Set-Valued and Variational Analysis (2020) 28:345-368
https://doi.org/10.1007/511228-019-00513-4

®

Lyapunov Stability of Differential Inclusions Check for
with Lipschitz Cusco Perturbations of Maximal updates
Monotone Operators

Samir Adly' - Abderrahim Hantoute? - Bao Tran Nguyen3

Received: 28 March 2018 / Accepted: 31 May 2019 / Published online: 10 June 2019
© Springer Nature B.V. 2019

Abstract

We give new criteria for weak and strong invariant closed sets for differential inclusions in
R”", and which are simultaneously governed by Lipschitz Cusco mapping and by maximal
monotone operators. Correspondingly, we provide different characterizations for the associ-
ated strong Lyapunov functions and pairs. The resulting conditions only depend on the data
of the system, while the invariant sets are assumed to be closed, and the Lyapunov pairs are
assumed to be only lower semi-continuous.
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1 Introduction

In this paper, we investigate (weak and strong) invariant closed sets S C R” with respect to
the following differential inclusion, given in R”,

xX() e F(x(t)) — A(x(1)), ae. t >0, x(0) = x¢p € cl(dom A), (1)
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where F : R” = R" is a Lipschitz Cusco multifunction; that is, a Lipschitz continuous set-
valued mapping with nonempty, convex and compact values, and A : R” = R” is a maximal
monotone operator. Hence, the values of the right-hand side may by empty or bounded.
There is no restriction on the initial condition xq that can be any point in the closure of the
domain of A, possibly not a point of the domain of definition of A. The sets S are required
to satisfy the following condition

Mg(x) Cc SNdomA, Vx € domA, 2)

where Ilg refers to the projection operator on S. This condition has been used in many
works; see, for instance, [10], where the author is concerned with flow invariance charac-
terizations for differential equations, with right-hand-sides given by nonlinear semigroup
generators in the sense of Crandall- Liggett (see [20]). It is clear that condition (2) holds
whenever § C dom A. When dealing with weak invariant closed sets, we shall require some
usual boundedness conditions on the invariant set, relying on the minimal norm section of
the maximal monotone operator A.

Equivalently, we also characterize (strong) Lyapunov functions and, more generally, a-
Lyapunov pairs associated to the differential inclusion above. Our criteria are given by
means only of the data of the system, represented by the multifunction F and the operator
A, together with first-order approximations of the invariant sets candidates, using Bouligand
tangent cones or, equivalently, Fréchet or proximal normal cones, and first-order (gen-
eral) derivatives of Lyapunov functions candidates, using directional derivatives, Fréchet or
proximal subdifferentials.

There is a long and rich history on the invariance and Lyapunov functions theory, which
deals with different variants of differential inclusion (1). We refer the reader to [16, 24] and
references therein for more details on this subject. In the current paper, our aim is to gather
in one framework two different kinds of dynamic systems that were studied separately in
the literature, at least in what concerns Lyapunov stability. The first kind of these dynamic
systems is governed exclusively by Cusco multifunctions, giving rise to a natural extension
of the classical differential equations, stated in the form

X(t) € F(x(t)), ae. t >0, x(0) = x9 € R". 3)

The consideration of differential inclusions rather than differential equations allows more
useful existence theorems, as revealed by Filippov’s theory for differential equations with
discontinuous right-hand-sides [26]. Stability of such systems; namely, the study of Lya-
punov functions and invariant sets, has been extensively studied and investigated especially
during the nineties by many authors; see, for example, [16, 17, 24], as well as [7, 8, 27] (see,
also, the references therein). For instance, complete characterizations for invariant closed
sets for (3) can be found in [16] in the finite-dimensional setting, and in [17] for Hilbert
spaces. It is worth recalling that only the upper semicontinuity of the Cusco mapping F is
required for the weak invariance, while Lipschitz continuity is used for the strong invariance
(see [17]). The results in [16] also have been adapted in [19] to the following more general
differential inclusion (for T € [0, +00] )

X(t) € F(t,x(t)) = Nc@y(x(1)), ae. t €[0,T], x(0) =x € C(0), “)

where C(¢) is a uniformly prox-regular sets in R” and N¢ () is the associated normal cone.
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The other kind of systems that is covered by (1) concerns differential inclusions governed
by maximal monotone operators or, more generally, by (single-valued) Lipschitz continuous
perturbations of maximal monotone operators, written as

xX() e f(x(t)) — Ax(t)), ae.t >0, x(0) = xp € cl(dom A). 5)

This system can be seen as perturbations of the ordinary differential equation x(¢t) =
f(x(2)), where A could represent some associated control action. In this single-valued and
Lipschitz continuous setting, weak and strong invariance coincide since differential inclu-
sion (1) possesses a unique solution. Compared to (3), the right-hand-side in (5) can be
unbounded, or even empty. A typical example of (5) occurs when A is the Fenchel subdif-
ferential of a proper, lower semicontinuous convex function (see [1]). System (5) has been
extensively studied; namely, regarding existence, regularity and properties of the solutions
[11], while Lyapunov stability of such systems has been initiated in [31]; see, also, [2, 4,
5] for recent contributions on the subject. Different criteria using the semi-group generated
by the operator A can also be found in [30], where Lyapunov functions are characterized as
viscosity-type solutions of Hamilton-Jacobi equations, and in [12], using implicit tangent
cones associated to the invariant sets candidates.

It is worth observing that (1) is a special case of the following more general differential
inclusion

X() e F(t,x(t)) — A(t)(x(2)), ae.t >0, x(0) = x¢ € cl(dom A(0)(-)), 6)

where A and F are also allowed to move in an appropriate way with respect to the time vari-
able, and satisfy some natural continuity and measurability conditions. Existence of solution
of (6) have been also studied in [6, 34] among others. In particular, [6] considers similar
systems as the one in (6), with A being independent of 7, and requiring strong assumptions
on the multifunction F. In [34] the authors assume that F is a single-valued mapping, Lips-
chitz continuous with respect to the second variable, while the minimal section mapping of
the maximal monotone operators A(¢) is assumed uniformly bounded.

In [23-25], the authors provide many characterizations for weak and strong invariant
sets, associated to the following differential inclusion

x(t) € F(t,x(t)), ae. t >0,

for a multivalued-mapping F with the so-called one-sided Lipschitz condition ([21]; see
also [22], and [33] for other extensions). The standard hypotheses in these papers require
that the mapping F has non-empty and compact values. In our case, as a sum of a Lipschitz
continuous mapping and a monotone operator, the right-hand side in (1) also defines a one-
sided Lipschitz mapping, but, due to the general nature of the maximal monotone operator
A, it may have empty and unbounded values.

Other interesting criteria for weak invariance results are obtained in [13] for (1) in the
setting of Banach spaces, and by assuming that F' is only upper semi-continuous. The crite-
ria used in the last work are given by means of the so-called A-quasi-tangents that involve
the semigroup generated by the operator A.

The main (strong-) invariance result of this work is given in Theorem 2, where we prove
that a closed set S is strong invariant for (1) if and only if

(v—A@)NTs(x) #9¥, Yve F(x), Vx e SNdomA,
if and only if

sup sup inf (§,v—x%) <0, Vx € SNdomA.
£eNg(x) veF(x) X*€A)
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Therefore, only the data of (1) are evoked for the characterization of strong invariant sets,
namely, the operator A and the mapping F, together with the geometric structure of the
set S, which is modeled by the normal and the tangent cones. In particular, when A =
0, the above characterizations reduce to the ones obtained in [16], and when F is single-
valued, we recover the results of [4] and [5] (at least in the finite-dimensional setting). The
characterization of weak invariant sets, which is given in Theorem 3, is also new.

The above invariance results are translated into characterizations of Lyapunov functions
and pairs in Theorem 4, where, among many characterizations, we prove that a given pair
of lower semi-continuous functions V, W, is a strong Lyapunov pair for (1) if and only if,
forall x e domV,

sup  sup inf (§,v—x*)+W(kx) <0 %
£€dpV(x) veF(x) X €AW)

and

sup sup inf (&,v—x*) <O0.
£€0p.ooV(x) vEF(x) ¥ €AX)

The last condition is superfluous when the operator A is locally bounded, as we show in
Corollary 1.

Consequently, for being small, compared to the Fréchet or the Mordukhovich subdif-
ferentials (or even the gradient for differentiable functions), the proximal subdifferential
provides the most sharp characterization for Lyapunov pairs. However, for differentiable
functions, and despite that the inclusion dpV(x) C {VV(x)} could be strict, it can be
deduced from Corollary 1 that property (7) alone suffices.

The consideration of nonsmooth Lyapunov functions would permit more flexibility in
the choice of Lyapunov functions, as the following example shows.

Example 1 In (1), we put A = 0 and let F be any multivalued mapping such that (1) admits
solutions. We are going to show that for any Lipschitz continuous function W : R” — R,
and any a > 0, there exists a function V such that (V, W) is a weak a-Lyapunov pair; that
is, for every x € R” there is a solution x(-; x) such that

t
eV (x(t: x)) +/ W(x(s; x))ds < V(x), YVt >0; (8)
0

consequently, the function V is a (weak) Lyapunov function.
For this aim, we define the value function V on R” as

+00
V(x)=: inf{/ e W(x(1)dt : x(t) € F(x(1)), x(0) = x} .
0

Observe that for F(x) = —2x,a = 1 and W(x) = | x||, the solution of (1) is given by
x(t; x) = e x, so that

+00
Vix) = / e drlx] = |1x]. ©)
0

and V is not differentiable at O in the case of the Euclidean norm (or at every point having
some zero components in the case of /; norm).
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Next, we assume that the infimum above is always attained. Given x € R"” and t > 0,
we choose a solution x (+; x) for V (x). Then, since x(- + ¢; x) is feasible for V (x(¢; x)),

V(x(t; x))

IA

+00 +oo
/ eESW(x(s +1;x))ds =e™ / e W(x(s; x))ds
0 t

IA

t
e "V (x) — 67”’/ e W(x(s; x))ds,
0
and (8) follows.

Example 2 (Nonholonomic integrator; see [15]) The following system, given in R? as
£(1) i= (1 (1), 22(0), X2(0)) € F(x(0)) 1= {(u, v, x1 (1)v — xa (D) - u” +0* < 1},

does not admit a smooth Lyapunov function.

The paper is organized as follows: After Section 2, reserved to give the necessary notation
and present the main tools, we make in Section 3 a review of the existence theorems of
differential inclusion (1), and establish some first properties of the solutions. In Section 4
we characterize weak and strong invariant closed sets with respect to (1), while in Section 5,
criteria for strong Lyapunov pairs are provided.

2 Notation and Main Tools

In this paper, the notations (-, -) and ||-|| are the inner product and the norm in R", respec-
tively. For each x € R" and p > 0, B(x, p) is the closed ball with center x and radius p; in
particular, we denote B, := B(6, r) where 0 is the origin vector in R". Given a nonempty
set S C R", we denote by cl(S), int(S), co S, conv S and cl(conv)S the closure, the inte-
rior, the convex hull and the closed convex hull of S, respectively. We denote by || S| the
nonnegative real number define by

[S1 == supfllv]l : v € S}
The projection mapping onto S is defined as

Ms(x) :={s € S: lx —sll =ds(x)},
where dg(x) := inf{||x — s|| : s € S} is the distance function to S. If S is a closed set, then
[s(x) # O for every x € R". We denote by S° := I1g(6) the minimal norm vector in S.
The indicator function of S is defined as
0 ifxeS
Is(x) = { +o0 if x ¢ S,

and the support function of S is defined as
os(x) :=sup{(x,s) : s € S},

with the convention that oy = —o0. Given a function ¢ : R” — R U {400}, its domain and
epigraph are defined by

dom g := {x eR": p(x) < +oo};
epig = [(x,a) eR™: px) < a].

We say ¢ is proper if dom ¢ # @J; lower semicontinuous (Isc for short) if epi ¢ is closed. We
denote by F(R") the set all proper and Isc functions.
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Next, we introduce some basic concepts of nonsmooth and variational analysis. Let ¢ €
F(@R") and x € domg. We call § € R" a proximal subgradient of ¢ at x, written & €

dpp(x), if

liming £Q) =90 — (& vy —x)
im inf 5 > —
YK, yF#X ly —xll
A vector £ € R” is said to be a Fréchet subgradient of ¢ at x, written £ € dpp(x) if
limi P(y) —e(x) — (£, y —x)
iminf
Y= X, y#x ly —xIl

> 0.

The Mordukhovich (or limiting) subdifferential of ¢ at x is defined as
Do) = { lim & © & € Dpg ), x> ¥, 0(x) > 9]
and the singular subdifferential of ¢ at x as

Do () = | im cny : & € 3p@(ra), 10 = x, () > (), | O}
The Clarke (or generalized) subdifferential of ¢ at x is

dce(x) := cl{co{dLp(x) + doop(x)}}.

In the case x ¢ dom ¢, by convention we set dpp(x) = drp(x) = dre(x) = #. We have
the classical inclusions dpp(x) C dr@(x) C dre(x). If ¢ is locally Lipschitz continuous
around x, then do(x) = {6} and

dcp(x) = convarp(x).
The generalized directional derivative of ¢ at x in the direction v is defined by
l‘ —
(po(x; V) = limsup—(p(y +1v) <p(y).
y—>x,140 t

We have that

e’(;v)= sup (£,v), Vv e R
E€dcp(x)

We also remind the lower Dini (or contingent) directional derivative of ¢ at x € dom¢ in
the direction v € R", which is given by

t —
(p’(x;v) :— liminf w

t—0T, w—v t
From the definition of the proximal and the Fréchet subdifferentials, it is easy to prove that
Gope0) () < Oopp) () < ¢@'(x;+), Vx € dome. (10)
The proximal, the Fréchet, and the Mordukhovich normal cones are defined, respectively, by
NE (x) 1= 9pIs(x), NE(x) := 9pls(x), Nk(x) :=a,Is5(x). (11)

We also define the prox-singular subdifferential 0p oo (x) of ¢ at x as those elements & €
R” such that

(£,0) € N, (x, 9(x)).

The Bouligand tangent (or contingent) cone to S at x is defined as

Tg(x):z {veH: dx, e S, I — 0, st tk_l(xk—x)—>vask—>+oo}.
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Next we recall some basic concepts and properties of maximal monotone operators. For a
multivalued operator A : R" = R”, the domain and the graph are given, respectively, by

domA :={x e R": A(x) # @}, graph A :={(x,y): y € A(x)};
to simplify, we may identify A to its graph. The operator A is said to be monotone if
(y1 — y2,x1 —x2) > 0 forall (x;,y;) € graphA,i =1,2.

If, in addition, A is not properly included in any other monotone operator, then A is said to
be maximal monotone. In this case, for any x € dom A, A(x) is closed and convex; hence,
(A(x))° is singleton. By the maximal property, if a sequence (x,, y,), C A is such that
(X, yn) = (x,y) asn — 400, then (x, y) € A.

Take f € LY(0, T; R") for T > 0. The differential inclusion given in R" as

x(t) e f(t) — A(x(t)), ae. t €[0,T], x(0) = xg € cl(dom A),
always has a unique solution x(-) := x(-; xo) (see [11]), that satisfies for a.e. t € [0, T]

dTx(t) Cox(@) —=x@)
= lim
dt it t—t

= f(") = Ma@ay (f (¢ +0)),

here f(t%) ;= lim L [ :
where f(tT) h—>%)r,1/}¢0h [T fodr

Finally, we recall Gronwall’s Lemma

Lemma 1 (Gronwall’s Lemma [2]) Let T > 0 and a,b € L'(ty, to + T: R) such that
b(t) > 0a.e t € [tyg,to + T) If, for some O < a < 1, an absolutely continuous function
w : [to, to + T1 — Ry satisfies

(1 —o)w'(t) < a(®w(t) +b(Ow*(t), ae. t <ty tg+T1,
then

a(t)dt

" t
w!=(1) < w' = (p)elo +/ eI AT (Vs Vi € [t 1o + T,
0]

3 Solutions of the System

In this section, we investigate and review some properties of the solutions of differential
inclusion (1), that is given by

X(t) e F(x(t)) — A(x(1)), ae.t >0, x(0) = xo € cl(dom A),
where A : H == H is a maximal monotone operator and F' is an L-Lipschitz Cusco
mapping.
Definition 1 A continuous function x : [0, o0) — R” is said to be a solution of (1) if it is

absolutely continuous on every compact subset of (0, +00) and satisfies

x() e F(x(t)) — A(x (1)), ae.t > 0, x(0) = x¢ € cl(dom A).
The following characterization will be useful in the sequel.

Proposition 1 A continuous function x : [0,00) — R" is a solution of (1) iff x(-)
is absolutely continuous on every compact subset of (0, 400), and for every T > 0
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there exists a function f € L%°(0,T;R") with f(t) € F(x()) ae. t € [0,T], such
that

x() e f(t) —Ax(@)), ae t [0, T], x(0) =xp € cl(domA). (12)

Proof The sufficient condition is clear and, so, we only need to justify the necessary part.
Suppose that x(-) is any solution of (1) and fix T > 0. Since F is Lipschitz and x(-) is
continuous, there exists m > 0 such that F'(x(¢)) C B,, for all ¢+ € [0, T']. We define the
set-valued mapping G : [0, T] = R" as

G(1) 1= [£(0) + AEW)IN F&0) = [[¥0) + AEO)] N By | 0 Fr(e).
We are going to check that G is measurable. Since operator A is maximal monotone, the
mappings
x— A,(x):=AKx)NB,, n>1,
are upper semi-continuous, and so are the mappings
1> Ap(x(0) == A(x()) "By, n =1,

due to the continuity of the solution x(-). Then, due to the relation A(x(z)) =
UnenAy (x(t)), we deduce that the multifunction ¢+ —> A(x(¢z)) is measurable. Since
X() = limy— 4 oo n(x( + %) —x(t)) forae.t € [0, T], x(-) is measurable, and we deduce
that the multifunction t — [x(¢) + A(x(z))] N B,, is measurable. Similarly, the multi-
function # — F(x(¢)) is measurable. Consequently, according to [14, Proposition I11.4],
the mapping G is measurable, and we conclude from [14, Theorem II1.6] that G admits a
measurable selection; i.e., a measurable function f : [0, T] — R” such that

f@eG@t)=[x@)+Ax@)INB,NFx(t) C F(x()), ae. t [0, T].

Hence, x(t) € f(t) — A(x(¢)) and || f ()| < |F(x(®))|| < m,sothat f € L0, T; R").
O

The next theorem shows that differential inclusion (1) has at least one solution whenever
xo € cl(dom A). We use the following lemma, which is a particular case of [7, Theorem A].

Lemma 2 Let G : R" == R" be a Lipschitz multifunction with nonempty, convex and com-
pact values, and let x € R", v € G(x). Then there exists a Lipschitz continuous selection f
of G such that f(x) = v.

Theorem 1 Differential inclusion (1) has at least one solution.

Proof Fix xog € cl(dom A) and, according to Lemma 2 , let f be a Lipschitz continuous
selection of F. Then the differential inclusion

x(@) e f(x(t)) — A(x(2)), ae. t >0, x(0) = xp,

admits a unique solution x(-), which is absolutely continuous on every compact subset of
(0, +00) (see e.g. [9, 11]). It follows that x(-) is also a solution of differential inclusion
(). O
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We also give some further properties of the solutions of differential inclusion (1), which
will be used in the sequel. Given a set § C H and x € dom A we denote

(S — A@))° = Js = A@))° = {s = Ma)(s) : s € S}
seS
Proposition 2 Fix xo € cl(dom A) and let x(-) := x(-; xo) be any solution of (1). Then the
following assertions hold:
(i) x(t) edomA, foreveryt > 0, and fora.e.t > 0

dtx(®) . x@+h) —x@)

= lim

dt 10 h

€ (F(x(1) — A(x(1)))°.
Conversely, if xo € dom A, then for any v € [F(xg) — A(x()]° there exists a
solution y(-) of (1) such that
d*y(0)
=v
dt

(ii)  There exists a real number ¢ > 0 such that for any xo € dom A and any solutions
x(:) == x(-; x0) and y(-) := y(-; x0) of (1), one has forallt > 0

lx() = xoll < 3UIF (xo)ll + [ A°(xo) |)re,
lx(t) — YOIl < 4(IF (xo)ll + || A°(x0) | )2e.
Consequently, for every T > 0 there exists p > 0 such that
x(r) € B(xo, p), V1 € [0, T].

y(0) = xo,

Proof (i) According to Proposition 1, for each T > 0 there exists some f € L*°(0, T; R")
with f(¢) € F(x(t)) a.e. t € [0, T], such that x(-) is the unique solution of (12); hence, by
[11] we deduce that x (-) satisfies x(¢) € dom A forallt € (0, T), and

dTx(t)
dt

where f(tT) 1= lim,_ h_lfélf(t + 7)dt. Moreover, given ¢ > 0 there exists some 7 > 0
such that for a.e. T € (0, &) we have

f@+1) e Fx(@+1) CFx)+Llxt+1)—x@0IB C F(x(@)) +eLB,

and so hlier%thf(t + 1)dt € F(x(t)) + LB (this last set is convex and closed). Hence,
—0

= (fth) — Ax@®))°, ae. t€(0,7), (13)

as & goes to 0 we get f(tT) € F(x(t)), and (i) follows from (13).

Conversely, we assume that xp € dom A and take v € [F(xp) — A(xp)]°. We choose
w € F(xp) such that v = w — IT4(xy)(w). According to Lemma 2, there exists a Lipschitz
continuous selection f of F such that f(x9) = w. Then the unique solution y(-) of the
following differential inclusion

y(0) € fy(®) —A(y(@), y(0) = xo,

satisfies
d*y(0)
FTa f(x0) — MA@y (f (x0)) = w — Ay (W),
and the proof of (i) is complete.
(ii) Let x(-) be a solution of differential inclusion (1) , with x(0) = xg, and fix T > 0. Then
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by Proposition 1 there exist functions k, g € L'(0, T; R") such that k(r) € F(x(1)), g(t) €
A(x(t)), and

%(1) = k(t) — g(t), ae.t€[0,T].

We also choose by Lemma 2 a Lipschitz continuous mapping f : R” — R”", with Lipschitz
constant ¢ (¢ > L), and consider the unique solution z(-) of the differential inclusion

z(t) € f(z(®)) — A(z(1)), ae. t >0, z(0) = xo.

dtz@) ct
dt =e

So, for any ¢ > 0 one has H % H and

dtz(0
‘ b )HZH(f(XO)—A(XO))OH§||F(x0)||+HA°(XO) ,
so that
. dTz(0) . e’ — 1 ||dtz(0)
126) — xol s/oe < Hdr_ — = H
el — 1 o
< S UFEl + |40 (14)
< 1 (IF o)l + [ A°Gxo) - (1)

By the Lipschitz continuity of F we choose a function w(-) : [0, T] — R such that
w(t) € F(z(1), k@) —w®| < Llx@) —z®l, Vi €[0,T]. (16)
Then we obtain

(x(1) = 2(0), x() — z(2))
= (k@) = g(®) = f@®)) + Macy (f @0))), x(1) — 2(1))
= (k(1) = f@®)), x(1) = 2(1)) + (—=&(0) + Ay (f (1)), x(1) — z(1))

<0, by the monotonicity of A

< (k) —w(®), x(1) = 2(0) + (W) = f (1)), x(1) = 2(1))

< Lilx(@®) =z + 2 [F @) x() — 2] (by (16))

< Llx(®) =z +2(1 F o)l + L l1z(0) = xoll ) [x(1) = z(0)]

< LIx®) =z +2( IFGoll + (€ = DAF Gl + [ 4° o)) 1) = 2]
< Llx(0) =z +201F o) | + [ A° o) e Ilx(@) = 2]l

Consequential, from the Gronwall Lemma we get, for every t > 0,
lx() — 2]l < 201 F (xo) | + || A°(x0) | )2,
which together with (15) give us
Ix (@) = xoll < 3(IF (xo)ll + | A°(x0) | )re,
and, for every other solution y = y(-; xo),
lx(@) =y < Ilx(0) = 2@l + 1y (1) — 2| < 4(IF o)l + | A°(xo) | )re";

that is the conclusion of (i7) follows. O
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4 Strong and Weak Invariant Sets

In this section, we give explicit characterizations for a closed set S C R” to be strong or
weak invariant for differential inclusion (1),
x() e F(x(t) — A(x(t)), ae. t >0, x(0) = xp € cl(dom A),

where A : H = H is a maximal monotone operator and F' is an L-Lipschitz Cusco map-
ping. Invariance criteria are written exclusively by means of the data; that is, multifunction
F and operator A, and involve the geometry of the set S, using the associated proximal and
Fréchet normal cones.

Definition 2 Let S be a closed subset of R”.

(i) S issaid to be strong invariant if for any xg € S Ncl(dom A) and any solution x (-; xp)
of (1), we have
x(t;x0) €S, YVt >0.
(i) S is said to be weak invariant if for any xg € S N cl(dom A), there exists at least one
solution x (-; xp) of (1) such that

x(t;x0) €S, YVt >0.

Since any solution of differential inclusion (1) lives in cl(dom A) (Proposition 2), we
may assume without loss of generality that S is a closed subset of cl(dom A). We shall need
the following two lemmas.

Lemma 3 (e.g. [4, Lemma A.1]) Let S C R" be closed. Then for every x € R" \ S we have

x —Ig(x) x — Is(x)
ards()(x) € T(x)}and dcds(-)(x) € conv T(x)}

Lemma 4 Let ¢ : R" — R be an | -Lipschitz continuous function. Then for every x € R"
we have

9(x +v) < o) + ¢ (x; v) +o(llvl]), v e R".

Proof We proceed by contradiction and suppose that for some o > 0 and sequence (v,), C
R™ \ {#} converging to 6 it holds

@(x +vy) — @(x) > @ (x: vp) + o [l |l foralln > 1. a7

Without loss of generality, we can assume that ﬁ — v # 0. Then

x +v) — o) = o(x + vy — llvall v+ llvall v) — @(x + vy — llvallv)
+o(x + vy — [lunll v) — @(x)

@(x 4+ va = lvallv + llvall v) — @(x + vy — [[vallv)
+ [ (v = llon V)]l

Hence, from inequality (17) one gets

IA

@(x +vn) — o(x + v, — vl v)

+1
llvnl

U, v
vl lvn |l

which as n — oo leads us to the contradiction goo(x; v) > (po x;v)+a > <p0(x; v). O
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Before we state the main strong invariance theorem we give the following result:

Proposition 3 Let S C cl(dom A) satisfy condition (2), and take xo € S. If there is some
p > 0 such that for any x € B(xg, p) N SNdomA,

sup  sup inf (§,v—x%) <0, (18)
£eNE (x) veF (x) X"€AW)

then given any solution x(-; xo) of (1), there exists T > 0 such that x(t; xo) € S for every
tel0,T]

Proof Let x(-) := x(-; xo) be any solution of differential inclusion (1), so that for some
T1 > 0 we have

x(f) € B (xo, g) NdomA, ae. t€[0,Ti], (19)

where p > 0 is as in the current assumption, and so (by condition (2))
2
[Mg(x(t)) CB (xo, §p> NSNdomA C B(xg, p))NSNdomA forae.t € (0, T1]. (20)

We denote the function n : [0, T1] — R as
n(t) = ds(x(1)).

Fix & > 0. Since the function d§(~) is Lipschitz continuous on each bounded set and x (-) is
absolutely continuous on [g, 7], function 7 is also absolutely continuous on [&, T1]; hence,
differentiable on a set 7o C [e, T1] of full measure (we may also suppose that (20) holds for
all + € Tp). We pick ¢ € Tj so that, according to Lemma 4, for all s > 0

d2(x (1) + % (0)s + o(s))
d2(x(t) + 1 (t)s) + o(s)
2
(dsx () + sd§@®: ) + 0(5)) "+ 0(s)
d3(x (1)) + 2ds (x(1))d3 (x (1); %(1)s) + o(s), (21)

da(x(t +5))

IN A

IA

While by Lemma 3 we have

ds(x(1)dg(x(1); £(1)) = ds(x(1)) max (&, %(1)) (22)

§eicd(x(1))

max (x(t) —u, x(1)).
u€ells(x())

IA

Let us write x(¢) as x(t) = v — w for some v € F(x(t)) and w € A(x(¢)), and fix
u € Igx()) (C B(xp, p) NS NdomA by (20)). By the Lipschitz continuity of F we
choose some v' € F(u) such that

Jo =] < Llx@) —ull = Lds(x(0)).

Since x(t) —u € Ng (u), by the current hypothesis of the theorem there exist w’ € A(u)
such that

(x(®) —u, v —w') <0,
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which in turn yields, due to the monotonicity of A,

(x(@®) —u,x(t)) = (x(@) —u,v—w)

= x@) —u,v—v)+ x@) —u, v —w)
+x(@) —u,w —w)
Lx(®) = ul® = Ldg(x(1)).

IA

Thus, continuing with (21) and (22) we arrive at
n(t +s) < n() +2Ln()s + o(lIs|)),

which implies that 7(t) < 2Ln(t). Hence, by the Gronwall Lemma, we obtain that n () <
n(e)euo_s) for all t € Ty, or, equivalently, n(t) < n(s)eZL(’_s) forall ¢ € [e, T1]. Then, as
¢ goes to 0 we conclude that n(¢) = 0 for all € [0, T1], which proves that x(¢) € S for all
t € [0, T1]. O

We give the required characterization of strong invariant closed sets with respect to
differential inclusion (1).

Theorem 2 Let S be a closed subset of cl(dom A) satisfying relation (2). Then the following
statements are equivalent, provided that Ng = Ng or Ng and Tg = TE, or Tg = conv Tg.

(i) S is strong invariant for differential inclusion (1).
(ii) Forevery x € SN dom A, one has

v— g () € Ts(x), Yv e F(x). (23)

(iii) For every x € S N dom A, one has
[v—Ax)]NTs(x) #0, Yv e F(x). 24)

(iv) Forevery x € SNdom A, one has

sup  sup (£, v — Tam @) <0. (25)
£eNg(x) veF(x)

(v) Foreveryx € SNdom A, one has

sup  sup inf (£,v—x*) <0. 6)
£eNg(x) veF(x) X"€AWX)

(vi) Forevery x € SN dom A, one has

sup  sup (&, v—x%) <0. 27

inf
£eNs(x) veF(x) ¥ €AMINB)p 4|00

Proof The implication (ii) = (iii) and (vi) = (v) are trivial, while the implications
(ii) = (iv) and (iii) = (v) come from the relation Tg(x) C (Ng(x))* for all x € S. The
implications (v) (with Ng = Nf ) = (i) is a direct consequence of Proposition 3.

(i) = (ii). To prove this implication we suppose that S is strong invariant and take
x0 € SNdom A and v € F(xp). According to Lemma 2, there exists a Lipschitz continuous
selection f of F such that f(xo) = v, and so there is a unique solution x(-) of the following
differential inclusion,

xX() e f(x(t)) — A(x(2)), ae. t >0, x(0) = xo.

@ Springer



358 S.Adly etal.

It follows that x(-) is also a solution of differential inclusion (1), so that x(z) € S for any
t > 0. Then we get

d*+x(0
v — T Ae) (v) = (f (x0) — A(x0))° = ;t( )
= 1{1&1"(”[7_)“’ e T (x0) C Ts(x0).

(iv) = (vi). This implication holds since for any x € dom A and v € F(x) we have that

[TTac )| ’ Ma)(v) — A°() | + [A° @)
MA@ (V) — a0 ] + A° )]
< vl + 1A < IFGI+ 1Al -

The proof of the theorem is complete. O

Il 1A

The following proposition, which provides the counterpart of Proposition 3 for the weak
invariance, is essentially given in [24, Theorem 1]. The specification of the interval on which
the solution remains in S also comes from the proof given in that paper.

Proposition 4 Let S C dom A be closed and take xo € S such that, for some r,m > 0,

JA° ()| <m, Vx € SNB(xg, ). (28)
Assume that for all x € S N B(xg, r),
sup inf inf (E,v—x%) <0. (29)

£eNg(x) vEF(x) x*€A(X)NBy4|Fx)|
Then there exists a solution x(-; xo) of (1) such that x(t; xg) € S for everyt € [0, T] with

—1
T=g(m+ sup ||F(x)||) .
xeB(xg,r)NS

Consequently, we obtain the desired characterization of weak invariant sets with respect
to differential inclusion (1). Recall that A° is said to be locally bounded on S if for every
x € S we have

m(x) := limsup |A°(y)| < +oo. (30)
y—>x,yeS

Theorem 3 Let S C dom A be a closed set such that A° is locally bounded on S. Then the
following statements are equivalent provided that Ts and Ng are the same as the ones in
Theorem 2 :

(i) S is weak invariant for differential inclusion (1).
(ii) Forevery x € S, one has

Uver [ = A() N Bugo4ireor] N Ts(x) # 0. (31)
(iii) Forevery x € S, one has
sup inf inf (E,v—x%) <0. (32)

geNg(x) VEF(xX) x*€AX)NBm (x)+F ()l

Proof (i) = (ii). Given an xo € S we choose a solution x(-) := x(-; xo) of (1) that belongs
to S. Fix ¢ > 0. By (30) and the current assumption we also choose p > 0 such that

[A°(x)| < m(xp) +¢& forall x € B(xg, p) N S.
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Then for any x € B(xg, p) N S and any v € F(x) we get
[Maw @] < [Maw @) = A0 + [ A°@) | < IF @) 4+ m(xo) +&.
Let T > 0 be such that x(t) € B(xg, p) N S forall t € [0, T], so that for all v € F(x(t))
and ¢t € [0, T'] we have
My @] < IFG@) + m(xo) + &
hence, by Proposition 2(i),

x(t) € F(x(@®) — Ax () NByru@)l+mg)+e a-e. t €[0,T], 33)

and x(-) is Lipschitz continuous on [0, T] (observing that Byru))+mug)+e C
By F(xo)ll+Lo+m(xo)+¢)- Take an element w € Limsuplwt_l(x(t) — xg) (this Painleve-
Kuratowski upper limit is nonempty, due to the Lipschitz continuity of x(-)). Then, since
the mappings x — A(x) N B F(x)|+mg)+¢ and x — F(x) are upper semicontinuous, by
using (33) we get

1 t
w € Limsuptw;/ x(r)dr
0

C Limsup, 4 | co U F(x(1)) — A(x(1)) N B Fx(0))+m(xo)+e
€[0,1]

C F(x0) — A(x0) N By F(xg) | +mxo)+e- (34)

and we conclude that, as & goes to O (observe that v is independent of €),

w € F(xg) — A(x0) N By Fxg)|+m(xg)-

Thus, (ii) follows, due to the obvious fact that Limsuptwt’1 (x(t) — x9) C Ts(xg).
(iii) = (i). Fix xo € S. By (30) we choose r,m > 0 such that m(x) < m for every
x € SN B(xop, r). It suffices to prove that the following quantity is equal to +o0,

T := sup{7T : 3 x(-; xo) a solution of (1) such that x(¢; xo) € S, Vt € [0, T]}.
According to Proposition 4, there exist some 77 > 0 and a soluiion x1(+; xg) of differential
inclusion ( 1) such that x;(¢; xg) € S forall ¢ € [& Ti]; hence, T > T} > 0.

We proceed by contradiction and assume that 7 < +o00. By Proposition 2, we let r; > 0
be such that for every solution x (-; xo) of (1) we have

x(t; x0) € B(xg, r1), Vt €[0,T].

We set

)

k= sup 1F o)l + sup HA°(x)
x€B(xp,r1+1) x€B(xg,r1+1)NS

so that k < 400, due to (30) and the compactness of the set B(xg, r1+1)NS. By definition of
T, for0 < & < min {ﬁ,
allt € [0,T — ¢]. We put yo = x(T — & x0) € B(xo,r1) NS, so that B(yo, 1) C
B(xo, r1 + 1) and the following relations follows easily

T] we choose a solution x; (+; xg) of (1) such that x, (¢; xg) € S for

AWl < sup IA°@)|l =: m1, ¥y e SNB(y, 1),
ueB(xg,r1+1HNS

sup  inf inf (€,v—x*) <0forall y € SN B(y, 1).
£eNg(y) VEF(Y) x*€A()NBy 1| F(y)|
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Then, according to Proposition 4, there exists a solution x»(-; yo) of (1) such that x;(¢; yo) €
Sforallt e [O, ﬁ] Consequently, the function z(+; xo) defined as

xg (15 x0) ifse[0, T —e¢],

t; x0) 1= = T
Z( ,.X()) {X2(t_T+5; yo) ifSE[T_Sy +OO[,

is a solution of (1) and satisfies z(¢; xg) € S for all r € [0, T] with 7T :=T + ﬁ —e>T,
which contradicts the definition of 7. Hence 7 = o0, and S is weak invariant. O

We close this section by an example to illustrating the use of the previous invariance
results, namely Theorem 4, in getting the existence of solutions for a system governed by
the sum of a Cusco mapping and the normal cone to a prox-regular set. This new idea is
exploited with further details in [3].

Example 3 We consider the following differential inclusion, given in R”",
x(t) € F(x(t)) — Nc(x(t)), ae.t > 0,x(0) = x¢ € C, 35)

where F is as before; i.e., an L-Lipschitz Cusco mapping, C is a closed r-uniformly prox-
regular set of R”; that is, due to the finite-dimensional setting, the projection mapping onto
C is single-valued in the region of points that are of at most distance r from C, and N¢ (x),
x € C, is the proximal normal cone to C at x (see (11)); that is,

Ne(x):=NE(x) ={ €eR":30 > 0s.t. (§,y —x) <oly—x|?* ¥yeC}

(we removed the superscript P from N7, because N, g = Ng = N, é in the current case.).
We refer to [32] for a detailed analysis of these concepts. When the set C also depends on
the time, the system above always admits a solution (see, for instance, [28]), and is referred
to as a sweeping process (see [29]).

Most of the works on sweeping processes use approximate schemes based on the
Moreau-Yoshida regularization of the indicator function of the set C ([28]), or discrete
schemes as in [18, 29]. Here, we are going to prove this existence result using Theorem 4.

Towards this aim, we suppose for the sake of simplifying the presentation that C is
bounded; hence, for being L-Lipschitz and Cusco, the mapping F is uniformly bounded on
the set C.

In the first step, we recall an easy fact that comes from the prox-regularity of the set C
(see [3, Lemma 4.1]):

Step 1:  for each m > 0 large enough, there exists a maximal monotone operator Ac such
that C C domA¢ C cl(conv C); hence, C and A satisfy condition (2), and

Ne(x) N By + —x € Ac(x) € Ne(x) + —x, Vx € C. (36)
r r
Step 2:  we consider the following differential inclusion, given in R”,
x(t) e F(x(1)) + ﬂx(t) — Ac(x(t)), ae.t >0,x(0) = xp € C. 37
r

Then, due to Theorem 1, differential inclusion (37) has at least one solution.

Step 3:  we use Theorem 2(v) to prove that the set C is invariant for (37). Indeed, we
choose m large enough such that || F'(yo) ||+ L||y — yoll < m forall y, yo € C (C is
assumed to be bounded). Next, we take x € C, & € N¢(x), v € F(x), and, using
the L-Lipschitzianity of the Cusco mapping F, pick an element vo € F(xp) such
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that |Jv — vl < L|lx — xo||. Hence, the projection point z := Iy ) (v) C Nc(x)
satisfies

Izl < llvll < llvoll + lv = voll = [F(xo) [l + Llx — xoll < m.

So, by (36), there exists some x* € Ac(x) such that z + 'x = x*. Moreover,
since v — z is in the negative dual cone of N¢ (x), we obtain that

<57v+%x—x*>=(§,v—z)50.

Consequently, according to Theorem 2(v), the set C is invariant for (37).

Step 4:  we conclude that differential inclusion (35) has a solution. Absolutely, this follows
by combining Steps 1, 2 and 3 as follows. By Step 2, there exists a solution x (-) :=
x(+; xp) of (37). Since C is invariant for (37), thanks to Step 3, we have that x(¢) €
C for all t > 0, and so, using (36), fora.et > 0

x(t) € F(x(1) + %X(t) —Ac(x(@)) C F(x(1)) = Nc(x(1):

that is, x(-) is a solution of (35).

5 Strong a-Lyapunov Pairs
In this section, we use the invariance results of the previous section to characterize strong
a-Lyapunov pairs with respect to differential inclusion (1),
x(t) e F(x() — A(x(t)), ae.t >0, x(0) = xp € cl(dom A),
where A : H = H is a maximal monotone operator and F is an L-Lipschitz Cusco

mapping.

Definition3 Let V, W : R” — R U {+ 00} be Isc functions such that W > 0 and leta > 0.
We say that (V, W) is a strong a-Lyapunov pair for (1) if for any xg € cl(dom A) we have

t
eV (x(1; x0)) +/ W (x(z; x0))dt < V(x0), V& >0, (38)
0
for every solution x (-; xg) of (1).

The following lemma shows that the non-regularity of the functions V, W candidates to
form a-Lyapunov pairs is mainly carried by the function V. For k > 1 we denote

Wi (x) = Zierﬁ{n{W(z) +kllx —zll}. (39)

Lemma 5 Given a function W : R" — R4 U {400}, Wi defined in (39) is k-Lipschitz
continuous, and we have Wi (x) / W(x) for all x € R". Moreover, if x(-; xo) is a solution
of differential inclusion (1), then W satisfies inequality (38) iff Wy does for all k > 1.

Proof The first statement of the lemma is known (see, e.g., [16]), and the second statement
of the lemma follows easily from Fatou’s lemma. O

Lemma 6 Consider the operator A : R" x R3 — R"*3 and the function V : R" xR, —
R U {400} defined as

Ax,a, B.y) = (A(x), O3), V(x,a,B) =ePV(x)+a, (40)
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together with the mappings Fy : R"3 — R"3_ k > 1, given by (recall (39))
Fi(x, o, B, y) == (F(x), W(x), 1,0).
Then A is maximal monotone with domA = dom A x R3, I:"k is Lipschitz continuous

1
with constant (L2 + k2) 2, and consequently, the following differential inclusion possesses
solutions,

{ :(t) € Fr(z(t) — Az(1)), ae t>0, @)

2(0) = Zo = (x0, Y0, 20, wo) € cl(dom A) x R3,

and every solutions is written as
t
z(t; Zo) = (x(t;xo),yo+/ Wi (x(t; x0))dT, 2o + 1, wo),
0
for a solution x(-; xo) of (1).

We need the following result which provides us with a local criterion for strong
a-Lyapunov pairs.

Proposition5 Let V, W : R" — R U {+o00} be two proper Isc functions such that dom V C
dom A, W > O and let a > 0. Fix xyo € dom V and assume that for some p > 0 we have,
for all x € B(xp, p),

sup sup inf (E,v—x")+aV(x)+ W) <0, 42)
£€dpV(x) veF(x) X €AX)
sup sup inf (&,v—x*) <O0. 43)

£€dp.ooV(x) vEF(x) X €AX)
Then there exists some T > 0 such that for every solution x (-; xo) of differential inclusion
(1) one has

t
eV (x(t; x0)) +/ W(x(z; x0))dt < V(xg), Vt € [0, T].
0

Proof First, by Proposition 2(ii) we let ¢ > 0 be such that for any solutions x(-) := x(-; xo)
of (1) it holds

lx(#) — xoll < 3(IFxo)ll + | A°(xo)|)te" forall > 0,
and choose T > 0 such that
3UIF (x| + [A°(xo)|pTeT < p. (44)

As in Lemma 6, we define the proper and Isc function VR x Ry — RU {400} as
V(x, o, B) = ePV(x)+a, so that epiV is closed and satisfies

ein CdomV xR} cdomA x R} = domA,
where A is also defined as in Lemma 6; hence, condition (2) is obviously satisfied for

epi V.

Claim We claim that for any given Z := (x1, yi, 21, w]) € ein with [lx; — xgll < p, there
exists small enough ¢ > 0 such that for eflCh (x,v,z,w) € B(z,e) NepiV, (§,—«) €
N;i‘?(x, v, z, w), and (v, Wi (x), 1,0) € Fi(x, y, z, w) there exists x* € A(x) such that

(¢, —K), (v —x*, W(x), 1,0)) <0. (45)
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Indeed, with 7 as in the claim let us choose & > 0 such that
(x,v,z,w) € B(Z, &) Nepi V = x € B(xo, p).

Let (x, y,z, w), (§, —k), and (v, Wi(x), 1, 0) be as in the claim, so that x € B(xg, p) N
domV and v € F(x), as well as x > 0 (see [16, Exercise 2.1]). We may distinguish two
cases:

(i) Ifx >0, thenw = Vix, ¥, z) and, without loss of generality, we may suppose that
k = 1. Hence, &€ = (e%°&,1,ae®*V(x)) € apV(x,y,z) for some & € dpV(x).
Consequently, by the current hypothesis there exists x* € A(x) such that

(. v—x")+aVx)+ Wi(x) < (€, v—x") +aV(x)+ W(x) <0,
In other words, we have (v — x*, W (x), 1,0) € Fr(x, y,z, w) — A(x, y, 2z, w) and
((és _])a (U - X*v Wk(x)v 1s 0)) = ((eaZ$7 ]7 aedzv(x)’ _1)5 (U - x*, Wk(-x)v 15 0)>

€&, v — X)) + Wi (x) + ae®V (x)

= e, v —x") +aV(x) + Wi(x))
+(1 = "YW (x) <0,

and (45) follows. ~ _ ~
(ii)) Ifx = 0,then & € 9p oV (x,y, 2) and, so, (§, —k) = (&, ORs) for some & €
9P,V (x). Then, by arguing as in the paragraph above, the current hypothesis yields
some x* e A(x) such that (§,v — x*) < 0. Hence, (v — x*, Wr(x),1,0) €
Fi(x,y,z,w) — A(x, y, 2, w) and
((€,0), (v —x*, Wi(x),1,0)) = (£, v —x¥) < 0; (46)
that is, (45) follows in this case too. The claim is proved.

Now, we take a solution x(-; xo) of (1), so that
z(+5 20) := (x(5 xo),/ Wi (x(z; x0))dT, -, V (x0)),
0
with zg := (xp, 0, 0, V(x0)), becomes a solution of (41). Then, from the claim (with Z :=
z0) above and Proposition 3, there exists some 7 > 0 such that
2(t; 20) € epiV, V1 €10,7];

that is,
T :=sup{r > 0 : such that z(s; z9) € epiV Vs € [0, 1]} > 0. 47)

Let us show 7that T > T, where T is defined in (44). We proceed by contradiction and
assume that 7 < T. Then, because (by Proposition 2(ii))
I1x(T; x0) — xoll < 3(IF (xo)|l + 1A°(xo) DT " < p,

and z(T; zo) = (x(T; xo), fOT Wi (x(t; x0))dt, T, V(x0)) € epiV, from the claim above
(with Z := z(T’; zo)) and Proposition 3, there exists some #; > 0 such that z(¢; z(T; z0)) €
epiV for all ¢ € [0, 71]. Thus, z(t + T; z0) = z(t; 2(T; z0)) € epi V for every ¢ € [0, 1],
and we get a contradiction to the definition of T'.

Finally, from (47) we get

t
eV (x(t; x0)) +/ Wi (x(t; x0))dt < V(xo), Vi €[0,T].
0
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Moreover, because 7 is independent of k, by taking the limit as k — oo we arrive at (as
Wi (x) / W(x), by Lemma 5)

t
Y (aasa) + [ Wx(xoNde < Vo), Vi€ (0.7,
0
which is the desired inequality. O
We give now the desired characterization of strong a-Lyapunov pairs.

Theorem 4 Let V, W, and a be as in Proposition 5, and let d stand for either dp or Of.
Then the pair (V, W) is a strong a-Lyapunov pair for (1) iff for all x € dom V

sup sup inf (£,v—x")+aV(x)+ W) <0, (48)
£€0V(x) veF(x) X €AX)
sup sup inf (§,v—x*) <O0. (49)

£€0p ooV (x) VEF(x) X" €AX)

Proof To prove the sufficiency part, we take xp € domV and a solution x(-; xo) of
differential inclusion (1). By Proposition 5 there exists some 7' > 0 such that

t
eV (x(t; x0)) +/ W(x(z; x0))dt < V(xg), Vt € [0, T]. (50)
0

It suffices to prove that the following quantity is +oo,
T :=sup{s > 0: (50) holds V¢ € [0, s]}.

Otherwise, if T is finite, then x(T'; x9) € dom V (because V is Isc), and again from Propo-
sition 5 we find n > 0 such that for all + € [0, n], using the semi-group property of

x(+; x0),

t+T
DV (x(t + T x0)) + / W (x(t; x0))de
0

IA

+T T
T (e“’V(x(t + T; x0)) +/ W(x(t; xo))dr> —i—/ W (x(t; xg))dt
T 0

IA

T
TV (x(T; x0)) + / Wz x0))dt < V(xo),
0

and we get the contradiction 7 > T + n. Hence, T = 400 and (50) holds for all + > 0,
showing that (V, W) forms a strong Lyapunov pair for differential inclusion (1).

To prove the necessity of the current conditions, we start by verifying (48) with 9 = dF.
We fix xo € dom V (C dom A) and v € F(xp), and, according to Proposition 2, we choose
a solution x (-; xg) of differential inclusion (1) such that w = v — [T 4(x)(v). Thus,
since (V, W) is assumed to be a strong a-Lyapunov pair for (1), we obtain for every ¢ > 0

V(x(t;xo)[) — V(xg) N em[_

1 1!
Vo) + / W(x(z: xo)dr <0,
0
which give us, as ¢ | 0,

GV (xo)(V — Ay (@) < V'(x0; v — Mgy (v))
. V(x(t; x0)) — Vixo)
inf <

IA

lim
110 t

—aV(xp) — W(xo).
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Hence, (48) follows with either d = dr or d = dp. To verify (49) we fix xo € domV, v €
F(xp) and & € 9p,0V(x0); thatis, (§,0) € N;iv(xo, V(xp)). According to Proposition

2, we choose a solution x(-; xg) of differential inclusion (1) such that w =v—

T A (x) (v). Since (V, W) is strong a-Lyapunov for differential inclusion (1), one has that
(x(t; x0), e~V (xp)) € epi V for all r > 0. Then, by the definition of the proximal normal
cone, there exists > 0 such that for all small r > 0

((€,0), (x(1; x0), e~V (x0)) — (x0, V (x0)))

< n(llxt: x0) — xol* + (= = DIV (x0)I?).
and so
(€. x(t: x0) — x0) < n(llx(#; x0) — xoll* + (¢ — |V (x0)[*).
Hence, by dividing on ¢ > 0 and taking limits as ¢ | 0, we obtain that
(€, v —Tapy () <0,

as we wanted to prove. O

We give in the following corollary other criteria for strong a-Lyapunov pairs for (1).
Recall that A° is said to be locally bounded on dom V if condition (30) holds for all x €
dom V; that is, for every x € dom V we have

m(x) = limsup [[A°(Y)] < 4o0.

y—x,yedomV

We also observe that the function m is upper semicontinuous at every x € R” such that
m(x) < 4+o0; that is,

limsup m(y) = m(x).
y—x,yedomV

Corollary 1 Let V, W, and a be as in Proposition 5, and let 0 stand for either dp, dF, or
ar. If A° is locally bounded on dom V, then (V, W) is a strong a-Lyapunov pair for (1) iff
one of the following statements holds.

(i) Foranyx € domV,

sup  sup inf (E,v—x"+aV@) +Wkx) <O0.
£€OV (x) veF (x) X €AMNB|F ()| +m ()

(ii) Forany x € domV,

sup V/'(x; v — Haw () +aV(x) + W(x) <O0.
veEF (X)

(iii) Forany x € domV,

sup inf Vi;v—x"+aVx)+ W) <0.
veF (x) X €AX)NB) F)+m ()

Proof (ii) = (iii). This implication follows since that for any x € dom V (C dom A) any
v e F(x)

IMaw I < [A°@ | + [Maw @) = A°) || < m@) + I1F@)I-
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(iii) = (i). When 0 stands for either dp or dr this implication follows from the relation
apvx) () < Oopvn() < V'(x;).Ifd = 9, wetake £ € 9,V (x) and v € F(x), and
choose sequences (x;) and (&;) such that

Xi > x, & €dpV(xy). & — £ asi — 00

moreover, due to the upper semi-continuity of m at x and m(x) < 400, by assumption, we
may assume up to a subsequence that

1
m(x;) <m(x)+ -, Vie N.
1

By the Lipschitz continuity of F we also choose a sequence (v;);>1 such that v; € F(x;)
and v; — v. Since (i) holds with 8 = dp, for each i there exists x’ € A(x;) B () |l+m(x)
such that

(g vi —xF) +aV(x)+ W(x) <0. (51)

Then, since the maximal monotone operator A has a closed graph, and (x;k )i is bounded, we
assume w.l.o.g. that

xF— x* € A(x) NBy) as i — oo.

So, by passing to the limit in (51) as i — 00, and using the lower semicontinuity of W, we
obtain that

(E,v—x"Y+aV(x)+W(kx) <0,

which shows that (i) holds when 9 = 9.

(i) = (V, W) is a strong a-Lyapunov pair for (1). According to Theorem 4 we only
need to show that (49) holds. We fix x e dom V, § € dp ooV (x) and v € F(x). There exist
sequences (x;);, (&)i, and (c;); such that

X; —V> x, & €0pV(xi), o 1 0, aj& — Easi — oo.

By arguing as in the last paragraph above there also exists a sequence (v;); such that v; €
F(x;) and v; — v asi — oo. Moreover, using the current assumption on A°, there exists
m > 0 such that sup; m(x;) < m. Now, by assumption (ii), for each i € N there exists a
sequences x; € A(x;) N Byru)+mes) € AX) N ByFey))+m and

(Eivi —xF) +aV(x)+ W(x) <0. (52)

By using again that A has a closed graph, and that x — x* € A(x), by multiplying the last
inequality above (52) by «; and next taking limits as i — 0o, we arrive at (49). The proof
of the corollary is finished since (ii) is a necessary condition for strong a-Lyapunov pairs,
as we have shown in the proof of Theorem 4. (]

We revisit Example 3 to show how can Theorem 4 (or, more precisely, its Corollary 1)
be applied to study the stability of sweeping processes (more details can be found in [3]).
Let us then retake system (35), which is given as

x() e F(x(t)) — Nc(x(1)), ae.t > 0,x(0) =x9 € C,

with C C R" being a bounded closed r-uniformly prox-regular set. Then, due to Corollary
1, the statement of the following example follows by arguing as in Example 3 (observing
that (35) is equivalent to (37) and that AZ, is bounded on C, as comes from (36)).
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Example 4 (Example 3 continued) A Isc function V : R" :— RU{+4o00} such thatdom V C
C is a strong Lyapunov function for (35) iff there exists some k > 0 such that, for all
x €edomV,

sup  sup inf  (&,v—x¥) <0.
£€dpV(x) veF(x) ¥ €Nc(x)NBr

6 Conclusion

The main contribution of this paper consists in providing primal and dual criteria for strong
and weak invariant closed sets (Theorems 2 and 3), and for strong Lyapunov functions
(Theorem 4 and Corollary 1), associated to differential inclusions (1). As in the classical
invariance results, as one can consult in [16], the presented criteria are expressed in terms
of the associated Hamiltonians. The novelty of this work lies in the consideration of differ-
ential inclusions that are governed by the sum of a Lipschitz Cusco mapping and a maximal
monotone operator (yielding a one-sided Lipschitz multifunction, as in [24]); thus, allow-
ing the right-hand side to have empty or unbounded values. We have confined ourselves
to the finite-dimensional setting, because for the need of a Lipschitz continuous selection
theorem, which is valid only in such a setting. Hence, our objective for a close future will
be to go beyond this difficulty and extend the current results, for instance, to the Gelfand
triple, where we expect that the Lyapunov stability approach could give some satisfactory
results, especially for the study of the regularity of the solutions of differential inclusions
(and partial differential equations). We also plan to extend this study to similar differential
inclusions but with time-depending right-hand sides.
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