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Properties of Meromorphic ¢-normal Functions

RAUNO AULASKARI & JOUNI RATTYA

1. Introduction

Let M (D) denote the set of all meromorphic functions in the unit disc D := {z :
|z] < 1} of the complex plane C, and let 7 stand for the set of all conformal self
maps of D. The class N of normal functions consists of those f € M(D) for
which the family { f o 7 : 7 € 7'} is normal in D in the sense of Montel (i.e., 0o is
a permitted limit). By Marty’s theorem, f € N if and only if sup,c7(f o 7)*(2)
is bounded on each compact subset of . Moreover, Lehto and Virtanen [27]
showed that f € M(D) is normal if and only if its spherical derivative f*(z) :=
|f'(1/(1 + | f(2)]?) satisfies sup.ep f#(2)(1 = |z|*) < oo.

There is a substantial body of literature on normal functions. Apart from the cited
paper by Lehto and Virtanen [27], we mention the earlier work by Noshiro [30],
the survey paper by Cambell and Wickes [9], and the papers by Anderson, Clunie,
and Pommerenke [1], Lohwater and Pommerenke [28], and Zalcman [41] as well
as the series of papers by Gavrilov [17; 18; 19], Lappan [23; 24; 25; 26], and
Yamashita [38; 39; 40]. For more recent developments, see [5; 7; 11; 13; 20] and
the references therein.

The purpose of this paper is to study subsets of M(ID) that are defined by the
condition f#(z) = O(¢(|z])), as |z| — 1~, where the function ¢ (r) admits a suffi-
cient regularity near 1 and exceeds 1/(1 — r2) in growth. These sets are larger than
the class NV of normal functions, and their members will be called ¢-normal func-
tions. These concepts are made precise in Definition 1. After that we give several
examples of admissible functions ¢. At the end of this section we illustrate what it
means to change the growth restriction of spherical derivatives from 1/(1 — |z|?)
of normal functions to ¢(|z|) of p-normal functions. Statements of the main re-
sults and their connections to existing literature are given in Section 2. Proofs are
presented in Sections 3-9.

DEerINITION 1. An increasing function ¢: [0,1) — (0,00) is called smoothly
increasing if
er)(1—r) >00 asr—1" (1.1)

and
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Ru(2) = p(la +z/e(laD))
w(lal)

uniformly on compact subsets of C. For a given such ¢, a function f € M(D) is
called ¢-normal if

—~1 as|al > 1~ (1.2)

#
1 flle := sup L
zeD ‘P(lZD

The class of all g-normal functions is denoted by A/ ¢. Moreover, a function f € N'¢
is said to be strongly ¢-normal, denoted by f e N7, if

(2 = olp(z])) as |z] > 1. (1.4)

(1.3)

If ¢ is smoothly increasing then we will always further assume, without loss
of generality, that ¢(r)(1 — r) > 1 for all » € [0,1). This because ¢*(r) :=
o) + (1 — r)~" satisfies N¢" = N¢ and ¢*(r)(1 — r) > 1 for all r € [0, 1).
Moreover, to shorten the notation, we set ¢,(z) := a + z/¢(|a|). Note that now
Ra(2) = (P (2D)])/@(la]) is well-defined for all a,z € D since ¢,(z) € D as
e(lahpd —fa]) = 1.

We give two examples regarding smoothly increasing functions.

ExaMPLE 1. Assume ¢: [0, 1) — (0, 00) is increasing such that (1.1) is satisfied.
If ¥ := 1/¢p is differentiable and convex on [rg, 1) for some ry € (0, 1), then ¢ is
smoothly increasing. To see this, let K C C be compact and choose R > 0 such
that K C D(0, R). Then, by (1.1), there exists an rg € (0, 1) such that ¢,(z) € D
for all z € D(0, R) if |a| € (rg, 1), and thus R,(z) is well-defined in this case.
Since ¥ is decreasing, differentiable, and convex on [rg, 1) for some ry € (0, 1),

we have s(lal) :
a
Ra(2) < <
PR = Sial+ RyGal) = 1+ Ry/(a)

for all a such that |a| > max{rg,ro}. Since (1.1) is satisfied, we also have that
Y¥'(la]) — 0 as |a| — 1~ by the convexity. Therefore,

lim supsupR,(z) < 1.

la|—>1— zeK

In a similar manner we can show that
liminf supR,(z) > 1,
lal=>17 zek

and hence (1.2) is satisfied.

The functions (1 — r)™*, @ € (1, 00), and exp(1/(1 — r)) are smoothly increasing
by Example 1. These functions are differentiable, but of course this is not neces-
sary for (1.2) to be satisfied.

ExAMPLE 2. Assume ¢: [0,1) — (0,00) is increasing such that (1.1) is satis-
fied. If Y = 1/¢ satisfies the Lipschitz condition
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Y(s) — (1)

Sy <
s —1

Y, 1= sup

r<s<t<l

forall r € (0,1) and if y, — 0" as r — 17, then (1.2) is satisfied. This follows
by the inequality

‘1 __¢lab | _ ¥dah = y(al + ¥(aDlzD _

e(da (D)) | ~ V(lal) -

which is valid for all z € D(0, R).

VM|R,

In view of Definition 1, every (strongly) normal function must be (strongly) ¢-
normal. Moreover, if ¢, () = (1 — r))™® 1 < a < oo, then N'%« coincides
with the class N of a-normal functions, and N’* equals to N, the class of little
(or strongly) a-normal functions. For results on these classes, see [29; 33; 34;
35; 36; 37].

We will now compare (1.3) to the growth condition sup.ep f#(z)(1 — |z]?) <
oo, which is satisfied by normal functions. To do this, we recall that the chordal
distance between the points Z and W in the extended complex plane is

|1Z — W]
VIHIZPE/T+ W2
1

V1+1Z?

For any normal function f, a direct calculation gives

if Z,WeC,

x(Z, W) =
if ZeC and W = o0.

|z — w|
x(f(2), fw)) = [ flia sup > Z,weD. (1.5)
celz,wi 1 —1¢]
If now the pseudohyperbolic distance p(z,w) := |z — w|/|l — Zw| from z to w

is less than or equal to a fixed r € (0, 1), and so w = (z — u)/(1 — zu) for some
|u| < r, then (1.5) yields

|z — w|

1—z%

x(f(2), f(w)) = Ci(I flla

where Ci(r) = (1 4+ r)/(1 — r?). In a similar manner, if f is ¢-normal then

x(f(2), f(w)) < [ fllxelz —w| sup ]fﬂ(lfl)

telz,w
< G flivelz —wle(zD, (1.6)

where the second inequality follows by (1.2) and is valid if w belongs to the ¢-disc
Ay(z,1) = {¢.(u) : |u| < r}, where r € (0,1). This shows that the change of
growth restriction of f*(z) from 1/(1 — [z]?) to ¢(|z|) affects in a natural man-
ner the right-hand side of (1.5) and of (1.6). This “change of scale” will appear
repeatedly in several places in the reminder of the paper, in statements of results
and also in the proofs.



96 RAUNO AULASKARI & JOUNI RATTYA

2. Results and Background

We begin with considering the zero distribution of ¢-normal functions. One way to
state the results is by means of the terminology of Nevanlinna theory. The Nevan-
linna counting function of f € M(D) is defined as N(r, f) := le"l<, log ﬁ,
where {z,}52, is the sequence of zeros of f listed according to multiplicities and
ordered by increasing moduli. Lehto and Virtanen [27] (see also a related result
by Nowak [31]) showed that if f is a normal function, then its counting function
N(r, f) is of logarithmic growth. The first result of this study establishes an ana-
logue for p-normal functions.

THEOREM 1. Let ¢: [0,1) — (0, 00) be smoothly increasing and let f € M(D).
If f eN? and f(0) # 0, then

N(r, f) = 0</r(<p(s))2 loggds), r—1". 2.1
0
Similarly, if f € Ny and f(0) # 0, then
N(r, f) = 0(/‘r(<,0(s))2 10g£ds>, r—1". 2.2)
0

The first statement in Theorem 1 remains true also when ¢ : [0, 1) — (0, 00) is arbi-
trary. This is also the case with the latter statement provided f or ((p(s))2 log § ds —
ocoasr — 17

Theorem 1 is a consequence of the Ahlfors—Shimizu theorem, which says that

N(r, f) < To(r, f) + log(V1+ | F(O)2/1 £(O)]), f(0) # 0. Here To(r, f) is the

Ahlfors—Shimizu characteristic, defined as

T AL,
To(r, f) :=f0 (t[f)

1
AL )= / (FH2dAG), 0<1<l,
D

©0,1)

dr, 0<r<l, 2.3)

where

and D(0,1) :={z : |z| < t}.
The right-hand side of (2.1) and of (2.2) can be simplified when ¢ is given. For
example, if

(p ﬂ()) - 1() () <o ﬂ o0
o : b = > < s
s (] )0{ g]

and if f € N'9«#, then as r — 1~ we have
o) f0<a<l,

NG, f) = O((log 1i,)l+ﬂ> if @ =1,

0((1 — i)m_z (1og 1 1 r)ﬁ) if o> 1.
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Recall that Yamashita [40] characterized normal functions by means of the
Ahlfors—Shimizu characteristic. An analogue for ¢-normal functions is given in
the following result.

THEOREM 2. Let ¢: [0,1) — (0, 00) be smoothly increasing and let f € M(D).
Then the following statements are equivalent:

() feN?;

(2) foreach A € (0, 1) we have sup; <jq<1 To(1, f o ¢py) < 00;

(3) there exist §, A € (0, 1) such that sup; <jq<1 To(8, f o ¢q) < 00.

Moreover, the following statements are equivalent:

(1) feNs

(2") limyg - To(1, f o ¢a) = 0;

(3") there exists a § € (0, 1) such that limq—.1- To(8, f o ¢4) = 0.

Theorem 2 says that f € M(D) is g-normal if and only if it is of bounded char-
acteristic “uniformly” in each ¢-disc A, (a,r) = {¢,(w) : |w| <r},0 <r <1,
when a is near the boundary. Another characterization of functions in /¢ involv-
ing these discs can be found in [2]; see also Lemma 13 in Section 4. We further note
that the first part of Theorem 2 should be compared with a result by Wulan [35,
Cor. 4.3.1].

The following characterization of ¢-normal functions in terms of normal fam-
ilies appears to be useful in our study. The first assertion has been essentially
proved in [3], but it is included here for the convenience of the reader.

THEOREM 3. Let ¢: [0,1) — (0, 00) be smoothly increasing and let f € M(DD).
Then f € N'¥ if and only if the family { f o ¢, : a € D} is normal in D. Moreover,
feNY ifand only if (f o ¢.)* converges uniformly to zero on compact subsets
of Caslal - 1".

The proof of Theorem 3 shows that in the first assertion we may consider the nor-
mality also in the whole complex plane. In this case the assertion reads as follows:
f € N'?if and only if the family { f o ¢,,} is normal in C for any sequence {a,} C D
such that |a,| — 1~ asn — oo.

Colonna [14] used the Arzela—Ascoli theorem to show that the preimages of two
distinct points in the image set of a normal function are of bounded hyperbolic
distance from each other. Recall that, for z, w € D, the hyperbolic distance from
Ztowis

1 1+ p(z,w)
d(z,w) := = log ——.
2 "1-p(z,w)

The cited result by Colonna can also be verified directly by using the inequality

zZ,weD,

x(f(2), f(w)) < IIfIINlog;,
1= p(z,w)
which is slightly sharper than (1.5). In a similar manner one can show that, if
f € Ny, then the hyperbolic distance of the preimages of two distinct points in the
image set cannot remain bounded when the preimages approach the boundary.
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The next result establishes an analogue for (strongly) ¢-normal functions.

THEOREM 4. Let ¢: [0,1) — (0, 00) be smoothly increasing and let f € M(D).
If f e N'?, then there exists a § > 0 such that

p(z,wye(|zD —|z]) = 8 2.4

forall z,w €D such that f(z) = Z # W = f(w).
If f €Ny, then

limsup min p(z,w)e(|z])(1 —|z|) = o0 2.5)
zeZ¥, |z]—>1- WEW®
for any distinct points Z,W € f(D) such that the sets Z* = {z €D : f(z) = Z}
and W* = {zeD: f(z) = W} satisfy #Z* = co = #W™.

Theorem 4 says that the preimages of two distinct points in the image set of a
@-normal function are distributed according to the growth of ¢(r) asr — 17. The
faster the ¢ grows, the closer to each other the preimages of different points can
be. For example, if all preimages of Z € f(D), f € N'%, lie on the positive real
axis and have an accumulation point in z = 1, then the preimages of W # Z can-
not be essentially closer than on the curves {r =i/ (r) : r € (0, 1)}. We will see
at the end of this section that the assertions in Theorem 4 are fairly sharp.

Lappan [23] (see also Campbell [8]) showed that the class of normal functions is
closed neither under summation nor multiplication. Theorem 4 allows us to deduce
that the same is true for N'¥. Before stating this as Corollary 5, we set necessary
definitions. For a given sequence {z,,}°2 , of points in D for which > 7 (1 —|z, 1)
converges (with the convention |z,|/z,, = 1 for z,, = 0), the Blaschke product as-
sociated with the sequence {z,}5° , is defined as

[e¢]

B(Z) = l_[ |Zn| in — X

Zn I_an'

n=1

It is well known that such a product is analytic in D, its modulus is bounded by 1, it
is an inner function, and {z,,}, , are precisely its zeros counting multiplicities [15].

COROLLARY 5. Let ¢: [0,1) — (0, 00) be smoothly increasing, and let f € N'¥
with infinitely many poles. Then there exist a Blaschke product B and a ¢-normal
function g such that neither fB nor [ + g is ¢-normal.

Choose an infinite sequence {z,},- ; of poles of f that satisfies the Blaschke con-
dition Zzoz](l — |z,]?) < oo. For each z,,, take w, € D, not a pole of £, such that
0 (Zu, w)e(2,D(A —|z,]) = 0asn — oo. Since ¢ is smoothly increasing, this
implies p(z,,w,) — 0 asn — oo, and so the sum ZZ‘;I(I — |w,|?) converges.
Then the Blaschke product B associated with the sequence {w,},- , satisfies fB ¢
N'¢ by Theorem 4, since {z,,}52, are poles and {w,}5 | are zeros of fB. This also
shows that the ¢-normal function g := f(B/2 — 1) satisfies f + g ¢ N'?.
Theorem 6 contains Lohwater—Pommerenke [28] theorems for (strongly) ¢-
normal functions (see also a related result by Zalcman [41]). The first assertion
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was recently proved in [2], but the statement is included here for the sake of com-
pleteness. From the first assertion, one can easily obtain the second assertion by
modifying the reasoning in [4], where an analogous result for little (or strongly)
normal functions is established.

THEOREM 6. Let ¢: [0,1) — (0,00) be smoothly increasing, —1 < B < 1, and
let f € M(D). Then f ¢ N'? if and only if there exist

(1) a sequence {z,} of points in D,

(2) a sequence {p,} of positive real numbers,

(3) a sequence {0,} of positive real numbers satisfying o, — 0 as n — 0o, and
(4) a constant ¢ > 0 satisfying ¢(|z,])pn < co, foralln e N :={1,2,...}

such that the sequence {o, p f(zn + pnb)} of functions converges spherically uni-
formly on each compact subset of C to a nonconstant meromorphic function.
Moreover, f ¢ Ny if and only if there exist

(1) a positive constant R,
(2') a sequence {z,} of points in D satisfying |z,| — 1~ asn — oo, and
(3") a sequence { p,} of positive real numbers satisfying p,o(|z,]) < 1/R

such that the sequence { f (z,, + p, &)} of functions converges spherically uniformly
on each compact subset of D(0, R) to a nonconstant meromorphic function.

Lappan [24] (see also the earlier result by Bagemihl and Seidel [6]) showed that f €
M(D) is normal if and only if lim,,_, o, f(z,) = lim,_  f(w,) for all sequences
{za}52, and {w,}52, of points in D such that p(z,,w,) — 0 asn — oo. Further,
itis well known that f € M(D) is strongly normal if and only if lim, .« f(z,) =
lim,_, o f(w,) for all sequences {z,}°°, and {w,};>, of points in D such that
lim,_  p(z4, w,) < 1. These results have natural analogues for (strongly) ¢-
normal functions.

THEOREM 7. Let ¢: [0,1) — (0, 00) be smoothly increasing and let f € M(D).
Then f € N'? if and only if lim,_, o f(z,) = lim,_ « f(w,) for all sequences
{z)}52, and {w,};2, of points in D tending to the boundary such that

P (Zn, wp)@(|za)(A = [24]) = 0, n — o0. (2.6)
Moreover, f € N if and only if lim,_.oo f(z,) = lim,_o f(w,) for all se-
quences {z,}52, and {w,}52 | of points in D tending to the boundary such that

lim sup p (2, wn) @ (|2, (1 — [z4]) < 00. (2.7)
n—o00
It is worth noticing that if (2.6) is satisfied then p(z,,w,) — 0asn — oo.
Therefore, p(z,, w,)(1 — |z,|) is comparable to |w, — z,| for all sufficiently large
n and thus (2.6) is equivalent to

lw, — zxl@(|zal) = 0, n — oo.

In the sequel, we ignore this observation and adhere to the use of pseudohyperbolic
distance in order to preserve the complete analogue with the classical case of nor-
mal functions.
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If fe /\/Ow and if lim, - f(r¢) = « for { € 0D, then Theorem 7 implies
lim,_,, f(z) = o when z approaches ¢ inside any @-angular domain Q (¢, c) =
{z :18(z/9)I = ¢/e(lz])}, where ¢ > 0.

In the case of unbounded analytic functions, there is a sense in which the first as-
sertion in Theorem 7 can be improved. Toward this end, let H* denote the space
of bounded functions in the algebra 7{ (D) of all analytic functions in D.

THEOREM 8. Let ¢: [0,1) — (0,00) be smoothly increasing and let f €
H(D) \ H*®. Let f € N7, and let {z,}52, be a sequence of points in D such
that lim,_, o f(z,) = 00. Then lim,_, f(w,) = oo for any sequence {w,};°,
of points in D satisfying

Sugp(zn,wn)cp(lznl)(l — |zal) < oo0.

ne
Theorem 8 can be used to show that the assertion in Corollary 5 remains valid
when f € N'? is assumed to be an unbounded analytic function. The reasoning is
similar to that yielding Corollary 5, and therefore we omit it.

Lappan’s [25] five-point theorem says that if sup{ f#(z)(1—|z]?) : z € f(E)}
is bounded for some five-point subset E of the image set f(ID), then f is a nor-
mal function. The next result is a version of this theorem for (strongly) ¢-normal
functions. Its proof uses Theorem 6 and imitates Lappan’s original proof, so we
omit the details in order to avoid unnecessary repetition.

THEOREM 9. Let ¢: [0,1) — (0, 00) be smoothly increasing and let f € M(D).
Then f € N'? if and only if there exists a set E of five distinct values in C :=
C U {oo} such that

sup{f*(2)/e(z]) : €D, f(z) € E} < co.

Moreover, f € N if and only if there exists a set E of five distinct values in ¢
with infinitely many preimages such that
lim ¥ 2)/p(z]) =0.
|z]=>17, f(2)€E
Let f € M(D) and R > 0. If now sup{| f'(2)|/¢(Iz]) : | f(z)| < R} is finite, then
Theorem 9 implies f € N'?. Conversely, if f € A% then clearly
lf'@) @)

sup = sup (1 +[f@QP)——= <A+ R)|fllnve-
f@l<k Uz f@)i<r o(lz])

A similar reasoning applies for A’. Hence we obtain the following corollary,
which (in view of Example 1) contains a result by Wulan [35, Thm. 4.5.1] as a
special case. See also earlier results by Lappan [26].

COROLLARY 10. Let ¢: [0,1) — (0,00) be smoothly increasing and let f €
M(D). Then f € N'? if and only if there exist R > 0 and My > 0 such that

sup{| f'(@)I/¢(Iz]) : 1 f(2)| < R} < M.
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Moreover, f €Ny if and only if there exist R > 0 such that
lim  |f'(2)I/¢(z]) = 0.

i
lzZI=17, 1 f (D)< R

As the last topic we consider p-normal Blaschke quotients. In view of (2.4), the

following definitions appear natural. An infinite sequence {z,}5°, of points in D

is called ¢-separated if there exists a § > 0 such that

Pz 2n) @(|zaD (1 = [2n]) = 8

for all distinct natural numbers k and n. Further, if there exists a § > 0 such that

e(zD( =z [ [ p(ziozn) = 8

k#n
for all n € N, then {z,}52 | is called uniformly ¢-separated. Recall that {z,}52 is

separated if infy., p(zx, z,) > 0 and uniformly separated if

Hr}f 1_[ p(zk.z) > 0.
k#n
Thus every (uniformly) separated sequence is (uniformly) ¢-separated, but of
course the converse is not true in general. A result by Carleson [10] states that
{z,}72, 1s an interpolating sequence for H*° if and only if it is uniformly sepa-
rated. Therefore Blaschke products associated with uniformly separated sequences
are often called interpolating Blaschke products.
An infinite sequence {z,},, of points in ID is called strongly ¢-separated if

lim sup min p(zx, 2x) (|2, ) (1 — |z4]) = 00.
n—oo keN

Further, if
lim sup (12, ) (1 = [za)) [ | (21 2) = 00,

n—o00 kn

then {z,}7° , is called strongly uniformly @-separated.

Cima and Colwell [12] (see also a related result by Colonna [14]) showed that the
quotient of two interpolating Blaschke products with disjoint zeros is normal if and
only if its zeros and poles form a uniformly separated sequence. Theorem 11 gen-
eralizes this result for (strongly) ¢-normal functions via (uniformly) ¢-separated
sequences. It is worth noticing that if B;/B, € N'% then {z,}52, U {w,}52, is
@-separated by Theorem 4, so Theorem 11 shows that the assertions in Theorems 4
and 7 are fairly sharp.

THEOREM 11. Let By and B, be interpolating Blaschke products associated
with the disjoint sequences {z,},° | and {w,};°, and let ¢: [0,1) — (0, 00)
be smoothly increasing. Then the following assertions are equivalent:

(1) Bi/ByeN¥;
(2) {zn)52 U w,}52, is -separated;
3) {za}52 U{w, )02, is uniformly @-separated.

Moreover, the following assertions are equivalent:
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(1) Bi/B>eNy;
(2") {zn)S2, U {w, )52, is strongly @-separated;

(3") {zn)S2, U {w, )52, is strongly uniformly ¢-separated.

The first assertion in Theorem 11 can be considered as a refinement of the fact
that, for any increasing function ¢: [0,1) — (0, c0), there exist non-¢-normal
Blaschke quotients [3; 39]. It also reveals that the union of two uniformly sepa-
rated sequences is p-separated if and only if it is uniformly ¢-separated.

The proof of Theorem 11 combined with Theorem 4 shows two things. First, if
Bj and B, are Blaschke products associated with the disjoint sequences {z,}5>
and {w,}° , such that B,/B, ¢ N ¥, then there exists a sequence {a;}?>, for which

n=1
|Bi(ap)le(lar)(1 = |a]*) - 0, k — oo, (2.8)

for both i = 1,2 (note that (2.8) implies B;(a;) — 0 as k — 00). Second, if B,
and B, are Blaschke products associated with the disjoint interpolating sequences
and if there exists a sequence {a;}72, for which (2.8) is satisfied for both i =
1,2, then B,/B; ¢ N'%. Since a similar reasoning can be applied for nonstrongly
@-normal Blaschke quotients, we obtain the following result.

COROLLARY 12. Let B) and B, be interpolating Blaschke products associated
with the disjoint sequences {z,}5° | and {w,};° . Let ¢:[0,1) — (0,00) be
smoothly increasing. Then Bi/B, ¢ N'? if and only if there exists a sequence
{ar}2, for which (2.8) is satisfied for both i = 1,2. Moreover, B\/B, ¢ Ny if

and only if there exists a sequence {a;}%2, for which
lim | B(a)|@(Ja))(1 — |ax|*) < o0
k— 00

fori=1,2.

ACKNOWLEDGMENTS. The authors are indebted to the referee for valuable sug-
gestions that significantly improved and clarified the exposition of the paper.

3. Proof of Theorem 1

Fubini’s theorem shows that the Ahlfors—Shimizu characteristic of f € M (D) can
be represented as

1
To(r, f) = ;/D (f*(2))? longA(z). 3.1)

o) |z]
If f e V%, then

To(r, £) < 20 f 3¢ /0 (w(s))zloggds,

and since .
1+ 1£(0)]

N(r, ) < To(r, log ———— 3.2

(r, f) < To(r, f) + log )] (3.2)

by the Ahlfors—Shimizu theorem [21, Thm. 1.4, p. 12], the assertion in (2.1) follows.
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If fe NOW then, for a given ¢ > 0, there exists an r, € (0, 1) such that f#(z) <
e@(|z]) whenever |z| > r.. It follows that

Totr, £) < 21 f 1o /0 (o0 log - ds +2¢7 /0 (p(s0?log " ds.

Since fol (@(5))? log § ds diverges for any smoothly increasing function ¢, (2.2)
follows by (3.2).

4. Proof of Theorem 2
First assume that f € N'%. Then (3.1) and (1.2) yield
1 % 2 1
To(1, f oa) = p ((f o ¢a)"(2))" log — dA(z)
D

|z]
2
< M / (Ru(2)log — dA(z) < C < 00
T D |z]

for all a € D, and therefore (2) follows. Since (2) clearly implies (3), it remains to
show that (3) implies f € A'%. To do this, we need the following lemma. Recall
that Ay(a,r) = {g.(w) : lw| < r}.

LEMMA 13. Let ¢: [0,1) — (0,00) be smoothly increasing and let f € M(D).
Then f € N'? if and only if there exist r, . € (0, 1) such that

sup / (fH(2)* dA(z) < 7. 4.1)
r=lal<lJAy(a,r)
Moreover, f € Ny if and only if
lim (f*(2)*dA(z) =0 4.2)
la|—>1~ Ayla,r)

forallr € (0,1).

Proof. If f € N'?, then (1.2) implies that there exist C > 0 and A € (0, 1) such that

/ (FH2)?dAR) < I1f e / (p(1z1)* dA(2)
A Agyl(a,r)

pla,r)
< ClIf e / (0(laD) dA2)
Ayl(a,r)
= C| fllxomr?

for all |a| > A. The assertion (4.1) follows by choosing r sufficiently small.
If (4.1) is satisfied, then

1 # 2
sup  — ((f °¢a)"(2))"dA(z) <1

A<lal<1 7T JD(O,r)
and hence
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sup (f o ¢)*(0) = sup fHa)/p(al) < oo

r<la|<1 r<]al<1
by Dufresnoy’s theorem [16] (or [32, p. 83]). It follows that f € N/

If fe /\/'0‘” then, for a given & > 0, there exists a A, € (0, 1) such that f#(z) <
e(|z|) forall z € Ay(a, 1) whenever A, < |a| < 1. It follows that

f (P dAG) < &2 / (0(12))2 dA) < C&2
A A

vla,r) v(a,1)

for all r € (0, 1) and for all a sufficiently close to the boundary. Thus (4.2) is sat-
isfied. The converse follows easily by Dufresnoy’s theorem. UJ

To complete the proof of Theorem 2, assume that there exist §, A € (0, 1) such that
C:= sup Ty(6, f o, < 0.
r<lal<1
Then, for all |a| € (A, 1) and y € (0, 1),

1 . 5
C>— (f"(2)) log ———— dA(2)
T JA,a,vs) o(lal)|z — al

> Liog L / (FHD) dA().
ys Y Jag@,vd)

By choosing y sufficiently small, we obtain

sup / (f"(2)? dA(2) < 7,
r=lal<l JAy(a,yd)

and therefore f € A'¢ by Lemma 13. The second assertion concerning (17), (2'),
and (3') can be proved by an argument similar to that used here.

5. Proof of Theorem 3

To prove the first assertion, let first £ € N'? and let z € D(0, r), where r € (0, 1) is

fixed. Then
f#(¢a(1))

(f o pa)(2) = —= < || fllxeRa(2)
@(lal)

forall @ €D and z € D(0, r). It follows that (f o ¢,)*(z) is uniformly bounded in
D(0,r) for all @ € D. Therefore, Marty’s theorem implies that the family { f o ¢, :
a € D} is normal in D.

Conversely, let the family { f o ¢, : a € D} be normal in D, and assume to the
contrary of the assertion that f ¢ AN “. Then there exists a sequence {z,}52, of

points in I such that lim, s |z,| = 1 and f#(z,)/¢(|z,]) — o0 as n — oo.
However, Marty’s theorem implies that there exists a C > 0 such that
fH(zn)

= od. YO C
oz~ St O =

for all n € N. This establishes a contradiction, and so f € A% as desired.
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To prove the second assertion, let first f € A’ and assume that z € K, where
K c Cis compact. Then, by (1.2),

#
(f e ¢)*(2) = @02 0(|9a(2)DRa(2), lal = 17,

w(lal)
=o0(lpa (D)), lal =17,

forall z € K. Since (1.1) implies that |¢,(z)|/|a| — 1uniformlyon K as |a| — 17,
it follows that (f o ¢,)* converges to zero uniformly on compact subsets of C as
la] — 1°.

Conversely, let (f o ¢,)* converge uniformly to zero on compact subsets of
C as |a| — 17, and assume to the contrary of the assertion that f ¢ N’. Then
there exists a sequence {z,}52, of points in D such that lim,_|z,| = 1 and
f*z)/e(zal) — ¢ > 0 as n — oo. However, by the assumption we have
F¥z)/e(zal) = (f 0 ¢,,)*(0) — 0 as n — oo. This is clearly a contradiction,
and so f € Ny as desired.

6. Proof of Theorem 4

Let first f € A%, and assume to the contrary of the assertion that there exist dis-
tinct points Z,W e f(ID) such that (2.4) fails. Denote by {z,}%2, and {w,})2,
the infinite sequences of preimages of Z and W, respectively. Then, by passing to
subsequences if necessary, we may assume that {z,};-; and {w,};° | satisfy

Pp(Zn, w)@(zxD(A —|za]) = 0, n— oo. (6.1)

Put f, := fo¢., andu, := (w, —2,)@(|z4]), so that f,(0) = Z and f,(u,) =W
for all » € N. Now (1.1) and (6.1) imply that p(z,,w,) — 0 asn — o0, so
every point on the arc joining z, and w, tends to the boundary as n — oo.
Further, p(z,,w,) < 1/2 for all sufficiently large n. It follows that |1 — Z,,w,| <
4(1 — |z,|) for any such n. Therefore,

lunl < 4p(zn, wp) (|2, DA —|2za]) = 0, n — o0. (6.2)
Then, by (1.2),

1
X(ZW) = x(£u(0), fulun)) < |unl /O fhuy) dt
1
= u| /0 (e, (tun))| ), (1uy)| dt

1
— Juw, — zn|/ FAe, (1)) di < 201 f sl — zalo(12a])
0

for all sufficiently large n. Because |w, — z,|¢(|z,]) = |u,| = 0asn — oo, this
together with (6.2) yields the contradiction Z = W.

A proof of the assertion for strongly ¢-normal functions can be constructed by
slightly modifying these arguments. We omit the details.
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7. Proof of Theorem 7

Let first f € A'%. Assume to the contrary of the assertion that there are sequences
{z,)°%, and {w,}°2 , of points in D tending to the boundary such that (2.6) is satis-
fied but o := lim, o f(2,) # lim,—« f(w,) =: B. By following the reasoning
in the proof of Theorem 4 with appropriate modifications, we obtain |u,| — O,
f2(0) - «,and f,(u,) — Basn — oo and further that x(c, 8) < lim,_olu,| =
0, which is the desired contradiction. Note that this part of the proof does not re-
quire the assumptions (1.1) and (1.2).

To prove the converse, assume to the contrary that f ¢ N'“. Then, by Theorem 6
with 8 = 0, there exist a sequence {a,}$> ; of points in ) tending to the boundary
and a sequence {p,},- ; of positive real numbers such that ¢(|a,|)p, — 0 and the
sequence { f,(§)}52; := {f(a, + p,)};2, of functions converges spherically uni-
formly on each compact subset of C to a nonconstant meromorphic function g as
n — o0. Then, in particular, f,,(0) — g(0) =: Z as n — o0. Take w € D(0,r)
such that g(w) = W # Z. From Hurwitz’s theorem it follows that, for any given
r € (0, 1), all but a finite number of the functions f,, assume the value W in D (0, r).
Hence there exists a sequence {w,}5- ; of points in D such that w,, — wasn — oo
and f,(w,) = W for all sufficiently large n. Putting b, := a, + p,w,, we obtain

P Wy
p(an,bn)(p(lan(l - Ibn|) = 1_—|b|(p(|bn|)(l - |bn|)
o(lay + ppwyl)
@(lanl)
for all sufficiently large n. Since ¢(la,|)p, — 0, |w,| — |w| € (0,1), and
o(lay + pawu|)/e(la,|) — 1asn — oo, it follows that

= (p(|an|)pn|wn|

p(an, bp)@(|1bp)(1 = |byl) > 0, n — o0,

but Z = lim, o f(a,) # lim,_ f(b,) = W. This proves the “if” part of the
assertion.

That f € Ny implies (2.7) can be proved in the same way that we proved the
second assertion of Theorem 4. Once again we omit the details.

To prove the converse, assume to the contrary that f ¢ N,’. Then by Theorem 6
there exist R > 0, a sequence {a,};- ; of points in ID tending to the boundary, and a
sequence {p,},° ; of positive real numbers such that ¢(|a,|)p, < 1/R for all n and
the sequence { f,,(§)} := {f(a, + p,&)} of functions converges on each compact
subset of D(0, R) to a nonconstant meromorphic function g. Then, in particular,
f,(0) — g(0) := Z asn — oo. Take w € D(0,r) such that g(w) = W # Z.
As in the proof of the first assertion for /%, we obtain a sequence {w,} of points
in D such that w, — w as n — oo and f,(w,) = W for all sufficiently large n.
Putting b, := a,, + p,w,, we have

|wal ¢(lan + prwnl)

w by b, —|b,]) <
pan, by)o(1by)(1 — |bnl) < R e(lanl)
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for all sufficiently large n. Since
lwa| = [wl€(0,1) and @(a, + pawn))/@(lan)) -1 as n — oo,

it follows that (2.7) is satisfied but Z = lim, ., f(a,) # lim, . f(b,) = W.
This proves the “if” part of the second assertion.

8. Proof of Theorem 8

Let f € A%, and suppose to the contrary that there exist sequences {z,}°2, and
{w,}2 , such that lim,,_, « f(z,) € C and lim,_, o f(w,) = 0o but

0z, w)@(zuDA — [za]) < C < 00

for all n € N. Define u, := (w, — z,)¢(|z,]), and assume for a moment that
C < 1/4. Then lim,_, »|u,| < 2C < 1/2. By Theorem 3, the family { f,,(z) :=
fo¢., : neN}isnormal in D. By passing to a subsequence if necessary, we may
assume that f,, converges uniformly on compact subsets of D either to an analytic
function in D or to the constant co. However, the latter case can be excluded be-
cause, by assumption, f(z,) — c € C as n — o0. Therefore, also g(0) = ¢ for
the limit function g by the uniform convergence. It follows that, for a given r €
(1/2,1), there exist C, € (0,00) and N, € N such that | f,,(z)] < C, forall z €
D(0,r) and n > N,. Since f(w,) = f,(u,) — oo asn — oo and since |u,| <r
for all sufficiently large n, we obtain a contradiction.

If C > 1/4 then lim,_, »|u,|/(4C) < 1/2. By (1.1) we can find an N¢c € N
such that z,, + 4Cz/¢(|z,|) € D for all n > N¢. Since clearly N'¢ = N ¢/4C),
the family {f(z, +4Cz/9(|zx])) : n = N¢} is normal in D. Proceeding as be-
fore and using the sequence {u, /(4C)}5> Ne instead of {u,};° ;, we again obtain a
contradiction.

9. Proof of Theorem 11

If B;/B> € N'?, then there exists an C > 0 such that

( B )“‘(Z) _ |B{(2)B2(2) — Bi(2)B5(2)]
B, |Bi(2) + |Ba(2)

for all z € D. Choose z = z, to obtain | B{(z,)| < C|B2(zx)|¢(|z,]). Since

= Co(lz]) 9.1

oo

/ Izl (121> =1 |zkl zk — 2z
Bl(z):Z_f AN ,

perid (1—-2z;2)? ey LTz

, 1
1Bi(z)| = —— [ [ p(zas 20,
I=lzl )

9.2)

and {z,};2, is uniformly separated, there exists a > O such that
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[Tz [T (i zn) = 1Bal ] pCaxs20)

k=1 k#n k#n

(H/G&n p(stZn))2 - 8%/C
" Co(lza DI =1z ~ @(zaDd = |24l

for all n € N. Because of symmetric reasons this ensures that {z,,}52; U {w,}72;
is uniformly g-separated and hence p-separated. Thus (1) implies (3) and (3) im-
plies (2).

To prove that (2) implies (1), assume to the contrary of the assertion that B, /B, ¢
N¢. Let {ax}32, be a sequence of points in D for which (1.3) fails. The equality
in (9.1) and the Schwarz—Pick lemma give

(Bl)( ) < 1 4 1
T B —1z1) B2 = [2]?)

for all z € D. Therefore, by passing to a subsequence if necessary, we have

|Bi(a)l¢(ar)(1 — |ax|*) — 0, k — oo, (9.3)
for either i = 1 or i = 2. In fact, (9.3) holds for both indexes. Namely, if it
is satisfied for i = 1 and if the limit inferior equals y > 0 for i = 2, then

|Bi(ar)|/|B2(ax)| = o(1) as k — oo. It follows that

(B )#( ) 1 <l+‘B1(ak)
B,) " = 1By = laP) Ba(ax)

_elad Loy, ko

)

This clearly contradicts the original assumption on {a}72,, so (9.3) must be satis-
fied for both indexes. Passing to subsequences if necessary, we may assume that
both p(z,,a,) and p(w,,a,) tend to zero as n — oco. This follows by (9.3) and
[12, Thm. 1]. Since {z,};2, is uniformly separated, the triangular inequality and
the Schwarz—Pick lemma yield

= [Tz =o( T12550)

kn ktn 1= Zkzn
Zk Zn Zk
< <
_p(nl_zm Hl—z Z) [Trze2) < pzn2) + [ [ £(21o2)
k#n k# k#n k#n

for all z € D; in particular,

|Bl(an)| = ,O(Zm an)((S - IO(Zn»an))~
Hence |Bi(a,)| = p(z4,a,)8/2 for all n large enough. This combined with (9.3)
gives
p(znan)@(lan)(1 = |a,)*) = 0, n — oc. 94)

Analogous reasoning for B, shows that (9.4) with z,, replaced by w, holds. The
triangular inequality then yields
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0z w)@(a,)(1 — |a,*) = 0, n — oo. 9.5)

Since p(a,,z,) — 0asn — 0o, we have
1—|a,|
1 —|za?
If |z, < |ayl, then ¢(la,|) > ¢(]z,]) by the monotonicity. If |z,| > |a,|, then
(9.4) implies |z, — a,| < 1/¢(la,]) for all sufficiently large n, and hence (1.2)
yields

—1, n— oo. 9.6)

e(lanD/e(zal) — 1 9.7
as n — 0o. Combining (9.5)—(9.7), it follows that

p(Zm wn)(p(|zn|)(1 - |Zn|2) - O, n — oo,

and hence {z,}52; U {w,}52, is not p-separated. Thus (2) implies (1).

If By/B, € Ny, then the foregoing arguments with C replaced by o(1), as
n — oo, show that {z,}7° , U {w,}%2, is strongly uniformly ¢-separated and hence
strongly g-separated.

To prove that (2') implies (1), assume to the contrary of the assertion that
Bi/By ¢ N’ Let {a;}32, be a sequence of points in D for which (1.4) fails. Fol-
lowing our previous reasoning, we deduce that

lim |Bi(an) (a1 = |ax) € (0.00), i =1.2. ©.8)
Further, passing to subsequences if necessary, we obtain
Tim (2 wn)@(2a) (1 = 2[*) < 00;

hence {z,}°°, U {w,}°2, is not strongly ¢-separated. Thus (2’) implies (1).
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