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ABSTRACT. In this paper, we first study the relationship between weakly con-
tractive mappings and weakly Kannan mappings. Further, we discuss charac-
terizations of metric completeness which are connected with the existence of
fixed points for mappings. Especially, we show that a metric space is complete
if it has the fixed point property for Kannan mappings.

1. INTRODUCTION

Let X be a metric space with metric d. Then a function p from X x X into

[0,00) is called a w-distance on X if it satisfies the following:

(1) p(z,z) < pla,y) +p(y, 2) for all z,y, 2 € X;

(2) p is lower semicontinuous in its second variable;

(3) for each € > 0, there exists ¢ > 0 such that p(z,2) < § and p(z,y) < § imply

d(z,y) <e.

The concept of a w-distance was first introduced by Kada, Suzuki and Takahashi [6].
They give some examples of w-distance and improved Caristi’s fixed point theorem
[2], Ekeland’s variational principle [4] and the nonconvex minimization theorem
according to Takahashi [12]. We denote by W (X)) the set of all w-distances on X.
A mapping T from X into itself is called weakly contractive [11] if there exist
p € W(X) and r € [0,1) such that

p(Tz, Ty) < rp(z,y) forall z,ye X.
In particular, if p = d, T is called contractive. Suzuki and Takahashi [11] proved
that a metric space is complete if and only if it has the fixed point property for

weakly contractive mappings. A mapping T from X into itself is called weakly
Kannan [10] if there exist p € W(X) and « € [0,1/2) such that

p(Tz,Ty) < a(p(Tz,z) + p(Ty,y)) forall z,y€ X,
or
p(Tx,Ty) < a(p(Tz,z) + p(y, Ty)) forall z,ye X.
In particular, if p = d, T is called Kannan [7]. Suzuki [10] proved that a complete

metric space has the fixed point property for weakly Kannan mappings. On the
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other hand, characterizations of metric completeness have been discussed by many
authors (cf. [3, 5, 8, 9, 12]). It has been known that the fixed point property
for contractive mappings does not characterize metric completeness. For example,
see [11]. But Hu [5] proved that a metric space is complete if every closed subspace
has the fixed point property for contractive mappings. Reich [9] also proved that a
metric space is complete if every closed subspace has the fixed point property for
Kannan mappings. We recall that a mapping 7" from a metric space X into itself
is said to be Caristi if there exists a lower semicontinuous function ¢ from X into
[0, 00) such that d(z, Tz) < ¢(x)—¢(Tx) for all x € X. Note that Caristi mappings
include Kannan mappings and contractive mappings. Kirk [8] proved that a metric
space is complete if it has the fixed point property for Caristi mappings. Thus
Caristi mappings characterize metric completeness whereas contractive mappings
do not. This leaves open the question whether Kannan mappings characterize
metric completeness or not.

In this paper, we first study the relationship between weakly contractive map-
pings and weakly Kannan mappings. Further, we discuss characterizations of metric
completeness which are connected with the existence of fixed points for mappings.
Especially, we show that a metric space is complete if it has the fixed point property
for Kannan mappings.

2. PRELIMINARIES

Throughout this paper, we denote by N, Z, Q and R the sets of positive integers,
integers, rational numbers and real numbers, respectively.

Let X be a metric space with metric d. A w-distance p on X is called symmetric
if p(z,y) = p(y, z) for all z,y € X. We denote by Wy(X) the set of all symmetric
w-distances on X. Note that the metric d is an element in Wy(X). We denote
by WC1(X) the set of all mappings 7' from X into itself such that there exist
p € W(X) and r € [0,1) satisfying

p(Tz, Ty) < rp(z,y) forall z,ye€ X,

i.e., the set of all weakly contractive mappings from X into itself. We define the sets
WCy(X), WC((X), WK1(X), WK3(X) and WKy (X) of mappings from X into
itself as follows: T' € WC5(X) if and only if there exist p € W(X) and r € [0,1)
such that

p(Tx, Ty) <rp(y,z) forall z,ye X;
T € WCy(X) if and only if there exist p € Wp(X) and r € [0,1) such that
p(Tz, Ty) < rp(x,y) forall xz,ye X;
T € WK;(X) if and only if there exist p € W(X) and « € [0,1/2) such that
p(Tx,Ty) < a(p(Tx,z) + p(Ty,y)) forall z,ye X;
T € WK,(X) if and only if there exist p € W(X) and « € [0,1/2) such that
p(Tz,Ty) < a(p(Tz,z) + p(y, Ty)) forall z,y€ X;
T € WKy(X) if and only if there exist p € Wy(X) and « € [0,1/2) such that
p(Tz,Ty) < a(p(Tz,z) + p(Ty,y)) forall z,ye€ X.
We recall T is weakly Kannan if T € WK (X) U W K3(X).
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Let 1 be a mean on N, i.e., a continuous linear functional on [°° satisfying ||u| =
1 = u(1). Then we know that p is a mean on N if and only if inf,enyan, < p(a) <
SUp, ey @n for every a = (a1, az,---) € 1°°. According to time and circumstances,
we use i, (ay) instead of p(a). A mean on N is called a Banach limit [1] if p,(a,) =
tin(ant1) for every a = (a1, aq,---) € 1°°. We also know that if u is a Banach limit,
then lim,, a, < i, (a,) < lim,, a, for every a = (a1, as,---) € I*°.

3. RESULTS
The following two theorems are our main results, which are proved in Section 4.

Theorem 1. Let X be a metric space. Then
WC’l(X) = WC()(X) = WKl(X) = WKO(X) C WCQ(X) = WKQ(X)

Theorem 2. Let X be a metric space with metric d. Then the following are equiv-
alent:

(i) X is complete;

(ii) every Kannan mapping T from X into itself has a fized point in X ;

(iii) for every bounded sequence {x,} in X and mean p on N such that

nf pnd(zn, ) =0,
there exists xg € X with pi,d(xy,x0) = 0.

Using the above theorems, we obtain the following; see [11] and [10].

Corollary 1. Let X be a metric space. Then the following are equivalent:

(i) X is complete;

(ii) every weakly contractive mapping from X into itself has a fized point in X;
(iii) every weakly Kannan mapping from X into itself has a fixed point in X.

Proof. (i) = (ii) is proved in [11] and (i) = (iii) is proved in [10]. By Theorem 1,
we have WK((X) = WC1(X) C WK1 (X)UWK,(X). Since WKy (X) contains all
Kannan mappings from X into itself, we can prove (ii) = (i) and (iii) = (i) from
Theorem 2. a

Remark. We know the characterization of metric completeness by Dugundji [3]. As
in the proof of Lemma 3 below, we can obtain his result from Corollary 1.

4. PROOFS

In this section, we give the proofs of Theorems 1 and 2.
Before proving Theorem 1, we need some lemmas. The following lemma is es-
sentially proved in [6]; see also [10].

Lemma 1. Let X be a metric space with metric d, let p be a w-distance on X and
let f be a function from X into [0,00). Then a function q from X x X into [0, 00)
given by q(z,y) = f(z) + p(x,y) for each (z,y) € X x X is also a w-distance.

The following lemma is crucial in the proof of Theorem 1.

Lemma 2. Let X be a metric space with metric d, let p be a w-distance on X, let
T be a mapping from X into itself and let u be a point of X such that

lim p(T™u, T"u) = 0.

m,n— oo
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Then for every x € X, limy p(T*u, z) and limy, p(z, T*u) exist. Moreover, let 3 and
v be functions from X into [0,00) defined by

B(z) = klim p(T*u,z) and ~(z) = klim p(z, T*u).

Then the following hold:

(i) B is lower semicontinuous on X ;

(ii) for every e > 0, there exists § > 0 such that B8(z) < ¢ and B(y) < § imply
d(z,y) <e. In particular, the set {x € X : B8(x) = 0} consists of at most one
point;

(iii) the functions q1 and q2 from X x X into [0,00) defined by

@ (z,y) = B(x) +By) and  qx(z,y) = v(z) + B(y)
are w-distances on X.
Proof. Let x € X. Since
| p(T""u, x) — p(T"u, ) | < max{ p(T™u, T"u), p(T"u, T™u) }
and
| p(x, T™u) — p(z, T"u) | < max{ p(T™u, T"u), p(T"u, T™u) }

for m,n € N, {p(T*u,z)} and {p(x, T*u)} are Cauchy sequences. So, 3 and 7 are
well-defined. We next show that (3 is lower semicontinuous on X. Fix x € X and let
{zn} be a sequence which converges to x. Let € > 0. Then there exists ko € N such
that p(T*ou,z) > B(z) — ¢ and p(T*ou, T™u) < ¢ for every m € N with m > k.
Fix n € N and choose k1 > kg such that p(T*u,z,) < B(x,) +¢. Then we have

p(TkOu, Zp) < p(TkOu, Tklu) —|—p(Tk1u, ZTn) < B(xn) + 2¢
for every n € N. Hence

B(x) < p(Trou,z) + ¢ < lim p(T*u, x,) + ¢ < lim B(z,) + 3¢.
Since ¢ > 0 is arbitrary, we have 3(x) < lim, G(x,). Therefore 3 is lower semi-
continuous on X. We next show (ii). Let ¢ > 0 and choose § > 0 such that
p(z,v) < 26 and p(z,w) < 2§ imply d(v,w) < e. Suppose B(z) < ¢ and [(y) < 4.
Then there exists ky € N such that p(T*2u, ) < 26 and p(T*2u,y) < 25. Hence we
have d(x,y) < e. Therefore (ii) is shown. Let us prove (iii). From (i) and (ii), the
function g3 from X x X into [0, 00) defined by ¢3(z,y) = B(y) is w-distance. So, by
Lemma 1, we have ¢; and ¢o are w-distances on X. This completes the proof. [

The following lemma is essentially proved in [10]. However, for the sake of
completeness, we give the proof by using Lemma 2.

Lemma 3. W1 (X) C WKy(X).

Proof. Suppose T € W(C4(X), i.e., there exist a w-distance p and r € [0,1) such
that p(Txz, Ty) < rp(x,y) for all z,y € X. Fix u € X. Then we have, for each
m,n € N,

min{m,n}

1-—

r

p(T™u, T"u) < max{p(u, u), p(Tu,w), p(u, Tu)}.
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Since 0 < r < 1, we have lim, , p(T™u,T"u) = 0. So, by Lemma 2, f(z) =
limy, p(T*u, z) is well-defined and qi(z,y) = B(x) + B(y) is a w-distance on X.
From §(Tz) < rB(z) for every x € X, we have

@1(Tz, Ty) < r(1+7) " (a1 (T2,2) + a1 (Ty,y))
for all z,y € X. This implies T' € WKy(X). O

We continue studying the relations between the classes of mappings.
Lemma 4. WK;(X) C WCy(X).

Proof. Suppose T' € WK1(X), i.e., there exist a w-distance p and « € [0,1/2) such
that p(Tx, Ty) < ap(Tx,z) + ap(Ty,y) for all z,y € X. We put r = (1 —a)~ L.
Note that p(T?%z,Tx) < rp(Tx,z) for every z € X. Fix u € X. For m,n € N, we
have

p(T™u, T"u) < ap(T™u, T™ ) + ap(T"u, T tu) < a(r™ 1 + " Hp(Tu, u)
and hence lim,, , p(T™u, T"u) = 0. So, by Lemma 2, B(x) = limy p(T*u, ) is

well-defined and ¢ (x,y) = B(x) + B(y) is a w-distance on X. We next prove that
B(Tz) < rB(x) for every x € X. In fact, from

p(Tz,z) < p(Tx, TFu) + p(THu, z) < ap(Tz, ) + ap(T*u, T*1u) + p(T*u, x),
we have
p(T*u, Tx) < ap(THu, T u) + ap(Tx, ) < rp(TFu, TF u) + rp(T u, ).
Hence 5(Tz) < r@(x). So we have q1(Tx,Ty) < rqi(x,y) for all z,y € X. This
implies T' € WCy(X). O
Lemma 5. W(C5(X) = WK,(X).

Proof. We first show WC5(X) C WK5(X). Suppose T' € W(C5(X), i.e., there exist
a w-distance p and r € [0,1) such that p(Tz, Ty) < rp(y,z) for all z,y € X. Fix
u € X and m,n € N. If m > n, then

m—1
p(T™u, T™u) + p(T"u, T™u) < Y {p(T"u, T'u) + p(Tu, T u)}

i=n

L {p(Tu,w) + p(u, Tw)}.

If m = n, then p(T™u, T™u) < r™p(u,u). So, we have

<

rmin{mm}
1—r

and hence lim,, , p(T™u, T"u) = 0. So, by Lemma 2, 3(z) = limy p(T*u, r) and
y(x) = limy, p(z, T*u) are well-defined and gz(z,y) = v(z) + B(y) is a w-distance
on X. From (Tz) < ry(z) and v(Tz) < rfB(x) for every x € X, we have
@2(Tz,Ty) < r(1 + 1) (¢2(Tz,x) + q2(y, Ty)) for all z,y € X. This implies
T e WK, (X)

We next show WKy (X) C WC2(X). Suppose T' € WK5(X), i.e., there exist
a w-distance p and a € [0,1/2) such that p(Tz,Ty) < ap(Tz,x) + ap(y, Ty) for

p(T"u, T"u) < {p(u,v) + p(Tu,u) + p(u, Tu)}
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all z,y € X. We put r = a(1 — a)~!. Note that p(T?%z,Tz) < rp(z,Tz) and
p(Tz, T%z) < rp(Tx,x) for every z € X. Fix u € X. For m,n € N, we have
(T, T™u) < p(T™u, T™ ) + p(T™ u, T")
< ("7 T {p(Tu,u) + plu, Tu)}

and hence lim,, , p(T™u, T"u) = 0. So, by Lemma 2, 3(z) = limy p(T*u, r) and
y(x) = limy, p(z, T*u) are well-defined and gz(z,y) = v(z) + B(y) is a w-distance
on X. We next prove that (Tz) < ry(x) for every z € X. In fact, from

p(z, Tz) < p(e, T*u) + p(T*u, Tx) < plz, TFu) + ap(T*u, TFu) + ap(z, Tx),
we have
p(TFu, Tz) < ap(T*u, T~ u) + ap(z, Tx) < rp(T*u, T u) + rp(z, T*u).

So B(Tz) < ry(z). Similarly, we have v(T'z) < r@(x). Hence we have ¢o(T'z, Ty) <
rq2(y, z) for all z,y € X. This implies T € WC2(X). O

Now, we prove Theorem 1.

Proof of Theorem 1. It is clear that WCo(X) C WC1(X) and WK (X) CWEK;(X).
So, by Lemmas 3 and 4, we have

WCH(X)=WC1(X)=WEKy(X) =WK;(X).
Hence by Lemma 5, we obtain the desired result. O

Next, we prove Theorem 2.

Proof of Theorem 2. (i) = (ii) was proved in [7]. We first show (ii) = (iii). Let {z,}
be a bounded sequence in X and let p be a mean on N such that inf,e x pnd(z,, z) =
0. Let us define a mapping 7" from X into itself as follows. For each z € X, we
choose a point Tx € X with p,d(z,,Tz) < iund(:z:n,:z:). We show that T is
a Kannan mapping. Let  and y be arbitrary points in X. Then

1 1
tnd(zn, Tz) < Zund(xn,x) < Z(und(xn,Tx) + und(Tx,x)).

Hence ju,d(zy,, Tz) < +d(Tx,z). Similarly, pnd(z,, Ty) < 3d(Ty,y). So we have

1 1
d(Tz,Ty) = pnd(Tz, Ty) < pnd(zn, Tx) + pnd(z,, Ty) < gd(Tx,x) + gd(Ty,y).

Hence T is a Kannan mapping. From (ii), there exists a point zp € X such that
Txo = zo. So we have

1
pnd(Zn, T0) = pnd(Tn, Tzo) < Zund(zn,zo)-

Hence ppnd(x,,x0) = 0. This implies (iii). We next show that (iii) = (i). Let {x,}
be a Cauchy sequence in X and let p be a Banach limit. Then it is easy to see that

pnd(xn,x) = lim d(z,,x)
for every z € X and

zlg( tnd(zn,x) = 0.
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So from (iii), there exists a point xy € X such that p,d(x,,z9) = 0. Hence
lim,, d(z,, z¢) = 0. Therefore X is complete. This completes the proof. O

Remark. (i) = (iii) was proved in [12].

5. ADDITIONAL RESULTS

By Theorem 1, we know WC1(X) = WCy(X) = WK (X) = WKy(X) C
WC(X) = WKy(X). So it is natural to consider whether WC;(X) = WC5(X)
or not. In this section, we give two answers for this question.

Proposition 1. WC1(R) & WC,(R).

Proof. By the Axiom of Choice, there exists C C R such that cIC = R and
Uyele +C) = R\ Q, where clC is the closure of C' and | | represents disjoint
union. Define a mapping T from R into itself by

T — 0, if zeQ,
1 q if x € (q+C) for some q € Q.

Define a w-distance p by

0, if reQandy=0,

p(z,y)=4q 1, if xe€Qandy#0,
2, if zeR\Q.

Then we have p(Tz,Ty) < ip(y,z) for all z,y € R. Therefore ' € WC3(R). We
next show T' ¢ W4 (R). Suppose T' € WC1(R). Then from the proof of Lemma 3,
there exist r € [0, 1) and a lower semicontinuous function § from R into [0, c0) such
that 8(Tx) < rB(x) for every x € R and the set of {x € R : B(x) = 0} consists of
at most one point. Since R =J.2 {z € R: (z) < n}, Baire’s theorem yields that
there exist a,b € R such that a < b and M = sup ([a,b]) < co. Then we obtain
M > 0 because M = 0 implies a = b. Fix ¢ € Q. From cl(q 4+ C) = R, there exists
z € (g+ C)Nla,b]. So, we have

B(q) = B(Tz) <rp(x) <rM.
Therefore from cl Q = R, we have
sup B(R) = sup B(Q) < rM < M = sup ([a, b]) < sup 3(R).
This is a contradiction. Hence T' ¢ W4 (R). |

Proposition 2. If X has a discrete topology, then WC (X ) = WCs(X).

Proof. We show W(C5(X) C WC1(X). Suppose T € W(C5(X). Then from the first
part of the proof of Lemma 5, there exist r € [0,1) and a function § from R into
[0,00) such that B(T%z) < r?g(x) for every z € X and the following holds: For
every € > 0, there exists ¢ > 0 such that S(z) < ¢ and S(y) < 0 imply d(z,y) < e.
We put

A={ze X:8(x) <1,8(Tx) <1}
and define a mapping 7 from X into Z U {—oo} by

(@) = { —sup{n € NU{0} : there exists u € A such that T"u =z}, ifz € A,

min{n € N: T"z € A}, ifx ¢ A
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From 3(T%x) < r?B(x), n is well-defined. Let ¢ be a function from X x X into
[0,00) defined by q(z,y) = 27*) + 27 Then ¢ is a w-distance on X. Since
n(Tz) < n(z) — 1 for every x € X, we have ¢(Tz,Ty) < 1q(z,y) for all 2,y € X.
This implies T € WC1(X). O
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