Chapter 7 )
On Fixed Points That Belong to the Zero oo
Set of a Certain Function

Let T : X — X be a given mapping. The set Fix(7T') is said to be g-admissible
with respect to a certain mapping ¢ : X — [0, 00), if ¥ # Fix(T') € Z,,, where Z,,
denotes the zero set of ¢, i.e., Z, = {x € X : ¢(x) = 0}. In this chapter, we present
the class of extended simulation functions recently introduced by Roldan and Samet
[13], which is more large than the class of simulation functions, introduced by
Khojasteh et al. [8]. We obtain a ¢-admissibility result involving extended simu-
lation functions, for a new class of mappings 7 : X — X, with respect to a lower
semi-continuous function ¢ : X — [0, 0o), where X is a set equipped with a cer-
tain metric d. From the obtained results, some fixed point theorems in partial metric
spaces are derived, including Matthews fixed point theorem [9]. Moreover, we answer
to three open problems posed by Ioan A. Rus in [16]. The main references for this
chapter are the papers [7, 13, 17].

7.1 Partial Metric Spaces

In 1994, Matthews [9] introduced the concept of partial metric spaces as a part of
the study of denotational semantics of dataflow networks and showed that Banach
contraction principle can be generalized to the partial metric context for applications
in program verification. Later on, many authors studied fixed point theorems on
partial metric spaces (see, e.g., [1, 2, 5, 6, 10, 11, 14, 15, 18, 19] and references
therein).

We start this section by recalling some basic definitions and properties of partial
metric spaces (see [9] for more details).

Definition 7.1 A partial metric on a nonempty set X is a mapping p : X x X —
[0, co) satisfying the following axioms: For all x, y, z € X, we have

@) px,x)=p(,y)=pk,y) = x =y,
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(i) p(x,x) < p(x,y);
(ii)) p(x,y) = p(y,x);
(iv) p(x,y) < p(x,2) + p(z,y) — p(z, 2).

In this case, the pair (X, p) is said to be a partial metric space.

Remark 7.1 1t is clear that, if p(x, y) =0, then x = y; but if x = y, p(x, y) may
not be 0.

Example 7.1 A basic example of a partial metric space is the pair ([0, 00), p), where
p(x,y) = max{x, y} for all x, y € [0, c0). Other examples of partial metric spaces
which are interesting from a computational point of view may be found in [9].

The next definitions generalize the metric space notions of convergent sequences
and Cauchy sequences to partial metric spaces.

Definition 7.2 A sequence {x,} of points in a partial metric space (X, p) converges
tox € X if

lim p(x,,x) = lim p(x,, x,) = p(x, x).
n— o0 n— o0

Definition 7.3 A sequence {x,} of points in a partial metric space (X, p) is Cauchy
if lim p(x,, x,) exists and is finite.
oo

m,n—

Definition 7.4 A partial metric space (X, p) is complete if every Cauchy sequence
converges.

The following result can be shown easily.

Lemma 7.1 Let X be a nonempty setand p : X x X — [0, 00) be a partial metric
on X. Letd, : X x X — [0, 00) be the mapping defined by

dp(x,y) =2p(x,y) — plx,x) — p(y,y), (x,y) € X xX.
Then d, is a metric on X.

Lemma 7.2 (see [10]) Let (X, p) be a partial metric space. Then

(i) {x,}is Cauchyin (X, p) ifand only if {x,} is Cauchy in the metric space (X, d).
(ii) The partial metric space (X, p) is complete if and only if the metric space (X, d,,)
is complete. Furthermore, lim d,(x,,x) = 0 if and only if
n—00

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

n—oo

In [9], Matthews obtained a partial metric version of Banach contraction principle
as follows.
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Theorem 7.1 (Matthews fixed point theorem) Let (X, p) be a complete partial met-
ric space. Let T : X — X be a contraction; i.e., there exists some constantk € (0, 1)
such that

p(Tx, Ty) <kp(x,y), (x,y)€ X xX. (7.1)

Then T has a unique fixed point x* € X. Moreover, we have p(x*, x*) = 0.

Under the assumptions of Theorem 7.1, we observe easily that
? # Fix(T) € Z,,

where Z, denotes the zero setof ¢ (x) = p(x, x). Apointx € X satisfying p(x, x) =
0 is called a total element (see [16]).

7.2 Three Open Questions of I.A. Rus

In [16], Ioan A. Rus presented three interesting open problems. Let (X, p) be a com-
plete partial metric space.

Problem 1If 7 : (X, p) — (X, p) is a contraction, which condition satisfies 7 with
respect to the metric d,,?

Problem 2 It consists to give fixed point theorems for these new classes of operators
on the metric space (X, d,).

Problem 3 Use the results for the above problems to give fixed point theorems in a
partial metric space.

The purpose of this chapter is to study the g-admissibility for a new class of
mappings T : X — X, with respect to a lower semi-continuous function ¢ : X —
[0, c0), where X is a set equipped with a certain metric d. Next, from the obtained
results, some fixed point theorems in partial metric spaces are derived, including
Matthews fixed point theorem [9]. This contribution presents answers to the above
problems of Ioan A. Rus.

7.3 The Class of Extended Simulation Functions

The class of simulation functions was introduced recently in [8] as follows.

Definition 7.5 Let ¢ : [0, 00) x [0, c0) — R be a given map. We say that ¢ is a
simulation function if it satisfies the following conditions:
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(¢1) £(0,0) =0;
(&) ¢(t,s) <s —t, foreveryt,s > 0;
(&3) For any sequences {t,}, {s,} C (0, co), we have

lim 7, = lim s, > 0 = limsup {(#,, s,) < 0.

n—00 n—00 n—>00

Several examples of simulation functions were given in [8]. Let us denote by 2
the st of all simulation functions.

Definition 7.6 ([8]) Let T : X — X be a given map, where X is endowed with a
certain metric d. We say that 7 is a 2 -contraction with respect to a certain simulation
function ¢ € & if

;(d(T-x»Ty)$d(x7y))20, (.X,y)EXXX.

The main result in [8] is the following fixed point theorem that generalizes and
unifies several previous fixed point results from the literature including Banach con-
traction principle.

Theorem 7.2 ([8]) Let T : X — X be a given map, where X is a set endowed with
a certain metric d such that (X, d) is complete. If T is a 2 -contraction with respect
to a certain simulation function { € %, then T has a unique fixed point. Moreover,
for any x € X, the Picard sequence {T"x} converges to this fixed point.

The following concept was introduced in [13].

Definition 7.7 An extended simulation function (for short, an e-simulation function)
is a function 6 : [0, o0) X [0, c0) — R satisfying the following axioms:

61) 0(t,s) <s —t,foreveryt,s > 0;

(6,) For any sequences {t,}, {s,} C (0, co), we have

lim t, = lim s, = ¢ € (0,00), s, > £, n € N= limsup6(t,, s,) <O0;
n—0o0

n—o00 n—00
(63) For any sequence {t,} C (0, 0co), we have

lim #, = € € [0, 00), O(ty, ) >0, n € N = ¢ = 0.

n—00o

Let us denote by &7 the set of all e-simulation functions. In the following, we
compare the set &7 with the set Z.

Proposition 7.1 Every simulation function is an e-simulation function.

Proof Let¢ : [0, 00) x [0, co) — R be a simulation function. We have just to prove
that the function ¢ satisfies axiom (63). Let {z,} C (0, 00) be a sequence converging
to £ > 0, and such that
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£(ty,€) >0, neNlN. (7.2)
Suppose that £ > 0. Let us consider the sequence {s,} C (0, co) given by
s, =€, neN.
Using axiom (¢3), we obtain

limsup ¢ (t,, £) = limsup ¢ (t,, s,) <O,

n—00 n—00

which is a contradiction with (7.2). Therefore, £ = 0, and (63) holds.
The converse of Proposition 7.1 is not true as it is shown by the following example.
Example 7.2 Let us consider the function 6 : [0, 00) x [0, c0) — R defined by

1—1¢ if s =0,
o(t,s) =
——t if s > 0.
2
At first, observe that 0 ¢ 2. In fact, 6(0, 0) = 1 # 0, so axiom (¢;) is not satisfied.
Let us prove now that 6 € &. Forall 7, s > 0, we have
s

O(I,s)zz—t<s—t,

which yields (6;). Let {z,} and {s,} be two sequences in (0, co) such that

lim ¢, = lim 5, = ¢ € (0, 00).

n—o00

We have s
O(t,, sp) = 5 —t,, neN.

Therefore,

L
limsup 6(t,, s,) = —5 <0,

n—o0o

which proves (6,). Finally, let {t,} be a sequence in (0, co) that converges to some
£ > 0, and such that
0(,,2) >0, neN.

Suppose that £ > 0. Then

£
Q(tn,ﬁ)=§—t,120, I’lGN,
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ie.,

I =

, neN,

NSRS

Passing to the limit as n — oo, we obtain

NSRS

¢<

’

which is a contradiction with £ > 0. Therefore, £ = 0, and (65) follows. As a conse-
quence, 0 € &7.

For technical reasons, it is convenient to point that if we had considered the closed
interval [0, co) in Definition 7.7, then we would have obtained the same notion. The
following result shows this fact.

Proposition 7.2 Givenafunction6 : [0, 00) x [0, 00) — R, condition (0,) is equiv-
alent to:

(05) For any sequences {t,}, {s,} C [0, 00), we have

lim #, = lim s, =€ € (0,00), 5, > ¢, n € N= limsup0(t,, s,) <O.

n—00 n—00 n—00

Furthermore, property (63) is equivalent to:

(05) For any sequence {t,} C [0, 00), we have

lim ¢, =€ €[0,00), 6(t,,£) >0, n e N= ¢ =0.

n— 00

Proof Clearly, we have (;) = (6,). Let us prove the converse. Suppose that (6,)
holds. Let {#,} and {s,} be two sequences in [0, co) such that

lim ¢, = lim 5, = £ € (0,00), 5, > £, n € N.
n— o0 n— o0

Since £ > 0, there exists some N € N such that
t,>0,s5,>0, n>N-+1.
Let us define the sequences {7, } and {S,} by
Ly=T)=---=Ty=1,T,=t,, n>N+1

and
So=8=---=8Sv=L+1,S8,=s5,, n >N+ 1.

Then {7,} and {S,,} are two sequences in (0, co) converging to £ € (0, co) with
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S, >4, nelN.
By (6,), we obtain

limsup 6(t,, s,) = limsup6(7,, S,) < 0,

n—oo n—oo

from which (65) follows. On the other hand, the implication (6;) = (63) is obvious.
Let us prove the converse. Suppose that (65) holds true. Let {#,} be a sequence in
[0, o0) converging to some £ > 0, and such that

0(t,,£) >0, neN.

We have to prove that £ = 0. Suppose that £ > 0. Then there exists some N € N
such that
t, >0, n>N+1.

Define the sequence {7, } by
Iy=T=---=Ty=tyy1, T, =t,,n 2 N +2.
Then {7} is a sequence in (0, co) converging to £, and such that
0(T,,¢) >0, neN.

By (63), we obtain £ = 0, which is a contradiction. Therefore, £ = 0, and (65) follows.

Remark 7.2 Properties (6,) and (63) are easier to prove when we want to check that
a given function is an e-simulation function. However, conditions (0}) and (6;) are
useful when we assume that a given function is an e-simulation function.

Let ¥ be the set of functions v : [0, 0c0) — [0, co) satisfying the following con-
ditions:

(Y1) ¥ is upper semi-continuous from the right;

Y2) ¥(@) <t,1>0.
Lemma 7.3 Given ¢ € ¥, let 6y : [0, 00) x [0, 00) — R be the function given by

Oy(t,s) =v(s)—t, t,s>0. (7.3)

Then 6y, is an e-simulation function.

Proof Let us check axiom (0)). For all ¢, s > 0, from property (¢,), we have
Out,s) =y(s)—t <s—t,

which proves (6)). Let us consider two sequences {t,} and {s, } in (0, oo) such that
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lim ¢, = lim 5, = £ € (0,00), 5, > £, n € N.

n— 00

We have
ew(tnvsn):w(sn)_tm neN.

Since from (), the function ¥ is upper semi-continuous form the right, we have

Y (€) = limsup ¥/ (s,),

n—o0o

which implies from (y,) that

lim sup Oy (#,, s») < ¥ (€) — € < 0.

n— 00

Therefore, (6,) holds. Finally, we have to check axiom (63). Let {z,} be a sequence
in (0, co) such that

lim 1, = £ € [0, 00), 6y (t,, £) > 0, n € N.

n— 00

Suppose that £ > 0. We have
v)—1t,>0, neN.
Passing to the limit as n — 0o, we obtain
) = L.
On the other hand, from (vr,), we have
vl < ¢,

which is a contradiction. Then £ = 0, and (63) holds. As a consequence, 6, is an
e-simulation function.

Remark 7.3 In general, if € ¥, 0y is not a simulation function. This fact can be
shown by Example 7.2 with

1 if s=0,
Vi) =19
5 if s>0.

However, if i is upper semi-continuous (rather than upper semi-continuous from
the right), then we can modify 6, to transform it in a simulation function. The next
result shows this fact.
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Proposition 7.3 If Y € W, then the function 97,, : [0, o0) x [0, 00) — R given by
0ift=s5=0,
Qw (t,s) =

W (s) — t otherwise

is an e-simulation function. Furthermore, if € ¥ is upper semi-continuous, then
Oy is a simulation function.

Proof Let us prove first that 97,, is an e-simulation function. For all ¢, s > 0, we have
Oy(t,s) =Y(s)—t <s—1,
which yields (6;). Let us consider two sequences {z,} and {s, } in (0, co0) such that

lim t, = lim s, = £ € (0,00), s, > £, n € N.
n—oQ n—0oQ

Then ~
lim sup 0y, (., 5,) = limsup ¥ (s,) — € < Y (£) — £ < O.

n—oo n—oo

Therefore, (6,) holds. Finally, let {#,} be a sequence in (0, co) such that
lim 7, = € € [0, ). 0y (t,,€) = 0, n € N,
Suppose that £ > 0. Then
Oy (1, €) = Y(0) —1, >0, neN.
Passing to the limit as n — oo, and using axiom (y,), we obtain
L=y <,

which is a contradiction. Then ¢ = 0, and (63) follows. As a consequence, @/, is an
e-simulation function.

Suppose now that ¢ € ¢ is upper semi-continuous. Let us prove that 9:;, is a
simulation function. Observe that

64(0,0) =0,

which yields (¢;). Axiom (&) follows from the fact that 9:; is an e-simulation function.
Axiom (¢3) follows by using point by point the proof of (6,), and using the upper
semi-continuity of . Therefore, under the upper semi-continuity of ¥ € ¥, é:/, isa
simulation function.
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Remark 7.4 By (6y), if 6 is an e-simulation function, then

O(r,r) <0, r>0.

7.4 ¢@-Admissibility Results

The concept of p-admissibility was introduced recently by Karapinar, Samet, and
O’Regan in [7].

Definition 7.8 Let 7 : X — X be a given mapping. The set Fix(7') is said to be
@-admissible with respect to a certain mapping ¢ : X — [0, 00), if

? # Fix(T) € Z,,
where Z, denotes the zero set of ¢, i.e.,
Zo={xeX:pkx)=0)}.
Let .Z be the set of functions F : [0, 00)> — [0, 00) satisfying the following

axioms:

(Fy) max{a, b} < F(a, b, c), forevery a, b, c > 0;
(F,) F(a,0,0) =a, foreverya > 0;
(F3) F is continuous.

The set .# is nonempty. For instance, the following functions belong to .7#:

F(a,b,c)=a+b+c,

F(a,b,c) = max{a, b} +In(c + 1),
F(a,b,c)=a+b+c(c+1),
F(a,b,c) = (a+ b)ec,
F(a,b,c)=(@+b)(c+1)", neN.

Let (X, d) be a metric space, ¢ : X — [0, 00), F € %, and 6 € &7. We denote
by 7 (¢, F, 0) the set of mappings T : X — X satisfying

O(Fd(Tx,Ty), p(Tx), o(Ty)), Mp(x,y)) =0, (x,y) € X x X, (7.4)
where

My (x,y) =max {F(d(x,y), p(x), ¢(y)), F(d(x, Tx), p(x), (T x)),
Fd(y,Ty), o(y), o(Ty))}. (7.5)

The main result of this chapter is the following one.
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Theorem 7.3 Let (X, d) be a complete metric space. Let T : X — X be a mapping
that belongs to 7 (¢, F, 0), for some ¢ : X — [0,00), F € F,and 0 € &. If ¢ is
lower semi-continuous, then

(i) Forevery x € X, the sequence {T"x} converges to a fixed point of T .
(ii) T has a unique fixed point.
(iii) Fix(T) is p-admissible.

Proof First of all, we show that Fix(T') C Z,,. Indeed, let w € Fix(T). Since

M} (o, w) = max {F(d(w, w), p(0), 9()), F(d(@, To), p(®), p(Tw)),
F(d(o, Tw), p(o), p(Tw))}
= max {F(0, p(w), p(w)), F(0, p(®), p(0)), F (O, p(w), p(w))}
= F(0, p(w), p(w)),

then (7.4) guarantees that

0 <6(F(d(Tw, To), p(Tw), p(Tw)), M{ (0, »))
=0(F (0, ¢(w), p()), F 0, (), p())).
By Remark 7.4, we deduce that
F(0, p(®), p(w)) = 0.
It follows from condition (F;) that
0 = p(w) = max {0, p(w)} = F(0, p(w), p(w)) =0,
which means that ¢(w) = 0, and w € Z,,. Therefore, Fix(T) C Z,.
Next, let us prove (i). Let xo € X be an arbitrary point and let {x, } be the Picard

sequence defined by

x, =T"xg, neN.

If there exists some np € N such that x,,, = x,,+1, then x,, is a fixed point of T (and
{x,} converges to x,,). On the contrary case, suppose that

d(x,, x,41) >0, neNlN.

If there exists some m( € N such that F (d (X, Xmg+1), @ (Xmg)s @ (Xmy+1)) = 0, then
we could deduce from condition (F}) that

O < d(-xmm -xngrl) S max {d(-xmm xm()Jrl)v (p(-xmg)}

=< F(d(xmoa xl110+1)ﬂ (p(xmo)» 90(Xm0+1)) = 0,
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which is impossible. Hence,
F(d(xp, Xp11), 9(Xn), (xn41)) >0, n €N.
For simplicity, let us denote
an = F(d(xp, Xp11), 9 (xn), (xp11)) >0, neN.

Notice that, forall n € N,

MY (xp, Xpg1) = max {F(d(xn, Xn41). 9(Xn), @ (K1), F(dGen, Txn), 9(xn), 9(Txn)),
F(d g1 Txp1), @(n ) 9(Txp1) |

max { F(d(xn, Xp41), 9(Xn), @)y F(d(n, Xy 1), 9n), 9(ng1)),
F(d (g1, %n42), @(Xn41), 9 (xn42)) }

max {an, an, a,,_H}

max {an, a,,_H} > 0.

Using (7.4) and property (62), we deduce that, for all n € N,

0 < 0(F@(Tx, Txus1), (T%), 9(TX041)), MY (i, 011))
= O(F(d(-xrﬁ-l B xn+2)7 (p(-xn-‘rl)a (p(xn+2))’ max {a”’ An+1 })
= 9(an+1, max {a,, an+1})

< max {an’ an-H} — Qp+1,

which means that @, < a,, for all n € N. As {a,} is a decreasing sequence of
nonnegative real numbers, it has a limit. Let

L = lim a, > 0.

n—00

As {a, } s strictly decreasing, then L < a,,foralln € N.In order to prove that L = 0,
suppose that L > 0. In such a case, we have

lim a, = lim b, =L,
n—oo n— o0
where a, = a,; and b, = max {a,, a,+1} = a,. Moreover, we have
L<b, neN.

Thus, condition (63) implies that

limsupé(a,, b)) <0,

n—00
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which contradicts the fact that

O(a,, b)) = G(a,H_l, max {an,a,H_l}) >0, neN.
This contradiction guarantees that

L= lim a, = im F(d(xy, Xp11), 9(Xn), @(Xn41)) = 0. (7.6)

n—o00 n—o00o

Furthermore, by condition (F}),

0 < ¢(xp) < max {d(xn, Xp41), 9(xn)} < Fd(xn, Xp41), 9(xXn), 9(xy41)) = an, and
0 <d(xp, xp41) < max {d(x}’lv Xp41), (p(xn)} < F(d(xn, Xp41), (xn), ¢(xp41)) = an,

for all n € N. So,
lim ¢(x,) = lim d(x,, x,+1) = 0. (7.7)

Next, we show that {x,} is a Cauchy sequence reasoning by contradiction. Sup-
pose that {x,} is not a Cauchy sequence in (X, d). In this case, it is well known
(see, for instance, [12, Lemma 16], [3, Lemma 13]) that there exist &y > 0 and two
subsequences {x, )} and {x,,()} of {x,} such that, for all k € N,

k<nk)<m(k) <ntk+1) and d(x,u), Xm@r)-1) < €0 < dXnikys Xmk)),
(7.8)
and also

im d(xu@), Xm@y) = im dXa@y 15 Xm@y+1) = €o- (7.9)
k—o00 k—o00
Let £ = g9 > 0 and let us define

a; = F(dXn@+1 Xm@+1)s Xny+1), @ (Xm@+1)), and
bl = My (Xnwys Xm(k))s

for all k € N. As F is continuous, it follows from (7.7), (7.9), and (F>,) that

lim a) = kimwF(d(xn<k)+1,xm(k)+1), OXn )+ PCm)+1)) = F (€0, 0,0) =g9 = L.

k— 00

On the other hand, for all k € N,

bl = MY (Xn(kys Xm(k))

= max { F(d (@), Xm())s @ Cn()) s @Xm))s FdCnieys TXni)s 9 Cnie)s 9(Txnr))),
F(d@mky> TXm(k))s € Em@))» 9T xm@iy)) |

= max { F(dXn)» Xm()> En()s @ Em@)))» FdXniy» Xny+1) @ Xnii)» @ Xn(iy+1))
F(dXm@kys Xmo+1)s @ Xm(i))» @ Gty +1)) } - (7.10)
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In particular, by (F}) and (7.8), for alln € N,

by = F(d(Xutys Xm()s @ Xniiy)s @ X)) = max {d ey Xme))s @ (nci) }
> d(Xn@y> Xmy) > € = 4. (7.11)

Letting k — oo in (7.10), we obtain

klim b; = max {F (g, 0,0), F(0,0,0), F(0,0,0)}

:F(Eo,0,0):{;‘o:g.

As a consequence, {a;'} and {b]} are sequences of positive real numbers converging
to the same positive limit £ satisfying

L<b, keN.
It follows from (63) that
limsup 6 (a;, b)) < 0. (7.12)
k— 00

However, (7.4) ensures us that, for all k € N,

0 < 0(F@(Txniys TXm@)s (T %)) s @(T X))y Mg Xnys Xmee))

< O(Fdngor1s Xm@o+1)s @ Engo1) s @Emir+1))s Mg Cniys Xm@e))

= 6(a;, by),
which contradicts (7.12). This contradiction guarantees that {x,} is a Cauchy
sequence in (X, d). As it is complete, there exists w € X such that {x,} — w. As ¢

is lower semi-continuous, we have

0 < ¢(w) <limsupg(x,) =0,

n—00

so ¢(w) =0, that is, @ € Z,. w is a fixed point of T reasoning by contradiction.
Suppose that d(w, Tw) > 0. Let us define

r=F(dw,Tw),0,¢p(Tw)),
ay' = F(d(xyi1, Tw), p(xn41), 9(Tw)) and b, = My (x,, ),

for all n € N. By (F}),
r=F(d(w, Tw),0,p(Tw)) > max{d(w, Tw),0} =d(w, Tw) > 0. (7.13)

As F is continuous,
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lim a," = lim F(d(n11, T), 9(xn11), 9(Tw) = F(d(@, Tw), 0, p(Tw)) =r.

n—00

On the other hand,

b)) = My(xy, @) = max {F(d(x,, ®), 9(x,), (@), F(d(xy, Txy), 9(x), (T X)),
Fld(, Tw), p(), p(Tw))}
= max {F(d(x,, w), p(x4), 0), F(d(xn, Xp11), 9 (xp), 9(Xn11)),
Fld(w, Tw), p(w), p(Tw))}.

Since F is continuous,

lim F(d(x,, w), ¢(x,),0) = F(0,0,0) =0,

nﬁféo F(d(xp, Xng1), (X)), @(x,41)) = F(0,0,0) = 0.
As a consequence, there exists ng € N such that
b’ =Fdw, Tw),0,p(Tw)) =r, n > ny.

In particular, {a)'},>n, C [0, 00) is a sequence converging to r > 0 and such that,
for all n > ny,

0 (a,/l”, r) =

0 (a), b)) =0 (Fd i1, To), 9(xni1), 9(Tw)), ME(xy, )
=0 (F(d(Tx,. Tw), p(Tx,). 9(Tw)), M{(x,, ) = 0,

by virtue of (7.4). Thus, condition (63) guarantees that » = 0, which contradicts
(7.13). This contradiction shows that d(w, Tw) = 0; that is, w is a fixed point of
T. In particular, Fix(7") is nonempty, so ¥ # Fix(T') € Z,, and the set Fix(T) is
p-admissible. Furthermore, we have just proved that every Picard sequence of T
converges to a fixed point of 7. Therefore, (i) and (iii) hold.

Finally, let us show that 7' has a unique fixed point. By contradiction, assume that
(x,y) € Fix(T) x Fix(T), with d(x, y) > 0. In such a case, taking into account that
Fix(T) € Z,, we derive that ¢ (x) = ¢(y) = 0. Furthermore, as

M7.(x,y) = max {F(d(x, ), (x), (), F(d(x, Tx), p(x), p(Tx)),
Fd(y,Ty), o(y), (Ty))}
=max {F(d(x, y),0,0), F(0,0,0), F(0,0,0)}
= F(d(x,y),0,0)
=d(x,y),

condition (7.4) yields
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Fd(Tx,Ty), o(Tx), p(Ty)), Mj(x, y))
Fd(x,y), ¢(x), 9(y),d(x, y))
F(d(x,y),0,0),d(x, y))

which contradicts, by Remark 7.4, the fact that 6(d(x, y), d(x,y)) < O (because
d(x,y) > 0). Thus, x = y and (ii) follows. The proof is complete.

The following result is similar to Theorem 7.3 and its proof follows, point by point,
and in an easier way, repeating the arguments we have just shown in the proof of
Theorem 7.3. However, there is not a direct relationship between both results because
an e-simulation function does not have to be monotone in its second argument.

Theorem 7.4 Let (X, d) be a metric space, and let T : X — X be a mapping.
Assume that for some 0 € &7, F € Z, and ¢ : X — [0, 00), we have

O(Fd(Tx,Ty), p(Tx), o(Ty)), F(d(x,y), p(x),9(»)) =0, (x,y) € X x X.
(7.14)
If ¢ is lower semi-continuous, then

(i) Forevery x € X, the sequence {T"x} converges to a fixed point of T .
(ii) T has a unique fixed point.
(iii) Fix(T) is p-admissible.

Let (X, d) be a metric space. For given functions ¢ : X — [0, 00), F € .%, and
¥ € ¥, we denote by 7 (¢, F, ) the class of operators T : X — X satisfying

Fd(Tx,Ty), p(Tx), p(Ty)) < ¥ (Fd(x,y), ¢(x), (), (x,y) e X xX.
(7.15)
The following result due to Karapinar, O’Regan, and Samet [7] follows from
Theorem7.4.

Corollary 7.1 Let (X, d) be a complete metric space and T : X — X be a given
operator. Suppose that the following conditions hold:

(i) Thereexist : X — [0,00), F € %, and ¥ € ¥ suchthat T € T (¢, F, y);
(ii) @ is lower semi-continuous.

Then the set Fix(T) is ¢-admissible. Moreover, the operator T has a unique fixed
point.

Proof Under the considered assumptions, let 8y be the function defined by (7.3).
Lemma 7.3 guarantees that 6, is an e-simulation function. Moreover, condition (7.15)
is equivalent to

Oy (Fd(Tx, Ty), o(Tx), p(Ty)), F(d(x, ), (x), 9()))
=y (Fdx, ), 9(x),0(y) — Fd(Tx,Ty), o(Tx), p(Ty)) 20, (x,y) € X x X,
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which means that T satisfies (7.14) with & = 60,,. Thus, Theorem 7.4 is applicable.
In the following example, we show that Theorem 7.3 improves Corollary 7.1.

Example 7.3 Let X = [—3, 3]. We endow X with the Euclidean metric
dix,y)=1|x—y, (x,y)eX xX.
Obviously, (X, d) is a complete metric space. Let T : X — X be defined by

-2 if x=1,

Tx = X
1 if x € X\{1}.

We will show that using the functions

¢p: X —>[0,00), ¢x)=0, forallx € X, and (7.16)
F :[0,00)° = [0,00), F(t,s,r)=t+s+r, forallt,s,rel0,00), (7.17)

Theorem 7.3 is applicable but Corollary 7.1 is not. Indeed, assume that thereis € ¥
such that (7.15) holds. Therefore, for all x, y € X,

d(Tx, Ty) =d(Tx, Ty) +0+0=d(Tx,Ty) + ¢(Tx) + ¢(Ty)
=Fd(Tx,Ty), o(Tx), o(Ty)) < (F(d(x,y), p(x), 9(y)))
=¥ (dx,y)+04+0) =y (d(x,y)).

However, if xo = 0 and yo = 1, then

d(T(©0),T(1)) =d0,-2)=2, but
v (dO, 1) =vy(1) <1,
which contradicts the previous inequality. As a consequence, it is impossible to find

Y € ¥ such that (7.15) holds, so Corollary 7.1 is not applicable. Nevertheless, let us
consider the function 6 : [0, co) x [0, c0) — R defined by

3
o(t,s)=-s—1t, t,s>0.
4
Then 6 is a simulation function (see [8], Example 2.2, (i)). By Proposition7.1, it is
also an e-simulation function. As ¢ and F are given by (7.16) and (7.17), we have
to prove that

O(d(Tx, Ty), My (x, y)) >0, (x,y)e X xX, (7.18)

where
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M7 (x, y) = max {F(d(x, y), p(x), o(y)), F(d(x, Tx), p(x), p(Tx)),
F(d(y,Ty), o(y), o(Ty))}
=max {d(x,y),d(x, Tx),d(y, Ty)}.

Indeed, we consider two cases.

o Ifx,y € X\{l}, then
3 X y 3 Xy
¢ N VL4 _ 7 = _ R
O(d(Tx, Ty), Mp(x, ) = 7 Mp(x,y) d( 3 12) = 74y d<]2, 12)
_3| | 1| |_2| [>0
TRt iE g =

e Ifx € X\{1} and y = 1, taking into account that x /12 € [—1/4, 1/4], we deduce
that

X

X
d(Tx,Ty) =d (_E’ —2) —d (E’
d(y, Ty)=d(1,-2) =3, and

M{(x,y) =max {d(x,y), d(x,Tx), d(y,Ty)} > 3.

)=lo-gl-2-5
12 12

Therefore,

3 3
0((Tx.Ty). M{(x.y) = T M0 = (2= 5) = 33— (2 - 35)

:x—|—3>0
12 —

Thus, in all cases, (7.18) is satisfied. Therefore, Theorem 7.3 is applicable, and we
conclude that 7" has a unique fixed point.

7.5 Some Consequences

In this section, some fixed point theorems in metric and partial metric spaces are
deduced from the above results.

7.5.1 Fixed Point Results in Partial Metric Spaces via
Extended Simulation Functions

In this part, some fixed point theorems in partial metric spaces are deduced from
the above results. Therefore, we answer to all the questions of I.A. Rus presented in
Sect.7.2.

The following result will be useful later.
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Lemma 7.4 Let (X, p) be a partial metric space. Let ¢ : X — [0, 00) be the func-
tion defined by
p(x)=px,x), xeX.

Then ¢ is continuous with respect to the topology induced by the metric d,,.

Proof Let {x,} be a sequence in X such that

lim d,(x,,x) =0,
n—0oQ

for some x € X. From (ii), Lemma 7.2, we have

lim p(x,, x,) = p(x,x),

n— o0
i.e.,
lim ¢(x,) = ¢(x),
n—o00
which proves the continuity of ¢ with respect to d,.
We have the following fixed point result in a complete partial metric space.

Corollary 7.2 Let (X, p) be a complete metric space, andlet T : X — X be a given
mapping. Suppose that there exists some 0 € & such that

0(p(Tx, Ty), max{p(x,y), p(x, Tx), p(y. Ty)}) =0, (x,y) € X x X. (7.19)

Then T has a unique fixed point x* € X. For all x € X, the Picard sequence {T"x}
converges to x*. Moreover, p(x*, x*) = Q.

Proof Observe that (7.19) is equivalent to (7.4) with

F(a,b,c)=a+b+c¢, a,b,c>0,

o) = p(xz’x), reX.
d )
d(x,y) = #, (x,y) € X x X.

On the other hand, from (ii), Lemma7.2, since the partial metric space (X, p) is
complete, then the metric space (X, d) is complete. Moreover, from Lemma 7.4, the
function ¢ : X — [0, 00) is continuous with respect to the metric d. Therefore, the
desired result follows from Theorem 7.3.

Corollary 7.3 Let (X, p) be a complete metric space, andlet T : X — X be a given
mapping. Suppose that there exists some € ¥ such that

p(Tx,Ty) < (max{p(x,y), p(x,Tx), p(y, Ty)}), (x,y) € X xX. (7.20)
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Then T has a unique fixed point x* € X. For all x € X, the Picard sequence {T"x}
converges to x*. Moreover, p(x*, x*) = 0.

Proof Taking 6 = 0y, in (7.19), we obtain (7.20). Using Lemma7.3 and Corol-
lary 7.2, the desired result follows.

Corollary 7.4 Let (X, p) be a complete metric space, andlet T : X — X be a given
mapping. Suppose that there exists a lower semi-continuous function pu : [0, 00) —
[0, 00) with =" ({0}) = {0}, such that

p(Tx, Ty) <max{p(x,y), p(x, Tx), p(y, Ty)} — p (max{p(x, y), p(x, Tx), p(y, Tyz})il)
7.

forall (x,y) € X x X. Then T has a unique fixed point x* € X. For all x € X, the
Picard sequence {T"x} converges to x*. Moreover, p(x*, x*) = 0.

Proof Takingin (7.19),0(¢,s) = s — u(s) —t,forallz, s > 0, we obtain (7.21). On
the other hand, it was proved in [8] that the function 6 defined above is a simulation
function. Therefore, by Corollary 7.2 and Proposition 7.1, the result follows.

Remark 7.5 Observe that if a mapping 7 : X — X satisfies (7.1), then it satis-
fies (7.20) with ¥ (¢) = kt, t > 0. Therefore, Corollary7.3 is a generalization of
Matthews result given by Theorem7.1.

7.5.2 Fixed Point Results in Metric Spaces via Extended
Simulation Functions

As any metric space is a partial metric space, the following results follow immediately
from the above corollaries.
From Corollary 7.2, we deduce the following result.

Corollary 7.5 Let (X, d) be a complete metric space, andlet T : X — X be a given
mapping. Suppose that there exists some 0 € &z such that

O(d(Tx, Ty), max{d(x, y),d(x,Tx),d(y, Ty)}) >0, (x,y)eXxX.

Then T has a unique fixed point x* € X. For all x € X, the Picard sequence {T"x}
converges to x*.

From Corollary 7.3, we deduce the following result.

Corollary 7.6 Let (X, d) be a complete metric space, andletT : X — X be a given
mapping. Suppose that there exists some y € ¥ such that

d(Tx, Ty) <y (max{d(x,y),d(x,Tx),d(y,Ty)}), (x,y)e X x X.
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Then T has a unique fixed point x* € X. For all x € X, the Picard sequence {T"x}
converges to x*.

Finally, from Corollary 7.4, we deduce the following result.

Corollary 7.7 Let (X, d) be a complete metric space, andletT : X — X be a given
mapping. Suppose that there exists a lower semi-continuous function u : [0, 00) —
[0, 00) with ="' ({0}) = {0}, such that

d(Tx, Ty) < max{d(x, y),d(x, Tx),d(y, Ty)} — p(max{d(x, y), d(x, Tx),d(y, Ty)}),

forall (x,y) € X x X. Then T has a unique fixed point x* € X. Forall x € X, the
Picard sequence {T"x} converges to x*.

Remark 7.6 Corollary 7.6 is an extension of Boyd—Wong fixed point theorem [4].
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