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ABSTRACT. In this paper we use the beautiful formula of Faa di Bruno for
the nth derivative of composition of two functions to obtain the generalized
Schwarz-Pick estimates. By means of those estimates we show that the hy-
perbolic derivative of an analytic self-map of the unit disk is Lipschitz with
respect to the pseudohyperbolic metric.

1. INTRODUCTION

For each z € D, let ¢, denote the Mobius transformation of D,
z—w
P Tz
for w € D. The pseudo-hyperbolic distance on D is defined by
p(z,w) = [p-(w)], 2zweD.
The pseudohyperbolic distance is Mobius invariant, that is,

p(gz, gw) = p(z,w),
for all g € Aut(D), the Mobius group of D, and all z,w € D. It has the following
useful property:

2 _ (L= [z —Jwl)

1.1 1— =
(1) p(zw) T
The Bergman metric on D is the hyperbolic metric whose element of length is
|dz|
ds = ———.
TTI-RP

In this metric every rectifiable arc v has a length

/ |d=|
T— 2

It is easy to show that the induced distance on D is given by
1 1
Bz w) = L 10g 2L ®).
2 "1 —p(z,w)
for z,w € D.
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3310 PRATIBHA GHATAGE AND DECHAO ZHENG

Let ¢ be an analytic self-map of the unit disk. By the classical Schwarz-Pick
Lemma [2], [5], ¢ decreases the hyperbolic distance between two points and the
hyperbolic length of an arc. The explicit inequality is

| p(21) —p(z) | 21— 2 |

1—p(z)p(z2) — 1— 7122

for any z1,z2 in D. In particular,

(=) |
(1.2) T o = TP

for z in D. Let

(- )
= TR
Then
(@l <1,

for all z € D. Nontrivial equality |7, ()| = 1 holds for some z € D only when ¢ is a
fractional linear transformation €%, (z). For each z € D, the hyperbolic derivative
of p at z is defined by

 Ble() ew)
B(z,w)—0 ﬁ(27w)

In Section [3] we will show that the hyperbolic derivative of ¢ equals |7,(z)| and
that 7,(z) is Lipschitz with respect to the pseudohyperbolic metric. Hyperbolic
derivatives have been used in studying composition operators on the Bloch space
[, [9] and [10].

Recently, MacCluer, Stroethoff, and Zhao [8] used the formula of Faa di Bruno
and the theory of the weighted composition operators [11] to obtain the generalized
Schwarz-Pick estimates:

:ep (1—=[p(2)]?)
for each analytic self-map ¢ of the unit disk. We obtain the following generalized
Schwarz-Pick estimates: for each 0 < r < 1 and each positive integer n, there is a
positive constant M, , such that for each analytic self-map ¢ of the unit disk:
1— 2\n|, ,(n) 1 — 2 /
RGN gy e 0PI @)
1= p(2)] pw)<r 1= |p(w)|
for z in D. Clearly, Combining (I2)) with (I4) gives (I3)). Moreover, () directly
leads to the result [§] that if ¢ is in the little Bloch class, then

2 )
iy A= 20)"e 2(Z)I
-1 1—|p(2)]

(1.4)

=0

for each n. The main tool is the beautiful formula of Faa di Bruno [I3] for the nth
derivative of the composition of two functions.
Based on the generalized Schwarz-Pick estimates we will show in Section [B] that
—1212)™ (™) R, . . . .
Ton(2) = % is Lipschitz with respect to the pseudohyperbolic metric.

Thus 7,,,(z) admits a continuous extension to the set of nontrivial Gleason parts
of the maximal ideal space of H*.
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2. GENERALIZED SCHWARZ-PICK ESTIMATES

In this section, we will present a proof of the generalized Schwarz-Pick estimates.
The generalized Schwarz-Pick estimates will be used in the proof of Theorem
The main tool is the beautiful formula of Faa di Bruno, which deals with the nth
derivative of composition of an analytic function f on the unit disk with a self-map
¢ of the the unit disk [13].

Theorem 1 (The Formula of Faa di Bruno). If ¢ is an analytic function from the
unit disk to the unit disk and if f is an analytic function on the unit disk, then

() (k)
(fop)" Zk1'k2 wii

where k = k1 +-- -+ ky, and the sum is over all k1, ..., ky, forwhich ki14+2ko+-- -+
nk, = n.

n

(p(J)

The following result is well known [12]. We include a proof to motivate our
Theorem

Proposition 1. If ¢ is a univalent analytic self-map of D, then

(1 =[] ()] < 10]¢(2)|
forall z € D.

Proof. For a fixed z in D, let h be the Koebe transform of ¢,

w—+z

P(1555) — ¢(2)

(1 =122’ (2)
Then h(0) = 0 and A’'(0) = 1. It follows from Bieberbach’s theorem ([12], page 8)
that

h(w) =

[R"(0)] < 4.
On the other hand, an easy computation gives

1 " (2)

" _ - o 22 =z
W0) = 50— 1) T
Hence
1 ¢"(2)
-1 3 <

Since |z| < 1, we conclude that

(1= |21l (2)] < 10¢/(2)].

This completes the proof. (I

As a consequence of the proposition, we have

(- =R2e"(2)] 100 - )10 )]
21) TP = 1= eGP

for all z € D if ¢ is a univalent self-map of the unit disk.
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Example. Let b be an interpolating Blaschke product with zeros {z,} in the
unit disk and ¢ = b%. Clearly, ¢'(z,) = 0 and ¢"(2,) = 2[t'(2,)]?. Let § =
inf, (1 —|2,]%)[b'(2n)]. Thus

(1 — |2l (20)] 2Nl 2 , 20°
=2(1 — |2, |2)[b' (2)]7 > 26| (2,)| > ————.
= [o(zn)2 (1= |zn[")[0"(z0)] [0 (2n)] =
So the inequality (21I) does not hold for some analytic self-maps of the unit disk.
But by means of the formula of Faa di Bruno we still have the generalized Schwarz-
Pick estimates:

Theorem 2. For each positive integer n and each number 0 < r < 1, there is a
positive constant My, such that for each analytic self-map ¢ of the unit disk,

A=l @ (= P w)

L=lp()? 7 7 pwa<r 1= p(w)?

for z in D.
As we mentioned in the introduction, by the Schwarz-Pick estimates (IZ), we

have
(1 = [w]?)|¢' (w)|

1 —[o(w)[?
Thus Theorem Pl implies the following generalized Schwarz-Pick Estimates [8].

<1

Theorem 3. For each n, there is a positive constant M,, such that for each analytic
self-map ¢ of the unit disk,

(1~ 22" [o™ (o)
1 leE =M

for z in D.

If ¢ is in the little Bloch class, i.e.,
1— 2 /
(1—zPF)le gz)| 50
1—|o(2)|
as |z| — 1, then noting that for the given 0 < s < 1, for every w € D with
p(w, z) < s, |lw| — 1 as |z| — 1, Theorem Bl gives the following result in [8].

Theorem 4. Let ¢ be an analytic self-map of the unit disk. If

(1 = =)' (2)]

im =0,
z=1m 1= p(2)]?
then for each n,
1— 2\n|, ,(n)
i (BRG]
Z-1- 1= e(2)]

Proof of Theorem [2 For a fixed z in D, let g = ¢ 0 ¢,. Clearly, g(0) = ¢(z). By
the formula of Faa di Bruno, we have

g (w) =3 klle - 'g,(k) U
K

where k = k1 +- - -+ k,, and the sum is over all kq, ..
nk, = n.

(j)

for which k1 +2ko +---+
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Evaluating the value of g™ at 0 gives

(n
g™MO)=>" kl,kQ T T e (0 1:[
Noting that ¢,(0) = z and go(j)( )=—(1— |22

)z
(m)( ) (2 1\k;
§00) = Y e ) T - - )

Jj=1

=2 (-1 mw ()1~ [z

The last equality follows from k1 +--- + k, = k and ky + 2ko + - - - + nk, = n.

(J)

Lil(1 — zw) =71, we have

Thus
(1 B (2) = 40) = 3 () D )1 e
k<n ’
So
(1= [22)" ™) (2)| < lg™) (0)]
1 —|o(2)? 1 —|o(2)?
n! lo™ (2)|(1 = [2[?)F|z|"*
+ D heT 1= o022 :

(*) 122k
Let My(z) = %. The above inequality gives

(n ()
lg
M, <= E .
TL(Z) — 1_ |80 z kl'kQ (Z)

We need to estimate %.

Let A = g(0), h = ¢ o g. Then h is still an analytic self-map of the unit disk,
h(0) =0, and ||h]lcc < 1. Since ¢y 0 px(z) = z, we obtain g = ¢y o h. The formula
of Faa di Bruno again gives

Zklka . Ton u‘P(Ak) H

where k = k1 + - - -+ k,, and the sum is over all kq,..., k, for which k; +2ko +-- -+
nk, = n.
Evaluating ¢(™) at 0 gives

9" (0) Zklle . Tk y‘PE\k) H

(J)

since h(0) = 0. Noting gaf\k) (w) = —(1—= AN LE! (1 - w)~F~1, the above equality
leads to
RU)(0

)0 = L—l—A INELEY -
90 = Y =0 = R T,

License or copyright restrictions may apply to redistribution; see http://www.ams.org/journal-terms-of-use



3314 PRATIBHA GHATAGE AND DECHAO ZHENG

Hence

(0)]
A
1—|gO|27Zk1'k2 k;l|
Let a,, = ZM”W So far we have shown

Ih’

M, (z )<anmaka +ij 'kg T '|)\|k lle

Note that h =) 0g, g = po ., and A = g(0) = (). Then

(1= Ag(w))?
and
= 19 (0)
A (w) = : wi Tt
W =2 5=
Let 0 <r < 1. Thus
2
RO©0) = 00— i [ W(re?)e G0 gp,
27T 0

So
) ) 1 27 .
|Wmme%—m—/mwmw
271— 0
_ 2\ ./ 6
i 1)1/ (1= AP (el
o T rg(re?)
i 1P (1= [oa(g(rd®) ) (re®)
< G- _!_/ |
R A I greo)p
o L 1= [uf?)lg’ (w)
<7"(j 1)1—7"2 1 —1!max(—
< (=)0 = Dimax = )2

. (1 = [u)|¢’ ()]
< —(7—1)! T 1 N2
<G gmU-1 pmn<r  1—Jp(u)?

for some constant C,. > 0. The third inequality follows from
(1= PP~ |gre™)?) 02
, 4 =1- ! .
T ag(re) lea(g(re™))|
The last inequality follows from making the change of variable u = ¢, (w) and the
fact that

(1= w)lg"(w)] = (1 = [w]*)]¢’ (0= (w)) . (w)]

— |w|®)(1 = |2]2
= Bl ED ()l = (0= o (@)l (o2 )

[1— zZwl|?

Hence 0 )
h J . 1— /
| (0)| < [jT(J_l)(].—TQ)]_l max ( |u| )|90 (QU)|
]! plz,u)<r 1-— |<,0(’U,)|
The Schwarz-Pick estimate gives

(1 - [u)l (u)]
T—lp(wpP
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for each uw € D. Thus
A
Zkl.kQ i

_ 1 — [u?)]¢’ (u)]
< A k— 1]{)' k—n 1— 2\—k (—
2 kl'kQ S ) PIA 2

Let by = mk'rk’”(l —12)7k. The above inequality gives

(1 — [uf)]¢' ()|
M, < M, b _
n(e) < an e M2+ bor it T o)
By the induction, we conclude that
1— 2 /
Ma(e) < M e (L)
p(z,u)<r 1-— |<,0(’U,)|
to complete the proof. O

3. HYPERBOLIC DERIVATIVES

In this section we will first show that the hyperbolic derivative of an analytic
self-map ¢ of the unit disk equals |7,(z)|. Then we will show that 7,(z) is Lipschitz
with respect to the pseudo-hyperbolic metric.

Theorem 5. Let ¢ : D — D be an analytic self-map. Then, for each point z € D,
the hyperbolic derivative of  is equal to

Ble(z), p(w))

1 = |Tpl\Z)|.
ﬂ(z,'w)—»() ﬁ(Z,’U}) | 90( )|

Proof. Assume that ¢ is not constant. For each fixed z € D, p(¢(2), ¢(w)) con-
verges to zero as [(w,z) converges to zero because ¢ is continuous in D and
lo(2)] < 1. Thus

Ble(z)pw) _ - Ble(2), o) ple(2), pw)) plz,w)
Bzw)—0 Bz, w) B(zw)—0 p(p(2), p(w))  p(z,w)  B(z,w)

Both the first and third factors of the product on the right converge to one. Now
the second factor is

ple(z), p(w)) _ lp(z) —p(w)| |1 —Zuw|

p(z,w) 2 =wl 1= p(2)p(w)
Thus
i P@G)se) @2 = |2?)
Blza)—0  p(z,w) L—le(z)?
So
LBl ew) _ @0 |2
Blzw)—0 Bz, w) 1—]e(2)]?
This completes the proof. O

For each n, define

1 R ()
TenlD) = TP
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Theorem 6. Let ¢ be an analytic self-map of the unit disk D. Then for each n,
To.n(2) s Lipschitz with respect to the pseudohyperbolic metric. More precisely,

1T (2) = Ton(w)| < Crp(z, w)
for any z,w € D. Here C,, is a positive constant only depending on n.

Proof. Suppose that f is a differentiable function on the unit disk. Let d,f = 3
and Oz f = % Note that 7, ,,(2) is differentiable on the unit disk. Easy calculations

give
_ —zn(1 = 2" M (2) (1= Je(2)|2) + (1 = [2[) ™ol (2)¢ (2)¢(2)

Oeren®) = - [P

and

Ton(z —_ 2[2) oD (2) — zn(1 — 2|2 1™ (2
0:Tpn(2) = (1_|<p()|)2{[( |2[7) " (2) (1—||) o™ (2)]
x (1= lp(2)]) + (1= 21" ™ ()¢ (2)e(2)}-
Thus

1 n( =2} e™(2)]

|8%T<p,n(z)| < 1_ |Z|2[ 1— |30(Z)|2
A =[P’ @ A = 2P (2)], _ (n+1)M,
+ le(2)|[ 1— |o(z)2 Il 1—|p(2)]2 I< 1—1z2

where the last inequality follows from Theorem [3], and

(L= [P ™D ) (1= [2*)"|e" (2)]

S e [ e e
(L= R ™ @] (0~ ERIE _ Man + (04 )M,
B e O T  E R P

where the last inequality follows from Theorem B. Given z and w in D, let (¢) :
[0,1] — D be a smooth curve to connect z and w, i.e.,

1
o) = momtwll = | Ten0) 4y

/ |dtTLPn t))|dt
( ) dr(t)
S/ [10:To (YOI =7 + 1027 (v ()] =5~ lldt,
0
where the last inequality follows from the first chain rule:

4 on0) = 7, )2 4 om0 D,

Combining the above estimates gives

M+1+27’l—|—1M
o (2) = Tpm(w)] < / " |2) dhy ()]

License or copyright restrictions may apply to redistribution; see http://www.ams.org/journal-terms-of-use



HYPERBOLIC DERIVATIVES AND SCHWARZ-PICK ESTIMATES 3317

If we choose v to be a geodesic to connect z and w, then the above inequality gives
ITon(2) = Tp (W) < (Mny1 +2(n + 1)My)B(z, w)

< (Mp 1 +2(n+1)Mp)p(z, w)
N 1- p(sz)Q .

The last inequality comes from the fact that for all 0 < x < 1,
1+ x
l—2 = 1—a?
If |p(z,w)| < 1/8, the above inequality gives
1To.n(2) = Ton(w)] < 2(Mpt1 +2(n + 1) My)p(z, w).
If |p(z,w)| > 1/8, we have 8|p(z,w)| > 1, and
Ten(2) = To.n(w)] < max{|7, n(2)|, [Tom(w)[} < My < 8Myp(z, w).
Choosing C,, = max{2(M, 1 + 2(n + 1)M,,),8M,}, we have
ITo.n(2) = To.n(w)| < Crp(z,w)
to complete the proof. O

1
—1In
2

Theorem [Blhas an application to closed-range composition operators on the Bloch
space.

Hoffman [6] showed that (1 —|z|?)"»(™ () continuously extends to the maximal
ideal space of H*°. Let G be the subset of the maximal ideal space of H*® consisting
of nontrivial Gleason parts. As a corollary of a result in [I] and Theorem 1.2 [4],
we have the following result.

Corollary 1. Suppose that ¢ is an analytic self-mapping of the unit disk. Then
Ton(2) admits a continuous extension to G.

ADDENDUM

After we finished this paper, we obtained K. Stroethoff’s paper [14], which
showed that

(I (2)]; [ (w)]) < 2p(2, ),
for z,w € D. This generalizes Beardon’s result [3]: If ¢(0) = 0, then

P(7(0), Tp(w)) < 2p(0,w)
for w € D. We thank K. Stroethoff.
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