PUBLICATIONS OF
THE UNIVERSITY OF EASTERN FINLAND

Y

Dissertations in Forestry and
Natural Sciences

ATTE REIJONEN

APPLICATIONS OF INTEGRAL ESTIMATES TO INNER
FUNCTIONS AND DIFFERENTIAL EQUATIONS






ATTE REIJONEN

Applications of integral
estimates to inner

functions and differential
equations

Publications of the University of Eastern Finland
Dissertations in Forestry and Natural Sciences
No 237

Academic Dissertation
To be presented by permission of the Faculty of Science and Forestry for public
examination in the Auditorium AU100 in Aurora Building at the University of
Eastern Finland, Joensuu, on November, 16, 2016,
at 12 o’clock noon.

Department of Physics and Mathematics



Grano Oy
Jyvaskyld, 2016
Editors: Prof. Pertti Pasanen, Prof. Pekka Toivanen,

Prof. Jukka Tuomela, Prof. Matti Vornanen

Distribution:
University of Eastern Finland Library / Sales of publications
P. O. Box 107, FI-80101 Joensuu, Finland
tel. +358-50-3058396
http:/ /www.uef fi/kirjasto

ISBN: 978-952-61-2274-8 (printed)
ISSNL: 1798-5668
ISSN: 1798-5668
ISBN: 978-952-61-2275-5 (pdf)
ISSNL: 1798-5668
ISSN: 1798-5676



Author’s address:

Supervisors:

Reviewers:

Opponent:

University of Eastern Finland
Department of Physics and Mathematics
P.O. Box 111

FI-80101 JOENSUU

FINLAND

email: atte.reijonen@uef.fi

Docent Janne Heittokangas, Ph.D.
University of Eastern Finland
Department of Physics and Mathematics
P.O. Box 111

FI-80101 JOENSUU

FINLAND

email: janne.heittokangas@uef.fi

Professor Jouni Rattya, Ph.D.

University of Eastern Finland
Department of Physics and Mathematics
P.O. Box 111

FI-80101 JOENSUU

FINLAND

email: jouni.rattya@uef.fi

Professor Igor Chyzhykov, Ph.D.

Ivan Franko National University of Lviv
Department of Mechanics and Mathematics
Universytets'ka 1

79000 LVIV

UKRAINE

email: chyzhykov@yahoo.com

Professor Toshiyuki Sugawa, Ph.D.
Tohoku University

Graduate School of Information Sciences
980-8579 SENDAI

JAPAN

email: sugawa@math.is.tohoku.ac.jp

Professor José Angel Peléez, Ph.D.
University of Malaga

Department of Mathematical Analysis
Campus de Teatinos

29071 MALAGA

SPAIN

email: japelaez@uma.es



ABSTRACT

The survey part of this thesis introduces some new results concern-
ing inner functions and the differential equations

fO 4 ana @) fD 4t (@) f +ao(2)f = an(z), n>2,

where ay(z),...,a,(z) are analytic in a simply connected domain
of the complex plane which is typically the unit disc. Before pre-
senting these new results, some background is stated. Regarding
inner functions, the questions of when their derivatives belong to
the weighted Bergman or Qg type spaces are studied. In the case
of differential equations, the growth and oscillation of solutions are
of interest.

2010 Mathematics Subject Classification: 30]05; 30]10; 34M10
Keywords: Bergman space; Blaschke product; Bloch space; Differential
equation; Growth space; Inner function; Qg type space
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1 Introduction

We study inner functions and linear differential equations in a sim-
ply connected domain D of the complex plane C, where D is typ-
ically the unit disc D = {z € C : |z] < 1}. We are interested
in the questions of when the derivatives of inner functions or so-
lutions of differential equations belong to certain function spaces.
In both cases, the approach is based on different kinds of integral
estimates; in particular, the asymptotic behavior of integrals is of
interest. Techniques used in this thesis range from basic tools of
classical complex analysis to some new methods.

Fundamental results on the derivatives of inner functions in the
classical Bergman spaces AP relevant to this thesis, were obtained
by Ahern, Clark, Gluchoff, Kim and Protas in [1, 2, 3, 23, 36, 52]. We
generalize some results in these papers to the Bergman spaces A,
induced by radial weights w. For example, we obtain necessary and
sufficient conditions for the derivative of a purely atomic singular
inner function or the derivative of a Blaschke product whose zero-
sequence is a finite union of separated sequences to be in Al

An important family of function spaces regarding inner func-
tions is the Mobius invariant Qg type spaces, such as QF, Qg and
F(p,p—2,s). According to [18, 19, 50], the only inner functions in
these spaces are a specific kind of Blaschke products. In this thesis,
we generalize these results by showing an analogous characteriza-
tion for Qk(p, p — 2) spaces which contain, for example, all spaces
mentioned above.

Regarding differential equations, we study the growth of solu-
tions of

FO 4 a1 @D+t (2 + ao(z)f = an(2),

where ay(z),...,a,(z) are analytic in a simply connected domain
D Cc Cand n € N\ {1}. It is a well-known fact that the solutions
are analytic functions in this case. Sufficient conditions for the solu-
tions and their derivatives to be in HS; (ID) are given by restricting
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the growth of the coefficients ay(z), ..., a,(z). Earlier results related
to this topic are obtained by Grohn, Heittokangas, Korhonen and
Rattya in [25, 32, 33, 34]. Our sharp results have been proved by ap-
plying new integral estimates without relying on commonly used
tools such as Gronwall’s lemma, Herold’s comparison theorem, Pi-
card’s successive approximations or the standard Wiman-Valiron
reasoning.
Regarding the second order equation

f"+a(z)f =0, (1.1)

where a(z) is analytic in ID, we study the situation where a solution
has prescribed zeros. In particular, we are interested in the cases
where the equation is Blaschke-oscillatory or its solutions belong
to the Nevanlinna class. Here the starting point is Pommerenke’s
result, which states that all solutions of (1.1) are in the Nevanlinna
class provided thata € A2 [51]. Related to this result, one can prove
that, if a sequence {z,} is sparse enough, then there exists a € Az
such that the equation (1.1) has a solution with zeros precisely at the
points z,. Nevertheless, even under strong assumptions on zeros of
the solutions, there is no guarantee that a € Az would hold. This
part of the thesis builds on [28, 30].

The remainder of this survey is organized as follows. In Sec-
tion 2, we categorize inner functions and recall some basic proper-
ties of certain function spaces. Section 3 contains results on inner
functions. In particular, we consider the behavior of inner func-
tions or their derivatives in Qg spaces and the classical Bergman
spaces Al, respectively. In Section 4, we concentrate on differen-
tial equations, while Section 5 summarizes the essential contents of
Papers I-IV.

2 Dissertations in Forestry and Natural Sciences No 237



2 Notation and background

Let us recall some basic concepts and results needed later on.

2.1 INNER FUNCTIONS

A bounded analytic function in the unit disc D = {z € C : |z| <
1} is an inner function if it has unimodular radial limits almost
everywhere on the boundary T = {z € C : |z| = 1}. If an inner
function is not a Blaschke product or a singular inner function, then
it can be represented as a product of them [16]. For w € T and

m e NU{0},

|zn| zn — 2
Zn 1 _Enzl

B(z) =wz"[ |

n

z €D,

is known as a Blaschke product with zeros {z,} C D\ {0}, where

Y. (1 —|zn]) < o0 [15, 16]. Singular inner functions take the form

z4+w
TZ—W

S(z) = Sy(z) = exp < da(w)) , z€D,

where ¢ is a positive (non-zero) measure on T and singular with

respect to the Lebesgue measure, that is, the Lebesgue measure of

the set of all mass points is zero [40].

Blaschke products

If the zero-sequence of a Blaschke product is finite, then the Blaschke
product is said to be finite; infinite Blaschke products are defined in
an analogous manner. In this survey, finite Blaschke products play
a minor role. Nevertheless, in general, they are a widely studied

class of functions. For example, the derivatives of finite Blaschke

products have been studied in [40].

Dissertations in Forestry and Natural Sciences No 237
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The whole essence of an infinite Blaschke product is induced
by the quantity and sparsity of its zeros. One way to measure the
quantity of zeros is by means of an a-Blaschke condition

2(1 — |zu])* < o0 (2.1)
n
for some a € (0,1], where « = 1 is the classic case. The spar-
sity is typically measured in terms of the pseudo-hyperbolic metric
p(a,z) = |@a(z)|, where ¢,(z) = {==. Indeed, a sequence {z,} in
D is called separated if

= inf 2.2
5 ,g;kp(zn,zk) >0, (2.2)

and uniformly separated if

6, = inf [ | p(zn,zx) > 0.
k asik

A uniformly separated sequence is always a Blaschke sequence,
but a separated sequence need not be. Nevertheless, in a Stolz
angle, these two concepts are equivalent [57]. For { € T and ¢ €
(1,00), a Stolz angle with a vertex at ¢ is given by

Q@) = {z€D: 1 - &| <e(1-|z)}

A sequence in a Stolz angle approaches the boundary T non-tangentially.
The tangential approach is typically associated with domains

R(e,&,7) ={zeD:[1-z|" <e(1-|[z])},

where ¢ € T, ¢ € (0,00) and 7y € (1,00) [15].

Singular inner functions

The associated singular measure ¢ determines the behavior of the
singular inner function S, completely. Hence it is worth noting that
we can write any singular measure ¢ as the sum of a purely atomic
measure 0, and a singular continuous measure ¢,, where the mea-
sures are allowed to be vanishing. In particular, this means that

4 Dissertations in Forestry and Natural Sciences No 237
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each singular inner function S, can be represented as the product
of Sy, and S,.. Here the set of mass points of each purely atomic
measure is at most countable and, in the case of a singular continu-
ous measure o, the function x — o, ({e’* : t € [0,x)}) is continuous.

If a singular inner function is associated with a purely atomic
measure, then we can write it in the form

Hexp( gk) = exp <272+gi>’ z €D,

where ¢; € T are distinct and 9, € (0,00) satisfy Y v, < oo. If
there exist ¢ > 0 and an index j such that |¢; — ¢x| > e for all
k # j, then we state that S, is associated with a measure having
a separate mass point. In the case where the product has only one
term with 1 = 7y and ¢; = ¢, we write S;, = S, . These functions
are known as atomic singular inner functions. In general, singular

inner functions associated with continuous measures do not have a
special representation other than the definition.

2.2 FUNCTION SPACES

If D C C is a domain, then (D) denotes the space of all analytic
functions in D. Typically we consider the case where D is the unit
disc ID. The notation a < b means that there exists a constant C €
(0, 00) such that a < Cb, while a 2 b is understood in an analogous
manner. If a < b and a 2 b, then we write a < b. The notation f
means that f is essentially increasing; that is, f(r1) < f(r2) for r; <
rp. The term essentially decreasing, in short f *\, is understood in
an analogous manner.

Growth spaces H;; and «-Bloch spaces B*

The growth space H; (D) consists of f € H(D) satisfying

£l = sup |f(2)|w(z) < oo

zeD

Dissertations in Forestry and Natural Sciences No 237 5
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Here D C C is a domain, and w : D — (0,00) is bounded and
measurable. In the particular situation D = 1D, we write H; =
HZ (D). If w(z) = (1—|z|)7 forq € (0,00) and z € D, then we write
HY = Hq°° The union Uq>0Hq°° is also known as the Korenblum
space A~%.

The a-Bloch space B* with a« € (0,00) consists of f € H(DD)
satisfying

Iflls = suplf'(2)](1 — |z)* < oo.
zelD

If « = 1, then B* is the classical Bloch space B. It is a well-known
fact that B* = H? | for a € (1,00); consequently, B C Hg® for any
q € (0,00). Note that there exists a function which belongs to B
and has radial limits almost nowhere on T [10]. Furthermore, one
can find a function in B whose zeros do not satisfy the Blaschke
condition [8].

Nevanlinna class N and Hardy spaces H”

We say that f € H(ID) belongs to the Nevanlinna class N if

27 .
sup log™ | f(re")| dt < oo,
ref0,1)

where log” x = max{0,logx} for x € [0,00). For example, the
Hardy spaces H? with p € (0, o], which contain all functions f €
H(ID) satisfying SUp,c(o1) M,(r, f) < oo, are proper subspaces of
N. This is clear for p = oco. In the case p € (0,c0), the inclusion
follows from the inequality log™ x < p~!x?, where x € [0, ). Since
g(z) = exp (%) belongs to N but g ¢ HP, it is clear that the
inclusion is proper. Here, for r € [0,1),

1

27 .
My f) = 5 [ Ifre) P at, p e (0,00),

and Me(r, f) = max;ejoon) |f (re")].
Since any f € N can be written in the form f = f;/f,, where
f1, f2 € H®, the Nevanlinna class inherits some useful properties

6 Dissertations in Forestry and Natural Sciences No 237
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of H*: (1) existence of non-tangential limits almost everywhere
on the boundary T; (2) zeros (or a-points in general) of f satisfy
the Blaschke condition [16]. By the latter property, any f € NN
H(ID) can be represented in the form f = ¢B, where ¢ € H(DD)
is non-vanishing and B is a Blaschke product. A careful analysis
shows that ¢ can be written in the form OS;/S;, where O is an
outer function and S; is a singular inner function for i = 1,2 [16,
Theorem 2.9]. If f € H? for some p € (0, ), then there exist O and
Sq such that S, = 1 [16, Theorem 2.8].

Weighted Bergman spaces A,

For p € (0,00), the weighted Bergman space A/, consists of f €
H(ID) satisfying

71y = [ 1f@IPw(E)dA) < o

Here dA(z) is the Lebesgue area measure on D and the weight
w : D — [0,00) is integrable over ID. Typically w is radial which
means that w(z) = w(|z|) for all z € D. In the classical case where
w(z) = (1 — |z|)* for some & € (—1,00), we write AL, = A} [27]. If
« = 0, then the notation A? is used.

The class D of doubling weights consists of all radial weights
satisfying @(r) < @(1), where @(r) = frlw(s)ds. D is a suf-
ficiently large class whose members are sufficiently stable. On
one hand, regular and rapidly increasing weights belong to D [48].
Moreover, weights in D can have zeros but do not have to satisfy
any strong properties such as continuity or essential monotonicity.
On the other hand, many results on classical weights generalize to
doubling weights. For example, Forelli-Rudin type estimates [27,
Theorem 1.7] for doubling weights are available [46, Lemma 1].

The following statements for a radial weight w are equivalent:

~

(i) weD;

(ii) There exist C = C(w) € (0,00) and B = B(w) € (0,00) such

Dissertations in Forestry and Natural Sciences No 237 7
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that

b
Mﬂgc(l_J @), 0<r<t<l.

(iii) There exist C = C(w) € (0,00) and py = po(w) € (0, 0) such
that

t/1—¢ p
/( >w@¢gmthemm 2.3)
o \1—s

for p > po.

(iv) The asymptotic equality

1
/sxw(s)dsx@<l—l>, x € [1,00),
0

X

is valid.

This result is a combination of [46, Lemma 1] and a simple im-
provement of [48, Lemma 1.3]. If w satisfies (2.3) for some fixed
p € (0,00), then we say that w belongs to the class ﬁp. By the result
above, it is obvious that D = Up>013p.
We say that w € R if w € D and there exist C = C(w) € (1,0)
and K = K(w) € (1,00) such that &(r) > C& (1— 1) for all
€ [0,1) [47]. It is known that w € R if and only if there exist
C=C(w) €[1,0),a =a(w) € (0,00) and B = B(w) € [a, c0) such
that

S (1T=r\" . N 1-r\F _
C w(t) <dw(r)<C T w(t), 0<r<t<l
Furthermore, it is easy to see that R contains the class of regular
weights. Here a continuous radial weight w is regular if w(r) <
@(r)(1 —r) for all » € [0,1) [48]. To avoid confusion, we note that,

in some sources, the class of regular weights is denoted by the sym-
bol R.

8 Dissertations in Forestry and Natural Sciences No 237
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Qk(p, q) spaces

For p € (0,00) and g € (—2,0), Qk(p,q) consists of f € H (D)
satisfying

sup | |f'(2)IP(1—[2])7K(g(z,4)) dA(z) < co.

Here K : [0,00) — [0,00) is (typically non-decreasing) such that
K(1) > 0 and

1
/ (1—-r)7K <logi> rdr < oo, (2.4)
0
and g(z,a) = log|-Z| is Green’s function. If p = 2 and q =

0, then Qk(p,q) = Qk [17], and, if K(r) = r* with s € [0,00),
then Qk(p,q) = F(p,q,s) [63]. Note that if (2.4) is not valid, then
Qk(p,q) consists only of constant functions [59].

If K is non-decreasing and satisfies the condition

o d
| ok <o, ®

where ¢ (r) = SUP;e[o1) K(rt)/K(t), then Qk(p,q) spaces have nu-
merous useful properties [59]. For example, f € Qk(p,q) if and
only if f € H(ID) and

sup || (2)IP(1 = [2])'K(1 — |@a(2)]) dA(2) < oo.

Furthermore, if K1 = 1, then Qk,(p,q) = Qk(p,q) if and only if
K(0) > 0. In addition, the inclusions Qx, (p,q) C Qk(p,q) C B
are valid without assuming (g). These properties are not surprising
due to the following fact: If a non-decreasing K satisfies (g), then we
can find a twice differentiable K such that K, < K, Kx(r) = Ky(1)
forr € [1,00) and Kz(s) =< K(2s) for s € (0,00) [60]. Hence we may
assume to begin with that K satisfies the same properties as K».

Let K(r) = r* with s € [0, 00). Then (g) holds if and only if s < 1.
Moreover,

1
/O o) < oo )

r

Dissertations in Forestry and Natural Sciences No 237 9
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is satisfied if and only if s > 0. By combining these facts, we see
that s € (0,1) is a sufficient and necessary condition for (f) and
(8). Next we show that these conditions are also possible to state
in a similar way in a more general case by using some normality
conditions.

Let K be non-decreasing. If K satisfies (g), then there exists K
such that K =< K; and

r“Ki(r) N\, re(0,1), (2.5)

for some « € (0,1). The converse result is also valid: If (2.5) holds,
then

o0 dr
/1 ¢K1(r)r7 < oo.

Assume for a moment that K satisfies (g). If, in addition, (f) is
satisfied, then there exists K, such that K < K; and

rPKy(r) 2, re(0,1), (2.6)

for some B € (0, c0). Conversely, if (2.6) holds, then

1 dr
/0 ¢K2(r)7 < o0.

Summarizing, in the sense of functions in Qk(p,q), the following
assumptions are equivalent:

(i) There exist &, B € (0,1) such that ¥=*K(r) N\, and rPK(r) .
(ii) K satisfies (f) and (g).

The claim above is based on the proofs of [18, Lemmas 2.1 and 2.2]
and [59, Theorem 3.1].

Various characterizations for Qg(p,q) spaces are needed be-
cause, in some situations, the term K(g(z, a)) in the definition causes
problems. In particular, a characterization based on Carleson squares
Q(I) ={rg:1—1I| <r<1,¢ € I} is important. Here I is a sub-
arc of T of the length |I| < 1. More precisely, if a non-decreasing
K satisfies (f) and (g), then f € Qk(p,q) if and only if f € H(ID)

10 Dissertations in Forestry and Natural Sciences No 237
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and the measure y satisfying dy = |f'(z)|P(1 — |z|)7dA(z) is a K-
Carleson measure. A positive Borel measure y on ID is a K-Carleson

measure if -
— |z
su K du(z) < oo,
Ip/Q(I) < 1] ) H)

where the supremum is taken over all the arcs I denoted above.
This result follows by modifying the proof of [18, Theorem 3.1], as
observed in [62].

We close this section by noting that results based on Carleson
squares play important roles also in the theory of many function
spaces other than Qk(p,q). For example, in the case of weighted
Bergman spaces A!, induced by doubling weights w, we have [46,
Theorem 1(b)]: For p € (0,00), j is a p-Carleson measure for A, if
and only if

Jow ()
su < oo,
P Jom (@) dA(z)
where the supremum is taken over all the arcs I. Here a positive

Borel measure y on ID is a p-Carleson measure for A/, if there exists
C € (0, ) such that

(s <cirl,

for all f € H(DD).

Dissertations in Forestry and Natural Sciences No 237 11
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3 Integrability of derivatives
of inner functions

In Section 2, we identified Blaschke products and singular inner
functions as components of inner functions. In this section, we
will demonstrate that the integrability of the derivative of an inner
function © determines the character of ©.

In the radial sense, the derivative behaves quite similarly for
all inner functions © except for finite Blaschke products. Namely,
the derivative of © belongs to the Bloch space B, yet @ ¢ B*
for any « € (0,1). The first statement is a consequence of the
Schwarz-Pick lemma and the second follows from the fact that the
only inner functions in VMOA are finite Blaschke products [56] and
B* C VMOA for any a € (0,1).

The integrability of |@’| is affected by the properties of the inner
function ©, and hence depends on ®. For example, if the zeros of
a Blaschke product B satisfy (2.1) for some « € (0, %), then B’ €
H'~* [4]. Nevertheless, there exists a Blaschke product B whose
zeros satisfy (2.1) for all « € (3,1), but B’ ¢ N [20]. Typically the
integrability is studied in the Bergman, Qx and Hardy type spaces.
In this section, we will concentrate on the classical Bergman spaces
AP and Qg spaces.

3.1 CONVERSE SCHWARZ-PICK LEMMA INSIDE INTEGRALS

The Schwarz-Pick lemma states that, if f : D — ID is analytic,
then |f'(z)|(1 — |z|?) < 1—|f(2)|* for all z € D. In particular,
this inequality holds for inner functions ®. The equality in the
statement of the Schwarz-Pick lemma is valid only if f : D — D
is an automorphism. Note that, by [6, Theorem 3], there exists a

Dissertations in Forestry and Natural Sciences No 237 13
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non-constant inner function ® such that
©'(2)|(1 - |z?)
1-10(z)]2

Many problems concerning derivatives of inner functions are
related to the question of when one may apply the Schwarz-Pick
lemma inside an integral without any essential loss of information.
This is natural because, in many cases, it is much easier to give
estimates for 1 — |©(z)| than |®’(z)|. In addition, any inner function
O can be approximated by an interpolating Blaschke product Bg in
the sense that 1 — |Be(z)| < 1 —|0(z)| [14]. Be is known as an
approximating Blaschke product of ©.

— 0%, |z —=1".

Comparability of area integrals
Let us begin with Ahern’s result.

Theorem 3.1 ([2, Theorem 6]). Let ® be an inner function, and let
a € (—1,00) and q,p € (0,00) be such that p > 1+ a. Then

/01(1 e </02” 1O (re) |7 dt>
~ /01(1 ) (/0271 (W)q dt)sdr.

The proof of Theorem 3.1 is based on a generalized Hardy’s
inequality for ¢ > 1, and the Hardy-Littlewood maximal theorem
together with some estimates for maximal functions for g < 1.

Note that the special case of Theorem 3.1 where p € (1,00),
g = 1 and & = 0 was originally stated in [24], and the case where
p = q = 1 was originally proved in [3]. In the sense of the classical
Bergman spaces, the case where p = g is the most interesting; and
hence, we present this result as a corollary.

Corollary 3.2. Let © be an inner function, and let & € (—1,00) and
p € (0,00) be such that p > 1+ a. Then

le'|l%, < /D(l —10@@))7 (1 = [z))* P dA(2).
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Corollary 3.2 gives us a useful tool for the classical Bergman
spaces. Next we present a similar result for ﬁp ; see [49, Theorem 1].

Theorem 3.3. Let p € (0,00) and w € D. Then the asymptotical equa-
tion

@1 = [, (FHSE) weaae),

where the comparison constants depend on p and w, is satisfied for all
inner functions © if and only if w € D).

The proof of Theorem 3.3 relies on p-Carleson measures for Af,.
Nevertheless, for p < 1, the proof of Theorem 3.3 is based on a
similar idea as that of Theorem 3.1 in the case g < 1. For p >
1, the self-improvement property of weights in ﬁp together with
the Hardy-Littlewood maximal theorem plays an important role;
see [49].

Next we state two simple consequences of Theorem 3.3. Such
results are commonly used in the theory of inner functions.

Corollary 3.4. Let p € (0,00) and w € ﬁp. If © is an inner function
and Bg is its approximating Blaschke product, then ||®'|| ;» < ||Bg|| 47 -

Corollary 3.5. Let p € (0,00) and w € ﬁp. Further, let ©4,...,0, be
inner functions and © = [Ti_; ©;. Then @' € Al ifand only 1f®; e Al
forallj=1,...,n.

Comparability of radial integrals

We now turn our attention to results involving radial integrals.
Such results are useful, for example, when working with charac-
terizations based on Carleson squares.

For 6 € [0,1) and p € [1,00), the class D,  consists of radial
weights w satisfying

D, s(w) = esssup
’ refs) w(r)

(1—r)Prt /’ (w(S)

1_S)pds<oo.
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In the case where w(z) = (1 — |z|)* for all z € D, D,s(w) is
bounded for any ¢ € [0,1) if and only if « < p — 1. In general, this
assumption may appear a bit confusing. Nevertheless, in the next
sections, we will see that the following result works effectively to-
gether with the characterization for Qk(p, q) spaces, which is based
on K-Carleson measures.

Theorem 3.6. Let © be an inner function, and let p € [1,00), 6 € [0,1)
and w € D, 5. Then, for almost all t € [0,27),

/51 @' (re'*) [P (r) dr =< /51 <1_1|®_(:eit)|>pw(r) dr 3.1)

with comparison constants depending on p and Dy s(w).

In [49], only a special case of Theorem 3.6 where w € Dy is
proved. Nevertheless, Theorem 3.6 can be verified by imitating the
proof of this result. There exists also an alternative version which
relies on [43, Theorem 2] due to Muckenhoupt; see Theorem 3.7
below.

For 6 € [0,1) and p € (1,00), the class M, ; consists of radial
weights w satisfying

r wis 1 1 p—1
Myoto) = sup [ i (o)<

Theorem 3.7. Let © be an inner function, and let p € (1,00),6 € [0,1)
and w € M 5. Then, for almost all t € [0,27r), the asymptotical equation
(3.1) with comparison constants depending on p and M, 5(w) is satisfied.

Note that Theorem 3.7 is a simple modification of [49, Proposi-
tion 5].

3.2 DERIVATIVES OF INNER FUNCTIONS IN THE SPACES A’

We study conditions which are either sufficient and/or necessary
guaranteeing that the derivatives of inner functions belong to the
classical Bergman spaces A}.
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Results on Blaschke products

Let us begin by stating the Forelli-Rudin estimate [27, Theorem 1.7]:
For a € (—1,0) and B € R, we have

1, B<1,

e dt (1—[z))*
/ = — dA(z) < ¢ log () =1
— oit|B =T 17/ ’
0o |1—rett| D |1 —7Z| A—r)iB  B>1,

as ¥ — 1~. Furthermore, we note that H*® C F(p,q,0) if p € (0, o)
and g € (—1,00) are such that 4 > p —1 [53]. In particular, the
derivative of any inner function belongs in this case to A,’; .

Proposition 3.8. Let p € (0,00) and a € (—1,00), and let B be a
Blaschke product with zeros {z, }.

a) Ifp—2 <a <min{p —1,2p — 2}, then

1B'[1% < 321 — |za] >
n

b) Ifa =2p—2<0ora=p—12>0, then

B/ P < 1— min{l,p}l € )
I < 21— [2])™ 07 log =

o If 2p—2<a<p—1,then
I1B11% §Z1—!Zn!

In [36], an analog of Proposition 3.8 has been stated and proved
using fractional derivatives. We give an elementary proof without
appealing to fractional derivatives. For p < 1, we can apply the fact
that |B'(z)|? < ¥, |9 (z)|F, where {z,} is the zero-sequence of B,
together with the Forelli-Rudin estimate. The assertions (a) and (b)
in the case p > 1 follow by the Schwarz-Pick lemma.

If the zeros of a Blaschke product are separated, then the con-
verse result of Proposition 3.8(a) is valid; see [7, Theorem 2(ii)].
Note that, in the statement of [7, Theorem 2(ii)], it suffices to as-
sume that a, < p — 1 instead of a,, < p —2for p > 1.
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Proposition 3.9. Let B be a Blaschke product with separated zeros {z, }.
Ifp € (3,00) and a € (—1,00) are such that « < min{p —1,2p — 2},
then ||B'||%y 2 Ln(1 — |2a])?7477.

Now, by combining Propositions 3.8(a) and 3.9, we can replace
the asymptotic inequality with the comparability in Proposition 3.8(a)
when B is a Blaschke product with separated zeros.

Theorem 3.10. Let B be a Blaschke product with separated zeros {z,}.
Ifp € (3,00) and a € (—1,00) are such that p —2 < a < min{p —
1,2p — 2}, then ||B'||?, < (1 — |za])>7477.

To prove that an inner function is a finite Blaschke product, it
suffices to show that its approximating Blaschke product is finite
[23]. Hence, using Proposition 3.9 together with Corollary 3.4, one
can prove the following result.

Corollary 3.11 ([23, Theorem 7(b)]). Let B be an inner function, and
let p € (1,00) and « € (—1,00) be such that « < p — 2. Then B’ € A}
if and only if B is a finite Blaschke product.

Using Corollary 3.4 and Theorem 3.10, we can also verify a spe-
cial case of [7, Corollary 2].

Corollary 3.12. Let © be an inner function, and let p € (%,oo) and

a € (—1,00) be such that p —2 < a < min{p —1,2p —2}. Then
@' € A} ifand only if ® € Aiﬂ_p.

A lower bound for [|B'[4» can also be given when B is any
Blaschke product.

Theorem 3.13 ([52, Theorem 1]). Let B be a Blaschke product with
zeros {zu}. If p € (3,1] and a € (—1,00) are such that « < p — 3, then

1B/l gz 2 (1 = |zu])? for all p > ZEE.

Theorem 3.13 in the case p = 1 has been originally proved in [3].
Hence it does not come as a surprise that the proof of this result in
[52] is based on a similar idea to that of [3, Theorem 6].

In Paper I, Theorem 3.13 will be generalized to Al for p €

(3,00). As a consequence of this generalization, we obtain a coun-

terpart of Theorem 3.13 for p € (1,00).
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Results on singular inner functions
We begin with an important estimate for singular inner functions.

Theorem 3.14. Let p € (0,00), and let S be a singular inner function.
Then

~

T ; 1 14 <

JET( — |S(rett)|)P dt ’
iy R () e
(1—r)l/27p, p >

NI NI N—=
~

~

forr €0,1).

Ahern proved the case p > 1 by applying a non-trivial analysis
of singular measures [2, Theorem 5]. Pavlovi¢ verified the cases
p < 3 and p = 3 by using the subordination principle; see [45,
Theorems 4.4.5 and 4.4.8].

Using Theorem 3.14 together with Corollary 3.2, we obtain a
special case of the corollary of [2, Theorem 6], which gives a neces-
sary condition for the derivatives of singular inner functions to be

in AF.

Theorem 3.15. Let ® be an inner function, and let p € [%,oo) and
a € (—1,00) be such that « < p — % If @ ¢ Af, then © is not a
singular inner function.

For « < p —1, Corollary 3.5 implies that the derivative of the
product of a singular inner function S and a Blaschke product B
does not belong to AP if S ¢ AP, Hence, in the case of Theo-
rem 3.15, the only inner functions are Blaschke products.

Corollary 3.16. Let B be an inner function, and let p € [%,oo) and

a € (—1,00) be such that « < p—3. If B € A%, then B is a Blaschke
product.

Next we turn our attention to purely atomic singular inner func-
tions S. We begin with a condition which guarantees that S’ € Af.

Theorem 3.17. Let g € [%,1), and let S be the purely atomic singular
inner function associated with {,} and {v,} € 1. If p € (g,00) and

& € (—1,00) are such that « > p+q — 2, then S' € Af.
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For p > 1, Theorem 3.17 is valid by [1, Theorem 2.2] and the
Schwarz-Pick lemma. If p < 1, then this result follows from the
case p = 1 using Corollary 3.12. Note that the restriction & <
min{p —1,2p — 2} is not necessary in the statement of Theorem 3.17
because A}, C Af, for p € (0,00) and —1 < a; < ap < 0.

For q = 3, the condition given in Theorem 3.17 is also necessary
by Theorem 3.15.

Theorem 3.18. Let p € (3,00) and « € (—1,00). Let S be a purely

atomic singular inner function associated with {&,} and {v,} € (2.
Then S’ € A ifand only if x > p — 3.

If p < % and S is as in Theorem 3.18, then S’ € AZ for any
a € (—1,00). For p = 31, this is true by [5, Theorem 2.2]. For
p < %, the assertion follows from the case p = % using the fact that
Al' C AP for 0 < pp < p1 < 0.

3.3 INNER FUNCTIONS IN Qx SPACES

Our purpose is to sketch the proof of the next theorem, which is
the essential part of [18, Theorem 5.1].

Theorem 3.19. Let B be an inner function, and assume that a non-
decreasing K satisfies (f) and (g). Then B € Qg if and only if B is a
Blaschke product with zeros {z,} satisfying

sup ) K(1— [@a(z4)]) < co. (3.2)

acD n

Let us begin with a variant of Theorem 3.6.

Lemma 3.20 ([18, Lemma 5.1]). Let © be an inner function, and assume
that a non-decreasing K satisfies (f) and (g). Then, for any 6 € (0,1),

[een i (15 ) ar
= /;(1— 1@(re) (1 — r) 2K G:;) dr

for almost all t € [0,271).
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We give an alternative proof based on Theorem 3.6: Choose
p =2and w(r) = ws(r) = K(1=%). Then it suffices to verify that
w belongs to D, ; if K is non-decreasing and satisfies (f) and (g).
Recall that we may assume that K satisfies r~“K(r) \, for r € (0,1).
Hence, for any J € (0,1), we have

o-orx(i=2) o= [ S ()

consequently, the weight w belongs to D, 5.
Using Lemma 3.20, one can prove a similar type of a result as
Corollary 3.5 for Qg spaces.

Corollary 3.21 ([18, Corollary 5.1]). Assume that a non-decreasing K
satisfies (f) and (g). Let ©1, ..., Oy be inner functions and © = [[i_, O;.
Then ©" € Qx if and only if ©; € Qx forall j=1,...,n.

Next we illustrate that the only inner functions in Qg spaces are
Blaschke products if K is non-decreasing and satisfies (f) and (g).
Indeed, by Corollary 3.21, it suffices to show that Qg with the given
restrictions does not contain any singular inner functions. This
can be done by applying the characterization based on K-Carleson
measures from Section 2.2 together with Lemma 3.20 and [54, The-
orem 7.15]. Note that, in the summary of Paper II, we state an
improvement of this result.

Theorem 3.22. If a non-decreasing K satisfies (f) and (g), then the only
inner functions in Qg are Blaschke products.

Now we sketch the proof of Theorem 3.19. If an inner function
B belongs to Qk, then B is a Blaschke product by Theorem 3.22. Let
{z,} be the zero-sequence of B. Using the characterization based
on K-Carleson measures, one can prove that ), co()(1— |za|) S |1
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for any subarc I C T satisfying |I| < 1; thatis, ¥, (1 — |zx|)dz, is a
Carleson measure. Hence

supZ(l — |@a(zn)|) < o0

acD n

by [21, Chapter VI, Lemma 3.3]. Using this fact in a similar manner
as in the proof of [50, Theorem 4.1], one can show that

-z ZP

consequently, Lemma 3.20 applied to © = B o ¢, yields
IBloe = [ IB(gu(2)) PK(1 = [2) dA(2)

_ K(1—[2))
= [0 = Blpa@* = 4ALR)

K(1—|z])
~ Zn:( |4’a( Yl)|) D ‘1 _ Q%(Zn)ZH ( )
Now, to obtain (3.2), it suffices to show that

[ KOl 1) > KO- o)

——— e D;
D |1 — wz* ~ -

see [18] for details.

Assume conversely that B is a Blaschke product with zeros sat-
isfying (3.2). Since

|Zn’
<
2)| Z 11 —7Z,z%

we obtain
IBloc = [ 1B (gu(2)PK(1~ |2 dA(z)
S 1Bl 1B ()|} dAG)

SO l0ue)) [ i o YA
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Thus, to prove that B € Qy, it suffices to show that

Ku Ki-)
T e AG S Ty v ED

see [18] for details. This completes the proof.

A similar type of deduction to that also works in the case of
F(p,p —2,s) spaces. More precisely, one can prove the following
analogy of Theorem 3.19; see more details in [50].

Theorem 3.23 ([50, Theorem 1.4]). Let s € (0,1) and p > max{s,1 —
s}. Then B € F(p,p —2,s) if and only if B is a Blaschke product with
zeros {z, } satisfying

sup Z(l — [@a(zn)])® < co. (3.3)

a€D n

In the summary of Paper II, we generalize Theorems 3.19 and 3.23
for Qk(p,q) spaces.
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4 Results on linear differen-
tial equations

We study linear differential equations of the form
Y 4, 1) OV 4 b (2) f 4 ao(2)f = an(z), (4.1)

where n € IN'\ {1} and ay(z),...,a,(z) are analytic in a simply
connected domain D, which is typically the unit disc ID, because in
this case all solutions belong to #(D); see [38, Theorem 4.1.1]. This
is not the situation in general if either D is not a simply connected
domain or (4.1) is replaced by a non-linear equation.

The fundamental questions concerning solutions of (4.1) regard
growth and oscillation. This is due to the fact that any function
f € H(ID) can be represented in the form f = Be§, where ¢ € H (D)
and B is a canonical product formed by the zeros of f. A single
fast-growing solution may be zero-free: For example, f = e$ solves
"+ (¢" +(¢)?)f = 0 for any ¢ € H(D). Nevertheless, for all
solutions, there are equivalent conditions for growth and oscillation
[35]. In the case n = 2, a third equivalent condition involving the
separation of zeros is introduced in [11].

Regarding the growth conditions of the solutions, we mention
the following result: If ay,...,a, € H(D), then it is known that all
solutions of (4.1) are of a finite order of growth if and only if all
coefficient functions belong to the Korenblum space [29]. Several
refinements are known but they are too numerous to be listed here.

Early oscillation theory in the 1940’s and 1950’s consisted mostly
of results on non-oscillation. In particular, see Nehari and Schwarz’s
papers [44, 55]. For infinite zero-sequences, we mention two papers:
In 1955, Hartman and Wintner [26] studied conditions under which
the zero-sequences of solutions are Blaschke sequences. In 1972,
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Cima and Pfaltzgraff [13] showed that the solutions of the equation

f"+a(z)f=0 4.2)

may have infinitely many zeros even if a(z) is univalent. Nowadays
we know that the equation is Blaschke-oscillatory if a(z) is univa-
lent [28].

4.1 GROWTH ESTIMATES FOR SOLUTIONS

We study the growth of solutions of the differential equation (4.1),
where ay,...,a, € H(ID) and n € N\ {1}. We begin with a result
which forces all solutions to H}’.

Theorem 4.1 ([34, Theorem 3.3]). Let 6 € (0,1), and let the coefficients
ao(z),...ay—1(z) of the equation (4.1) with a,(z) = 0 be analytic in D.
For every p € (0,c0), there exists a constant « = a(p,n) € (0,00) such
that if the coefficients satisfy

sup |aj(z)|(1— lzZ)" T <&, j=0,...,n—1,
6<z|<1

then all solutions belong to Hp’.

Theorem 4.1 can be proved, for example, by applying the fact
that, if f € H(ID), p € (0,00) and n € IN, then

n—1 )
Il = sup £ (2)| (1 = |z))"7 + Y |V (0)].
zeD j=0

A proof based on this fact can be found in [34], along with two
alternative proofs. This result is generalized in Paper III.

Next we state the essential content of [32, Theorems 1 and 2] in
the case of the unit disc. Note that the original results have some
extra information about the comparison constants.

Theorem 4.2. Let the coefficients ay(z),...,a,(z) of the equation (4.1)
be analytic in ID, and let f be a solution. Then there exists a constant
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C € (0, 00) such that

[f(re")] < <1 + (n_ll), /Or |2, (se™)[ (1 —s)" ds)
n—1 j r ) )
exp (C Y Y [l sy ds>

j=0 k=0
forall t € [0,27w) and r € [0,1).

Theorem 4.3. Let the coefficients ay(z), . . .,a,(z) of the equation (4.1) be
analytic in D, let n. € {1,...,n} be the number of non-zero coefficients,
and let f be a solution. If z; = ve' € D is such that a;(z¢) # 0 for some
j=0,...,n—1, then

)] <C (1 max o (e

xe[0,7]
;

ity |
- 1
0 0<j5n1 laj(set)l" ]ds> o relvl)

()
Cgmax{nu . { @ }}
Osj=n=1 | 4. maXo<k<p—1 |ay(z¢) |7

In [32], Theorem 4.3 has been proved by applying a modification
of Herold’s comparison theorem. The proof of Theorem 4.2 is based
on the following representation result.

-exp (1 + n,

where

Proposition 4.4 ([32, Theorem 9]). Let the coefficients ag(z), . ..,a,(z)
of the equation (4.1) be analytic in ID, and let f be a solution. Then, for
any z,zo € D, we have

n—1 1 z .
flo) = L a2+ oy [ an@(z =) e

n—1 j z
+ L Y du [ aP@f@E-ar g,

j=0 k=0 z

where the constants ¢, € C depend on f(z9), f'(20) ..., f""V(zp), the
constants d;  belong to Q and the path of integration is a piecewise smooth
curve in 1D joining z and z.
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We close this subsection with two results concerning the case
where solutions are in Qx. We do not present the proofs of these
results because, in the summary of Paper III, we obtain these results
as consequences of a main result provided that the non-decreasing
K is also continuous.

Theorem 4.5 ([39, Theorem 2.1]). Let ¢ € (1,3), and let K be a non-
decreasing function satisfying

© ¢k (s)
/1 201 ds < oo.

Then there exists a constant & = w(n,c,K) € (0,00) such that if the
coefficients a;(z) of the equation (4.1) with a, = 0 satisfy ||ﬂj||H;°7j <a
forallj=1,...,n—1and ||ao|| g < &, then all solutions belong to Q.

Theorem 4.6 ([39, Theorem 2.6]). Let K be a non-decreasing function
satisfying (f). Then there exists a constant « = w(n,K) € (0,00) such
that if the coefficients a;j(z) of the equation (4.1) with a, = 0 satisfy
||a]-|\H;o_j_ <aforallj=1,...,n—1and ||ao||g= < a, then all solutions
belong to Qk.

4.2 SECOND ORDER EQUATIONS WITH COEFFICIENTS IN A?

We consider the equation (4.2), where a € H (D). In particular, we
concentrate on the extremal case a € Az.

General results
Let us begin with a classical result of Pommerenke.

Theorem 4.7 ([51, Theorem 5]). If a € A2, then all solutions of the
equation (4.2) belong to N.

In Section 2, we mentioned that any function in N N (D) can
be presented in the form where the only term which has zeros is a
Blaschke product. Hence, by Theorem 4.7, it is clear that if a € Az,
then the zeros of all non-trivial solutions of (4.2) satisfy the Blaschke
condition; that is, the equation is Blaschke-oscillatory.
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The proof of Theorem 4.7 is based on the Hardy-Littlewood
maximal theorem and on the growth estimate

log [£(re")| < C+ [ \/Ra(e, 1) de,

where f is a solution of (4.2), P;(§, ) = max,c(o ) la(se*)| and C =
log™ (|£(0)| + |f'(0)]). Note that, in the statement of Theorem 4.7,
we can replace the space A? by Al; see [29, Theorem 4.5].

For the next results, we denote D(0,7) = {z € D : |z| < r} for
r € (0,1). The following example shows that the converse result of
Theorem 4.7 is not valid.

Example 4.8 ([33, Example 5.3]). Let a(z) = C/(1 — z)* for some
C € C\ {0}. Then

1 1 1
a(z)|2dA(z) = |Cl2rlog ——, re€|0,1),
Jo, la@NEdAGE) = IClirlog =, re [0,1)
and (4.2) is Blaschke-oscillatory if and only if arg C = 7.

In spite of Example 4.8, the condition a € A? is not so far away
from being a necessary condition.

Theorem 4.9 ([28, Theorem 2]). Let a € H(ID) be such that the equa-
tion (4.2) is Blaschke-oscillatory. Then

. \ "y
/D(Olr)\a(zﬂ dA(z) < log <1_r>, relf0,1).  (43)

Theorem 4.10 ([28, Theorem 4(b)]). Let a € H(D), and let f be a
solution (4.2). If f € N, then (4.3) holds. If in addition f' € N, then

3 e
/mo,r) |a(z)[? dA(z) < log <1_r> , relf01).  (44)

Solutions with prescribed zeros

As background we cite the following two results: If {z,} C D is
a given sequence of pairwise distinct points without limit points
in D, then there exists a € H (D) such that the equation (4.2) has
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a solution f € H(ID) with zeros precisely at the points z, [58].
In addition, a sharp condition for the zero-sequence of a solution
guaranteeing that the coefficient function a(z) is at most of a given
positive order of growth is presented in [12]. Here we continue this
research topic by considering the case where the zero-sequence of
a solution is a uniformly separated a-Blaschke sequence.

Let us begin by stating an auxiliary result which is needed to
prove the main result of this subsection.

Proposition 4.11 ([28, Theorem 15]). Let k € IN, and let B be a
Blaschke product with uniformly separated zeros satisfying (2.1) for some

€ (0,1). Then
Jo

Theorem 4.12 ([28, Theorem 19]). Let {z,} be a uniformly separated
sequence in 1D satisfying (2.1) for some a € (0,1). Then there exists a €
A? such that the equation (4.2) possesses a solution with zeros precisely
at the points z,, and all solutions belong to N.

1
k

B®)(z)
B(z)

dA(z) < . (4.5)

We sketch the proof of Theorem 4.12. If B is a Blaschke product
with zeros {z, }, then, by the proof of [30, Theorem 4.1] and uniform
separability, we can find a function ¢ € H(ID) such that f = Be$ is
a solution of (4.2), where

o) =~ 2@ @ -gE) 6o

is analytic in ID. Here the derivative of g is given by

i |Zk!2 —1
P (1—-%Zz)

where 1= B"(2,)
— ZxZ Zj
— d = — .
Z — 2 and. ok 2B’ (zx)

Now, by applying Proposition 4.11 and the Forelli-Rudin estimate,

Ck(z) = B(z)

we obtain a € A2. Finally, the fact that all solutions belong to N
follows directly from Theorem 4.7.
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In the following summaries, the notation used in the original papers
has been changed to correspond to the previous sections.

51 SUMMARY OF PAPER 1

Our purpose is to generalize results of Section 3.2 for the weighted
Bergman spaces Al,.

Result on Blaschke products

Write w € Jp if

To(w) = sup (1/\— r)? /rl (a)(s) ' ds < oo,

0<re1 @(7) 1—s5)

and write w € ﬁlog if

-1 r
sup <log 7 i . @(r)) /0 log 7 is w(s)ds < oo.

O<r<1

The main result of Paper I regarding Blaschke products is the fol-
lowing generalization of Theorem 3.10.

Theorem 5.1. Let p € (%,00) and w € ﬁp N'R, and let B be a Blaschke
product associated with a finite union of separated sequences {z,}. If
either p € (3,1] and w € Dyp_1 or p € (1,00) and w € J,_1, then

B|", < o) :
B = o e

Note that Theorem 5.1 also generalizes the essential content of
[7, Theorem 2].

The result below gives sufficient conditions for the derivatives
of Blaschke products to be in Al,. This result can be proved in a
similar manner to Proposition 3.8.
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Proposition 5.2. Let w be a radial weight, and let B be a Blaschke product
with zeros {z, }.

(@) Ifp= % and w € @bg, then

W(zy) e
B’ lo .
H HAP N;(l_ -1 g1_|zn|

|2n] )P

(b) Ifp e (%,1) and w € 752,,,1, then
IB'll% < Z
c) Ifpe|l,oo)and w € @p N Jp-1, then
Using Proposition 5.2 to prove Theorem 5.1, it suffices to show

that 5(z)
BIP > @(zp
80 2 e

Roughly speaking, this can be done by applying the separation as-
sumption in a natural manner, and then using a similar idea as in
the proof of Theorem 3.3.

If B is a Blaschke product associated with a finite union of uni-
formly separated sequences {z,}, then

1—[B(z |2>21—|<Pzn( )1?), zeD;

see [42, Lemma 21] and the proof of Theorem 3.19. Applying this
fact together with the Forelli-Rudin estimate, one can prove that

1B, 2 2 p e 61)

if p € [1,00) and w € ﬁp. Now, by the proof of Theorem 5.1,
Corollary 3.4 and (5.1), we can verify the following generalization
of Corollary 3.11.
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Corollary 5.3. Let p € (0,00) and w € ﬁp be such that @(r)(1 —
=P > 1asr — 17, and let B be an inner function. If either p € (0,1)
and w € Rorp € [1,00), then B' € AL, if and only if B is a finite
Blaschke product.

Using Corollary 3.4 and Theorem 5.1, we can also improve [7,
Corollary 2] and Corollary 3.12. For g € R and a weight w, we
write wy(z) = w(z)(1 — |z])7 for all z € D.

Corollary 5.4. Let p € (%,oo), g € (0,00) and w € R, and let © be an
inner function. If

(a) p>1undw€ﬁpﬂjp,1,or
(b) p+q<Tlandw € Dyp_y,0r
(c) 1<p+q§1+qandw€ﬁ2p,1ﬁjp,1,

+
then |0, = €1,
q

We close this subsection with the following result, which gives
a lower bound for ||B’|| ;» when B is any Blaschke product.

Theorem 5.5. Let w be a radial weight, and let B be a Blaschke product
with zeros {z,}.

(@) Let p € (1,1]. If there exists ¢ € (0,00) and a constant C =
C(p,e,w) € (0,00) such that
1-r\"*
an=c(15f) e, osrsi<i @2

then || B'|| yp 2 ¥y @(2zn) (1= |za|)7 for all 4 > 222,

(b) Let p € (1,00). If there exists e € (p —1,00), 1}@@ <y < 0and

a constant C = C(p, e, w,y) € [1,00) such that
_ o\ 1(p—e-1) o\ Pt
c! (1_:) o(H) < @ (r) SCG—:) o(t)

for0 <r<t<1,then HB’HZ,, e Zn@(zn)ﬁ(l — |znl])7.
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If w(z) = (1—|z|)* for all z € D, then @(z,)7 (1 — |z,|)7 =
(1= |za|) T+, Since v > 1%”, we have & 4+ > 2+':_p with
e < p—a —1 by the assumption (5.2). Hence Theorem 3.13 is a
consequence of Theorem 5.5(a). Furthermore, Theorem 5.5(b) im-
plies that if B’ € A} with « € (—1,0) and p > max{1,2(1 +a)},
then Y, (1 — |z,|)P < oo for all B > ’%2 — 1. This is a natural gener-
alization of Theorem 3.13.

Result on purely atomic singular inner functions

The main result of Paper I regarding purely atomic singular inner
functions is the following generalization of Theorem 3.18.

Theorem 5.6. Let p € (0,00) and p = min{3,p}. Let w be a radial
weight, and let S be the purely atomic singular inner function associated
with {&,} and {~,} € (P. Moreover, assume that either w € D, or S is
associated with a measure having a separate mass point.

_18(2)2\ P
(@) Ifp < 3, then S’ € Al, and [ (11‘_5|(Z|2| ) w(z)dA(z) < o0
(b) If p = 1, then the following statements are equivalent:

(i) S e AL,

(ii) / (1__|S|(ZZ’3|2>pw(z) dA(z) < oo;
(iii) / log( ! r) dr < co.

(c) If p > 1, then the following statements are equivalent:

(i) S' € AL,

o 2\ P
(m/(1l$ﬂ>a@mm@<w
(111)/ 1—72”’dr<oo

Theorem 5.6 in the case where w € 23,, is a consequence of the
following result and Theorem 3.3.
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Theorem 5.7. Let p € (0,00) and p = min{3}, p}. Let S be the purely
atomic singular inner function associated with {&,} and {~,} € ¢P. Then

2n - 1 p<i
(1 —|S(re't)|)P dt ’ 2/

Js a—ry = hy(r) = log({£), p=3% (63)
L _oa\1/2-p 1
(1 r) 7 p > 27

forr € (3,1).

Note that Theorem 5.7 with p = 1 has been proved earlier in
[1]. Furthermore, it is worth noting that Theorem 5.7 is sharp at
least when p > % In other words, the only singular inner func-
tions S satisfying (5.3) with p > 1 are purely atomic singular inner
functions associated with some {Z,} and {7,} € (2.

To prove Theorem 5.6 in the remaining case where the associ-
ated measure of S has a separate mass point, it suffices to prove the

next theorem.

Theorem 5.8. Let p € (0,00) and p = min{3}, p}. Let S be the purely
atomic singular inner function associated with {&,} and {v,} € €7, and
having a separate mass point in its inducing measure. Then there exists
ro =ro(p,S) € (0,1) such that

27T it
Fa (—1\5(:;)””’5 = Mh(r,8") < hy(r), € (r,1).

We sketch the proof of Theorem 5.8. Let ¢; be a separate mass
point and S = [1;_; Sy, where S;, = S, = . Then it suffices to show
that Mh(r,S') = Mj(r, S;) for sufficiently large r € [0,1). More
precisely, this property together with Theorem 5.7, the Schwarz-
Pick lemma and the main result of [41] implies that

27T B 1’6”
hp(r) = Jo 1 (1‘5(”;, s Z My(r,8") 2 Mj(r,S}) = hy(r)

when 7 is close enough to one depending on p and S.
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5.2 SUMMARY OF PAPER II

Our purpose is to sketch a proof of the following main result of
Paper II, which generalizes Theorems 3.19 and 3.23.

Theorem 5.9. Let p € (1,00) and p = min{1, p}, and assume that
there exists o, € (1 — p,p) such that a non-decreasing K satisfies
r=K(r) N\, and r—PK(r) / for r € (0,1). Then an inner function
belongs to Qk(p, p — 2) if and only if it is a Blaschke product with zeros

{zn} satisfying (3.2).

Note that an assertion similar to Theorem 5.9 can be found in
[62]. The proof there, however, contains some inaccuracies and does
not seem to yield the claimed result.

Auxiliary results

Let us state a version of Theorem 3.6 where w(r) = ws(r) = (1 —
r)1K (1=%). This result and its corollary can be proved in a similar
manner to the corresponding results in Section 3.3.

Lemma 5.10. Let p € [1,00) and q € (—2,00), and assume that a non-
decreasing K satisfies (f) and (g). If ® is an inner function, then, for any
5€(0,1),

/;|®/(reif)|P(1—r)q1< G‘:;) dr
= /1(1 — |@(re")|)P(1 —r)TPK (1:;) dr

)

for almost all t € [0,271).

Corollary 5.11. Let p € [1,00) and q € (—2,00), and assume that a
non-decreasing K satisfies (f) and (g). Let @ = Hﬁzl ®,,, where ©,, is
an inner function foralln =1,...,k. Then ® € Qx(p, q) if and only if
O, € Qk(p,q) foralln=1,...,k

Next we state a result which gives a necessary condition for
singular inner functions to be in Qk(p,q). For this result, write
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Ir = (1) = {9 : 6 € (¢— 1, &+ 1)}, where ¢ € [0,277) and
1] € (0,1).

Lemma 5.12. Let p € [1,00) and q € (—2,00), and assume that a non-
decreasing K satisfies (f) and (g). If S is the singular inner function asso-
ciated with a measure o and

1
sup |I|q+2_"’/ r17PK(r)dr — oo, |I| — 07,
. 11/0(E)

then S ¢ Qk(p,q).

Alternative version and sketch of proof

First, we show that the only inner functions in Qk(p,p —2) are
Blaschke products if a non-decreasing K satisfies (f) and (g). Sec-
ond, an alternative version of Theorem 5.9 is stated and proved.
Finally, Theorem 5.9 follows using this result.

Theorem 5.13. Let p € (0,00) and q € (—2,00), and let K be non-
decreasing.

@A) If p > q + 2, then the only inner functions in Qx(p,q) are finite
Blaschke products.

(ii) If K satisfies (f) and (g), then the only inner functions in Qk(p, p —
2) are Blaschke products.

Since the only inner functions in VMOA are finite Blaschke
products [56], the statement (i) of Theorem 5.13 follows from the

inclusions Qk(p,q) C B'% C VMOA for p > q+2. For the
case (ii), we may assume that p € [1,00) because the inclusion
Qk(p,p —2) C Byields Qk(p1,p1 —2) C Qk(p2, p2 —2) for 0 <
p1 < p2 < . Hence Lemma 5.12 together with [62, Lemma 3]
implies that Qg (p, p — 2) does not contain any singular inner func-
tions; consequently, the assertion follows from Corollary 5.11.

Theorem 5.14. Let p € (3,00) and p = min{1, p}, and assume that a
non-decreasing K satisfies [, g (r)rP~2dr < coand [{° gy (r)r—PVdr <
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co. Then an inner function belongs to Qk(p, p — 2) if and only if it is a
Blaschke product with zeros {z,} satisfying (3.3).

We proceed to prove Theorem 5.14. Assume first that an inner
function B belongs to Qk(p, p — 2) for some p € (3,0). Then The-
orem 5.13 indicates that B is a Blaschke product. Therefore, by [62,
Theorem 10], we obtain that the zero-sequence of B satisfies (3.3).

Conversely, if B is a Blaschke product whose zero-sequence {z, }
satisfies (3.3), then [62, Lemma 5] with parameters t = p —2 and
c=2(p—1) yields

K(1—|z|)
su (1= |@a(zn) / dA z) < o0.
up LoD f o ey

Hence B € Qk(p, p — 2) by [62, Proposition 8]. This completes the
proof.

Finally, Theorem 5.9 follows from Theorem 5.14 by showing that
a non-decreasing K satisfies the conditions f01 px(r)rP~2dr < coand
[ @k (r)r P Ydr < ooif r=*K(r) \, and r PK(r) / forr € (0,1).

5.3 SUMMARY OF PAPER III

Sufficient conditions for solutions of the equation (4.1) and their
derivatives to be in H3 (D) are given by restricting the growth of
the coefficients ay(z),...,a,(z). We consider the cases where D is
the unit disc or some other starlike domain. A domain D on the
complex plane is starlike if 0 € D and, for each point z € D, the
line segment from the origin to z is contained in D. The theorems
obtained improve, for example, Theorems 4.1, 4.5 and 4.6.

Main results

For Theorems 5.15 and 5.17 below, we require that a bounded, mea-
surable and radial function w : ID — (0, c0) satisfies the condition

ds
lim su w / — <M< o 5.4)
r%l—p w 1 _S) (
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for some M = M(w) € (0, 0). Furthermore, the condition

O (5.5)

with some constants ¢ € (0,00) and m = m(w, ¢) € (0,00) is needed
for Theorem 5.15. Note that, by (5.4), there exists My = My(w, k) €
(0, M] and My = My(w) € (0,00) such that

limsup w(r)(1 —r)k1 /0 ' w(s){'lf’_s)k < My, (5.6)

r—1-

fork=1,...,n,and
r ds
w(r)/o SEa—s <M re©.

Theorem 5.15. Let w be a function as above satisfying (5.5).
(@) Ifay € H, and
n—1
E=P, “‘10’|H2°+mZk!<1+€)k””kHHZ°,k <1,
k=1

where P, = [1;_1 My with constants M as in (5.6) and m, e are as
in (5.5), then all solutions of (4.1) belong to H.

(b) Ifay € Hi | and

P (i‘;g Jao (2) () (1 — |2])"! oz wd(rr)

n—2
+ [la1||g  +m Y k(1 +£)kHak+lHH;°kl> <1,
pa

where P, 1 = Hz;ll M. with constants My, as in (5.6) and m, € are
as in (5.5), then the derivative of every solution of (4.1) belongs to
HS.
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Moreover, if we consider the equations

M fag(z)f =0 and  f +ay(z)f' +ao(z)f =0

in (a) and (b), respectively, then the assumption (5.5) regarding w is not
necessary.

We proceed to state an analogous result, where the conditions
concerning the norms ||ao||p, - - -, [|@n—1]| g are replaced with inte-
gral conditions on the coefficients. This result is more general in the
sense that the function w does not need to be radial and the unit
disc ID can be replaced by a starlike domain.

For a measurable function w (not necessarily radial) in a starlike
domain D and functions ag, a1, ...,a,-1 € H(D), we denote

a
hao(s) = 1) = [ 12l ag,

and

/ /é‘l /ém 1

|l - ||
W@n)

form=2,...,nand

i ( J')u(mj)(gm)

= J

z €D,

(" el e

z):/oz.../oém1 ];

[l - |d
W@n)

form =2,...,n — 1, where the integration paths are line segments.
Using these notations, we state the following result.

Theorem 5.16. Let D be a starlike domain, and let w : D — (0,00) be
measurable.
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(@) If )
E=sup w(z) Y Inw(z) <1
m=1

zeD

and the function z — foz 051 e Og”’l a, (&) déy - - - A&y belongs
to H (D), then all solutions of (4.1) belong to HY (D).

(b) If
—itelgw [/ /6”2|610€n1

i+ )] <
m=1

w(

and the function z foz SRS 6" 24y (Ey1)dCn_1 -+ - d&; be-
longs to HZ (D), then the derzvatzve of every solution of (4.1) be-
longs to HZ (D).

Finally, we derive a result from Theorem 5.16 of the same nature
as Theorem 5.15. The main difference is that this result is not as
sharp as Theorem 5.15 but the function w does not need to satisfy
the condition (5.5).

Theorem 5.17. Let w be a function as above.
(a) There exists &« = a(w,n) € (0,00) such that if

Haj”H;‘Lj <wa, j=0,...,n—-1,

and the function z — fOZ Jot - Jo an(8n) dGy - - - Gy belongs
to HZY, then all solutions of (4.1) belong to H;.

(b) There exists & = a(w, n) € (0,00) such that if

||ajHH;;°7j <wa, j=1,...,n—1,

sup @) [ [ m()

Cn1 |dé’n‘
T ey el e

and
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and the function z foz OCI e Jo" P an(8n1) A1 - - - dEy be-
longs to Hgy, then the derivative of every solution of (4.1) belongs
to HZ,.

Consequences and sharpness of main results

Next we state a version of Theorem 5.15 where w(r) = (1 —r)? with
p € (0,00).

Corollary 5.18. Let f be a solution of the equation (4.1) with a, = 0.

(@) If, for p € (0,00),

n 1 (k + p)k+
E = 7‘ a e + k' o < 1’
IrESE <|| oll Hg Z Ky || a ||k,
then -
FO)] + T T 5= 1F 0 (0)]
Ifllep < e .

(b) If, for a € (0,00),

1 a+n— & dr
:H;+rﬂ<wm%@mfuw+1£ =y

zeD
(k
e, + TR e, ) <1
(5.7)
then
n—1 :
1fllse < (]106+ | Aol , LF(O)] +1£'(0)]

n—1k-1 )

+ ®(0)[)/(1 - F).

Using Corollary 5.18, we show below that Theorems 5.15 and 5.16
in the case of the equation (4.2) are sharp in the sense that we cannot
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replace the assumption E < lor F <1byE<1l+4+eorF <1+eg,
respectively, for any ¢ € (0,00). In particular, this means that we
can give a sharp answer to the open question of when solutions of
(4.2) belong to B. Initially Danikas (Aristotle University of Thes-
saloniki) stated this question at the 1997 summer school “Function
Spaces and Complex Analysis” in Illomantsi, Finland.

Example 5.19. Let us consider the equation (4.2).

(@ Ifa(z) = —(p+a)(p+a+1)(1—2z)"2 for p € (0,00) and
« € [0,00), then (4.2) has a solution base { f1, f2}, where

filz) = (1—=2)P"% and fo(z) = (1 —2z)P "

Hence, if & = 0, then all solutions belong to H;" and E =1in
Theorem 5.16(a) and Corollary 5.18(a). On the other hand, for
any ¢ € (0,00), we find & = a(e) € (0,00) such that fi ¢ Hy
and E € (1,1 + ¢) in these results.

) lfale) = all =) ° (1) (log %) + (log 1%5) ") for
€ [1,00), then (4.2) has a solution base {f1, f»}, where

filz) = <10g - iz>a

falz) = <log1iz>a/: <log1i§>2ad§.

Hence, if « = 1, then all solutions belong to B and F = 1 in
Theorem 5.16(b) and Corollary 5.18(b). On the other hand, for
any ¢ € (0,00), we find « = a(e) € (1,00) such that f1 ¢ B
and F € (1,1 + ¢) in these results.

and

Next we turn our attention to cases where solutions belong to
B* or Qk. Let us begin with a consequence of Corollary 5.18.

Corollary 5.20. Let f be a solution of the equation (4.1) with a, = 0, and
let K be continuous and non-decreasing. If (5.7) holds with a € (0,1),
then f € B* C Qk.
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Corollary 5.20 improves Theorems 4.5 and 4.6 in the case where
the non-decreasing K is also continuous. Furthermore, by Corol-
lary 5.18 and [16, Theorem 5.1, f(e't) € A1, C A if (5.7) is valid
with some a« € (0,1). In particular, f belongs to Qx N A in Corol-
lary 5.20. Here the notation f(¢') € A;_, means that the boundary
function satisfies the Lipschitz condition of order 1 — «, and A is
the disc algebra.

The last result of this subsection gives a sufficient condition for
solutions of (4.2) to be in B*. In this result, the condition is given
by limiting the Maclaurin coefficients of a(z).

Corollary 5.21. Let f be a solution of the equation (4.2), where a(z) =
F(k+a+1)

(@ Ifa € (0,1) and |bx| < a(1l —a) MT( 1)

then f € B~

for k € N U {0},

(b) If |by| < kll/lzrqf(—;)x)dxfork € N U {0}, then f € B.
() Ifa € (1,00) and |by| < a(a —1)(1+k) for k € N U {0}, then
f e B~
Since B” is a subset of the Dirichlet space F(2,0,0) for a € (0,3)
and there exists « = a(k) € (0,3) such that a(1 — o) Rl g

KIT(a+1)
for k > 12, Corollary 5.21(a) partially improves [39, Theorem 2.4].

In closing, we note that one can give a straightforward proof
of the essential content of [37, Theorem 8.3] using Theorem 5.16.
More technical proofs based on Wiman-Valiron theory and Herold’s
comparison theorem can be found in [31, 37].

54 SUMMARY OF PAPER IV

Let us begin with the following result which extends Theorem 4.12
to the case where o = 1.

Theorem 5.22. Let {z,} be a uniformly separated sequence of nonzero
points in ID. Then there exists a function a € H(ID) satisfying (4.4) such
that the equation (4.2) has a solution with zeros precisely at the points z,.
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In Theorem 4.12, the a-Blaschke condition for « € (0,1) can be
slightly weakened to

Y h(1— |zu]) < o0, (5.8)

where 11 : (0,1) — (0, 00) is any continuous function satisfying the
following conditions:

(i) h(x) > 0asx — 0%;
(ii) h(x)/x is decreasing and h(x) increasing on (0,1);

(iii) /01(1 )1 = 1) rdr < oo,

For p € (2,), the choice h(x) = xlog” & shows that the following
result is an improvement of Theorem 4.12.

Theorem 5.23. Let h be a function as above, and let {z, } be a uniformly
separated sequence of nonzero points in D satisfying (5.8). Then there
exists a function a € A? such that the equation (4.2) has a solution with
zeros precisely at the points z,,.

In Theorem 4.12, the assumption on uniform separation can be
weakened at the expense of strengthening the a-Blaschke condition.
More precisely, if the a-Blaschke condition holds for « € (0,1/2],
then, instead of uniform separation, we may assume the usual sepa-
ration with the separation constant 6 € (0,1) in (2.2), which is close
enough to the constant one in terms of

V1=96
2n+1) ——F—5 < L 5.9
The main point here is that this kind of separation forces {z,} to
be interpolating for some Bergman space AP with p € (1,00) [16,
p. 192].

Theorem 5.24. Let {z,} be a separated sequence of nonzero points in
D such that the separation constant & in (2.2) satisfies (5.9), and (2.1)
holds for « € (0,1/2]. Then there exists a function a € A? such that the
equation (4.2) has a solution with zeros precisely at the points z,.
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The proofs of Theorems 5.22, 5.23 and 5.24 are based on a sim-
ilar idea to that used in the proof of Theorem 4.12. More precisely,
the main point is to give a growth estimate for a(z) in (4.6) by ap-
plying new variants of Proposition 4.11. For example, in the case of
Theorem 5.24, the following variant of Proposition 4.11 is needed.

Proposition 5.25. Let B be a Blaschke product with zeros {z,}. Then
(4.5) holds if either k = 1 and

[ee]

Z — |zn]) log ———— £ <
1= |z

or k > 2 and (2.1) holds for « € (0,1/k].

Next we extend our point of view to cover all solutions. First,
an example of a non-oscillatory equation (every non-trivial solution
has at most finitely many zeros) of the form (4.2) is constructed in
[28, Section 4.3] such that a ¢ Az, Second, Theorem 5.26 below
shows that the solutions can have infinite uniformly separated and
sparse zero sequences even if a ¢ A?. This result also implies that
the assumption « € (0,1/2] in Theorem 5.24 is essential. Note that
the proof of this result relies on an example stated in [28, 33],

Theorem 5.26. There exists a function a € H(ID) \A% such that the
equation (4.2) has the following properties:
(a) There exists a zero-free solution base.
(b) There are solutions with infinitely many zeros.
(c) Every infinite zero sequence satisfies (2.1) for every a € (1/2,1].
(d) Every infinite zero sequence is uniformly separated.

(e) There are infinite separated zero sequences whose separation con-
stant § satisfies (5.9).

(f) Every solution and all of their derivatives belong to N.

Even if the equation (4.2) is disconjugate (every non-trivial so-
lution has at most one zero), it is possible that a ¢ Az: By [9,
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Proposition 2.1],

o0 211 2 "
siz) =Y (n> 2%, zeD,

n=0

does not belong to Az, Hence [61, Theorem 1 (II)] yields ¢ € Hy.
If we set a(z) = g(z)/||gl|ny, then a ¢ A? and (4.2) is disconjugate
by the proof of [44, Theorem IJ.

Summarizing, we conclude that no condition exists regarding
only the number of zeros of solutions of (4.2) which would guaran-
tee that a € Az.
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ATTE REIJONEN

The survey part of this thesis introduces
some new results concerning inner functions
and differential equations with analytic
coefficients in the unit disc of the complex
plane. Regarding inner functions, the
questions of when their derivatives belong
to certain function spaces are studied. In the
case of differential equations, the growth and
oscillation of solutions are of interest.
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