J Fourier Anal Appl (2008) 14: 514-537
DOI 10.1007/s00041-008-9026-0

Beurling Dimension of Gabor Pseudoframes for Affine
Subspaces

Wojciech Czaja - Gitta Kutyniok - Darrin Speegle

Received: 6 November 2006 / Revised: 18 October 2007 / Published online: 24 April 2008
© Birkhéduser Boston 2008

Abstract Pseudoframes for subspaces have been recently introduced by Li and
Ogawa as a tool to analyze lower dimensional data with arbitrary flexibility of both
the analyzing and the dual sequence.

In this paper we study Gabor pseudoframes for affine subspaces by focusing on
geometrical properties of their associated sets of parameters. We first introduce a
new notion of Beurling dimension for discrete subsets of R¢ by employing a certain
generalized Beurling density. We present several properties of Beurling dimension
including a comparison with other notions of dimension showing, for instance, that
our notion includes the mass dimension as a special case. Then we prove that Gabor
pseudoframes for affine subspaces satisfy a certain Homogeneous Approximation
Property, which implies invariance under time—frequency shifts of an approximation
by elements from the pseudoframe.

The main result of this paper is a classification of Gabor pseudoframes for affine
subspaces by means of the Beurling dimension of their sets of parameters. This pro-
vides us, in particular, with a Nyquist dimension which separates sets of parameters
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of pseudoframes from those of non-pseudoframes and which links a fixed value to
sets of parameters of pseudo-Riesz sequences. These results are even new for the
special case of Gabor frames for an affine subspace.

Keywords Beurling density - Beurling dimension - Frame - Gabor system - Discrete
Hausdorff dimension - Homogeneous Approximation Property - Mass dimensions -
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1 Introduction

Frames are a well-established tool both in applied and pure mathematics which pro-
vides robust and stable—but usually nonunique—representations of vectors. For in-
stance, in wireless communications frames ensure robustness of transmission against
erasures [22], in image processing they serve as building blocks for novel directional
representation systems [3], and just recently it has been discovered that the theory
of frames may provide a means to attack the Kadison—Singer Conjecture in operator
theory from 1959 [5].

However, for some applications, frames lack enough flexibility, for instance, in the
design of the dual frame needed for reconstruction. Several different approaches have
been recently proposed to circumvent this problem, e.g., fusion frames [4], g-frames
[23], and oblique frames [7]. In this paper we will focus on pseudoframes introduced
by Li and Ogawa [16] as a tool to analyze lower dimensional data with arbitrary flex-
ibility of both the analyzing and the dual sequence. In the situation of a pseudoframe,
the “dual sequence” is only required to provide a reconstruction formula. In some
instances, data that we wish to analyze is contained in a subspace, which naturally
leads to the idea of pseudoframes for subspaces [17, 18].

In this paper we study a special class of pseudoframes for subspaces which are of
particular interest in time—frequency analysis. A Gabor system consists of a collection
of time—frequency shifts of a single function or a finite family of functions in LZ(R%)
with respect to a discrete set of parameters in R? x R?. Due to this structure, Gabor
systems are especially suitable for applications involving time-dependent frequency
content, for example, for the analysis of acoustic signals such as music [9].

Classical Gabor systems, which employ a lattice as set of parameters, have been
studied extensively over the past 20 years. Recently, the more general irregular Ga-
bor systems with arbitrary sets of parameters in R¢ x R have attracted increasing
attention, in particular, due to applications from sampling and perturbation theory.
Questions concerning (frame) properties of irregular Gabor systems lead naturally to
the study of the associated sets of parameters. A very elegant way to classify sets of
parameters is the consideration of their Beurling densities. For a recent survey article
with extensive list of references, we refer to [10].

However, we intend to focus on the study of Gabor pseudoframes for (affine)
subspaces. Beurling density alone does not serve our needs here, and instead the
“dimensionality” of the set of parameters will play an essential role. Beurling den-
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sity only serves as a classifying tool for sets of parameters of the same “dimension.”
Comparable problems occur in the study of sets of parameters of wave packet sys-
tems, which are systems consisting of dilates, translates, and modulates of a single
function in L?(R) with their sets of parameters being contained in the affine Weyl—
Heisenberg group. Progress on the problem of classifying sets of parameters of wave
packet systems was recently made by the authors through the introduction of upper
and lower Beurling dimensions based on Beurling density and inspired by the notion
of Hausdorff dimension [8].

In this paper, we present a notion of Beurling dimension for discrete subsets of
R? by employing a certain generalized Beurling density. First, we study several of
its properties, including behavior under perturbations, monotonicity, stability, and
geometric invariance. We further compare the new notion with the most well-known
notions of dimension for discrete subsets of Rd, such as the mass dimension, which
we show to be a special case of our notion. Secondly, we apply the new notion of
Beurling dimension to Gabor pseudoframes for (affine) subspaces. In particular, in-
spired by techniques from [11, 21], we determine the Beurling dimensions of the
sets of parameters of Gabor pseudoframes for affine subspaces. This leads to a clas-
sification of Gabor pseudoframes for affine subspaces and Gabor pseudo-Riesz se-
quences by means of Beurling dimensions of their associated sets of parameters (The-
orem 3.3).

These main results and the techniques of their proofs have several interesting im-
plications. One implication concerns an improvement of the applicability of Gabor
pseudoframes. In fact, we prove that Gabor pseudoframes for affine subspaces always
satisfy a certain Homogeneous Approximation Property. This property which can be
interpreted as invariance of the quality of an approximation by elements from a Ga-
bor pseudoframe for an affine subspace associated with a boxed set of parameters
under time—frequency shifts of this box. This, in turn, provides us with more flexibil-
ity to approximate signals by means of Gabor pseudoframes for an affine subspace.
The other implication we mention is of theoretical nature. It is well known that Gabor
frames exhibit a Nyquist density phenomenon, i.e., the Beurling density separates sets
of parameters of frames from those of non-frames [6], whereas for wavelet frames
this was recently shown to be false [12, 14] by employing a notion of density adapted
to affine systems. Due to the fact that a suitable notion of density does not provide
useful information as already discussed earlier, Gabor pseudoframes for affine sub-
spaces cannot be expected to possess a Nyquist density. However, our results show
that, instead, there exists a Nyquist dimension which separates sets of parameters of
pseudoframes from those of non-pseudoframes and yields a fixed value for sets of
parameters of pseudo-Riesz sequences. This result is new even in the special case of
Gabor frames for an affine subspace and provides us with a deeper understanding of
the nature of Nyquist phenomena.

This paper is organized as follows. The definition and general theory of Beurling
dimension for discrete subsets of R? is given in Sect. 2, including a comparison of
Beurling dimension with the mass dimension and the discrete Hausdorff dimension.
In Sect. 3 we determine the Beurling dimensions of the sets of parameters of Gabor
pseudoframes for affine subspaces and prove the classification result.
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2 Beurling Dimension
2.1 Definition of Beurling Dimension

We will define a notion of Beurling dimension for sequences A in R? suited to
Euclidean geometry by using as a backbone a generalization of Beurling density. No-
tice that throughout this paper, although A will always denote a sequence of points
in R and not merely a subset, for simplicity we will write A C R?.

First we require some notation. Let Q denote the box [—1, l]d and, for & > 0, let
O, be the dilation of Q by the factor of &:

On=hQ =[—h,hl.

For any x = (x1,...,xq) € RY, we let On(x) be the set Qy, translated in such a way
that it is centered at x, i.e.,

d
On(x) = [lxi = h,x; + hl.

i=1

Employing these notions, we define a generalization of Beurling density.

Definition 2.1 We say that S € R? is an affine subspace of R? if it is a coset of some
linear subspace of R?.

Let A C R?, let S be an affine subspace of R?, and let r > 0. The lower Beurling
density of A with respect to S and r is defined by

DE,F(A) = liminf inf M’

h—o00 xeS h"

and the upper Beurling density of A with respect to S and r is defined by

D:;r (A) = limsup sup M

h—o00 x€S§ h"

If DE’,,(A) = D;r(A), then we say that A has uniform Beurling density with
respect to S and r and we denote this density by Ds ,(A).

We remark that the Beurling density with respect to R? and d coincides with
the classical Beurling density. In particular, for § = R? and r = d, the definition of
Beurling density is independent of the particular choice of the set Q (see [15]). By
using a similar argument for each r > 0, we obtain:

Proposition 2.2 Let A C R?, and let U C R? be a compact set of measure 2¢ whose
boundary has measure zero. Then, for any r > 0 and any affine subspaces S of R?,

#(A N (x +hU
Dy, (A) — liminf inf TAN& T2U))

h—o00 xeS§ h"
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and

#(A N hU
DY, (A) =limsupsup w

h—o0 x€S8 h"

For y € R, the Beurling density with respect to S = {y} and r =d is also a
commonly used density, and it is known that this density does not depend on y. More
generally, we have the following:

Proposition 2.3 Let A C R?, T a linear subspace of R, and y € R? be given. Then,
forallr >0,

T+y r(A) - ;,r(A)

and
Dy, () =D, (A).

Proof Note that there exists R > 0 such that, forall x € T and & > 0, Qp4+r(x) D
Onp(x+y)and Qpyr(x +y) D Qn(x). The result follows. [l

We now define the Beurling dimension of a set, which will be used to characterize
the Nyquist dimension of Gabor pseudoframes for an affine subspace.

Definition 2.4 Let A C R?, and let S be an affine subspace of R?. The lower Beurl-
ing dimension of A C R? with respect to S is defined by

dimg (A) = inf{r >0: DEJ(A) < oo},
and the upper Beurling dimension of A C R with respect to S is
dim (A) =sup{r > 0: DY .(A) > 0}.

When these two quantities are equal, we refer to them as the Beurling dimension of
A with respect to S and we denote them by dimg(A).

It follows immediately from the definition that we always have dimg(A) <
dim{ (A).

The following result presents possible equivalent definitions of Beurling dimen-
sions. Since the proof is rather technical and uses the same arguments as the proof of
a similar result in [8], we omit it here.

Proposition 2.5 Ler A C RY, and let S be an affine subspace of R?. Then,

(i) dimg(A) =sup{r >0: DS_J(A) > 0},
(ii) dim{(A) =inf{r >0: D;r(A) < 00}.

We note here that, while Beurling dimension is defined above for arbitrary subsets
of RY, the upper Beurling dimension will be infinite unless A is discrete. Indeed, if x
is an accumulation point of A, then, for all z > 0, #(A N Oy, (x)) = oco. Thus, we will
restrict our attention to discrete subsets of A.
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2.2 Properties of Beurling Dimension

In this section we present several properties of the Beurling dimension with respect
to S C R,

2.2.1 Perturbation

We first show that Beurling density is robust against perturbations of the elements in
the set under consideration. Given € > 0, we say that A C R¢ is an e-perturbation of
ACRIIfA= {A+36: 1 e A, 6, €[—e,e€]}. As before, A should be considered as
a sequence rather than a subset of R?.

Lemma 2.6 Let A C R?, S an affine subspace of R, and € > 0 be given. For any
€-perturbation A of A and any r > 0, we have

D5, (M) =D, (A) and DY, (A) =D (A).
Proof For h > 0 and x € S, we obtain the following estimates for #(A N O (x)):
#(AN Qh—e(0)) <#H(AN Qn(x)) <#(AN Qpye(x)).
Dividing the terms by A" for r > 0 and observing that

#(AN O #(AN
limsup SUPxes ( Qn—c)) = Dj(A) — limsup SUP,es ( Ohte(x))

h—o0 h* h—o0 h*

implies DY (A) =D (A).
The claim concerning the lower Beurling density with respect to S and r can be
treated similarly. (]

Combining Lemma 2.6 and the definition of upper and lower Beurling dimension
yields the following perturbation result.

Theorem 2.7 Let A C R, S an affine subspace of R%, and € > 0 be given. For any
e-perturbation A of A, we have

dimg (A) =dimg (A) and dim{(A)=dim{(A).
2.2.2 Geometric Properties

Our next result shows that the upper, lower, and uniform Beurling dimensions satisfy
properties which are typically associated with dimensions.

Proposition 2.8 Let A1, Ay, A C RY, and S an affine subspace ofRd be given. Then
the following conditions hold:

(1) Monotonicity: If A1 C A», then

dimg (A1) <dimg(A2) and dim{ (A1) <dim{(A2).
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(ii) Stability: We have
dimg (A1 N A) < min(dimg (A1), dimg (A2))

and
dim{ (A1 U Az) = max(dim{ (A1), dim{ (A2)).

(iii) Geometric invariance: Let f : RY — R? be a uniform homeomorphism such that
f(S)=S+y for some y € R?. Then

dimg (f(A)) =dimg(A) and dim{(f(A)) =dim{(A).

Proof We will only prove the claims for the upper Beurling dimension. The lower
Beurling dimension can be treated similarly.

@A) If A| C Ao, it follows that D;r(A]) < D;r(Az) for all » > 0. Using the defi-
nition of Beurling dimension proves the claim.

(i) For all r > 0, we have DL(AI UAj) > max(Dgr(Al), D;r(Az)). Thus

dim{ (A1 U Az) > max(dim{ (A1), dim{ (A2)). (D
Now fix r > 0. Since

sup#((A1U A2) N Qn(x)) < sup#(A1 N Qn(x)) 4 sup#(A2 N On(x)),

xes xes xe§

it follows that DY (A{UA,) < DY (A1) + Dy, (Az). This implies DY (AjUA) <
2max(Dy (A1), D§,.(A2)). Due to the definition of dim{, this yields

dim{ (A1 U Az) < max(dim{ (A1), dim{ (A2)). 2)

Equations (1) and (2) settle the claim.

(iii) Note that, if f is a uniformly continuous surjection of one normed linear space
onto another, then it is Lipschitz for large distances, see, for example, [2, Lemma 5.1].
That is, for all hy > 0, there exists C > 0 such that f(Qp(x)) C Qcn(f(x)) for all
xeRY and h > hy. In particular, we conclude that, for each r > 0,

#( 7 (A) N 2R()) #A N Qcn(f(x)))

lim sup sup < limsup sup .
h—o00 xeS§ h h—o00 xe§ h

#(AN
< C"limsup sup (7Qh(x))
h—o0o xeS+y h"

It follows from Proposition 2.3 that dim;‘ (f~(n)) < dim}r (A). A similar argument
shows that dim{ (£ (f~!(A))) <dim{ (£ 71(A)), which yields the result. O
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2.2.3 Range of Values

In this section, we will restrict attention to the case S = R?. We present the possible
range of values of Beurling dimension, making use of Proposition 2.9 below. This
result provides a variety of different interpretations of finite upper and positive lower
Beurling density with respect to » = d. Recall that A C R? is uniformly separated
if inf, a,en 0 0, [A1 — A2| > 0. It is relatively uniformly separated if it is a finite
union of uniformly separated sets. Further, A is h-dense if |, ., Qn(x) = R?.

Proposition 2.9 Ler S,V be affine subspaces of R?, and suppose that A C 'V and
that there exists zo such that V 4+ zo C S. Let n be the affine dimension of V.

(i) The following conditions are equivalent:
(@) Dy, (A) < oc.
(b) DY gim(s) (D) < 0©.
(c) There exists some h > 0 such that sup, ¢ #(A N Qp(x)) < oo.
(d) Forall h > 0, sup, s #(A N Qp(x)) < oo.
(e) A is relatively uniformly separated.
(f) Forallh >0, sup,.s#{A e A:x € Qr(1)} < oo.

(ii) Also the following conditions are equivalent:
(@) Dy, (A) > 0.
(b) DE,dim(S)(A) > 0.
(c) There exists some h > 0 such that infycs #(A N Qp(x)) > 0.

(d) A contains a subsequence of positive uniform density.
(e) There exists some h > 0 such that A is h-dense.

Proof Note that, under the hypotheses of Proposition 2.9, Propositions 2.2 and 2.3
and the proof of Proposition 2.8 (iii) imply that, without loss of generality, we may
restrict to the case that S=R? and A C V =R" x {0, ...,0} c R?.

@1): (b), (c), (d), and (e) are equivalent by [6, Lemma 2.3]. To prove (d) < (f)
observe that

#HANQR))=#reA:—xe Qp—A=#AeA:xe Q)

This immediately settles the claim.

The fact that (a) implies (b) is immediate. To show that (b) implies (a), we proceed
a contrario and assume that D;{g‘l,n(A) = oo. First, we note that, as a consequence of
the assumption A C V, we may write A=A’ x {0,...,0} CR" x {0,...,0} = R4,
Hence, DI'RS,’"(A) = DERS"’” (A) and D;{gd’d(A) = DI'Rff,l’d(A’). Next, we again invoke
[6, Lemma 2.3] to conclude that sup, cg: #(A' N Qp(x)) = oo, which, in turn, implies
that D, ,(A") = o0.

(ii): Clearly, (b) implies (a). On the other hand, since A C R" x {0,...,0},
Dﬂgd’n(A) > Oonlyifn=d.

The implication (b) = (c) is immediate.
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To show (c) = (d), let 2,5 > 0 be such that #(A N Qj(x)) > & for all x € R,
Hence, in particular, each set A N O, (x) contains at least one element. Thus, for each
k € Z4, there exists some Yk € AN Qp(2hk). Since (yk)yeza 1s a 2h-perturbation of
(2hZ)? and Dga 4((2hZ)?) = (2h)~?, Lemma 2.6 implies that (yt) ez« has uniform
density equal to (2k)~%, which proves the claim.

Next suppose that A contains a subsequence A of positive uniform density. Since
Dﬁd’d(A) > Dpa 4(A) > 0, (d) implies (b).

The equivalence of (c) and (e) is immediate. [l

Theorem 2.10 Lez S, V be affine subspaces of R?, and suppose that A C V and that
there exists zo such that V + zo C S. Denote the affine dimension of V by n. Then,

(i) dim} (A) €[0,n]U {oo} and
(i) dimg (A) € {0} U[n, oo].

Proof As before, we may assume without loss of generality that § = R?. Assume
that dimﬂzd(A) =:s5 >n and s < oco. By definition, this implies D;{Sd’n(A) = o0.
By Proposition 2.9(i), sup,cpd#(A N Qp(x)) = oo for all h > 0. Hence
Dﬁd’Hl(A) = 00, a contradiction to s = sup{r > 0 : D;{fd’r(A) > 0} and s < oo.
This proves (i).

To show (ii) assume that dimid (A) =:5 € (0,n). This implies Dﬁd’n(A) =0. By
Proposition 2.9(ii), inf, cge #(A N Qp(x)) = 0 for all & > 0. Hence also Dﬁd’%(A) =

0, which contradicts to s = inf{r > 0 : D&d r(A) < oo}and s > 0. O

Theorem 2.10 implies that the upper Beurling dimension with respect to R serves
as an extension of the Lebesgue dimension to discrete subsets by assigning a value
between 0 and the Lebesgue dimension of the Euclidean space or infinity to each such
subset. It further indicates that the lower Beurling dimension provides a subdivision
for those sets which have infinite upper Beurling dimension. Moreover, for subsets
with uniform Beurling dimension, i.e., for which the lower Beurling dimension coin-
cides with the upper Beurling dimension, it follows that this dimension is either 0, d,
or co. There are, however, examples of A, S, and V not satisfying the conditions of
Theorem 2.10 such that the Beurling dimension with respect to S is any nonnegative
number, as can be seen by considering the sequence A = {+n® : n € N} with § = {0}
and V =R.

We close this section by showing that Beurling dimension inherits the “intuitive”
dimension of a discrete set.

Theorem 2.11 Let A C R? with D; (A) < o0, and let 0 < n < d. Suppose that A
is contained in a translated bounded neighborhood of an n-dimensional subspace V
of RY, ie., A C yo+ {x e R? : dist(x, V) < €} for yo € R? and € > 0. Then, for any
affine subspace S such that there exists zo € R satisfying S 4z D V, we have

dim{ (A) <n.
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Proof Let P be the orthogonal projection onto V. Note that P(A) is an e-
perturbation of A, so by Theorem 2.7, dim;r(P(A)) = dim}r(A). Moreover, since
S + z0 D V, Theorem 2.10 and Proposition 2.3 imply that dim}r(P(A)) e[0,n]U
{oo}, since P(A) is contained in an n-dimensional subspace. Therefore, since
dim{ (A) < oo, dim{ (A) =dim{ (P(A)) <n. O

2.3 Comparison with Other Dimensions
In this section, we compare Beurling dimensions with other dimensions; namely, the

mass dimensions, dimp s and dimy s, and the discrete Hausdorff dimension, dimpg .
The first can be defined as

In#(A N
dimy g (A) = liminf AN On)
n—o00 nn
and
In#(A N
dimy p (A) = limsup M
n—00 Inn

see, e.g., [1]. (We shall see in this section that mass dimensions are special cases
of Beurling dimensions.) For the precise definition of the discrete Hausdorff dimen-
sion, we refer to [1]. For other notions of discrete dimensions and for a discussion of
relations between them, we refer to [19] and [20].

First, we present yet another version of the definition of the Beurling dimension,
which will facilitate comparisons to the mass dimensions.

Proposition 2.12 Let A C R? and S be an affine subspace of R. Then we have

In#(A N
dimy (A) = liminf inf In#(A 1 9 (1))
h—00 x€S8 Inh

and

In#(A N
dim}' (A) =limsup sup M
h—o0o xeS Inh

Proof We only study the upper dimension. The proof for the lower dimension is
similar.

First, consider 0 < r < dim*(A). In this case, we have D;r(A) = 00. Therefore
there exists a sequence (h,),eN With lim,,_, o, /1,, = 00 such that

i SUPecs #A N O, ()

P
n— 00 hn

Without loss of generality we can assume that, for all n € N,

sup,cs#(A N Qp, (x)) -
hy,

1.
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This yields
. In#(ANQp(x)) _ . In#(A N Oy, (x))
limsup sup ———— = > limsup sup ————=
h—oo xS Inh n—>o0o xeS Inhy
In(h!
> lim sup InG,) =r.

n—oo Inhy,
Since this holds for every r < dim}' (A), we obtain

: In#(A N Qn(x))
limsup sup ——

> dim{(A). 3)
h—>o00 x€S Inh S

Secondly, let r > dim}'(A), which implies D; () = 0. Fix € > 0. Then there
exists H > 0 such that for all 2 > H:

sup.es #(A N 04 (x) _

hr
Therefore we obtain
. In#(A N Qp(x)) . In(eh™) . Ine +rlnh
limsup sup ————  <limsup —— =limsup ——— =r.
h—oo xeS Inh h— o0 n h—00 Inh
Thus
In#(A N
lim sup sup M < dimj{(A). @)
h—o00 x€S Inh
Now (3) and (4) yield the claim. O

Proposition 2.12 implies that mass dimension is Beurling dimension with respect
to § = {0}. We state it formally in the following corollary, where dimy 3, and dimg »
denote the lower and upper mass dimensions, respectively.

Corollary 2.13 For every A C R and S an affine subspace of R?,
dimg (A) < dimpy (A) = dimyg, (A) < dimyy (A) = dimjo}(A) <dim{ (A).

Proof This follows immediately from Proposition 2.12 and the definition of mass
dimension. 0

We present now several examples which illustrate the differences between Beurl-
ing dimension with respect to S = R?, mass dimensions, and (to a lesser extent)

discrete Hausdorff dimension.

Example 2.14 Let A = {(m,n) : m € N,n € Z} C R2. Then, dimﬂ_{d(A) =0 and
dim%d (A) =2, whereas we have dimy y; (A) = dimy p (A) = 2.
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Example 2.15 Define the set A C 72 to be the union of sets Ay,,neN, where A, =
{(k,]): 2" <k <2"4+2""1 0 <1 <2"1}. Then, it is not difficult to observe that
dimp, (A) =0 and dimﬁd (A) =2, since the set A contains arbitrarily large pieces of
the lattice Z2. On the other hand, the mass dimension of A exists and is equal to 1,
and the discrete Hausdorff dimension of A is equal to 0.

Example 2.16 Define the set A C R? as follows: for each n € N, define A, =
{Q@" —k/2™",1/2") 1 1 <k, Il <2'};1let A = U;‘;l A,. It follows immediately from
the definition that the upper Beurling dimension of A with respect to § = R is in-
finity, because of the increasing concentration of points. On the other hand, it is not
difficult to observe that the upper mass dimension of A satisfies dimy (A) = 2.
Moreover, the discrete Hausdorff dimension of any set is bounded from above by the
upper mass dimension, and so dimgy (A) < 2.

3 Application to Pseudoframes for Subspaces

We start by stating the definition of a pseudoframe for subspaces (see [17]). In the
following, given a closed subspace E of a separable Hilbert space, we always denote
the orthogonal projection onto this subspace by Pg.

Definition 3.1 Let E be a closed subspace of a separable Hilbert space H, and let
{xi}ier be a sequence in H. Then {x;};c; is a Bessel sequence with respect to E if

Y 1 foxi) <o forall f€E.

iel

A Bessel sequence {x;}ic; w.r.t. E is called a pseudoframe for the subspace E
(PFFS for E) if there exists another Bessel sequence {x};c; in H such that

f=) (f.xi)x} forall feE.

iel

The collection {x};¢; is called a dual pseudoframe of {x;}ic; for the subspace E.
A Bessel sequence {x;};ic; w.r.t. E is called a pseudo-Riesz sequence for the sub-
space E (PRFS for E) if { PEx;}ier is a Riesz sequence in E.

In the sequel we will make use of the following characterization of PFFS’s.

Theorem 3.2 [17, Theorem 4] Let E be a closed subspace of a separable Hilbert
space H, let {x;}ic; C 'H be a Bessel sequence w.r.t. E, and let {x}};c; be a Bessel
sequence in 'H. Then the following conditions are equivalent:

(i) {xi}ier is a PFFS for E with dual pseudoframe {x[}icy;
(i1) The following conditions hold:
(@) {Pexilies is a frame for E with dual frame { PEx[}icy,
(b) Forall feH,Y ;c;(f Pex;)(I — Pp)x}=0.
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Note that in the case where {Pgx;}ics is a frame for the subspace E, one can
always find {x7};c; C E satisfying the conditions for PFFS. Thus, for our purposes,
we will not refer to the dual frame, and we write briefly that {x;};<; is a PFFS for E.
Furthermore, we say that the frame bounds of a PFFS for E are the frame bounds of
the frame {Pgx; :i € I} for E.

In this section, we consider PFFS’s with more structure than the general case. In
the following, let G = {g1, ..., gk} be some finite collection of functions in Lz(Rd),
let A={A1q,..., Ag} be a finite collection of subsets of R24 and let the associated
Gabor system be defined by

G(G, A) = {e™ ™ gt —y): (x,y) € A, 1 <k <K}
={MTygr:(x,y) € Ay, 1 <k <K},

where M, and T, are the modulation and translation operators, respectively. The dis-
crete set A will be referred to as the set of parameters. We will consider those Gabor
systems which are PFFS’s for L%(E) for some E C RY. When E is, for example, a
bounded set, one would expect that the modulations and translations together would
need to be “sufficiently dense” in order to form a PFFS for L2(E). One would also
expect that the collection of modulations and translations needs to be “sufficiently
sparse” in order to form a PRFS. We make these intuitive notions precise in Theo-
rem 3.3 below.

The sets E we will consider will be of the following form. For E ¢ R and
0 <m <d, we say E contains a tube around an m-dimensional space if there ex-
ists an affine subspace A of R? of dimension m and an € > 0 such that {z € R? :
dist(z, A) <€} CE.

With this notation, we are ready to state our main theorem, whose proof will be
given at the end of this section.

Theorem 3.3 Let G = {g1,...,gx} C LR\ {0}, and let A = {Ay, ..., Ak} be
a finite collection of subsets of R*?. Furthermore, let E be a subset of R¢ which
contains a tube around an m-dimensional affine subspace A of RY.

(1) If G(G, A) is a PFFS for L2(E), then either dim;&dXA(A) >d +m or A is not
relatively uniformly separated.
(ii) IfG(G, A) is a PRFS for L*(E), then dimg, (A) =dim, (A)=d+m.

Let us briefly compare Theorem 3.3 with Nyquist density results of Gabor sys-
tems. For Gabor systems, we have the following result from [6].

Theorem 3.4 [6, Theorem 1.1 and 3.6] Let G = {g1, ..., gx} C L*(R%) \ {0}, and
let A CR*.

() IfG(G, A) is a frame for L*(RY), then D, ROVESD

(i) IfG(G, A) is a Riesz basis for L>(R?), then Dpaa 4(A) = D;{fzd’ =1

It can be easily seen that in the situation of Gabor PFFS’s Beurling dimension plays
the role which Beurling density plays for Gabor frames. It is in this sense that it is
justified to regard the Beurling dimension as a Nyquist dimension.
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Note also that, in particular, Theorem 3.3 implies that if a collection of modula-
tions is a frame for L2([0, 1]), then the modulations must have positive upper Beurl-
ing density, recovering a result of Christensen, Deng, and Heil [6].

In general, for a PFFS G(G, A), if A is not relatively separated (in particular,
G(G, A) is not Bessel in LZ(R%)), then the A can be quite odd. For example, in the
case E C R, there is no restriction on those (x, y) € A for which the support of T, g is
disjoint from E for PFFS’s, so the lower dimension can be made as large as desired.
It is also possible to construct examples of PFFS’s for L2(E) for which dimﬂgd A (AN)
is less than d + m, see Example 3.13. It is thus more surprising that in the case of
PRFS’s, we are able to obtain a Nyquist dimension as in Theorem 3.3(ii).

Our method of proof is inspired by techniques to prove density results given in the
recent preprint [11]. We will show that PFFS’s for L2(E) of the type mentioned in
Theorem 3.3 satisfy a modified version of the Homogeneous Approximation Property
(HAP) of Ramanathan and Steger. Using this modified HAP, we will then show that
the set of parameters A has lower dimension greater than or equal to d + m. We
will also use the results from Sect. 2 to show that the upper dimension of a PRFS is
bounded above by d + m.

3.1 Preliminary Lemmas
We begin by recalling the following definition and lemma from [11].
Definition 3.5 (i) Given a set U C R4, for each ¢ > 0, define
Uy = {x e R* : dist(x, U) <1}.
(i1) The Fréchet distance between two closed sets U, V C R is
[U,V]=inf{r >0:U CV, andV C U,}.

(iii) Given closed sets U, C R?? and given a closed set V C R??, we say that U,
converges weakly to V if

lim [U,NK,VNK]=0 forall compact K C R
n—oQ

In this case, we write U, 2.

Lemma 3.6 [11, Lemma 2.10] Let A C R*? be a countable sequence which is 8-
uniformly separated for some § > 0. Then given any sequence {z,}neN of points in
R there exists a subsequence {wy}neN of {2y }nen and a sequence A' C R such
that

A—w, = A as j—oo, k=1,...,N.
The following two lemmas will be heavily employed in the proof of Theorem 3.10.
Lemma 3.7 Let a < d be a nonnegative integer, G = {g1, ..., gx} C L>*(R%) \ {0},

A ={A1,..., Ak} be a finite collection of subsets of R and E c RY be such that
the following conditions hold:
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(a) Each Ay is 28-uniformly separated for some § > 0;

(b) E is atube around the subspace {x € R4 ‘Xd—a1=---=x4=0}forl1 <a <d,
or E is a convex neighborhood of the origin if a =0

(¢) G(G, A) is a PFFS for L%(E) with frame bounds A and B.

Then, for each x( € R4, yo €R%, and0 € Rd-a, {MxTygr: (x,y) € A+ (x0, y0,0) :
1 <k < K} is a PFFS for L*(E) with frame bounds A and B.

Proof Let h € L*(E), and define h(t) = e=>"*0'ji(t + (y, 0)). Note that [|A]|> =
]2, Pragyh = h, and PLz(E)h h. The result follows from the following compu-
tation:

K K
> > |(Pr2zy M Tygi, h) Z > (M Ty g, h)I?

k=1 (x,y)€Ag+(x0,0,0) k=1 (x,y)€Ag+(x0,y0,0)

Z (M. Ty gx, b))

(x,y)eAk

K
K
=12

Z Y PrawMaTygi k)|

k=1 (x,y)eAx

Lemma 3.8 Let a, E, G,and A ={Ay,..., Ak} be as in Lemma 3.7. Let {x,},eN
be a sequence in R, {Vn}nen a sequence in R?, and, for each n, let z,, = (x,, yn,0) €
R, Suppose that, for each 1 <k < K, Ay — z, al A;{. Then, G(G, A") is a PFFS
for L*(E) with the same frame bounds, where A' ={A", ..., A}

Proof Note that, for each 1 <k < K, a cube of the form Qs(z) can contain at most
one point in Ag. Using the weak convergence of Ay — z, = A;{, it can also be shown
that each cube Q;(z) can contain at most one point of A;(.

Choose € > 0 and let f € M! (Rd) N L2(E). Then, for each 1 < k < K, the short-
time Fourier transform Vg, f defined by Vg, f(x,y) = (f, MxTygr), (x,y) € R? x
R¢, is an element of the amalgam space W (L°°, £%). By using an equivalent norm of
this space, we can find m € N such that, for each 1 <k < K,

€
Yo Wef - louepli < 7
JEZXN\ Q0 (0)

Fix 1 <k < K.Set R = (2m+ 1)8.1f (x, y) € R*\ Qr(0), then there is a unique
j € Z*\ Q,,(0) such that (x, y) € Qs(8j). Hence,

> WEMTlP= Y Vg f P

(. Y)EAN\QR(0) (x,)EA\QR(0)

€
< ) sup |V flu v) < 5.
jez2d\ 0, (0) V€L C))
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Similarly, for each n € N, we have

3 . MuTy ) < 5.

(x,)E(Ak—22)\Qr(0)

Let D = sup, .y #((Ax — 2,) N Qr(0)). We estimate the difference in the £, norm
of the inner products of f with M, T, gy in the cases that (x,y) € A} N Qg(0) and
(x,y) € Ax — 2, N Qr(0). Clearly, when D = 0, the difference is 0, so we consider
the case D > 0. Using the continuity of the modulation and translation operators
and the fact that Q g(0) is compact, find 6 > 0 such that, for all (x, y) € Qr(0) and
all lul, [v] <6, M, TyMTyf — MyTy fll2 < €QIND)2| fll2)~L. Let n be large
enough so that

[(Ak = 22) N QR(0), A} N QR (0)] <6.

Then, for each (x,y) € (Ax — zn) N Qr(0), there exist unique points |u(x, y)|,
lv(x, y)| <6 such that (x + u(x,y),y + v(x,y)) € A;(. Moreover, this correspon-
dence yields a bijection between (Ax — z,) N Qg (0) and Ax N Qg (0). For notational
ease, we write A, g = (Ax — z,) N QR (0), where the dependence on k is suppressed
since k is fixed. We compute

1/2
‘( > |<f,MxTygk>|2> —( > |<f,MxTygk>|2)

(x,)€ANQR(0) (x.y)EAn R

1/2

1/2
5( >k Mx+u<x,y>Ty+v(x,y>gk—MxTygknz)

(x.y)eAn R

1/2
5( > ||f||2||Mxﬂ(x,y)Tymx,y)gk—MxTygkn%) <
(xsy)EAn,R

N M

Now let A and B denote the frame bounds of G(G, A), and recall that z,, =
(X, yu, 0), where y, € R* and 0 € RY=%. Employing (b), for each f € L*(E), we
have M., Ty, 0 f € Lz(E). Therefore, (My, T(y,,0) f PLz(E)gk) = (My, T(y,,0), 8k)-
In particular, || Pp2gy My, T(y,.0)f1l2 = || f1l2. With this observation, we allow k to
vary again and we compute

K 1/2
(Z > MxTygk>|2>

k=1 (x,y)eA;
K 1/2 K 1/2
f(z ) |<f,Mxrygk>|2) +(2 ) |<f,MxTygk>|2)
k=1 (x,y)eA,NQR(0) k=1 (x,y)e A \Qr(0)

1/2

K
s(z > |<f,MxTygk>|2> +2+3

k=1 (x,y)eA,NQr(0)
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K 1/2
(X X W Toormter) e

k=1 (x,y)e Ak

< B2\ My, Ty 0 2+ €

= B2 fll» +e.
On the other hand,
K 1/2
(Z > |<f,MxTygk>|2)
k=1 (x,y)eA;

K 1/2
z(Z > |<f,MxTygk>|2)

k=1 (x,y)eA,NQRr(0)

Mw

v

12
I(f, MxTygknz)
k

L, })EA NQOr(0)

(
<Z 2 MxTygk>|2>1/2 -
(

v

k=1 (x,y)eAr—z,NQRr(0)

> ¥

k=1 (x, ))EAk Zn

v

1/2
|(f, M Tygx) |2)

K 12
—(Z > |<f,MxTygk>|2) -5

k=1 (x,y)eAr—2,\Qr(0)

€ €
> A2 fla— 373

=AYV fll2—e

In the last line, we have used Lemma 3.7. Since € > 0 is arbitrary, {PL2(E)Mx Tygk:
(x,y) € A}, 1 <k <K} is a frame for L*(E), i.e., G(G, A') is a PFFS for L(E)
with frame bounds A and B. O

It is clear that Lemma 3.8 is not true for general z,. Indeed, consider E = [0, 1],
g=1g, and A =Z x {0}. Then {M,T,g : (x,y) € A} is a PFFS for L2(E), but
A+ (0,1)=7Z x {1} is not.
3.2 The A-Ramanathan—Steger Weak Homogeneous Approximation Property

The Homogeneous Approximation Property (HAP) (cf. [6]) is a common tool to
study density conditions of Gabor systems. Lately, the HAP has also been proven
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for wavelet frames [13]. However, it is not difficult to see that PFFS’s do not gener-
ally satisfy the HAP. Therefore, we now define a weaker notion of the HAP which
PFFS’s do satisfy, thereby deriving interesting approximation properties of PFFS.

Definition 3.9 Let E C RY. For h > 0 and (u,n) € R*?, we set W(h,u,n) =
span{MxTyPLz(E)g (x,y) e AN Qp(u,n)}. Let A C R, We say that the PFFS
for L>(E) G(G, A) possesses the Ramanathan—Steger Weak Homogeneous Approxi-

mation Property with respect to A if, for all f € L?>(E) and for all € > 0, there exists
R > 0 such that, for all (u,n) € A, dist(M, T, f, W(R, u,n)) <e.

For this paper, we will abbreviate the Ramanathan—Steger Weak Homogeneous
Approximation Property with respect to A by simply the weak HAP with respect
to A.

Theorem 3.10 Let a < d be a nonnegative integer, G = {gy, ..., gx} C L>(R9)\ {0},
A C R, and E C R? be such that

(a) There exists 6 > 0 such that for | <k < K, Ay is 28-uniformly separated,
(b) E is a tube around the subspace {x € R . Xd—g+1=-=x4=0}for 1 <a <
d, or E is a convex neighborhood of the origin if a = 0, and
(¢) G(G, A) is a PFFS for L*>(E).
Let A C R x R4~ x {0}*. Then, G(G, A) possesses the weak HAP with respect
to A.

Proof Suppose that the weak HAP with respect to A fails. Then, there exists a func-
tion f € L2(E) and € > 0 such that, for each n € N, there exists z, = (i, np) €A
such that dist(M,, T,,,, f, W(n, u,, n,)) > €. By Lemma 3.6, there exists a subse-
quence {wy,} of {z,} and A;{ such that, for each 1 <k < K, we have

w
Ak —wy — Aj asn — oo.

Therefore, by Lemma 3.8, G(G, A’) is a PFFS for L?(E) with the same frame
bounds. We claim now that, for any R > 0,

dist(f, span{Me T P2y gk (x,6) € AN Qr(0).k=1,....K}) > 3)

€
5
To see this, choose any scalars {c r¢: (x,§) € A; N Qr(©0),k=1,..., K}. Let

D= Z Z ICk,x,&1-

k=1 (x,£)e A;NQR(0)

From above we know that [|f — Ol > €, so we may assume that D # 0.
Since the family of modulation-translation operators is strongly continuous (cf. [11,
Lemma 2.1]), there exists 8 < §/2 such that, whenever |x|, |§| <8, (u,n) € A, and
1<k<K,

€
Mgty Txu Pr2gy 8k — MyTuPr2g)8kll2 < 3D
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As in the proof of Lemma 3.8, we can find n large enough so that each point of
A;{ N Qr(0) is within € of a unique point in Ay — w, N Qr(0), and conversely. So,
we can write

Ap —w, N QOR(0)
={(r +ux, £, k), £ +n(x,&,k): (x,€) € Ay N Qr(0), k=1,..., K}

with |u(x, &, k)|, [n(x, §, k)| < 6. Hence,

K
Hf - Z Z Chx,e MeTx Pr2g) 8k

k=1 (x.§)e A NQ R (0) 2

K
f=> > Cre,x,6 Mg T P2 () 8k

k=1 (x,£)eAx —w,NQR(0)

=

2

K
Z Z Chx,g (Mety(x 6.0 Txtu(x 6.0 Pr2 e 8k
k=1 (r.£)eA N0 (0)

— METXPLZ(E)gk)

2
> dist(f, span{Me Ty P12 (py8k  (x,§) € A —w, N Qr(0), k = 1,...,K})

K
=YY leknelIMerneen Terute Proce) gk
k=1 (x,6)e AL NQOR(0)

— MeT: P12y 8k ll2

K
ZE_Z Z |Ck,x,$|%:%‘

k=1 (x,£)e A, NOR(0)

Since this is true for every choice of scalars, we conclude that (5) holds. But since
R is arbitrary, this implies that f ¢ span(Pp2)G(G, A")). Therefore, there ex-
ists some 0 £ h € L2(E) N (span(Pr2()9(G, A")))L. This contradicts the fact that
PLz(E)Q(G, A) is a frame for L?(E) (hence complete in L2(E)). [l

Employing the weak HAP as a main ingredient for the proof, we will show that sets
of parameters of PFFS’s are comparable with sets of parameters of Riesz sequences
by means of their densities Dj&:,r (recall Definition 2.1). This Comparison Theorem
is directly inspired by the double-projection idea of Ramanathan and Steger [21].

Theorem 3.11 Let a, E, G, A, and A be as in Theorem 3.10. Let Ay,...,Ap CA
and ¢1,...,¢1 € L%(E) \ {0}. Assume that ® = PLz(E)g(qbl,...,qu, Aq,...,AL)

BIRKHAUSER



J Fourier Anal Appl (2008) 14: 514-537 533

is a Riesz sequence in L*(E). Let A = U,leAk and A = U,leAk. Then D;r(A) >
D} (A)and Dy (A) = Dy (A) forall 0 < r < occ.

Proof Note that by Theorem 3.10 we have that G = G(G, A) possesses the weak
HAP with respect to A. Let

K
= Jl&rendmoen
k=1

denote the canonical dual frame of P;2f)G in L*(E). Let

L
® = U Prc.k) (x,£)eAr
k=1

denote the dual frame within the closed linear span of .
Given h > 0 and (u, n) € A, set

W(h, u,n) =span{MeTygr: (x,6) e AN Qp(u,n), k=1,...,K},
V(h,u,n) =span{Me Ty pr : (x,&) € A N Qp(u,n),k=1,..., L}

Since we have assumed that each Ay is uniformly separated, we have that
Dﬁg‘, (Ar) <o00.So, W is a finite-dimensional space.

Fix € > 0. Applying the definition of weak HAP with respect to A to the functions
f = ¢, we see that there exists an R > 0 such that

dist(My, Tuepe, W (R, u, 1)) < %, forall u,n) € A k=1,..., L

where
D =sup{|Guni|: @, m) € Ak k=1,...,L}.

Fix an & > 0 and (u, n) € R24. For simplicity, set V.= V(h,u,n) and W = W(R +
h,u,n). Define T : V — V by T = Py Py. Note that T is self-adjoint and W is
finite-dimensional, so T has a finite, real trace.

We now estimate the trace of T. An easy upper bound is given by

trace(T) <rank(T) <dim(W) = #(A N Qpr+n(u, n)).
For a lower bound, note that {Pp2p\MeTi¢y @ (x,8) € A N Qp(u,n), k =
1,..., L} is a basis for the finite-dimensional space V. The dual basis in V is the
biorthogonal system in V, which is

{Pvéugi: (x,6) € AN Quu,m), k=1,...,L}.
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Therefore, using that TPLz( )= T, we compute

L
trace(T) = Z Z <T(PL2(E)M§ T r), PV‘i’x,é,k)

k=1 (x,£)eArNQp(u,n)
= Z Z (MeTiprc, Py s i)
k=1 (x,6)eArNQp(u,n)
+{(Pw — D) (Mg Ty k), Pv s ¢ k)

=Y > (1={(Pw = D(McTegy)., Pz i)

k=1 (x,§)eANQp (u,n)

Additionally, if (x, &) € AN Qp(u, n), then we have Qg (x, &) C Qr+n(u, n), hence
W(R,x,&) C W(R + h,u,n) and therefore
[((Pw — D(MeTedp). Pye e k)| < I1(Pw — D(Me T 2| Py e ek |

< dist(Mg T, W (R, X, 6)) | b ek |,
€

<—=—D=ce.
D

Therefore, we have that
L
wace(T) =y Y. (1= =-#ANQuwn).
k=1 (x.§)eANQp(x.8)
Finally, combining our upper and lower estimates yields
(1= #(AN Qn(u,m) <#(AN Qrin(u,m) forall (w,n) €A, h>0,

and so, foreachr > 0,

#(A N Qnlu,
Dx,r(A)=limsup inf #(AN Qn(u, 1)

hsoo (.MEA h"
: #(A N Qrn(u,m) (R+h)"
< limsup sup
l—€ hso0 (upea (R+h) h
1 +
= :DAJ(A).

Since € > 0 is arbitrary, we conclude that DXF(A) < D:{r(A), and a similar
calculation shows that D;yr(A) < D;J(A). O
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3.3 Beurling Dimension of Gabor PFFS’s and PRFS’s

The following result gives a detailed account of the upper and lower dimensions of
sets of parameters of PFFS’s and PRFS’s for an arbitrary subset A ¢ R? x RY™% x
{0}¢. This will give rise to Theorem 3.3 by choosing an appropriate subset A.

Theorem 3.12 Let 1 < a < d be an integer, G = {g1, ..., gk} C L*(R%) \ {0},
(A1, ..., Ak} be a collection of subsets of R*?, and E C R? be such that

(a) E is a tube around the subspace {x € R Xd—q+1="--=xq =0}, and
(b) G(G, A) is a PFFS for L*(E).

Further, let S =R x R4~ x {0}“. Then the following conditions hold:

(i) Let F contain E. If G(G, A) is a PFFS for L*(F), then for A = UleAk,

dimg (A) > 2d —a or dim, (A) = co.

In particular, if G(G, A) is a Bessel sequence in L*(RY), then dimg (A) >
2d —a.
(ii) Let H be contained in E.If G(G, A) is a PRFS for L>*(H), then

dimg (A) = dim} (A) =2d —a.

Proof (i): Suppose that, for each 1 <k < K, dimﬁd (Ax) < oo. Then, by Proposition
2.9 and repeating some Aj’s if necessary, we may assume that each Ay is uniformly
separated. Note that if £ = {(x1,...,x4) € R4 . |xi|<eford —a+1<i<dand
some € > 0}, then let ¢ = 1|_¢ ) and A = zl—eZd x 2747 x {0}* and observe that
{MTy¢: (x,y) € A} is an ONB for L?(E). Moreover,

00 :0<r<2d-—a,
— d—a
D¥ (A) =Dy, (A) = Q(Z)d r=2d —a,
0 r>2d—a.

Therefore, by Theorem 3.11, if G(G, A) is a PFFS for L?(E), then dimg (A) >
2d —a.

Moreover, if F merely contains E = {(xq, ..., xq) € RY . |xj|<eford—a—+1<
i <d and some € > 0}, then since the projection of a frame is a frame, the result
follows from the case considered in the first part of this proof.

(i1): Clearly, it suffices to prove (ii) in the case K = 1. First, note that by apply-
ing Theorem 3.11 to compare the PRFS given in the statement of Theorem 3.12 to
the frame for L%(R%) given by G(1g 14, 7%, it follows that, for all 0 < r < oo,
Dﬁ{Ed’r(A) < Dﬂgd’r(ZZd ). In particular, by part (i), this implies that dimg2s (A) < 00,
so dimg (A) > 2d —a.

Now, we will show that dim;r (A) <2d —a. We will actually show the stronger re-
sult that A is contained in some tube around RY x ¥, where ¥ = {x e R? : xg_441 =
-+ = x4 = 0}. Once we have shown this, Theorem 2.11 implies the theorem.
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In the case that g1 = g is compactly supported, since E is a tube around the sub-
space Y and Ppa M Tyg # 0 for all (x, y) € A, it follows that A must also be
contained in a tube around R? x Y.

For the general case, note that if {PLz( mM:Tyg: (x,y) € A} is a Riesz sequence,
then it is in particular true that, for some € > O, inf{[| Pp2 gy MxTyg| : (x,y) € A} >
€ > 0. Now, approximate g with a compactly supported function f sothat || f — g|| <
€. Moreover,

inf ||P M. Ty f|| < inf | P M T,(f — inf || P, M, T,
eeA l L2(H)Mx )f”_(x,y)eA l L2(H)Mx y(f g)||+(x’y)€A [ L2(H)Mx v&ll

<e+ inf ||P M, Tyg|.
= (x,y)eA“ L2(H)Mx &l

This implies that infx yyea | Pr2gyMxTygll > 0, which in turn implies that A is
contained in some tube around RY x Y, as desired. O

Finally, we can give the proof of Theorem 3.3.

Proof of Theorem 3.3 (1): By a change of basis, we may assume that E is of the form
given in Theorem 3.12 with m = d — a. Let A also be of the form given in Theorem
3.12. Then, one simply notes that dimZ, (A) > dim}(A) >2d — (d —m) =d +m,
as desired.

(i1): This claim follows from Theorem 3.12 by similar arguments, we only use part
(i) instead. (I

Example 3.13 There exists a PFFS satisfying the conditions given in Theorem 3.12
and such that dimg (Ag) <2d —aforall1 <k < K.

Proof Let a =1, K =1, and E =R x [—1/2,1/2] so that § = R?® x {0} c R*.
We construct A and g such that G(G, A) is a tight PFFS for L*(E). Let

Ko=U2_oln,n+ 11 x ([0,27]+22").

n=—00
Let
Ho=1{0} x {-22" + j27 " :neN,0< j <2 —1}.

See that {(K +h) N E : h € H} is a partition of E. It follows that setting g = 1 and
A =77 x H yields that G(G, A) is a PFFS for L?(E). However, dimg (A) =2. Itis

clear in this case that dimﬁgm (A) = 00, as Theorem 3.12 predicts. (|
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