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Abstract

Wilf [Accelerated series for universal constants, by the WZ method, Discrete Math. Theor. Comput. Sci. 3 (1999) 189-192]
applied Zeilberger’s algorithm to obtain an accelerated version of the famous series > ;- | 1/ k* = 72 /6. However, if we write
the Basel series 3 "5° | 1/k” as a 3F(1)-series, it is not obvious as to how to determine a Wilf-Zeilberger (WZ) pair or a WZ
proof certificate that may be used to formulate a proof for evaluating this 3 F>(1)-expression. In this article, using the WZ
method, we prove a remarkable identity for a 3 F>(1)-series with three free parameters that Maple 2020 is not able to evaluate
directly, and we apply our WZ proof of this identity to obtain a new proof of the famous formula ¢(2) = 7%/6. By applying
partial derivative operators to our WZ-derived 3 F>(1)-identity, we obtain an identity involving binomial-harmonic sums that
were recently considered by Wang and Chu [Series with harmonic-like numbers and squared binomial coefficients, Rocky
Mountain J. Math., In press], and we succeed in solving some open problems given by Wang and Chu on series involving
harmonic-type numbers and squared binomial coefficients.
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1. Introduction

The Basel problem, i.e., the problem of determining a closed form for

1+ 2—12 + 3% + - (1)
is one of the most famous problems in the history of mathematics. As recorded in [3], the Basel problem had been open for
91 years, with its having first been solved in 1735 by Leonhard Euler. Letting ((z) = >, -& denote the Riemann zeta
function, the famous formula ((2) = %2 is due to Euler. Over the centuries, many very elegant proofs of this formula have
been introduced. See [13,22,31,44,46] for some relevant literature concerning the Basel problem. Many past articles have
been devoted to new and elegant proofs that ((2) = %2; see [1,3-5,10-12,15-21,23,25-30,32—34,36-40,42,43,45]. In this
article, we introduce a proof of the formula ((2) = %2 using the Wilf~Zeilberger (WZ) method [41].

For the sake of brevity, we assume familiarity with the basics about WZ theory [41]. In 1999, Wilf [49] applied a series
acceleration method based on WZ theory, and provided an infinite family of geometrically rapid series for ((2), via an
application of Zeilberger’s algorithm [41, §6]; see also [24]. This was achieved by setting F(n, k) = (k!)?/((n + k + 1)!)2, so

that 3, -, F(0, k) equals the Basel series in (1), and by using Zeilberger’s algorithm to determine that
—(n+2)F(n,k)+ (n+1)3*F(n+1,k) = G(n, k + 1) — G(n, k), (2)
where G(n, k) = (3n + 2k 4+ 3)F(n, k). However, a WZ pair must satisfy the difference equation
Fn+1,k)— F(n,k) = Gln,k+ 1) — G(n, k), 3)

in contrast to (2). For a pair (F, G) of bivariate hypergeometric functions satisfying the required conditions for a WZ pair,
the rational function R(n, k) such that G(n, k) = R(n, k)F(n, k) is referred to as a WZ proof certificate. In this article, we
consider the interesting problem of determining a WZ proof for evaluating the Basel sum in (1), inspired in part by the
telescoping-based approach given in [3] toward the Basel problem.

Our new WZ-based proof that ((2) = %2 has led us to discover some remarkable identities for families of hypergeometric
series that Maple 2020 cannot evaluate. Writing

aQ, A1y -+« Apy1

b1,ba, ..., by

p+1Fp

N2 (@0)y (@), (1),
Z‘| B Z nl(br),, (b2), - (bp), .
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we assume some basic familiarity with classical hypergeometric series [2, §2.5]. From the definition in (4), it is immediate
that the Basel series in (1) may be written as the following 3 F»(1)-series:

1] | ®

It is not obvious as to how classically known identities for ;F5(1)-series with free parameters, such as Dixon’s identity,
Watson’s hypergeometric identity, or Whipple’s theorem, could be used to determine a full proof for the closed form for (5).
Our WZ proof for this closed-form evaluation is very much inspired by Zeilberger’s WZ proof [14] of a famous 4 F3(—1)-series

1,1,1

F:
32272

for % due to Ramanujan, and we make use of the classical result known Carlson’s theorem [2, p. 39] in a similar way relative
to the WZ proof in [14].

2. Main results

In order to construct a WZ proof for evaluating the ;F5(1)-series in (5), our strategy is to determine a WZ proof for an

1] . (6)

Remarkably, Maple 2020 is not able to provide any evaluation for the 3F5(1)-series on the left-hand side of the above

equivalent form of the hypergeometric transform indicated below:

a,b, 1
c,2

3Fy

_ 1—c c—1 Fa 1,b—1
T a0 T a-ne=-0*"Y -1

equality, for free variables a, b, and c. This motivates the generalization of our methods in view of practical applications
regarding commercially available CAS software.
To prove (6), we begin by considering the equivalent form of (6) whereby

i( (a), (b),, c—1 (a—l)n(b—l)n)_ 1—c

(e),n(n+1) (a—1)(b-1) (c—1), n! T @a-1)b-1)

n=0

This is equivalent to the identity

i(a)k(b)k(a+b—c—2)k‘+(b—1)a—b—c+2_ 1-—c¢c o
= (), k! (k+D(a+k—-1)(b+k—1) C(a—1)Ob-1)
Set F(n, k) as the summand of (7) divided by the right-hand side of (7) with a = —n. Explicitly,
Fn k) = b—1)(—n—-1)b)r(—n)p(k(b—c—n—-2)—(b—1)n—b—c+2) ®)

1-e)k+DKb+E—1)(k—n—1)(c)
Maple is able to provide the corresponding rational certificate

(—k — Dk(c+k—1)

R(n, k) = (k—mn—2)bk—bn—b—ck—c—kn—2k+n+2)

and, writing G(n, k) = F(n,k)R(n,k), it is easily seen that F' and G satisfy the difference equation in (3) for suitably
bounded real n and k. Again with a = —n in (7), we apply Carlson’s theorem as below.

Theorem 2.1. The identity
Z F(n,k)=1 9)

k=0
holds for suitably bounded n.

Proof. For the time being, we let n € Ny. For k and n such that n — k + 1 and n — k£ + 2 are nonzero, we have that the WZ
difference equation in (3) is satisfied by (8) and by G(n, k) = F(n,k)R(n, k). So, we find that

nz_:(F(n+1,k) — F(n,k)) = HZ_:(G(n,IH—l) — G(n, k). (10)
k=0 k=0

Writing
(= (), an
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and using the fact that the right-hand side of (10) telescopes, we find that

S —1)"n(n+ )l(c—1)I'(b+n—1
;;(F(nﬂ’k) ) =~ 2(r(b—)1)(r(c+)n(_ 1) :

This can be used to give us that

n+1 n
(=) (e =1 +c+20)I(b +n)

1,k) . 12
kZ:O (n+ ZZ: T(b—1)(ct+n+1) (12)

Now, expressions as in “F(m,m + 1)” for an element m € Ny are not well-defined, due to a factor of the form

(=n)y,
n—k+1

in the above definition for F'. Rewriting this factor according to the Pochhammer/binomial identity in (11), we define

_ (=1)"*'T(c — 1I(b +n)
Hn) = T P k) = 50"+ n)

and
F(m,k) ifk#m+1
F(m, k) =
H(m) ifk=m+1
from whence it may be obtained that

i]—"(n—&— 1,k) = f:f(n k)
k=0 k=0

according to (12), noting that F(n, k) vanishes for integers £ > n + 1 € N. So, since the expression > -, F(n,k) as a
function of n € N is constant, we may easily verify the following:

i}'(n k) =
k=0

Applying Carlson’s theorem as in [14], we find that
Z}" n,k) = ZF
- k=0
for suitably bounded real n. O

A WZ solution to the Basel problem

We have provided, as above, a WZ proof for the hypergeometric transform in (6). This transform can be used in a direct
way to show, as below, that ((2) = %2. We are to also make use of Gauss’ evaluation for 5 F;(1)-series, recalling the WZ
proof of this classical identity given in [41]. As below, we let

dn+1

Yul2) = oy (0 (2)

denote the polygamma function. We recall the series expansion

() = (13 Ermart 13)
writing ¢y = v to denote the digamma function. We recall that the Euler—-Mascheroni constant ~ is defined so that
v = lim, o0 (Hn —In n)

Theorem 2.2. The Basel identity ((2) = %2 holds true.
Proof. According to our WZ-derived transform in (6), together with Gauss’ 5 F;-identity, we find that

a,b, 1

F:
320,2

_ 1—c¢ +(071)F(071)F(7a—b+c+1)
(a—1)(b—1) (a—1)(b—1T(c—a)l(c—b) °
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So, we find that

I(—a—b+3
F a,b, 1 _ F(2(—a)F(2—)l>) -1
57292 (a—D)b-1)
Making use of Euler’s reflection formula
7T
I')I'(1—-2)=
()11 = 2) sin(mz)’
we find that
(a+b—2)(a+b—1)(a+bd) sin(n(a—1)) sin(mw(b—1)) 1
a,b, 1 m(a—1)a(b—1)bsin(r(a+b—2))(* ")
3 Fy 1| =
2,2 (a—1)(b-1)

Taking the limit as a — 1, we obtain
meot(mb) + (b —1) +~
1-0 '

So, we have that

oo

1 . mcot(mb) +¢(b—1)+
E = lim
k_

k2 b1 1-b

Applying ’'Hopital’s rule to the above limit, we find that

1 .
kf = IP_{% (71'2 esc®(mb) — ¢ (b—1)).

ﬁMg

According to the usual series expansion for the polygamma function, as in (13), we have that

Zkz—#ﬂ(“ csc? (bm) Zb_Hk))
k=1 k=0
So, we obtain that

— 1 1 — 1

So, we have shown that

Equivalently,
oo
1 2
2;ﬁ:ﬁh_>n;07r csc (5> 8.

Using the Laurent series for the elementary function csc, and then taking the Cauchy product of this Laurent expansion
times itself, we obtain the following:

8
oo 2 4 6 2=
1 1 1 1 /(n 2 ™ 1 s (ﬂ)
2 g —B2 21z — (= — =
,;1# P B 3+(>2+15 (ﬂ) 189 (5) MGG (B) o305 *
a B

Since 5 — oo, the right-hand side of the above equality is reducible in the following manner:

1 : 2, 21
2Zﬁ:51520 =B+ 3t
=1

Expanding the expression

as %2, this completes our proof. O
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Relation to recent problems due to Wang and Chu

The problem of determining closed-form evaluations for series as in

o0 2k Oi 02
; 16(k122)k —y) and Z 1615(234 1)? (14
was recently given as an open problem in [48]. Interestingly, our hypergeometric identity highlighted as Theorem 2.1 may
be applied in relation to this problem. Our explorations of applications of this theorem have led us to solve a number of
open problems from [48].
We apply % . ‘n:% to both sides of the hypergeometric identity (9), and then apply % . ]b:% and then set ¢ = 2. After
much simplification and rearrangement using closed forms from [48] and from references therein, we can prove the below
linear relation involving the series in (14). We are letting O), = 1+ § + - - + 57— denote the k™ odd harmonic number, and

we let G denote Catalan’s constant. Also, we let G = S (Liz (+3)) denote the Catalan-like constant under consideration
in [8]. The aforementioned linear relation is such that
o (0E N (Do
k) Yk
42 16k 2k+ ;016 2k—1 2; 16F(2k — 1)2 (15)

evaluates as
12G | 326 6In%(2) 372 «

s s s 4 4
Letting H, = 1 + % + 4 % denote the /" harmonic number, consider rewriting the summand of the first series in (15)
according to the relation O = Hop, — %Hk., i.e., so that

oo 2k\ 2 00 (2k\2
(0. g () (b )
16 1652k +1)
A remarkable aspect about our above identity for (15) is due to how known techniques for evaluating series containing
2
(215) Hoy,
16+
or )
(Qkk) Hy,
16%
as in [6,7,47,48] cannot be applied to (16).
Quite recently, using coefficient-extraction techniques, Wang and Chu [48] introduced the remarkable evaluation
o (2K)\2 (2)
() (Oi_Ok ) r  2(In2)?

16°2k—1) 6 =« (4D

k=1

inspired by the past work in [6,47] on Ramanujan-like rational series for % involving harmonic numbers, writing

(2) 1 1
— 1+ — =
Oy, et @

It is stated explicitly in [48] that the authors of [48] had failed in the problem of separately evaluating the series

[e%S) 2 2 0o 2k\ 2 (2)
Ok ()0
¢ d k) Tk 18

2 16k 2%k —1) ; 165 (2k — 1) (18)
obtained by expanding the summand in (17) according to the summand factor (Oﬁ — O,f)). The problem of evaluating the
initial series in (18) is relevant to our work concerning the WZ-derived hypergeometric identity in Theorem 2.1, in view of
how we applied this Theorem to evaluate (15). As it turns out, the formula

. 2

Z (215) Ol(f) _ £ T

16F(2k—1) =« 4

k=0
was very recently proved by Nimbran et al. in [35], by applying integral operators to the Maclaurin series for arcsin®z, so
this provides a solution to Wang and Chu’s problem on (18). We provide, as below, a completely different way of solving
this problem. Our reindexing argument, as applied below, may be generalized to solve a number of other open problems
from [48], as we later consider.
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Theorem 2.3. The evaluation

I~ 2k\2 2 2

holds true.

Proof. We apply the series reindexings/rearrangements indicated below:
oo I~ k+1 2(k+1))2
Z 16) ( ) 02 Z (Tlﬁ) ((}<:+1 )) 012c+1

£ 2k — - 20k+1)—1

0
= (f)" ! k1200 08,
(k1P +1) - 1)

k
1S ()" () 2k + 1OR,,
Z 16 Y k+

L () G @k 1) (00 + o)’
1 (k+1)2

_72 2k_1_2+4+20k_0,3 202
16 Gr1? h+l 2kl hr1? ht1? Thtd

Using previously known closed forms as in [6,7,48], we obtain that the desired result holds true. O

W

So, we immediately obtain a closed form for the latter series in (18), from the formulas in (17) and Theorem 2.3.
Mimicking our proof of Theorem 2.3, we may obtain infinite families of closed forms for the series obtained by replacing

the summand factors in (18) with m for a natural number z, solving open problems given by Wang and Chu

T
in [48]. For example, the evaluation

(2)* (02 - o) 5t 8 2(2-5ln2)?
—3) 54 457 457

z:: 167 (2n

is proved via the coefficient-extraction techniques in [48], and it is stated explicitly that the authors of [48] had failed to
separately evaluate the series obtained by expanding the above summand according to the factor (02 — 10)S )) mimicking
our recursive argument used in Theorem 2.3, we can show that

i GONe _ 166G 101n°(2) N 8In(2) 2 5w
— n(2n — 9 97 97 97 108’

solving an open problem from [48].
The problem of proving closed forms for
= (Do
; 165 (2k — (22 — 1))2

for z € N is also left as an open problem in [48]. For the base case z = 1, we have shown, via our WZ-derived result in
(15) together with our solution to the problem of evaluating the series shown in (19), that the open problem given in [48]
of evaluating the series

oo ) 02

2216’C 2k —1)2

=1

is equivalent to the problem of evaluating

00 2k 2
> ) O (20)
k

— 16¥(2k + 1)
Series closely related to (20) are evaluated in [9], such as the series
[e%s} n 2
1 2 1 1
() () (5 zes) e
— 16 n 2n  2n+1

and we encourage the exploration as to how the methods from [9] may be applied to evaluate (20); such an evaluation, as
we have demonstrated, would solve an open problem from [48].
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