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BROWDER’S CONVERGENCE FOR UNIFORMLY ASYMPTOTICALLY
REGULAR NONEXPANSIVE SEMIGROUPS IN BANACH SPACES

IWAKY EZET (SACHIKO ATSUSHIBA)

1. INTRODUCTION

Let H be a real Hilbert space with inner product (-,-) and norm || - || and let C be a
nonempty closed convex subset of H. Then, a mapping T : C — C is called nonexpansive if
Tz — Ty|| < ||z — y|| for all z,y € C. We denote by F(T) the set of fixed points of T. Let
be an element of C and for each ¢ with 0 < ¢ < 1, let z; be a unique element of C satisfying
xt =tz + (1 —t)Tz. In 1967, Browder [4] proved the following strong convergence theorem.

Theorem 1.1. Let H be a Hilbert space, let C be a nonempty bounded closed conver subset
of H and let T be a nonexpansive mapping of C into itself. Let x be an element of C and for
each t with 0 <t <1, let x4 be a unique element of C satisfying x; = tx + (1 — t)Txs. Then,
{zt} converges strongly to the element of F(T) nearest to x ast | 0.

Reich [17] and Takahashi and Ueda [30] extended Browder’s result to those of a Banach
space. Using the idea of Shimizu and Takahashi [18, 19] and the notion of sequence of means,
Shioji and Takahashi [20] proved the strong convergence of Browder’s type sequences for
nonexpansive semigroups (see also [21, 22, 23]). On the other hand, Domingues Benavides,
Acedo and Xu [9] proved Browder’s type strong convergence theorems for uniformly asymp-
totically regular one-parameter nonexpansive semigroups. Acedo and Suzuki [13] generalized
Domingues Benavides, Acedo and Xu’s results concerning the condition of the sequences in
real numbers. Recently, the author [2] studied Browder’s type iterations for nonexpansive
semigroups and proved strong convergence theorems for uniformly asymptotically regular
nonexpansive semigroups in Hilbert spaces by using the idea of [4, 9, 13, 28, 29]. Further-
more, the author [2] proved strong convergence theorems for the nonexpansive semigroups
by the viscosity approximation method.

In this paper, we study Browder’s type iterations for nonexpansive semigroups in Banach
spaces. Then, we give strong convergence theorems for uniformly asymptotically regular
nonexpansive semigroups in Banach spaces by using the idea of [4, 9, 13, 28, 29]. Furthermore,
we also give strong convergence theorems for the nonexpansive semigroups in Banach spaces
by the viscosity approximation method.

2. PRELIMINARIES AND NOTATIONS

Throughout this paper, we denote by N and R the set of all positive integers and the set
of all real numbers, respectively. We also denote by Z* and R* the set of all nonnegative
integers and the set of all nonnegative real numbers, respectively.
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Let E be a real Banach space with norm || - ||. We denote by B, the set {x € E : ||z|| < r}.
Let E* be the dual space of a Banach space E. The value of z* € E* at x € E will be
denoted by (z,z*). Let C be a closed subset of a Banach space and let T' be a mapping of C
into itself. We denote by F(T) the set {x € C : x = Tz}.

We denote by I the identity operator on E. The duality mapping J from E into 2&° is
defined by

J(z) = {y* € EB*: {z,y") = ||z|* = |ly*[*}, = € E.

From the Hahn-Banach theorem, we see that J(z) # @ for all z € E.

Let E be a smooth Banach space. Then, J is said to be weakly sequentially continuous
at zero if for every sequence {z,} in E which converges weakly to 0 € E, {J(zy)} converges
weakly* to 0 € E*.

We say that a Banach space E satisfies Opial’s condition [15] if for each sequence {z,} in
E which converges weakly to z,

lim [z, - z|| < lim ||z, —y]| (1)

n~-00 n—oo
for each y € FE with y # x. If E is reflexive Banach space with weakly sequentially continuous
duality mapping, then E satisfies Opial’s condition. Each Hilbert space and the sequence
spaces /P with 1 < p < oo satisfy Opial’s condition (see [15]). Though an LP-space with p # 2
does not usually satisfy Opial’s condition, each separable Banach space can be equivalently
renormed so that it satisfies Opial’s condition (see [10, 15]). In a reflexive Banach space,
this condition is equivalent to the analogous condition for a bounded net which has been
introduced in [12]. It is well known that this condition is equivalent to the analogous condition
of lim (see [1]).

Proposition 2.1. Let H be a Hilbert space. Let {z,} be a sequence in H converging weakly
tox € H. Then,
lim ||lzn — 2| < lLm |z, - y|| (2)
n—o00 n—oo

for each y € E with y # x.

Banach space F is said to be smooth if

Lo e+ tyll = o)

t—0 t
exists for each z and y in Sy, where S; = {u € E : |lul| = 1}. The norm of E is said to
be uniformly Gateaux differentiable if for each y in Sp, the limit is attained uniformly for
z in §;. We know that if F is smooth, then the duality mapping is single-valued and norm
to weak star continuous and that if the norm of E is uniformly Gateaux differentiable, then
the duality mapping is single-valued and norm to weak star, uniformly continuous on each
bounded subset of E.

A closed convex subset C of a Banach space F is said to have normal structure if for
each bounded closed convex subset K of C' which contains at least two points, there exists an
element of K which is not a diametral point of K. It is well-known that a closed convex subset
of a uniformly convex Banach space has normal structure and a compact convex subset of a
Banach space has normal structure (see [29]). We also know that uniformly smooth Banach
space has normal structure (see [29]). Every weakly compact convex subset of a Banach space
satisfying Opial’s condition has normal structure (see [11]). We note that closed convex subset
C of a Banach space F is said to have the fixed point property for nonexpansive mappings
if for every bounded closed convex subset K of C, every nonexpansive mapping on K, has



a fixed point. We also know that every weakly compact convex subset with Opial property
has fixed point property.

Let C be a nonempty closed convex subset of E and let K be a nonempty subset of C.
A mapping P of C onto K is said to be sunny if P(Pz + t(z — Px)) = Pz for each z € C
and t > 0 with Pz + ¢(x — Pz) € C. P is a retraction if Pz = z for each z € K. We know
from [6, Theorem 3] and [16, Lemma 2.7 the following lemma (see also [29)).

Lemma 2.2 ([6, 16]). Let E be a smooth Banach space, g let C be a convex subset of E and
let K be a subset of C. Then, a retraction P of C onto K is sunny and nonezxpansive if and
only if

(t—Pz,J(y— Pzr)) <0 forall z€C and y€K.

Hence, there is at most one sunny nonexpansive retraction of C onto K.

If there is a sunny nonexpansive retraction of C onto K, K is said to be a sunny nonexpan-
sive retract of C. The following theorem related to the existence of nonexpansive retractions
was proved in [7, §].

Theorem 2.3 ([7, 8]). Let E be a reflerive Banach space, let C be a nonempty closed convex
subset of E and let T be a nonezpansive mapping of C into itself with F(T) # 0. If T has a
fized point in every nonempty bounded closed conver subset of E such that T leaves invariant,
then F(T) is a nonexpansive retract of C.

Let ¢ be a mean on positive integers N, i.e., a continuous linear functional on I satisfying
[ull = 1 = u(1). We know that p is a mean on N if and only if inf{a, : n € N} < pu(f) <
sup{an : n € N} for each f = (a1,4as,...) € . Occasionally, we use un(a,) instead of u(f).
So, a Banach limit 4 is a mean on N satisfying u,(arn) = pn(ant1). Let f = (a1,az,...) € I®
and let 1 be a Banach limit on N. Then,

lim a, < ,U*(f) = ,Ufn(an) < lim Qn -
n—o0 n—»00

In particular, if ap, — a, then u(f) = pn(an) = a (see [27, 29]). The following lemma was
proved in (30] (see also [17, 27]).

Lemma 2.4 ([30]). Let C be a nonempty closed convexr subset of a Banach space with a
uniformly Géteauz differentiable norm. Let {z,} be a bounded sequence in E and let p be
a Banach limit. Let z € C. Then, ppllzn — 2|2 = mingec pinlzn — yl|? if and only if
pn(y — 2, J(zn — 2)) < 0 for each y € C, where J is the duality mapping of E.

We write z, — z (or lim z, = z) to indicate that the sequence {z,} of vectors in H
n—oo

converges strongly to z. We also write z, — z (or w- le zn, = z) to indicate that the
n—>0oo

sequence {z,} of vectors in H converges weakly to x. In a Hilbert space, it is well known
that 2, — z and ||z, - |lz]) imply 2, — z.

Let S be a semitopological semigroup. A semitopological semigroup S is called right (resp.
left) reversible if any two closed left (resp. right) ideals of S have nonvoid intersection. If S is
right reversible, (S, <) is a directed system when the binary relation “<” on S is defined by
s < tif and only if {s}USs D {t}USt, s,t € S, where 4 is the closure of A. A commutative
semigroup S is a directed system when the binary relation is defined by s < t if and only if
{s}U(S+s)D{t}u(S+1).

Let C be a nonempty closed convex subset of a Hilbert space H. A family S = {T'(t) : t €
S} of mappings of C into itself is said to be a nonexpansive semigroup on C if it satisfies the
following conditions:
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(i) For each t € S, T(t) is nonexpansive;
(ii) T(ts) = T(t)T(s) for each t,s € S.
We denote by F(S) the set of common fixed points of S, i.e., F(S) = ,cg F(T(t)).

3. STRONG CONVERGENCE THEOREMS

In this section, we prove strong convergence theorems for uniformly asymptotically regular
nonexpansive semigroups in Banach spaces. Let C be a nonempty closed convex subset of
a Banach space E, let S be a commutative semigroup and let S = {T'(t) : t € S} be a
nonexpansive semigroup on C. We say that a nonexpansive semigroup S = {T'(t) : t € S} is
asymptotically regular if

lim [ T(W)T(5)z ~ T(s)a]| = 0

for all h € S and = € C (see also [28, 29]). The following lemma plays an important role in
the proof of the main theorem (see [13, 2]):

Lemma 3.1 ([3]). Let C be a nonempty closed convexr subset of a Banach space E, and let
S be a commutative semigroup. Let S = {T(t) : t € S} be a nonezpansive semigroup on C
such that F(S) # 0. Assume that S = {T'(t) : t € S} is asymptotically regular, that is,

lim [T(R)T(t)z — T(t)z]| =0

forallh € S and x € C. Then,
F(T(h)) = F(S)
for each h € S.

We say that a nonexpansive semigroup S = {T'(t) : t € S} is uniformly asymptotically
regular if for every h € S and for every bounded subset K of C,

lim sup ||T(h)T(s)xz — T(s)z|| = 0.
s€eS zeK

holds. Several authors prove Browder’s convergence theorems for uniformly asymptotically
regular one-parameter nonexpansive semigroups (see [9, 13, 26] ).
The following lemma is essential in the proof of the main theorem (see [13, 2]).

Lemma 3.2 ([3|). Let E be a Banach space, let C be a locally weakly compact convexr subset
of E, and let S be a commutative semigroup. Let S = {T'(t) : t € S} be a nonezpansive
semigroup on C such that F(S) # 0. Let {m,} be a sequence in Z* such that m, — oo or
mpn — N for some N € Z*t. Let {an} be a sequence in R such that 0 < an, < 1, and oy, — 0.
Letue C, lett € S, and let {zn} be the sequence defined by

ZTn = apu+ (1= ap)(T(t)) " zp
for each n € N. Assume that E is smooth, the normalized duality mapping J of E is weakly

sequentially continuous at zero and C has the Opial property. Assume also that {z,} con-
verges weakly to some z € F(S). Then, {zn} converges strongly.

We prove strong convergence theorems for uniformly asymptotically regular nonexpansive
semigroups in Banach spaces by using the idea of [2, 4, 9, 26, 28, 29].

Theorem 3.3 ([3]). Let E be a Banach space, let C be a locally weakly compact convex
subset of E, and let S be a commutative semigroup. Let S = {T'(t) : t € S} be a uniformly
asymptotically regqular nonerpansive semigroup on C such that F(S) # 0. Let {mn} be a
sequence in Z% such that m, — oo or my, — N for some N € Z*. Let {an} be a sequence



in R such that 0 < o, < 1, and ap, = 0. Let u € C, let t € S, and let {z,} be the sequence
defined by

Tn = onu+ (1 = an)(T(t)) ™ zn
for each n € N. Assume that E is smooth, the normalized duality mapping J of E is weakly
sequentially continuous at zero and C has the Opial property. Then, {x,} converges strongly
to Pu, where P is the unique sunny nonexpansive retraction from C onto F(S).

4. DEDUCED RESULTS

In this section, using Theorem 3.3, we obtain some strong convergence theorems for families
of nonexpansive mappings. In the case of Hilbert space setting, we have the following strong
convergence theorem for a nonexpansive semigroup in a Hilbert space by Theorem 3.3 (see

[2]):

Theorem 4.1 ([2]). Let H be a Hilbert space, let C be a closed convex subset of H, and let
S be a commutative semigroup. Let S = {T'(t) : t € S} be a uniformly asymptotically regular
nonezpansive semigroup on C such that F(S) # 0. Let {myp} be a sequence in Z* such that
My — 00 0 My, — N for some N € Zt. Let {an} be a sequence in R such that 0 < a, < 1,
and an — 0. Letu e C, let t € S, and let {z,} be the sequence defined by

ZTn = apu + (1 — an)(T(t)) ™"z,

for each n € N. Then, {z,} converges strongly to Pu, where P is the metric projection from
C onto F(S).

Let C be a nonempty closed convex subset of E. A family S = {T'(t) : t € R} of mappings
of C into itself satisfying the following conditions is said to be a one-parameter nonexpansive
semigroup on C':

(i) For each t € RY, T(¢) is nonexpansive;

(i) T(t+ s) = T(t)T(s) for every t,s € RT;
(iii) for each z € C, t — T(t)z is continuous.

In the case when S = R, that is, S is a uniformly asymptotically regular one-parameter
nonexpansive semigroup, we have the following strong convergence theorem for a one-parameter
nonexpansive semigroup by Theorem 3.3 (see [9, 13]):

Theorem 4.2 ([3]). Let E, C and {my} be as in Theorem 3.3. Let S = {T(t) : t € R*}
be a uniformly asymptotically reqular one-parameter nonexpansive semigroup on C such that
F(8) #0. Let {an} be a sequence in R such that 0 < oy, < 1, and an, — 0. Let u € C and
lett € (0,00). Let {xn} be the sequence defined by

Tn = anu+ (1 — ap)T (™),

for each n € N. Then, {z,} converges strongly to Pu, where P is the unique sunny nonex-
pansive retraction from C onto F(S).

Theorem 4.3. Let E, C and {my} be as in Theorem 3.3. Let T be a nonezpansive mapping
Jrom C into itself such that F(T) # 0. Assume that T is uniformly asymptotically regular.
Let {an} be a sequence in R such that 0 < an < 1, and oy, — 0. Let u € C. Let {z,} be the
sequence defined by

Tn = apu+ (1 —ay) Tz,
for each n € N. Then, {z,,} converges strongly to Pu, where P is the unique sunny nonez-
pansive retraction from C onto F(T).
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We know that f : C — C is said to be a contraction on C if there exists r € (0,1) such
that.
I1f(z) = fFW)ll < rllz -yl
for each r,y € C. Using [25] and Theorem 3.3, we obtain the following strong convergence
theorem by the viscosity approximation method (see also [14, 2]).

Theorem 4.4 ([3]). Let E, C, S, S = {T'(t) : t € S} and {mn} be as in Theorem 3.3. Let f
be a contraction on C. Let {an} be a sequence in R such that 0 < ap < 1, and o, ~ 0. Let
u€eC,lette S, and let {z,} be the sequence defined by

Zn = onf(zn) + (1 — an)(T(t)) ™" zp

for each n € N. Then, {z,} converges strongly to Pu, where P is the unique sunny nonez-
panswe retraction from C onto F(S).

In the case when S = R*, that is, S is a uniformly asymptotically regular one-parameter
nonexpansive semigroup, we have the following strong convergence theorem for a one-parameter
nonexpansive semigroup by Theorems 3.3 and 4.4 (see [2, 9, 13, 14, 25]):

Theorem 4.5 ([3]). Let E, C and {m,} be as in Theorem 8.3. Let S = {T(t) : t € R*}
be a uniformly asymptotically regular one-parameter nonexpansive semigroup on C such that
F(S) #0. Let f be a contraction on C. Let {an} be a sequence in R such that 0 < a, < 1,
and an, = 0. Let u € C and let t € (0,00), and let {z,} be the sequence defined by

ZTn = anf(zn) + (1 — an)T (™ )zng

for each n € N. Then, {zn} converges strongly to Pu, where P is the unique sunny nonez-
pansive retraction from C onto F(S).

REFERENCES

1. S. Atsushiba and W. Takahashi, Nonlinear Erggodic Theorems in a Banach Space Satisfying Opial’s
Condition, Tokyo J. Math. 21 (1998), 61-81.

2. S. Atsushiba Strong Convergence Theorems for Uniformly Asymptotically Regular Nonexpansive Semi-
groups by Browder’s Type Iterations, Nonlinear Analysis and Convex Analysis I, Yokohana Publishers,
11-19.

3. Strong Convergence Theorems for Uniformly Asymptotically Regular Nonezpansive Semigroups in Banach
spaces, International Syposium on Banach and Fucntion Spaces, Yokohana Publishers, to appear.

4. F. E. Browder, Fized-point theorems for noncompact mappings in Hilbert space, Proc. Natio. Acad. Sci.
Unit. Stat. Ameri., 53 (1965), 1272-1276.

5. F.E. Browder, Convergence of approzimants to fized points of nonezpansive non-linear mappings in Banach
spaces, Arch. Rational Mech. Anal. 24 (1967) 82-90.

6. R.E.Bruck, Nonexpansive retracts of Banach spaces, Bull. Amer. Math. Soc. 76 (1970) 384-386.

7. R.E.Bruck, Properties of fized-point sets of nonexpansive mappings in Banach spaces, Trans. Amer. Math.
Soc. 179 (1973), 251-262.

8. R.E.Bruck, A common fized point theorem for a commuting family of nonezpansive mappings, Pacific J.
Math. 53 (1974), 59-71.

9. T. Dominguez Benavides, G. L. Acedo, and H.-K. Xu, Construction of sunny nonezpansive retractions in
Banach spaces, Bull. Austral. Math. Soc., 66 (2002) 9-16.

10. D. Van Dulst, Equivalent norms and the fized point property for nonezpansive mappings, J. London.
Math. Soc. 25 (1982), 139-144.

11. E. Lami Dozo, Multivalued nonexpansive mappings and Opial’s condition, Proc. Amer. Math. Soc. 38
(1973), 286-292.

12. A. T. Lau, Semigroup of nonerpansive mappings on Hilbert space, J. Math. Anal. Appl. 105 (1985),
514-522.

13. G. Lopez Acedo and T. Suzuki, Browder’s Convergence for Uniformly Asymptotically Regular Nonexpan-
sive Semigroups in Hilbert Spaces, Fixed Point Theory and Applications Volume 2010, Article ID 418030.



14. A. Moudafi, Viscosity approzimation methods for fizxed-points problem. J. Math. Anal. Appl., 241 (2000),
46-55.

15. Z. Opial, Weak convergence of the sequence of successive approzimations for nonezpansive mappings, Bull.
Amer. Math. Soc. 73 (1967), 591-597.

16. S.Reich, Asymptotic behavior of contractions in Banach spaces, J. Math. Anal. Appl. 44 (1973), 57-70.

17. S.Reich, Strong convergence theorems for resolvents of accretive operators in Banach spaces, J. Math.
Anal. Appl. 75 (1980), 287-292.

18. T. Shimizu and W. Takahashi, Strong convergence theorem for asymptotically nonezpansive mappings,
Nonlinear Anal. 26 (1996), 265-272.

19. T. Shimizu and W. Takahashi, Strong convergence to common fized points of families of nonexpansive
mappings, J. Math. Anal. Appl. 211 (1997), 71-83.

20. N. Shioji and W. Takahashi, Strong convergence theorems for asymptotically nonexpansive semigroups in
Hilbert spaces, Nonlinear Anal. 34 (1998), 87-99.

21. N. Shioji and W. Takahashi, Strong convergence of averaged approzimants for asymptotically nonezpansive
mappings in Banach spaces, J. Approx. Theory 97 (1999), 53-64.

22. N. Shioji and W.Takahashi, Strong convergence theorems for continuous semigroups in Banach spaces,
Math. Japon. 50 (1999), 57-66.

23. N. Shioji and W. Takahashi, Strong convergence theorems for asymptotically nonezpansive semigroups in
Banach spaces, J. Nonlinear Convex Anal. 1 (2000), 73-87.

24. T. Suzuki, Browder’s type strong convergence theorems for infinite families of nonexpansive mappings in
Banach spaces, Fixed Point Theory Appl. 2006, (2006),1-16.

25. T. Suzuki, Moudafi’s viscosity approrimations with Meir-Keeler contractions, J. Math. Anal. Appl., 325
(2007), 342-352.

26. T. Suzuki, Browder’s convergence for (uniformly asymptotically regular) one-parameter nonezpansive semi-
groups in Banach spaces, Fixed point theory and its applications, 131-143, Yokohama Publ., Yokohama,
2010.

27. W. Takahashi, Fized point theorems for families of nonezpansive mappings on unbounded sets, J. Math.
Soc. Japan, 36 (1984), 543-553.

28. W. Takahashi, The asymptotic behavior of nonlinear semigroups and invariant means, J. Math. Anal.
Appl., 109 (1985), 130-139.

29. W. Takahashi, Nonlinear functional analysis, Yokohama Publishers, Yokohama, 2000.

30. W. Takahashi and Y. Ueda, On Reich’s strong convergence theorems for resolvents of accretive operators,
J. Math. Anal. Appl. 104 (1984), 546-553.

(S. Atsushiba) DEPARTMENT OF SCIENCE EDUCATION, GRADUATE SCHOOL OF EDUCATION SCIENCE OF
TEACHING AND LEARNING, UNIVERSITY OF YAMANASHI, 4-4-37, TAKEDA KOFU, YAMANASHI 400-8510,
JAPAN

E-mail address: asachikoQyamanashi.ac. jp

41



