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THE NONCOMMUTATIVE WIENER LEMMA, LINEAR
INDEPENDENCE, AND SPECTRAL PROPERTIES OF THE
ALGEBRA OF TIME-FREQUENCY SHIFT OPERATORS

RADU BALAN

ABSTRACT. In this paper we analyze the Banach *-algebra of time-frequency
shifts with absolutely summable coefficients. We prove a noncommutative
version of the Wiener lemma. We also construct a faithful tracial state on
this algebra which proves the algebra contains no compact operators. As a
corollary we obtain a special case of the Heil-Ramanathan-Topiwala conjecture
regarding linear independence of finitely many time-frequency shifts of one L2
function. We also estimate the coefficient decay of the inverse of finite linear
combinations of time-frequency shifts.

1. INTRODUCTION

The time-frequency representation of the Heisenberg group has received a lot of
attention for the past 20 years with the advent of Gabor analysis. Many methods
and techniques have been developed and a rich body of results has been obtained.
For a nice account of such results we refer the reader to the excellent book [9].

For t € R? and w € R? we denote by S, the time shift operator, by M, the
frequency shift operator, and by U, the time-frequency shift operator defined,
respectively, by:

(1) S LP(RY) — LP(RY) , 8,f(z) = f(z —1),
(2) M, :LP(RY) — LP(RY) | M,f(z) =e“"f(z),
(3) Upw:LP(RY — LP(RY) |, Upof(z) = M,Sif(z) = ™" f(x —1t).

For a Banach space X, we let B(X) denote the Banach space of bounded operators
on X with the usual operator norm. Now consider the Banach algebra (see [22] 23]
for definition and properties of Banach algebras) of time-frequency shifts on L?(R%)
with absolutely summable coefficients:

@)  A={TeB(I*R))[T= Y el |[Tla:= Y leaal <oo}.

A€eR?2d AeR?2d

Note the following: (i) for any 7" € A, the support supp(T) of its generating
sequence ¢, supp(T) = {A € R?? | ¢y # 0} is always a countable set; (ii) this
support is not assumed to have any lattice structure.

Wiener’s lemma states that if a periodic function f has an absolutely convergent
Fourier series and never vanishes, then its reciprocal 1/f also has an absolutely
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convergent Fourier series. In Banach algebra language the same result can be
restated as follows. Consider the Banach algebra

() Aw ={T € BL*RM) | T= Y caSu, |Taw = leal}

neZd

which is a *-subalgebra of B(L?*(R%)). Then Wiener’s lemma asserts that, if T' €
Aw is invertible in B(L2(R%)), then T~ € Aw. Such algebras are called inverse
closed (see e.g. [12]).

Many generalizations of this result appeared in literature. We will mention here
four extensions that set the context of our results.

The theory of almost periodic functions contains the following result. Consider
the Banach algebra

6)  Aap={Te€BL*R) |T= " eS| |T]ase = Y leel < o0}

teR4 teRd

of absolutely summable linear combinations of arbitrary real shifts. Then using
the Bohr compactification of R? ([20]), it follows that Aap is an inverse closed
algebra in B(L*(R%)). More explicitly, if 7 = >, ., exSx for some countable
subset A C R%, and ), ., |ea| < oo, then T7! = 3 dyS, for some (in gen-
eral) other countable subset ¥ C R? and absolutely summable complex coefficients
Y sex |do| < 00. See also [26] for an extension to matrix valued almost periodic
functions.

In the context of time-frequency analysis Grochenig and Leinert [12] obtained a
discrete noncommutative Wiener lemma as follows. Fix «, 3 > 0 and a subexpo-
nential weight v (see section ). We let A,.qr (v, 3) denote the operator algebra

(1) Awar(o,f) ={T € BL*RY) [T = > ariSarMp | [T 4,
k,l€Zd

=|la

o= > o(k,Dlakal}

RISV A

where ||al|1, is the v-weighted [! norm of a. Then, using Ludwig’s theorem on
symmetric group algebras of nilpotent groups ([2I]), the authors proved in [12]
(Theorem 3.1) that A,.cr (o, 3) is inverse closed in B(L2(R%)). The algebra A,.cr.
is naturally associated to the twisted convolution algebra (I}(Z29), ), where

(8) (aﬁgb)(m,n): Z aklbmfk,nfl~62ﬂ—i9(’m_k)'l~
k,l€Zd

In this setting, the above result is equivalent to saying (Theorem 2.14 in [I2])
that for any a € I1(Z2?) so that the convolution operator L, : [2(Z%%) — [2(Z2%),
X +— La(x) = afigx, is invertible in B(I?(Z??)), then its inverse is of the form
L;' = Ly, for some b € [1(Z??). The proof of this result relies heavily on abstract
results on group algebras of locally compact nilpotent groups ([21], [I7]). As the
authors point out, analyzing spectral properties of group algebras is not usually an
easy business.
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Again in the context of time-frequency analysis, Grochenig in [I1] translated a
result by J. Sjéstrand [28] using the modulation space M1, The operator algebra

9) Sy ={TeB(I*R") |[T= | dra(NUy,
R2d

Ils. = ol s= | dasuppenalVyo(a.p)ota. )}

is shown to be inverse closed in B(L?(R%)).

Another example of an inverse closed algebra is furnished by the Baskakov class
of matrices that have some off-diagonal decay. In [5] Baskakov proves the Banach
algebra:

(10)

By = {A = (Amn)mnezs € BU*(ZY) | |All5, == > v(k) sup. | A, m—k| < oo}
keZd me

with v a subexponential weight that is inverse closed and also obtains estimates
of the entries of the inverse matrix. The unweighted version of this result have
been proved in [§] ([30]). These results have also been obtained independently by
Grochening and Leinert in [13] using a Banach algebra technique. In [3] we used
Baskakov’s result to establish localization results for Gabor-like frames.

In this paper we extend previously known results to the Banach algebra ()
and its weighted version (I4]). Besides the intrinsic interest of a new Wiener type
lemma, we are motivated by two problems in time-frequency analysis. One problem
concerns the Heil-Ramanathan-Topiwala (HRT) conjecture, and the other problem
relates to the time-frequency analysis of communication channels.

The HRT conjecture (see [14]) states that finitely many distinct time-frequency
shifts of one L? function are linearly independent (over C). This means, for any
finite subset of R2¢, A ¢ R?¢, and g € L?(RY),

(11) D eAUrg=0=cy=0,YA€A.
AEA

When A is a subset of a lattice, the claim was positively proved by Linnell in [19];
however the general case, as far as we know, is still open. The problem can be recast
into a spectral analysis problem. More specifically the HRT conjecture is equivalent
to proving that for any finite subset A C R2? and complex numbers (cy)xea, the
bounded operator 7' = ), .y cxUx has no pure point spectrum. Motivated by this
problem, one is naturally led to an algebra of type (). Our result in this paper
(Theorem [B.10) is one step toward analyzing spectral properties of such operators.
Here we prove that any T in A (in particular this works for finite linear combinations
of time-frequency shifts) cannot have isolated eigenvalues of finite multiplicity. For
our setting, this is the best result one can hope to obtain (see Remark B.1T]).

In communication theory, a multipath time-varying communication channel is
modeled as a linear superposition of time-frequency shifts (see [29]). Often the
channel model contains finitely many time-frequency shifts, or infinitely many but
fast-decaying coefficients, so naturally, the channel transfer operator is in algebra
A,. One problem is channel equalization (or deconvolution) by which one has to
invert the channel transfer operator. Assuming this operator is invertible on the
space of finite energy signals, then our result says the inverse is also a superposition
of time-frequency-shifts, with absolutely summable coefficients. The coefficient
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decay rate gives the convergence rate of finite approximation methods. In this
context our results (Theorems[3.6] B.I2]) give estimates of this decay. We also obtain
necessary and sufficient conditions for operators in A to have bounded support
(Theorem B14).

Another contribution of this paper is the explicit construction of a faithful tracial
state on A that yields several consequences. In particular we show that A does not
contain any compact operator, from where we obtain as a corollary the partial
answer to the HRT conjecture. We also prove Paley-Wiener type extensions for
this algebra.

Throughout this paper we use the following notation. For a set I, |I| denotes
the cardinal of set I (i.e. the number of points contained in I); for z € R%, |z
denotes its max-norm (I°°), whereas ||z|| denotes the Euclidian (I2) norm; B, (z)
denotes the closed ball of radius r centered at x with respect to norm |- |, B,.(z) =
{y e RY| |z —y| <r}. Thus {Bi(n) ; n € Z9} forms a covering (but not disjoint)
partition of R%; E,(z) denotes the Euclidian closed ball of radius r centered at x,
E.(z) ={y € R%| |z —y| <r}; F denotes the unitary Fourier transform with the
following normalization:

fF%.ffOU):=E§;§WEEA;dem“f(x)dm.

We will frequently use A, to denote time-frequency points in R??, e.g. A =
(t,w) of components t,w € R?. For a weight v we denote by [1(R") (or just I}
when there is no danger of confusion) the space of functions ¢ : R — C so that
el = > ern v(@)|c(z)] < 00. For 0 < p < oo we let [P(R") (or merely I7,
when no danger of confusion) denote the space of functions ¢ : R — C so that
lellp == X zern le(x)[P)1/P < co. We will frequently use the notation ¢, = c(z).
The support of ¢ is defined by supp(c) = {\ € R™ | ¢x # 0}, and for any c in P
with 0 < p < oo or I! it is always a finite or countable subset of R™. For p = oo, [
represents the set of bounded functions on R", not necessarily of finite or countable
support, and ||¢/lc = sup, |cy|. For any p > 1, [P is a Banach space with || - ||,
norm. Note [P(R") is not separable for any p. In particular I*(R™) does not have
a countable orthonormal basis. [P(R") and [}(R") are the corresponding LP and
L} spaces for R™ endowed with discrete topology.

The organization of this paper is the following. Section [2] introduces weighted
algebras constructions, and Section Bl contains our main results. Section [ contains
comments on different approaches in prior literature, and Section [ contains proofs
of these results.

2. WEIGHTED TIME-FREQUENCY BANACH ALGEBRAS

In this paper a weight v is a nonnegative and radially nondecreasing function
on R? so that v(0) = 1 and v(—z) = v(z). Let w : Rt — R* be the function
w(r) = maz|=rv(r). We define the following (see also [13]):

(a) The weight v is said to be submultiplicative if it satisfies

(12) v(z +y) < v(z)u(y).
(b) The weight v is said to satisfy the GRS (Gelfand-Raikov-Shilov) condition if
(13) lim (w(nr)Y™ =1, Vr > 0.

n—00
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(¢) The weight v is called admissible if it is submultiplicative and satisfies the
GRS condition.

Example 2.1 ([I3]). Typical examples of admissible weights are the polynomial
weights, v(z) = (1 + ||z||)® for some s > 0, and the subexponential weights, v(z) =
e‘*”‘EHB7 for some a > 0 and 0 < # < 1. More generally, the following is also an
admissible weight (see [13]), v(z) = e®l=I” (14 ||z]))*log" (e + ||z|)), where , 5, > 0,
0<p<l.

Note the exponential weight v(x) = e®l*ll with o > 0 is not admissible. Tt is
submultiplicative, but does not satisfy the GRS condition.

Throughout this paper all the weights are assumed to be at least submultiplica-
tive. Except for Lemma and the proof of Theorem B.12] all weights considered
in the rest of the paper are admissible. In Lemma we consider the less restric-
tive submultiplicative weights to cover the case of exponential weights needed in
the proof of Theorem

For a weight v, we let A, denote the algebra of time-frequency operators with
I} summable coefficients,

(14) Ay ={T = c\Ux; |T|la, =Y _v(N)ea| < oo}
A A

This is a subalgebra of the bounded operators B(L?(R%)). Furthermore, for every
T € Ay, T Br2ray) < T4, Thus the C* algebra A obtained by closing any
one of A, with respect to the operator norm || - || g(z2(r4)) includes A and hence
every A,.

For two Banach algebras A and B, we call A an inverse closed algebra in B, if
any element x € A that is invertible in B is invertible in 4, 2= € A. Neimark in
[22] calls (A, B) a Wiener pair, whereas Baskakov in [5] calls A a full algebra in B.

3. MAIN RESULTS

In the following v denotes an admissible weight. In particular v can be the
constant function v = 1 (the unweighted case).

Theorem 3.1 (Spectral invariance). Assume T = >, caUx € A,. Then the
spectral radii with respect to algebras B(L?>(R%)) and A, are equal to one another,

(15) TB(L?(Rd))(T) =TA, (T)
O

Theorem 3.2 (Wiener lemma for TF operators). The algebra A, is inverse closed
in B(L*(RY)). Eaplicitly this means, if T =Y, .5 cAUx for some ¢ € I'(R??) with
A = supp(c), and T is invertible in B(L*(R?)), then there is d € I'(R2?) with

¥ = supp(d) so that T~' =37 < doU,. O

Immediate corollaries of this result are the following:

Corollary 3.3. For any T € A, its spectrum with respect to the algebra A, coin-
cides to the spectrum with respect to the algebra B(L?(R®)). Explicitly this means

(16) SPB(L2(R4)) (T) = SPA, (1).
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Corollary 3.4. Assume T = ), geacxUx with Y |cx| < oo invertible in
B(L*(RY)). Then T is invertible in all B(LP(R%)), with 0 < p < oo. O

Corollary 3.5. LetT = ), .pa m:S; be a bounded invertible operator on L*(RY) so
that )", [meflap < oo. Then T~ =3, paneSy withny € AP so that )., ||n¢|lap <
00. d

The following theorem gives an explicit estimate of the A, norm of the inverse
when the operator has finite support.

Theorem 3.6 (Norm of the inverse). Assume T =)y, eaUx with |A| = N < oo
and Ry = maxyep |[A||. Assume T is invertible in B(L*(R%)), and hence in A,
as well (by Theorem B2]). Denote A = \|T‘1||§3(L2(Rd)), B = ||T||%(L2(Rd)), and
p = max(1,2Ry), and assume a polynomial weight w(xz) = C(1 + )™ for some
C >0 and m € N. Then

(17) 1T~ |, <

Cp™ |14, (A+B\TY
e+ V) (5 .

O

Now consider G = {gm.na,8 = Usn2ramg | m,n € Z?} a Gabor frame for
L?(RY), with o, 8 > 0, a3 < 1, and a dual Gabor frame (not necessarily the
canonical dual frame) G = {Gm a8 = Usn2ramg | m,n € Z%}. For details on
Gabor frame theory we refer the reader to e.g. [9]. The following theorem gives an
explicit construction of the faithful tracial state:

(18) v A= C L) all) = .
A

This trace extends to A, the completion of A with respect to the operator norm,
which is a C* algebra.

Theorem 3.7 (Trace on A). For any T € A,

1 1

19 T = T3 l. T m,n;x 7~m n;x
19 A1) = T35 w o BT+ DN 17 | ¥M§N< i1 i )

is the faithful tracial state (I8)) on A, independent of the choice of the Gabor frame
g. O

Next we have

Corollary 3.8. For any operator T =3, c Uy € A

(20) leal < lellos < llelle < I1TMBz2@ay) < llell
and
(21)
C\ = V(U;T)
1 1
= 1 T mon;a,8> Jm,n;anB)-
MNZoo (aB)? (2M + 1)4(2N + 1) | |Z<M¥N<UA it e
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As a corollary of this result we obtain that A (and hence A as well) cannot
contain compact operators:

Corollary 3.9. Assume T € A is a compact operator. Then T = 0. (|

Since for any finite set A € R?? and complex scalars (cy) the operator T =
> xea Uy is in A, we obtain the following theorem that gives a partial answer to
the HRT conjecture:

Theorem 3.10. Any operator T € A (in particular, any finite linear combination
of time-frequency shifts) cannot have an isolated eigenvalue of finite multiplicity.
Hence the pure point spectrum, if it is nonempty, can only contain eigenvalues
of infinite multiplicity, or eigenvalues that belong to the continuous part of the
spectrum. as well. [l

Remark 3.11. This theorem is optimal with respect to algebra A. This means that
there are operators in 4 that have isolated eigenvalues but of infinite multiplicity.
Indeed, consider the Gaussian window (z) = ewp(—?/2) and the Riesz basic
sequence it generates for some parameters o, 3 > 1, I' = {y n.ag ; m,n € Z}.
Let 7 be the canonical dual window. Note that both 7,5 € M?! (by [12]). Now
consider the orthogonal projection P onto the span of I'. It is immediate to prove
that P commutes with all time-frequency shifts U,g 2xma. Hence P belongs to
the commutant {Upe 0, Uy 2ra, I} which is the von Neumann algebra generated by
Unja,2rm/- The decomposition of P with respect to these unitary generators is
given by the Wexler-Raz formula

P = E Cn,mUﬂ 2nm
P

B
m,nezZl

with ¢, m = Whﬂ’m; L2 ,7). The coefficients are absolutely summable, which

)

implies P € A. But clearly the spectrum of P consists of only two elements, 0 and
1, each of infinite multiplicity, since otherwise this would contradict Theorem
The multiplicity of eigenvalue 0 represents the deficit of I', defined as the smallest
cardinal of a set of vectors so that its union with I' becomes a Riesz basis for
L?(R?). This is the dual problem to the excess problem we analyzed in [11 [2, [3, 4].
Thus the deficit of any Gabor Riesz basic sequence with generator in M! can only
be infinite (zero is ruled out by the Balian-Law no-go result).

For finite support operators as above, we can estimate the decay rate of the
coefficients of the inverse operator. In general such operators are in A, for any
subexponential weight v. Hence the inverse operator would have coefficients that
are summable with respect to the same weight. Even more can be said:

Theorem 3.12. Let T = ZMA e Uy be an invertible operator with A C R?*¢ g
finite set. Then there is 6 > 0 so that if T~ = ZMGRQd d,U,, then

(22) Z lld,| < oo,

NGRZd
[
This result generalizes the classic statement (see e.g. [31]) that the reciprocal of a

trigonometric polynomial that does not vanish on the unit circle has exponentially
decaying Fourier coefficients. Our result is stronger than just simply saying the
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coefficients of the inverse operator should decay exponentially fast. It also controls
the “tail” of the summation. To make this point more precise, we notice that (22))
is equivalent to a Wiener amalgam type norm:

(23) Sl N d| <

ngz2d HEB;(n)

where Bj(n) is the ball of radius 1 centered at n, Bi(n) = {\ € R?*? | |n — \| < 1}.
Hence there is a constant C' > 0 so that for all R > 0,

(24) S Jdu] < CeR.

HER2L [u|>R

Another equivalent statement to Theorem [B.12]is given by Corollary [3.13] below.
First we need to introduce a Banach space. Let us denote by L?>*(R% x I) the
mixed norm Banach space

(25) L2®(RIx D)= {fRIxT—C; |f|3. =sup / (@, y)Pde < oo}
yel JRA

where I ¢ R? is a compact neighborhood of the origin. Then the unitary Uy

extends from L2(R%) to L% (R? x I) simply by:

(26) U, fla,y) = @™t f(o —ty) , A= (t,w), (z,y) € R x I.

An operator T' = Z/\ c\Uy extends to T = Z/\ ¢ U, under some conditions.
Clearly all finite or compactly supported operators of A can be extended to
L%>*(R? x I). Theorem B.I4] gives necessary and sufficient conditions for such
an extension to exist.

Corollary 3.13. Let T' =}, AU be a finitely supported invertible operator in
A. Then for some compact neighborhood I of the origin whose size depends on the
operator T, the inverse T—! = >, 4uU, extends to L% (R? x I) to the inverse of
the extension, that is, to:

(27) T'=> d,U,.
12

O

An alternative statement is that extension and inversion operations commute for
some compact neighborhood of the origin.

Theorem 3.14. (1) Assume T = %, caUx € A so that A C R% x Eq(0)
for some Q > 0, where Eq(0) = {w € R? | |w|| < Q}. Then for any p > 0,
T extends to X, = L>>®(R? x E,(0)) with operator norm bounded by:

(28) IT|5x,) < Ce

for C = |IT|la.

(2) Conversely, assume T = Y ) caUx € A can be extended to X, for all
p > 0, with a norm bounded as in [28), for some C > 0 and Q@ > 0
independent of p. Then supp(T) C RY x Eq(0).

(3) Assume T =3, .5 cxUx € A so that A C Ep(0) x R? for some D > 0.
Then for any p > 0, the operator S = F*TF, where F denotes the Fourier
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transform, extends to X, with operator norm bounded by
(29) ISllx,) < Ce??

Jor C =||T||.a-

(4) Conversely, assume the Fourier conjugate F*TF of T =Y .pceaUy € A
can be extended to X, for all p > 0 with a norm bounded as in (29) with C
and D independent of p. Then supp(T) C Ep(0) x R<. O

4. CONNECTIONS TO PRIOR LITERATURE

In this section we discuss the two ingredients developed in this paper: Wiener
lemma type results, and the faithful tracial state in Gabor analysis. For each of
these results we discuss prior results and approaches presented in literature, and
the strengths and shortcomings of each method. For precise definitions and more
details of the results we refer the reader to the corresponding paper.

4.1. Discussion about the Wiener lemma and alternate proofs. The closest
paper to our analysis is [12] by Grochenig and Leinert. The authors proved the
analogous statement to Theorem but only for the lattice case, that is, the
algebra of time-frequency shifts from a lattice. As an off-shot of this approach,
the authors obtained a very nice localization result regarding dual Gabor frame
generators. More specifically, if {gm n.a.5 ; m,n € Z9} is a Gabor frame for L?(R%)
with g € M}, the modulation space associated to an admissible weight v, then the
canonical dual frame {Gm nap ; mn € Z%} has the generator § € M}. One
may ask whether the methods used in that paper hold in our case. The answer
is affirmative. Indeed, the main tool used in [12] is the fact that the Banach
algebra [1(Z%9), with the twisted convolution f, is symmetric, which in turn is
a consequence of Hulanicki’s and Ludwig’s results on symmetric group algebras
associated to nilpotent groups. The very same result applies to our case where
the discrete countable group Z?¢ is simply replaced by R?*? with discrete topology.
Then, as mentioned in the Introduction, Theorems and B.Ilbecome consequences
of Hulanicki’s theorem from e.g. [16]. However, by invoking a general abstract result
one does not obtain the norm estimates of Theorem [B.7 nor the localization results
of Theorems and .14l We preferred to present an explicit and self-contained
proof of Theorem B2 for two reasons: (i) for the benefit of reader unfamiliar with the
symmetry property of nilpotent group algebras; and (ii) to obtain explicit estimates
of the inverse operator coefficients.

We mentioned earlier an important consequence contained in [I12], namely the
localization result of the canonical dual Gabor frame generator. One may ask if
there is an analogous consequence to our more general case. The most natural guess
would be to analyze the canonical dual of irregular Gabor frames. Unfortunately,
unlike the regular (i.e. lattice) case, the frame operator may not necessarily belong
to A, and hence no conclusion can be drawn from our analysis. Fortunately one can
use another approach to recover the results of [I2] and prove the localization result
in the irregular case. This alternative approach is used in [10} [7], and independently
in [3, 4], together with Baskakov’s result mentioned earlier in the Introduction, or
other similar variations (e.g. Sjostrand’s lemma in [28]). Indeed, the frame operator
of an irregular Gabor frame with generator in M! has a matrix representation
with respect to a “nice” Gabor frame that is dominated by a Toeplitz matrix
with [! generating sequence. In [3] such frames are called I' self-localized frames.
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The associated matrix of such frames admits a pseudoinverse, because of frame
condition. Using the Baskakov Theorem and holomorphic functional calculus one
obtains that the pseudoinverse has the same off-diagonal decaying property which
proves the localization result for the canonical dual frame. In the regular case,
the inverse of an invertible operator that is a linear combination of time-frequency
shifts from a lattice is also a linear combination of time-frequency shifts on the
same lattice. (Here we use “linear combination” to denote the generators of a C*
algebra, hence convergence in operator norm.) Thus distinct time-frequency labels
associated to the inverse operator are always well separated. This fact combined
with Baskakov’s result applied to the pseudoinverse matrix gives an alternative
proof to the case considered in [12] (see also [13]).

The irregular case is fundamentally different from the lattice case. It is true
that an operator in A always has support contained into a countable generated
discrete group of the time-frequency plane. However the main obstruction in the
irregular case is the fact that the time-frequency labels of the inverse of an operator
T € A are not necessarily well-separated, even when T has finite support. Indeed,
if T =3",, U with |A] < oo is invertible in B(L?*(R?)), then T—! = >0 AU
with convergence in operator norm in A. However, in general, supp(T—!) has
accumulation points in R?. This fact makes difficult the application of Baskakov’s
Theorem to irregular frames. To better understand this obstruction, we only remark
here that the conclusion that can be drawn along this line of reasoning is the
following statement. If T = Y, cAUy € A is invertible in B(L?(R?)), then its
inverse T~' = 3" d,U, satisfies

(30) sup |d,| < oo.
kezz:zdﬂeBl(k) "

Clearly this statement is weaker than Theorem that claims ) [d,| < oo.

4.2. Faithful tracial states in Gabor analysis. In [6] Daubechies, Landau, and
Landau present an explicit formula for the faithful tracial state on the W* algebra
W,.» generated by {MarmaTns ; m,n € Z}. They showed that W, 5 is a Iy factor
when ab € Q (the result is also known from the rotation algebra theory, see e.g.
[24]), that has a unique faithful tracial state. In general, regardless of rationality of
ab, a faithful tracial state is defined as the coefficient cg o of its strongly convergent
uniquely defined decomposition T = me Cm.nUnb2xma- They showed that this
number (cp,0) is computable using the formula

J

1
(31) o= > (T1y,.14,)
k=0
where J is the largest integer smaller than or equal to ab, and the J 4 1 intervals
IOa Ila 7IJ—1a IJ are given by [Oa é]a [%v %]v cey [%7 %}7[%71)}'

In this paper we extend this tracial state from the algebra generated by time-
frequency shifts on a lattice to the algebra generated by all time-frequency shifts.
Note however the following limitation of our method. In [6] the faithful tracial state
applies to a W* algebra, whereas our Theorem [B.7] applies only to a C* algebra.
The tracial state v of [I8) cannot be extended to the W* algebra generated by
A since this W* algebra is the entire algebra B(L?(R%)) (which does not admit
a faithful tracial state). Now consider the series of C* algebras (Cqp)qp>0 €ach
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generated respectively by {Upp 2xma ; m,n € Z} (we restrict ourselves here to the
one-dimensional case for convenience of comparison). For any T € C,, for some
a,b > 0, its trace v(T") can be computed either by 1), or by ([I9)). Our formula (I9)
has the advantage of being independent of lattice parameters (a,b). In particular
this shows the tracial states defined by (BI]) are compatible on operators that belong
simultaneously to two different W* algebras (for instance T' € C,, C Caq5NCyq 20).

We end this section with a comment on Theorem In this paper we solve a
restricted case of the HRT conjecture, namely we rule out the existence of isolated
eigenvalues of finite multiplicity for all finite linear combinations of time-frequency
shifts. In fact we obtain this conclusion for any operator of A, hence also for infinite
linear combinations of time-frequency shifts with coefficients in I!. The other case
that was ruled out is the lattice case, that is, when the finitely many time-frequency
shifts are from a lattice. This was beautifully proved by Linnel in [19]. One may
ask whether the same arguments hold in our more general case. There is difficulty
in trying to do so, namely v is a faithful tracial state on a C* algebra (in this
paper) unlike the W* algebra W, ; considered in [I9]. This difference prevents us
from having a similar proof in our setting. We currently study ways to bypass this
difficulty.

5. PROOF OF RESULTS

The order of proofs is the following. First we prove the spectral invariance
Theorem [3.1] from where we derive Theorem[3:2] In the process of proving Theorem
Bl we obtain the norm estimate (B3] used in the proof of Theorem Corollaries
B3 B4 and follow directly from Theorem

In Theorem B.7 we construct the faithful tracial state on A, and therefore A.
This will be proved later in this section. From this result we will derive Corollaries
B8 B9, and Theorem [3.10] Theorems and [3.14] will follow after an extension
to the Banach space L% (R x I).

5.1. Proof of Theorems [3.7], [3.2], and Corollaries [3.3], [3.4], Theorem
311 is obtained in two steps. The first step involves finite linear combinations of
time-frequency shifts. In the second step the spectral result is extended to the
entire algebra A.
Consider T" = . eaUx with [A| < oo a finite linear combination of time-
frequency shifts. Note:
™= dU,

geA(n)
where:
(32) A = A4A+-+A={NF 4 | A, Ay €A},
(33) do— — Z C)\l R c)\nefitlu.ae*itQng R e*itnflwn’

Ayevs A €A
Mt At A=

where each \; = (t;,wx). Then by Cauchy-Schwarz,

(34) T4, = D Idolo(o) < |A™V2 sup [u(o)]]ld]l2.
reA™ s€Al
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We estimate next the three factors of the right-hand side and prove the following

Lemma 5.1. Assume T = ), caUx is an operator in A with |A| < oo and
A C ER,(0). Then for any submultiplicative weight v, that is, v(z + y) < v(x)v(y)
for all z,y,
(35) 17714, < (04 D2 w(nRo) - | T (22
where w(a) = supj|z||=qv (). O
Proof of Lemma 5l An upper bound for the cardinal of set A in (B4 is obtained
as follows. Notice that A; + A; = A; + A;; therefore any permutation of terms in
A1+ -+ A, would produce the same point . Hence:
(36) ‘A(n)‘ < |{(l€1,k‘2,...,km|) | k1 + Ko+ - —l—k‘m‘ =n, l{il,kg,...,km‘ > 0}

D)

[A]!

For the second factor in ([B4)) we need to estimate the radius R,, of a ball Er(0)
in R?? that includes all A®™. If Ry = maxxea ||\, then for R, = nRy we have
A c Eg (0). Since the weight v is radially nondecreasing,

(37) max v(o) < w(nRp).

ogeA(™)
The third factor in (34]) is a bit more complicated. We need to use the following
lemma, which is of intrinsic interest: O
Lemma 5.2. For any finite set of time-frequency points ¥ = {o1,...,0Nn} there is
a function g € L*(R%) so that {U,, g ; 1 <k < N} is an orthonormal set. O

Assume this lemma is proved. Then we apply Lemma to the set A =
A+ -+ A and we obtain, on the one hand

1T gl =11 > doeUsgl®= > ldof* = |dl3

ceAn) oceA(n)
and on the other hand

1T gl < 1T 12 llgll* = |71

Thus we get:

(38) l[dll2 < [[T]].

Putting together [34), (37), B8)) into (B4]) we obtain:

(39) 17" 4, < (n+ l)lA‘/zw(nRO)HTn||B(L2(Rd))

which proves Lemma [5.11
Remark 5.3. Inequality (B8) also follows independently from 20) of Corollary

Taking the n'” root and passing to the limit n — oo we obtain:
(40) ’I’(T)Av S T(T)B(L2(Rd))‘

Since the inclusion A, C B(L?*(R?)) implies the inverse inclusion of the spectra
sppL2m) (T) C spa,(T), one obtains rp2ma)) (1) < 74,(T). This concludes
the proof of the spectral radii equation (&) for finite linear combinations of time-
frequency shifts. Before going to the second step, we prove Lemma [5.2]
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Proof of Lemma [5.2. The statement is equivalent to finding a function g € L?(R%)
so that (Usg,9) = 05,0, for all 0 € A := (¥ — X). Let 7 be the projection of A
on the first factor R%, and Q be the projection onto the second factor R?. Thus
A C T x Q. Notice both 7 and Q are finite sets of points of R?, symmetric about,
and containing the origin. Let Q\ {0} = {w1,...,wn} be an enumeration of €,
and let Tpin, Tmae > 0 be the radii of two balls around the origin in R? so that
E. ..(00NT ={0}and T C E,,_ . (0). We set g as follows:

(41) g=hy*hgx-sxhpy/|[\/hi*hg*-%hy
where * denotes the usual convolution, and hq, hs, ..., hjs are constructed as fol-
lows. First we construct inductively the sequence t1, %o, ..., ta € R? so that:

(1) (t1,w1) = (2n1 + 1)7 for some integer ny € Z and ||t1]] > Tmax-
(2) Given tq,ta,...,t choose t11 so that: (1) (tgy1,wrt1) = (2ngs1 + 1) for
some integer ng1 € Z, and (ii) |[tgg1|| > [|ta]l + - + [tel + 2M Thnas-
With this choice for {t1,...,tar}, we set:

(42) hi=1g+ 1445

where E' = E_ . /(0) is the Euclidian ball of radius 7,,:, centered at the origin,
and 1g, 14+, are the characteristic functions of E, respectively ¢, + E. Note
that ¢ is a sum of 2™ “bump” functions each supported inside balls of radius Timin
and each at a distance of at least 7,,4; from one another. Thus all translates
with shifts from 7"\ {0} are disjoint. Hence (U,g,g) = 0 for all p = (t,w) € A
with ¢ € 7 \ {0}. It only remains to check that (M,, g,g9) = 0. Using Fourier
transform, this is equivalent to F(|g|?)(wx) = 0. But the choice of ¢, guarantees
that F(hy)(wy) = 0 which concludes the proof of Lemma [5.21 O

Now we are ready to go to step 2 of the proof of Theorem Bl Now consider
T'=32\cexUx € A,. Fixe > 0. Let A be a finite set so that Y-y cgaa\ 4 [ea[v(A) <e.
Set Ty = > yeacaUx and R = T' — Ty. Thus ||R|| < ||R[|4, < . For a more

convenient notation denote by s = (s,), and r = (r,), the coefficients of Tj,
respectively R,

_J e if o€A, _ 0 if peA,
(43) S0 = { 0 otherwise, "o = { Cp otherwise.

Now expand T" = (Tp + R)™ as follows:

T — Z ZRlegleQng L. Rlegl
m=0 k,j

(44) n
=200 2 (MmO
m=0 k,j \eR24
where k = (k1,ko,..., k), 5 = (j1,42,---,J1) are vectors of nonnegative integers

sothat ki +---+kr =n—mand j; +---+j, =m, and r*¥ = rf-- - fr is the k-fold
twisted convolution. Then the A-coefficient expands into

_ k1 ,—i{a1,d1—b1) J1
C\ = § E Tp € So1—p1
p1,..,pL€ER24 01,0 ER??

7i<017b27d1> k‘z 7i<a27d27b2> j2
er—me SUz—Pz

. —i(chl,bL—dL,1> kL —i(aL,dL—bL> jL
€ TPL*UL—le SUL*PL(SUL’)‘

€
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where p; = (a,b;) and 0, = (¢, d;) are the components of the 2L phase-space points
constrained by oy, = X\ as expressed by the last Kronecker term.

The next step is to change the summation variables and rearrange the terms as
suggested by Hulanicki in [I5]. Let g, = pp — 0p_1 = (@p,by), 1 < p < L, with
convention oo = (0,0). Also denote by V,, the unitary

(Vps)a=(tw) = €7i<ap’w>sxfpp~
Then ¢y turns into:
o= X Emtieent 3 (st
p1se-pLER2E O1,.-,0L
.67i<c1,d2*d1> (V25j2)0_2_01 €7i<cQ,d37d2>
T D (VT b
= S ermbipkipke R (VT (VasT)E - H(VEsTE)) A

p1,..,pL ER?4
and thus
(45) lea] < Z |7“§11\ o \r’;ﬂ (Vi sT 4 Vasd2g - - 4V s75), .

P1y--sPL
Since
w(A) <w(pr) - ... w(pr) - wA = pr — -+ = pr)
and
supp(Vis iVos - - £Vs/0) C (pr+ -+ pr) + AU A = A4 A4+ + A
—_——
we obtain
(46)
n & n n—m i )
1T .4, < Z < m > € Jrenl{‘:m()é’)v(a)ﬁ sup Z |((V13J1)|j...jj(VL51L))A‘ .
m=0 LeesPL )

Now we will estimate the sum over A above similar to the estimation in (34]). The
cardinal of A(™ has been shown in Lemma to be bounded by (m + 1)/* and
hence by (n + 1)Al. Note also that A™) C E,,g,(0) where Ry is a radius so that
A C Eg,(0). Thus we get:

n |Al/2 - n n—m
T, < 0+ 0 2unr) (1) e

m=0

1/2
wpb<2mmMWMWWm@ |
L A

ai,...,ar,bi,...,

(47)

By Lemma [5.1] the 2 norm of the sequence s = (V;s71f--- V7 s7L) is bounded by
the operator norm obtained by linear combinations of time-frequency shifts with
coefficients from s:

lIsll2 < || Z AU B2 (ma))-
)

Note the operator associated to s is (up to a constant phase factor):

Up T3 U, TE - ... - Uy, TOE
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Thus we get:

(45) lsllz < IToll053705, = IToll Bqgaan)
which turns [{@7) into:

(49) 1T |4, < (n+ DM (e + | Toll z2@ay) " h-

Now taking the n!* root and passing to the limit n — oo we obtain:
74, (T) < e+ |Toll pr2may)-

Since £ > 0 was arbitrary, and ||Tp|| < ||T|| we obtain:

(50) 74,(T) < Tl BL2(re))-

Since 74, (T™) = (ra,(T))™ we obtain:

ra(T) < T | e may,
and passing to the limit n — oo we obtain
(51) 74, (T) < rpr2may(T)-
The converse inequality is immediate from A, C B(L*(R%)). This ends the proof
of (I8) and hence of Theorem 311 O

Now Theorem and subsequent corollaries are immediate. Theorem and
Corollary are consequences of Hulanicki’s Lemma (Proposition 2.5 in [I7]; see
also Proposition 9 in [12]).

During the proof of Theorem [B.J] we obtained the estimate (35]). We will use this
in proving Theorem

Proof of Theorem B.6. Assume T is invertible in B(L?(R%)). Then for A= ||T~!||~2
and B = ||T||?,
0<A<T*T<B< .

L4 1 Thus

Note ||1—A+LBH = 571

— * — * 2 2 * Nk
T=' = (T*"T)~'T :A+BZ(1—A+—BTT) T
n>0

which converges in operator norm in B(L?(R%)). The estimate (B3] of Lemma B.1]
turns into:

2 IA]/2 / 2
- < _
1 - Tla, <(n+1) w(nRy)[1 A+ B

where A’ is the label set of 1 — AJ%BT*T, and Ry is so that A’ C Egy(0). Since
A C A — A we have [A'| < 2|A| = 2N and Rj < 2Ry, where Ry = maxyea ||A] is
so that A C Eg,(0). Thus we get

2

_ B - A\"
n>0

For w(z) = C(1 + z)™ and p = maxz(1,2Ry), w(2nRy) < p™(1 + n)™ and for

6o = (B —A)/(B+ A) we obtain

2Cp™||T ]|,
A+ B

™"

20p™|| T4, [ ™Y

m~+N pgn n
Z(l—l—n) 0" < A+ B [d9m+N ZQ ]|9:90‘
n>0 n>0

1T~ 4, <
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Since 6y < 1, by direct summation and then differentiation we obtain (7)) which
ends the proof of this theorem. ([

5.2. Proof of Theorems [3.7] [3.10] and Corollaries [3.8] and For any
bounded operator T' € B(L?(R?)) denote by ans n(T) the following expression:

1
(52)  an (1) = g ] 7 2 D (Tgmmas Jmmas).
(af)4(2M 4+ 1)3(2N + 1) IS [N
Clearly |an,n(T)| < C|T| p(L2(r4y), With C independent of T, M, N.
Trace on A
First we need to show that for every T' € A the limit limy v oo apsr, N exists
and equals ¢g = (T'), the 0-coefficient of T'. We prove this statement in two steps.
First we consider the unitary generators of A, and then we extend by continuity to
the entire A.
Lemma 5.4. Let Uy denote the time-frequency shift with parameter X = (t,w).
Then
. |1 if A=0,
(53) lim CLM7N(U)\)— { 0 Zf )\7&0

M ,N—oco

Proof. We explicitly compute apr n(Uy)
1
U =
a0 = TG T 1IN 1)

. Z Z e27rimozteinﬁw /eiwxg(x _ t)mdl‘/

|m|<M |n|<N

(54)

There are now two cases:
Case 1. (t,w) = (£, %) for some K,J € Z%. Then e*™mat = ¢27inf — 1 and
summations over m and n cancel the factor (2M + 1)4(2N + 1)@

ax(U3) = [ € g(a ~ Ka)jla) da.

Recall G is a Gabor frame with dual frame G. By duality principle ([6], [18], [27])
G = {gm,n;%,l :m,n € Z4% and G’ = {ngm%} : m,n € Z4} are Riesz basic
sequences biorthonormal to one another. Thus

(95r:1,1:9) = (aB)?65,00K,0
and combined with (54]) proves (B3)) in this case.
Case 2. (ta, 42) ¢ Z*?. Then for ta ¢ Z¢ a direct computation shows

1 ;
lim E eQﬂ'zmat 0
N d
M—oco (2M + 1) <M

whereas for % VA

1 .
lim ——— E e — 0.
— 00 d
N (2N +1) N

This ends the proof of Lemma [5.4 O
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By linearity we extend the result of this lemma to finite linear combinations of
unitary operators Uy:

hm aMN E e Un,) =
k=1

co if 0€ {)\1,...,)\[/}7
0 otherwise.

Next the limit extends to the entire A by Lebesgue’s dominated convergence theo-
rem:

(55) ]\/171]{71’200 aM,N(; C)\U)\ ZC)\ hm aM N(U)\ = Cy = ZC)\U)\

Consider T = 3", exUx € Aand S =3 d,U, € A. Then T'S = Zp(cﬁd)pUp cA
and ST =} (dfc),U, € A. But now

(56) A(TS) = (etd)o = 3 exdos = (dfe)o = (ST).
A
This shows « is a tracial state on A. Finally, for T'= 3", ¢ Uy € A. Then
(57) AT*T) = |exl> >0, 4(T*T) =0 iff T =0.
A

Thus + is a faithful state.
Extension to A. When we set g = g in ([{9), for any T € A we obtain:

V(D) < T BL2®may)-
Then we can extend v to the completion of A with respect to the operator norm.

The completion of A is denoted A and is a C* algebra. On this algebra, v remains
a faithful tracial state. This ends the proof of Theorem B.7]

Corollaries of Theorem [3.7l The proof of Corollary B.8 is immediate. In par-
ticular equation (20) follows as in (&), whereas (2I)) is a consequence of Lemma
oy

For proving Corollary note first that if 7" is a finite rank operator, then
trace(T*T) < co. But then

trace(T*T) = Z (T T gm,n:a,8> Gmonza,8) < 00
m,n€Z
and thus lima;, y—oo anr, v (T*T) = 0. By Corollary B.8 this implies T' = 0. Now
consider T a compact operator in A. Then T*T € A is a nonnegative compact
operator. Let s > 0 be an eigenvalue of T*T and let Ps denote the projection onto
its eigenspace. On the one hand Py is finite rank, since T*T is compact; on the
other hand, by holomorphic functional calculus (see [25]), Ps belongs to the C*
algebra A. Then, as shown before, Ps has to vanish, which proves T' = 0.

Proof of Theorem B.10 Theorem is a consequence of the holomorphic func-
tional calculus. Assume 7' = >, ¢ Uy has a finite isolated eigenvalue, say p.
Since it is isolated, by holomorphic functional calculus (see [25]) the orthogonal
projection onto the eigenspace is given by

1 -
(58) PHO = 2—7” /F(ZI - T) 1dZ

where I is a circle in the complex plan centered at pg so that it separates pg from
the rest of the spectrum of T'. Thus P,, € A. Since i has finite multiplicity it
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follows that P,, has finite rank, but then by Corollary 3.9, P,, = 0, which ends
the proof of Theorem O

5.3. Proof of Theorems and [3.34l Theorems and [3.14] characterize
finite and half-compactly supported operators in A. The proof of Theorem is
based on a spectral radius computation done in Lemma[5.1l In turn, Theorem B.12]
allows the operator extension to the Banach space L?>* introduced in Section [
Once this extension is established, Theorem B.14] follows easily.

For a p > 0 we set f(A\) = e?lIMl X € R%. For convenience we denote B, = Ay,
the Banach algebra of bounded operators in A whose coefficients decay exponen-
tially fast with rate p. Note the spectral radius of an operator T € B, is not
the same as the spectral radius in B(L?(RY)), since f does not satisfy the GRS
condition.

Proof of Theorem BI2. Assume T=Y",_, cAU, is an invertible operator on L*(R%)
with finite support. Let A, B > 0 be the bounds in
AfIZ < ITAP < BIFIP . Vf € LX(RY).
Then
2
Tfl — T
o 2y

n>0
where R=1— AJ%BT*T. Since R has finite support let N := |supp(R)| < oo and
Ry > 0 so that supp(R) C Eg,(0).
The goal is to show there exists a p > 0 so that 7~ € B,. Clearly each term in

(E9) belongs to B,. The only problem is to check that the series converges in B,,.
To do so it is sufficient to show that

(60) limsup(HR”HBp)l/" <1
n—oo
Let us choose p = Rioln%. Then e’ ||R|| < 1. Now we apply Lemma .1 to

the algebra B,, since f(z) = erll?ll is a submultiplicative weight. We obtain:
(1B 5,)"/" < (n+ )N/ CWero| RY|.
By choice of p we obtain (60) which ends the proof of Theorem O

Let us now turn to Theorem B.14l First we recall the mixed norm Banach space
introduced in Section. Bl For a compact neighborhood of the origin I we denote
by L?*°(R? x I) the mixed norm Banach space defined in (25). An operator
? :) > sen aUx € A extends from L*(R?) to L>*(R? x I) by

61
FELP®RIxI) - Tf(x,y)= > ™™ fla—ty), V(z,y) e R x L.
A=(t,w)EA

Assume that for all A = (t,w) € A, |lw|| < ©; in other words A € R x Eq(0).
Assume also I C E,(0), for some p > 0. Then

T o < 7<w,y>/ 2d 1/2 < PR -
ITfll200 < Y supyere (Rd|f(ﬂf,y)| )2 < ety fealll £l

A€A A

Thus
(62) 1T B2 @maxr)) < e*?|| T 4.
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This proves T extends to a bounded operator T on L>>(R% x I). Let T®) denote
the restriction of T to the “slice” indexed by y of L?°°:

(63) TW : L2RY) - LPRY), TWf (@)= > exe” VUL f(2).

A=(t,w)
Note for A € R x Eq(0) each T € A and
(64) HTHL2v°°(Rd><I) = SIEIII) ||T(y)||B(L2(Rd))-
Yy

Now we are ready to prove Theorem [3.14]

Proof of Theorem BI4l (1) The estimate (28]) follows from (62)).
(2) From (63), [©4)) and Corollary B.8 we get:

eV ey <ITW | pr2ray) < 1T Bx,)-
Combine now with ([28) to obtain:
lea] < ClePt(wy)

Assume there is a A = (t,w) € A so that |w|| > Q. Choose y € E,(0) so that
{w,) = —pllw]l. Then
leal < CePUleli=2)

should hold valid for all p > 0. At limit p — oo we get |cx| < 0 which proves that
supp(T) C R? x Eq(0).

(3) and (4) follows from (1) and (2) by noticing that the Fourier transform is an
intertwining operator between the translation shift and the modulation shift that
switches the modulation and translation parameters. Thus (3) and (4) reduce to
(1) and (2). O
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