ae onQand ||Av| < M(t)} is closed and convex set.
3. C(t) := C1(t) U Cy(t).

We consider the following parabolic variational inequalities with a moving obstacle :

find a function z(t) € C(t) such that there exists a positive constant d; > 0 satisfying

/ SO (0(t) — 2(t))dy + / Va(t)(Vo(t) — Va(t))dy
Q Q
+ /Q (/0 Bt — s)x(s)ds) (0(t) — 2(D)dy > —8|lo(t) — 2|2, Yot) € O@), (2.33)
where the initial value is prescribed as
z(0) =z € C(0).

Our goal is to demonstrate the existence and uniqueness of solutions for parabolic variational
inequalities involving Volterra-type operators. To this end, we will establish the equivalence be-
tween a parabolic variational inequalities and an integro-differential sweeping process of Volterra

type. Namely, We consider the following differential inclusion:

—i(t) € New(x(t)) + Az(t) + /f(t, s,x(s))ds ae. t€|0,T]

/ (2.34)

z(0) = xy € C(0),

Suppose that assumptions of Theorem 1.79 and Theorem 2.3 are satisfied.
Before going on , it is crucial to first introduce the subsequent theorem, known as the Green’s

identity

Theorem 2.5. Let Q € R", for any v € H*(Q) and v € H(Q), we have

/VUVU+/UAU:/ v(Vu - 1)do,
Q Q o0
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where T is the outward pointing unit normal on the surface element of do.
Note that when v € H}(Q2), Green’s identity reads

/VuV'U—i— / vAu =0 (2.35)
Q Q

due to v € H3 () = v|sq = 0.

It is evident that for each t € [0, T, the set C(t) is closed and prox-regular (but non-convex).
This conclusion follows from the fact that C(¢) and Cy(t) are two disjoint closed convex sets.

Moreover, we have for all v; € C4(t), ve € Cy(t)

1
[or = val|l = (/ lor —vz\l2> > v/m(Q),
Q

where m(2) represents the volume of Q. Additionally, C(-) is k-Lipschitz continuous in view of
the fact that ¢(-) is k-Lipschitz continuous. Then C(+) is absolutely continuous.
Consider the linear unbounded operator A : Dom(A) C H — H defined by

Dom(A) = H2(Q) N HL(Q) := U,
)

where A is the Laplace operator. Then A is a self-adjoint maximal monotone operator. Indeed,

1. A is monotone. For every z € Dom(A) we have
(Az, ) r200) = /(—Aaz)x = / |Vz|* >0
Q 0

2. A is maximal monotone. We have that R(I + A) = H (see [17]).

3. A is self-adjoint. Taking into account that if A is a maximal monotone symmetric op-
erator, then A is self-adjoint. It is enough to verify that A is symmetric. For every

x,y € Dom(A) we have

(Az,y) 120 —/(—Ax)y—/Vx-Vy
Q Q

and

(z, Ay)r2(0) Z/l’(—Ay) :/Va:-Vy,
Q

Q
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thus, (Az,y)r2(0) = (, AY) r2(0).-

Therefore, through (2.35) we obtain for all v,z € U

/QVx(t)(Vv(t) — Vaz(t))dy = / Va(t)V(v(t) — z(t))dy

Q

_ /Q —Ax(t)(u(t) — z(t))dy
_ /Q Ax(t)(v(t) — x(1))dy.

Hence, the inequality (2.33) can be expressed as

/Q (a(0) + Axt) + /0 B(t — $)a(s)ds ) (v(t) — 2(t)dy > —6 Jolt) — (0%, (2:36)

We remark that the variational inequality (2.33) can be written as a subdifferential inclusion.
For this purpose we use the indicator function I¢(;). By the Clarke subdifferential of ¢ () at x(t)
it follows that the problem of the variational inequality (2.33) with initial condition z(0) = z,

is equivalent to
t
x(t) + Ax(t) + / B(t — s)x(s)ds € =0lcw(x(t)).
0

Then the problem (2.33) can be rewritten as follows
t
(t) + Az(t) + / B(t — s)xz(s)ds € —Neg(z(t)). (2.37)
0

Assume that the operator B satisfies the following condition B € C(0,7T; L>(f2)), then the
function

f(t,s,v) := B(t — s)v for all (t,s) € Qa and v € H,
satisfies the assumptions (H3)-(H,) with

B(t,s) = |B(t — 5)|| o0y and L(t) = Sup]||B(t)||Loo(Q) for all (t,5) € Qa.

tel0,T

Furthermore, all the assumptions of Theorem 2.3 are satisfied. Consequently, for an initial con-
dition zo € C(0), there exists an absolutely continuous solution z(-) to (2.1), and subsequently
to (2.33).

In addition, if M(-) is a constant function, then A is locally bounded by M. through Remark 2.4,

one can deduce the uniqueness of solutions.
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Chapter Summary

In this chapter, we demonstrated the well-posedness of a perturbed differential inclusion,
governed by a nonconvex sweeping process in a Hilbert space. This sweeping process is per-
turbed by a sum of an integral forcing term, which depends on two specific time variables,
and a maximal monotone operator. We used a regularization technique along with a Gronwall-
like inequality for this purpose. Afterward, we applied this result to obtain the existence and

uniqueness result for parabolic variational inequalities.
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— Chapitre 3
Moreau-Yosida Regularization of

Degenerate Intgro-Differential

Sweeping Process

In this chapter, our primary focus is on establishing the existence of solutions for integro-

differential degenerate sweeping processes described by

t

2(t) € =New (Ax(t)) + /f(t,s,x(s)) ds a.e. t€][0,T],

(3.1)
2(0) = 2o € D(A).

Here, C(t) : [0,T] = H represents a set-valued mapping with nonempty closed and positively
a—far values in the separable Hilbert space H, the set N¢()(u(t)) corresponds to the Clarke
normal cone to C(t). The set-valued mapping A : H = H is maximal monotone operator.
Additionally, the moving set ¢t — C(t) varies in a Lipschitz continuous way with respect to
the Hausdorff distance.

We observe that this problem was proposed by Kunze and Monteiro Marques in [38, 37].
Specifically, they considered the case where A is a set-valued maximal monotone, strongly
monotone operator, f = 0, and the convex set-valued map C(t) : [0,7] = H varies Lipschitz
continuously with respect to the Hausdorff distance. In their work, they employed a discretiza-
tion technique based on the surjectivity of the sum of two maximal monotone operators, one
of which is the normal cone.

This chapter is structured as follows. Our main result, presented in Theorem 3.10, estab-
lishes the existence of solutions for the degenerate sweeping process using the Moreau-Yosida
regularization technique. Specifically, we consider the case where the moving sets are positively

a—far and vary in a Lipschitz continuous way with respect to the Hausdorff distance.
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3.1. Assumptions on data

3.1 Assumptions on data

In this section, we will gather the main assumptions that will be used throughout the chapter.
Hypotheses on the set-valued map C : [0,7] = H : is a set-valued map with nonempty

and closed values.

(H{) The sets C(t) move in Lipschitz way, that is, there exist a constant K such that for all
t,s €[0,7],
dy(C(t),C(s)) < K|t — s.

(HS) There exist two constants o €]0, 1] and p €]0, +oc] such that

0<a< inf d(0,0d(z,C(t)) ae. t€0,T],
2€U,(C(1))

where U,(C(t)) = {x € H,0 < d(z,C(t) < p} is the p-tube around C(t).

(HS) For a.e. t € [0,T] the set C(t) is ball compact, that is, for every » > 0 the set C(¢) N 7B

is compact in H.
(HS) For a.e. t € [0,T] the set C(t) is r-uniformly prox-regular for some r > 0.

Hypotheses on the set—valued map A : H = H: is a maximal monotone operator in H,
such that

(H{") for some ¢ > 0.
(Az — Ay, z —y) = c|lz -y

in D(A) x D(A) .

(HY) If pp — 0T, u, — win C([0,T], H) and v, = A, u, — v in L*([0,T], H), then even
v, — v in L*([0,T], H).

Hypotheses on f: Qa x H — H: is a function satisfying:
(H]) for every 2 € H, the map (t,s) — f(t,s,z) is Bochner measurable.

(H]) There exists a non-negative function A(-,-) € L'(Qa,R.) such that
|f(t,s,2)|| < B(t,s)(1+ ||z]]) for all (t,s) € Qa and for any = € R(C),

where

Qa = {(t,s) € [0,T] x [0,T] : s < t}.
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(H]) for each real > 0 there exists a non-negative function L7(-) € L'([0,T], R* ) such that
for all (¢,s) € Qa and for any (z,y) € B[0,n] x B[0,n],

1f(t s, 2) = f(t,s,9)| < L)z -y,
Hypotheses on F : [0,T] x H = H: F is a set-valued map with nonempty closed and convex
values satisfying:
(HI) For every x € H, F(-,x) is measurable.
(HL) For every t € [0,T], F(-,x) is upper semi continuous from H into H™°2k,

(HL) There exist ¢,d € L*(0,T) such that
d(0, F(t,v)) :== inf{{|lw[| : w € F(t,v)} < c(t)]|v]] + d(?),

for all v € H and a.e t € [0,T].

(HI) Fora.e. t €[0,T] and A C H bounded,
V(F(tA) < K(t)v(A),

for some K € L*(0,T) with k(t) < +oc for all ¢t € [0,T] where v = « or v = 3 is either

the Kuratowski or the Hausdorff measure of non—compactness.

3.2 Preliminary tools

In this section, we provide preliminary results that will be utilized in the subsequent section.
Since —d(-, C) has a directional derivative that coincides with the Clarke directional derivative

of —d(-,C') whenever x ¢ C' we obtain the following lemma.
Lemma 3.1. Let C C H be a closed set, x ¢ C and v € H. Then

i — d(z+ hv,C) —d(z,C) _ min (z0).
hl0 h 2€dd(z,C)

Lemma 3.2. Assume that (HS) holds, let t € [0,T] and x ¢ C(t). Then,

z — cl co Projg ()

dd(x,C(t)) = d(z,C(t))
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Lemma 3.3. [3/] Let A: H = H be a map satisfying (H3'), and let z,y : [0,T] — H be two
absolutely continuous functions. Additionally, consider C' : [0,T] = H, a set-valued map with
nonempty closed values satisfying (H$ ). Define 2\(t) := Ax(x(t)) for allt € [0,T]. Then,

1. The function t — dew(2x(t)) s absolutely continuous over [0,T7] .

2. For allt €]0,T7,

deirs t —d, t d t —d +
limsup (A +9)) —dew(@®) _ oy o dew (Bt ) — dew(a(t))
sJ0 S 10 s

where K is the constant given by (HS).

3. For allt €]0,T[, where 2)(t) exists,

d t+s) —d t
limn sup ot +5)) — dowy(2a(t)) < max (n.A4(0)
510 S y€0d(zx(1),C(1))

4. for all {t €]0,T[: zx(t) & C(t)}, where 2\(t) exists,

d t —d t
lim C(t)(Z)\( + S)) C(t)(ZA( )) _ min <y’ Z-,)\(t»
50 s y€9d(2x(t),C(1))

5. For every x € H the set-valued map t = 0d(-, C(t))(2x(t)) is measurable.

Proposition 3.4. [7/] Assume that (H{'), (HS) and (HS) hold. Then, the set-valued map
1
Gy :[0,T] x H= H defined by Gy(t,z) := §8d(A,\(:U),C’(t)) satisfies:

1. for allx € H and allt € [0,T], Ga(t,2) = Ax(x) — ¢l co Projew (Ax(z)).
2. For every x € H, the set-valued map G(-, ) is measurable.
3. For every t € [0,T], Gx(+,x) is upper semi-continuous from H into HY°k.

4. For every t € [0,T], and B C H bounded, v(Gx(t, B)) < M~(B), where v =« or vy = f

is the Kuratowski or the Hausdorff measure of non-compactness of B.

5. Let Ax(zo) € C(0), then for allt € [0,T] and x € H
1
1GA(t, 2) || = sup{[lwl| : w € G(t, 2)} < |z — ol + K,

where K is the constant given by (HS).
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Proposition 3.5. [7] Let F : [0,T] x H — H be a set-valued map satisfying (HI), (HL).

Let (uy,), (fn) be measurable functions such that
1. (uy,) converges almost everywhere on [0,T] to a function u :[0,T] — H.
2. (fn) converges weakly in Li([0,T],H) to f:[0,T] — H.
3. For alln, f,(t) € F(t,u,(t)) a.e. t €[0,T].

Then f(t) € F(t,u(t)) a.e. on [0,T].

The following existence result for integro-differential inclusions was established by P Pérez—
Aros, M Torres—Valdebenito, E Vilches in [57].

Theorem 3.6. Let H be a separable Hilbert space and I = [0,T] for some T > 0. Assume that
ME), (HE) . (HE) , (HE) and (H]) , (M), (H]) holds, Then, the differential inclusion

z(t) € F(t,z(t)) + /f(t, s,x(s))ds a.e. te€][0,T], (32)

z(0) =z9 € H

has at least one absolutely continuous solution x.

3.3 Main results

In this section, we establish the existence of Lipschitz continuous solutions to the degenerate

sweeping process (3.1) using a Moreau-Yosida regularization approach.

Let i > 0 and consider the following degenerate sweeping process

t,(t) € =Newy(Auzu(t)) + /f(t, s,x,(s))ds a.e. te]l0,T],

(3.3)
A, (z0) € C(0).
Let A > 0, > 0 and consider the following differential inclusion
t
iau(t) € —%Mé(t)(AMxA,u(t)) + / fltsanulds ae te0T,
0

A, (zo) € C(0).
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where A,(zq) € C(0).

The following proposition is a direct consequence of Theorem 3.6 and Proposition 3.4.

Proposition 3.7. fiz an arbitrary p > 0. Assume that (HS) and (HS), (HE), (HEY) hold.

Then, for every A > 0 there exists at least one absolutely continuous solution xy , of (3.4).

assumption 1

There exists M > 0 such that, for all £ € [0, 7]

sup || f(¢,s,y)[ < M,

yeEQ(?)

where Q,(t) ={y € H; A,y € Projo)(Auz)}.

In all what follows ¢y ,(t) = de)(Au(xa,.(t)) for any ¢ € [0, 7.

Proposition 3.8. Assume, in addition to the hypotheses of Proposition 3.7, that (H{'), and
Assumption 1 holds, then if u € }O, ﬂ and X < X\* for a.e t € [0,T], we have the following

estimate:

2

) a‘c (14 pe)L™(t MT
bralt) < K = () + EEAOE / pulds s =t (35)
0

where \* is given by:

3\ 1 . a’cp pa’c
= —min .
2 (1 + pc)?Tmax Ly, (t)" (uK + MT)(1 + pc)e + p(1 + pue)?T max Ly (t)
te[0,71] t€[0,T7]

Consequently,

(WK + MT)(1 + pc)e
@A,u(t) ~ a?u— (14 pe)*TL,(t)A
2(K + MTc)\

= a?c—ATL,(H)N

for allt € (0,7 (3.6)

Proof. According to Proposition 3.7, the function x, , is absolutely continuous. Moreover, due
to (HY), for every t, s € [0,T],

1
[oan(t) = oau(s)] < Kt = s[ + ;Hx/\,u(t) = Zau(8)]-
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Hence, ¢, , is absolute continuous.
Let firstly take ¢ € [0,T] where ¢, ,(t) €]0,p[ and &,(t) exists. Then, we suppose that
Auyau(t) € projew (Auxa,,(t)), and by using Lemma 3.3, we get

Panlt +h) = oru(t) < ldeqen (2u(t + 1)) = dow (2u(t + 1)) + |dow (2u(E + 1)) = dow (2u(1))]
_l’_

Prult + 1) = orut) _ po e Gult + 1)) = dow (2u(0))
h - h '

By taking the limit, we obtain the following result:

d t+h))—d "
Oap(t) < K+ lim C(t)<Z“< + h)) C’(t)(Z#( )
, h—0 h

<K+ min w, Z,(t
weadc<t><zu<t>>< u(t))

< K- ) / 10,5, 22,(5)) = Flt5, ) 5+ 1 / 15,5, 35D ds
<K - ~palllds+ 2

<K - a0+ ““‘u—L / [Aso20(5)) = A ds+ 25

< K- o+ LA / pra(s)ds + 21

0

Moreover, let t € ngL({O}) where ), ,(t) exists, then according to (H{), and the identity
Jd%(x) = 2ds(x)dds(x), we obtain the following:
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Oault) = b % (dC(t+h)(Zu(t +h)) = dow (2u(t + h)) + dow (2u(t + h)) — do(t)(z“(t)))
< k+ hmh (dc(t (Zu(t +h)) — dC(t)(Zu(t)))

<K-+ ;Ha:u,u(t)n

<Kt o0+ [ (s s

)
0
1 MT
<K+ —pyu(t) + —
+ Am,u()-qt .
t
a’e (1+ pe)L™(t) MT
=K — —— () + — 22 ds + —.
et + D [ (s ds e 2
0

Claim 1: go)_\h(] — 00, p[) =[0,T].

Proof of claim 1. we have that ¢, ,(t) < p for all t € [0,T]. Otherwise, since ap;;(] — 00, p[) is
open relative to [0,7] and 0 € go;b(] — 00, p[), there would exist t* €]0,T] such that

[0,£7[C 3,1 = 00,p]) and a,(t7) = p.
Hence,

2

) a‘c 1—1—ucL" / MT
)< K— ——— t s)d —_— te|0,t*
Pau(t) < (1+uc))\%,u( )+ 0 Pau(s)ds + e € [0,¢].

Let us define ¢, ,(t) = n%aaTc]@)\ u(t). Then, we have the following estimates
0

' (14 pc)TL,(t) a’c MT .
Pap(t) < K + ( c G +uc))\)¢)"“(t) + o a.e t€[0,t"],

)cbm(t)-

- MT a’c (1 + pe)TL,(t)
%MQSK+/L_(U+MM_ e

Suppose that
a’c (1 + pc)TL,(t)

>0
(1+ pc)A pe ’
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which implies that
- a’cu
(14 pe)*TLy(t)

Additionally, suppose that
(K + MT)(1 4+ uc)eA

a2 — (1 + pe)?T L, (H)A
Then, by Gronwall’s inequality, for every ¢ € [0,t*[, we have

(WK + MT)(1 + pc)e @?Pu — (14 pe)®*T Ly, (t)A
Pll) = (1 + pOPT L ()N (1 o (‘ (1 pohic t))
(K + MT)(1 4+ pc)eX
~ a?u— (14 pe)>T'L,(t)A

(WK + MT)(1+ uc)c A
< X
- a2 - (1 + pc)*TL,(t) \
o’
< (WK + MT)(1 + uc) " A

- a2ep (1 A )
2)\*

(1K + MT)(1 + pc)

<2 5 A"
aZep
<p
This implies that ¢, ,(t*) < p, which is impossible. O

Thus, we have proved that ¢, , satisfies (3.5) and (3.6). This completes the proof of the

proposition. ]

As a corollary of the previous proposition, we obtain that x, is uniformly Lipschitz continu-

ous.

Corollary 3.9. Under the assumption of Proposition 3.8, for every A > 0, the function x, is
Lipschitz continuous with the following Lipschitz constant

1 T L,(t

(1K + MT)(1 + pc)e (14 pue) T mac Ln(?)

1
a?c?p — (1 + pe)®T max Ly, (t)\ < * c
te[0,T

)\) +TM.
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Indeed

EWES T /WtsmA)m%

1 )1+ pe
< sorult) + L1 /wu )ds + TM
0
(K + MT)(1 + pc)eh - (14 pe)TLy,(t)

— a?Pu— (14 pe)?TL,(t)A

/\) +TM.

C

On the other hand, we note that

t
mmw—mmsfwmww
0
Then,

/ (uK + MT)(1 + pc)eA (14 pue)T Ly, (t)
[23,.(2) — 2ol < /<a262u s 0 TLL (O (1 + ; A) +TM) ds

(WK + MT)(1+ pc)ed (14 pe)T max Ly, (t) B
= <a202u — (1 + pe)?T max L, (t)A (1 i c A) * TM> (t=0).

Let (A\n)n be a sequence converging to 07 with A\, < A\* for all n € N. Considering both
Proposition 3.7 and Lemma 1.80 , the following result establishes the existence of a subsequence
(An )k of (An)n such that (z,, ,)x converges (in the sense of Lemma 1.80 ) to a solution of
(3.3) over the interval [0, T7.

Theorem 3.10. Assume that (HS ), (HS), (HS), (*]), (H}), (*}), (H{), and assumption 1

holds. Then, there exists at least a Lipschitz continuous solution x of (3.3).
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Proof. As a consequence of Proposition 3.8, we obtain

Jeru(®ll < 3 orul) /Hf (65, 07() | ds

¢
1 L,t)(1+ uc
< Xgoku(t) + M/SOA,M(S) ds +TM
0

C

(WK + MT)(1+ pc)eX (14 pc)T L, (t)
1 A TM
~ a?pu— (14 pe)*T'L,(t)A * i
1

(
(WK + MT)(1 + uc < N (14 pe)T Ly, (t) )\*) CTM
aep c

)
(K + McT) (1 L 2TL

o?c

<2

<4

"(t)X“> +TM.

Hence, the sequences (zx, ,)n, and (A,xx, . )n satisfy the hypotheses of Lemma 1.80 over the
interval [0, 7], with

o(t) = US4+ M) (1 | 2TLy(1)

a?c

)\*) +TM,
C

and

respectively. Consequently, there exist subsequences (wy, ,)i and (A, )k of (T, . )n
and(A, %, u)n, respectively and functions z, : [0,7] — H and A,x, : [0,7] — H satisfy-
ing the hypotheses of Lemma 1.80. For simplicity, we write ), and A, instead of z, , and

Ay, respectively, for all k € N.

Claim 1. (A,(xk(t)))r and (xx(t))) are relatively compact in H for all ¢ € [0, 7.

Proof of claim 1. For all t € [0;T7, let us consider yi(t) € Pow)(Auzk(t)) (the projection exists

due to the ball compactness of C), then we have

[Auzk(t) = gk = dow (Auer(t)).

Thus
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Iy < dew (Apzi(t)) + [[ A ()]

(K + McT) 1
2

<4 A pllwk(t) — @ol| + [[Auoll

o g MCT)
a“cC

A (1 +c+ 2TLn(t))\*> (t—=0) +TMec(t —0) + || Auxol|-
Furthermore, since (A,zx(t) — yx(t)) converges to 0, we have

Y({ze(t), k € N}) = 1({yi(t), k € N}). (3.7)

To establish this equality, consider the following:

On one hand,

Y({Auzr(t), k € N}) < y({Auwi(t) — y(t), k € N}) +v({un(t), k € N})
= v({yr(t),k € N})

On the other hand,

Y{we(t), k€ N}) < y({yn(t) — Aue(t), k € N}) +y({Apae(t), k € N})
= 7({Auzi(t), k € N},

which shows (3.7). Therefore, we conclude
T{Auze(t), k € N}) = y({yi(t), k € N}) <~({C() nr(t)B}) < K(t)7({y}) = 0.

This completes the result. [
Claim 2: A,x(t) € C(t) for all t € [0;T7.

Proof of claim 2. As a result of the weak convergence zx(t) — z(t) for all ¢ € [0; T] due to (1)
of Lemma 1.80 and Claim 1, we obtain that

x(t) — z(t) for all t € [0;T).
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Therefore, due to (H{) and Proposition 3.8, we have

do)(Auz () =dew (Aua(t) + dow (Auwr(t) — dow (Auzk(t))
< fiminfderg (A,u(0) + o (6) = 2(0)]

K+ MTec
(B MTe B
< liminf (4= + cllau(t) — (1))
= 0’
as claimed. n

Now we prove that z is a solution of (3.3). Define
F(t,x) = —co(wdde (A (t) U{0}) + /f(t, s,x(s))ds for (t,z) €[0,T] x H,

where
(K + McT)
gyt
a?c

Therefore, for a.e. t € [0,T]

, 1
Ik(t) S —%(‘ch A Ik /f t S l‘k

dC(t) (Auxk (t))

C F(t, z4(2)),

where we have used Proposition 3.8.

Claim 3: F has closed convex values and satisfies:
1. For each z € H, F(-,x) is measurable.

2. For all t € [0,T], F(t,-) is upper semicontinuous from H into Hve.,

3. If 2 € O(t) then F(t,x) = —wddon (A /f (t,s,x(
Proof of claim 3. Let us define

G(t,x) == —widcw)(Aux) U {0} for any t € [0,7] and z € H.
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We note that G(-,x) is measurable as the union of two measurable set valued maps. Let us
define
I(t) = F(t,x).

Then, I" takes weakly compact convex values.
Fix any d € H, by virtue of [[30], Proposition 2.2.39], it is enough to verify that the support

function t — o(d,['(t)) := sup {(v,d) : v € I'(t)} is measurable. Therefore,
vel(t)

o(d,T'(t)) :=sup{(v,d),v € I'(t)} = sup{(v,d), v e G(t,z)+ /f(t,s,x(s)) ds}

is measurable because G(-,x) and f(-,-, x) are measurable. Hence (1) holds. Assertion (2) fol-
lows directly from [[5], Theorem 17.27 and 17.3]. Finally, if A,(z) € C(t) then 0 € ddcw)(Aux).

Hence, using the fact that the subdifferential of a locally Lipschitz function is closed and convex,

F(t,x) = —co(wddew (Aux(t)) U {0}) + /f(t,s,x(s)) ds
— _co(wdde (Aa(t))) + / F(t, s, 2(s)) ds

= wdde ) (Aux(t)) +/f(t,s,x(s))ds,

0
which shows (3). O

Summarizing, we have

1. For each z € H, F(-;x) is measurable.

2. For all t € [0;T]; F(t;) is upper semicontinuous from H into HYe,
3. ix(t) — (t) as k — +oo for all t € [0; 7.

4. x4(t) — x(t) as k — +oo for all ¢t € [0; 7.

9. xk(t) S F(t,xk(t)).

These conditions and the Convergence Theorem (see [7] for more details) implies that

(3.8)

i(t) € F(t,z(t)) ae tel0,T],
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which, according to Claim 3, implies that z is a solution of

t

Tau(t) € widew (Auz,(t)) + /f(t,s,:vu(s)) ds a.e. te€][0,T],

) (3.9)

z),(0) = 29 € C(0).

Therefore, by virtue of Proposition 1.68 and Claim 2, x is a solution of (3.3).

To find a solution of (3.1) in the limit, we fix sequence y, €]0; 1] with ,, — 0T, and denote
by x,, and z, the functions z,, and A, x,, respectively.

To solve (3.1), we need to demonstrate that the solution of (3.9) also satisfies (3.1) for all
v(t) € A(z(t)) N C(t) and z(t) € D(A).

Let z(-) be any solution of the unconstrained differential inclusion (3.9). We know that
dde)(v(t)) C New(v(t)) for all v(t) € C(t), Since x(t) € D(A) a.e. in [0;T] ([7], Proposition
1.2) and v(t) € C(t) (according to Claim 2), it is enough to show that v(t) € A(z) for all
t € 0,7].

Let us recall that
A,y () € A(Jy, 2, (1), for ae. t€[0,T],

and
vy = A, x,, converges weakly to v in L*([0,T], H).
In addition,

Jyun Ty, converges strongly to x in L*([0,7T], H).

Indeed,

1 (8) = 2O < NS0 (8) = 2 ()] + (|20, () = ()]
< pinl| Apru @) + |2, () — 2 (@)
< pn@(t) + ||z, (8) — 2(E)]| — 0 as n — +oo.

Consequently, by using the fact that the operator A is sequentially strongly-weakly closed, we
can conclude that
v(t) € Ax(t) for a.e.t € [0,T]. (3.10)
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Hence, we deduce that

i(t) € =New (Ax(t)) + /f(t, s,x(s))ds, fora.e. te[0,T].

Which complete the proof of the theorem.

Chapter Summary

In this chapter, based on the Moreau-Yosida regularization technique, we proved a theorem
concerning the existence of a solution under the Lipschitz continuity of positively a—far sets for

a new variant of the degenerate sweeping process.
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Conclusion

In this thesis, we employ tools from non-smooth, multivalued, and variational analysis to
explore differential variational inequalities, with a specific focus on sweeping processes. These
processes are a type of differential inclusion involving normal cones.

In chapter 1, we introduce essential definitions and technical results that are relevant through-
out our work. These include discussions on convexity, multivalued mappings, and non-smooth
analysis.

In chapter 2, by using the semi-regularization method we have investigate the existence and
uniqueness of solution for an integro-differential sweeping process with uniformly prox-regular
sets in a Hilbert space that vary in an absolutely continuous way with respect to the Hausdorff
distance.

In chapter 3, we will focus on a new variant of degenerate sweeping process with positively
a—far sets in a separable Hilbert spaces. We have established the existence of this form through

the utilization of the Moreau-Yosida regularization.

It is worth noting that this work also raises unresolved questions in the theory of sweeping

processes, which could serve as valuable topics for future research in this field.
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Future Directions

In the future, we plan to continue our research on the following issues. We will demonstrate
the existence of solutions to two variants of the Volterra-type integro-differential sweeping pro-

cesses under specific conditions.
Integro-Differential Sweeping Process with Bounded Variation Moving Sets:

We will establish the existence of solutions for the Volterra-type integro-differential sweeping
process under the absolute continuity in time t of the closed sets C(t) and under their (uniform)
prox-regularity. An existence result where the prox-regular sets C(t) have bounded variation
(BV) would be the subject of future work.

Optimal Control of the integro-differential Sweeping Process and Applications:

Another unexplored research topic is the optimal control of integro-differential sweeping

processes, which is of particular interest to practitioners. We hope to address these challenges

in the future.
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Abstract

In this thesis, our objective is to study the well-posedness ( in the sens of the existence and
uniqueness of solution) for two variant of the well known moreau’s sweeping process. Those
problems can be formulated as a constrained differential inclusions involving the normal cone.

The thesis is organized into two main parts. First, we use a semi-regularization method
in conjunction with a Gronwall-like inequality to establish results concerning the existence
and uniqueness of solutions for Volterra-integro-differential sweeping processes associated with

uniformly prox-regular sets. This processes is characterized by

—i&(t) € Newy(x(t)) + Ax(t) + /f(t, s,x(s))ds a.e. te€[0,T]

Secondly, we prove the existence of solutions for degenerate sweeping process associated with

positively a—far sets and described by

t

&(t) € =New (Ax(t)) + /f(t,s,x(s)) ds a.e. te€][0,T],
z(0) =z € C(0). 0

To demonstrate the existence of solutions, we utilize the Moreau-Yosida regularization.
Keywords: Differential inclusions, sweeping process, normal cone, Moreau-Yosida regulariza-
tion, Volterra integro-differential equation, maximal monotone operator, degenerate sweeping

processes.



Résumé

Dans cette these, notre objectif est d’étudier le caractere bien posé (au sens de l'existence et de
I'unicité de la solution) pour deux variantes du processus bien connu de Moreau. Ces problemes
peuvent étre formulés comme des inclusions différentielles avec contraintes impliquant le cone
normal.

La these est divisée en deux parties principales.. Premierement, nous utilisons une méthode
de semi-régularisation en conjonction avec une inégalité de Gronwall-like pour établir des résul-
tats concernant ’existence et I'unicité des solutions pour Volterra-integro-différentiel processus

de rafle associés a des ensembles uniformément prox-réguliers. Ce processus est caractérisé par

—i(t) € New)(x(t)) + Az(t) + /f(t, s,x(s))ds ae. t€|0,T]

/ (3.11)

z(0) =z € C(0).

Deuxiemement, nous prouvons lexistence de solutions pour processus de rafle dégénéré associés

a des ensembles a— positivement far et décrit par

t(t) € =New (Ax(t)) + /f(t,s,x(s)) ds a.e. te€][0,T],
{L‘(O) = X € C(O) ’

Pour démontrer I'existence de solutions, nous utilisons une régularisation de Moreau-Yosida.
Mots-clés : Inclusions différentielles , processus de rafle, cone normal, régularisation de
Moreau-Yosida, équation intégro-différentielle de Volterra, opérateur maximal monotone , pro-

cessus de rafle dégénéré.
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