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Abstract: The concept of subordination is expanded in this study from the fuzzy sets theory to the
geometry theory of analytic functions with a single complex variable. This work aims to clarify fuzzy
subordination as a notion and demonstrate its primary attributes. With this work’s assistance, new
fuzzy differential subordinations will be presented. The first theorems lead to intriguing corollaries
for specific aspects chosen to exhibit fuzzy best dominance. The work introduces a new integral
operator for meromorphic functions and uses the newly developed integral operator, which is starlike
and convex, respectively, to obtain conclusions on fuzzy differential subordination.
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1. Introduction

In the field of complex analysis, fuzzy set theory was added into the research on
Geometric Function Theory (GFT) in 2011, when the first article presenting the idea of
subordination in fuzzy set theory [1] was published. Miller and Mocanu'’s classic aspects of
subordination [2,3] served as an inspiration for this concept. The subsequent publications,
which included concepts from the previously established theory of differential subordi-
nation, adopted the research path outlined by Miller and Mocanu and discussed fuzzy
differential subordination [4-9]. The idea was swiftly embraced by GFT scholars, and all
of the conventional research paths in this area were changed to account for the additional
fuzzy elements. Research involving operators is a key area of study in GFT. Shortly after the
idea was presented, in 2013 [10], such investigations to acquire new fuzzy subordination
results were published. They continued in the following years [11-14] and then added
superordination results [15-17]. We simply highlight a small number of the numerous
publications that have been published in recent years to demonstrate how the research on
this subject is constantly evolving [18-20].

Recent years have seen a significant advancement in fuzzy differential subordination
incorporating fractional calculus, which has been shown to have applications in many
research area.

Consider that 4 = {¢ : { € Cand |{| < 1} represent the unit disk in the complex plane,
and let 7 (4) be the space of analytic functions representing 4,

Aw={f €HW §(0) = C+ g™+ Ceul,
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and

Hla,n] = {F € HW :§(0) = a+ml" +apnd™ '+ Leul,

fora € Candn € N = {1,2,3,--- }. The normalized convex function class in {l is repre-

sented by
ﬁ:{fE.An :Re<1+z”f (C)) >0 CGL[},

i)

and H[1,1] = H. The class of meromorphic function indicated by X is given by

1
4

where {* is the punctured unit disc defined by {*= {{: { € Cand 0 < |{| < 1}.
If f € ¥, asin (1), and g is given by

f(Q) =+ ) and" (¢ € W =4~ {0}), )
n=0

1

8(¢) = 7

=+ Z bnén/
n=0
the Hadamard product of f and g is represented by
1 & "
(Fx9)(§) ==+ Z anbul".
5 n=0

Let S5 and Cy be the subclasses of X, which are meromorphic starlike and meromor-
phic convex in 4*, respectively, and stated by

Sy = {f:fe Zand—Re(gff;g)) >0 (¢ Eﬂ*)},

and

Cy = {f:fe Zand—Re(l—i— g;(ég)) >0 (Ce ﬂ*)}
Let, forx € Z = {...,-2,-1,0,1,2,...} and for i > 0,j > 0, a linear operator
L : ¥ — X be defined by

L5FQ) = §(Qx=0,
G
— 1 AL, (k= —1,-2,...50 € )

= 1O H(0MEHQ), (=12, 50w,

The fractional integral operator of order « € C (R(a) > 0) in the Riemann-Liouville
is one of the most frequently used operators, as demonstrated by the definitions in, for
instance, [21,22]; see also [23],

(B @ = 57 ) = @) dr (x>0 R(w) > 0) @

in terms of the Gamma function I'(«x) of Euler. The Erdélyi-Kober fractional integral
operator of order « € C (R(a) > 0) is an intriguing variation of the Riemann-Liouville
operator I, , as specified by

—o(aty)  rx
<Ig+,_m f) (x) = UXFT /0 201 (0 )Ty g 3)

(x > 0; R(a) > 0),
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which basically translates to (2) wheno —1 =% =0, as

(1§10 ) (x) = x7* (Igy ) (x)(x > 0; R(a) > 0).

Lett > 0; v,s € C, satisfing ®(s — ) > 0 and R(r) > t modifiying an Erdélyi-Kober
fractional integral operator (3); in this case, a linear integral operator is examined Z{"* : £ — X
defined for a function f € X by

TN = pemeg [ -0 e, @

(t>0;,t,s €R; s >t).

When analyzed using the integral of the Eulerian beta-function:

Ji A -0)f T dr (min{R(a), R(B)} > 0)

B(a, B) :=
(P L(@)T(B) C~ 7~
T(a+p) (@ peCNZy),
we readily find that
o P+ Xt o (5>
Z°5() =

By iterations of the linear operators (defined above), a class of operators £f;(rst ) : 2 — X
is given by

€5 (65, OF(0)) =L3(ZE%(0) = Te° (£31(2)),
whose series expansion for x € Z,i,j > 0,t > 0,%(s —t) > 0;R(x) > tand for f, as in (1), is
given by

i (w5, H)5(0)) =

1 T(s—8 ¢ (i4+jn+ D\ T+ tn)
g+r(r—t)n§( : ) T ) ng". (5)

We note that this new class of operators £f ; (r,s,t) was introduced in [24].
From (5), we obtain

£, (608(0)) = 12170, 08(0) — (1) 860, 0500) ®

T

£t (e 00) = (T

We note that

)56+ 1,8,097(0) ~ F21,(0,05(0) 7)

(i) £1,(v v, Hf(C) = I"f({) (see Aqlan et al. [25], with p = 1);

(i) slj(n £ 0f(¢) = I5(Z) (Lashin [26]);

(i) £ (v, H)F(0) = I(x,1)f() (x> 0, (Cho et al. [27,28]));

(iv) ’1‘ (v,v,)f() = Dif(C)) (x > 0, (Al-Oboudi and Al-Zkeri [29], with p = 1));
() 1 1(6, 5, 0)f(2) = I"§(2)) (x > 0, (Uralegaddi and Somanatha [30]);

)
(vi) £fi(v,v, t)f(C) = If;§(0)) (see El-Ashwah [31], with p = 1).

2. Definitions and Preliminaries

The following lemma will be used as a tool for proving the new results included in the
section that follows.
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Definition 1 ([32]). Allow A # ¢ F to be defined as a fuzzy subset of A that maps from A to [0, 1].

Definition 2 ([32]). A Fuzzy subset of A is a pair ( (3, F3), where F3 : A — [0,1] is known as the
membership function of the fuzzy set (J,F3),and 3 = {x € A : 0 < F3(x) < 1} = sup(J,F5) is
called a fuzzy subset.

Definition 3 ([11). Let there be two fuzzy subsets of 17,(J1, F5,) and (32, F5,). We say that the
fuzzy subsets J; and 3, are equal if and only if F3, (1) = Fy,(n), n € A, and we denote them by
(31, F3,) = (32, F3,). The fuzzy subset (31, Fy,) is contained in the fuzzy subset (J2, Fy,) if and
only if F5,(17) < Fs,(n), n € S, and we denote this by (31, F3,) C (J2,F,).

Definition 4 ([11]). Assume that F : C — R is a function satisfying Fc({) = |F(Z)|,¢ € C.
We define as

Fo(C) = {Z: ¢ € Cando < [F(0)] < 1} = Supp(C, Fe(2)),
the fuzzy subset of C. The fuzzy unit disk is known as
Fe(C) ={C:¢ € Cand0 < |F(C)| <1} =4Up(0,1).
It has been noted that (C, Fc () is the same as its fuzzy unit disk Up(0,1).

Proposition 1 ([1]). (i) If (J,F3) = (4, Fy), then T = &, where 3 = sup(J, Fy), and 4l =
sup (41, Fy).

(ii) If (3,F5) C (4, Fy), then I C A where I = sup(I, F5) and L = sup (&L, Fy).

Letf, h € H (). We say

F(e) = sup (F(80), Fya) )= 1§(2) 10 < |Fy ((0)| < 1.0 e 8, ®)

and

() = sup ({80, Fyquy )= {6(8) :0 < |Fyuy (h(2))| S L € 4L ©)

Definition 5 ([1]). Let {y € Y and f, by € H(LL). Let § be fuzzy subordinate to b and be written as
f <r bor§(C) < bh(Q) if each of the subsequent requirements is satisfied

§(go) = hi(Zo)and|Fysy (1(0))] < |Foy (0(D))], € € .

Proposition 2 ([1]). Let (o € &, and §, h € H (). If §({) <r b(C),¢ € U, then

(1)) = (o),
(D5 S b(),and|Fre ((2))| < [Fya (0(2)

Ledl
where (L) and b(LL) are given by (8) and (9), respectively.
Definition 6 ([4]). Let ¢ : C3 x U — C, and let b be an analytic function with (a,0,0,0) =

H(0) = a. If w is analytic in U with w(0) = a and satisfies the (second-order) fuzzy differential
subordination:

Fyenean (9(0(2), 60/ (2), 20" (©):2) ) < [P (H(W0)|, (10)

ie.

p((w(0), 6w (@), 220" (©):8) ) < (H@), S €L,
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then w is a fuzzy solution, and w is a fuzzy dominant if

|Fus@(@)] < [Fuagx(@)] e, (@) < x(@)7 € 8,
for all w satisfying (8). A fuzzy dominant X that satisfies

‘wa)?c ‘ ’ \le X&) <r x(0)¢ e 4,
for all fuzzy dominant x of (10), is the fuzzy best dominant of (10).

Lemma 1 ([33] Corollary 2.6g.2, p. 66). Assume that X € H (i) and

1 ¢
(@) = = t"lX( t)dt, (¢ € 4).
If
Re(é}}é(g) +1> > —%(é cu),
then p € R.

Lemma 2 ([34]). Assume X is a convex function that satisfies X(0) = a,and lete € C*= C \ {0}
such that Re(e) > 0.Ifw € H[a, n] withw(0) = a,and ¢ : (C* x U) — C, Pp(w(]), {w' (7)) =
w(Q) + Lgw!(Q) is analytic in 81, then

e ($(0@ + 120 @))| < [Py (X(@)] = w(@) + Liw' @)
< X ew

implies

Fo(uy(@(8)) < Fyay (x(9)) < Fx(uy (X(§))ice., w(8) <k (D),

/g
ey

where

is the best dominant and convex.

Lemma 3 ([34]). Assume that x is a convex function in 4, and let
X(¢) = x(8) +nvZx'(2),
v>0,andn € N.Ifw € H[x(0),n],and ¢ : C> x st — C,
p(w(Z), L' (Q)) = w(§) + nuiw'(7)

is analytic in Y, then

Py (@@ +m00' (@) < |Fxu(X(©)] = w(@) +noie' ()
< X ew

implies
|Fata) (@(©))] < [ Fygag (0(©)) e 0(8) < x(2)

is the fuzzy best dominant.
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w(Z) +Lw'(2)

This study finds adequate requirements for a class of fuzzy differential subordinations
that are connected with an Erdélyi-Kober type integral operator £f;(rs,t) and that are
meromorphic analytic and univalent functions. The fuzzy best dominants are determined
by obtaining fuzzy differential subordinations.

3. Main Results

Theorem 1. Let p be a convex function in U, p(0) = 1, and
X(8) = p(8) +¢p'(2)G € .
If, for | € L, satisfying

)[3]6€57 (5, 0(0) — 22555, 0(0) | +2 (2565910 ) | (11)

implies

[ s 080 - 22,0, 00)] + €25 (05, 97(0) | < X

|Fecer esiion (¢ (€505 03D)) )| [P (X(@)| =
g(s (55, f)f(C)) < Ep(0).

then

Proof. Assume that

w(Z) = C(L5;(r, 5, 9f(0)). (12)
From (12) and (6), we have

it
(1+1 )( +1
F(s t)
+2€< T(v—t)

= é )F(C

& itjn+1) \ T r(ett ”
Z( o )) rg +t1:1; ang" | =

£ (1) i )
(1+J n+1))KF(t+tn) n§”> (13)

I'(s+tn)
(1+1)€85(6,5,072) | +28 (5 (55, 0F(Q) ).
szij<r,s,t>f<a>).

)
)
(s—
(v—

t)
t)
):

=0

i K+1
]SU (t,s,t

)
Heer s, 032) - 285 (us, t)f(é’)] +¢
We observe from (11) and (13) that

Feer (sm0i0 (€ (25 (55 01(2)) | < [Frn (X(©))

which implies

Py (X(2))| <

’Fw(CZXu*)(w(§)+§w’(§))‘ <
Fo ((8) +0'(2)|-

Consequently, using Lemma 2 with & = 1 yields

7

= ’Fé(ﬁﬁi(t/sﬁ)f(é))(g (€55 (x5, f)f(C)))\ < )Fp<u> (p(2))
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ie.,
C(£5(x 5, 95(2)) <k p(0)-
This completes the proof. [

Theorem 2. Let p be a convex function in U, p(0) = 1, and
X(Q) =p(@) + ' (D) € ).
If, for | € ¥, satisfying

Fy(ceary | (579 [55 (e + 15, 0(0) — 625, (5,5, 0F2) | + £ (25, (6,5, 070) ) ||

< | x@)),

which implies

[(t I t) [CLF; (e + 1,5, )5(8) — 0L (v, 5, OF(0)] + T(L5;(x 5, t)f(é))} <r X(2),

then

Fateg, eanron ((25 (65 01@)) | < [Frw (X@)] =
é(rf (tsf)f(é)) < Ep(0).

Proof. The proof is comparable to the proof of Theorem 1 using (7); therefore, we omitted
it. [

Theorem 3. Let p be a convex function in U, p(0) = 1, and

X(Q) = p(Q) +2p (§)g € 4.

If, for | € L, satisfying

/
‘F ey eooroy (F5(6801@)) | < [P (X(@)]

(14)
= (222565, 0F0)) <r X(2),
then )
s e (EEEs016) | < [ (X(@)
= 86, V(D) <k p(2)
Proof. Let
w(§) = 42555, OF(Q). (15)

From (15) and (5), we have

w0+ 00) = 21 Hih £ () ezt )
+( 1+r§i § ¥ (M) e ngn)

= 1+ 2 (n+2)(‘+’(”“)) ré;ﬁz) 4,01

We find that

/!

wW(§) +¢w'(2) = (8225 (5,5,01(D)) -
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We have

7

E e oy (E25(00,010) )] < B (x(@)

which implies

Fy(cran) (@(@) +20'(©)] < [Fru(X(@)| <

Fow (0(©) +20"(@) |

Consequently, using Lemma 3 with n = v = 1, we obtain

Fuo@@)| < [Fa(0@)]| = [Freg, e 050 (€255 6.5, 0F) )|

[Foy (0(0))],

INIA

which implies that
0L (v 5, OF(C) <r p(0)-
This completes the proof. [

Theorem 4. Assume that X € H () with X(0) = 1, and

x'©) 1
Re<1+ X0) ) > —E(geu),

If f € ¥, and the fuzzy differential subordination stated below is valid,

IFizes (a5 S@L‘zﬁj (6,5, 0(0) )| < [P (X(2))] »

= (225(65,010) <r X(0),
then
‘F gLy (vs,0i(0) (Cﬂ’f,j (v, 8, Of(C )) (

where p({), defined as

is the fuzzy best dominant and convex.

Proof. Suppose
w(f) = ¢L4;(v 5, Hf(0). (17)
We have w({) € H[1,1]. Let X € H () with X(0) =1, and

£x"(2)
X'(2)

Re(1+ ) >—%(g’eu).

Lemma 1 gives

which is convex and satisfies (16), and

X(2) =p@)+2p'(Q)(C W),
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is the fuzzy best dominant.
Next,

1

W@ +LW(Q) = 1+ I (n+2)( D) ety

n=0

/
= (2225(55,05(0)) -
From (18), the fuzzy differential subordination (16) involves
’Fw(u) (w(0) +€wl(C))’ < ‘FX(U.)X(Q"

Consequently, using Lemma 3 with v = 1, we find

This completes the proof. [

Putting1 < B < A < —1,and

14+ AL

X(0) = 1+ BZ

(¢ ),
the next result can be deduced from Theorem 4.

Corollary 1. Assume1 < B < A < —1, and

1+ AZ
1+BC

X(¢) = (¢ €4,

with X(0) = 1if, for f € %, it satisfies

<r p(0),

; angnJrl

‘F(gsgj(r,s,t)f(g)) SCST, (v s, f)f(@))’ < ‘Px(u)(X(C))
)

= (22 (08 01C

where p({) is defined as
A 1-4

BC

log(1+ B{),
it is the fuzzy best dominant and convex.
Example 1. Assume (i)A =2—-1,0<6<1,B=1

_1+(20-1)g

X(Q) =117

(C € ),

with X(0) = 1, if, for f € L, it satisfies

<r p(0),

‘F(QS’i"i(t,s,t)f(g)) SCS’f,j (s, f)f(é"))’ < ‘Fx(u)(X(C))‘
)

= (25,6505

where p({) is defined as

p@)_25—1+2“gd)mg1+gx

(18)

(19)
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it is the fuzzy best dominant and convex. (ii)é = 0; then
1-¢
X(Q) = —= ,
0 =17Cew
where )
p(g) = —1+7log(1+8),
is the fuzzy best dominant and convex.
Theorem 5. Let p be convex in t,0(0) = 1, and
X() = p(&) +Tp (©)-
Letf € X, and eell (we 1) / be analytic in . When
' < (55010) Y '
L (s 01(0) ) ’
F oo N\ rsoo ) | S [Fxay (X))
o2} j N5 01() ( £5(ws 1) ’ X(4)
(S es050 ) ! (20)
éﬂfﬂ(m Hf(9)
~ < BACEII ) < X(),
then
£ (65, 95(0)
F oo, ( < R (0@,
ij (us SK : t Y
(W) i (65, 9f(C)
ie., )
5 (w5, )F(0)
e oz ~FPQ)-
£ (v,8,1)f(C)
Proof. Let "
£ (68, i)
W(0) = Hoaiit el
i t,5,1)f()
Then, w({) € H[1,1]. Differentiating (21),
o (25 (5, 050) ) . (55(e,5,05(0))
w = —w .
£55(e 5, 85(0) £55(e s, 5(0)
Then,
w(g) +5w'(@) |
(s 01@) [é(szj*l(r,s,t)f(o) +(£;ij<r,s,t)f(€))]f
- (s* (s )f(@)f
(QEKH t,5,6)f ) £(2)) (22)

(<

(25 (wst)

@2”1 tst
= < (rv,5,0)F )

Utilizing (22) in (20), we can obtain

f

F

. / < [Py (X@))],
Lo s i) x(u) (X(£))

S ACTL

2 (5, 05(0)
£ (t,5,07(0)
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which implies

Py (X(2))| <

[Py (@(@) +2w'(@)] <
Fo(ser) (p(Q +0p

!/

@)]

Consequently, using Lemma 3 with v = 1, we obtain

£ (w5, 05(0)
g %) (2"(t5t)f(€)> < |y (p(2))

7

ie.,
£ (xr,5,97(0)

s ong FPO-

This completes the proof. [
Theorem 6. Let p be convex in 4, such that p(0) = 1, and

X() = p(2) +p (2)-

L5, (e+1,5,05(2)
T s 010

r 25, (v +1,5,9(0)
&13:12>‘7733m@7

( X (es01(¢

fi(
)
CSK (t+1,5 i)
= ( (tst)() > '<FX(€)/

/
Let § € X, and ( ) be holomorphic in 4. If

‘FX w0 (X(2))

then
€5 (e + 15, 9f(0)
F 2?-(r+1,5,l)f(§) ( S Fp(i,l) (p(g)) ,
o)\ S (IO \
ie.,

(v + 15, H)f(0)
£5(e5,9(0)

=<r p()-

Proof. The proof is comparable to the proof of Theorem 5, so we omitted it. [

4. Conclusions

We have successfully used the integral operator £f;(r,s,t) given by relation (5), using
the Erdélyi-Kober fractional integral operator, for the meromorphic function of the operator
studied by El-Ashwah [24], in our current study of applications of fuzzy differential subordi-
nation in GFT. The fact that there are differential subordinations and superordinations offers
another direction for future research on this topic, see [33,35]. We exclusively analyzed
and examined first-order differential subordinations and differential superordinations in
this presentation. In the first three theorems, certain fuzzy differential subordinations were
given. In theorem four, we obtained integral representation for the best domimant and
followed the theorem by a corollary and example. In theorems five and six, we obtained
S s Q) o L (s (E)

S es0i0 M e

The different findings presented in this work are novel and would spur additional

investigation into the area of GFT.

fuzzy differential subordination for
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