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1. Introduction

Huang and Zhang [4] generalized the concept of metric spaces by consider- ing
vector-valued metrics (cone metrics) with values in ordered real Banach spaces.
Since then, several Fixed point theorems have been proved in the con- text of
cone metric spaces (for example, see [1-4,7]). The concept of coupled fixed point
was recently introduced by T. G. Bhaskar and V. Lakshmikan- tham [2]. Recently,
F. Sabetghadam, H. P. Masiha and A. H. Sanatpour [10] proved some coupled
fixed point theorems in cone metric spaces. In this pa- per, we unify, extend and
generalize the results in [10] with some applications to integral type.

DEFINITION 1.1 ([4]). A cone P is a subset of a real Banach space E such that

i) P is closed, nonempty and P # {0};
ii) if a, b are nonnegative real numbers and x,y € P, then ax + by € P;
iii) PN (—P) = {0}.

For a given cone P C FE, the partial ordering < with respect to P is defined by
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x < y if and only if y — z € P. The notation z < y will stand for y — x € intp,
where intP denotes the interior of P. Also, we will use x < y to indicate that z < y
and x # y.

The cone P is called normal if there exist a constant M > 0 such that for every
z,yinE, if 0 < x < y; then ||z]| < M]||y||. The least positive number satisfying this
inequality is called the normal constant of P.

In this paper, we suppose that F is a real Banach space, P C FE is a cone with
intP # and < is partial ordering with respect to P. We also note that the relation
P +intP CintP and XintP C intP (A > 0) always hold true.

DEFINITION 1.2 Let X be a nonempty set and let E' be a real Banach space equipped
with the partial ordering < with respect to the cone P C FE. Suppose that the
mapping d : X x X — E satisfies the following conditions [4]:

dy) 0 < d(z,y) for all z,y € X and d(x,y) =0 if and only if x = y;
d2) d(ﬁ,y) = d(y,.fl/‘) fOT’ all T,y € X;
ds) d(z,y) < d(z,z) +d(z,y) for all x,y,z € X.
Then d is called a cone metric on X, and (X,d) is called a cone metric space.

DEFINITION 1.3 Let (X,d) be a cone metric space, x € X and {zp}n>1 be a
sequence in X [4]. Then

i) {Zn}n>1 converges to x; denoted by limy,_,o0 Ty, = x, if for every ¢ € E with
0 < c there exist a natural number N such that d(x,,z) < ¢ for alln > N;

i) {Tn}n>1 is a Cauchy sequence if for every ¢ € E with 0 < ¢ there exists a
natural number N such that d(zy, ) < ¢ for alln,m > N.

A cone metric space (X,d) is said to be complete if every Cauchy sequence in X
s convergent in X.

DEFINITION 1.4 Let f and g be self- maps of a set X (ie., f,g: X — X). If
w = fx = gx for some x in X, then x is a coincidence point of f and g, and w is
called a point of coincidence of f and g. Self-maps f and g are said to be weakly

compatible if they commute at their coincidence point, that is, if fx = gz for some
xinX, then fgx = gfx [6].

DEFINITION 1.5 Let (X,d) be a cone metric space. An element (x,y)inX x X is
said to be a coupled fixed point of the mapping F': X x X — X if F(z,y) = x and

F(y,x) =y [10].

Recently, F. Sabetghadam, H. P. Masiha and A. H. Sanatpour [10] proved the
existence of unique coupled
xed point for the following contractive conditions in a cone metric space:

d(F(z,y), F(u,v)) < kd(z,u) + ld(y,v), (1)

where k, | are nonnegative constants with k +1 < 1.
d(F(x,y), F(u,v)) < kd(F(z,y),z) + ld(F(u,v),u), (2)

where k, [ are nonnegative constants with k + 1 < 1.
d(F(z,y), F(u,v)) < kd(F(x,y),u) + ld(F(u,v), z), (3)

where k, [ are nonnegative constants with k + 1 < 1.
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n this research paper, we unify, extend and generalize the contractive condi-
tions (1), (2) and (3). Furthermore, we also prove some other coupled fixed point
theorems in cone metric spaces.

DEFINITION 1.6 Let P be a cone [11]. A non-decreasing mapping ¢ : P — P is
called a p-mapping if

1) ¢(0) =0 and o < p(w) for w e P —{0};
v2) w— p(w) € int(P) for every w € int(P);
©3) limy o0 ¢"(w) = 0 for every w € P —{0};
1) @(cu) < cp(u), where ¢ > 0.

DEFINITION 1.7 Let P be a cone and let {w,} be a sequence in P. One says that
wpn — 0 if for every e € P with 0 < € there exists N > 0 such that w, < € for all
n>N [11].

DEFINITION 1.8 For a non-decreasing mapping T : P — P, we define the following
conditions which will be used in the sequel [11]:

Ty) For every wy € P, w, — 0 if and only if Tw, — 0;
Ty) For every wi,ws € P, T(aw; + fws) < aT(w1) + ST (w2), o, B = 0.

2. Main Results

We will now consider the following theorems.

THEOREM 2.1 Let (X,d) be a complete cone metric space. Suppose that the map-
ping F : X x X — X satisfies the following contractive condition

T(d(f(x,y), F(u,v))) < o(T(5)), (4)

for all x,y,u,v € X, where

d(F(z,y), u), d(F(u,v), z)
2 9y

yA(F (2,y), 2), d(F (u,v), w),

, d(z,u) + d(y,v)
ot

d(F(z,y),x),d(F(u,v),u) }

2

¢ : P — P is a nondecreasing mapping satisfying (p1) — (¢4), and T : P — P is a
nondecreasing mapping satisfying (T1) — (13). Then F has a unique coupled fized
point.

Proof Choose xg,yo € X and set

r1 = F(an yO)a y1 = F(yo, w()): sy Ipl = F(xmyn)a Yn+1 = F(ymxn)-
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By (4), we have that

T(d(mn, $n+1)) = T(d(F(.Tn_l, yn—1)7 F(xm yn)))

d n—1» n d n—1i,»Jdn
(‘T LY )—Qi_ (y LY )7d(F($n—1;yn—1)7$n—1)7

dF n—1ls Jn— s m dF nyYn)s Tn—
A(F (), ), T Ent Yno1)s >2+ (F(an, ), 71)

d(F(xnfla ynf1),$n71) + d(F(xnayn)’xn)

< o(T(

d(Tp—1,7n) + d(Yn—1,Yn
— QO(T( ( 1 ) 5 (y 1, Y ),d($n,$n_1),
Ani z), Wb nct) nsonct) b nets oa)y,

Similarly,
d(F n—1sYn ,d Tp_1,Tn
T(d(Yn, Yn+1)) < o(T'( (F'(yn—1 y2) (Zn_1,2n)

d<yn+1> Yn—1) d(yna Yn—1) + d(yn—i—h yn) )
2 ’ 2 ’

)7 d(ym ynfl)a d(yn+1, yn)a

Set dy, = d(n, Tp+1) + d(Yn, Yn+1) then we must first show that

T(dn) (T(dzn, Tn-1) + d(Yns Yn—1)), (5)

Sy
= @(T(dnfl))a
< " (T(dp)), VYn=>1.

It is sufficient to consider the following cases. [ ]

Case 1. If j = d(zp, zn—1) + $(Yn, Yn—1),
T(dn) = T(d(zn, Tn+1) + d(Yn; Ynt1)) < @(T(d(Tn; Tn-1) + d(Yn; Yn-1)))-

This implies that T'(d,) < ¢(T(dp—1)) < ¢"(T'(dp)) and (5) is satisfied.
Case 2. If j = d(zp, zpn—1 + d(Yn, Yn—1), then

T(dn) = T(d(‘rna CCn—H) + d(ym yn-l—l)) < <p(T(d(a?n, xn—l) + d(:ynv yn—l)))‘

So that T'(d,,) < o(T(dn-1)) < ¢"(t(dp)) and (5) is proved.
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Case 3. If j = d($"+12’z""1) + d(y"+12’y"‘1), then

d Lntly Tn— d Yn+1, Yn—
T(d(zn, Tni1) + d(Yn, Yns1)) < o(T( ( +12 1) n ( +12 1)))

d(xn—i-ly xn) + d(l’n, fl:n—l)

< o(T( 5 +

d(yn+17 yn) + d(yna ynfl) ))
2
d(xn, xnfl) + d(yna ynfl)
2
d(13n+1a 5L'n) + d(yn+1a yn) )
5 .

< o(T( )+

(T

Then from (6) and (¢4), we have

t(dn) < p(T(dn-1)) < ¢"(T(do))-

Hence (5) is satisfied.
Case 4. If] _ d(l‘nyl‘nfl);—d(l'ni»l,zn) + d(yn,ynq)-;-d(yn+1,yn)7 then

d(l’n, !Tn—l) + d(xn—i—la l'n)

T(d(l’n, :Cn+1) + d(ym yn-l—l)) < QD(T(

2
A(WYn, Yn—1) + d(Yn+1, Yn
+ ( 1) : ( +1 )))
d n+1,4dn d n+1, Yn
—I—T( (x+1$); (y+1y))+

Then from (8) and (p4), we have

T(dn) SO(T(dn—l))?
4

<
< O"(T(dy)), ¥n > 1.

Hence (5) is satisfied.

91

If dy = 0, then (zg, o) is a coupled fixed point of F. Now, let dy > 0, for each

n = m. by (9) and ¢, we have:

T(d(l’n, fl:m) + d(yna ym)) < T(d(l’n, !Tn—l) + d(yn’ yn—l) + d(xn—ly xn—2)

+ d(Yn—1,Yn—2) + - + d(@m+1, Tm)
+ d(Ym+1,Ym))
< o(T(dnr+dno+--+dn))
<T(dp—1+4+T(dp—2)+ - +T(dn)
< " H(T(do)) + " (T (do))
+@" (T (do)) + -+ + @™ (T (do)).
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which implies that {z,} and {y,} are Cauchy sequences in X, and there exist
¥, y* € X such that lim, o2, = =¥ and lim,—ooyn = y*. Let ¢ € E with
0 < c. For every n € N there exists N € N such that T(d(xn,2*)) < § and
T(d(yn,y*)) < § for all n > N. Thus by (2.1)

T(d(F(z*,y"), ")) < T(d(zn, F(z*,y")) + d(zn, X7))
=T(d(F(rn_1,yn—1), F(z*,y")) + d(zn,z"))
dxn-1,2") + d(yn-1,vy")
2
d(F(zn-1,yn-1),N-1) + d(F(z",y"),z")
2
dzn—1,2*) + d(yn—1,y")
2
d(xn,z*) + d(F(z*,y*), xn-1)
5 ;

+d(zy, "))

N

o(T( JA(F(rNn-1,YN-1), TN-1),

+d(zn,z")))

= (T(

,d(SUN, ‘/L‘Nfl))

d(F (2", y7), "),

dlzn,zN—1) + d(F(x*, y*),z*)
2

Case 1*. If j = d(mN”’m*);d(y’\"l’y*) + d(xn,z*). Then, we have that:

d(fol, $*) + d(nylv y*)

T(d(F(z",y"),2") < o(T( 5 +d(zn,z"))). (10)
choose
T(d(ay-1,7%) < .
T(d(yn-1,9")) < g
and

T(d(zn,x")) < g
Then, by (1) and (10), we have
T(d(F(z*,y"), z%)) < c.
Case 2*. If j = d(zn,xNn-1) + d(zn,x*), Then

T(d(F (2", y"),2%) < p(T(d(xn, 2n-1) + d(zy, 27) + d(zn, 27)))

(T(d(xn,z") +d(z*, zn_1) + d(zN,x¥))) (11)

NN

2
2
choose

T(d(zn,x")) < 2,
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and

T(d(zn_1,7%)) < %

Hence, by (¢1) and (11), we obtain

T(d(F(z*,y"),z%)) < c.

Case 3*. If j = d(‘TN’x*)er(};(x*’y*)’xN’l) + d(zn,2*), we have that

d(xn,z*) + d(F(z*,y*), xn-1)
2
d(xn,z*) + d(F(z*,y*),2*) + d(z*, xn-1)

T(d(F(z",y"),2%) < (T +d(zn,27))),

< (T : Fday,a)
< pr(HTIL AN | e 1)),

By (p4) and (12), we have

T(d(F(z",y%),2")) < p(T(d(zn,2") + d(z", zn-1))
+2d(zy, z))). (13)

choose

T(d(zy,z")) < 2,

and

Tz zn_1)) < z

Then, by (1) and (13), we have

T(d(F(z*,y"),z%)) < c.

Case 4*. If j = d(T’N’xN*I)Jrg(F(x*’y*)’z*) + d(zn, z*), we have that

d , _ + d F *’ * , * .

(@N, ZN-1) 2( (z*,y%),2%) +dax. 7)),

d(xvi*) + d(.T*, .’EN_l) + d(F(.T}*,y*),[B*)
2

dxn,z*) +d(z*, zn-1)
2

d(F(z*,y*),z*)

2

T(d(F(z",y"),2%)) < (T

+d(zn, ")),

< o(T(

< e(T( +d(zy,27))),

+T( ). (14)
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By (p4) and (14), we have

T(d(F(z",y"),2")) < p(T(d(zN,2") + d(z", 2N-1))
+2d(zy, z))). (15)

choose

T(d(zy,z")) < g,

and
. c
T(d(z",xn-1)) < 1
Then, by (¢1) and (15), we have
T(d(F(z",y"),z%)) < c.
In all cases, T(d(F ( Y ), x )) = 0 or equivalently F(z*,y*) = «*. Similarly,
we can show that F'(y*,2*) = y*. Hence, we have shown that (x*,y*) is a coupled
fixed point of F'.

Next, we show that (z*,y*) is a unique coupled fixed point of F'. Assume that
(2',y) is another coupled Fixed point of F, then by Case 1-4, we have that

T(d(a',2")) = T(d(F(z',y), F(z",y")))
(T(d(F(2,y'),2') + d(F (2", y"), z")))

(T(d(z',2") + d(z*,2%)) = 0.

N

€ €

Hence, 2’ = z*. We can similarly show that ¢y’ = y*, hence (2/,y') = (z*, y*).
Theorem 2.1 lead to the following Corollaries:

COROLLARY 2.2 Let (X,d) be a complete cone metric space. Suppose that the
mapping F : X x X — X satisfies the following contractive condition

T(d(F(z,y), F(u,v))) < ¢(T(j)), (16)

for all x,y,u,v € X, where
j e {Let D) q(F(z,y), ), d(F (v, v), u), LI @D o p oy p

is a nondecreasing mapping satisfying (¢1)—(4) and T : P — P is a nondecreasing
mapping satisfying (T1) — (T). Then F has a unique coupled fized point.

COROLLARY 2.3 Let (X,d) be a complete cone metric space. Suppose that the
mapping F : X x X — X satisfies the following contractive condition

T(d(F(z,y), F(u,v))) < ¢(T(j)), (17)

for all x,y,u,v € X, where
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j e {d(zﬂl);d(y’v) ) d(F(:C7 y)7 x)? d(F(u7 U)’ u)7 d(F(x7y)’u)—5d(F(U7U)7w) }7 (ID : P _> P

is a nondecreasing mapping satisfying (¢1)—(p4) and T : P — P is a nondecreasing
mapping satisfying (T1) — (T2). Then F has a unique coupled fized point.

Remark 2.4. Theorem 2.2 [10], Theorem 2.5 [10] and Theorem 2.6 [10] are
special cases of Corollary 2.3.

3. Coupled Fixed Point of Operators Satisfying Contractive Condition of
Integral Type

In 2002, Branciari [3] introduced a general contractive condition of integral type
as follows.

THEOREM 3.1 Let (X,d) be a complete metric space, o € (0,1), and f: X — X
is a mapping such that for all x,y € X [3],

d(f(x),f(y)) d(z,y)
/ S(H)d(t) < a / S(t)d(1),
0 0

where ¢ : [0,+00) — [0,4+00) is a nonnegative-integrable mapping which is
summable (i.e., with finite integral) on each compact subset of [0,+00) such that
for each € > 0, foe o(t)dt > 0, then f has a unique fized point a € X, such that for
each x € X, limy,_,o f"x = a.

In [8], F. Khojasteh et al. defined a new concept of integral with respect to a
cone and introduced the Branciari’s results in cone metric spaces.

In this paper, we study coupled fixed point of operators satisfying contractive
condition of integral type mappings in cone metric spaces. Our results is an exten-
sion of the results of F. Khojasteh et al. [8] to coupled fixed point, introduced by T.
G. Bhaskar and V. Lakshmikantham [2]. We start with some definitions, examples
and properties as introduced in [8].

DEFINITION 3.2 Suppose that P is a normal cone in E. Let a,b € E and a < b.
We define [8]

la,b] . ={z € E:x=tb+ (1 —t)a, wheret € [0,1]}

la,b) :={z € E:x=tb+ (1 —t)a, wheret € [0,1)}

DEFINITION 3.3 The set {a = g, z1,...,T, = b} is called a partition for [a,b] if
and only if the sets [z;—1,z;], 1 < i< n [8], are pairwise disjoint and

la,b] = {U[fm—l,%)} U {b}

DEFINITION 3.4 Suppose that P is a normal cone in E, ¢ : [a,b] — P a map. ¢ is
said to be integrable on [a,b] with respect to cone P (or cone integrable function)

iff for all partition Q of [a,b] [8]

lim L& (¢, Q) = S = lim US"(4, Q)
n—00 n—00
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SCon

where must be unique and:

n—1
Loon — Z d(xit1)||xi — zig1]|| (Cone lower summation)
i=0

and

n—1

UT?OTL = Z d(xir1)||xi — iv1|| (Cone upper summation)
=0

we note

SCO":/aqu(x)dp(a:):/ab(;ﬁdp

The set of all cone integrable functions ¢ : [a,b] — P is denoted L ([a,b], P).

DEFINITION 3.5 The function ¢ : P — E is called subadditive cone integrable
function iff Va,b € P [§]

/Oa+b¢dp</0a¢dp+/ob¢dp

Example Let £ = X =R, d(z,y) = |zr—y|, P = [0, +00) and ¢(t) = F%l Vit>0.
Then ¢ is a subbaditive cone integral function.

THEOREM 3.6 Let (X,d) be a cone metric space and let and P a normal cone.
Let ¢ : P — P be a nonvanishing map and a subbaditive cone integrable on each
[a,b]. Suppose that the mapping F : X x X — X satisfies the following contractive
condition

d(F(z,y),F(u,v))
/ o(1)dp(t) < ( it u,v>¢<t>dp<t>) , (18)

0 0

for all x,y,u,v € X, where

x,u) + d(y,v) d(F(z,y),u) + d(F(u,v), )

Jayau) € (4 A(F(z,y), ), d(F(u,0), u),

2

d(F(z,y),z) + d(F(u,v), u)}
2

¢ : P — P is a nondecreasing mapping satisfying (¢1) — (p4) and T : P — P is a
nondecreasing mapping satisfying (T1) — (T2). Then F has a unique coupled fized
point.

Proof Theorem 3.6 is a Corollary of Theorem 2.1 when T(j(x,y,u,v)) =
fg(r’y’“’v) ¢dp . Under this case, T satisfies conditions (T1) — (Tz). (T2) results
from the subbaditivity of ¢. The condition (Ty) results from the continuity of T
and its inverse in 0. In fact, in a normal cone, if w, —-< w, then w, converges
to w. Now, since T is continuous in 0, for every sequence w, converging to 0,
T (wy) converges to T(0) = 0. Since T~ is continuous, given any sequence T (wy,)
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converging to 0, T~Y(T(wy)) = wy, converges to T=1(0) = 0; thus (T}) is satisfied.
|

Theorem 3.6 lead to the following Corollaries:

COROLLARY 3.7 Let (X,d) be a cone metric space and let and P a normal cone.
Let ¢ : P — P be a nonvanishing map and a subbaditive cone integrable on each
[a,b]. Suppose that the mapping F : X x X — X satisfies the following contractive
condition

d(F (@.y),F (u.v)) i(@yu)
/ o(t)dp(t) < ¢ ( /0 <i>(t)dp(t)> (19)

0

for all x,y,u,v € X, where

i(@,y,u,0) € { A 5 W) 4P, ), 2), d(F (), ), TEE ) : d(F (u,v), ) }

, ¢ : P — P is a nondecreasing mapping satisfying (p1) — (¢4) and T : P — P is
a nondecreasing mapping satisfying (T1) — (T2). Then F' has a unique coupled fized
point.

COROLLARY 3.8 Let (X,d) be a cone metric space and let and P a normal cone.
Let ¢ : P — P be a nonvanishing map and a subbaditive cone integrable on each
[a,b]. Suppose that the mapping F : X x X — X satisfies the following contractive
condition

0

d(F (2.9),F (u.0)) i(ayu)
/ o(t)dp(t) < ¢ ( /0 ¢(t)dp(t)> (20)

for all z,y,u,v € X, where

i) € { AT, (e, p), ). a0, 0,0,

d(F(z,y),u) + d(F(u,v),x) }
2

, ¢ : P — P is a nondecreasing mapping satisfying (¢1) — (¢4) and T : P — P is
a nondecreasing mapping satisfying (T1) — (T). Then F has a unique coupled fixed
point.

Remark 3.9.
(i) Corollary 2.2 gives Corollary 3.7 when T'(j(z,y,u,v)) = foj(x’y’u’v) ¢dp and
(ii) Corollary 2.3 gives Corollary 3.8 when T'(j(z,y,u,v)) = fg(x’y’u’v) ¢dp.

Therefore our Theorem 3.6 is Coupled fixed point of integral type version of The-
orem 2.1.

4. Conclusion
In this paper, we unified, extended and generalized some results on coupled fixed

point theorems of generalized - mappings with some applications to fixed points
of integral type mappings in cone metric spaces.
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