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COMMON FIXED POINTS OF NONCOMMUTING DISCONTINUQOUS
WEAKLY CONTRACTIVE MAPPINGS IN CONE METRIC SPACES

Vasile Berinde

Abstract. In this paper we prove the existence of coincidence points and com-
mon fixed points for a large class of noncommuting discontinuous contractive
type mappings in cone metric spaces. These results generalize, extend and
unify several well-known recent related results in literature.

1. INTRODUCTION

In a very recent paper [14], the authors established some fixed point theorems
in cone metric spaces, an ambient space which is obtained by replacing the real axis
in the definition of the distance, by an ordered real Banach space whose order is
induced by a (positive) cone.

Thereafter, Abbas and Jungck [1] used this setting as ambient space in order to
formulate and prove several common fixed point theorems that extend well-known
fixed point theorems for contractive type mappings from the case of usual metric
spaces. In direct relation to these results, in [19] the authors pointed out that all
the fixed point theorems, established in [14] for the case of a cone metric space
ordered by a a normal cone P with normal constant K, could fe formulated and
proved in the more general case of a cone metric space. Moreover, they presented
several interesting and useful facts about normal and regular cones, illustrated with
appropriate examples.

On the other hand, the author [11] extended all the coincidence and common
fixed point theorems in [1] to a more general class of discontinuous noncommuting
mappings, but by restricting the ambient space to the case of usual metric spaces.

As the cone metric spaces clearly form a bigger category than the one of usual
metric spaces, it is the main aim of the present paper to extend and unify all the
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results in [14, 1, 11] and [19], in view of the important considerations from [19].
To this end, we present in the following some definitions and basic results that will
be needed to state our main results.

The classical Banach’s contraction principle is one of the most useful results
in fixed point theory. In a metric space setting its statement is given by the next
theorem.

Theorem B. Let (X, d) be a complete metric space and 7': X — X a map
satisfying

(1.2) d(Tz,Ty) < ad(z,y), forallz,ye X,

where 0 < ¢ < 1 is constant. Then:

(p1) T has a unique fixed point z* in X;

(p2) The Picard iteration {z,}5° , defined by

(1.2) Tpt1 =Tx,, n=0,1,2,...

converges to =*, for any zg € X.
(p3) The following estimate holds:

i

(13)  dzp4ior,27) < 5 .

d(p, Tp—1), n=0,1,2,...;i=1,2,...
(p4) The rate of convergence of Picard iteration is given by

(1.4) d(xp, %) < ad(xp-1,z2%), n=1,2,...

Remarks. A map satisfying (p1) and (p2) in Theorem B is said to be a Picard
operator, see [23], [24], while a mapping satisfying (1.1) is usually called strict
contraction or a-contraction or Banach contraction. Theorem B shows therefore
that any strict contraction is a Picard operator.

Theorem B has many applications in solving nonlinear equations. Its merit is not
only to state the existence and uniqueness of the fixed point of the strict contraction
T but also to show that the fixed point can be approximated by means of Picard
iteration (1.2). Moreover, for this iterative method both a priori

an

) <
d(xp, %) < -

d(zg,z1), n=0,1,2,...

and a posteriori

d(zn, 2") <
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error estimates are available, which are both contained in (1.3).

On the other hand, the inequality (1.4) shows that the rate of convergence of
Picard iteration is linear in the class of strict contractions.

Despite these important features, Theorem B suffers from one drawback - the
contractive condition (1.1) forces T' be continuous on X.

It was then natural to ask if there exist or not contractive conditions which do not
imply the continuity of 7". This was answered in the affirmative by R. Kannan [17]
in 1968, who proved a fixed point theorem which extends Theorem B to mappings
that need not be continuous on X (but are continuous at their fixed point), see [22],

1
by considering instead of (1.1) the next condition: there exists b € [O, 5) such that

(1.5) d(Tz,Ty) < bld(z, Tz)+ d(y, Ty)], forallz,ye X.

Following the Kannan’s theorem, a lot of papers were devoted to obtaining fixed
point theorems for various classes of contractive type conditions that do not require
the continuity of T, see for example, [23], [10] and the references therein.

One of them, actually a sort of dual of Kannan fixed point theorem, due to

1
Chatterjea [12], is based on a condition similar to (1.5): there exists ¢ € [O, 5)
such that

(1.6) d(Tz,Ty) < c[d(z, Ty) +d(y, Tz)], forallz,y € X.

For a presentation and comparison of such kind of fixed point theorems, see
[20, 21, 18] and [10].

These fixed point results were then complemented by important results regarding
the existence of common fixed points of such contractive type mappings. So, Jungck
[15] proved in 1976 a common fixed point theorem for commuting maps, thus
generalizing Theorem B. In the same spirit, very recently M. Abbas and G. Jungck
[1], obtained coincidence and common fixed point theorems for the class of Banach
contractions, Kannan contractions and Chatterjea contractions in cone metric spaces,
without making use of the commutative property, but based on the so called concept
of weakly compatible mappings, introduced by Jungck [16].

On the other hand, in 1972, Zamfirescu [28] obtained a very interesting fixed
point theorem, by combining the contractive conditions (1.1) of Banach, (1.5) of
Kannan and (1.6) of Chatterjea.

Note that, as shown by Rhoades [20], the contractive conditions (1.1) and (1.5),
as well as (1.1) and (1.6), respectively, are independent.

We give here the complete statement of Zamfirescu’s fixed point theorem, in-
cluding also the error and rate of convergence estimates, similar to that given in the
very recent paper [11], in view of its extension to coincidence and common fixed
points. A complete proof of Theorem 1 can be found in [9] and [10].



1766 Vasile Berinde

Theorem 1. Let (X, d) be a complete metric space and let 7 : X — X be a
mapping for which there exist a € [0, 1), b, c € [0, %) such that for all =,y € X, at
least one of the following conditions is true:

(z1) d(Tz,Ty) < ad(z,y);
(22) d(Tz,Ty) < bld(z, Tx) + d(y, Ty)];
(z3) d(Tx,Ty) < c[d(z, Ty) + d(y, Tz)].

Then the Picard iteration {x,} defined by (1.2) and starting from z( € X
converges to the unique fixed point «* of T with the following error estimate

5i
1-6
b c

1-b"1—cf’
Moreover, the convergence rate of the Picard iteration is given by

d(xpyi1, ") < d(p, Tp—1), n=0,1,2,...;i=1,2,...

where § = max< a,

1.7 d(xp, z*) <0 -d(xp-1,2%), n=12,...

It is therefore the main aim of this paper to extend and unify all the results in
[14, 1, 11] and [19], in view of the important considerations from [19].

2. PRELIMINARIES

Definition 1. Let F be a real Banach space and P a subset of £. P is called
a cone if
(i) P is closed, non-empty and P # {0};
(if) axz +by € P for all x,y € P and nonnegative real numbers a, b;
(i) PN (—=P) ={0}.

Note that the relations intP + intP C intP and AintP C intP(\ > 0) hold.

For a given cone P C E, we can define on E a partial ordering < with respect
to P by putting z < y if and only if y — x € P. Further, x < y stands for z < y
and x # y, while z < y stands for y — x € int P, where int P denotes as usually
the interior of P.

Definition 2. Let X be a non-empty set. A mapping d: X x X — F satisfying

(d1) 0 <d(z,y) for all z,y € X and d(z,y) = 0 if and only if z = y;
(d2) d(z,y) =d(y,x) for all z,y € X;
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(d3) d(z,y) < d(x,z)+d(zy) forall z,y,z € X. is called a cone metric on X,
and (X, d) is called a cone metric space [1].

Note that in the papers [2, 23] these notions were termed “generalized metric”
and “generalized metric space”, while in [3, 26, 27, 13] and [25] they are called "K-
metric” and “K-metric spaces” or "E-metric” and “E-metric spaces”, respectively.
The obtained results there are concerned with fixed point theorems only, directly
related to Theorem B.

Definition 3. Let (X, d) be a cone metric space, z € X and {x,},>1 a sequence
in X. Then

(1) {zn}n>1 converges to x whenever for every ¢ € E with 0 < ¢, there is a
natural number N such that d(z,, x) < e for all n > N. We denote this by

lim x, =z or x,, — x.
n—oo

(73) {zn}n>1 is a Cauchy sequence whenever for every ¢ € E with 0 < ¢ there
is a natural number N such that d(xp, z,) < € for all n,p > N;

(7i7) (X, d)isacomplete cone metric space if every Cauchy sequence is convergent.

Definition 4. ([1]). Let S and T be selfmaps of a nonempty set X. If there
exists x € X such that Sz = Tz then «x is called a coincidence point of S and T,
while y = Sx = T'z is called a value of coincidence of S and 7. If Sx =Tz = z,
then z is a common fixed point of S and 7.

Definition 5. ([16]). Let S and 7" be selfmaps of a nonempty set X. The pair
of mappings S and T is said to be weakly compatible if they commute at their
coincidence points.

The next Proposition, which is given in [1] as Proposition 1.4, will be needed
to prove our main result.

Proposition 1. Let .S and T be weakly compatible selfmaps of a nonempty set
X. If S and T have a unique point of coincidence y = Sx = Tx, then y is the
unique common fixed point of S and 7.

3. MaIN ResuLT

In [1], the authors obtained three coincidence and common fixed point theorems,
corresponding to Banach contraction condition (Theorem 2.1), Kannan’s contrac-
tive condition (Theorem 2.3) and Chatterjea’s contractive conditon (Theorem 2.4),
respectively, in cone metric spaces.
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Then, the author [11] extended all the coincidence and common fixed point
theorems in [1] to a more general class of discontinuous noncommuting mappings,
by restricting the ambient space to the case of usual metric spaces. We now establish
the corresponding results from [1, 14, 11] and and [19] in a cone metric space setting.
Note that our technique of proof, adapted from [11], is significantly different from
the one used in [1].

Theorem 2. Let (X, d) be a cone metric space and let 7', S : X — X be two
mappings for which there exist a € [0, 1), b, ¢ € [0, %) such that for all z,y € X,
at least one of the following conditions is true:

(z1) d(Tz,Ty) < ad(Sz, Sy);

(22) d(Tx, Ty) < bld(Sz, Tx) + d(Sy, Ty)];

(z3) d(Tz,Ty) < c[d(Sz, Ty) + d(Sy, Tz)].

If the range of S contains the range of 7" and S(X) is a complete subspace of
X, then T and S have a unique coincidence point in X. Moreover, if 7" and S are
weakly compatible, then 7" and S have a unique common fixed point in X.

In both cases, the iteration {Sz,} defined by (3.5) converges to the unique
(coincidence) common fixed point z* of S and T, for any z( € X.

Proof. We first fix =,y € X. At least one of (z1), (z2)or (z3)is true. If
(z2) holds, then

d(Tz,Ty) < bld(Sx,Tz)+ d(Sy, Ty)]
< b{d(Sz,Tz)+ [d(Sy, Sx)+ d(Sz, Tz) + d(Tx,Ty)]}.

So
(1=0)d(Tx,Ty) <2bd(Sz,Tz)+ bd(Sx, Sy),
which yields
2b b

If (z3) holds, then similarly we get
2c c

Therefore, by denoting

5 — ma b e
TN ST T T
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we have 0 < ¢ < 1 and then, by (z1), (3.1) and (3.2), we find that, for all z,y € X,
the following inequality

(3.3) d(Tz,Ty) <2§-d(Sz,Tx)+ 0 - d(Sxz, Sy)
holds. In a similar manner we obtain
(3.4) d(Tx,Ty) < 26 -d(Sz,Ty)+ ¢ - d(Sz, Sy),

valid for all z,y € X.

Let now z( be an arbitrary point in X. Since T'(X) C T'(X), we can choose a
point 1 in X such that T'zq = Sx; Continuing in this way, for a z,, in X, we can
find x,,11 € X such that

(3.5) Stpi1 =Txp, n=0,1,...

If z:=z,, y:=x,_1 are two successive approximations defined by (3.5), then
by (3.4) we have

d(Szpi1,Swy) = d(Twp, Trp_1) < 26-d(Sxp, Trp_1) +06-d(Szp, STH_1),
which in view of (3.5) yields
(3.6) d(Sxpy1,Sxy) <6 -d(Szp, Stp_1),n=0,1,2....
Now by induction, from (3.6) we obtain

(3.7) d(Szpik, STpip_1) < 0% - d(Szp, Szp 1), n=0,1,2...; k=1,2,..

and then, for p > 4, we get after straightforward calculations

5i(1 = gp-ith)

(38) d(an—I—pv an+i—1) < 1-95

~d(Sxp, Sxp_1),n >0;i>1.

For 4 = 1 and then by an inductive process, (3.8) yields

1-6

d(STpip, Str) < 0 ~d(Szp, Sxp_1) <

=0,1,2...
5 d(Sx1,Szg), n =0,1, ,

Let 0 < e be given. Choose § > 0 such that £ + Ns(0) C P, where Ns(0) = {y €
E |yl <6}
Also choose a natural number N; such that

5n
1-946

-d(Sz1, Sxo) € N5(0), forall n > Ny.
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Then

n

1-6

- d(Sz1, Sxo) < €, foralln > Ny

and hence
d(STpip, Str) < 15—5 ~d(Sxp, Sxp_1) < e, forall n,p > Ny

which shows that {Sz,} is a Cauchy sequence.
Since S(X) is complete, there exists «* in S(X) such that

(3.9) lim Sz, = 2™

n—oo

We can find p € X such that Sp = z*. By (3.5) and (3.6) we further have
d(Sxn, Tp) = d(Txn-1,Tp) < 6d(Sap_1,Sp) < 6" 'd(Sx1, Sp),
which shows that we also have
(3.10) nh_)rglo Sx, =Tp.

By (3.9) and (3.10) it results now that 7p = Sp, that is, p is a coincidence point
of Tand S (or z* is a point of coincidence of T" and S).

Now let us show that 7" and S have a unique point of coincidence. Assume
there exists ¢ € X such that Tq = Sq. Then, by (3.3) we get

d(Sq,Sp) = d(Tq,Tp) < 26d(Sq,Tq) + 6d(Sq, Tp) = 6d(Sq, Sp)

which yields
(1 - 6)d(Sq, Sp) <0.

As by definition, 0 < d(Sq, Sp), that is, d(Sq, Sp) € P, by the previous inequality
we obtain —d(Sq, Sp) € P, since ﬁ > 0. This means that d(Sq, Sp) = 0, which
shows that Sq = Sp = z*, thatis T" and S have a unique point of coincidence, z*.

Now if T" and S have are weakly compatible, by Proposition 1 it follows that
2* is their uniqgue common fixed point. ]

Particular cases

(1) If in Theorem 2, condition (z;) holds for all =,y € X, then by Theorem 2
we obtain Theorem 2.1 in [1].

(2) If in Theorem 2, condition (z2) holds for all =,y € X, then by Theorem 2
we obtain Theorem 2.3 in [1], that is, Corollary 1 in this paper.
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Corollary 1. Let (X,d) be a cone metric space and P a cone with normal
constant K. Suppose that the mappings f, g : X — X satisfy the contractive
condition

(3.11) d(fz, fy) < k[d(fz, gz) + d(fy, 9y)], Yo,y € X

where k € [0, 1) is a constant. If the range of g contains the range of f and g(X)
is a complete subspace of X, then f and ¢ have a unique coincidence point in
X. Moreover, if f and g are weakly compatible, then then f and g have a unique
common fixed point in X.

(3) If in Theorem 2, condition (z3) holds for all =,y € X, then by Theorem 2
we obtain Theorem 2.4 in [1].

Corollary 2. Let (X,d) be a metric space and let 7, S : X — X be two
mappings for which there exist ¢ € [0, 1) such that for all z,y € X,

d(Tz,Ty) < c[d(Sz, Ty) + d(Sy, Tz)].

If the range of S contains the range of 7" and S(X) is a complete subspace of
X, then T"and S have a unique coincidence point in X. Moreover, if 7" and S are
weakly compatible, then 7" and S have a unique common fixed point in X.

In both cases, the iteration {Sxz,} defined by (3.5) converges to the unique
(coincidence) common fixed point z* of S and T, for any xy € X.

(4) If in Theorem 2, the cone P = R, the nonnegative real semi-axis, then by
Theorem 2 we obtain the main result (Theorem 3) in [11].

4. CONCLUSIONS

By Theorem 2 we can also obtain a common fixed point result for mappings
that satisfy a single contractive condition, as in the next theorem.

Theorem 3. Let (X, d) be a cone metric space and let 7', S : X — X be two
mappings for which there exist h € [0, 1) such that

d(Tz,Ty) < h-max{d(Sz,Sy),[d(Sz, Tz) + d(Sy, Ty)]/2,

4.2)
[d(Sz,Ty) + d(Sy, Tz)]/2} ,forall z,y € X.

If the range of S contains the range of 7" and S(X) is a complete subspace of
X, then T"and S have a unique coincidence point in X. Moreover, if 7" and S are
weakly compatible, then 7" and S have a unique common fixed point in X.

In both cases, the iteration {Sxz,} defined by (3.5) converges to the unique
(coincidence) common fixed point z* of S and T, for any xy € X.
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Proof. The contractive condition (4.1) is equivalent to Zamfirescu’s condi-
tions, see [20], so the theorem follows by Theorem 2. ]

Remark 1. Note that all results in this paper remain valid if we replace the
assumption ”S(X) is a complete subspace of X by ”(X,d) is a complete (cone)

metric space”.

The next example shows that the generalizations given by our results in this
paper are effective.

Example 1. Let E = R? be the Euclidean plane, and
P ={(z,y) €R*: z,y > 0}

be the positive cone of F.
Let X = {(z,0) € R2: 0 <z < 1} and defined : X x X — P by

62 (0. 0) = (o sl o 31} Y. 0 (. 0) € X,

It is a simple task to show that (X, d) is a complete cone metric space. Let T, S :
X — X be defined by

x
(Z,()), OSII)<1
T(z,0)=

and

S((L‘, 0) - 2
<§7 0> y L= 17
respectively.

We have T(X) = {(z,0): 0 <z < 1/4} U{(1/3,0)} C {(z,0): 0 <z <
1} = S(X). Moreover, (0,0) is the unique coincidence point of S and 7' and,
since, obviously, 7" and .S commute at (0,0), S and 7" are weakly compatible. In
order to show that S and 7" do satisfy the contractive conditions in Theorem 2 (and
also in Theorem 3), let us denote

My = [0,1) x [0, 1) Ma = [0,1) x {1} U {1} x [0,1); My = {1} x {1}.
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Clearly, [0,1] x [0, 1] = My UMsUMs. For (x,y) € M, S and T satisfy condition
(z1), with constant @ = 1/4. Indeed, by (z;) we get

(15-31715-4) <o (et 3101

and both components reduce to the obvious relation

r oy

Z_Z< —l.

1 4‘ Sale—y

For (z,y) € Ms, T(x,0) = T(y,0) and so (z2) is obviously satisfied. Con-
sider now (z,y) € M,. Due to the symmetry of the contractive condition (z3),
it suffices to show that (z3) is satisfied for all x € [0,1) and y = 1. As

T(z,0) = (f 0) L T(1,0) = (%,0) , S(2,0) = (2,0) and S(1,0) = (;,0),

47

in view of (4.2), condition (z3) reduces to show that there exists a constant c,
1

0<c< 3 such that

x 1 1 2 x
4. S S S e 1
(4.3) 1 3|_c<x 3' |3 4),Vw€[0,)

. 3 1 .

We shall prove that (4.3) holds with ¢ = = < 3 that is,

r 1 3 1 2 =z
4.4 S <2lz-2|+]2=-2 1
(4.4) 1 3|_7<x 3|—|—|3 4>,Vxe[0,)

x 1 1 x 1 1 x

As, f 1), — - -, h — — —| = = — —. Similarly, since
s,orar:e[o,),4<4<3weave4 3‘ 3 1 y
2 1 2 x 2 x
- > = , we get |— — —| = = — = and therefore, (4.4) becomes
3>4>4 g 3 4 3 4 (4.4)

1 =z 3 1 2 =z
4. e (] Py T 1).
(4.5) 3 4_7<x 3‘—1—3 4>,Vxe[0,)

1 1 1 L .

fo<z< 3 then |z — §| = §_w and (4.5) reduces to = < 3 which is obviously
true.

1 1 1 1 L.
If 3 <z <1,then |z — 3|=%~3 and (4.5) reduces to = > 3 which is also

true. This proves that (4.3) is satisfied and therefore, S and T' do satisfy condition
(23) on Ms.
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Note that 7" and S do not satisfy condition (z;) on the whole space X. Indeed,
this would imply that there exists a constant a, 0 < a < 1, such that

(4.6) d(T(z,0),T(y,0)) < a-d(S(z,0),T(y,0)), Y,y € [0, 1].

Take 0 < x < 1 and y = 1. In view of (4.2), condition (4.6) reduces to

T
Z<all —

Wl

. . . - 1
which by letting x — 1 yields the contradiction T <0.

So, Theorem 2.1 in [1] do not apply. Moreover, S and T do not satisfy (z) on
the whole X. Indeed, for 0 < 2 < 1 and y = 1, in view of (4.2), condition (z)
reduces to

4.7

R

1 .
where 0 < b < o If we take z = 0 in (4.7), we get
1 1
3 6’
a contradiction. This shows that S and 7" do not satisfy (z2) on the whole X and
hence, Theorem 2.3 in [1] cannot be applied here. In view of Remark 1, both

Theorem 2 and Theorem 3 in our paper do apply and (0, 0) is the unique common
fixed point of S and T'.

1
<b--<
=73
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