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Abstract. In this paper, we introduce a new concept of cyclic and cyclic ordered & — y expansive mappings and
investigate the existence of a fixed point for the mappings in this class. Further, we shall derive coupled fixed point
theorems in complete metric spaces. The presented theorems generalize and improve many existing results in the
literature. Moreover, some examples are given to illustrate our results.
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1. INTRODUCTION

Fixed point theory is one of the most powerful and fruitful tools in nonlinear analysis, since it
provides a simple proof for the existence and uniqueness of the solutions to various mathemat-
ical models. Its core subject is concerned with the conditions for the existence of one or more
fixed points of a mapping f from a topological space X into itself. The Banach contraction
principle [1] is one of the most versatile elementary results in fixed point theory. Moreover,
being based on iteration process, it can be implemented on a computer to find the fixed point
of a contractive mapping. This principle has many applications and was extended by several
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authors. Among them, we mention the & — y-contractive mapping, which was introduced by
Samet et al. [2] via oc-admissible mappings.

In 1984, Wang et al. [3] presented some interesting work on expansive mappings in metric
spaces which correspond to some contractive mapping in [4]. Khan et al. [5] generalized the
result of [3] by using functions. Also, Rhoades [6] and Taniguchi [7] generalized the results of
Wang [3] for a pair of mappings. Kang [8] generalized the results of Khan et al. [S], Rhoades
[6] and Taniguchi [7] for expansive mappings. Shahi et al. [9] introduced the concept of (&, &t)-
expansive mappings in complete metric spaces. Salimi et al. [10] introduced the new notion
of twisted (@, B) — y-contractive mappings in metric spaces. Recently, Kang et al. [11] intro-
duced the notion of twisted (¢, ) — y-expansive mappings in metric spaces.

In this paper, we introduce a new concept of cyclic and cyclic ordered & — W expansive map-
pings and establish various fixed point theorems for such mappings in complete metric spaces.
The presented theorems extend, generalize and improve many existing results in the literature.
Some examples are given to illustrate our results.

For the sake of completeness, we recall some basic definitions and fundamental results.

Wang et al. [3] defined expansion mappings in the form of following theorem.

Theorem 1.1. Let (X,d) be a complete metric space. If f : X — X is an onto mapping and there
exists a constant k > 1 such that d(fx, fy) > kd(x,y), for each x,y € X. Then f has a unique
fixed point in X.

Recently, Samet et al. [2] introduced the following concepts.

Definition 1.2. Let ¥ denote the family of all functions y : [0,00) — [0,e0) which satisfy the
following :

DY, " (t) < oo for each t > 0, where y" is the nth iterate of y;

(i1)y is non-decreasing.

Definition 1.3. Let (X,d) be a metric space and f : X — X be a given self mapping. f is said
to be an o — y-contractive mapping if there exists two functions o : X x X — [0,00) and y € ¥
such that a(x,y)d(fx, fy) < (d(x,y)) for all x,y € X.

Definition 1.4. Let f: X — X and ¢ : X X X — [0,00). f is said to be a-admissible if x,y € X,

a(x,y) > 1 =a(fx, fy) > 1.
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In 2013, P. Salimi et al. [10] introduced the concept of twisted («, 8)-admissible mappings in

the following form:
Definition 1.5. Let f: X — X and o, : X X X — [0,%0). f is said to be a twisted (o, f3)-
o(x,y) = 1, a(fy,fx) =1,

=

B(x,y) > 1, B(fy,fx) > 1.
Definition 1.6. Let (X,d) be a metric space and f : X — X be a twisted (c, 3)-admissible

admissible mapping if x,y € X,

mapping. Then f is said to be a
(i) twisted (a, B) — y-contractive mapping of type I, if

o (x,y)B(x,y)d(fx, fy) < w(d(x,y))
holds for all x,y € X, where y € W.

(ii) twisted (@, B) — y-contractive mapping of type IL, if there is 0 < p < 1 such that
(0t(x,y)B(x,y) + p) xS < (14 p)Vidtes)

holds for all x,y € X, where y € W.

(iii) twisted (a, B) — y-contractive mapping of type III, if there is p > 1 such that

(d(fx, £y) + p) 2B < y(d(x,y)) + p
holds for all x,y € X, where v € W.

Recently, Kang et al. [11] introduced the concept of twisted (@, ) — w-expansive mappings in

metric spaces as follows:

Definition 1.7. Let (X,d) be a metric space and f : X — X be a twisted (a,3)-admissible

mapping. Then f is said to be a

(i) twisted (a, B) — y-expansive mapping of type L, if
(D v(d(fx, fy)) = alx,y)B(x,y)d(x,y),

holds for all x,y € X, where v € V.

(ii) twisted (@, B) — w-expansive mapping of type II, if there is 0 < p < 1 such that
@) (1+p) V=) > (o, y)B(x,y) +p) ™™,

holds for all x,y € X, where y € 'V’
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(iii) twisted (@, B) — w-expansive mapping of type I, if there is p > 1 such that

3) w(d(fx, fy))+p > (d(x,y) + p)* P,

holds for all x,y € X, where y € 'V

In what follows, we present the main results of Kang et al. [11].
Theorem 1.8. Let (X,d) be a complete metric space and f : X — X be a bijective, twisted
(o, B) — y-expansive mapping of type I or type IT or type I satisfying the following conditions:

() f~1is twisted (o, B)-admissible;

(ii) there exists xy € X such that a(xo, f~'x0) > 1, B(x0, f~'x0) > 1;
(ii1) f is continuous.
Then f has a fixed point, that is, there exists z € X such that fz = z.
In what follows, Kang et al. [11] proved that Theorem 1.8 still holds for f not necessarily
continuous, assuming the following condition:
(M): If {x,} is a sequence in X such that o&t(x2,,x2,+1) > 1 and B(x2,,X2,+1) > 1 for all n €
NU{0} and x, — x as n — oo, then ot(f~'x, f~'x2,) > 1 and B(f'x, f'xp,) > 1 forall n €
NU{0}.
Theorem 1.9. If in Theorem 1.8, continuity of f is replaced by the condition (M), then the result
holds true.
Here, we give some suitable examples to illustrate the results given by Kang et al. [11].
Example 1.10. Let X = R be endowed with the usual metric
d(x,y) = |x—y|, for all x,y € X. Define f : X — X by

—3x, if xel[-1,1]

2+ i xeR\[-1,1].
Define also a, 3 : X x X — [0,00) by
1, if xe[-1,0] and ye[0,1]

Jx=

o(x,y) = B(x,y) =
0, otherwise.

and y : [0,00] — [0,00] by y(a) = 2a for all a > 0.
We prove that Theorem 1.9 can be applied to f.
Proof. Let ct(x,y) > 1 for x,y € X. Then x € [~1,0] and y € [0,1], and so f~'y € [~1,0] and
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f~'xe0,1], thatis, ot(f 'y, f~'x) > 1. Also assume J(x,y) > 1 for x,y € X. Therefore x €

[~1,0] and y € [0, 1], and so f~'y € [~1,0] and f~'x € [0,1], thatis, B(f 'y, f~'x) > 1. Also

a(0,£~10) > 1and B(0, £10) > 1. Now, let {x,} be a sequence in X such that o(x2,, %2, 1) >

1 and B (x2n,x2n+1) > 1 for all n € N|J{0} and x,, — x as n — oo. This implies that {x3,4+1} C

[0,1] and {x2,} C [~1,0]. Thus, x =0 and so o&t(f 'x2,, f~'x) > 1 and B(f 'xp,, f'x) > 1

for all n € N{J{0}.

Moreover, for x € [—1,0] and y € [0, 1], we have

2(d(fx,fy)) =z a(x,y)B(x,y)d(x,y).

Otherwise a(x,y)B(x,y) = 0 and (1) trivially holds. Then f is a twisted (o, ) — w-expansive

mapping of type I and, by Theorem 1.9, f has a fixed point. Clearly, 0 and _TH are two fixed

points of f.

Example 1.11. Let X, d, o and 8 be as in Example 1.9 and f : X — X be defined by fx =
—4e’x, if xe[-1,1]

2x+3, if xeR\[-11].
Define also y : [0,00) — [0,0) by y(a) = 2a for all a > 0.

We prove that Theorem 1.9 can be applied to f.

Proof. Proceeding as in the proof of Example 1.10, we deduce that f~! is a twisted (¢, B)-
admissible mapping and that the conditions (i)and (ii) of Theorem 1.9 hold.

Moreover, if x € [—1,0],y € [0,1] and 0 < p < 1, we have

(14 p)2 U2 > (au(x,y)B (. y) + p)" ).

Otherwise a(x,y)B(x,y) = 0 and (2) trivially holds. Then f is a twisted (@, ) — y-expansive
mapping of type II and, by Theorem 1.9, f has a fixed point.

Clearly 0 and _75 are two fixed points of f.

Example 1.12. Let X = [0, 0) be endowed with the usual metric d(x,y) = [x—y|, forall x,y € X
and f : X — X be defined by

2x, if xel0,1]
fr=
3x—3, if xe(l,0).
Define also a, 3 : X x X — [0,00) by
1, ifx € [0,1]

o(x,y) =B(x,y) =
0, otherwise.
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and y : [0,00) — [0,00) by W(a) = 2a for all a > 0.
We prove that Theorem 1.9 can be applied to f.
Proof. Proceeding as in the proof of Example 1.10, we deduce that f~! is a twisted (c, 8)-
admissible mapping and that the conditions (i) and (ii) of Theorem 1.9 hold. Moreover, if x,y €
[0,1] and p > 1, we have 2(d(fx, fy))+p > (m(x,y) + p)*&)BEY) | Otherwise o (x,y)B(x,y) =
0 and (3) trivially holds. Then f is a twisted (a, ) — y-expansive mapping of type III and, by
Theorem 1.9, f has a fixed point. Clearly, O and % are two fixed points of f.
To ensure the uniqueness of the fixed point in Theorems 1.8 and 1.9 Kang et al. [11] consider
the following condition:
(P): For all u,v € X with u # v, there exists w € X such that a(u,w) > 1, a(v,w) > 1 and

Bu,w) > 1, B(v,w) > 1.

2. CycLIC RESULTS

In this section, we show how is possible to apply the results of Kang et al. [11] for proving,
in a natural way, some analogous fixed point results involving a cyclic mapping.
Definition 2.1. Let (X,d) be a metric space and A, B be two non-empty and closed subsets
of X. Let f: AUB — AUB be a bijective mapping with A C f(B) and B C f(A) such that
a(f~'y, f~'x) > 1if a(x,y) > 1, where x € A and y € B. Then f is said to be a

(1) cyclic o — y-expansive mapping of type I, if
w(d(fx, fy)) = a(x,y)d(x,y),
holds for all x € A and y € B, where y € .

(i1) cyclic o — y-expansive mapping of type II, if there is 0 < p <1 such that
(14 p)VEU%I)) > (a(x,y) + p)de)

holds for all x € A and y € B, where y € .

(i) cyclic oo — y-expansive mapping of type III, if there is p > 1 such that

w(d(fx, fy)) +p = (d(x,y) + p)*)
holds for all x € A and y € B, where y € V.
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Now, we prove the following result for a continuous cyclic mapping.

Theorem 2.2. Let (X,d) be a complete metric space and A, B be two non-empty and closed
subsets of X such that o : X x X — [0,0) and f : AUB — AU B be a bijective, continuous and
generalized cyclic @ — y-expansive mapping of type I or type II or type IIL. If there exists xo € A
such that o(xo, f~'xg) > 1, then f has a fixed point in A B.

Proof. LetY =AUBand B : Y XY — [0,0) be the function defined by

1, ifxeA and yeB
B(x,y) =

0, otherwise.

Then (Y,d) is a complete metric space and f~! is a twisted (o, B)-admissible mapping. Now,
if xo € A is such that o(xg, f~'xp) > 1, then also B(xo, f~'xg) > 1 and hence all the hypotheses
of Theorem 1.8 hold with X =Y. Consequently, f has a fixed point in AU B, say z. Since z € A
implies z = f~'z€ Band z € Bimplies z= f !z € A, then z € ANB.

Also for cyclic o — y-expansive mappings, we can omit the continuity condition as is shown in
the following theorem:

Theorem 2.3. Let (X,d) be a complete metric space and A, B be two non-empty and closed
subsets of X such that & : X x X — [0,e0) and f : AUB — AUB be a bijective and cyclic o — y-
expansive mapping of type I or type II or type III. Also suppose that the following conditions
hold:

(i)there exists xg € A such that a(xo, f~'x0) > 1;

(ii)if {x,} is a sequence in X such that a(xp,,x2,+1) > 1 for all n € NU{0} and x, — x as
n — oo, then ot(f~'x, f~'x2,) > 1 for all n € N|J{0}. Then f has a fixed point in A N B.

Proof. Let Y = AU B and define the function f : ¥ x Y — [0,0) as in the proof of Theorem 2.2.
Let {x,} be a sequence in Y such that a(xp,,,x2,+1) > 1 and B (x2n,%2,+1) > 1 forall n € NU{0}
and x,, — x as n — oo, then xy, € A and x,+1 € B. Now, since B is closed, then x € B and hence
a(f~'x, f'x2,) > 1 and B(f'x, f~'x2,) > 1. We deduce that all the hypotheses of Theorem

1.9 are satisfied with X =Y and hence f has a fixed point.
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3. CycLIC ORDERED RESULTS

By using the similar arguments to those presented in the previous section, we are able to
obtain results in the setting of ordered complete metric spaces.
Definition 3.1. Let (X,d, <) be an ordered metric space and A, B be two non-empty and closed
subsets of X. Let ¢ : X x X — [0,00) and f : AUB — AUB be a bijective mapping with A C f(B)
and B C f(A) such that at(f~ 'y, f~1x) > 1 if ot(x,y) > 1, where x € A and y € B. Then f is said

to be a

(i) cyclic ordered o — y-expansive mapping of type I, if
w(d(fx, fy)) = o(x,y)d(x,y),
holds for all x € A and y € B with x <y, where y € V.
(i1) cyclic ordered o — y-expansive mapping of type II, if there is 0 < p < 1 such that
(14 p)Y@Uxs)) > (a(x,y) + p)de)
holds for all x € A and y € B with x <y, where y € V.

(ii1) cyclic ordered o — w-expansive mapping of type III, if there is p > 1 such that

w(d(fx, fy)) +p = (d(x,y) + p)*)
holds for all x € A and y € B with x <y, where y € V.

Theorem 3.2. Let (X,d, <) be an ordered complete metric space and A, B be two non-empty and
closed subsets of X. Let & : X x X — [0,00) and f : AUB — AUB be a bijective, continuous and
cyclic ordered o — y-expansive mapping of type I or type II or type III. If there exists xp € A
such that o(xo, f~'xp) > 1 and xo < f~'xo, then f has a fixed point in A N B.

Proof. LetY =AUBand 3 : Y XY — [0,0) be the function defined by
0, if xeA, yeB with x=<y

B(x,y) =
1, otherwise.
Clearly, (1)(respectively (2) or (3)) holds for all x,y € Y. Let B(x,y) > 1 for x,y € X, then

x€Aandy € B withx < y. It follows that f~'x € Band f~'y € A with f~'y < f~!x, since f is
decreasing. Therefore B(f 'y, f~'x) > I, implies that, f ! is a twisted (¢, 8 )-admissible map-

ping. Now, let a(xo, f~'xo) > 1 with xg € A and xy < f~'xo.From xq € A, we have f~'xy € B
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with xo < f~!xo, that is, B(xo, f~'x0) > 1. Then all the conditions of Theorem 1.8 are satisfied
with X =Y and f has a fixed point in AUB, say z. Since z € A implies z= f~'z€ Band z € B
implies z = f "'z € A, thenz € ANB.

Theorem 3.3. Let (X,d, =) be an ordered complete metric space and A, B be two non-empty
and closed subsets of X. Let & : X X X — [0,e0) and f : AUB — AU B be a bijective, cyclic or-
dered o — y-expansive mapping of type I or type II or type III.Also suppose that the following

conditions hold:

(i) there exists xo € A such that a(xo, f~'xg) > 1 and xo < f~'x.
(ii) if {x,} is a sequence in X such that a(xp,,x2,+1) > 1 for all n € NU{0} and x,, — x as
n — oo, then ot(f~'x, f~1xo,) > 1 for all for all n € NU{0}.
(iii) if {x,} is a sequence in X such that x;,, < xp,+ for all n € NU{0} and x,, — x as n — oo,

then x,, < x for all n € NU{0}.

Then f has a fixed point in AN B.

Proof. Consider the complete metric space (Y,d), where Y = AU B and define the function
B :Y xY — [0,0) as in the proof of Theorem 3.2. Let {x,} be a sequence in Y such that
o (x2p,X2n+1) > 1 and B (x2,,x2n+1) > 1 for alln € NU{0} and x,, — x as n — oo, then xon € A
and x,4-1 € B with xon < xp,41. Since B is closed and by (iii), we deduce that x € B and x;n < x,
that is, B(f~'x, f1x2,) > 1. Also a(f~'x, f'x2,) > 1 for all n € NU{0}. We deduce that all

the hypotheses of Theorem 1.9 are satisfied with X =Y and hence f has a fixed point.

4. CouPLED FIXED POINT

Now, we shall show that the coupled fixed point theorems in complete metric spaces can also
be derived from these results. Before proving the result, we recall the following definition due
to Bhaskar and Lakshmikantham [12].

Definition 4.1. Let f : X x X — X be a given mapping. We say that (x,y) € X x X is a coupled
fixed point of F if F(x,y) = x and F (y,x) = y.

Samet et al. [2] proved the following Lemma for the existence of coupled fixed point, which we
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shall use in the proof of our main results.

Lemma4.2. Let F : X x X — X be a given mapping. Define the mapping f : X x X — X x X by

4) fx,y) = (F(x,y),F(y,x)),

for all (x,y) € X x X. Then (x,y) is a coupled fixed point of F if and only if (x,y) is a fixed
point of f.

Now, we prove our main results.

Theorem 4.3. Let (X,d) be a complete metric space and F : X x X — X be a given bijective

mapping. Suppose that there exists y € P and functions o,  : X? x X% — [0, o) such that

(5) Y(d(F (x,y), F(u,v))) 2 50((x,3), (u,v)) B((x, ), (u,v))[d (x, ) +d (y,v)],

N —

for all (x,y), (u,v) € X x X. Suppose also that

(i) for all (x,y),(u,v) € X x X, we have
a((x,y), (u,v)) = a(Flu,F~1x) > 1,
B((x,y), (u,v)) = B(F~'u,F~'x) > 1;
(ii) there exists (xp,y0) € X x X such that
o((x0,0), (@,b)) = 1 and a((b,a), (v0,x0)) = 1,
B((x0,0),(a,b)) = 1 and B((b,a), (yo,%0)) = 1,
where F~!(x) = (a,b);
(iii) F is continuous.
Then F has a coupled fixed point, that is, there exists (x*,y*) € X x X such that x* = F(x*,y*)
and y* = F(y*,x").
Proof. For the proof of our result, we consider the mapping f given by (4) as a bijective map-
ping such that
[y =Fx.
Also, consider the complete metric space (Y,p), where Y = X x X and
p((x,y), (u,v)) = d(x,u) +d(y,v),
for all (x,y), (u,v) €Y.
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From (4), we have

(6) v(d(F(x,y),F(u,v))) > %a((x,y)a(W))B((x?y),(M,V))[d(x, u)+d(y,v)]
and
@) y(d(F(vu),F(y,x))) = %a((v, u), (X)) B((v,u), (v, %)) [d(v,y) +d(u,x)].

Define the functions

N, M2 :Y XY — [0,0) by

®) (1, 42), (V1,v2)) = min{ ot (i1, 42), (V1,V2)), 0t((V2, V1), (2, 141)) }
and
©9) M2 (11, 42), (Vi, v2)) = min{ B((u1, 12), (V1,V2)), B((V2, V1), (M2, 1))},

forall u = (U1, 2), v =(v,n2) €Y.

Summing up the inequalities (6-7) and using (8-9), we get

(10)  y(d(F (U1, h2), F(v1,v2))) + W (d(F(v2,v1), F (2, 141))) = m (i, v)n2(k, v)p (1, V),

forall u = (U, 42),v=(vi,2) €Y.
Using the property (y(a+b) = y(a) + y(b)) of the function y, we obtain

(11) v(p(fu, fv)) = m(u,v)n(u,v)p(u,v),

forall u = (1, o), v = (v1,v2) €Y.

Clearly, f is continuous and twisted (o, 8) — y-expansive mapping.

Let o = (w1, 12), v = (Vi,V2) €Y such that i (u,v) > 1, ma (1, v) > 1.

Using the condition (i), we obtain
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MmOV > (v ) > 1.
Then £~ is twisted (11, 12)-admissible.
Moreover, from the condition (ii) of the hypotheses of the theorem, we find that there exists
(x0,y0) € Y such that 11 ((x0,0),/ " (x0,50)) > 1 and n2((x0,¥0),.f " (x0,¥0)) > 1.
So, we have transformed the problem to the complete metric space (Y,p). Therefore, all the
hypotheses of Theorem 1.8 are satisfied for twisted (o, 8) — y-expansive mapping of type I,
and so we deduce the existence of a fixed point of f as well as f~'. Now, Lemma 4.2 gives us
the existence of a coupled fixed point of F as well as F 1.
Theorem 4.4. Let (X,d) be a complete metric space and F : X X X — X be a given bijective

mapping. Suppose that there exists y € W and functions o,  : X? x X% — [0, 0) such that

(12) (1 _|_p)'l/(d(F(x,y),F(u,V))) > (%Oc((x,y), (u,vV))B((x,), (u,v)) + p) [d(x,u)—b—d(y,v)},

for all (x,y),(u,v) e X xXand0 < p < 1.

Suppose also that (i), (ii) and (iii) of Theorem 4.3 are satisfied.

Then F has a coupled fixed point, that is, there exists (x*,y*) € X x X such that x* = F(x*,y*)
and y* = F(y*,x").

Proof. For the proof of our result, we consider the mapping f given by (4) as a bijective map-
ping such that

fHy)=F .

Also, consider the complete metric space (Y,p), where Y = X x X and

p((x,y), (u,v)) = d(x,u) +d(y,v),

for all (x,y), (u,v) €Y.

From (12), we have

(13) (14 p)VFED I > (%Oﬂ((x,y), (1) B((x,3), (w,v)) + p) Ao +40,

and

(1) (14 p)VOEBOFOD) > (Cor((v,u), (1) B, () + p) 020
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Also, we define the functions

N1, M2 : Y XY — [0,00) as given by (8) and (9).

From (13-14) and using (8-9), we get

(14 p) V@) F(viva))) Ay (d(F (vav) F (k2:m)) > (ny (1, V)Mo (i, v) 4 p)PHY),

for all u= (nula.u2)7 V= (v17v2) ey
Using the property (y(a+b) = y(a) + y(b)) of the function y, we obtain

(15) (14 p)VPIIIYD) > (g (1, v)ma (e, v) + p)P ),

forall u = (U1, 12),v=(vi,vn) €Y.

Clearly, f is continuous and twisted (o, 8) — y-expansive mapping.

Let u = (U1, ),V = (v1,v2) €Y such that n;(u,v) > 1,m2(u,v) > 1.

Using the condition (i), we obtain

mO v, ) > L (v ) >

Then £~ is twisted (11, >)-admissible.

Moreover, from the condition (ii) of the hypotheses of the theorem, we find that there exists
(x0,0) € Y such that 11 ((x0,y0),./ " (x0,¥0)) > 1 and m2((x0,y0),.f " (x0,¥0)) > 1.

So, we have transformed the problem to the complete metric space (Y,p). Therefore, all the
hypotheses of Theorem 1.8 are satisfied for twisted (a,3) — y-expansive mapping of type II,
and so we deduce the existence of a fixed point of f as well as f~!. Now, Lemma 4.2 gives us
the existence of a coupled fixed point of F as well as F 1.

Theorem 4.5. Let (X,d) be a complete metric space and F : X X X — X be a given bijective

mapping. Suppose that there exists y € P and functions o,  : X? x X?> — [0, o) such that

(16) WP () F )+ 5 > (@) +d(3v) + p) FE DBl ),

for all (x,y), (u,v) € X x X and p > 1.

Suppose also that (i), (ii) and (iii) of Theorem 4.3 are satisfied.

Then F has a coupled fixed point, that is, there exists (x*,y*) € X x X such that x* = F(x*,y*)
and y* = F(y*,x).
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Proof. For the proof of our result, we consider the mapping f given by (4) as a bijective map-
ping such that

[Ty =F"lx.

Also, consider the complete metric space (Y,p), where Y = X x X and

p((x,y), (u,v)) = d(x,u) +d(y,v),

for all (x,y), (u,v) €Y.

From (16), we have

A7) wl(d(F(x,y), F(u,v))) + ‘—2’ > (d(x,u) +d(y,v) + p) 24 ) (n)B () (wm)
and
(18)  WEF 0, FO0) 2 > (@00,) () + p) 000080000,

Also, we define the functions

N, N2 :Y XY — [0,00) as given by (8) and (9).

Summing up the inequalities (17-18) and using (8-9), we get

W(d(F (1), F (Vi v2))) + W(d(F (v2,v1), F (i, )+ p = (p(1,v) + p)me)miusy),
forall u = (U, ), v=(vi,n) €Y.

Using the property (y(a+b) = y(a) + y(b)) of the function y, we obtain

(19) V(p(fu, fv))+p > (p(u,v) + p)mHVImy),

forall u = (U1, 2),v=(vi,vn) €Y.

Clearly, f is continuous and twisted (o, 8) — y-expansive mapping.
Let u = (U1, U2),v = (vy,v2) € Y such that (i, v) > 1,m2(u,v) > 1.
Using the condition (i), we obtain

m v ) > L (v ) > 1

Then f~! is twisted (11, n2)-admissible.

Moreover, from the condition (ii) of the hypotheses of the theorem, we find that there exists
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(x0,y0) € Y such that 11 ((x0,0),/ " (x0,50)) > 1 and n2((x0,¥0),./ " (x0,0)) > 1.

So, we have transformed the problem to the complete metric space (Y,p). Therefore, all the
hypotheses of Theorem 1.8 are satisfied for twisted (a, ) — y-expansive mapping of type III,
and so we deduce the existence of a fixed point of f as well as f~'. Now, Lemma 4.2 gives us
the existence of a coupled fixed point of F as well as F 1.

In what follows, we prove that Theorems 4.3-4.5 remains valid, if we replace the continuity
condition of F' with the following condition:

(M) If {x,} and {y,} are sequences in X such that

(%), (g1, 9n41)) 2 1 and @((ynr1,Xn11), (Vo Xn)) 2 1

B((xns¥n)s (nt1,¥n+1)) = 1 and B((ynt1,%n+1), OnsXn)) 2> 1,

X, — x and y, — y as n — oo, then

o(f 1 (03), f Cinyin)) = L and @£~ (), /' ()

B (), f~ (o yn)) > Land B(f~ (nyxn), f 1 (35)
forall n € N.

I;

v

Y]

1,
Theorem 4.6. If we replace the continuity of F in Theorems 4.3-4.5 by the condition M1, then
the result holds true.

Proof. We employ the same notations of the proof of Theorem 4.3(resp. 4.4 and 4.5). Let x,,, y,
be a sequence in Y such that 11 ((x,,yn), (Xn+1,Yn+1)) > 1 and (x,,y,) — (x,y) as n — oo, Using
the condition My, we have n(f~'(x,y), f~'(x4,ys)) > 1.Then all the hypotheses of Theorems
4.3-4.5 are satisfied. Thus, we deduce the existence of a fixed point of f that gives us from
Lemma 4.2 the existence of a coupled fixed point of F'.

To ensure the uniqueness of the coupled fixed point, we consider the following condition:

(Py) For all (x1,y1), (x2,y2) € X X X, there exists (x3,y3) € X x X such that

or((x1,y1), (x3,y3)) = 1 and ot((y3,x3), (y1,%1)) = 15

B((x1,31), (x3,¥3)) > 1 and B((y3,x3), (y1,%1)) > 1,

and

ot((x2,y2), (x3,y3)) = 1 and ot((y3,x3), (y2,%2)) = 15

B((x2,y2), (x3,y3)) > L and B((y3,x3), (y2,%2)) > L.
Theorem 4.7. Adding the condition (P} ) to the hypotheses of Theorems 43.-4.5 (resp. 4.6) we
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obtain the uniqueness of the coupled fixed point of F'.
Proof. Clearly, under the hypothesis (P;) , f and n satisfy the hypothesis (P). Therefore, from
Theorem 4.6 and Lemma 4.2, the result follows immediately.
Example 4.8. Let X = NU{0} be equipped with the usual metric for all x,y € X. Then (X,d)
is a complete metric space.
Define the mapping F : X x X — X by
F(x,y) =2%
Clearly, F' is a continuous and bijective mapping.
Define o, 8 : X* x X? — [0,0) by

1, if x>u, y>v

a((xy), (u,v)) = B((x,y), (u,v)) =

0, otherwise.
It is easy to show that for all (x,y), (#,v) € X x X, we have

W(d(F (x,3), F(,v))) = Soe((x,), () B, 3), (1,9)) [d (x,10) 4+ d(3.v)]:

Then (5) is satisfied with y(a) = % for all a > 0. On the other hand, the condition (i) of Theorem
4.3 holds and the condition (ii) of the same Theorem is also satisfied with (xq,yp) = (0,0). All
the required hypotheses of Theorem 4.3 are true and so we deduce the existence of a coupled

fixed point of F'. Here (0, 0) is a coupled fixed point of F.
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