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Abstract: We consider the order of the strongly-starlikeness of the generalized a-convex functions.
Some sufficient conditions for functions to be p-valently strongly-starlike are given.
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1. Introduction

Let N, R and C denote the sets of positive integers, real numbers and complex numbers, respectively.

Definition 1. A function f is called p-valent in a domain D C C if the equation f(z) = w has at most p roots
in D for every complex number w, and there is a complex number wq such that f(z) = wy has exactly p roots
in D.

Let A(p) denote the class of analytic functionsinU = {z:z € C and |z| <1} of the form:

f(z) =2 + i apsnzf™ (p €N). 1)

n=1

For p = 1, we denote A := A(1).

Definition 2. A function f € A(p) is said to be p-valently starlike in U if it satisfies:

zf'(z) Z
Re{f(z) }>0 (z € U). @)

We denote by S, the subclass of A(p) consisting of all p-valently starlike functions in U.

Definition 3. If f € A(p) satisfies:

i {2) <2 e

for some B € (0,1], then the function f is called p-valently strongly-starlike of order B in U. We denote this
class by SSp,(B).

For p = 1, the class SS7(B) was introduced by Brannan and Kirwan [1]. It is clear that:
8S,(B) C S, and SS,(1) =S,

p
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The strongly-starlike functions and related functions have been extensively studied by several
authors (see, e.g., [1-16]).

We say that for functions f and g analytic in U, g is subordinate to f, written g < f, if there exists
a Schwarz function w such that ¢(z) = f(w(z)) for z € U. In particular, if f is univalent in U, then:

8(z) < f(z) (z€U) +=g(0)=f(0) and g(U)C f(U).

In [17], Mocanu first introduced the class:

M(a) = {fGA:Re{oc (1—1—21]:,”(27;)) +(1—ac)z}(;§)} >0, a€R, ZGU} 4)

of a-convex functions, which give a continuous passage from convex to starlike functions. He proved
that every a-convex function is starlike. Recently, Nunokawa, Sokél and Trabka-Wieclaw [8] considered
the generalized a-convex function class:

arg {a <1—|— Zﬁ;i?) +(1 —zx)z}c;S)H < %T, neR, Be(0,1],z¢€ U}.

In this paper, we shall further study the properties of the generalized a-convex functions. Several
sufficient conditions for functions to be p-valently strongly starlike are obtained.
The following lemmas will be required in our investigation.

M(a,ﬁ)z{feA:

Lemma 1 (See [18]). Let g be analytic and univalent in U. Furthermore, let 6 and ¢ be analytic in a domain
D D ¢(U) with ¢(w) # 0 for w € g(U). Put:

Q(z) =z8'(2)9(8(z)) and h(z) =0(3(z)) + Q(z)

and suppose that
(1) Q is univalent starlike in U and

. 2 (z2) | _ 0 (g(z) | zQ'(2)
(i) Re { G | = Re { GG + G5} >0 (zeU).

If q is analytic in U with q(0) = g(0), g(U) C D and:
0(9(2)) +2q' (2)p(q(2)) < 0(8(2)) +28'(2)9(8(2)) =h(z) (z€D), ®)
then q(z) < g(z) (z € U). The function g is the best dominant of (5).

Lemma 2 (See [19]). Let p(z) be an analytic function in U of the form:
p(z) =1+ Z iz, em#0, m>1,
n=m
with p(z) # 0in U. If there exists a point zg, |zo| < 1, such that:

arg{p(2)}] < 5

for |z| < |zo| and:
T
arg{p(z0)} = 2,
then:
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where:
> % (a+ i) when  arg{p(zo)} = g
and: m 1 U

where p(zg) = £ia, a > 0.

2. Main Results

Theorem 1. Let A, A, B,a € Rsatisfy A >0, Aga > 0,0 < B < land |a|] < % If q is analytic in U with
q(0) = 1 and satisfies:

Ma(2)* +2(2) + L5 <hia) e D), ©)
where: . 5
B 14+z\* 1+z 2Bz
h(z)_A0<1_Z) +A<1_Z> + 10 @)
is (close-to-convex) univalent in U, then:
arg{g(2} < X (ze ). ®

The bound B in (8) is sharp for the function q defined by:

q(z) = (HZ)ﬁ- )

1—z

Proof. We choose:

_ (1+2)F o 1
g(z)_<1—z> , 0(w) =Aw"+Aw and q)(w)_%

in Lemma 1. Then, the function g is analytic and convex univalent in U and:
B
argls(2)} < X (zew) (10)

It is clear that ¢ and 6 are analytic in a domain D, which contains ¢(U) and ¢(U) with ¢(w) # 0
for w € g(U). The function Q given by:

Q) =24/ (D)(g(2)) = 10y

is univalent starlike. Further, we have:

v a0 (1) e (1) %

= h(z),

and so:
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(11)

Furthermore, for |a| < 1 we find that:

larg {(3(2)"} = 0 < 7 (z€ ). (12)

Therefore, it follows from (10)—(12) that:

Re { zg’éz)) } >0 (zel).

The other conditions of Lemma 1 are also satisfied. Hence, we conclude that:

10 <5 = (F2)" cev)

and the function g is the best dominant of (6).
Furthermore, for the function g defined by (9), we have:

Moa(z))* + 2g(2) + L ()

and it follows that the bound S in (8) is sharp. The proof of Theorem 1 is completed. [

Theorem 2. Leta > 0,0 < B < land b > 0. If f € A(p) satisfies f(z)f'(z) #0 (0 < |z| < 1) and:
ol (122@ @Y, (@Y
g{ (% )+ Gro) }

arg { Z;Eiz)) H < ﬁz—;r (z € ). (14)

In particular, if 6 > 1, then f is p-valently strongly starlike of order g. The bound 57” in (13) is the largest
number such that (14) holds true.

< [%n (z € ), (13)

then:

Proof. One can see that the condition (13) is a generalization of the condition (4). For f € A(p)
satisfying f(z)f'(z) # 0 (0 < |z| < 1), we define the function p(z) by:

_(#@Y
o= (53) e (15)
Then, p(z) is analytic in U with p(0) = 1. The condition (13) becomes:
wzp' ()| Br
arg{p(z)—i—(s ) }‘ <5 (z € U). (16)
Putting:
9

AM=0 and A=
!



Symmetry 2019,11,76 50f9

in Theorem 1 and using (16), we find that if:

{08 -7 - (G5

= gp(z) + ZPP(S) < h(2), (17)

here:
e oy 8 (1rz\P . 262 8
(Z)_zx(l—z> tio2 (18)

is (close-to-convex) univalent in U, then (14) is true.
Letting 0 < 0 < mand x = cot g, we deduce that:

i 5 (1+e\F  2peit
arg{h(ee)}:arg{“(l_elp) +1f62i9

:arg{axﬁeZ +ﬁl( +x>}
_arctan{ Xﬁsm(ﬁn) ‘Xﬁ (XJF )}Zﬁzﬂ (19)

N OxP cos (%)

Hence, in view of h(e~") = h(e?), we deduce from (19) that 1(IU) contains the sector | arg w| < 5771
Consequently, if f € A(p) satisfies (13), then the subordination (17) holds true.
For the function f defined by:

21141\ ¢
f(z) = exp (P/o n <1—t) dt) e A(p),
we find after some computations that f satisfies (14) and:
« 2f"(z)  2f'(2)\ , (' @\ _
5 { (T -+ Gro) } Ha).

which shows that the bound ﬁTH in (13) is the largest number such that (14) holds true. The proof of
Theorem 2 is completed. O

Theorem 3. Let 6 > 0and o € C. Assume that —5 < ¢ = arg{a} < 0. If f € A(p) satisfies f(z)f'(z) #0
(0 < |z| < 1) and:

i || sin ¢ NEMONETIC 2f'@)\°| =
z““"“a“{zéwcosq»}<arg{”‘( ) f(2)>+<pf(2)>}<2+¢ 20

forz € U, then:

() <5 oo

In particular, if 5 > 1, then f is p-valently strongly starlike of order %.
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Proof. Define the function p(z) by (15). Then, the condition (20) becomes:

— | arctan _lalsing <ar (z) +
2 25 + |a| cos ¢ 8P

We want to prove that:

o p(z)

oczp’(z)} T

T
larg{p(2)} < 5 (z€U).
If there exists a point zg (|zg| < 1) such that:

|arg{p(2)} < 5 (2] < |zo])

and:

|arg{p(z0)}| = 7,

then from Lemma 2, we have:

where p(zp) = +ai,a > 0 and:

m 1 T
> - .
1> > <u+a) when arg{p(zo)} >
and: .
m T
<= - =
1< > <a—|— a) when arg{p(zo)} 5
For the case arg{p(zo)} = —5, wehave !l < 0 and:
wzop(zo) | _ o [ gl o7 L
arg{p(zo)Jr(s »(20) =argq —ait i =—o farg a—
1
T Im (’1_7&) T { —I|a| sin ¢ }
=——+tarctan{ —— < p = ——~ farctany ———————
2 Re (a_lg) 2 ad — || cos ¢
- %(ﬂ+%) |a| sin @
< —— 4 arctan
2 a(5+%(a+%) |a| cos ¢
s
S _E + Q(“/ 4’)/
where:

_ al(@ + 1) sing
Qlar¢) = ghas {arctan ((25—1— |a|cos p)a + |a|cosep ) |-
The function: ( ) )
_ «|(a”+1)sing
g(a) = (26 + |a| cos ¢)a? + |a| cos ¢’ a>0

has a positive derivative:

—4aé|a| sin ¢

'(a) = >0 for — 2 <
g (@) ((25+|v¢|cosq))u2+|oc|cosq0)2_0 o 7 <=0

hence:

L B |a| sin @
Qa, ) = lim arctan{g(a)} = arctan %+ [a[cos g’

E‘i‘([) (ZEU).

(23)

6 0f 9

(21)

(22)
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Therefore, (23) becomes:

azp'(z0)) 7 |af sin ¢
arg{p(zo)+5 o(z0) }_ > + arctan 25+ [a[cosg )’

which contradicts (21). Thus,
T
larg{p(2)} < 5 (z€U).

For the case arg{p(zo)} = %, applying the same method as the above, we have I > 0 and:

arg {P(ZO) + ;Z(Z?(’Z(OZ)O) } = arg {ai + l:;i}

*E—}—ar a—i—l—“ >E—|—
B SR e B

This contradicts (21). Now, the proof of Theorem 3 is completed. [

Remark 1. For ¢ = 0and § = 1, Theorem 3 becomes the known result in [17] that every x-convex function
is starlike.

Applying the same method as the above, we can prove the following theorem.

Theorem 4. Let 6 > 0and « € C. Assume that 0 < ¢ = arg{a} < 5. If f € A(p) satisfies f(z)f'(z) # 0
(0 < |z| < 1) and:

-3 ar Sl _ i) 2 @) i T 1 arctan _la|sing
2 e g{"‘ (1+ f'(z) f(z) >+(Pf(z)> }< 2 arct {25+|zx|cosq)} (24)

forz € U, then:

{8 <5 oo

In particular, if 6 > 1, then f is p-valently strongly starlike of order %.

Theorem 5. Theorem 5. Let 0 < a < 1,0 < B < land p < 6 < 1. If f € A(p) satisfies f(z)f'(z) # 0
(0 < |z| < 1) and:

arg {zx (1 + Z]J:/H(iz))> +(1—a) <2J;((§)>>6} < '3777: (ze ), (25)
o arg { Zﬁg) }’ < ﬁz—? (zel), (26)

or f is p-valently strongly starlike of order g The bound ’%ﬁ in (25) is the largest number such that (26)
holds true.

Proof. Itis obvious that the condition (25) is a generalization of the condition (4). Defining the function
p(z) by (15), the condition (25) becomes:

arg {pa(p(z»% +(1-a)p(z) + ‘;‘ZZS) H <P ev) 27)
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Setting:
1 B (1 —u)
a== Ap=pd and A= .

in Theorem 1 and using (27), we see that if:

{5 o ) )

(z)
= po(p(a)} + =y + ZE <o), 2
where:
4 g — X z B V4
h(z)—pd(ijz) +5(1zx ) (1tz> +12_’BZZ (29)

is (close-to-convex) univalent in U, then (26) holds true.
Letting 0 < 6 < 7rand x = cot 9 we have:

. Ti 1— i ] 1
h(e) = P5x§€% + wxﬂelST + % (x + x)

and:

arg {h(eie)} = arctan

o

p(Sxé cos (ﬁﬂ) + 2 7“)x/5cos (%ﬂ)

Forx >0,0<a<land0< g < 1, we deduce that:

arg {h(eie)} > arctan

= arctan { tan (1327[> péxg o8 ( ) an <%I) cot (ﬁﬂ) )xﬁ o8 (ﬁTn) (30)
p&xd cos <%T) + 2028 B cos (ﬁ”)

> P

=5

since
tan <'[Z;) cot (T) > tan ([527T> cot <,627'() =1 for 1 > 1.

In view of the proof of Theorem 2, we find from (30) that /(U) contains the sector |argw| < ﬁTn
Hence, if f € A(p) satisfies (25), then the subordination (28) holds true.

The sharpness part of the proof is similar to that in the proof of Theorem 2, and so, we omit it.
The proof of Theorem 5 is completed. O

|
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