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Abstract

In this paper, we provide certain conditions under which guarantee the existence of a common fixed
point for weakly contractive mappings defined on orthogonal modular spaces. Also, Banach fixed
point theorem on an orthogonal modular space without completeness is obtained. To prove much
stronger and more applicable results, some strong assumptions such as the convexity and the Fatou
property of a modular are relaxed.
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1. Introduction

The Banach contraction mapping theorem [§] popularly known as Banach contraction mapping
principle is a rewarding result in fixed point theory. It has widespread applications in both pure
and applied mathematics. This celebrated principle has been generalized by several authors. In one
approach, fixed point theory in modular spaces has received a lot of attention after being proposed
as a generalization of normed spaces [36, 37, 38,40, 41]. A growing literature on fixed point theorems
in Modular spaces deals with rigorous formulations and proofs of many interesting problems which
are applicable in a wide variety of settings, including Quantum Mechanics, Machine Learning and
etc. The study of this theory in the context of modular function spaces was initiated by Khamsi et
al. in [22] by using some constructive techniques for single-valued mappings. This work has been
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widely cited as the inspiration for a variety of fixed point work along with [23], 24]. This line of work
was extended by several works in a variety of ways. Recently, Kutabi and Latif [29] studied fixed
points of multivalued maps in modular function spaces. Then Lael et al. generalized their work in
modular spaces by relaxing convexity and boundedness [31]. In one successful approach, Kuaket and
Kumam [27] and Mongkolkeha and Kumam [33], 34} [35], considered and proved some fixed point and
common fixed point results for generalized contraction mappings in modular spaces. Also, Kumam
[28] obtained some fixed point theorems for non-expansive mappings in convex modular spaces.
Then, Khamsi et al. explored the existence of fixed points of nonexpansive mapping and asymptotic
pointwise nonexpansive mapping in modular function spaces in [5, 25], respectively. Further, on
the basis of their result, in [3], an analog of DeMarr’s common fixed point theorem for a family of
symmetric Banach operator pairs in modular vector spaces is proved. Furthermore, authors in [2]
study the existence and uniqueness of common fixed point results in partially ordered modular
function spaces (see [45] 46]). Almost all researchers focus on key properties of modulars, convexity
and Fatou property.

In another approach, Rhoades [44] introduced the concept of ¢-contractive mappings. Afterwards,
some researchers introduced a few - and ¢ — p-weakly contractive conditions and discussed the
existence of fixed and common fixed point for these mappings [II, 42]. In particular, Abbas et al.[0]
presented several common fixed point results of generalized weak contractive mappings in partially
ordered b-metric spaces, and in [2], they showed the existence and uniqueness of common fixed point
results in partially ordered modular function spaces. Very recently, Lael et al. |30} 32] proved some
fixed point theorems for multivalued mappings with suitable ¢-contraction on modular spaces.

Although fixed point theory is shown to be successful in challenging problems and has contributed
significantly to many real-world problems, various fixed point theorems strongly are proved under
strong assumptions. In particular, in modular spaces, some of these assumptions can lead to having
some induced norms. So, some assumptions often do not hold in practice or can lead to their
reformulations as a particular problem in a normed vector spaces. A recent trend of research has
been dedicated to studying the fundamentals of fixed point theorems and relaxing their assumptions
with the ambition of pushing the boundaries of fixed point theory in modular spaces (see [4] 10} 22]).
But, you can hardy find literatures which relaxed the convexity and the Fatou property of the
modular in fixed point theory [31].

Recently, Eshaghi et al. [16] introduced the notion of orthogonal set and then gave an extension
of Banach’s fixed point theorem. They proved, by means of an example, that their main theorem is a
real generalization of Banach’s fixed point theorem. The main result of [I6] is the following theorem.

Theorem 1.1. [16] Let (X, L,d) be an O-complete metric space (not necessarily complete metric
space) and 0 < k < 1. Let f : X — X be L-continuous, L- contraction with Lipschitz constant k
and 1 -preserving. Then, f has a unique fixed point z € X. Also, f is a Picard operator, that is,
limf"(z) = z for all x € X.

After that in [43], orthogonal modular space is defined and a new generalized modular version of
the Meir—Keeler fixed point theorem endowed with an orthogonal relation is presented. The famous
Nguyen Van Dung, in [48], has talked about the importance of results which are proved on orthogonal
set and showed that many existence results on fixed points in orthogonal-complete metric spaces can
be proved by using the corresponding existence results in complete metric spaces. For more details
about orthogonal space, we refer the reader to [16], [7, 19, [12].

Our main concern in this paper is to prove common fixed point theorems involving generalized
weakly contractive conditions in orthogonal modular spaces by relaxing strong assumptions on the
modular such as continuity, convexity and Fatou property. In a bird-eyes view, the paper starts
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with Section [2| which is a brief introduction to modular spaces and orthogonal modular spaces along
with the required concepts. Section |3 includes Banach fixed point Theorem on an SO—complete
space along with two main common fixed point theorems. Finally, in Section [4] as an application an
integral equation is solved by using proved theorems.

2. Preliminaries

This section will serve as an introduction to some fundamental concepts of modular spaces and
orthogonal sets. A detailed introduction in modular space can be found, for example, in the textbooks
[26], 136].

A pair (X, ) is called a modular space, where X is a real linear space and p is a real valued
functional on X which satisfies the conditions:

1. o(r) = 0 if and only if r = 0,

2. o(=x) = o(v),
3. olax + By) < o(r) + o(n), for any nonnegative real numbers «, 5 with a + g = 1.

The functional p is called a modular on X.

If (3) replaces by o(ax + 8y) < ap(r) + Bo(p), for any a, 8 € RT with a+ 8 = 1 the modular is called
a convex modular. Interestingly, it is shown that a modular induces a vector space X, = {r € X :
a — 0 implies g(ax) — 0} which is called a modular linear space. For a modular space (X, o), the
function w, which is said growth function [9] is defined on [0, c0) as follows:

w,(t) = inf{w : o(tr) < wp(r):r € X, 0<o(r)}.
It is shown that a modular ¢ implies that

Jell, = inf{a > 0: o(%) <1},

defines an F-norm on X,. Specifically, if ¢ is convex, || - ||, is a norm and it is frequently called
the Luxembourg norm [I7]. Note that a modular space determined by a function modular o will
be called a modular function space and will be denoted by L,. Then, it is not difficult to show
that || - ||, is an F-norm induced by p. More importantly, (L,, || - ||,) is a complete space. There
are many arguably important special instances of well known spaces in which these properties are
fulfilled [39, [40, [41], 47]. Furthermore, Musielak and Orlicz in [37, 40}, 41] naturally provide the first

definitions of the following key concepts in a modular space (X, o):

D1. A sequence (z,) in B C X is said to be convergent to a limit point ¢ € B if lim o(x, — ) = 0.
It is easy to show that the limit point of a convergent sequence is unique.

D2. A closed subset B C X is meant that it contains the limit of all its convergent sequences.

D3. A sequence (r,) in B C X is said to be Cauchy if lim o(z,, —t») = 0 as m,n — oo. It is easy to
show when (X, p) satisfying w,(2) < oo, then every convergent sequence in (X, p) is Cauchy.

D4. A subset B of X is said to be complete if each Cauchy sequence in B is convergent to a point
of B. It is clear that every closed subset of a complete modular space is complete.

D5. Fatou property: o has the Fatou property, if o(r) < liminf o(x,) whenever the sequence (r,,)
is convergent to r.
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bounded subsets: A subset B C X, is called bounded if sup o(r — 1) < oo.
LyeB

Now, we recall some definitions on orthogonal set and orthogonal modular space (for more
details see [111, 13, 14 15]).

Definition 2.1. Let X # () and LC X x X be a binary relation. If L satisfies the following
condition
Jro € X; ((Vr € Xix L o) or (Vr € Xiz0 L 1))

then X with L, is called an orthogonal set (briefly O-set). We denote this O-set by (X, L).

Definition 2.2. Let (X, L) be an O-set and (X, p) be a modular space, then (X, o, 1) is
called an orthogonal modular space.

Definition 2.3. A sequence (z,), n € N is called a orthogonal sequence (briefly, O-sequence)
if

((Vn;en L tng1) or (V5Enpn L 1))
Also it is called an strongly orthogonal sequence (briefly, SO-sequence) if

((Vn, ksxn L togr) or (Vn, k;tpgr L 1))

It is clear that every orthogonal modular space is a modular space, so all definitions, D1-D6,
can be defined for (X, g, L), similarly. And if a sequence (r,) is O-sequence (SO-sequence),
then D1-D3 in (X, o, L) are called convergent O-sequence (convergent SO-sequence), O-closed
set (SO-closed set), Cauchy O-sequence (Cauchy SO-sequence), respectively.

Definition 2.4. Let (X, g, L) be an orthogonal modular space:

a. Then X is said to be O-complete (SO-complete) if every Cauchy O-sequence (Cauchy SO-
sequence) is convergent. Clearly, every O-complete is SO-complete. If X is SO-complete
then it is not necessary to be O-complete.

b. Let B C X. A mapping f : B — B is called:
(i) Orthogonal preserving mapping if ¢ L y implies f(r) L f(v).
(ii) O-continuous (SO-continuous) at ¢ € B if fr, — fr, for each O-sequence (SO-

sequence) r, € B which r, — r. Also, f is O-continuous (SO-continuous) on B if f is
O-continuous (SO-continuous) in each ¢ € B.

3. Main Results

In this section, we prove orthogonal modular version of Banach fixed point theorem and exis-
tence and uniqueness of common fixed point for generalized weakly contractive mappings (i.e.
satisfying inequality or (3.17)) in complete modular space. Also to support our main
results, we give an example. We shall consider the contractive conditions are constructed via
auxiliary functions defined with the families ¥, ®, respectively:

U = {4 :]0,00) — [0,00) is an increasing and continuous function},
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and

® = {p:[0,00) = [0,00) is an increasing and continuous function and ¢(t) = 0 implies ¢t = 0}.
The following lemmas are handy tools that will be used in the sequel.

Lemma 3.1. [31] Every sequence (x,,) in a modular space (X, o) is a Cauchy sequence if there
exists k € [0,1) such that

Q(Pn - ?n-‘rl) S kQ(zzn—l - Pn)

Lemma 3.2. If X is a modular space and (r,) is a convergent sequence to ¢ in X, then

1 .. .
o(r —y) < liminf o(x, —9) < limsup o(r, —9) < wy(2)o(r —v),
w,(2)
for every y € X.

Proof . If we apply twice the modular’s triangle inequality, we get for every n € N

1
we(2)

If we take lim inf on the left-hand side inequality and lim sup on the right-hand side inequality,
we obtain the desired property. [

o(x —9) — o(tn — 1) < 0(xn — 1) < wy(2)o(x — 1) + wy(2)o(xn —x).

Theorem is an orthogonal modoular version of Banach fixed point theorem, as we know
the triangle inequality in a modoular space is weaker than the triangle inequality in a normed
space, so we can say that Theorem[3.3]is a generalization of Theorem [I.1]in some aspects. Also,
it is a generalization of [Theorem 3 .3 in [31]] for single valued mapping.

Theorem 3.3. Let (X, 0, 1) be SO-complete, and f: X — X be SO-continuous and orthog-
onal preserving mapping. Suppose that for every r,y € X thaty L vy, we have

o(fr— fv) < ko(x — ),

where k € [0,1). Then f has a unique fized point.

Proof . Since X is an O-set, then without loss of generality, there exists 1o € X such that,
wlyr VielX.

We define the sequence r,, = fr,,_1 for all n € N. Since for all k € N, ry L 15 and f is orthogonal
preserving, so r; L rxy1, by induction, we have

In 1 Tntk; vna keN.

sequence (x,) is Cauchy. This implies that there exists 3 € X such that r, — 3 as n — oo,
since X is SO-complete space. Since f is SO-continuous, so r,+1 = fr, — f3. Thus f3 = 3.
Now, we show that 3 is a unique fixed point. By contradiction, we suppose that there is 3 # 3’

By contraction, we have that o(tne1 — tn) < ko(xn — tn_1). Lemma implies that the SO-
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such that f3 = 3 and f3’' = 3'. Since o L 3 and 1o L 3/, and f is orthogonal preserving, so
by n-times using the orthogonality of f, we will have ¢, L 3 and r,, L 3. By using twice the
contraction’s definition, we have

o8y = i

5 5 ) < eolfs— fw) + o(f3' — fra) <klo(3 —tn) + 0(3 — 1))

asn—o0,3=3.0

We would like to highlight that while the convexity of g is required for the modular version of
Banach fixed point Theorem which is proved in both papers [10] and [29], we showed in Theorem
B.3] that it can be removed. Also, completeness of the modular space g is replaced with a weaker
assumption SO-complete. So Theorem generalized Banach fixed point theorems in many
aspects.

Definition 3.4. [18/ Let f and g be two self-mappings on a nonempty set X. If ¢ = fr = gr,
for some ¢ € X, then  is said to be the coincidence point of f and ¢, and c is called the point
of coincidence of f and g. Let C(f, g) denote the set of all coincidence points of f and g. If for
some r € X, r = fr = gr, then r, is called a common fixed point of f and g.

Definition 3.5. [18/ Let f and g be two self-mappings defined on a nonempty set X. Then
f and g is said to be weakly compatible if they commute at every coincidence point, that is,

fr = gr implies fgr = gfr, for every r € C(f, g).
In the following, we suppose that (X, g, L) is complete to ease the notation let us now denote
X = (X,0,1). And the mappings f,g : X — X satisfying f(X) = ¢(X), ¢g(X) is an closed

subset of X, ¢ is one-to-one and ¢g~! o f is an orthogonal preserving map. Also, we suppose
that v € ¥ and ¢ € ®.

Theorem 3.6. If there are functions ¢ and ¢ such that for mappings f and g, we have

Vw2@)lo(fr— f)*) <v(N(x,n) — (M), Vrly, (3.1)

where

N(.9) = max{lo(fr — gr)]% [o(gr — gn)]*, [o(fv — g0)]*, o(fx — gn)o(fr — g¥),
o(fr — gr)o(fr — fv), o(fr — gr)o(gr — gv)},

and

M(x,n) = max{[o(fy — g)]*, [o(fr — g0)]*, [e(gx — gv)]*, el _1gi)][z[(1f;—[g§</§§]; L

Then f and g have a unique coincidence point in X. Moreover, f and g have a unique common
fixed point provided that f and g are weakly compatible.
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Proof . Since X is an O-set, there exists o € X such that without loss of generality
olr Vie X. (3.2)

As fX C gX, there exists r; € X such that frg = gr1. Now, we define the sequence (r,) and

(Un) in X by f?n = gln+1 for all n € N, le. nt1 = (g_l o f)?m and U = fxn = gfn+1. It
Yn = Yp41 for some n € N, then we have v, = 9,41 = frp41 = gtnt1 and f and g have a point
of coincidence. Without loss of generality, we assume that v,, # 1,1 for all n € N.

By , for each k € N, we have ro L 13, and since ¢g~! o f is an orthogonal preserving map,
these imply that ¢g™' o frg L g ' o fri i.e 11 L rpr1. By induction, for each n,k € N, we will
have

En L Bk (3.3)

Now, according (3.3)) and (3.1)) with ¢ = r,, and vy = r,,+1, we obtain

w(wf)(Q)[Q(Un - Un+1)]2) = w(w§<2)[9<f?n - fxn-i-l)]Q) < @Z)(N(;n, ?n-l—l)) - @(M(?na ?n-i—l))v (34)

where

N(tn,tny1) = max{[o(hn — Un—l)]z’ [o(9n-1 — Un)]27 [0(9ny1 — Un)]Qv
Q(Un - UH)Q(UTL - Unfl)a Q(Un - Uﬂrl)@(nn - Un+1>7 [Q(Un - Unfl)]2]}7(3'5)

and

M (xn, ;n—&-l) = maX{[Q(Un—i-l - Un)]27 [Q(Un - UN)]Qv [Q(Un—l - Un)]27
[Q(Un B Unfl)]Q[l + [Q(Unfl - Un)]Q] }

3.6
T ol — )P 3
If o(9, — 9ns1) > 0(9n — Dp_1) > 0 for some n € N, in view of and (3.6)), we have
N(?m Z:nJrl) = [Q(Un - UnJrl)]Z
and
M (, tne1) = max{fo(0, — Dasa] [0(0n — 90-1)]*} = [0(0 = D))
It follows from inequality and the above inequalities,
b([e(Wn = Dns1)]?) (w3 (2)[o(n = vt1)]?) (3.7)

V(N (tns Eng1) — @(M (2, Tny1))
¢([Q(Un - Un+1)]2) - @([Q(Un - Un+1>]2)7

IA AN A
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which implies ©([0(h, —9ny1)]?) = 0, that is, v,, = 9,41, a contradiction. Hence, o(h, —9ny1) <
0(9, —vn_1) and (o(9, —9,41)) is a non-increasing sequence and so there exists r > 0 such that

lim (9, — Ynt1) = 7. By virtue of (3.5) and (3.6) again, we have N (£n,£nt1) = [0(Dn — 9u-1)?,
and M (¥, tnr1) = [0(Dn — 9n_1)]?. Tt follows that

1/1([0(% - Un+1>]2> S ¢<N<xn7 Fn+1)) - @(M<Fn7xn+1>>

< P(lon —9.1)]?) — ([o(vn — 90-1)]?).

Now suppose that 7 > 0. By taking the limit as n — oo in (3.7)), we have ¢ (r2) < 1(r?)—¢p(r?)
a contradiction. This yields that

lim 0(9, — Ynt1) =7 =0. (3.8)

Now we shall prove that (p,) is a Cauchy sequence in X. Suppose on the contrary that,
lim  o(y,—n,) # 0. It follows that there exists € > 0 for which one can find sequences (1,,, )

n,m——+oo

and (v,,) of (v,) satisfying ny is the smallest index for which ng > mg >k, € < 0(9m,, — 9n,)
and 9(9,, — Yn,—1) < €. In view of the triangle inequality in modular space, we get

€ < [o(tm, —9a,))?
< w, (2) (Dmi = Dn—1) + We(2)0(9n, 1 — D))
= w(2)[e(Vm, — Vn,—1)]
+ w?@)[ (D1 — Unk)] + 2w3(2)9(0mk — 1) 0(Dny—1 = Yny,)
< wi(2)e + wi(2)[e(9n, 1 — )] + 205(2) 0(9my, — Vny—1) (D1 — )

Using equality (3.8) and taking the upper limit as kK — oo in the above inequality, we obtain

€ < limsup[o(9m,, — O, )]* < w)(2)€.
k

As the same arguments, we deduce the following results:

€ < [o(tm, —va,))?

< [wo(2)0(9m, = On—1) + we(2)0(Ony—1 — 9, )

= W (2)[0(0m, — 9n—1)]* + wi(2)[0(On,—1 — )]

+2w§(2>£)(0mk - Unkfl)Q(Unkfl - Unk) (3'9)

¢ < [o(Yimy, — Unk)]Q

< [w9(2)Q<Umk - Umkfl) + wg@)ﬁ)(t)mkﬂ - Unk)]2

= w5 (2)[0(9m, = 9m,—1)]% + w3(2)[0(Dmy, 1 — 9n,)]?

+ 202(2) 09 — Yin—1)0(Dmp—1 — Yny) (3.10)
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and

[0(Dmy—1 — Um)]Q < [w@(2)9<0mk—1 — Dimy,) + wg@)@(‘)mk - Unk)]Q
= wg@)[ﬁ(‘)mk% - Umk)]z + w2(2)[Q(Umk - Unk)]2
+ 2w2(2)0(Dmy—1 = Dy ) 0Dy, — D) (3.11)
In view of , we have
¢’ : 2 2
w2(2) < Hm suple(9m, = Y —1)]" < €

Using (3.10) and (3.11)), we obtain

2

€ .
@ < mletm 1~ 0 < W)

2

Similarly, we deduce that

[oWm—1 = 9n—)] < [wo(2)2(Wm—1 = ) + W (2)0(Vm, — 9 —1)]”
(

= Wy (2)[0(9m—1 — D, )]* + w2(2)[0(Dmy, — V1))
+ 202(2)0(9me—1 — D ) 0D — Y1),
and
[0(0m, — 92 < [W0,(2)0(0m;, — Yimy—1) + we(2)0(Dm—1 — O, )]

= w5 (2)[0(9m, = Ym,—1)]” + w3(2)[0(Dmy 1 — 90,

+ 202(2) 09 — Yie—1)0(Dmy—1 — Yny)

< wi(2)[0Wm, = Wm—1)]” + w3(2)[wp(2) 09y —1 = V1)

+ we(2)0(9n, -1 — vy )]

+ 2w§<2>Q(Umk = Vrmp—1) [Wo(2) 0(Dm—1 — Ynp—1)

+ we(2)0(Mny—1 = ny)]-

It follows that )

wy(2)

< lim suple(ym, -1 — D—1)]” < wp(2)e”.

Through the definition of N, we have

N(Emk,?nk) = maX{[Q(Umk - Umkfl)]Za [Q(Umkfl - Unkfl)F’
2

[Q(Unk - Unk—l)] )
Q(Umk - Unk—l)g(‘)mk - Umk—1)7 Q(Umk - Umk_l)g<‘)mk - Unk)7
Q(Umk - Umkfl)QO)mk*l - Unk*1>}
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which yields that

limksup N (T, Eny) < maz{0,w3(2)e?,0,0,0,0} = wi(2). (3.12)

Also,

M(zzmmxnk> = maX{[Q(Unk - Unk*1>]27 [Q(Umk - Unkfl)]Qv [Q(Umkfl - Unkfl)]Qv

[Q(Umk - Umk—l)]z[l + [Q(Umk_l - Unk—l]Q]}
1+ [Q<Umk - Unkfl)]Z

It is easy to show that

€2 €2 €2

2@ wi@) ) 2 wie)

limkinf M (tm, , Bn,) > max{0, (3.13)

Again, according and , with ¢ =y, and vy =1, , since t,,, L 1, We get
1/]([9(137711@ - Unk)]2) < @D(MZ(Q)[Q(UW - Unk)]Q) < ¢(N(gmk7xnk)) - @(M(xmmgnk))

In light of (3.12)), one can obtain

W (w,(2)€”)

IN

P(wi(2) ﬁmksup[g(fxmk — frn)?)
w(limksup N(tm,:tn,)) — @(limkinf M (v, ,¥n,))

V(wy(2)e”) — p(tim inf M (g, , tn,))

IN

IN

which implies that

a contradiction to (3.13]). It follows that (,) is a Cauchy sequence in X. Since X is complete
modular space, there exists u € X such that

lim o(y,, — u) = lim o(fr, — u) = lim o(grp41 —u) = 0. (3.14)

Furthermore, we have u € g(X) since g(X) is closed. It follows that one can choose a 3 € X
such that u = g3, and one can write (3.14]) as

lim o(n,, — ¢3) = lim o(fx,, — 93) = lim o(gx,11 — g3) = 0.

Now, we prove that r,, L 3. Since f(X) = g(X), we have g~ 'of(X) = X, by continuing this way,
we will have (g~ o fo...g o f)(X) = X. Therefore there is 3; such that (g7 o fo...g7 o f)3 =
3. Since ro L 31 and g~ ' o f is orthogonal preserving map, we have ¢, L 3. From (3.1 with
taking r = r,, and y = 3, we get
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(wy(2)[o(n, — f3)]°) = ¥(wy(2)[o(frn, — f3)]) S V(N (tn,3)) — o(M(tn,.3)),  (3.15)

where

N(tn:3) = max{[o(vn, — 9ne—1)]% [0(0ne—1 — 93)]% [0(f3 — 93)]7,
0, — 93) 00y — Yny—1)5 Wy — Yny—1) 0V, — f3),
Q(Unk - Unkfl)g(t)nkfl - 93)}7

and

2

M(xn,,3) = max{[o(f3— 93)]*. [0(vn, — 93)]°,
[Q(Unk - Unk_l)]2[]‘ + [Q(Unk—l - 93)]2]}
L+ [o(Dn,, — 93)]? '

[0(9ne—1 — 93))7,

And then we obtain
limkSUP N (zn,,3) = max{0,0, [o(g3 — f3)]*,0,0,0} = [o(g5 — f3)]°,

and
lim inf M (g, 3) = max{[e(g5 — f3)]",0,0,0} = [e(gs — £3)]".

Taking the upper limit as £ — oo in , by Lemma , we will have
1
U(lelgs — f3)P) = w(w§(2)w3<2) lo(g3 — f3)]*)
Y(wp(@)limsup o fen, = f3)])
< @/)(limksup N(eny3)) — p(liminf M (zn,,3))

U(lo(gs — f3)1%) — ¢(lolgs — f3)]°)

IN

which implies that o([o(f3 — ¢3)]?) = 0. It follows that o(f3 — g3) = 0. That is, f3 = g3.
Therefore, u = f3 = g3 is a point of coincidence for f and g. We also conclude that the
point of coincidence is unique. Assume on the contrary that, there exist ¢, ¢ € C(f,qg) i.e.
fs=g3=c, and f3 = g3 = ¢ but ¢ # ¢’. Since ro L 3/, g~! o f is orthogonal preserving map
and g1 o f3’ =3, sor, L 3. Using with ¢ = ¢, and y = 3’, implies that

V(w2 (2)o(frn — [3)) < (N (xn,3) — (M (xn.3))- (3.16)

By Lemma we obtain
lim N (¢n,3) < lim[o(fr, — f3')]%,
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and
lim M (x,,3") < lim[o(fr, — f3')*

As n — 400, and replacing the last inequality in (3.16)), we will have

Y(wi(2) im[o(frn — f3]) Y(lim[o(fr, — f3]°) — e(lim[o(frn — f3]%)
Y(lim[o(fr, — f371%).

<
<

This implies that lim o(fr, — f3') = 0. Again, by Lemma [3.2] we have

1
wy(2)

From the above inequality, we get f3 = f3'. That is, the point of coincidence is unique. Con-
sidering the weak compatibility of f and g, for each coincidence point 3, that f3 = g3, we have
9f3 = gg3 i.e. fgs3 = gg3. This implies that gg3 is a point of coincidence. Since the point of
coincidence is unique so gg3 = ¢g3. The mapping g is one-to- one, so g3 = 3. These imply that
3 is a common fixed point of f and g. UJ

o(f3 — f3') <limo(fr, — f3') = 0.

Example 3.7. Define o(xr) =% ¢ Lpifr <p, and f,g:[0,00) — [0,00) by

_t _t
fr—64, gE=73

The auxiliary functions ¢, ¢ : [0,00) — [0, 00) are defined as

5t (t)_48545t
1 P\ T %7846

b(t) = Vt € [0, 00).

It is clearly that fX = ¢gX, gX is closed, f, g are nondecreasing so they are orthogonal functions
and in the same way g~ !o f is orthogonal preserving. For all ¢, € X such that ¢ L 1, we have

Pilolfr — fo)lY) = w20 = 2t - Dy = et

64 64 4 ‘64 64
We have 5¢ 5
2y _ 92/ Dy 9. 4
YN ) 2 llolgr = gn)) = 55 = )1 = (- 9)"
and

e(M(z,v)) = rnax{((?—4 — 3)4, (g_4 _ 3)4’ & - 2)47 (57— 5)" 1+ (

It follows that

B3 3,
P2t = DY

5.643 — 5 33

T 29 (224 — )t
a3 2lgg) E-v)

1310715 )

= W(I -)

IN

(M (x,v))
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It is easy to see that

D(@lolfe— ) = volgr — o)) — o) e~ )"

< Y(N(x,v)) — (M (x,v))

Therefore, the conditions of Theorem |3.6| are satisfied. It is obviously that 0 is the common
fixed point of f and g¢.

If in Theorem [3.6fwe put 1 (¢) =t and ¢(t) = ¢, we can get the following result.

Corollary 3.8. Every mapping f which is satisfied:

wi(2)[o(fx— f0)? < N(xr,9) — M(x,n), VrLly.

has a fixed point.

Theorem 3.9. If there are functions b and ¢ such that for mappings f and g, we have

P(wy(2)[o(fr = fo)]?) S VN (1) — ¢(M(r,y)), Yrly (3.17)

where

N, n) = max{o(fr— fn)elgr — gn), o(fn — gn)e(fr — gv),

lo(fvy — g0)]* + [o(fr — 90)]2}
w?(2) ’

lo(gx — g9)]°,

and

M n) = max{[o(fn—gn)]? [o(fr — gn)]? [o(gr — gn)]*,
lo(fr — gu)[1 + [o(gx — g9)]?] lo(gx — g9)]*[1 + [o(gx — gn)ﬂ}
1+ [o(fx — gn)]? ’ 1+ [o(fr — gr)]? '

have a unique coincidence point in X. Moreover, f and g have a unique common fixed point
provided that f and g are weakly compatible.

Proof . As same as Theorem , we define the sequences (r,) and (v,) in X by v, = fr, =
grni1. It is easy to show that for all n € N and r € X, we will have ¢, L r. We also suppose
that v, # v,.1 for each n € N, it follows from (3.17)) that

w(wﬁ(Q)[Q(Un_Un-H)]Q) = @Z}(wg(Q)[(f?n_f?n-l-l)]Q) < w(-/\/(gna?n—l—l)) _QD(M(FmPn-&-l))a (318)

where

N<2:7L>Fn+1> = maX{Q(Un - Un-i—l)Q(Un—l - Un)7 Q(Un—i-l - Un)Q(Un - Un)v [Q(Un—l - Un)]Qa

[Q(UH—H - Un)]2 + [Q(Un - Un)]2
5 } (3.19)
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M(?nu?rﬂrl) = max{[ (Un+1 - Un)]Zv [ (Un - Un)]27 [ (Unfl - Un)]27

lo(vn — nn DPP[1+ [ (91— 1))
+ [o(9n — 9a)] ’
[ (Un 1 Un)]Q[ + [ (Un 1 Un)] ]} (3‘20)

1+ [o(9 — Dn-1)]?
If we assume that, for some n € N,
Q(Un - Un+1) 2 Q(Unfl - Un) > 07
then from inequality (3.19)) and (3.20)), we get that
N(;nazsn-i-l) [ (Un-ﬁ-l U )]2;
M(Ens Ear1) 2 [0(Dns1 — 9a)]*.
In view of (3.18)), we have the following inequality,

¢([Q(Un - Un+1)]2) < ¢(wg(2)[9(‘)n - Un+1)]2)
VN (s Ent1)) = @(M(xn, Ent1))
%D([Q(Un - Un+l)]2) - @([Q(Un - Un+1)]2)>

IAINA

which gives that o(y,, — 9,41) = 0, a contradiction to o(,, 9,+1) > 0. It follows that
Q(Un - Un-i-l) < Q(Un - Un—l)'

Hence, the sequence (o(h, — 9,41)) is non-increasing. Consequently, the limit of the sequence
is a nonnegative number, say » > 0. That is, lim o(n,, — 9,+1) = 7. According to (3.19)) and
(13.20)), we have

N (80 tnt1) < [2(90 = Dn1)];
and

M (tn, tnr1) > [0(90 — Dn1)]?.
So,

¢<N(xn7Xn+1)) - @(M(?naxn—l—l))
D([o(0n = 9a-1)1*) = @([0(9n, Du-1)]*)-

U([o(9n — Dnt1)]?)

<
<

If r > 0, then letting n — oo in above inequality, we obtain that ¥ (r?) < ¢(r?) — ¢(r?) which
implies that » = 0, i.e. lim (9, — v,41) = 0. Now we prove that (1,) is a Cauchy sequence.
If not, as the proof of Theorem , there exists € > 0 for which one can find sequences (9,,, )
and (9., ) of (9,) so that ny is the smallest index for which n, > my > k, and the following
inequalities hold:

€ S hm sup Q(Umk - Unk) S IU@(Q)G,
k

< limsup 0(9m, — Yn—1) < €,
k

w,(2)
€ .
w0 2) < hmksup 0(Dmy—1 — Yny,) < wz(2)e, (3.21)

S hmksup Q(Umk—l - Unkfl) S wg(z)e'
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We deduce the following equation according to the definitions of N'(x,9) and M(z, 1),

N @y ) = max{o(Wm, — Yn,) 0(Dme—1 — Yny—1),
Q(Unk - Unk—l)Q(Umk - U”k_1)7 [Q(Umk_l - Unk—l)]27

[Q(Unk - Unk_l)]2 + [Q(Umk - Unk_l)]2}
w;(2) ’

and

2

M(tmy tn,) = max{[o(9y, — Unkfl)]27 [0(Dm,, — Umrl)]a [0(Dmy—1 = Dni—1)]7,
[Q(Umk B Umk—l)]Q[l + [Q(Umk—l - Unk—1>]2]
1+ [Q(Umk - Unk—l)P
[0(9mi—1 = Y —D)I*[1 + [0(Ym—1 — onk—l)P]}
L+ [0(9m, — Dmye—1)]? '

’

Using (3.21)), one can obtain that

lim sup N (£, , Iy, ) < max{w?(2)e*, 0, w2 (2)e?,
k

and

€2 €2 €2 €2 €2

lim inf M (e £n,) 2 max{0, 5, 2" o) I+ i)t 2 i)

4

(3.22)

Taking r = ty,, and y = x,, in , we get
Y([om, = 9,)1") < V(w2 [0(Wm, = 9n,)]*) < VN @ £0,)) — @M (T E0))

Therefore, we have

<
—~
S
N
—~
[\
~—
™
[\
~—
IN

Q,D(U);(Z) limksup[g(f?mk - f;nk)]2)
¢(limksup(/\/ (Emi np))) = p(lim inf M (g, 0y ))

PER)E) — pllimind Mg, t2,),

IN

IA

and we concluded that limkinf M(tm,., tn,) = 0 which gives a contradiction to (3.22). Hence,

lim Q(Un - Um) = 0.

n,m—00

The completeness of X ensures that there exists u € X such that

lim o(y, —u) = lim o(fr, —u) = lim o(gzp1 —u) = 0.

In view of the hypothesis g(X) is closed, we obtain that u € g(X). It follows that one can
choose 3 € X such that u = g3, and we write the above equality as

lim o(y, — g3) = lim o(fr, — ¢3) = lim o(grn+1 — g3) = 0
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If f3 # g3, putting r = r,,, and vy = 3 into contractive condition (3.17)), we have

U(wg(2)[o(ftn, — [3)]*) < VN (tnr:3)) — ©(M (En,3)); (3.23)

where

N(Inkvé) = maX{Q(Unk - fﬁ)@(‘)nk—l - 93)7 Q<f3 - gé)Q(Unk - 93)7 [Q(Unk_l - 95)]27

lo(f3 — 93)]* + [o(vn, — 93)]2}
w?(2) ’

and

M(tn,,3) = max{lo(f3— 93)]* [0(n, — 93)1% [0(0n,—1 — 93))%,
[0(9n, = D= )PP[L + [0(Dny -1 — 93))°]
1+ [o(Dn,, — 93)]2 ’
[0, -1 — 93)*[1 + [0(9n,—1 — 93)]2]}
1+ Q(Unk - Unk—l) .

Consequently, we get

lo(f3 — 93)]

2
limksup/\/'(;nk,j) = max{0, 0,0, w(2) }<Tlo(f3— 93]

and
lim inf M(xn,., 3) = max{[e(f3 — 93)]*, 0,0,0,0} = [o(f3 — g3)]".
Taking the upper limit as k¥ — oo in (3.23)), by Lemma [3.2] we have

llolas = £3)F) = V0(2) slolos — f5))
(we(2) lim suple(f¥n, — f3)]°)
Ullimsup N (6,.3)) — p(imint M)

U(lo(gs — f3)1%) — e(lolgs — f3)]°),

INIA

IN

which implies that o(f3 — ¢g3) = 0. That is, u = f3 = g3 is a point of coincidence for f and
g. Using the same technique of the proof of Theorem [3.6] it can be proved that 3 is a unique
common fixed point. This completes the proof. [

Note. If in Theorem and [3.9] we let an additional assumption that f is an orthogonal
preserving map, then they could be proved with weaker assumption, SO-complete modular
space and SO-closed set g(X).
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4. Application

In this section, we will use Theorem [3.6|to show that there is a solution to the following integral
equation:

t
x(t) = / K(r,z(r))dr. (4.1)
0
Let X = C[0,T] be the set of real continuous functions defined on [0, 7] for T > 0. We consider

the following orthogonal relation in X:

rly & Vt,sel0,T]:z(t)y(t) > 0.

Define the modular ¢ by

- Hlz
o(z) max lz(t)] 2,

for all z € X, where m > 2. It is evident that (X, o, L) is SO-complete. Consider the mapping
F:X = X by

fw(t):/o K(r,z(r))dr. (4.2)

Theorem 4.1. Consider the integral equations and suppose that the following conditions
hold:

(i) K :[0,T] x R — R* is continuous;

(i1) there exists a continuous function v : [0, T] — [1,00) such that we have

[ K (r, (r)) — K(r,y(r)| < v(r)|e(r) —y(r)|, Ve Ly

(iii) there exists a constant k € (0,1) such that for all r € [0, T

t
sup / 1+v(r)dr <k.
1J0

te[0,T
Then the integral equations has a unique solution in X.

Proof . Let 2,y € X and x L y, from conditions (i), (ii) and (iii),

felt) — fy®I" = | / K (r2(r))dr — / K (ry(r))dr|™

< / K (r,2(r)) — K (r, y(r))|dr)™
< / v(r)(|2(r) — y(r))dr)™
< / L u(r)dr)™ 2 (a(t) — y(1))

< ko*(a(t) — y(1)).
(4.3)
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Thus
o(fz(t) — fy(t)) < Vko(z(t) — y(t)).

By Theorem the mapping f defined in (4.2) has a unique fixed point in X, which is the
solution of the integral equation (4.2)). [J

Recently, fixed point theory on orthogonal metric space and orthogonal modoular space is
discussed in [7, 1], 13], 14} 15 [16], 19, 12] and some fixed point theorems are generalized on
these spaces. In our paper, we proved some new fixed point theorems on orthogonal modular
space. In 2020, S. Khalehoghli, H. Rahimi and M. Eshaghi Gordji, introduce the notion of R-
metric spaces which is a generalization of orthogonal metric space, and give a real generalization
of Banach fixed point theorem and the Brouwer fixed point on R-metric space (see [20] 21]).
Now, there are open questions whether:

1) Is it possible to generalize our main results on R-metric space?

2) could be our main results generalized to multivalued mappings f and g?

5. Conclusion

Although fixed point theorems in modular spaces have remarkably applied to a wide variety of
mathematical problems, these theorems strongly depend on some assumptions which often do
not hold in practice or can lead to their reformulations as particular problems in normed vector
spaces. A recent trend of research has been dedicated to studying the fundamentals of fixed
point theorems and relaxing their assumptions with the ambition of pushing the boundaries of
fixed point theory in modular spaces further. In this paper, we focus on convexity, continuity
and Fatou property of the orthogonal modular in common fixed point results taken from the
literature for contractive mappings. To relax these three assumptions, we seek to use a new
method to prove the convergent of the constructed sequence that its limit is the common fixed
point of two self-mappings.
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