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ABSTRACT. We will show that the famous, intractible 1959 Kadison-Singer
problem in C*-algebras is equivalent to fundamental unsolved problems in
a dozen areas of research in pure mathematics, applied mathematics and
Engineering. This gives all these areas common ground on which to interact
as well as explaining why each of these areas has volumes of literature
on their respective problems without a satisfactory resolution. In each of
these areas we will reduce the problem to the minimum which needs to be
proved to solve their version of Kadison-Singer. In some areas we will prove
what we believe will be the strongest results ever available in the case that
Kadison-Singer fails. Finally, we will give some directions for constructing
a counter-example to Kadison-Singer.

1. INTRODUCTION

The famous 1959 Kadison-Singer Problem [61] has defied the best efforts of
some of the most talented mathematicians of our time.

Kadison-Singer Problem (KS). Does every pure state on the (abelian) von
Neumann algebra D of bounded diagonal operators on {y have a unique exten-
sion to a (pure) state on B(ls), the von Neumann algebra of all bounded linear
operators on the Hilbert space f5?

A state of a von Neumann algebra R is a linear functional f on R for which
f(I)=1and f(T) > 0 whenever T" > 0 (whenever T is a positive operator).
The set of states of R is a convex subset of the dual space of R which is
compact in the w*-topology. By the Krein-Milman theorem, this convex set
is the closed convex hull of its extreme points. The extremal elements in the
space of states are called the pure states (of R). This problem arose from
the very productive collaboration of Kadison and Singer in the 1950’s which
culminated in their seminal work on triangular operator algebras. During
this collaboration, they often discussed the fundamental work of Dirac [38]
on Quantum Mechanics. In particular, they kept returning to one part of
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Dirac’s work because it seemed to be problematic. Dirac wanted to find a
“representation” (an orthonormal basis) for a compatible family of observables
(a commutative family of self-adjoint operators). On pages 74-75 of [38] Dirac
states:

“To introduce a representation in practice

(i) We look for observables which we would like to
have diagonal either because we are interested in their
probabilities or for reasons of mathematical simplicity;

(ii) We must see that they all commute — a necessary
condition since diagonal matrices always commute;

(iii) We then see that they form a complete commut-
ing set, and if not we add some more commuting observ-
ables to make them into a complete commuting set;

(iv) We set up an orthogonal representation with this
commuting set diagonal.

The representation is then completely deter-
mined ... by the observables that are diagonal ...”

The emphasis above was added. Dirac then talks about finding a basis
that diagonalizes a self-adjoint operator, which is troublesome since there are
perfectly respectable self-adjoint operators which do not have a single eigen-
vector. Still, there is a spectral resolution of such operators. Dirac addresses
this problem on pages 57-58 of [38]:

“We have not yet considered the lengths of the basic
vectors. With an orthonormal representation, the natu-
ral thing to do is to normalize the basic vectors, rather
than leave their lengths arbitrary, and so introduce a fur-
ther stage of simplification into the representation. How-
ever, it is possible to normalize them only if the param-
eters are continuous variables that can take on all values
in a range, the basic vectors are eigenvectors of some ob-
servable belonging to eigenvalues in a range and are of
infinite length...”

In the case of D, the representation is {e;};cs, the orthonormal basis of [s.
But what happens if our observables have “ranges” (intervals) in their spec-
tra? This led Dirac to introduce his famous J-function — vectors of “infinite
length.” From a mathematical point of view, this is problematic. What we
need is to replace the vectors e; by some mathematical object that is essen-
tially the same as the vector, when there is one, but gives us something precise
and usable when there is only a d-function. This leads to the “pure states” of
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B(¥¢) and, in particular, the (vector) pure states w,, given by w,(T") = (T'x, z),
where z is a unit vector in H. Then, w,(T) is the expectation value of T"in the
state corresponding to x. This expectation is the average of values measured
in the laboratory for the “observable” T with the system in the state corre-
sponding to x. The pure state w,, can be shown to be completely determined
by its values on ID; that is, each w,, has a unique extension to B(¢3). But there
are many other pure states of . (The family of all pure states of D with the
w*-topology is #(Z), the [-compactification of the integers.) Do these other
pure states have unique extensions? This is the Kadison-Singer problem (KS).

By a “complete” commuting set, Dirac means what is now called a “maximal
abelian self-adjoint” subalgebra of B({5); D is one such. There are others. For
example, another is generated by an observable whose “simple” spectrum is a
closed interval. Dirac’s claim, in mathematical form, is that each pure state of
a “complete commuting set” has a unique state extension to B(¢y). Kadison
and Singer show [37] that that is not so for each complete commuting set other
than D. They also show that each pure state of D has a unique extension to the
uniform closure of the algebra of linear combinations of operators T, defined
by Tre; = ex(;), where 7 is a permutation of Z.

Kadison and Singer believed that KS had a negative answer. In particular,
on page 397 of [61] they state: “We incline to the view that such extension is
non-unique”.

This paper is based on two fundamental principles.

Fundamental Principle I[Weaver, Conjecture 2.6]: The Kadison-Singer
Problem is a statement about partitioning projections on finite dimensional
Hilbert spaces with small diagonal into submatrices of norms <1 —e.

Fundamental Principle II[Theorem 3.5]: Every bounded operator on a
finite dimensional Hilbert space is a constant times a “piece” of a projection
operator from a larger Hilbert space.

Armed with these two basic principles, we will make a tour of many different
areas of research. In each area we will use Fundamental Principle II (often
in disguised form) to reduce their problem to a statement about (pieces of)
projections. Then we will apply Fundamental Principle I to see that their
problem is equivalent to the Kadison-Singer Problem.

This paper is a greatly expanded version of [31]. Let us now discuss the
organization of this paper. In Sections 2-8 we will successively look at equiva-
lents of the Kadison-Singer Problem in operator theory, frame theory, Hilbert
space theory, Banach space theory, harmonic analysis, time-frequency analysis
and finally in engineering. In section 9 we will address some approaches to
producing a counter-example to KS. In Section 2 we will establish our first
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fundamental principle for showing that very general problems are equivalent
to KS. In Section 3 we introduce our “universal language” of frame theory and
introduce our second fundamental principle for reducing problems to KS. In
Section 4, we will show that KS is equivalent to a fundamental result concern-
ing inner products. This formulation of the problem has the advantage that
it can be understood by a student one week into their first course in Hilbert
spaces. In Section 5 we show that KS is equivalent to the Bourgain-Tzafriri
Conjecture (and in fact, a significantly weaker form of the conjecture is equiv-
alent to KS). This also shows that the Feichtinger Conjecture is equivalent to
KS. In Section 6, we show that a fundamental problem in harmonic analysis
is equivalent to KS. We also classify the uniform paving conjecture and the
uniform Feichtinger Conjecture. As a consequence we will discover a surprising
new identity in the area. In Section 7, we show that the Feichtinger Conjecture
for frames of translates is equivalent to one of the fundamental unsolved prob-
lems in harmonic analysis. In Section 8, we look at how KS arises naturally
in various problems in signal-processing, internet coding, coding theory and
more.

Notation for statements of problems: Problem A (or Conjecture A) im-
plies Problem B (or Conjecture B) means that a positive solution to the former
implies a positive solution to the latter. They are equivalent if they imply
each other.

Notation for Hilbert spaces: Throughout, ¢5(/) will denote a finite or infi-
nite dimensional complex Hilbert space with a fixed orthonormal basis {e; }ie;.
If I is infinite we let ¢y = ¢5(1), and if |I| = n write ¢y(]) = ¢§ with fixed
orthonormal basis {e;}!" ;. For any Hilbert space H we let B(H) denote the
family of bounded linear operators on H. An n-dimensional subspace of ((])
will be denoted Hl,,. For an operator 1" on any one of our Hilbert spaces, its
matrix representation with respect to our fixed orthonormal basis is the col-
lection ((T'e;,€;))ijer. If J C I, the diagonal projection (); is the matrix
whose entries are all zero except for the (i,4) entries for ¢ € J which are all
one. For a matrix A = (a;;); jer let 6(A) = max;es |as|.

A universal language: We are going to show that the Kadison-Singer prob-
lem is equivalent to fundamental unsolved problems in a dozen different areas
of research in both mathematics and engineering. But each of these areas is
overrun with technical jargon which makes it difficult or even impossible for
those outside the field to understand results inside the field. What we need
is a universal language for interactions between a broad spectrum of research.
For our universal language, we have chosen the language of Hilbert space frame
theory (See Section 3) because it is simply stated and easily understood while
being fundamental enough to quickly pass quite technical results between very
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diverse areas of research. Making it possible for researchers from a broad
spectrum of research areas to understand how their problems relate to areas
they may know little about will require certain redundancies. That is, we will
have to reprove some results in the literature in the format of our universal
language. Also, since frame theory is our universal language, we will prove
some of the fundamental results in this area so that researchers will have a
solid foundation for reading the rest of the paper.

Acknowledgement: We are indebted to Richard Kadison for numerous sug-
gestions and helpful discussions as well as making available to us various talks
he has given on the history of KS.

2. KADISON-SINGER IN OPERATOR THEORY

A significant advance on KS was made by Anderson [3] in 1979 when he
reformulated KS into what is now known as the Paving Conjecture (See
also [4, 5]). Lemma 5 of [61] shows a connection between KS and Paving.

Paving Conjecture (PC). Fore > 0, there is a natural number r so that for
every natural number n and every linear operator T' on [§ whose matriz has
zero diagonal, we can find a partition (i.e. a paving) {A;}7_; of {1,---,n},
such that

||QAjTQAj|| < EHTH fO?" all] = 1’27"'7T'

It is important that r not depend on n in PC. We will say that an arbitrary
operator T satisfies PC if ' — D(T') satisfies PC where D(T') is the diagonal
of T'.

Remark 2.1. There is a standard technique for turning finite dimensional
results into infinite dimensional ones and vice-versa. We will illustrate this
technique here by showing that PC is equivalent to PC for operators on (s
(which is a known result). After this, we will move freely between these cases
for our later conjectures without proving that they are equivalent.

We can use an abstract compactness argument for proving this result, but
we feel that the following argument is more illuminating. We start with a
limiting method for increasing sequences of partitions given in [25]. Since the
proof is short we include it for completeness.

Proposition 2.2. Fiz a natural number r and assume for every natural num-
ber n there is a partition { A7}, of {1,2,---,n}. There exist natural numbers

{k1 <ky <---} so that if m € Afm for some 1 < j <r thenm € A?e, for all
¢ >m. Hence, if A; ={m | me A?m} then
(1) {A;}i—, is a partition of N.
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(2) If Aj = {m1 < mg < ---}, then for all natural numbers ¢ we have
{my,ma, -+, my} C A?m".
Proof. For each natural number n, 1 is in one of the sets {A7}}_;. Hence,
there are natural numbers n} < nl <--- and a1l <j <rsothat 1€ A;”l for
all i € N. Now, for every natural number n}, 2 is in one of the sets {A;-”1 Pt

n2
Hence, there is a subsequence {n7} of {n;}} and a 1 < j <r so that 2 € A},

for all « € N. Continuing by induction, for all / € N we get a subsequence
41

{nf™} of {n‘} and a1 < j < rsothat £+ 1 € A;Lj , for all i € N. Letting
k; = n! for all i € N gives the conclusion of the proposition. 0

Theorem 2.3. The Paving Conjecture is equivalent to the Paving Conjecture
for operators on {s.

Proof. Assume PC holds for operators on £3. Let T' = (ay;)75-; be a bounded

linear operator on /5. Fix € > 0. By our assumption, for every natural number
n there is a partition {A7}7_, of {1,2,---,n} so that if T), = (a;)},;-, then for
all j=1,2,---.r

€ €
Q4 TuQuazll < SITull < SIT-

Let {Aj}§:1 be the partition of N given in Proposition 2.2. Fix 1 < j < r,
let A; = {m; < myg < ---}, and for all £ € N let Q, = @y, where [, =
{my,ma,---,my}. Fix f € £5(N). For all large ¢ € N we have:

1Q4,TQA, (NIl < 21QeQa,TQA, QS
21QeQ T, Q5 Qu( )
20|Q5 T, Q4 1 Qe(F)]
25|11 = i1

IN

IN

Hence, Q4,7Qu, | < ¢|T]|.

Conversely, assume PC holds for operators on ¢5. We assume that PC fails
for operators on ¢4 and get a contradiction. If (1) fails, a little thought will
yield that there must be an € > 0, a partition {7,}°, of N into finite subsets,
operators T, : ly(1,) — €o(I,) with || T,]] = 1 and for every partition {A%}%_,
of I,, there exists a 1 < j < n so that

[Qar T Qar|| = €.
Let

T = éTn: <Oo @(1@) = (émm) .

n=1
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Then, ||T|| = sup,, [|T.|| = 1. By (2), there is a partition {A;}’_; of N so that
forall j =1,2,---,r

1Qa,TQua,ll < e
For every n € N and every j = 1,2,---,r let A} = A; N I,. Then, {A}}7_, is
a partition of I,,. Hence, for every j =1,2,---,r we have
1QarTnQuar || = [QurTQar[| < [|[Qa,TQAl < e
If n > r, this contradicts our assumption about 7,,. O

It is known [12] that the class of operators satisfying PC (the pavable op-
erators) is a closed subspace of B(¢3). The only large classes of operators
which have been shown to be pavable are “diagonally dominant” matrices
[10, 11, 12, 53], matrices with all entries real and positive [56] and Toeplitz op-
erators over Riemann integrable functions (See also [57] and Section 6). Also,
in [13] there is an analysis of the paving problem for certain Schatten C-
norms. We strongly recommend that everyone read the argument of Berman,
Halpern, Kaftal and Weiss [12] showing that matrices with positive entries
satisfy PC. This argument is a fundamental principle concerning decomposi-
tions of matrices which has applications across the board — here, you will see
it used in the proof of Theorem 8.16, and it was vaguely used in producing a
generalization of the Rado-Horn Theorem [29] (See Theorem 8.3). We next
note that in order to verify PC, it suffices to show that PC holds for any one
of your favorite classes of operators.

Theorem 2.4. The Paving Conjecture has a positive solution if any one of
the following classes satisfies the Paving Conjecture:

(1) Unitary operators.

(2) Orthogonal projections.

(3) Positive operators.

(4) Self-adjoint operators.

(5) Gram matrices ((f;, f;))ijer where T : lo(I) — ly([1) is a bounded linear
operator, and Te; = f;, ||Te;|| =1 for all i € I.

(6) Invertible operators (or invertible operators with zero diagonal).

Proof: (1): This is immediate from the fact that every bounded operator is
a multiple of a sum of three unitary operators [23].

(2): This follows from the Spectral Theorem (or see Fundamental Principle
II: Theorem 3.5).

(3), (4): Since (3) or (4) immediately implies (2).

(5): We will show that (5) implies a positive solution to the Bourgain-
Tzafriri Conjecture (See Section 5) and hence to PC by Theorem 5.1. Given
T : ly(I) — ly(I) with ||[Te;|| = 1 for all i € I, let G = ((T'e;, Te;))ijer- By
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(5), there is a partition {A;}7_, of I which paves the Gram operator. Hence,
forall j =1,2,---,r and all f = EieAj a;e; we have

I Z aTe;|* = <Z a;Te;, Z axTey,)

- Z]az\zl\TeZH2+ Z Cli&_k<T€i,T€j>
i€A; i#kEA;

= > laiP+(Qu, (G~ D(G)Qa, f. /)
1€A;

> 3 Jail” = 1Qu, (G = D(G)Qa, Qa1
ieAj

2 Y laiff =3 lail
iGA]' iEAj

= -9 Jal

i€A;

Hence, the Bourgain-Tzafriri Conjecture holds (See section 5). Now we need
to jump ahead to Theorem 5.3 to see that the proof of BT implies KS is done
from the definition and does not need any theorems developed between here
and there.

(6): Given an operator T', (||T'||4+1)I+71 is invertible and if it is pavable then
so is T'. For the second statement, given an operator T', let S = T+ (||T||*+2)U
where U = (b;;); jer is the unitary matrix given by the bilateral shift on N (the
wrap-around shift on ¢4 if |I| = n). Then, S — D(S) is invertible and has zero
diagonal. By (6), for 0 < e < 1 there is a partition {A;};_, of I so that for all
J=1,2,--- r we have

1Q4,(S — D(5))Qa,ll < e
Note that for any ¢ € I, if i € A; then i + 1 ¢ A;, since otherwise:

(Qa; (S = D(8))Qa,eir1) (D) = [(Tes, Teia) + (| TI1° +2)] > 1.
Hence, [|Q,(S — D(S5))Qa4,| > 1, which contradicts our paving of S — D(S5).
It follows that

Qa,(S—D(9)Qa, = Qa,(T — D(T))Qa,, foralj=1,2---,r

So, our paving of S also paves T. O

Akemann and Anderson [1] showed that the following conjecture implies
KS.

Conjecture 2.5. There exists 0 < €,6 < 1 with the following property: for
any orthogonal projection P on 03 with 6(P) < ¢, there is a diagonal projection

Q such that ||QPQI <1 —¢ cmd (I -—Q)P(I—-Q)|| <1—e.
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It is important that €,6 are independent of n in Conjecture 2.5. It is un-
known if KS implies Conjecture 2.5. Weaver [82] showed that a conjectured
strengthening of Conjecture 2.5 fails.

Recently, Weaver [81] provided important insight into KS by showing that
a slight weakening of Conjecture 2.5 will produce a conjecture equivalent to
KS. This is our first Fundamental Principle.

Conjecture 2.6 (Fundamental Principle I: Weaver). There ezist universal
constants 0 < d,€ < 1 andr € N so that for all n and all orthogonal projections
P on €3 with 0(P) < 8, there is a paving {A;}i_, of {1,2,---,n} so that
QA PQAl| <1 —¢, forallj=1,2,---,r.

This needs some explanation since there is nothing in [81] which looks any-
thing like Conjecture 2.6. In [81], Weaver introduces what he calls “Conjecture
KS,” (See Section 3). A careful examination of the proof of Theorem 1 of [81]
reveals that Weaver shows Conjecture KS, implies Conjecture 2.6 which in
turn implies KS which (after the theorem is proved) is equivalent to KS,. We
will see in Section 3 (Conjecture 3.10, Theorem 3.11) that we may assume
| Pe;|| = || Pe;|| for all 4,j = 1,2,---,n in Conjecture 2.6 with a small restric-
tion on the € > 0.

3. FRAME THEORY: THE UNIVERSAL LANGUAGE

A family of vectors { f;}icr in a Hilbert space H is a Riesz basic sequence
if there are constants A, B > 0 so that for all scalars {a;};c; we have:

AN ail < 1> aifillP < BY  |ail”
il il iel
We call v/A, VB the lower and upper Riesz basis bounds for {f;};c;. If
the Riesz basic sequence {f;}icr spans H we call it a Riesz basis for H. So
{fi}ier is a Riesz basis for H means there is an orthonormal basis {e;}icr so
that the operator T'(e;) = f; is invertible. In particular, each Riesz basis is
bounded. That is, 0 < inf;e || fi|| < sup;e; || fil] < 0.

Hilbert space frames were introduced by Duffin and Schaeffer [42] to address
some very deep problems in nonharmonic Fourier series (see [83]). A family
{fi}ier of elements of a (finite or infinite dimensional) Hilbert space H is called
a frame for H if there are constants 0 < A < B < oo (called the lower and
upper frame bounds, respectively) so that for all f € H

(3.1) AFIP <D KE 1P < BIFI

iel
If we only have the right hand inequality in Equation 3.1 we call {f;};c; a
Bessel sequence with Bessel bound B. If A = B, we call this an A-tight
frame and if A = B = 1, it is called a Parseval frame. If all the frame
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elements have the same norm, this is an equal norm frame and if the frame
elements are of unit norm, it is a unit norm frame. It is immediate that
| fill*> < B. If also inf || f;]| > 0, {fi}ics is a bounded frame. The numbers
{{f, fi) }ier are the frame coefficients of the vector f € H. If {f;};cr is a
Bessel sequence, the synthesis operator for {f;}ic; is the bounded linear
operator T' : l5(I) — H given by T'(e;) = f; for all i € I. The analysis
operator for {f;}icr is T* and satisfies: T*(f) = >_,.,(f, fi)e;. In particular,

IT*f1* =" [(f. fi)?, for all f € H,

el
and hence the smallest Bessel bound for { f; }ic; equals ||T*||?

to Equation 3.1 we have:

Theorem 3.1. Let H be a Hilbert space and T : lo(I) — H, Te; = f; be a
bounded linear operator. The following are equivalent:

(1) {fi}ier is a frame for H.

(2) The operator T is bounded, linear, and onto.

(3) The operator T* is an (possibly into) isomorphism.
Moreover, if { fi}ic1 is a Riesz basis, then the Riesz basis bounds are VA, VB
where A, B are the frame bounds for {f;}icr.

. Comparing this

It follows that a Bessel sequence is a Riesz basic sequence if and only if 7™ is
onto. The frame operator for the frame is the positive, self-adjoint invertible
operator S =TT : H — H. That is,

Sf=TT"f=T <Z<f, fi>e@-> = (. f)Tei =Y (f. fi) i

iel iel iel
In particular,

(SE ) =D IR

el
It follows that {f;}ics is a frame with frame bounds A, B if and only if A-T <
S < B-I. So{fi}icr is a Parseval frame if and only if S = I. Reconstruction
of vectors in H is achieved via the formula:
fo= SSTU=) (ST S
el

= Z(fa ST
= > (. £S5
i€l

= > (/SRS

el
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It follows that {S~/2f;};c; is a Parseval frame equivalent to {f;}ic;. Two
sequences { fi}ie; and {g;}ic; in a Hilbert space are equivalent if there is an
invertible operator T between their spans with Tf; = ¢; for all ¢ € I. We
now show that there is a simple way to tell when two frame sequences are
equivalent.

Proposition 3.2. Let {fi}icr, {gi}ier be frames for a Hilbert space H with
analysis operators Ty and T, respectively. The following are equivalent:

(1) The frames {f;}icr and {g;}ier are equivalent.

(2) ker Ty = ker T.

Proof: (1) = (2): If Lf; = g; is an isomorphism, then Lf; = LTie; = g; =
The; quickly implies our statement about kernels.
(2) = (1): Since T;| (ker 7,)* 1S an isomorphism for i = 1,2, if the kernels are

equal, then
-1

T, (Tlf(ker TQ)J‘) fi = gi
is an isomorphism. O
In the finite dimensional case, if {g;}}_, is an orthonormal basis of ¢3 con-
sisting of eigenvectors for S with respective eigenvalues {\;}” %1, then for every

1<j<n, Y. fiog))? = A In particular, Y, ;|| fil|* = trace S (= n if
{fi}ier is a Parseval frame). An important result is

Theorem 3.3. If {fi}icsr is a frame for H with frame bounds A, B and P is
any orthogonal projection on H, then {Pf;}icr is a frame for PH with frame
bounds A, B.

Proof: For any f € PH,

DL PR =D UPL I =Y [ S
iel iel el
U
A fundamental result in frame theory was proved independently by Naimark
and Han/Larson [35, 54]. For completeness we include its simple proof.

Theorem 3.4. A family {f;}icr is a Parseval frame for a Hilbert space H if
and only if there is a containing Hilbert space H C ly(I) with an orthonor-

mal basis {e;}icr so that the orthogonal projection P of l(I) onto H satisfies
P(e;) = fi forallie 1.

Proof: The “only if” part is Theorem 3.3. For the “if” part, if {f;}ies is a
Parseval frame, then the synthesis operator T" : ¢5(/) — H is a partial isometry.
So T™* is an isometry and we can associate H with T*H. Now, for all 7 € I and
all g =T*f € T*H we have
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It follows that Pe; =T*f; for all © € I. O

Now we can establish our Fundamental Principle II which basically states
that any bounded operator on a finite dimensional Hilbert space is really just
a multiple of a “piece” of a projection from a larger space.

Theorem 3.5 (Fundamental Principle II). Let H,, be an n-dimensional Hilbert
space with orthonormal basis {g;}"_,. If T : H,, — H,, is any bounded linear
operator with ||T| = 1, then there is a contaming Hilbert space H,, C ()
(M=2n-1) with an orthonormal basis {e;}ML, so that the orthogonal projection
P from () onto H, satisfies:

Pe;=Tg;, foralli=1,2,--- ' n

Proof: Let S be the frame operator for the Bessel sequence {f;}’, =
{Tg;}_, having eigenvectors {z;}"_; with respective eigenvalues {\;}_; where
l=XN2>2X>---> )\, Fori=23---,nleth; =+/(1—X\)z;. Then,
{fiti=, U{h;}1-, is a Parseval frame for H since for every f € H we have

Z|<f,fi>|2+2|<f,hi>|2 = (Sf.f) +Z (1= A)I(f, @)
=1 1=2
= ZMM |2+Zl— ()
= Z|<f,xi>|2=||f||2.
i=1

Now, by Theorem 3.4, there is a containing Hilbert space £3"~! with an or-
thonormal basis {eZ 2” ! so that the orthogonal pI‘OJGCthn P satisfies: Pe; =
Tg; fori=1,2,- nandPeZ—thIZ—n—i—l ,2n — 1. O
For an introduction to frame theory we refer the reader to Christensen [35].
Weaver [81] established an important relationship between frames and KS
by showing that the following conjecture is equivalent to KS.

Conjecture 3.6. There are universal constants B > 4 and € > VB and an
r € N so that the following holds: Whenever {fi}}, is a unit norm B-tight
frame for U3, there exists a partition {A;};_, of {1,2,---, M} so that for all
j=1,2,---,r and all f € {5 we have

(3.2) ST P < (B=olfI*

i€ A,

In his work on time-frequency analysis, Feichtinger [32] noted that all of the
Gabor frames he was using (see Section 7) had the property that they could
be divided into a finite number of subsets which were Riesz basic sequences.
This led to the conjecture:
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Feichtinger Conjecture (FC). Fvery bounded frame (or equivalently, every
unit norm frame) is a finite union of Riesz basic sequences.

There is a significant body of work on this conjecture [10, 11, 32, 53]. Yet, it
remains open even for Gabor frames. In [25] it was shown that FC is equivalent
to the weak BT, and hence is implied by KS (See Section 5). In [31] it was
shown that FC is equivalent to KS (See Theorem 5.3). In fact, we now know
that KS is equivalent to the weak Feichtinger Conjecture: Every unit norm
Bessel sequence is a finite union of Riesz basic sequences (See Section 5). In
[30] it was shown that FC is equivalent to the following conjecture.

Conjecture 3.7. Every bounded Bessel sequence is a finite union of frame
sequences.

Let us mention two more useful equivalent formulations of KS due to Weaver

81).

Conjecture 3.8 (KS,). There is a natural number r and universal constants
B and ¢ > 0 so that the following holds. Let {fi}M, be elements of (3 with
Ifill <1 fori=1,2,---, M and suppose for every f € (3,

(3.3) >_WFFF < BISI

Then, there is a partition {A;};_; of {1,2,---,n} so that for all f € £y and
allj=1,2,---,r,

Y UL P < (B=alfl*

i€A;

Weaver [81] also shows that Conjecture KS, is equivalent to PC if we assume
equality in Equation 3.4 for all f € ¢5. Weaver further shows that Conjecture
3.8 is equivalent to KS even if we strengthen its assumptions so as to require
that the vectors {f;}}4, are of equal norm and that equality holds in 3.4, but
at great cost to our € > 0.

Conjecture 3.9 (KS,'). There exists universal constants B > 4 and € > v B
so that the following holds. Let {fi}M, be elements of 3 with ||fi|| < 1 for
1=1,2,---, M and suppose for every [ € (3,

M
(3.4) > KL= BISIP
i=1
Then, there is a partition {A;};_, of {1,2,---,n} so that for all f € (3 and

allj =1,2,---,r,
TSP < (B =olfI™

i€A;
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We now strengthen the assumptions in Fundamental Principle I, Conjecture
2.6.

Conjecture 3.10. There exist universal constants 0 < 6,v/8 < ¢ < 1 and
r € N so that for all n and all orthogonal projections P on {5 with 6(P) < §
and ||Pesl| = ||Pe;l| for all i,j = 1,2,---,n, there is a paving {A;};_, of
{1,2,---,n} so that |Qa,PQu,l| <1 —¢, forall j=1,2,---,r.

Using Conjecture 3.9 we can see that KS is equivalent to Conjecture 3.10.
Theorem 3.11. KS is equivalent to Conjecture 3.10.

Proof: 1t is clear that Conjecture 2.6 (which is equivalent to KS) implies
Conjecture 3.10. So we assume that Conjecture 3.10 holds and we will show
that Conjecture 3.9 holds. Let {f;}X, be elements of H,, with ||f;]| = 1 for
1=1,2,---, M and suppose for every f € H,,,

(35 SIS = BISIP

where % < 4. It follows from Equation 3.5 that {\/LE [}, is an equal norm

Parseval frame and so there is a larger Hilbert space ¢! and a projection
P — M, so that Pe; = f; for all i = 1,2,---,M. Now, [[Pe* =
(Pej,e;) = % < § for all i+ = 1,2,---, M. So by Conjecture 3.10, there
is a paving {A;}7_; of {1,2,---, M} so that [[Qa,PQa,|| < 1 — ¢, for all
j=1,2,---,r. Now, for all 1 < j <r and all f € £} we have:

M M
1QA,PFI> = Y HQaPfe)l> =D |(f. PQae:)|
=1 =1

1 2
= §Z|<f7fi>\

i€ A,
1Qa, PIPILfII?
1Qa, PQA I FIIP < (1=l fI*
It follows that for all f € H,, we have
SO P < (B=eB)|f]*
i€ A,

Since €B > v/B, we have verified Conjecture 3.9. 0
We give one final formulation of KS in Hilbert space frame theory.

Theorem 3.12. The following are equivalent:
(1) The Paving Conjecture.
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(2) For every unit norm B-Bessel sequence {fi}}, in H,, and every ¢ > 0,
there exists r = f(B,€) and a partition {A;}5_, of {1,2,---, M} so that for

every j = 1,2,---,r and all scalars {a;}ica, we have
Z [(fn, Z amfm>’2 <l Z amfm||2'
neA; n#EmMEA; meA;

Proof: (1) = (2): Let G be the Gram operator for {f;}M,. By PC, we can
partition {1,2,---, M} into {A;}7_; so that for all j = 1,2,---,r we have

[1P4;(G = D(G))Qa,l| < e

Now, for any j = 1,2,---,r and any scalars {a, }mea, We have
Z |<fna Z amfm>|2 = ”QA]'(G_ D(G>>QA]( Z amfm)HQ
neA; n#EMEA; meA;
<Y
TLGA]'
€
< Y whl?
nEAj

where the last inequality follows from the R.-Conjecture (actually, its proof
using PC, see section 4).
(2) = (1): Given (2), we have

Hzanfnl‘Q = Z‘an‘z‘i‘ Z G frs i)

nEAj nEAj n;ﬁmGAj
= Z |an|2 + Z an<fn7 Z amfm>‘
TLEA]' nEAj n;émEAJ

Using (2) we now compute:

Yoanlfn D amfu)| < D el | DD N D amf)l
nGAj n;émEAj TLGA]' TLGAJ' n#meAj
< | D Ml | el D amful?
TLGA]' mGAj
< D a6 B Janl
TLGA]' ?’LEAJ‘
This is enough to verify the R.-Conjecture (See Section 4). O

An important open problem in frame theory is:
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Problem 3.13. Classify the equal norm Parseval frames with special proper-
ties.

The special properties here could be translation invariance (Section 7), recon-
struction after erasures (Section 8), frames which decompose into good frame
sequences (see Section 8), etc. The idea here is to build up a “bookshelf” of
equal norm frames with special properties which can be used for applications
such as we have for wavelets. As we will see, this problem shows up in many
formulations of KS.

4. KADISON-SINGER IN HILBERT SPACE THEORY

In this section we will see that KS is actually a fundamental result concern-
ing inner products. Recall that a family of vectors { f;}ic; is a Riesz basic
sequence in a Hilbert space H if there are constants A, B > 0 so that for all
scalars {a;};c; we have:

AN al <1 afillP < B |ail”
iel iel iel
We call /A, v/B the lower and upper Riesz basis bounds for {fitier- It
e>0and A=1—¢ B =1+ ¢ we call {f;}ic; an e-Riesz basic sequence.
If ||fill = 1 for all ¢ € I this is a unit norm Riesz basic sequence. A natural
question is whether we can improve the Riesz basis bounds for a unit norm
Riesz basic sequence by partitioning the sequence into subsets. Formally:

Conjecture 4.1 (R.-Conjecture). For every ¢ > 0, every unit norm Riesz
basic sequence is a finite union of e-Riesz basic sequences.

The R.-Conjecture was first stated in [32] where it was shown that KS
implies this conjecture. It was recently shown in [31] that KS is equivalent
to the R.-Conjecture. We include this argument here since it demonstrates a
fundamental principle we will employ throughout this paper.

Theorem 4.2. The following are equivalent:

(1) The Paving Conjecture.

(2) If T : by — {5 is a bounded linear operator with ||Te;|| =1 for alli € I,
then for every € > 0, {Te;}icr is a finite union of e-Riesz basic sequences.

(3) The R.-Conjecture.

Proof: (1) = (2): Fix e > 0. Given 7" as in (2), let S = T*T. Since S
has ones on its diagonal, the (infinite form of the) Paving Conjecture gives
r=r(¢||T|) and a partition {A;}7_, of I so that for every j =1,2,--- 7 we
have

1Qa, (I —S)Qux,ll <4 -5
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where § = ¢/(||S]| + 1). Now, for all f=>"

i1 @i€; we have

| Z aTel> = [[TQa,f|?

icA,
(TQA, [, TQx, f)
(T"TQa, f,Qa, f)
(
|

Qua,f,Qa, f) = (Qa,(I = 5)Qa, [, Qa,[)
|Qua, fII* = Ol = SIQa, £
(1= lQa flIP =1~ Y lail*

iI€A;

v

v

Similarly, [|>-,c 4, a;Te; ]| < (1+€) D iea, |ai|?.

(2) = (3): This is obvious.

(3) = (1): Let T € B({ls) with Te; = f; and ||f;|| = 1 for all i € I. We need
to show that the Gram operator G of {f;}ic; is pavable. Fix 0 < § < 1 and
let € > 0. Let g; = V1 —62f; @ de; € Uy @ ly. Then ,||g;|| =1 for all ¢ € I and
for all scalars {a;}ics

0 lail? < 1) agl? =1 =) aTel®+6* ) |af’
el el el el
< (@ =TI+ 6] Y Jaal®

i€l

So {¢gi}ier is a unit norm Riesz basic sequence and (g;, gx) = (1 — 82){fi, fx)
for all i # k € I. By the R.-Conjecture, there is a partition {A;}_, so that
forall j=1,2,---,randall f =3 ae;,

A=Y lal < 1Y awl? = (> ag. 3 agy

ieAj iEAj iEAj kEAj
= D laillgll? + D aaxlg, o)
i€ A, i#heA;
= Z Jai* + (1 - 6%) Z a;ar( fi, fr)
i€ A, i#heA;
= > il + (1= 6°)(Qa, (G = D(@)Qa, [, f)
< 1+9Y laf

I€A;
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Subtracting ), y |a;|* through the inequality yields,
—€ ) ail® < (1=0°)(Qa, (G — D(G)Qu, f. f) <€) |ail*.

i€A; i€A;
That is,
(1= 09){Qa, (G = D(G))Qa, f, H)l < el fI*
Since Q4,(G — D(G))Q 4, is a self-adjoint operator, we have (1—6%)[|Qa4, (G —
D(G))Q4,|l < €. That is, (1 — 6*)G (and hence G) is pavable. O

Remark 4.3. The proof of (3) = (1) of Theorem 4.2 illustrates a standard
method for turning conjectures about unit norm Riesz basic sequences {g; }icr
into conjectures about unit norm DBessel sequences {f;}icr. Namely, given
{fi}ie] and 0 < § < 1, let g; = val —(SQfl D 561’ € 62([) ©® gg([) Then,
{gi}ier is a unit norm Riesz basic sequence and for 6 small enough, g; is close
enough to f; to pass inequalities from {g;}icr to {fi}ier-

It follows from Remark 2.1 that we can finite-dimensionalize the result in
Theorem 4.2.

Conjecture 4.4. For every ¢ > 0 and every T € B({3) with ||Te;|| = 1 for
i=1,2,---,nthereis anr = r(c, ||T||) and a partition {A;};_; of {1,2,---,n}

so that for all j =1,2,---,7 and all scalars {a;}ica;, we have
(1= lal <> aTe|> <(1+6) ) |al”
iEA]' iEAj iGA]'

By Remark 4.3, we can reformulate Conjecture 4.4 into a statement about
unit norm Riesz basic sequences.

One advantage of the R.-Conjecture is that it can be shown to students right
at the beginning of a course in Hilbert spaces. We note that this conjecture
fails for equivalent norms on a Hilbert space. For example, if we renorm
(5 by letting [{a;}| = ||aille, + sup; |a;|, then the R.-Conjecture fails for this
equivalent norm. To see this, let f; = (e + e241)/(V2 + 1) where {e;}ien is
the unit vector basis of /5. This is now a unit norm Riesz basic sequence, but
no infinite subset satisfies the R.-Conjecture. To check this, let J C N with
|J| =n and a; = 1/y/n for i € J. Then,

2wl = \/§1+1 (\/%%)

ieJ

Since the norm above is bounded away from one for n > 2, we cannot satisfy
the requirements of the R.-Conjecture. It follows that a positive solution to
KS would imply a fundamental new result concerning “inner products”, not
just norms. Actually, the R.-Conjecture is way too strong for proving KS. As
we will see, having either the upper inequality or the lower inequality hold is a
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sufficient enough assumption to prove KS - and for each of these we just need
a universal constant to work instead of 1 — e or 1 + €.

Using Conjecture 3.6 we can show that the following conjecture is equivalent
to KS:

Conjecture 4.5. There is a universal constant 1 < D so that for allT € B({3)
with ||Te;|| =1 for alli =1,2,--- n, there is an r = r(||T'||) and a partition
{A;}Yio of {1,2,---,n} so that for all j = 1,2,---,r and all scalars {a;}ica;

1" aTe|* <D Jaif.

i€A; i€ A,
Theorem 4.6. Conjecture 4.5 is equivalent to KS.

Proof: Since Conjecture 4.4 clearly implies Conjecture 4.5, we just need to
show that Conjecture 4.5 implies Conjecture 3.6. So, choose D as in Conjecture
4.5 and choose B > 4 and € > v B so that D < B —e. Let {fi}ier be a unit
norm B tight frame for /5. If T'e; = f; is the synthesis operator for this frame,
then || T)|> = ||T*||* = B. So by Conjecture 4.5, there is an r = (|| B||) and a
partition {A;}7_; of {1,2,---,n} so that for all j =1,2,---,r and all scalars
{Gi}ieAj

1Y aTel’ =11 afilP<DY laf < (B-¢ ) lal”

i€A; i€A; i€A; i€A;

So |TQa4,|* < B — € and for all f € (3
ST S = 1QaAT) FI? < ITQAIPIFI? < (B = ol f]I*

This verifies that Conjecture 3.6 holds and so KS holds. O

Remark 4.3 and Conjecture 4.5 show that we only need any universal upper
bound in the R.-Conjecture to hold to get KS.

5. KADISON-SINGER IN BANACH SPACE THEORY

In this section we state a fundamental theorem of Bourgain and Tzafriri
called the restricted invertibility principle. This theorem led to the (strong
and weak) Bourgain-Tzafriri Conjectures. We will see that these conjectures
are equivalent to KS.

In 1987, Bourgain and Tzafriri [16] proved a fundamental result in Banach
space theory known as the restricted invertibility principle.

Theorem 5.1 (Bourgain-Tzafriri). There are universal constants A,c > 0
so that whenever T : 0y — (% is a linear operator for which |Te;|]| = 1,
for 1 < i < n, then there exists a subset 0 C {1,2,--- ,n} of cardinality
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lo| > en/||T||? so that for all 7 = 1,2,---,n and for all choices of scalars

1Y " aiTe|? > A o).

j€o j€o

{aj}jeﬂf

Theorem 5.1 gave rise to a problem in the area which has received a great
deal of attention [17, 31, 32].

Bourgain-Tzafriri Conjecture (BT). There is a universal constant A > 0
so that for every B > 1 there is a natural number r = r(B) satisfying: For
any natural number n, if T : 05 — €5 is a linear operator with |T|| < B
and || Te;|| = 1 for all i = 1,2,---,n, then there is a partition {A;}i_, of
{1,2,---,n} so that for all j = 1,2,---,r and all choices of scalars {a;}ica,

we have:
1Y aTeil* > A |ail”.

iEAj ’iEAj

It had been “folklore” for years that KS and BT must be equivalent. But no
one was quite able to actually give a proof of this fact. Recently, Casazza and
Vershynin [32] gave a formal proof of the equivalence of KS and BT. Sometimes
BT is called strong BT since there is a weakening of it called weak BT. In
weak BT we allow A to depend upon the norm of the operator T'. A significant
amount of effort has been invested in trying to show that strong and weak BT
are equivalent [10, 25, 32]. Recently, Casazza and Tremain [31] proved this
equivalence by showing that these results are all equivalent to yet another
conjecture.

Conjecture 5.2. There exists a constant A > 0 and a natural number r

so that for all natural numbers n, if T : 03 — 03 with ||Te;|| = 1 for all
i=1,2---,n and |T|| < 2, there is a partition {A;}7_; of {1,2,---,n} so
that for all j = 1,2,---,r and all scalars {a;}ica; we have
1Y aTeil> > A |ail”.
iEAj ’iEAj

The proof of the following theorem from [31] demonstrates how we will use
our two Fundamental Principles.

Theorem 5.3. The following are equivalent:
(1) The Kadison-Singer Problem.

(2) The (strong) BT.

(3) The (weak) BT.

(4) Conjecture 5.2

(5) The Feichtinger Congecture.
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Proof: (1) = (2): By the R.-Conjecture, KS implies (strong) BT.

It is clear that (2) = (3) = (4).

(4) = (1): It suffices to show that Conjecture 5.2 implies Conjecture 2.6.
Let r, A satisfy Conjecture 5.2. Fix 0 < § < 3/4 and let P be an orthogonal
projection on ¢4 with §(P) < ¢ (notation from Section 1). Now, (Pe;, e;) =
| Pe;||* < 0 implies [[(I — P)eg||* > 1 =6 > 1. Define T : €5 — (3 by
Te; = (I — P)e;/||(I — P)e;||. For any scalars {a;}?, we have

1Y el = ||Z”[ Fra Pl
1=1

n 2
a;

< 2lia=pal

n
< 4l
=1

So ||Te;|| = 1 and ||T'|| < 2. By Conjecture 5.2, there is a partition {A;}7_; of

y 4y ) | = I i Ji€A;
{1,2,---,n} so that for all j =1,2 r and all scalars {a;}ica, we have
1) aTe|> > A |ail.
i€ Ay i€ A;
Hence,

1Y all=Plel® = 1) al( - PeTe|?

’iEAj ’iEAj
> AY a1 = P)e”
i€EA;
A
> g2 lal
ZGAJ'

It follows that for all scalars {a;}ica;,

S lail = 1D aPeil* + 1) ai(l = Pe|?

’iEAj iEAj iEAj
A
> | Z a;Pe;||* + 1 Z la;|?.
iEAj ’ieAj

Now, for all f =" ae;

1PQA, fIP =11 ) aiPes® < Z il .

iI€A; I€A;
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Thus,
A

Q4 PQa | = 1PQs, I <1~ %
So Conjecture 2.6 holds.

(1) = (5): Since every unit norm frame {f;};c; has the property that the
operator T'(e;) = f; is bounded where {e; };c; is an orthonormal basis for H, it
follows that from Theorem 4.2 that PC implies FC.

(5) = (4): This arguement comes from [25]. We will prove the contra-
positive. So we assume that (4) fails. Then for every M € N and for every
A > 0 there is an n = n(M,A) € N, a finite dimensional Hilbert space H
and a Bessel sequence {f;}, in H with Bessel constant 2 and || f;|| = 1, for
all 1 < i < n, and whenever we partition {1,2,---,n} into sets {I;}}L,, then
there exists some 1 < ¢ < M and a set of scalars {a;};c;, with

| ZaifiHQ < AZ Jail*.
i€l i€l
Now, for each k € N, we can choose a finite dimensional Hilbert space Hj of
dimension, say my, and letting M = k and A = 1/k above we can choose ny =
n(k,1/k) and {fF}"* satisfying the above conditions. Let H = (3. @ Hy)y,
and consider {fF}* 72 as elements of H. For each k € N, let {e}};"% be

an orthonormal basis for Hy and consider {eF}""* :> as elements of H. Since

{ef }i 12, is an orthonormal bais for H, the family { £} 72, U {ef},"F 2
is a family of norm one vectors in H with Bessel bound 3 and lower frame
bound > 1 and hence forms a frame for H. Fix M, A > 0 and assume we
can partition this frame into M sets of Riesz basic sequences each with lower
Riesz basis bound A. In particular, we can partition {fF}1*, 72, into M sets of
Riesz basic sequences each with lower Riesz basis bound A. But, for all k with
k> M and 1/k < A, {fF}*, cannot be partitioned into M sets each with
lower Riesz basis bound > A, and hence { f¥ }?21:20:1 cannot be partitioned this
way. This shows that (5) fails. O

Finally, let us note that Remark 4.3 and BT imply that KS is equivalent
to just the lower inequality in the R.-Conjecture and even without the lower
constant having to be close to one.

6. KADISON-SINGER IN HARMONIC ANALYSIS

In this section, we present a detailed study of the Paving Conjecture for
Toeplitz operators, reducing this problem to an old and fundamental problem
in Harmonic Analysis. Given ¢ € L*>(|[0, 1]), the corresponding Toeplitz op-
erator is T, : L?[0,1] — L?[0,1], T4(f) = f-¢. In the 1980’s, much effort was
put into showing that the class of Toeplitz operators satisfies the Paving Con-
jecture (see Berman, Halpern, Kaftal and Weiss [12, 56, 55, 57]) during which
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time the uniformly pavable operators were classified and it was shown that Ty
is pavable if ¢ is Riemann integrable [56]. In Section 6.1 we will reduce the
conjecture to a fundamental question in harmonic analysis and find the weak-
est conditions which need to be established to verify PC. In Section 6.2 we give
harmonic analysis classifications of the Uniform Paving Property for Toeplitz
operators and for the Uniform Feichtinger Conjecture. As a consequence,
we will discover a surprising universal identity for all functions f € L?[0, 1].
Throughout this section we will use the following notation.

Notation: If I C Z, we let S(I) denote the L*([0,1])-closure of the span of
the exponential functions with frequencies taken from I:

S(I) = cl(span{e*™™}, 1)

6.1. The Paving Conjecture for Toeplitz operators. A deep and fun-
damental question in Harmonic Analysis is to understand the distribution of
the norm of a function f € S(I). It is known (Proposition 6.5) if that if
la,b] C [0,1] and € > 0, then there is a partition of Z into arithmetic pro-
gressions A; = {nr + jlpez, 0 < j < r —1 so that for all f € S(A4,) we
have
L= =alfI* < If  Xanll* < 1+ )b - a)|l I

What this says is that the functions in S(A;) have their norms nearly uniformly
distributed across [a, b] and [0, 1] \ [a, b]. The central question is whether such
a result is true for arbitrary measurable subsets of [0, 1] (but it is known that
the partitions can no longer be arithmetic progressions [18, 56, 57]). If F is a
measurable subset of [0, 1], let Pz denote the orthogonal projection of L?[0, 1]
onto L*(E), that is, Pg(f) = f - xg. The fundamental question here is then

Conjecture 6.1. If E C [0,1] is measurable and € > 0 is given, there is a
partition {A;}i_, of Z so that for all j = 1,2,---,r and all f € S(A;)

(6.1) L= IEIAI* < [1Pe(HI” < A+l EIIFI*.

Despite the many deep results in the field of Harmonic Analysis, almost
nothing is known about the distribution of the norms of functions coming
from the span of a finite subset of the characters, except that this question
has deep connections to Number Theory [18] (Also, see Theorem 7.11). Very
little progress has ever been made on Conjecture 6.1 except for a specialized
result of Bourgain and Tzafriri [17]. Any advance on this problem would have
broad applications throughout the field.

To this day, the Paving Conjecture for Toeplitz operators remains a deep
mystery. The next theorem (from [31]) helps explain why so little progress has
been made on KS for Toeplitz operators — this problem is in fact equivalent to
Conjecture 6.1. Because this result is fundamental for the rest of this section,



24 P.G. CASAZZA, M. FICKUS, J.C. TREMAIN, E. WEBER

we will give the proof from [31]. To prove the theorem we will first look at the
decomposition of Toeplitz operators of the form Ppg.

Proposition 6.2. If E C [0,1] and A C Z then for every f € L?*[0,1] we have

1PeQafI* = ENQaf|I* + (Qa(Pr — D(Pr))Qaf, f),
where Q 4 is the orthogonal projection of L?[0,1] onto S(A).

Proof: For any f =) _,a,e’™ € L?[0,1] we have

1PeQafl? = (PeQaf, PeQaf) = <Z an Pg (™), Z U P (e27M)

neA meA
= Z |a'n|2||XE . e27rint||2 + Z an@<PE627rint’ eerimt>
neA n#meA
— 1B [anl + {(Ps = D(Pe) Y aue®™™, S a,e®™)
neA neA neA

= |B|QafI* +(Qa(Pr — D(Pg))Qaf. ).

Now we are ready for the theorem from [31].

Theorem 6.3. The following are equivalent:
(1) Conjecture 6.1.
(2) For every measurable E C [0, 1], the Toeplitz operator Pg satisfies PC.
(3) All Toeplitz operators satisfy PC.

Proof: (2) < (3): This follows from the fact that the class of pavable
operators is closed and the class of Toeplitz operators are contained in the
closed linear span of the Toeplitz operators of the form Pgr. That is, an ar-
bitrary bounded measurable function on [0,1] may be essentially uniformly
approximated by simple functions.

(1) & (2): By Proposition 6.2, Conjecture 6.1 holds if and only if for all
€ > 0, there exists a partition {A;}}_, such that

(1= oIEQa fII? < [E[|Qa, fII”> + (Qa;(Pe — D(Pr)Qa, f, f)
< (1+IEQa; fI?

for all j =1,2,---,r and all f € L?0,1].
Subtracting like terms through the inequality yields that this inequality is
equivalent to

(6.2) ’<QA]~(PE_D(PE)QAJ’f7f>‘ < E‘EH‘QAijQ-
Since Qa,;(Pr — D(Pg)Qa, is a self-adjoint, Equation 6.2 is equivalent to
|Qa,(Pe — D(Pg)Qa,|| < €|E|, and so Pg is pavable. O

Next we state a useful result from [68].



THE KADISON-SINGER PROBLEM IN MATHEMATICS AND ENGINEERING 25

Proposition 6.4. Suppose that A\, s - -+, Ay are distinct real numbers, and
suppose that § > 0 is chosen so that |\, — A\y| > 6 whenever n # m. Then for
any coefficients {a,}\_,, and any T > 0 we have

T N 0 N
/ 1> anem s = (T - 5) > laal,
0 n=1

n=1
for some 6 with —1 < 6 <1.

As an immediate consequence of 6.4 we have

Proposition 6.5. Conjecture 6.1 holds for intervals. Moreover, we can use a
partition of Z. made up of arithmetic progressions.

We next show that a significantly weaker conjecture than Conjecture 6.1 is
equivalent to PC for Toeplitz operators. It is clear that this is the weakest
inequality we can have and still get PC.

Conjecture 6.6. There is a universal constant 0 < K so that for any measur-
able set & C [0,1] there is a partition {A;}’_, of Z so that for every f € S(A;)
we have || Ppf|* < K|E|||f|*.

Now we will see that Conjecture 6.6 is equivalent to PC for Toeplitz opera-
tors.

Proposition 6.7. Conjecture 6.6 is equivalent to Conjecture 6.1.

Proof. Conjecture 6.1 clearly implies Conjecture 6.6. Assuming Conjec-
ture 6.6 holds, fix € > 0 and a measurable set E C [0,1]. Choose intervals
{lax, bk] }32; so that

FE C U[&k,bk],
k=1
and
S €| E|
Z(bk —ax) — |E[| < 3K
k=1
Next, choose N so that
S €| E|
Z (bk—ak)< 3K
k=N+1

and let

N
F=|Jlanbl, Bi=ENF, By=E\E,.
k=1
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Note that

o0

elE
Uak7bk\E | |

[P\ By <

<F\Eou(lj[%wk\@)

k=N+1

By Conjecture 6.6, we can partition Z into {A;}}_, so that for each j and all
f € S(A;) we have

1P, fII* < KIE|| £,

and

1Pre, fIP < KIF\ B[]

Since Ey C U lag, by], for every f € S(A;) we have
k=N+1

elE elFE
1Pe 12 < KO g2 = By e

Fix 1 < j < r. By Proposition 6.5, there is a partition {Bk}fy:jl of A; so that
for every f € S(By) we have

151 s < pesie < g1+ e
Now, for every f € S(By) we have
IBofIP < |1PafI?+ 1 PeufIP
< eesi+ e
sum+ﬂhmﬁdmww
sfﬁm—MWW+@ﬁww
k=1
< (151+ S2hise + 2B gy

= (1+6)|E|||f||2,
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where, without loss of generality, we have assumed K > 1. For the other
direction, we note that Prf = Pg, f + Pp\g, f and Pg, f L Pp\g, f and so

VPefl? 2 1P fI? = 1PefI? = PP
E E
> (171~ By - gy
E 2¢|E
SR ‘)Hfuz
_ a o

0J
We next present several equivalent formulations of a slightly weaker conjec-
ture.

Conjecture 6.8. Suppose E C [0,1] with 0 < |E|. There is a partition
{A;}i, of Z so that for all j = 1,2,---,r, Pg is an isomorphism of S(A;)
onto its range.

Definition 6.9. We say the Toeplitz operator Ty satisfies the Feichtinger Con-
jecture if there is a partition {A;}i_, of Z so that {Tye®™™},ca, is a Riesz
basic sequence for every j =1,2,---,r

Conjecture 6.8 is equivalent to all Toeplitz operators satisfying the Fe-
ichtinger Conjecture. That is, for any Toeplitz operator Ty, {T,e*™"}, ez
is a finite union of Riesz basic sequences.

Theorem 6.10. The following are equivalent:

(1) The Feichtinger Conjecture for Toeplitz operators.

(2) The Feichtinger Conjecture for Pg for every measurable set E C [0,1]
with 0 < |E)|.

(3) Conjecture 6.8.

Proof: (1) = (2): This is obvious.
(2) = (3): If £ is a measurable subset of [0, 1] with 0 < |E| and we assume
(2), then there is a partition {A;}j_; of Z and a constant 0 < A so that

{Ppe*™™},c 4, is a Riesz basic sequence for all j = 1,2,---,r with lower Riesz
basis bound A. Hence, for every j =1,2,---,7 and every f =3 _ 4, a,e?mnt
we have

1PefIP =1 Y anPpe®™™ | > A* Y |anl* = A%| f]*.

TLEAj nEAj

(3) = (1): Let T, be a non-zero Toeplitz operator on L?[0,1]. Choose € > 0
and a measurable set E' C [0, 1] with |E| > 0 so that |¢(t)| > € for all ¢t € E.
By our assumption (3), there is a partition {A;}j_; of Z so that Py is an
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isomorphism of S(A;) onto its range with, say, lower isomorphism bound A.
That is, for all j = 1,2,---,7r and all {a, }neca; We have

1
I3 aZaet™ P = [ 1 ™ Pl d

TZGA]' 0 nEAj
1
> / | Z ane27rint|2€2|XE|2 dt
0 TLEA]'
> 62HPE Z aneQwintH2
nEAj

> A Z |an)?.
O

At this time we do not know if the Feichtinger Conjecture for Toeplitz
operators is equivalent to PC for Toeplitz operators. The main problem here is
that we do not have an equivalent form of Fundamental Principle I (Conjecture
2.6) for Toeplitz operators.

There is some evidence for believing that Conjecture 6.8 might be true since
a weaker version of it holds as we see in the next result.

Proposition 6.11. Assume E C [0, 1] with 0 < |E|. Then, there is a partition
{A;}i_ of Z so that for every j = 1,2, 1 if f € S(A;) and f|g = 0 then
f=0.

Proof. We actually prove a stronger result, namely that there is a single
partition that works for all measurable sets E. In particular, let A; = NU{0}
and Ay = Z \ A;. Now, if f € S(A;) then log|f| € L'[0,1] (See Duran [43],
Page 16) and so f # 0 on any set of positive measure. A similar argument
(applied to the complex conjugate of f) applies in the case where f € S(As).

O

We end this section with one more equivalence of PC for Toeplitz operators.

Proposition 6.12. For a Toeplitz operator Ty the following are equivalent:
(1) T, satisfies PC.
(2) For every € > 0 there is a partition {A;};_, of Z so that for every
j=1,2,---,r and for every f € S(A;) we have:

LAIClgll =€) < [1f - gll < IfIICllgll + €)-

Proof: (1) = (2): If T, has the Paving Property, then Conjecture 6.6
(and hence Conjecture 6.1) holds. Fix ¢ > 0. Choose a simple function

h =", arxg, such that |g — h| < € almost everywhere, where, without loss
of generality, the sets Fj are mutually disjoint. By Conjecture 6.1, there is a
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partition {A;}7_; of Z so that for all j =1,2,---,r and for all f € S(4;) we
have

) )
[Fals (IEkl - —) <|f xml?® < I£I <|Ek:| + —)
iy laxf? ' >y laxf?
forall k=1,..., M. Now,

M
If-hlP = 1) anf - xe P
k=1

M
= > lal’llf - xz P

k=1

)
|ax || f1I” (\Ek! + —>
1 22/1:1 |ak|2

M
L£1I* (Z x| | +5>
k=1

= I/ IPIAI* +9).

M=

>
Il

IN

Similarly,
Lf -2l = AP R]P — 6)-

Hence, for o > 0 small enough we have

1F gl < IRl IS (g =Bl
< IAIVIRE+3 + 1716
< I (VTlaT+ 8736 +9)
< 1AV +e.
Thus,
I1£ - gl> < IFIP(lg)® + ).
Similarly,

1f - gl* = LA (gl = o).
(2) = (1): This is immediate from Conjecture 6.1, and Theorem 6.3. O

6.2. The Uniform Paving Property. In this section we will classify the
Toeplitz operators which have the uniform paving property and the uniform
Feichtinger property.



30 P.G. CASAZZA, M. FICKUS, J.C. TREMAIN, E. WEBER

Definition 6.13. A Toeplitz operator T, has the uniform paving property if for
every € > 0, there is a K € N so that if Ay = {nK + k}nez for0< k< K -1
then

|Pa, (T, = D(T,)Pa, | < e.

Definition 6.14. A Toeplitz operator T, has the uniform Feichtinger property
if there is a K € N so that if Ay = {nK + k}nez for 0 < k < K — 1, then
{T,e*™ "}, ca, is a Riesz basic sequence for all k =0,1,---, K — 1.

Halpern, Kaftal and Weiss [56] made a detailed study of the uniform paving
property and in particular they showed that T} is uniformly pavable if ¢ is a
Riemann integrable function. As we saw in Section 6.1, the uniform paving
property is really a fundamental question in harmonic analysis. In this section
we will give classifications of the Toeplitz operators having the uniform paving
property and those having the uniform Feichtinger property. Our approach
will be of a harmonic analysis flavor and will lead to a new identity which

holds for all f € L?0,1].
Notation 6.15. For all g € L*[0,1], K € N and any 0 < k < K — 1 we let

gf(t) _ Z(Q, e27ri(nK+k)t>eQ7ri(nK+k)t.
nez

Also,
1 ko,
gk (l) = I% Z |g(t — g)\ :

The main theorems of this section are:

Theorem 6.16. Let g € L>°(0, 1] and T, the Toeplitz operator of multiplication

by g. The following are equivalent:
(1) T, has uniform PC.
(2) There is an increasing sequence of natural numbers {K,} so that

K,—1

. 1 k
lim —— > Jg(t = =)1* = llgll* ae.
k=0 n

n—00 Kn

uniformly over t. That is, for every e > 0 there is a K € N so that

R 2
2 2
% kz_; l9(t = 2 = llgl’l <€ ae.

Theorem 6.17. Let g € L>([0,1]) and T, the Toeplitz operator of multiplica-
tion by g. The following are equivalent:
(1) T, has the uniform Feichtinger property.
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(2) There is a natural number K € N and an € > 0 so that

1« k
E 2
? £ |g(t — g)l Z € a.e.

(8) There is an € > 0 and K measurable sets

k k+1
—, T <k< —
EkC[K, I |, forall0<k<K-—1,
satisfying:
(a) The sets {E), — £} are disjoint in [0, +].
K-1
1
() | J (B~ k) = [0, .
k=0
K-1
(@) lg(t)| 2 e on | B
k=0

With a little effort we can recover the Halpern, Kaftal and Weiss result [56].

Corollary 6.18. For all Riemann integrable functions ¢, the Toeplitz operator
Ty satisfies the uniform paving property. If |g| > € > 0 on an interval then g
has the uniform Feichtinger property. Hence, if g is continuous at one point
and is not zero at that point, then g has the uniform Feichtinger property.

Examples of Toeplitz operators failing uniform pavability were given in [18,
56].

Example 6.19. An example of a Toeplitz operator which fails the uniform
Feichtinger property.

Proof: Choose 0 < a, so that > na, < 1. For each n, choose

1
F, C[0,=], with |F,| = a,.
n

Let
n—1 k‘ e
E, = - = )
; U(Fn+n), and E=|JE,
k=0 n=0
Now,

B <> B =) na, <L

It is easily seen that E¢ contains no intervals. If ¢ = yge, then for all K € Z
we have

K-1 k
D lglt——=)P =0, on E.
k=0 K

So uniform Feichtinger fails. 0
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Example 6.20. There is an open set F' C [0, 1] so that for g = xr the Toeplitz
operator T, fails the uniform paving property.

Proof: Let g = xr where F' is the set given in Example 6.19. Let F, be the
sets given in that example also. Then F' is an open set with |F'| < 1 and for
all K € N we have

1 k
¥rd Z lg(t — K)fz =1, foralltcF,.
k=0

Hence, T} fails uniform paving by Corollary 4.5. U

Example 6.21. There is a g € L*[0,1] so that the Toeplitz operator T, has
the uniform Feichtinger property but fails the uniform paving property.

Proof. Choose a measurable set F' C [0,1/2] with yp failing uniform paving
and let E = F U [1/2,1]. By Corollary 6.18 Pg has the uniform Feichtinger
property but still fails uniform paving. U

In order to prove Theorems 6.16 and 6.17, we will need to do some prelimi-
nary work. Parts (1), (2) of this proposition were done originally by Halpern,
Kaftal and Weiss [56], Lemma 3.4.

Proposition 6.22. For any g € L*([0,1]) and any positive integer K,

S

=, J o\ 2mih
?)e K forall0<k<K-—1,

(1) off () = j( ol -
€

(2) For all k,

NOM

we have:

g 27ike K

9 (t_E):e K ogp ().

(3) If now f = f¥, then
(f - 9)i (t) = fF(H)gis(t).
Proof. (1): For any k =0,..., K — 1, consider h € L*([0,1]),

= .
TSN
]:0
We want to show h = gi, namely,

h(t) _ Z<g7 eQwi(nK+k)t>e27ri(nK+k)t'

neL
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To do this, note

1 .
/ J —2mint o j
/0 gt —=)e dt, let s=1t— %

C\
—_
Q
—~
V)
—
m|
[\
3
S.
3
@
+
N‘xn
QL
»

Thus, h and gF have the same Fourier coefficients, that is, h = gf*.

(2): We have:

1 j 2wijk
— t—— — =)e K
K2 It
7=0
K-1 .
1 N
_ t — K
X 2 g( 7 )¢
7=0
iK—lg(t_ g_’_]') Qﬁi(ll;-'—j) _%
K 4 K
7=0
2wilk

33
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(3): We have:
1 K 7 7 . 2mije
Cg)(t) = — t— D)t — Z)e ®
o) = DS fute— e’
1 j G amge
= K fk(t_?) (t_?) x
7=0
1 =] 2mijk ) 2mige
= e F Ayt - eV
7=0
1 == ¥ j(e—k)
2mij(L—
= fk(t)Ejog(t_E)e = f(8)ge-n(t).

Now we can establish an important relationship between gX and g.

Theorem 6.23. For all g € L*[0,1] we have

K-1 1 K-1 ]{,’

K 2 _ 2
Z lgr (D] = It Z lg(t — §)| :
k=0 k=0

Proof. With
(t) o ]_ Kl (t J) 27ijk
9k - K g K € )
7=0
and for ¢ € [0,1], let hy € {(Zx) be given by: hy(j) = g(t — £). Then
K—1
1 . Tijh 1 ~
gr(t) = 32 D (e = —=hu(—h)
7=0
Now,
K—1 K—1 Kol
lge (01F = lgx (B = i (k)
k=0 k=0 k=0
K—1
1 .
S Il
k=0
1, ~ 1
= IR = a?
= = j
= X i (5)° = EZW@—E)F'
=0 =0

Combined with our lemmas, this proves Theorem 6.23.
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The next theorem gives an identity which holds for all f € L?[0,1]. It says
that pointwise, any Fourier series can be divided into its subseries of arithmetic
progressions so that the square sums of the functions given by the subseries
spreads the norm nearly equally over the interval [0, 1] (Compare this to the
discussion at the beginning of Section 6.1).

Theorem 6.24. For any g € L>([0,1]) there is an increasing sequence of
natural numbers {K,}2 | so that

K, —1 1/2
i (Z |gkn<t>|2) = lollxos ac
k=0

Proof: By Theorem 6.23, we can work with the functions gx. Also, we
observe that it suffices to prove that this sum converges in measure to ||g||%xo,1-
We will do the proof in steps.

Step 1: The result holds for ¢ = x(s77. And in fact, the convergence is
uniform for these functions.

Proof of Step 1: It suffices to assume S = 0 and T' < 1. Fix K and choose
1 <k < K so that

k—1 k
TS <T<—.
K ~ K
So, k —1 < TK < k. Now,
K-1 .
1 joo _ k k-1 1 1
— t— )P =2 4 < T+ —.
szoyg( PR Oy R R
Similarly,
K-1
1 1 J
T—-—<— t—=)?
K_szo\g( )]

This completes Step 1.

Step 2: If {gj}§:1 are disjointly supported functions on [0, 1], g = Z§:1 gj
and all the g; satisfy the theorem (respectively, satisfy the theorem with uni-
form convergence), then ¢ satisfies the theorem (respectively, with uniform
convergence).



36 P.G. CASAZZA, M. FICKUS, J.C. TREMAIN, E. WEBER

Proof of Step 2: Since the g; are disjointly supported,

Kn,—1 Kpn—1 ¢

1 ko ! ko,
Jim —— kz:% |g(t—7n)| = lim —— > Zwﬂ'(t_fn)'

n " k=0 j=1

n n

¢
= Z ”gj”2X[0,1}
j=1

= |lg|*xj0.1], a-e. t (respectively, uniformly).

L
1 k
= > lim —|g;(t — —)[
j:1ngrolo 19t = 7)I

This completes the proof of Step 2.
Step 3: Let E be a measurable subset of [0,1], e > 0, K € N and set

F=fre01le Y sl - 2P > o).
k=0

Let F1 = FN[0, %] If |F| > ¢, then |E| > €.
Proof of Step 3: Let E, = EN[£ 5] and compute

K’ K
* k
8§dﬂ=dﬂﬂﬁt/!m@——wﬁ
0 K
1 K—1
/0 k=0 K
1 K—1
—/“ X (E+ ) dt
= XE =
0 k=0 ' K
K-1 % k’
= Y [Tt e
k=0 Y0
K-1 kbl
k=0 K
K—1
= S ksl = B
k=0

This completes the proof of Step 3.
Step 4: If E is a measurable set which is a countable union of intervals, then
the theorem holds.
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Proof of Step 4: Fix e > 0 arbitrary and choose § > 0 to be specified later.
Assume that

E =02, (an, by),

and choose a natural number N so that

D (b —ay) <6
n=N+1
Also let
G = U2 v (an, by),s0 that |G| < 6°.
Let

and note that we may as well assume that {(a,,b,)}_, are disjoint. Finally,
let
| K1 ko
F={te01]2 ;; Xa(t =) = 6}, sothat |F| <.
By Step 1,
o R ko
Jm - ;0 xa(t = 22)I" = |Glxp,

uniformly. Choose a natural number K, so that for all K > K, we have

1« k
7 > Ixalt - I < (1G] +0)xp-
k=0

Now we compute,

=

-1

et — ) 4yt — B2

1 & k
_ —_ 2

IN
—

=[ =
i{ng

=

IN

ot = S | L3 et - £
XG K Kk:oXH K

=[ =

1 k
VIH| + dxp0,1 + I kzg Ixa(t — ?)P
< VIH| 4 dxp,1 + 6X[o.11;

off of the set F' where |F| < § < € and 6 is chosen so that
VIH] + X0 + dxp < VIH] + €xjo-

i

0

IA
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Similarly, for K > K, we have

K-1

1 k

=3 et = )P = (VIGT+9 = 8) xo = VIGT+ exon
k=0

This completes the proof of Step 4.
Step 5: The Theorem holds for y g for every measurable set E.

Proof of Step 5. Given a measurable set E in [0,1] and an ¢ > 0, choose
intervals {(a,,b,)}>°; so that

E c U2 (an,b,) = F,

and
x

1B =32 bn = @) < 3.

n=1
Then, there is a measurable set G’ with |G| < €/3 and a natural number K
so that for every K > K and for all t ¢ G we have

1 k R i
L _ My o L Ry
e kzzo Ixe(t K)\ < % Z Ixr(t K)!

< (F1+ Sxpn < (Bl + 53X

Similarly, there is a measurable set G Wlth ]Gﬂ < €/3 and a natural number
K, so that for all K > K1 and all ¢ gé G, we have

K-
Z X t— =P < (IE°] + €)X,
k:

We next note that

Xou(®) = (|><E (= B+ et - )

k
= KZ|XEt__’2 Z|XE t——1)|

Now, for all t ¢ G, we have
K-1 K-1

1
_Z|XE t——)\2>1——ZIXEct——)|2>1—(|EC|+6) Bl = e

Hence, |G UG,| < eand for all ¢ é G UG, we have

1 = k
— t— V2 - |E|| <e
|K§|XE( 7 —IEl <e

—
N ?VMN
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Hence,

1 ko
{g IXe(t — §)| ¥
k=0
converges to |E|x[o1) in measure. This completes the proof of Step 5.
Step 6: The general case for the theorem.
Proof: 1f g € L?[0,1] and € > 0 is given, fix a § > 0 (to be chosen later) and
choose a simple function

M
h = Z ajXE;>
j=1

so that |g — h| < d a.e. Then,

K-1 K-1 K—1
1 k 1 k 1 )
— — )2 < _ —_ )2 _ ~)2
k=0 k=0 k=0
K-1
1 k )
< _ — |2 —
< \R Bt = )P+ 3
k=0
Similarly,
K-1 K-1
1 k 1 k 0
e lg(t — §)|2 20\ K |h(t — E)P — 3
k=0 k=0

Now, there is a measurable set |G| < § and a natural number K, so that for
all K > Ky and all t ¢ G we have

1 K—-1 k 1 K-1 M k
2 2 2
?Z\h(t—gﬂ = % Z\aa" X (= 22)I
k=0 k=0 j=1
M K-1
1 k
2 2
= Z|ag| I |XEj(t—§)|
7=1 k=0
M 5
< Yl (151 + )
]Zl ’ 2M Y Jasl?
M

o 4]
= LlaPiEl+5 =+ 5
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Hence,

o, 0
_2y2 < 202y 2
ot =) < (P +5)+ 5

0
< [P +o < (gl +3)*+9
0 &
< 24— —+94
< gl + Sllgll + 5 +

< lgll*+e,

for an appropriately chosen § > 0 and all ¢ ¢ G. Similarly,

=

1 ko )
_ —_ )2 > _
7 Olg(t K)I > lgll* — €,

B
Il

for all ¢ ¢ G. This completes the proof of Step 6 and hence of the theorem. [
Now we proceed to the proof of the main theorems of this section. For the
proofs we will need a proposition.

Proposition 6.25. Fiz g € L>([0,1]) and K € N. For0 <k < K —1 let

gk(t) — Z(Q’ e27ri(nK+k)t>627ri(nK+k)t.
nez

Then, for every f € cl(span{e*™("E+R ) we have:

1F-gl>=1F-{ D lasl I
k=0
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Proof. We will do the case k = 0; the others require only notational changes.
So, we compute:

If gl = D If-g. e

neL

= Sy

nel

_ ZZ| 27r1nK+k: >|

k=0 nez

— ZZ' —27rzktf 2min Kt— >|

k=0 nez

_ Z | —27rink:tf’ e?ﬂinKt%> |2

ne”L

N

T
_.o

_ Z |<6727m'ktf’ e27rint%> ‘2

S

e
i
o
3
N

=
L

| < —2mikt 27rint> | 2

S Gk, €

=~
g
3

N

S

K-1
= e ™ f - gell> = > If - anll®
k=0

1

| F () |ge(t)*dt

T

T
Ll

Il
o

I
S—

k

= [ 1OF Y la) P
0 k=0
K—1 1/2
- ||f-<2|gk\2) B
k=0
O

Proof of Theorem 6.16: By Corollary 4.5, T, has the uniform Kadison-
Singer Property if and only if for every € > 0 there is a natural number K so
that for all f € cl(span{e?™("K+R1!1 /) we have:

LA Clgl® =€) < I1f - Z & (D)%)
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= [ VORE X ot Ky < 1P+ o).
0 K~ K -

The proof of (2) = (1) is immediate from here.
(1) = (2): If this implication fails, there is an € > 0 so that for all K € N
there is a measurable set Ej so that either

K-1

1 k., 9
- — 2>
= ot = )P = gl +e.

k=0

or
K-1

1 k., 9
_ — 2 < —c.
= ot — )P < gl e

k=0
We will do the first case since the second is similar. Choose ||h|| = \/LE so that
h=h-xg. Let E=U_(Fy+k) and let

Then, g € cl(span{e?™("EK+0)1 /) and

1 K-1 L
150l = [ 1r0Rg X lote - )P
k=0

ge / F@)Pdr (lg]? + )
= gl +e

Similarly, for the other case we have

1 1 = k
If-gl* = /0 |f(t)|2§ > gt — g)\zdt < |lg|l* —e.
k=0

So the Paving Conjecture fails for T, by Corollary 4.5.

Proof of Theorem 6.17: This is similar to the above. The Toeplitz
operator T has the uniform Feichtinger property if and only if there exists an
¢ > 0 and a natural number K so that for all f € cl(span{e?™("K+h11 ) we
have

1 1 K L
I£-01F = [ 1P S ale - Pdr =
0 k=0
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As in the proof of Theorem 6.16, this holds if and only if there exists an € > 0
and a K so that
K
Ve Z 2>¢€ ae.
k=0

This shows that (1) < (2).
(3) = (2): By (3) we have that

1 k
EZ lg(t — ?)|2 > € a.e.
k=0

(2)=(3): If

1 k
EZ |g(t — E)F > € ae.,
k=0

then forall 0 < k< K — 1 let

Fie={t € [, 20 | lgt0)] = o)
Now,
U o(Fi = k) = [0, ]

Letting Fy = Fy and
By = F \ U (F) = J),
produces the desired sets. This completes the proof of Theorem 6.17. 0

7. KADISON-SINGER IN TIME-FREQUENCY ANALYSIS

Although the Fourier transform has been a major tool in analysis for over a
century, it has a serious lacking for signal analysis in that it hides in its phases
information concerning the moment of emission and duration of a signal. What
was needed was a localized time-frequency representation which has this in-
formation encoded in it. In 1946 Gabor [45] filled this gap and formulated a
fundamental approach to signal decomposition in terms of elementary signals.
Gabor’s method has become the paradigm for signal analysis in Engineering
as well as its mathematical counterpart: Time-Frequency Analysis.

To build our elementary signals, we choose a window function g € L?(R).
For z,y € R we define modulation by x and translation by y of g by:

M,g(t) = ™g(t), T,g(t) = gt —y).
If A C RxR and {E,T,9}@uyen forms a frame for L?(R) we call this an
(irregular) Gabor frame. Standard Gabor frames are the case where A is
a lattice A = aZ x bZ where a,b > 0 and ab < 1. For an introduction to
time-frequency analysis we recommend the excellent book of Grochenig [52].
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It was in his work on time-frequency analysis that Feichtinger observed that
all the Gabor frames he was working with could be decomposed into a finite
union of Riesz basic sequences. This led him to formulate the Feichtinger
Conjecture - which we now know is equivalent to KS. There is a significant
amount of literature on the Feichtinger Conjecture for Gabor frames as well as
wavelet frames and frames of translates [10, 11, 18]. It is known that Gabor
frames over rational lattices [25] and Gabor frames whose window function
is “localized” satisfy the Feichtinger Conjecture [10, 11, 53]. But the general
case has defied solution.

Translates of a single function play a fundamental role in frame theory, time-
frequency analysis, sampling theory and more [2, 18]. If g € L*(R), \, € R
for n € Z and {T),g}nez is a frame for its closed linear span, we call this a
frame of translates. Although considerable effort has been invested in the
Feichtinger Conjecture for frames of translates, little progress has been made.
One exception is a surprising result from [26].

Theorem 7.1. Let I C Z be bounded below, a > 0 and g € L*(R). Then
{Thag}ner is a frame sequence if and only if it is a Riesz basic sequence.

Our next theorem will explain why the Feichtinger Conjecture for frames
of translates, wavelet frames and Gabor frames has proven to be so difficult.
This is due to the fact that this problem is equivalent to a deep problem in
harmonic analysis, namely Conjecture 6.8, which in turn is equivalent to having
all Toeplitz operators satisfy the Feichtinger Conjecture (Theorem 6.10).

The proof our of our theorem is complicated, and requires some preliminary
work. The main idea is to apply the Fourier transform to turn this into a
problem concerning functions of the form {e*™*t¢}, s with ¢ € L%(R). Then
we want to use perturbation theory to reduce this problem into one with
evenly spaced exponentials {e?™™¢},cn. There are two technical problems
with this. The first is that our functions ¢ are no longer in L*°[0, 1] which
causes technicalities. Second, perturbation theory fails miserably in the frame
setting if we perturb a frame by a sequence from outside the space - as we
have to do here (see Example 7.2 below). What makes this all eventually work
is that perturbation theory does work from outside the space for Riesz basic
sequences and we are just trying to divide our family of vectors into a finite
number of Riesz basic sequences.

Example 7.2. Let {e;}°, be an orthonormal basis for . For all i € N,
define ga; = gait1 = €2:, faiv1 = €2 and

€
fai = €2 + i1 G2t
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Then {g:}52, is clearly a 2-tight frame for the span of {e9;}32,. Also, for any
finitely non-zero sequence of scalars {a;}2, we have

oo o0 € [e.e] oo
| Zai(gi - fz)HQ = || Z ﬁai+1ei+1”2 < EZ |ai‘2 < GZ ’ai|2'
i=1 i=1 i=1 i=1

So {fi}2, is a small perturbation of {g;}5°, but {fi}2, is not a frame for its
span since for any 7 € N we have

> €
Z’ 62]+1afz 2i+1'
=1

We will state the main theorems here, then develop some theory for solving
them and give the proofs at the end.

Theorem 7.3. The following are equivalent:

(1) Congecture 6.10.

(2) For every 0 # ¢ € L*(R) and A, € R forn € A, if {T\,d}nea 15 a Bessel
sequence, then it is a finite union of Riesz basic sequences.

(3) For every A C Z and every 0 # ¢ € L*(R), if {T,,¢}nen is a Bessel
sequence, then it is a finite union of Riesz basic sequences.

(4) For every 0 # ¢ € L*(R) and A\, € R forn € A, if {T\,¢}nen is a frame
sequence, then it is a finite union of Riesz basic sequences.

(5) For every A C Z and every 0 # ¢ € L*(R), if {T,,¢}nen is a Bessel
sequence, then it is a finite union of frame sequences.

Instead of proving Theorem 7.3, we will take the Fourier transform of all
this and prove the equivalent formulation given in the next theorem.

Theorem 7.4. The following are equivalent:

(1) Congecture 6.10.

(2) For every ¢ € L*(R) and every {\,}nen, if {€¥™l¢},cn is Bessel in
L*(R), then it is a finite union of Riesz basic sequences.

(3) For every 0 # ¢ € L?[0,1] and every A C Z, if {e*™™¢},cn is a Bessel
sequence then it is a finite union of Riesz basic sequences.

(4) For every ¢ € L2(R) and every {\n}nen, if {2 to}cn is a frame
sequence in L*(R), then it is a finite union of Riesz basic sequences.

(5) For every A C Z and every 0 # ¢ € L?[0,1], if {€*™™¢},en is a Bessel
sequence, then it is a finite union of frame sequences.

The first thing we will do is derive the perturbation theorem we need for
proving our results. We start with a theorem due to Christensen [33] which is
a generalization of the Paley-Wiener theorem [64] (We state a slightly stronger
conclusion at the end which easily follows from the proof of [33]).
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Theorem 7.5. Let H be a Hilbert space and {f;}icr a frame for H with frame
bounds A, B. Let {g;}icr be a sequence in H. Assume there exists a A\, > 0
with A + :/% < 1 and an increasing sequence of subsets Iy C Iy C -+ C I with

U I, = I so that for alln = 1,2,--- and all families of scalars {a;}icr, we
have
1/2
I Zai(fi —g)ll <Al Z%‘fz’” + (Z |a,~|2> :
i€y icly i€l

Then {g;}ier is a frame for H with frame bounds

Ry IRV
Al - ——-—=)°, B+ X+ —=)°.
( va o PutAt s
Moreover, if { fi }ic1 is a Riesz basic sequence, then {g;}ics is also a Riesz basic
sequence.

We will need a variation of a result proved independently by Balan [6] and
Christensen [34]. Since this is a straightforward generalization where we just
insert a function into the calculations of Balan [6], we will outline the proof.

Theorem 7.6. Let ¢ € L*[—v,~] and assume {e*"'¢},cz is a Bessel sequence
with Bessel bound B. Set

™ 1 _ 1 A
L(v) = ol ;arcsm (E (1 - E)) :

Suppose i, € R and sup,, |, — A\n| = 6 < 1/4. Then {e*"'¢},c;1 is a Bessel
sequence with Bessel bound B(2 — cos 76 +sin v0)2. Moreover, if {e*"'¢},e;
is a frame sequence with frame bounds A, B and § < L(v) then {e#rt¢},cr is
a frame sequence with frame bounds

2
A <1 — \/%(1 — cos Y0 + sin 75)) , B(2—cos v +sin 7).

Proof. By a change of scale (S\n = 1),) we may assume 7 = 7 and we need

to show:
1 1 ) 1 A
L(m) = 7~ - arcsin [E (1 — “E)

To prove this result, we rely on Kadec’s classical estimations for computing
the Paley-Wiener constant [62]. Let {a, },er be scalars, Iy C I with |Iy]| < oo
and let 9, = p, — A\,. We compute:

(7.1)

Lt 1 ipnt 1 iAnt 6t
U= Z an (\/%el nt — \/—Q_We )(b(t)H = \/_2_’/TH Z ane™t (1= (t)||.

nelyn nely,
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By expanding 1 — e»* into a Fourier series relative to the orthogonal system
{1,cos vt sin(v — 3)t}, v =1,2,--- we have
- sin 7o = (—1)¥26, sin 70
72) 1—é%t = [1-— = = % cos (vt
r2) 1-et = (1-T ) S s (0

(7.3) + Z o 35_ oo ;5) sin ((y - %) t) .

We next insert (7.2) into (7.1), change the order of summation, apply the
triangle inequality and use the bounds |[(cos vt)f(¢)|| < || f] and ||(sin(v —

DeyfO < [ f]| to arrive at

U < HZ (1_811;6:5n) et (1) ZHZ% sin 775 a, e tcb()H

’I’LE[N = nelyn

On cos7r5 -
D Dl |

v=1 nely

Now we use the fact that {e*'¢(t)},e; is a B-Bessel sequence. Therefore,
each norm above can be bounded as:

1Y cnane™ o) < VBI{cntntneryll < VB Y leall{antneryl-

nely nely
Also,
1_sm o, Sl_sm 7T(5’
70y, 7o
20, sin o, 20 sin 7o
m(v? —62) w(v? —§2)’
20, cos o, 20 cos mo

(v =352 =0)| = w((v—3)°=0)

where the last inequality holds because § < i. Thus,

1/2
U < VB(Re(1 — ™) — Im(1 — ™) (Z |an|2> .

neln

That is,

1/2
U < VB(1—cos w8 +sin w0) <Z|an|2) :

nel,
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Now we apply Theorem 7.5 with A = 0 and p = v/B(1 —cos md+sin 7). The

condition of that theorem becomes p < VAor1—cos 76 +sin w8 < \/g )
Standard trigonometry yields

1 1 ) 1 /A
(5<L—Z—;arcsm (E (1— E))

The frame bounds come from A(1 — \/LZ)2 and B(1 + \/Lg)z. This completes

the proof. O
We also need a simple observation.

Lemma 7.7. Suppose {¢n}nen is a Riesz basic sequence in L*(I), I C R
with Riesz basis bounds A, B. If |¢| = 1 a.e. then {¢,d}nen is a Riesz basic

sequence with Riesz basis bounds A, B.

Proof: For any sequence of scalars {a, },en we have

I3 esnsl? = [ 13 awonttrote) P

neA I' nea

= [IX aon o

neA
= | Z an¢n|l2‘
neA

O

Corollary 7.8. Suppose ¢ € L*(R), {e*™™ ¢}, is a Riesz basic sequence in
L?0,1] and X\, € R with |n — \,| < 1 for everyn € A. Then {e*™*nt¢}, s is
a finite union of Riesz basic sequences.

Proof. Suppose {e*™ ¢}, cx has Riesz basis bounds A, B. Choose N so that
1/(2rN) < 1/4 and

1 1
Z(l—cos N—l—sin N) < 1.

For j=0,1,---,N — 1 let

SE

J
N N
and .

,un:n+%, for n € A,,.
Then

{eQﬂ—iunté}neAj _ {eQNintQSeQWi%t}neAj’
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is a Riesz basic sequence with Riesz basis bounds A, B, by Lemma 7.7. Since
|ttn — An| < + by Theorem 7.6 (rescaled to this setting) we have

) ) 1 1
[ Z ap(eXmHnt _ o2miAnt) g < \/E(l —cos +sin —),

N
\/B(l = + si 1)<1
A COS N S1n N .

{QQWi)\nt¢}n€Aj

is a Riesz basic sequence for 7 =0,1,---, N — 1. O
We will need a little more notation. If ¢ € L*(R) we define @, : [0,1] — R

by
~(t+n
Dy(t) = Z ¢ (T)
nez
If A C Z we let S(A) be the closed subspace of L?([0,1]) generated by the
characters e*™ for n € A. We let E, be the closed subspace of S(A) of all f
such that ®,(¢)f(t) = 0 a.e. If f € S(A) we denote by d(f, Ex) the distance
of f from the subspace E,. We denote T, the translation operator on L*(R)
by x. Now we can state the result from [26].

Theorem 7.9. Suppose ¢ € L*(R) and b > 0. If A C Z then {T,yd}nea is a
frame sequence with frame bounds A, B if and only if for every f € S(A) we
have

and

So by Corollary 7.8,

2

1 1
Ad(S.EnP < 5 [ IR < B,
0

or equivalently, for all f € S(A)N Ex,

1 1
Al < 5 [ 15OPa < B

Furthermore, if this condition is satisfied, {T,p¢}nen is a Riesz basic sequence
with the same frame bounds if and only if Ex = {0}.

Now we are ready to prove our main theorem.
Proof of Theorem 7.4:

(3) = (2): We first note the existence of a natural number N so that any
interval of length one in R contains at most N of the Al s. If not, then for
every natural number N there is a set I C A with || = N and

i i 1
N e D I
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for all \,, u, € I. Now, for A\, € I fixed we have

i i N
S e, emientg) 2 = o).

MHEI

So {e?™ =t} x is not Bessel which contradicts our assumption. It follows that
we can write A as a finite union of sets so that |\, — A,,| > 1 for all n # m. So
we may just assume that A has this property. By reindexing, we may assume
there is some A C Z so that for n € A we have [\, —n| < 1. Let {A;}]_, be:

1+ 1
)

}.

Fix 0 < j < 4. Since {e*™*'¢},,c5, is Bessel with Bessel bound B, by Theorem
7.6 we have that {e*™™¢}, ¢, is Bessel with Bessel bound

Ai:{n€A|n+%§)\n<n+

By = B[2 — cos g+sing].

By our assumption (3), we can partition A; into a finite number of sets
{Ajk},i\ﬁl so that for every k = 1,2,---, Mj, the family {e*™¢},cs,, is a
Riesz basic sequence with some lower Riesz basis bound A > 0. By Corollary
7.8, we have that {e*™l¢}, A, 18 a finite union of Riesz basic sequences.

(2) = (4): This is obvious.

(4) = (1): Since {e*™"y p},cz is a Parseval frame, by (4) there is a partition
{A;}5_, of Z so that {e*™™ ¢} e, is a Riesz basic sequence (with lower Riesz
basis bound A > 0) for all j =1,2,---, M. Hence, forany f =3, a,e*mnt,
we have that [|f[|* =3, |an|* and

IPefl* =11 ) ane®™™xpl® 2 A* Y Jau® = %] fII*.

TLEAJ' TLGA]‘

That is, Pg is an isomorphism onto its range.
(1) = (3): Suppose {€*™™ ¢}, is Bessel in L*(R). So there exists a B > 0
so that for all f € Hy we have

/0 FOPD()E < BILfI

Since ¢ # 0, ® # 0. So there is a measurable set F C [0,1] with 0 < |E|
and an € > 0 so that |®(t)| > € for all t € E. By the above, {€*™"®}, ., is a
bounded Bessel sequence in L?[0,1]. By (1), there is a partition of ZNA of the
form {A;}}Z, so that Pp is an isomorphism on S(A;), for every j = 1,2,---, M
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with lower isomorphism bound A > 0. Hence, for every {ay}nca, we have
1/2

| Z an®™ P || 12101y > || Z an€® ™ x| 201 > A Z |a,|?

TLGAJ‘ TZEA]' TZEA]'

So {e*™™®}, 4, is a Riesz basic sequence for all j =1,2,---, M.
(5) = (3): Assume {e*™™¢}, s is Bessel. Let

AT ={neA0<n}, A~ ={neAln<0}

Now, {e*™" ¢}, cr+ is Bessel with the same Bessel bound. So by (5), we can
write it as a finite union of frame sequences. By Proposition 6.11 and by
Theorem 7.9, these frame sequences are all Riesz basic sequences.

(3) = (5): This is obvious.

This completes the proof of the theorem. O

We end this section with a result of Bownik and Speegle [18] which makes
a connection between number theory and PC for Toeplitz operators. This is
related to a possible generalization of van der Waerden’s theorem [67, 68].

Definition 7.10. Let g : R? — R. We say that I C 7Z satisfies the g({, N)-
arithmetic progression condition if for every 6 > 0 there exists M, N,{ € Z
such that

(1) g(¢,N) < 0, and

(2) {M,M +¢,---, M+ NC} CI.

Taking the Fourier transform through theorem 4.1.2 in [18] yields:

Theorem 7.11. A positive solution to the Feichtinger Conjecture for Toeplitz
operators implies there is a partition {A;}’_, of Z so that each A; fails the

g(t,N) = (N"2]og> N arithmetic progression condition.

In [18], it is observed then if we randomly assign each integer to one of r
subsets {A;}7_, of Z, then with probability one, for each j and 7 there will
exist an M; such that

{M;,M; +1,---,M; + L} C A;.
Now, if Z is partitioned as {A;}}_,, the probability that {T,,¢}nca, (and hence
{e>™$} e 4,) is a Riesz basic sequence is zero.

8. KADISON-SINGER IN ENGINEERING

Frames have traditionally been used in signal processing because of their
resilience to additive noise, resilience to quantization, numerical stability of
reconstruction and the fact that they give greater freedom to capture impor-
tant signal characteristics [43, 49]. Recently, Goyal, Kovacevi¢ and Vetterli [49]
(see also [46, 47, 50, 51]) proposed using the redundancy of frames to mitigate
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the losses in packet based transmission systems such as the internet. These
systems transport packets of data from a “source” to a “recipient”. These
packets are sequences of information bits of a certain length surrounded by
error-control, addressing and timing information that assure that the packet
is delivered without errors. It accomplishes this by not delivering the packet
if it contains errors. Failures here are due primarily to buffer overflows at
intermediate nodes in the network. So to most users, the behavior of a packet
network is not characterized by random loss but rather by unpredictable trans-
port time. This is due to a protocol, invisible to the user, that retransmits lost
or damaged packets. Retransmission of packets takes much longer than the
original transmission and in many applications retransmission of lost packets is
not feasible. If a lost packet is independent of the other transmitted data, then
the information is truly lost. But if there are dependencies between transmit-
ted packets, one could have partial or complete recovery despite losses. This
leads us to consider using frames for encoding. But which frames? In this set-
ting, when frame coefficients are lost we call them erasures. It was shown in
48] that an equal norm frame minimizes mean-squared error in reconstruction
with erasures if and only if it is tight. So a fundamental question is to identify
the optimal classes of equal norm Parseval frames for doing reconstruction
with erasures. Since the lower frame bound of a family of vectors determines
the computational complexity of reconstruction, it is this constant we need to
control. Formally, this is a max/min problem which looks like:

Problem 8.1. Given natural numbers k, K find the class of equal norm Par-

seval frames {f;} 57 in €3 which mazimize the minimum below:

min J - C RN = Jte ower Jrame oouna o irieJe -

This problem has proved to be very difficult. We only have a complete
solution to the problem for two erasures [14, 27, 58]. Recently, Bodemann and
Paulsen [14] have given sharp error bounds for an arbitrary number of erasures
and, more importantly, have characterized when we have equality in these
bounds. In some settings, this proves that equal norm tight frames are optimal.
Vershynin [80] shows that for any n-dimensional frame, any source can be
linearly reconstructed from only n log n randomly chosen frame coefficients,
with a small error and with high probability. Thus every frame expansion
withstands random erasures better (for worst case sources) than the orthogonal
basis expansion, for which the n log n bound is attained. It was hoped that
some special cases of the problem would be more tractable and serve as a
starting point for the classification since the frames we are looking for are
contained in this class.

Conjecture 8.2. There exists an € > 0 so that for large K, for all n and all
equal norm Parseval frames {f;}5" for €3, there is a J C {1,2,---,Kn} so
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that both { f;}ics and { fi}icje have lower frame bounds which are greater than
€.

The ideal situation would be for Conjecture 8.2 to hold for all K > 2. In
order for {f;}ic; and {f;}icsc to both be frames for ¢, they at least have
to span £5. So the first question is whether we can partition our frame into
spanning sets. This will follow from the Rado-Horn theorem [59, 71]. For a
generalization of the theorem see [29].

Theorem 8.3 (Rado-Horn). Let I be a finite or countable index set and let
{fi}ier be a collection of vectors in a vector space. There is a partition { A;};_,
such that for each j = 1,2,---,7, { fitica, is linearly independent if and only
of for all finite J C 1

/]
(8.1 dim span{f; }ie ="

The terminology “Rado-Horn Theorem” was introduced, to our knowledge,
in the paper [15]. This theorem has had several interesting applications in
analysis, for one, a characterization of Sidon sets in II}2 ,Z, due to Bourgain
and Pisier [15, 70]. Another application is a proof that the Feichtinger Conjec-
ture is equivalent Conjecture 3.7 [29]. In [31] it was shown that the Rado-Horn
Theorem will decompose our frames for us.

Proposition 8.4. Every equal morm Parseval frame {f;}E% for €3 can be
partitioned into K linearly independent spanning sets.

Proof: If J C {1,2,--- Kn} let P; be the orthogonal projection of ¢4
onto span{ fi}ies. Since {f;}E% is an equal norm Parseval frame (see Section

3) iy Ifill> = Enl fi]]* = n. Now,

J
dim(span{f}ic)) ZHPJf@HZ>ZHPszII2 Susr="10

e ieJ

So the Rado-Horn conditions hold with constant » = K. If we divide our
family of Kn vectors into K linearly independent sets, since each set cannot
contain more than n-elements, it follows that each has exactly n-elements. [

If we are going to be able to erase arbitrary k-element subsets of our frame,
then the frame must be a union of erasure sets. So a generalization of Conjec-
ture 8.2 which is a class containing the class given in Problem 8.1 is

Conjecture 8.5. There exists € > 0 and a natural number r so that for all
large K and all equal norm Parseval frames {f;}E% in €3 there is a partition
{A}i=1 of {1,2,---, Kn} so that for all j = 1, 2 -, r the Bessel bound of

{fitiea, s <1—e
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Little progress has been made on this list of problems. But before we dis-
cuss why, let us turn to another setting where these problems arise. For many
years engineers have believed that it should be possible to do signal recon-
struction without phase. Recently, Balan, Casazza and Edidin [7] verified this
longstanding conjecture of the signal processing community by constructing
new classes of equal norm Parseval frames. This problem comes from a fun-
damental problem in speech recognition technology called the “cocktail party
problem”.

Cocktail Party Problem. We have a tape recording of a group of people
talking at a cocktail party. Can we recover each individual voice with all of its
voice characteristics?

As we will see, the main problem here is “signal reconstruction with noisy
phase”. One standard technique for removing noise from a signal f € L*(R)
is to digitalize f by sending it through the fast Fourier transform [7]. This
proceedure just computes the frame coefficients of f with respect to a Gabor
frame (see Section 7), say {(f, fi) }icr- Next, we take the absolute values of
the frame coefficients to be processed and store the phases

There are countless methods for processing a signal. One of the simplest
is thresholding. This is a process of deleting any frame coefficients whose
moduli fall outside of a “threshold interval,” say [A, B], where 0 < A < B. The
idea is that if our frame is chosen carefully enough then the deleted coefficients
will represent the “noise” in the signal. Now it is time to reconstruct a clear
signal. This is done by passing our signal back through the inverse fast Fourier
transform (that is, we are inverting the frame operator). But to do this we
need phases for our coefficients. So we take our stored X;(f) and put them
back on the processed frame coefficients which are at this time all non-negative
real numbers. This is where the problem arises. If the noise in the signal is
actually in the phases (which occurs in speech recognition), then we just put
the noise back into the signal. The way to avoid this is to construct frames
for which reconstruction can be done directly from the absolute value of the
frame coefficients and not needing the phases. This was done in [7].

Theorem 8.6. For a generic real frame on €3 with at least (2n — 1)-elements,
the mapping £ f — {|(f, fi)|}ier is one-to-one.

For a generic complex frame on €3 with at least (4n — 2)-elements, the map-
ping cf — {|{f, fi)l}ier, |c| = 1, is one-to-one.

“Generic” here means that the set of frames with this property is dense in
the class of all frames in the Zariski topology on the Grassman manifold [7].
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In the process of looking for algorithms for doing reconstruction directly
from the absolute value of the frame coefficients, it was discovered in the
real case (the complex case is much more complicated) that the standard
algorithms failed when the vector was getting approximately half of its norm
from the positive frame coefficients and half from the negative coefficients
[8]. The algorithms behave as if one of these sets has been “erased”. The
necessary conditions for reconstruction without phase in [7] help explain why.
These conditions imply that every vector in the space must be reconstructable
from either the positive frame coefficients or the negative ones. It is also shown
in [8] that signal reconstruction without phase is equivalent to a (F,) problem
with additional constraints (See equation 8.2 below). So once again we have
bumped into Problem 8.1 and Conjectures 8.2 and 8.5.

The next theorem (from [31]) helps to explain why all of these reconstruction
problems have proved to be so difficult. Namely, because KS has come into
play again.

Theorem 8.7. (1) Conjecture 8.2 implies Conjecture 8.5.
(2) Conjecture 8.5 is equivalent to KS.

Proof: (1): Fix € > 0, r, K as in Conjecture 8.2. Let {f;}X% be an equal
norm Parseval frame for an n-dimensional Hilbert space H,. By Theorem
3.4 there is an orthogonal projection P on (X" with Pe; = f; for all i =
1,2,---, Kn. By Conjecture 8.2, thereisa J C {1,2,---, Kn} so that { Pe; };c;
and {Pe; };cje both have a lower frame bound of € > 0. Hence, for f € H,, =
P(t™),

IFI2 = DA Pel’ =Y [(f. Pea)® + Y [{f, Pey)l?
i=1 ieJ ieJe
> D F Pel + el £

ieJ
That is, > .., [(f, Pei)|* < (1 =€) f]|*. So the upper frame bound of {Pe;}e s
(which is the norm of the analysis operator (P@Q;)* for this frame) is < 1 —e.
Since PQ); is the synthesis operator for this frame, we have that ||Q;PQ || =
|PQsII? = ||(PQJ)*||> <1 —e. Similarly, ||QscPQ,c|| <1 —¢€. So Conjecture
8.5 holds for r = 2.

(2): We will show that Conjecture 8.5 implies Conjecture 3.6. Choose an
integer K and an r,e > 0 with \/Lf < e. Let {fi}¥, be a unit norm K-
tight frame for an n-dimensional Hilbert space H,. Then (see Section 3)
M =" |Ifil? = Kn. Since {\/%fl M is an equal norm Parseval frame, by

Theorem 3.4, there is an orthogonal projection P on ) with Pe; = \/—%fz, for
1=1,2,---, M. By Conjecture 8.5, we have universal r,e¢ > 0 and a partition
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{A;}7_) of {1,2,---, M} so that the Bessel bound [|(PQ.,)*||* for each family
{fi}iea, is <1—e Sofor j=1,2,---,7 and any f € {3 we have

1
> I, ﬁfi>|2 = D U PQaen)’ =D [(Qa,Pfe)” < [1Qa,Pf
ieAj ’iEAj ’iEAj
< 1QuPIPIAIE = I(PQA Y IFIFI? < (1= I
Hence,
S £ < K1 = 9l = (€ - Ko
iGAj
Since Ke > V'K, we have verified Conjecture 3.6.

For the converse, choose r,d, ¢ satisfying Conjecture 2.6. If {f;}5" is an
equal norm Parseval frame for an n-dimensional Hilbert space H,, with % <4,
by Theorem 3.4 we have an orthogonal projection P on (X" with Pe; = f; for
i=1,2,---,Kn. Since 6(P) = ||f;|[* < £ < ¢ (see the proof of Proposition
8.4), by Conjecture 2.6 there is a partition {A;}j_; of {1,2,---, Kn} so that
forall j=1,2,---,r,

1Q4,PQua,ll = 1 PQa,II* = (PQ4,) P <1 e

Since ||(PQa,)*||* is the Bessel bound for {Pe;}ica, = {fi}ica,, we have that
Conjecture 8.5 holds. ([l

Theorem 8.7 yields yet another equivalent form of KS. That is, KS is equiv-
alent to finding a quantitative version of the Rado-Horn Theorem.

We end this section with a class of Conjectures which were thought to be
equivalent to KS. But, we will show that these conjectures are just weak enough
to have a positive solution. There is currently a flury of activity surround-
ing sparse solutions to vastly underdetermined systems of linear equations.
This has applications to problems in signal processing (recovering signals from
highly incomplete measurements), coding theory (recovering an input vector
from corrupted measurements) and much more. If A is an n x m matrix with
n < m, the sparsest solution to Af = ¢ is
(8.2) () uin £l subject to Af =g,
where || f]le, = [{7 : f(¢) # 0}|. The problem with (FP,) is that it is NP hard
in general [39, 69]. This has led researchers to consider the ¢; version of the
problem known as basis pursuit.

(P) min [[flle  subject to Af =g,
where || f|l,, = > i, |f(¢)]. Building on the groundbreaking work of Donoho
and Huo [40], it has now been shown [19, 22, 20, 21, 39, 41, 44, 78] that
there are classes of matrices for which the problems (P,) and (P;) have the
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same unique solutions. Since (Pj) is a convex program, it can be solved by
its classical reformulation as a linear program. A recent approach to these
problems involves restricted isometry constants [20]. If A is a matrix with
column vectors {v; }ec s, for all 1 < S < |J| we define the S-restricted isometry
constant dg to be the smallest constant so that for all T C J with |T'| < S and

for all {CLj}jeT,

(1=05) Y la;l* < 11D ayosl® < (1+35) Y layl.
jET jeT jET
The fundamental principle here is the construction of (nearly) unit norm
frames for which subsets of a fixed size are (nearly) Parseval (or better, nearly

orthogonal). The classification of these frames is out of our grasp at this time.
But this did lead to a natural conjecture.

Conjecture 8.8. For every S € N, for every 0 < 0 < 1 and for every unit
norm tight frame {fi}2,, there is a partition {A;}7_, of N so that for all
J=1,2,---,r, {fi}tica, is a frame sequence with S-restricted isometry constant
0s < 0.

There is also a finite dimensional version of Conjecture 8.8.

Conjecture 8.9. For every S € N and B and every 0 < 6 < 1, there is a
natural number r = r(0,S, B) so that for every n and every unit norm B-
tight frame { fi}}2, for (3 there is a partition {A;};_, of {1,2,---, M} so that
forall j =1,2,--- .7, {fi}tica, is a frame sequence with S-restricted isometry
constant dg < 9.

We would like to invoke Remark 2.1 here to see that Conjectures 8.8 and
8.9 are equivalent. It is easily seen by that remark that Conjecture 8.8 implies
Conjecture 8.9. Unfortunately, this approach does not directly work for the
converse since we are working with unit norm tight frames and if we take
finite “parts” of these, say {f;}M,, then these are not tight frames. We will
not prove in detail that these are equivalent but instead just point out that
combined with the following result of Balan, Casazza, Edidin and Kutyniok
9], Remark 2.1 will work.

Theorem 8.10. If {f;}icr is a unit norm Bessel sequence in H, with Bessel
bound B, then there is a unit norm family {g;};es so that {f;}icr U{g;}jes is
a unit norm tight frame for H,, with tight frame bound A < B + 2.

Remark 8.11. By Theorem 8.10 and Remark 4.3, Conjectures 8.8 and 8.9
are equivalent to the same conjectures with “unit norm tight frame” replaced
by “unit norm frame” or replaced by “unit norm Bessel sequence”.

A particularly interesting place to look for frames with good restricted isom-
etry constants is in L?[0, 1].
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Conjecture 8.12. For every measurable set E C [0,1] with 0 < |E|, for every
natural number S and for every 0 < 0 < 1 there is a a partition {A;};_, of Z
so that for every j =1,2,---,r the family

1

Y

is a frame sequence with S-restricted isometry constant dg < 6.

2mint
€ XE }nGA]' 9

These conjectures deal directly with the frame. If we want to deal with the
columns of the frame vectors we have the following conjecture.

Conjecture 8.13. Let {f;}M, be a frame for (3 with frame bounds A, B. Let
{ex}r_, be the unit vector basis of U5 and assume the column vectors {vi}r_,
are norm one. That is, assume |Jvg||> = S0 [(fi,ex)|> = 1 for every 1 < k <
n. For every d > 0 and for every S < n there exists a natural number r =
(6,8, B) and a partition {A;}7_; of {1,2,---,n} so that for all j = 1,2,---,r,
the family {vi}rea, has S-restricted isometry constant o5 < 6.

We do not need to assume the column vectors are norm one in Conjecture
8.13 but rather that they are within € of being one. The following result of
Casazza, Kutyniok and Lammers [28] yields that Conjecture 3.10 is equivalent
to Conjecture 8.13.

Theorem 8.14. A family {f;}M, is a frame for {3 with frame bounds A, B if
and only if the column vectors of the frame vectors form a Riesz basic sequence

m Eéw with Riesz basis bounds \/Z, VB.

It is immediate from the R.-Conjecture (See section 4) that a positive solu-
tion to KS would imply a positive solution to Conjectures 8.8, 8.9, 8.12, and
8.13. Actually, all these conjectures are true as we will now see. For this we
need to recall a result of Berman, Halpern, Kaftal and Weiss [12].

Theorem 8.15. There is a natural number r = r(B) satisfying the following.

Let (ai;)i;=, be a self-adjoint matriz with non-negative entries and with zero

diagonal so that

Zaim <B, foralli=1,2,--- n.

m=1
Then for every r € N there is a partition {A;}5_; of {1,2,---,n} so that for
every j = 1,2,---,r,

1
(8.3) Z Qi < Z Qim, for everyi € A; and { # j.
mGA]' meAy
Now we can prove our conjectures hold true.

Theorem 8.16. Conjectures 8.8, 8.9, 8.12, and 8.13 have a positive solution.



THE KADISON-SINGER PROBLEM IN MATHEMATICS AND ENGINEERING 59

Proof: We will prove Conjecture 8.9 for unit norm Bessel sequences. Let
{fi}M | be a unit norm B-Bessel sequence in ¢3. Let H be the matrix

H=({fi, fu))lt ;-

For each 1 <i < M,

M
S i fm)P < B.

m=1

Fix a k € N with ,/BTS < ¢ and fix S as in Conjecture 8.9. By Theorem 8.15,

there is a natural number r = (B, S, k) € N and a partition {A;}7_, so that
H — D(H) satisfies Equation 8.3. Fix 1 < j <r,let T'C A; with |[T'| < S and
let (a;)ier be scalars. Then,

1D afil® = D lalPlfilP+ DY adm(fi fm)

ieT ieT i#meT
1/2 1/2
s |ai|2|am|2) (z !<fi,fm>|2>
€T i#EmMET i#FmeT
i 27 1/2 5 1/2
< S| (Ser) | ($2)
€T i €T €T
BS
< |2 |2 -
< Zym + Zm),/ :
€T €T
< Dolal+6) ol
€T €T
= (14+6)> |ail*
€T

Similarly we have

1 asl?> (1= 8) 3 Jal

€T ieT
It follows that {fi}ica, has S-restricted isometry constant dg < 4. O

What this section is trying to tell us is the following. In applied mathematics
and engineering problems we are generally looking for the best examples we
can find to use in practice. However, if we instead ask the question: Let’s
classify all objects which satisfy our requirements, then we have entered the
world of the deepest unsolved problems in pure mathematics.



60 P.G. CASAZZA, M. FICKUS, J.C. TREMAIN, E. WEBER

9. TOWARDS A COUNTER-EXAMPLE TO KADISON-SINGER

In this section we will give some more equivalents of Kadison-Singer which
lend themselves to viable approaches for constructing a counterexample to KS.
Throughout this section we will use the notation:

Notation: If £ C I we let Pg denote the orthogonal projection of ¢5(I) onto
(5(E). Also, recall that we write {e;};cr for the standard orthonormal basis
for ¢5(1).

For results on frames, see Section 3.

Definition 9.1. A subspace H of l5(1I) is A-large for A > 0 if it is closed and
for each i € I, there is a vector f; € H so that ||fi|| = 1 and |f;(i)| > A. The
space H s large if it is A-large for some A > 0.

We are going to classify PC in terms of A-large subspaces of ¢5(I). To do
this we need some preliminary results.

Lemma 9.2. Let T* : H — {ly(I) be the analysis operator for a frame { fi}icr
for H and let P be the orthogonal projection of €y(I) onto H. Then {Pe;}icr
is a Parseval frame for T*(H) which is equivalent to { f;}icr-

Proof: Note that { Pe; }ies is a Parseval frame (Theorem 3.4) with synthesis
operator P and analysis operator T7 satisfying 77 (H) = P({y(1)) = T*(H).
By Proposition 3.2, { Pe; }ies is equivalent to {f;}ier. O

Proposition 9.3. Let H be a subspace of lo(I). The following are equivalent:
(1) The subspace H is large.
(2) If P is the orthogonal projection of {5(1) onto H then there is an A > 0

so that ||Pe;|| > A, for alli € I.
(8) The subspace H is the range of the analysis operator of some bounded

frame {fi}ier.
Proof: (1) = (2): Suppose H is large. So, there exists an A > 0 such that

for each i € I, there exists a vector f; € H with [|f;|| = 1 and |f;(z)] > A.
Given the projection P of (2) we have

A< [fi(0)] = [, fi)| = [(Pei, fi)| < |Peillll fill = [|Pes]l.

(2) = (3): By (2), {Pe;}ier is a bounded sequence which is a Parseval frame
by Theorem 3.4 and having H as the range of its analysis operator.

(3) = (1): Assume {f;}ies is a bounded frame for a Hilbert space K with
analysis operator 7% and T*(K) = H. Now, {Pe;};c; is a Parseval frame for H
which is the range of its own analysis operator. Hence, {f;}ics is equivalent to
{Pe;}icr by Proposition 3.2. Since {f;}ier is bounded, so is {Pe;};cr. Choose
A > 0sothat A < ||Pe;]| <1, for all i € I. Then
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So H is a large subspace. O
Now we need to learn how to decompose the range of the analysis operator
of our frames.

Definition 9.4. A closed subspace H of ¢5(1) is r-decomposable if for some
natural number r there exists a partition {E;}7_; of I so that Pg,(H) = {y(E}),
for all j = 1,2,---,r. The subspace H is finitely decomposable if it is r-
decomposable for some r.

For the next proposition we need a small observation.

Lemma 9.5. Let {f;}ic; be a Bessel sequence in H having synthesis operator
T and analysis operator T*, let E C I, and let {f;}ice have analysis operator
(T'|g)*. Then

PeT* = (T|g)".

Proof: For all f € H,

PeT*(f) = Pg (Df, fi>ez-> = Z<f, fidei = (T|p)*(f).
L]

We now have

Proposition 9.6. A frame {f;}icr for K satisfies the Feichtinger Conjecture
if and only if H = T*(K) is finitely decomposable.

Proof: We can partition I into { E;}’_, so that each {f;}icp; is a Riesz basic
sequence if and only if (see the discussion after Theorem 3.1) (T'|g,)* is onto
for every j = 1,2,---,r if and only if (by Lemma 9.5) Pg,T* is onto for all
G=1,2, .. 0

Now we can put this altogether.

Theorem 9.7. The following are equivalent:

(1) The Kadison-Singer Problem.

(2) Every large subspace of €y(1) is finitely decomposable.

(3) For every 0 < A < 1 there is a natural number r = r(A) so that every
A-large subspace of l5(1) is r-decomposable.

Proof: (1) < (2): This is immediate from Propositions 9.3 and 9.6.

(2) = (3): We prove the contrapositive. If (3) fails, then there is an 0 <
A <1 and a sequence of subspaces H; j =1,2,--- of {3([) so that each Hj; is
A-large but not j-decomposable. But now, (&,enH;)s, is an A-large subspace
of (®jenla2(1))e, which fails to be decomposable.

(3) = (2): This is obvious. O

Now we want to give quite explicit information about the existence of certain
families of vectors in every large subspace of f5(I). We will see that this gives
us an approach to producing a counterexample to KS.
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Proposition 9.8. Let £ C I, and assume for every ¢ € E there are vectors

fi=ei+gi € l(1),

where each g; € lo(E°), and the collection {g;}icr is a Bessel sequence. Then,
{fiticE is a Riesz basic sequence. Moreover, if K is the closed span of {f;}icE,
then PpK = (5(E).

Proof: That {f;} is a Bessel sequence is obvious, and so {f;} possesses an
upper basis bound.
We establish a lower basis bound. For all sequences of scalars {a;};cp we

have:
||Zaifi’| - ||Zai€i+zaigi”
i€k i€k i€E
(9.1) > | Y el
i€k

1/2
_ (zw) |
1€FR

where the estimate in (9.1) follows by virtue of the orthogonality of >, . a;e;

and ), 5 0;G;.
If . cpaie; € (o(E), then Y. pa;f; € K and, since the g;'s are supported

outside of F,
Pg (Z aifi) = Zai€i~

S i€l
OJ
The following is a converse to Proposition 9.8.

Theorem 9.9. Let H be a closed subspace of l(I). The following are equiv-
alent:
(1) H is finitely decomposable.
(2) We can partition I into subsets {E;}%_, so that for every j = 1,2, r
and all i € Ej we can find vectors
fii = ei+ g € H,
so that g;; € Spallyg €k and {gji}icr, is Bessel.

Proof. (1) = (2): Assume H is finitely decomposable. Let {E;}7_; be a
partition of I which satisfies Definition 9.4. Fix 1 < j < r. Since Pg; - H —
{5(Ej) is bounded, linear and onto, it follows that P is an (into) isomorphism.
Therefore, {ng €itiep,; is a Riesz basis for its span. Let {fji}ice, be the dual
functionals for this Riesz basis. Now, for all 7,/ € E; we have

0o = (Pp,ee, [ji) = (e, Pr, [1:)-
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It follows that f;;(¢) = 0ifi € Ej and i # ¢, and f;;(i) = 1. Hence, f;; = e;+¢;i
where g;; € spangp €;. Finally, since {fji}ier, is a Riesz basis, it follows that

{gji}ier, is Bessel.
(2) = (1): This is immediate from Proposition 9.8. 0

Remark 9.10. The vectors which arise in Theorem 9.9 are unique. That s,
if

fri =i + g € H,
(even without any assumption that the {gri}icr; are Bessel), then sz = fri,

Jor alli € Ej. This follows from the fact that Pg, is invertible on the range of
Py .

We will now discuss why we believe that Theorem 9.9 gives a viable approach
to constructing a counterexample to KS. Basically, we want to construct a
sequence of vectors f; in f5(N) each having at least one big coordinate but so
that whenever we partition N into a finite number of sets, one of these sets
has sufficient density to guarantee that the vectors fi; cannot be Bessel. As
we have seen, these vectors are unique. To get the vectors fi; we have to
“row reduce” the {f;}icp, accross the coefficients of £;. If the {f;} are chosen
appropriately, we believe that this row reduction process will leave us with gg;
which are no longer Bessel.

This may seem esoteric, but all of this was built on existing deep con-
structions in the Banach space approximation property due to Szankowski
(73, 74, 75] (see [24, 66]). A look at [73] shows that Szankowski constructs
vectors with 6 ones in each vector (and this is their only support) in such
a way that when these vectors sit in £,, p # 2 in a careful way, they span
a sublattice failing the approximation property. Of course, Hilbert spaces
have the approximation property. But our above propositions show that the
Kadison-Singer Problem is asking for a specialized class of operators to give
the required approximation. That is, Kadison-Singer is a restricted approxi-
mation property for /5. What we need to do is add a bounded set of vectors
onto the Szankowski construction so that the set is Bessel, but when we do
the required row reduction to get the vectors in Theorem 9.9, we end up with
a non-Bessel sequence {gii}icr, for one of the j =1,2,---,r.
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