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Abstract

We formulate and prove finite dimensional analogs for the classical Balian—Low the-
orem, and for a quantitative Balian—-Low type theorem that, in the case of the real
line, we obtained in a previous work. Moreover, we show that these results imply their
counter-parts on the real line.

Mathematics Subject Classification 42C15 - 42A38 - 39A12

1 Introduction
1.1 A Balian-Low type theorem in finite dimensions

Let g € L?(R). The Gabor system generated by g with respect to the lattice Z? is
given by

G(g) = {e™ M g(t — m)}pp.mezz- ¢y

The classical Balian—-Low Theorem [3,4,9,21] states that if the Gabor system G(g)
is an orthonormal basis, or a Riesz basis, in LZ(R), then g must have much worse
time-frequency localization than what the uncertainty principle permits. The precise
formulation is as follows (see [7] for a detailed discussion of the proof and its history).
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Theorem A (Balian, Battle, Coifman, Daubechies, Low, Semmes) Let g € LZ(R). If
G(g) is an orthonormal basis or a Riesz basis in L*>(R), then

A;|t|2|g(t)|2dt:oo or A|§|2|§(§>|2ds=oo. 2)

We note that by Parseval’s identity, condition (2) is equivalent to saying that we
must have either

/|§/(§)|2d§=oo or /Ig/(t)lzdt:oo. 3)
R R

That is, these integrals are considered infinite if the corresponding functions are not
absolutely continuous, or if they do not have a derivative in L2,

In the last 25 years, the Balian—Low theorem inspired a large body of work in time-
frequency analysis, including, among others, a non-symmetric version [6,12,13,23],
an amalagam space version [19], versions which discuss different types of systems
[10,17,18,23], versions not on lattices [8,16], and a quantified version [24]. The latter
result will be discussed in more detail in the second part of this introduction.

Although it provides for an excellent “rule of thumbs” in time-frequency analy-
sis, the Balian—Low theorem is not adaptable to many applications since, in realistic
situations, information about a signal is given by a finite dimensional vector rather
than by a function over the real line. The question of whether a finite dimensional
version of this theorem holds has been circling among researchers in the area.! In
particular, Lammers and Stampe pose this as the “finite dimensional Balian—Low
conjecture” in [20]. Our main goal in this paper is to answer this question in the
affirmative.

Let N € N and denote d = N2. We consider the space ¢4 of all functions defined
over the cyclic group Z; := 7Z/dZ with the normalization,

d—1
1
1blla =+ D bWDP b= (I @
e

To motivate this normalization, let g be a continuous function in L?(R) and putb(j) =
g(j/N), j € ZN[—N?/2, N*/2). That s, the sequence b € Zg consists of samples of
the function g, at steps of length 1/N over the interval [-N /2, N /2]. Then, for “large
enough” N, the above £2 norm can be interpreted as a Riemann sum approximating
the L2(R) norm of g. Note that in Sect. 2, we define the finite Fourier transform F,
so that it is unitary on Eg.

Let NZy denote the set {Nk : k € Z} modulo d. For b € ¢4, the Gabor system
generated by b with respect to (NZ,)?, is given by

A
Ga(b) = (¥ T b(j — )} e.pyenzy2- Q)

' For more on other uncertainty principles in the finite dimensional setting, we refer the reader to [15] and
the references therein.
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Balian-Low type theorems in finite dimensions 645

We point out that, with the choice b(j) = g(j/N), the discrete Gabor system
G4(b) yields a discretization of the Gabor system G(g) restricted to the interval
[-N/2,N/2).

To formulate the Balian—Low theorem in this setting, we use a discrete version
of condition (3). To this end, we denote the discrete derivative of a function b =

(b()YiZp € €5 by

Ab = [b(j—irl)—b(j)}d_l,

and put
a(N) = inf{|NAB|? + [N A(Fab) |3}, (6)

where the infimum is taken over all sequences b € 5‘21 for which the system G4(b)
is an orthonormal basis in Z‘é. We note that for the choice b(j) = g(j/N), samples
of the derivative of g at the points j/N are approximated by N Ab. Therefore, the
expression inside of the infimum is a discretization of the integrals in the condition
(3). Our finite dimensional version of the Balian—Low theorem, that answers the finite
Balian—Low conjecture in the affirmitive, may now be formulated as follows.

Theorem 1.1 There exist constants ¢, C > 0 so that, for all integers N > 2, we have
clogN <a(N) < ClogN.

In particular, x(N) — oo as N tends to infinity.

Remark 1.2 Theorem 1.1 also holds in the case that the infimum in «(N) is taken over
allb € Eg for which the system G4(b) is a basis in K‘zi with lower and upper Riesz
basis bounds at least A and at most B, respectively. In this case, the constants ¢, C in
Theorem 1.1 depend on A and B. (For a precise definition of the Riesz basis bounds
see Sect. 2). The dependence on the Riesz basis bounds is necessary, in the sense that
it can not be replaced by a dependence on the 6‘21 norm of b (see Remark 4.3).

Remark 1.3 The classical Balian—Low theorem (Theorem A) follows as a corollary of
Theorem 1.1, as we show in Sect. 6.

Remark 1.4 By restrictingto N > Nj, for large Ny, the constants in the above theorem
improve. Indeed, combining Proposition 4.1 with Remarks 4.4 and 4.6, respectively,
we obtain the asymptotic bounds

1 N N
(1—\/5)5 lim (mf il )) and  lim (sup o ))<167r2.
4log2 No—oo \N>Ny log N No—oo \ y>p, log N
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646 S.Nitzan, J.-F. Olsen

1.2 Afinite dimensional quantitative Balian—-Low type theorem

In [22], F.Nazarov obtained the following quantitative version of the classical uncer-
tainty principle: Let g € L>(R) and , R C R be two sets of finite measure, then

f lg(0)2dr + / 186)Pdg = De 1M |g|17, .
R\Q R\R

In [24], we obtained the following quantitative Balian—Low theorem, which is a mod-
est analog of Nazarov’s result for generators of Gabor orthonormal bases and, more
generally, Gabor Riesz bases.

Theorem B (Nitzan, Olsen) Let g € L2(R). If G(g) is an orthonormal basis or a Riesz
basis then, for every Q, R > 1, we have

C
lg(n)|*dr + / 18(6)17dg > —, (7
/|t|>Q |£]>R OR

where the constant C > 0 depends only on the Riesz basis bounds of G(g).

This quantitative version of the Balian—Low theorem implies the classical Balian—-Low
theorem (Theorem A), as well as several extensions of it, including the non-symmetric
cases and the amalgam space cases referred to above. Here, we prove the following
finite dimensional version of this theorem.

Theorem 1.5 There exists a constant C > O such that the following holds. Let N >
350, and let b € Z‘zi (where d = N2) be such that G4(b) is an orthonormal basis in
Zg. Then, for all positive integers Q, R € [1, N/30], we have

1 d—1 1 d—1 C
— Y DOP = D 1 FabRP = .
Nj:NQ Nk:NR OR

Remark 1.6 The comments made in Remarks 1.2 and 1.3 hold also for Theorem 1.5
(see Theorem 5.3 and Sect. 6.3, respectively).

Remark 1.7 The conditions appearing in Theorem 1.5 are not optimal, but rather, these
conditions were chosen to avoid a cumbersome presentation. In particular, we point
out that a more delicate estimate in Lemma 5.1, or the use of a different function, will
improve the condition N > 350. Some modifications in the proof of Lemma 5.2 will
improve this condition as well. In addition, a careful analysis of the proof will allow
one to improve each one of the conditions N > 350 and Q, R < N /30 at the expense
of making the constant C smaller. In fact, any two of the previous conditions can be
improved at the cost of the third.
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Balian-Low type theorems in finite dimensions 647

1.3 Finite dimension Balian-Low type theorems over rectangular lattices

The conclusions of the classical Balian—Low theorem (Theorem A) and its quantitative
version (Theorem B), still hold if we replace Gabor systems over the square lattice 72
by Gabor systems over the rectangular lattices AZ x %Z, where A > 0. Indeed, this
is immediately seen by making an appropriate dilation of the generator function g. In
the finite dimensional case, however, such dilations are in general not possible. The
question of which finite rectangular lattices allow Balian—Low type theorems therefore
has an interest in its own right. We address this in the extensions of Theorems 1.1 and
1.5 formulated below.

Let M, N € N and denote d = M N. We consider the space EgM’N) of all functions
defined over the cyclic group Z; := Z/d7Z with normalization

d—1
1 Z . d—
161803y = 7 i (I b= b)Y ®)

This non-symmetric normalization is motivated by the fact that if g is a continuous
function in L2(R) and b(j) = g(j/M), j € ZN[—MN /2, MN /2), then the above
£%-norm can be interpreted as a Riemann sum for the L?(R) norm of g over the interval
[—N/2, N/2]. Note that in Sect. 7, we define the finite Fourier transform F (a7, ) so

that it is a unitary operator from Z;M’N) to ZEN’M).

Letd € ZgM’N). The Gabor system generated by b with respect to MZ; x NZg is
given by

Gm,n(b) = {627”7/1?(]' — k) }k,0)eMZyx NZy - 9)

We point out that making the choice b(j) = g(j/M), the discrete Gabor sys-
tem Gy, n)(b) yields a 1/M—discretization of the Gabor system G(g) restricted to
[-N/2,N/2].

To formulate the discrete Balian—Low theorem in this setting, we put

a(M, N) = inf{|MAbIgy, )+ INAFw.mb) Ity ) (10)

where the infimum is taken over all sequences b € ZgM’N) for which the system

G m,ny(b) is an orthonormal basis in E(ZM’N). We note that for the choice b(j) =
g(j/M), the expression inside of the infimum is a discretization of the integrals in
condition (3).

We are now ready to formulate the extensions of Theorems 1.1 and 1.5 to Gabor
systems over rectangles.

Theorem 1.8 There exist constants ¢, C > 0 so that, for all integers M, N > 2, we
have

clogmin{fM, N} < «(M, N) < Clogmin{M, N}.

In particular, «(M, N) — oo as min{M, N} tends to infinity.
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648 S.Nitzan, J.-F. Olsen

Theorem 1.9 There exists a constant C > 0 such that the following holds. Let M, N >
350, and let b € EéM’N) be such that Gy n)(b) is an orthonormal basis in EgM’N).
Then, for all positive integers Q < N /30, R < M /16, we have

1 d—1 1 d—1 C
— Y DO+ < D I Fmmb®I = —.
Mj:MQ Nk:NR QR

We point out that Remarks 1.2 and 1.6 also hold for Theorems 1.8 and 1.9, respec-
tively. That is, these theorems can be extended to generators of general bases with the
constants depending only on the Riesz basis bounds. Remark 1.7 also holds in this
case.

1.4 The structure of the paper

In Sect. 2 we discuss some preliminaries, in particular the finite and continuous Zak
transform. In Sect. 3 we present two improved versions of a lemma that we first proved
in [24]. These results quantify the discontinuity of the argument of a quasi-periodic
function. In Sect. 4, we apply these lemmas to prove Theorem 1.1, while in Sect. 5,
we use them to prove Theorem 1.5. In Sect. 6, we show how the Balian—Low theorem
(Theorem A) and its quantitative version (Theorem B) can be obtained from their finite
dimensional analogs. Finally, in Sect. 7 we discuss Theorems 1.8 and 1.9. We give
only a sketch of a proof for Theorem 1.8, as the proofs in the rectangular case are very
similar to the proofs in the square lattice case.

2 Preliminaries
2.1 Basic notations, and the continuous and finite Fourier transforms

Throughout the paper, we usually denote by f a function defined over the real line,
and by g a function defined over the real line which is a generator of a Gabor system.
Similarly, we usually denote by a a discrete function in £¢, and by b a function in Zg
which is a generator of a Gabor system.

For f € L! (R), and with the usual extension to f € L2(R), we use the Fourier
transform

FrE) = /R F(e 27 e

We let S(R) denote the Schwartz class of functions ¢ which are infinitely many times
differentiable, and that satisfy sup;.r |tk¢(’z) ()] < oo forall k, £ € N.

Recall from the introduction that for N € Nand d = N2, we denote by Eg the space
of all functions defined over the cyclic group Z, := 7Z/dZ with the normalization
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Balian-Low type theorems in finite dimensions 649

d—1
1 . vd—
lallg =+ d_lai)IP,  a={a()}jZ € &5,
Jj=0

Fora € Eg, we use the finite Fourier transform

d—1

1 2
Fa@®) = 5 Y a(pe 4.
j=0

With the chosen normalization, the finite Fourier transform is unitary on Kg. ‘We define
the periodic convolution of a, b € C?, by

d—1

1
(axb)(k) = D alk = jb(j),

j=0

and note the convolution relation F;(a * b) = F;(a) - F4(b). Observe that, for the
choicea(j) = f(j/N), the discrete Fourier transforms and convolutions yield natural
discretizations of their respective counterparts on R.

Also, recall that forasequencea € Eg , we denote the discrete derivative by Aa(j) =
a(j+ 1) —a(j). From time to time, we encounter sequences depending on more than
one variable, say a(k + w(s)) where ¥ is some function depending on the integer s.
In this case, we write A(y) if we want to indicate that the difference is to be taken with
respect to s. That is, A(S)a(k + w(s)) = a(k +Y(s + 1)) — a(k + w(s)).

We will also consider functions W : Zfl — C for which we use the notations

AW(m,n) :=W@m+1,n) — W(m,n) and
I'W@n,n) .=W@m,n+1) — W(m, n).

Finally, we let £5([0, N — 1]?) denote the space of sequences supported on Z>N[0, N —
11? with norm

U

N-1
1 2
E W (m, n)|”,
m,n=0

where, as usual, d = N2. We note that this normalization can be related to the process
of sampling an L function over [0, 1]%, on the vertices of squares of side length 1/N,
and computing the corresponding Rieman sum.

2.2 The continuous and finite Zak transforms

On LZ(R), the Zak transform is defined as follows.
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650 S.Nitzan, J.-F. Olsen

Definition 2.1 Let f € L?(R). The continuous Zak transform of f is given by

Zf e, y) =) flx =k, (x,y) e R

keZ

We summarise the basic properties of the continuous Zak transform in the following
lemma. Proofs for these properties, as well as further discussion of the Zak transform,
can be found, e.g., in [14, Chapter 8].

Lemma 2.2 Let f € L*>(R). The following hold.

i. The Zak transform is quasi-periodic on R? in the sense that
Zf e+ 1Ly) =™ Zf(x,y) and Zf(x,y+1) =Zf(x,y). (1)

In particular, this means that the function Zf is determined by its values on [0, 1]%.
ii. The Zak transform is a unitary operator from L?(R) onto L*([0, 11?).
iii. The Zak transform and the Fourier transform satisfy the relation

Z(F)(x,y) = e Zf (—y, x).

iv. For ¢ € S(R), the Zak transform satisfies the convolution relation

Z(f %) = Z(f) *1 &,

where the subscript of x1 indicates that the convolution is taken with respect to
the first variable of the Zak transform.

Next, we discuss a Zak transform for Kg which appears in, e.g., [2].

Definition 2.3 Let N € Z and set d = N2. The finite Zak transform of a € €2, with
respect to (NZg)?, is given by

N-1 _
Za(a)(m,n) = Za(m—Nj)ezni]W, (m, n) EZ%.
=0

Note that with this definition, Z,;(a) is well-defined as a function on Zfl (that is, it
is d-periodic separately in each variable).

The basic properties of the finite Zak transform mirror closely those of the contin-
uous Zak transform and are stated in the following lemma. Parts (i), (ii) and (iii) of
this Lemma can be found as Theorems 1, 3 and 4 in [2]. Part (iv) follows immediately
from the definitions of the Zak transform and the convolution.

Lemma24 Let N e N,d = N*>anda € 2‘21. Then the following hold.
(i) The function Z4(a) is N-quasi-periodic on thi in the sense that

Za(a)(m + N, n) = e¥'¥ Zy(a)(m, n),

(12)
Zi(@)Ym,n+ N) = Z;i(a) (m, n).
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Balian-Low type theorems in finite dimensions 651

In particular, Z4(a) is determined by its values on the set 72N[0, N — 112
(1) The transform Zg is a unitary operator from Eg onto £>([0, N — 1]2).
(iii) The finite Zak transform and the finite Fourier transform satisfy the relation

Za(Faa)m,n) = T Zy(a)(—n, m), (13)
(iv) The finite Zak transform satisfies the convolution relation
Za(ax @) = Zg(a) %1 ¢, a,¢ € s,

where the subscript of *1 indicates that the convolution is taken with respect to
the first variable of the finite Zak transform.

Remark 2.5 We will make use of a somewhat more general property than the N-quasi
periodicity. Namely, we will be interested in functions W : Zfl — C satisfying

W@m + N, n) = ne™ ¥ W(m, n),

(14)
W(m,n+ N) = W(m, n).

where 7 is a unimodular constant. In particular, we note that if a function is N-quasi-
periodic then any translation of it satisfies the relations (14). For easy reference to this
property we will call a function satisfying it N-quasi-periodic up to a constant.

We will make use of the following lemma, which is a finite dimensional analog of
inequality (16) from [24].

Lemma 2.6 Let N € Nandd = N?. Suppose that a, ¢ € Eg and k € N, then it holds
that

d—1

k
|Za(a * p)(m + k,n) — Zg(a * ¢p)(m,n)| < ﬁ“zd(a) [ Lo Z [Ad(I.  (15)
=0

A

Proof For a function a € Eg, write Aga(n) = a(n + k) — a(n). Property (iv) of
Lemma 2.4 implies that Ay Z;(a * ¢) = Zg(a) *1 (Ar¢p). The result now follows by
applying the triangle inequality to Y [Ag|. O

2.3 Gabor Riesz bases and the Zak transform

A system of vectors { f,,} in a separable Hilbert space H is called a Riesz basis if it is the
image of an orthonormal basis under a bounded and invertible linear transformation
T : H — H.Equivalently, the system { f,,} is a Riesz basis if and only if it is complete
in H and satisfies the inequality

AY leal> < 1Y enul? < B leal? (16)
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652 S.Nitzan, J.-F. Olsen

for all finite sequences of complex numbers {c, }, where A and B are positive constants.
The largest A and smallest B for which (16) holds are called the lower and upper Riesz
basis bounds, respectively. We note that every basis in a finite dimensional space is a
Riesz basis.

The proof for Part (i) of the following proposition can be found, e.g., in [14, Corol-
lary 8.3.2(b)], while part (ii) can be found in [2, Theorem 6].

Proposition 2.7 (i) Let g € L*>(R). Then, G(g) is a Riesz basis in L*(R) with Riesz
basis bounds A and B if and only if A < |Zg(x, y)|> < B for almost every
(x,y) €0, 11

(i) Let N € N, d = N* and b € 4. Then, G4(b) is a basis in €4 with Riesz
basis bounds A and B if and only if A < |Z4(b)(m, n)|* < B for all (m,n) €
[0, N — 11> N Z%

2.4 Relating continuous and finite signals

In the introduction, we motivated our choices of normalizations by relating finite
signals to samples of continuous ones. In this subsection, we formulate this relation
precisely.

Fix N € N and let d = N2. For a function f in the Schwartz class S(R) and a
continuous N-periodic function i, we define their N-periodisation and N-samples,
respectively, by

Py f(1) = i f(t+EN) and SNh={h(%)}j;;

{=—00

First we relate these operators to the Fourier transform and the Zak transform via
Poisson—type formulas. We note that part (i) of the following proposition is stated
without proof in [1].

Proposition 2.8 For f in the Schwartz class S(R), the following hold.
(i) Forevery N € Nand (m,n) € 72, we have

Zq(SNPn f)(m,n) = Zf(m/N,n/N). (17)
(ii) Forevery N € N, we have
FaSNPNf =SnPNFf. (18)

Proof (i): Since f € S(R), we can change the order of summation in the expression
for Z4(Sy Py f)(m, n). This immediately yields the formula.

(i1): Observe that part (i) holds for both f and JF f. With this, in combination with
parts (iii) of Lemmas 2.2 and 2.4, the proof of part (ii) follows. O

Remark 2.9 (i) Although Proposition 2.8 is formulated for functions in the Schwartz
class S(R), it is readily checked that it holds for aAll functions f € L*(R) which
satisfy both sup,p |£2 f(t)| < oo and SUPg R |E2 f(£)] < oo.
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Balian-Low type theorems in finite dimensions 653

(i1) In Sect. 6, we extend Proposition 2.8 to f € L*(R).

The following lemma relates the discrete and continuous derivatives.

Lemma 2.10 Ler f € L*(R) be a function that satisfies the condition of Remark 2.9(i),
and denote a = Sy Py f. Then,

d—1
> isal = [ 1w,
j=0 &

Proof The inequality follows by applying the Fundamental Theorem of Calculus to
the differences Aa; and then applying the triangle inequality. O
3 Regularity of the Zak transforms

Essentially, this paper is about the regularity of Zak transforms (or rather, their lack
of such). In this section, we formulate a few lemmas in this regard.

3.1 ‘Jumps’ of quasi-periodic functions on Zj

It is well known that the argument of a quasi-periodic function on R? cannot be
continuous (see, e.g., [14, Lemma 8.4.2]). In [24, Lemma 1], we show that such a
function has to ‘jump’ on all rectangular lattices (see Remark 3.2, below). The latter
lemma is finite dimensional in nature. For easy reference we formulate it below. To
this end, we use the notation

|h] > 8 (mod 1)
to denote that

inf |h —n| > 4.
nez

Lemma 3.1 Fix integers K, L > 2. Let y € C and let H be a function on ([0, K] x
[0, L]) N Z? that satisfies

H(G,L)= H(i,0) (modl) ie[0,KINZ and

H(K,j):H(O,j)—{—y—i—% (mod 1) jel0,L1NZ.
Then, there exist (i, j) € ([0, K — 1] x [0, L —1]) N 72 such that

|AH(i, j)| = ¢ (mod 1) 19)

0| =—
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654 S.Nitzan, J.-F. Olsen

or

ITH(, j)| > (mod 1). (20)

o =

Remark 3.2 From time to time, we refer to functions satisfying conditions such as (19)
or (20) as having ‘jumps’. This notion of ‘jumps’ is imprecise and merely meant to
be descriptive, and will depend on the context of the given situation.

Remark 3.3 Note that for K = L = N, the argument of an N-quasi-periodic up to a
constant function (see (14)) satisfies the conditions of Lemma 3.1.

3.2 ‘Jumps’ of quasi-periodic functions on subsets of Zs

In this subsection, we extend Lemma 3.1 to show that it also holds when the function
is restricted to certain subsets of Zfl, which we want to treat as if they were sublattices
of Zi, even if they, strictly speaking, are not. To this end, for integers K, L € [2, N],
we define the functions

asz[%], s €0, K1NZ, w,:[%], tel0,L1NZ, 1)

where [a] denotes the integer part of a. Note that ox = w; = N. We can now state
the following lemma.

Lemma 3.4 Fix positive integers N > 9, K, L € [2, N], and denote d = N2 Let W
be a function defined over Zfi that is N-quasi-periodic up to a constant (see (14)).
Denote by H any branch of the argument of W, so that W = |W|e*™ | Then, there
exist (s, 1) € ([0, K — 1] x [0, L — 1]) N Z?2 so that either

1 1
[AwH(os, )] = ¢ =~ (mod 1) (22)
or
1 1
Ty Hos, @) 2 ¢ = - (mod 1). (23)

Proof Suppose that (14) holds for W with the constant n = ¢27'¥ . We start by modi-
fying the argument H (o, w;) of W to obtain a function that satisfies the conditions of
Lemma 3.1. To this end, for (s, ) € 72, set hs.; = H (05, w;), and define a function
@ (s, 1) on ([0, K] x [0, L]) N Z?* as follows:

hs. if (s, 1) € ([0, K — 1] x [0, L]) N Z?,

CD(S’I):{hO,t+V+% oK
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Balian-Low type theorems in finite dimensions 655

We note that since w;, = N, and H is the argument of a function that is N-periodic in
the second variable, we have

hs,L = H(os, N) = H(0s,0) = hso  (mod 1).

Therefore, ®(s, L) = ®(s,0) (mod 1) for every s € [0, K] N Z. It follows that &
satisfies the conditions of Lemma 3.1 on ([0, K] x [0, L])N 72, and, as a consequence,
there exists a point (s, ) € ([0, K — 1] x [0, L —1]) N 772 so that either

1 1
|[AD(s, 1) > 3 or [I'®(s,1)] > 3 (mod 1)

hold. The jumps for i ; now follow from the jumps of ®. Indeed, if the jump is
in the vertical direction, or if it is in the horizontal direction at a point (s, ) with
s < K — 2, then this is immediate from the definition of ®. If the jump is in the
horizontal direction, at a point (s, #) withs = K — 1, then we note that, since g = N,
the N-quasi-periodicity up to a constant of W implies that

Wt Wy t
hx:=H(N, = H(0, — =d(K,1 — ——.
ko =HWN.o)=HO.0) +y+5=K.0+ (5 1)

Since, by definition ®(K — 1,) = hx_1, it follows that

t 1 t
o —hi-1al = 10K, 0 = 0K 1.0l = |3 = 7| =2 5 = |57 — 7|

The lemma now follows from the fact that,

Wy t

N L

[tN/L] ot

N L

tN/L t

N L

<

We obtain the following corollary of Lemma 3.4.

Corollary 3.5 Fix an integer Ny > 9 and a constant A > 0. Let

§ = 2/Asin (n(% - i))

No
For any integers N > No and K, L € [2, N, the following holds (with d = N?). If
W is an N-quasi periodic function satisfying A < |W|?> over the lattice Zﬁ, then, for
every (u,v) € Zfi, there exists at least one point (s, t) € ([0, K —1]x [0, L—1]) nz?
such that

AW+ o5, v+w)| =38, or (24)
ITiyW(u+ o5, v+ w)] =6, (25)

where oy, w; are defined in (21).
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Proof First, we point out that we define the argument arg(z) of a complex number z
so that z = |z|e?™1¥2() Since any translation of a quasi-periodic function is quasi-
periodic up to a constant, as defined in (14), it follows from Lemma 3.4 that on an
N x N square the argument of W jumps by more than 1/8 — 1/N in at least one of
the inequalities (24) or (25). As the modulus of W is bounded from below by VA, the
conclusion now follows from basic trigonometry. O

4 A proof for Theorem 1.1
Here we give a proof for Theorem 1.1 in the general Riesz basis case referred to in
Remark 1.2. In the first subsection below, we reformulate the theorem in terms of the

Zak transform. Using this, we proceed to prove the bound from below, and, finally,
we prove the bound from above.

4.1 Measures of smoothness for finite sequences

Fix N € Nand setd = N%. Forb € Zg, denote

d—1 d—1
a(b,N):=N Y |Ab(HI*+ N Y |AFubk),
j=0 k=0
and
N-1 N-1
B, N) =Y [AZy(b) (m,m)]> + Y [TZa(b) (m, ).
m,n=0 m,n=0

Note that with these notations the quantity «(/N) defined in the introduction satisfies
a(N) =inf a(b, N)
where the infimum is taken over b € Eg for which G (b) is an orthonormal basis.

Proposition 4.1 Let b € €4 be such that |Z,(b)(m,n)|> < B for all (m,n) € Z3.
Then, for all integers N > 2, we have

%,B(b, N) — 872B < a(b, N) < 28(b, N) + 872B (26)

Proof We will only prove the right-hand side inequality in (26) since the left-hand
side inequality is proved in the same way.

As the finite Zak transform commutes with the difference operation A, that is
Z4(Ab) = AZ4(b), and the finite Zak transform is unitary from Zg to £2([0, N — 11?),
we find that

@ Springer



Balian-Low type theorems in finite dimensions 657

18513 = 1Za(ADI, 0,12y = 1A Za B 0,512y

Multiplying the above equation by d = N2, we get

d—1 N-1
NY IAb()HP = Y |AZa(b) (m,n)]. (27)
j=0 m,n=0
Similarly,
| AFabligg = IAZaFab) I, o, v -1 (28)

To relate the expression on the right-hand side to ' Z;(b), we use the relation between
the finite Fourier transform and the Zak transform (13) to compute

|AZa(Fgb) (n, —m)|> = e 2" ED/A 7 ,(b) (m,n + 1) — e 2 Z2,(b)(m, n)|?

< 2|0 Z4(b) (m, n)|* + 22"/ — 1) Z4(b) (m, n)|?
m2
< 2|0 Z4(b) (m, n)|? + SJTZEB.

Combining this estimate with (28), and recalling that the Zak transform is N-periodic
in the second variable, we find that

N-1
1 1
2 2 2 2
IAFablYy =5 D 1AZa(Fab)(n,=m)P < 2T ZaB) g 1)+ 87 15 B.

m,n=0
where in the last estimate, we used the facts that m < N and d = N2. Multiplying
this inequality by N2, and combining it with (27), the right-hand inequality of (26)

follows. o

For A, B > 0, we put

s p(N) =inf{a(b, N)}  and B p(N) = inf{B(D, N)},
where the infimums are taken over all b € 2‘21 for which the system G;(b) is a basis
with Riesz basis bounds at least A and at most B.

Proposition 4.1 now implies that with the notations above, the following inequality
holds for every N € N:

1
3B B(N) = 87°B < as p(N) <284 (N) + 87°B. (29)

In light of this inequality, Theorem 1.1 (as well as the version discussed in
Remark 1.2) can be reformulated as follows.
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Theorem 4.2 There exist constants ¢, C > 0 so that, for all integers N > 2, we have
clogN < B4 p(N) <ClogN.

Remark 4.3 To see that it is necessary to include the the Riesz basis bounds in the
definitions of a4 p(N) and B4 p(N) (and that these bounds cannot be replaced by
Zg normalization) consider the following example. Let 1 = e™” =% with T €
(0, 1/2)\Q. By [11, Lemma 3.40], it follows that Zh has exactly one zero on the unit
square located at (1/2 4 t, 1/2). Since the first coordinate of this point is irrational,
it follows by Proposition 2.8 that the function Z;(by) with by = Sy Pyh, where
d = N?, does not have a zero on thi. Consequently, Proposition 2.7 implies that the
finite Gabor system G ;(by) is a basis for Zg, though the (lower) Riesz basis bounds
of these bases decay as N increases. Straight-forward computations, using only the
regularity and decay of the Gaussian, show that there exist constants C, D, E > 0,
such that the following hold:

(1) C < |lbnlla < D forevery N € N, (i) a(by, N) < E as N — oo.

This example shows that the constant ¢ in Theorem 1.1 depends on the lower Riesz
basis bounds in the definition of a4 p(N). Similarly, it may be shown that C depends
on the upper Riesz basis bound.

4.2 Proof for the lower bound in Theorem 4.2
Proof Given N > 9, we setd = N2 and let J € N be such that 27 <N < 2741 Fix

j€l0,J —11NZ Let o/ and &’ be as defined in (21) with K; = L; = 2774,
That is,

We note that

2/ < inf{Ac”) < sup{ac} < 27%1, (30)
where both the infimum and supremum are taken over all ¢ € Z. Indeed, to see this,
consider separately the cases N = 27 and N > 27, and use the fact that all of the
numbers involved in these inequalities are integers.

Foru, v € [0,2/ — 11N Z, write

Lat;(u) = {u+ 0" 15 €02/ 77 —1]1NZ}. and
Latj, v) = {(u + 0" v +0) 15,1 € 0,2/ = 11N Z},

Note that due to (30), if u| 7# up then Lat;(u1) N Lat;(u2) = @, and if (u1, v1) #
(u2, v2) then Lat (41, v1) N Lat; (uz, v2) = ?.
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Given b € Eg, we denote W = Z;(b). Set § = 2JA sin(;r/72), then, since N > 9
Corollary 3.5 implies that each of the sets Lat;(u, v) contains a point on which the
function W ‘jumps’, i.e., where

2< AW+ v+ o VP + 1A Wu+6 v+o )P (D)

Our goal is to collect ‘jumps’ of W that are, in some sense, separated. We do this in
an inductive process.

In the first step, let j = 0. By Corollary 3.5, there exists a point (mg, o) in
Lato (0, 0) so that (31) holds for this point. Let §0 = So = {(mg, no)}. Next, let j = 1.
For u € {0, 1}, the sets Lat;(«) are disjoint, and so at least one of them does not
contain the number m. Let u} € {0, 1} be such that the set Lat; (u}) has this property,
and, similarly, let vl1 € {0, 1} be such that Lat; (v%) does not contain the number 7.
By Corollary 3.5, there exists a point (mj, n1) in Lat; (u{, vll) so that (31) holds for
this point. Let S1 = {(m1, n1)}, and put S; = Sp U S1. Note that the two points in S;
do not have the same value in either coordinate.

We now consider the general case. Assume that for some 1 < j < J — 2 we have
found sets S, S and S] 150 thatS = Sj 1US; and

LS =1Sjl=2/""and |S;| = 2.
ii. Every pointin §; satisfies condition (31).
iii. No two points in §; have the same value in either coordinate.

We now construct the sets §;,; and S j+1. Consider the sets Lat;(u) for u €
[0,2/T! — 1] N Z. These 27! sets are disjoint and therefore at least 27 of them
do not contain any of the numbers that are the first coordinates of the points in S . We
let these sets correspond to u; 1 e 0,2/ — 11N Z for | <k < 2/, and similarly,
let v} ™ € [0,2/11 — 11N Z, for 1 < k < 2/, be so that no integer in Lat ;1 (v ")
commde with the second coordinate of any point in § By Corollary 3.5, there is a
point in each of the sets Latj_H(u]—H ]+1) so that (31) holds. Let SJ_H be the set
containing all these points and let S 1= S; 7 US;+1. Note that ;11 and S j+1 satisfy
conditions (i),(ii) and (iii) above, with j replaced by j + 1.

Now, for a fixed 0 < j < J — 1, each point (m, n) € S; is of the form (m, n) =
-+, v+0) for some (u, v) € [0,2/ —11*NZ2 and (s, 1) € [0, 2/~ —1]12NZ2.
We observe that condition (31) implies the following for such a point (m, n) (where
we apply the Cauchy—Schwarz inequality and (30) in the third step):

< |A(5)W(u+am v+otj))| + |I‘(,)W(u—|—a(]) v+o,(j))|2
uto, —1 v+o,(fl 1 ,

z‘ 3 AW, n)‘ +} FW(m,Z)‘ )
k=u+o? t=v+aP
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“+‘7x(-{-)1 —1 v+crt<_{_)l —1
<2 N AWk + Y ITW(m. 0
k=u-+o t=v+0,"
N—-1 N—1
< 2/H! (Z AWk, n)]> + > ITW (m, e)|2) :
k=0 =0

The last step of the above computation follows by combining the observation that the
summands are N -periodic, thatis, | AW (m, n)| = |[AW(m—N,n)|and |T’ W (m, n)| =
|T'W (m, n—N)|, with the fact that, by (30), the number of terms in each sum is bounded
by 27, and therefore also by N.

Since no two points of S 1 = UJJ.;(; S have the same value in either coordinate,

and |§;| = 2/=1 we obtain

N—-1 N—1
Bb.N)= Y [AWm.m+ Y [TW(m, n)f
m,n=0 m,n=0
N—1 N—1
=S (Z|AW<k,n)|2+Z|FW<m,e>|2>
(m,n)eS;_; \k=0 =0
J—1 N-1 N-1 (32)
=> > (Z|AW<k,n>|2+Z|FW(m,6)|2)
J=0 (m,n)eS; \k=0 (=0
= 52 s
=) 2 ym s
Jj=0 (m,n)eSs;
As J + 1 > log N/log?2, the desired lower inequality now follows. O

Remark 4.4 Given the restriction N > Ny, it follows from Corollary 3.5 that the
8 appearing in the last proof may be choosen to be § = 2+/Asin7(1/8 — 1/Ny).
Moreover, the inequality J + 1 > log N/ log 2 yields

1 1
J >logN - ( — )
log2 log Ny

Plugging this into the estimate (32), we find that

B(N) > logN - (10;2 - loglN()) . Asinzn(% - Nlo)

For No = 9, this yields the estimate S4 p(N) > Alog N /533, while as Ny — oo we
get that

1 1
lim ( inf M) 3A—<1 _ —)
No—oo \N>Ny log N 2log?2 V2
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4.3 Proof for the upper bound in Theorem 4.2

We consider a function that first appeared in [5] (see also [23]). In these ref-
erences, this function was used for similar purposes as here, namely, to provide
examples of generators of orthonormal Gabor systems with close to optimal local-
isation.

To define the function, we first define the smooth functions ¢ : R — [0, 1] and
y :(0,1] — [0, 1] by

1 te(0,1/4]

0 tefl/2,1]"

t) = Lzl d t) =
o) = 0 1<0 an () =

Using these functions, we define (see Fig. 1)

Hee ) = “(W@) Hrw)y ifxe0n,

Finally, on [0, 1]2, we define the function
G()C, y) — e2niH(x,y),

which we extend (continuously on R?\Z?) to a quasi-periodic function on all of R?
(in a mild abuse of notation, we also denote the quasi-periodic extension by G(x, y)).
Since the finite Zak transform is unitary, it follows that there exists a sequence b € Zg
of unit norm so that

Z4(b)(m. n) = G(% %) (33)

In particular, since G is unimodular, it follows by Proposition 2.7 that the Gabor system
G 4(b) is an orthonormal basis for E‘zl.
The following proposition provides the required estimate from above on S 1(N).

Proposition 4.5 Let b be the sequence defined above. Then, there exists a constant
C > 0sothatforall N >2andd = Nz, we have

B(b, N) < ClogN. (34)

Proof 1In this proof, we denote by C positive constants which may change from line
to line. In light of (33), we need to estimate the expression

Y ao(2 )+ X a2

m,n= m,n=

=(I) =(1)
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H(:Z:, y) = Q(y/I)

! ! ] !
\ o \ N !
: E ! @ !
\ C | ~ \
B I !
! ! = !
' ' o——
0 1/4 1/2 1

Fig. 1 Illustration of the function H (x, y) from [5] used in the proof of the upper bound for Theorem 4.2

To estimate (/), we make the following partition of the set [0, N — 11> NZ3:

Ao ={(m,n) €Z*:m e[0,N/8],n =0}
Ay ={(m,n)€Z* :me[l,N/8andn € [1,m]}
Az = ([0, N — 11> N Z*)\(49 U Ay)

On Ay, the values of G(m/N,n/N) are constant, SO

On A, we use the fact that the function G is C* on R2\Zz, and moreover, that
on the set {(x,y) € [O, 1]2 'y > xVx > 1/8} both G, and its derivatives, are
continuous. Indeed, this means that we are justified in using the Mean Value theorem
for (m, n) € A, to make the estimate

o( 2] = 00 ) <

where (., € (m/N,(m + 1)/N) and C = C(G) > 0 is a constant not depending
on N. It follows immediately that

5 [so(54) < g cmi=e

(m,n)eAy
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On A1, we do the computation

mons 2 [N/8] m a2 1
> |ae(Gw) =X L] @6 (3| 52
(m,n)eA m=1 n=1

= (%)

where ., € (m/N, (m + 1)/N) as before. To estimate (x), we compute

d(%)) ' N’;T

00 &) =2elm(s ) =2

This allows the bound

(N/8] m 0 N2 n
=it 35 e ()
[N/8] m 2
4r)¢'112, n 2
< —= <4 ’2(C I N).

To estimate (II), we consider the corresponding sums over A and over B = AgUA].
We skip the estimates for A,, which are completely analogous to the corresponding
estimates made above. Instead, we turn our focus to the estimate for B. As above, we

begin by using the Mean Value Theorem to write

m n\|2 [N/ m m 1
_ 2
> re(% ) = X X106 (5 vma) P
(m,n)eB m=1 n=0
1= (k)

where vy, , € [n/N, (n + 1)/N]. To estimate (:x*), we compute

oGl

00(%)| =2 () =2

This allows the estimate
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[N/8] m

(%) = dx? Z Z‘qﬁ(

m=1 n=0

[N/8] m

<4719/ 1%, Z Zmi 472 ¢'1% (C +log N).

1 N?

O

Remark 4.6 To determine a bound for the constant C of inequality (34), observe that
we can actually choose ¢ to be piecewise linear, and therefore to satisfy ||¢’||C2,O <1
Moreover, observe that

(%) 4 (%) < 872(Co + log N),

where C is some positive constant. Since the remaining sums over A, only contribute
to Cp, we conclude that asymptotically,

N
C < Ilim ( sup Pri( )>
No— o0 N>N() logN

5 A quantitative Balian-Low type theorem in finite dimensions

In this section, we prove a finite dimensional version of the quantitative Balian—Low
inequality. For the most part, we follow the main ideas appearing in our paper [24].

5.1 Auxiliary results

The estimate in the following lemma is not optimal, but rather, chosen to simplify the
presentation. We leave the proof, which is straight-forward, to the reader.

Lemma5.1 Let p : R — R be the inverse Fourier transform of

1 lEl < 1/2,
pE)=12(1—&sgn(§) 1/2<|§| =<1,
0 |&] > 1.

Then
/ lo(1)|dr < 10.
R

Lemma5.2 Let A, B > 0 and N > 350/ B/A. There exist positive constants § =
8(A) and C = C(A, B) such that the following holds (with d = N2). Let

(i) Q. R € Zsuchthatl < Q,R < (N/30)-A/B,
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(ii) ¢,V € 4 suchthaty", |A¢(n)| < 10R and ¥, |Ay (n)| < 10Q,
(iii) b € €4 such that A < |Zq(b)|* < B.

Then, there exists a set S C ([0, N — 11N Z)? of size |S| = CN?/QR such that all
(u, v) € S satisfy either

|Za(b)(u, v) — Za(b* ) (u,v)| =8, or (35)
|Za(Fab)(u, v) — Za((Fab) * ) (u, v)| = 8. (36)

Proof of Lemma 5.2 For the given A and for Ny = 350, let §; = 2/A sin(r/8 —
7 /350) be the constant from Corollary 3.5. Notice that the integers O, R and N
satisfy

VB 200R 200
—— max {—, —Q, 8071}5N.
81 9 9

Therefore, there exist integers K and L that satisfy

2007/BR JE (200
Tt <K =N and S max {TQ sorl<L <N (7)
1 1

We choose K, L to be the smallest such integers.
For s, t € 7Z, let o, and w; be as defined in (21), that is,

sN tN
o5 = [—], and w; = [—]
K L

Note that ok = w; = N and denote ¥ = inf{A o5} and Q2 = inf{A)w,}. The
conditions on K and L imply that, for some constant C1 = C{(A, B),

N2
X2-Q>Cl—.
OR
For (u,v) € ([0, X — 11NZ) x ([0, 2 — 1] N Z), write
Lat(u, v) = {(u +og,v+aw;) (s, 1) € ([0,K —11NZ) x ([0, L — 1] ﬂZ)}
and

Lat*(u,v) = {(N —v—wpu+oy): (s,1) € ([0, K —11NZ) x ([0, L — 11N Z)}.

Note that if (u1, vi) # (u2, v2) then it follows from the definition of ¥ and 2 that
Lat(uy, vi) N Lat(uyp, v2) = ¥ and Lat*(uy, v{) N Lat*(usz, v2) = @. We will show
that for each (u, v), either the set Lat(u, v) or the set Lat™(u, v) contains a point from
([0, N —11nZ)? which satisfies condition (35) or (36), respectively. Putting C = C1/2
our proof will then be complete.

@ Springer



666 S.Nitzan, J.-F. Olsen

So, fix (u,v) € ([0, £ — 11N Z) x ([0, 2 — 1] N Z). Due to Corollary 3.5, there
exists at least one point (s, ¢) € ([0, K — 1]NZ) x ([0, L — 1] N Z) such that (24) or
(25) hold with W = Z;(b).

Assume first that (24) holds. Lemma 2.6, the estimate |A)os| < 2N /K, and
condition (37), imply that

ON/K 98,

|A ) Za(b % §)(u + 05, v+ w;)| < /B -10R < o

It follows that either (4 +oy, v+w;) or (u+0(541), v+ay) satisfy (35) with § = §;/20.
It may happen that this chosen point does not belong to ([0, N — 11N Z)?, that is, it is
of the form (# + N, v 4+ w;). In that case, due to the N-quasi-periodicity of the Zak
transform, the point (u, v+ ;) satisfies the same inequality, and is in ([0, N —1] ﬂZ)z.

Assume now that (25) holds for (u, v) and (s, 7). Then (13), the N -quasi-periodicity
of Z,(b), and the estimate |Ayw;| < 2N /L, imply that

Ay Za(Fab)(N — v — wy, u + 0y)|

. (wp 1 —r)(utoy)

=1Zsb)(u+ 05, v+ wry1) — eszzd(b)(u + 05, v+ W)
(w41 —or)(utos)
> P'yZa(b)(u + o5, v + ;)| — «/B|e2’”t+lf —1]
4r/B 198,
z 8 = > —.
L 20

On the other hand, as in the previous case, we have
20/BQ 98
A Za(Fab * Y)(N —v —wp,u+05)| < — < 10
It follows that either (N — v — w;, u + o) or (N — v — w41y, u + oy) satisfy (36)
with § = §;/40. It may happen that this chosen point is the point (—v, u + oy). In that

case, due to the N-quasi-periodicity of the Zak transform, the point (N — v, u + o)
satisfies the same inequality, and is in ([0, N — 1] N Z)z. O

5.2 A proof for Theorem 1.5

We are now ready to prove Theorem 1.5. In fact, we prove the more general version
referred to in Remark 1.6 which we formulate as follows:

Theorem 5.3 Let A, B > 0. There exists a constant C = C(A, B) > 0 so that the
following holds. Let N > 350,/B/A and let b € 6‘21 (where d = N?) be such that
G4 (D) is a basis in E‘zi with Riesz basis bounds A and B. Then, for all positive integers

1< Q,R < (N/30)-/A/B, we have

1 d—1 1 d—1 C
— 3 DOP = D 1 FabRP = .
N j=NQ N k=NR OR
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Proof of Theorem 1.5 Let p : R — R be as in Lemma 5.1 and put ®(r) = Rp(R?)
and ¥ (r) = Qp(Qt). Denote ¢ = Sy Py and v = Sy Py V. By Lemma 2.10, in
combination with Lemma 5.1, it follows that >, |[A¢(n)| < 10R and ), |Ay(n)| <
100Q. As a consequence, the integers Q, R and N, as well as the functions ¢, 1 and
b, all satisfy the requirements of Lemma 5.2.

As O, R < N/2,by Proposition 2.8, and Remark 2.9(i), we have 0 < Fy¢, Fyf <
1 over Zg. Moreover, we also have Fy¢(j) = 1 for j € [0, RN/2]U[N?> — RN /2 +
1, N?] and Fy(j) = 1 for j € [0, ON/2] U [N? — QN/2 + 1, N?]. It therefore
follows from Lemma 5.2, and the fact that both the finite Zak transform and the finite
Fourier transform are unitary, that, for some constant C > 0,

C 2
ﬁ = ”Zd(b) - Zd(b * ¢)||Z2([0,N71]2)

+11Za(Fab) = Za(Fab * WIIF, qo.n-11)
= llb—bx @7, + | Fab — Fabx ¥l
d d

= IFab(1 = Fad)llys + I16(1 = Fav)

1 d—1—[NR/2] d—1-[NQ/2]

2 -\ (2

<5 2 1Fab®) +5 > G
k=[NR/2]+1 J=INQ/2]+1

The result now follows by applying a suitable time-frequency translate to the sequence
b. O

6 Applications to the continuous setting

In this section we show that both the classical and quantitative Balian—Low theorems
follow from their finite dimensional analogs.

6.1 Relating continuous and finite signals - revisited

We start by extending Proposition 2.8 to the space L>(R). We do this in four steps. In
the first, we introduce some additional notations. To this end, fix N € N, N > 2, and
letd = N2.

Step I: By (L2[0, 1/N1?)?, we denote the space of all d-tuples {¢ () }7;3 with

function entries ¢ (j) € L?([0, 1/N1?), equipped with the norm given by

d—1
D210 wpye = N D NS T20.1 ) (38)
j=0

Note that the factor N appears in the norm in order to take the measure of [0, 1/N] into
account. Similarly, by (LZ[O, 1/N ]2)N xN we denote the space of all N x N matrices
{6, k)}j.\f,::]O with function entries ¢ (j, k) € L2([0, 1/N]2), equipped with norm
given by
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N-1

DGy M 201 wpyven = D 160G 0.1/wp)- (39)
J k=0

(The reader should note the different in normalisations used in (38) and (39).)

Step II: We consider functions % (u, v; t) defined over [0, 1/N 1? x R, that are N-
periodic with respect to the variable 7, and are such that, for every fixed 7o, the restriction
h(u, v; to) is well defined almost everywhere and belongs to L2([0, 1/N1?). Observe
that the operator

SN h = {h(u, v; j/N)YIZg

trivially satisfies

Syh € (L*[0, 1/N1*)?, (40)
FaSnh € (L*0,1/N1>)¢, 41)
ZaSnh € (L*0,1/N1H)N*N, (42)

Above, we understand the notations F;Syh and Z;Syh to mean that F; and Z,
operate on Syh with respect to the variable j with (u, v) being considered fixed.
Step III: Let f € L>(R). For (u, v) € [0, 1/N]?, we define the function

Fuw @) =V f(r+u), reR

and formally put

PN fuy@® =Y fuw(t +EN).

{=—00

Note that if f is in the Schwarz class S(R), then the function & (u, v; t) := Py f(u,v)(t)
satisfies the conditions on % (u, v; t) described in Step II. The following lemma shows
that this is true for all f € L?(R).

Lemma6.1 For f € L*(R), let Sy (t) be the function defined above. Then, for every
fixed ty € R, we have

P fu,n (o) € L*(0, 1/NT).
That is, the series defining Py f(,,v)(to) converges in the norm of L%([0, 1/N1?).

Proof Use the fact that {~/Ne*™ "NV}, is an orthonormal basis over [0, 1 /N]. O

It follows that, for f € L2(R), the operator Sy Py f(u,v) 1s well defined and that
conditions (40), (41), (42) hold with h(u, v; t) = Py fu,v)(1).

Step IV: For f in Lz(R), we understand the notations F f(, ) (¢) and Zf, ) (1)
to mean that the Fourier transform and the Zak transform are taken with respect to
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the variable ¢, with (u, v) being fixed. Since S(R) is dense in L2(R), we obtain the
following extension of Proposition 2.8.

Proposition 6.2 Ler f € L*(R). Then, the following hold.
(i) Forall N € N and (m,n) € Z2, we have

Zy(SN PN fuw)(m,n) = Zfuv(m/N,n/N), (43)

where the equality holds in the sense of L*([0, 1/N1%).
(ii) Forall N € N, we have

FaSNPN fu,w) = SNPNF fuv) (44)

where the equality holds in the sense of (L*[0, 1/N1*)%.

Proof First, Proposition 2.8 implies that (43) and (44) hold for f € S(R) pointwise
everywhere. Since S(R) is dense in L2(R), itis enough to show that the four operators
implicitly defined by the left and right-hand sides of (43) and (44) are isometric (in
fact, they are unitary). This easily follows by using the fact that {~/Ne*™"Nt?},; is
an orthonormal basis over [0, 1/N]. O

In light of Proposition 2.7, we get the following from part (i) of Proposition

Corollary 6.3 Let g € L*(R) be such that the Gabor system G(g) is a Riesz basis
in L2(R) with lower and upper Riesz basis bounds A and B, respectively. Then, for
almost every (u, v) € [0, 1/N]2 the Gabor system Gd(SN PNgu,v)) lS a Rlesz basis
in Eg with lower and upper Riesz basis bounds Aand B satisfying A < Aand B < B,
respectively.

6.2 The classical Balian-Low theorem

We start with the following lemma which relates the discrete and continuous derivatives
of L%(R) functions.

Lemma 6.4 Let f € L>(R) and N € N. Denote Fy, vy = Sn Py fu.v)- Then,

82
2 12 / 2 2
N ”A(j)F(M,U)(.])”(LZ[O’I/N]Z)({ = 2/]R|f (t)| dt+ F/RUC(I)' dt»

where the integral on the right-hand side is understood to be infinite if f is not
absolutely continuous, or if its derivative is not in L*(R).

Proof Puta,(j, 1) = f(u+ 4 +¢N)and fix j € [0, N> — 11N Z. Since f € L2(R),

we have, with respect to the variable ¢, that a, (j, £) € £2(Z) for almost every u. We
compute
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/ f[o o180 Fien () dvdu
'N
ad Sv(j+1)
= [[ | X (G e
03P [
2 A / 2wivNe
=< //[01]2 Z (j)au(] )e
2
+ //[0 L]Z (e
Z / @G+ 1.0 - a, G DR+ T 3 / au(j. P du,

{=—00

2
dvdu

—a,(j, D) e2m N) e2rr1le

2
dudv

o0

S . 2
27”W _ l) Z au(jyl) eZﬂlle‘ dvdu
=—00

where we applied the inequalities |a + b|? < 2|al? +2|b|? and |&* — 1] < |x|. By
the Cauchy-Schwartz inequality, we get

1
fN
0

Combining these two estimates, the result follows. O

N

a,(G+ LD —au(j, l)’ du < —/ f |f’(t+u)|2dtdu.

+(N

We are now ready to show that the classical Balian—-Low theorem (Theorem A)
follows from our finite Balian—Low theorem (Theorem 1.1).

Proof of the Classical Balian-Low Theorem Let ¢ € L?*(R) be such that the Gabor
system G (g) is a Riesz basis with lower and upper Riesz basis bounds A and B, respec-
tively. For all integers N > 2, d = N2, and u, v € [0, 1/N]?, we consider the finite
dimensional signal Sy Py g(u,v)- By Corollary 6.3, for almost every u, v € [0, 1/N 1%,
this is a basis in 2‘1 with Riesz basis bounds A, B satisfying A < Aand B < B. By
Theorem 1.1, (see also Remark 1.2) we have

d—1 d—1
clogN <N Y |AGSNPrguw(DPF + N Y 1AuwFaSy Py gun®)[.
j=I1 k=1

Integrating both parts with respect to (u, v) over the set [0, 1/N]?, and applying
Proposition 6.2 (ii), we get

clog N < N8 G SN PN gu,o (DT 2001 wppe + N 1860 SN PN F 8w 017 200,11y

By Lemma 6.4, we obtain

@ Springer



Balian-Low type theorems in finite dimensions 671

’ 2 8”2 2
clogN <2 | |g'(®)|°dt + — |g(t)| dr
R N?
2 [ 1o oPa+ / Fa)Par,
R
Finally, letting N tend to infinity, the result follows. O

6.3 A quantiative Balian-Low theorem

Discrete and continuous tail estimates are related by the following lemma.

Lemma6.5 Let f € L*>(R) and Q, N € N be such that Q < N. Denote Fuv =
SNPNf(u,U)‘ Then,

d—1

N Y 1D l_f \f (1)t
2 I L2051~ Jrypo.01

J=0ON

Proof This follows by using the fact that {v/Ne2miNtvy, - is an orthonormal basis
over [0, 1/N]. O

We are now ready to show that the Quantitative Balian—-Low theorem (Theorem B)
follows from Theorem 1.5 (or rather, the more general Theorem 5.3).

Proof of the Quantitative Balian-Low Theorem Let g € L?(R) be such that G(g) is a
Riesz basis with lower and upper Riesz basis bounds A and B, respectively, and let
Q. R be positive integers. Let N > 200max{Q, R} - /B/A and set d = N>. For
fixed u, v € R, consider the finite dimensional signal Sy Png(,v)- By Corollary 6. 3
for almost every u, v € [0, 1/N 1%, this is a basis in Ed with Riesz basis bounds A,
satisfying A < Aand B < B. By Theorem 5.3 we have

C 1 d—1 1 d—1
0R=N D ISNPNgwDP + 5 D0 1FaSnPrgus (DI
j=20N J=2RN

Integrating both terms with respect to (u, v) over the set [0, 1/N]?, and applying
Proposition 6.2 (ii), we get

d—1 d—1
c . .
R =N 2 ISWPNE DRz + N D ISV PN T ua(DIGyag0 -
Jj=20N J=2RN

By Lemma 6.5 we obtain,

C
£ . / g0 Pdr + f Fo(®)2dr.
OR R\[0,20] R\[0,2R]
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The result now follows by applying an appropriate translation and modulation to g
(note that a translations and modulations of g preserve the Riesz basis properties of

G(g)). m]

7 Balian-Low theorems for Gabor systems over rectangles

In this section, we turn to theorems 1.8 and 1.9. As the proofs are very similar to those
of theorems 1.1 and 1.5, respectively, we only provide an outline of the main ideas,
and leave it to the reader to fill in the details.

7.1 The finite Zak transforms over rectangles.

Throughout this section, we let M, N € N and denote d = M N. With the normaliza-
tion

d—1

1 i
Formal® = - Zoa(,-)e—w},
j:

it is readily checked that the Fourier transform is a unitary operator from ﬁéM’N) to

ZEN’M) (for the definition av this space, recall (8)).

(M,N)

We use the periodic convolution, defined for a, b € £, , by
| d—1
(@xb)k) = - X(j)a(k — Nb().
J:

This yields the convolution relation Fys ny(a * b) = Fu, nya - Fou,nyb.
We will also make use of the space £> ([0, M — 1] x [0, N — 1]), with the normal-
ization

M

—1N-1
Do Iwom, P,
m=0 n=0

1

S|

The finite Zak transform for a € E;M’N) is given by

N-1

Zm.Ny(a) (m,n) = Za(m—Mj)ezm%, (m, n) GZEZ.
j=0

Note that with this definition, Z y)(a) is well-defined as a function on Zﬁ (that is,
it is d-periodic separately in each variable).

The basic properties of Z(y, n) are stated in the following two results (compare
with Lemma 2.2 and part (ii) of Proposition 2.7).
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Lemma7.1 Let M,N e Nandd = MN. Fora € EEM’N), the following hold.

(i) The function Zy ny(a) is (M, N)-quasi-periodic on Z?, in the sense that

Zy,ny(@)(m+ M, n) = ezni%Z(M,N)(a)(ms n),

(45)
Zm,Ny(@)(m,n+ N) = Zy, ny(a)(m, n).

In particular, the finite Zak transform is determined by its values on the set
Z2N (0, M — 1] x [0, N — 1]).

(ii) The transform Zy ny is a unitary operator from EEM’N) onto ([0, M — 1] x
[0, N —1]).

(iii) The finite Zak transform and the finite Fourier transform satisfy the relation

Zovny (Fonna)(n,m) = ¥ V0 Zy wy(@)(—=m, n). (46)

Proposition 7.2 Let M, N € N and b € ¢""™). Then the Gabor system Gy n(b),

defined in (9), is a basis in E(ZM’N) with Riesz basis bounds A and B, if and only if
A <|Zwm.ny(b)(m, n)|> < B forall (m,n) € Z> N ([0, M — 1] x [0, N — 1]).

7.2 Regularity of the finite Zak transforms over rectangles

Lemma 3.1 is already formulated in a rectangular version. One can obtain a similar
analog of Lemma 3.4 with the notations

os=[%], s €0, K1NZ, wtz[%], ([0, L1NZ,  (47)

forintegers K € [2, M]and L € [2, N]. Note that, similar to the square case, we have
ox = M and wp = N. With this we get the following extension of Corollary 3.5.
Corollary 7.3 Fix an integer Ny > 9 and a constant A > 0. Let

§ = 2v/Asin (n(é - i))

No
For any integers M, N > Ny, K € [2, M], and L € [2, N], the following holds (with
d = MN). Let W be an (M, N)-quasi periodic function over the lattice Zf] satisfying

A < |W(m, n)|2,f0r all (im,n) € Zfl. Then, for every (u, v) € Zfl there exists at least
one point (s, t) € ([0, K — 1] x [0, L — 1) N 72 such that

AW +og,v+w)| =8, or (48)
ICyWu+ o5, v+ )| =6, (49)

where o, w; are defined in (47).
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7.3 A Balian-Low type theorem in finite dimensions over rectangles

For b € K(ZM’N), denote

d—1 d—1
a(b, M, N) =M Y |Ab(HI* + N D |AF . mbk),
j=0 k=0
and
M M—1N-— N M—-1N-1
b, M, N) = — X_j X_(j) |AZ vy () (m, n)|* + m X_% X_Z‘) ITZ vy (b) (m, m) |

Given A, B > 0 set
s (M, N) =infla(b, M, N)} and B4 p(M,N)=inf{B(b, M, N)},
where both infimums are taken over all b € ZgM’N) for which the system Gy, ) (b)

is a basis with lower and upper Riesz basis bounds A and B, respectively. The analog
of Proposition 4.1 for the rectangular case gives the inequalities

1
EﬁA,B(Ms N)—87°B < ax 5(M,N) <284 3(M,N) +87°B. (50)

Theorem 1.8 is a consequence of the following result, which is analogue to Theo-
rem 4.2.

Theorem 7.4 There exist constants ¢, C > 0 so that, for all integers M, N > 2, we
have

clogmin{M, N} < Ba p(M, N) < Clogmin{M, N}. 6n
Proof In what follows we let ¢, C denote different constants which may change from
line to line. Let b € E;M’N) be so that Gy, n) () is a basis with Riesz basis bounds A
and B, and put W = Z(, n)(b). To obtain the lower inequality, we first consider the
case M > N.Put oy = [sM/N], and consider square product sets

Laty = {(k +0y,1) :5,t€ [0, N — 11N Z}.

Note that similar to (30), it holds that
M ) M
[N] <inf Aoy < sup Aoy < [ﬁ] + 1. (52)

This implies that, for integers 0 < k < [M/N], the N x N squares Laty are disjoint
as subsets of the M x N rectangle ([0, M — 1] x [0, N — 1)) N 72. Since, when
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restricted to each of the square sets {(k + oy, 1) : s, t€ [0, N] N Z}, the function W is
N—quasi—periodic, it follows by Theorem 4.2 that

N—-1
clogN = 3 (1AW +05, D + T Wk + 00, D). (53)

s,t=0

By (52), and the Cauchy—Schwarz inequality, we have

N-1 N—1 k+ogi—1
S 1AWk + 0y, 0 = Z\ > apwa.o|
s=0 = —k+(fv

N— 1k+0'3+1 1

([ [+ > 1apwG.nr

s=0 j=k+oy
M—1
M N
=([%]+1) 218G WGP
Jj=

where the last step of the above computation follows from the fact that the summands
are M-periodic. Plugging this into (53) we get,

2

-1 M-1 N-1

clogN < [—] S IAGWG DR+ D T Wk + oy, )%
t j=0 s,t=0

Il
=}

Since each of the [M /N] sets Lat; are disjoint, we may sum up these inequalities to
obtain

M M 2M—lN—l M—-1N-1
| Jlev =[5 ] 2 X 18Zanw @) mom P+ 3 37 I0Zorw @) om.mP.
m=0 n=0 m=0 n=0

Dividing by [M /N] on both sides, and using the inequalities x /2 < [x] < x valid for
x > 1, it follows that

clogN < B(b, M, N). (54)

By repeating the same type of argument for the case M < N, the estimate from below
in (53) follows.

To obtain the upper inequality in (53), we consider the same function G (x, y) that
was used in the proof for Theorem 1.1, and split into two cases as above.

We begin with the case M > N, where it suffices to go through essentially the
same computations as in the proof of Proposition 4.5, this time considering a vector
be E;M’N) sothat Zy vy (b)(m,n) = G(m/M,n/N), where G is the same function
used in square case. With this, we obtain the inequality
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B, M,N) <ClogN, (55)

for some constant C > 0.

We turn to the case M < N. Swapping the roles of m, M and n, N, respectively, it
follows that the vector b € ZEN’M) which satisfies Z(y apyb(n,m) = G(n/N,m/M)
is the same as in the above case, whence (b, N, M) < ClogM. Now, since
ab, N,M) = a(Fn,mb, M, N), the relation (50) implies that

B(Fov.mb. M, N) < CB(b, N, M) < Clog M. (56)

In combination, the inequalities (55) and (56) yield the desired upper bound for
B(M,N). O

Remark 7.5 The quantitative Balian—Low theorem in finite dimensions over finite rect-
angular lattices (Theorem 1.9) may be proved as in the square case, with the only
modification being putting ¢ = Sy Py P and v = Sy Py V.
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