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FIXED POINT THEOREMS UNDER w-DISTANCE FUNCTIONS
AND APPLICATIONS TO NONLINEAR INTEGRAL AND
FRACTIONAL DIFFERENTIAL EQUATIONS

H. K. NASHINE!2* R. K. VATS?, AND Z. KADELBURG*

ABSTRACT. In this paper, we utilize the family § and the notion of w-distance
in an ordered G-metric space and introduce (F,w)-contractions in order to derive
some fixed point results. We also discuss the problems of Ulam-Hyers stability,
well-posedness and limit shadowing property. In order to illustrate the use of our
results, we apply them to nonlinear integral equations, as well as to some three-point
fractional integral boundary value problems, both with numerical examples.

1. INTRODUCTION

There are several generalizations of metric spaces that proved themselves useful
in treating fixed point problems. One of them are G-metric spaces introduced by
Mustafa and Sims in 2006 [3] and there were a lot of results for mappings acting in
such spaces that were obtained by several authors. Among them are some fixed point
theorems achieved by Bose et al. [1] with the help of so-called w-distance (see also
[7,9]).

Investigation of fixed point properties for monotone mappings acting in spaces with
additional ordered structure have been done by a lot of researchers since the first
results achieved by Ran and Reurings in 2004 [6].

Wardowski introduced in [11] a new kind of contractive conditions which he called
F-contractions that were using a special family § of auxiliary functions. They are in
some cases weaker than standard ones, so better results can be obtained.
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In this paper, we utilize the family § and the notion of w-distance in an ordered
G-metric space and introduce (F,w)-contractions in order to derive some fixed point
results. We note that it was shown in [1] that this procedure produces better results
than the ones obtained by known methods in standard metric spaces. In particular
(see [1, Remark 2]), the method used in the papers [2,8] of reducing such problems to
problems in quasi-metric spaces may not be applicable. We also discuss the problems
of Ulam-Hyers stability, well-posedness and limit shadowing property. We present an
example showing the strength of our approach.

In order to illustrate the use of our results, we apply them in the last section to
nonlinear integral equations, as well as to a three-point fractional integral boundary
value problem. We illustrate both numerically through examples.

2. PRELIMINARIES

For more details on the following definitions and results, we refer the reader to [3].

Definition 2.1. [3] Let X be a nonempty set and let §: X x X x X — R* be a
function satisfying the following properties:

(G1) §(z,y,2) =0if x =y =z

(G2) 0 < Y(x,x,y), for all x,y € X with x # y;
(G3) G(z,z,y) < G(x,y, 2), for all z,y,z € X with z # y;
(G4) 9(z,y,2) = G(z,2,y) = 9(y, z,2) = - - -, (symmetry in all three variables);
(Gh) G(z,y,2) < G(z,a,a) + G(a,y, 2), for all z,y,z,a € X (rectangle inequality).
Then the function G is called a G-metric on X and the pair (X, 9) is called a G-metric
space.

Definition 2.2. [3] Let (X,5) be a G-metric space and let {z,} be a sequence of
points in X.
(a) A point z € X is said to be the limit of {z,,} if lim,, ;00 (2, Ty, 2,,) = 0, and
one says that the sequence {x,} is G-convergent to z.
(b) The sequence {x,} is said to be a §-Cauchy sequence if, for every £ > 0, there
is a positive integer N such that G(z,, zn, z;) < €, for all n,m,l > N, that is,
if §(xp, Tm, ;) — 0, as n,m,l — oo.
(c) (X, 9) is said to be G-complete (or a complete G-metric space) if every §-Cauchy
sequence in (X, §) is G-convergent in X.

Thus, if z, — 2z in a G-metric space (X,G), then for any ¢ > 0, there exists a
positive integer N such that §(x,z,,z,,) < €, for all n,m > N. It was shown in [3]
that the G-metric induces a Hausdorff topology and that the convergence, as described
in the above definition, is relative to this topology. The topology being Hausdorff, a
sequence can converge to at most one point.

We now recall the notion of w-distance on G-metric space.

Definition 2.3. [1] Let (X, §) be a G—metric space. Then a function w : X x X x X —
[0,00) is called an w-distance on X if it satisfies the following properties.
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(wl) (a) w(z,y,2) < w(z,a,a) +w(a,y,2);
(b) w(z,y,2) Sw(z,y,a) +wla,a,2);
(¢) w(z,y, z) <w(z,a,z) +w(a,y,a), for all z,y,z,a € X.

(w2) For each € > 0 there exists § > 0 such that w(z,y, z) < ¢ implies §(z,y, z) < €
and vice versa.

Lemma 2.1. [1] If w is an w-distance on (X, 9), then for any z,y € X, w(-, x,y),
w(z,y,-), w(z,-,y) : X — [0,00) are G-continuous.

Lemma 2.2. [1] If for some sequences (xy,), (Yn), (zn) in X, limy, oo W(Tp, Yn, 2n) = 0
then limy, oo W(T(Zn, Yn, 2n)) = 0 for any permutation © of (T, Yn, 2n)-

Ezample 2.1. [1] Let X = R be endowed with usual metric. Then §(z,y,2) =
§{|x —yl+ly—z|+]|z— Jc\} is a G-metric on X and w(x,y, z) = %{\x —yl+1]z— x\}
is an w-distance on X, which is not a §-metric on X.

Lemma 2.3. [1] A sequence {x,} in (X,G) is §-Cauchy if and only if for each ¢ > 0
there exists N. € N such that w(x,,, Tm, x,) < €, for alln >m > N.

Wardowski introduced in [11] a new type of contractions which he called F-
contractions. In Wardowski’s approach, the following set of functions is used.

Definition 2.4. 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,
dim ¢, = 0 if and only if lim F(t,) = —oc;
(F3) there exists k € (0, 1) such that lim,_,o+ t* F(t) = 0.

Example 2.2. [11] Let F; : Rt — R, i € {1,2,3,4}, be defined by Fi(t) = Int,
Fy(t) = t 4+ Int, F3(t) = —1/v/t, Fy(t) = In(t?> +t). Then each F; satisfies the
properties (F1)-(F3).

3. MAIN RESULTS

Let X be a nonempty set. The triple (X, G, <) will be called an ordered §-metric
space if:
(i) (X, 9) is a G-metric space, and
(ii) (X, =) is a partially ordered set.

Definition 3.1. A partially ordered G-metric space (X, G, <) is said to be regular if
the following hypotheses hold:
(i) if a non-decreasing sequence {z,} is such that z,, — x as n — oo, then z,, < z,
for all n € N;
(ii) if a non-increasing sequence {y,} is such that y,, — y as n — oo, then y,, = v,
for all n € N.
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3.1. Result-1.

Definition 3.2. Let (X, G, <) be an ordered G-metric space and w be an w-distance
on X. A self-mapping 7" on X is called an (F,w)-contraction of type-I, if there exists
F e §Fand 7 € R" such that

z,y,z € X with z <y <z, and w(Tz, Ty, Tz) > 0 implies
(3.1) T+ F(w(Tz,Ty,Tz)) < F(0(z,y,2)),

where

w(z,y,2),w(x,y, Tr),w(x, Tz, 2),
(32)  6(.y.2) = max{ w(z,Ts,Ta),w(y, Ty, Ty),w(z Tz T2),
slw(@, Ty, Tz) + w(Tw,y, 2)]

We denote by A(F,w) the collection of all (F,w)-contractions of type-I on (X, G, <).

If we take F(t) = Int and 7 = In (%),
contraction of type-I is also an (F,w)-contraction of type-I in an ordered G-metric
space. However, for other functions F' € §, new conditions can be obtained (see
further Remark 3.2).

Our first main result is the following.

where A = (0,1), we see that every w-

Theorem 3.1. Let (X, G, =) be a complete ordered G-metric space and w be an w-
distance on X. Let T : X — X be a given mapping. Suppose that the following
conditions hold:

(I) there exists xo € X such that xo =< Txo;
(IT) T is a non-decreasing mapping;
(IIT) T € A(F,w);
(IV) (i) T is a continuous mapping, or
(ii) (X, 9, X) is regular, or
(iii) for every x € X and every y € X with y # Ty,

inf{w(z,y, ) + w(z,y,Tr) + w(z, Tz, y) : @ 2 Tz} > 0.
Then T has a fized point z* € X.

Proof. Starting from the given xy € X satisfying xq < Tz, construct the sequence
{z,} by xpy1 = Tx, for n € N* = NU{0}. Since T is a non-decreasing mapping, we
have

To RT1 2 DT DTy D00

If x,, = xpy41 for some ng, then z,, € Fix(T) and hence the proof is completed.
Thus, we will assume that x,, # x,.1, for all n € N* and let 0, = w(xy, Tpi1, Tni1)
for n € N*. Then G(z,, Tpni1, Tnsr1) # 0 implies w(zy,, Tpi1, Tnr1) # 0 and therefore
o, > 0, for all n € N*. We will prove that lim,,_,, 0, = 0.
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Since x,, < z,+1 and T € A(F,w), the following holds for the points x,,, T, 1, Tpi1:
T+ F(op) =7+ F(w(Tx,, Trpi1, Txn))
(3'3) < F(e(xm L1, anrl))a

where

6($n7 Tn+1, xn-i-l)

W( Ty Trg1s Trg1)s W( T, Tgr, Tn),

W(Tn, T, Tpg1), w(Tn, Txp, Txy,),
=1mnax w(-rnJrla Tzn+17 Tanrl)a w(anrla T$n+1> Tanrl)a
5[&)(1’”, Txn-l—la Txn—i—l) + W(Txn) Tnt1, xn—i—l)]a
1
i)

=max { W(fvn, Tni1, xn-l—l)a w(xn-‘rl; Tn+2, xn-i-?) W(an, Tn+2; $n+2) }

1
= max {an, Onit, 5@)(3:”, Tpi2, xn+2)} )

By (wl) we have

W(Tn, Tpio, Tnao) < W(Tn, Tnat, Tnt1) + W(Tpa1, Tni2, Tnio)-
Thus
O(zn, Tni1, 1) = max{w(Tn, Tni1, Tni1), W(Tni1, Tnt2, Tnio)
= max{0y,, Opi1}-
From (3.3) we have
(3.4) T+ F(ops1) < F(max {0y, 0,11}).

If 0, < 0,41 for some n € N, then from (3.4) we have 7+ F(0,41) < F(0,41), which
is a contradiction since 7 > 0. Thus o,, > 0,1, for all n € N and so from (3.4) we
have

F(op) < F(o,) — T

Therefore, we derive

F(opy) < Flop) =7 < F(op-1) =271 < --- < F(og) — (n+ 1)7,

that is,

(3.5) F(op41) < F(og) — (n+ 1)1, for all n € N.

From (3.5), we get F'(0,41) — —o0 as n — oo. Thus, from (F2), we have
(3.6) lim o, = 0.

Now by the property (F3), there exists k € (0,1) such that
(3.7) nli_)IIC}O(O'n)kF<O'n) = 0.
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By (3.7), the following holds for all n € N:

(3.8) (02)*F(0,) — (0,)*F(00) < (0,)f(—=n71) <0.

Passing to the limit as n — oo in (3.8), and using (3.6)-(3.7) we obtain
. E_

(3.9) dim n(0,)" = 0.

From (3.9), there exits n; € N such that n(c,)* < 1, for all n > n;. So, we have, for
all n > ny

1 n < —
(3.10) o0 S

In order to show that {z,} is a G-Cauchy sequence, consider m,n € N such that
m > n > ny. Using the property (wl) and (3.10), we have
w<xn7 Lm, xm) SW(ZEn, Tn+1, xn—l—l) + W(xn—l—lu Tn+2, xn+2> + -+ w<xm—17 Lm, xm)

=0, + On+1 + -+ oma
m—1 o) 0o 1

DI E DDy
1=n 1=n i:nn

By the convergence of the series > 7, ﬁ’ passing to the limit as n — oo, we get
W(Zn, T, Tm) — 0 and hence {z,} is a §-Cauchy sequence in (X, §). Since X is a
complete G-metric space, there exists an x* € X such that

(3.11) lim x, = 2™

n—oo
Suppose that (i) holds. Using (w2) and (3.6), since T" is G-continuous, we have
w(a*, T, Tx") = T}Lrgow(xn,Txn,Txn) = T}Lrgow(xn,xn+1,xn+1) =0.

Therefore, x* is a fixed point of 7.
Suppose that (ii) holds. Since {z,} is a non-decreasing sequence such that z, — x*
and X is regular, it follows that x,, < z*, for all n € N*. Therefore, we have

T+ F(w(xpr, Ta*, Ta")) =17+ F(w(Tz,, Tx*, Tz"))
(3.12) < F(0(zn, ", 27)),
where

O(zp, z",x%)

W(xy, o5, 2%), w(x,, 2*, Try,), w(T,, Tr,, %),
w(zn, Ty, Tey),w(x*, Ta*, Ta*),w(z*, Ta*, Tx*),

=max 1
§[w(xn,Tx*, Tx*) 4+ w(Tx,,z*, z*)]

w(Tp, z*, %), w(xn, Tpi, T*),
(313) —max w(mnaanrlaanrl),W(iU*,TZ'*,T.%'*),

§[w(mn, Tx*, Tx*) + w(xp1, 2", )]
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Taking n — oo in inequality (3.12) and using (3.11), (3.13) with Lemma 2.2, we
obtain
T+ Flw(x*,Tx*,Tx")) < F(w(z*, Tx*, Tx")),
a contradiction and hence Tz* = x*. Thus z* is a fixed point of T'.
Suppose that (iii) holds. As lim,, . w(T™x, T"xo, TPx¢) = 0, therefore, for each
e > 0, there exists N, € N such that m > n > N, implies w(T™xg, T™xq, T"xy) < €.
Since lim,, ,, Tz = x* and by lower semi-continuity of w, we have

w(T™xg, TPxo, ™) < lixginfw(Tma:O,Tp:co,T"xo) <€ m>p
n oo

w(T™xg, 2, T'xg) < lirginfw(meo,T"xo,Tlxo) <e m>1.
n (e.)

Therefore, w(T™xq, TPxo, 2*) < € and w(T™xg, 2%, T'xy) < €. Set € = % Assume that
Tx* # x*. Then by hypothesis (iii) with T™xy < T 124, we have

0 < inf{w(z,y,z) + w(z,y, Tz) + w(x,Tz,y) : x < Tz}

< inp | (@0, 2% o) + w(T™ a, &, T )
> —H'd(Tnkxo, Tnk'f‘le’ I*) neN
3
< & — 0 as k — oo,
a contradiction. Therefore, Tx* = z*. .

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

(HO) : for all u*,v* € X there exists w* € X, w* <X Tw*
' satisfying both v* < w* and v* < w*.

Theorem 3.2. Adding condition (HO) to the hypotheses of Theorem 3.1 we have that
Tu* = u*, Tv* =v* imply that u* = v*.

Proof. Suppose that Tu* = u*, Tv* = v*, and, to the contrary, u* # v*, hence
w(u*,v*,v*) > 0. Consider the following two possible cases.
1° Suppose u* and v* are comparable. Without loss of generality, assume that
w(v*, u u*) < w(u*, v, v*). By the assumption, we can replace x by u*, and y and z
by v* in the condition (3.2), and we get
(3.14) T+ F(w(Tu", Tv*, Tv")) < F(O(u*,v*,v")),
where
w(u*, v*,v*), w(u*, v*, Tu*),
wu®, Tu*, v*), w(u*, Tu*, Tu*),
O(u”,v*,v") = max 1w(v*,Tv*, Tv*), w(v*, Tv*, Tv*),

E[w(u*,Tv*, Tv*) + w(Tu*, v*,v")],

= max{w(u*,v*,v"), w(v*, u*, u*)}

= w(u*,v*,v").
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Therefore, from (3.14), we have
T+ Flw(u*,v*,v")) < Flw(u*, v*,v")),

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

2° Suppose now that u* and v* are not comparable. Choose an element w* € X,
w* = Tw* comparable with both of them. Then also u* = T"u* is comparable with
T"w* for each n (since T is non-decreasing). Applying (3.2) one obtains that

T+ Flou, T"w*, T"w*)) = 7 + F(wo(TT" 'u*, TT" 'w*, TT" 'w*))
S F(Q(T"_lu*, Tn—lw*’ Tn—lw*))’
where
Q(Tn_lu*, jm—lw*7 Tn—lw*)
(,U(Tnilu*, Tnilwt Tn— 1 *>’ (T"’lu*, f]ﬂnflu]*7 TTnflu*)’
(Tnflu* TTnflu* Tn— 1 )’ (Tnflu* TTnflu* TTnfl *)
=max | w(T" w*, TT 1w* TT"1 ), w(T " w*, TT™ 1w ,TT 1w,
1
i[w(T”_lu*,TT”—lw ,TTn 1 *) ( Tn— 1 u* Tn 1 ,T”_lw )]
' w(u*,Tn—lw*’Tn—lw*)’w(u*,Tn—lw*,u*),
= max w(T”_lw*, an*7 an*)’ )
for n sufficiently large, because w(T" 'w*, T"w*, T"w*) — 0 when n — oo (the last
assertion can be proved, starting from the assumption w* < Tw*, in the same way as
the similar conclusion in the proof of Theorem 3.1).
Similarly as in the proof of Theorem 3.1, it can be shown that
w(u*’ an*’ an*) < e(u*’ Tnilwﬁ Tnflw*) < w<u*’ Tnflw*y Tnilw*).
It follows that the sequence w(u*, T"w*, T"w*) is nonincreasing and it has a limit
¢ > 0. Assuming that ¢ > 0 and passing to the limit in the relation
7+ F(wu®, T'w*, T"w*)) < F(O(u*, T" 'w*, T" tw*),

one obtains that ¢ = 0, a contradiction with (F1). In the same way it can be
deduced that w(v*, T"w*, T"w*) — 0 as n — oo. Now, passing to the limit in
w(u*, v*,v*) < w(u, T"w*, T"w*) + w(T™w*, v*, v*), it follows that w(u*,v*,v*) = 0.
Hence, uv* = v* and the uniqueness of the fixed point is proved. [l

Remark 3.1. Theorem 3.1 is also true if §(z,y, ) is replaced by

w(z,y, 2),w(x, Te,y),w(x, T, z),
01(z,y,2) =max] w(zx, Tz, Tz),w(y, Ty, Ty),w(z,Tz,Tz),
w(z, Ty, Tz),w(Tx,y,2)

and condition (3.2) by
T+ F(w(Tx, Ty, Tz)) < F(0i(z,y, 2)).
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Remark 3.2. Taking various concrete functions F' € § in the condition (3.2) of The-
orems 3.1-3.2, we can get various (F,w)-contractive conditions. We state just a few
examples (recall that 6(x,y, z) is defined in (3.2)).

(I) Taking F'(t) = Int, ¢ > 0, and 7 = In (%), where A € (0,1), we have the
condition
x,y,z € X with 2 <y <z and w(Tx, Ty, Tz) > 0 implies
(3.15) w(Tx, Ty, Tz) < AO(x,y, z).
(II) Taking F(t) =Int+¢,¢t>0,and 7 = In (%), where A € (0,1), we have the
condition
x,y,z € X with z <y <z and w(Tx, Ty, Tz) > 0 implies
(3.16) w(Tx, Ty, Tz)e? ToTvT=0@92) < X @(x,y, 2).
(III) Taking F(t) = —%, t > 0, the condition is
x,y,z € X with z <y <z and w(Tz,Ty,Tz) > 0 implies
1

O(x,y,z).
(1+T\/9($,y,2))2( 4:7)

(IV) Taking F(t) =In(t* 4+ ¢), t > 0, and 7 = In (%), where A > 0, we have

(T, Ty, T7) <

x,y,z € X with z <y <z and w(Tz,Ty,Tz) > 0 implies
w(Tz, Ty, Tz)[w(Tz, Ty, Tz) + 1] < Ab(z,y, 2)[0(z,y, 2) + 1].
We illustrate the previous result by the following example which is modified accord-
ing to [9, Example 3.1].

Example 3.1. Let X = {0,1,2,3,...} and let G : X3 — R* and w : X3 — RT be
defined by

9(x7y7 Z) = {

0 ifr=y==z
’ ’ w(x,y, z) =z + 2max{y, z}.
r+y+ 2z, otherwise, (%,9,2) {y 2}
Then it is easy to see that G is a complete G-metric and w is an w-distance on (X, 9).
Define an order < on X by z < y iff z > y and a G-continuous mapping 7' : X — X by

Tx:{a if 2 =0,

xr — 1, otherwise.

Then T is a nondecreasing mapping w.r.t. < and 1 < 7'1 holds. We will show that
T € A(F,w) with F(t) =t +Int and 7 = 2, i.e., we will show that condition (3.16)
holds with A = e~2. The following two cases are non-trivial.

1. =0, max{2,y} < z. Then it is easy to show that w(Tz, Ty, Tz) = 2z — 2 and
0(z,y,z) = 3z — 2, and hence

CU(TZIZ', Ty, Tz)ew(TJ:,Ty,Tz)—G(a:,y,z) _ (22, . 2)6—2: S 6_2(32 o 2) — )\9(9:.’ n Z)
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2. 0<zx<y<zand x < z (hence, z > 2). Then w(Tx,Ty,Tz) = x + 2z — 3,
0(z,y, z) = max{x + 2z,3z — 2}.
2.1. If (x,y, 2) = = + 2z then
w(Tz, Ty, Tz)e“(Tw’Ty’Tz)_e(x’y’z) = (r+2z—3)e?
< e (z+22) = M(z,y,2).
2.2. If (x,y,z) = 3z — 2 then
CU(TZL‘, Ty, Tz)ew(Ta:,Ty,Tz)—G(a:,y,z) _ (iL‘ 42y — 3)631;—2—1
e 232 — 2) = M(z,y, 2).
Thus, all the conditions of Theorem 3.2 are fulfilled and the mapping 7" has a unique
fixed point (which is 2* = 0). Note that the same conclusion cannot be obtained using

the simplest function F'(t) = Int, i.e., the Banach-type condition (3.15). Indeed, in

the case 2.1,

i W2 Ty, T2)
=0 f(x,y, 2)

3.2. Result-2.

Definition 3.3. Let (X, G, <) be an ordered G-metric space and w be an w-distance
on X. A self-mapping 7" on X is called an (F,w)-contraction of type-II, if there exists
F € Fand 7 € R such that
x,y € X with y < 2 and w(Tz, Ty, T?y) > 0 implies
T+ F(w(Tz, Ty, T?)) < F(M(z,y)),

where

w(z,y, Ty),w(z, Tz, Ty),w(x, Tz, T*x),
3.17 M(zx,y) = max 1
10 o Sy, Ty, T2) + wly, T2, T2

We denote by ®(F,w) the collection of all (F,w)-contractive type-II mappings on
(X, G, <).

If we take F(t) = Int and 7 = In (%), where A = (0,1), we see that every w-
contraction of type-II is also an (F,w)-contraction of type-II in an ordered G-metric
space. However, for other functions F' € §, new conditions can be obtained.

Our next main result is the following.

Theorem 3.3. Let (X, G, =) be an ordered complete G-metric space and w be an
w-distance on X. Let T : X — X be a given mapping. Suppose that the following
conditions hold:
(I) there exists xy € X such that xg =< Tzo;

I) T is a non-decreasing mapping;
II) T € &(F,w);

V) (i) T is a continuous mapping, or

(I
(1
(1



FIXED POINT THEOREMS UNDER w-DISTANCE 381

(ii) (X, 9, X) is regular, or
(iii) for every x € Xand for every y € X with y # Ty,
inf{w(z,y,r) +w(z,y, Tr) +w(x, T*r,y) : 2 < Tz} > 0.
Then T has a fized point z* € X.
Proof. As in the proof of Theorem 3.1, starting with zq € X with x¢y < Tz, construct
the sequence {z,} by z,11 = Tx,, with x, <z, for n € N* = NU{0}. We will

prove that lim,, . 0, = lim, o0 W(Ty, Tpy1, Tnio) = 0.
Since z, =X T,41 and T € ®(F,w), we have the following for the points x,, ,1:

T+ F(0pp1) =7+ F(w(Tn, Tpe1, T?2p41))
< F(M(xn,xn+1)),
where

(T, oyt TTns), W(T0, T, Ti1), (s T, T?,,), }

§[W(l‘n+1, Txn-‘rl? T2$n+1) + UJ(ZL‘H_H, szna T2xn+1)]

=max { w(l‘na Tn+1, $n+2)7 w(mn—&—la Tn+2, xn—i—?}) }

M(xy, Tpe1) = max {

=max{0,, 0pi1}-
Thus from (3.3) we have
T+ F(ops1) < F(max {0, 0,:1}).

Similarly as in the proof of Theorem 3.1, one gets that lim,,_,., 0, = 0, then that {z,}
is a §-Cauchy sequence converging to some x* € X. We have to prove that z* is a
fixed point of T

If (i) holds, the proof is similar as in Theorem 3.1.

Suppose that (ii) holds. Since {z,} is a non-decreasing sequence such that z, — x*
and X is regular, it follows that x,, < z*, for all n € N*. Therefore, we have

T+ F(w(zpe, Ta*, T*0%)) = 7 + F(w(Tx,, Tx*, T?x"))
(3.18) < F(M(zy, Tz")),

where
W, 25, Ta*), w(Tn, T, Tx*), w(xn, Tap, T?x,), }

*\ 1
M(@n, z7) max{ §[w(:7c*,Tx*, T?x*) + w(z*, T?z,, T?x*)]

I e P
Taking n — oo in inequality (3.19) and using (3.18) with Lemma 2.2, we obtain
T+ F(w(z*, Te*, T?2%)) < F(max{w(z*, 2*, Ta*),w(z*, Te*, T?2*),w(z*, x*, T*x*)}),
which implies that

T+ F(w(a*, Ta*, T?x%)) < F(w(z*, Tx*, T?x")),
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a contradiction and hence T'z* = x*. Thus z* is a fixed point of T'.

Suppose that (iii) holds. As lim, . w(T"xg, T™xq, TPx) = 0, therefore for each
e > 0, there exists N, € N such that m > n > N, implies w(T™xy, T™xq, T"xy) < €.
Since lim,, ,o, T"xq = x* and by lower semi-continuity of w, we have

w(T™xg, TPz, x*) < limninfw(meo, TPz, T o) < €, m > p,
w(T™xg, 2, T'xg) < lirnninfw(meg,T"xo,Tl:UO) <e, m>1.
Therefore, w(T™xg, TPz, v*) < € and w(T™xg, 2*, T'xg) < €. Set € = % Assuming
that Tx* # x*, by hypothesis (iii) with T zy < T™ 1z, we have
0 < inf{w(z,y,2) +w(z,y, Tr) + w(x, T*r,y) : v € X}
< inf w(T™xg, 2, T x0) + w(T™xq, x*, T 2 10)
= +w(T™xg, T g, 2*) :n €N
3
< z — 0 as k — o0,

a contradiction. Therefore Tz* = x*. O

Theorem 3.4. Adding condition (HO) to the hypotheses of Theorem 3.3 we have that
Tu* =u*, Tv* =v* imply that u* = v*.

Proof. Suppose that Tu* = u*, Tv* = v*, and, to the contrary, u* # v*, hence
w(u*,v*,v*) > 0. Consider the following two possible cases.
1° Suppose u* and v* are comparable. Without loss of generality, assume that
w(v*, u*, u*) < w(u*,v*,v*). By the assumption, we can replace = by u*, and y and z
by v* in the condition (3.17), and we get
7+ F(w(Tu*, Tv*, T*v*)) < F(M(u*,v")),
where
w(u*, v, Tv*), w(u*, Tu*, Tv*),w(u*, Tu*, T*u*),
M * * — 1
(U , U ) max §[w(v*,TU*,T2U*) +W('U*,T2u*,T2U*)]
= max{ w(u*, v, v), w(u®, u, v*) }
= w(u®,u*,v").
Therefore, we have
T+ F(w(u,v*,v")) < Flw(u®,v*,v")),

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

2° Suppose now that u* and v* are not comparable. Choose an element w* € X,
w* = Tw* comparable with both of them. Then also u* = T"u* is comparable with
T™w* for each n (since T' is non-decreasing). Applying (3.17) one obtains that

7+ Fw(u*, T"w*, T w*)) = 7 4+ F(w(TT" ', TT" 'w*, T?°T"u*))
< F(M(Tnflu*’Tnflw*))j
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where
w(Tn—lu*’ Tn—lw*’ TTn_l’LU*),
w(T Y TT Y TT Mw*),
:}\/[:(Tv’rz—lu>o<7 Tn—lw*) — max 1w(T”_1u*, TT"_lu*, T2T"_1u*),
*[W(Tnilw*, TTnflw*’ TQTnflw*)
—H,U(Tnflw*, T2Tnflu*7 T2Tn71w*>]
B w(u*, T w*, Trw*), w(u®, u*, T w*),
- max w(T™ w*, Trw*, T w*), w(T w*, u*, Trw*) [

The rest of proof follows from Theorem 3.2 and the proof is concluded. 0

Remark 3.3. Similarly to Remark 3.2 (I)-(IV), we can define some new contractive
conditions corresponding to M(z,y) given in (3.17).

4. ULAM-HYERS STABILITY IN G-METRIC SPACES

We introduce the notion of generalized Ulam-Hyers stability of fixed point problems
in G-metric spaces under w-distance.

Definition 4.1. Let (X, §G) be a G-metric space and w be an w-distance on X. Let
T : X — X be a given mapping. The fixed point equation

(4.1) u="Tu, uel,

is said to be generalized Ulam-Hyers stable in the framework of G-metric spaces under
w-distance if there exists an increasing function ¢ : [0, 00) — [0, 00), continuous at 0,
with ¢(0) = 0, such that for each € > 0 and an e-solution v € X, that is,

w(v, Tv, Tv) <,
there exists a solution w € X of the fixed point equation (4.1) such that
(4.2) w(v, w, w) < P(e).

If Y(t) = ct for t € [0,00), where ¢ > 0, then (4.1) is said to be Ulam-Hyers stable in
the framework G-metric spaces under w-distance.

Remark 4.1. If w = G, then Definition 4.1 reduces to the definition of generalized
Ulam-Hyers stability in G-metric spaces. If, moreover, ¢ (t) = ct for all t € [0, 00),
where ¢ > 0, then it reduces to the definition of Ulam-Hyers stability in G-metric
spaces.

Theorem 4.1. Let (X, G, =) be a complete ordered G-metric space and w be an w-
distance on X. Suppose that all the hypotheses of Theorem 3.2 hold, using the con-
traction condition in the form (3.15). Then this equation is Ulam-Hyers stable in the
framework of G-metric spaces under w-distance.
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Proof. Following Theorem 3.2, we have T'u* = u*, that is, u* € X is a solution of the
fixed point equation (4.1). Let ¢ > 0 and v* € X be an e-solution of (4.1), that is,

w*, Tv*, Tv*) <e.
Since w(u*, Tu*, Tu*) = w(u*,u*,u*) = 0 < ¢, u* and v* are e-solutions. By hypothe-
sis, we get
wu*,v*,v") = w(Tu*,v*,v") <w(Tu*, Tv*, Tv*) + w(Tv*,v*,v")
(4.3) < MN(u*, 0", 0") + €,
where
wu*, v v), wu, v*, Tu*), w(u®, Tu*, v*),
wu®, Tu*, Tu*), w(v*, Tv*, Tv*), w(v*, Tv*, Tv*),
1
Q[w(u*, Tv*, Tv*) + w(Tu*,v*, v*)]

= max {w(u*,v*,v"), e} .

O(u*,v*,v*) = max

Consider the two possible cases.
1° If O(u*, v*,v*) = w(u*, v*,v*), then we get
w(u, v, v") < dw(u®, v*,0%) + €,
which implies that w(u*,v*,v*)(1 — A) < e. Taking ¢ = (1 — \)~!, where ¢ > 1, and
Y(t) = ct, we have
wu*, v v") < P(e).
2° If O(u*, v*,v*) = ¢, then (4.3) gives that

w(u®, 0%, 07) < (1+ Ae < 1h(e).

Thus, the inequality (4.2) holds in all cases and, therefore, the fixed point equation
(4.1) is Ulam-Hyers stable in the framework of §-metric spaces under w-distance. [

5. WELL POSED AND LIMIT SHADOWING FI1XED POINT PROBLEMS IN §-METRIC
SPACE

The notion of well-posedness of a fixed point problem has evoked much interest of
several mathematicians, see, for example, Popa [5] and others. We discuss this notion
under w-distance on §-metric spaces.

Definition 5.1. Let (X, 9, <) be a complete ordered G-metric space and w be an
w-distance on X. Let T': X — X be a given mapping, having a unique fixed point u
in X such that v < Tu.

(a) The fixed point problem (4.1) is said to be well posed with respect to w if
for any sequence {u,} C X such that lim,, . w(TUp, U, u,) = 0, we have
lim,, o0 w(tp, u, u) = 0.

(b) The fixed point problem (4.1) is said to have limit shadowing property in X
with respect to w if for any sequence {u, } C X such that w(u,, Tu,, Tu,) — 0
as n — 0o, there exists u € X such that w(u,, T"u,T"u) — 0 as n — oo.
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Theorem 5.1. Let (X, G, <) be a complete ordered G-metric space and w be an w-
distance on X. Suppose that all the hypotheses of Theorem 3.2 hold, using the con-
traction condition in the form (3.15). Then

(a) the fized point problem for T is well posed with respect to w;

(b) T has the limit shadowing property with respect to w.
Proof. Following Theorem 3.2, T has a unique fixed point u* = Tu* € X, such that
u* <X Tu*.

1. Let {u,} C X be such that lim,, . w(u,, Tu,, Tu,) = 0. Then

W(Up, u*,u") < w(ty, Ty, Tuy) + w(Tup,, Tu®, Tu™)
(5.1) < w(tp, Ty, Tuy) + A0 (Uy, u*, u*),
where
W (U, w*, u*), Wy, u*, Ty ), w (U, T, u™),

lim O(uy,, v, u") = lim max < w(u,, Tu,, Tu,), w(w*, Tu*, Tu*), wu*, Tu*, Tu*),

n=s60 n—o0 %I:w<un’Tu*7Tu*> +W(Tun)u*,u*):|
=0 (using property (w2)).

Passing to the limit as n — oo in (5.1) and using (w2) property, we get that
w(Up, u*, u*) — 0 as n — oo which is equivalent to saying that u, — u* as n — oc.

2. Owing to Theorem 3.2, we know that the fixed point u* = Tu* € X satisfies
w(u*, Tu*, Tu*) = 0. Let {u,} C X be such that lim,,_, w(t,, Tu,, Tu,) = 0. Then,
as in the previous proof,

W, ', u") < w(Up, Ty, Tuy) + A0 (U, u*, u”).
Passing to the limit as n — oo in the above inequality and using (w2) property, it
follows that w(u,, T"u*, T"u*) = w(u,,u*,u*) — 0 as n — 0. O
6. APPLICATIONS

6.1. Application to integral equations. This subsection is devoted to the exis-
tence of solutions of an integral equation as an application of Theorem 3.3.
Let X = C(I,R), where I = [0, 1], be endowed with the standard maximum norm
|u|| = maxyer |u(t)], and let
1
S(u,v,w) = Slllu = vl + v —wl + [lw - ul]
be the corresponding G-metric on X. Define w : X x X x X — R™ by
1
wlu,v,w) = S[flu =] + [lu—w]].
Then clearly w is an w-distance function (see Example 2.1).
Define an order relation < on X by
r 2y iff z(t) <y(t), forallt e l.
Then (X, <) is a partially ordered set.
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We will consider the integral equation

(6.1) u(t) = [ "Gt ) f (s, u(s)) ds,
where f: I xR — Rand G: I x I — [0,00) are given functions. Let
(6.2) Tu(t) = [ "Gt ) f(s,u(s)) ds

define the respective operator T: X — X.
Theorem 6.1. Suppose the following assertions hold:

(C1) f is a continuous function, non-decreasing in the second variable;

(C2) there exists ug € X such that ug < Tuyg;

(C3) if {un} is a sequence in X such that u, — u in (X, 3G, <) and u, < ups1, for
all n € N, then u,, =< u, for alln € N;

(C4) there exists Ay € (0, 3) such that for u,v € X withu < v and t € I we have

maX{'f(ta u(t)) - f(ta U(t))|’ |f(t7 TU(t)) - f(tv u(t))|} < A_1A1A<u7v)<t)7
where A = sup,.; [y G(t,r)dr and

A(u,v)(t)
(6.3)
lu(t) —o(t)| + |To(t) —u(®)], [ut) — Tu@®)| + [Tv(t) — u(t)],
—max? | u(t) — Tu(t)] + |T?u(t) — u(t)],

o) = Tu(®)] + [T*0(t) = v(®)] + [o(t) = T*u(b)] + [T*0(t) = v(®)]]
Then the equation (6.1) has at least one solution u* € X.

Proof. We are going to check that T' € ®(F,w). For this, let u,v € X be such that
u = v, ie., u(t) <wv(t), forallt € I. For each t € I, by the definition (6.2) of operator
T, we have

|Tu(t) — Tou(t)| = ’/Ot G(t,r)f(r,u(r))dr — /Ot G(t,r)f(r,v(r))dr
< [ G ur) = £ 00 dr

Now, using the assumption (C4), after routine calculations, we obtain
| Tu — Tv|| <2\ M(u,v).
Similarly, we can prove that
|70 — Tul| < 20 M(u,v).
Therefore we have
w(Tu, Tv, T*v) = ;[HTU —Tv|| + | T*v — Tul|] < 22 M(u,v) = AM(u, v),
where A € (0,1) and M(u,v) is given in (3.17).
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Now, by considering F' € § given by F(t) = Int, ¢t > 0, and 7 = In (%) (similarly
as in the condition (3.15) of Remark 3.2), we have the condition

u,v € X with v < u = 7+ F(w(Tu, Tv,T*v)) < F(M(u,v)),

for all u,v € X with w(Tu,Tv,T?v) > 0. Thus T € ®(F,w). Therefore, all the
hypotheses of Theorem 3.3 are satisfied and we conclude that there is a fixed point
u* € X of the operator T'. It is obvious that in this case u* is a solution of the integral
equation (6.1). O

Example 6.1. Consider the following second-order initial value problem which is an
example of spring-mass problem when damped-forced function is distributed, that is,
the so-called “Underdamped Spring-Mass System”:

mu” (t) + cu'(t) + ku(t) = f(t,u(t)), tel=10,1],
u(0) =4/(0) =0,

where f is an external force, k is the spring constant, m is the mass of spring and ¢
is the damping constant with restriction —w? = ¢ — 4mk < 0.

This problem is known to be equivalent to the integral equation (6.1), where
G :Ix1I—]0,00) is the Green function given by

Git,s) = 41O (5) (t=9)]sinh |(32) (t=9)], 0<s<t<1,
| 0, 0<t<s<1.

Here A = 02;732““ Then all the conditions of Theorem 6.1 are satisfied if the corre-
sponding integral equation or operator equation of the form (6.1) fulfils the conditions
(C1)-(C4). The situation can be better understood by an illustration.

For example, consider the equation

(6.4) {U”(t) + 8u/(t) 4+ 20u(t) = & cosu(t), 0 <t <1,

u(0) = u/(0) = 0.

In this case, m = 1, ¢ = 8, k = 20 and so ¢ — 4km < 0 which shows that the
considered Spring Mass System is “underdamped”. Here A = 6 and f(t,u(t)) =
L cosu(t).

The function f is continuous and non-decreasing in the second variable, i.e., the
condition (C1) holds. It is obvious that the constant function wug(t) satisfies (C2).
Condition (C3) follows as in the paper [4] from the definition of w. Finally, we have

£t u(®)) — £(t,0(6))] = 1] cosu(t) — cosu(t)] < 2 u(t) — v(0)],

[f (&, To(t) — ftu(t))] < 114|Tv(t) —u(t)],
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wherefrom, after routine calculations,

max {|f(,u(t)) = f(t, ()], | (&, To(0)) = f(t,u(t))]]

<21 () = w(o)] + [To(t) — u(r)])
1 3 .
SB . 2—OA(u, v)(t) = A7 N A(u, v)(t).

Hence, the condition (C4) also holds. Thus there exists a solution u* € X of the
problem (6.4) via Theorem 6.1.

Remark 6.1. We remark that a similar problem

v cdu
(6.5) a2 o = ),
u(0) = 0,u'(0) = a,

was treated in the paper [10]. The authors claimed that the equivalent integral
equation had the form (6.1), and that the Green’s function G(¢, s) was given by

(t—s)e™%) 0<s<t<,
0, 0<t<s<l.

G(t,s) = {

where 7 > 0 is a constant, calculated in terms of ¢ and m.
However, this claim is not true. The correct form of the equivalent integral equation
is

t
(6:6) ult) = g(t) + [ G(t,5)f (s, uls)) ds, t € 1,
0
where g(t) = ¢(1 — exp(—7t)) with 7 = = and the respective Green’s function is
11—e9), 0<s<t<1
(6.7) G(t,s) = F(1-et), 0<s<e<,
, 0<t<s<1

If in the problem (6.5), a = 0, then ¢(t) = 0 in integral equation (6.6) but G(t, s)
will still be given by (6.7). In any case, this problem can be treated using w-distance
similarly as the one in Example 6.1.

6.2. Application to fractional differential equations. Recall the following defi-
nitions.

Definition 6.1. For a continuous function f : [0,00) — R, the Caputo derivative of
fractional order (3 is defined as

CDﬂ(g(t)) = F(nl—ﬁ) /Ot(t — s)"‘ﬂ_lg(")(s) ds, n—1<pB<n, n=|[p]+1,

where g € C"([0,00)), [8] denotes the integer part of the positive real number § and
I' is the gamma function.
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Definition 6.2. The Riemann-Liouville fractional integral of order § for a continuous
function f(t) is defined as

1 t
I°f(t :—/ t—s5)P"1f(s)ds, >0,
()= gy [, (6= 9" 1(6)
provided that such integral exists.

We consider the three-point fractional integral boundary value problem of the form

{cpﬁu(t) = f(t,u(t), 2<B<3, telo,1],

(6.8) u(n) =0, w'(0) =0, [Mu(1) =0, 0<n<1,

where f:]0,1] x R — R is a continuous function and n? # m Here we discuss
the existence of solutions of (6.8) as an application of Theorem 3.1.

We endow X with the norm, §-metric and w-distance in the same way as in Sub-
section 6.1. Let the corresponding operator 7': X — X be defined by

Tu(t) = o [ (6= 9 fls,u()) ds = o [ O1= )77 fs,u(s) ds

NG NG
(n* —t)T(y + 3) 1 f-1
P E T T ey T e ds

B T 1 R R
B a3 ey 9 () ds

forue X, tel.

(6.9)

Theorem 6.2. Under the assumptions (C1)-(C3) of Theorem 6.1 and
(C4) there exists A € (0,3) such that for u,v,w € X with w < v < u we have

(6.10) max {|f(t,u(t)) — f(t,v())], |f (£, v(t)) = f(t,w®)]} < B~ MAs(u, v, w)(t)

where
B 2 h+2)v+1)
L+1) TB+1)2-n*(y*+37+2)]
N [(v+3)
Ly + B8+ 12— n*(y? + 37+ 2)]
and

Ay (u,v,w)(t)

[u(t) —v(t)| + |w(t) — w(t)], [ut) —v(@)] + [Tu(t) — u@)],
u(t) — Tu@)] + [w(t) — u(®)], 2[u(t) — Tu(t)],

— max %lv(t) — Tw(t)],2|w(t) — Tw(t)], ,

Sllu() = To(®)] + |Tw(t) — u(t)]

+|Tu(t) —v(t)] + [w(t) — Tu(t)]

the problem (6.8) has at least one solution u* € X.
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Proof. Here we have to check the contraction condition (3.15) for u,v,w € X (see
Remark 3.2.(1)).
For each t € I, by the definition (6.9) of operator T', we have

[ Tu(t) — T (t)]

| — ) (s, u(s s—L "= $)7 1 f (s, uls)) ds

o [ st as = s Y= 97 (s utona
(n* —t)T'(y + 3) ! — )P f (s u(s)) ds

VRGBT R T 1 3Ty LT s u(s))d

(v +2)(p+D(* =) L
e [2 77(7 +37+2)]/(n_8)5 f<8’u(8))d81

ot =97 e s = s [ st as

(77 T +3) 1 — s)"P (s, 0(s)) ds
F(5+7)[2_772(72+37+2)]/0(1 )T (s u(s))d

(v +2)(p+D)(* =) 7 L
R Ry 0 e

S [ (= 515, u(s)) — Fls,v(s))] ds

“T(E)
) o @ () — s vl s
I(p+3) L s

R T IR T3y T S uls) = Tl o(s))ds

o+ 3+ 1) ! — 5)P 7Y (s, ul(s)) — f(s,v(s S
I s 3 T 0 ) s ) — f(s (s s

Now, using the assumption (C4’), after routine calculations, we obtain
|Tu — Tol| < 2X\0(u,v,w).
Similarly, we can prove that
| Tw — Tul| < 2M0(u,v,w).
This implies that
(T, Tv, Tw) = ;[HTU — Tu|l + ITw — T
< 2M0(u, v, w) = N(u, v, w),

where 2\; = A € (0,1) and 0(u, v, w) is given in (3.2).
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Now, by considering F' € § given by F(t) = Int, t > 0, and 7 = ln<
the condition

u,v,w € X withw <v 2u= 74+ F(w(Tu,Tv,Tw)) < F(0(u,v,w)),

for all u,v,w € X with w(Tu,Tv,Tw) > 0. Thus T" € A(F,w). Therefore, all the
hypotheses of Theorem 3.1 are satisfied and we conclude that there is a fixed point
u* € X of the operator T'. It is clear that in this case u* is also a solution of the
integral equation (6.9), as well as the fractional differential equation (6.8). O

1
X) , we have

FExample 6.2. Consider the following nonlinear fractional differential equation

(6.11) ‘Diu(t) = (tj8>21f|(i)(|t)|, t e [0,1]

with the three-point integral boundary value condition

(6.12) u (;) =0, u'(0) =0, I**u(1) =0.

Hore f =5, =3 v=3 n"=}# mdm =g and f(t.ul) = e
Further, | f(¢,u)| < &; and B ~ 28.62. Therefore, the considered system (6.11)-(6.12)
is an example of the system (6.8). With the similar argument of Example 6.1, f
and T satisfy the conditions (C1)-(C4’). In particular, routine calculations show that
(6.10) holds with A\; = % € (0, %) Hence, we can apply Theorem 6.2 and conclude
that there exists a solution u* € X of the equation (6.11) with the conditions (6.12).
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