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Abstract

In this paper, we obtain a common Caristi-type fixed point theorem for two single valued
mappings in the setting of cone metric spaces. Further, we derive some consequences and a
coupled fixed point theorem for two mappings without the need of the monotonicity assumption.
Our work is supported by different examples.
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1 Introduction

In 1972, the celebrated variational principle of Ekeland [1] for approximate solutions of non-convex
minimization problems has appeared for the first time. It has received a great deal of attention and
has been applied to numerous problems in several fields [2, 3]. It is a useful tool to solve problems
in optimization, optimal control theory, game theory, nonlinear equations and dynamical systems
(see [4, 5, 2, 3, 6] ). There have appeared subsequently many extended and generalized versions of
that principle as seen in the references [7, 8, 9, 10, 11].

In [12, 13], the mathematician Caristi proved a result which is one of the most important generalization
of Banach principle [14] for maps of a complete metric space into itself. And it is a variation and
equivalent to the well known e-variational principle of Ekeland [1, 2, 3]. In the literature, there
have appeared also many extensions and equivalent formulations of Caristi’s fixed point theorem
(see [15, 16, 17, 18, 19, 20] and references therein).

The study of common fixed points of mappings satisfying certain contractive conditions is one of
the main concerns of researchers over the last few decades [21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31].
In 1976, Jungck [32], proved a common fixed point theorem for commuting maps, generalizing the
Banach contraction principle. Although, these results require the continuity of one of the two maps
involved. Sessa [33] introduced the notion of weakly commuting maps. Jungck [34] invented the
term compatible mappings in order to generalize the concept of weak commutativity and showed
that weakly commuting maps are compatible but the converse is not true. Pant [35] defined R-
weakly commuting maps and proved common fixed point theorems, assuming also the continuity
of at least one of the mapping. While Kannan [36] proved the existence of a fixed point for a map
that can have a discontinuity in a domain, however the maps involved in every case were continuous
at the fixed point. Jungck [37, 38] defined a pair of self mappings to be weakly compatible if they
commute at their coincidence points.

In 2007, Huang and Zhang [39] introduced the notion of cone metric spaces as a generalization
of metric spaces. They introduced the concept of convergence in cone metric spaces via the
interior of the cone and obtained some fixed point theorems for contractive mappings. Authors
in [40, 41, 39, 42, 43] obtained fixed point theorems on cone metric spaces under assumption that
the cone is normal. Also, the authors in [44, 45, 46] proved fixed point results under assumption
that the cone is regular.

In [47], Cho and Bae gave an extension of Caristi’s theorem in the setting of complete cone metric
spaces, and they proved that this result and Ekeland variational principle are equivalent.

Following this direction, in this paper, we obtain a common Caristi-type fixed point theorem for two
single valued mappings in the setting of cone metric spaces. Further, we derive some consequences
and a coupled fixed point theorem for two mappings without the need of the monotonicity assumption.
We give some examples to support our work.

2 Preliminaries

For the convenience of the reader we repeat the relevant material from [47] without proofs, thus
making our exposition self-contained.
Let E be a topological vector space. A subset P C E is called a convex cone if :

1. P+PCP
2. for every A >0, \P C P
3. PN (—P) = {0}, where 6 denotes the zero of E.
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It is well-known that a convex cone P C E generates a partial-ordering on E (i.e. a reflexive,
anti-symmetric and transitive relation) by

rysy—xze P

Definition 2.1. A cone P is strongly minihedral if every upper bounded nonempty subset A of E,
sup A exists in E. Dually, a cone P is strongly minihedral if every lower bounded nonempty subset
A of E, inf A exists in E.

Definition 2.2. A strongly minihedral cone P is continuous if, for any bounded chain (za),p we
have

in§ |ta —inf{za; « € T} =0

(1S

and
sup ||za — sup {za; € I'}| = 0.
a€el

Throughout this paper, assume that (E, ||.||) is normed vector space and P is a convex cone in FE.

Definition 2.3. Let X be a nonempty set and § : X x X — E a mapping satisfying for all
z,y,z€ X :
(i) 8 <6 (z,y) and 6 (z,y) = 0 if and only if z = y,
(ii) 6 (z,y) =6 (y, ),
(ili) 6 (z,2) 26 (z,y) + 0 (y,2).
Then 0 is called a cone metric on X and (X, ) is called a cone metric space.
For z,y € E, x < y stand for y — x € int (P), where int (P) is the interior of P.
In this paper, we use the concept of regularity to obtain our results.

Definition 2.4.

1. A sequence (z,), of a cone metric space (X,d) converges to a point x € X if for any
¢ € int(P), there exists N € N such that for all n > N |, §(zn,z) < c¢. Denoted by

lim z, =z or x,, — .
n—oo

2. A sequence (z,), of a cone metric space (X, ) is Cauchy if for any ¢ € int(P), there exists
N € N such that for all n,m > N |, §(zn, zm) < c.

3. A cone metric space (X, 0) is called complete if every Cauchy sequence is convergent.

Lemma 2.1. Let (X, ) be a cone metric space over a cone P in E. Then one has the following.
1. Int(P) + Int(P) C Int(P) and AInt(P) C Int(P), A > 0.
2. If ¢>> 0, then there exists v > 0 such that ||b]| < v implies b < c.

c
3. For any given ¢ > 0 and co > 0 there exists no € N such that - <L c.
o

4. If (an) , (bn) are sequences in E such that an, — a, by, — b and a, < by, for all m > 0, then
a=<b.

Definition 2.5. A function ¢ : X — FE is called lower semi-continuous if, for every sequence
(zn),, C X converging to some point € X and satisfying ¢ (zn41) = ¢ (xn) for all n € N, we have
¢ (z) < liminf ¢ (z,) := sup ir;f @ (Tm).
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Definition 2.6. Let (X,d) be a cone metric space. A mapping 7" : X — X is sequentially
continuous if for each sequence (x,) which converge to z € X we have (T'z,), is convergent in X

and lim Tz, = Tx.
n—o0

n

In [47], Cho and Bae gave an extension of Caristi’s theorem in the setting of a complete cone metric
space over a strongly minihedral and continuous cone. In the sequel we will need the following
result.

Theorem 2.2 (Cho-Bae [47] ). Let (X, ) be a complete cone metric space such that P is strongly
manihedral and continuous. And, let T : X — X be a mapping satisfying for each x in X

6(z,Tx) = ¢ (x) — @ (Tx), (2.1)

where ¢ : X — P is lower semi continuous, then T has a fixed point.

3 Main Results

Theorem 3.1. Let (X,8;) be a complete cone metric space (i = 1,2) such that P is strongly
minihedral and continuous cone. Let T,S : X — X be two mappings, and f,g: X — RT be two
functions such that for some e >0

{ sup{f (z) | z € X, ¢(z) <inf.ex ¢ (2) +e} < 00 (51)
sup{g(z) | 7 € X, ¢ (z) <infrex ¢ (2) +e} < oo :

where ¢ : X — P is lower semi continuous.
Suppose that for each (z,y) € X? we have

{ 01 (z,Tx) X f(z) (0 (z) — ¢ (SyY)) (3.2)
32 (y,8y) 2 g (W) (e (y) —¢ (Tx)) ° ’

then there exists T € X such that T =TT = ST.

Proof. Let € > 0 and put
X, = {xeX | ¢ (z) < ig)f{np(z)—l—a}

and
a:max{sup f(z), sup g(z)} < oo

z€X z€Xq

We note that X is nonempty set and since ¢ is lower semi continuous function, then X; is a closed
subset of X, so X is a complete subset.

Let  (2,) = a (¢ () + ¢ (1) and p((2,9) , (2,£)) = 61 (&, 2) + 62 (y, ) for all 2y, 2.t in X1, using
the inequalities (3.2) we define a single valued mapping L : X; x X1 — X x X by L1 (z,y) =
(Tx, Sy) such that

p((@,), (w,v) 2 (2,y) — ¥ (u,0). (3:3)

Let X = {(ac,y) € X7 |9 (x,y) =< inf, hex2 ¥ (2,t) + 5}7 the same reasoning applied to (X2, p)
shows that is non-empty complete subset of X2 (note that v is also lower semi continuous) and it
is stable by the mapping L (z,y) = (T'z, Sy) i.e. L(X2) C X, indeed for all (z,y) € X2 using the
inequality (3.3) we get

Y (L(z,y) 2Y(z,y) 2 inf 4p(z0) +e

(z,t)EXl2
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and thus L (z,y) € X2, so L is a self map of Xo.
By Theorem 2.2, there exists (Z,y) € X2 such that
L(z,9)=(z, ) Tz=Zand Syj=17
We get by the second inequality of (3.2)
62 (2, 52) 2 a(p(z) — ¢ (T7)) =0,
which completes the proof. O

Theorem 3.2. Let (X,0) be a complete cone metric space such that P is strongly minihedral and
continuous, T and S two self mappings of X. If there exist functions ¢ and i from X into P such

that for all x in X
{ 5 (x,T2) < p(x) — p(STx)
5 (w, Sz) < () — H(TSa)

where oS and i are lower semi continuous, then T and S admit at least one common fized point.

(3.4)

Proof. The first inequality of (3.4) implies that
0(Sz, TSz) < ¢(Sz) — (ST Sx)
for all z € X, then
0(z, TSz) <X 6(x, Sx) + 0(Sz, T'Sx)
2Y(x) = Y(TSz) + p(Sz) — P(STS).
We put ¢ (z) = ¢¥(x) + ¢(Sz), hence
6(z,TSz) 2 ¢(x) — §(T'Sx),

so by Theorem 2.2 the mapping T'S has a fixed point, that is, there exists Z such that T'Sz = z.
Using the second inequality of (3.4) we get

6(z,5z) < (x) —y(TSz) =0

which implies that SZ = Z and since T'ST = Z we have T'T = Z, the proof is completed. O

1
Example 3.1. Let X = [O, 2:| endowed by the following cone-distance
x|+

and the cone P = {(z,y) € R*/z >0,y > 0}. Let T, S, ¢ and ¢ be as follows :

and
)= (Ve—z, Vo —z), ¢(z)=20().

It is clear that ¢ 0 S is lower semi continuous.

1
Note that for each x € [0, 2:| we get
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which implies that

{I_“f2<\6/5— & 0(2,Tz) 2 ¢ () — ¢ (ST7)

ﬁg%—x
in the same manner we obtain
z -2 <2(¥x — x)
- & 0(x,Tx) XY (x) —¢ (STx).

1
then for all x € |:0, 2:| we have

{5(x,Tm) = o(z) —(STx)
8(x,Sz) =< (x) —(TSx)

thus, all assumptions of Theorem 3.2 are satisfied and 70 = S0 = 0.

Corollary 3.1. Under the assumptions of Theorem 3.2 with p : X x X — P is a mapping satisfies
for all (z,y) € X2 p(x,y) =0 =2 =1y and, for allz € X

{ 0(z, Tz) = p(Sz) — p(STx)
p(z, Sz) 2 p(z) — o(Tx)

then T and S admit a common fixed point.

(3.5)

Proof. Put ¢ (x) = p(z) + ¢(Sz) for all z in X, by (3.5) we have
0(z, Tx) 2 ¢(z) — ¢p(Tx)

Theorem 2.2 shows that 7" has a fixed point Z in X, it follows from the second inequality of (3.5)
that Sz = Z, which completes the proof. O

Corollary 3.2. Let (X,0) be a complete cone metric space such that P is strongly minihedral and
continuous, T and S are two self mappings of X and p: X x X — P a mapping satisfying for all
(z,y) € X2 p(x,y) =0 =z =y.

If there exist two mappings ¢ and i from X into P with only ¢ is lower semi continuous such that

forallz € X
{6( ,Tx) <
plz, Sz) <

Then T and S have a common fixed point in X.

o(z) — $(Sa)
$(Sz) - p(Tx) (3.6)

Proof. By assumptions on ¢ and 3 we get for all x € X :

¢ (Tx) 29 (Sz) 2 ¢ ()

and by the first inequality of (3.5) we have d(x,Tz) <X ¢(z) — p(Tx) for all z € X, then Theorem
2.2 states that T has at least one fixed point in X, set TZ = T thus ST = Z; indeed
p(@,57) < (S7) — (T7)
= 9(57) — ¢(7)
= P(ST) — P(Sx)
=0,

the proof is completed. O
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Theorem 3.3. Let (X,d) be a complete cone metric space such that P is strongly minihedral and
continuous, p a mapping of X x X into P such that for all (z,y) € X?: p(z,y) =0 =z =1y and
T, S two sequentially continuous self mappings of X, if there exist two functions ¢ and 1 from X
to P such that for all x € X

{ o(x, Tx)

(3.7)
then T and S admit at least one fized point.

Proof. Let x € X and define a sequence {z,},, by ®n41 = T"z. By the first inequality of (3.7) we
get for alln € N :
6 (zn, Tny1) X0 (Szn) — 0 (STni1)

i.e. {zn}, is a Cauchy sequence, since X is a complete cone metric space, {z»} converges to some
Z in X. Note that T and S are sequentially continuous i.e. lim Tz, = lim Sz,, =t for some t € X
then lim STz, =Tt and limT'Sx,, = St, since lim Tz, = limx, =T =t we get

lim STz, =limSz, =Tz =2
so by the second inequality of (3.7), ST = Z, which completes the proof. O

We give an application of Theorem 3.1 in the setting of coupled fixed point theorems without
monotonicity.

Definition 3.1. An element (z,y) € X x X is called a coupled fixed point of the mapping F :
XxX—Xifz=F(z,y) and y = F(y, z).

Theorem 3.4. Let (X,d;) be a complete cone metric space (i = 1,2) such that P is strongly
minshedral and continuous, F,G : X x X — X two single valued mappings. If there exists a lower
semi continuous function ¢ : X — P such that

{ 51 (va(xvy)) jcp(l‘)—cp(G(x,y)) (3 8)
92 (va(xvy)) 2 (y) - (p(F (xvy)) '

for each (z,y) € X x X. Then there exists (T,7) € X X X such that T = F (Z,Y) andy = G (T, 7).
Proof. We define a mapping L : X x X — X x X by L(z,y) = (F(z,y),G(z,y)) and let
b (@,y) = 9 (2) + ¢ (y) and p((5,9), (2,8) = 61 (z,2) + b (y, ) for all z,y,2,¢ in X. Using (3.5)
we get for each (z,y) € X?
p((z,y), L(z,y) 29 (z,y) — ¢ (L(z,9))
by Theorem 2.2, there exists (Z,y) € X x X such that
,y) = L(z,y) = (F(z7),Gx7)

that is

< 8l
o
Q™
—_
GG
< <
NN

O

If we drop the condition that ¢ is lower semi continuous, and replace it by the mapping z
0 (Sz,Tx) is lower semi continuous we get the following result.
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Theorem 3.5. Let (X,d) be a complete cone metric space such that P is strongly minihedral and
continuous, T and S two self mappings of X with TX C SX and ¢ : X — P an arbitrary mapping.
If £ — 6 (Sz,Tx) is lower semi continuous such that for all x in X

max{d(z, Tx),0(z, Sz)} <X o(Sz) — o(Tx) (3.9)
then T and S have a common fized point.

Proof. Let xo be an arbitrary element of X, we define a sequence {yn}, as follows: since TX C SX
there exists 1 € X such that

T.TQ = S.T1 = %Yo
then there exists z2 € X such that

Tx1 = Sz2 =11
so on until define y, by induction : Tx, = STpt1 = yn. Set 1 = 2¢, and by (3.9) we get for all n
in N*

0 (Szn, Txn) 2 0(xn, TTn) + 6(Tn, Sxn)
2 Y(Szn) — P(Tn)

which implies that 6 (Yn—1,yn) = ¥(Yn—1) — ¥(yn) so {yn}, is a Cauchy sequence, then converges

to T € X, hence
limTz, =lim Sz, =limy, =2

and
0 (Sz,Tz) <X liminf § (Szn, Tzy)
=< liminf (¢(Szn) — Y(Tz,)) =6
thus Sz = Tz, and by (3.9) ST =Tz = Z. O

Example 3.2. Let X = L>[0,1], and let E = R? and P = {(x,y)|z,y > 0}. We define § :
XxX—Pby
8 (h,k) = (lIh =kl . IIh = Ell,)

and take 61 = d2 = 0. Then (X,0) is a complete cone metric space, and P is strongly minihedral
and continuous (see [48]).

We defineT : X — X and S : X — X by Th = éh and Sk = %k. Since T and S are continuous
and so 6 we have x — 0 (Sx,T'z) is lower semi conlinuous.

And we define a mapping ¢ : X — P by

¢ (h) =21l I1,)

For any h € X it is clear that

1 1 1 1 1 1
masx{ (5 Wil g 100, ) (00 0l ) } = (5 Il el )

1 1 1
p(5m) — o(rh) =2 (3 Il 1101, ) = 5 (Al 1)
hence for each h € X

Thus, all conditions of Theorem 3.5 are satisfied and T, S have a common fized point h(z) = 0.
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4 Conclusion

In this article, motivated by Cho and Bae [47], we established some common fixed point theorems in
the framework of cone-metric spaces with respect to strongly minihedral and continuous cone. The
presented theorems can be considered as a new direction to prove common fixed point theorems
using Caristi-Type mapping in cone metric spaces. We applied the above stated results to obtain a
coupled fixed point theorem for two single valued mappings.
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