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ABSTRACT.  We show that there exists an orthonormal basis {bn}"i1 for LZ(R) such that
{Az(bn }n D {p,(bn)} 2, and {u(bn)}n | are bounded sequences. We also show that there
does not exist any orthonormal basis for LZ(R) with {Az(bn)}n v {A2 (bn)} -1 and {p (bn)}zil
being bounded sequences. This is motivated by a question posed by H.S. Shapiro on the mean and
variance sequences associated to orthonormal bases.

1. Introduction

In this article we shall examine a question posed by H.S. Shapiro on how general orthonormal
bases for L2(R) cover the time-frequency plane. Let us begin by introducing some notation
and necessary definitions.

For f € L>(R) we formally define its Fourier transform, fe Lz(@), by
vy eR. J(») =/f(t)e‘2””y dr,

where the integral is over R, and R = R is used to distinguish between the domains of f
and f With this notation, the time-frequency plane is R x R.

Given f € L%(R) with || f|| L2®) = 1, we define the following associated mean

u(f) = Mean(|f ) = /tlf(t)lzdt, (L)
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and the following associated variance
A*(f) = Var(|f?) = f = w(NPIF @O dr . (1.2)

It will frequently be convenient to also work with the dispersion, A(f) = / A2(f).

If one thinks of f as a function of time and its Fourier transform as a function
of frequency, then 1 (f) and A%(f) give insight into where f is concentrated in time;
u( f ) and Az( /) give insight into where it is concentrated in frequency. Namely, f is
concentrated mostly around the point (p(f), i( f )) in the time-frequency plane, and the
pair (A2(f), Az(f)) gives a measure of how spread out it is about (u(f), ,u(f)). The
Heisenberg uncertainty principle,

1
2 2
A(f)A (ﬂZW,

states that a unit-norm function in L?(R) can not occupy an arbitrarily small region in
the time-frequency plane. For more information on this and other uncertainty principles,
see [9].

When we speak of an orthonormal basis, {¢,};°, covering the time- frequency
plane, we refer specifically to the manner in which the e sequences {(u(pn), u((p,,))}
and {(A%(gn), A%(@))}2, determine regions in R x R. For example, during the past
two decades much work has been done on orthonormal bases given by wavelet and Gabor
systems. One reason for the considerable interest in these systems is their respective affine
and Heisenberg structures. These underlying group structures give rise to the statement that
wavelets cover the time-frequency plane by an affine tiling and Gabor systems cover it by
a rectangular tiling, [10].

The question of finding prescribed tilings of the time-frequency plane has been studied
in the engineering literature by Bernardini and Kovacevi¢, [4]. They use local bases to
construct filters which realize a wide class of tilings of the time-frequency plane, and give
applications to audio coding. We also refer the reader to [17]. The manner in which a basis
covers the time-frequency plane is an important factor in determining which applications
the basis is suited for. For example, the affine covering given by wavelet bases provides the
“zooming” effect which has made wavelets so useful in image processing and compression,
e.g., see [14].

2. Shapiro’s Question

In 1991 Harold S. Shapiro posed the following question, [15].

Question 1 (Shapiro). Given four sequences of real numbers,
{an}zozl, {bn}f;o:p {Cn}zozlv {dn}?,il s
does there exist an orthonormal basis {¢,},° ; for L2(R) such that
w(@n) = an, (@) =bu, A*(pn) =co, A@) =dn,

holds for alln € N?
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This is essentially a question about how orthonormal bases can cover the time-
frequency plane. The following theorem will serve as a starting point for our investigation.

Theorem 1. There does not exist an infinite orthonormal sequence { f; Joo, € L%(R)
such that all four of the mean and variance sequences are bounded.

Shapiro, [15], derives this as a corollary of a compactness result of Kolmogorov.
The result also follows from the theory of prolate spheroidal wavefunctions. Motivated by
Theorem 1, we shall examine and answer the following question.

Question 2. If {¢,}°°, is an orthonormal basis for L*(R), how many of the sequences
(@) 10 1 ARG, AAX (@)1, {AX (@)}, can be bounded? Which combina-
tions of these sequences can be bounded?

3. Main Results

We shall prove the following two theorems which answer Question 2. The first theorem
makes use of a density calculation and the theory of prolate spheroidal wavefunctions,
whereas the second theorem uses a constructive technique of Bourgain, [5].

Theorem 2. There does not exist an orthonormal basis {b,}2, for L2(R) such that
{AZ(by)}®° {Az(bn)}fli1 and {u(b,)}° | are all bounded sequences.

n=1" n=1
Theorem 3. There exists a constant C > 0 such that for any € > 0 there exists an
orthonormal basis, {b,}> |, for L2(R) satisfying |u(by)| < €, |(bp)| < € and A%(b,) <
C foralln € N.

Theorem 2 says that it is not possible to have an orthonormal basis for L2(R) with
both variance sequences and one mean sequence bounded. On the other hand, Theorem 3
says that it is possible to have orthonormal bases for L?(R) for which both mean sequences
and one variance sequence are bounded.

4. Examples

Before proving the results in the previous section, we look at some important examples of
orthonormal bases and their mean and variance sequences.

Example 1 (Wavelet basis). Take ¥ € L?(R) such that the wavelet system (Y, :
m,n € 7} defined by ¥, »(t) = 27™/24,(27™¢ — n) is an orthonormal basis for L?(R).
For further information on wavelets see [7, 11]. A direct calculation, e.g., [1], shows that
for wavelet systems the three sequences

{M(wm,n)}m,nGZs {Az(wm,n)}m’nez9 {AZ(WM) }m,nGZ ’

are unbounded.

Example 2 (Gabor basis). Let g € L%(R) be any function such that the Gabor system
{gm.n : m,n € Z} defined by g, ,(t) = e2™iMmt o (t — p) is an orthonormal basis for
L?(R). For more information on Gabor systems see [10, 3]. A direct computation shows
that both {1t(gm.n)}m.nez and {(&m.n)}m.nez are unbounded sequences. Moreover, the
Balian-Low theorem, e.g., [10, 6], shows that at least one of the two variance sequences,



378 Alexander M. Powell

{Az(gm,n)}m,nez and {AZ(@)}M,%Z, must be unbounded (in fact, constantly equal to
00).

Example 3 (Hermite basis). Let {/,}° , be the Hermite functions defined by

24 N\ o dk
h(t) = "= (=) & (7).
NAC NG dik

We follow the notation of [9]. The Hermite functions are eigenfunctions of the Fourier
transform, form an orthonormal basis for LZ(R), and satisfy

27 the(t) = vk + Lhgy1 (1) + Vkhi_1(t) . .1

By taking the inner product of (4.1) with hj and using the orthonormality of the Hermite
functions, it follows that . (h kl = Oforall k. Since each &, is an eigenfunction of the Fourier
transform, we also have p(hx) = 0. In particular, both mean sequences are bounded.

Using (4.1) again, one can show that A(hy) = A(f?k) = szj;l, so that both variance

sequences are unbounded.

Example 4 (Bourgain basis). Let € > 0. In [5], Bourgain constructs an orthonormal
basis, {fu},2 . for L%(R) satisfying A2(f,) < (% + 6)2 and Az(ﬁ) < (% + 6)2 for all
n € N. However, the mean sequences are both unbounded. For recent work on Bourgain’s
theorem see [2].

Example 5 (Wilson basis). Let g € L?(R) and define the associated Wilson system,
{Y1x:1,k€Z, and0 <[}, by

Yor(t) = gt — k), keZ
Vii(t) = v2g(t — k/2)cos(2rlt), I>0, k+1even,
Vi (t) = V2g(t — k/2)sin(2xlt), 1>0, k+1odd.

See [10] for background on Wilson bases. For any nontrivial g one can verify that

{10} kez.0< and {Az(m)}l,kez,()gl are unbounded sequences .

For an example of a Wilson basis whose generator g has exponential localization in time
and frequency, see [8].

5. Two Variances and One Mean

In this section we shall prove Theorem 2. We begin with some background on the prolate
spheroidal wavefunctions.

5.1 Prolate Spheroidal Wavefunctions

Fix > 0 and let {1/,};° , be the associated prolate spheroidal wavefunctions, as defined
in [16]. {Wn}f,o:o is an orthonormal basis for PWq = {f € L2(R) : suppfg [—, Q]}.
See [16, 12, 13] for background on prolate spheroidal wavefunctions. One of the main
applications of prolate spheroidal wavefunctions is to study the set of almost timelimited
and almost bandlimited functions, S7,Q ¢, € L*(R).
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Definition 1. Given constants €, , T, Q > 0,

Sr.9.en = {f e L’(R) : |f (> dt < € and /

1700 dy < nz} -
ly|=Q

lt|=T
Our main interest in prolate spheroidal wavefunctions lies in the following theorem
on the approximate dimension of S7 ¢ ¢ 5, see Theorem 12 in [13].

Theorem 4 (Landau, Pollak). If f € Sr.q.cy with |fll 2w, = 1 then there exists

{an},tlz)m C G, such that

2

< 12(e +m)*+1n*.

H 12T
L2(R)

f—= Z anYn
n=0

In other words, the set of almost timelimited and almost bandlimited functions has
approximate dimension 27 2. This yields the following corollary, whose proof we include
for the sake of completeness.

Corollary 1. Let €,n > 0 be sufficiently small, and let T, 2 > 0. There exists N € N
such that St ¢, contains no orthonormal subset containing more than N elements.
Proof. Suppose { fk},[{\]=1 C 87,9,y is orthonormal. Let {‘ﬁn},io:o be the prolate

spheroidal wavefunctions associated to 2. Foreach 1 < k < N, let {an,k}nz:];f2J be the
coefficients given by Landau and Pollak’s theorem which satisfy

1272 2
‘ fe= ) aniin <12(e+m*+1n°.
n=0 L2(R)
To simplify notation, we let
127 Q]
Fr = Z an,kwn .
n=0

Since the f; are orthonormal, we have that for j # k

12T 2]

E An,jAn k

n=0

= |(Fj, F)| = [(Fj — fi + fi» Fx — fo + fx)|

< WEj = fi» Fe = fl £ 1(Fj = fis Sl +1(fs Fe = fiol

12(e + m)? 4+ n* + 2/ 12(e + )2 + 2.

Next, note that we also have

IA

2TQ] 3 279 279
an k = An kYn Z Wkl L2y — k — an kYn
| i 1? v > | fill 2wy — | v
n=0 n=0 L2(R) n=0 L2(R)
>1—4/12(e + n)? +n2.
Thus, defining vy = (aok, a1k, .- -, a2r) k) € ClTUH for k =1,2,..., N, we have

1> Jloellp = 1= /12(e + )% + 12, (5.1



380 Alexander M. Powell

and

12(e + m)? +0* + 2y 12(e + )2 + 02 > (v, ve)l, for j #k. (5.2)

Take €, n > 0 small enough so that

a=3y/12(e +n)? +n? < L.
100

Now, for j # k, ||vjll2 > 1 —a and a > |(v;, vi)| imply that
lvj — wellh > 21 —0)® =20 > 1.

A volume counting argument shows that

Volume({v e CRTUHL |y < 3/2})

N < < 3202TRJ+2

- Volume({v e CLTQIL : |y||» < 1/2})
While more refined estimates are possible, this suffices for our purposes. Note that the

choice of sufficiently small €, > 0 does not depend on T, 2, but the size of N does
depend on T, Q. L]

5.2 Preliminary Lemmas

Lemma 1. Suppose g € L*(R), lgll 2wy = 1, satisfies

(g < A,

n@)|<B.AEQ <J.A(R)<K.
Fixe > 0. IfR > max{%, %} then g € SA+R.B+R.c.e-

. 2
Proof. Since R? > Z—z,

/ g dr < / g dr < / g dt
[t|>A+R [t]>|u(@+R [t—pn(g)I=R
2

1 2 2 J 2
F/R”_“(g” lg(@®)] dtsﬁ<e .

Likewise,

2
~ 2 K 2
ey dy < — < €.

/IylzB+R| | R? L]

Lemma 2. Suppose f,g € L*(R), /2wy = l18llL2@w) = 1, and that the means and
variances

w(f), 1(7), (@), 1(3), A2, AX(F), A%(g), A%()

are all finite. Then,

AF) + A(F) + AGg) + AR)
w(f) — @l + () —n@)]"

I(f. 8l =2
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Proof. Let

1 1
={t l —M(f)|Z§|M(f) —M(g)l} and Sz={t st —u(g)lzzlu(f) —M(8)|}-

So,
[{f, &) S/If(t)llg(t)ldtS/S If(t)llg(t)ldtJr/S [f(®llg@)|dt
1 2
2
S — - d
< i )|/|r w(OILFOllg®)] dr
_— - d
|M(f) M(8)|/| w@If@)lg@)|dt
2A(1) 2A(g) _» A(f)+ Ag)
T n(f) =@l () — r(@l () —n@l
Likewise, ,)
A(f) + A( g
el =|(F.8) < |M MHEG]
Now, combining the previous two inequalities gives
A A A Ag
gyl <2 2D HAD + A6 + @)
In(f) — @+ |u(f) -
as desired. ]

5.3 Two Variances and One Mean: The Proof
We shall derive Theorem 2 as a corollary of the following theorem.
Theorem 5. Suppose {b,}°° | is an orthonormal basis for L*(R) with
VneN, A(by) <K and A(b,) <K .

Fixa,b e R. If

{(n), 1(Ba)) } oy € Wap = {(x,y) eR*:x <aor y <b}, (5.3)
then
1
(U Gl + | (5a) )

Proof. Without loss of generality assume a = b = 0. We proceed by contradiction and
begin by assuming such a basis exists and satisfies

= 0. (5.4)

WK

n

1
=1+ )+ |u(B)))

Fix f € L*(R) with || fll 2wy = 1. n(f) =A,L(f) = 0, and A(f),ﬁ(f) < K. Let
I () =N F(r — N), so that u(fy) = n(fy) = N and A(fy), A(fy) < K.

WK

< 00. (5.5)
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By Lemma 2,

1
(IN = u®n) | + [N = 1))’

L= 11wl = D s )P < 64K22 (5.6)
n=1

Now let R
Pr={jeN:u(b;) <0} and P ={j e N: p(b;) <0}.
Ifj € PLUP, =N,and N > Othen |12(b,)|+1(5))|+N < 2lu(bj)—N|+2|u(by)—N|.
Thus,

e 1

> ! —— <4y — S =1I(N).

vt (IN = )| + [N = (b)) ot (@l + [ (ba)| + N)

By assumption (5.5) we have limy_, o, 1 (N) = 0. Hence,
1 <(16K)*I(N) > 0, as N — oo,

which is a contradiction. ]
We now show that Theorem 2 follows from Theorem 5.

Proof of Theorem 2. Suppose {b,}7 , is an orthonormal basis for L2(R) with A(b,) <
K, A(by) < K and |i(by)| < B. Foreachn € Z, let

Iy =[-B,Blx[n,n+11 and S, =]jeN: (ub),u(b;)) e} .
By translating to the origin and using Lemma 1 and Corollary 1

M suchthat Vn € Z, card S, <M .

Thus,
o
,; (1(Bn )|+|u( )| +1)° kezz,ezsk(w(b >I+|u( bj)|+1)°
> 1
<2M —_—
= §<|j|+1>2<
j_
Since this contradicts Theorem 5, Theorem 2 holds. L]

6. Two Means and One Variance

We prove Theorem 3 in this section. Our proof is based on Bourgain’s method of construc-
tion in [5].

Proof of Theorem 3. We begin by defining a system of functions G(T, N), which
we shall need for the proof. C°(IR) denotes the set of infinitely differentiable, compactly
supported functions on R.

I. Let g be a function in the Schwartz class, S(R), satisfying
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* llgll2gy =1 and g € C°(R),

e suppg C[-1/2,1/2],

* gisreal and even,

* n(g) =pu(@ =0and A(g) =8 < oo.
Regarding the third and fourth bullets, note that g is real and even, if and only if g is
real and even. Also, the mean of an even Schwartz class function is 0. Now define

gn(t) = V2 cos(2nt)g(t). The functions {g,}° , have the following properties which
are easily verified:

© e =LEy - +Ey +n).

* |lgnllr2@y) = 1, and (gn, gm) = 0, if n # m,

o u(gn) =0 = (g,

© AGgn) < (W2)A(9) = (V2)8,

e supp g, C [—n—%,—n—i—%]U[n— %,n—i—%].

Given T, N € N, we define the orthonormal system G(T, N) = {gn}fl\];]g -1,

II. Let {¢,}72 ; € S(R) be dense in the unit sphere of L%(R) and satisfy
VneN, |lgnll2wy =1 and on € CPM).

The basis will be of the form B = U?i] B, where each B; is a finite set of Schwartz class
functions whose Fourier transforms are compactly supported. We shall construct the B;
inductively.

Suppose we have already constructed By, ..., B,—1. Let

D, =@n — PiBy,...By_119n »

where [S] is the notation in [5] which denotes the closed linear span of a set of functions S,
and P[] is the orthogonal projection of L?(R) onto the closed subspace [S] C L*(R). In
particular, when § = {s,}72 | C L2(R) is any set of orthonormal functions then

Pisyf =) _{fsa)sn -

n=1

For the base case of our inductive construction let ®; = ¢;. Observe th;a\t Pull2m) < 1,
and @, is orthogonal to the elements of B; for each j < n. Note that ®, € C°(R) since
¢, and the elements of U;’;} Bj also satisfy this property.

Take N, large enough so that [-N,, 4+ 1, N, — 1] contains the support of ®,, and the

supports of the Fourier transforms of the functions in U’;;l Bj. Take T,, € N large enough
so that:

/|r|2|<1>n<t>|2dr <T;, ©.1)
and

‘/t|<l)n(t)|2dt

where € > 0 is as in the hypotheses of the theorem.

< el and ‘/y!@(y)ﬁdy’ <el}, (6.2)
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2
Enumerate the elements of Q(T,?, N,) as {g j,n}fil- The support properties of
g (Tnz, N,,) ensure that the elements of G (Tnz, N,,) are orthogonal to &, and the elements of

2
U'};% B;. We now define the elements of B, = {bj,,,}]?” | as

®
bl,n(t) = Fcbn(t) +al,ngl,n(t) s

n

andforl < j < Tnz,

®
bjn(t) = Fq)n(t) + B1.u81n (@) + -+ Bj—1,n&j-1.0(E) + Ajngjn(t),
n

. T2 T2-1
where 0 < © < 3—1 is a fixed constant, and {ozj’n}j":1 and {,3]-,,,}],”:1 are chosen to ensure

2
that B, = {bj,n}]?": 1 € L2(R) is an orthonormal set. We may assume that
O<aj,=<1. (6.3)

Moreover, as in the proof of Bourgain’s theorem in [5], one can show that

1Bjnl = (6.4)

T_nz .
For further information, see Equation (3.8) in [5].

I1I. Let us now prove estimates for (b ;). Recall that u(g; ,) = O forall j, n. Using that
®,, and the g, all have disjoint supports we have

1
() = / (s dt = 5 —{(5;a) - )

1 82 , o~ !

— 1
21(—~—\ —— D)~ ——
= %T_nz((cbn) s (Dn) + % £ | Bk.n <(gk,n) > gk,n) + E|‘xj,n| ((gj,n) , gj,n)
52 !
== f RO dt + D 1Bl 1 (gen) + lotjn|*11(8j.n)
n k=1
@2
== 1| @, (1)) dt .
n
Thus, by (6.2)
®2 2 2
[jn)l < 77 1@y (1)|7dt| <O" € < €.
n

IV. Next we estimate |M(@)|. Recall that 1(gj,) = 0 for all j, n. Using the support
properties of the various functions, we have

—

1(bjn) = / y|Bim )| dy
@2 . 5 Jj—1
=72 Y@ dy + ) 1Benl*i(8en) + oty *1(25m)
n k=1
2

— 2
=72 v, ()| dy .
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Thus, by (6.2)

5@26<e.

/VI@(V)Ide

. ®2
(bjn)| < 2

V. Now we estimate A2 (b j,n). Once again, using the disjointness of supports and proceed-
ing as in part /11, we have

A*(bja) < / |t121bj (1)1 dt

=/|r|2

+/|r|2|aj,ngj,n<r)|2dz

2

i—1
@ J
= ®u(®) dt+) / 16121 Bn&ien ()| dt
n k=1

©? =
= ﬁ/|z|2|d>n(r)|2dr+Z|ﬁk,n|2A2(gk,n) + letjn* A% (gjn)
n k=1

IA

®2 2 2 - ®2 2 292
—T2/|t| |, ()|~ dt + E —T428 + lajnl"28
n k=1 n

IA

©’ 26262
T2/|t|2|d>n(t)|2dt+Tn2( = >+(1)252
n n

IA

@2
ﬁf|t|2|®n(t)|2dt+2®252+252
n

O +202%52 +28% < 1 +48%.

IA

The first step above holds since A2(h) = infuer f [t — a|2|h(t)|2dt. The second step
above follows by the same type of calculations as in part I7I. We used (6.1) in the final
inequality.

Note that when ® > 0 is chosen sufficiently small, the upper bound on A2 (b j,n) can
be made arbitrarily close to 28> = 2A%(g), where g € S(R) is the function used to define
the system G(T', N).

VI. It only remains to show that B = U;‘;l Bj is complete. The verification is identical to
that in [5], but we repeat the details here for the sake of completeness.

”P[Bl;”';Bk]wk”iz(R) = ||P[BI,""Bk71]¢k||iZ(R) + ||P[Bk](pk||iZ(R)
2 2
= ||P[Bl,"',Bk71]¢k||L2(]R) + ||P[Bk](q>k + P[B],~-~,Bk—1](pk)||L2(R)
= 1= [|Pxl172 ) + 1PBPe| 2 g

(Ti)?
= 1= |PelFa gy + Y HPx, by
j=1

® 2
= 1= [|PillF 2, + (T0)? <7k||<1>k||iz®)

1= 1kl ) + O Pkl}2 g
@2
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To see the final inequality, let k() = 1 — 2 + a2t* be defined on [0, 1], where 0 < a < }t

is fixed. It is easy to see that i (f) > a®. Since NPkl 2Ry < 1and © < zlt’ the last step
follows.

Now, suppose y € L?(R) satisfies (y, b) = 0 for all b € B. If y is not identically
zero, then y = y/||yll 2, is in the unit sphere of L?(R) and there exists @n, such that

@n, — ¥ in L2(R) as k — oo. Thus,
0<0O=< ||P[Bl»'“»Bnk]wnkHLz(]R) = ||P[B](pnk||L2(R) — || P[B]j}HLz(R) =0,

where the limitis as k — oco. This contradiction shows that the orthonormal set B € L2(R)
is complete and hence is an orthonormal basis for L2 (R). ]
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