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Abstract

Firmly nonexpansive mappings play an important role in metric fixed point theory
and optimization due to their correspondence with maximal monotone operators. In
this paper we do a thorough study of fixed point theory and the asymptotic behaviour
of Picard iterates of these mappings in different classes of geodesic spaces, such as
(uniformly convex) W-hyperbolic spaces, Busemann spaces and CAT(0) spaces. Fur-
thermore, we apply methods of proof mining to obtain effective rates of asymptotic
regularity for the Picard iterations.
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1 Introduction

Let C be a closed convex subset of a Hilbert space H. Firmly contractive mappings were
defined by Browder [5] as mappings T : C' — H satisfying the following inequality for all
x,y € C:

| T2 — Ty|l? < (¢ — y, T — Ty). (1)
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As Browder points out, these mappings play an important role in the study of (weak) con-
vergence for sequences of nonlinear operators. An example of a firmly contractive mapping is
the metric projection Po : H — H, defined by Pc(z) = argmin,co{[|z —y||}. One can easily
see that any firmly contractive mapping 7" is nonexpansive, i.e. satisfies ||Tz—Ty|| < ||z —y||
for all x,y € C. The converse is not true, as one can see by taking T'= —Id.

In his study of nonexpansive projections on subsets of Banach spaces, Bruck [6] defined a
firmly nonexpansive mapping T : C' — E, where C'is a closed convex subset of a real Banach
space E, to be a mapping with the property that for all z,y € C' and ¢t > 0,

1Tz = Tyl| < |(1 = t)(Tz = Ty) + t(z = y)|. (2)

In Hilbert spaces these mappings coincide with the firmly contractive ones introduced by
Browder. As Bruck shows, to any nonexpansive selfmapping T : C' — C that has fixed
points, one can associate a ’large’ family of firmly nonexpansive mappings having the same
fixed point set with 7. Hence, from the point of view of the existence of fixed points
on convex closed sets, firmly nonexpansive mappings exhibit a similar behaviour with the
nonexpansive ones. However, this is not anymore true if we consider non-convex domains
[43]. Firmly nonexpansive mappings in Banach spaces have also been studied in [7] and [39].

If T is firmly nonexpansive and has fixed points, it is well known [5] that the Picard
iterate (T"x) converges weakly to a fixed point of T" for any starting point x, while this is
not true for nonexpansive mappings (take again 7' = —Id). This is a first reason for the
importance of firmly nonexpansive mappings.

A second reason for the importance of this class of mappings is their correspondence with
maximal monotone operators, due to Minty [34].

The resolvent of a monotone operator was introduced by Minty [34] in Hilbert spaces and
by Brézis, Crandall and Pazy [3] in Banach spaces. Among other applications, the resolvent
has proved to be very useful in the study of the asymptotic behaviour of the solutions of
the Cauchy abstract problem governed by a monotone operator, see for instance [16], 36] 47].
Given a maximal monotone operator A : H — 2 and pu > 0, its associated resolvent of
order u, defined by Jf = (Id+ pA)™!, is a firmly nonexpansive mapping from H to H and
the set of fixed points of J;f coincides with the set of zeros of A. We refer to [2] for a very
nice presentation of this correspondence. Rockafellar’s [42] proximal point algorithm uses
the resolvent to approximate the zeros of maximal monotone operators.

The subdifferential of a proper, convex and lower semicontinuous function F : H —
(—o0, 00| is a maximal monotone operator, hence the resolvent associated to the subdiffer-
ential is a firmly nonexpansive mapping, that coincides with the proximal map introduced
by Moreau [35]. The proximal point algorithm for approximating the minimizers of F' is
based on the weak convergence towards a fixed point of the Picard iterate of the resolvent
and the fact that the minimizers of F' are the fixed points of the resolvent.



In the last 20 years a fruitful direction of research consists of extending techniques and
results obtained in normed spaces to metric spaces without linear structure. For instance
minimization problems associated to convex functionals have been solved in the setting of
Riemannian manifolds [I5] [31], while some problems have been modelled as abstract Cauchy
equations in the framework of nonpositive curvature geodesic metric spaces (see [33] [45] and
references therein). Although apparently the framework and the conceptual approach in the
previous problems are quite different, it is possible, as in the case of normed spaces, to find
a bridge between them through firmly nonexpansive mappings.

The goals of our work are twofold. First we generalize known results on firmly nonez-
pansive mappings in Hilbert or Banach spaces to suitable classes of geodesic spaces. Second
we obtain effective results on the asymptotic behaviour of Picard iterations.

In Section 2] we give basic definitions and properties of the classes of geodesic spaces we
consider in this paper: W-hyperbolic spaces, UCW -hyperbolic spaces, Busemann spaces and
CAT(0) spaces. We recall properties of asymptotic centers in such spaces, that are essential
for our results.

Firmly nonexpansive mappings in the Hilbert ball and, more generally, in hyperbolic
spaces, have already been studied in [I8] [40] [41] and, more recently, in the paper by Kopecka
and Reich [27]. In Section Bl we extend Bruck’s definition of firmly nonexpansive mapping to
our class of W-hyperbolic spaces. We show that, in the setting of CAT(0) spaces, the metric
projection on a closed convex set and the resolvent of a proper, convex and lower semicon-
tinuous mapping are firmly nonexpansive. Furthermore, Bruck’s association of a family of
firmly nonexpansive mappings to any nonexpansive mapping is adapted to Busemann spaces.

Section [ contains a fixed point theorem for firmly nonexpansive mappings defined on
finite unions of closed convex subsets of a complete UCW -hyperbolic space. Our result
generalizes and strengthens Smarzewski’s [43] fixed point theorem for uniformly convex Ba-
nach spaces. In this section we also obtain new results about periodic points of (firmly)
nonexpansive mappings.

In the next section we study the asymptotic behaviour of Picard iterates of firmly non-
expansive mappings, extending to W-hyperbolic spaces results of Reich and Shafrir [40] 41].
As a consequence, we get that any firmly nonexpansive mapping with bounded orbits is
asymptotically regular.

A concept of weak convergence in geodesic spaces is the so-called A-convergence, defined
by Lim [32]. Applying our asymptotic regularity result and general properties of Fejér
monotone sequences, we prove in Section [6 in the setting of complete UCW-hyperbolic
spaces, the A-convergence of Picard iterates of a firmly nonexpansive mapping to a fixed
point. As a consequence, one gets the A-convergence of a proximal point like algorithm to
a minimizer of a proper, convex and lower semicontinuous mapping defined on a CAT(0)
space.

In the final section of the paper we obtain effective rates of asymptotic regularity for Pi-



card iterations, applying methods of proof mining, similar to the ones used for Krasnoselski-
Mann iterations of nonexpansive mappings by Kohlenbach [23] in Banach spaces and the
second author [29] in UCW-hyperbolic spaces. We point out that our results are new even
for uniformly convex Banach spaces. In the case of CAT(0) spaces we obtain a quadratic
rate of asymptotic regularity. Proof mining is a paradigm of research concerned with the
extraction, using tools from mathematical logic, of hidden finitary and combinatorial con-
tent, such as algorithms and effective bounds, from proofs that make use of highly infinitary
principles. We refer to Kohlenbach’s book [25] for details.

2 Classes of geodesic spaces - definitions and proper-
ties

A W -hyperbolic space (X,d, W) is a metric space (X, d) together with a convexity mapping
WX x X x|0,1] - X satisfying

(W1) d(z, W(x,y,\)) < (1 = N)d(z,x) + Md(z,y),
(W2) AW (z,y,\), W(w,y, N) = A=A - d(z,y),
(W3) Wiz, y,A) =W(y,z,1-X),

(W4)  dW(z,z,\), W(y,w,\)) < (1 —=Nd(z,y) + Ad(z,w).

The convexity mapping W was first considered by Takahashi in [46], where a triple (X, d, W)
satisfying (W1) is called a convex metric space. W-hyperbolic spaces were introduced by
Kohlenbach [24] and we refer to [25] p.384] for a comparison between them and other notions
of "hyperbolic space’ that can be found in the literature (see for example [21], 17, [41]). The
class of W-hyperbolic spaces includes (convex subsets of) normed spaces, the Hilbert ball
(see [18] for a book treatment) as well as CAT(0) spaces [4].

We shall denote a W-hyperbolic space simply by X, when the metric d and the mapping
W are clear from the context. One can easily see that

d(x, W(z,y,\)) = Ad(z,y) and d(y,W(z,y,\))=(1—Nd(z,y). (3)

Furthermore, W (z,y,0) =z, W(x,y,1) =y and W(z,z,\) = z.
Let us recall now some notions concerning geodesics. Let (X, d) be a metric space. A
geodesic path in X (geodesic in X for short) is a map 7 : [a,b] — X satisfying

d(v(s),v(t)) = |s —t| forall s,t€ |a,b. (4)

A geodesic segment in X is the image of a geodesic in X. If v : [a,b] — X is a geodesic in
X, v(a) = z and ~(b) = y, we say that the geodesic v joins x and y or that the geodesic
segment y([a, b]) joins x and y; x and y are also called the endpoints of .
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A metric space (X, d) is said to be a (uniquely) geodesic space if every two distinct points
are joined by a (unique) geodesic segment.

If v([a,b]) is a geodesic segment joining = and y and A € [0,1], z := v((1 — A)a + Ab) is
the unique point in y([a, b]) satisfying

d(z,x) = Md(x,y) and d(z,y)=(1—N)d(z,y). (5)

In the sequel, we shall use the notation [z, y] for the geodesic segment 7([a, b]) and we shall
denote this z by (1 — A)x @ Ay, provided that there is no possible ambiguity.

Given three points z,y, z in a metric space (X,d), we say that y lies between x and z
if these points are pairwise distinct and if we have d(x,z) = d(z,y) + d(y, z). Obviously,
if y lies between x and z, then y also lies between z and x. Furthermore, the relation of
betweenness satisfies also a transitivity property (see, e.g., [38, Proposition 2.2.13]):

Proposition 2.1. Let X be a metric space and x,y, z,w be pairwise distinct points of X.
The following statements are equivalent:

(i) y lies between x and z and z lies between x and w.
(ii) y lies between x and w and z lies between y and w.

The following betweenness property expresses another form of 'transitivity’, which is not
true in general metric spaces:

for all z,y, z,w € X, if y lies between x and z and z lies between y and w,
then y and z lie both between x and w.

(6)

By induction one gets

Lemma 2.2. Let X be a metric space satisfying (@). For alln > 2 and all xy, 1, ..., 2, € X,
we have that

if forallk=1,...,n—1, xy lies between xp_1 and xpiq,
then for all k =1,...,n— 1,z lies between x¢ and xpy1.

(7)
The next lemma collects some well-known properties of geodesic spaces. We refer to [3§]

for details.

Lemma 2.3. Let (X, d) be a geodesic space.

(i) For every pairwise distinct points x,y,z in X, y lies between x and z if and only if
there exists a geodesic segment [z, z] containing y.

(ii) For every points x,y,z,w and any geodesic segment [v,y], if z,w € |x,y], then either
d(x,2) +d(z,w) = d(z,w) or dlw,z)+d(z,y) = d(w,y).

b}



(iii) For every geodesic segment [z,y] in X and A, \e 0, 1],
d ((1 Nz @Ay, (1— Nz @ Xy) = |\ — Ad(z, ).

(iv) Let 7y : a,b] = X be a geodesic that joins x and y. Define
b > X, v (s) =v(a+b—s).
Then v~ is a geodesic that joins y and x such that v~ ([a, b]) = v([a, b]).

(v) Let v,m : [a,b] — X be geodesics. If v([a,b]) = n([a,b]) and v(a) = n(a) (or v(b) =
n(b)), then v =n.

(vi) The following two statements are equivalent:

(a) X is uniquely geodesic.
(b) For any x #y € X and any X € [0,1] there ezists a unique element z € X such
that
d(l‘, Z) = )\d(l’,y> and d(y7 Z) = (1 - )\)d(.ﬁ(],?j)

Lemma 2.4. Let X be a uniquely geodesic space.
(i) Forallz,y € X, [z,y]={(1 =Nz ® Ay | A € [0,1]}.

(ii) For every pairwise distinct points x,y,z in X, y lies between x and z if and only if
y € [z, 2].

(iii) Let z,y,z,w be pairwise distinct points in X such that y = (1 — N)ax @ Az and z =
1—A
(1 —a)x @ aw for some A\, € (0,1). Then z = (1 — p)y ® pw, where p = %.
-«
Proof. (i),(ii) are obvious.
(iii) Applying (ii), Lemma 23l([{) and Proposition 21}, one gets that z € [y,w]. Thus,
z=(1-p)y @ pw for some p € (0,1). Furthermore,

1—
dzy) = (L= Nd(r.2) = (1~ Nad(e,w) = =240z )
-«
(=X C(I=XNa 1—-pu
= T, U pdly,w) = - d(z,y).
Thus, (11_ )\oza . L—n = 1 and the conclusion follows immediately. O
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Let (X, d, W) be a W-hyperbolic space. For all z,y € X, let us define
[z, ylw == {W(z,y,A) [ A € [0,1]}. (8)

Then [z, x]y = {z} for all z € X. A subset C' C X is convez if [z,y|lw C C for all z,y € C.
Open and closed balls are convex sets. A nice feature of our setting is that any convex subset
is itself a W-hyperbolic space.

Following [46], we call a W-hyperbolic space strictly convex if for any x # y € X and any
A € (0,1) there exists a unique element z € X (namely z = W (x,y, \)) such that

d(SL’, Z) = )\d(l’,?/) and d(y7 Z) = (1 - )\)d(.l’,?/) (9)
Proposition 2.5. Let (X,d, W) be a W -hyperbolic space. Then

(i) X is a geodesic space and for all v # y € X, [z,ylw is a geodesic segment joining x
and y.

(i) X is a uniquely geodesic space if and only if it is strictly conver.
(iii) If X is uniquely geodesic, then
(a) W is the unique convexity mapping that makes (X,d, W) a W -hyperbolic space.
(b) For all x,y € X and X € [0,1], W(z,y,\) = (1 = XNz & \y.
Proof. (i) For x # y € X, the map W, : [0,d(x,y)] —,
Way(a) = W (a:y L) . (10)
d(z,y)
is a geodesic satisfying W, ([0, d(z,v)]) = [z, w]w.
(il) By Lemma 2.3 ().

(iii) (b) is obvious. We prove in the sequel (a). Let W’ : X x X x [0,1] — X be another
convexity mapping such that (X, d, W’) is a W-hyperbolic space. For A € [0,1] and
x € X one has W(z,z,\) = W(z,z,\) = z. Let x,y € X,z # y. Then [z,y|w and
[z, ylw+ are geodesic segments that join z and y, hence we must have that [z, yly =
[z, ylwr, that is Wo, ([0, d(x,y)]) = W/, ([0,d(x,y)]). Since W, (0) = W, (0) = =, we
can apply Lemma 2.3l () to get that W, = W, . so that W(z,y,A\) = W'(z,y, ).
U



An important class of W-hyperbolic spaces are the so-called Busemann spaces, used by
Busemann [9, [10] to define a notion of nonpositively curved space’. We refer to [38] for
an extensive study. Let us recall that a map v : [a,b] — X is an affinely reparametrized
geodesic if «y is a constant path or there exist an interval [c,d] and a geodesic v : [¢,d] — X
such that v = 4/ 0 ¢, where 9 : [a,b] — [c, d] is the unique affine homeomorphism between
the intervals [a,b] and [c, d].

A geodesic space (X,d) is a Busemann space if for any two affinely reparametrized
geodesics v : [a,b] — X and v : [¢,d] — X, the map

Dyt [a,b] x [e,d] = R, Dy (s, t) = d(v(s),7'(t)) (11)

is convex. Examples of Busemann spaces are strictly convex normed spaces. In fact, a
normed space is a Busemann space if and only if it is strictly convex.

Proposition 2.6. Let (X, d) be a metric space. The following two statements are equivalent:
(i) X is a Busemann space.

(ii) There exists a (unique) convexity mapping W such that (X, d, W) is a uniquely geodesic
W -hyperbolic space.

Proof. (i) = (i1) Assume that X is Busemann. By [38, Proposition 8.1.4], any Busemann
space is uniquely geodesic. For any x,y € X, let [z, y] be the unique geodesic segment that
joins z and y and define

W:XxXx[0,1] =X, W(xuy=(1-Nzedy. (12)

Let us verify (W1)-(W4): (W4) follows from [38, Proposition 8.1.2.(ii)]; (W2) follows from
Lemma[2Z3] () ; (W1) follows from (W4) applied with z = x and the fact that W (z, z, \) = z;
(W3) follows by Lemma 23] (iv).

(17) = (i) Apply [38, Proposition 8.1.2.(ii)] and (W4). O

A very useful feature of Busemann spaces is the following (see [38, Proposition 8.2.4])

Lemma 2.7. Every Busemann space satisfies the betweenness property (6). Hence, Lemma
[Z.2 holds in Busemann spaces.

CAT(0) spaces are another very important class of W-hyperbolic spaces. A CAT(0) space
is a geodesic space satisfying the CN inequality of Bruhat-Tits [§]: for all z,y,z € X and
1
all m € X with d(z,m) = d(y,m) = §d(x, Y),

d(zm)? < 2d(z 2)? + %d(z, y)? - %d(aj,y)z. (13)

N —
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We refer to [4, p. 163] for a proof that the above definition is equivalent with the one
using geodesic triangles. In the setting of W-hyperbolic spaces, we consider the following
reformulation of the CN inequality: for all x,y,2 € X,

N> 1 1 1

N (a0 (wg) ) S el + i) - Jd ) (14)
We refer to [25], p. 386-388] for the proof of the following result.

Proposition 2.8. Let (X, d) be a metric space. The following statements are equivalent:

(i) X is a CAT(0) space.

(ii) There ezists a (unique) convezity mapping W such that (X,d, W) is a W-hyperbolic
space satisfying the CN~ inequality (14).

Convention: Given a W-hyperbolic space (X,d, W) and z,y € X, A € [0, 1], we shall
use from now on the notation (1 — X)z & Ay for W (z,y, \).

2.1 UCW-hyperbolic spaces

We define uniform convexity in the setting of W-hyperbolic spaces, following [I8, p. 105].
Thus, a W-hyperbolic space (X,d, W) is uniformly convex [29] if for any r > 0 and any
e € (0,2] there exists § € (0, 1] such that for all a,z,y € X,

d(z,a) <r 1 1

d(y,a) <r = d (51’ ® 5Y a) <(1—=0d)r (15)
d(z,y) >er

A mapping 1 : (0,00) x (0,2] — (0, 1] providing such a § := n(r,e) for given r > 0 and

e € (0,2] is called a modulus of uniform convezity. We call n monotone if it decreases with
r (for a fixed €).

Proposition 2.9. Any uniformly convex W -hyperbolic space is a Busemann space.
Proof. Apply [29, Proposition 5], Proposition 2.5 () and Proposition 2.6l a

Following [30], we shall refer to uniformly convex W-hyperbolic spaces with a monotone
modulus of uniform convexity as UCW -hyperbolic spaces. Furthermore, we shall also use
the notation (X, d, W,n) for a UCW-hyperbolic space having 1 as a monotone modulus of
uniform convexity.

As it was proved in [29], CAZ’ (0) spaces are UCW -hyperbolic spaces with a modulus

. . € . ..
of uniform convexity n(r,e) = —, that does not depend on r and is quadratic in . In

particular, any C'AT(0) space is also a Busemann space.
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The following lemma collects some useful properties of UCW -hyperbolic spaces. We refer
to [29, [30] for the proofs.

Lemma 2.10. Let (X,d,W,n) be a UCW -hyperbolic space. Assume that r > 0, ¢ € (0, 2]
and a,z,y € X are such that

d(z,a) <r, d(y,a) <r and d(z,y) > er.
Let A € [0,1] be arbitrary.
(i) d((1 =Nz @ Ay, a) < (1 —2X(1 = N)n(r,e))r;
(it) For any 0 < < e,
d((1 =Nz ® Ay, a) < (1= 2X(1 = N)n(r,¢))r;

(iii) For any s > r,
d(1 =Nz Ay,a) < (1 =2X1—=A)n(s,e))r.

2.2 Asymptotic centers

One of the most useful tools in metric fixed point theory is the asymptotic center technique,
introduced by Edelstein [111 [12].

Let (X, d) be a metric space, (x,) be a bounded sequence in X and C' C X be a nonempty
subset of X. We define the following functional:

r(-, (x,)): X = [0,00), r(y,(x,)) = limsupd(y,z,).

n—o0

The asymptotic radius of (x,) with respect to C' is given by
r(C, (zn)) = inf{r(y, (zn)) | y € C}.
A point ¢ € C is said to be an asymptotic center of (x,) with respect to C'if
r(c, (xn)) = 7(C, (xn)) = min{r(y, (z.)) | y € C}.

We denote with A(C, (z,,)) the set of asymptotic centers of (x,) with respect to C. When
C = X, we call ¢ an asymptotic center of (z,,) and we use the notation A((z,,)) for A(X, (z,)).
The following lemma will be very useful in the sequel.
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Lemma 2.11. [30]
Let (z,) be a bounded sequence in X with A(C,(x,)) = {c} and (), (5,) be real sequences
such that o, > 0 for all n € N, limsup a,, < 1 and limsup 3, < 0.

n—oo n—oo

Assume that y € C is such that there exist p, N € N satisfying

Vn 2 N<d(y> zn—i—p) S and(ca Zlﬁ'n) _I— ﬁn) .

Then y = c.

A classical result is the fact that in uniformly convex Banach spaces, bounded sequences
have unique asymptotic centers with respect to closed convex subsets. For the Hilbert ball,
this was proved in [I8, Proposition 21.1]. The following result shows that the same is true
for complete UCW -hyperbolic spaces.

Proposition 2.12. [30] Let (X,d, W) be a complete UCW -hyperbolic space. Every bounded
sequence (x,) in X has a unique asymptotic center with respect to any nonempty closed
convex subset C' of X.

2.3 Convex functions

Let (X, d) be a geodesic space and F' : X — (—o00, 00]. The mapping F' is said to be conver
if, for any geodesic v in X, the function F' o v is convex. Let us recall that the effective
domain of F' is the set dom F' := {x € X | F(z) < oo} and that F is proper if dom F is
nonempty.

For the rest of this section F' is a proper convex function.

If € domF and v : [0,¢] — X is a geodesic starting at z, the directional derivative
D, F(z) of F at x in the direction v is defined by

D F(z) = lim Z00) = F(@)

t—0t t

As F' is convex, the above limit (possibly infinite) always exist. Indeed, one can easily see

that D, F(z) — inf L) = (@)

t>0 t

Proposition 2.13. Let T € dom F'. The following statements are equivalent:
(i) T is a local minimum of F.
(i) T is a global minimum of F.

(111) D,F(T) > 0 for any geodesic 7y : [0,c] = X starting at 7.

11



Proof. (i) = (ii) Let € > 0 be such that F(z) < F(x) for all z € B(T,e). Let z # T
be arbitrary and v : [0,d(T,2)] — X be a geodesic in X that joins T and z. For all
t < min{e, d(T, z)} we have that d(v(t),T) =t < €, so that

P < FO0) = (For) ((1- 72— ) 0+ 7dte.2)

< (1—d(;’z))F(f)%—d(;’z)F(z).

Hence F(7) < F(2).

(77) = (i) and (47) = (ii7) are immediate.

(13i) = (ii) Let z # T be arbitrary. We shall prove that F'(z) > F(z). If F(z) = oo,
the conclusion is obvious, so we can assume that z € dom F. Let v : [0,d(ZT, z)] — X be a
geodesic that joins T and z. As F' is convex, one gets that for all ¢ € [0,d(Z, z)],

F(y(t)) < (1_d(ft Z))F(f)—l—d(f Z)F(z)<oo

Thus, Foy : [0,d(T, z)] = R is a convex real function satisfying (Fov) (0) = D,F(z) > 0
One gets that F(T) = (Foy)(0) < (Fov)(d(Z, 2)) = F(z). O

3 Firmly nonexpansive mappings

Firmly nonexpansive mappings were introduced by Bruck [6] in the context of Banach spaces
and by Browder [5], under the name of firmly contractive, in the setting of Hilbert spaces.
We refer to [18, Section 24] for a study of this class of mappings in the Hilbert ball.

Bruck’s definition can be extended to W-hyperbolic spaces. Let (X,d,W) be a W-
hyperbolic space, C C X and T : C — X. Given A € (0,1), we say that T is A-firmly
nonexpansive if for all =,y € C,

d(Tz, Ty) < d((1 =Nz ® Mz, (1 - Ny ®\Ty) forall z,y € C. (16)

If (I6) holds for all A € (0,1), then T is said to be firmly nonexpansive.

Applying (W4) one gets that any A-firmly nonexpansive mapping is nonexpansive, i.e. it
satisfies d(T'z, Ty) < d(x,y) for all z,y € C.

The first example of a firmly nonexpansive mapping is the metric projection in a CAT(0)
space. Let us recall that a subset C' of a metric space (X, d) is called a Chebyshev set if to
each point x € X there corresponds a unique point z € C such that d(z, z) = d(z, C), where
d(z,C) = inf{d(z,y) | y € C}. If C is a Chebyshev set, the metric projection Po : X — C
can be defined by assigning z to x.

12



By [4l Proposition I1.2.4], any closed convex subset C' of a CAT(0) space is a Chebyshev
set, the metric projection Py is nonexpansive and Po((1 — Nz @& APcx) = Po(x) for all
x € X and all A € (0,1). It is well known that in the setting of Hilbert spaces the metric
projection is firmly nonexpansive. We remark that for the Hilbert ball this was proved in
[18, p. 111]. The following result shows that the same holds in general CAT(0) spaces.

Proposition 3.1. Let C' be a nonempty closed convex subset of a CAT(0) space (X,d). The
metric projection Po onto C' is a firmly nonexpansive mapping.

Proof. Let x,y € X and A € (0,1). One gets that

d(Pcl', Pcy) = d(Pc((l — )\)ZL’ ) )\Pcl'), Pc((l — )\)y D )\Pcy))
< d((1 = Na @ A\Pez, (1 — Ny & A\Poy).

O

Bruck [6] showed for Banach spaces that one can associate to any nonexpansive mapping
a family of firmly nonexpansive mappings having the same fixed points. Goebel and Reich
[18] obtained the same result for the Hilbert ball. We show in the sequel that Bruck’s
construction can be adapted also to Busemann spaces.

Let C' be a nonempty closed convex subset of a complete Busemann space X and T :
C' — C be nonexpansive. For ¢t € (0,1) and = € C define

7 :C—=C, Tr(y)=1—-t)zatl(y). (17)

Using (W4), one can easily see that T} is a contraction, so it has a unique fixed point 2z € C,
by Banach’s Contraction Mapping Principle. Let

U :C—C, Ulzx)==z. (18)
Then Ui(z) = (1 — t)x & tT'(Uy(x)) for all z € C.

Proposition 3.2. U; is a firmly nonexpansive mapping having the same set of fixed points
as T'.

Proof. Let A € (0,1) and z,y € C. Denote u := (1=N)x®AUy(x) and v := (1 =Ny D AU, (y).
We can apply Lemma 2.4 (i) twice to get that

(1— M\t

Ulz) = (A = p)u® pT(Uz)), Uly) =1 = ppv @ pTUly)), wherep=-—¢-.

It follows that

d(Ui(x), Up(y)) = d((1 = p)u@ pT(Ui(z)), (1 = p)v & pT(Uly)))
(1 = pd(u,v) + pd(T(U()), T(U(y)))
(1 = pd(u, v) + pd(U(x), U(y))-

IA A
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Thus, d(Uy(x),U(y)) < d(u,v), so Uy is A-firmly nonexpansive.
The fact that U; and T" have the same set of fixed points is immediate.
]

A third example of a firmly nonexpansive mapping is the resolvent of a proper, convex
and lower semicontinuous mapping in a CAT(0) space.

Let (X,d) be a CAT(0) space, F' : X — (—o0,00] and g > 0. Following Jost [20], the
Moreau-Yosida approximation F* of F' is defined by

Fi() == inf {u F(y) +d(z,y)*}. (19)

We refer to [II, [45] for applications of the Moreau-Yosida approximation in CAT(0) spaces.
Jost proved [20, Lemma 2] that if FF : X — (—o00,00] is proper, convex and lower
semicontinuous, then for every x € X and p > 0, there exists a unique y,, € X such that

F(x) = pF(y,) + d(z, y,)>.

We denote this y,, with J,(z) and call J, the resolvent of F of order p.
In the same paper, Jost shows that for all u > 0 the resolvent J, is nonexpansive [20,
Lemma 4] and, furthermore, that for all A € [0, 1],

Ja—nu (1 =Nz @ X, (z)) = Ju(z) (see [20, Corollary 1]) (20)

Proposition 3.3. Let F': X — (—o00, 00] be proper, convezr and lower semicontinuous. Then
for every > 0, its resolvent J,, is a firmly nonexpansive mapping.

Proof. Let x,y € X and X\ € (0,1). Then

d(Ju(2), Ju(y)) = d(Ja—nu((1 =Nz @ A, (2)), Ja—nu (1= Ny & Au.(y)))
< d((1 = Nz & M,(@), (1 Ny @ A1)

O

Another example of a firmly nonexpansive mapping, given by Kopeckd and Reich [27,
Lemma 2.2], is the resolvent of a coaccretive operator in the Hilbert ball.

4 A fixed point theorem

Given a subset C' of a metric space (X, d), a nonexpansive mapping 7' : C' — C and z € C,
the orbit O(x) of x under T is defined by O(z) = {T™z | n =0,1,2,...}. As an immediate
consequence of the nonexpansiveness of T, if O(x) is bounded for some z € C|, then all
other orbits O(y), y € C' are bounded. If this is the case, we say that T" has bounded orbits.
Obviously, if T" has fixed points, then 7" has bounded orbits.

In this section we prove the following fixed point theorem.

14



p
Theorem 4.1. Let (X,d, W) be a complete UCW -hyperbolic space, C = U C}. be a union

k=1
of nonempty closed convex subsets Cy of X, and T : C — C' be \-firmly nonexpansive for

some X € (0,1). The following two statements are equivalent:
(i) T has bounded orbits.
(ii) T has fized points.

Let us remark that fixed points are not guaranteed if 7" is merely nonexpansive, as the
following trivial example shows. Let x # y € X, take C; = {z}, Cy = {y}, C = C, Uy and
T:C— C,T(x)=y,T(y) = . Then T is fixed point free and nonexpansive. If T" were
A-firmly nonexpansive for some A € (0,1), we would get

0<d(xz,y) = dTz,Ty) <d(1—=XNzd\NTz,(1 =Ny D \Ty)
= d((1=XNzd My, \zd (1 —Ny) = |2A — 1|d(z,y) by (W2)
< d(z,y),

that is a contradiction.

As an immediate consequence, we get a strengthening of Smarzewski’s fixed point theorem
for uniformly convex Banach spaces [43], obtained by weakening the hypothesis of C} being
bounded for all £ =1,...,p to T having bounded orbits.

p
Corollary 4.2. Let X be a uniformly convex Banach space, C' = U Ck be a union of

nonempty closed convex subsets Cy of X, and T : C' — C be \-firmly no_nexpanswe for some
Ae(0,1).
Then T has fixed points if and only if T has bounded orbits.

Theorem [A.1] follows from the following Propositions .5 and 3]

Proposition 4.3. Let X be a Busemann space, C C X be nonempty and T : C — C be
A-firmly nonexpansive for some A € (0,1). Then any periodic point of T is a fized point of
T.

Proof. Let x be a periodic point of 7" and m > 0 be minimal with the property that 77"z =
x. If m = 0, then z is a fixed point of 7', hence we can assume that m > 1. Since T is
nonexpansive, we have

d(z, T"z) = d(T™ 'z, T™z) < d(T"z, T '2) <--- < d(Tx, )
= d(Tx, T"2) < d(x, Tz),

15



hence we must have equality everywhere, that is
d(Tx,z) = d(T?*x, Tx) = ... = d(T™x, T" '2) = d(x, T"z) :== v > 0, (21)

since T™x # x, by the hypothesis on m. Applying now the fact that 7" is A-firmly nonex-
pansive, we get forall k=1,...,m
v o= d(T"2, TFz) < d((1 = NT%x @ X"z, (1 = N)TF 1z @ M\TF2)
< d((1 = NT "z @ NTF e, Tr) + d(Tz, (1 — N T e @ AT )
= (T2, T"2) + (1 = N)d(T" 2, TFz) = Ay + (1 = A)y = 1.

Hence, we must have

where
ar = (1=NT*z @ X",
B = 1=NTF'e@ Tz = XT"r @ (1 - )T 2.

We have the following cases:
(i) m =1, hence k = 1. Then T™ 'z = z and
ap:=1=-NTzdx, [Bi=ATzd(1-Nx.
It follows by (W2) that
3 = d(n, 1) = [A— (1= N)|d(z, T) = [2A — 1],
hence |2\ — 1| = 1, which is impossible, since A € (0, 1).

(ii) m > 2, hence m — 1 > 1. Since T*x lies between 8, and a; and, furthermore, oy, lies
between T*z and TF+'z, we can apply Lemma 2.7] twice to get firstly that 7%z lies
between 3, and TF*'z and secondly, since 8 lies between T 'z and T*z, that T"x
lies between TF 12 and TF+'z for all k = 1,...,m.

Apply now Lemma to conclude that 7™ 'z lies between x and T™x, hence
vy =d(z, T"z) = d(T™ o, T"x) + d(T" z,7) = v+ d(T™ 'z,2) > 7,

since T™ 'z # x. We have got a contradiction.
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We remark that Proposition holds for strictly convex Banach spaces too, as they are
Busemann spaces.

p
Lemma 4.4. Let (X,d) be a metric space, C = U Cy be a union of nonempty subsets Cy,

k=1
of X, and T : C — C be nonexpansive. Assume that T has bounded orbits and that for

some z € C, the orbit (T"z) of T has a unique asymptotic center xy with respect to every
Cp, k=1,...,p.
Then one of xy, k =1,...,p is a periodic point of T'.

Proof. Since T is nonexpansive, we have that

d(Tay, T"'2) < d(wp, T"2) forallm>0,k=1,...,p, hence (23)
r(Txy, (T"2)) < r(zg, (T"z)) forall k=1,... p. (24)

If there exists ko € {1,...,p} such that Txy, € Cy,, then applying Lemma ZTT] with y =
Tzy,,p =10, =1,5, =0 and z, = T"z, we have that T'ry, = zy,, that is, z, is a fixed
point of 7. In particular, zy, is a periodic point of 7T'.

Otherwise, assume that Tz, ¢ Cy for all 1 < k < p. It is easy to see that there
exist integers {ny,na,...,nn} C {1,2,...,p}, with m > 2, such that T'z,, € C,,,, for all
k=1,...,m—1and Tx,, €C,,.

Applying repeatedly (24) and the fact that x,, is the unique asymptotic center of (77"z)
with respect to C,, , we get that

r(zn,,(T"2)) < r(Tx,,,(T"2)) <r(z,,,(T"2)}) <...<r(Tz,, (T"2))
< (@, (T72)).

Thus, we must have equality everywhere. We get that r(z,,,(T"z2)) = r(Tx,,,, (T"z))
and r(Twxy,,, (1"2)) = r(xy,,,,(IT"z)) for all k = 1,...,m — 1. By the uniqueness of the
asymptotic centers, we get that

Ty, =Ty, and Tx,, =z,  forallk=1,...,m—1. (25)

It follows that 7™z, = x,,, hence z,, is a periodic point of 7' O

p

Proposition 4.5. Let (X, d, W) be a complete UCW -hyperbolic space, C' = U C}, be a union
k=1

of nonempty closed convexr subsets Cy of X, and T : C — C be a nonexpansive mapping

having bounded orbits.
Then T has periodic points.

Proof. By Proposition 212, for all z € C and for all Kk = 1,...,p, the orbit (7"z) has a
unique asymptotic center x, with respect to Cy. Apply Lemma [£.4] to get that one of the
asymptotic centers xy, k= 1,...,p is a periodic point of T'. O

17



5 Asymptotic behaviour of Picard iterations

The second main result of the paper is a theorem on the asymptotic behaviour of Picard
iterations of A-firmly nonexpansive mappings, which generalizes results obtained by Reich
and Shafrir [40] for firmly nonexpansive mappings in Banach spaces and the Hilbert ball.

Theorem 5.1. Let C' be a subset of a W-hyperbolic space X and T : C' — C' be a \-firmly
nonexpansive mapping with X € (0,1). Then for all x € X and k € Z,

lim d(T" 2, T"2) = — lim d(T" "z, T"z) = lim ATz, z) =ro(T),

1
n—o00 E n—o00 n—o00 n
where ro(T) := inf{d(x,Tx) | x € C'} is the minimal displacement of T'.

The mapping T is said to be asymptotically reqular at x € C if lim d(T"z,T"z) = 0.

n—oo

If this is true for all z € C, we say that T' is asymptotically reqular.
Before proving Theorem .1l we give the following immediate consequences.
Corollary 5.2. The following statements are equivalent:
(i) T is asymptotically regular at some x € C.
(i) re(T) = 0.
(iii) T is asymptotically regular.
Corollary 5.3. If T' has bounded orbits, then T is asymptotically regular.

Remark 5.4. As Adriana Nicolae pointed out to us in a private communication, one can
easily see that Proposition[4.3 is an immediate consequence of the above corollary. However,
our proof of this proposition holds (with small adaptations) also in more general spaces like
geodesic spaces with the betweenness property (see [37]), for which it is not known whether
Corollary[5.3 is true.

5.1 Proof of Theorem [5.1]
In the sequel, X is a W-hyperbolic space, C C X and T : C' — C.

Lemma 5.5. Assume that T is nonexpansive and x € C'.

(i) For all k > 1, Ry, := lim d(T" "2, T"z) exists and Ry, < kR;.

n—o0

AL AL
(ii) L := lim ATz z) exists and equals inf dT"z z)

. Moreover, L is independent of x.
n—00 n n>1 n
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Proof. (i) Since the sequence (d(T"*x,T"z)), is nonincreasing, obviously R}, exists. Re-
mark that

Ed
—_

d(Tn+kl', Tnllj') < d(Tn—HZL', Tn+i+1£l§') < kd(Tn+1Zl§', Tnl’)

i

Il
o

and let n — oo to conclude that R, < kR;.
(ii) One has that for all m,n > 1,
d(T™ "z, x) < d(T™ "2, T"x) + d(T"x,x) < d(T"x,x) + d(T"x, 7),

hence the sequence (d(T"x,z)) is subadditive. Apply now Fekete’s subadittive lemma

[14] to get that L = inf A1z, z)

nf . The independence of = follows from the fact that
n> n

for all z,y € C,
d(T"z,x) —d(T"y,y) < d(T"z, T"y) + d(z,y) < 2d(z,y).

(iii) Obviously, Ry = 1:r>1f1 d(T"x, T""x) > ro(T). Given e > 0, there is a point y € C such
that ro(T) < d(y, Ty) < re(T) + €. It follows that

L = limM: limM:infM
n—0o0 n n—00 n n>1 n

< Tc(T) + €.

<d(Ty,y)

As e > 0 was arbitrary, we get that L < rq(T).

Lemma 5.6. Let T' be A-firmly nonexpansive for some X € (0,1). Then for all z,y € C,

d(Tz, Ty) < L—id(m y) + H%(d(Tx,y) +d(z, Ty)). (26)

Proof. Apply (W1) more times to get that

d((1— D ATz, (1 — Ny d \Ty))
1=XNd(1 =Nz M\lx,y)+ (1 — Nz & Nz, Ty)

d(Tx, Ty) )z
( (
(1= A)%d(z,y) + M1 = N)(d(Tz,y) + d(z, Ty)) + Nd(Tz, Ty).

IAIA TN
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Proof of Theorem [5.1]

We prove that R, = kR, for all £ > 1 by induction on k. Assume that R; = jR; for all
j=1,...,kand let ¢ > 0. Since (d(T"*"x,T™z)) is nonincreasing, we get N. > 1 such that
forany j =1,...,k and for all n > N,

1 .
R1 S ;d(Tn—HSL’,TnLL’) S R1 +é (27)
Let n > N.. By (26]), we get that
1—
d(T”Hx, Tn+k+1$) < 5 i\\d(TniL’, Tn+kl') + : i X (d(T"+1x, Tn+k$) + d(TnLU, T’n+k+lx))7

hence

1 1-

d(TnLU, Tn+k+1x) > %)\d(Tn—l—lx, Tn+k+1x) _ T)\d(TTH—kI, Tn.flf> .
—d(T"+1ZL', Tn+kl’)
14+ A 1-A
> %le = k(R +e) — (k= (R +e)

= (k+1)Rl+<1—§) 3

By letting n — oo, it follows that Ry > (k + 1)R;, as € > 0 is arbitrary. Apply now
Lemma 5.5l ({) to conclude that Rxy = (k+ 1)R;.
d(T*
Since d(T""*x, Trz) < d(T*x, z) for all k,n > 1, let n — oo to get that Ry < M
for all £ > 1 and, as a consequence, R; < L. Apply now Lemma .5 (i) to conclude that
L =Ry =ro(T). O

6 A-convergence of Picard iterates

In 1976, Lim [32] introduced a concept of convergence in the general setting of metric spaces,
which is known as A-convergence. Kuczumow [28] introduced an identical notion of conver-
gence in Banach spaces, which he called almost convergence. As shown in [22], A-convergence
could be regarded, at least for CAT(0) spaces, as an analogue to the usual weak convergence
in Banach spaces. Jost [19] introduced a notion of weak convergence in CAT(0) spaces, which
was rediscovered by Espinola and Ferndndez-Leén [13], who also proved that it is equivalent
to A-convergence. We refer to [44] for other notions of weak convergence in geodesic spaces.

Let (z,) be a bounded sequence of a metric space (X,d). We say that (z,) A-converges
to z if x is the unique asymptotic center of (u,,) for every subsequence (u,,) of (z,). In this

case, we write 7, — 2 or A — lim z, = z and we call z the A-limit of ().
n—o0
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Let (X, d) be a metric space and F' C X be a nonempty subset. A sequence (z,) in X is
said to be Fejér monotone with respect to F' if

d(p,xps1) < d(p,z,) forallpe Fandn >0. (28)

Thus each point in the sequence is not further from any point in F' than its predecessor.
Obviously, any Fejér monotone sequence (z,,) is bounded and moreover (d(z,,p)) converges
for every p € F.

The following lemma is very easy to prove.

Lemma 6.1. Let (X, d) be a metric space, F' C X be a nonempty subset and (x,) be Fejér
monotone with respect to F'. Then

(i) For allp € F, (d(p,z,)) converges and r(p, (z,)) = lim d(p, z,).

n—oo

(i) Every subsequence (uy,) of (x,) is Fejér monotone with respect to F' and for allp € F,
r(p; (un)) = r(p, (xn)). Hence, 7(F, (ua)) = r(F, (z,)) and A(F, (u,)) = A(F, (2,)).

(iii) If A(F,(z,)) = {z} and A((u,)) C F for every subsequence (u,) of (x,), then (x,)
A-converges to x € F.

Furthermore, one has the following result, whose proof is very similar to the one in strictly
convex Banach spaces. For the sake of completeness, we give it here.

Lemma 6.2. Let C' be a nonempty closed convex subset of a uniquely geodesic space (X, d)
and T : C — C be nonexpansive. Then the set Fix(T) of fixzed points of T is closed and
convex.

Proof. The fact that Fixz(T) is closed is immediate from the continuity of 7. We shall prove
its convexity. Let =,y € Fixz(T) be distinct and z € [z, y|. Then

d(z,y) < d(z,T2)+d(Tzy)=dTz,Tz)+d(TzTy) <d(z,z)+d(z,vy) =d(z,y).

Thus, d(x,Tz)+d(Tz,y) = d(z,y), so that Tz € [z,y]. We apply now Lemma 2.3] (i) to get
the following cases:

(i) d(z,2)+d(z,Tz)=d(x,Tz) =d(Tz,Tz) <d(z,z),
(i) dly,z)+d(z,Tz) =d(y,Tz) =d(Ty,Tz) < d(y, 2)
In both cases, it follows that Tz = z. O

Proposition 6.3. Let (X, d, W) be a complete UCW -hyperbolic space, C C X be nonempty
closed conver and T : C — C be a nonexpansive mapping with Fix(T) # 0. If T is

asymptotically reqular at x € C, then the Picard iterate (T"x) A-converges to a fized point
of T.

21



Proof. By Lemma [6.2] the nonempty set F' := Fiz(T) is closed and convex. Furthermore,
one can see easily that (7"x) is Fejér monotone with respect to F' and, by Theorem 2.12]
(T™z) has a unique asymptotic center with respect to F. Let (u,) be a subsequence of (T"x)
and u be its unique asymptotic center. Then

d(Tu,uy) < d(Tu, Tuy,) + d(Tup, u,) < d(u, uy,) + d(uy, Tuy,),

so we can use Lemma [2Z.11] to obtain that Tu = u, i. e. u € F. Apply Lemma [6.1] (i) to get
the conclusion. O

By [30, Theorem 3.5] one can replace in the above theorem the assumption that 7" has
fixed points with the equivalent one that 7" has bounded orbits.

We get the following A-convergence result for the Picard iteration of a firmly nonexpan-
sive mapping.

Theorem 6.4. Let (X,d, W) be a complete UCW -hyperbolic space, C C X be nonempty
closed convex and T : C — C be a A-firmly nonexpansive mapping for some A € (0,1).
Assume that Fix(T) # (0. Then for all z in C, (T"x) A-converges to a fized point of T.

Proof. Since Fix(T) # (), we get that ro(T) = 0, so, by Corollary 5.2], that T is asymptoti-
cally regular. Apply now Proposition O

6.1 An application to a minimization problem

Let (X, d) be a complete CAT(0) space and F' : X — (—o00,00] be a proper, convex and
lower semicontinuous mapping. We shall apply Theorem to approximate the minimizers
of F', that is the solutions of the minimization problem IIIl)I(l F(z).

e

Let argmin F'(y) = {x € X | F(z) < F(y) for all y € X} be the set of minimizers of F.
yeX

The following result is a consequence of the definition of the resolvent and Proposition 2.13l

Proposition 6.5. For all p > 0, the set Fixz(J,) of fived points of the resolvent associated
with F' coincides with the set argmin F(y) of minimizers of F.
yeX
Proof. Let p > 0.
? D7 If z is a minimizer of F, one gets that uF(z) < uF(y) + d(z,y)? Tt follows that
z € argmin {uF(y) + d(Z,y)*}. By the definition of J,,, it follows that J,(z) = .
yeX

? C 7 Assume that J,(Z) = 7, so uF(z) < uF(y) +d(z,y)? for ally € X. Let v:[0,c] = X
be a geodesic starting with Z. Then for all ¢ € [0, ¢], one has that

F(y(t) = F(@) _ _d@ )’ _

t - put w
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It follows that D,F(z) > 0, hence we can apply Proposition 2.13] to conclude that F/(z) <
F(y) for all y € X. O

As the resolvent is a firmly nonexpansive mapping, one can apply Theorem and the
above result to obtain

Corollary 6.6. Assume that F has a minimizer. Then for all p > 0 and all x € X, the
Picard iterate (J}}(x)) A-converges to a minimizer of F.

We remark that a more general result was obtained recently by Bacék [I] using different
methods. Thus, Ba¢ék obtained in the setting of CAT(0) spaces the following proximal point
algorithm: if F' has minimizers, then for all zy € X and all sequences (\,) divergent in sum,
the sequence

1
Tpy1 i= argmin <F(y) + —d(y, xn)Q)
yeX 2)\n

A-converges to a minimizer of F'.

7 Effective rates of asymptotic regularity

As we have proved in Section Bl any A-firmly nonexpansive mapping T : C' — C' defined on
a nonempty subset C' of a W-hyperbolic space X is asymptotically regular, provided T has
bounded orbits.

In this section we shall obtain, for UCW -hyperbolic spaces, a rate of asymptotic regular-
ity of T, that is a rate of convergence of the sequence (d(T"z, ")) towards 0. The methods
of proof are inspired by those used by Kohlenbach [23] and the second author [29] for com-
puting rates of asymptotic regularity for the Krasnoselski-Mann iterations of nonexpansive
mappings in uniformly convex Banach spaces and UCW -hyperbolic spaces.

For x € C and b,e > 0, let us denote

Fiz (T,x,b) :={y € C | d(y,z) < band d(y,Ty) < e}.

If Fix (T, z,b) # 0 for all & > 0, we say that T has approximate fized points in a b-
neighborhood of x.

Theorem 7.1. Let b > 0, € (0,1) and n : (0,00) x (0,2] — (0,1] be a mapping that
decreases with v for fized €. Then for all UCW-hyperbolic spaces (X,d, W, n), nonempty
subsets C' C X, \-firmly nonexpansive mappings T : C' — C and all x € C' such that T has
approzimate fized points in a b-neighborhood of x, the following holds:

Ve > 0Vn > (e, n, A\, b) (d(T"z, T 'z) < &), (29)
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where

b+1

£

0 otherwise.

for e < 2b,

O(e,m, A\, ) = (30)

Remark 7.2. If, moreover, n(r,e) can be written as n(r,e) = €-1(r,€) such that 1 increases
with € (for a fized r), then the bound ®(e,n, \,b) can be replaced for e < 2b by

= b+1

O(e,m, A\, b) = -

(31)

Before proving the above results, let us give two consequences.

Corollary 7.3. Let b,\,n be as in the hypothesis of Theorem [7.1. Then for all UCW-
hyperbolic spaces (X,d, W, n), bounded subsets C' C X with diameter do < b, A-firmly non-
expansive mappings T : C'— C and all x € C,

Ve > 0Vn > ®(e,n, A\, b) (d(T"x, T"'z) < g),
where ®(e,n, A\, b) is given by (30).

Proof. If C' is bounded, then T is asymptotically regular by Corollary 5.3l Hence, for all
b > de, T has approximate fixed points in a b-neighborhood of z for all x € C. O

Thus, for bounded C, we get that T is asymptotically regular with a rate ®(e,n, A, b)
that only depends on ¢, on X via the monotone modulus of uniform convexity 7, on C' via
an upper bound b on its diameter d- and on the mapping 7" via A\. The rate of asymptotic
regularity is uniform in the starting point = € C' of the iteration and other data related with
X,Cand T.

As we have remarked in Section Pl CAT(0) spaces age UCW -hyperbolic spaces with a

€
quadratic (in ) modulus of uniform convexity 7(e) = —, which has the form required in

Remark As an immediate consequence, we get a quadratic (in 1/¢) rate of asymptotic
regularity in the case of CAT(0) spaces.

Corollary 7.4. Let b > 0 and X € (0,1). Then for all CAT(0) spaces X, bounded subsets
C C X with diameter do < b, A-firmly nonexpansive mappings T : C — C and x € C, the
following holds

Ve > 0Vn > U(g, A\, b) (d(T"2, T"'2) <¢),
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where

8b+1) 1
{m . 8—2} for e < 2b,

0 otherwise.

U(e, A\ b) =

7.1 Proof of Theorem [7.1] and Remark

One can easily see that d(T™z, T"1x) < 2b for all n € N, hence the case ¢ > 2b follows.
Assume now that € < 2b and denote

b+1

N :=®(e,n, \,b) = 8 (32)
1-— 1, ——
eA( A)n(b+ ’b+1)
Let 6 > 0 be such that § < _ so that (N +1)0 < ! < 1. By hypothesis, there exists
AN F1) I ’
y € C satisfying
d(z,y) <b and d(y,Ty) <. (33)

We shall prove that there exists n < N such that d(T"xz, T""'z) < ¢ and apply the fact
that (d(T"x, T""'x)) is nonincreasing to get the conclusion. Assume by contradiction that
d(T"x, T"x) > ¢ for all n = 0,..., N. In the sequel, we fix such an n. For simplicity we
shall use the notation

rp i =d(T"z,y) + d(y, Ty). (34)
One gets by an easy induction that

rn < d(z,y)+(n+1)d(y,Ty) <b+ (N+1)§<b+ 1
Since

d(T" e y) < AT 2, Ty) + d(Ty,y) < 1o, d(T"2,y) <7,

d(T"x, Ty) < d(T"z,y) + d(y, Ty) = 1, d(T""'2,Ty) <y

and d(T"x, T"'z) > &, we can apply twice Lemma 210 () with r :=r, and s :=b+1 to
get that

(1= NT "z d M T, y) < (1 —2A(1 =\ (b +1, b%)) Ty

d((1 = \N)T"z @ \XT" 2, Ty) < <1 —2X\(1—=MN)n (b +1, HLI)) T
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As T is M-firmly nonexpansive, it follows that

AT, Ty) < d((1- Tz & X" e, (1 - Ny @ ATy)
< (1= N d((1 = NT" &N, y) +

+Ad((1 = NT"x @ X"z, Ty) by (W1)

£
< _ _ =
< (1 20(1 A)n<b+1,b+1))rn
— d(T"z,y) +d(y, Ty) — 2r,A(1 = M) (b g 1)
< d(T"z,y) + 9 —eX(1—=N)n (b +1, L) :

b+1
since d(y, Ty) < § and

1
c < ST, T ) <

5 (d(T"2,y) +d(y, Ty) + d(Ty, T""'z)) < ry.

N —

Using now the fact that d(T" 'z, y) < d(T" 2, Ty) + d(y, Ty), we get that

d(T" Mz, y) < d(T"z,y) + 26 — (1 — \)n <b +1, M—Ll) .

Adding (33) for n =0, ..., N, it follows that

ATz, y) < d(x,y) +2(N+1)5 — (N + DeX(1 — Ny (b +1, (H_Ll)

1 €
< Z —_ -
< b+ 5 (N 4+ 1)eA(1 —N)n (b+1,b+1)
1
< b+§—(b+1)<0,

that is a contradiction. O

To prove Remark [7.2] observe that, by denoting

b+1

6 Y
1—-XA)n 1, ——
eA( A)n<b+ ’b—i—l)

N = ®(e,n,\,b) =

26

(35)



and following the proof above with r,, instead of b + 1 we obtain

d(T" 'z, Ty) < d(T"z,y) + 5 —r 1 - \)n (rn, i)
T'n

IA

n

d(T"z,y) + 0 — rpA(1 — A\)n (b +1, i)
since 7 is monotone

= d(T"z,y)+6—eX(1 = A)7 (b +1, i)

T'n

IN

; B Ry 5
d(T"z,y) + 0 —e(1 A)n(b+1,—b+1)

since 7 increases with ¢.

Follow now the proof above to get the conclusion. U
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