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Abstract. In this paper we investigate in a Hilbert space setting a second order dynamical system of
the form

E(t) + () (t) + 2(t) — Jagya(z(t) — ME)D(x(t)) — X(t)B(t)B(x(t))) = 0,

where A : H = H is a maximal monotone operator, Jy4)4 : H — H is the resolvent operator of A(t) A and
D, B : H — H are cocoercive operators, and A, 3 : [0, +00) — (0, +00), and ~ : [0,400) — (0,+00) are
step size, penalization and, respectively, damping functions, all depending on time. We show the existence
and uniqueness of strong global solutions in the framework of the Cauchy-Lipschitz-Picard Theorem and
prove ergodic asymptotic convergence for the generated trajectories to a zero of the operator A+ D+ N,
where C' = zer B and N¢ denotes the normal cone operator of C. To this end we use Lyapunov analysis
combined with the celebrated Opial Lemma in its ergodic continuous version. Furthermore, we show
strong convergence for trajectories to the unique zero of A + D + N¢, provided that A is a strongly
monotone operator.
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1 Introduction and preliminaries

Consider the bilevel optimization problem

b {f@)+ g}, 1)
where f : H — R U {400} is a proper convex and lower semicontinuous function, g,¢ : H — R are
convex and (Fréchet) differentiable functions both with Lipschitz continuous gradients, and argmin
denotes the set of global minimizers of ¢, assumed to be nonempty.

By making use of the indicator function of argmin), (1) can be rewritten as

égi{f(m) + g(x) + 5argminw($)}' (2)
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Obviously, « € argmin ) is an optimal solution of (2) if and only if 0 € O(f + g + dargmin ) (2), which can
be split in
0 € 9f(x) + Vg(x) + Odargmin v (2), (3)

provided a suitable qualification condition which guarantees the subdifferential sum rule holds, like for
instance 0 € int(dom f — argmin ).
Using that 00argmin ¢ () = Nargmin () and argmin ) = zer V1), (3) is nothing else than

0e af(.%) + Vg(:v) + Nzervw(l‘). (4)
This motivates us to investigate the following inclusion problem
0 € Az + Dz + N (), (5)

where A : H = H is a maximally monotone operator, D : H — H is a Ll_)l—cocoercive operator, and
B:H—Hisa Lgl—cocoercive operator with Lp, Lg > 0, C' = zer B, assumed to be nonempty, and N¢
denotes the normal cone operator of the set C'. We recall that by the classical Baillon-Haddad Theorem,
the gradient of a convex and (Fréchet) differentiable function is L-Lipschitz continuous, for L > 0, if and
only if it is L™!-cocoercive, see for instance [12, Corollary 18.16]).

In [17], a first order dynamical system has been assigned to the monotone inclusion (5), and it has
been shown that the generated trajectories converge to a solution of it. In this paper, we assign to (5)
the following second order dynamical system

{ B(t) +(0)a(t) + 2(t) = Ty a(@(t) — M) D(x(t) — A()B(E) B(x(t))) (6)
x(0) = ug, £(0) = vy,

where ug,v9 € H and v, A\, : [0,400) — (0,+00). Dynamical systems governed by resolvents of
maximally monotone operators have been considered in [1, 2], and then further developed in [18, 20].

The study of second order dynamical systems is motivated by the fact that the presence of the
acceleration term Z(t) can lead to better convergence properties of the trajectories. Time discretizations
of second order dynamical systems give usually rise to numerical algorithms with inertial terms which
have been shown to have improved convergence properties (see [25]). The geometric damping function ~y
which acts on the velocity can in some situations accelerate the asymptotic properties of the orbits, as
emphasized for example in [30].

For B = 0 and A is constant, the differential equation (6) becomes the second order forward-backward
dynamical system investigated in [20] in relation to the monotone inclusion problem

0€e Ax + Dx.

On the other hand, when particularized to the monotone inclusion system (4), the differential equation
(6) reads

{ &(t) + ()2 (t) +2(t) = proxy s (z(t) = (O Vg(2(t) = MO)BE) VY (2(1)))

x(0) = g, £(0) = vp, (7)

where we made used of the fact that the resolvent of the subdifferential of a proper, convex and lower
semicontinuous function is the proximal point operator of the latter. In case f = 0, v is constant and A
is also constant and identical to 1, (7) leads to the differential equation that has been investigated in [§]
and [19].

The first part of the paper is devoted to the proof of the existence and uniqueness of (locally) absolutely
continuous trajectories generated by the dynamical system (6); an important ingredient for this analysis



is the Cauchy-Lipschitz-Picard Theorem (see [24, 29]). The proof of the convergence of the trajectories
to a solution of (5) is the main result of the manuscript. Provided that a condition expressed in terms
of the Fitzpatrick function of the cocoercive operator B is fulfilled, we prove weak ergodic convergence
of the orbits. Furthermore, we show that, if the operator A is strongly monotone, then one obtains even
strong (non-ergodic) convergence for the generated trajectories.

In the remaining of this section, we explain the notations we used up to this point and will use
throughout the paper (see [15, 12, 28]).

The real Hilbert space H is endowed with inner product (-,-) and associated norm || - | = /(- ).
The normal cone of of a set S C H is defined by Ng(z) ={u e H: (y —z,u) <0Vy e S}, if z € S and
Ng(xz) =0 for ¢ S. The following characterization of the elements of the normal cone of a nonempty
set by means of its support function will be used several times in the paper: for x € S, u € Ng(z) if and
only if og(u) = (z,u), where o5 : H — R U {+o0} is defined by og(u) = sup,cs(y, u).

Let A : H = H be a set-valued operator. We denote by GrA = {(z,u) € H x H : u € Ax} its
graph, by dom A = {x € H : Ax # 0} its domain and by ran A = {u € H : Iz € H s.t. u € Az} its
range. The notation zer A = {x € H : 0 € Az} stands for the set of zeros of the operator A. We say
that A is monotone if (x —y,u —v) > 0 for all (x,u), (y,v) € Gr A. Further, a monotone operator A
is said to be mazimally monotone, if there exists no proper monotone extension of the graph of A on
H x H. The following characterization of the zeros of a maximally monotone operator will be crucial in
the asymptotic analysis of (6): if A is maximally monotone, then

z € zer A if and only if (u — z,w) > 0 for all (u,w) € Gr A.

The resolvent of A, J4: H = H, is defined by p € J4(x) if and only if x € p + Ap. Moreover, if A is
maximally monotone, then Jy : H — H is single-valued and maximally monotone (cf. [12, Proposition
23.7 and Corollary 23.10]). We will also use the Yosida approzimation of the operator A, which is defined
for a > 0 by Aq = 1(Id —Jaa), where Id : H — H,1d(z) =  for all z € H, is the identity operator on H.

The notion of Fitzpatrick function associated to a monotone operator A will be important in the
formulation of the condition under which the convergence of the trajectories is achieved. It is defined as

(,OAIHXH—)E, SOA(CL',U) = sup {(x,v>+<y,u>—<y,v)},
(y,v)eGr A

and it is a convex and lower semicontinuous function. Introduced by Fitzpatrick in [23], this notion
played in the last years a crucial role in the investigation of maximality of monotone operators by means
of convex analysis specific tools (see [12, 13, 15, 28] and the references therein). We notice that, if A is
maximally monotone, then ¢4 is proper and

oa(z,u) > (x,u) V(z,u) € H xH,

with equality if and only if (xz,u) € Gr A. We refer the reader to [13] for explicit formulae of Fitzpatrick
functions associated to particular classes of monotone operators.

Let v > 0 be arbitrary. A single-valued operator A : H — H is said to be «y-cocoercive, if (x —y, Az —
Ay) > v||Az — Ay||? for all (z,y) € H x H, and y-Lipschitz continuous, if ||Azx — Ay|| < ||z — y|| for all
(z,y) € H x H.

For a proper, convex and lower semicontinuous function f : H — RU{+o0}, its (convex) subdifferential
at x € H is defined as

Of(x) ={ueH: fly) > f(x) + (u,y — ) Yy € H}.



When seen as a set-valued mapping, it is a maximally monotone operator and its resolvent is given by
Jyor = prox, s (see [12]), where prox,,: H — H,

prox, () = arfg{in {f(y) + 2l,yHy — fEHQ} ; (8)

denotes the proximal point operator of f.

2 Existence and uniqueness of the trajectory

We start by specifying which type of solutions are we considering in the analysis of the dynamical system
(6).

Definition 1. We say that z : [0, +00) — H is a strong global solution of (6), if the following properties
are satisfied:

(i) z,& : [0,400) — H are locally absolutely continuous, in other words, absolutely continuous on
each interval [0,b] for 0 < b < +o0;

(i) () + ()@ t) + (2(t) — Japya(@(t) — Mt)D(x(t)) — AM(t)B(t)B(z(t)))) = 0 for almost every t > 0;

(iii) z(0) = up and z(0) = vp.

For proving existence and uniqueness of the strong global solutions of (6), we use the Cauchy-
Lipschitz-Picard Theorem for absolutely continues trajectories (see for example [24, Proposition 6.2.1],
[29, Theorem 54]). The key argument is that one can rewrite (6) as a particular first order dynamical
system in a suitably chosen product space (see also [3]).

To this end we make the following assumption:

(H1): v,\,B:]0,4+00) — (0, +00) are continuous on each interval [0,b], for 0 < b < +o0,

which also describes the framework in which we will carry out the convergence analysis in the forthcoming
sections.

Theorem 2. Suppose that v, A and [ satisfy (H1). Then for every up,vy € H there exists a unique
strong global solution of (6).

Proof. Define X : [0,400) — H x H as X(t) = (z(t),2(t)). Then (6) is equivalent to

X(t) = F(t, X(t))
{ X(0) = (uo,vo), ©)

where F(t,u,v) = (v, =y(t)v — u + Jygya(u — Mt)D(u) — A(t)B(t) B(uw))).
First we show that F(t,-,-) is Lipschitz continuous with a Lipschitz constant L(t) € L}, ([0, +00)),
for every ¢t > 0. Indeed,

1B, u,0) = F(t,u,0)| = \/Hv =0l + 7 () (0 = v) + (@ = w) + (Ja@yals) = T al5))I
< \/Hv =02 + 2y ()0 = v) + (@ = w)[] + 2| Tx@als) = apa®)I?

< \/(1 +472(t))[Jv — 9|12 + 4l (@ — w)[|2 + 2[| Tapy a(s) — Ixnya(3)1%

where s = u — A(t)D(u) — A(t)B(t)B(u) and s = u — A(t)D(u) — A(t)5(t) B(w).



By using the nonexpansivness of Jy)4 we get

[ xwa(s) = Iawa(G) < [[(u = @) + A@)(D(@) = D(u)) + At)5(t)(B(u) — B(u)]|
< (I+ A Lp + A0)B(E) Lp)|lu —all.

Hence,
IF(t,u,0) = F(t,0,0)| < /(1+492(8)[lv — 0] + (4+ 2(1 + A(t)Lp + AMt)B(t)Lp)?)[|u — a2
< VB 42(t) + 2(1 4+ A(t)Lp + MH)B() L)/ |lu — ul] + [[v — v]]?
< (VB+29(t) + V2(1+ M) Lp + M)B(E) Le)) || (u,0) — (@, 9)].

Since v, A, 8 € L} ([0, +00)), it follows that

L(t) :== V5 + 2y(t) + V2(1 + A(t)Lp + \(t)3(t) L)

is also locally integrable on [0, +00).
Next we show that F(-,u,v) € L}

1oc([0,+00), H x H) for all u,v € H. We fix u,v € H and b > 0, and
notice that

b b
[ 1P la= [l + i+ u Iygate =~ MO D) = NOBOBw) ds
0 0

b
< [ 2@l + 4l + 4l Iy alu = NOD() — AO S0 B[Pt
0

According to (H1), there exist positive numbers A and 3 such that 0 < A < A(t) and 0 < 3 < B(1)
for all ¢ € [0, b]. Hence

[ Txyalu = A@) D (u) = A6)B(8) B(w))|| =

[ Tapalu = A(E)D(w) = AE)B(#)B(w) = Ixpalu = AD(w) = ABB(u)) + Jyga(u = AD(u) = ABB(u))|| <

A = DD+ ABB(E) = AB)B(w)l| + | Ta@ya(w — AD(u) = ABB(u))|.

In addition,
[ Ixya(u — AD(u) — ABB(u))|| =
[z a(u = AD(u) = ABB(u)) — Jxa(u — AD(u) — ABB(u)) + Jya(u — AD(u) — ABB(u))|| <
(A() = D[ Ax(u = AD(u) = ABB(u))|| + | /xa(u — AD(u) — ABB(u))|;

w) -

where the last inequality follows from the Lipschitz property of the resolvent operator as a function of
the step size, which basically follows by combining [22, Proposition 2.6] and [12, Proposition 23.28] (see
also [2, Proposition 3.1]). Hence,

b b
L iFGlar < (04 V@0l + 2ul + 2000 = DIDE + 20080) - 13)| Bl ) de

b
+ /0 (2(A(8) = M Ax(u = AD(w) = ABB(w))|| + 2/|Jxa(u — AD(u) — ABB(w))|]) dt

Hence, F(-,u,v) € L},.([0,+00),H x H) for all u,v € H. The conclusion of the theorem follows by
applying the Cauchy—Llpschltz—Picard theorem to the first order dynamical system (9).
O



3 Some preparatory lemmas

In this section we provide some preparatory lemmas which will be used when proving the convergence of
the trajectories generated by the dynamical system (6). We start by recalling two central results; see for
example [2, Lemma 5.1] and [2, Lemma 5.2], respectively.

Lemma 3. Suppose that F : [0,+00) — R is locally absolutely continuous and bounded below and that
there exists G € L'([0,4+00)) such that for almost every t € [0, +00)

%F(t) <G,

Then there exists lim;_,oc F'(t) € R.

Lemma 4. If 1 < p < oo, 1 <r < o0, F:[0,+00) = [0,400) is locally absolutely continuous,
F e LP(]0,+0)), G : [0,+0) = R, G € L"([0,400)) and for almost every t € [0, +00)

SF() < GO),

then limy_, 1~ F(t) = 0.

Lemma 5. Suppose that (H1) holds and let x be the unique strong global solution of (6). Take (z*,w) €
Gr(A+ D + N¢) such that w = v + Dx* + p, where v € Az* and p € N¢(x*). For every t > 0 consider
the function h(t) = §||(t) — 2*||%. Then the following inequality holds for almost every t > 0:

(o) + 9000+ A0) (75 = A0 ) 1D(a0) ~ D[P = (O <

PN _ (P 2 4 ol w T — N(t)52(t) ()12
A8 (sup a1 575 ) = o (555 ) #2204 o+ A0 .0 )+ SO <t>(>u)-
10

Proof. We have h(t) = (i(t),z(t) — z*) and h(t) = (&(t), z(t) — z*) + ||2(t)||* for every t > 0. By using
the definition of the resolvent, the differential equation in (6) can be written for almost every ¢ > 0 as

z(t) = A()D(x(t)) — A(t)B(t)B(x(t)) € &(t) + y()&(t) + x(t) + M) A(E() + v (8)E(t) + =(t))
or, equivalently,

_A(lt)i(t) - Z\Egi'(t) — D(z(t)) — B(t)B(x(t)) € A(i(t) +v(t)a(t) + z(t)). (11)

Since v € Az* and A is monotone, we get for almost every ¢ > 0

<v + )\1 Z(t) + /Y(t)a'c(t) + D(x(t)) + B(t)B(x(t)),z" — &(t) — y(t)&(t) — a:(t)> > 0.

A@(D(z(t) + B(H)B(x(t) + v, 27 — i(t) —y()a(t) — (1)) >
2

(@) + (D)2 (t), =" + E(t) + ()i () + () = h(t) + 1)) + 1E(t) + (OO ~ |#O]*  (12)



for almost every t > 0. Hence, for almost every ¢t > 0
h(t) +(8)h(t) = &) < AE)(D(x
FA(D(2(t)) + B(t)B(x(t) + v, —w(
A@)(D(x(t)) + () B(x(t)) + v, 2" — (1)) +

and from here, by using mean inequalities,
h(t) +5(@)h(t) = |E0)]* < AE)(D(@(t)) + B() B2 (t)) + v, 2% — x(t))+

MHB@(UW + A2 (1)]| D* +v||* + X*(1)|| D(2(t)) — Da*|?
5 .

t)) + B B(z(t) + v, 2" — x(t))
—(O)a(t) — @) + 1O <

tHD< (1) + BB () + o]},

Since v = w — Dx* — p, we obtain for the first summand of the term on the right-hand side of the above
inequality for every t > 0 the following estimate

A(D(x(t) + B(H)B(z(t)) + v, 2" — x(t))
)+ B)B(z(t)) + w— Da* —p,z” — (1)) =
)) — Dz, x* — x(t)) + MNt){w, 2™ — x(t

R ID(a(0) ~ Do 2+ A)w. = 2(0) + A0 (sup o (w57 ) o (585 )
Hence, for almost every ¢ > 0, we have

. . 2 2

() +2Ohe) ~ 1O < DB P + X @ID2 + ol + X201 Dla(e)) - D

2D (a(t)) Do I+ A 2 — (1)
D

s (spon (o 2y) < (2)

which is nothing else than the desired conclusion. O

Lemma 6. Suppose that (H1) holds and let x be the unique strong global solution of (6). Take x* €
CNdomA and v € Ax*. For every t > 0 consider the function h(t) = %||lz(t) — 2*||%. Then for every
€ > 0 the following inequality holds for almost every t > 0:

(0 + 5 Ohe) + 52 l#(6) + 5021 ~ 1O + DO B0, a() - a*) <
A080) (5 NGO — o ) IBEO)I? + NOD((0) + v.a” = 0) = 2(5(0) - 2(0). (13

Proof. Let be € > 0 fixed. According to (12) in the proof of the above lemma, we have for almost every
t>0

h(t) +y(Oh(t) + [1E(t) + 12O — 121 < At)



Since B is ﬁ—cocoercive and Bx* =0 we have (B(x(t)),2* — x(t)) < —ﬁHB(:U(t))HQ, hence

AB)5(t)

€

AOBO Bl 2"~ 2(0) < - 2T B + S N8O B0~ alo),
for every t > 0. Consequently,
he) 42 (0h(0) + 150) + 1O — 1017 + X2 o)t - ) < 3L B
M B(a(t)), ~(0) YD) + MOD((W)) + 0,2 — (1) ~A(1)i(t) (1),
which, combined with
€ 2 2
NOBOB(e), ~5(0) ~1(05(0) < 51150 +90a0 ] + SO e

implies for almost every ¢ > 0 relation (13). O

Lemma 7. Suppose that (H1) holds and let x be the unique strong global solution of (6). Furthermore,
suppose that limsup,__,  A(t)B(t) < ﬁ. Take z* € C Ndom A and v € Ax*. For every t > 0 consider
the function h(t) = 3||z(t) —2*||?. Then there exist a,b,c > 0 and ty > 0 such that for almost every t > t
the following inequality holds:

h(t) + v ()h(t) + cllE(t) + ()2 @) + ar()5(1) <<B(w(t))» a(t) — %) + IIB(:E(t))H2) hS
At)

<b)\2(t) - LD> |D(2(t)) — Dx*||? + A(t)(Dz* 4+ v, 2* — x(t)) + bA2(t)|| Dx* +v||* + ||2(t)||%.  (14)

Proof. Let be € > 0. According to the previous lemma, (13) holds for almost every ¢ > 0. We estimate
the last summand in the right-hand side of (13) by using the mean inequality and the cocoercieveness of
D. For every t > 0 we obtain

A@(D(x(t)) + v, 2" = &) =1 ()#(t) — 2(t)) <
4(1 +¢)

N2(t)(1 +¢€)

1% (t) +~(@®)2(E)[I* + ID(x(t)) + vl* + AE(D(x(t) + v, 2" — x(t)) =

€ 2 €
g0+ 0O + =L D) +of?+

A@(D(x(t)) — Da*, 2™ — x(t)) + M) (Da” + v, 27 — x(t)) <

€ 9 )
T lE0 2@l + LD + o+
20 D) - D+ MOD" + 0,0 — (1),

which, combined with ||D(z(t)) + v||? < 2|[D(z(t)) — Dz*||? + 2||Dx* + v||?, implies

A(D(x(t)) + v, 2" — () = y(1)i(t) — 2(1)) < X I (t) + (&2 (t)[1*+

1+e€)
(2)\2(75)(1 +€) _ )\(t)) ID(x (1)) — D:c*H2 n 202(t)(1 +€)
€ Lp €

| Dx* + v||? + \(t)(Dz* 4+ v, z* — z(t)).



Using the above estimate in (13), we obtain for almost every ¢ > 0

B0+ Oh(0) + 5o (6) + 1) — )P + O

AOB0) (S5 NS0 — ) B + 4160+ @]+

(1+eLp
2 €
(PR S pate) - Dol +

(B(x(t), z(t) —a") <
41 +€)
222(1)(1 + ¢)

1Dz +v||* + A(t)(Da” + v, 2" — x(t))

or, equivalently

) +20h(0) + 25 50 + 10017 — 1O+ A (B, o(0) ) + [B)IP) <
€ € 2 €
A080) (N80 - g+ e ) 1B+ (20D JOY b - par?

2X2()(1 + ¢)

+ | Dz* 4 v||? + At)(Dx* + v, 2* — (t)).

Since limsup; _, , o A(t)B(t) < ﬁ, there exists 9 > 0 such that

1+4+e€ 1 € 1+€ 1 €
—A)B(t) — —
2 (1B() (1+€)LB+1+E<2LB (1+€)LB+1+6

for every t > ty. Further, we notice that

1+4+e€ 1 €
- + <0
2LB (1+6)LB 1+e€

for every € € (O, (I1+Lp)?+1—-(1+ LB)} . By choosing ¢y from this interval and defining

1
€0 b:= 2(1 + e) and ¢ := 2 + 3¢

:1—1—60’ €0 4(14—60)’

a

the conclusion follows. O

Remark 8. In the proof of the above theorem, the choice ¢g < /(1 + Lp)2+1— (1+Lp) < V2 -1,
%and%<c<%—§.
Lemma 9. Suppose that (H1) holds and let x be the unique strong global solution of (6). Furthermore,
suppose that limsup, ,, A(t)B(t) < ﬁ and limy—, o A(t) = 0. Take (z*,w) € Gr(A+ D + N¢)
such that w = v + Dz* + p, where v € Ax* and p € No(x*). For every t > 0 consider the function
h(t) = 3|lz(t) — «*||>. Then there exist a,b,c > 0 and t; > 0 such that for almost every t > ty the
following inequality holds:

implies that a < 1 —

h(t) + v (Oh(t) + cllE(t) + )2 @) + ar()5(1) (1<B(w(t))7 z(t) —a*) + HB(w(t))llz) <

2
a)\(t)ﬁ(t) su u 27]) e 27]) 2 2 4w 2 w. ¥ — i 2
P (sup gm (w20 ) = o (o0 ) ) +ROID" +0l + M) " = () + | <t>u(. |
15



Proof. According to Lemma 7, there exist a,b,c¢ > 0 and ty > 0 such that for almost every t > ¢y the
inequality (14) holds. Since lim;_, . A(t) = 0, there exists t; > to such that A(¢) < ﬁ, hence bA%(t) —
)LL;) < 0 for every t > t;. Consequently, we can omit for every ¢ > ¢; the term (b)\Q(t) — %) | D(z(t)) —

Dz*||? in (14) and obtain that the inequality

h(t) + v ()h(t) + cl|E(t) +v()E(t)]]* + aA(t)B(t) (<B(:v(t)), z(t) —x*) + HB(:v(t))IF) <
At (Dz* 4+ v, 2% — 2(t)) + bA2(t) || Dz* + v||2 + ||&(¢)]| (16)

holds for almost every ¢ > t.
Since Dzx* + v = w — p, we have for every t > 0

aA(t)5(t)
2

AP (Bate).a) + {20 o)) = (Blal)a(0) ~ { 205007 ) ) + A0 w.0" 20 <
a\ t
).

5 (228 on <u %) ~oc (;%)) AW w2 — (1))

On the other hand, (16) can be equivalently written for almost every ¢ > t; as

(B(x(t)),z* — z(t)) + A(t)(Dz* + v, 2™ — z(t)) =

h(t) + Y (OA(E) + cllE(t) + ()2 (0)]|* + aA(t)5(2) (%<B($(f))v a(t) — %) + ||B(90(75))H2> <
NP (Bat). 2" — w(0) + M) (D + .2 — 2(6)) + A0 + o] + )]

hence

h(t) +y(0)h(E) + el|(t) + () @)]* + ar(t)5(1) <1<B(m(t)), z(t) — %) + HB(m(t))IIQ) <

2
aA(B() su u 2 -0 2 2 z* +v))? w, " —x a(t)|?
3O (supon (w20 ) a0 (205 ) ) + OIDE" + 0l + 2O (w.a” - a0) + (0]

4 Main result: the convergence of the trajectories

For the proof of the convergence of the trajectories generated by the dynamical system (6) we will utilize
the following assumptions:

(H2) : A+ N¢ is maximally monotone and zer(A + D + N¢) # 0;

(H3): X € L%([0,+0c0)) \ L1([0,+00)) and lim; 1 A(t) = 0;

0+C>O A(t)B(t) (SUPueC ¥YB <U, %) e (%)) dt < +o0.

Remark 10. (i) The first assumption in (H2) is fulfilled when a regularity condition which ensures the
maximality of the sum of two maximally monotone operators holds. This is a widely studied topic in the
literature; we refer the reader to [12, 14, 15, 28] for such conditions, including the classical Rockafellar’s
condition expressed in terms of the domains of the involved operators.

(i) With respect to (Hy;t.), we would like to remind that a similar condition formulated in terms of
the Fitzpatrick function has been considered for the first time in [16] in the discrete setting. Its continuous
version has been introduced in [17] and further used also in [5].

Hy¢;i,) @ For every p € ran Ng,
f

10



This class of conditions, widely used in the context of penalization approaches, has its origin in [7].
Here, in the particular case C' = argmin ¢, where ¥ : H — R is a convex and differentiable function with
Lipschitz continuous gradient and such that miny = 0, the condition

(H): For every p € ran N¢, 0+°O A(#)B(t) [1/1* (%) —o¢ (%)} dt < +o0.

has been used in the asymptotic analysis of a coupled dynamical system with multiscale aspects. The
function ¢* : H — R U {400}, ¢¥*(u) = sup,ey {(u, z) — 1(x)}, denotes the Fenchel conjugate of 1.

According to [13], it holds

ovy(z,u) < P(z) + 9" (u) V(zr,u) € H x H. (17)

Since () = 0 for € C, condition (Hy.) applied to B = V1 is fulfilled, provided that (H) is fulfilled.
For several particular situations where (Hy;,) is verified (in its continuous or discrete version) we refer
the reader to [7, 10, 9, 11, 27, 26].

For proving the convergence of the trajectories generated by the dynamical system (6) we will also
make use of the following ergodic version of the continuous Opial Lemma (see [7, Lemma 2.3]).

Lemma 11. Let S C H be a nonempty set, x : [0,4+00) — H a given map and X : [0,400) — (0,400)
such that f0+oo A(t) = +o00. Define 7 : [0,+00) — H by

() = /0 A(s)2(s)ds.

f(f A(s)ds

Assume that

(i) for every z € S, limy_, 1 ||z(t) — 2|| ewists;

(ii) every weak sequential cluster point of the map T belongs to S.
Then there exists xoo € S such that w — limy_y o0 T(t) = Too-

We can state now the main result of this paper.

Theorem 12. Suppose that (H1) — (H3) and (Hy.) hold, and let x be the unique strong global solution
of (6). Furthermore, suppose that limsup, . A(t)5(t) < i, v is locally absolutely continuous and

for almost every t > 0 it holds v(t) > v/2 and #(t) < 0. Let & : [0, +00) — H be defined by
i 1 !
z(t) = fot)\(s)ds/o A(s)z(s)ds.

Then the following statements hold:

(i) for every x* € zer(A + D + N¢), ||z(t) — z*|| converges as t — +oo; in addition, ©,% €
L2([0, +00), H), AC)BOIB()I? € L'([0,+00)), [ AMOBH)(B(a(t), z(t) — 2*)dt < +co, and
My y oo ©(t) = limy o0 h(t) = 0, where h(t) = 3|z (t) — z*||%

(i) Z(t) converges weakly ast — 400 to an element in zer(A+ D + N¢);

(111) if, additionally, A is strongly monotone, then xz(t) converges strongly as t — +oo to the unique
element of zer(A+ D + N¢).
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Proof. (i) Let be z* € zer(A+ D+ N¢), thus (z*,0) € Gr(A+ D+ N¢) and 0 = v+ Dx* +p for v € Az*
1

and p € No(z*). According to Lemma 9 and Remark 8, there exist a,b,¢ > 0, with a < 1 — 7 and

% <c< % — %, and t; > 0 such that for almost every ¢ > ¢; it holds

1

h(t) + 7 (O)h(t) + cll#() + 7O ()] + ar()5(1) <2<B(x(t))7 x(t) — %) + IIB(x(t))I2> <

PO (sup o (w205 ) ~ 00 (585 ) ) +ROID" 0l + [(0)
On the other hand, since
() = S CERE) —7(Dh(E) > S Eh),

it holds

h(t) + 7 (Oh(t) + cllE(t) + O @) — [l20))* =

% (ht) + 1(Oh (1) + AOIEOI) + (1) ~ 5 (2) — DIaO]? + el e)?

dt
for every t > 0.
By combining these two inequalities, we obtain for almost every ¢ > ¢;

D () + 2@ + WO + (e7(0) — e5(0) ~ DO + cli) |2+
OO B a1 2(t) - a) + aX B0 | Bx(e)) | <

S (en (vt ) o () + or @D ol

Since y(t) > v/2 and ¢ > 3 one has ¢7?(t) — ¢§(t) — 1 > 2¢ — 1 > 0 for almost every ¢ > 0. By using
that (B(z(t)),z(t) — «*) > %BHB(ac(t))H2 for every t > 0 and by neglecting the non-negative terms on

the left-hand side of (18), we get for almost every t > t;

& (O +1@h(0) + 0307 <

25 Copen (v 33t) o< (@) ) oo+

Further, by integration, we easily derive that there exists M > 0 such that for every ¢ > 0

a

h(t) +y(0)h(E) + ex(B)]E()]* < M. (19)

Hence, h(t)+~(t)h(t) < M, which leads to h(t)++v/2h(t) < M for all t > 0. Consequently, %(h(t)eﬁt) <
M e\/it; therefore, by integrating this inequality from 0 to T > 0, one obtains

M M V2(=T) V2(-T)
h(T) < + h(0 ,
( )_ \/5 \/56 ( )6

which shows that h is bounded, hence x is bounded. Combining this with

(#(t), 2(t) — ") + eVE|E(0)|2 < M vt > 0,

12



which is a consequence of (19), we derive that & is bounded, too.
In conclusion, t + h(t) + v(t)h(t) + cy(t)||#(t)]|? is bounded from below. By taking into account
relation (18) and applying Lemma 3, we obtain

i (h(t) + 1 (0h() + e (D]}E0]?) € R (20)
and
+oo +oo +oo o0
N (2 ot 22 € R.
/0 () 2dt, /0 (1) 2, /0 (B (Ba(t)), () — o), /O (OB |B()]? € R
Since

% (3101 ) = 0,40 < 31O + 501

for every t > 0 and the function on the right-hand side of the above inequality belongs to L!([0, +00)),
according to Lemma 4 one has lim;_, o #(t) = 0. Further, the equality A(t) = (&(t), z(t) — z*) leads to
—\|(t)|[||z(t) — z*| < h(t) < ||&(@)||||z(t) — z*|| for every ¢t > 0. Since limy_, o0 &:(t) = 0 and ||z(-) — z*||
is bounded, one obtains lim;_, | o h(t) =0.

From limy;_, oo (A(t) +v(£)R(t) + ey ()| 2(t)||2) € R, limy_, 4 o0 h(t) = 0 and lim;_, o0 cy(t)||2(1)]|2 =
0, one obtains that the limit lim; 4~ y(¢)h(¢) exists and it is a finite number. On the other hand, since
the limit lim; o y(t) > V2 exists and it is a positive number, one can conclude that limy—, 4o A(t)
exists and it is finite. Consequently, ||z(t) — 2*|| converges as t — +00.

(ii) We show that every weak sequential limit point of Z belongs to zer(A + D + N¢). Indeed, let
xo be a weak sequential limit point of Z; thus, there exists a sequence (sp)n>0 with s, — +oo and
Z(sp) — o as 1 — +00.

Take an arbitrary (z*,w) € Gr(A+ D + N¢) with w = v+ Daz* +p, v € Axz* and p € Ng(x*). Since
limy—, 40 A(t) = 0, there exists to > 0 such that for every ¢ > to one has A(¢) (% - A(t)) > 0. From

(10) we obtain

h(t) +~(t)h(t) <

303(0) (sup o (25 ) —o0 () ) + X000 + olP+

2 2
WHBWW O + M) (w, " — x(1)).

for every t > to. By integrating from to to T" > to, we get from here

/tj h(t) +~y()h(t)dt < L+ <w, (/: A(t)dt) R /: /\(t)x(t)dt> ,

o= [ 2050 (s (1585 ) =oe (5) )
2

T e e MOFW
+ [ (e + o+ X ey + a0

where
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Since y(t)h(t) > %('y(t)h(t)) and y(T)h(T) > 0, we obtain

T

—y(t2)h(ts) < L+ <w, </: /\(t)dt) z* — /\(t):p(t)dt> — W(T) + h(ty),

t2

hence

—y(t)h(t) Lo —MT) [ fy M)t
Joamde ~ fFamde -\ A

where Ly := L + h(ts) + <w, J32 M) (t)dt — ( .2 )\(t)dt) x> eR.
We choose in the above inequality T' = s, for those n for which s,, > 3, let n converge to +oc and
so, by taking into account that f0+oo A(t)dt = +o0 and h is bounded, we obtain

(w,z* — xg) > 0.

Since (2*,w) € Gr(A 4+ D + N¢) was arbitrary chosen, it follows that g € zer(A + D + N¢). Hence, by
Lemma 11, Z(¢) converges weakly as ¢ — +00 to an element in zer(A + D + N¢).
(iii) Assume now that A is strongly monotone, i.e. there exists n > 0 such that

(W' — v,2 —y) > nllz — yl?, for all (z,u"), (y,0") € Gr(A).

Let * be the unique element of zer(A + D + N¢). Then 0 = v + Dx* + p, for v € Az* and p € No(z*).
Since v € Az* and A is n—strongly monotone, from (11) we obtain for almost every ¢ > 0

<v + )\(1t)a:(t) + *)

Ta(0) + Dla(v) + BOB((). 2" ~ HO) - 103 ) - x<t>> >

nlla” =@ (t) — y(B)i(t) — x(t)]*.

> =2

By repeating the arguments in the proof of Lemma 5, we easily derive for almost every ¢ > 0

h(t) + v (Oh(t) = @)1 +nA@)]|2" — E(t) — (0 (t) —(@)]* <

N2(t) — =2 ) |ID(z(8)) — Dx*||? + M#)B(t) ( su U, —— | —oc|—=—< ||+
(20 = 32) ID(o) - Do+ A@)800) (sup o (0 57 ) = o (55
N2(1) 3% (t «
MOF, Ba)|? + 2200 + D2
Since lim;_, 1o A(t) = 0, there exists t3 > 0 such that \2(t) — )}%) < 0 for every t > t3. Thus for almost

every t > i3
h(t) + (OA(E) + A8z — E(t) = y()i(t) — ()] <

PN (P N2(t)B3(t) 2NN 4 X2 1o + Da*lI2 + (612
A©050) (sup o (w575 ) = oe (56)) + B + 20 + Da|* + (1)

ueC 2

Combining this inequality with

[l = a@®))* < 2[lE(t) +y(OEO] + 2]la™ — 2(t) — @(t) — 1)@ )],
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we derive for almost every ¢ > t3

(D) +10h(0) + D o ()P <
IO + 1O+

PN _ (P A2 (1) B3 (t) SN2 4 \2(8) o 212 ()12
305(0) (supon (185 ) —oc (5 ) ) + 2 UBEOIE + (O + D[P + 01

By using that y(t)h(t) > %(()h(t) and [i(t) + v(O)(6)|* < 2E(0)]* + 24*(1)|é(1)])* for every
t > 0, by integrating from ¢3 to T' > t3, by letting T" converge to 400, and by using (i), we obtain

+oo
/ A ||z* = z(t)]2dt < +oc.
0

Since A € L2([0, +00)) \ L'([0, +00)), it follows that ||z(t) — 2*|| — 0 as t —> +oo0. O

Remark 13. We want to emphasize that unlike other papers addressing the asymptotic analysis of
second order dynamical systems, and where the damping function (¢) was assumed to be strictly greater
than v/2 for all t > 0 (see [4, 20]), in Theorem 12 we allow for it take this value, too.

We close the paper by formulating Theorem 12 in the context of the optimization problem (1), where
we also use the relation between the assumptions (H) and (Hy;.) (see Remark 10).

Corollary 14. Consider the optimization problem (1). Suppose that its system of optimality conditions
0€ 3f(56) + VQ(Z‘) + NzerVd;(fL‘)

is solvable, that (H1)— (H3) and (H) hold, and let x be the unique strong global solution of (7). Further-
more, suppose that limsup, __, o A(t)B(t) < i, ~ s locally absolutely continuous and for almost every

t >0 it holds y(t) > V2 and %(t) < 0. Let  : [0,+00) — H be defined by

T —é t s)xz(s)ds
x(t)_f(f)\(s)ds/o A(s)x(s)ds.

Then the following statements hold:

(i) for every x* € zer(Of + Vg + Nyerwy), ||2(t) — 2*|| converges as t — +oo; in addition, &,% €
L2([0, +00), 1), AC)BOIVE(e()]? € L1([0,4+00)), [y MOBE)(V(x(t)), () — 2*)dt < 400,
and limy_, o0 &(t) = limy—, 400 h(t) = 0, where h(t) = §||z(t) — z*|?;

(i1) T(t) converges weakly as t — 400 to an element in zer(Of + Vg + Nyervy), which is also an
optimal solution of (1);

(111) if, additionally, f is strongly convex, then x(t) converges strongly ast — +o0 to the unique element
of zer(Of + Vg + Nyervy), which is the unique optimal solution of (1).

Remark 15. For unconstrained optimization problems (which corresponds to the situation when ¢ (z) =
0 for all z € H) one can obtain convergence rates of O(t~2) for the objective along the trajectories by
choosing as damping function v(¢) = 1/t, for t > 0 (see for instance [6]). This is a setting which is
not covered by our analysis, however it is a topic which we might be of interest also in the context of
dynamical systems with penalty terms associated to bilevel programming problems.
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Remark 16. Time discretization of the dynamical system (6) with step size Ay > 0, damping variable
~v; > 0, penalty parameter 85 > 0 leads to the numerical scheme
xk—f—l _ ka + J:k_l N xk-{—l _ :Ck

+ 2% = Jya(a® — N Da® — N8 Ba®) vk > 1,

where hj, > 0 is the size of the time step and 20 = uy and z! = vy are the initial points. For hj = 1 this
becomes

(% — b1y vk > 1,

1 1
k+1 _ k k k k
T =(1- z" + J x" — M Dzx" — A\ S Bx") +
( 1+“m> T A ( k KBk Bx") T
which is a relaxed forward-backward algorithm of penalty type with inertial terms for solving the inclusion
(5). For the convergence analysis of inertial forward-backward penalty algorithms in the particular case
of convex optimization problems like (1) we refer the reader to [21].
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