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Abstract. A new subclass of multivalent harmonic functions defined by convolution is in-
troduced in this paper. The subclass generates known subclasses of multivalent harmonic
functions, and thus provides a unified treatment in the study of these subclasses. Sufficient
coefficient conditions are obtained that are also shown to be necessary when the functions
have negative coefficients. Growth estimates and extreme points are also determined. In
addition conditions for starlikeness of the Dziok-Srivastava linear operator involving the
generalized hypergeometric functions are discussed.
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1. Introduction

Harmonic mappings are important in the study of minimal surfaces due to their role [17]
in parametrizing minimal surfaces. Although harmonic mappings need not be analytic,
they have been studied from the perspective of geometric function theory as generalizations
of conformal mappings. The seminal works of Clunie and Sheil-Small [16] as well as
Sheil-Small [29] showed that while certain classical results for conformal mappings have
analogues for harmonic mappings, many other basic questions remain unsolved.

A multivalent harmonic function f in a simply connected domain can be expressed in
the form f = h+g, where both h and g are analytic. The function 4 is called the analytic
part while g is the co-analytic part of f. Denote by S% (m), m > 1, the class of multivalent
harmonic functions f = h+g, where

B =+ T i and g(0) = 3 basmr 2T,

n=2 n=2
normalized by the conditions (0) = /'(0) = - -- = h"=1(0) = h(")(0) —m! = 0 and g(0) =
§'(0)=---=g"(0)=0.
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Convexity and starlikeness are well-known hereditary properties of analytic univalent
functions f in the unit disk U. In other words, if f maps U onto a convex domain, then the
image of every subdisk |z < r < 1 is also a convex domain. Likewise, if f with f(0) =
0 maps U onto a domain starlike with respect to the origin, the image of every subdisk
|z] <7< 11is also a domain starlike with respect to the origin. However these hereditary
properties do not extend to harmonic mappings. Chuaqui et al. [15] considered starlike
and convex harmonic mappings that do inherit the hereditary properties. They called such
functions fully starlike and fully convex harmonic mappings respectively.

Various subclasses of harmonic univalent functions have been introduced and studied
by several authors [2, 7, 10-12, 14, 19-24,26,27, 31, 33]. In particular, the investigation
by Silverman [31] gives a sufficient coefficient condition for harmonic functions f =h+3
to belong to the well-known classes S;‘; and K5y. The proof of the coefficient condition

in [31] for the class S,’;0 rests on showing that d/96 (argf(re’®)) >0,0<r<1,0<0 <
27. The latter condition is equivalent to the analytic description in [15] for fully starlike
harmonic functions. Therefore the coefficient condition for S}i;) obtained in [31] is sufficient
for functions to be fully starlike. It is known that fully starlike harmonic functions need not
be univalent. Thus the coefficient bounds in [31] also provides a sufficient condition for
univalence of fully starlike functions. Fully convex harmonic functions on the other hand
are known to be univalent. In this instance, the coefficient bound for convexity obtained by
Silverman [31] will not only be sufficient for fully convex harmonic functions, but in the
case of harmonic functions f = h+ g with negative coefficients, the coefficient condition
will also be necessary. Thus the coefficient condition obtained in [31] is necessary and
sufficient for fully convex harmonic functions with negative coefficients.

Several authors [3-6, 13,20, 25, 28] have investigated various subclasses of multivalent
harmonic functions. In this work, we introduce a new subclass of multivalent harmonic
functions defined by convolution.

Definition 1.1. Ler ¢ be a real constant with |6] =1 and 0 < ot < 1. Let ®5(z) = ¢1(z) +

0 $2(z) be a given multivalent harmonic function in U = {z: |z| < 1}, where ¢ and ¢, are
of the form

(1.1) ¢1 (Z) =74 ZAnerlen-i_m_l and ¢2(Z) ="t Z Bn+m712n+m_1~
n=2 n=2
A multivalent harmonic function f = h+g € S%(m) where
(1.2) h2) ="+ Y w1, 8(2) =Y bpamor N,
n=2 n=2
belongs to the class S%(Pg,m, ) if ©g + f € S (m) satisfies the inequality

(13) Re{zwwl)%z)—oz(gwm

(hx91)(z) +0(g+92)(2)
Here * is the convolution operator given by

(o * f)(2) = ($1 +02) % (h+7)(2)

}>moc, (zeU).

+m—1 -
="+ Z Anim-1Angm12" " 40 Z bpim—1Buym—12"" I
n=2 n=2
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The subclasses S% (m, ) of multivalent harmonic starlike functions and Ky (m,a) of
multivalent harmonic convex functions investigated by Ahuja and Jahangiri [5] can in fact
be expressed in the form

(1.4) 8% (®1,m,a) = 8% (m,o0) and SY(D_1,m, &) =K (m, )
with ” .
e Z
PO=T
and 1 m (1 )m 1 =m (1 )7m
Zz —m)z Zz —m)Z
q’*l(z):%[u—z)f (1-2) }‘%[(1—2)2_ (1-3) }

respectively. It is clear then that the subclass Sloi (®s,m, @) can generate known subclasses
of multivalent harmonic mappings, and provides a unified treatment in the study of these
subclasses.

In Section 2 of this paper, a necessary and sufficient convolution condition is obtained
for S%(CDG,m, o) which as an application yields a sufficient coefficient condition for the
class. In Section 3 an appropriate general class TS%(CDU,m, o) of harmonic functions with
negative coefficients is defined, and necessary and sufficient coefficient conditions are ob-
tained. Section 3 is also devoted to determining growth estimates and extreme points for
the class. In Section 4, conditions for starlikeness of the Dziok-Srivastava linear operator
involving the generalized hypergeometric functions are discussed. Since many operators
can be expressed in terms of the hypergeometric functions, the results obtained here will be
useful for such operators.

2. Main results
We now derive a convolution characterization for functions in the class S?{ (Pg,m, ).

Theorem 2.1. Let f = h+g € S%(m). Then f € S%(®s,m, ) if and only if

M+ x+£—2r;+2m(x Zerl x+o 7" — (2’"*2]))‘;1+2m0‘2m+1
hx % m—2mo, —6*7* l—o m—2mao, 0
( (Pl) (1_2)2 (g ¢2) (1_2)2 #0,

where |x| =1,0 < |z] < 1.

Proof. A necessary and sufficient condition for f = h+ g to be in the class S%(fbg,m, o),
with £ and g of the form (1.2), is given by (1.3). Since

2(h* ¢1)'(z) —oz(g*2)'(2)
(hx¢1)(z) +0(g*¢2)(2)
at z = 0, the condition (1.3) is equivalent to
2.1

1 {z(h*q)l)’(z) —oz(gxp)'(z)
m(l—a) | (h*¢1)(z) +o(g*d)(z)

By a simple algebraic manipulation, (2.1) yields
0 (x+1)[z(h*¢1)'(z) — 02(g+92)'(2)] —max(x+ 1)[(h* $1)(2) + 0 (g ¢2)(2)]
—mx—=1)(1 - a)[(h+91)(z) + (g% $2)(2)]

x—1
_— =1 —1 1.
a}#xﬂ, Wl =1 —1,0< e <
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= (1) (x+1)<(1—z)2_ 1—z 1—z

mn 1—m)z7" xm—+2mo; —m)z™

" (1 —m)zm> B (xm+2m(x—m)zm]

—0(g*)*

1—z 1—z

The latter condition together with (1.3) for x = —1 establishes the result for all [x| =1. 1

Sufficient coefficient conditions for the multivalent harmonic starlike functions and mul-
tivalent harmonic convex functions were obtained in [5]. Here an application of Theorem
2.1 yields a sufficient coefficient condition for multivalent harmonic functions to belong to
the class $% (®g,m, ).

Theorem 2.2. Let f = h+g € S%(m). Then f € S%(®g,m, ) if

o tm(l—o) —1 = ntm(l+a)— 1
1)t Antm— L |bpimt||Burmo| < 1.
n;Z m(l _ Ot) |Cln+m 1|| n+m 1| +’§2 m(l — (X) | n-+m 1|| n-+m 1| >

Proof. For h and g given by (1.2), Theorem 2.1 gives

"+ Wf’”l )]ﬂzm — WZMJH
h* * m mOt — o * * —a m—2mol
[—— x+1-2m+2mo —
=]z +Z n+(n_1) 2 — 2mo Antm—1Antm—12 ml
n=2
o | xta 2m—1)x—1+4+2ma
-0 Z ” - 1) ( 2’”)7 Imol bn-ﬁ—m—an-k—m—lZneril
n=2
> n+m(l—a)—1
> |Zm| [1 - Z W‘“lﬁm*l”Arﬁm*l‘
n=2
- m(l+a)—
= b1 |1Basn-i] |-
n;z m(l OC) ‘ n+m IH n+m 1‘
The last expression is non-negative by hypothesis, and hence by Theorem 2.1, it follows
that f € S% (®g,m, ). |

The sufficient coefficient conditions for the classes S (m, ) (and Kpy(m,a)) can be
obtained from Theorem 2.2 on using the relations (1.4). These are given in the following
two corollaries:

Corollary 2.1. [5] Let f = h+g € S%(m). Then f € S (m,a) if

;%mm 1|+2”+’"”‘j§|bn+ml|s1.
Corollary 2.2. [5] Let f =h+3 € 8% (m). Then f € Ky (m, ) if
e
+riz(n+m—1n)1(2n(;rmé1)+a)—1)

|bn+m—1‘ <l
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3. Harmonic maps with negative coefficients

Following the work of Silverman [30], several subclasses of analytic functions with negative
coefficients have been introduced and studied. A unified class of analytic p-valent functions
with negative coefficients defined by convolution was introduced in [9] that included many
well-known subclasses of analytic functions with negative coefficients as special cases. In
this section, we shall devote attention to the subclass 7'S% (®q,m, ) of SY (Pg,m, o) con-
sisting of multivalent harmonic functions f = h+ g of the form

3.1 h(Z) =7"— Z an+n1—lzn+mil7 g(z) =0 Z bn+n1—1Zn+m717

n=2 n=2
where a,4m—1 > 0, byim—1 > 0. Let @5(z) = ¢1(z) + 092(z) where ¢; and ¢, are of the
form

(3.2) 0@ ="+ Y Apim 2 p2(2) ="+ Y Bupmr ",

n=2 n=2
with Ay ypm—1 > 0,By4m—1 > 0. The subclass TSIO_I(QDU,m, o) includes as special cases the
subclasses TS (m, ) and TKY (m, @).

Theorem 3.1. For f of the form (3.1), f € TSY(®g,m, &) if and only if

> n+m(l—a)—1 n+m(l+a)—1
(33) 7~ An+m— lAn m— l+ —bn+mlen+m71 S 1.
,,g’z m(l—a) B Z m(l—a)

Proof. 1f f belongs to TSY (®g,m, o), then (1.3) is equivalent to

Re y(z) >0
for z € U, where y = F /G and

o

F(z)=m(1— )" = Y (n+m(1 — &) — 1)anApp12"*"!
n=2

=

— Y (4 m(1+ @) = Db 1By 12"
n=2

=

G(Z) - Zm - Z an+m71¢n+mflzn+m_l + Z bn+m71 ¢n+mflzn+m_1-
n=2 n=2

Letting z — 1™ through real values yields condition (3.3). Conversely, for 4 and g given by
(3.1,

2m—2mao z

(1-2)?

I—a 2m—2mo,

(1-2)?

(hx¢y) * —o(gxp) =

— - 2m—1)x—142mo -,
Zm+x+l 2m+2mao; m+1] lx+azrn (2m—1)x m Zm-‘,—l‘H

S n+m(l—o)—1
> [2l[1 - —m(lf(x) A
n=2
+m(l+oa)—
- Z o) b 1B

which is non-negative by hypothesis, thus proving sufficiency of condition (3.3). 1
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Corollary 3.1. Let @4 be of the form (3.2) with Ayim—1 > Bit1,Bntm—1 > Bmy1, (n > 2).
If f € TSy (Do, m, ), then for |z| =r <1,
m(l—a)

m m+1 m
P TEmi—a)Ba | SM@I=

m(l—a)
(1+m(1—0))Bn

The result is sharp with equality for f(z) = 7" — %Z’"H

G

Proof. We have

[1+m(l —0)]Bp1 [i(‘%—%—m—l +bn+1n—1)1

< Z [(ner(l - a) - l)anerflAnerfl + (n+m(1 + a) - l)anrmlenerfl]
n=2

<m(l-a).
Thus,
|f(Z)| = | — Z an+milzn+m—1 40 Z bn+m712n+m_1
n=2 n=2
< ,m_|_,m+1 lz (anerfl +bn+ml)‘|
n=2

o m(l—o) el

= T T m( = o)Bu
The sharp lower bound is obtained in a similar manner. 1

We now determine its extreme points.

Theorem 3.2. Let

m(l B (X) ZVler*l

hm(z) =2z 7hn+m—1(z) == [n+m(l —(X) — 1]An+m71

?

and

-«
m ) el (n=2,3,..).
n+m(l+a)—1]Byim—1
A function f € T;S'IO{(CIJ(;,m7 o) if and only if f can be expressed in the form

8n+m—1 (Z) ="+ G[

=

f(Z) = Z ()vn+;n—1hn+m—1 (Z) + Yntm—18n+m—1 (Z))7

n=1
where 2fn-ﬁ—m—l >0, Yrm-12>0, An=1— Z:::z(lrwm—l + yn+m—1) and Yy, = 0. In particular,
the extreme points of TS (®g,m,a) are {hyim—1} and {gnim—1}-

Proof. Let

 agki

f(Z) = ()Ln—‘rm—lhn+m—l (Z) + Yotrm—18n+m—1 (Z))

n=1

d m(l—a) _
— /1 n+m—1
2 Z n+m71(n+m(1_a)_1)An+m_IZ

n=2
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= m(l—a) R
+0o _ .
L Tt (T o) — DB
Since
in—i—m(l—a)—ll m(l—o) A
i m(l—a) T b m(l = o) = DAy
S n+m(l+oa)—1 m(l—a)
_ Bim—
N P Al Prw ey
= Z(Arwmfl FYim—1)=1-24, <1,
n=2
it follows from Theorem 3.1 that f € TS% (®g,m, ).
Conversely, if f € TS%(®s,m, ), then
m(l—a) m(l—a)
Apym—1 < , bpaim—1 < .
= i m(1— ) = DAyt = G m(1+ @) — 1Byt
Set ( a -
n+m(l—a)—
)Lnerfl = m(l _ OC) Anem—1Antm—1,
(n+m(l+a)—1)
n+m—1 — bn m—1Bnam—
Yotm—1 m(l—a) +m—1Bn-+m—1
and
Am =1— Z (Atm—1 + Yosm-1); Y =0.
n=2
Then it is easily seen that Y (Aptm—1An4m—1(2) + Yatm—18n+m—1(2)) = f(2). I

4. The Dziok-Srivastava linear operator

Let us denote by S(m) the class of all analytic functions f in U of the form

f(Z) =7"+ Z an+n1—1Zn+m71~
n=2
ForajeC (j=1,2,...,p) and B, € C\{0,—1,-2,...} (n=1,2,...q), the gener-
aliz.ed hypergeometric function ,Fy(0u,...,00p;B1,...,Bq;2) in U is defined by the infinite
series

=

qu((xl,...,ap;Bl,...,ﬁq;z)::n;)Mi! (p<q+1L;p,qeNy:={0,1,2,...}),

where (a), is the Pochhammer symbol given by
@, Katm [ (n=0);
" T | ala+1)(@a+2)---(a+n—1), (neN).
It is known [32, p. 43] that the ,F; series is absolutely convergent in C if p < g, and in U if
p = g+ 1. Furthermore, if

q p
Re (ZﬁjZ(Xj) >0,
j=1

=1
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then the ,F, series is absolutely convergent for |z| = 1. Corresponding to the function
pFy(a,...,00:B1,. .., Bysz), the Dziok-Srivastava operator [18]

HPD(ay,...,0:B1,....By) : S(m) — S(m)
is defined by the Hadamard product

H(pﬂ)(ala---7ap;ﬁl7'--7ﬁq)f( )::ZmPF (ala--' ap;ﬁla---7ﬁq;z)*f(z)

n+m—1

— 7 +Z ap)n 1 An4m—12

(Bt (n=1)!

For convenience, we write
Fyla;Bsz] ==z pFy(on,. .., 03 B1, -, Bys2),

H [0 BIf (2) := HP (e, .., 03 By, By £ (2)-
Corresponding to f = h+g given by (1.2), we define an operator .Z on f given by

(4.1) ZL[f]=Po* f = ($1+0h)*(h+3),
where
4.2) 91(2) =" pFy[A:Bs7] th’”+Z°§:2An+m71i$’:1,
$2(2) =" 1Fnle;dszl = 2"+ X0 0 Busm—12 ;
and
@3) A,y = P )y (€)1 (chny 1

Bn 1 B = DU T 0, (et (=D

Here we are certainly assuming that none of the denominator parameters can be zero or a
negative integer. A similar operator to . defined by (4.1) was studied by Ahuja et al. [8].
Harmonic starlikeness and convexity of integral operators related to hypergeometric series
was also recently investigated in [1]. It is interesting to note that the functions ¢; and ¢,
considered in [1] are taken to be integral operators associated with the Gauss hypergeometric
functions.

Theorem 4.1. Let f = h+3 € S (m) be of the form (1.2), where the coefficients anm—1
and by m—1 satisfy

m(l—a)
n+m(l—a)—1’
Let ¢ and ¢ of the form (4.2) satisfy

q P m 1

YB>Y Al Y di>) el

j=1 =1 j=1 j=1
where B; >0 (j=1,...,q)andd; >0 (j=1,...,m). If

4.5) pFgl|AL: B3 1]+ Fullcl;d; 1] < 3
holds, then Z[f] € Su(m,a).

4.4 lanim—1] < and  |bpim—1] <
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Proof. In view of Theorem 2.2, it suffices to show that S <m(1 — ), where
(4.6)

S:= Z(n+m(l — ) = Dlanim—1||Ansm—1]+ Z(n—l—m(l +a) = Dlbpsm—1]|Bnim—1],
n=2 n=2
where A, 4,,—1 and By, are given by (4.3). Thus

oo

S<m(l-a) Z [1An+m—1]+ [Batm—1]]
n=2

i (A Dnre(Ap Dy 1 5~ (JetDnr-(lernr 1

n=2 (B1)n—1 "'(ﬁq)n—l (n—=1)! n—=2 (d)n-1-(dn)n—1 (n—1)!
=m(1—a) {pF[|Al: B:1] = 1+ Fy[lc[:d; 1] — 1}
<m(l1-a),

provided (4.5) holds. 1
Note that the hypergeometric condition (4.5) is independent of a.

<m(l-a)

Example 4.1. Let/ =2=p,m=1=g¢q, 3 > 1+|A|,and d > 1+|c| in Theorem 4.1. The
Gauss summation formula [32, p. 30] gives
I'(c)I'(c—a—b)
I(c—a)l(c—b)’
Using the property that I'(z+ 1) = zI'(z) and the Gauss summation formula, the condition
(4.5) reduces to

2Fi(a,b;c;1) = Re(c—a—b) > 0.

B—1 d—1
<3.
B—IA—1 " d=]d—1"
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