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Abstract

Various generalizations of the Hurwitz-Lerch zeta function have been actively
investigated by many authors. Very recently, Srivastava presented a systematic
investigation of numerous interesting properties of some families of generating
functions and their partial sums which are associated with various classes of the
extended Hurwitz-Lerch zeta functions. In this paper, firstly, we show that by using
the Poisson summation formula, the analytic continuation of the Lerch zeta function
can be explained and the functional relation for the Lerch zeta function can be
obtained in a very elementary way. Secondly, we present another functional relation
for the Lerch zeta function and derive the well-known functional relation for the
Hurwitz zeta function from our formula by following the lines of Apostol’s argument.
MSC: Primary 11M99; 33B15; 42A24; secondary 11M35; 11M36; 11M41; 42A16

Keywords: gamma function; Riemann zeta function; generalized (or Hurwitz) zeta
function; Poisson summation formula; Lerch zeta function; Hurwitz-Lerch zeta
function

1 Introduction and preliminaries
The Hurwitz-Lerch zeta function is defined as follows:

o]

Zn
P ya,5) = E T e
(@ a.5) — (a+n)s
(a € C\ Zy;s € Cwhen |z] < 1;%(s) > 1 when [z] = 1), (1.1)

where C and Z; denote the set of complex numbers and the set of nonpositive integers,
respectively. The function ®(z, a,s) in (1.1) has been studied in various ways (see, e.g, [1]).
Recently, its generalizations have been investigated (see [2—8]). Very recently, Srivastava
[9], motivated essentially by recent works of several authors, presented a systematic in-
vestigation of numerous interesting properties of some families of generating functions
and their partial sums which are associated with various classes of the extended Hurwitz-
Lerch zeta functions (see also the references in [9]). Here we consider only the case |z| =1,

ie,z=e"* (xeR),R being the set of real numbers:

e2nmx

%)
cb(eZTIix’a’S) — Z

n=0

@y (E)‘i(s) >LxeR;0 <a§1). (1.2)

It is noted that, for convenience, ®(¢*"*,a,s) in (1.2) is denoted simply by ®(x,a,s)
throughout this paper.
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The function ®(x,a,s) in (1.2) was investigated by Lipschitz [10, 11], Lerch [12], Apostol
[13, 14], and so on. This function ®(x, a,s) can be extended to the whole s-plane by means

of the contour integral
®(x,a,s) =T 1 -95)(x,a,s), (1.3)

where I(x,a,s) is given by

1 Zs—l az
I(x,a,s) = —/ £ dz, (1.4)
cl

27T _ ez+27r ix

the path C being a loop which begins at —co, encircles the origin once in the positive direc-
tion, and returns to —oco. Since I(x, a, s) is an entire function of s, equation (1.3) provides the
analytic continuation of ®(x, 4, s). For integer values of x, ®(x, a, s) reduces to the Hurwitz

(or generalized) zeta function ¢ (s, a) defined by

[ee]

L(s,a) = Z ﬁ (STi(s) >1L;aeC\ Za), (1.5)

n=0

which, by means of (1.3), is a meromorphic function with only a simple pole at s = 1. For
nonintegral x, ®(x, a,s) becomes an entire function s.

Lerch [12] presented the functional equation

r . )
CI)(x, a,l—s)= % [ent(s/2—2ax)q>(_a’x, s) + em{—s/2+211(1—x)}q>(a’ 1-x, S)]
T
O<x<1;0<ac<l) (1.6)

by following the lines of the first Riemann proof of the functional equation for the Riemann

zeta function [15]:

t(1-s) = 227)"T(s) cos<§);(s) (1.7)

and using Cauchy’s theorem in connection with the contour integral (1.4).

Apostol [13] gave the following functional relation:

A(x,a,1-5)=2027)"° cos(%s) [ (s) exp(-2mwiax)A(-a,x,s), (1.8)
where
Ax,a,s) := D(x,a,s) + exp(—2mix)P(—x,1 - a,s) 1.9)

by making a basic use of the transformation theory of theta-functions. Apostol [13] noted
that his proof is of particular interest because the usual approach (Riemann’s second
method [15]) does not lead to the functional equation (1.6) and carried his method through

to obtain (1.6) with further properties of ®(x, 4, s), having no analogue in the case of {(s).
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The Hurwitz zeta function (see [16, 17]) defined in (1.5) is given [18] in the negative
half-plane by means of

oo

2I'(s) (ws/2-2man)
(1 -s,a) = (Zn; PP — T (i) > 1), (1.10)

n=1

which, upon setting a = 1, yields the Riemann functional equation (1.7).

Mordell [19] see also [20] proved the functional relation for ¢(s,a) in (1.10) and that
¢(s,a) can be continued meromorphically to the whole s plane except for a simple pole
at s = 1, in a very elementary way, by using Poisson’s summation formula. Apostol [14]
showed that (1.10) could be derived from (1.6) by giving an elaborate argument.

It is pointed out that in order to obtain (1.8), a phrase in the fourth line of [13, p.163]
‘replacing s by 1 —s, x by —a, a by «” should be changed to ‘replacing s by 1 - s, x by a, a by
—x. In fact, if the phrase ‘replacing s by 1 —s, x by —a, a by «” as it was in [13, p.163] is used,
the following analogue of (1.8) is obtained:

Ax,a,1—5)=22n)° cos(?) [ (s) exp(=2mwiax)A(a, —x,s), (1.11)

which, upon employing Apostol’s method, yields another functional relation analogous to

(1.6):
I'(s) Ti(~s/2—2ax) mifs/2-2a(l+x))
O(x,a,1-5) = W[e ®(a,—x,s) + e ®(a,1 +x,s)]
T
(-1<x<0;0<a<1). (1.12)

Here we aim mainly at, first, showing that ®(x, 4, s) in (1.2) becomes an entire function
of s for nonintegral x € R and the functional relation for ®(x,4,s) can be obtained by
using Poisson’s summation formula in a very elementary way; and, secondly, deriving the
relations (1.11) and (1.12) and showing how the functional relation (1.10) for the Hurwitz
zeta function ¢ (s, a) can be obtained from (1.12) by just following Apostol’s arguments [13]

and [14], respectively.

2 An analytic continuation of ®(x,a, s)
If x is an integer, then ®(x, 4, s) in (1.2) reduces to the Hurwitz zeta function ¢ (s, 4) in (1.5).
Since ®(x + 1,a,s) = P(x,a,s) for all x € R, throughout this argument, it is supposed that
®(x,a,s) is defined at N(s) >1, 0 <x < 1 (x being fixed) and 0 < a < 1.

Recall Poisson’s summation formula [19, p.287] (see also [21, pp.7-8]):

B IS 8 4
Yo=Y [ et 21)

where the prime " denotes that # = 0 is omitted from the summation. The summation
on the left refers to the integral values of n given by « < n < §; but, when either « or
B is an integer, the corresponding term is halved. On the right, the summation means
limy— oo Z;\i_ ~- Lt is supposed that


http://www.fixedpointtheoryandapplications.com/content/2013/1/70

Choi Fixed Point Theory and Applications 2013, 2013:70
http://www.fixedpointtheoryandapplications.com/content/2013/1/70

Page 4 of 10

(p) f(¢) and f' () are continuous in & < ¢ < 8, the obvious one-sided continuity only
being required at t = o or t = f3;
(@) f(2) and f”(¢) are such that the integrals faﬂ f(t)dt and ff f"(¢) dt converge, and f' is
an integral of f”
If either o or B is infinite, say « = —o0, further condition is required that f(£) — 0 and
flt) > 0ast— a.

Applying Poisson’s summation formula (2.1) to a function

eanzt

f(t): m,

a=0, and pB=o00,

we find that

11 eZerL’

—+
as (1+a)

e2nxt-2

+ +
2 +a)

e8] 27” (n+x)t

——dt:=Iy(x,a,s) + V(x,a,s), (2.2)

A

where, for convenience, 7 being an integer,

0 eZJri(n+x)t
L,(x,a,s) := —dt,
mas)= [

t+a)s

V(xa,s)= Y Ixa,s).

n=—00
n#0

(2.3)

Integrating by parts yields

1 s 00 eZm‘xt
+ - / dt
2rrxi Jo (¢t +a)t!

It is observed that the integral in (2.4) now converges for (s) > 0, and so Iy(, a, s) is ana-

Iy(x,a,s) = - (2.4)

2 xia®

lytic for R(s) > 0. Integrating by parts again in (2.4), we get

Iy(x,a,s) = - (2.5)

s (s+1) / grixt ”
- +
2rxia®  (2uxi)astl  Qmxi)? Jo (¢t +a)t?

It is also observed that the integral in (2.5) now converges N(s) > -1, and so Iy(x,4,s) is
analytic for R(s) > —1. Continuing in this way, it is found that Iy(x, a,s) can be continued
to an entire function of s.

Integrating by parts yields

[e¢]

1 o) 2m (n+x)t
V(x,a,s) = —— 2.6
( ) 2wia Z n+x 27rz Z n+x/ (1f+a)s+1 (2.6)
n#O
Here we have
= lim = lim =2x , 2.7
nz n+x Nﬁoo n+x N—oo <x+n x—n> ;xz n? @7)
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which converges for every fixed x with 0 < x < 1. Likewise, it is seen that

Z n+x/ (& +ay!

n;z’O

—— 1 1 o 1
< lim + dt
Nocob=\n+x n-x)Jo (t+a)tcD

- (Z n2 —x2> /; (t + a)"6D) at. (2.8)

n=1

oo Zm (n+x)t ‘

It is noted that the last integral in (2.8) converges for fi(s) > 0, and the second summation
in (2.6) converges for %i(s) > 0. Therefore W(x,a,s) in (2.6) is analytic for R(s) > 0.
Integrating by parts in (2.6) and considering (2.7), we get

” ) x i 1 1
xa,8) = — — =
i n?—x2 ) as

n=1

(2.9)

o) 2nz(n+x }

2m)2 Z (n+x)2{ ast +(S+1)/ (L‘+z/z)5’r2
n;lO

The integral in (2.9) converges for 9(s) > —1. The expression of W (x,a,s) in (2.9), proved
for M(s) > 1, shows that W(x,a,s) is analytic for (s) > -1 since then the general term is
O(1/n*) uniformly in s for s bounded and —1 < —1 + § < 9i(s) for every § > 0. Employing
integration by parts repeatedly, we observe that W(x,4,s) can be continued analytically to
the whole s plane.

It is found from (2.2), (2.3), (2.4), (2.6), and (2.7) that

11 eani e2rrxi-2

—+ + +
a (Q+a)P Q+a)

1 s 00 emet
=— — + - T dt
2 xia  2mxi (t+ z/z)s‘r
o0 2m (n+x)t

2% —
- 2.10
2mial sz w2 2mi = n+x/ (t+ﬂ)s+1 (210)
i

n

Suppose now that f(s) < 0. Then Poisson’s summation formula (2.1) gives

1 0 eanlt 0 27n n+x)t
2a5 —a (t+a)5 ;o —a (t+a)s
n#0

which, upon integrating by parts two involved integrals and using (2.7), yields

11 1 S 0 e27‘[ ixt

= +
2a° 2mxia® 27wxi J_, (t+a)st!

'S}
2% 0 2m (n+x)t

N 211
27Ti6l52x2 n2 27i Z n+x/_,l (t+cl)”1 21D
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Adding (2.10) to (2.11) with the restriction of —1 < 9(s) < 0, we get

S —2mia(n+x) 00 L2mi(n+x)t

N e e

O(x,a,s) = — 57 Z / pree dt

—00
S -1 —2ma (n+x) 00 e27n'(n+x)t

il T D) [ e
n=0 -0

which yields

X dmia(n+x) 00 2mi(n+x)t
N e e
d(x,a,s) = — dt
( ) 27i |:Z n+x /(; sl

n=0
0 e27‘ria(n+1—x) 00 e—27n'(n+1—x)t
_Z n+l-x s+ at ).
n=0 0

Applying the following integral formulas to (2.12):
o0 eit s
f = dt=ie"2'T(1-s) (0<M%(s)<1)
0
and
(o] e—lt s
/ - dt=-ie?'T(1-s) (0<%(s)<1),
0

we obtain, for -1 < R(s) < 0,

(1-s) ax-$+1)
Cb(x,a,s) = (2 )1_5 :6 - ’ Z (n+x)1 S

(2.12)

(2.13)

(2.14)

(2.15)

It is noted that (2.15) still holds for R(s) < 0 since the two involved series converge uni-

formly in s for M(s) < 8§ < 0 (every & < 0). Finally, we get, for %(s) < 0,

ra- ; s
(x,a,5) = (2( )lss) [ 255D @(=a,x,1 - 5)
e
1 e 2a0-9+5-3) (4,1 — x,1 -9)],

which, upon replacing s by 1 —s, yields (1.6).

3 Proofof(1.11) and (1.12)

We rewrite Apostol’s argument [13] in a little shorter way. The theta-function

¥3(y|7) = Z exp(in’t + 2iny)

(2.16)

(3.1)

Page 6 of 10
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has the transformation formula [18, p.475]

2
93 (y|7) = (—iv) V2 exp< J )ﬁ%%]‘%) (3.2)

wit
Using (3.2), we have the functional equation
0(a,—x,1/z) = exp(2miax)z"%6(x, a, z), (3.3)
where

0(x,a,z) := exp (—rmzz) V3(wx + wiaz|iz)
o0
= Z exp{2nmix — wz(a + n)*}. (3.4)

n=—00

Using the key formal identity to Riemann’s second method

7T_S/2F <£>
2

we get

—si2f S _ * ! /2-1
T 1"<2>A(x,a,s)—</1 +/0)z‘g 0(x,a,z)dz, (3.6)

where A(x,a,s) is given in (1.9). In the second integral in (3.6), applying (3.3) and replacing

Yo ad, = /0 2271 " ayexp(-nzf,) dz, (35)
n=1

n=1

z by 1/z, we have

x2T <%>A(x,a,s)

= f [zS/ 29(x, a, 2) + 27272 exp(-2miax)0 (a, —x, z)] dz. (3.7)
1

Here, if we replace s by 1 —s, x by a, a by —x in (3.7), and use 6(-a, x,z) = 0(a, —x, z) and
the relation

JRTE <%>/r (121) =202m)” cos(?)r(s),

we are led to the relation (1.8). Instead, replacing s by 1 —s, x by —a, a by x in (3.7) as they
were in [13, p.163], we obtain the desired identity (1.11).

Now differentiating both sides of (1.1) with respect to a and using the following
differential-difference equations satisfied by ®:

aCD Uy
IPCS) | a5 +1) (3.8)
da
and
aq) Uy
M +2mia®(x,a,s) =2widP(x,a,s — 1), (3.9)

0x

Page 7 of 10
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we obtain
D(x,a,1-s) —exp(—2mix)P(—x,1-a,1-5s)
= 2i(27)"* sin(?) I'(s)
X [exp{—Znia(l + x)}CD(—a, 1+x,s) —exp(—2mwiax)®(a, —x, s)]. (3.10)
Adding (1.11) to (3.10), we are led to the desired relation (1.12).

4 (1.10) can be deduced from (1.12)

Apostol [14] could deduce (1.10) from (1.6) by using an elaborate argument. Here, we also
show that (1.10) can be deduced from (1.12) by following the lines of Apostol’s argument.
For convenience, we recover the Apostol’s method. Consider the sum

k-1

Sof 1)

t=1

00 k-1
Z(d + n)—s Ze—ant/k
n=0 t=1

o] k-1 . 00 k-1 )
— (ﬂ + n)—s e—2m’nt/ + (tl + n)—s e—27rint/<
n=0,n§modk) ; n=0,n,§modk) ;
o0 00
=k-1) > (a+mT- > (a+n)”
1n=0,n=0(mod k) n=0,n£0(mod k)
o0 o0
=k-D> (a+nk)*= Y (a+n)”
n=0 n=0,nz£0(mod k)
a o0 o0
=k (s,—)—{ a+n)"+ a+n)”*
§ k n=0,n§modk)( ) n=0,n;é20(m0dk)( )

= kl’sg“ (s, %) - (s, a).

The above rearrangements are all valid if f(s) > 1 and the final result holds for all s by
analytic continuation. Replacing s by 1 — s, we get

k-1

Z@(-%,m—s) =/<Sg(1—s, %) _t-sa) (keN), (4.1)

t=1

where the empty sum is understood to be nil.

Now we write x = —t/k in (1.12), assume %i(s) > 1, and sum on ¢ to obtain

k-1

Zé(—%,a,l—s)

t=1

e
T @any 2. riky 2 A-tk+ny |

F(S) |:k_1 o eni(—s/2+2:m+2at/k) k-1 oo ni{s/2—2an—2a(l—t/k)}:|
t=1 n=0

t=1 n=0
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Replacing 1 —t/k by t/k in the second double summation in the brackets does not alter the

sum over £, and we obtain

i t 21 (s) <4 & cos{Z — 2ma(n + t/k))
q’(_%’“’l_ ) @) ZX; (n + LK) '

t=1 1

If we write A = nk + ¢, then A takes on all positive integer values which are not multiples of
k as n, t run through their respective ranges, and our sum becomes

A M)k N [ cos(ZE —2war/k)  cos(Z —2mak)
2° ( et S>: @y ;{ T oy } @2

Combining (4.1) and (4.2) yields the equation

kSA<s, %) - A(s,a), (4.3)
where
_ 2T°(s) o cos(E — 2man)
A(s,a):=¢(1-s,a)— @y ; " . (4.4)

Now, by repeating Apostol’s argument, it can be shown that A(s,a) vanishes identically
for N(s) > 1
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