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1. Introduction and Preliminaries

The Banach Contraction Principle (BCP) is the most famous elementary result
in the metric fixed point theory. A huge amount of literature contains applications,
generalizations and extensions of this principle carried out by several authors in
different directions, e.g., by weakening the hypotheses, using different setups, con-
sidering various types of mappings and generalized form of metric spaces, see, e.g.,
[2, 6, 7, 10, 12, 14, 15, 18].

In this context, Matthews [12] introduced the notion of a partial metric space as
a part of the study of denotational semantics of data-flow networks. He showed that
BCP can be generalized to the partial metric context for applications in program
verifications. Note that in partial metric spaces, self-distance of an arbitrary point
need not be equal to zero.

Hitzler and Seda [6], resp. Amini-Harandi [2] made a further generalization
under the name of dislocated, resp. metric-like space, also having the property of
“non-zero self-distance”. Amini-Harandi defined o-completeness of these spaces.
Further, Shukla et al. introduced in [15] the notion of 0-o-complete metric-like
space and proved some fixed point theorems in such spaces, as improvements of
Amini-Harandi’s results.

We recall some definitions and facts which will be used throughout the paper.

Definition 1.1.([2]) A mapping o : X x X — RT, for a nonempty set X, is called
metric-like if, for all z,y,z € X,

(01) o(z,y) =0=2=1y;
(02) o(z,y)
(03) o(z,y)
In this case, the pair (X, o) is called a metric-like space.

Example 1.2.([2]) Let X = {0,1} and 0 : X x X — R™ be defined by

2, if z=y=0,
0(%@/){ Y

=o(y,x);
<o(x,2)+0(z,y).

1, otherwise.

Then (X, o) is a metric-like space, but it is neither a metric space nor a partial
metric space, since o(0,0) > o(0, 1).

Example 1.3.([14]) Let X = R. Then the mappings o; : XxX — R* (i € {1,2,3}),
defined by

al(x,y)=|x|+\y|—|—a, O'Q(Z‘,y)=|I—b|+|y—b|, U3(I,y):l'2+y27

where a > 0 and b € R, are metric-like on X.

Definition 1.4.([2, 15]) Let (X, o) be a metric-like space. Then:
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(1) A sequence {x,} in X converges to a point x € X (denoted as =, — x as
n — o0) if limy, oo 0(zpn,x) = o(z,z). A sequence {x,} is said to be o-
Cauchy if limy, 1—y00 0(Xn, T ) exists and is finite. The space (X, o) is called
o-complete if for each o-Cauchy sequence {x,}, there exists z € X such that

nlggoo—(xnax) =o(z,2) = nﬂl%gooo'(mnaxm)'

(2) A sequence {z,} in (X,0) is called a 0-0-Cauchy sequence if
limy, 1 —y00 0(Xn, Tm) = 0. The space (X, o) is said to be 0-0-complete if every
0-0-Cauchy sequence in X converges to a point x € X such that o(x,z) = 0.

(3) A mapping f : X — X is o-continuous, if z, — x as n — oo in (X, o) implies
that fz, — fr asn — occ.

It is easy to show (e.g., [2]) that the limit of a sequence in a metric-like space
might not be unique.

Lemma 1.5.([9]) Let (X,0) be a metric-like space.
(a) If x,y € X then o(z,y) = 0 implies that o(x,x) = o(y,y) = 0.

(b) If a sequence {x,} in X converges to some x € X with o(x,x) = 0 then
lim, 00 0(20,y) = o(z,y) for ally € X.

It is clear that if a metric-like space is o-complete, then it is 0-o-complete [15].
The converse assertion does not hold as the following example shows.

Example 1.6.([15]) Let X =[0,1) NQ and 0 : X x X — R™ be defined by

(2.9) 2, if z=y,
o(z,y) = |
Y max{x,y}, otherwise,

for all z,y € X . Then (X, 0) is a metric-like space. It is easy to see that (X, o) is
a 0-o-complete metric-like space, while it is not a o-complete metric-like space.

In the paper [18], Wardowski introduced a new type of contractions which he
called F-contractions. Several authors proved various variants of fixed point results
using such contractions. In Wardowski’s approach, the following set of functions is
used:

Definition 1.7. Denote by § the family of all functions F' : Rt — R with the
following properties:

(F1) F is strictly increasing;

(F2) for each sequence {t,} of positive numbers,

lim ¢, =0 if and only if lim F(¢,) = —co.
n— 00 n—oo
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(F3) There exists k € (0,1) such that lim, o+ t*F(¢) = 0.

Example 1.8.([18]) Let F; : Rt — R (i € {1,2,3,4}) be defined by F;(t) = Int,
Fy(t) = t +1Int, F3(t) = —1/vt, F4(t) = In(t?> +t). Then each F; satisfies the
properties (F1)—(F3).

Definition 1.9.([18]) Let (X, d) be a metric space. A self-mapping f on X is called
an F-contraction if there exist F € § and 7 € Rt such that

(L.1) T+ Fd(fz, fy)) < F(d(z,y)),
for all z,y € X with d(fz, fy) > 0.
Note that, taking F' € § defined by F(t) = Int, the relation (1.1) reduces to

d(fz, fy) <e "d(z,y), =#y,

i.e., such mapping is a (Banach-type) contraction. However, other functions F' € §
may produce new concepts (see the respective examples in [18]). Hence, the notion
of F-contraction is more general than the notion of contraction.

Contraction-type mappings have been also generalized in other directions. In
the series of generalizations, Samet et al. [13] introduced the concept of a-admissible
maps and gave the concept of a-i-contractive mapping, thus generalizing BCP.
Hussain et al. [7] mixed both these concepts and introduced a-GF-contraction and
obtained some interesting fixed point results. Following this direction of research,
Gopal et al. [5] introduced the concept of a-type F-contractive mappings and gave
relevance to fixed point and periodic point theorems, as well as an application to
nonlinear fractional differential equations. Some other related work can be seen in
[1, §].

With the above discussion in mind, we introduce in this paper the notion of a-
type rational F-contractive mapping in a metric-like space and derive some fixed and
common fixed point results. Further, we give some examples and counterexamples
to illustrate the applicability and effectiveness of the results compared with existing
results in metric spaces. In the next section, we present an application to a certain
class of integral equations. We consider also an integral equation arising in the
theory of nonlinear fractional differential equations and verify it numerically.

2. Discussion on Fixed Point Results

Recently, Sintunavarat [16] introduced the notion of weakly a-admissible map
and discussed respective fixed point results in metric spaces.

Definition 2.1. For a nonempty set X, let @ : X x X — [0,00) and f: X — X be
two mappings. Then f is said to be:

(1) [13] a-admissible if:

z,y € X with a(z,y) > 1 = a(fz, fy) > 1.
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(2) [16] weakly a-admissible if:

z € X with a(z, fz) > 1= a(fz, ffz) > 1.

Example 2.2. Let X = [0, 00). Define mappings f: X — X and o : X x X — [0, 00)
by

a(z,y) = o x,ye['(), ) and f(z) = an (2)’ 1 $€[9, ]
In(2z +y), otherwise, In 3z, otherwise.

It is easy to see that f is not an a-admissible mapping, however, it is weakly «-
admissible.

In what follows, we use the following terminology from the paper [17]. For a
nonempty set X and a mapping « : X x X — [0, 00), we use A(X, o) and WA(X, «)
to denote the collection of all a-admissible mappings on X and the collection of all
weakly a-admissible mappings on X, respectively. Obviously,

A(X, o) € WA(X, @)

and, by the previous example, the inclusion can be strict.
We introduce now the notion of a-type rational F-contraction in a metric-like
space as follows.

Definition 2.3. Let (X, o) be a metric-like space and a: X x X — [0,00). A self-
mapping f on X is called an a-type rational F-contraction, if there exist F' € § and
7 € R such that

(2.1) u,v € X with a(u,v) > 1 and o(fu, fv) > 0 implies
T+ F(o(fu, fv)) < F(A¢(u,v)),
where
U(u7 U)7 U(u7 fu)’ U(v7 fv)7 w’
(22) Af(uv ’U) = Inax { o(u,fu)o(v,fv) a'(u,fu)a(v,fvzg .
1+o(uw) 0 14+o(fu,fv)

We denote by T(X, «, §) the collection of all a-type rational F-contractive mappings
on (X, o).

If we take F/(t) = Int and 7 = In(%), where A = (0, 1), we see that every a-type
rational contraction is also an a-type rational F-contraction in a metric-like space.
However, for other functions F' € §, new conditions can be obtained (see further
Remark 2.7).

We are equipped now to state our first main result.

Theorem 2.4. Let (X,0) be a 0-o-complete metric-like space and let o : X x X —
[0,00) and f : X — X be given mappings. Suppose that the following conditions
hold:
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(AF1) fe Y(X, o, &) NWA(X, o);
(AF2) there exists ug € X such that a(ug, fuo) > 1;
(AF3) « has a transitive property, that is, for u,v,w € X,

a(u,v) > 1 and a(v,w) > 1 = a(u,w) > 1;

(AF4) f is o-continuous.
Then f has a fized point u* € X such that o(u*,u*) = 0.

Proof. Starting from the given ug € X satisfying a(ug, fug) > 1, define a sequence
{un} in X by w1 = fu, for n € N* = NU{0}. If there exists ng € N* such that
Uny = Ung+1, then u,, € Fiz(f) and hence the proof is completed. Hence, we will
assume that u, # up41 for all n € N* and let 0, = o(upn, upy1) for n € N*. Then
0, > 0 for all n € N*. We will prove that lim,,_.., 0, = 0.

Using that f € WA(X, ) and a(ug, fug) > 1, we have

a(uy, uz) = afuo, ffuo) = 1.
Repeating this process, we obtain

a(Upi1, Upy2) > 1, Vn e N*.
It follows from f € T(X, «,§) that
(2.3)

T+ F(Qn) =7+ F(0(Tny1,70)) =T+ Flo(frn, frn_1))
( U(xvuxn—l)ao'(znafxn)70'($n—17fzn—1)7

(T, fTn—1)+0(Tn_1,fTn) o(Tn,fTn)o(Tn_1,fTn_1)
max 4 ? 1+U(wn7wn71) ’
I(Tn, fEn)o(Tn—1,fTn_1

I+o(fen, frn—1)

0(Tn, Tn—1),0(Tn, Tny1), 0(Tn_1,Tn),
U(:E,L7ZD”)+G'(Z»,L71,$¢L+1) O'(Z»,“Zn+1)0'($n71,aln)
max 1 ’ I4o(zn,zn-1)
0 (Tn,Tn41)0(Tn—1,Tn
1+0'($n+17$n)

30(Tpy Tpt1) + 0(Tp—1,2p) } >
4

max {U(Ina Tp-1),0(Tn, Tnt1),

F
F( max {o(Xn, Tpn_1),0(Tn, Tni1)} )
F(max {Qn—la Qn} )

If pn—1 < oy for some n € N, then from (2.3) we have 7+ F(p,) < F(p,), which
is a contradiction since 7 > 0. Thus g,—1 > @, for all n € N and so from (2.3) we

have
F(on) < F(on-1) — T
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Therefore we derive
F(on) < Flon_1) =T < F(op_2) — 27 <--- < F(0o) —n7 for all n € N,
that is,
(2.4) F(on) < F(go) —nt for all n € N.
From (2.4), we get F'(0,) — —00 as n — co. Thus, from (F2), we have

(2.5) lim o, =0.

n—oo

Now by the property (F3), there exists k € (0,1) such that

(2.6) lim (00)" F(n) = 0.

By (2.6), the following holds for all n € N:

(2.7) (0n)"F(n) = (0)"F(00) < (04)*(-n7) < 0.
Passing to the limit as n — oo in (2.7), and using (2.5)—(2.6) we obtain
(2.8) lim n(on)* = 0.

From (2.8), there exits n; € N such that n(p,)* <1 for all n > n;. So, we have,
for all n > ny

1
(2.9) On < nijk’

In order to show that {z,} is a 0-0-Cauchy sequence, consider m,n € N such that
m > n > ny. Using the property (¢3) and (2.9), we have

O'(JU»,“ xm) < O'(x'm xn—&-l) + U(xn-i-h xn+2) + -+ O’(xm—h xm)

=0n+ On+1+ -+ 0m-1

m—1 00 oo 1
=D <) e<)y
i=n i=n i=n

By the convergence of the series >, ﬁ, passing to the limit as n — oo, we get
(@, Tm) — 0 and hence {x,} is a 0-o-Cauchy sequence in (X,0). Since X is a
0-o-complete metric-like space, there exists a u* € X such that

(2.10) lim o(zn,Tm) = lim o(x,,u*) =o(u*,u*) = 0.
7,1M— 00 n— oo

Now, since f is o-continuous, we obtain from (2.10) that

nﬂlrngooa(fa:n,fu )= nh_{r;o o(Tpy1, fu*) =o(u*, fu*) =0.

This proves that «* is a fixed point of f such that o(u*,u*) = 0. a
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We note that the previous result can still be valid for f not necessarily o-
continuous. We have the following result.

Theorem 2.5. Let (X,0) be a 0-o0-complete metric-like space, let a : X x X —
[0,00), and f : X — X be given mappings. Suppose that the assumptions (AF'1)-
(AF'3) of Theorem 2.4 hold, as well as:

(AF4') F is continuous;

(AF5) X is a-regular, i.e., if {u,} is a sequence in X with a(uy,upt1) > 1 forn € N
and Uy, — u* as n — 0o, then aun,u*) > 1 forn € N.

Then f has a fized point u* € X such that o(u*,u*) = 0.
Proof. Following the proof of Theorem 2.4, we obtain a 0-o-Cauchy sequence {u,,}
in the 0-o-complete metric-like space (X, o). Hence, there exists u* € X such that

nl;rrgoa(un,u ) =o(u*,u*) =0.

*

We have to prove that fu* = w*. Assume, to the contrary, that u* # fu*. In
this case, there exist an ny € N and a subsequence {u,,} of {u,} such that
o(fun,, fu*) > 0 for all ny > ng. (Otherwise, there exists ny € N such that
u, = fu* for all n > ny, which implies that u,, — fu*. This is a contradiction,
since u* # fu*.) By a-regularity of X, we have a(u,,u*) > 1 for all n € N. Since
o(fun,, fu*) > 0 for all ny > ng, then from (2.1), we have

T4+ F(U(unk+17 fU*))
=74 F(o(fun,, fu*))

0 (U ), 0ty , Fit, ), 0 (u, fu®), T O ),
< F | max o (tUn,  frn, o (U, fu*) o (un, ,fun, )o(u™, fu*)

140 (un, u*) ’ 14+ (fun, ,fu*)
U(Unk7U*) a(unmunk-‘rl) ( fu ) G(“nk e )Jra(u u"k+1)
= F' [ max O'(unk,unk+1)0'(u Jfu™) U(“nkvunk+1)‘7(u ,fu ) :
1+o(unk Ju*) ’ 1+U(Unk+1 fu*)

Passing to the limit as & — oo and using the continuity of F we have 7 +
F(o(u*, fu*)) < F(o(u*, fu*)), a contradiction. Therefore the claim is true, that
is u* = fu* with o(u*,u*) = 0. O

To ensure the uniqueness of the fixed point, we will consider the following

hypothesis.
(HO): For all z,y € Fiz(f), a(z,y)> 1.

Theorem 2.6. Adding condition (HO) to the hypotheses of Theorem 2.4 (respec-
tively, Theorem 2.5) then fu* = u*, fv* = v* and o(u*,u*) = o(v*,v*) = 0 imply
that u* = v*.

Proof. Suppose that fu* = u*, fo* = v*, o(u*,u*) = o(v*,v*) = 0, and, to the
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contrary, u* # v*, hence o(u*,v*) > 0. By the assumption, we can replace u by u*
and v by v* in the condition (2.1), and we get

T+ Fo(u*,v")) =7 + F(o(fu*, fv*))

U(U*a U*)7 U(U*a fU*)a O(U*7 f’U*), 2(em,fo)to (o, fu) 5
<F <max { o(u”, fu*)o(v*, fv*) o’(u*,fu*)o’(v*,fvé)
140 (u*,v*) ’ 14+o(fu*, fo*)

< F(max{ g(u*’v*LW })
= F(o(u",v"))

a contradiction, which implies that u* = v*. O

Remark 2.7. Taking various concrete functions F' € § in the condition (2.1) of
Theorems 2.4-2.6, we can get various a-type rational F-contractive conditions. We
state just a few examples (recall that A (u,v) is defined in (2.2)).

(I) Taking F(t) = Int (t > 0) and 7 = In(5), where A € (0,1), we have the
condition
(2.11) u,v € X with a(u,v) > 1 and o(fu, fv) > 0 implies

o(fu, fv) < AAf(u,v).

(II) Taking F(t) =1Int+t (t > 0) and 7 = In(5), where A € (0,1), we have the
condition

(2.12) u,v € X with a(u,v) > 1 and o(fu, fv) > 0 implies
o(fu, fo)e?TBfI=Ar V) < XA (u, v).

(ITT) Taking F(t) = ——- (¢t > 0), the condition is

NG
(2.13) u,v € X with a(u,v) > 1 and o(fu, fv) > 0 implies
o(fu. fv) < —As(wo),

(1+7yAf(u,v))?
(IV) Taking F(t) =1In(t? +t) (t > 0) and 7 = In(5), where A > 0, we have
u,v € X with a(u,v) > 1 and o(fu, fv) > 0 implies

o(fu, f)lo(fu, fv) +1] < AA¢(u, v)[Af(u,v) +1].

The following examples can be used to illustrate the usage of Theorems 2.4-2.6.

Example 2.8. (This example demonstrates the use of rational terms in the con-
tractive condition.)
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Let X = {a,b,c} and o : X x X — [0,+00) be given by

o(a,a) =0, o(b,b) =3, o(e,c) =9,
o(a,b) =0c(b,a) =9, o(a,c)=0c(c,a)=5, o(bc)=0c(c,b)=28.
Then (X, o) is a 0-o-complete metric-like space. Define a : X x X — [0, +00) and
f:X =X by
a b ¢
a(u,v) =1for all u,v € X, f= (a . a) .
Moreover, take 7 = In(8/5) and F' € § defined by F(t) = Int¢. Then it is easy to see

that all the conditions of Theorem 2.6 are fulfilled—just the condition f € T(X, «, §)
needs to be checked. In this case it reduces to

(2.14) o(fu, fv) < gAf(um)
for all u,v € X with o(fu, fv) > 0, where A¢(u,v) is defined by (2.2). Only the

following three cases have to be considered:
Case 1: w=a, v =>b. Then o(fu, fv) = o(a,c) =5 and

o(a,b), 0(a,a), o(b, c), Legelbel,
Af(”? U) = max { o(a,a)o(b,c) a(a,a)a(b,c)4
14+o(a,b) * 140o(a,c)

= max{9,0,8,%,0,0} =9.
Hence, (2.14) reduces to 5 < 3 - 9.
Case 2: w ="b, v =">. Then o(fu, fv) =0c(c,c) =9 and

a(b,b),0(b,c), 0 (b, c), ZoAtob),
Af (u’ U) - max { ( ) U(b(ac)tfgb,c)( zf(b),c)a(b,c)4
14+o(b,b) * 140(c,c)

= max{3,8,8,4,16, 22} = 16.

Hence, (2.14) reduces to 9 < 2 - 16. (Note that, in this case, the condition would
not hold without the rational terms in Ay.)
Case 3: w=b, v =c. Then o(fu, fv) =0(c,a) =5 and

a(b,c),o(b,c),0(c,a), 22Ot
Af(ua U) = max { o(b,c)o(c,a) U(b,c)a(c,a)4
14+0(b,c) * 1+40(c,a)

_ 9 40 20y _
= max{8,8, 5, 2179 ?} =&.
Hence, (2.14) reduces to 5 < 2 - 8.
Thus, all the conditions of Theorem 2.6 are satisfied and the mapping f has a
unique fixed point (which is u* = a).
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Example 2.9. (This example demonstrates the advantage of using a metric-like
instead of a standard metric; it is inspired by [11, Example 6]. Also, it shows the
advantage of using a-type conditions, since fewer cases need to be checked.)

Let X = {0,1,2,3} be equipped with o : X x X — [0,400) given by o(u,v) =
u~+v. Then (X, 0) is a 0-o-complete metric-like space. Define o : X x X — [0, +00)
and f: X — X by

o, v) = {1, (u,v) € {(0,0),(1,1),(2,2),(3,3),(0,1),(1,2),(0,2)}

0, otherwise,
01 2 3
f= (0 0 1 2) ‘
Moreover, take 7 = In(3/2) and F' € § defined by F'(t) = Int. Then it is easy to see

that all the conditions of Theorem 2.6 are fulfilled—just the condition f € T(X, , §)
needs to be checked. In this case it reduces to

2
(2.15) o(fu, fo) < 28 (u,0)
for all u,v € X with o(fu, fv) > 0, where Af(u,v) is defined by (2.2). Only the

following four cases have to be considered:
Case 1: w =0, v =2. Then o(fu, fv) =0(0,1) =1 and

(0,2),0(0,0),0(2,1 ,w7
Af(u,v) = max{ ( )J(()(,O)J()Z,l)( 0(020)0(2’1)4
1+0(0,2) * 140(0,1)

=max{2,0,3,3,0,0} = 3.
Hence, (2.15) reduces to 1 < 2 - 3.
Case 2: u =1, v =2. Then o(fu, fv) =0(0,1) =1 and
o(1,2), 9.1, 2(LL+o(0:2)
A = max { 0(1 O)a()2 1)( 0(1)0)0'(2 1)4
14+0(1,2) * 140(0,1)
x{3,1,3,1,3,3} = 3.

Hence, (2.15) reduces to 1 < 2 - 3.
Case 3: u =2, v =2. Then o(fu, fv) =0(1,1) =2 and

0(2,2),0(2,1),0(2,1), 22+o.2)
Ag(u,v) = max{ a(2,1)0(2,1) 0(2)71)0(271)4
14+0(2,2) ° 140(1,1)
= max{4, 3,3, 3 3, 573} —4

Hence, (2.15) reduces to 2 < 2 - 4.
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Case 4: w =3, v =3. Then o(fu, fv) =0c(2,2) =4 and

0(3,3),0(3,2), 0(3,2), 2&:2+o23)
Ag(u,v) = max { o(3,2)0(3,2) 0(372)0(3’2)4
1+0(3,3) ° 1+0(2,2)

= max{6,5,5, 3, 22,5} = 6.
Hence, (2.15) reduces to 4 < 2 - 6.
Thus, all the conditions of Theorem 2.6 are satisfied and the mapping f has a
unique fixed point (which is u* = 0).
Consider now the same example, but using the standard metric d(u,v) = |u—v|
instead of ¢ on X. Then, e.g., for u =1, v = 2 we get
d(f1, f2) =d(0,1) =1 £ A = Amax{1,1,1,%, 1.4

120202

d(1,2),d(1,0),d(2, 1), 2L:1+d0.2)
- )‘max{ ( )d(l(,O)d()m)( d(1),o)d(2,1)4 ,
1+d(1,2) 7 1+d(0,1)

whatever A\ < 1 is chosen.

Example 2.10. (This example, inspired by [18, Example 2.5] and [1, Example 22],
shows the reason for using various functions F' € §—it cannot be treated by the
simplest example F(t) = Int.)

Let X = {zo,21,...,%p ...}, where g = 0 and z,, = Y ;_, k for n € N. Define
a metric-like o on X by

o(u,v) = max{u, v} + |u — v|.

Then (X, 0) is a 0-c-complete metric-like space. Consider the mappings v : X x X —
[0,+00) and f: X — X given by
a(u,v) =1 for all u,v € X,
fro =29, fx,=x,_1forneN.
Take 7 = e~ ! and F € § given by F(t) =t + Int. Then the conditions of Theorem

2.6 are fulfilled—just the contractive condition has to be checked. In this case, it
takes the form (see (2.12))

I 1Y) o(fufor-as o) < o1,
Ag(u,v) -

for u,v € X with o(fu, fv) > 0, where Af(u,v) is defined in (2.2). Since Ay (u,v) >
o(u,v), this is a consequence of

(216) O-(fUH f’t}) eg(fu,fv)70'(u,v) < 671,
o(u,v)

for o(fu, fv) > 0. In order to prove (2.16), consider the following two cases.
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Case 1: u==x9, v =2,, n > 2. Then fu = xg, fv =2x,-1 and

O'(fu,f’()) o (fu,fo)—o(uw) _ U(‘To’xn—l) e (@0,3n—1)=0(20,2n)
o(u,v) o(xo, )
o Tn—1
= .

e2(@n-1=2n) £ =20 o1

Case 2: u= Xy, vV =2y, 1 <m <n. Then
o(fu, fU) ea(fu,fv)fo'(u,'u) _ 0<xm*1’x”*1) eo'(w'm—ly11L71)70(177L7$7L)
o(u,v) (T, Tp)

— Ln-1 + (l‘n71 — xmfl) e$71—1+($n—1_l'm—l)_xn_(l'n_wm)
Tn + (xn - xm)

Now,
Zn + (T — ) Zk+ [(m+1)+(m+2)+---+n]
>Zk—|—n—|— m+(m+1)+--+ (n—1)]
k=1
=2Zn_1+ (Tp1 — Tm—1) + 1.
Hence,

o(fu, V) o(pufo)=o(u)
o(u,v)

Therefore, all the conditions of Theorem 2.6 are satisfied, and f has a unique
fixed point (which is u* = 0).

The same conclusion cannot be obtained if the simplest function F(t) = Int
from §F is used, because the Banach-type condition (2.11) is not fulfilled. Indeed,
putting u = zo = 0 and v = z,, n > 2 in (2.11), we obtain (0, 2,—-1) < Ao (0, 2,),
which immediately reduces to

<e "m<el

(n—1)n </\n(n—|—1)7
2 - 2
ie., Z—j& < A, for each n > 2. Letting n — oo, this implies A > 1, hence (2.11)

cannot hold for any A < 1.

3. Discussion on Common Fixed Point Results

In order to complete the results, we first need the following notion.

Definition 3.1.([3]) For a nonempty set X, let f,g: X — X and o : X x X — [0, 00)
be mappings. We say that (f,g) is a generalized a-admissible pair if for all u,v € X,
we have

(3.1) a(u,v) > 1= a(fu,gv) > 1 and a(gfu, fgv) > 1.
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We use GA(X, «) to denote the collection of all generalized a-admissible pairs (f, g).

Remark 3.2. If the operator f is invertible such that f = f~! with ¢ = f in
Definition 3.1, we get Definition 2.1.(i). So the class of mappings given in Definition
3.1 is not empty.

If f is a-admissible, it is obvious that (f, f) is a generalized a-admissible pair.

Now we introduce the notion of rational a-type F-contractive pair in a metric-
like space.

Definition 3.3. Let (X,0) be a metric-like space and a: X x X — [0,00) be
a mapping. Two self-mappings f,g on X are said to form a rational a-type F-
contractive pair, if there exist F € §, 7 € RT such that

(3.2) u,v € X with a(u,v) > 1 and o(fu,gv) > 0 implies
o(u,v), 0 (u, fu), o (v, gv), Zegeliolelu),
T+ F(U(fuv g’t})) <F <max { o(u,fu)o(v,gv) a’(u,fu)o'(v,gv% .
Ito(uw) 0 1+o(fu.gv)

We denote by I'(X, a, §) the collection of all rational a-type F-contractive pairs on
(X, 0).

We are equipped now to state the first result of this section.

Theorem 3.4. Let (X,0) be a 0-0-complete metric-like space and let oo : X x X —
[0,00), and f,g: X — X be given mappings. Suppose that the following conditions
hold:

(F1) (f,9) € T(X, &, §) N GA(X, @) ;
(F2) there exists ug € X such that a(ug, fug) > 1;
(F3) algfu,gu) > 1 for allu € X;

(F4) f and g are o-continuous.

Then there exists u* € X such that

(3.3)  o(u’, fu*) =o(fu”, fu*), o(u*, gu*) = o(gu”, gu*) and o(u*,u*) = 0.

Proof. By the given condition (F'2), there exists ug € X such that a(ug, fup) > 1.
Define a sequence {u,} € X by

(3.4) Uy = GUap—1 and ugpy1 = fuo,, ¥V n € N.

If there exists ng € N* such that o(un,, fun,) = 0 or o(un,, gun,) = 0, then the
proof is finished. So without loss of generality we can suppose that the successive
terms of {u,} are different and let 9, = o(uny1,u,) for n € N*. Then g, > 0 for
all n € N*. First we prove

(3.5) lim o, =0.

n—oo
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Since (f,g) € GA(X, @) and a(ug, fug) > 1, we have
a(ur, ug) = afug, gur) > 1 and o(ug, u3) = a(gui, fus) = a(gfug, fgui) > 1.
Repeating this process, we obtain
o(Up, Uupt1) > 1, Vn e N*.
Again from (F'3), we have
a(ug,ur) = algfug, fug) > 1 and a(ug, uz) = a(gfus, fu) > 1.
Repeating this process, we obtain
augp,ugn—1) > 1, VneN.
Therefore (f,g) € T(X, a,§) implies that
(3.6)

T+ F(oon—1) =7+ F(o(ugn—1,u2,)) = 7+ F(o(fuan—2, gusn—1))

0 (Uzn—2,Uzn—1), 0 (Uzn—2, fu2n_2),
U(“Qn—l’gu2n—1); 0'(71/277,72;gu2n71)'21'0'(“2n71yf'uf2an)7
< F | max o(u2n—2,fuzn_2)0(Uzn_1,9U2n—1)

1+U(u2n727u2n71)
o(uan—2,fuzn_2)0(U2n_1,9U2n—1)

1+o(fuzn—2,9u2n—1)

U(u2n—2; u2n—1); U(U2n—2, Uzn—l),

U(“Qn—la U2n)7 U(u2n72yu2n)+z(u2n717u2n71) ,
= F | max 0 (U2n—2,U2n—1)0 (U2 —1,U2n)

1+o(u2n—2,u2n—1)
0 (U2n—2,U2n—1)0 (U2n—1,U2n)
140 (u2n—1,u2,)

<F 0 (Uzn—2,Uzn—1), 0 (Uzn—1, Uzn),
= max o(Uzn—2,u2n—1)+30(U2n_1,U2n)
4

< F(max{o(u2n—2,Uzn—1), 0 (U2n_1, U2n)}).
If 025,—2 < 02,1 for some n € N; then from (3.6) we have 7+ F(02,-1) < F(02n-1),
which is a contradiction since 7 > 0. Thus 92,2 > 02,1 for all n € N and so from

(3.6) we have

(3.7) F(o2n-1) < Fo2n—2) — 7.
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Again using (f,g) € I'(X, o, §), we get

T4 F(02,) = 7 + F(0(u2n+1,u2n)) = 7 + F(o(fuan, guan—1))

U(u2n7 U2n71)7 J(u2na fu2n)7 J(u2n717 gu2n71)7
o (u2n,9U2n—1)+0(Uan—1,fuzn)
4
S F max U(u2n7fu2n)o'(u2n71;gu2n71)
1+0(uzn,u2n—1) ’
o (u2n, fuzn)o(uzn—1,9U2n—1)
1+U(.fu2n:gu2n71)

U(“Qna u2n—1)a O'(Ugn, u2n+1)7 U(u2n—17 u2n)a
< F 0 (U2n,U2n)+0(U2n—1,U2n+1)

)

4 b
0 (U2n,U2n41)0 (Uan—1,U2n) O (U2n,U2nt1)0 (U2n—1,U2n)
1+0(uzn,U2n—1) ) 1+o(u2n41,u2n)

O'(UQ»,-“ u2n71)7 O'('U/Qn, u2n+1)7
<F (max{ 30 (u2n,u2n+1)+0(Uan—1,u2n)
4

S F(maX{U(UQ’ru u2n—1)7 U(“Qny u2n+1)})-

With similar arguments, we get
(3.8) F(02n) < F(o2n—1) — .
Combining (3.7) and (3.8), we obtain

F(on) < F(op-1) — 1, for all n € N.

Using the arguments of proof of Theorem 2.4, we reach to (3.5) and show that {u,}
is a 0-Cauchy sequence in (X, o). Since X is a 0-complete metric-like space, there
exists an u* € X such that lim,, ., v, = ©*; moreover,

: 1 *\ * k)
nﬂlrlbgooa(un,um) = nli)n;o o(tp,u*) =o(u*,u*) =0.

This implies that

nl;ngo o(ugpt1,u™) = nth;O o(ugpta,u™) =0.

Using (3.4), we convert to

nlggo O'(f’l,Lgn, U*) = n1~>Holo U(gu2n+1a U*) =0.

Further we shall prove (3.3).
Using ugnt+1 — v* € (X,0) and o(u*,u*) = 0 in Lemma 1.5.(b), we have

(3.9) lim o(ugpy1, fu™) = o(u®, fu*).

n— oo

By the o-continuity of f and ug,, — u* in (X, o), we have

(3.10) nhﬁn;(} o(ugnt1, fu*) = nl;rrgo o(fuap, fu*) = o(fu*, fu®).
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From (3.9) and (3.10), we obtain
o(fu”, fu*) =o(u*, fu®).

Similarly using o-continuity of g and the above arguments, we get

o(gu®, gu™) = o(u*, gu™).
Thus we have reached (3.3). O
Example 3.5. Let X = [0, 3] be endowed with the o-complete metric-like defined

by
o(u,v) = max{u,v} forall wu,veX.

Consider the mappings f,g : X — X given by

2 if 0,2 3 if 0,2
fu— Su,z if w €0, 2], and gu = leu, ?ue[,L
§U+ 2,

u—z, ifue(23]

and o : X x X — [0,00) by

(u, ) 2, f0<u<v<L2,
a(u,v) = )
0, otherwise.

Moreover, take 7 = In(3) and F € § defined by F(f) = Int. In this case the
contraction condition (3.2) reduces to
3
(3.11) o(fu,gv) < ZAf’g(u’ v),
where
o(u,v),0(u, fu), (v, gv), 7‘7(u’gv)+o(v’f“),
Aﬁg(ua U) = max{ o(u,fu)o(v,gv) o(u, fu)a(v,gv) .
14+o(u,w) 7 140(fu,gv)

In order to show (f,g) € T'(X, «, F), suppose that a(u,v) > 1,ie,0<u <v < 2.

Then 5 3 3
o(fu,gv) = max{3 1 } =1

o(u,2v)+o(v,2u)
o(u,v),0(u, 2u), o (v, 3v), 20220050
Af,g(ua 'U) = max{ o(u, u)a‘(v %v) g( 2 :}l)

u, 3u)¢7(v,%
1+a(u v) ’ 140 (2u,30)

3
max{u,>v}t+v
:max{ v, U, 0, (w10} ar v }:v.

4 P 1+ 1430

Hence, (3.11) reduces to 3v < 3v. Thus (f,g) € I(X, o, F).
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Next we prove (f,g) € GA(X,«). Let u,v € X be such that a(u,v) > 1. By
definition of «, this implies that u,v € [0,2]. Thus,

2 3
alfu,gv) =« (3u, 41}) =2>1,

algfu, fgv) = a (g (gu) f <Zv>) =« (;u ;;) =2>1.

Then, (f,9) € SA(X, ).
We divide in three parts the proof that a(gfu,gu) > 1, for all u € X.
1° For u € [0, 2], we have

and

1 3
a(gfu,gu) = a <2u, 4u> =2>1.

2° For u € (2, 3], we have fu=u — 2 € [0,2]. Therefore

a(gfu, QU)—a<g< 2); )=2>1.
(

2

(V)

3° For u € (8,3], we have fu=u— 2 . Therefore

)

atofu.fi)=a(g(u-3) o) - a(l( 3) 5 n) =2>1

Thus,

w

a(gfu,gu) =2 > 1, for all u € X.

Moreover, the mappings f and g are o-continuous on (X, o) and there exists ug = 0
such that a(ug, fug) = «(0,0) = 2. Thus, all the hypotheses of Theorem 3.4 are
verified, so there exists a common fixed point of f and g (which is u* = 0).

We note that the previous result can be sharpened when continuity of f and g
is replaced by the following condition.

(H1): If {u,} is a sequence in X such that if a(up,tun+1) > 1 and a(upi1,u,) > 1
for all n and u,, = u € X as n — oo, then there exists a subsequence {un(k)}
of {un} such that a(upky,u) > 1 and a(u, uyyy) > 1 for all k.

Now we have the following result.

Theorem 3.6. Let all the conditions of Theorem 3.4 be satisfied, apart from the
hypothesis (F4) which is replaced by (H1) and F is continuous. Then there exists
a common fized point of f and g in X, that is, u* = fu* = gu®*.

Proof. Following the proof of Theorem 3.4, we obtain a 0-o-Cauchy sequence {u, }
in the 0-o-complete metric-like space (X, o). Hence, there exists u* € X such that

lim o(un,u”) =o(u*,u*) =0,
n—oo
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that is, u, — u* as n — oo. By the property (H1) of X, there exists a subsequence
{un@y} of {un} such that a(ugnk,u*) > 1 and a(u*,ugpr—1) > 1 for all k. Using
(F1) for u = ugp ) and v = u* we have

(3.12) 7+ F(o(Ugn(ky+1,9u")) = 7 + F(o(fuznm), gu™))

o (Uan(ky, u*), 0 (Uan (ks fuon(k)),
0 (U (k),9u™ )+0 (U™, fuon(k))

< F | max o(u*, gu*), 1 ’
0 (Uan (k) > fU2n (k)0 (W,gu") 0 (Uzn (k) , [ Uzn(k))o(u",gu™)
140 (uan (k) ,u*) ’ 1+o(fuan(k),gu*)

T (Up (), u*), 0 (Uzn (ks Uzn(k)+1);
0 (U (k) ,9u™ )+0 (W™ Uop (k) +1)

= F | max o(u*, gu*), 1 ’
0 (Ugn (k) Uan (k) £1)0 (U™ ,gu™) o (Uan(k),U2nk)+1)(u" gu”)
1+0 (uan (k) u*) ’ 1+0(U2n (k)+1,9u*)

Applying the limit as n — 0o to (3.12) and the continuity of F', we get
T+ F(o(u®, gu”)) < F(o(u”, gu”))

a contradiction. Therefore we have u* = gu*.
Similarly, by taking v = u* and v = g, x)—1 in (F1), we get u* = fu*. Hence
f and g have a common fixed point u* such that o(u*,u*) = 0. O

To ensure the uniqueness of the common fixed point, we will consider the fol-
lowing hypothesis as a generalized form of (HO0).

(H2): For all u,v € CF(f,g) such that o(u,u) = o(v,v) = 0, we have a(u,v) > 1,
where CF(f,g) is the set of common fixed points of f and g.

Theorem 3.7. Adding condition (H2) to the hypotheses of Theorem 3.6, the
uniqueness of the common fized point u* of f and g such that o(u*,u*) = 0 is
obtained.

Proof. Suppose that v* is another common fixed point of f and g, such that
o(v*,v*) = 0 and, contrary to what is going to be proved, o(fu*, gv*) = o(u*,v*) >
0. By the assumption, we can replace v by u* and v by v* in the condition (3.1),
and we get easily

T+ Fo(u*,v")) =7 + F(o(fu*, gv*))

o(u,v*), o(u*, fu*), o(v*, gu*), g towl.ful)
<F (max{ o(u”,fu*)o(v*,gv*) o’(u*,fu*)o’(v*,gvé)
140 (u*,v*) ’ 14+o(fu*,gv*)

SF(max{ g‘(u*ﬂ]*)?w })
= F(o(u*,v"))

a contradiction, which implies that u* = v*. a
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4. Application to Integral Equations

This section is devoted to the existence of solutions of an integral equation as
an application of Theorem 2.5.
Let X = C(I,R), where I = [0,1], be endowed with the metric-like distance

function
o (u,0) = max{fu(t)], [o(1)]}

We will consider the integral equation

(4.1) u(t) = /O K(t,5)f (s, u(s)) ds,

where f: I xR — Rand K : I x I — [0,00) are given functions. Let

(4.2) Hu(t):/o K(t,s)f(s,u(s))ds,

define the respective operator J: X — X.

Theorem 4.1. Let £ : R x R — R be a given function. Suppose the following
assertions hold:

(F1) f is a continuous function, non-decreasing in the second variable;
(F2) there ezists ug € X such that &(ug(t), Juo(t)) > 0 for allt € I;

(F3) for all u,v,w € X, &(u(t),v(t)) >0 and £(v(t),w(t)) > 0 for all t € I imply
that §(u(t),w(t)) > 0 for all t € I;

(F4) if {un} is a sequence in X such that u, — u in X and §(un(t), unt1(t)) >0
foralln e N and t € I, then &(un(t),u(t)) >0 for alln e N and t € I;

(F5) (u,v) € X% and &(u(t),Ju(t)) >0 for all t € I implies that
E(Ju(t),dJdu(t)) > 0 for allt € I;

(F6) there exists T > 0 such that for u,v € X with £(u,v) >0, and t € I we have

1 Ax(u,v)(t)
max{|f (¢, u(t))],|f (& v(t <A
O i) < 47 o

2

where A = sup,¢; fg K(t,r)dr and
Aq(u,v)(t) =
max{|u(t)], [v(t)]}, max{|u(t)], [Ju(?)[}, max{|v(t)], [Jv(t)]},
max{|u(t)], [Jv(t)|} + max{|v(?)], [Ju(t)[}

max (max{|u(t)[, |Ju(t )I})Zl(maX{lv( )|, [Jv(t )\})
1 + maxyer [max{|u(t)], |v(t) }]

(max{[u(t)], |3u1( £)[}) (max{|o(t)], [Fo(t)]})
1 + max¢e s [max{|Ju(t)], [Jv(t)[}]

Then the equation (4.1) has at least one solution u* € X.

b
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Proof. Define a function a: X x X — [0, 00) by

o(z,y) = 1, for &(z(t),y(t)) >0, forallt €l
= v, otherwise,

where v € (0,1). It is easy to see that the assumption (F2) readily implies the
condition (AF2) of Theorem 2.4. Also, the assumption (F3) implies that a has the
transitive property (AF3). Finally, (F4) implies the regularity condition (AF5) of
Theorem 2.5 and the assumption (F5) easily implies that J € WA(X, «).

We are going to check that J € T(X, «,§). For this, let u,v € X be such that
a(u,v) > 1, ie., E(u(t),v(t)) > 0 for all t € I. For each t € I, by the definition
(4.2) of operator J, we have

ntngx{wu(tﬂa |dv(t)]}

)

/OK(t,r)f(r,u(r))dr /OK(t,r)f<r,v(r))dr

= Imax
tel

< max [ s trate) v, [ 11150000 0

tel

= max [ K (e ) max(( S u(r)| £, v(r) )
0

Now, using the assumption (F6), after routine calculations, we obtain
Ag(u,v)

(1 +Tw/A3(’UJ,v))27

o(Ju, Jv) = max{|gu(t)], [Ju(t)|} <

where Ag(u,v) is given in (2.2).
Now, by considering F' € § given by F(t) = %, t > 0 (see the condition (2.13)
in Remark 2.7), we have the condition

u,v € X with a(u,v) > 1 =7+ F(o(Ju,dv)) < F(Ag(u,v))

for all u,v € X with o(Ju,dv) > 0. Thus J € T(X,,F). Therefore, all the
hypotheses of Theorem 2.5 are satisfied and we conclude that there is a fixed point
u* € X of the operator J. It is well known that in this case u* is also a solution of
the integral equation (4.1). m|

5. Application to Fractional Differential Equations

This section is devoted to the existence of solutions of a nonlinear fractional
differential equation as an application of Theorem 2.5. It is inspired by the paper [4].
Recall that the Caputo derivative of fractional order 3 is defined as

1

cnpB _ ‘ _Sn—ﬁ—l (n)S S n — n. n=
Da(t) = iy [ (=" ) ds (=1 <<= (5] +1)
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where g € C™([0,00)), [8] denotes the integer part of the positive real number 3
and I' is the gamma function.
We consider the nonlinear fractional differential equation of the form

(5.1) ‘D(x(t)) = f(t,z(t)) (0<t<1l, 1<B<2)

with the integral boundary conditions
n
(5.2) z(0) =0, =z(1)= / z(s)ds (0<n<1),
0

where I = [0,1], z € C(I,R), and f : I x R — R is a continuous function.
Let the corresponding operator J: X — X be defined by

(5.3)
1 2t

¢ 4 1 .
dJu(t) = F(ﬁ)/o (t—s)"""f(s,u(s))ds — (2—772>F(5)/0 (1—=38)"""f(s,u(s))ds

ey ([, 6 ) as

for u € X, t € I. This time we will use the metric-like distance function oy on
X = C(I,R) given by

02(u,0) = malu(t)? + lo(B)?]

Theorem 5.1. Under the assumptions (F1)-(F5) of Theorem 4.1 and
(F6) there exists T > 0 such that for u,v € X with {(u,v) >0, and t € I we have

Ag(u,v)(t) 7
(1+7y/max;er Ag(u, v)(t) )2

[f(tu(®)? + | f(t o) < B

_ (2B-1)I(B)I'(B+1)
where B = W and

[u(®)]? + [o@), [u(®) | +[du(t)?, [v(@)|* + [Fo ()],
[u(@®)* + [dv(®)* + [o(®)[* + [Ju(t)?
4

3

A (u, v)(t) =max (Ju(®)* + [u()]*) (Jo(t)]* + [Jo(t)]?) ,

1+ maxser[Ju(t)? 4 Jv(@t)2]
(Ju(®)* + [Ju®)[*) (Jo#)]* + [Jo(t)]?)
1+ maxyer(|du(t)|* + [dv(t)]?]

the problem (5.1)—(5.2) has at least one solution u* € X.
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Proof. Here we have to check the contraction condition (2.13) for u,v € X (see

Remark 2.7.(III)).
For each t € I, by the definition (5.3) of operator J, we have

Q_L t — )8 (s uls S
S AR O

—L 1 —5)P 7L f(s,u(s)) ds
T Jy 0 e

+ (2_772% /on (/Os(s — z)ﬁ_lf(z,u(z))dz> ds

i t —5)871f(s,v(s)) ds
g €97 s e
2t

1 41
+ 7(2 — T /0 (1 —=5)"""f(s,v(s))ds

_ m /O" (/Os(s — 2P (2, 0(2)) dz> ds

2

<5 {| [ t(tsﬁlf(s,u(s))dsr v t(tswlf(s,v(s))ds} }

2

+f - s vt ds|

(L ([ o)l
+ [/On (/0(5 - z)ﬁlf(z,u(z))dz) dsr}.

Applying now Cauchy-Schwartz inequality, we get
|Ju(t)* + v (t)]?

_2 ! — 5)?P—2(s t 2(s,u(s 2(s,0(s))] ds
< gy | (0= 922 [ 1P Gu(s) + s

L ' 2628 2S’Z,LS 28'08 S
+(2 o L 09 d/[f( () + (5, v(s))] d

2
8t2r2 //s 2)?P2dz ds
//szu ) + f2(z,v(2))] dz ds.
0o Jo

[Ju(t)]* + v (t)]

2

2

+ o~

2
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Now, using the assumption (F6’), after routine calculations, we obtain
Ag(u,v)

(1 +T\/Ag(u,v))2'

|Ju(®)* + [Jv(t)* <

This implies that
Ag(u,v)

(1 +7\/A3(u,v))2,

02(Ju, dv) = max(|(@u)($)]* + |(Jo)(1)*) <

where Ayj(u,v) is given in (2.2).
Now, by considering F' € § given by F(t) = _717 t > 0, we have the condition

u,v € X with a(u,v) > 1 =7+ F(02(du, Jv)) < F(Az(u,v))

for all u,v € X with o9(Ju,dv) > 0. Thus J € T(X,«,F). Therefore, all the
hypotheses of Theorem 2.5 are satisfied and we conclude that there is a fixed point
u* € X of the operator J. It is well known (see, e.g., [4, Theorem 3.1]) that in this
case u* is also a solution of the integral equation (5.3) and the fractional differential
equation (5.1) with the condition (5.2). O

Example 5.2. Consider the following nonlinear fractional differential equation

s 1 Ju()]
u(t) = (t+3)2 1+ |u(t)]

(5.4) ‘D , te[0,1]

with the three-point integral boundary value condition

3/4
(5.5) u(0) =0, u(l) = /0 u(s) ds.

Here 8 =3, np=2 < 1and f(t,ut)) = ﬁlﬁg&l)l Therefore, the considered

system (5.4)—(5.5) is an example of the system (5.1)—(5.2). Further, |f(t,u)| < %,

— 33 i -9 /33 _ _1
B = 5t and therefore, taking 7 = 54/ 733 TA

Hence, there exists a solution u* € X of the equation (5.4) with the conditions (5.5).

> 0, we can apply Theorem 5.1.
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