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Abstract: In this paper, we introduce orthogonal multivalued contractions, which are based on the
recently introduced notion of orthogonality in the metric spaces. We construct numerous fixed point
theorems for these contractions. We show how these fixed point theorems aid in the generalization
of a number of recently published findings. Additionally, we offer a theorem that establishes the
existence of a fractional differential equation’s solution.
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1. Introduction and Preliminaries

The core of the metric fixed-point theory is the exploration of generalized contraction
principles to add more applicable fixed-point theorems in the theory. The simplest and
most applicable contraction principle is the Banach contraction principle. This contraction
principle can be applied to show the existence of solutions to equations representing math-
ematical models. The contraction principle that appeared in [1] generalizes the Rakotch [2]
contraction concept. Furthermore, Matkowski [3], Samet et al. [4], Karapinar et al. [5], and
Pasicki [6] have all generalized the Boyd-Wong notion. The concept of F-contraction [7]
is another notable generalization of the Banach contraction principle (BCP), and sev-
eral research articles have been published in the previous decade (see [8-13], and ref-
erences therein).

The role of fixed point theory in solving real-world problems has been described in
many recently published papers. Recently, Turab et al. [14] proposed a generic stochastic
functional equation that can be used to describe several psychological and learning theory
experiments. The existence, uniqueness, and stability analysis of the suggested stochastic
equation are examined by utilizing the notable fixed point theory tools. Khan et al. [15]
proposed a fixed-point technique to investigate a system of fractional order differential
equations. Rezapour et al. [16] proposed a labeling method for graph vertices, and then
presented some existence results for solutions to a family of fractional boundary value
problems (FBVPs) on the methyl propane graph by means of Krasnoselskii's and Scheafer’s
fixed point theorems.

The use of partial order, admissibility of a mapping, graph theory and binary relation
are all being effectively utilized in metric fixed point theory. Recently, Gordji et al. [17]
presented a special binary relation, termed the orthogonal relation, and presented several
examples to clarify the concept of the orthogonal relation and, hence, orthogonal-set (see Ex
2.2 to Ex 2.11). Gordji et al. also presented a generalization of BCP in the orthogonal metric
space. Later, Baghani et al. [8] generalized the study done in [17] by using the concept of
F-contraction, while Nazam et al. [18] broadened the investigation conducted in [8].
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On the other hand, Proinov [19] offered various fixed-point theorems that built on
previous work in [1,3-7]. He introduced a generalized class of contractions by operating
two functions V,W : (0,00) — (—o0,00) on both sides of the Banach contraction and
obtained several fixed point results. The class of contractions given in [19] encapsulate the
contractions defined in [4,7,20,21].

In this paper, we extend some results of [19] to multivalued mappings subject to
the class of orthogonal contractions. The class of orthogonal contractions generalizes
ordered contractions, graphic contractions and a-admissible contractions. We demonstrate
that every contraction is orthogonal but not vice versa. Along with several examples to
validate the results, we also present an application for solving a fractional differential
equation (FDE).

LetUd # @and L C U x U satisfying the property (P),

(P):3 4y €U : either (VT €eU; ¢y LT)or (VT eU;TLYy).

We call the pair (U, L) an orthogonal set (abbreviated as, O-set). The concept of orthogo-
nality in an inner-product space is an example of L.

For the illustration of the orthogonal set, O-sequence, O-Cauchy and its examples, we
suggest the reader read the articles [17,22].

Definition 1. [17] The O-set (U, L) endowed with a metric d is called an O-metric space (in short,
OMS) denoted by (U, L, d).

Definition 2. [17] Let (U, L, d) be an orthogonal metric space. A mapping f : U — U is said to
be an orthogonal contraction if there exists k € [0,1) such that

d(fx, fy) < kd(x,y) Vx,y € U withx Ly.

Terms such as continuity and orthogonal continuity, completeness and O-completeness,
Banach contraction and orthogonal contraction have been explained in [10,13,17,22]. In the
following, we give some comparisons between fundamental notions.

1. The continuity implies orthogonal continuity but the converse is not true. If f : R — R
is defined by f(¢) = [¢], V¢ € R and the relation 1. C R x R is defined by

1 2
(1gqifl, g€ (i+3,i+3>,i €Zortl=0.
Then, f is L-continuous while f is discontinuous on R.
2. The completeness of the metric space implies O-completeness, but the converse is not

true. We know that A = [0,1) with Euclidean metric d is not a complete metric space.
If we define the relation L C A x Aby

(19 <= égggéorézo,

then (A, L,d) is an O-complete.

3. The Banach contraction implies orthogonal contraction but the converse is not true.
Let A = [0,10) with Euclidean metric d so that (A, d) is a metric space. If we define
the relation L C A x Aby

tlgiflg<itvyg,
then (A, L,d) is an O-metric space. Define f : A — Aby f(¢) = & (if ¢ < 2) and
f(£) =0 (if £ > 2). Since d(f(3), f(2)) > kd(3,2), f is not a contraction; rather, it is an
orthogonal contraction.

Let
P(U)— set of non-empty subsets of U.
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P.,(U)— set of all non-empty bounded and closed subsets of I.
K(U)—set of non-empty compact subsets of U.
If welet E € Py(U) and g € U, then d(g,E) = in}gd(g,i); d is a metric on U. The
1€

mapping H : P.,(U) x Py (U) — [0, 00) defined by

H(Ey, Ep) = max{sup d(r, Ez), sup d(w, El)} forall Eq, E; € Pyy(U),

rek, weEy

defines a metric on P.,(U). It is also known as the Pompieu-Hausdorff-metric. In the
following, we define L -admissible mapping, L -preserving mapping and illustrate them
with examples. Let A = {(x,y) e U xU : x L y}.

Definition 3. A mapping f : U x U — [1,00) is said to be strictly | -admissible if f(a,0) > 1
foralla,0 € U witha l6and f(a,0) = 1 otherwise.

Example 1. Let U = [0,1) and define the relation L C U x U by
al@ifab € {a, 6} CU.
Then, U is an O-set. Define f : U x U — [1,00) by

B a—i—ﬁ ifal®,
fla,6) _{ 1 otherwise .

Then, f is L-admissible.
Definition 4. Let U be a non-empty set. A set-valued mapping L : U — P(U) satisfying the
property (O) is called L-preserving.
(O). ForeachjeUandl € L(j)withjLlorl Lj3ge L(I)withl Lgorg LI
Example 2. Let U = [0,1) and define a relation 1. C [0,1) x [0,1) by
gLhifghe{g h} C01).

Then, U := [0,1) is an O-set. Now for a function t : U x U — [1,00) defined by

1 otherwise .

2 N
g, ={ § T T

Then, t is a L-admissible mapping. The mapping r : U — P(U) defined by
+1 .
r(g) = [%/ST} ifg€Qnd,
{0} ifg € Q°NY,
is a L -preserving mapping.

The following facts have been stated in [19] and we carry them for our upcoming
results.

Lemma 1. Let {c,} C (X, d) and it obeys the equation limy_,c0o d(cy, Cy1) = O; then, there are
subsequences {ca, }, {cp, } and g > 0 (whenever {cy } is not Cauchy) following the equations:

lim d(cam,cﬁl“) =q+. (1)

[—o0
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lh_}I];d(Cal,CﬁZ) = d(euy,0p) = d(ew, cpy,,) = 4 )
The following result appeared in [23] and is very useful for our upcoming results.

Lemma 2. Let (U,d) and ¢ > 1, then, forall w € Q1 C U, thereisa g € Qx C U following
the inequality:
d(w,g) < LH(Q1, Q2).

2. Multivalued (V, W) ; -Contractions

This section deals with the multivalued (V, W), -contractions. To guarantee the
presence of fixed points of multivalued (V, W) | -contractions, we study a number of
constraints on the real valued nonlinear functions (V,W). The multivalued (V, W) -
contraction is defined as follows.

Definition 5. Let (U, L,d) be an OMS. A mapping S : U — Py, (U) is called a multivalued
(V, W) | -contraction if there exists a strictly L-admissible function v such that

V(v(g, )H(S(q9),S(£))) < W(d(q, 1)) ®
forall g,¢ € Awith H(S(q),S(¢)) > 0.

Remark 1. The following observations indicate the generality of multivalued (V, W) | contraction

for the specific definitions of the mappings V, W.

1. IfV(l) = Land W(L) = AL, where 0 < A < 1, then S is an orthogonal Nadler contrac-
tion [23].

2. IfV(¢) = ¢, then S is an orthogonal multivalued Boyd-Wong contraction [1].

3. If V is lower semi-continuous and W is upper semi-continuous, then S is an orthogonal
multivalued variant of the contraction defined in [24].

4. IfW()=F(V({)),then S is an orthogonal multivalued variant of the contraction defined

in [21].

5. IfW() =a(l)V(€)and V(£) = ¢, then S is an orthogonal variant of the contraction defined
in [25].

6. IfW() = AV (¥), then S is an orthogonal multivalued variant of the contraction defined
in [26].

7. IfW(l) = F(V(¢)) and F(¢) = (%, then S is an orthogonal multivalued variant of the
contraction defined in [20].

8. IfW(l) =V () — 1, then S is an orthogonal multivalued variant of the contraction defined
in[7].

Remark 2. Tt is noted that if W(c) = V(c) — 7 for all ¢ € (0,0), then the contractive
condition (3) is a multivalued F-contraction [27]. If W(c) = V(c) — 7(c) for all ¢ € (0, ),
then it is a multivalued (7, Fr)-contraction [10]. If we set V(¢) = In(c) for all ¢, then we have
a Nadler contraction [23]. For, if the function V : (0,00) — (0, 00) is non-decreasing and
p(j) € (0,1) forall j € (0, 00) with limsup,_,_, p(z) < 1. Then, defining W(z) = p(z)V(z)
and V(z) = z for all z > 0, we obtain the contraction defined in [28].

Let LRCOMS denote a L -regular complete orthogonal metric space.
The following theorem presents the first formula of this paper for the existence of
fixed points.

Theorem 1. Let (U, L,d) bea LRCOMS. Suppose that S : U — P, (U) is a L-preserving and
satisfies (3). If L is transitive and functions V, W : (0, c0) — (—o00, 00) meet the following conditions:

(i) there exists c1 € S(cg) such that c1 Lcg or co_Lcq, for any co € U,
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(ii) 'V is non-decreasing and W(c) < V(c) V¢ >0,
(iii) limsup._,, . W(c) < V(y+) (Vv >0).
Then, there exists c* € U such that c* € S(c*).

Proof. By (i), for an arbitrary ¢y € U, there exists c; € S(cp) such that ¢y L ¢q or ¢1 L co.
Since the mapping S is L-preserving, there exists ¢c; € S(c1) such thatc; Lcy orcy Lcy
and, thus, c3 € S(cy) such that ¢y L c3 or c3 L ¢5. In general, there exists ¢,,11 € S(cn) such
thatc, L ¢, 1 0rcyyq Loy, foralln > 0. Hence, v(cy, ¢, 1) > 1foralln > 0. If ¢, € S(cy)
(for some n > 0), then ¢, is a fixed-point of S. We assume that ¢, ¢ S(c,,) (Vn > 0). Then,
H(Sc,_1,8cu) > 0.Sov(cy, cyi1) > 1and S(cp), S(cni1) € Py (U)(Vn > 0). Hence, there
exists ¢, # cy11 € S(cn) such that d(cy, cp1) < v(cp—1,cn)H(S(cp-1),S(cn))(¥Yn > 1)
(see Lemma 2). Since the function V is increasing, by (3), we have

V(d(cn, cnt1)) < V(v(en—1,cn) H(S(en-1), S(cn))) < W(d(cp—1,¢n))-
Since W(c) < V(c) (V¢ > 0), we have

V(d(cn, cni1)) < W(d(cy—1,¢n)) < V(d(cp—-1,¢n))- 4)

The monotonicity of the function V implies d(cy, ¢;+1) < d(cy—1,¢n) (V1 > 1) and, thus, the
sequence {d(c,_1,¢n)} is monotone. Let § > 0 satisfy limy, o0 d(¢y—1,¢n) = 6+.1f6 > 0, by
(4), we have

V(é+) = nlgx;lo V(d(cn, cni1)) < }}i_r}x;osup W(d(cy—1,cn)) < Clirgl+ sup W(c).
This is a contradiction to (iii). Thus, 6 = 0 and hence the mapping S is asymptotically-regular.

Now, we show that {c, } is a Cauchy sequence. Contrarily, suppose that the sequence
{¢x} is not Cauchy. By Lemma 1, there exist two subsequences {cy, }, {cm, } of {c,} and
€ > 0 such that the equations (1) and (2) hold. By (1), we get that d(c;;, 1, Cp 1) > €.
Since ¢, L ¢y qq (Vi > 0), by transitivity of 1, we have ¢, L ¢y, and, hence, v(cy,, ¢, ) > 1
(Vk > 1). Setting g = ¢, and £ = ¢y, in (3), we have

V(d(cper1,Cm+1)) < V(v(eny, cm )H(Scn,, Scm,)) < W(d(cuy,cmy)), forany k > 1.
For if ay = d(cy, 11, Cm41) and by = d(cp, ¢, ), we have
V(ax) < W(by), forany k > 1. 5)
By (1) and (2), we have lim;,_, , ax = €+ and limy_,, by = €. By (9), we obtain

lim inf V(c) < limkinf V(ax) < lim sup W(by) < limsup W(c). (6)
—00

c—e+ k—sc0 c—e

But (6) contradicts (iii), thus, {c, } is a Cauchy sequence in U. Since (U, L, d) is a complete
OMS, limy,—y00 ¢, = c* for some ¢* € U. Since the space (U, L,d) is L-regular, we have
cn Lc* or ¢* Ly, such that v(cy, ¢*) > 1. We need to show that d(c*,S(c*)) = 0 and
contrarily suppose that d(c*, S(c*)) > 0. Then, there exists n; € N such thatd(c,, S(c*)) >
0 for all n > ny. By (3)

V(d(cnt1,8(c"))) < V(v(en, Y H(S(en), S(c%))) < W(d(en,c*)) < V(d(en, ™). (7)

By monotonicity of V, we obtain that d(c;, 11, S(c*)) < d(cp, c*). Taking the limit as n — oo
in (7), we have d(c*, S(c*)) < 0, which is a contradiction. Thus, d(c*,S(c*)) = 0. Since
S(c*)isclosed, c* € S(c*). O

The following theorem states another set of terms and conditions ensuring the exis-
tence of fixed points of multivalued (V, W) | -contractions.
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Theorem 2. Let (U, L,d) be a LRCOMS with transitive L. Suppose that S : U — Py, (U)
is a L-preserving and satisfies (3) and the functions V,W : (0,00) — (—o00,00) meet the
following conditions:

(i)  there exists c1 € S(co) such that cg L cqorcq Lcg, g €U,

(ii) 'V is non-decreasing and W(y) < V(y) for any y > 0,

(iii) infese V(c) > —oo,

(iv) for the strictly-decreasing sequences {V (cy)} and {W(cy)}, if limy, 00 V(cn) = limy o0
W(cy) = L, then limy o0 ¢y =0,

(v) limsup,_, W(c) < liminfe_.ey V(c) forany e > 0,

(vi) limsup._, . W(c) <liminfee V(c) for any €,e; > 0.

Then, S admits at least one fixed-point in U.

Proof. By (i), for ¢y € U, there exists c; € S(cp) such that ¢y L cj or ¢ L ¢p. Since Tisa L-
preserving mapping, there exists ¢; € S(c1) such thatc; L ¢y or ¢y L ¢1 and then c3 € S(cp)
such that ¢, L¢3 or c3 L ¢p. In general, there exists ¢, 11 € S(cn) such that ¢, L c,41 or
Cpi1 Ly (Vn > 0). Hence, v(cy, cpi1) > 1foralln > 0. If ¢, € S(cy) then ¢, is a fixed-
pointof S (Vn > 0).If ¢, & S(cn) (Yn > 0), then H(Sc,—1,Scy) > 0. Since v(cy, cpp1) > 1
and S(cy),S(cpt1) € Poyp(U), n > 0, by Lemma 2, there exists ¢,,11 € S(cn) (¢n # 1)
such that d(cy, ¢ 41) < v(cy—1,¢n)H(S(cy—1),S(cn)) for all n > 1. By monotonicity of V
and (3), we have

V(d(cnzcn+1)) < V(V(Cn—lrCn)H(S(Cn—l)/S(Cn))) < W(d(cn—l/cn)) < V(d(cn—lrcn>)' (8)

By (8) we get that {V(d(c,_1,cx))} is a strictly decreasing-sequence.
We have two cases:
Case 1. {V(d(cy—1,¢n))} is unbounded below.
By (iii), we have infy (. . se V(d(cn—1,cn)) > —oo. This implies that

lim inf V(d(cp—1,cn)) > —o0.
d(cp_1,cn)—€+

Thus, limy e d(cy—1,¢n) = 0, otherwise, we have

lim inf V(d(cy_1,cn)) = —o0.
d(cy_1,0n)—e+

This is a contradiction to the assumption (iii).
Case 2. {V(d(c,,_1,¢x))} is bounded below.
The sequence is convergent and by (8), we have

lim {W(d(c,_1,¢0))} = Iim {V(d(cy_1,¢cn))}-

n—oo n—oo

By (iv), we infer lim, 0 d(c;—1,¢n) = 0.

Now, contrarily, if we let the sequence {c, } not be Cauchy, then by Lemma 1, there are
subsequences {cy, }, {cm, } of {c,} and € > 0 such that the Equations (1) and (2) hold. By
(1), we get that d(cy, 1, Cim+1) > €. Since ¢y L ¢,y 1 (Vn > 0), by transitivity of 1, we have
Cny L cm, and hence v(cy,, ¢, ) > 1 (Vk > 1). Setting g = ¢, and £ = ¢y, in (3), we have

V(d(cner1,Cm+1)) < V(v(en, cm ) H(Scn,, Scm,)) < W(d(cuy,cmy)), forany k > 1.
For if ay = d(cy, 11, Cm41) and by = d(cp, ¢, ), we have
V(ax) < W(by), forany k > 1. )
By (1) and (2), we have limy_,, ax = €+ and limy_,, by = €. By (9), we get that

lim inf V(c) < limkinf V(ay) < lim sup W(by) < limsup W(c). (10)
—00

c—e+ k—sc0 c—e
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But (10) contradicts (v), thus, {c, } is a Cauchy sequence in /. Since U is a complete OMS,
the sequence {c, } converges to ¢* € U.

We show that ¢* is a fixed point of S. There are two possibilities. (P1) If d(cj, 41, Sc*) =
0 for a fixed n, then we have

d(c*,S8c*) <d(c*,cpi1) +d(cyyr, Sc*) =d(c*, cpir)-

Taking the limit n — oo, we get d(c*,Sc*) < 0. Thus, d(c*,S(c*)) = 0. Since S(c*) is
closed, c* € S(c*). (P2) If d(cy41,Sc*) > 0 for all n > 0, then the L-regularity of the space
U implies ¢, L ¢* or ¢* L ¢, and, thus, v(cy, ¢*) > 1. By the contractive condition (3), for all
n > 0, we have

V(d(cyy1,8c*)) < V(v(en, c*)H(Scy, Sc*)) < W(d(cy,c")). (11)

Set a, = d(c;+1,Sc*) and by, = d(cy, c*). Then, by (11), we have
V(an) < W(by) foralln > 0. (12)
Suppose that € = d(c*, Sc*) such that lim,_,c 1, = € and lim,,_,« b, = 0. By (12), we have

lim ClgfeV(c) < lim nlggo V(ay) < lim ,f’gli W(by,) < limcig% W(c). (13)

If € > 0, then (13) contradicts (vi). Thus, we have d(c*, Sc*) = 0. Hence c¢* € Sc*, that is,
c* is a fixed point of S. O

Remark 3. If we replace d(c, ¢) with E(c,{) in the contractive condition (3), then according to
Ciri¢ [29], Theorems 1 and 2 remain true.

Uniqueness of the fixed point: The following three conditions are essential for the
uniqueness of a fixed point of a multivalued mapping.

(Uy). For any multivalued mapping M : Q — P(Q), the set of fixed points of M
(F(M)) is totally orthogonal (for any w,e € F(M) either w L e ore L w).

(Uz). Let

Yo (a) = {t € M(0)|d(q,t) = d(M(¢),q)} forall g € Q.

Forany ¢ € Q, 36 € Y)y(y)(q) such that £ L 6.
(U3). Foralli,b,T € Q,d(t,i) > d(b,i), wheneveri L b L 7.

Theorem 3. Assume that, in addition to conditions stated in Theorem 1 (or Theorem 2), the
conditions (Uy) — (Us) hold. Then, the mapping M : Q — Py, (Q) admits a unique fixed point
in Q.

Proof. Clearly the mapping M admits at least one fixed point in Q (by Theorem 1 (or
Theorem 2)). Let w and e be two fixed points of M, so that, w € M(w) and e € M(e).
By (Uy), for any w,e € (F(M), either w Le or e L w. In view of (U2), 3§ € Vs (q)
satisfying ¢ | gand d(q,g) = d(M(¥),q). By (Uz), g L ¢ L g, implies thatd(g,q) > d(¢,q).
Since ¢ € M(¢) so that d(g,q) < d(¢,q), hence, d(M(¢),q) = d(q,8) = d({,q). Now if
¢ # g, thend(¢,q) > 0. Moreover,

d(l,q) = d(M(L),q) < HM(€), M(q)) <v({,q)H(M(L), M(q)).
By (ii) stated in Theorem 1 and (3), we deduce that

V(d(t,q)) < V(v(6, ) HM(L), M(q))) < W(d(£,q)) < V(d(L,q)).
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As V is an increasing mapping, we have d(¢,q) < d(¢,q), a contradiction, thus, ¢ = g.
Hence, the multivalued mapping M has a unique fixed point. O

Examples for the Explanation of Theory
Example 3. Consider X = {0}U]3,7] endowed with usual-metric

d(q,0) =|q—{|forallg,l e X.
Define the relation 1. C X? by
albifandonlyifanb=0=aVbel57.

Then, L is an orthogonal relation and (X,d, L) is a complete orthogonal metric space. Define
S:X — CB(X) by,
57}, €13,7],
S(q) = {5,7}, q _] ]
{46}, g=0.

Let A ={5,7} and B = {4,6}. Since

H(A,B) = max{d(A,B),d(B,A)}, (14)

d(A,B) =sup{d(q,B) :q € A} =inf{d(q,¢) : { € B}
d(B,A) =sup{d({,A) : { € B}.

Consider,
{d(q,B) : g € A} = {d(5,B),d(7,B)}, (15)
where
d(5,B) =inf{d(5,4),d(5,6)} = inf{1,1} = 1.
d(7,B) =inf{d(7,4),d(7,6)} = inf{3,1} = 1.
Thus, by (15), we get
d(A,B) = sup{d(q,B) : g € A} =sup{1,1} = 1. (16)
Consider
{d(¢,A): £ € B} = {d(4,A),d(6,A)}. (17)
d(4,A) = inf{d(4,5),d(4,7)} = inf{1,3} = 1.
d(6,A) = inf{d(6,5),d(6,7)} = inf{1,1} = 1.
Thus, by (17), we get

d(B,A) =sup{d({,A): £ € B} =sup{l,1} =1. (18)

By virtue of Equations (16) and (18), Equation (14) implies that H(A,B) = 1 > 0. Define
v:X?2 = [1,00) by

_ [ 2 dfalb,
v(a,b) = { 1 otherwise .

Then, v is | -admissible.
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Case 1: If ¢ = 0and q €]5,7], then, ¢ | q and
1 1 <» 1
294~ 2H(Sq,S0)+1 =294 3
1 1
~ 76" Cd(g, )+ 1 (19
Case 2: If g = 0 and ¢ €]5,7], then, £ L q and
ot ¥ 1
294~ 2H(Sq,80)+1 —294 3
1 1
6~ d(g0)+1 20)
By (19) and (20), we deduce that
1 1 o1
294 2H(Sq,80)+1 d(g,0)+1’

for all q,0 € X with q L{. Thus, by defining V(t) = —7 and W(t) = V(t) — T for all

t € (0,00) and T = 554, we see that V and W satisfy conditions (ii) and (iii) of Theorem 1 and S is
a multivalued (V, W) | -contraction:
V(v(q, 0)H(S(q),S(£))) < W(d(q,£)).
Here, we note that the fixed point of S is 7, because 7 € S(7).

Example 4. Consider X =19, 21| endowed with the usual metric:

d(g, ) =|q—¢| forallg, ¢ € X.
Define the relation 1. C X? by

albifandonlyifaNb=10=aV b €]17,21].

Then, L is an orthogonal relation and (X,d, 1) is a complete orthogonal metric space. Define the
mapping S : X — CB(X) by,

20,21}, €]9,21],
sty = {2021} €02
(18,19}, ¢ = 10.
Let A = {20,21} and B = {18,19}. We know that

H(A,B) =max{d(A,B),d(B,A)}; d(A,B) = sup{d(q,B) : g € A} and (21)
d(B,A) =sup{d({,A) : { € B}.

Consider,

{d(q,B) : g € A} = {d(20,B),d(21, B)}. (22)

d(g, B) =inf{d(q,¢) : € B}
d(20, B) =inf{d(20,18),d(20,19)} = inf{2,1} = 1.

d(21,B) = inf{d(21,18),d(21,19)} = inf{3,2} = 2.
Thus, by (22), we get

d(A,B) =sup{d(q,B) : q € A} =sup{1,2} =2. (23)
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Similarly,
{d(¢,A):y € B} ={d(18,A),d(19,A)}. (24)

(18, A) = inf{d(18,20),d(18,21)} = inf{2,3} = 2,and d(19, A) = inf{d(19,20),d(19,21)}
= inf{1,2} = 1. Thus, by (24), we get

d(B,A) =sup{d({,A) : £ € B} =sup{2,1} =2. (25)
By Equations (23) and (25), the Equation (21) implies that H(A, B) = 2 > 0. Define v : X*> —

[1,00) by
v(a,b) = { 2 ifalbp,

1 otherwise .

Then, v is | -admissible.
Case 1: If g = 10 and ¢ €]17,21], then, q L £ and

14d(10,0) > 2(1 +2H(S10,81))
2(1 +2H(S10,80)) <1+ d(10,¢)
(%(1 +2H(S510,8¢))) <In(1 +d(10,0))
In (i) In(1 +2H(810,8¢)) <In(1+d(10,)).
Case 2: If ¢ =10 and q €]17,21], then, q L £ and

1+d(g,10) > 8> Z(1+2H(Sq,810))

N\()J

2(1 +2H(Sq,810) < 1+d

—~

q,10)
(%(1 +2H(Sq,810)) < In(1+d(g,10))
3
In (2) +1In
Thus, for all q,¢ € X with q 1 ¢, Thus, by defining V(t) = In(t + 1) and W(t) = V(t) — T for

all t € (0,00) and T = In %, we see that V and W satisfy conditions (ii)—(vi) of Theorem 2 and S is
a multivalued (V, W) | -contraction:

V(v(g, O)H(S(q9),S(£))) < W(d(q,£))-

We note that the fixed point of S is 20, because 20 € S(20).

(1+2H(Sq,510)) < In(1+4d(q,10)).

3. Consequences

It is noted that the Nadler fixed point theorem [30] is a particular case of Theorems 1
and 2 (let V(c) = cand W(c) = Ac forallc > 0and A € [0,1)). The multivalued version of
the Wordowski Theorem can be derived by defining V(c) = c for all ¢ > 0 in Theorem 1. If
we define W(c) = V(c) —t (t > 0) in Theorems 1 and 2, then we have an improvement of
the results presented in [8,12,27,31] as follows:

Corollary 1. Let (U, L,d) bea LRCOMS. Suppose that S : U — Pu,(U) is L-preserving and
there exists a L -admissible function v and t > 0 such that

H(Sx,Sy) > 0implies t + V (v(x,y)H(Sx, Sy)) < V(d(x,y))) forall x,y € U.



Axioms 2023, 12, 53

11 of 16

If there exists c1 € S(cq) such that ¢y Lcyorcy Lo, co € Uand V : (0,00) — R is nondecreas-
ing, then S admits a fixed point in U.

Defining W(c) = V(c) — t(c) for all ¢ € (0,00) in Theorems 1 and 2, we have the
following improvement of the result presented in [10].

Corollary 2. Let (U, L,d) bea LRCOMS. Suppose that S : U — Pu,(U) is L-preserving and
there exists a | -admissible function v such that

H(Sx,Sy) > 0implies T(d(x,y)) + V(v(x,y)H(Sx,Sy)) < V(d(x,y))) forall x,y € U,
lim inf 7(c) >0, Vt>0.
c—t+

If there exists ¢; € S(cq) such that cg L ¢y orcy Ly, co € Uand V : (0,00) — R is nondecreas-
ing, then S admits a fixed point in U.

Defining W(c) = g(V(c)) for all ¢ € (0,00) in Theorem 1, we have the following
improvement of Moradi’s theorem [21].

Corollary 3. Let (U, L,d) bea LRCOMS. Let B C Rand g : B — [0, 00) is an upper semi-
continuous function satisfying ¢(z) < z for all z € B. Suppose that S : U — Py, (U) is
L -preserving and there exists a 1 -admissible function v such that

H(Sx,Sy) > 0implies V(v(x,y)H(Sx,Sy)) < g(V(d(x,y))) forall x,y € U.

Ifthere exists c; € S(co) suchthat co L ciorcy Lco,co € Uand V : (0,00) — B is nondecreasing,
then S admits a fixed point in U.

Defining g(z) = z¢ (w € (0,1)) in Corollary 3, we have the following conclusion.

Corollary 4. Let (U, L,d) bea LRCOMS. Suppose that S : U — Pu,(U) is L-preserving and
there exists a | -admissible function v such that

H(Sx,Sy) > 0implies V(v(x,y)H(Sx,Sy)) < (V(d(x,y)))" forall x,y € U

and V : (0,00) — (0,1) is nondecreasing. If there exists c1 € S(cg) such that ¢y L cq or c1 L ¢,
co € U, then S admits a fixed point in U.

Remark 4. Corollary 4 shows the improvements of fixed point results presented in [20,32].

If we define W(y) = AV(y) in Theorems 1 and 2, then we have the following improve-
ment of the special case of Skof’s fixed point theorem [26].

Corollary 5. Let (U, L,d) bea LRCOMS. Suppose that S : U — Pu,(U) is L-preserving and
there exists a L -admissible function v such that

H(Sx,Sy) > 0implies V(v(x,y)H(Sx,Sy)) < AV(d(x,y)) forall x,y € U,

and V is a nondecreasing function that maps positive real numbers to positive real numbers and
€ (0,1). If there exists ¢ € S(co) such that co L ¢y or c1 Ly, co € U, then S has a unique
fixed point in U.

On the other hand, if V is a nondecreasing function that maps positive real numbers to
positive real numbers and x : (0,0) — (0, 1) meets the condition limsup,_, ., x(z) < 1 for
any € > 0,and W(z) = x(z)V(z) and V(z) = z for all z > 0 in Theorem 1, then we have an
improvement of a theorem in [25].
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Remark 5. (R1). The L-admissibility of the mapping S can be dropped from all of the aforemen-
tioned results by replacing P.,(U) with K(U) and the Lemma 2 is no mote required.
(R2). The condition:

V(inf A) = inf V(A) forall A C (0,00) with inf A > 0,
can be used as an alternative of the 1 -admissibility of S : U — P, (U) in the above theorems.

The following theorem is a particular case of Theorem 1 and is useful for the upcom-
ing result.

Theorem 4. Let S be a L-preserving self-mapping defined on LRCOMS such that
t+V(v(c, 0)d(S(c), 8(4))) < V(E(c, 1)) (26)

forallc,¢ € Awithd(S(c),S(¢)) > 0and V : (0,00) — R is nondecreasing and t > 0. If there
exists ¢y = S(co) such that co L ¢y or ¢q L co; co € U, then S admits a fixed point.

Proof. Setting W(y) = V(y) — t for ally > 0in Theorem 1, we have the required result. [
Remark 6. Define E(c, ) as any one of the following. Then, Theorem 4 is applicable.

(1) max{d(c, £), d(c, S(c)), (£, S (£))}.
(c,5(c)), (¢

(2) max{d(c, 8(c )) ,S(0))}.
(3) max{d(c, ¢), ACSDLALSE) LS dles W)Y,
(@mdL%+Wﬂ(a c»+d€8<»+mx<es<»+d@s<»»ziﬂn<m

(5) ayd(c, €) +a2d(c,S(c)) +azd (¢, S(£)), Yo a; < 1. (6) d(c, 0).

4. Application of Theorem 4 to FDE

Lacroix (1819) proposed and investigated several fractional differential properties. A
number of new Caputo-Fabrizio derivative (CFD) models have recently been discovered
and studied by authors in [33-35]. In this section, we will look at one of these models. The
following notations are required.

Let X =: C[0,1] = {f|v:]0,1] = (—o0,0c0) and f is continuous}. The function d :
X x X — [0,00), defined by

d(f,g) = If —8lle = xrg[gﬁ]lf(x) —g(x)], forall f,g € C[0,1],

is a metric on X and (X, d) is a complete metric space. Define an orthogonal relation L on
X by
clviffcv >0, forallc,v € X.

Then, (X, L,d) is a complete OMS. Let v : X x X — (1, 00) be defined by
v(r,t) = el forall r,t € X withr L¢.

Then, v is a strictly |-admissible mapping. Let Kj : [0,1] X (—00,00) — (—00,00) be
any mapping. We will apply Theorem 4 to show the existence of the solution to the
following FDE:

“FDIg(x) = Ky (x,g(x));g € X 27)

g(0)=0, g (1) =g (0).
CFD]

Here, o denotes the Caputo-Fabrizio derivative (CFD) of order j defined by

i) = gy fy O s
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where
(—1<j<Cand (=[] +1

The integral operator is defined by

Ug(x) = rg]) /Ox(x —60)"'¢(0) d6, with ] > 0.

One of the transformations of (27) is as follow:

X 0
80 = iy [ =0y K@@ do+ oo [0 =y 00) e

Let
(I) Ja > 0such that

< e “T(;+1)

K1(6,8(0)) = Ki(8,£(0))] = —13 7 8(6) = £(O)[(M = min{d(g, £)| g,¢ € X}),

(I) for an arbitrary gg € X, we have

1 x _ 2x 1 o _
20(x) < W/o (x — 0) 1K1(9,g0(9))d9+m/0 /O(e—u)f UKy (1, go (1)) dud.

Theorem 5. If the conditions (I)—(II) stated above are satisfied, then the Equation (27) admits a
solution in X.

Proof. Define the operator S : X — X, in line with the above information, by

S = 5 [ =07 k0,500 + 2 [7 [0y (000 dude,

We note that whenever g(x) L g(y) or g(y) L g(x), S(g)(x) L S(g)(y). By (II), there is an
arbitrary function gy € X such that g, = S"(go)) with g, L g41 or gy+1 L gn (Vi > 0).
We establish (26) of Theorem 4 in the next lines.

s o (= 0) 71K (9, 8(6)) do
)

1 X -1
1S(8)(x) =S(4)(x)| = _‘_% fol g(G—u)]flKl(u,g(u))dudG implies
72(77) fol 06(9 — ) 7Ky (u, £(u)) dudo
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( )(x) = S(O)(x)]

< (2)u—ef1&wg<»—rb¢x—mfwuaamgd4

" o1 0 (r(zj 6 —u)" 'Ky (0,2(0)) - ()( — ) Ky (u, £ ))) dude’
< )[ﬂx—w*<<> £(6)) 6

* (2]) e_aﬂ&“ / / ((u) — g(u)) dudo

= (1]>NI;L(I</I+1) d(gfé)-./o( 6y 1 do

2 e T(y)-T(j+1) L e )
T T()aMI(s) - T(+ 1) -d(g,€>~/0 /0 (0 — u) " dudo
< <€“F(]).r(]+1)
- T(+1

)) “d(g,€) +2¢B() + 1,1)4%2}‘)#0 140

AMT(7) - T( rg+1)
< 0+ 55,0 < Srd(s,0),
The simplified form is given by
Md(S(g),S(0)) < d(g,0)d(S(g), S(0)) < e *d(g,1). (28)

Define the mapping V(g(x)) = In(g(x)) for all g, ¢ € X. Then, the inequality (28) can be

re-written as
a+ V(d(g, 0d(S(9),5(0)) < V(d(g,0)).

By Theorem 4, (27) admits a solution in. [J

5. Conclusions

The multivalued contractions introduced in this paper encapsulate so many contrac-
tions, including Nadler, F, Boyd-Wong and Geraghty contractions. The results stated in
this paper generalize and improve a number of results on the existence of fixed-points of
the abovementioned contractions. The orthogonal relation is the useful generalization of
binary relation. Fixed point methodology is used to investigate the presence of a solution to
a fractional differential equation. Based on the recently developed concept of orthogonality
in the metric spaces, we introduce orthogonal multivalued contractions in this study. For
these contractions, we derive several fixed point theorems. We demonstrate how these
fixed point theorems help to generalize several newly released findings. In addition, we
provide a theorem that proves the existence of the solution to a fractional differential
equation (FDE).

6. Future Work

The interested readers are suggested to try these results in vector-valued metric spaces
or generalized metric spaces.
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