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RESUMEN DE TESIS

PARA OPTAR AL GRADO DE

DOCTOR EN CIENCIAS DE LA INGENIERIA,
MENCION EN MODELACION MATEMATICA
POR: DIANA XIMENA NARVAEZ NASPIRAN
FECHA: 2022

PROF. GUIA: EMILIO VILCHES GUTIERREZ
PROFESORES. CO-GUIA: ARIS DANIILIDIS
Y ABDERRAHIM HANTOUTE

ALGUNAS CONTRIBUCIONES A LOS PROCESOS DE ARRASTRE DEGENERADOS
DEPENDIENTES DEL ESTADO

Esta tesis tiene como objetivo estudiar las inclusiones diferenciales relacionadas con conos
normales conducidos por conjuntos moviles no regulares (subsuaves y positivamente a-far)
en espacios de Hilbert. En especial, nos interesa una variante particular del proceso de
arrastre clasico conocido como proceso de arrastre degenerado dependiente del estado, que
corresponde al caso en el que se incorpora un operador lineal /no lineal al proceso de arrastre
clasico. Esta inclusion diferencial ha sido motivada por desigualdades cuasi-variacionales
que surgen, por ejemplo, en problemas de evolucién cuasi-estatica con friccion, la evolucion
de pilas de arena, y modelos de dano micromecénico para materiales de hierro, entre otros.
Cabe mencionar que el proceso de arrastre degenerado ha sido estudiado s6lo en el marco de
conjuntos regulares (convexos/prox-regulares) que varian de forma Lipschitz o absolutamente
continua con respecto a la distancia Hausdorff.

Introducimos las definiciones fundamentales para el estudio de los procesos de arrastre
degenerados dependientes del estado en el Capitulo [Il Nos centramos en el cono normal
de Clarke, el subdiferencial de Clarke, el subdiferencial proximal, la distancia de Hausdorff
truncada y los conjuntos p-uniformemente prox-regulares junto con algunas de las propiedades
més utiles para demostrar la existencia y unicidad de soluciones a las variantes del proceso
de arrastre clasico.

En el Capitulo [2] nos centramos en el estudio del problema del proceso de arrastre degen-
erado dependiente del estado. Para ello, utilizando la técnica de regularizaciéon de Moreau-
Yosida, garantizamos la existencia de soluciones bajo el supuesto de que los conjuntos moviles
varian de forma Lipschitz con respecto a la distancia Hausdorff truncada. Todos los resulta-
dos de esta seccion se pueden encontrar en [56).

En el Capitulo [3] obtenemos resultados sobre la existencia de soluciones de los denomina-
dos procesos de arrastre degenerados perturbados dependientes del estado, este capitulo se
basa en [57]. Utilizando un resultado de existencia apropiado para inclusiones diferenciales
con perturbacién monovaluada, y una adecuada adaptacion de la técnica de regularizacion de
Moreau-Yosida, mostramos la existencia de soluciones bajo el supuesto de que los conjuntos
moviles varfan de una manera Lipschitz con respecto a la distancia Hausdorff truncada. En
consecuencia, se puede obtener la existencia de soluciones para los procesos de arrastre inte-
gralmente perturbados dependientes del estado. Nuestros resultados del Capitulo [3] pueden
aplicarse al estudio del llamado método de descenso espejo en linea, el cual esta relacionado
con el problema de los k-servidores.

Este trabajo finaliza con algunas conclusiones y preguntas abiertas.

Palabras clave: Inclusion diferencial, Pertubado/Proceso de arrastre degenerado, Regu-
larizacion de Moreau-Yosida, Distancia de Hausdorff truncada, método de descenso espejo.
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SOME CONTRIBUTIONS TO DEGENERATE STATE-DEPENDENT SWEEPING
PROCESSES

This dissertation aims to study differential inclusions related to normal cones driven by
nonregular moving sets (subsmooth and positively a-far) on Hilbert spaces. Specially, we
are interested in a particular variant of the classical sweeping process known as the dege-
nerate state-dependent sweeping process, which corresponds to the case where a linear /non-
linear operator is incorporated into the classical sweeping process. This differential inclusion
has been motivated by quasi-variational inequalities that arise, for instance, in problems of
quasistatic evolution with friction, the evolution of sandpiles, and micromechanical damage
models for iron materials, among others. It is worth to mention that degenerate sweeping
process has been studied only in the framework of regular (convex/prox-regular) sets that
vary in a Lipschitz or absolutely continuous way with respect to the Hausdorff distance.

We introduce the fundamental definitions for the study of the degenerate state-dependent
sweeping processes in Chapter [I We focus on the Clarke normal cone, Clarke subdifferential,
proximal subdifferential, truncated Hausdorff distance, and p-uniformly prox-regular sets
together with some of the most useful properties to show the existence and uniqueness of
solutions to the variants of the classic sweeping process.

In Chapter [2, we focus on the study of the degenerate state-dependent sweeping processes
problem. For this purpose, using the Moreau-Yosida regularization technique, we guarantee
the existence of solutions under the assumption that moving sets varies of a Lipschitz way
with respect to truncated Hausdorff distance. All the results from this section can be found
in [56).

In Chapter [3] we obtain results on the existence of solutions of the so called perturbed
degenerate state-dependent sweeping processes, which is based on [57]. Using an appropriate
existence result for differential inclusions with single-valued perturbation, and together to
a suitable adaptation of the Moreau-Yosida regularization technique, we show the existence
of solutions under the assumption that moving sets varies of a Lipschitz way with respect
to truncated Hausdorff distance. Consequently, the existence of solutions for the integrally
perturbed degenerate state-dependent sweeping processes can be obtained. Our results from
Chapter |3 can be applied to study of the so-called online mirror descent method, which is
related to the k-server problem.

This work ends with some conclusions and open questions.

Keywords: Differential inclusion, Perturbed/degenerate state-dependent sweeping
processes, Moreau-Yosida regularization, Truncated Hausdorff distance, Mirror descent method.
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Notations

Operations and symbols

= Equal by definition

= Identically equal

(-, ) Inner product on a Hilbert space H
haus, (A4, B) r-truncated Hausdorff distance

Spaces
R Real line
H Hilbert space

AC([0,T);H) H-valued absolutely continuous functions
L' ([0,T);H) H-valued Lebesgue integrable functions over [0, T

B Closed unit ball

Projg (z) Projection of x to S

Ts (x) Clarke tangent cone to S at x

Ng (x) Clarke normal cone to S at z

NG (z)  Proximal normal cone to S at z

of (z) Clarke subdifferential of a function f in z
orf (x) Limiting proximal subdifferential of f at x
OF f(z)  Proximal subdifferential of f at x

U, (9) Open p-tube around a set S



(zeneral Introduction

The objective of this work is to contribute to the development of two kinds of variants of the so
called degenerate sweeping processes. Specifically, we focused on the perturbated/degenerate
state-dependent sweeping processes, i.e., differential inclusions of the form

{—:fc(t) € Newaq) (Az(1))) ae. teTy,T],

z(0) = mo, A(xg) € C(0, x0), (1)

where C': [0, T] xH = H is a set-valued mapping with nonempty closed values of a separable
Hilbert H, Ne (1)) (A (z (t))) is the Clarke normal cone to C'(t, (1)) (state- dependent subset
of constraints) at A(z(t)) € C(t, z(t)), and the operator A: H — H is a (possibly) nonlinear
Lipschitz and strongly monotone operator.

The state-dependent sweeping process corresponds to the case where the moving set also
depends on the state. This differential inclusion has been motivated by quasi-variational
inequalities arising, e.g., in quasistatic evolution problems with friction, the evolution of
sandpiles and micromechanical damage models for iron materials, among others (see [47] and
the references therein). On the other hand, the degenerate sweeping process corresponds
to the case where a linear/nonlinear operator is added “inside” the sweeping process. This
dynamics was proposed by Kunze and Monteiro-Marques as a model for quasistatic elasto-
plasticity (see [43]). Since then, the degenerate sweeping process has been studied by several
authors in the framework of convex/prox-regular sets (see [1,42-45|), and when such sets vary
in a Lipschitz or absolutely continuous way with respect to the Hausdorff distance, limiting
the spectrum of possible applications to only bounded moving sets.

This thesis is based on [56,57], and rigorously develops one specific important topic in the
formulation of any dynamical system: in both Chapter [2| and Chapter |3| we prove results
of existence of solutions for the perturbed/degenerate state-dependent sweeping processes
with nonregular sets, which we apply to integro-differential sweeping processes, as well as to
the dynamics known as online mirror descent method, and degenerate perturbed second-order
sweeping process, so as to obtain results of existence of a solution for these systems, but now
in the framework of the nonregular sets of a separable Hilbert.

Chapter [I Introduction

In this chapter, we establish the fundamental definitions and some lemmas that have be-
come efficient tools to prove existence results for the perturbed/degenerate state-dependent
sweeping processes.

x1



The following result (see |14, Theorem 2]) is used in the chapter [2 to prove the existence
of solutions for the Moreau-Yosida regularization scheme.

Lemma Let F': [Ty, T] x H = H be with nonempty, closed and convex values satisfying:
(i) for every x € H, F (-, x) is measurable.
(ii) for every t € [Ty, T, F'(t,-) is upper semicontinuous from #H into H.,,.
(iii) for a.e. t € [Ty, 7] and A C H bounded,
T(F(A) < k() (A)

for some k € L' (Ty, T) with k() < +oo for all ¢ € [Ty, T], where v = a or v = f3 is
either the Kuratowski or the Hausdorff measure of noncompactness.

Then, the differential inclusion

{j;(t) € Ft,z(t)) ae. te[TT],
x(0) = xo,

has at least one solution x € AC (I; H).

Now, let us consider the following result, which allows us shows that the set-valued map
(t,x) = %8dé(t7m) (A(x)) satisfies the conditions of last Lemma.

Proposition Assume that [(H?%), (H7), (H%)| and [(HF)| hold. Then, the set-valued map
G: [0,T] x H =2 H defined by G(t,x) := %861%(@1) (A(z)) satisfies:

(i) for all z € H and all ¢ € [0,T], G(t,x) = A(x) — clco Proje ) (A(7)).
(ii) for every x € H the set-valued map G(-, ) is measurable.
(iii) for every t € [0,T], G(t,-) is upper semicontinuous from H into H,,.

(iv) for every t € [0,T] and B C ‘H bounded, v (G(t, B)) < (1 + k(t))M~ (B), where v = «
or v = [ is the Kuratowski or the Hausdorff measure of non-compactness of B and

k € LY(0,T) is given by [(H)
(v) Let A(zo) € C(0,z0). Then, for all ¢t € [0,7] and z € H,
|Gt 2)|| = sup {Jlwl]]: we G(t,2)} < (M + L)|lx — zol| + £rt,

where r = max{||A(z)||, || A(zo)||} and &, is the constant given by |[(H7 )l

The next result will be used to prove the existence of solutions for the Moreau-Yosida
regularization scheme with single-valued perturbations.

x1i



Theorem Let H be a separable Hilbert space and I = [0, 7] for some 7' > 0. Assume that
|(HOR(HD)| and [(H)H(HS) hold. Then, the differential inclusion

z(t) € F(t,z(t)) + g(t,z(t)) ae. t€l[0,T],
z(0) = zg € H,

has at least one solution z € AC([0,7];H). Moreover, if H is finite-dimensional, then

assumption can be weakened to |(#} )|

We emphasize that our main contribution in this chapter corresponds to the adaptation
and extension of technical results from [41] so as to address the perturbed/degenerate state-
dependent sweeping process governed by Lipschitz nonregular moving sets with respect to
the truncated Hausdorff distance.

Chapter [2t Degenerate State-Dependent Sweeping Pro-
cesses

In this chapter, we will follow a similar approach used by Vilches and Jourani in [41] to prove,
under some compactness conditions, an existence result of solutions of the degenerate state-
dependent sweeping processes with nonregular moving sets whose dynamic is given by .
To do so, we use the Moreau-Yosida regularization technique, which consists in approaching
a given differential inclusion by a penalized one, depending on a parameter, whose existence
is easier to obtain (for example, by using the classical Cauchy-Lipschitz Theorem), and then
to pass to the limit as the parameter goes to zero. More precisely, let A > 0 and consider the
following differential inclusion

. 1,
—iA(t) € 570000 (A1) ae. t € [T, T], )

xx(0) = xq,

where A(zg) € C(0,x0). The first contribution of this chapter is given by the prove of the
existence of solutions for with nonregular sets, using the notion of truncated Hausdorff
distance.

Proposition Assume that [(H%)} [(H7), [(H%)| and |(HZ)| hold. Then, for every A > 0 there
exists at least one absolutely continuous solution x, of 2[)

The truncated Hausdorff distance allows us to localize the trajectories of in a ball of
radius p. These trajectories stay uniformly close (with respect to \) to the moving sets in a
small interval of I = [0,7]. This has been established in the next Proposition.

Proposition Assume, in addition to the hypotheses of Proposition mentioned above, that
holds. Then, for every R > 0 there exists 7z €]0,7] (independent of ) such that if

A< by,

QO)\(t) <K+ TQO)\(t) a.e. te [O,TR],



where o € \/%, 1] and p > 0 are given by Remark and K := K| A(zo)|+MR is the constant
given by |(H{)l Moreover,

A
oa(t) < T for all ¢ € [0, 75].

Keeping in mind the aforementioned, and using some technical results of the chapter [I]
the second contribution of this chapter is the following Theorem.

Theorem Assume that |(F,) [(F2)h (D)) [(H3)] and hold. Then, there exists at least
one solution z € AC (I;H) of (DSSP).

We emphasize that the results and methods used in this chapter forms the first approach
on the study of the degenerate state-dependent sweeping processes with nonregular moving
sets.

Chapter [3; Perturbed Degenerate State-Dependent Swee-
ping Processes

The main object of this chapter is to prove, under some compactness conditions, an exis-
tence result of solution of the perturbed degenerate state-dependent sweeping processes with
nonregular moving sets given by following differential inclusion

—Neaw) (A(t)) +g(t,z(t)) ae t€[0,T], )

—N—
P
°=
I m
N
e
=
]
S
~—r
m
2
=
]
S
~—r

Here, the set Neg o) (A(x(t))) stands for the Clarke normal cone to C(t,z(t)) at
A(x(t)) € C(t,z(t)) where C: [0,T] x H = H is a set-valued mapping with nonempty closed
values of a separable Hilbert H. The operator A: H — H is (possibly) nonlinear Lipschitz
and strongly monotone, and the perturbation is a single-valued function g: [0,7] x H — H
which is a locally p-Lipshchitz with respect to the state variable, measurable in the time
variable and satisfies a linear growth condition.

For this purpose, we use the Moreau-Yosida regularization technique, which consists in
approaching a given differential inclusion by a penalized one, depending on a parameter,
whose existence is easier to obtain (for example, by using the classical Cauchy-Lipschitz
Theorem), and then to pass to the limit as the parameter goes to zero. More precisely, let
A > 0 and consider the following differential inclusion

—a(1) € 5500, (Ala(1))) + gl 72(1)

where A(zg) € C(0,20). The first contribution of this chapter is the following Theorem,
which assures that a regularization process provides a family (x)), of solutions of the last
differential inclusion converging (up to a subsequence) to a Lipschitz solution of the system

(3)-
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Theorem Assume that (7 ) [(HZ)} [(H])} [(#5)] and [(H3)] that [(H])} [(#3)] and [(H3)] hold.
Then, the problem admits at least one absolutely continuous solution. Moreover, if H is
finite-dimensional, then assumption can be weakened to |[(H])!

Although there are many works about the sweeping process, we are particularly interested
in since it allows us to study different differential inclusions, for instance, the integrally
perturbed sweeping process [16,(17], projected dynamical systems [24] and complementarity
dynamical systems (CDS), among others. In this chapter we concentrate on the study of the
first two kinds of sweeping process.

Firstly, let us focus on the following dynamic system

(t) € =N (C(t, z(t)); A(z(t))) + g1 (t, x(t)) —i—/o go(s,z(s))ds ae. t€[0,T],
z(0) = 29 € A7 HC(0, 7)),

(4)
where C': [0,7] x H = H is a set-valued map with nonempty and closed values, A: H — H
is a nonlinear operator and gi, g2: [0,7] x H — H are two single-valued functions.

Our second contribution is the following result where we give some general conditions
under which the system has at least one absolutely continuous solution.

Theorem Assume, in addition to [(H )} [(F2)L (D)) [(HE)] and [(HF)) that |(HI)} |(HS)| and
hold for g; and go. Then, the problem admits at least one absolutely continuous
solution z: [0,7] — H. Moreover, if H is finite-dimensional, then assumption can be
weakened to [(H7)}

Secondly, let us focus on find z: [0,7] — H such that z(0) = z( and
V20(a(t))i(t) € ~Ne(alt) + g(t, 2(1)) ac. € [0,T], (5)

where ¢: H — R is a convex function which is twice differentiable over H and I C H is a
nonempty closed set. Now, because the dynamical system is formally equivalent to the
following perturbed degenerate sweeping process

£(t) € =Ni(Vo(2(1))) + 9(t, Vo™ (2(1))) ae. t € [0,T],

where ¢* is the convex conjugate of ¢, we obtain the following result.

Theorem Let K be a closed, ball-compact and positively a-far set (see Definition |1.19)). Let
¢: H — R be a strongly convex function with Lipschitz continuous gradient. Assume that

g:[0,T] x H — H satisfies [(H]), and . Then, for any xy € H, the problem

admits at least one absolutely continuous solution. Moreover, if H is finite-dimensional, then

assumption can be weakened to

We emphasize that a similar theorem, under hypotheses of compactness and convexity on
the moving set, was studied in |25, Theorem 2.2|, so, the relaxed hypotheses used in the last
theorem offer a significant improvement on this matter.

XV



Chapter 4 Some ideas for future work

In this chapter, we present a brief discussion of some ideas to be developed as a future work.
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Chapter 1

Introduction

In this chapter, we introduce the notation, the concepts, and preliminary results used
throughout the thesis.

From now on H is a separable Hilbert space with inner product (-,-) and norm denoted
by ||-]. The closed ball (resp. open) of H centered at x € H of radius r € (0,400] is
defined by Blz,r] :={yeH: ||z —vy|| < r} (resp. B(x,r) :={yeH: |lz—y| < r}).
We will use the notation B for the closed unit ball centered at zero, that means, B = B0, 1].
Furthermore, if r = 400 by convention, we will set B = . The notation H,, stands for
H equipped with the weak topology and x,, — = denotes the weak of a sequence (z,,) to
x.

neN

Given a subset S of H, we say that S is ball compact if, for any r > 0, the set SN rB is
compact.

Let S be a closed subset of H. As usual, dg (or d(-,S)) denotes the distance function
from S, that is, dg (z) = d (z,5) :=inf cg ||z — y|| for all z € H.

The support function of S is the function from H into R := R U {—o00, +00} given by
os(h) = o(h,S) := sup(z,h) for all h € H.

reS

The set-valued map Projg: H =2 .S of nearest points in S is defined by
Projg(z) == {z€S: ||z —z|| = ds(x)}, forall z € H. (1.1)
Whenever the latter set is a singleton for some z € H, that is Projg (z) = {g}, the vector
y € S is denoted by projg (Z) or Ps ().
We define the Clarke tangent cone to S at x € S as

Ts(x) = {UEH: Vxn?thn$O, Elvn—>v‘v’n:mn+tnvn68}.



This cone is closed and convex, and its negative polar Ng(x) is the Clarke normal cone to S
at x € 9, i.e.,

Ng(z) == (Ts(x))” = {peHH: (p,v) < 0 VoveTs(x)}.

As usual, Ng (z) =0 if x ¢ S, and we also observe that

if x € Int (5), then Ng (z) ={0}.

The Clarke subdifferential of a function f: H — RU {400} is defined through the normal
cone by

of (z) = {v €H: (v,—1) € Nepi(p) (x,f(x))},

where

epi (f) = {(x, 1) e HxR: f(z) <t}

is the epigraph of f. When the function f is finite and locally Lipschitz around x, the Clarke
subdifferential is characterized (see |28]) in the following simple way

Of () == {veH: (v,h) < f°(x,h) forall h e H},
where

fo(x,h) = limsup t'[f(y+th) — f(y)]

(ty)—(0F,x)

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

The following equality (see [28]) establishes the relation between the Clarke normal cone
and the Clarke subdifferential of the distance function

Ng (z) = cl" (R10dg (x)) for z € S. (1.2)
As usual, it will be convenient to write ddg (x) in place of 9d (-, S) (z).

Remark 1.1 In this thesis, we will compute the Clarke subdifferential of the distance func-
tion to a moving set. In doing so, the subdifferential will always be compute respect to
the variable involved in the distance function by assuming that the set is fixed. Explicitly,
0dc () (x) means the subdifferential of the function de(y) (-) (here C(t,y) is fixed) calculated
at the point z, i.e.,  (do(y) () (2).



The following formula gives a precise representation of the subdifferential of the distance
from a closed set S in H (see [37]):

dds (x) = ﬂ@(%>, (1.3)

v>0 dS (ZL‘)
where projl (z) = {z €S : ||z —z|| <ds (z) +7}.
Let f: H — R U {+oc} be a lower semicontinuous function and = € domf. A vector

¢ € H is a prozimal subgradient of f at x (see [28, Chapter 1]) if there exist two positive
numbers o and 7 such that

fly) = f@)+{y—a)—clly—z|* VyeB(z,n).

The set 0¥ f (x) of all proximal subgradients of f at x is the prozimal subdifferential of f at
x. Note that 0 f (z) = ) when f is not finite at z.

Given a closed subset S of H, a vector ( € H is a proximal normal vector to the set S at
x € S when it is a proximal subgradient of the indicator function of S, that means, if there
exist two positive numbers ¢ and 7 such that

(Cy—2) < olly—zll VyeB(z,nNSs.

Moreover, the following equivalence holds

ced’f(x) & (¢, -1) € Ngy (. f(2)).

On the other hand, the proximal normal cone to S at x is also related to the proximal
subdifferential of the distance function from S since the following relations hold true for all
z € S (see for instance [22,28])

O"ds (z) = NE(r)NB and Ng* (v) = R, 0"ds ().
Another important property is the following: for each v € H with Projg (v) # 0 is
v—w € N& (w) for all w € Projg (v). (1.4)
We will also consider the Limiting Proximal Subdifferential :
OLf (x) = {w—1lim¢: G ed”f (), w = x, f(x:)— f(z)}.
Moreover, if f is locally Lipschitz around z, then the following equality holds
Of () = clcodLf ().

We refer to [28,51] for more details.



1.1 Function Spaces

We denote by L' ([Ty, T];H) the space of H-valued Lebesgue integrable functions defined
over [Ty, T|. The space L' ([Ty, T];H) endowed with the weak topology will be denoted by
Ll ([Ty, T];H). We say that a set K C L ([Ty, T]; H) is uniformly integrable if

lim [sup/ Hf(s)||ds] = 0.
ATt Liek J{I712A)

Furthermore, if there exists ¢ € L' (Ty, T) such that for all f € K

IF @O < (@) ae. t e [To,T],

then the set K is uniformly integrable.

We recall below the Dunford-Pettis theorem (see [34, Theorem 2.3.24|), which characterizes
relatively weakly compact subsets of L' (2).

Theorem 1.2 (Dunford-Pettis theorem) Let H be a Hilbert space. A bounded set
K C L'([Ty, T);H) is relatively weakly compact in L' ([Ty, T)|;H) if and only if it is uni-
formly integrable.

Let us recall the following characterization of weak convergence in C ([T, T];H) (see |12,
Theorem 4.2|).

Lemma 1.3 (z,),.y € C ([T0,T];H) weakly converges in C ([To,T];H) to x if and only if
(Zn) ey @5 bounded in C ([T, T];H) and

z, (1) =z (t) Vite|l,T].

We say that,

o uec Wh ([Ty, T); H) if there exists f € L' ([T, T];H) and ug € H such that

u(t) = uo—l—/otf(s)ds Vite[l,T].

o uwe W' ([T, T);H) if & € W [Ty, T]: H).

Moreover, for u : [Ty, T| — H we define




and the space of H-valued Lipschitz functions is defined by
Lip ([To, T);H) == {u:[To,T] - H: Lip(u) < oo}.

Now, we recall the classical Arzela-Ascoli theorem (see [34, Theorem 2.3.2]), which charac-
terizes the relatively compact subsets of C ([T, 7] ;H), equipped with the norm

[flloe = sup{llf @I - ¢ € [To, TT}

Theorem 1.4 (Arzela - Ascoli theorem) A set K C (C([To,T];H), ||I-l..) s relatively com-
pact if and only if

(i) for everyt € [Ty, T, the set
K@)={u(t): ue K} CH
18 relatively compact in H; and

(i) K C C ([T, T];H) is uniformly equicontinuous, i.e., for everye > 0, there is 6 (¢) > 0
such that, if t, s € [Ty, T] and |t — s| < 6, then

lu(t) —u(s)] < e Vuelk.

Definition 1.5 We say that a function x: [Ty, T] — H is absolutely continuous if for any
e > 0, thereis & > 0 such that for any countable collection of disjoint subintervals [cv,, B,]
of [Ty, T] such that

Z|ﬁn_an| < 57

we have that

D llz (By) =z (an)ll < e

Theorem 1.6 A function z: [Ty, T] — H is absolutely continuous if there exists
fe LY ([T,,T];H) and xy € H such that

x(t) = mo+ tf(s)ds, Vte|Ty,T].
To

In this case, we have that x is a.e. derivable with © = f.

The following Lemma, proved in [41], is a sufficient condition for compactness of absolutely
continuous functions.



Lemma 1.7 Let (z,,),.y be a sequence of absolutely continuous functions from [Ty, T into
H with z,, (Ty) = xf. Assume that for alln € N

lZn (O] < () ae tel[lpT],

where ¢ € L' (Ty, T) and that xf — xo as n — oo. Then, there exists a subsequence (Tp, ) ey
of (#n),en and an absolutely continuous function x such that

(1) @p, (t) =2 (t) in H as k — +oo for all t € [Tp,T].
(ii) @p, (t) = 2 (t) in L' ([Ty, T];H) as k — +o0.
(iii) @, (t) = @ (t) in L' ([To, T);H) as k — +oo.

(iv) [[in @O < ¢ (t) a.e telTp,T].

1.2 Measures of noncompactness

For a given bounded subset A of H, the Kuratowski measure of noncompactness of A, a(A),
is defined by

a(A) = {d > 0: A admits a finite cover by sets of diameter < d }
and the Hausdorff measure of noncompactness of A, 5(A), as

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

The following result gives the main properties of the Kuratowski and Hausdorff measure
of noncompactness (see [31, Proposition 9.1 from Section 9.2]) which will be used throughout
the thesis.

Proposition 1.8 Let H be a Hilbert space and B, By, By be bounded subsets of H. Let v be
the Kuratowski or the Hausdorff measure of noncompactness. Then,

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

(ii) v(AB) = |A|v(B) for every A € R.

(iil) v (Bi+ Ba) < v (B1) +7(Ba).

(iv) B C By implies v(By) < 7 (By).

(iv) 7 (conv(B)) = 7(B).

(v) 7(cl(B)) = v(B).

(vi) If A: H — H is a Lipschitz map of constant M >0, then
V(A(B)) < M~(B).
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The following lemma (see |31, Proposition 9.3|) provides a useful rule for the interchange
of v and integration.

Lemma 1.9 Let (v,), .y be a sequence of measurable functions v,,: [Ty, T| — H such that

neN

sup |lv, ()| < ¢ (t) a.e t € [Ty, T]

where v € L' (Ty, T). Then

([T nsment) < [Tt e e

forTy <t < t+h < T.

1.3 Set-valued maps

The following definitions related to set-valued mappings will be used in the sequel.

Definition 1.10 Let L be the Lebesgue o-field on [Ty, T| and ®: [Ty, T] = H a set-valued
map with closed values. We say that ¥ is measurable if

1) = {tel,,T):dt)NC # O} €L,
for every closed subset C' of H.

Moreover, if ®: [To,7] = H has nonempty, closed, convex and bounded values,
$: [Ty, T] = H is measurable if and only if its support function v +— o (v, ® (t)) is L-
measurable for all v € ‘H. Furthermore, if B denotes the Lebesgue Borel o-field on ‘H and
U [Ty, T] x H = H is a set-valued map with nonempty, closed, convex and bounded values,
VU is called L& B-measurable if its support function (¢, z) — o (v, ¥ (¢,z)) is L& B-measurable
for all v € H.

Definition 1.11 A set-valued map V: H = H s called upper semicontinuous from H into
H. if the set

U HC) = {zeH:V(x)NC # O}
is norm-closed for every C'" weakly closed set of H.

Furthermore, if ¥: H = H has nonempty, closed, convex and bounded values, ¥ is upper
semicontinuous from #H into H,, if and only if its support function x +— o (v, ¥ (z)) is upper
semicontinuous for all v € H.

The following result (see |14, Theorem 2]) is used in the subsequent chapter to prove the
existence of solutions for the Moreau-Yosida regularization scheme.



Lemma 1.12 Let F': [Ty, T)|xH = H be with nonempty, closed and convex values satisfying:
(i) for every x € H, F (-,x) is measurable.
(i) for everyt e [Ty, T|, F (t,-) is upper semicontinuous from H into H,,.
(iii) for a.e. t € [Ty, T) and A C H bounded,
V(F(6A) < k(D)7 (A)

for some k € L' (Ty, T) with k (t) < +oo for all t € [Ty, T), where v = a or v = 3 is
either the Kuratowski or the Hausdorff measure of noncompactness.

Then, the differential inclusion

{:fc(t) € F(t,z(t)) ae. te [Ty T,
z(0) = o,

has at least one solution x € AC (I;H).

1.4 Truncated Hausdorff Distance

Let r €]0,4+00] be a given extended real and let A and B be nonempty subsets of H. We
define the r-truncated excess of A over B as the extended real

exc,. (A, B) ;== sup d(z,B).

rzeANrB

It is clear that under the usual convention rB = H for r = 400, the r-truncated excess of A
over B is the usual excess of A over B, i.e.,

eXCoo(A, B) = supd(z, B) =: exc(A, B).

z€EA

In this work, our results are based on the following basic notions of distance between sets.

haus, (A, B) := max{exc,(A4, B), exc,.(B, A)}

haus, (A, B) := sup |d(z, A) — d(z, B)|.

zerB

The quantity haus, (A, B) receives the name of r-truncated Hausdorff distance.



haus, (A, B) = exc, (A, B)

Figure 1.1: r-truncated Hausdorff distance

It is important to emphasize that
haus, (A, B) < haus, (4, B).

Moreover, for any extended real ' > 2r + max{d(0),dg(0)}, the following inequality holds
@T(A, B) < haus, (A, B).

As a consequence of the last two inequalities, we obtain the following result.

Proposition 1.13 Let C: [0,T] = H be a set-valued map with nonempty and closed sets.
Then, the following assertions are equivalent.

(a) for all T >0, there exists k. > 0 such that

haus, (C(t), C(s)) < k|t — s| for all s,t € [0,T].

(b) for all r > 0, there exists K, > 0 such that

haus,(C(t),C(s)) < k.|t — s| for all s,t € [0,T].

Therefore, we use (a) and (b) indistinctly.

Definition 1.14 We say that a set-valued map C: [0,T] = H is
(i) Lipschitz with respect to the Hausdorff distance if there exists K > 0 such that

haus(C(t),C(s)) := 81615 |d(z,C(t)) — d(z,C(s))| < k|t — s]| for all s,t €[0,T].



(ii) Lipschitz with respect to the truncated Hausdorff distance if for all r > 0, there exists
Ky > 0 such that

—_

haus, (C(t),C(s)) < k.|t — s| for all s,t € [0,T].

It is clear that (i) implies (ii), but the reverse implication is not true. Moreover, as
discussed in [55,67], the Hausdorff distance can be too restrictive for practical applications.
Indeed, let us consider the half-space moving set C': [0, 7] x H = H defined by

C(t,z) :={ze€H: (((t),z) — B(t,z) <0} for all (¢t,z) € [0,T] x H,

where (: [0,7] — H is a 7-Lipschitz mapping for some real v > 0 and the map 3: [0,7] x
H — H satisfies the following Lipschitz property:

|ﬂ(8,£€') _ﬁ(t7y)| < ’}/It—8| +L||‘T _yH for all s,t € [OaT] and xr,y € H.

Assume that the following normalization condition holds true: ||((¢)|| = 1 for all ¢t € [0,T].
According to [32, Theorem 6.30], we have

degwan(2) = ((C(1), 2) — B(t,2))* for all (t,2) € [0,T] x A,

where r* := max{0,r} for all » € R. Hence, we can check that for each » > 0 and any
s,t € [0,T] with s # t and x,y € H,

haus, (C(s, ), C(t,y)) = sup do(e) (2) — doy (2)] < 71t — | (r + 1) + Lz — ]|

zerB

The situation mentioned above can be seen more clearly in Figure [1.4]

C(t,zx) =

Figure 1.2: Truncated Hausdorff Distance
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However, Haus(C(t,x),C(s,y)) = +oo, which shows that C' is Lipschitz with respect to
the truncated Hausdorff distance but not Lipschitz with respect to Hausdorff distance.

C(tx) =

Figure 1.3: Hausdorff Distance

1.5 Some classes of sets

Here we define some classes of sets that generalize the class of convex sets satisfying
Projg (z) # 0 for all x € H. (1.5)

In the literature, the set S on H that satisfies (1.5)) is called proziminal subset of H (see [11]
for more details). Note that a proximinal set is necessarily closed. In particular, the case in
which the set Projg (z) is a singleton on a neighborhood of = was treated in the work [30], in

which a detailed study is done over prox-regular sets, also known as sets with positive reach
as defined by Federer in [33].

1.5.1 Uniformly prox-regular sets

Definition 1.15 ( [59]) For a fized p > 0, the set S is said to be p-uniformly proz-reqular if
for any x € S and ¢ € NI (x) N B, x is the unique nearest point of S to x + pC, i.e.,

z = projg (z +p().

It is known that S is p-uniformly prox-regular if and only if every nonzero proximal vector
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¢ € N (z) to S at any point x € S can be realized by an p-ball, that is,

SﬂIB%(m—Fpﬁ) = 0.

The notion of uniformly prox-regular sets is related to the differentiability of the distance
function. The following theorem recalls some useful characterizations and properties of prox-
regular sets (see, e.g., [30]). Before stating it, define for any real p € (0, 4+00) the open tubular
neighborhood of radius p of a set .S by

Uy,(S) == {rxeH: 0 < ds(xz) < p}.

Figure 1.4: Open tubular neighborhood of radius p for a prox-regular set S.

Theorem 1.16 Let S be a nonempty closed subset of H. Consider the following assertions.
(a) The set S is p-uniformly proz-regular.

(b) For all z, 2’ € S, for allv € NY (S;z) we have that
w0 =) < ool o’ = ol
2p
(c) For allz; € S, v; € N¥ (S;x;) N By with i = 1,2 we have
(Vg — vy, 29 — 1) > — |y — a1
with [|[v1]] < p and ||v2|| < p (p-hypomonotonicity property).

(d) For any real v € (0,1), for all z, 2’ € U,, (5)

Iprojs (x) — projg ()| < (1 =) ||z — 2|
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(e) For allue U,(S)\ S we have (with x = projg (u))

T = projg (x%—tH H) forallt €0,p).

(f) The function dg is C** on U, (S) and
Vdgé (z) = 2(z — projg (z)) for allz € U, (9).

(g) The set S is normally reqular in the sense that
NP (S;2) = NY(S;2) = N(S;x) forallz € H,
further, the following equality holds:
Opds () = Opdg(z) = 0dg(z) forallz € U,(S5).

Then, the assertions a), b), ¢), d), e) and f) are pairwise equivalent and each one implies g).

The next result, due to Balashov and Ivanov |9, Theorem 2|, provides an estimation on the
behaviour of the projection to prox-regular sets. We refer to [58, Theorem 2| and [55, Lemma
6.1] for more details.

Lemma 1.17 Let Sy, So be p-uniformly proz-reqular subsets of H with p € 10,400, v €
10,1], 7 € [0, +o00[, x € BN U,y (S1) NUpy (Sa). If haus,y4r (S1,52) < p, then

2vp 1/2
le"OjSl prOJSQ H = ( hauspv-ﬁ-r (Sh 52)) :

The above lemma can be improved when the sets are convex. We refer to [55] for the proof.

Lemma 1.18 Let S1,S; C H be two nonempty closed convex sets. Then, for all x,x' € H
we have

|projs, (z) — projg, (x’)H2 < lz = 2'|)* 4 2ds, () exc (S, Sy) + 2ds, (z') exc (Sy, Ss)
< Jlo—2'|" + 2(ds, (x) + ds, (2/)) haus (51, S5) .

1.5.2 Nonregular sets

We study degenerate sweeping processes driven by regular and non-regular sets. We will
consider two classes of non-regular sets: positively a-far sets and subsmooth sets.

The class of positively a-far sets was introduced in [35] and then broadly studied in [39].
This class includes several notions of sets as paraconvexity, uniformly prox-regularity, and
uniformly subsmoothness (see |39)]).
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Before introducing the notion of a-far set, we notice that any p-uniformly prox-regular set
S C H satisfies the following property:

d(0,9d(-, S)(x)) = 1 for all z € U,(S), (1.6)

where U,(S) := {x € H: 0 < d(x,S) < p}. The above property does not require the existence
of the projection onto S. Thus, it can be used to define an extended class of nonregular sets.

Definition 1.19 Let o €]0,1] and p €]0,400]. Let S be a nonempty closed subset of H
with S # H. We say that the Clarke subdifferential of the distance function d(-,S) keeps the
origin a-far-off on the open p-tube around S, U,(S) :={x € H: 0 < d(z,S) < p}, provided

< i . . .
0<a< melaf(s) d(0,9d(-, S)(z)) (1.7)

Moreover, if E is a given nonempty set, we say that the family (S(t))iep is positively a-far
if every S(t) satisfies (1.7)) with the same o €]0,1] and p > 0.

Definition 1.20 Let S be a closed subset of H. We say that S is uniformly subsmooth, if
for every € > 0 there exists § > 0, such that

(x] — x5, m1 — x9) > —€l|z1 — 22| (1.8)

holds for all x1, x5 € S satisfying ||x1 — x2|| < ¢ and all x} € N (S;2;) B fori=1,2. Also,
if £ is a given nonempty set, we say that the family (S(t)),.p is equi-uniformly subsmooth,
if for every e > 0, there exists 6 > 0 such that holds for eacht € E and all x1,xs € S(t)
satisfying |1 — z2|| < and all xF € N (S(t);2;) NB fori=1,2.

Proposition 1.21 ( [39]) Assume that S is uniformly subsmooth. Then, for all ¢ €]0,1]
there exists p €]0,4o00[ such that

1—¢ < inf d(0,0d(y,S)).

y€U,(S)

The class of positively a-far sets contains strictly that of uniformly subsmooth sets. In-
deed, let us consider the set S = {(z,y) € R*: y > —|z|}. In [35] it is proved that S is

positively %i—far but not uniformly prox-regular.
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m1 ()

se

projg (v) = {mi(z), m2(z)}

Figure 1.5: The set S is positively %i-far but not uniformly prox-regular.

1.6 Standing assumptions

This subsection gather the main assumptions that will be used throughout the thesis.

Hypotheses on the map A: H — H: Ais a (possibly) nonlinear operator satisfying the
following conditions:

(HY) There exists a constant m > 0 such that
(A(2) = Aly), o =) 2 mlle —y|* for all 2,y € A,
i.e., A is strongly monotone.
(H%) There exists a constant M > 0 such that
[ A(x) — A(y)l| < Mz -y for all 2,y € H,
i.e., A satisfies a global Lipschitz condition.

Hypotheses on the set-valued map C: [0,7] x H = H: C is a set-valued map with
closed and nonempty values. Moreover, the following hypotheses will be considered in this
chapter.
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(H7) For all r > 0, there exist x, > 0 such that for s,¢ € [0,7] and z,y € H

sup [d(z, C(t, x)) — d(z,C(s, )| < kelt — 5[+ Lljz — yll,

zerB
where L € [0, m[ is independent of r and m is the constant given by .
(H3) There exist constants o €]0, 1] and p €]0, +00| such that for every y € ‘H

0<a< inf  d(0,0d(-,C(t, x a.e. t € |0,7],
<t d(0.00(.C(.9)(@) 0.7

where U, (C(t,y)) ={r € H: 0 < d(z,C(t,y)) < p}.
(H%) The family {C(t,v): (t,v) € [0,T] x H} is equi-uniformly subsmooth.

(H%) There exists k € L'(0,T) such that for every ¢t € [0, 7], every r > 0 and every bounded
set B C H,
v(C(t, B) NrB) < k(t)y(A(B)),

where v = « or v = f is either the Kuratowski or the Hausdorff measure of non-
compactness (see Proposition [1.8]), k(t) < 1 for all t € [0,7] and A: H — H is an

operator satisfying [(H',)| and [(H?)]

Remark 1.22 (i) Let L € [0,m]. Under|(H3)| for every a € }\/%, 1} there exists p > 0
such that[(H3)| holds. This follows from Proposition [1.21]

(ii) As shown in [44], the condition L € [0,m[ in is sharp for the state-dependent
sweeping processes, that is, it is possible to build an example of state-dependent sweeping
processes without solutions for L = m.

Hypotheses on C: [0,7] = H: C is a set-valued map with closed and nonempty values.
Moreover, the following condition will be used in the chapter.

(H1) For all » > 0, there exists x, > 0 such that for all s,¢ € [0, T]

sup |d(z,C(t)) — d(z,C(s))| < k|t — s].

zerB

(Hz2) There exist two constants « €]0,1] and p €]0, 4+00] such that

0 < inf d(0,0d(z,C(t e te|0,T
<a< _inf d(0.0d@.C() ae te0T].

where U, (C(t)) = {x € H: 0 <d(z,C(t)) < p}.

(Hs) For a.e. t € [0,T] the set C(¢) is ball-compact, that is, for every r > 0 the set C'(t) NrB
is compact in H.

(H4) For a.e. t € [0,T] the set C(t) is r-uniformly prox-regular for some r > 0.
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Hypotheses on F': [0,7] x H == H: is a set-valued map with nonempty closed and
convex values satisfying:

(HE) For every x € H, F (-, ) is measurable.
(HL) For every t € [0,T], F (t,-) is upper semicontinuous from H into H.,,.
(HY) There exist ¢, d € L' (0,T) such that
d(0,F (t,v)) = inf {[Jw] s w € F(t,0)} < e(t)]jv]l+d(?),
for all v € H and a.e. t € [0,T].
(HL) For ae. t €[0,T] and A C H bounded,
Y(F(tA) < k(t)v(A)

for some k € L' (0,T) with k (t) < +oo for all t € [0, T], where v = « or 7 = 3 is either
the Kuratowski or the Hausdorff measure of non-compactness.

Hypotheses on g: [0,7] x H — H: ¢ is a function satisfying:
(HY) For every x € H, the map t — g (¢, z) is measurable.

(H$) For all r > 0, there exists u, > 0 such that the map x — ¢ (¢, ) is Lipschitz of constant
- on rB for a.e. t € [0,T].

(H§) There are constants ¢, d > 0 such that
lg (& 2)l < cllzll+d

for all x € H and a.e. t € [0,T].

(H9) For a.e. t € [0,T], the map x — g(¢,x) is continuous.

1.7 Preliminary lemmas

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

Recall that —d(-, S) has a directional derivative that coincides with the Clarke directional
derivative of —d(-, S) whenever x ¢ S (see, e.g., |13]). Thus, we obtain the following lemma.

Lemma 1.23 Let S C H be a closed set, x ¢ S and v € H. Then
d(z + hv, S) —d(z,5)

lim = min ).
) h y*€dd(z,S) )

The following lemma characterizes the Clarke subdifferential of the distance function to
moving sets depending on the state (see [41, Lemma 4.2]).
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Lemma 1.24 ( [41]) Assume that|(H7) holds. Lett € I, y € H and x ¢ C(t,y). Then,

x — clco Proje ) (%)

Aoty (%)

8dc(t7y) (I) =

The following result can be proved in the same way that |41, Lemma 4.3.

Lemma 1.25 Let A: H — H be a Lipschitz operator. If|(H7{)|, (HE)| and [(HY)| hold then,
for allt € I, then the set-valued map x = 9d(-, C(t,x))(A(x)) is upper semicontinuous from
H into H,,.

The following lemma provides some estimations for the distance function to a moving set
depending on time and state.

Lemma 1.26 Let A: H — H be a map satisfying [(H)| and |(H%), z,y: [0,T] — H be two
absolutely continuous functions, and C': [0,T] x H = H be a set-valued map with nonempty

closed values satisfying |(H7 )| Set z(t) := A(xz(t)) for allt € [0,T]. Then,

(i) The function t — d(z(t),C(t,y(t))) is absolutely continuous over [0, T].

(ii) For allt €]0,T], where y(t) exists,

Jim sup dersy(trs) (2(E £ 5)) — dowyw) (2(1))
s0 S
deye) (2( + 5)) — doye) (2(1))

< Kk, + L||y(t)|| + lim sup )
sJ0 S

where K, is the constant given by |(HT)| with r :== sup [|z(t)| < +o0.
te[0,T]

(iii) For allt €]0,T|, where 2(t) ewists,

d t —d t
lim sup cy®) (2 + ) — deayw) (2(1)) < .- (A0
510 s y*€0d(=(6).C(ty(1)))

(iv) For allt € {t €]0,T[: z(t) & C(t,y(t))}, where 2(t) exists,

d t+ —d t
lim C(t,y(t))(Z( S)) C(t,y(t))(z( )) _ min (y*,é(t)}.
540 S y*€ad(2(t),C(t,y(t)))

(v) For every x € H the set-valued map t = 0d(-, C(t,y(t)))(A(z)) is measurable.

Proor. (iii) and (iv) follows from |41, Lemma 4.4|. To prove (i), let us consider ¢: [0,7] — R
be the function defined by

P(t) == d(=(t), C(t, (1)),
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where z(t) := A(z(t)) for all t € [0,7]. Fix r = sup [|2(¢)|] < +oo. Then, it follows from
te[0,7)

the existence of k, > 0 and L € [0, m[ such that
[t +h) —o(t)] < ket = s| + L|z(t + h) = 2(D)]],

which implies the absolute continuity of t — d(z(t), C(t, y(t))).
To prove (ii), consider ¢ € int([0,7]) where y(¢) exists. Then, for s > 0 small enough,

Ut +s) —o(t)  d(z(t+s), Ct+s,y(t+5)) —d(z(t +5), Ct, y(1)))

s s
N d(z(t+s),C(t,y(t))) — d(z(t), C(t,y(t)))
s
<r +L||y(t+ s) =y
s
n d(z(t +5),C(t,y(t))) — d(=(t), C(t,y(1)))
S )
and taking the superior limit, we get the desired inequality. O

The following result shows that the set-valued map (t,z) = %(%ZQC(M) (A(x)) satisfies the
conditions of Lemma [1.12

Proposition 1.27 Assume that|(H7)}, (HY)], (H3)| and|[(H3)| hold. Then, the set-valued map
G: [0,T] x H = H defined by G(t,z) := %adé(t,x) (A(zx)) satisfies:

(i) for allz € H and all t € [0,T], G(t, ) = A(x) — clco Proje( ) (A(7)).
(i) for every x € H the set-valued map G(-,x) is measurable.
(iii) for everyt € [0,T], G(t,-) is upper semicontinuous from H into H,,.

(iv) for everyt € [0,T] and B C H bounded, v (G(t,B)) < (1 + k(t))M~ (B), where v = «
or v = B 1is the Kuratowski or the Hausdorff measure of non-compactness of B and

k€ LY(0,T) is given by[(HZ)]
(v) Let A(xg) € C(0,20). Then, for allt € [0,T] and x € H,
|G, )| == sup {[lwl: w e G(t,2)} < (M + L)|lz — ol + rrt,

where r = max{||A(z)||, || A(xo)||} and k, is the constant given by |[(H7)|

Proor. (i), (ii) and (iii) follow, respectively, from Lemmall.24] [(v)]of Lemma and Lemma
1.25| To prove (iv), let B C H be a bounded set included in the ball rB, for some r > 0.
Define the set-valued map F(t, ) := Projg; . (A(z)). Then, for every t € I,

I1F(t, B)| == sup{[jw||: w € F(t, B)} < 7(t),

19



where 75(t) := kgt + Lr + L||zo|| + || A(z0)|| + 2R. Indeed, let z € F(t, B), then there exists
z € B such that 2z € Projc(, ) (A(r)). Define

R = e {sup A [ A

Thus,
12l < dowa) (A(x)) — dooa (Alzo)) + [ A@)]
< kit + Ll|z — xol| + [|A(z) — A(zo)|| + [ A(2)]
< kgt + Lr + L{zo|| + [[A(zo) || + 2R = (1),
where kg is the constant given by . Therefore,
v(G(t, B)) < v(A(B)) + v (cleoF(t, B))
< M~(B) (F(t,B)NTp(t)B)
< M~(B) (C(t,B)NTp(t)B)
< (1+ k(1)) M~(B),

where we have used and the last inequality is due to .

+
+

To prove (v), define G(t,z) == A(z) — Projc(..) (A()). Then, due to|(H7))

IG(t, 2)|| = d(A(z), C(t,x)) — d(A(wo), C (0, 20))
< (M + L)llz = woll + rirt,

where &, is given by with r = max{||A(z)|], | A(zo)||}. Then, by passing to the closed

convex hull in the last inequality, we get the result. O]

When the sets C(t, z) are independent of z, the subsmoothness in Proposition is no
longer required. The following result follows in the same way as Proposition [1.27]

Proposition 1.28 Assume that((H*)|[(H1)| and|(Hs)| hold. Then, the set-valued map G: [0, T]x
H = H defined by G(t,x) := 59dz,,, (A(x)) satisfies:

(i) for allz € H and all t € [0,T], G(t,x) = A(x) — clco Projoq (A(z)).
(ii) for every x € H the set-valued map G(-,x) is measurable.
(iii) for everyt € [0,T], G(t,-) is upper semicontinuous from H into H,,.

(iv) for everyt € [0,T] and B C H bounded, v (G(t,B)) < M~ (B), where y =« ory=p3

15 the Kuratowski or the Hausdorff measure of non-compactness of B.
(v) Let A(xg) € C(0). Then, for allt € [0,T] and x € H,
|G, 2)] == sup {[[w]|: w € G(t,2)} < M|z — x| + rrt,

where 7 = max{||A(z)||, || A(xo)||} and &, is the constant given by |[(H7)|
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Let us recall the following consequence of Gronwall’s Lemma for absolutely continuous
functions, which we will need to get a priori bounds on the approximate solutions family of

differential inclusions and .

Lemma 1.29 Let a, b two positive numbers and (: [Ty, T| — R be an absolutely continuous
function. If for almost every t € [Ty, T

C(t)+0C(t) < a,
then for all t € [Ty, T

C(1) < C(To)exp (=b(t = To)) + 3 (1—exp(=b(t —To))).

The following result will be used to prove the existence of solutions for the Moreau-Yosida
regularization scheme with single-valued perturbations.

Theorem 1.30 Let H be a separable Hilbert space and I = [0,T] for some T > 0. Assume
that (H{H(HS )| and |(HDR(HS)| hold. Then, the differential inclusion

{@(t) € F(t,z(t)) + g(t,z(t)) ae te]0,T],

l‘(O) =9 € 7‘[,

has at least one solution x € AC([0,T];H). Moreover, if H is finite-dimensional, then

assumption can be weakened to .

Proor. Set

where &(t) == &(t) 4 c and d(t) := d(t) +d (see |(HE)|and |(H2)). Let us consider the following
differential inclusion

{x(t) € F(t,x)+g(t,z(t)) ae tel0,T], (1.9)

z(0) = x9 € H,

where F(t,x) = F(t,z) N (c(t)||z| +d(t)B, g(t,x) = g(t, Py(x)) and

x if [l < r (1),

r(t) Ty Clsewhere,

is the retraction onto the ball 7(¢)B. It is clear that P, is 2-Lipschitz and, thus, by virtue
of for a.e. t € [0,7T], the map « — §(t,z) is Lipschitz continuous on H. Indeed, let
x,y € H, then

19(t, ) = gt Y < peey |1 Priy () = Bry )] < 20yl =
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where p,(7y is the Lipschitz constant given by Therefore, the map

G(t,z) = F(t,x) + g(t, z)

satisfies the assumption of |14, Theorem 4|. Hence, the differential inclusion (1.9)) admits
at least one absolutely continuous solution x: [0, 7] — H. Finally, by virtue of Gronwall’s
inequality, we can prove that x(t) € r(¢)B, which proves that x: [0,7] — H is a solution of

(L.9)- O

The following result, known as the Convergence Theorem (see, e.g., |5, p.60]), will be used
in Chapter 3

Proposition 1.31 ( [3]) Let F': [ x H = H be a set-valued map satisfying|(H )| and [(H5 )|
Let (uy,), (fn) be measurable functions such that

(i) (un) converges almost everywhere on I to a function w: I — H;
(ii) (fn) converges weakly in L' (I,H) to f: I — H;
(iii) For allm, f,(t) € F(t,u,(t)) a.e. t € 1.

Then f (t) € F (t,u(t)) a.e. on I.
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Chapter 2

Moreau-Yosida Regularization of
Degenerate State-Dependent Sweeping
Processes

In this chapter, we are interested in the existence of solutions for degenerate state-dependent
sweeping processes given by

—i(t) € Neaq) (Alz(t)  ae te [T, 1],
{ 2(0) = a0, Alzo) € C(0,0), (DSSP)

where for a set-valued mapping C': [0, 7] x H = H with nonempty closed values of a sepa-
rable Hilbert H, the set Nt a) (A (2 (t))) denotes the Clarke normal cone to C(t,z(t))
at A(z(t)) € C(t,xz(t)). The operator A: H — H is a (possibly) nonlinear Lipschitz and
strongly monotone operator. This dynamic was proposed in [43| by Kunze and Monteiro-
Marques as a model of quasistatic elastoplasticity for the case when the moving set C(t) is
convex and independent of the state.

We note that when A = I in the dynamics can be seen as state-dependent
sweeping process, which models quasi-variational inequalities arising, e.g., in the evolution of
sandpiles, quasistatic evolution problems with friction, micromechanical damage models for
iron materials, among others (see [47| and the references therein).

Another interesting case of (DSSP)) is when the sets C (¢, z) are independent of z. The
obtained dynamical system is known as degenerate sweeping process

{ —&(t) € New (A(x (1) ae te[0T],

2 (0) = 29, Al(zo) € C(0). (DSP)

The system (DSP)) was studied by Kunze and Monteiro-Marques in [43-45,/47|. Considering
A = I in the previuos system we obatain the classical sweeping process that was introduced
by J. J. Moreau in the seventies [52-54]. Typically, the degenerate sweeping process has been
studied when the moving sets varies in a Lipschitz or absolutely continuous way with respect
to the Hausdorff distance.
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In [44], for the system (DSP)), the authors proved the existence and uniqueness of Lip-
schitz continuous solutions. In this case, the sets C'(t) are nonempty, closed, and convex
of the Hilbert space ‘H and they moving in a Lipschitz continuous way with respect to the
Hausdorff distance and A is a strongly monotone operator. The method used in this work
is a discretization technique based on a surjectivity of the sum of two maximal monotone
operators one of these operators is the normal cone.

In the case where the sets C(t) are uniformly prox-regular, Adly and Haddad studied
the degenerate sweeping process problem through the unconstrained differential inclusion,
see |1]. Using some ideas from [64] for the classical sweeping process, they proved that the
sets of solutions of their unconstrained problem coincide with the solutions of the system
(DSP)). The proof is based on the principle of reduction of degenerate sweeping process to
unconstrained evolution problem which can be seen as penalization of the subdifferential of
the distance function. By assuming that the moving set varies in an absolutely continuous way
with respect to the Hausdorff distance, and A : H — H is S-coercive operator an existence
and uniqueness result of the degenerate sweeping process is proved when dim H < oo.

Concerning the moving sets, they have been studied by considering continuity properties
with respect to the Hausdorff distance in the case of the state-dependent sweeping process
and the degenerate sweeping process. However, it has been clear that the Hausdorff distance
is quite restrictive and thus limits the spectrum of possible applications (see, e.g., [55,/66]).
For instance, the moving sets C(t) whose values are hyperplanes or half-spaces do not satisfy
the Lipschitzianity with respect to the Hausdorff distance, but the weaker notion of Lips-
chitzianity with respect to the truncated Hausdorff distance holds. For this reason, in this
Chapter, we are interested in the case when the nonregular moving sets (subsmooth and
positively a-far) satisfy a notion of Lipschitzianity with respect to the truncated Hausdorff
distance for the system , and for the system when A = I. We note that

these cases are a generalization of the systems studied in literature.

Our results are obtained through the Moreau-Yosida regularization technique. The Moreau
Yosida regularization technique consists of approaching a given differential inclusion by a
penalized one, depending on a parameter, whose existence is easier to obtain (for exam-
ple, by using the classical Cauchy-Lipschitz Theorem), and then to pass to the limit as the
parameter goes to zero. This technique has been used several time to deal with sweeping
processes (see |46}48-50,52}63,/65] for more details). Recently, it was extended by Jourani
and Vilches [41] to deal with state-dependent sweeping processes with Lipschitz nonregular
moving sets with respect to the Hausdorff distance. We adapt and extend the techniques
from [41] to deal with degenerate state-dependent sweeping processes driven by Lipschitz
nonregular moving sets with respect to the truncated Hausdorff distance.

This Chapter is organized as follows. The main result of this chapter is Theorem 2.5 where
we establish the convergence (up to a subsequence) of the Moreau-Yosida regularization for
the degenerate state-dependent sweeping process under the Lipschitzianity of the moving sets
with respect to the truncated Hausdorff distance.
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2.1 Existence Results for Degenerate State-Dependent
Sweeping Processes

In this section, we prove the existence of Lipschitz solutions for the degenerate state-dependent

sweeping process (DSSP|) via Moreau-Yosida regularization.

Let A > 0 and consider the following differential inclusion

—a() € 5 Oy ) (A1) et € [T, 7], .

xx(0) = x,

where A(xg) € C(0, ). The following proposition follows from Lemma and Proposition
1

Proposition 2.1 Assume that ((H7), (HD) [(H3)| and (HY)| hold. Then, for every A > 0
there exists at least one absolutely continuous solution xy of .

Let us define p)(t) := det,z, ) (A(za(t))) for t € [To, T.

Remark 2.2 Recall that under|(H3)|, according to Proposition |1.21], for every o € ] \/%, 1]
there exists p > 0 such that|(H3)| holds.

The following proposition establishes that trajectories of ((P,|) stay uniformly close (with
respect to A) to the moving sets in a small interval of I = [Tp, 1.

Proposition 2.3 Assume, in addition to the hypotheses of Proposition that holds.

Then, for every R > 0 there exists Tr €]0,T] (independent of \) such that if A < wp,
_ L—ma?
PAlt) S B+ ————@(t) ae t €07z, (2.1)

where o € \/%, 1] and p > 0 are given by Remark and K := K| A(zo)|+MR 1S the constant
L

given by |(H7)l Moreover,
RA
= for all t € [0,7]. (2.2)

oa(t) <
Proor. Fix R > 0 and define the set
Qy={t €I:||z\(t) — x| > R}.

On the one hand, if Q) = (), then ) (¢) € B(xg, R) for all ¢ € I. On the one hand, if Q0 # 0,
then we can define
Ty = inf{t € I: ||z\(t) — zo|| > R} > 0.
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Therefore, in what follows we can assume that
zA(t) € B(xo, R) for all t € [0, 7], (2.3)
where we have set 7, = T if Q) = (. Thus, by virtue of and , it follows that
| A(ZA)|| < || A(zo)|| + MR for all ¢t € [0, 7] (2.4)

According to Proposition 2.1 the function x, is absolutely continuous. Moreover, due to

and (2.4)), for every t,s € I
[oa(t) = @a(s)] < (M + L)||lza(t) — 2a(s) [l + Alt — s],

where K := K| 4(zo)|+Mmr is the constant given by Hence ¢, is absolute continuous. On
the one hand, let ¢ € [0, 7] where @, (t) €]0, p[ and () exists (recall that ¢,(0) = 0). Then,
by using (iii) from Lemma |[1.26] we have

oa(t) < K+ Li|za(t)| + min w, Z)(t
PO SEE LRI+ min 5(0)
L ma?
<K — t) — t
_/<G+)\90A() \ (t)
. ma? =1
=5 =" 0)

where we have used [(#3)| and Proposition [1.21]

On the other hand, let t € o, * ({0}) N[0, 2] where i (t) exists. Then, according to (P ),
|ZA(t)|| = 0. Indeed,

Jer )] < 5 suplllel: = € 0y (Al ()} < 22 =0,

where we have used the identity 9d%(z) = 2ds(x)dds(z). Then, due to[(Hi)}

) .1
Oa(t) = lim 7 (de(esh,e @+h) (2a(E + 1)) = dega, @) (At + R))

+ dogenw) (At + 1)) = do@ae, @) (22 (1))
) o1
k+ Lllza(t)] + 1}513 7 (Aot @) (2a(t + ) = degenw) (2a(1)))

R (M + L)@
M;Lw(t)

ma? — L

/% — T@A(t)

| /\

VAN
=
_l’_

Also, we have that py(t) < p for all t € [0,7,]. Otherwise, since ;' (] — oo, p[) is open
and 0 € ¢y (] — 00, p[), there would exist ¢t* €]0, 7] such that [0, [C 3" (] — oo, p[) and

@a(t") = p. Then,
2
_L
oa(t) < fo — %%(t) ae. t € 0,17,
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which, by virtue of Gronwall’s inequality, entrain that, for every ¢ € [0,¢*]

~ 2 - ~
ma? — L A ma? — L ’

that implies that ¢, (t*) < p, which is not possible. Thus, we have proved that ¢, satisfies

(2.1) and (2.2) in the interval [0, 7].

It remains to prove that there exists 7 €]0, T such that

2
— L
TR < Ty for all A < %p. (2.5)

Indeed, since x, satisfies (P,]), we have

Jr O] < o sup{ll: = € o (Al < 20 < E

where we have used the identity dd%(z) = 2ds(2)ddgs(x). Thus, ) is —5— Lipschitz on
[0, 75]. Hence, by the continuity of x, and the definition of 7, we obtain

T
R< ll(m) = aoll < [ hi(o)lds <

which implies the existence of 7z €]0, 7] such that (2.5) holds. Finally, we have prove that
(2.1) and (2.2)) holds for the interval [0, 7g], which ends the proof. O

As a corollary of the last proposition, we obtain that x) is ﬁ—LipSChitZ on [0, 7g].

Corollary 2.4 For every A < ™%==p the function x is —5— -Lipschitz on [0, Tg].

Let (A,)n be a sequence converging to 0. The next result shows the existence of a subse-
quence (A, ), of (A,), such that (x,\n ) , converges (in the sense of Lemma to a solution
of m over all the interval I. We perform the analysis in the interval |0, 7z] for some R
and then we extend iteratively the solution to all the interval.

The next theorem extends all known results on State-Dependent Sweeping Processes and
Degenerate Sweeping Processes.

Theorem 2.5 Assume that [(F,)), (F2)) (H])] [(H3)] and [(HF)| hold. Then, there exists at
least one solution x € AC (I; H) of (DSSP)).

Proor. Fix R > 0 and 7z from Proposition 2.3 Then, by virtue of Proposition [2.3] the
sequences (zy, )n and (A(zy,)), satisfy the hypotheses of Lemma [1.7| over the interval [0, 7g]
with

W(t) = ——— and P(t) ==

ma? — L ma? — L’
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respectively. Therefore, there exist subsequences (zy, )r and (A(zy, ))x of (zx,)n and
(A(xy,))n, respectively and functions z: [0,7g] — H and Ax: [0,75] — H satisfying the

hypotheses of Lemma . For simplicity, we write z;, and A(zy) instead of x, and
A(zy,, ), respectively.

Claim 1 (A(xi(t))), and (zx(t)), are relatively compact in H for all ¢ € [0, 75].

Proof of Claim 1: Let t € [0,7x]. Let us consider yx(t) € Proje( ., ) (A(zk(t))). Then,
[ A(2x(t) — yr ()|l = dot ey (A(zi(t))). Thus,

[y < dewaw) (Al () + [| AL @)

RAn
S —— = 7 T Mllzw(t) = zof| + [[Alzo)|
- K
<7(t) = R (A + Mt) + [[A(zo) |-

Also, since (A(xg(t)) — yx(t)) converges to 0,
7 ({A(z(t): k € N}) = ({yn(t): k € N}).
Therefore, if A := {A(xx(t)): k € N},
7 (A) = v{yt): k € N}) < (C (¢ {zx(t): k € N}) 07 (1)B) < k(t)y(A),

where we have used |(H7). Finally, since k(t) < 1, we obtain that v (A) = 0, which shows
that (A(zx(t)))x is relatively compact in #H. Finally, (xx(t))x is relatively compact in H by

virtue of . 0
Claim 2 A(x(t)) € C(t,x(t)) for all t € [0, 7g].

Proof of Claim 2: As a result of Claim 1 and the weak convergence zy(t) — x(t) for all
t € [0, 7g| (due to|(i)|of Lemma|[1.7]), we obtain the strong convergence of (xy(t))x to x(t) for
all t € [0, 7g]. Therefore, due to |(H7),

degaq (A@(t))) < liminf (dog ) (A(ze(0))) + (M + L)|lox(t) = 2(0)]])

0
k—oo \ma? — L ’

.
< lim inf <& + (M + L)||zx(t) — x(t)”)
which proves the claim. 0

Now, we prove that z is a solution of (DSSP)) over the interval [0, 7g]. Define

~ K

F(t,z) :=clco (;L(‘?dc(m)(fl(x)) U {O}) for (t,z) € [0, 7r] X H.

Mo —
Then, for a.e. t € [0, 5]

%ad%(t,w» (A(z4(1))) C F(t,24(t)),

where we have used Proposition [2.3]

—Ip(t) €

Claim 3: F has closed and convex values and satisfies:
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(i) for each z € H, F(-,x) is measurable;
(ii) for all t € [0, 7], F(t,-) is upper semicontinuous from H into H.,;
(iii) if A(x) € C(t,z) then F(t,z) = —E—0dc ) (A(x)).

Proof of Claim 3:  To prove Claim 3, we follow the ideas from [41, Theorem 6.1]. Define
G(t,r) == —5—=0dc)(A(x)) U{0}. We note that G(-,x) is measurable as the union of two

measurable set-valued maps (see [4, Lemma 18.4]). Let us define I'(t) := F(t,z). Then, I
takes weakly compact convex values. Fixing any d € H, by virtue of |38, Proposition 2.2.39|,
is enough to verify that the support function ¢t — o(d,['(t)) := sup{(v,d) : v € ['(t)} is
measurable. Thus,

o(d,T'(t)) :=sup{(v,d) : v € I'(t)} = sup{(v,d) : v € G(t,z)},

is measurable because G(-, x) is measurable. Thus |(i)| holds. Assertion follows directly
from [4, Theorem 17.27 and 17.3|. Finally, if A(z) € C(t,z) then 0 € 0dc(,.)(A(x)). Hence,
using the fact that the subdifferential of a locally Lipschitz function is closed and convex,

K

—Ladc (to (.A(:c))) = ————0dc)(A(x)),

F(t,z) = clco (moﬂ R
which shows [(iii)] O
In summary, we have
(i) for each x € H, F(-,z) is measurable.
(i) for all t € [0, 7], F(t,-) is upper semicontinuous from H into H,,.
(iii) @ — @ in L' ([0, 78]; H) as k — +oo.
(iv) zx(t) — x(t) as k — +oo for all t € [0, 7g).
(v) A(x(t)) = A(x(t)) as k — +oo for all t € [0, 7g].
(vi) —ix(t) € F (t,z1(t)) for a.e. t € [0, 75].

These conditions and Proposition imply that x satisfies

—&(t) € F(t,x(t)) a.e. t €10,7g],
z(0) =z € C(0, x0),

which, according to Claim 3, implies that x is a solution of

. K
_.r(t) € mgdC(t,x(t))<A($(t))) a.e. t € [O,TR],

z(0) = zo € C(0, zp).

Therefore, by virtue of (1.2) and Claim 2, z is a solution of (DSSP)) over [0, 7g|. Finally, to
extend the solution over all the interval [0, 7], we can use |39, Lemma 5.7|. O
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2.1.1 The Case of the Degenerate Sweeping Process

This subsection is devoted to the degenerate sweeping process:

{—i(t) € N (C(t); A(z(1))) ae. te[0,T], (2.6)

z(0) = xy € C(0).

This differential inclusion can be seen as a particular case of when the sets C'(t, x)
are state independent. We show that Theorem is valid under the weaker hypothesis
instead of The following theorem improves the results from [39,40| regarding
the existence for sweeping process with nonregular sets and also complements the results
from [1,42] regarding the existence of degenerate sweeping process with uniformly prox-
regular sets.

Theorem 2.6 Assume that !7—[14 ) !’Hﬂ b [(Ha)], |[(H2) and hold. Then, there exists at
least one solution x € AC (I; H) of (2.6).

Proor. According to the proof of Theorem , we observe that was used to obtain
and the upper semicontinuity of ddc,.y(-) from H into H,, for all ¢ € [0,T]. Since in
the present case these two properties hold under (see Proposition , it is sufficient
to adapt the proof of Theorem to get the result. n
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Chapter 3

Perturbed Degenerate State-Dependent
Sweeping Processes

The degenerate sweeping process corresponds to the case where an operator is added “in-
side” the normal cone on the sweeping process. This dynamic was proposed by Kunze and
Monteiro-Marques as a model for quasistatic elastoplasticity (see, e.g., [43]). Since then, the
degenerate sweeping process has been studied by several authors in the context of convex
and prox-regular sets (see, e.g., |1,42-45]). However, there are not results about perturbated
degenerate state-dependent sweeping processes with nonregular moving sets (subsmooth and
positively a-far). This Chapter is intended to cover this gap by studying this issue when the
right-hand side of the system is perturbed by a locally p-Lipshchitz function with
respect to the state variable, measurable in the time variable which satisfies a linear growth
condition. To be more precise, the perturbed systems takes the following form

{;-U(t) € —Neae) (A1) + gt z(t))  ae. t €[0,T7, (DSSP,)

z(0) = o, A(xg) € C(0,x0).

Here, the set Negoq)) (A(x(t))) stands for the Clarke normal cone to C(t,x(t)) at
A(z(t)) € C(t,z(t)) where C: [0,T] x H = H is a set-valued mapping with nonempty closed
values of a separable Hilbert H. The operator A: H — H is (possibly) nonlinear Lipschitz
and strongly monotone, and the perturbation is a single-valued function g: [0,7] x H — H
defined as above.

We note that the case A = I in the system have been well studied by Vilches in
[68] and includes the perturbed classical sweeping process introduced and studied by Moreau
[52,54] to deal with contact problems in mechanical systems (see [47] for an introduction to
the subject).

For the system we prove the existence of solutions for regular (convex / prox-
regular) and nonregular (subsmooth and positively a-far) moving sets which varies in a
Lipschitz way with respect to the truncated Hausdorff distance. We prove our result by
means of the Moreau-Yosida regularization (see, e.g., [41,/46/48-50./52,63.,65|) and by using an
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appropriate existence result for differential inclusions (see Theorem below). The Moreau-
Yosida regularization technique consists of approaching a given differential inclusion by a
penalized one, depending on a parameter, whose existence is easier to obtain (for example,
by using the classical Cauchy-Lipschitz Theorem), and then to pass to the limit as the
parameter goes to zero. We refer to |55 for a detailed survey on the subject.

Let us finally prove the existence of solutions for integral perturbations of degenerate
state-dependent sweeping processes:

(t) € =N (C(t,z(t)); A(z(t))) + g1 (t, z(t)) +/0 go(s,x(s))ds ae. t€]0,T],

z(0) = 29 € A7H(C(0, zp)),

(ZDSP)
where C': [0,7] x H == H is a set-valued map with nonempty and closed values, A: H —
‘H is a nonlinear operator and ¢;,¢g2: [0,7] x H — H are two single-valued functions.
Several recent works have been concerned with integrally perturbed versions of the sweeping
process [15H517,2329]. In these works, the authors considered convex or prox-regular moving
sets that varies in a Lipschitz or absolutely continuous way with respect to the Hausdorff
distance. Indeed, note that when g; = 0, A = I, and the moving sets are independent to the
the state variable C (¢,z) = C (t) for all ¢t € [0,T] the system takes the form of an
integral perturbation of Moreau’s sweeping process

—&(t) € Ne) (2(t)) +/0 go(s,z(s))ds ae. t€0,T],

(ZSP)

Furthermore, considering C(t) := K" the nonnegative orthant of RY, the system
describes the flow of a compressible pressureless fluid when the fluid self-interacts through a
force field generated by the fluid itself and a sticky particle dynamics is assumed (see [23] for
details). On the other hand, in [29], Colombo and Kozaily considered the system for
p-uniformly prox-regular moving sets. They established the existence and uniqueness of the
solution of the system in the infinite-dimensional separable Hilbert space setting by means
Moreau-Yosida regularization technique together with an appropriate Gronwall’s inequality.

Let us also mention the work [16], where the type of perturbation is integro-differential
which is known as integro-differential sweeping process. The methodology to prove the exis-
tence and uniqueness for this system is based on an approximation via sweeping process with
the single-valued perturbation depending only on time, where the existence and uniqueness
for this systems hold thanks to the p-hypomonotonicity property of the proximal normal
cone.

The chapter is organized as follows. In Section [3.I] we present the central result of
this work (Theorem , namely, the convergence (up to a subsequence) of the Moreau-
Yosida regularization for perturbed degenerate state-dependent sweeping processes under the
Lipschitzianity of the moving sets with respect to the truncated Hausdorff distance. Next,
in Section [3.2] provides the existence of solutions for integro-differential sweeping processes.
Later on, in Section [3.3] we apply our theoretical results to the existence of solutions for the
online mirror descent method.
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3.1 Main result

This section aims to extend the results from [41} 56| 68| to perturbed degenerate state-
dependent sweeping processes. We use the Moreau-Yosida regularization technique from

[41,56,68] to deal with (DSSP,).

Let A > 0 and consider the following differential inclusion: Find z,: [0,7] — H with
z,(0) = x¢ and such that for a.e. t € [0,T]

—ia(t) € 2A8d0(m (Alza (1)) + g(t, 2A(1)) (Py)

where A(zo) € C(0,x). It follows from Theorem and |56, Proposition 4.1] that the
approached problem has an absolutely continuous solution.

Proposition 3.1 Assume, in addition to|(H%)} ((H{)], (H2), and|(HE), that |(HI)H %g_ﬂ hold.
Then, for every X > 0 there exists at least one absolutely continuous solution xy of (P .

Let us define the function p)(t) := deqe, @) (A(za(t))) for t € [0,T].

Remark 3.2 Recall that under|(H3)|, according to Proposition |1.21), for every o € ] %, 1]
there exists p > 0 such that|(H3)| holds.

The following proposition establishes that trajectories of (P} stay uniformly close (with
respect to \) to the moving sets in a small interval of [0,7]. The proof is based on ideas
from [56].

Proposition 3.3 Assume, in addition to the hypotheses of Proposition that
holds. Then, for every R > 0 there exists T €]0,T] (independent of \) such that if

L (ma?—L)
A< X0 = e o D P

ma? — L

QD)\(t) S /N'iR + (L + M)(C(R + Hl’o”) + d) — )\ QO)\(t) a.e. t € [O,TR], (31)

&‘

%, 1] and p > 0 are given by Remark and KR 1= K| A(zo)|+MR 1S the constant

where o €
gien by and ¢, d > 0 are the constants given by . Moreover,

fr+ (L + M)(c(R+ |lzol]) + d)
ma? — L

pa(t) < A for allt € [0, 7g). (3.2)

Proor. Fix R > 0 and define the set
Qy:={t el |xx(t) — x| > R}.
On the hand, if Q) = 0, then
zA(t) € B(zo, R) for all t € I.
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On the other hand, if Q, # (), then we can define
Ty = inf{t € I: ||z\(t) — zo|| > R} > 0.
Therefore, in what follows, we can assume that
zA(t) € B(xo, R) for all t € [0, 7], (3.3)
where we set 7, := T if Q) = (). Thus, by virtue of and , it follows that
| A(@A)) | < || A(zo)|| + MR for all t € [0, 7] (3.4)

Moreover, according to Proposition , x is absolutely continuous and, due to (3.4)) and
(H7 )| for every s,t € [0, 7],

[oA(t) = @a(s)] < (L4 M)[[xa(t) — za(s)]| + Frlt — s,
where Ar 1= K| A(zo)|+MR 1S the constant given by . Hence, ¢, is absolutely continuous.

Let A < A¢. Then, by using similar arguments to the given in [56, Proposition 5.2|, it

follows that
L — ma?

A
which implies (3.2) in the interval [0, 7,].

PA(t) < Fp + pA(t) + (L + M)lg(t,z)|  ae tel0,n],

It remains to prove that there exists 7g €]0,T] such that 7 < 7, for all A < A\g. Indeed, for
a.e. t € [0,7,]

lex(®)] < %%(t) + llg(t, A @)
< Fr A (L4 M)(c(R + [[zo]l) + d)

+ (c(R A+ [lzo]) + d).-

ma? — L

Hence, by continuity of x) and the definition of 7y,
R < |lzA(7x) — 2ol

X
< [Claolds
0

. (RR+(L+J\Z)OE;:(f?;r [[ol[) +d) +(C(R+onu)+d)) s

which implies the existence of 7 €]0,T] such that 75 < 7, for all A < \¢. Finally, we have
proved that (3.1)) and (3.2)) hold for the interval [0, 7g], which ends the proof. O

As a consequence of the last proposition, we obtain that x, is Lipschitz continuous on
[0, 7g] for A > 0 small enough.
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Corollary 3.4 For A < )Xo the function xy is Lipschitz continuous of constant
Cp = SntEEMEAREDED) o (R + |lzo]l) + d) on [0, 7).

ma2—L

Let (A\,)n be a sequence converging to 0. The next result shows the existence of a subse-
quence ()\ )i of (An)n such that (:L‘)\n ) , converges (in the sense of Lemma } to a solution
of { over all the interval [0, T] We perform the analysis in the 1nterval [0, 7] for
some R > 0 and then we extend iteratively the solution to all the interval.

The next theorem extends all known results on state-dependent sweeping processes and
degenerate sweeping processes.

Theorem 3.5 Assume that [[HL)], [F2)] [HD)] [(H3)] and [(H)] that [[H), [(H3)| and [(H)]

hold. Then, the problem (DSSP,) admits at least one absolutely continuous solution.
Moreover, if H is finite-dimensional, then assumption [(H3)| can be weakened to [(H)]

Proor. Fix R > 0 and 7z from Proposition [3.3] Then, by virtue of Proposition [3.3] the
sequences (xy, ), and (A(z)y,))n satisfy the hypotheses of Lemma (1.7 over the interval [0, 75]
with

Fr+ (L+ M)(c(R+ |lzol]) + d)
mao? — L

P(t) = + (e(R A+ |[aoll) + d) and (1) := M(t),

respectively. Therefore, there exist subsequences (z», )r and (A(zy, ))r of (2x,)n and
(A(xy,))n, respectively and functions z: [0,7] — H and Ax: [0,7g] — H satisfying the

hypotheses of Lemma . For simplicity, we write x; and A(xy) instead of A, and
A(zy,, ), respectively.

Claim 1: (A(zk(t))), and (zx(t)), are relatively compact in H for all ¢ € [0, 75].

Proof of Claim 1: Let t € [0,7g]. Let us consider yx(t) € Projo( 1)) (A(wk(t))). Then,
| A(zx(t)) — yr(O) || = doa @y (A(ze(t))). Thus,

Iet) ]| < ey (Ale(®)) + A (0)]
V; L*””<R+W”“”ﬂx%+Mwww—mwwmmw|

2L
(t) = {mﬁ (L + M)(c(R + [|zo]) + d)

<

ﬁx

e [+ 8Cot + A
Also, since (A(x(t)) — yx(t)) converges to 0,
7 ({A(z(t): k € N}) = ({yn(t): k € N}).
Therefore, if A := {A(x(t)): k € N},
7 (A) = (k) k € N}) <o (C (4 {z(t): k € N}) N7()B) < k(t)y (A),

where we have used |(H7). Finally, since k(t) < 1, we obtain that v (A) = 0, which shows
that (A(zg(t)))r is relatively compact in H. Finally, (z4(t)) is relatively compact in H by

virtue of . O
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Claim 2: A(x(t)) € C(t,z(t)) for all t € [0, 7g].

Proof of Claim 2: As a result of Claim 1 and the weak convergence x(t) — x(t) for all
t € [0,7x] (due to[(i)] of Lemma[L.7)), we obtain the strong convergence of (z(t))) to z(t) for

all t € [0, 7g]. Therefore, due to |(H7)]

dora) (A(z(t))) < lim inf (deane) (Alzr()) + (M + L) ||z (t) — 2(t)]])
({@R + (L4 M)(c¢(R + ||zo||) + d)

< lim inf

k—o00 ma? — L

which proves the claim.

Now, we will show that x is a solution of (DSSP,|) over the interval [0, 7).

Define 3
F(t,z) := —c0 (00dc(.z) (A(z)) U{0}) + g(t, z(1))

for (t,z) € [0, 7r] X H, where

Fr+ (L + M)(c(R + ||lzo]) +d)

ma? — L

Then, for a.e. t € [0, 7]

1(8) € = 530y (Al(9) + 9(t,28(1)
doa ) (Alzi(t)))
Ak
C E(t, z()),

Odct.e,0) (Alz(t))) + 9(t, 24(1))

where we have used Proposition [3.3]
Claim 3: F has closed and convex values and satisfies:
(i) for each z € H, F(-,x) is measurable;

(i) for all t € [0, 7g|, F(t,-) is upper semicontinuous from H into H,;

(iii) if A(z) € C(t,x) then F(t,x) = —00doq. (A(x)) + g(t, 2(t)).

Proof of Claim 3: Tt follows the same ideas given in the proof of |56, Theorem 5.1].

In summary, we have

(i) for each z € H, F(-,x) is measurable.

(i) for all t € [0, 7], F(t,-) is upper semicontinuous from H into H,.
(iii) 2 — @ in L' ([0, 7r]; H) as k — +oo.

(iv) ap(t) — x(t) as k — +oo for all t € [0, Tx].
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(v) A(zi(t)) = A(z(t)) as k — +oo for all ¢t € [0, 7g].
(vi) @4(t) € F (t,z1(t)) for ae. t € [0, 75].

These conditions and Proposition [1.31] imply that x satisfies
i(t) € F(t,z(t)) a.e. t € [0,7g],
JZ(O) = Xy, ./4(1’0) - 0(0,1’0),
which, according to Claim 3, implies that z is a solution of
t(t) € —00dc 1) (Alx(t))) +g(t,x(t)) ae. tel0,Tr]
l‘(O) = Xy, .A(I’O) - C(O,I’O),

Therefore, by virtue of (1.2)) and Claim 2, z is a solution of (DSSP,|) over [0, 7g|. Finally,
to extend the solution over all the interval [0, T, we can use |39, Lemma 5.7]. O

3.1.1 Perturbed Degenerate Sweeping Processes

In this subsection, we provide existence results for the perturbed degenerate sweeping process:

t(t) € =New (A(x(t))) +g(t,z(t)) ae tel:=1[0,T], (3.5)
z(0) = 2y € A7H(C(0)). '

The latter differential inclusion can be seen as a particular case of (DSSP,) for state-

independent moving sets.

The following theorem extends the result from [56, Theorem 5.2]. Moreover, it is well-
known that |(#4)| implies [(Hz)| with o = 1. Thus, the following result includes the existence
of solutions for regular (convex/prox-regular) sets.

Theorem 3.6 Assume, in addition to |(H )| |(H2) (Ha)l ()| and |(Hs)l that (HY)], [(H3)|
and hold. Then, the problem (3.5)) admits at least one absolutely continuous solution.
Moreover, if H s finite-dimensional, then assumption can be weakened to .

Proor. According to the proof of Theorem |3.5] we note that was used to obtain
and the upper semicontinuity of ddc,)(-) from H into H, for all t € I. Since in the
state-independent case these two properties hold under (see |56, Proposition 4.2]), it is
sufficient to repeat the proof of Theorem to get the result. n

3.2 Integro-differential sweeping processes

In this section, we study integrally perturbed sweeping processes. We first prove the existence
of solutions for integrally perturbed degenerate state-dependent sweeping processes (ZDSP)).
Then, we obtain the existence for integrally perturbed degenerate sweeping processes:

(t) € =N (C(t); A(x(t))) + g1(t, z(t)) +/O g2(s,x(s))ds ae. tel,
z(0) = 2o € A7H(C(0)).

(IDSP,)
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The following result is a consequence of Theorem

Theorem 3.7 Assume, in addition to |(H ), (H), (KL [(HE)| and [(H3), that [(H]), |(H3)]
and hold for g1 and go. Then, the problem (LDSP) admits at least one absolutely

continuous solution x: [0,T] — H. Moreover, if H is finite-dimensional, then assumption

can be weakened to|(H3)!

Proor. It is routine to prove that z solves (ZDSP)) if and only if (x, z) solves

i(t) € =N (C(t,z(t); A(z(t)) + i (t, x(t)) + 2(t) ae. t €I,
£(t) = g2(t, 2(1)),

with initial conditions (2(0),2(0)) = (z0,0). The above system can be regarded as a per-
turbed degenerate state-dependent sweeping process in the product space H x H and moving

sets C(t, z) x H. Hence, Theorem [3.7] follows from Theorem [3.5 O

The next theorem follows by combining the arguments from the proof of Theorems 3.6

and B.7.

Theorem 3.8 Assume, in addition to |(H )l ((H2)) (o)l [(Ho)| and |(Hs)| that |(H])H(HS)|
hold for g1 and go. Then, the problem (LDSP,) admits at least one absolutely continuous
solution x: [0,T] — H. Moreover, if H is finite-dimensional, then assumption can be

weakened to |(Hj )}

3.3 An application to online optimization

Let ¢: H — R be a convex smooth function. We say that ¢ is [-strongly convex if
¢ — (B/2)] - ||* is convex (see, e.g., [10, Chapter 10]). It is well-known (see, e.g., |10, Exer-
cise 17.5]) that ¢ is S-strongly convex if and only if

(Vo(z) = Voly),x —y) > Blle — y|? for all 2,y € H.

We denote by ¢* the convex conjugate of ¢. It is well-known that for strongly convex functions
¢: H — R the operator (V¢)~': H — H is well-defined and the following formula holds:

(Vo) Hz) = Vo*(z) for all z € H.

Moreover, ¢* is 1/f-strongly convex if and only if V¢ is -Lipschitz continuous (see, e.g., |10
Theorem 18.15]).

Assume that ¢ is twice differentiable over H and consider the problem: Find z: [0,7] — H
such that z(0) = zy and

V2 (x(t))a(t) € —Ni(z(t)) + g(t, () ae. t €[0,T], (3.6)
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where K C H is a nonempty and closed set. The latter dynamic, called online mirror descent,
was considered in |25 for convex and compact sets K to obtain a O((log k)?)-competitive ran-
domized algorithm for the k-server problem on hierarchically separated trees (see |25, Theo-
rem 2.2|). The system also includes the so-called oblique projected dynamical systems
considered in [36] as a way of preserving monotonicity in projected dynamical systems.

We observe that is formally equivalent to the following perturbed degenerate sweeping
process:
2(t) € =Ni(Vo™(2(t))) + g(t, Vo™ (2(t))) ae. t € [0,T]. (3.7)
Indeed, z: [0,7] — H is a solution of if and only if z(t) = Ve¢(z(t)) is a solution of
(3.7). Hence, by using the above observation and Theorem , we obtain the following result
that generalizes |25, Theorem 2.2].

Theorem 3.9 Let K be a closed, ball-compact and positively a-far set (see Definition M)
Let ¢: H — R be a strongly convex function with Lipschitz continuous gradient. Assume that
g: [0, T) x H — H satisfies |(H])}, [(H5)| and |(H3)l Then, for any xo € H, the problem (3.6

admits at least one absolutely continuous solution. Moreover, if H is finite-dimensional, then

assumption can be weakened to .

The latter result offers a significant improvement to |25, Theorem 2.2| because we relax
the compactness and the geometry of the set K (we recall that any convex or uniformly prox-
regular set is positively a-far with o = 1). Moreover, the problem offers an equivalent
formulation to (3.6)), where no second differentiability of ¢ is involved. Finally, by means of
Theorem , it is straightforward to consider the system with moving sets, which can
be useful for studying the k-server problem with time-dependent servers.

3.4 Perturbed second-order sweeping process

This section aims to apply our results to the so-called degenerate perturbed second-order
sweeping process given by following differential inclusion

{fé(t) € =Nea o (A(@() + gz (t) ae tel0,T], (SOSP)
z(0) = xg, £(0) = v, A(vg) € C(0,z0,vp).

Here, the set Neq o) a0)) (A (2(t))) stands for the Clarke normal cone to C(t, x(t), (t)) at
A(z(t)) € C(t,z(t),(t)), where C: [0,T] x H x H = H is a set-valued mapping with
nonempty closed values of a separable Hilbert space H. The operator A: H — H is a
(possibly) nonlinear Lipschitz and strongly monotone operator, and the perturbation is a
single-valued function g: [0,7] x H — H satisfying a linear growth condition.

When A = I, the evolution includes the perturbed second-order sweeping process,
which was studied by Jourani and Vilches [40] when the moving sets are assumed to be
nonempty, closed and subsmooth or positively ag-far with absolutely continuous variation in
time and Lipschitz variation in the state. On the other hand, this system has been studied by
Castaing [26] for a moving set C' (¢, ) under convex and compacts values assumption. Since
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then, several works have dealt with second-order sweeping processes with convex /prox-regular
sets in Hilbert/Banach spaces (see [2,6-8,[18-21}27]).

The following result partially extends the results from [40].

Theorem 3.10 Let C: [0,T] x H x H = H be a set-valued mapping with nonempty closed
values satisfying:

e For all v > 0, there exist k., > 0 such that for s,t € [0,T] and such that for all s,
teandallx, y, u, v, z € H

sup [d(z, C(t, z,u)) = d(z,C(s,y,v))| < kpft = s| + Lallz =yl + Laflu — o

zerB
where Ly € [0,m[ and Ly > 0 are independent of r. Here m is the constant given by
(H )}

o The family {C(t,u,v): (t,u,v) € [0,T] x H x H} is equi-uniformly subsmooth.

e For every t € [0,T], every r > 0 and every pair of bounded sets A, B C H, the set
C (t, A, B) N rB is relatively compact.

Assume, in addition to that |(H), (H3)| and [(H3)| hold. Then, the prob-
lem (SOSP|) admits at least one absolutely continuous solution. Moreover, if H s finite-

dimensional, then assumption can be weakened to|(H7)|

Proor. We observe that (SOSP)) is equivalent to the following system:

T(t) =y(t) a.e. te€ 0,17,
y(t) € =Newewaey (Aly (1) +g(t () ae tel0,T], (DFOSP,)
z (0) =z, y(0) =vg, A(vg) € C(0,z0,v0) -

Hence, can be rewritten as
i (t) (t)
(51)) € ~Nxctsomon o @A) + (, 1 9,)).

with initial conditions (x(0),y(0)) = (xo,v9). The above differential inclusion is equivalent

to
(Z Eg) € ~Nwxcta)u0) (A <y 8)) " (g ¢ it)(t») |

AG8) - (i)
y(t) Ay (1))
The latter differential inclusion is a special case of the perturbated degenerate state-dependent

sweeping processes with unbounded moving sets. Hence, Theorem follows from Theorem
3.0l O]

where
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Chapter 4

Open questions and future work

In this thesis, we have introduced and studied the so-called perturbated /degenerate state-
dependent sweeping processes. In Chapter [I| we presented the main definitions, standing
assumptions, technical results that allowed us to obtain some estimates of the distance func-
tion to a moving set C (¢, ) and results of existence of solutions for differential inclusions
that we apply to the Moreau-Yosida regularization schemes.

In Chapter [2] by means of a suitable adaptation of the arguments provided in [41], we
proved an existence result of solutions for degenerate state-dependent sweeping processes
with nonregular moving sets that vary in a Lipschitz way with respect to the trun-
cated Hausdorff distance. We emphasize that the study we have developed on the degenerate
state-dependent sweeping processes corresponds to the first approach of this type of sweep-
ing process under such general assumptions because, until now, the literature that addresses
the problem of degenerate sweeping processes focuses on convex/prox-regular sets in Hilbert
spaces that vary in a Lipschitz or absolutely continuous way with respect to the Hausdorff
distance.

In Chapter [3, motivated by the interest of proving an existence result of solutions for
the perturbed degenerate state-dependent sweeping processes, we adapted appropriately the
demonstrative techniques used in the [68] to obtain the Theorem The relevance of the
previous result is due to the fact that it allows us to establish the Theorem [3.8)and Theorem
B.9 the first result guarantees the existence of solutions for the integro-differential degenerate
state-dependent sweeping processes, in which case, once we make a suitable change of variable
in , it can be seen as a perturbed degenerate state-dependent sweeping process for
the unbounded moving sets, while the second result, framed in the optimization point of view,
offers a significant improvement to |25, Theorem 2.2| due to the relaxation of the compactness
and the geometry of the set K.

Now, it is worth mentioning that this work leaves unanswered questions on the theory of
the sweeping processes, which may become material for future work on this topic.

One interesting question is to consider the (BV) case. We are interested in the possibility
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of extending the results of [56] to the degenerate state-dependent sweeping process in the
sense of differential measures. So, the study of the works of Jourani and Vilches [41], together
with the works of Recupero [60H62|, would configure a first approximation in the context of
differential measures.

Because both existence and uniqueness of solutions are quite relevant to the formulation
of any dynamical system, another natural problem corresponds to exploring under which
assumptions we can provide results about the uniqueness of solutions for perturbated /degen-
erate state-dependent sweeping processes. It is important to emphasize that Theorem [2.5]
presented in Section 2.1 and Theorem [3.5] presented in Section [3.1], are existence results.
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Annexed

Arzela - Ascoli theorem, 5

Ball
closed, 1
open, 1
unit, 1

Clarke
normal cone, 2
subdifferential, 2
tangent cone, 1

Degenerate
state-dependent sweeping processes,
23
sweeping process, 23
Degenerate perturbed second-order, 39
Dunford-Pettis theorem, 4

Function
absolutely continuous, 5
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distance, 1
support, 1

Limiting proximal subdifferential, 3

Measures of noncompactness
Hausdorft, 6
Kuratowski, 6

Perturbed degenerate state-dependent
sweeping processes, 31

Projection over a set, 1

Proximal subdifferential, 3

Sets
p-uniformly prox-regular, 11
ball compact, 1
positively a-far, 14
uniformly subsmooth, 14

Truncated Hausdorff distance, 8
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