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ABSTRACT. In this paper, we first establish a series representation formula for
the Askey—Wilson operator applied on entire functions of exponential type and
then demonstrate its power in discovering summation formulas, some known
and some new.

1. INTRODUCTION

Let %, denote the set of entire functions of exponential type o. That is, f € %,
if f is an entire function, and for any € > 0, there is an A. > 0 such that

|f(2)] < Acelr o)

for all z € C. Boas (see [5], [6l pp. 210-211]), in providing a simpler proof of a
Bernstein inequality given in [4], established an interesting interpolating formula
for the derivatives of functions in Z%,, known as Boas’s formula, which is a general-
ization of an interpolating formula of M. Riesz [13] for trigonometric polynomials:
if f € B, and if f is bounded on the real line R,

(1.1) f'z) = i_g > (Q(n +)1)2 f( +—+—)

In this paper, we want to extend Boas’s formula by replacing the differentiation with
a special divided difference operator of Askey-Wilson, and then show the power of
the Askey—Wilson operator in discovering summation formulas.

2. BOAS’ FORMULA EXTENDED

We first establish an extension of Boas’s formula for the Askey—Wilson operator.

2.1. Askey—W.ilson operator. In 1985, Askey and Wilson introduced the Askey—
Wilson operator in their study of a class of orthogonal polynomials, the Askey—
Wilson polynomials (see [2]).
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Definition 2.1. Let ¢ € (0,1). The Askey—Wilson operator, Z,, is defined by

F(g¥22) — f(g~V/22)
h(g'/22) — h(g—V/22)

E(z)_%<z—|—%), ]v”(z)—f(% (z—|—%)>, z=¢e" x = cos.

Note that E(ql/zz) - E(q‘lmz) = isin® - (¢"/? — ¢~/?), and thus ZI)) can be
written as

(2.1) (Z4f)(x) = , (zel-1,1])),

where

~

f(g"22) — f(g'/*2)
ising - (¢t/2 — q=1/2)’

(2.2) (Zyf)(x) =

Since

lim (Z,f) (x) = f'(x)

g—1
at any point x where f’(z) exists, Z,f can be considered as a discrete version of
the derivative of f.

The definition of 9, given in [2] was mainly used to act on polynomials f, and it
uses values of f at points in C\ [—1,1]. To extend the domain of the operator to act
on more general functions, Brown and Ismail [7] proposed an approach to define %,
on a dense subset of L2[(1 — x?)~'/2,[~1,1]]. In this paper, we will consider only
entire functions, and so %, is well defined as in (Z)), even for complex z € C.

2.2. Main result. For convenience, with = cos 6, we write
1
(2.3) o= §(q1/2 + ¢ Y2) cos(0) and B := (¢/% — ¢~1/?) sin(6).

Note that, when (z,q) € [-1,1] x (0,1), we have «, 5 € R. Now, we are ready to
state our main result.

Theorem 2.2. Assume that f € PB, and the restriction of f on R is bounded.
Then, for x € [—1,1],

(—1)* cosh (%B)
B2+ (2k +1)* 72 /02

(2.4) (Zof) () = % Soof (a + %(% + 1))

k=—o00

Remark 2.3. When ¢ — 17, we have a — x and 5 — 0, and thus, the limiting case
of [24) becomes the classical Boas’s formula ([I]).

Remark 2.4. Note that, with [23), we have

atB)_ t(a_is
(2.5) (%f)(w)—f( +2>wf( 2)'

We will use (Zf)(«, 8) to denote the right-hand side to emphasize the dependence
of (2,f)(x) on o and S.

Remark 2.5. Theorem [2:2is under the restriction on (x,¢q) € [—1,1]x(0,1). Indeed,
the theorem holds for complex = and ¢q. Our next result is such an example by using
variables o and S.
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Corollary 2.6. Under the same assumptions on [ as in Theorem 22, we have
that

i T (—1)kcosh(%ﬁ)
(26)  (2f)(@B) = k_me (o 55k +1) B2 1 (2k 1 1) n2/0?

holds for all a,, 8 € C and that the convergence is locally uniform for a, g € C.

2.3. Classical sampling theorem. Our proof of Theorem is based on a sam-
pling theorem. There are many forms of sampling theorems (see Butzer et al. [§]).
We will use the following form.

Theorem 2.7. If f € B, and f is bounded on R, then

(2.7 Z f( ™) sine 2o - ) e ©)

the convergence being absolute and uniform on compact subsets of C.

Recall that the function sinc is defined as

sin(mx)
—  fi € C\{0},
sincx := ™ o MOy
1 for z = 0.

3. PROOF OF THEOREM

We first establish a lemma that gives us the action of the Askey—Wilson operator
on the sinc function. To indicate that the operator 9, is applied with respect to z,
we will use the notation %, ;.

Lemma 3.1. For z € C and any integer k, we have

I o =))

4 (— -cosh (%)
y=o+n/(20) g ﬁ2 (2k5 + 1)2

w2
g

Remark 3.2. The key feature of the lemma is the evaluation of y at a point o + 5~
that is independent of k.

Proof. Let g(x) := sinc Z(z —y — %”) Then, by the definition of a sinc function,

we have ‘ )
ooy = Sl —y =)
0(.’[ -y — ]%”)

Note that
(3.2) G2 = S (V22 + ¢/227Y) — (oy + k)

% . (q1/2z 4 q—1/2z—1) — (oy+ kw)
and
(3.3) E(qfl/zz) _ sin (§ - (q—1/2z + q1/22—1) — (oy + kn))
| 5 (a7 22+ ¢! 22t) = (oy + k)

So, we have

- G(a/22) — q(q—1/24
/f_)))(z)_g(q )= 9(¢"/72)

.o
(3.4) <%,x(smc Gl ising - (q'/2 — q=1/2)
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with
9(¢"%2) = 9(¢7'/*2)
sin (% (q1/2
) %(ql/Qz—’_ql}zz) —oy—km

3 ag 3 g z 1/2
g [l i) o) () o))

—%(qlmz—i—ql/%z)—i-oy—kkw %(#—F = )—oy—kw

Note that, when y = a + 2=, we have y = 2(¢"/2 + ¢71/?)(z + 271) + £ and

1 1 T 1 z q'/? T
3.5 — 1/2 ——==|=+—]- —.
(3:5) 2( i q'/2z ty 200 2 q1/2+ z y+20

Call the common value of the two sides in (8.0 as w. Then

(3.6)  w= %(

Thus, we can write

- - 1 _ o 1.
=g V) (2 1—z)=Z(q1/2—q 1/2)(—22)51119:—526.

al1/2N _ G,—1/2 _ (1) Siﬂ(Uw—I—%)_sin(aw—g)
9(q/%z) = 9(q /*2) (=1 [0w+g+kw ow— % —kmw

(=1)* - 2w cos(ow)

o- {wQ— (k+§)2§—§}
From this and B.6]), (34) yields
(@q,z(sinc %(x —y— k—ﬂ)))

g

y=atn/(20) B2+ (2k+1) =
which is the desired result, [31). O

Proof of Theorem 2.2l We start by introducing a translation parameter in the sam-
pling theorem, Theorem [Z7} Fix y € R and apply Theorem 2T to g, (z) := f(z+y)
to obtain

gu@) = 3 Fly+Tysine L - 1)
k=—o00
Then
> kr. . o km
(3.7) f@)y=gyw—y) = Y fly+—)sinc—(z—y——).
k=—oc0

Now, apply 2, with respect to = on both sides of [B1) to obtain

Z fy+— z<sm<:;(x—y—k—ﬁ)>.

(o
k=—o0

The left-hand side is independent of y, and so we can take a special value of y on the
right-hand side. Letting y = a + 7> and using [B.I) of Lemma B} for z € [-1,1],
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we get

> 0 —1)* . cosh (¢
(@uh) @) = 2 f<a+(k+%)5) §'(622(2k+h1§22€—§)’

which is (24]). O

k=—o0

Proof of Corollary 226 Note that both sides of (Z0]) are entire functions of « and
(of exponential type o and /2, respectively) and they are equal when «, 5 € R by
Theorem [2:2] (as (z, ¢) runs through [—1, 1] x (0,1)). Thus, by the Identity Theorem,
([28) holds for all «, 8 € C. Finally, we prove the local uniform convergence of the
series. To this end, we need an estimate of Boas ([0, p. 84]): for € > 0, there is an
A, > 0 such that

|f(2)] < AceletOMmE] for 2 € C.

Applying this to the series in (2.8]), we can establish the local uniform convergence
by using the Weierstrass M-test. (Il

4. IDENTITIES OF INFINITE SERIES

As applications of the extended Boas formula in Theorem and its corollary,
we derive identities on infinite series, some new and some known. We begin with
two general remarks.

(i) As a direct consequence from the locally uniform convergence in (2.8)), con-
vergence in series below is locally uniform in o and S.

(ii) The extra parameter g introduced by the Askey-Wilson operator in (24)),
which is not available in Boas’s formula, will be seen as a desirable feature.

First, we apply ([24) with f(x) = 1. Then 2, f(z) =0, and so

S (="
(4.1) Z m =0,

k=—o00

which can also be verified directly.
Another interesting identity can be obtained by taking f(x) = sinox. We have

(4.2) (@F) (o B) = 2(:05((701)ﬂsinh(%ﬁ)7
which by (26]) equals

4 o = 7r (—1)k

- cosh (56) kzz_:oo sin(o(a + %(2/4; +1))) FERwCTan 1)2 pEype

4 o - 1

N ; cosh (§ﬂ> k;w COS(UO[) 52 + (2]{: + 1)2 71'2/0'2 ’

Combining this with (@2, we get
otanh(§f3) & 1

) 26 k;oo B2+ (2k +1)° 72 /0%

Note that, by Corollary 26, ([@3) holds for all 8 € C\ {£(2k + 1)Z}>_. This is
equivalent to a known result; see, e.g., [I5 p. 136] or [10, 1.421.2].
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Here is one more identity that can be derived directly from (2.0): Let f(z) =
sincz. Note that

(Z21)(a, B) =

Using this in (24]), we have
—4f sin(ma) cosh(F ) + 8a cos(ma) sinh(F3)
(402 + 32)
4 T > (-D*sin(r(a+k+ 1))
= 7 oosh(zh) k;oo m(a+k+3)(82 + (2k + 1))

o0

—écos z cos(ma)
= 7 cosh(gh) 2 m(a+k+ 5) (62 + (2k + 1))

—4f sin(ra) cosh(5 3) 4 8a cos(mar) sinh (% 5)
wB(4a? 4+ B2) ’

k=—o00
So, dividing by 2 cosh(Z B) cos(ma), we get
—mfBtan(ra) 4+ 2ratanh(55) i 1
B(da? + 32) L (a+ k45 (B2 + (2k+1)2)
which implies several known identities as special cases.

Next, consider f(z) = x. Then f € %y C Br. Since Z,f(x) =1, it is tempting
to let f(x) =z in 24) to get

(4.4) 1:%cosh(gﬂ) i <a+%(2k+1)> lef

But there is one serious problem: when f(x) = x, the assumption that f is bounded
on R is not satisfied, and so we could not apply Theorem 2.2] directly to f(x) = x.
Fortunately, we can prove (44 through a limiting process which we will present
later. Assuming that (@) is valid, then we can put it in an equivalent form:

(4.5) S i (a+1(2k+1)> B
' dcosh(58) 2 B2+ (2k+1)*
Using (1)) (or setting o = 0), we get, for 5 € C,
T == (-DF@k+1)
(4-6) 9 cosh (%ﬁ) - k;m 62 + (2]4) + 1)2 .

This is another known identity (see [I5 p. 136] or [10]). Note that the series in (Z.0])
converges locally uniformly for 5§ € C\ {£(2k + 1)i}>,. So by integrating both
sides of (@8] from 8 = 0 to 8 = z, with term-by-term integration on the right-hand
side, Berndt used this identity to obtain an identity of Ramanujan ([3 p. 457]).

Now, we verify (4] by applying a trick motivated by the ones used in [6l p.
211] and [11l Lemmas 1 and 2].

Proof of ([@4). For & € (0,1), define gs(z) = sin(dz). Then g5 € %5 C %, and gs

is also bounded on R. Note that
2 cos(da) sinh(25)
(@qgé)(x) = 2.

B
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Thus, we can apply Theorem to gs with o = 7w to obtain

2 cos(dav) sinh(%ﬁ) 4 T s Lsin(d(a+k+ 1))
(4.7) 7 == cosh (55) Z (—1) 5B+ @kt 1))
Next, note that the partial sum
K . 1
(bla+k+3))
(_1)ks1n 3
2 ;

is O(K) uniformly in § > 0. So, by using Abel’s partial summation formula, it is
not hard to verify that the series on the right-hand side of [@7) converges uniformly
in § > 0. Thus, by taking limits as § — 07 on both sides of ([@7]), we obtain

4 m = 1 (—1)*
1= ;COSh (§ﬂ) k;oo(a‘f'k‘i‘E) _524—(2]{;—}—1)27
which is (4). O

We can apply the same idea to obtain extensions to yet another known identity
due to Gosper, Ismail, and Zhang [9, (1.3)]. For b € R, consider the function

foo() = sin(dx) sin /b2 + (7 — 5)2332.
b2 + (m — §)%a?

Then fs5, € &= and fs5; is bounded on the real line. So, we can apply (Z4) to fs5,
to get

7(Tufsi)lz) S (CDFsin((at b+ 3))sin VB (= 02 (at ke + %)2'
ddcosh(58) 5(6% + (2k + 1)2)\/192 +(m—0)2(a+k+3)?

As above, it can be verified that the series on the right-hand side is uniformly
convergent in § € (0, %) Taking 6 — 07 yields

(@) s CDMat kot Psin /24w at k)2
s—ot 4dcosh(58) = (,82—|—(2k;+1)2)\/b2+7r2(a—|—k;+%)2
We need to work out the left-hand side of (4.8]). Note that

hm (@qfé,b)(x)
§—0t )

(o + %zﬂ) sin \/b2 + 72 (a+ %B)Q (a— %zﬁ) sin \/b2 + 72 (a— %B)Q
= iﬂ\/b2+ﬁ2(a+%ﬂ)2 Zﬂ\/b2+ﬂ'2(a—%5)2 :

Using this in (£J]), we obtain the following new identity: For any «, 8 € C,

(4.9) i (—l)k(a+k+%)sin\/b2+7r2(a+k+%)2
4.9

k=00 (B2 + (2k+ 1)2)\/1)2 +m2(a+k+ %)2

m(a + §if) sin \/52 +m2(a+ £B)2  m(a— 3iB)sin \/b2 + (o — £8)?

4if3 COSh(%ﬁ)\/bQ + w2 (a+ %ﬂ)? 4i3 cosh(%ﬁ)\/b2 + 72 — %'/3)2 '
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If we let a = 0, then the above identity becomes

oo — =
(—=1)F(2k + 1) sin /b2 + 72(k + 1)2 csin 52— T8
410 > G 4 —
he—oo (B2 4 (2k+1)2)y /b2 +72(k+3)2  2cosh(Z8)/02 — =&

When taking 8 to be a pure imaginary number, we can recover identity (1.10) of
Gosper, Ismail, and Zhang in [9]. If we further take § = 0, then (£I0) reduces to

o (=1)Fsin /b2 + 72(k + 1)2
(4.11) - ,
ke—oo (2k+1)1/02 + 72(k + 1)2 2b

msinb

which is the identity (1.3) of Gosper, Ismail, and Zhang in [9]. Thus, identity (£9)
provides a two-parameter family extension of these identities of Gosper, Ismail, and
Zhang.

Indeed, our argument above really applies to a much more general family of
functions as indicated by the following result.

Theorem 4.1. Let g be an entire function of exponential type m that is bounded
on R. Then, for a, 8 € C,

2 (DR a+k+ Dgla+k+ 1)
(4.12) k;w oy (22 17 2
 magla+ 58) - gla— 58)| + 4mB[g(a+ 48) + g(a - 48)]
N 4if3 cosh (3 3)
413) = forez {2 (%9 @)+ () @)}

where o/, is the “average operator” defined in [12} p. 301] as

(1.14) (@ha) (0) = 5{96%2) + 500722,

Proof. Let gs(x) =g (”T*‘Sm), for 6 € (0, %) First, we shall apply Theorem to
the function g(x) = sin(dx)gs(z) with o = 7 to get

) g (1) 32 Loy Ot bt s othrd)
’ el 582+ (2k +1)%)

Again, as in the proof of ([@4l), we can show that the series is uniformly convergent
ind € (0, %) So, we can take the limit as § — 0% to get

. (Z49) () 4 T (=D a+Ek+Hgla+k+ D)
19)  Jim S = oo (38) X e
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Now we shall directly compute 6lim+ (@qgw with the use of (2.3):
=0

(4.16) ‘ |
o (20) (@) _ (a+38)g(a+36)— (o= 3B) g (a— $5)
§—0t 1) 1/8
Calga+i8) —g(a—38) |+ ¥ |g(a+18) +g(a—1P)|
_ . |

Equating the two sides of ([@I5) and ([@I0) yields (II2). Finally, (4.13) follows
from the observation that,

i) @)= 3{o (a+ 5 )+ (a-2) }

Remark 4.2. When g(x) = w‘ﬁ m, (AI2) implies (@9).

Remark 4.3. Note that the following are additional examples of entire functions of
2 2.2

(ii) Jy [5 (V0> + 22 + 2)] J, [5(Vb? + 2% — z)]. Here J, denotes a Bessel function

of the first kind of order v (see [I,[14]). Applying Theorem [1] to these functions

will verify extensions of @IT)), [9, (1.6)], and identities of Zayed [16] p. 702]. To

illustrate this we take the function in (ii) above. Applying Theorem ET] to this

function, we get the following identity: with ay := o+ k + %,

i (—DFap Ju[Z (/0 + of + o)) L[5 (VB2 + aF — ay)]

exponential type 7 that are also bounded on R: For v > i, (i)

2 e
B L[58+ (a+ D)2+ (a+ D5 (/0 + (a+ D)2 — (a+ D))
- 4if3 cosh(ZB)
WP 2R - DA 0 5P (0= D))
4if3 cosh(53)

iwp [ BEWP T @t P 4 (ot NPT (@t 5P (ot D)
+ == .

2 4i3 cosh(% )

LEWE+ =2+ 0= DL+ - F)2 - (- B)
4if3 cosh(%3) '
Taking o = 0 and letting 8 — 0 above, we get

g, (™ 2—2%.} T/ o2+ k+12+ .
Y2 o kzo” 2 2 2

xJ,,g b2+<k+%>2—<k+%) w(li%)f/’z)

which is an identity of Zayed [I6l, p. 702].
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