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Abstract

The aim of this paper is to present some fixed point results for C-class functions in the setting of b-metric spaces. Moreover,
some examples are given to support the main results. In addition, by using our results, we obtain the existence and uniqueness
of solution to differential or integral equation. Furthermore, for the differential equation, we provide the precise mathematical
expression of solution. (©2017 All rights reserved.
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1. Introduction

In the development of nonlinear analysis, fixed point theory occupies a prominent place in many as-
pects. It has been used in different branches of engineering and sciences. In particular, the famous Banach
contraction principle, is very popular tool of mathematics in solving a great deal of problems in several
branches of mathematics such as variational and linear inequalities, differentio-integral equation, and ap-
proximation theory. To overcome the problem of measure and the convergence induced by measurable
functions, Bakhtin [5] or Czerwik [7] introduced an extension of metric space, which is called b-metric
space or metric type space, and proved a more general Banach contraction principle in such space. Since
then, many authors have been interested in investigating fixed point theorems for single-valued and set-
valued mappings in b-metric spaces (see [2, 6, 8, 9, 11-17, 19-23]). On the other hand, Khan et al. [10]
introduced the concept of altering distance function, which is a control function that alters distance be-
tween two points in a metric space. Some mappings will become weak if they act with altering distance
functions. Afterwards, many mathematicians obtained fixed point theorems associated with altering dis-
tance functions (see [13, 20-23]). Recently, Ansari [3] introduced C-class function in metric spaces and
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obtained some fixed point results. Subsequently, many scholars were interested in fixed point theorems
for C-class function (see [4, 13, 18]). Throughout this paper, inspired and motivated by previous results
in the existing literature, we give several fixed point results for C-class functions in b-metric spaces. Our
results are straightforward and our proofs avoid the problem of discontinuity of b-metric. Yet, in some
previous results, the authors had to utilize the so-called famous lemma because of the problem of dis-
continuity of b-metric. Moreover, we provide two examples to support our main assertions. Otherwise,
we apply our results to prove the existence and uniqueness of a solution to ordinary differential equation
with initial value conditions. Further, we give the concrete mathematical expression of solution to such
equation. In addition, we deal with the existence and uniqueness of a solution to a class of nonlinear
integral equations.

In the sequel, we always denote by IN, R, and R™ the set of positive integers, real numbers, and
nonnegative real numbers, respectively. The following definitions and results will be useful for proving
our main results.

Definition 1.1 ([5, 7]). Let X be a (nonempty) set and s > 1 be a given real number. A functiond : X x X —
R™ is called a b-metric on X if, for all x,y, z € X, the following conditions hold:

(b1) d(x,y) =0if and only if x = y;
(b2) d(x,y) = dly,x);
(b3) d(x,z) < sld(x,y)+d(y,z)].

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

It is evident that the class of b-metric space is larger than that of metric space since any metric space
is a b-metric space with s = 1. The following examples show that, in general, a b-metric space is not
necessarily a metric space.

Example 1.2 ([14, 20, 21]). Let (X, d) be a metric space and o4 : X x X — R™ be defined by
oa(x,y) =[d(x,y)IP forall x,y € X,
where p > 1 is a fixed real number. Then (X, 04) is a b-metric space with coefficient s = 2p—1,

In the following examples, we improve the coefficient of b-metric space in several papers (see [6, 11, 20—
23]). As a matter of fact, we replace the coefficient s = 2% by s = 2%_1.

Example 1.3. Let 0 < p < 1 and define L,[a, b] by

a

b
Lyla, bl = {x(t) J Ix(t)[Pdt < oo} ,

where the mapping d : L,[a, b] x L,[a, b] — R™ is defined by

b b
d(x,y) = (J (1) —y(tnpdt)

a

for each x = x(t),y =y(t) € Lyla, b]. Then (L [a,b], d) is a b-metric space with coefficient s = 251,
In fact, we only need to prove that condition (b3) in Definition 1.1 holds. To this end, let x = x(t),
y =y(t), z = z(t), we show that

1

b v b 5 b b
(J |X(t)Z(t)|pdt> <2v ! [(J |X(’E)U(t)|pdt> +<J |U(t)l(t)|pdt) ] (1.1)
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Denote u(t) = x(t) —y(t), v(t) = y(t) — z(t), then x(t) — z(t) = u(t) +v(t), so (1.1) becomes

b % 1 b P b %
(J Iu(t)—l—v(t)lpdt> <21 {(J |u(t)|pdt> +<J Iv(t)lpdt> ] (1.2)

Next we prove (1.2). Noticing the following inequalities,

aP +bP (a,b>0,0<p<1),
27" YaP+bP) (b0, p=1),

(a+b)P

<
(a+b)P <

we have

T =

rb

(hu(t)] + IV(t)I)pdt>

Ja

b 0
( J u(t) +v(t)|pdt> <

o=

rb

(hu(O)P + Iv(t)P)dt>

Ja

|-

rb b

lu(t)Pdt+ J

Ja

e . :
<ol {(J |u(t)lpdt> +<J Iv(t)lpdt> ]

Similar to Example 1.3, we can easily get the following example.

a

N
e ~N 7 ~N

Iv(t)lpdt>

Example 1.4. Let 0 < p < 1 and define 1, (IR) by

o0
Z |Xn|p < OO} ’

n=1

p(R) := {{Xn} CR

where the mapping d : 1,(R) x 1,(R) — R™ is defined by

1
0 P
d(x,y) = (Z n —ynlp>
n=1
1

for each x = {xn},y = {yn} € 1, (R). Then (1, (R), d) is a b-metric space with coefficient s = 251,
Example 1.5 ([20]). Let X ={0,1,2} and define the mapping d : X x X — R™ by
d(0,0)=4d(1,1) =d(2,2) =0, d(0,1)=4d(1,0) =4d(1,2)=4d(2,1) =1
and
d(2,0) =4d(0,2) =m,

where m > 2 is a real number. Then (X, d) is a b-metric space with coefficient s = 7.

Definition 1.6 ([20, 21]). Let (X, d) be a b-metric space and {x,,} a sequence in X. We say that

(1) {xn} b-converges to x € X if d(xn,x) = 0asn — oo;
(2) {xn}1is a b-Cauchy sequence if d(xm,xn) = 0as m,n — oo;
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(3) (X, d) is b-complete if every b-Cauchy sequence in X is b-convergent.

Each b-convergent sequence in a b-metric space has a unique limit and it is also a b-Cauchy sequence.
Moreover, in general, a b-metric is not necessarily continuous. The following example illustrates this
claim.

Example 1.7 ([8]). Let X = IN U{co}. Define a mapping d : X x X — R™ as follows:

0 if m=n,
— %I, if one of m,n (m # n) is even and the other is even or oo,
if one of m,n (m # n) is odd and the other is odd or oo,

g
d(m,n) = |5m
2, others.

~

It is not hard to verify that

d(m,p) < §[d(m,n) +d(n,p)l (m,n,peX).

2

Then (X, d) is a b-metric space with coefficient s = % Choose xn, = 2n (n € IN), then

1
d(xn,00) = o -0 (n— o),

that is, x, — oo (n — oo). However, d(xn,1) =2 -+ 5 =d(oo,1) (n — o).
Definition 1.8 ([3]). A mapping F: R" x R"™ — R is called a C-class function if

(i) F(s,t) < sforalls,t >0
(ii) F(s,t) = s implies that either s =0ort=0forall s,t > 0;
(iii) F(s,t) is continuous on its variables s, t > 0.

Motivated by [4, Example 2.2] and [13, Example 1.10], we give the following example.

Example 1.9. Each of the following functions F: R x R* — R is a C-class function:

(1) F(s,t) =s—t;

(2) F(s, t) = tfft ;

(3) F(s, t) =In 15

4) F(s,t) = 7\s where 0<A<;

(5) F(s,t) = 1+t %, where o > 0;

(6) F(s,t) =(s+B)° e — B, where . >0, f >1;

(7) F(s,t) = slogHa a, where a > 1;

(8) F(s,t) = ( ), where ¢ : R™ — [0,1] is a continuous function such that ¢(t) =1 <t =0;

(9) F(s, t) = @(t), where @ : R — R" is a continuous function such that ¢(t) =0 < t =0;
(10) F(s,t) = ( t), where h : R™ x Rt — R™" is a continuous function such that h(s,t) < 1 for all

s,t > 0.

In 1984, Khan et al. [10] introduced altering distance function as follows:

Definition 1.10 ([10]). A function ¢ : R™ — R™ is called an altering distance function if it satisfies the
following axioms:

(i) ¢ is nondecreasing and continuous;
(ii) ¢@(t) =0if and only if t = 0.
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Example 1.11 ([20, 21]). Let ¢; : R™ — R*, 1 €{1,2,...,7}, be defined by

)
(2) @2(t) =t*, where o > 0;
(3) @3(t) =sinh ' t;
(4) @4(t) =cosht—1;
(5) @5(t) =at—1, where a >0and a # 1;
(6) @6(t) =1In(kt+1), where k > 0;

E? if t € 0,1,

7 or(t) = {t— 2 ifte (1,00).

Then @i (1=1,2,...,7) are altering distance functions.

For the sake of overcoming the problem of discontinuity for b-metric, the following lemma was often

used by many authors (see [1, 15, 20-23]).

Lemma 1.12 ([1]). Let (X, d) be a b-metric space with coefficient s > 1 and let {xn} and {yn} be b-convergent to

points x,y € X, respectively. Then we have
1
—Zd(x,y) <liminf d(xn,yn) < limsup d(xn, yn) < szd(x,y).
N n—oo n—oo

In particular, if x =y, then we have limy, _, d(xn,Yn) = 0. Moreover, for each z € X, we have

1
—d(x,z) < liminfd(xn,z) < limsup d(xn,z) < sd(x,z).
N n—oo n—oo

2. Main results

Let f : X — X be a mapping. Assume that

M, (x,y) = max {d(X,y), d(x,fx)d(y,fy) d(x,fx)d(y,fy) } ,

1+d(x,y) ~ 1+d(fx,fy)

B d(x,fx)d(x, fy)+d(y,fy)d(y,fx)
M; (X’y)_max{d(x’y)’ 1+s[d(x,fx)+d (y, fy)] ’
d(x,fx)d(x, fy)+d(y,fy)d(y, fx) }
1+sld(x,fy) +d(y, fx)] !

d(x,fx) d (y, fy)
"T+sld(x,y)+d(x fy)+dy, )]
d(x,fy)d(x,y) }
1+sd(x,fx)+s3[d(y, fx)+d(y,fy) )’

M3 (x,y) = max {d (x,y)

and
N(x,y) = min{d(x, fx), d(y, fy), d(x, fy), d(y, fx)}.

Lemma 2.1. Let (X, d) be a b-metric space with coefficient s > 1 and f : X — X be a mapping.
is a sequence in X induced by X1 = fxn, such that

d(Xn/ Xn+1) < kd(xnflf Xn)

forallm € IN, where k € [0,1) is a constant. Then {xn} is a b-Cauchy sequence.

2.1)

(2.2)

(2.3)

(2.4)

Suppose that {xn}
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Proof. Let xo € X and xn 41 = fx,, for all n € IN U {0}. We divide the proof into three cases.
Case 1. Letk € [0, 1) (s > 1). By the hypothesis, we have

d(xn/XnJrl) < kd(xnflr Xn) < kzd(xn—Zr xnfl) <0 < knd(x0/xl)~
Thus, for any n > m, we have

sld(xm, Xm+1) + d(xm+1,Xn )]

sd(Xm, Xm+1) + 52 [d(Xma1, Xma2) + d(Xmi2, Xn )]

sd(Xm, Xm41) + 57d(Xm 1, Xmr2) + 8 [d(Xm 12, Xm13) + d(Xm3,%n)]
sd(Xm, Xm+1) + $2d(Xm41, Xm+2) + $°d(Xm2, Xm+3)

o s (g, xn1) 5™ N (1, X))

< sk™d(xg, x1) + sZk™Hd(xo, x1) + s2k™2d (x0, X1)

o s 2 (x, xp) 4 s ™ Tk (%o, x1)

< sk™(1+ sk + s2k2 4 -« g sNTMTN M2 gnemheneme) g0 1)

d(Xm/ Xn)

NN IN N

[e¢]

Z(sk)i] d(xo,x1)

i=0

< sk™

sk™
= d(XO,Xl) -0 (m — OO)/
1—sk

which implies that {x,} is a b-Cauchy sequence. In other words, {f™xo} is a b-Cauchy sequence.

Case 2. Let k € [%,1) (s > 1). In this case, we have k™ — 0 as n — oo, then there is ng € IN such that
k™o < % Thus, by Case 1, we claim that

{(fno)nxo}%o:o = {xnol Xng+17Xng+2/ - -7 Xng+ms - - }

is a b-Cauchy sequence. Then

{Xn}?:() = {XO/ X1,X2,- -4, Xnofl} ) {Xn0/Xn0+1an0+21 <oy Xngtmns - }

is a b-Cauchy sequence in X.

Case 3. Let s = 1, then (X, d) is a metric space. In this case, the result is valid and hence we omit the
proof. O

Remark 2.2. Lemma 2.1 extends k € [0, %) tok € [0,1), and hence it generalizes [9, Lemma 3.1], [11, Lemma
2.19], and [19, Lemma 3.1].

Theorem 2.3. Let (X, d) be a b-complete b-metric space with coefficient s > 1 and f : X — X be a mapping such
that

w(stxd(fxl fy)) < F(ll)(Ml(X/y))/ (P(MI(X/U))) + BN(X/U) (25)

for all x,y € X, where « > 0, > 0 are constants, P, ¢ : RT™ — RT are altering distance functions, F :
R*™ x R™ — R is a C-class function, and Mi(x,y)(i = 1,2,3) and N(x,y) are defined by (2.1)-(2.4). Then for
each i € {1,2,3}, f has a unique fixed point in X. Moreover, for any x € X, the iterative sequence {f™x} (n € IN)
b-converges to the fixed point.

Proof. Choose xo € X and construct a Picard iterative sequence {xn} by xn+1 = fxn (n € N U{0}). If there
exists ng € IN such that x,, = Xp,41, then xn; = xn 41 = fxn,. In this case, xy,, is a fixed point of f. Next,
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without loss of generality, let x,, # x41 for all n € N U{0}. From (2.5), we have

II)(S“d(Xn,Xn+1)) =P (s*d(fxn_1,fxn))
< F(Mi(xn—1,%n)), @ Mi(xn-1,%xn))) + BN(xn_1,%n) (2.6)
<Y (Mi(xn-1,%n)) + BN(xn—1,%n),

where

_ d _1,
M, (anxn—l) — max {d (Xn; Xn—l) ) d (Xn/ Xn—!—l) d (Xn 1/ Xn) d (Xn/ Xn+1) (Xn 1, %n) }

T+d(xn,xn-1) "~ 1+d(xnp1,xn)

< max {d (Xn, Xn—1) d(xn, Xn+1) d (Xn—1,%n) ) d (xn, Xn+1) d (Xn—1,%n) } (2.7)
d (Xn,Xn-1) d (Xn+1/ Xn)

= max{d (Xn/ anl) ,d (Xn/ Xn+1)}/

MZ (Xn/ anl)

— max {d (anxn 1) d (an Xn+1) d (Xn/ Xn) +d (anlr Xn) d (anl/ Xn+1) ,
1+s [d (an Xn+1) +d (anlr Xn)]
d (xn, Xn+1) d (xn, xn) +d (xn—1,%n) d (Xn—1, Xn+1) }
1+sld(xn,xn) +d(xn_1, Xn+1)]

— max {d Xrs Xr1) d(Xn—1,%n)d (Xn—1/Xn+l) d (xn—1,%n) d (xn—1, Xn+1) } (2.8)
T +sld (Xn/ Xn+1) +d (Xn—lz Xnn ’ 1+sd (Xn—ll XT1.+1) ‘
< max {d o X 1 Sd (Xn 1, Xn) [d (anlz Xn) +d (Xn/ Xn+1)] d(Xn—lz Xn)d(xnflr Xn+1) }
e 1+sld(xn, xne1) +d (xn—1,%n)] ’ sd(Xn—1,%Xn+1)
< max {d e x sd (anlr Xn) [d (Xn—1,%n) +d (xn, Xn+1)] d(xn/ anl) }
o 1 s[d (X, xn—!—l) +d (xpn—1, Xn)] ’ N
d Xn/ Xn— 1)
d (an XTL+1) d (Xn—lz Xn)
M ,Xn—1) =max < d (X, Xn_1), ,
> b xn ) { DX X1 ST (1) + (s )+ (X1, 11
d (Xn/ Xn) d (an anl) }
1+sd (Xn/ Xn+1) + 3 [d (anl/ Xn+1) +d (anlz Xn)]
d (xn, %n+1) d (Xn—1,%n) } (2.9)
=max< d(Xn,Xn_-1), ,0
{ ( o 1) 1+sld (anxnfl) +d (anlranrl)]
< max {d (Xn/anl) ) d (Xn/ XTL+1) d (Xn—lz Xn) }
d (Xn/ Xn—l)
- maX{d (XTU XTL*l) ’ d (XTUXTL+1)}/
and
N (XTL/XTlfl) = min{d(xnl fxn)/ d(anll fxnfl)/ d(XTL/ fxnfl)/ d(xnfll fXTL)} (2 10)
= min{d(x'ru Xn+1)r d(xnfl/ Xn)/ 0/ d(xnfl/ Xn+1)} =0. '
Next we prove
1
d (Xn/ Xn—l—l) < Siocd (Xn—lr Xn) (2~11)

for all n € IN.
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If My = My, then by (2.6), (2.7), and (2.10), it follows that
Y(s¥d(xn, xn+1)) < W(Mi(xn—1,%n)) <P (max{d (xn,xn-1),d (xn,Xn41)} .
Since 1 is monotone, then it is easy to see from (2.12) that
$¥d(xn, Xn+1) < max{d (xn,xn—-1),d (Xn, Xn+1)}-

If d (xn,Xn—1) < d(Xn,Xny1), then by (2.13) it yields that

1
d (Xn/ Xn+1) < Siocd (Xn/ Xn+l) <d (an Xn+1) .

This is a contradiction. Hence, d (xn,Xn—1) = d (Xn,Xn1). Again by (2.13), it implies (2.11).
If M = My, then by (2.6), (2.8), and (2.10), it is obvious that

P(s ocd(xnzxn—o—l)) P(Ma(Xn—-1,%n)) <Y (d (Xn, xn-1)).
Again by the monotonicity of 1y, (2.11) holds.

(2.12)

(2.13)

If Mj = M3, then by (2.6), (2.9), and (2.10) together with the case of M; = M; mentioned above, we

get (2.11).

As a consequence, by (2.11) and Lemma 2.1, we say {xn} is a b-Cauchy sequence. Since (X, d) is

b-complete, then x, — u (n — co) for some u € X.

Subsequently, we prove that u is a fixed point of f. As a matter of fact, by the triangle inequality, we

have

1

gd(u, fu) < d(w, xne1) + d(fxn, fu).
Now by (2.5), we arrive at

P(s¥d(fxn, fu)) < FP(Mi(xn, ), @(Mi(xn,u))) + BN(xn, u),

where

M (xn, u) = max {d (Xn, ), d (xn, Xn4+1) d (u, fu) d(xn, xn41) d (u, fu) }

1+d(xpn,u) " 14+d (xpg, fu)
— max{0,0,0} =0 (n — o),

d (xn, xnt1) d (xn, fu) +d (w, fu) d (w, x4 1)
1+sld (xn, xny1) +d (u, fu)]

d (xn, Xni1) d (xn, fu) +d (u, fu) d (w, xn 1)

1+s[d(xn, fu)+d(uw,xni1)] }

< max{d (xn,u),d (xn,Xns1) s [d (xn,u) +d (u, fu)] + d (w, fu) d (w, xn41),
d (xn, xng1) sld (xn,u) +d (uw, fu)] +d (u, fu) d (w, xn11)}

— max{0,0-s[0+d (u, fu)] +d(u,fu)-0,0-s[0+d(u,fu)] +d (u, fu) -0}

=0(n— o0),

7

M2 (Xn/u) = max {d (anu) ’

M3 (xn, u) < max{d (xn,u),d (xn,Xny1) d(w, fu),s[d (xn,u) +d (u, fu)] d (xn, w)}
— max{0,0-d (u,fu),s-[0+d(u,fu)] -0} =0 (n — o0),
and
N(xn, u) = min{d(xn, Xn1), d(u, fu), d(xn, fu), d(w, xn1)}
< min{d(xn, Xny1), d(w, fu), sld(xn, w) + d(w, fu)l, d(w, xn 1)}
— min{0, d(u, fu), sd(u, fu),0} =0 (n — o).

(2.14)

(2.15)

(2.16)

(2.17)

(2.18)

(2.19)

In view of the continuity of F, 1, and ¢, take the limit as n — oo from both sides of (2.15), it follows



H. Huang, G. Deng, S. Radenovig¢, ]J. Nonlinear Sci. Appl., 10 (2017), 5853-5868 5861

immediately from (2.15)-(2.19) that

) (so‘ Iim d(fxn, fu)) <F (11) ( lim Mi(xn,u)) ,Q ( lim Mi(xn,u))> + B lim N(xn,u)

n—o0 n—o0 n—o0 n—o00 (2_20)
< F($(0), ¢(0)) < p(0).
By (2.20) and the monotonicity of {, we deduce that
s* lim d(fxn, fu) <0,
n—oo
which means that
lim d(fxy,fu)=0. (2.21)
n—oo

Taking the limit as n — oo from both sides of (2.14) and using (2.21), we conclude that %d(u, fu) < 0. So
u = fu. That is, u is a fixed point of f.

Finally, we prove that the fixed point of f is unique. To this end, suppose that f has another fixed point
v, i.e., v = fv. Then by (2.5), it is clear that

P(s*d(fu, fv)) < Fp(Mi(w,v)), @(Mi(w,v))) + BN(u,v), (2.22)
where
B d(u,fu)d(v,fv) d(u, fu)d(v,fv)|
My (u,v) = max {d (u,v), Trdwy) 1+ d(fu ) } =d(u,v), (2.23)
B d(uw,fu)d (u, fv)+d (v, fv)d (v, fu)
M (u,v) = max {d (), 1+s[d(u fu)+d((v,fv) !
(2.24)
d(u, fu) d(u,fv) +d (v, fv) d(v,fu)} — dlw)
1+s(d(u,fv)+d(v, fu) - Gl
B d(u, fu)d (v, fv)
Ms (u, v) = max {d (w,v), 1+s[d(u,v)+d(ufv)+d(v,fu)]’ 095
d(u,fv)d(u,v) — d(wv) (225
1+ sd(uw, fu) +s3[d (v, fu) +d (v, fv)] } - vl
and
N(u,v) = min{d(u, fu), d(v, fv), d(u, fv), d(v, fu)} = 0. (2.26)
By (2.22)-(2.26), it may be verified that
P(s%d(w,v)) < Fb(d(w,v)), @(d(w,v))) < ¥(d(w,v)). (2.27)
By virtue of (2.27) and the monotonicity of 1, it follows that
s*d(u,v) < d(u,v).
Therefore, d(u,v) =0, ie., u=wv. O

Corollary 2.4. Let (X, d) be a b-complete b-metric space with coefficient s > 1 and f : X — X be a mapping such
that

Y(s*d(fx, fy)) < b(Milx,y)) — 9(Milx,y)) + BN(x, y)

for all x,y € X, where « > 0, > 0 are constants, P, @ : RT — R are altering distance functions, and
Mi(x,y)(i=1,2,3) and N(x,y) are defined by (2.1)-(2.4). Then for each i € {1,2,3}, f has a unique fixed point in
X. Moreover, for any x € X, the iterative sequence {f"x} (n € IN) b-converges to the fixed point.
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Proof. Taking F(s,t) =s—1 (s,t > 0) in Theorem 2.3, we obtain the desired result. O

Corollary 2.5. Let (X, d) be a b-complete b-metric space with coefficient s > 1 and f : X — X be a mapping such
that

b(s*d(fx, fy)) < b (Milx, y))b(e(Milx,y))) + BN(x,y)

forall x,y € X, where « > 0, > 0 are constants, P, @ : Rt — R* are altering distance functions, ¢ : Rt —
[0,1) is a continuous function, and Mi(x,y)(i = 1,2,3) and N(x,y) are defined by (2.1)-(2.4). Then for each
i € {1,2,3}, f has a unique fixed point in X. Moreover, for any x € X, the iterative sequence {f"x} (n € IN)
b-converges to the fixed point.

Proof. Take F(s,t) = s¢(t) (s,t > 0) in Theorem 2.3, the proof is completed. O

Corollary 2.6. Let (X, d) be a b-complete b-metric space with coefficient s > 1 and f : X — X be a mapping such
that

s*d(fx, fy) < 8(Mi(x,y)) + BN(x,y)

for all x,y € X, where « > 0,3 > 0 are constants, © : Rt — R™" is a continuous function satisfying 0(t) < t for
allt > 0, and Mi(x,y)(i =1,2,3) and N(x,y) are defined by (2.1)-(2.4). Then for each i € {1,2,3}, f has a unique
fixed point in X. Moreover, for any x € X, the iterative sequence {f™x} (n € IN) b-converges to the fixed point.

Proof. Take F(s,t) =0(s) (s,t > 0) and P(t) =t (t > 0) in Theorem 2.3, the proof is finished. O

Corollary 2.7. Let (X, d) be a b-complete b-metric space with coefficient s > 1 and f : X — X be a mapping such
that

M;(x,y)
“d(fx, f gli’
s*d(fx, fy) T+ M, y)

for all x,y € X, where « > 0 is a constant, and Mi(x,y)(i = 1,2,3) are defined by (2.1)-(2.3). Then for each
i € {1,2,3}, f has a unique fixed point in X. Moreover, for any x € X, the iterative sequence {f"x} (n € IN)
b-converges to the fixed point.

Proof. Take 0(s) = 175 (s > 0) and = 0 in Corollary 2.6, the claim holds. O

Corollary 2.8. Let (X, d) be a b-complete b-metric space with coefficient s > 1 and f : X — X be a mapping such
that

s*d(fx, fy) < In (14 Mi(x,y))

for all x,y € X, where « > 0 is a constant, and Mi(x,y)(i = 1,2,3) are defined by (2.1)-(2.3). Then for each
i € {1,2,3}, f has a unique fixed point in X. Moreover, for any x € X, the iterative sequence {f"x} (n € IN)
b-converges to the fixed point.

Proof. Take 0(s) =In(1+s) (s > 0) and = 0 in Corollary 2.6, it finishes the proof. O

Corollary 2.9. Let (X, d) be a b-complete b-metric space with coefficient s > 1 and f : X — X be a mapping such
that

s*d(fx, fy) < AMi(x,y)

forallx,y € X, where « > 0and 0 < A < 1 are constants, and M (x,y)(i = 1,2, 3) are defined by (2.1)-(2.3). Then
foreach i €{1,2,3}, f has a unique fixed point in X. Moreover, for any x € X, the iterative sequence {f™x} (n € IN)
b-converges to the fixed point.

Proof. Take 0(s) = As (s > 0) and 3 = 0 in Corollary 2.6, this completes the proof. O
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Remark 2.10. Our theorems and corollaries contain weak conditions. The proof of Theorem 2.3 never use
Lemma 1.12 since we dismiss the problem of whether the b-metric being continuous or discontinuous.
However, some previous result strongly lies on the discontinuity of b-metric, and hence they frequently
have to use Lemma 1.12 (see [1, 15, 20-23]).

Remark 2.11. In Theorem 2.3 and Corollaries 2.4-2.9, we assume that the range of the coefficient o is & > 0
instead of o« > 1. In fact, by Lemma 2.1 and Remark 2.2, > 0 is sufficient.

Example 2.12. Let X ={1, 2,4}, and define a mapping d : X x X — R by

|X_ |71/ if x ’
d(x,y) = Y . 7Y
0, if x =vy.

It is easy to see that (X, d) is a b-complete b-metric space with coefficient s = g. Assume that f : X — X
is a mapping such that f1 = 4, f2 = 1, f4 = 4. Simple calculations show that sd(fx, fy) < Mi(x,y)
(i=1,2,3) hold for all x,y € X. Thus, all conditions of Corollary 2.9 are satisfied and then f has a unique
fixed point x =4 in X.

Example 2.13. Let X be the set of Lebesgue measurable functions on [0, 1] such that fé x(t)dt < 1. Define
d:XxX— R" by

1
d(x,y) = JO x(t) —y(t)2dt.

Then (X, d) is a b-complete b-metric space with coefficient s = 2. Define the mapping f : X — X by
1
fx(t) = 5 In(1 + [x(t)]).

Let 0 < o < 2 be a constant, then

1
s (fx, fy) zz‘xj I (t) — fy (6P dt
0

1 1 1 2
=2°‘J SIn (14 () =5 In(1+1y (1)) dt
012 2
rl 2
:20(—2 In <1—i‘|X(t)|) dt
Jo L+ y ()
! x (O] —hy (O
—px-2 In 1+> dt
] < T+y (1)
rl 2
~ Ix(t)—y(t)l>
<2%2| |In <1+ dt
Jo T+1y (t)]
rl
<2977 et =y (D dt =2°72d(x,y) <27 *Mi (x,y).

Consequently, all conditions of Corollary 2.9 are satisfied and then f has a unique fixed point in X.

3. Applications

In this section, we first apply Theorem 2.3 to solve the second-order initial value problem:

2
3;2’ + d)l(x)% + b2(x)y = q(x), x€10,xol, (3.1)
y(0) = Co, y'(0) =Cy,

where ¢1(x), d2(x), q(x) € C([0,x0]) (the set of all continuous real functions defined on [0, x¢]) are given,
and Cy, C; are constants.
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Theorem 3.1. Consider initial value problem (3.1), and set M = max |2 (x)(t —x) — d1(x)|. [F2%x>M? < 1

0<t, x<xp
is satisfied for some o« > 0, then (3.1) has a unique solution in C([0,xo]). Further, the solution is written as follows:

O rx

y=)_ J (x — t)un (t)dt + C1x + Co,
n=0 0
where
up(x) = q(x) — C1d1(x) — Crxda(x) — Coda(x),
J —o1()up_(t)dt, n=1,2,....
d?y dy o L .
Proof. Put u(x) = 2 p(x) = e then u(x), p(x) € C([0,xo]). Considering the initial conditions, we get
that
X
dy _ J u(t)dt +Cy, (32)
dX 0
X X S
y :J p(s)ds+Co = U u(t)dt—i—Cl] ds+ Cy
0 Jo LJo
rX s
= J u(t)dtds+ Cix+ Co (3.3)
J’g( 0 X X
= dtJ u(t)ds+ Cix+ Cp = J (x —t)u(t)dt + Cix + Co.
Jo t 0

Substituting (3.2) and (3.3) into (3.1), we obtain that (3.1) is equivalent to the following Volterra type
integral equation:

u(x) = JX K(x, t)u(t)dt + Q(x),

0

where K(x,t) = ¢2(x)(t —x) — d1(x), Q(x) = q(x) — C1d1(x) — Crxda(x) — Coa(x).
Let X = C([0,%0]). Putd: Xx X — R* as d(u,v) = max |u(x)—v(x) Itis clear that (X,d) is a

<x<Xx
b-complete b-metric space with coefficient s = 2.

Define a mapping f : X — X by

For any u,v € C([0,x¢]), we have

d(fu, fv) = max
0<x<xg

JX K(x, t)u(t)dt — JX K(x, t)v(t)dt

0 0

X 2
= max J K(x, t)[u(t) —v(t)ldt

0<x<x0 |Jo

< x0?M? max [u(t) —v(t)P
0<t<xo

= xg?M?d(u,v).

(3.4)

Let (t) = S%t (t = 0), F(§,n) = s*x>M?2E (&,m > 0), then 1 is an altering distance function and F is
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a C-class function because of s*xg?M? = 2%x;2M? < 1. Otherwise, by (3.4), we have
PY(s*d(fu, fv)) = d(fu, fv)
< x?M2d(u,v)
= s%x°M*P(d(u,v))
< s%x*M*P (M (u, )
=F(Milx,y)), (Milx,y))) + BN(x,y),

where $ =0, ¢ : R* — R" is any altering distance function.
Owing to the above statement, all conditions of Theorem 2.3 are satisfied, then by Theorem 2.3, f has
a unique fixed point in X. That is to say, the initial value problem (3.1) has a unique solution in C([0, x¢]).
Eventually, we look for the expression of solution. To this end, take

Un(X) = Zui(x)l X € [OIXO]I

i=0
where N
wo(x) = Q(x), ui(x) = Jo K(x, thui_1(t)dt, 1=1,2,....
Note that
n+1 N+l oy
Yna1(x) =up(x —i—Zu1 = —i—ZJ (x, )ui_q(t)dt

n+1

—mm+wbmeﬁiw4a
70 i=1

:QM+WFWUmeFi
JO =0

X

=Qx) + . K(x, thyn (t)dt = fyn(x)

for any n € IN, then yn 41 = fyn (n € IN) is a Picard iteration. By the process of proof of Theorem 2.3, we
say that {yn} b-converges to the fixed point u(x) of f. In other words,

u(x) = lim yn(x Zul ioun(X)

Substituting u(x) = Y un(x) into (3.3), we claim that the solution of (3.1) is the following form:
n=0
X rx
y=)_ J (x — t)un (t)dt + C1x + Co.
n=0 0

O

Secondly, we apply our fixed point results to prove the existence and uniqueness of a solution for the
following nonlinear integral equation:

x(t) = Jt k(s,x(s))ds +h(t), (3.5)

where t € [a,b], a,b € R with a <b, h:[a,b] = Ris a given function, and k : [a,b] x R — R is a given
continuous mapping.
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Theorem 3.2. Let L,[a,b] = {x(t)] fz Ix(t)[Pdt < oo} (0 < p < 1). Consider (3.5), suppose that the mapping k
satisfies Holder condition:

[k(s, x(s)) —k(s,y(s))] < Alx(s) —y(s)IP (3.6)

forall x,y € Ly[a, bl, where A > 0 is a constant such that %(2b — 2a)% < 1. Then (3.5) has a unique solution in
Lyla, bl.

Proof. Let X = Lyla, b]. Define a mapping d : X x X — R* by

=

b

dix,y) = (J x(t) —y(t)lpdt> (3.7)
a

for all x,y € X. Then by Example 1.4, it ensures us that (X, d) is a b-complete b-metric space with

coefficient s = 27 . Define a mapping f : X — X by

t
fx(t) = J k(s,x(s))ds + h(t) (3.8)
a
for all t € [a, b]. Then the existence of a solution of (3.5) is equivalent to the existence of fixed point of f.
Now we prove that f has a unique fixed point in X. To this end, combining (3.6), (3.7), and (3.8), we
have

o=

rb

a

[fx(t) — fy(t)lpdt)

rb

t t
J k(s,x(s))ds —J k(s,y(s))ds

a a

Ja

P P
o

1

P p
o

rb t P
U Ik(s,x(s)) — k(s,y(s))lds} dt)

rb t
J [k(s, x(s)) — (s, y(s))]ds

a

Ja

|-

(
[
T
< <"b Il A|x(s)—y(s)|vds]pdt>P
(
5

b P 3
AP J Ix(s)—y(s)lpds] dt>

a

1
rb P

AP [d(x,ynpzdt>
(b~ )7 ld(x, Y.
Accordingly, we have

[sd(fx, fy)]” < sd(fx, fy) < As(b—a)? [d(x, y)IP. (3.9)

Let P (t) =tP (t > 0), then 1 is an altering distance function. Define F(u,v) = As(b — a)%u (u,v > 0).
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Since As(b — a)% = %(Zb — 2a)% < 1, then F is a C-class function. Otherwise, by (3.9), we obtain that

(Mi(x,y))
= Fb(Mi(x,y)), 9(Milx,y))) + BN(x,y),

where $ =0, ¢ : R* — R" is any altering distance function.
As a consequence, all conditions of Theorem 2.3 are satisfied, then by Theorem 2.3, f has a unique
fixed point in X. In other words, the integral equation (3.5) has a unique solution in L [a, b]. O

Remark 3.3. Regarding differential equation (3.1), Theorem 3.1 gives the argument not only for the exis-
tence and uniqueness of a solution, but also for the general mathematical expression of solution. Although
the existence and uniqueness of a solution of (3.1) could also be obtained by Peano’s theorem, and the
space could be deduced if the standard metric is used, whereas, to the best of our knowledge, by utilizing
fixed point theory, almost all authors from the existing literature usually merely consider the existence
and uniqueness of a solution to differential or integral equation, but they seldom involve the mathematical
expression of solution. From this view of point, our results are commendable.

Remark 3.4. In Theorem 3.2, we use Holder condition (3.6) instead of Lipschitz condition. This is an
improvement since Holder condition is usually weaker than Lipschitz condition. Otherwise, under the
conditions of our theorem, we choose L, [a, b] instead of C([a, b]) as the range of the solution of (3.5). This
is also an improvement because L, [a, b] is a subset of C([a, b]).

We finally pose the following problem.

Problem 3.5. How to find the general expression of solution for Theorem 3.2 just like Theorem 3.1?
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