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Abstract

We prove a fixed point theorem for a kind of Ciri¢ type contractions in complete metric spaces. In order to
demonstrate the assumption of the fixed point theorem, we give an example. We also clarify the mathematical
structure of some fixed point theorem proved by Minak-Helvaci-Altun and Wardowski-Dung independently.
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1. Introduction

Throughout this paper we denote by N the set of all positive integers and by R the set of all real numbers.
In 2012, Wardowski in [10] introduced the concept of F-contraction and proved the following fixed point
theorem.

Theorem 1.1 (Theorem 2.1 in Wardowski [10]). Let (X,d) be a complete metric space and let T be a F-
contraction on X, that is, there exist a function F from (0,00) into R and real numbers T € (0,00) and
k € (0,1) satisfying the following:

(F1) F is strictly increasing.

(F2) For any sequence {ay,} of positive numbers, lim, o, =0 < lim, F(ay,) = —oc.

(F3) lim[tF F(t) : t — +0] = 0.

(F4) 7+ Fod(Tz,Ty) < F od(z,y) for any x,y € X with Tz # Ty.
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Then T has a unique fizved point z. Moreover {T"x} converges to z for all x € X.

In 2014, Mmak, Helvact and Altun in [6] and Wardowski and Dung in [I1] independently proved the
following fixed point theorem.

Theorem 1.2 (Theorem 2.2 in [6], Theorem 2.4 in [I1]). Let (X, d) be a complete metric space and let T' be
a mapping on X. Assume that there exist a function F from (0,00) into R and real numbers T € (0,00) and

k€ (0,1) satisfying [(F1)H(F3)| and the following:
(F5) 74+ Fod(Tx,Ty) < F o L(x,y) for any x,y € X with Tx # Ty, where L is defined by

d(z,Ty) + d(Tx,y)
2

L(z,y) = max {d(:n,y), yd(z, Tx),d(y, Ty)} (1.1)

Assume also either of the following:

(F6) T is continuous.
(F7) F is continuous.

Then T has a unique fizved point z. Moreover {T"x} converges to z for all x € X.

We assume |(F6)| or |(F7)| additionally. So, we note that Theorem is not a generalization of Theorem
. Also F appears in both sides of [(F5). So, we do not understand the mathematical structure of Theorem

[1.2) easily.
Motivated by the above, in this paper, we clarify the mathematical structure of Theorem [I.2] Indeed, in

the case of |(F6), we can prove Theorem by using the known result (Theorem . Also we can weaken
the assumption of [(F'7)| (see Theorem . In both cases, we do not use F'. Finally we give an example
(Example , which implies that we cannot generalize Theorem with using L. Also, Example tells
that the assumption of the new fixed point theorem (Theorem is reasonably weak.

2. Main Result

In this section, we prove the following fixed point theorem.

Theorem 2.1. Let (X,d) be a complete metric space and let T be a mapping on X. Define a function L
from X x X into [0,00) by (1.1)). Assume that there exists a function ¢ from [0,00) into itself satisfying the
following:

(i) @(t) <t for any t € (0,00).
(ii) For any e > 0, there exists § > 0 such that

e<t<e+4d implies ¢(t) <e.
(ii) d(Tx,Ty) < po L(x,y).
Then T has a unique fived point z. Moreover {T™xz} converges to z for all x € X.
Remark 2.2.
e Define a subset Q of [0,00)? by
Q={(L(z,y),d(Tz,Ty)) :z,y € X }. (2.1)

Then Q satisfies Condition C(0,1,0) (see Section[3).
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e Since we do not assume the nondecreasingness of @, we cannot prove this theorem by using Theorem &
in [9].

Proof of Theorem[2.1] Since L(z,y) = 0 implies d(Txz,Ty) = 0, without loss of generality, we may assume
©(0) = 0. By (i), we can easily prove that (ii) is equivalent to the following:

(ii’) For any € > 0, there exists 0 > 0 such that ¢ < ¢ + ¢ implies ¢(t) < ¢
We will show the following:

£y = dTz,Ty) < L(z,y), (2.2)
d(Tz, Ty) < L(z,y).

Indeed, if z # y holds, then L(x,y) > 0 holds. We have by (i) and (iii)
d(Tz,Ty) < po L(z,y) < L(z,y).

Thus holds. If £ = y holds, then we have

d(Tz,Ty) =0 < L(x,y).
Combining this with , we obtain .

We next show the following:
r#Te = dTx T%x) < d(z,Tx),
d(Tz,T?z) < d(z,Tx),
L(z,Tz) =d(z,Tz).
Indeed we have

d(z,T?z) +d(Tx, Tx)

L(z,Tx) = max {d (x,Tx), 5 ,d(m,Tx),d(Tx,TQq:)}
T2
= {d x,Tx), @, T°z) ,d(Tx, TQ:B)}
2
_ {d 2, Tz), 48 T) +2d(T$ I'z) d(Tx,T%;)}

= max{d(z, Tx), d(Tz, T%z)}.
If x # Tz holds, then we have by ([2.2))
d(Tz,T?z) < L(z,Tz) = max{d(z, Tx),d(Tz,T?z)}.

So we obtain (2.4)). Using (2.4), we can prove (2.5)) and ({2.6]).
Fix v € X and define a sequence {u,} in X by u, = T"u for n € N. From (2.5)), {d(upn,uns+1)} is

nonincreasing. So {d(un,un+1)} converges to some €1 > 0. Arguing by contradiction, we assume £; > 0.
From (ii’), there exists §; > 0 satisfying the following:

o ¢t <1+ 01 implies ¢(t) < e;.
From the definition of €1, we can choose v € N satisfying
L(uy,ups1) = d(uy,ups1) < €1 + 01.

Then we have
0 <e1 < d(upt1,Upt2) < wo L{uy, upt1) < €1
and hence by ,
£1 < d(Upg2, Ups3) < d(Upt1, Upt2) = €1,

which implies a contradiction. Therefore we obtain €; = 0. That is, lim,, d(uy, unp+1) = 0 holds. Fix €5 > 0.
Then from (ii’), there exists dy > 0 satisfying the following:



T. Suzuki, Adv. Theory Nonlinear Anal. Appl. 2 (2018), 33—41. 36

o < g9+ 209 implies ¢(t) < e9.
Let ¢ € N be large enough to satisfy d(ug, ugy1) < d2. We will show
d(ug, ugyj) < €2 + 2 (2.7)

for j € N by induction. It is obvious that (2.7) holds when j = 1. We assume that (2.7) holds for some
j € N. Then we have by ([2.5)

d(ug, ueyj1) + d(uesr, wer;)

< d(ug, upqj) + d(uerg, werj1) + d(uerr, ue) + d(ue, uey )

< 2e9+46s.

Hence

L(ug, uey ;)

d(ug; ueyj1) + d(uesr, wery)
2

= max {d(ué7 Upyj), s d(ug, upyr), gy, uz+j+1)}

<gg+ 20

holds. So we have
d(ups1; uojr1) < @ o Llug, uppj) < &2
and hence
d(we, wpg 1) < d(ug, weg1) + d(Uppr, wepjpr) < 02 + €2.
Thus, holds with j := j+ 1. So, by induction, holds for every j € N. Since €9 > 0 is arbitrary, we
obtain

lim sup d(up, um) =0,
n—oo m>n

which implies that {u,} is Cauchy. Since X is complete, {u,} converges to some z € X. Arguing by
contradiction, we assume 7 := d(z,Tz) > 0. Since {u,} converges to z, we can choose p € N satisfying

max{d(z,uy),d(z, uy+1), d(wu, uys1)} < min{T — (1), 7/2}.

We have
L(z,uy)
d d(T
= max{d(z,uu), (Z7U’M+1);_ ( Zjuu)7d(Z7TZ)7d(uM7uM+1)}
_ max{l, T7/2+d(Tz,2) + al(z,uu)jT7 l}
2 2 2
- T/24T+7T/2
e {7, 2T
=T
Hence

d(TZ7 uu+1) <po L(Z7 ult) = (,0(7')
holds. We have
T=d(z,Tz) < d(z,ups1) + d(upg1,Tz) <7 — (1) + (1) =T,
which implies a contradiction. Therefore we have shown that z is a fixed point of T
Let w € X be a fixed point of T. Then we have
d(z,w) + d(z,w)
2

L(z,w) = max {d(z, w), ,d(z, z),d(w,w)} =d(z,w)

and hence
d(z,w) = d(Tz,Tw) < po L(z,w) = ¢ o d(z,w),
which implies d(z,w) = 0, thus, the fixed point z is unique. O



T. Suzuki, Adv. Theory Nonlinear Anal. Appl. 2 (2018), 33—41. 37

3. Contractive Conditions
In this section, we study contractive conditions.

Definition 3.1. Let X be a nonempty set and let p and d be functions from X x X into [0,00). Let T be a
mapping on X.

(1) T is said to be a CJM contraction [2, ], (3] if the following hold:
1-i)  For any € > 0, there exists § > 0 such that p(x,y) < e + 0 implies d(Tx,Ty) < ¢

(

(

)

(24) (0) =0.

(2-ii) @(t) <t for any t € (0,00).

(2-iii) For any € > 0, there exists § > 0 such that e <t < e+ 0 implies p(t) < ¢

(2-iv) d(Tz,Ty) < pop(x,y) for all z,y € X.

) T is said to be a Browder contraction [1|] if there exists a function ¢ from [0,00) into itself satisfying
the following:

(3-1) ¢ is nondecreasing and right continuous.

(3-ii) @(t) <t for any t € (0,00).

(3-iii) d(Tz,Ty) < pop(x,y) for all z,y € X.

In order to concentrate on contractive conditions, we consider subsets of [0, 00)2, see [3]. We give defini-
tions which are strongly connected with contractive conditions in Definition [3.1]

Definition 3.2. Let Q be a subset of [0,00)2.

(1) Q is said to be CJM if the following hold:

(1-1)  For any € > 0, there exists 6 > 0 such that u < & holds for any (t,u) € Q witht <e+4.
(1-ii) w <t holds for any (t,u) € Q with u > 0.

(2) Q is said to be of New-type if there exists a function ¢ from [0,00) into itself satisfying the following:

(21) ¢(0)=0.

(2-ii) @(t) <t for any t € (0,00).

(2-iil) For any € > 0, there exists § > 0 such that € <t < e+ 6 implies p(t) <

(2-iv) u < @(t) for all (t,u) € Q.

(3) Q is said to be a Browder if there exists a function ¢ from [0, 00) into itself satisfying the following:
(3-1) ¢ is nondecreasing and right continuous.
(3-ii) @(t) <t for any t € (0,00).
(3-iii) u < @(t) for all (t,u) € Q.

The following obviously holds. See also Proposition 6 in [7].

Proposition 3.3. Let X be a nonempty set and let p and d be functions from X x X into [0,00). Let T be
a mapping on X. Define a subset Q of [0,00)? by

Q= {(p(z,y),d(Tz,Ty)) : z,y € X}. (3.1)
Then the following hold:

(i) T is a CJM contraction iff Q is CJM.
(ii) T is of New-type iff Q is of New-type.
(i) T is a Browder contraction iff Q is Browder.

Very recently, the concept of Condition C(p,q,r) was introduced in [§]. Using this concept, we can
compare contractive conditions quite easily.
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Definition 3.4 ([8]). Let Q be a subset of [0,00)2.

(1) Q is said to satisfy Condition C(0,0,0) if the following hold:
(1-1)  w <t for any (t,u) € Q with u > 0.
(1-ii) There does not exist 7 > 0 and a sequence {(tn,un)} in Q satisfying T < tn, T < up and
lim,, t, = lim,, u, = 7.
(2) Q is said to satisfy Condition C(0,0,1) if the following hold:
(2-1) @ satisfies Condition C(0,0,0).
(2-ii) There does not exist T > 0 and a sequence {(tn,un)} in Q satisfying T < tn, u, = 7 and
lim, t, = 7.
(3) Q is said to satisfy Condition C(0,0,2) if the following hold:
(3-1) @ satisfies Condition C(0,0,0).
(3-ii) There does not exist T > 0 and a sequence {(tn,un)} in Q satisfying T < tn, Uy
lim,, t,, = lim,, u,, = 7.
(4) Q is said to satisfy Condition C(0,1,0) if the following hold:
(4-1) @ satisfies Condition C(0,0,0).
(4-ii) There does not exist T > 0 and a sequence {(tn,un)} in Q satisfying t, = 7, u, < T and
lim,, u, = 7.
(5) Q is said to satisfy Condition C(1,0,0) if the following hold:
(5-1) @ satisfies Condition C(0,0,0).
(5-ii) There does not exist T > 0 and a sequence {(tn,un)} in Q satisfying t, < 7, u, < T and
lim, t,, = lim,, u,, = 7.
(6) Let (p,q,7) € {0,1}2x{0,1,2}. Then Q is said to satisfy Condition C(p,q,r) if Q satisfies Conditions
C(p,0,0), C(0,q,0) and C(0,0,r).

and

IN
\]

Remark 3.5. The expressions on the above conditions are a little different from those in [§]. Of course,
both are essentially the same.

The following was essentially proved in [§].

Proposition 3.6 ([8]). Let Q be a subset of [0,00)%. Then the following hold:

(i) Q is CIM iff Q satisfies Condition C(0,0,0).
(ii) @ is of New-type iff Q satisfies Condition C(0,1,0).
(i) @ is Browder iff Q satisfies Condition C(1,1,2).

We prove the following lemma, which plays an important role in this paper.

Lemma 3.7. Let X be a nonempty set and let p and d be functions from X x X into [0,00). Let T be a
mapping on X. Assume that there exist a nondecreasing function F from (0,00) into R and a real number
7 € (0,00) satisfying

d(Tz, Ty) >0 = 71+ Fod(Tz,Ty)<Fop(x,y)

for any x,y € X. Define a subset Q of [0,00)? by (3.1). Then the following hold:
(i) @ satisfies Condition C(1,0,0).
(ii) If F is right continuous, then Q satisfies Condition C(1,0,1).
(iii) If F is left continuous, then Q satisfies Condition C(1,1,0).
(iv) If F is continuous, then Q satisfies Condition C(1,1,2).

Remark 3.8. (i) and (iv) were essentially proved in [7]. See Remark below the proof of Theorem 17 in [7].
For the sake of completeness, we give a proof. We note that the proof below is much simpler than that in [7].
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Proof of Lemma[3.7. We first show (i). Let (¢,u) € @ satisfy u > 0. Then there exist x,y € X satisfying
p(z,y) =t and d(Tx,Ty) = u. From the assumption, we have 7 + F(u) < F(t), which implies v < t.
Arguing by contradiction, we assume that there exist v > 0 and sequences {¢, } and {u,} in (v, 00) satisfying
(tn, upn) € Q and limy, (t,, u,) = (v,v). Then we have
lim F(t) = lim F < lim F = lim F(t).
T I PO =T iy Flun) < lig Ftn) = T, FO)
Since limy_,,,10 F'(t) € R, we obtain a contradiction. Thus, @ satisfies Condition C(0,0,0). Also, arguing by
contradiction, we assume that there exist v > 0 and sequences {¢,} and {u, } in (0,v) satisfying (t,, u,) € @
and lim, (t,,, u,) = (v,v). Then we have
. _ . < 1 o
TR PO =T i Flun) < i Flin) = B, FO)
which implies a contradiction. Therefore we have shown that @) satisfies Condition C(1,0,0).
In order to prove (ii), we assume that F' is right continuous. Arguing by contradiction, we assume that
there exist v > 0 and a sequence {t,} in (v, 00) satisfying (¢,,v) € @ and lim, ¢,, = v. Then we have

< 1 = 1 =
T+ F(v) < lim F(t,) = lim F(t) = F(v),

which implies a contradiction. Therefore we obtain (ii).
In order to prove (iii), we assume that F' is left continuous. Arguing by contradiction, we assume that
there exist v > 0 and a sequence {uy} in (0, v) satisfying (v, u,) € @ and lim,, u, = v. Then we have

T+ Flw)=7+ lim F(t)=7+ lim F(u,) < F(v),
t—v—0 n—00

which implies a contradiction. Therefore we obtain (iii).

In order to prove (iv), we assume that F' is continuous. Arguing by contradiction, we assume that there
exist v > 0 and sequences {t,} and {u,} in (0, 00) satisfying (¢,,u) € Q and limy, (¢, u,) = (v,v). Then
we have

T+ F(v) =7+ lim F(u,) < lim F(t,) = F(v),

n—o0 n—o0

which implies a contradiction. Therefore we obtain (iv). O

4. Proof of Theorem [1.2]

In this section, in order to clarify the mathematical structure of Theorem we give a proof of Theorem

Theorem 4.1 (Theorem 2 in Jachymski [4]). Let (X, d) be a complete metric space and let T' be a continuous
mapping on X. Define L by (L.1)). Assume the following:

(i) For any e > 0, there exists 0 > 0 such that e < L(z,y) < e+ & implies d(Tz,Ty) < ¢.
(ii) L(x,y) > 0 implies d(Tz,Ty) < L(z,y).
Then T has a unique fived point z. Moreover {T"x} converges to z for all x € X.

Now we give a proof of Theorem [I.2]

Proof of Theorem[I.2. Define a subset Q of [0, 00)? by .

We first assume Then by Lemma @ satisfies Condition C(1,0,0). So @ satisfies Condition
C(0,0,0). By Proposition Q@ is CJM. Thus, all the assumption of Theorem holds. By Theorem ,
we obtain the desired result.

We next assume Then by Lemma @ satisfies Condition C(1,1,2). In particular, @ satisfies
Condition C(0,1,0). By Proposition Q@ is of New-type. Using Theorem [2.1, we obtain the desired
result. O

Remark 4.2. We do not need |(F3),
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5. Example

The following example tells that the assumption of Theorem is reasonably weak. Also the example
implies that we cannot generalize Theorem [T.1] with using L.

Example 5.1. Put X =[0,1] and let d be as usual. Define a mapping T on X by

{1 ifx=0
T =
x/2 if x > 0.

Define L and @Q by (1.1) and (2.1), respectively. Then the following assertions hold:

(i) (X,d) is a complete metric space.

(ii) T does not have a fized point.

(iii

)
) Q does not satisfy Condition C(0,1,0).
)

(iv) Q satisfies Condition C(1,0,2).

Proof. (i) and (ii) are obvious. Let us prove (iii) and (iv). For z € X \ {0}, we have

L(z,0) = d(0,T0) = 1,
d(Tz,T0) =d(x/2,1) =1—x/2.

Define a sequence {(ty,u,)} in @ by

ty = L(27™,0) =1,
Uy = d(T27",T0) =1 —2"""1,

Then, since {u,} converges to 1, @ does not satisfy Condition C(0,1,0). For z,y € X \ {0}, we have

d(Tw, Ty) = (1/2)d(x,y) < (1/2) L(z, y).

So @ satisfies Condition C(1,0,2). O
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