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SUFFICIENT CONDITIONS FOR STARLIKENESS OF
RECIPROCAL ORDER

SARAVANARASU MADHUMITHAT AND VAITHIYANATHAN RAVICHANDRAN

ABSTRACT. A normalized analytic function f defined on the unit disk D is starlike
of reciprocal order o, 0 < o < 1, if Re(f(2)/(2f'(2))) > « for all z € D. Such
functions are starlike and therefore univalent in . Using the well-known Miller-
Mocanu differential subordination theory, sufficient conditions involving differential
inclusions are obtained for a normalized analytic function to be starlike of reciprocal
order . Furthermore, a few conditions are derived for a function f to belong to a
subclass of reciprocal starlike functions, satisfying |f(z)/(zf'(z)) — 1] < 1 — o

1. Introduction

Let DD, be the open disk in the complex plane with center at the origin and radius
r and let D := ;. In view of Riemann mapping theorem, we shall restrict our focus
to the class H of all analytic functions defined on . For a € C and n € N, let
Hla,n] ={feM: f(z) =a+ > 4, az"}. Let A be the class of functions in H[0, 1]
satisfying f’(0) = 1 and its subclass consisting of univalent functions is denoted
by §. Many subclasses of § are characterized by some geometric property such as
convexity or starlikeness of the image of D under the mapping Qs7(2) = zf'(2)/f(2)
or Qev(z) = 142f"(2)/f'(2). A set D in the complex plane is said to be starlike with
respect to its interior point wy if the line segments joining wy to any other points of
the set are contained in D. A function f € S is said to be starlike if the image domain
f(D) is starlike with respect to the origin and the class of all such functions is denoted
by ST. The functions in this class are characterized by the property Re(Qsr(2)) > 0.
A class which is closely associated with the class ST is the class P of all analytic
functions p(z) = 1+~ k2" in D with positive real part. For 0 < a < 1, let ST ()
be the subclass of ST consisting of functions characterized by Re(Qsr(2)) > a. A
function f € S satisfying Re(1/Qsr(2)) > a (0 < a < 1) for every z € D are said
to be starlike of reciprocal order o and the class of all such functions is denoted by
RST (a). This class has been studied by many authors in [1-5,7,11,15-17,21, 24].

Let B denote the class of all analytic functions w : D — I which fixes the origin.
For f, g € H, the function f is said to be subordinate to the function g if there exists
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a function w € B such that f(z) = g(w(z)) for all z € D, and it is written as f < g.
The general theory of second order differential subordinations is developed by Miller
and Mocanu [12] in which for given domains €2, A in C and an analytic function
p : D — C, they determined the class of functions ¢ : C* x D — C for which the
following implication holds.

(1) {v (p(2),2p'(2),2°p"(2);2) : 2 € D} C Q = {p(z) : z € D} C A.

If A # C is a simply connected domain in C, then Riemann mapping theorem ensures
the existence of a function ¢ which maps D univalently onto A, satisfying ¢(0) = p(0).
Then the implication (1) can be rewritten as

{¢(p(2), 2P (2), 2°p"(2);2) : 2 €D} CQ = p<¢.
The analytic functions ¢ that are univalent on D\ E(q) where
E(q) ={C€dD:q(z) >0 as z—(}

are called the functions with nice boundary and this class of all functions with nice
boundary is denoted by O.

DEFINITION 1.1. [14] Let €2 be a subset of C, ¢ be a function with nice boundary
and n be a positive integer. The class of admissible functions ¥, (€2, ¢) consists of all
functions 1 : C3 x D — C satisfying the admissibility condition v (r, s,t; 2) € € when
r=q(C), s =m(q'(¢), Re(t/s) + 1 = mRe ((¢"(¢)/q'(¢) +1) for ¢ € OD\E(g) and
m > n. Further, let ¥(Q,q) = ¥1(£, q).

The following theorem of Miller and Mocanu serves the base for the first and second
order differential subordination theory.

THEOREM 1.2 (Miller-Mocanu Theorem). Let ¢ € Q with ¢(0) = a, 2 C C and let
€ U, (Q,q). If the function p € Hla, n| satisties the differential inclusion

{¥(p(2), 20 (2), 2" (2); 2) : 2 €D} C Q,
then p < q.

In [13], the authors investigated the first order differential subordinations by con-
sidering ¢ : C?> x D — C. For first order differential subordinations, the admissibility
condition in Definition 1.1 becomes ¥ (r,s;z) & Q where r = ¢((), s = m(q'(¢) for
¢ € OD\E(q) and m > n. Moreover, Miller-Mocanu theorem can be restated as
follows. Let ¢ € Q with ¢(0) = a and let ¥ € U, (Q,q). If p € H[a,n| satisfies
W(p(2),2p'(2);2) € Q for every z € D, then p < ¢. Using the theory of differential
subordinations, sufficient conditions for the starlikeness of functions are studied by
various authors [8-10, 18, 20,22, 25].

Certain differential inequalities which serve as sufficient conditions for starlikeness
of reciprocal order are derived in [4], [15] and [7]. In this paper, we aim to obtain cer-
tain differential inclusions involving Qs and Q)¢ for functions to belong to the class
of starlike functions of reciprocal order @ (0 < v < 1) and its subclass of functions
satisfying f(2)/(zf'(2)) < 1+(1—a)z. First, we define a class ¥(£2) of admissible func-
tions and prove that f € RST () whenever ¢ € ¥(Q2) and ¢ (Qsr(2), Qev(z); 2) € Q2
for every z € D. Then using this class of admissible functions, for various choices of
1, we obtain several sufficient conditions in terms of Qg7 and ¢y for functions to
be in RST (a) and its subclass of functions satisfying |f(2)/(zf'(z)) — 1| < 1 — «a.
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Recently, in [6], [19] and [23], similar studies on analytic and meromorphic functions
are done by the authors.

2. Sufficient conditions for starlikeness of reciprocal order «

In this section, using the first order differential subordination theory, certain suffi-
cient conditions for functions to be starlike of reciprocal order « are obtained. For this,
consider the case when ¢(z) = (1+2)/(1—z) for which it can be seen that F(q) = {1}
and for ¢ € ID\{1}, r = q(¢) = ip where p € R and s = m{q'(¢) = —m(1 + p?)/2.
Thus the admissibility condition simplifies to

Y(ip,0;2) € Q when p €R, 0 < —n(1+ p?)/2,

for every z € D. Let the class of all such functions satisfying the above admissibility
condition with respect to ¢(z) = (14 2)/(1 — z) be denoted by P,(Q2) and let P(Q2) :=
P1(£2). In this case, Miller-Mocanu theorem becomes

LEMMA 2.1. [14, Theorem 2.3i] Let 1) € P(2). If the function p € H[1,n] satisfies

{¥(p(2),2p'(2);2) : z € D} C Q,
then p € P.

Using Lemma 2.1, the following result is obtained which gives a condition in terms

of Qsr and Qcy for a function f to be in RST ().

LEMMA 2.2. Let o € [0,1) and f € A with f'(z) # 0. For Q C C, let W(Q2) be the
class of all functions 1) : C*> x D — C satisfying

1
w(a+iT,C+in;Z> ¢ (1,
for 7 € R, ¢ +1in € C with (a+i7)(C +in) € R and (a +i7)(C +in) > (3 —a)/2 +

72/(2(1 — @)). If ¢ € ¥(Q) and ¥ (Qs7(2),Qcv(2);2) € Q for every z € D, then
f € RST ().

Proof. If the function p : D — C is defined by

) p) =125 (5 o).

then p is analytic and p(0) = 1. Tt follows that f € RST («) is equivalent to p € P.
Rewriting (2) it can be seen that

(3) Qsr(2) =

1
(1—a)p(z) +a

A simple computation using (3), we get
1—(1—a)zp(z
(@) Qov(n) = LU D)

(1—a)p(z)+a’
Consider the transformation defined by

1 1-(1-a)s
U=-————andv=——"—"—"—.
(1-—a)r+a (1-—a)r+a
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Let the function © : C? x D — C be related to 1 as

B e = vl =0 (o o e

Therefore, by using equations (3), (4) and (5), it follows that

O(p(2), 2 (2); 2) = ¥(Qsr(2), Qev (2); 2),

and so by the hypothesis, it can be seen that O(p(z), zp'(2); z) € . Now, to prove
the result, it suffices to show that © € P(Q2). If r = ip and s = ¢ with p € R and
o < —(1+4p?)/2, then it follows that u = 1/((1—a)ip+a) and v = (1—(1—a)o)/((1—
a)ip+a). lfwelet 7= (1 —a)pand (+in=(1— (1 —a)o)/((1 —a)ip+ «a), then
u=1/(a+i7) and v = { + in. Further, it can be observed that

%z@%ﬂﬂ@+hﬂ:1—ﬂ—aw.
Thus, it follows that v/u € R and

1- ) 3—a (1—a)? 3- ’
(a+z’r)(§+in)21+( a)2(1+p): 20z+( 2oz)p: 2a+2(1r_a).

Therefore, by the hypothesis, it follows that
1
N\ o 0

which shows that © € P(Q2) and hence the result follows by Lemma 2.1. O

For various choices of 9, corresponding domain {2 is obtained such that ¢ € ¥(€) and
with the aid of this lemma, many differential inequalities and inclusions are obtained
that provide sufficient conditions for functions to be starlike of reciprocal order «.

THEOREM 2.3. Let 0 < « < 1. If the function f € A satisfies
ch(z) |:3 — )
———=ecC , 00
Qsr(z) <OV
for every z € D, then f € RST ().
Proof. Let the function ¢ : C?* x D — C be defined by 9(r, s; 2) := s/r. Then for

7€ Rand ¢+ in € C with (o +47)(( +in) > (3 —«a)/2+ 72/(2(1 — @)), it can be
seen that

3—« T2 3—«

1
o\ . NS S
¢(&+i77C+Z77,2) (a+i1)(¢ +1in) > 5 T M —a) = 2
Therefore, it follows that v € W(£;), where §2; is the region defined by @y =
C\[(3—«)/2,00). Also, by the hypothesis, we have ¥(Qsr(z), Qov(2);2) € Q.
Therefore, by Lemma 2.2, it follows that f € RST («). O

THEOREM 2.4. Let vy € (—=3/2,00) and «a € (a, 1) where ag = max{2(y+1)/(2v+
3),0}. Let

o < 2v+3

©) 5. (a) = 2(1 — )’ 0 = 2(v+2)
Y =92 — 2

vy+3 -« v+3 ca<l
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If the function f € A satisfies

Re(7Qs1(2) + Qov(2)) < d,(a)
for all z € D, then f € RST ().

Proof. If a function ¢ : C*> x D — C is defined by
s
w(raswz) _T(7+;) )
then, for 7 € R, (+in € C with (a+i7)((+1in) > (3—a)/2+7%/(2(1 — a)), we have

w(aj”,um;z) = aiw (v + (a +147)(C +in)),

and its real part is given by

) Rew (b ims) = S+ (o in)(C +in).

+ 7’ a? + 72
Then it follows that

1 a 3—a T2
R _— 7); > .
e¢<a+i7,(+m,z)_a2+72 (7—’_ 2 +2(1—oz))

Define ¢ : [0,00) — R by

(8) SO(t):oﬂoim(wrg;&jﬁut—oz))'

Then the first derivative of this function is given by

ron o 2a(y+2)—2y—3
A = Gag e ( 21— a) )

Thus ¢ is increasing when o > (27+43)/(2(v+2)) and hence attains minimum at ¢ = 0,
which is given by min p(t) = (27 +3 — «)/(2c). When o < (27 +3)/(2(y + 2)), ¢ is
decreasing and hence min (t) = limy;_,o, ©(t) = a/(2(1 — «)). Therefore, from (6), it
follows that Re (1/(a + i7),( +in; 2) > 6,(a), which shows that ¢ € W({2), where
Qy = {z:Rez < d,(a)}. From the hypothesis, we have (Qsr(z2), Qcv(2); z) € Qs.
Thus by Lemma 2.2, f € RST («) and hence the result follows. The existence of func-
tions satisfying the hypothesis is ensured if the inequality Re(7Qsr(2) + Qv (2)) <
() is satisfied at the origin. Then we must have v+ 1 < d,(«), that is v+ 1 <
a/(2(1 —a)) and v+ 1 < (2y+ 3 — a)/(2a). The inequality v+ 1 < «o/(2(1 — «))
can be rewritten as 2(y+ 1) < «(2y + 3) which gets satisfied since it is assumed that
a>ag> 2(y+1)/(2y + 3). Also, the inequality v+ 1 < (2y + 3 — a)/(2a) can be
rewritten as (1 — «)(2y + 3) > 0 which holds since v > —3/2. O

The sufficient condition for a function to be starlike of reciprocal order « in terms
of Q¢v is obtained by taking v = 0 in Theorem 2.4.

COROLLARY 2.5. Let 2/3 < a < 1. If the function f € A satisfies the inequality

« 2< <3
—7 J— a__
Re Qoy (2) < 21—-a)" 3 4
33—« 3< <1
- <«
200 4

for all z € D, then f € RST ().
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In [3], Banga and Sivaprasad Kumar have proved that if the function f € A satisfies

3—« 3
200 O<QSZ
9) ReQev(z) < o 3 o
— - <a
2(1—a)’ 4

for all z € D, then f € RST («). In the proof of this result, they considered the
function S(z) = (2> —2(2—a)z+1)/((1—2)(1+ (1 —2a)z). Instead of finding a half
plane contained in the image domain S(D), they have found a half plane containing
S(D). Corollary 2.5 serves as the correct version of their result.

THEOREM 2.6. Let o € [0,1) and v € R\[0,2]. If the function f € A satisfies
either the differential inequality

(10) Re%&‘f)(z)<a+@ for v > 2
ST

or

(11) Re%&‘;(z)>a+@ for v < 0
ST

for every z € D, then f € RST ().

Proof. Let the function ¢ : C?> x D — C be defined by

1
W(r, s;z) = i 7

r

For 7 € R and ¢ + in € C with (a +47)(¢ +1in) > (3 — a)/2 + 72/(2(1 — a)), it can
be observed that

Re@/)(

Then for v > 0,

a+i7,<+in;2) =Re(a+ it +y(a+i7)((+ 1)) = o+ y(a +i7)(C +in).

_ 2 .
R (O‘iiT’CHn;Z) Za+7<3 > 2(1T—a)> zat O 204)7.

Correspondingly, for v < 0,

1 - 33—« 72 (3—a)y
(13) Rew(aJriT,Cij,z)goHr’y( 5 +2<1_&>>§a+ 5
If Qg and €4 are the halfplanes defined by Q3 == {z € C: Rez < a + (3 — a)y/2}
and Q4 = {2 € C: Rez > a+ (3 — a)y/2}, then from the inequalities (12) and (13),
it is clear that for v > 0, ¢ € ¥(§3) and for v < 0, ¢ € ¥(§y). Further, from the
hypothesis, we have (Qs7(z), Qcv(2); z) € Q3 for v > 0 and ¥(Qsr(2), Qov(2); 2) €
Q4 for v < 0. Thus, the result follows by an application of Lemma 2.2. At the origin,
the inequality (10) reduces to (1 — «)(y — 2) > 0 which holds when v > 2. Similarly,
at the origin, the inequality (11) reduces to (1 — a)(y —2) < 0 which is true for
every v < 0. This ensures the existence of functions satisfying the hypothesis for
v € R\[0, 2]. O
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THEOREM 2.7. Let € [0,1) and f € A. For v > —a, if the function f satisfies
the differential inequality

1+9@s1(z) _ 2(a+1)
Qcv(z) 3—«
for every z € D, then f € RST ().

Proof. Define the function ¢ : C*> x D — C by

(14) Re

r (1
15 1z)=— | — .
(15) w5 =" (1 +1)
From the hypothesis, it follows by the definition of v that
2(a +
Re/(Qsr(2), Qev(2);2) > 2ot 1),

For 7 € R and ( +in € C with (a+i7)(C +1in) > (3—a)/2+72/(2(1 — o)), it follows
from (15) that

1 ) - a+y 2(1 — a)(a+7) 2(a+7)
Re¢(a+iT’C+ T ) (Oz—f-iT)(C—l—in)S(3—0[)(1—04)—1—7’2§ 3—a

since v > —a. This shows that ¢ € W(Q5) where Q5 = {z € C: Rez > 2(a+7)/(3—
«)}. Thus, the result follows by an application of Lemma 2.2. Furthermore, about the
origin, inequality (14) reduces to (3 +7)(1 — «) > 0 which holds since v > —a > —3.
This ensures the existence of functions satisfying the hypothesis. m

THEOREM 2.8. Let o € [0,1). For v > (o —1)/(3 — «), if the function f € A
satisfies either the differential inequality

Q*s7(2) +1Qcv (2) S 2
Qsr(2)Qcv (2) 3—«
for all z € D, then f € RST ().

Proof. Define a function ¢ : C*> x D — C by

Re

+ oy

-
U(r,s;z) = -+ 7
s T

For 7 € R, ¢ +in € C with (o +7)({ +1n) > (3 — a)/2+ 72/(2(1 — ), it can be
seen that

Rey (ﬁ,um; Z) o ((a+z‘7)1<<+z’n) H(QHTZ) |
2(l -«

=ay+ . — < +ay.
T aTin i S B-al-a e
If the function ¢ : [0,00) — R is defined by
21 -«
(10 olt) = o )

B—a)(l—a)+t
then its derivative is given by

2(1 — «)
(B—a)(l —a)+1t)?

P(t) = -



250 Madhumitha. S and Ravichandran. V

which is negative. Therefore, ¢ is decreasing and its maximum is given by ¢(0) =
2/(3 — ). Thus, it follows that ¢(1/(a + 1), +in; 2) € C\Qs where Qg = {2z € C:
Rez > ay+2/(3—«)}. From the hypothesis, we have ¥(Qgsr(2), Qcv(2); 2) € Qg for
every z € D. Hence, by an application of Lemma 2.2, the result follows. The existence
of functions satisfying hypothesis is ensured since the inequality in the hypothesis
holds at the origin for v > (o — 1)/(3 — «). O

THEOREM 2.9. Let o € [0,1). For v € (—2/(2 — «), 0], if the function f satisfies
the differential inequality

. Qs7r(2) +7vQcv(2) ay(3 —a)
Q51 (2) 2
for every z € D, then f € RST ().

(17) R

Proof. For v € (—2/(2 — «), 0], let the function ¢ : C> x D — C be defined by

1 s
¢(7’; =h Z) — ; +77’_2

For 7 € R, (+in € C satisfying the condition (a+i7)((+in) > (3—a)/2+72/(2(1—a)),

Re) (ﬁ,(—l—in; z) = Re((a+i7) +y(a+im)*(C+in)) = a+ay(a+it) (¢ +in).

Since v < 0, it follows that

_ 2 _
Rw( _ 3—a T )SQ+M.
o+ 1T

C—I—zn,z)§a+a7( 5 +2(1—a) 5
Let the region 2, be defined by €2, .= {z € C: Rez > a + ay(3 — «)/2}. From the
hypothesis, it follows that ¢(Qsr(z), Qov(2); 2) € €2, for every z € D. Therefore, the
result follows by an application of Lemma 2.2. Since v > —2/(2 — «), it follows that
l—a>—(1—a)(2—«a)y/2 which gives 1+~ > a+ay(3 —«)/2. Thus, the inequality
(17) hold at the origin and hence the existence of functions satisfying the hypothesis
is ensured. O

THEOREM 2.10. Let f € A and for a € [0,1) and v € R, let

o + M’ o Z §7
5 (a) _ 2a 4
! I .
“Toa—ay ‘7
If the function f € A satisfies either
200 2(1 — «)?
(18) Re(1/Qsr(2) + vQcv(2)) < d,(a) for v > max {;7 %}
or
, 2(1 — «)?
(19) Re(1/Qsr(2) + vQcv(2)) > () for v < min < 0, e

for all z € D, then f € RST ().
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Proof. Let the function ¢ : C?> x D — C be defined by

1
U(r,52) = -+

For 7 € R and ¢ +in € C satisfying (a +i7)(C +1in) > (3 —a)/2+72/(2(1 — a)), we
have
(20)

Reﬂ)< C+in;z>:Re<a+i7‘+
For v > 0, it is evident that

(21) Rew(a;é—kin;z)Za—i- il (3—a+ T2 )

avy(a+1i7)(¢ + in)
a? + 712 ’

(a +im)(¢ + in)) = a+

a+it’ a—+ 1T

+ a7 a? + 72 2 2(1 —«)
Let ¢ : [0,00) — C be defined by
ay 3—« t
22 = .
(22) () a2+t( 2 +2(1—a))

Its derivative ¢’ is given by
ay(4a — 3)
¢t = s 75

2(1 — a)(a? + 1)
which is non-negative for v > 3/4. Then, it is clear that ¢ is increasing and hence
attains its minimum at ¢ = 0 given by (3 — a)v/(2a). Further, for o < 3/4, it can
be observed that ¢'(t) < 0. Thus ¢ is decreasing and attains minimum as ¢ tends to

0o, which is given by ay/(2(1 — «v)). Therefore, it follows from the definition of d., ()
and (21) that

(23) Rey) ( i ) > 6, (a).

Similarly, for v < 0, we have ¢/(t) < 0 for « > 3/4 and ¢'(t) > 0 for a < 3/4.
Thus, the function ¢ defined in (22) is decreasing for o > 3/4 and hence max ¢(t) =
©(0) = (3—a)y/(2a). For a < 3/4, the function ¢ is increasing and hence attains its
maximum as ¢ tends to infinity, which is given by avy/(2(1 — «)). So, for v < 0, from
equation (20), it follows that

1 . ary 3—« T2
24 — ) < < .
(24) Re¢<a+i7,é+m72)_a+a2+72< 5 +2(1_a)>_57(a)

From the inequalities (18), (19), (23) and (24), it can be seen that ¥(Qgsr(2), Qcv(2); 2) €
Q, for every z € D and ¢ € ¥(Q,) where Q, = {z € C:Rez < J ()} for v >
max{2a/3, (2(1-a)?)/(3a—2)} and 0, == {z € C: Rez > d,(a)} for v < min{0, (2(1—
a)?)/(3a — 2)}. Therefore, it follows that f € RST (a) by an application of Lemma
2.2. At the origin, the inequality (18) becomes 1+ v < §,(«), that is,

a+1T

3 — 3
(25) 1+7<a+ﬂfora2—
o) 4
and
ay
26 1 < — f < —.
(26) + 7 a+2<1_a> or a <

The inequality (25) holds if v > 2a/3 and the inequality (26) holds if v > 2(1 —
a)?/(3a—2), which is true by the assumed conditions on «y. This ensures the existence
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of functions satisfying the inequality (18) in the hypothesis. Similarly, it can be shown
that the (19) holds at origin when v < 0 and v < 2(1 — «)?/(3a — 2).
O

THEOREM 2.11. Let a € [0,1) and f € A. For v € [-1/a,1/(2 — «)), if the
function f satisfies

(27)

Qov(2) ( g > (1+ay)B—a)
T T ant) T 2
for every z € D, then f € RST («).

Proof. Let the function ¢ : C?> x D — C be defined by
U(r,s;z) = s (1 + z) :
r r
For 7 € R and ¢ + in € C satisfying the condition (o 4 i7)(( +in) > (3 — «)/2 +
72/(2(1 — «)), it can be seen that

Rew (o Criniz ) = Rel(a+in)(C+in) (14 9(a-+i7)) = () o) (i)
Since v > —1/a, it follows that,
Re (a+i7,<+m;z> > (1+ay) (3;“ i 2(1Tj a)) > (1+a72)(3—a).

This shows that ¢ € U(€;) where Q; = {z € C: Rez < (1 + av)(3 — «)/2}. From
the hypothesis, it follows by the definition of ¢ that ¥(Qsr(2), Qov(2);2) € Q7 for
all z € D. Therefore, the result follows from Lemma 2.2. Furthermore, at the origin,
inequality (27) reduces to (2 — a)(1 — a)y < 1 — « which holds since 7 < 1/(2 — «).
This proves the existence of functions satisfying the hypothesis. O

THEOREM 2.12. Let a € [0,1). If the function f € A satisfies either

®  Regon <Q5i(z) y 7QCV(Z)) <a?+ E, fory > 2014 a)
or
1 1 (3—a)y
fe Qs7(2) (QST(Z) - 7QCV(Z)) >att 2 forv <0

then f € RST ().

Proof. For 0 < aw < 1, v € R\[0,2(1 + «)], define the function ¢ : [0,00) — R by
3—a t
t)=a®—t :
p(t) = a +7< 5 +2<1_a>>

Its derivative is given by ¢'(t) = —1 + v/2(1 — «) which is non-negative when ~ >
2(1—«) and negative otherwise. Thus, when v > 2(1—«), the function ¢ is increasing

and (3 )
: —a)y
t) = —ty 2T
téféf?o)“’() ¢(0) =a” + 5

When v < 2(1 — «), the function ¢ is decreasing and max p(t) = a* + (3 — a)vy/2.
Let the function 1) : C? x D — C be defined by

1 s

Wl s32) = 5+ -
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For 7 € R and ¢ + in € C satisfying (a +i7)(¢ +1in) > (3 —a)/2 + 7%/(2(1 — )),
(29)

Rew< _i.,<+zm )::Re«a+m0%vﬂa+m)@+mﬁ):(f_T%Fﬂa+ﬁg@+hﬁ_

Case (1) v > 2(1 4+ «). It can be clearly seen that v > 2(1 + «) > 2(1 — «). Thus,
in this case, it follows from equation (29) that

1 33—« 2 (3 —a)y
R _ = o(1?) > a2+
ew(&+.,4+zn,) o T+’y( 5 +2(1_a>) o(T%) > a*+ 5
Therefore, 1 € ¥(Qg) where Qg == {z € C : Rez < o® + (3 — a)y/2}. From
the hypothesis, it follows that ¥(Qgsr(2), Qcv(2);2) € Qg for every z € . Thus,
f € RST () by an application of Lemma 2.2. Further, at the origin, inequality (28)
reduces to

(3 —a)y

2
which can be rewritten as 1 — a? < (1 — a)y/2 which holds as it is assumed that
v > 2(1 + «). This proves that there exist functions satisfying the hypothesis.

Case (ii) v < 0. In this case, since 7 < 0 < 2(1 — «), from equation (29), it follows
that

1 3—« 72 (3 —a)y

R L <022 _ <22
w( i C—I—m,)_a Tﬂ( 5 +2(1_a)) p(7°) < ¥
Therefore, 1 € ¥(Qg) where Qg == {z € C: Rez > o? + (3 — a)y/2} and from the
hypothesis, ¥(Qsr(2), Qov(2);2) € Qg for every z € D. So, the result follows by
Lemma 2.2. Also, the existence of functions satisfying the hypothesis is ensured by
the assumed condition. O

l+y<a®+

THEOREM 2.13. Let a € [0,1) and v € R. If the function f € A satisfies either

) 9 (1, Q) gy [BoeErBman) )

Qsr(2) QST ) 4
Qov(2) Qov(2) B-a)2+(B3—-a))
(31) Qsr(2) <1 + VQST(Z>) e C\ (—oo, 1 } for v < 0,

in D, then f € RST ().
Proof. Let the function ¢ : C?* x D — C be defined by
S 5\ 2
W(r, s;2) = . + (;) .
Then for 7 € R and ¢ +in € C, with (a+47)(C +1in) > 3 —a)/2 + 72/(2(1 — @),

P <aii7,(+in;z) = (a +i7)(¢ +in) + y(a +i7)*(¢ +in)*

For v > 0, it can be observed that

1 - 3—« 72 3—« 72 ’
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It can be easily seen that the function ¢ : [0, 00) — R defined by
3—a n t
2 21—

p(t) =

is increasing and non-negative. Thus, for v > 0, the function ¢(t) + y(p(t))? is
increasing and hence attains its minimum at ¢ = 0 which is given by (3 —«)(2+ (3 —
a)7)/4. Therefore, it follows from the inequality (32) that

v (a +1 i & T ) > () + () > B 44— (B —a))

which implies that ¢ € ¥ (C\[(3 —a)(2+ (3 — a)y)/4,00)). Further, from the hy-
pothesis, it can be seen that ¥(Qsr(2), Qov(2);2) € C\[(3 —a)(2 + (3 — a)y)/4,00).
Thus, it follows that f € RST () by Lemma 2.2. Also, since v > 0 > 2/(a — 5), it
follows that 2(a — 1) < ((3 — a)? — 4)y which gives

3—a  (3—a)y

1+~ <
tYs 5t

This shows that the containment (30) holds at z = 0 which ensures the existence of
functions satisfying the hypothesis. Similarly, for v < 0, it follows that

v (a i Pl Z> < () + (e < B2 Z (B—ah)

which shows that ¢ € ¥ (C\(—o0, (3 — a)(2+ (3 — a)7)/4]). Also, from the hypoth-
esis, it can be seen that ¥(Qsr(2), Qev(2);2) € C\(—o0, (3 — a)(2 + (3 — a)v)/4],
from which the result follows by Lemma 2.2. Further, it can be shown that the con-
tainment (31) holds at origin which proves the existence of functions satisfying the
hypothesis. O]

THEOREM 2.14. Let a € [0,1) and v € R. If the function f € A satisfies either
2 4

Qcv(2) Qov(z) —a (B-«a
Qsr(2) Qsr(2) 2 4y
(34) Qev () (l—i-vQCV(Z)) e C\ {3_ +(3_a)2,oo) for v < 0

for every z € D, then f € RST («).
Proof. Define the function ¢ : C2 x D — C by

P(r,s;2) = £+7 (C)?

s
For 7 € R and ¢ +in € C with (a+47)(¢ +1in) > (3—«a)/2+72/(2(1 — @)), we have

N 1 v
4 (aﬂ'T’CHn’ Z) ~ (a+iT)(C+1in) * (o 4147)2(¢ +1im)?
For v > 0, it can be observed that
- 2(1 — «) 4y(1 — a)?
(G <a+z.T,C+'m,Z) < Ba)i—a)1 + Gl —a) 1]
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If the function ¢ : [0,00) — R is defined by
2(1 —a)
B—a)(l—a)+t
it can be seen that ¢ is non-negative and its derivative is given by
—2(1 —«
() = ((3— a)(<1 — a)) + 1)

Thus, the function ¢ is decreasing and attains its maximum at ¢ = 0 which is given
by 2/(3 — «). Therefore, it follows that

p(t) =

1 , 2 4
v (a n Z-T’“W) <o)+ (6 S 570+ G

which implies that ¢ € U (C\ (—o0,2/(3 — ) + 4v/(3 — «)?]). Further, from the hy-
pothesis, we have ¥(Qsr(2), Qov(2);2) € C\ (—00,2/(3 — ) + 47/(3 — «)?]. Thus,
it follows that f € RST («) by an application of Lemma 2.2. Similarly, for v < 0, it
follows that

- 2(1 - a) 45(1 = a)?
w(ww“m’ )Z G-al-a)+7  (B-a)(—a)+2)

= o(r) +7 (p()" 2 5 (3 iv&)?

This shows that ¢ € ¥ (C\ [2/(3 — a) +47/(3 — a)?,00)). It can be seen from the
hypothesis that ¥(Qsr(2), Qov(2);2) € C\ [2/(3 — a) + 47/(3 — a)?,00). Thus, the
result follows by Lemma 2.2. Further, it can be shown that the containments (33) and

(34) hold at origin which proves the existence of functions satisfying the hypothesis.
O

+

3. Sufficient conditions for functions to be in a subclass of RST («)

If the function ¢ is defined by w(z) := z, then ¢ € B and E(q) = (). For ( € 9D, it
can be observed that r = ¢(¢) = ¢ and s = m({q'(¢) = me® where § € R. The class of
admissible functions with respect to q(z) = z is the set of all functions ¢ : C*xD — C
satisfying ¥ (e, Ke?; z) ¢ Q for every z € D, where §# € R and K > n. Let this class
be denoted by B, (2) with B(€2) := B;(2). For this choice of ¢, Theorem 1.2 provides
the sufficient condition for a function to be bounded by unity.

LEMMA 3.1. Let ¢ € B(Q). If the function w € H[0,n| satisfies the differential
inclusion

{Y(w(z),zw'(2);2) : z € D} C Q,
then w € B.
Using this lemma, the following results are obtained that give sufficient conditions

for normalized analytic functions to satisfy the condition |f(2)/(zf'(2)) — 1] <1 — «
in unit disk D.

THEOREM 3.2. Let f € A and 0 < « < 1. If the function f satisfies the differential
inequality |Qcv (2)/Qsr(2) — 1| < 1—a forall z € D, then | f(z)/(2f'(2)) — 1] < 1—a.



256 Madhumitha. S and Ravichandran. V

Proof. For the function f € A, let w : D — C be defined by
1 f(z)
= —1].
(35) w(z) 1—« (zf’(z) )

Then it can be noted that |f(z)/(zf'(z)) — 1] < 1 — «a is equivalent to w € B. A
straightforward computation involving logarithmic derivative gives

2f"(z)  1—(1—a)zuw'(z)
'z (I—aw(z)+1°
Therefore, from equations (35) and (36), it follows that
Qev(2)
Qsr(2)
Let the function ¢ : C? x D — C be defined by
W(r,s;z) = —(1 —a)s.
For §# € R and K > 1, we have 1(e??, Ke?; 2) = —(1 — a)Ke. Thus, it follows that
[W(e” Ke?;2)| =1—alK >1—a,

and hence ¢ € B(D;_,). Further, from (37) and hypothesis of the theorem, it can be
observed that ¥ (w(z), zw'(2); z) € Dy_, for all z € D. Thus, by Lemma 3.1, it can be
concluded that w € B and accordingly the result follows. O]

(36) 1+

(37) —1=—-(1-a)zu'(2).

THEOREM 3.3. Let 0 < o < 1. If the function f € A satisfies |Qcv(z) — 1] <
2(1—a)/(2—«) for all z € D, then |f(2)/(zf'(z)) — 1| <1 —a.

Proof. For f € A, let w: D — C be defined as in equation (35). It can be seen

that
f(z)
2f'(2)

By simple computations, )¢y — 1 can be written in terms of w as

—(1—a)(zw'(2) + w(z))

1+ (1 —a)w(z) '
If the function ¢ : C? x D — C is defined by
—(1—=a)(r+s)
1+ (1—a)r ’
then from equation (38) and the hypothesis, it follows that ¥ (w(z), zw'(2);2) €
Dg(l_a)/(g_a). For 6 € R and K > 1,

; 0 v |—l=—a) A+ K)?| (1-a)1+K)
W<€9’K€0’2)‘ a 1+ (1— «a)e? 14+ (1 — a)e? Z

=(1—-o)w(z)+ 1.

(38) QCV(Z) — 1 =

W(r, s;2) =

)

2(1 — «)
2—«
which implies that ¢ € B (]D)Q(l,a)/(g,a)). Thus, by Lemma 3.1, we have w € B and

as a consequence, it follows that |f(z)/(zf'(2)) — 1] <1 —a. O

THEOREM 3.4. Let 0 < a < 1 and f € A. If the function f satisfies the inequality
Qcv(2) — Qsr(2)] < (1 —a)/(2—«) for all z € D, then |f(z)/(zf'(2)) — 1] <1 —a.
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Proof. Let f € Aand w : D — C be defined by equation (35), so that | f(z)/zf'(z) — 1|

< 1 — « is equivalent to w € B. The functions Qg7 and Q¢ are given by

1 1—(1—a)zw'(z)
N (e e A N (B Ea

Thus, it can be seen that

—(1—a)zw'(z)

(39) Qov(z) — Qsr(z) =

(1—a)w(z)+1
If a function ¢ : C?> x D — C is defined by
. (1 =a)s
¢<T,S,Z>— (1-0&)T—|—17
then for # € R and K > 1,
W’(@w, . ’ _ —(1—)Ke?| (1—a>K > 1 —a
(1—a)e? +1| [(1—a)e? +1] ~ 2—a

This implies that ¢ € B (D 1—a)/(2— ) Also, from equation (39) and hypothesis, it
can be noted that | (w(z),w'(2); z)| (1 —@)/(2 — «). Thus, the result follows by
an application of Lemma 3.1. O
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