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1. INTRODUCTION

In 2008, Kohsaka and Takahashi [12] introduced the concept of nonspreading map-
ping. Let T" be a mapping on a subset C' of a smooth Banach space E. T is said to
be nonspreading if

(T, Ty) + ¢(Ty, Tx) < ¢(Tx,y) + ¢(Ty, x) (1.1)
for any x,y € C, where ¢(z,y) = ||z||* — 2(x, Jy) + ||ly||>. They proved the existence

of fixed points of T" provided C' is bounded, closed and convex, and E is reflexive and
strictly convex. In the case where E is Hilbertian, (1.1) is equivalent to

2| Tz — Ty|* < [Tz - y|* + [l — Tyl (1.2)

We note the concept of nonspreading mapping is very important because of useful
applications. Inspired by this, many new nonlinear mappings have been introduced;
see [1, 2, 9, 11, 14, 20] and others. Condition (CC) is one of them, which is strictly
weaker than (1.2).

Theorem 1.1 (Corollary 5.3 in [10]). Let T be a mapping on a weakly compact
subset C of a Banach space E which satisfies Condition (CC), that is, there exist a
continuous, strictly increasing function n from [0,00) into itself with n(0) = 0 and
r,s € [0,1) such that r+2s =1 and

n(ITz = Tyll) < rn(lz —yll) +sn(llz —Tyll) + sn(|ITz —yll)
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for any x,y € X. Assume that C has the Opial property. Then {T™xz} converges
weakly to a fixed point of T for any x € C.

Theorem 1.1 deduces the following.

Theorem 1.2 (Corollary 5.5 in [10]). Let (X, d) be a compact metric space and let T
be a mapping on X . Assume that there exist a continuous, strictly increasing function
7 from [0, 00) into dtself with n(0) =0 and r,s € [0,1) such that r+2s =1 and

n(d(Tz,Ty)) < rn(d(z,y)) +sn(d(z, Ty)) + sn(d(Tz,y))
for any x,y € X. Then {T™x} converges to a fized point of T for any x € X.

In this paper, Theorem 1.2 becomes more important because Theorem 1.2 can
deduce the famous Edelstein’s fixed point theorem (Theorem 6.3 below); see Section
6. In other words, Theorem 1.2 is one of generalizations of Theorem 6.3; see also
[13, 16, 17, 19]. Motivated by this fact, we will study Theorem 1.2 more deeply.
Indeed in Theorem 1.2, n o d does not satisfy the triangle inequality. So we do not
have to assume that the underlying space X is a metric space. We will give an answer
to the question of what works well in the proof of Theorem 1.2.

2. PRELIMINARIES

Throughout this paper we denote by N the set of all positive integers and by R the
set of all real numbers.
The following lemma was crucial in the proofs of main theorems in [10].

Lemma 2.1 (Lemma 4.6 in [10]). Put Iy = {(m,n): m,n € NU{0}, m < n} and
I={(m,n): m,n €N, m <n}. Let B be a function from Iy into [0,00) satisfying
the following:

e B(0,n) <1 formeN.

e B(n,n) =0 forn e NU{0}.

e There exist r,s € [0,1) such thatr+2s=1 and

B(m,n) <rBm—-1,n—1)+sB(m—1,n)+sB(m,n—1)
for (m,n) € I.

Then lim,, B(n,n + 1) = 0 holds.

The following three lemmas are obvious.

Lemma 2.2 ([18]). Let n be a continuous, strictly increasing function from [0, 00)
into itself with n(0) = 0. Then the following holds:

(H1) For any sequence {a,} in [0,00), lim, n(a,) = 0 iff lim, a,, = 0.
Lemma 2.3 ([18]). Let n be a function from [0,00) into itself satisfying (H1). Then
n~1(0) = {0} holds, that is, n(a) = 0 < a = 0.

Lemma 2.4 ([18]). Let n be a function from [0,00) into itself. Then the following
are equivalent:

(i) n satisfies (H1).
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(ii) There exist a function ¢ from [0,00) into itself, 6 > 0 and a function ¥ from
[0,6] into [0,00) such that ¢ and v are continuous and strictly increasing,

©(0) = (0) =0, p(a) < n(a) for any a € (0,00) and n(a) < ¥(a) for any
a € (0,0].

Assuming something additionally, we obtain the following lemma, which is simpler
than Lemma 2.4.
Lemma 2.5. Let n be a function from [0,00) into itself. Assume sup{n(a) : a €
[0,a]} < oo for any o > 0. Then the following are equivalent:
(i) n satisfies (H1).
(ii) There exist continuous, strictly increasing functions ¢ and v from [0, 00) into
itself such that ©(0) = ¥(0) =0 and p(a) < n(a) < P(a) for any a € (0,00).
A mapping T on a metric space (X, d) is said to be quasinonexpansive [4] if
d(Tz,z) < d(z, 2)
for any z,z € C with Tz = z.
Proposition 2.6 (Proposition 4.1 in [10]). Assume that a mapping T on a metric

space (X, d) satisfies Condition (CC). Assume also that T has a fized point. Then T
1S @ QUASINONEeTPansive Mmapping.

Jachymski proved the following, very interesting lemma.

Lemma 2.7 (Lemma 3 in Jachymski [6]). Let ¢ be a continuous, strictly increas-
ing function from [0,00) into itself satisfying p(a) < a for any a € (0,00) and
limg 00 p(a) = co. Then for any r € (0,1), there exists a continuous, strictly increas-
ing function 1 from [0,00) into itself satisfying n(¢(a)) =rn(a) for any a € [0,00).
Remark 2.8. In [6], the statement is “n is nondecreasing”. However, from the proof
in [6], we have that 7 is strictly increasing.

Jachymski and J6Zwik characterized Browder contraction; see [6, 7, 15] and others.
Theorem 2.9 (Theorem 4 in Jachymski and Jézwik [8]). Let T' be a mapping on a
metric space (X,d). Then the following are equivalent:

(i) T is a Browder contraction; see [3].

(ii) There exists a continuous, strictly increasing function @ from [0, 00) into itself
satisfying d(Tz, Ty) < @(d(x, y)) for any x,y € X.

(iii) There exists a function ¢ from [0,00) into itself satisfying d(Tx,Ty) <
go(d(x, y)) for any x,y € X and

limsup¢(b) < a for any a € (0, 0). (2.1)
b—a
(iv) A function ¢ from [0,00) into itself defined by
¢(a) = max {0,sup{d(Tz,Ty) : x,y € X,d(z,y) = a}}

for a € [0,00) satisfies (2.1).

(v) If {x} and {yn} are sequences in X satisfying lim, d(zn,yn) = a for some
a € (0,00), then limsup,, d(Tx,, Ty,) < a holds.

Proof. We have proved (i) < (ii) < (iii) in [8]. (iii) & (iv) < (v) is obvious. O
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3. SOME GENERALIZED QUASIMETRIC SPACE

We consider some condition, which is weaker than that of quasimetric space.

Definition 3.1. Let X be a set and let p be a function from X x X into [0, 00). Then
(X, p) is called a metric space if the following hold:

(D1) p(z,z) =0

(D2) p(z,y) =0= 2z =

(D3) p(z,y) = p(y,x) (symmetry)

(D4) p(z,z) < p(z,y) + p(y, 2) (subadditivity or triangle inequality)

Remark 3.2. Let X be a set and let p be a function from X x X into [0, 00).

If X satisfies
If X satisfies

(D1), then X is a premetric space.
(D
If X satisfies (D
(D
(D

), (D2) and (D3), then X is a semimetric space.
), (D2) and (D4), then X is a quasimetric space.
), (D3) and (D4), then X is a pseudometric space.
), (D3) and (D4), then X is a metametric space.

Let (X, p) satisfy (D1), (D2) and the following:

(D5) For any e > 0, there exists 6 > 0 such that p(z,y) < ¢ and p(y, z) < ¢ imply
p(z,2) <e.

If we name the condition on the space X, ‘generalized quasimetric space’ seems
to be appropriate because (D5) is weaker than (D4). However this name has been
already used for some other condition. So in order to avoid confusion, we do not name
this condition in this paper.

We can define some concepts of ‘convergence’ and others naturally.

1
1
If X satisfies (D1
If X satisfies

2

Definition 3.3. Let (X, p) satisfy (D1), (D2) and (D5).

A sequence {z,} in X is said to converge to xz € X if lim,, p(x,,x) = 0.

X is said to be Hausdorff if lim,, p(z,,, ) = lim, p(x,,y) = 0 implies = = y.
X is said to be sequentially compact if every sequence in X has a subsequence
which converges.

e X is said to be bounded if sup{p(z,y) : z,y € X} < o0.

Lemma 3.4. Let (X, p) satisfy (D1), (D2) and (D5). Then for anyn € N withn > 2,
the following holds:

(D5),, Fore > 0, there exists 6 > 0 such that p(z;,x;41) < forj e {1,2,--- ,n—1}
implies p(xz;,z;) < e fori,j € {1,2,--- ,n} with i < j.

Proof. (D5)s is obvious and (D5)3 becomes (D5) itself. We only show (D5)4 because
we can show similarly (D5),, with n > 5. Fix e > 0. Then by (D5), there exists oo > 0
satisfying

e p(z,y) < a and p(y, 2) < « imply p(z, 2) < e.
By (D5) again, there exists 8 > 0 satisfying

* p(z,y) < B and p(y, z) < B imply p(z,z) < min{a,e}.
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Put § = min{e, 8,¢} and fix z,y, z,w € X with p(z,y) <, p(y, z) < ¢ and p(z,w) <
§. Then since p(z,y) < B and p(y,z) < B, we have p(z,z) < min{a,e}. Since
p(z,w) < § < «, we have p(z,w) < e. O

Lemma 3.5. Let (X,p) satisfy (D1), (D2) and (D5). Let {a:%j)}%o:l be a sequence

in X forje{l,2,---,v}. Assume limnp(xglj),zglj_‘_l)) =0 forje{l,2,---,v—1}
Then limnp(ng),xsf)) =0 holds fori,j € {1,2, -+ ,v} withi <j.

Proof. The conclusion follows from Lemma 3.4. O

4. FIXED POINT THEOREM
In this section, we generalize Theorem 1.2.

Theorem 4.1. Let (X,p) satisfy (D1), (D2) and (D5). Assume that X is Hausdorff,
bounded and sequentially compact. Let T be a mapping on X satisfying that there
exist r,s € [0,1) such that r+2s=1 and

p(Tz, Ty) <rp(z,y) + sp(x,Ty) + sp(Tz,y)
for any xz,y € X. Then {T"x} converges to a fized point of T for any x € X.

Remark 4.2. The author thinks that Theorem 4.1 is better than Theorem 1.2 when
we would like to know the mathematical structure on them.

Proof. Put
M :=sup{p(z,y) :z,y € X} +1 < o0.
Fix « € X and define a sequence {x,} in X by x,, = T"z. Define a function B by
B(m,n) = p(xm,xn)/M

for (m,n) € Iy, where Iy is as in Lemma 2.1. Then by Lemma 2.1, we have
lim,, B(n,n + 1) = 0 and hence lim, p(x,, z,+1) = 0. Similarly, putting B(n,m) =
P(Tm, Tn)/M for (m,n) € Iy, we obtain lim,, p(xn+1,2,) = 0. So by Lemma 3.5, we
have

lim p(n4j, Tntr) =0 for any j, k € N. (4.1)

n— oo

Since X is sequentially compact, there exists a subsequence {f(n)} of the sequence
{n} in N such that {z s} converges to some z € X. By Lemma 3.5 again, we have

nll,néop(xf(")+k’ z) =0 forany ke N. (4.2)
From the assumption, we have
p(xf(n)—i-h TZ) S rp(xf(n)a Z) + Sp(xf(n)-i-la Z) + Sp(xf(n% TZ)
and
P(Tp(ny42,T2) < T8p(Tp(ny, 2) + (1 + 52)P($f(n)+17 z)
+ 8 p(T f(n)42,2) + 52 (T p(n), T2).
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We will show by induction
P f(ny+k, T'2) (4.3)

-1

< rsk_lp(xf(n)vz) +) (r+s?)sh P(Tf(n)4j,2)
1

N

<.
I

+ 8 P(@ ()41 2) + 8 (T 5(), T2)

for any k& € N. Indeed (4.3) holds when k = 1,2. We assume that (4.3) holds for some
k € N with k > 2. Then we have

(T f(n)+ht1, T2)
S p(@f(n)+ks 2) + SP(Xf(n)4ht152) + 8 P(Tf )4k, T'2)
<r

T P( f(n)+hs 2) + 8 D(T f(n)4ht15 2)
k—1

+s (7" ST p(@ ), 2) + Y (r+57) 8 T (a4, 2)
j=1

+ 5p(@p(n) 4 2) + 5" P(T (), TZ))

k
_TS pr(n)a +Z 7'+3 p(xf(n)—i-jaz)
j=1

+ 8P(T )yttt 2) + S T D( 40y, T2).

Therefore by induction we have shown (4.3) for any & € N. Fix ¢ > 0 and choose
§ > 0 appearing in (D5). We also choose k € N satisfying s* M < §. By (4.2) and
(4.3), we have

P(Tf(ny4r, Tz) <6 for sufficiently large n € N. (4.4)
We also have by (4.1)

P(Tf(ny, Tpmy+r) < 6 for sufficiently large n € N. (4.5)
By (4.4) and (4.5), we obtain p(x ), Tz) < ¢ for sufficiently large n € N. Therefore

we have shown that {xf.,)} also converges to T'z. Since X is Hausdorff, we obtain
Tz = z. Using this, we have

P(Tn+1,2) S Tp(@n, 2) + $P(Tnt1, 2) + 5P(Tn, 2)
and hence p(z,41,2) < p(xy, z) for any n € N. Since

. < 1 _
lim inf p(x,, 2) < nll_}n;op(mf(n),z) 0,

n—oo

we obtain lim, p(z,, z) = 0. O

Remark 4.3. The identity mapping on X satisfies the assumption of Theorem 4.1.
So there can be plural fixed points.

Remark 4.4. From the proof of Theorem 4.1, we know that (D5) plays a very
important role.
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5. METRIC SPACE CASE

Theorem 4.1 deduces the following fixed point theorem in compact metric spaces,
which is a generalization of Theorem 1.2.

Theorem 5.1. Let (X,d) be a compact metric space and let T be a mapping on X.
Assume that there exist a bounded function n from [0,00) into itself with (H1) and
r,s € [0,1) such that r+2s =1 and
n(d(Tz, Ty)) < ro(d(z,y)) + sn(d(x, Ty)) + sn(d(Tz,y))

for any x,y € X. Then {T"x} converges to a fized point of T for any x € X.
Remark 5.2. Since X is compact, X is bounded. In this theorem, the boundedness
of n is essentially equivalent to the following:

o sup{n(a) : a € [0,a]} < oo for any a > 0.
So every continuous function 7 is considered to be bounded in this context.
Proof. We choose functions ¢ and ¢ appearing in Lemma 2.5. Since both functions
are strictly increasing, we note that ¢~ and ~! exist. Also, for any a € (0, 00),
since ¢(a) < n(a), we note a < ¢~'(n(a)) provided n(a) belongs to the domain of
¢~ L. Define p by p = nod. Then since n7(0) = {0} by Lemma 2.3, (X, p) satisfies
(D1) and (D2). In order to show (D5), we fix ¢ > 0. We consider the following two
cases:

o p(x,y) <eforany z,y € X
e ¢ < p(x,y) for some z,y € X

In the first case, we can choose any § > 0. In the second case, we note that € belongs
to the domain of 1/~!. Because ¢ < n(d(x,y)) < w(d(az,y)). We put 6 by

§=pW '(e)/2).
Let z,y,z € X satisfy p(z,y) < § and p(y, 2) < . Then we have

n(d(x,y)) < (v~'(e)/2)
and hence
dw,y) < 7 (n(dl@,9)) ) < v (0)/2
Similarly we can show d(y, z) < 1~!(g)/2. Thus, we have d(x,z) < 1)~*(¢) and hence

p(z,2) =n(d(z,2)) < ¢(d(z,2)) <e.
Therefore we have shown that (X,p) satisfies (D5). We note that (X,d) is se-
quentially compact. From the definition of (H1), lim,, d(z,,z) = 0 is equivalent to
lim,, p(2,,, ) = 0. This implies that (X, p) is Hausdorff and that (X, p) is sequentially
compact. Since 7 is bounded, (X,p) is bounded. We have shown the assumption of
Theorem 4.1. So by Theorem 4.1, we obtain the desired result. O

Problem 5.3. We do not know whether Theorem 5.1 is still valid without assuming
of the boundedness of 7.

In order to show that Theorem 5.1 is a real generalization of Theorem 1.2, we give
an example.
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Example 5.4. Let f be a injective function from N into N, which is not monotone.
Define a compact subset X of the Euclidean space (R, d) by
X ={0}u{1077™ . n e N}.
Define a mapping 7" on X by
T(0)=0 and T(10~/™)=10-/C+D

for n € N. Then the assumption of Theorem 5.1 holds. However, the assumption of
Theorem 1.2 does not hold.

Proof. Put x, = 10~/ for n € N. It is obvious that 0 is a fixed point of 7" and
Tx, = xp4+1 holds for n € N. We note
|1079 —107%] = 0.000---0999 - - -9
—_—— —
J k—j

and

|1077 — 0] = 0.000---01
——
j—1
for any j,k € N with j < k. So the above values are all different. Thus, the values of
d(z,y) (z,y € X, x # y) are all different. We next note lim,, f(n) = co because f is
injective. So

e fpyoo AP n) =0

holds. Therefore there exists a continuous function 1 from [0, 0o) into itself satisfying
(H1) and
n(d(xn,xm)) =|r" —r™| and n(d(a:n,O)) = |r"|

for any m,n € N, where r € (0, 1) is arbitrary. We have
n(d(Tz, Ty)) = rn(d(z,y))
< ra(d(z,y)) +sn(d(z, Ty)) + sn(d(Tz,y))

for any =,y € X, where s = (1—r)/2. Hence the assumption of Theorem 5.1 holds. On
the other hand, since f is not monotone, there exists k € N such that f(k) > f(k+1).
Then we have

d(Txy,0) = 107D > 1077®) = g(2,,, 0),
which implies that T is not quasinonexpansive. By Proposition 2.6, the assumption
of Theorem 1.2 does not hold. g

6. EDELSTEIN’S FIXED POINT THEOREM

In this section, we give a proof of the famous Edelstein’s fixed point theorem by
using Theorem 1.2.

Proposition 6.1. Let (X,d) be a compact metric space and let T be a mapping on
X. Then the following are equivalent:
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(i) T is an Edelstein contraction, that is, for any x,y € X with x # vy,
d(Tz, Ty) < d(z,y) (6.1)

holds.
(ii) For any r € (0,1), there exists a continuous, strictly increasing function n
from [0, 00) into itself satisfying n(0) = 0 and

n(d(Txz, Ty)) < rn(d(z,y)) (6.2)
for any x,y € X.
(iil) There exist v € (0,1) and a continuous, strictly increasing function n from
[0,00) into itself satisfying n(0) =0 and (6.2) for any xz,y € X.

Remark 6.2. See Theorem 2 in Jachymski [6]. In a compact metric space, T is an
Edelstein contraction iff T is a Browder contraction.

Proof. Both (ii) = (iii) and (iii) = (i) are obvious. Let us prove (i) = (ii). We assume
(i). Arguing by contradiction, we assume that T is not a Browder contraction. Then
by Theorem 2.9 (v), there exist a € (0,00) and sequences {z,} and {y,} in X such
that

lim d(z,yn) =a and limsupd(Tz,,Ty,) > a.

n—00 n—00
Since X is compact, taking subsequences, without loss of generality, we may assume
that {z,} and {y,} converge to  and y, respectively. Then we have

d(Tz,Ty) > d(x,y) = a > 0,

which implies a contradiction. By Theorem 2.9 (ii), there exists a continuous, strictly
increasing function v from [0, co) into itself satisfying 1(a) < a for any a € (0, 00) and
d(Tz,Ty) < 1/J(d(x7 y)) for any 2,y € X. Define a function ¢ from [0, 0o) into itself by
¢(a) = (¢(a)+a)/2. Then ¢ is continuous, strictly increasing and lim,—,o ¢(a) = co.
We can choose 7 satisfying the conclusion of Lemma 2.7. Then we have

n(d(Tz,Ty)) < n(v(dy))) <n(e(dy)) =ra(dy)
for any x,y € X. Therefore we obtain (ii). O

Theorem 6.3 (Edelstein [5]). Let (X,d) be a compact metric space and let T be a
mapping on X satisfying (1) of Proposition 6.1. Then T has a unique fized point z.
Moreover {T"x} converges to z for any z € X.

Proof. Let r € (0,1) be arbitrary and put s = (1 —r)/2. By Proposition 6.1, there
exists a function 7 satisfying (6.2). Then we have

n(d(Tz, Ty)) < rn(d(z,y))
<rn(d(z,y)) + sn(d(z,Ty)) + sn(d(Tz,y))

for any x,y € X. So by Theorem 1.2, {T™z} converges to a fixed point for any = € X.
The uniqueness of fixed point follows from (6.1). O

From the proofs of Theorems 5.1 and 6.3, the following theorem is a generalization
of Theorem 6.3.
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Theorem 6.4. Let (X,p) satisfy (D1), (D2) and (D5). Assume that X is Hausdorff,
bounded and sequentially compact. Let T be a mapping on X. Assume that there
exists v € [0,1) such that

p(Tx,Ty) < rp(x,y)
for any xz,y € X. Then {T"x} converges to a fixed point of T for any x € X.

Proof. The conclusion follows from Theorem 4.1. O
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