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ABSTRACT

Following the approach of F-contraction introduced by Wardowski [13],
in this paper, we introduce improved F'-contraction of rational type in
the framework of partial metric spaces and used it to obtain a common
fixed point theorem for a pair of self mappings. We show, through ex-
ample, that improved F-contraction is more general than F'- contrac-
tion and guarantees fixed points in those cases where F-contraction
fails to provide. Moreover, we apply this fixed point result to show the
existence of common solution of the system of integral equations.
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1. INTRODUCTION

Matthews [11] introduced the concept of partial metric spaces and proved an
analogue of Banach’s fixed point theorem in partial metric spaces. In fact, a
partial metric space is a generalization of metric space in which the self dis-
tances p(ry,r1) of elements of a space may not be zero and follows the inequal-
ity p(ri,71) < p(r1,r2). After this remarkable contribution, many authors took
interest in partial metric spaces and its topological properties and presented
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several well known fixed point results in the framework of partial metric spaces
(see [1, 2, 3, 4, 12] and references therein).

In 1922, Banach presented a landmark fixed point result (Banach Contraction
Principle). This result proved a gateway for the fixed point researchers and
opened a new door in metric fixed point theory. A number of efforts have
been made to enrich and generalize Banach Contraction Principle (see [6, 7]
and references therein). Following Banach, in 2012, Wardowski [13] presented
a new contraction (known as F - contraction). Since 2012, a number of fixed
point results have been established by using F-contraction (see [5, 9, 10] and
references therein). Recently, Vetro et al.[8] proved some fixed point theorems
for Hardy-Rogers-type self-mappings in complete metric spaces and complete
ordered metric spaces for F- contractions.

In this article, following Wardowski [13] and Vetro et al.[§], we prove a com-
mon fixed point theorem for a pair of self mappings satisfying improved F-
contraction of rational type in complete partial metric spaces. An example is
constructed to illustrate this result. We apply the mentioned theorem to show
the existence of solution of system of Volterra type integral equations.

2. PRELIMINARIES

Throughout this paper, we denote (0, 00) by R, [0,00) by R, (—o0, +00) by
R and set of natural numbers by N. Following concepts and results will be
required for the proofs of main results.

Definition 2.1 ([13]). A mapping T : M — M, is said to be F-contraction if
it satisfies following condition

(2.1) (d(T'(r1), T(r2)) > 0= 7+ F(d(T(r1),T(r2)) < F(d(r1,72))),
for all 7,79 € M and some 7 > 0. Where F': RT — R is a function satisfying
following properties.

(F1) : F is strictly increasing.

(Fy) : For each sequence {r,} of positive numbers lim,,_,o 7, = 0 if and

only if lim,, o F(r,) = —o0.
(F3) : There exists € (0,1) such that lim,_,o+ (a)? F(a) = 0.

Wardowski [13] established the following result using F-contraction.

Theorem 2.2 ([13]). Let (M,d) be a complete metric space and T : M — M
be a F-contraction. Then T has a unique fized point v € M and for every
ro € M the sequence {T™(ro)} for all n € N is convergent to v.

We denote by Ap, the set of all functions satisfying the conditions (Fy) — (F3).

Example 2.3 ([13]). Let F': Rt — R be given by the formula F(a) = In(«). It
is clear that F satisfies (F})—(F3) for any x € (0,1). Each mapping T : M — M
satisfying (2.1) is a F-contraction such that

d(T(r1),T(r2)) < e "d(r1,re), for all r,ro € M, T(r1) # T(rz).
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Obviously, for all r1,re € M such that T'(r1) = T'(r2), the inequality
d(T(r1),T(r2)) < e "d(r1,r2)
holds, that is T" is a Banach contraction.

Remark 2.4. From (F) and (2.1) it is easy to conclude that every F-contraction
is necessarily continuous.

Definition 2.5 ([11]). Let M be a nonempty set and if the function p : M x
M — Rar satisfies following properties,

(p1) i =r2 e p(ri,rm)=p(r,r2) =p(r2,r2),

(p2) p(ri,m1) <p(ri,ra),

(p3) p(ri,m2) =p(r2,71),

(pa) p(ri,r3) < p(ri,re) +p(ra,rs) —p(r2,m2).

for all r1,79,73 € M. Then p is called a partial metric on M and the pair
(M, p) is known as partial metric space.

In [11], Matthews proved that every partial metric p on M induces a metric
dp: M x M — R{ defined by

(2.2) dp (r1,7m2) = 2p(r1,7m2) — p(r1,71) — p (12, 72) 3

for all r1,70 € M.

Notice that a metric on a set M is a partial metric p such that p(r,r) = 0 for
all r € M and p(rq,r2) = 0 implies r1 = o (using (p1) and (p2)).

Matthews [11] established that each partial metric p on M generates a Tj
topology 7(p) on M. The base of topology 7(p) is the family of open p-balls
{Bp(r,e) :r7 €M, e>0}, where By (r,e) = {ri e M :p(r,r1) <p(r,7)+¢€}
for all r € M and € > 0. A sequence {7, }nen in (M, p) converges to a point
r € M if and only if p(r,r) = lim,— e (7, 7).

Definition 2.6 ([11]). Let (M,p) be a partial metric space.
(1) A sequence {ry}nen in (M, p) is called a Cauchy sequence if
limy, ;00 P(7n, Tm) exists and is finite.
(2) A partial metric space (M, p) is said to be complete if every Cauchy
sequence {7y }neny in M converges, with respect to 7(p), to a point
r € X such that p(r,r) = limy, m—oo P(Th, "'m)-

The following lemma will be helpful in the sequel.

Lemma 2.7 ([11)).

(1) A sequence ry, is a Cauchy sequence in a partial metric space (M,p) if
and only if it is a Cauchy sequence in metric space (M, d,)

(2) A partial metric space (M, p) is complete if and only if the metric space
(M,dp) is complete.

(3) A sequence {ry}nen in M converges to a point r € M, with respect to
7(dp) if and only if lim,, oo p(r, 1) = p(r, ) = limy m—yoo P(Thn, Tm,)-

(4) If limy, o0, = v such that p(v,v) = 0 then limy, o0 p(rn,r) = p(v,7)
for everyr € M.
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In the following example, we shall show that there are mappings which are
not F-contractions in metric spaces, nevertheless, such mappings follow the
conditions of F-contraction in partial metric spaces.

Example 2.8. Let M = [0, 1] and define partial metric by p(r1,r2) = max {ry,r2}
for all ry,70 € M. The metric d induced by partial metric p is given by
d(ri,r2) = |r1 — ra| for all 71,75 € M. Define the mappings F' : Rt — R by
F(r) =1In(r) and T by

if r €[0,1);
T(r)=
0 ifr=1

Then T is not a F- contraction in a metric space (M, d). Indeed, for 11 = 1
and o = 2, d(T(r1),T(r2)) > 0 and we have

T+ F(d(T(r1), T(r <

T+F<

T+F( ,

<

<

cnl>—‘
cnl»—n\_/\_/
IN
[ B
7 N N
=
'

which is a contradiction for all possible values of 7. Now if we work in partial
metric space (M, p), we get a positive answer that is

T4 F(p(T(r1),T(r2))) < F(p(r1,r2)) implies
T+F(%) < F(1),

which is true. Similarly, for all other points in M our claim proves true.

3. MAIN RESULT

We begin with following definitions.

Definition 3.1. Let (M, p) be a partial metric space. The mapping T': M —
M is called a improved F-contraction of rational type, if for all mq,me € M,
we have

(3.1) T+ F(p(T(m1),T(m2))) < F (N(my,mz)),

for some F' € Ap, 7 > 0 and

)

p(my, ms) p(my, T(m1))p(ma, T(ms2))
_ ’ 5 1+ (ml’m2)
N(m1, mz) = max p(ma, T(ma))p(mae, T%)mQ))

L4 p(T (m1), T (m2))
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Definition 3.2. Let (M,p) be a partial metric space. The mappings S, T :
M — M are called a pair of improved F-contraction of rational type, if for all
mi,mg € M |, we have
(3.2)

(p(S(m1), T(m2)) > 0 implies 7+ F(p(S(m1), T(m3))) < F (M(my,m2))),

for some F' € Ap, 7 > 0 and

p(ma, S(m1))p(mz, T(mz))
1 + p(mh mQ)
p(my, S(m1))p(ma, T(m2))
L+ p(S(m1), T(m2))

The following theorem is one of our main results.

p(mi,ma),

)

M(mq,mz2) = max

Theorem 3.3. Let (M,p) be a complete partial metric space and S, T : M —
M be a pair of mappings such that

(1) S or T is a continuous mapping,
(2) (S, T) is a pair of improved F-contraction of rational type.

Then there exists a common fized point v of the pair (S, T) in M such that
p(v,v) =0.

Proof. We begin with the following observation:
M(mq,mz2) = 0 if and only if my = m2 is a common fixed point of (S,T).

Indeed, if my = mg is a common fixed point of (S, T'), then T'(ms) = T'(my) =
my = mg = S(msg) = S(my) and

) p(ma, S(ma))p(ma, T(ma))

p(ma,m 1+ p(my,ma) ’
M(my,mg) = max p(ml,S(m1))p(m2;T€m2)) 7
L+ p(S(m1),T(mz))
= p(my,m).

From contractive condition (3.2), we get
T+ F(p(my,mi)) = 7+ F(p(S(m1), T(mz))) < F (p(mi,ma)).

This is only possible if p(mq,mq) = 0, which entails M(mq,m;1) = 0. Con-
versely, if M(mq, m2) = 0, it is easy to check that m; = my is a fixed point of
S and T.

In order to find common fixed points of S and T for the situation when
M(ry,72) > 0 for all 71,72 € M with r1 # ra, we construct an iterative sequence
{rn} of points in M such a way that, ro; 11 = S(re;) and r9;42 = T'(re;+1) where
i=0,1,2,.... Assume that p(S(re;), T'(r2;+1)) > 0, then from contractive con-
dition (3.2), we get

F (p(r2it1,72i42)) = F (p(S(r2i), T(r2i41))) < F (M(rei, r2i41)) — 7,
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for all ¢ € NU {0}, where

p(r2i, S(12:))p(r2is1, T(r2is1))

1+ p(rai, m2i41)
P(r2i, S(12:))p(r2is1, T(r2i41))

L+ p(S(r2i), T'(r2i+1))
p(Tzi, 7”2i+1)p(7”2i+1, 7”2¢+2)
Toi To:
p( 215 2'L+1); 1+p(7"2i,7“2i+1)
p(T% T2i+1 )p(T21+1, 7’2i+2)

1+ p(rait1,T2i42)
< max {p(rai, roiv1), p(rait1, r2it2)} -

p(7“2z', T2i4+1 ),

)

M(rg;, r2i41) = max

’
= max

For if M(ro;, 72i11) < p(rait1,T2i4+2), then
F(p(raiv1,72i42)) < F (p(r2it1,r2iv2)) — 7,

which is a contradiction due to F;. Therefore,

F (p(rait1,72i12)) < F (p(r2i, m2i41)) — 7,
for all i € NU{0}. Hence,
(3.3) F(p(rnt1,mn42)) < F (p(Tn,Tn11)) — 7,
for all n € NU {0}. Following (3.3), we obtain

F(p(rn,rn41)) < F (p(rn—2,mn-1)) — 2.
Repeating these steps we get,

(3.4) F(p(rn,mn41)) < F(p(ro,m1)) — nt.
From (3.4), we obtain lim, o F (p(n, rmt+1)) = —00. Since F' € Ap,
(35) nlggop(rnarrﬂrl) =0.

From the property (F5) of F-contraction, there exists x € (0,1) such that

(36) T (plra, i) F (o, 711))) = 0.
Following (3.4), for all n € N, we obtain
(3.7)

(P(rns mnt1))" (F (0(rn, Tnt1)) — F (p(ro, 21))) < = (p(rn, rng1))" n7 < 0.

)
Considering (3.5), (3.6) and letting n — oo in (3.7), we have
(38) nh%n;o (Tl (p(rn; TnJrl))ﬁ) =0.

Since (3.8) holds, there exists n; € N, such that n (p(rn,rn+1))" < 1 for all
n > njp or,

(3-9) p(rn, Tn+1) <

for all n > ny.

x|

n
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Using (3.9), we get for m > n > nq,

P, rm) < p(ra, Tag1) + P(Tast, Tnre) + P(Tna2, Tags) + o+ P(Tmo1,7m)
m—1
- Z p(rj,7j)
Jj=n+1
p(7“m7“n+1) +p(7‘n+1,7“n+2) +p(rn+2,rn+3) + .. +p(rm—17rm)

m—1

= Z p(ri,Tit1)

IN

IN
&Mg E

p(m 7‘i+1)

s
I
3

IA
gk
?|L| —

1

1
{rn} is a Cauchy sequence in (M, pl). Due to Lemma 2.7, {r,} is a Cauchy
sequence in (M, d,). Since (M, p) is a complete partial metric space, so (M, d,)
is a complete metric space and as a result there exists v € M such that
lim,, 00 dp (7, v) = 0, moreover, by Lemma 2.7

The convergence of the series > -~ entails lim,, ;00 P(Th, Tm) = 0. Hence

(310) lim p(Ua Tn) = p(Ua U) = lim p(rn; Tm)'

n—00 n,m-—oo
Since limy, m—o0 P(Tn, rm) = 0, from (3.10) we deduce that

(3.11) p(v,v) =0= lim p(v,r,).

n—oo

Now from (3.11) it follows that ro,11 — v and repto2 — v as n — oo with
respect to 7(p). The continuity of T implies

v= lim r, = lim ro,r1 = lim 79,40 = lim T(ronq1) =T( Um rop41) = T(v),
n— o0 n— o0 n— oo n— oo n— oo

and from contractive (3.2), we have

T+ F(p(v, S(v)))

I
\]
_|_
g
=
)

(
< F(M(v,v)) = F(p(v,v)).

This implies that p(v, S(v)) = 0 and due to (p1), (p2) we conclude that v =
S(v). Thus we have S(v) = T'(v) = v. Hence (S, T) has a common fixed point
v. Now we show that v is the unique common fixed point of S and T'. Assume
the contrary, that is, there exists w € M such that v # w and w = T'(w). From
the contractive condition (3.2), we have

(3.12) T+ F(p(5(v), T(w))) < F(M(v,w)),
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where
(v, S())p(w, T'(w))
p(vaw)v L 1+
= max (vy)
Mv,w) = maxs Lo sote Pl
14 p(S(v), T(w))

From (3.12), we have
(3.13) T+ F(p(v,w)) < F (p(v,w)),
The inequality (3.13), leads to

p(v,w) < p(v,w),

which is a contradiction. Hence, v = w and v is a unique common fixed point
of a pair (S, T). O

The following example illustrates Theorem 3.3 and shows that condition (3.2)
is more general than contractivity condition given by Wardowski ([13]).

Example 3.4. Let M = [0,1] and define p(rq,r2) = max {ry,r2}, then (M, p)
is a complete partial metric space. Moreover, define d(r1,r2) = |r1 — 12|, so,
(M,d) is a complete metric space. Define the mappings S,7 : M — M as
follows:

g if r € [0,1); .
T(r)= and S(r):7for allr e M
0 ifr=1
Clearly, S,T are self mappings. Define the function F : Rt — R by F(r) =

In(r), for all » € R* > 0. Let ri,r2 € M such that p(S(r1),T(r2)) > 0 and
suppose that r; < ry. Then

rir2 rir2
M(ry,r2) = max {rg, 5 )

1+7r1’ 1+ max e

Since —2— < 1 and ﬁ < 1, we have that M(ry,73) = ro. In a

1+ry
7 5
similar way, if 1 > rq, we obtain that M(ry,r2) = 71, i.e., M(r1,7r2) = p(ry, r2).
Let 7 < In(%). Then

3r1 7o

T+ (p(S(r1), T(r2))) = T+ln<max{7’g})

Dy {22022, 2072 )

ln(g) +1In (w) =1In(p(r1,72))
= F(M(r1,r2)).

Thus, the contractive condition (3.2) is satisfied for all r1,7 € M. Hence, all
the hypotheses of the Theorem 3.3 are satisfied, note that (S, T") have a unique
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common fixed point 7 = 0. As we have seen in Example 2.8, T is not a F-
contraction in (M, d) and consequently we can not apply Theorem 2.2.

Corollary 3.5. Let (M,p) be a complete partial metric space and T : M — M
be a mapping such that

(1) T is a continuous mapping,
(2) T is an improved F-contraction of rational type.

Then T has a unique fized point v in M such that p(v,v) = 0.

Proof. Setting S =T in Theorem 3.3, we obtain required result. O

Remark 3.6. If we set N(r1,7r9) = max {p(r1,7r2),p(r1,T(r1)),p(r2,T(r2))} in
inequality (3.1), Corollary 3.5 remains true. Similarly, by setting

M(ry,r2) = max {p(ri,r2), p(r1, T(r1)), p(r2, S(r2))}

in inequality (3.2), Theorem 3.3 remains true.

4. APPLICATION OF THEOREM 3.3

In this part of paper, we shall apply Theorem 3.3 to show the existence
of common solution of the system of Volterra type integral equations. Such
system is given by the following equations.

(4.1) ut) = 10+ [ Kaltsuls)ids
0

(4.2) w(t) = f)+ [ Ju(t,s,w(s))ds,

o

for all t € [0,a], and a > 0. We shall show, by using Theorem 3.3, that the
solution of integral equations (4.1) and (4.2) exists. Let C([0, a], R) be the space
of all continuous functions defined on [0, a]. For u € C([0, a], R), define sup norm

as: ||ull; = sup {u(t)e"T'}, where 7 > 0. Let C([0,al,R) be endowed with
te(0,a]
the partial metric

43)  pr(u,v) = dr(u,0) +cn = sup. [ u(t) = v@®)]e™ ™ - +cn
te[0,a

for all u,v € C([0,a],R) and {c,} is a sequence of positive real numbers such
that lim, o ¢, = 0. Obviously, C([0,al],R, || - ||+) is a Banach space.

Now we prove the following theorem to ensure the existence of solution of
system of integral equations.
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Theorem 4.1. Assume the following conditions are satisfied.

(i) Kn,Jn :]0,a] X [0,a] x R — R and f,g:[0,a] — R are continuous.

(ii) Define

Sut) = £0)+ [ Kaltisuls)ds,
0

Tu(t) = f(t)Jr/Jn(t,s,u(s))ds,
0

and when n — oo there exists 7 > 1 such that
|Kn(t7 S, u) - J’ﬂ(ta S, U)| § TeiT[M(ua ’U)]
for all ¢, s € [0, a] and u,v € C([0, a],R), where
p(u(t), Su(t))p(v(t), Tv(t))
p(u(t),v(t)),

o 1+ p(u(t), v(t))
M(u,v) = p(u(t),Su(t))p(v(tLTg(t))

1+ p(Su(t), Tv(t))

)

Then the system of integral equations given in (4.1) and (4.2) has a solution.

Proof. Following assumption (ii), we have

p(Su(t), Tv(t)) d(Su(t), Tv(t)) + cn

- /|Kn(t,s,u(s)—Jn(t,s,v(s)))|ds+cn

< Te T ([M(u,v)]e”"%)e"*ds (by taking limit n — oo)
0
¢
< Te 7| M(u,v)|-e7ds
0
¢
< TB_THM(U,’U)HT/eTSdS
0
—27 1 Tt
< 1e” T ||M(u,v)||r—e
T
< e T |IM(u, )| et

This implies

p(Su(t), Tv(t))e™ ™ < e [M(u,v)|,
That is

Ip(Su(®), To(®)], < e [IM(u, v)[|,
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and consequently,

7+ In [[p(Su(t), To(®))|~ < In|[M(u, v)|-.

So conditions of Theorem 3.3 are satisfied. Hence the system of integral equa-
tions given in (4.1) and (4.2) have a unique common solution. O

ACKNOWLEDGEMENTS. The authors sincerely thank the learned referees for
a careful reading and thoughtful comments. The present version of the paper
owes much to the precise and kind remarks of anonymous referees.

[1]
2]
[3]

[4]

5

6

[7]
(8]
[9]

(10]

(11]

(12]

(13]

REFERENCES

M. Abbas, T. Nazir and S. Romaguera, Fixed point results for generalized cyclic con-
traction mappings in partial metric spaces, RACSAM 106 (2012), 287-297.

T. Abdeljawad, E. Karapinar and K. Tas, Existence and uniqueness of a common fixed
point on partial metric spaces, Appl. Math. Lett. 24 (2011), 1900-1904.

I. Altun, F. Sola and H. Simsek, Generalized contractions on partial metric spaces,
Topology Appl. 157 (2010), 2778-2785.

I. Altun and S. Romaguera. Characterizations of partial metric completeness in terms
of weakly contractive mappings having fixed point, Applicable Analysis and Discrete
Mathematics 6, no. 2 (2012), 247-256.

M. Arshad, A. Hussain and M. Nazam, Some fixed point results for multivalued F-
contraction on closed ball, Func. Anal.-TMA 2 (2016), 69-80

S. Chandok, Some fixed point theorems for (o, 3)-admissible Geraghty type contractive
mappings and related results, Math. Sci. 9 (2015), 127-135.

S. H. Cho, S. Bae and E. Karapinar Fixed point theorems for a-Geraghty contraction
type maps in metric spaces, Fixed Point Theory Appl. 2013, 2013:329.

M. Cosentino and P. Vetro, Fixed point results for F-contractive mappings of Hardy-
Rogers-Type, Filomat 28, no. 4 (2014), 715-722.

A. Hussain, M. Nazam and M. Arshad, Connection of Ciric type F-contraction involving
fixed point on closed ball, GU J. Sci. 30, no. 1 (2017), 283-291.

A. Hussain, H. F. Ahmad, M. Nazam and M. Arshad, New type of multivalued F-
contraction involving fixed points on closed ball, J. Math. Computer Sci. 10 (2017),
246-254.

S. G. Matthews, Partial metric topology, in: Proceedings of the 11** Summer Conference
on General Topology and Applications, Vol. 728, pp.183-197, The New York Academy
of Sciences, August, 1995.

M. Nazam, M. Arshad and C. Park Fixed point theorems for improved a-Geraghty
contractions in partial metric spaces, J. Nonlinear Sci. Appl. 9 (2016), 4436-4449.

D. Wardowski, Fixed point theory of a new type of contractive mappings in complete
metric spaces, Fixed Point Theory Appl. (2012) Article ID 94.

© AGT, UPV, 2017 Appl. Gen. Topol. 18, no. 2 287



