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Abstract. We study the Lipschitz property of a harmonic injective and sense-preserving
mapping F' of the unit disk D onto a bounded convex domain 2 in the complex plane C. In
particular we show that F' is bi-Lipschitz iff F' is quasiconformal and Lipschitz. To this end we
establish some auxiliary properties of harmonic mappings dealing with the boundary radial limiting

values of the formal derivatives OF and JF.

Introduction

Let D(a,r) == {z € C: |z —a| < r} and T(a,r) := {z € C: |z — a| = r} for
a € C and r > 0. In particular D := D(0, 1) and T := T(0, 1) are the unit disk and
unit circle, respectively.

In 2002 Pavlovié¢ proved that for a harmonic injective and sense-preserving map-
ping F: D — C if F(D) = D, then F is quasiconformal iff I is bi-Lipschitz; cf. [18]
and also [15, Thm. 3.3] for a more quantitative form. This equivalence was extended
by Kalaj in 2008 to the case where F' maps D onto a convex domain €2 in C bounded
by a sufficiently smooth Jordan curve; cf. |9, Thm. 3.1 and Cor. 3.4] and also [11]. On
the other hand, it is easily seen that a conformal mapping F' of D onto a rectangle
has the unbounded derivative F’, and so F' is not Lipschitz. Therefore Pavlovié’s
equivalence is—in general—mot valid in the case where F'(D) is a convex domain.
This means that a harmonic injective and sense-preserving mapping £': D — C is bi-
Lipschitz provided F' is quasiconformal and some additional property is postulated.
In this paper we show that for a harmonic injective and sense-preserving mapping
F:D — C if F(D) is a bounded convex domain, then F is quasiconformal and
Lipschitz ift F' is bi-Lipschitz; cf. Theorem 3.4. This theorem provides also three
additional equivalent conditions. One of them gives a boundary description of such
F; cf. the property (v) in Theorem 3.4. This property complements Kalaj’s results
|9, Thm. 3.1 and Cor. 3.4] as stated in Remark 4.2 and Corollary 4.3. The last
corollary generalizes Pavlovi¢’s theorem from [18]. The equivalence (ii) <= (v) in
Theorem 3.4 also extends the authors result [12, Cor. 4.2].
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The basic tool for our considerations is the following lemma being a development
of the method from [13, pp. 25-26].

Lemma A. [16, Lem. 1.1| Given a harmonic function u: D — R and a,b € R
satisfying a < b, assume that u(0) = 0 and

(0.1) a<u(z)<b, zeD.
Then
b—a lz| +1[p|  b+a

2 <2 t D
(0.2) u(z) < —arc an1+|p||z| 5 2¢€D
where

b

(0.3) pi= —itangb _l_—z

In Section 1 we show some auxiliary properties of harmonic mappings dealing
with the boundary radial limiting values of the formal derivatives OF and OF, where
F' is a harmonic mapping given by the Poisson integral P[f] of a function f: T — C
of bounded variation; cf. Lemma 1.1, Lemma 1.2 and Corollary 1.3. In Section 2
we use Lemma A and Lemma 1.1 to prove Lemma 2.3, which yields Lemma 2.4
and Theorem 2.5 providing lower bounds for the boundary radial limiting values
of the Jacobian J[F]. From Theorem 2.5 we infer Corollary 2.6 which gives lower
bounds of the Jacobian J[F] in D. Theorem 2.5 and Corollary 2.6 considerably
extend Kalaj’s results [8, Thm. 2.8 and Cor. 2.9] as pointed out in Remark 2.7. From
Corollary 1.3 we infer in Section 3 useful estimations for the Lipschitz constant L(F')
of the mapping F' in terms of some quantities determined by the function f; cf.
Lemma 3.1 and Theorem 3.2. Next we apply Theorem 2.5, Theorem 3.2 and [17,
Thm. 3.8] to show Theorem 3.4, which is the main result in this paper. It extends
the results by Zhu [21, Thm. 3] and by Kalaj [8, Thm. 3.2] in the sense pointed out in
Remark 3.5. Section 4 contains applications of the results from the previous section.
Corollary 4.1 extends Zhu’s [21, Cor. 1]. Remark 4.2 and Corollary 4.3 complement
Kalaj’s results [9, Thm. 3.1 and Cor. 3.4]|.

1. Boundary properties of the Poisson integral

Given a function f: T — C and z = ¢ € T we define

(1.1) f'(z) = lim 1) =1z
u—z U — z
it i0
(1.2 f(2) o= tim T2
provided the limits exist as well as f'(z) := 0 and f(z) := 0 otherwise. Obviously,
(1.3) f(z)=i2f'(z) and |f(2)|=|f"(2)]:

If f is additionally integrable on T, then we denote by P|[f](z) the Poisson integral
of fat z €D, ie,

(14) PIFI(:) = 5 [ Fla)Re

Here and in the sequel integrable means integrable in the sense of Lebesgue. The
Poisson integral P[f] is the unique solution to the Dirichlet problem for the unit

u+z|du|, z € D.
-z

u
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disk D provided the boundary function f is continuous; cf. e.g. [6, Thm. 2.11]. This
means that P[f] is a harmonic mapping in D which has a continuous extension to
the closed disk cl(D) and its boundary limiting valued function is identical with f.
Here and subsequently, cl(A) stands for the closure of a set A C C in the Euclidian
topology. If f is a function of bounded variation, then we write P[df](z) for the
Poisson—Stieltjes integral of f at z € D, i.e.,

(1.5) Pldf](2) :ZQL/T Re 2 df(u), :eD.

™ u—=z

We will use the standard notations 9 := 1(9, —i9,) and 0 := $(9, + i9,) for the
so-called formal derivatives operators. Analyzing the proof of [12, Lem. 2.1| we state
the following lemma.

Lemma 1.1. Let f: T — C be a function of bounded variation and differen-
tiable at a point z € T. If the limit lim,_,,- <- P[f](rz) exists, then the remaining
limits in (1.6), (1.7) and (1.8) exist and

f(z) = Plfl(rz)

(16) 22 lim 9P(f](r2) = tim TEZEIDpri)
(1.7) 25)3{17 OP[f](rz) = rl_igl— /) If[f](m) —z2f'(2)
as well as

d _ o f(E) = PIA(rz)

Proof. Given z € T assume that a function f is of bounded variation and
differentiable at z and the first limit in (1.8) exists. From (1.4) it follows that for
every r € (0;1),

(1.9) oP /f |du|
g —2irzel
- S or 217",2/ fle )mdt

iy e +rz
- dt
21 2irz f dt ( —rz) ’

and consequently,

o OP[f](rz) = OP[f](r [f1(r2)
(1.10) _%R/ eD) dt (e +m)dt.

Since f is a function of bounded variation, we may integrate by parts the last integrals
n (1.9) and (1.10). As a result we obtain

2T it
rz0 P[f](rz) = i/0 e. e df(e”)

471 elt —rz

r20 P[f](rz) = i /27r 'tz df(eit).

)_47r1 o el —rz

(1.11)




814 Dariusz Partyka and Ken-ichi Sakan

By (1.11) we have

(1.12) r20P[f](rz) — 120 P[f](rz) = L/OWReC ”Z) df(et) = P[df](rz).

271 ell —rz

By (1.2) we see that
(113) i (r20P[f](r2) —rZOP7)(r2)) = lim 1 P[AfI(r2) = £ /() = =)

cf. e.g. [2, Thm. 1.2] or [20, Thm. 11.12]. Since the limit lim,_;- & P[f](rz) exists,
we conclude from (1.13) and

(1.14) %P[f](rz) = 20P[f](rz) + ZOP[f](rz), 0<r<1,

that the following limits exist and

2z lim OP[f](rz) = lim iP[f](r,z) + z2f'(2),

(115) r—1- r—1- C(li’l"
2% lim OP(f](r2) = lim = PLf](r2) — 2/'(2).

Furthermore, the following limit exists and

lim — / Loz ai = 1im Lp[ere).

ro1-1—7r dt r—1- dr

Hence and by the equality

PO 2P L [ e d re o)

we see that the second limit in (1.8) exists and the equality (1.8) holds. Therefore
all the limits in (1.6) and (1.7) exist. Combining the equalities (1.15) and (1.8) we
derive the equalities (1.6) and (1.7), which completes the proof. O

We recall that the harmonic conjugate operator A is defined for a function f: T —
C integrable on T and z € T as follows:

(1.16) Alfl(z) = — hm/ F(e)

2T r—1

e +7°z

—dr,

whenever the limit exists and A[f](z) := 0 otherwise. It is known that for a.e. z € T
the limit exists; cf. [5, Chap. 111, Lem 1.1]. If f is real valued, then the function

Dth—)—/ f(e") Im

is the harmonic conjugate function of P[f], which Justlﬁes the name of the operator
A. Replacing P[f] by the Poisson—Stieltjes integral P[d f] we may define the harmonic
conjugate operator A for every function f: T — C of bounded variation and z € T
as follows:

it
e +Zdt

2w

(1.17) AldfI(2) = — tm [ S T ap(en),
T r—=17 Jo e —Trz

whenever the limit exists and A[df](z) := 0 otherwise. Note that
(1.18) Aldf](z) = A[f](z) for ae. z €T,

el +rz
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provided f is an absolutely continuous function.

Lemma 1.2. If f: T — C is a function of bounded variation, then for every
z € T the limit lim, ;- £ P[f](rz) exists iff the limit in (1.17) exists, and the equality

d
(1.19) lim — P[f](rz) = Aldf](2)
r—1— dr
holds provided one of the limits exists.

Proof. Given a function f of bounded variation on T and z € T we see, inte-
grating by parts, that for every r € (0;1),

d e + rz d el +rz
20— i dt i . dt
7Tdr (r2) dr / fle / fle dr eit —rz

. 2e1tz idet+rz
— it 7dt— it -
0 f(e ) Re (e“t rz) 0 f( ) Re rdteit —
1 2T
:__/ £( lt—I el +mdt:—/ Imet+mdf(1t)
t—rz T Jo e'

Hence and by (1.17) we see that both the limits in (1.19) and (1.17) simultaneously
exist or not, and the equality

Jim S P(f](r2) = lim r S P[f](r2) = A[Af](2)

holds in the first case, which is our claim. 0]

For p > 0 let H?(D) stand for the Hardy space of holomorphic functions in the
unit disk; cf. e.g. |2, Sect. 1.1].
Corollary 1.3. If f: T — C is a function of bounded variation, then the deriv-

ative functions O P[f],0P[f] € H?(D) for p € (0;1) and for a.e. z € T the following
limits exist and the equalities hold

(1.20) Aldf)(2) = tim - Pf](rz) = tim T2
— tim (:0P{f](r=) + Z0 P{f](r=)

as well as

(1.21) lim OP{f](r2) = Z(AWFI) + 2F(2)).

(122) tim OP{f(r2) = S(AWFIE) - 22).

Proof. Assume that f is a function of bounded variation on T. Then f is a
function of bounded variation on T with the same variation as f. From the equalities
(1.11) it follows that for every z € D,

OP[f](2) = i/%#”df( ity = i/w e

47 elt — ~ 27l eit — 2

DG = 1 [ S @ = o [ S @

it
Ami J, et —z 27/,
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Applying now the Smirnov theorem we conclude that d P[f] € H?(D) and 9 P[f] €
HP(D) for p € (0;1); cf. [2, Thm. 3.5] and [19, p. 65]. Therefore the functions 0 P[f]

and 0 P[f] have radial limits a.e. on T; cf. [2, Thm. 2.2]. Hence and by (1.14) the
limit lim, ;- & P[f](r2) exists for a.e. z € T and

lim 4 P[f](rz) = lim (20 P[f](rz) + ZOP[f](rz)).

r—1- d’f’ r—1-

From Lemmas 1.1 and 1.2 it follows that the equalities (1.20) hold for a.e. z € T.
Combining (1.20) with (1.6) and (1.7) we obtain for a.e. z € T the equalities (1.21)
and (1.22) respectively, which completes the proof. O

2. Boundary behaviour of the Jacobian

Definition 2.1. We say that a point v € C is linearly accessible from outside of
a set 2 C C if there exists ¢ € T such that

(2.1) Re(Cw) < Re(Cv), w € Q.

Remark 2.2. The condition (2.1) means geometrically that there exists a closed
half-plane H such that its boundary line passes through the point v and 2 C H. In
particular, if €2 is a convex domain in C, Q2 # C, then each point v € C\ {2 is linearly
accessible from outside of . Indeed, suppose first that v ¢ cl(Q2). It is easy to check
that cl(£2) is a convex set. Since cl(€2) is also closed, there exists v" € cl(€2) such that

(2.2) 0# W —v| <|z—v], ze€cQ).

Given z € cl(2) we see that (1 —t)v' +tz € cl(Q) for ¢t € [0;1]. Hence and by (2.2)
we see that for every ¢ € (0;1],

[V — v < |(1 =t +tz —v]* = [/ —v|* = 2t Re[(v — v)(v — 2)] + t*]v’ — 22,

and consequently

— t
Re[(v —v")(z —v)] < §|v' — 2 =0 ast— 0"
Therefore Re[(v — v')(z —v’)] < 0, and setting ¢ := (v —v')/|v — V| we see that
¢ €T, Re[(z— )] <0 and
Re[v¢] — Re[v'¢] = Re[(v —v')¢] = |[v — /| > 0.

Combining these inequalities we obtain

Re[z¢] < Re[v'(] < Re[v¢], 2 € cl(Q),
and so the condition (2.1) holds in the case where v € C\ cl(£2). Suppose now that
v € cl(2)\ Q. Choosing arbitrarily zo € Q we see that v, := (1+1/n)(v— z0) + 20 ¢
cl(Q) for n € N. Then there exists a sequence N 3 n — (, € T such that
(2.3) Relz(,] < Re[v,(n], 2z € cl(Q2), n e N.

Since T is a compact set, there exists a subsequence N 3 k + (,, € Tand ( € T
such that ¢,, — ¢ as k — 0o. A passage to the limit in (2.3) implies that

Re[=] = lim Re[=C,,] < lim Re[u,,G,,] = Reluc], = € cl(),

and so the condition (2.1) holds in the case where v € cl(€2) \ 2. Therefore each
v € C\ Q is linearly accessible from outside of €2, as claimed.
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Let J[F] stand for the Jacobian of a differentiable mapping F': D — C, i.e.,
(2.4) J[F)(2) == |0F(2)|* — |0F (2)]*, =z € D.

Lemma 2.3. Given a harmonic mapping F': D — C assume that F(0) = 0 #
J[F](0). If v € C is a point linearly accessible from outside of Q} := F(D) and ( € T
satisfies the condition (2.1), then for every z € T,

Cv—CF(rz) S ot btan <Emin(a, b)) > min(a, b)

(2.5) lim inf Re > 3 ath 5

r—1— 1—r T

where

(2.6) a:= — inf Re((F(u)) and b:=supRe((F(u)).

ueD ueD

Proof. Fix F': D — C and ¢ € T satisfying the assumptions. Then F, := (F'is
a harmonic mapping on D and F¢(0) = 0. Since J[F](0) # 0 = F(0) we see that 0 is
an inner point of Q. Hence and by (2.6) it follows that —a < 0 < b and

—a < Re(Fe(u)) <b, ueD.
Applying now Lemma A we see that for arbitrarily fixed z € T,

b b—
(2.7) Re Fe(rz) < 2# arctan {j‘ZL + ¢ re 0; 1),
where
Tb—a
2.8 = —itan —
(23) pim—itan T

Since v is a point linearly accessible from outside of 2, we conclude from (2.1), (2.6)
and (2.7) that for every r € [0; 1),

b h—
Re(Cv — F¢(rz)) > b—ReF¢(rz) > b — 2% arctan 1Tj||§||r - “
b+a 4 r+ |p|
= 1 — —arctan
2 s 1+ |p|r
20+a) (7 . r+ |p|
RS L+ [plr
Hence
—(F 2(b
(2.9) fminfRe S0 ) S e 2009 (T T HIPLY
r—1-— 1—r r—1- 7T(1 — 7‘) 4 1+ |p‘7”
Since
r+lpl 11— p|
— arctan = _ ,
dr L+ plr,—, 21+
we conclude from (2.9) that
—(F 2(b 1
(210)  liminfRe 0= SE 02 20 Fa) T _ arctan 1P
r—1- 1—7r T r=1-1—r\4 1+ [p|r
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Setting o := %Z;—Z we deduce from (2.8) that
1—|p| 1—tan|a| cosla|—sin|a| sin(§ —|af)

-l ool sl Sl (7
I+|p| 1+4tan|al cos|al+sin|a|  cos(f —|al) M1 o

s |b— al mb+a—|b—d
= Sl U S B ) -
tan(4< b+a)) tan(4 b+a

7 min(b, a) 7w min(b, a)
- it e A IS e s
tan(z b+a )—2 b+a

Y

because tant >t for t € [0;7/2). Combining this with (2.10) we derive the inequal-
ities (2.5), which completes the proof. O

Lemma 2.4. Let f: T — C be a function of bounded variation and differenti-
able at a point z € T such that P[f](0) = 0 # J[P[f]}(0), the limit lim, ;- < P[f](rz)

exists and

(2.11) lim inf J[P[f]](rz) > 0.

r—1-

If v := f(2) is a point linearly accessible from outside of §) := P[f](D) and ¢ € T
satisfies the condition (2.1), then the following limits exist and

(212)  lim JP[f)(r2) = | /()] lim Re LB CPUI2)

r—1- r—1- 1—r
b i b i b
O e I =
where
(2.13) a:=— ;g}f) Re(¢P[f](w)) and b:= SIGI]I; Re(C P[f](w)).

Proof. Fix f: T — C and z, ¢ € T satistying the assumptions. Then F; := ( P[f]
is a harmonic mapping in D and F(0) = 0. Since J[F¢](0) # 0 we see that 0 is an
inner point of F¢(D). Hence and by (2.13) it follows that —a < 0 < b and

(2.14) —a < Re(Fr(u)) <b<Re((f(z)), ueD.

The function f is bounded as a function of bounded variation. Therefore there
exists the radial limit lim, ;- P[f](ru) = f(u) for a.e. w € T. Hence and by (2.14),
Re(Cf(e?)) < Re(Cf(e?)) for a.e. t € R, where z = €. Since the function f is
differentiable at z we have

0= %Re(c F(€)=p = Re(ic2f'(2)),

and consequently

(2.15) Im(Czf'(2)) = 0.
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From (1.6) and (1.7) of Lemma 1.1 it follows that the mapping F' := P[f] satisfies
the following equalities

lim (|0F (r2)|* = |0F(r2)[*) = lim Re (ﬁw)

r—1- r—1- 1—r
_ Tl_if{l, Re (WCf(z)l__Cf(rz))

_ C2f'(2) lim Re Cf(z) = CF(rz)

r—1— 1—7r

Hence and by (2.11) we obtain

(216) 0 < Timinf J[F)(r2) = Tim J[F)(r2) = C2f'(2) lim Re 211 = CF(2)

r—1- r—1- r—1- 1—r

From Lemma 2.3 it follows that
i R STV = CF2) L PG = ) | min(a,h)
r—1- 1—r r—1— 1—7r 2
Combining this with (2.16) we see that (zf'(z) > 0, and so (zf'(z) = |f'(z)]. Hence
and by (2.16) we deduce the equality in (2.12). Applying now Lemma 2.3 once more
we derive from (2.13) the inequalities in (2.12), which completes the proof. O

> 0.

Theorem 2.5. Let f: T — C be a function of bounded variation and differenti-
able at a point z € T such that P[f](0) = 0 # J[P[f]](0), the limit lim, ;- L P[f](r2)
exists and the inequality (2.11) holds. If f(z) is a point linearly accessible from
outside of P[f](D), then the following limit exists and

R1—|—R2 tan E R1
2R+ R,

(2.17) lim JIP[f]](rz) > |f(2)]

r—1-

Ry

> | f —

JRECE
for all Ry, Ry > 0 satisfying the condition

(2.18) D(0, R;) C P[f](D) C D(0, Ry).

Proof. Fix Ry, Ry > 0 satisfying the condition (2.18). Since f(z) is a point
linearly accessible from outside of Q := P[f](D), there exists ( € T satisfying the
condition (2.1). From Lemma 2.4 it follows that (2.12) holds. By (2.13) and (2.18) we
have Ry < a < Ry and Ry < b < Ry. Hence max(a/b,b/a) < Ry/R;. Since (0;7/2) 3
t — t~'tant is an increasing function, we derive from (2.12) the inequalities (2.17),
which is our assertion. O

Corollary 2.6. Let f be a sense-preserving homeomorphism of T onto the
boundary I' of a bounded convex domain 2 in C. If P[f](0) = 0, then for all
Ry, Ry > 0 satisfying the condition (2.18),

R+ Ry 7T Ry Ry
t — >di—
- an(2R1+R2)— =9

(2.19) JIPIf1I(2) = dy zeD,

where

(2.20) df = eszse}llgf |f(2)]-
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Proof. Given f satisfying the assumptions we see that I' is a rectifiable Jordan
curve ([4]), and thus f is a function of bounded variation. By Rad6—Kneser—-Choquet
Theorem F' := P[f] is a sense-preserving injective harmonic mapping of D onto ;
cf. [3, Sect. 3.1]. Furthermore, by Remark 2.2 for every z € T, f(z) is a point linearly
accessible from outside of €. Fix R;, Ry > 0 satisfying the condition (2.18). From
Theorem 2.5 and Corollary 1.3 it follows that the inequalities (2.17) hold for a.e.
z €T, and so

(2.21) Tl_ig{ JF|(rz) > X = del ;: fs tan <gR1ilR2> for a.e. z € T.
If df = 0, then the inequalities in (2.19) are obvious. Therefore we can assume that
dy >0, ie., A > 0. Setting G, := (OF)? + a(0F)? for a € C, we see that

(222)  |Gal2)] = |(OF (2))? + a(9F(2))*] = [OF(2)]? - |al|OF (=) ?
— (1= [aDIOF () + al J[F)(z) > (1 = [a)|OF ()%, a,z € D.

By Kalaj’s theorem,
2

0F() > o1, 2 eD;
cf. [7, Thm. 2.5] and also [16, Thm. 2.2 and Cor. 3.1] for a stronger inequality.
Combining this with (2.22) we see that 1/G, is a bounded holomorphic function in
D for each a € D. Applying now [2, Thm. 1.3] we see that for a given a € D \ {0}

there exists a function g,: T — C such that

1
ga(Z) = Tl_if{{ m for a.e. z eT.
Hence, by (2.21) and by (2.22) it follows that for a.e. z € T,

a(2)] = lim ——— < lim —— < 1
2= lim —— < 11 < .
I ro1- [Ga(r2)] = roi- Ja| J[F)(rz) = Ml

Therefore, for every z € D,
1
|Ga(2)]

and consequently,
(2.23) |Go(2)] > Aal, a,ze€D.
Given now z € D we can choose «, # € R such that (0F(2))*> = €*|0F(z)|* and
(0F(2))? = ?|0F (2)|?. Setting a := —e'(®=# we conclude from (2.23) that

[IF](2)] = [ I[F)(2)] = |Ga(2)] = lim [Gra(2)| = Tim Alra| = A,

r—1- r—1-

= 1Pl < Pllad)(2) < P[50] () = 507

which yields the first inequality in (2.19). The second one follows directly from the
inequality A > d;R; /2, which completes the proof. O

Remark 2.7. Let f be a sense-preserving homeomorphism of T onto the bound-
ary of a bounded convex domain 2 in C such that P[f](0) = 0, and let R > 0 satisfy
the inclusion D(0, R) C P[f](D). Then Theorem 2.5 and Corollary 2.6 imply in
particular the following Kalaj’s inequalities:

(2.24) lim J[P[f]](r2) > @ for ac. 2 €T,

r—1-
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as well as
(225) P = YE e

respectively. In 2004 Kalaj proved them under the additional assumption that the
function f is absolutely continuous; cf. [8, Thm. 2.8 and Cor. 2.9]. Therefore, Theo-
rem 2.5 and Corollary 2.6 considerably extend Kalaj’s results.

3. The Lipschitz property for harmonic mappings

Given a nonempty set 2 C C and a function F': 2 — C we denote by L(F') the
Lipschitz constant of F, i.e.,
F(z) - Fw)

Z—w

(3.1) L(F) = sup{‘

Note that F' is a Lipschitz function iff L(F) < +o0. If the last condition holds, then
F is a L-Lipschitz function for every L > L(F), i.e.,

cz,w €, z#w}

(3.2) |F(w) — F(2)| < Llw—=z|, w,z¢€ .
For any Lebesgue measurable function f: T — C we set

1 £lleo := ess sup |f(2)].

Let L>(T) denote the class of all such functions f with || f]|e < +00.

Lemma 3.1. If f: T — C is a function of bounded variation, then F := P|f]
satisfies the following inequalities

(33 SITARAR + 12 < LPY? < (| AlAIP +17P)|.

Proof. Given a function of bounded variation f: T — C we know by Corollary 1.3
that all the limits in (1.20), (1.21) and (1.22) exist for a.e. z € T. Choosing arbitrarily
such a z we deduce from (1.21) and (1.22) that

(3:4) 2 lmn (OP(F)(r2) + P2 = |ALAF)()P + 1 ()P forae z€ T,

Since

(3.5)  F(w)—F(u)=0Fu)(w—u)+ dF(u)(w—u)+o(w—u), w,ucD,

we conclude from (3.1) that

(3.6) sup(|aF(u)| + |5F(u)|) — L(F).

ueD

Assume first that F' is a Lipschitz function, i.e., L(F) < +oo. Then the equality
(3.6) leads to

(3.7) |OF (u)|? + |0F (u)]* < L(F)?, weD.

Combining this with (3.4) we obtain the first inequality in (3.3). On the other hand
from (3.7) it follows that both the functions F and OF are holomorphic and bounded
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in D. Moreover, from (1.21) and (1.22) we see that there exist bounded functions
f1, fo: T — C such that for a.e. z € T,

Tim OP(f)(r2) = fi(2) = Z(ALAS)(2) + 21'(2))
lim OP(f](r2) = fo(z) = S(AlAf](2) - =F(2)).

Thus, applying the Schwarz integral inequality, we obtain
OF ()? + 7 () = | PA)(w) + [ PLEI)* < PIAPIw) + Pl fl)(u)
= PIAP +1£F]w) = 5 PIARAR +17F](w), weD,
Combining this with (3.6) we get
L(F)* < 2sup (0F (u)? +10F (w)?) < sup P Al + | ) w)

< IIA[APR + [P

and so the second inequality in (3.3) holds.

It remains to consider the case where F' is not a Lipschitz function, i.e., L(F) =
+00. Then the first inequality in (3.3) is obvious. In order to show the second
inequality in (3.3) suppose that ||| A[df]|* + |f’|2HC>O < +00. Then f € L®(T) and
Aldf] € L=(T). Hence and by (1.21) and (1.22) we see that both the functions 0 P|f]

and 0 P[f] have essentially bounded radial limiting valued functions. Furthermore,

by Corollary 1.3, P[f],0P[f] € HY/?(D). Therefore both the functions d P[f] and
OP[f] are uniquely determined by the Poisson integral operator from their radial

limiting values, and so 9 P[f], 0 P[f] € H*®(D). Hence and by the equality (3.6) we
deduce that L(F) < +o0, which contradicts our assumption. Therefore ||| A[df][* +

|f! |2HOo = 400, and so the second inequality in (3.3) holds, which completes the
proof. O

The following theorem generalizes and improves the equivalence (i) <= (iv) in
14, Thm. 2.2].

Theorem 3.2. Let F': D — C be a harmonic mapping. If F' is a Lipschitz
mapping, then F' has the continuous extension to the closure cl(D) and its bound-
ary limiting valued function f is absolutely continuous and satisfies the following
condition

(3.8) IA[fllo € V2L(F), ||fllee <L(F) and L(f) <L(F).

Conversely, if F' has the continuous extension to cl(D) and its boundary limiting
valued function f is absolutely continuous, A[f] € L>°(T) and f € L>(T), then F is
a Lipschitz mapping with

(3.9) L(F) < \/|| A[f]IZ + 13-

Proof. Fix a harmonic mapping F': D — C. Assume that I’ is a Lipschitz
mapping. Then F' is uniformly continuous, and so it has the unique continuous
extension F* to cl(D). A passage to the limit implies that f := Fp is a Lipschitz
function with L(f) < L(F*) = L(F). Therefore the third and—consequently—the
second inequalities in (3.8) hold. In particular, f is an absolutely continuous function,
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and so the equality (1.18) holds. Since F' = P[f], we infer from Lemma 3.1 the first
inequality in (3.8).

Conversely, assume that [’ has the continuous extension F* to cl(D) and f is
absolutely continuous, A[f] € L(T) and f € L=(T). Since F = P[f], we conclude
from Lemma 3.1 that F is a Lipschitz mapping with L(F") satisfying the inequality
(3.9), which completes the proof. O

Given a simply connected domain €2 in C and a harmonic mapping F': 2 — C
there exist holomorphic functions H and G in Q such that F = H +G. The functions
H and G are determined up to the constant. Any such function H (resp. G) is said
to be a holomorphic part of F' (resp. an anti-holomorphic part of F'). We recall that a
domain €2 in C is said to be linearly connected if there exists a constant M > 1 such
that any points z,w € ) can be connected by a path v with length |v|; < M|z — w|.
Write Z,,, :={n € Z: p <n < ¢} for any p,q € R.

Lemma 3.3. IfQ) is a linearly connected domain and F': ) — C is a bi-Lipschitz
mapping, then F(Q) is a linearly connected domain.

Proof. Given a,b € R, a < b, suppose that v: [a;b] — € is a rectifiable path.
Then for arbitrarily fixed ¢ > 0 there exist n € N and an increasing sequence
Zo,, 3k ty € [a;b] such that ty = a, t,, = b and

S IF 05(t) ~ For(tin)] > |F ol — <.
k=1
Since F' is a Lipschitz mapping, we see that

[Foqli <) IFoy(te) = Foy(ti)l +e
k=1

<L(F) " |y(te) = v(tr-1)| + £ S L(F)|yh +e.

Therefore |F o ~y|; < L(F)|y|1, because € > 0 can be arbitrarily small. Since F~! is
also a Lipschitz mapping, we may apply the above reasoning, with replacing F' by
F~Yand v by F o+, to obtain |y|; = |F~to (Foy)|; <L(F™Y|F o~l];. Thus

1

(3.10) mhh < [Forli < L(F)h-
Assume now that €2 is a linearly connected domain and fix z,w € F(€2). Then there
exists a path v: [a;b] — Q such that v(a) = F~!(z) and v(b) = F~!(w), such that

Il < MIF™H(z) = FH(w)] < ML(F™)]z —wl,
where M > 1 is a constant which depends on €2 only. Combining this with the second
inequality in (3.10) we have
(3.11) Forl < L(F)l < ML(F)L(FY)z - ul.
Since Fovy: [a;b] — F(Q) is a path connecting the points z and w, we conclude from
(3.11) that F(Q) is a linearly connected domain, because the constant M L(F) L(F~!)

does not depend on the choice of the points z,w € F(€2). This is the desired conclu-
sion. 0
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Theorem 3.4. Let F': D — C be a sense-preserving injective harmonic mapping
such that F'(D) is a bounded convex domain in C. Then the following conditions
are equivalent to each other:

(i) F' is a quasiconformal and Lipschitz mapping;

(ii) F is a quasiconformal mapping and its boundary limiting valued function f
is a Lipschitz mapping;

(iii) F' is a quasiconformal mapping and a holomorphic part H of F is a bi-
Lipschitz mapping;

(iv) F' is a bi-Lipschitz mapping;

(v) F has a continuous extension to the closure cl(D) and its boundary limiting
valued function f is absolutely continuous and satisfies the following condition

(3.12) 0<ds, |fllee <400 and || A[f]]ls < 400,
where dy is defined by (2.20).

Proof. Given a sense-preserving injective harmonic mapping F = H+G: D — C
suppose that 2 := F(D) is a bounded convex domain in C, where H and G are a
holomorphic part of F' and an anti-holomorphic part of F', respectively. We may
assume additionally that H(0) = 0 = G(0). Since {2 is convex, the mapping H is
injective; cf. [1, Cor. 5.8] or [17, Cor. 2.2].

First suppose that the condition (i) holds. From Theorem 3.2 it follows that
the boundary limiting valued function f of F' is a Lipschitz mapping, and so the
implication (i) = (ii) holds.

Next suppose that the condition (ii) holds. From [15, Lem. 2.3] it follows that

K+1

0F(2)] < L(f), zeD,

where K is the maximal dilatation of F. Thus for all z,w € D we see, setting
[0;1] 2t ~(t) := (1 —t)z + tw € D, that

) - 1) = [ [ o] ars [ G0
K+1
/|8F NIdt - w— 2| < 2* L(f)|w — =|.

Therefore H is a Lipschitz mapping with L(H) < % L(f).
From [17, Thm. 3.8| it follows that H o F~! is a bi-Lipschitz mapping. By the

equality H = (H o F~1) o F' we obtain

(3.13) H(D)=Ho F(F(D))=HoF Q).

Since (2 is a convex domain, () is linearly connected with respect to a constant M := 1.
Therefore from Lemma 3.3 it follows that H(D) is a linearly connected domain with
a new constant M > 1. As 0 = F(0) € €, there exists R > 0 such that D(0, R) C ,
where D(a,r) := {2z € C: |z —a| < r} for a € C and r > 0. Applying now |16,
Cor. 3.1] we see that

(3.14) ' (2)] = |0F(2)] > % - eD.

Fix distinct points z,w € D. Since the domain H (D) is linearly connected, there
exists a path v: [0; 1] — H(D) connecting the points 7(0) = H(z) and (1) = H(w)
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such that |y|; < M|H(w) — H(z)|. Since v is an uniformly continuous mapping, the
image 7([0; 1]) is a compact subset of the domain H(€2), and consequently there exist
r > 0 and 0 > 0 such that

(3.15) Y([t —0;t+0]N[0;1]) € D(y(t),r) C H(Y), te€]0;1].

Let us consider n € N and an increasing sequence Zg,, 3 k — t € [a;b] such that

to=0,t, =1and t, —ty_y < for k € Z;,,. Hence and by (3.15), the mappings
01 5 5 3(s) i= B~ (s7(t) + (1 — $)1(t4 1)) €D, k€ Zy,

are well defined. Moreover, each mapping ;. is a regular path in D connecting the
points H(vy(tx_1)) and H1(y(t)). By (3.14) we have

i 2 S () = (o)l = 32 HE (0(0) — HH (2(6)
=3 [|gewe]a =3 [ il

25 [ biotarz 5137 [ ] = §3eum o)

k=1

= 21t 60 - BRG] = T 6 0) ~ B 600)

= T (1) — B (O] = S — .

Combining this with the inequality ||y < M|H(w) — H(z)| we conclude that

1 R
H(w)—-H > — > —|w — D.
H(w) = HE) 2 +hh 2 o= 2], wze

Thus H is a co-Lipschitz mapping. Since H is also a Lipschitz mapping, we conclude
that H is a bi-Lipschitz one. This proves the implication (ii) = (iii).

Suppose now that the condition (iii) holds. Then [17, Thm. 3.8] shows that the
composite mapping F o H~! is bi-Lipschitz. Hence F is a bi-Lipschitz mapping since
the mapping H is so and F' = (F o H™') o H, which yields the implication (iii) =
(iv).

Supposing that the condition (iv) holds, we see that L(F) < +oc and L(F™!) <
+00. Then by Theorem 3.2, F' has the continuous extension to the closure cl(D)
and its boundary limiting valued function f is absolutely continuous and satisfies the
condition (3.8). Setting L := L(F~') we see that

1
Flw =2 <[F(w) = F(2)], w,z€D.
Hence for all t,s € R and r € [0;1),
et — e = lim |re" —re?| < L lim |F(re') — F(re)| = L|f(e) — f(e)].
r—1— r—1-
Given # € R assume that there exists the derivative f (2) at the point z := €. Then
ity _ £(if 0
= 1) 1 1

ot _
lim
t—0 t — 9

~— L L

; . . _]‘-19_
)] = [lim 25— = Lie”| =
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Thus |f(z)| > 1/L for a.e. z € T, and so d; > 1/L. Combining this with (3.8) we
obtain (3.12), which completes the proof of the implication (iv) = (v).

Suppose finally that the condition (v) holds. Then f is an absolutely continuous
function and F' = P[f]. Since F' is a sense-preserving injective harmonic mapping,

we conclude from Levy’s theorem that the Jacobian J[F] is positive in D; cf. [10].
Therefore

(3.16) OF (2)]? — |0F(2)]2 = J[F](2) >0, €D,

and so the second dilatation

(3.17) D>z w(z):= =
of F'is well defined as well as
(3.18) lw(z)| <1, =ze€D.
Applying now |2, Thm. 1.3] we see that there exists a function w*: T — C such that
(3.19) w*(z) = liI{l w(rz) for a.e. z € T.
r—1-
From (1.3) and Corollary 1.3 it follows that for a.e. z € T,
2 hr{l OF(rz) = E(A[f](z) — if(z)),
r—1-
and consequently
: : NEYEND) N2 )2
A m OF(r)]? = [ALf(2) ~ 1) < 20AIG +21/) "
Combining this with (3.12) we obtain
1 . 1. .
(320) | lim OF(r2)|* < My = §HA[f]HiO + 5\\f\\i <400 forae z€T.
r—1-

As 0= F(0) € Q and Q is a bounded domain in C, there exist Ry, Ry > 0 satisfying
the condition (2.18). Since additionally € is a convex domain, we conclude from
Remark 2.2 that each point f(z), z € T, is linearly accessible from outside of €.
Corollary 1.3 and Theorem 2.5 now show that the inequalities (2.17) hold for a.e.
z € T. Hence and by (3.12),

d
lim J[F](rz) > \f’(z)@ > B9 G forae s T
r—1- 2 2
Combining this with (3.16), (3.17), (3.19) and (3.20) we see that for a.e. z € T,
d
Mi(1 —|w*(2)[}) > lim |0F(rz)]*(1 — |w(rz)?) = lim J[F](rz) > B L.
r—1— r—1— 2
Hence Rd
2 <1 % g
ol <1 it <
This implies, by (3.17) and (3.18), that
5F(Z) Rldf
3.21 ‘: — |P[w*](2)] < ||lw*[loe < 4/1— 2% <1, D.
(3.21) () w(z)] = [Plw](2)] < flo*fleo < o, b F €

Therefore F' is a quasiconformal mapping. By Theorem 3.2, F' is also a Lipschitz
mapping. This leads to the implication (v) = (i), which completes the proof. [
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Remark 3.5. Suppose that €2 C C is a bounded convex domain and that f is
a sense-preserving homeomorphism of T onto the boundary of 2. Then by Radé—
Kneser—-Choquet Theorem F' := P[f] is a sense-preserving injective harmonic map-
ping of D onto 2. Under these assumptions Zhu has shown recently the equivalence
of the conditions (iv) and (v) in our Theorem 3.4; cf. |21, Thm. 3|. Suppose ad-
ditionally that the function f is absolutely continuous on T. Then from Kalaj’s
theorem [8, Thm. 3.2] it follows that the conditions (i) and (ii) in our Theorem 3.4
are equivalent. In this sense, Theorem 3.4 is a generalization of both results by Zhu
and Kalaj.

4. Applications

We recall that a function f: T — C is said to be Dini-smooth if f is differentiable
on T and the derivative f is not vanishing and Dini-continuous on T, i.e., its modulus
of continuity

w(0) :==sup{|f(e") = f(*)|: t,s € R, [t —s| <6}, & €[0;7),
satisfies the following condition
Tw(t
(4.1) D, ;:/ #dt < to0.
0

Corollary 4.1. Let f: T — C be a Dini-smooth and injective function. If f(T)
is the boundary curve of a convex domain ) in C, then dy > 0, ||f]lc < 400 and
F := P[f] is a bi-Lipschitz mapping of D onto 2 with

4 ,
(4.2) L(F) <4/ 5 D7+ IIf11%

and

(4.3)

L(;—l) = L?}) | RliRz tan (gRlile) = 2?5;)’

provided Ry, Ry > 0 satisfy

(4.4) D(F(0), Ry) C © C D(F(0), Ra).

In particular, if additionally J[F](0) > 0, then F is L(F) L(F~!)-quasiconformal.

Proof. Fix a function f: T — I' satistying the assumption. Then f is differen-
tiable at every point of T and the derivative f is not vanishing and Dini-continuous
on T. Therefore f is continuous on T, and so

(4.5) dy =min |f(2)] >0 and ||fle = max|f(z)] < +oo,
2€T z€T

because T is a compact set. From (4.1) it follows that for every # € R and € € (0;7),

0—1t . . - O0—t,: & o
/a<t—6|<7rCOt 5 f(e)dt‘— /e<|t—9<7r00t 5 (f(e)_f(e‘)))dt‘

/ 0—1
<
e<|t—0|<m
0—1t

2
g/ w(|9—t|)‘cot )dt
e<|t—0|<m 2

cot

[F(e") = f(e)] at
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Tw(t t Tw(t
:2/ @ -tcot—dt§4/ ﬁdtgélDf,
Tt 2 Tt
because xcotx < tanz - cotz = 1 for € (0;7/2). Applying now [5, Chap. III,
Lem. 1.2] we see that for a.e. e € T,

ALf)(e)] = lim —

e—0+ 27

00—t . . 2
cot f(e" dt’ < —Dy.
l<t—€|§7r 2 ( ) ™ d
Therefore,
. 2
(1.6 | ALl < 2Dy

Applying the classical Lagrange’s mean value theorem to the real and imaginary
parts of the function R 3 ¢ — f(e) we conclude from (4.5) that

() = F(e*)] < V2| fllclt = s, t.s€R,

and consequently f is absolutely continuous. In particular, f is continuous, and hence
the mapping F' has a continuous extension F™* to the closed disk cl(D) and f = .
Since f is additionally injective on T, f is a homeomorphism of T onto I' := f(T).
Furthermore, I' is the boundary curve of the convex domain 2. Then the classical
Rad6—Kneser—-Choquet theorem implies that F' is an injective harmonic mapping of
D onto €; cf. [3, Sect. 3.1|. Consequently, by the Lewy theorem J[F](z) # 0 for
z € D. Therefore J[F](z) > 0 for z € D provided J[F](0) > 0. Assume now that
J[F](0) > 0. Then Theorem 3.4 shows that the mapping F' is simultaneously bi-
Lipschitz and quasiconformal. Furthermore, from Theorem 3.2 and (4.6) we obtain
the inequality (4.2). Since €2 is a convex domain we can follow the proof of [15,
Thm. 3.3| to obtain the following estimation
o |OF()[? — |OF (u)|?
PO = PN = B8 TR+ ()
infyep J[F](u)
— suDyep (|0F (u)] + [0F (u)])

If F(0) = 0, then the condition (4.4) becomes (2.18). Applying now Corollary 2.6 and
the equality (3.6) we infer the inequality (4.3). If F'(0) # 0, then we can adopt this
reasoning to the mapping F' — F(0) in place of the mapping F. Since the mapping
F is bi-Lipschitz, it is also L(F) L(F~!)-quasiconformal.

In the case where J[F](0) < 0 we have J[F](z) < 0 for 2 € D. Then J[F](z) > 0
for z € D. Since P[f] = F, we may follow the above reasoning with f replaced by
f. As a result we see that F is a bi-Lipschitz mapping. Then the mapping F is also
bi-Lipschitz and the inequalities (4.2) and (4.3) hold, which completes the proof. [

Let us recall that a function f: T — C is said to be Holder-smooth if f is
differentiable on T and the derivative f is not vanishing and Hdélder-continuous on
T, i.e., there exist L > 0 and «a € (0;1] such that

|2 = w

|z —w|, zweD.

(4.7) [F(@) = f@) < Lt —s]*, ts€R.
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Remark 4.2. Tt is clear that each Holder continuous function is a Dini-continuous
one. Therefore Corollary 4.1 remains true if the assumption f: T — C is a Dini-
smooth and injective function is replaced by the one that f: T — C is a Holder-
smooth and injective function. Moreover, from (4.7) it follows that D; < L7%/a,
and so (4.2) leads to

(4.8) L(F) < \/4(L/a)2r2e=D + || f]12.

Applying Theorem 3.4 we may also complement Kalaj’s results; cf. [9, Thm. A,
Thm. 3.1 and Cor. 3.4] and also [11].

Corollary 4.3. Let h: T — C be a Hélder-smooth and injective function such
that h(T) is the boundary curve of a convex domain €2 in C. Then for every sense-
preserving injective harmonic mapping F' of D onto () the following conditions are
equivalent to each other:

(i) F' is a quasiconformal mapping;
(ii) F is a bi-Lipschitz mapping;
(iii) F has a continuous extension to the closure cl(D) and its boundary limiting
valued function f is absolutely continuous and satisfies the condition (3.12).
Proof. The equivalence (i) <= (ii) is stated by [9, Cor. 3.4]; cf. also [11]. The
equivalence (i) <= (iii) (resp. (i) <= (iii)) follows from Theorem 3.4 (resp. |9,
Thm. 3.1)). O
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