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1. Introduction

In 1922, Banach [1] introduced and established a fixed point result which is well known as “Banach
fixed point theorem”, it is one of the most famous and important results in metric fixed point theory.
Since the simplicity and usefulness of the Banach’s fixed point theorem, many authors have extended,
improved and generalized Banach’s fixed point theorem from different perspectives. For more details,
we cite the readers to [2,3] and the references therein.

In [5], Gordji et al. introduced the concept of an orthogonal set and extended Banach’s fixed point
theorem to the setting of orthogonal sets as follows :

Theorem 1.1. Let (X, L,d) be an orthogonal complete metric space. Assume thatT : X — X is a
L -continuous mapping such that the following conditions hold :

(i) there exists 0 < k < 1 such that

d(Tx,Ty) < kd(x,y), forallx,y e X with xLy; (1.1)
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(i) T is L-preserving.

Then, T has a unique fixed point in X. Moreover, for each x € X, the Picard sequence {T"x} converges
to the fixed point of T.

Theorem 1.1 is a real generalization of Banach’s fixed point theorem, it can be applied to show the
existence of a solution for a differential equation which can not be applied by the Banach’s fixed point
theorem, the results of Nieto and Rodrfguez [6] and the results of Ran and Reurings [7].

We know that by using some control functions can generalize the Banach contractive condition (see
[8,9,12,14,15]). Recently, Sawangsup et al. [10] modified the concept of F-contraction mappings to
orthogonal sets and given some new fixed point theorems for F-contraction mappings in orthogonal
complete metric spaces.

Definition 1.1. ([13]) Let ¥ be the set of functions F : (0, +c0) — R, such that
(i) F is strictly increasing;

(1) For every sequence {¢,} C (0, +00), lim,_,,o, F(t,) = —00 & lim, 1, = 0;
(iii) There exists k € (0, 1) such that lim,_,o+ #*F(¢) = 0.

Recently, Sawangsup et al. proved the following fixed point theorem in orthogonal complete
orthogonal metric space.

Theorem 1.2. ([10]) Let (X, L,d) be an orthogonal complete orthogonal metric space with an
orthogonal element x, and T be a self-mapping on X satisfying the following conditions:

(i) T is L-preserving;
(i) T is an F | -contraction mapping;
(iii) T is L-continuous.

Then, T has a unique fixed point in X. Moreover, the Picard sequence {T"x,} converges to the fixed
point of T.

In [4], Cosentino and Vetro introduced the notion of F-contraction of Hardy-Rogers-type and given
a new fixed point theorem which is generalized the result of Wardowski [13].

Definition 1.2. ([4]) Let (X,d) be a complete metric space. A mapping 7 : X — X is called an
F-contraction of Hardy-Rogers-type if there exist T > 0 and F € ¥ such that
T+ Fd(Tx,Ty)) < F(ad(x,y) + Bd(x,Tx) + yd(y, Ty) + 6d(x, Ty) + Ld(y, T x)), (1.2)

holds for any x,y € X with d(x,y) > 0, where «,f,7,9, L are non-negative numbers, y # 1 and
a+p+y+26=1.

By the above definition, Cosentino and Vetro given the following new fixed point theorem in
complete metric space.

Theorem 1.3. ([4]) Let (X, d) be a complete metric space and let T be a self-mapping on X. Assume
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that T is an F-contraction of Hardy-Rogers-type. Then T has a fixed point. Moreover, ifa+6+ L < 1,
then the fixed point of T is unique.

Inspired by the work of [4, 10, 11], we initiate the concept of an orthogonal generalized contraction
of Hardy-Rogers-type mapping and establish some fixed point results for such contraction mapping in
orthogonal metric spaces. Our main result is a generalization of Theorem 3.3 in [10].

2. Preliminaries

Firstly, we introduce the following control functions.
Let ¥ be the set of functions ¢ : [0, +00) — (—0c0, 0) such that i is upper semi-continuous from the
right. And let ¥ be the set of functions as in Definition 1.1.

Now, we give the following concepts, which are used in this paper.

Definition 2.1. Let X # @ and L C X X X be a binary relation. If L satisfies the following condition :

dAxo[(Vy € X, yLxp) or (Vy € X, xoLy)],

then it is called an orthogonal set (briefly O-set) and xj is called an orthogonal element. We denote this
O-set by (X, L).

Definition 2.2. The triplet (X, L, d) is called an orthogonal metric space if (X, L) is an O-set and (X, d)
1S a metric space.

Definition 2.3. Let (X, L) be an O-set. A sequence {x,} is called an orthogonal sequence (briefly,
O-sequence) if

VneN,x,Lx,.1)or(Vn eN, x,.1Lx,).

Definition 2.4. Let (X, L, d) be an orthogonal metric space. Then, a mapping f : X — X is said to be
orthogonally continuous (or L-continuous) in x € X if, for each O-sequence {x,} in X with x, — x as
n — oo, we have f(x,) = f(x)asn — oo. Also, f is said to be L-continuous on X if f is L-continuous
in each x € X.

Remark 2.1. By [5], we know that every continuous mapping is L-continuous, but the converse is not
true.

Definition 2.5. Let (X, L, d) be an orthogonal metric space. Then, X is said to be orthogonally complete
(briefly O-complete) if every Cauchy O-sequence is convergent.

Remark 2.2. By [5], we know that every complete metric space is O-complete and the converse is not
true.

Definition 2.6. Let (X, L) be an O-set. A mapping f : X — X is said to be L-preserving if f(x)Lf(y)
whenever xLy. Also, f : X — X is said to be weakly L-preserving if f(x)Lf(y)or f(y)Lf(x) whenever
XLy.

Let (X, d) be a metric space. For a given mapping 7 : X — X, set

AIMS Mathematics Volume 5, Issue 6, 5734-5742.



5737

Mr(x,y) = ad(x,y) + Bd(x, Tx) + yd(y, Ty) + 6d(x, Ty) + Ld(y, Tx), x,y€ X, (2.1)

where @, 3,7, 0, L are non-negative numbers, y # landa + S+ y +26 = 1.
Now we give the concept of orthogonal (F, ¢ )-contraction of Hardy-Rogers-type as follows:

Definition 2.7. Let (X, L,d) be an orthogonal metric space. A mapping 7 : X — X is said to be
orthogonal (F, )-contraction of Hardy-Rogers-type, if there exists (F, ) € F X ¥ such that

F(d(Tx,Ty)) < F(Mr(x,y)) + y(d(x, y)), (2.2)
for all (x,y) € X x X with M7(x,y) > 0.

Remark 2.3. If y = -1, a =1and 8 =y = 6 = L = 0, then Definition 2.7 reduced to the Definition
3.11in [10].

3. Main results

In this section, we will prove some fixed point theorems for an orthogonal (F,)-contraction of
Hardy-Rogers-type mapping in an orthogonal metric space.

Theorem 3.1. Let (X, L,d) be an O-complete orthogonal metric space with an orthogonal element x;
and T : X — X satisfying the following conditions:

(1) T is L-preserving;

(i) T is an orthogonal (F,yr)-contraction of Hardy-Rogers-type mapping;

(iii) T is L -continuous.

Then T has a fixed point. Moreover, if B+ L <y + 6 < 1, then the fixed point of T is unique.

Proof. By the definition of the orthogonality, we have that xy L7 (xo) or T (xo)Lxo. Let x,, := Tx,_; =
«oo = T"xy, for all n € N. If x,, = x,.4; for some n* € N U {0}, then x,, is a fixed point of 7 and
so the proof is completed. Thus, we may assume that x, # x,,; for all n € N U {0}. So, we get
d(Tx,, Tx,+1) > 0 foralln €e NU {0}. Since T is L-preserving, we have

XpLlXpe1 OF Xpp1lx,, neNU{0},
which implies that {x,} is O-sequence. Since T is an orthogonal (F, )-contraction mapping, we have
F(d(xn’ xn+1)) = F(d(Txn—la Txn)) < F(MT(xn—l, xn)) + w(d(xn—l’ xn))

= F(ad(xy-1, Xp) + Bd(xXp-1, T Xn-1) + yd(xn, TX) + 6d(x-1, T X) (3.1)
+Ld(-xna Txn—l)) + w(d(-xn—l s xn))

For convenience, set d, = d(x,, x,+1). Then, by (3.1) one has

F(dn) < F(adn—l +:8dn—] + de + 6d(xn—la xn+l)) + l//(dn—l)
< F(ady-y + Bdy-y + yd, + 6(dy + dy-1)) + Y(dy-1) (3.2)
< F((@+ B+ 0)dy-1 + (v + 6)dy) + Y(dy-1),
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which implies that

F(d,) < F((a +f + 6)dy-1 + (v + 0)d,)

by ¢ € Y. It from the monotony of F, we obtain

d, < (@+B+0)d,—1 +(y+9)d, neN. 3.3)
By the conditions y +d < landa++y+26=1,wegetl —y—-6>0and

a+p+0

d, < ———
l—-y-96

dn—l = dn—h neN

by (3.3). So, the sequence {d,} is strictly decreasing, and lim,_,., d,, = d. Assume that d > 0. Since ¢
is upper semi-continuous from the right, there exists some g € N such that

d d
Y(d;) < y(d) - ? = ? <0, j=zgq 3.4)

By (3.2), (3.4) and decreasing of {d,}, for n > g, we have

F(d,) <F(a+B+y+20)d, )+
= F(d,_)) + 52 < F(d,n) +2x 42 (3.5)
<< Fd)+ (-5

Letting n — oo in the inequality (3.5), we get
lim F(d,) = —oo,

which implies from Definition 1.1 (ii) that

d=limd, =0. (3.6)

n—oo

In the following, we will prove that {d,} is a Cauchy sequence. By (3.6) and Definition (iii), there exists
some k € (0, 1) such that

lim d*F(d,) = 0. (3.7)
n—+co
From (3.5), we get
k k n—q k
diF(dy) ~ diF(d,) < —=y(d)d; <0, n>q.

Let n — +o00, and using (3.6) and (3.7), we obtain that

lim nd: =0, (3.8)

n—+o0o

which implies that there exists n; € N such that
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dy < —

= m, nzny. (39)

Using (3.9) and the triangle inequality, for n > n; and m € N*, we have

n+m—1 n+m—1 n+m—1 1

(X, Xpim) < Y A Xi01) = Z di< ) T

i=n i=n

Since 0 < k < 1, the series ), # is converge, which yields {x,} is a Cauchy O—-sequence in X. Since
n=1
X is O-complete, there exists x, € X such that x, — x, as n — oo. Thus, we have

Tx.=T(im x,) = lim x,,; = x.
n—oo n—oo

by T is L-continuous. So, x, is a fixed point of 7.

Moreover, we will show that x, is a unique fixed point of 7. Suppose that x* is an another fixed
point of 7. If x, — x* as n — oo, one has x, = x*. If x, does not converge to x* as n — oo, there is
a subsequence {x,,} such that T'x,, # x* for all kK € N. By the choice of x; in the first of the proof, we
have

(xpLx") or (x"Lxg).

Since T is L-preserving and 7"x* = x* for all n € N, we get

(T"xgLx™) or (x*LT"xy), VYmneN.

Since T is an orthogonal (F, y)-contraction of Hardy-Rogers-type mapping, we obtain

F(d(x,,,x")) = Fd(T"%xy,x")) = F(d(T"xy, T™x"))
< F(Mp(T"™ Yxo, T 'x%)) + Y(d(T™ ' xo, T" ' x*))
= F(Mr(xy s X)) + Y(d(xy X))
= F(ad(x,,_,, x") + Bd(x,,_,, X, ) + 0d(x,,_,, x*) + Ld(xp,, x)) + Y(d(xp,_,, x*))
< F((a+B+0)d(x,_,,x")+ B+ L)d(x,,x")) + y(d(x,_,, X))
< F((a+B+0)d(x,_,,x")+ B+ L)yd(x,,, x)).

(3.10)

By conditionf+L < 6+7y,onehas 1 -f—-L > 0,andby a+B+y+26 =1wehave a+26+6+L < 1.
Thus, by (3.10) and the monotony of F, we obtain

a+p+0
1-B-L
Let u,, := d(x,,,x"), (3.11) implies that the sequence {u,,} is strictly decreasing. Thus, lim;_, t,, =
p > 0. Similar to the proof of (3.4), if u > 0, then there exists some p € N such that

Y(un;) < l’//T(m <0, j=p, (3.12)

By (3.10), (3.12) and the decreasing of u,,, for k > p, we get

d(x,,,x") < d(xy,_,,X") < d(xy,_,,X). (3.11)
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F(u,) <F((@+28+06+ Dy ,)+ 59(w)
< F () + 390G < F(ly, ) +2 X 5(u)
<o < Fluy,) + Fy),

which yields that F(u, ) — —oo as k — oo and so it follows from the condition of Definition 1.1 (i1)
that d(x,,, x") = w,, — 0 as k — oco. This implies that x, — x* as n — oo, which is a contradiction.
Thus, T has a unique fixed point.

Remark 3.1. If y = -7, = 1 and 8 =y = 6 = L = 0, then Theorem 3.1 reduces to the Theorem 3.3
in [10].

We now illustrate Theorem 3.1 by the following example.
Example 3.1. Let X = [0, c0) be endowed with the metric d(x,y) = |x — y| for all x,y € X.

Define the sequence {S,} by S, = n2" for all n € N U {0}. Define the orthogonality relation L on X by

xly & xy € {x,y} C {S,}.
Clearly, (X, L,d) is an O-complete metric space.

Consider the mapping 7' : X — X given as

So, if So<x<8,,
Tx:{o mIodg=X 1

BB 2B02) - if S, < x < Sy foreach n > 1.

Similar to Example in [10], it is easy to check that T is L-continuous and 7 is L-preserving. Now
we will show that 7" is an orthogonal (F, y)-contraction of Hardy-Rogers-type mapping. Let x,y € X
with x Ly and d(T x, Ty) > 0. Without loss of generality, we may assume that x < y. This implies that
x€{S0,51}and y = § for some k > 2. Thus, we get

d(X,y)ZSk_L d(x’Ty)ZSk—] _1, d(Tx’T)’):Sk—l-
Taking a = %,ﬁ:y:L:Oanddz % Then

1 1 1
M(x,y) = gd(x, y)+ §d(x, Ty) = §(Sk—1 +8i—2).
Hence we have

d(Tx,Ty) d(TxTy)-M(xy) 3841 28 j-1=Sk+2

< <e_2,
M(X,y) Sic1 +8:r—=2

which implies that

F(d(Tx,Ty)) < F(M(x,y)) + y(d(x,y))

with F(f) = t + Int and = —2. This means that 7' is an orthogonal (F,y)-contraction of Hardy-
Rogers-type mapping. Hence, all the conditions of Theorem 3.1 are satisfied and so T has a unique
fixed point x = S.
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Remark 3.2. Theorem 3.1 is a powerful generalization of some fixed point theorems in orthogonal
complete orthogonal metric space, the result of Example 3.1 can not be obtained by those classical
fixed point theorems.
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