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Abstract  An analytic function f in the unit disc D belongs to F(p, g, s), if
L7 @Pa =Py 0 dace)

is uniformly bounded for all a € D. Here g(z,a) = —log |pa(2)| is the Green function of D, and ¢4 (z) =
(@ — 2)/(1 — az). It is shown that for 0 < v < oo and |w| = 1 the singular inner function exp(vy(z +
w)/(z—w)) belongs to F(p,q,s),0 < s < 1,ifand only if p < ¢+ %(s+3). Moreover, it is proved that, if
0 < s < 1, then an inner function belongs to the Mobius invariant Besov-type space BY = F(p,p — 2, s)
for some (equivalently for all) p > max{s,1 — s} if and only if it is a Blaschke product whose zero
sequence {zn} satisfies sup,ep Yoo ; (1 — |@a(2n)]?)® < o0.
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1. Introduction and main results

An analytic function in the unit disc D := {z : |z| < 1} is called an inner function if its
modulus equals 1 almost everywhere on the boundary T := {z : |z| = 1}. It is well known
that every such function can be represented as a product of a Blaschke product and a
singular inner function [16]. For a given sequence {z,} in D for which > ° (1 —|z,[?)
converges (with the convention z,/|z,| = 0 for z, = 0), the Blaschke product associated
with the sequence {z,} is defined as

= |2n| 2n — 2
B(z) := H —_—_
n=1

Zn 1 —2Zp2

A singular inner function is of the form
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where the measure o on T is singular with respect to the Lebesgue measure. If the
measure o is atomic and consists of a point mass concentrated in w € T, then S is of the

zZ 4+ w
Sy w(z) = exp <7 )

Z—w

form

where 0 < v < o0.

The purpose of this paper is to study the classical problem of determining which inner
functions (or their derivatives) belong to a given space of analytic functions. In the case of
Hardy and related spaces, this problem has been studied, for example, in [1,3,4,11,35],
and in the case of weighted Bergman spaces the reader is referred to [1,24,25,30]. Many
related results on Blaschke products can be found in [12]. For singular inner functions
and more recent developments on Blaschke products, see, for example, [7,8,14,20,23,31,
40,41). The general theory of Hardy and Bergman spaces can be found in [16,18,21,27].

The spaces of primary interest in this study are the M&bius invariant Besov-type spaces.
For p > 0 and s > 0, the Besov-type space BY consists of those analytic functions f in I

for which
sup [ (7P (1= 2P (2,0) dAG) < oc,
a€D JD
where g(z,a) 1= —log |pa(z)| is the Green function of D and ¢, (2) := (a — 2)/(1 — az).

The closure of polynomials in B? is the small Besov-type space Bf,o» and it consists of
those analytic functions f in D for which the integral above tends to 0 as a approaches
the boundary T. In the study of inner functions the Besov-type spaces form a family
which is of special interest, since many classical function spaces can be found among B?
by choosing the parameters p and s appropriately. The space B is the classical Besov
space By, that contains no other inner functions than finite Blaschke products [15, 30].
For 0 < s < 1, the space B2 is the s-space in which the only inner functions are Blaschke
products whose zeros {z, } have the density sup,cp > ooy (1 — |@a(2n)|*)* < 0o [20]. Fur-
thermore, it is well known that B? coincides with BMOA, the space of analytic functions
in the Hardy space H' whose boundary values have bounded mean oscillation on T,
and therefore it contains all inner functions. Furthermore, an application of the Garsia
norm in BMOA shows that the only inner functions in Bf ; = VMOA (the space of ana-
lytic functions of vanishing mean oscillation) are finite Blaschke products. In general,
a function in B? is always a Bloch function and therefore it cannot exceed logarithmic
growth. In particular, B? coincides with the Bloch space B for all 1 < s < oo [46].
See [5,34,44,45] for more details on the Q;-theory and the Bloch space.

The first of the main results in this paper is Theorem 1.1. It determines precisely the
values of p, ¢ and s for which the singular inner function S, belongs to F(p,q,s) or
Fo(p,q,s). For 0 < p < oo, =2 < ¢ <ooand 0 < s < oosuch that g+ s > —1, the spaces
F(p,q,s) and Fy(p, q,s) consist of those analytic functions f in I for which

1/p
1 11P(p,q,8) = (Sup/ [F ()P (L= 12*)9°(2, a) dA(Z)) < oo
a€D JD
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and
tin [ 1FGIPO - 2P (@) dAG) =0, 0<s <o,
D

la]—1—
respectively. It is necessary to assume that g+ s > —1, since otherwise F(p, g, s) contains
constant functions only. Moreover, if 1 < s < oo, then an analytic function f in D belongs
to F(p,q,s) if and only if |f'(2)|(1 — |z|?)©@+2/P is uniformly bounded in . For these
and other basic properties of F(p, g, s), see [36,486].

Theorem 1.1. Let 0 < p < 00, =2 < ¢ < o0 and 0 < s < 1 such that ¢ +s > —1.
Then S, € F(p,q,s) if and only if p < ¢+ (s + 3), and S, € Fo(p,q,s) if and only
ifp<q+ %(s + 3). Moreover, S, ., € F(p,q,0) if and only if p < g + %

Recall that, for 0 < p < oo and —1 < g < oo, the weighted Bergman space Al consists
of those analytic functions f in D for which

m%:(AU@m1|ﬁwM@ﬁ”<m

In particular, A} is the classical Bergman space AP. The last assertion in Theorem 1.1
says that S’ ,, € AP if and only if p < ¢ + 3. This result is essentially known [29)].
Theorem 1.1 yields the following corollary, which yields precisely the values of p and s
for which S, ., belongs to B or Bf’o. It is worth noting that the Besov-type spaces obey
the strict inclusions
By ¢ BP* and B{, C B (1.1)

foralll—s<p; <py<ooand0<s<1[46].

Corollary 1.2. Let 0 < p < oo and 0 < s < 1 such that p+ s > 1. Then S, ., € BY
and S, ., & BY o, but S, ., € BY.

The second of the main results generalizes in part Corollary 1.2 to the case when the
generating measure ¢ of the singular inner function .S is non-atomic.

Theorem 1.3. Let 0 < p < oo and 0 < s < 1 such that p+ s > 1. Then B? does not
contain any singular inner functions.

By Corollary 1.2, Theorem 1.3 and Corollary 2.5, the only possible inner functions in
BP0 <s <1, and Bf,o are Blaschke products. As mentioned earlier, the only inner
functions in the classical Besov space B, = B} are finite Blaschke products. Theorem 1.4
shows that this is no longer true for B? if 0 < s < 1 and p > 1 — s. This result can
also be considered as a refinement of the known fact that an inner function belongs to
Qs = B2, 0 < s < 1, if and only if it is a Blaschke product whose zeros {z,} satisfy
SUPgep 220:1(1 — lpa(2n)?)® < o0 [20].

Theorem 1.4. Let 0 < s < 1. Then an inner function belongs to the Mébius invariant
Besov-type space BY = F(p,p — 2, s) for some (equivalently for all) p > max{s,1 — s} if
and only if it is the Blaschke product associated with a sequence {z,} which satisfies

sup Z(l — | @al(zn)?)* < 0. (1.2)

a€D
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For 0 < s < %, the assertion in Theorem 1.4 is sharp in the sense that 1 — s > s and
the condition p > 1 — s only guarantees that the space B? is not trivial.

The assertion in Theorem 1.4 clearly fails for s = 1 since B = BMOA contains all
bounded analytic functions, while the condition (1.2) for s = 1 is satisfied if and only if
{zn} is a finite union of uniformly separated sequences [17,32]. Recall that a sequence
{zn} C D is called uniformly separated if there exists a § such that

irj}f H |2 (25)] =6 > 0.
k#j

A famous result by Carleson [9] states that {z,} is an interpolating sequence for the
space H° of all bounded analytic functions in D if and only if it is uniformly separated.
Therefore, the Blaschke products associated with uniformly separated sequences are often
called interpolating Blaschke products. It is also worth observing that (1.2) for s = 2 is
satisfied if and only if {z,} is a finite union of uniformly discrete sequences [19]. A
sequence {z,} C D is called uniformly discrete (or separated), if there exists a ¢ such
that

inf )| > .
Inf |02, (2)] 2 6 >0

For ¢ € T and M € [1,00), the domain {z € D : |1 — £z| < M(1 — |z|?)} is called
a Stolz angle with vertex at £. Blaschke products whose zeros lie in such an angular
domain and which belong to @, have been studied in [14]. Theorem 1.4 and the proofs
of [14, Theorems 1 and 2] yield Corollary 1.5. A decreasing sequence {a,,} of positive real
numbers tending to 0 is called asymptotically concentrated if, for any k € N:= {1,2,...},
there is an infinite sequence {n;} C N, depending on k, such that (an,/an,x) — 1 as
j — oo.

Corollary 1.5. Let 0 < s < 1 and p > max{s,1 — s}, and let B be a Blaschke
product with zeros {z,} in a Stolz angle. Then B € B? if and only if {1 — |z,|} is not
asymptotically concentrated.

The question of when the derivative of a Blaschke product with zeros in a Stolz angle
belongs to the weighted Bergman spaces has been studied, for example, in [24-26].

Another immediate consequence of Theorem 1.4 follows by [37, Theorem 2.1]. Corol-
lary 1.6 gives a sufficient condition for the zeros of a Blaschke product such that it belongs
to BP. It is known that the converse implication is not true in general [37].

Corollary 1.6. Let 0 < s < 1, and let B be the Blaschke product associated with a
sequence {z,}. If there exists a positive constant C' such that

oo

Y A=zl <o~y

n=k+1

for all k € N, then B € B? for all p > max{s,1 — s}.
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Let us return to the case when s = 1, excluded in Theorem 1.4, which does not seem
to be so straightforward. Since Bf = BMOA and Bf ; = VMOA, the inclusions in (1.1)
ensure that B} contains all inner functions if p > 2, and BY ; contains no inner functions
other than finite Blaschke products when p < 2. By Corollary 1.2, the singular inner
function S, ,, belongs to BY for all p > 0, and does not belong to BY, for any p > 0.
Moreover, Theorem 4.2 (b), below, shows that if the zero-sequence {z,} of a Blaschke
product B satisfies

- 1
sup 1 — |@a(zn)]?) log ————— < o0, 1.3
sup > (1~ alen) ) log = (1.3)
then B € B{. Conversely, if
_ 1
Sup/ [B'(2)|(1 — |2[*) " log (1 — [0a(2)?) dA(2) < o0, (1.4)
a€D JD 1—1z|

then the zero-sequence {z,} of B satisfies (1.3) (see the discussion before the proof of
Theorem 1.4). If B%,log denotes the space of all analytic functions in D satisfying (1.4),
then clearly Bf,,, C Bi. By the discussion at the end of §3, the singular inner function
S does not belong to Bilog and, as just pointed out, the zero-sequence {z, } of a Blaschke
product in Bilog satisfies (1.3). Complete characterizations of inner functions in B} and
BT, remain as open problems.

The remainder of this paper is organized as follows. Section 2 contains general results
on inner functions and other auxiliary results. Some of these results may be of indepen-
dent interest. For example, Lemma 2.1 on radial integrability of inner functions plays an
important role in the proofs of some of the main results, and it also generalizes [4, The-
orem 1], [20, Lemma 4.1] and [42, Lemma 2.2]. While Theorem 2.3 extends Lemma 2.1,
Lemma 2.2 gives a fairly elementary proof for [28, Lemma 4.6] and [36, Lemma 5.3.1], and
Corollary 2.4 might be of interest for those who wish to study inner—outer factorizations
in F(p,q,s). Moreover, Corollary 2.5 says that, under certain conditions on p, ¢ and s, a
finite product of inner functions belongs to F'(p, g, s) if and only if every member in the
product does. Section 3 contains the proofs of Theorems 1.1 and 1.3. Section 4 begins
with a brief discussion on Blaschke products whose first derivatives belong to a given
weighted Bergman space (see Theorems A and 4.1). Theorem 4.2 establishes a sufficient
condition for the zeros of a Blaschke product such that it belongs to B?, 0 < p,s < 1, and
a necessary condition in the case when p > 1 is obtained in Theorem 4.3. These results,
together with some auxiliary results from § 2, finally yield a proof of Theorem 1.4.

2. Results on inner functions and auxiliary results

The first result of this section indicates the values of p, ¢ and s which are of interest when
studying inner functions in the spaces F'(p, ¢, s) and Fy(p, g, s). Here A denotes the closure
of polynomials in the space H*>°, and B stands for the a-Bloch space which consists of
those analytic functions f in D such that |f/(z)[(1 — |2]?)® is uniformly bounded in D.
In particular, B is the Bloch space B.
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Proposition A. Let 0 < p,a <00, =2 < g < oo and 0 < s < 1 such that g+s > —1.
Then

(1) AgB*0<a<l,

(2) ACH® CB* 1< a< oo,

(3) ACH® CBC Fy(p,q,8) C F(p,q,8), p<q+s+1,
(4) AZ F(p,q,s),p>q+s+1,

(5) AC VMOA C Fy(p,q,8),p=q+s+1=2

(6) H* C BMOA C F(p,q,8),p=q+s+12>2,

(1) AZ F(p,q,s), p=q+s+1<2.

Cases (1)—(5) can be found in [36, §2.3]. In particular, (5) follows by [36, Corol-
lary 2.3.5], which is a consequence of [13, Theorem 8]. Furthermore, (6) follows by the
inclusions H* C BMOA and (1.1). Case (7) follows by [22, Theorem 2|. Indeed, if
q+s=p-—1, then

sup [ £ 20~ () AG) > [ PGP~ [P dAc),
a€D JD D
and by [22, Theorem 2| there is a function f € A for which the last integral diverges if
0<p<2

It is easy to see that the a-Bloch space B* and the classical Besov space B, = Bl are
both subsets of VMOA for any 0 < @ < 1 and 1 < p < oo. Since the only inner functions
in VMOA are finite Blaschke products, Proposition 2 implies that the following four cases
are of interest when ¢ +s > —1and 0 < s < 1:

(1) ¢g+1<p<qg+2for F(p,q,0),

(2) ¢+ s+1<p<qg+2for both F(p,q,s) and Fy(p,q, s),
(3) p=q+s+1 <2 for both F(p,q,s) and Fy(p,q, s),
(4) 2<p=q+s+1for Fy(p,q,s) only.

Two quantities a and b are said to be comparable, denoted by a ~ b, if the quotient
a/b is bounded and bounded away from 0. Moreover, a < b means that a < Cb for some
positive constant C, and a 2 b is understood in an analogous manner.

The following result on radial integrability of inner functions plays an important role
in some of the proofs. It also generalizes [4, Theorem 1], [20, Lemma 4.1] and [42,
Lemma 2.2].
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Lemma 2.1. Let S be an inner function and let 1 < p < oo and —1 < ¢ < oo such
that p > g+ 1. Then, for any 0 < 6 < 1, there is a constant C, depending only on p and

q, such that
C’/ (1—|S(re!?)|2)P(1 — 24P dr < / 18" (re'?)|P(1 — r2) dr
5 5
1 .
< [a-iseepra- e
§

for almost all 6 in [0, 27).
Proof. The second inequality in (2.1) follows by the Schwarz—Pick lemma
S" () (1= |21*) 1= [S(2)?, z €D,

and it holds for all p > 0 and ¢ > —1.

(2.1)

To prove the first inequality in (2.1), the proof of [20, Lemma 4.1] is followed. Let

p>=1andp>q+ 1. Since

1—[S(rel?) /|S’se \dsf/ 1S"((t 4+ (1 — t)r)e)|(1 — ) dt

(2.2)

for almost all 6 in [0, 27), Minkowski’s integral inequality (Fubini’s theorem in the case

when p = 1) yields

(/51(1 —S(re?)2)P(1 — 2)aP dr>1/p

1 </51 1S ((t + (1 — £)r)el®)P(1 — )2 dr>1/p .

S+t(1—6)
1/p
|57 (ue'?) [P (1 )qdu> ,

and the assertion follows.

The first inequality in (2.1) is especially easy to prove if ¢ < 0. Namely, if p >
the inequality in (2.2), Hélder’s inequality and Fubini’s theorem yield

! _ Tei@ P(1 — )P dr ! ! 'sei0ps _,r,qflr
/5<1 1S(ref®))P(1 — ) d</5/T|S< JPds(1 —r)otd

1 s
=/ |S’(sei9)\p/ (1—7)tdrds
5 5

1/t ,
< —5/ 15/ (56)[P(1 — 5)7 ds.
§
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In a similar manner one can show that

1 1
. . 1
/ (1—[S(re')2)P(1 — r2)~Pdr < / 1S (re'?) [P log 0 dr (2.3)
) s -r
for almost all  in [0, 27). Defining log, , « := log, (logx), log, x := logx, exp, = :=
exp,,(exp(z)) and exp; « := exp z, the general form of (2.3) can be written as

(1—r)"P
[T, log, 1/(1— 1)

valid for almost all 6 in [0, 27), provided that 6 > 1 — 1/(exp,, 1).

Next, the reasoning in the proof of Lemma 2.1 is used to prove an area integral ver-
sion involving an arbitrary analytic function (see Theorem 2.3). To do this, the following
lemma is needed. It is worth observing that the proof presented here gives a fairly ele-
mentary proof for [28, Lemma 4.6] and [36, Lemma 5.3.1].

1 1
. : 1
/ (1 —[S(re)))P r < / |5 (re)[? log,, 4y —— dr,
Fy Fy 1—r

Lemma 2.2. Let f be an analytic function in DD, and let 0 < p < 00, —1 < ¢ < 00,
0<t<ooand0<§<1. Then there is a positive constant C, depending only on q and
t, such that

1 27 )
/ / Fre®)P(1 — )7 d0dr < C / FEPA = 22 dA(),  (2.4)
s Jo D\A(0,9)

where A(0,9) :={z:|z| < d}.

Proof. If % < 6 <1, then (2.4) holds with C' =2+, Now let 0 < & < 1. Since

2w
/ Frei®) P df
0

is a non-decreasing function of r by Hardy’s convexity theorem [16, Theorem 1.5], it
follows that

/1 /QW Frd®) (1= )7 dg dr
0 0

2 1/2
g/ |f(Le'® |Pd9/ (1—7r*4dr

27
2”1/ / re )|P( 177" )4 rtrdddr
1/2

:C<q,>/0 FGepas [ (- ryrtrar

1/2
4t / FEIP = 2272 dA(2)
D\A(0,1/2)

< (Clg,t) +27) /D\A(O ) [F(2)P(1 = [2*)7]2]" dA(2),
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where
1/2 2
1—7r9)ldr
C(q,t) == lfo ( ) .
f1/2(1 —r2)arttidr
The inequality (2.4) with C' = C(g,t) + 2! for 0 < § < 3 now clearly follows. O

Theorem 2.3. Let S be an inner function and let 1 < p < 00, —2 < q¢ < o0,
0 < p* < oo such that p > q+ 1 > 0. Then, for any analytic function f in D and
0 < § < 1, the following quantities are comparable:

(1) / [F(2)[P (1= [S2)P)P(1 = [21%) 7P dA(=);
D\A(0,5)

2) / ST

Proof. By the Schwarz—Pick lemma it suffices to show that there exists a positive
constant, depending only on p, ¢ and p*, such that the integral in (1) is less than or
equal to this constant times the integral in (2). To do this, define

IS (2)P (1~ |2]%)7 dA(2).

F(re®) := sup |(f(te”))|” /7.

o<tsr

Reasoning similar to that in the proof of Lemma 2.1 yields
/ [F()P (1= [S(2)P)P(1 = |2[*) 7P dA(z)
D\A(0,5)
27 1 . )
< / / |F(ue'®)|P|S" (uel?)|P(1 — u)? du df.
o Js
By the Hardy—Littlewood maximal theorem [16, Theorem 1.9],
27 ) ) 27 ) . )
| RIS ey as £ [ e IS (el @,
0 0
and therefore
/ [F()P (1= [S(2)P)P(1 = |2[*) 7P dA(z)
D\A(0,5)
27 1 . . .
S [ 1) IS e ) duds,
o Js
from which the assertion follows by Lemma 2.2. O

Another immediate consequence of Theorem 2.3 is Corollary 2.4, which may be of
interest for those who wish to study inner—outer factorizations in F(p, q, s).
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Corollary 2.4. Let S be an inner function and let 1 < p < o0, —2 < q < oo and
0 < s,p* < oo such that p > g+ s+ 1 > 0. Then, for any analytic function f in D and
a € D, the following quantities are comparable:

(1) /D @I (L= 1SE)P)P (L= 12177 (L~ [pa(2)]?)* dA(2);

(2) /le(Z)\p*\S/(Z)I”(l = 1271 = Jga(2)*)* dA(2).

The last result of this section is a consequence of Lemma 2.1 and [2, Theorem 6]. The
reasoning involves Carleson measures. For 0 < s < o0, a positive measure ¢ on D is a
bounded s-Carleson measure, if p(Q(I)) = O(|I|?), where |I| denotes the arc length of
a subarc I of T and Q(I) := {z € D : z/|z] € I, 1 — |[I| < |z|} is the Carleson box
based on I. Moreover, if u(Q(I)) = o(|I]%) as |I| — 0, then p is a compact (or vanishing)
s-Carleson measure. These measures (for s = 1) were introduced by Carleson [9, 10]
(see [33] for a list of relevant references). It is known that an analytic function f in D
belongs to F(p,q,s) (respectively, Fo(p,q,s)), 0 < s < oo, if and only if the measure
w such that du(z) = |f/(2)|P(1 — |2]?)9T* dA(z) is a bounded (respectively, compact)
s-Carleson measure [6,46].

Corollary 2.5. Let 1 < p < 00, =2 < g < oo and 0 < s < oo such that p >
qg+s+1>0.Let S := H?Zl S, where S; is an inner function for all j = 1,2,...,n. Then
S € F(p,q,s) if and only if S; € F(p,q,s) for all j = 1,2,...,n. Similarly, S € Fy(p, q, s)
if and only if S; € Fy(p,q,s) for all j = 1,2,...,n. Moreover, if ¢ = p — 2, then these
assertions hold for all p > 1 — s.

Proof. Let first 1 < p < oo and S; € F(p,q,s) for all j = 1,2,...,n. Define S :=

H?Zl S;. Then
s -3 T s
R
from which Holder’s inequality yields |S(2)[P < nP~1 > =1 195(2)|P, and it follows that
S € F(p,q,s).
Now let S € F(p,q,s). Since [S;(z)| = |S(2)| for all z € D and j = 1,2,...,n,
Lemma 2.1 implies that

| 1si@ra-lsryreane < [ - ISEHP - R aac)
Q) Q)
S [ IS @I aAG),
Q)
from which [46, Theorem 2.4] yields S; € F(p,q,s) for all j =1,...,n. The assertion for
small spaces follows readily by the proof above.

If g=p—2and 0 < p < 1, then the assertions follow by using the inequality
|S/(2)P < Z?Zl |S%(2)|P, an equivalent seminorm in F'(p,q,s), established in [46] and
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defined by
1/p
(s [ 17GIP = B0~ [en() Py aac) ) 29
the change of variable z = ¢, (w) and [2, Theorem 6]. O

Note that the assertions of Corollary 2.5 in the case when p > 1 can also be proved by
using (2.5) and Corollary 2.4 with f = 1.

3. Singular inner functions

This section contains the proofs of Theorems 1.1 and 1.3 on singular inner functions.
Recall that if the generating measure o of the singular inner function S is atomic and
consists of a point mass concentrated in w € T, then S is of the form

Syw(z) = exp (’yw)

w

where 0 < v < 0o, and then

/ _ 2’7 o 1*|Z‘2
1S = o om e (1 ) (3.1)

|z —wlf?

Proof of Theorem 1.1. Let ¢g+s+1<p< q+s+ and let w = ', Then, by (3.1),
/ 1S, o (re (L = 72) 7+ e
1—7r YP(1 —r)ats
<
~ /0 exp < p7|1 _ Tel(t—9)|2) 11— rait=0)2r dr,
and since |1 —re! =92 = (1 — )2 + rc2, where ¢ := |1 — e/*=9|_ it follows that
1 P
U YU du
J(t) < - )
s [ eXp( My ad u>> (u2+c2<1 u>> i
Without loss of generality, assume ¢ < 1. Then
c 4 1 P
pyu)(yu) du py\ () du
< _ P _EIN (X
105 [ (=53 ) (5) 5= Lo (-5) (0 75

A L /e v/e
<2> / EXP(*%PU)qurS dv 4 atst=P / eXIO(*%P@Tﬂp*q*s*2 dv
C 0 ~

: Jl(t) + Jg(t).

The quantity J5(t) is bounded by a positive constant, depending only on p, ¢, s and ~,
for all ¢ € [0,27]. Moreover, since ¢ + s > —1, Ji(t) < 2@TsF1=P) and thus J(t) <
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c2lats+1-p) 4 1 Tt follows that

0+|1| 1
/ P(1 _ |~|2)a+s <
L 18P aa) 5 [T gy it U

|1} dt
~ dt + |1
/0 (1 —cost)p—a—s—1 +1]

] dt
2/0 ey

~ |I|2(q+s+1—p)+1 + |I| (3.2)

for all I C T such that |I| < 1. If ¢ = p — 4(s + 3), then (3.2) implies that S, ,, €
F(p,p — 1(s + 3),s), and the nesting property of F(p,q,s) with respect to p yields
Syw € F(p,q,s) for all p < g+ %(s+3). Moreover, if g+s+1<p<q+ %(54—3) and
0 <s<1,then S, , € Fo(p,q,s) by (3.2), since 2(¢+s+1—p)+1—s>0and 1—s > 0.
It follows that S, ., € Fo(p,q,s) for all p < g+ %(s + 3), provided that 0 < s < 1. The
case when s = 1 follows by Proposition 2 (3).

To see that the conditions p < g + %(s +3)and p < g+ %(s + 3) are also necessary,
assume first that s > 0 and choose I := I(w) := {el' : § <t < 6+ |I|}. Then reasoning
similar to that above yields

1 c p
it 2\q+s
/1 |I| ISlveie(re )|p(1_7' )q Tdrz/o ¢ p(_362> (62 uP—494—s

p—q—s—1 v
@ (e
C 0 3
::Jl(t),

where J; (t) > ¢?(@+5+1=P) Further, the reasoning in (3.2) gives

/ |S;7w(z)|p(1 _ |Z|2)q+s dA(z) > |I|2(q+s+17p)+1.
Q)

It follows that if ¢ + %(s +3)<p<qg+s+ %, then S, ., € F(p,q,s), and similarly if
g+ 3(s+3) <p<q+s+3,then Sy & Fo(p,q,s). The case when s = 0 follows by
observing the proof above. O

Theorem 1.1, with an additional restriction p > 1, can also be proved by using
Lemma 2.1 and following the proof of [20, Corollary 4.2]. The proof presented here
uses some ideas from the proof of [43, Lemma 2.6].

Proof of Theorem 1.3. Let 1 <p<oo,0<s<1land I CT with [I| <d< %, and

let z =rel? € Q(I). If
S(z) = exp (/T zi_lwuda(w))
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where o is a non-atomic singular measure on T, then

15(2)] = exp ( [ =P da(w)) — exp ( il da(w)). (3.3)

T [w— 2]? T |1 —wz]?

By Lemma 2.1 and (3.3),

J[(G) :

1
/ 18" (re'?)|P(1 — r2)P= 2T dr
1—|1|

1

/1 (1= |S(re))P(1 - r2)* 2 dr

-

e e
g /11_|1| (1 TP < h U(I;S;T)))p(l —r)°2dr

for almost all # in [0, 27), and therefore

o /Zp _ZQp—Q-i-s P
JI.—/Q(I)|S<>|<1 222+ dA(2)

Z 1i|1| (1 — exp (— W))p(l —r)*"2dr

1-s o(I)/|I|
= |I|® ("|(II|)) / (1 —e t/2)Pes=2 4. (3.4)
0

If S € B?, then J; = O(]I]°) by [46, Theorem 2.4], and (3.4) implies that

((7|(II|)>1—S /OU(I)/III(1 B e_t/Q)ptS—Q dt = 0(1)

as [I| — 0. But this is a contradiction since limsup;_,q o({)/|{| = oo by [39, Theorem
8.11]. Thus, the assumption S € B? is wrong, and since the space BE gets larger with p
by (1.1) it follows that S ¢ B? for p > 1 — s. O

It will be shown next that the singular inner function S does not belong to Bilog.

By [6, Lemma 2.1], an analytic function f belongs to Bll,log

1/ , 1
sup — f(2)]1log ——— dA(2) < oc.
Rl Q(I)| (2)] = (2)

if and only if

Assuming now that S € Bilog and following the proof of Theorem 1.3, the inequality

in (2.3) with p = 1 yields
a(D)/1]
/ (1—e V21t = 0(1).
0

This is again clearly a contradiction since limsup;_,o0(f)/|I| = co. Thus, the inner

function S does not belong to Bilog.
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4. Blaschke products

We begin with a brief discussion on Blaschke products whose first derivatives belong to
a given weighted Bergman space A?. The proof of Theorem A can be found in [30] (see
also [4, 38]).

Theorem A. Let 0 < p < oo and —1 < g < oco. Let B be the Blaschke product
associated with a sequence {z,}.

1) If

e}

Z(l_|z7l|2)2+q7p <OO7 ma’X{%q+17q+1} <p<q_|—27

n=1

then B' € Ab.

(2) Furthermore, if

o0

1
Z(l—\anQ)plogilﬂz 7 <% p=3q+1=q+1,
n

n=1
then B’ € Ab.

(3) Furthermore, if

oo

> =]z < o0

n=1

for some § < %q + 1, then B’ € Ab for any p < %q + 1.

If B is the Blaschke product associated with a uniformly separated sequence {z,}
(i.e. B is an interpolating Blaschke product) such that B’ € AP, then reasoning similar
to that in the proof of [25, Theorem 5] shows that

o0

> (1= |z )PP < 0. (4.1)

n=1

Therefore, assertion (1) in Theorem A is sharp. We next prove a slightly strengthened
version of this result in the case when p > 1 without appealing to [25, Lemma 6]. Some
details of the proof of Theorem 4.1 will be needed while proving Theorem 1.4. Recall
that {z,} is a finite union of uniformly separated sequences if and only if

oo

sugZ(l — |@a(zn)?) < o0 (4.2)
ac n=1

Theorem 4.1. Let 1 < p < oo and —1 < ¢ < oo such that g+1 < p < q+2. Let B be
the Blaschke product associated with a sequence {z,} which satisfies (4.2). If B € AP,
then (4.1) is satisfied.
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Proof. Since 1 —r2 < —2logr for all 0 < r < 1, it follows that

210g‘B | = ZIOg |<Pzn Z 1 - |<pzn )7

and therefore |B(2)|? < exp(— > 7, (1 — |¢., (2)?)). Hence,

L IBEP 21— exp ( Y- |gozn<z>|2>), (43)

n=1

and since the function (1 —e~?)/x is decreasing in (0, 00), the assumption (4.2) yields

B 2y L= e subaep 3oamy (L= [9, (2))
A e B s (1 e ()

WV
hE

1—[B(2)*

3
I
—

(1= le=, (2)). (4.4)

WK

~

I
—

n

By Lemma 2.1, the inequality (3} [bx])? = (O |bx|P) and (4.4), we obtain

1B, 2 / Z (1— oo (2)BP(1 — [22)07 dA(2)

> S0 ) P [ s (1.5)

n=1

Let I, := {e'¢ : [¢ — arg z,| < 5(1 — |2a])}, s that |I,,| = 1 — |2,]. It is easy to see that
1= Znz] < (24 2)(1~ [zal)

for z € Q(I,,). This combined with (4.5) yields

— |2|2)4
(1~ |22y /Q (Ll WYY

B ~J
H ||AP (1) ‘1 _ ZHZP;D

Mg

3
Il
-

2

WK

1
(1 [z [?)17 /| (1—r)idr

zn|?

3
Il
_

~

(1= |zaf?)7277,

NE

Il
N

n

and the desired assertion follows. O

It is worth noting that if B is the Blaschke product associated with a sequence {z,}
which satisfies (4.2) and

1
/ B/ (2)| log dA(2) < oo,
D 1— 2|
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then the inequality (2.3) and the proof of Theorem 4.1 show that the sum in Theorem
A (2) with p =1 is finite.

We now turn to consider the Besov-type spaces. The following theorem is a partial
improvement on [43, Theorem 2.12].

Theorem 4.2. Let B be the Blaschke product associated with a sequence {z,}.
(a) If0<p<1and
1p 30~ () <o

IS
then B € ﬂs>max{p,1*1’} B
(b) If <p<1and

1
su (1 —|@a(zn)]?)P log ————
aeﬁz fealen) ) log T T

< o0,
then B € BY.
(¢c) If0<s<1and

supz 1—|wa(zn) ) 00, (4.6)

a€D
then B € ﬂp>max{s,1—s} B?.

Proof. Since

it follows that

- 1—|zn)? |2k| 2k — 2

B/ — -
|1B'(2)] ;::1 (1—2z,2) (2, — 2) I];[l 2, 1 —Zp2

D NxE

(2
—zn — 2| |1 = Znz| |1 — Zp2]
< el (2], (4.7)
n=1

where

The inequality (4.7) yields

|(B o L)Oa Z |<pz,L @a | |<10a Z |(pg0a(z”
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and it follows that

oo

KBOSDG‘ Z“O‘Fa(zw)
n=1

for 0 < p < 1. The change of variable w = ¢,(z) gives

/D B/ @)1~ [w2)P~2(1  [ga(w)?)* dA(w)
- / (Boga) ()L |2P)* 72 dA(z)

/ Z = ~ lta(z) |2):(1 — [2)* P72 dA(2)

Wa Zn

_ 22 p—2+s
=30l / A== 4,

D |1 — @a(zn)z|??

from which Forelli-Rudin estimates [27, Theorem 1.7] with the assumptions yield the
assertions. g

The following result is a partial converse of Theorem 4.2 (c). The proof uses ideas
from [20,42].

Theorem 4.3. Let 0 < p < oo and 0 < s < 1 such that p+ s > 1, and let B be the
Blaschke product associated with a sequence {z,}. If B € BE, then (4.6) is satisfied.

Proof. Since B? gets larger with p by (1.1), we may assume that B € B? for some

p > 1. Let I C T such that |I| < 3, and define R := R(I) := > neqmn(l— |z|%). By
Lemma 2.1 and the inequality (4.3), we have

= () P(1 = |z]2)p—2ts 5
JI.—/Q(I)|B<>|<1 [22)P=2+ dA(2)

2 . (1o S0 |wzn<z>|2>))p<1 )2 dA(z)
Lo

n=1

_ an p B
e (0-1P) X o) - P aac)

ZneQ(I)

> [ (1o (= giam) ol ase
~11l | 1m (1-e0 (= 578) Ja=roy2rar

1-s R/2|I|
~ |I|S<|JI%|) /0 (1—e “)Pu~2du.
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Since B € B?, [46, Theorem 2.4] implies that J; = O(|I]*), and therefore

RN pR/21
<|I|> / (1—e Py 2du<C
0

for a positive constant C. It follows that R = R(I) = O(|I|), and hence (4.2) is satisfied
by [21, Chapter VI, Lemma 3.3]. If B,,, denotes the Blaschke product associated with
the sequence {,(z,)}, then |B(pq(2))| = | By, (2)|, and (4.4) yields

1= B(@a(2))]P =1 =B, (2)I* 2 D (1= |@g, e (2)I?). (4.8)

n=1

By the inequality —2logr > 1—72, a change of variables, Lemma 2.1 and (4.8), we finally
obtain

1BIE, j/|AB<>@a 2P(L— 222+ dA(2)

= [a= 1o e)EPPL - ) aAe)

2 [ (S0t @ | 0= a0
) [ Q=P

Z ~leaely [ aA(2),

— — Pa(2n)2|?P

from which reasoning similar to that at the end of the proof of Theorem 4.1 yields the
assertion. 0

The reasoning in the proof of Theorem 4.3 can also be used to obtain a necessary
Namely, if the Blaschke product
then the inequality in (2.3) (with

condition for the zeros of a Blaschke product in B!
B associated with a sequence {z,} belongs to B} log?
the same steps as in the proof of Theorem 4.3) yields

R/2|1|
/ (1—e™utdu<C
0

for a positive constant C. It again follows that R = O(|I|), and thus (4.2) is satisfied.
Following the proof further, we obtain

1,log"

1
su (1- z log ———— < 0.
pz |30a n ) g _ |S0a(2n)|2

a€b 1
Proof of Theorem 1.4. Let S be an inner function and let 0 < s < 1. If S € B? for
some p > 0, then by Corollary 1.2, Theorem 1.3 and Corollary 2.5, S must be a Blaschke
product. Furthermore, its zero sequence {z,} satisfies (4.6) by Theorem 4.3. Conversely,
if the zero sequence {z,} of a Blaschke product B satisfies (4.6), then B € B? for all
p > max{s, 1 — s} by Theorem 4.2. ]

https://doi.org/10.1017/50013091507000818 Published online by Cambridge University Press


https://doi.org/10.1017/S0013091507000818

Inner functions in the Mdébius invariant Besov-type spaces 769

Acknowledgements. This research was supported in part by MEC Spain (Grant
nos MTM2005-07347, MTM2006-26627-E and MTM2007-30904-E), the Academy of Fin-
land (Grant nos 210245 and 121281) and the European Science Foundation (RNP
HCAA). The authors thank Artur Nicolau for a useful discussion, and the referee for
a very careful reading of the manuscript.

References

1.

10.

11.

12.

13.

14.

15.

16.
17.

18.

19.

20.

21.

P. R. AHERN, The mean modulus and the derivative of an inner function, Indiana Univ.
Math. J. 28(2) (1979), 311-347.

P. R. AHERN, The Poisson integral of a singular measure, Can. J. Math. 35(4) (1983),
735-749.

P. R. AHERN AND D. N. CLARK, On inner functions with H? derivative, Michigan Math.
J. 21(2) (1974), 115-127.

P. R. AHERN AND D. N. CLARK, On inner functions with B? derivative, Michigan Math.
J. 23(2) (1976), 107-118.

J. M. ANDERSON, J. CLUNIE AND CH. POMMERENKE, On Bloch functions and normal
functions, J. Reine Angew. Math. 270 (1974), 12-37.

R. AULASKARI, D. STEGENGA AND J. XIAO, Some subclasses of BMOA and their char-
acterization in terms of Carleson measures, Rocky Mt. J. Math. 26 (1996), 485-506.

C. J. BisHOP, Bounded functions in the little Bloch space, Pac. J. Math. 142 (1990),
209-225.

C. J. BisHoP, An indestructible Blaschke product in the little Bloch space, Publ. Mat.
37(1) (1993), 95-109.

L. CARLESON, An interpolation problem for bounded analytic functions, Am. J. Math.
80 (1958), 921-930.

L. CARLESON, Interpolations by bounded functions and the corona problem, Annals Math.
76 (1962), 547-559.

W. S. CouN, On the H? classes of derivatives of functions orthogonal to invariant sub-
spaces, Michigan Math. J. 30(2) (1983), 221-229.

P. COLWELL, Blaschke products: bounded analytic functions (University of Michigan Press,
Ann Arbor, MI, 1985).

N. DANIKAS, Some Banach spaces of analytic functions, function spaces and complex
analysis, University of Joensuu Department of Mathematics Report Series, Volume 2,
pp. 9-35 (University of Joensuu, 1999).

N. DANIKAS AND CHR. MOURATIDES, Blaschke products in @, spaces, Complex Variables
43(2) (2000), 199-209.

J. J. DONAIRE, D. GIRELA AND D. VUKOTI¢, On univalent functions in some Mobius
invariant spaces, J. Reine Angew. Math. 553 (2002), 43-72.

P. DUREN, Theory of H? spaces (Academic Press, New York, 1981).

P. DUREN AND A. P. SCHUSTER, Finite unions of interpolation sequences, Proc. Am.
Math. Soc. 130(9) (2002), 2609-2615.

P. DUREN AND A. SCHUSTER, Bergman spaces, Mathematical Surveys and Monographs,
Volume 100 (American Mathematical Society, Providence, RI, 2004).

P. DUREN, A. SCHUSTER AND D. VUKOTI¢, On uniformly discrete sequences in the disk,
in Quadrature domains and their applications, Operator Theory: Advances and Applica-
tions, Volume 156, pp. 131-150 (Birkhauser, Basel, 2005).

M. EssiEN AND J. X1A0, Some results on @, spaces, 0 < p < 1, J. Reine Angew. Math.
485 (1997), 173-195.

J. GARNETT, Bounded analytic functions (Academic Press, New York, 1981).

https://doi.org/10.1017/50013091507000818 Published online by Cambridge University Press


https://doi.org/10.1017/S0013091507000818

770

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.
35.

36.
37.
38.
39.
40.
41.

42.

43.

44.

45.
46.

F. Pérez-Gonzdlez and J. Rdttyd

D. GIRELA, Growth of the derivative of bounded analytic functions, Complex Variables
20 (1992), 221-227.

D. GIRELA AND C. GONZALEZ, Mean growth of the derivative of infinite Blaschke prod-
ucts, Complex Variables 45 (2001), 1-10.

D. GIRELA AND J. A. PELAEZ, On the membership in Bergman spaces of the derivative of
a Blaschke product with zeros in a Stolz domain, Can. Math. Bull. 49(3) (2006), 381-388.
D. GIRELA, J. A. PELAEZ AND D. VUKOTIC, Integrability of the derivative of a Blaschke
product, Proc. Edinb. Math. Soc. 50(3) (2007), 673-687.

D. GIRELA, J. A. PELAEZ AND D. VUKOTIC, Interpolating Blaschke products: Stolz and
tangential approach regions, Constr. Approz. 27(2) (2008), 203-216.

H. HEDENMALM, B. KORENBLUM AND K. ZHU, Theory of Bergman spaces, Graduate
Texts in Mathematics, Volume 199 (Springer, 2000).

J. HEITTOKANGAS, On complex differential equations in the unit disc, Annales Acad. Sci.
Fenn. Math. Diss. 122 (2000), 1-54.

M. JEVTIC, Singular inner functions with derivative in A»*®, Mat. Vesnik 3(4) (1979),
413-419 (in Serbo-Croat).

H. O. KM, Derivatives of Blaschke products, Pac. J. Math. 114(1) (1984), 175-190.

M. A. KuTBl, Integral means for the first derivative of Blaschke products, Kodai Math.
J. 24(1) (2001), 86-97.

G. McDONALD AND C. SUNDBERG, Toeplitz operators on the disc, Indiana Univ. Math.
J. 28(4) (1979), 595-611.

F. PEREZ-GONZALEZ AND J. RATTYA, Forelli-Rudin estimates, Carleson measures and
F(p, q, s)-functions, J. Math. Analysis Applic. 315 (2006), 394-414.

CH. POMMERENKE, Boundary behaviour of conformal maps (Springer, 1992).

D. ProtAs, Blaschke products with derivative in H? and B?, Michigan Math. J. 20
(1973), 393-396.

J. RATTYA, On some complex function spaces and classes, Annales Acad. Sci. Fenn.
Math. Diss. 124 (2001), 1-73.

O. L. F. RESENDIS AND L. M. ToOVAR, Carleson measures, Blaschke products and
Qp-spaces, in Complex analysis and differential equations, pp. 296-305 (Uppsala Uni-
versity, 1999).

W. RUDIN, The radial variation of analytic functions, Duke Math. J. 22 (1955), 235-242.
W. RUDIN, Real and complex analysis, 2nd edn (McGraw-Hill, New York, 1974).

W. SMITH, Inner functions in the hyperbolic little Bloch class, Michigan Math. J. 45(1)
(1998), 103-114.

K. STEPHENSON, Construction of an inner function in the little Bloch space, Trans. Am.
Math. Soc. 308(2) (1988), 713-720.

I. E. VERBITSKI, Multipliers in spaces with ‘fractional’ norms, and inner functions,
Sibirsk. Mat. Zh. 26(2) (1985), 51-72, 221.

S. A. VINOGRADOV, Multiplication and division in the space of analytic functions with
an area-integrable derivative, and in some related spaces, J. Math. Sci. 87(5) (1997),
3806—3827.

J. X140, Holomorphic Q classes, Lecture Notes in Mathematics, Volume 1767 (Springer,
2001).

J. X140, Geometric Qp functions, Frontiers in Mathematics (Birkhauser, Basel, 2006).
R. ZHAO, On a general family of function spaces, Annales Acad. Sci. Fenn. Math. Diss.
105 (1996), 1-56.

https://doi.org/10.1017/50013091507000818 Published online by Cambridge University Press


https://doi.org/10.1017/S0013091507000818

