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ASYMPTOTIC BEHAVIOR OF NONAUTONOMOUS
MONOTONE AND SUBGRADIENT EVOLUTION EQUATIONS
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ABSTRACT. In a Hilbert setting H, we study the asymptotic behavior of the
trajectories of nonautonomous evolution equations (t) + A¢(z(t)) 0, where
for each t > 0, Ay : H = H denotes a maximal monotone operator. We
provide general conditions guaranteeing the weak ergodic convergence of each
trajectory z(-) to a zero of a limit maximal monotone operator As, as the
time variable ¢ tends to +o00. The crucial point is to use the Brézis-Haraux
function, or equivalently the Fitzpatrick function, to express at which rate
the excess of gph Ao over gph A; tends to zero. This approach gives a sharp
and unifying view on this subject. In the case of operators A; = dp; which
are subdifferentials of closed convex functions ¢, we show convergence results
for the trajectories. Then, we specialize our results to multiscale evolution
equations, and obtain asymptotic properties of hierarchical minimization, and
selection of viscosity solutions. Illustrations are given in the field of coupled
systems, and partial differential equations.

1. INTRODUCTION AND NOTATIONS

Throughout the paper, H is a real Hilbert space which is endowed with the scalar
product (-,-) and the norm || - || defined by ||z|| = \/(z, z) for any = € H. We study
the asymptotic behavior of the NonAutonomous Monotone Inclusion

B(t) + Ay(x(t) 20, >0, (NAMI)

where for every t > 0, A; : H = H denotes a maximal monotone operator. Follow-
ing Brézis [I7] Definition 3.1], we say that « : [0, +oco[— H is a strong global solution
of (NAMI) if z(-) is locally absolutely continuous on [0, +oo[, and if (NAMI]) holds
for almost all ¢ > 0. We take for granted the existence of strong solutions to
(NAMI). The existence of solutions of nonautonomous differential inclusions gov-
erned by time dependent maximal monotone operators is a nontrivial topic. This
issue has been studied extensively in the years 70-80, see Brézis [I7], Attouch and
Damlamian [9], Kenmochi [27], and references therein.

We prove the ergodic weak convergence of the trajectories of (NAMI) under
some general condition involving the Brézis-Haraux function associated to the op-
erator A;. The Brézis-Haraux function Gy : H x H — R U {400} associated to
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the maximal monotone operator M was introduced in [I9]. It is defined by

Grle,u)=  swp  {z—y,0—u),
(y,v)egph M
where gph M denotes the graph of M. The function Gj; is nonnegative and takes
the zero value on the graph of M. The function Gj; is connected with the Fitz-
patrick function Fj; via the formula Gy (z,u) = Fa(x,u) — (z,u), for every
(x,u) € H x H. If there exists a maximal monotone operator As, : H = H
such that S, = A1(0) # 0, and if
+oo
Y(z,p) € gph Ao, Ga,(z,p)dt < +o0,
0
we show that every strong global solution of (NAMI]) converges weakly in average
toward an element of S, as t — +00. As a by-product, we recover the Baillon-
Brézis theorem [I3] in the case of an autonomous evolution inclusion. The above
integral condition is well suited for structured problems of the form A, = A+ 5(t)B,
with A, B : H = H maximal monotone operators, and [(t¢) a time-dependent
parameter. In this framework, we recover as a particular case a condition due
to Bot-Csetnek [I6 Section 2] that guarantees the weak ergodic convergence of
a forward-backward penalty scheme. The Bot-Csetnek condition formulated by
means of the Fitzpatrick function is itself a generalization of a former condition
given by Attouch-Czarnecki [6], see also [7], [§].
The second important part of the paper concerns the study of the asymptotic
behavior of the NonAutonomous subGradient Inclusion

&(t) + Opi(x(t)) 30, t>0, (NAGI)

where for every t > 0, ¢, : H — RU{+00} is a closed convex function. Such an evo-
lution inclusion falls into the framework of (NAMI]) since the operator d¢; : H = H
is maximal monotone. In the context of subdifferential operators, we can obtain
convergence of the trajectories instead of ergodic convergence. If we assume that
the filtered family (¢;);>0 is nonincreasing with respect to ¢, then we easily show
that the potential energy function ¢ — ¢ (x(t)) decreases toward its infimum as
t — 4o00. By using the Opial lemma along with a suitable summability condition,
we deduce the weak convergence of the trajectories, see Theorem B When no
monotonicity assumption is made on the family (¢;);>0, it may be tricky to prove
that lim;—, oo ¢ (z(t)) exists. The reader is referred to [26], where ad hoc con-
ditions are given in order to control the variations in time of the family (¢;);>0.
Weak convergence of the trajectories is then obtained via energetical arguments. In
the present paper, we propose an alternative approach, based on the study of the
distance from the trajectory to the optimal set] S... The argument follows from
an extension of a result due to Baillon-Cominetti [12] in a finite dimensional frame-
work. Under a suitable summability assumption, we derive the weak convergence
of every trajectory of (NAGI) toward a point of the optimal set S, see Theorem
5. 21

A particular attention is devoted to the case ¢, = ® + 3(¢)¥, where @, U :
H — RU {+0o0} are closed convex functions, and §(¢) is a positive time-dependent

IThe optimal set Soo is the set of minimizers (supposed to be nonempty) of the function peo,
that is obtained as the limit of ¢; as t — 400 (in a sense to be precised).
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parameter. This corresponds to the situation of coupled (sub)gradients with mul-
tiscale aspects. If 8(t) — +o0, and if the set C' = argmin ¥ is nonempty, the orbits
of the Multiscale Asymptotic Gradient dynamics, studied in [6],

(t) + 0 (x(t)) + BH)OV(x(t) 5 0 (MAG)

tend to minimize the function ® over the set argmin ¥, thus leading to a hierarchical
minimization process. The problem of convergence as t — 400 depends on the
behavior as € — 0 of the quantity w(e) defined by

w(e) = inf ((\IJ —i%fq/) te ((I) —igf(l))) .

The key condition that implies weak convergence of the trajectories of (MAG) is

the following
+oo

Bt) [w(1/B(1))] dt < +oo.

The map w(-) was introduced by Cabot [22] in the framework of a diagonal proximal
point algorithm involving multiscale aspects. The behavior of the map w(-) was
used later by Alvarez-Cabot [I] to find asymptotic selection properties of viscosity
equilibria for semilinear evolution equations. By resorting to the duality theory,
we show that the quantity |w(e)| is majorized by an expression depending only on
the function W. More precisely, there exists p € H in the range of the normal cone
operator No : H = H, such that?

[w(e)] < T (ep) +min ¥ — o0 (ep),

for every € > 0. Assuming that ming ¥ = 0, we deduce that the above summability
condition is satisfied as soon as

ool (3) oo ()] <+

for every vector p in the range of N¢o. This is precisely the condition due to Attouch-
Crarnecki [6] in order to ensure weak convergence of the trajectories of (MAQG]).
When the function ¥ satisfies the quadratic conditioning property ¥ > a d?(-,C)
for some a > 0, the above assumption is fulfilled if fOJroo(l/ﬂ(t)) dt < 4o0.

Each of the above mentioned convergence results relies on a summability condi-
tion with respect to some suitable quantity. The summability condition expresses
that the integrand tends to zero sufficiently fast. Therefore the conditions stated
above quantify the fact that the operators A; (resp. functions ;) tend sufficiently
fast toward their limit A (resp. @oo).

The problem of trajectory convergence toward a particular viscosity solution
naturally arises when the operators A; (resp. functions ;) slowly tend toward
their limit. We give an answer to this important issue in two cases:

i) A first answer is given for a family (¢;):>0 of closed convex functions by using
a technique of central path. For every ¢ > 0, we assume that the function ¢; has a
strong minimum {(t) € H, i.e., for all z € H

pe(2) > e(£(1) + alt) 2 = E@)%,  for some a(t) > 0.

2The functions ¥* and oc denote respectively the Fenchel conjugate of ¥ and the support
function of C.
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Under the slow condition f0+oo a(t)dt = 400, we show that any solution x(-) of
(NAGI) satisfies limg—, o0 [|2(t) — £(8)]] = 0, thus it is attracted toward the optimal
path £(-). It ensues that the trajectory x(.) strongly converges if and only if the
optimal path has a limit as ¢t — 400, and in this case the limits are equal. The
phenomenon of attraction toward the central path was brought to light in [5], under
a strong convexity property.

ii) A second answer is given in the case of the multiscaled evolution system

&(t) + 0P(x(t)) +e(t) 0¥ (z(t)) 3 0, (MAG.,)
where € : Ry — R is a slowly vanishing viscosity coefficient, i.e., lim; ; y o €() = 0
and fOJrOO e(t) dt = 4+o00. By reversing the roles of the functions ® and ¥, and by
using a suitable time rescaling, which allows to pass from 3(t) — 400 to &(t) — 0,
we show the convergence of the trajectories of (MAGL) to particular solutions. As
an important special case, if the set argmin oV is a singleton {Z} for some T € H
(where C' = argmin ®), then for any strong global solution z(-) of (MAGZ]), we have
x(t) — T strongly in H as t — +o00. In the case of the Tikhonov approximation
U(z) = ||z||?, we obtain strong convergence to the element of minimal norm. Note
that we do not assume £(-) to be nonincreasing. Under such general assumption,
this asymptotic selection result for the Tikhonov approximation was first obtained
by Cominetti-Peypouquet-Sorin [23].

The paper is organized as follows. In Section 2l we study the asymptotic be-
havior of the strong global solutions of (NAMI]). The main result gives the ergodic
weak convergence of the trajectories under some general condition involving the
Brézis-Haraux function. Section B] is devoted to the case A; = Oy, for a family
(p)e>0 of closed convex functions. In this framework, we show weak convergence
of the trajectories, thus making more precise the results of SectionPl A special at-
tention is dedicated to the case of structured problems of the form ¢; = &+ 3(¢) ¥,
where @, U : H — R U {400} are closed convex functions and §(t) is a parameter
tending to infinity as ¢ — 4o00. For these problems, a key ingredient consists in
the study of the infimum value associated to the viscosity minimization problem
infy (¥ + e®). Section Ml is devoted to this question, wil th new results obtained
by using duality arguments. Symetrically, we consider the case ¢, = ® + (¢)U,
where € : Ry — R is a slowly vanishing viscosity coefficient. We complete this
study by considering two other classes of nonautonomous subgradient inclusions,
corresponding respectively to the quasi-autonomous case, and the sweeping process.
Tllustrations of our results in the case of coupled gradient systems with multiscale
aspects are given in Section

Notations. For a function f: H — RU {+o0}, the set dom f = {x € H: f(z) <
+oo} is called the domain of f. We call f a proper function if dom f is a nonempty
set. Let f: H — RU {400} be a proper convex function. The subdifferential of f
at « € dom f is defined by

of(x) ={pe H: f(y) > f(x) +(py—=x) Yyec H}.

If the function f is closed and convex, the multivalued operator 0f : H = H is
maximal monotone. For a nonempty convex set C' C H, the normal cone to C at
x € C'is given by

Ne(x)={pe H: (py—xz) <0 YyeC}.
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It coincides with the set ddc(z), where d¢ is the indicator function of C, taking
the value 0 on C, and 400 elsewhere. The Fenchel conjugate of a function f :
H — R U {+o0} is defined by f*(p) = sup,cgy{(p,z) — f(x)} for every p € H.
The support function of the set C' C H is given by oc(p) = 0&(p) = sup,ec(p, )
for every p € H. Given two functions f, g : H — R U {400}, we define the
inf-convolution of f and ¢ as follows: for every x € H,

(f v 9)w) = inf {f(y)+g(x—y)}.

Recall that the equality (f v ¢)* = f* + ¢g* is always true, while the equality
(f4+9)" = f*7g" holds true if f, g are closed convex, and if there exists zg € dom f
such that g is continuous at xg. This last condition is known as the Moreau-
Rockafellar condition. For classical facts on convex analysis, see for example [4] 10,

(1} 24} 34 35].

2. NONAUTONOMOUS MONOTONE INCLUSION

In our approach, the Brézis-Haraux and the Fitzpatrick functions will play a
crucial role in order to capture the asymptotic behaviour of the filtered sequence
of maximal monotone operators (A¢)s—s 4 oo0-

2.1. Graph convergence and convergence of the Brézis-Haraux functions.
A set-valued mapping M from H to H assigns to each z € H a set M(z) C H,
hence it is a mapping from H to 27. Every set-valued mappping M : H — 2 can
be identified with its graph defined by

gph M = {(x,u) € Hx H: ue€ Mzx}.

To emphasize this, we speak of M as a multivalued operator (or multifunction, or
correspondence) and we write M : H = H. The domain and range of M : H = H
are taken to be the sets

domM = {x € H: Ju € H with u € Mz},

ran (M) ={u € H: 3z € H with u € Mx}.

An operator M : H = H is said to be monotone if for any (z,u), (y,v) € gph M, one
has (y —z,v—wu) > 0. Tt is maximal monotone if there exists no monotone operator
whose graph strictly contains gph M. For classical facts on maximal monotone
operators in Hilbert spaces, see for example [I1] [35]. Given a maximal monotone
operator M, the Brézis-Haraux function Gy : H x H — R U {400}, introduced in
[19], is defined by

Gulz,u)= s (o—yv—nu).
(y,v)€gph M

Let us show that G is an exterior penalty function with respect to the graph of
M. By Minty’s theorem, we have the following characterization of (x,u) € gph M

uec Mz r+ueco+ Mz
sr=I+M) " z+u)
sz—T+M) " z+u)=0.
Thus, the function
Py (z,u) = |lz — (I + M) (2 +u)|?
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is a penalty function with respect to the graph of M. It is nonnegative, Lipschitz
continuous on bounded sets, and Py(z,u) = 0 < (z,u) € gphM. But Py is
difficult to handle practically because, in general, the computation of the resolvent
is a difficult task. Let us show that the Brézis-Haraux function solves some of these
difficulties. Given arbitrary (xz,u) € H x H, by Minty’s theorem, there exists a
unique y € H such that
y+ My > x4+ u,
which is y = (I + M) ' (z +u). Set v = x +u —y. We have v € My, and
v—u=ux—y. Thus
Gy(z,u)=  sup (z—&n—u)

(§;megph M

2 (@ —y,v—u

= [l - yl?

=|lz— (I + M) "z +u)|? = Pyz,u). (1)
On the other, by monotonicity of M, we immediately have that G is less or equal
than zero on the graph of M. Thus G, is an exterior penalty function with respect
the graph of M, see also [25] Corollary 3.9]. A major advantage of G is that it is
more flexible than Py, for the practical computation, as we will show later. Another

interesting feature of G is its close relationship with the convex analysis.
The Fitzpatrick function Fys : H x H — RU {+00} is defined by
FM(xv’UJ) = sup {(:E,v>+<y,u>— <y,1)>}
(y,v)Egph M

The function Fj; was introduced by Fitzpatrick in [25]. As a supremum of con-
tinuous affine functions, F); is convex and lower semicontinuous with respect to
the couple (x,u). This property makes it an effective tool to address the problems
governed by maximal monotone operators, using methods of convex analysis. It

is the subject of active research, see for example [14] 2], 291 (30, [33] B6, B7]. The
function Gy is related to Fs by

G (z,u) = Fyr(z,u) — (x,u).

The convergence of nets of maximal monotone operators can be formulated in
terms of the Brézis-Haraux function.

Proposition 2.1. Let {A; : H = H,t > 0} be a family of maximal monotone
operators. Assume that there exists a mazximal monotone operator Ao, : H = H
such that

V(z,p) € gph Ao, t_ngrmoo Ga,(z,p) =0.

Then, (A;) converges in the resolvent sense to As. Equivalently, (A;) graph con-
verges to Ao .

Proof. Take arbitrary y € H. By Minty’s theorem there exists a unique z € H such
that z + Aoez D y. Set p=1y — 2, we have p € Az, and z = (I + A) " ty. By @)

Ga,(z,p) 2 lz— T+ A4) (= +p)II?
= I+ Ax) 'y — (I 4+ A~ Myl (2)

By assumption, lim;—, 1o Ga,(z,p) = 0, which, by (@), implies the convergence
of the resolvents. Recall that, for sequence of maximal monotone operators, the
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convergence of the resolvents is equivalent to the graph convergence, [2, Proposition
3.60]. O

Remark 2.1. The main ingredient in the previous result is the inequality Gps > Py,
that already appears in a paper by Penot & Zalinescu, see [33] Lemma 2.3]. By
using the same inequality, it is shown in [33] Proposition 3.1] that if G4, converges
to G4, in the bounded-Hausdorff sense, then A; — A, for the bounded-Hausdorff
convergence.

The following example shows that the convergence of the Brézis-Haraux functions
(equivalently, of the Fitzpatrick functions), is a stronger notion of convergence than
the graph convergence.

Take A a general maximal monotone operator, and € : Ry — H a map such that
lims s 100 £(t) = 0. Set As(x) = A(z) +(t), with dom A; = dom A. Tt is immediate
to verify that A; is maximal monotone, and A; graph-converges to A as t — +o0.
An elementary computation gives, for any (z,u) € H x H

Ga,(z,u) = Galz,u—e(t)).

Therefore, to obtain the convergence of graphs without convergence of the Brézis-
Haraux functions, it is sufficient to produce a maximal monotone operator A such
that
ur Ga(z,u)

is not continuous at a point (z,u) € gphA. Since they differ by a continuous
bilinear term (Ga(z,u) = Fa(xz,u) — {x,u)), it is equivalent to prove the result
for the mapping u +— Fa(x,u). Let us specialize A € B(H) to be a bounded
linear monotone self-adjoint operator. Let g4 : H — R, ga(z) = %(a:,A:z:) be
the quadratic form associated to A. By a straight computation using the Fenchel
conjugate, see [11, Example 20.45]

Fy(xz,u) = 2(qA)*(%u+ %Az)

As a consequence, it is sufficient to consider A such that (ga)* is not continuous.
This means that A is not invertible (it is only positive semi-definite). For example,
when A = 0, then F) is the indicator function of H x {0}, an extreme situation
where the continuity property of u — F4(z,u) fails to be satisfied. Remark that,
if A € B(H) is strongly monotone, then (g4)* is continuous, and the two notions
of convergence coincide (in that particular case).

*

2.2. Nonautonomous monotone inclusion: Ergodic convergence. In this
section, we study the asymptotic behavior of the trajectories of

() + A(z(t)) 20, t>0. (NAMI)

The trajectory z(-) is a strong global solution of (NAMI) in the sense of Brézis
[I'7, Definition 3.1], i.e., x : [0, +00[— H is absolutely continuous on any bounded
interval [0, 7], and (NAMI) holds for almost every ¢ > 0.

Recall that an absolutely continuous function is differentiable almost everywhere,
and that one can recover the function from its derivative by the usual integration
formula. Uniqueness of the solution for a given Cauchy data is an immediate
consequence of the monotonicity of the operators A;. In the sequel, we take for
granted the existence of strong solutions to (NAMI]).
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2.2.1. Statement of the ergodic convergence result.

Theorem 2.1. Let {A; : H = H, t > 0} be a family of mazimal monotone oper-

ators. Assume that there exists a maximal monotone operator As : H = H such
that Soo = AZ(0) # 0 and

—+o0
V(z,p) € gph Ao, / Ga,(z,p)dt < +oo. (21)
0

Then every strong global solution x(.) of (NAMI) converges weakly in average to
SOME T € Soo, 1.€., a8t — +00,

1 t
—/ x(s)ds = Too.
t Jo

Remark 2.2. From (2]), we deduce that Condition (X)) implies

—+oo
wy € H, / (T + A) 1y — (I + A)~"y|2 dt < +o0. ()
0

Hence, for all y € H
liminf ess;— yoo|| (I + A¢) "ty — (I + Aso) " tyl| = 0, (4)

a property which is directly related to the graph convergence of A; to A, as
t — +oo (recall that the graph convergence of a filtered sequence of maximal
monotone operator is equivalent to the pointwise convergence of the resolvents).
The detailed study of this relationship is an interesting subject for further research.
Let us just say that, when H is separable, a thorough inspection of properties (3))
and (@), combined with the non expansive property of the resolvents, is likely to
provide (up to a negligeable set) the graph convergence of A; to As.

Indeed, it is not necessary to deepen this topological analysis, as for our purpose,
the integral form (II), which is used throughout this paper, is a more convenient
way to express the convergence of A; to Ao. It carries more information than the
topological one: it expresses that, in the sense of the Brézis-Haraux functions, the
excess of gph A, over gph A; tends to 0 fast enough as ¢t — +o0.

As a special case of Theorem [21] we recover Baillon-Brézis theorem [13].

Corollary 2.1. [I3] Let A : H = H be a mazimal monotone operator such that
S =A"10) # 0. Let z(-) be a strong global solution of

x(t) + A(z(t)) > 0.
Then there exists Too € A7Y(0) such that %fot x(s)ds — xoo weakly in H, as
t — +oo.

Proof. Take Ay = A for every t > 0, and A = A. Since G4(z,p) = 0 for every
(2,p) € gph A, Condition (X1 is verified, and therefore Theorem 2] applies.  [J

2.2.2. Proof of Theorem [21] Let us recall the Opial lemma [31], along with an
ergodic version named the Opial-Passty lemma.

Lemma 2.1 (Opial). Let H be a Hilbert space and x : [0, +o0o[— H be a function
such that there exists a nonempty set S C H which verifies

(1) Yz € S, limy_y 400 ||2(t) — 2|| ewists.

(19) Vt, — 400 with x(t,) = Teo weakly in H, we have o € S.



Then, x(t) converges weakly as t — 400 to some element r~ of S.
For the following ergodic variant of the Opial lemma, the reader is referred to [32].

Lemma 2.2 (Opial-Passty). Let H be a Hilbert space, let S be a nonempty subset
of H and let x : [0, +oo[— H be a function. For anyt > 0 set X(t) = %fg x(s) ds,
and assume that

(1) Yz € S, limy_y 400 ||2(t) — 2|| ewists.

(18) Vt, — +o0 with X (t,) — Xoo weakly in H, we have X € S.
Then, X (t) converges weakly as t — +0o to some element X of S.

The proof of Theorem 2Tl relies on the Opial-Passty lemma applied with S, =
AZ10). Let us first show that for every z € Seo, limy—s 4o [|2(t) — 2| exists. Fix
z € S and set h(t) = 3||lz(t) — z[|%. Since —i(t) € Ay(z(t)) for ae. t € Ry, we
have

h(t) = (z(t) — z,8(t)) < Ga,(2,0) ae onR,.

From this inequality and assumption (X1)) at the point (z,0), it follows that hy €
L'(0,+00). From a classical lemma, this implies that lim;_, ., h(t) exists in R.
Let us now show that every sequential weak cluster point of X (¢) = 1 fg x(s) ds
belongs to Sw. Let (z,p) € gph Ay, and consider again the function h defined by

h(t) = 3||lz(t) — 2||*. Since —i(t) € Ai(z(t)) for a.e. t € Ry, we obtain
h(#) + (e(t) — 2,9) = (a(t) — 2.p + #(1)) < G, (5:p) ae. on R,
By integrating on [0, ¢], we find

h(t) + </Ot:t(s)ds - tz,p> < h(0) + /Ot Ga,(z,p)ds.

After division by ¢, and taking into account of h(t) > 0, we have

(X(t) —z,p) < %h(O)—l—%/OGAS(z,p)ds
+oo

< % with ¢ = h(0) + Ga.(z,p)ds.
0
Suppose now that X (t,) = X as n — 400 for a sequence t,, — +o0o. Taking the
limit as n — 400 in (X (¢,) — 2,p) < ¢/t,, we immediately obtain (X, — z,p) < 0.
Hence we have proved that for every (z,p) € gph Ao,

(Xoo —2,0—p) > 0.

The maximal monotonicity of A, allows us to infer that 0 € Ao (X)), that is
Xoo € Seo. By Lemma 22 we conclude to the weak ergodic convergence of the

trajectories of (NAMI). O

2.3. Coupled operators with multiscale aspects: A; = A + B(t)B with
B(t) — +oo. In this section, we specify our general ergodic convergence result
to the case of a structured operator of the form A; = A + §(¢t)B. The parameter
B(t) is assumed to tend to +o00, thus leading to a two-scale problem.

Theorem 2.2. Let A, B : H = H be two mazimal monotone operators such that
the sets C = B~1(0) and (A + N¢) ™' (0) are nonempty. Assume that the operator
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A+ Nc is mazimal monotone. Given a map 8 : Ry — R, assume that the operator
A+ B(t)B is mazimal monotone for every t > 0. Suppose additionally that
—+o0
VzeC, Vqe Ne(z), B(t)Gp (z %) dt < +oo. (%2
0
Then every strong global solution x(.) of the Multiscale Asymptotic Monotone
Inclusion

&(t) + A(x(t)) + B(t) B(x(t)) 2 0, (MAMI)
converges weakly in average to some Too € (A + No)71(0), i.e., as t — +oo,
1

t
—/ x(s)ds = Too.
t Jo

Remark 2.3. A particularly (new) interesting situation covered by the above theo-
rem is the case 3(t) — +oo. Indeed, a quick formal inspection of the formula (Z2))
shows that, if 5(¢) tends to a finite value, then B = N¢, a situation where the
classical ergodic convergence theorem of Baillon-Brézis can be applied.

Remark 2.4. Denoting by Fp the Fitzpatrick function associated to the operator B,

we have for every ¢ € N¢(z),
q q q
G|z, —— Fplz,— | —(z,—
B( ﬂ(t)> B( B(t)> < ﬁ(t)>
q q
Fp (22 ) oo (_) |
’ ( ﬂ(t)> B(®)
The last equality is an immediate consequence of the Fenchel extremality relation

dc(z) +0c(q) = (z,q). Tt ensues that condition (Z2]) can be equivalently rewritten
as

Vz € C, ¥q € No(2), 0+°o B(t) [FB (z %) —oc (%ﬂ dt < +oo. (I3)

This last condition was recently introduced in the discrete setting by Bot & Csetnek
[16] as a generalization of Condition (4] below and its discrete counterpart.

As a consequence of Theorem [Z2] we recover the ergodic convergence result of
Attouch & Czarnecki [6].

Corollary 2.2. [6, Theorem 2.1, (i)] Let A : H = H be a mazimal monotone
operator, let U : H — Ry U{+o0} be a closed convex proper function, such that C
=argminV¥ = U=1(0) #0, let B: Ry — Ry be a measurable function. Assume that
A+ N¢ is a mazimal monotone operator and S := (A + N¢)~1(0) is non empty,
and

Vp € ran (Ne¢), Om B(t) [\p <%> . (ﬁ;))] dt < +oc. (24)

Then, for every strong global solution trajectory x(.) of the differential inclusion

(1) + A(x(t)) + B() 0¥ (z(t)) > 0 (MAG)

there exists Too € S such that

1 t
w— lim —/ x(s)ds = Too-
0
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Indeed, apply Theorem with B = 0. Recalling that

g 290+l ()

Condition (4] implies Condition (Z3)), which is in turn equivalent to (X2)). Hence
all the assumptions of Theorem are fullfilled.

2.3.1. Proof of Theorem[Z2 Let us start with the following preliminary result.

Lemma 2.3. Let A, B: H = H be two monotone operators. Then the following
properties hold

(i) For every (z,p) € H x H,
GatB(z,p) < qlélg Ga(z,q) +Gp(z,p —q).
(i1) For every (z,p) € H x H and every A >0, Gxa(z,p) = AGa(z,p/N).
(i13) For every z € domA and p € Nygrma(2), Gal(z,p) < Ga(z,0).
Proof. (i) Given (z,p) € H x H, the following inequality holds true
Fayp(z,p) < qlgg {Fa(z,9) + Fp(z,p—q)},

see for example [I4] Proposition 4.2]. By subtracting (z,p) to each member, we
immediately find the announced inequality.
(#7) Let (z,p) € H x H and A > 0. From the definition of Gx4(z,p), we have

Gaa(z,p) = sup (2 —y,q—Dp)
(y,9)€gph (AA)
= XA sup  (z—y, ¢ —p/N) =AGa(z,p/N).
(y,9’)€gph A

(#41) Fix z € dom A and p € Ny5—(2). For every (y,q) € gph A, we have

(z=ya-p) = E-v0+y—-2p)
< (2—wv,q) since p € Nyg#(2) and y € dom A
< GA(Z,O)

Taking the supremum over (y,q) € gph A, we deduce that G4(z,p) < Ga(z,0). O

Let us now come back to the proof of Theorem 2221 The main point consists in
checking that the assumption (X)) of Theorem 21lis verified with A; = A+ 5(t) B
and Ao, = A+ N¢. Let (z,p) € gph (A + N¢). Since p € Az + N (2), there exists
q € N¢(z) such that p — ¢ € Az. Observe that

Gatpws(z,p) < Galz,p—q)+ Gpup(z,q) in view of Lemma 23(i),
= Gpms(2:9) since (z,p — q) € gphA,
B(t)Gg(z,q/8(t)) in view of Lemma 23(i7).

The assumption f0+oo B(t)Gp (z,q/5(t)) dt < 400 then implies that

—+oo
/ GavpwyB(2,p)dt < +o0.
0

It suffices now to apply Theorem 211
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2.4. Coupled operators with multiscale aspects: A, = A + £(t)B with
e(t) — 0. By reversing the roles of the operators A and B and by using a suitable
time rescaling, we obtain the following consequence of Theorem

Corollary 2.3. Let A, B : H = H be two mazximal monotone operators such
that the sets D = A=1(0) and (B + Np)~'(0) are nonempty. Assume that the
operator B + Np is mazimal monotone. Given a map € : Ry — R, assume that
the opemtor A+ e(t)B is mazimal monotone for every t > 0. Suppose additionally

that f t)dt = +o0 and that

+oo
Vz e D, VYqé& Np(z), / Ga (z,e(t) q) dt < +o0. (5)
0
Then for every strong global solution x(.) of
&(t) + A(x(t)) + e(t) B(x(t)) 2 0, (MAMIe)
there exists Too € (B + Np)~1(0) such that

1t
;/ x(s)ds = xoo weakly in H, ast — +o0.
0

Proof. Tt is done by a time rescaling, following [6]. Let us rewrite the dynamical

system (MAMIg) as

1 . 1
%x(t) + B(z(t)) + %A

Then use the time rescaling s = o(t) = fot e(u) du. Define y(.) and «a(.) by y(s) =
(07 1(s)) and a(s) = 1/e(c71(s)). We then have y(s) = @(t)/e(t), so that y(.)
satisfies the following differential inclusion

9(s) + Bly(s)) + a(s)A(y(s)) 3 0.

In terms of the variable s, condition ([l can be translated as

+oo
Vze€ D, Vqé& Np(z), / a(s)Ga <z,i> ds < +o0.
0 a(s)

The assumptions of Theorem [2.2] are satisfied, after reversing the roles of the oper-
ators A and B. The conclusion follows immediately. O

Condition fo t) dt = +o0 expresses that £(¢) does not tend too fast toward
zero as t — +o00. On the other hand, condition () prevents the parameter e(t)
from converging very slowly toward zero. Hence the conditions in Corollary
imply a moderately slow convergence (t) — 0 as t — +00. Let us now analyze the

case fo e(t) dt < +oo corresponding to a fast decaying parameter.

Corollary 2.4. Let A, B : H = H be two mazximal monotone operators such
that A + Ny is mazimal monotone and (A + Ny —5)"*(0) # 0. Given a map
e: Ry — R+, assume that the opemtor A + &(t)B is mazimal monotone for every
t > 0. Suppose additionally that f t)dt < +oo and that Gp(z,0) < +o00 for

every z € dom A Ndom B. Then for every strong global solution x(.) of

(1) + A(x(t) +e(t) B(2(t)) 3 0, (MAMIE)

there exists T € (A+ Ngsg)~1(0) such that 1 fo s)ds = xoo weakly in H,
as t — +00.

om B
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Proof. The main point consists in checking that the assumption (1)) of Theo-
rem 2.1] is verified with A, = A+ ¢(t)B and A = A+ Ny5m=5. Let (z,p) €
gph(A+ Ny, 5)- Since p € Az + Ny;.5(2), there exists ¢ € Ny, 5(2) such that
p—q € Az. By arguing as in the proof of Theorem B2 we find

GA—',—a(t)B(va) < E(t) Gp (Zv q/E(t))'

Recalling that ¢ € Ny, 5(2), we deduce from Lemma 23{(ii7) that Gp(z,q/e(t)) <
Gp(z,0) and hence

GateryB(2,p) < () Gp(2,0).
Since fo t)dt < 400 and Gpg (2,0) < +oo by assumption, this implies that
fo Gayer) B(z,p) dt < +oo. It suffices now to apply Theorem 211 O

Remark 2.5. Assume that B = 9V for a lower semicontinuous convex function
U: H— RU{+o0}. Recalling that

Gow (2,0) = Fag (2,0) < (z) + ¥"(0) = ¥(z) — nf ¥,

we deduce that Goy (2,0) < 400 if z € dom WV and infg ¥ > —cc.

3. NONAUTONOMOUS SUBGRADIENT INCLUSION
Let us consider the following nonautonomous subgradient inclusion
z(t) + O (x(t)) 20, t>0, (NAGI)

where for every t > 0, ¢, : H - RU {400} is a closed convex proper function. As
in Section 2l a map x : [0, +00[— H is said to be a strong global solution of (NAGI)
if it is absolutely continuous on any bounded interval [0, 7], and if (NAGI) holds
for almost every ¢t > 0. Equation (NAGI) is a particular case of (NAMI), since
the operator A; = Jp; is maximal monotone for every ¢ > 0. In the framework of
subdifferential operators, we can make precise the convergence results of Section 2]
and show the convergence (instead of the ergodic convergence) of the trajectories.

In the autonomous case, p; = ¢ for every ¢t > 0, and (NAGI) reduces to the
steepest descent system

B(t) + 0p(x(t) 30,  t>0. (SD)

Bruck [20, Theorem 4] gives the weak convergence of the trajectories of (SDJ), when
argming # (). It can be derived directly from the Baillon-Brézis theorem [13]. The
proof relies on a global estimate of the time derivative, see [I8, Theorem 5|, by

using the equality
I I
x(t)— = [ xz(s)ds=- [ x(s)sds.
t Jo t Jo

If one obtains the same estimate lim;_,+ t@(t) = 0 in the present case, the weak
convergence of the trajectories of (NAGI) is a direct consequence of the weak er-
godic convergence of the trajectories of (NAMI). However, the extension of the
energetical argument to the nonautonomous case, leading to the estimate, remains
an open question in our general setting. So we provide specific results and proofs
in the subgradient case.
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3.1. Case of a nonincreasing family (¢;);>0: energetical approach. In this
subsection, we assume a monotonicity property on the filtered family (¢;);>0. This
allows us to use energetical arguments in order to derive convergence of the trajec-

tories of (NAGI).

Theorem 3.1. Let {¢;; t > 0} be a family of closed convex proper functions from
H to RU{+o0}. Assume that ¢y < @4 for every s, t > 0 such that s <t. Let us
set oo = cl(infi>g@r). Let x(.) be a strong global solution of (NAGI) such that
the function t — 4 (x(t)) is locally absolutely continuous. Then we have

(1) The function t — @i(x(t)) is nonincreasing, and . lig_n we(z(t)) = i%f Poo-
—+o0

Additionally assume that i%f Yoo > —00. Then

+oo
(n')/o ()12 dt < +oc.

Assume moreover that Ss = argmin s, # 0, and that

+oo
Vz € S0, Gop,(2,0)dt < 400. (25)
0

Then

(1i1) there exists Too € Soo such that w —limy oo (t) = Too.

Proof. (i) Let t > 0 be such that the derivatives i (t) and 4y (z(t)) exist at ¢ and

such that the inclusion —i(t) € d¢i(x(t)) holds true. The subdifferential inequality
yields for every 7 €]0, ¢

pir((t — 7)) 2 @i(x(t) + (=a(t), z(t — 7) — 2(1)).
Recalling that the family {¢¢; ¢ > 0} is nonincreasing, we have @i (2(t — 7)) >
oi(x(t — 7)), thus implying that
prr(2(t = 7)) = pu(@(t)) = (—2(t), 2(t — 7) — 2(1)).
Dividing by 7 and taking the limit as 7 — 0, we find
d .
o) 2 150 2 0 ©

Since this is true for almost every ¢ > 0, the map ¢t — ¢, (z(¢)) is nonincreasing,
and hence converges toward some | € R U {—oo}. Using that ¢; > ¢ for every
t > 0, we obtain

L= lm ¢(z(t)) 2 inf poc. (7)
Let us now fix z € H, and define the auxiliary function h : Ry — Ry by h(t) =

+llz(t) — 2||*. By differentiating, and using the subdifferential inequality, we find
for almost every t > 0

h(t) = (a(t) = z&(t) (8)
< @i(z) = pu(a(t)).
Integrating this inequality, we get

/0 [ps(2) = ws(x(s))] ds = h(t) — h(0) = —h(0).

We immediately deduce that limgs_ oo ¢s(2) > limg oo @s(x(s)) = 1. Since this is
true for every z € H, the function infs>¢ ps = limg o0 s is minorized by [. It
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ensues that the function po = cl(infs>0 ¢5) is also minorized by . In view of (),
we conclude that | = infy @ .
(7i) Integrating the first inequality of (6l), we find for every ¢t > 0

/O 1#(s)]1% ds < wo(2(0)) — gi(a ().

Taking the limit as t — 400, we deduce from (i) that

“+o0
[ 1P < o) - infox
0
< +oo since i%f Yoo > —00 by assumption.

(#41) The proof of the weak convergence x(t) — 2, is based on the Opial lemma.
Fix z € Se and consider the function h defined above by h(t) = 3|lz(t) — z||*.
Coming back to equality (8) and recalling that —z(t) € dp:(z(t)) for almost every
t > 0, we find
h(t) < Gop,(2,0) ae. on Ry,

where G, is the Brézis-Haraux function associated to the operator dy;. It follows
from this inequality and assumption (Z5) that b, € L'(0,+00). From a classical
lemma, this implies that lim; . h(t) exists in R. It suffices now to prove that
every sequential weak cluster point of z(.) belongs to S. Let 2o € H and let
t, — 400 a sequence such that z(t,) = zs as n — +oo. Since the family (p+)i>0
is nonincreasing, it Mosco converges toward ¢ = cl (infs>0 ¢s), see [2 Theorem
3.20]. It ensues that

pool@oo) < liminfey, (z(t0))
= ltlin_ﬁ{.lof oe(z(t)) = min e in view of (7).
We conclude that xo, € So. It suffices then to apply the Opial lemma. O

Remark 3.1. Condition (ZH) is nothing else as condition (1) applied with A; = 9y
and p = 0. Recalling that

Gop(2,0) = Fop,(2,0) < ¢u(2) + 97 (0) = ¢u(2) — inf oy,

we deduce that assumption (X)) is implied by
+oo
Vz € Seos / [(pt(z) — i%f gat} dt < 4o00. (X6)
0

Remark 3.2. Assumptions (Z5) and (Z6]) seem to be new in the study of the asymp-
totic behavior of the dynamical system (NAGI). Furuya, Miyashiba & Kenmochi
obtained the weak convergence of the trajectories of (NAGI) under an alternative
condition, see [26, Theorem 2]|. Their condition also requires some quantity to be
summable, but it differs significantly from (Z3) and (Z6)). In the framework of the
diagonal proximal point method, Lemaire used a discrete anologue of (Z6]) to derive
the weak convergence of the iterates, see [28, Section 4].

Corollary 3.1. Let ¥, ® : H — RU {400} be closed convex functions such that
domW¥ Ndom® # (. Assume that U is nonnegative. Let € : Ry — Ry be a
nonincreasing map such that limy_, 1 o £(t) = 0. Let x(.) be a strong global solution

of
() + 0P (x(t)) +e(t) 0¥ (x(t)) 20, (MAG])
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such that the function t — ®(x(t)) + e(t)U(x(t)) is locally absolutely continuous.
Then we have

(¢) The function t — ®(z(t)) + )V (x(t)) is nonincreasing and tends toward
inf g (® + dgomw) as t — +oo.

Additionally assume that inf g (P + dqomw) > —00, then

(i) [7°°&()]? dt < +oo.
Assume moreover that the set Soo = argmin (cl(® + dgomw)) is not empty and
included in domW¥. If f0+oo e(t) dt < +oo, then

(7i1) there exists Too € Soo such that w — limy_ 4o x(t) = Too-

Proof. Let us check that the assumptions of Theorem B are satisfied for ¢; =
® + £(t)P. Since the map e converges nonincreasingly toward 0, and since ¥ is
nonnegative, the function t — ¢ is nonincreasing, and tends toward ® + dgom v as
t — +o0o0. We denote by ¢oo = cl(® + dgomw) the lower semicontinuous regular-
ization of the function ® + dgomw. Observing that infy oo = Inf 5 (P + ddomw),
item (i) (resp. (it)) is a direct consequence of Theorem BI7) (resp. (ii)). Let
us now check that condition (X6) is satisfied, thus implying the weaker condition
). Given z € S, we have

pi(2) = @(2) +e()V(2) < poo(2) +()¥(2) = minpoe +()¥(2),  (9)

the inequality ® < ¢, follows from the inequality dgom w > 0 and the closedness of
®. On the other hand, we have o < ¢4, and hence ming ¢ < infy ¢, for every
t > 0. In view of (@), we deduce that

pi(2) — info; < e(t)¥(2).

Since Soo C dom ¥, we have ¥(z) < +oo, and condition (Z0) is then an immediate

consequence of the assumption f0+°o e(t)dt < +oo. Item (7i7) then follows directly
from Theorem [B.IN(#i4). O

3.2. A general result of convergence relying on the study of the distance
to the optimal set S... As in the previous subsection, z(-) denotes a strong
global solution of the evolution inclusion (NAGI). We now study the distance of
the solution z(t) to the optimal set S, and we show that it vanishes as t — +o0.
This is in fact an extension of a result due to Baillon-Cominetti [I2] in a finite
dimensional framework. To obtain such an extension in a general Hilbert space,
one has to assume some inf-compactness property on the functions ¢;. Let us recall
that a function f : H — RU{—o00, 400} is said to be inf-compact if, for every [ € R
the lower level set {x € H : f(x) <1} is relatively compact in H. A weaker notion
consists in requiring that the function f + 65(07 R) is inf—compactﬁ for every R > 0.

Here B(0, R) denotes the closed ball of radius R centered at 0. This condition
amounts to assuming that for every R > 0 and [ € R the lower level set

{r e H: ||z|| <R, f(z) <l} is relatively compact in H. (10)

If H is finite-dimensional, the ball {x € H : |jz| < R} is compact, and the inf-
compactness property above is satisfied for every function f: H — RU{—00, +00}.

3We use here the convention (—0) + (+00) = +oo.
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Theorem 3.2. Let {¢; t > 0} be a family of closed convex functions from H to
RU {4+o00}. Assume that

(H1) There exists a closed proper convexr function poo : H — R U {+oc0} such
that the set Soo = argminyes, is nonempty and bounded.
(H2) ¢oo(Too) < liminfy,yoo ¢, () for all convergent sequences xy, — Too and
tr — +o0.
(H3) 1imy—s 400 Voo (t) = ming @oo, where voo(t) = sup, cg_ @1(2).
(H4) For t large enough, all functions ¢, are uniformly minorized by a function
f:H —=RU{—00,+00} satisfyindl the inf-compactness property 1a).
Let x(.) be a strong global solution of (NAGI). Then we have
() limyy oo d(2(t), Soo) = 0.
(13) If we assume moreover that

—+o0

Vz € Seo, Gop,(2,0)dt < 400, 3
0

then there exists Too € Soo such that x(t) = ro weakly in H as t — +00.

Recall that Assumption (Z3]) is satisfied under the stronger condition

—+oo
V2 € Soo, / [cpt(z) - i%f got} dt < +o0, =a)
0
see Remark [3.1]

Proof. (i) In a finite dimensional space, Baillon & Cominetti proved that
t_lgnoo d(x(t),Ss) = 0

under (H1)-(H2)-(H3), see [I2] Theorem 2.1]. An immediate adaptation of their
arguments shows that this property still holds true in a Hilbert space, under the
additional assumption (H4).

(#4) The proof of the weak convergence z:(t) — x is based on the Opial lemma. To
show that lim;—, 4« ||z(t) — z|| exists for every z € S, we use the map h defined by
h(t) = 3|lz(t) — z||* and we proceed as in the proof of Theorem B.iii). The second
point consists in proving that every weak limit point of x(.) belongs to S. In fact,
this is an immediate consequence of (7) and of the weak lower semicontinuity of the
convex continuous function d(., Seo). O

3.3. Coupled gradients with multiscale aspects. Let us now consider the case
o = ® + B(t)¥, where the functions &, ¥ : H — R U {+o0o} are closed convex
and the parameter 3(t) tends to +o0o0. The trajectories of the multiscale gradient

dynamics

i(t) + 0@ (x(t)) + B(t) 0V (x(t)) 3 0 (MAG)
tend to minimize the function ® over the set C' = argminW. If the parameter
B(t) tends rather fast to +oo, then any trajectory weakly converges to a point of
argmin c®. This is the subject of the next statement, for which we define, following
[22], the map w : Ry — RU{—o00}: for every e > 0,

w(e) = i%f(\ll—kafl)). (11)
4Tor the convenience of the reader, and coherence with the literature, we keep the name of the

assumptions (H1)-(H2)-(H3) as in [12].
5If H = R™, assumption (H4) is automatically satisfied (take f = —c0).
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Corollary below shows that the map w plays a crucial role in the asymptotic
study of the dynamical system (MAG). A detailed study of the map w will be
carried out in Section [l

Corollary 3.2. Assume
(Hy) ¥ :H — RU{+o0} is a closed convex proper function such that infg ¥ =0,
and C' = argmin¥ # (.
(He) @: H — RU{+0o0} is a closed convex proper function such that infc ® = 0,
and S = argming® # (.
Assume that the set argminc® is bounded, and that the function ¥ + & satis-
fies the inf-compactness property (I0). Let 8 : Ry — Ry be a mafld such that
lim; 400 B(t) = +o00. Let x(.) be a strong global solution of (MAG). Then we
have
() limyy oo d(z(t), argmin ¢®) = 0. In particular, if the set argminc® is a
singleton {T} for some T € H, then x(t) — T strongly in H as t — +oo.
Additionally assume that
—+o0

B(t) lw(1/8(2))] dt < 400, (X7)

0
Then

(17) there exists To, € argminc® such that w — limy_ 4o () = Too-

Proof. Let us check that the hypotheses of Theorem are satisfied for ¢, =
O + B(t)V. Assumption (H1) is satisfied with poo = ® + d¢ and S, = argmin ¢ P.
Now let (x;) C H and (tx) C Ry be such that 2 — 2o and t; — 400 as
k — +o0. Let us fix m > 0. Since limy_, y o B(tx) = +00, we have (t;) > m for k
large enough and hence

lim inf(®(a) + B(tk) ¥ (2x)) 2 liminf(® (k) +m¥(zr)).

Recalling that xy — s, and that the functions ® and ¥ are closed, we deduce
that
Hminf(®(zg) + B(tk) VU (2g)) > P(xoo) + MU (200).

k—+oo

Letting m — +o00, we infer that
lim inf((a) + B(tr) ¥ (2k)) 2 V(o) + dc(2c0),

hence (H2) is fulfilled. For every z € So, = argmin®, we have ¢;(z) = 0, therefore
Voo (t) = 0 for every ¢ > 0, and (H3) is trivially satisfied. Since 8(¢) — 400 we have
D4+ U <P+ 3(t)P = p; for ¢ large enough, and assumption (H4) is satisfied with
f=®+ V. Now observe that for every ¢t > 0 and z € S,
oi(z) — i%f ot = - i%f(fb + B(t)P) since P(z) = ¥(z) =0
= —B{t)w(1/B(t)) by definition of the map w
B(t) |w(1/B(t))] because w < 0.

In view of Condition (7)), Condition (6] is clearly satisfied, thus implying (ZH).
Conclusions (4)-(i7) then follow from Theorem B2 O

6Note that we do not assume any monotonicity property for the map 3.
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Remark 3.3. In the context of the previous theorem, one can easily show thatl]

t_lgrnoollf(x(t)) =0, (12)

see for example [6l Lemma 3.3]. Hence there exists ¢y > 0 such that U(z(t)) <1
for every t > tg. Since the trajectory z(.) is bounded, there exists R > 0 such
that ||z(¢)|| < R for every t > 0. If U satisfies the inf-compactness property (I0),
we deduce that the set {z(t), t > to} is relatively compact for the strong topology
of H. Recalling from Corollary (7i) that the trajectory z(.) weakly converges
t0 Too, we immediately deduce that it converges strongly to x..

Remark 3.4. Assume that the function W satisfies the following quadratic condi-
tioning property
U >ad?*(-,C) for some a > 0.

Under this condition, there exists ¢ > 0 such that |w(g)| < ce? for every € > 0, see
Section[l Hence, in this case, assumption (X)) is fulfilled if fOJroo(l/ﬂ(t)) dt < +oo.

Corollary 3.3. Under Hypotheses (Hw)-(Ha), assume that the set S = argmin U'N
argmin® is nonempty and bounded. Suppose that the function ¥ + & satisfies
the inf-compactness property (Id). Let B : Ry — Ry be a map that satisfies
limy_y 400 B(t) = +o00. Let z(.) be a strong global solution of

@(t) + 0P(z(t)) + B(t) 0¥ (x(t)) > 0. (MAG)

Then there exists Too € S such that x(t) = Ts weakly in H as t — +00.

Proof. If argmin ¥ Nargmin® # (), the infimum in the definition of w(e) is attained
at every z € argmin ¥ Nargmin®, and it equals 0. It ensues that w(e) = 0 for every
€ > 0. Therefore Condition(X1) of Corollary [3.2]is automatically satisfied. O

As a consequence of Corollary B2l we recover the convergence result of the

trajectories of (MAQ) from [6].

Corollary 3.4. [6, Theorem 5.1] Let ¥, ® : H — RU{+o00} be functions satisfying
Hypotheses (Hw)-(Ha), together with the following qualification condition

there exists xg € C such that ® is continuous at xg. (QC)

Assume that the set S = argminc® is bounded, and that the function ¥ + ® sat-
isfies the inf-compactness property {Id). Let B : Ry — Ry be a map such that
lim; 4o B(t) = +o00. Assume moreover that

+oo
Vp € ran (N¢), ; B(t) [\IJ* <%> —oc (%)] dt < +o0. =)
Let x(.) be a strong global solution of

E(t) + 0P (x(t)) + B(t) O (x(t)) 3 0. (MAG)
Then there exists Too € S such that x(t) = s weakly in H as t — +00.
Proof. Tt relies on the study of the map w that we carry out in Section[dl Precisely,

it is a consequence of the forthcoming Proposition (d). O

"Equality () is a basic result which requires neither Condition () nor the inf-compactness
of & + W.
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Let us now give an equivalent formulation of Corollary[3.2] which uses an asymp-
totic vanishing coefficient £(¢). The statement is obtained by reversing the roles of
the functions ® and ¥, and by using a suitable time rescaling, which allows to pass
from B(t) — +00 to £(t) — 0, and vice versa.

Corollary 3.5. Let ® : H — R U {+0o0} be a closed convex proper function such
that C' = argmin® # () and ming ® = 0. Let ¥ : H — R U {400} be a closed
convex proper function such that argmin oW # () and ming ¥ = 0. Assume that the
set argmin oW is bounded and that the function ® + ¥ satisfies the inf-compactness
property (I0). Let ¢ : Ry — R% be a mafl such that limy_, 4o e(t) = 0 and

f0+oo g(t) dt = +o0. Let z(.) be a strong global solution of

@(t) + 0P (x(t)) +(t) 0¥(x(t)) >0, (MAG,)
Then we have
(2) limyy oo d(z(t), argmin ¢ W) = 0. In particular, if the set argminc¥ is a
singleton {T} for some T € H, then x(t) — T strongly in H as t — +o00.
Additionally assume that

+oo
/0 lw(e(®))| dt < +o0,

where the map w : Ry — R is defined by w(e) = infy (P +eP). Then

(17) there exists To, € argmin oV such that w — limy_ 4 oo ©(t) = Too-
The proof is based on a suitable time rescaling, see the proof of Corollary 2.3

Remark 3.5. Cominetti-Peypouquet-Sorin[23] pay a special attention to the follow-
ing steepest descent system with vanishing Tikhonov regularization

a(t) + 0D(x(t)) + £(t) x(t) > 0. (SD.)

If f0+oo e(t)dt = 400, it is proved in [23] that any solution z(-) of (SDZ) strongly
converges as t — 400 toward the least-norm minimizer of ®. With essentially the
same arguments, if the function V¥ is strongly convex and if fOJrOO e(t)dt = +oo,
then any solution of strongly converges as t — +oo toward the unique
minimizer of ¥ over the set C' = argmin ®. This convergence result can be recovered
from Corollary[B3] (7). Notice that in this framework, the inf-compactness property
required by Corollary [3.5] appears to be superfluous.

Let us now consider some other examples of nonautonomous subgradient inclu-
sions. They illustrate the versatility of our approach, and its limits.

3.4. Quasi-autonomous case. Let us consider the quasi-autonomous subgradient
inclusion @(t) + 0®(x(t)) > f(t), where ® : H — R U {+o0} is a closed convex
function, and the map f: Ry — H tends to foo € H as t — +o0. This differential
inclusion falls into the setting of Theorem B2, by taking ¢, = & — (f(¢),.). We
obtain the following statement.

Corollary 3.6. Let f: Ry — H be a map such that lim;_, o f(t) = foo € H. Let
O : H — RU{+o0} be a closed convex function such that S = argmin (®—(fs,-)) s

8Note that we do not assume the map € to be nonincreasing.
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nonempth and bounded. Suppose that the function ® satisfies the inf-compactness
property (I0). Let x(.) be a strong global solution of

x(t) + 0P (x(t)) 2 f(t). (13)
Then we have
(4) limyy 400 d(2(t),S) = 0.
(13) Assume moreover that

—+oo
Vz €8, Goa(z, f(t)) dt < +oo. (14)
0

Then there exists T € S such that x(t) = o weakly in H as t — +00.

Remark 3.6. Assumption (I4) is satisfied under the following stronger condition

+oo
vzes, /0 B (f(£)) + B(2) — (f(1), 2)] dt < +oc. (15)
Indeed, it suffices to observe that Gas(z, f(t)) < @*(f(t)) + (z) — (f(¢), 2).

Proof. Without loss of generality, we assume that f., = 0 and that ming ® = 0.
Let us check that the hypotheses of Theorem B2 are satisfied for ¢, = ® — (f(¢),.).
Assumption (H1) is satisfied with po = ®. Let (t;) C Ry and (zx) C H be
sequences such that ¢ — 400 and rp — T as k — 400, for some ro € H.
Observe that

lim inf ¢y, (zx) lim inf(®(zx) = (f(tk), @)

= liminf ®(z;) because f(tx) — 0 and z; — 20,
k——+oo

> P(xo) since D is closed and zj — Too.

It ensues that (H2) is fulfilled. From the definition of v (t), we have

Voo (t) = sup ei(2) = igg@@) = (f(1),2))
= igg(_<f(t)’z>)’

because ®(z) = 0 for every z € S = argmin®. Since the set S is bounded, there
exists M > 0 such that ||z|| < M for every z € S. It follows immediately that
[veo (B)] < M ||f(t)|] = 0 as t = 400, which shows that (H3) is satisfied. For every
x € H and t large enough, we have

pi(r) = @(x) = (f(t),z) = @(z)—[[f (Ol
> P(x) — ||| since f(t) — 0 ast — +oo.
It suffices to check that the function x — ®(z) — ||| satisfies the inf-compactness
property ([I0). For every R > 0 and [ € R, we have
{reH: |z| <R, @) —|z| <} c{ze H: |z]| <R, ®(z) <1+ R}.

This last set is relatively compact by assumption, hence hypothesis (H4) is satis-
fied. Finally observe that Gay,(2,0) = Gaa(z, f(t)) for every z € S. In view of
assumption ([I4]), Condition (X)) is clearly verified. Conclusions (i)-(i7) then follow
from Theorem O

9By writing down the optimality condition for the elements of S, we immediately see that
S = 09 !(fxo). It ensues that the nonvacuity of S is equivalent to the condition foo € ran (9®).
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The next proposition gives sufficient conditions which guarantee that assump-
tions (I4) and (5] are satisfied.

Proposition 3.1. Let f : Ry — H be a map such that lim;, o f(t) = foo €
H. Let ® : H — RU{+o0} be a closed convexr function such that the set S =
argmin (<I> — {foo, )) is monempty and bounded. The following hold true

(1) If the function ® — (feo,-) is coercive and if f0+oo [f(t) = foolldt < 400,
then Condition (I3) is satisfied.
(13) Assume that

© — (foor ) = min (& = (fos, ) >ad’(.,5) (16)

for some a > 0 and that
—+o0 —+o0
[ Imetro - ol de< o and [ s () - 0] dt < 4
0 0 a7
where g (resp. g1 ) denotes the orthogonal projection on the linear space
F =cl[R; (S —S)] (resp. FX). Then condition (I3) is satisfied.

Proof. Without loss of generality, we assume that foo =0 and that ming ® = 0.

(7) Since @ is supposed to be coercive, the conjugate ®* is continuous at 0. It
ensues classically that ®* is Lipschitz continuous in a neighborhood of 0. Therefore
there exist 7 > 0 and L > 0 such that |®*(z)| < L| x| for every x € H satisfying
||z|| < 7. Let M > 0 be such that ||z]] < M for every z € S. Recalling that f(t) — 0
as t — 400, we deduce that for ¢ large enough

O*(f()) — (f(), 2) < LIF@OI+ IS Ozl < (L + M) FB)]-

The assumption fOJrOO | f ()| dt < +o00, and ®(z) = ming ® = 0, clearly imply that
Condition (IH) is satisfied.

(i) Since ® > ad*(.,S) = al|.||> 7 ds, we have ®* < -L||.||*+ 5. This implies
that for every z € S,

D(0) - (F0).2) < DI +os(F(D) ~ (1), 2)
= LI + s+ (F)

< IO +oss(F (1), (18)
From f(t) =g f(t) + Hpo f(t), we deduce that
os—s(f(t)) os—s(pf(t)) + os—s(IlpL f(t)) since os_g is subadditive
2M|Tpf(t)]|+op (Mpe f(t)) sinceS—SC2MB, S—-SCF
2M |Ipf(t)]] since op = dpur.
Coming back to inequality (I8]), and using Pythagoras’ equality
IFOI? = [T f O + ITTes £,

VANPAN

we infer that
B (7(0) ~ ((0),2) < TN f @I + T FOI? +2 M TTef ()]

Since f(t) — 0 as t — +oo, we have ||[Ilgf(t)]|> < |[IIgf(t)| for ¢t large enough.
Assumption (7)) then clearly implies that condition (I3 is satisfied. O
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Remark 3.7. By combining Corollary B.6] and Proposition B1] (¢), we derive that if
f0+oo [I1f(t) = fsolldt < o0, then any trajectory of (I3) converges weakly toward
some point of S = 9®71(f). This result can be recovered directly by using
the Opial lemma and the fact that the energy function t — ®(x(t)) — (foo, z(t))
tends toward its minimum as ¢ — +o0o0. The inf-compactness assumption on ®
appears to be useless, hence the result obtained as a consequence of Corollary
and Proposition B (7) is not optimal. The original part of Proposition B.1]
lies in point (i7), which brings to light that the L'-type condition on the function
f = foo may be relaxed. If we assume the quadratic conditioning property (),
Proposition B (i7) shows that it is enough to require a L?-type condition for the
part of f — f. that is projected on F'*.

3.5. Sweeping process. The sweeping process was originally considered by J.J.
Moreau in the study of evolution problems from unilateral mechanics.

Given t — C(t) a time-dependent closed convex set in H, (the moving con-
straint), and ® : H — R a convex differentiable function (the driving force), it
consists in the study of the following differential inclusion

#(t) + Now(@(t) + VO(x(t) 50, >0, (SW)

where Ng(;)(7) stands for the normal cone to C(t) at z € C(t). Since, its range
of applications has been extended to various domains, like economical and social
sciences, control theory. An abundant litterature has been devoted to its study, but
curiously only few results concern its asymptotical behaviour.

The differential inclusion (SW]) falls in the setting of Theorems B0l and B2, by
taking

ot = o () + .

The monotonicity assumption required by Theorem B.I] amounts to saying that the
family {C'(¢); t > 0} is nondecreasing for the set inclusion. On the other hand, it is
easy to check that assumptions (H2)-(H3) of Theorem B2l imply that the set C(t)
tends toward Cs, as t — +o0 in the Painlevé-Kuratowski sense and that Coe C C(2)
for ¢ large enough. These assumptions on the family {C(¢); ¢ > 0} are clearly quite
stringent, and it is better to work directly with inclusion (SWI), without resorting
to the general results mentioned above.

For simplicity, we assume in the sequel that ® = 0. Most of the existence results
concerning (SW]) rely on energy estimates. Thus we take for granted that the
trajectories have finite energy, i.e., fOJrOO l|l@:(t)||?dt < +o00. The result stated below
is an illustration of the energetical methods.

Theorem 3.3. Let {C(t); t > 0} be a family of closed convex sets in H. Assume
that C(t) converges to some Cw, in the Mosco sense and that,

“+o0
Vz € Cwo, 32(t) — 2z such that z(t) € C(t), and / |l2(t) — z||2dt < +o0. (19)
0
Let z(.) be a strong global solution of (SW) which has a finite energy, i.e.,
“+o0
/ |2()||*dt < +oc. (20)
0

Then, there exists To, € Coo such thal x(t) = zo weakly in H as t — +oo.
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Proof. Let us apply the Opial lemma to z(.) and S = C. Given z € Cy, set
h.(t) = 3|lz(t) — z||*. By differentiating, we find for almost every ¢ > 0

ha(t) = (2(t) — 2, &(t)). (21)
By assumption ([I9) there exists z(t) — z such that z(t) € C(t), and fOJrOO l|z(t) —
z||?dt < +o0. By introducing z(t) in (2II), we obtain

ha(t) = (2(8) — 2(8), 50) + (2() — 2, 6(1)).
Since —i(t) € Ny (z(t)) and z(t) € C(t), we have

(@(t) = 2(t), &(t)) = (2(t) — x(t), —i(t)) < 0.

Hence

h(t) (2(t) = z,2(1)).

Iz(t) — z||||£(t)|| by Cauchy-Schwarz inequality. (22)

By assumptions ([I3) and (20) the second member of ([22)) belongs to L*(0,+00).
Hence, the limit of h,(t) exists as t — +oo.

On the other hand since z(t) € C(t), and C(t) Mosco converges to Cos, We
have that any weak cluster point of the trajectory belongs to C's,. Thus the two
conditions of the Opial lemma are satisfied, which gives the weak convergence of
the trajectory.

IN A

O

3.6. Slow case and strong attraction of the optimal path. In this subsection,
we assume that for every ¢ > 0, there exist {(¢) € H and «(t) > 0 such that

Vo€ H, ¢i(x) 2 @u(€(1) +alt) |z — @)1

It implies that £(¢) is a strong minimum of the function ¢;.
Remark 3.8. Fix z € Soo. We deduce from the above condition that
a(t) |2 ~ £W)]> < vac(t) ~ min .

If & = limy 400 £(t) exists and is not equal to z, there exists m > 0 such that

[z = &(t)]] = m for ¢ large enough. It ensues that
1

at) < W(vm (t) — m}}n 1) for t large enough.

We assume that the function « is measurable and satisfies

—+oo
/ a(t) dt = 400,
0

which corresponds to a slow decay condition. Let us first consider the case of an
optimal trajectory having a finite length. The following result is a variant of [5]
Theorem 3.2], up to a slight modification of the arguments

Theorem 3.4. Let {@:, t > 0} be a family of closed convex functions from H to
R U {4o00}. Assume that

(i) Yz € H, pi(z) > @e(£(t) + alt) [z — £

10 strong convexity property is required in the statement of [5] Theorem 3.2]. The strong
convexity property is relaxed and replaced here with the strong minimum property ().
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(i) [3"> a(t)dt = +oo

(7i1) the optimal path £(.) is locally absolutely continuous on Ry, and satisfies
[N dt < +oo.

If (.) is a strong global solution of (NAGI), then lim;—, o ||x(t) — &(2)]] = 0, and
hence limy_, 4o 2:(t) = & strongly in H, where £ is the limit of the optimal path
&(t) ast — +oo.

Proof. Consider the function k defined by k(t) = %||z(¢) — £(t)[|?. This function is
absolutely continuous, and for almost every ¢ €]0, 400 we have
)

k(1) (@(t) — (1), (t) — (1)

(@(t), 2(t) — (1) + €|z (t) — £B)]-

Since —i(t) € dpi(z(t)), we deduce from the subdifferential inequality
k(1) + pe(2(t) — @u(€)) < IE@) () = E@)II-

Invoking Assumption (i), we get

k(t) + alt) () = E@)IP < @) — E@I,
k(1) + 2a(t) k(t) < V2[|E0) | V/A(

The rest of the proof is analogous to that of [5, Theorem 3.2]. O

IN

or equivalently

Let us now consider the case of an optimal trajectory satisfying ||£(t)|| = o(«(t))
as t — +o0, see [bl Theorem 3.3].

Theorem 3.5. Under the assumptions (i) and (ii) of Theorem[37], assume more-
over that the optimal path £(.) is locally absolutely continuous on Ry and that

limy s o0 ||E(t)||/a(t) = 0. Let z(.) be a strong global solution of (NAGI). Then
limy 400 ||2(t) — £(1)]| = O, therefore it converges strongly in H if and only if the
optimal path £(t) has a limit as t — +oo.

For the proof of this result, the reader is referred to [5, Theorem 3.3].

4. INFIMUM VALUE ASSOCIATED TO THE VISCOSITY MINIMIZATION PROBLEM
ian (\IJ + E(I))

4.1. Main properties of the map ¢ — w(e) = inf g (V+e®P). As we have already
pointed out, the map w plays a crucial role in the asymptotic study of the dynamic
system (MAQG]). We now make a systematic study of this function. Throughout
this section, we assume (Hg) and (Hg), i.e.,

(Hy) ¥:H — RU{+o0} is a closed convex proper function such that infg ¥ = 0,
and C = argminV # ().

(He) @®: H — RU{+o0} is a closed convex proper function such that infe ® = 0,
and S = argming® # (.

Recall the definition (II)) of the map w: Ry — RU {—o0}: for every € > 0

w(e) = i%f(\lf +ed).

We denote by (P.) the corresponding minimization problem

(Pe) nf {¥(z) +e2(2)}.
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Remark 4.1. Assumption (Hg) implies that the domain of ® intersects the set C
of minimizers of W. This corresponds to a regular perturbation situation, where
we can expect a simple asymptotic development for w(e) as € goes to zero, as well
as the convergence of the filtered sequence of solutions of (P.) to a solution of the
hierarchical minimization problem ming ®. That is the situation we consider. By
contrast, when the domain of ® does not intersect the set C' = argmin V¥, we are
faced with a singular perturbation. This is a more involved situation, that one
encounters for example in phase transition, when considering the Van der Waals-
Cahn-Hilliard viscous approximation of the Gibbs free energy. In this case, we must
appeal to I'-convergence methods for rescaled energy functions, see [3], [, Chap.

12.5], [38).

The following proposition gathers properties of the map w.

Proposition 4.1. Assume Hypotheses (Hy)-(Hao).

(a) The map e — w(e) is nonpositive, nonincreasing and concave on R .

Assume moreover that the function ¥ 4 ® is coercivdd. Then

(b) for every € € [0,1], we have w(e) > —oo, and the infimum is attained in the
definition of w(e).

(¢)lim,_ g+ w(e)/e = 0. In other words, the following asymptotic expansion holdd4
as € — 0

min(¥ + e®) = min ¥ + e min ® + o(e). (23)
H H c

Proof. (a) Given z € S, we have
w(e) < U(z) +eP(z) =0,

hence w(e) < 0 for every € > 0. Observe that the map ¢ — U(z) + P (z) is affine,
hence the map ¢ — w(e) is concave as an infimum of affine functions. Since the
function w : Ry — RU{—o00} is concave, it admits a right (resp. left) derivative at
every t > 0 (resp. t > 0). In particular, we have

since w(0) = 0, and w(e) < 0 for every € > 0. The concavity of w implies that
W (e) <0 (resp. w’ (g) < 0) for every € > 0. We deduce that the function w is
nonincreasing on R .

(b) First observe that the conclusion is immediate for ¢ = 0. Now assume that
¢ €]0,1]. Since ¥(z) > 0, we have

U(z) +e®(x) >e(V(x)+ P(x)).

From the coercivity of ¥ + ®, we deduce that the lower semicontinuous convex
function @ +— ¥(x) + ¢ ®(z) is coercive. It ensues classically that the minimization
problem (P.) has at least one solution, and that w(e) = inf P, > —oc.

(c) Let us argue by contradiction and assume that there exist 77 > 0 and a sequence

HThe coercivity of ¥ 4+ ® implies that of §c + @, and we deduce classically that argmin o ® =
argmin (6c + @) # 0.

12por simplicity, we assumed ming ¥ = minc ® = 0. The statement remains valid without
any assumption on the (finite) values of ming ¥ and minc ®. The asymptotic expansion (23)) can
be found in [3, Theorem 2.5].
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(en) tending toward 0 such that w(ey)/e, < —n. From the definition of w(e,),
there exists a sequence (z,,) in H such that

VneN, U(zn)+ en®(zn) < _g En. (24)

Since lim,, o0 &n, = 0 and ¥(x,) > 0, we have e, U(x,) < ¥(x,) for n large
enough, say n > ng. In view of ([24]), this implies that for every n > ng

U(xy) + P(xy,) < —g, (25)

or equivalently

e v+o<—7].
Recalling that the function W 4+ @ is coercive by assumption, we deduce that the
sequence (z,) is bounded in H. Therefore there exist o, € H and a subsequence
of (x,,), still denoted by (x,,), that converges weakly to z in H. Since ® is closed
and convex, it has a continuous affine minorant. Hence there exist a € Rand p € H
such that ®(z) > a+ (p, x) for every € H. By using inequality ([24]), we infer that

\IJ(In) < —ép [g +a+ <pa In> :
Taking the upper limit when n — +o00, we find
lim sup ¥(x,,) < 0. (26)

n—-4o0o
On the other hand, since ¥(z,,) > 0, we infer from (28] that
lim sup ®(x,,) < 0 (27)
n—-+4oo 2
From the closedness of ¥ (resp. ®) with respect to the weak topology in H and
inequality (26) (resp. ([21)), we deduce respectively that

U (2oo) < liminf ¥(z,) < limsup ¥(z,) <0,

n—+00 n—-+oo
D(2s0) < liminf @(z,) < limsup ®(x,) < -
n—r+oo n—+00 2
The first inequality implies that z, € C and the second one gives the contradiction.

O

By using the duality theory, we are going to prove that the behavior of the map
¢+ w(e) can be interpreted with the conjugates of ¥ and ®. Let us first recall the
following general theorem, see for example [24, Theorem 4.1 p. 58].

Theorem 4.1. Given two normed spaces V and Y, let F' : V — R U {+o0} and
G:Y = RU{+o0} be closed convex functions, and let L € L(V,Y). Consider the
primal problem

() inf (F(u) + G(Lu)},

and the dual problem

(P*) sup {—F"(L"p*) = G"(-p")}.
prEY*

Then we have sup P* < inf P. If moreover inf P is finite and if there exists ug €
dom F' such that G is continuous at Lug, then inf P = supP*, and (P*) has at
least one solution.
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Proposition 4.2. Assume Hypotheses (Hy)-(Hao).
(a) For every e > 0, we have

w(e)] < inf {U*(ep) +e@"(=p)}. (28)
peH
(b) Let € > 0, assume w(e) > —oo and the following qualification condition
there exists xo € dom W such that ® is continuous at xo, (QC")
then we have
w(e)] = min{¥*(ep) +eP"(=p)} . (29)
peH
(¢) Assume the qualification condition (QCY
there exists xog € C such that ® is continuous at xg. (QC)

Then there exists p € ran (N¢) such that, for every e > 0,
w(e)] < ¥ (ep) —oclep). (30)
(d) Assume (QC). Then Condition [Z4) implies Condition (7).

Proof. (a) Let us apply Theorem Bl with V =Y =H, F =V, G=¢® and
L =1Idy. The primal minimization problem (P.) reads as

(P:) 122{\11(:6) +ed(x)}.

For every € > 0, the dual problem is

(P2) sup {—U"(p) — e ®"(—p/e)}.
peEH

From the general relation sup P. < inf P, we deduce that
@)l = ~w(e) < int {T(p) +=0"(~p/e))

Replacing p with €p, we immediately obtain inequality ([28). This inequality triv-
ially holds true for € = 0, hence it is valid for every € > 0.

(b) Since condition (QC’) is satisfied, Theorem [1] shows that inf P. = sup P}
and that (PX) has at least one solution. This implies that

jw(e)l = min {T"(p) + & *(—p/e)}
Equality 29) follows immediately.

(¢) Given T € S = argminc®, we have 0 € 9(® + d¢)(T). The qualification
condition (QC) implies (P + 0¢)(T) = IP(T) + No(T). We deduce that 0 €
0®(T) + Nc(T), whence the existence of p € N¢(Z) N (—0P(T)). For every e > 0,
let us write that

U*(ep) +e@*(—p) = [¥7(ep) —oc(ep)] +¢ [oc(p) + 6c(F) — (p,T)]
+e [@7(=p) + 2(T) + (p,T)] -
Since p € N¢(T) and —p € 0P(T), the Fenchel extremality relation shows that the
second and third brackets are equal to zero. This implies that, for every ¢ > 0

U(ep) + e @*(—p) = ¥*(ep) — oc(ep).
Inequality (30) then immediately follows from (28]).

13Notice that (QC) is slightly stronger than (QC’).
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(d) Tt follows from (c) and the statement of Conditions (X4)) and (7). O

Remark 4.2. The qualification condition (QC) may be slightly weakened in the
statement of Proposition [1.2 items (¢)-(d). It suffices to assume that the operator
0P 4+ N¢ is maximal monotone. The same remark applies to the statement of
Corollary B4, as was observed in [6, Theorem 5.1].

4.2. Examples. We now review several examples for which we are able to majorize
explicitly the function W* — . This yields sufficient conditions for (34]), and hence
for (1) in view of Proposition 2] (d).

Example 4.1. Let ¥ : H — R U {400} be a closed convex function such that
C = argminV¥ # (). Suppose that for every x € H

U(z) > 0(d(z,C)),

where the closed convex function 6 : R — RU{+o0} is everl and such that 0(0) = 0.
Then we have for every e >0 and p € H

U (ep) —oclep) <0 (e |pl)- (31)

Proof. From a classical result, the conjugate of the function 8(d(., C)) is the function
0*(|| - ) +oc, see for example [10, Exercise IV.17]. Tt ensues that * < 0*(|| . ||)+o¢,
and the conclusion follows immediately. O

Under the assumptions of Example [} the key condition (Z4)) of Corollary 3.4
is satisfied if for every p € H,
“+o0

A(t) 0% (llpll/B(t)) dt < +oo.

0
Remark 4.3. Assume that there exists a > 0 such that ¥(z) > ad(x,C) for every
x € H. By applying the above proposition with 6(t) = a[t|, we find U*(ep) —
oc(ep) < 0[—a,q(€|p]), and hence ¥* (e p) —oc(ep) = 0 for € small enough. In this
case, condition ) is automatically satisfied.

Remark 4.4. Assume that there exist a > 0 and r > 1 such that
U(z) > ad (z,C), (32)
for every x € H. Let us apply the above proposition with the function # : R — R

defined by 0(t) = a|t|”. Since (|.["/r)* = (|.|” /r*), where r* is the conjugate
exponent of r, i.e. r* =1/(1 —1/r), we easily obtain
1—r*

:
i

(ar)lfr*

o

In view of @3I), we infer that ¥*(ep) — oc(ep) <
condition (X)) is satisfied as soon as

(elp)”". In this case,

+oo
/ (1/B8(t)" 1 dt < +oc.
0

MThe assumptions on € automatically imply that 0 € argmin6.
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Example 4.2. Let L € L(H) and let ¥ : H — R U {+00} be a closed convex
function such that C' = argmin¥ = ker L. Suppose that V(z) > %||Lz||? for all
x € H. Then we have for every e >0 and p € ran(L*),

2
* € *) —
¥ (ep) —oc(ep) < 5 d* (0, (L) (p).
Proof. By applying Theorem E.1] we can show] that the conjugate of the function
z — 3| Lz||? is given by

1d%(0,(L*)"Y(p)) if p € ran(L¥)
pH{ —2|—oo( ») if£¢ran(L*).

It ensues that for every p € ran(L*),

* 1 *\ —
W (p) < 5d (0, (L)) - (33)
On the other hand, since the set ker L is a subspace of H, we have
Oker L = (Oker )™ = O(ker 1)L - (34)

Recalling that ran(L*) C (ker L)+, we deduce from [@3) and ([34) that for every
e>0and p € ran(L*),

&_2

U*(ep) — oker (e p) < 3d2 (O, (L*)fl(p)) )

O

Under the assumptions of Example [£.2] the key condition (4] of Corollary 3.4
is satisfied if

+oo
/ 1/5(t) dt < +o0.
0

Recall that for p > 0, the p-Hausdorff distance between two nonempty sets K
and K’ is defined by

haus,(K,K') = sup |d(z,K) —d(z, K')|,

llzll<p
see [15] for an extended study of this notion.

Example 4.3. Let K C H be a closed convex set such that 0 € K. Define the
function U : H — RU{+o0} by ¥ =g + ox. The set of minima of ¥ is given by
C =BN Ngk(0), and we have for every e >0 and p € H,

U*(ep) — oc(ep) < hausgy) (K, Tk(0)).

Proof. First observe that the assumption 0 € K implies that ok (z) > 0 for every
x € H. We infer that ¥(z) > 0 for every € H, and that
U(x)=0 <= ze€B and og(xz)=0
< x€B and (z,y) <0 for every y € K
<= x€B and = € Nk(0).

It ensues that C' = argmin U = BN Nk (0). Since the Moreau-Rockafellar qualifica-
tion condition is satisfied, we have

0C = OBANk (0) = 0B V ONg(0) = -1 v 5TK(0) =d(.,Tk(0)). (35)

L5The details are left to the reader.
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In the same way, we obtain
U =o0p V ok = .| v x = d(, K). (36)
In view of ([B3)-(B8), we deduce that for every e > 0 and p € H
U*(ep) —oc(ep) = dlep, K) — d(ep, Tk (0)) < haus, ) (K, Tk (0))-
O

5. EXAMPLES OF COUPLED GRADIENT SYSTEMS WITH MULTISCALE ASPECTS

5.1. A two-dimensional example. Take H = R? and fix a > 0. Consider the
function ¥ : R? — R U {400} defined by

m if (I,y) 6] —Q,G[XR
U(z,y) = 0 if (2,9) € {(-a,0),(a,0)}
+00 elsewhere.

It is easy to check that W(z,y) = 5=(op(a+z,y) + op(a — x,y)), where op is the
support function of the set D defined by

D ={(z,y) eR?, 2z+y*> <0},

see for example [35] Example 2.38]. The function ¥ is closed, convex and satisfies
C = argmin¥ = [—a,a] x {0}. Let us now fix b €]0,a[, and define the function
®:R? = R by
1 1
®(wy) =y + 5z =03 + 5o + 02,

for every (x,y) € R% The function ® is convex and differentiable on R2. It can
easily be seen that minc ® = 0, and that S = argmin® = [—b,b] x {0}. Given a
nondecreasing map 5 : Ry — R such that lim;, 8(t) = 400, we are interested
in the asymptotic behavior as t — 400 of the following dynamical system

X(t) +00(X () + B(t)O¥(X (1)) 3 0, with X (t) = (z(t),y(1)). (37)

From Corollary B.2(7), we obtain that lim;, . d(X(¢),argminc®) = 0. We let
the reader check that for every e > 0, (0, —a?c) is the unique minimum point of
the function ¥ + ¢ ® over R?2. The corresponding minimal value equals w(e) =
(U + £ ®)(0, —a’ec) = —a?c?/2. Condition (Z7) of Corollary [3.2] amounts to

+oo
/ 1/B(t) dt < +o.
0

Under this condition, Corollary B:2(i¢) shows that lim;—, o (z(), y(t)) = (2, 0),
for some zo, € [—b,b]. For every (x,y) €] — a, a[xR, we have

(U +e®)(2,y) — (¥4e®)(0,—a’%)
2
- Y € 2 € 2 155
= m—kay—ki[az—bh—l—g[m—kb],—kias
2
Y Ly,
> = . 38
- 2(LL2—172)—i_€y—i_20L(€ (38)

Observe that

2
Y Ly 1 2_\2
S — 4 Za?e? = — . (39
2(a2 — z2) 2 2az TEVT T =5y Fate) (39)

+
™
<
+
| =
IS
o
™
N}
v
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On the other hand, we have
2 2 _ 2V)2
y 1,5 1455, (yte(a®—2a%)) 1
a2 —a7) VTR Tt T T 2

By combining (8), B9) and ([0), we find for every (z,y) €] — a, a[xR,

e2x?. (40)

>

1 1
(U 4 ®)(2,y) — (U +£®)(0, —a’e) > 152:1:2 + @(y + a’e)?.

This inequality trivially holds true if (z,y) ¢ dom ¥ or if (z,y) € {(—a,0), (a,0)}.
We infer that for every (z,y) € R? and every € < 1/a,
(U +e®)(z,y) — (¥ +e®)(0, —a’c) > (2 + (y + a’¢)?)

IN N

(2, ) — (0, —a%e)||”.

Dividing by ¢ and replacing € with 1/3(t), we obtain that for every X = (z,y) € R?
and every t large enough,
1

(B + @)(X) — (B(H)¥ + @)(&(1)) = 150 IX = &@)I1*,

with €(t) = (0, —a?/B(t)). This shows that Assumption (i) of Theorem B4 is sat-
isfied. The optimal path ¢ — £(t) converges toward (0,0) as ¢ — +oo. The finite
length assumption of TheoremB4lis fulfilled because the map ¢ — 1/8(t) tends non-
increasingly toward 0. Assumption (i¢) of Theorem B4 amounts to f0+°° 1/B(t)dt =
+00. Under this last condition, Theorem Bl shows that lim;_, oo (2(¢),y(t)) =
(0,0). To summarize, we have proved that

eif 1/5 € L*(0,400), then lim;—, o (2(t),y(t)) = (¥, 0), for some z € [—b, b];

e if 1/8 ¢ L'(0,+00), then lim,_,, «(x(t),y(t)) = (0,0).

5.2. An example in PDE theory. Let O C RY be a bounded domain with C*
boundary. Let us consider the space H = L?(Q2) endowed with the scalar product
(u,v)g = [, uv and the corresponding norm. Let h € L?*(2) be a given function
satisfying fQ h = 0, and let a, b € R be such that a < b. Take

o U: L*(Q) — RU{+oc} defined by ¥(u) = 1 [,, [|[Vul|* — [, hu if u € H*(Q) and
U (u) = 400 otherwise.

e @ : L*(Q) — R defined by ®(u) = 3 [, {[u(z) — b]2 + [a — u(x)]3 } da for every
u € L*(Q).

The function U is closed and convex. It is immediate to check that the variational
formulation of £ € 9¥(u) is given by

Yo e HY(Q), {v:/Vu.Vv—/hv. (41)
Q Q Q

The function ® is convex, differentiable and satisfies V®(u) = [u — bl — [a — u]+
for every u € L?(Q). Given a map 3 : Ry — Ry such that lim; , ;. B(t) = +o0,
we are interested in the asymptotic behavior as t — +oo of the following dynamical
system

u(t) + 0P (u(t)) + B(t)0T (u(t)) > 0.
If u(.) is a solution of the above differential inclusion, then for almost every ¢ > 0,
there exists £(t) € 0 (u(t)) such that

a(t) + ut) — by — [a —u(®)]+ + BE)ED) = 0.
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Taking the scalar product with v € H*(Q), we obtain in view of ()

Lo [ Q=i - le=u@le + 50| [ vave- |
Q Q Q
By using Green’s formula, we find for every v € H'(Q),

Aumv + Aumw—m+—m—umhn

+ B [—/QAU(t)U-i- 5 ags)v—/ﬂhv} _0.

hv] =0.
Q

This yields
{ w(t) + [ut) — bl —[a —u(t)]+ + B(t) [-Au(t) =h] =0 onQ,

8;5? =0 on ON.

The elements of C' = argmin ¥ are solutions of the minimization problem

inf{1/||Vu|2—/hu: uEHl(Q)}.
2 Ja Q

The corresponding weak variational formulation is given by

Yv e HY(R), /QVu.sz/th. (42)

Since fQ h = 0, it is well-known that such solutions exist, and they satisfy the
following Neumann boundary value problem

{ —~Au—h =0 on{,

g—z =0 on 0f.

Denoting by @ a particular solution, the set C' = argminV¥ is the straight line
C = {u+m, m € R}. Let us now check that the function ¥ satisfies the inf-
compactness property [[0). Given R > 0 and [ € R, let u € L?(Q2) be in the lower
level set

Apy={ue L*Q), |ullz <R, V(u) <}

From the definition of ¥, we have u € H'(£2) and

/||Vu|\2 < 21+2/hu
Q Q
< 204 2|h| 2 |lullr2e < 21+ 2 R||A||Le.

We immediately deduce that
fult = [+ [ IVul® < B 204 2 R A,
Q Q

which shows that the set Ag; is bounded for the H'(Q)-norm. Since 2 is bounded
with C! boundary, by the Rellich-Kondrachov theorem, the injection H!(£2) —
L?(9) is compact. We conclude that Ag, is relatively compact for the L%(Q)-
norm, hence the function ¥ satisfies the inf-compactness property (0.

Let us now determine the set S = argmin®. Since the function ® is continuous,
convex and coercive, the set argmin ¢ ® is a nonempty segment included in C'. Recall
that v € argmin® if and only if it satisfies the optimality condition —V®(u) €
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Ne(u). Since the set C is a straight line directed by the space of constant functions,
it is clear that

Ne(u) = {p € L2(Q), (0, ) r20) = O} = {p € L2(Q), / p= O} .
Q
Finally, we obtain the equivalences

u € argming® <~ Vo (u)(x)de =0
Q

— @mw—ﬂ+—h—u@ﬂ0dxzﬁ (43)
Q

Assuming that @ € argmin o ®, let us denote by infq @ (resp. supg @) the essential
infimum (resp. supremum) of @ over the set . We distinguish the cases supg @ —
infou > b—a, and supg u — infou < b — a.

Case 1: supgu — infou > b — a. In view of condition {3]), we deduce that the
sets

Qp={ze€Q, ulx)>b} and Q_={zxeQ, u(x)<a}
have positive measures. For m € R, let us define the quantity 6(m) by
9@@:/(m@+mfm+_m_m_m@hym
Q
Recalling that 6(0) = 0, we have for every m >0

om) = [ ([#6@)+m =t — file) by ) da
+ [ (o=@l ~le=m 7)) d

8]

VoIV
S— 5—
=
5 2
— &
= 7
o3
s |
[ -
&= +
* |
L
5 B
205
B
|
[ -
&= +
=+ N—
N— QL
QL =
IS

Q4

In the same way, we obtain 6(m) < m|Q_| for every m < 0. Since |Q24| and |Q_]|
are positive, this implies that (m) = 0 if and only if m = 0. In view of [@3]), we
conclude that @ is the unique minimum of ® over the set C = {u+m, m € R}. We
then infer from Corollary B2(7) that lim;_, 1 o u(t) = @ strongly in L?(Q).

Case 2: supgu — infqu < b — a. In view of condition [3]), we deduce that
u(z) € [a,b] for almost every = € Q. We then have ®(u) = 0, hence u € argmin®.
It ensues that

S = argminV¥ Nargmin®
= {ﬂ—i—m, me[a—infﬂ,b—supﬂ}}.
Q Q

By combining Corollary and Remark B3] we deduce that there exists w € S
such that lim;_, 4 oo u(t) = 7 strongly in L*(Q).
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In fact the convergence is strong in H'(2) in each of the above cases. Indeed,
observe that

lu(t) - @l = /QIIVU(t)—Vﬂ|\2+ Ju(t) —al”

By

Q
= /||vu(t)|\2—2/vu(t)va+ ||VHH2+/ lu(t) —a|*.
Q Q Q Q

using the weak variational formulation (Z), we obtain that [, Vu(t)Va =

Johu(t), and that [, [|[VE[? = [, hu. We immediately deduce from the above
equality that

lu(t) = allfn =2 (¥(u(t) - ¥(@) +/QIU(t) -l

Since lims 400 ¥(u(t)) = ming ¥ (see Remark B3) and since lim; oo ||u(t) —
a2 = 0, we conclude that lim;_, 4o ||u(t) — @l g1 = 0.
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