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1. INTRODUCTION AND PRELIMINARIES

To overcome fundamental flaws in Dhage’s [5] theory of generalized metric spaces,
Mustafa and Sims [13] introduced a more appropriate generalization of metric spaces,
that of G— metric spaces. Afterwards, Mustafa et al. [14, 15] obtained fixed point
for mappings satisfying different contractive conditions in G— metric spaces. Re-
cently Abbas and Rhoades [2] obtained some fixed point results for noncommuting
mappings without continuity in generalized metric spaces. Guang and Xian [7] gen-
eralized the concept of a metric space, replacing the set of real numbers by an ordered
Banach space and obtained some fixed point theorems for mappings satisfying dif-
ferent contractive conditions (see also [1]). Rezapour and Hamlbarani [8, 9, 10, 11]
showed the existence of a non normal cone metric space and obtained some fixed
point results in cone metric spaces. Recently, Beg et al. [3] introduced a notion of
generalized cone metric spaces, replacing the set of real numbers in the definition
of G— metric by an ordered Banach space (see also [4]). It is noted the concept of
a generalized cone metric space is more general than that of a G— metric spaces
and cone metric spaces. In continuation of [3], some fixed point theorems that sat-
isfying certain contractive conditions are obtained. It is worth mentioning that we
did not use the normality property of cone to obtain our results. Our results have
several consequences including generalizations/extensions of comparable results in
the literature (see [5, 6, 12, 15] and the references therein).

Consistent with Beg et al. ([3], [4]) the following definitions and results will be
needed in the sequel.

Let E be a real Banach space. A subset P of E is called a cone if and only if:
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(a) P is closed, non empty and P # {0};
(b) a,b€ R, a,b>0, x,y € P imply that ax + by € P;
() PN (=P)={0}.

Given a cone P C FE, define a partial ordering < with respect to P by = < y if and
only if y —xz € P. A cone P is said to be normal if there is a number K > 0 such
that for all z,y € E,

0 <z <y implies ||z| < K ||y].

The least positive number satisfying the above inequality is called the normal con-
stant of P, while z < y stands for y — x € intP ( interior of P ).

Rezapour [8] proved that there is no normal cones with normal constants K < 1
and for each k£ > 1 there are cones with normal constants K > k.

Definition 1.1. Let X be a nonempty set. Suppose that the mapping G : X x X x
X — F satisfies:

Gy

0 < G(x,y,z) for all x,y,z € X and G(z,y,2z) =0 if and only if z =y = z,

z)
Go) 0 < G(z,z,y) for all x,y € X, with = # y,

Gy) G(z,y,2)

G(x,y,2) < G(z,a,a) + G(a,y, z) for all z,y,z,a € X.

G(z,z,y) = G(y, z,z) (symmetric in all three variables),

(G1)
(G2)
(G3) Glz,2,y) < G(z,y,2) for all w,y,z € X, with y # z,
(Ga)
(Gs)

Gs

Then G is called a generalized cone metric on X or G— cone metric on X and (X, G)
is called a G— cone metric space.

The concept of a G— cone metric space is more general than that of G— metric
spaces and cone metric spaces.
Definition 1.2. Let X be a G— cone metric space and {z,} be a sequence in X.
We say that {z,} is:

(a) a Cauchy sequence if, for every ¢ € E with 0 < ¢, there is N such that for all
n,m,l > N, G(xn, Tm, 1)) < C.

(b) a convergent sequence if, for every ¢ € F with 0 < ¢, there is N such that
for all n,m > N, G(zy, Tm, z) < c for some fixed z in X. Here z is called the

limit of a sequence {z,} and is denoted by lim z, = =.
n—oo
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A G— cone metric space X is said to be complete if every Cauchy sequence in X is
convergent in X.
Remarks 1.3. Let X be a G— cone metric space.

(a) If r < y K€ 2, then = < 2.

(b) If z < y < 2, then = < 2.

(c) Ifx <y <z, then z <« z.
)

(d) If E is a real Banach space with cone P and if a < Aa where a € P and
A €[0,1), then a = 0.

For sake of completeness, we now state some basic facts in a G— cone metric space.
Lemma 1.4. Let X be a G— cone metric space, then the following are equivalent.

(i) {xn} is converges to x.
(ii) G(zpn,xn,r) < ¢, as n — o0.
(ili) G(xn,z,x) < ¢, as n — oo.
(iv) G(xn,xm,x) < ¢, as m,n — oo.

Lemma 1.5. Let X be a G— cone metric space. If

(i) {xm}, {yn} and {2} be sequences in X such that z,, — z, y,, — y and z; — z,
then G(zp, Yn, 21) — G(z,y,2) as m, n, | — 0.

(ii) {zn} be a sequence in X and z € X, such that {z,} converges to =, and {z,}
converges to y, then x = y.

(iii) {zn} be a sequence in X and = € X, such that {z,} converges to z, then
G(xzm, Tn,x) — 0 as m, n — 0.

(iv) {xn} be a sequence in X and z € X. If {x,} converges to z € X, then {z,}
is a Cauchy sequence.

(v) {zn} beasequence in X, and {x, } is a Cauchy sequence in X, then G(zy,, zp, ;) —
0, as m,n,l — .

Definition 1.6. Let (X, G) be a G— cone metric space. Then for g € X, r > 0,
the G— ball with center xg and radius r is

BG(-’I;OJa) = {y €X: G(x()ay?y) < T}'

Proposition 1.7. Let X be a G— cone metric space. Then for any x¢o € X and
>0,
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1) if G(xg,x,y) < r, then z,y € Bg(xo,7),
2) if y € Bg(zo,7), then there exists a ¢ > 0 such that Bg(y,d) € Bg(xo,r).

Thus the family of all G—balls, f = {Bg(z,r) : * € X,r > 0}, is the base of a
topology 7(G) on X, the G— cone metric topology.

Definition 1.8. Let (X, G) and (Y,G’) be two generalized cone metric spaces and
let f: X — Y be a function, then f is said to be G— continuous at a point a € X
if for given € > 0, there exists 6 > 0 such that z,y € X and G(a,z,y) < 6 implies
that G'(f(a), f(x), f(y)) < e. A function f is G— continuous at X if and only if it
is G—continuous at all a € X.

Following propositions given in [13] can also be prove in generalized cone metric
spaces. For sake of completeness we state them in setting of G— cone metric spaces.
Proposition 1.9. Let (X,G) and (Y,G’) be two generalized cone metric spaces.
Then a function f : X — Y is G— continuous at a point z € X if and only if it is
G— sequentially continuous at z, that is, whenever x,, is G— convergent to z, then
{f(zn)} is G— convergent to f(x).

Proposition 1.10. Let X be a G— cone metric space. Then the function G is
jointly continuous in all three of its variables.

Definition 1.11. A G— cone metric is said to be symmetric if G(z,y,y) = G(y, z, )
for all x,y € X.

Proposition 1.12. Let X be a G— cone metric space. Define dg : X x X — E by
da(z,y) = G(z,y,y) + G(y, z, x) is the cone metric on X.

Note that (X,dq) is a cone metric space. If (X, G) is symmetric G— cone metric
space, then

da(z,y) = 2G(z,y,y)
for all z,y € X.

2.FIXED POINT THEOREMS

Starting with the second page the header should contain the name of the author
and a short title of the paper
In this section, fixed point theorem for maps, without completeness property of G—
cone metric space are obtained.
Theorem 2.1. Let X be a G— cone metric space. Suppose that the mapping
f+ X — X satisfies:

G(fz, fy, f2) < aG(x, fz, fx) + BG(y, fy, fy) +1G (2, [z, f2), (2.1)

for all z,y,2z € X and o, 8,7 > 0 with a4+ 6+ v < 1. If f is G— continuous at a
point u € X and {f™(zo)} has a subsequence {f™ (z¢)} which is G—convergent to
u for some g € X. Then w is the unique fixed point of f.
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Proof. For every z,y € X, we have

G(fx, fy, fy) < aG(x, fx, fx) + BG(y, fy, fy) +G(y, fy, fy),

and
G(fy, fz, fz) < aG(y, fy, fy) + BG(x, fz, fz) +1G(z, fz, fz).

If G is symmetric, then by adding above two inequalities, we obtain

do(fe, fy) < T Vgt fo) + S0 Vg, 1y

2 2
W(dg(x,fx) +da(y, fv))- (1)

Since f is G— continuous at a point u € X and {f™ (x¢)} is G— convergent to u
therefore f™*1(zo) — f(u). For k > ng in N, we have

da (™ o, [ 2a) < W(de(f""xm frEtzg)
+dG(fnk+1x07fnk+2x0))7
then
dG(fnk+1x0’ fnk+2x0) < AdG(fnkxOv fnk+11'0)7
atB+y . .
where \ = G Obviously 0 < A < 1. In a similar way for [ > k > ng, we
—a—fB—~
have

e (™ ag, fMag)
Nda(fM 2z, fM  xg)
e S NG ( g, T ).

de(f™xo, ™ x0)

INIA TN

Hence dg(u, fu) < 0 as k — oo, that is —dg(u, fu) € P. But dg(u, fu) € P gives
that dg(u, fu) =0, and fu = u.

In case, if G is not symmetric, then (2.2) gives no information about the maps, as
in this case, the contractive constant need not be less that 1. In this case, for k£ > ng
in N, we have

G(fnk+1wo,fnk+2x0’fnk+3x0) < aG(f"’“xo, f"k+1x07fnk+1x0)
+BG(f™ g, [ 2w, 5 2ag)
+7G<fnk+2xo,fnk+3w07 fnk+3x0)
aG(f™ao, [ wg, 5 ag)
+BG(f™ o, [ 2w, 53 ag)
VG (™ g, fPag, f ),

IN
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then
G(f™H o, [ 2w, [ m0) < AG(f™ o, M+ o, 5+ o),
where A = %. Obviously 0 < X\ < 1. In similar way for [ > k > ng, we have
— P =7

G(f™xo, f™ o, f11H o) AG(f™M o, fMxo, f™ao)
NG(f™ o, f™ o, [ o)

e < Anl*nkG(fnk:EO?fnk+1x07fnk+1x0)'
Hence G(u, fu, fu) <0 as k — oo, that is —G(u, fu, fu) € P. But G(u, fu, fu) € P
gives that G(u, fu, fu) = 0 and hence fu = w. Suppose that there is another v in
X such that fv = v, then

G(u,v,v)

VAN VAN VAN

G(fu, fo, fv)
aG(u, fu, fu) + (8 +7)G(v, fv, fv)
= aG(u,u,u) + (B +7)G(v,v,0),

IN

which implies that —G(u,v,v) € P. But G(u,v,v) € P gives that G(u,v,v) = 0 and

hence u = v, which proves the uniqueness of fixed point of f.

Example 2.2. Let X =[0,1). The mapping G : X x X x X — R? given by
Gz,y,2) = (lz =yl + ly — 2l + |z —z| , h(lz —y[ + |y — 2| + [z — z)),

where h is a positive constant, is a G— cone metric on X. Define a discontinuous
map f: X — X as

2 forzel0d),
fle)= % for z € [3,1).
Note that for z,y,z € [0, 3),
G(fz, fu £2) = e =yl +ly =2l 41z =2l hlle — ol +1y = 2| + |2 — 2])),
Gla S f2) = (@ he), Gly, fu, fy) = 5 (v, hw),
and G(z, fz, f2) = 19—6(z,hz).
Now
Gz, fu.f2) < Sety+zhle+y+2)
<

2 (16 2 (16 2 /16
9 <9($ah90)> *t3 <9(y,hy)) *t3 <9(27h2)>
= aGl(z, fx, fx) + BG(y, fy, fy) +1G(z, fz, f2).
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Thus
G(fz, fy, fz) < aG(z, fz, fx) + BG(y, fy, fy) +1G(2, f2, f2),

2 2
issatisﬁedfora:ﬁ:'7:§, Wherea+ﬂ+'y:§<1.

For z,y,z € [%, 1), then

G(fx, fy,[2) = é((|$—y|+|y—z\+!Z—$|»h(|$—y|+\y—2|+|2—93|)),
Gla, S f2) = 2(e,ha), Gy, fy, Fy) = 3 (0 hy),
and G(z, fz, fz) = g(z,hz).
Now
Gfz. fy.12) < S(@+y+2)hz+y+2)
< g <§(x,hx)> +§ <Z(y hy)) +§ <Z(z,hz))
= aG(z, fx, fz) + BG(y, [y, fy) +vG(z, fz, f2).
Hence

G(fz, fy, f2) < aG(x, fz, fx) + BG(y, fy, fy) +1G(z, [ 2 f2),

2
is satisfied for a = 8 =~ = g
For z € [0, %), Y,z € [%, 1), we have

_ (*_Y y_z 27T r_y
Gl fy. f2) = (|3 6‘+‘6 6‘+‘6 9’h()9 6‘
+‘yfi‘+‘ifg)
6 6 6 9
1 4z 4z
= gtztly—2l—5)hy+z+ly—2- <))
16 5
G(x,fx,fa:) = j(xahx)a G(yvfyafy) = g(yvhy)v
and G(z, fz, fz) = g(z,hz).
Now for
1

< 3 (Fem)+ 3 (Gwm)+ 5 (Genn)

221



I. Beg, M. Abbas, T. Nagzir - Fixed point results in generalized cone metric spaces

Thus
G(fz, fy, fz) < aG(z, fz, fx) + BG(y, fy, fy) +1G(2, f2, f2),

issatisﬁedforoz:ﬂ:’y:;
Finally for z,y € [0, %), z € [%, 1),
S S T A T r_Y
Gz fy.12) = (g 9‘”9 6‘+)6 g™l ~ g
_‘_‘Q_E_FE_f)
9 6 6 9
- L2, 2wy, 2 _ 2
o (G R B NP S R)
16 16
G(I‘,fl‘,fl‘) = j(xahx)a G(Q)fy7fy):§(yahy)a
and G(z, fz, fz) = g(z,hz)
And
1
2 (16 2/(5 2/(5
< 2= il z
< 3 (Gem) 43 (Gum)+ 5 (Gen)
= aG(z, fz, fx) + BG(y, fy. fy) +1G(z, f2, [2).
Thus

G(fx, fy, [2) < aG(x, fo, fx) + BG(y, fy, fy) +7G(z, [z, [2),

2
is satisfied fora = =~v = g

Also observe that f is G—continuous at 0 € X and for each u € X, {f™u} converges
to 0 and hence every subsequence of {f™(u)} is G—convergent to 0. Hence, the
axioms of Theorem 2.1 are satisfied. Moreover, 0 is a fixed point of f.

Corollary 2.3. Let X be a G— cone metric space and f : X — X satisfies the
following condition:

G(fx, fy, f2) <Gz, fz, fx) + Gy, fy, fy) + G(z, 2, f2)}, (2.3)

1
for all x,y,z € X where 0 < h < 3 If f is G— continuous at a point v € X and

{f™(x0)} has a subsequence { f"*(x¢)} which is G— convergent to u for some x¢ € X.
Then u is the unique fixed point of f.
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Corollary 2.4. Let X be G— cone metric space and f : X — X be a mapping
which satisfies

G(fx, fy, fy) < aG(x, fz, fz) +bG(y, [y, [y), (2.4)

for all z,y € X, where a,b > 0 and a +b < 1. If f is G—continuous at a point
u € X and {f™(zo)} has a subsequence {f™ (xo)} which is G—convergent to u for
some xg € X. Then u is the unique fixed point of f.

Corollary 2.5. Let X be a G— cone metric space and f : X — X satisfies the
following condition:

G(fx, fy, fy) < k{G(z, fx, fx) + Gy, fy, fy)}, (2.5)

1
for all z,y,z € X where 0 < k < 3 If f is G—continuous at a point v € X and

{f™(z0)} has a subsequence { f™* (z¢)} which is G—convergent to u for some zy € X.
Then u is the unique fixed point of f.

Corollary 2.6. Let X be a G— cone metric space and f : X — X satisfies the
following

G(fz, fy, fy) < kG(z,y,y), (2.6)

1
for all x,y,z € X where 0 < k < 1 If f is G— continuous at a point u € X and

{f™(z0)} has a subsequence { f™ (x¢)} which is G— convergent to u for some zy € X.
Then u is the unique fixed point of f.
Proof. Note that

G(fz, fy, fy) kG(x,y,y)

<
< kG(z, fz, fx) + kG(fx, fy, fy) + 2kG(y, fy, fy),

implies that

G(fz, fy, fy) < aG(z, fz, fx) + bG(y, fy, fy),
k 2k
for all z,y € X, with a = 1% b= 1% Since a + b < 1. The result follows
from Corollary 2.4.
Theorem 2.7. Let X be a G— cone metric space. Suppose that the mapping
f: X — X satisfies:

G(fz, fy, fz) < hu(z,y, z), (2.7)
where
w(z,y,2) € {G(z, fz, fz), Gy, fy, fy),G(z, fz, f2)},
for all z,y,z € X and o, 8,7y > 0 with 0O < a+ 8+~ < 1. If f is G—continuous at

a point u € X and {f"(x0)} has a subsequence {f"*(xo)} which is G— convergent
to u for some zg € X. Then w is the unique fixed point of f.
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Proof. For all z,y € X, we obtain

G(fx, fy, fy) < hu(z,y,y)

where
u(z,y,y) € {G(x, fx, fx), Gy, fy, fv), Gy, fy, fy)}
= {G(x, fx, fx),G(y, [y, fy)},
and
G(fy, fx, fr) < hu(y, z, ),
where

w(y,z,z) €{G(y, fy, fy),G(=, fz, fx)}.
If G is a symmetric, then we obtain
da(fzx, fy) < hug(z,y), where
ugla,y) € 1dae, f2),daly, fo), 5ld(e, f2) +daly, fo)l}.  (2)

Since f is G— continuous at a point v € X and {f™(xo)} is G— convergent to u
therefore f™*1(xg) — f(u). For k > ng in N, ug(z,y) = dg(x, fz) implies that

da(f™ o, f™2w0) < hda(f™ w0, o),
uG(z,y) = da(y, fy) implies that
dG(fnk+1$0,fnk+21'0) < th(fnk+1l'0,fnk+1$0),

which by remark 1.3(d) implies dg(f™ " txg, f1220) = 0, f* oy = f*+2x5.and
result follows. .
Finally for ug(z,y) = §[dG(x’ fx)+da(y, fy)], we obtain

de(f™Hag, fr22g) < g[dc(fnkxo, FE L mg) + da(f g, 5 2m0)),

da(f™ ao, P2 m0) < hda(f™ mo, ™ o).
In similar way for [ > k > ng, we have
da(f™xo, [ o) Mg (f™ o, fMao)

Nde(f™ 2o, fM o)
c S NMTRAGG(fR g, £ ).

INIA A
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Hence dg(u, fu) < 0 as k — oo, that is —dg(u, fu) € P. But dg(u, fu) € P gives
that dg(u, fu) =0, and fu = u.

However, if (X, G) is not symmetric, then (2.8) gives no information about the maps,
as in this case, the contractive constant need not be less that 1. In this case, since f
is G— continuous at a point v € X and {f"*(xg)} is G— convergent to u therefore
st (z0) — f(u). For k > ng in N, we have

G(fnk+1$07 fnk'f‘on’ ka+3x0) S hu(fnkx07 fnk'f‘le’ f"k+2x0),
where

1 2
u(fnkx(]a fnk+ Zo, ka+ 1‘0)
1 1 1 2 2
€ {G(fnkx()a fnk+ Zo, fnk+ :L'O)’ G(fnk+ Zo, fnk+ Zo, fnk+ mO)?
G(f™2ag, [ 3o, 5 320)}.

Now u(f™xg, f oy, f+220) = G(f™x0, f* oy, fHH2g) implies that
G(f”k+1x07 fnk+2x0) fnk+3x0) S hG(fnkx07 fnkJrlxDu f”k+1x0)‘
When u(fxq, f*lag, f 220) = G(f™Hag, f+ 2z, f*+220), we obtain

G(fnkJrle? fnkJerOu fnk+3x0) hG(fnk+1x07 fnk+2a:07 fnkJerO)

<
S hG(fnk+1x07 fnk+2$07 fnkJerO)'

So by remark 1.3(d) implies that G(f™+lxg, ™ 2xq, f+329) = 0, which gives
fretlyg = ft2g0 = f 320 and result follows. In case

u(fnkxﬂv fnk+1$07 fnk+2x0) = G(fnk+2x0) fnk+3x07 f”k+3x0)’
we get

G(fnkJrle? fnkJrQ'rOa fnk+3x0) hG(fnk+2x07 fnk+3x07 fnkJerO)

<

S hG(fnk+1x07 fnk+2$07 fnkJrS'rO)a

agian implies f g = 1220 = f™ 32, and the result follows. Thus
G(fnk+1x07 fnk+2x07 fnk+3x0) S hG(fnkx()? fnk+1x07 fnk+1x0)'

In a similar way for [ > k > ng we have

hG(fnl_le, fnlfUO? fnlx())
R2G(fM 2ao, fM o, [ )
T S hnl_nkG(fnkx()a fnk+1$07 fnk+1$0)'

G(fnlm()a fnl+1x07 fnl+1$0)

VARVANNVAN
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Hence G(u, fu, fu) <0 as k — oo, that is —G(u, fu, fu) € P. But G(u, fu, fu) € P
gives that G(u, fu, fu) = 0, and fu = u. Suppose that there is v in X such that
fv =wv, then use given contractive condition to obtain

G(u,v,v) = G(fu, fv, fv) < hu(u,v,v),

where
Which implies that —G(u,v,v) € P. But G(u,v,v) € P gives that G(u,v,v) = 0
and hence u = v, which prove the uniqueness of fixed point of f.

Theorem 2.8. Let X be a G— cone metric space and f : X — X be a mapping
satisfying one of the following conditions

G(fz, fy, fz) < aG(z,y,2)+bG(x, fz, fx)
+cG(y, fy, fy) +dG(z, fz, fz), (3)

or

G(fx, fy, fz) < aG(z,y,2)+bG(z, fr,z)
+cG(y, y, fy) + dG(z, 2, fz),2.10 (4)

for all x,y,z € X, where a,b,¢,d > 0 witha+b+c+d < 1. If fis G— continuous
at a point v € X and {f"(xo)} has a subsequence { f"*(xo)} which is G—convergent
to u for some zg € X, then u is the unique fixed point of f.

Proof. Suppose that f satisfies (2.9), then for all z,y € X

G(fz, fy, fy)
< aG(z,y,y) + bG(z, fz, fx) + (c +d)G(y, fy, fy), (5)
and
G(fy, fz, fx)
< aG(y,z,z) +bG(y, fy, fy) + (c+ d)G(z, fz, fz). (6)

Suppose X is a symmetric G— cone metric space. Adding (2.11) and (2.12), we have

dG(f:L‘a fy)
< adgla,y) + T gla, ) + T gy, 1)
= adg(z,y) + Bda(z, fz) +vda(y, fy), (7)
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b d
forall:n,yGX,wherea:a,B:'VZ%and0§a+5+’7<1-

Since f is G— continuous at a point u € X and {f™(xo)} is G— convergent to u
therefore f™t1(x¢) — f(u). For k > ng in N, we have
da(f™ o, ™ m0)
< adg(fM™wo, o) + Bda(f ™o, £ o) + yda (f™ o, [ ).
Which further implies that
dG(fnk+1x07 fnk+2$0) S AdG(fnkxOv fnk+1m0)7
where A = 17% Obviously 0 < A < 1. In similar way for | > k > ng, we have
Y
M (f™ o, o)
)\2dG(fnl_2f170, fnl—ll,o)
< )\nlinkdg(fnk.x(), fnk+1.7j0).
Hence dg(u, fu) < 0 as k — oo, that is —dg(u, fu) € P. But dg(u, fu) € P gives
that dg(u, fu) =0, and fu = u.
Suppose that there is v in X such that fv = v, then using (2.13) one obtains
dG(’LL,U) = dG(f’LL, f’U)
adg(u,v) + Bdg(u, fu) + vdg (v, fv)
= adg(u,v) + Bdg(u,u) + vdg(v,v)
= wadg(u,v).
Remark 2.3(d) implies that dg(u, v) = 0 and hence u = v which prove the uniqueness
of fixed point of f.

However, If G is not a symmetric cone, then adding (2.11) and (2.12), we obtain the
following

de(f™xg, f" 1 ag)

VAN VAN VAN

IN

2(b+3c+d)dG($’ fx) +

2(b+c+d) n 2(b+c+d)

2(b+c+d)

3 dG(y7 fy)a

da(fz, fy) < adg(z,y) +

for all x,y € X. Here, 0 < a +
than 1. So that in this case, for k¥ > ng in N, consider

G(fnk+1m07 fnk+2x07 fnk+3x0)

which may not be less

S aG(fnk$0’ fnk'f‘le’ ka+2x0) + bG(fnkx07 fnk+1$07 fnk+1x0)
+CG(fnk+1$0> fnk+2x07 fnk+2x0) + dG(fnk+2x07 fnk+3$07 fnk+3x0)
< aG(fMxo, [ wo, f220) + 0G(f w0, [ @, 1 3g))

+eG(f ™ ag, 5 2mg, f 1 B20) + dG(f™  ag, 2 mg, f1E ).
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Which further implies that

1 2 1 2
G(f™ hag, 5 2w, f320) < AG(f™ o, f™ g, f220)

where A = %. Obviously 0 < A < 1. In similar way for | > k > ng, we have
[e— C —_—

G(fnlx()v fnl+1x07 fnl+1x0) AG(fnl_lx(]v fnl$0> fnlx())
NG(fM2ao, [ o, [ )

e S Anl_nkG(fnk'IUa fnk+ll'07 fnk+1x0)'

VAN VANVAN

Hence G(u, fu, fu) <0 as k — oo, that is —G(u, fu, fu) € P. But G(u, fu, fu) € P
gives that G(u, fu, fu) = 0, and fu = u. Suppose that there is v in X such that
fv =w, then

G(u,v,v) = G(fu, fo, fv)
< aG(u,v,v) +0G(u, fu, fu) + (¢ + d)G(v, fv, fv)
= aG(u,v,v).
and remark 1.3(d) give that G(u,v,v) = 0 and hence v = v, which prove the
uniqueness of fixed point.

Theorem 2.9. Let X be a G— cone metric space and f : X — X be a mapping
satisfying one of the following conditions

G(fx, fy, fy) < o{G(x, fy, fy) + Gy, fz, fx)}, (2.14)

or

G(fz, fy, fy) < o{G(z,z, fy) + G(y,y, fr)}, (2.15)

1
forall z,y € X where a € [0, 5) If f is G—continuous at a point u € X and { f"(xo)}

has a subsequence {f™ (z()} which is G—convergent to u for some zp € X, then u
is the unique fixed point of f.
Proof. Suppose that f satisfies condition (2.14), then for all z,y € X

G(fx, fy, fy) < o{G(x, fy, fy) + Gy, fz, fx)}, (2.16)

and
G(fy, fz, fr) < o{G(y, fz, fz) + G(z, fy, fy)}. (2.17)

Now if X is a symmetric G— cone metric space, then above two inequalities give
dG(f$a fy) < a{dG($7 fy) + dG(y> f$)}7
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for all z,y € X. Since f is G—continuous at a point v € X and {f"*(x0)} is
G—convergent to u therefore f™1(x¢) — f(u). For k > ng in N, we have

da(f™ oo, [ 22) < alda(f™xo, [ 20) + da(f™ ag, [ ag)}
< a{dG(fnk'anfnk—i_le) +dG(fnk+1x07fnk+2$0)}v
which implies that

dG(fnk+1x07 f”k+2x0) S )‘G(fnkx()a fnk+1$0)7
(6%

where A\ = . Obviously 0 < A < 1. The result follows using similar arguments

to those given in Theorem 2.8.
Now, if G is not symmetric, then by adding (2.10) and (2.11), we obtain

< 20{G(y, fz, fx) + G(z, fy, fy)}
< SHdoly, f2) + date, f),

4o
for all z,y € X. Here, contractivity constant 5 may not be less than 1. So in this

case, for k > ng in N, consider

G(f™ g, f5 2w, 5 220)

a{G(f o, f 2wg, 5 210) + G(f™* g, f g, freHag)}
a{G(f o, [ ag, o) + G(f™ g, f5 g, f4H220)}
a{G(f™xo, o, f wo) + G o, [ 2w, [P a0)
+G(fnk+1:c0,f"’“+2x0,fnk+2:r0)},

VAR VANVAN

and
G(fnk+1$07 fnk+2x07 fnk+2$0) S AG((fnk;r:o’ fnk+lx07 fnk+1x0)7

where \ =

95" Obviously 0 < A\ < 1. In similar way for | > k& > ng, we have
— 2«

G(fnlx()a fnl+1x07 f”l+1x0) )\G(fnl_l'xﬂa fnl$0) fnlx[))

AzG(fnl_2x07 fnl_le) fnl—le)

e S AnlinkC"Y(fnkx()a fnk+1x07 fnkJrle)'
Hence G(u, fu, fu) <0 as k — oo, that is —G(u, fu, fu) € P. But G(u, fu, fu) € P
gives that G(u, fu, fu) = 0, and fu = u. Suppose that there is v in X such that
fv =w, then

VAN VAN VAN

G(u,v,v) = G(fu, fv, fv)
< o{G(u,v,v) + G(v,u,u)},
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implies that
G(’LL, v, U) < kG(“? u, U),

where k = 1&. Obviously, £ < 1 and remark 1.3(d) give that G(u,v,v) = 0 and
-«
hence u = v, which prove the uniqueness of fixed point.

Example 2.10. Let X = [0,1), E = CL and let P = {x € FE : z(t) > 0}. The

mapping G : X x X x X — X is defined by

G(x,y,y) = (lz =yl + |y — 2[ + |z — z|) ¥ (1),

where 1(t) € P is a fixed function, for example, (i) () = €f, (ii) ¥ (t) = 2¢, (ii)
P(t) = A, A € [0,1), t € P. Clearly, the metric given above is G— cone metric on
X. Let f be the self map on X defined by f(z) = %e‘x.

Note that
Gz, fy.fy) = 3 le =¥ 6(0)
Glo finfi) = o= 367|010 Gl o f) = = 5| w00
Now, for =,y € X,
G fuofu) < g le = e 0)

< Sl sy - se v See - ) i)
< % [ v Loyl 4 ’y - %e_x + % |27 — e_y@ Y(t)
< é [x—le‘y Jr‘y—;e_m ] Y(1)
= 3G Sy, fo) + Gy, f, o)

Therefore
G(fx, fy, fy) < o{G(x, fy, fy) + Gy, fz, fx)} for all x,y € X,

1 1
is satisfied for all z,y,2 € X, where a = 3 < 3 Also note that, for each z € X,

{f™(x)} — 0. Therefore, f satisfy all conditions of Theorem 2.9 and 0 is the unique
fixed point of f.
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