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DOUBLE CONTROLLED CONE METRIC SPACES
AND THE RELATED FIXED POINT THEOREMS

Tayebeh Lal Shateri

Abstract. In this paper, we introduce double controlled cone metric spaces via
two control functions. An example of a double controlled cone metric space by two
incomparable functions, which is not a controlled metric space, is given. We also
provide some fixed point results involving Banach type and Kannan type contrac-
tions in the setting of double controlled cone metric spaces.

1. Introduction

One interesting extension of metric spaces is b-metric spaces introduced by Bakhtin
[5]. Recently, several extensions of b-metric spaces such as bv(s)-metric spaces and b-
rectangular metric spaces were introduced and some fixed point theorems are proved
on these spaces, see ([12, 17]). In 2018, Mlaiki et al.[13] gave an extension of the
extended b-metric spaces, which was called controlled metric type spaces. Also,
in 2018, Abdeljawad et al. [3] introduced the concept of double controlled metric
type spaces. Also, they proved an analogue of the Banach contraction principle on
controlled metric type spaces. Banach contraction principle [4] plays an important
role in several branches of mathematics. For instance, it has been used to study the
existence of solutions for nonlinear Volterra integral equations and nonlinear integro-
differential equations in Banach spaces and to prove the convergence of algorithms in
computational mathematics. In 2020, Mlaiki [14] gave an extension of all the types
of metric spaces mentioned, which was called double controlled metric-like spaces,
and proved some fixed point results on double controlled metric-like spaces.
Fixed point theorems are the basic mathematical tools used in showing the existence
of solution in such diverse elds such as biology, chemistry, economics, engineering,
and game theory.
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Haung and Zhang [10] have introduced the concept of the cone metric space,
replacing the set of real numbers by an ordered Banach space and they showed some
fixed point theorems of contractive type mappings on cone metric spaces. Later
many authors generalized their results, see ([1, 2, 6, 7, 8, 15, 18, 19]).

In this paper, by using some ideas of [3, 10], we introduce double controlled
cone metric spaces via two control functions. An example of a double controlled
cone metric space by two incomparable functions, which is not a controlled metric
space, is given. We also provide some fixed point results involving Banach type and
Kannan type contractions in the setting of double controlled cone metric spaces.
The following definitions and results will be needed in the sequel.

Let E be a real Banach space and P be a subset of E. P is called a cone if it
satisfies the followings.

(C1) P is closed, non-empty and P 6= {0}
(C2) ax + by ∈ P for all x, y ∈ P and non-negative real numbers a, b,

(C3) P ∩ (−P ) = {0}.

For a given cone P ⊆ E, we can dene a partial ordering ¹ on E with respect to P

by x ¹ y if and only if y− x ∈ P . We write x ≺ y to indicate that x ¹ y but x 6= y,
while x ¿ y will stand for y − x ∈ intP , in which intP denotes the interior of P .

Let E be a Banach space, P be a cone in E with intP 6= Φ and ¹ is partial
ordering with respect to P . The cone P is called normal if

(1.1) inf{‖x + y‖ : x, y ∈ P, ‖x‖ = ‖y‖ = 1} Â 0,

or equivalently, there is a constant number M Â 0 such that for all x, y ∈ E where
0 ¹ x ¹ y implies ‖x‖ ¹ M‖y‖. The least positive number satisfying above is called
the normal constant of P . From (1.1) it is easy to see that P is a non-normal if and
only if there exist sequences xn, yn ∈ P such that

0 ¹ xn ¹ xn + yn , xn + yn → 0 but xn 9 0.

We give an example of non-normal cone.

Example 1.1 ([9]). Let E = C1[0, 1] with the norm ‖x‖ = ‖x‖∞ + ‖x′‖∞ on
P = {x ∈ E : x(t) ≥ 0 on [0, 1]}. This cone is not normal. Consider

xn(t) =
1− sinnt

n + 2
, yn(t) =

1 + sinnt

n + 2
.
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Since ‖xn‖ = ‖yn‖ = 1 and ‖xn + yn‖ = 2
n+2 → 0, it follows that P is a non-normal

cone.

Definition. (Cone metric space) Let X be a non-empty set. A mapping d : X×X →
E is said to be a cone metric on X if for all x, y, z ∈ X the following hold
(CM1) 0 ≺ d(x, y) and d(x, y) = 0 if and only if x = y,

(CM2) d(x, y) = d(y, x),
(CM3) d(x, y) ¹ d(x, z) + d(z, y).
Then (X , d) is called a cone metric space.

We now state the definition of a controlled cone metric space.

Definition. (Controlled cone metric space) Let X be a nonempty set and let α :
X × X → [1,∞) be a function. p : X × X → E is called a controlled cone metric
type with α if the following hold
(CCM1) 0 ≺ p(x, y) and p(x, y) = 0 if and only if x = y,

(CCM2) p(x, y) = p(y, x),
(CCM3) p(x, y) ¹ α(x, z)p(x, z) + α(z, y)p(z, y),

for all x, y, z ∈ X. Then the pair (X , p) is said to be a controlled cone metric space.
Each cone metric space is a controlled cone metric space with α(x, y) = 1.

Definition. (Double controlled cone metric space) Let X be a nonempty set and
let α, β : X × X → [1,∞) be non-comparable functions. p : X × X → E is called a
double controlled cone metric with respect to α and β if the following hold
(DCM1) 0 ≺ p(x, y) and p(x, y) = 0 if and only if x = y,

(DCM2) p(x, y) = p(y, x),
(DCM3) p(x, y) ¹ α(x, z)p(x, z) + β(z, y)p(z, y), for all x, y, z ∈ X. Then the pair
(X , p) is said to be a double controlled cone metric space.

It is clear that each controlled cone metric space is a double controlled cone metric
space, but there exists double controlled cone metric spaces which are not controlled
cone metric space.

Example 1.2. Let E = R2, P = {(x, y) ∈ E : x, y ≥ 0}, X = R+ and p : X ×X →
E be defined by

p(x, y) =





(0, 0), ⇔ x = y
( 1

x , 1
3), x > 1, y ∈ [0, 1)

(1
3 , 1

y ), x ∈ [0, 1), y > 1
(1, 1), otherwise.
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Define α, β : X × X → [1,∞) by

α(x, y) =
{

x, x, y > 1
1, otherwise

and β(x, y) =
{

1, x, y < 1
max{x, y}, otherwise.

Then (X , p) is a double controlled cone metric space. On the other hand, we have

p(0,
1
2
) = (1, 1) > (

2
3
,
2
3
) = α(0, 3)p(0, 3) + α(3,

1
2
)p(3,

1
2
).

This implies that p is not a controlled cone metric space when α = β.

Example 1.3. Let E = R2, P = {(x, y) ∈ E : x, y > 0} and let
X = {(x, 0) : 0 6 x 6 1}⋃{(0, x) : 0 6 x 6 1}. Suppose that p : X × X → E is
defined by

p ((x, 0), (y, 0)) =
(

4
3
|x− y|, |x− y|

)
, p ((0, x), (0, y)) =

(
|x− y|, 2

3
|x− y|

)

p ((x, 0), (0, y)) = p ((0, y), (x, 0)) =
(

4
3
x + y, x +

2
3
y

)
.

Define α, β : X × X → [1,∞) as

α(X,Y ) =
{

max{ 1
x , 1

y}, x, y 6= 0
(1, 1), x = y = 0

and β(X, Y ) =
{ 1

x + 1
y , x, y 6= 0

(1, 1), x = y = 0,

for all X, Y ∈ X in which X = (x, 0), Y = (y, 0) or X = (0, x), Y = (0, y). Then
p is a double controlled cone metric. In fact, the conditions (DCM1) and (DCM2)
hold. (DCM3) is satisfied too, because by the example in [10] p is a cone metric
space and so we have

p(x, y) 6 p(x, z) + p(y, z) 6 α(x, z)p(x, z) + β(y, z)p(y, z).

Definition. Let (X , p) be a double controlled cone metric space with respect to α

and β.
(i) A sequence {xn} is convergent to some x in X , if for every c ∈ E with 0 ¿ c

there is N such that for all n > N , p(xn, x) ¿ c, then {xn} is said to be convergent
and {xn} converges to x, and x is the limit of {xn}. It is written as limn→∞ xn = x.

(ii) A sequence {xn} is said Cauchy, if for every c ∈ E with 0 ¿ c there is N such
that for all m, n > N , p(xm, xn) ¿ c.
(iii) (X , p) is said complete if every Cauchy sequence is convergent.

The following result is similar to [10, Lemma 1] and so the proof is omitted.
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Lemma 1.4. Let (X , p) be a double controlled cone metric space with respect to α

and β, P be a normal cone with normal constant M . Let {xn} be a sequence in X .
Then {xn} converges to x if and only if limn→∞ p(xn, x) = 0.

Lemma 1.5. Let (X , p) be a double controlled cone metric space with respect to α

and β, P be a normal cone with normal constant M . Let {xn} be a sequence in X
such that {xn} converges to x and y. If limn→∞ α(x, xn) and limn→∞ β(xn, y) exist
and are finite, then x = y.

Proof. For any c ∈ E with 0 ¿ c, there is N such that for all n > N , p(xn, x) ¿ c

and p(xn, y) ¿ c. We have

p(x, y) ¹ α(x, xn)p(x, xn) + β(xn, y)p(xn, y) ¹ c
(
α(x, xn) + β(xn, y)

)
.

Hence, ‖p(x, y)‖ ¹ c‖α(x, xn)+β(xn, y)‖. Since limn→∞ α(x, xn) and limn→∞ β(xn, y)
exist and are finite and c is arbitrary, p(x, y) = 0, therefore x = y. ¤

2. Main Results

In this section, we give some fixed point results in double controlled cone metric
spaces. We assume that (X , p) be a complete double controlled cone metric space
with respect to the functions α, β : X × X → [1,∞) and P be a normal cone with
normal constant M .

Theorem 2.1. Let T : X → X satisfy the contraction condition

(2.1) p(Tx, Ty) ¹ kp(x, y),

for all x, y ∈ X , where k ∈ (0, 1). For x0 ∈ X , choose xn = Tnx0. Suppose that

(2.2) sup
mº1

lim
i→∞

α(xi+1, xi+2)
α(xi, xi+1)

β(xi+1, xm) ≺ 1
k
.

If for each x ∈ X , limn→∞ α(x, xn) and limn→∞ β(xn, x) exist and are finite, then
T has a unique fixed point.

Proof. Suppose that a sequence {xn} in X satisfies the hypothesis of the theorem.
Then by (2.1) we get

p(xn, xn+1) ¹ knp(x1, x0),
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for all n º 0. Let m,n be integers such that m Â n. By a similar to the proof of [3,
Theorem 1] we have

p(xn, xm) ¹ α(xn, xn+1)p(xn, xn+1) + β(xn+1, xm)p(xn+1, xm)

¹ α(xn, xn+1)p(xn, xn+1) + β(xn+1, xm)α(xn+1, xn+2)p(xn+1, xn+2)

+ β(xn+1, xm)β(xn+2, xm)p(xn+2, xm)

¹ · · ·

¹ α(xn, xn+1)p(xn, xn+1) +
m−2∑

i=n+1

( i∏

j=n+1

β(xj , xm)
)
α(xi, xi+1)p(xi, xi+1)

+
m−1∏

k=n+1

β(xk, xm)p(xm−1, xm)

¹ α(xn, xn+1)knp(x1, x0) +
m−2∑

i=n+1

( i∏

j=n+1

β(xj , xm)
)
α(xi, xi+1)kip(x1, x0)

+
m−1∏

k=n+1

β(xk, xm)km−1p(x1, x0)

¹ α(xn, xn+1)knp(x1, x0) +
m−1∑

i=n+1

( i∏

j=n+1

β(xj , xm)
)
α(xi, xi+1)kip(x1, x0)

¹ α(xn, xn+1)knp(x1, x0) +
m−1∑

i=n+1

( i∏

j=0

β(xj , xm)
)
α(xi, xi+1)kip(x1, x0),

hence

‖p(xn, xm)‖ ¹ M‖α(xn, xn+1)knp(x0, x1)

+
m−1∑

i=n+1

( i∏

j=0

β(xj , xm)
)
α(xi, xi+1)kip(x0, x1)‖.(2.3)

Set Sr =
∑r

i=0

(∏i
j=0 β(xj , xm)

)
α(xi, xi+1)ki, then we have

‖p(xn, xm)‖ ¹ M‖p(x0, x1)
[
knα(xn, xn+1) + (Sm−1 − Sn)

]‖.

(2.2) implies that the limit of the real sequence {Sn} exists and so {Sn} is Cauchy.
Letting m,n →∞ in (2.3) yields limm,n→∞ p(xn, xm) = 0, and so {xn} is a Cauchy
sequence. By the completeness of X , there exists x ∈ X such that limn→∞ xn = x.
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We claim that Tx = x. It follows from (DCM3) and (2.1) that

p(x, Tx) ¹ α(x, xn+1)p(x, xn+1) + β(xn+1, Tx)p(xn+1, Tx)

¹ α(x, xn+1)p(x, xn+1) + kβ(xn+1, Tx)p(xn, x),

and so

‖p(x, Tx)‖ ¹ M
(
‖α(x, xn+1)p(x, xn+1)‖+ k‖β(xn+1, Tx)p(xn, x)‖

)
.

Hence, ‖p(x, Tx)‖ = 0, that is, Tx = x. Now, if y is another fixed point of T , then

p(x, y) = p(Tx, Ty) ¹ kp(x, y),

thus ‖p(x, y)‖ = 0, and so x = y. Therefore the fixed point of T is unique. ¤

Now, we give an example of mappings on a double controlled cone metric space
which satisfy the conditions of Theorem 2.1.

Example 2.2. Let E = R2, P = {(x, y) ∈ E : x, y > 0} and let
X = {(x, 0) : 0 6 x 6 1}⋃{(0, x) : 0 6 x 6 1}. Suppose that p : X × X → E is
defined by

p ((x, 0), (y, 0)) =
(

4
3
|x− y|, |x− y|

)
, p ((0, x), (0, y)) =

(
|x− y|, 2

3
|x− y|

)

p ((x, 0), (0, y)) = p ((0, y), (x, 0)) =
(

4
3
x + y, x +

2
3
y

)
.

Define α, β : X × X → [1,∞) as

α(X, Y ) = β(X, Y ) = 1,

for all X, Y ∈ X . Then p is a double controlled cone metric. Define T : X → X as

T (x, 0) = (
x

2
, 0), T (0, y) = (0,

y

2
),

for all x, y ∈ [0, 1]. Then T satisfies condition (2.1). Note that for each X0 ∈ X ,
X0 = (x0, 0) or X0 = (0, x0), and then Xn = TnX0 = (x0

2n , 0) or Xn = TnX0 =
(0, x0

2n ). All the hypotheses of Theorem 2.1 are satisfied with k = 1
2 . In fact, (0, 0) is

the unique fixed point of T .

The next result has an analogue on metric spaces [11].

Theorem 2.3. Suppose that a mapping T : X → X satisfies the contractive condi-
tion

(2.4) p(Tx, Ty) ¹ ap(x, Tx) + bp(y, Ty)
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for all x, y ∈ X , where a + b ≺ 1 and a, b ∈ [0, 1). For arbitrary x0 ∈ X , choose
xn = Tnx0. Assume that

(2.5) sup
mº1

lim
i→∞

α(xi+1, xi+2)
α(xi, xi+1)

β(xi+1, xm) ≺ 1− b

a
.

If for each x ∈ X ,

(2.6) lim
n→∞α(x, xn) exists finite and lim

n→∞β(xn, x) ≺ 1
b

then T has a unique fixed point in X.

Proof. Let {xn} be a sequence satisfying the hypothesis of the theorem. From (2.4)
for all n º 0 we obtain

p(xn, xn+1) = p(Txn−1, Txn)

¹ ap(xn−1, Txn−1) + bp(xn, Txn)

= ap(xn−1, xn) + bp(xn, xn+1),

hence p(xn, xn+1) ¹ a
1−bp(xn−1, xn). Continuing this process we get

(2.7) p(xn, xn+1) ¹
( a

1− b

)n
p(x1, x0), for all n º 0.

Now, we show that the sequence {xn} is Cauchy. Using (DCM3) and (2.7) for all
m,n ∈ N we get

p(xn, xm) ¹ α(xn, xn+1)p(xn, xn+1) + β(xn+1, xm)p(xn+1, xm)

¹ · · ·

¹ α(xn, xn+1)p(xn, xn+1) +
m−2∑

i=n+1

( i∏

j=n+1

β(xj , xm)
)
α(xi, xi+1)p(xi, xi+1)

+
m−1∏

k=n+1

β(xk, xm)p(xm−1, xm)

¹ α(xn, xn+1)
( a

1− b

)n
p(x1, x0)

+
m−2∑

i=n+1

( i∏

j=n+1

β(xj , xm)
)
α(xi, xi+1)

( a

1− b

)i
p(x1, x0)

+
m−1∏

k=n+1

β(xk, xm)
( a

1− b

)m−1
p(x1, x0).
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Since a+ b ≺ 1, a
1−b ≺ 1. This implies that ‖p(xn, xm)‖ → 0 as m,n →∞, therefore

the sequence {xn} is Cauchy, and the completeness of X implies that there exists
an element x ∈ X such that {xn} converges to x. If Tx 6= x, we deduce that

0 ≺ p(x, Tx) ¹ α(x, xn+1)p(x, xn+1) + β(xn+1, Tx)p(xn+1, Tx)

¹ α(x, xn+1)p(x, xn+1) + β(xn+1, Tx)
[
ap(xn, xn+1) + bp(x, Tx)

]
,

hence
(2.8)
0 ≺ ‖p(x, Tx)‖ ¹ M‖α(x, xn+1)p(x, xn+1)+β(xn+1, Tx)

[
ap(xn, xn+1)+bp(x, Tx)

]‖.
Making use of the condition (2.6) and passing to the limit on (2.8) we get

0 ≺ ‖p(x, Tx)‖ ≺ ‖p(x, Tx)‖
which is a contradiction, therefore Tx = x. Suppose that T has another fixed point
y, then

p(x, y) = p(Tx, Ty) ¹ ap(x, Tx) + bp(y, Ty)

= ap(x, x) + bp(y, y) = 0.

Consequently x = y, and T has a unique fixed point. ¤

If in Theorem 2.3 we consider a = b ∈ [0, 1
2), then we get the following result.

Corollary 2.4. Suppose that a mapping T : X → X satisfies the contractive condi-
tion

(2.9) p(Tx, Ty) ¹ a
[
p(x, Tx) + p(y, Ty)

]

for all x, y ∈ X , where a + b ≺ 1 an a, b ∈ [0, 1). For arbitrary x0 ∈ X , choose
xn = Tnx0. Assume that

(2.10) sup
mº1

lim
i→∞

α(xi+1, xi+2)
α(xi, xi+1)

β(xi+1, xm) ≺ 1− a

a
.

If for each x ∈ X ,

(2.11) lim
n→∞α(x, xn) exists, is finite and lim

n→∞β(xn, x) ≺ 1
a

then T has a unique fixed point in X.

Following is the Reich [16] type contraction mapping considered here to prove
another fixed point theorem in double controlled cone metric spaces.
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Theorem 2.5. Let T : X → X be a mapping satisfying the contractive condition

(2.12) p(Tx, Ty) ¹ ap(x, Tx) + bp(y, Ty) + cp(x, y)

for all x, y ∈ X , where a + b + c ≺ 1 and a, b, c ∈ [0, 1). For x0 ∈ X , choose
xn = Tnx0. Assume that

(2.13) sup
mº1

lim
i→∞

α(xi+1, xi+2)
α(xi, xi+1)

β(xi+1, xm) ≺ 1− b

a + c
.

If for each x ∈ X ,

(2.14) lim
n→∞α(x, xn) exists, is finite and lim

n→∞β(x, xn) ≺ 1
b

then T has a unique fixed point in X.

Proof. Let {xn} be a sequence satisfying the hypothesis of the theorem. From (2.12)
for all n º 0 we obtain

p(xn, xn+1) = p(Txn−1, Txn)

¹ ap(xn−1, Txn−1) + bp(xn, Txn) + cp(xn−1, xn)

= ap(xn−1, xn) + bp(xn, xn+1) + cp(xn−1, xn),

hence p(xn, xn+1) ¹ a+c
1−bp(xn−1, xn). By induction we get

(2.15) p(xn, xn+1) ¹
(a + c

1− b

)n
p(x1, x0), for all n º 0.

By a similar to the proof of Theorem 2.3 we can show that the sequence {xn} is
Cauchy. In fact (DCM3) and (2.15) for all m,n ∈ N, imply that

p(xn, xm) ¹ α(xn, xn+1)
(a + c

1− b

)n
p(x1, x0)

+
m−2∑

i=n+1

( i∏

j=n+1

β(xj , xm)
)
α(xi, xi+1)

(a + c

1− b

)i
p(x1, x0)

+
m−1∏

k=n+1

β(xk, xm)
(a + c

1− b

)m−1
p(x1, x0).

Since a + b + c ≺ 1, a+c
1−b ≺ 1, which implies that ‖p(xn, xm)‖ → 0 as m,n → ∞.

Therefore the sequence {xn} is Cauchy, and the completeness of X implies that there
exists an element x ∈ X such that {xn} converges to x. If Tx 6= x, we deduce that

0 ≺ p(x, Tx) ¹ α(x, xn+1)p(x, xn+1) + β(xn+1, Tx)p(xn+1, Tx)

¹ α(x, xn+1)p(x, xn+1) + β(xn+1, Tx)
[
ap(xn, xn+1)

+ bp(x, Tx) + cp(x, xn)
]
,
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hence

‖p(x, Tx)‖ ¹ M‖α(x, xn+1)p(x, xn+1)(2.16)

+ β(xn+1, Tx)
[
ap(xn, xn+1) + bp(x, Tx) + cp(x, xn)

]‖.
Making use of the condition (2.14) and passing to the limit on (2.16) we get

0 ≺ ‖p(x, Tx)‖ ≺ ‖p(x, Tx)‖
which is a contradiction, therefore Tx = x. Suppose that T has another fixed point
y, then

p(x, y) = p(Tx, Ty) ¹ ap(x, Tx) + bp(y, Ty) + cp(x, y)

= ap(x, x) + bp(y, y) + cp(x, y) = cp(x, y),

since c ≺ 1, x = y and so T has a unique fixed point. ¤

If in Theorem 2.5 we consider a = b = c ∈ [0, 1
3 ], then we get the following result.

Corollary 2.6. Suppose that a mapping T : X → X satisfies the contractive condi-
tion

(2.17) p(Tx, Ty) ¹ a
[
p(x, Tx) + p(y, Ty) + p(x, y)

]

for all x, y ∈ X , where a ∈ [0, 1
3). For arbitrary x0 ∈ X , choose xn = Tnx0. Assume

that

(2.18) sup
mº1

lim
i→∞

α(xi+1, xi+2)
α(xi, xi+1)

β(xi+1, xm) ≺ 1− a

2a
.

If for each x ∈ X ,

(2.19) lim
n→∞α(x, xn) exists, is finite and lim

n→∞β(xn, x) ≺ 1
a

then T has a unique fixed point in X.

Remark 2.7. All the results which proved in this section, hold in complete con-
trolled cone metric spaces, too.

Remark 2.8. In the case when the cone is not necessarily normal, we can prove
Theorem 2.1. For the proof we give the following properties of cone metrics which
are often useful, when the cone is not normal.
(i) If x ¹ y and y ¿ z, then x ¿ z.
(ii) If c ∈ intP , 0 ¹ xn and xn → 0, then there exists N such that, for all n > N ,
we have xn ¿ c.

Now, we proof Theorem 2.1 on a non-normal cone.
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Proof. By the similar proof of Theorem 2.1 we have

p(xn, xm) ¹ α(xn, xn+1)knp(x0, x1) +
m−1∑

i=n+1

( i∏

j=0

β(xj , xm)
)
α(xi, xi+1)kip(x0, x1),

for m Â n. Set Sr =
∑r

i=0

(∏i
j=0 β(xj , xm)

)
α(xi, xi+1)ki. Then we have

p(xn, xm) ¹ p(x0, x1)
[
knα(xn, xn+1) + (Sm−1 − Sn)

]
.

(2.2) implies that the limit of the real sequence {Sn} exists and so {Sn} is Cauchy,
hence p(x0, x1)

[
knα(xn, xn+1) + (Sm−1 − Sn)

] → 0 as m,n →∞. From (i) and (ii)
we deduce that {xn} is a Cauchy sequence. By the completeness of X , there exists
x ∈ X such that limn→∞ xn = x. We claim that Tx = x. Since T is continuous,
limn→∞ Txn = Tx. It follows from (DCM3), (2.1) and (2.3) that

p(x, Tx) ¹ α(x, xn)p(x, xn) + β(xn, Tx)p(xn, Tx)

¹ α(x, xn)p(x, xn) + kβ(xn, Tx)p(xn−1, x).

Given c ∈ intP , since limn→∞ xn = x, there exists n ∈ N such that, for all n > N ,
p(x, xn−1) ¿ c

k and p(xn, x) ¿ c. Hence, we obtain

p(x, Tx) ¿ α(x, xn)c + kβ(xn, Tx)
c

k
= c

[
α(x, xn) + β(xn, Tx)

]
.

Since c is arbitrary, (2.3) implies that p(x, Tx) = 0, and so x is the fixed point of
T . ¤
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