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Abstract

This paper addresses the natural question: “How should frames be compared?” We answer this question
by quantifying the overcompleteness of all frames with the same index set. We introduce the concept of a
frame measure function: a function which maps each frame to a continuous function. The comparison of
these functions induces an equivalence and partial order that allows for a meaningful comparison of frames
indexed by the same set. We define the wultrafilter measure function, an explicit frame measure function
that we show is contained both algebraically and topologically inside all frame measure functions. We
explore additional properties of frame measure functions, showing that they are additive on a large class of
supersets—those that come from so called non-expansive frames. We apply our results to the Gabor setting,
computing the frame measure function of Gabor frames and establishing a new result about supersets of
Gabor frames.
© 2007 Published by Elsevier Inc.
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1. Introduction

Let H be a separable Hilbert space and I a countable index set. A sequence F = {f;}ies of
elements of H is a frame for H if there exist constants A, B > 0 such that

2
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The numbers A, B are called lower and upper frame bounds, respectively. Frames were first
introduced by Duffin and Schaeffer [18] in the context of nonharmonic Fourier series, and today
frames play important roles in many applications in mathematics, science, and engineering. We
refer to the monograph of Daubechies [15] or the research-tutorial [11] for basic properties of
frames.

Central, both theoretically and practically, to the interest in frames has been their overcom-
plete nature; the strength of this overcompleteness is the ability of a frame to express arbitrary
vectors as a linear combination in a “redundant” way. Until recently, for infinite-dimensional
frames, the overcompleteness or redundancy has only referred to a qualitative feature of frames.
A notable exception is in the case of Gabor frames where many works have connected essential
features of the frames to quantities related to the density of the associated lattice of time and
frequency shifts ([24] and references therein). Recently, the work in [2,3,8,9] examined and ex-
plored the notion of excess of a frame, i.e. the maximal number of frame elements that could
be removed while keeping the remaining elements a frame for the same span. A quantitative ap-
proach to certain frames with infinite excess was given in [2,3] which introduced a general notion
of a localized frame and, among other results, provided nice quantitative measures associated to
this class of frames.

This paper addresses the natural question: “How should frames be compared?” We answer
this question by quantifying the overcompleteness of all frames with the same index set. We
describe a new equivalence relation and partial order on these frames. We introduce the central
tool for working with this partial order: the frame measure function which maps each frame to a
continuous function. The frame measure functions are compatible with our equivalence relation,
namely two frames are equivalent if and only if their frame measure functions are equal (point-
wise as continuous functions) and one frame dominates another if their frame measure functions
have the corresponding dominance (pointwise). This results in a quantification of frames that re-
flects the partial order and leads to a meaningful quantitative definition of the overcompleteness
of a frame.

Though equivalence of frames with an infinite number of elements has been considered pre-
viously (see [6,14]) and a standard notion of equivalence for frames exist, the size of each
equivalence class is too small; it is fundamentally unsatisfying as it distinguishes frames, that
from a signal processing point of view, are equivalent.

In contrast, the equivalence relation, partial order and frame measure function introduced here
have the following desirable properties (that are not present in the standard equivalence relation):

e The equivalence relation groups together all Riesz bases.

e The equivalence relation groups together all frames that differ by a finite permutation of their
elements or by arbitrary phase change of their elements.

e From an information theory point of view, the equivalence relation groups together frames
that transmit signals with similar variances due to noise.

e The values of the measure function are linked to the amount of excess of the frame.

e For a large class of frames (those that are called non-expansive) any frame measure function
is additive on supersets, namely, the frame measure function applied to the frame { f; ® g; }ie1
acting on Hy @ H> is equal to the sum of the frame measure function applied to the two
frames { f;};c; acting on H; and {g;};e; acting on H,.

e The values of the frame measure function for Gabor frames are shown to correspond to the
density in the time—frequency plane of the shifts associated to the frame.
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The focus of this work is to explore the properties of the equivalence relation, partial order,
and frame measure functions. In addition to showing the above listed facts, we describe a specific
frame measure function, the ultrafilter frame measure function—a function from the set of all
frames indexed by a set I (denoted by F[I]) to the set of continuous functions on the compact
space consisting of the free ultrafilters. We show that every frame measure function contains
a copy of the ultrafilter frame measure function. In addition, as with representation theory, we
define separable, reducible, and minimal frame measure functions and show that all minimal
frame measure functions are topologically equivalent to the ultrafilter frame measure function.

We apply this theory to the Gabor setting. In addition to computing the measure of Gabor
frames, we apply our results to Gabor supersets, showing new necessary conditions on the den-
sities of the time—frequency shifts of the individual Gabor frames.

Finally we propose that the reciprocal of the measure function be defined to be the redundancy
for an infinite frame. Redundancy, an often referred to qualitative feature of frames, has eluded
a meaningful quantitative definition for infinite frames. Using the results of this work, we justify
our definition of redundancy by both showing it to be quantitatively meaningful and a natural
generalization of redundancy for finite frames.

A striking feature of these ideas is the variety of mathematical areas that are involved. The
fundamental objects, frames, are objects of considerable interest to the signal processing com-
munity. The motivation for our definitions of frame equivalence and comparison come from both
information theoretic and operator theoretic considerations. The ideas and tools that drive the
results are mainly operator theoretic and topological.

The equivalence relation, partial order, and frame measure functions introduced here are a
function of certain averages of the terms (f;, fi) of a given frame { f;}ic; (Where { J;i}ie 7 is the
canonical dual frame to { f7};e7). These are the same averages that play a central role in the two
papers [2,3] which introduce the notion of localized frames. In this work, our goal is to compare
all frames that are indexed by the same fixed index set but which possibly lie in different Hilbert
spaces; we require no special localized structure for the frames. In contrast, in [2,3] the situation
considered is that of frames which all lie in the same Hilbert space that are indexed by different
sets. An index set map is introduced and when this index map is chosen so that the frame is
localized, powerful results are obtained relating a feature of the index map (density), to certain
averages of ( f;, fi) (relative measure). Despite the differences in approach between [2,3] and this
work, there is significant intersection and interelation of ideas. Specifically, where the settings
are compatible, the notion of a non-expansive frame introduced here is the same as the notion of
a [2 localized frame of [2,3]. In addition, we use specific results of [3] to compute the ultrafilter
frame measure function of Gabor frames.

The work is organized as follows. The equivalence relation and partial order is introduced and
initially explored in Section 3. Section 4 defines and proves essential properties of the ultrafil-
ter frame measure function. The general notion of a frame measure function is defined and core
properties are proven in Section 5. Of particular note is Corollary 5.24 which shows that every
frame measure function contains an algebraic copy of the ultrafilter frame measure function.
Section 6 examines the topological properties of the frame measure function, showing, among
other things, that the ultrafilter frame measure function is, in a certain sense, the unique minimal
frame measure function. We extend the frame measure functions ideas to the space of operators
in Section 7 and introduce the core concept of a non-expansive operator. Section 7.3 applies
these ideas to supersets to prove Theorem 7.14 which establishes that frame measure functions
are additive on superframes comprised of non-expansive frames. Section 8 examines the connec-
tion between the measure function and the index set. Section 9 applies the results to the Gabor
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setting, computing the frame measure function of Gabor frames and establishing a new result
about supersets of Gabor frames. Finally, Section 10 defines and explores the properties of the
redundancy function for infinite frames. Appendices A and B cover some background material
on supersets and ultrafilters.

2. Notation and preliminaries
2.1. Basic notation
For any set S, |S| will denote the number of elements in S. Throughout this paper I will be a

fixed countable index set accompanied by a decomposition into a nested union (indexed by the
positive integers 1, 2, ...) of finite subsets. That is,

LchcCc---Cl,Clyy1C---Cl, ()
|1,| < oo, (3)
Uln:I. “4)
n>1

Though not explicit in the notation, the index set / will always have the above decomposition
associated with it. The variable i shall denote the sequence i = (|/1], |12, ...). We denote by
12(I) the Hilbert space of square summable sequences indexed by I with inner product defined
as (X,y) = ) ;s xivi- We denote by §; the sequence whose ith entry is one and is zero otherwise;
thus {8;};<; is the canonical orthonormal basis for / 2(]).

Let | x ] denote the greatest integer less than or equal to x.

Equality of two functions f = g that have the same domain shall mean that the two functions
agree for every point in the domain.

Given two sequences X = (x1, x2,...), ¥y = (y1, ¥2, ...) and a scalar ¢, X 4y shall denote the
sequence (x1 + y1, X2 + ¥2, . ..), cX shall denote the sequence (cx1, cx2, cx3,...), % shall denote

the sequence (’yc—i, );—; ...), and |x] shall denote the sequence (| x|, [x2],...).

H shall denote a Hilbert space. For a subset S C H, span{S} shall denote the closure of
the linear subspace of H spanned by the elements of S. Given h € H, ||h| = ((h, h))% shall
denote the Hilbert space norm of h. Given A: H — H, a bounded linear operator, ||A| =
SUDPp, eeH, |h|=1, |gl=1 |{Ah, g)| shall be the operator norm of A.

Appendix B contains a summary of some basic notation and properties of ultrafilters.

Finally, we remark that occasionally, when a result is straightforward to verify, we will state
it without providing a proof.

2.2. Frames

We use standard notations for frames as found in the texts of Grochenig [21], or Dau-
bechies [15]; see also the research-tutorials [23] or [11], and the introductory book [13] for
background on frames and Riesz bases.

We shall use the following particular notation.

The definition of a frame is given in (1). A sequence F = { f;}ic; that is a frame for span{F}
which might not be all of H shall be called a frame sequence.
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A frame is finite if the size of the index set [ is finite and infinite if the size of the index set
[ is infinite. A frame is said to be tight if we can choose equal frame bounds A = B. When A =
B =1, the frame is called a Parseval frame. We denote by F[I] the set of all frame sequences
indexed by 1.

In the case of a frame or a frame sequence F, the frame operator S, defined by Sf =
Y ics{f, fi) fi is a bounded, positive, and invertible mapping of span{F} onto itself. The Gram
operator G in [12(1) is defined to be:

G121 = 12D, {G({cj}jen)}, =D (fis fi)e;. )

jel

The analysis operator T :span{F} — [*>(I), and synthesis operator T*:1>(I) — span{F}, are
defined by T'f = {(f, fi)}ic1, respectively by T*c =Y ;_, ¢i fi-

The following terminology is standardly applied to frames, however it applies equally well
to frame sequences; rather than introduce additional notation, we shall associate to a frame or
frame sequence F:

e the canonical (or standard) dual frame F= { fi}ie 1 where f, =S"1£.

e the associated Parseval frame {S -3 fi}ier which has the property that it is equal to its canon-
ical dual frame and has upper and lower frame bounds equal to 1.

The associated Gram projection to a frame or frame sequence JF will be the orthogonal pro-
jection in [%(1) onto the range of the Gram operator G. Equivalently, this is the Gram operator
of the associated Parseval frame.

A frame is a basis if and only if it is a Riesz basis, i.e., it is the image of an orthonormal basis
for H under a continuous, invertible mapping of H onto itself. A Riesz sequence shall refer to a
sequence that is a Riesz basis for its closed linear span.

For a frame F = { fi}ic; with canonical dual F= {fl-},'e], (fi, fj) is the (j,7) entry of the
matrix representation of the associated Gram projection in the canonical basis of 1%(1). Conse-
quently

0< (fi fy=(S72f, 5712 ) = |52 <1 6)

and (f;, fi) =1 if and only if f; L span{{f;};-}.

For two frames F and G, the superset F @& G shall denote the set { f; @ gi}ic;. Appendix A
contains some basic notation and results pertaining to supersets.

Note the upper bound inequality in (1) is equivalent to ||, ¢; f; I>?< B > lei |2 for any (¢;); €
22(1).

2.3. The sequences a(F) and b(F) associated to a frame

In this paper, frames will be compared using the data { f;, f;}ics. Specifically, for each frame
F € F[I], the sequence

a(F) = {an(F)} an(F) =

neN’ |In|

> (i fi), (7

iel,
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shall play a central role. The related “unnormalized” sequence

bF) ={ba(P)}yone BaF) =Y i i) = I nlan(F), @®)

iel,
shall be used frequently.

3. A new notion of frame equivalence

In this section we define the equivalence and partial ordering of frames. These concepts will
only depend on the sequences b(JF) (or equivalently a(F)). The ideas and proofs about this
equivalence are more naturally viewed as properties of sequences. Consequently we begin by
defining a class of sequences, called frame compatible sequences and showing that all sequences
b(F) arising from frames are frame compatible and that all frame compatible sequences are
“close” to b(F) for some frame F (Theorem 3.4). We then define an equivalence and partial order
on frame compatible sequences (Definition 3.5) which naturally pulls back to an equivalence and
partial order of frames (Definition 3.7). We compare this equivalence to the well studied standard
equivalence. Section 3.3 shows the advantages of the new equivalence. Finally, in Section 3.4
we establish the frame-sequence correspondence which relates the addition of sequences to the
superset operation @ of certain frames (Theorem 3.17). This correspondence will repeatedly be
used later in proofs about frame measure functions.

3.1. Frame compatible sequences, equivalence and partial order

Definition 3.1. A sequence of nonnegative real numbers X = (x1, x2, ...) will be called frame
compatible if

(1) 0<x; <,
(2) 0<x;i —xi—1 < [[i\];—1] foralli > 2.

We shall denote by X the set of all frame compatible sequences.
Remark 3.2. Note that if x is frame compatible then so is [x].

Definition 3.3. A frame will be called normal-orthogonal if all nonzero elements of it are distinct
elements of an orthonormal set.

Theorem 3.4.

(1) Given a frame F, the sequence b(F) is frame compatible.
(2) For any frame compatible sequence X, there exists a normal-orthogonal frame denoted by

G* with b(G*) = |x].

Proof. Statement (1) follows simply from 0 < ( f;, f,-) < 1(6).

To prove (2) choose S; C I; such that |Sy| = [x1]. Choose S, C I, \ I,—1, n = 2, such
that |S,| = |x,] — [xn—1] (this can be done precisely because x is frame compatible). Set
S =, Sn C I and let B be an arbitrary countable orthonormal set. Define a frame G* = {g}};¢;
such that {g¥};cs are distinct elements of B and g¥ =0 for i € I\ S. The frame G* is Parse-
val since it is the union of distinct orthonormal elements and zeroes. It follows therefore that
(g 8" = ||gl?‘||2 which is 1 for i € S and 0, otherwise. Thus b, (G*) = Z?:l ISil=[x,]. O
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The following defines an important equivalence relation and partial order on the set of frame
compatible sequences. We combine these definitions with the map b to produce the central object
of this paper: an equivalence and partial order on the set of frames F[/].

Definition 3.5 (Sequence equivalence and partial ordering).

(1) Given two sequences X, y with complex entries we say

x~y if lim
n—oo

1
|(xn —yn) =0.

[ 1n

(2) Given two sequences X, y with non-negative real entries we say

1
y<x if liminf —(x, — y,) > 0.
n—oo |I,|

Remark 3.6. For the moment, the equivalence relation and partial order will be applied to frame
compatible sequences. However, later we shall be considering this relation on a larger collection
of sequences.

Definition 3.7 (Ultrafilter frame equivalence and partial ordering).

(1) We shall say two frames F, G € F[I] are ultrafilter equivalent, denoted F ~ G, if b(F) ~

b(G).
(2) For two frames F, G € F[I] we say F G if b(F) < b(G).

The next two subsections provide some motivation for this definition. We begin by reviewing
the standard notion of equivalence and then discuss some advantages of the ultrafilter equiva-
lence.

3.2. The standard equivalence of frames.

A different notion of equivalence of frames that has been studied quite extensively is as fol-
lows (see [1,6,22]).

Definition 3.8. Given two frames F = { fi}ic; C Hi, G = {gi}ic1 C Ha, we say F ~ G if there
is a bounded invertible operator S: H; — Hj such that Sf; = g; foreveryi € I.

It is easy to verify that ~ is an equivalence relation (namely it is reflexive, symmetric and
transitive). Moreover, it admits the following geometric interpretation that says that two frames
are ~ equivalent if and only if the ranges of their Gram operators are the same.

Theorem 3.9. (See [6,14].) Consider F,G in F[I] and let P, Q be their associated Gram pro-
jections. Then F ~ G if and only if P = Q.

Using this theorem and the remark before (6), it is simple to verify that the equivalence in the
~ relation implies equivalence in the = relation:
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Proposition 3.10. Given two frames F, G € F[I], F ~ G implies F ~ G.

The ~ equivalence relation is a very strong notion of equivalence. For instance, in the follow-
ing examples, the closely related frames F and G are not ~ equivalent.

Example 3.11. Let the elements of G differ from those in F by scalars of modulus one, i.e.
Gg=1{g = e'?i fj: j € 1}. In most cases, these frames are not ~ equivalent (unless F was a
Riesz basis for its span). In fact, this is true even when we require that ¢'%/ € {—1, 1}.

Example 3.12. Let the elements of G be a finite permutation of those in F, i.e. let w:1 — [
be a bijection so that there exists a finite subset J C I so that 7 (i) =i foralli € I \ J, and set
G =1{gi = fr(): i € I}. In almost all cases F and G are not ~ equivalent.

Example 3.13. Let 7 ={f;}, and G = {g;} be two Parseval frames so that || f;|| = ||g;||, for all
i € 1. In most cases these two frames are not ~ equivalent.

3.3. The advantages of the ultrafilter equivalence ~

The following proposition is straightforward and shows that unlike the ~ equivalence, the ~
equivalence identifies the frames in Examples 3.11-3.13 as equivalent.

Proposition 3.14.

(1) IfG={gj=e% f;: jel} then G~ F.
(2) If G =1{gi = fxu): i € I} for a finite permutation w : 1 — I then G ~ F.
(3) Let F and G be Parseval frames so that || fi|| = ||gill. Then G =~ F.

Remark 3.15. It is instructive to note that claim (1) of the previous proposition follows from
g j= elefj.
The ~ equivalence of frames holds for a much larger class of permutations:

Proposition 3.16. Let w be a permutation (not necessarily finite) with the property that

lim 7))
m —— =

n—00 |In|

1.

IfG=1{gi = fri): i€l} thenG~F.

Proof. Let J, =1, Nm(l,), thus the sets {f;: j € J,} and {g;: j € J,,} are identical. The result
follows from the fact that:

1 ~ 1
|an(F) = an(@| < |an(F) = == > (S5 Fj)| + ‘1— D (g &) —an<g>‘
Il &5 nl &
1 oo <\ I
< > i S+ > <fj»fj><2%<2<l—|ll |'>,
n e\ Jp " (el " "

the last inequality following from the fact that ( f;, fj), (gj,&j) <1(cf.(6)). O
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<xf> ®) S,

Encoder Decoder

Fig. 1. The transmission encoding—decoding scheme used to suggest the importance of averages (14).

At the heart of the ultrafilter equivalence is the sequence a(F) (or equivalently b(F)). Here we
give an interpretation of a(F) from a stochastic signal analysis perspective. This interpretation
further justifies the ultrafilter equivalence ~.

We shall consider a Parseval frame F € F[I]. Since every frame is ~ equivalent (and thus ~
equivalent by Proposition 3.10), to its associated Parseval frame, the behavior of both equivalence
relations is captured on the set of Parseval frames. Suppose the span H of F models a class of
signals we are interested in transmitting using an encoding and decoding scheme based on F as
in Fig. 1.

More specifically, a “signal,” that is a vector x € H, is “encoded” through the sequence of
coefficients ¢ = {(x, f;)};c; given by the analysis operator 7 : H — I2(I). These coefficients
are sent through a communication channel to a receiver and there they are “decoded” using a
linear reconstruction scheme x = ) ;_, d; f; furnished by the reconstruction operator T*. It is
common to consider what happens if the transmitted coefficients ¢ = (c;);ec7 are perturbed by
some (channel) noise. In this case, the received coefficients d = (d;);<; are not the same as the
transmitted coefficients c. We shall assume the system behaves as an additive white noise channel
model, meaning the transmitted coefficients are perturbed additively by unit variance white noise.
Thus we can write

di =c; +n;, )
E[n;]=0, (10)
E[n;njl=4; j, (1T)

where E is the expectation operator and n; represents the independent noise component at the ith
coefficient. The reconstructed signal x has two components, one due to the transmitted coeffi-
cients ) ; ¢; fi = x and the other due to the noise ¢ =) _; n; f;. We analyse the noise component.
Since its variance is infinite in general, we consider the case that only finitely many coefficients
are transmitted, say a finite subset /,, C I. Then the average variance per coefficient of the noise-
due-error is defined by

, Elleq]

_ el 12
“ = .

where

en=) nifi. (13)
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Using the assumptions (10), (11) we obtain

1
ap=—Y_Ilfil? (14)

n =
|In| iel,

which is exactly the quantity a,(F) used to define the ultrafilter frame equivalence. Since
| fill <1 it follows a, < 1. For an orthonormal basis the average noise-due-error variance per
coefficient would have been 1 for all n (since || f; |2 =1 for all i). Hence a, = a,(F) gives a
measure of how much the channel noise variance is reduced when a frame is used instead of an or-
thonormal basis. In channel encoding theory, the noise reduction phenomenon described earlier is
attributed to the redundancy a frame has compared to an orthonormal basis (see for instance [17]).
Hence, any measure of redundancy has to be connected to the averages a,, = a, (F) from (14).

It follows that two frames that are ultrafilter frame equivalent have the same noise-due-error
limiting behavior and if 7 <G then F has better noise-due-error limiting behavior. The ultrafilter
frame measure function, which we introduce in Section 4.1, is defined using the limiting behavior
of a(JF) to give an important quantitative measure of frames.

3.4. The frame sequence correspondence

The following theorem describes the correspondence between frames and frame sequences
and shows that addition of frame sequences can be realized by the superset operation (&) of
certain frames.

Theorem 3.17 (Frame—sequence correspondence).

(1) For every frame F there exists a normal-orthogonal frame G with |b(F)]| = b(G) and thus
F=~g.

(2) Given frame compatible sequencesx', ..., x*, andz = Zle x!, there exist frames Fx e
J:xk, F* such that
(@) F =@ F*,
(b) b(F*)~x forall 1 <i <k, and b(F?) ~z.

Proof. (1) Given F, the existence of G is given by Theorem 3.4. It remains to show that the
sequences b(F) and |b(F)] are &~ compatible which follows from

ba(F) = 6P n _ 1
A A

(2) We present the proof only for the case k = 2; the general case follows along same lines. We
simplify the notation to x! =xand x? =y. Let b be the sequence defined by: b = |z] — [x] — |yJ;
notice that b; € {0, 1}. Define X; = (X;); recursively as follows:

xp = [x1], % =min(%_1 + [zi] — lzi—1], xi]).

Using the fact that z is frame compatible, it is straightforward to verify that X is frame compatible.
By definition, Xx; < | x;], we now show that X; > |x; ] — 1 4+ b;. Suppose this is not the case then
let j be the smallest index for which x; < [x;] — 1+ b;. Thus
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Fi=%+ 2] — lzj-1 (15)
=Xj 1+ xj) = xj1)+ ] = yj-1)+bj—bj (16)
Zxj—1]—=1+bj1+ xj] — xj—1]l + Lyjl = lyj-1l +bj —bj-1 (17)
=|x;] =1+ Ly;l —Llyj-1l +bj = xj] —1+b; (18)

which contradicts the assumption on j. Thus |x;| — 1 < X; < |x;| for all i, and hence X ~
x| ~ x. Define y = |z]| — X. It is straightforward to verify from the definition of X that y is frame
compatible and since X ~ x, we can conclude y X y.

By Theorem 3.4, since |z| is frame compatible, we can find a normal-orthogonal frame
F* = {f}ier with b(F*) = |z]. Define T C I to be the subset of / for which f # 0, i.e.
T ={iel: f*%#0}. Write T =T; U T, such that 77 and 7> are disjoint and |7} N [;| = %;,
|T> N I;] = y;; this can be done since X, y and |z] = X + y are frame compatible. Define
F*={f"Yier, F¥ = {f{}ier as follows: f* = f* fori e T, f* =0, otherwise, fiy = f for
ieT, fiy = 0, otherwise. We have F* & F¥ = F* (since the elements of F* are orthogonal),
and by construction b(F*) =x~x, b(FY) =y~yand b(F?) = |z] ~ z.

The proof of (3) follows along the same lines. O

4. A measure of frames

In this section we introduce our main tool for a quantitative comparison of frames: the ul-
trafilter frame measure function. We give its definition in Section 4.1, and then we examine its
connection with the notion of excess in 4.2. Appendix B gives a brief description of ultrafilters.
Here we shall denote by N* the set of free ultrafilters and for p € N* and x = (x1,x2,...) a
sequence, the limit of x along p shall be denoted by p-limx. Finally C*(N*) shall denote the set
of continuous functions on N*.

4.1. The ultrafilter frame measure function
We shall now use ultrafilters to give a new measure for frames.

Definition 4.1. Fix (1), >0 as in Section 2.1. The ultrafilter frame measure function will be the
map

1
w:FI1— C*(N");  u(F)(p) = p-lima(F) = p-lim T

Y {fi. fi), ¥peN*. (19)

iel,
Theorem 4.2. The ultrafilter frame measure function has the following properties:

(1) w(F1) =npn(F) if and only if 1 ~ F.

(2) p(F)(p) < u(F2)(p) for all p € N* if and only if Fi < Fo.

(3) If F is a Riesz basis for its span then u(F) = 1.

@) If F1,F> € FlI] are such that (Fi,F,) are orthogonal in the sense of supersets then
W(F1 ® Fr) = nu(Fr1) + nw(F2). (See Appendix A for definitions involving supersets.)

Proof. (1) We first note that the following statements are equivalent:
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(@) u(F1) = u(F2),

(b) p-lim(a(F1)) = p-lim(a(F3>)) for all free ultrafilters p,

(c) p-lim(a(F1) —a(F>)) =0 for all free ultrafilters p,

(d) the sequence a(Fi) — a(F>) has a single accumulation point at 0,
(e) limy— 0 (an(F1) — an(F2)) =0,

6 Fi1~F.

Indeed: (a) < (b) and (e) < (f) follow from the definitions of ¢ and ~, (b) < (c) follows from
statement (2) of Proposition B.3, (c) < (d) is due to statement (3) of Proposition B.3, (d) < (e)
follows from the fact that 0 < a,,(F1), a,,(F3) < 1.

(2) The proof is very similar to (1); we omit the details.

(3) If F is a Riesz basis for its span, (f;, fi) =1foralli € I. Thus a,(F)=1foralln e N
and so since lim,—, 5 a, (F) = 1, statement (3) of Proposition B.3 implies u(F) = 1.

(4) Since F! and F? are orthogonal in the sense of supersets, the canonical dual frame of
FleF?is {fil @ fiz}ie], the direct sum of the canonical duals for ' and F2. Since (fl.1 @ fl.z,
e fAH =N + (2 f2), we have ay(F' @ F2) = ay(F') + a,(F?) and the result
follows. O

4.2. The ultrafilter frame measure function and the excess of frames

The ultrafilter frame measure function gives information about the excess of a frame—a notion
defined in [8]. We begin by summarizing the relevant ideas and results of [8].

The excess of a frame F € F[I] with span H is the supremum over the cardinalities of all
subsets J C I sothat {f;: i € I \ J} is complete in H. Since we consider only countable sets /,
the excess is either a finite number or co. This supremum is always achieved [8]. Furthermore,
for finite excess, J can be always chosen so that {f;: i € I \ J} is also frame for H. However
this property no longer holds true in general for infinite excess. A characterization of when this
remains true was also given in [8]:

Theorem 4.3. (See [8].) Let F € F[I] be a frame for H and F its canonical dual. Then the
following are equivalent:

(a) There is an infinite subset J C I such that {f;; i € I\ J} is frame for H.
(b) There is an infinite subset J' C I and a < 1 so that {f;, f;) < a foralli € J'.

We now show that condition (b) is implied when the ultrafilter frame measure function is not
identically 1.

Theorem 4.4. Let F € F[I] be a frame for H. If the ultrafilter frame measure function u(F) is
not identically one, then there is an infinite subset J C I so that {f;; i € I \ J} is frame for H.

Proof. Since ©(F) takes on values in the interval [0, 1], the hypothesis assumes that there ex-
ists some ultrafilter p such that ©(F)(p) < 1. Thus we can find an infinite set J € p and a
constant € > 0 such that a;(F) <1 —2¢ for all j € J. a;j(F) is an average of terms between

0 and 1 and thus it follows that at least ﬁll j| of the terms (f;, f,-), i € I}, are smaller than

or equal to 1 — €. Since J is an infinite set, it follows that an infinite number of the terms
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{fi, f,-) are bounded above by 1 — €. This establishes criterion (b) of 4.3 and our result then
follows. O

Subsequent papers [3,9] analyzed the excess problem for Gabor frames. In particular if the up-
per Beurling density is strictly larger than one then there always exists an infinite subset that can
be removed and leave the remaining set frame. Furthermore, if the generating window belongs to
the modulation space M (see [21] for definition of modulation spaces) and the lower Beurling
density is strictly larger than one, then one can find an infinite subset of positive uniform Beurling
density that can be removed and leave the remaining set a frame for L?. These results came as
applications of the general theory developed in [2]. That paper analyzed the excess and overcom-
pleteness for a larger class of frames, namely those called localized frames. It gave a completely
new relation connecting the density of the index set to averages of the sequence {(f;, fi)}. We
shall return to this connection in Section 9 in the context of Gabor frames.

Here we state one result from [2] in our context. To simplify the notation, assume the index
set I is embedded in Z¢.

Definition 4.5. A frame F € F[I] is called /! -localized (with respect to its canonical dual frame)
if there is a sequence r € I1(Z4) so that |(f;, f;)| <r(i — j).

For a subset J C I C Z¢, we define its upper and lower densities as the following numbers:

JNB JNB
DT (J)= lim sup ﬂ, D~ (J)= lim inf /0 By ()]
n=>09 . cza  |Bn(c)| n—>00cezd | Bp(c)]

where B, (c) denotes the ball of radius n centered at ¢ in Z¢. The set J is said to have uniform
density D if D= (J) = D™ (J) = D. Now we restate Theorem 8 from [2] using the ultrafilter
frame measure function.

Theorem 4.6. Assume I C Z¢ for some integer d. Let F € F[I] be a I'-localized frame for H. If
W(F) < 1 then there is an infinite subset J C I of positive uniform density so that { f;; i € I \ J}
is frame for H.

Moreover, if uW(F) < a < 1 then for each 0 < & <1 — « the set J can be chosen as a subset
of {i € I; (fi, ﬁ) <L a} and the frame {f;; i € I \ J} has a lower frame bound A(1 — ¢ — o),
where A is a lower frame bound of F.

5. Sequence and frame measure functions

The ultrafilter frame measure function provides a quantitative measure for all frames indexed
by the same set /. In this section we introduce the general notion of a frame measure function:
a quantitative measure of frames defined by some general properties (Proposition 5.7). We prove
some general facts about frame measure functions (Section 5.1) and prove that the ultrafilter
frame measure function has a lattice structure (Section 5.2). The natural way to view frame mea-
sure functions is as linear maps on the sequences a(F) via the frame sequence correspondence
(Theorem 3.17). For this reason we present the frame measure function via related maps on
sequences—sequence measure functions (Definition 5.5). The technique of proving results about
sequence measure functions and “pulling the results back™ to frame measure functions will be
used repeatedly through the rest of this work.
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We begin by extending frame compatible sequences to a larger space of sequences.

Definition 5.1. For the set X of frame compatible sequences, we define:

Xt ={cx: xeX, c>0}, (20)
XR={x!'—x* x/ e Xt forj=1,2}. (21)

Proposition 5.2.

(1) The set X of frame compatible sequences is convex.

) If0<c<landx € X, then cx € X.

3) X" is a positive cone, that is, for c1,cr> > 0, and X1, X3 € X, we have c1X1 + caxp € XT.

(4) XR is the real vector space spanned by X, that is for any c1,c2 € R, X1,%x2 € XR, we have
c1X1 + Xy € xR,

Proof. Property (1) is a consequence of the fact that the constraints of the definition of frame
compatibility (Definition 3.1) are convex. Property (2) follows from convexity of X, since both
0 and x belong to X. Property (3) follows from (1) and (2) Finally property (4) follows from
definition of XR and 3). O

Theorem 5.3. Given a linear function m on the frame compatible sequences, there exists a unique
linear extension i of m to XX.

Proof. Since m is linear on X, it is clear that defining m(cx) = cm(x) for x frame compatible
and ¢ > 0 uniquely extends m to X ™. Linearity of m on X implies linearity of m on X7 as
follows: for x,y € X, ¢, d > 0 we have

N c d c d
m(CX+dY)—(C+d)m<C+dX+C+d)’) —(C+d)(c+—dm(x)+c+—dm(Y))

— cm(x) +dm(y),

: c d c d ; ; R .y; ;
since =X, 7Y, 47X+ 5gY € X. If a linear extension to X existed, it would have to be

1

unique since x € X® implies x = x' — x? for some x/ € X*, 1 < j < 2. Hence by linearity we

need to have
m(x) = m(x") — i (x?). (22)

It remains to show that (22) is well defined. Suppose x = x! —x?=y! —y?forx/,y/ € X+,

1 < j < 2. Then x! +y? =y! +x?. By the linearity of 7 on Xt we have m(x') + m(y*) =
m(yh) + m(x?). Rearranging terms yields

i (x) = i (x?) = (y') = (y?),

and thus (22) is well defined. O
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Definition 5.4. Let W be a compact Hausdorff space; denote by C*(W) the set of real-valued
continuous functions over W.

We now define the notions of a sequence and frame measure function.

Definition 5.5. A sequence measure function m : X R _, ¢*(W) will be a function which satisfies:

(1) Forx,ye XR, m(x) =m(y) if and only if x Xy,
(2) Forx,y € X*, m(x) <m(y) if and only if x Qy,
(3) Fori= (L], |L],|53],...), m@{) =1,

(4) m is linear.

Definition 5.6. A frame measure function will be a function m s : F[I] — C*(W) which is
the composition of the map b:F[I] — X and a sequence measure function m, i.e. ms(F) =
m(b(F)), for all 7 € F[I].

The ultrafilter frame measure function is a frame measure function as we prove in Corol-
lary 5.10.

An equivalent description of a frame measure function is contained in the following proposi-
tion.

Proposition 5.7. A map m g : F[1] — C*(W) is a frame measure function if and only if it satisfies
the following properties:

(A) my¢(F1) =myg(Fp) if and only if F1 =~ F.

B) m g (F1)(x) <my(F2)(x) forall x € M if and only if F1 < F».

(C) If F is a Riesz basis for its span then m ¢ (F) = 1.

(D) If Fi1,F, € FlI] are such that (F1,F>) are orthogonal in the sense of supersets then
my(F1 @ F2) =my(F1) +m(F2).

Proof. Given a frame measure function m y = m o b, properties (A) and (B) follow immedi-
ately from properties (1) and (2) of Definition 5.5. Given a Riesz basis for its span F, we have
(fi, fi) = 1foralli € I and hence b(F) = {|11], |1>|, ...}. Thus property (C) above follows from
property (3) of Definition 5.5. Finally, if 77, > are orthogonal in the sense of supersets we have
b(F1 & F2) = b(F1) + b(F>) and the linearity (property (4)) of m implies property (D) above.

We are left to show that a map m s satisfying the above 4 properties implies that the existence
of a sequence measure function m with m y = mob. We first define m on the frame compatible se-
quences from m ¢ as follows. Given x € X, by Theorem 3.4 there is a frame G* with b(G*) = [x],
we define m(x) = m r(G*). Now for any frame F, if we let x = b(F), we have F ~ G* since
b(F) ~ |x] = b(G¥). Thus by condition (A), m ¢ (F) = m ¢(G*) = m(x) = m(b(F)) and thus
m¢g=mob.

We now show this map m is linear on the set of frame compatible sequences, i.e.

(1) if x and cx are frame compatible then cm(x) = m(cXx),
(2) if x, y and x + y are frame compatible then m(x) +m(y) = m(x+Yy).
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Forany 7 <c,a,beN,sety = %x € X. Applying part (3) of Theorem 3.17 to the case k = b,
x =y, 1 <i<k, yields bm(y) = m(x). Similarly am (y) = m( %X); combining these conditions
yields gm(x) = m(3x). Since £x < cx, properties (A) and (B) imply m(3x) < m(cx). Coupling
this with the above two relations yields Fm(x) < m(cx). Applying this to a sequence of rational
% that approach ¢ from below yield cm(x) < m(cx). A similar argument can be made for any
rational fraction greater than or equal to ¢ and we conclude cm(x) < m(cx) < cm(x) and thus
cm(x) = m(cXx).

Statement (2) above follows directly from property (D) and part (2) of Theorem 3.17.

Thus m is linear on the set of frame compatible sequences and by Theorem 5.3 we can
uniquely extend m to a linear map on X®; we will call this extended map m as well. It re-
mains to show that m satisfies properties (1)—(3) of Definition 5.5. Property (3) follows from
the fact that for an orthonormal basis F, m ¢(F) = 1 and b(F) = {|11], |12|, |I3], ...}. We now
establish property (1) of Definition 5.5. Given x,y € XR, write x =x! — x?, y =y' — y?, with
x/,y/ € Xt and %xj , %yj frame compatible sequences. It is straightforward to verify that

mx) =m@y) < m(x'+y?)=m(y' +x°)

m(%(xl + y2)> = m(%(xz +y1)>

i 1 2 Ni 2 1
o oY) ()
o xltyiaxiy!
< XRYy

where the third double implication comes from property (1) of a frame measure function and all
other implications follow from the linearity of m. Finally we show property (2) of Definition 5.5.
Given x,y € X, there exists a constant ¢ such that %x, %y are both frame compatible. It is then
straightforward that

mx) <m(y) < m(EX)SmGy) < <1X>€(ly) < xdy. o
C C C C

Remark 5.8. Condition (D) in Proposition 5.7 can be viewed as a linearity condition on supersets
of certain pairs of frames. One might hope for more, namely that one could find a map with
conditions A, B and C with the added property that the map was linear on supersets of all pairs
of frames. This turns out to be too much to hope for as the following example shows:

Example 5.9. Let H be a Hilbert space with orthonormal basis {e;};eN, let I, = {1,...,n}.
Define F = {fi}ien and G = {g;}ieN as follows:

f ej, 1 even,
i = .
0, i odd,

lo 41 ;

26, 2612+1, 1 even,

L — 1 1. —
8i 2€ /i1 + 56, i 1 even,

0, otherwise.
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Let Hy = span{F}, H, = span{G}. The following facts about F and G can be verified:

o span{{f; ® gi}}ieN = Hi1 ® Ha;
o F®G={fi ®&ilieN is aframe for H; @ H (this is verified using Theorem A.2 or checking
that &; below are the dual frame elements);

e the canonical dual frame {A;} is given by

e; ®O0, i even,
h; = —eisi®eigte i — 1 even,
0, otherwise;

o u(F) =3 1wG) =1 nFOG =3
Thus u is not additive in the sense of supersets in this case.
Though this shows no map of the above form can be linear on supersets of all pairs of frames,
a main result of Section 7 shows that for index sets / with a little added structure, frame
measure functions are linear on supersets of pairs of frames coming from a large subset of
all frames that includes Gabor frames.

It is straightforward to verify using Proposition 5.7 that:
Corollary 5.10. The ultrafilter frame measure function is a frame measure function.
We define the corresponding sequence measure function:

Definition 5.11. The ultrafilter sequence measure function shall be the sequence measure func-
tion corresponding to the ultrafilter frame measure function, i.e. the map

X
w:X®R— C*(N*)  given by u(x)(p) = p-lim ﬁ
n
We will use the same p to denote both the ultrafilter sequence measure function and the
ultrafilter frame measure function.

5.1. General properties of sequence and frame measure functions.
Proposition 5.12. Suppose x € X® and m is a sequence measure function, then

(1) If c =1lim;_ o % exists then m(X) is the constant function of value c.

) liminf% <m(x)(w) < limsup G—lflfor allweWw.

(3) There exist v, w € W (different for different X) such that m(x)(v) = liminf % m(x)(w) =
lim sup l;—“

Proof. (1) Recalli= (|/;|);. Sety = ci. It follows from Definition 3.5 that x & y and so m(x) =
m(y) = cm(i) = ¢ - 1, the last two equalities following from the linearity of m and condition (3)
of Definition 5.5.

(2) and (3). Let [ be the greatest number for which /i < x and let L be the smallest num-
ber for which x < Li. From the definition of <, it follows that / = lim inf % and L = limsup %
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result (2) then follows since m(ci)(w) = ¢ for all w € W. Furthermore, property (2) of the defi-
nition of a sequence measure function (Definition 5.5) ensures that [ = liminfy,cw m(x)(w) and
L =limsup,, .y m(x)(w). The continuity of m and the compactness of W ensures that there ex-
ist points v, w € W for which m(x)(w) achieves the lower and upper bounds, i.e. m(x)(v) =1,
mx)(w)=L. O

Proposition 5.12 “pulls back™ via the map b and the frame sequence correspondence (Theo-
rem 3.17) to the following statement about frame measure functions.

Proposition 5.13. Suppose F € F[I] and m is a frame measure function, then:

(1) If c =1lim;_ oo a; (F) exists then m(F) is the constant function of value c.

2) liminfa(F) < m(F)(w) < limsupa(F) forallw e W.

(3) There exist v,w € W (different for different F) such that m(F)(v) = liminfa(F),
m(F)(w) = limsup a(F).

5.2. Sequences and lattices

Proposition 5.14. A real-valued sequence X is in X® if and only if there exists a constant ¢ such
that |x1| < c|li| and |x; — xi—1| < c(|1;| — |[;i-1]) for all i > 2.

Proof. Ifx € XR then x = x! — x? with x!', x2 € X . Thus there exists a constant ¢ such that %Xl,
2x2 € X and therefore, |xf| < §|1| and |xf — x| < 55| — [li—1]) for k = 1, 2. It follows
that [x1| < c|h| and |x; — x;—1| < c(|L;] — [Li-1])-

Given a sequence x such that there is a constant ¢ for which |x1| < c|l1], |xi —xi—1] < c(|1;]| —
[li_1]), i =2, setdy = x1, d; =x; — x;—1 for i > 2. Inductively define x!, x? as follows: xll =
max(di, 0), x7 = max(—dy, 0), x} =x] | +max(d;,0), x? = x? + max(—d;, 0). By construction

x! — x2 = x. In addition, xf - xf_l € {0, |d;|} and thus x!, x> € X*. O

Definition 5.15. For real-valued sequences X, y, define the sequences X Ay and x 'y as follows:
(X AY)i = min(x;, y;), (xVy); =max(x;,y;) foralli>1.
Remark 5.16. It follows from the definitions that (x Ay) Ix<J(xVy) and (xAy) dyJ(xVYy).

Proposition 5.17. The sets X, X*, XR are all closed under the binary operations A and V.
Consequently each set forms a lattice.

Proof. Given x,y € X and i > 1, without loss of generality we can assume (X A y);—1 = X;_1.
So

(XAY)i — (XAY)i—1=min(x;, y;) — Xi—1 <X —Xi—1 < | ;| — |1 —1],

and so X Ay € X. The result for X+ follows from the result for X by noting that c(x A'y) =
CX A cy.
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For x,y € XR let ¢ be as in Proposition 5.14 so that |xq|, |y1| < c|l1| and |x; — x;j—1], |yi —
vi—1l < c(1;| — |1j=1|) for i > 2. We now consider the two cases (a) (X AYy); = XAY)i—1,

(b) XAY)i < (XAY)i-1-
In case (a) we can assume (X Ay);—1 = x;—1 and again

0<(XAY) — (XAY)i—1 =min(x;, y;) — xi—1 < x; —xi—1 < (|| — | Li-1]).
In case (b) we can assume (X A'y); = x; and thus
0> (XAY) — (XAY)i—1 =X —min(xj—1, yi—1) = x; — xi—1 = —c(ILi| — [[i—1]).
Tl;{ese two cases establish that x A 'y satisfy the conditions of Proposition 5.14 and thus x Ay €
3 "i"he corresponding result for X V y can be proven in a similar fashion. 0O

Proposition 5.18. The ultrafilter sequence measure function has the properties:

(1) pxAyY)(p) =min(ux)(p), u(y)(p)).
() pxVvy)(p)=max(ux)(p), w(y)(p)).

The lattice structure on sequences induces a lattice structure on frames:

Definition 5.19. Given two frame F, G, F v G will denote any frame that has the property
that b(F v G) =~ b(F) v b(G). Similarly, denote by F A G any frame that has the property that
b(FAG)~Db(F)AbG).

Remark 5.20. Theorem 3.17 and Proposition 5.17 guarantee the existence of the frames F A G
and F v G.

With this notation Proposition 5.18 implies:

Proposition 5.21. The ultrafilter frame measure function has the properties:

(D) w(F AG)(p) =min(u(F)(p), n(9)(p)).
(2) w(F Vv G)(p)=max(u(F)(p), u(G)(p)).

5.3. Universality of the ultrafilter sequence and frame measure function

We now show that a copy of the ultrafilter sequence measure function is embedded in any
sequence measure function and consequently a copy of the ultrafilter frame measure function is
embedded in any frame measure function.

Theorem 5.22. Given a sequence measure function m, and an ultrafilter p, there exists an ele-
ment w, € W such that u(x)(p) = m(x)(w)) for all x € xR,
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Proof. Given an ultrafilter p, denote by Y, all sequences for which the ultrafilter limit along p
is the lim sup of the sequence, i.e.

Yp = {y e X®: u(y)(p) =1imsup§}~

Set W, ={w € W: m(y)(w) = lim sup% forally € Y,}. We will eventually show that every

point w € W), satisfies m(x)(w) = u(x)(p) for all x € xR, we begin by showing that W, is
nonempty.

Lemma 5.23. For all free ultrafilters p, W, is nonempty.

Proof. Suppose W, = { for some p. Thus for every point w € W there exists a sequence y* € Y,
such that m(y")(w) < w(y”)(p) = limsup yT“’ Since m is continuous we can find an open set
Vy around w such that m(y")(v) < ¢, < u(y*”)(p) for all v € V,,. Thus |J,,cy Vi is an open
cover of W. Since W is compact we can find wy, ..., w, such that U?:l Vw, = W and therefore
for all w € W there exists an i (w) € {1, 2, ..., n} such that

m(y¥ie) (w) < cuy,, < 1(yPi@)(p). Settingz=>"7_, Ly®i we have

n

1 1
m@w) =3 ~m(y")w) < Y —m(y” Yw) + 2 —Cuyy < Zu ") (p) = u(2)(p)
i=1 ii(w)

for all w This however contradicts Proposition 5.12 since it shows that m(z) cannot achieve
limsup 5 | since it is strictly less than pu(z)(p). O

The lemma established that W), is nonempty; we now show that each w € W), has the prop-
erty that m(x)(w) = n(x)(p) for all x € xR, Suppose this is not the case, i.e. there is an x such
that m(x)(w) # w(x)(p). Assume first that m(x)(w) <r < u(x)(p). Sety = x A ri ( see Defini-
tion 5.15). Remark 5.16 then implies that m(y) (w) < m(x)(w) < r. In addition u(y)(p) =r by
Proposition 5.21. However, since

Y y Xn
r = p-lim 5 <limsup( = | =limsup( min{ —,r ) | <r
i i 1|’

we have y € Y}, and thus by the definition of W, we must have m(y)(w) =r, a contradiction.
The case m(x)(w) > u(x)(p) reduces to the previous case by noting that for X' =i — x we

have m(x')(w) =1 —m(x)(w) < 1 —uX)(p) =pux)(p). O
The following corollary follows from the frame—sequence correspondence (Theorem 3.17).

Corollary 5.24. Given a frame measure function m, and an ultrafilter p, there exists an element
wp € W such that n(F)(p) = m(F)(w)y) forall F € F[I].
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6. Topological results

We now examine sequence and frame measure functions from a topological point of view.

Corollary 5.24 says that a copy of the ultrafilter frame measure function u can be found inside
any frame measure function. However, this is only an algebraic copy and nothing has been shown
about the topological compatibilities between the two measure functions. We partially address
these issues in this section. In 6.1 we introduce some natural additional properties (separable,
irreducible, minimal) that a sequence or frame measure function could have and we define a
canonical minimal measure function u° related to . We also give a canonical construction for
turning an arbitrary sequence or frame measure function into a separable one. In 6.2 we prove
two important results:

e Corollary 6.18 which says that x4 is the unique (up to a homeomorphism) minimal measure
function.

e Corollary 6.15 which gives a partial characterization of which continuous functions are re-
alized as w(F) for some F € F[I].

As has often been the case, the technique for proving these results is to prove the correspond-

ing result for sequences and sequence measure functions and then apply the frame—sequence
correspondence.

6.1. Separable, irreducible and minimal sequence and frame measure functions
We begin by defining some natural classes of sequence and frame measure functions.

Definition 6.1. A sequence measure function m : X R Cc*(W)is

e separable if for every v, w € W, v # w there is X € XR such that m(x)(v) # m(x)(w),

e reducible if there is a compact V C W such that m’ : X® — C*(V) is a sequence measure

function, where m’(x) = m(x)|v,

e irreducible if it is not reducible,

e minimal if it is separable and irreducible.
Definition 6.2. A frame measure function m y = m o b is (separable, reducible, irreducible, min-
imal) if the corresponding sequence measure function m is (separable, reducible, irreducible,

minimal).

The ultrafilter sequence and frame measure functions are not always separable as the follow-
ing example shows.

Example 6.3. Suppose I =N and I,, = {1, 2, ..., n}; therefore |I,| = n. Consider p; € N* a free
ultrafilter on N, and define

pr={s+1, (s+1U{0}: s € pi}

wheres +1={n+1: n €s}.
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Notice p| # p» since, for instance, {2k: k € N} and {2k 4+ 1: k € N} would both be in p;
which is impossible since their intersection is empty.

For any x € X we have x,, —x,,_1 < |I,|—|I,_1| = 1 and % =%
n

1 < 1. Suppose pi-lim§ =a

thus for all € > 0, there is a set s € p; for which |x7” —al| <eforall n €s. Let N be such that

L < €. Note that s’ = {n € s: n>N}epjandsett=s"+1¢€ pr. Fornet,

N
Xn — Xn—1 _ Xn—1 n Xn—1 —a
n nn—1) n—1

Xn Xn—1 Xn—1
+ B '

n n—1 n-1

1 1
<—4+—+¢€<3e
non

Thus pz—lim§ =a as well, and so w(X)(p2) = u(X)(p1). Therefore the set of continuous func-
tions w(X) in C*(W) does not separate p; from p, and thus u is an example of a non-separable
sequence measure function.

We would like to use u to construct a separable measure function. Thus we are interested in
grouping together all points in N* that produce the same values for all sequences. To this end we
introduce the following equivalence relation on N*:

Definition 6.4. For any pi, p» € N*, we say p; ~ pa if u(x)(p1) = u(x)(p2) for all x € XR.

It is easy to check that ~ is an equivalence relation. Let NO = N* /~. We consider N° endowed
with the guotient topology: the finest topology such that the canonical projection 7 : N* — N,
w(p)=p={p' | p' € N*, p’~ p}, is continuous. The open sets of N” are therefore given by
{U cN° 7~1(U) open in N*}.

Considering N® with the quotient topology we have:

e N is compact since it is the continuous image of the compact space N*.

e The map u’(x) :N® — R defined by 1°(x)(p) = u(x)(p) is continuous for all x € XX since
1 (x) is continuous on N*.

e N is Hausdorff as we now check. For p; # p, € N, there must be a sequence x for
which 12x)(p1) # n(x)(p2), and therefore there exist disjoint open sets Uy, U» C R
such that u%(x)(p1) € Uy, n®(x)(p2) € Us. It follows that the open sets (u°(x))~'(U}),

(10 (%))~ (U2) separate p; and ps.
The above allows us to define a new measure function:
Definition 6.5. Denote by 10: X® — C*(N) the sequence measure function defined as
wO @ () = nX)(p). (23)
Denote by u” as well the corresponding frame measure function u o b.
We now show that ,uo is minimal; in Section 6.2 we will show that ,uo is essentially the

unique minimal sequence and frame measure function. We begin by stating a trivial consequence
of Theorem 5.22.
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Corollary 6.6. For any sequence measure function m: X® — C*(W) there exists an injection
¢ :NO — W such that m(x)(¢(p)) = u°(x)(p) for all x € X®, p e NV.

Proof. The result follows trivially from Theorem 5.22 and the definition of 1° which just elim-
inates the indistinguishable points of N*.

Proposition 6.7. The map % : X® — C*(N) is a minimal sequence measure function.

Proof. The definition of 110 assures that it is separable. Assume that . is not irreducible. Thus
there is a compact N’ C N so that p/ : X® — C*(N') defined by u/(x) = u%(x)|n is again
a sequence measure function. Now consider a point p € N\ N’. Denote by ¢ :N — N’ the
map given in Corollary 6.6. Thus 1/ (X)(¢(p)) = w(x)(p) for all x € XR. Since u/(x)(¢(p)) =
1 (x) (p(p)) for all x € X R the separability of w implies ¢(p) = p, a contradiction since
¢(p) €N/, p e N\ N'. Thus 1° must be irreducible and thus minimal. O

As usual the above implies the corresponding result for frame measure functions.
Corollary 6.8. The map u°: F[I]1 — C*(N) is a minimal frame measure function.

The construction above for getting N” from N* can be used for any sequence or frame measure
function m : X® — C*(W) to construct a separable sequence or frame measure function. Define
on W the equivalence relation v ~ w if m(x)(v) =m(x)(w) forall x € X R The quotient space
WO = W/~ is then compact Hausdorff with respect to the quotient topology. We denote by 7
the continuous map 7 : W — W9 defined by 7 (v) = m(w) if and only if v ~ w. The sequence
measure function m induces a map m®: X® — C*(W?) with

m’x)(p) =m(x)(q), forqen '(p). (24)
The definition of m? yields:

Proposition 6.9. The map m®: X® — C*(W?) is a separable sequence measure function. Con-
sequently the map m(} =mY o b that can be constructed from a given frame measure function
m ¢ =m o b is a separable frame measure function.

6.2. Uniqueness of the minimal sequence and frame measure function

Lemma 6.10. If m: X® — C*(W) is minimal, then ¢ :N° — W described in Corollary 6.6 is
injective with dense range.

Proof. Injectivity is a result of Corollary 6.6. If the range ¢(N°) is not dense in W, then m
restricted to the closure of ¢(N°) would also be a sequence measure function which would con-
tradict the minimality of m. O

Corollary 6.11. For a minimal sequence measure function m:X® — C*(W), m(x Ay) =
min(m(x), m(y)), m(x Vy) =max(m(x), m(y)) for any two sequences X,y € xR,
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Proof. It follows from Proposition 5.18 that the result is true for the minimal sequence measure
function u°. The result follows from Lemma 6.10 and the continuity of the maps m (x), m(X A y)
andm(xVvy). O

Lemma 6.12. Let m : X® — C*(W) be a minimal sequence measure function. For any a,b € R
and v, w € W, there is an x € XR such that m(x)(v) = a and m(x)(w) = b.

Proof. Recalli= (|11}, |I2],...); 1is sequence compatible and m(i)(w) =1 for all w € W.

The case a = b is simple since m(ai)(w) = a for all w € W. For the case a # b, since m is
separable, there exists x" € XR such that m(x°) (v) # m(x°)(w). Let ¢1, ¢2 € R be determined by
the linear system:

clm(xo) (W) +cp=a, clm(xo) (w) 4+ co =b.

Set x = ¢1x” + i € XR. It follows by linearity of the sequence measure function that
m(x)(v) =a,m(x)(w)=>b. 0O

Theorem 6.13 (Density of range). Assume m: X® — C*(W) is a minimal sequence measure
function. Then for every bounded real-valued continuous function f € C*(W), and every ¢ > 0
there exists x € X® so that |m(x) — flloo < e.

Proof. Lemma 6.12 coupled with the fact that X® is a lattice with respect to v, A (Proposi-
tion 5.17) allows for the application of the lattice version of Stone’s theorem [27, Chapter I,
Section 2, 10.II]; the result is then immediate. O

Corollary 6.14. Given m : X® — C*(W) a minimal sequence measure function, for every real-
valued continuous function f € C*(W) and every ¢ > 0 there exists a constant ¢ and two frame
compatible sequences yl, yz, such that ||c(m(y1) — m(yz)) — flloo <e.

Proof. Theorem 6.13 establishes the existence of x € X®R for which ||m(x) — flleo < €. The
result follows from the fact that any x € X® can be written as x = ¢(y' — y?) with y', y? frame
compatible. O

As usual the above yields the corresponding result for frame measure functions:

Corollary 6.15. Given m: F[I] — C*(W) a minimal frame measure function, for every real-
valued continuous function f € C*(W) and every € > 0 there exists a constant ¢ and two frames

FL F2, such that |lc(m(FY) — m(F?)) — flloo < €.

Lemma 6.16. If m : X® — C*(W) is minimal, then ¢ :N° — W described in Corollary 6.6 is
continuous.

Proof. To show continuity of ¢ we will show that for all open sets V. C W and all p € ¢~ (V)
there exists an open set U, € NO with p e U p and ¢(Up) C V. By Urysohn’s lemma, since

W\ V is closed, there is a continuous function f € C*(W),sothat0 < £ <1on W, f|W\V =1,
and f(¢(p)) = 0. By Theorem 6.13 there exist x € X® such that [m(x) — flloo < 3. Thus

m(x)lw\v > 5 and [m(®)(@(p))] < 5. Set Uy = u®x)~ (=3, 3)); Up is open (since u°(x) is
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continuous) and p € U,, (since |u’(x)(p)| = [m(x)(¢(p))| =0< 1), and p(Up) = n’x)(U,) C
(—3,3)) whereas m(x)(W\ V) > 3. O

Theorem 6.17. All minimal sequence measure functions m:X® — C*(W)are topologically
equivalent to 11, i.e. there exists a continuous bijection with continuous inverse ¢ :N° — M,
such that m(x)(¢(p)) = ,uo(x)(p) forall p € N x e xR,

Proof. We let ¢ :N? — M be the map given in Corollary 6.6, Lemmas 6.10, and 6.16. From
these results we have that ¢ is injective, has dense range, and is continuous. Since N is compact
it follows from the continuity of ¢ that (p(NO) is compact and thus it must be all of M (since it is
dense in M). Thus ¢ is a bijection. Having established this bijection, we denote by ¢~ : M — N

the inverse map. The continuity of ¢! is shown the same way as in Lemma 6.16. O

Corollary 6.18. All minimal frame measure functions m:F[I] — C*(W) are topologically
equivalent to u°, i.e. there exists a continuous, bijection with continuous inverse ¢ :N° — M,
such that m(F)(¢(p)) = n(F)(p) forall p e N°, F e F[I].

Remark 6.19. We provide an example of a sequence measure function that is separable but not
minimal (that is, it is not irreducible). This implies the existence of a frame measure function
that is separable but not minimal. Let |/,| = 2" and consider the minimal measure function
w0 XR — Cc*(NY). Let W = N° U {wp} be the union of N with one extra point wg. Pick two
distinct pp, p» € N* so that p; contains the set of odd integers, and p» contains the set of even
integers. Define m (x)(wo) = 3 (10 (x) (p1) + 1°(x)(p2)) and define m(x)(p) = u(x)(p). Since
N is a proper subset of W, m is not minimal. Now consider the frame compatible sequence X
defined by

x1 =0,
Xon = Xon—1 + |I2n \ I2n—1l,

X2n4+1 = X2n.

£2n+l _ 1

[p1]l — 3°
Now take a p € NO. Then m(X)(p) equals either % or % depending on whether p contains the set
of odd integers, or not. In either case X separates wq from p,

Explicitly, Xo,+1 = X2, = %(4” — 1). Notice that lim,,_, leanl = % whereas lim,,_, 5o

- 1/1 2 1 .
m(X)(wo) = 5(5 + 5) =5 #mX(p).

Thus m is a separable but not minimal frame measure function.
7. The C* algebra of non-expansive operators

Our approach to the classification of frames has been to examine the sequence b(F) associated
to a frame F via (8). The sequence b(F) can be seen to be certain averages of the diagonal
elements of the Gram matrix {(f;, fj)},-, jer- We now extend the definition of b to all I x 1
matrices and then compose this extended » map with a sequence measure function m to give a
measure on [ x I matrices. The result is an operator measure function that resembles a trace on
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a large subalgebra of operators. In conjunction with some added structure on the index set /, this
expanded viewpoint leads to Theorem 7.14 which states that m(F; & F2) = m(F1) + m(F>) for
a superframe JF1 @ F> where F1 and F> need not be orthogonal but merely non-expansive (see
Definition 7.8). This in turn leads to a necessary density inequality for supersets of Gabor frames
(Theorem 9.10 and Corollary 9.11).

We begin in Section 7.1 by extending the definitions of measure function and b to the set of
bounded operators. We define the important notion of non-expansive operators and frames and
show that the set of non-expansive operators is a large C* subalgebra of the set of bounded linear
operators acting on [2(I). We use this set up to prove the aforementioned result about supersets
in Section 7.3.

7.1. Operator measure functions

We begin by defining X€ = {x! 4+ ix?: x', x> € XR}. Recall the equivalence relation ~
introduced in Definition 3.5 applies to sequences in X C as well. Thus x ~ y, X,y e X C if
limy, s 00 (X — yu)/|1n| = 0.

The following extends the map b to operators.

Definition 7.1. Let bop be the map from bounded linear operators on 12(I) to sequences defined
by

bop(A) = { > (s, &)}

icl, neN
where {8;};c; is the canonical basis of /2([).
The range of by lies in X C.
Proposition 7.2. For all A € B(I*(I)), b(A) € X€.

Proof. Define

a; =max(Re((A3;,8;)),0),  a; =min(Re((As;,5;)),0),

.~ \_1_

= max(Im((4;,6,)), 0), a;' =min(Im((A3;,8;)),0),

a
J

thus af +a; +i(d —{—aj_i) =(A8;,8;) witha}, —a; ,dl, —aj—" < ||A|. Define

+ + - _ - i _ i —i _ —i
xn—Z"j’ xn—Zaj, xn—Za,-’ Xn —Z“j :

jel, jel, jel, jel,

It follows then that b, (A) = x,‘f — (.—xn_ )+i x,i - i(—x7). Ttis straightforward to verify that the
sequences {x,j}neN, {=x, }neN, (X} }neN, {—x, ' Jnen are all in X (the appropriate ¢ being ||A]|)
and thus b(A) = {by(A) ey € X€. O

Remark 7.3. We note that given a frame J and its associated Gram projection P € B(I2(I)), we
have b(F) = bop(P).
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For the rest of this paper we will write b for bop. Thus b is both a map from frames to
sequences (previous notation) and the related map from linear operators to sequences.
Denote by Ci (W) the set of complex valued continuous maps on W. We now show that any

sequence measure function has a unique linear extension to X .

Proposition 7.4. Given a sequence function m: X® — C*(W), there exists a unique linear map
m:XC > C&(W) such that | XR =m.

Proof. For any x € X C, the decomposition of x = x! 4+ x2, xl,x2 eX R, is unique with Xil =
Re(x;), x? = Im(x;). Define /i = m(x') + im(x?). Thus % is linear (since m was linear) and
m|yr = m. In addition m is the unique linear extension since there is only one way to write
x=x!+ix>. O

We now define an operator measure function.

Definition 7.5. An operator measure function, 71 : B(I*) — X is a map of the form m =i o b
where m is the linear extension of a sequence measure function described in Proposition 7.4.

We note that an operator measure function  is linear since it is the composition of two linear
maps. The next few sections examine the behaviour of m. We show that with added structure
on the index set /, there exists a large C* algebra C C B(I2(1)) for which i is tracial, i.e.
m(AB) =m(BA) for A, B € C. This tracial property is then used to prove Theorem 7.14 which
states that for a superframe F1 @ F> of two non-expansive frames (see Definition 7.8) F1, F3,
the equation m(F; @ F,) = m(F1) + m(F2) holds.

7.2. The C* algebra of non-expansive operators

By a quasi-distance d on I we shall mean amap d: I x I — R that satisfies: (i) d(i,i) =0,
d(i, j) =0, 0)d(, j)=d(j,i); (i) d(i, j) <d(i, k) +d(k, j), forany i, j, ke l.

For this section we shall consider an index set I equipped with a quasi-distance d. We call
(1, d) a quasi-metric index set. We denote the ball of radius R from i € I by

Br(i)={j €l:d(j,i)<R}. (25)

We shall say that / has finite upper density with respect to d if sup,;.;|Br(i)| < oo for all
R > 0.

Recall an algebra S C B(I2(1)) that is invariant under the adjoint operation (i.e. A* € § for
any A € §) is called a C* algebra if it is closed in the operator norm topology.

Definition 7.6.

(1) An operator A € B(I2(I)) is row non-expansive if for any € > 0, there exists an N(A,¢) >0
such that

Yo s <e (26)

JEI\BN(a,e) (D)

foralli e 1.
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(2) An operator is non-expansive if both A and A* are row non-expansive. Denote by C C
B(I*(1)) the set of non-expansive operators.

Theorem 7.7. Suppose I has finite upper density with respect to d. Then C is

(1) closed under addition and scalar multiplication, i.e. if A, B € C and c € C then A+ B € C
and cA €C,

(2) closed under multiplication, i.e. if A, B € C then AB €C,

(3) closed in the operator norm topology, i.e. given a filter J on some set S with A € C for all
je€Sandlim;_, 7||A— Aj||=0then A €C.

Consequently C is a C* algebra.

Proof. (1) Fix an & > 0. Set N =max(N(A, ), N(B, §)) with N(A, ), N(B, 7) as in Defini-
tion 7.6. Thus for all i, we have

> \<<A+B)a,-,a,-)|2<2< > sl Y |<35i’3f>|2><8'

JEI\BN (i) jEI\BN(A,%)(i) ]'EI\BN(B,%)(’.)

This proves A + B is non-expansive.
Setting N = N (A, |57|) yields

S |(eAsi 8| <

JE\By (i)

for all i € I, which proves cA is non-expansive.
(2)Fixe > 0.Leteg = 4”le2 andset Ng = N(B,ep).Letesy = m, where D(Np) =
sup; | By (i)| (the upper bound on the number of points of / in a ball of radius Np); set Ny =

N(A,g4).Let N =Ny + Np and fix i € I. We first note

Bs =Y (B&.&)8=v+ Y (B8, &)

lel 1€By, ()

for some vector v with ||v|* < 5. Now

2

2
> [ABsi.splT= D ‘(Av,aj>+ Y (BSi,81)(A8;,5))
JeI\By (i) JEN\By (D) I€B (i)
2

<22}(Av,8j)‘2+2 Z ‘ Z (Bdi, 81)(Ad1,6;)

jel JEI\By (i) '1€By 4 (i)

Q2NAaPes+2 Y (pwve) Y \(Bsi,an\ﬂmaz,aﬂ\z)
JjeI\By (i) leBNB(i)

2

&
= +2D(Np) S lssa)t Y [As. s

I€Bn (i) JEI\BN (i)
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Now note that 7 \ By (i) C I\ By, (l) forany [ € By, (i). Thus

o las i< Y [AsL 8| <ea

JeI\Bn (i) JENBy, (D)

and therefore:

2 € 2
> [14Bsi.5)[ <5 +2DWNp) Y [(BS.8)[ ea
JENBN (@) l€BN (i)

£

<3 +2D(Np)| B |*ea
£ £

<-4+ -—=¢.
2 2

(3) Let € > 0 be given. Then there is K € J so that for all kK € K, Ay is non-expansive and
A — Ag||? < %. Let N, = N(Ag, %) for some fixed k € K. Then forevery i € I,

S as s = Y (A A8 8) + (A 5[
JEI\BN, (i) JEI\By, (i)
<23 (A-a0s.8)7+2 > [(Aws 8]
jel JEI\By, (i)

&

<204 = Aj17 + 3

=e. a
Definition 7.8. We shall say that a frame F is non-expansive if its associated Gram projection is
non-expansive.

Using elementary holomorphic functional calculus (see [29, §149]) we can obtain the follow-
ing.

Proposition 7.9. Let C be a C* algebra acting on a Hilbert space and let an operator A € C. If
the range of A is closed then the orthogonal projection onto the range of A and the orthogonal
projection onto the range of A* are both in C.

This result has a couple of consequences: it gives a simpler sufficient (but not necessary)
condition for a frame to be non-expansive (Corollary 7.10 below) and it plays a key role in the
proof of Theorem 7.14.

Corollary 7.10. For any frame F € F[I], if its Gram operator G:12(I) — I2(]), G(c) =
» jel (fj, fi)cjlies is non-expansive, then the F is non-expansive, as are the associated Parse-
val frame and the canonical dual frame.

Proof. If G is non-expansive, G € C. Since F is frame, the range of G is closed. Thus the asso-
ciated Gram projection, by Proposition 7.9, is also in C, and thus F is non-expansive. Since F,
the associated Parseval frame F# = {S~1/2 f;} and the canonical dual frame F= (S71£) all
have the same associated Gram projection, they are all non-expansive. O
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Remark 7.11. Corollary 7.10 is merely a sufficient condition as the following construction
demonstrates. Let S be a self-adjoint operator that is not non-expansive. It follows that the invert-
ible operator G = S+ 2||S||/ is also not non-expansive. In this case, the frame G = {g; = G128}
is a Riesz basis and hence is non-expansive (since the corresponding projection for a Riesz basis
is the identity). However, the frame G has a non-expansive Gram operator G.

7.3. The measure function and supersets

In this subsection we show that condition (4) of Definition 5.5 can be extended to non-
orthogonal superframes that are non-expansive. In particular we obtain a density-type result.

The main result that allows us to develop the theory is the tracial property of the extended
measure /1 on C (Lemma 7.13). The result will hold when the quasi distance d and the decompo-
sition I = { J,, I, have the following compatibility which essentially says that the boundary (with
respect to d) of subsets (1), >0 are asymptotically smaller than their interior:

Definition 7.12. The collection (/, d, (I,),) is called a uniform metric index set if the quasi-
distance d has finite upper density and for all R > 0,

lim |Uj61\1n BR(j) N In| _

n— 00 |In|

27)

Lemma 7.13. Assume (1, d, (I,),) is a uniform metric index set. Then for any two non-expansive
operators Ty, T € C,

m(T\1T2) = m(T, ). (28)

Proof. Equation (28) is equivalent to

1 1
lim ——by(TTy = ToT1) = lim 0 |(bn(T1T2) — by (TrT1)) =0. (29)

n—>00 | I | n

Recall that 7' € C implies that both 7" and T* are non-expansive. Since {3;};<; is an orthonormal
basis:

1
——bu(TiTy) = ZZ T28i,8;)(T18;.8:).

1] Il & 4

Using the corresponding expansion for ﬁbn (T>T7) and subtracting from the above, we get
—b (T, — ToTh)

[ 1]
ZZ (T18;,8:)(T18:, ) ZZ (T18;,8:)(T28:,8,). (30)

i€l j¢l, l¢1n JEly

A

We shall show that the right-hand side of (30) has limit O as n — oo which will establish the
result. We apply Cauchy—Schwarz to the first term on the right-hand side of (30) and obtain
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ZZ (T18;,8:) (T8, 8, ) 3D
| n| iel, j¢l,
( >0 (s )] )( D) [(msi.sg) > (32)
| In iel, jel\I, 161 jel\I,

Fix € > 0. Let N be a radius in the definition of non-expansiveness that works for 77, 73, Tl*, T2*
simultaneously. Write I, = J, U D,, where D,, = I,, N (| jel\, Bn (j)) is the set of points of I,
that are within distance N of the boundary, and J,, = I,, \ D, is the rest. Decomposing the sums
over i € I, into the sums over D,, and J,, we have that (31) is bounded above by

( |,1|ZZ‘T“S"‘S ><8+|I_1|ZZ’<T25"’3">|2>

ieD, jel "lieD, jel

|D,| L 1Dl
<( 171012 —T)?).
|1, | A

A similar inequality is obtained for the second term in (30) and thus

| Dy | )
2l e+ A,
( | I |

where A = max (|| T1|%, || T21%). Using the asymptotic assumption (27) we obtain

1
N |bn(TlT2 —NT)| <
n

1
lim ‘I—lbn(Tsz —1T))| <3¢

n—>oo|n

Since ¢ was arbitrary, we obtain (29). O
We now prove that frame measure functions are linear on supersets of non-expansive frames:

Theorem 7.14. Assume (I,d, (I,),) is a uniform metric index set and m: F[I] — C*(M) a
frame measure function. Suppose (F1, F2) is a superframe of two non-expansive frames. Then
F1 @ F, is non-expansive and

m(F1 @ F2) =m(F1) +m(F2). (33)

Proof. We first show that F; @ > is non-expansive. Let P, P> denote the associated Gram pro-
jections to the two frames F; and J5. The definition of non-expansive frames gives Py, P, € C.
Since F1 @ F is a frame, we have by Proposition A.2 that P; + P, has closed range and thus by
Proposition 7.9, the projection onto the range of P; + P>, which is the associated Gram projection
for F| & F3, is also non-expansive.

Let P be the associated Gram projection for F; @ F», i.e. P is the projection onto the range
of P; + P, thatis P = P; VvV P,. The statement (33) is equivalent to proving

m(P) =m(Py) +m(Py). (34)
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Consider A = P; — P P». The superframe condition amounts (equivalently) to the condi-
tion that || P; P2|| < 1. Hence, when restricted to Ran P;, A = 1 — P; P, is invertible, hence
its range is Ran P;. Therefore Ran A is closed, and equals Ran P;. On the other hand any
xel 2(I ) admits a unique decomposition x = xj + xp + x’, where x| € Ran Py, x € Ran P,, and
x" € Ran(1 — P). Then ||Ax| = ||Ax1|| = (1 — || P1 P2||)||x1||. Hence ker A = ker(P — P») which
implies (ker A)* = Ran(P — P,). Since A is in C, the partial isometry V of the polar decom-
position A = V (A*A)!/? belongs to C; this again follows from the use of standard holomorphic
functional calculus arguments (as in [29]). Furthermore V has initial space Ran(P — P,), and
final space Ran Py, that is VV* = Py, and V*V = P — P5. Since m is tracial on C, it follows
m(Py) =m(VV*)=m(V*V) =m(P — P,). But P = (P — P,) + P, is an orthogonal decom-
position of P, therefore m(P) =m(P — P>) + m(P>), which together with the previous relation
proves (34) and the theorem. O

The following corollary immediately follows using induction.

Corollary 7.15. Assume (Fi, ..., Fp) is a superframe of non-expansive frames. Then F1 @ - - - B
Fp is non-expansive and

m(F1®---®Fp)=m(F1)+---+m(Fp). (35)
8. Measure functions and the index set

In this section we study how different frame indexing and finite averaging methods affect the
measure function and the property of non-expansiveness. Because all measure functions contain
a copy of the ultrafilter measure function p (cf. Corollary 5.24) we shall consider only the case
of the ultrafilter frame measure function u, and comment on the extension of these results to
arbitrary frame measure functions.

Assume I and J are countable index sets, and a:I — J is a bijection. Assume also (I,),
and (J,), are nested sequences of finite subsets covering I, respectively J. Our goal is to estab-
lish how equivalence classes of frames in F[/] are related to equivalence classes of frames in
FI[J]. More generally, we will examine the correspondence of operators between B(I/*(I)) and
B(I*(J)) and the preservation of the non-expansiveness property.

First we note that the map a induces a mapping on frames:

ax : FLI1—= FU1,  a(F)={fauy: i €1} (36)
and a mapping on operators:
ax: B(I*(1)) = B(I*(D), (ax(T)8,, 8i,) = (T€a(iy)s €atin)) (37)

where (§;); and (¢;); are the canonical bases of 12(1) and [2(J), respectively.
We are interested in the following tasks:

(1) Measure preservation. Find conditions on a so that for all operators T € B(l 2(J)), the ultra-
filter frame measure functions for 7" and a,(7T) are equal.

(2) Non-expansiveness preservation. Assuming that (I, d) and (J, e) are quasi-metric index sets,
find conditions on a so that for all operators T € B(I2())), T is non-expansive if and only if
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a.(T) is non-expansive. In particular we obtain that 7 € F[J] is non-expansive if and only
if a,(JF) is non-expansive.

We address each of these in the subsequent two sections.
8.1. Measure preserving indexing
The following gives a condition for a that preserves the value of the measure function.

Proposition 8.1. If the map a : I — J satisfies the following property:

la(ly) N Jy| .|l
im—— =1lim
n | 1| no |1y

=1 (38)

then w(T) = u(ax(T)) for all T € B(I*>(J)). Explicitly this means:

p-lim m Z T; ;= p- hm— Z Tutiy.al) (39)
" jedy " leI
forall p € N*.
Proof. Since T is bounded, it follows |7 ;| <r :=|T|| for all j. First we have:

|J | Z JJj |I | Z a(i),a(i)
1 |In| - |Jn| 1
= 2. T+ 2 Ty 2. T (0

Wl o 7ol 1]

jejnma(ln) jea(ln)\ln
Upper bounding each term, we get:
‘|J|Z JrJ |I|Z a(i),a(i)
‘Iﬂ
<r [Jn \ a(ly)] Ly 1| = [Jull - [Jn Na(ly)] Ly la(ly) \ Jnl (41)
h |-]n| |In|'|-]n| |In|

Condition (38) implies now that each term tends to zero as n goes to infinity. Hence we get

) 1
11m|: Z Tjj— Z Ta@, a(l)]
n | Jnl icd

161

which implies (39). O



R. Balan, Z. Landau / Journal of Functional Analysis 252 (2007) 630-676 663

Remark 8.2. The same condition (39) guarantees the preservation of equivalence classes of
frames, that is for all F!, F2 € F[J]

Flay F2oifandonlyif a.(F') =~ au(F?).

Thus, in general, an arbitrary frame measure function on F[/], m: F[I] — C*(M), induces a
measure function on F[J], a*(m): F[J] — C*(M) via a*(m)(F) = m(as(F)).

8.2. Indexing preserving non-expansiveness
Now we examine when non-expansive operators are pulledback through a, into non-
expansive operators. We use the same setting as before where now (7, d) and (J, e) are assumed
to be quasi-metric index sets and a: I — J is the bijection. We have the following result.
Proposition 8.3. Suppose there exists a function r : [0, 00) — [0, 00) such that
Vii,jped da”'Gi,a” () <r(eGi, i), (42)

Thenif T € B(I2())) is non-expansive, then a,(T) is non-expansive in B(I2(I)).

Proof. Assume that 7' is non-expansive and choose an arbitrary ¢ > 0. Set N = N, from the
non-expansive definition for 7', then

Z (@ (T)8;, 5,-/)|2 = Z (Teaiiy. €7) ?
i'el,d(i,i’)>r(N) jlel,d(i,a=1(j))>r(N)

< Z (Teay. €jr) ?

j'ed,e(a(i),j)>N

<Eé&.

A similar argument holds for 7* and thus a,(7T) is non-expansive. O

Remark 8.4. An immediate consequence of this result is that if 7 € F[J] is non-expansive then
a.(F) is non-expansive as well.

Remark 8.5. If the two quasi-metric spaces (I, d) and (J, e) satisfy the assumption of Proposi-
tion 8.3, then one can always choose a continuous and monotonically increasing r in (42).

8.3. A consequence
Now we can put together Theorem 7.14, and Propositions 8.1, 8.3, and obtain the following.

Theorem 8.6. Assume (I, d, (I,,),) is a uniform metric index set and (J, e, (J,),) is so that (J, e)
is a quasi-metric index set. Assume a : I — J is a bijection that satisfies

L)NJ, J
limmzliml ”':1 (43)
n |1 | n ||
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and there exists a function r : [0, 00) — [0, 00) such that
Vitjped d(a'Gn.a () <r(eli, j)- (44)

Assume F' € F[I] is non-expansive with respect to the quasi-metric index set (I, d) and
F? e F[J] is non-expansive with respect to the quasi-metric index set (J, e).

Then, if F = {fi1 ® faz(i); i €1} is frame (that is, (F', a.(F?)) is a superframe) then F is
nonexpansive with respect to (I, d) and

w(F)(p) = u(FYP) + 1(FH)(p), ¥peN-. (45)

Explicitly, for every free ultrafilter p € N*,

1 ~ 1 ~
W(F)(p) = p-lim — (£, f1)+ p-lim — > (7, £7). (46)

1] & [l

This statement can be straightforwardly extended to a finite collection of frames that form a
superframe.

One can replace the free ultrafilter frame measure function p by any other frame measure
function m on F[I]; consequently, in this case we have:

m(F)(x) = m(F')(x) + a*(m)(F?) (x). (47)
9. Application to Gabor frames and superframes

In this section, we apply our results to Gabor frames and superframes. We begin with some
added notation and preliminaries.

For a function g € L2(R™), a point A = (f, w) € R” x R™, and a phase ¢, € R denote by
g, (x) = e!9:e2TH©0X) o (x — 1) the A-time—frequency shift of g.

Definition 9.1. Given a function g € L?(R™) and a set of time—frequency shifts A C R” x R™,
and phases {¢; },ca define the Gabor set G(g, A) ={g)}rea- A Gabor frame is a Gabor set that
is a frame sequence.

For ease of notation we will omit the explicit mention of the phase system {¢; },.

We define Q,(c) = {A € R¥" | | — ¢|loo < 5} to be the box inside R™ x R™ centered at
¢ € R? and of size length n.

Given a Gabor set G(g, A), the most natural way of indexing is given by the set A itself. Thus
(A, || - lloo) becomes a quasi-metric index set. Note that || - || may not be a distance because we
allow repetitions of the same time—frequency point in A.

We need to define the nested sequence of finite subsets (A,),. Fix a center O € R (not
necessarily the origin). It turns out that the natural choice of A, = Q,(0) N A is not suitable
for measuring Gabor frames. To fix this issue we instead replace Q,(O) by a “skewed” tile
MQ,(0O), where M is a suitable 2m x 2m invertible matrix. We can do this either by simply
defining A, = (M Q,(0)) N A, or by changing the distance in R%" and replacing ||x||co by
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Xl p.00 := 1M “1x|loo. The two approaches are equivalent. However for simplicity of computa-
tions we will adopt the former approach, namely we keep the || - ||o distance in R?” and define
An=MQn(0))NA.

We will compute the free ultrafilter frame measure function of G(g, A) with respect to par-
tition (A,),. We will show that (A, || - |lcc, (An)x) is a uniform metric index set, and G(g, A)
is non-expansive. Next we compute the frame measure function from Gabor superframes and
obtain a necessary density type condition.

9.1. Free ultrafilter frame measure function of Gabor frames

Let us consider a Gabor frame G(g, A). Then the upper and lower Beurling densities of A,
D;F(A), and Dy (A), satisfy (see the historical note [24] of this result)

1< Dz (A) < Dj(A) < o0,
where
AN AN
DZ(A) =limsup sup uﬂ’ Dy (A) =liminf inf | 2Qn(c)| .
n. ceR2m n=m n ceR¥m nmn

In particular this means there is a size Lo > 0 and an integer Uy > 1 so that every box of side
length Lo in R*" contains at least one point of A and at most Uy points of A. Fix a point
O € R?", an invertible matrix M in R¥"*?" and let A, = A N M Q,(O) as before. For any
length R, the box Q,(0) is covered by at most (% + 1) boxes of side length R, and includes at
least ( % — 1) disjoint boxes of side length R. For the skewed box M Q, (O) the situation is the
following. There are two numbers ¢ (M) and c2(M) depending on the matrix M so that, at most
c (M)(%)z’" + cz(M)(%)z’"_1 boxes are needed to cover M Q,,(0), and at least ¢ (M)(%)zm —

co(M )(%)2’”_1 disjoint boxes of side length R are included inside M Q, (O). With this set up
we have the following.

Theorem 9.2. The collection (A, || - ||oo, (An)n) is a uniform metric index set.

Proof. (A, | - |l) has finite upper density since every ball of radius R contains at most
(% + 1)?" boxes of side length Lo, and every box of side length Lo has at most Uy points.
The second condition (27) is proved as follows. On the one hand for large n, each A, has the
cardinal bounded by

n 2m n 2m—1 n 2m n 2m—1
Cl(M)<L—O) - Cz(M)<L—O) <ALl < (Cl(M)<L—O> +62(M)<L—O> )Uo-

On the other hand,

L) Br()N A= (M(Qx(0)\ Qur(0))) N A.

jeM\A,

Hence
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n 2m n 2m—1

<((con(z;) +eon(z) )
u n—2R\>" u n—2R\>""! U
_(CI( )< Lo ) el )( Lo ) )) o

Putting these two estimates together we obtain

U BrG)N A4,

JEAA,

U Br(j) N A,
lim Ujeara, BRU N Ay —0.

n—00 |An|

Consider a Gabor frame G(g, A) for L*(R™). Fix a point O € R?", an invertible matrix
M e R¥X2" and set A, = AN MQ,(0) as before. For any free ultrafilter p € N*, the set A
has density:

| Anl lim AN MO, (0)] 48)

PP M =P GiGa 0, 0)) det My

We recall a fundamental result obtained in [2,3].

Theorem 9.3. (See [2].) Assume G(g, A) is a frame for L>(R™) and {g,; » € A} is its canonical
dual frame. Then for any free ultrafilter p € N¥,

fim — > (g &) __ (49)
p-im 8rs 1) = .
| Ayl vl D(A; p, M)

The fact that we use skewed boxes instead of regular boxes does not affect the result. As we
mentioned earlier, we can change the metric to account for the skewness and directly apply the
results of [2,3].

This fundamental relation gives us a simple way to compute the free ultrafilter frame measure
function of irregular Gabor frames (compare to [3, Theorem 3]):

Theorem 9.4. For any Gabor frame G(g, A) and indexing (A, (Ay)n) as before, the free ultra-
filter frame measure function is

w(@)(p) = Vp e N*. (50)

D(A; p, M)’

Remark 9.5. If A has uniform density Dy (thatis Dy (A) = DT (A) = D) then u(G) = DLO In*,

that is, the measure function of G is the constant function Dlo, independent of the matrix M. In

fact, for any measure function m : F[A] — C*(W) the measure of G is m(G) = Dio lw.
For A = AZ?" for some invertible matrix A, then Dy = m regardless of matrix M, and

thus m(G) = (det(A))1w. In particular, for A = a«Z™ x BZ™, Dy = W andm(G) = (a¢f)"1w.
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9.2. Non-expansiveness of Gabor frames

Consider now a Gabor frame G(y, «Z™ x Z™), where 0 < o, B < 1 and y (x) = exp(—||x ||%).
The choice of o, B will be irrelevant, but as an example the reader may think of the case
a=p= % Let y denote its canonical dual frame generator. Let £ denote the upper frame

bound of G(y,aZ™ x BZ™). For two functions f, h € L?(R™), we denote by
Vih:R™ —C,  Vih(\) = (h, f3)

the windowed Fourier transform of & with respect to f. The modulation spaces M?, 1 < p < 2,
are defined by (see [21])

MP={feL’R") |V, feLP(R*™)}, I flmr:=Vyfller.

In particular y, 7 are both in M'. Note M? = L? as sets, and the norms are equivalent. The
Wiener amalgam space W (C, [?) is defined by

W(C,l”) = {f; f:Rb — C, f continuous, ||f||1‘;,(c’”,) = Z sup !f(x)!p < oo}.
keszte(k)

The following result is proved in [9, Proposition A.3]. For all f € L>(R™), V,, f € W(C, I?) and

IVy fllwc.zy < Clly a1 f 12 (S1)

where the constant C can be chosen as C = 3"/2. We can now prove the following.

Theorem 9.6. Assume G(g, A) is a Gabor frame in L2(R™). Then G (g, A) is non-expansive with
respect to the quasi-metric index set (A, || - |lc0)-

Proof. We will show the Gram operator of G is non-expansive, and then the conclusion follows
from Corollary 7.10.
We start with the following decomposition:

(81 81) = Y (8 Vak i) (Pak i 81) = (AB)1, 1y
k,jelm

where A:[2(aZ™ x BZ™) — 1*(A), B:12(A) — [*(@Z™ x BZ™), are defined through
Ay (ak,Bj) = (&> Yak,pj)» Bak,pj),» = (Yak,pj» &) A and B are bounded operators since
they are compositions of analysis and synthesis operators associated to frames G(g, A),
Gy, o™ x BZ™) and G(y,aZ™ x BZ™). Note

|As@r.piy] = | Vyg((ak, Bj) — 1), |Bak,pj)ol = |Vyg (A — (ak, B))]|.
Consider the map a: A — o«Z™ x BZ™, a()) = (gkL?—fJ)lgk@m, where A = (Ar)1<k<oms

Ge=aforl <k<m, g =P form+1<k<2m,and |x] is the largest integer smaller than or
equal to x. Thus ||a(X) — A]lco < 1.
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Recall that V), g and V; g are both in W(C, [ 2). Combining this fact to the fact that every box
of size length L has at most U points (see previous subsection), we obtain that, for every p > 0
there are N4 (p), Np(p) > 0 so that

Vr e aZ™ x B2, > Vs —n| <p (52)
reA\Qy, ()

) |2
Vi€ A, > |Vsg (A — (ak, B))|" < p. (53)
k,jeZm, ||(ak,Bj)—a)lloo>Np(p)

Fix ¢ > 0. We will find N = N, > 0 so that forall A € A,

3 levan)| <e. (54)

veA\By (L)

Since the Gram operator is symmetric, this will conclude the proof.

The remainder of the proof mirrors the argument used in Theorem 7.7 that shows that non-
expansiveness is preserved under multiplication.

Leteg = zy5p and Np = Np(ep) asin (53), e4 = g5 ((2N(;/j—1)2)m and N4 = N4 (g4) the
associated integer that satisfies (52). Set N = N4 + Np + 1. We prove this choice satisfies (54).

Let (8,), denote the sequence whose entries are zero except for the Ath entry which is one.
Thus {8,; A € A} is the canonical orthonormal basis of /2(A). Note for all v, € A, (AB); ., =
(ABS,, 5;.).

Fixane A. Letv,w € lz(ozZm x BZ™) denote the vectors of B§, = v + w, where all entries
of v = (vuk,p;) vanish for |[(ak, Bj) — a(n)llcc < Np, and all entries of w = (wuk,p;) vanish
for || (ak, Bj) —a(n)|lcoc = Np. By (53) we obtain ||v||122 < &g, and hence ||Av||122 < fT' Now we
have:

2
2
Ti= Y |ABugl'= D [(Avs)+ D AuBuy .
AEA\By (1) AEA\By (1) reaZ™ x BZM
lr—a(mllo<Np
2
2
T<2) [(Av.&) +2 ) > AurBy, (55)
AEA reA\By(m)! reaZ™ xBL™
lr—allco<Np

€ 2

<5+2 )] ( > 1)( > |AA,VBW|> (56)
reA\By(n) reaZ™ x LM reaZ™ x 2"
Ir—amllco<Np Ir—a(mllco<Np

3 2NZ\™

<§+2(—;> RV * S Y I P b (57)
@ reaZ™ x 2" reA\By ()
Ir—a(m)los<Np

€ (2Ng + D2\" ) e €
<-+2(——) E =-4-=¢ 58

2+( ] lgiPea=2+5=e (58)
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where the last inequality follows from A\ By(n) C A\ Qp, (r), for all r € aZ™ x BZ™ with
lr —a()|lco < Np, and (52). This proves (54) and thus the statement. O

Remark 9.7. In terminology of [2], (52) means (G(g, A),a, G(y,aZ™ x BZ™)) has [2-column
decay, whereas (53) means that (G(g, A),a, G(y,aZ™ x BZ™)) has 12-row decay.

Using the terminology from [2], Theorem 9.6 states that (G(g, A), a) is [*-self-localized, and
12-localized with respect to its canonical dual frame.

9.3. Measure functions of Gabor superframes

Consider now two Gabor frames G(g, A) and H(k, ¥) in L>(R™). Assume there is a bijection
a: A — X sothat (G(g, A), H(h, X)) is a superframe, that is

F:{g)»@ha()»)a )\.GA} (59)
is frame for L2(R™) & L2(R™). Note F € F[A].

Proposition 9.8. Assume (G(g, A), H(h, X)) is a Gabor superframe with respect to the corre-

spondence a: A — X. Assume there are invertible matrices M, M?> € R¥"*?®" 5o that the map
a satisfies
i 14 (Z 000,00 N (M QUOD _ 150200
n AN MLQ,(0)) n AN (MLQ,(0))
and there exists a function r : [0, 0c0) — [0, 00) such that for all 01,07 € X,
Ja™ ) —a" (2] < r(llor = aall). (61)
Then the direct sum frame F defined in (59) has the free ultrafilter frame measure:
(F)(p) = + ! Vp e N* (62)
T D@ M) T D@y TP
In particular, the following is a necessary condition:
det(M'! det(M?
lim sup< © (1 ), ¢ (2 ) )nz’" <1 63)
n [ANMQ,(0))] |2 N(M=0,(0))]

Proof. Note (60) and (61) imply that a satisfies (38) and (42). Now (62) follows from Theo-
rems 8.6, 9.4, and 9.6. Equation (63) is obtained from (62), and (48), and the fact that for any
frame F, u(F)(p) < 1forall p. O

Remark 9.9. Let Ls > 0 be such that any box of side length L5 in R*” contains at least one
point of X'. Then condition (61) can be replaced equivalently by the following boundedness

condition:

IR >0, Vor,00€ ¥ o1 —0oa| <V2mLy = [a (o)) —a (02| <Ro. (64)
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N
V2mLy

distance between any two adjacent points is at most +/2mL 5. Using the triangle inequality it
follows that (61) is satisfied with r(u) = (1 + —=% i )Ro.
X

Indeed, if (64) holds true then for any N > O there is a chain of points in X' so that the

V2m

Using induction one can immediately prove:

Theorem 9.10. Assume g(gk, Ap), 1 <k < d, are Gabor frames in L%(R™) so that for maps
ap: A1 — Ay, 2 <k <d, the set F = {gi @gﬁzm D--- @gled(x); A € Ay} is frame for L>(R™) @
P LZ(R’"). Assume further that there are invertible matrices M k, 1 <k <d, such that all
maps ay, satisfy

o (A0 (M0, (0 N (M1 Qu(O)] _ AN (M* Qu(OD] _

li 1 = lim 1 = (65)
n | A1 N (M*0,(0))] n A1 N (M*Q,(0))]
and there exists a map r : [0, 00) — [0, 00) such that for all 1, 07 € Ay,
la; (00 = a; ' @)] < r(llor = o2ll). (66)
Then the free ultrafilter frame measure function of F is given by
(F)p) = +--+ : eN* (67)
P DAy p M) D(Agp. M%) P
In particular it follows that necessarily
1 1 N
<1, VpeN". (68)

D(Ay; p, M) D(Ag; p, M9)
In the special case of regular Gabor frames, Ay = {Axn; n € ZZ’"}, 1 <k <d, we obtain
that if (G(g1; A1), ...,G(ga; Ag)) form a superframe with respect to the maps ax : Ay — Ag,

ax(A1n) = Agn, 2 < k < d, then conditions (65) and (66) are satisfied with M¥ = Ay, and we
obtain immediately the following result which recovers and extends the result of [5].

Corollary 9.11. Assume gl,...,gd € LZ(R’") and Ay,..., A € R2"*2M qre so that F =
G(g', A Z*) @ - & G(g%, AgZ*™) is frame for L*(R™) @ --- & L*(R™), then for any frame
measure function m : FI[Z¥"] — C*(W),

m(F) = (det(Ay) + -+ +det(Ag)) 1w. (69)
Consequently, as a necessary condition to have a superframe,

det(A() + - - +det(Ag) < 1. (70)
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10. Redundancy

The word redundancy is often used to describe, qualitatively, the overcompleteness of frames.
However, for frames with an infinite number of elements, there is no quantitative definition of
redundancy. Here, we propose that the reciprocal of a frame measure function should be the
quantitative definition of redundancy.

Definition 10.1. Given a measure function m : F[I] — C*(M), we define the redundancy func-
tion R : F[I] — {functions from M to RU 0o}, R(F)(x) = (m(F)(x))~!. In the case when the
measure function is the ultrafilter measure function, we call the redundancy function the ultrafil-
ter redundancy function.

The rest of this section discusses the justification for this definition. We begin by listing a
series of properties of the frame redundancy function, all of which mesh well with the qualitative
notion of redundancy:

e We immediately have the desirable properties that for a frame, the redundancy function is
greater than or equal to one with the redundancy function equal to one for any Riesz basis.

e By Theorem 9.4, for any Gabor frame G(g, A) and indexing (A, (A,),) as in Section 9,
the ultrafilter redundancy function corresponds to the density of the time frequency shifts as
follows:

R(g(g, A)(p)) = D(A; p, M), for all free ultrafilters p. (71)

e This connection between redundancy and measure function extends to localized frames.
Using the notation and results from [2] we have an explicit description of the ultrafilter redun-
dancy function. Assume F € F[[]is a frame for H anda: [l — Z4isa map so that (F, a, &)
has both /2-column and [%-row decay (see [2] for definition), where £ = {ex; k € Z4) is an-
other frame for H. Set I,, = a—1(0,(0)), where Q,,(0) is the box of side length n centered
at 0 in Z<¢, and consider the ultrafilter redundancy functions associated to (1, (I,),), respec-
tively (z4, (0,(0));). Then Theorem 5 in [2] implies:

R(F)(p) = D(a; p)R(E)(p). (72)

In particular, if £ is a Riesz basis for H, then R(£) = 1 and the previous equation turns
simply into:

R(F)(p) = D(a; p). (73)

e In these cases (Gabor and localized frames), the redundancy function is additive on
unions of frames. Suppose F! € F[I] and F? € F[J] are two frames for same Hilbert
space H, and that there are maps a':1 - 74 and a®:J — Z¢ so that (F',al, E) and
(.7-"2,a2, &) have both [?-column and [%-row decay, where £ is a Riesz basis for H. Set
I, = (@)~ 1(0,(0)),and J, = (@*)~1(0,,(0)). Consider the ultrafilter redundancy functions
associated to (1, (I)n), (J, (J)n), (I U J, (I, U J,),) for frames F', F2, and F' U F2,
respectively. Here U denotes union with multiplicity. First it is immediate to check that
(F'U F?,a, ) has [*-column and [?-row decay, where a:1 U J — Z¢, a(i) = a' (i) for
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i €1, and a(j) =a*(j) for j € J. Next note that I,, U J, = a~'(Q,(0)). Then, applying
(73) to F' U F? we obtain:

R(F'UF*)(p) = D(a; p) = D(a"; p) + D(a* p) = R(F")(p) + R(F*)(p) (74)

which proves additivity of the redundancy function. Equation (74) can be immediately ex-
tended to any finite number of frames.

In addition to the above properties, the redundancy function can be seen as an analogue of
redundancy in the finite-dimensional case. In finite dimensions, the idea of redundancy is quan-
tified. Here we have a frame F = {f;},cy, consisting of M = |J| vectors. If we let N be the
dimension of the space spanned by the elements of F, then the ratio r = % 1s a natural quantity
that is often referred to as the redundancy of the frame F. Another way to arrive at the quantity r
is as follows. Associated to F is the finite-dimensional Gram operator G :/ 2(J) = 12(J) defined
entry-wise by G; ; = (f;, f;). The ratio of the dimension of the space / 2(J) (which is |J|) to the
dimension of the range of G is also r = % In other words the reciprocal of the redundancy, %,
is the normalized trace of the associated Gram projection of the frame.

So what is the meaning of the quantity r? In this setting we have that a frame F is a basis
if and only if r = 1. If F is the union of two bases on the same space then r = 2, however this
is not the only type of frame that has r = 2; a basis of size n along with n additional copies of
the first basis element also has r = 2. Thus the value of r does not reveal the whole story, but it
does provide a one parameter classification of frames. One can then examine the set of frames
with a given r and try and understand the variation in their characteristics (see [10,12]). One can
also design frames with a particular value of r that maximizes certain channel capacity or energy
considerations [30,31].

If one tries to use the finite-dimensional case as a road map for defining redundancy in infinite
dimensions, one immediately encounters difficulty. In this case, we are considering a frame F =
{ fi}icr indexed by an infinite set /. A first attempt might be to view the frame as some sort of
limit of frames composed of finite subsets. This is problematic for several reasons: the limit may
not exist, the sequence of finite frames may not have a uniform lower frame sequence bound,
and the finite frames may all be Riesz bases for their span whereas the limiting frame may
not. A second approach is to directly consider the infinite-dimensional setting: the quantities
M and N that correspond to the finite case are both generically infinite (M = |I| and N being

the dimension of the span of the f;) and therefore the ratio r = % is meaningless. Similarly,

attempting to compare the dimension of /2(1) to the dimension of the range of the Gram operator
of F, yields a comparison of two infinite quantities.

By itself, comparing the dimensions of infinite-dimensional spaces is not completely hopeless.
Those familiar with the study of von Neumann algebras will recall that the dimension function,
introduced by von Neumann, provides a way of comparing certain infinite-dimensional subspaces
of a fixed infinite-dimensional space. In this case, only subspaces that are ranges of projections
in the algebra are considered; the dimension function of the subspace is then defined to be the
normalized trace (which exists on a von Neumann algebra) of the projection. This connection has
yielded many nice results about Gabor frames on regular lattices [16,19,20,26,28] (just to name
a few); in these cases the regular lattice structure was enough to ensure that the Gramian had the
necessary structure to allow the tools of von Neumann algebras to be useful. In general, however,
this added structure is not available and we are further discouraged by the known fact that there



R. Balan, Z. Landau / Journal of Functional Analysis 252 (2007) 630-676 673

does not exist a dimension function that is finite and non-zero on all non-zero subspaces of a
fixed infinite-dimensional space.

As mentioned earlier, in finite dimensions the reciprocal of the redundancy can be defined
as the trace of the associated Gram projection to the given frame. The ultrafilter redundancy
function can be seen as the infinite-dimensional analogue of this. To begin with, the ultrafilter
frame measure function is determined by certain averages of ( f,-, fi), that is, certain averages
of the diagonal elements of the corresponding Gram projection—a natural generalization of the
normalized trace in finite dimensions which is the average of the diagonal elements of the Gram
projection. The key structural feature of a trace is that the trace of AB and BA are equal for
operators A and B. This feature is present for measure functions on the set of non-expansive
operators (Lemma 7.13).

For these reasons, we feel our definition is the proper quantification of redundancy in the
infinite setting. There remain unanswered questions about the redundancy function, an important
one being if a frame has redundancy c, does there exist a subset of the frame that is a frame for
the same space with redundancy 1 (or 1 + € for any € > 0).
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Appendix A. Supersets

We recall the notion of superframe (see [4,5,7]) (or disjoint frames, as used by D. Larson,
see [22]). Let F1, ..., Fr € F[I], a finite number of frames indexed by /.

Definition A.1. We call (F1, ..., FL) a superframe if
F=ri® -oF,={fle -oficll (A.1)
isaframein H; @- - - @ Hp, the direct sum of Hilbert spaces spanned by F1, ..., Fr, respectively.
An equivalent characterization of superframes is given by the following.

Theorem A.2. (See [7].) The collection (F, ..., Fr) is a superframe if and only if the following
two conditions hold true:

(1) Each Fj is frame, 1 <1< L;
2) ExN (Zl# E))={0}, for 1 <k <L, and Z,le E; is closed (where E is the range in 1*(I)
of the analysis operator associated to F).

In particular, the second condition above holds true when the ranges of E; are mutually or-
thogonal. This special case is called orthogonal in the sense of supersets (or strongly disjoint,
see [22]). More specifically we define the following.
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Definition A.3. Two frames F| = { fl.i siel}and Fr ={ fiz; i € I} indexed by I are said to be
orthogonal in the sense of supersets if E1, the range of analysis operator associated to F, is
orthogonal in [?(I) to E5, the range of coefficients associated to F». Equivalently,

> g f1)f2. h)=0 . ¥YgeH,, VheH,. (A.2)

iel

Remark A.4. Clearly if two frames |, F, are orthogonal in the sense of supersets, then E1 N
E; ={0} and E| + E» is closed, hence (Fi, F) is a superframe. Note that in this case the
range of the analysis operator associated to F; @ F; is exactly E1 @ E;, and the associated
Gram projection P, is given by P = P; + P», the sum of the associated Gram projections of F;
and J,. In particular, the canonical dual of F; @ J> is the direct sum of the canonical duals of
JF1 and F>.

Remark A.5. For any frame F € F[I], one can always construct ' € F[I] that is orthogonal
to F in the sense of supersets, so that F & F’ becomes a Riesz basic sequence. Let P be the
associated Gram projection to F. Then Q = 1 — P is also an orthogonal projection in 1%(I)
(1 being the identity operator). Set 7' = {Q3;; i € I}. One can easily check that F” is a (Parseval)
frame and that its associated Gram projection is Q; therefore F and F’ are orthogonal in the
sense of supersets. Furthermore, F @ F is a Riesz basis for span{F} & Ran Q.

Appendix B. Ultrafilters

Consider the difference between the limit of a sequence and the liminf of a sequence. The
liminf has the advantage that it is defined on all bounded sequences as opposed to the limit
which is only defined on the relatively small set of sequences that have limits. However, unlike
the limit, the liminf is not linear on its domain.

The existence of ultrafilters leads to linear functionals (Definition B.2) that achieve “the best
of both worlds” in the sense that they are defined and linear on all bounded sequences (Proposi-
tion B.3).

Definition B.1. A collection p of subsets of M is called a filter if it satisfies the following prop-
erties:

(1) The empty set is not in p: ¥ ¢ p;
(2) If Ay, Ap € p,then A1 N A € p;
(3) If AC BC M with A € p then B € p.
A filter p is an ultrafilter if it is ‘maximal’ in the following sense:

(4) For all A C M either A € p or (M \ A) € p (but not both because of (1) and (2) above).

An ultrafilter that does not contain a finite set is called a free ultrafilter; the set of free ultrafilters
will be denoted by M*.

The existence of free ultrafilters is unintuitive and requires the axiom of choice. For our pur-
poses we shall be concerned with the case M = N, and N* denotes the set of free ultrafilters.



R. Balan, Z. Landau / Journal of Functional Analysis 252 (2007) 630-676 675

The existence of ultrafilters allows us to define a family of limits on bounded sequences in-
dexed by M:

Definition B.2. Let x = {x,, },»ep be a bounded sequence of complex numbers. Given an ultrafil-
ter p on M, we say x converges to ¢ € C with respect to the ultrafilter p and write ¢ = p-lim X,
if for any € > O there is a set A € p such that |x,, — c| < ¢ forall m € A.

This notion of limit has the following consequences that can be found in any text about ultra-
filters (see [25] for example):

Proposition B.3. Let x = {x;,}mem, Y = {Vm}mem be bounded sequences of complex numbers
and let p be a free ultrafilter.

(1) p-limx exists and is unique.
(2) The function p-lim is linear, i.e. p-lim(ax + by) = a(p-lim x) + b(p-lim y) for all scalars
a,b.

(3) For M =N, the value of p-lim X is an accumulation point of the set x1, X3, ... Consequently,
if the sequence x1, X2, ... has a limit, then p-lim X is equal to that limit.
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