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CHARACTER ANALOGUES OF RAMANUJAN-TYPE
INTEGRALS INVOLVING THE RIEMANN E-FUNCTION

ATUL DIxIT

A new class of integrals involving the product of = -functions associated with
primitive Dirichlet characters is considered. These integrals give rise to
transformation formulas of the type

F(Z,(X, X)=F(—Z, ﬂ9 i)=F(—Z, o, X)=F(Z, ﬂ9 X)a

where af8 = 1. New character analogues of the Ramanujan—Guinand for-
mula, the Koshliakov’s formula, and a transformation formula of Ramanu-
jan, as well as its recent generalization, are shown as particular examples.
Finally, character analogues of a conjecture of Ramanujan, and Hardy and
Littlewood involving infinite series of Mdbius functions are derived.

1. Introduction

Modular transformations are ubiquitous in Ramanujan’s notebooks [1957] and in
his “Lost Notebook™” [1988]. Ramanujan usually expressed them in a symmetric
way, and they were valid under the conditions a8 =, or ¢f = 72, .... In the same
spirit, on page 220 in one of the manuscripts of Ramanujan in the handwriting of
Watson [Ramanujan 1988], one finds the following beautiful claim.

Theorem 1.1. Define
1
= +——1
Ax) =1 (x) + 5 —logx,

where

Y= I;‘(x) B _Z(m—i—x m—l—l)

is the logarithmic derivative of the Gamma function. Let the Riemann &-function
be defined by
§(s) = (s = D 2L (L4 35)¢ (),

2010 Mathematics Subject Classification.

MSC2010: primary 11M06; secondary 11M35.

Keywords: Dirichlet character, Dirichlet L-function, modified Bessel function, Mobius function,
Mellin transform, Ramanujan, Hardy, Littlewood, Koshliakov, Guinand.

317


http://pjm.berkeley.edu
http://dx.doi.org/10.2140/pjm.2012.255-2

318 ATUL DIXIT

and let
E(t) =G +it)

be the Riemann E-function. If o and B are positive numbers such that o8 =1, then

y —log(2ma) | (v —log2np) |«
(1-1) */E(T + kgukm) = /B(T +;Mkﬂ))

IR T Bt s —1+it>| cos((t/2) log )

where y denotes Euler’s constant.

This identity is of a special kind since it contains not only a modular transfor-
mation, but also a beautiful integral involving the Riemann E-function. In fact, the
invariance of the integral in (1-1) under the map o — B establishes the equality
of the first and the second expressions in (1-1). This is used in [Berndt and Dixit
2010] to prove the claim above and in [Dixit 2010; 2011a; 2011b] to obtain many
transformation formulas of the type F(«) = F(B) or F(z, o) = F(z, B), where
off =1 and an integral involving the Riemann E-function is always linked to them.
This gives new identities involving infinite series of the Hurwitz zeta function as
well as extensions of some well-known formulas like the Ramanujan—Guinand
formula, discovered first by Ramanujan [1988, p. 253] and later in a different but
equivalent form by Guinand [1955], and a formula of Koshliakov [1928], also in
the lost notebook [Ramanujan 1988, p. 254]; see [Berndt et al. 2008; Dixit 2011b].
For example, we mention the following generalization of Theorem 1.1:

Theorem 1.2 [Dixit 2011a; 2011b]. Let —1 < Re z < 1. Define ¢(z, x) by

Z
ez, x)=¢@+1,x)— XT_ Lyt

where £ (z, x) denotes the Hurwitz zeta function. If a and B are any positive num-
bers such that aff = 1, then

<Z (.1 _C(Z—i—l)_@)
Pz, 2ozt az

— gD/ (Z‘/’(Z’ np) — ¢(z+1) ;(z))
n=1

w‘+

(1-2) o

2[3Z+1 ,BZ

M (e (=
(H;'z) E(t—ziz) CO(SZ((J_/S%:(_)fza)

[l

X drt,

where E(t) is the Riemann E-function.
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Another example of a transformation formula of the type F(z, ) = F(z, B)
along with an integral involving Riemann’s E-functions is the following extended
version of the Ramanujan—Guinand formula just mentioned:

Theorem 1.3 [Dixit 2011b, Theorem 1.4]. Let K, (s) denote the modified Bessel
function of order v, let y denote Euler’s constant and let oy (n) = Zd‘n d*. Let
—1 <Rez < 1. Then if « and B are positive numbers such that af = 1, we have

as)\@(wﬂanﬁigﬁ@>

+a—z/2—17rz/21—~ (%){(—Z) —4 Z o_; (n)nZ/ZKZ/Q(ZYUTOC))

n=1
= /B(p P (f)ee
+ g2 g2 (%Z)C(—z) —4y" G—Z(n)nZ/sz/z@Wﬁ))
n=1

_ 32 OO,:(t—i-iz),:,(t—iz) cos((¢/2) log ) it

T om)y T\ 2 2 )@+ G@+DHE2+ -1

Letting z — 0 in (1-3) then gives an extended version of Koshliakov’s formula:

Theorem 1.4 [Dixit 2010]. Let d(n) denote the number of positive divisors of n,
and let Ko(n) denote the modified Bessel function of order 0. If a and B are positive
numbers such that o = 1, then

y —log(4na)

o

—4 Z d(n)Ko(sza))

n=1

a

B
32 [ (E(t/2))*cos(3t log ) dt

T Jo (1+t2)2

= JE(M —4y d(n)Ko(Zym,B)>
n=1

By an “extended version”, we mean that the original identity known before is
linked to an integral involving the Riemann E-function.

N. S. Koshliakov [1934a; 1934b; 1936; 1949; 1954]! was another mathemati-
cian who did significant research in this area after Ramanujan. Besides using
contour integration, Mellin transforms, and several summation formulas that he
developed, he frequently used a method similar to that developed by Ramanujan
[1915; 1927, pp. 72-77] to obtain old and new transformation formulas of the form

IFor the genesis of the monograph [Koshlyakov 1949], written under the patronymic “N. S.
Sergeev”, see [Bogolyubov et al. 1990, pp. 198-199].
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F (o) = F(B), where o =k for some constant k. He obtained deep generalizations
of well-known formulas of Ramanujan and of Hardy (such as [Hardy 1915, (2)]),
some of them being analogues in rational and number fields. Koshliakov [1934c;
1937] also used Fourier’s integral theorem to obtain expressions for the Riemann
E-function, a method also enunciated in [Ramanujan 1915]. Around the same
time, Ferrar [1936] also worked on transformation formulas of this kind.

As can be seen from (1-1), the general form of the integrals giving rise to for-
mulas of the type F(«) = F (), where o =1, is

< [t t
/0 f(§> E(z) cos ut dt,
for pu real and f(t) = ¢(it)¢p(—it), where ¢ is analytic in ¢ as a function of a
real variable. This integral is mentioned in [Titchmarsh 1986, p. 35]. Similarly,

from (1-2) and (1-3), it is clear that the general form of the integrals giving rise to
identities of the type F(z, o) = F(z, ), where o =1, is

o0 . .
(1-4) /0 f(z, %)E(t—;u)E(t_le)cosmdt,
for prealand f(z,t)=¢(z,it)¢(z, —it), where ¢ is both analytic in ¢ as a function
of a real variable and analytic in z in some complex domain. An integral of this
kind was first introduced by Ramanujan [1915].

In this article, we find character analogues of all of the above-mentioned theo-
rems. The character analogue of the Ramanujan—Guinand formula, and hence of
Koshliakov’s formula, given here differs from the ones established in [Berndt et al.
2011]. Throughout this article, we will be concerned with the principal branch of
the logarithm. Since we frequently use the functional equation for L-functions (see
(1-10) below), we work only with a primitive, nonprincipal Dirichlet character x
modulo g, where ¢ is the period of the character; see [Apostol 1972, Theorem 1].
It is easy to see that its conjugate character ¥ is also a primitive, nonprincipal
character modulo g and x is even (odd) if and only if x is even (respectively odd).
Let L(s, x) denote the Dirichlet L-function defined by L(s, x) = Zf’il x(n)/n’
for Res > 1. This series converges conditionally for 0 < Res < 1. Also, it can
be analytically continued to an entire function of s. Let G(x) := G(1, x), where
G (n, x) is the Gauss sum defined by

q
G, x) =) x(mye™/e.

m=1

We know that [Apostol 1976, p. 168]

(1-5) IG()I* =q,
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and it is easy to see that

(1-6) G0 = {Gg() for x even,
(x) for x odd.

Define b as follows:

0 bz{OmeeuzL

1 for x(—1)=—1.
Then the function &£(s, x) is defined by

(s+Db)/2 b
(1-8) seo0=(2)  T(7)Le 0.
and the analogue of the Riemann E-function for Dirichlet characters is defined as
(1-9) B(t, x) :=&(3 +it, x).
L-functions satisfy the functional equation [Apostol 1976, p. 263]
s—1 r ) )
110) L=, 0= T LD 2 (e G (OL s, ),
(2m)*
which can be rephrased in terms of £(s, x) as [Davenport 2000]
(1-11) E(L—s, x) =€(x)E(s, X),

where €(x) =i%¢'*/G(x). By (1-5), |e(x)| = 1. Next, we note Stirling’s formula
in a vertical strip ¢ <o < 8, s = o +it, namely,

(1-12) ID(s)| = Q)2 1] 2e 2”'”(1+0(|r|)>

uniformly as |t| — oco. Now, using (1-10) and the fact that |L(s, x)| = O(q|t]) for
Res > 5 [Davenport 2000, p. 82], we easily see that for Res > —§, § > 0, we have
(1-13) L(s, ) = O(q |3 %)),

We will subsequently use this result.
Transformation formulas involving Dirichlet characters of the form

D oxmfm =Y xn)gm),

where

g(x) =

M e (2m)f<z>dt for y (1) =~
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were considered by Guinand [1941, Theorems 4 and 5], though he did not give
particular examples. Here, we derive a character analogue of the integral in (1-4).
Its general form is

o0 .
I\~ /(1 _ t—
(1-14) f f(z, §)d< J;zz’x>u( 21 ’X)cos(%tloga)dt,
0

where f is an even function of both the variables z and 7. These integrals give rise
to transformation formulas of the type F(z,a, x) = F(—z, 8, X) =F(—z,a, X)) =
F(z, B, x). Then, via Fourier’s integral theorem, one may be able to obtain integral
representations for & ((f +iz)/2, x) E ((t —iz)/2, x), which are of independent
interest. The character analogue of Theorem 1.3 is as follows.

Theorem 1.5. Let —1 <Rez < 1 and let x denote a primitive, nonprincipal char-
acter modulo q. Let the number b be defined as in (1-7). Let K, (z),d(n), and y
be defined as before, and let a and B be positive numbers such that o = 1. If

Flz.. ) =a"" i X (=2 (Z )?z(d)dz> K—z/2<2nqna>’

n=1 dln

then

(1_15) F(Zva9 X):F(_Z’ 139 )_():F(_Z’a7 )_():F(Zv 18’ X)
L [T Ltz N\ 1-iz 1
=%/, u< 5 ,X>u( 2 ,X>cos(2tloga)dt.
Define v (a, x) by

(1-16) Z X (”)

1

where a € C\ Z_¢. For a real character yx, this agrees with the character analogue
of the psi function obtained by the logarithmic differentiation of the following
Weierstrass product form of the character analogue of the gamma function for real
characters derived by Berndt [1975]:

Fa, ) = et m( @) st

The character analogue of the Hurwitz zeta function ¢(z, a) is given by [Berndt
1970, Example 3.2]

= x(n)
1-1 =
(1-17) L(z,a, x) ;:1 )y
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valid for Re z > 0, and provided a € C\ Z_¢. The above character analogue of the
Hurwitz zeta function can also be obtained as the special case when x = 0 of the
function L(z, x, a, x) defined by [Berndt 1975]

oo
Lz x,a, 0= Y ™y n+a)~,
n=0
where the prime indicates that the term corresponding to n = —a is omitted if
a is a negative integer and x(a) # 0. As shown in [Berndt 1975], L(z, x, a, x)
converges for Re z > 0 if x is not an integer, or if x is an integer and gcd(x, g) > 1.
If x is an integer and gcd(x, g) = 1, the series converges for Rez > 1. For mean
value properties of L(z, a, x) and asymptotic formulas, see [Ma et al. 2010]. The
character analogues of Theorem 1.2 are given below.

Theorem 1.6. Let x denote an even, primitive, nonprincipal character modulo q.

Let —1 <Rez < 1,and let L(z, a, x) be defined as in (1-17). Define T (z, «, x) by

aZ/ZqZ/ZF(Z + 1)
272G (x)

(1-18) T(z,a, x) =

El

and Q2(z,t) by

(1-19) Q1) = ((Z_|_1)2+[2)F<—z—41+it>r<—z—4l—it)

F((z — 1)2+t2)F<Z_1‘+it)F(Z_L_it),

If a and B are positive numbers such that af = 1, then

o0

(1-20) J&(T(z, o ) > x(MLE+1,na, x)
+T(=z,0,%) ) X(WL(—z+1,na, )‘o)
n=1

n=1

= JE(T(—Z, B.X) D X(ML(—z+1,nB. %)

n=1

+T(z B, %) ) x(MLz+1,nB, x))

n=1

1 OOQ(z t)’:(tJHZ _)':‘<ﬂ )cos(ltlo a)dt
6aning ), L@ DE(TG T X) BT x ) cos(at loga) .

Theorem 1.7. Let x denote an odd, primitive, nonprincipal character modulo q.
Let —1 < Rez < 1, let L(z,a, x) be defined as in (1-17), and let T (z, o, x) be
defined as in (1-18). Define A(z,t) by

. ,_ z—l—l—i—it) (z+1—it> (—z—l—l—i—it) (—z—l—l—it)
(1-21) A(z,t).—F< () () ().
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If o and B are positive numbers such that a3 =1, then

(1-22) ﬁ(T(z, o ) Y x(ML(+1,na, )

n=1 °

+T(—z,0,%) ) X(WL(—z+1,na, 70)
n=1

f(T( z, B, X)Z (M L(—=z+1,nB,x)

+T(z 8,0 ) x(ML(z+1,nB, x))

n=1

1 > t+iz t—iz X
= 4n1/2iq2f0 Az, t)E(T,)_()u< 3 ,X> cos(51loga) dr.

The following interesting identity was suggested by the work of Ramanujan:

Theorem 1.8 ([Hardy and Littlewood 1916, p. 156, Section 2.5]). Let w(n) denote
the Mobius function. Let o and B be two positive numbers such that aff = 1.
Assume that the series
Z I'((1—p)/ 2)
¢'(p)

p

converges, where p runs through the nontrivial zeros of ¢ (s) and a denotes a posi-
tive real number, and that the nontrivial zeros of ¢ (s) are simple. Then

ad un) _ra?/n? F((l—,O)/Z) 2

L ju(n)
_ BN
LT,

'(1-p)/2) ZPI2gP
4\/?\/32,): ¢'(p) &

Hardy and Littlewood’s original formulation was slightly different from (1-23)
but is readily seen to be equivalent to it. See also [Berndt 1998, p. 470; Paris
and Kaminski 2001, p. 143; Titchmarsh 1986, p. 219, Section 9.8] for discussions
on this identity. Based on certain assumptions, the character analogues of (1-23)
for even and odd primitive Dirichlet characters, which furnish two examples of
transformation formulas of the form F(«, x) = F (B, X), are derived here and are
as follows.

Theorem 1.9. Let x be an odd, primitive character modulo q, and let o« and B be
two positive numbers such that o3 = 1. Assume that the series

7P2aPT((2 - p)/2) nd an/zﬂ”F((Z—p)/Z)
q??L'(p, x) q°?L'(p, X)
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converge, where p runs through the nontrivial zeros of L(s, x) and L(s, X) re-
spectively, and that the nontrivial zeros of the associated Dirichlet L-functions are
simple. Then

o0 2 2 /2
120 aay Gl K 83 IO () )

n=1

/ X(”)M(n) _nﬁz/(n _ /2
~AVP/GR (Z q 4nﬂzzv<p x)( ) ﬂp)‘

Theorem 1.10. Let x be an even, primitive character modulo q, and let o and B
be two positive numbers such that aff = 1. Assume that the series

PP ((2 = p)/2) nP2BPT (2 — p)/2)
and Z —
~ q’L'(p, x) q”>L'(p, X)
converge, where p runs through the nontrivial zeros of L(s, x) and L(s, X) re-
spectively, and that the nontrivial zeros of the associated Dirichlet L-functions are
simple. Then

p

00 . 1—p /2
R = i

n=1
. X (n)p(n) —ﬂﬂ Jgn® _ (z)p/z )
=B/ (Z " q 4fﬁzu<p ole) 7)

This paper is organized as follows. In Section 2, we give a complex integral
representation of (1-14) that is used in subsequent sections. In Section 3, we prove
Theorem 1.5. Then in Section 4, we compute the inverse Mellin transforms and as-
ymptotic expansions of certain functions which are subsequently used in Section 5.
Section 5 is devoted to proofs of Theorems 1.6 and 1.7. Character analogues of
Ramanujan’s transformation formula (Theorem 1.1) are derived as special cases of
these theorems. We conclude this section with a curious result on a certain double
series involving characters. In Section 6, we present proofs of Theorems 1.9 and
1.10. Finally we conclude with some open problems in Section 7.

2. A complex integral representation of (1-14)

In this section, we give a formal way of transforming an integral involving a char-
acter analogue of Riemann’s E-function into an equivalent complex integral which
allows us to use residue calculus and Mellin transform techniques for its evaluation.
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Theorem 2.1. Let

¢ (z,i0)P(z, —it) + ¢ (—z, i)p(—z, —it)

(2-1) [l )= 7

where ¢ is analytic in t as a function of a real variable and analytic in 7 in some
complex domain. Let y = e with u real. Then, under the assumption that the
integral on the left side below converges,

(2-2) / f(z,H)E <t+12Z _> (t—%,x)cosmdt

2-Hoo

41[ _ @s—3)o(z 3 =5) + (2.5~ 3)#(z. 3 ~3))

' xé(s—%,;?)é(s—l—%,x)ysds.

27

Proof. Let

I(z,u,x)::/()oof(z,t) (t—i—E,)_()E( izz,x)cos,utdt.
Then
2-3) I(z,pm, x) z%(/ f(z, t)u(t+122 —) E<z_5 >yttdt
+[0 fz,HE t+%,)‘<)8<t—%,x>y”dt)
:%(fooof(z,t)E(tJr%z,)‘()E(t—%Z,X)y”dt
+ [ rena(-i+ E)s (<= By,
e 2 2

However, using (1-11), we readily see that

S5 7) =6(3-1-5.7)

:e(X)%'(%—l-il-F%, x) =6(X)E<t— %Z X>,

()b (350

=g (s +it—2.%) =0 'a(r+£.%)

[l

so that
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Thus from (2-3), (2-4), and the fact that f is an even function of 7, we obtain

I(z, i, x)

o0

_1 o iz 2\g iz it
=3 fz, 0 (t+2,x> ( 2,x)y dt

—0o0

1 1 1 1
= L @ —2)e(z 5 —5) +o(=z.5 = 3)o(~z. 3 —5))
4i/y :
xe(s—2.7)8(s+ 5. 1)y ds,
where in the penultimate line, we made the change of variable s = % +it. ]

For our purpose here, we replace p by 2u in (2-2) and then ¢ by #/2 on the
left-hand side of (2-2). Thus, with y = 2", we find that

(%55 7)=(5 )
(2-5) / > —=, X )E > , X ) cos ut dt

1 §+loo

=55 )i (P(z.s —D)o(z. 3 —5) +d(—z.5 — D)p(—z. 3 —5))
A A

2
It is with this equation that we will be working throughout this paper.

3. Character analogues of the extended version of the
Ramanujan—Guinand formula

Lemma 3.1. ForRes > 1 and Re(s —n) > 1,

(3-1) L(s, X)L(s — 1. x)—ZX(”) PR

d|n

Proof. Since the Dirichlet series for both the L-functions converge absolutely under
the given hypotheses, using [Apostol 1976, Theorem 11.5], we see that

L 0L —n 0=y X 5 20 Z &2 TGk

s ks—n
n=1 k=1 nk=j
(n,g)=1 (k,q)=1 G, q) 1 (k,q)=1
o0 —
X () x2(k) X () )
= : k" = X2 (OK",
; A ,; X k)3 (k) Z kzj

(J,9)=1 (k,q)=1

where in the last step, we make use of the fact that x (k) x (k) =1 for (k,q) =1. I
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Proof of Theorem 1.5. Assume that x is even. Let ¢ (z, s) = 1. From (2-1) we see
that f(z,t) = 1. Using (1-9), (1-8), (1-12), and (1-13), we find that the integral

o0 . .
M(Z,M,X):=/ E(H;Z,)_()E(%,)Ocosutdt
0

does converge. Using (2-5), we observe that

(3-2) M(z, 1, x)
S LG RIS NAIE

1,
1 Hee s 2 s .z Z - Z TS
NG F(i‘z)F(TZ)L(S‘z’X)L(”z’X)(a) ds.

Since Res = % and —1 < Rez < 1, we have 0 < Re(s —z/2) < 1 and 0 <
Re(s +z/2) < 1. Now replace s by s — z/2 and let n = —z in Lemma 3.1. Then,
for Re(s —z/2) > 1 and Re(s +z/2) > 1,

oo —
Z = z _ X (n) 20 N -z
(3-3) L<s—§,X)L(s+§,X)_Zm K2 d)yd .
n= d|n
We wish to shift the line of integration from Re s = % toRes= % in order to be able

to use (3-3) in (3-2). Consider a positively oriented rectangular contour formed by
[A+iT, S —iT, (3 —iT, 3 —iT),[3—iT,3+iT]and [3+iT, 1 +iT], where T is
any positive real number. The integrand on the extreme right side of (3-2) does not
have any pole inside the contour. Also as T — 00, the integrals along the horizontal
segments [% —iT, % —iT]and [% +iT, % +iT] tend to zero, which can be seen by
using (1-12). Hence, employing Cauchy’s residue theorem, letting 7 — 00, using
(3-3) in (3-2), and interchanging the order of summation and integration, which is
valid because of absolute convergence, we observe that

(3_4) M(ZuU“X)

= %gi(mnzﬂ (sz(d)d—Z> ﬁmr(% ~9r(3+%) (2—7;>_Sds.

dln 5—i00

But from [Oberhettinger 1974, Formula 11.1, p. 115], forc =Re s > £ Re v,

(3-5) 2%” /:o 25_2w_SF(% — g)r(% + %)x—s ds = K, (wx).
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Hence, using (3-5) withc =3/2, v =2z/2, w =2, and x =nn/qy in (3-4), we find
that

8 > _ _ 2nn
3-6 Mz, p, x) = —= 2/2( 2(d)d Z)KZ =),
(3-6) @ s X) ﬁ;:lx(n)n d§|n:x (d) /2( - )

Now let u = %loga in (3-6) so that y = e?* implies that y = . Then using the
fact that o8 = 1, we deduce that

3-7 % /000 E(H_%, )_()u<t_2 »X) cos(lt loga) dt

= ﬂZx(n)nZ”(Zx (d)d- ) (7).

dln

Next, observing that replacing o by 8 and/or simultaneously replacing x by x and
z by —z in (3-7) leaves the integral on the left side invariant, we obtain (1-15).
Now consider the case when x is odd. Again the convergence of the integral
Mz, i, x) can be seen from (1-12) and (1-13). Following similar steps as in the
case of even x and using the definition of £(s, x) from (1-8) for x odd, we get

(3-8) M(Z s X)
Zx(n)nz/ZZx (d)d~ / ioor(—— +Hr(S+E4+4) (1) as
mf 3 2 4 2 4 qy
Now replacmgsbys—l—lm (3-5), we find that for c =Res > =Rev — 1,

1 ot 1 sl fSs+1 v s+1 _
- — 28 § F(———)F( + ) Sds =xK .
(3-9) i /C_i w ) > > > ds =xK,(wx)

Then using (3-9) with ¢ = %, v=0,w=2and x =nm/qy in (3-8), we see that

o0
B 87[ _ /241 2 _ 27[71
(3-10) M(z,u,x)—W;X(n)nz (de (d)d Z)Kz/z(—qy ).

Now let u = %loga in (3-10) so that y = ¢** implies that y = . Then using the
fact that o = 1, we deduce that

1 [® (t+iz _>H(r—iz ) 1
(3-11) snfo u( 22 %) E(55E x) cos(bt loga)

232 2/2+1 D ) <2nnﬂ>.
=B Zx(n)n (Zx() .

d|n

Next, observing that replacing o by  and/or simultaneously replacing x by x and
z by —z in (3-11) leaves the integral on the left side invariant, we obtain (1-15). [J
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Remark. Letting z — 0 in Theorem 1.5 gives a new character analogue of the
extended version of Koshliakov’s formula, that is, Theorem 1.4.

When y is real, Theorem 1.5 reduces to the following corollary.

Corollary 3.2. Let —1 <Rez < 1 and let x denote a real, primitive, nonprincipal
character modulo q. Let the number b be defined as in (1-7). If

o0
F(z,a, x)= ogb-i-% Z X(n)n—%—i-baz(n)K_Z/z(Znna>’

n=1

then
F(Z,(X, X):F(_Z’ﬁv X):F(_Z7a’ X):F(Z9ﬂ’ X)

_ 1 [T itz ),,(t—iz ) 1
_871/0 u( > , X )E 3 , X cos(ztloga)dt.

The above corollary (without the integral) is equivalent to the special cases,
when y is real, of the character analogues of the Ramanujan—Guinand formula
established in [Berndt et al. 2011, Theorems 3.1 and 4.1].

4. Inverse Mellin transforms and asymptotic expansions

We will now evaluate inverse Mellin transforms of some functions and asymptotic
expansions of certain other functions used in the later sections.

Lemma 4.1. Let z € C be fixed such that —1 < Re z < 1. For a primitive, nonprin-
cipal character x mod q, let L(z, a, x) be defined as in (1-17). Then, for

—Re§<c=Res<1+Re%

and x € R\ Z -,
@-1) - /CHOO F(s n 5)F<1 s é)L(l st X)x_s ds
20 Jino 2 2 2’
=x"’T'(z+ DLz +1, x, ).
Proof. We prove the result only for even characters. The case for odd characters

can be proved similarly. We first assume |x| < 1 and later extend it to any real
x € R\ Z_( by analytic continuation. Let

—Re(z/2) <c=Res < 1+ Re(z/2).

Consider a positively oriented rectangular contour formed by [c —iT,c +iT],
[c+iT, —M~+iT],[-M+iT,—M—iT],and [-M —iT,c—iT], where T is some
positive real number and M =n — % where n is a positive integer. Let s = o +it.
Among the poles of the function I'(s+z/2)['(1 —s+z/2)L(1 —s+z/2, x)x°, the
only ones that contribute are the poles at s = —z/2 —m, m > 0. Let R (a) denote
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the residue of the function f(s) :=T(s+z/2)T(1—s+z/2)L(1—s+2z/2, x)x*
at a. Then for m > 0,

(4-2) Rf(—g—m)
- 1 4 z _s4 Z _s+ L =
_S_)llz/rrlz_m<s+2+m)F(s+2)F(l s+2>L(1 s+2,x>x
_1\m
:%F(l+z+m>L(l+z+m,X)xm+z/2.

From (4-2) and the residue theorem, we have
c+iT —-M+iT —M—iT c—iT
ST I IS P
+T M+iT —M—iT
F(S—I—E)F(l -5+ %)L(l -5+ %, x)xfs ds

_ m
= 27ix¥/? Z ) T(l4+z+mL(+z+m, x)x™
m
0<m<M

We now estimate the integral along the upper horizontal segment. Using (1-13),
we find that for —-M <o <c,

(4-4) L(1—0 £iT, x) = O(q“T2 Tt/
Hence, for —-M <o <c,ie.,, —M —Rez/2 <o —Rez/2 <c—Rez/2, we have

(4-5) L(l _ (a —Re%) —i(T—Im%>, x)

-0 qc—Rez/2+1/2<T —Im g>c—Rez/2+1/2
2 .
By (1-12), we observe that

(4-6) ‘F(s n %)‘ ~ e /AT HmE/2 ‘T +1m
and

(4-7) ‘F(l—s—i— )) ~ 25 IT-Imz/2| ‘T Im 2

Since |x| < 1, from (4-5), (4-6), and (4-7), we deduce that

o+Rez/2—1/2

—(I+Rez/2+l/2

—M+iT Z . .
F(s + —')F(l -5+ —)L(l -5+ =, )())c_‘Y ds
c+iIT 2 2 2

<27 K (c+ M)Ix|7cqchez/2+1/287n/2(\T+Imz/2|+|Tflmz/Z\)
a+Rez/2—1/2‘

c—o+1

’

T +Im2
X‘erz

Z
)
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where K is some absolute constant. Hence

c+ioo

Similarly for the integral along the lower horizontal segment, using (4-6), (4-7),
and the fact that

c—Rez/2+1/2
L(1-(oc-Re3)+i(T+m3). x)=0 (qC_RCZ/ZH/Z(T—i—Im 9 ) )

we observe that

(4-9) / ) C(s+z/2T(1—s4+2z/2)L(A—s+2z/2, x)x *ds =0.
—M—ioo

Hence, from (4-3), (4-8), and (4-9), it is clear that

(4-10) [/Hm /Mﬂi:] 2)F<1—s+§)L<1—s+§,x)x—~‘ds

_1\m
= 2mixi? Z (m) F(l4+z+m)L(14+z+m, x)x".
0<m<M

It remains to evaluate

Moo z Z Z
F(s + —)F(l —s+ —)L(l —s+ =, X)x_s ds.
fM+ioo 2 2 2

Using (1-12) and the reflection formula for the gamma function [Temme 1996,
Equation (3.5), p. 46], we find that as |t| — oo,

[(=M +it) = O(|t| M—2¢7711/2),

Hence, as |t| — o0,

—M+Rez/2-1/2

(@-11) F(—M+it+%> - 0(‘I+Im§

‘ e—(n/Z)\H—lmz/Zl)
3 )

Again by (1-12), as || — oo,

(4-12) )F(1+M—it+§>‘
_ —zne—(ﬂ/Z)lf—ImZ/Zl ‘ ‘t CIm %‘M+Rez/2+l/2<l 4 0( 1 >)

[t—Imz/2|
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Also, L(1+ M —it+1z/2, x) is bounded as Re(1 + M — it +z/2) > 1. Hence,

M—ioco z 2
F(l—s—i——)L(l—s_,__’X)x—sds
‘/MJrzoo 2> 2 2
if P(=M it )0 (14 M =i+ )L (1M —ie+ 2 0) ¥ ar
o 2 2 2
u ! Y 7 |~M+Rez/2-1)2
= x| f O(1)dt + x| / 0((;+Im§’ ‘ _ m2’
1 1

% e—(n/Z)(|t+ImZ/2|+|t—Imz/2|))dt

M+Rez/2+1/2

= 0(|x|").

Since |x| < 1,
M Z Z Z -
1 -_— [— -_— —_— -_— s f—
(4-13) lim . I (s+ 2)] (1 s+2)L(1 s+2,X>x ds =0.

From (4-10) and (4-13), we finally deduce that

c+ioco

1 z z z s
i | T3 r(tms+3)L(t-s 3 x)as

o]

o0
—_1)m
=23 EER Utz m)L(1 42 m, x5
m=0

. v (D" D+z4m) 5~ xK)
=* /ZF(Z+ D Z m! F(li—z) Z kZJ”"Jrl
m=0

. 2 x (k) = T'(1 —x\™
=Pre e 3 ()

et E 8 1)

_ i X&)
=x r(z+1)kz(k+ e =M@ DLGE L ),

where, in the fourth step, we have utilized the binomial theorem, since |x| < 1.
Since both sides of (4-1) are analytic for any x € R\ Z_, the result follows by
analytic continuation. (]

When z =0, we get the following corollary.
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Corollary 4.2. For a primitive, nonprincipal character x mod q, let V¥ (a, x) be
defined as in (1-16). Then, for 0 <c=Res < 1l and x e R\ Z_-o,

c+ioco L(l —
(4-14) L wx“‘ ds
270 oo sinss

1
- ; W (x » X ) .
For j > 1, the generalized Bernoulli numbers B;(x) are given by

2(-1)71G G2t
qQ2m/q)%

Byj(x) = L2j, x)

for x even and by

2(=D)7iG @) — !
qQ2m/q)?~!

for x odd; see [Berndt 1975, p. 426]. It is also known [Berndt 1975, Corollary 3.4,

p. 423] that By;_1(x) = 0 when x is even and B;;(x) = 0 when x is odd. The
asymptotic expansion of L(z, a, x) as |a| — oo is given below.

(4-15) Brj—1(x) =

L2j—1,%)

Lemma 4.3. For Rez > 0and —m < arga < &, as |a| — oo,

B(X)H o(Z+m)
jlati-1 :

L(z,a, x) ~ x(— I)Z

j=1
Proof. One takes (4.3) and (4.4) in [Berndt 1975, p. 424], valid for x even and odd
respectively, substitutes A=0, B=N,r=1,and f(u) =(wu+a) %, lets N - oo,
and performs repeated integration by parts on the prevalent integral. U
This gives, as a special case, the following asymptotic expansion of i (a, x) as
la] — oc.
Corollary 4.4. For —w < arga <, as |a| — 00,

L(0,
(4-16) Va0~ 00

=\ B (%)
. j .

Proof. Specialize z = 1 in Lemma 4.3. Observe that L(1, a, x) = —¥ (a, x). For
x even, we have Bi()x) = 0. But from [Apostol 1976, p. 268], L(0, x) = 0. This
yields (4-16) for x even. For x odd, we observe from (4-15) that

4-17) Bl()_():%G(X)L(l,)_(),

and from (1-10), it is easy to see that

(4-18) L1, x) = G( )L(O X)-

Now (4-16) follows from (4-17) and (4-18). O
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5. Character analogues of Theorem 1.2

In this section, we prove analogues of Theorem 1.2 for even and odd primitive char-
acters. Then we give character analogues of Ramanujan’s transformation formula
(Theorem 1.1) as special cases.

Proof of Theorem 1.6. Using Lemma 4.3, one sees that the series involving the
functions L(z, a, x) in the theorem are convergent. Let

b(z.5) = (Z+1+2S)F<_Z4_1 +%)

From (2-1) and (1-19), we find that f (z,¢/2) = %Q(z, t). From (2-5), we have

o0 . .
(5-1) / Q(z, I)E(H_J,)_()E(ﬂ,x)cos,utdt
0 2 2

—= @y, )+ (=2, y, X)),

f
where
2+loo
(52) Iy 0 :=f Uz, s,y. x)ds
5—i00
with
U(z,s,y. %)

= (—z+25)(—z+2— 2s)r( +§—%)F(%—%)E(s—%,)_()f(s-l-%,x)ys-

Using (1-12) and (1-13), one sees that indeed the integral on the left side of (5-1)
converges. We first simplify the integrand in (5-2). Using (1-8) with b = 0, and
then the duplication formula [Temme 1996, Equation (3.4), p. 46] and the reflection
formula for the Gamma function in the second equality below, we have

(5-3) U(z,s,y,x)_
=15(75) e+ r GG -3+)rG-2)
< L(s=5%)L(s+5%)

=16(g5) et (5 +5): 2=

7z - Z
X L<s > X)L(s—i— > X)-

L(s-%%)= Q@r) L~ 5 +2/2. 0)
> 24"~ LG (OT (s — 2/2) cos((1/2) (s — 2/2))

Substituting (1-10) in the form
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in (5-3) and then simplifying, we find that

(5-4) Uz s,y x)

32y52—zﬂ(1—z)/2 z z z z
= G0 F(l—s+§>F<s+§)L<1—s+§,X)L<s+§,x).

We wish to shift the line of integration from Res = % to Res = 3 in order to

2
evaluate (5-2), since then —1 < Re z < 1 implies that

Re(s +z/2) > 1,

which allows us to use the series representation of L (s +z/2, x). Consider a
positively oriented rectangular contour formed by [% +iT, % —iT], [% —iT, % —iT],
[% —iT, % +1iT], and [% +iT, % +iT], where T is any positive real number. The
integrand in (5-2) does not have any pole inside the contour since the pole of
'l —s+z/2)ats =1+ z/2 is canceled by the zero of L (1 —s+z/2, x) there.
Also as T — oo, the integrals along the horizontal segments [% —iT, % —iT] and
[% +iT, % +iT] tend to zero, which can be seen using (1-12). Employing the
residue theorem, letting T — oo and using (5-4), we find that

(5-5) J(z ¥y, x)

3.
32.0- 2 (1=2)/2 (3110 z z
G (y) F(s+§>r(1_s+§)

_ z Z s
X L<1 s+ > X)L(s—l— > X)y ds

322721972  x(n) 2+ z z
- 1G(x) Z nil2 F<s+§>F<l _HE)

X L(l —s+ g, X)(E)_Sds.
2 y

Now, in order to use Lemma 4.1 to evaluate the integral in (5-5), we again have to
shift the line of integration from Re s > % to Re s = d, where

—Rez/2<d<1+Rez/2.

Again, we do not encounter any pole in this process. Hence

64i2 2y 2 BRI (1) Saem x () x (k)
>y A

(5-6) J(z,y, x) = G (x) k+n/y)y=+l

n=1 k=1

Since —1 < Re(z) < 1, the other integral, namely J(—z, y, X), can be evaluated
by simply replacing z by —z and x by x in (5-6). Now (5-1), (5-6), (1-18), and
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the discussion in the previous line give

(5-7) / Q(z, 1)E (+’Z ;—()u(t‘z ,X)cos,utdt

6473/2 LR xmxk)
= T ) ) . Noa1
NG ((” X),;Z]Ucm/y)m

R
+T(—z,y ’X)Zz(k—i-n/y) ”1)

n=1 k=1

where it is easy to see from the fact that —1 < Rez < 1, from the discussion just
preceding the statement of Theorem 1.6, and from Lemma 4.3, that both the double
series on the right side of (5-7) converge.

Now let u = % log« in (5-7) so that y = e?* implies that y = . Then using the
fact that o8 = 1 and using (1-17) in the second equality below, we deduce that

fooosz(z,os(tziz’i)“(t_z x) cos(§tlogar)ar
:64713/261\/5(T(Z’ﬂ’x>§:§: e

n=1 k=1 (k+n'3)z+]
_ X (n)x (k)
e b );;(kﬂﬁ) Z+1>

= 64n3/2q\/E<T(z, B, x) Z x(m)L(z+1,nB, x)

n=1

+T(-z B, x)Zx(n)L( z+1,np, x))

n=1
The integral on the extreme left side above is invariant under the transformation
o — B or under the simultaneous application of the transformations
a—>B, xX—>XxX, I— -2z
Thus we obtain (1-20). O

Next we give an analogue of Ramanujan’s transformation formula (Theorem 1.1)
for even characters.

Corollary 5.1. For an even, primitive, and nonprincipal character y modulo q,
define P (o, x) by

k o0
P, x): fRe(Gu)ZZX,f’ﬁXfx)) —ﬁRe(Gu)Zﬂnwma,m),

n=1k=1 n=1
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where ¥ (a, x) is defined in (1-16). Then we have

(5-8) P(a, x) =P(B,X) =Pla,x)=P(B, x)
1 * rm (=1 +it\~(—1—it
_647r3/2/0 (IH)F( 4 )F< 4 )

~(! \=(! 1
xu<2,X)u<2,)()cos(2tloga)dt.

Proof. Using Corollary 4.4, we readily see that the double series in the definition
of P(«a, x) converges. Let z — 0 in (1-20). Then, multiplying both sides by ¢ and
using (1-6), we have

EORNC (D I CoNR B I

n=1 k=1 n=1 k=1

VA0 oY ED w60 >zz )

n=1 k=1 =1 k=1
1 * rm (=1 +it\~(—1—it
_32n3/2/0 (+AP(=H)r (=)
X E(% )‘()E(%, X) cos(5tloga) dt.

Each of the first two expressions in (5-9) can be written in two different ways as
real parts of a double series. Thus,

\/5R6<G(X)Z (n)x(k))

—— k+no

= (n)x (k)
— JaRe(G(x) X )
;; k+na
2= X () (k)
LDOWI T o)
n=1

oYY X,E"f;;k))

_647r3/2/0 1+ ( 4 (=)
X E(%, )‘()E(%, X) cos(%t loga) dt.

This implies (5-8). ]

=
z
N N N

Moreover, if we start with the integral in Corollary 5.1, evaluate it using (2-5)
with z =0, and make use of Corollary 4.2 when yx is even, we obtain the same result
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as in Corollary 5.1, except that the function P(«, x) is replaced by the function
F (o, x) defined by

(5-10) F(a,x):=¢&G<x)ZZ )X() IG(x>Zx<n)w<na X)-

n=I1 k=1 n=1

It is then trivial to see that F'(«, x) = P(«, x).
Theorem 1.7 can be analogously proved using Lemma 4.1 for x odd. We just
note that there we have to take care of the pole of

1
F(l—s+§Z>

in the integrands of two separate integrals. However, in the calculations that follow
later, the two residues turn out to be additive inverses of each other and hence do
not contribute anything.

The following is an analogue of Theorem 1.1 (Ramanujan’s transformation for-
mula) for odd characters.

Corollary 5.2. For an odd, primitive and, nonprincipal character x modulo q,
define Q(a, x) by

k o0
0@, x)—f1m<G< )ZZ ;’2’;?) —«/51m<G(x)Z>_<(n)w(na,)_<)),
=1k=1 n=1

where W (a, x) is defined as in (1-16). Then we have
G-11) Qe x) = Q(B, X) = Qa, x) = Q(B, x)
_ ﬁ/ooor(l—z”)r(lzit>
X E(% X)E(% X) cos(3t loga) dt.

Proof. Using Corollary 4.4, we find that the double series in the definition of
O(a, x) converges. Let z — 0 in Theorem 1.7. Multiplying both sides by —¢g and
using (1-5) and (1-6), we observe that

(5-12) f(G@OZZX(”)X(")+G<x)ZZM)

n=1 k=1 n=1 k=1 k+na
= X (m)X (k) e X (M) x ()
—f(G(x)n g—kﬂﬂ +G(X);;—k+nﬂ )

1+it 1—it\~/t N[t
:2nf/2qf0 F< 1 )F( 41 )a(z,x)a<2,x>cos(%tloga)d
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Now, using (1-6) for odd characters to simplify (5-12), we see that

k
2iﬁlm(G(X)Z X}E"j’;?)

n=1 k=1

k
= 2szm<G(x) Z Z XIE’:?)LSX ))

n=1 k=1

k
_ 2zf1m<G( )ZZ X]E”l);; ))

n=1 k=

o o k
_ 2szm(G( D X}E"l);; ))

k=1
t

i I—H) (l—zt>
_27r1/2q/0 (=53
(;)_() (2,X)cos(%tloga)dt. O

If we now start with the integral in Corollary 5.2, evaluate it using (2-5) with
z=0, and make use of Corollary 4.2 when yx is odd, we obtain the same result as in
Corollary 5.2, except that the function Q(w, x) is replaced by —i F(«, x), where
F (o, x) is defined in (5-10). It is then trivial to see that F(a, x) =i Q(«, x).

We separately record the following corollary resulting from the discussion on
the previous line and the one succeeding Corollary 5.1.

—_

(1]

X

Corollary 5.3. The sum F(«, x) defined in (5-10) is real if x is even and purely
imaginary if x is odd.

6. Character analogues of the Ramanujan-Hardy-Littlewood conjecture

In this section, we prove Theorems 1.9 and 1.10. We require [Ahlgren et al. 2002,
Lemma 3.1] which states that if x is a primitive character of conductor N and k > 2
is an integer such that y (—1) = (—1)X,

(k=2)!N*2G(x)
k1 k—2jk—2

(6-1) Lk—1,x)=LQ2—k, ).

Proof of Theorem 1.9. From [Landau 1905], we have for Re s > 1,

(6-2)

ix(n)u(n)_ 1
ns L(s,x)

n=1
Also, since for —1 <c=Res <0,
1 c+ioo

(6-3) (1—e )= —2—7_” . C'(s)x*ds,
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replacing s by s + 1, we find that for -2 < ¢ < —1,
1 c+ioo
(6-4) (l—e %) =—— C(s+ Dx—""ds.
2mi c—ioo

Using (6-2) and (6-4), we observe that

(6-5) Z (”),U«(n) _mﬂ/(n q)

. 1 X (n)pu(n) —na?/(n2q)
=107 Z—nz (1—e 9))

1 q eioe x(n)u()
_L(2,x)+2n2ia2/ Y Ko

c+ioo 2\ —
_ 1 n 61. / C(s+1) (rra ) Sds,
L2, x) 2r%ia® J._ieo L(=2s,X)\ ¢q

2 s
I'(s +1)( ) ds
c—i00 n=1 q

where in the second step above, we interchanged the order of summation and in-
tegration, which is valid because of absolute convergence. For x odd, (1-10) can
be put in the form

TI\N-C=9/2_ /2 iqg'? yp\-GHD/2_roi
(%) r(35)La -0 = g(%) r(*3) e 0.
Hence
_ 1 1
Fs+)  G@(z\»*+: T(3-5)
(6-6) L(=2s,%x) iq'/? (q) L2s+1,%)

Substituting (6-6) in (6-5), we observe that

(6-7) Z x(n )M(n) —ma?/(n%q)

1 GG (M T(3-s) (qaz)‘sd
= - — s.
L2 x) 207a? )i io L2+ 17

We wish to shift the line of integration from Re s =c, -2 <c < —1,toRe s = A,
where % <A< % Consider a positively oriented rectangular contour formed by
[c—iT,»—iT],[\—iT,A+iT],[A+iT,c+iT],and [c+iT,c—iT], where T
is any positive real number. Let p = §+iy denote a nontrivial zero of L(s, x). Let
T — oo through values such that |7 —y| > exp(—Ay/log y) for every ordinate y
of a zero of L(s, x). It is known [Davenport 2000, p. 102] that for # not coinciding
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with the ordinate y of a zero, and —1 <o <2,

L'(s. %) 1
= —4+0(1 +2)),
167 lt_EM p— (log(g (1] +2)))

from which we can conclude that

(6-8) log L(s,X)= Y log(s — p)+ O(log(q(|t| +2))).

lt—yl<l1

Taking real parts in (6-8) gives

(6-9) log|L(s, )| = ) logls — pl+ O(log(g(lt| +2)))
lt—=yl=l

> Y loglt—y|+O(log(g(|t] +2))).
lt—yl=l

Hence, from (6-9), we have

(6-10)  log|L(o+iT.X)|=— > Ayy/logy + O(log(q(IT|+2)))
IT—yl|=<1

> —A>T,

where Ay < /4 if A; is small enough and T > Ty for some fixed Ty. From (6-10),

we see that
1 AsT

6-11) |L(2s+1,)_()‘<e ’

where A3 < /2. Using (1-12) and (6-11), we observe that as T — oo through

the above values, the integrals along the horizontal segments tend to zero. Now let

(p —1)/2:= 5 + iy denote a nontrivial zero of L(2s + 1, x). Let Rr(a) denote
the residue at a of the function

1 —s
f(s) = M (ﬂ) .

S LRs+ 1,0\ 7

The nontrivial zeros of L(2s+1, ) lie in the critical strip —% < Res < 0, whereas

3 5

the trivial zeros are at —1, —2, —3, .... Also, I'(3 —s) has poles at 1, 3, 2, ...

Then the residue theorem yields

ctico (L 2 _g
(6-12) (2—)_(&) ' ds
c—ico L2s+1,x)\ 7

e r(3-s) /qa®\— ' - |
[ mr () amm(mens B a5+ rih)
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where
(z3-9) (qa)g_ o2q
L2s+1,%) C4yTL(—1,%)’

_ 1y T(E= 2\7*
614 Ry(E1)= him  (s—231) =s) (ga*
: 2 s—(p—1)/2 2 JL@2s+1, )\ 7

_T(2-p)/2) (L)(’"”/z
O 2L(p,X) \qo? ’

JT
a /gL, X)

Of course, here we have assumed that the nontrivial zeros of L(2s + 1, ) are all
simple and that ) o R7((p—1)/2) converges, since the aforementioned discussion
regarding the integrals along the horizontal segments tending to zero as T — oo
through the chosen sequence does not imply the convergence of » , Re((p—1)/2)
in the ordinary sense. It only means that the series converges only when we bracket
the terms in such a way that the two terms for which

(6-13) R(=1)= lim (s+1)

6-15)  Rp(1/2)=—

|y_y/|<exp< —Aily| >+exp( —Aily'| )
log(ly[+2) log(ly'I +2)

are included in the same bracket. Using (6-2) and interchanging the order of sum-
mation and integration, which is valid because of absolute convergence, we obtain

Ao (L 2\ —S
(6-16) (Z—S)_ (ﬂ) ds
h—ico L(2s+1,%)

0 A4ioco 2,2\ —¢
=Z (n)u(n) r(%_s)(q“”> i

L—ioco T

Z X(n)M(n)
T

d+ioco

F(s)( 2,2 q)_sds,

d—ioco

where in the penultimate line, we have made the change of variable s — % — 5 SO

that —1 < d < 0. Thus, Equations (6-3) and (6-12)—(6-16) imply

+i L 2
61 [ ’”F(z_s)_(ﬂ) Cas= 2 Zx(n)u(n) TR,

. a’q T(2=p)/2) [ 7 \=D/2 JT
_2”’<4ﬁv<—1,7<>+; 2L'(p. %) <W> _aﬁuz,;—o)'
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From (6-7), (6-17), and the fact that «f =1 and /G (x)G(X) =i,/q, we find that

6-18) avay/G(x) Z We—mz/mzm

_ @G0 ﬁfm 85 WZ we—nﬂ”w

L2, %) L2,

_aJ@g?? VG gVGR) 3 r(2- p>/2> (z)p/z BVBVGG)
4 L'(=1,%) 2n /B L'(p.x) ‘4 L2,x)
Applying (6-1) with N = g and k = 3, and replacing x by x gives

1 _ dmi
L'(=1,%) qGXLQ2, x)

Thus (6-18) and (6-19) yield

(6-19)

(6-20) av/a\/G(x) Z W o (%)
n=1
~BVGG 3 KR

_ QVG(X N2 =p)/2) (7\P?,,
a 277«/_2 L'(p., X) (q) A%

Switching the roles of @ and 8 and those of x and ¥ gives

qu(X U'((2—p)/2) (7 \r/?
6-21 = P
©2D Z L'(p, x) <q) *
qu(X I'(2—p)/2) (m\r?,,
= =0.
Y onds = Ui ()
Finally (6-20) and (6-21) give (1-24) upon simplification. U

Remark. The approach used above for proving that the integrals along the hori-
zontal segments tend to zero as T — oo through the chosen sequence is adapted
from [Titchmarsh 1986, p. 219].

To prove Theorem 1.10, we require the following lemma.

Lemma 6.1. Z X(n)n/i(n) = L(ll 0

n=1
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Proof. Dividing n into its residue classes mod g by letting n = gr +b, 0 <r < 0o,
0 <b < g —1, we find that since x has period ¢,

g—1

(6-22) ;M:Z;;W_Z (b)ZM(CIr—i-b).

The series Zfio u(gr + b)/(gr + b) was first studied by Kluyver [1904] and
its convergence was proved by Landau [1905]. In fact, Landau gave an explicit
representation for this series in terms of a finite sum consisting of L-functions.
Thus (6-22) implies convergence of Z;’il x (m)u(n)/n. Then using (6-2) and an
analogue of Abel’s theorem for power series, we see that

o XM o x () 1 1
Z n —slgnlz ns sl—>1 L(s, x) L(l, x)’ -

n=1 n=1

Proof of Theorem 1.10. The proof is very similar to that of Theorem 1.9 and
hence we omit the details. However we note that Lemma 6.1, (1-10) in the form
[Davenport 2000, p. 69]

1/2
Z-1=9)/2,0 s)/2F(1 L(]— —s)2 s/zr( )L
q )L =57 = G (s, 1),
and (6-1) with N = g and k = 2 are used in the proof. U

7. Open problems

Following are some open problems with which we will conclude.

(1) We have indirectly given the proof of the fact that function F(«, x) defined
in (5-10) is real (respectively purely imaginary) when yx is even (respectively
odd). Prove this directly; that is, without using Corollaries 5.1 and 5.2 and
the integrals in those corollaries.

(2) Since (1-23) is of the form F(«) = F (), where o8 = 1, it is natural to ask
if there exists an integral representation involving the Riemann E-function
equal to the two expressions in (1-23). Finding an integral representation for
either side of (1-23) may shed light on the convergence of

Z I'(1-p)/2)a”
¢'(p)

9’

0

provided, of course, that the integral converges in the first place. It should be
remarked here that Hardy and Littlewood [1916, p. 161] have shown that the
relation

(7-1) P(y)=0(y"i),
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where P(y) = Z;’lozl(—y)”/(n!{(Zn + 1)) can be derived from (1-23) if we
assume the Riemann hypothesis and the absolute convergence of

Z C({(1-p)/2)
I'(p)

P

They have further shown that (7-1) is a necessary and sufficient condition for
the Riemann hypothesis to be true.

Similarly, it is natural to ask if the expressions in (1-24) and (1-25) have
integral representations involving Z(t/2, x).
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