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COMMON FIXED POINTS OF TWO COMMUTING
MAPPINGS IN COMPLETE METRIC SPACES

T. SUZUKI, R. SAADATI*, D. O'REGAN

Communicated by Fraydoun Rezakhanlou

ABSTRACT. We improve Park and Bae’s common fixed point the-
orem which is a generalization of Meir and Keeler’s fixed point
theorem. We extend Kannan’s fixed point theorem to a common
fixed point theorem of two commuting maps. Also, using the notion
of biased mappings, we prove another common fixed point theorem.

1. Introduction

In 1981, Park and Bae proved the following fixed point theorem.

Theorem 1.1 (Park and Bae [8]). Let (X, d) be a complete metric space.
Let S and T be mappings on X satisfying the following condition.

(a) T(X) C S(X);
(b) S is continuous;
(¢) S and T commute;
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(d) for every e > 0, there exists § > 0 such that
d(Sz,Sy) <e+6 implies d(Tz,Ty) <e.
Then S and T have a unique common fized point.

When S is the identity mapping on X, Theorem 1.1 becomes Meir and
Keeler’s fixed point theorem [7], which is one of the generalizations of
the Banach contraction principle [1] (see also Jungck [2]). On the other
hand, in 1969, Kannan [5] proved the following interesting fixed point
theorem, which is not an extension of the Banach contraction principle.

Theorem 1.2 (Kannan [5]). Let (X,d) be a complete metric space and
let T be a mapping on X. Assume that there exists a € [0,1/2) such
that

d(Tz,Ty) < ad(Tz,z)+ ad(Ty,y)
for allx,y € X. Then T has a unique fixed point.

Some generalizations of Meir and Keeler’s and Kannan’s fixed point
theorem are proved. (For example, see [9, 12, 14, 15]). Lim [6] charac-
terized Meir-Keeler contractions.

The main purpose of this paper is to improve Theorems 1.1 and 1.2.
Also, we will prove a fixed point theorem, using the notion of biased
mappings introduced by Jungck and Pathak [3].

2. Preliminaries

Throughout this paper we denote the set of all positive integers by N.
In 2001, Suzuki introduced the notion of 7-distance in order to generalize
results in Kada, Suzuki and Takahashi [4], Tataru [16], Zhong [17, 18]
and others.

Definition 2.1 ([10]). Let (X, d) be a metric space. A function p from
X x X into [0, 00) is called a 7-distance on X if there exists a function
n from X x [0,00) into [0, 00) such that the following are satisfied:

(r1) plz, 2) < p(a,y) + ply, =) for all 2,5, 2 € X;

(72) n(x,0) = 0 and n(x,t) >t for all x € X and ¢ € [0,00), and 7
is concave and continuous in its second variable;

(73) limy, 2, = 2 and limy, sup {n(zn, p(2n, Tm)) : m > n} = 0 imply
p(w, ) < liminf,, p(w, z,) for all w € X;
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(74) lim, sup{p(zn,ym) : m > n} = 0 and lim,, n(xy, t,) = 0 imply
lim,, n(ynatn) =0

(75) limy, 9(2n, p(2n, 2n)) = 0 and limy, n(zn, p(2n, yn)) = 0 imply
lim,, d(xy, yn) = 0.

The metric d is a 7-distance on X. Many useful examples and results
on 7-distance are stated in [4, 10, 11, 12, 13]. The following is Lemma
2 in [10].

Lemma 2.2 ([10]). Let X be a metric space with a T-distance p. Then
p(z,2) =0 and p(z,y) = 0 implies © = y.

Let (X,d) be a metric space with a 7-distance p. Then a sequence
{zn} in X is called p-Cauchy if there exist a function n from X x [0, c0)
into [0,00) satisfying (72) — (75) and a sequence {z,} in X such that
limy, sup {n(zn, p(zn, m)) : m > n} = 0. The following is known.

Lemma 2.3 ([10]). Let X be a metric space with a T-distance p. If
{zn} is a p-Cauchy sequence, then {x,} is a Cauchy sequence in the
usual sense.

Lemma 2.4 ([10]). Let (X,d) be a metric space with a T-distance p.
If a sequence {x,} in X satisfies lim, sup{p(xn,xm) : m > n} = 0,
then {x,} is a p-Cauchy sequence. Moreover if a sequence {y,} in X
satisfies limy, p(xn, yn) = 0, then {y,} is also a p-Cauchy sequence and
lim,, d(zy, yn) = 0.

Remark 2.5. We note that 2 = y does not necessarily imply p(z,y) = 0,
and p(x,y) = 0 does not necessarily imply = = y.

3. Main results

In this section, we prove our main results. We first improve Theorem
1.1. The following theorem is also a generalization of a result in [12].

Theorem 3.1. Let (X,d) be a complete metric space with a T-distance
p. Let S and T be mappings on X satisfying the following conditions:

(a) T(X) C S(X);
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(b) if {zn} is p-Cauchy and converges to z € X, then {Sz,} con-
verges to Sz;

(c) S and T commute;

(d) for every e > 0, there exists § > 0 such that

p(Sz,Sy) <e+d implies p(Tx,Ty) < e.

Then S and T have a unique common fixed point z € X such that
p(z,2) =0.

Remark 3.2. Condition (b) is weaker than the continuity of S.
Proof. We first show that

p(Tx, Ty) < p(Sz, Sy) holds for all z,y € X. (3.1)

By (d), for every € > 0 with p(Sz, Sy) < e, there exists 0y > 0 such that
p(Su, Sv) < € + d§p implies p(T'u, Tv) < e. Since p(Sz, Sy) < & + dg, we
have p(Tx,Ty) < €. Since € > 0 is arbitrary, we obtain (3.1). By (a),
we can define a mapping I on X satisfying STz = Tz for all z € X. We
first show

nli_)ngop(SI"x,SI”y) =0,
for all z,y € X. Since
p(SI" a, SI"Ty) = p(TI"x, TI™y) < p(SI"x, SI™y),

foralln € N, {p(SI™xz,SI"y)} converges to some nonnegative number ¢;.
If t; > 0, then there exists 6; > 0 such that p(Su, Sv) < t; + d1 implies
p(Tu, Tv) < t;. We choose vy € N with p(ST" x, ST"y) < t1 + 1. Then
we have

p(SI”1+1:U,SI”1+1y) <t < p(SI”l'Ha:, SI’“'Hy),

which is a contradiction. Therefore t; = 0.
We next fix zg € X and define a sequence {z,} by =, = I"zg for
n € N. We note that

Stpy1 = Slzy, =Ty,
for all n € N. We will show

lim sup p(Szy, Szmy) = 0.

n—oo m>n
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Fix ¢ > 0. There exists 62 € (0,¢) such that p(Su,Sv) < € + 02
implies p(Tu,Tv) < e. For such dy, there exists vo € N such that
p(Sxy, Stpi1) < g for all n > vy,

We assume lim sup,, sup,,,~,, p(Sxn, Szy) > 2¢. Then there exist k, £ €
N such that vy < k < ¢ and

p(Szy, Sxp) < e+ 0y < p(Swk, Swpsq)
holds. We have
p(Sxr, Sxpp1) < p(Sxk, STig1) + p(STpy1, STeq1) < 02 + ¢,

which leads to a contradiction. Hence limsup,, sup,,~,, p(Sxn, Szm) <
2¢. Since € > 0 is arbitrary, we have lim,, sup,,~,, p(Szn, Sx,) = 0. By
Lemma 2.4, {Sxz,} is p-Cauchy. So, by Lemma 2.3, {Sxz,} is a Cauchy
sequence in the usual sense. Since X is complete, {Sx,} converges to
some z € X. Hence {Tz,} also converges to z because Sz, = Tx,_;.
By the assumptions, Sz = lim, STz, holds. Since

p(Szp, STxy) = p(Sxn, T'Sxy) = p(Trn—1,TSx))
< p(S.’Ifn_l, SS.’L'n) = p(S:Cn—lv STxn—1)7
for n € N, {p(Szp, STx,)} converges to some nonnegative number ts.
If to > 0, then there exists d3 > 0 such that p(Su, Sv) < t2 + J3 implies

p(Tu, Tv) < ta. We choose v3 € N with p(Szy,, STx,,) < ta + 3. Then
we have

P(STuyt1, TSTyy41) = p(Try, TTy,) < to < p(STyyi1, TSTyy11),

which leads to a contradiction. Therefore to = 0. Hence lim,, p(Sx,,, STx)
= 0. Again by Lemma 2.4, lim,, d(Sx,,, STx,) = 0. This implies Sz = z.
Using this, we have

lim sup p(Szy, T'z) = limsup p(Txp—1,72)

n—oo n—oo
< limsup p(Szp—1,S52) = limsup p(Szp_1, 2)
n—oo n—oo

< lim sup liminf p(Sxy,—1, Szy,)
n—oo MM—00

—
n—00 >n

< lim sup p(Szp—1,Szy) =0,

which implies lim,, d(Sx,,Tz) = 0 and hence Tz = z, Therefore z is a
common fixed point of S and T. Let y be a common fixed point of §
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and 7', and define a mapping J on X by

{Im, if x # y and z # z,
Jr =

r, ifx=yorxz==z.
Then we note that SJx = Tz for all x € X. So we obtain
p(z,y) = lim p(SJ"z,SJ"y) = 0.
n—oo

Similarly we can prove p(z,z) = 0. So, by Lemma 2.2, we obtain y = z.
This means that z is the unique common fixed point of S and 7. This
completes the proof. O

We next improve Theorem 1.2 as follows.

Theorem 3.3. Let (X,d) be a complete metric space with a T-distance
p. Let S and T be mappings on X satisfying the following conditions:
(a) T(X) C S(X);
(b) if {xn} is p-Cauchy and converges to z € X, then {Sz,} con-
verges to Sz;
(c) S and T commute;
(d) there exists a € [0,1/2) satisfying either of the following:
(A) p(Tz,Ty) < ap(Tz,Sz) + ap(Ty, Sy) for all x,y € X;
(B) p(Tx,Ty) < ap(Tz,Sx) + ap(Sy,Ty) for all z,y € X.
Then S and T have a unique common fixed point z € X such that
p(z,2) =0.

Proof. By (a), we can define a mapping I on X satisfying STz = Tx
for all z € X. Fix zg € X and define a sequence {z,} by =, = "z
for n € N. We note that Sx,41 = SIx, = Tz, for all n € N. We first
assume (A). Since

P(STnt2, STnt1) = p(Tnt1, Twy)
< ap(T:cn+1, an—&—l) + O[p(T:L’n, Smn)
= ap(STny2, STpy1) + ap(Swpy1, Swy),

we have

P(STni2, STni1) < 1 p(STpi1, Swy) < ™ p(Szq, S1p),
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for n € N, where r := /(1 — a) € [0,1). Hence
lim p(SZEn, Swm) = lim p(Txnfla Txmfl)
m,n—oo m,n— oo

< lim (ap(Txp—1,Stn-1)+ ap(TTm-1,STm-1))

m,n— 00

< lim a4+ ™) p(Sxy, Sxo)

m,n— 00

=0.

By Lemma 2.4, {Sz,} is p-Cauchy. Hence, by Lemma 2.3, {Sz,} is
a Cauchy sequence in the usual sense. Since X is complete, {Sxz,}
converges to some z € X. By (b), {SSz,} converges to Sz. Also we
have

p(SSxpyo, SSTht1) = p(STxpt1, STxy) = p(TSxpt1, TSxy)
< ap(TStpi1,SStnt1) + ap(TSxy,, SSxy,)
= ap(STrpt1,SSTnt1) + ap(STxy,, SSxy,)
= ap(SSxni2, SSTni1) + ap(SSxpi1, SSTy).

Thus,
p(SSxpy1, SSzy) < r" p(SSzy,SSx0),

for every n € N. This implies limy, o0 p(SSTy, SSzy) = 0 and so
{SSz,} is p-Cauchy. Since

lim p(Sz,,z) < lim liminf p(Sx,, Sz.,)
n—oo m-—oo

n—oo

< lim sup p(Szp, Stm)
=0 m>n
-0,
and

lim p(Szy, Sz) < Jim I;rgrii&fp(an,SSxm)

n—oo

n—oo m>n

< lim sup p(Szy, SSzp,)

= lim sup p(Tzp—1,TSTm-1)

n—oo m>n

< lim sup (ap(Txp—1,Stn-1)+ ap(TSxpm-1,55Tm_1))

n—oo m>n

=0,



60 Suzuki, Saadati and O’Regan

we obtain Sz = z, by Lemma 2.4. We also have
p(Tz,z) <liminf p(Tz, Tx,)
n—oo
< lim inf (ap(Tz,z2) + ap(Try, Sty))
=ap(Tz,z),
which implies p(T'z, z) = 0. From this and
p(Tz,Tz) <2ap(Tz,Sz) =2ap(Tz,z) =0,

we obtain Tz = z. Therefore, z is a common fixed point of S and T and
p(z,2) = 0. Let y be a common fixed point of S and T. Then we can
easily prove that p(y,y) = 0. We have

p(z,y) =p(T2,Ty) < ap(Tz,Sz)+ap(Ty,Sy) = ap(z, 2)+ap(y,y) =0,

and hence y = z, by Lemma 2.2. Therefore the common fixed point z is
unique. We next assume (B). We put

M = p(Sxo, Sx1) + p(Sz1, Szo) + p(SSzo, SSx1) + p(SSx1, SSx0).
Since
p(STpt2, Stnt1) = p(Txpi1, Tay)
<ap(Trpt1,Stps1) + ap(Szy, Txy,)
= ap(STni2, STnt1) + ap(Szy, Stpi1),

and
P(STnt1, STnt2) = p(Txn, Tny1)
< ap(Tzp, Sxn) + ap(Stpi1, TTpi1)
= ap(Szpi1,Szy) + ap(Sxpi1, Stpye),
we have
p(STnt2, STpt1) < 1 p(Stn, STpt1),
and

p(an-H; an—&-Q) < Tp(an+1a S:L“n),
for n € N. Hence

p(Swn—l—l? an) + p(Swm Swn—i-l) <r"M,
for every n € N. We can similarly prove that

p(SSxpy1, SSxy) + p(SSxp, SSTHy1) < 7" M,
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for every n € N. Using these, we can easily prove that
lim p(Sxn,Sty) = lim p(SSz,,SSx.,)=0.
m,n— 00

m,n— 00

By Lemma 2.4, {Sz,} and {SSz,} are p-Cauchy. Hence by Lemma 2.3,
{Sz,} is a Cauchy sequence in the usual sense. Since X is complete,
{Sxy} converges to some z € X. We can prove that such z is the unique
common fixed point of S and T similar to the case (A). This completes
the proof. O

4. Biased mappings

Jungck and Pathak [3] introduced the notion of biased mappings (Def-
inition 4.1). In this section, we prove a fixed point theorem for such
maps.

Definition 4.1 ([3]). Let (X,d) be a metric space and let S and T' be
mappings on X. Then the pair (5,7T) is said to be S-biased if
limsup d(Szyp, STx,) < limsup d(Sx,, TSxy,),

for every sequence {x,} such that {Sz,} and {Tx,} converge to some
point z € X.

Motivated by the above definition, we introduce the 7-distance version
of biased mappings.

Definition 4.2. Let (X, d) be a metric space with a 7-distance p, and
let S and T be mappings on X. Then the pair (S,7T) is said to be
(p, S)-biased if
lim sup p(Sxy, STx,) < limsup p(Sz,, T'Szy,),
n—oo n—oo

for every sequence {z,} such that {Sz,} and {T'z,} are p-Cauchy and
converge to some point z € X.

We note that a convergent sequence is not necessarily p-Cauchy. The
following lemma is obvious.

Lemma 4.3. If ST =TS, then (S,T) is (p,S)-biased.

Lemma 4.4. For every metric space X and mappings S,T on X, (S,T)
is (d,S)-biased if and only if (S,T) is S-biased.
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Proof. We note that a sequence {x,} in X is d-Cauchy if and only if
{zy,} is a Cauchy sequence in the usual sense. 0

Now we prove the following theorem.

Theorem 4.5. Let (X,d) be a complete metric space with a T-distance
p. Let S and T be mappings on X satisfying the following conditions:
(a) T(X) C S(X);
(b) if {zn} is p-Cauchy and converges to z € X, then {Sx,} is also
p-Cauchy and converges to Sz;
(c) (S,T) is (p,S)-biased;
(d) there exists a continuous function ¢ from [0, 00) into itself sat-
isfying p(t) < t for allt € (0,00) and p(Tx, Ty) < p(p(Sz, Sy))
forall x,y € X.
Then S and T have a unique common fixed point z € X such that
p(z,2) =0.

Remark 4.6. While Conditions (b) and (d) in this theorem are stronger
than the corresponding conditions in of Theorem 3.1, Condition (c) in
this theorem is weaker than the corresponding one in Theorem 3.1.

Proof. Since ¢(t) < t for all ¢t € (0,00) and ¢ is continuous, we have
©(0) = 0. Thus ¢(t) < t for all ¢t € [0,00). Considering a function
t — max{p(s) : s € [0,t]}, without loss of generality, we may assume
that ¢ is nondecreasing. By (a), we can define a mapping I on X
satisfying STx = Tz for all x € X. We first show that

nllnéop(SI”x,SI”y) =0,
for all z,y € X. Since
p(ST™Ha, ST y) = p(T 1"z, TI™y)
< o(p(SI"z, ST™y)) < p(SI"z, SI™y),

for all n € N, {p(SI"z,SI™y)} converges to some nonnegative number
t1. If t; > 0, then as n tends to oo, we have

t = nangop(SI”+1x,SI”+1y) < nlLrglo o(p(SIz, SI"y)) = p(t1),

which leads to a contradiction. Therefore t; = 0. We next fix zp € X
and define a sequence {z,} by x, = I"x¢ for n € N. We note that
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Stpy1 = Slz, = Tx, for all n € N. We will show that
lim p(Szy,, Stpy) = 0.

m,n—00

Fix € > 0. There exists v1 € N such that

max {p(Stn, Sxn), P(STn, STni1), P(STpi1,Szn)} < e — p(e),
for all n > v1. We assume that limsup,,, , p(Szn, S;,) > €. Then there
exist k,¢ € N such that k > vq, £ > v1 and either of the following holds

(i) p(Szg, Sze) < e < p(Szk, STr41);
(ii) p(Sz, Szr) < e < p(STpi1, STp).

In the first case, we have

p(Sxr, Sxepr) < p(Sxk, Stig1) + p(STrtr1, STetr)
< p(Szk, Swps1) + @ (p(Szk, Sp))
<e—ple) +¢le) =¢,

which is a contradiction. In the second case, we have

p(STrt1, S20) < P(SThy1, STe41) + p(STe41, S20)

< @(p(Sxk, Sxy)) + p(Swey1, Sa0)

<ple) +e—ole) =¢,
which is again a contradiction. Hence lim sup,,, ,, p(S¥n, Szm) < €. Since
e > 0 is arbitrary, we have lim,, , p(Szp, Szp) = 0. By Lemma 2.4,
{Sz,} is p-Cauchy. Hence, by Lemma 2.3, {Sx,} is a Cauchy sequence
in the usual sense. Since X is complete, {Sz,} converges to some z €
X. Hence {Tz,} also converges to z because Sx,, = Tx,_1. By the
assumptions, {ST'z,} is p-Cauchy and Sz = lim,, STz,,. Since {STx,}
is p-Cauchy, there exist 1o € N and v € X such that

sup {p(v, STxy,) : n > w9} <1.

Since limy, , p(Sxp, STm) = 0, there exists v3 > vy such that p(Sxy,, Sz, )
<1, for all n € N with n > v3. For each n > v3 we have

sup {p(Sxn, STxy) : n > v3}

< sup {p(Stn, Stuy) + p(Sxyy,v) + p(v, STxy) : N >3}
<2+ p(Swy,,v) < 0.
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Hence {p(Sxy, STx,)} is bounded. We assume t9 := lim sup,, p(Sz,, STxy)

> 0. Then we have

to = limsup p(Sxy, STxy,)

n—oo

< limsup p(Szy, TSzy,) = limsup p(Tz,—1, T Sxy)

n—oo n—oo

< limsup ¢(p(Szpn—1,552,)) = limsup ¢(p(Szp—1, STxn_1))
= p(t2) <t2,

which is a contradiction. Hence lim,, p(Sx,, STz,) = 0. Again by
Lemma 2.4, lim,, d(Sx,, STz,) = 0. This implies Sz = z. Using this,
we have

lim sup p(Sxy, Tz) = limsup p(T'zy,—1,Tz)

n—oo n—oo
< limsup p(Szyp—1,52) = limsup p(Sxy,—_1, 2)
n—oo n—oo
< limsup liminf p(Sx,—1, Sxy)
n—oo M—00
< lim sup p(Szn—1,5Tm) =0,
n—oo mzn

which implies lim,, d(Sx,,T%) = 0 and hence Tz = z. Therefore z is a
common fixed point of S and T'. We can prove uniqueness of z similar
to the proof of this assertion in Theorem 3.1. O
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