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ABSTRACT. We provide quantitative convergence results for continuous-time dynamical sys-
tems in metric spaces that satisfy a continuous-time analog of quasi-Fejér monotonicity. More
precisely, we provide a (strong) convergence result for such dynamical systems over compact
metric spaces which is quantitatively outfitted with a continuous-time rate of metastability,
which moreover can be explicitly and effectively constructed in a very uniform way, only de-
pending on a few moduli representing quantitative witnesses to key properties of the dynamical
system and a measure for the compactness of the space. We further show how this convergence
result can be extended to non-compact spaces under a regularity assumption of the associ-
ated problem, where moreover rates of convergence can then be explicitly constructed which
are similarly uniform. In both cases, already the associated “infinitary” convergence result is
qualitatively novel in its present generality. Beyond this abstract quantitative theory for such
dynamical systems, we motivate how the presently studied continuous-time variant of quasi-
Fejér monotonicity naturally occurs as a unifying property of many dynamical systems and
differential equations and inclusions, and in that way can be used to provide a comprehen-
sive quantitative theory for many such dynamical systems. We illustrate this with three case
studies for both classical first- and second-order dynamical systems in Hilbert spaces as well as
(generalized) gradient flows and associated semigroups in nonlinear Hadamard spaces.
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1. INTRODUCTION

Fejér monotonicity is one of the most fundamental concepts in modern (convex) program-
ming. Traditionally formulated by

VneNVze F(d(rp1,2) < d(xg,2))

for a sequence (x,,), say in some metric space (X, d), it expresses that the sequence as a whole
descends towards a solution set /' < X. This rather convenient property, or at least one of
its many extensions, is enjoyed by many, if not most, iterative methods in optimization, and
as such has considerably streamlined and unified the convergence analysis of such dynamical
systems, where next to establishing Fejér monotonicity, all that is required to prove a method
convergent is generally some mild approximation property of the sequence towards the solution
set. As such, Fejér monotonicity over time became one of the most central organisational
principles in the analysis of algorithms.

The notion itself has a rather long history already. The name Fejér monotonicity was coined
in [72], referring to a use of a similar concept made by Fejér in [49]. Subsequently, it has
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2 A. FREUND AND N. PISCHKE

been heavily studied by the “Russian school” of convex programming, in particular Eremin
[44, 45] as well as Ermol’ev [46, 47, 48]. The modern appreciation of Fejér monotonicity as
a central unifying concept for many strands of convex programming is however centrally due
to Combettes and Bauschke, in particular due to the surveys and expositions of Combettes
[37, 38] and the central monograph [15].

This paper is devoted to a study of a continuous-time analog of Fejér monotonicity, as
formulated by

Vi=s>0Vze F(d(x(t),z) <d(z(s),z))

and an associated quasi-variant incorporating an error function e with lim;ss .o e(s,t) = 0,
that is

VE=s>0Vze F(dx(t),z) <dx(s),z) + e(s, ),

now for a continuous-time dynamical system z : [0, 0) — X, still over some metric space (X, d).
This property, and its extensions by perturbations of the metric or inclusions of error terms, is
intimately linked to differential inequalities for associated energy functionals as arising in the
context of Lyapunov analyses of differential equations and inclusions, but in particular allows
one to capture many further situations like flows and semigroups, also over nonlinear spaces (as
discussed in greater detail in Section 2). Nevertheless, this property is often left implicit, only
explicitly coming to the forefront in the proofs, if at all. A notable exception is the well-known
survey [79] by Peypouquet and Sorin, where the property is prominently isolated as a link
between continuous- and discrete-time settings (see in particular property (a3) therein). But
even in [79], the investigation is not centered around the above property but rather constructed
ad-hoc around the particular problem at hand, that is the first-order Cauchy problem for a
maximal monotone operator.

As such, the present paper is intended to illustrate how the above, more “sequential”, notion
naturally allows for a uniform study of such dynamical systems arising through differential
equations, and beyond. In particular, this more sequential character seems particularly suitable
for quantitative considerations, which are the main object of this paper.

Concretely, the first part of the present paper presents highly general and abstract con-
vergence theorems for dynamical systems subscribing to (a generalized version of) the above
continuous-time Fejér monotonicity property. These results fall into two categories:

(1) We provide a strong convergence result under a (relative) compactness assumption on
the space, utilizing only mild approximation assumptions on the dynamical systems.

(2) We provide a strong convergence result without any explicit compactness assumption,
but while imposing a certain rather general type of regularity for the associated problem.

In the former case, we in particular provide rates of metastability for the dynamical system x,
that is a function A(e, g) such that

Ve >0Vg:N—-NiIn<Agg) Vt,s e [n,n+ g(n)] (dx(t),z(s)) <e).

These rates thereby represent a continuous-time analog of the usual rates of metastability
as coined by Tao [90, 91] for discrete-time sequences, and similar to that context present an
alternative phrasing of the Cauchy property of a dynamical system which allows for effective
quantitative information, contrary to usual rates of convergence which, due to results from
computability theory (see [86] as well as [76]) are generally non-computable.

Nevertheless, in the latter case, these rates of metastability can generally be upgraded to full
rates of convergence, that is we can even provide a function p(e) such that

Ve > 0 Vt, s = p(e) (d(z(t), z(s)) < ¢).
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In either case, these rates can be explicitly constructed from some simple data representing
quantitative formulations of the main assumptions, and we provide these constructions in full
detail. In particular, the resulting rates are highly uniform, depending only on these data and
not on further auxiliary properties of the space or dynamical system.

The quantitative results pertaining to the first item in particular generalize related such
results for discrete-time Fejér monotone sequences presented in [59], while the latter generalize
similar such results given in [60] (see also [80]). In particular, our methods are quite similar,
and result in rates of a similar style and complexity, thereby highlighting how one can give
a unified treatment of continuous- and discrete-time systems, in particular for quantitative
questions, by following the more discrete reasoning to a large degree in the continuous context.
We regard this as another methodological contribution of the present paper, and regard our
paper in a similar spirit to the survey [79], which already heavily highlights such similarities,
also in various other parts of the analysis of continuous- and discrete-time systems.

Like the works mentioned above, also the present results are derived using methods from proof
mining, a subfield of mathematical logic which aims at utilizing tools from the foundations of
mathematics to provide additional computational information for ineffectively proven results
in mathematics. As such, it has found wide success in particular in the context of (nonlinear)
analysis and optimization. We refer to the seminal monograph [57] as well as the surveys [58, 61]
for further background on proof mining. However, regardless of this logical background, the
entire paper is formulated without explicit reference to logic, as typical for results arising in
the proof mining program, and in that way can be comprehended without any knowledge of
mathematical logic.

All these methodological aspects notwithstanding, we regard the actual applications of the
abstract results presented here as the key exponents of our paper. To illustrate this, we provide
three concrete case studies in this paper. The first presents a quantitative analysis of the work
[23] by Bot, and Csetnek for a first-order dynamical system over a nonexpansive operator and
the associated first-order continuous-time variant of the forward-backward scheme. The second
presents a quantitative analysis of the work [22] by Bot, and Csetnek for a second-order dynam-
ical system over a cocoercive operator, and its associated second-order continuous-time variant
of the forward-backward scheme. Both case studies are chosen due to their rather abstract pre-
sentation and in particular their generality, allowing for a uniform treatment of various other
preceding systems (as discussed in more detail in the respective introductions to the case studies
later on, but we already want to refer to the survey [42]). The second case study in particular
presents an example where our approach, even in the context of metric regularity assumptions,
cannot provide rates of convergence in general, as we can only provide a rate of metastability for
the respective error function in the quasi-Fejér monotonicity property, which presents a novel
structural reason for why no rates of convergence have appeared for that particular scheme, at
that level of generality. This should in particular be compared to more restrictive choices of pa-
rameter processes and operators, in particular covering the continuous-time forward-backward
method in the context of strongly monotone operators, where fast effective rates can never-
theless be constructed as illustrated in [25], which we partially extend in the present paper
to more general settings, again however following a quite different methodology motivated by
the discrete-time approach. The last case study is concerned with nonlinear semigroups on
nonpositively curved metric spaces, making use of the general metric setting of our results.
In particular, we consider the perhaps canonical example of the gradient flow semigroup as
studied in this context by Mayer [71] and later Bac¢dk [16], and then further consider a related
nonlinear semigroup generated by a nonexpansive mapping as studied by Stojkovic [87] and
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later Bacdk and Reich [18], which in particular allows for an abstract approach towards heat
flows in singular spaces (as further discussed later on).

At last, we think of our paper as laying the groundwork for quantitative studies of other
facets of continuous-time Fejér monotonicity, and can conceive of various natural successors to
the present work. Indeed, discrete-time Fejér monotonicity encompasses many variants, and
we think that also these variants can be quantitatively lifted to a continuous-time setting by
following the present methods. Initial examples of such variants include adaptations to varying
metrics [39] or to different distance functions like Bregman distances [14] or even broader
general classes of distances on metric spaces as considered in [81] (see also [75]). However, these
extensions would be rather routine. More interestingly, one could also generalize the present
results to continuous-time variants of the recently introduced Fejér* monotonicity [7, 19, 20]
as well as the rather general and extensive localized and relativized generalization of Fejér
monotonicity [63] (which was also introduced through a proof mining perspective), where then
the very interesting question arises whether natural dynamical systems fall under that regime,
with a natural contender being continuous-time variants of the method presented in [19]. Last
but not least, the present results naturally lend themselves to extensions into the stochastic
setting. In particular, the present results on rates of convergence under regularity assumptions
could be generalized in that way by combining the present approach with that of the recent
works [75, 83] on rates of convergence for discrete-time stochastically quasi-Fejér monotone
sequences under stochastic regularity assumptions, while the general constructions of rates
of metastability under a compactness assumption could be extended by instead following the
approach of the upcoming work [82]. The previously cited works rely on a quantitative theory
for discrete-time supermartingales, and extensions of these results would then require a similar
quantitative approach to continuous-time martingale theory, which would be interesting in its
own right. In particular, such results could then unlock quantitative treatment of associated
stochastic differential equations and inclusions, as to render them applicable to recent works in
that direction such as [30, 31, 66, 67, 69, 70].

Notation. Throughout, if not stated otherwise, we let (X, d) be a given metric space. We
denote closed balls in such spaces by

B.(x) = {ye X |d(z,y) <r}.

Natural numbers N are throughout assumed to contain 0. The function [-] is defined as usual,
that is by [z] := min{z € Z | z > z}. Further, we define bounded subtraction on N via
n = m := max{n —m,0}. If we are given a function f : N — N, we denote iteration of that
function by f@, defined recursively by f© :=1Id and f0+Y := fo £,

2. CONTINUOUS-TIME FEJER AND QUASI-FEJER MONOTONICITY

2.1. Definition and motivation. We begin with our notion of continuous-time quasi-Fejér
monotonicity, the central notion studied in the present paper. This notion, like all other variants
of Fejér monotonicity, refers to an underlying solution set which we in this paper take to be
given as the set of zeros

zerF :={re X | F(z) = 0}
for a given solution function F': X — [0, 400].
Definition 2.1 (Quasi-Fejér monotone dynamical system). Let F' : X — [0, 400] be a given

solution function and let G, H : [0,00) — [0, %0) be functions with @ — 0 whenever H(a) — 0
as well as G(a) — 0 whenever a — 0.
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A dynamical system x : [0, +o0) — X is called (G, H)-quasi-Fejér monotone w.r.t. F' if
H(d(x(t),y)) < G(d(z(s),y)) + e(s,1)

for all t = s and all y € zerF', where e is some error function with lim;>s . e(s,t) = 0. If e = 0,
then z is called (G, H)-Fejér monotone w.r.t. F.

Motivated by their use in [59], the general perturbation functions G and H above allow for
quite a great variety of different notions of Fejér monotonicity familiar from the discrete-time
world to be encompassed by the above continuous notion.

As such, beyond the more “ordinary” quasi-Fejér monotonicity property

d(z(t),y) < d(z(s),y) +e(s,t) forall t > s

derived by G = H = Id, which presents a continuous-time analog of quasi-Fejér monotonicity
of type I as considered by Combettes [37], they in particular encompass functions such as
G = H = (-)? for p € (0, +00), where the associated monotonicity property

dP(x(t),y) < dP(x(s),y) + e(s,t) for all t = s

in particular presents a continuous-time analog of quasi-Fejér monotonicity of order p as dis-
cussed in [48]. In the case of p = 2, this in particular presents a continuous-time analog of
quasi-Fejér monotonicity of type II as considered in [37].

A more or less immediate lift of the discrete-time notion of quasi-Fejér monotonicity, the
above notion nevertheless abstracts and unifies various scattered formulations and conditions
often associated with “continuous-time quasi-Fejér monotonicity”. These, while often distinct
in their use and analysis, commonly take the form of differential inequalities

d

L) <)

for a given (family of) function(s) &,(t) = p(d(z(t),y)) over y € zerF, where x(t) is a given
dynamical system, € € L' is an error function and p again serves as a perturbation (commonly
taking the forms p = Id or p = (-)?). Indeed, it is often already the stricter variant

—&,(t) <0,

dt y( )

formulated without an error function, which occurs. The perhaps canonical case for this that
we have in mind is the first-order Cauchy problem over a maximally monotone operator in

Hilbert spaces (already due to [33, 41, 64], see also [34, 40] and e.g. the survey [79]), that is

{—f(t) e Az(t)),
z(0) = xo,

where A is a maximally monotone operator on a Hilbert space X and z € dom(A), in particular
generalizing the gradient flow equation z = Vf(x) to general inclusions. Now, any solution
x:[0,00) — X to the above problem (that is x is an absolutely continuous function satisfying
z(0) = xo and —z(t) € A(z(t)) almost everywhere; in fact, there is a unique such solution, see
e.g. [79]) satisfies the differential inequality

% (1o =412 = G020 -9y <0

almost everywhere, where y € zer(A) is any zero of A, i.e. 0 € A(y). Beyond this rather
immediate example, we further refer to [9, 13, 23, 28, 29, 43| for other instances of differential
inequalities such as the above, just to name a few.
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In any case, in the context of the above differential inequality, integration of that property

yields
t

p(d(x(t),y)) < p(d(z(s),y)) + J e(r)dr for all t > s

for all y € zerF', so that the above family of differential inequalities results in the dynamical
system x being (p, p)-quasi-Fejér monotone in the sense of Definition 2.1, with errors e(s,t) :=
Si e(7)dr. In the special case of € = 0 already mentioned above, we in particular get that x is
(p, p)-Fejér monotone.

Such a presentation of the errors via an integral, that is

e(s,1) f “e(r) dr

s

for e € L', is in a way the standard form of an error that we want to accommodate in the above
Definition 2.1. In this error form, the (G, H)-quasi-Fejér monotonicity of a dynamical system x
can be even more directly recognised as a direct lift of the usual discrete-time (G, H)-quasi-Fejér
monotonicity of a sequence (z,) (see e.g. Definition 6.2 in [59]), that is
n+m—1
H(d(Zn4m-y)) < G(d(2n,y)) + 2 g; for all n > m and y € zerF,
1=n

where (g;) is a nonnegative sequence of summable errors, to the continuous setting, with errors
taking the form of integrals instead of series.

However, similar as with the perturbation functions, the generality of the generic error func-
tion e compared to a specific representation such as the above allows to encompass even
more general situations. Namely, beyond such rather simple situations as detailed above,
many analyses of continuous-time dynamical systems do not rely on such simple functions
Ey(t) = p(d(x(t),y)) as above but instead consider much more extensive (families of) so-called
energy functionals &,(t), suitably chosen to allow for the analysis of the underlying dynamical
system x(t) at hand, often in a rather ad-hoc way (see e.g. the survey [73]). Regardless, such
energy functions often decompose in special ways.

One such decomposition takes the form of

&y(t) = pld(xz(t),y)) + £'(1).
Indeed, such energy functions and associated differential inequalities are rather common, and

we refer to e.g. [1, 2, 6, 8, 22, 21, 24, 26, 27|, just to name a few. Integration of the associated
differential inequality property yields

¢
E () —&y(s) < f é(r)dr forallt = s

as before and, in the case of the above decomposition &,(t) = p(d(x(t),y))+E’(t), this inequality
immediately results in the monotonicity property
¢

pld(z(t),y)) < pld(z(s),y)) + €'(s) = E'(1) + J e(r) dr

S
for all t > s and y € zerF', so that in case the associated remainder &£’ satisfies £'(t) — 0 for
t — oo, the dynamical system x(t) is (p, p)-quasi-Fejér monotone in the above sense with a
generalized error function
t

e(s,t) :=&'(s) — &(t) + J e(r)dr.

s
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Another type of decomposition that sometimes occurs in linear spaces takes the form of

&€y(t) = p(lx(t) —y +v(®)])
for some additional function v(t) with lim; . v(t) = 0. Such energy functions e.g. occur
in [3, 11, 12]. At least in situations where |z(t) — y|, [|z(t) — y + v(t)|| are bounded (as
can generally be established without great difficulty in such situations) and p is Lipschitz on
bounded sets (as is the case for e.g. p = (-)?), say with constant L > 0 for a respective set
containing |x(t) — y| and ||x(t) — y + v(t)|, we can use the associated differential inequality as
follows: Integration as before yields
¢

p(lz(t) —y +o@)]) < p(lz(s) —y +v(s)]) + f e(r)dr.

S

Now, using the Lipschitz continuity of p on the respective (bounded) set yields

p(le®) = yl) < p(le(t) =y +v@®)]) + Ljo(@)]

< p(llz(s) —y +v(s)]) + f e(r)dr + Ll (t)]

S

< pllz(s) —yl) + fé(f) dr + L([o(®)] + [o(s)])-

s

In that way, the dynamical system z(t) then is (p, p)-quasi-Fejér monotone in the above sense
with a generalized error function

e(s,t) := J e(r)dr + L(Ju(®)] + [o(s)])-

S

Naturally, choosing such an energy function appropriately is quite difficult and lies at the
heart of a convergence analysis of various continuous time methods. We in that way do not at
all want to argue that the present results make such an approach obsolete but rather that once
such a suitable function with a corresponding differential inequality has been isolated, it allows
for a uniform quantitative analysis of the associated convergence results via the above notion
of quasi-Fejér monotonicity for continuous-time dynamical systems and it is that quantitative
perspective, as already discussed in the introduction, that justifies its use.

2.2. Quantitative results for differential inequalities. We have seen above how quasi-
Fejér monotonicity for continuous-time dynamical systems often comes in the guise of differen-
tial inequalites. These inequalities have various key asymptotic results attached to them that
are fundamental for most analyses in the literature. As such, we now discuss these results here,
and in particular provide quantitative variants, on which we later rely in the context of our
applications.

The main results with which we are concerned are the following fundamental lemmas (see
e.g. Lemmas 5.1 and 5.2 in [2]):

Lemma 2.2. Assume & : [0,00) — R is locally absolutely continuous and bounded below such
that

d _

—té' (t) <e(t)
almost everywhere for some e € L'([0,0)). Then lim; ., E(t) exists.

)
If further & is nonnegative and € € LP([0,00)) for p € [1,+00), then lim, ., E(t) = 0. In that
case, we may also have e € L"([0,00)) for r € [1,+0].

We begin with an analysis of the first part of the above lemma:
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Lemma 2.3. Assume € : [0,0) — R is locally absolutely continuous and bounded below with
E(t)=b forallte[0,0) and ¢ = £(0). Further assume we have

d _
E5<t> < e(t)

almost everywhere for some € € L'([0,0)) with |e|, < B. Then for alle >0 and f : N — N,
it holds that

In < f@rer@©)(0) Vs, t € [n,n+ f(n)] (|E(s) — E()] < &),

where f(n) :=n + f(n) and
o[22

Proof. By the proof of [2, Lemma 5.1], the map ¢t — E(¢ So ) dt is non-increasing with

D(t) :=&(t) — Joté(T) dr e [b— B,c| for all t € [0, 00).

We define H(m) = f (22 {m) (0). It is clearly impossible for D to descend by more than £/2 in
all intervals [H(m), H(m + 1)] with m < [2(c+ B — b)/¢]. So for one of the indicated m, we

have
€

0< D(s)—D(t) < 5 whenever H(m) <s <t < H(m+1).

On the other hand, the integral over [e| cannot exceed £ on all intervals [ f® (H (m)), f0*+V (H(m))]
with ¢ < [ ] For an ¢ where the integral is bounded by £, we put

2B ~
r= [?}TrH—z and n = h{"(0).

Observe that we have

[nn + £0)] = | FO0), FoD()] = | FOHm)), FOD(Hm)) | < [H(m). H(m + 1))
For n < s <t <n+ f(n), we thus get
<. c
2 2
as desired. 0

E£(s)— £(B)| < D f G(r)|dr <

We continue with an analysis of [2, Lemma 5.2]:

Lemma 2.4. Assume £ € LP([0,0)) is locally absolutely continuous and non-negative, with
1 <p < oo, and where ¢ = £(0). Further assume we have

d
SE(t) < et

almost everywhere, for some € € L"([0,0)) with 1 <r < . Let €], < A and |[€|, < B. Then
foralle >0 and f: N — N, it holds that

I < T 0) e [nyn + Fn)] (E1) < ),
where f'(n) :=n+ f'(n) as before, with f'(n) := max{f(n),[(3A/e)"]}, and

20+1g A9 1B [29(c? + qAT'B) ‘ 1
wc,A,B(e) = { gq(QQ—l) “ . { 5q(2q—1) } with q = 1+p. <1—;) .
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Proof. Let ¢ > 0 and f: N — N be given. We first show that
In < f@ear@)0) Yt e [n,n+ f(n)] (E(t) < &)
for f(n) =n+ f(n), if f(n) > (24/¢)? for all n € N. Since 1’ = q%l is conjugate to r and £97!
is in L™ ([0, 0)), Holder’s inequality yields
|E9 el < AT B.
Except on a null set, we have

d d
—EUt)=q -ETNt) — <q-ETN(t) -e(t).
Cen(t) = g £971) - E() < g €7 0) (1)
As f(n) > (2A/e)P for all n € N, Lemma 2.3 shows that

£r(e) — £y < T2 21

for some n < f(®45()(0) as in the current lemma. Now there is some sq € [n,n + f(n)] with
E(s0) < €/2, since we would otherwise get

for all s,t € [n,n+ f(n)]

n+f(n) P
AP > f Ert)dt = - f(n) > A"

n

We now show that £(t) < € holds for any ¢ € [n,n + f(n)]. If this was not true, we would get

e?  e1(27 -1
£9(s0) — £70)| > 0 - o = T2,
against the above. If f : N — Nis now a general function, define f'(n) := max{f(n), [(34/¢)"]}.
By definition f’(n) > (2A4/¢)P and so the above implies
I < PN 0) vt e [non + ()] (E() < 2).
The result now follows as f(n) < f'(n) and so [n,n + f(n)] < [n,n+ f'(n)]. O

Remark 2.5. In the above Lemmas 2.3 and 2.4, we have always quantitatively resolved inte-
grability assumptions via upper bounds on the involved p-norms, e.g. assuming for a given
€ e L'([0,0)) a bound B > |[e|;. It is clear from the proofs above that it actually suffices to
have rates of metastability for the integrals in question, e.g. in the case of e € L([0, 00)) above
taking the form of a function £(e, f) such that for all ¢ > 0 and f : N — N, one has

n+f(n)
In < (e, f) (J le| < 5) :

But then the results become combinatorially more involved. As one is commonly supplied with
such a norm upper bound, we keep the results at that generality.

3. A QUANTITATIVE CONVERGENCE THEORY FOR QUASI—FEJER MONOTONE DYNAMICAL
SYSTEMS

We now turn to our main abstract results, presenting a quantitative theory of convergence
for quasi-Fejér monotone dynamical systems in continuous time. As discussed before, we will
be working over general metric spaces. Convergence results in these rather general contexts
commonly fall in two categories:

(1) Strong (metric) convergence results under a (local) compactness assumption, for general
problems zerF'.
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(2) Strong (metric) convergence results in the absence of compactness, but for that under
an additional (local) regularity assumption on the problem zerF'.

Weak convergence results, which are quite characteristic for Fejér monotonicity, in general are
not available for general metric spaces and require additional structure, commonly working
over Hilbert spaces or Hadamard spaces (complete geodesic spaces of nonpositive curvature).
In that way, these results shall not be our concern here, although the present work can be easily
adapted also to these cases.

In either case, the only other property next to the quasi-Fejér monotonicity that is required
to induce convergence is the rather weak approximation property that the sequence in question
contains arbitrarily good approximate solutions along its run.

We here consider quantitative variants of both items (1) and (2) above, extending the previous
seminal works in that regard [59] and [60] (see also [80]) from discrete time to continuous time.
We begin with the former.

3.1. Convergence under relative compactness assumptions. We recall the basic setup.
Let (X,d) be a given metric space and let F' : X — [0,+] be a given function, so that
zerF := {zx € X | F(x) = 0} serves as an abstract representation of a solution set and so that
each sublevel set

leve. F:={xe X | F(z) < ¢},

with € > 0, serves as an abstract representation of a set of e-approximate solutions.

We will be concerned with a quantitative convergence result for quasi-Fejér monotone dy-
namical systems in the context where X is totally bounded. To arrive at such a result, we
require three central ingredients.

The first is, as mentioned before, a (quantitative) approximation property for the sequence
in question that suffices to guarantee convergence.

Definition 3.1. Let = : [0,00) — X be a dynamical system. We say that x has the liminf-
property w.r.t. Fif liminf, o, F(z(t)) = 0. Quantitatively, we say that ¢ : (0,00) x N — N is
a lim inf-bound for z w.r.t. F if

Ve > 0 VYne N3te [n,ole,n)] (Fx(t) <e).

Remark 3.2. We will later commonly assume that ¢ is monotone in the sense that ¢(e,n) >
©(6,n) whenever € < §. This can actually be assumed without loss of generality as if a general
¢(e,n) is given, we can define

B(en) = max{p(1/(k +1)n) | k < [1/e]}.
Indeed, then @ is still a liminf-bound as given ¢ > 0 and n € N, we have

ten,o(1/([1/c] +1),n)] (F(:E(t)) < [1/5]% < 5)

and p(1/([1/e] + 1),n) < @(e,n), and if € < §, then [1/e] = [1/0] and so
ple,n) = max{p(l/(k +1),n) | k < [Ie]} = max{p(1/(k +1),n) | k < [1/3]} = §(5,n).
Hence ¢ is also monotone in the above sense.

The second ingredient we will need is a uniform quantitative strengthening of the quasi-Fejér
property. For that, consider the property of (G, H)-quasi-Fejér monotonicity unwound into its
logical structure:

Vye X (V6> 0(y elevesF) — Ve > 0 Vs < t(H(d(z(t),y)) < G(d(x(s),y)) +e(s,t) +¢)).
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With the quantifiers suitably prenexed (and rewriting Vs < ¢ into Vn,m € NVs < t € [n,n+m])
the above is equivalent to

Ve>0Vn,meNVye X 30 > 0(y € leves F
—Vs<te[nn+m](H(dx)y) < Gdx(s),y)) + els, t) + €)).

We now call a sequence uniformly (G, H)-quasi-Fejér monotone if we can bound (and hence
witness) the above ¢ in terms of £, n, m, uniformly for all y € X:

Definition 3.3. Let = : [0,00) — X be a dynamical system. We say that x is uniformly
(G, H)-quasi-Fejér monotone w.r.t. F' with modulus x : (0,0) x N* — (0, o0) if

Ve > 0Vn,meNVyelevecnmF Vs <te[n,n+m]
(H(d(xz(t),y)) < G(d(x(s), y)) + e(s, 1) + €)

for some error function e with limyss .o €(s,t) = 0. If e = 0, then we call x uniformly (G, H)-
Fejér monotone w.r.t. F.

We have two remarks on this notion:

Remark 3.4. A standard compactness argument shows that if X is compact and F as well
as G, H are continuous, then any continuous dynamical system x which is (G, H)-quasi-Fejér
monotone w.r.t. £ and some continuous error function e is also already uniformly (G, H)-quasi-
Fejér monotone w.r.t. F' and that same error function.

Remark 3.5 (For logicians). As in the case of the associated notion of uniform (G, H )-quasi-Fejér
monotonicity for discrete-time sequences given in [59] (see Remark 4.7 therein), the two notions
above, plain and uniform quasi-Fejér monotonicity for continuous-time sequences, can be proven
to be equivalent in theories for bounded metric spaces used in proof mining (see [55]) augmented
with a nonstandard uniform boundedness principle (see [56]). In particular, associated logical
metatheorems for these system due to Kohlenbach (recall the previous references and see further
[57]) in that way guarantee that such a modulus x can be extracted from large classes of proofs of
the associated, weaker, quasi-Fejér monotonicity property, over bounded metric spaces, making
it particularly natural for applications.

The last central ingredient will be a quantitative rendering of the compactness assumption
on the space. Concretely, in the following we will work under a total boundedness assumption,
which we quantitatively resolve following the work of [51]:

Definition 3.6 (essentially [51]). Let A € X be nonempty. A function 7 : (0,0) — N is a
modulus of total boundedness for A if for any ¢ > 0 and any sequence (zj) < A:

30 <i < j<~(e) (d(z,z;) <e).

It follows rather immediately that a set is totally bounded if, and only if, it has a modulus
of total boundedness. We refer to [51] and [59] for further discussions of this property.

Besides these three central ingredients, we are left with quantitatively resolving the minor
assumptions around our sequence.

Let us first consider the perturbation functions G, H : [0,00) — [0,00). By assumption,
we have a — 0 whenever H(a) — 0, and this is equivalent with assuming the existence of a
quantitative modulus A : (0,00) — (0, 0) such that

H(a) < h(e) »a<e
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for all @ = 0 and ¢ > 0. Similarly, the property that G(a) — 0 whenever a — 0 is resolved by
considering as modulus g with
a<gle) > Gla)<e
for all a = 0 and € > 0.
The last minor quantitative detail we need to resolve is the error property lim;ss .o €(s,t) = 0.
Most conveniently, we would resolve this assumption with a rate of convergence (similar to how
errors for quasi-Fejér monotone sequences are resolved in [59]), that is a function 7(e) such that

Ve >0Vt =s=n(e) (le(s,t)| <e).

This assumption is particularly mild in cases where the errors are effectively composed of
parameters of a problem which can be freely chosen, so that such a rate can be readily supplied,
as is often the case.

However, this will crucially not be the case for some applications later where we will only be
able to derive a rate of metastability for the above limit, that is a function 7(e, f) such that

Ve>0Vf:N->NIn<n(ef)Vs<te[nn+ f(n)](le(st) <e).

This generality however comes with the price of some added combinatorial complexity of the
final rate.

Combining all of these ingredients, we then get the following central quantitative result on
the convergence of quasi-Fejér monotone dynamical systems in totally bounded spaces.

Theorem 3.7. Let X be totally bounded with a modulus . Assume that G, H : [0,00) — [0, o0)
are such that we have moduli g, h with

H(a) <h(e) »a<eanda < g(e) > Gla) < ¢
foralla =0 and € > 0. Also, let e(s,t) — 0 as s <t — o0 with a rate of metastability n, i.e.
Ve>0Vf:N->NIn<ne f)Vs<te[nn+ f(n)](e(st) <e).
Lastly, let x : [0,00) — X be a dynamical system such that
(1) x has the liminf-property w.r.t. F' with bound ¢ : (0,0) x N - N, i.e.
Ve>0VneN3ten, ple,n)](Fx(t) <e).

Further, we assume (w.l.o.g.) that ¢ is monotone in the sense that p(e,n) = p(d,n)
whenever € < 9.

(2) x is uniformly (G, H)-quasi-Fejér monotone w.r.t. F with error e and with modulus
X i (0,0) x N2 — (0,0), i.e.

Ve >0 Vn,meN VyeleveycnmF Vs <te[n,n+m]
(H(d(x(t),y)) < G(d(x(s),y)) + e(s,t) +€).
Then x is metastable in the sense that for alle > 0 and f : N — N, it holds that
In < Ale, f) Vs, t € [n,n+ f(n)] (d(z(s),z(t)) < e),
where moreover the bound A(e, f) can be explicitly described by
Ale, f) := max{A(i,e, f) | i < P} + 1
where P :=~(g(h(e/2)/3)) + 1 and A(0,¢, f) := 0 as well as
A2, ) = max{o(En) | n < n(h(e/2)/3, Foc)}

with
& = min{x}' (h(c/2)/3, A(i,e, f)) | i < j}
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for j =1, where
Xf(gan) = X(€7n7f(n + ]‘) + 1)7
XU (e,m) 1= min{xs(e,m) | m < n},
as well as
foe(n) :=max{m+ 1+ f(m+1) | m < p(e,n)} = n.

Proof. Let ¢y be a selection function for the lim inf-property which is bounded by ¢, i.e. take
@o : (0,00) x N — [0,00) to be any function such that x(pg(e,n)) € leve. F' and ¢g(e,n) €
[n,o(e,n)] for all € > 0 and n € N. Set ¢y := 0 and ng := 0. Then, given f: N — N and € > 0,

recursively define

e = min{x(g(¢/2)/3, [t:], f([t:] + 1) + 1) [ i < j},
let n; < n(h(e/2)/3, f,z) be such that

Vs <t e[ng,n; + foe(ng)] (les, t)] < h(e/2)/3),

and set t; := po(ej,n;). We first note that ¢; > &; for j > 0 as well as A(i, ¢, f) = ¢; for i > 0,
which we show by induction. Clearly A(0,¢, f) = 0 = to and if A(i, ¢, f) = ¢; for all i < j, then

& = min{x} (h(¢/2)/3, Ali,e, f)) | i < j}
< min{x;(h(e/2)/3,[t:]) | i < j} = ¢&;
as |t;] <t; < A(i,e, f). Then we get
ti = wolesng) < @(ej,ny) < p(Ej,n;) < max{p(E;,n) | n<n(h(e/2)/3, fo,)} = Ald, e, f)
as n; < n(h(e/2)/3, fee;)-

Now, using the modulus of total boundedness v for the sequence (z(t;)), we get indices
0<1I<J<~(g(h(e/2)/3)) +1
such that d(z(tr),z(ts)) < g(h(¢/2)/3). By definition, as J > 0 and J > I, we have
2(ty) €levee, F S levayne/a sl s+ )+ L
Also, as I > 0, we have t; = n;. The former now implies
H{(d(x(t), x(t,))) < Gd(x(s), 2(ts))) + e(s, 1) + h(e/2)/3
for all s <te|[|t;],|tr] + 1+ f(|t;] + 1)]. At the same time, we have
Vs <tenpnr+ for(nr)] (le(s, t)] < h(e/2)/3).
Now, we have n; < |t;] as n; < t; and n; is a natural number, and so
np < |t <tr <[t +1<|tr]+ 1+ f(lt:] +1)
<max{m+ 1+ f(m+1) | m<eEr,n)}
< np+ foz(nr)

as tr = poler,ny) < w(er,nr) < @(€r,ny) since £y < g;. Thus, in the above, we may pick s = t;
to get

H(d(x(t), (1)) < Gd(z(tr), 2(L1))) + e(tr,t) + h(e/2)/3 and |e(tr, )] < h(e/2)/3

for all t € [[t;] + 1, [t] + 1+ f(|tz] + 1)] (as then also t > t;). As d(z(t7),z(ty)) < g(h(e/2)/3),
we have G(d(x(t ) z(ty))) < h(e/2)/3 and so

h
H(d(x(t), (1)) < le(tr, t)] + 2h(e/2)/3 < h(e/2)
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for all such ¢. This implies d(z(t), z(t;)) < /2 for all t € [n,n + f(n)] with n = |t;] + 1, so
that we obtain the result by the triangle inequality.

As seen above, we in particular have A(i,e, f) > |t;] so that A(e, f) = A(l,e, f) +1 =
|ti] +1=nas I <P. O

The above result extends Theorem 6.4 in [59], the analogous result for discrete-time sequences,
and in fact closely follows the proof strategy given there.

If F'is uniformly continuous, then the above result can be further upgraded to also effectively
guarantee that the dynamical system consists of approximate solutions.!

Theorem 3.8. Under the assumptions of Theorem 3.7, assume that F' is uniformly continuous
with a modulus w, that is |F(z) — F(y)| < e for all x,y € X with d(z,y) < w(e).
Then for all e > 0 and f: N — N, it holds that

In < A(min{e,w(e/2)}, f) Vs,t € [n,n + f(n)] (d(z(s), z(t)) <€ and F(z(t)) <¢),
where moreover the bound A(e, f) can be explicitly described as in Theorem 3.7, except using
X:(0,m,m) := min{e/2, x(§,n,m)} in place of x.

Proof. Note that X is also a modulus of uniform (G, H)-quasi-Fejér monotonicity. Now follow
the proof of Theorem 3.7 with the respective bound. Writing ¢y := min{e, w(¢/2)}, as therein
we then derive d(z(t), z(ty)) < go/2 for all t € [n,n + f(n)] with n = |¢;] + 1, where

x(ts) € leveg (neof2altrlf e+ 1)+ F S levee o F.

The former gives d(z(t),x(s)) < € for all s,t € [n,n + f(n)] as before, and additionally that
d(xz(t),z(ts)) < e0/2 < w(e/2). We hence have |F(x(t)) — F(z(t;))| < ¢/2. Now, the latter
yields F'(z(t;)) < €/2, so that we have

F(z(t)) < F(e(ty)) + [F(z(t) = F(z(t)))| < e
for all t € [n,n + f(n)]. O

If we are supplied with a rate of convergence for the error function e, or the errors disappear
altogether, then the above construction becomes considerably simpler, which we record in the
following theorem.

Theorem 3.9. Under the assumptions of Theorem 3.7, assume that e(s,t) — 0 as s <t — ©
with a rate of convergence n, i.e.

Ve >0Vt =s=n(e)(le(s,t)] <e).
Then x is metastable in the sense that for alle > 0 and f : N — N, it holds that
In < Ale, f) Vs, t e [n,n+ f(n)] (d(z(s),z(t)) <¢),
where moreover the bound A(e, f) can be explicitly described by
Ale, f) := max{A(i,e, f) | i < P} + 1
with P :=~v(g(h(¢/2)/3)) + 1 and A(0,¢, f) :== 0 as well as
A(jie, f) == max{p(E;,n) [ n < n(h(e/2)/3)}

where €; for j = 1 is as in Theorem 3.7.

"n fact, Theorem 3.8 can be established under the milder quantitative condition that zerF is uniformly
closed w.r.t. the level sets lev. F in the sense of [59], that is using moduli w and § such that for any z,y € X,
d(z,y) < w(e) and F(z) < §(e) implies F(y) < . For simplicity, and since it suffices for all our applications,
we here restrict ourselves to the stronger assumption that F' is uniformly continuous.
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If e =0, then it suffices that x has the approzimate F-point property (instead of the lim inf-
property w.r.t. F'), that is
Ve >0 3t < p(e) (F(z(t)) < ¢)
with a monotone bound ¢ : (0,00) — N, where A can be defined similar to above, with
A(0,e, f) :==0 and A(j,e, f) := p(&;).
Lastly, if in any of the above cases F' is uniformly continuous with a modulus w, then for all

e>0and f : N — N, it holds that
In < A(min{e,w(e/2)}, f) Vs, t € [n,n + f(n)] (d(z(s),z(t)) < e and F(x(t)) <e¢),

where the bound A(e, f) is constructed as above, except using X-(d,n,m) := min{e/2, x(J,n, m)}
i place of x.

Proof. As n is a rate of convergence, it follows immediately that 7(e, f) := n(e) is also a
rate of metastability. If the errors are constantly 0, then n = 0 is a corresponding rate of
convergence. In any case, we can apply Theorem 3.7 to derive the above rates. That, in the
case of vanishing errors, an approximate F-point bound suffices immediately follows from the
proof of Theorem 3.7. The extensions for approximate solutions in the context of a uniformly
continuous F' can be accounted for as in the proof of Theorem 3.8. U

Moreover, the above quantitative result trivially implies the following “usual” (that is, non-
quantitative) convergence result for quasi-Fejér monotone dynamical systems in compact spaces.

Theorem 3.10. Let X be compact and let F' : X — [0,400] be continuous. Assume that
G,H : [0,0) — [0,00) are continuous such that a — 0 whenever H(a) — 0 and G(a) — 0
whenever a — 0. Let x : [0,00) — X be a continuous dynamical system such that x has the
lim inf-property w.r.t. F' and which is (G, H)-quasi-Fejér monotone w.r.t. F and a continuous
error function.

Then x converges to some point in zerF'.

Proof. All the present assumptions trivially (but nonconstructively) entail their quantitative
variant. In particular, as X is compact, z is uniformly (G, H)-quasi-Fejér monotone w.r.t. F'
(recall Remark 3.4). Hence, Theorem 3.7 guarantees that = is metastable, i.e.

Ve>0Vf:N->NIneNVs te[nn+ f(n)](dx(s)zt) <e).
Trivially, but noneffectively, this is equivalent to z(¢) being Cauchy for t — co. Indeed, suppose
for a contradiction that there is an € > 0 such that for all n € N, there is an m € N with
ds,t € [n,n +m] (d(z(s), x(t)) > ¢).
Define f(n) := m for such an m. Then we have found an f such that
VneN 3s,te[n,n+ f(n)] (d(z(s),z(t)) >¢€).

This contradicts the above property. As z is Cauchy and X is compact, and hence complete, it
has a limit z. We now show that z € zerF'. For that, note that F(z) = lim; o, F(x(t)) as F is
continuous and since x has the lim inf-property w.r.t. F, we get liminf; ., F'(z(¢)) = 0. Hence

F(z)=0. O
Remark 3.11. Assume that G is inverse bounded, i.e.

G(a) <b—a<g(b)
for all @ = 0 and b > 0 and additionally that

eM = supe(0,t) < .

t=0
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Then if z is (G, H)-quasi-Fejér monotone, we have
G(d(x(t),2)) < H(d(x(0),2)) + ¢(0,1)

for all t > 0 and so G(d(xz(t), z)) and hence z(t) is bounded with d(x(t),z) < ¢'(bo + €M) for
bo = H(d(z(0),z)). A particular case where G is inverse bounded is for example when G is
strictly increasing and continuous, where then ¢’ is simply the inverse of G. The assumption
that sup,(e(0,) < oo is classically satisfied when e is of standard form, i.e. e(s,t) = Si e(r)dr
for € € L', but further easily true in many other situations, such as those later discussed in this
paper. In any case, in the context where the dynamical system is bounded, it of course thereby
suffices that X is only proper in the above Theorem 3.10.

Remark 3.12. If one has asymptotic regularity w.r.t. F, that is lim;_. F(x(t)) = 0, and for
simplicity assuming that e = 0, then the above qualitative theorem can be directly derived
from the associated result for discrete-time dynamical systems (see e.g. Proposition 4.3 in [59]):
Indeed, x(t) converges to some point z € zerF' for t — oo if, and only if, z(¢,,) converges to z for
any (increasing) sequence (t,) with t,, — oo for n — c0. Using the asymptotic regularity w.r.t.
F, we get that any such sequence has approximate F-points and (G, H)-Fejér monotonicity
w.r.t. ' for x transfers onto the respective sequence x(t,). The convergence of z(t,) now
follows from the associated discrete-time result (recall Proposition 4.3 in [59]). This extends
suitably to error sequences, using the lim inf-property w.r.t. F' instead.

Exactly this usual reduction to the discrete-time setting under asymptotic regularity seems to
be the reason why a qualitative theory for continuous-time Fejér monotone dynamical systems
has received relatively little attention. However, this reduction proves to be problematic quan-
titatively, as one cannot immediately transfer rates of metastability for the resulting Cauchy
property from the discrete-time subsequences to the full continuous-time sequence (as the re-
spective point of metastability might move out further and further, and moreover, the resulting
regions might not overlap).

Instead, the only quantitative approach known to us is to essentially redo the quantitative
approach to discrete-time dynamical systems given in [59] for the continuous setting, and the
proof for the above result essentially implements this argument, with various optimisations
built in. However, while for metastability there seems to be no efficient way of bootstrapping
the quantitative theory of continuous-time dynamical systems onto discrete-time dynamical
systems, at least not in the generality of Theorem 3.7, we will later discuss how results on rates
of convergence under regularity assumptions can indeed be transferred from the discrete to the
continuous, at least in special cases.

3.2. Convergence under metric regularity assumptions. We will now be concerned with
(quantitative) convergence results in the absence of compactness. Naturally, such results in
turn require additional restrictions on the problem formulation given by F'.

Such “regularity” conditions take various forms in the literature, and to cover these in a
uniform manner that is moreover amenable to our quantitative pursuits, we follow the approach
of the fundamental work of Kohlenbach, Lopéz-Acedo and Nicolae [60] and consider the rather
broad notion of a modulus of regularity introduced therein.

Definition 3.13 (essentially [60]). Let 2z € zerF and r > 0. A modulus of regularity for F’
w.r.t. B,(z) is a function 7 : (0,00) — (0, c0) such that

F(z) < 7(e) — dist(z,zerF) < e

for all e > 0 and all x € B,(2).
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Note that such a function 7 always exists when X is proper and F' is continuous (see Propo-
sition 3.3 in [60]), although the description of 7 is generally noneffective in this case.

Indeed, this notion is quite broad and, for various types of problems, covers a variety of
different notions usually considered in the literature to induce (strong) convergence of Fejér
monotone sequences, with simple moduli. We give a brief overview in the following examples
as it pertains to our present work:

Example 3.14 ([60]). Let (X,d) be a metric space and 7' : X — X be a given mapping.
We are interested in the problem of finding a fixed point Tx = z of T. This problem can
be equivalently expressed as a zero problem by setting F'(z) := d(z, Tx), where we then have
zerF' = FixT', which we assume to be non-empty.

Situations under which we then can obtain a particularly simple and explicit moduli of
regularity for the above F' in particular include the following:

(1) Let T be a quasi-contraction, i.e. for some z € FixT and c € [0, 1) it holds that
d(Tz,z) < cd(z, 2)

for all z € X. Then 7(¢) := (1—c¢)e is a modulus of regularity (and in fact of uniqueness)
for F w.r.t. B,(2), for any r > 0.

(2) Let T be a continuous orbital contraction, i.e. T is continuous and there is a ¢ € [0, 1)
such that

d(Tz, T?7) < cd(z, Tx)

for all z € X. Then 7(¢) := (1 — ¢)e is a modulus of regularity for F' w.r.t. B,(z), for
any r > 0 and z € FixT. In particular, there are examples of orbital contractions that
do not have unique fixed points (see [60]).

(3) Let T : X — C' < X be a retraction. Then 7(¢) = ¢ is a modulus of regularity for F
w.r.t. B,(2), for any r > 0 and 2 € FixT.

Example 3.15 ([60]). Let (X, | - |) be a Banach space and A : X — 2% be a given set-valued
operator with
dist(0, Az) = 0 — x € zerA

for all z € X (such as when A is closed, which is e.g. the case if A is m-accretive). We are
interested in the problem of solving the inclusion 0 € Az for A. Due to the above assumption,
this problem can be equivalently expressed as a zero problem by setting F'(x) := dist(0, Ax),
where we then have zerF' = zerA, which we assume to be non-empty.

Situations under which we then can obtain a modulus of regularity for the above F' in
particular include the following:

(1) Let A be a 7-strongly accretive operator, i.e.

&—yu—v)p = 7(|lz—yl)|z -yl
for all (z,u), (y,v) € A, where 7 is strictly increasing and 7(0) = 0, and with

(@,y)+ == max{j(y) | j € J(z)}
where J is the normalized duality mapping of X (see e.g. [89]). Then 7 is a modulus of
regularity for F' w.r.t. B,(z), for any r > 0 and z € zerA.
This in particular includes the case of S-strongly accretive operators, i.e. operators A
where
(& —y,u—w)y; = Bz —y|?
for all (z,u), (y,v) € A for some 5 > 0, in which case the modulus takes the form of

7(e) := pe.
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(2) Let A be metrically subregular at z € zerA, i.e. there are k,r > 0 such that
dist(x, zerA) < kdist(0, A(x))
for all 7 € B,.(z). Then 7(¢) = ¢/k is a modulus of regularity for F w.r.t. B,(2).

Example 3.16 ([60]). Let (X, d) be a metric space and ¢ : X — (—c0, +0] be a given function.
We are interested in the problem of finding a minimizer of ¢. Assuming that p := inf,cx ¢(x)
exists, this problem can be equivalently expressed as a zero problem by setting F'(x) := ¢(x)—pu
where we then have zerF' = arg min ¢, which we assume to be non-empty.

Situations under which we then can obtain a modulus of regularity for the above F' in
particular include functions ¢ that have T-global weak sharp minima, i.e. where it holds that

() = m + 7(dist(z, arg min ¢))

for all z € X, where 7 : [0,00) — [0,00) is strictly increasing with 7(0) = 0. Then 7 is also
a modulus of regularity for F' w.r.t. B,(z), for any r > 0 and z € argmin ¢. This notion of
weak sharp minima is intimately related to the notion of error bounds (see e.g. the discussion
in [60]).

A particular situation where a function ¢ has weak sharp minima is if it is also uniformly
quasiconvex. For this, let X be a uniquely geodesic metric space and, given x,y € X and
A € [0,1], write Az @ (1 — A)y for the unique point z on the geodesic connecting = and y that
satisfies d(x, z) = Ad(x,y) and d(y, z) = (1 — A\)d(z,y). Assuming that ¢ satisfies

P(Ar @ (1 = Ny) < max{p(x), o(y)} — AL = N (d(z, y))

for all z,y € X and X € [0,1] for a 7 as above, one derives

u= o (3005 ) < maxlo(a),6(:)) - Juld(e.2) < o(e) - §7(dlz,2)

for z € argmin ¢ and x € X, which implies that ¢ has }LT—globaI weak sharp minimas. In the
case of a strongly quasiconvex function, i.e. where

O\ @ (1 - N)y) < max{o(x), 6(y)} — A1~ N) Zd(r.y)’,

we simply have 7(¢) := £¢2.

Beyond these examples, the general formulation via a function F' further accommodates
various other problems (see [60]). In particular, as also illustrated by the above examples,
the above moduli of regularity generalize quantitative renderings of uniqueness of solutions,
so-called moduli of uniqueness, to situations with multiple solutions.

Next to the regularity of the problem and the quasi-Fejér monotonicity of the dynamical
system, the only further property needed to induce convergence is the liminf-property, as
before. In that context, a modulus of regularity carries further benefits than just removing an
otherwise necessary compactness assumption: it in principle allows for the construction of rates
of convergence, not just rates of metastability, for the dynamical system.

However, we say “in principle” here as such a construction is only possible if all involved
data also already come equipped with strong enough quantitative data. In the general case
considered in Theorem 3.7 above, where the convergence of the error function e was resolved
only with a rate of metastability, we will not be able to derive a rate of convergence, just a rate
of metastability, even under the assumption of a modulus of regularity. We nevertheless begin
with this case since, as mentioned before, for some applications later we will only be able to
derive a rate of metastability for the errors.

In that way, we arrive at the following first quantitative convergence result.
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Theorem 3.17. Let x : [0,0) > X be a dynamical system and assume that F' has a modulus
of reqularity T w.r.t. By(z), where z € zerF and b > d(z(t),z) for all t = 0. Assume that
G, H :[0,00) — [0,00) are such that we have moduli g, h with

a<g(e) > Gla) <e and H(a) < h(e) »a<e

for all a = 0 and € > 0. Assume that x has the liminf-property w.r.t. F with bound ¢ :
(0,0) x N> N, i.e.

Ve > 0 VYn e N3t e [n,¢(e,n)] (F(x(t)) <e),
and further that x is (G, H)-quasi-Fejér monotone w.r.t. F, i.e.
Vy € zerF Vt = s (H(d(z(t),y)) < G(d(z(s),y)) + e(s,1)).
Lastly, let e(s,t) — 0 as s <t — oo with a rate of metastability n, i.e.
Ve>0Vf:N->NIn<nle f)Vs<te[nn+ f(n)](le(s,t) <e).
Then x satisfies
Ve >0VYf:N—-Nidn<pef)Vte [n,n+ f(n)] (dist(xz(t),zerF) < ¢)
and further x is Cauchy with
Ve>0Vf:N—-Nidn<p(e/2 f) Vs, te[nn+ f(n)](dxz(t),z(s) <e).
Here, p is defined by
p(e. ) 1= max{p(r(g(h(2)/2)),m) | n < n(h(=)/2, Fune)} + 1

where
fes(n) =max{m + 1+ f(m+1) [ m < ¢(r(g(h(c)/2)),n)} = n.

Proof. Let ng < n(h(€)/2, fon()) be such that
Vs <t e [ng,no+ fone(no)l (le(s t)| < h(e)/2).

Take now ty € [ng, o(7(f(h(€)/2)),n0)] such that F(x(ty)) < 7(g(h(e)/2)). Define n = |t]
and note that ng < n as ng < tg and ng is a natural number. Further, we have n < t; <

p(7(g9(h(€)/2)),m0) and so
n+1+f(n+1) <ng+ fone(no)
Thus, we have |e(s,t)| < h(g)/2 for all
s<te[nn+1+ f(n+1)] < [no,n0+ fone(no)l

Using that 7 is a modulus of regularity over By,(z), which contains x, we have dist(z(ty), zerF') <
g(h(e)/2). Thus, there exists a y € zerF such that d(z(to),y) < g(h()/2) and so we have
G(d(x(tg),y)) < h(e)/2. Using the quasi-Fejér monotonicity, we have

H(d(x(t),y)) < G(d(z(to),y)) + elto, 1) < h(e)/2 + le(to, 1)]
for all t > tg = |to] = n. Thus, we get H(d(z(t),y)) < h(e) and so
dist(x(t),zer F) < d(z(t),y) < e

forallte [n+1,n+1+ f(n+1)]. This yields the first claim. For the second, note simply that
choosing ¢/2 instead of € in the above then yields d(z(t),y) < /2 and so

d(x(t), 2(s)) < d(x(t), y) + d(x(s),y) < e
forall t,se[n+1,n+1+ f(n+1)] O
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The above result extends (parts of) Theorem 4.1 in [60] as well as Theorem 4.1 in [80], the
analogous results for discrete-time sequences without and with errors, respectively, and in fact
closely follows the proof strategy given there.

The following result now improves the conclusion of the above to a full rate of convergence,
provided e already comes equipped with one.

Theorem 3.18. Under the assumptions of Theorem 3.17, assume that e(s,t) — 0 ass <t — ©
with a rate of convergence n, i.e.

Ve >0Vt >=s=n(e)(le(s,t)] <e).
Then x satisfies
Ve > 0 YVt = p(e) (dist(x(t),zerF') < ¢€)
and further x is Cauchy with
Ve > 0 Vs, t = p(e/2) (d(x(t),z(s)) < e),

where p is now defined by p(e) := p(7(g(h(€)/2)),n(h()/2)) + 1.
Ife =0, then it suffices that x has the approzimate F-point property with bound ¢ : (0,00) —
N, i.e.
Ve >0 3t < p(e) (F(z(t)) <¢),
where then p(e) := p(7(g(h(e)))) + 1 suffices for the above claims.
Lastly, if X is complete and zerF is closed, then in each of the above cases, x(t) converges
to some point in zerF with rate p(e/2), with the respective p above.

Proof. As n is a rate of convergence, it follows immediately that 7(e, f) := n(e) is also a rate
of metastability. Theorem 3.17 then yields a rate of metastability of the form

ple, f) = max{p(r(g(h()/2)),n) [ n < n(h(e)/2)} + 1.
As p is independent of f, it follows that the resulting function is also a rate of conver-
gence in both cases (see e.g. Proposition 2.6 in [62]). That the above optimized rate p(e) :=
o(1(g(h()/2)),n(h(e)/2)) + 1, which dispenses of the maximum, is already sufficient follows by
a simple inspection of the proof of Theorem 3.17.

If the errors are constantly 0, then n = 0 is a corresponding rate of convergence. The result
again follows from Theorem 3.17 as above. That, in the case of vanishing errors, an approximate
F-point bound suffices immediately follows from the proof of Theorem 3.17, as does the fact
that the above optimized rate p(e) := ¢(7(g(h(€)))) + 1, which dispenses of the division by 2,
suffices. The last claim is immediate. 0

We could have similarly slightly optimized the bounds in Theorem 3.9 as we have done for
the above Theorem 3.18, but have chosen to only carry this out in the context of rates of
convergence where optimality is much more critical.

We also here want to remind of Remark 3.11, where it is discussed how the boundedness
assumption featuring in Theorem 3.17 can be derived from the (G, H)-quasi-Fejér monotonicity
under suitable assumptions.

We now want to recall Remark 3.12, were the relationship between quantitative results for
the discrete-time setting and the continuous-time setting have been discussed before. Contrary
to the previous general results on rates of metastability, at least parts of the present results on
rates of convergence under regularity assumptions can indeed be derived from corresponding
results for rates of convergence in the discrete-time setting as given in [60] (see also [80]), at
least under additional assumptions (such as suitable, e.g. vanishing, errors or in the context of
rates of asymptotic regularity w.r.t. F').
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As all these alternative proofs nevertheless retain a certain amount of pre- and postprocessing,
which makes them practically not much more optimal than the tailored arguments presented
above, we do not spell this out in detail for the previous theorems, and instead focus on one
particular additional result for fast rates of convergence that we can derive in that way, which
will be useful for our applications later.

Lemma 3.19 (essentially Theorem 4.5 in [60]). Let (x,,) be a sequence in X and assume that F
has a modulus of reqularity 7(g) = ke for k > 0 w.r.t. By(z), where z € zerF' and b = d(zy, 2).
Assume further

Vy € zerF Yn € N (dP(zp41,y) < dP(xn,y) — B(F(2n11))P) -
Then
dist(x,,, zerF') < c"dist(xg, zerF') and d(,, Tpyx) < 2¢"dist(zg, zerF)
for all n,k € N, where c := (1 + BkP)""? € (0,1).

Note that the above result is slightly different to Theorem 4.5 presented in [60], which features
B(F(xy,))? instead of B(F(x,41))P. By inspecting the proof given in [60], it can however easily
be seen that the above Lemma holds true as well.

In any way, a lift to the continuous setting yields the following:

Theorem 3.20. Let x : [0,4+00) — X be a dynamical system and assume that F' has a modulus
of reqularity 7(e) = ke for k > 0 w.r.t. By(z), where z € zerF and b > d(x(0),z). Assume
further

Vy € zerF Vne N (d’(x(n +1),y) < d’(z(n),y) — B(F(z(n+1)))?)
and that x is Fejér monotone w.r.t. F'. Then
dist(z(t), zer F) < cYdist (g, zer F) and d(z(t), z(t + s)) < 2c!dist(zg, zer F)
for allt,s =0, where ¢ := (14 BkP)"/P € (0,1).

Proof. The above Lemma 3.19 in combination with the first assumption in particular yields
dist(xz(n),zerF) < c*dist(x(0),zerF’) for all n € N. Now, for arbitrary y € zerF, the Fejér
monotonicity yields

dist(x(t),zer F') < d(z(t),y) < d(z(|t]),v),
so that
dist(z(t), zer F) < dist(x(|t]), zer F) < c!dist(z(0), zer F).
Further, we now also have
d(z(t),z(t + s)) < d(z(t),y) + d(z(t + s),y) < 2d(z(t),y)
and so get

d(z(t), z(t + s)) < 2dist(z(t), zerF) < 2c!dist(2(0), zer F). O

The above result can also be extended to incorporate sufficiently fastly decreasing errors, in
which case it can no longer be lifted from the discrete-time results but has to be re-derived.
We do not spell this out here any further.
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4. APPLICATIONS TO DYNAMICAL SYSTEMS

To illustrate the breadth of the above rather general approach, we are now concerned with
applying the previous results to concrete dynamical systems from the literature.

Two examples will focus on dynamical systems over Hilbert spaces. The first presents a
quantitative analysis of the work [23] by Bot and Csetnek for a first-order dynamical system
over a nonexpansive operator. In particular, we derive rates of convergence under a metric
regularity in that case, which in the special case of a continuous variant of a forward-backward
scheme extend those derived in [25] using quite different methods to a broader setting. The
second presents a quantitative analysis of the work [22] by Bot, and Csetnek for a second-order
dynamical system over a cocoercive operator. In particular, this system presents an example
where our approach, even in the context of metric regularity assumptions, cannot provide rates
of convergence as we can only provide a rate of metastability for the respective error function.
This, we think, in particular presents a novel structural reason for why no rates of convergence
have appeared for that particular scheme, at that level of generality, which provides deeper
insight into the nature of the scheme presented in [22]. In particular, the present rates of
metastability seem to be the first structural quantitative results for the method presented
in [22]. To illustrate the metric generality, our last case study is concerned with (generalized)
gradient flows and associated semigroups in Hadamard spaces, that is geodesic metric spaces of
nonpositive curvature. In particular, we study both the classical example of the gradient flow
semigroup in these spaces, following the well-known work of Mayer [71] and Bacak [16], and
then further provide a first quantitative study of a related nonlinear semigroup generated by a
nonexpansive mapping due to Stojkovic [87] and later studied by Ba¢dk and Reich [18]. In both
cases, the quantitative results we provide are either completely novel, in particular relating to
general rates of metastability, or extend previously known results on rates of convergence from
specific ad-hoc assumption to broader metric regularity conditions.

4.1. First-order systems over nonexpansive operators. We begin with the essential setup
from [23]. Let X be a Hilbert space with norm || - | and inner product {:,-) and let 7': X — X
be a nonexpansive map. For a Lebesgue measurable function A : [0, +o0) — [0, 1] and z( € X,
we consider the dynamical system

() {a‘s@) = () (T(w()) — (1))
z(0) = xq.

This system is motivated by the first-order dynamical system
T+ x = prox,(r — pB(r))

for a given proper, convex and lower-semicontinuous function f, where prox,, is the corre-
sponding proximal map, and a cocoercive operator B, as studied by Abbas and Attouch [1]
(and in fact captures that system, if extended appropriately to averaged maps). This system
in turn arose as an abstraction of the first-order dynamical system

T+ 2z = Po(x — puVeo(z))

for a given closed convex nonempty set C' and a convex C! function ¢, first studied by Bolte
[32] (see also [6]), and indeed captures an even more general continuous-time variant of the
forward-backward method as discussed later. We refer to the survey [42] for further discussions
along these lines.

Following [23] (see Definition 2 therein), we call a dynamical system z : [0,+00) — X
a strong global solution of (x); if = satisfies the respective equation almost everywhere on
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[0, +00) and x is absolutely continuous on each interval [0, ] with b € (0,00). The asymptotic
behavior of such strong global solutions is studied in [23] (see Theorem 6 therein), in particular
establishing a continuous form of asymptotic regularity of the dynamical system together with
weak convergence towards a fixed point of 7. In this section, we want to study these results
from a quantitative perspective.

As discussed in Remark 8 in [23], a discretization of the above equation w.r.t. the time
variable in particular yields the well-known Krasnosel’skii-Mann method [65, 68] (see also [15]).
Also, the above system immediately allows for extensions to averaged mappings (see Corollary
9 in [23] and the surrounding discussions).

At first, it follows from the above assumptions that the system (*); has a unique strong global
solution (see the discussion given in Section 2 in [23]). Further, that solution is immediately
bounded (see item (i) of [23, Theorem 6]). We recall that result here, and in particular provide
a more quantitative perspective on it in the following lemma:

Lemma 4.1. Let y € FixT and let b € N with |xg — y|| < b. Let x be the unique strong global
solution to (*);. Then x is bounded with |z(t) — y| < b.
Proof. As in [23], Eq. (8), we have

d .
(@) = y* = A0 = XDIT (@ (1)) = 2O + &) <0
so that, as A(t)(1 — A(t))|T'(x(#)) — =(#)|* and |i(t)|* are nonnegative, we have

d
—|lx(t) = y|? <
dtHl’() y|* <0

so that ¢ — |z(t) — yl| is decreasing. In particular, we have
Jz(t) —yll < |2(0) —y[ < b
for all t > 0. O

To capture the corresponding fixed point problem in the setup of the previous sections, we
set Xo = By(y) and

P() = {z Tz ifze X,
+0o0 otherwise,
for a fixed solution y € FixT so that zerF' = FixT n X, and
leve. F={z€ Xy | |z —Tz| <&}
We now turn to the asymptotic regularity of the dynamical system, that is the property that
Jim |7 (2(0) = 2(0)] =0,

A quantitative version of that property given in the following will in particular ensure that the
dynamical system x has approximate F-points for the F' defined above, so that in particular
our previous general and abstract results apply to it. Generally of course, results of the above
form and their quantitative renderings are also of independent interest, and rates of asymptotic
regularity for the dynamical system z as above in particular provide continuous-time analogs
of respective rates for the so-called T-asymptotic regularity of the Krasnosel’skii-Mann method
(x,,), that is rates for the respective limit lim,,_,o, |72, — x,| = 0 (see e.g. [53, 54]). Further,
note that by x solving the equations (*);, we in particular always get

[z < [T(x(@) = z(®)],

so that any quantitative rendering of the latter also provides a similar such result for the former.
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In [23] (see item (ii) of Theorem 6 therein), this result is now established under two different
(and in fact independent [23, Remark 7]) conditions:

foo A()(1 = A(#))dt = +o0 and inf A(t) > 0.

We now provide quantitative versions of these results by giving rates of convergence in each
case. We begin with the former assumption:

Lemma 4.2. Let y € FixT and let b € N with |xo —y| < b. Let further SJOO At) (1= (b)) dt =
+00 with a corresponding divergence modulus n : (0,00) — N, i.e. where

JT AE)(1 = A1) dt > K

for any r = n(K) and K > 0. Then x is T-asymptotically regular, i.e.
Ve > 0Vt = o(e) (|T(x(t) —z(t)] < €)
with rate (&) := n(b?/e%). In particular, x has approzimate F-points with modulus .
Proof. As in [23], Eq. (8), we have
d

2@ =P = A0 = XIT (@ (1)) = 2O + &) < 0.

This yields, as |#(¢)]? is nonnegative, that

AL = M) T ((1) — =(t)]* < —%Iw(t) —yl?

and so that

|| MO0 = AIT) ~ e < - [ Lot - oiPat
= 12(0) ~ yI? ~ 2(r) — oI
< Ja(0) ~yl? <

for r > 0. As ¢t — |T(z(t)) — z(t)|* is nonincreasing, we get

IT((r) — 2(r)]? f

0

T T

M) (1 — A1) dt < f M) = AT (x(8) — 2(8)|? dt < b*.

For r = n(b?/e?) = ¢(e), we get
|7 (x(r)) — ()] - 5—2 < [T ((r) - x(T)HQL At)(1 = A(t)) dt < b”

and so |T'(xz(r)) — x(r)| < e. That x has approximate zeros w.r.t. F' with the same modulus
follows from Lemma 4.1. O

A particular assumption under which not only SJ “A(t)(1—=A(t)) dt = 400 can be guaranteed
but where a corresponding divergence modulus 7 can be explicitly constructed is if

£ = fnf A(D)(1 ~ A(t)) > 0.

Then n(K) :=
yields

N =

is a corresponding divergence modulus. In particular, the above Lemma 4.2

I T(x(t) = =) <

=
~
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for any ¢t = 0 and any b > |zo — y|. In particular, for b = |zo — y|, and taking the infimum
over y, we obtain

d(iL‘o, FIXT)
VIt

which was already obtained as Theorem 10 in [23]. In fact, Bot and Csetnek afterwards show

that the convergence can be improved to o(\%) (see Theorem 11 in [23]), but we will not be

concerned with this further here.
We now turn to the alternative assumption inf;>o A(t) > 0 for the asymptotic regularity of
the dynamical system, which thereby essentially presents itself as a weakening of the above

property.

Lemma 4.3. Let y € FixT and let b € N with |xo —y| < b. Let further inf;=o A(t) > 0 with a
corresponding witness A > 0, i.e. where

A(t) = A for all t € [0, 0).
Then x is T-asymptotically reqular, i.e.
Ve >0Vt = p(e) (|T(x(t)) —x(t)] <¢)

with rate () := 4b*/A*c?. In particular,  has approzimate F-points with modulus .

|7 (@) —2@)] <

Proof. Completely parallel to the first part of the proof of Lemma 4.2, we get

o0
f 5(6)] dt < B2

0
Given that z is the unique global solution of (x), this yields

LOO %|T(m(t)) —a(t)|*dt = LOO ”;A((tt)V i< 2b_AZ

As in the proof of Theorem 6 in [23], for almost all ¢ we also have

% (1t -0 <o.

For any € > 0 and with f = 0, we can now apply Lemma 2.4 to get
2

< P 0) (STt -l < 5 ).

where f'(n) :=n + [30?/2)\%¢] as f =0, and w(e) := [b?/¢]. In particular, we have

5 (=) ) _ 302 1 _ 26 20*  4bt
As t — ||T(z(t)) — z(t)|? is nonincreasing, the latter even holds for all ¢ > n, which yields the
result. O

Fejér monotonicity of the unique strong global solution x to the system (x); w.r.t. F' now
comes to pass in exactly the way discussed in Section 2, through a differential inequality with
an associated energy functional. Indeed, in [23] (see eq. (8) therein), it is established that

d
EHx(t) —y|? <0 for all y € FixT,

so that the inequality here is even of the most simple form discussed in Section 2. We now
analyse the proof of this inequality as given in [23] to establish the associated uniform Fejér

monotonicity and extract an associated modulus. Indeed, the following result now provides
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a quantitative variant of the above differential inequality, relating approximate solutions to
approximate inequalities.

Lemma 4.4. Let y € FixT and let b € N with |xg — y| < b. For any e > 0, if z € leve I,
then L|x(t) — z|? < e for all t = 0.

Proof. Take z € lev<. /s F". Analogous to the proof of Theorem 6 in [23], we have

d s o
Sl(t) = 21 = 26 (), 2(t) - 2)

= [&(t) + 2(t) — 2[* = |2(t) — 2[* = |&(t)]*
M) (Ta(t) — 2) + (1= A1) (2(t) — 2) |* = |l=(t) — 2|
|T(t) — 2)* = (t) — 2|

(1T (t) = 2 = () = 2D(Tx(t) = 2| + [=(t) = =])-

NN

As z € X, we have
|2(t) — 2| < |lz(t) — 2] + |z =y < llwo — 2] + [z —y[ < 2b
as well as
|Tz(t) — 2|l < [T2(t) —y| + |z —y[ < [z@) =yl + |z —y| <llzo— 2] + [z -yl < 2b

using the nonexpansivity of 7" and Lemma 4.1. Thus, we have

d
@) = 2[* < (IT(t) = 2] = J=(t) = 2[)4b
< (IT(t) = Tz| + [Tz - 2] — |l=(¢) — 2[)40
<|Tz—z|4b < e
as [Tz — z| < e/40. O

An approximate differential inequality like the above then yields a modulus of uniform Fejér
monotonicity (with G = H = (-)?) via the mean value theorem:

Lemma 4.5. Let y € FixT and let b € N with ||zg — y|| < b. Then x is uniformly (G, H)-Fejér
monotone w.r.t. F and with G = H = ()2, i.e.

Ve > 0VYn,meNVzelevayenmF Vs <te[nn+m](Jz) - 2> < |z(s) — 2|* + ¢) ,
where x(g,n,m) :=¢/(4bm).

Proof. Fix e,n,m as well as z € leVy(enm)F and s,t € [n,n + m]. If s = t, the result is clear.
If s < t, then the mean value theorem yields an r € (s,t) such that

d o Jlz(@®) — 2] —|z(s) — 2|
Zla(r) = 2| = — .
Thus, as z € levg,(c nm)F', we have
€ €
t)—z|* = —2P<—(t-s)<— -m=
la(t) = 21" = Ja(s) = 2" < —(t=s) < —-m=c
by Lemma 4.4. 0

A direct application of Theorem 3.9 now yields the following quantitative result on the behav-
ior of the solution z to (*); under a finite-dimensionality (that is, local compactness) assumption
on X, giving a rate of metastability for the convergence result established in Theorem 6 of [23]
in that case:
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Theorem 4.6. Let X be a finite-dimensional Hilbert space with dimension d and letT : X — X
be a nonexpansive map. Let y € FixT and let b € N with |xg — y| < b. Further, assume that
A1 [0, +00) — [0,1] is Lebesque measurable and fix xo € X. Let x be the unique strong global
solution to (*)1. Assume either:

(1) S;OO A)(1—=A(t)) dt = +o0 with a divergence modulus n : (0,00) — N with n(K) = n(L)
for K = L, in which case we set (&) := n(b?/e?).
(2) inf;=0 A(t) > 0 with a witness A > 0, in which case we set () = 4b*/\*e2.

Then, in either case, x is metastable in the sense that for all € > 0 and f : N — N, it holds
that

In < A(e/4, ) Ys,t € [nn+ F()] (Ja(s) - 2] < e and [2(t) — T(@®)] < =),
where moreover the bound A(e, f) can be explicitly described by

Ale, f) := max{A(i,e, f) | i < P} + 1
where P = [2([v12e7] + 1)\/&b]d + 1 and A(0,¢, f) := 0 and A(j,¢, f) := ¢(;) with

~ (e e?/12 ) o
Ej:mln{§’4b(f(m+1)+l) méA(z,s,f),z<j}

forj = 1.

Proof. The result immediately follows by instantiating Theorem 3.9 over X, = By(y) and
simplifying the resulting bound (recall that z(¢) € X, for all t > 0 by Lemma 4.1). In particular,
we set G := H := (-)? as well as h(e) := &2 and g(¢) := /. That z is uniformly (G, H)-Fejér
monotone w.r.t. F' follows by Lemma 4.5, which in particular yields that x(e,n,m) := /(4bm) is
an associated modulus. The definition of &; is a resulting simplification. As we do not deal with
errors, it suffices that = has the approximate F-point property. The above assumptions (1) and
(2) guarantee that with respective bounds, using Lemmas 4.2 and 4.3. Note that the respective
¢ is immediately monotone under our assumptions. Also, note that X is totally bounded with

a modulus () := [2([e7"] + 1)\/3b]d by Example 2.8 of [59]. Lastly, note that F is uniformly
continuous on X, with modulus w(e) := £/2, since we have ||z — Tz| — |2/ — TZ||| < 2|z — #/|
using the nonexpansivity of 7. O

Further, a direct application of Theorem 3.18 yields the following general construction of a
rate of convergence under a regularity assumption on the mapping 7" and its associated fixed
point set FixT"

Theorem 4.7. Let X be a Hilbert space and let T : X — X be a nonexpansive map. Let
y € FixT" and let b e N with |zo — y| < b. Assume that F' has a modulus of regularity T w.r.t.
By(y). Further, assume that \ : [0, +00) — [0,1] is Lebesgue measurable and fiv zo € X. Let x
be the unique strong global solution to (x),. Assume either:
(1) S;OO A(t) (1= A(t)) dt = +o0 with a divergence modulus 1 : (0,00) — N with n(K) = n(L)
for K = L, in which case we set (&) := n(b?/e?).
(2) infio A(t) > 0 with a witness A > 0, in which case we set () := 4b*/A\*e>.

Then, in either case, x satisfies
Ve > 0 Vt = p(e) (dist(z(t), FixT') < ¢)
and further x is Cauchy with
Ve > 0 Vs, t = p(e/2) (||x(t) — z(s)| <€),
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where p is defined by p(e) := o(7(€)/2) + 1. In particular, x converges to some fized point of T
with that rate.

Proof. The result immediately follows by instantiating Theorem 3.18 and simplifying the re-
sulting bound. In particular, we set G := H := (-)? as well as h(e) := ? and g(¢) := /. That
z is (G, H)-Fejér monotone w.r.t. F' follows by eq. (8) in [23] (recall also Lemma 4.5). As we
do not deal with errors, it suffices that = has the approximate F-point property. The above
assumptions (1) and (2) guarantee that with respective bounds ¢(¢/2), using Lemmas 4.2 and
4.3 as before. O

In the special case of operators T" with linear moduli of regularity, we can further employ the
previous Theorem 3.20 to derive exponentially fast rates of convergence for the solution of (x);:

Theorem 4.8. Let X be a Hilbert space and let T : X — X be a nonexpansive map. Let
y € FixT and let b € N with |zg — y| < b. Further, assume that A : [0,+00) — [0,1] is
Lebesgue measurable and fix xg € X. Let x be the unique strong global solution to (+);. Assume
that F has a modulus of reqularity 7(¢) = ke for k > 0 w.r.t. By(y) and further assume that
T =1inf;9 A(£)(1 — A(t)) > 0.

Then

dist (z(t), FixT) < cYdist(zo, FixT) and d(z(t), z(t + s)) < 2cdist (o, FixT)
for all t,s = 0, where c := (1 +7kP)"/P € (0,1).
Proof. As in [23] (see eq. (12) therein), for an arbitrary y € FixT', we can derive
ol
— |z
dt
for all ¢ > 0. As before, this yields the Fejér monotonicity of x, but also integrating from n to
n + 1 yields

(t) =yl + AL = AT (2() — 2(t)]* <0

Mn+D—yV<kdm—yW—szT@ﬁ»—xhwah

As established in the proof of Theorem 6 in [23], | T(z(7)) — z(7)|? is decreasing. Thus, we

have
n+1

J(n + 1) — | < |a(n) — y|? —zj IT(x(r)) — 2(r)|2dr

n

< Jz(n) = yI? = z|T(z(n + 1)) — 2(n + 1)J?
< Jz(n) = y|* = 2(F(z(n + 1))
Using Theorem 3.20, we get the result. 0

Combined with Example 3.14, the above result immediately allows for the construction of
fast rates of convergence in the case where T' is a quasi-contraction or a continuous orbital-
contraction. However, the above is certainly not limited to that.

Let us now consider a particular instance of the system (*); to which the above results apply:
the continuous-time variant of the forward-backward method. We first recall the method from
[23]: Over a Hilbert space X, consider a maximally monotone set-valued operator A : X — 2%
and a single-valued map B : X — X which is S-cocoercive, for some § > 0. For v € (0,20)
and ¢ := min{1, 5/} + 1/2 as well as a Lebesgue measurable function A : [0, +o0) — [0, 4] and
a starting point xy € X, we consider the dynamical system

() {w) = A(t) (Jya(@(t) = vB(x(t)) — 2(1))

! x(0) = xo,
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where J, 4 := (Id + yA)~! is the (single-valued and total) resolvent of yA. Indeed, the above
system can be conceived of as an instantiation of the system (*); using the map 7" := J,4 0
(Id —vB). As in the proof of Theorem 12 in [23|, one can show that T is in fact %—averaged,
that is by definition that there is a nonexpansive operator R such that

1 1
T=(1--)1d+=R.
( 5) a+ iR

Thereby, the system (x)] is further an instantiation of (x); using the map R and the parameter
sequence ;A instead of A (see also the proof of Corollary 9 in [23]). Note also that FixT =
zer(A + B).

In that way, we immediately obtain the following result on the quantitative asymptotic be-
havior of the associated solution under a finite-dimensionality assumption on X, a quantitative
variant of parts of Theorem 12 in [23]:

Theorem 4.9. Let X be a finite-dimensional Hilbert space with dimension d and let A : X —
2% be mazimally monotone and B : X — X be 3-cocoercive for 3 > 0. Let v € (0,28) and
write § := min{1, 8/v} + 1/2. Let y € zer(A + B) and let b € N with |xg — y| < b. Further,
assume that X : [0,4+00) — [0,6] is Lebesgue measurable and fix xo € X. Let x be the unique
strong global solution to (x)}. Assume either:

(1) S )(6 — A(t)) dt = +00 with a divergence modulus 1 : (0,00) — N with n(K) = n(L)
for K > L in which case we set p(g) = n(db*/e?).
(2) infi=o A(t) > 0 with a witness A > 0, in which case we set (c) = 4b*0?/\*e2.
Then, in either case, x is metastable in the sense that for all e > 0 and f: N — N, it holds
that

In < A(e/4, f) Vs,t € [n,n+ f(n)] (|x(s) —x(t)| < e and |z(t) — T(x(t))| <e),

where moreover the bound A(e, f) can be explicitly described as in Theorem 4.6, using the above
@ in either case.

Remark 4.10. Note that since T'(x) := J,a(x—~yB(z)), we have z —yB(z) € T'(x) +vA(T'(x)) by
definition of the resolvent. In particular, we have y~!(x — T'(x)) — B(z) € A(T(x)). Combined,
we hence obtain

v @ = T(2) +
Write w := v (z — T(x)) + B(T(x
w € (A+ B)(v). Hence, if | — T (z)

as well as

B(T(z)) — B(z) € (A+ B)(T'(z)).
)) — B(z) and v = T( ), so that the above translates to
| <min{e,e/(y™" + 571}, we get |z —v| = |x —T(2)| < e

[ = |7 (@ - T(a)) + B(I(x)) - B(x)|
<y7'a ~ T()] + |B(T(2)) ~ B(x)]|
<(r ' +87) e -T)| <e

using that B is %—cocoereive. As such, if the above Theorem 4.9 is applied with min{e, e/(y 1 +

71} in place of €, so that the property ||(t) —T(x(t))| < min{e,e/(y1+ B71)} is maintained
along the region of metastability, the dynamical system z in particular contains approximate
zeros of A + B in the above sense in that region, that is for any ¢ € [n,n + f(n)], there are
w € (A+ B)(v) such that |z(t) — v, |w]| < e. This argument already appears abstractly in [50]
in the context of the discrete-time forward-backward method.
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As is well-studied in the context of “ordinary” splitting methods, strong convergence can
be guaranteed under a uniform monotonicity assumption for either of the operators A or B,
in which case rates can also be extracted. For discrete-time dynamical systems, construc-
tions of such rates were recently studied in very general situations in the work of Treusch and
Kohlenbach [92]. For continuous-time dynamical systems, rates are presented under a strong
monotonicity assumption in [25]. We here can obtain a result on rates of convergence un-
der a uniform monotonicity assumption in a similar generality as the recent work [92], and in
particular following their arguments.

First, we derive a quantitative result on the asymptotic behavior of B(z(t)). As such, we
rely on the following key inequality also used again later:

Lemma 4.11. Let X be a Hilbert space and let A : X — 2% be mazimally monotone and
B : X — X be -cocoercive for f > 0. Fizy > 0 and define T := J,4 0 (Id —yB). For any
rezer(A+ B) and z € X:

Y
28|Bz — Bal? < (1 ; 3) o = o]|T= — 2I.

Proof. We proceed similar to the proof of Theorem 26.14 in [15], abstracting the proof of eq.
(26.56) therein: For any y € X, define y~ := y — yvBy. Note that Ty = J,4y~. By assumption,
we also have v = Tw = J,42~. We then have

(Tz—x,z—Tz—~(Bz— Bx))
=Tz—x,z2 Tz4+x—12")
= (Jyazm = Jyax, (Id = Jya)z" = (Id = Jya)z7)) = 0,

where the inequality follows from the monotonicity of A and the definition of the resolvent.
Using the nonexpansivity of 7" and the -cocoercivity of B, we in particular have that

|z = a||Tz = 2| = [Tz = 2[|T=2 - 2|

(Tz—x,2—Tz)

WTz—x,Bz — Bx)

=Tz —z2,Bz— Bx)+{z —x,Bz — Bx))
> —|Tz - 2||Bz - Bx| +4B| Bz — Bx|?

=
=

5
> —EHTZ = z[|z = =] + 98| Bz — Bz|?,

where we have used the preceding inequality in the third line and in the last line in particular
used that B is also %—Lipschitz. Rearranging the above inequality yields the result. U

We then have the following result (cf. Theorem 3.3 in [92] for the discrete-time case, whose
arguments we follows):

Proposition 4.12. Let X be a Hilbert space and let A : X — 2% be mazimally monotone and
B : X — X be S-cocoercive for > 0. Let v € (0,20) and write 6 := min{l, 5/} + 1/2. Let
y € zer(A + B) and let b e N with ||zg — y| < b. Further, assume that X : [0, +00) — [0, ] is
Lebesgue measurable and fix xg € X. Let x be the unique strong global solution to (+)}. Assume
either:

(1) Saroo At)(6 — A(t)) dt = +o0 with a divergence modulus 1 : (0,0) — N with n(K) = n(L)

for K = L, in which case we set p(g) := n(6b?/e?).
(2) infio A(t) > 0 with a witness A > 0, in which case we set (e) = 4b*0? /A%<,
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Then, in either case, lim; ., B(x(t)) = B(y) with

Ve >0Vs,t = y(e) (|B(x(t)) — Bly)| <e),
where (g) := @(yBe?/3b) in either case.
Proof. By Lemma 4.11 and v < 2/3, we obtain

VB B(x () — By)|* < 3[(t) -y T(2(t)) — =()].
Lemma 4.1 then yields

3b
|B(x(t) — By)|* < v—ﬁHT(x(t)) — z(t)]
which implies the results using Lemmas 4.2 and 4.3. U

The above result is obtained in [23] (see Theorem 12 therein) using quite a different argument,
only under the assumption that inf;>¢ A(¢) > 0 and in particular without any rates.

We now obtain a result on rates of convergence in the context of a uniform monotonicity
assumption. Indeed, recall that a set-valued operator M : X — 2% is called uniformly monotone
if

@ —y,u—v)=¢(|lr—yl)
for all (z,u), (y,v) € A, where ¢ : [0,00) — [0,00) is an increasing function which vanishes only
at 0. Modelled after Theorem 3.4 in [92], the resulting construction of a rate of convergence
relies on the following well-known result, which we only present here in the abstract as we reuse
it later:

Lemma 4.13. Let X be a Hilbert space and let A : X — 2% be mazimally monotone and
B : X — X be B-cocoercive for B > 0. Let v € (0,23) and let x € X and y € zer(A + B) with
be N such that |z —y| <b. Let € > 0 be arbitrary.

(i) If A is uniformly monotone with function ¢ and

Yp(e/2) €

|z — T'(z)| < min {— —} and |B(z) — B(y)| < o(e/2)

20

20 72
then ||z —y| <e.
(i) If B is uniformly monotone with function ¢ and

IB(2) - Bl < 22,

then ||z —y| <e.

Proof. For the case where A is uniformly monotone with function ¢, note first that using
Cauchy-Schwarz, and the nonexpansivity of T', we have

(T(x) —y,yH(x = T(x)) — B(z) + B(y))
< |T(x) = y|(y e = T(x)] + |B(x) = B(y)])
< %Hx(t) —T'(z)| + 0| B(z) — B(y)|l
As we have
P(c/2)
2b

& - T(2)] < min {M f} and | B(x) — B(y)| <

20 2

2Note that Theorem 3.4 in [92] is formulated using a so-called modulus of uniform monotonicity, which we
chose to avoid in the presentation of this paper.
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by assumption, we get
(T(x) =y, 'z = T(x)) — B(z) + By)) < 6(¢/2).
Now note that —B(y) € A(y) as y € zer(A + B) and that
vz —T(2)) — B(x) € A(T(x))
so that we get
(T (x) —yl) <<{T(x) —y. 7 '(z — T(x)) — B(x) + B(y)) < ¢(c/2).
As ¢ is increasing, we get |T(x) — y| < €/2. Finally, we get
|z =yl < o =T@@)| +[T(x) -yl <e

For the case where B is uniformly monotone with function ¢, simply note that using Cauchy-
Schwarz, we have

(& =y, B(x) = B(y)) < |z —yl|B(z) = B(y)|
so that using the uniform monotonicity of B, we get
¢(lz —yl) < <x —y, B(x) = B(y)) < b|B(z) — B(y)| < ¢(e)
since |B(z) — B(y)| < ¢(¢)/b. As ¢ is increasing, the result follows. O

Combined with the above, this immediately yields the following rates of convergence:

Theorem 4.14. Let X be a Hilbert space and let A : X — 2% be mazimally monotone and
B : X — X be B-cocoercive for 3> 0. Let vy € (0,28) and write 6 := min{l, 5/} + 1/2. Let
y € zer(A + B) and let b € N with |zo — y|| < b. Further, assume that X : [0,4+00) — [0, 9] is
Lebesgue measurable and fix xg € X. Let x be the unique strong global solution to (*)}. Assume
either:

(1) SJOO A(t) (60— A(t)) dt = 400 with a divergence modulus 1 : (0,00) — N with n(K) = n(L)
for K > L, in which case we set @() := n(6b*/€?) and 1) as in Proposition 4.12.
(2) infi=o A(t) > 0 with a witness A > 0, in which case we set (e) := 4b*6%/A\*c* and ¢ as
in Proposition 4.12.
Then, if either A or B is uniformly monotone with function ¢, and in either case (1) or (2)
above, x converges to y. Further, we have the rates
Ve >0Vt = ple) (Jz(t) —yl <e),
where p is defined as follows:
(i) If A is uniformly monotone with function ¢, then

o -l (o 252.2]).0 (552)}

(i) If B is uniformly monotone with function ¢, then

ple) i= 1 (@) |

Proof. For item (i), given ¢ > p(e), we have

o) = 7)) < min { 2252 and 150(0) - B < 452

20 2 2b

using Lemmas 4.2 or 4.3, respectively, and Proposition 4.12. Noting Lemma 4.1, we get ||z (t) —
y|| < e for any t > p(e) by Lemma 4.13. Ttem (ii) is similarly a combination of Proposition
4.12, Lemma 4.1 and Lemma 4.13. U
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If A or B are strongly monotone, that is

(& —y,u—v)=plr -yl

for some p > 0 and all (z,u), (y,v) € A, or similarly for B, then they are immediately uniformly
monotone with function ¢(g) := pe?. In particular, the above rates apply in that case, comple-
menting the rates given in [25]. Moreover, using the previous result on fast rates for (x); given
by Theorem 4.8, we can also derive exponentially fast rates under special parameter selections
in that case. In particular, our result is slightly different from that given in [25], working over
a slightly stronger (yet still canonical) assumption on the operators but for that following the
traditional argument known from the discrete-time setting, leveraging the previous results of
this section instead of relying on arguments related to differential inequalities:

Theorem 4.15. Let X be a Hilbert space and let A : X — 2% be mazimally monotone and
B : X — X be (-cocoercive for B > 0. Let v € (0,28) and write 6 := min{1, 8/} + 1/2.
Further, assume that X\ : [0,4+00) — [0, 0] is Lebesque measurable and fix xg € X. Let x be the
unique strong global solution to (+)}. Further assume that T = inf;=q A(£)(d — A(t)) > 0 and that
A is strongly monotone with constant «.

Then, for the unique point y € zer(A + B), we have

d(x(t).y) < d(x(0), )
for allt =0, where ¢ := (1 + 7kP)"YP € (0,1) and k := 1/(ay + 1).
Proof. Tt is well-known (see e.g. the proof of Proposition 26.16 in [15]) that under the present

assumptions, the map 7" := J,4 o (Id —vB) is a strict contraction with parameter k € [0,1).
The result now follows from Theorem 4.8. U

Following Remark 15 in [23], also we want to remark here that in the same way as the Dou-
glas-Rachford splitting method arises as an instantiation of the Krasnosel’skii-Mann method
in discrete-time contexts, the above system (x); gives rise to a continuous-time variant. This
dynamical system can hence be studied using the present results, and we think that it is more-
over quite likely that, following a similar approach as in [92], one can also obtain particularly
broad and uniform rates in that case.

4.2. Second-order dynamical systems for cocoercive operators. We again begin with
the essential setup, now from [22]. Let X be a Hilbert space with norm | - || and inner product
(-,-yand let B : X — X be -cocoercive, i.e. 3| Bz — By|?* < {(x —y, Bx — By) for all z,y € X.
We write ZerB := {zr € X | B(z) = 0}. Further, let A,y : [0,+00) — [0,400) be Lebesgue
measurable and ug, vg € X be given. For these data, we consider the dynamical system
(+)a E(t) +(8)x(t) + A1) B(z(t)) = 0,
z(0) = ugp, 2(0) = vo.
This system arises naturally as an extension of the second-order dynamical system
T+yr+ax—Tr=0
formulated for a nonexpansive operator T : X — X as considered in [8], extending previous
work on a gradient-projection second-order dynamical system

T+t +x— Po(x—nVf(x))=0

studied by Antipin [6] in Euclidean spaces and by Attouch and Alvarez [8] in general Hilbert
spaces, which in turn is motivated by a study of the heavy ball with friction dynamical system

&+t +Vf(x)=0
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studied by various authors (see e.g. [4, 6, 10, 52], among others). We again refer to the survey
[42] for further discussions along these lines.

Similar to before (see also Definition 3 in [22]), we call a dynamical system x : [0,4+00) — X a
strong global solution of (*), if = satisfies the respective equation almost everywhere on [0, +o0)
and x is absolutely continuous on each interval [0, ] with b € (0,00). By Theorem 4 in [22], the
system (x)y has a unique strong global solution under the assumptions above, provided that
additionally A,y € L'(]0,0]) for every b > 0.

As discussed in [22], we also here want to highlight that a discretization of the above equation
w.r.t. the time variable leads to methods which include inertia terms, that is which make use of
the distance between the previous two iterates, which commonly yields accelerated schemas (we
refer e.g. to [4, 5, 74] for works explicitly discussing this in connection to dynamical systems,
as well as to the further references provided in [22]).

Similar to before, we are now interested in providing a quantitative account of the results
given in [22] (see Theorem 8 therein) on the asymptotic behavior of such strong global solutions.
For that, following [22] (see assumption (A1) therein), we now throughout assume further that
A and v are locally absolutely continuous and that there exists a > 0 such that
7 (t) S 1+
At) B
for almost every t € [0, +00). In particular, there are 0 < )\, 7, A,y such that A < A() < A
and v < 7(t) < 7. We refer to [22] for further motivation and discussion on these conditions,
including natural examples of parameters satisfying them, and here just note that in such a
case the solution to the above system (x) is a C*-function (see p. 1427 in [22]).

We now begin with the boundedness of both the solution dynamical system as well as the

associated derivatives and the image under B (as established in item (i) of [22, Theorem 8]).
We begin with the boundedness of the dynamical system itself:

4(t) < 0 < A(t) and

Lemma 4.16. Let z € ZerB and let b, c € N with |ug— z| < b and ||vo|| < ¢. Let x be the unique
strong global solution to (+)y. Then x is bounded with |x(t) — z| < 4 /b? + 2y~1M, where we set

M :=bc+ 0% + BN~

Proof. Write h(t) = 1|z(t) — z|*>. As in the proof of [22, Theorem 8], we have ht) = (x(t) —
z,2(t)y and it follows from Eq. (13) therein that

(1) + (DAt <>+5%n 1) < (0)+v(0)h(0)+6%iﬁ(0)ﬂ2

v o
< Jluo — 2| [[vol + §HU0 — 2| + BYA o ?
< be + %bz + YA R = M.

In particular, we have i(t) +~v(t)h(t) < K. Continuing as in the proof of [22, Theorem 8] until
Eq. (14), we get that
h(T) < h(0) exp(—T) + Mz_l(l —exp(—T))

for all T' > 0, and so

In particular, we have

|lz(t) — 2| < 4/b% + 2771 M. O
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Before we carry on with the boundedness of the derivative, we require the following simple
lemma on real inequalities:

Lemma 4.17. Let a,b,c > 0 be given. For any x = 0, if ax? < bz + ¢, then x < [b%:]

Proof. Suppose for a contradiction that = > [b+c] 1. Then
<br+ce< (b+o)x
and so axr < b+ c. But this is a contradiction as then b + ¢ < a[b+c] <ar <b+ec. O
The boundedness of the first derivative is now readily derived:

Lemma 4.18. Let z € ZerB and let b,c € N with |ug — z| < b and HU()” < c. Let x be the

unique strong global solution to (+)y. Then T is bounded with ||z(t) 1}, where we set

M = bc + gb2 + A and K = 4 /b2 + 2y~ IM.
Proof. As in the proof of [22, Theorem 8] (see the last equation before Eq. (16)), we derive
: 1.
@(t) =z &) + fyA e <M

and so .
ByA |a()* < M+ x(t) — 2] 2(t)] < M + K|i(t)|

by Lemma 4.16. Lemma 4.17 yields
. K+ M
lz(8)] < [ — w

BYA

as claimed. O

We now turn to the L2-boundedness of the derivatives and the image under the operator B:

Lemma 4.19. Let z € ZerB and let b,c € N with |ug — z| < b and |jve| < ¢. Let x be the
unique strong global solution to (x)y. Then

KL | KL
Izl < Af—= 122 < e | Bz < A7 (]2 + 7]#]2)

where we set M := bc + 7b2 + At =\/0*+297IM and L := [(K + M)ﬂ’_yxfl].

Proof. Write h(t) = 3|(t) — z|* and recall h(t) = (x(t) — z,&(t)). As in Eq. (12) in the proof
of [22, Theorem 8], we derive

o) + G600 + 5 (FIOF) + ol + 5T 01 <0

so that integration yields

t t
. ~1 . - .
0 [ Vi) as 53 | i) ds < (o) < o(t) - <lli0)] < KL
0 0
for all + > 0. This yields the bounds on the L?norms for # and #. For Bz, note that as x
satisfies the equation ()2, we have
A|Bz|z < [ABzllz < [[Z]l2 + [y < [&]2 +7]<]2
using Minkowski’s inequality, which yields the claim. 0
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_To capture the corresponding problem in the setup of the previous sections, we set X, =
Bg(z) and

Fa*) |B(z*)| if * € X,
x =
+00 otherwise,

for a fixed solution z € ZerB, and where K is as in Lemma 4.18. In particular, we have
zerl’ = ZerB n X and

levee F' = {z% € Xo | [ B(z")| < &}

Our next step is a quantitative result on the asymptotic regularity of the dynamical system.
Concretely, in item (ii) of Theorem 8 in [22], it is established that

lim (1) = lim ()] = lim | B(x(1))] = 0.
We now provide quantitative versions of these results by giving rates of metastability for each
case. Our quantitative rendering of the limit lim; .., B(x(t)) = 0 then in particular allows us

to derive the lim inf-property w.r.t. the above F' for the dynamical system z, together with a
respective bound for it.

Lemma 4.20. Let z € ZerB and let b,c,d € N with |jug — z| < b, |vo| < ¢ and |B(uo)| < d.
Let x be the unique strong global solution to (x)y. Then

lim 2(t) = lim Z(¢) = lim B(z(t)) = 0
t—00 t—00 t—00
where further, for any f : N — N and € > 0, we have
In < Ale, f) vie [n,n+ f(n)] ()], [ B(z()] <€)

as well as

In < Me/2max{7, A}, f) VE e [n.n+ f(n)] (|E(1)] <¢).
Here, A(e, f) := f’(wC’A’B(S))(O) where we A p s defined via

16AB] [4(C? + 2AB)
3e2 3e2 ’

woan(e)= |

where f'(n) := n + f'(n) as before, with f'(n) := max{f(n),[(34/¢)%]}, and where we set
M := bc + ng + BN, K = /b2 + 29y~'M and L := [(K - M)ﬁlx_lw as well as ag :=
KL/, ay = \/KL/ﬁX_l and as = N"'(a1 + Yao) together with A = Lmax{ag,as}, B =

tmax{ao + a1, as + %ao} and C' = L max{c, d}.

In particular, x has the lim inf-property w.r.t. F' with bound
p(e,n) := we a5(e) max{n, [(3A/e)*|}.
Proof. Note that as in the proof of item (ii) of Theorem 8 in [22], we have

% (1007) < 3h0P + 1P

as well as

d

2 (Speer) < JiewiE

2—52”:?3(25)\\?
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Lemma 4.19 now in particular yields || < ag, ||Z]2 < a1 and ||Bz|s < as. The two respective
rates for limy_,o, #(t) = lim; o B(2z(t)) = 0 now follow from Lemma 2.4. For the rate for Z,
note similar to before that x satisfies the equation (*)y and so we have

[E@®)] < Fle )] + A B(x(t)].
We obtain the liminf-property by setting f := n for a given n € N in the above rate of
metastability for lim; ., B(x(t)) = 0. O

In similarity to the previous application, we now also obtain the quasi-Fejér monotonicity of
the unique strong global solution x to the system (*)y w.r.t. F'. Again, this follows the pattern
discussed in Section 2, that is through a differential inequality for a suitable energy functional
which decomposes in the right way. Indeed, in [22] (see eq. (12) therein), it is established that

. d d 1), .

o) + om0 + 55 (LPIsR) <o
where again h(t) = 3]z(t) — z|? for a solution z € ZerB. In that way, distinct from the
previous application, this inequality is no longer of the most simple form discussed in Section
2. Nevertheless, it fits into another pattern discussed therein, whereby the energy functional
additively decomposes into a distance to a solution as well as associated errors terms. We now
analyse the proof of this inequality as given in [22] to establish the associated uniform quasi-

Fejér monotonicity and extract an associated modulus. The following result first provides a
quantitative variant of the above differential inequality:

Lemma 4.21. Let z € ZerB and let b,c € N with |ug — z| < b and |jve| < ¢. Let x be the
unique strong global solution to (x)y. For any e >0, if x* € lev<€/(X4K)F, then

() + S (m(0) + ( E;y <>|2)

for all t = 0, where h(t) = Y|z(t) — z*|>. Here M := bc + 10 + fyA'¢? and K :=

A/D% + 21—1]\/[.

Proof. Given z* € leve, ) F, write h(t) = 1| x(t) — z*|*>. As in the proof of item (i) of Theorem
8 in [22], we get

h(t) + y(£)A(E) + A (t) — 2%, Ba(t))) = (b))

In particular, we have

h(t) + 7 (1)A(E) + M) (t) — 2*, B(a(t)) = B(a*)) + Mt)e(t) — o, B(a*)) = i (1)’

and so, using the cocoercivity of B and Lemma 4.16, we get

h(t) +y(O)h(t) + MOB|B(x(t) — Bla*)|? < |a(t)|* + A2K| B(z*)].

Further, using the reverse triangle inequality, we have
h(t) + v (O)h(t) + AOB|B()[* < [&(0)]* + N2K | B(a*)] + 2A(6) 8| B(x(t)) | B(z*)] .

As B is %—Lipschitz and as z is a zero of B, we get
|B(x(®)| = [B(x(t)) = B(2)|| < Zll=(t) — 2| <

using Lemma 4.16. In particular, we have

h(t) +y(Oh(t) + A0S Ba()? < |&()]* + ME[B(a*)].
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Proceeding as in the proof of item (i) of Theorem 8 in [22], we get

o) + 600 + i (F 101 ) < Tan5e)

which yields the claim. O

Again, an application of the mean value theorem allows us to derive a modulus of uniform
(G, H)-quasi-Fejér monotonicity (with H = (-)*> and G = 7y~ '(-)?) from the above approximate
differential inequality.

Lemma 4.22. Let z € ZerB and let b,c € N with |ug — z| < b and |jve| < ¢. Let x be the
unique strong global solution to (x)y. Then x is uniformly (G, H)-quasi-Fejér monotone w.r.t.
zerF and F and with H = (-)* and G =7y7'()?, i.e.

Ve > 0 Vn,m e N Vz* € leve,(cnm) F Vs, t € [n,n 4+ m]
(s <t —Jat) — 2> <y~ a(s) —a™[* +e(s,t) +¢)
where x(g,n,m) := (y¢)/(mA8K) and
1Yy _ . _ .
e(st) = 287" () + 207 Kla ()] + 207 K[ (1))

Here M —bc+762—l—ﬁ’y)\ ' and K = b? + 2971 M.

Proof. Fix ,n, m as well as z* € leV<X(€nm)F and s,t € [n,n+m]. If s = t, the result is clear.
If s < t, then since h(t) + v(¢)h(t) + ﬁ)\(t) |#(t)|? is locally absolutely continuous, the mean
value theorem yields an r € (s, t) such that

hir) + GOm0 + 55 (L 1a002)

_ % (h(r) +4(r)h(r) + ﬁ%fv(r)lz)

B h(t) + Y (Oh(E) + BER ()2 — (h(s) +(s)h(s) + B
t—s

:(s)[?)

Thus, as 2™ € levgy(c,nm)F’, we have

—ss<®a};s2— 7(#) 21 h(s)—1 €
Y()h(t) —( )h()\BMS)H (s)] ()H()H + h(s) — h(t) +

< 5%5;(8”2 + Kli(s)| + K(8)] + 73

by Lemma 4.4. In particular, we get

h(t) <37~ "h(s) + /61‘1§||¢(8)|2 +y 7 Ka(s)| + a7 K ()] + %

which yields the claim. 0

Another direct application of Theorem 3.9 now yields the following quantitative result on the
behavior of the solution x to (x),, again under a finite-dimensionality assumption on X, giving
a rate of metastability for the convergence result established in Theorem 8 of [22] in that case:
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Theorem 4.23. Let X be a finite-dimensional Hilbert space with dimension d and let B : X —
X be B-cocoercive. Let ug,vg € X be given and z € ZerB and let b,c,d € N with |ug — z| < b,
lvo| < ¢ and |B(ug)| < d. Further, let X\, : [0,+0) — [0,40) be Lebesgue measurable and
locally absolutely continuous and assume that there exists a 0 > 0 such that

Y2 (1) _1+d 0
O
for almost every t € [0,4+m). Let 0 < A\, 7, A,y such that A < A(t) < X and y < y(t) <7. Let

x be the unique strong global solution to (x)s.
Then x is metastable in the sense that for alle > 0 and f : N — N, it holds that

In < A(min{e, Be/2}, f) Vs, t € [n,n + f(n)] (|lz(s) — z(t)| < € and [ B(xz(t))| <€),
where moreover the bound A(e, f) can be explicitly described by
A, f) := max{A(i,e, f) | i < P} + 1
where A(0, e, f) := 0 as well as
A(i.e, f) = max{p(E,n) | n < n(2/12, fz))

A(t) <0 < A(t) and

with
g; = min{e/2, (ye*)/12((f(m + 1) + 1)A8K) | m < A(i, e, f),i < j}
for 3 =1 as well as

foe(n) :=max{m+ 1+ f(m+1)| m<¢(e,n)}=-n

Pi= [2 q(e/ 12711>_ﬂ + 1) \/Qbr +1

and

as well as

n(e, f) := A | min | and p(e,n) := we a,5(c) max{n, [(34/¢)*]}.

g g
szlK’ 651*1

>~

Here, A(e, f) = f’(wC’A’B(E))(O) and we,ap as well as the other constants are defined as in
Lemma 4.20.

Proof. The result immediately follows by instantiating Theorem 3.8 over Xy = Bg(z) and
simplifying the resulting bound (recall that z(t) € Xy for all ¢ > 0 by Lemma 4.16). In

particular, we set H := (-)* and G := 777 '(-)? as well as h(e) := €* and g(e) := ,/e/777.

That z is uniformly (G, H)-quasi-Fejér monotone w.r.t. F' and errors

e(s.1) = zw”uox )2+ 2y K i (s)]| + 20 K [ (1)|

follows by Lemma 4.22, which in particular yields that x(e,n,m) := (y¢)/(mA8K) is an as-
sociated modulus. The definition of &; is a resulting simplification. "The errors in partic-
ular satisfy e(s,t) — 0 as s < t — oo with a rate of metastability n as defined above
by Lemma 4.20. Also by Lemma 4.20, x has the liminf-property w.r.t. F' with a bound
¢(e,n) := we,ap(e) max{n, [(3A4/¢)?]}, which can immediately be seen to be suitably mono-

tone. As before, Xj is totally bounded with a modulus v(¢) := [2([e7!] + 1)\/gb]d by Example
2.8 of [59]. Lastly, note that F' is uniformly continuous on X, with modulus w(e) := fe, since
we have ||B(z)| — |B(y)|| < 3]z — y| using the fact that B is 3-Lipschitz. O
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In the preceding application, Theorem 3.18 yielded rather general constructions for rates of
convergence under a regularity assumption. While Theorem 3.18 can similarly be applied to
the present case study to yield quantitative convergence guarantees for the strong convergence
of the dynamical system under a regularity assumption, it does not yield rates in this general
case.

This is due to the fact that we cannot supply the respective errors in the quasi-Fejér mono-
tonicity property for the dynamical system at hand with a rate of convergence, but only with
a rate of metastability. While this does not rule out constructions of rates of convergence for
problem (), under regularity assumptions, it perhaps provides a structural reason for why such
rates seem to be currently absent from the literature (to the best of our knowledge) at this
level of generality. This issue seems to persist already for special cases of the above system
(¥)a, such as the gradient-projection second-order dynamical system [8, 6] or its extensions to
general nonexpansive mappings as discussed at the beginning of this subsection (indeed, the
paper [22] uses essentially the same approach as [8], appropriately extended to its more general
setting).

By comparison, Bot and Csetnek [25] derive exponentially fast rates for the second-order
forward-backward scheme, arising from the above by instantiating B appropriately and dis-
cussed in more detail in the following, under a strong monotonicity assumption on either of the
involved operators and under suitable restrictions of the other parameters. Indeed, their argu-
ment essentially proceeds by utilizing the extremely strong premise of strong monotonicity to
derive an alternative differential inequality that dispenses of the error induced by ||z (t)| above.
However, this inequality is then already so strong that it allows one to immediately derive
exponential rates, so that no additional arguments beyond that are necessary. While it can be
rather immediately seen that these arguments can be slightly generalized to the setting of (x)y
for general B which are strict contractions, we do not record this here as no new arguments
from this paper would be required for that. Instead, we focus on the general case of (), which
however then restricts us to metastability.

Of course, by the modularity of our approach, if one would be supplied by such a rate by
any other means, then Theorem 3.18 could be immediately used to derive corresponding rates
for the strong convergence of the dynamical system under a regularity assumption. Outside
of assumptions guaranteeing this however, the following theorem is the best we can currently
provide.

Theorem 4.24. Let X be a Hilbert space and let B : X — X be [3-cocoercive. Let ug,vg € X be
given and z € ZerB and let b, c,d € N with |ug—z|| < b, |vo| < ¢ and |B(ug)| < d. Assume that
F has a modulus of regularity T w.r.t. Bg(z). Further, let X, : [0, +00) — [0, +0) be Lebesque
measurable and locally absolutely continuous and assume that there exists a 0 > 0 such that

2
. - v (t) _ 1+0
Y(t) <0< A(t) and =z —
(0 <0< @) and 55 = 25
for almost every t € [0, +0). Let 0 < \,7, X,Z such that A < \(t) < X and 7<) <7. Let

x be the unique strong global solution to (x)s.
Then x satisfies

Ve >0Vf:N—-NiIn<pef)Vie[n,n+ f(n)](dist(z(t), ZerB) < ¢)
and further x is Cauchy with
Ve >0Vf:N—-NIn<p(e/2, f) Vte[n,n+ f(n)](|z(t) —z(s)| <e).
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Here, p is defined by

ple, f) = max{gp (7’ <5/ 271—1> ,n) | n < 77(62,]6@752)} +1

where
fos(n) = max {m +1+f(m+1)|m<y <7’ <5/ 271—1> ,n)} ~n
with
e ) i= A | min g om [om (4 | ond elem) = o p(e) max(n, [(34/2)°]).
Here, A(e, f) = f’(wC'A’B(E))(O) and we,ap as well as the other constants are defined as in
Lemma 4.20.

Proof. The result immediately follows by instantiating Theorem 3.17 and simplifying the re-
sulting bound. In particular, we set H := (-)* and G := 7y '(-)* as well as h(e) := €* and

g(e) := 4/e/7y~*. That z is (G, H)-quasi-Fejér monotone w.r.t. F' follows by Lemma 4.22.

That z has the lim inf-property w.r.t. F’ with ¢ as the respective bound follows from Lemma
4.20. The rate of metastability 7 for the errors likewise follows from that lemma as before. [J

Similar to before, we here want to also study a particular instance of the system () to which
the above results apply. For that consider a continuous-time variant of the forward-backward
method, this time defined via a second order equation as in (x), as considered already in
[22]. Let us recall the setup: Assume we are given a maximally monotone set-valued operator
A X — 2% and a single-valued map B : X — X which is S-cocoercive, for some 5 > 0,
such that zer(A + B) # &. For n € (0,28) (following the notation of [22]) and ¢ := 462—;’,
let A,y : [0,+00) — (0,+00) be Lebesgue measurable functions which are locally absolutely
continuous and satisfy

2
ang 10 S 20 +6)

A(t) o
almost everywhere, for some # > 0. For initial values ug, vg € X, we then consider the dynamical
system

(). {i(t) +y(O)2(t) + M) [2(t) = Jya (2(t) = nB(z(t)))] = 0,

A(t) < 0 < (L)

2 x(0) = ug, 2(0) = .

In analogy to before, this system can be conceived of as an instantiation of the system (x)y
using the map T := Jy o (Id — nB), which is s-averaged and satisfies FixT' = zer(A + B) as
before (see the beginning of the proof of Theorem 12 in [22]). So writing

1 1
T=(1—=]1 -
( 5) d+§R

with R nonexpansive, ()5 is an instantiation of () using the map R and the parameter
sequence 3\ instead of A (see also the proof of Corollary 11 in [22]).

We immediately obtain the following result on the quantitative asymptotic behavior of the
associated solution under a finite-dimensionality assumption on X, a quantitative variant of
parts of Theorem 12 in [22]:
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Theorem 4.25. Let X be a finite-dimensional Hilbert space with dimension d and let A : X —
2% be maximally monotone and B : X — X be [-cocoercive for 3 > 0. For n € (0,28) and
§ = 4’2—;’7, let A,y : [0,+0) — (0,400) be Lebesgue measurable functions which are locally
absolutely continuous and satisfy

2
() _ 201+0)
d =
NG 5
almost everywhere, for some 0 > 0. Fiz ug,vg € X and let y € zer(A + B) with b,c,d € N such
that |ug — y|| < b, |vo| < ¢ and |ug — T(up)| < d. Let x be the unique strong global solution to

).
( )%’hen x 1s metastable in the sense that for all e > 0 and f : N — N, it holds that
In < A(min{e, Be/2}, f) Vs, t € [n,n+ f(n)] (|z(s) — z(t)| < e and |z(t) — T(z(t))] <¢),
where moreover the bound A(e, f) can be explicitly described as in Theorem 4.23.
Remark 4.26. Akin to Remark 4.10, if Theorem 4.25 is applied with min{e,e/(y~* + 71)} in

place of €, then for any t € [n,n + f(n)] with the respective n, there are w € (A + B)(v) such
that () — o], Ju] < <.

Y(t) <0 < A(t)

We now move to the associated strong convergence result for (), under a uniform mono-

tonicity assumption for either of the operators A or B, again in similarity to before.
First, we have the following quantitative rendering of the associated limit lim;_,., B(x(t)) =
B(z*) for x* € zer(A + B) as established in item (iv) of Theorem 12 in [22]:

Proposition 4.27. Let X be a Hilbert space and let A : X — 2% be mazimally monotone and
B: X — X be B-cocoercive for B > 0. Forn e (0,28) and § := B=1 et X,y : [0, +0) —

28
(0, +0) be Lebesgue measurable functions which are locally absolutely continuous and satisfy
2
. - v4(t) _ 2(1+0)
) <0< A(t) and >
(1) <0 < A1) and [ > =

almost everywhere, for some 0 > 0. Fiz ug,vg € X and let y € zer(A + B) with b,c,d € N such
that |ug — y|| < b, |vo| < ¢ and ||ug — T (up)| < d. Let x be the unique strong global solution to
(#). Then limy_,o, B(z(t)) = B(y) and for any f : N — N and ¢ > 0, we have

In < Me*nB/3K, f) Vt e [n,n+ f(n)] (| B(x(t)) — B(y)| < e)
where A is defined as in Lemma 4.20 and M := bc + ng + A and K = 4 /b2 + 29I M.
Proof. Using Lemmas 4.11 and 4.16, we again obtain
091B(0) - B < (14 5) 1a(0) - yI1Te0) - a(0] < (14 5) KITG0) - of0)]

and so, using n < 23, we have

|B(z(t)) = B(y)| < %g%@@@»—ﬂﬂ~

Lemma 4.20 now yields the result. 0

Remark 4.28. As in the case of the preceding case study on the first-order dynamical system,
also here our approach towards the convergence of B(z(t)) to B(y) for a solution y € zer(A+ B)
deviates from the argument given in the respective paper that we analyze, that is [22] in this
case. This is purely for reasons of simplicity, and we could have just as well analyzed the
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concrete proof of this fact given in [22] (see the proof of item (iv) of Theorem 12 in [22]), which
proceeds via a long chain of inequalities to establish the following key inequality (see the end
of p. 1433 in [22]):

% j |B(x(t)) — By)|? dt + % (A(T) = R(0) + A(T)R(T) = A(0)(0) ) < % f | (8)] dt,

where h(t) := $|z(t) — y||*>. By this, it follows in particular that

BA (T L : :
el |B(x(t)) — B(y)|* dt < 2 U lz(®)] dt + [R(T)] + [h(0)] + 7(0)R(0)
which can be used to calculate an explicit bound on the L?-norm of the dynamical system
|B(z(t)) — B(y)|*, using in particular Lemmas 4.16 and 4.18 to bound |h(T')| and Lemma 4.19
for a bound on the L?-norm of |z(¢)||. Using the differential inequality

d (1 1 1

& (31B60) - B ) < 31B60) - B + Sl
established in [22] (see the first displayed equation on p. 1434 therein), the convergence of
B(z(t)) to B(y) follows. However, an analysis of this argument also “only” yields a rate of
metastability as we apply Lemma 2.4, which generally only comes furnished with a rate of
metastability, to exploit the above inequality with the respective bounds. In particular, it will
be presumably of quite similar complexity as the rate presented in the preceding Lemma 4.12.

We now obtain a result on rates of metastability in the context of a uniform monotonicity
assumption, being a quantitative rendering of item (v) from Theorem 12 in [22]:

Theorem 4.29. Let X be a Hilbert space and let A : X — 2% be mazimally monotone and B :
X — X be p-cocoercive for > 0. Forne (0,25) and § := 4@—5", let A\,7 : [0, +o0) — (0, +00)
be Lebesgue measurable functions which are locally absolutely continuous and satisfy
2
() 2(1+90)

d >
N 5
almost everywhere, for some 0 > 0. Fizx ug,vg € X and let y € zer(A + B) with b,c,d € N such
that |ug — y|| < b, |vo| < ¢ and ||ug — T (up)| < d. Let x be the unique strong global solution to

/

(+)

Y(t) < 0 < A(t)

h.
Then, if either A or B is uniformly monotone with function ¢, x converges to y and for any
f:N—N and e > 0, we have

In < O(e, f) Yt e [n,n+ f(n)] (Ja(t) —y| <e)
where O(e, f) is defined as follows:
(i) If A is uniformly monotone with function ¢, then

O(c, f) == A (min { (—¢(23/{2)) nB/3K. —Wz(zz), %} , f) .

(ii) If B is uniformly monotone with function ¢, then

O(c. 1) = A ((%E))Qnﬁ/m f) .

. . L ~ — 71 o _
Here, A is defined as in Lemma 4.20 and M := bc + %bQ + BN and K = , /b2 + 29I M.
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Proof. Ttems (i) and (ii) follow by a combination of Lemmas 4.13 as well as 4.16 and 4.20
together with Proposition 4.27. U

4.3. (Generalized) gradient flows in Hadamard spaces. We now move to the topic of
flows and associated semigroups in Hadamard spaces, and in particular to our applications
to the classic gradient flow semigroup [16, 71] as well as nonlinear semigroup generated by a
nonexpansive mapping [18, 87]. Throughout, if not stated otherwise, let X be a Hadamard
space with metric d, that is (X, d) is a complete geodesic metric space of nonpositive curvature
in the sense of Alexandrov. We refer to [17, 35] for further information on these spaces, and
here just note that Hadamard spaces are uniquely geodesic. In particular, given x,y € X and
A € [0,1], we write (1 — A)x @ Ay for the unique point z on the geodesic connecting x and y
satisfying d(x, z) = Ad(z,y) and d(y, z) = (1 — N)d(z,y).
To motivate our case studies, recall the inclusion

{—f(t) e Az(t)),
x(0) = xo,

where A is a maximally monotone operator on a Hilbert space X and z € dom(A), as already
discussed in Section 2 before. This inclusion problem not only generalizes the gradient flow
equation & = V¢(x) but also captures the parabolic problem —& € d¢(x) associated with a
convex lower-semicontinuous (Isc) function ¢ : X — (—o0, +00]. By the well-known Crandall-
Liggett theorem [40] (see also the preceding work [34, 41, 64]), the solutions of this problem
induce a nonexpansive semigroup Si(zg) and this semigroup can moreover be explicitly de-
scribed by the exponential formula S;(z¢) := limy, o (Jim) ™ (20), where Jy(z) := (Id + A\A) 'z
is the resolvent of of A. This formula moreover generally produces a semigroup, even out-
side the solvability of the above problem. The study of the asymptotic behavior of solutions
to the above problem can hence be addressed through general theory for these nonexpansive
semigroups.

In particular, the above access to the inclusion problem via the exponential formula allows
for an extension to the nonlinear context of Hadamard spaces. Given a Hadamard space X
and a convex Isc function ¢ : X — (—o0, +00], a nonlinear version of the above gradient flow
semigroup can be defined via

Si(w) == lim (Jiym)™ ()

for t = 0 and = € dom¢ for dom¢ := {x € X | ¢p(x) < +o0}. Here, Jy(x) is now the resolvent of
¢ defined by
Ji(x) := argmin <gz5(y) + ldQ(x, y)) :
vex 2t

for t > 0 (and via Jy(z) := x for ¢ = 0). The study of this limit and the nonexpansive
semigroup it generates in particular goes back to the work of Mayer [71] and was later extended
by Bacdk [16]. In particular, this semigroup essentially represents a continuous-time analog of
the proximal point algorithm in Hadamard spaces (see [16]).

Another instance of the previous inclusion problem in Hilbert spaces is given by considering
a monotone operator A := Id — F' defined via a nonexpansive map F' : X — X. A nonlinear
variant of the resulting semigroup was subsequently considered by Stojkovic [87]: For a non-

expansive map F : X — X on a Hadamard space X and given x € X as well as t > 0, let
Gzt X — X be defined by

1 t

= Fy).
Gt (v) 1+tx®1+t )
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It can be easily seen that G, is a strict contraction, and so it has a unique fixed point Ry(x).
One calls R; : X — X the resolvent of F. For t € [0,00) and x € X, the resulting exponential
formula

Ty(z) = lim (Ryn)" (2).

similarly induces a nonexpansive semigroup on X (see [87]). Similar definitions were already
studied by Reich and Shafrir [85] for coaccretive operators on hyperbolic spaces, and the as-
ymptotic study of the semigroup was in particular further developed by Bacdk and Reich [18],
extending previous results restricted to the Hilbert ball by Reich [84]. A practical use of the
above semigroup is in particular illustrated in [18], where it is used to provide a novel access
to the Hadamard-space-valued version of the L?-Dirichlet problem on measure spaces with a
symmetric Markov kernel as pioneered in the seminal work of Sturm [88] (see also [71] for
related results).

The case studies here should be understood to be indicative, and we expect that other
semigroups and flows on nonlinear spaces can be quantitatively approached in a similar manner.
In particular we want to highlight the recent work of Chaipunya, Kohsaka and Kumam [36],
where the notion of a monotone vector field known from Hadamard manifolds is extended to
Hadamard spaces. Such fields carry a natural notion of a resolvent, and associated semigroups
generated via an exponential formula are already discussed in [36]. Studying this semigroup
could in particular provide a uniform (quantitative) study of both special cases studied in the
present work, next to the associated monotone inclusions on Hilbert spaces and Hadamard
manifolds, and beyond. We here however decided to only focus on the works [16, 71] and
[18, 87] as they provide classic nontrivial examples that illustrate our metric generality without
requiring too much new theory, in particular as the asymptotic study of the general semigroups
from [36] is still a bit underdeveloped. We hence leave this for future work, as we do the study
of flows in different geometric contexts, such as heat flows on Finsler manifolds as in [78] or
gradient flows on Wasserstein spaces as in [77].

4.3.1. The gradient flow of a convex function. We first study the classical gradient flow over a
Hadamard space as in [16, 71]. As before, we assume that X is a Hadamard space with metric
d and we further fix a convex Isc ¢ : X — (—o0, +00], for which denote the associated gradient
flow semigroup, defined as above, by S;(z). Throughout, we assume that argmin¢ # ¢ and
write g = mingex ¢(z).

The asymptotic behavior of these semigroups is studied in [71, 16]. In particular, strong
convergence towards a minimizer of ¢ in proper Hadamard spaces is established in [71] (see
Theorem 2.41 therein), together with strong convergence under a uniform convexity assumption
on ¢ but for that over general Hadamard spaces (see Theorem 2.42 therein). Weak convergence
towards a minimizer of ¢ was subsequently shown in [16] (see Theorem 1.5 therein). We now
study these results from a quantitative perspective.

The key result that establishes both the continuous Fejér monotonicity of the semigroup as
well as the associated approximation property is the following inequality:

Lemma 4.30 (Lemma 2.37 in [71]). For any x € dom¢, z€ X andt > s > 0:
d*(Si(x), 2) < d*(Ss(x), 2) — 2(t = 5)(&(Se(w)) — &(2)).
Immediately, as Sy(z) := z, this yields the boundedness of the semigroup.

Lemma 4.31. Let y € argming, z € dom¢ and let b € N with d(z,y) < b. Then Si(x) is
bounded with d(Si(x),y) < b.
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To capture the corresponding minimization problem in the setup of the previous sections, we
set Xo := By(y) n dom¢ and

F(z) = {d)(z) —p ifze XO,
+o0 otherwise,
for a fixed solution y € arg min ¢ so that zerF’ = argmin ¢ N X, and
leve F' ={z€ Xo | ¢(2) —p < e}
Mayer’s inequality in particular also yields a modulus of uniform Fejér monotonicity (with
G=H=()):
Lemma 4.32. Let y € argming, € dom¢ and let b € N with d(z,y) < b. Then Sy(x) is
uniformly (G, H)-Fejér monotone w.r.t. F' and with G = H = (+)?, i.e.
Ve > 0Vn,meNVzelevacnmF Vs <te[nn+m](d?(Si(z),2) < d*(Ss(z),2) +¢),
where x(g,n,m) :=€/2m.

Proof. Fix €,n,m and let z € levey(cpnm)F, i.e. 2 € Xo with ¢(2) — p < x(e,n,m) < /2m.
Lemma 4.30 yields for s < t € [n,n + m] that

d*(Si(z), 2) < d*(Ss(@), 2) — 2(t — 5)(&(Se(x)) — 6(2))
< d*(Ss(2),2) — 2m(p — ¢(2))
< d*(Ss(),2) + €. O
Also, we get the following approximation property from Mayer’s inequality:
Lemma 4.33. Let y € argmin ¢, x € dom¢ and let b € N with d(x,y) < b. Then
Ve > 0Vt = ¢(e) (¢(Si(z)) — p < €)
with rate p(g) := [b?/e]. In particular, Si(x) has approzimate F-points with modulus .
Proof. For t > 0, Lemma 4.30 yields
0 < (Su(2), ) < () — 2 (B(S(2)) — 1) < B — 2 ((Su(x)) — ),

so that we get
2

o(Si(z)) — p < % for all ¢ > 0.
In particular, for ¢ > [b?/e], we have

¢<St<x>>—u<%<g<g. -

Combined, we can hence give the following result on the quantitative asymptotic behavior

of the semigroup in the context of proper Hadamard spaces, a quantitative version of Theorem
2.41 in [71].

Theorem 4.34. Consider an Hadamard space X and a convez lsc function ¢ : X — (—o0, +00].
Let y € argmin ¢, € dom¢ and let b e N with d(x,y) < b. Define Xy := By(y) n dom¢ and
assume that v 1s a modulus of total boundedness for X,.

Then Si(z) is metastable in the sense that for all e > 0 and all nondecreasing f : N — N, it
holds that

In < A(e, f) Vs, t € [n,n+ f(n)] (d(Si(x), Ss(x)) <€),
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where moreover the bound Al(e, f) can be explicitly described by A(e, f) = A(y(e/V12) +
Le, )+ 1 with A(0,¢e, f) := 0 and

A+ Le, f) == [240°(f(A(.e, f) + 1) + 1) /7]
for j = 1.

Proof. The result immediately follows by instantiating Theorem 3.9 over the given X, and
simplifying the resulting bound (recall that S;(z) € X, for all ¢ = 0 by Lemma 4.1 and since
Si(x) € dome). In particular, we set G := H := (-)? as well as h(e) := €% and g(¢) := \/e. That
Si(z) is uniformly (G, H)-Fejér monotone w.r.t. I follows by Lemma 4.32, which in particular

yields that x(e,n,m) := /2m is an associated modulus. As we do not deal with errors, it
suffices that S;(x) has the approximate F-point property, which follows by Lemma 4.33 with a
respective bound ¢(¢) := [b?/¢] that is immediately monotone under our assumptions. O

If we assume that ¢ is uniformly continuous with a respective modulus, then this continuity
property transfers to F', so that using Theorem 3.9 we can moreover provide a bound that
guarantees that ¢(S;(x)) — u < e holds along the region of metastability. We do not spell this
out here any further.

Further, we can give the following result on rates of convergence under regularity assumptions
in general Hadamard spaces.

Theorem 4.35. Consider an Hadamard space X and a convez lsc function ¢ : X — (—o0, +00].
Let y € argmin ¢, € dom¢ and let b € N with d(x,y) < b. Assume that F' has a modulus of
regularity T w.r.t. By(y).

Then Si(x) satisfies

Ve > 0 Vt = p(e) (dist(Sy(z), argmin ¢) < €)
and further Sy(x) is Cauchy with
Ve >0V, s = p(e/2) (d(Si(x), Ss(x)) < e),

where p is defined by p(e) := [V?/7(e)] + 1. In particular, Si(x) converges to a minimizer of ¢
with that rate.

Proof. The result immediately follows by instantiating Theorem 3.18 and simplifying the re-
sulting bound. In particular, we set G := H := () as well as h(e) := €% and g(¢) := /e
That Si(x) is (G, H)-Fejér monotone w.r.t. F follows from the fact that S;(x) is a nonexpansive
semigroup (recall also Lemma 2.37 in [71] and Lemma 4.32). As we do not deal with errors,
it suffices that S;(x) has the approximate F-point property which, with a respective bound
¢() := [b*/e] follows using Lemma 4.33 as before. O

The above in particular applies to functions ¢ with weak sharp minima (recall Example
3.16), and hence in particular yields a the strong convergence of the semigroup, together with
an associated rate, when the function ¢ is uniformly convex. While derived here using our
general methodology, such a rate of convergence for the uniformly convex case can in fact be
easily read off from the convergence proof tailored to this special case in [16]. Concretely, a
more direct inspection of the proof given in [16] gives a rate of convergence 2b%/7(¢), where T
is the modulus of uniform convexity, which is virtually the same as the rate [40?/7(¢/2)] + 1
derived from the above result.
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4.3.2. A class of nonlinear semigroups for a nonexrpansive mapping. We now move on to the
semigroup generated by a nonexpansive map as in [87, 18]. As before, let X be a Hadamard
space with metric d and now fix a nonexpansive map F' : X — X. Define the associated function
G..+(y) and is fixed point selection R;(x) as before, and denote the semigroup associated with
Ri(x) by T;(x). Throughout, we assume that FixF' # (7.

The asymptotic behavior of these semigroups is studied in [18, 87]. In particular, it is
established in [18] (see Theorem 1.6 therein) that T;(x) converges (in general weakly) to a
fixed point of F, for any starting point x € X. We now study this result from a quantitative
perspective.

We begin with the boundedness of the semigroup.

Lemma 4.36. Let y € FixF', v € X and let b € N with d(x,y) < b. Then T;(x) is bounded with
d(Ty(x),y) < b.

Proof. Note that since y € FixF', we also have Ti(y) := y. Further, T;(x) is a nonexpansive
semigroup (see Theorem 3.10 in [87] for both). Combined, we get

d(Ty(z),y) = d(Ti(z), Ti(y)) < d(z,y) <b. O
To capture the corresponding fixed point problem in the setup of the previous sections, we
set Xo := By(y) and
F(z) = d(z,F(z)) ifze XO,
+o0 otherwise,
for a fixed solution y € argmin f so that zerF' = FixF' n X, and
leve. F = {z € Xg | d(z, F(2)) < &}.
We now first derive the following approximation property:

Lemma 4.37. Lety € FixF', v € X and letb € N with d(w,y) <b. Then Ti(x) has appprozimate
F-points with modulus ¢, i.e.

Ve >0 3t < p(e) (d(Ti(x), F(Ti(x))) <€),
where we have p(g) = [(4b/e) - e*/*].
Proof. As F(y) = (y) entails T;(y) = (y), the claim is immediate for x = y. In the following,

we may thus assume b > 0 and hence h := 4b/e > 0. Due to the semigroup property and since
T; is nonexpansive, we have

d(Tiin(x), Ti(2)) = d(Ty(Th(x)), Te(x)) < d(Th(x), ).
As in [18] (see the fourth equation on page 197 therein), we can hence derive
ATu(a).2) | (" = D) (d(Tr, FTiz) = AT (z), F(Trn(0)))
h h '
In view of T}, (y) = y and since T}, is nonexpansive, we have
d(Ty(z), ) _ d(Tu(z), Th(y)) +dy,x) _2b ¢

h = h Sho 2
So to complete the proof, it is enough to show that there is a t < () with
(" = )(d(Ti(), F(Ty(x))) — d(Trn (@), F(Tren(2))))

h

d(Ty(x), F(Ti(x))) <

<

DO | ™
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Towards a contradiction, we assume that all ¢ < ¢(e) validate

€ h 2b
> — . = .
2 eh—1 eh—1

d(Ty(z), F(Ty(x))) — d(Tyn(@), F(Tisn(z)))
Observe that we have
(N —1)h < () for N := [e"].
Via a telescoping sum, we obtain

2b
el —1

\%

> 2b.

d(To(x), F(To())) — d(Tn.n(x), F(Tn.n(2))) = N -
But we also have

d(To(x), F(To(x))) = d(z, F(x)) < d(z,y) + d(F(y), F(z)) < 2b,
which yields the desired contradiction. O

Our next goal is (a quantitative version of) Fejér monotonicity for the semigroup 7;(z). In
a preparatory lemma, we first provide a quantitative version of the fact that fixed points of F’
are also fixed points of the semigroup.

Lemma 4.38. For any x € X and t,6 > 0, if d(z, F(z)) <9, then d(x, Ty(x)) <0 - e%T_l
Proof. Write z, = (Ry)®(2). Assuming d(z, F(x)) < &, we shall establish
d(zp, Tpi1) S AL+ 2XN)"-0
Lemma 3.4 in [87] (see also Lemma 2.2 in [18]) yields that
d(z, R\(2)) < Md(z, F(z))
for all ze X and A > 0, so that the above estimate reduces to
d(zy, F(z,)) < (14+2X\)" 6.
For n = 0, this holds by assumption. Using that F' is nonexpansive, we inductively get
d(zpi1, F(Tn1)) < d(@pi1, x0) + d(Tn, F(x,)) + d(F(2,), F(Th41))
S2AMT+20)" -5+ (1 +20)" -6 = (1 +22)" - 6.

Let us now infer

n—1 n—1
1+2)0)" -1
dz,2,) < > d(zg, Tei1) <\ 6 - Lyt g, EE2V L
(7)< 3 dlaksies) <26 3 (1+2) )

As Ty(z) is defined as the limit of (Ry,)™ (z) for n — o0, we specialize to A = ¢/n and obtain

d(z, Ty(z)) = lim d (z, (Ryn)™(z)) < lim o ((1 + ﬁ)" - 1) —5- 62t2_ L

n—0o0 n—o0 n

just like the lemma claims. O
We can now derive the following quantitative result on the Fejér monotonicity of T3(x).

Lemma 4.39. Let y € FixF', x € X and let b € N with d(x,y) < b. Then Ty(x) is uniformly
(G, H)-Fejér monotone w.r.t. F and with G = H = 1d, i.e.

Ve >0VYn,meNVzelevecnmF Vs <te[nn+m](dTi(z),2) <d(Ts(x),2) +¢),
where x(g,n,m) 1= 2e/(e*™ —1).
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Proof. Let £,n,m be given and let z € levey(e,nm). Using Lemma 4.38 with 6 = 2¢/(e*™ — 1),
we get d(T;—s(2), z) < e. Using that T;(x) is a nonexpansive semigroup, we get

ATy, 2) < AT o(Ty(2)), Trmsy(2)) + d(Tio(2), 2) < (T (), 2) + . O

We can now give the following result on the quantitative asymptotic behavior of the semigroup
in the context of proper Hadamard spaces, a quantitative version of (parts of) Theorem 1.6 in
[18].

Theorem 4.40. Consider an Hadamard space X and a nonexpansive mapping F : X — X.
Let y € FixF, x € X and let b e N with d(x,y) < b. Define Xy := By(y) and assume that vy is
a modulus of total boundedness for X.

Then Ty(x) is metastable in the sense that for all e > 0 and all nondecreasing f : N — N, it
holds that

In < Ale, f) Vs, t € [n,n+ f(n)] (d(Ti(z), Ts(x)) <€),
where moreover the bound A(e, f) can be explicitly described by A(e, f) := ¢ (Ep) for P :=
v (e/6) + 1 with & := xs(¢/6,0) and
A~ € ~
)= Xs (6790 (€j—1)>
for 7 =1, where
2e

L 4r 4r/e L
p(e) 1= [? e } and xs(e,n) = AT T

Proof. The result immediately follows by instantiating Theorem 3.9 over the given X, and
simplifying the resulting bound (recall that T;(x) € X, for all ¢ > 0 by Lemma 4.1). In
particular, we set G := H := Id as well as h := g := Id. That T}(x) is uniformly (G, H)-
Fejér monotone w.r.t. F' follows by Lemma 4.39, which in particular yields that x(e,n,m) :=
2¢/(e*™ — 1) is an associated modulus. As we do not deal with errors, it suffices that T;(x)
has the approximate F-point property, which follows by Lemma 4.37 with a respective bound
o(e) := [(4b/e) - "] that is immediately monotone under our assumptions. O

We also derive a quantitative result under regularity and without total boundedness.

Theorem 4.41. Consider an Hadamard space X and a nonexpansive mapping F': X — X.
Lety e FixF', x € X and let b e N with d(x,y) < b. Assume that F' has a modulus of reqularity
T w.r.t. By(y).
Then Ty(z) satisfies
Ve > 0 Vt = p(e) (dist(T(x), FixF) <€)
and further T,(x) is Cauchy with
Ve > 0Vt s = p(e/2) (d(Ty(z), Ts(x)) <€),

where p is defined by p(e) := [(4b/7(¢)) - €7 | + 1. win particular, Ty(x) converges to a fived
point of F' with that rate.

Proof. The result immediately follows by instantiating Theorem 3.18 and simplifying the re-
sulting bound. In particular, we set G := H := Id as well as h := ¢ := Id. That Ti(z) is
(G, H)-Fejér monotone w.r.t. I follows from the fact that T;(z) is a nonexpansive semigroup
(recall also Lemma 4.39). As we do not deal with errors, it suffices that T;(z) has the approx-
imate F-point property which, with a respective bound @(g) := [(46/5) . e4b/5] follows using
Lemma 4.37 as before. O
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