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ABSTRACT. Let A be the class of analytic functions in the unit disk
U = {z : |z| < 1} that are normalized with f(0) = f’(0) — 1 = 0. Also,
let S*[A,B], -1 < B < A < 1, be the class of functions f € A, such

zf'(z) 14+Az
that 2250 < 7152,
paper we investigate the linear combination of the analytic representations

of starlikeness and convexity and give sharp sufficient conditions over the

differential operator , .
L)y (14 L)
f(2) I'(2)
that imply f € S*[A, B]. In that purpose we use the method of differential
subordinations. Several corollaries and examples for different choices of A,
B, a and b are given and comparison with previous known results is done.

where ”<” denotes the usual subordination. In this

1. INTRODUCTION AND PRELIMINARIES

Let A denote the class of functions f(z) that are analytic in the unit
disk U = {z : |z| < 1} and normalized by f(0) = f/(0) — 1 = 0. Further,
let f,g € A. Then we say that f(z) is subordinate to g(z), and we write
f(2) < g(z), if there exists a function w(z), analytic in the unit disk ¢, such
that w(0) =0, |w(z)| < 1 and f(z) = g(w(z)) for all z € U. Specially, if g(z) is
univalent in U than f(z) < g(2) if and only if f(0) = g(0) and f(U) C g(U4).
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A function f € A belongs to the class S*[A, B], where —1 < B < A < 1,

if and only if

zf'(z) 1+ Az

) 1t B:
Geometrically, this means that the image of U by zf’(z)/f(z) is inside the
open disk centered on the real axis with diameter end points (1 — A)/(1 — B)
and (14 A)/(1 + B). Special selection of A and B lead us to the following
classes:

- the class of starlike functions of order a, 0 < a <1: S*(a) = S*[1 —
2a, —1];

- the class of starlike functions: S* = S*[1,—1] = S*(0), with analytic
representation Re zf/(z)/f(z) > 0, z € U;

- the class of convez functions: f(z) is convex if and only if zf'(2) is
starlike, i.e., Re {1+ zf"(2)/f'(2)} > 0, z € U; and

- S*[e,0], 0 <« < 1: aclass defined by |zf/'(2)/f(2) — 1| < a, z € U.

One can note that S*[A, B] C S*((1— A)/(1 — B)).

The quotient of the analytic representations of convex and starlike func-
tions, i.e., the expression %, was studied in [7] and [6] as a criteria
for starlikeness and starlikeness of order a.. These results were generalized in
[8], where the same quotient was studied as a criteria for a function f(z) € A
to belong to the class S*[A, B]. In this paper we investigate the linear com-
bination of the analytic representations of starlikeness and convexity, i.e., the
differential operator

G(a,b, f;2) = az}“éiz)’) +0b (1 + Z]{//ES)) ,

and give sharp sufficient conditions that imply f € S*[A, B]. The criteria

obtained for different choices of A, B, a and b are compared with previous
known results. Implication

2f'(2)
75 =< q(2)

is already studied in [1], page 118, giving necessary conditions over ¢(z).
Therefore this work closes that subject.

For obtaining the main result we will use the method of differential sub-
ordinations. The general theory of differential subordinations, as well as the
theory of first-order differential subordinations, was introduced by Miller and
Mocanu in [2] and [3]. Namely, if ¢ : C? — C (where C is the complex plane)
is analytic in a domain D, if h(z) is univalent in U, and if p(z) is analytic in
U with (p(2), 2p'(2)) € D when z € U, then p(z) is said to satisfy a first-order
differential subordination if

(1) o(p(2), 2p'(2)) < h(2).

G(1—a,q,f;z) € S*[A, B]
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The univalent function ¢(z) is said to be a dominant of the differential sub-
ordination (1) if p(z) < ¢(z) for all p(z) satisfying (1). If g(z) is a dominant
of (1) and ¢(z) < ¢(z) for all dominants of (1), then we say that g(z) is the
best dominant of the differential subordination (1).

From the theory of first-order differential subordinations we will make use
of the following lemma.

LEMMA 1.1 ([3]). Let q(z) be univalent in the unit disk U, and let 6(w)
and ¢(w) be analytic in a domain D containing q(U), with ¢p(w) # 0 when
w € q(U). Set Q(z) = zq¢'(2)¢(q(2)), h(z) = 0(q(2)) + Q(2), and suppose that

i) Q(z) is starlike in the unit disk U; and

. zh'(2) _ 0'(q(2)) 2Q’(2)

i1) Re o) = Re {¢(q(z)) + 3% } >0,z€U.

If p(z) is analytic in U, with p(0) = ¢(0), p(d) C D and
(2) 0(p(2)) + 2p'(2)d(p(2)) < 0(a(2)) + 24 (2)$(q(2)) = h(2)

then p(z) < q(z), and q(z) is the best dominant of (2).

2. MAIN RESULTS AND CONSEQUENCES

In the beginning, using Lemma 1.1 we will prove the following useful
result.

LEMMA 2.1. Let p(z) be analytic in the unit disk U, p(0) = 1, 0 ¢ p(U)
and let a, b, A and B be real numbers such that —1 < B < A < 1 and
L+ ¢+ drtanz 2 0. If
zp'(2) 1+ Az b(A— B)z

p(2) = (a+b)1—|—Bz + (1+ Az)(1+ Bz) = hy(2)

then p(z) < iigz = q(z). Function q(z) is the best dominant of (3).

3) (a+bp(z)+0b

PROOF. We choose f(w) = (a 4+ b)w and ¢(w) = b/w. Then ¢(z) is
univalent in U; 6(w) and ¢(w) are analytic with domain D = C\ {0} which
contains ¢(U) and ¢(w) # 0 when w € g(Uf). Further,

b(A— B)z
(14 Az)(1+ Bz)

Q(z) = 2q'(2)d(q(2)) =

is starlike because for z = ¢, X € [~ 7], we have

Re 2Q'(2) _ Re 1— AB2? _ (1-AB)[1+AB+ (A+ B)cos |
Q(z)  (1+A2)(1+Bz) [1+ Ae??|2|1 4+ Bei?|?

Next, let h(z) = 0(q(2)) + Q(2) and z = e}, X\ € [~m,7]. Then

zh'(z) 1+ AB+ (A4 B)cosA 1494 1- AB 0

Q(z) [1+ Beir|2 b1+ Aer?2 ) —

Re
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Also, h(z) = h1(z), p(0) = ¢(0) = 1 and p(U) C D. Therefore, the conditions
of Lemma 1.1 are satisfied and concerning that subordinations (2) and (3) are
equivalent we receive the conclusion of Lemma 2.1. O

REMARK 2.2. Fora=1—a,b=a, A=1and B = —1 in Lemma 2.1 we
have an improvement of a result published in [1], page 251. The improvement
is made over the condition for a.. Namely, here we have condition a ¢ (—2,0)
and in [1] there is a > 0.

Putting p(z) = z}cé’;) in Lemma 2.1 we obtain a criteria for a function

f(2) to belong to the class S*[A, B].

THEOREM 2.3. Let f € A and let a, b, A and B be real numbers such
that =1 < B < A<1 and 1+ § + qf0z 2 0. If

(4) G(a7baf;z) = hl(z)
then f € S*[A, B]. Function }Ig’z is the best dominant of (4).

Theorem 2.3 can be rewritten in the following, equivalent form.

THEOREM 2.4. Let f € A and let A and B be such that —1 < B < A < 1.

If
: (B-4)z  _

or

' 14+ Az (A-B)z _
o G(l_a’a’f’z)<1—|—Bz+a(1+Az)(1+Bz):hB(Z)’

v (LHIAD

1-AB ')’

then f € S*[A, B]. Function iigz is the best dominant of (5) and (6).

PRrROOF. Equivalency of Theorem 2.3 and Theorem 2.4 follows from the
fact that either a +b = 0 or a + b # 0. In the first case, after dividing both
sides of subordination (4) with a we receive subordination (5). Similarly, in
the second case, a+ b # 0, after dividing both sides of subordination (4) with

a+ b and putting o = a_l:_b we obtain subordination (6). O

Choosing appropriate values of A and B in Theorem 2.4 we receive the
following examples.

EXAMPLE 2.5. Let f € A.

i) IfG(1,—-1, f;2) < =125 then f € S*. (A = 1and B = —1 in Theorem
2.4);

i) If0 < B < Land G(1, -1, f;2) < —g—siiiiagyg then f € S*(8).
(A=1-20 and B = —1 in Theorem 2.4);
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iii) If 0 <y < 1and G(1, -1, f;2) < —35; then [2f'(2)/f(2) — 1] <,

z€U. (A=~ and B= -1 in Theorem 2.4);
iv) If a ¢ (=2,0) and G(1 — o, v, f;2) < T2 + 222 then f € S*. (A=1
and B = —1 in Theorem 2.4);

VWI0<B<1,ad (_%,0) and G(1—a, a, f;2) < 02002 4

% then f € S*(8). (A=1-28 and B = —1 in Theorem
2.4); and

vi) f0<y<1l,a¢ (—(1+’y)2,0) ,and Gl—a,a f;2) < 1+vz+ 10-?72

then |zf'(2)/f(z2) = 1| <,z €U. (A=~ and B =0 in Theorem 2.4).

REMARK 2.6. Results (v) and (vi), v = 1, from Example 2.5 improve the
results from [4] and [5], respectively, since the last ones are stated only for
a > 0.

Next, using Theorem 2.4, we study the modulus of G(a,b, f;z) as a suf-
ficient condition that implies f € S*[A, B].
COROLLARY 2.7. Let f € A and let A and B be such that -1 < B < A <
i
A-B
1+ AN +[B])
then f € S*[A, B]. This result is sharp.

(7) IG(1, -1, f;2)] < =0

PROOF. From min{|hz(e*)|: A € [~, 7]} = J; we obtain that inequality
(7) implies subordination (5) and further f € S*[A, B]. The result is sharp as
the function

[ 2(14+Bx)A=B/B B +£0
(8) f(Z) - { f(Z) — ZEAZ, B=0
shows, since f € S*[A, B] and ‘G(l, -1, f; e”‘)’ = 41, for appropriate choice
of A € {0,7}. 0

COROLLARY 2.8. Let f € A, a > 0 and let A and B be such that —1 <

B < A< 1. Also, let us define two sets of conditions:

(a) AB <0, 4AB < (A+ B)(1+ AB) < 4A|B|, a > af;

(b) AB <0, (A+ B)(1+ AB) >4A|B|, o} < a < a}.
Here o and o’ are the bigger real roots of the equations n(A, B;a) = aja? +
bia+c1 = 0 and n(—A, —B;a) = 0, respectively, where a; = A(1 — B)? +
B(1—A)?, b =(1-A)JA1-B?)(1+A)+2B(1—A)% and ¢c; = B(1 — A)%.
Further, let

A(l4+a .
(A+B)(14(-AB))+4ABt* , if (a) or (b) holds,

i l+a_A 14a+A _
mm{(l—A()x(l—B)’ (1+A§¥(1+B)} ) otherwise,

0y =
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where

P A 1+a VaBl+a-A)(1+a-AB)(B(l+a)—A)
T 2(1+a) 24 2AB(1+ «)

Under this notations, if

(9) G(L— a0, f;2) 1] < (A - B)&

then f € S*[A, B]. This result is sharp.

PROOF. In order to prove f € S*[A, B] it is enough to show that inequal-
ity (9) implies subordination (6), i.e., to show that min{|hs(e®*) — 1] : X €
[-7, 7]} = (A — B)d2. Thus, we will study the minimum of the function ¥(t)
defined by
s (I+a)?+ A2+ 24t(1 + )

(14 2At + A?)(1 + 2Bt + B?)
t =cos A € [—1,1], and show that A = min{¥(¢) : t € [-1,1]} = 3.
First we note that ¥(¢) is continues function at any ¢t € (—1,1) and the

|hs(e™) —1* = (A - B) =(A-B)*- (1),

equation ¥'(t) = 0 has only two solutions t12 = (A4, a) £ W‘/Ea), where

(A, a) = —ﬁ — 52 and D = aB(1 +a — A?)(1 + a — AB)(B(1 +

a) — A). Even more, if both solutions are real then at least one of them

lies outside the interval (—1,1) because of |p(A,a)| = 1 + %. So,
U(t) is ether monotonous function, or has only one local extremal point on
(—1,1). Consequently, ¥(t) attains its minimal value at some interior point
t. € (—1,1) if and only if ¥(¢) has local minimum on (—1,1), i.e., if and only
if

2 '77(A7B§a) 2 77(_147 —B;Oé)
\IJ/ —1 = - d \I/I 1 =
=gy <" ™ YOy e "
or equivalently
(10) n(A,B;a) >0 and n(—A,—B;a) > 0.

It remains to show that inequalities (10) hold if and only if one of the disjoint
sets of condition (a) or (b) is satisfied.
If we rewrite (A, B; a) as

(A, B;a) = Aa(l1 — B)?*(14+a — A?) + B(1 — A)?*(1 + a — A)?

than it is easy to verify that necessary condition for the inequalities (10) is
—-1<B<0<A<1,ie, AB<O.
Next, let AB < 0. Then

a1 —by=[2-(1-DB)?*|A> - B[54 —2(1+ B)A+1] >0

and ¢; < 0. Thus, simple analysis of the quadratic function n(A, B; «) shows
that when o > 0,

(11) n(4,B;a) >0 < a1 >0anda>aj,
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where a; > 0 < 4AB < (A+ B)(1 + AB) and «f is the bigger real
root of the equation n(A, B;a) = 0 solved for «, while the smaller root is
negative. Indeed, if by < a1 < 0 then n(A4, B;a) < 0 for any a > 0, because
n(4, B;0) = ¢1 < 0 and because the parabola n(A, B; «) is concave upward
with zeros «q and a9 such that ayas = % >0and a1 +ay = —% <0, ie.,
ay,ag < 0.

Similarly, if AB < 0, for the quadratic equation n(—A, —B;a) = asa? +
boa + cg with az = —A(1 + B)? — B(1 + A)?, by = (1 + A)[-A(1 — B?)(1 —
A) —2B(1 + A)?] and ca = —B(1 + A)*, we have n(A, B;0) = ¢ > 0 and
by —az = [2 — (1 + B)?]A3 —5BA? — 2B(1 — B)A — B > 0. Therefore, when
a > 0, inequality n(—A, —B;a) = asa? + baa + c2 > 0 has two solutions.
First one

(12) a>0 when ag >0,

since by > as > 0 implies that the parabola n(—A, —B;«) is concave down-
ward with vertex on the left side of the y-axis, and the second one

(13) a<a; when ag <0,

where a is the bigger real root of the equation n(—A, —B;a) = 0, true
because az < 0 implies that the parabola n(—A, —B;«) is concave upward
with one positive and one negative zero, due to n(—A,—B;0) > 0. Here
as > 0 if and only if (A+ B)(1+ AB) < 4A|B|.

Finally, conditions (11), (12) and (11), (13) can be sublimated into
the conditions (a) and (b), respectively. The second is possible because
n(—A,—B;a;) = —8AB[A? + (1 + a3)?] > 0 implies af < aj.

From the above analysis we can say that inequalities (10) hold if and only
if (a) or (b) is satisfied.

The sharpness of the result can be verified using function f(z) defined by
(8) such that f € S*[A, B] and |G(1 — o, f;e) — 1| = 5 for appropriate
choice of \, cos A € {—1,t,,1}. O

If AB > 0 the corollary is much simpler.

COROLLARY 2.9. Let f € A, a > 0 and let A and B be such that —1 <
B<A<1and AB > 0. If
14+ a+|4]

G —asa fi2) =1l < (A= B)goana+ 18]

then f € S*[A, B]. This result is sharp.

The following example exhibits some concrete conclusions that can be
obtained from the previous corollaries by specifying the values A and B.

ExAMPLE 2.10. Let f € A and o > 0. The following results are sharp.
i) If |G(1,-1,f;2)| < 1/2, z € U, then f € S*. (A=1and B=—1in
Corollary 2.7);
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ii) If 0 < B8 < 1/2 then |G(1, -1, f; 2)| < 1/2, 2 € U, implies f € S*(B).
(A=1-20and B = —1 in Corollary 2.7);

i) I 1/2 < 8 < 1 then |G(1,—1, f;2)| < 152, 2 € U, implies f € S*(B).
(A=1-20 and B = —1 in Corollary 2.7);

iv) If 0 < v < 1 then |G(1,-1,f;2)] < 1 — ﬁ, z € U, implies
Z,{QS) - 1’ <7v,z€U. (A =vand B=0in Corollary 2.7);

v) |GA —aya, f;2) =1 <1+ a, z € U, implies f € S*. (A =1 and
B = —1 in Corollary 2.8);

vi) If1/2 < 8 < 1 then |G(1 — a,a, f32) — 1| < (1 — ) (1—}—%),267/{,

v

implies f € S*(8). (A=1-2p and B = —1 in Corollary 2.9);

i) 0 <~ <1 then |G(1 —a,a, f;2) — 1 §7(1+%),z€u, implies

% — 1’ <7v,z€U. (A=~ and B =0 in Corollary 2.9);

REMARK 2.11. The results (v) and (vii), v = 1, of Example 2.10 can be

found on pages 252 and 257 in [1], respectively.

(1]
(2]
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