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ON THE NOTION OF BANDLIMITEDNESS AND ITS
GENERALIZATIONS

AHMED I. ZAYED

ABSTRACT. In this survey article we introduce the Paley-Wiener space of ban-
dlimited functions PW,,, and review some of its generalizations. Some of these
generalizations are new and will be presented without proof because the proofs
will be published somewhere else.

Guided by the role that the differentiation operator plays in some of the
characterizations of the Paley-Wiener space, we construct a subspace of vec-
tors PW,, (D) in a Hilbert space H using a self-adjoint operator D. We then
show that the space PW,, (D) has similar properties to those of the space
PW,,.

The paper is concluded with an application to show how to apply the
abstract results to integral transforms associated with singular Sturm-Liouville
problems.

1. INTRODUCTION

The term bandlimited functions came from electrical engineering where it means
that the frequency content of a signal f(¢) is limited by certain bounds from below
and above. More precisely, if f(¢) is a function of time, its Fourier transform

1 > iwt
fw === [ swetar

is called the amplitude spectrum of f. It represents the frequency content of the
signal. The energy of the signal is measured by

oo (o] .
B= [ ltoPa= [ |fwPdo=|sP.

— 00 — 0o
A signal is said to be bandlimited to [—o,0] if f vanishes outside [—o,0]. o is
called the bandwidth. Hence, the space of all finite energy, bandlimited signals is
a subspace of L?(IR) consisting of all functions with Fourier transforms supported
on finite intervals symmetric around the origin. This space, which is known in
harmonic analysis as the Paley-Wiener space, will be denoted by PW, or B2. P
for Paley, W for Wiener, and B for Bernstein.

In this survey article we shall give an overview of some of the generalizations of

this space, of which some are new and will be presented without proof since the
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proofs will be published somewhere else. For some related work, see [1, 2, 3, 4, 8,
9, 18, 19]

We begin with the following fundamental result by Paley and Wiener on band-
limited functions, which gives a nice characterization of the space PW,,.

Theorem 1 (Paley-Wiener,[13]). A function f is band-limited to [—o, 0] if and
only if

e

o= [ g (teR),

—0a
for some function g € L?*(—o,0) and if and only if f is an entire function of
exponential type that is square integrable on the real line, i.e., f is an entire function
such that

|f(2)] < sup |f(z)|exp(oly]), ===z +iy,
z€IR

/ 1F(2)[? dz < oo,
R

Another important property of the space PW, is given by the Whittaker-
Shannon-Koteln'nikov (WSK) sampling theorem, which can be stated as follows

[22]:
Theorem 2. If f € PW,, then f can be reconstructed from its samples, f(ty),
where t, = kr /o via the formula

and

Z () Smat_t:)) (te R), (1.1)

k=—o0

with the series being absolutely and uniformly convergent on IR.

One of the earliest generalizations of the Paley-Wiener space is the Bernstein
space. Let ¢ > 0 and 1 < p < oo. The Bernstein space BY is a Banach space
consisting of all entire functions f of exponential type with type at most o that
belong to LP(IR) when restricted to the real line. It is known [5, p. 98] that f € B2
if and only if f is an entire function satisfying

1f (@ +iy)ll, < fllpexp(olyl), z=z+iy,

where the norm on the left is taken with respect to = for any fixed y and

o0 1/p
||f||p=(/ If(w)l”dar> <oo, Hl<p<oo

—0o0
and
1/l = ess-sup,e g | f(2)] < o0, if p = oo.

Unlike the spaces LP(IR), the spaces B? are closed under differentiation and the
differentiation operator plays a vital role in their characterization. The Bernstein
spaces have been characterized in a number of different ways and one can prove
that the following are equivalent:

Rev. Un. Mat. Argentina, Vol 49-1



ON THE NOTION OF BANDLIMITEDNESS AND ITS GENERALIZATIONS 101

A) A function f € LP(IR) belongs to B? if and only if its distributional Fourier
transform has support [—o, o] in the sense of distributions.

B) Let f € C*(IR) be such that f(") € LP(IR) for all n = 0,1,--- , and some
1 <p < oo, then f € B if and only if f satisfies the Bernstein’s inequality
[12, p. 116]

Hf(m
P

<a"|fll,, n=0,1,2,---;1<p<c0. (1.2)

C) Let f € C*(IR) be such that ™ € LP(IR) for all n = 0,1,--- , and some
1 <p < oo. Then

1
lim Hf(”) < oo, exists
p

n—oo

and f € B? if and only if lim,, . ||f(")H;/n =0 < 00.
D) Let f € C*°(IR) be such that f € LP(IR) for some 1 < p < co. Then f € B?
if and only if it satisfies the Riesz interpolation formula

FO(@) = 5 Z 1/2 (m—i— g(k— 1/2)) (1.3)

where the series converges in LP(IR). Because this characterization is not
well known, we will prove it. We have

WQZ —1/2 (x+g(k_1/2>)
*WQZ 1/2 Hf< o _1/2))‘

p

p

But

| (w4 Zk—12)|| =17@1,,

and ), m = 72; hence
|7 <,

which shows that f(!) € LP(IR). Now by differentiating the Riesz interpo-
lation formula once more, we obtain formally

f<2><x)fw22 _1/2 PO (ot 2k =1/2)).
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but the series on the right—hand side converges because

B i) 10
iez v

N P A G GRTE) § (1)

gaH (1.8)

Therefore, it follows that

|
which shows that f(?) € LP(IR) and in addition

7], <11,
Now an induction argument shows that

H £
P

that is f satisfies the Bernstein inequality; hence, f € B2. The converse is
shown in [12].

The space B2 is the Paley-Wiener space PW,. Hence, a function f in L2(IR)

belongs to the Paley-Wiener space PW,, (]R) if and only if
1 .
t) = — 1 .
1) =—o= [ fwe

In other words, f € L?(IR) belongs to PW,, (IR) if it has an extension to the complex
plane as an entire function of exponential type not exceeding o. We also have a
generalization of the WSK sampling theorem.

<0Hf(1)
LS

<o"|fll,, foralln=1,2---,

Theorem 3. Let f € B2, 1 <p < oo and 0 < o. Then

LS gy St t:;) (t e 7).

k=—o0

The result is not true for p = co. For, f(t) = sin(ot) vanishes at all ¢ but it is
not identically zero. However, the theorem is true for f € B> 5, 0 < d < 0.
Now we introduce the Zakai Space of Bandlimited Functlons [21].

Definition 4. A function f is said to be bandlimited with bandwidth o in the sense
of Zakai if it is entire of exponential type satisfying |f(z)| < Be?l*l and

2
[l o

for some 0 < A, B, where o is the infimum of all W such that the Fourier transform
of (f(2) — f(0)) /z vanishes outside (=W, W).

Rev. Un. Mat. Argentina, Vol 49-1



ON THE NOTION OF BANDLIMITEDNESS AND ITS GENERALIZATIONS 103

It should be noted that if f is o-bandlimited in the sense of Zakai, then g(z) =
(f(z) — f(0)) /= € PW,. Let us denote the Zakai space by H,. Clearly, B> C H,
since if f is bounded on the real line the integral in Eq. (1.9) is finite. Examples of

t
functions in H, aresin(oz) and Si(t) = [, 22 SINZ 72 which can be written as a Fourier

transform of a function with compact support namely, F'(w) = (\/ 27/ 2zw) X(=1,1)

SIDCG
1 (11
Si(t) = 22/ —e“ldw.

The function F(w) is not in LP for any 1 < p, and the Fourier transform is taken
in the sense of distributions.

Another generalization of the class of bandlimited functions is the class H¥ which
is defined as follows. Let HY be the class of all entire functions of exponential type

satisfying
oo 2
[
o (L t2)k

and |f(2)] < C(1 + |z])* exp(c|S2|). Then f € HY is equivalent to either of the
following
(1)
k—1
f(]) i tk
+ 790, 9€B;
j=0 ’
(2) f is a temperate distribution whose Fourier transform has support in
[—o,0].
The class H? is the same as B2 and H.! is the same as the Zakai class H,. The
class
H® = U2 HY
consists of all functions that are temperate distributions having Fourier transform
with support in [—o, o]. Moreover, f € H° is such that

oo 2
[T O o
oo (1 +12)F
if and only if the order of its distributional Fourier transform is less than or equal

to k.
Moreover, the following sampling theorem holds [10]:

Theorem 5. Let f € H*

1
0<71<m/o, and0<ﬁ<%(——
u

SERS

Then

sm (7/7)(t — n7)]sin®[B(t — n7)]
Z f(nt) [(7/7)(t — n)][B(t — nT)]F
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2. BANDLIMITED VECTORS IN A HILBERT SPACE

In this section we introduce a space of Paley-Wiener vectors in a Hilbert space
H. As can be seen from (1.2) and (1.3) the differentiation operator plays a vital role
in the characterization of classical Paley-Wiener space. In our abstract setting, the
differentiation operator will be replaced by a self-adjoint operator D in a Hilbert
space H. Furthermore, from the abstract setting we will be able to derive a new
characterization of the classical Paley-Wiener space that connects Paley-Wiener
functions to analytic solutions of a Cauchy problem involving Schrédinger equation.

According to the spectral theory [6], there exist a direct integral of Hilbert spaces
A = [A(N)dm(X) and a unitary operator Fp from H onto A, which transforms
the domain Dy, of the operator D* onto Ay = {a € A|N\*a € A} with norm

) 1/2
la(M)lax = (/ >\2k|a(>\)|,24(x)dm(/\))

—00

and Fp(Df) = A(Fpf), f € Ds.

Definition 6. The unitary operator Fp will be called the Spectral Fourier trans-
form and a = Fp f will be called the Spectral Fourier transform of f € H.

Definition 7. We will say that a vector f in H belongs to the space PW,, (D) if
its Spectral Fourier transform Fpf = a has support in [—w,w].

The next proposition is evident.

Proposition 8. The following properties hold true:
a) The linear set |J,,~o PW,(D) is dense in H.
b) The set PW, (D) is a linear closed subspace in H.

In the following theorems we describe some basic properties of Paley-Wiener
vectors and show that they share similar properties to those of the classical Paley-
Wiener functions. The next theorem, whose proof can be found in [15], shows that
the space PW,, (D) has properties (A) and (B). See also [14, 10]

Theorem 9. The following conditions are equivalent:
1)f € PWy(D);
2) [ belongs to the set

Doo = n Dkv
k=1
and for all k € N, the following Bernstein inequality holds
ID*FI < ™15 (2.1)

3) for every g € H the scalar-valued function < P f g > of the real variable
t € R is bounded on the real line and has an extension to the complex plane as an
entire function of exponential type w;

4) the abstract-valued function e'*P f is bounded on the real line and has an
extension to the complex plane as an entire function of exponential type w.
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To show that the space PW,, (D) has property (C), we will need the following
Lemma.

Lemma 10. Let D be a self-adjoint operator in a Hilbert space H and f € Dy. If
for some w > 0 the upper bound

sup (w™*[|D" f[]) = B(f,w), (2.2)
keEN

is finite, then f € PW,, and B(f,w) < f].

Definition 11. Let f € PW, (D) for some positive number w. We denote by wy
the smallest positive number such that the interval [—wy, wy] contains the support
of the Spectral Fourier transform Fpf.

It is easy to see that f € PW,, (D) and that PW,, (D) is the smallest space to
which f belongs among all the spaces PW,, (D). For,

k _ OO 2k 2 12
ID = ([ A lla)IE e dm(y)

—wy

1/2
ws
< A2’“IIG(A)||,24(A>dm(k)> < wf (llall) 4 -

Hence, by Theorem 9, f € PW,,, (D). Moreover, if f € PW,, (D) for some w < wy,
then from Definition 7 the spectral Fourier transform of f has support in [—w,w]
which contradicts the definition of [—wy,wy]. The next theorem shows that the
space PW,,(D) has property (C).
Theorem 12. Let f € H belong to the space PW,, (D), for some 0 < w < 0.
Then

dy = lim [ DFf|YE (2.3)
exists and is finite. Moreover, dy = wy. Conversely, if [ € Do and dy =
limg oo || DEf||V/*, exists and is finite, then f € PW,,, and df = wy.

Finally, we have another characterization of the space PW, (D). Consider the
Cauchy problem for the abstract Schrodinger equation

agg) = iDu(t),u(0) = f,i = /1, (24)

where u : IR — H is an abstract function with values in H.
The next theorem gives another characterization of the space PW,, (D), from
which we obtain a new characterization of the space PW,,,.

Theorem 13. A vector f € H, belongs to PW,,(D) if and only if the solution u(t)
of the corresponding Cauchy problem (2.4) has the following properties:

1) as a function of t, it has an analytic extension u(z),z € C to the complex
plane C as an entire function;

2) it has exponential type w in the variable z, that is

[u(z)|a < e flla

and it is bounded on the real line.
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3. APPLICATIONS T'O STURM-LIOUVILLE OPERATORS

In this section we apply the general results obtained in previous sections to
specific examples involving differential operators. We specify our characterization
of Paley-Wiener functions that are defined by integral transforms other than the
Fourier transform. For related material, see [20, 23].

3.1. Integral Transforms Associated with Sturm-Liouville Operators on
a Half-line. Consider the singular Sturm-Liouville problem on the half line

d2
L,y=Ly:= —ﬁ—l—q( )y =y, 0<z<oo, (3.1)
with
y(0)cosa+y'(0)sina = 0, for some 0 < a < 27, (3.2)

and ¢ is assumed to be real-valued.

Let ¢(x, \) be a solution of equation (3.1) satisfying the initial conditions ¢(0, \) =
sina, ¢'(0,\) = — cos a. Clearly, ¢(z, \) is a solution of (3.1) and (3.2). It is easy
to see that ¢(x, A) and ¢'(z, \) are bounded as functions of = for A > 0 [17]. It is
known [17, 11] that if f € L2(IR"), then

—Awf@wwﬂﬁm (3.3)

is well-defined (in the mean) and belongs to L%(IR, dp), and

/ F6(,A) dp(), (3.4)

with
[l Locmey = 1 f 1L dp)- (3.5)
The measure p(A) is called the spectral function of the problem. In many cases
of interest the support of dp is IR™. In this case the transform (3.4) takes the form

/ FN6(,A) dp(), (3.6)

and the Parseval equality (3.5) becomes || f| p2(g+) = ||fHL2(R+,dp)- Hereafter, we
assume that ¢ is real-valued, bounded and C*°(IR"). Because we are interested in
the case where the spectrum of the problem is continuous, we shall focus on the
case in which the differential equation (3.1) is in the limit-point case at infinity.
Restrictions on ¢ to guarantee continuous spectra can be found in [11, 17]. The
condition ¢ € L*(RT) will suffice. In such a case the problem (3.1) and (3.2) is
self-adjoint [7, p. 158, |, i.e., (Lf,g) = (f, Lg) for all f,g € Dy, where Dy, consists
of all functions u satlsfymg

(1) u is differentiable and ' is absolutely continuous on 0 < z < b for all
b < o0,
(2) wand Lu are in L2(IR"),
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(3) u(0)cosa + ' (0) sin = 0.

Now consider the initial-boundary-value problem involving the Schrodinger equa-
tion

iauéa;,t) = —Lu(x,t) = % —q(x)u(x,t), 0 <z <oo, t>0, (3.7)

with
u(z,0) = f(x) (3.8)

and
u(0,¢) cos o + 8ug;, 2 sinae =0 forall 0<¢, (3.9)

where f(z) € L2(RY),
Set

u(e.t) = [ NG00 NN (3.10)

Formally, if f and Lf are in L?(IR"), then

ou(z,t)
ot

i

= [N F )6 oY) = L),

utw0)= [ " H ool Ndp = f(@),

and

0u(0,1)
0,¢ —

u(0,t) cos v + O

Therefore, u(z,t) is a solution of the initial-boundary-value problem (3.7) -(3.9),

in the sense of L?(IR").

sina = 0. (3.11)

Definition 14. We say that f(z) € L*(IR") is bandlimited with bandwidth w or
f € PW,(L) if its spectral Fourier transform f(\) according to Definition 6, has
support [—w,w], where L is given by (3.1) and (3.2).

It follows from the definition that if f is bandlimited to [—w,w], then

fw- [ T O el o = / " el \dp.

In order to apply Theorem 13, we have to define the domain D> on which all
iterations of L are self-adjoint. It is easy to see that D consists of all functions u
satisfying the following conditions:

i) w is infinitely differentiable on IR™,
ii) LFuisin L2(IRT), for all k = 0,1,2,---,
iif) (L*u) (0)cosa + (2 LFu) (0)sina = 0.
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Hence, if f is bandlimited according to Definition 14, L™ f () = [* FO) N (2, Ndp |

which exists for all n = 0,1,2,--- . Thus, by Parseval’s equality
w2 oo 2
1L Wiy = | [FO[ wendp < [~ 7 00] o
R 2
= W fll72 (o = @ 112 (e - (3.12)
That is,

which is a generalization of Bernstein inequality (1.2).

Theorem 15. A function f € L?>(IR") is bandlimited in the sense of Definition
14 with bandwidth w if and only if the solution u(xz,t) of the initial-boundary-value
problem (3.7) - (3.9) with f € D> has the following properties:

(1) As a function of t it has analytic extension u(x,z) to the complex plane as

entire function of exponential type w,
(2) It satisfies the estimate

(s )l 2mey < €S e mey < €N L2 me) -

In particular, u(z, z) is bounded on the real t-line.
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