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Abstract

Let C be a bounded, closed, convex subset of a uniformly convex metric space (M, d).
In this paper, we introduce the concept of asymptotic pointwise nonexpansive
semigroups of nonlinear mappings T; : C — C, i.e, a family such that To(x) = x,

Torr = To(Te(x)), and d(T:(x), T: () < ot (X)d(x, ), where lim sup,_, o, @:(x) < 1 for every

x € C. Then we investigate the existence of common fixed points for asymptotic
pointwise nonexpansive semigroups. The proof is based on the concept of types
extended to one parameter family of points.
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1 Introduction

The purpose of this paper is to prove the existence of common fixed points for semi-
groups of nonlinear mappings acting in metric spaces. Recently, Khamsi and Kozlowski
presented a series of fixed point results for pointwise contractions, asymptotic pointwise
contractions, pointwise nonexpansive and asymptotic pointwise nonexpansive mappings
acting in modular functions spaces [1, 2].

Let us recall that a family {7};};>o of mappings forms a semigroup if Ty (x) = x, and Ty,; =
T o T;. Such a situation is quite typical in mathematics and applications. For instance, in
the theory of dynamical systems, the vector function space would define the state space,
and the mapping (t,x) — T;(x) would represent the evolution function of a dynamical
system. The question about the existence of common fixed points, and about the structure
of the set of common fixed points, can be interpreted as a question whether there exist
points that are fixed during the state space transformation 7 at any given point of time ¢,
and if yes - what does the structure of a set of such points may look like. In the setting of
this paper, the state space is a nonlinear metric space.

The existence of common fixed points for families of contractions and nonexpansive
mappings in Banach spaces has been the subject of the intensive research since the early
1960s, as investigated by Belluce and Kirk [3, 4], Browder [5], Bruck [6], DeMarr [7], and
Lim [8]. The asymptotic approach for finding common fixed points of semigroups of Lip-
schitzian (but not pointwise Lipschitzian) mappings has also been investigated, see, e.g.,
Tan and Xu [9]. It is worthwhile mentioning the recent studies on the special case, when
the parameter set for the semigroup is equal to {0,1,2,3,...}, and T, = T", the nth iterate
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of an asymptotic pointwise nonexpansive mapping. Kirk and Xu [10] proved the existence
of fixed points for asymptotic pointwise contractions and asymptotic pointwise nonex-
pansive mappings in Banach spaces, while Hussain and Khamsi [11] extended this result
to metric spaces, and Khamsi and Kozlowski to modular function spaces [1, 2]. In the
context of modular function spaces, Khamsi discussed in [12] the existence of nonlinear
semigroups in Musielak-Orlicz spaces and considered some applications to differential

equations.

2 Uniform convexity in metric spaces

Throughout this paper, (M, d) will stand for a metric space. Suppose that there exists a
family F of metric segments such that any two points «x,y in M are endpoints of a unique
metric segment [x,y] € F ([x,y] is an isometric image of the real line interval [0, d(x, y)]).
We shall denote by (1 — 8)x @ By the unique point z of [«, y], which satisfies

d(x,2z) = Bd(x,y) and d(z,y) = (1 - B)d(x,y).

Such metric spaces are usually called convex metric spaces [13]. Moreover, if we have
1 1 1 1 1
d - AW S ~ =< _d s ) )
(21?69 LA 2y> < 5dy)

for all p, x, y in M, then M is said to be a hyperbolic metric space (see [14]).

Obviously, normed linear spaces are hyperbolic spaces. As nonlinear examples, one can
consider the Hadamard manifolds [15], the Hilbert open unit ball equipped with the hy-
perbolic metric [16], and the CAT(0) spaces [17-19] (see Example 2.1). We will say that a
subset C of a hyperbolic metric space M is convex if [x,y] C C, whenever x, y are in C.

Definition 2.1 Let (M, d) be a hyperbolic metric space. We say that M is uniformly convex
(in short, UC) if for any a € M, for every r > 0, and for each € > 0

1 1 1
8(r,e) = inf{l - —d(§x€9 Ey,a);d(x,a) <rd@ya)<rdxy) > re} > 0.
r

The definition of uniform convexity finds its origin in Banach spaces [20]. To the best
of our knowledge, the first attempt to generalize this concept to metric spaces was made
in [21]. The reader may also consult [14, 16, 22].

From now onwards we assume that M is a hyperbolic metric space, and if (M, d) is uni-
formly convex, then for every s > 0, € > 0, there exists 7(s,€) > 0 depending on s and €
such that

8(r,e) >n(s,e) >0 foranyr>s.

Most of the results in this section may be found in [22].

Remark 2.1 [2, 22]
(i) Letus observe that §(r,0) = 0, and 8(r, ) is an increasing function of ¢ for every
fixed r.
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(if) For r; < ry there holds

1- r_2<1 —5<}’2,82>) <8(r,¢).
r ry

(ili) If (M, d) is uniformly convex, then (M, d) is strictly convex, i.e., whenever

1 1
d| =x® =y,a | =d(x,a) = d(y,a)
2 2
for any x,y,a € M, then we must have x = y.

Lemma 2.1 [2, 22] Assume that (M, d) is uniformly convex. Let {C,} C M be a sequence of
nonempty, nonincreasing, convex, bounded and closed sets. Let x € M be such that

0<d= lim d(x, C,) < oo.

n— 00

Let x,, € C,, be such that d(x,x,) — d. Then {x,} is a Cauchy sequence.

Recall that a hyperbolic metric space (M, d) is said to have the property (R) if any non-
increasing sequence of nonempty, convex, bounded and closed sets, has a nonempty in-
tersection [23].

Our next result deals with the existence and the uniqueness of the best approximants
of convex, closed and bounded sets in a uniformly convex metric space. This result is of
interest by itself as uniform convexity implies the property (R), which reduces to reflexivity

in the linear case.

Theorem 2.1 [2, 22] Assume that (M,d) is complete and uniformly convex. Let C C M
be nonempty, convex and closed. Let x € M be such that d(x, C) < co. Then there exists a

unique best approximant of x in C, i.e., there exists a unique xo € C such that
d(x,x0) = d(x, C).

The following result gives the analogue of the well known theorem that states any uni-

formly convex Banach space is reflexive (see Theorem 2.1 in [16]).

Theorem 2.2 [2,22] If(M,d) is complete and uniformly convex, then (M, d) has the prop-
erty (R).

Note that any hyperbolic metric space M, which satisfies the property (R), is complete.

The following technical lemma will be needed.

Lemma 2.2 (2, 22] Let (M, d) be uniformly convex. Assume that there exists R € [0, +00)
such that

1 1
limsupd(x,,a) <R, limsupd(y,,a) <R, and lim d(a, Ex” @ Eyn> =R.

n—o0 n—00 n—00
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Then
lim d(x,,y,) = 0.
n— o0

Example 2.1 Let (X,d) be a metric space. A geodesic from x to y in X is a mapping ¢ from
a closed interval [0,/] C R to X such that ¢(0) = x, ¢({) = y, and d(c(¢),c(t)) = |t — ¢| for
all ¢,¢' € [0,/]. In particular, ¢ is an isometry and d(x,y) = [. The image « of ¢ is called a
geodesic (or metric) segment joining x and y. The space (X, d) is said to be a geodesic space
if every two points of X are joined by a geodesic and X is said to be uniquely geodesic if
there is exactly one geodesic joining x and y for each x,y € X, which we will be denoted by
[x,5], and called the segment joining x to y.

A geodesic triangle A(x1,x2,%3) in a geodesic metric space (X,d), consisting of three
points x1,%3,%3 in X (the vertices of A) and a geodesic segment between each pair of ver-
tices (the edges of A). A comparison triangle for geodesic triangle A(x,x3,%3) in (X, d) is
a triangle A(xy,%2,%3) := A(X1, X2, %3) in R? such that dp2 (%, x;) = d(x;, ;) for i,j € {1,2,3}.
Such a triangle always exists (see [24]).

A geodesic metric space is said to be a CAT(0) space if all geodesic triangles of appro-
priate size satisfy the following CAT(0) comparison axiom:

Let A be a geodesic triangle in X, and let A C R? be a comparison triangle for A. Then A
is said to satisfy the CAT(0) inequality if for all x, y € A and all comparison points x,y € A,

d(x,y) <d(x,7).
Complete CAT(0) spaces are often called Hadamard spaces (see [18]). If x, y1, y, are points

of a CAT(0) space, and y, is the midpoint of the segment [y, y»], which will be denoted by
yﬁ%’ then the CAT(0) inequality implies that

D 1 1 1
e <x ne ”) < 2Pl + )~ 1),

This inequality is the (CN) inequality of Bruhat and Tits [25]. As for the Hilbert space, the
(CN) inequality implies that CAT(0) spaces are uniformly convex with

82
8(re)=1—/1-=—.
(r,€) )

One may also find the modulus of uniform convexity via similar triangles.

Recall that 7 : M — R, is called a type if there exists {x,} in M such that

7(x) = limsup d(x, x,,).

n—00

Theorem 2.3 [2,22] Assume that (M, d) is complete and uniformly convex. Let C be any a
nonempty, closed, convex and bounded subset of M. Let T be a type defined on C. Then any

minimizing sequence of T is convergent. Its limit is independent of the minimizing sequence.
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3 Asymptotic Pointwise Nonexpansive Semigroups

Recall the definition of an asymptotic pointwise nonexpansive mapping defined in metric
spaces [10, 26]. For similar definition of asymptotic contractions, the reader may consult
(10, 11].

Definition 3.1 Let (M, d) be a metric space and C C M be nonempty and closed. A map-
ping T : C — C is called an asymptotic pointwise mapping if there exists a sequence of

mappings «, : C — [0, 00) such that
d(T"(x), T"(y)) < an(x)d(x,y),

for any x,y € C. If limsup,_, ., a,(x) <1 for any x € C, then T is called asymptotic point-
wise nonexpansive. A point x € C is called a fixed point of T if T'(x) = x. The set of fixed
points of T will be denoted by Fix(T).

This definition is now extended to a one parameter family of mappings.

Definition 3.2 A one-parameter family F = {T;; ¢t > 0} of mappings from C into itself is
said to be an asymptotic pointwise nonexpansive semigroup on C if F satisfies the follow-
ing conditions:
(i) To(x) =xforxe C;
(if) Tyes(x) = Ti(Ts(x)) for x € C and ¢, s € [0, 00);
(iii) for each t> 0, T} is an asymptotic pointwise nonexpansive mapping, i.e., there
exists a function «; : C — [0, 00) such that

d(Tt(x): Tt()’)) < oy (x)d(x,9), (3.1)
for all w,y € C, such that limsup,_,  o(x) <1 for every x € C, where

limsup o (x) = inf (sup a,(x));
t—00 M>0 t>M
(iv) for each x € C, the mapping ¢t — T;(x) is strong continuous.
For each ¢ > 0, let Fix(T;) denote the set of its fixed points. Define then the set of all
common fixed points of F as the following intersection

Fix(F) = () Fix(Ty).

t>0

Note that we may assume that o, (x) > 1 for any ¢ > 0 and x € C. Indeed set a;(x) =
max(a(x),1). Then one can easily show that

tliTo ax)=1 — li?_l)iljp o (x) = 1.
Therefore, we will throughout this work assume that o;(x) > 1, for any £ > 0 and x € C,
and limsup,_, o, o¢(x) = lim;_, o 02 (x) = 1.
The concept of type functionals is a powerful technical, tool which is used in the proofs
of many fixed point results. The definition of a type is based on a given sequence. In this
work, we generalize this definition to a one-parameter family of mappings.


http://www.fixedpointtheoryandapplications.com/content/2013/1/230

Al-Mezel and Khamesi Fixed Point Theory and Applications 2013, 2013:230 Page 6 of 12
http://www.fixedpointtheoryandapplications.com/content/2013/1/230

Definition 3.3 Let (M,d) be a hyperbolic metric space. Let C C M be convex and
bounded. A function 7 : C — [0, 00] is called a (d)-type (or shortly a type) if there exists a
one-parameter family {y;};>¢ of elements of C such that for any z € C there holds

(2) = inf (215 d(yt,Z))

A sequence {z,} C C is called a minimizing sequence of t if
lim 7(z,) = inf{7(2);z € C}.
n—00

A typical method of proof for the fixed point theorems in Banach and metric spaces is to
construct a fixed point by finding an element, on which a specific type function attains its
minimum. To be able to proceed with this method, one has to know that such an element
indeed exists.

The next lemma is the generalization of the minimizing sequence property for types
defined by sequences in Lemma 4.3 in [1] to the one-parameter case in modular function
spaces.

Lemma 3.1 Assume (M,d) is a uniformly convex hyperbolic metric space. Let C be a
nonempty, bounded, closed and convex subset of M. Let t be a type defined by a one-
parameter family {h;}>¢ in C.
(i) Ift(z1) = 1(z2) = infrec T(2), then z1 = z,.
(i) Moreover any minimizing sequence {z,} of T is convergent. Moreover the limit of {z,}
is independent of the minimizing sequence.

Proof First let us prove (i). Let z1, 2z, € C such that 7(z;) = 7(23) = inf,ec 7(2). Assume that
inf,cc T(z) = 0. Since

d(z1,22) < d(z1,y:) + d(y1,22)
for any ¢ > 0, we get

d(z1,22) < supd(z1,y:) + sup d(¥:,22)

t>M t>M

for any M > 0. Since

7(z) = inf <sup d(z,y¢)> = A}im sup d(z,yy),

M>0 tZM *)OOtzM

for any z € C, we get d(z1,22) < 7(z1) + T(22) = 0, which implies z; = z,. Therefore, let us
assume inf,cc 7(z) > 0. Assume that z; # z,. Set

d(z,
R=inft(z) and e¢= @ ZZ).
zeC 2R

Let v € (0,R). Then d(z1,22) = 2Re > (R + v)e. Using the definition of 7, we deduce that
there exists M, > 0 such that

sup d(z1,y:) <t(z1)+v=R+v and sup d(z3,y:) <7(z2) +V=R+v.
t>M, t>M,
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Since (M, d) is uniformly convex, there exists n(R, ¢) > 0 such that
S(R+v,8) > n(R,¢)

for any v € (0, R). So, for any ¢ > M,, we have

d(zl sz,yt) < R+v)(1-8(R+v,8)) < (R+)(1-7n(R,¢)).

Hence

T (@) < sup d(zl ®Z2;yt) = R+v)(1-n(R8))-
2 =M, 2

Since C is convex, we get

R< t(AQ%) <R+ v)(l - n(R,s)).

If we let v — 0, we will get
R<R(1-n(R¢)).

Contradiction. Therefore, we must have z; = z,.
Next, we prove (ii). Set R = inf,cc t(z). For any n > 1, set

K, =conv{y;t > n},

where conv(A) is the intersection of all closed convex subset of C, which contains A C C.
Since C is itself closed and convex, we get K,, C C for any #n > 1. Property (R) will then
imply (K, #@. Letx € () K,,. Let z € C and & > 0. By definition of 7(z), there exists M, > 0
such that sup,. ;. d(z,y;) < 7(2) + &. Let n > M,. Then for any ¢ > n, we have d(z,y;) <
T(2) + ¢, i.e., y; € B(z, T(2) + €). Since the closed ball B(z, 7(z) + ¢) is closed and convex, we
get K, C B(z,7(2) + ). Hence x € B(z, T(2) + ¢), i.e.,

d(z,x) <t(z) +¢.

Since ¢ was taken arbitrarily greater than 0, we get d(z,x) < t(z), for any z € C. Assume
that R = 0. Let {z,,} be a minimizing sequence. Then we have lim,_, «, T(z,) = R = 0. But we
just proved that d(z,,x) < t(z,), for any n > 1. Hence {z,} is convergent to x. Note that x
is independent of the minimizing sequence. Next, we assume that R = inf,c¢ 7(2) > 0. Let
{z,} be a minimizing sequence. Assume that {z,} is not Cauchy. For any n > 1, set

rn = sup d(z;, zj).
ij>n

The sequence {r,} is decreasing, and since {z,} is not Cauchy, we get

infr, =r>0.
n>1

Page 7 of 12
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Set & = ;5 > 0. Let v € (0, R). Since lim,,,  7(z,) = R, there exists 19 > 1 such that for any
n>1, we have 7(z,) <R + 3. Let n > ny. Then there exists iy, j, > 1 such that
>

d(zi,,2;,) > 1 — =2Re > (R +v)e.

N~
NN

Using the definition of 7, we deduce the existence of M > 0 such that

V
supd(z;,,y:) <T(2z;,) + = <R+,
t>M 2

and

v
supd(zj,,y:) < 1(z;,) + = <R+v.
t>M 2

Hence

Zj, Zj,
d(%,yt) <R+ v)(l —8(R+ v,e)),
for any t > M. Since (M, d) is uniformly convex, there exists n(R, ) > 0 such that §(R +
v,€) > n(R,¢), for any v > 0. Hence

d(@;%) = R+v)(1-n(Re),

for any £ > M. So
T (@) < sup d(@,yo < R+v)(1-n(R¢)).
Using the definition of R, we get

R=<(R+v)(1-n(R¢),

for any v € (0,R). If we let v — 0, we get R < R(1 — n(R, ¢)). This contradiction implies
that {z,} is Cauchy. Since M is complete, we deduce that {z,} is convergent as claimed.
In order to finish the proof of (ii), let us show that the limit of {z,} is independent of the
minimizing sequence. Indeed let {w, } be another minimizing sequence of 7. The previous
proof will show that {w,} is also convergent. In order to prove that the limits of {z,} and
{w,} are equal, let us show that lim,,_, o, d(z,, w,) = 0. Assume not, i.e., lim,_,  d(z,, w,) #
0. Without loss of generality we may assume that there exists r > 0 such that d(z,, w,,) > r,
for any n > 1. Set & = 55 > 0. Let v € (0, R). Since lim,, .o, T(2,) = lim,, oo T(W,) = R, there
exists ny > 1 such that for any n > no, we have 7(z,) < R+ 5, and t(w,,) < R+ 5. Fixn > ny.
Then

d(zmwn) >r= 2Re > (R + U)S.
Using the definition of 7, we deduce the existence of M > 0 such that

v
supd(z,, ) < T(zn) + = <R+,
t>M 2
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and

supd(Wy, ye) < T(wy) + Y <R+v.
t>M 2

Hence

d(m%’ﬁ <R+ v)(1-8(R+v,8),

for any ¢ > M. Since (M, d) is uniformly convex, there exists n(R, ¢) > 0 such that §(R +
v,€) > n(R,¢) for any v > 0. Hence

d(zn 63 Wn,yt) <(R+v)(1-n(R¢),

for any £ > M. So

r(@) < supd(zn Eg W”,yt) <R+v)(1-n(R¢)).

t>M

Using the definition of R, we get
R<R+v)(1-n(Re))

forany v € (0,R). If we let v — 0, we get R < R(1 -n(R, ¢)). This contradiction implies that
lim,,_, o d(z,,, w,) = 0, which completes the proof. a

4 Main result
Using the Lemma 3.1, we are ready to prove the main fixed point result for asymptotic

pointwise nonexpansive semigroup in metric spaces.

Theorem 4.1 Let (M,d) be a uniformly convex metric space. Let C be a closed bounded
convex nonempty subset of M. Let F = {T;t > 0} be an asymptotically pointwise nonex-
pansive semigroup on C. Then F has a common fixed point and the set Fix(F) of common
fixed points is closed and convex.

Proof Let us fix x € C and define the type function t on C by

7(z) = Ai/{n%(sup d(T,(x),z)).

t>M

Since C is bounded, we get 7(z) < +00, for any z € C. Hence 1 = inf{t(z); z € C} exists. For
any #n > 1, there exists z, € C, such that

1
70 <7t(z4) <70+ —.
n

Therefore, lim,_,  7(z4) = 70, i.€., {2,} is a minimizing sequence for 7. By using Lemma 3.1,
there exists z € C such that {z,} converges to z. Let us now prove that z € Fix(F). Note
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that
d(Tst(x), Ts(w)) < as(w)d(Ty(x), w)
for s,t > 0 and w € C. Using the definition of 7, we get

T(Tsw)) < sup d(Tyu(x), Ts(w)) < as(w) sup d(T,(x),w),

t+s>M t>M-s

for any M > s, which implies that
(T,(w)) < as(h)T(w). (4.1)

Since limsup,_, ., as(z1) < 1, there exists s; > 0 such that for any s > s;, we have o,(z1) <
1 + 1. Repeating this argument, one will find s, > s; + 1 such that for any s > s,, we have
og(z) <1+ % By induction, we will construct a sequence {s,,} of positive numbers such that
Sps1 < Sy + %, and for any s > s, we have o(z,) <1+ % Let us fix £ > 0. Then the inequality
(4.1) will imply that

T(Typre(2n)) < ot 40(20) T (20) < (1 + %)T(zn)

for any # > 1. In particular we get {7, ,:(z,)} is a minimizing sequence of 7. Therefore, the
technical Lemma 3.1 will imply that {7, .:(z,)} converges to z, for any ¢ > 0. In particular,
{T;,(z,)} converges to z. Since

d(Tan(zn): Tt(z)) =< at(z)d(Tsn (Zn): Z):
we get {T,.+(z,)} converges to T;(z). Finally, using
d(Tt(Z)’ Z) = d(Tt(Z)’ Tsn+t(zn)) + d(Tanrt(Zn); Z),

we get T;(z) = z. Since t was arbitrarily positive, we get z € Fix(F), i.e., Fix(F) is nonempty.
Next, let us prove that Fix(F) is closed. Let {z,} be in Fix(F), which converges to z. Since

d(T(zn), T5(2)) < ets(2)d(2y,2),

for any n > 1 and s > 0, we get {Ts(z,)} is convergent, and its limit is 7,(z). Since z, €
Fix(F), we get {Ts(z,)} = {z,}. In other words, {z,} converges to T(z) and z. The unique-
ness of the limit, will then imply T5(z) = z, for any s > 0, i.e., z € Fix(F). Therefore, Fix(F)
is closed. Let us finish the proof of Theorem 4.1 by showing that Fix(F) is convex. It is
sufficient to show that

z= Zlez'ﬂ € Fix(F)

for any z,z; € Fix(F). Without loss of generality, we assume that z; # z,. Let s > 0. We
have

d(zl: Ts(z)) = d(Ts(zl)r Ts(z)) = OlS(Z)d(Zl, Z)
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and
d(ZZr Ts(z)) = d(Ts(ZZ)r TS(Z)) =< (XS(Z)d(Zz, Z)'

Since d(z1,2) = d(z0,2) = @, and

d(Zl, ZZ) =< d(zly Ts(z)) + d(ZZr Ts(z)) =< OlS(Z)d(Zl, ZZ)!

we conclude that

d(z1,22)
5

lim d(zl, Ts(z)) = lim d(22, Ts(z)) =
5§—>00 5—>00
Similarly, we have

d(zl, M) < Jd(@,2) + 5d(a, 1)

2
and
z® Ty(2) 1 1
d(zZ, T) = 561’(2272) + 5al(zz, Ty(2)).
Since
T, T,
d(z1,2) < d<Zl, %(Z» + d(zz, %(z)),

we conclude that

. z® Ty(2) . z® Ti(2) | _ d(z1,22)
lim d| z;, ———— ) = lim d| zo, = .
§—>00 2 5—>00 2 2

Therefore, we have

lim d(z1, Ts(2)) = lim d

§—>00 §—>00

( z® Ts(z) ) d(zl: 22)
21, 9 = ) .

Lemma 2.2 will then imply that
lim d(z, Ty(2)) = 0.
§—> 00
Hence lim,_,  d(z, T++(2)) = 0 for any ¢ > 0. Since
d(Tt(z): Ts+t(z)) S Olt(Z)d(Z, Ts(z))’
we get limg_, o d(T(2), T§1¢(2)) = 0. Finally, using the inequality
d(z, Tt(z)) = d(Z; Ts+t(z)) + d(Tt(Z): Ts+t(z));

and letting s — oo, we get T;(z) =z for any ¢ > 0, i.e., z € Fix(F). O
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