» IN
MA
‘m¥ A

Fixed point theorems under weakly contractive
conditions via auxiliary functions in ordered
(G-metric spaces

Hemant Kumar Nashine®*, Atul Kumar Sharma®

@ Department of Mathematics, School of Advanced Sciences, Vellore Institute of Technology, Vellore-632014, TN, India
bDepartment of Mathematics, Lakhmi Chand Institute of Technology, Bilaspur—495001,(Chhattisgarh), India

(Communicated by Themistocles M. Rassias)

Abstract

We present some fixed point results for a single mapping and a pair of compatible mappings via
auxiliary functions which satisfy a generalized weakly contractive condition in partially ordered
complete G—metric spaces. Some examples are furnished to illustrate the useability of our main
results. At the end, an application is presented to the study of existence and uniqueness of solutions
for a boundary value problem for certain second order ODE and the respective integral equation.
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1. Introduction and preliminaries

The study of fixed points of mappings satisfying certain contractive conditions has been at the
center because of its wide range of applications in different areas such as variational inequalities,
optimization and parameterize estimation and other problems in nonlinear analysis. A number
of generalizations of metric spaces have been introduced and studied by many authors. One of
such generalization was introduced and studied by Dhage [8] in 1992 and called it D—metric space.
However, it was noticed in [I7, [I8] and elsewhere that most of the claims related to the fundamental
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topological structure of D—metric space are incorrect. To address the problem of structure of D—
metric spaces, Z. Mustafa and B. Sims introduced a new class metric spaces known as G—metric
spaces. In a G-metric space every triplet of elements is assigned to a non-—negative real number.
Analysis of the structure of these spaces was studied and presented in [I7, [I8 [19]. They also
extended some well-known fixed point theorems from metric spaces to G—metric spaces including
the Banach contraction principle. The notion of G—metric spaces received good attentions and many
authors obtained fixed results in G—metric spaces. Abbas and Rhoades [I] initiated the study of
coincidence and common fixed point theory in these spaces.

Recently, fixed point theory has been developed rapidly in partially ordered metric spaces, as well
as in partially ordered G—metric spaces [6} 34]. The first result in this direction was given by Ran and
Reurings [31, Theorem 2.1] who presented its applications to matrix equation. Subsequently, Nieto
and Rodfiguez—Lopez [28] extended the result of Ran and Reurings for nondecreasing mappings and
applied it to obtain a unique solution for a first order ordinary differential equation with periodic
boundary conditions. Further, Harjani and Sadarangani [I1] used the partial ordering and proved
some fixed point theorems for weakly contractive operators on ordered metric spaces. Subsequently
[12] they generalized these results by considering a pair of altering functions (¢, ¢). Nashine and
Altun [24] and Nashine and Bessem [26] generalized the results of Harjani and Sadarangani for a
pair of compatible mappings. Nashine et al. [27] also proved fixed point theorems for T—weakly
isotone increasing mappings which satisfy a generalized nonlinear contractive condition in complete
ordered metric spaces and gave an application to an existence theorem for a solution of some integral
equations. In [I5], Erdal and Salimi established fixed point theorems via auxiliary functions in the
framework of partially ordered metric spaces, and improved the results of Choudhury and Kundu
7).

On the other hand, Choudhury and Maity [6] and Agarwal et al. [2] proved coupled fixed point
theorems in the framework of a partially ordered G-metric space. Thereafter many work has been
done by many authors in G-metric space (see details in [33], 34]).

In the present paper, an attempt has been made to establish fixed point theorems under a
generalized weakly contraction condition via auxiliary functions in the setting of ordered G-metric
spaces. Some examples are furnished to demonstrate the validity of the obtained results. Our results
generalizes the results in [6, [11], 12, 15 21, 26] in the sense that considered contractive condition
is more general in the framework of G—metric spaces. We present also some consequences of the
obtained results to fixed points for a single mapping and a pair of mappings satisfying a general
contractive condition of integral type in complete partially ordered G—metric spaces. In conclusion,
we apply accomplished fixed point results for generalized weakly contraction type mappings to the
study of existence and uniqueness of solutions for a boundary value problem for certain second order
ODE and the respective integral equation.

2. Preliminaries

At first, we introduce some notations and definitions that will be used later. For more details on the
following definitions and results, we refer the reader to [19, [6].

Definition 2.1. (Mustafa and Sims, [19]) Let X be a nonempty set and let G : X x X x X — R*
be a function satisfying the following properties:

(Gl) G(z,y,2) =0if z =y = z;
(G2) 0 < G(z,z,y) for all x,y € X with = # y;
(G3) G(z,z,y) < G(x,y, z) for all z,y,z € X with z # y;
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(G4) G(z,y,2) = G(x,z,y) = G(y, z,x) = - - -, (symmetry in all three variables);
(G5) G(x,y,2) < G(x,a,a) + G(a,y, z) for all z,y,z,a € X (rectangular inequality).

Then the function G is called a G—metric on X and the pair (X, G) is called a G—metric space.

Definition 2.2. (Mustafa and Sims, [19]) Let (X, G) be a G—metric space and let {x,} be a se-
quence of points of X. A point x € X is said to be the limit of the sequence {z,} if

lim G(z,2p,2,)=0
n,M—00

and one says that the sequence {z,} is G—convergent to x. Thus, if x, — x in a G—metric space
(X, @), then for any ¢ > 0, there exists a positive integer N such that G(z,x,,x,) < € for all
n,m > N.

It has been shown in [I9] that the G-metric induces a Hausdorff topology and the convergence
described in the above definition is relative to this topology. The topology being Hausdorff, a
sequence can converge at most to one point.

Definition 2.3. (Mustafa and Sims, [19]) Let (X,G) be a G-metric space, a sequence {z,} is
called G—Cauchy if for every € > 0, there is a positive integer N such that G(x,, z,,x;) < ¢ for all
n,m,l > N, that is, if G(x,, Tm, ;) — 0, as n,m,l — oo.

We next state the following known auxiliary results.

Lemma 2.4. (Mustafa and Sims, [19]) If (X, G) is a G-metric space, then the following are equiv-
alent:

(1) {z,} is G—convergent to z.
(2) G(zp,xn, ) = 0, as n — oo.
(3) G(zp,x,z) — 0, as n — 0.

Lemma 2.5. (Mustafa and Sims, [17]) If (X, G) is a G-metric space, then the following are equiv-
alent:

(1) The sequence {z,} is G-Cauchy.
(2) For every € > 0, there exists a positive integer N such that G(z,, Ty, z,) < € for all n,m > N.

Lemma 2.6. (Mustafa and Sims, [19]) If (X, G) is a G-metric space, then G(z,y,y) < 2G(y,z, )
for all z,y € X.

Combining Lemmas [2.5 and [2.6) we have the following result.

Lemma 2.7. If (X,G) is a G—metric space then {z,} is a G-Cauchy sequence if and only if for
every € > 0, there exists a positive integer N such that G(z,, Ty, x,) < € for all m >n > N.

Definition 2.8. Let (X,G), (X',G’) be two G—metric spaces. Then a function f : X — X is
G—continuous at a point x € X if and only if it is G sequentially continuous at x, that is, whenever
{z,} is G—convergent to z, { f(z,)} is G—convergent to f(z).

Definition 2.9. (Mustafa and Sims, [19]) A G-metric space (X, G) is called symmetric if G(z, y,y) =
G(y,z,z) for all x,y € X.
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Definition 2.10. (Mustafa and Sims, [19]) A G-metric space (X, G) is said to be G—complete (or
a complete G—metric space) if every G—Cauchy sequence in (X, G) is convergent in X.

The following are examples of G—metric spaces.
Example 2.11. Let (R, d) be the standard metric space. Define G by
Gs(x,y,2) = d(z,y) +d(y, 2) + d(z, 2)
for all z,y,z € R. Then it is clear that (R, G,) is a G—metric space.
Example 2.12. Let X = {a,b}. Define G on X x X x X by
G(a,a,a) = G(b,b,b) =0, G(a,a,b) =1, G(a,b,b) =2,

and extend G to X x X x X by using the symmetry in the variables. Then it is clear that (X, G) is
an asymmetric G—metric space.

Throughout this paper (X, <) denotes a partially ordered set. By 'z > y holds’, we mean that 'y < z
holds’ and by 'z < y holds’ we mean that "z < y holds and x # y’.

Definition 2.13. Let X be a nonempty set. (X, G, <) is called an ordered G-metric space if:
(i) (X, Q) is a G—metric space,
(i) (X, =) is a partially ordered set.

Definition 2.14. Let (X, <) be a partially ordered set. Then x,y € X are called comparable if
x <y ory <X x holds.

Definition 2.15. Let (X, <) be a partially ordered set and T": X — X be such that, for z,y € X,
x =y implies T'vr < Ty. Then the mapping T is said to be non—decreasing.

Definition 2.16. Let (X, G, <) be a partially ordered G—metric space. We say that X is regular
if and only if the following hypothesis holds: if {z,} is a non-decreasing sequence in X with respect
to < such that z, = z € X as n — oo, then z, < z for all n € N.

Khan et al. [16] introduced the concept of altering distance function:

Definition 2.17. (Khan et al., [I6]) A function ¢ : [0, +00) — [0, +00) is called an altering distance
function if the following properties are satisfied:
(i) % is continuous and non—decreasing,

(i) ¢(t) = 0 if and only if ¢t = 0.

One of the generalizations of the contraction principle was suggested by Alber and Guerre—
Delabriere [3] in Hilbert spaces by introducing the concept of weakly contractive mappings.
A self-mapping T on a metric space X is called weakly contractive if for each x,y € X,

where ¢ is an altering distance function.
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Rhoades [32] showed that most of the results of [3] are still true for any Banach space. Subse-
quently, several authors (see, e.g., [7, [0 10, 21]) introduced various generalizations and refinements
of weakly contractive mappings concept, and established new results.

To complete the proofs of our results, we introduce a new weakly contraction condition in G-
metric space, and for this we need the following classes of functions from [0, +-00) into itself, discussed
in [14] [15]:

U = {4 : ¢ is nondecreasing and lower semicontinuous },
®; = { a: « is upper semicontinuous },

®y = {5 : [ is lower semicontinuous }.

3. Main results

This section is divided in two subsections. In the first one, we derive fixed point results in the case of
a continuous nondecreasing self-mapping on complete G—metric space endowed with partial order,
or in the case of a regular space. In the second subsection we are concerned with a pair of continuous
self-mappings which is relatively weakly increasing and G—compatible.

3.1. Result-1

We will beginning with a case of a single mapping. The following theorem is a generalization of
Theorems 2.1 and 2.2 of Harjani and Sadarangani [12] to G—metric space.

Theorem 3.1. Let (X, G, =) be a partially ordered complete G-metric space and let T : X — X be
a nondecreasing self-mapping. Assume that there exist v € W, a € @1 and B € Py such that for all
s, t >0,

t>0and (s=t ors=0) imply Y(t) — a(s) + B(s) > 0, (3.1)

and

V(G(Tz, Ty, Tz)) < a(O(z,y,2)) — B(O(z,y,2)) (3.2)
where

O(z,y, z) = max{G(x,y,2),G(z, Tz, Tz), Gy, Ty, Ty),G(z,Tz,Tz),

LG(. Ty, Ty) + Gly, T2 T2) + G(z, T, Tr)])

forall z,y, 2 € X with z 2y < x. We suppose the following hypotheses:
(i) T is continuous, or
(ii) X is regular.

If there exists xg € X such that xg < Txg, then T has a fixed point, that is, there exists z € X such
that z =Tz.

Proof . Let xg be the given point in X. Suppose T'xy # xg. we choose ;1 € X such that Txg = x;.
Since T is a nondecreasing function, we have xg < r1 = Txg = Tx;. Again, let x9 = Tx;. Then we
have

To <21 =Tx0 29 =Tx1 =< T29.
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Continuing this process, we can construct a sequence {z,} in X such that z,,; = Tz, with

To =X X T2 2 ... 2Ty D Tpg1 S0

If 2,, = Tpo11 for some ng € {1,2,---}, then x,,41 = z,, = Tz, and so we are finished. Now we
can suppose
G(Tpi1, Tns2, Tnao) >0 (3.3)

for all n > 1. First, we will prove that lim,, .o G(zn11, Tnie, Tnio) = 0.
Since z, = Z,41, we can use (3.2]) for these points, and we have for n > 1

G(xna Ln+1, mn—i—l) = maX{G("L‘na Tn+1, xn+1)7 G(xnv Tx’ru TJZn), G("En+17 Txn-i—lv Tmn+1)7

1
g[G(ZEn’ Txn-l-lv T[En+1) + G(In-l-la Txn-i—h Tl'n+1> + G(C(]n+1, Tmn) TCL’n)]}

= maX{G(xna Tn+1, xn—&-l)) G<xn+1a Ln+2, xn+2)7

1
g [G(xn) Tn+2, xn—l—?) + G(xn—&—l) Tn+2, xn—l—Q)]}-

By (G5), we have

G($n7 Tn+2, l‘n-l-?) S G(:Ena Tn+1, ZEn+1) + G({L'n+1, Tn+2, In+2)'

Thus
1
g[G(SL’n, Tn42, 33n+2> + G(anrl? Tn42, xn+2>] < maX{G(SEm Tnii, xn+1>7 G<xn+1> Tni2, xn+2)}-

Therefore we have

@(«rrn Tn+1, xn—l—l) = maX{G(J;na Ln+1, '/L‘n—‘rl)’ G(In—l-lu Tn+2, xn+2>}'
Now we claim that
G(Tpi1, Tnr2, Tni2) < G(Tp, Tpit, Tna) (3.4)

for all n > 1. Suppose this is not true, that is, there exists ng > 1 such that G(zy11, Tngt2, Tngtr2) >
G(Tng, Tng+1, Tng+1)- Now since x,, < x,,+1, we can use the inequality (3.2)) for these elements, and
we have

¢(G(xno+1v Lng+25 xno+2)) = w(G(T‘rno’ Tq;no-i—h Txno-l-l))
a(maX{G(a;no, Lno+1, xno+1)7 G<xno+17 Lro+2; $n0+2)})

_ﬁ(maX{G<xno7 Lno+1s Ino-i-l)’ G(xno-i-la Lno+25 In0+2)})'

IN

It

maX{G(xnoa Tng+15 xno+1)> G(wno-&-h Tng+2; mno-&-?)} = G(xno+1v Lng+2, $n0+2)7

then

¢(G(l’no+1a Tno+2, xno+2)) < a(G(xNO+17 Lng+2; xno-l-?)) - 6(G(x7m+17 Lng+2; xno-i-?))'

By the assumption ({3.1)) it follows that G(zny41, Tngs2, Tngr2) = 0, which contradicts the condition

(3.3). Therefore

maX{G(Inm Tng+1s 'rno-i-l)? G(xno-i-lv Lng+25 xn0+2)} = G(Inm Lno+1, «Tn0+1)~
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Hence, we have
G(xn—i—h Lpn42, xn+2) S G<xn7 Tnti, xn—l—l) Vn e N.

Therefore, (3.4)) is true and so the sequence {G(zp, Tp+1, Tnt1) : 7 € N} is nonincreasing and bounded
below. Thus there exists p > 0 such that

lim G(zp, Tpi1, Tni1) = p-
n—oo

Now suppose that p > 0. It follows from (3.2 that

w(G(zn+17 Tn+42, xn—i—?)) S Oé(G(ZEn, Tn+41, xn—i—l)) - /6(G($na Tn+41, xn—i—l))

and using the properties of functions ¥, a, 5 we get

’QZ)( ) < lim inf¢<G(xn+17 Tn+2, xn+2)) < lim sup ¢(G(xn+1a Tn+2, xn+2))
< lim Sup[ (G<xn; Tni1, xn+1)) - 6(G<xn7 Tni1, xn+1))]
= limsup a(G(xy, Tpi1, Tni1)) — lminf S(G (2, Tpit, Tni1))]
B(

a(p) — B(p)-
Using again the condition (3.1]), we get that it is only possible if p = 0. Thus

lim G(zp, Tpa1, Tpe1) = 0. (3.5)

n—o0

Next, we show that {x,} is a G—Cauchy sequence in X. Suppose to the contrary; that is, {z,} is
G—Cauchy. Then there exists ¢ > 0 for which we can find two subsequences {2} and {,@)} of
{z,,} such that n(7) is the smallest index for which
n(i) > m(i) > i, G(Tm)s T, Tng)) > € (3.6)
This means that
G(Tm(i)s Tn(i)—1, Tn@)—1) < €. (3.7)
From ({3.6), (3.7) and (G5), we get
€ < G(Tm(i), Tn(i)» Tn(i))
< G(Tm(i), Tn(i)—15 Tn(i)—1) + G(Tn(i)—15 Tn()s Tni))
< €+ G(Tn(i)-1, Tn(i), Tn(i))-
Passing to the limit as i — oo and using (3.5)), we get

lim G(mm(z), xn(z) .Qin(i)) = €. (3.8)

1—00

Using (G'5), we have

G(Tm()s Tngi)> Tni)) < G(Tm), Tom)+15 Tm)+1) T G( @)1 Tngi)+15 Tn@)+1) + G(Tngi)y+1, Tn@)s Tng))
< G(Tm(i)> Tm@i)+15 Tm(i)+1) + G(Zmi)+15 Tm(i)> Tm()) + G(Tm()s Tngiys Tngi))
+ G(Zn(i), Tn()+15 Tn(i)+1) + G(Tn(i)+15 Tng)s Tngi))-
Passing to the limit as i — oo in the above inequalities and using (3.5)), (3.8), we get that

lim G(wm(l)+1’ :En(Z)Jrl, wn(l)+1) €. (39)

i—00
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Again using (G5),

G(Tm(i) Tn(i)+15 Tn)+1) < G(Tm@)s Ty Tni)) + G(Tng)s Tn)+1s Tni)+1)
< G(Tm(i)> Tn(i)+1: Tni)41) + G(Tng)+15 Tng)s Tngi))
+ G(ffn(i); Tn(i)+1, xn(i)+1)-

Passing to the limit as ¢ — oo in the above inequalities and using (3.5)), (3.8), we get that

lim G(:Em i) J7n(z)+17 :L‘n(l)_;,_l) . (310)

1—00

Using (G5) to get

G(Tm(i)+1> Tn()s Tn)) < G(Tm) 15 Tngi)+15 Tn@)+1) T G(Tng)+1 TnG)s Tn))
< G(Tmiy+1> Tn(i)s Tng)) T G(Tngi)s Tngi)+1, Tn)+1)
+ G(l’n(z‘)+17 Tn(i), Tn(i))-

Passing to the limit in the above inequalities and using ({3.5)), (3.9), we get that

im G(@p ()41, Tnli), Tn@)) = € (3.11)

1—00

Since Ty, i) X Tn(), we have

O(Tm(i)> Tn(i), Tn(i))

= max{G(Tm(), Tn() Tn@))> G(@m@), TTme)s TTm))s G(Tnys TTngy, Tna)),
1
3

= maX{G(xm(i)a Tn(i)s Jin(i)), G(iCm(i), (i) 41 xm(i)—&-l): G<xn(i), Tn(i)+1> Tn(i)+1)
1
3 [G<xm(z) Tn(i)+1s Tn(i )+1> + G(l’n (@) Ln(i)+1, xn(z)—i—l) + G( ) Lm(i)+1; xm(z)—i—l)]}

VAN

max{ G (Tm(i), Tn(i): Tn(i))> G(Tm(i), Tm(i)+1> Tm(i)+1); G(ﬂvn(i), T (i) 41> Tn(i)+1);
1
3 [G<xm(z) Tn(i)+1, xn(z)+1> + G(xn (@) Tn(i)+1, xn(z)—H) + 2G( Ys Ln(i), xm(z)—l—l)]}

Therefore from (3.2)), we have
¢( ( i)+1s Tn(i)+1, 33n(i)+1))

@U(G(T.Im(z TIn(Z) T:L“n(l)))

Oé(IIlaX{G(Im (@) Ln(i)s In(z))7 G<xm(z)7 Tm(i)+1, xm(i)+l)7 G(xn(z)7 Ln(i)+1s ‘xn(i)—i—l)a

1
§[G<xm(i)a Tp(i)+15 Tn(i)+1) F G(Tng)s Tno)+15 Tn)+1) T 2G(Tn@), Tng), Tm)+1)]})

IN

—B(max{G(Tm)> Tn(i)> Tn@))s G(Tme)s Tme)+1> Tmi)+1)s G( @) T 1> Tng)+1);
1
§[G<ajm(i)a L)1 Tn(i)+1) T G(Tn@)s Tn)41> Tng)+1) + 2G (Tngys Tng)s Tme)+1)]})-

Passing to the limit as i — oo, and using (3.5)), (3.8]), (3.9), (3.10), (3.11) and the properties of
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functions ¥, a, B we get

Ple) < limsup a(max{G(Tm@): Tn@) Tni))s G(@ma), Tm)+1, Tm)+1)s G( @), Tng)+1, Tnl)+1),
1
g[G(xm(i), To(i)41> Tn(i)+1) + G(@n@)s Tn@)y 41> Tng)+1) + 26 (Tng)s Tng), Tm)+1)]})

— lim inf B(max{G(Tm(), Zn@)s Tn(i))» G(Tm), Tm)+1 Tm(i)+1)s G(Tn@)s Tn(iy+15 Tn(iy+1)

1
g[G(xm(z) Tn(i)+1, xn(z)+1) + G(xn (@) Tn(i)+1, xn(z)Jrl) + 2G( )y Tn(i) xm(z)Jrl)]})
< ale) = B(e).

Using (3.1), we get € = 0, a contradiction. Thus {z,} is a G-Cauchy sequence in X. Thus there is
z € X such that

lim z,, = z. (3.12)

n—o0

Suppose that (i) holds. Since T is G—continuous, we get that z,, = Tz, is a G—convergent sequence
to T'z. By the uniqueness of limit we get that z = Tz and so z is a fixed point of T'.

Suppose that (i) holds. Since {z,} is a non-decreasing sequence such that z,, — z and X is
regular, it follows that x,, < z for all n € N. Therefore, we have

O(zn, 2,2) = max{G(xy,z,2),G(x,, Tey, Txy,),G(2,T2,Tz),
;[G(xn,Tz Tz)+ G(u,Tz,Tz)+ G(z, Ty, Tz,)] }
) (xn7$n+1>$n+l)>G(zaTszZ)v
)

= max{G(zp,z,2
1
3[G(xn,Tz Tz)+ G(2,T2z,Tz) + G(z,Tpy1, Tny1)]}-

By , we obtain

V(G (xps1,T2,T2)) = (G(Tx,, Tz, Tz))
(max{G(x,, 2, 2), G(Tn, Tpi1, Tni1), G(2, Tz, Tz),
G(xn, Tz, Tz) + G(u, Tz, Tz) + G(2, Tnt1, Tni1)]})
—B(max{G(zy,, 2, 2), G(Tpn, Tni1, Tns1), G(2, Tz, Tz),

1
g[G(.ﬁL’n, TZ? TZ) + G(“? TZ> TZ) + G(Za Tnt1, xn+1)]})'

[\
W= 9

Passing to the upper limit as n — oo in the above inequalities and using (3.12) and the fact that G
is continuous on its variables, we get that

U(G(2,T2,T2)) < a(Glz, T2, T2)) - B(G(2 Tz, T=)).
Using (3.1), we get G(z,T2,Tz) = 0 and hence z = Tz. Thus z is a fixed point of T". [J

Now we give a sufficient condition for the uniqueness of fixed point.

Theorem 3.2. Let all the conditions of Theorem be fulfilled and, moreover, the space (X, G, <)
satisfy the following condition: for all xz,y € X there exists z € X, z X Tz, satisfying both x = z

and y = z or there exists z € X, z = Tz, satisfying both x > z and y = z. Then the fixed point of T
1S UNIqUE.
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Proof . Let x and y be two fixed points of T', i.e., Tx = x and Ty = y. Consider the following two
possible cases.
1°) x and y are comparable. Then we can apply the condition (3.1)) and obtain that

V(G(z,y,2) = ¢(G(Tx, Ty, Tz)) < a(O(z,y, 2)) — B(O(z,y, 2))
where
O, y,2) = max{G(z,y,2), Gz, Te,Tx), Gy, Ty, Ty), Gz, T2, T2),
%[G(m, Ty, Ty) + G(y, T T=) + G(z, T, Ta)|}
< max{G(z,y, ), %[G(I, v, 2) + G2, 1, 2) + Gz, y, 2)]}
= G(z,y,2)

and hence ¥(G(x,y,2)) < a(G(z,y,2)) — B(G(z,y, z)) which is possible only if G(z,y,z) = 0 and
hence x = y = 2. 2°) Suppose now that x and y are not comparable. Choose an element z € X,
z 2 Tz comparable with both of them. Then also x = T"x is comparable with 7"z for each n (since
T is nondecreasing). Applying one obtains that

V(G(z, T2, T"2)) = Y(G(TT" o, TT" 2, TT" '2))

a(O(T" o, T 2, T 2)) — BO(T™ Lo, T 2, T 1 2)),

IN

where

@(TN—ll., Tn—lz’ Tn—lz)

= maX{G(Tn—1x7 Tn—lz7 Tn—lz)7 G(Tn_lx, TTn_lx, TTn_lgL’),
G(T"flz, TTnilZa TTnilZ); G(Tn—IZ’ TT”ilZ, TTnilZ)a
1

§[G(T”—lx, TT" 2, TT" '2) + G(T" 2, TT" 2, TT" '2) + G(T" 2, TT" o, TT" '2)]}

= max{G(z, T" 2, T" '2),G(T" 12, T"2,T"2), G(T" ‘2, T"2,T"z)}

for n sufficiently large, because G(T" 12, T"2,T"2) — 0 when n — oo (the last assertion can be
proved, starting from the assumption z < Tz, in the same way as the similar conclusion in the proof
of Theorem [3.1)). Similarly as in the proof of Theorem it can be shown that G(x,T"z,T"z) <
Oz, T 12, T 12) < Gz, T" 2, T"'2). Tt follows that the sequence G(z,T"z,T"z) is nonincreas-
ing and it has a limit £ > 0. Assuming that ¢ > 0 and passing to the limit in the relation

V(G(2, T"2,T"2)) < a(O(z, T" 12, T" '2)) — B(O(x, T" 2, T" '2)),

one obtains that ¢ = 0, a contradiction. In the same way it can be deduced that G(y,T"z,T"z) — 0
as n — oo. Now, passing to the limit in G(z,y,y) < G(z,T"z,T"z) + G(T"z,y,y), it follows that
G(z,y,y) = 0. Hence, x = y and the uniqueness of the fixed point is proved. O

Remark 3.3. Theorem Theorem are also true even if we replace O(z,y, z) by the following:
O1(z,y, z) = max{G(x,y, 2), G(z,z,Tx),G(y,y, Ty),G(z,2,Tz),

é[a(;ﬁ, 2, Ty) + G(y,y,Tz) + G(z,2,Tx)]}.
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We furnish the following example to demonstrate the validity of the hypotheses of Theorem

Example 3.4. Let X ={1,2,3} and G : X x X x X — R* be defined as follows (the values of G
are invariant under permutations of its arguments):

x+y+z if z,y, 2z are all distinct
G(r,y,z) =1 x+z, ifr=y#z
0, ifr=y=z

Then (X, G) is a complete G—metric space. Let a relation < on X be defined as follows:

== {(17 1)7 (27 2)’ (3a 3)7 (37 1)}

Clearly, < is a partial order on X. Consider the mapping 7" : X — X defined by

1 2 3
= ( 1 31 ) '

Now, we will show that (X, G, <) is regular.
Let {z,} be a non—decreasing sequence in X with respect to < such that z, — z € X as n — oc.
We have z,, < 2,41 for all n € N.
o If 25 =1, then zp = 1 < z;. From the definition of <, we have z; = 1. By induction, we get z, = 1
for all n € N and z = 1. Then, z, < z for all n € N.
o If 2y = 2, then 2y = 2 < 2z;. From the definition of <, we have z; = 2. By induction, we get z, = 2
for all n € N and z = 2. Then, 2z, < z for all n € N.
o If 2y = 3, then 2y = 3 < 2;. From the definition of <, we have z; € {3,1}. By induction, we get
2, € {3,1} for all n € N. Suppose that there exists p > 1 such that z, = 1. From the definition of
=<, we get 2z, = 2, = 1 for all n > p. Thus, we have z = 1 and 2, < z for all n € N. Now, suppose
that z, = 3 for all n € N. In this case, we get z = 3 and 2, =< z for all n € N.
Thus, we have proved that in all cases, we have z, < z for all n € N. Then, (X, G, <) is regular.

We will check that T satisfies the condition of Theorem with functions ¥, a, 8 given as
Y(t) =t, a(t) = t, B(t) = 5t (obviously belonging to the respective classes). Note that in this case
a(t) — B(t) = 5t.

To verify (3.2), we divide all the cases for every x,y,z € X in the following manner:

eforz=y=z(orx=y=1,z=30orx=y=23,2=1). In this case (or cases) the left-hand
side is equal to 0 and hence ({3.2)) is satisfied.

o Ifx=19y=22=3, then ¢(Tx,Ty,Tz) =4 and

O(z,y,2) = max{G(1,2,3),G(1,T1,T1),G(2,T2,T2),G(3,T3,T3),

%[G(l, T2,T2) + G(2,T3,T3) + G(3,T1, T1)]} = 6.

Thus the relation (3.2]) is satisfied as

4= Y(G(Te, Ty, T2) < a(O(r,y,2)) ~ H(O(r,9,2)) = ()6
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elfz=1y=1z=2(orz=2y=2,z2=3o0rx =2,y =2z=3), then Y(Tx,Ty,Tz) = 4
and it is to show ©(x,y, z) = 5. Thus the relation (3.2)) is satisfied as

4= Y(G(Te, Ty, T2) < a(O(r,5,2)) — H(O(r.9,2)) = ()5,

Then with xy = 2, Theorem is applicable to this example. It is also observed that 7" has a unique
fixed point z = 1.

3.2. Results-11

In this subsection, we present coincidence point results for compatible mappings in G—metric spaces.

Recall the following notions. Let X be a non-empty set and R,T : X — X be given self-
mappings on X. If w = Rx = Tx for some z € X, then z is called a coincidence point of R and
T, and w is called a point of coincidence of R and T. The pair {R, T} of self-mappings in a metric
space (X, d) is said to be compatible if d(T'Rx,,, RTx,) — 0 as n — oo whenever {z,} is a sequence
in X satisfying lim,, o, T, = lim, .o Rx,. The pair {R,T} is said to be weakly compatible if
RTx = TRx, whenever T'vr = Rz for some x in X. We will use the following version of compatibility
of these mappings in a G—metric space.

Definition 3.5. Mappings R, T : X — X are said to be compatible in a G-metric space (X, G) if
G(TRx,,RTx,, RTr,) —» 0 as n — oo,
whenever {z,} is a sequence in X such that lim,_, Tz, = lim,_,., Rz, in (X, G).

The following notion has been recently introduced by Nashine and Samet [26]. Let X be a non—empty
set and R : X — X be a given mapping. For every x € X, we denote by R™!(x) the subset of X
defined by

R Yz):={u€ X | Ru=z}.

Definition 3.6. (Nashine and Samet, [20]) Let (X, <) be a partially ordered set and T, R : X — X
be given mappings such that 77X C RX. We say that T' is weakly increasing with respect to R if for

all v € X, we have:
Tz =Ty, Yy € R™YTx).

Remark 3.7. If R : X — X is the identity mapping (Rz = z for all x € X), and T is weakly
increasing with respect to R then T is a weakly increasing mapping. Note that the notion of weakly
increasing mappings was introduced in [4].

The results of this subsection extend the results of Nashine and Samet [26] to generalized contractive
conditions defined in generalized metric space.

Theorem 3.8. Let (X, G, <) be a partially ordered complete G-metric space and let T)R : X — X
be self-mappings. Assume that there exist v € ¥, a € &1 and [ € ®y such that for all s,t > 0,

t>0and (s=t ors=0) imply Y(t) — a(s) + B(s) > 0, (3.13)
and

WG(T% Ty7 TZ)) < O‘(A(xa Y, 2)) - ﬁ(A(mv Y, Z)) (3'14)
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where
A(z,y, z) = max{G(Rz, Ry, Rz), G(Rx,Tz,Tx), G(Ry, Ty, Ty), G(Rz,Tz,Tz),
1
g[G(Rx, Ty, Ty)+ G(Ry, Tz, Tz) + G(Rz, Tz, Tx)]}

for all z,y,z € X with Rz X Ry = Rx. We suppose the following hypotheses:
(i) T and R are continuous,
(ii) TX C RX,
(i11) T is weakly increasing with respect to R,
(iv) the pair {T, R} is compatible.

Then, T and R have a coincidence point, that is, there exists u € X such that Ru = Tu.

Remark 3.9. Note that, in this theorem, we do not need the condition “there exists an xo € X with
xg = Tao” of Theorem[3.1.

Proof . Let zy be an arbitrary point in X. Since TX C RX, we can construct a sequence {x,} in

X defined by:
Rz, =Tx,, VneN. (3.15)

Now, since 1 € R™'(Txg) and x; € R™Y(Tz;), using that T is weakly increasing with respect to R,

we obtain:
Rl’l = TQ?O = T.Tl = R%Q = TZ'Q = Rl’g.

Continuing this process, we get:

Rry R Rxg Rx3 X+ X R, R Rypyq =+

Now we can suppose
G(Ran, R$n+2, R$n+2) >0 (316)

for all n > 1. We complete the proof in three steps.
Step I. We will prove that lim, . G(Rzp11, R¥pi2, RT,i2) = 0. Since Rz, = Rx,41, we can use
(3.15) for these points, and we have for n > 1

A(xp, Tpgt1, Tpy1) = max{G(Rzy, Rryi1, Rrpy1), G(Rep, Tay,, Try), G(RTy 1, Toni1, TTny),

1

g[G(Rxn, Txpi1, Txni1) + G(Rxyi1, Topi1, TTny1) + G(RTpy1, Ty, Txy)|}
- maX{G(Rxn7 R$n+1, Rxn+1)7 G(Rxn—i-h Rl‘n—&—Z) Rxn+2)7

1
§[G(Rl’n, Rxn—&-% Rxn—i—Z) + G(Rxn-&-l? an-ﬁ-Qa R$n+2)]}

By (G5), we have

G(Rzy, Rtyy2, Rrpyo) < G(Rry, Rrpyq, Reyiq) + G(Rrpq, R, e, Rr,2).
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Thus

1
§[G<R$n> RanrZa Ranr?) + G(Ranrla Rxn+27 Rxn+2)]

< max{G(Rxp, Rrp1, Rrpi1), G(RTy 11, RTpye, RT,i0)}
Therefore we have
A(Zp, Tpgt1, Tnyr) = max{G(Rz,, Rryi1, Rpi1), G(RTpy1, Ropio, R, i0)}.

Now we claim that
G(Rzpy1, Rrpyo, Rryio) < G(Rxy,, Rtyyq, RTyyq) (3.17)

for all n > 1. Suppose this is not true, that is, there exists ng > 1 such that
G<R$n0+1, RJJnOJrQ, R$n0+2) > G<Rxn07 RJJnOJrl, RxnoJrl).
Now since Rx,, = Rx,,41, we can use the inequality (3.14]) for these elements, and we have

2/1(G(R$n0+1, R$n0+2, Rxno+2>) = w(G<T‘xn07 Txn0+17 TxnoJrl))
< a(max{G(Rxno, Rxno-i-la Rxno-i-l)’ G(Rxno+1> Rxno-&-% Rxno-&-?)})
- 5(maX{G(Rxno7 Rxno-ﬂ» Rxno-ﬁ-l)’ G(Rxno-i—l? Rl‘n0+27 Rmno-&-?)})‘

If
max{G(Rzn,, Rtny11, Rtpgi1), G(RTpg11, RTngro, Rtngio)} = G(Rxpys1, RTpgi2, RTpngi2),
then
U(G(Rapgs1, Rpgya, Rpgio)) < a(G(Rpgt1, Rngt2, Rng12)) — BIG(REng 1, REng 2, REng42)).

By the assumption (3.13) it follows that G(Rx,,t1, RTngr2, RTn,+2) = 0, which contradicts the
condition (3.16)). Therefore

max{G(Rzn,, Rtpyi1, RTpgi1), G(RTng1+1, RTngt2, REngi2)} = G(Rpy, Rtng 41, RTpgi1)-
Hence, we have

¢(G(Rxno+17 Rxn0+27 Rxno-i-?)) < a(G<R$n07 Rxno-l-lv Rxno-i—l)) - B(G(Rxnw R:Bno-i-l’ Rzno-H))'
(3.18)
Thus
G(R.In_H, R$n+2, RI,H_Q) < G(R.In, Rxn—i—l; R(L’n_H) Vn € N.

Therefore, (3.17) is true and so the sequence {G(Rx,,, Rtp i1, Rx,+1) : n € N} is nonincreasing and
bounded below. Thus there exists p > 0 such that

lim G(Rz,, R, 1, Rr,i1) = p.

n—oo

Now suppose that p > 0. It follows from (3.18)) that

w(G(RLEn—Ha Rxn+27 Rxn—i—Z)) S @(G(Rl’n, R$n+l> Rxn-l—l)) - B(G<R$n> Rxno—‘rl; Rxno—‘rl))
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and using the properties of functions ¥, o, f we get that

Y(p) < liminf (G (Rzpy1, Ropia, Rryy2))

S lim sup 7vZJ(C;(Rxn-H; Rl’n+2, Rxn+2))
< limsup[a(G(Rxy, Rryy1, Rrpg1)) — B(G(RTy, Rrpg i1, RTngi1))]
= limsup a(G(Rxy,, Rrpi1, Rryeq)) — liminf B(G(Rxy,, Rrpgi1, Repgi1))
< a(p) — B(p).
Using again the condition (3.13)), we get that it is only possible if p = 0. Thus
lim G(Rz,, Rr,1, Rrtp1) = 0. (3.19)
n—o0o

Step II. We will prove that {Rz,} is a G-Cauchy sequence in X. Suppose the contrary, that is,
{Rx,} is not G-Cauchy. Then there exists ¢ > 0 for which we can find two subsequences {m(i)} and
{n(i)} such that n(i) is the smallest index for which

n(z) > m(z) > 1, G(Rxm(i), RJ?n(i), Rl‘n(i)) > €. (320)

This means that
G(Rl’m (7) RCCn (i)—15 Rl’n(l)—l) < €. (321)

From @20), G21) and (Gs), we get
€ < G(Rxm (%) Rxn(z Rxn(l )

S G(Rxm(l)a Rxn(z)—la R:L‘n(z _1) + G(R.rn(i)—l; Rxn(’b)u Rxn(’b))
< e+ G(Rxn(i)—la Rxn(z)a Rxn(l))

Passing to the limit as ¢ — oo and using (3.19)), we get

lim G(RTp ), RTngy, RTp@)) = €

1—00

Using (G5), we have

G(Rxm (i), Ry, Rong)
< G(RZm() Rom(iy+1, Rm(iy+1) + G(RTm(iy41, RTn(iy+1, RTpy41) + G(RTpy41, Ry, RTn))
< G(Rxpm(s), REm(iy+1, RTmiy+1) + G(RTm)+1, Ry, RTm)) + G(RTpmsy, Ry, RTp@)

+ G(Rp ), Rn(iy+1, RTn@y+1) + G(RTn) 41, RTnay, RTng)-

Passing to the limit as ¢ — oo in the above inequalities and using (3.19)), (3.2), we get that

lim G(RZpm(i)+1, Ry 11, REn(y41) = (3.22)

i—00
Again using (Gfs),
G(Rxm (%) R:Cn (3)+1> Rxn (3) +1) < G(R$m (%) Rxn (3) Rxn 1) ) + G<Rxn(z R:Un i)+1s R:Cn i +1>

< G(Rxm (%) Rxn (4)+1> Rxn 1)+1) + G(Rmn (3)+1> Rxn (%) Rxn(z))
+ G(Rxn(z )s Rxn(z +1, Rxn (4) +1)-
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Passing to the limit as ¢ — oo in the above inequalities and using (3.19)), (3.2)), we get that

lim G(Rxm(z), R:L‘n(z)ﬂ, Rxn(z)—i—l) = €. (323)

1—>00
Using (G5) to get

G (RTm(i)+1, Ry, Rn)) G(RTpm(i) 1, RTn(iy41, RTngy+1) + G(RTn()+1, Rni), Rng))
G(RZm(i)+1, RTn(), Rangy) + G(Rangy, REp@)11, Rng)+1)

+G(R£L‘n(i)+1, R:L’n(i), Rxn(i)).
Passing to the limit in the above inequalities and using (3.19)), (3.22), we get that

VANVAN

lim G(Rxm(i)H, RIn(i), Rxn(i)) = €. (324)

i—00
Since R = Ry, we have
A(@m (i) Tn(i) Tn(i))
= max{G (R, (i), Rn(i), Rrp)) G(RT ), Ty, TTms))s GRTy 6y Ty, TTne),
%[G(Rxm(i), T2y, T2na)) + G(STrgy, TTngy, TTngy) + G(RTy), TTm ey, TTme))]}
= max{G(Rxp ), Ry, RTn())s G(RTm () RTm)+1, BTmey41), G(RTp6), BTpy11, Ry )41),
é[G(Rl‘m(i), Ry )11, RTn(iy1) + G(RTn(sy, R (iye1s Bngy41) + G(RTn(ys RTmi)+1, Bpm)+1)]}
< max{G (R (5), R (i), RTn()), G(RT (i) BEm(i)41, REm(i)+1)s G(RTn iy, BTy 115 Bp)41),

1
3 (G(Ry(3), Ry (i) 115 R i)41) + G(R2pgy, RTn(iy 1, RTpy11) + 2GRy, Ry, Repme)4+1)]}-

Therefore, passing to the upper limit in (3.14)) and using properties of the functions v, o, f with

(13-19), (3.2), (3.22), (3.23)), (3.24)), we get that
Y(e)
< liminf (G (RT ()41, BTn ()11, BTpi)+1))
< lim sup[(max{G (R, (i), RTn (i), BTp(i)), G(RTp (i), RTm ()41, RTm(iy+1)s G(RTn(ys Ry )11, Bp(i)41),

1

3 (G (R (), BTy ()41, BTn(iy41) + G(RTp ), RTp)41, Bny41) + 2G (RT3, Ry, RTmiy+1)]})
- (P(maX{G(Rxm(z)v Rxn(z)v Rxn(z))> G(Rxm(z)a Rxm(i)-‘rl’ R$m(i)+1)7 G(R:Un(z)’ Rmn(i)-l—h an(i)+1)7
(G (R (i) Ry (i1, Rn(iy+1) + G(Ropy, Ron(y41, Ren)+1) + 2GRy gy, Roygy, R iy+1)]})]

< lim sup[amax{G (R2y, (), RTn (i), RTn()), G (BT i) BTm(i)1, REm(i)+1)s G(RTn (), RTpy 1 Bop@)11),

Wl — W=

(G(Rym (i), Ry (i) 115 REpi)+1) + G(R2p ), RTn(iy41, RTn(iy41) + 2G (R ), RTn(iy, Ry iy41)]}]

— lim lnf[ﬁ(maX{G(Rxm(z)v Rxn(z)v Rxn(z))> G(Rxm(z)a Rxm(i)-‘rh me(z)-‘rl)v G(Rxn(z)a Rmn(z)-l—l: an(z)—&-l)’
1

3[G(BEmes), Ry 1 Ry 1) + G(Rn(), Bngi)1, Bng) 1) + 26 (R, Bng), Rem(i)+1)]})]

< a(e) = B(e).

This is (because of € > 0) a contradiction with (3.13)). Thus {Rx,} is a G-Cauchy sequence in X.
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Step III. Existence of a coincidence point. Since {Rx,} is a G—Cauchy sequence in the complete
G-metric space, there exists u € X such that:

lim Rz, = u. (3.25)

n—oo

From ({3.25)) and the continuity of R, we get:

lim R(Rz,) = Ru. (3.26)

n—o0

By the rectangular inequality, we have:

G(Ru,Tu,Tu) < G(Ru, R(Rxp11), R(Rxp11)) + G(R(Txy,), T(Rxy,), T(Rxy,)) + G(T(Rxy,), Tu, Tu).

(3.27)
On the other hand, we have:
Rx, - u, Tx,—u asn — oo.
Since the pair {T', R} is G-compatible, this implies that
nhj& G(R(Tz,),T(Rz,),T(Rx,)) =0. (3.28)
Now, from the continuity of 7" and , we have:
lim G(T(Rx,), Tu, Tu) = 0. (3.29)

n—oo

Combining (3.26)), (3.28)) and (3.29), and letting n — oo in (3.27]), we obtain:
G(Ru, Tu,Tu) <0,

which implies that
Ru = Thu,

that is, u is a coincidence point of T" and R. This makes the end to the proof. [J

In the next theorem, we replace the continuity hypothesis by the hypothesis of regularity of the
space X.

Theorem 3.10. Let (X, G, =) be a partially ordered complete G—metric space and let T, R : X — X
be self-mappings. Assume that there exist ¥ € ¥, o € ®1 and [ € ®y such that for all s,t > 0,

t>0and (s=t ors=0) imply Y(t) — a(s) + B(s) > 0, (3.30)

and
w(G(T‘T’ Tya TZ)) < ¢(A('Ta Y, Z)) - QD(ACU? Y, Z))7

where
A(z,y, 2) = max{G(Rz, Ry, Rz), G(Rz, Tz, Tx), G(Ry, Ty, Ty), G(Rz,Tz,T%),
1
g[G(R:E, Ty, Ty) + G(Ry,Tz,Tz) + G(Rz,Tx,Tx)|}

for all x,y, z € X with Rz < Ry <X Rx. We suppose the following hypotheses:
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(i) X is regular,

(ii) T is weakly increasing with respect to R,
(iii) RX is a closed subset of (X,d),

(ii)) TX C RX.
Then, T' and R have a coincidence point.

Proof . Following the proof of Theorem [3.8] we have that { Rz, } is a Cauchy sequence in (RX,G)
which is complete since RX is a closed subspace of (X, G). Then, there exists u = Rv, v € X such
that

lim Rz, =u = Ruv. (3.31)

n—oo

Since {Rz,} is a non-decreasing sequence and X is regular, it follows from (3.31) that Rz, < Rv
for all n € N. Hence, we can apply the considered contractive condition. Then, for x = x, and
y = 2z = v, we obtain

O(z,,v,v) = max{G(Rx,, Rv, Rv),G(Rx,, Tx,,Tx,), G(Rv,Tv,Tv),
%[G(Rxn, Tv,Tv) + G(Rv, Tv, Tv) + G(Rv, Tx,, Tx,)]}

= max{G(Rz,, Rv, Rv), G(Rx,, Rty+1, Rtpy1), G(Rv, Tv, Tv),

%[G(Rxn, Tv,Tv) + G(Rv, Tv, Tv) + G(Rv, Rtpi1, Rrpiq)]}-

By (3.14)), we obtain

U(G(Rxpy1, Tv, Tv)) = Y(G(Tx,, Tv, Tv))
< a(max{G(Rz,, Rv, Rv), G(Rx,, Ry, Rr,i1), G(Ru, Tv, Tv),

|G(Rx,,, Tv, Tv) + G(Rv, Tv, Tv) + G(Rv, Rtpy1, Rryi1)]})
— B(max{G(Rz,, Rv, Rv), G(Rx,, Rt,1, Rtyi1), G(Rv, Tv, Tv),

W =

|G(Rxy, Tv, Tv) + G(Rv, Tv, Tv) + G(Rv, Rty 11, Rtni1)]}).

W =

Passing to the upper limit as n — oo in the above inequalities as in the previous case, using (3.31))
and the fact that GG is continuous in its variables, we get that

Y(G(Rv,Tv,Tv)) < a(G(Rv, Tv, Tv)) — B(G(Rv, Tv, Tv)).

Using again the condition ([3.30]), we get that it is only possible if G(Rv,Tv,Tv) = 0 and hence
Rv =Twv. Hence, v is a coincidence point of 7" and R. This finishes the proof. [J

Theorem 3.11. Under the hypotheses of Theorem[3.10, and assuming that the order < is total, the
mappings T and R have a unique point of coincidence, that is, there exists a unique w € X such that
Rz =Tz =w for some z € X. In particular, if T is injective, they have also a unique coincidence
point. If, moreover, T and R are weakly compatible, then T' and R have a unique common fized point.
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Proof . The existence of points z,w € X satisfying Tz = Rz = w was proved in Theorem [3.1]
Suppose that there exists another point w; € X, wy # w such that T'z; = Rz; = w, for some z; € X.
Without loss of generality, assume that G(wy,w, w) > G(w, wy,w;). Then

O(21,2,2) = max{G(Rzl, Rz,Rz),G(Rz, Tz, Tz),G(Rz2,T2,Tz),G(Rz,Tz,Tz),
1
g[G(Rzl, Tz,Tz)+G(Rz,Tz,Tz) + G(Rz, Tz, Tzl)]}

= maX{G(wl,w,w), %[G(wl,w,w) + G(w, wy, wl)]}
= G(w,w,w) = 0(z1, 2, 2).
Applying condition to points z1, z, z, we get that
V(G(wy, w,w)) = (G(Tz,Tz,Tz)) < a(G(w,w,w)) — B(G(w, w,w)).

Using again the condition ([3.30]), we get that it is only possible if G(w;,w,w) = 0 and w; = w, a
contradiction. Thus, the point of coincidence w of R and 7' is unique. If T is injective, then also
z = z; and the coincidence point is also unique. If these two mappings are weakly compatible, it
follows that they have a unique common fixed point by a well known result of Jungck. [J

Now, we present an example to illustrate our obtained result given by the Theorem (inspired by
[14]) showing the usage of Theorem [3.8| with (at least some of) functions v, v, f not being continuous.

Example 3.12. Let X = [0, 1] and (X, G) be the complete G—metric space defined by
G(z,y,z) =z —y|+ |y — 2|+ |z — x|, for all z,y,z € X.
We define an ordering < on X as follows:
r=y <= y<z, VzyeclX.

Define self-mappings T, R : X — X by Rx = § and T'x = {%.
If {x,} is a sequence in X such that Rz, = %:vn — t and Tz, = l—lﬁmn — t for some t € X

then it is easy to see that lim,,_,.. G(T Rz,, RTx,, RTx,) = 0. Hence the pair of mappings {7, R}
is compatible. Also we can easily show that the mappings 7" and R satisfy the contractive condition

(3.14]). For instance,

G(Te, Ty, T2) = G2, L, 2y = LGa,y,2) <

16716° 16" 16
Now, by considering the control functions ¢, a, 5 : [0, +00) — [0, +00) defined by:

=] w
[
=
ks
=
&
=
¥
AN

|
2
8
<
&

oz(t):t—k? and 5(t):£+1, for t >0,

3
ot =t+3 ; .

9’
we get:
’gb(G(TQL’, Tyv TZ)) < O{(A(Qf, Y, Z)) - B(A(ZE, Y, Z)),

for all x,y,2 € X such that Rz < Ry < Rx. Hence (3.14) is satisfied. Theorem is applicable
since all its hypotheses are satisfied. It may be observed that in this example the common fixed point
of T"and R (0) is unique.
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Next, we demonstrate that if T and R do not satisfy the condition of compatibility then they
may not have any common fixed point.

Example 3.13. Let X = R, and (X, ) be the G—metric space defined by G(x,y,2) = |x — y| +
ly — z| + |z — x| for all z,y,z in X and R, T be self mappings on X defined as Rz = [z] for all x € X

-3, ifx <0,
Txr=<¢ 0, if0 <z <2,
3, if x > 2.

where [z] denotes the integral part of x.

Take a sequence {z,} of points in X as x,, = %, then Rx,, =0 =1Tx, and TRz, = —3, RTz, = 0.
Therefore, lim,,_,o. G(RTz,, T Rx,, TRx,) = G(0,-3,—-3) =6 # 0.

If 0 < z < 2, then the left-hand side of is 0 and hence is satisfied. Thus, Theorem
3.8 is not applicable. It is observed that there is no common fixed point of 7" and R.

If R: X — X is the identity mapping, we can deduce easily the following fixed point result which
improves the results of previous section.

Corollary 3.14. Let (X, G, <) be a partially ordered complete G—metric space and let T': X — X
be a nondecreasing self-mapping. Assume that there exist ¢ € ¥, a € 7 and § € ®, such that for
all s,t >0,

t>0and (s=tors=0)imply ¥(t) —a(s) + (s) > 0,

and
@Z)(G(TZL‘, Ty7 TZ)) < a(A(:E, Ys Z)) - ﬁ(A(ZL’, Y, Z))

where
Az, y, z) = max{G(z,y, 2),G(x, Tz, Tx),G(y, Ty, Ty),G(z,Tz,T=z),
%[G(:{;, Ty, Ty)+ Gy, Tz, Tz)+ G(z,Tx, Tx)]}
for all x,y,z € X with z <y < x. We assume the following hypotheses:
(i) T is continuous or X is regular,
(i) T < T(Tx) for all z € X.

Then T has a fixed point, that is, there exists u € X such that u = Tu.

Remark 3.15. All the results of this section are valid if we replace A(z,y, z) by the following:
Oy(z,y, 2) = max{G(Rz, Ry, Rz), G(Rz, Rz, Tx),G(Ry, Ry, Ty), G(Rz, Rz,T'z),
1
g[G(Rx, Rz, Ty) + G(Ry, Ry, Tz) + G(Rz, Rz, Tz)|}
As a consequence of our results, we will deduce a fixed and coincidence point result for mappings
satisfying a contraction of integral type in a partially ordered complete G—metric space. At first, let

us introduce some notations.
We denote by T the set of functions W : [0, +00) — [0, 4+00) satisfying the following conditions:

(i) W is a Lebesgue integrable mapping on each compact subset of [0, +00),
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(ii) For all € > 0, we have:
/ U(s)ds > 0.
0

Let N € N be fixed. Let {U;}1<i<n be a family of N functions that belong to Y. For all ¢ > 0, we
denote:

Li(t)= /Ot Uy (s) ds,

Mﬂémﬁqg@AAqﬂﬂ%wwpm

IN_1(t)
In(t) :/ Un(s) ds.
0
We have the following fixed point theorem of integral type.

Theorem 3.16. Let (X, G, <) be a partially ordered complete G—metric space and let T': X — X
be a nondecreasing self-mapping. Assume that there exist ¥ € ¥, o € ®; and € Py such that for
all s,t >0,

t>0and (s=tors=0)imply ¥(t) — a(s) + 5(s) > 0,

and
IN(QZJ(G(TLQ Ty, TZ))) < IN<a(A<I7 Y, Z))) - IN(B<A(‘$7 Y, Z)))

where
Az, y, z) = max{G(z,y,2),G(zx, Tz, Tx),G(y, Ty, Ty),G(z,Tz,Tz),
%Wuj@Tw+G@J%T@+GquT@H
for all z,y,z € X with 2z <y < x. We assume the following hypotheses:
(i) T is continuous or regular,
(ii) Te X T(Tx) for all z € X.
Then T admits a fixed point.

Remark 3.17. Similar fixed and coincidence point results for mappings satisfying a contraction of
integral type can be obtained from Theorems [3.1] [3.§ and [3.10]

4. An application to boundary value problems for ODE’s

In this section we present another example where Theorem and its corollaries can be applied.
The example is inspired by [12].

We study the existence of solution for the following two—point boundary value problem for second
order differential equation

d*u

—m = K(tu(t), t €[0,1], u € [0,00)
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This problem is equivalent to the integral equation
1
u(t) = / G(t,s)K(s,u(s))ds, for t € [0, 1], (4.1)
0

where K : [0,1] x Rt — R* and G(t, s) is the Green function

t(l—s), 0<s<t<l1
G(t.5) =" %)
s(1—t), 0<t<s<l

Denote X = C([0, 1], RT)-the set of real non-negative continuous functions on [0, 1]. We endow
X with the G-metric

Glu, v, w) = max fu(t) = v(t)] + max Ju(t) = w(t)] + max Jo(t) —w(t)],

for u,v,w,€ X. Then (X, G) is a G-complete metric space.
X can also be equipped with the partial order < given by:

u,v € X, u=veu(t) <o), vt e[0,1].

Moreover, in [2§], it is proved that (X, G, <) is regular (see Definition [2.16]).
Consider the self-mapping T": X — X defined by

Tu(t) = /01 G(t,s)K(s,u(s))ds, for t € [0,1]. (4.2)

Clearly, u is a solution of (4.1)) if and only if w is a fixed point of 7.
We will prove the existence and uniqueness of the fixed point of 7" under the following conditions.

Theorem 4.1. Suppose that the following hypotheses hold:
(i) K(s,-) is a non—decreasing continuous function for any fized s € [0,1], that is,

v,y e RY o <y= K(s,z) < K(s,y).
(i1) for allt,s €[0,1], u € X, we have:
1
K (t,u(s)) < K(u JRRIE) df),
0
(i) for allt € [0,1] and z,y € R such that x >y,
[K(t, ) — K(t,y)| < 6z —yl,

(iv) there ezists ug € C([0,1]) such that uy(t) < Tue(t) fort € [0,1].

Then the integral equation has a solution u* € C([0,1]).



Fixed point theorems under weakly contractive conditions ... 9 (2018) No. 2, 85-109 107

Proof . Consider T': X — X given by (4.2)). Let us prove that
Tu =T (Tu) for all u € X. (4.3)

Let u € C([0,1]). From (ii), for all ¢,s € [0, 1], we have:

:/0 G(t,s)K (s, u(s))ds

< /lg(t, s)K <s, /lg(t,S)K(S,u(T))dT) ds

/gts (s,Tu(s))ds
=T (Tu)(

Then (4.3) holds. Since G(t,s) > 0 for all ¢, s € [0, 1], we deduce from (i) that for u < wv

/Og(t,s)K(s,u(s))dSS/o Gg(t,s)K(s,v(s))ds,

i.e., Tu(t) < Tw(t) holds for all ¢ € [0,1]. Thus T is a non-decreasing mapping. Also from (iv),
up = Tug for ug € X. Since G(t,s) > 0 for all t,s € [0,1], therefore for u,v,w € X such that
w < v <X u, by (iii), we have:

G(Tu,Tv, Tw) (4.4)
= mnax [ Tu(t) — T(t)] + max [ Tu(t) — Tw(t)] + max Tv(t) — Tw(t)|
= %3}1(]/0 G(t,s)|K(s,u(s)) — K(s,v(s))| ds
#max [6(05) K (s, u(s) = K (s, w(s) ds

+ max / G(t, 5) |K (s, 0(s)) — K(s,w(s))| ds

te[0,1]

< maX/ G(t, s)(lu(s) = v(s)] + uls) — w(s)[ + [v(s) —w(s)]) ds

te(0,1

< G(u,v,w) max/gts

t€[0,1]
1 —t2 t
G(t,s)ds = —+ =
/0 2 2

1
sup/ G(t,s)ds ==
tel0,1] Jo

With these facts, the inequality (4.4]) give us

It is easy to verify that

and that

G(Tu, Tv, Tw) < =G(u,v,w) < -0 (u,v,w).

1w
A~ w
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Now, by considering the control functions ¥, «, 8 : [0, +00) — [0, 4+00) defined by:

t
W)zH;, a(t):t+g and B(t) = 2 +1, for t >0,

we get:

W(G(Tu, Tv, Tw)) < a(O(u,v,w)) — f(O(u, v, w)),

for all u,v,w € C(I) such that w < v =< u. Now, all the required hypotheses of Theorem are
satisfied. Then T admits a fixed point u* € C([0, 1]), that is, u* is a solution to (4.1)) (and so also of
the given boundary value problem). [J
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