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1. Introduction

An abstraction of the classical distance goes back to ancient mathematician Euclid’s postulate. The
notion of a metric, an Euclidean distance, was axiomatically formulated by Fréchet and Haussdorft at
the beginning of nineteen century. Since then this notion has been refined, generalized and improved in
several directions. Among all, we focus on a partial metric, defined by Matthews [21] by relaxing the
self-distance axiom. Indeed, a partial metric is a very important extension of the metric, which is very
useful in the framework of theoretical computer science, in particular, domain theory and semantic.

Matthews [21] proved the analog of the Banach’s contraction principle [10] in the setting of partial
metric spaces. This pioneer work [21] initiates an attractive trend, see e.g. [1-9,11,13,15-19,22-25,
27-31].

For the readability of the paper, we recollect fundamental definitions and results.
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Definition 1.1. For a non-empty set X, if a function p : X X X — [0, oo) that satisfies:

(PM1) p(6,6) = p(6,9) = p(3,9) & 6 = 0;
(PM2) p(6,0) < p(8,9);

(PM3) p(6,9) = p(1,0);

(PM4) p(6,m) + p(,9) < p(6,3) + p(3,n).

forall 6,9, € X, then it is called a “partial metric” and (X, p) denotes a “partial metric space”, in
short, PMS.

Let {£,} be a sequence in a PMS (X, p). We say that {£,} converges to ¢ € X if the following
inequality holds:
P&, &) = lim p(&,, &).
A sequence {£,} is called “fundamental” (Cauchy), if lim p(&,, &,) exists and is finite. A PMS (X, p)

is called complete if each fundamental sequence in X converges to a point £ € X such that
pE.&) = lim p(&,,&n)-

We need to mention that the strong correlation between metric and partial metric. A function d, :
X X X — [0, 00), defined by

dy(&,n) =2p&,n) — p&,.& — pm,n)

for all ¢, € X, forms a metric on X.
A sequence in the PMS (X, p) is Cauchy if and only if it is a Cauchy sequence in the metric space
(X,d,). Also, (X, p) is complete if and only if the metric space (X, d,,) is complete. Moreover,

lim d,(&.£) = 0 & p(é.§) = lim p(6,.8) = lim_p(&,.&n).

The following lemmas are useful.

Lemma 1.1. /7,8, 16] Let (X, p) be a PMS. We have
(1) if p(€,m) =0, then & = n;
(2) if € # m, then p(&,n) > 0.

Lemma 1.2. [7,8,16] Let £, — & as n — oo in the PMS (X, p) such that p(¢,&) = 0. Then p(é,,n) —
p(é,m) asn — oo for eachn € X.

In [14], for a mapping 6 : (0, c0) — (1, 00), the concept of H-contractions was defined as
(6y) 6 1s non-decreasing;
(6,) For any positive sequence {u,}

lim O(u,) = 1 if and only if lim u, = 0%;

n—oo

(05) there exists (s, ) € (0, 1) x (0, o0) such that

o) — 1
fim 20 -1

u—0* us
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Let F be the class of functions 6 verifying (6;)-(63). Very recently, Cho [12] introduced the concept of
L-simulation mappings. Let L be the family of all mappings £ : [1, c0) X [1, 00) — R such that

& &) =1,

(&2) é(u,v) < Zforall u,v > 1;

(&3) For any sequences {u,}, {v,} in (1, c0) with u, < v, forn =1,2,3,...

lim u, = lim v, > 1 implies lim sup &(u,,, v,,) < 1.

n—eo n—oo

Any ¢ € L is said an L-simulation function. Note that £(u, u) < 1 for each u > 1.
Let Z be the set of simulation functions in the sense of Khojasteh, Shukla and Radenovié [20].

Definition 1.2. [20] A simulation function is a mapping { : [0,00) X [0,00) — R satisfying the
following conditions:

(£1) £(0,0) = 0;
(&2) {(u,v) <v—uforall u,v>0;
(&3) if {u,} and {v,} are sequences in (0, o) such that lim u, = lim v, = € € (0, ), then

n—oo

lim sup {(u,,v,) < 0.

n—oo

We mention that any £-simulation function can be deduced from simulation functions of Khojasteh,
Shukla and Radenovié [20]. Indeed, for u,v > 0, let £(e*, e") = ™. If € Z, then ¢ € L.

In this paper, we obtain some fixed point results for £-simulation mappings using 6-functions in
the class of partial metric spaces. Some consequences are also derived. Moreover, we present some
examples in support of the given results.

2. Main results

First, let ® be the set of continuous functions 6 : (0, o) — (1, 00) satisfying (¢,) and (6,). Since the
range of 6 is in (1, c0), we will consider £-simulation functions instead of simulation functions [20]
and we will get many consequences in this setting. Our first main result is the following theorem.

Theorem 2.1. Let (X, p) be a complete PMS and T : X — X be a given mapping. Suppose that there
exist £ € L and 0 € O such that for all x,y € X with p(Tx,Ty) # 0 and p(x,y) # 0,

&@(p(Tx,Ty)),0(p(x,y))) = 1. 2.1

Then T has a unique fixed point.

Proof. Define a sequence {&,} by &, = T"¢ for all n > 0. If p(&,,&,41) = 0 for some n, then
&, = & = TE,, that is, &, 1s a fixed point of T and so the proof is completed. Suppose from now on
that p(&¢,,&,41) >0 foralln=0,1,...

Step 1: We shall prove that
31_{1; p(fm §n+1) =0.

AIMS Mathematics Volume 4, Issue 4, 1034—-1045.
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First, from the condition (2.1), we have

1 < &O(p(TEn-1,TE)), O(p(&n-1,£0)))
9(p(§n—la§n)) — e(p(é‘:n—l’é‘:n))
Op(Té1,TED)  O(p(EnsEnrt))

Consequently, we obtain that

O(P(Ens Ene1)) < O(p(&n-1,€0)),

which implies foralln =1,2,3,...,
P&ns Ene1) < PEn-1,€n)-
Hence {p(&,, &,41)} 1s a decreasing sequence, so there exists » > 0 such that
r}i_)n;p(é:nafnﬂ) =T.
Assume that r # 0. It follows from (6,) that

31_)1’2) 9(p(§n’ §n+1)) * 1,

and so
lim 6(p(¢,, €nv1)) > 1, foralln =1,2,3,...

From (&3),
1 <lim supf(Q(P(fn, §n+l))’ 9(p(§n—1»§n)) < 1’

n—oo

which is contradiction. This implies that
r}l—{g p(é:na §n+l) =0. (22)

Step 2: Now, we shall show that {£,} is a bounded sequence in (X, p). We argue by contradiction.
If {£,} 1s not bounded, then there exists a subsequence {&,x)} of {£,} such that n(1) = 1 and for all
k=1,2,3,...,n(k + 1) is the minimum integer greater than n(k) with

PEniesty> Eniy) > 1 and - p(&§, &) < 1, (2.3)

forall n(k) <l <n(k+1)— 1. We have

I < plugenys Enwy) < PEntir1)s Enterny-1) + PEnies1)-15 Eniie)
< pnirnys Enkar-1) + 1.

Taking the limit as k — oo and using (2.2), we get
]}1_{1; PEnter1y> Eny) = 1. (2.4)
Again, using (2.3), (2.4) and (PM4), we have

]}1_{?0 P& nies1y-15En—1) < ]}1_{?0 [P(fn(k+1)—1, Entkerny) T PEnikr1)> Eniy) + P(fn(k),fn(k)—l)]
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and

I = 1}1_{2 DP(Eniies1y> Eniy) < ]}1_210 [P(fn(k+1),§n(k+1)—1) + P Enkr1)-1> Ent-1) + P(Enr-15 §n<k))]

IA

,}1_{510 P&tk 1)-15 Enii)-1)-
By (2.5) and (2.6), we have

1}1_{1010 PEnk+1)-15 Enti-1) = 1.
It follows from (2.7) and (6,) that

;}ij?o O(p(Enkr1)-15 Eny-1)) > 1.

(2.5)

(2.6)

(2.7)

(2.8)

Having in mind from (2.3) that p(&,x+1)-1, &) > 0 and p(&uu+1),Eny) > 0, so by using condition

(2.1), we have

1 < &O@(P(TEnr1)-15 TEny-1))> OP(Engii1)-15 Enir-1)))
EO(P(Eniir1y> Ent))> OP(Engicr1)-15 Entir-1)))
O(P(Enkr1)-1>Enciy-1))

O(pEner ) Enw))

This implies that

O(p(E k1) Enk)) < O(P(Entier1y-15Engior-1))-

From (2.8), (2.9) and (&3), we have

I < lim sup £O(p(Enier1ys Eni))> OP(Epkr1)-15Entir-1))) < 1,

k—oo

which is contradiction. Thus, {£,} is bounded.

(2.9)

Step 3: Here, we shall show that {£,} is a Cauchy sequence in (X, p). It suffices to prove that {£,} is

Cauchy in the metric space (X, d,,). Consider,
H, = sup{d,(§,&)) 1 i > j = n}.

It is clear that
O<H, <H,<...<H,.

Hence, there exists R > 0 such that

lim H, = R.

n—oo

Assume that R # 0. For each positive integer k, there exist n(k) > m(k) > k such that

1
H; - z < dp(Entiy> Emy) < Hi.

(2.10)
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Taking k — oo and using (2.10), we get
lim d(€uwy, Emp) = lim Hi = R > 0.
In view of (2.2), we have
lim p(&,, &) = 0.
By definition of d,, and using (2.12), we get
]}1_{1010 P&niy> Emiy) =2 ]}1_{2 dp(Eny> Emiy) = 2R.

From condition (2.1),

—
IA

EO(P(T&Enwy-1, Témpy-1)), O(P(Engiy-1> Empy-1)))
EO(P(Enwy> Em))» OP(Eniy-15 Ematr-1)))
O(P(Enty-1> Emy-1))

OpEny» Emm))

This implies that

O(pEniky> Emy)) < OPEntir-1> Emary-1))-

Since 6 is non-decreasing, we get that

PEniys Emy) < PEni)-15 Emity-1)-

By (PM4), we have

P& Em) < PEnio-1>Em-1)

< PEnto-15 ) + P(Entiy> Emt) + P(Emiiys Em-1)-

From (2.2) and (2.13), we get
lm p(Eays Emay) = MM p(Eay-1: Empy-1) = 2R > 0.
Applying (2.15) in (&3), we have

1 < EO(PEniiys Emi)s OPEntiy—1> Emy-1))) < 1,

which is a contradiction. This proves that R = 0. We deduce that

n%rilr—r}oo p(fn, gm) =0.
Then {£,} is Cauchy in (X, p).

Step 4: Existence and uniqueness of a fixed point of 7.

AIMS Mathematics Volume 4, Issue 4,
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The sequence {¢,} is Cauchy in the complete PMS (X, p), so there exists u € X such that
lim p(&,, ) = plu,u) = 1im _p(&a, &n)-

By (2.16),
lim p(&,, x) = p(u,u) = 0. 2.17)

We shall prove that u is the unique fixed point of 7. Without loss of generality, we may assume that
for infinitely many n,

p&,_1,u) #0 and p(&,, Tu) # 0. (2.18)
Let x,y € X such that p(Tx, Ty) # 0 and p(x,y) # 0. Applying (2.1), we have
0(p(x,y)
1 <&0(p(Tx,Ty)), 0(p(x,y)) < —————.
O(p(Tx,Yy)
In this case, we have
p(Tx,Ty) < p(x,y). (2.19)

By (2.18) and (2.19), p(¢,, Tu) < p(é,-1,u) for infinitely many n. Using (2.17) and Lemma 1.2, we
have
0 < p(u,Tu) < lim p(&,_1,u) =0.

Thus, p(Tu,u) = 0, that is, u = Tu. Finally, we show the uniqueness of the fixed point. Let &,&, € X
be two distinct fixed points of 7. Then &; # &, so p(Té,,Té) = p(é1,&;) > 0. From condition (2.1),

O(p1,&2)) 1
O(p1,£2))

It is a contradiction, so & = &;. O

1 <&0(p(T¢1,TE)), 0(p(é1.£2))) <

Since each metric space is a PMS, the following is the analog of Theorem 2.1 in the setting of metric
spaces.

Corollary 2.1. Let (X,d) be a complete metric metric space and T : X — X be a given mapping.
Suppose that there exist ¢ € L and 6 € O such that for all x,y € X with d(Tx,Ty) # 0,

§(0(d(Tx, Ty)),0(d(x,y))) = 1. (2.20)
Then T has a unique fixed point.

Remark 2.1. Corollary 2.1 is a proper generalization of Banach contraction mapping principle,by
taking {(t, s) = % where k € (0, 1) and 6(1) = €'.

The following corollary is a key result which guides us to derive several existing results.

Corollary 2.2. Let (X, p) be a complete PMS and T : X — X be a given mapping such that for all
x,y € X with p(Tx,Ty) # 0,

p(Tx,Ty) < p(x,y) — o(p(x,y)) (2.21)

where ¢ : [0, 00) — [0, 00) is nondecreasing and lower semi-continuous such that ¢~'({0}) = {0}. Then
T has a unique fixed point.

AIMS Mathematics Volume 4, Issue 4, 1034-1045.
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Proof. From condition (2.21), we have

ep(Tx,Ty) < ep(x,y)fsa(p(x,y).

Putting 6(7) = €, we get

O(p(x,y))

op(TxTY) < = e

Also, define ¢(7) = In(y¥/(6(¢))), where ¢ : [1,00) — [1, o0) is nondecreasing and lower semi-continuous
such that ¢~ ({1}) = {1}, we get

O(p(x,y))

Op(Tx, T < —-
NG R)))

N

By putting &(¢, 5) = Gy e get

< (p(x,y))
— O(p(Tx, Ty)y(0(p(x,y)))

By Theorem 2.1, T has a unique fixed point.

= &@(p(Tx, Ty)), 0(p(x,y))).

O

Remark 2.2. In Corollary 2.2, the condition p(x,y) # 0 is not required. Because, if p(Tx,Ty) # 0 in
(2.21), necessarily we have p(x,y) # 0.

To illustrate Theorem 2.1, we present the following examples.

Example 2.1. Let X = [0,1]U [3,4] and p : X X X — [0, o) be defined by p(x,y) = max{x,y}. It is
clear that (X, p) is a complete PMS. Consider the mapping T : X — X defined by

T{

Choose 0(t) = €' forall t > 0, and &(t, 5) = #for all t,s > 1.

, x€[0,1]
, X€][3,4].

\SY[SSIOSY P

To prove that T is a L-simulation with respect to &, let x,y € X be such that p(x,y) # 0 and
p(Tx,Ty) # 0. Then the case x =y = 0 is excluded. Here, we have the following possible cases:
Case 1. x,y € [0,1] and (x,y) # (0,0). We have O(p(Tx,Ty)) = e3maxtey) g 0(p(x,y)) = emaxtxl,

Hence
1 max{x.y}

E@(p(Tx,Ty)),0(p(x,y))) = —;max{x,y} > 1.

Case 2. x,y € [3,4]). Then 6(p(Tx,Ty)) = e%, 0(p(x,y)) = ™ and

1 max{x,y}

£@(p(Tx,Ty)),0(p(x,y))) = ——— 2= L.

3
ez

AIMS Mathematics Volume 4, Issue 4, 1034-1045.
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Case 3. y € [3,4] and x € [0, 1]. Here, O(p(Tx, Ty)) = e? and 0(p(x,y)) = €. Then

iy
EOP(Tx, TY)), 0(p(x.y) = = > 1

ez

foreachy € [3,4].
Case4. x € [3,4)and y € [0, 1]. Then 6(p(T x, Ty)) = e? and 0(p(x,y)) = e*. Then

X

8=

e > 1

= ’

E@(p(Tx,Ty)),0(p(x,y))) =

w

(S]]

e
forall x € [3,4]. Then T is a L-simulation with respect to &. Hence all conditions of Theorem 2.1 are
satisfied, and then T has a unique fixed point, which is O.

On the other hand, if we replace the partial metric p by the usual metric d and choose x = 1 and
y =3, then 0(d(Tx, Ty)) = et and 0(d(x,y)) = e*. Hence

1

Q

£Od(Tx,Ty)),0(d(x,y) = — < 1.

Q
N

Thus, T is not a L-simulation with respect to & in the usual metric space.

Example 2.2. Let X = [0,00) and p : X X X — [0, ) be defined by p(x,y) = max{x,y}. It is clear that
(X, p) is a complete PMS. Consider the mapping T : X — X defined by

2 x<3
Tx = )
3> x> 3.

1
Choose 0(t) = €' forall t > 0, and &(t, s) = %for allt,s > 1.

To prove that T is a L-simulation with respect to &, let x,y € X be such that p(x,y) # 0 and
p(Tx,Ty) #0. The case x =y = 0 is excluded. Here, we have the following possible cases:
Case 1. x,y € [0,3] and (x,y) # (0,0). We have O(p(Tx,Ty)) = et maxtey) gp g O(p(x,y)) = emaxixyl,
Then

% max{x,y}

&@(p(Tx,Ty)),0(p(x,y) = ——— > L

e max{x,y}
Case 2. x,y € (3,00). Then 8(p(Tx, Ty)) = e’ and O(p(x,y)) = ™, Then

1 max(x,y}

E@(p(Tx,Ty)),0(p(x,y))) = i > 1.

Case 3. x € [0,3] and y € (3,0). Here, O(p(Tx, Ty)) = ™33 and 0(p(x, y)) = €. Now,

y
e3

§0(p(Tx, Ty), 0(p(x,y))) = ——-—.
e 4°3

AIMS Mathematics Volume 4, Issue 4, 1034—-1045.
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We have

e > 1, if max{%,1}=

4
es7i > 1, if max{3, H} =4,

EO(p(Tx, T)), 6(p(x,y))) = {

Case4. y € [0,3] and x € (3, o). This case follows from case 3 by replacing x and y as p(x,y) = p(y, x).
Then T is a L-simulation with respect to . Hence all conditions of Theorem 2.1 are satisfied, and then
T has a unique fixed point, which is 0.

To illustrate Corollary 2.2, we present the following example.

Example 2.3. Consider the PMS (X, p) where X = [0,00) and p(x,y) = max{x,y}. Consider the
mapping T : X — X defined by

Define ¢ : [0, 00) — [0, o) by
5, 152
() =47

5, t>2.
2’
Now for x,y € X with p(Tx, Ty) # 0, we get (x,y) # (0,0). We have the following 3 cases:
Case 1. If x,y < 2 and (x,y) # (0,0), then p(Tx,Ty) = %max{x, v} and o(p(x,y)) = %max{x, v}. Thus
we have
p(Tx,Ty) < p(x,y) = ¢(p(x,y)).
Case 2. If x,y > 2, then p(Tx,Ty) = 1 and p(x,y) = max{x,y} > 2. Also, ¢(p(x,y)) = % Hence
p(Tx,Ty) < p(x,y) = ¢(p(x,y)).
Case 3. If x <2andy >?2ory < 2and x > 2. Without loss of generality, let us assume x < 2 and
y>2. Then p(Tx,Ty) =1 and p(x,y) =y > 2. Also, p(p(x,y)) = % We obtain that
p(Tx,Ty) < p(x,y) — e(p(x, ).

Thus all conditions of Corollary 2.2 are satisfied, and then T has a unique fixed point, which is O.
Open Problem

Romaguera [26] defined the concepts of 0-Cauchyness and 0-completeness of a partial metric space
as follows:

Definition 2.1. [26] Let (X, p) be a partial metric space and {x,} be any sequence in X and x € X.
Then:
(i) The sequence {x,} is called O-Cauchy if

lim p(x,, x,) =0.

n,m— oo

(i) (X, p) is called O-complete if for every 0-Cauchy sequence {x,} in X, there exists x € X such that

lim p(x,, x,,) = lim p(x,, x) = p(x,x) = 0.

n,m—oo

AIMS Mathematics Volume 4, Issue 4, 1034—-1045.
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It is straightforward that if the partial metric type (X, p) is complete, then it is O-complete. Then

since 0-completeness is more general than completeness, it would be better to prove or disapprove
Theorem 2.1 in the class of O-complete partial metric spaces.
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