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BOHR-TYPE INEQUALITIES FOR HARMONIC MAPPINGS WITH A
MULTIPLE ZERO AT THE ORIGIN

YONG HUANG, MING-SHENG LIU *;, AND SAMINATHAN PONNUSAMY

ABSTRACT. In this paper, we first determine Bohr’s inequality for the class of harmonic
mappings f = h + g in the unit disk D, where either both h(z) = >0 | apnim 2"t
and g(z) = Y07 o bpngm 2" are analytic and bounded in I, or satisfies the condition
|¢'(2)] < d|h/(z)| in D\{0} for some d € [0,1] and h is bounded. In particular, we obtain
Bohr’s inequality for the class of harmonic p-symmetric mappings. Also, we investigate
the Bohr-type inequalities of harmonic mappings with a multiple zero at the origin and
that most of results are proved to be sharp.

1. PRELIMINARIES AND SOME BASIC QUESTIONS

The classical theorem of Bohr [14], examined a century ago, generates intensive re-
search activity—what is called Bohr’s phenomena. Determination of the Bohr radius for
analytic functions in a domain [21], as well as for analytic functions from D into par-
ticular domains, such as the punctured unit disk, the exterior of the closed unit disk,
and concave wedge-domains, has been discussed in the literature [1, 2, 3, 5]. See also
the recent survey articles [9, 28, 29] and [22, Chapter 8]. The interest in the Bohr phe-
nomena was revived in the nineties due to the extensions to holomorphic functions of
several complex variables and to more abstract settings. For example in 1997, Boas and
Khavinson [13] found bounds for Bohr’s radius in any complete Reinhard domains and
showed that the Bohr radius decreases to zero as the dimension of the domain increases.
This paper stimulated interests on Bohr type questions in different settings. For example,
Aizenberg [6, 7], Aizenberg et al. [8], Defant and Frerick [16], and Djakov and Ramanu-
jan [18] have established further results on Bohr’s phenomena for multidimensional power
series. Several other aspects and generalizations of Bohr’s inequality may be obtained
from the literature. For instance, Defant [17] improved a version of the Bohnenblust-Hille
inequality and Paulsen [39] proved a uniform algebra analogue of the classical inequal-
ity of Bohr concerning Fourier coefficients of bounded holomorphic functions in 2004. In
[38, 40], the authors demonstrated the classical Bohr inequality using different methods of
operators. Abu Muhanna [1] and, Kayumov and Ponnusamy [24] investigated Bohr’s in-
equality for the class of analytic functions that are subordinate to univalent functions and
odd univalent functions, respectively. On the other hand, Ali et al. [10] discussed Bohr’s
phenomenon for the classes of even and odd analytic functions and also for alternating
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series. In [11, 30, 34, 36], the authors considered the Bohr radius for the family K-
quasiconformal sense-preserving harmonic mappings and the class of all sense-preserving
harmonic mappings, separately. Recently, the articles [35, 41, 42] presented a refined
version of Bohr’s inequality along with few other related improved versions of previously
known results. In particular, after the appearance of the articles [9] and [25], several
investigations and new problems on Bohr’s inequality in the plane case appeared in the
literature (cf. [4, 12, 33, 26, 35, 41, 42]).

One of our aims in this article is to address the harmonic analog of this question (see
Problem 1) raised by Paulsen et al. [38] but with a refined formulation as in [42] (see
Theorem 1).

1.1. Classical Inequality of H. Bohr. Let B be the Schur class of all analytic functions
f on the open unit disk D := {z € C: |z| < 1} such that ||f||c := sup,ep|f(2)] < 1.
Then the classical inequality examined by Bohr in 1914 [14] states that 1/3 is the largest
value of r € [0, 1) for which the following inequality holds:

(1.1) B(f.r)=> laxl* <1
k=0

for every analytic function f € B with the Taylor series expansion f(z) = Y ;o axz".
Bohr actually obtained that (1.1) is true when r < 1/6. Later Riesz, Schur and Wiener,
independently established the Bohr inequality (1.1) for » < 1/3 and that 1/3 is the best
possible constant. It is quite natural that the constant 1/3 is called the Bohr radius for
the space B. Moreover, for

a—z

a = ) 07]‘7
pulz) = ==, aelo,1)

it follows easily that B(p,,7) > 1 if and only if » > 1/(1 + 2a), which for a — 1 shows
that 1/3 is optimal. Bohr’s and Wiener’s proofs can be found in [14]. Other proofs of
Bohr’s inequality may be found from [44, 45]. Then it is worth pointing out that there is
no extremal function in B such that the Bohr radius is precisely 1/3 (cf. [22, Corollary
8.26]).

1.2. The Bohr radius for functions having multiple zeros at the origin.

Problem 1. In [38], the authors considered among others for k € N the classes By, := 2*B,
that is,

Be={feB: f(0)=--=f*D0)=0}:={"f: feB},
and asked for which ry € (0,1), and

(1.2) flz) = E a, 2" € By
n=~k
we have the inequality

(1.3) Z la,|r™ <1 forr € [0,r]
n=~k
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and for each r € (ry, 1) there exists a function fi(z) = >~ an 2" in By such that
Yo |a,(1k)|r" > 1. Here the constant ry is referred to as the Bohr radius of order k.

Clearly, By = B, and By = {f € B: f(0) =0}. For f € By (i.e. for k = 1), Tomi¢
[45] proved that (1.3) holds for 0 < r < 1/2 (also obtained by Landau independently, see
[31]). Later Ricci [43] established that this holds for 0 < r < 3/5, and the largest value of
r for which (1.3) holds would lie in the interval (3/5,1/v/2]. Later in 1962, Bombieri [15]
found that the inequality (1.3) holds for 7 € [0, 1/+/2], where the upper bound cannot be
improved. An alternate proof of this result may be found from a recent paper of Kayumov
and Ponnusamy [27] in which they solved an open problem of Djakov and Ramanujan
on powered Bohr inequality. However, Problem 1 for k£ > 2 remains open. On the other
hand, in connection with Problem 1, Ponnusamy and Wirths [42] proved the following
sharp inequalities for k£ > 2 while the case £ = 1 has been proved in [41]:

Theorem A. For k > 1, let f € By have an expansion (1.2) and

1 . n 2 2n—k
ML) = Yl () D

n=~k n=k+1
and
M — . n " 2nfk.
(00 = S el + (g + ) el

Then we have the following inequalities:
(1) M(f,7) <1 is valid for r € [0, Rg|, where Ry, is the unique root in (0,1) of the
equation
A1 =r)=r"1(1=2r +5%) =0.
The upper bound Ry cannot be improved.

(2) Mi(f,r) <1 is valid for r € [0, Sk|, where Sy is the unique root in (0,1) of the
equation

2(1—7r) —r*(3 —7r)=0.

The upper bound Sy cannot be improved. Also, as M (f,r) < My(f,r), it follows
that Sy, < Ry.
(3) With |ax| = a € (0,1] being fized, My(f,7) < 1 is valid for r € [0, px(a)], where
pr(a) is the unique root in (0,1) of the equation
(I+a)1—r)—7r"[2a+a+r(1—2a*)] =0.

The upper bound py(a) cannot be improved.

Remark 1. We note that pi(1) = Si. As M} (f,r) < M (f,r), it follows that Sy < Ry,.
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1.3. The Bohr radius for p-symmetric functions. Recently, Kayumov et al. [25]
have obtained the following general result. As a corollary to this, an open problem raised
by Ali et al. [10] about the determination of Bohr radius for odd functions from B has
been settled affirmatively.

Theorem B. ([25]) Let m,p € N, m < p, and f € B with f(z) = Y 30 Gphrm2” ™.
Then

(o]
B(f,r) =Y |apesm|r™ ™ < 1 forr < vy,
k=0

where 1, ,, 1s the mazimal positive root of the equation —6rP~™ + r2=m) Lgp2 41 = (.
The extremal function has the form z™(zP — a)/(1 — az?), where

/ 2
1 1_7’p{)m 1

V2 Tom

a =

Remark 2. We note that the case m = 0 is trivial as it follows from the classical theorem
of H. Bohr with a change of variable ¢ = 2P. This gives the condition r < r,, = 1/ 3.
The case p = 2 and m = 1 corresponds to the question raised by Ali et al. [10].

1.4. The Bohr radius for harmonic functions. In [30], the authors initiated the
discussion on Bohr radius for the class of complex-valued function f = u 4+ v harmonic
in D, where v and v are real-valued harmonic functions of . It follows that f admits
the canonical representation f = h + g, where h and g are analytic in D such that
f(0) = 0 = g(0). The Jacobian J;(z) of f is given by J;(z) = |W(2)]* — |¢'(2)]?, and
we say that a locally univalent harmonic function f in D is said to be sense-preserving if
J¢(z) > 0 in D; or equivalently, its dilatation w = ¢’/h’ is an analytic function in D) which
maps D into itself (cf. [19] or [32]).

If a locally univalent and sense-preserving harmonic mapping f = h + g satisfies the
condition |w(z)] < d < 1 in D, then f is called K-quasiregular harmonic mapping on D,
where K = 3¢ > 1 (cf. [23, 37]). Obviously d — 1 corresponds to the case K — oo.

For a harmonic function f = h+79¢ in D, where h and g admit power series expansions
of the form h(z) =Y 0 a,2" and g(z) = >~ b,2", we denote the classical Bohr sum
by

By(f,r) = B(h,r) + B(g,r) = > (|an| + [ba])r".
n=0

A harmonic function f = h 4+ g in D is said to be p-symmetric if A and g have the form
h(z) =3 00 g a2’ ™™ and g(2) = > " b, 2" ™™ for some m € Ny = NU {0}. Harmonic
extension of the classical Bohr theorem was established first in [30]. For example, they
proved the following result (Theorem 3). Furthermore, the Bohr radii for harmonic and
starlike log harmonic mappings in D were investigated, for example, in [20, 25, 30, 36],
and in some cases in improved form.

Theorem C. ([30]) Let p € N and p > 2. Suppose that f(z) = h(z) + g(z) =
>0 o @2 4 370 b, 2P s a harmonic p-symmetric function in D, where h and
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g are bounded functions in D. Then

[e.9]

Bu(f,r) =Y (lan] + [l < max{||hlloc, lglloc} forr < 1/2.

n=0
The number 1/2 is sharp.

It is natural to raise the following.

Problem 2. Whether Theorem C' holds under a weaker hypotheses, namely, by replacing
the condition “boundedness of h and g” by “|¢'(z)| < |h'(2)| and h is bounded.”

In Theorem 1, we present an affirmative answer to this question in a more general
setting.

The paper is organized as follows. In Section 2, we present the main results of this
paper. In Theorem 1, we present an affirmative answer to Problem 2 in a general form,
and Corollary 2 answers Problem 2. As consequence, generalization Theorem C (with of
higher order zero at the origin) is established (see Theorem 2). In Section 3, we state
and prove several lemmas. In addition, we present the proof of Bohr’s inequalities for the
class of harmonic mappings, which improve the first two items in Theorems A and C.

In Section 4, we state and prove three theorems which extend three recent results of
Ponnusamy et al. [42] from the case of analytic functions to the case of sense-preserving
harmonic mappings.

2. MAIN RESULTS

We now state a generalization of Theorem C in a general setting and the next result
(Theorem 2) is a direct generalization of Theorem C.

Theorem 1. Let m, p € N, p > 2. Suppose that f(2) = h(2) + g(2) = S ooy ar?™ +

> o bi2PR ™ s harmonic and p-symmetric in D such that |h™(0)] = g™ (0)| and
ld'(2)] < d|W(z)| in D\{0} for some d € [0,1], where h is bounded. Then the following
hold:

(1) If £ > logy(2 + d), then

> 1
=D _(asl + 1B < f[hllse for 7 < \@
k=0

When d = 1, the extremal mapping has the form f(z) = h(z) + Ah(z) with h(z) =
2™ and [N = 1.
(2) If 1 < B <logy(2+d), then

BH(f7T) S ||h||OO f07" r S T'pm,d>

where 1y, m.q 15 the maximal positive root of the equation

(2.1) r2P=m) (8 4 4d)rP ™ + 4(1 4 d) (3 + d)r® + 4 = 0.
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When d = 1, the extremal function is given by f(z) = h(z) 4+ Ah(z), |A\| = 1, where

P —q \/1_T2p1 1
h(z):zm( ), with a= |1-— il

T
1—azP V2 Tpm,1

Corollary 1. Suppose that m, p € N, and f(z) = Y pe o Gpr+m?” ™™ € Bppim-
(1) If 1 < 2 <log, 3 = 1.58496, then

1
B(f.r) <5 for r<tpm,
where rp, ., 15 the mazimal positive root of the equation
(2.2) —12rP7™ 4 20T 3002 4 4 — ().

The extremal function is given by

(2.3) f(z)zzm<zp_a), with a=|1-— R

1 —azp \/5 Tg,m .

(2) If & > log, 3, then
1 1
B(f,r) < 3 for r < "\I/;

The extremal function has the form z™.
Proof. Apply the method of the proof of Theorem 1 (by setting d = 1, g(z) = 0). 0J
We now state a direct generalization of Theorem C.

Theorem 2. Let m, p € N, p > 2. Suppose that f(z) = h(z) + g(z) = Y ooy Apsm2P* ™
+ > reo pkem2PE™ is harmonic in D, where h and g are bounded. The following hold:
(1) If & >log, 3 ~ 1.58496, then

By (f,r) < max{|[hlloc, [lgllec} forr < "{/g

The extremal function is given by f(z) = 2™ + Xz™, || = 1.
(2) If 1 < 2 <log, 3, then

Bu(f,r) < max{|[hlloc, [lglloc} for < rpm,
where 1y, is the mazimal positive root in (0,1) of the equation (2.2).
The extremal function is given by f(z) = h(z) + Ah(2), |A| = 1, where

X —a \/1_7’5{% 1
h(z):zm< ), with a= 11—

1—azp V2 rhm’

Remark 3. If we set m = 1 in Theorem 2(1), then we get Theorem C.

Note that the following corollary generalizes Theorem 2 under the conditions “|h’(0)| =
|g'(0)] and |¢'(2)| < |W(z)| in D\{0}” instead of “h and g being bounded in D.”
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Corollary 2. Let m, p € N, p > 2. Suppose that f(z) = h(z) + g(z) = S50, ax2?" ™ +

Y pe o bezPF™ is harmonic and p-symmetric in D such that [W'(0)| = | '(0)] cmd ld'(2)| <
| (2 )| in D\{0}, where h is bounded. Then the conclusions (1) and (2) of Theorem 2
continue to hold.

Proof. Set d =1 in Theorem 1 and let 7y, := 7 m 1. O

Because of its independent interest, let us next state the following result as a corollary
to Theorems A Indeed, applying the analogous methods as in the proofs of the three cases
of Theorems A, we have the following. So we omit the details.

Corollary 3. Fork>1, m, p € N andm < p, we let f(z) = "1 Qpntmz”" ™ € Bppsm
and

[e.9]

N ntm 1 P 5 om k) m
pk+m(f T) Z|apn+m|rp i +( * ) Z |apn+m| Tp(Q e

n=~k 1 + |apk+m| L—pr n=k+1

and

Vitint5:7) = 3 lmenl 77+ ) Sl s

Then we have the following inequalities:

(1) My (f,7) < 1is valid for v € [0,v], where vy, is the unique root in (0,1) of the

equation
4(1— Py — pP=Dbm (5020 _ 9pP 4 1) = 0.

The upper bound v, cannot be improved.

(2) Mpksm(f,7) <1 s valid for r € [0, wy], where wy is the unique root in (0, 1) of the
equation

2 (1 — rP) — pPFT™ (3 — P) = 0.

The upper bound wy, cannot be improved.

(3) With |apk+m| = a € (0,1] being fixred, Mppim(f,7) < 1 is valid for r € [0, ngl,
where ny, is the unique root in (0,1) of the equation

(L+a) (1 —rP) — 1P [2¢° + a4+ r? (1 — 24°)] = 0.

The upper bound n cannot be improved.

Proof. The desired conclusion follows if we write f(z) as f(z) = 2™t(zF), where t(z) =
> Apntm2™ € By, and apply the proof of Theorem A. O

Next we generalize Theorem A or Corollary 3 by establishing Bohr-type inequalities for
harmonic mappings with multiple zero at the origin.

Theorem 3. Let k> 1, m, p € N and m < p. Suppose that f = h+7g is harmonic in D,
where h and g are given by

(2.4) Zapn+mzp " and g(z prn+mzp"+m

n=k
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In addition, let |¢'(z)| < d|h'(z)| in D\{0} for some d € [0,1] and h € Bpyim. Define
(2.5)

00 1 v 0o
M k+m ha r)= E Apn+m Tpn-i—m + ( + ) E Apn+m 2 ,,,.p(?n—k)—f—m’
and
1 o
m E [/ Im+m E e D 2n—k)+m.
Nt & | e " (1+|apk+m| 1_Tp) |p+ | "

n=~k

Then the mequalzty
(26) Mpk—l—m(ha T) + Npk-}—m(ga T) S 1

is valid for r € [0,74), where r, = min{r,, 1/¢/3}, and r}, is the unique root in (0,1) of
the equation ti(r) =0, where

2
2.7 t = ——
.) () = 7

Theorem 4. Let k > 2, m, p € N and m < p. Suppose that f = h+7q is harmonic in D,
where h and g are given by (2.4), In addition, let h, g € Bprim and define

1
pk+m § :|apn+m‘rpn+m (1+ s | 1 —rp) § |a’pn+m‘ rPen=hy
pk+m

=k+1

(1 —7rP) — rPHm (3 —¢P)

Then the mequalzty

(2.8) Mz}ker(h r)+ M, k+m(g7 r)<1

is valid for r € [0, 1], where 1y, is the unique root in (0,1) of the equation
2 (1 — rP) — ppth=tm (5r% —2rP +1) = 0.

The upper bound 1, cannot be improved.

Theorem 5. Let k > 2, m, p € N and m < p. Suppose that f = h+7q is harmonic in D,
where h and g are given by (2.4), and h, g € Bygym. Then the inequality

(2.9) Mty (b, 1) + Mppym(g,7) < 1
is valid for r € [0,0y], where Mpygim(h,7) is given by (2.5) and 0y is the unique root in
(0,1) of the equation

(1 —7P) — rPHTm (3 —pP) = 0.
The upper bound 0, cannot be improved as f(z) = h(z)+ A h(z) shows, where h(z) = 2Pkt™
and |\ = 1.

Our next result is similar to Theorem 4, but for fixed initial coefficients a,;i.,, and
bpi+m having same modulus value.

Theorem 6. Let k > 2, m, p € N and m < p. Suppose that f = h+7q is harmonic in D,
where h and g are given by (2.4), and h, g € Bpgym- Let |apprm| = |bprim| = a € (0, 1] be
fized. Then the inequality

(210) Mpk+m(h7 T) + Mpk+m(97 T) S 1
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is valid for r € [0, ], where ¢, = gx(a) is the unique root in (0,1) of the equation
(I+a)(l—1")— Pkt [2&2 +a-+1r? (1 - 2(12)] =0.

The upper bound <, cannot be improved.

Remark 4. Clearly, ¢,(1) = 6. Also, it is possible to fix both |apkim| and |bpgrm|
separately and obtain an analogous general result than Theorem 6.

3. KEY LEMMAS AND THEIR PROOFS

In order to establish our main results, we need the following lemmas.

Lemma 1. Suppose that m,p € N, m <p, d € (0,1], and r = 1.4 is as in Theorem 1,
i.e. the root of (2.1) in (0,1). Then
1
ptm )
" =344

Proof. Let y = ngfd. Then (2.1) becomes a quadratic equation in y of the form

1
(4(1 +d)(3+d)+ o ) y* — (8 +4d)y + 47’§%d =0,

p,m,d

which has two solutions

442d+2,/(1+d)(3+d)y/1—dr2m

41+ d)(3+d) +

4+42d+2¢/(1+d)(3+d)y /1 —dr2m

S T
41+ d)(3+d) + o

] 2+d+/(1+d)3+d),/1—4r27 ,

<
AR (1+d)(3+d) + 72

4 2m
Tp.m,d

and therefore, it is a simple exercise to see that

1 24+d 1+d)(3+d)v/1—t
P _(Sup +d+ /I +d)B+ )\/—>
te(0,1]

pim.d 2 (1+d)(3+d)+1

1(2+d+\M1+@@+dyﬂ—t>
2

(1+d)(3+d)+1

__2
t= 3+d

1
3+d’

which completes the proof of the lemma. O]
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Lemma 2. Suppose that m, p € N, m <p, d € (0,1], and r = 1.4 is as in Theorem 1,
i.e. the root of (2.1) in (0,1). Then

1

rp—m

1
2+d—/A+d)B+d)V1I—r¥?) = >
Proof. Suppose that m < p and let y = r»~™. Then (2.1) reduces to a quadratic equation
in y
Y — (8 +4d)y +4(1+ d)(3+ d)r* +4 =0,

which has two solutions

y1 = 442d+2/(1+ d)(3+ d)V1 — 72 > 1 and yo = 4+2d—2v/(1 +d)(3 + d)V1 — r2p.

The solution y = y; is impossible because all positive roots of the initial equation must
be less than 1. Therefore,

y=p=2(2+d- I+ B+VI—17).

Now, consider the case m = p. In this case

( 3+ 4d >—m
Tm,m,d =

” 4(1+d)(3+4d)

so that

1m <2+d— VI + B+ dV1 _T2m>

rP—

31 4d
— 24d— /114 3+d\/ +

d)(3+d)
2d + 3 1
= 2 — ——
ra- (22 -5

and the proof is complete. O]

Lemma 3. ([24]) Let 0 < R < 1. If g(z) = Y ;o biz" is analytic and satisfies the
inequality |g(z)| < 1 in D. Then the following sharp inequality holds:

(3.1) N ey A LU
2 =T oo 2R

Lemma 4. ([41]) If f € B has the ezpansion f(z) =Y . a,2", then

2 op r 2
Z'“"'T (T )Z'“"' < ool + 701 = leof)
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4. BOHR’S INEQUALITY FOR THE CLASS OF HARMONIC MAPPINGS

4.1. Proof of Theorem 1. Given that |¢/(z)| < d|h/(z)| for some d € (0, 1], where

g ap 2"t and g(z g by 2PFH™.

We integrate inequality |¢'(2)]? < d?|l/(2)|* over the circle |z| = r and get

(p/{: + m)Q‘ak|2T,2(pk+mfl).

Mg

Zpk_'_m |b |2 2(pk+m— 1)§d
k=0

il
o

We integrate the last inequality with respect to r? and obtain

(pk + m)\ak\Q'rQ(pk*m).

WK

Zpk_'_m |b |2 2(pk+m) §d2
k=0

B
Il
o

One more integration (after dividing by r?) gives

00 00
Z |bk|2’f‘2(pk+m) < d2 Z |ak|2r2(pk+m)’
k=0 k=0

which (since |ag| = |bg| by hypothesis) yields
(4.1) Z by |*rPF < d? Z |ag|*rP* for r < 1.
k=1 k=1

For simplicity, we suppose that ||kl = 1.
Following the idea from [24] (see also [25, Proof of Theorem 1]), one can obtain firstly
that

ptm (] _ 2 1
(4.2) B(h,r)=1r™ Z |ak|7“pk e @) ,
\/]_ QQTPpP \/1 — p7Pr?

where a = |ag|, and for any p > 1 such that pr < 1. Indeed, we may let h(z) = 2™t(2P),
where t(z) = > o2, ax2” € B. Also, let 7 = 1,4 and |ag| = a. Then, as in [25, Proof of
Theorem 1], it follows easily that

o o0 o0
Sl < | S aglprhent | 3 oot
k=1 k=1 k=1

_ n2)2 —ppD Y4 42
(43) < \Jrop (1—a?) prrt T (1—a?) 1 |
1 —a?rrpp \| 1 — p—Prp \/1 — a2rppr /1 — p=Prp
for any p > 1 such that pr < 1. In the first and the second steps above we have used

the classical Cauchy-Schwarz inequality, and (3.1) with R = pr in Lemma 3, respectively.
Hence, (4.2) follows.
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Secondly, using the classical Cauchy-Schwarz inequality and (4.1), we see that

o0 o0 o0
Z |bk|rpk < Z by |2 pPhrph Z Pk
k=1 k=1 k=1

o p_pT‘p
2 ypkypk N
< d ;1 |ax|*pPrre ,/1 T (by (4.1))

and thus, by (4.3) we have
< drP™™(1 — a?) 1

4.4 B(g,r)=r" b|rPF <
( ) (g ) ; | k| \/1 — a27’ppp \/1 — p_pr

for any p > 1 such that pr < 1. Consequently, by combining the inequalities (4.2) and
(4.4), we get

By(f,r) = 1™ <|ao|+|bo|+Z|ak|rp‘“+Zlbk|r”’“>
k=1 k=1

1+d (1 - a? 1
(4.5) SN P Gl ) .
2 \/1—a2rppp \/1—p_pr

We wish to maximize the right hand side of above. For this, we need to consider the cases
a > 1P and a < rP, separately. Note that our choice of p is such that pr < 1.

Case 1. Assume that a > rP.

In this case we set p = % and obtain from (4.5) that

(4.6) By (f,r) <2r™i(a) for a > 1P,
where we let a = r? and
a(l+d) 1-—2?
= . 0, 1].
Y=o+ T2 pe o
Simple computation shows that, when a > ﬁ, Y (x) attains its maximum at x = x,

where
1+d 1
x=|(1- i\/1—042 -,
3+d Qo

and thus, ¥ (z) < ¢(x;). On the other hand, when o < ?1(1’ Y(z) is monotonically

increasing for x € [0, 1] so that ¢ (x) < (1) = 1. Consequently, for the r = 1, ,, 4 defined

as in Theorem 1 and o > 51, it follows from (4.6) that
2

rp—m

(4.7) Br(f,r) < 20™(z) = <2+d— VI +d)B+ V1 —r2p> ~1,

where we have used Lemma 2 for the equality sign on the right. When o < 2-}——d’ we have
¥(x) < (1) =1 and thus,

Bu(f,r) < 2rmp(1) = 20,
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Case 2. Assume that a < rP.

In this case we set p = £ and obtain from (4.5) that

l+d v1—a?
o7
2 V1—r?

Here the second inequality on the right follows from the argument that we omitted the
critical point
V91—

\/1 + (—(HZOQ - 1) r2p

because it is less than 7? only in the case %" > ?)J%d > %, which contradicts with Lemma

1. The third inequality on the right in (4.8) follows from Lemma 1.
Therefore, in both cases, for all a € [0, 1), we have

(i) when a =77 > 5,

(4.8) By (f,r) <2rm (a+ ) < (B4d)rPm < 1.

a =

By (f,r) <1 for r <rpma,

where 7, ,,, 4 is defined as in Theorem 1.
(i) when o = r? < 51 since max{2r™, (3 + d)r?*™} = 2r™, we have

2+d’
By (f,r) <2r™.

and P < ﬁld, that is, if £ > log,(2 4 d), we have by the second

; m __ 1
In summary, if r™ = 3

case above

1
By(f,r) <2rm <1, for r< 7{/;

The extremal function for the case d = 1 is f(z) = h(z) + Ah(z) with h(z) = 2™ and
Al = 1.
When 1 < £ <log,(2 + d), we apply the first case above to obtain

1
B(f,?“) S 5 for r S Tpm,d>

where 7, ,, 4 is defined as in Theorem 1.
For the case d = 1, sharpness follows if we consider f(z) = h(z) + Ah(z) with |A| =1,

/ 2p
D __ 1_T7m71 1
h(z):zm(z a), a=|1- d

_ S
1—azp V2 Tpm,1

and then calculate the Bohr radius for it. It coincides with 7. O

4.2. Proof of Theorem 2. Without loss of generality, we may assume that
max{[ocs glloc} = 1.
Case 3. Assume that 1 < £ <log, 3.

It follows from Corollary 1(1) and the hypothesis that B(h,r) < 1 and B(g,r) <1 for
r < Tpm, Where 7, ,, is as in Theorem 2. Adding these two inequalities shows that

BH(fvr) :B(h,T)+B(g,’f‘) S ]' fOI'TSTILm.
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Case 4. Assume that £ > log, 3.

Applying the method of the previous case, Corollary 1(2) gives

1
Ba(f.r) = Bl + Blg.r) <1, for < /5

The extremal functions given in the statement are easy to verify. O

5. BOHR-TYPE INEQUALITIES FOR, HARMONIC MAPPINGS WITH A MULTIPLE ZERO AT
THE ORIGIN

5.1. Proof of Theorem 3. By assumption, |¢'(z)| < d|h/(z)]| for some d € [0,1). Then
W = i—: is analytic in the punctured disk 0 < |z| < 1 and has removable singularity at
the origin with
bpktm
lim wy(z) = —pkdm
z—0 apk+m

50 that [bprrm| < dlaprsm| < |aprsm]-

Since h € Byiim, by applying Lemma 4 to the function H(z) = > 7 A2, A, =
Ap(n+k)+m, One has

Tp

pn 22pn< -
5.1) Z|A|fr <1+|A| I_TP)Z\A\ A+ (1= |A?)

Multiplying both sides of the inequality (5.1) by the number 7P**™ and then adding the

term rPE+m| A2 (

1 T :
g T 1o ) to both sides, we have

(5'2) Mk-i— (h T) < Tpk+m |AO|+ rP i ‘AO‘Q :T‘pk+m L+G(|AQ|)
pkmA’t = 1—rp 1+ |A| 1—p ’

where G(t) =t + t*(1 + ¢)~!. Since G'(t) > 0 on [0, 1], it follows that G(t) < G(1) = 3/2
and thus, (5.2) implies

(5.3) Mppoym (b, 1) < pPFEm <1i7p7,p + g) = pPktm <72?1__T:p)) :
Next, since |¢'(z)| < d|h/(z)| for z € D, we have (cf. [11])
(5.4) i Dprm| PP < di |pr s | TP for 7 < 1/3/3,
n=k —k
and, as in the proof of Theorem 1,
55) 3 sl PR < @23 [y P04
n=k s

Thus we conclude from (5.2), (5.4) and (5.5) that

= 1
N, . < d o pn+m d2 E . p(2n—k)+m
pk+ (g,?") = E:k: |ap + |T + (1 + |a'pk+m| + 1— Tp) |ap +m | r

which by combining with (5.2) gives
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Mpk+m(h7 T) + Npk-{-m(ga T)

> 1 rP =
< 1 + d pntm ,ranrm + 1 + d2 < 4 ) Ayt 2Tp(2nfk)+m
< DD lopurnl ™ 0048 (e 75 ) Sl

= (d— )Y apnim| ™" + (14 d*) Mypym (b, 7)
n=~k

< (d - dQ)Mpk-i—m(hv ’r) + (1 + dQ)Mpk-Hn(h? T) = (d + I)Mpk-l-M(hv r)?
which, by (5.3), is less than or equal to 1 if

3—rP 1
pPhEm (2 ! ) < Le., tg(r) >0,

(1—rr)) = 1+d
where t(r) is given by (2.7); that is,
2
tk-(?”) = d—H(l - Tp) - Tpk+m (3 - Tp) .

This proves the first part of the assertion.
Now we prove the uniqueness of the solution in (0,1) of t;x(r) = 0, we compute that
tx(0) =2/(d+1) >0, t,(1) = =2 < 0, and

2
t(r) = -7 flr”’l = 3(pk +m)r? T 4 (p(k 4 1) 4 m)rP R
- —p <di 17,pr . T,p(k+1)+m1) . (p/{: + m)rkarmfl (3 . T,p)

< —p (rr7 = PRI (pl - om)rPR T (3 - P) < 0,

showing that #;(r) is a decreasing function of r in (0, 1), and thus, ¢x(r) = 0 has a unique
root in (0, 1). O

5.2. Proof of Theorem 4. By assumption h € Byit,,. Therefore, as in the proof of
Theorem 3, we can apply Lemma 4 to the function H(z) = ZZOZO APt Ay = apngk)+me
Thus, (5.1) holds. Multiplying the inequality (5.1) by rP**™ gives

rP
1 —rp

My (7)< 7?5 Ao + (1= Ao]?)

Now, we can maximize the right hand side with respect to |Ag| by fixing r. A simple
calculation shows that we arrive at the maximum value r?**™ M (r) which is achieved at

|Agl =1, if r € [O, %}, and at [Ag] = L2 in the remaining cases. Thus, we have the

maximum value
pp=l+m (5020 9pp 4 1)

4(1—1rp)
and therefore,
(k=1)y+m (5020 _ 9P 4 1)
) kb Ay TP P (5r P+
My (o) < 7 [|Ao| + (1 [Aol ) 1—1rp = 4(1—rp) '
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Again, as g € Bpy+m, we have similarly the inequality
rP ppE=L)+m (5020 9pp 4 1)
1L—rp| — 4(1—rp) ’
where By = bpj+m. Adding the two resulting inequalities yields that
ppk=)+m (5020 _ 9pP 4 1)
2(1—1rp) '

Hence the desired inequality (2.8), i.e. My, (h,r)+ M, .(g,r) < 1, holds whenever
Ly(r) > 0, where

M]}k-l—m(gar) < Tkarm ‘BO| + (1 - |BO‘2)

M;}kdrm(hv T) + Mz}ker(ga T)

IN

Li(r) = 2(1 — rP) — ppl=li4m (5r* —2r? +1) .

This proves the first part of the assertion.
Next, we prove the uniqueness of the solution in (0,1) of Ly(r) = 0. In fact, note that
Lk<0) =2>0, Lk(l) = —4 <0, and

L;(T) _ _prpfl (2 o Tp(k72)+m) . T,p(kfl)erle(,rp)’

where Q(z) = 5(p(k+1) +m)x? — 2(pk +m)x + pk +m. Tt follows that Q(x) > 0, because
the discriminant of the function @ is less than 0. This gives that L) () < 0 and hence,
Li(r) = 0 has a unique root 73 in (0, 1).

Finally, we verify the sharpness of the upper bound 73 for the Bohr radius. We consider
the function f(z) = h(z) + Ah(2), |\| = 1, where

h(z) = ZPktm (

For this function, we obtain that

a— 2P

),aE@J)

1—azP

My (hyr) + My (g, 1) = 2078 [a +

(1- a2)'r’p]

1

‘TZ? . This completes the proof of Theorem 4 O
k

which equals 1 for r = 7, and a =

5.3. Proof of Theorem 5. Let h € Byy,. Then (5.2) holds, that is,

P | Aol? 3 P

5.6 M. . h < pk+m A r 0 < pk+m | £
(56) Mypemlhr) < M 5+ T g =7 2 i)
where Ay = apitm. The second inequality holds because the function 7" defined by

2

x

T(z) —
(@) =2+

is a monotonically increasing function of z € [0, 1] so that T'(z) < T'(1) = 3/2.
Similarly, with By = bpj4m, we have

D \B|2 3 rP
5.7 Mo < pPhtmo B ! 0 < pphtm | 2 .
(5:7) pim{9,7) S 7 | 0|+1—7’p+1+\30| =" 2 T T

where |By| € [0, 1].
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Combining (5.6) and (5.7) leads to

2r?
(58) Mpk—l—m(ha T) + Mpk-ﬁ-m(gar) < rpk-i-m (3 + 1— Tp) )

if and only if wg(r) > 0, where
wi(r) = (1 —rP) — rPFm (3 — P)
This proves the first part of the assertion of the theorem.

Next, to prove the uniqueness of the solution in (0, 1) of wy(r) = 0, it is sufficient to
observe that wg(0) =1 > 0, w(1) = -2 < 0, and

wi(r) = —prP~? (1 — Tkarm) — (pk +m)rP* T (3 — P) < 0.

Finally, it is easy to verify that the extremal function has the form f(2) = h(z)+ Ah(2),
where h(z) = zP**™ and |\| = 1. This completes the proof of Theorem 5. O

5.4. Proof of Theorem 6. The proof is essentially similar to the proof of Theorem 5. At
first, from (5.8) and the assumption that |Ag| = |Bo| = a, it is obvious that the required
inequality (2.10) is true if

(5.9) 2rPRtm (g 4 Tp + o = Qppktm a+2a 417 (1 - 2) <1
' 1—r?  1+a Q+a)yQ—r) [~

which holds if and only if Vi ,(r) > 0, where
Via(r) == (1 +a) (1 —r") = 2rP"""™ [2a> + a + rP(1 — 24%)] .

This proves the first part of the assertion of the theorem.

Next, we can prove the uniqueness of the solution of Vj ,(r) = 0 in (0, 1). It is obvious
that Vi ,(0) =1+ a >0 and Vj (1) = —2(1 + a) < 0. Furthermore,
Via(r) = —pr’ T [1+a+2(1—2a%) rpk+m} — PRIl (pk ) [2a* + a+ (1 - 2a°) r?]

and it is easy to obtain that Vj ,(r) < 0 and thus, Vi.(r) = 0 has the unique root
Sk = sp(a) in the interval (0,1).

Finally, we verify the sharpness of the upper bound ¢, for the Bohr radius. Consider
f(2) = h(2) + Ah(z), where

h(z) = zPk+m ( ) ,a€lo,1],

Al = 1 and a € [0,1] is fixed. In this case, we get for the left hand side of (2.10) (for
simplicity call it as W (r) ) takes the form

1 — a?)r? 1 P
W(r) = 2pPktm [a+ d=a)r ] +2 ( T ) a?rphtm

a— P
1—azP

1—rp l4+a 1—17P
a+2a%+1r? (1 - 2a?)
(1+a) (1 —rP) ]
Comparison of this expression with the right hand side of the equation in formula (5.9)
delivers the asserted sharpness. The proof of Theorem 6 is complete. U

= Qppktm [
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