A DIVISOR FUNCTION OF WIGERT AND HIGHER DEGREE FORMS

DEBIKA BANERJEE, ATUL DIXIT AND RAJAT GUPTA

ABSTRACT. Let k € N. Wigert’s divisor function d(%)(j) counts the number of representations of j of

the form m* + mn with m > 1,n > 0. Let Fx(s) denote the Dirichlet series of d(%>(j). While Fa(s)
is essentially a well-known special case of the Euler-Zagier double zeta function, and hence well-studied,
very little is known about Fj(s) for k& > 2. We offer three new representations for Fi(s) for k > 2,
one of which is an analogue of the Chowla-Selberg formula as well as of a formula of Atkinson. The
meromorphicity of F(s) is also discussed. The special value F3 (%) is expressed in terms of an infinite
series of Bessel functions and a generalized divisor function.
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1. INTRODUCTION
Let k € N. Wigert [36] introduced the divisor function
dBm) =Y 1.
s/

Clearly, d(%)(n) = d(n), the number of divisors of n. For Re(y) > 0, he showed that

nz:l d(E)(n)e v = nz:l [ e_ p—rrt

and obtained .
> dP(n) = L(log(a) + ky = 1)+ 0 (xl—%) ,

where 7 is Euler’s constant.
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After deducing , Wigert writes, ‘Cependent la série ...n’est pas d’un facile accés quand on
veut €tudier les propriétés de la fonction qu’elle représente. Je préfére donc de m’occuper d’une autre
généralisation, semblable a la précédente.’; which, in English, translates to ‘However the series ...1is
not easy to work with when you want to study the properties of the function it represents. I therefore
prefer to deal with another generalization, similar to the previous one.’

In the same paper [36], Wigert then studies a different arithmetic function, namely,

d®(n) =) "1,
dk|n

for a fixed k € N. This function as well as the Lambert series associated to it, and their generalizations,
have received a lot of attention in recent years; see [4], [5], [12], [13], [I7], [31] and [37]. For example, a
generalization of d*)(n), namely,

=> & (keN,zeC), (1.2)
dk|n
was recently studied in [12] and a Voronoi summation formula was obtained for it. This function will

also turn up in the results of the current paper.
However, the literature on the divisor function Wigert initially set out to work in [36], that is, on

d(%>(n), is quite scarce. Bordelles [7] obtained an asymptotic formula for the average order of d(%)(n)

which was improved by Banerjee and Khyati [3]. There seem to be no other studies on d(%)(n) from
the point of view of analytic number theory besides these two.
For a € C, Bordelles [7] also considered the generalized divisor function

> d

d<nl/k
It is easy to see that for Re(y) > 0,
>, paety
-
jak Zo-a —;1—€ny‘
Equivalently, letting ¢ = e™¥ so that |¢| < 1, we have
o0 ne—1 nk
ja,k(Q) = ja—lJc(y) = ; 1 —

It is trivial to observe that
1 Z d(+) n)q", il Z d(n

and that for an even integer j > 1, #;1(n) is essentially what occurs in the Fourier expansion of the
Eisenstein series £; on SLy (Z).

For j € Z, the function _Z;,(q) are generating functions of Joyce invariants which appeared in a
work of Mellit and Okada [24] on the moduli stacks of semistable objects with Donaldson-Thomas type
invariants, introduced by Joyce, for stability conditions on K3 surfaces. Mellit and Okada showed the
invariance of moduli stacks on faithful stability conditions and motivic invariants. They also showed
[24], Theorem 1.2] that the function

1 1 &< ng

__——Zq +/22() 244—5_001_(1”
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is a mock modular form on SLs (Z). Bringmann [6, Theorem 1.3] worked with _# 2(q) for even k > 2,
and generalized the result of Mellit and Okada.

As is the case with many arithmetic functions related to the divisors of integers, there are two main
streams of research involving d(%)(n): one originates from analytic number theory and concerns the

analytic properties of the Dirichlet series of d(%)(n), its summatory function and the analyses of its
error term [3], [7], while the other has its genesis in the theory of modular and mock modular forms [6],
[24].

In this first among a series of papers, we focus on the first aspect. Our objective is to study the

Dirichlet series Fi(s) of d () (n), in particular, obtain its meromorphic continuation in the entire complex
plane and derive a Chowla-Selberg-type formula for it. See Theorems [I.1] and [1.3]
Observe that for Re(s) > 1 and k € N,

< 4By & o0
Fi(s) ;:Zd js(J) :Z]l Yooi= m (1.3)

7=l 7=l m;nj‘lj/k ZZOI
which can be written in the form
Fils) = Clhks) + La(s), (1.4)
where ((s) is the Riemann zeta function defined for Re(s) > 1 by
() =Y =
=1

and
o0

1
L = —_— 1.5
k(s) mgl (mk +mn)s ( )
From (|1.3), one sees that d(%)( 7) is nothing but the number of representations of j in forms of degree
k of the form m* + mn, all of which are inhomogeneous except when n = 0 and/or k = 2.

The special case k = 2 of (1.5) has been well-studied, and is a specialization of the Euler-Zagier

double zeta function defined by [I], [15]

C2(31782> = Z 811 82"

nin
1<ni<ng 1772

Indeed, the above series converges absolutely when Re(s;) > 1 and Re(s; + s3) > 2. Atkinson [I]
obtained the meromorphic continuation of (5(sy, s2) in the whole space C? and then used it to derive
one of the central formulas in the analytic theory of the Riemann zeta function, now known as Atkinson’s
formula. The literature on the double zeta function is vast and its functional as well as approximate
functional equations are well-known; see, for example, []], [15].

In [I, Equations (1.3), (2.1)], we find that for Re(s) > 1,

La(s) = 5 () = C(29)) (16)

This is straightforward to derive upon noticing that

d(%)( ) = %d(n), if n is not a perfect square,
$(d(n) +1),if nis a perfect square,

since then

Z"" d(2) (n) ZOO d(n) ZOO (d(n) + 1)
— = 2n = 2n
n not a perfect square n a perfect square
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1, 1
= SC(s) + 5(29),

One can then appeal to the special case k = 2 of ((1.4)).
Kiuchi, Tanigawa and Zhai derived another representation for F»(s) [15, Theorem 1] whose special
case 51 = sy = s yields, for 0 < Re(s) < 1,

Fa(s) = %C(Qs) + CQS% + % Z 712 / sin(2mnz)z ™ tdw. (1.7)
n=1

Using the general result involving s; and s, they derived an approximate functional equation for the
double zeta-function ((s1, s2). They also showed [I5, Remark 1] that the series occurring in this result
is analogous to that occurring in a formula of Atkinson [I5, Equations (2.3), (2.5)].

For k > 2, however, the only known information about the Dirichlet series in (1.3]) or the series in
, is that it can be meromorphically continued to the whole complex plane. This was done by Mellin
[23] (see also [16l pp. 3-4]) who actually worked with a more general Dirichlet series. But Mellin [23]
did not give the pole structure of his more general Dirichlet series. Also, no transformations or explicit
representations of Ly (s) or Fi(s) are known for £ > 2 which is what we accomplish in this paper.

We give a new proof of the meromorphic continuation of Fy(s), which, additionally, gives the precise
location of its poles.

Theorem 1.1. Let k € N,k > 2. The function Fi(s) can be meromorphically continued to the whole

1 (k=1)(2n+1) for

plane C with a double pole at s =1, a simple pole at s = 1, and simple poles at s = ; — ;

n=01,2--.

Our second theorem gives a new representation for the Dirichlet series of d(%)(n) whose equivalent

version (see (4.9)) below) generalizes (1.7)).
Theorem 1.2. Let k > 2 and Re(s) > 0. Let the function o ( ) be defined in (1.2). Then

Fils) = yeths) + I L S s k-
(k—1) 00
. S(Z; 1) Z = 1n55<n) [ cos(Qﬂ'n:C)x*S*Z dz. (1.8)

n=1

While the series in ((1.5) for & = 2 has a simple representation in terms of the Riemann zeta function,
namely, the one in or k > 2, it involves the higher degree form m* 4+ mn, and, to the best of our
knowledge, no representation for it in terms of well-studied functions is known. We obtain such a result
in Theorem [1.3] Before discussing it, however, we recall the famous Chowla-Selberg formula.

Let Q(m,n) = am? + bmn + cn? denote a positive definite quadratic form with a,b and ¢ real. Then
the Epstein zeta-function Z(s, @), defined for Re(s) > 1 by

[e.e]

Z(5,Q) = Y (Q(mn))™,

m,n=-—oo

(m,n)#(0,0)
satisfies the following formula for s € C, namely,
I(s — )¢(2s - 1)
()
.8 Sk: T b
@ Zn 201 _95(n)K,_ %(27rkn) cos <ni> ’

a

Z(s,Q) :==2a"°C(2s) + 2a k' 22

—

where k? = |d|/(4a?), d = b* — 4ac and K V(z) is the modified Bessel function of the second kind defined

in Section [2} It was first announced by Chowla and Selberg in [9]. Our formula in Theorem [1.3| may be
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conceived as a Chowla-Selberg-type formula for L(s), k > 2. Next, we review a result of Atkinson. In

[1], he showed that if Re(s;) < 0, Re(s2) > 1 and Re(s; + s2) > 0, then

F(Sl + 89 — 1)F(1 — Sl)
[(s2)

Our result below is an analogue of the above formula of Atkinson as well.

Theorem 1.3. Let k > 2 and 1 < Re(s) < k — 1. Let agk)(n) and Fi(s) be defined in (L.2) and (L.3)
respectively. Then

Fals) = ks) + C5) + 7= F@F o) (o)< ()

1)
(k—f)F(S) i ng (n)/o (@ +2)7 = 1) cos (2”(”95) )d“”

The integral in the above theorem is quite tricky to evaluate. It is important to note that the standard
version of Parseval’s formula for Mellin transforms is inapplicable here. One has to resort to an extended
form of Parseval’s formula given in Theorem 2.1} Before we state this integral evaluation, we introduce
a compact notation for a Meijer G-function frequently arising in our results, that is, we define

(%—{2)%_2) . (L.9)

Theorem 1.4. Letk € Nk > 2, andy > 0. Let G (s,y) be defined in (1.9)). Ifk =2 and1 < Re(s) < 2
orifk>2 and 1 < Re(s) < 3, then

/000 (Q+z)"°—1) 2 % cos (yxﬁ> dr = (k — 1){252gk(y, s) —y*IT(1 — s) sin (%S) } (1.10)

(k—1)T

Ca(s1, 82) = C(s1+s2—1)+ 22 O1—s1-s,(N) /°° y " (1+y) ™™ cos(2mny)dy.
0

n=1

+

sz—i—l 2 21;;93;87 2]€2—;8} {}
Gr(s,y) = 2, {O oo B2 kel skl 4 } { 3 ... 2k=3
P k—17 2 2k—2 2

’ k=17 2k—27 2k—2 k—27 ? 2k—2

Once the evaluation of the integral in terms of the Meijer G-function is obtained, we can employ
the known asymptotics of the Meijer G-function to analytically continue Theorem in a wider region
which includes the strip 1 < Re(s) < k — 1. This extension is stated below.

Theorem 1.5. Let k € N,k > 2 and let M be a positive integer. For any s in the strip —2M — 1 <
Re(s) < (2M +2)(k — 1),

= 2 1 1-s ks —1 ks —1 9s—1
fk(s)_g(ks)ﬂ(S)+<k—1>F<s>F(k—1>F<k—1>c< ) NUE
oo _(k—1)
5 ( ) = S+ \/7 s—1 s—k _
X |:n:1knk1{gk< ,27['7116*1) — COS( 1 _ZASk nk 121 ZBsk nk T 2#}

M
3 A+ 20—+ 20k — 1)+ 3" Bua)C(s 1+ 200k — 3+ 2k )] RGeS

- =0
Note that one cannot let M = 0 in the above theorem since it does not give the correct strip in the

s-complex plane where the result holds. However, this can be easily rectified by combining Theorems
and . The following identity we get after doing this is actually valid foxﬂ 0 <Re(s) <k-—1:

Fits) = <) + )+ =it (=1) T (et )< (=)

. - imi'i }>(n){g (5.2 )_w } (1.12)
Vr(k—=1)I2(s) = n& EAS cos (%) ! . .

IThis is easily seen by putting M = 0 in (5.21)).




As an application of above result, a representation for £3(3/2) in terms of an infinite series of modified
Bessel functions is given below.

Corollary 1.6. Let I,(2) and K,(z) be defined in (2.10) and respectively. Then
)< ()
Z, ()= (— )T ()¢~
£ (2 2) " vr \4 1) \4

—MZ "”g (wv/i (1 (mv/m)K

MOJ

(/) + 31 (m/‘)Kg(w‘)) ) (1.13)

1
1

Also, Theorem and ((1.12) together lead to a transformation between two infinite series involving
the generalized divisor functions of which one counts the number of (k — 1)-full divisors of n.

Corollary 1.7. Let k > 2 be a positive integer. Let ¥(w) = % be the digamma function. Then

(1 vk —log(2m) + v (%) 21/k—1 (k1) { L\ mEta/k— 1}
¢ (k) + 2(k—1) + Vlk — 1)F2 l Z (S’ 2mn > nk cos (L)

k

oo _(k—1) 1_ 1

(2-k) 1 1 I)—p (1) —2 7 2
= ——((k) — F

i1 Tt - 5 nzl PEREN [l (P g

When we let k£ = 3 in the above result, the Meijer G-function appearing in the series on its resulting

left-hand side can be expressed as a limiting case of a recent generalization of the modified Bessel function
studied in [I1]. This generalization, which played an important in extending modular transformations
for v € C\ (Z\{0}), and z, u,w € C such that p+w # —3, -3, -2, by
52
sin(vm) 2 1—1/)F(UJ+%-V)1 ? w+3—v,1-v|4
vI(p+v+w+; +rvtw+ 3|22
-G (" )k

for Eisenstein series Es;(z) on SLy (Z) to those for E,(z), where a € C, is defined [I1, Equation (1.17)]
K () i T2 { (2)" Pptwts) o ( ptwt
I'(
2/ T14+v)I(w+ 1) w+i1+v

with
WKo(z,w) = Il/lir(l) WK (2, w).

Here , Iy is the generalized hypergeometric function defined by

pFy(ar, . . ap; by, .. ZH

with (a), =a(a+1)---(a+ p — 1) being the shifted factorial. Thus, we have

w , (1.16)

Corollary 1.8. We have

3y — log(21 1 T2 o~ (2 L
% (%)—i— v — log( )+¢(3)+ 2 Zaé)<n) (fleO(ZW\/ﬁ,O)—Q—)

1 1 &
-5t <3 _G_Z::

where 1K0(27r\/_ 0) = lim 1 _ WIS} (2my/n, 251).
6

S—)3



Remark 1.1. While the special case k = 3 of the Meijer G-function occurring in (1.14) can be simplified
to a stmpler one, that is, to Q%WGié < { } U

0,0}, {1}

of well-known special functions. However, by a tedious, but straightforward limit calculation, it can be
checked that for z > 0,

2

4

nmw ), it 15 not possible to reduce it completely in terms

7

~180(2,0) = “Ir (—) {”gf Slog(3) — 2y — (7 FTY3 W G) + 1og(ﬁz2)) \Fy ( 3

VTo\3 6 11

+Z (m')m i (¢(m+1)+2¢(2m+1)—¢(m+%)) },

which renders an almost closed-form evaluation of the Meijer G-function.

By now the reader must have noticed the obvious fact as to why we could not take k = 2 in Theorem

. Also, in view of (|1.6), it is clear that
1
Fols) = 5 (€(s) +€(25)) (117)

Thus, having such a simple representation for F3(s) in hand, a priori it seems pointless to derive an
analogue of Theorem when k = 2. However, once such an alternate expression is obtained, equating
it with the right-hand side of (|1.17)) now allows us to obtain a closed-form evaluation of a series involving
09s—1(n) and the Bessel function of the second kind, which, to the best of our knowledge, was heretofore
unknown.

We first derive an analogue of Theorem [1.3]for 1 < Re(s) < 2.

Theorem 1.9. Let Y, (z) be defined in (2.9). For 1 < Re(s) < 2

Lo(s) = C*(s) —s¢(s —1)¢(s + 1) + (1 —s)r (2;(;)1) ((2s—1)

(2m)® _1(n) T (=1 s(1—s) s
; vy + U (7)),
20 () cos (%) ; ns"32 \/_ V2 sin (z) ° () 232 O\ 2
Combining ([1.17)) and the above theorem, we get
Corollary 1.10. For —1 < Re(s) < 2,

025-1(n) T (=1 s(1—s) s
Y, Sy oot (%)
; ns"3 \/_ G V2sin (%) s-ymm) 2mn32 0\ 72
2I(s) cos (5) ) M1—-s)I'(2s—1)¢(2s—1)
=—r——=22 5 =((2s) — —1 1 . 1.18
G 2C() + 5€(25) — sC(s ~ (s + 1) + . (118)
One can, of course, relax the condition 1 < Re(s) < 2 in Theorem by using the well-known
asymptotic expansion of the Bessel function [35, p. 202], similar to what we did in Theorem SO as
to meromorphically continue F3(s). However, in view of ((1.17)), it seems futile although one may be
interested in getting identities for the series of the type in (|1.18) through this process.
We record two particular cases of Corollary

Corollary 1.11. We have

0300 (e + S ) = 3 (e (5) =€ (5) < (3).

DB (s b 2) -4 (6) -3 ()e(() <o)




The first formula in the above corollary should be compared with a result of Atkinson [2]:

1 - T\ 3
2 (= — . . _ 1\n+1 -nd _ (2 —1 .
¢ (2) v — log(87) + }313(1) (71’ 3:1 d(n)(—1)""Yy(mn)e (8> (log(6™") +~ 2log(2))) 2/1)
In fact, in the same paper [2], p. 68], Atkinson showed the “equivalence” of
—T(1 25 1/2__s 02— 1 nY
(1 - )22 § P 1Yoy )

and

1/, ) (25) — ['1—s)T(2s—1)¢(2s —1)
GRS . )

which should be compared with our Corollary [1.10} However, while our result is an actual identity,

Atkinson’s result is in terms of what he calls “generalized Abel summability”. See [2] for the definition
of a generalized Abel sum and other details.

2. PRELIMINARIES

The functional equation of the Riemann zeta function is given by [33, p. 25]

C(w) = 2°7 7' T(1 — w)((1 — w) sin (%) . (2.1)

The Dirichlet series of the function o (n) defined in the introduction is easily seen to be

S 7 _ (- s) (Re(w) > max {1, =) (22)

n=1

Next, we record Stirling’s formula [I0, p. 224] for the Gamma function I'(z), z = o + it, in a vertical

stripC <o <D
1 1 1 1
IT(2)| = (2n)2|t|" 2e 27 (1 +0 ( )) (2.3)

I
as [t| — oo. For m € N;m > 1, the Gauss multiplication formula [32, p. 52| states that
- k—1
H r (z + —) = (QW)%(m_l)m%_mZF(mz). (2.4)
m
k=1

We also record the following well-known evaluation for —1 < Re(s) < 1:

- s—1 _: _ : E
/0 t°" sin(t) dt = T'(s) sin ( 5 ) . (2.5)
Let F(z) and G(z) be the Mellin transforms of f(x) and g(x ) respectively. If F'(1 — z) and G(z) have

a common strip of analyticity, then for any vertical line Re(z) = ¢ in the common strip, we have
1
— | F(1-2)G dz-/ f(t) (2.6)
21 (c)

under the assumption that the integral on the right-hand side exists and the conditions
t“1g(t) € L[0,00) and F(1—c—it) € L(—00,00) (2.7)

c+ioco

hold. Here, and throughout the sequel, f(c) will be used to denote the line integral f .

In proving Theorem [1.4], which is essential to proving Theorem (1.3 we will be needlng an extension
of Parseval’s formula due to Vu Kim Tuan [34] which is now discussed. This extension is useful in many
instances where the usual version of Parseval’s formula [28, p. 83, Equation (3.1.11)] is inapplicable.
Before we state this extension though, we need to define the concepts required to state it, namely, a

new function space and a certain class of functions.
8



Denote by 9! (L) the space of functions f(x) that are inverse Mellin transforms of functions F'(z) €

L (3 —ico, 1 +1i00) over the contour Re(z) = 1/2 with norm || f||m-1(z) equaling [;° |F (1 +it)| dt.

Let K be the set of functions g(z) integrable on any segment [e, E] 0 < € < E < oo having the
property that

o 1
Mgle)iz} =G = [ o gl)dn,  Re(2) = 3,
0
converges boundedly, which means that there exists a constant C' > 0 such that for almost all ¢, £ > 0
and t € R, we have ‘LE 12 g(x) da;‘ <C.

We are now ready to give the extension of Parseval’s theorem [34, Lemma 1].

Theorem 2.1. Let f(z) € ML) and g(x) € K. Then the following convolution formula holds:

1 —z
/ f(z =5 (Q)F(l—z)G(z)t dz.

It is not difficult to see that the above theorem implies

Corollary 2.2. Let f(z) € MY(L) and g(x) € K. Then
t dx 1

/0 T (E) o @ = L[ reyae) - (2.8)

T 271 (%)

Remark 2.1. With the help of Cauchy’s residue theorem, it can be seen that can be extended to
any vertical strip containing the line [1/2 — ico,1/2 + ioco] as long as it does not contain any poles of
the integrand and the integrals along the horizontal segments of the rectangular contour approach zero
as the height of the contour approaches infinity.

Remark 2.2. As mentioned in [34, Corollary 1|, the cosine function belongs to the class K and hence
the extension of Parseval’s formula, that is, (2.8) holds with g(z) = cos(z) and f € M~Y(L). It is this
fact that will be employed in the proof of Theorem [1.4)

These results are also given in [39, p. 15-17].
The Bessel functions of the first and second kinds of order v are defined by [35, p. 40, 64]

L@%:§:¢4W@pwwv (2,v €C),

— m!l'(m+1+v)

Y, (2) = Ju(2) COSS(;ZT)V_ Ju(2)

with Y, (2) = lim,_,, Y, (2) for n € Z. The modified Bessel functions of the first and second kinds are
defined by [35] p. 77, 78]

(zeC,v¢7), (2.9)

L(2) = _’”’”J (e 5 Tz), if —m <arg(z) < 3, (2.10)
ST e, (e, i T <arg(z) <m '
w1 ,(2)— 1,(z2)
K, (2) ==~ 211
() 2 sin v ( )

respectively. When v =n € Z, K,(z) is interpreted as the limit v — n of the right-hand side of .

Finally, we define the Meijer G-function. Consider the integers m,n,p,q such that 0 < m < g,
0<n<p. Letay, - ,a, and by,---,b, denote complex numbers such that a; —b; Z Nfor 1 <¢ <n
and 1 < j < m. Then the Meijer G-function is defined by

Gmn ({al’ .. ’an}y{an_"_l ap} ) : / w) H;l 1F(1 _aj +w)Xw dw (212)
{bb“' abm}7{bm+1a" 27”' HJ m+1 b +w) ] =n+1 F<aJ_w) 7




where the contour L goes from —ioco to +ioco separating the poles of I'(1 — a; + s) from the poles of
I'(b;—s). The integral converges absolutely if p+¢ < 2(m+n) and | arg(X)| < (m+n—252)r. In the case
p+q=2(m+n) and arg(X) = 0, the integral converges absolutely if (Re(w) + 1) (¢ —p) > Re(¢) +1,
where ¢ =370, b; — 3% a;.

3. MEROMORPHIC CONTINUATION OF THE DIRICHLET SERIES OF WIGERT’S DIVISOR FUNCTION

Here, we show that Fj(s) can be meromorphically continued to the entire s-complex plane.
Proof of Theorem [I.1]. For 0 < d = Re(w) < Re(s), we have [27, p. 196, Formula 5.30]

1 1 I'(s— w)F(w) _ 1 I'(s+ 2)['(—=)
=— [ —————a "dw x*dz
(I+z)s 27 Jy I'(s) " 2mi © I(s)
where, because of the change of variable w = —z, we now have —Re(s) < ¢ = Re(z) < 0.
Therefore, for —Re(s) < ¢ = Re(z) < —1, by (L.5) .
=1 1 s+ 2)[(=2) y n \*
— S d
Lals) m;:I mks 2mi /(C) ['(s) (mk—l) -
1 I(s+2)'(—=)
= — —2)¢(k k—1)z)d 3.1
s Ry s (1)) (3.)

where the last step follows from interchanging the order of double sum and integration which is valid
because of the exponential decay of the integrand as can be seen from Stirling’s formula ([2.3)). (Observe
that Re(ks 4+ (kK —1)z) > Re(s) > 1 as is Re(—z2) > 1.)

To obtain the meromorphic continuation of L(s), we shift the line of integration from Re(z) = ¢ to
Re(z) = N + ¢ where N is an odd positive integer and ¢ > 0. In this process, we encounter poles of
the integrand at z = —1 (due to ((—z2)), and at z=0,1,3,5,--- , N (due to I'(—2)). Let R, denote the
residue of the integrand at the pole z = a. Then

Ry =SB EED) g k) (3.2)
and for j =1,3,--- , N,
Ry = LTI gt + G- 1) 33)
From , , , and (1.4 , we observe that
Fils) = 56(hs) + S -y o (2 = DGk + (k= D2 + 1)
QLM_ /(NM L(s +F21;(_2)§(—z)§(ks + (k — 1)2)dz. (3.4)

Since (2.3)) implies that the last integral in (3.4)) is holomorphic in Re(s) > —N — ¢ + 1, where N is
arbitrarily large, we get the meromorphic continuation of F(s) in the whole s-complex plane. It can

be easily checked that Fj(s) has a double pole at s = 1, a simple pole at s = %, and simple poles at

s:%—w&rnzo,l,l---. 0

4. AN ANALOGUE OF A RESULT OF KIUCHI, TANIGAWA AND ZHAI

Theorem [1.2]is proved in this section. We begin with some lemmas.
10



Lemma 4.1. ForY > 0,Re(s) > 0, and 0 <n = Re(z) < 1, define fs(Y) by

1 r
e Py GRS (4.1)
211 J) cos (7)
Then for 0 < Re(s) <1 andn € N,
2 [o.¢]
fs(2mn) = =I'(s + 1)/ sin(2rnz)z ™ tdr. (4.2)
m 1

Proof. From [15, p. 24],

2mn)* 2 !
@) _ —I'(s + 1)/ sin(2mnz)z ™ d.
cos (%) T 0

However, from (22.5)), for 0 < Re(s) < 1,

fs(2mn) =

- o s (27mn)*
2 Tz = :
/0 sin(2mnx)x x 2(s 1 1) cos ()
The representation for fs(27n) in (4.2]) now follows from the above two equations. O
Lemma 4.2. For Re(s) > 0,
/ sin(2rnz)z ™ dr = _ (o4 )/ cos(2mnx)r ™ 2dr. (4.3)
1 2mn 2t )y
Hence
o 1
/ sin(2rnz)z ™ ldr < —. (4.4)
1 n

Proof. Use integration by parts to obtain (4.3). The bound in (4.4]) follows from the fact that the
integral on the right-hand side of (4.3) is absolutely convergent. 0

We are now ready to prove the new representation of F(s) given in ((1.8]).
Proof of Theorem [1.2] From (3.1]), for Re(s) > 1,

Luls) = % /@ L(s +F2§(_Z)C(—z)g(ks (k= 1)2) dz, (4.5)

where the contour of integration is the vertical line Re(z) = ¢ with —Re(s) < ¢ < —1. Now shift the line
of integration in to the line Re(z) = 7, where 0 < n < 1. In doing so, we encounter simple poles
at z = 0 and 2 = —1 whose residues are already calculated in . Applying the functional equation
in the second step and invoking in the third, we obtain

Li(s) = —%C(k:s) | Sls S__(kl_ V), % /() (s +F’2§(_Z)g(—z)g(ks +(k—1)2)dz
= etk + S ey )tk + (5 = )2
s—(k— > oV (n s+ z
Let
1 oY (n)
TJi(s) := e nz:; kfl;ks fs(2mn), (4.7)

11



where f(Y) is defined in (4.1)) and max{0, %ﬁ(s)} < n < 1. This follows from the fact that f,(27n) <

n~ " and (2.2). Also, this bound implies that the sum in (4.7 converges absolutely and uniformly for
Re(s) > 0, since then

N s D
Z%ks()fs(%”) < C(L+m) - C(kRe(s) + (k — 1)) < L.

Hence Ji(s) represents an analytic function of s in Re(s) > 0.
Now we would like to employ the (4.2)) in (4.7). But the integral on the right-hand side of (4.2)) is
valid only in 0 < Re(s) < 1. Thus, if we initially assume 0 < Re(s) < 1, then

0o (k—1) 00
Ti(s) := %Z UlekS(n)/l sin(2mnx)r 5 tdr. (4.8)
n=1

But , and the fact that £ > 2 implies that the series on the right-hand side of converges
absolutely and uniformly for R(s) > 0, and hence represents an analytic function of s in Re(s) > 0.
Since Ji(s) too is analytic in Re(s) > 0 as seen before, by the principle of analytic continuation, we
conclude that (4.8)) holds for Re(s) > 0.

Now from (4.6)), and (L.4)), we arrive at for Re(s) > 1. But from the aforementioned
discussion, all of the expressions involved on the right-hand side of are analytic in Re(s) > 0
except for simple poles at s = 1 and % However, since Theorem implies that L (s) is also analytic
in Re(s) > 0 except for simple poles at s = 1 and %, we obtain

00 (k—1) 0o
1 ks —(k—1
Fr(s) = §§(ks) + < S(s _( 1 ) + % ; JlekS(n)/l sin(2mnx)r 5 tdr. (4.9)
for Re(s) > 0. Substituting (4.3)) in (4.9)), using (2.2) and simplifying, we finally obtain (1.8)). O

5. A CHOWLA-SELBERG-TYPE AND ATKINSON-TYPE FORMULA AND ITS COROLLARIES

Two representations for F(s) were obtained in ([1.8)) and (3.4]). Yet another one is derived below.
Proof of Theorem [I.3. Consider ({3.1]), where —Re(s) < ¢ = Re(z) < —1. Now shift the line of

integration from Re(z) = ¢ to Re(z) = A, where

—Re(s) =1 < A=Re(z) < T kRe(s).
Observe that L | kRe(s)
— kRe(s
mRe(S) < ? < —RG(S). (51)
Thus, in the shifting process, we encounter a simple pole of the integrand at z = 1,;_’“15 (due to ((ks +

(k —1)z) and a simple pole at z = —s (due to ['(s + z)). Let R, denote the residue of the integrand at
z = a. By the Cauchy residue theorem, we have

Lr(s) =R_s+ Riks + Mi(s), (5.2)
where
My(s) = % 5 L(s +r2§(_2) C(=2)C(ks + (k —1)2) d=.

R_s=*(s), (5-3)
Ry = o () T (1) < (1) 64




We now apply the functional equation (2.1)) with w = ks + (k — 1)z so as to get

M(s) = kaﬂk512im /(/\) I'(s+ Z)F(—Z)FISS; ks —(k—1)z) in (g(ks (- 1)2’))

X ((=2)C(1 — ks — (k — 1)z)(2m)* Y= gz (5.5)

Invoking (2.2)), we see that

k—1
. UlE:s—l) (’I’L)

C(=2)((1—ks—(k—1)2) = , (5.6)

n—%
n=1

where Re(z) < min {—1, 2 Re(s)} = 12 Re(s), because of (5.1]). Therefore, substituting (5.6) in (5.5)

and interchanging the order of summation and integration, we see that

_ 0P s e
Mk(s) - WF(S) Z Oks—1 (n>InJ€7 (57)
n=1
where |
Ly == [ F(2)G(z) (2m)*n) dz, (5.8)
27TZ )
and

I(s+2)'(—=)
L(s) 7

G(2) =D(1 — ks — (k — 1)2) sin (g(ks + (k- 1)z)> .

F(z)=

One may now be tempted to use Parseval’s formula to evaluate , however, it is inapplicable
since the first condition in does not hold. One could have resorted to Theorem however, as
can be checked, its requirement that Re(z) = 1/2 should lie in the intersection of the vertical strips of
validity of the Mellin transforms F'(z) and G(z) is not satisfied. This hurdle is circumvented as follows.

We shift the line of integration to the right from Re(z) = A to Re(z) = ¢, ¢ > 0, by constructing a
rectangular contour [\ —iT', ¢ —iT, ¢ +iT, \+iT], then let T — oo, use to show that the integrals
along the horizontal segments tends to zero in the limit, then let ¢ — oo, show that the integral over
the shifted line of integration also tends to zero in this limit, and finally consider the contribution of the
poles of the integrand at z = j,j > 0 (due to I'(—z)), at z = Z2E=E 4y > 0 (due to I'(1—ks—(k—1)z)),
and at z = —s (due to I'(s + z)) with the residues

(= @n)*Dny

JT(s)
( 1)m+1

B = G D) ((@mns) o2 <1 +/<;2T T 8) s (%) ’

R2m+1—ks
R_, = (2m)~*=Dsp=5D(1 — 5) sin (g) :

R;=-—

DG+ )P+ — k(s + ) sin (5 (ks + (k= 1)7))

so that by Cauchy’s residue theorem, we have

T = f: Cm om0+ — k(s + ) sin (5 (ks + (k= 1)5))

= J'T(s)

> )™ 1 1+2m—s ks —2m — 1
9 j1+2mfksr F

PR i (™) () ()

— (2m)~*=Dsp = (1 — ) sin (g)
13



B (27rnﬁ )1—k525—2

w(k —1)[(s)

Gi(s,y) = (2m) DT (1 = s)sin () |

where we employed Theorem , proved in the Appendix, with y = 97mnF1. Now with the same
expression for y, invoking Theorem we arrive

1
2 k=1 1—ks > s —2
Ly = (m;:—li/ (Q+2)°=1)z T cos (QW(nx)ﬁ) dx. (5.9)
- 0

Theorem now follows from , , , , and .

O

5.1. An integral evaluation. Theorem is proved here. Part of the proof of this evaluation is
broken down into two lemmas. We begin with the first.

Lemma 5.1. Let k € Nk > 2, and Re(u) > 0. Let 0 < Re(s) < 14 (k — 1)Re(v). Then
o8] s—1
/ t*~t cos(yt) 5
0

(ukfl + tkfl)u

_ 2V—2u$—(k—1)l/ Gk+172 21;;3;57 2—16—2} {} 2’972
{()7 =T } 2k 2 :

1 k=2 v s 1+v 2k—3
W(k—l)F(V) 22k k—1 ’ﬁ’ﬁ_%—w% 2%k— 2} {% 2’% 20" 2k—2
(5.10)
Proof. Let
> 57 cos(yt)
I := — (. 5.11
| e (11)

We first show that I converges for 0 < Re(s) < 1+ (k — 1)Re(v). Consider

L /M t5= L cos(yt) it
M W ey
Applying integration by parts, we have

ot sin(yt)]j/[ 1 /EM (( (s— D)=z p(k— 1)t

Ley = (T + 1)y Y WL =Ly (kT _|_tk—1)u+1> sin(yt) dt. (5.12)

Employing the fact lim % =1 and Re(s) <1+ (k—1)Re(r), we see

: ghels)-1 sin(ye) ,
al—lgl-" (U,kil + €k71>Re(V) Y - O’ if RG(S) > 0’
Re(s)—1 :
lim M ]sm(y]\/[)] < lim MR -1=(k=DRe(v) _
M—o0 (uk L Mk— 1)Re(1/) Y |y‘ M—00

provided Re(s) < 1+ (k— 1)Re(v). Similarly, one can show the integrals in (5.12)) converges as ¢ — 0T
and M — oo. Therefore the integral in (5.11)) converges whenever 0 < Re(s) < 1+ (k — 1)Re(v).
Now let
ts—l
t) = ——mm——
f( ) (ukfl + tkfl)l/

Let F(w) and G(w) denote the Mellin transforms of f and g respectively. Using the Euler’s beta integral
formula and the well-known Mellin transform of the cosine function, we see that

o) wts—1—(k—1)v [ (wts=1) () — wks=1
F(w) — / twflf(t) dt = u ( k—1 ) (V k—1 )
0

k—1 L'(v) ’
14

and  ¢(t) := cos(yt).




provided 1 — Re(s) < Re(w) <1 —Re(s)+ (k— 1)Re(v), and

Glw) = /0 T gt di = T (w) cos ()., (5.13)

provided 0 < Re(w) < 1.
We would now like to apply the extended Parseval’s formula in Theorem keeping Remark in
mind. However, this requires that Re(w) = 3 lie in the region

max{0, Re(s) — (k — 1)Re(v)} < Re(w) < min{Re(s), 1}.

which in turn implies § < Re(s) < 1 4 (k — 1)Re(v). (Note that this also implies Re(v) > 0.)
Thus, 1nvok1ng Theorem u and employmg the change of variable w = 2(k — 1)¢ in the second step,
we see that for L 2 <Re(s) < 5+ (k—1)Re(v),

= QWi?lifll))li(y) /(1)<“y)_wr(“’) os(%5) F(Z_—ID F( e ) .

2 )© (-

B 27Tu5(k1)”/ L((2k —2)O)T (%5
T oomt(v) Jiy TR -G-DOT (L4 (k—l)é)

_ﬁu_““‘”/ T((k — DET (525 —26) T (
2mil (W) (k) I'(3—(k-1))

where in the last step we used the duplication formula for Gamma function. Now using the Gauss
multiplication formula (2.4)) multiple times to simplify the integrand, we finally arrive at

I 21/*2“8*(19*1)’/ / F(%L_Q — 5) F(% + 2]:_2 - 'S) Hf;?) ]‘_\(5 + ﬁ)
2min/m(k — )T (v) J 1) H?;l P35 —¢)

XT(E— i + ) T(E— g+ 152) ()" 7%) e (514

for 3 < Re(s) < £ + (k — 1)Re(v).

Now the integral I in converges uniformly and is analytic in the region 0 < Re(s) < 1 +
(k — 1)Re(v). Also, the right-hand side of converges uniformly for Re(s) > 0 and is analytic
there. Therefore, by the principle of analytic continuation we see that holds for 0 < Re(s) <
1+ (k — 1)Re(v). Finally the proof of Lemma is complete upon noticing that the right-hand side
is nothing but the right-hand side of j5.10 using the definition of Meijer G-function given in
2.12)

) (ugesy-<a
)

(()*2) " de.

U

Remark 5.2. The two special cases of the above lemma for k = 2 and k = 3 are contained in the
literature, namely, in [29, p. 392, Formula 2.5.7.8] and [27, p. 43, Formula (5.10)] respectively. For

example, when k = 3, using Slater’s theorem [19, p. 145], we obtain [27, p. 43, Formula (5.10)], namely,
for 0 < Re(s) < 1+ 2Re(v),

[ s G (5
— 1F2 .
0

(w2 +2)y 2 I'(v

X VT <y)2”_5 I'(s—v) . » u?y?
22 TRy Gt )

However, in general, for any natural number k > 1, the evaluation of the integral in the above lemma

was missing in the literature.
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Lemma 5.2. Let Re(v) > 0. If k=2 and —1 < Re(s) <0, or k > 2 and —2 < Re(s) < 0, we have

0 (ub—1 + h-1)v =D

— oV =2y 5= (k=1 k+1,2< 1 k—2 2gk228, = % 0 3 2k—3
m(k—1)T(v) 22k {07 E—1° ) S

()" )

(5.15)

v 1
—-17 2 2k—27 2 2k—2 2k—27 2k—27 ’ 2k—2

Proof. For brevity, let G(u,y,s,k,v) denote the Meijer G-function in (5.10). Applying the Mellin
inversion theorem to the integral evaluation in Lemma 5.1}, we find that

gr—2 —(k—1)v 1 —s
Ay(ut) = ) 2 i / Gluys,kv) (2 ds,
(uk=t 4 th=1)v 7(k — 1)T(v) 27 J o U

where 0 < ¢ = Re(s) < 1+ (k — 1)Re(v). Further invoking Slater’s formula [19, p. 145, Equation (7)]
for the Meijer G-function, we get

A (1) = gv—2,,~(k—1)v / % BT (by = b) T (bn + 525)T (3 + b + 55) ( wy )(2k—2)bh
Y ( — 1 F 27TZ (c H?i]prgr(l‘{'bh—b]) 2% — 9

. (2k—2) —s
U Y s
2k — 2 U

We now shift the line of integration from Re(s) = ¢ to Re(s) = A, where —1 < A < 0 if £k = 2 and
—2 < A< 0if k> 2. In this process, we encounter a simple pole of the integrand at s = 0 (due to the
term corresponding to h = 1), the residue at which can be easily calculated to be u~*~1"_ Then, by
Cauchy’s residue theorem,

1 21/—2u—(k—1)1/ 1 AN
A, (u,t) — = — G k — ds.
y(U, ) u(k—l)u 7T<k’— 1)F(l/) 271 /()\) (uvyasa 71/) (U) S

b + 2ki2’ % + bn + 2ki2
XQFQkJ—1< 1+bh_b;k

Finally, applying the Mellin inversion theorem again, we arrive at ([5.15)). 0
Armed with Lemmas [5.1] and [5.2] we are now ready to prove Theorem [I.4]
Proof of Theorem [1.4 Replace s by 1 — s and then let ¥ = s in Lemma([5.2]so that for 1 < Re(s) < 3,

o] 25—2
cos(yt) (1 +tF" 1= — 1)t *dt = G (s,y), 5.16
| eostuna+ ey —) e (5.10
where G (s,y) is defined in (1.9)). Using (5.13), it is easy to see that for 1 < Re(s) < 3,
/ t~%(cos(yt) — 1)dt = y*'T'(1 — s) sin (W—S> . (5.17)
0 2

Equation (1.10) now follows for 1 < Re(s) < 3 from (5.16)) and ([5.17)) since
/ t5((T+ 175 — 1) cos(yt)dt = / (cos(yt) (L 4+t = 1)t dt — / t~*(cos(yt) — 1)dt,
0 0 0
and because

/000 (A+2)°—1) 2 5% cos <ymﬁ> de = (k—1) /000 (1 + 717 — 1) cos(yt)dt.
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5.3. Asymptotic expansion of a Meijer G-function. In order to prove Theorem [1.5 we first need
to derive the asymptotic expansion of the Meijer G-function occurring in Theorem (1.4} This is done in
this subsection.
Let m,n,p and ¢ be integers satisfying 1 <n <p <qgand 1 <m <gq. Let

a;—b, #1,2,3,..., j=12,...,n, h=12...,m,

a; —ay #0,£1,£2,..., jt=1,2,...,n, j#t,
Then, as |z| — oo, where |arg(z)| < pmr — § with p = ¢ —p > 0 and § > 0, we have [19, p. 179,
Theorem 2]

Gmn {ala"'van}7{a’n+1”'7ap}
{bb"' abm}a{bm-i-la”' >bq}

where v := ¢ —m — n, and

) ~ Do exp(—inlo -+ )ag) A7) By V).

[[i=1T(a; — ag) T(1 4+ a; — a;)
t#j

[l Tla; = b)) (L + b — ay)’
T, T(L+ b — a))

E ) = a;—1 Hﬁ_l J
pv‘l(w | aj) w 521 F(l + ap — aj)

Apn(j) = (-1

1—|—b1—aj,...,1—i—bq—a] 1
X qu,1 -1,
14+ay—ay, ..., 1+aj_1—a;, 1 +aj1—aj, ..., 1+a,—a; w
(5.18)
where ,F, is defined in (|1.16]).
Recall that a; = 2’;;3;5,@ = k% 5, and that b; = —1,b, = 2k 2, b1 = ;l]zzé + 3,

and byy144 = % for 1 <t <k—1. We first snnphfy AkH 2(1) and A5F(2). By the definition,

1)k—2 F(a1 — 0@) F(l + Ao — al)

AFL201) — (—
e (1) = o Dlar — b)) T(1+ by — ay)

(—1)kx
ST (ER) TS T (=)
(—1)kn

k—1 s _ k—1
=1 I (2k—2 %) =1 (Zk 5+ 1)

where, in the last step, we replaced ¢t by k —t in the second product in the denominator. Applying (2.4))

and simplifying, we arrive at

1,2 (=" _ 2k . (TS
ABFL2(1) = T T (—1)%(27)* ¥ sin (7)
Similarly,
k+1 2 (=D)*'r _ k+1 2—k (s — k)
Ay 7(2) = (2m)k- QF( szk) T (% — sgk) = (=1)""(2m)™ " cos 9 > .

We proceed to obtain simplified expressions for Eo (2™ 72 | a1) and Epo(2e™*~? | ay). To that
end, note that using (2.4]) repeatedly, for any p € NU {0}, we have

2k

TIT +be = ay+ p) = 287720 b=t (k= 1)*=2 720D (s 4 20) T(1 — 5+ 2k — 1)), (5.19)

(=1
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2k

[T +b—an+p) =272 251 (k- 1) 7R3 200D (s 2+ 1) T(k — s+ 2u(k — 1)) . (5.20)
(=1

From (j5.18), (1.16)), (5.19) and ( - we find, after a lot of simplification, that

EQ’%(Zem(k—z) | a1) _ (26 m(k— 2)) pr= k=3 ok l(k— )53

M
7r D(s+2p)I(1 — s+ 2u(k — 1)) (M
) . o (M+1)) |
x (sinﬂs + 2 920k (Jy — 120D (1) i (22 + 0k (I )

s—k

EQ’Qk(Zeiﬂ'(k72) | a2) = (ze (k 2)> Qkizﬂkig(k — 1)57k+%
D(s+2u+1)T(k— s+ 2u(k — 1)) _
r DIk — : 19) (M+1) )
% ( (s+1) 5 +Z 920k ( — 1)20(h=1) (2, pul (— zeim(h—2) ) + Ok (|Z| )
Therefore,
2k—3+s k—2+s
Gkﬂzi?( 712"C 1;51’ 2 2 } U 3 2k—3 Z)
’ {O’kl" T k= =27 2k—2 2} {2k 20 2k—27 """ 0 2k—2
3 1 s
o om(k—1)"22 (8)2u(1 = $)au(e—1) —(M+1)
- cos %) ( +Z 24k (f — 1)2um(k— 1)( ) upil (— zeim(h=2))n + Oy (|z| )

s— M
rd(k = 1) AT (s 4 1) 3 (5 4+ 1)2p (k = 8)2p(e—1) + Oy (|27
25-10(1 — k + s) sin ((k s)m ) 22k (f; — 1)2uh=1)(3) I (— zein(k=2) )

. 2k—2 1 2k—2
Hence, with z = (#’72) , where y = 2mn#-1, so that z = (ﬁ) n?, we have

2k—3+s k—24s 3 1 e
Gk:+12’3 ( ) s Sk_l%s_g_lv 21{5 }7{}1’ , - z) ek — 1)z
7 {O’E"" k=10 2k—2) 2k—2 5} {Qk 20 2%k—20 """ 2k—2 Cos(?)
M
=" Aup(pni= ¥ + 0y (n%—zwﬂ)) Y Bt 40, <n E0m0) (501
p=1 =
where
Au k(1) Tt~ D BT (8) 9, (1 — 8)ap(kn)
s,k\H) ~= — — :
92uk (%)MM!(_em(k 2))# cos (7)
Bor(p) et k=21 /ETA0 (s 4 14 20) (k — 8)auge1)
s,k\t) ‘=

22,uk+k71(%)Mu!(_eiw(kfm)ur(l — k+ s)sin ((S—2k)7r) )

We now have the necessary ingredients to prove the analytic extension of Theorem [1.3]
Proof of Theorem [1.5 Invoking Theorems and we deduce that for 1 < Re(s) < 3,

1 1—s ks—1 ks—1 251
=¢? r r
Lils) =¢ (S)+(k—1)F(S) <k—1> k—1 ¢ k—1 + /m(k — 1)T2(s
%) (k—1) s+ M

X 70193251_571) {Qk (8,27Tnﬁ> v nk: =5 _ ZAsk _ ZBs,k(ﬂ)nk 1 2#}

= nE1 cos ( =

oo k—1 M
+ Ls‘l) (n) Z A T 2m B sk gy

= sk(p)n + Z sk () . (5.22)
n=1 N k-1 u=1 1=0
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Now in the aforementioned vertical strip, we have, using ([2.2)),

oo _(k-1) M
> e L <Z Aup(pyni=2 4 ZBs,k(um“‘”)
n=1 =0
M ' M
Z (s +21)¢(1 —s+2u(k—1)) + Z Bsp(1)C(s+142u)¢(k —s+2u(k —1)). (5.23)

=0

Comblmng and ( -, we see that (L.11) holds for 1 < Re( ) < 3. However, and (2.2)

imply that that the series involving the Meijer G-function in converges absolutely and unlformly
in —2M —1 < Re(s) < (2M +2)(k—1) exceptﬂfor s = 1—|—j(k:—1) j€NU{0} and j < 2M +2— 15,
and is, therefore, analytic in this region. Also, the sum of the remaining expressions on the right-hand
side of (| is analytic in the same region except for a double pole at s = 1 and additional simple
poles, due to F(’“ 1) at s = 1/k and 1 %ﬁ"m for0<n< %

Observe that the apparent simple poles at s = 1—2p (or —2p) arising from ((s+2pu) (or ((s+142u))
in the sums over u involving zeta functions in (1.11]) get annihilated by the double poles of I'%(s) at the
same values. Also, the simple poles of ((1—s+2u(k—1)) (or ((k—s+2u(k—1))) get annihilated by the
simple poles of I'(1 —s+2u(k—1)) (or I'(k—s+2u(k—1))) occurring in A (1) (or Bsx(u)) respectively.
Finally, we leave it to the reader to verify that the apparent poles of I' (i:i) at s = 1+ j(k —1),
jeNU{0} and j < 2M + 2 — ﬁ, are annihilated by the poles at the same values of the series over
Meijer G-function and of the sums over pu.

Thus, the right-hand side of gives another way of meromorphically continuing L (s) in the
whole s-complex plane as M can be made arbitrarily large, and with the poles, precisely, at the same
values of s as those given in Theorem

On the other hand, Theorem [I.1] the aforementioned discussion and the principle of analytic contin-
uation imply that the identity in holds in the wider region —2M — 1 < Re(s) < (2M +2)(k — 1)
for any M € NU {0} than just in 1 < Re(s) < 3. O

We now give an application of Theorem which expresses .7-"3(%) in terms of an infinite series
involving Bessel and modified Bessel functions of the second kind.

Proof of Corollary [1.6. Let k = 3 and s = 3/2 in Theorem and employ Theorem with y =
2my/n. This gives

< (5) e (3) 5 (R)r ()< )

n=1
= ( 4,2 {2’5}’{} min?
2 (o (o T8

) + Sﬁn1/4> : (5.24)
From [29, p. 668, formula 8.4.23.22},

simplification that
—4f(7r\/‘<11(7r\/_)m(7r\/_)+31 o (m/n) K (m f)) —2)
+ 8/7.
ERING W) }
2We need to exclude these values, for, the Meijer G-function ceases to exist at these values owing to the fact that the

1 1 1 ;H—l/ v—p p—v M—‘rV
() e (L) - e {16214 }{1+ AN
v Vz) 2w 31
Using the above identity twice, once with u = v = 1/4, and then, w1th p=v = —3/4, we find upon
4
L1} {13 2o ({2112
v (Ve et
condition [T9 p. 143] that ap, — by, ¢ ZT is not satisfied for every £1 =1,2,--+ ,nand fo =1,2,--- .m
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Thus, from ({1.13] and the above equation, we will be done if we show that

2 ({ {21’} }{1{}- — ) +3G22 <{Z{,21’} }{1{} mr2) n3/4j5/2G§§ ({0 {§ lgg}} {{}ia%} Wigg@

We now prove this identity by employing various properties of the Meijer G-function.
Using the identity [26], p. 416, formula 16.19.1]

Gmn {a1>"'7&n}7{@n+1"'7ap} Gnm {1 71_bm}7{1_bm+1“'71_bq}1
{bla"'7bm}7{bm+17"'7bq} {1-&1, 71_an}7{1_an+17"'71_ap}5[;
for each of the two Meijer G-functions on the left-hand side of ([5.25) m, and [20, p. 416, formula 16.19.4]

Y — e a; l4a1 an 1+a an+1 l+an41 ap l4ap
_2p+1+b1+ +bg—m—n—ay G2m2n 5 s 7...7771’ Qn}J{ 5 5 R ZE2
- qmtn—g(p+q) 2 by 1+by . bm 14by bmt1 Itbmir . bg 1+bq 22¢=2p |’
202 » 20 T 2 ) 2 0 2 » 2

for the one on the right—hand side, we see that this is equivalent to proving
10} f 2o ( {311
nr? ) 4+ 3G ( { nr? | = ——=G? 4
(o 4oy ) e (85 oy ) = et (o)
which, in turn, using [26, p. 416, formula 16.19.3]
Gmn {CLO;ala"'>an}>{an+1"'>ap} Gmn 1 {ala"'aan}7{an+1”'7ap}x
{bly"'7bm}7{bm+17"'7bq7&0} p=la-1 {b17"'7bm}7{bm+17"',bq}
for the functions on the left-hand side of (5.26)) and [26], p. 416, formula 16.19.2]
Gmn {CLOaa'l?"'aan}a{anJrl : ap} —r qun { a1+,u7 '7an+:u}7{an+1+“ : ap_'_:u}
{bla"' 7bm}7{bm+17" bq7a0} {bl—i_/’l/? 7bm+:u}>{bm+1+:u7' b +:u}
with u = 3/4 for the one on the right, is equivalent to proving
1 1
it (0 o) s (I o) =it (LD ). o
s\ {50} {-4) Bl EESIRE %20
Now subtracting both sides of Equation (1.3.16) of [21l p. 9] from the corresponding sides of Equation
(1.3.15) and simplifying, we get for 1 < m < ¢,
m,n {(11, : an} ) {an—‘rl e ap} m,n {ab T an} {an—l—l . Clp}
G ( +Gp’q {bla"' ) m} {bm+17" b +1}

{b1+1 ' 7bm}7{bm+17"
) (5.27)

— b —b Gmn {a'h o 7an} 5 {an—i—l e Clp}
( ) ({bla 7bm}7{bm+17" b}
Using (5.27) withm=2n=p=1,¢=3, a; = 1/2, by = —3/4,b, = —1/4, and x = n7?, we obtain
1 1 {l {}
a2 < { },{} n7r2> + G2l ( { } nm ) — __G%! < _ 2%’ n7r2) . (5.28)
EEONE SR AEEUNE
Equations (5.26]) and (5.28) imply that we will be done provided it is shown that
1 1 {l {}
G2,1 ( 3 {2%7{} n7T2) +G271 < { } nw ) = —G2’1 ( _ 2%7 n71'2> .
AL b { 20}, { } 47\ {08, {5
This follows from another application of ) with a1 = 1/2,0; = 0 and b, = —1/4 This establishes

the identity. 0
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Next, we derive an identity between two infinite series involving the generalized divisor functions using
two of the three different representations for F(s) derived in the paper.

Proof of Corollary [L.7. Equate the right-hand sides of (1.8)) and (1.12]) and then let s — 1/k while

observing that

i a0+ i (63) (570 ¢ ()] = e (e 0 (5))

and

/1 cos(27m:x)x_%_2 dr = Tl {1F2 (%é B ;’“k —ngﬂz) + (27m)1+%F ( k;) sin (;{)}
to arrive at ({1.14]) upon simplification. O
Proof of Corollary [I.§. This follows from Corollaryupon letting £ = 3 and using ([1.15]) and Slater’s
theorem to reduce the Meijer G-function in terms of ; F5-hypergeometric function. U

1
6. A BESSEL SERIES REPRESENTATION FOR THE DIRICHLET SERIES OF d(i)( )

We now concentrate on the analogue of Theorem when k& = 2. Observe that one cannot let k = 2
in Theorem [1.3]itself since the result there holds for 1 < Re(s) < k—1. Hence, we assume 1 < Re(s) < 2,
and then work out the corresponding result.

Proof of Theorem [I.9. We omit the details since it is along the similar lines to that of Theorem
except that we have to consider the contribution of the residue at an extra simple pole —s — 1, besides
the simple poles at —s and 1k__k15 = 1 — 2s, owing to the condition 1 < Re(s) < 2. The residue at this
pole is R_, 1 = —m(27)"*s((s — 1)¢(s + 1). One then uses Theorem with y = 27n and employs

the well-known fact [38] with a = s/2,b = s — 1/2 to arrive at

G24 ({0 51;5:’,;3}} {{} N 7r2n2> _ (_1)%1%

O
Proof of Corollary [1.10, The proof follows simply by equating the two representations for Ls(s) from

(1.6) and Theorem |1.9} O
Proof of Corollary [[.11]. The first result in this corollary follows by letting s — 1/2 in Corollary
and then making use of the limit evaluation

1 MN1—-s)l(2s—1)¢(2s—1)
lim <§C(2s) + () ) -

Bo |2

1
5 log(2m) —log(2),
s—1 2

which can be easily proved by using the Laurent series expansion of the Gamma and Riemann zeta
functions. The second one follows by letting s = 3/2 in Corollary (1.10}

O

7. CONCLUDING REMARKS

While Wigert’s opinion that his divisor function d(%)(n) is not easy to work with is correct, we hope
to have convinced the reader it is definitely worth studying. We list below some problems for future
work.

(1) Matsumoto [20] (see also [8, Equation (1.5)] showed that Ls(s) satisfies the functional equation

F(l — Sl)F(Sl + 89 — 1) S 6
T(5y) ((s1+s2—1)

+T(1 —s1){F (1 =59, 1 —s1;84)+ F (1 —s59,1—s1;84)},
21

EQ(S) =



where
Fi 8175271,[1 : E Osy+s9— 1 82,51 +82;:|:27T?;k),
k>1
with

1 [0
V(a,b;z) = ] / ey (14 y) T dy
0

I'(a
for Re(a) > 0,—m < ¢ < 7, and |¢ + arg(x)| < m/2 is the confluent hypergeometric function. In light of
the above, it would certainly of merit to investigate whether, for k > 2, £, (s) also admits a functional
equation.

(2) The question on the distribution of zeros of Ly(s) was first proposed by Zhao [40] and has been
studied by Nakamura and Paikowski [25] Matsumoto and Shoji [22]. The latter two authors showed
that the distribution of the zeros of Ls(s) is similar in some sense to that of the zeros of Hurwitz zeta
function. In the similar vein, what can be said about the zeros of Ly(s) for k > 27

(3) Lastly, it would be interesting to obtain a Voronoi summation formula for d()(n).
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APPENDIX

A reduction of a Meijer G-function to a sum of two infinite series

Theorem 7.1. Let Gy(s,y) be defined in (L.9). For y > 0,k € NNk > 2 and s € C such that the

difference between 2’;23‘53 or k;;j; and each ofO, s R %, ;,’i—:;, or ;i:; —|—% 1 not a positive integer,
we have

23—2 _ yks—l o (_yk_l)j 4 . . . . |
o 1)F(S)gk(8, y) = m{ > TF(J + 8)T(1 4 j — k(s + 7)) sin <§(k‘s + (k- 1)])>

1 (D)™ ok 1+2m—s ks —2m —1
e ————— || ——— (71
+(k—1)m20(2m)!y k—1 k—1 (7.1)
Proof. By Slater’s theorem [19], p. 145],

g — - Hfill F<bj - bh)*r (bh + 211:2) r (% 211:2) Yy (=20t
Ko =D 1o D1+ by — by) 2% — 2

h=1 =42
y 2k—2

-1 k+1 [ 9

0 (55)

We prove only the case when k is odd, that is, £ = 2¢ + 1. The corresponding case when k is even can
be similarly proved.
To that end, separating the terms corresponding to h = 2¢ + 1 and h = 2¢ + 2, noting that
h—1
by, = —— 1<h<2
(204+1)s—1 2€(s+1)+s—1
b 77 "} = 7.2
2041 ] D2y ] ) (7.2)

bh—l— 2,2+bh+2k2

X oo <1 + b — bi)
i#Zh
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and using the duplication formula for the Gamma function, we see that

Gori1(s,y) =

2 DT ()Tt -G+ 2= - 1) 7

Jj#h
2 [T (1 #58) 27
h—1 1—s
T h—1+1—s (g)%”F B Ea g+ g (g)“
g 2£ 46 2474041 <1—|———b>4€+2 4£
20 ji—1 _ 20s+s—1 1\ /7 s(2604+1)—
I Hj:lr (]7 B %) I (2) 25— 1F( ) (%)
20+1
HJ 1 I (1 + s + ) )
s s+1
vy T o 44
X 2 Fue1 s(2€+?)—12 46+2 ‘(4%)
<1 + 40 - b’ i=1

i#£20+41

ng r (jfl _ 2e(s+1)+371) r (_%) *2/3771“(5 +1) (l)%(s-i-l)-i-s—l

j=1 20 40 40
20 20(s+1)+5—25
[T, 1 (14 2]
. 5451’ s+1 Y\ 4
X —
2474041 4042 <4£>

<1+M_bi>

i=1
#2042

The Gamma-products occurring in ([7.3]) can be easily evaluated using (2.4)) as given below:

G- (1 e e
HF<%)‘ o) |

20 .
HF (1+ 2€<S+1) +8—2]) _ (QW)Z_%(QE)IES

I (
I
[
Il

—61) — @2r) )T (h - %) ,

J=1 st s =1\ oo (125

20 40 > = (Gm RO 5 )
SOE1) =2\ _ o e (8

1 B b s er (S

j—1 2(s+1)+s—1 —Lopittstep (L—8
57 o, = (2m)"2(20)2 r 5 ls—1],

m (§+es+z>.

Employing these evaluations in (7.3), we see that

where

AK(Sv y) =

Govr1(8,y) = Au(s,y) + Be(s,y),




h—1 1-s 1 h—1 S
% o Fupes o T mor T T m <y>4f
+ h1 4042 T
(L% —bi)i 4
[ (1=ss2) g =l Y\ 4
Be(s,y) — W2%72572€s\/zy2€s+sflr(3)T3+s 2F4g+1 4042 '(—)
1#£20+41
3
<y)2gr(1—52—2zs — )T (2ste) . Hls 41 ’ Y\ 4 (75)
—S\5 20s+s 1—s—20s) 2+ 40+1 4642 <_> : :
2/ T (EsE 4 0) T (52) <1+M_bi+%> o\
1#£20+42 Vs
To simplify the right-hand side of (7.4), we will repeatedly use the identity
a a+l 2
a _ 22 z
1F2 <Cl,02, N Z> = o b1 <%7 atl ... cx el 1 W)
+1 at2 2
az RN z
* Cr- CQKQFM—H (%7 61;27 T CQEz—Ha bg;-27 % W) ’ (7.6)

which can be easily proved by using the series definition of the | F5, on the left and splitting it into two
sums, one corresponding to the even values of the summation index, and another corresponding to the
odd values.

We first simplify By(y, s). Using the values of b;, (7.2)), we define
s20+1) -1 i—1

Bz’ =1
Y 50

(1<i<20),

—_

172z+2 =,

N |

and since by = % for 1 <i <20, we let
s(2041)—1 2i—1
40 40

(Note that the value l;ggﬂ corresponding to by is not to be considered in the two o Fysy18.) Now for
1 <</,

Doviors =1+ (1<i<20),

Bzw + 5= bs, l~72£+2+£+i + 5= baryoi-

20

We let z = (—1)" (&)
and note that

,a = s, Ci:264+i for 1 <i< /¢ and ci:2l~)gg+2+i for ¢ +1 < i <20 in (7.6

) R 77

€1+ Cyy T (2£s2+s 4 g) r (17827253) .

The latter can be proved easily using the well-known properties of the gamma function.
Using (7.7) and the fact that one of the bottom parameter of the oFyp11 occurring in second-last

expressions on the right-hand side of . is 1+ M — bopro = 5, and similarly, one of the bottom
parameters of of the 5F)y.1 in the corresponding last expression is 1 + (%Z—L})l — bopy1 + 5 = %, the

identity (7.6) leads to

(17872@8 S

B _ 2372372&9@ 2€s+sflr 2 )2
5<3>y) ™ Yy (S) F(zgs;rs) 1472¢ <1_|_ (2£+1) z>
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o (3))
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7.[_237257255 \/zy%ersfll" (1—52—%5)
D (255) (1 - (20 + 1)s) sin ((=241)

XZ

0 (k-1 -
= /m(k — 1)2%5yrs! Z %F(j +8) (1 +j — k(s + 7)) sin (5(/@3 + (k — 1)j)) ,

2@

DG+ $)D(1+j — (20 + 1)(s +j))sin (2 (20+1)s + 2@))

(7.8)

where the penultimate step follows easily by writing the series definition of the | F5, and simplifying the
gamma factors using , and where, in the last step, we replaced 2¢ + 1 by k.

Next, consider Ay(s,y) defined in (7.5). Denote by Ci(s,y, j) the sum of the summands of Ay(s,y)
corresponding to h = j and h = j + £, where 1 < j </ so that

Aus.) = YIS Culsund) (7.9)

It is easy to see that

5=2j+1 —1-s+2j J=1 4 1=s 1 4 j—-1 4 1-s
Co(s,y,7) = (—1)j_1F (8 R )F( 2t J)yzj_2 2 Fur1 % e 2£4£+2 " <£>4€
Y r(2j—1) (1+ 4L — b)) 40
i#]
s - 1 1 1,1
+(—1)4y2’”’ (L2 + 2 oy TR TR T B T <y>4f
b s—1 i1 . 1 . + 404-2 10
20 (s+m - -1)0-3),0k I+ 57 —bi+3) = 4

i#j+e

We now simplify the above expression using ((7.6)) again. Note that in the first 5 Fysy 1, one of the bottom
parameters is 1 + J 1 % = %, whereas in the second o Fyp11, we have 1 + % — ]2;; = % as one

of its bottom parameters
For 1 <i <20,i# j, where 1 < j </, define

- J—1 J—1
bii=1+2— —b =1 :
Y TR

_ j—1 j+0—-1 1

bjye:=1 = ==

i+t Y 20 9’

_ j—1 s(20+1)—1 - 1 j—1 s(2041)—1
b =1 — b = — —

2041 + 50 ] , 02049 + 50 ] )
_ j—1 2i—1 ji—1 1
b =1 - -1+ - =
2e2+i = L+ g I YR,

Thus, for 1 < j </,
1 _ 1

bEJri = bz - 57 b2£+2+€+i = b2€+2+i - 57

1 1
bora = bapy1 — 5 bjte = 7
1

Moreover, if we let z = (—1)! (Q%)M,a = % + %, . = 2bgy; for 1 < i < £ and ¢; = 2bopyoy; for
(+1<i<20in (7.6) and note that
w0 (g
a2 R L) (- D,0r



we find that

I (3 + = 2JH) I (7172?2]') 2j—2

N — (1)L 20
j=1 | 1-s
+ 20
X 1F ¢ 6'71 243—1 j—i _ 1\! (=)™ <£>
(L) lost 17 = 5 (L =) 2t
Finally, we show that
L 0o
1+2m—s (204+1)s—2m —1

C QmF r . 7.10

;:1 o(s,9,7) mEZO ( 57 ) ( 57 ) (7.10)

This is true upon splitting the index m of the right-hand side series into residue classes modulo ¢ and
proving that the resulting sum is nothing but the left-hand side. Indeed,

io%yzmr (1 +k:2T1_ s> - <ks ;2_71— 1)

—ii D™ g (L2004 5= 1) — s\ (ks = 2tm 45— 1) ~1
- j=1m 0 Em—|—] - 1))!3/ 20 2
4 s—27+1 —1—s+29
D+ T (%) o
— -1 j—1 20 20 y2j—2D 57y7j , 711
JZI( ) T(2j — 1) t(s:9.5) 71y
where
00 ( 1)Zmy2€m (%)
(s m 7.12
Y, 7) 2(]2]_12€m(8+w m_|_1)m ( )

Employing the elementary identity

s—=27+1-2¢ B j—1 s—1
= ) - ),

we see from ([7.12)) and ([7.11)) that our proof of (7.10) will be complete provided it is shown that for
m >0,

y4 . . . .
- —i 1
20T (1+2-2) (1412 -2) =@i-1
(20 i:l( v ) c2) (27 = Dt

Clearly, the identity holds for m = 0. For m > 1, it follows easily by doing induction on m and
noting the elementary identity (2¢)2[]_, (1+ L) (1 + 12— L) = (2j — 1), which itself follows
straightforwardly from the definition of the shifted factorlal

From , , and replacing 2¢ + 1 by k, we are led to

Adlo.g) = \/z 1 ; ((22;;(/2% (1 +k27_n1— s) . (ks —kz_ml— 1) | (713)

Finally, substitute (7.§) and (7.13) in (7.4), then multiply both sides of the resulting identity by
2572

——=—— to arrive at ([7.1]) upon simplification. O
\/m(k—1)D(s) (7.1) up b
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