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Abstract

In this paper, we prove some common fixed point theorems for three self-mappings satisfying various new contractive
conditions in complete G-metric spaces. We also discuss that these mappings are G-continuous on such a common fixed point.
And a non-trivial example is provided to support our new result in the framework of nonsymmetric G-metric spaces. At the
end of the results, we give an existence theorem for common solution of three integral equations. The results obtained in this
paper differ from the recent relative results in literature. (©)2017 All rights reserved.
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1. Introduction and preliminaries

The study of fixed points of mappings satisfying certain contractive conditions has been in the center
of rigorous research activity. In 2006, a new structure of generalized metric space was introduced by
Mustafa and Sims [12] as an appropriate notion of generalized metric space called G-metric space. Abbas
and Rhoades [2] initiated the study of common fixed point in generalized metric space. Recently, many
fixed point theorems for certain contractive conditions have been established in G-metric spaces, and for
more details one can refer to [1-17]. Recently, Gu and Zhang [7] proved a common fixed point theorems
for six self-mappings with twice power type contractive condition in metric space. In 2002, Gu et al. [4]
proved a common fixed point theorem for four self-mappings with third power type contractive condition
in metric space. In 2012, Ye and Gu [17] proved a common fixed point theorems for four self-mappings
with four power type contractive condition in metric space.

Motivated by the recent works, in this paper, we introduce some new contraction condition on G-
metric space for three self-mappings, and we prove some new common fixed point theorems. The results
obtained in this paper differ from the recent relative results in literature.

Throughout the paper, we mean by IN the set of all natural numbers. Consistent with Mustafa and
Sims [12], the following definitions and results will be needed in the sequel.
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Definition 1.1 ([12]). Let X be a nonempty set, and let G : X x X x X — R™ be a function satisfying the
following axioms:

(Gl) G(x,y,z) =0ifx =y =z

(G2) 0 < G(x,x,y) for all x,y € X with x # y;

(G3) G(x,x,y) < G(x,y,z) forall x,y,z € X with z # y;

(G4) G(x,y,z) =G(x,z,y) = G(y,z,x) =--- (symmetry in all three variables);
(G5) G(x,y,z) < G(x,a,a) + G(a,y,z) for all x,y,z, a € X (rectangle inequality);

then the function G is called a generalized metric, or, more specifically a G-metric on X and the pair (X, G)
is called a G-metric space.

Definition 1.2 ([12]). Let (X, G) be a G-metric space, and let {x } be a sequence of points in X, a point x
in X is said to be the limit of the sequence {xn} if limm n— 00 G(X, Xn, xm) = 0, and one says that sequence
{xn} is G-convergent to x. Thus, if x, — x in a G-metric space (X, G), then for any € > 0, there exists
N € N such that G(x, xn, xm) < € for all n, m > N.

Proposition 1.3 ([12]). Let (X, G) be a G-metric space, then the following are equivalent.

(1) {xn}is G-convergent to x.

(2) G(xn,Xn,x) = 0asn — co.

(B) G(xn,x,x) = 0asn — oo.

4) G(Xn,Xm,x) = 0asn,m — oo.

Definition 1.4 ([12]). Let (X, G) be a G-metric space. A sequence {xn} is called G-Cauchy sequence if for
each € > 0 there exists a positive integer N € IN such that G(xn,xm,x1) < € for all n,m,1 > N; that is
G(xn, Xm,x1) > 0asn,m,1 — oo.

Definition 1.5 ([12]). A G-metric space (X, G) is said to be G-complete if every G-Cauchy sequence in
(X, G) is G-convergent in X.

Proposition 1.6 ([12]). Let (X, G) be a G-metric space. Then the following are equivalent.

(1) The sequence {xn} is G-Cauchy.
(2) For every € > 0, there exists k € IN such that G(Xn, Xm, Xm) < € for alln, m > k.

Proposition 1.7 ([12]). Let (X, G) be a G-metric space. Then the function G(x,y,z) is jointly continuous in all
three of its variables.

Definition 1.8 ([12]). Let (X,G) and (X', G') be G-metric space, and f : (X,G) — (X', G") be a function.
Then f is said to be G-continuous at a point a € X if and only if for every ¢ > 0, there is 5 > 0 such that
x,y € Xand G(a,x,y) < b implies G/(f(a),f(x),f(y)) < ¢. A function f is G-continuous at X if and only if
it is G-continuous at all a € X.

Proposition 1.9 ([12]). Let (X, G) and (X', G) be G-metric spaces. Then f: X — X' is G-continuous at x € X if
and only if it is G-sequentially continuous at x, that is, whenever {xn } is G-convergent to x, {f(xn )} is G-convergent
to f(x).

Proposition 1.10 ([12]). Let (X, G) be a G-metric space. Then, for any x,y, z, a in X it follows that:

(i) if G(x,y,2) =0, thenx =y = z;
(i) G(x,y,2) < G(x,%y) + G(x,x,2);
(iii) G(x,y,y) < 2G(y,x,x);
(iv) G(x,y,2) < G(x,a,2) + Gla,y,2);
(v) Glxy,z) < 3(G(x,y,a) + G(x, a,2) + G(a,y,2));
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(vi) G(x,y,z) < G(x,a,a)+ G(y,a,a)+ G(z,a a).

Recently, Jleli-Samet [8] and Samet et al. [13] observed that some fixed point theorems in the context
of a G-metric space can be proved (by simple transformation) using related existing results in the setting
of a (quasi-) metric space. Namely, if the contraction condition of the fixed point theorem on G-metric
space can be reduced to two variables, then one can construct an equivalent fixed point theorem in setting
of usual metric space. This idea is not completely new, but it was not successfully used before (see [11]).
Very recently, Karapinar and Agarwal [9] suggested new contraction conditions in G-metric space in a
way that the techniques in [8, 13] are not applicable. In this approach [9], contraction conditions cannot
be expressed in two variables. So, in some cases, as is noticed even in Jleli-Samet’s paper [8], when the
contraction condition is of nonlinear type, this strategy cannot be always successfully used. This is exactly
the case in our paper.

2. Main results

Theorem 2.1. Let (X, G) be a complete G-metric space. Suppose the three self-mappings f, g, h : X — X satisfy the
following condition

GY(fx, gy, hz) < qG%(x,y,z)GP (x, fx, fx)GY (y, gy, gy) G®(z, hz, hz) (2.1)

forall x,y,z € X, where0 < q <1, &, f,v,0 € [0,+00) and © = «+ 3 +v + . Then f, g, and h have a unique
common fixed point (say w) and f, g, h are all G-continuous at u.

Proof. We will proceed in two steps. First we prove any fixed point of f is a fixed point of g and h. Assume
that p € X is such that fp = p. Now, we prove that p = gp = hp. In fact, by using (2.1), we have

G°(fp, gp, hp) < qG*(p,p,p)GP (p, fp, fp)GY (p, gp, gp)G® (p, hp, hp) = 0.

It follows that G®(p, gp, hp) = 0, hence, p = gp = hp. So p is a common fixed point of f, g, and h. The
same conclusion holds if p = gp or p = hp.

Now, we prove that f, g, and h have a unique common fixed point. Suppose Xy is an arbitrary point in
X. Define {xn} by xan+1 = fX3n, Xan+2 = 9X3n+1, Xan+3 = WXan42, 1 =0,1,2,---. If X = xpn41 for some
n, with n = 3m, then p = x3, is a fixed point of f and, by the first step, p is a common fixed point for f,
g, and h. The same holds if n = 3m +1 or n = 3m + 2. Without loss of generality, we can assume that
Xn # Xna1 for alln € IN.

Next we prove sequence {xn,} is a G-Cauchy sequence. In fact, by (2.1) and (G3), we have

G®(X3n+1, X3n+2, X3n+3)
= G°(fx3n, 9X3n+1, NX3n+2)
< qG* (X3, X3n1, X3n42) GP (Xan, FXan, fxan ) GY (Xani1, 9Xani1, 9¥ani1) G2 (Xans2, hxania, MXanio)
= qG*(X3n, X3n+1, X3n+2) G (Xan, Xan+1, X3n+1) GY (Xan+1, X3n+2, X3n+2) G® (Xan-+2, Xan+3, X3n+3)

x o
< qG*(X3n, X3n 11, X3n+2) GP (Xan, Xan+1,%3n+2)GY (Xan+1,X3n+2, Xan+3) G® (X3n 11, X3n+2, Xan+3)-

Combining 0 = o+ 3 + vy + 5, which implies that

0—y—5
Gl B (xan 11, Xan2, Xan+3) = GO ¥ (xan 41, Xan 12, X3n43) < 4G TP (X3, X3n 41, Xan12)-

If x4+ =0, then we have 1 < q, it is a contradiction, hence 4 3 > 0. Thus, we have

1
G(X3n+1,X3n+2,X3n+3) < °F G(X3n, X3n+1, X3n42)- (2.2)
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On the other hand, from the conditions (2.1) and (G3), we have

G (Xan-+2, X3n+3, Xan +4)
= G°(fx3n+3, gXan+1, WXan12)
< 4G*(X3n43, Xant1, X3n+2) GP (Xans3, PXani3, FXani3) GY (Xani1, 9Xani1, 9Xani1) G (Xani2, NXani2, hXani2)
= 4G (X3n+3, X3n+1, X3n+2) GP (Xan+3, X3n+4, X3n+4) GY (X3n+1, X3n+2, X3n+2) G® (X3n+2, X3n+3, X3n+3)

04 )
< 9G*(Xan+1,%3n+2,%3n+3) GP (Xan-+2, Xan+3, Xan+4) GY (Xan+1, Xan+2, X3n+3) G° (Xa3n 42, X3n+3, X3n+4)-

If x4y =0, then we have 1 < g, which is a contradiction, hence « 4y > 0, which implies that

_1
G(X3n+2,X3n+3, X3n+4) < Y G(X3n4+1, X3n+2, X3n+3)- (2.3)

Again, using (2.1) and (G3), we can get

G (X3n+3, Xan+4, X3n+5)
= G°(fxan+3, 9Xan-+4, hX3n+2)
< 4G™(X3n43, Xant4, X3n42) GP (Xani3, FXanis, FXanis) GY (Xania, 9Xania, 9Xanta) G (Xani2, MXani, hXanio)
= qG*(Xan+3, X3n+4, Xan+2) G (Xan+3, X3n+4, X3n+4) GY (X3n+4, X3n+5,X3n+5) G (Xan-+2, Xan 43, X3n+3)

< qG* (X3n+2, X3n+3, Xan+4) GP (Xan 13, X3n 14, Xan+5) GY (X3n+3, X3n+4, X3n+5) G® (X342, X3n+3, X3n+4)-
If «+ 6 =0, then we have 1 < g, which is a contradiction, hence &+ & > 0. Thus, we have
G (X3n+3, X3n+4, X3n+5) < G555 G(Xan+2, Xan43, Xan-+4)- (2.4)
Letting t = max{qﬁﬁ, q“%v, q#s}, then 0 <t < 1. And combining (2.2), (2.3), and (2.4), we have
G(xn, Xn+1,Xn+2) S tG(Xn—1,%n, Xn41) < -+ <t"G(xo, %1, %2).

Thus, by (G3) and (G5), for every m,n € IN, m > n, noting that 0 < t < 1, we have

G(Xn/ Xm, Xm) < G(an Xn+1s Xn+1) + G(Xn+1z Xn+2, Xn+2) +eee G(mel/ Xms Xm)
< G(Xn/ Xn+1, Xn+2) + G(Xn+1/ Xn+2, Xn+3) 4+ G(mel/ Xms Xm+1)
S (At ™G (%0, X1, x2)
n
< G(xo,x1,%2) = 0 (n — 00),

1—-t

which implies that G(xn, Xm,Xm) — 0, as n,m — oco. Thus {xn}is a G-Cauchy sequence. Due to the

G-completeness of X, there exists u € X, such that {x,,} is G-convergent to .
Now we prove u is a common fixed point of f, g, and h. By using (2.1), we have

GO (fu, xan 12, X3n+3) = G (fu, gxan 11, hxan 12)

< qG* (W, X3n 41, X3n+2)GP (1, fu, Fu) GY (Xan11, X3n+2, X3n+2) G® (X3n+2, X3n+3, X3n+3)-
Letting n — oo, and using the fact that G is continuous in its variables, we can get
GO (fu,u,u) =0,

which gives that fu = u, hence u is a fixed point of f.
Similarly it can be shown that gu = u and hu = u. Consequently, we have u = fu = gu = hu, and u
is a common fixed point of f, g, and h.
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To prove the uniqueness, suppose that v is another common fixed point of f, g, and h, then by (2.1),
we have

GOy, u,v) = GO (fu, gu, hv) < qG‘x(u,u,v)GB(u, fu, fu)GY (u, gu, gu)G5(v, hv, hv) = 0.

Hence, u = v. Thus u is a unique common fixed point of f, g, and h.
To show that f is G-continuous at u, let {yn} be any sequence in X such that {y,} is G-convergent to u.
For n € N, from (2.1) we have

Ge(fyn,u, u) = Ge(fyn, gu, hu) < qG“(yn,u,u)GB(yn, fyn, fyn)GY (u, gu, gu)Gf’(u, hu, hu) = 0.

Therefore, we get limn_,o, G(fyn,u,u) = 0, that is, {fyn} is G-convergent to u = fu, and so f is G-
continuous at u. Similarly, we can also prove that g, h are G-continuous at u. This completes the proof of
Theorem 2.1. O

Corollary 2.2. Let (X, G) be a complete G-metric space. Suppose the three self-mappings f,g,h : X — X satisfy
the condition

G°(fPx, g°y, h"z) < qG*(x,y,2)GP (x, fPx, fPx)G" (v, 9°y, 9°y)G®(z, h'"z, h'z) (2.5)

forall x,y,z € X, where 0 < q <1,p,s,t€ N, «,3,y,0 € [0,+00) and 6 = a+  +vy+ 0. Then f,g, and h
have a unique common fixed point (say u) and fP, g%, and h' are all G-continuous at .

Proof. From Theorem 2.1 we know that fP,g*, h" have a unique common fixed point (say u), that is,
fPu = g5u = h™u = u, and fP, g%, h" are G-continuous at u. Since fu = ffPu = fP*lu = fPfu, so
fu is another fixed point of fP, gu = gg’u = g**lu = g%gu, so gu is another fixed point of g*, and
hu = hh™u = h"lu = h"hu, so hu is another fixed point of h". By the condition (2.5), we have

GO (fPfu, gfu, hfu) < qG*(fu, fu, fu) GP (fu, P fu, fPfu)GY (fu, g*fu, g5 fu)G® (fu, h"fu, hfu) =0,

which implies that GO(fPfu, g5fu, h"fu) = 0, that is fu = fPfu = g*fu = h'fu, hence fu is another
common fixed point of fP, g%, and h". Since the common fixed point of f?, g%, and h" is unique, we deduce
that u = fu. By the same argument, we can prove u = gu,u = fu. Thus, we have u = fu = gu = hu.
Suppose v is another common fixed point of f, g, and h, then v = fPv, and by using the condition (2.5)
again, we have

GP(v,u,u) = GP(fPv, g5u, h™u) < qG*(v,u, u)GP (v, fPv, fPV)GY (1, g5, g°u)G® (1, h"u, h"u) = 0,
which implies that G®(v,1, 1) = 0, hence v = u. So the common fixed of f, g, and h is unique. O
Corollary 2.3. Let (X, G) be a complete G-metric space. Suppose self-mapping T : X — X satisfies the condition:

G%(Tx, Ty, Tz) < qG¥(x,y,2)GP (x, Tx, Tx)G (y, Ty, Ty)G°(z, Tz, Tz)

forall x,y,z € X, where 0 < q <1, &, B,v,0 € [0,+00) and 0 = x+ 3 +y+ 0. Then T has a unique fixed point
(say w) and T is G-continuous at u.

Proof. Let T = f = g = h in Theorem 2.1, we can know that Corollary 2.3 holds. O
Corollary 2.4. Let (X, G) be a complete G-metric space. Suppose self-mapping T : X — X satisfies the condition:
GO (TPx, TPy, TPz) < qG"‘(x,y,z)GB (x, TPx, TPx)GY (y, pr,pr)G‘S(Z, TPz, TPz)

forall x,y,z € X, where 0 < q<1,pe N, «B,v,0 € [0,+00) and © = oc+ 3 +v+ 0. Then T has a unique
fixed point (say u) and TP is G-continuous at .



F. Gu, H. Q. Ye, J. Nonlinear Sci. Appl., 10 (2017), 3988-3999 3993

Proof. Let T =f =g ="hand p = s = in Corollary 2.2, we can get this conclusion holds. O

Now we list some special cases of Theorem 2.1, and we get some corollaries in the sequel.

Corollary 2.5. Let (X, G) be a complete G-metric space. Suppose f, g, and h are three mappings of X into itself. If
one of the following conditions is satisfied

(1) G(
(2) G(fx, gy, hz) < qG(x, fx, fx);
(3) G(fx, gy, hz) < qG(y, gy, gy);
(4) G(fx, gy, hz) < qG(z, hz, hz)

forall x,y,z € X, where 0 < q < 1, then f, g, and h have a unique common fixed point (say u) and f, g, h are all
G-continuous at .

Proof. Taking (1) x =land B =vy=0=0;2)p=1landa=y=0=0,3)vy=1landa =P =066=0;

(4) 8 =1and «x = B =y = 0 in Theorem 2.1, respectively, then the conclusion of Corollary 2.5 can be
obtained from Theorem 2.1 immediately. O

fx, gy, hz) < qG(x,y,z);

Corollary 2.6. Let (X, G) be a complete G-metric space. Suppose f, g, and h are three mappings of X into itself. If
one of the following conditions is satisfied

(1) Gz(fx, gy, hz) < qG(x,y,z)G(x, fx, fx);

(2) G*(fx, gy, hz) < qG(x,y,2)G(y, 9y, gy);
(3) G%(fx, gy, hz) < qG(x,y,2)G(z, hz, hz);

(4) G2(fx, gy, hz) < qG(x, fx, fx)G(y, gy, gy);
(5) G2(fx, gy, hz) < qG(y, gy, gy)G(z, hz, hz);
(6) G2(fx, gy, hz) < qG(z, hz, hz)G(x, fx, fx)

forall x,y,z € X, where 0 < q < 1, then f, g, and h have a unique common fixed point (say w) and f, g, h are all
G-continuous at u.

Proof. Taking (1) a =B =1landy=86=0, 2 a=y=1and B =06=0,3) a=0=1and B =v =0;

4 p=0b=landa=v=0;0)y=0=1landa=p=0;(6) p =y =1and « =& = 0 in Theorem 2.1,
respectively, then the conclusion of Corollary 2.6 can be obtained from Theorem 2.1 immediately. O

Corollary 2.7. Let (X, G) be a complete G-metric space. Suppose f, g, and h are three mappings of X into itself. If
one of the following conditions is satisfied

(1) G3(fx, gy, hz) < qG(x,y,2)G(x, fx, fx)G(y, gy, gy);
(2) G3(fx, gy, hz) < qG(x,y,2)G(x, fx, fx)G(z, hz, hz);
(3) G3(fx, gy, hz) < qG(x,y,2)G(y, gy, gy)G(z, hz, hz);
(4) G3(fx, gy, hz) < qG(x, fx, fx)G(y, gy, 9y)G(z, hz, hz)

forall x,y,z € X, where 0 < q < 1, then f, g, and h have a unique common fixed point (say u) and f, g, h are all
G-continuous at u.

Proof. Taking (1) 8 =0and a =B =y =1, 2)y=0anda=p=0=1,3) B =0anda=y=06=1,
(4) x =0and B =y = & =1 in Theorem 2.1, respectively, then the conclusion of Corollary 2.7 can be
obtained from Theorem 2.1 immediately. O

Corollary 2.8. Let (X, G) be a complete G-metric space. Suppose the three self-mappings f,g,h : X — X satisfy
the following condition:

G4(fx, gy, hz) < qG(x,y,z)G(x, fx, fx)G(y, gy, gy)G(z, hz, hz)

forall x,y,z € X, where 0 < q < 1. Then f, g, and h have a unique common fixed point (say u) and f, g, h are all
G-continuous at u.
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Proof. Taking « = 3 =y = 0 = 1 in Theorem 2.1, then the conclusion of Corollary 2.8 can be obtained
from Theorem 2.1 immediately. O

Theorem 2.9. Let (X, G) be a complete G-metric space, and let f,g,h : X — X be three self-mappings in X, which
satisfy the following condition

GO (fx, gy, hz) < qG%(x,y,2z)G B(x, fx, gy)GY (y, gy, hz)G‘S (z,hz, fx) (2.6)

forall x,y,z € X, where0 < q<1,0 =a+pB+v+9«p,v,0 € [0,+00). Then f,g, and h have a unique
common fixed point (say w), and f, g, h are all G-continuous at u.

Proof. We will proceed in two steps. First we prove any fixed point of f is a fixed point of g and h. Assume
that p € X such that fp = p, by the condition (2.6), we have

G°(fp, gp, hp) < qG*(p,p,)GP (p, fp, gp)GY (p, gp, hp)G°(p, hp, fp) = 0.

It follows that G®(p, gp, hp) = 0, hence, p = gp = hp. So p is a common fixed point of f, g, and h. The
same conclusion holds if p = gp or p = hp.

Now, we prove that f, g, and h have a unique common fixed point. Suppose Xy is an arbitrary point in
X. Define {xn} by Xsn+1 = fX3n, X3n+2 = 9X3n+1, Xan+3 = NXan42, 1 =0,1,2,---. If X, = X41 for some
n, with n = 3m, then p = x3., is a fixed point of f and, by the first step, p is a common fixed point for f,
g, and h. The same holds if n = 3m +1 or n = 3m + 2. Without loss of generality, we can assume that
Xn 7 Xn41 foralln € IN.

Next we prove the sequence {xy,} is a G-Cauchy sequence. In fact, by (2.6) and (G3), we can have

G®(Xan+1, X3n+2, X3n+3)
= G°(fX3n, gXsn+1, NXan+2)
< qG* (X3, X3nt1, X3n42) GP (Xan, FXan, 9Xan41) GY (X3n41, 9X3nt1, WXani2) G2 (Xana2, hxania, fXan)
= qG*(x3n, X3n+1,X3n+2) G (Xan, Xan+1, X3n+2) GY (X3n+1, X3n+2, X3n+3) G® (Xan-+2, Xan+3, X3n+1)

o« >
< qG*(X3n, X341, X3n+2) GP (Xan, Xan+1,%3n+2)GY (Xan+1, X3n+2, Xan+3) G (X3n 11, X3n+2, X3n+3),

which gives that
1
G(X3n+1,X3n+2,X3n+3) < 4P G(X3n, X3n+1, X3n+2)-

By the same argument, we can get

_1
G(X3n+2,X3n43, X3n+4) Y G(X3n+1, X3n+2, X3n+3),

<
<

q
1
G (X343, X3n+4, X3n+5) < 4+ G(X3n42, X3n+3, X3n+4)-

Letting t = max{q#ﬁ, q ﬁv, q #&}/ hence 0 < t < 1, then for all n, we have
G (XTI/ Xn+1, XTI+2) < tG (Xn—ll Xn, XTL+1) g e < tnG (XOI X1, XZ) .
Thus, by (G3) and (G5), for every m,n € IN, m > n, noting that 0 < t < 1, we have

G(xn, Xn+1, Xn+1) + G(Xnt1, Xnt2, Xn+2) + -+ + G(Xm—1,Xm, Xm)
G (%n, Xn1,Xns2) + G(Xni1, Xns2, Xnas) + -+ G(Xmo1,Xm, Xm 1)
4+t ™D G (x, X1, X2)

m
1—t

G (Xn/ er Xm)

NN N

N

G(xp,x1,%2) = 0 (n — 00),
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which gives that G(xn,Xm,Xm) — 0, as n,m — oo. Thus {x,} is G-Cauchy sequence. Due to the
completeness of X, there exists u € X, such that {x,} is G-convergent to u.
Next we prove u is a common fixed point of f, g, and h. It follows from (2.6) that

G (fu, X3n 12, X3n+3)
= G%(fu, gxan 41, Wx3n 42)
< 4G * (W, Xan11,%3n42)GP (1, fu, gx3n 11)GY (Xan 11, 9Xan 11, Xan 12) G® (X3n 12, hXan 12, Tu)
= 4G ™ (1, X3n 11, X3n+2) GP (W, U, X3n+2) GY (Xan 11, Xan 12, X3n +3) G® (Xan 12, X3n 43, Tu).
Letting n — oo, and using the fact that G is continuous in its variables, we get that
GO(fu,u,u) =0.

Similarly, we can obtain that G 9w, gu,u) = 0,G%(u,u, hu) = 0. Hence, we getu=fu=gu=hu andu
is a common fixed point of f, g, and h. Suppose v is another common fixed point of f, g and h, then by
(2.6) we have

G®(u,u,v) = G(fu, gu, hv) < ¢G*(u,u,v)GP (u, fu, gu) G (u, gu, hv) G® (v, hv, fu) = 0.

Thus, u = v. Then we know that the common fixed point of f, g, and h is unique.
To show that f is G-continuous at u, let {yn } be any sequence in X such that {yn} is G-convergent to u.
For n € N, from (2.6) we have

Ge(fyn,u, u) = Ge(fyn, gu, hu) < qG“(yn,u,u)GB(yn, fyn, gu)GY (1, gu, hu)G® (v, hu, fyn) =0,

which implies that limp Ge(fyn, u,u) = 0. Hence {fyn} is G-convergent to u = fu. So f is G-
continuous at u. Similarly, we can also prove that g, h are G-continuous at u. This completes the proof of
Theorem 2.9. O

Corollary 2.10. Let (X, G) be a complete G-metric space, and let f, g, h : X — X be three self-mappings in X, which
satisfy the following condition

GO (fmx, gy, h'z) < qG*(x,y, z)GP(x, f™x, g™y)GY(y, g™y, h'z2)G%(z, hlz, f™x)

forall x,y,z € X, where 0 < q <1, mnleN, «3,y,0 € [0,+00) and © = c+p +v+ 0. Then f,g, and h
have a unique common fixed point (say w), and f™, g™, h' are all G-continuous at u.

Corollary 2.11. Let (X, G) be a complete G-metric space, and let T : X — X be a self-mapping in X, which satisfies
the following condition

G° (Tx, Ty, Tz) < qG*(x,y,2)G B (x,Tx, Ty)GY (y, Ty, Tz) G® (z, Tz, Tx)

forall x,y,z € X, where0 < q <1, «,B,v,0 € [0,+00) and 0 = x+ 3 +v+ 0. Then T has a unique fixed point
(say w), and T is G-continuous at .

Now, we list some special cases of Theorem 2.9, and we get some corollaries in the sequel.

Corollary 2.12. Let (X, G) be a complete G-metric space. Suppose f, g, and h are three mappings of X into itself. If
one of the following conditions is satisfied

(1) G(fx, gy, hz) < qG(x,y,z);
(2) G(fx, gy, hz) < qG(x,fx, gy);
(3) G(fx, gy, hz) < qG(y, gy, hz);
(4) G(fx, gy, hz) < qG(z, hz, fx)

forall x,y,z € X, where 0 < q < 1, then f, g, and h have a unique common fixed point (say u) and f, g, h are all
G-continuous at .
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Corollary 2.13. Let (X, G) be a complete G-metric space. Suppose f, g, and h are three mappings of X into itself. If
one of the following conditions is satisfied

(1) G(fx, gy, hz) < qG(x,y,z)G(x, fx, gy);
(2) G*(fx, gy, hz) < qG(x y,2)G(y, gy, hz);
(3) G2(fx, gy, hz) < qG(x,y,z)G(z, hz, fx);
(4) G%(fx, gy, hz) < qG(x,fx, gy)G(y, gy, hz);
(5) G2(fx, gy, hz) < qG(y, gy, hz)G(z, hz, fx);
(6) G?(fx, gy, hz) < qG(x, fx, gy)G(z, hz, fx)

forall x,y,z € X, where 0 < q < 1, then f, g, and h have a unique common fixed point (say u) and f, g, h are all
G-continuous at u.

Corollary 2.14. Let (X, G) be a complete G-metric space. Suppose f, g, and h are three mappings of X into itself. If
one of the following conditions is satisfied

(1) 3 z)G(x, fx, gy)Gly, gy, hz);
(2) G3(fx, gy, hz) < qG(x y,z)G(x, fx, gy)G(z, hz, fx);
(3) G3(fx, gy, hz) < qG(x,y,2)G(y, gy, hz)G(z, hz, fx);
) G7( )

(4) G3(fx, gy, hz) < qG(x, fx, gy)G(y, gy, hz)G(z, hz, fx)

fx, gy, hz) < qG(x,y,z

forall x,y,z € X, where 0 < q < 1, then f, g, and h have a unique common fixed point (say w) and f, g, h are all
G-continuous at u.

Corollary 2.15. Let (X, G) be a complete G-metric space. Suppose the three self-mappings f, g, h : X — X satisfy
the following condition:

G4(fx, gy, hz) < qG(x,y,z)G(x, fx, gy)G(y, gy, hz)G(z, hz, fx)

forall x,y,z € X, where 0 < q < 1. Then f, g, and h have a unique common fixed point (say w) and f, g, and h are
all G-continuous at u.

Now, we introduce an example to support the validity of our results.

Example 2.16. Let X = {0, 1,2} be a set with G-metric defined by Table 1.

Table 1

(X,U,Z) G(X,U,Z)
(0,0,0), (LL1), (2,2,2) 0
(0,0,1), (0,1,0), (1,0,0), (0,1,1), (1,0,1), (1,1,0) 1
(1,2,2), (2,1,2), 2,2,1), 2
(2,0,0) 3
(2,1,1) 4

(0,0,2), (0,2,0), (2,0,0), (0,2,2), (2,0,2), (2,2,0)
(1,1,2),(1,21),(2,1,1),(0,1,2), (0,2,1), (1,0,2), (1,2,0), (2,0,1), (2,1,0)

Note that G is non-symmetric as G(1,2,2) # G(1,1,2). Let f, g, h : X — X be defined by Table 2.

Table 2

f(x) g

NI\J)—\\E/

h(x)
2
2
2

N — Ol X
NN DN
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Case 1. If y # 0, we have fx = gy = hz = 2, then

—_

G?(fx, gy, hz) = G?(2,2,2) =0 < =G(x, fx, gy)G(y, gy, hz).

2
Case 2. If y = 0, then fx = hz = 2 and gy = 1, hence G%(fx, gy, hz) = G%(2,1,2) = 22 = 4. We divide the
study in three sub-cases:

(@) If (x,y,z) = (0,0,2),z € {0, 1,2}, then we have
G(x,fx, gy)G(y, gy, hz) = G(0, f0, g0)G(0, g0, hz) = G(0,2,1)G(0,1,2) = 16.

Thus, we have

1 1
G*(fx, gy, hz) =4 < 516 = ZG(x, x, 9y)G(y, gy, hz).

(b) If (x,y,z) = (1,0,2),z € {0, 1, 2}, then we have
G(x,fx, gy)G(y, gy, hz) = G(1,f1,g0)G(0, g0, hz) = G(1,2,1)G(0,1,2) = 16.

Thus, we have

1 1
Gz(fx, gy, hz) =4< 5 16 = EG(x,fx, gy)G(y, gy, hz).

() If (x,y,z) =(2,0,z),z € {0,1, 2}, then we have
G(x, fx,gy)G(y, gy, hz) = G(2,2,90)G(0, g0, hz) = G(2,2,1)G(0,1,2) = 8.

Thus, we have

1 1
5 8= 5G(xfx, 9y)G(y, gy, hz).

In all above cases, inequality (4) of Corollary 2.13 is satisfied for q = 1. Clearly, 2 is the unique common
fixed point for all of the three mappings f, g and h.

G%(fx, gy, hz) =4 =

3. Applications

Throughout this section, we assume that X = C([0, T]) is the set of all continuous functions defined on
[0, T. Define G : X x X x X — R™ by

G(x,y,z) = sup [x(t)—y(t)l+ sup [y(t)—z(t)[+ sup [z(t) —x(t)]. 3.1)
te[0,T] tel[0,T] te[0,T]

Then (X, G) is a G-complete metric space. Consider the integral equations:

rT
x(t) =p(t)+ | Ki(t,s,x(s))ds, tel0,T],
JO
rT
yt) =pt)+ . Ka(t,s,y(s))ds, t€[0,T], (3.2)
rT
z(t) =p(t)+ | Kal(t,s,z(s))ds, te0,T],
JO

where T >0, K1, K5, K3 : [0, T] x [0,T] x R — RR.
The aim of this section is to give an existence theorem for a solution of the above integral equations
by using the obtained result given by Corollary 2.5.

Theorem 3.1. Suppose the following hypotheses hold:
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(i) Kq,Kz,K3:10,T] x [0, T] x R — R are all continuous;
(ii) there exists a continuous function H : [0, T] x [0, T] — R™ such that

Ki(t,s,w) —K;j(t,s,v)| <H(ts) lu—v], i,j=1,2,3 (3.3)

for each comparable u,v € R and each t,s € [0, T];
(ili) supycpom jg H(t,s)ds < q for some q < 1.

Then the integral equations (3.2) have a unique common solution uw € C([0, T]).

Proof. Define f, g, h: C([0, T]) — C([0, T]) by

T
fx(t) =p(t)+ | Ki(t, s, x(s))ds, te[0,T],
0
T
gy(t) =p(t)+ . Ka(t,s,y(s))ds, te[0,T], (3.4)
T
hz(t) =p(t)+ | Ks(t,s,z(s))ds, t e[0Tl
JO

For all x,y,z € C([0, T]), from (3.1), (3.3), (3.4), and the condition (iii), we have

G(fx, gy, hz) = sup [fx(t)—gy(t)l+ sup Igy(t) —hz(t)|+ sup |hz(t) —fx(t)|
t€l[0,T] te[0,T] te[0,T]

]
J (Ku(t,s,x(s)) — Ka(t, 5,y(s))) ds

< sup
tel0,T] (0
T T
+ Sup J (KZ(t/ Sly(s)) - K3(t/ SIZ(S))) ds + Sup J (K3(t/ SIZ(S)) - Kl (t/ S/X(S))) ds
teo,T] |J0 te[o,T] |0

L
< sup J Ky (t,s,x(s)) — Ka(t, s, y(s))| ds
te[0,T] Y0

T T
+ sup J [Ka(t,s,y(s)) —Ka(t, s, z(s)) ds + sup J Ks(t,s,z(s)) — Ky (t,s,x(s)) ds
te[0,T]1J0 te[0,T]J0

T T
< sup J H(t, s)lx(s) —y(s)lds + sup J H(t, s)ly(s) — z(s)lds
te[0,T]J0 te(0,T]J0

-
+ sup J H(t, s)lz(s) — x(s)|ds
telo,11J0

-
< ( sup J H(t,s)ds) ( sup Ix(t)—y(t)|>
te(0,T]J0 tel0,T]

T T
+ | sup J H(t,s)ds sup [y(t) —z(t)| | +| sup J H(t,s)ds sup |z(t) —x(t)l
te(0,T]J0 tel0,T] t€[0,T1J0 te(0,T]

-
< ( sup JH(t,s)ds) ( sup [x(t)—y(t)H sup [y(t)—z(t)H sup Iz(t)—x(t)|>
t€[0,T]

0 te[0,T] tel0,T] t€(0,T]

< qG(x,y,2).

This proves that the operators f, g, h satisfy the contractive condition (1) appearing in Corollary 2.5, and
hence f, g, h have a unique common fixed point u € C([0, T]), that is, u is a unique common solution to
the integral equations (3.2). O

Corollary 3.2. Suppose the following hypotheses hold:
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(i) K:[0,TI x [0,T] x R — R is continuous;
(ii) there exists a continuous function H : [0, T] x [0, T] — R™ such that

IK(t,s,u) —K(t,s,v)| < H(t,s) [lu—v|

for each comparable u,v € R and each t,s € [0, T},

(iii) supcio jg H(t,s)ds < q for some q < 1.

Then the integral equation

x(t) = p(t) +J K(t,s,x(s))ds, te[0,T]

has a unique common solution w € C([0, T]).

Proof. Taking K; = K; = K3 = K in Theorem 3.1, then the conclusion of Corollary 3.2 can be obtained from
Theorem 3.1 immediately. O
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