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SUBORDINATION AND SUPERORDINATION IMPLICATIONS
ASSOCIATED WITH A CLASS OF NONLINEAR INTEGRAL
OPERATORS'

SEON HYE AN AND NAK EUN CHO*

ABSTRACT. In the present paper, we investigate the subordination and su-
perordination implications for a class of certain nonlinear integral operators
defined on the space of normalized analytic functions in the open unit disk.
The sandwich-type theorem for these integral operators is also presented.
Further, we extend some results given earlier as special cases of the main
results presented here.
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1. Introduction

Let H = H(U) denote the class of analytic functions in the open unit disk
U={z€C:|z| <1}. For a € C and a nonnegative integer n, let

Hia,n]={f€H: f(z) =a+anz" + apt12"" + - }.

Let f and F' be members of H. The function f is said to be subordinate to
F, or F is said to be superordinate to f, if there exists a function w analytic in
U, with w(0) = 0 and |w(2)| < 1 (z € U), such that f(z) = F(w(z)) (z € U).
In such a case, we write f < F' or f(z) < F(z). If the function F' is univalent
in U, then we have (cf. [18])

f<F <« f(0)=F(0) and f(U)cC F(U).
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Definition 1.1 (Miller and Mocanu [18]). Let ¢ : C* — C and let h be univalent
in U. If x is analytic in U and satisfies the differential subordination

o(k(2), 2/ (2)) = h(2), 1)
then k is called a solution of the differential subordination. The univalent func-
tion ¢ is called a dominant of the solutions of the differential subordination, or

more simply a dominant if k < ¢ for all x satisfying (1). A dominant ¢ that
satisfies § < ¢ for all dominants ¢ of (1) is said to be the best dominant.

Recently, Miller and Mocanu [19] introduced the following differential super-
ordinations, as the dual concept of differential subordinations.

Definition 1.2 (Miller and Mocanu [19]). Let ¢ : C> — C and let h be analytic
in U. If x and ¢(k(2),2K'(2)) are univalent in U and satisfy the differential
superordination

h(z) < ¢(k(2), 26/ (), (2)

then « is called a solution of the differential superordination. An analytic func-
tion ¢ is called a subordinant of the solutions of the differential superordination,
or more simply a subordinant if ¢ < « for all k satisfying (2). A univalent sub-
ordinant ¢ that satisfies ¢ < ¢ for all subordinants ¢ of (2) is said to be the best
subordinant.

Definition 1.3 (Miller and Mocanu [19]). We denote by Q the class of functions
f that are analytic and injective on U\ E(f), where

B() = {c €0 m j2) = o}

and are such that f/(¢) # 0 (¢ € OU\E(f)).

Let A, denote the class of functions of the form

2) =2+ ) app?™P (peN={1,2,--})

which are analytic in U and let A; = A. We also denote the class D by
Di={peH:9o0)=1 and ¢(z)#0 (z€U)}.

Let §* and K be the subclasses of A consisting of all functions which are, re-
spectively, starlike in U and convex in U(see, for details, [18]).

Now we introduce the following integral operator I((f "Dﬁ .n:p defined by

1/8
a“ﬁn,p(fz)( ) <M/ Hfa 75(1 P)Yi_ o —1 ()dt)

3)
(fi € Ap; i € C(i =1,2,--- ,n); B € C\{0}; R{ZIL,0:} > 0; §,0 €D).
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The integral operator defined by (3) have been extensively studied by many
authors [[2]-9], [13], [14], [17], [20], [21], [24]] with suitable restriction on the
parameters «;, v;, and 3, and for f; belonging to some favored classes of analytic
functions. In particular, we introduce the following integral operators, which
have been extensively studied by many authors as special cases of the integral
operator defined by (3).

(1) For p=1n=2 a = B) Q2 = 7, fl(z> = f(Z), f2(Z> = z and
#(z) = ¢(z) = 1, the integral operator

T D)= (6;7 /0 fﬁ(t)ﬂldt>1m

was introduced and studied by Bulboaca [3]-[5] and Miller and Mocanu [18].

(11) For pP= 1) n = 27 a1 = ﬁa Qg =17, fl(z) = f(Z), fQ(Z) - h(Z)a (b(Z) =1
and ¢(z) = zh/(2)/h(2), the integral operator

z 1/B
N6 = (252 [ o ona)
was studied by Cho and Bulboaca [8] (see, also [6]).

(iii) More recently, for p = 1, a general form of integral operators mentioned
above are considered by Bulboaca [6, 7] (see, also [1]) and Cho et al. [9].

In the present paper, we obtain the subordination- and superordination-
preserving properties of the integral operator Iﬁﬁﬁ;n;p defined by (3) with the
sandwich-type theorem. Furthermore, we extend the results given by Cho and
Srivastava [10] and Owa and Srivastava [22] as some special cases of main results

presented here.
The following lemmas will be required in our present investigation.

Lemma 1.4 (Miller and Mocanu [15]). Suppose that the function H : C* — C
satisfies the condition R{H (is,t)} < 0, for all real s and t < —n(1 + s?)/2,
where n is a positive integer. If the function k(z) = 14 p,z™ + -+ is analytic
in U and R{H (k(z2), 26'(2))} > 0 (z € U), then R{k(2)} >0 (z € U).
Lemma 1.5 (Miller and Mocanu [16]). Let 8,y € C with 8 # 0 and let h € H(U)
with h(0) = c. If R{Bh(z) +~} > 0 (z € U), then the solution of the differential
equation
2q'(2)
q(z2) + ———— =h(z z€U; q(0)=c
(2) 402 + 7 (2) ( 0) =0

is analytic in U and satisfies the inequality R{Bq(z) + v} > 0 (z € V).
Lemma 1.6 (Miller and Mocanu [18]). Let k € Q with k(0) = a and let ¢(z) =
a+anz"™+ -+ be analytic in U with ¢(z) # a and n > 1. If q is not subordinate
to K, then there exist points zg = roe® € U and ¢y € OU\E(f), for which

q(Uy,) C K(U), q(20) = 6(¢0) and 204 (20) = mok'(Co)  (m > n).
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Let ¢ € C with 23{c} > 0 and let
N = N(e) = le|lv/1+ 2R{c} + J{c}
- R{c}

If R(z) is the univalent function defined in U by R(z) = 2Nz/(1 — 2?), then the
open door function defined by

R =r(5) ev), (1)

where b = R™1(c) [18].

Remark 1.1. The function R, defined by (4) is univalent in U, R.(0) = ¢ and
R.(U) = R(U) is the complex plane with slits along the half-lines R{w} = 0 and
|3 {w} = N.

Lemma 1.7. Let o;(i = 1,2,---,n),5 € C with 8 # 0, R{Z_ 0} > 0 and
b, peD. If fi € Aoy oo ans where

Apiar oy = {fi €A, Zaz ZJ{ (z)
i=1

)En . a; + (p’(z) '<REI lal(z)}

()
()
and Rsn o, (2) is defined by (4) with ¢ = ¥}, then Ii"oﬁnp(fi) € A,

az,ﬂn,p( )( )/2P # 0 and

(I a“ﬁ wp(f)(2)) 29/ (2 n N z
m{ﬁ Ch,ﬂnp(fz)(z) * ¢ ) +Z g p6}>0 ( E[U)7

where If @B np 18 the integral operator defined by (3).

Proof. If we take a =1, y =31 a; —pB and § = Y ., a; — p in Miller and
Mocanu [[18], Theorem 2.5¢], then we obtain that

pa—f—é:Zai:pﬁ—i—'yandﬂ%{pa—i—(ﬂf:iﬁ{Zai} > 0.

i=1 i=1
Let us consider

f@):% PH(fZ> (z € U).

Since f; € Agiay,e a, fori=1,2,--- n, we see that from (5), fi(2)/2P # 0 (i =
1,2,---,n; z € U). Hence f € A,. Therefore Lemma 1.7 follows immediately
from Miller and Mocanu [[18], Theorem 2.5¢]. O

A function L(z,t) defined on U x [0, 00) is the subordination chain (or Léwner
chain) if L(-,t) is said to be analytic and univalent in U for all ¢ € [0, 00), L(z, )
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is continuously differentiable on [0, 00) for all z € U and L(z,s) < L(z,t) when
0<s<t.

Lemma 1.8 (Miller and Mocanu [18]). Let q € H[a, 1] and let p : C* — C. Also
set p(q(2),2q'(2)) = h(z) (z € U). If L(z,t) = ¢(q(2),tz¢'(2)) is a subordination
chain and k € Hla,1]N Q, then h(z) < w(k(z), zk'(2)). implies that ¢(z) < K(z).
Furthermore, if ©(q(z),2¢'(z)) = h(z) has a univalent solution g € Q, then q is
the best subordinant.

Lemma 1.9 (Pommerenke [23]). The function L(z,t) = a1(t)z+- - - with a1(t) #
0 and lims_, o |a1(t)| = oo. Suppose that L(-;t) ia analytic in U for all t > 0,
L(z;+) is continuously differentiable on [0,00) for all z € U. If L(z;t) satisfies

20L(z,t)
9%{ e }>0 (z€U; 0<t<o0)
ot

and |L(z;t)| < Kola1(t)] (|z] <ro <1; 0>t < 00)) for some positive constants
Koy and ro, then L(z;t) is a subordination chain.

2. Main results

Unless otherwise mentioned, we assume throughout the sequel that the con-
dition

3 e [ S ai0) + (-4 DIL0) - 90| £+ 1D (0)

is satisfied for the integral operator If:;f@;n;p defined by (3).
Subordination theorem involving the integral operator Iffﬁm;p defined by (3)
is contained in Theorem 2.1 below.

Theorem 2.1. Let fi,9; € Apay, a0, (@ = 1,2,---,n), where Apa,.... a, 1S
defined by (5). Suppose also that

R {1 + Z:(S)} > p <z eU; v(z) = ]:[ (%ﬁ)ai W)) . (6)

where

I+ o — 1= (30 aq)? n
P= AR{YT i} HEL i) > 0). 0

Then the subordination:

ﬁ (fi;))c” o(z) < lf[l (gi§)>ai o(2), (8)

i=1
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implies that

2P 2P

by Ny B N Nz b
(WM()> b(2) < (W@J()) o(2), )

where 1% is the integral operator defined by (3). Moreover, the function

a;,Bim;p
.0 ) B
<Iai,ﬁm;p(gz)(z)> 6(2)

2P
is the best dominant.

Proof. Let us define the functions F' and G by

%% (2 A ]d’fﬂ.. (2 B
F(z) = (ahﬁﬂhpﬁf)(>> (2) and G(z) = (““ﬁ"LPQ7)<)> (), (10)

2P zP

respectively. We note that F' and G are well defined by Lemma 1.7. Without loss
of generality, we can assume that G is analytic and univalent on U and G’(¢) #
0 (|¢] = 1). Otherwise, we replace F and G by F.(z) = F(rz) and G.(z) =
G(rz) (0 < r < 1), respectively. Then these functions satisfy the conditions of
Theorem 2.1 on U. We can prove that F}.(z) < G,.(z), which enables us to obtain
(9) on letting r — 1.

We first show that, if the function ¢ is defined by
2G"(2)

=1
then R{q(z)} > 0 (z € U). From the definition of (3), we obtain

Iﬁfﬁ;n;p(.‘]i)(z) ’ Z(Izjfﬁ;nm(gi)(z))/ 2¢'(2) n
() o (B @5 90) ”i_lai_]ﬁ)

a;,Bimip

(z € V), (11)

oy
I e

i=1

(12)
We also have
Z(I(ffﬁm;p(gi)(z))' 2¢'(2) 2G'(2)
A TE R P P 1)

It follows from (12) and (13) that

Zaiu(z) = ZaiG(z) +2G'(2). (14)
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Now, by a simple calculation with (14), we obtain

2w (z) 2G" (2) 2q'(2)
1+ V(z) 1+ G'(z)  qz)+X" (15)
_ 2q(z)
~4(e) + T = (),

From (6), we have

m{h(z) +Zaz} >0 (zel),
i=1
and hence by using Lemma 1.5, we conclude that the differential equation (15)

has a solution ¢ € H(U) with ¢(0) = h(0) = 1. Let us put

v
H(u,v) =+ o, (16)

u+ X o
where p is given by (7). From (6), (15) and (16), we obtain

R{H(q(2),2q'(2))} >0 (2 € D).
Now we proceed to show that R{H (is,t)} < 0 for all real s and t < —(1+45%)/2.
From (16), we have

t
70 _ .
R{H(is, 1)} =R {28 tersa ,0}

tR{Z" o}

= T 0r tisP (17)
_ Epy(s)
=218y +is|?]
where
Ey(s) =(R{Z i} — 2p)s” — 4p(I{Z]_ i })s as)

— 2p|27  ou]? + R{ZP 0}

For p given by (7), we note that the coefficient of s? in the quadratic expression

E,(s) given by (18) is positive or equal to zero. To check this, put X' o; = ¢

so that R{E"_,;} = ¢1 and J{E}_,;} = co. We have to verify that
14— -

c1>2p 50, . (19)

The inequality (19) will hold if
22 + 1= >14 > =1+ +c2,

that is, if
1—-¢*| > 1-R{?},
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which is obviously true. Moreover, the discriminant A of E,(s) is represented
by

1A =~ 0P + 291+ D i IRIT o) — R o))

Then for the assumed value of p given by (7), we have A = 0 and so the quadratic
expression E,(s) by s in (18) is a perfect square.. Hence from (17), we see that
R{H (is,t)} <0 for all real s and t < —(1 + s?)/2. Thus, by using Lemma 1.4,
we conclude that ${q(z)} > 0 (z € U), that is, G is convex in U. Next, we prove
that the subordination condition (8) implies that

F(z) < G(z) (20)

for the functions F' and G defined by (10). For this purpose, we consider the
function L(z,t) given by

L(z,t) == G(z2) + -2G'(2) (2 €U; 0<t < o0).

We note that

OL(z,t)

0z |,

This shows that the function L(z,t) = a1(t)z+--- (z € U; 0 <t < 00) satisfies

the condition a1(¢t) # 0 (0 <t < 00). Since G is convex and R{XZ} ;a;} > 0,
we have

20L(z,t)/0% 2G"(2)
R i 1 > 0.
oo | - {Za (1
Furthermore, since G is convex, the following well-known growth and distortion
sharp inequalities (see [11]) hold true:

1
= G'(0) <1 + E"+i-) #0 (0<t<oo; R{Z 10} > 0).
=10

r r

1+7,§‘G(2)|§ T (lz2| <r<1) (21)
and , 1
FE <|G'(2)] < e (2] <r < 1). (22)

Hence, by using (21) and (22), we can see easily that the second assumption of
Lemma 1.9 is satisfied. Therefore the function L(z,t) is a subordination chain.
We observe from the definition of a subordination chain that

v(z) =G(z) + 2Gl(2) = L(2,0)

E’n,

i=1%
and

L(z,0) < L(z,t) (0 <t < o0).
This implies that

L(¢,t) € L(U,0) =v(U) (C€0U; 0<t<o0).
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Now suppose that F' is not subordinate to G, then by Lemma 1.6, there exists
point zg € U and (o € 9U such that

F(z0) = G(¢o) and zoF(20) = (1+t)¢0G'(¢) (0 <t < 00).
Hence we have
14+t

L(o,t) = G(Co) + mCoG/(Co)

1
- o F
Yo 20 (z0)

: (fi(go) ) h ¢(20) € (D),

= F(z0) +

zZ

K2

by virtue of the subordination condition (8). This contradicts the above obser-
vation that L((y,t) € v(U). Therefore, the subordination condition (8) must
imply the subordination given by (20). Considering F(z) = G(z), we see that
the function G is the best dominant. This evidently completes the proof of
Theorem 2.1.

U

Remark 2.1. We note that p given by (7) in Theorem 2.1 satisfies the inequality
0<p<1/2

We next prove a dual problem of Theorem 2.1, in the sense that the subordi-
nations are replaced by superordinations.

Theorem 2.2. Let f;,g; € Apiar,o o, (1 = 1,2,--- ), where Apia, ... a, 15
defined by (5). Suppose also that

9‘{{1 + Z:/(S)} > —p (z elU; v(z):= Zl:[l <g;(1,)z)> 1 gp(z)) ,
where p is given by (7). If the function

I1(%2) e

i=1

b N(z B
(Iai,ﬁ;n;p(fz)( )) ¢(Z) €0,

P

is univalent in U and

where 1% is the integral operator defined by (3), then the superordination:

a;,Bin;p
j (giZ(IDz))m o) < H (f;(:)

7

) v (23
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implies that

zP 2P

2% (g:)(2 b 2% (f)(z ’
( a@)()) ¢(Z><<WW> o(2).

Moreover, the function

Id%@_ (g:) (2 B
( £ >> »

is the best subordinant.

Proof. Now let us define the functions F' and G, respectively, by (10). We first
note that from using (12) and (13), we obtain

_1
>y (24)

After a simple calculation, the equation (24) yields the relationship:

w"(z) _ ) 2q'(2)
V' (z) q(2) + >0, i

where the function ¢ is defined by (11). Then by using the same method as in
the proof of Theorem 2.1, we can prove that SR{q(z)} > 0 for all z € U. That is,
G defined by (10) is convex(univalent) in U.

Next, we prove that the superordination condition (23) implies that

F(z) < G(2). (25)
Now consider the function L(z,t) defined by

2r Ge) (el 0<t<o0).

D i1 Qi

Since G is convex and R{}_;_, a;} > 0, we can prove easily that L(z,t) is a
subordination chain as in the proof of Theorem 2.1. Therefore according to
Lemma 1.8, we conclude that the superordination condition (23) must imply the
superordination given by (25). Furthermore, since the differential equation (24)
has the univalent solution G, it is the best subordinant of the given differential
superordination. Therefore we complete the proof of Theorem 2.2. O

L(z,t) := G(2) +

If we combine Theorem 2.1 and Theorem 2.2, then we obtain the following
sandwich-type theorem.
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Theorem 2.3. Let fi,gix € Apar,an(t = 1,2,---,n; k = 1,2), where

Agpiar oo, 18 defined by (5). Suppose also that
Vg (2) _ T (9N oy k=
9%{1—}— ) > —p 2 € U; vi(2) .—i[[l R p(z); k=1,2],

(26)
where p is given by (7). If the function

I1(52) e

i=1

b0 V(2 p
(Iaq‘,,ﬁ;n;p(fz)( )) ¢(Z) €0,

is univalent in U and

zp

where If:fﬁm;p is the integral operator defined by (3), then the subordination

relation:
o (9i1(2)\ " o fi2)\ o (9i2(2)\ "
E<ﬂ> @(z)<i1:[1(zp @(z)<£[1 T o(2)
implies that
g 00)() (1)) Ly 9:2)()
s ST ) g(a) < (et U (s < (et B )
Moreover, the functions
B B
1% (900 (2) I0% 0 (9i2)(2)
ai,Bin;p \ITs o, Bin;p \ I
(Zp Bz) and (el I )
are the best subordinant and the best dominant, respectively.

Remark 2.2. If wetake p=1, n=2, a1 =8, asa =7, 1 =% =0, f1 = f,
f2(z) = z in Theorems 2.1-2.3, then we have the results obtained by Owa and
Srivastava [22] and Cho and Srivastava [10].

The the assumption of Theorem 2.3, that the functions
n @i b B
filz)\ ™ 1 i (f1)(2)
I1 (H9) " o) ana (222 o)

need to be univalent in U, will be replaced by another conditions in the following
result.
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Corollary 2.4. Let f,gr € Apiay . 0, (B = 1,2), where Agiq, ..., is defined
by (5). Suppose also that the condition (26) is satisfied and

9%{1 + zjlé))} > —p (z eU; Y(z) := f[l (f;(;))a o(z); fi € Q) , (27)

where p is given by (27). Then the subordination relation:

i (22)" <1 (42) < (222)"

i=1

implies that

b0 B b0 A
(Iazﬁw(g“)()> 6(2) < <‘W’(f’)()> o(2) < <Ia£"”(gﬂ)()> o(2),

zP zP zP
where I(f ‘pﬁ nip 15 the integral operator defined by (3). Moreover, the functions
B B
I i (911) (2) 18 s0p(912)(2)
i,85m;p\J? a;,fin;p \Jt
(Z,, Be) and (LS )

are the best subordinant and the best dominant, respectively.

Proof. In order to prove Corollary 2.4, we have to show that the condition (26)
implies the univalence of ¥(z) and

B
. ( ORIAIE )) oo

2P

Since 0 < p < 1/2 from Remark 2.1, the condition (27) means that ¢ is a close-
to-convex function in U (see [12]) and hence ¢ is univalent in U. Furthermore,
by using the same techniques as in the proof of Theorem 2.3, we can prove the
convexity(univalence) of F' and so the details may be omitted. Therefore, by
applying Theorem 2.3, we obtain Corollary 2.4. (]
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