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FIXED POINTS OF ALMOST CONTRACTIVE TYPE MAPPINGS
IN PARTIALLY ORDERED B-METRIC SPACES AND
APPLICATIONS TO QUADRATIC INTEGRAL EQUATIONS

Mina Dinarvand

Abstract. The purpose of this paper is to present a new class of almost contractive
mappings called almost generalized (1, ¢, 0)s-contractive mappings and to establish
some fixed point and common fixed point results for this class of mappings in partially
ordered b-metric spaces. Our main results of the paper significantly generalize and
improve many well known comparable results in the recent literature. Moreover, some
examples and an application to the existence of a solution for a class of nonlinear
quadratic integral equations is given here to illustrate the usability of the obtained
results.
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1. Introduction

Fixed point theory is one of the most powerful and productive tools from the
nonlinear analysis and it can be considered the kernel of the nonlinear analysis.
Not only is it used on a daily basis in pure and applied mathematics, but it also
serves as a bridge between analysis and topology, and provides a very fruitful area
of interaction between the two. Although the concept of a fixed point theorem
may appear as an abstract notion in metric spaces, it has remarkable influence
on applications such as the theory of differential and integral equations [38], the
game theory relevant to the military, sports and medicine as well as economics [9].
Besides, it has applications in physics, engineering, boundary value problems and
variational inequalities (see, e.g., [8, 16]).

The Banach contraction principle [7], which shows that every contractive map-
ping defined on a complete metric space has a unique fixed point, is one of the
famous theorems in classical functional analysis. This theorem supplies a method
for solving a variety of applied problems in mathematical sciences and engineering.
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A huge literature on this subject exist and this is a very active area of research at
present.

The concept of a weakly contractive mapping was introduced by Alber and
Guerre-Delabriere [2] in the setup of Hilbert spaces. Rhoades [33] generalized the
Banach contraction principle by considering this class of mappings in the setup
of metric spaces and proved that every weakly contractive mapping defined on a
complete metric space has a unique fixed point.

Ran and Reurings initiated the studying of fixed point results on partially or-
dered sets in [32], where they gave many useful results on matrix equations. Re-
cently, many researchers have focused on different contractive conditions in complete
metric spaces endowed with a partial order and obtained many fixed point results in
such spaces. For more details on fixed point results, their applications, comparison
of different contractive conditions and related results in ordered metric spaces we
refer the reader to [13, 17, 18, 27, 28, 29, 31] and the references mentioned therein.

The concept of metric spaces has been generalized in many directions. The
notion of a b-metric space was introduced by Bakhtin in [6], and later extensively
used by Czerwik in [14, 15]. Since then, several papers have been published on the
fixed point theory of various classes of single-valued and multi-valued operators in
(ordered) b-metric spaces. For further works in this direction, we refer to [1, 5, 10,
11, 12, 19, 20, 23, 24, 30, 34, 36]. Recently, Hussain and Shah [21] obtained some
results on KKM mappings in cone b-metric spaces.

In the present paper, we introduce the notion of an almost generalized (¥, ¢, 6) -
contractive mapping and then derive fixed point and common fixed point theorems
for this class of mappings in the setup of partially ordered b-complete b-metric
spaces. Our main results generalize and improve many recent fixed point theorems
in the literature. We show by examples that the obtained extensions are proper.
Moreover, we apply our results to study the existence of a solution to a large class
of nonlinear quadratic integral equations.

2. Preliminaries

Khan et al. [25] introduced the concept of an altering distance function as
follows.

Definition 2.1. ([25]) A function ¢ : [0,4+00) — [0,+00) is called an altering
distance function if the following properties are satisfied:

(1) % is continuous and nondecreasing;
(2) ¥(t) =0 if and only if t = 0.

So far, many authors have studied fixed point theorems, which are based on
altering distance functions. Recently, Harjani and Sadarangani proved some fixed
point theorems for weak contraction and generalized contractions in partially or-
dered metric spaces by using the altering distance function in [17, 18] respectively.
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Theorem 2.1. ([17]) Let (X, <) be a partially ordered set and suppose that there
exists a metric d in X such that (X,d) is a complete metric space. Let f : X — X
be a nondecreasing mapping such that

for all comparable x,y € X, where ¢ : [0, +00) — [0, 4+00) is continuous and nonde-
creasing function such that ¢ is positive in (0, +00), ¥(0) =0 and lim;_, 400 P(t) =
+o00. Assume that either f is continuous or the space (X, <, d) is reqular. If there
exists xg € X such that xg = fxg, then f has a fixed point.

Here, the ordered metric space (X, <, d) is called regular if for any nondecreasing

sequence {z,} in X such that z, - = € X, as n — 400, one has x,, < x for all
n € N.

Theorem 2.2. ([18]) Let (X, <) be a partially ordered set and suppose that there
exists a metric d in X such that (X,d) is a complete metric space. Let f: X — X
be a nondecreasing mapping such that

Y(d(fz, fy)) < ¢(dlz,y) — ¢(d(z,y))

for all comparable x,y € X, where v and ¢ are altering distance functions. Assume
that either f is continuous or the space (X, =,d) is reqular. If there exists xg € X
such that xo =X fxo, then f has a fized point.

In 1973, Geraghty [22] proved a fixed point result, generalizing Banach con-
traction principle. Several authors proved later various results using Geraghty-type
conditions. Recently, Amini-Harandi and Emami [4] generalized the result of Ger-
aghty to the framework of partially ordered metric spaces. Before, we introduce the
set F of all functions 3 : [0, +00) — [0,1) satisfying the following condition:

B(tn) =1 as n — +oo implies ¢, -0 as n— +oo.

Theorem 2.3. ([4]) Let (X, <) be a partially ordered set and suppose that there
exists a metric d in X such that (X,d) is a complete metric space. Let f : X — X
be an increasing mapping such that there exists xg € X with xg < fxo. Suppose
that there exists f € F such that

d(Tx, Ty) < B(d(x,y))d(z,y)

for all comparable x,y € X. Assume that either f is continuous or the space
(X, =,d) is regular. Then f has a fized point in X. Besides, if for each z,y € X
there exists z € X which is comparable to x and vy, then the fized point of f is
UNLQUE.

Before stating and proving our results, we recall some notations, definitions, and
examples required in b-metric spaces.

Consistent with [15, 26] and [36], the following definitions and results will be
needed in the sequel.
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Definition 2.2. ([15]) Let X be a (nonempty) set and s > 1 be a given real
number. A function d : X x X — [0,+00) is a b-metric if, for all z,y,z € X, the
following conditions hold:

(b1) d(z,y) =0 if and only if z = y;
(b2) d(xv y) = d(y,x);
(b3) d(z,z) < s[d(z,y) +d(y, 2)].

In this case, the pair (X, d) is called a b-metric space.

It should be noted that, the class of b-metric spaces is effectively larger than the
class of metric spaces, since every metric is a b-metric with s = 1.

The following example shows that in general a b-metric space does not necessarily
need to be a metric space. (see also [36, p. 264]).

Example 2.1. Let (X, p) be a metric space and d(z,y) = (p(z,y))?, where p > 1 is a

real number. We show that d is a b-metric with s = 2P~ 1.

Obviously, conditions (b1) and (bz) of Definition 2.2 are satisfied. If 1 < p < 400,
then the convexity of the function f(z) = z? (z > 0) implies

a+b\? 1
< = P v
< 2 ) _2(a + ),

and hence, (a 4 b)? < 277 (a? + bP) holds.
Thus, for each z,y,z € X, we obtain

P

d(z,y) = (p(%y))p < (p(w) +p(z7y))

27 (o))" + (o(z0)")

DA (d(gr:7 2) +d(z, y))

IN

So, condition (bs) of Definition 2.2 is also satisfied and d is a b-metric.
However, if (X, p) is a metric space, then (X, d) is not necessarily a metric space.

For example, if X = R is the set of real numbers and p(z,y) = |z — y| is the usual
Euclidean metric, then d(x,y) = (z — y)? is a b-metric on R with s = 2. But is not a
metric on R.

Also, the following example of a b-metric space is given in [24].

Example 2.2. ([24]) Let X be the set of Lebesgue measurable functions on [0, 1] such
that

/1 |f(:c)|2d:c < +o00.
0
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Define D : X x X — [0, 400) by

D(f,9) = /O \£(z) — g(z)2da.

([ 11~ gwdx)%

is a metric on X, it follows from the previous example that D is a b-metric on X with
s =2.

Since

Definition 2.3. Let X be a nonempty set. Then (X, <,d) is called a partially

9 —

ordered b-metric space if and only if d is a b-metric on a partially ordered set
(X, ).

Definition 2.4. ([10]) Let (X, d) be a b-metric space, and let {x,,} be a sequence
in X. Then one has the following:

(1) The sequence {z,} in X is called b-convergent if and only if there exists z € X
such that d(x,,x) — 0 as n — +o0o. In this case, we write lim,,_ 4 o =, = .

(2) The sequence {xz,} is said to be b-Cauchy sequence if and only if d(x,, z,,) — 0
as n,m — +00.

(3) The b-metric space (X, d) is called b-complete if every b-Cauchy sequence {x,, }
in X be b-converges.

Proposition 2.1. ([10, Remark 2.1]) In a b-metric space (X, d) the following as-
sertions hold:

(1) A b-convergent sequence has a unique limit.
(2) Each b-convergent sequence is b-Cauchy.

(3) In general, a b-metric is not continuous.

Note that a b-metric is not always a continuous function of its variables (see,
e.g., [20, Example 2]), whereas an ordinary metric is.

Since in general a b-metric is not continuous, we need the following simple lemma
about the b-convergent sequences in the proof of our main result.

Lemma 2.1. ([1]) Let (X,d) be a b-metric space with the coefficient s > 1, and
suppose that the sequences {x,} and {yn} are b-convergent to x,y, respectively.
Then, we have

1
—d(z,y) < liminf d(z,,y,) < limsup d(2,, yn) < s2d(z,y).
S n—r+o00 n——+oo
In particular, if x =y, then limy, o0 d(Zn, yn) = 0. Moreover, for each z € X, we
have .
—d(z,z) < liminf d(z,, 2) < limsup d(z,, z) < sd(z, 2).
s

n—-+00 n—-+oo



780 M. Dinarvand

3. Main Results

Use of auxiliary functions to generalize the contractive conditions on maps have
been a subject of interest in fixed point theory. We start to this section by defining
some sets of auxiliary functions which will be used densely in the sequel.

U= {1/) : [0, +00) — [0, +00) | 1 is an altering distance function},

o = {gp : [0, +00) — [0, +00) | ¢ is continuous with the condition
w(t) < (t) for all t > 0, where ¥ € \I!}

and

0= {9 : [0, +00) — [0, +00) | 6 is continuous and 6(t) = 0 if and only if ¢ = 0}.

Remark 3.1. It is worth mentioning that if ¢ € ®, then
0 < p(0) = lim o(t) < lim $(t) = $(0) =0,
t—0 t—0
that is, ¢(0) = 0.

Definition 3.1. Let (X, <,d) be a partially ordered b-metric space with the co-
efficient s > 1. We say that a mapping f : X — X is an almost generalized
(1, p, B)s-contractive mapping with respect to a mapping g : X — X if there exist
the functions » € ¥, p € &, § € © and a constant L > 0 such that

(3.1) ¥(s2d(fx, gy)) < o(Ms(z,y)) + LO(N(z,y))

for all comparable elements x,y € X, where

MS(I) y) = max {d(fE, y), d(CC, fCC), d(y7 gy)7 d(:E, gy) ;;d(ya fiZ?) }

and
N(x,y) = min {d(z, fz),d(y, fz),d(z,gy)}.

Definition 3.2. ([3]) Let (X, <) be a partially ordered set. Then two mappings
f,9: X — X are said to be weakly increasing if fr < gfx and gx < fgz for all
zeX.

Now, we are ready to state and prove our main results.
Theorem 3.1. Let (X, <,d) be a partially ordered b-complete b-metric space with

the coefficient s > 1, and let f,g : X — X be two weakly increasing mappings with
respect to <. Suppose that
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(a) f is an almost generalized (¢, p,0)s-contractive mapping with respect to g;

(b) f or g is continuous.

Then f and g have a common fized point.

Proof. We prove that u is a fixed point of f if and only if u is a fixed point of g.
Suppose that v is a fixed point of f, that is, fu = u. As u < u, by applying 3.1, we
have

Y (d(u, gu))

¥ (s%d(u, gu))
o (s*d(fu, gu))

gp<max {d(u, w), d(u, fu),d(u, gu), % (d(u, gu) + d(u, fu)) })

+L6(min {d(u, fu),d(u, gu)})
= o(d(u,gu)),

IN

since v is nondecreasing. By using the condition 1 (t) > ©(t) for ¢ > 0, we obtain
d(u,gu) = 0. Therefore, gu = u. Similarly, we can show that if u is a fixed point of
g, then w is a fixed point of f.

Let 9 € X. We construct a sequence {x,} in X such that xe, 1 = fza, and
Tont2 = gTan41 for all nonnegative integers. As f and g are weakly increasing with
respect to <, we have

1 = fxoXgfro=x2=g11 = fgri =23 ="
= Topt1 = fron X 9fTon = Topgo X -0
If 29, = xop41 for some n € N, then zg, = fxs,. Thus, z2, is a fixed point of f.
By the first part, we conclude that zs, is also a fixed point of g.

If 9,41 = Ton42 for some n € N, then x2,11 = gront1. Thus, xo,41 is a fixed
point of g. By the first part, we conclude that zo,41 is also a fixed point of f.
Therefore, we assume that x,, # x,41 for all n € N.

Now, we complete the proof in the following steps.
Step 1. We will show that

(3.2) lim d(zy,,xn41) =0.

n—-+o0o

Since x9, and x9,+1 are comparable, by applying the inequality 3.1, we have

V(d(@2n41, T2nt2)) < Y(s’d(B2n41, T2nt2))
= P(s’d(fron, goni1))
(33) S @(Ms($2n7x2n+l)) + LH(N(:EQnax%H-l))u
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for all n € N, where

Ms(zon, Tony1) = HlaX{d(@n,ﬂ?znﬂ),d(ﬂ?zn,fI2n),d(I2n+1,gI2n+1),

d(zan, 9Zon+1) + d(T2n+1, f2on) }

2s

d(I2m 332n+2)
2s

= max {d(!Ezm Ton+1), A(T2n11, Tont2),

< max {d(fﬂzm Zont1), A(T2n11, Tont2),

S[d(ﬂfzm Tont1) + d(T2nt1, l’2n+2)] }

2s
(3.4) = HlaX{d(I2m$2n+1),d($2n+1,2n+2)}
and
N(zon, Tont1) = min{d(xan, fTon), d(@2nt1, f22n), d(Z2n, gT2n11)}
= mmin {d(l“zn, Tont1), A(Ton+1, Tant1), d(Ton, I2n+2)}
(3.5) = 0.

By applying the inequality 3.3 and using 3.4 and 3.5, we have
(3.6) 1/)(d(3:2n+1, x2n+2)) < w(max {d(xzn, Ton+1), d(x2n+1,3:2n+2)}).
Now, if for some n € N,
max {d(z2n, T2n41), d(Tont1, Tant2) } = d(Tans1, Tanta),

then by using 3.6 and the properties of the function ¢, we get

P(d(@2nt1, Tany2)) < @(d(@2n41, Tany2)) < Y(d(@2nt1, T2nv2)),
which gives a contradiction. Thus,

max {d(z2n, T2n41), d(@2n41, Tant2) } = d(on, Tant1)-

Hence, the inequality 3.6 yields that
B.7)  Y(d@ans1, Tany2)) < @(d(@2n, Tani1)) < Y(d(22n, T2nt1))-
Similarly, we can show that
(3.8) Y(d(ons1, 72n)) < @(d(@2n, T2n-1)) < P (d(2n, T2n-1)).

for all n € N. Since 1) is nondecreasing, it follows by 3.7 and 3.8 that {d(zn, Tp+1) :
n € NU {0}} is a nonincreasing sequence of nonnegative real numbers which is
bounded from below. Then there exists r > 0 such that

nll)rfoo ATy, Tpt1) =7
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Now, we claim that » = 0. On the contrary, assume that » > 0. Since % and ¢ are
continuous, it follows by taking limit as n — 400 in 3.7 that

Y(r) < o(r).

Now, by using the condition () > ¢(t) for t > 0, we have r = 0, which is a
contradiction. Hence, we conclude that » = 0.

Step 2. We will prove that {z,} is a b-Cauchy sequence in X. Because of 3.2,
it is sufficient to show that the subsequence {x2,} is a b-Cauchy sequence. Assume
on the contrary that {z2,} is not a b-Cauchy sequence. Then there exists ¢ > 0 for
which we can find two subsequences {2, } and {zap, } of {x,} such that ny, is the
smallest index for which

(3.9) ng > mg >k, d(Tamy, Ton,) = €.

This means that

(3.10) A(Z2m,, , Ton,—2) < €.

From 3.9 and 3.10 and by using the triangular inequality, we have

€ d(Zamy» Tony,) < $A(Tamy Tong—2) + 8d(T2n, —2, T2n,)
sd(xam, , Tan,—2) + Szd(mnk—z, Ton,—1) + S2d(172nk—17 Ton,,)

se + 52d($2nk727 Tong—1) + S2d($2nk—1, Ton,, )-

VASRVANRVAY

By taking the upper limit as £k — 400 and thanks to 3.2, we get

(3.11) e < limsup d(xam,, , Tan, ) < se.
k— o0

Further, from
d(T2my, s Tang,—1) < $A(Tamy s Tang—2) + $d(Tan, —2, Tan,—1)
and by using 3.2 and 3.10, we get

lim sup d(CCka ’ x?nkfl) S SE.
k—+oo

Again, by using the triangular inequality, we have
d(zamy, Tony,) < $A(Tamy,, Tang—1) + SA(Tany, —1, Tany )-

By taking the upper limit as K — +oo in the above inequality and using 3.2 and
3.11, we get

< lim sup d(Zam,, , Tan, —1)-
k—-+oo

®w | ™
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Thus, we have

(3.12) £ < limsup d(x2m,, , Tan,—1) < se.
S k—4o00

From 3.10 and by using the triangular inequality again, we have
SA(T2my+1; Tamy ) + A T2my , Tany—1)

3d(Tomy+15 Tamy ) + 52 A(T2my  Tang—2) + 52 d(T2n, —2, T2ng—1)

Sd(T2my 11, Tamy,) + 576 + 8 d(T2n, 2, Tan, —1)-

d(I2mk+17 $2nk71)

VAN VARRVAN

By taking the upper limit as k — 400 in the above inequality and using 3.2, we get

. 2
lim sup d(T2m,, 41, Tan,—1) < S7€.
k—+o00

Again, by using the triangular inequality, we have

SA(Z2my, s Tamg+1) + SA(X2my+1, Tony,)

SA(Z2my, s Tamg+1) + SQd(I2mk+1, Tong—1) + S2d($2nk—1, Ton,, )-

d(Ikav'ran) S
<

By taking the upper limit as k — 400 in the above inequality and using 3.2 and
3.11, we get

3 .
— < limsup d(@2my 41, T2n, 1)

§ k—+o00
Hence, we have
€ i 5
(3.13) 2 < lim sup d(X2m,, +1, Tan,—1) < s°€.
k—+oo

Moreover, from
d(xam,,, Ton,,) < 8A(T2m, , Tamy+1) + SA(T2my, 11, Ton,,)

and thanks to 3.2 and 3.11, we get

S lim sup d($2mk+1; T2ny, )
k— o0

®w | M

On the other hand, from
A(Tamy+1, Tong,) < SA(T2my+1, Tamy ) + SA(XT2my, , Tany, )
and by using 3.2 and 3.11, we obtain

. 2
lim sup d(xom, +1, Ton, ) < S°€.
k— oo
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Therefore, we have

(3.14)

€ .
- S lim sup d(IkaJrlvank) S 525-
S k—+o00

Since xom, and xap, —1 are comparable, by applying the inequality 3.1, we have

(3.15)

where

Ms(x2mk ) :Ean—l)

(3.16)

and

N(Z2m,, Tany—1)

(3.17)

1/}(52d($2mk+1; Ton,)) = U($*d(fTomy, 9T2n,—1))

IN

(p(Ms(:Lka ) x2nk—1))
+L9(N($2mk y Ianfl)),

= max {d(bmk Tony—1), AZam,, fTam, ), A(X2n, —1, 9T2n,—1),

d(Tomy s 92n,—1) + d(fZ2my, Tang—1) }
2s

= max {d(Ika ) xanfl)v d(Ika ) I2mk+1)7 d(IQHk*h Ian)v

d(Tamy, Tony, ) + AT2my+1, Tany—1) }
2s

- min {d(xQﬂ’Lk ) f-Ika)a d(I2nk717 f'Ianfl); d('erk ) gIanfl)}

= min {d(zam, , Tam,+1), d(@2n,—1, T2n, ), A(T2m,, » T2n,, ) }-

By taking the upper limit as & — +o0 in 3.16 and using 3.2, 3.11, 3.12 and 3.13,

we get

So, we have

(3.18)

IN

, {g s+s%}
min § —,
S 2s

lim sup M (xom,, , Ton, —1)
k— 400

max { lim sup d(22m,, , T2n,—1), 0,0,
k—+oo

Hmsupy_, ¢ o0 A(@2m, s T2n, ) + limsupy, 4 oo d(@2m 41, T2n,—1) }

2s

se + s%¢

max «q s€, 27 = 8¢
s

€ €
— + — < limsup My(z Ton,—1) < S€
25 283 k_)+£ s( 2my s L2ny, 1) )
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and from 3.17,

(3.19) lim sup N (22, , T2n,—1) = 0.

k— oo

Now, taking the upper limit as £k — +o0 in 3.15 and using 3.14, 3.18 and 3.19, we
obtain

P(se) = z/1(s2§) Sw(s2limsupd(:vgmkﬂ,xgnk))

k—-+oo

< gp(hmsupM T2my, > L2ny, — 1))
k—4o0

< p(se)

< t(se),

which is a contradiction. So, we deduce that {z,} is a b-Cauchy sequence.
Step 3. Existence of a common fixed point for f and g.

As {z,,} is a b-Cauchy sequence in X which is a b-complete b-metric space, there
exists u € X such that lim,,_, 4 ©, = u and

lim xop41 = lim fxzo, = u.
n—-+oo n—-+o0o

Now, without any loss of generality, we may assume that f is continuous. By using
the triangular inequality, we have

d(u, fu) < sd(u, fran) + sd(fxan, fu).

Now, by taking the upper limit as n — +o00 in the above inequality and using the
continuity of f, we get

d(u, fu) < slimsupd(u, fra,) + slimsup d(fxa,, fu) = 0.
n—-4o0o n—-4o0o

Thus, we have fu = u. Hence, u is a fixed point of f. By the first part of proof, we
conclude that v is also a fixed point of g. O

The assumption of continuity of one of the mappings f or g in Theorem 3.1 can be
replaced by another condition, which is often used in similar situations. Namely, we
shall use the notion of a regular ordered b-metric space, which is defined analogously
to the case of the standard metric (see the paragraph following Theorem 2.1).

Theorem 3.2. Let (X, =,d) be a partially ordered b-complete b-metric space with
the coefficient s > 1, and let f,g: X — X be two weakly increasing mappings with
respect to <. Suppose that

(a) f is an almost generalized (1, p, 0)s-contractive mapping with respect to g;

(b) the space (X, =X,d) is regular.
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Then f and g have a common fixed point in X.

Proof. Repeating the proof of Theorem 3.1, we construct an increasing sequence
{z,} in X such that lim,—, o 2, = u for some u € X. By using the given assump-
tion on X, we have z,, = u for all n € N. Now, we show that fu = gu = u. Putting
T = T9, and y = u in 3.1, we obtain

1/)(52d(172n+1,gu)) = 1/)(52d(f:172n,gu))

(3.20) < o(My(x2n,u)) + LO(N (w20, 1)),
where
MS($2n,u)) = max{d(xzn,u),d(zzn,fajgn),d(u,gu),
d(xon, gu) + d(fxon,u) }
2s

= max{d(xgn,u),d(xgn,x2n+1),d(u,gu),

(321) d(x2’n.7 gu) + d(x2n+17 'LL) }
2s
and
N(:EQH; u)) = min {d(x2n7 f'IQn)v d(uv f-IQn); d(-IZn; gu)}
(322) = min{d(I2n7$2n+1>,d(u,I2n+1),d(x2n,gu)}-
Letting n — 400 in 3.21 and 3.22 and by using Lemma 2.1, we get
d(u, gu) . e
552 = min{ d(u, gu), 5
< limsup My(2o,,u)
n—-+oo
d

(3.23) < max {d(u, gu), %} = d(u, gu)
and
(3.24) N(zon,u) — 0.

Now, taking the upper limit as n — 400 in 3.20 and by using Lemma 2.1, 3.23 and
3.24, we obtain

Sldtngn) < wlsdtungn) = o sHdgu)
< (s limsup d(wans1, gu)
< 90(1;{%’0;4 (22, 1))
< p(d(u, gu)),
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since ¢ is nondecreasing. By using the condition ¥ (t) > ¢(¢) for ¢ > 0, we have
d(u,gu) = 0, that is, u = gu. Thus, u is a fixed point of g. On the other hand,
similar to the first part of the proof of Theorem 3.1, we can show that fu = u.
Hence, u is a common fixed point of f and g. O

By putting f = g in Theorems 3.1 and 3.2, we obtain the following result.
Corollary 3.1. Let (X, =<,d) be a partially ordered b-complete b-metric space with
the coefficient s > 1, and let f: X — X be a nondecreasing mapping with respect
to <. Suppose that

(a) there exist the functions ¢ € ¥, ¢ € ®, 6 € O and a constant L > 0 such that

(3.25) b(s*d(fx, fy)) < o(Ms(w,y)) + LO(N(z,y))

for all comparable elements x,y € X, where

M(z,y) = max {d(x, y), d(z, fz),d(y, fy), d(z, fy) ;Sd(% fx)}

and
N(z,y) = min {d(z, fz), d(y, fz),d(z, fy)};
(b) f is continuous, or
(b) the space (X, X,d) is regular.
If there exists xg € X such that xg = fxg, then f has a fixed point.

By taking ¢(t) = 1(t) — ¢(t), where ¢ € ¥ in Theorems 3.1 and 3.2, we obtain
the following result.

Corollary 3.2. Let (X, =<,d) be a partially ordered b-complete b-metric space with
the coefficient s > 1, and let f,g: X — X be two weakly increasing mappings with
respect to <. Suppose that

(a) there exist the functions 1, ¢ € U and a constant L > 0 such that

(3.26) ¥ (s*d(fx, gy)) < (Ms(z,y)) — ¢(Ms(x,y)) + LO(N (z,y))

for all comparable elements x,y € X, where

MS(I; y) = max {d(x, y), d(ZE, f.I), d(y7 gy)7 d(x’ gy) ;;d(ya fiE) }

and

N(z,y) = min {d(z, fz),d(y, fz),d(z, gy) }:
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(b) f or g is continuous, or
(b") the space (X, =,d) is regular.
Then f and g have a common fized point in X.
By putting ¢ (¢) =t and ¢(t) = (¢)t, where g € F, we get the following result.

Corollary 3.3. Let (X, =<,d) be a partially ordered b-complete b-metric space with
the coefficient s > 1, and let f,g : X — X be two weakly increasing mappings with
respect to <. Suppose that

(a) there exist the function § € F and a constant L > 0 such that
(327)  s*d(fx,gy) < B(M(z,y)) Ms(z,y) + LO(N(z,y))

for all comparable elements x,y € X, where

d(z,gy) +d(y, fz) }

(o) = max { e, ). o, f2), dl ), S22

and
N(z,y) = min {d(z, fz),d(y, fz),d(z, gy)}:
(b) f or g is continuous, or
(b') the space (X, =X,d) is regular.
Then f and g have a common fized point in X.

By taking f = g and L = 0 in Corollaries 3.2 and 3.3, we get immediately the
following results.

Corollary 3.4. Let (X, =<,d) be a partially ordered b-complete b-metric space with
the coefficient s > 1, and let f : X — X be a nondecreasing mapping with respect
to <. Suppose that

(a) there exist the functions 1, ¢ € U such that
(3.28) (s*d(fz, fy)) <o (Ms(z,y)) — ¢(Mq(z,y))
for all comparable elements x,y € X, where

3

d(x, fy) + d(y,fx)}

M (a.9) = max L, ). (o, f2), dy. ). DL E

(b) f is continuous, or
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(b’) the space (X, =,d) is regular.
If there exists xog € X such that xg = fxg, then f has a fixed point.

Corollary 3.5. Let (X, =<,d) be a partially ordered b-complete b-metric space with

) —

the coefficient s > 1, and let f: X — X be a nondecreasing mapping with respect
to <. Suppose that
(a) there exists the function 8 € F such that

for all comparable elements x,y € X, where

d(z, fy) + d(y, fx) }

M (x,y) = maX{d(:E,y)ad(:E, fx),d(y, fy), 5

(b) f is continuous, or
(b") the space (X, =,d) is regular.
If there exists xg € X such that xo =X fxo, then f has a fized point.

If we take 1(¢) =t in Corollary 3.4, then we get the following result.

Corollary 3.6. Let (X, =<,d) be a partially ordered b-complete b-metric space with
the coefficient s > 1, and let f : X — X be a nondecreasing mapping with respect
to <. Suppose that

(a) there exists the function ¢ € ¥ such that
(3.30) s*d(fz, fy) < My(x,y) — ¢ (Ms(z,y))

for all comparable elements x,y € X, where

d(z, fy) +d(y7f$)}
2s '

M (o.) = e {dle. ) e fo) . o),
(b) f is continuous, or
(b') the space (X, X,d) is regular.
If there exists xg € X such that xg = fxg, then f has a fixed point.

Remark 3.2. Recall that a subset W of a partially ordered set X is said to be well
ordered if every two elements of W are comparable. Note that (common) fixed points of
the given mappings in Theorems 3.1 and 3.2 and Corollary 3.1 need not be unique (see
further Example 4.3). However, it is easy to show that they must be unique in the case
that the respective sets of (common) fixed points are well ordered.
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Remark 3.3. Corollary 3.2 improves the main results (Theorems 5 and 6) of Roshan et
al. [34] (note that we have s* instead of s* in the contractive condition). Also, Corollary
3.4 (with L = 0 and s? instead of s) corresponds to Theorems 3 and 4 of Roshan et al.
[34].

Remark 3.4. Since a b-metric is a metric when s = 1, so our results can be viewed as the
generalization and extension of corresponding results in [4, 13, 17, 18, 35, 37] and several
other comparable results.

4. Some Examples

In this section, we present some examples which illustrate our obtained results.

Example 4.1. Let X = [0,+0c0) be equipped with the b-metric defined by

d(z,y) = { ([)ITIaX{m7y}]27 iig:

for all z,y € X. Obviously, (X,d) is a b-complete b-metric space with s = 2271 — 9,
Define the partial order “ <” by

x =y = :c:y\/(:c7y€[071]/\1:§y).

Consider the mapping f : X — X given by

fﬂ?: 2\/%7 :Z?E[O,l],
ﬁ, x> 1.

It is easy to see that f is continuous and increasing, and 0 X f0. Take altering distance
functions

In order to check the contractive condition 3.28, without loss of generality, we may take
x,y € X such that y < z. Thus, we have the following cases.

Case 1: If z € [0, 1] (and hence also y € [0,1] and y < z), then

ZCZ

and

2 2 x
z” +max{y, so7=}
M;(z,y) = max {:cz,xz,yz, 5 2vite }:xz.
s

Hence, 3.28 reduces to

2 ZC2 o ZC2 2 CCS
¢(Sd(fx’fy)) w<4'4(1+x)>_1+:c§x T 1tz

b(@®) = 6(2%) = (M. (2,9)) - 6(Ma(2,1)).
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Case 2: If x > 1 (and hence y = x), then d(fz, fy) = 0 and M(z,y) = x. Hence,
3.28 reduces to

2
1/)(4-0):0§x2—%

= ¥@") = 9?) = ¥(Mu(2,y)) - (M. (w,9) ).

Thus, all the hypotheses of Corollary 3.4 are satisfied and hence f has a unique fixed point.
In fact, 0 is the unique fixed point of f.

v(sd(fz. 1))

Example 4.2. Let X = [0,+00) be endowed with the b-metric defined by

2
d(%y):{ Efﬂ) 7 iiz

for all z,y € X and the standard order. Clearly, (X, d) is a b-complete b-metric space with
s = 2271 = 2. Define the mapping f: X — X by

g%, w€[0,1),
fz= %a@ z €11,2),
I x € [2,400).

It is easy to see that f is continuous and increasing, and 0 < f0. Take the function
B:[0,400) — [0, 1) given by B(t) = 1. In order to check the contractive condition 3.29,
without loss of generality, let x,y € X and, for example, < y. Thus, the following cases
are possible.

Case 1: If z,y € [0,1), then

2
4d(fx, fy) = 4<1x2+1y2> — i<x2+y2)2

IN

IN

Case 2: If z,y € [1,2), then

4d(fx, fy) = 4<ém+%y> :%(x_,_y)z
< @y’ = qdy)
< ey = B(M.(2,9)) M, ).
< M, () M (e,

Case 3: If 2,y € [2,4+00), then

dd(fz, fy) = 4<i+i> :1:3(1“)2
< i(:c+y)2 = —d(z,y)
< lMs(:c Y) :B(M\(:c y))M (z,y)
— 4 b S b S )
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Case 4: If z € [0,1) and y € [1,2), then
1, 11\? 1 1N\ 1/, o\2
Al =224 2y) <4(=z+-y) = —( )
<8x +8y) < <8x—|—8y) 6 \* +y
1 s 1
Lot )? = Jdy)

TM(,y) = B(Ma(2,9)) Ma (2,9).

4d(fz, fy)

IN

IN

Case 5: If z € [0,1) and y € [2, +00), then

1, 1)2 1 1)\? 1 2
— — < — — e
4d(fx, fy) 4<8x +4> _4<8x+8y> 16(:c+y)

< i(w +y)* = id(%y)
< Moy) = 8(Mao,) ) Maay).

Case 6: If x € [1,2) and y € [2, +00), then

2 2
dd(fz, fy) = 4(1964-1) §4<éx+%y) :i(x+y)2

(e +9)* = 1d(,9)

< M y) = B(M.(e,0)) Mo(e,).

<

Therefore, all the hypotheses Corollary 3.5 are satisfied and hence f has a unique fixed
point. Indeed, 0 is the unique fixed point of f.

We now present an example showing that there are situations where our results
can be used to conclude about the existence of (common) fixed points, while some
other known results cannot be applied.

Example 4.3. Let X = {0,1,2,3,4} be equipped with the b-metric defined by

d(z,y) = { ((;er){ ii;

for all z,y € X. Obviously, (X,d) is a b-complete b-metric space with s = 3—2. Define the
partial order “ X7 by

<= {(0,0),(1,1),(1,2),(2,2), (3,3), (4.2), (4, 9) }.
Consider self-maps f and g as
(01234 /(01 2 3 4
“\lo 221 2) 9=\ o 2 2 1 1)

It is easy to see that f and g are weakly increasing mappings with respect to <, and that
f and g are continuous.
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Take 1), ¢ € ¥ given by ¢(t) = v/t and ¢(t) = 555. In order to check the contractive
condition 3.1, only the case = 2, y = 4 is nontrivial (when z and y are comparable and
the left-hand side of the contractive condition 3.1 is positive). Then

w(SQd(f27g4)): $2.32 = 12457 \/%_ﬁ_d’( (2, ))—¢(Ms(274)).

Thus, all the conditions of Theorem 3.1 are satisfied and hence f and g have a common
fixed point. Indeed, 0 and 2 are two common fixed points of f and g. (Note that the
ordered set ({0,2}, <) is not well ordered.

However, take = 1 and y = 4 (which are not comparable). Then

v(sd(f1,90) = 52~32:%
> i’g ﬁ—ﬁ—w( A(1,4)) = o(M.(1,4)).

Hence, this result cannot be applied in the context of b-metric spaces without order.
5. An application to integral equations

In this section, we present an application of our results to establish the existence
of a solution for a class of nonlinear quadratic integral equations.

Consider the nonlinear quadratic integral equation
1
(5.1) z(t)=g(t)+ )\/ k(t,s)f(s,z(s))ds, for all t €[0,1], A > 0.
0

Let T" denote the class of those functions + : [0, 4+00) — [0, +00) which satisfy the
following conditions:

(a) ~ is nondecreasing and (y(¢))? < ~(t?) for al p > 1.
(b) There exists ¢ € ¥ such that y(t) =t — ¢(t) for all ¢ € [0, +00).

For example, 71 (t) = kt, where 0 <k < 1 and 72(t) = 77 are in T.

Let X = C([0,1],R) be the set of all real continuous functions defined on [0, 1]
with the standard metric given by

p(z,y) = sup |z(t) —y(t)]  forallx,yeX.
t€[0,1]

Now, for p > 1, we define

d(z,y) = (o))" = (sup [2(t) —y(®)])" = sup [a(t) - y(t)|”

te(0,1] te[0,1]

for all z,y € X. Obviously, (X,d) is a b-complete b-metric space with s = 2P~1.
We endow X with the partial order “ <7 given by

zyeX, vy < z()<y() forallte]l0,1]
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Moreover, as in [29], it is proved that (X, <X,d) is regular.

We will analyze the integral equation 5.1 under the following assumptions:

(i) ¢g:[0,1] — R is a continuous function.

(i) f:[0,1]xR — R is a continuous function, f(¢,x) > 0 and there exist constant
0 <L <1and~ €T such that for all z,y € R,

|f(t,x) = f(t, )] < Ly(lz —yl).

(iii) k£ : [0,1] x [0,1] — R is continuous at ¢t € [0,1] for every s € [0,1] and
measurable at s € [0, 1] for all ¢ € [0, 1] such that k(¢, s) > 0 and fol k(t,s)ds <
K.

(iv) NWPKPLP < 1

22p—2+

(v) There exists zp € X such that zo(t) < g(t) + )\fol k(t,s)f(s,zo(s))ds for all
t e 0,1].

Now, we have the following result of existence of solutions for nonlinear quadratic
integral equations.

Theorem 5.1. Under the assumptions (1)-(v), the equation 5.1 has a unique so-
lution in X = C([0,1],R).

Proof. We consider the self-map T': X — X defined by

Tx(t) = g(t) + )\/01 k(t,s)f(s,x(s))ds  for all t € [0,1].

By virtue of our assumptions, T' is well defined, that is, if x € X, then Tx € X.
Note that u* € X is a solution of 5.1 if and only if u* is a fixed point of T

Now, let z,y € X with < y. By applying the condition (ii), we conclude that
0 < f(s,y(s)) — f(s,z(s)) for all s € [0,1]. On the other hand, by definition of T,

we have

Ty(t) — Tx(t)

g(t) + )\/0 k(t,s)f(s,y(s))ds — g(t) — )\/0 k(t,s)f(s,x(s))ds
= )\/0 k(t,s)[f(s,y(s)) - f(s,a:(s))]ds >0

for all ¢ € [0,1]. This implies that Ty(t) > Tz(t) for all ¢ € [0,1] and hence
Tx < Ty. Therefore, T is a nondecreasing mapping with respect to <.
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Now, suppose that z,y € X with = < y. Hence, by using condition (ii) and the
definition of T, for all ¢ € [0, 1], we have

1

|Ta(t) — Ty(t)| = ‘g(t) + X[ Kt s))ds
t

0

,8).f (s,
—g(t) - )\/O k(t,s)f(s,y(s))ds

IN

)\/0 k(t, s)|f(s,2(s)) — f(s,y(s))|ds
< )\/0 k(t, s)A(Jz(s) — y(s)])ds.

Since the function ~ is nondecreasing, it follows that

Y(Ja(s) = y(s)]) <( sup [2(s) = y(s)]) =7 (el ).

t€[0,1]

Hence, we obtain

|Tx(t) — Ty(t)| < AKLy(p(z,y)).
Then, we have

dT=Ty) = sup [Tr(t) - Ty
{AKLy(p(z,)) }"
)\prLp’y(d(I, y))

NP KPLP~ (My(z, y))

N KPLP[M(,y) — ¢(Ms(2,9))]

sz (M) — 6(Mi(,)].

(VAN VANR VAN VAN

IN

Now, by applying condition (v) there exists g € X such that xg = T'zy. Conse-
quently, all the required hypotheses of Corollary 3.6 are satisfied and hence T" has
a unique fixed point v* € C([0, 1], R), that is, u* is the unique solution to 5.1. This
completes the proof. O

Example 5.1. Consider the functional integral equation

t? 1 ' scost |z(s)]
(5.2) z(t) = T + ﬁ/(; BT 1L |m(s)|d8 for all t € [0, 1].

Observe that this equation is a special case of the equation 5.1 with

2 S
L k(t =
T (t:8) =17

g(®)
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and

Put

t? 1 ' scost |z(s)]
Ta(t) = —— + — d
W=t 27/0 BI+6) 1+ z(s)] "

for all ¢ € [0, 1] and for all z € C([0,1],R). Then

(i) g:[0,1] — R is a continuous function.
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(ii) f : [0,1] x R — R is a continuous function and f(¢,z) > 0. Indeed, by using

~(t) = %u we see that v € I and

o = (3 = <

for all p > 1. Further, for arbitrarily fixed z,€ R such that z > y and for all

t € [0, 1], we obtain

__ |cost \x\ _ cost \y\
- 18 1+|z| 18 1+|y|

[t 2) = f(t.v)]

< &lo—yl = tr(le - ol).

1
Thus, L = 5.

(ii) k:[0,1] x [0,1] — R is continuous at ¢ € [0, 1] for every s € [0, 1] and measurable at

s €[0,1] for all t € [0,1] and k(¢,s) > 0. Moreover, we have

1
— 1 s _ 1
/0 k(t,s)ds = [, mds——2(1+t)

(iv) By taking L = %, K= % and A = 2=, then inequality N’ KPLP < -t appearing

27
in assumption (iv) has the following form:

22p—2

L1 11
o o NG S 2z

It is easily seen that each number p > 1 satisfies the above inequality.

(v) By choosing zo(t) =t for all t € [0,1], we have T'zo(t) = ¢ for all ¢t € [0,1]. Hence,

xo(t) < Tao(t) for all t € [0,1]. Therefore, o < T'zo.

Consequently, all required assumptions of Theorem 5.1 are satisfied. Hence the integral

equation 5.2 has a unique solution in C([0, 1], R).
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