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Index of notations

() - the real part of the complex number «
Im(«) - the imaginary part of the complex number «

Sets:
C - the complex plane
Coo = CU {00} - the extended complex plane
C* - the set of non-zero complex numbers
R - the set of real numbers
N7 - the set of non-zero natural numbers except 1
C, - the image of the circle {z € C : |z|] = r,0 < r < 1} under an holomorphic
function f
U - the interior of the unit disk where U := {2z € C: |z| < 1}
Ug - the disk of radius R
U* - the interior of the unit disk with a hole where U* = U — {0}
Ul(zo; R) = U(zo, R) — {2} - the punctured disk centered at z, with radius R > 0
H(U) - the set of holomorphic functions in the unit disk
H,,(U) - the set of univalent (holomorphic and injective) functions in the unit disk
E(q) - the exceptional set, E(q) = {¢ € 90U : lim,_,¢ q(z) = 00,¢'({) # 0, € OU \ E(q)}
U - the closed unit disk
Ula,r) ={z € C:|z—al <77 >0} - the closed unit disk centered at a with radius
r

Q - the set of functions that are holomorphic and injective on U \ E(q)

W - the exterior of the unit disk, W ={z€ C:1 < |z] < o0}

U~ - the exterior of the open unit disk, U~ ={z € Cy : |2| > 1}

Wg - the exterior of the unit disk of radius R, Wgr = {2z € C: |z| > R}

Simple pole - an isolated singularity zq of a function f € H(U) where 3lim, ., f(z) =
oo and f can be extended at zy by defining f(z) = oo

Classes and subclasses:
A - the class of analytic functions defined on U, normalized with the conditions:
F(0)=0=f(0)—1-p. 12
S - subclass of class A, containing univalent functions from U* - p. 12
O - the class of analytic functions defined on the exterior of the unit disk - p. 12
> - subclass of O containing univalent functions - p. 12
O, - subclass of O containing meromorphic and injective functions - p. 12
O; - subclass of O - p. 12
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U,,[€2, g] - the class of admissible functions - p. 19

T - subclass of class S - p. 22

T5 - subclass of class T - p. 22

T, - subclass of class T5 - p. 22

S(p) - subclass of class A - p. 22

V' - subclass of univalent functions of O - p. 22

V; - subclass of V - p. 22

¥;(p) - subclass of O - p. 22

S* - the class of holomorphic star-like functions in U - p. 25

S¢ - the class of holomorphic and convex functions in U - p. 27

S*(a) - the class of meromorphic star-like functions of order « - p. 28

S¢(a) - the class of meromorphic convex functions of order « - p. 28

Y, - the class of meromorphic functions ¢ with a single pole (simple) ¢ = oo and
univalent in U™ - p. 31

Yo - the class of functions that do not vanish in the exterior of the unit disk - p. 31
>* - the class of star-like functions in the exterior of the unit disk - p. 33

3¢ - the class of convex functions in W that do not vanish in U~ - p. 33

Sk(a) - the class of meromorphic convex functions of order a - p. 33

Ok () - the class of meromorphic convex functions of order 7y - p. 50

O3 (%) - the class of meromorphic and injective functions of order v - p. 51

O; () - the class of meromorphic, injective, convex and star-like functions of order
1

Operators:
14 - Alexander integral operator - p. 34
L - Libera integral operator - p. 34
I, - Bernardi integral operator - p. 34
Jy - Integral operator introduced by W. M. Causey - p. 34
L, - Libera-Pascu integral operator - p. 35
I,,(z) - Integral operator introduced by P. Dicu - p. 35
F,, 3 - Integral operator introduced by N. Seenivasagan and D. Breaz - p. 35
Operator Fs(f,g)(z) - p. 42
Operator F, 3(z) - p. 44
Operator G, (f,g)(2) - p. 46
Operator Gy, g(z) - p. 47
Operator G(2) - p. 52

Operator K, g)(2) - p. 52
Operator G, g(z) - p. 52
Operator G,,1(2) - p. 59

Operator E(z) - p. 61
Operator T,, g(z) - p. 64
Operator T, 1(z) - p. 65

Theorems, Corollaries, Lemmas:
Theorem of analyticity of holomorphic functions - p. 13
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Area theorem - p. 14

Coefficient bounding theorem for functions in X - p. 14

Bieberbach’s theorem on the coefficient ay - p. 14

Schwarz’s general lemma - p. 14

Schwarz’s lemma - p. 15

Lindelo6f’s subordination principle - p. 16

Differential subordination method - p. 17

Deformation theorem - p. 25

Alexander’s duality theorem - p. 27

A. Marx and E. Strohhéacker’s theorem - p. 27

Duality theorem between the classes S*(«) and S* - p. 29

Deformation theorem for the class S¢(«) - p. 29

Deformation theorem for the class S*(«) - p. 30

Analytic characterization of star-shapedness of meromorphic functions - p. 32
Analytic characterization of convexity of meromorphic functions - p. 33



Introduction

Complex analysis, also known as the analysis of functions of complex variables,
has a history spanning several centuries and is closely related to the development of
mathematics.

The concept of complex numbers began to emerge in the 16th century, primarily
due to the works of G. Cardano, who addressed the solutions to cubic equations,
where he encountered square roots of negative numbers.

Between the 16th and 17th centuries, mathematicians such as R. Bombelli began
to accept imaginary numbers (i, where i? = -1) and use them in calculations. The
definition of complex numbers as ordered pairs of real numbers was introduced in
1836 by W. Hamilton. As stated by academician S. Marcus, ”Complex numbers
were not introduced simply out of a desire to extend the concept of numbers, but
because mathematics, mechanics, and physics needed these numbers.”

In the 18th and 19th centuries, complex analysis started to take shape as an
essential part of mathematics, with significant contributions from L. Euler and A.
L. Cauchy.

Cauchy formulated the fundamental theorem of complex analysis, which estab-
lished connections between analytic functions and their integrals.

Complex analysis is one of the disciplines where the Romanian school of mathe-
matics made important contributions, and it is also one of the classical branches of
mathematics with wide applications in various fields of science and technology. Two
important directions of complex analysis are the theory of conformal representations
and the geometric theory of analytic functions.

The theory of functions of complex variables evolved in the 19th century, with the
development of concepts such as holomorphic functions and the theory of residues.
These notions are essential for evaluating complex integrals and applying complex
analysis in other fields such as physics.

At the beginning of the 20th century, mathematicians such as H. Poincaré and K.
Weierstrass extended the theories of complex analysis, and their applications spread
into theoretical physics, engineering, and even communication theory.

The geometric theory of functions of a complex variable took shape as a distinct
branch of complex analysis in the 20th century, thanks to important works in this
field by mathematicians such as P. Kéebe (1907), T. H. Gronwall (1914), J. W.
Alexander (1915), and L. Bieberbach (1916).

Today, numerous treatises and monographs are dedicated to the study of univa-
lent functions, including works by P. Montel, Z. Nehari, L. V. Ahlfors, Ch. Pom-
merenke, A. W. Goodman, P. L. Duren, D. J. Hallenbeck, T. H. Mac Gregor, S. S.
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Miller, and P. T. Mocanu.

The problem of extending results from the geometric theory of functions of one
complex variable to multiple complex variables was first formulated by H. Cartan
in the appendix of P. Montel’s book published in 1933. The extension of geometric
properties for biolomorphic applications was initiated between 1960 and 1980 by
Japanese mathematicians I. Ono, T. Higuchi, K. Kikuchi, and was revisited in the
last two decades by J. A. Pfaltzgraff, T. J. Suridge, C. FitzGerald, S. Gong, I.
Graham, G. Kohr, H. Hamada, P. Liczberski, P. Curt, T. Bulboaca, D. Breaz, M.
Acu, Gr. St. Salagean, R. Szasz, L. I. Cotirla, D. Raducanu, B. Arpad, N. N. Pascu,
and others.

In the work [8] (1916), L. Bieberbach formulated his famous conjecture, which
bears his name, in which he demonstrated the exact estimate of the coefficient as
for functions in the class S, normalized and univalent functions in the unit disk U
of the complex plane, that is, |as| < 2.

Bieberbach’s conjecture, namely: if f(z) = z + ap2®> + a32®* +--- € S,z € U,
then |a,| < n, with equality if and only if f is a rotation of Koebe’s function, was
proven only in 1984 by Louis de Branges [11], during which research in the field of
univalent functions was significantly propelled, one of the directions being the exact
estimation of the coefficients for various subclasses of univalent functions.

At the same time, new research methods appeared and were developed, such as:
L. Lowner’s parametric method, the variational methods initiated by M. Schiffer [70],
G. M. Goluzin [25], K. Sakaguchi [69], methods based on H. Grunsky’s inequalities
[29] and G. M. Goluzin’s [26], the extreme functions method by L. Brickman [18],
[19] and T. H. MacGregor [37], etc.

Romanian mathematicians also played an important role in the development of
this field of mathematics.

G. Calugareanu is the creator of the Romanian school of univalent function
theory, which obtained the first necessary and sufficient conditions for univalence
expressed with the help of coefficients, and P. T. Mocanu introduced the concept
of a-convexity, addressed the problem of injectivity for non-analytic functions, and
developed, together with S. S. Miller, the well-known method of studying certain
classes of univalent functions, called the "method of admissible functions,” ”the
method of differential subordinations,” and more recently, "the theory of superdif-
ferential subordinations.”

The theory of univalent functions is important due to its numerous applications
in various branches of natural sciences, such as theoretical physics (especially fluid
mechanics, electricity, and heat theory) and engineering, as well as in many branches
of mathematics, such as algebra, analytic number theory, differential equations, etc.

Integral operators were studied starting with the 20th century by several mathe-
maticians, including J. W. Alexander, R. Libera, S. Bernardi, S. S. Miller, and more
recently, P. T. Mocanu, M. O. Reade, R. Singh, R. Sijuk, E. Deniz, M. Caglar, H.
Orhan, G. Murugusundaramoorthy, L. I. Cotirla, A. K. Wanas, and others.

The study of integral operators has seen continuous development, yielding many
remarkable results over time.

In the work ”Geometric Theory of Univalent Functions” [45], the authors T.
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Bulboaca, P. T. Mocanu, and Gr. St. Salagean mention important results obtained
from the class of univalent functions outside the unit disk, such as: ” Area Theorem,”
”Coefficient Delimitation Theorem for Functions in the Class 3,” and the definitions
of the classes of star-like and convex functions outside the unit disk.

These represented the starting point for the present work ”Integral Transforma-
tions for Certain Classes of Univalent Functions,” in which two chapters entirely
cover the results related to the study of properties of univalent functions inside the
unit disk and properties of meromorphic functions defined outside the unit disk.

In this work, new results were obtained regarding some subclasses of analytic
functions. Properties of univalence, stellarity, and convexity are studied, both for
known integral operators and for new integral operators.

The work includes an index of notations, an introduction, three chapters, con-
clusions, and a bibliography.

The first chapter, entitled "Basic Concepts and Preliminary Results,” contains
6 paragraphs where basic concepts regarding functions of a complex variable and
integral operators are introduced. These concepts will later be used in the proofs of
the results in this work.

Thus, the notions of: holomorphic function, analytic function, univalent func-
tion, as well as the General Schwarz Lemma, which plays a key role in proving the
main results, are defined. Furthermore, the main notions related to subordinations,
the method of differential subordinations, and the class of admissible functions are
described.

Next, several special classes of univalent functions are presented, including the
class of star-like functions, the class of convex functions, the class of star-like func-
tions of a certain order, and the class of convex functions of a certain order.

In the last two paragraphs of this chapter, some criteria for univalence and
known integral operators in the literature are presented, concepts that will be used
in proving the results of the following chapters.

Chapters two and three are dedicated to the contributions brought by the author
in the field of Geometric Theory of Functions, some of the results being published,
while others have been submitted or accepted for publication.

Chapter titled ”Properties of Certain Univalent Integral Operators” contains, in
the first subsection, the study of certain particular cases of the integral operator
Fs(f,9)(z) obtained in the paper ”Properties of a New Integral Operator” by R.
Bucur, L. Andrei, and D. Breaz. The author of this thesis also contributes by
improving the conditions for univalence and membership of the operator Fj(f,g)(z)
in the class 5.

In section 2.2, the univalence conditions of the integral operator F, s(z) are
discussed.

By applying N. N. Pascu’s Criterion and Schwarz’s General Lemma, new prop-
erties of this operator were found, which was introduced in the paper Mapping
properties of a new Integral Operator by P. Dicu, R. Bucur, and D. Breaz.

Several univalence conditions of a new integral operator Gg.(f,g)(%) are pre-
sented in section 2.3, the proofs of which were carried out with the help of N. N.
Pascu’s Criterion and Schwarz’s Lemma.
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A univalence criterion for the operator G, 5(z) is given in section 2.4, where it
is defined as a generalization of the function of the given operator from section 2.2
of this work.

The following chapter, titled ”Properties of certain classes of meromorphic func-
tions defined on the exterior unit disk”, contains seven sections, in which properties
and univalence conditions of meromorphic functions, respectively integral operators
defined on the exterior unit disk, are described. The author has found sufficient
conditions for univalence, convexity, and stellarity, conditions on the coefficients of
certain classes of univalent meromorphic functions defined on the exterior of the
unit disk, and for various subclasses of analytic functions, with examples provided.

In section 3.1, the properties of functions from the class of injective meromorphic
functions of order 7, Of(7), and functions from the class of convex meromorphic
functions of order 7, Ox(v), are studied. Univalence conditions of certain integral
operators formed from functions defined on the exterior unit disk are presented in
sections 3.2, 3.3, and 3.6. The operators mentioned in the previous sections were
formed starting from the operator F,, s(z) introduced by N. Seenivasagan and D.
Breaz in the paper [71], and the obtained results were published in journals such
as Afrika Matematika [55], Journal of Advanced Mathematical Studies [57], Studia
Universitatis Babeg-Bolyai Mathematica [58].

In section 3.5, certain values of the coefficients of the integral operator E(z)
were obtained, which represent a particular case of the operator G,, g(z), proving
the membership of the operator E(z) in the class of meromorphic star-like functions
of order 0, O7(0). These results were published in the journal General Mathematics
[56].

The thesis concludes with a bibliography containing 77 titles, of which ten works
are authored by the author, four of them being published, and six submitted or
accepted for publication in prestigious journals in the field of Geometric Function
Theory, both in the country and abroad, with results also presented at conferences.
The paper ”Univalence properties of an integral operator” was presented at the
scientific event: ”13th Joint Conference on Mathematics and Informatics, ELTE,
Hungary, 1-3 October, 2020.”

In conclusion, I would like to thank Prof. Univ. Dr. Valer Daniel Breaz for his
guidance, support, and encouragement throughout the development and writing of
this thesis.

I would also like to thank my colleagues with whom I collaborated in the study
and development of the subject discussed.



Chapter 1

Notions and preliminary results

In this chapter, basic notions and results used in the development and proof of
the found results are presented.

1.1 Definitions and notations

Let C be the set of complex numbers. The interior of the unit disk is denoted
by U = z € C:|z| <1, and the punctured interior of the unit disk is denoted by
U*r=2€C:0<|z] <1=U—0. The punctured disk centered at z, with radius
R > 0 is denoted by U(zy: R) = U(zo, R) — 2.

The set of holomorphic functions in the unit disk U is denoted by H(U), and the
set of univalent (holomorphic and injective) functions in the unit disk U is denoted
by H,(U).

Definition 1.1.1. [45] Let D C C be an open set. A complex function f: D — C
is called holomorphic on D if f is differentiable at every point zy in D.
The set of all holomorphic functions on D is denoted by H(D).

Definition 1.1.2. [45] Let M C C be any set. A function f : M — C is called
holomorphic on the set M C C if there exists an open set D that contains M such
that f is holomorphic on D.

A holomorphic function on C is called an entire function.

Definition 1.1.3. [30] Let f be a holomorphic function on the open set G C C. A
point a € G is called a zero of f if f(a) = 0. If there exists an n € N* such that
fla) = f'(a) = --- = f"V(a) = 0 and f™(a) # 0, then a is called a zero of order
n of the function f. If n =1, a is called a simple zero.

Definition 1.1.4. [30] Let f be a holomorphic function on the open set G C C. A
point zy € C is called an isolated singular point of the function f if zy ¢ G, but there
exists a punctured neighborhood of zy included in G, i.e., there exists an R > 0 such

that U(zp; R) C G.

Definition 1.1.5. [30] An isolated singular point zo of the function f € H(G) is
called a pole if lim,_,,, f(z) = oo; it is called an essential singular point if f does
not have a limit at z.

11
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If 2y is a pole of the function, then f can be extended to zy by defining f(z) = 0.
In this way, the function becomes continuous at z; in the topology of C.

Theorem 1.1.1. [30] If zy is an isolated singular point of the function f € H(G),
then the following statements are equivalent:

a) zp s a pole.
b) 2o is a regular point and specifically a zero of %

c) There ezists a unique n € N* such that in a punctured disk centered at zy, the

eTpansion
a_n —1 =
= n(z —20)" an # 0, 1.1
M@= +z—zo+n§“<z 20)", Ay # (1.1)
holds.

d) There exists a unique n € N* and a unique function g € H(G U zy) such that

9(z0) # 0 and
f(z) = (2 —20)"g(2),Vz € G. (1.2)

Let A be the class of analytic functions defined on the interior of the unit disk,
normalized with the conditions: f(0) =0 and f'(0) = 1.

The exterior of the unit disk is denoted by W =z € C, : |z] > 1.

Let O be the class of analytic functions g defined on the exterior of the unit disk.

The subclass of O that contains univalent functions in W is denoted by ..

Let O; be the subclass of O containing meromorphic, normalized, and injective
functions with a unique simple pole at z = co in W, which have a Laurent series
expansion of the form

g(z) :Z+Zﬁ’1< |z| < o0, (1.3)
k=3
with g(00) = oo and ¢'(c0) = 1.
The subclass of O that contains functions of the form

— by
z)=z+ —,7€NI"=N-0,1, 1.4
)=+ 3 G (1.4)
is denoted by Oj.
Let S be the subclass of class A, which contains univalent functions on the unit
disk satisfying the conditions: f(0) =0 and f'(0) = 1.
We will denote by S = f € A: f is univalent in U.

Property 1.1.1. [/5] Every function f € A admits a power series expansion of the
form

fz)=z+ iakzk,z eU. (1.5)

k=2
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Definition 1.1.6. [45] A holomorphic and injective function on a domain D in C
is called a univalent function on D.
The set of univalent functions on D is denoted by H, (D).

Definition 1.1.7. [/5] Let f : D — C,zy € D. We say that the function f is
analytic at the point zy or can be expanded in a Taylor series at zy if there exists a
disk,

U(zo,r) ={z2 € C:|z— 2| <r} C D such that f is the sum of a Taylor series,

1.6e.:
oo

f(z)= Z%(Z —20)", 2z € Uz, 7).

We say that f is analytic on the domain D if it is analytic at every point in D.

Theorem 1.1.2. [45] (Theorem of the analyticity of holomorphic functions) A func-
tion f: D — C is holomorphic on D if and only if f is analytic on D.

Theorem 1.1.3. [45] If f € H,(D), then f'(z) #0,Vz € D.

The converse of this theorem is not generally valid, as can be seen from the
example of the function 2z — e*, which is not univalent on C although its derivative
does not vanish at any point in C.

Note that for real differentiable functions, the non-vanishing of the derivative on
an interval is a sufficient but not necessary condition for injectivity, as shown by the
example z — 23(z € R).

This essential difference between the complex case and the real case is explained
by the fact that for complex functions, the mean value theorem of Lagrange does

not hold.

Theorem 1.1.4. [45] If the function f is holomorphic in U and |f(z)| < 1 in U,
then for any € € U and z € U the following inequalities hold:

f(€) — f(») {2
EerE ) "
and: . )
1f'(2)] < ;_'#fj@' (1.7)

Equality holds in the case where the function is:

e(z+1)
1+tz’

fz) =

where |e| =1 and |t| < 1.
Observation 1.1.1. [45] For z = 0, the inequalities from Theorem 1.1.4 become:

1€) = 1(0)
1 T0)/(©)

‘ < [¢], (1.8)
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" €]+ 1£(0)
PR o 1.9
s < ELOL (19)
Considering f(0) = a and £ = z, we get:
2| + |al
1f(2)] < m,vz eU. (1.10)

An essential result from the theory of univalent functions is the Area Theorem,
obtained by L. Bieberbach [9], [8], and later by T. Gronwall [27].

Theorem 1.1.5. [{5] (Area Theorem) If g(2) = 2+, Y% is a function from the
class Oy, then the area is:

E(g)=mn (1 - iklbﬁ) >0, (1.11)

k=1

where U~ ={z € C : |2| > 1} and E(9) = C —g(U™).
Therefore, > klbi|* < 1, and the area is understood in the sense of the two-
dimensional Lebesgue measure.

Using the area theorem, the following bound on the coefficients of functions from
the class X is deduced.

Corollary 1.1.1. [45] (Theorem of the coefficient bounds for functions in ) If
g(z) =z+bo+ % +--- €3, then |b] <1, and equality |by| = 1 holds if and only if
g(z)=z+bo+ <, forz€ U™, T €R.
Theorem 1.1.6. [45] (Bieberbach’s Theorem on the coefficient as) If f € S, f(2) =
z+ a2’ + ..., then |ag| < 2.
Equality |as| = 2 holds if and only if f is of the form
z

K. (z) = A+ ey

(1.12)

where K, is the Koebe function.

Lemma 1.1.1. [45] ([49]) (General Schwarz Lemma) Let f be a holomorphic func-
tion in the disk:
Ur={z€C:|z| < R},

with the property that:

|f(2)] < M, for fixed M. (1.13)
If f has a zero of multiplicity greater than m at z = 0, then:
M
f(z)] < ﬁ|2|maz € Ug. (1.14)
Equality in relation 1.14 holds for z # 0 if and only if:
M
f(z)= e”ﬁzm,z € Ug, (1.15)

where T is a constant.
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Lemma 1.1.2. (Schwarz’s Lemma) ([48], [49], [13]) If f is a holomorphic function
on the unit disk U = U(0, 1) that satisfies the conditions f(0) = 0 and |f(2)] < 1
for all z € U, then:

) < el Ve e,

and:
(O <1

If | f(20)| = |20, for zo € U, orif |f'(0)| = 1, then there exists ¢ € C with |c| =1
such that f(z) = cz for all z € U.

It is known that there are the following relations between the class S and the
class X:

Proposition 1.1.1. [33/
i) Let f €S and g(¢) = ﬁ, then g € 2 and g(¢) # 0, for ( € W.
¢
i) If g € ¥ and g(¢) # 0, for ( € W, then f € S, with f(z) = 9(1;)7 for z € U.

1.2 Method of differential subordination

The method of differential subordination represents a synthesis between func-
tional analysis and complex geometry, serving as a powerful tool for investigating
analytic functions. This method has significant applications in the study of univalent
functions, conformal mappings, and the geometric theory of functions, allowing for
the characterization and constraint of analytic functions through differential rela-
tions and the concept of subordination, which emerged initially in the 20th century.

In 1923, K. Loewner introduced a differential equation, the Loewner equation,
to study univalent functions. This opened the path for the application of differential
methods in the analysis of subordinations.

Loewner demonstrated that univalent functions can be characterized as solutions
to a differential equation depending on a real parameter.

In the second half of the 20th century, the method was extended and formalized
by mathematicians such as J. D. Miller, W. T. Scott, and B. Pommerenke. They
combined the concept of subordination with differential equations to characterize
large classes of analytic and univalent functions.

The method has become an essential tool in the study of classes of analytic func-
tions, such as star-like and convex-univalent functions and other associated classes.

In modern theory, the method is used in complex geometry, holomorphic dynam-
ics, and the analysis of flow models. Its historical development from the concepts
of subordination and Loewner’s equations to modern applications has demonstrated
the versatility of this method in understanding and classifying complex functions.

Definition 1.2.1. [45] Let f,g € H(U). We say that function f is subordinated to
function g (or g is superordinated to function f) and we denote:

f=gorf(z) <g(z),
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if there exists a function w € H(U), with w(0) =0 and |w(2)| < 1, z € U, such that:

f(z) = glw(z)], z € U.

Proposition 1.2.1. [/5]
1)If f < g, then f(0) = g(0) and f(U) € g(U).

2) If f < g, then f(U,) C g(U,), r < 1, equality holds if and only if f(z) =
g9(Az),[A] = 1.

3) If f < g, then max{|f(z)| : |z| < r} < max{|g(z)|: |z| < r},r <1, equality
holds if and only if f(z) = g(Az), |\| = 1.

4)If f < g, then | f'(0)| < |4'(0)|, equality holds if and only if f(z) = g(A\z),|A| =
1.

If the function g is univalent, we have the following theorem that characterizes
the subordination relation.

Theorem 1.2.1. [45] [66] Let f,g € H(U) and assume that g is univalent in U.
Then f < g if and only if f(0) = g(0) and f(U) C g(U).

Corollary 1.2.1. [35] [66] (Lindeldf’s Subordination Principle)
Let the functions f,g € H(U) be such that g is univalent in U and f(0) = g(0).

1) If f(U) € g(U), then f(T;)  g(T7), 0 < r < 1.

2) The equality f(U,) = g(U,) for some r < 1 holds if and only if f(U) = g(U),
or f(z) = g(Az), [A| = 1.

This corollary is a consequence of the previous theorem and the properties above,
and represents a generalization of Schwarz’s Lemma, with multiple applications in
the geometric theory of analytic functions.

Proposition 1.2.2. [/5]
Let f,g e H,(U). If f < g, we have:

1) lg= (w)l < [f7H (W), for any w € f(U).
Equality holds if and only if f(2) = g(Az), |A\| = 1.

2) If in addition, there exists a zy € U with |z9| = r such that f(z) € dg(U,),
then f(U) = g(U), or f(z) = g(Az), |A| = 1.

In the works [43], [42], S.S. Miller and P.T. Mocanu inaugurated the theory of
differential subordination, which was later developed in many other works.

The method of differential subordinations (or the method of admissible functions)
is one of the newest methods used in the geometric theory of analytic functions,
having a significant merit both in simplifying the demonstration of already known
results and in obtaining many new results. This method is a technique used in
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complex analysis and the theory of analytic functions to approximate solutions to
various problems, based on the selection of a class of analytic functions that satisfy
certain conditions imposed by the problem, and using these functions to construct
approximate solutions.

The method of admissible functions has three stages:

- Defining a class of functions — a set of analytic functions is chosen that are
compatible with the restrictions imposed by the problem (e.g., boundary conditions,
regularity restrictions).

- Constraints — the functions must satisfy certain conditions, such as being ana-
lytic in a given domain and meeting the specific requirements of the problem.

- Optimization — a function from this class is sought that minimizes or maximizes
a certain functional associated with the problem.

The method of differential subordinations is presented in general form below.
Let ,A C C,p € H(U) with p(0) = a,a € C, and ¢ : C* x U — C. The
problem is to study implications of the form:

{(p(2), 2p(2), 2%0"(2);2) : 2 € U}y C Q= p(U) C A. (1.16)

We note that the function i can also be considered with values in C., i.e.,
¥ : C3 x U — Cq, and the theory presented here remains valid for such a function
1.

In relation to the implication (1.16), three types of problems can be formulated:

Problem 1) Given the sets € and A, find conditions on the function ) such
that the implication (1.16) holds. Such a function v is called an admissible function.

Problem 2) Given the function ¢ and the set €, find the set A such that the
implication (1.16) holds. Additionally, find the "smallest” set A with this property.

Problem 3) Given the function ¢ and the set A, find the set € such that the
relation (1.16) holds. Additionally, find the "largest” set {2 with this property.

If Q and A are simply connected domains in C, different from C, the implication
(1.16) can be rewritten in terms of subordination.

It is known that if €2 and A are simply connected domains in C, different from
C, and a € A, then there exist conformal transformations:

q:U—= A, qU)=A, q0) =a,

and
h:U— Q, h(U) =Q, h(0) =1(a,0,0;0).

If, additionally, v is holomorphic in U, then (1.16) becomes:

U(p(2), 20 (2), 2°p"(2); 2) < h(z) = p(2) < (). (1.17)
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Definition 1.2.2. [/5]

1) Let ¢ : C* x U — C, and the function h be univalent in U. If the function
p € Hla, n] satisfies the differential subordination:

V(p(2), 2p'(2), 220" (2);2) < h(2), z € U, (1.18)

then the function p is called an (a,n) solution of the differential subordination
(1.18), or simply a solution of the differential subordination (1.18).

2) The subordination (1.18) is called a second-order differential subordination,
and the univalent function q in U is called the (a,n) dominant of the solutions
of the differential subordination (1.18), or more simply, the dominant of the
differential subordination (1.18), if p(z) < q(z) for any function p satisfying
the relation (1.18).

3) A dominant G such that §(z) < q(z) for any dominant q of (1.18) is called the
best (a,n) dominant, or simply the best dominant of the differential subordi-
nation (1.18).

Remark 1.2.1. [45]

1) The best dominant is unique, abstracting from a rotation in U, since if ¢ < o
and o < qi, then q1(2) = q2(€"2),0 € R.

2) Let Q be a set in C, and assume that (1.18) is replaced with the relation:

U(p(2), 20 (2), 229" (2); 2) € Q, z € U.

Although this is a “differential inclusion” and ¥ (p(z2), 2p'(2), 2°p"(2); 2) may
not be analytic in U, it is still called a second-order differential subordination.

If Q and A in the relation (1.16) are simply connected domains different from
C, Problems 1), 2), 3) can be reformulated as follows:

Problem 1’) Given the univalent functions h and ¢, determine a class of admis-
sible functions W[h, g] such that (1.17) holds.

Problem 2’) Given the differential subordination (1.18), find a dominant ¢ of
it. Additionally, find the best dominant of it.

Problem 3’) Given ¢ and a dominant ¢, determine the largest class of univalent
functions A such that (1.17) holds.

In 1962, K. Sakaguchi proved in the work [68] that if the function p € H(U),
R(p(0)) > 0 and a € R, then:

zp/(2)
p(2)

Next, we present an example mentioned in the work [45], where the choice of the
function ¢ with values in C,, is justified.

%(p(z)—l—oz )>O,ZGU:>§R(p(z))>O,z€U.
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Example 1.2.1. Let Q@ = A = {w € C : R(w) > 0} and consider {(r,s,t;z) =
r+ a2, then the implication becomes:
2p/(2)

p(2)

and this implication is of the form (1.16).
Thus, we observe that ¢ : C3 x U — Cy.

{p(z)+a :zeU}CQ:>p(U)CA,

1.3 Fundamental theorems of certain classes of
admissible functions

The fundamental theorems associated with the class of admissible functions rep-
resent a cornerstone of complex analysis. They allow for the precise characterization
of analytic functions and provide powerful tools for understanding their geometric
and analytic properties.

Their importance extends from fundamental theoretical problems to practical
applications, such as conformal mapping and optimization of complex functions.

Definition 1.3.1. [45] We denote by Q the set of functions q that are holomorphic
and injective on U \ E(q), where:

B(q) = {c €O - limg(:) = oo} Q) #£0.CEU\EQ.  (119)

The set E(q) is called the exceptional set.

Remark 1.3.1. [/5] If ¢ € Q, then the domain A = q(U) is simply connected, and
its boundary consists either of a single closed analytic curve or a union, possibly
infinite, of disjoint simple analytic curves tending to infinity in both directions.

Definition 1.3.2. [42], [41], [45] Let Q@ C C, and let the function ¢ € Q,n € N, n >
1. We say that ¥,[Q,q] is the class of functions v : C> x U — C that satisfy the
condition:

W(r, s, t;2) & Q, (1.20)

when:

r = q(C), s = mCd'(C), R E + 1} > mR [Cj,(g) 4 1} , (1.21)
where z € U, ( € OU \ E(q), m > n.

The set W,,[€2, ¢ is called the class of admissible functions, and the condition in
equation (1.20) is called the admissibility condition.

Remark 1.3.2. [/5] Let ¢ : C* x U — Cy
1) IfQ C Q, then ¥,[Q, ¢ C ¥,[Q, q].
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2) U,[Q,q] C V,41]Q,q].

3) In the particular case ¥ : C*> x U — C, the admissibility condition becomes:

(A") ¥(r,s;2) € Q,

when:
r=q(C),s =mdq(C),
where z € U, ¢ € OU \ E(q), m > n.

4) In the particular case ¢ : C x U — C, the admissibility condition becomes:
(A") (r:2) & 9,

when:
r=q(¢),
where z € U, € 0U \ E(q).

5) We denote U1[Q, q] by V[, ql.

Theorem 1.3.1. [{4], [45] Let ¢ € V,,[Q, q] where q(0) = a. If the function p €
Hla, n] satisfies the condition:

U(p(2), 20’ (2), 2°p"(2);2) € Q, z € U,

then p(z) < q(z).

In the special case when 2 C C,Q2 # C is a simply connected domain, and
h € H,(U), h(U) = Q, denoting ¥, [h(U), q] by ¥,[h, q] we obtain:

Theorem 1.3.2. [//], [4/5] Let h € H,(U), ¢b € W, [h,q| where ¢(0) = a. If the
function p € Hla,n| and the function ¥ (p(z), zp'(2), 2*p"(2); z) € H(U), then

Y(p(2), 2p/(2), 2" (2); 2) < h(2) = p(2) < q(2).

Theorem 1.3.1 is used to show that the solutions of certain second-order differ-
ential equations take values in a specific domain, as we can observe in the following
corollary:

Corollary 1.3.1. [45] Let the function 1 € V,[Q, q] with q(0) = a. If the function
f € H(U) satisfies f(U) C Q and if the differential equation

U(p(2), 2 (2), 2" (2); 2) = [(2),
has a solution p € Hla,n], then p(z) < q(z).
From Theorem 1.3.1 we obtain the following result:

Theorem 1.3.3. [}5] Let the function p € Hla, n], R(a) > 0.
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(i) If Y € ¥, {Q,a}, then:
V(p(2), 2p'(2), 220" (2);2) €Q, € U = R(p(z)) >0, z € U.

(i1) If ¢ € U, {a}, then:
R(W(p(2), 20/ (2), 2°p"(2); 2)) > 0, 2 € U = R(p(2)) > 0, 2 € U.
Next, we consider a particular case of Theorem 1.3.3.
Suppose that the function 9 is defined as ¥ : C? x U — C.. From Observation

1.3.2 we have the admissibility condition (A’) and, furthermore, assuming that ¢ €
U, {Q, 1}, we obtain from (Ajf) the following admissibility condition:

(Ag) v(pi,o52) € Q,
when n
p,0 €ER o< —§(l+p2),z eUn>1.
From Theorem 1.3.3 (point (i)) we obtain the following result:

Theorem 1.3.4. [/5] Letn e N*, Q C C, p € H[1,n] and ¢ : C*> x U — C. If the
admissibility condition (Ay') is satisfied, then:

P(p(2),20'(2);2) € Q, z€ U = R(p(2)) >0, z € U.

Next, we will present some immediate applications of the admissible function
method.

Theorem 1.3.5. [/5] Let p € H[a, n] with R(a) > 0 and let P : U — C be a function
with R(P(2)) >0,z € U. If:

R[p(z) + P(2)zp'(2)] > 0, z € U,
then R(p(z)) >0, z € U.

The next theorem is a generalization of the previous result.

Theorem 1.3.6. [45] Let h be a convex function in U and let the function P : U —
C with R(P(z)) >0, z € U. If p € H[h(0), 1], then:

p(z) + P(2)2p'(2) < h(z) = p(2) < h(z).
Lemma 1.3.1. [}5] Let p € Hla,n] with R(a) > 0 and let a« : U — R. If:

R |p(z) + az) Z]];(/S) >0,z€eU,

then R(p(z)) >0, z € U.
Lemma 1.3.2. [42] Suppose the function ¥ : C?> — C satisfies the condition:

1 2
R{W(is, 1)} <0, st eRE< "

If the function p(z) = p(1) + 2 + ... is analytic in W and
RIV(22p(2) + 2,22 (2p'(2) + 1)} >0,z € W

then,
R(p(z)) >0,z € W.
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1.4 Classes of functions

Let T" denote the subclass of univalent functions that satisfy the condition:

22f(z 1
(f(2))?
Ty is the subclass of univalent functions from the class T" for which f”(0) = 0.

Let 15, be the subclass of univalent functions in the class 75 that satisfy the
condition: -

(f(=))
for 0 < pu <1, and we have that T3 ; = T;

For a real number p with 0 < p < 2, the subclass S(p) of class A is defined,
containing all functions that satisfy the condition:

()

In the work [73], S. Singh proved that if f(z) € S(p), then f(z) satisfies the
condition:

<1, zeU,

<p, zeU.

"

)

Let V denote the subclass of univalent functions of O for which

9(2)

»2

<pzel. (1.22)

+1|>1, zeW, g(z) eV

Vj is the subclass of V for which ¢ (c0) =0,k =2,3,...,7;
V; . is the subclass of V; containing functions of the form (1.3) that satisfy the
relation:
g'(2)

22

+1‘>u,z€VV,,u>1. (1.23)

We denote V;; = V.
Let p € R with 1 < p < 2, and Zj(p) be the subclass of O containing all
functions g € O; for which

9(2)\"
7 >p, zeW, (124)
9'(2) P
22 + 1' Z W’ J € Nl' (125)

We denote ) ,(p) = > (p).
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1.4.1 The class of star-like functions

The class of stellar functions is one of the most studied subclasses of univalent
functions. They represent a starting point for exploring other classes of analytic
functions and provide a solid foundation for the development of the theory of extreme
coefficients, used in Bieberbach theory. This class was first studied by Alexander in
the work [4].

At the beginning of the 20th century, through the works of L. Bieberbach and
P. Koebe, stellar functions were identified as an important subclass of univalent
functions. Bieberbach demonstrated significant connections between the properties
of stellar functions and their coefficients, laying the groundwork for the Bieberbach
conjecture, one of the most important conjectures in complex analysis.

In the second half of the 20th century, mathematicians like B. Pommerenke ex-
panded the theory of stellar functions, exploring the connections with other classes
of analytic functions, such as convex-univalent and spiral-like functions. Their re-
search solidified the position of stellar functions in modern complex analysis, with
applications in complex geometry and functional analysis.

Let f be a holomorphic function in U, satisfying the conditions f(0) = 0 and
f(z) # 0, for z # 0. We denote by C, the image of the circle {z € C: |z| = 1,0 <
r < 1} under the function f.

Definition 1.4.1. [/5] We say that C,. is a stellar curve with respect to the origin,
or simply stellar, if the angle o = o(r,7) = arg f(re'™), which the radius vector of
the point f(z2),z = re'™, makes with the positive real axis, is an increasing function
of T, as T increases from 0 to 2w, i.e.:

890 d T
E—Eargf(z) >0, z=re",7€(0,2m). (1.26)

We will say that f is stellar on the circle {z € C: |z| = r} if C, is a stellar curve.
Since f(z) # 0, for z # 0, we can write:
Logf(z) =log|f(2)| +iarg f(2), z=re".
Differentiating with respect to 7, and noting that:

% _ Ore'™
or  or

we obtain:

Zfo;z()@ - a% log | f(z)| + z’a% arg f(2).

From this equality, we deduce that:

027 arg f(z) = Re (i{;i?, z = re”) . (1.27)
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Thus, condition (1.26) can be rewritten as:

Re (Z}QS)) >0, |z]=r (1.28)

which expresses the necessary and sufficient condition for f to be stellar on the circle
{zeC:|z| =7}

Since the function z}cé‘;) is harmonic, it follows that if this inequality holds for
|z| = r, it will also hold for |z| < r. From this, we deduce that if f is stellar on the

circle {z € C: |z| = r}, it will also be stellar on any circle {z € C : |z| = '}, where
0<r <r.

Definition 1.4.2. [/5] The radius of stellarity of the function f is the number r*(f)

If r*(f) > 1, we say that the function f is stellar in the unit disk U, or simply
stellar.

Observation 1.4.1. [45]

f(2)
case, the function f would reduce to a constant, which would contradict the

conditions imposed on the function f.

2) If f satisfies Re (ZJ{ES)) > 0, |z| <1, then necessarily f(z) # 0 for 0 < |z| < 1.

1) The equality Re (zf/iz)) = 0 for a point z € U cannot hold, because in this

3) From the definition, it follows that f is stellar in U if and only if it is stellar
on every circle {z € C: |z| =r,0 <r < 1}.

4) The condition of stellarity Re (%) > 0,z € U, does not ensure the univa-
lence of the function f in the unit disk, so the problem arises of finding an
additional condition that will guarantee the univalence of the function.

If we additionally assume the condition f'(0) # 0, then the condition Re <%
0 implies the univalence of the function f, as well as the fact that f(U) is a
domain stellar with respect to the origin, i.e., the segment joining any point

in f(U) with the origin is contained in f(U).

Theorem 1.4.1. [45] Let f be a holomorphic function in U with f(0) = 0. Then
f is univalent and f(U) is a domain stellar with respect to the origin if and only if

f(0) #0 and e
§R< ) ) >0, VzelUl. (1.30)

We denote by S* the class of holomorphic functions in U with f(0) =0, f'(0) =1
and which are stellar with respect to the origin in U.

Thus, S* = {f € A, Re <ZJJ:£S)> >0,2€ U}.
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Observation 1.4.2. [45] Using the definition of subordination, the class S* can be
defined as follows:
If

f(2)=z4a*+..., z€U, (1.31)

then f € S* if and only if

2f'(z)  1+=
f(z) R

The name of deformation theorems relative to univalent functions comes from
the fact that a conformal transformation can be viewed as a ”deformation” of one
domain into another.

Since the Koebe function K. (z) = ez T € R for a suitable choice of 7, is
stellar, it follows that the deformation theorem for the class S also holds for the
class S*.

zeU. (1.32)

Theorem 1.4.2. [/5] (Deformation Theorem) If f € S*, then the following exact
bounds hold:

(1+7)? <|f(2)] < m, (1.33)
1—r / 1+7r

Aty = 1f'(2)] < = (1.34)
L—r _|2f/(z)| 1+
1+7r < fz) |~ 1=7 (1.35)

where z € U, |z| = r, and the extremal function is the function of Kéebe f = K.,
for a convenient choice of T.

Note:

b
Mla,b] = ¢ p: [a,b] = Ry, p increasing on [a, b], /d,u(t) = u(b) — pla) =1

a

(1.36)

Theorem 1.4.3. [}5] The function f(z) = z+as2® + ..., z € U belongs to the class
S* if and only if there exists a function p € M0, 2x] such that:

27
f(z) = zexp —2/log(1 —ze MYdu(t) p, z € U. (1.37)
0
1.4.2 The class of convex functions

Convex functions were first studied by E. Study in the paper [75], followed by
significant results in the Geometric Theory of Functions obtained by K. Léwner [36],
T. H. Gronwall [27], and J. W. Alexander [4] in 1915.
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Definition 1.4.3. [/5] The curve C, is called convex if the angle
’/T / T
wr,) = 2 b argzf(2), 2 =re

formed by the tangent to the curve C, at the point f(z) with the positive real azis is
an increasing function of T on [0, 27].

Definition 1.4.4. [45] The function f is said to be convex on the circle {z € C :
|z| =71} if Cy is a convex curve.
It is shown that f is convex on the circle {z € C: |z| = r} if and only if:

2" (2) .,
R <1+ 0 ) >0, |z =1 (1.38)

From this definition, we deduce that if f is convex on the circle {z € C : |z| = r},
then it will be convex on any circle {z € C: |z| ="}, where 0 <7/ < 7.

Definition 1.4.5. [/5] The radius of convezity of the function f is defined as the

Observation 1.4.3. [45] If r¢(f) > 1, we will say that the function f is convex in
the unit disk U or, more simply, convez.
This means that [ satisfies the condition:

Zf”(Z)
R (1 + 70) ) >0, |z] < 1. (1.40)

Observation 1.4.4. [45] The relation (1.40) implies that f'(z) # 0, for any 0 <
2] < 1.

Observation 1.4.5. [/5] The condition:
Zf”(Z))
R (1 + >0, z€ U,
f'(2)

does not ensure the univalence of the function f in the unit disk as shown by the
example:

f(z) =22
Next, we will present a sufficient condition for univalence:

Theorem 1.4.4. [45] A function f holomorphic in U is univalent and f(U) is a
convex domain if and only if f'(0) # 0 and

" (2)
R <1+ o ) >0, ze U. (1.41)
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Definition 1.4.6. [/5] We say that S¢ is the class of holomorphic functions f in
U, with the property that f(0) =0, f'(0) =1 and are conver in U.
We will denote

SC:{fEA,&%(lnLZﬁ;(ZZ))) >0, z ¢ U}

and S°CS.
The relationship between the classes S* and 5S¢ is given by the following theorem.

Theorem 1.4.5. [}5] (Alexander’s Duality Theorem)

Let f € A and g(z) = zf'(z). Then f € S¢ if and only if g € S*.

The integral operator 14 : A — A, f=14(g), g € A, where:

f(z):/@dt, zeU,

is called the Alexander operator.

Using this operator, we can reformulate Theorem 3.7.3 as S¢ = [4(S*), and I4
establishes a bijection between S* and S°¢.

Other relationships between the classes S* and S¢ can also be established, such
as the one in the following theorem.

Theorem 1.4.6. [38], [45], [74] (Theorem of A. Marxz and E. Strohhdcker)
If f € A, then the following implications hold:

%(ZJ{/;S)JA) >0,26U:%(Z;;i§)> >%,zeU:>§R<@) >%,zeU,
R (L
f'(2)

Observation 1.4.6. [45] The function f(z) = % shows that all these implications
are exact.

+1)>0,zeU:>§R< f’(z))>%,zeU:>%(@)>%,zeU.

Therefore, we have S¢ C S*(1/2).
Regarding the coefficients of functions in the class 5S¢ the following theorem
holds.

Theorem 1.4.7. [45] If f(2) = 2z + a92? + a3z + ... belongs to the class S, then
la,| < n, for any n > 2. Equality holds if and only if the function f has the form:

f(2)

z
= — 7R, zeU.
1+e7z

The following deformation theorem holds.
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Theorem 1.4.8. [/5] If f € S¢, then the following exact bounds hold:

r r
< < 1.42
<GS (1.42)
L < e U = <1 (1.43)
—_— —_— 2 z| = ) .
(1+7r)2 — —(1-r)% ’
FEquality holds for the function f(z) = T T €ER, 2 €U, for a convenient choice

of T.
From relation (1.42) it follows that S¢ is compact.

Observation 1.4.7. [45] Applyingr — 1 in (1.42), we deduce the constant of Koebe
for the class S¢, which is 1/2.

1.4.3 The class of star-like functions and the class of convex
functions of a certain order
Among the subfamilies of the class S*, we mention the class of star-shaped functions

of order a, 0 < a < 1, denoted by S*(«), and the class of strongly star-shaped
functions of order a, 0 < a < 1, denoted by S*(«).

Definition 1.4.7. [45] A function f € A is called star-shaped of order a,,0 < av < 1,
if it satisfies the inequality:

R (i{;?) >a, z€U. (1.44)

We denote by S*(«) the class of these functions.

Definition 1.4.8. [/5] A function f € A is called strongly star-shaped of order
a,0 < a <1, if it satisfies the inequality:

2'(2)
"G

It is observed that S*(0) = S* and S*(1) = S*.

< ag, 2eU. (1.45)

Definition 1.4.9. [45] A function f € A is convex of order a, 0 < o < 1, if it
satisfies the inequality:

R (1 + ZJ{ES» >a, zeU. (1.46)

We denote by S¢(«) the class of convex functions of order a,0 < a < 1, where

Sc(a):{feA:%(lJrzf/;(;))>a,zeU}. (1.47)

f/
It is observed that for a = 0, we have S¢(0) = S°.
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Theorem 1.4.9. [/5] (Duality Theorem Between the Classes S*(a) and S*)
Let o be a real number with 0 < o < 1.
1) We have the inclusions S*(a) C S*, S¢(a) C S°.
2) A function f € S*(«) if and only if the function g € S*, where

oz) == [M]

1 1

where by [f(z)} % we understand the holomorphic branch for which [f(z)} e

z z

z=0
1.

Observation 1.4.8. [45] For 0 < «a < 1, it is easily verified that a function [ €
S¢(a) if and only if the function g(z) = zf'(z) € S*(a), and applying the above
theorem, we deduce the following duality result between the classes S(«) and S*.

Corollary 1.4.1. [45] If 0 < o < 1, then a function f € S°(«) if and only if the
function g € S*, where

9(z) = 2 [f'(2)]77 ,z € U.

Theorem 1.4.10. [45] (Deformation theorem for the class S¢(«a))
If the function f € S°(a), 0 < a <1, and |z| =r < 1, then the following exact
bounds hold:

1 , 1
m < [f(2)] < m;
1 (14r)2e—1—1 1—(1—r)2>—1 1
aF3 et R a3
<|fz)l <
a=3, log(l+r) —log(l—r), a=j3.
The extremal function is:
1—(1—z)2°"1 1
Falz) = 2a-1 a# s
—log(l—2), a=4i.

Theorem 1.4.11. [}5] (Deformation theorem for the class S*(«)) If the function
fe S (a), 0 <a<1and|z| =r <1, then the following exact bounds hold:

r r
m <[f(z)| < m

z

The extremal function is fo(z) = EESEEDE
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1.4.4 Star-like and convexity conditions for several classes
of meromorphic functions

This paragraph includes concepts from the specialized literature that I used to
obtain new foundational results related to meromorphic functions.

In various complex analysis problems, it is necessary to extend the set C of
complex numbers by adding an improper number denoted by oo, where by definition,
Coo =CU {0}, 0 ¢ C.

The relationship between the numbers in C and the element oo is established by
extending the operations with complex numbers to this element, such that a + oo =
o0o+a=o0and a-00=00-a=o0 forae Cy\ {0}

By special convention regarding division, we write a/0 = oo for a € C4, \ {0}
and a/oo =0 for a € C.

The operations oo — 00,0 - 00,0/0, 00/00 are not defined.

Thus, regarding the algebraic structure of C.,, the algebraic operations from C
can be extended without being defined everywhere.

By convention, |oo| = 400 extends the modulus from C to Co.

To study a function f in a neighborhood of the point co, we will consider the
function g = f o k, where k(z) = % Since k transforms a neighborhood of 0 into
a neighborhood of co, by examining the behavior of f at oo, we understand the
behavior of g at 0.

Definition 1.4.10. [30] Let G be an open set in C or Co. We say that f is a
meromorphic function on G if there exists a set E C G such that f € H(G\ E),
and E consists of removable singularities or poles for the function f.

_ Denoting by G the set of regular points and by B the set of poles in G, we have
G=GUB.

Remark 1.4.1. [17] A meromorphic function is a uniformly analytic function in
the complex plane C that has no singularities other than poles.

Entire functions, on the one hand, and rational functions, on the other hand,
are particular cases of meromorphic functions.

The point oo for a meromorphic function can be ordinary, a pole, or essential,
1solated or an accumulation point of poles.

Since poles are isolated singular points, it follows that a meromorphic function
cannot have more than countably many poles in C, which must accumulate at infinity.

Remark 1.4.2. [17] A meromorphic function in a domain is a uniformly analytic
branch corresponding to that domain, which admaits only poles as singularities within
the domain. These can be a finite number or countably infinite, but in the latter case,
they must accumulate on the boundary of the domain.

We will denote by M(G) the set of meromorphic functions on G.

If f € M(G), then f can be extended to any point z, € G by f(z0) = lim,_,., f(2).

The function f : G — C, is Cy-continuous and f € H(G). Sometimes, the
extended function is still denoted by f.

Several examples are presented below.
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Example 1.4.1. [30] Any holomorphic function on G is also meromorphic, i.e.,

H(G) C M(G). i
In this case, B=0 and G = G.

Example 1.4.2. [30] Any rational function is meromorphic on Cu.

Example 1.4.3. [30] The function ctg is meromorphic on C, with poles at z, = km,
ke,

The point oo is an accumulation point of poles, so the function ctg cannot be
meromorphic on C..

Example 1.4.4. [30] The function tg: is meromorphic on Cy, \ {0}, since oo is a

reqular point, and the points z = m are poles, which accumulate at the origin.

The study of meromorphic and univalent functions can be done in parallel with
class S, considering the class ¥, of meromorphic functions ¢ with the unique pole

(simple) z = oo and univalent in U~ = {z € C, : |z| > 1}, which have Laurent
series expansion of the form:

o 7%
gz) =z+ao+—++—nt ]2 > L (1.48)

Zn

Thus, functions g € ¥, are normalized with the conditions g(co) = oo, ¢'(00) = 1.
Denoting

E(g) =C\g(U"),

this will be a continuum in C, i.e., a compact and connected set containing more
than one point.

The subclass of functions g € 3, that do not vanish outside the unit disk is
denoted as Y, i.e.,

Yo={9€Xu:9(2)#0,z€ U},
and thus the following property easily follows.

Property 1.4.1. [45] There is a bijection between the classes S and g, so the class
Yo s “larger” than the class S.

It is observed that if g € ¥, and ¢ € E(g), then the function:
1
g(3) —e

has the property that f € S.

flz) = =2+ (c—m)?+...,z€U, (1.49)

Definition 1.4.11. [45] We say that a function g of the form (1.48) is stellar in
U~ if g is univalent in U~ and the set FE(g) is stellar with respect to the origin.
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We denote by 3* the class of stellar functions outside the unit disk, i.e.,
Yr={g€Xy:gisstellar in U }.
The transformation 7' is a bijection, T'(S) = X and T71(%) = S.
It follows that ) , .
W) ) 1
9(z)  f(2) z

from which it will result that the function g € ¥* if and only if f € S*.
Thus, we deduce that g € ¥* if and only if:

w (2 0z

9(2)

In conclusion, we have:

29'(2)
9(2)
From Definition 1.4.11, it follows that if g is stellar, then E(g) is a stellar set

with respect to the origin, meaning 0 € E(g), i.e., g € ¥y (the set of meromorphic
functions normalized, univalent that do not vanish in U™).

E*:{gezozé)%( )>O,zeU‘}, ¥ =T(5").

Definition 1.4.12. [/6] We say that a function f € S is meromorphic stellar of
order a, with 0 < av < 1, and belongs to the class S*(«), if it satisfies the inequality:

/
R <Zf (Z)) -
f(2)
Definition 1.4.13. [45] Let the function g(z) = T+ ag+ o z+- -+ a,2"+...,0 <

|z| < 1, be a meromorphic function in U. We say that the function g is stellar in U
if the function g(z) = f (%), for z € U™, s stellar in U™.

Theorem 1.4.12. [}5] (The Analytic Characterization Theorem of the Starlikeness
of Meromorphic Functions) Let f(z) = 2 + ag+ arz + ..., 0 < |z| < 1, be a mero-
morphic function in U with f(z) #0, z € U. Then, f is starlike in U if and only if

f is univalent in U and
!/
R (—Zf (Z)) >0,zeU.
f(z)
Definition 1.4.14. [45] We say that the function g of the form (1.48) is convez in
U~ if g is univalent in U~ and the set E(g) is convex.

We mention that if g is convex in U™, then it is not necessarily starlike, as g
may vanish in U™, i.e., 0 ¢ E(g).

If g € ¥y and g is a convex function, then it is evidently also starlike in U~.

We denote by ¢ the class of functions that are convex in the exterior of the unit
disk and do not vanish in U™, i.e.,

¥¢={g€:gisconvexin U™ }.
It is evident that ¢ C X*.
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Remark 1.4.3. [45] It is known that a function g € ¥g is convex in the exterior of
the unit disk if and only if it satisfies the condition:

w(2E) ) so0.ev-
( 9'(2) )

Thus,

¥e — {9620:%(25//;;) +1) >o,zeU—}.

Definition 1.4.15. [/5] Let f be a meromorphic function in U,
1
f(z) = Tt ozt +ap" +..,0 < |z < L

We say that f is convex in U if the function g(z) = f (%) ,2€ U™ 1is convex in U™ .

Theorem 1.4.13. [}5] (Analytic characterization theorem of convexity for mero-

morphic functions) Let f(z) = 1 4+ ap+ a1z +...,0 < |z| < 1, a meromorphic

Tz

function in U with f(z) # 0,z € U. Then f is conver in U if and only if [ is
univalent in U and ,
%{— (Zj:/((;)) n 1)} >0, zel.

Definition 1.4.16. [/6], [31] We say that a function f € S is convex, meromorphic
of order a,0 < v < 1, if it satisfies the inequality:

—%(l + Zj:;i’?) >a,z€eU.

We denote by Si(«) the class of meromorphic, convex functions of order «,0 <
a <1,

Si(a) = {feS:—%(HZ;/;S)) >,z € U}. (1.50)

1.5 Integral operators

Integral operators have played an essential role in the development of com-
plex analysis, providing a powerful framework for solving problems related to ana-
lytic functions, conformal transformations, and differential equations. Starting with
Cauchy’s works in the 19th century, those who initiated the study of integral oper-
ators include: J. W. Alexander, R. Libera, S. Bernardi, S. D. Miller, P.T. Mocanu,
R. Singh, M. O. Reade, and others.

The study of integral operators remains relevant, as evidenced by numerous
works in recent years [12], [15], [16], [24], [77], etc., and the numerous citations of
already existing works.

We say that an integral operator is univalent if it transforms univalent functions
into univalent functions. The star/convex integral operator is one that transforms
star functions into star functions/convex functions into convex functions.
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A central problem in the theory of complex-variable functions is the study of
integral operators defined on certain subclasses of these functions.

The first integral operator was introduced in 1915 by the mathematician J. W.
Alexander in [4]. The Alexander integral operator I, is defined in [4] as

IA:A_>A7]A<F):f7

where:
z

[.(F) = f(z) = / @dt, (1.51)

For this integral operator, Alexander proved that I,4(S*) C S*.
In 1965, R. J. Libera defined in his work [34] the following integral operator:

L:iA— A L) - g/f(t)dt, (1.52)

called the Libera operator, and he demonstrated that L4(S*) C S*.
S. D. Bernardi in [7] introduced a generalization of the Libera operator,

I,:A— A IL(F)=f,a=1,2,3,..., where:

F(z) = 1;“ / Plyedt, (1.53)
0
and this was called the Bernardi integral operator, demonstrating that 1,(S*) C S*.
A few years later, in 1963, W. M. Causey introduced the operator:

Ti(f)(2) = / [@] St (1.54)

The operator J; was studied by S. S. Miller, P. T. Mocanu, and M. O. Reade,
who later provided a generalization of the operator in their work [40].

Numerous generalizations of the previous operators have been studied, among
which the most general form using only one function under the integral sign is given
by the operator L,.

This integral operator L, is defined in [52] as

1 z
flz) = 1t / Fle)edt, (1.55)
Za
0
where a € C, R(a) > 0.
It was introduced in this general form where a € C,R(a) > 0, by N. N. Pascu
in [52], and was named the Libera-Pascu integral operator by D. Blezu in his work

[10].
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The integral operator I.,5: A — A, where 0 <u<1,1<d<o00,0<c¢c<o00,
is defined in [2] as:

F(2) = Las(F)(2) = (¢ +0) /0 12 (1) dt (1.56)

Observation 1.5.1. [22] Foré =1 and ¢ = 1,2, ... from the integral operator I.,s,

given by the relation (1.56), we obtain the Bernardi integral operator defined by the
relation (1.53).

Observation 1.5.2. [22] Let F(z) = z+ Y. a;z?. From the relation (1.56) we
j=2
obtain:

- c+0
= E ZJ
ctjto—1"

We observe that
c+9
< —<1
ct+j+d6-1

where 0 < c< oo, j>2, 1 <6< .

Observation 1.5.3. [22]/ For F €T, f = I..5(F), we have f € T, where 1. is the
integral operator defined by the relation (1.56).

)

Definition 1.5.1. [22] Let F € A, F(2) = 2+ bg2® + -+ + b, 2" + ..., b; > 0,5 > 2
and a € R*. We define the integral operator L : A — A by the relation:

1 z
= +a/ F(t) -t 4 t*Hat. (1.57)

z2% Jo
In the work [23], P. Dicu introduces a new integral operator:
z N efl(t) Qi
L(z) = / {—] dt, (1.58)
0 g g;(t)

where the parameters «; € C, R(«;) > 0 and the functions f;, g; € A,i € {1,2,...,n}
are restricted (constrained by appropriate restrictions).
The integral operator I, generalizes the integral operator:

I(z) = /0 ) [Sf<(;))1adt. (1.59)

Let Fy, o, 5(z) be the integral operator studied by N. Seenivasagan and D.
Breaz in the work [71]:

Fa17a2 ..... an,ﬁ(z> = {6/0 tﬁ_l H {@} ' dt} , (160)
=1

with f;(t) € T, T being a subclass of T'.
If ; = ,Vi=1,2,..., then F,, 3(z) becomes the operator F, s(z) [14].
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1.6 Univalence criteria

Univalence criteria are a cornerstone in complex analysis, providing essential
tools for understanding and classifying analytic functions. They allow for the iden-
tification and classification of injective (univalent) functions in specific regions of the
complex plane. The univalence property is crucial because it ensures that analytic
functions preserve local geometric structure and are free of ambiguities in their rep-
resentations. These criteria evolved from the classical theorems of P. Koebe (around
1907, achieving a major breakthrough with the formulation of the univalence theo-
rem and the study of univalent functions defined on the unit disk) and Bieberbach
to modern methods based on geometry and differential equation analysis.

The first criteria were developed to analyze injectivity through derivatives and
other properties of analytic functions. Some of the most well-known univalence
criteria include:

- Schwarz’s criterion, which establishes the univalence of analytic functions using
the Schwarzian derivative,

- Nehari’s criterion (1949), which links univalence to conditions on the curvature
of the images of the analytic function.

The study of univalence criteria led to the discovery of special functional spaces
such as the Hardy space and the Bergman space. Univalent analytic functions are
used to perform conformal transformations, which preserve angles and the local
structure of the domain. These transformations are fundamental in complex geom-
etry and in practical applications such as electrical network modeling and fluid flow
analysis. In contemporary analysis, univalence criteria are applied to the study of
complex dynamics, fractals, and spectral theories associated with analytic operators.

In 1972, S. Ozaki and M. Nunokawa in the work [50] demonstrated the following
result:

Theorem 1.6.1. (/50]) If f € T satisfies the following condition:

2 f'(2)

SISV

f*(2)

then the function f is univalent in U.

<1,Vzel,

The following theorem demonstrates a univalence condition given by N. Pascu
in the work [52].

Theorem 1.6.2. [52] Let o, 8 € C and R(B) > R(«a) > % If f € Ty satisfies the

condition:
22 f'(2)

720G

<L|f(z)]| < L;Vz e,
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then the integral operator H, 5(2) defined by

H,p(2) = [ﬁ/oz tﬁl(@) dt]

Regarding the class of analytic functions, Becker in [5] demonstrated in 1972,
using the Lowner chain method, the following univalence criterion.

|

Q=

belongs to the class S.

Theorem 1.6.3. [5] If the function f is regular in the unit disk U, with the prop-
erties:

f(2) =24 a2+ ..,

and

2f"(2)

(1 — |Z’2) W < ].,\V/Z c U,

then f is uniwvalent in U.

A year later, Ahlfors in [3] and J. Becker in [6] generalized Becker’s criterion,
given by the following theorem.

Theorem 1.6.4. [3] [6] Let ¢ be a complex number, |c| < 1, ¢ # —1. If f(z) =
2+ as2? + ... is a function reqular in U and

Zf”(Z)
f'(z)

then the function f is regular and univalent in U.

clzl* + (1= [2]*)

<1,Vzel,

V. Pescar in [64] found a new univalence criterion (a generalization of Ahlfors
and Becker’s univalence criterion given in Theorem 1.6.4), given by the following
theorem.

Theorem 1.6.5. [64] Let o and ¢ be two complex numbers, R(a) > 0,|c| < 1,
c# —1. If f(2) = 2+ ax2® + ... is a function regular in U and

2["(2)
af'(z)

clz]?* + (1 — |2*) <1,VzeUl,

then the function

F.(2) = a/ to‘_lf'(t)dt] =z4 a2 + ...,
0

15 reqular and univalent in U.

In [53] N. N. Pascu and I. Radomir obtained the following result.
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Theorem 1.6.6. [53] Let B and ¢ be two complex numbers, R(B) > 0,|c| < 1,
c# —1 and f(2) = 2 + ax2® + ... be a function reqular in U. If:

e tzf"(e7t2)
Bf'(e'z)

is preserved for z € U and t > 0, then the function

ce 28 4 (1-— e’Qth)

2 5
Fs(z) = 5/ tﬂ—lf’(t)dt] =2+ a2 + ...

0

15 regular and univalent in U.

Theorem 1.6.7. [51] Let a € C with R(a) > 0. If f is an analytic function in U
with the property that
‘1 _ 6—2ta e_tzf”(e_tz)

e . fle7tz)

<1,VzeUt>0,

then the function

1
F.(z) = [oz/ ualf/(u)du] :
0
15 regular and univalent in U.
In [52] [51], Pascu demonstrated the following theorem.
Theorem 1.6.8. [52] [51] Let 5 € C, R(B) > v > 0. If f € A satisfies the

condition:
Zf”(Z)

f'(2)

1— |2

v

'Sl,zGU,

then the integral operator

F(2) = {5 /0 tﬁlf’(t)dtr €8S.

Using Theorem 1.6.8 and Theorem 1.6.2, D. Breaz and N. Breaz in the paper
[14] obtained the following theorem.

Theorem 1.6.9. [1/] Let o, € C and R(B) > R(a) > %‘, let f; € Ty be defined
as:

fiz) =2+ Zaizk, zeU Vi=1,2,...,n,Yn € N*.
k=3
If |fi(2)| <1,z € U, then the integral operator

Fasl2) = [B / Z tﬁlﬁ (%”) ' dt] % ,

belongs to the class S.
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Theorem 1.6.10. (/64]) Let ¢ and B be complex numbers such that () > 0, |c| <
1, and ¢ # —1, and let f(z) = 2z + asz® + ... be a reqular function in U. If:

Zf//<z)
Bf(2)

Fy(z) = {6 / L f'(t)dt}é ,

15 reqular and univalent in U.

clz + (1 = [2*)

<1,VzelU,

then the function

Theorem 1.6.11. [52] Let o be a complex number, R(a) > 0, ¢ be a complex
number, |c| < 1,c¢# 1, and f € A. If:

2f"(2)
f'(z)
then for any complex number 3, R(8) > R(«), the function F(z) defined by

Fs(z) = (ﬁ /Oz tﬂ_lf’(t)dt)é :

Theorem 1.6.12. [52] (N. N. Pascu’s Univalence Criterion) Let f € A and B € C.
If R(B) > 0 and

1— |Z|2§R(a)
R(a)

<1—|¢,VzeUl, (1.61)

s in the class S.

1 — |z|?R®)

R(5)
then the function Fs(z) defined by:

2f"(2)
f'(2)

<1,Vzel,

1

R = (o [ eroa)

For ¢ = 0 in Theorem 1.6.11, we obtain the univalence criterion obtained by
N. N. Pascu in the paper [52].

1s in the class S.

Theorem 1.6.13. [51] Let o« € C, R(v) > 0 and f € A. If f satisfies:

z- ["(z)
f'(2)

then, for any complex number 5 with R(5) > R(«), the integral operator

Fy(z) = {ﬁ / s f’(t)dt}é ,

1— |Z’2§R(o¢)

R(«)

<1,Vzel,

belongs to the class S.
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Equality holds if f(z) =™ - Rﬂm - 2™, where 7 is a constant.

In 2004, D. Raducanu, I. Radomir, M. E. Gageone, and N. R. Pascu in the
paper [67] demonstrated one of the generalizations of the criterion of S. Ozaki and
M. Nunokawa.

Theorem 1.6.14. [67] Let f € A and m > 0 such that:

(G- =5

then the function f is analytic and univalent in U.

1
< %|Z|m+1a Vz € U7

In the next theorem, we observe sufficient conditions for the univalence of the
operator [, using the univalence criterion of J. Becker.

Theorem 1.6.15. [23] Let the functions f; € A and m; > 0 satisfy:
(229 1) - s
[fi(2)] 2

Additionally, assume that M;, N; are positive real numbers and the functions g; € A
are such that:

<

i1 .
% mitl e Uie {1,2,..,n). (1.62)

|z

| fi(2)] < M,

gé’(Z)‘ :
<N, VzeUziec{1,2..n) 1.63
9i(2) { J (1.63)

If:
- 3v/3
> Ja] [(mq + 1)ME + N] < T‘f Vo, € C,R(a;) > 0,0 € {1,2,...,n}, (1.64)
i=1
then the integral operator 1,, from relation (1.58) belongs to the class S.

For the particular case m; = 1, M; = M, N; = 1, we obtain the following result.

Corollary 1.6.1. [23] Let the functions f;,g; € A and M be a positive real number
such that the inequalities:

2 fils) 1' < P, ()] < M,

(fi(2))

are satisfied for any z € U,i € {1,...,n}.
If

g; (2)
9:(2)

-

a 3v/3
2M? + 1 <=
M+ 1) el < =57

where a; € C,R(a;) > 0,1 € {1,2,...,n}, then the integral operator I,, belongs to the
class S.

Next, setting n = 1 in Theorem 1.6.15, we obtain the following result.
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Corollary 1.6.2. /23] Let m > 0 and the function f € A satisfy the hypotheses of
Theorem 1.6.14. Assume that o € C,R(«) > 0, and M, N are positive real numbers,
and the function g € A. If

ORI

for any z € U and
laf [(m+1)M?*+ N] < #

then the integral operator Iy defined by relation (1.59) belongs to the class S.



Chapter 2

Properties of some univalent
integral operators

This chapter, structured into four sections, is dedicated to the study of sufficient
conditions for univalence, convexity, and starlikeness for analytic functions defined
in the interior of the unit disk. The original results were obtained based on the use
of univalence criteria established by J. Becker, N. N. Pascu, V. Pescar, and others,
with some of our own results being generalizations and improvements of those found
in the work [23].

In the first subsection, the author of this work presents her own contributions
regarding the conditions for the membership of the operator Fj(f, ¢g)(z) in the class
S. Univalence conditions for the integral operator F, g(z) are presented in Section
2.2, where, by applying the criterion of N. N. Pascu and the general Schwarz Lemma,
new properties of this operator, introduced by P. Dicu, R. Bucur, and D. Breaz in
[23], were discovered.

Section 2.3 contains several univalence conditions for a new integral operator
G (f,9)(2), whose proofs were obtained using the criterion of N. N. Pascu and the
Schwarz Lemma, while Section 2.4 illustrates a univalence criterion for the operator
Gn(2), which is defined as a generalization of an n-function, an operator introduced
in Section 2.2 of this work.

2.1 Univalence conditions for the integral opera-
tor F(f,g)(2)

In this subsection, we will present sufficient conditions ensuring the univalence
of the integral operator Fj(f,g), defined below.
For functions f,g € A, we introduce the integral operator Fj(f,g) defined by:

: ) B
Fa(f,9)(2) = {5/0 tﬁlg,—(t)dt} ,BeC\{0},zel. (2.1)

42
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Remark 2.1.1. The operator Fg(f,g) generalizes the operator

L6 = [ (em )adt, R(o) < 1,

g'(t)

which was introduced and studied in [20].

In the following theorem, a univalence condition for the integral operator Fj(f, g)

is presented using the univalence criterion of N. N. Pascu [52].

Theorem 2.1.1. [60] Let f € A satisfy the condition:

2f ()
)P

Assume that M, N are positive real numbers and that g € A satisfies:

q"(2)
g'(2)

1

<1l,zeU.

[f(2)] < M,

‘SN,ZGU.

If e C,R(B)=a>0 and
c(2M?*+ N) <1,

2 1\
“T1t2a\2a%1/)

where

then the integral operator Fs(f,g) defined by (2.1) belongs to the class S.

For N =1, we obtain the following result.
Corollary 2.1.1. [60] Let f € A satisfy the condition:
2F(2)
(f(2))?

Assume that M is a positive real number and that g € A satisfies:

9"(2)
9 (2)

-1

<1l,zeU.

IF(2)] < M,

’gl,zeU.

If 6 e C,R(B)=a>0 and
c(2M? +1) <1,

(2.2)

(2.3)

(2.4)

(2.6)

(2.7)

where ¢ = H% (5 )% , then the integral operator F(f, g) defined by (2.1) belongs

2a+1
to the class S.

For M =1 in Corollary 2.1.1, we obtain the following result.
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Corollary 2.1.2. [60] Assume that the functions f,g € A satisfy the conditions
2f'(2)

TR~ 1' <L |f(2)] <1, (2.8)
and ":)
qJ'(z

70 <1l,zel. (2.9)

1
2a  then the operator

If B e CR(B) =a >0 and ¢ < %, where ¢ =
Fs(f,9)(%) defined by (2.1) belongs to the class S.

w2 (zar1)

Remark 2.1.2. [60] For 8 =1 in Corollary 2.1.2, we obtain that the operator
z o f(t)

"/

g'(t)

belongs to the class S and the constant c is exact.

196 = [

These results improve upon those obtained in [20].

2.2 Univalence conditions for the integral opera-
tor F), 5(2)

In this subsection, we consider a generalization of the result from Theorem 2.1.1,
taking the integral operator as depending on n functions belonging to the class A.

For functions f;,¢; € A, © € {1,2,...,n}, we introduce the integral operator F, g
defined by:

s )7

F,5(2) == {5/0 t° gmdt} zel, (2.10)
where 8 € C\ {0}, o; € C,i € {1,2,...,n}.
Remark 2.2.1. [61] The operator F, s generalizes the operator Fs(f,g) defined by
equation (2.1).

Using N. N. Pascu’s criterion, we present the following theorem, which provides
sufficient conditions for the univalence of the operator F), 3 introduced and studied
in [23].

Theorem 2.2.1. [61] Let the functions f; € A, i € {1,2,...,n}, satisfy the condi-
tion:

2 fi(2)
(fi(2))?

Assume that M;, N; are positive real numbers and that the functions g; € A satisfy:

gi (2)

9i(2)

1' <l,zeU. (2.11)

|fi(2)] < M, < Ni,zeU. (2.12)
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Ifpe C,R(B)=a>0 and

n

) @M+ Ny) <1, (2.13)
i=1
where
2 1 2a
c= : : (2.14)
1+2a \2a+1

then the operator F,, g defined by equation (2.10) belongs to the class S.

If we take M; = N; = M, i € {1,2,...,n}, positive real numbers in Theorem
2.2.1, we obtain the following result.

Corollary 2.2.1. [61] Let the functions f; € A, i € {1,2,...,n} satisfy the condi-

tion:

2 fi(z)
(fi(2))?
Assume that M is a positive real number and that the functions g; € A, © €
{1,2,...,n} satisfy:

—1

<l,zeUl. (2.15)

)] < M,
A P cU (2.16)
gilz)| =
If 6 € C,Re(B) = a >0 and
cM@2M 4+ 1)n < 1, (2.17)

1
where ¢ = 1+L2a (ﬁ) 2 then the operator F, 5 defined by equation (2.10) belongs
to the class S.

Taking M =1 in Corollary 2.2.1, we obtain the following result.

Corollary 2.2.2. [61] Let the functions f;,g; € A, i € {1,2,....,n} satisfy the
conditions

2z | oy
O (2.18)
fi(2)] < 1, g((;) <lzel.
If e C,R(B)=a>0 and
c< (2.19)
3n

1
where ¢ = 1+2W . (ﬁ) 2o then the operator F, 5 defined by equation (2.10) belongs
to the class S.

Remark 2.2.2. [61] For n =1 in Corollary 2.2.2, we obtain Corollary 2.1.2.



Integral transformations for certain classes of univalent functions 46

2.3 Univalence conditions for the integral opera-

tor Gs,(f, 9)(2)

For the functions f,g € A, we introduce a new integral operator defined by:

Gpo(f,9)(2) = {5‘/0 7! (;f—((;)vdt}é, (2.20)

where § € C\ {0}, v € C,z € U.

This operator generalizes the operators introduced in the paper [23] by P. Dicu,
R. Bucur, and D. Breaz.

In this section, we present the univalence conditions for the operator Gg.(f, g).

To demonstrate the univalence of the operator G (f, g), we use N. N. Pascu’s
criterion [52].

Theorem 2.3.1. [62] Let the function f € A satisfy the condition:

2F(2)
-1l <1,zeU. (2.21)
(f(2))?
Let M, N be positive real numbers, and g € A such that:
[f(2)] < M,
" 2.22
g/(z) <N,zeUl, ( )
g'(2)
B,y € C,R(5) =a >0 and we have that
c |yl (2M? + N) <1, (2.23)

where ¢ = 1+22a (ﬁ)i, then the operator Gg.(f,g) defined by relation (2.20)

belongs to the class S.
If we take N =1 in Theorem 2.3.1, we obtain the following result.
Corollary 2.3.1. [62] Let the function f € A satisfy the condition:

2 r1
“IE) ) chsew (2.24)
(f(2))
Let M be a positive real number, and the function g € A such that:
[f(2)] < M,
! 2.25
g/(z) <l1l,zeU, ( )
9'(2)
B,v € C,R(B) =a >0 and we have that
eyl 2M?+1) <1, (2.26)

1
where ¢ = 1f2a . (ﬁ)%, then the operator Gg(f,g) defined by relation (2.20)

belongs to the class S.
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By setting M =1 in Corollary 2.3.1, we obtain the following corollary.
Corollary 2.3.2. [62] Let the function f € A satisfy the condition:

G

(f(=))?

Let M be a positive real number, and g € A such that:

<1l,zel. (2.27)

f(2)] <1,
i 2.28
g,(z) <1l,zel, (2.28)
9'(2)
B,v € C,R(B) =a >0 and we have that
1
eyl < 3 (2.29)

1
where ¢ = - (ﬁ)ﬂ Then the operator Gg.(f,g) defined by relation (2.20)

belongs to the class S.

Remark 2.3.1. [62] For § =1 and v = « the univalence condition of the operator

Li(z) = [} (Zf—g;) dt is obtained from relation (1.59).

2.4 Univalence conditions for the integral opera-
tor G, 3(2)

For the functions f;,g; € A, i € {1,2,...,n}, we introduce the integral operator

G (%) defined by:
z n efi(t) i %
Gnp(2) = 5/ P! (,—> dty 2.30
) { G (230

where 3,7 € C,8#0,a; € C,i € {1,2,....,n},z € U.

In this section, we present a generalization of the operator from Theorem 2.3.1,
considering the operator depending on n analytic functions.

We will demonstrate the univalence of this operator using the univalence criterion
of N. N. Pascu.

Theorem 2.4.1. [63] Let the functions f; € A, i € {1,2,...,n}, satisfy the condition:
2fi(2)
(fi(2))?

Assume that M;, N; are positive real numbers and g; € A,i € {1,2,...,n} satisfy:

g/ (2)
9i(2)

- 1' <1l,zel. (2.31)

| fi(2)] < M,

‘ < N;,zeU. (2.32)
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If e C,R(B)=a>0,v €C, and:

el (M + Ny <1, (2.33)

=1

where ¢ = 5= (ﬁ) % , then the operator G, 3(z) defined by relation (2.30) belongs

to the class S.
For M; = N; = M,i € {1,2,...,n} in Theorem 2.4.1, we obtain:
Corollary 2.4.1. [65] Let the functions f; € A,i € {1,2,...,n} satisfy:

2fi(2)
(fi(2))?

Assume that M is a positive real number and g; € A,i € {1,2,...,n} satisfy:

-1

<1,zel. (2.34)

|fi(2)] < M,
52| zeU (2.35)
gi(z) |~ '
IfpeCR(B)=0a>0,v€C,ic{l,2,...,n} and:
M- (M+1)) |yl <1, (2.36)

=1

_ 2 1
where ¢ = 5, (2a+1)
to the class S.

2@ then the operator G, 3(z) defined by relation (2.30) belongs

If we take M = 1 in Corollary 2.4.1, we obtain the following result:
Corollary 2.4.2. [63] Let the functions f;,g; € A, 1 € {1,2,...,n}, satisfy:

206 |,
(fi(2))* ’
fi(2)] <1, (2.37)
gi ()
2 1,zeU.
IfeCR(B)=0a>0,v€C,ic{l,2,...,n} and
2.3l <1, (2.38)

where ¢ = H% . (ﬁ)Z , then the operator G, s defined by relation (2.30) belongs

to the class S.

Remark 2.4.1. [653] For f =1 and ~y; = «;, we obtain another univalence condition

for the operator
/ (efz t)) "

defined in [23], the first condition bezng given in Theorem 1.6.15 of the paper [23].



Chapter 3

Properties of certain classes of
meromorphic functions defined on
the exterior unit disk and new
integral operators

In this chapter, we aim to study and find new sufficient conditions for univalence,
convexity, and star-likeness, as well as conditions on the coefficients of certain classes
of univalent functions, defined on the exterior unit disk for various subclasses of
analytic functions. These meromorphic functions have a unique simple pole at z =
00.

The results of this chapter, which consists of seven original sections.

Section 3.1 covers properties of functions from the class of injective meromor-
phic functions, star-like of order v, Of(7), and functions from the class of convex
meromorphic functions of order v, Og (7).

In sections 3.2, 3.3, 3.4, 3.6 and 3.7, conditions for univalence of some integral
operators formed from functions defined on the exterior of the unit disk are pre-
sented. These operators were formed starting from the operator F,, () introduced
by N. Seenivasagan and D. Breaz in the paper [71], and the original results ob-
tained by the author of this thesis have been published in journals such as Afrika
Matematika [55], Journal of Advanced Mathematical Studies [57], Studia Universi-
tatis Babeg-Bolyai Mathematica [58]. A particular case of the operator G,, s(z) is
represented by the integral operator E(z), for which, in section 3.5, certain values of
the coefficients were obtained, demonstrating that the operator belongs to the class
of star-like meromorphic functions of order 0, Of(0), and these results are published
in the journal General Mathematics [56].

49
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3.1 Properties of some meromorphic functions from
certain special subclasses

If, in Definition 1.4.12, we apply the transformation

1
P

z
bz = “rdz, g(z) = — &y
Z Z, gl\&) = )

22 )

we obtain:

_%(ygb):_%<fei):_% o) (35)

2 f(3)

N EECE)
z-g(2) z-9(2)
To illustrate the relationship (3.2), we consider b3 = 1,7 = 0 in the relationship

(1.3).
Thus, we have g(z) = z + % and

*(Z) R () () 63)

To simplify the calculations, we will use the Symbolab application [76].

We will consider several particular cases to see if R < ) is positive or negative.

> [1+i[2-3i[2+3i|3—i|3+2i | 4—5i|5—4i| H+4di
R(a%)|=0] <0 | <0 |>0]>0] <0 | >0 | >0

Table 3.1: The values of %(;64;32) for a given z.

It is observed that it is necessary to add the condition |R(z)| > [Im(z)|, in order
to formulate the following definition.

Definition 3.1.1. [54] A meromorphic function g € Oy, star-like of order v, 0 <
v < 1, belongs to the class O5 () if it satisfies the inequalities:

%(55) > (33)

‘%(z)| > |Im(z)

,zeW.
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If, in Definition 1.4.16, we apply the transformation (3.1) and use relation (3.3),
we obtain:

_R (1 + ]f(())) =R (1 " %) ’

B <1 N g"(z)-gQ(z)g'(z)-zg<z>-g'<z>)

z- / z
— 25 5e )

-~ SE o g
) =R (1 g 2 z-g(z>>’

:—%<1+ g”(z))+2~%<9’(z))

z-g'(2)

~—

zg(z

We want to illustrate:

!
(ORI
z-9'(2)
Thus, we will consider b3 = 1,7 = 0 in the function defined in relation (1.3).
To simplify the calculations, I used the Symbolab application ([76]).

Thus, we have g(z) = z 4+ %. Then
g”(z) _ [(Z—FZ_?’),]/ _ 12
%(1+Z.g,(z))_%(1+—z_(z+z3), =R(1+ 5755 ).

We will consider particular cases of z to see if §R<1 + %) is positive or

negative.

2 1+d[14+20[2-3i[3—i[3+2|—4—5i] —5—4i
%<1+%) >0 >0 | >0 | >0| >0 >0 >0

Table 3.2: The values of %(1 + ﬁ) for a given z.
It is observed that in all the cases considered above, §R<1 + ﬁ) > 0.

We can thus formulate the following definition.

Definition 3.1.2. [5/] A meromorphic function g € Oy, convex of order vy, 0 < v <
1, belongs to the class Ok () if it satisfies the inequality:

/!

%<1+ J (,Z) ) >,z W.
7 g'(2)

Proposition 3.1.1. [54] A function g € Oy is meromorphic, normalized, and in-

jective if: /
3%(2 Q?Z()Z)> <1, (3.4)
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‘?R(z)| > ‘Im(z) ,

and

R(zY > 0,Vz € W.

3.2 A univalence condition for the operator K, s(z)

Starting from the operator F,,, 3 defined in equation (1.60), we can define a new

1

operator K, 5(z) = “lBtag(t) e dt ﬁ, for which we will present univalence
75 1 g

conditions in this subsection.

Theorem 3.2.1. [55] Let o, f € C, z € W and R(S) > R(a) > % If f €Ty and
g € Vi, and the following conditions are satisfied:

g

22

7 (5)|=li|z e
z 9(2)

then the integral operator, K, 5(z), belongs to the class 3.

+1] > 1,

(3.6)

3.3 Univalence conditions for the operators G,, 3(2)
and GB(Z)

Starting from the integral operator F,, 5(z), defined in equation (1.60), we can
1

B
define new operators denoted by G, ( {6 fl 1= *31_[z 1 (gz )al dt} and

Gs(z { B[t p g )dt} . For these operators, we will further provide univa-

lence condltlons
Let gi(t) = 735 € O, with gi(t) # 0,1 € O, (¢ #0).

Since O is a subclass of O that contains meromorphic and injective functions g,
defined in equation (1.3), we can say that there is a bijection between Ty and O;.
We start from the operator F,, s(z) and apply the following transformations:

1
t— =,
t

—1
L
fi(})

Note that we must also apply transformations to the integration limits, as follows:

gz<t) = € 01.



Integral transformations for certain classes of univalent functions 53

1

- when ¢t = 0, we will have t = o

Z=1=>1

27
Therefore, foz becomes folo, but since z is outside the unit disk, i.e. le = — flz.

= 400, - when t = z, we will have t = % =

The integral operator is defined as:

1

Ga,p(2) = {B/l t—l—ﬂf[ (gjﬂ) = dt}ﬂ . (3.8)

If 8 =1, then the integral operator G, s takes the form:

Gon(2) = /1 T 11 (ﬁ) ot (3.9)

Theorem 3.3.1. [55] Let p € C, RB >~ > 0. If g € O satisfies the condition

9"(2)
zg'(2)

2 — 1

vz >

> 1,

then the operator Gg(z) belongs to the class X.

Theorem 3.3.2. [55] Let a;, 5 € C and R(5) > R(w;) > |?O’é—”| Let g; € Oy, where
Oy is a subclass of Oy, with:

gi(2) =z + Zz—kk,‘v’i €{1,2,...,n},n e N".
k=3

If 19i(2)| > 1,2z € W, then the integral operator G,, s(z) belongs to O;.

Theorem 3.3.3. [55] Let m > 1, g; € Vo, (Va,, is a subclass defined in equation
(123))7 aiaﬁ S C: §R(B) > and

(14 p)m —1
:Z( )

o] e > 1€ {1,2,...,n},n € N*.
a;

=3

If
lgi(2)| >m,ze W,ie{l,2,..,n},

then the integral operator

Geupl2) = {5/1 tlﬁﬁ (gjﬂ)é dt}é’

belongs to the class 3.
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Theorem 3.3.4. [55] Let m > 1,g; € S(p), (9; defined in Theorem 3.3.2 ) and

n

1 —1
= Z%’Z =1,2,..,nne N*,
Q;

=3
and p with the properties from relations (1.24) and (1.25).
If

lgi(2)| >m,ze W,i=1,2,..n,
then we obtain that the operator G, 5(2) belongs to the class 3.
Lemma 3.3.1. [58] Let the analytic function g be reqular on the exterior of the unit
disk Wgr ={z € C: |z| > R} and let g(o0) = 00, ¢'(00) = 1.
If |g(2)| > 1, then the following inequalities hold:

01
1 1
MO

Equality holds only if [g(z)| = K - z and K = 1.
In Lemma 1.1.1 [58], we apply the transformations from equation (3.7) and obtain
the following lemma.

Lemma 3.3.2. [57] Let the function g be reqular on the exterior of the unit disk
Wgr={2€C:|z| > R}, with |f(z)| > M, for fixzed M.
If the order of the multiplicity of the zeros is one more than m for z = oo, then:

1 M 1"
)< 2|2
C)l= a2

1 M 1
— | <= -—,2z€W.
‘9(2) R |zfm

Equality holds only if f(z) =™ - &% . 2™ where 7 is a constant.
Theorem 3.3.5. [57] Let g € Oy such that:
g'(2)

22

+1' > 1,Vze W. (3.10)

Then g is univalent in W.

Theorem 3.3.6. [57] Let ¢ and 8 be complex numbers such that R{S} > 0,]|c| > 1,
and ¢ # —1. Let k(z) = z+ % + % + .. be a regular function in W. If

c 1 K" (z)
EEA (1‘ rz\%) 5 ()

then the operator G, 5(2), defined by

Gap(z) = {B/z T k:’(t)dt}B 2EW,

1

>1,VzeW,

1s a reqular and univalent function in W.
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Theorem 3.3.7. [57] Let M > 1 and the functions g; € O4,i € {1,2, eyn}, which
satisfy condition (3.10), and let B be a real number, 3 < > " 1, where ¢ and o
are complex numbers, o; # 0. If

1~ 1
ol > 121 = (1= |2]*) = —
2 1 = (=) 53 3770,
|9:(2)] = M,
|z| > M,Vze W,
then the operator G, 5(2) defined in (3.8) belongs to the class X.

Theorem 3.3.8. [57] Let M > 1 and the function gz € Oy fori € {1,2,...,n},
which satisfies relation (3.10), B a real number, f < and c,a € C, a # 0.

le\

(3.11)

It MII’
1 n
ol > 12 = (1—2|*) = - ,
el 2 [ = (1= 1) 5 - g0
|z2| > M,z e W,

then the operator G, () defined in relation (3.8) belongs to the class X.

Corollary 3.3.1. [57/ Let the function g; € Oy that satisfies (3.10) and 5 a real
number, 5 <> " where ¢c,a € C, a # 0. If the relation

C>Z2’8 25
2 148 (1) 53

l9:(2)] > 1, ¥z € W,
then the operator G, (%) defined in relation (3.8) belongs to the class X.

Corollary 3.3.2. [57] Let M > 1 and the function g € Oy that satisfies condition
(3.10), B e R, 5 < m and c € C. If:

i= 1|a\’

1 1
o > |2/ — (1 —|2|*) = - ,
> s = (1= 2) 3 3
l9(2)| > M,
|z| > M,Vz e W,

then the operator G, 5(2),z € W, belongs to the class 3.

Corollary 3.3.3. [57] Let the function g € O, that satisfies condition (3.10), f € R,
ﬁgﬁ and c,a € C, o # 0.

If:

1 1

cf > 2% — (1 -2 = - —,
e 1o~ (1= =) 5 oo
l9(2)] > 1,Vz e W,

then the operator G, 5(2),z € W belongs to the class X.
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We will next give the conditions for the membership of the integral operator
Gp(z) in the class 3.

Theorem 3.3.9. [58] Let « € C, R(«w) > 0 and k € O. If k satisfies the inequalities

|Z|2§R(a) -1 k”(z)
R(a) 77 |7 W) >1,Vze W,
k//(z>
. A2
W (2) > R(a) - |z],Vz € W, (3.12)

then, for any complex number 5 with R(5) < R(«), the operator
z -
Gs(z) = {5/ =t k:’(t)dt} :
1

Next, we will give the conditions for the univalence of the operator G,, g(z) in
the class .

Theorem 3.3.10. [58] Let g; defined by

belongs to the class X.

gi(2) = 2 + Z s |z| > 1, (3.13)
k=j+1
from the class V;,i € {1,2,..n},n € N*, j € N}.
If |gi(2)| > M;, M; > 1,z € W, then the operator G, s(z) defined in relation (5.8)
s 1n the class X,

"1
%w)SEZA“aV (3.14)
i=1

and R(F) < R(«a),a, p € C.

Corollary 3.3.4. [58] Let g; defined in (3.138) from the class V;,i € {1,2,...n},
neN*, je N

If |gi(2)| > M, M > 1,z € W, then the operator G, (%) defined in relation (3.8) is
in the class >, and

1
<

n

R(o) € 3 3 R(3) < Rla).aw A € C
=1

Corollary 3.3.5. [58] Let g; defined in relation (3.13) from the class V;,i € {1,2,...n},
n € N*, j € Nj.

If |gi(z)| > M, M > 1,z € W, then the operator G, g(z) defined in relation (5.8)
belongs to class 33, and

n

Mlal’

R(a) < R(B) < R(a),a, 8 € C.
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Corollary 3.3.6. [58] Let g; defined in (3.13) from the class Va,i € {1,2,..n},
n € N*.

If lgi(2)] > M, M > 1,z € W, then the operator G, 5(z) defined in relation (3.8)
belongs to class 33, and

n

R(a) < Mol R(B) < R(a),a, b € C.

Corollary 3.3.7. [58] Let g; defined in (3.13) from the class Va,i € {1,2,..n},
n € N*.

If |gi(2)] > 1,z € W, then the operator G, g(z) defined in relation (3.8) belongs to
class X2, and

n

Ro) < -
|

Theorem 3.3.11. [58] Let g; defined in (3.13) from the class V;,,,1 € {1,2,..n},

n € N*, 7 € Nj.

If |gi(2)| > M;, M; > 1,z € W, then the operator G, g(z) defined in relation (3.8)

belongs to class 3, and

R(B) < R(a),a, 6 €C.

n

1
R(a;) < ; T Mi>Mi|ai|,%(5) < R(y), a5, 8 € C.

Corollary 3.3.8. [58] Let g; defined in (3.13) from the class Vj,,,i € {1,2,...n},
n € N*, 7 € NJ.

If lgi(2)] > M, M > 1,z € W, then the operator G, 5(z) defined in relation (3.8)
belongs to class X3, and

- 1
R(a;) < — R(P) < R(w;), 4,8 € C.
(00 = 3 (e 7)< Rie)
Corollary 3.3.9. [58] Let g; defined in (3.18) from the class Vj,,,i € {1,2,...n},
n € N*, j € N}.
If |gi(z)| > M, M > 1,z € W, then the operator G, g(z) defined in relation (5.8)
belongs to class 33, and

. 1
R(a) < ———— R(B) < R(a), e, 5 € C.
@) < 2 Ty MO < ®e)
Corollary 3.3.10. [58] Let g; defined in (5.13) from the class V;, for n € N¥,
je N
If lgi(2)] > M, M > 1,z € W, then the operator G, 5(z) defined in relation (3.8)
belongs to class X3, and

n

) < Ml

R(B) < R(a),a, B € C.
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Corollary 3.3.11. [58] Let g; defined in (3.13) from the class Vs, fori € {1,2,...n},
n € N*.

If lgi(2)] > M, M > 1,z € W, then the operator G,, (=) defined in relation (5.8)
belongs to class 33, and

n

1

Rlow) < ) 7 R(B) < R(w), a;,8 € C.
(0s) ;(1+M)M|%‘| (6) = Riaw)

Corollary 3.3.12. [58] Let g; defined in (3.13) from the class Vs, for n € N*.

If lgi(2)] > M, M > 1,z € W, then the operator G, 3(2) defined in relation (3.8)

belongs to class X2, and

o) < T aal

Corollary 3.3.13. [58] Let g; defined in (3.13) from the class Vs, for n € N*.
If |gi(2)| > 1,z € W, then the operator G, g(z) defined in relation (3.8) belongs to
class X2, and

R(P) < R(a),a, B € C.

n
Rla) < — R(B) < R(a),a, 5 € C.
(@) < e RU8) < Rla)
Theorem 3.3.12. [58] Let g; defined in (3.13) from the class ¥;(p;),t € {1,2,...n},

n € N, jeNj.
If |gi(2)| > M;, M; > 1,z € W, then the operator G, g(z) defined in relation (3.8)
belongs to class X2, and

n

1

§ROfi S —7%5 S%Oji,&i,ﬁe(c.
(@) < 3 (a7 < e
Corollary 3.3.14. [58] Let g; defined in (3.13) from the class ¥;(p;),i € {1,2,...n},
n € N*, j € Nj.
If lgi(2)] > M, M > 1,z € W, then the operator G, 5(z) defined in relation (3.8)
belongs to class X3, and

n

1
%(Odl) < 121: m,%(ﬁ) < %(ai),ai,ﬂ e C.

Corollary 3.3.15. [58] Let g; defined in (3.13) from the class X;(p;),i € {1,2,..n},n €
N*,j e Ny.

If |gi(z)| > M, M > 1,z € W, then the operator G, g(z) defined in relation (5.8)
belongs to class X, and

n

R(0) € 3 s ROB) < Rla)a A e C

i=1
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Corollary 3.3.16. [58] Let g; defined in (3.13) from the class ¥;(p;),i € {1,2,...n},
n € N*, 7 € Nj.

If lgi(2)] > M, M > 1,z € W, then the operator G,, s(z) defined in relation (5.8)
belongs to class 33, and

n

1
Rlai) < ) 7 R(B) < R(w), i, 8 € C.
(00 = 2 T pyanay M) = Rl
Corollary 3.3.17. [58] Let g; defined in (3.13) from the class ¥;(p),i € {1,2,...n},
ne N, jeN:.
If lgi(2)] > M, M > 1,z € W, then the operator G, 5(z) defined in relation (3.8)
belongs to class X2, and

n
(1+p)Mla|’

Corollary 3.3.18. [58] Let g; defined in (3.13) from the class Xo(p),i € {1,2,...n},
n € N*, 7 € Nj.

If |gi(2)] > M, M > 1,z € W, then the integral operator G, 5(z) defined in relation
(3.8) belongs to class ¥, and

R(a) < R(B) < R(a),a, € C.

n

1
Rlay) < Y ———R(B) < R(a), 0,8 € C.
(©) = 2 T pyatiay M) = Rl
Corollary 3.3.19. [58] Let g; defined in (3.13) from the class ¥o(p),i € {1,2,...n},
n € N*.
If lgi(2)] > M, M > 1,z € W, then the operator G, 5(z) defined in relation (3.8)
belongs to class X3, and

n
(1+p)Mla|’

Corollary 3.3.20. [58] Let g; defined in (3.13) from the class ¥o(p),i € {1,2,...n},
n € N*.

If |gi(2)] > 1,2 € W, then the operator G, 3(2) defined in relation (3.8) belongs to
class X2, and

R(a) < R(P) < R(a), o, f € C.

n

o) < T el

R(B) < R(a), o, B € C.

3.4 Stellarity and convexity of the operator G, 1(2)

1

We will define the operator Go,1(2) = [t 2], <g%(t)> ' dt. This operator is

also a generalization of the operator Fy, 3(2), defined in [71].
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Theorem 3.4.1. [5}] Let g; € O1,;; € C,i € {1,...,n}.

! (2)
2gi(z
‘%(2)} > |[m(z)|,
and

R(:Y >0,z W,
then G, 1(z) belongs to the class OF(0).

To simplify the writing, we will denote G(z) in place of G, 1(2).

Theorem 3.4.2. [54] Leti € {1,2,....,n}, a; € C, and g; € O(7;),0 < ; < 1.
Ifo<y ", ai(l —v) <1,z€ W, and:

[R(2)[ > [Im(2)],

R (—%) > —vi,z €W, (3.16)

then G, 1(2) defined in relation (3.9) belongs to the class Of (), where jp= "7 | aii(l—
Vi)-

If we take v; = 7,7 € {1,2,...,n} in Theorem 3.7.2, we obtain the following
corollary.

Corollary 3.4.1. [5}] Let g; € O1(7),0 < v < lL,a; € Cyi € {1,2,....,n}. If
0<yr L+< ﬁ, and

[R(2)] > [Im(2)]

%(%) > —y,Vz e W,

then Gy, 1(2) defined in relation (3.9) is stellar of order i, where p = (1—v) 3" L.

Theorem 3.4.3. [54] Let g; € Ok(7:),0 < v < 1,4 € {1,2,....,n},a; € C. If
0<Z?:1a%-2%§1 and
[R(2)| > [Im(2)],
RY >0,Vze W,
then Gq, 1(2) defined in relation (3.9) belongs to the class Of(n), where p =" | a%
27;.

Letting v; = 7,7 € {1,2,...,n} in Theorem 3.7.3, we obtain the following corol-
lary.
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Corollary 3.4.2. [54] Let g; € Ok(v),—1 < ~v < 1,i € {1,2,...,n},a; € C. If
1

n 1
0<Ziz1a§7

[R(2)[ > [Im(2)],

and

RY >0,Vze W,
then Go, 1(2) given by relation (3.9) is stellar of order pu, where jp=2v->7" a%

3.5 Properties of the coefficients of the operator
E(z)
For the integral operator G,, g(z) defined in relation (3.8), we take the particular

case: 0 =1,a; = 1.
For simplicity, we will write E(z) instead of Gy 1(z), that is

B(z) = /1 e (ﬁ) dt — /1 ) ﬁdt (3.17)

Condition (3.4) can be rewritten as follows:

o(559)

%(HZ'QI(Z)) <2,

9(2)

1 - 1
z-g'(2) 2
R (14 29)
Taking into account the condition from relation (1.3), that is 1 < |z| < oo, we
obtain:

R(2?) > 1.
We can easily conclude that if 0 <y < 1, then:

5— 1
TV>2;»TV>0. (3.18)

Theorem 3.5.1. [56] Let g € Oy(y). If

then E(z) € O%(0), where E(z) is the integral operator given by relation (3.17).
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Corollary 3.5.1. [56] Let g € O1). If
2z E"(z) 1—7
B GV -— 7
e e R
then E(z) € O5(0), where E(z) is the operator from relation (3.17).
We will consider a few examples.
Example 3.5.1. [56]

For meromorphic, normalized, and injective functions g, from relation (1.3):

o0 bk
o) =243 % 1<l <oo
k=3
let b, = 0. Then we obtain
g(z) = 2. (3.19)
We want to check if the conditions of Theorem 3.5.1 are satisfied. We will find the

new forms of E(g(2) = 2), E'(g(z) = 2), E"(g9(2) = 2), and E"(g(z) = 2).
Applying relation (3.19) in relation (3.17), we have

/ Sdt=1- = (3.20)
After successive differentiation of F(z) defined in relation (3.20), we obtain:
1
Fo(z) =) = 5.
! 2
E(g(z) = 2) = -, (3.21)
6
E"(g(z) = 2) = ot (3.22)
We will multiply relation (3.22) by z and divide the result by relation (3.21):
S B =7)
E'(g(z)=2)

Thus we obtain

o B =2))
§R{ () = 2) } 3> 0.

Thus, E(g(z) = z) € O7(0).
We check if the conditions from Corollary 3.5.1 hold. We have that

S B =2) .
By =2 o otPTh
N COEE A

§R{ () =3 +2} 1> 0,

thus E(g(z) = z) € O5(0).
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Example 3.5.2. [56]

For meromorphic, normalized, and injective functions g, from relation (1.3):

Sy
o) =23 % 1<l <o,

k=3
let k = 3 and b, = 1. We thus find the function:
1
g(z) =z + = (3.23)

We want to check if Theorem 3.5.1 holds in this case, finding the new forms of

E(g(2)), E'(9(2)), E"(g(2)), and E"(g(2)).
We apply the function g defined above in relation (3.23) to the operator defined

in relation (3.17) and thus we obtain:

z 1 z t2
F(z) = —dt = —dt. 3.24
(=) /1 F it ) /1 ] (3:24)

After successive differentiation of E(z) defined in relation (3.24), we obtain:

22 1

EF(z)=———=

(2) = 1 it

2z — 22°
E'z)= —F— 3.25
)= e (3.25)
2(1 — 122* + 32%)

E"(2) = 3.26
() =" (3.26)

We will multiply relation (3.26) by z and divide the result by relation (3.25), thus
obtaining:

2 E"(z)  22(1 =122 +32%)  (1+2%)?

E'(z) (14 24)3 22(1— 24
12 8
1424 1-—28

(3.27)

— 34
It is known that z is a complex number of the form z = a+ib, with a,b € R, |z| >
1,a®> +b* > 1.
If we take the case where z = 1 + i, we have |z| = v/2 > 1,

2t = —4, 28 = 16,

z- B"(z) 12 g8 97
E"(z) 1-4 1-16 15

—6.4(6),
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We have obtained that: —%{25:/{;)} > 0. Thus, E(z) € O7(0).

We check if Corollary 3.5.1 holds in this case.
o E”/(Z)
E”( Z)

—@R{%(;;) + 2} = +4.4(6) > 0.

_%{%ZS;MFQ} > 0.

+2 = —6.4(6) + 2 = —4.4(6),

We obtain:

Therefore, we have that E(z) € O5(0).

3.6 Univalence conditions for the operator 7, s(2)

We consider the operator T,, s(z) defined by

= (o [ T () )

This operator is also a generalization of the operator F,, g(z) as well as the
operator G, 5(#) defined in relation (3.8).

Theorem 3.6.1. [59] Let m > 1, g; € Vs,
=z+ Z p Vi = ,n,n € N*

and «;, € C, R(B) > v, where:

n

m — 2(p; — 1)

o] - i >1,i=1,2,....,n;n € N*.
(2

")/:

If
g:(2)| >m,z e W,i=1,2,..,n

then we obtain that the integral operator

Toya(z) = {/t—lﬁﬂ( egz(t);idt},

belongs to the class 3.

™|
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Theorem 3.6.2. [59] Let m > 1,¢9; € S(p), (g: defined in Theorem 3.5.2) and:

“m—2p+2
71:Z—m Pt i=1,2,...,n;n € N*

= e lad

and p with the properties from relations (1.24) and (1.25), that is
92)\ J(2)
z

22
|gl(z)| >m,z € VI/’Z = 1727"7n

p

>p,Z€VV, TR
|21/

j €N

—I—l’ >
If:

then the operator

1

_ ~1-8 i
Tap(2) = /1 t H ( —® ) dt

belongs to the class 3.

=

3.7 Stellarity and convexity of the operator 7, ;(2)

In this section, we will introduce the integral operator:

To o(2) :{ /1 - BH( - )O}idt}é, (3.28)

where ¢;(t) # 0;9;(t) € O1,a; € C*,Vi € 1,2,..,n, which is a generalization of the
operator F,, g(z) defined in [71] and of the operator G, g(z) defined in (3.8).
For =1, the operator T,, 3(z) becomes

Ty, / 2 H ( — t)) o dt. (3.29)

The following theorem provides conditions for the belonging of the introduced
operator to the class O7(0).

Theorem 3.7.1. [59] Let g; € O1,a; € C*,i € {1,...,n}.
If

zgi(2) .
R <—gi(z) ) <1, R(1+g(2) <1, (3.30)

‘§R(z)| > ‘Im(z)},
and
R(zH >0,z €W,

then T, 1(z) belongs to the class OF(0).
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The following theorem gives us a condition for the belonging of the operator
T, 1(2) to the class OF (u).

Theorem 3.7.2. [59] Fori € {1,2,...,n}, let a; € C* and g; € O(~;),0 < ; < 1.
Ifo<3l, o(1—7) <1

[R(2)| > [Im(z)],

R(1+g(2) > 1, (3.31)

and

R (—m> > —v;,Vz e W,
9i(2)

then the operator Ty, 1(z) given by relation (3.29) belongs to the class OFf(u),
where =31 (1 — ).

If we take v, = 7, ¢ € {1,2,...,n} in Theorem 3.7.2, we obtain the following
corollary.

Corollary 3.7.1. [59] Fori € {1,2,....,n}, let a; € C*, g; € O1(),0 <y < 1. If
1
17

n 1
0<zz:1a_lg_'y’

1R(2)| > [Im(2)],
R(L+gi(2) >1,

%(”ng)(z)) > A Vze W,

then the operator T,, 1(z) given by relation (3.29) is starlike of order u, where
n = (1 - 7) Z?:l aii‘

The following theorem gives us a condition for the belonging of the operator
T, 1(2) to the class Op ().

Theorem 3.7.3. [59] Fori € {1,2,...,n}, let a; € C* and g; € O(7;),0 < ; < 1.
[fo < Z?:l a% ’ (2 - %‘) < 17Tai,1(z)

[R(2)| > [Im(2)],
R(gi(2)) > 1,
R(z*) >0,¥z € W,

then the operator Ty, 1(z) given by relation (3.29) belongs to the class Oj(u),
where =" = (2—).
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Taking v; = 7,7 € {1,2,...,n} in Theorem 3.7.3, we obtain the following result:
Corollary 3.7.2. [59] Fori € {1,2,...,n}, let o; € C* and g; € Ok(y),—1 <y < 1.
IFo<>l & <55,

[R(2)| > [Im(2)],
R(gi(2)) > 1,
and
REY >0,V2e W,

then the operator T,, 1(z) given by relation (3.29) is starlike of order u, where
n= (2_7>'Z?:1a%-'
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