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Abstract

For a given Beurling-Carleson subset E of the unit circle T which has positive
Lebesgue measure, we give explicit formulas for measurable functions supported on
E such that their Cauchy transforms have smooth extensions from D to T. The
existence of such functions has been previously established by Khrushchev in 1978,
in non-constructive ways by the use of duality arguments. We construct several
families of such smooth Cauchy transforms and apply them in a few related problems
in analysis: an irreducibility problem for the shift operator, and an inner factor
permanence problem. Our development leads to a self-contained duality proof of the
density of smooth functions in a very large class of de Branges-Rovnyak spaces. This
extends the previously known approximation results.

1 Introduction

Let E be a closed subset of the unit circle T = {z € C : |z| = 1} of the complex plane C, and
let the notation dm stand for the Lebesgue measure, normalized by the condition m(T) = 1.
The following question has been studied by Khrushchev in [13]. What conditions on the
set I/ guarantee the existence of a non-zero measurable function h supported on E for
which the Cauchy transform, or Cauchy integral,

Cunp(2) = | fﬁo_;fj%%m@ -/ %dm@), 2eD, W

which is an analytic function in the unit disk D = {z € C : |z| < 1}, can be smoothly
extended to the closed disk D? In the above formula, and throughout the article, 1z
denotes the indicator function of the set E.

For the question to be interesting, the set £ should contain no arc A of T. Indeed, if £
contains an arc A, then certainly any function s : T — C in C*° with support on A will be
transformed into a function Cy which is a member of A*. Here, A% denotes the algebra
of analytic functions in D for which the derivatives of any order extend continuously to
D. The containment Cy € A> follows in this case readily from the rapid rate of decay of
Fourier coefficients {s,}, of the smooth function s, and the fact that Cy(2) = > s5,2™.
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By A we will denote the class of analytic functions in D which admit a continuous
extension to D, and by A" we denote those functions for which the n:th derivative admits
such an extension, that is f € A. Thus A* = N,>1.A". Khrushchev in [13] has solved the
existence part of the above stated problem in full. For a general closed set E, he establishes
the existence of a non-zero measurable function h, with support only on F, such that C},
given by (1) is in the class A. Moreover, he proves that there exists a non-zero measurable
function h supported on FE for which the transform (1) is a function in A essentially if
and only if E contains a Beurling-Carleson set of positive Lebesgue measure. A set E is
a Beurling-Carleson set if it is closed and if the condition

S 1Al Tog(1/]Au) < oo 2)

is satisfied, where {A,}, is the system of disjoint open subarcs of T union of which equals
the complement T \ F, and |A| denotes the length of the arc A. The class of Beurling-
Carleson sets has a rich history, and appears notably in the solution of boundary zero set
problems for smooth analytic functions, and zero set problems for Bergman spaces (see
Carleson’s paper [6] and Korenblum’s paper [15], for instance). In [18], the present authors
found that Beurling-Carleson sets play an important role in smooth approximation theory
in de Branges-Rovnyak spaces, another classical and well-studied family of Hilbert spaces
of analytic functions.

A notable feature of the proofs of the above mentioned results of Khrushchev in [13] is
that they are non-constructive. One of the aims of this article is to show that, in the case
in which Beurling-Carleson sets and the class A* is involved, the theorem of Khrushchev
can be obtained in a rather elementary and explicit way by using modifications of other
known constructions.

Theorem A. Let E be a Beurling-Carleson set of positive Lebesque measure. Then there
exists an explicit formula for a measurable function h = hlg for which the Cauchy trans-
form given by (1) belongs to A>.

The above result is established in Section 3 as a special case of Proposition 3.1, which
deals with a slightly more general situation, and which will be useful for our further appli-
cations. We remark that the very interesting problem of giving an explicit formula for h
supported on any given closed set E such that Cj,;, is in A remains open, and the approach
presented here is not applicable.

Our ultimate application of the construction of smooth Cauchy transforms is to the
approximation theory in de Branges-Rovnyak spaces H(b). For background on the theory
of H(b)-spaces, see [22], [7] and [8]. A basic problem in the theory is to identify what
functions are contained in the space H(b) and how this depends on the structure of the
symbol b, which is any analytic function mapping the disk D into itself. It has been
established by Sarason (see [22]) that the analytic polynomials are contained and norm-
dense in the space H(b) if and only if the weight

AQ)=1-[p(Q)I>, (€T (3)

2



has an integrable logarithm on T:

/Tlog(A)dm > —00. (4)

Moreover, it is also known that any #H(b) space contains a dense subset of functions in A
(see [2]). In particular, considering the usual inner-outer factoriztion of b = 6by into an
inner function § and an outer function by, the inner factor # plays no role in the context
of approximations by analytic polynomials or functions continuous up to the boundary.
The situation is different in the context of approximations by functions in the class A or
A" or even the Holder classes. A combination of results in [18] and [17] shows that the
functions in the class A™ will be dense in the space H(b) if the outer factor of b is ”good”
and the "bad” part of the singularities of the inner factor of b is appropriately located on
T, with respect to the outer factor. More precisely, it was found in [3] that if weight A
appearing above is of the form

A = iwnlEn, (5)
n=1

where each set F, is a Beurling-Carleson set of positive Lebesgue measure, and each w,, is
a non-negative weight satisfying

/ log(wy,)dm > —o0, (6)

n

then the functions in A™ are dense in H(b) if b is outer. Note that the two conditions
above say something about the ”good” structure of the support set of the weight A (being
a union of ”good” sets satisfying the Beurling-Carleson condition), and something about
A not being too small on the support. In [18] examples are highlighted in which bad
support and small size of A both independently prohibit such approximations in #(b), not
only by functions in A% but even by functions in the Holder classes. In the presence of a
non-trivial inner factor § = BS, of b, where B is a Blaschke product and S, is a singular
inner function, results of [18] and [17] show that what matters is the location on T of the
support of a certain part of the singular measure v. To describe this mechanism, we will
need to introduce a simple decomposition of the measure v which has appeared already in
a similar context in [19] and also in work of Roberts in [21]. Namely, the measure v can
be expressed as a sum

V=1c+ Uk (7)

where the two measures are mutually singular, there exists an increasing sequence of
Beurling-Carleson sets of Lebesgue measure zero {F),},>1 such that

lim ve(F,) = ve(T),

n—oo

and
I/]C(F) =0
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for any Beurling-Carleson set F' of Lebesgue measure zero. The part v¢ plays no role in
our approximation problem. However, the support of v must necessarily be located on
the support of A for approximations by smooth functions to be possible. Moreover, if the
conditions (6) and (5) are satisfied and the mass of v is located appropriately in the sense
that

VK(UnEn) = V]C(T), (8)

then indeed functions in the class A" are dense in H(b). This was established by a duality
argument in [18], using also the results of [17]. We will sharpen this result by proving
density of functions in A*. Thus, we will prove (using duality) the following approximation
result, which is the strongest that we are aware of.

Theorem B. Letb: D — D be an analytic function with singular inner factor S, such that
the weight A given by (3) has the form (5) for some sequence {E,}, of Beurling-Carleson
sets of positive measure and satisfies (6), and such that the part v in the decomposition
(7) of v satisfies (8). Then A> NH(b) is norm-dense in H(b).

A more detailed exposition of why this approximation result is close to the best possible
also appears in [18].

The proof of Theorem B presented here is long, but it is self-contained and the con-
structive proof of the theorem of Khrushchev mentioned above plays a crucial role in our
development. In [18] a duality approach to the smooth approximation problem in #(b)
is presented, and it is based on a connection with two problems in analysis which are of
independent interest: an operator irreducibility problem, and an inner factor permanence
problem. We will need to study both of these problems in detail to prove Theorem B.

In Section 5 we deal with the irreducibility problem. Let X be some space of functions
defined on a domain in the complex plane which contains the analytic polynomials and is
invariant under the forward shift operator M, : f(z) — zf(z), where z is the coordinate
function (or identity function) of the complex plane. We denote by D the closure of the
analytic polynomials in X. In many important cases the functions in X live on the closed
unit disk D, the operator M, is a contraction (in the sense that ||M, f||x < ||f||x holds
for all f € X) and a question or assumption which appears in several contexts (see [3],
[16] and [4], for instance) is related to existence of invariant subspaces of the operator
M, : D — D on which it acts as an isometry. In the particular case X = L?(u), where
1 is a positive Borel measure compactly supported in the complex plane, the closure of
analytic polynomials is usually denoted by P?(u). If p is a positive measure of the form

dﬁb =dA + 1Edm (9)

(dA and dm being the area measure of D and Lebesgue measure of T, respectively) then the
condition that M, is completely non-isometric on the closure of polynomials D := P?(pu)
is precisely the condition which ensures that P?(u) can be identified with a genuine space
of analytic functions in D. If not, then P?(u) will contain as a subset a space of the
form L?(1zdm), for some measurable subset F' of E, on which M, obviously acts as an
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isometry. In the context of P?(u)-spaces, the non-existence of a subspaces of the type
L?*(1pdm) goes under the name of irreducibility (see [25] and [4]). It is known that if E
is a Beurling-Carleson set, then the corresponding shift operator will be completely non-
isometric on P?(u). This follows essentially from Khrushchev’s work in [13]. However, if
we replace dA by a weighted version pdA in (9), where p is some function which decays
rapidly to zero near the boundary of D, or if we replace E by a set more complicated
than a Beurling-Carleson set, then it might very well happen that M, admits an invariant
subspace on which it acts as an isometry (see [16] and in particular [13] for details). In
Section 5 we construct a special family of smooth Cauchy transforms and employ it in a
functional analytic argument to establish that M, is completely non-isometric on a wide
range of Hilbert spaces of analytic functions which are structurally similar to the P?(u)-
spaces discussed here, but much bigger. More precisely, we will work with spaces which we
denote below by D(a™!,w) and which we will equip with a norm defined on an analytic

polynomial p(z) = Y, prz* by
P = 3 24 [ fpuam, (10)
: — o .

for some rapidly increasing positive sequence ac = {ay}r and a Beurling Carleson set F
with weight w. Our development in particular implies the above mentioned results for
P?(u)-spaces, and even their extensions from [17], but the method of proof is completely
different, arguably much more straight-forward, and the result actually reaches further. We
remark that a wealth of information on the behaviour of P?(u)-spaces which are spaces of
analytic functions can be found in [4].

In Section 6 we will study the inner factor permanence problem. In the problem setting,
we let H be a space of analytic D which includes at least H*°, the algebra of bounded
analytic functions. Assume that H carries a norm (or at least some other type of topological
structure) and we have a convergent sequence of the form

n—0o0

where 6 is an inner function, and all other appearing functions are bounded and analytic
in D. Then, in particular, f admits an inner-outer factorization f = IU into an inner
function I and an outer function U. We ask: is I divisible by #7 In other words, does the
inner factor 6 get passed onto the limit f € H* in the metric induced by the norm || - |37
We will call this property permanence of an inner function 6 in the corresponding metric.
The problem is only interesting for singular inner functions, since a Blaschke product B
will be passed onto the limit in any reasonable norm defined on analytic functions. In
the context of the usual L?-norm computed on the circle, it is of course well-known that
any inner function @ satisfies the permanence property, but for many other metrics a more
interesting situation occurs. Here a principal set of examples consists of the weighted L?
metrics on the unit disk D. A singular inner function has the form

S,,(z)zexp(—/jrgi_jdu(g‘)), z €D, (11)
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where v is a finite positive singular Borel measure on T. Recall the decomposition (7)
above, which induces according to (11) a factorization S, = S,.5,.. The part S,. is
passed onto the limit under convergence of bounded functions in the weighted Bergman
spaces norms with polynomially decreasing weights. That is, if v = v¢ in (7), then for
f# = S, we have that

tim [ 16£, = P~ 2)°dA() =0
= f/0 e H®

whenever f,, f are all bounded analytic functions, and C' > —1. In contrast, S,, can vanish
under the same circumstances. A proof for the first claim appears in [19], while the second
is a consequence of a deep cyclicity theorem for inner functions which was independently
established by Roberts in [21] and Korenblum in [15]. In Section 6, a carefully constructed
family of smooth Cauchy transforms will help us to implement a functional analytic ar-
gument and establish this inner factor permanence for a very large class of singular inner
functions and a range of spaces D(a™',w) mentioned above. The result is a technical
extension of the one appearing in the article [17], in which the present authors investigated
this principle for the topologies induced by the above mentioned P?(u)-spaces.

Our results on the spaces D(a™!, w) are used in Section 7 in which we implement the
duality approach from [18] to prove Theorem B.

2 Construction of an analytic ”cut-off” function

We start off by presenting the constructing of a certain analytic function with strong decay
properties near a given Beurling-Carleson set. The reason for calling it a cut-off function,
as in the name of the section, will become clear from the proof of the coming application in
Proposition 3.1. Our construction is a straightforward adaptation of a technique from [11],
more precisely from Lemma 7.11 of that work. We could have also followed the ideas of [20]
or [24]. The proof is included for the reader’s convenience and because the construction is
crucial for our development.

Lemma 2.1. Let E be a Beurling-Carleson set, of either zero or positive Lebesque measure.
There exists an analytic function g : D — D that extends analytically across T \ E, and if
G : T — C is defined by

G(eit) = g(eit)lﬂr\E(eit)a (12)

where 11\ g denotes the indicator function of the set T\ E, then G is a smooth function on
T, and we have the estimate

|G ()| = o(dist(e®, E)Y), €' = E (13)

for each pair of non-negative integer N and m. Here G denotes the m:th derivative of
G with respect to the variable t, and dist(-,-) denotes the distance between two closed sets.

6



Proof. Let UpenA, = T\ E be the complement of E with respect to T. For each subarc
A,,, we perform the classical Whitney decomposition A, = UgezAn . More precisely, let
A, o be the arc with the same midpoint as A,, but having one third of the length of A,,.
For this choice of the length we have |A,,o| = dist(A,, £). The arcs A, _; and A, ; should
be chosen adjacent to A, o from the left and right respectively, and their lengths should
be chosen, again, such that |4, 1| = dist(A, 1, E) and |A,, 1| = dist(A4,,1, E). It is easy

A . . . .
| 6"'. Proceeding in this manner, we will

to see that the correct choice is [A,, 1| = |4, 1| =
obtain a decomposition
T\ E=U,A, =U,Anx

where for each arc A, ;, we have
|[An|
|

[Ani| = 3. 9lk|

= dist(Ap, F) (14)
A straight-forward computation based on (14) will show that

Z | Ay k| log(1/]An k) < o0
n,k

Let {B;}; be a re-labelling of the arcs {A,, x},x and {);}; a positive sequence tending to
infinity such that

> AIBjllog(1/]Bj]) < oo.
j

Now let r; = 14 |B,|, b; € T be the midpoint of the arc B;, and consider the function

J

h(z):Zhj(z):Z)\jbj|Bj|10g(1/|Bj|), > cD. (15)

T’jbj — Z

It is not hard to see that the real part of h(z) is positive in . In fact, the real part of the
7:th term in the sum is

RG(T’]‘ — 7()])

|rib; — 2|

Reh;(z) = A;|B;|log(1/]Bj|) >0,

where the last inequality follows from Re(r; — Zb;) > 0, which is a consequence of the
inequalities 7; > 1 and |zb;| < 1. It follows that

9(2) := exp(=h(z)) (16)

is bounded by 1 in modulus for z € D. Moreover, the series defining h(z) converges also for
z € Bj, and h extends analytically across each B;, because the poles {r;b;}; of h cluster
only at the set E. For z € B;, we have that the quantities |r;b; — 2| and Re(r; — zb;) are
both approximately equal to |B;|, and so

l9(2)| < exp(—Reh;(2)) < exp(—cA;log(1/|B;]) = |B;|™Y
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for some positive constant c. Since |B;| equals the distance from B; to E, for z € B; we

obtain
|9(2)] < Cdist(z, B)*

for some positive constant C' > 0 independent of j. Note that as z tends to E along the
complement T \ E, it needs to pass through infinitely many intervals B;. Since \; tends
to infinity, we obtain that

l9(2)| = o(dist(z, E)™) (17)

as z — F along the complement of £ on T, for any choice of positive integer N. Now
for et € T\ E, the derivatives G™ (&) have the form H(e")G(e®), where H is a linear
combination of products of derivatives of h(e) with respect to t. But a glance at (15)
shows that such a product cannot grow faster than a constant multiple of dist(e’, E)™" for
et € T\ E, for some positive integer n = n,, depending only on the number of derivatives
m taken. Now according to the definition of G in (12), it follows that the estimate (13)
holds whenever e € T\ E. Using this, it is now also evident from the definition in (12)
that G is continuous on T. In fact, it is straighforward to verify that whenever e € E, the
function G is differentiable as many times as we wish, with G (¢*) = 0 for any positive
integer m. This shows that G is smooth on all of T and thus completes the proof of this
lemma. [

Note the fact that the proof above gives an explicit computable formula for the cut-off
function g. It is given in terms of the Beurling-Carleson set F and is presented in equations
(15) and (16).

3 A constructive proof of Khrushchev’s theorem

3.1 Smooth Cauchy transforms

As before, let E' be a Beurling-Carleson set of positive measure. Lemma 2.1 will allow us
to construct, and give explicit formulas for, measurable functions supported on E which
have a smooth Cauchy transform. Thus we will now give the constructive proof of the
theorem of Khrushchev from his seminal work [13].

Proposition 3.1. (Construction of smooth Cauchy transforms) Let E be a Beurling-
Carleson set of positive measure such that E # T, and w be a bounded positive measurable
function with support on E which satisfies fE log(w)dm > —oo. Let W be the outer function

Ct+z
E—Z

Wi(z) =exp ( log(w(C))dm(C) ) (18)

and g be the function associated to E which is given by Lemma 2.1. Consider the set

K = {s = (pgW : p analytic polynomial } (19)



consisting of functions on T, where ( is the coordinate function on T. Then the Cauchy
transform
s(¢)

Cun(z) 1= / dn(c) (20)

is a non-zero function in A> for each non-zero s € K, the restrictions to E of elements
of the set K form a dense subset of L*(1gdm), and the set

CEK = {Cle s € K} (21)
is dense in H?.

Certainly our more general form of the theorem, together with the density statements,
is obtainable by Khrushchev’s methods from [13]. We therefore emphasize that our main
contribution in this context are the explicit formulas for the measurable functions supported
on F for which the Cauchy transform is an analytic function in A*°. More precisely, the
formulas for the functions in K are given by the equations (15), (16) and (18).

The density statements in Proposition 3.1 will be useful for our further applications. It
is not our point to prove these density statements constructively. In this part of the proof,
we will use the following well-known theorem.

Lemma 3.2. (Beurling- Wiener theorem) Let M; : L?(T) — L*(T) be the operator of
multiplication by . The closed Mz-invariant subspaces of L*(T) are of the form

L*(1pdm) = {f € L*(T) : f = 0 almost everywhere on T \ F}
where F' is a measurable subset of T, or of the form
UH? ={Uf:fec H*
where U is a unimodular function.

For a proof of the Beurling-Wiener theorem, see [12], for instance.

Proof of Proposition 3.1. Since s is a conjugate analytic and satisfies fT sdm = 0 we have

for each z € . This implies that

Cap(2) = /E %dm(() =— /T\E %dm((). (22)

Consider now the function S(e) := s(e")lpg(e™) = ep(e?)G(e*)W (e). From the
formula (18) for W it is clear that this function extends analytically across T \ E, and a



simple differentiation argument shows that the derivatives in the variable ¢ of the function
W (e") admit a bound )
it
at—mW(e )
for ¢ € T\ E. Thus by (13) of Lemma 2.1 and the definition in (19) the derivatives of
any order of S tends to zero as e tends to F along T \ F, and it is not hard to see that
the derivatives of S vanish on E. Thus S € C*°. It follows that the Fourier coefficients S,,
of S satisfy |S,| < C|n|=M for each positive integer M and some constant C' = C(M) > 0.
Obviously then (22) implies that the function Cy,(z) = —> 7 S,2" is in A®. Tt is
non-zero if s is non-zero, because the positive Fourier coefficients cannot vanish for the
function s1g which is identically zero on the set T \ F of positive Lebesgue measure.

The density in L*(1gdm) of the restrictions to E of elements of the set K is an easy
consequence of the invariance of K under multiplication by ¢ and the Beurling-Wiener
theorem, Lemma 3.2 above. Indeed, the restriction to E of an element of K is non-zero
almost everywhere on E, but obviously zero on T\ E. It follows from Lemma 3.2 that the
closure of K in L?(1gdm) could not be anything else than the full space.

The set CrK is certainly contained in H?, and the density in H? follows from the
classical Beurling theorem for the Hardy spaces. More precisely, the set CgK is invariant
under the backward shift operator

< O, - dist(e”, B) 2™ (23)

f(z) =~ M (24)
Indeed, we have that
Cle(Z) - Cle (0> _ ZS(C) m oy Py
e = [ Q) = e, ) 25)

By Beurling’s theorem the closure of Cp K is either all of H?, or it coincides with a model
space K of functions which have boundary values on T of the form 6h, h € zH?, for some
non-zero inner function #. If we would be in the second case, then there would exist a
function k € zH? such that on the circle T we would have the equality slp = Cy s+ k=
6h + k, and consequently fsly € H2. This is a contradiction, since fs1 vanishes on a set
of positive measure. ]

3.2 A technical improvement

Sets of the form K as in (19) have another useful property, one which will be employed
in the coming applications. The property is that the set Cz K defined in (21) is contained
in a single Hilbert space consisting purely of functions which are in A*. This applies to
many sets similar to K, as we shall see next.

More precisely, take the function s, := (gW € K, i.e, the one where p = 1in (19). The
only property of K that we will use in the proof is that it is of the form

{Pso : p analytic polynomial}.
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For an analytic polynomial p(z) = Zizo P2, we let

) =3 (26)
and define the operator
d
= Z pnL”, (27)
n=0

where L is the backward shift operator defined in (24). Every other element of CrK can
be expressed as p(L)Cs,1, for some analytic polynomial. This claim is a consequence of
the formula
WECoin(2) = [ S di(c) (23)
E 1-— ZC
which, in turn, is a consequence of (25). Thus the Taylor coefficients in the family CpK
have similar asymptotic behaviour, and we exploit this fact in the following way. Being a

function in 4>, the Taylor coefficients { Sy}, of C satisfy

solg

> NSk < o0 (29)
k=0

for all positive integers N. It follows that for each N > 1, there exists a positive integer
K(N) such that

> 1
> kNS < o (30)

We may assume that {K(N)}y>; is increasing. Set K(0) = 0 and define a sequence

{arti, by
ap =k, K(N)<k<K(N+1).

This sequence is increasing, and satisfies

0o K(N+1)—

SalSlP=>" > k:N|Sk|2 < Z — < 0. (31)
k=0

N=0 k=K(N)

Moreover, since ag > kN1 if k > K(N + 1), we have that

N+1

= 00 (32)

for any positive integer V.

Definition 3.3. A sequence of positive numbers v = {a }32 is rapidly increasing if
@
lim — = o0 (33)
holds for each positive integer N .
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Thus we have constructed above a rapidly increasing sequence. In the coming applica-
tion, we will also need the very mild condition

lim oz,i/ M=

k—o00
which we can safely assume. Indeed, by replacing a by min(ak,k‘@), we still have a
sequence which is rapidly increasing, and moreover

1 < lim a,i/k < lim exp(log(k)/Vk) = 1.
k—o00 k—o00
We now make a somewhat trivial observation, which will however be important in the

sequel. Because the sequence a0 = {ay}72,, is increasing, it also follows that whenever an
analytic function f has a Taylor series which satisfies (31), then so does the backward shift
Lf of this function. Thus also p(L)f satisfies this property, for all analytic polynomials p
(and in fact, so does appropriately defined h(L)f for any bounded analytic function h, see
Proposition 4.1 below). Using also the formula (28), we have proved the following technical
result.

Proposition 3.4. Let sq be a measurable function on T for which the Cauchy transform
Cs, is a function in A>. Then there exists a rapidly increasing sequence o = {o}72,
satisfying

lim a,lq/k =1
k—o0
and such that -
Z&k‘ko < 0
k=0

for all functions f which are Cauchy transforms f = Cs of a function s from the set

{s = Dso : p analytic polynomial }.

4 Weighted sequence spaces

We will explore the Hilbert spaces implicitly appearing in Proposition 3.4 a little more, and
prove a few basic facts about their duality and operators acting on them. The main results
of the following Sections 5 and 6 will be stated in the context of these Hilbert spaces. All
results in this section are certainly well-known, we include the proofs for completeness.

4.1 Definition and duality

For a sequence of positive numbers o = {ay}32,, we define the Hilbert space X () to
consist of formal power series f(z) =Y ;- fn2" which satisfy

1 %) = D anlfil? < oc. (34)
k=0
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It is obvious that if v is rapidly increasing, then X () C A>°. We define the dual sequence
a~! by the equation

a™t = {1,
The space X (1) is isometrically isomorphic to the dual space of X () under the pairing
which maps f € X(a), g € X(a™!) to the complex number

(f.9)=>_ hdr, (35)

where the sequences {fx}72, and {gx}72, are the coefficients in the formal power series
expansions of f and g respectively.

In fact, for us the spaces X (a) and X (a™!) will always be genuine spaces of analytic
functions on D. Indeed, a property which ensures this is limy_, a,lc/ ¥ = 1. The sequences
appearing in our context will be the ones constructed in Proposition 3.4 and their dual
sequences, so we can safely assume below that this assumption is always satisfied. To see
indeed that the assumption limy_, B;/ F=1 implies that the radius of convergence of a
formal power series f € X (3) is equal to at least 1, we compute

2\1/2k
limsup | fi|'/* = limsup% < limsup T3 = 1,
k—oo k—o0 k k—o0 L

where in the next-to-last step we used that
lim S| fxl]> =0,
k—o0

so that
lim sup (ﬂk|fk|2)1/21‘C < 1.

k—o0

This shows that the radius of convergence of f € X (3) is indeed equal to at least 1.
Finally, an obvious but important property of the presented duality pairing is that if f
and ¢ happen to be functions in H?, then we have that (35) equals

(f,9) = /T fgdm.

In other words, the duality pairing coincides with the usual L?(T)-duality pairing in the
case f and ¢ are functions in H?. We shall often implicitly use this property.

4.2 Toeplitz operators

The usual Toeplitz operator with symbol h € L>®(T) acts on an H? function f by the
formula

r(e) = [ L i)
3

1



If p is a polynomial, then
Tpf = (L), (36)
where p(L) is defined according to (27) and where p(2) is given by (26). If A is in H*°, then

we can equivalently define the operator T}, as the mapping taking the function f(z),z € D,
to the function h(z)f(z),z € D. We denote by M), the multiplication operator

Muf(z) = h(2)f(z), z€D

which acts on the space of all holomorphic functions on . If A is analytic and f € H?,
then it is well-known that T}, f = M, f. We say that the Toeplitz operator is co-analytic,
or has a co-analytic symbol, if it is of the form 73 for h € H*.

Proposition 4.1. Let @ be a sequence of positive numbers such that the corresponding
X () space consists of analytic functions in D.

(i) If a is increasing, then X(a) is continuously contained in H?, and the Toeplitz
operators with bounded co-analytic symbols are bounded on X (cv).

(i1) If o is decreasing, then the operators My, with bounded analytic symbols are bounded
on X(a).

In both cases, the corresponding operators have a norm which is less than or equal to
the supremum norm of the corresponding symbol.

Proof. We prove (i). It is clear that X (a) is continuously contained in H?. A direct
computation shows that a being increasing implies that the backward shift operator L in
(24) is a contraction on X (a). There certainly exists no subspace of X (a) on which L
acts as a unitary (or even an isometry), so the Nagy-Foias functional calculus (see [23] for
details) allows us to define the operator

h(L): X(a) - X(a)

for any bounded analytic function h, in such a way that the definition is consistent with
(27) for polynomials h, the operator norm of h(L) is at most ||h||«, and if

lim A, () — h(()

n—o0

almost everywhere on T and
sup || hnl|eo < 00,
n

then h, (L) converges in the strong operator topology to h(L). In fact, the operators h(L)

are co-analytic Toeplitz operators with symbol h, where h(z) = h(Z). To see this, fix
h € H* and let {h,}, be the Fejér polynomials for h, so that the above properties of the
Nagy-Foias functional calculus imply that h,(L)f — h(L)f in the norm of X (e), for any
f € X (). The same is true in the norm of H?. Recalling (36), for z € D we get
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h(L)f(z) = lim h,(L)f(z) = lim Tﬁf(z) =T=f(2).

n—o0 n—00

Thus h(L) = T5, and by reversing roles of h and h, we see that the Nagy-Foias functional
calculus for L on X () is a bijection onto the co-analytic Toeplitz operators.

Next, we prove (i7). If a is decreasing, then the dual sequence a™! is increasing,
so by (i) we can define T : X () — X () as the adjoint of T; : X(a™") — X(a™)
with respect to our duality pairing (35) between the spaces. Let f € X(a), A € D, and

sx(z) = ﬁ Recall that s, is an eigenvector of T3, with eigenvalue h(\). We compute

TrfN) = (T5 f,s0) = ([, Tisa) = h(A)(frs3) = hA) F(N).

Thus the adjoints of the co-analytic Toeplitz operators on X (a™!) are multiplication
operators on X (a). The operator norm of 13 equals to operator norm of T3, which is at
most ||h||«, as was noted in the proof of part (7). The proof is complete. O

5 Completely non-isometric shifts

5.1 A big Hilbert space with a completely non-isometric shift

In the next proposition we construct a Hilbert space of analytic functions on ID which has
desirable properties and which is strictly larger than any space P?(u) with measure u being
of the form

dp = dpc = (1 — |2|*)9dA + wdm

and C' being any positive number. This Hilbert space will play an important role in the
proof of the main result of Section 7. Another application is presented in Corollary 5.3
below. We note that a similar result certainly can be reached by methods of Khrushchev
developed in [13], but our proof below is different, and relies fully on construction of smooth
Cauchy transforms.

Proposition 5.1. Let E be a Beurling-Carleson set of positive Lebesque measure, and w be
a bounded positive measurable function which is supported on E and satisfies fE log(w)dm >
—00. For a sequence a, consider the product space

X(a™) @ L*(wdm)

and the norm closure
D(a ', w)

of the linear manifold
{(p,p) € X(a™ ) @ L*(wdm) : p analytic polynomial }.
There exists a rapidly increasing sequence a = {ay }52, such that the space D(a™*, w) has

the following property: fi =0 implies that fo =0, for any tuple (fi, f2) € D(a™!, w).
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Proof. The proof is very simple in principle. We will use the set K in (19) in combination
with the sequence constructed in Proposition 3.4, and this will provide us with enough
functionals on X (a™1) @ L*(wdm) to conclude that f; = 0 implies fo = 0, by a straight-
forward duality argument involving the Beurling-Wiener theorem.

For each s € K, consider the functional

pl—>—/pC’le dm+/p§dm (37)
T E

which we define on the set {(p,p) € X (a™!)® L*(wdm) : p analytic polynomial }. By con-
struction, these functionals are the zero functionals, since the functions Cy;,, and slg have
coinciding Fourier coefficients indexed by non-negative numbers. Apply Proposition 3.4
to produce a rapidly increasing sequence e such that Csi, € X(a) for all s € K. The
constructed functionals are then continuous with respect to the metric X (a™!)® L*(wdm).
Indeed, we see from (19) that s = wq on E, where ¢ is a bounded function, and so

/pEdm‘ < Hq||L2(wdm)||p”L2(wdm)
E

by Cauchy-Schwarz inequality.

Now let (fi, f2) lie D(a™!, w) and assume that f; = 0. Fix a sequence of polynomials
{pn}>2 such that (p,,p.) — (f1, f2) = (0, f2) in the norm of X (a™!) & L?*(wdm). Then
(0, f2) is annihilated by any functional in (37), and so

/fggdm—o, se K.
E

By the density statements in Proposition 3.1, we conclude that f, = 0. [

Let us take another look at the space D(a™!,w) appearing above, assuming that it
is satisfying the conclusion of Proposition 5.1. If (f, f1) and (f, f2) are two tuples in
D(a™!, w) with coinciding first coordinate, then (0, f; — f2) € D(a™ !, w), and the above
result implies that f; = f,. In particular, the projection (f, f1) — f onto the first coordi-
nate is an injective mapping from such tuples to analytic functions on ID. But this means
that D(a™!,w) is in essence a space of analytic functions in which the analytic polynomials
are dense.

We make three more very simple but important observations.

Proposition 5.2. Let D(a™!,w) be as in Proposition 5.1, and identify it with a space of
analytic functions on D as described above.

(i) M, : D(a ', w) = D(a™t,w) is completely non-isometric.

(ii) If f € H?, then f € D(a™',w) and the corresponding tuple equals (f, f), where in
the second coordinate f is interpreted in the sense of boundary values of f on T.
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(iii) Every bounded analytic function h defines a multiplication operator My on D(a™, w),
with norm at most ||h||s-

Proof. Part (i) follows from the paragraph above. The only way a function f € D(a™!, w)
satisfies || M. f|p@-1w) = || fllD(@-1,w) is if f vanishes on D, which does not happen by
Proposition 5.1.

Part (i7) follows in a similar way. We need to note only that since a~' is decreasing
and w is bounded, then for a suitable sequence {p, }, of Taylor polynomials of f € H? the
tuples (pn, pn) Will converge in the norm of X (™) @ L*(wdm) to (f, f). By part (i), or
the discussion in the paragraph above, there is only one tuple in D(a™!, w) which has f
as the first coordinate. So the tuple representing f € H> N D(a~ !, w) is precisely (f, f).

To prove part (iii), let h be a bounded analytic function and {h,,}, its Fejér means. Let
{p.}n be a sequence of polynomials converging to f € D(a™!,w). Then Proposition 4.1
implies that {h,p,}, is a norm-bounded sequence in D(a~!,w). The weak limit of this
sequence equals hf € D(a™! w), and

1

o ety < Hm inf ([t < [l 1l

The last inequality is again a consequence of Proposition 4.1.

5.2 An uncertainty-type principle

The singificance of Proposition 5.1 might not be easy to appreciate. In this section, which
is independent of the rest of the article, we want to highlight how such a result can be
applied in the theory of P?(u)-spaces and how it relates to a classical result in the theory
of Hardy spaces.

Recall that a square integrable function f on T which lies in the L2-closure of the
analytic polynomials (that is, in the Hardy space H?) cannot vanish on a set of positive
measure. Thus the spectral smallness of f (vanishing of negative Fourier coefficients of
f) implies that the function cannot be too small. A beautiful exposition of this result,
and other manifestations of the uncertainty principle in harmonic analysis, can be found
n [10]. A combination of the deep work of Aleman, Richter and Sundberg in [4] and our
Proposition 5.1 will establish the following result of similar nature.

Corollary 5.3. (An uncertainty-type principle for a class of P?(u)-spaces) Let
C > —1 and E be a Beurling-Carleson set of positive measure. Let w be a bounded positive
measurable function which is supported on E and satisfies fE log(w)dm > —oo. Consider
the measure

dp = (1 —|2|*)°dA + wdm

and the classical Lebesque space L*(u). Let P%*(u) be the closure of analytic polynomials
in L*(p). Then we have that f # 0 almost everywhere with respect to i, for any non-zero

feP ).
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Proof. A computation shows that for f(z) = >, fx2", we have

[ 1r@Ra = BCaac = S B(OIAF

where the weights [y (C) satisfy the asymptotics

1
Pr(C) = LCHL

This means that convergence of polynomials {p, }, in P?(u) implies convergence of (p,, p,)
in the space X (a™1) ® L?*(wdm) appearing in Proposition 5.1, and a direct consequence is
that P?(u) contains no non-zero function which vanishes on D. In particular, P?(u) does
not contain the characteristic function of any subset of T of positive measure, and every
element f € P?(u1) has a unique restriction f|D to D, which of course is an analytic function.
In particular, the space satisfies the assumptions of [4, Theorem A], and the conclusion
of that theorem is that for any f € P?(u), its restriction f|D has a non-tangential limit
almost everywhere with respect to p|T, and this limit agrees almost everywhere with f|T.
If f would vanish on a set of positive u|T-measure, then a classical theorem of Privalov
(see [14], for instance) can be used to deduce that f = 0 throughout D. ]

In the above result we can obviously replace the part du|T = wdm with a more general
weight w which is carried by a countable union {E, }, of Beurling-Carleson sets of positive
measure, and where the weight w is log-integrable on each set F,, separately.

We want to remark also that the use of the very deep and general Aleman-Richter-
Sundberg theorem from [4] in the above proof can likely be avoided, and the existence of
non-tangential limits on E for functions f in P?(u) of the described form, or even in the
space D(a™t, w), is likely accessible in a more straightforward way (see the introductory
section of the article [4] for an exposition of previously attained special cases of the Aleman-
Richter-Sundberg theorem).

6 A permanence principle for inner factors

In this section, we study the inner factor permanence problem for the spaces appearing in
the previous sections. We start by formally stating the property which we are investigating.

Definition 6.1. Let H be a topological space of analytic functions which contains H*, and
0 be a given inner function. We say that the pair (H,0) satisfies the permanence property
of

lim 0f, = f,

n—oo

in the sense of the topology of H, implies that f/0 is bounded, whenever f,, f are bounded
analytic functions.
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Let us go back to the setting of Proposition 5.1 and Proposition 5.2 where the Hilbert
space D(a™ !, w) appears. We noted that if « is suitably chosen, then D(a™!, w) is in fact
a space of analytic functions, and it contains H2. Thus the above question of inner factor
permanence makes sense in the context of the norm on D(a™, w).

Weaker versions of the following results appear in [17], where circumstances allow for
statements in much less technical form. This is a consequence of the fact that the sequences
a which appear in [17] increase only polynomially. Below, we show that by fixing some
singular inner function # of some particular structure, we can alter the methods in [17] and
construct a space D(a!, w) where the sequence « is rapidly increasing and in which the
permanence principle in Definition 6.1 holds for that given 6. The corresponding results
for P?(p)-spaces from [17] are corollaries (we state them in Corollary 6.5 below), but we
will need the full strength of the results established below in the principal application to
come.

Lemma 6.2. Let 0 = S, be a fized singular inner function for which in the decomposi-
tion (7) of v, the part ve is supported on a single Beurling-Carleson set F of Lebesque
measure zero, and v = 0. Then there exists a rapidly increasing sequence a = {au}52,
(which depends on 0) such that the pair (X (a™),0) satisfies the permanence property in
Definition 6.1.

Proof. The idea of the proof is as follows. Let u be a function in Ky, the orthogonal
complement of §H? in H?, and A, be the (in general unbounded with respect to the norm
on X (a™1)) linear functional

Auf = / fadm (38)

which is defined for f € H?> C X(a™'). If A, can be extended to a bounded linear
functional on X (a™!) for u in a dense subset of Ky, then ||0f, — flx@-1) — 0, with
fn, f € H?, will imply that f is orthogonal to K, in H?. Indeed, in such a case we will
have

(F.u) = Tim (0f,.u) =0

for all u in a dense subset of Ky, and so f € (Ky)* = 0H?. This of course means that
f/0 € H?. We will show that such a dense set can be constructed under the stated
assumption, for some rapidly increasing sequence . The proof will involve construction
of a new set of smooth Cauchy transforms similar to those in (21), and an application of
Proposition 3.4.

Note that 6 extends analytically across the set T \ F, and a simple differentiation
argument and the formula (11) shows that we have the following estimate:

am

875m9( N < Gy, - dist(e, F) 2™ " €T\ F. (39)

Let ¢ = gr be the function decaying rapidly near F’ which is given by Lemma 2.1. We
conclude, similarly to as in the proof of Proposition 3.1, that the set of functions on T
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defined by

K, := {0(pgr : p analytic polynomial }
consists of functions in C*°(T), and thus the Cauchy transform of any function in this
set is in A®. Let P, denote the projection operator from L?*(T) to the Hardy space H?.
Then P, f = Cf, interpreted as functions on the circle. We now verify that the Cauchy
transforms of elements of K are members of Kjy. Let <-, > ;2 denote the usual inner product
for L?(T). For s = §(pgr and any h € H?, we have

(0h.C),, = (01, Pys) , = (6.5, = / hCpgpdm =0,
T

where the last integral vanishes because the integrand represents the boundary function
of an analytic function with a zero at the origin. Thus Cs € Ky for any s € Ky. We now
verify that this set of Cauchy transforms is dense in Ky. If f € Ky, then f0 = (fy as
boundary functions, where f, € H?. Orthogonality of f € Ky to all functions Cy, s € K,
means that

<f7 CS>L2 = /T%pgpdm: 0.

Since gr is outer, the set

{pgr : p analytic polynomial } (40)
is dense in H?, and so the above implies f, = 0, which means that f = 0. We have
thus constructed a dense set of functions in Ky to which Proposition 3.4 applies, and the
conclusion is that the Cauchy transforms we constructed are all contained in some space
X () defined by a rapidly increasing sequence a. Then the space X (a™!) satisfies the
permanence principle for 6, by the observation in the first paragraph of this proof. ]

Lemma 6.3. Let E be a Beurling-Carleson set of positive Lebesgue measure, and let w
be a weight supported on E and satisfying fE log(w)dm > —oo. Let 0 = S, be a fized
singular inner function for which v is supported on the set E. There exists a rapidly
increasing sequence o = {ay }22, (which depends on E,w and 8) for which the conclusion
of Proposition 5.1 holds, and moreover the pair (D(a™',w),0) satisfies the permanence
property in Definition 6.1.

The difference from Lemma 6.2 is that Lemma 6.3 also applies to the case when v in
(7) is non-zero.

Proof. We follow the same idea as in the proof of Lemma 6.2. From the weight w we
construct the outer function W given by the formula (18). For the set £ we construct the
corresponding function g = gg as in Lemma 2.1, and we define

Ky :={0(pgeW : p analytic polynomial }.

This time, the Cauchy transforms of the functions in K5 are not necessarily smooth. How-
ever, they are again contained and dense in Ky, as in Lemma 6.2. The only difference in
the proof, which we skip, is that the set in (40) is replaced by

{pgeW : p analytic polynomial },
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which is dense in H? by the fact that W and g are outer.
For
Sp -— QCQEW c K2

we define the Cauchy transform wug := C,,. We can decompose 1, according to
_ [ s0(¢) _ s0(¢) s0(¢)
wie) = [P = [ am(@)+ [ TS m(
= uy(2) + uz(2) (41)

Estimates of the form (23) and (39) show that in solm g is a function in C*°, and thus
up € A®. Consequently, by Proposition 3.4, there exists a rapidly increasing sequence 3
such that Cyi,, , is in X (B71Y), for all s € Ky. Apply now Proposition 5.1 to F and w to
obtain another rapidly increasing sequence - such that the conclusion of that proposition
holds, and let a be the termwise minimum of 3 and ~:

ap = min{ﬁ]ﬁfy]ﬁ}a k Z 0.

Then « is again a rapidly increasing sequence, conclusion of Proposition 5.1 holds, and
CSlT\E is in X (av), for all s € Kj.
Moreover, the linear functional

frs [ fazam,

defined on analytic polynomials f, is bounded in the metric of L?(wdm). Indeed, recall
that |[W| = w on the set E, and so we have

-

for some constant ¢ > 0, since 8(gg is bounded. The same argument shows also that Cl;,
defines a bounded linear functional on the analytic polynomials in the metric of L?(w dm),
for all s € Ks.

We let v = C for s € Ky, v1 = CslT\E,vg = C51,,, so that v = vy + v, and go back to
the definition of the functional A, in (38). We have just verified that we can decompose it
according to (41)

/fu_Qdm‘ = ’<f,P+801E>L2
T

/ F9CgnW dm‘ < el fll i
E

Af :—/Tfﬁdm—/va_ldm—i-/Tf@dm. (42)

in such a way that the first piece defines a continuous linear functional on the analytic
polynomials in the metric of X (a™!), and the second piece defines a continuous linear
functional on the analytic polynomials in the metric of L?(wdm). But then these func-
tionals extend continuously to D(a™!, w), and by the density of {C; : s € Ky} in K, and
the argument in the first paragraph of the proof of Lemma 6.2, we conclude that the pair
(D(a™!,w), 0) satisfies the permanence property. ]
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Corollary 6.4. (An inner factor permanence principle) Let E be a Beurling-
Carleson set of positive Lebesque measure, and let w be a weight supported on E and
satisfying fE log(w)dm > —oco. Let 8 = S, be a fized singular inner function such in the
decomposition (7), the part ve satisfies ve(F) = ve(T) for a single fivred Beurling-Carleson
set ' of Lebesgue measure zero, and v is supported on E. There exists a rapidly increasing
sequence oo = {ay }32, (which depends on E,w and ) for which the conclusion of Propo-
sition 5.1 holds, and moreover the pair (D(a™t, w),0) satisfies the permanence property in
Definition 6.1.

Proof. The required rapidly increasing sequence « is the one obtained by constructing the
termwise minimum of the sequences given by Lemma 6.2 and Lemma 6.3. [

The above result is essentially optimal. Indeed, if v = v in (7) and v(T \ E) > 0,
then S, will be divisible by an inner function which is cyclic in D(a™*, w) (and so certainly
cannot satisfy the permanence property). This can be seen from the corresponding cyclicity
result in [17] for the class of P?(u)-spaces appearing in Corollary 5.3. In the other direction,
we note that the main inner factor permanence result in [17] is an immediate consequence
of Corollary 6.4. Here is the statement.

Corollary 6.5. (The permanence principle for a class of P?(u)-spaces) Let
C > —1 and E be a Beurling-Carleson set of positive measure. Let w be a bounded positive
measurable function which is supported on E and satisfies fE log(w)dm > —oo. Consider
the measure

dp = (1 —|2|*)°dA + wdm

and the classical Lebesque space L*(u). Let P%(u) be the closure of analytic polynomials
in L*(p). If 0 = S, be a singular inner function such that in the decomposition (7) the
part v is supported on E, then the pair (P*(u),0) satisfies the permanence property in
Definition 6.1.

We skip the proof, which is similar to the proof of Corollary 5.3.

7 Density of smooth functions in extreme H(b) spaces

This final section is devoted to the proof of density of smooth functions in the class of de
Branges-Rovnyak spaces described in Section 1.

7.1 A little background on H(b)
The following construction of the H(b) space appears in [3].

Proposition 7.1. Let b be an extreme point of the unit ball of H*,

E={¢eT: Q)| <1},
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and let A = /1 —|b|? be a function on the circle T, defined in terms of boundary values
of b on T. For f € H(b) the equation

has a unique solution g € L*(E), and the map J : H(b) — H* ® L*(E) defined by
Jf=(f.9),

15 an isometry. Moreover,
J(H(b)): = {(bh, AR):he H?}. (44)

The benefit of the above described way of constructing the H(b) space (that is, using
the embedding J above, and an orthogonal complement) is that it will be particularly easy
to implement our duality argument.

We need only one more lemma before going into the final proof.

Lemma 7.2. Let b = 6u be an extreme point of the unit ball of H*, where 8 and u are the
inner and outer factors of b, respectively. Further, let {0,}, be a sequence of inner divisors
of 0 such that

lim 6,(z) =0(z)

n—oo

for all z € D, and let {E,}, be a increasing sequence of subsets of T such that
E={CeT:b(Q)| <1} =U,E,
up to a set of Lebesque measure zero. Forn > 1, let u, be the outer function with modulus
[ty = 1p\E, + |b]1E,

on T. Setb, = O,u,. Then H(b,) is contractively contained in H(b), and U, H(b,) is
norm-dense in H(b).

Proof. Let ky and k;, be the reproducing kernels of H(b) and H(b,), respectively. Note
that the assumptions imply that b, divides b, in the sense that

1b(2)/bn(2)| <1, ze€D. (45)
Then

b (N, (2) — b(N)D 1 —b/b,(\)b/b,
O 2) o O 2) — PO0(2) ~BOME) sy 1= BB (2)
1—Az 1—Az
is clearly a positive definite kernel, so by standard theory of reproducing kernel Hilbert
spaces (see, for instance, [5] or [1]) it follows that H(b,,) is contractively contained in H(b).
Moreover, contractivity of the containment means that
L—[ba (N> _ 1= [N

2 2 n

||kbn()\’ )H?-l(b) < ||kbn<>\7 )”H(bn) = 1 — |/\|2 < 1 — |/\|2 ’
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where in the last step we used (45). So for fixed A, the functions kp, (), ) are norm-
bounded in #H(b). It is not hard to see from the usual construction of the outer functions
that u,(z) — u(z) as n — oo, for every z € D. Consequently b,,(z) — b(z) for each z € D,
and even

lim ky, (N, 2) = ko(N, 2), 2z,A€D.

n—oo
Together with the norm estimate above, this means that for any fixed A € D, a suitable
subsequence of the kernels k, (A, -) will converge weakly in H(b) to ky(A,-). Elementary
functional analysis now ensures that U,H(b,,) is dense in H(b). O

We remark that a simple consequence of the contractive containment of H(b,,) in H(b)
is the following: density of A N H(b,) in H(b,) for each n implies density of A> N H(b)
in H(b).

7.2 The density theorem

In the proof below, we use the duality pairing <-, > appearing in Section 4.1. For a set S in
either X (a) or X(a™1), we denote by S* the linear space of elements in the other space
which is annihilated by S under the duality. Basic Hilbert space theory says that (S+)* is
the norm-closure of S.

For convenience, we restate the Theorem B of Section 1.

Theorem 7.3. (A*°-density theorem in H(b)-spaces) Let b = Ou be an extreme point
of the unit ball of H* satisfying the following assumptions.

(i) There ezists an increasing sequence {E,}, of Beurling-Carleson sets of positive mea-
sure such that, up to a set of Lebesque measure zero, we have the equality

E={CeT: b)) <1} =U,E,

and

/ log(1 — |b]*)dm > —oc0,  for all n.

(i1) If 0 = BS,, where B is a Blaschke product and v is the measure defining the singular
inner factor as in (11), then in the decomposition (7) the part v which vanishes on

Beurling-Carleson sets of Lebesgue measure zero satisfies vi(Un,Ey,) = vi(T), where
{E.}n are the sets in (7).

Then A> NH(b) is norm-dense in H(b).

Before going into the proof, we remind the reader of what was remarked in Section 1,
that the condition v (U, E,) = v(T) appearing in (i) above is essentially necessary, and
that some type of structure condition on the set F, and a size condition on the weight
(1 — |b]?), also are necessary (examples are mentioned in [18]).

The proof below is essentially the same as the one given in the context of P?(u)-spaces
in [18].
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Proof. By Lemma 7.2 and the remark following it, we can assume that F is a Beurling-
Carleson set of positive measure, and the inner factor has a factorization

0 = BS, = BS,,S

VK

where v is supported on a single Beurling-Carleson set F' of Lebesgue measure zero.

We set w := A? = (1 — |[b]*)1p, and apply Corollary 6.4 to the data E, F,S,., S, to
obtain a rapidly increasing sequence « and a space D(a !, w) which satisfies the conclusion
of Corollary 6.4. Since e« is rapidly increasing, the space X (a) consists of functions in A>.
We will show that X (a) NH(b) is dense in H(b).

Assume that f € H(b) is orthogonal to all functions in X(a) N H(b). In terms of
the embedding J appearing in Proposition 7.1, this means that the tuple Jf := (f,g) is
orthogonal in H?® L?(E) to all tuples in J(X (a) NH(b)). By the definition of the duality
pairing appearing in Section 4.1, this means that

(f.9) € X(a™) & L(E)

annihilates
J(X(a)NH(b)) C X(ax) ® L2(E).

Now, from (44), we see that the set J(X (a) NH(b)) C X () & L*(FE) can be expressed as
the pre-annihilator. Then

J(X(a) NH(b)) = {(bh, Ah) € X (™) @ L*(E) : h € H*}*. (46)

We are in a Hilbert space setting, so it follows from the duality remarks above that there
exists a sequence {h,}, of functions in H? such that (bh,,Ah,) converges to (f,g) in
the norm of X(a™') @& L*(F). By passing to a subsequence, we may assume that the
convergence of Ah, to g happens also pointwise almost everywhere on E. Mutiplying
the second coordinate by the bounded function b, we read that the elements (bh,,, Abh,,)
converge to (f,bg) in the norm X(a~') ® L?(FE), and in particular the tuples (bh,,, Abh,,)
form a Cauchy sequence. In fact, since w = A2, this is equivalent to

7”1715_1)100 ||bhn — bhm”X(a—l) —|— ||bhn — bhm||L2(wdm) = 0,

so the sequence (bh,, bh,) converges in the space D(a~!,w) which is a space of analytic
functions. The limit function must be f € H? by the above. Now we apply part (ii) of
Proposition 5.2, which tells us that bh,, — f pointwise on the set E (it is precisely at this
point where M, being completely non-isometric on D(a™!, w) is crucial, else the sequence
{bhy, }n, could potentially converge to something else than f). Thus, we have

b(Q)g(¢) = lim A(C)b(¢)hn(C) = A(C)f(C)

n—o0
for almost every ¢ € E. Thus g = Af/bon E. All in all, have identified the tuple Jf as
Jf=(f,Af/b)
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Moreover, by the permanence property of (D(a™!,w),0), f is divisible by the inner factor
6 of b.
Note that on T, we have

F/b= (" + A%) f/b=0bf + Ag.

Since the right-hand side is square-integrable, so is the left. Since the inner factor of f is
divisible by the inner factor of b, we conclude that f/b is a function in the Smirnov class
of the unit disk which has square-integrable boundary values, and so f/b € H? (see [9,
Chapter 2]). But by (43), we get

F/b= Pu(f/b) = Py(5f + Ag) = 0.
So f/b =0, and hence f = 0. The proof is complete. ]
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