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Abstract. The purpose of this paper is to study existence and uniqueness of coupled
and common coupled fixed point theorems for self-mappings satisfying a new coupled
implicit relation in the setting of partial metric spaces and give some corollaries of
Theorem 3.1. Furthermore, we prove well-posedness of a coupled fixed point problem.
We also provide some applications of our result to a mapping with a contraction of
integral type. The results of findings in this paper extend and generalize several results
from the existing literature.
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1. Introduction

In 2006, Bhashkar and Lakshmikantham [6] introduced the concept of coupled
fixed point of a mapping S: EXx Z — Z (where = # () is a set) and investigated some
coupled fixed point theorems in partially ordered complete metric spaces. They also
proved mixed monotone property for the first time and gave their classical coupled
fixed point theorem for mapping which satisfy the mixed monotone property. Later
on, Ciric and Lakshmikantham [7], Sabetghadam et al. [29] and Olaleru et al.
[25] proved some coupled fixed point theorems in metric spaces. Abbas et al. [1]
proved common coupled fixed point results in the setting of cone metric spaces for
weakly compatible mappings. Kim and Chandok [12] proved common coupled fixed
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point results for generalized nonlinear contraction mappings with mixed monotone
property in partially ordered metric spaces (see, also [9, 16, 17, 21, 22, 24, 34, 35,
36)).

In 2011, Aydi [3] proved some coupled fixed point theorems on partial metric
spaces. Shatanawi et al. [37] in 2012, proved coupled fixed point theorems for mixed
monotone mappings satisfying nonlinear contraction involving two altering distance
functions in ordered partial metric spaces. Recently, Nashine [23] proved coupled
common fixed point results in ordered G-metric spaces and gave some examples to
support the results. Very recently, Kim et al. [13] proved some common coupled
fixed point theorems for weak compatible mappings in the setting of partial metric
spaces (see, also [33]).

On the other hand, in [27, 30, 31, 32] the authors studied implicit relations in
partial and weak partial metric spaces. Recently, Kim [14] introduced the coupled
implicit relation and proved some fixed point theorems in the setting of Hilbert
spaces.

The notion of partial metric space (PM.S) was introduced by Matthews [19, 20]
as a part of the study of denotational semantics of data flow networks. It is widely
recognized that partial metric spaces play an important role in constructing models
in the theory of computation (see, e.g., [10], [25] and some others). Introducing
partial metric space, Matthews proved the partial metric version of Banach fixed
point theorem ([5]). The PMS is a generalization of the usual metric spaces in
which the distance of a point in the self may not be zero, that is, d(u,u) may not
be zero (for more details, see [2], [18], [26]).

Inspired by the idea of Kim [14] and some others, we study coupled and common
coupled fixed point theorems in partial metric spaces by applying a new coupled
implicit relation of three dimensions. The results obtained in this paper extend and
generalize several previous works from the existing literature.

2. Preliminaries

We need the following definitions, lemmas and auxiliary results in partial metric
spaces in the sequel.

Definition 2.1. ([20]) Let 2 # @ and P:Z x E — R* be a self mapping of = such
that for all u, v, z € = the followings are satisfied:

(Pl) u=v < Plu,u) = Plu,v) = P(v,v),

(P2) P(u,u) < P(u,v),

(P3) P(u,v) = P(v,u),
(P4) P(uv 'U) < P(U, Z) + P(Zv U) - P(Za Z)

Then P is called partial metric on = and the pair (2, P) is called partial metric
space (in short PMS).

Remark 2.1. It is clear that if P(u,v) = 0, then from (P1), (P2), and (P3), v = v. But
if u = v, P(u,v) may not be 0.
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(1]

If P is a partial metric on =, then the function P*: 2 x Z — R* given by
(2.1) P (u,v) = 2P(u,v) — P(u,u) — P(v,v),

is a metric on =.

Example 2.1. ([4]) Let = = RT, where RT = [0, +-c0) and P:E x Z — RT be given by
P(u,v) = max{u, v} for all u,v € RT. Then (R",P) is a partial metric space.

Example 2.2. ([4]) Let I denote the set of all intervals [u, v] for any real numbers u < v.
Let P: I x I — [0,00) be a function such that

P([u, ], [r, s]) = max{v, s} — min{u,r}.
Then (I,P) is a partial metric space.

Example 2.3. ([8]) Let £ = R and P:Z x Z — R* be given by P(u,v) = e} for
all u,v € R. Then (E,P) is a partial metric space.

Various applications of this space has been extensively investigated by many
authors (see, [15], [38] for details).

Note also that each partial metric P on = generates a Ty topology 7p on =,
whose base is a family of open P-balls {Bp(u,¢) : u € Z,e > 0} where

Bp(u,e) ={veZ:Plu,v) <Plu,u) + ¢},

for all w € = and € > 0.
Similarly, closed P-ball is defined as

Bplu,e] = {v € E: P(u,v) < Plu,u) + ¢},
for all w € Z and € > 0.

Definition 2.2. ([19]) Let (Z,P) be a partial metric space. Then

e a sequence {«ay,} in (2, P) is said to be convergent to a point « € = if and only
if Pla, ) =lim,— 00 Play, @);

e a sequence {ay,} is called a Cauchy sequence if limy, n—soo P(aum, ) exists
and is finite;

e (E,P) is said to be complete if every Cauchy sequence {a,,} in = converges to
a point « € = with respect to 7. Furthermore,

lim P(am,0n) = lim Play, o) =P, ).

m,n— oo n—oo

e A mapping 7:Z — Z is said to be continuous at «g € = if for every € > 0,
there exists r > 0 such that T(Bp(ao, r)) C Bp (T(ao), 5).
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Lemma 2.1. ([19, 20, 3]) Let (E,P) be a partial metric space. Then

(A1) a sequence {a,} in (E,P) is a Cauchy sequence if and only if it is a Cauchy
sequence in the metric space (Z,P*),

(A2) a partial metric space (E,P) is complete if and only if the metric space
(Z,P?) is complete, furthermore, lim, oo P*(cn, @) =0 if and only if
(2.2) Pla,a) = lim Play,a) = lim  P(an, am).

n—oo n,m—oo

Lemma 2.2. (see [11]) Let (E,P) be a partial metric space. The following state-
ments hold:

(1) If u,v € 2, P(u,v) =0, then u = v;

(#) If u # v, then P(u,v) > 0.

Definition 2.3. ([3]) An element (u,v) € E X E is said to be a coupled fixed point
of the mapping S: = x E — Z if S(u,v) = v and S(v,u) = v.

Example 2.4. Let = = [0,+00) and S:E x 2 — = defined by S(u,v) = % for all
u,v € Z. One can easily see that S has a unique coupled fixed point (0, 0).

Example 2.5. Let Z = [0,+00) and S:E x E — Z be defined by S(u,v) = £ for all
u,v € E. Then we see that S has two coupled fixed point (0,0) and (1,1), that is, the
coupled fixed point is not unique.

Definition 2.4. ([1, 12]) An element (u,v) € = x = is called

(A1) a coupled coincidence point of mappings S:E x 2 — E and A:E — E
if A(u) = S(u,v) and A(v) = S(v,u), and (Au, Av) is called a coupled point of
coincidence.

(A2) a common coupled fixed point of mappings S:= x 2 — = and A: = — = if
u=A(u) =S(u,v) and v = A(v) = S(v, u).

Definition 2.5. ([1]) The mappings S:ExE — = and A: Z — = are called weakly
compatible if A(S(u,v)) = S(Au, Av) and A(S(v,u)) = S(Av, Au) for all u,v € E,
whenever A(u) = S(u,v) and A(v) = S(v, u).

Example 2.6. Let = = [0, 3] endowed with P(u,v) = max{u,v} for all u,v € E. Define
S:EXxE—EZand A:E — E by

f u+w, if u,vel0,1)
S(u,v) = { 3, otherwise,

for all u,v € Z and

f ou, if welo1)
Alw) _{ 3, if uwe L3
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for all u € =. Then for any u,v € [1,3],

S(Au, Av) = S(3,3) = 3 = A(S(u,v)) = A(3) = 3.
Similarly, we have

S(Av, Au) = S(3,3) = 3 = A(S(v,u)) = A(3) = 3.

Thus,
S(Au, Av) = A(S(u,v)) and S(Av, Au) = A(S(v,u)).

This shows that the mappings S and A are weakly compatible on [0, 3].
Example 2.7. Let £ = R endowed with the usual metric P(u,v) = max{u,v} for all

u,v € E. Define S:= x = — = and A:Z — = by S(u,v) = u + v and A(u) = u? for all
u,v € E. Then S and A are not weakly compatible maps on R, since

S(Au, Av) = S(u?,v®) = u* +v°, but A(S(u,v)) = A(u+v) = (u+v)°.

Therefore,
S(Au, Av) # A(S(u,v)).
Hence the mappings S and A are not weakly compatible on R.

Definition 2.6. (Coupled implicit relation) Let Ry (where Ry = [0,00)) be the
set of all nonnegative real numbers, ® be the class of all continuous real valued
functions ¢: Ri — R, non-decreasing in the third argument satisfying the following
conditions: for {,n, 0,9 > 0,

(CIRy) ¢ < o552, 52,142 ) and o < (452, 22, 59),

or

(CIR,) ¢ < qb(%,o,ﬂ) and n < ¢(%,0,9),

there exists a real number 0 < k < 1 such that ( +n < k(6 + 9).

Sabetghadam et al. [29] obtained the following result in cone metric space.

Theorem 2.1. Let (E,d) be a complete cone metric space. Suppose that the map-
ping S: 2 X E — = satisfies the following contractive condition for all {,n,\,u € =

(2'3) d(S(C7 n)’ 8(/\’ M)) < lld(C’ )‘) + l2d(777 V)7

where l1,ls are nonnegative constants with Iy +1o < 1. Then S has a unique coupled
fized point.

Recently, Aydi [3] obtained the following results in partial metric space.
Theorem 2.2. Let (2, P) be a complete partial metric space. Suppose that the

mapping S:E X E — =2 satisfies one of the following contractive conditions (©1),

(©2), (O3):
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(©1) for all {,n, A\, u € E and nonnegative constants ly,lo with l; + 1y < 1,
(2.4) P(S(Cm): S\ w) < LP(CA) + 1P(n, 1),

(®2) for all {,n, A\, u € E and nonnegative constants ly,lo with l; + 1y < 1,
(2.5) P(S(Cn), SO, ) <L P(S(Cn), Q) + PSSO, 1), ),

(®3) for all {,n, A\, u € E and nonnegative constants ly,la with l; + 2ly < 1,

(2.6) P(S(Cm), S 1) <L P(S(C)s A) +12P(S(A, 1), €)-

Then S has a unique coupled fixed point.

Quite recently, Kim et al. [13] obtained the following results in partial metric
space.

Theorem 2.3. Let (2,P) be a complete partial metric space. Suppose that the
mappings S:Z X = — = and g:Z — = satisfying one of the following contractive
conditions: for all {,n, A\, u € =,

(T'1)

P(S(Cn), SN p) < a1P(g¢,gA) +az P(gn, gu) + a3 P(S(¢, 1), 9¢)
+as P(S(A, 1), gA) +as P(S(C, ), gA)

where a1, as, as, a4, as, ag are nonnegative constants with a1 +as+az+as+as+2as <
1.

(I'2)
(2:8) P(S(Cm), S\, 1) < kUC m, A, ),

where

UG ) = max {P(gC,gn). P(S(C,n). 90). P(S(A, 1), gA),

P(S(¢,1), gA) + P(S(A, 1), g¢) }
2

and k € (0,1) is a constant. If S(E x E) C g(E) and g(E) is a complete subset of
=, then S and g have a coupled coincidence point in Z. Moreover, if S and g are
weakly compatible, then S and g have a unique common coupled fixed point.
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3. Main Results

In this section, we shall prove a unique coupled fixed point and a unique common
coupled fixed point theorems under a new coupled implicit relation in the setting
of partial metric spaces.

Theorem 3.1. Let (2, P) be a complete partial metric space. Suppose that the
mapping S: EXE — =2 satisfying the following contractive condition: for all{,n, A\, p €

=
[l

P(S(Cm). S\ ) < ¢>(P(<”\)+7’(n7u) PS¢, ) + PSO, 1), )

2 ’ 2 ’
P(S(n,¢), 1) +P(S(p, A),n))
2 9

where ¢ is as defined in Definition 2.6. Then S has a unique coupled fized point.

(3.1)

Proof. Choose (p,nm9 € E. Set (1 = S(¢o,m0) and 11 = S(no, o). Repeating this
process, we obtain two sequences {(,} and {n,,} in Z such that (,+1 = S(¢n, ) and
Mnt+1 = S(Mn, ¢n)- Then, from equations (3.1) and using (P2), (P4) and Definition
2.6, we have

P(Cm Cn-‘rl) = P(S(Cn—lv nn—l)v S(Cny nn))

S ¢(P(<n—l7C’n) ‘|2'77(77n—1,77n)7
P(‘S(Cnflv nn71)7 Cnfl) + P<S(<n7 77n), Cn)
2 b
,P(S(nnfla Cnfl)v 77n) + ,P(S(Tlnv Cn)v 7]n71))
2
_ ¢(P(<n—17 Ca) +Pn—1,1) P(Cn,Cn-1) + P(Cns1,Cn)
- 2 9 2 9
P, 0n) + Py, nn—l))
2
< ¢(,P(<n717 Cn) + ,P(nnfh 7777,) ,P(Cn717 gn) + P(Cna Cn+1)
o 2 b) 2 b
Py ) + Pn—1,Mn) + P0n, Mnr1) — P, Un))
2
_ (b(P(Cn—lv Cn) + P(n—1,1) P(Cn-1,Cn) + P(CnsCnr1)
B 2 ’ 2 ’
(3.2) P(1hn—1,n) ;P(nn,nnﬂ))

Likewise, we have

P(nn—hnn) +P(Cn—17€n) 7’(%—1,%) +7D(77n777n+1)
2 ’ 2 ’
,P(Cnflv Cn) + P(C’ru CnJrl))
5 .

Plinsinir) < o

(3.3)
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Hence from Definition 2.6 (CIR;), there exists 0 < k < 1 such that

(34) PG Cnr1) + Py Mat1) < k[P (Gre1,Gn) + P (M1, 1n)]-
Set prn, = P(Cny Cnt1) + Py nt1)- Then equation (3.4) implies that
(3.5) pn < kpn_1.

Then for each n € N, we have

(3.6) pn < kpno1 < K pn_a < ... < k"po.

If pg = 0, then P({o, (1) +P(no,m1) = 0. Hence, from Remark 2.1, we get (o = (3 =
S(o,m0) and no = m1 = S(no, (o), means that ({p, 7o) is a coupled fixed point of S.
Now, we assume that pg > 0. For each n > m, where n,m € N, we have, by using
condition (P4)

,P(Cn,gm) S P(Cn;(n—l) +P(Cn—1a<n—2) +...
+P(<m+17 Cm) - P(Cn—la Cn—l) - ,P(Cn—% Cn—Z)
e T P(Cerlv Cerl)

(37) S P(Cna(nfl) +,P(§nflv<n72) +... +P(Cm+17<m)
Likewise, we have
,P(nna nm) < P(nny nnfl) + P(nnfh 77n72) + ...
+P(nm+1a nm) - P(nn—h nn—l) - P(nn—Qa 77n—2)
— oo = Pt 15 Mmt1)
(3-8) < POy n-1) + Pn—1,Mn—2) + -« + P(ms1, Mm)-
Thus,
P(Cnagm)+7)(77n>nm) < pp—1+pPn—2+t...+pm
< (R HETTE L E™)po
km
< v
(3.9) < (- k)”o'

By definition of metric P*, we have P*(¢,n) < 2P(¢,n), therefore for any n > m

P*(Cny Gm) + P (s 1m) 2P (Cns Gm) + 2P (M, i)

<
(3.10) < (f%)po,

which implies that {(,} and {n,} are Cauchy sequences in (Z,P*) because 0 <
k < 1. Since the partial metric space (Z,P) is complete, by Lemma 2.1, the metric
space (=2, P®) is complete, so there exist di,ds € = such that

n—oo



Coupled and Common Coupled Fixed Point Theorems 515

From Lemma 2.1, we obtain

(3.12) P(dy,di) = lim P(Gurdi) = lim P(Gu, ),
and
(3.13) P(dz, dy) = lim P(nn,d2) = lm P (1, 1n)-

But, from condition (P2) and equation (3.6), we have

(314) P(Cna Cn) < ’P(Cnv <n+1) < pp < knp(),

and since 0 < k < 1, hence letting n — oo, we get lim, 00 P(Cn, Cn) = 0. It follows
that

(3.15) P(d1,d1) = lim P(¢n,di) = lim P(n, ) =0
n—oo n—oo

Likewise, we obtain

(3.16) P(dz,dg) = lim P(nn,dg) = lim P(nn777n) =0.
n—oo n—oo

Now, using equations (3.1), the conditions (P3) and (P4), we have

S(d17 d2) CnJrl) + P(Cn+17 dl) (Cn+17 CnJrl)
P S(dla d2) <n+1) + P(Cn+1,d1)
P S(dladQ) (Cmnn)) +P(<n+17d1)

(

P(S(di,ds),dy) P(
(
(
P(

VANVAN

S Cnaﬁn) (dh d2)> —+ P(gnJrladl)
<n7d1 +7D(77md2> P(S(Cnynn>7<n) +P(8(d17d2)7d1)
2 ’ 2
P( (nn»Cn)de) ;P(S(d%dl)ann)) +’P(Cn+lad1)
_ ¢(P(Cnad1) + PN, d2) P(Cry1,Cn) +Pldy,dy)
B 2 ’ 2 ’
P(nn+1ad2) + P(d2a77n)
2

IN
<

b

(3.17) )+ PlGus, ).

Passing to the limit as n — oo in equation (3.17) and using equations (3.15), (3.16),
we obtain

(3.18) P(S(d1,d2),dq) < ¢(0,0,0).
Hence from Definition 2.6 (CIR3), there exists 0 < k < 1 such that
(3.19) P(S(di,d2),d1) <k0=0.

Hence, we have P(S(dy,ds),dy) = 0, that is, S(dy,d2) = d;. Likewise, we can prove
that S(da, d1) = d2. This shows that (dy,ds) is a coupled fixed point of S.
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For the uniqueness, let (eq,e3) be another coupled fixed point of S such that
(d1,dg) # (e1,e2), then from equation (3.1) and using equations (3.15), (3.16) and
(P3), we have

P(dl,el) = P(S(dl,dg),S(el,eg))
P(di,e1) + P(da,ea) P(S(di,d2),d1) + P(S(er,ea),er)

(b( 2 ’ 2 ’

P(S(dg,dl),€2) +P(S(€2,€1),d2))

2
B ¢<”P(d1,€1)+7’(d2,62) P(d1,dr) + Pler,er)
B 2 ’ 2 ’
P(da, e2) +P(eg,d2)>
2
P(dl,el) +P(d2,62) P(dg,eg) +P(d2,62)

B ¢< 2 0, 2 )
P(dy,er1) + P(da,e)

2

IN

(3.20) - ¢(
Likewise, we have

P(dz,eg) = P(S(dg,d1>78(€2,€1))
¢(P(d2,€2)+77(d1’€1) P(S(d2,d1),d2) + P(S(e2,€1), e2)

,0, P(da, eg)).

—_ 2 b 2 b
P(S(dy,ds),e1) +73(3(€1,€2),d1))
2
_ (P(dz, e2) + P(di,e1) P(dz,da) + Plez, e2)
- ¢ 2 I 2 )
P(dl, 61) + 'P(€17 d1)>
2
o P(dl,el) +P(d2,62) P(dl,el) +P(d1,61)
= o . 0, . )
(3.21) = ¢(P(d1’61) ;P(dg’@),o,mdl,el)).
Hence from Definition 2.6 (CIR3), there exists 0 < k < 1 such that
(3.22) P(dy,e1) +P(da,e2) < E[P(di,e1) + P(dz, ez2)],

which is a contradiction, since 0 < k < 1. Hence, we get P(dy,e1) + P(dz,e2) =0
and so d; = e; and dy = ey. Therefore, (d1,ds2) = (e1, e2) which shows that (dy, ds)
is a unique coupled fixed point of S. This completes the proof. O

Remark 3.1. If ( = n and 8 = 9 in Definition 2.6, the coupled implicit relation condi-
tions are restricted to the following:

Let Ry be the set of all nonnegative real numbers, & be the class of all continuous
real valued functions ¢: ]Rio’,_ — R4 non-decreasing in the third argument and satisfying the
following conditions: for ¢,0 > 0,
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(IRI) C S ¢(9, CTwa #)7

or

(IR2) ¢ < ¢(9,079),

there exists a real number 0 < k < 1 such that ¢ < k6.
Now, we prove a common coupled fixed point theorem in partial metric space.
Theorem 3.2. Let (2,P) be a complete partial metric space. Suppose that the

mappings S:= X 2 — Z and g: = — = satisfy the following contractive condition:
forall(,n,\,pe=

PSSO ) < ¢(7’(g<,g/\)+7’(gn,gu) P(S(¢,n),9C) + P(S(\, 1), g\

2 ’ 2 ’
P(S(n,¢), gn) + P(S(, A), gn))

(3.23) 5

where ¢ is as defined in Definition 2.6. If S(2 x E) C g(E) and g(E) is a complete
subset of =, then S and g have a coupled coincidence point in =. Moreover, if S and
g are weakly compatible, then S and g have a unique common coupled fized point in

—
—.

Proof. Since S(2 x Z) C ¢(E), for (p,n0 € E, we can define g¢; = S({p,n0) and
gm = S(no, o). Repeating this process, we obtain two sequences {(,} and {n,} in
= such that g¢n11 = S(Cuy M) and gnpte1 = S(Mn, ¢n). Then, from equations (3.23)
and using (P3), (P4) and Definition 2.6, we have

,P(QCmgCn-&-l) = P(S(Cn—lvnn—1)78(gnvnn))
¢(7’(9Cn71,gCn) + P(gNn—1,97n)
2 b
’P(S(Cnflv nnfl)v gCnfl) + P(S(Cna nn)v gCn)
2 b
7’(5(%—1, Cn—l)v gﬁn) + 73(5(77717 Cﬂ)v 9777z—1)>
2
(/)(P(gCn_l,gCn) + P(g0n—1,97n)
2 b
P(9Cn, 9Cn—1) + P(9Cn+1,9Cn)
2 )
P91, 90n) + P(g0n1, gnn_l))
2
é(P(gCn—thn) + P(g0n—1,97n)
2 b
'P(QCnflu g(n) + ,P(gCna gCnJrl)
2 b

IN

IN
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P(91n, 90n) + P(90n—1,9M) + P (91, 9nt1) — P(g0n, g1n)

2

B ¢(7’(94n71,94n)+7’(9nn71,gnn)
- . ,
P(gCn—la gCn) + P(QCna gCn+1)
2 9
P(gNn—1,9mm) + P(gnmgnnﬂ))
5 .

(3.24)

Likewise, we have

P(Qﬂmgﬁnﬂ) = P(S(nnflvgnfl)vs(nnvgn))
¢<7’(gnn_1,gnn) + P(9¢n-1, 9¢n)
2 b
P(91n—1,91) + P(g0n, gNn+1)
2 b
P(gCnfla gCn) + P(QC’M gCn+1))
5 .

Hence from Definition 2.6 (CIR;), there exists 0 < k < 1 such that
(3.26)P(9Cn> 9Cn+1) + P90, 9nt1) < k[P (gCn—1,9Cn) + P(gnn—1, 9mn)]-
Set A, = P(gCn, 9Cnt1) + P(g7n, gMn+1). Then equation (3.26) implies that

IN

(3.25)

Then for each n € N, we have
(3.28) Ay, < kAn_1 <k*A,_o < ...<Ek"A.

If Ay = 0, then P(gCo,9¢1) + P(9n0,9m) = 0. Hence, from Remark 2.1, we get

9% = 9G = S(Co,m0) and gno = gm = S(1o, o), meaning that (g9¢o, g0) is a
coupled fixed point of S and g. Now, we assume that Ag > 0. For each n > m,
where n,m € N, we have, by using condition (P4)

P(9Cns 9Cm) < P(gCns 9Gn—1) + P(gCn-1,9Cn—2) + - ..
+P(9Cm+159Cm) — P(9Cn—1,9Cn—-1) — P(9Cn—2, 9Cn—2)
e P(ng-Ha ng+1)

P(9Cns 9Cn-1) + P(gCn-1,9Cn—2) + - -

(3.29) +P(9Cm+1,9Cm)-

Likewise, we have

IN

P(90n> 91m) < P90 9Nn—1) + P(gn—1,90n—2) + ...

+P(g1m+1> 91m) — P(g0n—1, 9n—1) — P(gn—2, 9n—2)
— oo = P(gNm+t1, 9ms1)

P91 9n—1) + P(gNn—-1, gNn—2) + ..

(3.30) +P(9Nm+1, 90m)-

IN

)
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Thus,
P(gCnngm) +77(977m977m) S An—l +An—2 ++Am
< (BT ETT?P 4 E™ A
km
. < E—— .
(3.31) < (1 2 k)AO

By definition of metric P*, we have P*(g(,gn) < 2P(g¢, gn), therefore for any
n>m

P(9Cn, 9Cm) + P (90ns 9m) < 2P(9Cn, 9Cm) + 2P (g 91m)

(F25) Ao

IA

(3.32)

which implies that {g¢,} and {gn,} are Cauchy sequences in (2, P*) because 0 <
k < 1. Since the partial metric space (Z,P) is complete, by Lemma 2.1, the metric
space (2, P*) is complete, so there exist z,r € E such that

(3.33) Jim P*(g¢n, 92) = Tim P*(grn, gr) = 0.

From Lemma 2.1, we obtain

(3.34) P(g2,92) = lim P(g¢n, 92) = lim P(g¢n, 9Cn),
and
(335) P(gr,gr) = lim P(gin, gr) = Hm P(gnm, gnn)-

But, from condition (P2) and equation (3.28), we have

(3.36) P(9Cn> 96n) < P(gCns 9Cnt1) < An < k™A,

and since 0 < k < 1, hence letting n — oo, we get lim, o, P(9Cn,9C,) = 0. Tt
follows that

(3.37) P(gz,92) = lim P(g(n,92) = lim P(gCn, gCn) = 0.
n—roo n—oo

Likewise, we obtain

(3.38) P(gr,gr) = Um P(gnm, gr) = Um P(gn., gn.) = 0.
n—oo n—oo

Now, using equation (3.23), we have

P(S(z,1),92) < P(S(2,7),9C+1) + P(9Cn+1,92) — P(9Cn+1, 9Cn+1)
< P(S(Zvr)vgcn-i-l) +P(g<n+1,gz)
P(S(Z’ T)?‘g(Cna nn)) + P(gCn-‘rh gZ)
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= P(S(Cnsn), S(z,7)) + P(gCns1, 92)
o (P092) - Plategr) PG 06) £ PUS(ecr).00)
2 ’ 2 ’
P(S(n, Cn), gr);r P(S(r, 2), 9”")) + P(gCn+1,92)

- ( P(gSn>92) + Pgnn, gr) P(g¢n+1,96n) + (92, 92)
2 ’ 2 ’
P(gnn+1.97) + P(gr, gim)
2

(3.30) )+ Plgutr92).

Letting n — oo in equation (3.39) and using equations (3.37), (3.38), we obtain
(3.40) P(S(z,r),g2) < ¢(0,0,0).

Hence from Definition 2.6 (CIR3), there exists 0 < k < 1 such that

(3.41) P(S(z,r),92) < k.0=0.

Hence, we have P(S(z,r),gz) = 0, that is, S(z,7) = gz. Since the pair (S,g) is
weakly compatible, so by weak compatibility of S and g, we have

9(8(z,7)) = S(gz,gr) and g(S(r, 2)) = S(gr, g2)-

Hence (gz,gr) is a common coupled fixed point of S and g.

Now, we show the uniqueness of the common coupled fixed point of S and g.
Assume that (gz1,gr1) is another common coupled fixed point of & and g with
gz # gz1 and gr # grq, that is, (gz,gr) # (gz1,97r1). Then from equation (3.23)
and using equations (3.37), (3.38), (P3), we have

Plgz,921) = P(S(z,7),8(z1,71))
d)(P(gZ,gzﬂ-i—P(gr,gn) P(S(z,r),gz)—|—77(S(z1,r1),gzl)
2 ’ 2 ’
P(S(Taz)agrl)+P(5(T1,21)79T))
2
_ ¢(P(gz,gzl)+7’(g7“,gr1) P(g2,92) + P(gz1,921)
N 2 ’ 2 ’
P(gra grl) + P(grlugr)>
2
P(gz,921) + P(gr,gr1)
2
P(gz,921) + P(gr,gr1)
2

IA

0 P(gr,gr1) + Plgr, gm))

:‘b( 2

(3.42) = ¢( .0, P(gr, gh))

Likewise, we obtain

P(gr,gr1) = P(S(r,z2),8(r1,21))

¢<7’(9T, gr1) +P(gz,921)

(3.43) 5

IN

707 P(QZ, gzl)> .
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Hence from Definition 2.6 (CIR3), there exists 0 < k < 1 such that
(3.44) P(gz,921) + Plgr, gr1) < k[P(gz, gz1) + P(gr, gri)];

which is a contradiction, since 0 < k < 1. Hence, we get P(gz,9z1)+P(gr,gr1) =0
and so gz = gz and gr = gry. Therefore, (gz,g9r) = (gz1,gr1) which shows that
(gz,gr) is a unique common coupled fixed point of S and g. This completes the
proof.

O

Next, we give some analogues of coupled fixed point theorems in metric spaces
for partial metric spaces by combining Theorem 3.1 with ¢ € ® and ¢ satisfies the
conditions (CIR;) and (CIR3). The following corollary is a Corollary 2.2 of Aydi

3].

Corollary 3.1. Let (Z,P) be a complete partial metric space. Suppose that the
mapping S: EXZ — = satisfying the following contractive condition: for all {,n, A, 1
€E:

N |

P(S(Cm), S\ p) < S[P(CA) + P, ),
where k € [0,1) is a constant. Then S has a unique coupled fized point.

Proof. The assertion follows using Theorem 3.1 with ¢(«, 8,v) = ka for some k €
[0,1) and all o, B,y e Ry. O

The following corollary is an analogue of Corollary 2.6 of Aydi [3].
Corollary 3.2. Let (Z,P) be a complete partial metric space. Suppose that the
mapping S: EX Z — E satisfying the following contractive condition: for all {,n, A, p

—_
[SHGEH
o

PS¢ m), SO, w) < S[P(S(C,m),¢) +P(SA, 1), A,

N |

where k € [0,1) is a constant. Then S has a unique coupled fixed point.

Proof. The assertion follows using Theorem 3.1 with ¢(a, 8,7v) = kB for some k €
[0,1) and all o, B,y € R;. O

The following corollary is an analogue of Corollary 2.7 of Aydi [3].
Corollary 3.3. Let (Z,P) be a complete partial metric space. Suppose that the

mapping S: EXZ= — = satisfying the following contractive condition: for all {,n, A, u
€E:

N |

P(S(Cm), S\ p) < S[P(S(C ), A) +P(S(A 1), Ol

where k € [0, %) is a constant. Then S has a unique coupled fized point.
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Proof. The assertion follows using Theorem 3.1 with ¢(«, 3,7) = kv for some k €
[0, %) and all o, B,y € Ry. O

If, we define 7¢ = S(¢, (). Then, we have the following corollary.

Corollary 3.4. Let (Z,P) be a complete partial metric space. Suppose that the
mapping T:2 — E satisfying the following contractive condition:
P(TC, Q) +P(TAN)
2 )
P(T¢A) +P(TA, C))
2 b

PTCTA < 6(PECA),

(3.45)
for all (A € 2. Then T has a unique fized point.

Proof. Taking ¢ = n and A = p in Theorem 3.1, then (3.1) coincides with (3.45).
Thus, we have the conclusion of the Corollary from Theorem 3.1. O

Remark 3.2. Our results extend and generalize the results of Aydi [3], Kim et al. [13]
and many others from the existing literature.

Example 3.1. Let 2 = [0, +00) endowed with the usual partial metric P defined by
P:ExE — [0,+00) with P(¢,n) = max{¢,n}. The partial metric space (Z, P) is complete
because (2, P?) is complete. Indeed, for any ¢,n € E,

P(¢m) = 2P(Cn) = P(¢,C) = Pn,n)
2max{¢,n} — (C+n) = [C =7l

Thus, (Z,P?) is the Euclidean metric space which is complete. Consider the mapping
S:E x 2 — E defined by S(¢,n) = C*T". Now, for any (,n, \, u € =, we have

PSSO ) = g max{C+nA+p}

< %[max{(, A} + max{n, u}]

= 2PN+ P,

which is the contractive condition of Corollary 3.1 for k = 1/3 < 1. Therefore, by Corollary
3.1, F has a unique coupled fixed point, which is (0,0). Note that if the mapping S:EXE —
Eisgiven by S(¢,n) = HT", then S satisfies contractive condition of Corollary 3.1 for k = 1,
that is,

PSSO m) = gmax{Cm A+

< %[max{(, A} + max{n, u}]

= SPEN) + PO

In this case (0,0) and (1,1) are both coupled fixed points of S, and hence, the coupled
fixed point of S is not unique. This shows that the condition £ < 1 in Corollary 3.1, and
hence 1 + 12 < 1 in Theorem 2.2 (©1) cannot be omitted in the statement of the aforesaid
results. Likewise, we can verify the results of Corollary 3.2 and Corollary 3.3.
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Example 3.2. Let 2 =R. Let P:Z x 2 — R be defined by P({,n) = max{¢,n} for all
¢,n € E. Then the partial metric space (Z,P) is complete because (E,P?) is complete.
Indeed, for any (,n € E,

P(¢m) = 2P m) — P, ¢) —P(n,mn)
2max{¢,n} — ((+n) =1 —nl

Thus, (Z,P*) is the Euclidean metric space which is complete. Consider the mapping
S:E x E — E defined by S(¢,n) = 252 and let P(¢,n) = |[¢ —n] for all {,n € E. Let us
take ¢ # X and n = p in the inequality of Corollary 3.1. Hence ¢t = |( — A| > 0. Now, using
inequality of Corollary 3.1, we have

3 3l[¢—A
5y = WA pscm,s00m)
k k
< Sle= A=) = Sa¢-AD
k
= 5157
or,
k
i< X
t < b
that is,
6
>
k> 5

which is a contradiction. Hence the Corollary 3.1 is not applicable to the operator S in
order to prove that (0,0) is a unique coupled fixed point of S.

4. Well-Posedness Theorem

In this section, we deal with the well-posedness of coupled fixed point problem
studied in the previous section.

Definition 4.1. ([28]) Let (£, d) be a metric space and let f: = — = be a mapping.
The problem of finding a fixed point of f is said to be well posed if:

(1) f has a unique fixed point (p,

(2) for any sequence {(,} € = with lim, o d(f (s, () = 0, we have

Now, we generalize this definition for coupled fixed point in partial metric spaces.

Let CoFP(S,Z x E) denote a coupled fixed point problem of mapping S and
CoF(S) denote the set of all coupled fixed points of S.

Definition 4.2. Let (Z,P) be a partial metric space and let S:Z x Z — = be a
mapping. CoFP(S,E x Z) is called well posed if:
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(1) CoF(S) is unique,
(2) for any sequences {(,}, {nn} in = with ((,7) € CoF(S) and

nlggo P(S(Cnynn)sCn) =0 = nhHH;o P(S(n,Cn), n)

implies

(= lim G, 7= lim 7,
n—oo n—oo

Theorem 4.1. Let (2, P) be a complete partial metric space and S:EXZ — E be a
mapping as in Theorem 3.1. For any sequences {C,}, {nn} in E and ({,n) € CoF(S),
if

T PCS(Cna)) = 0= lim Py, S(n.Co).

then the coupled fized point problem of S is well-posed with P(a,a) = 0 for some
a€=.

Proof. From Theorem 3.1, the mapping S has a unique coupled fixed point ({y, 70) €
Ex =Z. Let {¢u}, {mn} in E and

nlggo P(S(Cna nn)a Cn) =0= nhﬁngo 7)(5(77”, Cn)a 77n)-

Without loss of generality, we assume that (Cp,n0) # ((n, 1) for any non-negative
integer n. Using S(o,n0) = ¢o and S(no, (o) = 10, we obtain

P(Co,Cn) = P(S(C0,m0)s S(Cny M) + P(S(Cns ), Cn)

_P(S(Cnvnn)7S(Cna77n))

P(S(C05m0)5 S(Gns 1)) + P(S(Cns 1), Cn)

¢(P(C0»Cn) + P (o, 77n)7 P(S(C0:m0): €0) + P(S(Cns M), Cn)7
2 2

) SO 3n) + Pl G

IN

IA

)+ PLS(Gas ) G,

and

P(no,mm) < P(S(m0,€0), S, Cn)) + P (S (0, Cn)s )

—P (S Cn), S(1n, Gn))

7)(5(770» CO)? S(nnv Cn)) + P(S(nna Cn)? nn)

¢(P(7707 ﬁn) + P(CO; Cn) P(S(noa CO)’ 7’0) + P(S(nna Cn)7 nn)
2 ’ 2 ’

(4.2) ,P(S(§Oa770)’gn) ";P(S(Cnvnn)7<0)

IN

IN

) + P(S(n,Cn) 1)

Since
Jim P(Co, S(Cns 1)) = 0= Tim P(10, S (1, Cn)),
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for (Co,10) € CoF(S), using (P3), we obtain

(13 lim PG < tim o PO EPUI) o Y,
and
(1) tim Pl < lim o PIIIEPC0G) o pic, ),

By the definition of implicit relation (CIR3), there exists 0 < k < 1 such that
n—oo n—oo n—oo n—00
which is a contradiction. Thus, lim,—, s P (o, ¢ ) +1limy,— 00 P (10, 1) = 0 and hence
lim ¢, =¢y and lim 7, =no.
n— o0 n— 00

This completes the proof. O

5. Applications

Here, we apply our result to a mapping with a contraction of integral type.

Let us assume that T denote the collection of all functions ¢ defined on [0, +00)
satisfy the following conditions:

(91) Each ¢ is Lebesgue integrable mapping on every compact subset of [0, +00).
(¥2) For any & > 0, we have [; 9(t) > 0.

Theorem 5.1. Let (2, P) be a complete partial metric space. Suppose that the
mapping S: EX Z — E satisfying the following contractive condition: for all {,n, A, p

—_
[SHGEH
o

I(t)dt < k

P(S(Cm),S(Ap))
/ I(t)dt,

/[P(C’A)“’(n’ﬂ)]

0 0

where k € [0,1/2) is a constant and 9 € T'. Then S possesses a unique coupled fized
point.

Theorem 5.2. Let (2,P) be a complete partial metric space. Suppose that the
mapping S: EXE — = satisfying the following contractive condition: for all {,n, A\,

€=
P(S(¢m),S(A,u)) [P(S(¢m),0)+P(S(A,1),N)]
/ ﬁ@ﬁgn/ O(t)dt

0 0

where k € [0,1/2) is a constant and ¥ € T'. Then S possesses a unique coupled fized
point.
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Theorem 5.3. Let (£, P) be a complete partial metric space. Suppose that the
mapping S: EX Z — 2 satisfying the following contractive condition: for all {,n, A, p
€E:

H)dt < K

/7’(5((777)75()\#)) 19( )
t)dt,

/[7’(5((,77):/\)+7’(5(>\7u)701

0 0

where k € [0,1/3) is a constant and ¥ € T'. Then S possesses a unique coupled fized
point.

Remark 5.1. Theorem 5.1, Theorem 5.2 and Theorem 5.3 extend and generalize Corol-
lary 2.2, Corollary 2.6 and Corollary 2.7 respectively of Aydi [3] to the case of integral
type contraction.

6. Conclusion

In this paper, we study coupled fixed point and common coupled fixed point for
a newly proposed coupled implicit relation in the setting of partial metric spaces
and give some corollaries of Theorem 3.1. Furthermore, we prove well-posedness
of a coupled fixed point problem. We also provide some applications of our result
to a mapping with a contraction of integral type. Our results extend and general-
ize several results from the existing literature (see, for example, [3, 13] and many
others).
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