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Abstract Let f be a twice continuously differentiable self-mapping of a unit disk satisfying
Poisson differential inequality |Af(z)| < B - |Df(z)|* for some B > 0 and f(0) = 0. In this
note, we show that f does not always satisfy the Schwarz-Pick type inequality

1—|z|?
T < OO
where C(B) is a constant depending only on B. Moreover, a more general Schwarz-Pick
type inequality for mapping that satisfies general Poisson differential inequality is established
under certain conditions.
Key words Schwarz-Pick inequality; Poisson differential inequality; hyperbolically Lips-

chitz continuity
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1 Introduction and Main Results

Let D be an open unit disk in the complex plane C and denote T = JD. For a domain Q2 C C,
let C™(€2) be the set of all complex-valued n-times of continuously differentiable functions from
Q into C. In particular, let C(£2) := C°(£2) be the set of all continuous functions in Q.

A real-valued function u, defined in an open subset 2 of the complex plane C, is real

harmonic if it is twice continuously differentiable in Q2 and satisfies Laplace’s equation

0%u 0%u
Au(z) = @(z) + 3—y2(z) =0, z€.
A complex-valued function w = u + iv is harmonic if both u and v are real harmonic. We refer

the readers to [7] for more properties of harmonic mappings in the plane.
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Let P be the Poisson kernel, that is, the function
- 1—|z)?
0y
P(z,e )—m, ZED,QER,
and let GG be the Green function of the unit disk, that is, the function
1—-zw

zZ—w

1
G(z,w)Z%log , z,weD, z#£w.

Let f: T — C be a bounded integrable function on the unit circle T and let g : D — C be
continuous. The solution of Poisson’s equation Aw = ¢ in D satisfying the boundary condition
wlr = f € LY(T) is given by

w(z) = P[f](z) = Glgl(z), z€D, (1.1)

where
1
T or

AWP@&WH@WM%GM@%jAG@wmwmmWL (1.2)

where dm denotes the Lebesgue measure in the plane. It was proved in [5] that for any g € C(D),

P[f](2)

the function G := G|g] satisfies the inequality

@) < W g ) (1.3

where ||g]|s0 := sup|g(z)|. Suppose that  C C is a hyperbolic type domain with a hyperbolic
z€D
metric Aq(z)|dz|. The hyperbolic distance between two points 21, z2 € Q is defined by

dae1,22) = inf { [ dalelael},

¥
where the infimum is taken over all rectifiable curves v in {2 connected z; and z3. It is well

known that when D =D,
2 |1—215|+|2’1—22|
= 1—7|Z|2 and th (Zl, 22) = IOg

A function f from a hyperbolic type domain 2 into a hyperbolic type domain €’ is said to be

)\]D)(Z)

|1 — 215| — |Zl — 22| ’

hyperbolically Lipschitz continuous if there exists a constant L > 0 such that the inequality

dng, (f(21), f(22)) < L~ dpg (21, 22)

holds for any z1, zo € .

Suppose that  and ' are two simply connected domains of hyperbolic type in C with
hyperbolic metrics Aq(z)|dz| and Aq/(w)|dw|, respectively. The classical Schwarz-Pick lemma
states that if f is holomorphic from € into €', then

A o f(2) ’

Moreover, equality occurs in (1.4) when f is conformal from © onto €. In particular, if Q =

) =D, then inequality (1.4) becomes

|f'(z)|-1_7|2|2 <1
L-[f(x)]* ~

The Schwarz-Pick lemma (1.4) has lots of generalizations. For example, Ahlfors [1] extended

it to holomorphic mappings from a unit disk into a Riemann surface equipped with a Riemann
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metric whose Gaussian curvature is less than or equal to —1. In [19], Yau generalized it to
holomorphic mappings between a complete Kahler manifold with Ricci curvature bounded from
below by a constant and a Hermitian manifold with holomorphic bisectional curvature bounded
from above by a negative constant. Osserman, in [16], obtained a general finite shrinking lemma
from a geodesic disk of radius p; with respect to a metric ds? which is circularly symmetric into
a geodesic disk on a surface. We refer readers to the multipoint version [3] and the higher-order
derivatives version [6, 14] of the Schwarz-Pick lemma and references therein.

In this paper, we are particularly interested in the Schwarz-Pick type inequality for map-
pings satisfying Poisson differential inequality (1.9). Let f be a quasiconformal self-mapping of
a unit disk satisfying the Poisson differential equation

|Af(2)| < B-|Df(2)%, (1.5)

where |Df(2)| = |f.(2)| + |fz(2)|. In [12], Kalaj obtained the following result:

Lemma 1.1 ([12, Lemma 2.3]) Suppose that f is a K-quasiconformal self-mapping of D
satisfying Poisson differential equation (1.5) and f(0) = 0. Then there exists C(B, K) such

that
1— |z
— Pl <0(B,K). 1.6
e = O (9
This lemma can be viewed as a kind of Schwarz-Pick type inequality for the K-quasiconformal

self-mapping of D satisfying Poisson differential inequality (1.5). Now, let F(D,B) = {f: D —
D : f(0) = 0,|]Af| < B-|DfJ?,f € C?>}. We can derive, by using the Schwarz lemma for
harmonic mapping [9], the Schwarz-Pick type inequality

1=

T TFGE =2 7

for the class F(DD,0). In [12], Kalaj asked if the quasiconformality assumption is important for
Lemma 1.1. In other words, does (1.7) hold for some constant C' = C'(B) instead of 7/2 for the
class F(D, B)? We summarize this as follows:

Question 1.2 Is the Schwarz-Pick type inequality

1— |z
W < C(B) (1.8)

always valid for mappings in the class F(D, B)?
The first aim of this paper is to give a negative answer to the question. We have

Theorem 1.3 The mappings in the class (D, B) do not always enjoy Schwarz-Pick type
inequality (1.8).

Although the answer to Question 1.2 is negative, one can establish a Schwarz-Pick type
inequality (1.8) for twice continuously differentiable self-mappings of a unit disk satisfying
Poisson differential inequality (1.8) under certain conditions. For example, in [15], a Schwarz-
Pick type inequality (1.8) for (K, K')—quasiconformal self-mappings of a unit disk satisfying the
Poisson differential inequality (1.8) was obtained. However, those mappings discussed in Lemma
1.1 and [15, Lemma 2.1] require quasiconformality. Here, we establish one kind of inequality

(1.8) for those mappings satisfying (1.5) under certain conditions (with no requirement of
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quasiconformality). Actually, our result also works with twice continuously differentiable self-

mappings of a unit disk satisfying the following more general Poisson differential inequality:
|Af(2) < a- [Df(2)]* +0. (1.9)

It is noted that both harmonic mappings and holomorphic mappings are contained in the class
of functions satisfying inequality (1.9). We refer the reader to the research works on those
mappings for two dimensions [4, 8] and higher dimensions [11]. Next, we will state our result
on Schwarz-Pick type inequality (1.8) for twice continuously differentiable self-mappings of a
unit disk satisfying the general Poisson differential inequality (1.9) under certain conditions.
Throughout the rest of this paper, L(a,b, K) always refers to the constant in Lemma 2.5.
According to [8], one can give the explicit expression of L(a,b, K) when the values of a,b are
small enough.

Theorem 1.4 For a given ¢ € {1} U [2,+0), let f : D — D be continuous in D, flp €
C2, flr € C2, f(0) = 0 and satisfy the following Poisson differential inequality:

[Af(2)] < a-|Df(2) +b

92f(e?)
and ‘67492

< K, where 0 < a < %,O < b, K < co. Supposing, for ¢ > 2, that

(2 g +1) - max{a, b} - (L2(a, b, K) +1) _ 2

4 '
we get
1
Ry 2 3max{a,b}-(i2(a,b,K)+1) , when ¢ = 1,
- <« T
L—|f(2)e — 1
3 @ i medal PaeK i Vend = 2
T 4

Under which conditions, the subject of a harmonic self-mapping of the unit disk that has
Lipschitz continuity with respect to a given metric has attracted the attention of many re-
searchers; see the papers [17, 20] and the references cited therein. A direct and interesting
corollary of Theorem 1.4 is the property of hyperbolically Lipschitz continuity for those map-

pings mentioned in Theorem 1.4.

Corollary 1.5 Let f : D — D be continuous in D, f|p € C2, f|t € C?, £(0) = 0 and satisfy

the following Poisson differential inequality:
[Af(2)] <a-|Df(2) +b

and’%;;“’) < K, where 0 < a < 1,0 < b K < oo. If

5-max{a,b} - (L*(a,b,K) + 1) - 2

4 T’
then f is a hyperbolically Lipschitz continuity; that is, the inequality
L(a,b,K)
dny (f(21), f(22)) < 2 bmax{ab} (L2 (a,0,K)+1) dpy (21, 22)
T 4

holds for any z1, zo € D.

The organization of the rest of this paper is as follows: in Section 2 we make some prepa-
rations which will be used in the proof of Theorems 1.2 and 1.3. The proof of Theorem 1.2 will
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be presented in Section 3. The proof of Theorem 1.3 is given in Section 4. The last section is

devoted to the proof of Corollary 1.4.

2 Some Preparations

In [13], Kalaj and Zhu obtained a Schwarz-Pick type inequality for the harmonic self-
mapping f of D with f(0) = 0. It is read as follows:

Lemma 2.1 ([13, Proposition 3.6]) If f is a harmonic self-mapping of D with f(0) = 0,
then the inequality

1—]z|2 ™ (2.1)
1—[f(z)]e — 2 '
holds for every z € D and ¢ > 0. In particular, we have, for ¢ = 2, that
1— 2
2 T zeD. (2.2)

— s S 5,7
1-f(z)]* — 2
Next, we will establish a Schwarz-Pick type inequality (2.1) of the harmonic self-mapping
of a unit disk with the removed of the assumption that f(0) = 0. The result is as follows:

Lemma 2.2 Let f be a harmonic self-mapping of D satisfying |f(0)| < 2/7. Then for any

q > 1, the inequality
1—|z|?

= 7G)F = Z-[7(0)

(2.3)

holds for every z € D.

Proof Apparently, inequality (2.3) is true when z = 0. Hence, we assume that z # 0. By
a generalized Schwarz type inequality for harmonic self-mapping [10, 18] of the unit disk, we
get

‘ q

T O e ((ORS == ¥ ()

=[] T—]f
1= () - - )] + 5 100
- 1— |22
1—|z|2 q
L (¢ tnl Iz_l ;|;+Z2 170))) o

Next, we will use L’Hospital’s rules for monotonicity [2] to decide the monotonicity of the

function

q
1-— (fr -arctanx + h’_;z -m)
o(x) = :

1— 29

where z € (0,1),m € [0,2/7). To do this, we introduce the function

(2) = 4 arctanx+ 1— 22 m a1 —4x m—i—é 1
P =\ T x x(1 4 x?) (1+22)? 7 14+a22]’

where z € (0,1),m € [0,2/7). Then we have

() = M m— g8 oz 4 arctanz 1— 22 q—1
12 - s €T fE(l +$2)

TS T (Tra2)?
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+( 1) _74:6 + é L é arctan N 1 — 22 q—2
' (1+22)2 T 1+ 22 T T x(1 4 x?) i
[304_4962_1 " 4 :C—(1+:E2)arctan:v]

x2(1 + x2) mrT 22(1 + x2?)
4(32% - 1) 8 1 4 1—2?
—Aq2. |12 oy 2 = |2 arct - . -1
{[m(l—i—xQ)?’ T (1+22)2 x e ane ot 1122 " +a—1)
—4z n 4 1 rt — 422 -1 n 4 x— (14 2?)arctanz
™ 4+ =. : : =
(1+22)? 7 1422 x2(1 + x2) v 22(1 + x2?) ’
where A = 4 . arctanz x(lfm;) -m. Obviously, we have
2
— -arctanz + -m >0
™ 1+ a2
and
—4x 4 1 —2m(1+2%) 4 1
+ >0,

Gt " 7 1427 A+a22 7 1422

when z € (0,1),m € [0,2/7). In addition, the elementary inequality 175> < arctanz < 175

implies that inequality

rt — 42?2 -1 4 x— (14 2?)arctanz
_— -m —_
22(1 + x2?) v 22(1+ x2?)

<0

holds for any x € (0,1),m € [0,2/7). Finally, we verify that
322 —1 2

() = Lo o2 2.
j(x) P m 71_<O (2.5)
for any = € (0,1),m € [0,2/7). Since

=3zt + 622 +1
s i 0
j is monotonically increasing on (0, 1), which implies that j(z) < j(1) = m — 2 < 0. Hence, we
have ¢’(z) < 0 for any = € (0,1),m € [0,2/7). Therefore, by L’Hospital’s rules for monotonicity
[2], we see that ¢(z) is monotonically decreasing on (0,1). Using L’Hospital’s law, we get
¢(xz) > lim ¢(z) = 2 — m. This completes the proof. O

rx—1—

Lemma 2.3 Forany 0 <y <1,0<e<1,g>1, we have
(y+e)? <y?+27"q-e. (2.6)

Proof Let k(y) = (y+¢)?—y%,y € [0,1). Then we have ¥'(y) = q[(y +¢)7 1 —y?71] > 0.
Hence, k is monotonic increasing when 0 <y < 1,0 <& < 1,¢g > 1, which implies that

k(y) = (y+2)7—y? < k(1) = (1+2)7— L. (2.7)

Let A\(e) = (1 +¢)9 —2971ge — 1. Then, N (g) = ¢[(1 + )21 — 2971] < 0. Therefore, \(¢) <
A(0) = 0; namely, for any 0 < ¢ < 1, it holds that (1 +¢)? —1 < 297!ge. Combining this

inequality with (2.7), we get the desired inequality. O
Lemma 2.4 For any ¢ € [0,1), we have
4 2
— -arctant < — (¢t — 1. 2.8
— -arctant < 71_( )+ (2.8)
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Proof Considering the function ¢(t) = 2 - arctant,t € [0,1) we get

4 1
Y=z e
Cn Ty (2.9)
o) =T e <O

This shows that ¢ is monotonically increasing and concave in [0,1), which implies that the
tangent of ¢ at the point (1,1) lies above the image of ¢. Hence, the desired inequality (2.8)
follows. O

The following result, obtained by Heinz-Bernstein [4, 8], is crucial for us to get a Schwarz-
Pick type inequality for mappings satisfying the Poisson differential inequality (1.9) under
certain conditions:

Lemma 2.5 ([4, 8]) Let u: D — D be continuous in D, u|p € C?,u|r € C? and satisfy the
inequality
|Au| < a|Du|? + b,

and ‘62%:;%‘ < K, where 0 < a < %,O < b, K < 0o. Then |Du| < L(a, b, K) holds on D, where

L(a,b, K) is a positive constant that depends only on a,b, K.

3 Proof of Theorem 1.2

To finish the proof, we find a self-mapping of the unit disk that satisfies the Poisson differ-
ential inequality (1.5) and f(0) = 0, but that has no inequality (1.8); that is, it does not satisfy

% < M for any z € D and M > 0. To do this, we take the function f(z) = %, z € D.

A simple calculation shows that f,(z) = ?ﬁi,fg(z) = —z—;,Af(z) = —4z, f(e?) = €,
|f(z)] < 1 and f(0) = 0. Hence, f is a self-mapping of the unit disk satisfying the Poisson
differential inequality

|Af(2)] <a- |Df(2)]?
for any a > 4. Next, by letting ¢ = |2|> € [0, 1), we get that

lim 1_7|Z|2 = lim 1= |Z|2 = lim L = 400
=1 L= |f ()2 Jel=1m 2|2 (3*&\2)2 T2 —5t4+4 (3.1)
2

This finishes the proof.

4 Proof of Theorem 1.3

By Lemma 2.5, there is constant L(a,b, K) > 0 such that |Df| < L(a, b, K) holds for any
z € D. Now, let
Af(z)=h(z), z€D, (4.1)

where h(z) = I1(2)(|Df(2)|> + 1) and ||I||oc < max{a,b}; one can simply define I(z) := Af(z) -

(IDf(=)]* + 1)71,2“ € D. By assumption, we have h € C(D). Hence, we get that [|h]lcc <
max{a, b} - (L?(a,b, K) 4+ 1), by Lemma 2.5. Now, using formula (1.1), we have

f(z) = P[K](2) = G[h](2), (4.2)
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where f|r := k. For the case of ¢ = 1, by using formula (4.2) and Lemma 2.4, we get

L) L= |PIRIG) — 15 - PIRO) + 2 - PIEIO) - Gl (2)|

I+|z[? 142
1=z 1— 12|
1|z 1|2
1= ([P — - PO+ R - PO+ 60:)
- 1— ]
—|z|% e
1-— (% -arctan |z| + % - |P[k])(0)| + W)
>
- 1— 12|
2 L2 pig 1Al (1= |2[)
1= (202 = 1)+ 1+ SEL L pli0)] + et
>
- 11|
2 _ 1+ [7lloo (1 + 2])
-z | PlK](0)] — Mleet2 T 121
2 PO :
2 1+ |z hlloo (1 + |2 2 3l|hlleo
S O [T SCIESTE D O T
T 41+ 1z]?) 4 ™ 4
3 b} - (L%(a,b,K) +1
o 2 dmada b} (Lab K)+Y (4.3)
s 4
For the case of ¢ > 2, since f(0) =0 and
max{a, b} - (L*(a,b, K) + 1) - (277'q + 1) - max{a, b} - (L?(a,b,K) + 1) - 2
4 4 7’
we get (by using estimate (1.3)) that
||h]loc _ max{a,b}- (L*(a,b,K) +1
[P[K](0)] = |G[RI(0)] < < ( ) < 2/m. (4.4)

4 = 4
Hence, P[k] is a harmonic self-mapping of D satisfying |P[k](0)| < 2/m. By virtue of Lemma
2.2, we get that

1—|P[k](2)|* _ 2 2 max{a,b}- (L*(a,b,K)+1)

IR 2y PO 2 : . (45)

Now, using (4.5) and Lemma 2.3, we get that
L[ 1= (P[] +GI())

1—Jzje — 1—|z]¢

1 (|p[,€](z)| SINEEES

q
2
) _ 1P LI CEIEN:

>
- 1—|z|¢ - 1—|z|2
1 |[PE()I? 207 g [hlloe 1—2* 2 297 1q - |l
B T T R T T L R
22 (297 q + 1)||h|] o 22 (277 'q + 1) - max{a,b} - (L*(a,b,K) + 1)
T 4 -7 4
> 0. (4.6)

Hence, the proof of Theorem 1.3 is complete.
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5 Proof of Corollary 1.4

-maxya . 2 a,
From above proof of Theorem 1.3, we see that if Somade,b} (f (ab,K)+1) < 2 then [Df] <

L(a,b, K) and

1—|z)? 1
L= [f(z)P = 2 _ pmax{od} L2@hK)+]) ”

These inequalities imply that

DAL= 21 _ L(a, b, K)
1— |f(Z)|2 - 2 _ 5-max{a,b}-(£2(a,b,K)+l) ’

This completes the proof.

Acknowledgements The second and third authors would like to express their hearty
thanks to the Chern Institute of Mathematics, which provided them with a very comfortable
research environment. Also, the authors would like to express their sincere thanks to the referees

for their great efforts in improving this paper.

References
(1] Ahlfors L V. An extension of Schwarz’s lemma. Trans Amer Soc, 1938, 43: 359-381
[2] Anderson G D, Vamanamurthy M K and Vuorinen M. Monotonicity rules in Calculus. Amer Math Mon,
2006, 113: 805-816
[3] Beardon A F, Minda D. A multi-point Schwarz-Pick lemma. J d” Anal Math, 2004, 92: 81-104
[4] Bernstein S. Sur la généralisation du problém de Dirichlet. Math Ann, 1910, 69: 82-136
[5] Chen S L, Kalaj D. The Schwarz type Lemmas and the Landau type theorem of mappings satisfying
Poisson’s equations. Complex Anal Oper Theory, 2019, 13: 2049-2068
[6] Dai SY, Pan Y F. Note on Schwarz-Pick estimates for bounded and positive real part analytic functions.
Proc Amer Math Soc, 2008, 613: 635-640
[7] Duren P. Harmonic Mappings in the Plane. Cambridge: Cambridge University Press, 2004
[8] Heinz E. On certain nonlinear elliptic differential equations and univalent mappings. J d’Anal Math,
1956/57, 5: 197-272
[9] Heinz E. On one-to-one harmonic mappings. Pacific J Math, 1959, 9: 101-105
[10] Hethcote H W. Schwarz lemma analogues for harmonic functions. Int J Math Educ Sci Technol, 1977, 8:
65-67
[11] Kalaj D. A priori estimate of gradient of a solution to certain differential inequality and quasiconformal
mappings. J d’ Anal Math, 2013, 119: 63-88
[12] Kalaj D. On quasiconformal harmonic maps between surfaces. Int Math Res Notices, 2015, 2: 355-380
[13] Kalaj D, Zhu J F. Schwarz Pick type inequalities for harmonic maps between Riemann surfaces. Complex
Var Elliptic Equ, 2018, 69: 1364-1375
[14] MacCluer B D, Stroethoff K, Zhao R H. Generalized Schwarz-Pick estimates. Proc Amer Math Soc, 2003,
131: 593-599
[15] Li P, Ponnusamy S. Lipschitz continuity of quasiconformal mappings and of the solutions to second order
elliptic PDE with respect to the distance ratio metric. Complex Anal Oper Theory, 2018, 12: 1991-2001
[16] Osserman R A. A new variant of the Schwarz-Pick-Ahlfors lemma. Manuscr Math, 1999, 100: 123-129
[17] Pavlovié¢ M. Boundary correspondence under harmonic quasiconformal homeomorphisms of the unit disk.
Ann Acad Sci Fenn Math, 2002, 27: 365-372
[18] Pavlovié M. Introduction to function spaces on the disk. Posebna Izdanja [Special Editions]. 20. Belgrade:
Matematiki Institut SANU, 2004
[19] Yau S T. A general Schwarz lemma for K&hler manifolds. Amer J Math, 1978, 100: 197-203
[20] Wan T. Constant mean curvature surface, harmonic maps, and universal Teichmiiller space. J Differential
Geom, 1992, 35: 643-657

@ Springer



