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ABSTRACT. In this paper, ergodic convergence for a sequence of nonexpansive mappings in uniformly
convex and uniformly smooth Banach spaces is studied. By introducing another definition of an almost
orbit, an attempt is made to replace the uniform convergence condition with a weaker one. Our results

provide a generalization of some classical ergodic convergence theorems for nonexpansive mappings.

1. Introduction

Nonlinear ergodic theory for nonexpansive mappings is one of the fundamental topics in nonlinear
functional analysis, closely related to fixed point theory and iterative methods. Besides its theoretical
significance, this field has an important role in studying fixed point approximation algorithms, opti-
mization problems, and analysing the asymptotic behavior of evolution systems of monotone type. A
mapping T : C' — C is called nonexpansive if for all z and y in C, we have: ||[Tx —Ty| < |z —y||. An

ergodic theorem for the mapping T is a theorem that, under suitable conditions, asserts the Cesaro
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mean convergence of the iterates of the mapping 7" on an arbitrary point z € C| i.e.,
1 n—1
k
k=0

Von Neumann’s Mean Ergodic Theorem[18] is the starting point for this line of research in Hilbert

spaces for linear nonexpansive mappings.

Theorem 1.1 (Von Neumann Ergodic Theorem). [18] Assume that T is a linear contraction mapping
on a real Hilbert space H, that is, for every x € H we have ||Tx| < ||z|. Then, for every x € H,
% 22;3 T*x converges strongly to Px, where the mapping P : H — Fix(T) is an orthogonal projection
of H, that is, for every x, P>z = PPz = Px, of  onto the fized point set of T, (Fix(T) = {x €
H : Tx = z}, which is a closed linear subspace of H). That is, the Hilbert space H admits the

orthogonal decomposition
H =Fix(T)®Ran(I — T)

(the direct sum of the fixed point set of T and the closure of the range of I —T).

This theorem was generalized to uniformly convex Banach spaces by Birkhoff [7] and Riesz [17].
About 40 years later, Baillon[5] generalized this theorem to nonlinear mappings. He showed that for
a nonexpansive mapping on a nonempty closed convex subset of a Hilbert space, the existence of a

fixed point is equivalent to the weak ergodic convergence of the iterates to a fixed point.

Theorem 1.2 (Baillon Ergodic Theorem). [5] Assume that C' is a nonempty, closed, and convex
subset of a real Hilbert space H. Let T : C' — C be a nonexpansive mapping. Then the following

statements are equivalent:
1. Fix(T) # 0.
2. For every x € C, the sequence {S,} defined by Sy := %Zz;é T*z, converges weakly.
In this case, if Spx converges weakly to Px, then P : C' — Fix(T) is nonexpansive such that for
every n € N, we have: P> = P and PT™ = T"P = P. Moreover, for every x € C, we have:

Px € eo({T'x})i>0 (where co({T'xz}) denotes the closure of the set of all finite convex combinations
of the elements T'x.).

In [16], Reich generalized Baillon’s result to uniformly convex Banach spaces with a Fréchet differ-
entiable norm. A real Banach space X with norm || - || is called uniformly convex if for every € € (0, 2],

there exists d = §(e) > 0 such that for any x,y € X with ||z|| = ||y|| = 1 and ||z — y|| > €, we have:

H;@%—y)H <1-0o.
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Let X* be the dual of X. We denote the duality pairing by (-,-) on X x X* and the unit sphere of X
by Sx. The norm of X is said to be Gateaux (resp. Fréchet) differentiable at x € Sx if

tull —
ety [
t—0 t

exists for each point y € Sx (resp. uniformly for y € Sx). A Banach space is smooth (resp. uniformly
smooth) if the norm is Gateaux differentiable on Sy (resp. Fréchet differentiable for all x € Sx). If
X is smooth, then the duality mapping J of X into X* defined by

J(w) = {a" € X"+ (x,2%) = |lo[* = [|="||*}

is single valued.

A simpler proof of the nonlinear ergodic theorem was presented by Bruck in [9]. He first showed
that any nonexpansive mapping on a nonempty closed convex bounded subset of a uniformly convex
Banach space satisfies a property he called of type () (see the next section for its definition). He then
proved the ergodic theorem in uniformly convex Banach spaces with a Fréchet differentiable norm, not
only for the iterates of the mapping but for any sequence that is its almost orbit. A sequence {x,} is
an almost orbit of the mapping 7' if limy, 0 SUP,,>0 |Tntm — T x| = 0.

Another point in Bruck’s proof was that he proved not only the mean convergence but also the
almost convergence of the almost orbits of the iterates. We say a sequence {z,} is strongly (weakly)
almost convergent if % Z?;(} Z;+r is uniformly strongly (weakly) convergent uniformly in k. This type
of convergence was first introduced by Lorentz [14]. Baillon also showed that a necessary and sufficient
condition for the weak convergence of the sequence itself is that 7" 'z — T"z — 0.

In [11], Hirano presented another proof of Baillon’s theorem in the same uniformly convex Ba-
nach spaces with a Fréchet differentiable norm. Moreover, in [12], he proved the ergodic theorem
in uniformly convex spaces satisfying the Opial condition. Results concerning strong mean conver-
gence under more restrictive assumptions on other mappings have also been investigated by several
authors; for example, see [6]. Ergodic theorems in Hilbert and Banach spaces have also been studied
for nonlinear nonexpansive semigroups. The interested reader may consult [6, 12, 15].

A one-parameter semigroup S = {S(¢) : ¢t > 0} of nonexpansive mappings on C' is a family of

nonexpansive mappings from C' into itself whenever the following conditions hold:

1. For every s,t > 0 and x € C, we have: S(s+t)x = S(s)S(t)z.
2. For every x € C, we have: S(0)r = x.
3. For x € C, we have: limy_,o S(t)z = x.

4. For every t > 0 and z,y € C, we have: ||[S(t)x — S(t)y|| < ||z — y||.
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These semigroups are continuous dynamical systems that describe the behavior of solutions of
evolution equations associated with maximal monotone operators. The interested reader may consult
2, 3, 4].

The discrete dynamics generated by a nonexpansive mapping or the continuous dynamics generated
by a nonexpansive semigroup are autonomous dynamics, that is, the evolution law is independent of
time. However, if the evolution of the system depends on time, then in the discrete case we deal with a
sequence of contractive mappings, and in the continuous case with a two-parameter evolution system

U={U(t,s) : t > s >0} of nonexpansive mappings on C' satisfying the following conditions:

1. For every t > s >r >0 and « € C, we have: U(t,s)U(s,r)x = U(t,r)x.
2. For every t > s > 0 and z,y € C, we have: |U(t,s)x — U(t, s)y|| < ||l — y||.
3. For every t > 0 and x € C, we have: U(t,t)x = x.

The study of evolution systems is beyond the scope of this paper. Let us return, however, to the
nonexpansive and nonautonomous system, namely a sequence {7},} of nonexpansive mappings from

C into itself. Let {x,} and {z,} be sequences defined as follows:
(1.1) Tntl = TnTyp, v1 =2 € C

and

1 n
(1.2) Zn = n;xk

Akatsuka et al. in [1] showed that in a real Hilbert space, if the sequence {7}, } converges pointwise to
T and

(1.3) Fix(T) C ﬁ Fix(T},) # 0,
n=1

then the sequence {z,} defined by (1.2) converges weakly to an element of Fix(7T"). This result is a
generalization of the nonlinear ergodic theorem of Baillon for a sequence of nonexpansive mappings.
These studies can be applied to investigate iterative methods involving nonexpansive mappings, such
as the Mann iteration and the proximal point algorithm. The authors of [19] proved some ergodic
theorems for sequences given by (1.1) and (1.2) in real Hilbert spaces by replacing the assumption

(1.3) with the following weaker condition:

9
(1.4) S [ Tug — gl < .
n=1
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Kobayasi et al. in [13] obtained a weak almost convergence result for a sequence {x,} that satisfies
the condition:
(1.5) lim su}i |Tntmt+1 — Totm -+ Thxn|| = 0.

n—oo m>

The condition (1.5) is clearly more general than (1.1). Such a sequence is called an almost orbit of the
sequence {7, }. We recall that the concept of an almost-orbit for the iterates of a nonlinear mapping
was first introduced by Baillon [9]. An almost-orbit of a mapping 7" is defined as follows:

(1.6) lim sup [ 4m — T3 = 0.
n—oo m>1

The authors in [19] proved some similar ergodic theorems with this definition of an almost orbit. In
the next section, we will prove the weak almost convergence for the sequence given by (1.6), and
further show that the uniform convergence of T}, to T' can be replaced by more general conditions.

Furthermore, we replace the condition (1.4) with one of the following conditions:

(1'7) lim sup ||Tn+m"'an_QH =0
TL—)OOle
or
(1.8) lim sup || 7}'q —q|| =0, Yq € Fix(T).
TLA)OOle

Both conditions are weaker than (1.3), and the condition (1.7) is also weaker than (1.4).

2. Main Results

In [13], the authors proved the almost orbit convergence of a sequence given by (1.5), where {7}, }
is a sequence of nonexpansive mappings that converges uniformly to a nonexpansive mapping 1T in
uniformly convex Banach spaces with a Fréchet differentiable norm, provided that condition (1.4)
holds. It is easily seen that this result also holds by replacing the condition (1.4) with the more
general condition (1.7) (see [13, Proposition 2.2]).

Definition 2.1. [9] We denote by T’ the set of strictly increasing, continuous convex functions =y :
[0,00) — [0,00) with v(0) = 0. A mapping T : C — X is said to be of type () if v € I' and for all
z,ye C and 0 < A <1,

YIATz + (1 = NTy =Tz + (1 = Ny)l) < [z —yll = [Tz = Tyl|.

Lemma 2.2. [9] Let C is a nonempty closed convezr bounded subset of a uniformly convex real Banach

space X, then there exists v € I' such that all nonexpansive mapping T : C' — X is of type (7).
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Lemma 2.3. [9] Let C' be a nonempty closed convex bounded subset of a uniformly convez real Ba-
nach space X. Let T : C — C be a mapping of type () and {x,} be a sequence in C such that
limy, 00 [|[Znt1 — Txp|| = 0. Then for every weak neighborhood W of Fix(T'), there exists a number N
such that

n—1
> wyr€W, Yn>=N, Vk>0.
1=0

1

n

Theorem 2.4. Let C be a nonempty closed convex subset of a real uniformly conver and uniformly
smooth Banach space X. Let {T,} be a sequence of nonexpansive mappings on C that converges

uniformly to a nonexpansive mapping T on every bounded subset of C. IfFix(T) # 0 and the condition
lim sup ||7)'q — ¢|| =0, Vq € Fix(T)
n—0o0 m>1

holds, then any sequence given by (1.6) is almost convergent to a fized point of T

Proof. Although the proof is similar to [13, Theorem 3.2], we present it step by step for the sake of
completeness.

Step 1. Let {z,} and {y,} be sequences given by (1.6). Then |z, — yn| is convergent. Let
€n = SUP,>0 |[Yntm+1 — T Y1l and 6, = sup,,>o [ Tntm+1 — T Tn11]]. Since {T),} is nonexpansive,

we have:

[Zn4mt1 = Ynpmatll < @ngmar = T @np |+ [T 2p1 — Ty |
=+ Hyn-i-m-‘rl - Tmyn-HH
<

On + |[Znt1 — Yng1ll + €n-

By taking lim sup as m — oo and then liminf as n — oo, we get the desired result.

Step 2. If {z,} and {y,} satisfy condition (1.6) and {y,} is bounded, then for each A € (0, 1), the
sequence {Az, + (1 — Ny, } also satisfies condition (1.6). Define: z, = Az, + (1 — A)y,. Since {y,} is
bounded, by Step 1, we have that {x,} is also bounded. Choose r > 0 such that {z,}, {y,} C B(0,r)
and also put C, = C N B(0,r) and Sy, = Tﬁllcw i.e., Spm is equal to T} restricted to Cy. Then C,
is a bounded closed convex subset and S, , : C, — X is nonexpansive. Therefore, S, ., is of type 7.

6 https://dx.doi.org/10.22108/msci.2026.148065.1786
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We have:

| Zntma1 — Sn,mzn-i-lH (AT ymi1 + (1 = N)Yntmy1 — Snymzn-&-l”

< AMEntms1 = SnmTnsill + (1= NYntm+1 — Snm¥n+1l|

+ |IASnmZnt1 + (1 = AN)SnmYnt1 — SnmZn+1l|

< Aap + (1=,

+ 7 2t = Ynrrll = 1Snmns1 = Snmynral)

< Aap + (1= XN)B,

+ Y lzasr = Ynrall = [Tntme1 = Yngme |l + on + Ba)

where ap, = sup,,>g lZn+ms1 — Snm@Tnsi|| and B, = SUDP;;,>0 | Yn+m+1 — SnmYn+1l|. by Step 1 and
(1.6), we obtain:

lim sup Hzn-‘rm-i-l - T:ann-&-lH = 0.
n—oo m>0

Step 3. The sequence {(z,,J(p — q))} is convergent for all p,q € Fix(T). If ¢ € Fix(T), then by
(1.8), the constant sequence {q} satisfies condition (1.6). Assume 0 < A < 1 and p,q € Fix(T"). By
Stepl and Step2, the sequence {||[Az, + (1 — A\)p — ¢||} is convergent as n — oo. Since {z, — ¢} is
bounded, the norm differentiability of X implies that

1
i o . o 2 _ 2 — . .
tim L (g~ -+ M~ 02~ g~ pI?) = (e~ 070 )

uniformly in n. Therefore,

. |
lim (2, — q,J(¢ = p)) = lim lim ([ Az + (1= N)g —plI> = llg—pl*

n—00 n—00 A\—0
exists.
Step 4. Let s, = %Zzzl Tti(n), Where {i(n)} is a sequence of positive integers. It is clear that
every weak limit point of s,, belongs to ¢o wy,({z,}) (where w,,({x,}) denotes the set of all weak limit

points of {z,}). On the other hand, our assumptions imply that
[Zn+1 — Tan| < |41 — Tozn|l + (| Thn — Topll — 0

as n — 0o. Now, by Lemmas 2.2 and 2.3 in [9], every weak limit point of s, belongs to Fix(7T) N
0 wy({zn}). Let p and g be two weak limit points of s,,. Then p,q € Fix(T") and by Step 3 we have
that limy, oo (Sn, — p, J(p — q)) exists. Therefore p = q. This completes the proof. O

We have replaced the condition of the uniform convergence of T, to T' with a much weaker condition:
(2.1) lim ||z, — TZ,| =0, Vz, € Fix(T,).
n—oo

https://dx.doi.org/10.22108/msci.2026.148065.1786 7
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Theorem 2.5. Let C be a nonempty closed convex subset of a real uniformly conver and uniformly
smooth Banach space X. Let {T,,} be a sequence of nonexpansive mappings on C' such that Fix(T,,) # 0,
and let T be a mapping on C' that satisfies condition (2.1). If (1.6) or

1R - . .
(2.2) w — n%gnoo - z%(a:nﬂurk — T *2,) =0, Vn € N, uniformly in k € N
1=

holds, then Fix(T) # 0 and {x,} is weakly almost convergent to & € Fix(T'), which is the weak limit
of {Zn}.

Proof. Since T, is nonexpansive and Fix(7T},) # 0, the weak ergodic theorem for nonexpansive mappings
[9, 11] implies that % S T "g, as m — 0o, converges to Z,, that is a fixed point of T},. We first

=n"n

show that z,, is bounded. We have:
1 m—1 ) 1 m—1 A 1 m—1 ) ‘ ‘
IS T — 2l < - 3 T — 2l < = S (T — Tiall + 1752 - 21
=0 =0 =0
< |lzn — 2| + sup | Tz — Z.
i>0

By taking lim inf as m — oo, we have ||z, — Z| < |lzn — Z|| + sup;>q |7 — Z|| < +00. By (1.8) and
the boundedness of {x,} (since Fix(T},) # 0, each of the conditions (1.6) and (2.2) guarantees the
boundedness of {z,}), we conclude that {z,} is bounded.

Therefore, the sequence {7, } has a subsequence {Z,, } that converges weakly to . The demiclosed-

ness of 7" implies that z € Fix(T'). Let y € X* be arbitrary. We have:
1 m 1 n—1 1 m
I 2o svt = Bl =G D wion 03 i = 2.0)]
i= 1= i=n

1 n—1 1 m
= ||%<Z Titk,Y) + E<Z Tivk — T, y) ||
=1 i=n

1 n—1 1 m—n .
< > s )l + -l > (@ikin — T, )|
=1 =0
1 m—n '
(2.3) ) ST — T, )+ 10— 23 )
=0

Now, letting m — oo, and using (2.2), we obtain:

m— 00

. 1 & _ L
lim sup [|(-— Zl Tivk — T,y | < (@0 — Z,9) |
1=

8 https://dx.doi.org/10.22108/msci.2026.148065.1786
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By substituting n with n; and letting j — oo, the desired result is obtained. Also, using (2.3), we

have:
1 m 1 n—1
||<E Z;ﬂwrk -y < ™ z; it Y
= =

+ Iyl sup [2ivn — Thanll
i>0

1 m—n ] - - -
+ |l S AT wn — 20, )| + (@0 — 2, 0)]l-
i=0
letting m — oo, we have:
1 — ,

limsup |[(—= > @ix — Z,9)|| < |yl sup [[zipn — Tiwnll + [[(@n — 2, 9)]-

m—00 m i1 120
By substituting n with n; and letting j — oo, using (1.6), the desired result is obtained. O

Remark. In Theorem 2.5, the mappings 7T, may be asymptotically nonexpansive mappings or
any mappings for which the mean ergodic theorem holds, since the proof is based solely on the mean
ergodic theorem for a single mapping. The assumption Fix(7T},) # () can be removed if we assume that
C' is bounded.

3. Conclusions

Our results are a generalization of some classical theorems on ergodic convergence for nonexpansive
mappings. Therefore, the definition we have provided for an almost orbit can be used to generalize

ergodic results (as we did in the past for Hilbert space [19] and in this paper for Banach spaces).
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