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Quasi-Isometricity and Equivalent Moduli of Continuity
of Planar 1/|w|*>-Harmonic Mappings

Qi Yi?, Shi Qingtian®

?School of Mathematics and Systems Science & LMIB, Beihang University, Beijing, 100191, China

Abstract. In this paper, we prove that 1/|w[*-harmonic quasiconformal mapping is bi-Lipschitz contin-
uous with respect to quasihyperbolic metric on every proper domain of C\{0}. Hence, it is hyperbolic
quasi-isometry in every simply connected domain on C\{0}, which generalized the result obtained in [14].
Meanwhile, the equivalent moduli of continuity for 1/|w|*-harmonic quasiregular mapping are discussed
as a by-product.

1. Introduction

Let Q and (' be two proper subdomains of the complex plane C and let p(w)ldw|* be a conformal
metric on . Then a sense preserving C? mapping f of Q onto () is called p-harmonic if it satisfies the
Euler-Lagrange equation

fz(2) + (log p),, o f(2) f:(2) fe(2) = O (L.1)

in Q). Especially, f is called a Euclidean harmonic mapping when p is a positive constant. Euclidean
harmonic mapping is a kind of natural generalization of analytic function and plays an important role in
the theory of functions. For a survey of Euclidean harmonic mappings, see[13, 15] for more details. When
p is the hyperbolic metric of (Y, f is called a hyperbolic harmonic mapping.

It is well known that p-harmonic mappings can be characterized by their Hopf differentials. That is,
f(z) is a p-harmonic mapping of Q onto (' if and only if its Hopf differential ¢(z)dz := p(f)f.fz dz* is a
holomorphic quadratic differential on Q [3].

A mapping f : Q — ) is called a p-harmonic K-quasiregular mapping if it is p-harmonic and there is a
constant K > 1 such that |z(z)| < k|fz(z)| forall z € QO, where k = % In addition, if f(z) isa homeomorphism
on (), then f(z) is called a p-harmonic K-quasiconformal mapping.

The Lipschitz continuity with respect to varied metrics of harmonic quasiconformal mappings is an
important research content in the theory of harmonic mappings. The Euclidean Lipschitz and bi-Lipschitz
continuities of Euclidean harmonic quasiconformal mappings are first investigated by Martio in [34]. The
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hyperbolically bi-Lipschitz continuity of harmonic quasiconformal mappings is further studied by Wan
[37]. Itis proved in [37] that every Euclidean (hyperbolic) harmonic quasiconformal diffeomorphism of the unit disk
ID onto itself is quasi-isometric with respect to the hyperbolic metric.

Later, KneZzvi¢ and Mateljevi¢ [23] retrieve it by using Ahlfors-Schwarz lemma (see Lemma 2.4). More-
over, they proved that every Euclidean harmonic quasiconformal mapping of the upper half plane onto
itself is also a quasi-isometric with respect to the hyperbolic metric in [23, 24].

In 2010, the above result of Wan is improved to convex domain and the sharpness hyperbolically Lips-
chitz coefficient is given in [8]. Meanwhile, the first author of [8] finds that 1/|w|*-harmonic quasiconformal
mapping also has an analogy bi-Lipschitz continuity as following [14].

Theorem 1.1. Let A be an angular domain with the origin of the complex plane C as its vertex. If f is a 1/|w|*-
harmonic K-quasiconformal mapping of the unit disk ID onto A, then f is hyperbolic K-quasi-isometry. Moreover, the
hyperbolically Lipschitz coefficient K is sharp.

From the above analysis, the bi-Lipschitz continuity is closely related to the image domain and the
mapping. Recently, many articles [9, 20, 22, 36] studied this issue for different domains or functions. The
hyperbolically Lipschitz and bi-Lipschitz properties of general p-harmonic mappings are also studied [12].

More recently, Mateljevi¢ [32] further generalizes Wan's result to any simply connected proper sub-
domain in C for Euclidean harmonic quasiconformal mappings by using the following conclusion. (See
[31-33])

Theorem 1.2. Suppose D and D’ are proper domains in R%. If f : D — D’ isa Euclidean harmonic K-quasiconformal
mapping, then it is bi-Lipschitz with respect to quasihyperbolic metrics of D and D'.

In this paper, we mainly investigate the hyperbolically Lipschitz continuity and equivalent modulus of
continuity of 1/|w|*- harmonic quasiconformal (quasiregular) mapping. In the first part of this paper, we
prove that Theorem 1.2 is also true for 1/|w[*-harmonic K-quasiconformal mapping. Thus, Theorem 1.1 can
be generalized to any simply connected proper subdomain of C\{0} (See Theorem 3.1 and Theorem 3.2),
although the sharp hyperbolically Lipschitz coefficient is not obtained.

Equivalent modulus of continuity has been investigated by some scholars, such as Dyakonov, Pavlovig,
Abaob, Arsenovi¢, Mateljevi¢, Ponnusamy and others. Recently, Chen Shaolin and his colleagues obtain
three equivalent conditions about Equivalent modulus of continuity of Euclidean harmonic mapping. As a
by-product of the first part, We find that those equivalent conditions also hold for 1/|w|*-harmonic mapping.
The detail research backgrounds and our results are given in Section 4.

2. Preliminary

In this section, we introduce and prove some lemmas, which are needed in the following discussion.

For the sake of comprehending deeply the family of 1/|w|*-harmonic mapping, a class of logharmonic
mapping should be introduced at first[1]. A sense preserving mapping f on Q is called logharmonic if
f(z) # 0in Q and there is an analytic function a(z) in Q with |a(z)| < 1 such that f(z) is a solution of the
nonlinear elliptic partial differential equation

fi(2) = a(z)% . (2). 2.0)

Then we prove the following equivalent relation of logharmonic mappings and 1/|w|*-harmonic mappings,
which plays an important role in the proofs of Theorem 3.1 and Theorem 3.2.

Proposition 2.1. Let f be a sense preserving mapping defined on QQ C Cwith w = f(z) # 0 forall z € Q. Then f is
a logharmonic mapping if and only if f is a 1/|w[>-harmonic mapping.
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Proof. The necessary part of this statement is proved in [14]. Now, we mainly want to prove the sufficiency.
Let f be a 1/|w[>-harmonic mapping on Q with w = f(z) # 0 for z € Q. Then by (1.1), we get

ffzf =f2ff/ ze Q/

which directly implies
(?)Z =0 and (%)Z =0, VzeQ. (2.1)
Let
_ () _ f2)
h(z) = @ and g(z) = @ ze Q.

Then from (2.1), h(z) and g(z) are analytic function in Q. Moreover, h(z) # 0in (), Since f is sense preserving
and f # 0in Q. So there exists an analytic function

_10_F@fe
T @) L@ FR)
which satisfies |a(z)] < 1 in Q by the sense preserving property of f. Therefore, f(z) satisfies (2.0) with

analytic function a(z) defined in (2.2) and f(z) is logharmonic in ) conseqently. The proof of Proposition
2.1is completed. [J

a(z)

€eQ (2.2)

Next, in order to prove the quasi-isometry of 1/|w|*-harmonic quasiconformal mapping in Section 3, the
following three conclusions are needed.

Lemma 2.2. (Astala-Gehring) [6] Suppose that D and D’ are domains in R" (n > 2),if f : D — D' isa
K-quasiconformal mapping, then there exists a positive constant ¢ := c¢(K, n) such that

1d(f(z),9D’) d(f(z), dD’)
¢ d@, ap) S Mr@ ==

where
1
arp(x) = exp {— f log ]f(z)dz} (2.3)
n|By| Jg,
forall x € D, here B, := B(x, d(x, dD)) is a ball and |B,| stands for the volume of the ball B,.

Proposition 2.3. Let f be a logharmonic mapping defined on the domain QO C C. Then log ( fz(z)| is a real-valued
Euclidean harmonic function on ().

Proof. Since f is a logharmonic mapping, then f satisfies (2.0) in Q for some analytic function a(z) with
la(z)] < 11in Q. Meanwhile, f alsoisa 1/ |w[2-harmonic mapping by Proposition 2.1. From the definition of
1/|w[>-harmonic mapping, we get

fz(2)f(2) = f(2) fz(2), z € Q. (2.4)
Moreover, the Hopf differential

1 S
P(2) = sz(Z)fz(Z) (2.5)

of f is holomorphic in Q.
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LetA={ze€Q: fi(z) =0}. By (2.0) and (2.5), A is the set of zero points of the analytic function a(z) and
A is that of ¢(z) also. Consequently, A is countable and discrete. Furthermore, by (2.0) and (2.5) again,

PQ) _ £)
@ P

€eQ\A. (2.6)

z z
Thus, when z tends to every C € A, the limit of w exists. So m is a non-vanishing analytic function in

a(z) a(z)
Q and (2.6) holds for all z € Q. Hence,
g L o
SR ~ Bl
is harmonic in Q, and
1
Alog W + Alog(|fz(z)|2) =0, zeQ (2.7)

consequently.
By simple computation, we have

1 (fef+FR)IP - (EEP + £F)
8198 e = ek oo

So from (2.4) we conclude that

1 (f=f + F=f)IF@F - (f=f + F=f)If@F .

Alo =-4 ,
Bl FRP
Thus by (2.7) we have

zZ e

Aloglf(z)l =0, zeQ.
That is, log |f.(z)| is Euclidean harmonic in Q. The proof of Proposition 2.3 is finished. [

For simply connected domains, the following classic theorem reveal the link between the hyperbolic
density and the quasihyperbolic density [7, 18].

Lemma 2.4. Let QO C C be a simply connected hyperbolic domain and and let Aq(z)|dz| be its hyperbolic metric.
Then

1 1

1 m < Aa(z)

1
Sm, z€Q),

where
d(z,dQ) = inf{z—w|: w e}, zeQ.
The right equality holds if and only if Q) is a disk with center z, and the left equality holds if and only if Q) is to a slit

plane. Moreover, if () is a convex domain, then

1 1
1 1 . . |
2d(z,0Q) = Aa(z) <1, forallzeQ

The left equality holds if and only if Q) is a half plane.
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Lemma 2.4 can be roughly state as
Coxa(z1,22) < dp(z1,22) < Cikalz1,22), forall zq,z; € Q, (2.8)

where C; and C, are two universal constants and «kq is the quasihyperbolic metric of ) which is defined as

. 1
xa(z1,22) = 11)}f£ mldzl, for all z1,z, € Q. (2.9)

Here the infimum is taken over all rectifiable curves y in Q joining z; and z,.
The Gauss curvature of a Riemannian metric p(z)|dz|* of a domain Q is

_1Alogp(2)
2 pl)

The following is the famous Ahlfors-Schwarz lemma [25].

K(p)(z) := € Q.

Lemma 2.5. Let p(z) is the density of a Riemannian metric of the unit disk ID with Gaussian curvature K(p)(z) < —1.
Then p(z) < Az) for all z € D, where
4
AMz) = ———
©= Ty
is the hyperbolic density of ID.

Applying Proposition 2.3 and Lemma 2.5 to 1/|w[*-harmonic K-quasiregular mappings, we get the
following Schwarz lemma which will be used in the discussion of section 4.

Proposition 2.6. Let f : D — D be a 1/|w|*-harmonic K-quasireqular mapping. Then

1- 2
Af(@) = L@+ If@)] < K%l(jz)l zeD. (2.10)
Proof. Let
0(z) = (1 -*AMf@)ILE@P, zeD, (2.11)

where k = (K - 1)/(K + 1). By Proposition 2.1, f(z) is a logharmonic mapping. So f(z) is sense preserving
and |f-(z)| # 0 in ID, consequently. Thus, o(z) > 0 for z € D.

From (2.11) and Proposition 2.3,
Alogo(z) = Alog A(f(2)).
By simple computation on Alog A(f(z)), we get

(=f + fFA = IfP) + (LR +1EP) + (RLP + £

Alogo(z) =8 2.12
go(2) a-fpe (2.12)

Since f is K-quasiregular mapping, we have |f3(z)| < k|fz(z)| and consequently,
la(z)| <k <1, zeD, (2.13)

where a(z) is the analytic function in (2.0) associated to the logharmonic mapping f. Thus, by (2.0), (2.4),
(2.12) and (2.13), we have

I£@P +£@P + f20)f@) + fz(0)f(2)

Alogo(z) =8

(1 -1f(2)P)?
2 —
) 8% [1+1a@)P +a(z) + a)]
|fz(z)|2 (1 _k)Z,

1 -1f@P)°
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which implies that

_lAloga(z) <1

K(o)(z) = 2 0@ -

Therefore, by Lemma 2.5, 6(z) < A(z) for z € D, which implies

1 1-1f@)P
|fz(Z)|§m 1—|Z|2 , zeD

and then (2.10) directly. The proof of this Proposition is completed. [

3. Quasi-Isometricity of 1/|w|*-Harmonic Mappings with Respect to Quasihyperbolic Metrics

In this section we prove that 1/|w[>-harmonic mappings are of quasi-isometricity with respect to quasi-
hyperbolic metrics. As a corollary we obtained that they are of quasi-isometricity with respect to hyperbolic
metrics also if their domains are simply connected hyperbolic domains and their image domains not con-
taining 0, which generalizes Theorem 1.1.

Theorem 3.1. Let Qand Q' be two proper domains of C with 0 ¢ )'. Then every 1/|w|*-harmonic K-quasiconformal
mapping f: Q — Q' of Q onto () is bi-Lipschitz continuous with respect to quasihyperbolic metrics on Q and €Y',
That is to say, there exists a positive constant c such that

1
- ka(z1,22) < ko (f(z21), f(22)) < c xa(z1,22), V21,22 €Q), (3.1)
where xq and k¢ are the quasihyperbolic metrics of ) and ()’ respectively.

Proof. As fisal/ |w[>-harmonic mapping in Q, by Proposition 2.1, there exists an analytic function a(z) with
la(z)] < 1 on Q such that (2.0) holds in Q. So the Jacobian J(z) of f(z) can be represented as

Jf(2) = As(2)Af(2) = (1 - a(2)) fo(2), € Q,

where
Af(z) = 1@ +1£@)] Af(2) = )] - |G-

Thus, the quantity af,n(z) defined in Lemma 2.2 has the following form

1
am@:w%ﬁ%jiMJ@ﬂeM&ﬂH%%@HM@} (32)

where & = x +iy.
Since log|f:(z)| is a real-valued harmonic function on Q from Proposition 2.3, Then by mean value
theorem,

log|f2(2)| = log |fz(5)|2dxdy, E=x+iyeB(zr) (3.3)

1
le(Z/ 7’)| B(z,r)
holds for every z € Q) and every disk B (z, r) C Q centered at z with radius r. Therefore, by (3.2) and (3.3),

1
2|B(Z/ 1’)| B(z,7)

As f is a K-quasiconformal mapping, we have

%d@=%®ww{ dewﬁWMm%,zeQ (34)

K-1

Ia(Z)Isk=K+1

<1, zeQ. (3.5)



Q. Yi, S. Qingtian / Filomat 31:2 (2017), 335-345 341
Then from (3.4) and (3.5),
V1-K|£2)] < ara(z) < (), z€Q,
which implies

K+1
2

%Af(z) < D(f,Q(Z) < /\f(Z), z€Q (3.6)

directly.
Applying Lemma 2.2, (3.6) implies
d(f(z), Q)

CA@) = =100

< Cl/\f(Z), ze€Q, (3.7)

where Cy := %C, Cy = \/LKC and ¢ = ¢(K, 2) is the constant appeared in Lemma 2.2.

For any z; and z; € Q. By a result of [17], there exists a quasihyperbolic geodesic y in Q2 connecting z;
and z,. So

1 1 1 —
xa(z1,22) = l:o mlel > j;o mm |deZ +fgdZ| . (3.8)

U

Thus, from the left inequality of (3.7) and (3.8),

G
xa(z1,22) = ———|dw|,
a(z1,22) «ﬁ()/o) (W, a0
and consequently
ka(z1,22) 2 Coxkar (f(z1), f(22)), 21,22 €Q, (3.9)

since f(yo) is curve in ()’ joining f(z1) and f(zy).
Similarly, there exists a geodesic y; in )’ joining f(z1) and f(z2), and thus

1 1
s 6= [ T [ e s em 310
From the second inequality in (3.7) and (3.10),
1 1
ko (f(z1), f(22)) 2 ffl%) mldzl > C_lKQ(erZZ)r 21,22 € Q. (3.11)

Therefore, (3.1) comes from (3.9) and (3.11), and the proof of Theorem 3.1 is completed. [
By Theorem 3.1 and Lemma 2.4 or the inequality (2.8), we obtain the following theorem.

Theorem 3.2. Suppose that Q) and Q) are two simply connected proper subdomains of C. Let f : Q) — Q' bea
1/|w[?-harmonic K-quasiconformal mapping with w = f(z) and 0 ¢ '. Then there exists a positive constant C such
that

& e, 2) S di(f(e), f) < Cdytar, 22, (3.11)

holds for all z1,z, € Q.

Remark Theorem 3.2is a generalization of Theorem 1.1 to arbitrary simply connected hyperbolic domains,
though the sharp estimate of Lipschitz constant is not obtained here.
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4. Equivalent Moduli of Continuity for 1/|w|*>-Harmonic Mapping

In order to illustrate the modulus of continuity, some terminologies and notations should be introduced.
A continuous increasing function ¢ : [0, +o0) — [0, +00) with ¢(0) = 0 is called a majorant if o(t)/t is
decreasing for t > 0. A majorant o is said to be regular if there are constants oy > 0 and C > 0 such that

5
f @dt < Ca(5), 0 <6< 0y, (4.1)
0
and
2 6(t) ]
1) t_zdt < Co(6), 0<6< . (4.2)
B

Given a subset Q2 C C and a majorant o, the Lipschitz space A;(Q) is the set of all mappings f : Q — C
satisfying for some constant C = C¢ > 0

If(@) = f(OI < Coa(z-&l) (4.3)

whenever z and & € Q. The local Lipschitz space Al*°(Q) is the set of all mappings f : Q — C such that (4.3)
holds for some constant C = C; > 0 whenever z and & in any open disk contained in Q. A domain Q is
called a A,-extension domain if A,(Q) = A°(Q).

Ags-extension domain is an important concept in complex analysis. Gehring and Matrio first give a
geometric characterization of A,-extension domains in [16] with the important special majorant o() =
t* (0 < a < 1). Lappalainen [26] extends their results to a general case and proves that

Q is a As-extension domain if and only if there is a constant C = C(€, o) > 0 such that

0 (d(z,0Q))
fymlda < Co (|21 - z2)), @

holds for all zy and z, € Q) and all rectifiable curves y in C joining them. Moreover, As-extension domains exist only
for majorants o satisfying the inequality (4.1).

Based on the above characterization, the equivalent modulus of continuity |f] € A;(Q) is discussed by
many authors. For example, [4, 10, 21, 22, 35] and the references therein. Dyakonov [21] first characterizes
the equivalent modulus of the holomorphic functions. Then Pavlovi¢ [35] uses a relatively simple method
to prove the results of Dyakonov. Also simple proofs are given using Bloch’s theorem by Mateljevic, see
[27-30, 32] and the Remark in this paper. Recently, Chen, Ponnusamy and Wang generalize this topic to
other functions, such as planar harmonic mappings, plurharmonic mappings in B"(see [10, 11]). Two main
theorems [10] of them are as follows.

Theorem 4.1. Let ¢ be a majorant with (4.1), and let Q) be a As-extension domain. If f is a planar K-quasiregular
Euclidean harmonic mapping of Q) and continuous up to the boundary 9Q, then

f € A(Q) = If] € AlQ) = If] € A(Q, 9V),

where Ay(Q, dQ) is the set of f € CX(Q) satisfying (4.3) with some positive constant C for z € Q and & € IQ.

Theorem 4.2. Let ¢ be a majorant with (4.1). If f is a Euclidean harmonic K- quasireqular mapping in Q C C, then
f € Aoint(Q) & If] € Agini(Q),

where Ny int(Q) is the set of f € C*(Q) which satisfying for some constant C > 0

|f(z1) = f(z2)] < Cdoa(z1,22), (4.5)
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for z1,z, € Q). Here

o (d(z,0Q))

ds0(z1,22) == 1r)}ffymldz|

and the infimum is taken over all rectifiable curves y in ) joining z; and z,.

In addition, there are many investigations about Lipschitz moduli of Euclidean harmonic quasiregular
mapping in R", see [2, 5] for more detail. At the end of [10], authors quoted the question which is posed
by referee: Does Theorem 4.1 still hold if the hypothesis mapping being harmonic is dropped? In 2014, Miodrag
Mateljevi¢ [32] partly answered this question when ¢(t) = t* and found that it also true when O C R" in
Theorem 24 and Theorem 40. But the general case is still unsolved. In this section, we prove that Theorem
4.1 and Theorem 4.2 also set up for planar 1/|w[>-harmonic K-quasiregular mappings.

Theorem 4.3. Let o be a majorant with (4.1), and let Q be a A,-extension domain. If f is a 1/|w[>-harmonic
K-quasiregular mapping of Q and continuous up to the boundary dQ, then

feA(Q) = Ifl € As(Q) &= |f] € As(Q, Q).

Proof. Tt is trivial that f € A;(Q) = |f] € As(Q) = |f] € As(Q,JQ). Thus we only need to prove |f| €
No(Q,0Q) = f e As(Q).
For a fixed point z € O, let

F(t) = A% fz +td(z,0Q)), teD,

where
M, =sup{If(E): | —z| < d(z,0Q)}.
Then |F(t)| < 1 fort € D.

Since f is a 1/|w|*-harmonic K-quasiregular mapping with w = f(z), then

F(t)| |z poo K-l

OINIEG) <ki= g7 E=2+1H(z00)

and there exists an analytic function a(z) satisfies |a(z)| < 1 in Q such that

F® = o Fe(e),

by Proposition 2.1, that is, F is a 1/|w|*-harmonic K-quasiregular mapping of ID into itself. Therefore, by
Proposition 2.6,

1 —|F(&)
Fe(@)l+ (@) < kO e e,
% -]
Especially,
IFe(O)] + IF£(0) < K (1 = [FO)F) < 2K(1 - [F(O)),
that is,

d(z,9Q) (|£(2)] + I fz(2)]) < 2K(M: = [ (2))) (4.6)

In what follows, we always use C to denote positive constants, although the C’s may not be the same in
different places.
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Let such that 7 € dQ with |z — 1| = d(z,0Q). As |f| € Ay(G,dG), thus for any & € D(z,d(z,9Q)) := {& :
& — 2| < d(z,0Q)}, we get that

1A= 1f @I <IAOI = 1f @I+ (D = 1 f @]
<Co(jr - &J) + Co(lt - z)),

Since |t — &| < 2d(z, dQ)), so by the definition of majorant,
I =1f @Il < Co(d(z,0)),
which implies
M; - |f(2)| € Co (d(z,09)), z € Q. 4.7)
Hence, by (4.6) and (4.7), we get

0(d(z,09) _

@ +1E@) < CZp5as e, (48)

As Q is a As-extension domain, then by (4.4) and (4.8),

v@o—ﬂQNSjkm@n+M@muﬂ
)/

o(d(z, 9Q)))
= ny iz 90) 1~

< Co(lz1 — 22)

holds for all z; and z, € Q. Here y is any rectifiable curve in £ joining z; and z,.
Therefore we have proved that
Ifl € As(G,dG) = f € Ays(G)

and the proof of Theorem 4.3 is finished. [

By the method used in the proof of Theorem 4.3 and the definition of A,;,¢(€), the following outcome
is obtained also. We omit the proof of this theorem here.

Theorem 4.4. Let o be a majorant satisfying (4.1). If f is a 1/|w[>-harmonic K-quasiregular mapping in Q c C
with w = f(z), then

f € Ao',inf(Q) — |f| € Aa,inf(Q)~

Remark The methods used in the proof of Theorem 4.1 and Theorem 4.3 are closely dependent on
the harmonicity of functions and the Schwarz lemma plays an important role which also illustrates that
harmonicity can not be dropped there. Comparatively speaking, Miodrag Mateljevi¢’s method is relatively
simple [32]. Furthermore, applying his method, Theorem 24 is very likely be extend to all majorant since
the time of publication of the first works. Besides, the subject is closely related to other topics such as
versions of Bloch’s and Koebe's theorems, see [27-30] for more details.
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