Proc. London Math. Soc. (3) 103 (2011) 73-105 © 2011 London Mathematical Society
doi:10.1112/plms/pdq053

Discrete Hilbert transforms on sparse sequences

Yurii Belov, Tesfa Y. Mengestie and Kristian Seip

ABSTRACT

Weighted discrete Hilbert transforms (an)n — Y., ann/(z —vn) from 22 to a weighted L>-
space are studied, with I' = (y,) a sequence of distinct points in the complex plane and v = (vy,)
a corresponding sequence of positive numbers. In the special case when |y,| grows at least
exponentially, bounded transforms of this kind are described in terms of a simple relative to
the Muckenhoupt (A2) condition. The special case when z is restricted to another sequence
A is studied in detail; it is shown that a bounded transform satisfying a certain admissibility
condition can be split into finitely many surjective transforms, and precise geometric conditions
are found for the invertibility of two such weight transforms. These results can be interpreted as
statements about systems of reproducing kernels in certain Hilbert spaces of which de Branges
spaces and model subspaces of H? are prime examples. In particular, a connection to the
Feichtinger conjecture is pointed out. Descriptions of Carleson measures and Riesz bases of
normalized reproducing kernels for certain ‘small’ de Branges spaces follow from the results of
this paper.

1. Introduction and main results

This paper is concerned with the mapping properties of what we call discrete Hilbert transforms
in the complex plane. One aspect of this topic was treated in [7], where all unitary discrete
Hilbert transforms were described. When we now turn to questions about boundedness,
surjectivity, and invertibility, results of the same generality seem at present out of reach.
The results to be presented below are complete only when the discrete Hilbert transforms are
defined on particularly sparse sequences. We will nevertheless present the problems in the most
general setting, as we believe they merit further investigations. We emphasize the connection
with topics such as Carleson measures and Riesz bases of normalized reproducing kernels in
Hilbert spaces of analytic functions; this will lead us to the most intriguing general question,
namely whether or not the Feichtinger conjecture holds true for systems of reproducing kernels
in such spaces.

We begin by assuming that we are given an infinite sequence of distinct points I' = (v,,) in
C and a corresponding sequence of positive numbers v = (v,,), both indexed by the positive
integers. We define the weighted Hilbert transform as the map

00
ApUn
(an) — )  ——, (1.1)

which is well defined when (a,) belongs to £2 = {(a,) : [la||?2 =07, |an|*v, < 0o} and z is
a point in the set

(F,v)*{zec Z| . <oo}
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We denote the transformation defined in (1.1) by H,) and ask if we may describe those
nonnegative measures 1 on (I',v)* such that Hr ) is a bounded map from ¢2 to L*((T',v)*, ).
This question is another version of the long-standing problem of finding criteria akin to
the Muckenhoupt (A3) condition for boundedness of two-weight Hilbert transforms (cf. the
discussion in the last three chapters of [31]).

The centrepiece of this paper is a solution to the boundedness problem when I' is
exponentially or super-exponentially ‘sparse’, that is, when we have

it Dot g (1.2)
nzl |’7n‘

In this case, (I, v)* is nonempty and in fact equal to C\ T if and only if
= v

— < o0 (1.3)
2 TP
we say that v is an admissible weight sequence for T" if (1.3) holds. When we consider the
boundedness problem for such sparse sequences I', it is quite natural to partition C in the
following way. Set Q1 = {z € C: |z| < (]m1] + |72])/2} and then

0= frec. oaltinl o blthoal) g,y

Our solution to the boundedness problem reads as follows.

THEOREM 1.1. Suppose that the sequence I' satisfies the sparseness condition (1.2) and
that v is an admissible weight sequence for T'. If 11 is a nonnegative measure on C with u(T') = 0,
then the map H(r ,) is bounded from ¢} to L*(C, p) if and only if

supJ On dpi(z) < 00 (1.4)
Qn

n>1 Z_’yn|2

and

n
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nzl \i=
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It should be noted that the condition is symmetric in the two measures ) v,d,, and pu.
This is natural since the theorem also gives a necessary and sufficient condition for the adjoint

transformation
o (] Heto
C z Tn n

to be bounded from L?(C, i) to ¢2. The condition (1.5) can be understood as a simple relative
to the classical Muckenhoupt (As) condition.

Besides its simplicity, the main virtue of Theorem 1.1 is its role as a tool in our study of
surjectivity and invertibility of discrete Hilbert transforms. We now turn to the latter topic and
require thus that p be a purely atomic measure. In other words, we are interested in the case
when there are a sequence of points A = ();) in (I',v)* and a corresponding weight sequence
w = (w;) such that the discrete Hilbert transform

> anU
(an)n — nn (1.6)
n=1 )\j —n j

is bounded from ¢2 to ¢2. To stress the dependence on the pair (A,w), we denote this
transformation by H(r ,),(a,w)- A duality argument (see the next section) shows that if we
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want Hr ,).(A,) 10 be a surjective map as well, then we must have

—1
w; = HzIzIﬁaX |( (F,v)a)(/\j”:l (Z |)\ _7n|2> ) (17)
up to multiplication by a sequence of positive numbers bounded away from 0 and co. When
I’ and v are given and A is a sequence in (I',v)*, we say that the sequence given by (1.7)
is the Bessel weight sequence for A with respect to (I',v). The translation into this discrete
setting of Theorem 1.2, to be stated in Section 3, is surprisingly subtle: the sequence A splits
naturally into three subsequences, one that should be viewed as a perturbation of I' and then
two sequences satisfying only certain ‘extreme’ sparseness conditions.

Our next general question is the following. If w = (w;) is the Bessel weight sequence for A
with respect to (I', v) and H(p 4),(A,w) is @ bounded transformation, is it possible to split A into a
finite union of subsequences A’ such that, with w’ denoting the subsequence of w corresponding
to A’, each of the transformations Hr ,y;(aw) is surjective? As will be explained in the next
section, this question would have a positive answer should the Feichtinger conjecture hold true.
The following result answers this question when (1.2) holds.

THEOREM 1.2. Suppose that the sequence I' satisfies the sparseness condition (1.2) and
that v is an admissible weight sequence for T'. If A is a sequence in C \ T, w is the Bessel weight
sequence for A with respect to (I',v), and the transformation Hp ,).(a ) is bounded, then A
admits a splitting into a finite union of subsequences such that, for each subsequence A’ and
corresponding subsequence w' of w, the transformation Hp .),(as,.) IS surjective.

We proceed now to our third main result, which is a general statement about invertible
discrete Hilbert transforms. The observation that leads to this result, is that the inverse
transformation, if it exists, can be identified effectively as another discrete Hilbert transform.

To make a precise statement, we introduce the following terminology. We say that a sequence
A of distinct points in (I',v)* is a uniqueness sequence for Hr ,y if there is no nonzero vector
a in £2 such that H(p vya vanishes on A; we say that A is an exact uniqueness sequence for
Hr ) if it is a uniqueness sequence for H(r ,), but fails to be so on the removal of any one of
the points in A. If A is an exact uniqueness sequence for Hr ), then we say that a nontrivial
function G defined on (I',v)* is a generating function for A if G vanishes on A but, for every
Aj in A, there is a nonzero vector a') in ¢2 such that G(2) = (2 — A\j)H(p ,y a9 (z) for every 2
in (T',v)*. Tt is clear that if a generating function exists, then it is unique up to multiplication
by a nonzero constant.

We note that if A is an exact uniqueness sequence for Hr ), then there exists a unique
element e = (e,) in (2 such that Hp ) aw)€ = (1,0,0,...). We set v = (v,) and @ = (w;),
where

Unp :'Un‘)\l *'Yn‘2|en|2a (18)

w; = w; ', and
- enV -
—1 -2 nbUn
wi =w; |Aj— A\ —_— (1.9)
’ / ! ’rLz::l ()‘] - ’Yn)z ’
presuming the series appearing in the latter expression converges absolutely. We see that,
plainly, we have absolute convergence of this series whenever A admits a generating function.

Our next result reads as follows.

THEOREM 1.3. Suppose that every exact uniqueness sequence for H ,y admits a
generating function. Let A be a sequence in (I, v)* and let w be the Bessel weight sequence for
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A with respect to (I',v). If the transformation H(p )(A.w) is bounded, then H(p (A w) IS an
invertible transformation if and only if A is an exact uniqueness sequence for Hr .y and the
transformation H, )(r,) is bounded.

Note that when we write that ‘Ha oy, r,,) is bounded’, it is implicitly understood that
I'c (A w)*.
We may observe that if v, — co when n — oo, then the function

B(z) = (== M) Y

n=1

€nUn

1.10
— (1.10)

and its reciprocal ¥ = 1/® are meromorphic functions in C, and ® is then the generating
function for A. We may then rewrite the expressions for v and w as

v = vp| W' ()| 7% and @y = w; HP(A)] 77 (1.11)

Combining Theorem 1.3 with Theorem 1.1, we obtain computable and geometric invertibility
criteria when T is a sparse sequence as defined by (1.2). To illustrate the nature of these criteria,
we highlight the following concrete example, where it is tacitly assumed that (1.2) holds and
that w = (w,,) is the Bessel weight sequence for A with respect to (T, v).

ExaMPLE 1. Set V,, = Z;_; U, for n > 1. Assume that both v, = o(V},) and V,, — oo
when n — oo, and write I' = (v,,) and A = (\,), with both sequences indexed by the positive
integers. Moreover, assume that there exists a positive constant C' such that

|’Yn - >\n| Un
— < C— 1.12
Il Va (112)
for every positive integer n.

(1) If, in addition, there is a real constant ¢ < 1/2 such that

Wl o v

_—— c
Aal 7TV,

for all sufficiently large n, then Hr ,).(a,w) is an invertible transformation.

(2) If, on the other hand, there is a positive constant ¢ > 1/2 such that

[l o

Pl T
for all sufficiently large n, then H(F7,U);(A(1),u)(1)) is an invertible transformation, where A() =
(A2, A3, ...) and w® = (wy, w3, ...).

It follows from (1.12) that Hp ,),(a,w) is @ bounded transformation, while the respective
conditions in (1) and (2) imply that the inverse transformations are bounded, subject to the
proviso that, when (2) holds, one point be removed from A. This rather puzzling example
can be seen as an analogue of the Kadets 1/4 theorem for complex exponentials [21] (cf. the
discussion in the next section). We note that if we have the precise relation

bl oy _ Lom
[An] 2V,
then neither Hr ,).(A,w) DO H(p ,y,(A() (1) is an invertible transformation. Another curious
point is that if we replace the condition that V;, — oo by the assumption that sup,, V,, < oo,
then (1.12) automatically implies that Hr ,;(a,w) is an invertible transformation.
An interesting feature of our results for sparse sequences is that invertibility implies that A
is a perturbation of I', in a sense to be made precise. As a consequence, we see that there may
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exist bounded transformations H(r ,);(a,w) such that no infinite subsequence A" of A is also a
subsequence of another sequence A” for which the associated Hilbert transform is invertible.

Before we turn to the proofs of our three main theorems and a detailed discussion of further
results as alluded to above, we will place our study in context by explaining in detail how
to translate our problems and findings into statements about systems of reproducing kernels.
We are particularly interested in such systems in the distinguished case when the underlying
Hilbert space is a de Branges spaces or, more generally, a model subspace of H2. The study
of such systems has a long history, beginning with the work of Paley and Wiener on systems
of nonharmonic Fourier series, and is related to a number of interesting applications. More
recently, the advent of the Feichtinger conjecture has given additional impetus to the subject;
the special case of the conjecture pertaining to discrete Hilbert transforms appears as an
interesting setting in which the ramifications of the general Feichtinger conjecture could be
explored.

The present investigation originated in questions raised about systems of reproducing kernels.
During the course of our work, we have found it both useful and conceptually appealing to
transform the subject into a study of the mapping properties of discrete Hilbert transforms.
We have learned to appreciate that the essential difficulties thus seem to appear in a more
succinct form.

We close this section with a few words on notation. Throughout this paper, the notation
U(z) S V(z) (or equivalently V(z) 2 U(z)) means that there is a constant C' such that U(z) <
CV(2) holds for all z in the set in question, which may be a Hilbert space, a set of complex
numbers, or a suitable index set. We write U(z) ~ V(z) if both U(2) S V(2) and V(z) S U(2).
As above, a sequence I' = (9,,) of distinct complex numbers will frequently be viewed as a
subset of C. Sometimes we shall need to remove a single point, say ~,,, from such a sequence.
The sequence thus obtained will then be written as T'\ {v,,}, where {v,,} denotes the set
consisting of the single point ~,,.

2. Translation into statements about systems of reproducing kernels

2.1. A class of Hilbert spaces

Let ‘H be a Hilbert space of complex-valued functions defined on some set 2 in C. We say that
a sequence A of distinct points in €2 is a uniqueness sequence for H if no nonzero function in
‘H vanishes on A; we say that A is an exact uniqueness sequence for ‘H if it is a uniqueness
sequence for H, but fails to be so on the removal of any one of the points in A. If A is an
exact uniqueness sequence for H, then we say that a nontrivial function G defined on € is a
generating function for A if G vanishes on A but, for every A; in A, there is a nonzero function
gj in 'H such that G(z) = (2 — Aj)g,(2) for every z in Q. It is clear that if a generating function
exists, it is unique up to multiplication by a nonzero constant.

We assume that H satisfies the following three axioms.

(Al) H has a reproducing kernel k) at every point A in Q, that is, the point evaluation
functional ky : f — f(\) is continuous in H for every A in Q.

(A2) Every exact uniqueness sequence for H admits a generating function.

(A3) There exists a sequence of distinct points T' = (v,,) in £ such that the sequence of
normalized reproducing kernels (k-, /||k+, ||#) constitutes a Riesz basis for H. In addition,
there is at least one point z in Q \ I' for which s, # 0.

The second axiom (A2) may be viewed as a weak statement about the possibility of dividing
out zeros. To see this, we may observe that (A2) holds trivially if H has the property that
whenever f(X) =0 for some f in H and A in €, we have that f(z)/(z — A) also belongs to H.
On the other hand, (A2) and (A3) lead to a representation of functions in H (see below), which
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shows that if A is a point in Q \ T such that xy # 0, then f(2)/(z — A) is in H whenever f is in
H and f(\) = 0. In general, however, this division property need not hold at the accumulation
points of T" when we only assume (A2).

The Riesz basis (k,, /||k+, ||#) has a biorthogonal basis, which we call (g, ). By axiom (A2),
we may write G(2) = ¢n(2 — Yn)gn(z) for some nonzero constant c¢,. We use the suggestive
notation G’(7,,) for the value of G(z)/(z — v,) at 7,. The sequence g, is also a Riesz basis for
‘H, and therefore every vector h in H can be written as

Gl
h( 2.1
Z 'Y" G’ (z _ ’Yn) ( )
where the sum converges with respect to the norm of ‘H and
[h(7n)]
1hll3, = Z 00;
[y, IIH

since point evaluation at every point z is a bounded linear functional, (2.1) also converges
pointwise in Q \ I". By the assumption that h +— (h(7,)/ ||k, ||3) is a bijective map from H to
£2, this means that

IIM 2
5 < 2.2

2 GGl P < 22
whenever z is in Q\ I'. By the last part of axiom (A3), there is at least one such z in Q\ T
Using the notation

S
-
G Om)E”

we may therefore deduce from (2.2) that
Un
. 2.
Zn:“rlvnl2<oo (23)

We may now change our viewpoint: given a sequence of distinct complex numbers T' = (v,,)
and a weight sequence v = (v,,) that satisfy the admissibility condition (2.3), we introduce the
space H(T',v) consisting of all functions

fe) =3 7

n=1
for which
oo
1 30y = Z |an[?vp < o0,
n=1
assuming that the set (I',v)* is nonempty. Thus we obtain the value of a function f in H(T',v)
at a point z in (I',v)* by computing a discrete Hilbert transform.

We say that a nonnegative measure p on (I',v)* is a Carleson measure for H(T',v) if there
is a positive constant C such that

Ji PR dE) < Ol

holds for every f in H(I',v). It is now immediate that u is a Carleson measure for H(I',v) if
and only if the map Hr . is bounded from ¢2 to L*((I',v)*, u).
2.2. Systems of reproducing kernels in H(T', v)

We begin again with some generalities. Let H be a complex Hilbert space and (f;) be a sequence
of unit vectors in H. We say that (f;) is a Bessel sequence in H if there is a positive constant
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C such that the inequality
DS fiml* < CUFI

J
holds for every f in H. The sequence (f;) is a Riesz basic sequence in H if there are positive
constants A and B such that the inequalities

AZ‘CJ|2 < chfj <BZ|0n‘2 (24)
j j " n
hold for every finite sequence of scalars (c;). The Feichtinger conjecture claims that every
Bessel sequence of unit vectors can be expressed as a finite union of Riesz basic sequences.

In an intriguing series of papers [11, 12, 14, 15], it has been revealed that the Feichtinger
conjecture is equivalent to the long-standing Kadison—Singer conjecture [22]. We refer to the
recent paper [13] for a historical account and an interesting reformulation of the Feichtinger
conjecture.

Before turning to the special case of normalized reproducing kernels for H(I', v), we record
the following consequence of the open mapping theorem [29, p. 73].

LEMMA 2.1. Suppose that T is a bounded linear transformation from a Hilbert space H;
to another Hilbert space Hy. Then T is surjective if and only if the adjoint transformation T™*
is bounded below.

If we let T be the map f— ((f,fj)n), then T"(¢;) = Zj ¢;f;. Thus it follows from
Lemma 2.1 that (f;) is a Riesz basic sequence if and only if it is a Bessel sequence for which the
moment problem (f, f;)» = a; has a solution f in H for every square-summable sequence (a;).
We may also set T'= H(r ,);(A,w) and observe that Lemma 2.1 gives the necessary condition

(Z RY —7n|2>_1

for surjectivity of the transformation Hr v):(A,w)-
We return now to the space H(I',v). We note that the reproducing kernel of H(I',v) at a
point z in (T, v)* is

RO =2 e

this is a direct consequence of the definition of H(I,v). Given a sequence A = ();) in
(T',v)*, we associate with it the corresponding sequence of normalized reproducing ker-
nels (kx,/|kx; llnr,v)). We observe that if w is the Bessel weight sequence for A with
respect to (I',v), then the transformation H(r ,y,(a,w) is bounded if and only if the system
(kx; /|lkx; l7(r,0)) is a Bessel sequence in H(I',v). Moreover, this transformation is both
bounded and surjective if and only if the system (kx,/|[kx, [|#(r,»)) is a Riesz basic sequence
in H(T',v). Thus Theorem 1.2 shows that the Feichtinger conjecture holds true for systems of
normalized reproducing kernels in H(T", v) whenever I" is a sequence satisfying the sparseness
condition (1.2).

We finally note that if w is the Bessel weight sequence for A with respect to (T',v), then the
transformation H(p ,);(a,w) is invertible if and only if the system (ky, /[|kx, [|3(r,v)) is a Riesz
basis for H(T',v). If H(T",v) is obtained from a space H satisfying (A1)-(A3), as described
in the previous subsection, then Theorem 1.3 applies. In the special case when 7, — co as
n — 0o, we may write the meromorphic function defined in (1.10) as ® = F'/G, with G again
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denoting the generating function for I' and F' an entire function with a simple zero at each
point A;. Then the expressions appearing in (1.11) can be restated as

F(yn) G()‘j)
G () F'(A))

2 2
-1

J

n — n

and w; =w

2.3. First example: de Branges spaces

The prime examples of Hilbert spaces belonging to the general class described in Subsection 2.1
are found among so-called de Branges spaces and model subspaces of H2. To begin with, we
note that de Branges spaces may be defined in terms of axioms that are very similar to those
introduced above. Indeed, a Hilbert space H of entire functions that contains a nonzero element
is called a de Branges space if it satisfies the following three axioms.

(H1) H has a reproducing kernel k) at every point A in C, that is, the point evaluation
functional ky : f — f(\) is continuous in H for every A in C.

(H2) If f is in H and f(\) = 0 for some point A in C, then f(2)(z — \)/(z — \) is in ‘H and
has the same norm as f.

(H3) The function f(Z) belongs to H whenever f belongs to H, and it has the same norm as f.

The general reference for de Branges spaces is the book [10]. The leading example of a de
Branges space is the Paley—Wiener space, which consists of those entire functions of exponential
type at most m that are square summable when restricted to the real line.

A space H that satisfies (H1)—(H3), will in particular satisfy (A1)-(A3) with @ = C. Indeed,
we observe that then (H1) and (A1) coincide, and it is also plain that (H2) implies (A2). One
of the basic results in de Branges’s theory is that a space that satisfies (H1)-(H3), will have an
orthogonal basis consisting of reproducing kernels ., with I" = (,,) being a sequence of real
points. Thus, in particular, (H1)—(H3) imply that our third general axiom (A3) holds. In the
case of the Paley—Wiener space, we have an orthogonal basis of reproducing kernels associated
with the sequence of integers, leading to what is known as the cardinal series or the Shannon
sampling theorem.

Another way of defining de Branges spaces is as follows. We say that an entire function F
belongs to the Hermite-Biehler class if it has no real zeros and satisfies |E(z)| > |E(Z)| for z
in the upper half-plane. For a given function E in the Hermite-Biehler class, we let H(FE) be
the Hilbert space consisting of all entire functions f such that both f/E and f*/E belong to
H?. Here f*(z) = f(z) and H? is the Hardy space of the upper half-plane, viewed in the usual
way as a subspace of L?(R). We set

[P e
e = | o

Then H(FE) is a de Branges space, and every de Branges space can be obtained in this way
via a function E in the Hermite-Biehler class. We arrive at the Paley—Wiener space by setting
E(z) = e,

It follows from the preceding remarks that Theorems 1.1 and 1.2 apply to de Branges spaces
with orthogonal bases of reproducing kernels located at a sequence of nonzero real points 7,
such that inf,, |yn41]/|7n] > 1.

2.4. Second example: model subspaces of H?
Given an inner function I in the upper half-plane, we define the model subspace K? as
K? =H*cIH?,

which is the orthogonal complement in H? of functions divisible by the inner function I.
These spaces are, by a classical theorem of Beurling [8], the subspaces of H? that are invariant
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with respect to the backward shift. We refer to [26-28] for information about the model theory
related to the backward shift. The elements of K# (originally defined in CT) have meromorphic
extensions into C if the function I has such an extension. In this case, we have the relation
I = E*/E and the map f — f/F is a unitary map from H(E) to K7. Thus de Branges spaces
can be viewed as a subclass of the collection of all model subspaces of H?2.

We now prove that every model subspace satisfies axiom (A2) from Subsection 2.1. This is
obvious if we consider K? as a space of functions on the upper half-plane, but for our purposes
it is essential that we also include those points on the real line at which point evaluation makes
sense. We need the fact that the reproducing kernel for K? at some point ¢ in the upper
half-plane is

ke(z) = QL =N I(O,I(Z)

™ z—C
This formula extends to each point ¢ on the real line at which every function in K? has
a nontangential limit whose modulus is bounded by a constant times the HZ-norm of the
function. A paper of Ahern and Clark [1] gives that these are exactly the points ¢ at which
I has an angular derivative, that is, at which both I and I’ have nontangential limits and

()] = 1.

LEMMA 2.2. The Hilbert space K?, viewed as a space of functions on the set
QO={z=z+iy:y >0 and f — f(z) is bounded},

satisfies axiom (A2) of Subsection 2.1.

To make the proof more transparent, we single out the main technical ingredient as a separate
lemma.

LEMMA 2.3. If zg is a point on the real line at which the point evaluation functional for
K? is bounded, then ||Ky,+iy — Kol 2 — 0 when y — 0.

Proof.  Assuming I(z() = 1, we may write

2 (apsin(®) = (1) = £ 0L 1)

t—xo+ 1y t— xo
_ (A =T@o+i)I(t) (1= I(t))iyt
t— a0+ iy (t —x0)(t — o +1y)

Here the first term on the right-hand side has H2-norm bounded by a constant times y*/2 in
view of the theorem of Ahern and Clark [1], while the H?-norm of the second term tends to 0
when y — 0, by Lebesgue’s dominated convergence theorem. |

Proof of Lemma 2.2. Let A be an exact uniqueness set for K7 consisting of points in €.
We let g; denote the unique function in K7 such that g;(\;) equals 0 when [ # j and 1 for
[ = j. We can choose an arbitrary point in A, say A1, and choose G(z) = (z — A1)g1(z) as our
candidate for a generating function. It is plain that if A; is a point in the open half-plane, then
9i(2) = G(2)/[G'(\j)(z — Aj)]. The difficulty occurs if \; is a point on the real line. In this case,
if we replace A\; by A; + ie, then the modified sequence A®) will still be an exact uniqueness
sequence for K7. In fact, by Lemma 2.3, the function g; vanishing on A()\ {\;} will vary
continuously with e. Thus the corresponding generating function G.(z) will tend to G(z) for
every point in the upper half-plane when £ — 0. On the other hand, another application of
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Lemma 2.3 gives that G.(2)/[GL()\; + ie)(z — \j + ie)] — g;(2) in K7 when € — 0. Lemma 2.3
also gives that G (\; 4 i) converges to a finite number, say 1/c, and we may therefore conclude
that g;(2) = aG(2)/(z — Aj). O

As for axiom (A3), it remains an open problem to decide whether every model subspace
K? has a Riesz basis of normalized reproducing kernels. Thus it is not known whether the
class of spaces introduced in Subsection 2.1 includes all model subspaces. However, there exists
an interesting class of model subspaces that actually possess orthogonal bases of reproducing
kernels associated with sequences of real points. Such bases, to be discussed briefly below,
are called Clark bases [16]. We also note that if the inner function I happens to be an
interpolating Blaschke product, then it is well known and easy to show that K7 has a Riesz
basis of normalized reproducing kernels associated with the sequence of zeros of I.

The spaces K? that possess Clark bases correspond precisely to those spaces H(T,v) for
which T is a real sequence. To get from H(I',v) to the corresponding space K?, we construct
the Herglotz function

o
1 Yn
=Y v, - ). 2.5
o) nz::l (%—z 1+%%> 25

Then

plz) i
I(z) = OEY (2.6)
will be an inner function in the upper half-plane, and the map f — (1 — I)f will be a unitary
map from H(T,v) to K?%; it is implicit in this construction that in fact every function in K?
has a nontangential limit at each point v, and also that the corresponding point evaluation
functional is bounded at ,,. We refer to our recent paper [7], where Clark bases are treated in
more detail and it is shown that families of orthogonal bases of reproducing kernels can only
exist in spaces of the form H (T, v) when I' is a subset of a straight line or a circle.
We conclude that our general discussion (including Theorem 1.3) applies to model subspaces
K? that possess Clark bases.

2.5. Carleson measures and systems of reproducing kernels in de Branges spaces and model
subspaces of H?

A long-standing problem in the function theory of de Branges spaces and, more generally, of
model subspaces K? is to describe their Carleson measures. Only a few special cases have been
completely understood. One such case is when I is a so-called one-component inner function,
that is, when there exists a positive number € with 0 < & < 1 such that the set of points z
in the upper half-plane satisfying |I(z)| < 1 — ¢ is connected [17, 30]. Other partial results
can be found in [2-4, 18, 19, 30]. The lack of a general result on Carleson measures and,
more specifically, on the geometry of Bessel sequences of normalized reproducing kernels is an
obvious challenge when we address the Feichtinger conjecture in this setting.

Since positive results on Carleson measures are scarce, we mention without proof the
following observation: a suitable adaption of Theorem 1.1 gives a description of any Carleson
measure p restricted to a cone {z =z + iy : [z — xg| < Cy}; here zg is an arbitrary real point
and C a positive constant. To arrive at this result, one may represent the space by means of
its Clark basis or more generally as an L?-space with respect to a Clark measure [16], and act
similarly as in Section 3.

A conjecture of Cohn [17], suggesting that it would suffice to verify the Carleson measure
condition for reproducing kernels, was refuted by Nazarov and Volberg [25]. In the present
paper, we likewise give a negative answer to the following question raised by Baranov.
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QUESTION. Suppose that I' and A are disjoint sequences of real numbers and that ~,, /" co.
If w is the Bessel weight sequence for A with respect to (I';v) and Hp ,),(aw) is @ bounded
transformation, then is it true that there is a uniform bound on the number of \; found between
two points 7, and Y417

A slight modification of our general approach will lead to a suitable example, to be presented
in Subsection 3.4, with no such uniform bound.

It was recently shown by Baranov and Dyakonov [6] that the Feichtinger conjecture holds
true for normalized reproducing kernels for K7 when either I is a one-component inner function
or the points \; associated with the sequence of reproducing kernels ky; satisfy

sup [1(A;)| < 1. (2.7)

In the latter case, a complete description of Riesz basic sequences exists [20], and this result
plays an essential role in the proof. Baranov and Dyakonov used their result for the case
when (2.7) holds to treat the general case of one-component inner functions. Their approach,
following a technique used in [5], was to split the half-plane into two regions, one in which
|I(z)] is bounded away from 1 and another in which a perturbation argument for Clark bases
applies.

Our results complement those of [6] and show that, in general, one needs additional ideas
to resolve the Feichtinger conjecture for normalized reproducing kernels for model subspaces.
First of all, since I" satisfies the sparseness condition (1.2), the corresponding inner function 7,
defined by (2.6) via (2.5), is not a one-component inner function. Moreover, as will be revealed
in Subsection 5.3, there exist inner functions I and Bessel sequences of normalized reproducing
kernels /||, [|2 for K7 such that [I(A;)] — 1 but no infinite subsequence is a subsequence
of a Riesz basis.

By the observation made at the end of the previous subsection, the problem of describing all
Riesz bases of normalized reproducing kernels for K7 is part of the problem of deciding when
discrete Hilbert transforms H r ,).(a,w) are bounded. The most far-reaching result known about
such bases is that found in [20] dealing with the case when (2.7) holds. The general result in
[20] for this particular case leads to a description of all Riesz bases of normalized reproducing
kernels for the Paley—Wiener space and also for a wider class of de Branges spaces known as
weighted Paley—Wiener spaces [24]. One of the main points of [20] is that when (2.7) holds,
one can transform the problem into a question about invertibility of Toeplitz operators and
then apply the Devinatz—Widom theorem. Another approach, closer in spirit to the present
work, can be found in [23], where the Riesz basis problem is explicitly related to a boundedness
problem for Hilbert transforms.

2.6. Third example: ‘small’ Fock-type spaces

It may be noted that our work gives a full description of the Carleson measures and the Riesz
bases of normalized reproducing kernels for certain ‘small’ Fock-type spaces studied recently
by Borichev and Lyubarskii [9]. The spaces H considered by these authors consist of all entire
functions f such that

12 = | IR0 dmz) < .

where ¢ is a positive, increasing, and unbounded function on [0, c0) and m denotes Lebesgue
area measure on C. The main point of [9] is that if ¢ grows ‘at most as fast” as [log(1 + r)]?,
then the corresponding space H has a Riesz basis of reproducing kernels and, conversely,
if the growth of ¢ is ‘faster’ than [log(1 + r)]?, then no such basis exists. It is proved that

when o(r) = [log(1 + 7)]?, we can choose such a basis associated with a sequence I' = (7,)
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satisfying |v,| = e"/2; if (r) = [log(r + 1)]* with 1 < o < 2, then the growth of |v,| will be
super-exponential.

In view of the observations in the previous subsections, the results of Borichev and Lyubarskii
clarify when a Fock-type space equals a de Branges space, that is, when the two spaces consist
of the same entire functions and have equivalent norms.

3. The boundedness problem

3.1. Proof of Theorem 1.1

In what follows, we use the notation

n—1 00

Vi=1l, Vo= v and Po= > 2. (3.1)
i=1 i 1l

Proof of the necessity of the conditions in Theorem 1.1.  We observe first that the necessity
of (1.4) is obvious: just apply H(r ) to the sequence e = ( 57?)) with e,(ln) =1 and e,(ﬁ) =0
for m # n.

To show that (1.5) is also a necessary condition, we begin by looking at the sequence
™ = (cgﬁ)) so that ¢\’ =1 for m < n and c\y) = 0 otherwise. We observe that ™2 =V,
and note that, for z in ©; and [ > n, we have

n—1

>

2 —
m=1 Tm

Vo
MR

|Hp )™ (2)]* =

Taking into account the boundedness of H(r ), we deduce from this that

dp(z)
W 2P

v, zj | Hip e ™ (2) () 2 V2 Y J
C Q

m>=n

On the other hand, if we set a(® = (ag,?)) so that al) = 1/7m for m >n and alm =0
otherwise, then [la(™]||2 = P,. We note that, for z in ©; and I < n, we have

2

|H(F,v)a(n) (Z)|2 = 707771 2 Pg'
P —_t Fm (2 = Ym)
Thus
Pu2 | e R du) 2 P2 S n(s,), 0
m<n

Proof of the sufficiency of the conditions in Theorem 1.1. Let a = (a,) be an arbitrary
sequence in £2. First we make the following estimate:

n—1

2
Z AmUm

2 —
m=1 Tm

|an|2vg

2 = ml?

+

|, Hese P <3 |

QTL

m=n+1

n—1 2 oo 2
- Am|Um
SJNE 2(2%%) +( > ) Ap(z) + lanon;
m=1

n m=n-+1 | m|
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here we used the Cauchy—Schwarz inequality and (1.4). Hence it remains for us to show that

n—1 2 0
Z(Z am”fﬂ) JQ 2] 7% dp(2) Z‘aj‘zvj (32)

=1 =1 J=1
and
A |Vm,
S IIERED S 9
n=1 \m=n+1 Tm j=1

First we consider (3.2). To simplify the writing, we set

n=( I, |Z|_2du(z))1/2~

By duality,
[e%e) n—1 2 1/2 [e%s) n—1
ZTE Z | [, = sup Z len|Th Z |G |V -
n=1 m=1 Hen)lle2=1 1,21 m=1
Since
[e’s) n—1 [e’e] e}
Z len | T Z |am |vm = Z |am|vm Z |cn|Tn,
n=1 m=1 m=1 n=m+1
it suffices to show that the ¢2-norm of
o0
O = 0}/2 Z [en| T
n=m-+1

is bounded by a constant times the £2-norm of (c,). To this end, we note that the Cauchy—
Schwarz inequality gives

o0
2 < 21,—1/2 27,1/2
|am| X Um Z |Cn| V / Z TjVYj .
n=m-+1 j=m+1
By (1.5), we see that
20,1/2 < 1
Z 7V ~ G2y /2
72V, <V; L2141V, m41
for [ > 0. Summing these inequalities, we get
2v-1/2
Z VTS vz
j=m+1 m+1
Hence
v o0
2 m 27,—1/2
|t | 517/2 Z el "Vs 2
m+1 n=m+1

This gives us

wa<2wuﬂﬂzgm7

m=1 Ym+1
and so (3.2) follows because

Vi
—1/2 Um —1/2 —1/2 5.
v,y 1/ngn/JO eV de = 2.
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We next consider (3.3). We note to begin with that the Cauchy—Schwarz inequality gives

1/2 j
(3 flte) o $ wpnn S

V|

m=n+1 m=n-+1 j=n+1 P |/7]
Since
oo v P,
Z 1/2J 5 < J a2 de < 2P,
j=n+1 P |’YJ| 0

it follows that

iﬂ(gn)< i |am|Um> i P1/2 i |am|20mpq}rL/23

n=1 m=n+1 |’Ym‘ n=1 m=n+1

which becomes

m—

m=n-+1 |’Ym | =1 n=1

when we change the order of summation. From (1.5) it follows that

1 1
W)PL2 < Z 3 Q) P2 S S Z 21/2 S FER

1=0 n:2!P,,, 1 <P, <2+ P,, 4 m 1 1=0

and we get (3.3). O

HMS

3.2. Special cases

Condition (1.4) of Theorem 1.1 is a condition on the local behaviour of p, while condition
(1.5) deals with its global behaviour. Combining the two conditions, we see that (1.4) may be
replaced by the stronger global condition

nd
SupJ L dp)
n=1 (C|Z_'7n‘

We single out two cases in which (1.5) is automatically fulfilled once either this condition or
the original one (1.4) holds.

COROLLARY 3.1. Suppose that the sequence I" satisfies the sparseness condition (1.2) and
that the numbers v,, grow at least exponentially and that the numbers v, /|v,|?* decay at least
exponentially with n. If p is a nonnegative measure on C with p(I') = 0, then the operator
H(r ) is bounded from % to L?(C, p) if and only if

d
Supj L dplz)
n>1JQ, |2 — Yl

COROLLARY 3.2. Suppose that the sequence I' satisfies the sparseness condition (1.2) and
that ) v, < oc. If u is a nonnegative measure on C with p(I') = 0, then the operator Hr
is bounded from % to L?(C, u) if and only if

d
SupJ LL IO
n=1 (C|Z_’7n‘

Both corollaries follow immediately from Theorem 1.1.
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3.3. Bessel sequences

We now switch to discrete Hilbert transforms of the form H(r ,);(a;w) With w the Bessel weight
sequence for A with respect to (I',v). As explained in Subsection 2.2, this means that we will
be dealing with Bessel sequences for H(T", v).

We want to disentangle condition (1.5). To this end, we split any given sequence A into
following three disjoint sequences:

Vi
A©) = {)\ € A:if Aisin Q,,, then P\Ui’%‘z > max <|/\|2,Pn> } ,

Vi, v
AV) = {)\ € A :if Nisin Q,,, then —5 > max (n,Pn> } ,
A2 A= 7nl?

A(P):{)\EA:if)\isian thenPn>maX(Un KE)}

We say that a sequence A is V-lacunary if

sup# [ AN U Q| <00

m:2n LV, <2nt1

and P-lacunary if

sup# | AN U Qi | < 0.

m: 2= 1P, <2

THEOREM 3.1. Suppose the sequence I' satisfies the sparseness condition (1.2) and that v
is an admissible weight sequence for T'. Let A be a sequence in (I',v)* and let w be the Bessel
weight sequence for A with respect to (I',v). Then Hp ,;(a,w) is a bounded transformation if
and only if sup,, #(A N ;) < oo, AV is a V-lacunary sequence, A(T) is a P-lacunary sequence,
and

_ 2
sup (Vi Y > A= &"; TPy, ) % < o0 (3.4)

n=1 m=n AeAONQ,, m<n AEAONQ,,

This splitting into a ‘super-thin’ sequence A(Y)|JAU) and a ‘distorted’ sequence A()
represents a phenomenon not previously recorded, as far as we know. Corollaries 3.1 and 3.2,
when restricted to the case of Bessel sequences, describe two situations in which the ‘super-
thin’ part does not appear, for different reasons: Corollary 3.1 covers the case when V,, grows
exponentially and P, decays exponentially with n; A(Y) and A() can then both be ‘absorbed’
in A, Corollary 3.2 covers the case when V,, is uniformly bounded so that A(V) can only be
a finite sequence; the sequence A can again be ‘absorbed’ in A(©

We conclude that the most interesting situation occurs when either vn/|m|? = o(P,) or
v, = o(V,,) and V,, — oo as n — oo. These two cases will be studied in depth in Section 5.

3.4. An example answering Baranov’s question

We now modify our construction to obtain an example that gives a negative answer to Baranov’s
question posed in Subsection 2.5.
We assume that (¢,,) is a sequence of positive numbers such that

t
inf -+

n=1 tn

> 1.
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In addition, we assume that, for each positive integer n, we have the following cluster of n
points:

Vg =tp +1—1, 1<I<n.

We denote this finite sequence by I',, and set

(@

r=|]r,.

n=1

We consider the simplest case when the corresponding weight sequence v is identically 1, that
is, vp, = 1 for every point v, ; in I'.

It may be noted that if we want to describe the measures p for which Hp ;) is bounded from
0% to L*(C\ T, p), then it suffices to consider the behaviour of x in the Carleson squares

Sp={z=xz+iy: |z —yn1| <2n,0 <y < 4n}.

Indeed, outside these squares, each cluster A,, has basically the same effect as if a single point
were located at, say, A, 1 with weight n. This means that Theorem 1.1 applies to describe the
behaviour of i outside the squares S,,. In fact, by this observation, one may obtain a complete
solution to the boundedness problem for these particular sequences I' and v. We omit this
description here and confine the discussion to a suitable example solving Baranov’s problem.

The preceding remarks indicate that the sequence A should be placed inside the union of
the squares S,,. We set

Ans = V1 —2°, 0<s<logyn

and then A,, = (A, 5)s with s running from 0 to [log, n] (the integer part of log, n), and

A= G A,
n=1

We observe that we have

—1
(ZZ|’7ml— ns|2> ~ | Aps — Yn1| = 2°.

m=1[1=1

These numbers constitute the sequence w, which is the Bessel weight sequence for A with
respect to (T',v). We now make the following claim.

CramM.  Ifthe sequencesI', A, and w are constructed as above, then H(r 1y;(a ) is a bounded
transformation.

The interesting point, giving a negative answer to Baranov’s question, is that there are more
than log, n points from A between the neighbouring clusters A, _; and A,,.

Proof of the Claim. Let a = (ay,;) be an arbitrary ¢?-sequence associated with I' and set
Hiaa) =D 3
DS A

An application of the Cauchy—Schwarz inequality gives

[log, n] [log, n]

2
Z ‘H(F,l)a(/\n s)| wné ~ t2 HG’HP + Z 2° (Z ’Y l|>

s=0
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The summation over n of the first term on the right-hand side causes no problem because
t,, grows at least exponentially with respect to n. We therefore concentrate on the second term

[log, n] n |Cl l| 2
A= 3 2o (ol )
2 (lZ 1o 1>

s=0

The Cauchy—-Schwarz inequality gives
Z |an,1| < Z j2 Z 1M2]an,|?
2 41-1 \j:125+j—1l:125+l—1'

The first of the two sums on the right-hand side is bounded by a constant times 2~°/2, and so
it follows that

[log, n] I /2|an l|2

D

s=0

Changing the order of summation and using that

[log; n] s/2
E : L <12,
25410—-1"7

s=0
we finally obtain the desired estimate

n

A S lan O

j=1

4. Proof of Theorem 1.2

We use the same splitting as in Theorem 3.1 and treat the three sequences A(®, A(Y) and
AP) separately. We use Lemma 2.1, that is, we make a splitting so that, for each subsequence
A" with associated weight sequence, the adjoint transformation Hs ), v is bounded below.
From now on, we shall use the notation

n—1 00
Wi,
m=1 m=n-+1

4.1. The splitting of A

We may assume that there is at most one point A, in A from each annulus €,,; we denote
the corresponding weights by w,,. Let A" = (A,,) be a subsequence of A© with corresponding
weight sequence w' = (wy,,), and let a = (a,,,) be an arbitrary 2 -sequence. Since

€ —nl* = €] = 2(¢]lnl + [n* = 31€* — [nl?
for arbitrary complex numbers £ and 7, we have

Z amwm

=17 Any

a
| n] ’I’LJ

H ’ AN n; 2 2 B
‘ (A »W )7(1—\’1})&(’7 7)‘ 2 |)\nJ ’ynJ
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On the other hand, wy,, ~ [A,;, — 'ynj|2/vnj. Therefore, by the definition of A, there is a
positive constant ¢ such that

2 2
o0
1Har wysryall? = clall? —22 o~ _antn | Yo | e, (42)
=1 Tnj; T Ay l=j+1 'Ynj_>\nl

Hence it remains for us to show that, for a given € > 0, we may obtain
2

00 Jj—1
Z <Z |an, wm) I\ |2 e Z |an] | W, (4.3)
=1 "y

j=1

and

o0 o0 |CL |w oo
Dol 2 ] e <D lan P, (4.4)
j=1

j=1 \U=j+1 [Ani|

for every subsequence A’ in a finite splitting of A(®),
We proceed as in the proof of Theorem 1.1. Thus we set 7; = U%Q /|An;| and consider first
(4.3). By duality,

2\ 1/2

0o j—1
3 (zmmmm) C z|c7|nz|am|wm
j=1 =1

(CJ)”z?— j=1
Since
oo J—1
§ |Cj‘7—j E ‘anz|wnz E |anz|wnz E |CJ|TJ’
j=1 =1 j=l+1
it suffices to show that the ¢2-norm of
oo
1/2
w=wll? S leln
j=l+1

can be made smaller than ¢ times the £2-norm of (c;). To this end, we note that the Cauchy—
Schwarz inequality gives

Jou[? < wn, Z e P W, Z T Wal2.
j=l+1 m=Il+1

Using (1.5), we get

1
wl/2 <
Z Wl S Wiz

m=l+1 ni41

Hence

‘Ckl|2 S 1/2 Z ‘CJ‘ Wn71/2‘
N1 j=I+1

This gives us

ZW < Z\c | W-WZ w{;; ,

VLL+1
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and so (4.3) would follow if we could obtain

j—1

Z ;1772 < ceWﬁJ/Q (4.5)
1=1 Wnin

for an absolute constant c.
Having singled out this goal, we proceed to consider (4.4). We note to begin with that the
Cauchy—Schwarz inequality gives

0 an, |w i = = w
n n 2 1/2 Mm
> ]S > lan Pwn Q% Y- o7
I=j+1 i I=j+1 m=j+1 Qri—1| A |
Now our goal will be to obtain
= w
Y o, < e (4.6)

m=j+1 ¥Nm—1 |)‘nm

Indeed, this would imply
2

DD D v o IETETD DURL D DY LA T I
j=1 \1 i j=1

=j+1 l=j+1
] -1
_ § : 2 1/2 2 : 1/2
=€ ‘a’nzl wanl_l vannj .
=1 7j=1

By (1.5), we have
-1

1
1/2 « =
ZU”J n; ~ 172
_]:1 nr—1

and so it will suffice to have (4.6).

In order to obtain the two estimates (4.5) and (4.6) for every subsequence in our finite
splitting of A®), we make a splitting according to the following algorithm:

(1) Let 6 be a small positive number to be chosen later. Select those n for which w,, > dW,,.
If we choose A’ to consist of every Nth )\, in the corresponding subsequence of A(®)| then
we get

N w 2

§ ni < W1/2
IIrl 2 nj

=1 7ll/+1 ON

by again comparing the sum to the integral of the function z~/2 over the interval from 0 to

W,,. Thus we achieve our goal if we choose NV to be of the order of magnitude 1/(d¢).

(2) Return to those points A,, mnot selected in (1). For these we have w,; <JdW,,.
Group these points into blocks of points with consecutive indices such that, for each block,
6 <Y we, W, 1 < 2§. Construct new subsequences by picking every Nth block from this
sequence of blocks. Then some elementary estimates, again using comparisons with an integral,
lead to the following inequality:

j—1
Wn, 169 1/2
E < w_:/
1/2 _ _ N ny 0
pot V[/m/+1 1—(1-29)

where we sum over the new subsequence. Thus it would suffice if we choose N to be roughly
1/6 and § to be a suitable constant times e.

(3) Take one of the subsequences selected in (1) or (2) and consider the subsequence of this
subsequence, say A’ = (), ), along which wy,;| Ay, |72 > 0Qn, . If we select a new subsequence
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by picking every Nth A, in the sequence A’, then the sum in (4.6) becomes smaller than
2/(6N)Q,, by the same argument as in (1). Again our goal is achieved if we choose N to be
of the order of magnitude 1/(d¢).

(4) Take again one of the subsequences selected in (1) or (2) and consider those subsequences
of these for which we have wy, |y, |72 < 0Qn,;. Group the points in these subsequences into
blocks of points with consecutive indices such that for each block § < 3wy, [An,|72Q, ! < 20.
Now construct new subsequences by picking every Nth block from this sequence of blocks.
Then as in point (2) we get

oo

164
> 1/2wnm ;S 1o (1- 26)NQ’1742'

m=j+1 Qn'mfl ‘)\nm ‘
(Here the summation is again over the new subsequence.) We observe once more that it would
suffice if we choose N to be roughly 1/ and ¢ to be a suitable constant times .

4.2. The splitting of AV)

The splitting of A(Y) is almost identical to that of A(®). We now use the estimate

. 2 2
1 o > Ly 57 e, |y S5 |y
(A w);(Tow) @\ V) 2 5 — 5 — | — — . .
Y ! 2 |)\’I’LJ - ’Yn|2 =1 )\nj —Tn I=j+1 Tn — )\nl

The reason we write “y,” instead of “y,;” is that we need to sum over several annuli {2,, in order
to estimate the norm of ||al/,,. Indeed, we may assume that A, belongs to a union of annuli
€2, denoted by Aj, such that

Un, 1 Vo,
Z An, — n|? > 10 [\,[2°
An€A; T n g

with the sets A being pairwise disjoint. Therefore, by the definition of A there is a constant
¢ such that

v
S lon, P = > el P,
'YnEAj | nj _rYn‘
Hence we obtain
- & anw ’ Ay, W ’
I Howrmpall > clall? —2 50 57 ||30 Zuttn || §7 dut |
J=lymel; | 1i=1 /\”J ~In l=j+1 )‘nj —Tn

The splitting is then done in essentially the same way as above, repeating the reasoning based
on the estimate (4.2).

4.3. The splitting of A"

We use once more (4.7), but this time we may assume that ), belongs to a union of annuli
€2,,, again denoted by Aj;, such that

Up, 1
5 = =,

with the sets A; being pairwise disjoint. Therefore, by the definition of AP) there is a constant
¢ such that

Z |an, 2w7211 |)\U+|2 z C\anj|2wnj.
'YneAj nj 'Vn
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Hence we obtain

j—1 2 2
- i
Ap, W Ay, W
| H o wyemals > ellalll =230 >0 |13 == + et [
j:1’yn€Aj 1=1 ‘1 — Tn l=j+1 nj Tn

and proceed as outlined in the previous paragraph.

5. The invertibility problem

5.1. Proof of Theorem 1.3

It is clear that if the mapping H(r ,);(a,w) is invertible; then A is an exact uniqueness sequence
for Hp ,), which in turn implies that there is a unique element e = (e,,) in £; such that Hr e
vanishes on I'\ {A1} and takes the value 1 at A;. Then

Giz)=(z—M\) Z

n=1

EnUn
2= "n

is a generating function for A. Since by assumption G(A;) = 0 for j > 1, we may write

Nt envn(’}’n - )\1)

G(2) = G(2) = G(N) = (z = X)) D :
y 7 2 (3 = A= )

where on the right-hand side we have just subtracted the respective series that define G(z) and

G(\;). Since G is a generating function for A, it follows that

In particular, the sequence

00 -1
e(j) o e Yn — A1 6mrUm,()\l - ’Ym)
" =N (Aj = 1m)?

m=1
n

will be the unique vector in ¢2 such that H(p’v)e(j)()\l) is 0 when [ # j and 1 for [ = j.
To simplify the writing, we set

(& e ) )
o= (S )

thus if b = (by,ba,...,0;,0,0,...) is a sequence with only finitely many nonzero entries, then
the sequence

(5.1)

will be the unique vector in #2 such that Hr v);(Aw)ya = b. This means that we have identified a
linear transformation, defined on a dense subset of /2, that must be the inverse transformation
to H(r v);(A,w), should it exist. Hence, under the assumption that A is an exact uniqueness
sequence for Hr ), a necessary and sufficient condition for invertibility of H(p ,y(aw) is that
the linear transformation defined by (5.1) extends to a bounded transformation on 2. An
equivalent condition is that the transformation H, ),r,,) be bounded where

Un = Un|A1 — 'Yn|2‘en|2
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and
(A1 —7n) ’ env ’
1 €nUn{A1 Tn 1 2 n'Un
Wi = Ww; _ =w; |A; — A —_
=W nzl (Aj — Yn)? Wy ‘j 1] ;(Aj_%)z

In the final step, we used the definition of the sequence (e,,).

5.2. Localization of A when I' is a sparse sequence

We will for the rest of this section consider two interesting special cases. The main point of this
subsection will be that, although A may possibly have a nontrivial splitting into three sequences
A© AV and AP (cf. the discussion in Subsection 3.3), the invertibility of Hp ,);(a,w) forces
the sequences AV) and A(P) to be trivial, in a sense to be made precise.

We assume as before that ' = (vy,,) is indexed by the positive integers, and that the sequence
is sparse in the sense that (1.2) holds. We retain the notation

n—1 0o v
V, = E vy, and P, = E 7’”2
m=1 m=n-+1 |’Ym‘

from the previous section. In the discussion below, the sets

Mo, Vo
D, (v; M) = {)\ €0, : 7‘2 > max (W,PH)},

defined for every admissible weight sequence v and positive number M, will play an essential
role. If M is fixed and either v,, = o(V},) or v,,/|vn|? = o(P,) when n — oo, then these sets are
essentially discs centred at 7, with radii that are o(]v,,|) when n — oo. In such situations, the
splitting of a sequence A into the three sequences A(®, AV) and A(P) may be nontrivial, in
the sense that A\ |U,, Dy (v; M) may be an infinite sequence for every positive M.

We assume that A = (\,) is a sequence disjoint from T, indexed by a sequence of integers
(ng,no + 1,n0 + 2,...) and ordered such that the moduli |\, | increase with n. For convenience,
we assume that A, 7# 0. The choice of ng is made such that A is ‘aligned’ with I'. More precisely,
we say that A is a v-perturbation of T if ny can be chosen such that, for a sufficiently large
M, X\, is in Dy, (v; M) for all but possibly a finite number of indices n. If A is a v-perturbation
of T, it will be implicitly understood that ng is chosen so that the two sequences are ‘aligned’
in this way.

A v-perturbation A of I" will be said to be

(i) an exact v-perturbation of T"if ny = 1;
(ii) a v-perturbation of T of deficiency ng — 1 if ng > 1;
(iii) a v-perturbation of T' of excess 1 — ng if ng < 1.
The main results of this subsection are the following two lemmas.

LEMMA 5.1. Suppose that w is the Bessel weight sequence for A with respect to (I',v) and
that v, = o(V,,) when n — oo. If, in addition, the transformation H (1 v);(A,w) Is invertible, then
A is either an exact v-perturbation of I' or a v-perturbation of deficiency 1.

LEMMA 5.2.  Suppose that w is the Bessel weight sequence for A with respect to (I',v) and
that v, /|yn|? = o(P,) when n — oco. If, in addition, the transformation H(r v);(Aw) is invertible,
then A is either an exact v-perturbation of I' or a v-perturbation of T of excess 1.

Note the contrast between these results and Theorem 3.1; A has no nontrivial V-lacunary or
P-lacunary subsequences when H(r ,).(A,w) is an invertible transformation. We see in the next
section that, quite remarkably, all three cases, exactness, deficiency 1, and excess 1, may occur.
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The proofs of the two lemmas require several steps. We begin with a simple estimate, to be
used repeatedly in what follows. It concerns the quantity

B ﬁ Yo |2
on = pwes

m=max(1,n¢)

which will appear prominently in our conditions for invertibility. We use again the notation
introduced in (4.1), that is, we set

n—1 e w
=D wm and Qu= ) o
m=ngo m:n+1| m|

LEMMA 5.3. If A is a v-perturbation of T' and |y, | ~ |A\,|, then we have both

2

log iﬂ S Vg1 = Vg 1) (@Qn — Q) (5.2)
and
0 2
1Og == S (Werl - Wn+1)(Pn - Pm) (53)

when m >mn. If, in addition, either v, = o(V,) or v,/|yn|?> = o(P,) when n — oo, then
log 0, = o(n) when n — oo.

Proof. Since |y,| =~ |\, we have

_

=2 .
Al

Z 1og Iw

l=n+1

5>

l=n+1

(5.4)

Hence, by the Cauchy—Schwarz ilrlequadity7 we get

ZWZ 2’
g|)\|

l=n+1 Jj=n+1

which is the desired estimate (5.2). Another application of the Cauchy—Schwarz inequality to
(5.4) gives
2

Om
log —
On

< i v — Ni|? i U'j|27

v,
I=n+1 ! j=n+1 I

which is the second estimate (5.3).
Finally, starting again from (5.4) and using the Cauchy-Schwarz inequality a third time,
we get

n 2 n
= A (v
logon* Sn > ||>\|2|§” > mm(v’| |2P)’
l=max(1,n0) ! I=max(1,n0) e !

where in the last step we used that A is a v-perturbation of I'. This relation gives the last
statement in the lemma, namely that log 0, = o(n) when either v,, = o(V},) or v, /|vn|? = o(P,)
as n — 0o. U
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We next prove the following lemma, which is really a corollary to Theorem 1.1.

LEMMA 5.4. Suppose that either v, = o(V,) or v,/|va|? = o(P,) when n — oco. If, in
addition, p is a nonnegative measure on C with p(I') = 0 and the map Hr,,) is both bounded
and bounded below from (% to L*(C, ), then there exist positive numbers M and § such that

D, (v; M) |Z_’YI’L|2

for all but finitely many indices n.

Proof.  Applying the assumption about boundedness below to any sequence with only one
nonzero entry, we find that there is a positive number ¢ independent of n such that

J vndy(z)2 >
clz ="l

for every n. On the other hand, since |v,| grows at least exponentially and Hp ) is bounded
from ¢2 to L?(C, u1), we have

S LB £ [, e (k)
m=n+1"$m |Z_7"|2 - m=n+1"82m ‘Z|2 ~ Vn7 |'7n|2Pn
and
n—1 v dp, n—1 v v
n N mln n n
mz_:lJ Iz—vl2 I IQZJ ( |%|2p)

We also have

Uy, dp(2) 1 J ( Vi ) 1

—s < — max | —=, Pn | du(z) < —

JQn\D (v; M) \Z - 7n|2 M Q, |)\|2 ( ) M’

again using the condition for boundedness of the map H(r ) : 02 — L%(C, ). The result follows
with § = /2 if we choose a sufficiently large M. |

The preceding lemma shows that if the transformation H(r ,),(a,w) i invertible, then A must
contain a subsequence that is, a v-perturbation of I'. The next two lemmas show that A itself
must be a v-perturbation of I'.

LEMMA 5.5. Suppose that v, = o(V,) when n — oo. If, in addition, A is an exact
v-perturbation of T, then A is a uniqueness sequence for H(p ,).

Proof. We argue by contradiction. So suppose that there is a nonzero vector a = (a,,) in
% such that Hp ,ya vanishes on A. This means that there is a nonzero entire function .J(z)

such that
> anvn 11— 2/ Am
Zz— :J(Z)Hl—z/
n=1 Tn m=1 Tm

for every z in C\ I'. If we now choose M sufficiently large, then we have
v
ﬁ Z J(2) | on

for z in Q,, \ Dy, (v; M). Since v,, = o(V,,) when n — oo, the left-hand side is bounded by e~°"
for some positive ¢, while, by Lemma 5.3, 0, = €°™) when n — co. Thus the maximum of
|J(2)| in ,, \ Dy, (v; M) tends to 0 when n — oo, which is a contradiction unless J(z) =0. [
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LEMMA 5.6. Suppose that v,/|va|? =o(P,) when n — oco. If, in addition, A is a
v-perturbation of T' of excess 1, then A is a uniqueness sequence for Hr ).

Proof. We argue again by contradiction and assume that there is a nonzero vector a = (a,)
in /2 such that Hr yya vanishes on A. In this case, it follows that there is a nonzero entire
function J(z) such that

. anvn B 1= 2/ m
> =0 I =

n=1
for every z in C\ I'. If we now choose M sufficiently large, then we have
Py 2 |J(2)1P |21 0n

for z in Q,, \ D, (v; M). Since v, /|vn|?> = 0o(Py) when n — oo, we have that P, /|z|? is bounded
by e~%" for some positive number §, while, by Lemma 5.3, g,, = (™ when n — oo. Thus the
maximum of |J(z)| in €, \ D, (v; M) tends to 0 when n — oo, which is a contradiction unless

J(z) = 0. |

We finally prove two lemmas that, together with the previous three lemmas, give the precise
restrictions stated in Lemmas 5.1 and 5.2.

LEMMA 5.7. Suppose that v, = o(V;,) when n — oc. If, in addition, A is a v-perturbation
of ' of deficiency 2, then A is not a uniqueness sequence for H(r ).

Proof. We may write

c ﬁ 1—2z/Am :i AU, +h(2),

(z —=m)(z — 1) m—3 1—2/7m —1% " In
where h is an entire function and

‘2 2 [7n _)\n|2

|an| vy, =~ W@n-

Since A is a v-perturbation, we therefore get

Z ‘an‘ e Z |'Yn|2v

where in the final step we used that the ratio o, /V,, grows at most sub-exponentially. We
then get

on | Va
h 2 < = v

when z is in D, (v; M) with M sufficiently large. Using again that both g, and V,, grow at
most sub-exponentially, we have that h(z) — 0 when z — oo, which means that h = 0. Ul

LEMMA 5.8. Suppose that v,/|va|? = o(P,) when n — oco. If, in addition, A is a
v-perturbation of T' of deficiency 1, then A is not a uniqueness sequence for Hr ).

Proof. In this case, we may write

c lo—o[ 1—2z/Am :i GV, - h(2),

Z_fylm:zl_z/’%m n:12_77L
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where h is an entire function and
Yn — A 2
|2v2 ~ [7n nl

a On.-
lan PRER

Since A is a v-perturbation, we get

PTG W

where we now used that the ratio g, /P, grows at most sub-exponentially. It follows that

h(2)” < | |2 + Py
when z is in D, (v; M) with M sufficiently large. We conclude that h(z) — 0 when z — oo,
which means that h = 0. U

5.3. Geometric criteria for invertibility of Hr ),(A,w) When I' is a sparse sequence

After the preliminary results of the previous subsection, we may now state our geometric
conditions for invertibility. We begin with the case when v, = o(V},) as n — oc.

THEOREM 5.1.  Suppose that w is the Bessel weight sequence for A with respect to (I', v) and
that V,, — oo and v, = o(V,,) when n — oo. Then the transformation H(r .),(a ) is invertible
if and only if sup,, V,,Q»n < oo and one of the following conditions holds.

(1) The sequence A is an exact v-perturbation of I' and there are positive constants C' and

6 such that
)
om <o <V’”) (5.5)

whenever m > n.
(2) The sequence A is a v-perturbation of T' of defect 1 and there are positive constants C

and ¢ such that
1+6
Om Vin
s o 22 5.6

On ( Va ) (5.6)
whenever m > n.

Tt is quite remarkable that the essential quantitative conditions for invertibility, found in (1)
and (2), only depend on the moduli of the complex numbers v, /\,,.
We note that in the case when
o0
> vn <00,
n=1

the result is much simpler and less delicate. Then, as can be seen from the proof of part
(1) of Theorem 5.1, the transformation Hp ,;(a;w) is invertible if and only if A is an exact
v-perturbation of I and sup,, @,, < co. This result can be viewed as a special case of part (1)
of the theorem.

To arrive at the results stated in Example 1 (see Section 1), we note that if

|’yn_)‘n| Un
ALl I i

|>\n‘ ~ Vn )
then
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where in the last step we compared the sum with the integral of 1/2? from V1 to co. We
also have, assuming |v,|/|An| — 1 < cvy, [V, that

1og£;—: < 2¢(1 +0(1))j:§1 % =2c(1 +0(1))log% (5.7)

when m > n and n — co. In view of Theorem 5.1, this gives part (1) of the example; part (2)
follows by the same argument, with the inequality in (5.7) reversed.
In the case when v, /|y, |? = o(P,), we have the following counterpart to Theorem 5.1.

THEOREM 5.2. Suppose that w is the Bessel weight sequence for A with respect to (I',v)
and that v, /|y,|* = o(P,) when n — oo. Then the transformation H(r v):(A,w) is invertible if
and only if we have sup,, W,, P,, < co and one of the following two conditions holds.

(1) The sequence A is an exact v-perturbation of I' and there are positive constants C' and

0 such that
. P, 1-6

whenever m > n.
(2) The sequence A is a v-perturbation of T of excess 1 and there are positive constants C

and ¢ such that
" P, 1+6
I <o () (5.9)

whenever m > n.

There is a slight lack of symmetry between the two theorems; while it may happen that
sup,, V,, < oo, we will always have that P, — 0. Therefore, no precaution is needed concerning
the decay of P,.

We have the following statement, in complete analogy with Example 1 and with the
same proof.

EXAMPLE 2. Suppose that v, /|v,|?> = o(P,) when n — oo and that sup,, W,, P, < oo.
(1) If, in addition, A is an exact v-perturbation of I' and there is a real constant ¢ < 1/2
such that
|)\n‘ _ c Un
[l PP
for all sufficiently large n, then Hr ,),(aw) is an invertible transformation.
(2) If, on the other hand, A is a v-perturbation of T' of excess 1 and there is a positive
constant ¢ > 1/2 such that

[An| _ Un

¢
7| - |¥n |2 P
for all sufficiently large n, then Hr ,)(aw) 18 an invertible transformation.

The two final subsections of this paper will present the proof of Theorem 5.1; the proof of
Theorem 5.2 is completely analogous and will therefore be omitted.

5.4. Proof of the necessity of the conditions in Theorem 5.1

In addition to the results of Subsection 5.2, we need the following simple facts.



100 YURII BELOV, TESFA Y. MENGESTIE AND KRISTIAN SEIP

LEMMA 5.9. Let ¢ = (¢,) be a sequence ofposjtive numbers.
(i) If there is a constant C' such that Zm 1¢m < Ccy, for n > 1, then there is a positive
constant § such that c¢,,/c, > > C25(m=n) whenever m > n.
(ii) If there is a constant C' such that Y °_ . ¢ < Cc, for every positive integer n, then
there is a positive constant ¢ such that ¢,,/c, < C2-9(m=1) whenever m > n.

Proof. We consider (i). The assumption implies that

n— n+N-—1
Ne,—1 <N Z cm < C Z Cm < 020n+N-

which means that if we choose N > 2C?, then Crtj(N+1) 2 > 27 ¢,,. The result follows if we choose
0 =1/(N 4+ 2). The proof of (ii) can be performed in a similar way. U

We turn to the proof of the necessity of the conditions in Theorem 5.1. Thus we begin by
assuming that Hr ,).(a,w) is an invertible transformation. Since this means that, in particular,
H(r v);(Aw) is @ bounded transformation, we must have sup,, V,Q, < co. Also, in view of
Lemma 5.1, we already know that A is either an exact v-perturbation of I' or a v-perturbation
of T' of deficiency 1. Thus it remains only to establish the necessity of the conditions in parts
(1) and (2), under the respective assumptions of exactness and deficiency 1.

We treat the two cases separately.

Case 1: A is an exact v-perturbation of I'. Since v, = o(V},), the weight sequence w = (wy,)
defined by (1.7) satisfies

2
Wy, ™~ M (5.10)
Un
As a consequence, we now obtain simple estimates for the weight sequences v = (v,,) and
w = (w;) appearing in Theorem 1.3.

We begin by noting that if A is a v-perturbation of I' and an exact uniqueness sequence for

H(p ), then there is a constant ¢ such that

= e,Un o 1 — 2/ m
> = 1_:[ . (5.11)

z — zZ—
n=1 Tn A/lm 2

for every z in C\ I, where again e = (e,) is the vector such that Hr ,).(awe = (1,0,0,...).
Indeed, the expression on the left-hand side can have zeros only at the points A, for m > 1,
since A is assumed to be an exact uniqueness sequence for Hr .. From (5.11) we obtain

A = nl?
‘en|2v721 = ﬁ@m

and therefore, using (1.8) and (5.10), we obtain
Up ™ Wy, On- (5.12)
On the other hand, differentiating (5.11) at z = A, we get

(oo}
PN e

=

n—1
|Vnl ‘”Ym|'
= Pl — a2 Pl

1
Thus using (1.9) and again (5.10), we obtain

W ™~ U0, (5.13)
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To simplify the writing, we set

n—1 o'}
Ve =3 w0, and PO = N v\ Pom—1
m=1 m=n-+1
as well as
o)
QO) = Z w0, and Q(gO Z ann|/\n|72-
m=1 m=n+1

(g’ )Q(Q’O) < o0o; we will now show that the

By Theorems 1.1 and 1.3, we must have sup,,
estimate in part (1) is a consequence of this condltlon.

We set n; = 2 and define n; inductively by requiring V,,,,, 1/Vs, <2 <V, /Vy;. By (5.2)
of Lemma 5.3 and the uniform boundedness of V,,Q,,, it follows that there are constants ¢ and

C such that ¢ < 0,/0m < C when n and m both lie in the interval [nj,n;j41]. Hence we have

V(g 0) ~ Z Vionl. (5.14)
=1
Now if
€
Qn, = Qu,y > —— ) (5.15)
Vasia

then our condition sup,, VéQ’O)Q%Q’O) < oo and (5.14) imply that there exists a constant C
such that

j
> Vaon! <CVayo,l (5.16)
If, on the other hand, we have
€
an - an+1 < mv

then an application of (5.1) of Lemma 5.3 gives o, ,/0n; < 5/4 if ¢ is sufficiently small. Hence
we have
an+1 an > §

an Q’n]‘+1 - 5,

which means that V,,, Q;jl increases exponentially on any set of consecutive integers j for which
(5.15) fails. Combining (5.16) with the latter estimate, we therefore get that

5 8 _
va in < (80 + 3) V"J+1 Q"31+1

when (5.15) fails and ¢ is sufficiently small. Thus (5.16) holds for every index j if the constant
C' is suitably adjusted. Hence, by part (i) of Lemma 5.9, there exists a constant C' such that

1-6/2
gnj+l < Can+l 2—6l < C (an+l> /
an VI’LJ' VTL]' ’

where in the last step we used that V,,,,, /V,,, <4 for sufficiently large j. We are done since it
suffices to establish (5.5) for n = n; and m = n;4y.

Case 2: A is a v-perturbation of I' of deficiency 1. As in the previous case, we begin by
finding estimates for the weight sequences v = (v,,) and w = (w,) appearing in Theorem 1.3.
If A is a v-perturbation of I' of deficiency 1 and an exact uniqueness sequence for Hr ), then
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there is a constant ¢ such that

> entn B c a 1—2z/\n
ZZ—Wn_(z—%)(Z—Wz),g

n=1 31_2/’771

for every z in C\T', where again e = (e,) is the vector such that Hr ,),awe = (1,0,0,...).
Arguing in the same way as in the preceding case, we obtain from this relation the estimates

Vp = wn9n|7n|_2 (517)
and
@ = Vnon [l (5.18)

We now set

n—1 0o
VTEQJ) = Z ’Unh’nPQ;l and Pr(z&l) = Z UnOn

m=1 m=n-+1
as well as
n—1 o
wiel = Z Wal | 20n and QY = > wulyal 0.
m=n+1
By Theorems 1.1 and 1.3, we must have sup, W,\¢Y P < oo; we will now show that also

the estimate in part (2) is a consequence of this condmon.
We let the sequence (n;); be as above and find that

Pt ~ Z Vo, 00 (5.19)
l=j+1
whenever j > 1. Now if
€
Qnjr — Qn; 2 v (5.20)
nj+1
then it follows from the condition sup,, wieH piet) < o0 and (5.19) that
D Vo' S Vasen) (5.21)

I=j+1

As in the preceding case, we find that if ¢ is sufficiently small, then V,,, Qn increases
exponentially on any set of consecutive integers j for which (5.20) fails. The relation (5.19)
implies that no such set is infinite; thus there is an infinite sequence of indices n; for which
(5.21) holds, and there must in fact be a uniform bound on the number of points found in
any set of consecutive integers j for which (5.20) fails. We may infer from this argument that
in fact (5.21) holds for every index n; > 1. Finally, we invoke part (ii) of Lemma 5.9, which
implies that there is a constant C' such that

1496
Onji CV"j+z 2l > ¢ (V"j+l>
= =

an V’I’L]' an ’

and we are done since it suffices to establish (5.6) for n = n; and m = n;4;.

5.5. Proof of the sufficiency of the conditions in Theorem 5.1

We begin by noting that the condition sup,, V,,@Q,, < oo implies that H(p ,);(a,w) is a bounded
transformation. Indeed, (1.4) in Theorem 1.1 holds trivially when p = > w,0y, . We also have

2
wo <l g pg

"RV, e
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by the assumptions that v, = o(V},) and sup,, V,,@.,, < oco. Therefore, Theorem 1.1 allows us to
conclude that Hr ,y(a,w) is @ bounded transformation.

We now use Theorem 1.3 and show that the respective conditions in parts (1) and (2) in
Theorem 5.1 imply those in Theorem 1.3. The sequence (n;); will be the same as in the previous
subsection.

Case 1: A is an exact v-perturbation of I". We already know from Lemma 5.5 that if A is an
exact v-perturbation of I'; then A is a uniqueness sequence for Hr ). To check that A is in
fact an exact uniqueness sequence for H (I',v), We note that we may write

o0

c H 1—z/\n _Z anly +h(2),

z=m o l—z2/m -

n=1
where h is an entire function and

| 2o, =~ L"QQ,Z.
|7

By the assumption that sup,, V,,@, < 0o, we have

which, in view of (5.5), implies that (a,,) is in £2. In particular, we then have
971 Vn
h(z)]?2 < Vn
MOPS G
when z is in D, (v; M) with M sufficiently large. Thus h(z) — 0 when z — oo, which means

that h = 0.

It remains only to verify that H( o),r,,) is a bounded transformation. By Theorem 1.1,
we need to show that we have both sup,, W}LQ’O)PT(LQ’O) < oo and sup,, VTSQ’O)Q%Q’O) < 00. To this
end, we note that since g, can only grow sub-exponentially, we have sup, W@ P{%? < oo by

the same argument that gave sup,, W, P, < co. Since sup,, V,,@,, < 0o, we have

Vi, 0
Vn(Q,O)legﬂ) < o zn.
Z QTLJ' Vn

n;<n
here the right-hand side is uniformly bounded whenever (5.5) holds.

Case 2: A is a v-perturbation of T of deficiency 1. In view of Lemma 5.7, we have that A is
an exact uniqueness sequence for H(p ) if we can show that there is no nonzero a in 22 such
that Hr ,)a vanishes on A. To show this, we assume to the contrary that such a sequence a
exists. Then there is a constant ¢ such that

i anVn € ﬁ 1—2z/\n (5.22)

Z = Yn Z_PylmZQ]-_Z/’Ym.

n=1

By estimating each side of (5.22) for z in D,,(v; M) with M sufficiently large, we get

o0
V. Z |am|2vm = On-

m=1
But this is a contradiction, because (5.6) implies that g, /V;, is an increasing sequence.
It remains only to verify that Hs o),r,.) is a bounded transformation. To this end, we note
that sup,, V,Sg’l)QSf’l) < o0 holds trivially because 1/g,, can only grow sub-exponentially, while

P, o
Wéal)pé&l) < Z noen
an P’ﬂ

nj<n

which is uniformly bounded when (5.6) holds.
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