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ABSTRACT. We first study the fast minimization properties of the trajectories of the second-order evolution equation
«a
E(t) + —a(t) + BV2®(z(t))2(t) + Vo(2(t)) = 0,

where ® : H — R is a smooth convex function acting on a real Hilbert space H, and «, 8 are positive parameters. This
inertial system combines an isotropic viscous damping which vanishes asymptotically, and a geometrical Hessian driven
damping, which makes it naturally related to Newton’s and Levenberg-Marquardt methods. For a > 3, and 8 > 0,
along any trajectory, fast convergence of the values

D(z(t)) — n’}-ilnq) =0 (tiz)

is obtained, together with rapid convergence of the gradients V®(z(t)) to zero. For o > 3, just assuming that argmin ® #
(), we show that any trajectory converges weakly to a minimizer of ®, and that ®(z(t)) — miny ® = o(t~2). Strong
convergence is established in various practical situations. In particular, for the strongly convex case, we obtain an
even faster speed of convergence which can be arbitrarily fast depending on the choice of a. More precisely, we have
P(z(t)) —minyg ® = (’)(tfgo‘). Then, we extend the results to the case of a general proper lower-semicontinuous convex
function ® : H — R U {4oc0}. This is based on the crucial property that the inertial dynamic with Hessian driven
damping can be equivalently written as a first-order system in time and space, allowing to extend it by simply replacing
the gradient with the subdifferential. By explicit-implicit time discretization, this opens a gate to new — possibly more
rapid — inertial algorithms, expanding the field of FISTA methods for convex structured optimization problems.

Introduction

Throughout the paper, H is a real Hilbert space endowed with scalar product (-,-) and norm ||z| = /(z,z) for
x € H. Let & : H — R be a twice continuously differentiable convex function (the case of a nonsmooth function will
be considered later on). In view of the minimization of ®, we study the asymptotic behaviour (as t — 400) of the
trajectories of the second-order differential equation

(1) (DIN-AVD)  i(t) + %x’(t) + AV2D(x(t))i(t) + VB(x(t)) = 0

where « and (3 are positive parameters.

This inertial system combines two types of damping:
In the first place, the term () furnishes an isotropic linear damping with a viscous parameter
asymptotically, but not too slowly. The asymptotic behavior of the inertial gradient-like system

2) (AVD)  &(t) + a(t)i(t) + Vd(z(t)) = 0,

with Asymptotic Vanishing Damping ((AVD) for short), has been studied by Cabot, Engler and Gaddat in [21]-][22].
They proved that, under moderate decrease of a to zero, namely, that lim; , . a(t) = 0 and fOOC a(t)dt = 400, every
solution z of (2) satisfies lim;—, 4o ®(x(t)) — miny P.

Interestingly, with the specific choice a(t) = ¢:

[e%

¢ which vanishes

3) #(t) + Ti(t) + V(@ (b)) =0,
Su, Boyd and Candés in [36] proved the fast convergence property
(4) O(z(t)) — m}i{n@ =0(t7?),

provided e > 3. In the same article, the authors show that, for a« = 3, (3) can be seen as a continuous-time version of
the fast convergent method of Nesterov [29]-[30]-[31]-[32]. In [13], Attouch, Peypouquet and Redont showed that, for
a > 3, each trajectory of (3) converges weakly to an element of argmin ®. This result is a continuous-time counterpart

Date: 23 oct. 2015.

Key words and phrases. Convex optimization, fast convergent methods, dynamical systems, gradient flows, inertial dynamics, vanishing
viscosity, Hessian-driven damping, non-smooth potential, forward-backward algorithms, FISTA.

Effort sponsored by the Air Force Office of Scientific Research, Air Force Material Command, USAF, under grant number FA9550-
14-1-0056. Also supported by Fondecyt Grant 1140829, Conicyt Anillo ACT-1106, ECOS-Conicyt Project C13E03, Millenium Nucleus
ICM/FIC RC130003, Conicyt Project MATHAMSUD 15MATH-02, Conicyt Redes 140183, and Basal Project CMM Universidad de Chile.

1



2 HEDY ATTOUCH, JUAN PEYPOUQUET, AND PATRICK REDONT

to the Chambolle-Dossal algorithm [23], which is a modified Nesterov algorithm specially designed to obtain the
convergence of the iterates.

In the second place, a geometrical damping, attached to the term SV2®(z(t))(t), has a natural link with Newton’s
method. It gives rise to the so-called Dynamical Inertial Newton system ((DIN) for short)

(5) (DIN) F(t) +ya(t) + BVEO(x(t))i(t) + VO(2(t)) =0,

which has been introduced by Alvarez, Attouch, Bolte and Redont in [6] (y is a fixed positive parameter). Interestingly,
(5) can be equivalently written as a first-order system involving only the gradient of ®, which allows its extension
to the case of a proper lower-semicontinuous convex function ®. This led to applications ranging from optimization
algorithms [12] to unilateral mechanics and partial differential equations [11].

As we shall see, (DIN-AVD) inherits the convergence properties of both (AVD) and (DIN), but exhibits other
important features, namely (see Theorems 1.10, 1.14, 1.15, 3.1, 4.8, 4.11, 4.12):

e Assuming « > 3, 8 > 0 and argmin® # (), we show the fast convergence property of the values (4), together
with the fast convergence to zero of the gradients

(6) /:o £2(|V®(x(t)) ]| 2dt < +oo.

e For a > 3, we complete these results by showing that every trajectory converges weakly, with its limit belonging
to argmin ®. Moreover, we obtain a faster order of convergence ®(z(t)) — miny ® = o(t72).

e Also for o > 3, strong convergence is established in various practical situations. In particular, for the strongly
convex case, we obtain an even faster speed of convergence which can be arbitrarily fast according to the
choice of . More precisely, we have ®(z(t)) — miny ® = O(t~3%).

e A remarkable property of the system (DIN-AVD) is that these results can be naturally generalized to the
non-smooth convex case. The key argument is that it can be reformulated as a first-order system (both in
time and space) involving only the gradient and not the Hessian!

Time discretization of (DIN-AVD) provides new ideas for the design of innovative fast converging algorithms,
expanding the field of rapid methods for structured convex minimization of Nesterov [29, 30, 31, 32], Beck-Teboulle
[16], and Chambolle-Dossal [23]. This study, however, goes beyond the scope of this paper, and will be carried out
in a future research. As briefly evoked above, the continuous (DIN-AVD) system is also linked to the modeling of
non-elastic shocks in unilateral mechanics, and the geometric damping of nonlinear oscillators. These are important
areas for applications, which are not considered in this paper.

1. SMOOTH POTENTIAL

The following minimal hypotheses are in force in this section, and are always tacitly assumed:

e a>0,5>0;
o & :H — Ris a twice continuously differentiable convex function; and
° t0>01,$0€H7i‘0€H.

In view of minimizing ®, we study the asymptotic behaviour, as t — +00, of a solution z to (DIN-AVD) second-order
evolution equation (1). We will successively examine the following points:

existence and uniqueness of a solution z to (DIN-AVD) with Cauchy data z(tg) = xo and &(to) = o;
minimizing properties of z and convergence of ®(x(¢)) towards inf ® whenever o > 0;

fast convergence of ®(z(t)) towards min ®, when the latter is attained and o > 3;

weak convergence of 2 towards a minimum of ® and faster convergence of ®(xz(t)), when a > 3;
some cases of strong convergence of z, and faster convergence of ®(z(t)).

1.1. Existence and uniqueness of solution. The following result will be derived in Section 4 from a more general
result concerning a convex lower semicontinuous function ® : H — R U {+oo} (see Corollary 4.6 below):

Theorem 1.1. For any Cauchy data (xg,t9) € H x H, (DIN-AVD) admits a unique twice continuously differentiable
global solution x : [tg, +o0[— H wverifying (z(to), (to)) = (w0, Zo).

1Taking to > 0 comes from the singularity of the damping coeflicient a(t) = % at zero. Since we are only concerned about the asymptotic
behaviour of the trajectories, the time origin is unimportant. If one insists in starting from tg = 0, then all the results remain valid with

a(t) = 1%
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1.2. Lyapunov analysis and minimizing properties of the solutions for a > 0. In this section, we present
a family of Lyapunov functions for (DIN-AVD), and use them to derive the main properties of the solutions to this
system. As we shall see, the fact that we have more than one (essentially different) of these functions will play a
crucial role in establishing that the gradient vanishes as t — 4oc0.

Let x : t € [tg,00[— H satisfy (DIN-AVD) with Cauchy data z(tg) = xo and Z(tg) = o, and let 8 € [0, 5]. Define
Wy : [to, +OO[—> R by

0(8 - 0)

7 Wilt) = B(a(t)) + 5]14(0) + OV (o) +

IV (t)]I*.
Observe that, for § = 0, we obtain
Wo(t) = 2 (1)) + 5 (1)
which is the usual global mechanical energy of the system. We shall see that, for each 6 € [0,8], Wy is a strict
Lyapunov function for (DIN-AVD).

In order to simplify the notation, write

(8) ug(t) =x(t) +0 [ V®(x(s))ds,

so that wug(t) = z(t), and, for each 6 € [0, 5],

) iolt) = () + 0V R(a(r)
Wot) = @)+ slin@ + Y e )

Using (9) and (DIN-AVD), elementary computations yield

(10) iig(t) = i(t) + OV2®(2(t))2(t) = —%:b(t) —VO(z(t) + (0 — BVZ®(x(t))Z(t).

We have the following:

Proposition 1.2. Let a > 0, and suppose x : [tg, +0o[— H is a solution of (DIN-AVD). Then, for each 6 € [0, 3] and
t > max{to, 22}, we have

Wa(t) < =11 — 5 lio (1) >

Proof. First observe that

(11) Wo(t) = (Ve(x(1)), &(t)) + (iig(t), o (t)) + 6(5 — 0) (V2D ((t))i(t), VE(x(t))).
Next, use (9) and (10) to obtain
(tig(t), ip(t)) = <—%50(t) = V(a(t) + (0 — B)V®(x(t))i(t), #(t) + IV P(x(1)))
= —%Hff(t)ﬂ2 - (aTe +1(VO(x(t)), 4(1)) — OIVE(x(t)]|* + (0 — BV D(x(1))i(t), (1))

+0(0 — B)(V2D(x(1)2(t), Ve (x(t)))
< —%Hff(t)ll2 - (a?e +1)(Ve(x(t)), &(1)) — 0 VO(x(t)|* + 0(0 — B)(V2D(x(1))2(t), VE(x(t))),
since (V2®(x(t))i(t),2(t)) > 0 by convexity. From (11), we obtain
(12) Wolt) < 2160 — 2 (Te(a(t)), (1) — 0] VR(a()]*
On the one hand, when # = 0, it immediately follows that
Wo(t) < =Sl

On the other hand, if 6 €]0, 8], we use (9) in (12) to deduce that

. 2 « 1 1 «a @
< (2_% . . s 2 L 2 2y, 2 Q. 2
Wi (t) < <9 t) (ao(t), 2(t)) = Fllz@I = Fllae(@I° < =5 12O = 5, e (I,
since 2 — ¢ > 0 by hypothesis, and the fact that [(¢,€)| < [|¢[|% + (|| for all (,& € H. O

Theorem 1.3. Let a > 0, and suppose x : [tg, +00[— H is a solution of (DIN-AVD). Then
lim Wy(t) = t£+moo Wa(t) = t_l:gl@@(x(t)) =inf® € RU{—o0}.

t—+oo
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Proof. Since we are interested in asymptotic properties of 2, we can assume ¢ > ¢; = max{tg, a3} throughout the proof.
Take 6 € {0, 3}, so that the last term in the definition (7) of Wy vanishes. Given z € H, we define h : [t1, +00[— R by

1
h(t) = 5 llua(t) — 2.
By the Chain Rule, we have

h(t) = (ug(t) — z,46(t))  and  h(t) = (ug(t) — 2,iig(t)) + [[ia(t)].
On the other hand, from (9) and (10), we obtain

(13) tig(t) + %ug(t) = (Of - 1) Vo (2(t)) + (0 — B)V2®(x(t))2(t).
Set
1] ?
I(t) == 3 ‘ /t Vo (x(s))ds and J(t) == (x(t) — 2, VO (x(t))) — D(x(t)),

and observe that

f(t):< V@(m(s))ds,Vq)(x(t))> and  J(t) = (x(t) — 2, V2O(x(t))i(t)).

to
Next, since 6 € {0, 8}, we can write

2
S

h(t) + %h(t) = las(®)]* + ( - 1) (up(t) — 2, V@(x(1)) + (0 — B){u(t) — 2, V2®(x(t))(t))

= NanolP+ (5 ~1) (o) - 2. Vo)) + 0 (5 - 1) 1)+ 0~ 5)(0
lin@l + (5 ~1) (@) - 2) +6 (5 = 1) 1)+ 0 - 5)J00)

IA

t t

where the last inequality follows from the convexity of ® and the fact that ¢ > a8 > af. Using the definition (7) of
Wy, and Proposition 1.2, we get

(o) + Sty = (; - Z‘f) o (8)]2 + (Of - 1) (Wa(t) — (=) +0 (O‘f - ) i)+ (0 - ) (1)

_ (?’t - e) Wo(t) + (‘jf - 1) (Wo(t) — ®(2)) +6 (“f - 1) 1(t)+ (0= B)J (1),

«

IN

Dividing by ¢ and rearranging the terms, we have

%h(t) + (1 - 0‘9) (Wo(t) — ®(2)) < — (3 — 9) Wo(t) — [;h(t) +0 (1 — ae) I(t) + (8 ; Q)J(t) .

2 a ot t t?

Since h, I and J are bounded from below, we can integrate this inequality from ¢; to ¢, and use Lemma 7.3 to obtain
C € R such that

(14) %h(t) + /tt <i - ‘;‘f) (Wo(s) — @(2)) ds < — /tt (Z — i) Wo(s)ds + C.
Since Wj is nonincreasing, we have 1
[ (G-%) e -awnas = mo-ee) [ (%)

(15) = (Wy(t) — ®(2)) <lnt —Int; + 0‘70 - Ot‘f) .

In turn,
—/tt (2 - i) Wo(s)ds = (2 - fl) (Wa(t:) — ®(2)) — (Z - f) (W) — (2)) + 0 : Mds

(2-2) ot o) - (2= 1) (¥at0) - 0(2)) + 0(0ater) - 062 (£ - 1)
(10 < Siwatt) - 0| - (2-9) (mate) - 22

since t — Wy(t) — ®(z) is nonincreasing and t > t; > af > af.
Combining (14), (15) and (16), we deduce that

%h(t) + (Wa(t) — ©(2)) <lnt +D+ ij) <c’
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for appropriate constants C’, D, E € R.
Now, take ty > t; such that Ins+ D + % > 0 for all s > t5, and integrate from t5 to ¢t to obtain

h(t)  h(ts) + /t %ds + (Wy(t) — ©(2)) /t <logs+D + f) ds < C'(t —t3).

t 2] to

Since h is nonnegative, this implies

h(t
—% + (Wo(t) — ®(2)) (tInt — taInty + (D — 1)(t — t2) + E(Int — Inty)) ds < C'(t — t2),
2
and so,
(17) (Wa(t) — @(2)) (tlnt+ (D — 1)t + Elnt + F)ds < C't + G,
for some other constants F, G € R. As t — +00, we obtain lim;_, ;o Wy(t) < ®(z) (the limit is in RU {—oc0}). Since
z is arbitrary, and inf & < &(x(t)) < Wy(t) for all ¢, the result follows. O

By the weak lower-semicontinuity of ®, Theorem 1.3 immediately yields the following:

Corollary 1.4. Let o > 0, and suppose x : [tg, +oo|— H is a solution of (DIN-AVD). Ast — +oo, every sequential
weak cluster point of x(t) belongs to argmin®. In particular, if ||z(t)| does not tend to 400 as t — +oo, then
argmin @ # ().

If the function ® is bounded from below, we have the following stability result:

Proposition 1.5. Let o > 0, and suppose x : [tg, +oo[— H is a solution of (DIN-AVD). If inf & > —oo, then

L . < o
lim[(0)] = Jm_[V(a(0)] = 0, /t SEOIPdt < +oo,  and /t HIVR(a(e) P < +oo.
0

t—
400 o

Proof. Theorem 1.3 establishes that lim;_, 4o Wo(t) = limy— 400 Wp(t) = limy— 400 P(2(t)) =inf & € RU {—o0}. If
is bounded below, the limits belong to R. We deduce that

Jim 2@ =2 lim (Wo(t) - @(x(1))) = 0
Jim Jlag@)? = 2 lim (Ws(t) - @(x(t) = 0.

By definition (8), we have SV®(z(t)) = ug(t) — &(t), and so, lim;_, 4 ||[V®(x(¢))|| = 0. Finally, Proposition 1.2 gives
| S + lias)) ds < Wa(er) — inf @ < +oc.
t1
It suffices to use BV (z(t)) = ug(t) — ©(t) again to complete the proof. O

Proposition 1.6. Let a > 0, and suppose z : [ty, +0o[— H is a solution of (DIN-AVD). If argmin® # (), then

i) ®(x(t) —min® = O (L), ¢ = O (k) and VO 1) = 0 ()

i) [ §(@(z(t)) — min®)dt < +oo.

Proof. Fix z € argmin ®.
For i), observe that 0 < ®(z(t)) — min ® + §||ig(t)[|> = Wy (t) — min ®. Next, use (17) with z = £ to conclude.
For ii), use z = 2 in inequalities (14) and (16), and combine them to deduce that

1d ab P Wo(s) — @(2)
18 Sy -y (1-22) [ 2 R <o
(18) a0 2P (1= 57 ) [ R =R g o
for t > t; and some other constant C”. On the other hand, since lim;, ||@(¢)|| = 0 by Proposition 1.5, we have
1£]]oo := SUPy>y, [|2(F)]| < +o00. It follows that
1d

. L. . . fz(t) = 2] | .
l(8) = 211 < Zl1& oo l2(t) = 211 < [1&]loo (t1 + 1]l

t dt
by the Mean Value Theorem. From (18), we deduce that
" Wo(s) — @(2)

t1 S

which yields the result. O

ds < +o00

Remark 1.7. Most of the results in this section can be established without using the differentiability of & and
V®(z) independently, but only that of @y = & + 6VP(z), along with relations (9) and (10), and the chain rule
Lp(x(t)) = (VO(x(t),#(t)). We shall develop these arguments in Section 4, when we deal with a nonsmooth
potential.
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1.3. Fast convergence of the values for o > 3. In this part we mainly analyze the fast convergence of the values
of ® along a trajectory of (DIN-AVD). The value a@ = 3 plays a special role: to our knowledge, it is the smallest for
which fast convergence results are proved to hold.

Suppose « > 3 and x* € argmin®. Let x be a solution of (DIN-AVD) with Cauchy data (z(to),Z(to)) = (zo, Zo) €
H x H. For A € [2,a — 1] we define the function &) : [tg, +oo[— R by

(19) &) =t = (A +2—a))(®(x(t)) — min®) + %l\k(x(t) — ") +tug(t)* + Mo — A = 1)%”90@) -

where ug is given by (8), with # = 8. To compute <&, (t) we first differentiate each term of £, in turn (we use (10)
in the second derivative).

%[t(t —B(A+2-a))(®(z(t)) —min®)] = (2t — B(A+2 — ) (P(z(t)) —min @) + t(t — BN+ 2 — «))(2(¢), VO (x(¢)));

%%H/\(%(t) —a") +tag(t)|? = (Ma(t) — a*) + tig(t), Ni(t) + ap(t) + tiig(t))
= (Ma(t) —2") +tagt), A+ 1 —a)i(t) — (t — B)VE(z(t))
= MA+1—a)(z(t) — 2%, (1) — tla— A =1)[[&@)|> = Bt(t — B)|Ve(x(t)|?
=A@t = B)(z(t) — 2", VO(x(t))) — t(t — BN+ 2 — a))(&(1), V(2(1)));
d 1 . B . .
EMa=A=1)glla(t) = 2P = AMa— A= D{alt) - ", #(0).
Whence
(20) %&(t) = (2t=BA+2-a))(®(x(t)) —min®) — A(t — B){z(t) — 2", VO(x()))

—t(a = A=1)[lz@t)|]* — Bt(t - B)IVE(x())].
Now, (z(t) — z*, V& (z(t))) > ®(x(t) — ®(x*). If t > max{to, 8}, we deduce, from (20), that

(21) %&\(t) < —((A=2)t = Bla = 2))(@(a(t)) — min ®) — t(a = A = D[[a(8)|* = Bt(t — B)|V(x(1)) .

Remark 1.8. Recall that £, is nonnegative. Let us give a closer look at the coefficients on the right-hand side: First,
(A =2)t — B(a—2) > 0 for t > t; = max{to, 5, B()\a:22)} provided A > 2. Next, &« — A —1 > 0 whenever A < o — 1.
A compatibility condition for these two relations to hold is that 2 < A < a — 1, thus a > 3. The limiting case A = 2
(thus o = 3) will be included in Lemma 1.9 below. Finally, St(t — 8) > 0 for ¢t > 8. Summarizing, if A €]2,a — 1], we

immediately deduce that £, is nonincreasing on the interval [t1, +o00[, and lims_, o, Ex(t) exists.

Lemma 1.9. Let a > 3 and argmin® # (). Suppose x : [ty, +oo[— H is a solution of (DIN-AVD). If A € [2,a — 1],

then the function
a—2
t
t — t
~(25) o0

is nonincreasing and lim;_, 1 oo Ex(t) exists.

Proof. Since we are interested in asymptotic properties of x, we can assume ¢ > max{to, 8}. From (21) we deduce

%&\(t) < Bla—2)(P(z(t)) — min D).

Multiplying by t(¢ — ) and noticing A + 2 — o < 1 we obtain

=) Sent) < Blo—2)ult — B)(B(a(t) ~ mind)
< Blo =2t~ B\ +2 ~ a)(@(a(1)) ~ min®)
< Bla—2)E(D).
Now, multiplying by t*~3(t — 8)!~* we obtain

a—2 a—3
(t> %&(t) < Bla — 2)#

t—p
% [(t_tﬁ)w mw] )

Therefore, the function t*~2(t — 3)2~*&€,(t) is nonincreasing. Since it is nonnegative, it has a limit as ¢ — +o0, and,
clearly, so does &j. ]

IN

whence we deduce

An important consequence is the following:
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Theorem 1.10. Let o > 3 and argmin® # (). Suppose x : [tg, +oo[— H is a solution of (DIN-AVD). Then, x is
bounded. Moreover, set A € [2,a — 1] and t; = max{tg, 8}. For allt > s > t1, we have

(Sﬁ)wsm — o).

s —

O(z(t)) —mind® < tlz
Proof. Take X € [2,« — 1]. By the definition (19) of £, we have
(22) %II/\(SC(t) —@") + t(@(t) + BVR((1)))]* < Ex(?)
Since lim;—, 1o Ex(t) exists by Lemma 1.9, we can take an upper bound M for €. Expanding the square we get
N2 e(t) — a2 4+ Mele(r) — (1) + Aa(t) — 2°, BT (1) + 15 i (e) + BV (a(t)) | < M.

Neglecting the last two terms of the left-hand side, which are nonnegative, we deduce that

Mg lle(e) — a7 + t{a(t) — o, #(0)) < 5.
Set h(t) = 3|lz(t) — z*||* and multiply by t*~* to obtain

MATLR(E) + R (t) = % (t*n(t)) < %t*l.
Integrating from ¢; to t > ¢; we derive

() — 2 h(ty) <

%l =

(t* —t}).

Hence
M

h(t) < h(t) + 35

We conclude that h is bounded, and so is x.
For the rate of convergence, let us return to the definition of £,. We have

6)\(t) EA(t)
tt—BA+2—a)) ~ tt—p)

By Lemma 1.9 again, the function t*~2(¢t — 3)2~®&,(t) is nonincreasing. Hence, for t > s > t;, we have

B(a(t) —min® < (ttﬁ) (= ﬁ)ﬂws) <5 (T) = B)Mws) <z (52 ﬁ)“ws),

as required. 0

O(x(t)) —mind <

Proposition 1.11. Let o > 3 and argmin® # (). Suppose x : [ty, +00[— H is a solution of (DIN-AVD). Then

/ 2|V (2(t)||2dt < +o0
to
and

(o) + V()] = 0 (7).

If, moreover, V® is Lipschitz continuous on bounded sets then

liwl =0 (—=).

Proof. Let A € 2, — 1] and ¢; = max{to, f}. From (21) we deduce

%Ex(t) < Bla = 2)(@(x(t)) — min®) — Bt(t — B)| Ve (x(t))[|*.

Integrating from ¢; to t > ¢; we derive
t

B t t(t = B)IVe(x(t))|*dt < Ex(tr) — Ex(t) + Bla —2) /t(q’(w(t)) — min ®)d.

ty
In view of Lemma 1.9 and Theorem 1.10, the right-hand side has a limit, which settles the first claim.
For the second one, from (22), we deduce that

tl£(t) + BV R(x ()] < 2Ex(E) + All(t) — =7||.
Since €, and z are bounded, we conclude that ||Z(t) + SV®(x(t))|| = O(t~1) .
Assume now that V& is Lipschitz continuous on bounded sets. Since x is bounded, so is V2®(z). By Proposition 1.6,
we have || $2(t)| = O(1/tvInt), |[V2®(x(t)i(t)|| = O(1/vInt) and |[VE(z(t))|| = O(1/+vInt). Using this information
in (DIN-AVD), we obtain [|i(t)|| = O(1/vInt). 0
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Remark 1.12. Suppose ty > 3, so that t; =ty >  in Theorem 1.10. Letting s | o, the estimation becomes

. 1 ¢ a—2
®(z(t)) —min® < 7 <t0 j ﬁ) Ex(to),

where
Exlto) = tolto — B(A+2 — a)(@(xo) — min®) + L A(wo — a*) + tolito + BVB(z)> + Alar— A~ 1) [z — [

This value is important numerically. A judicious choice for the Cauchy data would consist in taking #g = —SV®(z),
xo as close as possible to the optimal set, and ®(z() as small as possible. For § = 0, we recover the same constant
C' as for the (AVD) system. The comparison of the value of C for these two systems is an interesting question that
requires further study.

1.4. Weak convergence of the trajectories and faster convergence of the values for oo > 3. We are now in
a position to prove the weak convergence of the trajectories of (DIN-AVD), which is the main result of this section.
In order to analyze the convergence properties of the trajectories of system (1), we will use Opial’s lemma [33], that
we recall in its continuous form in the Appendix (see also [19], who initiated the use of this argument to analyze the
asymptotic convergence of nonlinear contraction semigroups in Hilbert spaces).

We begin by establishing the following technical result, which is interesting in its own right:

Lemma 1.13. Let a > 3 and x* € argmin®. Suppose x : [ty, +oo[— H is a solution of (DIN-AVD). Then
(i) / t(P(z(t)) — min ®)dt < co and/ tla(t)]|2dt < oo;

(ii) /too t(x(t) — ™, VO (x(t)))dt < co; and

(iil) lmytoo [|2(t) — 2| and limy_, 4o t(x(t) — x*,&(t) + BVO(x(t))) ewist.

Proof. For (i), use (21) with A €]2,« — 1[ and ¢ > t; = max{to, 5, B(Aa:;)} to deduce that
d

(A =2)t = Bl = 2))(2(x(t)) — min @) + (o = A = DE(#)[* < — ().

Integrate between t; and ¢t > t; to obtain
t

/(()\—2)s—ﬁ(a—2))(¢>(x(s))—min(b)ds+/ s(a— A — 1)||i(s)|2ds < Ex(tr) — Ex(2).

t1 ty
It suffices to observe that the integrands are nonnegative (see Remark 1.8) and the right-hand side has a limit as
t — 400 by Lemma 1.9.
To prove (ii), observe that, from (20), we have
d
7 (0 = (2t = B+ 2~ a))(2(2(1)) — min @) — A(t = F)(z(t) — 27, VE(x(t)))

for t > t1. Integrating from t; to t > t;, we obtain
t ¢
/ Ms — B)(a(s) — 2%, VB (a(s)))ds < Ex(tr) — Ex(t) + / (25 — BOV+2 — @) (B(2(s)) — min ®)ds.
ty ty

The claim follows from part (i) and Lemma 1.9 since the integrand on the left-hand side is nonnegative.
Finally, for (iii), take two distinct values A and X in [2, ¢ — 1]. We have

a—1

(23)  Ev(t)—&(t) =N =) (—Bt(@(ﬂf(t)) —min ®) + #(x(t) — 2%, &(t) + SV O(x(1))) + [l () — I*IIZ) :

Using part (i) above, along with Lemma 1.9, we deduce that the quantity k(¢), defined as
a—1

k(t) := t(x(t) — a*, &(t) + BV (x(t))) + () — 2|1,

has a limit as t — +o00. Our goal, then, is to show that each term has a limit. By setting

alt) = lo(®) ~ a*[ + [ (ols) = o, 5V ()i,

to

we may write k(t) as

k() = t0(0) + (@ = Da(®) ~ Ba— 1) [ (ols) ~ ", T(a(s))ds.

to
Using (ii) and the fact that the integrand is nonnegative, we deduce that the last term has a limit as ¢ — 4o00. It
ensues that ¢¢(t) + (o — 1)g(t) has a limit, and, by Lemma 7.2, so does ¢(t). As a consequence, lim;_, 4 ||z(t) — x|
exists, and then lim;_, o t(z(t) — 2*, &(t) + BVP(x(t))) exists as well. O
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Theorem 1.14. Let @ > 3 and argmin® # (. Suppose z : [to, +oo[— H is a solution of (DIN-AVD). Then z(t)
converges weakly in ‘H, as t — 400, to a point in argmin ®.

Proof. By part (iii) in Lemma 1.13, lim;_, 4 [|z(t) — z*|| for every z* € argmin®. Next, by Theorem 1.10 and the
weak lower-semicontinuity of ®, every sequential weak cluster point of z(t) as ¢ — +o00, belongs to argmin®. The
convergence is thus a consequence of Opial’s Lemma. g

We now prove that the convergence of the values is actually faster than the one predicted by Theorem 1.10:
Theorem 1.15. Let a > 3 and argmin® # (. Suppose x : [tg, +oo[— H is a solution of (DIN-AVD). Then
P(2(t)) —mind® = o (t_Q)
l(t) + BVe@®) = o(t™").

Proof. Let A € [2,a — 1]. Function £, can also be written
Ex(t) = tt—PFA+2—a)(®(x(t)) — mind) + tzéﬂi(t) + BV ®(2(1)?
+At(z(t) — ™, &(t) + BV (x(t))) + Ma — 1)%||x(t) —z*|2.
In view of Lemma 1.9 and part (iii) of Lemma 1.13, the function
g(t) = t(t = f(A +2 — ))(®(2(t)) — min @) + t%Hﬂ'E(t) + BV ((t))|?
has a limit as ¢t — +o00. Moreover, for ¢ > max{to, 3} we have

0<t71g(t) < (t = BN +2 = a))(@(a(t) — min®) +t]a(t)]* + 2]V (a(t)),

where the right-hand side is integrable on [¢o, +00[ by Proposition 1.11 and part (i) of Lemma 1.13. Hence ftooo t=Lg(t)dt <
+00. This forces lim;_, 4 g(t) = 0 and proves the claim, since g is the sum of two nonnegative terms. O

1.5. Some remarks concerning the Hessian-driven damping term.

1.5.1. Second-order differentiability of ®. In order to simplify the presentation, we have assumed, from the beginning,
that ® is twice continuously differentiable. However, the Hessian of the function ® appears explicitly in just a few of
the results that have been established so far:

e It is used in Proposition 1.2 and Theorem 1.3, but only for the parts concerning Wy for 6 # §. In particular,
it plays a role in the asymptotic properties of Wy but not for those of Wj.
e Next, in Proposition 1.5, we combine the asymptotic properties of Wy and Wjg in order to ensure that

A Jz@)f = lim [[Ve(xz(t)]| = 0.

e This argument also appears in the proof of Proposition 1.6, which is interesting, but not central to this study.
In turn, the estimates in Proposition 1.6 are then used in Proposition 1.11 to prove that the acceleration &
vanishes as t — 400 when V@ is Lipschitz-continuous.

In Section 4, we analyze the system (DIN-AVD) in the case of a nonsmooth potential. According to the preceding
discussion, one may reasonably conjecture that most properties will possibly remain valid in a less regular context,
except, perhaps, for those where the Hessian plays an active role.

1.5.2. The case § = 0. In the case § = 0, (DIN-AVD) becomes
(24) (AVD)  i(t) + Zi(t) + V(a(t) = 0.

The following facts concerning this system have been established in [36], [13] and [27], and can be recovered as special
cases by setting 8 = 0 in the corresponding results presented here, namely:

e If @ > 0 then lim;_, 1o, ®(z(t)) = inf ® and every sequential weak cluster point of z(t) as t — +o00, belongs to
argmin ® (Theorem 1.3 and Corollary 1.4). If, moreover, inf ® > —oo, then lim; , ||Z(¢)|| = 0 (Proposition
1.5).

e If @ > 3 and argmin® # (), then z is bounded and ®(x(t)) — min® = O(¢t~2) (Theorem 1.10).

e If @ > 3 and argmin® # (), then ®(z(t)) —min® = o (t72), [|#(t)|| = o(t™!), and x(t) converges weakly, as
t — 400, to a point in argmin® (Theorems 1.14 and 1.15). Strong convergence holds if ® is even, uniformly
convex, boundedly inf-compact, or if int(argmin ®) # ) (see Theorems 2.1, 2.2, 2.3 and 2.4 in Section 2 below).
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1.5.3. The transition from 8 >0 to B = 0. Recall that (DIN-AVD) is given by
(25) i(t) + Ta(t) + AV (a(t) i (1) + VO(a(t) = 0.

It turns out that the qualitative behavior of this system does not depend on the value of 3 > 0. To see this, set
y(s) = z(Bs) and ¥(y) = B2®(y), and take t = Bs in (25) to obtain

F(Bs) + 5o (0s) + BV B(a(55))E(B5) + VO (x(B5)) = 0.
Since 7(s) = B4(Bs), and §j(s) = B%i(Bs), we obtain
1. a . .
2 0(s) + 55, 0(8) + VER(y(5))g(s) + VO (y(s)) = 0.
Equivalently,
. a .
i(s) + < 9(s) + V2V (y()i(s) + VE(y(s)) =0,
which corresponds to (DIN-AVD) with g = 1.
On the other hand, a closer look at the proof of Propositions 1.5 and 1.11 reveals that the estimations concerning

IV®(z(t))|| degenerate and become meaningless as § — 0. In this sense, the transition between the (essentially
constant) case 8 > 0 and the singular case 8 = 0 is abrupt.

1.5.4. Advantages of the case 5 > 0. The system (DIN-AVD) presents several advantages with respect to (AVD). We

shall briefly comment some of them:

Estimations for V® on the trajectory. The quantity V®(z(t))|| has the following additional properties:
o If & > 0 and inf & > —oo, then lim;_, o ||V®(x())|| = 0. This property is not known for (AVD).

e If @ > 3 and argmin ® # (), then / t2||V®(x(t))||* dt < +o00. Observe that, when # is bounded, it is roughly
to

equivalent to saying that ||V®(x(t))|| — O strictly faster than ¢~2. This is a striking result, when compared
with the ¢~ 2 rate of convergence in the case of the continuous steepest descent.

Acceleration decay. Assume o > 3 and argmin ® # (). If, moreover, V® is Lipschitz-continuous on bounded sets, then
lim, o [G()] = 0.

Apparent vs. actual complexity. Extension to the nonsmooth setting. At a first glance, one may believe that the in-
troduction of the Hessian-driven damping term brings an inherent additional complexity to the system, either in terms
of the regularity required to establish existence and uniqueness of solutions, or in their actual computation. However,
this turns out to be a misconception. Indeed, the presence of this additional term allows us to reformulate (DIN-AVD)
as a first-order system both in time and space (see Subsection 4.1), called (g-DIN-AVD). This fact has two remarkable
consequences:

e As we show in Subsection 4.2, existence and uniqueness of solution can be established by means of the
perturbation theory developed in [17], even when the potential function is just proper, convex and lower-
semicontinuous. By contrast, it is difficult to handle (AVD) with a nonsmooth ®, because the trajectories
may exhibit shocks, and uniqueness is not guaranteed, see [8].

e By considering structured potentials ® + ¥, with & is smooth and ¥ is not, an explicit-implicit discretization
of (g-DIN-AVD) gives rise to new inertial forward-backward algorithms. Recall (from [36] and [13]) that
a similar argument provides a connection between (AVD) and forward-backward algorithms accelerated by
means of Nesterov’s scheme (such as FISTA). If the asymptotic properties of (DIN-AVD) are preserved by this
discretization, one may reasonably expect the resulting algorithms to outperform FISTA-like methods. This
issue goes beyond the scope of the present paper and will be addressed in the future.

1.5.5. A simple example to compare (AVD) an (DIN-AVD). We know, from [36] and [13], that (AVD) is linked with
accelerated forward-backward methods (by means of Nesterov’s scheme). Let us compare the behavior of (AVD)
and (DIN-AVD) in a simple example. Let ® : R — R be defined by ®(z) = 322, and take a > 3 and 3 > 0.
For simplicity, we shall also suppose that o € N. Observe that ® is strongly convex and argmin® = {0}. In this
context, we can use a symbolic differential computation software to determine explicit solutions for (AVD) and (DIN-
AVD) in terms of special functions. We used WolframAlpha® Computational Knowledge Engine™, available at
http://www.wolframalpha.com/.

AVD: In this case, (AVD) becomes
ﬂﬂ+%ﬂﬂ+ﬂﬂ:&
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whose solutions are of the form
a(t) =t crJai(t) + e2Ya s (t)]

where c1,c2 € R are constants depending on the initial conditions, and J, and Y, are the Bessel functions of the first
and the second kind, respectively, with parameter ~. Since |J,(t)| = O(t~2) and Y, ()] = O(t~2) (see [24, Section
5.11]), we deduce that

jz(t)] = O(t™%).

This speed of convergence is faster than the one predicted in [13, Theorem 3.4], namely |z(t)| = O(¢t~ %), but it is still
a power of t.

DIN-AVD: In turn, (DIN-AVD) is written as

Z(t) + (ﬂ + %) z(t) + z(t) = 0,
and its solutions are of the form

z(t) = e*%(\/ﬁ'ﬂw) [dlU (5’a’ 32 _4t> b dpLo! ( 7 _4t)} 7

a N . . . .
where ¢ := 3 ( N + 1) U(a,b; z) is the confluent hypergeometric function of the second kind with parameter

(a,b) at the point z, L_(; is the associated Laguerre Polynomial of degree @ — 1 and parameter —9, and di,ds € R.
But |U(a,b; 2)| = O(|z|~*) as |z| — 400 (see [24, Section 9.12]). Therefore, the worst-case speed of convergence is

z(t)] = O (t”"le’%).

Observe that, if do = 0 (which will depend on the initial conditions), then

(1) :o(t—%e-%).

Illustration 1.16. We consider the function ® : R — R defined by ®(z) = 12%. In Figure 1, we show (¢, z(t)) and
(t, ®(x(t))) for t € [1,20] with initial conditions (1) = 1 and #(1) = —3. The parameters taken were o = 3.1 and, for
(DIN-AVD), 8 = 1. In both cases, the trajectories and the function values converge to the global minimum 0 and the
optimal value 0, respectively.

FIGURE 1. Up: (¢, z(t)) for AVD (left), DIN-AVD (middle), both (right). Down: (¢, ®(z(t))) for AVD
(left), DIN-AVD (middle), both (right).

Illustration 1.17. Now, we consider the function ®(z,y) = (22 + 1000y?), which is still quadratic but not well
conditioned. Figure 2 shows the curves (z(t),y(t)) and (¢, ®(x ( ),y(t))). As before, we show the behavior on the
interval [1,20] with a« = 3.1 and, for (DIN-AVD), 8 = 1. The initial conditions were (z(1),y(1)) = (1,1) and
(2(1),9(1)) = (0,0). In both cases, the trajectories and the function values converge to the global minimum (0,0)
and the optimal value 0, respectively. However, the wild transversal oscillation exhibited by the solution of (AVD) are
neutralized by (DIN-AVD).
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_

F1GURE 2. Up: (z(t),y(t)) for AVD (left), DIN-AVD (middle), both (right). Down: (¢, ®(z(t),y(t)))
for AVD (left), DIN-AVD (middle), both (right).

2. STRONG CONVERGENCE RESULTS

In this section, we establish strong convergence of the trajectories in several relevant cases, namely: when & is even,
uniformly convex, boundedly inf-compact, or if int(argmin ®) = (.

2.1. Even objective function. Recall that @ is even if ®(z) = ®(—x) for all x € H.

Theorem 2.1. Suppose a > 3, 8> 0 and let  be twice differentiable, convex and even. Let x : [tg, +00[— H be the
global classical solution to (DIN-AVD) with Cauchy data x(tg) = xo and &(tg) = &o. Then, x(t) converges strongly,
as t — 400, to some x* € argmin ®.

Proof. Let t; > tg and for tg < t < t; define the following function of ¢

(26) g(t) = [l — llzt)]* — %Ilm(t) —a(t)]* - /t 1<ﬂV<1>($(8))7$(8) + x(t1))ds.
We have
g(t) = (up(t), x(t) + x(t1))
g(t) = (ig(t), z(t) + z(t1)) + (ip(t), (1)),
where, we recall, ug is defined by (8) with 6 = 8. Combining the two equations above, and using (13) we obtain

(27) 310) + 33(0) = (s(0).6(0) - (1= %7 ) (Fa(a(0),2(0) + o(01).

The energy function Ws(t) = 3|is(t)||* + ®(2(t)) is nonincreasing by Proposition 1.2. Comparing the values of W
at t and ¢1, and successively using the fact that ® is even along with the convex differential inequality, we obtain

Sas(? +@((e) > 3 lia(en)|? + 2 (1))
= Sls()l? + (~a(n))

> %”uﬁ(tl)HQ + O(x(t) = (V(x(t)), (1) + x(t1)).
After simplification, we obtain
~(VB((), 2(1) + (1)) < 3 i (1)

Since we are interested in the asymptotic behaviour of x, there is no harm in supposing ¢ > «af; so we deduce from
the inequality above that

- (1= %) (vata0).ato) + a(w) < (1= 22) Slast))? < 3hastol
Then, equality (27) yields

§(0)+ S9(6) < (ap(0),0) + 5 s (1)
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Using (9), it ensues that

60+ So() < DIHOIP + 2BV, #(0) + 5 |8V ((1)

A

< SHOIP + 513V,

Multiply the latter inequality by t and integrate from ¢ to ¢; > ¢ to obtain

it = t9(t) — (@ =gl < 3 [ sla)lPds+5 [ slavR(a(s)) s

Let us take the definition of g (26) into account to obtain

(a— 1)%Ilw(t) —zt)? < (a=)(lz®)* — l=@t)]*) - (a - 1)/t (BY(a(s)), 2(s) + a(t2))ds

+ta0) ~hgte) + 5 [ sla)Pds+ 3 [ s13vaas)|as

Now, we have the following convergence results, as ¢t and t; tend to +oo with ¢ < #1:

e Since 0 € argmin®, part (iii) of Lemma 1.13 implies ||(¢)|| has a limit as ¢ — +oo. Therefore, (||z(t)* —
lz(#1)]|?) vanishes;

e Proposition 1.11 implies t — [|[V®(z(t))|| = 1 xt[|[V®(2(t))]|| belongs to L' (ty, +00), as a product of functions in
L?(tg, +00). Since z is bounded, s + (3V®(x(s)), z(s) +x(t1) is in L (ty, +0o0), and so f:l (BV®(x(s)), z(s) +
x(t1))ds vanishes;

o |tg(t)| = |[t{x(t) + BV P(x(t)), x(t) + x(t1))], this last quantity vanishes in view of Theorem 1.15 and the
boundedness of x;

o f:l s||#(s)||?ds vanishes in view of part (i) of Lemma 1.13;

t1

o ['s]|BV®(x(s))||*ds vanishes in view of Proposition 1.11.

As a consequence, as t — +00, x(t) satisfies the Cauchy criterion in the Hilbert space H. The limit obviously is a
minimum point by Corollary 1.4. ]

2.2. Solution set with nonempty interior. In this subsection, we examine the case where int(argmin @) # §).

Theorem 2.2. Suppose o > 3, 3 > 0 and let ® satisfy int(argmin®) # (. Let z be a classical global solution of
(DIN-AVD). Then, z(t) converges strongly, ast — 400, to some x* € argmin®. Moreover,

/Oot||V<I>(x(t))||dt < +o0.

to
Proof. Since int(argmin®) # @, there exist £&* € argmin® and p > 0 such that{z € H, ||z — &*|| < p} C argmin®.
According to the monotonicity of V®, for any y € H and any z € H such that ||z — £*|| < p, we have
(VO(y),y — z) > 0.
Hence
(VO(y),y — &) = (VO(y), 2z — &)
Taking the supremum with respect to z € H such that ||z — £*|| < p, we infer that for any y € H, we have

(28) (Ve(y),y =€) = plVE(y)l.

In particular taking y = x(t), we obtain

(29) (Ve (x(t), z(t) = &) = p[VE((t))]].

From part (ii) of Lemma 1.13, we deduce that

(30) p/ootHVq)(x(t))Hdt < /Oot(m(t) ¢, VO (a(t))dt < oo,
to to

Multiply equation (13) (with § = ) by ¢ to obtain
tig(t) + aip(t) = (af — t)VO(x(1)),
and integrate between ty and ¢t > ¢ to conclude that
t
tug(t) + (o — Dug(t) = toug(to) + (o — )ug(to) + / (aff — s)VO(x(s))ds.
to

In view of (30) the right-hand side has a limit as ¢ — +o00. —With Lemma 7.2, ug(t) = x(t) + ftto BV ®(z(s))ds has a
limit as well. Hence z(t) has a limit, which is a minimum point of ®. O
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Let us notice that, thanks to the assumption int(argmin ®) # (), we have been able to pass from the L? estimation
of Proposition 1.11 to an L' estimate for ¢ — ¢t||V®(z(t))].

2.3. Bounded inf-compactness. A function ® : H — R is boundedly inf-compact if, for any A\ € R, and R > 0, the
set {xeH: ®(x) <A, ||z|| <R} is relatively compact in H.

Theorem 2.3. Suppose o > 3 and that ® : H — R is a boundedly inf-compact function with argmin® # (). Then,
every trajectory x of (DIN-AVD) converges strongly, as t — 400, to some x* € argmin ®.

Proof. The trajectory x is minimizing by Theorem 1.3, and bounded by Theorem 1.10. Consequently, the trajectory is
contained in the intersection of a sublevel set of ® with some ball, which must be a compact set, since ® is boundedly
inf-compact. The trajectory converges weakly and is contained in a compact set. Hence it converges strongly to some
z* € argmin ®. ]

2.4. Uniform convexity /monotonicity. Following [15], we say that V® is uniformly monotone on bounded sets,

if, for each r > 0, there exists a nondecreasing function w, : [0, +00[— [0, +00[ vanishing only at 0, and such that
(Vo(z) = VO(y), z — y) = wr(llz — yl)

for all z,y € H with ||z|| <, ||y < r.

Theorem 2.4. Suppose o > 3, B > 0. Suppose that argmin® # 0, and V® is uniformly monotone on bounded sets.
Let © be a classical global solution of (DIN-AVD). Then, argmin® is reduced to a singleton x*, and x(t) converges
strongly to x*, as t — +o0.

Proof. If z* and x** are two minimum points, then for r = max{||z*||, |=**||}, we must have w,(||Jz* — z**||) = 0;
hence argmin ®, which is nonempty, reduces to one point, say, x*.

By Theorem 1.10, the trajectory x is bounded. Let r > 0 be such that it is contained in the ball centered at the
origin with radius r. Since V® is uniformly monotone on bounded sets, and V®(z*) = 0, we have

(Ve(x(t), (t) —27) = wp([lx(t) — 2"[]).
Hence
wr([lz(t) = 2*[]) < 2r([VO(z(1))]].
By Proposition 1.5,
Jim [Vo((®)] = 0.

Hence wy(||z(t) — z*||) — 0, which implies ||z(t) — z*| — 0. O

3. FURTHER RESULTS IN THE STRONGLY CONVEX CASE

Let us recall that a function ® : H — R is strongly convex if there exists some p > 0 such that the function
® — (u/2)] - ||* is convex. If @ is differentiable, the convexity inequality yields, for all z,y € H

[ [
®(y) = Slvl* = @(z) = Sllz|* + (Ve () - pa,y — x).

Whence, for all z,y € H

(31) (y) > O(x) + (VO(x),y — ) + Sz —yl*

The gradient of a strongly convex function is uniformly monotone on bounded sets, so that Theorem 2.4 holds.
However, in the case of a strongly convex function, we can obtain a rate of convergence for ®(x(t)) to the infimal value
better than that of Theorem 1.10 and more precise than that of Theorem 1.15.

Theorem 3.1. Suppose a > 3 and that ® : H — R is strongly conver. Then, argmin® is reduced to a singleton x*,
and for any trajectory x of (DIN-AVD) the following properties hold:

O(w(t) —min® = o(t—%‘*)
l=(t) — =] = O(t7%).

Proof. The first part follows from Theorem 2.4. For the convergence rates, the proof goes along the lines of that of
Theorem 1.10: we shall show that a surrogate Lyapunov function (namely, the function £ defined below) is bounded.
Let p € R, A > 0 and let @ be a quadratic polynomial. Precise values, depending on « and 3, will be given further to
A, p, Q. Let us briefly write u for ug. Set P(t) = t? and for z* € argmin ® define

Lo(t) = Q(t)(q’(ff(lf))—‘P(SE*)H%II/\(CB(t)—96*)+?512(t)||2
L(t) = Pt)Lo(t).
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Our first task is to differentiate function £. To simplify the wording, we write ®* for ®(z*) and the dependence of z,
P, Q, Ly and £ on ¢ is not made explicit. To compute dLy/dt, we make use of (9) and (10).

@_Q( B(z) — %) + Qi VO(2)) + (A& — &) + tit, A+ 1t + £ii)

)

=Q(®(z) — D) + Q(&, VO(x)) + Mz — *) + ti + tBVP(x)), A+ 1 — )i + (8 — t)VO(x))

=Q(P(z) — ")+ (Q — 2+ BN+ 2 — )t) (i, VB(x)) + AN+ 1 — a)(z — 2%, &) + A8 — t)(x — 2%, VB(z))
+ (A +a = Dif|]* + st(8 - t)[|[Ve(2)|.

Expand L as

)\2 242
Lo =Q(®(x) — &%) + 7||x —z*|?+ H 12+ —tIIW( ? + At — 2, @) + ABt(e — 2, VO(2)) + Bt*(i, VE(x)),
and compute
dC  dLo
=@ D eP
(32) = (Zf?) (®(z) — %) + [(Q — 12 + BN+ 2 — a)t) P + B2 P) (i, VO(z))

+ AN+ 1 —a)P+ APz — 2, &) + N(B — t)P + BtP)(x — z*, V®(z)) + 2(A+ 1 — a)tP + tQP]%H:'rHQ
)
£ (2808 — 0P + B P Ve@)? + 2 e — 0

For ¢ large enough (namely ¢ > (p + 1)8) the coefficient A\[(8 — ¢)P + BtP] of (z — x*, V®(x)) is negative. Applying
the strong convexity inequality (31) (with y = z*), we have

A(B = t)P + BtPl{x — z*,V&(x)) < A[(B — t)P + BtP)(®(z) — &) + A[(B — )P + ﬂtp]gl\x -2
So, we can dispose of (x — 2*, V®(x)) in (32), and obtain the inequality

dL _ [d(PQ)
@ S|

(33) +AM(B=t)P+ BtP)| (2(z) — ®*) + [(Q — t* + B(A + 2 — a)t) P + Bt*P)(i, V&(z))

+ M A+1—a)P+ AtP](az —x* @)+ 200+ 1 —a)tP + tQP]%Hj:HQ

+[28(8 - tP + B27P ] IV ( )||2+[A2P+uA((ﬁ—t)P+BtP)]%Hx—w*Hz-

If we choose p = 2(a—1—\) and Q(t) = t2 —BA+2—a+p)t =12 — B(a— N)t, the coefficients of ||#|| and (z, V®(x))
vanish (recall P(t) = ¢P). Taking these facts into account, we deduce from (33) that

% < —tP[(A=2=-p)t+Bla—2N)(p+ 1))(®(z) — ") + A\AN+ 1 —a+p)tP(x — 2", 1)

— B2t~ 5(p+ 2] R ~ At — pB(p -+ 1t — pA] e — 27

For t sufficiently large, the coefficients of [|[V®(z)||? and ||z — 2*||? are negative; hence

ac
(34) e < —tP[(A=2=p)t+ B(a=2N)(p+ D])(®(z) = ")+ A\(A+ 1 — a+ p)tP{z — =", ).
Choose A = 2o, whence p = 2a— 2, A — 2 — p = 0. Moreover, define h(t) = 1||z(t) — z*||2. Then inequality (34)
becomes

aﬁ 2« .
O 00 — 3P (®(z) — D) + X (a — 3)tPh.
(35) B < g0~ gypr@(n) - 0) + 2o 3)
To simplify the notations, set v = OK5(2& —3) and 0 = o‘ﬁ, and notice that Q(t) = ¢(t — 6) and 2*(a — 3) = B,
Inequality (35) reads

ac pa -
P (@(x) — %) + Pypi,
1 <@ - o) + P
With t*Q(®(z) — ®*) < L (for t > §), the inequality above becomes
d,C ,C
~ 4 P
T 5D +2 ; <.

If we multiply this inequality by (; )P we obtain

) [ g2 e ()
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Integrating between t, sufficiently large, and ¢ > ¢1, we obtain

(7)) con <
( b >p+1£(t1)+1?

But & In(s?(:25)PH) = S’Zi:g), which shows that the integrand is positive for ¢ large enough. Hence

<t_t5>p+1 L(t)) < (tlti 5>p+1£(t1) + %t” (t_t(s)w h(t).

Whence, we deduce that

(k) (i) e [ o (5 o]

t— 5\t t1 P pa t1 P pa
< (=2 PLrn(t) < P2 n(t).
(36) L(t)) < ( " ) (t1 5) L(t1)+ 3 tPh(t) < (tl — 5) L(t1) + 3 tPh(t)
Now, in view of the strong convexity inequality (31) (with 2 = 2* and y = x(¢)) we have
1 L(t)
37 h(t) < —(®(x(t)) — @*) < .
(37) (0 < 1 (@(a() - ") < 0

Hence, inequality (36) yields

E(t))g( h ) £(t1)+gzg((2.

e < (- )pﬂ L) =20

We deduce that

3p
which shows that £ is bounded.
If L denotes an upper bound of £, we have

In view of the first inequality in (37), we also have
le(t) — 2™ = O (t7%),

as claimed.

4. (DIN-AVD) AS A FIRST-ORDER SYSTEM. EXTENSION TO NON-SMOOTH POTENTIALS

Let 8 > 0. As we shall see, the presence of the Hessian damping term allows formulating (DIN-AVD) as a first-order
system both in time and space (with no occurrence of the Hessian). This will allow us to extend our study to the
case of a proper lower-semicontinuous convex function, by simply replacing the gradient by the subdifferential. This
approach was initiated in [6] in the case of (DIN), and further exploited for the study of damped shocks in mechanics

in [11].

We begin by establishing the equivalence between (DIN-AVD) and a first-order system in the smooth case in
Subsection 4.1, and then recover most results from preceding sections in the nonsmooth setting. Some of the arguments
are essentially the same, so we will study in more detail the parts that are not, and leave the rest to the reader. To
simplify the reading, we shall use ® to denote a smooth potential (as in the previous sections), and ¢ for a proper

lower-semicontinuous convex function.

4.1. (DIN-AVD) as a first-order system.

Theorem 4.1. Let ® : H — R be twice continuously differentiable. Suppose a >0, 8> 0. Let (zg,d0) € H x H. The

following statements are equivalent:

(1) x: [to, +oo[— H is a solution to the second-order differential equation
(DIN-AVD)  &(t) + %:’c(t) + BV2D(x(t))i(t) + VB(x(t)) = 0,

with initial conditions x(tg) = xo, (to) = Zo.
(2) (z,y) : [to, +oo[— H x H is a solution to the first-order system

i(t) + BVe(a(t) — (4 - 2) () + Sy
90— (3= 5 +52) () + 3y

with initial conditions x(to) = xo, Y(to) = — (o + BV ®(x0))/B + (1 — Ba/to)xo.

I
=

(DIN-AVD),

\
o
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Proof. To simplify the notation, set a(t) = o/t and z(t ft )+ VO(x(s)))ds — (20 + SV D(x0)).
Integrating (DIN-AVD) from ¢y to t > to and dlfferentlatmg z, we see that z is a solution to (DIN-AVD) with initial
conditions z(tg) = xo, (to) = <o, if and only if, (z,2) is a solution to

8) { (1) + BYR((D) + =(1)
2(t) — a(t)i(t) — Ve(x(t))
with initial conditions x(t9) = xo, 2(to) = —(Z0 + BV S (z0)).
Use a linear combination of the rows in (38) to eliminate the gradient in the second equation, and obtain the
equivalent system

B(t) + BVe(x(t) +2(t) = 0
(39) s T 0 e = o
Now define y(t) = Bz(t) + (1 — Ba(t))x(t). We see that (x, z) is a solution to (39), with initial conditions z(tp) = xo,
z(tg) = — (2o + BV P(x0)), if and only if (x,y) is a solution to

0
0,

(t) + BVO(x(t) — (5 —alt)) 2(t) + 5y(t) = 0
y(t) + Ba(t)z(t) — (5 —alt) ) =(t) + 5y(t) = O,
with initial conditions x(t9) = xo, y(to) = —B(Lo + LV P(x0)) + (1 — 8 a(to))zo. O

4.2. Existence of solutions in a nonsmooth setting. Beyond being of first-order in time, (DIN—AVD)f does not
involve the Hessian of ®. As a first consequence, the numerical solution of (DIN-AVD) is highly simplified, since it may
be performed by discretization of (DIN-AVD) 7 and only requires approximating the gradient of ®. Next, (DIN-AVD) f
permits to give a meaning to (DIN-AVD) even when @ is not twice differentiable. In particular, we may consider a
proper lower-semicontinuous convex potential function ¢.

More precisely, we have the following:

Definition 4.2. Let & > 0, 8 > 0 and ¢ : H — RU {+0o0} be a proper lower-semicontinuous convex function. The
generalized (DIN-AVD) system, (g-DIN-AVD) for short, is defined by

w0 wDivAvD) | 2O F00G) - (4-5)e@®+Lu® > 0
i = (-5 +%) e+ 3y = o,

where J¢ stands for the convex subdifferential of ¢.

Setting Z(t) = (x(t),y(t)) € H x H, (g-DIN-AVD) can be equivalently written

(41) Z(t)+ 0G(Z(t)) + D(t, Z(1)) 3 0,

where G : H x H — RU {400} is the convex function defined by

(42) 9(2) = G(z,y) = Bo(x),

and D : [tg,+0o[xH X H — H x H is given by

(43) D(t,Z) = D(t,2,y) = (— (; - i‘) o+ %y,— (; -2+ O;f) + 5 )

The differential inclusion (41) is governed by the sum of the maximal monotone operator 9G (a convex subdifferen-
tial) and the time-dependent linear continuous operator D(t,-). The existence and uniqueness of a global solution for
the corresponding Cauchy problem is a consequence of the general theory of evolution equations governed by maximal
monotone operators. Before giving a precise statement, let us recall the notion of strong solution (see [17, Definition
3.1]).

Definition 4.3. Let H be a Hilbert space, tg € R and T > tg. Consider a proper lower-semicontinuous convex
function ¢ : H — R U {+o0}, along with a function B : [tg, +oo[xH — H. We say that z : [to,T] — H is a strong
solution on [tg,T] to the differential inclusion

(44) £(t) + 00(2(t)) + B(t,2(t)) 2 0,
if the following properties are satisfied:

(1) = € C([to, T], H);

(2) z is absolutely continuous on any compact subset of ¢, T';

(3) z(t) € dom(9¢) for almost every t €]to, T);
(4) the inclusion (44) is verified for almost every t €]to, T).

We say that z : [to, +oo[— H is a global strong solution to (44), if it is a strong solution to (44) on [tg, T] for all T' > t;.

With this terminology, we have the following:
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Theorem 4.4. Let ¢ : H — R U {400} be a convex lower semicontinuous proper function, and let § > 0. For
any Cauchy data (zo,yo) € dom¢ x H, there exists a unique global strong solution (z,y) : [to,+oo[— H X H to
(9-DIN-AVD) verifying the initial condition x(to) = xo, y(to) = yo. This solution enjoys the further properties

(i) y is continuously differentiable on [tg, +oo, and y(t) — (% -2+ %ﬁ) x(t) + %y(t) =0, for all t > to;

(ii) x is absolutely continuous on [to,T] and @ € L%(to, T;H) for all T > ty;

(iii) z(t) € dom(9p) for allt > to;

(iv) z is Lipschitz continuous on any compact subinterval of |tg, +00l;

v) the function [to, +o0[> t — ¢(x(t)) is absolutely continuous on [to, T for all T > to;
(vi) there exists a function & : [to, +0o[— H such that

(a) £(t) € 0d(x(t)) for all t > to;

(b) @(t) + BE(t) — (7 - %) x(t) + %y(t) =0 for almost every t > to;
(c) € € L*(to, Ty H) for all T > to;

(d) Lo(x(t) = (£(t),2(t)) for almost every t > ty.

Proof. Tt is sufficient to prove that (x,y) is a strong solution of (g-DIN-AVD) on [tg,T] and that the properties hold
on [to, T for each arbitrary T' > tg. So let us fix T' > #y. As we have already noticed, (g-DIN-AVD) can be written as a
Lipschitz perturbation (41) of the differential inclusion governed by the subdifferential of a proper lower-semicontinuous
convex function. A direct application of [17, Proposition 3.12] (see also [11, Theorem 4.1]) gives the existence and
uniqueness of a strong global solution Z = (x,y) : [to,T] — H x H to (41), equivalent to (g-DIN-AVD), with initial
condition Z(tg) = (z(to),y(to)) = (x0,yo). Due to the simple form of perturbation D, the solution (x,y) enjoys further
properties:

(i) For almost every t > tq we have g(t) = g(t), where g( ) = (f -2+ “ﬂ) (t)— %y(t) is continuous on [to, T). Since y is

absolutely continous on [s, t] Cltg, T, we have y(t f g(7)dr, and by continuity of y: y(t f '
Whence g(t) = g(t) for all t > to (with y(¢) the rlght derlvatlve)
To prove the next items, we introduce the differential inclusion

(45) (t) + BO(2(1)) 2 f(D),

to be satisfied by the unknown function z, where f(t) = (% - %) x(t) — %y(t) The function f is continuous on [tg, T

and absolutely continuous on any compact subinterval of |¢o, T] (properties (1) and (2) in Definition 4.3).

(ii) Consider the inclusion (45) on [tg, 7] with the initial condition z(tg) = o € dom¢ C domd¢ (see [17, Proposition
2.11] for the set inclusion). The assumptions of [17, Theorem 3.4] are met: zo € domd¢, f € L(to,T;H); hence
inclusion (45) has a unique strong solution z which obviously coincides with 2 on [tg,T]. Then [17, Theorem 3.6]
states that z = @ belongs to L2(to,T;H), since the assumptions f € L2(ty,T;H) and zg € domg¢ are fulfilled. Now,
in view of the absolute continuity of z, for [s,t] Cltg,T], we have z(t) — z(s) = fsti(T)dT, and by continuity of x
z(t) — z(tg) = ft 7)d7. Hence z is absolutely continuous on [tg, T] since @ € L?(to, T; H) C L (to, T; H).

(iii) As before, let z be the solution to (45) on [tg, 7] with initial condition z(tg) = xg. Then, with [17, Theorem
3.7)], z(t) = x(t) lies in domd¢ for all ¢ €]tg, T| because f has inherited the absolute continuity of x on [tg, T] and
o € dome.

(iv) For any 7 €]tg, T] consider the inclusion (45) on [r,T] with initial condition z(7) = z(7) € domd¢. Obviously z
coincides with x on [7,T]. Then [17, Proposition 3.3 (or Theorem 3.17)] states that z = x is Lipschitz continuous on
[1,T], because f is of bounded variation on [r,T] and x(7) € domd¢. As a consequence, x is Lipschitz continuous on
any compact subinterval of |¢tg, T]. This also gives (v).

(vi) Assertions (a)(b) are consequences of (z,y) being a global strong solution of (g-DIN-AVD) and of (4.4), while
(c) is a consequence of (b) and (4.4). Now, the hypotheses of [17, Lemma 3.3] are met on [tg,T] (i. e. x absolutely
continuous on [tg,T] with 4 and ¢ in L?(to,T;H)) and we can conclude that the function t € [to,T] — ¢(x(t)) is
absolutely continuous and that (d) holds almost everywhere on [tg, T] hence on [tg, +00[. O

Remark 4.5. As a remarkable property of the semi-group of contractions generated by the subdifferential of a convex
lower semicontinuous proper function, there is a regularization effect on the initial data. This property has been
extended to the case of a Lipschitz perturbation of a convex subdifferential in [17, Proposition 3.12]. As a consequence,
the existence and uniqueness of a strong solution to (g-DIN-AVD) with Cauchy data (xg,yo) € dome x H is still valid,
but some properties stated in Theorem 4.4 have to be weakened.

As a direct consequence of Theorem 4.4, we obtain the existence and uniqueness result for (DIN-AVD):

Corollary 4.6. Suppose that ® : H — R is a convex C? function. For any to > 0, and any Cauchy data (xq,%¢) €
H x H, there exists a unique classical global solution x : [tg, +oo[— H to

(DIN-AVD) () + %:’r(t) + BV2D(x(t))i(t) + VO(x(t)) = 0,

with x(to) = X, I(to) = 9.30 .
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Proof. First, use the equivalence between (DIN-AVD) and the first-order system (g-DIN-AVD), as given by Theorem
4.1, and then apply Theorem 4.4 with y(to) = —(&0 + BV P(x0))/B + (1 — Ba/to)xo. O

Remark 4.7. It may be useful to sum up, for future reference, in addition to the regularity properties, the equalities
satisfied by a global strong solution (z,y) to (g-DIN-AVD)

. 1 « 1 B
(46) i(6) + 5e(0) — (5 - 2 ) ol0) + u0) =0

. 1 a af 1 B
(an) 0 - (5 - 3+ %7 alt) + 5u(0) =0
(48) L o(a(0)) = (€0, #(0).

Recall that (46), (48) are true for almost every t > to ,while (47) is true for all ¢ > ¢.

The following sections are devoted to showing that most properties of the classical solution = of (DIN-AVD) hold
for the global strong solution of (g-DIN-AVD) (actually, those that do not require = to be twice differentiable).

4.3. Generalized (DIN-AVD): minimizing properties. Let (z,y) : [to, +00[— H X H be the global strong solution
to (g-DIN-AVD) with Cauchy data (x(to),y(to)) = (zo,y0) € dom ¢ x H. Let us show that the results in Subsection
1.2 remain valid.

For t > to define

(49) u(t) = / ((5-2) st ats)) as.

With (46), u also satisfies
¢
ult) = w(t) - w0 + / BE(s)ds.
to

By its definition, u is continuously differentiable, with v satisfying

(50) at) = (;-?>xuy—;y@% Vit > to,
(51) = a(t) + pE(t), for almost all ¢ > t.

With parts (i) and (ii) of Theorem 4.4, equality (50) shows that @ is absolutely continuous on any compact subinterval
of [to, +00[, hence differentiable almost everywhere on [tg, +00[. Therefore,

Mﬂzgﬂﬂ+<l—a>ﬂﬂ—lmw

gt B
The equality above, combined with ¢(t) = aBz(t)/t? — @(t) — BE(t) (an easy consequence of (46) and (47)), yields
(52) i(t) = —(t) - €(),
for almost all ¢ > ty. Using (51), we also obtain
N 1 a). 1.
(53) i) = (5-%)a0- i,
(54) )+ o) = - (1-2) ),

for almost all ¢t > t5. We will need the following energy function of the system, defined for all ¢t > ¢y (recall (50)):

1.
(55) W(t) = §|Iu(lﬁ)|\2 + o(x(t)).
We are now in a position to prove

Theorem 4.8. Let a > 0, and suppose (z,y) : [to, +oo][— H x H is a global strong solution to (g-DIN-AVD). Then
(i) W is nonincreasing.
(iii) Ast — +oo, every sequential weak cluster point of x(t) lies in argmin ¢.
(iv) If ||z(t)]| & 400 ast — 400, then argming # 0.
(v) If ¢ is bounded from below, then ftzo 2| (2)[|2dt < +o0, tooo Ha(t)]]2dt < +oo and limg_, 4o [|a(t)]| = 0.
(vi) If argming # () then

(a) ¢(w(t)) —ming = O (i) and [a(t)] = O (7).
(b) [ L(p(x(t)) —min@)dt < [>° (W (t) — min ¢)dt < +oc.

to t — Jtg t
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Proof. Once parts (i) and (ii) are proved, the rest of the arguments in Subsection 1.2 can be applied for the remainder.
The proof of parts (i) and (ii) is formally the same as in the smooth case, but we must be careful of equalities and
inequalities that are true almost everywhere.

Since we are interested in asymptotic properties of x, we can assume ¢ > t; = max{tg, 2«8} throughout the proof.
(i) With Theorem 4.4, the energy W is absolutely continuous on the compact subintervals of [tg, +o00[. Use (48) to
obtain

W (t) = (a(t), at)) + (£(t), (2)),

for almost every ¢t > ty. Now use (51) and (53) to obtain

WO = Il - Sl + (5 - 5) a0

« o
202 = a2
a1 - S,

IN

for almost every ¢t > to. Hence W is nonincreasing, since it is absolutely continuous on the compact subintervals of
[to, +OO[
(ii) Given z € H, we define h : [tg, +00[— R by

Function A is continuously differentiable with

and the function & is absolutely continuous on compact subintervals of [to, +-o0o[ (since 4 is) and satisfies
h(t) = (u(t) — 2, a(t)) + ||a(t)|®
for almost every ¢t > ¢y. Using (54), we obtain

o+ $h0 = 1P - (1- %) o - =0

t

faco1? = (1= ) too) - 0 - 5 (1= 57 ) (a0 + [ cras ).

for almost every ¢ > to. If we set I(t) = 3 H—xo + f:ﬂ f(s)ds‘
and we can write I1(t) = (—xo + ftto £(s)ds, &£(t)), almost everywhere, because ¢ € L2(tg, T;H) C L'(to, T;H) (part
(vi)-(c) of Theorem 4.4). So we have

o) + 2o = Jaco) - (1-

2
, then I is absolutely continuous on [tg, T for all T' > ¢

af\
) teto) - s.60) - 5 (1- 22) foo,
for almost every t > .
The rest of the proof runs as in the smooth case (see Subsection 1.2) with £ in place of V® o z. We must notice

that the integrations by parts used to obtain (14) are legitimate because h, W and I are absolutely continuous. O

4.4. Fast convergence of the values for a > 3. Let (z,y) : [tg, +00o[— H x H be the global strong solution to
(g-DIN-AVD) with Cauchy data (z(¢o), y(to)) = (%0, y0) € dom¢ x H. Let us show that the conclusions presented in
Subsection 1.3 remain valid, except, of course, for the convergence to zero of the acceleration, which depends on the
Lipschitz continuity of the Hessian (see the last part of Proposition 1.11).

Suppose « > 3 and z* € argmin®. For A € [2, a — 1] we define the function & : [ty, +oo[— R by

(56)  Ex(t) =t(t = B(A+2 = a))(®(x(t)) — mind) + %HA(ﬂf(t) — ")+ ta(t)|* + Mo — A - 1)%”%(0 -z,

where u is defined on [tg, +oo[ by (49) and 4 is given by (50). Function £ is the sum of three terms, each of which
is at least absolutely continuous on [tg,T] for all T' > to. Hence &, is differentiable almost everywhere. To compute
4 g, (t) we first differentiate each term of €, in turn.

With (48) we have

d

[t = B(A+2—0a))(2(z(t)) — min@)] = (2t - f(A +2 — @))(®(z(t)) — min @) + (¢ — S + 2 — a)){£(t), £(2))),
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for almost all ¢ > ¢y. Next, with (52), we have

%%H)\(x(t) )+ @) = (Ax(t) — %) + ta(t), i () + a(t) + ti(t))
= (M) —a) +ta(t), A+ 1 - a)a(t) - (t = B)ER))
= MA+1-a)(a(t) - 2", @) — tla =X =D]z@)|* - Bt(t - BIE@)]*
—A(t = B)(a(t) — ", &) — t(t — B +2 — a))(E(t), &(t)),
for almost all t > ty. Lastly,
d 1 *((2 _ *
a)\(a - A= 1)§||x(t) —z")* = AMa— X = D){(x(t) —z*, @(t)).

Collecting these results, we obtain

(57) %&(t) = (2t =B(A+2-))(@(x(t)) - min @) — A(t = B)(2(t) — 2", &(D))
—t(a = A=1)[lz@t)|* — Bt(t - B)llE@)]?,
for almost all ¢ > to. Since £(t) € dp(z(t)) for all ¢ > ¢y (part (vi)-(a) of Theorem 4.4), we have
(€(t),2(t) —a™) = (x(t) — (z7),
and we deduce, from (57), that
(58) %&(t) < —((A=2)t = Bl = 2))((a(t)) — min @) — t(oa = A = D]a(®)|* = pt(t = BB,

for almost all t > t; = max{to, 5}.

The arguments used in Section 1 can be modified accordingly (using & in place of V® o x) to give

Theorem 4.9. Let @ > 3 and argmin® # (. Suppose (z,y) : [to, +oo[— H x H is the global strong solution to
(9-DIN-AVD) with initial value (x(to),y(to)) = (x0,Y0) € dom ¢ x H. Let A € [2, @ — 1] and ¢t = max{to, 8}. Then
(1) lims—s 100 Ex(t) exists.

) Fort>s>t; we have ®(z(t)) —min® < t%(sfﬁ)afzé')\(s) =0(t2).

) Sl PlE@)Pdt < o0 and [ [|E(t)]|dE < +oo.
) &) + BE@) | = Ot™).
4.5. Weak convergence of trajectories and faster convergence of the values for o > 3. In this section we

state results quite similar, with their proofs, to Lemma 1.13, and Theorems 1.14 and 1.15 of the smooth case. Proofs
are omitted, except for part (iii) of Lemma 4.10 below.

(2
(3) x is bounded.
(4
(5

Lemma 4.10. Let o > 3 and z* € argmin®. Let (z,y) : [to, +oo[— H x H be the global strong solution to (g-DIN-
AVD) with initial value (x(to),y(to)) = (x0,yo) € dom ¢ x H. Then,
(i) ftc:)o t(®(z(t)) — min ®)dt < co and ft:O t|a(t)||?dt < oo.
(i) [y t(x(t) —a*, &(t)dt < oo and [ (x(t) — 2*,&(t))dt < oo.
(iil) lmyi oo [|2(t) — || and limy— 1 oo t{x(t) — x*, £(t) + BE()) ewist.
Proof. As mentioned above, we only prove part (iii). Take two distinct values A and X in [2,« — 1]. For all t > ¢g, we
have (recall the definition (56) of £, and equality (50) giving )

(59) Ex(t) —Ex(t)= (N —=)) (—Bt(fb(:z:(t)) — min ®) + t{z(t) — z*, u(t)) + (o — 1)%||m(t) - w*||2> .
Define for ¢ > t,

M) = le(t) P
(60) K(it) = ta(t) — 2, a(t)) + (o — DA)

W0 = 0+ [ o)~ pees

Function ¢ is absolutely continuous on [tg, T] for all T > ty. Indeed h is, and the integrand (z — x*, 3¢) belongs to
L'(tp,T) because x — x* and & belong to L?(to, T;H). Hence q is differentiable almost everywhere and satisfies

q(t) = ((t) — 27, &(t)) + (x(t) — 2%, BE(1)) = (x(t) — 2™, u(t)),

which shows that ¢ is actually continuously differentiable.
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On the one hand, equation (60) shows that k() has a limit as ¢ — 4oco: this is a consequence of Theorem 4.9(1)(2)
and (59). On the other hand, we can rewrite k(t) as

k() = t0(t) + (@ = Da(t) ~ (@~ 1) [ Gals) = o, BE(s))ds,

to
where the integral has a limit as ¢ — +oo, by part (ii). Hence t¢(t) + (o — 1)g(t) has a limit, hence (Lemma 7.2) ¢(t)
has a limit, hence h(t) has a limit, hence, with (60), t(z(t) — 2*, &(t) + BV ®(z(t))) has a limit. O

The arguments of Section 1 can be applied to obtain the following results:

Theorem 4.11. Let a > 3 and argmin® # 0, and let (x,y) : [to, +oo[— H X H be the global strong solution to
(9-DIN-AVD) with initial value (x(to),y(to)) = (x0,y0) € dom ¢ x H. Then x(t) converges weakly, as t — +oo, to a
point in argmin .

Theorem 4.12. Let o > 3 and argmin® # 0. Let (z,y) : [to, +oo[— H X H be the global strong solution to (g-DIN-
AVD) with initial value (x(to),y(to)) = (zo,y0) € dom ¢ x H. Then

®(z(t)) —min® = o(t?)
lo(t) + BED = o(t™1).

4.6. Strong convergence. The results of Section 2 about a smooth potential, can also be established for a lower
semicontinuous potential in a straightforward manner, using £ in place of V® o z (observe that integrations by parts
are legitimate by the absolute continuity of the functions involved). We only state the theorems and omit their proofs.

Theorem 4.13. Suppose a >3, 8> 0 and let ¢ : H — RU {400} be proper, lower-semicontinuous, convex and even.
Let (x,y) : [to, +0o[— H x H be the global strong solution to (g-DIN-AVD) with initial value (z(to),y(to)) = (zo,Yyo) €
dom ¢ x H. Then, x(t) converges strongly, as t — +o00, to some z* € argmin ®.

Theorem 4.14. Suppose o >3, 8> 0 and let ¢ : H — RU {+o0} be a proper lower-semicontinuous convex function
satisfying int(argmin ®) # (0. Let (x,y) : [to, +oo[— H x H be the global strong solution to (¢-DIN-AVD) with initial
value (x(to),y(to)) = (xo,y0) € dom ¢ x H. Then, x(t) converges strongly, as t — +oo, to some x* € argmin®.
Moreover,

| e < +oc.
to

Theorem 4.15. Suppose a« > 3, 8 > 0 and let ¢ : H — R U {+o0} be a boundedly inf-compact proper lower
semicontinuous convex function. Let (z,y) : [to,+oo]— H X H be the global strong solution to (g-DIN-AVD) with
initial value (z(to),y(to)) = (2o, y0) € dom ¢ x H. Then, x(t) converges strongly, ast — +00, to some z* € argmin ®.

In the smooth case, the proof of Theorem 3.1 relies on inequality (31), which, in the nonsmooth case, has to be
replaced by

6(y) = 9(2) + &,y —2) + Ly — )
for all z, y in dom¢ and all £ € 9¢p(x). We obtain:

Theorem 4.16. Suppose a >3, >0 and let ¢ : H — RU {+o00} be a strongly convex proper lower semicontinuous
function. Let (z,y) : [to, +oo[— H x H be the global strong solution to (g-DIN-AVD) with initial value (z(to), y(to)) =
(z0,y0) € dom ¢ x H. Then, argmin® is reduced to a singleton x*, and the following properties hold:

O(a(t) —min® = O(fT)
lz(®) — 2] = O (t‘g) .
5. ASYMPTOTIC BEHAVIOR OF THE TRAJECTORY UNDER PERTURBATIONS
In this section, we analyze the asymptotic behavior, as ¢ — +00, of the solutions of the differential equation

(61) #(t) + T(0) + BVR((t)i (1) + VB(a(t)) = g(b),

where the second member g : [to, +00[— H of (61) is supposed to be locally integrable, and acts as a perturbation of
(DIN-AVD). We restrict ourselves to the smooth case for simplicity. Therefore, we assume that ® : H — R is convex,
twice continuously differentiable, and V& is Lipschitz-continuous on bounded sets. From the Cauchy-Lipschitz-Picard
Theorem, for any initial condition (xg,Z9) € H X H, we deduce the existence and uniqueness of a maximal local
solution z to (61), with & locally absolutely continuous. If ® is bounded from below, the global existence follows from
the energy estimate proved in Proposition 5.1 below. This being said, our main concern here is to obtain sufficient
conditions on g ensuring that the convergence properties established in the previous section are preserved. The analysis
follows very closely the arguments given in Section 1. Therefore, we shall state the main results and sketch the proofs,
underlining the parts where additional techniques are required.
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5.1. Lyapunov analysis and minimizing properties of the solutions for a > 0. Let x : t € [tg, co[— H satisfy
(61) with Cauchy data z(tg) = xo, ©(to) = 0. Let 6 € [0, 8], and T > . For tg <t < T, define the energy function,
Wo.g,1 : [to, 00— R by

(8 —0)

(62)  Wogr(t) = 2(x(t) + %llfv(t) +OVe(®)|* + = IVe®)]? +/t (#(7) + OV(x(7)), g(7))dr.

We have the following:
Proposition 5.1. Let a > 0, and suppose x : [tg,+oo[— H is a solution of (61). Then, for each 6 € [0,8] and

t > max{to, 22}, we have

Wogr(t) < — 5 &(0)|2 = 5 16(t) + 6V @(()]”

The proof goes along the lines of Proposition 1.2. In the computation of Wg,%T(t), the terms containing g cancel out.

We now prove an auxiliary result, that will be useful later on.
Lemma 5.2. Suppose that © is bounded from below. Let x : [to,+oo[— H be a solution of (61) with a > 0 and
o0
/ lg(®)|| dt < +00. Then, sup ||2(t)|| < +oo, and sup ||V (x(t))] < +oo.
to t t>to

>to

Proof. Let us first fix T' > tg. By Proposition 5.1, for any 6 € [0, 8], Wy 4.7(-) is a decreasing function on [tp,T]. In
particular, Wy o 1(t) < Wy 4.7(to) for tg <t < T, that is

B T
B(a) + 3 (0) + 0V RO) + "L TR@) + [ (4(r) + 070l g(r)dr
B T
< 0(a0) + 5llita) + 09 2(an)|? + "D TP+ [ (37) + V(e (r)). g
As a consequence
(63) (o) + 0V <C + [ () + o) llg(nlar
with
€ 1= (o) — inf &+ 2 (k) + 090(a0) [ + L= v (a7

which does not depend on T'. As a consequence, inequality (63) holds true for any ¢ > to. Applying Gronwall-Bellman
Lemma (see [17, Lemme A.4]), we obtain

[£(t) +6Ve(z(1))] < @+/t lg()lldr.

Using the integrability of g, it follows that sup,» [|#(t) + 6V®(x(t))[] < +oo. Then, taking 6§ = 0, we obtain
sup ||£(t)|] < 4+o0. Finally, using # = 8 and the triangle inequality, we obtain sup ||[V®(z(t))| < +oo. O
t t>to

>to
If ¢ is integrable on [tg, +o0o[, Lemma 5.2 allows us to define a function Wy 4 : [to, +00[— R by

(6 Waylt) = 0(a(t) + 51(0) + 070D + " [T + [ (o) + 0V R(a(r) gl

For each T' > to, Wy 4 and Wy 4 1 differ by a constant, and have the same derivative, given by Proposition 5.1. When
6 € {0, 8}, which is our main concern in the next theorem, definition (64) of Wy 4 reduces to

1. <.
Wog(t) = @(x(®)) + 5 2(t) + OVO( (1)) +/ (@(1) + OV O(2(1)), g(7))dr.
t
We are now in a position to prove the following perturbed version of Theorem 1.3 and Proposition 1.5.

Theorem 5.3. Let o > 0, and suppose x : [tg, +00[— H is a solution of (61). Suppose that ® is bounded from below
and / lg(t)|| dt < 4+o00. Then

to

lim Wy,(t) = lUm Wp,(t) = lim ®(z(t)) =inf .

t—+oo t——+oo t——+o0

Moreover
lim [}a(0)] =, lim_[[V@((0))] = 0.

t——+oo
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Proof. We follow the lines of the proof of Theorem 1.3, adopting the same notations. Some modifications are introduced
by the perturbation term g. Instead of inequality (14), we obtain

(65) 1Mwﬁ[(1—“ﬁOWAﬁ—¢@ww<—/t

s 82 .

<3 - 9) Wo(s)ds + C + Ky (t) + Ka(t),

« S

<1 _ af) /:O@O(T),g(T))des.

S S

where

Ki(t) = /t (19(3)7119(3) —2)ds and  Ky(t) = /

S t1

Let us majorize K; and K. The relation |lug(s) — z|| < |lug(t1) — 2| + ftsl |lig(7)||dT, and Lemma 5.2 together imply

t U 1) — 2 ) 400
K1) < [ Sl lunte) ~ =has < (P =2 s paaol) [ latlas < € < voc,

t>t1 t1

For K5, we use integration by parts and Lemma 5.2 to obtain

Ky < c/tt (i /:O ||g(T)|dT> ds < C (lnt/too lg(r)ldr + /t: lg(r) || n7 dr + 1) .

Then, we continue just as in the proof of Theorem 1.3, but, instead of inequality (17), we obtain
(Wog(t) — @(2)) (tInt+ (D — 1)t + Elnt + F) ds

[e'e] t t
<’ (t + tlnt/ llg(T)|ldm + 2/ lg(T)|7InT dr +t/ llg(T)]] 1117'd7'> + G,
t ta t1

for some appropriate constants D, F, F,G € R. Divide by tInt, let ¢ — 400, and use Lemma 7.4, to obtain
limy, oo Wo,g(t) < ®(z). The integrability of g and Lemma 5.2 yield limy—, oo [, (&(7) + 0V®(x(7)), g(7))dr = 0.
As a consequence,

t——+oo

lim (@(x(t)) + %Hdc(t) + 0V¢>(x(t))|2) < ®(z)

for each z € H. We deduce that lim;_, o ®(z(t)) = inf @, and lim;_, o [|Z(t) + VP (x(t))|| = 0. Taking successively
6 =0, and 6 = 3, we finally obtain lim; 4 o ||£(¢)|| = lim;— 10 || VR (2(t))| = 0. O

5.2. Fast convergence of the values for a > 3 and convergence of the trajectories for a > 3.

Theorem 5.4. Let argmin® # (), and let x : [ty, +oo[— H be a solution of (61) with o > 3 and/ tllg(®)|l dt < 4o0.
to
Then ®(z(t)) — ming ® = O (t72).

Proof. Take z* € argmin®, and let x be a solution of (61) with Cauchy data (z(to), (o)) = (zo,40) € H X H and
a>3. For A € [2,a—1], and ty < T < 400, we define the function €y 47 : [to,T] — R by

Exngr(t) =tt — BN+ 2 —a))(®(z(t)) —min®) + %H/\(x(t) —2*) +tug(B))* + Ma — A — 1)%||x(t) —z*|)?

T
+ /t TANz(T) — %) + TUg(T), g(7))dT,

where ug is given by (8), with # = 8. When derivating &£ 47, the terms containing g cancel out. As in Section 1, we
obtain (21) with &y 4,7 instead of £x. It follows that £ 41 is decreasing on [ty, T']. In particular, £x 47(t) < Ex g7 (t0)
for tg <t < T. This gives

1 o L ! oL
(66) S IM@®) = 27) + tigB)* < C+ | [M@(t) —27) + g (@) [Irg(7)|dr,

with
C=to(to— BN+ 2—a))(®(z(tp)) —mind) + %Hx\(m(to) —a*) + totg(to)||* + Ma — X — 1)%Hx(t0) —z*|?,

which does not depend on T'. As a consequence, inequality (66) holds true for any ¢ > to. Applying Gronwall-Bellman
Lemma (see [17, Lemme A.4]) to (66), and using the integrability of ¢ — tg(t), it follows that

(67) sup IM@(t) = 2%) +tag ()] < V20 + /toc [mg(7)lldr < 400

As a consequence, we can define the energy function

Exglt) 1=t — B+ 2 — ) (B(a(1)) ~ min®) + 2 INw(t) — %) + tig ()7 + A~ A= 1) (t) — a°]

+KmﬂMdﬂ—wU+T%ﬁ%MﬂMﬂ
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which has the same derivative as £y g 7. Hence &y 4(f) < €y 4(to). Combined with (67), this gives
tt—BA+2—a))(®(z(t)) —min®) < C + sup ||A(z(t) — ™) + tug(t)]] / lTg(m)||dr < +o0,
t>to to
and the result follows. O

Finally, we have the following perturbed version of Theorem 1.14:

Theorem 5.5. Let argmin® # (), and let x : [ty, +oo[— H be a solution of (61) with o > 3 and/ tlg®)| dt < +oo.
¢
Then, x(t) converges weakly, as t — 400, to a point in argmin ®. ’

Proof. As in the proof of Theorem 1.14, the result follows easily once we obtain the estimations given in Lemma 1.13,
which are all obtained following the same arguments, replacing £y by &£ 4. ]

6. INERTIAL FORWARD-BACKWARD ALGORITHMS

When applied to structured optimization, time discretization of the (g-DIN-AVD) dynamic provides a new class of
inertial forward-backward algorithms, which enlarge the field of FISTA methods.

6.1. (g-DIN-AVD) for structured minimization. In many situations, we are dealing with a structured convex
minimization problem

(68) min{¢(x) + ¥(z) : z € H}

involving the sum of two potential functions, namely ¥ smooth, and ¢ nonsmooth. Precisely,

e ¢:H — RU{+c0} is a convex, lower semicontinuous proper function (which possibly takes the value +00);

e U : H — Ris a convex, continuously differentiable function, whose gradient is Lipschitz continuous on bounded sets.

In order to highlight the asymmetrical role played by the two potential functions, the smooth potential is indicated
by a capital letter ¥, and the nonsmooth potential by ¢. Since ¥ is continuous, by the classical additivity rule for the
subdifferential of a sum of convex functions (the Moreau-Rockafellar Theorem), we have

(69) AP+ V) =099+ VU.
Thus, the (g-DIN-AVD) system writes

i(t) + BO0(a(t)) + BV (a(t)) — (4 -

=12

) z(t) —y(t) > 0;
(70) (g-DIN-AVD)

g(t)+ 1 (3 -2+ %) a(t) + Ly(t) =0,

Keeping this in mind, we can devise an algorithm for the numerical minimization of the function ¢+ ¥ by discretizing
(70). In view of the asymmetric regularity properties of the two functions, we are going to discretize (70) implicitely
with respect to the nonsmooth function ¢, and explicitely with respect to the smooth function ¥. More precisely, take
a time step size h > 0, and t, = kh, z; = x(t) , yp = y(tx). We start with (xo,y0) € H x H. At the k-th iteration,
given (zy,yx) compute zx11 and then yxy; using the following rule:

T —x 1 «
0 € “HF 4 500 (k) + BV (xy) - (5 - kh) Tk~
Yol — Yk, 1 (1 a af 1

0 = /—/———+—-[=—-——+—= - .
A +ﬁ 3 kh+k2h2)xk+1+6yk+1

(IFB-AVD)

The acronym (IFB-AVD) stands for Inertial Forward-Backward algorithm with Asymptotic Vanishing Damping.
Using the proximity operator proxgy,, (see, for instance, [15] or [35]), we can write

1 «
Tpy1 = DPIOXgp, ((1 +h <5 — k;h)) xk — BAVY (zy) + hyk>
(71) h 1 « «
Vet = 3R T Bxh (ﬂ_kh 2p2 ) Tkl

So, at the k-th iteration, given (xy,yx), we first compute 21 with the help of the gradient of ¥ (explicit, forward
step), then apply the proximity mapping associated to ¢ (implicit, backward step), and finally compute yj41.

From a computational viewpoint, when comparing (IFB-AVD) with the classical forward-backward algorithms, the
inertial and damping features inherited from the continuous-time counterpart (DIN-AVD) induce only the addition
of some terms whose computation is essentially costless. However, in the light of the results for the continuous-time
trajectories, it is reasonable to expect interesting convergence properties. This goes beyond the scope of this paper,
and will be the subject of future research. A somehow related (but different) inertial forward-backward algorithm was
initiated in [12] in the case of a fixed viscous parameter.
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Remark 6.1. A major interest to such a direct link between differential equations and algorithms is twofold: on the
one hand, it suggests several properties of the later that would be difficult to detect otherwise, and, on the other one,
it provides a strategy of proof.

7. CONCLUSIONS

We have presented a second-order system (DIN-AVD) that combines properties of a nonlinear oscillator with
two types of damping: an asymptotically vanishing isotropic viscosity term, and a more geometrical Hessian-driven
damping.

Its trajectories (global solutions) have several interesting properties, namely:

The

They minimize the objective function @, and give o(k~2) convergence of the values if argmin ® # ().

Each trajectory converges weakly to a minimizer of ® whenever there are any, and strong convergence holds
in several important cases.

The gradient of ® vanishes along the trajectories with order O(k~1).

Strong global solutions exist, even if the objective function is not differentiable, since (DIN-AVD) is equivalent
to a first-order system in time and space (see below).

Both the velocity and the acceleration (if V® is Lipschitz-continuous on bounded sets) vanish asymptotically.
system is closely related to forward-backward algorithms with Nesterov’s acceleration scheme, through the

system (AVD) studied in [36] and [13], and also to Newton’s (and Levenberg-Marquardt) method, in view of the
presence of the Hessian of the objective function. However, it exhibits some particular important features, especially:

In (AVD), the damping is homogeneous and isotropic, and thus ignores the geometry of the potential function
®, which is to minimize. By contrast, (DIN-AVD) exhibits an additional geometric damping term which is
controlled by the Hessian of ®. This type of damping is linked to Newton’s method, and confers (DIN-AVD)
some further favorable optimization properties. In particular, we obtain that the gradient of ® goes to zero
fast as t — +oo. Also, the acceleration vanishes asymptotically. These properties are not known for (AVD),
and endow (DIN-AVD) with additional stability. This fact was also confirmed by some numerical experiments,
although this is not the main objective of this study.

A second prominent property of (DIN-AVD) is that the system can be naturally extended to the case of a
nonsmooth potential (g-DIN-AVD). This relies on the fact that the system can be equivalently formulated
as a first-order system both in space and time. The main properties of (DIN-AVD), which are known for a
smooth potential, extend to the case of a nonsmooth potential except for the fact that the acceleration goes
to zero, which depends on the Lipschitz continuity of V®. This generalization has important consequences
in mechanics and partial differential equations in relation with the modeling of nonelastic shocks. This is not
explored in this paper, where our main concern is optimization.

In the third place, by considering structured potentials ® + ¥, with ® smooth and ¥ nonsmooth, the explicit-
implicit discretization of (g-DIN-AVD) gives rise to new potentially fast inertial forward-backward algorithms,
which complement FISTA-like methods (see [29], [16], etc.). The study of the continuous-time setting, which
is the subject of this work, is very useful in this respect since it gives a possible strategy of proof, an idea of
natural candidates for a Lyapunov function, and the types of properties that can be expected for the algorithm.
This goes beyond the scope of the present paper and is subject of future research.

Finally, in view of the first-order equivalent formulation, where the Hessian does not appear, the complexity
per iteration is essentially that of a first-order gradient-like method!

Summarizing, (DIN-AVD) is a second-order system (in time and space) that uses subtle information on the geometry
of the objective function, for which the trajectories have remarkable convergence properties. However, from the point
of view of implementation, it behaves as a first-order system (again, in time and space).

In view of the parameters o and § involved in the description of (DIN-AVD), our study raises some interesting
questions both from theoretical and practical perspectives. Here, we mention two:

Is @ = 3 critical? It would be interesting to know if there is a function ® for which the fast convergence
property of the values does not hold with some o < 3, or if there exists a nonconvergent trajectory for a < 3.

e [s there an optimal choice of @ and $7 There might be a rule, possibly based on the function ®, a training

scheme, or a heuristic (besides the one given in Remark 1.12), to select the combination of the parameters
and initial conditions that yields the best rates of convergence.

APPENDIX

Lemma 7.1 (Opial). Let S be a non empty subset of H and x : [0,+0co[— H a map. Assume that

(i)
(i)

for every z € S, limy_, 4o ||(t) — 2| exists;
every weak sequential cluster point of the map x belongs to S.

Then z(t) converges weakly, as t — +00, to some Too € S.
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Lemma 7.2. Let H be a Hilbert space. Let x : [tg, +oo[— H a continuously differentiable function satisfying u(t) +
La(t) — L, t — +oo, with a >0 and L € H. Then u(t) — L, t — +oo.

Proof. Set v=u — L and fix ¢ > 0. There exists T' > t; such that for ¢t > T

() + ii}(t)H <e.

Multiplying by at®~! we obtain

|at® o(t) + to(t)|| = H (to( t))H <eat™ .

Integrating between T and t > T we get

¢ ¢
[t (t) — T*(T)|| = ‘ /T dils(s“v(s))ds < /T dii(s“v(s)) ’ds <e(t™ —=T%).
Hence N N
ol < (3) looi+e(1-(7) ).
whence we deduce limsup,_, . [[v(t)|| < e. The proof is complete. O

Lemma 7.3. Let 7,p > 0 and let ¢ :]7, +oo[— R be twice continuously differentiable and bounded from below. Then,

. .
/¢ ds > —o0o and inf ¥(s) ds ¥(®)
t>‘r

t>t [ sP tP

Proof. By subtracting inf ¢ we may assume that 1 is nonnegative. Using integration by parts, we obtain

tpP TP - sp+ 1 - TP

[E g B0 YO, )t

In a similar fashion, we deduce that

tP TP Tp , sptl = 7P Tp+1’

80 0 _$0) 1), i) vt

and we conclude. O

Lemma 7.4. Take § > 0, and let f € L*(5,+0o0) be nonnegative and continuous. Consider a nondecreasing function
P :]6, +00[—]0, +o00[ such that , li+m Y(t) = 4o00. Then,
—+00
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(10]

t—>+oo / d} ds = 0.
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