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1. INTRODUCTION

Let H (U) be the class of analytic functions in U = {z € C: |z| < 1}. Denote by H [a, n]
the subclass of H (U) consisting of functions of the form:

f (Z> =a+az" + an+lzn+1 + -

with H = H [1,1]. Also let A (p) be the class of all analytic and p—valent functions of the
form:

fl2)=2"4 Y an2" (peN=1{1,2,3,...}; zeU). (1.1)
n=p+1

Upon differentiating j—times both sides of (1.1) we obtain

O =67+ Y 6 az"  (z€l),
n=p+1

where

5(177]'):%]. (p€eN, jeNy:=NU{0}, p=j).
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Several research has investigated higher order derivatives of multivalent functions, see
(for example [2], [5], [6] and [17]). For f,F € H (U), the function f(z) is said to be
subordinate to F (z), or the function F'(z) is said to be superordinate to f (z), if there
exists a function w (z), analytic in U with w (0) = 0 and |w(2)| < 1(z € U), such that
f(z) = F(w(2)). In such a case we write f(z) < F(z). If F is univalent in U, then
f(z) < F(z) if and only if f(0) = F (0) and f (U) C F (U) (see [12], [19] and [20]).

We denote by F the set of all functions ¢ that are analytic and injective on U\ E (gq),
where

E(q)—{cwwsggq@)—oo},

and are such that ¢’ (¢) # 0(¢ € U\ E (q)). We further let the subclass of F for which
¢ (0) = a be denoted by F (a) and write F (1) = F.

In order to prove our results, we shall make use of The following classes of admissible
functions.

Definition 1.1. (see [19, p. 27, Definition 2.3a]) Let  be a set in C, ¢ € F and n € N.
The class W, [2, q] of admissible functions consists of those functions ¢ : C* x U — C
that satisfy the following admissibility condition:

Y (r,s,t;2) ¢ Q

whenever
_ _ / f ¢q' ()
r=q((), s=k¢q ({) and%{s+1}2k§ﬁ{l+ 710 },

where z € U, ( € U\ E (¢) and k = n. We write ¥; [, ¢] simply as ¥ [, ¢].

In particular, if ¢ (z) = M% (M >0,la] < M), then ¢ (U) =Up = {w : |w| < M},
q(0) = a, E(q) = @ and ¢ € F(a). In this case, we set U, [Q,q] = U, [Q, M, a].
Moreover, in the special case when we set 2 = Uy, the class is simply denoted by

U, [M,a].

Definition 1.2. (see [20, p. 817, Definition 3]) Let Q be a set in C, ¢ € H [a,n] with
q'(z) # 0. The class ¥}, [€,q] of admissible functions consists of those functions ¢ :
C3 x U — C that satisfy the following admissibility condition:

Y (r,s,t;,¢) € Q
whenever
d 1
T:CI(Z)"S:ZQ(Z)andé}% E+1 §i§R 14 2 (2) ’
" RN

where z € U, ( € U and m = n = 1. In particular, we write U} [, ¢] simply as
U’ [, q].

In our investigation we need the following lemmas which are proved by Miller and
Mocanu (see [19] and [20]).

Lemma 1.3. (see [19, p. 28, Theorem 2.8b]) Let ¢ € U, [Q,q] with ¢ (0) = a. If the
analytic function g (z) given by

g (2) =a+apz" + an+12n+1 + -



Admissible Classes of Multivalent Functions With Higher Order Derivatives 453

satisfies the following inclusion relationship:
¥ (g9(2),29' (2),2%" (2):2) € 9,

then g < q.

Lemma 1.4. (see [20, p. 818, Theorem 1]) Let ¢ € W/ [, q] with ¢ (0) = a. If
v (9(2),29' (2),2%9" (2);2)

is univalent function in U such that g € F (a), then
Qc{v(9(2),29'(2),2%" (2):2) : 2 € U},

implies that q¢ < g.

In this paper, we determine the sufficient conditions for certain admissible classes of
multivalent functions so that

79 (2)
5 (p,j)2P~7
where ¢; and g» are given univalent functions in U with ¢; (0) = ¢2 (0) = 1. In addition, we
derive sandwich-type results. A similar problem for analytic functions involving certain

operators was studied by Aghalary et al. [1], Ali et al. [3], Kim and Srivastava [18], and
other authors (see also, [4, 7-10, 13-16, 21])

q (2) < < q2(2),

2. SUBORDINATION RESULTS

Unless otherwise mentioned, we assume throughout this paper that p € N, j € Ny,
p>j+1,and z € U.

Definition 2.1. Let Q be a set in C and g € F; N'H. The class ® [, ¢, p, j] of admissible
functions consists of those functions ¢ : C3 xU — C that satisfy the following admissibility
condition:

o (u,v,w; z) ¢ Q
whenever
u=q(q), v= 2O
p—=1J
and
(p—j—-D(w—2v+u) ¢q" (©)
®( o ) zan (14 5.

where z € U, ( € 9U\ E (¢) and k = 1. For simplicity, we write ® [Q, q,p,0] = ® [Q, q,p].
Theorem 2.2. Let ¢ € ®[Q,q,p,j]. If f € A(p) satisfies the following condition:

AN FUHD (2) FUD () Y
1 (50595 o Do STy ) eV R @)

then
(7)
9@
5 (p,j) 2P

q(2).
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Proof. We begin by defining the analytic function g in U by
9 (2
(2) = 4

. 2.2
S (o) (z€D) (2.2)
Then, in view of (2.2), we get
FUt (2) zg' (2)
_ 2.3
(p,JJrl)sz ! g(Zprj 23)
and
fUt2 (2) 2zg' (z) 2%g" (2)
- — =g (z)+ - + . 2.4
3 (p,j+2)zri—2 9(2) p—ji—-1 (-4 -j-1) 24)
Now, we define the transformations from C? to C by
_j 2p—j — N p—j—1
R ol et} L SN e ol DIt ol DAV et O L (2.5)

p—3j =7 p—J7—-1
Suppose that

1/} ('r" 57{;; Z) = ¢) (u’v’w; Z) — ¢) (7., SJF](?P ]J)’“7 t4+2(p (;)S;F)((l‘; Jj)(l;) Jj— l)r;z) . (26)

The proof shall make use of Lemma 1.3. Indeed, by using (2.2) to (2.6), we obtain

) (4 G+, (G+2) (4
'(/} (g (Z) ) zg/ ( ) 291/ ( ) ) = ¢ (5({7]);;)) 7 5(p];+1)z§o )J T, 5(p);+2)zfo )J pR) Z) .

2.7)

Hence (2.1) becomes

¥ (9(2),29' (2),2%9" (2);2) € Q.
The proof is completed if it can be shown that the admissibility condition for ¢ €

®[Q,q,p, ] is equivalent to the admissibility condition for ¢ as given in Definition 1.1.
We note that

(p—7—1)(w—2v+u)

-1

9

to
s
and hence ¢ € ¥y [, ¢]. By Lemma 1.3, we thus obtain

0) (2
s <ae) o B ).

which evidently proves Theorem 2.2. n

If @ # C is a simply-connected domain, then = h (U) for some conformal mapping
h of U onto Q. In this case, the class ®[h(U),q,p,j] is written, for convenience, as
® [h, q,p, j]. The following result is an immediate consequence of Theorem 2.2.

Theorem 2.3. Let ¢ € [h,q,p,j]. If f € A(p) satisfies the following condition:
() (G+1) (i+2)
¢<6(fj T e Z> < h(2), (2.8)

p,J) 2P 6 (p,j +1)2P=3=17 6 (p,j +2) 2p=9=%

then
(7)
9@
5 (p,j) 2P

q(2).
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Putting j = 0 in Theorem 2.3, we obtain the following corollary.

Corollary 2.4. Let ¢ € ®[h,q,p] with p > 1. If f € A(p) satisfies the following
condition:

f) &) e ;
¢< 2 Tpzmp(p—1) 27 ><h( )
then
1) q(2).

Our next result is an extension of Theorem 2.2 to the case where the behavior of ¢ on
OU is not known.

Corollary 2.5. Let Q) C C and suppose that the function q is univalent in U with ¢ (0) = 1.
Also let ¢ € ®[Q,q,,p, j] for some p € (0,1), where q, (2) = q (pz). If f € A(p) and

f9 (2) Ut (2) JUtD(z)
¢ <5 (p,J) 2P~ 8 (p,j +1) 22737176 (p,j +2) 2P=97% Z) <

then
9 (2)
0 < .
eI &
Proof. Theorem 2.2 readily yields
9 (2)
s e
The asserted result is now deduced from the fact that g, (2) < ¢ (). (]

Theorem 2.6. Let the functions h and q be univalent in U, with ¢ (0) = 1, and set
4o (2) =q(pz) and h,(z)=h(pz).
Also let ¢ : C? x U — C satisfy one of the following conditions:
(1) ¢ € ®[hqp.p]] for some p € (0,1); or
(2) There exists po € (0,1) such that ¢ € ® [h,,q,,p,j] for all p € (po,1).
If f € A(p) satisfies the condition (2.8), then

9 (2
e TIC)
5 (p,j) 2P~
Proof. The proof of Theorem 2.6 is similar to the proof of a known result [19, p. 30,
Theorem 2.3d] and is, therefore, omitted. ]

The next theorem yields the best dominant of the differential subordination (2.8).

Theorem 2.7. Let the function h be univalent in U. Also let ¢ : C3> x U = C. Suppose
that the following differential equation:

¢ (q(2),24' (2),2°¢" (2);2) = h(2) (2.9)
has a solution q with q (0) =1 and satisfying one of the following conditions:

(1) q e ]:1 and (b cd [haQ7p?j};
(2) The function q is univalent in U and ¢ € ® [h, q,,p, j] for some p € (0,1); or
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(3) The function q is univalent in U and there exists py € (0,1) such that ¢ €
® [hpvqp7paj} fOT all 14 € (p07 1)
If f € A(p) satisfies (2.8), then
9 (2)
8 (pj) 27

and q s the best dominant.

=< q(2)

Proof. Following the same arguments in [19, p. 31, Theorem 2.3¢|, we deduce that ¢ is a
dominant from Theorems 2.3 and 2.6. Since ¢ satisfies (2.9), it is also a solution of (2.8)
and, therefore, ¢ will be dominated by all dominants. Hence ¢ is the best dominant. =

In the particular case when g (z) =1+ Mz(M > 0), in view of the Definition 2.1, the
class ® [, ¢, p, j] of admissible functions, denoted by ® [Q, M, p, j], is described below.

Definition 2.8. Let Q be a set in C and M > 0. The class ® [Q, M, p, j] of admissible
functions consists of those functions ¢ : C? x U — C such that
L —7)(2k+p—j—1)Me?
+(p—j) 2k tp—j—1) Me ;Z) ¢0
p=d)p—7-1)

¢ (1 + Me", 1+ MM&"’ 1+
—J

(2.10)
whenever z € U, # € R and & (Le_w) = (k—1)kM for all real § and k = 1.

Corollary 2.9. Let ¢ € ®[Q, M,p,j]. If f € A(p) satisfies the following condition:
(4) (G+1) (3+2)
@ IO T CAEIC I, Y

P J) I 5 (pyj+ 1) 2P i1 5 (pyj +2) 292
then
f(j) (2)
6 (p,j) 2P~

In the special case when Q@ = ¢ (U) = {w:|w—1] < M}, the class ®[Q, M,p,J] is
simply denoted by ® [M, p, j].

—1‘<M (€ ).

Corollary 2.10. Let ¢ € ®[M,p,j]|. If f € A(p) satisfies the following condition:

f(j) (2) f(j+1) (2) f(j+2) (2) .
¢ (5<p7j>zpf’ 5 j + 1) 15 (p,j 1 2) ) - 1‘ <M

then

f(j) (2)
5 (p,j) 2P~

1)<M.

3. SUPERORDINATION AND SANDWICH-TYPE RESULTS

In this section we investigate the differential superordination of multivalent functions
with higher order derivatives. For this purpose, the class of admissible functions is given
in the following definition.
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Definition 3.1. Let 2 be a set in C and ¢ € H with 2q’ () # 0. The class ¢’ [2, ¢, p, j] of
admissible functions consists of those functions ¢ : C3 x U — C that satisfy the following
admissibility condition:

QS(U,’U,U);C) €,
whenever
() g 2 rmp—j)a(2)
w=ala), (-7
and
(p—j—1)(w—2v+u) 1 ¢q" (¢)
R(E ) e ()

where z € U, ( € 90U and m = 1. For convenience, we write ®' [(2, ¢, p,0] = &' [Q, ¢, p].

Theorem 3.2. Let ¢ € ' [Q,q,p,j]. If f € A(p), % € F1 and

f9 (2) FUTD (2) FU+2) (2)
<5 () 22=37 6 (p,j + 1) 2P~3=17 6 (p, j +2) 2p=9 -2’ Z)
is univalent in U, then

G __JU ) P Y
e {¢ (5(P,j) 23§ (p,j+1)2p=3-1" §(p,j + 2) ij27z) rze U} (3.1)

implies that
V)
5(p,j)zp=i’
Proof. From (2.7) and (3.1), we find that
Qc{v(9(2),29' (2),2%¢" (2);2) : 2 € U}.
We also see from (2.5) that the admissibility condition for the function class ¢ € ' [, ¢, p, /]

is equivalent to the admissibility condition for ¢ as given in Definition 1.2. Hence
¥ € ¥ [Q,¢]. Thus, by Lemma 1.4, we have

q(z) <

9 (2)
q(z) <g(2) or q(z) < W7
which evidently completes the proof of Theorem 3.2. ]

If Q@ # C is a simply-connected domain, then = h (U) for some conformal mapping
h of U onto Q. In this case, the class @' [h (U),q,p, j] is written simply as @' [h, ¢, p, j].

The following result can be derived as an immediate consequence of Theorem 3.2.
Theorem 3.3. Let the function h be analytic in U and ¢ € &' [h,q,p,7]. If f € A(p),

f(j)z
W 6.7:1 and

9 (2) FUTD (2) FU+2) (2)
<5 (,j) 2237 6 (p,j + 1) 2P~3=17 6 (p, j +2) 2p=9 -2’ Z)
is univalent in U, then

f9 (2) U (2) FU+2) () .
hiz) <9 (5(p7j) 3 6(pj+1) 2P 15 (p,j+2) sz’Z)
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implies that
19 (2)
N
Putting 7 = 0 in Theorem 3.3, we obtain the following corollary.

Corollary 3.4. Let the function h be analytic in U and ¢ € &' [h,q,p|. If f € A(p),
% € F1 and

5 (f(Z) f'iz) ") z)

2P pzp 1 p(p—1) 2P’

q(z) <

1s univalent in U, then

h(sz)(f(Z) =) 1) Z)

2 T pePtp(p—1) 27
implies that

q(z) <

Theorems 3.2 and 3.3 can only be used to obtain subordinants of the differential su-
perordination of the form (3.1) or (3.2). The following theorem proves the existence of
the best subordinant of (3.2) for a specified ¢.

fz)

2P

Theorem 3.5. Let the function h be analytic in U and ¢ : C> x U — C. Suppose that
the following differential equation:

¢ (q(2),24 (2),2°¢" (2);2) = h(2)
has a solution g € Fy. If € D' [h,q,p,7], f € A(p) A9 ¢ Fi1 and

? 5(p.j)zP—7
(4) (3+1) (3+2)
0 (p,J) 207776 (p,j + 1) 2P7I717 6 (p, j + 2) 207772
is univalent in U, then
(4) (G+1) (j+2)
hz) < 6 f .(Z)_‘, ! (Z)_‘_ , f (Z)_‘_ -
6(p,j) 2?77 6 (p,j+1)2P7771 6 (p,j +2) 2P0 72
implies that
@ (2)
PN

and q is the best subordinant.

Proof. The proof is similar to the proof of Theorem 2.7. We, therefore, omit the details
involved. [

Combining Theorems 2.3 and 3.3, we obtain the following sandwich-type theorem.
Theorem 3.6. Let the functions hy and q1 be analytic in U, the function hs be univalent
in U; q2 € ]:1 with q1 (0) =q2 (0) =1 and(b cd [h27q2>p’j]mq)l [h17q17p7j]‘ Iff € A(p)7

f(j)(z)
W eHN fl and

f9(2) fUTD (2) FUD ()
’ <5 (p,J)2P=7" 6 (p,j + 1) 2P=0=17 5 (p, j + 2) 2p=7 =2’ Z)
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is univalent in U, then

@) (2) fFU+D (2) fU+2) (2) .
06 (5 o T T S T ) <)
implies that
(4)
@1 (2) < 5(;]_)(;3_], < g2 (2).

Upon setting j = 0 in Theorem 3.6, we get the following result.

Corollary 3.7. Let the functions hy and g1 be analytic in U, the function he be univalent
in U, g2 € F1 with q1 (0) = ¢2(0) =1 and ¢ € @ [ha,q2,p] N D' [h1,q1,p]. If f € A(p),
% € HNF1 and

p (f(Z) fiz) 1" (2) _2)

2P Tpzp~lUp(p—1)2P

is univalent in U, then

fR) [z f"(2)
()= ¢< 2P Tpzp~lp(p—1)z
implies that

p_Q) < ha (2)

f(2)

ql(z)<z—p<q2(z).

Remark 3.8. Our results of Corollaries 2.4, 3.4 and 3.7, respectively, are an improvement
of the results obtained by Aouf et al. [11, Corollaries 8, 19 and 22, respectively].

CONCLUDING REMARK

In our present investigation, we have derived several second order differential subordi-
nation and superordination results for multivalent functions with higher order derivatives
in the open unit disk U. Our results have been obtained by considering suitable classes
of admissible functions. Furthermore, we have obtained some differential sandwich-type
results.
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