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FIXED-POINT THEOREMS FOR INTEGRAL-TYPE CONTRACTIONS
ON PARTIAL METRIC SPACES

TEOPEMM IIPO HEPYXOMY TOYKY IS CTUCKIB
IHTEI'PAJIBHOI'O TUITY HA YACTUHHUX METPUYHHUX ITPOCTOPAX

We present some fixed-point results for single-valued mappings on partial metric spaces satisfying a contractive condition
of integral type.

HaBeneHo fesKki TEOpeMH IO HEPYXOMY TOUKY Ul OAHO3HAYHHX BifOOpakeHb Ha YACTHHHUX METPHYHUX MPOCTOpax, II0
3a/I0BOJIBHSIIOTH YMOBY CTHCKY IHTEIPaJbHOTO BUIVISTY.

1. Introduction and preliminaries. The Banach contraction mapping principle is one of the
pivotal results of analysis. It is widely considered as the source of metric fixed-point theory and its
significance lies in its vast applicability in a number of branches of mathematics. There are a lot of
generalization of Banach contraction mapping principle in the literature. One of the most important
and interesting generalization of it was given by Branciari [1]. He obtained the existence of fixed
points for mappings f: X — X defined on a complete metric space (X, d) satisfying contractive
condition of integral type as follows:

p(t)dt < c / (t)dt,
0 0

where ¢ € [0,1) and ¢: [0, +00) — [0, +00) is a Lebesgue-integrable mapping which is summable
€
on each compact subset of [0, +00), nonnegative and such that for each ¢ > 0, (t)dt > 0.

After that in [2], the author proved two fixed-point theorems involving more ?general contractive
condition of integral type.

Recently, there is a trend to weaken the requirement on the contraction by considering metric
spaces endowed with partial order. In [3, 4] the Banach contraction principle was discussed in a
metric space endowed with partial order. Also, existence of fixed point in partially ordered sets has
been considered recently in [S—15]. The study on the existence of fixed points for single-valued
increasing operators is successful, the results obtained are widely used to investigate the existence
of solutions to the ordinary and partial differential equations (see [9, 12]). Recently Bhaskar and
Lakshmikantham [6], Nieto and Lopez [3, 14], Lakshmikantham and Ciric [13], Ran and Reurings
[4] and Agarwal, EI-Gebeily and O’Regan [5] presented some new results for contraction in partially
ordered metric spaces. Bhaskar and Lakshmikantham [6] noted that their theorem can be used to
investigate a large class of problems and have discussed the existence and uniqueness of solution for
a periodic boundary-value problem.

On the other hand, after the definitions of partial metric space by Matthews [16], fixed-point
theory on this interesting space is rapidly developed. For example in [16—24], the authors presented
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some fixed-point theorems for generalized contractive type mappings on partial metric spaces. Then,
Altun and Erduran [25] gave some fixed-point theorems on ordered partial metric spaces.

In this paper, we give fixed-point theorems for mappings satisfying a general contractive condition
of integral type on ordered partial metric spaces.

First, we recall some definitions and properties of partial metric space. Further detailed informa-
tion about partial metric spaces can be found in [16-19].

A partial metric on a nonempty set X is a function P: X x X — R™ such that forall z,y,2 € X:

(p) v =y & Plx,z) =Py =Py,y),

(pQ) P(JI,$) < P(l}y),

(p3) P(x,y) = P(y,x),

(pa) P(x,y) < P(x,2) + P(z,y) — P(z 2).

A partial metric space is a pair (X, P) such that X is a nonempty set and P is a partial metric
on X. It is clear that, if P(x,y) = 0, then from (p1) and (p2) x = y. Butif = y, P(x, y) may not
be 0. A basic example of a partial metric space is the pair (R™, P), where P(z,y) = max{x,y} for
all z,y € RT. Other examples of partial metric spaces which are interesting from a computational
point of view may be found in [16].

Each partial metric P on X generates a T topology 7p on X which has as a base the family of
open P-balls {By(z,€): z € X,e > 0}, where By(z,¢) = {y € X: P(z,y) < P(x,z) + €} for all
x € X and € > 0.

If P is a partial metric on X, then the function P%: X x X — R* given by

P(z,y) = 2P(x,y) — P(z,z) — P(y,y)

is a metric on X.

Let (X, P) be a partial metric space. Then:

a sequence {x,} in a partial metric space (X, P) converges to a point z € X if and only if
Pz, z) = limy—00 Pz, xp);

a sequence {x,} in a partial metric space (X, P) is called a Cauchy sequence if there exists (and
is finite) limy, y—00 P(n, Tm);

a partial metric space (X,P) is said to be complete if every Cauchy sequence {z,} in X
converges, with respect to 7, to a point € X such that P(x, z) = lim,, ;00 P(Zn, Tm);

amapping f: X — X is said to be continuous at zg € X, if for every € > 0, there exists § > 0
such that F'(B)(xo,0)) C By(F'zo,€).

Lemma 1. Let (X, P) be a partial metric space.

(1) {zyn} is a Cauchy sequence in (X, P) if and only if it is a Cauchy sequence in the metric
space (X, P?).

(2) A partial metric space (X, P) is complete if and only if the metric space (X, P*) is complete.
Furthermore, lim,,_,o P*(xn,x) = 0 if and only if

P(z,z) = lim P(zp,z) = lLm P(zp,xm).

n—oo n,Mm—00
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Now, we give some notations, which will be used in this paper. Let ¢ : [0, +00) — [0, +00) and
¥ [0,400) — [0, 4+00) be two functions. For convenience, we consider the following properties of
these functions:

(¢1) ¢ is nonincreasing on [0, 00);

(p2)  is Lebesgue integrable;

(p3) for each € > 0, / @(t)dt > 0.
0

and

(1) % is nondecreasing on [0, +00);

(12) ZZO_I " (t) < oo for each t > 0.

Denote by @ the family of all functions ¢ : [0, +00) — [0, +00) satisfying (¢1), (¢2) and denote
by U the family of all functions v : [0, +00) — [0, +00) satisfying (1), (1)2). Note that ¥ is called
the family of (c)-comparison functions in the literature and if ¢» € W, then we have 1 (t) < t for
each t > 0.

2. Main results. Let (X, <) be a partially ordered set and 7': X — X be a mapping, then T is
said to be nondecreasing if x,y € X with x < y implies T'x < T'y and T is said to be nondecreasing
if z,y € X with x <y implies Ty < T'x.

Theorem 1. Let (X, <) be a partially ordered set and suppose that there is a partial metric P
on X such that (X, P) is a complete partial metric space. Suppose T': X — X is a continuous and
nondecreasing mapping such that

P(Tz,Ty) M(zy)
o(t)dt < / (1)t (1)
0 0

forall x,y € X with x <y, where p € &, Y € VU, and

M (z,y) := max {P(x, y), P(z,Tz), Py, Ty), [P(x,Ty) + P(y, Tx)] } '

2

If there exists an o € X with xo < Txg, then there exists x € X such that P(x,Tz) = 0, in
particular, x = Tx and P(z,x) = 0.

Proof. Letx, =Tx,_1 forn=1,2,.... Suppose that x,,.; = x,, for some n. Then x,, = Tz,
and x,, is a fixed point, therefore the proof is finished. Now, assume that x,, # x,1 for all n. Since
xg < Txg and T is a nondecreasing mapping, we obtain by induction that

0<T1 L2 ... <2, <xpt1 <o

From (1) and, as the elements x,, and x,,; are comparable, we get

P(Tn,Tn+1) P(Txn—1,Txn) M(xp—1,Tn)
oa= [ ewa<e| [ e, @
0 0 0

where

M(xn—la xn) = max {,P(xn—lv xn)7lp(xn—1a xn)77)(xn; xn+1)7 [P(l‘n—lufﬁn-i-l) + P(.’En,xn)] }’

2
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and, as
P(zn—1,Tnt1) + PTn, Tn) < P(zn—1,2n) + P(Tn, Tni1) <
2 - 2 -
< maX{P(fon*l’ xn)a P(xTn anrl)}v
we obtain
M(afn—l? mn) = maX{P(a:n, $n—1)7 ,P(l’na xn—&—l)}‘
Now, if
HlaX{P(:En, mnfl)a P(-Tn, $n+1)} = P(l’n, xn+1),
for some n, then using (2), (¢3) and the condition P(xy,, Z,+1) > 0, we have
P(Tn,Tnt1) P(Tn,Tnt1) P(Tn,Tnt1)
owar<ul [ )< [ e
0 0 0

that is a contradiction. Thus
M(xp—1,x,) = max{P(xp, xn-1), P(¥n, Tn+1)} = P(xn,zp—1) forall n.

Then taking into account (2) and (v1), we get

,P(xnzx'rH»l) ,P(anl,xn)
p(t)dt < / p(t)dt | < ... <y"™(d),
0 0
where
P(x0,x1)

d:= / o(t)dt.
0

829

3)

In what follows we will show that {z,,} is a Cauchy sequence in the metric space (X,P?). By

definition of P* we have
’Ps(xny ‘Tn—l—l) = 2P($n, wn-{—l) - P(l’n, xn) - P(xn-i-la wn—i—l) < 277(557“ xn-l—l)
or, equivalently,
1 S
?P (xmxn—i-l) < P(xm Tpy1)-

Let m,n € N, m > n. Then using the triangle inequality and (4)
1 1 m—1 m—1

S P (@, om) < 5 Z P (@, Tig1) < Z P(xi Tit1)-
1=n =n

Since ¢ is nonincreasing we obtain
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a+b a b
/ p(t)dt < /cp(t)dt + [ o(t)dt forall a,b>0.
0 0 0
Now, we can get
%Ps(l’nvl’M) Z?;Ll P(xi,wiy1) m—1 P(xixit1)
/ p(t)dt < / p(tydt < / p(t)dt. (5)
0 0 i=n 9
Using (3) and (5),
%Ps(xn,:cm) m—1 00
[ etnar< S v < 3w
0 i=n =n

o0 .
By the convergence of the series Z 1W(al), passing to the limit as n,m — oo, we have
1=

1/2P*% (xn,xm)
/ ©(t)dt — 0. Using condition (y3), it follows that P*(zy,, x,,) — 0, that is, {z,,} is
0

a Cauchy sequence in the metric space (X, P?). Since (X, P) is complete, by Lemma 1, (X, P?) is
complete and the sequence {x,} is convergent in X, say lim,_,o, P*(xy,2z) = 0. From Lemma 1,
we get
P(z,z) = nl;rglo P(zp,z) = mlTiLIEOOP(xn,xm).

Now we show that P(z, T'z) = 0. Suppose P(x,T'z) > 0. Since 1" is continuous, then given € > 0,
there exists § > 0 such that T'(B,(x,d)) C B,(Tx,€). Since P(x,z) = limy, o0 P(2y, ), then
there exists & € N such that P(x,,, ) < P(z,z)+¢ forall n > k. Therefore, we have z,, € By(x,0)
for all n > k. Thus Tz, € T(By(x,0)) C By(Tx,¢€) and so P(Txy, Tx) < P(Txz,Tx)+ € for all
n > k. This shows that lim, o P(zp+1,Tx) = P(Tx,Tx). Then we have

P(«T, Tx) < P($7 xn-}—l) + ,P(xn—&-la T.T) - P(Q;n_i,_h xn-l—l)?

and letting n — oo, we get
Pz, Tx) < P(Tz,Tx).

Now, by using inequality (1) and (y3) and (¢)2) we obtain

P(z,Tx) P(Tz,Tx)
/go(t)dtg / o(t)dt <
0 0
M(z,z)
<ol [ o] -
0
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P(z,Tx) Pz, Tx)
—o| [ ewar|< [ e
0 0

that is a contradiction. Thus P(z,Tz) = 0.

Theorem 1 is proved.

In what follows we will prove a variant of Theorem 1, where we will use the following properties
of the space X instead of the continuity of 7'

(Hy) if {z,,} is a nondecreasing sequence in X such that P(z,z) = lim, o P(x,zy), then
x, <z forall n € N.

Theorem 2. Let (X, <) be a partially ordered set and suppose P is a partial metric on X such
that (X, P) is a complete partial metric space. Assume that X satisfies (Hy). Let T: X — X be a
nondecreasing mapping such that

P(Tz,Ty) M (z,y)
| ewi<o| [ e (©)
0 0

forall x,y € X with x <y, where o € ®, ¥ € VU, and

M (z,y) := max {P(x, y),P(x,Tx),P(y, Ty), [P, Ty) —;—P(y, Tz)l } )
If there exists an x¢ € X with xoy < Txq, then there exists x € X such that P(x,Tx) = P(z,x).

Remark 1. For the point x, which is the limit of iterative sequence of {x,}, in Theorem 2, if
P(x,z) = 0, then z is a fixed point of 7. We know that the condition P(z,z) = 0 is not strong. For
example, if (X, P) is a 0-complete partial metric space, then P(z, x) = 0, because x is the limit of
iterative sequence of {x,}. We can find some detailed information about 0-complete partial metric
space in [23]. If (X, P) is an ordinary metric, then P(x,z) = 0 is also satisfied.

Proof. Following the proof of Theorem 1 we only have to check that P(z,Tx) = P(x,x).
Suppose that P(xz,Tx) > P(x,x), as P(x,x) = lim, o0 P(xn, ) = lim, o0 P(Zn, Tni1), there
exists k € N such that

P(x,Tz) —P(x,z) Pz, Tx)+ Pz, x)

P(xn,x) < Plz,x) + 5 = 5

and

P(z,Tx) + Pz, x)
2

P(.%’n, $n+1) <

for all n > k. Then for n > k we have
1
5[7)(1‘, Tzy) + Plap, Tz)] <

< [P(xvxn+1) + P(l’n,l‘) + P(JJ, TJ}) - P(l‘,$)] < P(ZL‘,TZL‘).

N | —

Now from (H;), we get z,, < x for all n € N and so we can use the inequality (6). Therefore, for
n > k we obtain
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P(Tz,znt+1) P(Tz,Txn) M(z,zn)
o= [ etar<e| [ e, )
0 0 0

where
1
M (z,x,) = max {79(95, zn), P(x,Tx), P(zn, TTyp), 5[77(30, Txy) + P(zn, Tav)]} =Pz, Tx).

Therefore from (7) we get

P(T'z,xn+1) P(z,Tx)
p(t)dt < o / p(t)dt | ®)
0 0

On the other hand
P(z,Tz) < lim P(x,xp41) + im P(xpir, Tx) — Im P(xpi1, Tnyr1) =

= nh_)rglo P(xps1,Tx).

Therefore by (8) and v (t) < ¢, we have

P(z,Tx) P(Tz,xn+1)
p(t)dt < lim / syt | <
0 0
P(e,Tx) P(x,Tz)
<ol [ i< [ e
0 0

that is a contradiction. Thus P(x,Tz) = P(z, ).

Theorem 2 is proved.

Remark 2. 1f X is a totally ordered set in Theorem 1, then the fixed point of 7" is unique.

Suppose that there exist z,y € X which are two fixed points of 7. Since X is totally ordered
set, then z is comparable to y, and so Tz = z is comparable to 7"y = y for all n € N. Therefore
from (1) we get P(z,y) = 0 since M (y, z) = P(z,y).

Remark 3. In the following theorem we present parallel results to Theorems 1 and 2 for nonin-
creasing functions.

Theorem 3. Let (X, <) be a partially ordered set and suppose that there is a partial metric P
on X such that (X, P) is a complete partial metric space. Suppose T': X — X is a nonincreasing
mapping such that

P(Tz,Ty) M (z,y)
p(t)dt < ¢ / ()t
0 0

forall x,y € X with x <y, where p € &, Y € VU, and
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M(z,y) = max {P(x, V), P2, T), Py, Ty), L& 1Y) =Py, To) } ‘

2

If T is continuous and there exists xo € X with xq < Txq, then T has a fixed point.

Proof. 1f Txy = xq then the existence of a fixed point is proved. Suppose that ¢y # Tz, by our
assumption 7" 2y and Tz are comparable, for every n = 0, 1,2, .... Using the same argument
that in Theorem 1 we prove that {7z} is convergent to certain = € X and by the continuity of 7T,
we see that x is fixed point of 7.

Theorem 3 is proved.

We can consider the following condition instead of the continuity of 7" in Theorem 3:

(Hp) if {z,,} is a sequence in X whose consecutive terms are comparable and such that P(z, x) =
= lim, o P(x,xy), then there exists a subsequences {z,,} of {x,} such that every term is
comparable to x for all n € N.

Remark 4. Suppose that all conditions of Theorem 3 are satisfied except for the continuity of 7.
If the condition (Hy) hold, then there exists x € X such that P(x,T'z) = P(z, x).
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