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ABSTRACT. A Whittaker-Shannon-Kotel’'nikov sampling theorem related
to the Dunkl transform on the real line is proved. To this end we state,

in terms of Bessel functions, an orthonormal system which is complete

in L?((—1,1),|2|*** dz). This orthonormal system is a generalization

of the classical exponential system defining Fourier series.

1. INTRODUCTION

The fundamental result in sampling theory states that if a signal f(t)
contains no frequencies higher than w cycles per second, then f(t) is com-
pletely determined by its values f(k/(2w)) at a discrete sequence of sample
points with spacing 1/(2w) and can be reconstructed from these values by
the formula

> k \ sin(w(2wt — k
1) =3 f<2w> .

k=—o00

A signal f(t) that contains no frequencies beyond w cycles per second is
said to be, in engineering and mathematical terminology, a signal bandlim-
ited to (—27w,27w). Equivalently, its Fourier transform F' is zero outside

of this interval:
2w

_ L z)e™ dx
=g [, s

An important underlying engineering principle in (1) is that all the infor-
mation contained in a such signal f(t) is stored in its samples f(k/(2w)).
The previous result is taken from the classical Shannon’s work “Communi-
cation in the presence of noise” [14]. A series as in (1) is known as a cardinal
series from the work of J. M. Whittaker [17], where he makes a refinement
of the work of his father in [16]. The result given by (1) is usually known in
mathematical literature as the Whittaker-Shannon-Kotel'nikov theorem (or
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WSK theorem). An historical overview about the WSK sampling theorem,
explaining the reasons for its name, can be seen in the first chapter of [18].

There are other examples of sampling theorems, and the main idea under
them is the relation between a continuous transform and its discrete counter-
part. The classical WSK sampling theorem involves the Fourier transform
and the Fourier series. Higgins, in [9], describes a very general situation in
which a sampling theorem is possible. As an example of the theory devel-
oped he show a sampling theorem for the pair Fourier-Bessel series/Hankel
transform. In [18] we can find a great variety of extensions and general-
izations of the classical results (see also the expository paper [8]). More
recently g-analogues of these results have appeared. In [10], considering a
g-exponential function, a g-version of the classical WSK was proved. The
g-version of Higgins’ result was established in [1].

The Dunkl transform in the real line is a generalization of the Fourier
transform; it was introduced (before Dunkl, but in a different context) by
Roosenraad in his Ph.D. thesis [12], written under the direction of Richard
Askey. The main aim of this paper is a generalization of (1) in the setting
of the Dunkl transform. The corresponding sampling theorem related to the
Hankel transform will also be covered by our result, because the even part of
the Dunkl transform is the Hankel transform. To prove our sampling theo-
rem we obtain an orthonormal system related to the Dunkl transform. This
orthonormal system is an extension of the classical trigonometric system.

This paper is organized as follows. In Section 2 we give the facts that
are needed about the Dunkl transform, and we state our main results: the
orthogonality (Theorem 1) and the sampling theorem (Theorem 2). The
proof of the orthogonality, and the completeness of the orthogonal system,
is given in Section 3. Section 4 is devoted to providing some technical
results about reproducing kernels; in it, we summarize the general theory of
reproducing kernels, showing the properties that will be applied in the rest
of the paper. Then, the proof of the sampling theorem is given in Section 5.
We finalize with an example.

2. MAIN RESULTS

For a > —1, let J, denote the Bessel function of order a and, for complex
values of the variable z, let

1z > z/2)*"
To(z) = 2°T(a + 1) {ji)a) =TLla+1)) oy F((n/i)a 1)
n=0

(Z,, is a small variation of the so-called modified Bessel function of the first
kind and order «, usually denoted by I,; see [15]). Moreover, let us take

Eo(z) =Za(2) + z € C.

mIa+l(z)v

The Dunkl operators on R” are differential-difference operators associated
with some finite reflection groups (see [5]). We consider the Dunkl operator
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Ay, o > —1/2; associated with the reflection group Zs on R given by

Aaf(e) = 4 fla) + 2201 (HEIZ M),

For a > —1/2 and A € C, the initial value problem
Aof(@) = M(2), zER,
f(0)=1

has E,(Az) as its unique solution (see [6] and [7]); this function is called the

Dunkl kernel. For a = —1/2, it is clear that A_ /, = d/dx, and E_; )5(\x) =
Ax
e,

Let dig(z) = (29T (a+1)) 7 z[*** dz. In a similar way to the Fourier

(2)

transform (which is the particular case o = —1/2), the Dunkl transform of
order aw > —1/2 is given by
) Fol @) = [ 1) Ba(=ige)duola), v R

for f € LY(R, dua). By means of the Schwartz class S(R), the definition is
extended to L?(R,du,) in the usual way. In [7], it is showed that F, is an
isometric isomorphism on L?(R, dj,) and that

Fa' fy) = Faf(—y)

for functions such that f, F,f € L*(R, dua).

Actually, the Dunkl transform F, can also be defined in L?(R,dus)
for —1 < a < —1/2, although the expression (3) is no longer valid for
f € LY(R,du,) in general. However, it preserves the same properties in
L*(R, dus); see [13] for details. This allows us to extend our study to the
case o > —1.

The function Z,(x) is even, and E,(ix) can be expressed as

E(iz) = 2°T(a + 1) <JO‘(I) 1 Joni(a) xz) .

T xa+1

It is well-known that the Bessel function J,41(z) has an increasing se-
quence of positive zeros {s;};>1. Then, the real function Im(E,(iz)) =
X

TarT) Za+1(ix) is odd and it has an infinite sequence of zeros {s;} ez (with

s_; = —s; and so = 0). With them, let us define the functions

) 2P+ D)
@ eailr) = =7 o]

and ey 0(r) = 2FD/2(D(a + 2))'/? (beware of the difference of a constant
factor (2o + 2)'/2 from (4) with j = 0).
With this notation, we have

E.(isjr), jeZ\{0}, re(-1,1),

Theorem 1. Let o > —1. Then, the sequence of functions {eq j}jcz is a
complete orthonormal system in L?((—1,1), duq,).
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Now, as usual in sampling theory, we take the space of Paley-Wiener type
that, under our setting, is defined as

()

1
PW, = {f € L*(R,dpq) : f(z) = /IU(y)Ea(ixy) dpa(y), u e L*((-1, 1),dua)}

endowed with the norm of L?(R,d).
In this way, our sampling theorem is

Theorem 2. If f € PW,, a > —1, then f has the representation
f(x) = f(s0)Za+1(iz) + Z f(Sj)2
JE€Z\{0}

that converges in the norm of L*(R,dus). Moreover, the series converges
uniformly in compact subsets of R.

2Zo41(ix)
(a+ DZalis;)(z = s5)

Finally, it is interesting to note that an alternative description for the
Paley-Wiener space PW,, (with a > —1/2) can be found in [2, §5].
3. PROOF OF THEOREM 1

The identities in the following lemma will be the main tool to show the
orthonormality. This is a small variation of [3, Lemma 1], but we reproduce
it for completeness.

Lemma 1. Let « > —1 and x,y € C. Then, for x # y,

(6)
= B 1 2L o1 (1) Lo (iy) — YT 1 (i) Lo (i)
/_1 Ey(ixr)Ey(iyr) dus(r) = T (0 1 2) + o T ’
and, for x =1y,
1 {L‘2
@) [ 1Bl o) = i (5o et

— (20 + 1) Tap1 (iz)Tu(iz) + 2(c + 1)13(2'95)).

Proof. We start proving (6). From (2) and integrating by parts, it is not
difficult to find

! 1 E,(iz)Eq(—iy) — Eq

E,(ixr)Eq(—iyr) dua(r) = :

. Btz Eativn) o) = s i)
see the details in [3, Lemma 1]. Now, using that Fy(it) = Eq(
for a,b € C, ab — ab = 2iIm(ab) = 2i(Re(a) Im(b) 4+ 1
follows.

To prove (7) it is enough to evaluate

lim 1 ¥ Zo41(12) Lo (1Y) — yZa+1(1y) Lo (i)
y—z 20H T (o + 2) T—y '
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The result is obtained by using L’Hopital rule and the identities

dZa(iy) _ ) :
dy - 72(0& T 1)Ia+1(7’y)
and
Toialin) = DX DO 7 Gy~ 1, (i), O

X

Before starting the proof of Theorem 1, let us recall some facts from the
theory of Dini series (see [15, p. 134]). Given v > —1, let J, denote the
Bessel function of order v; and, for p € R, let {un}n>1 be the sequence of
successive positive zeros of the equation

(8) zJ,(z) + pJy(z) = 0.

Then, the functions

1
009(2) = /T, () b2 = / (02°(2)? de,
0

n = 1,2,..., form an orthonormal system in L?((0,1),dx). Moreover, the
system {67,”},>1 is complete if v + p > 0; and, if v + p = 0, the system
becomes complete after adding to it the function 657 (z) = \/2(v + 1) 2V /2.

By considering the identity
zJ,(x) = v, (z) — xJ,41(x)
we can rewrite equation (8) as
—xJyp1(x) + (p+v)J,(z) =0.

In this way, it is easy to check that the sequences ¢, () = x~*~1/200 % (z),

forn=0,1,2,... (with ¢o(z) = \/2(a + 1)), and ¢, (z) = 2=~ 1/205TH (),

forn =1,2,..., are two complete orthonormal systems in L2((0,1), z2**! dz).
Then, we have all the tools for

Proof of Theorem 1. Letting © = s; and y = s, with j # k, from (6) it
follows that

1
/ €a,j(1)eak(r) dpa(r) = 0.

-1

For j =k # 0, we have

1 1

2T (a+ 1) / .
2 2
ea.i(r)| dua(r) = - E,(isir)|* dpe(r) =1,
[ teas dpar) = G5 [ B duatr

where we have considered (7). The case j = k = 0 is similar, but taking
into account that sp = 0 and Z,1(isg) = 1.

Let’s see the completeness. We consider a function ¢ € L?((—1,1), djuq)
such that

1
/_1 (r)eqa,;(r)dua(r) =0, j€Z.

Showing that ¢ = 0 we obtain the completeness. We suppose that ¢(r) =
ao(r) + ae(r) + i(bo(r) + be(r)), where a, and b, are odd functions, and a.
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and b. are even functions. By using the fact that Z, is an even function and
5_j = —sj, it is clear that the identity

1 1
/ O(r)eas () dpia(r) + / b(r) e () dpta(r) = 0
-1 -1

implies that

1 1
/ ao(r)Zo(isjr)r Tt dr = / bo (1)L (isjr)r?t dr = 0,
0 0

for j=0,1,..., and

1 1
/ ae(r)(sjr)IaH(isjr)r%‘+1 dr = / be(r)(sjr)l'wH(isjr)r%”rl dr =0,
0 0

for j = 1,2,.... Now, taking into account that Z,(is;r) = c;¢;(r) and
(sj7)Za+1(isjr) = djipj(r), for some non-vanishing constants ¢; and d;, and
the fact that the systems {¢;};>0 and {1 };>1 are orthonormal and complete
in L2((0,1),r?**1 dr), we conclude that a,(r) = ae(r) = bo(r) = be(r) = 0.
Then, ¢ = 0. U

4. PRELIMINARIES ON REPRODUCING KERNELS

Let X denote a subset of R, and du a measure on X. As usual, the inner
product in L?(X,du) is given by

(1,0 L2 ) = /X u()o(z) dp(z).

Also, let H be a class of complex-valued functions defined on X, and such
that H is a Hilbert space with the norm of L?(X, du). It is said that g(s, )
(with s,z € X)) is a reproducing kernel for H if

(i) g(-,z) € H for every x € X;

(ii) f(z) = {f(),9(,@))r2(x ap for every f € H, z € X.
It is easy to check that, if a reproducing kernel exists for H, it is unique.

The next proposition describes some facts related to Hilbert spaces with

reproducing kernel that will be used in the remainder. Properties (a), (c)
and (d) are proved in [9]. Property (b) is a well-known result of the repro-
ducing kernels, of primary importance, because it relates two different kinds
of convergence. A proof of (b) can be found in [11].

Proposition 1. Let (a,b) be an interval included on X, and K (x,t) (with
r € X andt € (a,b)) a function such that K(z,-) € L?((a,b),du) for every
r € X. In L*((a,b),du), an operator K is defined by

lCu(ac) = <K($7 ')a u(')>L2((a,b),d,u)a reX.
Then,

(a) IfK is one to one and =1 is bounded, the range of K, denoted by N,
1s a Hilbert space with reproducing kernel.

In general, if H has reproducing kernel g, the following properties hold:
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(b) If the sequence {f,} converges to f in the norm of H, then {f,}
converges pointwise in X to f. The convergence is uniform in every
set of X where g(x,z) is bounded.

(c) If K is an isometry, then g(s,x) = (K(s,"), K(z,")) 12((a,b),du)-

(d) Let{gn} be a complete orthogonal sequence in H and {s,} a sequence
such that gn(8m) = Onm. Then

g(ﬁ, Sn)
gn() Ssmsn)’ r e X.

The usual case is when N C L%(X,du), K is an isometry, and {K (s,,-)}
forms a complete orthogonal system in L?((a, b), du). The fact N' C L%(X, dp)
implies that K is bounded. By K being an isometry, from the orthogonality
and completeness of { K (sy, )} it follows that {(K(z,-), K(Sn,))12((a,b),du)}
is a complete orthogonal system in N. Under these circumstances, K is one
to one, and K1 is a transformation of A" over L?((a,b), du), also bounded.
In particular, part (a) guarantees that N is a Hilbert space with reproducing
kernel.

5. PROOF OF THEOREM 2

Let us recall that, for a > —1, we have taken the Paley-Wiener space
PW,, defined in (5). Then, in the language of the previous section, let us
take X = R, du = dpq, (a,b) = (—1,1) and the kernel K(x,y) = E,(izy).
The corresponding operator /C is given by

1
9)  Ku(z) = (K(2,y), w(¥)) 12((—1,1),dpe) = /_1 u(y) Eo(izy) dpa(y)-

From the fact that the Dunkl transform is an isometry, we can deduce that
K is also an isometry. Clearly, the range of KC, denoted by A in the previous
section, is PW,. Finally, let us take {s;};ez (that corresponds to {sy}
in (d)) as the infinite sequence of zeros of the real function Im(FE,(ix)).

By definition, PW, C L?*(R,du,), which implies that X is bounded.
Moreover, K(s;,r) = Eq4(isjr) and, according Theorem 1, it forms a com-
plete orthogonal system in L2?((—1,1),dua). Then, K is one to one and
K~!is a transformation of PW, over L?((—1,1),dus), also bounded. In
this manner, by Proposition 1 (a), the set PW, is a space with reproducing
kernel.

An appropriate expression for this kernel is

Lemma 2. Let o > —1. The reproducing kernel for PW,, is

1 2Z011(i12)Zo(1y) — yZaya (iy)Lo(iz
(10) ga(x7y) = =1 oz-‘rl( ) a( y) Y a+1( y) a( )
20+ (o 4 2) T —y
Proof. From Proposition 1 (c), since K is an isometry, the reproducing kernel
is given by

1
ga(,y) = (K (2, 7), K(Y, 7)) L2((~1,1).dp0) = /1 Eo(iar) Ea(iyr) dpa(r)-
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Then, by using (6), we have (10). O

Let us observe that, taking « = —1/2 in the above lemma we recover the
Bateman reproducing kernel

2 sinz cosy — cosxsiny 2 sin(z — y)
g-12(z,y) = - Py e

Now, we are in a position to prove the sampling theorem:

Proof of Theorem 2. Let us take the functions e;j(x) = eq j(2), j € Z, such
as they are defined in (4). By Theorem 1 the sequence {e;};jcz is a complete
orthonormal system for L?((—1, 1), du). By using the fact that the operator
IC, given by (9), is an isometry, the sequence {Ke;};ez is also orthonormal
and complete in PW,,. Let’s consider

Ke,j(x)
gj(z) = :
’ Ke;(s;)
The orthogonality of the system {e;};cz gives that g;(s;) = 0 and then,
by (d) in Proposition 1, we have

jEe.

_ gal,5)
9a(s,85)

where ¢ is given by (10). With the identities in Lemma 1, we can rewrite

95(x)

LBZOH»l(Z'ﬂf)
a+ 1), (is;)(z — s5)

and go(z) = Za+1(ix). The functions {g;};cz form a complete orthonormal
system in PW, and then, for f € PW,, we obtain

(11) flx) =7 ajg(),

JET.

g;(z) = 2 j#0,

where a; are the Fourier coefficients of f with respect to {g;}jez. The
previous series is convergent in the norm of L?((—1,1), dj,) and also in the
norm of PW,. Taking into account that g,(x,z) is a continuous function,
and then bounded in each compact subset of R, by applying part (b) in
Proposition 1, it follows that the series (11) converges uniformly in compact
subsets of R (of course, f,, in (b) corresponds to the partial sum 37 ). To
finish the proof, we have to observe that a; = f(s;) because g;(s;) = 0. O

An example. In [4], the following identity was proved: For o, 3, + 3 >
—1,

o Ja+,8+2n+1(t) Jo(t) 2a+1
a+p+1 e t dt
0 t (wt)
_ I(n+1)
2B+ n+1)

(1 _xQ)ﬁpéa7ﬁ)(1 - 2'%'2)X[0,1](x)7 n = 071727"'7
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where P,ga’ﬁ ) denotes the n-th Jacobi polynomial of order (a, 3), and X[0,1]
is the characteristic function of the interval [0, 1]. From this formula, it is
clear that the function 22" E, s 2n+1(iz), © € R, belongs to PW,. Then,
from Theorem 2 we have

2Zp41 (i)
2(a + 1)Za(is;)(z — 55)’

332nEa+ﬁ+2n+1(m) = Z sz'nEa+ﬁ+2n+1(i5j)
JEZ\{0}

which is valid for o, 8, + 6 > -1, and n=1,2,...; and

. . . xT, +1(7;[13)
Eatpi1(iz) = Loy (iz) + Eayp11(is;) =
“ “ jg\:{o} “ 772+ 1)Za(isg) (x — s5)
when n = 0.
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