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Abstract. Let a function f be analytic and |f| < 1 in the disk U = {|z| < 1}, and
let % be the family of all the Mobius maps T with T(U) = U. Pick’s version of the Schwarz
lemma is then that T'(z, f) = (1 — [2|)|f'(2)|/(1 = |f(z)]?) < 1 at all z € U if f ¢ F, and
['(2,T)=1 for T € % . To improve the Pick version we first prove (1): (1—1z|*)[(0/92)['(z, f)] <
1 —TI(z,f)? at each 2 € U. The equality in (1) holds at a z € U if and only if f € &
or f is in the family ¢ of all the products TS of T and S € %. Our improvement is (2):
T(z, f) <[00, £)(1 + |21?) + 2|2[]/[(1 + |2|?) + 21(0, f)|z]] (£ 1) at each z € U. The equality in
(2) holds at a point z # 0 if and only if f € .#% U¥. For plane regions H and G such that H is
hyperbolic and G C H, G # H, the densities pe and pp of the Poincaré metrics pg(z)|dz| and
pr(2)|dz| in G and H, respectively, satisfy pm(z)/pa(z) <1 for all z € G. Among others, we
improve this with the aid of (1) in the form (3): pg(2)/pc(2) < [1—exp(—4dg g (2))]*/? (< 1) for
all z € G, where dg g (z) > 0 is the Poincaré distance in H of z € G and the relative boundary
of G in H. Inequality (3) is sharp: we cannot replace —4 in exp(---) in (3) by any constant C
with —4 < C' < 0. Bounded univalent functions are also considered and we have some results on
the Poincaré densities in case G is simply connected.

1. Introduction

Let % be the family of functions f analytic and bounded, |[f| < 1, in the
disk U = {|z] < 1} and set for f € A,

(1.1) Lz f)= 1= PN /A= 1f@)F), z€U

The family .# of all the Mébius maps T'(z) = e(z — a)/(1 — az), where a € U
and € € OU = {|z| = 1}, is contained in & and I'(z2,7)=11in U for all T € .F.
G. Pick’s differential version of the Schwarz lemma reads: I'(z, f) < 1 everywhere
inUif fe Z\F (fin &, notin F); see [P1], [Gl, p. 332, Theorem 3] and [A,
p. 3 et seq.]. We shall prove a more precise form of this. For f € & and z € U,
we set

E(z, f) = [T(0, /)1 + [2%) + 2[2]] /[(1 + |2]*) + 2D(0, £)[2]].

Then Z(0, f) = I'(0, f) and, further, E(z, f) = I'(z,f) = 1 for f € .Z and
E(z,f) < 1 everywhere in U for f € B\ .F. Let 4 be the family of all the
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products T'S of T' € # and S € .%. Then functions ¢ € 4 C A\ .% can be
divided into two types:

T(2%) foraT € .7,
T(25(2)) for T, S € .7 with S(a) =0,a # 0.

(Type I)  (2)
(Type IT) - (2)

The Pick version is improved in

Theorem 1. For f € # and z € U we have

(1]

(1.2) I'(z, f) < E(z f).
The equality in (1.2) holds at a point z # 0 if and only if f € #UY. For f €Y
the equality in (1.2) holds alternatively

(A) at each z of U if f is of Type I; or
(B) at each z of the radius {—ra/|al;0 < r < 1} and at no other point of U if f
is of Type II: f(w) =T (wS(w)) with S(a) =0, a #0.

Hence, I'(z, f) < Z(z,f) <1 forall z#0if f e £\ (F UY). Applications
of (1.2) will be given in Note (b), Section 5, and in Notes («), (8) and (v),
Section 6. Let 90/0z = 2710/0x — 27%0/0y, » = x + iy. Note that if f € £
and f'(z) =0# f"(z), then (0/02)T'(z, f) does not exist, whereas (0/0z)T'(z, f)
does exist and is 0 if f/(z) =0= f"(z). If f'(z) # 0, then

=P |=2E) 1), TR

/O D = T o T 2 T 1= f |

Since this is continuous in the whole U, we hereafter define [(0/02)I'(z, f)| by
this formula at the point z with f/(z) = 0 also; this is constantly zero if f is
constant. For f € .# we have

Il
—_
I
=
N
.

\V)
Il
)
=
-

(1= 12*)[(8/92)T (2, f)]

Theorem 1 follows from

Theorem 2. For f € # and z € U we have
(1.3) (1= [2)|(0/02)T (=, f)] <1 -T(2, f)*

The equality in (1.3) holds at a point z € U if and only if f € # U¥. For
f €% UY the equality in (1.3) holds at each z € U.
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It would be interesting to compare (1.3) with the Schwarz—Pick form in 9/0z
for f e %:
(L= 12P)0/02)f () <1-1f(2)]*,  =z€U.

Theorem 2 has a corollary which will be described in Section 2, and applica-
tions of Theorem 2 and its corollary to comparisons of the Poincaré densities will
be given in Sections 3, 4, and 5. If f € % is univalent in U, then Theorem 2
has its counterpart, namely, Lemma 2 in Section 6. Parallel considerations are
discussed in Section 7. Most of our results are also true for Riemann surfaces with
little modification; see Section 8.

Some of the Notes below contain new results with detailed proofs and detailed
arguments concerning the equality conditions. We propose here, among others, a
refinement of the original Schwarz lemma: |f(2)| < |z| for f € # with f(0) =0.
For f € #\ .# with f(0) =0 and for each z € U, we have

|21 [20 = |/ (O)DI=* + [/ (0)] =] + 2|7 (0)](1 — |/ (0D}

[f(2)] < ; 1 5 Y
2[£'O)[(X = [F(O)DI=[* + [f7(0)] |2 + 2(1 = |f(0)])

The right-hand side is strictly less than |z| in case z # 0.

2. Proofs of Theorem 1 and 2

First of all we observe some properties of functions ¢ of ¢4. Given b € U, we
have |p(z)| =1 > |b] on OU. It follows from Rouché’s theorem that the equation
¢(z) = b has two roots in U. Hence ¢(U) = U for each ¢ = T'S € ¥, the
Riemann covering surface of U by ¢ is two-sheeted, and it has exactly one branch
point. To find the point we rewrite ¢(z) = T(z)W (T'(z)), where W = SoT!
(first the inverse of T', then S) is in .%, and W (a) = 0 for some a € U. Then
¢’ vanishes at the only one point T~(A), where A =a/(1+ {1 —|a]?)}'/?) € U.
Therefore, the branch point is over the point A(SoT 1)(A) e U.

If p e and T € #, then poT € 4. To prove that T o p € ¢ for
p €9 and T € .7, it suffices to consider the case ¢(z) = 25(z), where S(z) =
e(z—a)/(1—az). Let T(z) =€'(z+a")/(1+d2), a €U, e €dU. If a’ =0,
then Top = &'p € &, while if o’ # 0, we have T o ¢(z) = p(2)/q(z), where p
and ¢ are quadratic polynomials of z with

/

e'p(2) = e2%q(1)2) = €2* — (ea +aa')z + d’.

The polynomials p and ¢ have no common factor. Otherwise, p(zp) = q(zp) =0
and a’ # 0 show that zp # 0. We thus have p(1/Z5) = 0. On the other hand,
it follows from p(z) = 0 that ez(z — a)/(1 — az) = —a’. Hence no root of the
equation p(z) = 0 lies on the circle QU . Consequently, zo and 1/Z5 are exactly
the two roots of p(z) = 0, and hence zy/Zg = éa’ yields a contradiction that
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la’| = 1. Let b € U and ¢ € U be the roots of the equation p(z) = —ad’ in U.
Then be # 0 because ¢(0) = 0. It then follows that both b and c are roots of
p(z) =0 and hence 1/b and 1/¢ are those of ¢(z) = 0. Consequently,

Top(z) =ee'{(z—b)/(1 —b2)H(z —c) /(1 — &2)}.

Hence Top € 4.
To classify functions of ¢, we set ¥ = (¢ — ¢(0))/(1 — (0)¢p) for ¢ € 4.
Then ¢ € 4 and ¥ (0) = 0. Hence ¢(z) = 25(z2),

i
¢ is of Type II with T(2) = (2 + ¢(0))/(1 + ¢(0)z) if S(a) =
If T and S are in %, then
[(z,To foS)=T(5(2),f), zeU.

Proof of Theorem 2. We may assume that f is nonconstant. Fix z € U and
consider the function

F((w+2)/(1+ 2w)) — f(2)

(2.1) g(w) = — — of weU,

L= f(2)f ((w+2)/(1+ zw))
a member of #. Then, even in the case f'(z) = 0, a calculation yields the
identities

(2.2) 9'(0)]=T(z,f) and  |g"(0)[/2= (1 [2*) [(9/02)T(z, f)].

The Pick version at 0: |®(0)| < 1 — |®(0)|?, applied to ®(w) = g(w)/w in U,
shows that [¢”(0)|/2 <1 —|g’(0)|?>. This, combined with (2.2), proves (1.3).

Suppose that the equality in (1.3) holds at a point z € U for f € £\ Z.
Then ® must be a constant of modulus one or a member of .%#. The former is
impossible because f is not a member of .%. Hence f is in 4. Conversely, let
fE€D. Then, g= (f—f(0))/(1—f(0)f) €4 and g(z) = 25(2) for S € .Z with
S(a) =0. Tt then follows that

[(z, f)=T(z,9) = |EL22 — 2z + a|/(1 — 2Re(az) + |z|2)
and

(1= 121*)[(0/02)T (2, f)] = (1 = [2[)|(8/92)T (2, )]
= (1= 1al)(1 = |2*)?/(1 — 2Re(@z) + [2[*)* =1 = I'(2,9)".

Hence the equality in (1.3) holds at each z € U. This completes the proof of the
theorem.

Since the derivative of each member of ¢ vanishes at exactly one point of U,
we have:
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Let Z(f'") be the total number of the roots of the equation f'(z) =0 in U
for f e B\.Z,0<Z(f) <oo. If Z(f') # 1, the inequality in (1.3) is strict
everywhere in U .

Recall that the Poincaré distance of z; and 2o in U is dy (21, 22) = tanh ™16 =
(1/2)1log{(14+9)/(1 — &)}, where § = |21 — 23|/|1 — Z122|. We then have

Corollary to Theorem 2. Suppose that f € %\ .7 . Then
(2.3) |tanh ™' T'(zy, f) — tanh ™' (2o, f)| < 2dy (21, 22)

for all zy and zy in U. If the equality holds in (2.3) for a pair 2z, ze with z; # 2z,
then f € 9. For a fixed a € U and for f € 4 the equality

tanh ™' T'(z, f) — tanh ' T'(a, f) = 2dy (2, a)

holds alternatively

(A*) at each z of U if f = po X, where ¢ € 4 is of Type I and X € F
with X (a) =0; or

(B*) at each z of the part of the geodesic X ~*{—rb/|b|;0 < r < 1} and at
no other point of U if f = ¢ o X, where p(w) = T(wS(w)) € ¢4 is of Type II
with S(b) =0, b#0, and X € .% with X(a) =0.

Proofs of the Corollary to Theorem 2 and Theorem 1. We may suppose that
f is nonconstant and z; # 22 in (2.3). Let oy (z1,22) be the geodesic segment
from z; to zo, namely, the subarc from z; to zo on a circle orthogonal to the unit
circle OU or that of a diameter of U, including z; and z5. Then (2.3) follows on
considering (1.3) in the following chain:

| tanh ! [(z, f) — tanh [(z2, f)| =

/ grad tanh ™' T(C, f) - (d, dn)
o (z1,22)
(2.4) < / |grad tanh ™' T'(¢, £)] |d¢|
o (z1,22)
< / 2)(1 — ¢ dc| = 2di (21, 22)
ovu(z1,22)

because 2[(0/02)®(()| = | grad ®(¢)|, and the inner product is

grad ®(¢) - (dg, dn) = (8/05)P(C) d§ + (9/9n)®(C) dn

for a real-valued function ® of ( = & + in. Without giving any details we have
the first identity in (2.4) even if zeros of f’ lie on oy (21, 22) where I' vanishes.
We thus have (2.3). If the equality holds in (2.3) for a pair 21,29, 21 # 22, then
it holds in (1.3) for all points z € oy (21, 22), so that f € 4.
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Since

tanh ™' I'(z, f) — tanh ' (0, f) < 2dy(z,0),

a calculation for
=(z, f) = tanh(2dy(2,0) + tanh " 1(0, f)),  z €U,

proves (1.2) for f not in .% . If the equality in (1.2) holds for f € Z\.% at z # 0,
then it holds in (1.3) for all ¢ € oy(0,2), so that f € 4. Conversely, suppose
that f €. Then g = (f— f(0))/(1— f(0)f) €4 and g(z) = 25(z) for S € F
with S(a) = 0. Note that I'(z, f) = I'(z,9) and Z(z, f) = E(z,¢9) in U. It then
follows that

1-T(z,9)% = (1 - |a]>)(1 - |21%)?/(1 - 2Re(az) + |2[*)”
and ,
1-5(z,9)% = (1 |a|?)(1 - |22/ (1 + 2laz| + |21?)*.

Since 1 — 2Re(az) + |2|? > 0, it follows that T'(z, f) = Z(z, f) if and only if
—Re(az) = |az|. If a =0, then f is of Type I and the last equality holds at each
z € U, while if a # 0, then f is of Type II and the equality holds only at each
z € {—ra/lal;0 < r < 1}. Note that Z(z, f) = 2|z|/(1 + |2]?) if f is of Type L
The equality discussion containing conditions (A*) and (B*) in the Corollary is
now obvious.

Note. Let f € B\ . Suppose that f/(0) # 0. Then,

(2.5) L(z, f) 2 [D(0, £)A + 121%) = 2[]]/[(1 + |2[*) — 20(0, f)]<]

at all z with

(2.6) 2l < [1= (1=T(0, /)*)"*)/T(0, f) = 7(f)

is significant because 0 < 7(f) < 1 and T(0, f)(1 + |2]?) — 2|2| > 0. This is a
consequence of the inequality

tanh ™' (0, f) — tanh ™' I'(z, f) < 2dy(z,0).

If the equality in (2.5) holds at z # 0 with (2.6), then f € ¢ because the
equality in (1.3) holds for all C ou ) Suppose that f € ¢ and consider

(2
9(z) = (f(2) = f(0))/(1 - f(2) =28(>) €9, Se.Z, Sa) =0, so that
la| =T(0, f) # 0. Now, (Z, ) I'(z,9) a

1-T(z,9)* = (1= la]*)(1 = [2[*)?/(1 — 2Re(az) + |2[*)*
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and, further, 1 minus the square of the right-hand side of (2.5) is
(1= lal*) (@ = [2[*)?/(1 = 2[az| + [2[*)*.

Since 1—2Re(az)+|z|> > 1—2Jaz|+|2]?> > 0, we have the equality in (2.5) under
(2.6) if and only if Re(az) = |az|. Thus the equality in (2.5) holds at z € U \ {0}
if and only if f is of Type II, f(z) = T(25(2)), and z € {ra/|a;0 <r < 7(f)}.
The right-hand side of (2.5) decreases from I'(0, f) to 0 as |z| increases from 0
to 7(f).

It is not difficult to give detailed arguments concerning the conditions for the
equality

tanh ™' I'(a, f) — tanh ' T'(2, f) = 2dy (2, a)

for a fixed a € U with f’(a) # 0 similarly to (A*) and (B*).

3. Poincaré density

A region R is a nonempty, open, and connected subset in the complex plane
C = {]|z| < +o0}. It is called hyperbolic if its boundary R in C contains at least
two points. Each hyperbolic region R has the Poincaré metric element pg(z) |dz|,
z € R. Namely, if f is an analytic, universal covering projection from the disk
U onto R, f € Proj(R) in notation, then 1/ug(z) = (1 — |w|?)|f'(w)| for the
Poincaré density pr(z) at z = f(w), w € U; the choice of f and w is immaterial
as far as z = f(w) is satisfied. If f € Proj(R) and T € .% , then foT € Proj(R),
and, if f € Proj(R) and g € Proj(R), we have T' € .% with g = foT. Note that
ur > 0 everywhere in R.

The principle of hyperbolic metrics is a comparison of Poincaré densities: If
G is a proper subregion of a hyperbolic region H (that is, G C H and G # H ),
then

(3.1) wr(2)/pa(z) <1 for all z € G;

see, for example, [Gl, p. 337, Corollary]. We shall improve this statement.

The Poincaré distance dgr(z1,22) of z; and 29 in R is the infimum of all
the integrals f,y pr(2)|dz| along the rectifiable curves 7 connecting z; and z;
in R with 2z, € v, Kk = 1,2. Then dg is a metric in R. In case R = U this
coincides with the distance already defined. For z1, 2z, € R we have dr(z1,22) =
inf dyy (wq,we) for all pairs wy, wy with 2z = f(wg), k& = 1,2, for each fixed
f € Proj(R). The infimum is attained: for each fixed wy with f(w;) = 21, there
always exists wy with f(we) = 29 and dg(z1,22) = dy(wi,ws). Moreover, if
21 # 22, there exists at least one 7 such that dg(z1,22) = fw pur(z)|dz|. Such
a curve -y is called a geodesic segment from z; to zo in the sense of dr and
is denoted by ogr(z1,22); observe that ogr(z1,22) is not necessarily unique, yet
ou(z1,22) is unique and is just the segment defined in Section 2. For further
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information on dr we refer the reader to [Le, pp. 147-149] in particular. See also
Section 8 of the present paper. Returning to a proper subregion G of a hyperbolic
region H , we let dg m(z) be the dp-distance of z € G and the relative boundary
HNOG of G in H, namely,

de,m(z) = be}}lﬂfBG du (2, ).

Then dg m(z) > 0 at each z € G because, as will be proved, there exists b €
H N oG with dg g(z) = du(z,0).

Theorem 3. For a proper subregion G of a hyperbolic region H the strict
inequality holds:

(3.2) pi(2)/pa(z) < [1 - exp(_4dG,H(z))}1/2

(<1) at each z € G.
The constant —4 in exp(---) on the right-hand side cannot be replaced by any
absolute constant C' with —4 < C' < 0.

Theorem 3 actually follows from Theorem 4 proved in the next section.

Note. Let R be a hyperbolic region and let z € R. Let @/(R,z) be the
family of analytic functions f in U such that f(U) C R and f(0) = z. Let wg(2)
be the supremum of |f'(0)|, f € @ (R,z). Then 1/ur(z) = wg(z); this can
be regarded as another definition of 1/ug(z) without reference to the universal
covering surface. Thus, pug(2)/puc(z) = wa(2)/wu(z), z € G. For the proof
we first choose ¢ € Proj(R) with g(0) = z. Since g € Z (R, z), it follows that
1/pr(z) = ¢'(0)] < wgr(z). For the proof of the converse inequality, we let
f € & (R, z) be arbitrary and we further let h be a single-valued branch of g~!o f
in U. Since ¢’ never vanishes in U, such a branch does exist. To avoid annoying
repetition of words we shall hereafter write

hﬁg_1 of

in such a case. For our purpose here, we further make h € # definite by letting
h(0) = 0. Then [£(0)]/]g'(0)| = [I(0)] < 1. Hence 1/pn(2) = ¢'(0)] > wr(2).
We thus observe that wr(z) is actually the maximum, wr(z) = |¢’(0)| attained
by each g € Proj(R) with ¢g(0) = z. To prove that this is attained by no other
element of &7 (R, z) we suppose that |f}(0)| = wgr(z) for an fy € &/(R,z). Then

for hoig_1 o fo € # with g € Proj(R), g(0) = z, and ho(0) = 0, we have
|hy(0)] = 1, so that hy € F, or fo(w) = g(ew) € Proj(R), ¢ € 90U, with
fO(O) = Z.
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4. Lipschitz continuity in pgy

It is well known that pgr(z) — +o0o as z € R tends to b € OR; see, for
example, [J, p. 116]. We give here a more precise result. The reader may want to
go directly to the paragraph just before Theorem 4 for a rapid understanding of
the theorem, although the Hempel estimate will be considered later.

Lemma 1. Let R be a hyperbolic region and let b € OR. Then

(4.1) lin})\z — b up(z) = o0 for all A, 0 < A < 1.

For the proof we make use of J.A. Hempel’s estimate (see [H1, p. 443, (4.1)]):

1/pr (€) < 2[¢] (Jlog [¢]| + crr)

at each ¢ in the region Ry = C\ {0, 1}, where
cyg =T(1/4) (47?)~1 = 4.376. ...

Hempel adopted 2upr for the Poincaré density. Actually this estimate is sharp:
the equality holds if and only if ( = —1, namely, 1/ug,(—1) = 2cy. Let ¢ € OR,
c#b. Then z = (¢ —b)( +b maps Ry onto Ry = C\ {b,c}, so that R C R,
shows the chain
1/pr(2) <1/pr,(2) = e = bl/ur, ((z = b)/(c = 1))
< 2|z — b|(|log{|z — b|/|c = b|}| + cx) at all z € R.

We therefore have (4.1).
Note. We cannot replace A in (4.1) with 1 because

lim 0(1 —z)py(x) =1/2.

rz—1—

Thus, in particular, pug(z) — 400, so that (ug/pue)(z) — 0 as z in a proper
subregion G' of H tends to b € H N 0G. Defining (g /png)(b) = 0 once and for
all for each b € H N0G, we now propose

Theorem 4. Let G be a proper subregion of a hyperbolic region H. Then
the strict inequality holds:

(4.2) log(1 = (nm/pe)?) (z1) = log(1 = (nr/pe)?) (z2)| < 4dm (21, 22)

for all z1,z9 € HN(GUOG) with z1 # zo. The Lipschitz constant 4 on the right-
hand side of (4.2) cannot be replaced with any absolute constant C', 0 < C' < 4.
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Proof. Let g € Proj(G), h € Proj(H), and let fﬁh_1 o g be a branch
in U. Then f € % is not a member of .% because G # H. Furthermore, f’
never vanishes in U, so that f is not in ¢. Then for w € U with z = g(w) =

h(f(w)) € G we have

L(w, ) = (1= [w)lg'(w)|/[(1 = [f(@)?) [W (f(w))|] = pr(2)/uc(2).

Setting Q = pp/ue in G we have, in view of (0/0w)T(w, f) = {(0/02)Q(z)}¢'(w),

(1= [w[")|(0/0w)T (w, f)| = |(0/02)(2)|/nc(2)

(4.3) = Q(2)[(0/02)=)|/pr(2)

at each z € G. Combining this with (1.3) of Theorem 2, which is strict everywhere
in U for the present f, we have the strict inequality

Q2)|(0/02)U2)|/nm(2) < 1-Q(2)?,
(4.4) | gradlog(1 — Q2)(2)| < 4pm(2) for all z € G.

In case zx € HNOG, k = 1,2, (4.2) is immediate. First we assume that
zr € G, k =1,2. We choose a op(z1,22) = v and we suppose that 7 is not
contained in G. We then let 4 be the connected component of v N G containing
zk, k=1,2. Consequently, 1 starts at z; and ends at a point of H NG, while
~vo starts at a point of H NG and ends at z3. Then

—log(1—Q(z1)?) = / gradlog(1 — Q?)(2) - (dz, dy)

Y1

and
log(1 — Q(22)%) = / gradlog(1l — Q?)(2) - (dz, dy).

Y2

Now, (4.2) follows from (4.4), together with 3 U~ C 7, namely,

log (1 — 2(21)?) — log(1 — Q(22)?)| < / |gradlog(1 — Q%)(z)| |dz|

Y1Uv2

<4/ wr(2) |dz] < 4dg(z1, 22).
Y1Uy2

The case where 7 C G is now trivial. The proof of (4.2) in the case z; € G and
29 € HNOG is similar.



The Pick version of the Schwarz lemma 301

For the proof of the sharpness of the constant 4, we suppose that (4.2) with
4 replaced with a constant C' > 0 is valid. We consider regions

H=D={zImz>0} and G=A,

where A is D cut from ¢ to oo along the upper imaginary axis; actually, A
is the image of D by the function z/(1 — 2%)'/? (mapping i to i/v/2). Then
1/up(iy) = 2y and 1/,uA(iy) =2y(1 —y?) for 0 <y < 1, so that

8(1 -y = |(d/dy)log(1 — (np/pa)?) (iy)|/ 1o (iy)
< |gradlog(1 — (up/pa)?) (iy)|/up(iy) < C.

The first function of y tends to 4 as y tends to 0. Hence C' > 4, and this
completes the proof of the theorem.

Proof of Theorem 3. There exists b € H N OG such that dg g(z) = du(2,b).
To prove this we choose h € Proj(H) such that h(0) = z. Let a sequence b, €
HNOG (n=1,2,...) besuch that di(z,b,) — dg u(2) as n — +00. Then, there
exists w, € U such that h(w,) = b, and dgy(z,b,) = dy(0,w,), n =1,2,....
Hence {dy(0,w,)} is bounded, so that {w,} is contained in a disk {|w| < r},
0 < r < 1. Suppose that {w,} accumulates at w. Then {b,} accumulates at
b= h(w) € HNOG, which is a requested point. Theorem 4, (4.2) for z; = z and
z9 = b now shows (3.2). For the sharpness we again consider the pair D, A with
0 <y < 1. Suppose that (3.2) with —4 replaced with C' < 0 is valid. Then

(1—9%)/(1 =y~ )2 = (up/pua)(iy)/[1 — exp(Cda,p(iy))]? < 1,

or
C < [-2log(y*(2 - y*))]/(logy).
The right-hand side tends to —4 as y tends to 0, so that C' < —4.
Note (I). The estimate (3.2) shows that, at each point b € H N 0G,

limilrjlfdG,H(z)l/ng(z) > up(b)/2 > 0.

Note (II). Let a region H be hyperbolic and let G C H, possibly G = H.
What role is played by the constant

WG, H) = jtelg(uH/uG>(Z>?

Let a region R be hyperbolic. Then each f € Proj(R) is normal in the sense of
O. Lehto and K.I. Virtanen [LV], or

V(R) = sup [(1— I (w)]/ (1 +| () )]
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is strictly positive and finite, which we call the normal constant of R. This supre-
mum is independent of the particular choice of f; indeed we observe that

V(R) =1/ [inf j()(1+ [22)].

The extended plane C* = C U {oo} can be identified, via the stereographic pro-
jection, with the sphere of diameter one touching C from above at the origin.
The integration of dm(z) = (1 + |z|*)71|dz| along the (or a) shorter arc on the
(or a) great circle cut by z; and zy, or the (or a) geodesic segment for the met-
ric dm, yields the distance A(z1,22) = tan=!(|z1 — 22|/|1 + Z122|), 21,20 € C*,
for which X (z1,22) = sinA(z1,22) = |21 — 2|(1 + |21|2)"V2(1 + |2]?) "2 is
the chordal distance with the obvious convention in case z; or z9 = 0o. Thus
dm(z) < v(R)ur(2)|dz|, z € R,sothat A(z1,22) < v(R)dg(z1,22) for 21,22 € R.
Note that

A(z1, 22) cos A(z1, 22) < X (21, 22) < A(z1,22) < X (21, 22) (1 — X (21, Z2>2)_1/2'
We shall soon prove

(4.5) v(G)/v(H) < p(G, H);

in particular, v(G) < v(H). We have, for example, v(U(r)) = r for U(r) =

{|z| <}, r >0, and we further have v(D) = v(U) = 1 because D is a rotation
of U on the Riemann sphere. Moreover, Hempel’s estimate shows that

cag < v(Ry) < mgi(Q:E(logx +eg)/(1+2%) = 2w/ (22 — 1) =4.487 ...,

where xy = 1.247... is the unique root of the equation
(1—2?)(logz +cg) +1+2% =0, x> 1.

Our conjecture is that v(Ry) = ¢y . The normal constant is observed not to be a

conformal invariant. To prove (4.5) we let fﬁh_1 og in U, where g € Proj(G)
and h € Proj(H). Then f € % and for each w € U we have

(1= w[®)]g'(w)|/ (1+]g(w)[?) = T(w, £)(1 =] f@w)?)[B (£ w))|/ (1+][p(fw))]"),

which, together with I'(w, f) = (ug/pe)(2), z = g(w), proves (4.5). Moreover,
for 0 < ry < rg, the equalities

v(U(r))/v(U(re)) = p(U(r1),U(r2)) =r1/r2
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hold. If GUOG C H and G is bounded, py/uc attains its maximum in G.
Hence, u(G,H) < 1. The quantity u(G,H), for G # H, assumes all values
r, 0 < r <1, because max,cy(y) (MU//LU(T))(Z) = r. A less precise but more
geometric quantity is

p (G, H) =supdg,u(z)
z€G

in case G # H, which is possibly +oo (“less precise”), and for which
. 1/2

by (3.2). For example, a calculation shows that p* (U(r1),U(re)) = tanh ™! (1 /7)
for 0 <r <rg.

Note (IIT). We let G be a proper subregion of a hyperbolic H, and we suppose
that Q(z) = (ug/pc)(z), z € G, has a local maximum at zy € G, namely,
Q(zp) > Q(z) in a neighborhood of zy. Then Q is superharmonic in the strict
sense: (AQ)(z) < 0 in a neighborhood of zy. For the proof we again consider

fﬁh_1 og (€ %) as in the proof of Theorem 4. Since Q(zp) = I'(wo, f) for a wy
with g(wg) = 20, and since ¢'(wg) # 0, it suffices to prove that I'(w) = I'(w, f)
is superharmonic in the strict sense in a neighborhood of wg. By calculation we
have

(1 —w[*)*(AlogT)(w) = 4(T%*(w) — 1) < 0

at each w € U. Since (0/0w)I'(w) =0 at w = wy, it follows that
(AT)(wo) /T (wo) = (AlogT')(wo) < 0.
Since AT is continuous in U, we have (AI')(w) < 0 in a neighborhood of wy .

5. Lipschitz continuity in ug

As another consequence of the Corollary to Theorem 2 the Lipschitz continuity
of the function tanh™ (ug/ua) = dy(0, um/pe) with respect to dg follows in a
proper subregion G of H .

Theorem 5. For a proper subregion G of a hyperbolic region H , the strict
inequality holds:

(5.1) |tanh ™! (um/pa)(z1) — tanh ™ (ug /pa) (22)| < 2dg (21, 22)

for all z1,z9 € G with zy # z5. The Lipschitz constant 2 on the right-hand side
of (5.1) cannot be replaced with any absolute constant C', 0 < C < 2.
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Proof. Let g € Proj(G). For all z; and 2, in G with z; # 2z, we have a pair
wy and we in U such that z, = g(wg), k = 1,2, and dg(z1,22) = dy(wy,ws).

Let fﬁh_1 o g be as in the proof of Theorem 4. Then I'(w, f) = uu(2)/pnc(z),
z = g(w). To obtain (5.1) we only have to apply (2.3) to the present f € £\
(# U¥) with wy instead of zp there, k = 1,2; the inequality (2.3) is strict for
the present f.

Suppose that (5.1) with 2 replaced with a constant C' > 0 is valid. We again
consider the regions H = D and G = A with 0 < y < 1 to have, in this case,

41 -y*)/(2—y?) = |(d/dy) tanh ™ (up /pa) (iy)]/ pa(iy)
< |grad tanh™" (up/pa)(iy)|/ pa(iy) < C.

The first function of y tends to 2 as y tends to 0. This completes the proof of
Theorem 5.

Note (a). As another proof of Theorem 5 we remember (4.3) for the ug part.
It then follows from Theorem 2 that

(0/02)Q(2)|/na(2) <1 —Q(2)?,

or
| grad(tanh ™" Q) (2)| < 2ug(2) for all z € G.

The remaining part is now routine on considering og(z1, 22).

Note (b). We consider two hyperbolic regions G and H, but we do not
necessarily assume that G C H here. Let F' be an analytic function in G with
F(G) C H. Set

P(z. F) = pn (F(2)|[F' ()l /no(z). 2 €G.

Then I'(z, F') coincides with I'(z, f) already defined in (1.1) in case G = H =U
and F'= f € #. The Pick differential form of the Schwarz lemma should be

(5.2) [z, F)<1 at each z € G.

The equality in (5.2) at a point z € G holds if and only if F' o g € Proj(H) for a

(and hence for each) g € Proj(G). For the proof we let fih_1 oFogin U, where
g € Proj(G) and h € Proj(H). Then T'(w, f) =T'(z, F) at each z = g(w) € G.
Thus, (5.2) is nothing but I'(w, f) < 1. The equality holds if and only if f € F,
or Flog € Proj(H) for a (and hence for each) g € Proj(G). There is more to
follow with the aid of the Corollary to Theorem 2 in case f is not in .#. By
means of (2.3) for f we have

|tanh ™' T'(z1, F) — tanh ' T'(20, F)| < 2dg(21, 22)
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for all z1, 29 € G. Again we have this by

(1= [w[*)[(8/0w)T (w, f)| = |(0/02)T (2, F)|/uc(2),
together with (1.3). Note that (1.3) is valid also for F: G — H in the sense that

(1.3%) 1(0/02)T (2, F)|/pa(z) <1 —T(z, F)?, z €G.

This follows from (1.3) applied to fﬁh_1 oFog, g € Proj(G), h € Proj(H).
The equality condition for (1.3*) can be given in terms of f, yet the meaning for
F' is not necessarily clear in case f € 4. If the total number Z(F") of the roots
of the equation F’(z) = 0 in G is not one, then f € £\ ¥. In this case the
equality in (1.3*) holds at a (and hence each) point z € G if and only if f € .Z.
Consequently, the equality holds if and only if F' o g € Proj(H) for a (and hence
for each) g € Proj(G).

We can directly improve (5.2) with the assistance of (1.2). Fix a € G and set

Eq(z, F) = tanh(2d¢(z, a) + tanh ™' I'(a, F)) (£1), z€G,

for an analytic F: G — H. We set Z,(2,F) =1 in case I'(a, F') = 1. Note that
Eq(z, F) coincides with =Z(z, F') already defined in case G = H = U, a =0 and
F ¢ %. We have

(1.2%) (2, F) <Z4(z, F), z €.
For the proof we choose g € Proj(G) such that g(0) = a. Then for each z € G
we may find w € U such that dg(a,z) = dy(0,w), g(w) = z. Since Z,(z, F) =

E(w, f) (=1 in case f € .F) for fﬁh_1 oFog, h € Proj(H), it follows that
(1.2*) is precisely (1.2) for f. The equality condition in (1.2*) can be given in case
Z(F'") # 1. The equality in (1.2*) holds at z # a if and only if Fo g € Proj(H)
for a (and hence each) g € Proj(G).

Note (c). Let F: U — H be analytic. Then (1.2*) for a = 0 should be

(5.3) (1= [)IF'(2)|um (F(2)) < Eo(z, F),  z€U,
where, on the present assumptions,
Bo(z, F) = [T(0, F)(1 +[2*) + 2|2]/[(1 + |2[*) + 2T(0, F) ]],
with T'(0, F) = |F'(0)|um (F(0)).
Here we should remember that the Landau-Hempel estimate for analytic

F:U — Ry is

(1= |2[*)[F'(2)] < 2|F(2)|(Jlog |F(2)| | + cu) = L(z, F), zeU.



306 Shinji Yamashita

The equality at z € U holds if and only if F' € Proj(Ry) and F(z) = —1. For the
proof, see [H1, Theorem 2]. To improve this we let H = Ry in (5.3) and remember
the Hempel estimate of 1/ug,(¢) cited in Section 4 for ¢ = F'(z). Then

(5.4) (1—|2»)|F'(2)| < L(z, F)Z¢(z, F), zeU.

The equality in (5.4) at z # 0 holds if F(z) = —1 and F € Proj(Ry), while at
z =0 it does so if either (1) F’(0) =0 or else (2) F € Proj(Ry) and F(0) = —1.
For analytic F: U — Ry we can further prove that, at each z € U,

(T =12D/+I2]) )@ = 12°)/(|2* + 2T(0, F)|2] + 1)
(55) < ([og |F(2)| | + cu)/(|log | F(0)] | + crr)
< (|2]* +20(0, F)|2| + 1) /(1 — |2]*)
(< (@+[z)/( = [2])

We may suppose that F' is nonconstant. Since
21(8/02)(Jlog |F(2)| | + cm) | = |F'(2)/F(2)]
at each z € U where |F(z)| # 1, it follows from (5.4) that
(1 —|2[?) |gradlog(|log |F(2)| | + cr)| < 2E0(z, F)

for z € U with |F(z) # 1. Since log(|log|F(2)|| 4 cx) is continuous in U, it
follows, at each z € U and with o =T'(0, F'), that

‘log(‘log\F(z)\ ‘ +cp) — 10g(‘10g‘F(0)‘ } + CH)‘

E
< / 2ag® + 20+ a)/[(¢* + 200+ 1)(1 - ¢%)] do
— log[(|2[2 + 2al2] + 1)/(1 - 2]2)],

whence (5.5). As a consequence of the upper estimate in (5.5) we have for F: U —
RO at ze U

|[F(2)] < exp[((8+ 2er)|2* +2a(B + er)|2| + B8) /(1 = |2]*)],

where a = |F'(0)|ur, (F(0)) and 8 = [log|F(0)||. To eliminate |F’(0)| appear-
ing in « on the right-hand side of this inequality, we recall the Landau—Hempel
estimate |F’(0)| < L(0, F') cited above, for F' at z =0. For F: U — Ry at z € U
we finally have

|F(2)| < exp[(Alz|" + Blz| + 8) /(1 — |2]*)],
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with all constants

A = |log |F(0)| | + 2cm,
B =4|F(0)] (‘log |F(0)] ‘ + CH)QIU/RO (F(O)),
B3 = |log|F(0)] |

only depending on F'(0). The estimate is of Schottky type for F: U — Ry which
can be applied to prove the little Picard theorem (see [A, p. 20]; see also [H2] and
[LG, pp. 150-151] for Schottky-type estimates).

6. Univalent functions of #; rediscovery of Pick’s inequality

We consider f € % which is univalent in U. Let K(z) = z/(1 — 2)?, and let
K~! be the inverse function of K in K(U). Set Jp(z) = K~'(PK(z)), where P
is a constant, 0 < P <1, and z € U. Then Jp maps U univalently onto U slit
along the left-open interval Ap = (—1,(P —2+42y1—P)/P] C (-1,0).

Lemma 2. Let f € # be univalent in U. Then

(6.1) (1= [21)(9/92) (2, )] < 2D(2, f)(1 = T(=, f))

at each point z € U. Suppose that f is not a member of .% . Then the equality
in (6.1) holds at a point z € U if and only if f is of the form

(6.2) flw) = [¥((w—2)/(1 - 2w)) + Q] /[1+ Q¥ ((w — 2)/(1 — 2w))],

where ¥(w) = E6Jp(ew) for constants €,3 € OU, P, 0 < P <1, and @ € U; for
this f we actually have

(6.3) (1 = [w]*)[(8/0w)T (w, f)| < 20(w, f)(1 —T(w, f))

if and only if w is on the geodesic ¥(z,¢) of U passing through z with terminal
points (z £&)/(1+££&z) on OU.

The equality in (6.1) holds everywhere in U for f € # and the right-hand
side of (6.1) is strictly less than that of (1.3) for f € #\.% . Lemma 2 is essentially
due to G. Pick [P2, p. 256, (I) and p. 260], except for the detailed property of f of
(6.2). Pick’s result [P2, p. 256, (I)] was so far ahead of his time that it appears to
have been long forgotten. Since Pick’s expression is considerably different in style
from Lemma 2, and since access to the paper [P2] is nowadays not very easy, we
propose its detailed proof with the aid of the textbook [Go, Vol. I].

Let 8= f'(2)/|f'(2)], set I'(z, f) = P, and consider the function g defined by
(2.1) for which (2.2) holds; in particular, ¢’(0) = PB. The function ¥ = g/¢’(0)
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is univalent and bounded by P~! in U and, moreover, ¥(0) = ¥'(0) — 1 = 0.
Pick’s familiar estimate can then be applied to W:

(6.4) [©7(0)/2] < 2(1 - P),

whence (6.1); for the Pick estimate, see [P2, p. 252, (12)], and see also the concise
proof by A.W. Goodman [Go, Vol. I, Theorem 4 and its proof in pp. 38-39]. The
equality in (6.4) holds if and only if ¥(w) = éP~'Jp(ew), ¢ € OU. Hence,
g(w) = BJp(ew). Consequently, f must be of the form (6.2) with Q = f(z).
Conversely, if f is of the form (6.2), then I'(z, f) = P, and for ¥ = ¢/¢'(0),
¥'(0) = P, we have the equality in (6.4). Hence the equality holds in (6.1).

To prove the equality (6.3) for f of (6.2) on X(z,¢) we set J = Jp and
(=Tw)=¢e¢(w—2)/(1—ZzZw) for w € U. It then follows that T'(w, f) =T(¢,J)
and hence

(1= [w*)[(8/0w)L(w, f)| = (1 = [¢])N(9/9)T(¢, ), we.

Our problem is therefore reduced to proving (6.3) for J instead of f, and for
each real variable w € (—1,1). To avoid laborious computations of J', J”, etc.,
starting from

J(n) = 2n) [P =12+ 20+ (n—1)(P2(n— 1)+ 4P 'p)""?]

for n € U (J(0) = 0), we recall the identity K (J(n)) = PK(n) for n € U. Note
that ( = J(w) € (—1,1) \ Ap and

J'(w) = PK'(w)/K'(¢) = P(L+w)(1 = ¢)*/{(1 —w)*(L +¢)} > 0
for all w € (—=1,1). A calculation then yields that
J"(w)/ T (w) = (44 2w) /(1 — w?) = ((4+20)/(1 = (%)) J ()
for all real w € (—1,1). Hence, the value of

(1= )@/ 0mT . D/, ) = (0= ) = g + é]J(gy)) " 1J£n|)j£7§;7|)2

at n=w e (—1,1) is
2|1 —(1—w?)J (w)/(1-¢%)|=2(1-T(w,J)).

To prove that (6.3) is false for w € U\ X(z,¢) for f of the form (6.2), we first
observe that f(U) is exactly U slit along the part A(Q, e, ) between the points

(Q—2B)/(1-eBQ) € dU
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and
((Q.e,8) = (Q+&B(P—2+2V1—P)/P)/(1+E8Q(P—2+2V1—P)/P) €U

of the geodesic Y% (Q,¢,3) of U passing through @ and ending at the points
(Q+2B)/(1+£6Q) € OU. In other words, f(U) is the image of U \ Ap by the
map (08¢ + Q)/(1 +£BQC) € #. Furthermore, the image f(X(z,¢)) is exactly
Y#(Q, ¢, 8) \ A(Q, ¢, 3). Thus if the equality holds for w = 2’ in (6.3), or at 2’ in
(6.1), then 2z’ must lie on the geodesic ¥(z,¢) because 3(z,¢) = 3(2/,¢’) by

f(E(z,6)) =2%(Q.,. 0) \ AQ. ¢, 8) = f(2(+', ")),
where ¢’ is for z’. In other words, (6.3) holds only for w € X(z,¢), and this
completes the proof of Lemma 2.

Corollary 1 to Lemma 2. Let a function f € #\ % be univalent in U.
Then

(w2, f)
1 —T(w2, f)

[(wn, f)
1 —T(wy, f)

for all wy and we in U and

(6.5) log — log < 4dy(wy, ws)

00, f)(1 + |w|)? .
(6.6) Pw, f) < (0, £)(1+ |w))2 + (1 =T(0, f))(1 - |w])?’

L0, )1 — |w])?
10, (A = w])? + (1 = T(0, /) (1 + |w])

(6.6°) ~ < D(w, f)

for all w € U. If f is not of the form (6.2), then the inequality in (6.5) is strict
for all wy and wy in U with wy # wy and the inequalities in (6.6) and (6.6")
are strict for all w # 0.

The right-hand side of (6.6) is strictly less than 1 and the left-hand side of
(6.6*) is strictly positive.

Pick obtained (6.5), (6.6) and (6.6*) [P2, pp. 256-257, (18) and (19)]; note
that Pick adopted 2dy instead of dy. Detailed arguments on the equality must
be given.

The proof of the inequalities is obvious. If f is of the form (6.2), then (6.5)
is strict in the case where w; # ws and at least one of w; and wsy is not on
Y(z,€), so that oy(wi,ws) ¢ ¥(z,e). Given w € U \ {0}, we have strict (6.6)
and strict (6.6*) if at least one of w and 0 is not on X(z,e). For the special
function J = Jp (0 < P < 1) the equality in (6.6) holds at each w of the half-
open interval [0,1), while for Jy(w) = —J(—w), w € U, the equality in (6.6*)



310 Shinji Yamashita

holds at each w € [0,1). Since J'(w) = P(1+w)(1—¢)3/{(1 —w)3(1+¢)} >0,
where ¢ = J(w), w € (—1,1), together with ¢/(1—()? = Pw/(1—w)?, it follows
that

2

D(w,J) = P((1+w)/(1=w))*/((1+¢)/(1~ )
— P((1+w)/(1—w))*/(1 + 4Pw/(1 — w)?),
which is precisely the right-hand side of (6.6) in case w € [0,1). Now I'(w, Jx) =
I'(—w,J)=P((1-w)/(1 +w))2/(1 —4Pw/(14w)?) is exactly the left-hand side
of (6.6*) in case w € [0,1).

Corollary 2 to Lemma 2. Let f € & be univalent in U and suppose that
f(0) =0. Then

(6.7) |f(w)| < Jp(|wl)

for all w € U, where P = |f(0)|. If f is not in % and neither of the form (6.2),
then the inequality in (6.7) is strict for all w # 0.

The inequality in (6.7) is essentially equivalent to the upper estimate by Pick
[P2, p. 261, (IV")] (see [Go, Vol. I, p. 55, Theorem 19]); comments on the equality
conditions will be added. For the proof we set r = |w| and a = |f/(0)| and we
make use of (6.6) in the following calculation:

tanh L |f(w)] < / 1 ow/m)/ (1= | fw/r)?) do

< [ ale*+ 20+ D/[(&" + (da -2+ 1) (1 - )] do
= log[(1 — r)~1/2 (r* + (4a — 2)r + 1)1/4].

Hence (6.7). The remaining computation for (6.7) is omitted. If f is of the form
(6.2), then (6.7) is strict for w # 0 if at least one of w and 0 is not on X(z,¢).
The equality in (6.7) holds for all w € 3(z,¢).

Note («). In view of the proof of Corollary 2 to Lemma 2 we have the estimate
of |f(2)] from (1.2) for f € £, not necessarily univalent, but f(0) = 0. Namely,

(6.8) [F)] < [zl (2l + 1FO)) /(L + 1£(0)2]) (< 2])

at each z € U. But the proof of (6.8) by integration from (1.2) is an absurd
detour; it is a textbook exercise to prove (6.8) directly. However, to arrive at the
nontrivial improvements of (6.8) described in (6.8*) and (6.8"*) below we take a
short-cut in proving (6.8), together with the detailed arguments on the equality.
If feZ,or f(z) =¢ez, e € QU, then (6.8) is trivial, so that we exclude this case
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and suppose that f is nonconstant in our further proof. We shall then show that
the equality in (6.8) holds at z # 0 if and only if

(6.9) f(w)=wlew+ Q)/(1+ Qew), e€dU, QeU,

an element of ¢. Set a = f'(0) (€ U) and set

9(2) = (f(2)/z —a) /(L —af(2)/2), z2€U,

so that ¢(0) =0 and g € #. Thus,

(1f(2)/2l = lal)/ (1 = laf(2)/2]) < |g(2)] < |2]

for all z € U, from which (6.8) follows; if the equality in (6.8) holds at z # 0,
the first element on the left in the above chain of inequalities is equal to |z|,
so that g(w) = ew (e € OU). Hence f is of the form (6.9) with @ = f(0).
Conversely, given f of the form (6.9), we observe: (1) if @ = 0, the equality in
(6.8) holds in the whole U, while (2) if @ # 0, the equality in (6.8) holds at all z
on {&rQ/|Q];0 <r < 1} and at no other point of U.

As a universal form of (6.8) for f € #, not necessarily f(0) =0, we have

(6.8%) f(w) = f(2) ’< 1w_—;u (’1w__22’+r(z,w,f)) << w—z )
. 1—fw)f(z)! ~ 1+F(Z’w’f)’1w__gi] 1= zZw

for all z,w € U, where I'(z,w, f) = min(I'(z, f),T'(w, f)). The equality in (6.8*)
for a pair z,w € U with z # w holds if and only if f € .% U¥. Note that we can
exchange z for w in (6.8"). Furthermore, in the specified case w = 0 in (6.8*)
for f € # with f(0) = 0, the estimate (6.8*) slightly improves (6.8) because

(2,0, f) <T(0, f) = |F(0)]
We can replace I'(z,w, f) in (6.8%) with the quantity not containing |f({)],

1f'(O], ¢ =2w, but |f'(0)/(1—|f(0)*) and ¢ = min(|z], |w|) only. Since
E(z,w, f) = min(Z(z, f), E(w, f))
= [T(0, /(1 + 0*) + 20]/ [(1 + 0*) + 2T°(0, flo] (< 1)

for z,w € U and since I'(z,w, f) < E(z,w, f) by (1.2), it follows from (6.8*) that,
for fe % and z,w e U,

=iz

| +2(w, 1) "
’UJ—Z} (_ 1—zw
1—2zw

f(w)_—f(z)
1= f(w)f(2)

< 1—zZw 1—Zw

(6.8%a) <
14 2(z,w, f)}

).
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For the proof of (6.8*) we apply (6.8) to

o) = F((C+2)/(A+20) — £(2)
1— f(2)f((C+2)/(1+2C))

with ¢(0) =0 and |¢’(0)| = I'(2, f) for a variable (. Then at { = (w—2)/(1—Zzw)
we have in terms of f

of #

fw) = 56 | _ 120l UT=20] ¥ T D)
1— flw)f(z)! 14T(z, f) 17“”__2’;} '

Since w and z are exchangeable in the above inequality, we immediately have
(6.8%). For f € #\.Z the equality in (6.8*) holds for z # w if and only if g € ¥
is of type (6.9): g(¢) = (¢ +Q)/(1+Q=) with Q = (1 |2[2)£(2)/ (1~ | f(=)[2)
or (1—|w?)f(w)/(1 - |f(w)]?) according as I'(z,w, f) = T'(z, f) or T'(w, f).
Thus, the equality in (6.8*) holds if and only if

FO=[g((C=m/A=n0) + A}/[1+ Ag((¢ =)/ = 70))]

with A € U, where n = z or w according as I'(z,w, f) = I'(z, f) or I'(w, f).
More detailed equality conditions are now obvious.
One can further obtain: for f € 4, and at each z € U, we have

(OI= Ly 2 D0, /(1= A0~ 70)
L= TFO)IT /O P + L0, ) (IF0)] = D)2l - 1
6.10) < (o) < A TEONWOL+ 1L+ 170)
FO2P + T (0, £)(F0)] + 1)[2] + 1
£(O)] + 2]
(< 1577171

For the proof we only have to combine (6.8*) for w = 0 with

1] = L]/ (1 = [0 f(2)]) < If(2) = FO)I/I1 = F0)f(2)]-

The equality conditions are rather complicated and hence omitted.
We can replace I'(z,0, f) in (6.10) with T'(0, f). The resulting estimate is

( £ (0)] — || <> L+ 1£O)D)=* +1£(0)] 2] = [£(0)[ (1 + [ £(0)])

L= TFOIT =/ 71+ FONP = 17O 2] — (1 + 70)])
< 1)
(6.10°) _ (L= DI +1FO)] 2]+ £~ |0)])
= A= FOP + £ O 2]+ (1= [70)])
£(0)] + |2
(< 1317171
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The upper estimate in case f(0) =0 is again (6.8).
For f e #\ .# with f(0) =0 we apply (6.10) to g(z) = f(2)/z with

(L= l2P)I=f'(2) = £ [f7(0)] }

F(z,O,g):A(Z,f)Emin[ 212 — [F(2)2 "2(1-1£7(0)))

Therefore, for f € £\ .# with f(0) =0, we have at each z € U

(IZI(\f’(O)I — l2l) <> 212> + Az, /) (1 = [£/(0)]) 2] — £ (0)]]
L=f' Ozl =7 1O 2 + Az, £)(|£/(0)] = 1)[2] - 1
< [f(2)l
(6.8") _ ALz + A NSO+ D)1= + 1/ (0)]
— PO+ Az A (1)) + 1) 2] + 1

2(17(0)] + 12])
(<= rom )

The upper estimate yields an improvement of (6.8).
It is now easy to observe that we can replace A(z, f) in (6.8**) with

L)1/ [2(1 = [f(0)]*)] < 1.

The resulting estimate for f € £\ .# with f(0) =0 at each z € U is

2(17(0)] - |21)
o )
2201+ £ O] + 1770)] |2 - 217 0) (1 + | £(0)])]
207 O+ SO — 1£7(0)] 12l — 2(1 + //(0)])

O < FIRO =P ODER + L)+ 2701 - 7))
= o @I = PO+ O + 20~ 17O
£1(070)] + 2]
(= orram )

Note (). We suppose that f(0) =0 and f’(0) # 0 for f € £, not necessarily
univalent, and we estimate |f’(z)| from below. If f € %, then |f/(2)] = 1.
Suppose that f € A\ .#. Then we have

[(1+12%) +21£"(0)2[| [|£(0)| (1 + [2[*) — 2[2]

6.11 (2| > ’
(611)  1£7 [(1+ 1212) — 21£(0)=[] (1 + £(0)z])
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for all z with 0 < |z| < 7(f), where 7(f) is defined in (2.6) with T'(0, f) = |f'(0)|
in the present case. Note that the right-hand side of (6.11) is |f’(0)| at z = 0. For
the proof of the weak form of (6.11), where “>" is replaced with “>" it suffices
to combine (2.5) with (6.8). Suppose that the equality holds in the weak form at z
with 0 < |z| < 7(f). Since the equality in (2.5) holds at z and f(0) = 0, we have
g(w) = f(w) =wS(w) €9, S(a) =0, a#0, and z € {ra/la);0 <r <7(f)}; g
is considered in the Note discussing (2.5). On the other hand, since the equality
in (6.8) holds at z, we have (6.9) and z € {&r'Q/|Q|;0 < r’ < 1}. By comparison
we have () = —ea, which causes a contradiction to z # 0.

If f e £ satisfies f(0) =0, then J. Dieudonné’s lower estimate of |f’(z)| [D,
p. 352, (24)] (see [Go, Vol. II, p. 78, Problem 17]) is

() = (IF @) = 1) A+ )/ 1211 = [219)] = 27 (2, f)

for all z € U. The function Z~ (z, f) is increasing with respect to |f(z)], so
that a further analysis for eliminating |f(z)| on the right-hand side seems difficult
without additional restrictions on f and |z|. Dieudonné’s upper estimate (see the
same references) is

() < (IF @+ %) (= 1)) /1211 = 12%)] = 27 (2, f)

for z € U. Here, Z=(0,f) = 2%(0,f) = |f/(0)]. Both estimates are trivial in
case f € . They can be improved in case f € £\ .7 ; namely, if f(0) =0 for
f e B\ F, then at each z € U one obtains

R (2, )+ S (2, f) < |f' () < Z7 (2, f) = L (2, ),

where
(=)= (R = 1)
PN = A (R T 2ale £ 1) 2

with .#(0, f) =0 and

a=[f"0)/[21-f()P)] < 1.

The equalities at z hold if and only if f(w) = we(w), ¢ € ¢, for example at each
z €U for f(w)=w3. Weset g(z) = f(2)/z in U, so that T'(0,g) = «. It then
follows from (1.2) for the present g that

2" ()] = 1) | < 12f'(2) = f(2)] = 12%9/ (2)]
< (I = 1f()P)E(z 9)/ (1= |2]*),  z€U.

Setting
Sz, f) = (127 = [f(2)]?) (1 = E(z,9)) /[]2](1 = |2%)]
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for z € U we finally have the requested estimates.
If fe A\ .Z isunivalent and f(0) = 0, then the combination of (6.6*) and
(6.7) yields

()] = P(1=[2))(1 = Tp(12D)?)/[(1 + [2D{ (1 + [2*) + 2(1 — 2P)[2]}]

at all z € U, where P = [f'(0)|. Given P, 0 < P < 1, the equality above holds
for the function Jp at all z € [0,1). Pick says, among other things, that the
right-hand side is “ziemlich umfiangliche Formel”; see [P2, p. 262]. With the aid
of Jp the expression is considerably “nicht umfanglich”.

Note (). Let F' be an analytic and univalent function in U with F(0) =
F'(0) —1 = 0. Let f be analytic and subordinate to F' in U in the sense that
f=Fog forage % with g(0) = 0. The well-known upper estimate of |F’(z)|
in the distortion theorem,

(6.12) [F'(2)] < 1L+ |2) /(1= [2)°,  =2€T,

is also valid for f subordinate to F' in U; see [Go, Vol. I, p. 65, Theorem 3], [G],
p. 50, (8)], and for the latter see [S, p. 236], [Lo, pp. 249-250, Theorem 1], [Go,
Vol. 11, p. 215, Problem 14], and [Gl, p. 371, Theorem 4]. We improve it as

(6.13) f <D= A+ )/ - 2)°, z€U,

where

Pz, f) = [(1+[2*) +2|f (Off'lﬁ'ﬁff”‘”'z' )+ 2|z]] <1

To prove (6.13) we note that ¢’(0) = f/(0) and T'(0,9) = |f’(0)|. We then apply
(1.2) to g to have

(6.14) 9’ () < (L= lg()P) (A = [2]*)'E(z,9), =z€U.

It then follows from (6.12) (for F' and g(z) instead of z) and (6.14) that

P [A+1g@N/[L =19 (0 - 212z 9),  2€7,

which, combined with (6.8) for g, yields (6.13). One can easily check that the
equality in (6.13) holds for all z € (—1,1) for the function K(2%). It immediately
follows from (6.13) that

1+ If’(O)I}2 B [1 — 1/"(0)]

1— |z 1+ 2] ]2)§|z|/(1_|z|>2

@) < (21/9(]
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at each z € U. This improves the upper part in the growth theorem (see, for
example, [Go, Vol. I, p. 68, Theorem 8], [Gl, p. 52, (10)]) because, in the case
where |f/(0)| = 1, the last inequality on the right becomes the equality.

For f subordinate to F' in U we further have

(6.15) fllel <r}) CF({lel < olr, f)}),  O0<r<1,

where o(r, f) =r(r+[f(0)])/(1 + |f'(0)|r) <r, 0 <r < 1. This is an improve-
ment of the Lindel6f principle (see [Go, Vol. I, p. 86, Theorem 10]):

FRlzl<rh) c F({lzl <r}),  0<r<L

For the proof of (6.15) we only apply (6.8) to g to have

g({lzl <r}) c{lz[ <o(r. f)}, O0<r<L
If f=eF(e2?), € € OU, the equality holds in (6.15) for all » and o(r, f) = r2.

Applying a suitable version of (6.8**) in case the present ¢ is not in %, one
obtains a further improvement, yet the formulation is rather complicated.

7. Simply connected subregions

We return to the comparison of ug andpuy, where we further assume that a
proper subregion GG of H is simply connected.

Theorem 6. Let G be a proper, simply connected subregion of a hyperbolic
region H. Then the inequality holds:

(7.1)  |log(1 = (nu/na))(z1) —log(1 = (nu/na))(22)| < 4du (21, 22)

for all z1,2z9 € HN (G UOQG). The Lipschitz constant 4 on the right-hand side of
(7.1) cannot be replaced with any absolute constant C', 0 < C < 4.

Corollary. For a proper, simply connected subregion G of a hyperbolic
region H , the inequality holds:

(7.2) pi(2)/pa(z) <1 —exp(—4de, u(z)) at each z € G.

We cannot replace the constant —4 in exp(---) on the right-hand side of (7.2)
with any absolute constant C', —4 < C' < 0.

Theorem 7. For a proper, simply connected subregion G of a hyperbolic
region H , the inequality holds:

(7.3) log(pr/(na — pr))(z1) —log(pum /(e — pa))(22)| < 4da(z1, 22)

for all z1,z9 € G. The Lipschitz constant 4 on the right-hand side of (7.3) cannot
be replaced with any absolute constant C', 0 < C' < 4.



The Pick version of the Schwarz lemma 317

In “most” cases the inequalities (7.2), and (7.1) and (7.3) for z; # 2y are
strict. See Note (iv) in this section.

For the proofs we recall the notation in the proof of Theorem 4. So, f ﬁh_l og
is univalent in U and for f the identities in (4.3) hold at each z € G. We now
apply Lemma 2 to the present f. There are two ways to prove Theorem 7: via
Corollary 1 to Lemma 2 or via the ug part in

|gradlog(1 — (un/na))(2)| < 4pu(2)

and
|gradlog (um /(na — pm)) (2)] < 4ua(z)

for z € G. For the sharpness the same pair D, A is available.
For Theorem 6,

4 = |(d/dy)log(1 — (up/ua)) (iy)|/ 1o (iy)
< |gradlog(1 — (up/pa))(iy)|/up(iy) <C, 0<y<1.
For the Corollary to Theorem 6, the estimate

(1—y*)/(1 =y ) = (up/pua)(iy)/[L — exp(Cda,pliy))] <1,

0 <y<1,shows that C' < —4.
For Theorem 7,

4 = ](d/dy) log(,uD/(MA — MD))(iy)’/HA(iy)
< |gradlog(up/(ua — 1p)) (iy)|/naliy) < C, 0<y<1.

Note (i). As a consequence of (7.2) we have

(7.4)

(7.5)

limiglfdng(z)ug(z) > pp(b)/4>0

at each point b € H N JG if a proper subregion G of H is simply connected. To
show the sharpness we consider A and D with 0 <y <1 to have

da,p(iy)pualiy) = —(logy)/ (4y(1 — y?)),

which tends to 1/8 as y tendds to 1. This, together with pp(i)/4 = 1/8, shows
that

liminfda,p(2)ua(z) = po(i)/4.

We cannot drop the simple connectivity of a proper subregion G of H. For
example, let B = U\ {0}, so that 1/up(z) = —2|z|log |z|, z € B. Hence, for each
constant A > 1, we have

dpu(2)*np(2) = (tanh ™" [2])Y/(=2]z|log|z) = 0 as 2 —0€ 0B,

while p(0)/4 =1/4. The case A =1 yields a counterexample.
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Note (ii). Suppose that G and H are hyperbolic regions but not necessarily
G C H. Suppose further that G is simply connected. Then a note similar
to Note (b) at the end of Section 5 for analytic and univalent F: G — H in
conjunction with (6.5) is obvious. For the present case (6.1) should be

(6.1%) 1(0/02)L (2, F)|/pc(z) < 20(2, F)(1 = T(z, F)), z€QG.

Note (iii). Suppose that F': U — H is analytic and univalent. Applying (6.6)

(note that (6.6) itself is true for f € .Z also) to fﬁh_1 oF, h € Proj(H), we have
an improvement of (5.3) in Note (c) in the present case. The situation is the same
for H = Ry if we want an improvement of (5.4) for univalent F: U — Ry. For

h € Proj(Ry) the function fﬁh_1 o F' is univalent and in 4, yet not in .%. With
the aid of (6.6) we have the following, strict inequality by the same reasoning as
in Note (c), together with some detailed remarks which will be described soon:

(7.6) (1= [2)IF'(2)] < AoL(z, F)(A+[2*)/[(1+]2*) + (4ho = 2)I2]], 2z €T,

where Ao = pg, (F(0))|F'(0)] and L(z, F) is the same as in Note (c). If the
equality in (7.6) held at z = 0, it would mean F € Proj(Ry) and F(0) = —1,
which is impossible. Suppose that the equality in (7.6) holds at a point ¢ € U\{0}.
Then f = h~'oF is of the form (6.2), so that f(U) is U slit along A = A(Q, ¢, 8)
as described in the proof of Lemma 2. Thus h(A) = Ry NIF(U) = h(A) is a
curve starting at a point h(((Q,g,ﬁ)) € Ry. The curve h(A) must be bounded;
otherwise F'(U) is not simply connected. Hence 0 and 1 are nonisolated boundary
points of F(U) and h(A) must “end” at 0 and 1 in the sense that the terminal
part of h(A) is contained in a region including 0 and 1. This violates the simple
connectivity of F'(U). Thanks to (7.6) we have the estimate of

(’10g|F(z)| ’ + CH)/(’log\F(O)\ } + CH)

in a manner similar to the proof of (5.5), yet the expression is rather complicated
and so omitted.

Note (iv). Let g, h and fﬁh_1 o g be the same as in the proof of Theo-
rem 4, where G is a simply connected, proper subregion of a hyperbolic region H .
Suppose that the equality in (6.1) holds at z € U for the present f, so that
f is of the form (6.2). Using the same notation as in the proof of Lemma 2,
we then have H \ G = h(A), where A = A(Q,¢,3). Note that the curve h(A)
has no self-intersection and has one end-point h(g(Q,e,ﬁ)) in H because G is
simply connected. Furthermore, H must be simply connected and h(A) lies on
the geodesic h(X#) of H, where ¥# = X#(Q,¢,3). The pair D, A is a typical
example. In view of (6.3) one has

(7.7) |gradlog(1 — (pr/pa))(C)] = 4uu(Q)
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and

|gradlog (pu/(pe — pu))(Q)] = 4ua(C)

at each point ¢ of G N A(E#) = g(X(z,¢)). Thus, (7.4) and (7.5) for D and A
with ¢ = 4y are immediate. At other points ¢ € G\ h(X#), the equalities in (7.7)
should be replaced with “<”. If, for example, at least one of the distinct points
21 € G, k=1,2, does not lie on G Nh(X#), the inequality (7.1) is strict because
the geodesic segment oy (21, 22) which is unique in the present case does not meet
h(X#) except possibly for one point. We next observe that a geodesic of a region
U slit along A has the intersection of linear measure zero with each geodesic of
U except for £# \ A; in fact, this follows from the special case Jp(U) which is U
slit along the interval Ap, for which only one geodesic (—1,1) \ Ap lies on that
of U. Thus, the conclusion is the same for (7.3) if at least one of the distinct
points zx € G, k = 1,2, does not lie on G N h(X#). The inequality in (7.2) is
strict for each z € G\ h(X#).

If f is not of the form (6.2), the inequality (6.1) is strict everywhere, so that
(7.1) and (7.3) for z; # 29 and (7.2) for all z € G are strict. Such cases are: (A)
H \ G contains an inner point; (B) H \ G has more than two components; (C)
H \ G is connected, yet not an analytic arc; (D) H is not simply connected; and
SO on.

Note (v). A hyperbolic region R is said to be of finite type if

k(R) = inlf%(SR(z)uR(z) > 0,

zE

where dr(2) = inf,ecor |z —w| is the Euclidean distance of z € R and OR (see [Y,
p. 116)); it is known that x(R) < 1. For example, if R # C is simply connected,
then x(R) > 1/4, so that R is of finite type while B is not. Suppose that H is
a hyperbolic region of finite type, and G is a proper subregion of H. Then, (3.2)
yields

1a(z) < w(H) ™ 05(2)[1 - exp(~ddo ()] 7

at each z € G, while if G is simply connected further, (7.2) yields

1/pc(z) < K(H>_15H(Z> [1 — exp(—4dG’H(z))}

at each z € G. A merit is that the right-hand sides are expressed by purely
geometric quantities g and dg g .
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8. Riemann surfaces

A Riemann surface R (see [Le, p. 130 et seq.]) is called UC-hyperbolic if it
has U as its universal covering surface. (Note that a Riemann surface is hyperbolic
if it admits a Green function; a UC-hyperbolic Riemann surface is not necessarily
hyperbolic.) Let Proj(R) be the set of all the analytic, universal covering pro-
jections from U onto a hyperbolic R. Let u be a local parameter at P € R,
u(P) =z € C, and set

(8.1) pru(2) = (1= [w*)(ue f) (w)],

where f € Proj(R) and P = f(w). The right-hand side of (8.1) is independent
of the particular choice of f and w as long as P = f(w) is satisfied. We have
trw(C)/ R u(2) = |dz/d(| for another local parameter v, v(P) = (, so that the
differential pp . (2)|dz| is independent of the choice of a local parameter u at
P, which we denote by pgr(z)|dz| and call the Poincaré metric element of R at
P € R. The Poincaré distance, geodesic segments, etc., are defined in a manner
similar to Section 3 with some minor changes.

For a complex-valued function ® defined on a UC-hyperbolic Riemann surface
R, the differential (0/0z)(®ou~1)(2)dz (z = u(P)) is independent of the choice
of u, so that [(0/92)(®ou"1)(2)|/pr.u(2) is a function of P € R and denoted by
M(z,®) =|(0/02)P(2)|/ur(2). For a function F' analytic and bounded, |F| <1,
on R, we observe that

Tp(z) =T(2,F) = M (2,F)/(1 = |[F(P)]*) =T(w, F o f)
is a function of P = f(w), f € Proj(R), and satisfies
M (2,Tr) = (1= w]?)|(0/0w)T (w, F o f)].
Hence (1.3) for F o f now reads
(0/02)T (2, F)|/ur(z) <1 =T(z,F)?,

the counterpart of (1.3) on R, P identified with z. If R is simply connected, we
may consider the case where F' is univalent on R further. The counterpart of (6.1)
on R is immediate. Note that F o f € % if and only if R is simply connected
and F' is a conformal homeomorphism from R onto U.

Let G be a proper subsurface of a UC-hyperbolic Riemann surface H. Then
Q(P) = pu(z)/1nc(z) is a function of P € G. After similar analyses on € in terms

of fﬁh_1 og € A for g € Proj(G) and h € Proj(H), one can extend Theorems 3,
4, 5, 6, 7, and the Corollary to Theorem 6 to Riemann surfaces.

Suppose that R is a UC-hyperbolic Riemann surface and that there exists a
conformal homeomorphism x from R into C*. Then the normal constant v, (R)
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with respect to x is defined as follows, and, in the special case where R C C and
X is the identity mapping, the definition coincides with the one given in Note (II).
Let G be the universal covering surface of G = x(R) which we identify with C*,
C, or U, and let g be a universal covering projection from G, onto G. Then,

for each f € Proj(R), an analytic function hﬁ(x o f)"tog is bounded in G, S0
that the Liouville theorem, applied to h in case G, # U, yields a contradiction.
Hence G, = U and C*\ G contains at least three points. Consequently, x o f is
normal in the sense of Lehto and Virtanen in U. We can define

(xo £)F(w) =[x o f) (w)l/ (1 +1(x o f)(w)]?)

at each w € U, where (x o f)#(w) = ‘(1/()(0 f))/(w)‘ in case (xo f)(w) = oo.
Set
vy (R) = sup (1 — [w]*) (x o f)* (w).
welU

The right-hand side is independent of the particular choice of f € Proj(R). It is
now routine to prove v, (G)/vy(H) < pu(G, H), where u(G, H) = suppeg Q(P),
QP) = pu(2)/pc(z), and G is a subsurface of a UC-hyperbolic Riemann sur-
face H admitting a conformal homeomorphism into C*. Here the restriction
of x: H — C* to G is considered. Omne can actually prove that the quotient
vy (G)/vy(H) is independent of the particular choice of a conformal homeomor-
phism y: H — C*.

Note. Let R be a Riemann surface, not necessarily UC-hyperbolic, and let
P € R. Let &/(R, P) be the family of analytic mappings f from U into R and
f(0) = P. Let u be a local parameter at P, u(P) = z € C. Let wg,(P) be
the supremum of |(uo f)'(0)], f € & (R,P). Then wg(P) > 0 because there
is a conformal mapping ¢ from U onto the image u(N(P)) of a neighborhood
N(P) of P, which can be regarded as a disk of center z, and ¢(0) = z. It suffices
to consider u™! o ¢ € & (R, P) to have wg(P) > 0. Now, (1/wg.(P))|dz| =
(1/wr,w(P)) |d¢| for another local parameter v, v(P) = (; we may denote this
differential simply by wgr(z)~! |dz|. Suppose further that R is UC-hyperbolic. We
then have pugr(z)|dz| = wr(2)7!|dz| at each P € R. This is another definition
of pr(z)|dz| without reference to the universal covering surface of R. For the
proof, let g € Proj(R) with g(0) = P. Then g € &/ (R, P), so that upr.(2)|dz| =
|(uog)(0)7!|dz| > wru(z)"'|dz|. On the other hand, for each f € «/(R, P)
we have |h/(0)] <1, where hﬁg_1 o f. Hence pp.(2)|dz| = |(uog)'(0)]71|dz| <
[(uo £)(0)]71]dz|, so that pgr.(2)|dz| < wrw(2)71|dz|. One can prove that
wru(P) = |(uo f)(0)] for f € & (R, P) if and only if f € Proj(R) and f(0) = P.
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