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Multiple Lerch Zeta Functions and an Idea of Ramanujan
SANOLI GUN & BISWAJYOTI SAHA

ABSTRACT. In this article, we derive meromorphic continuation of
multiple Lerch zeta functions by generalizing an elegant identity of
Ramanujan. Further, we describe the set of all possible singularities
of these functions. Finally, for the multiple Hurwitz zeta functions,
we list the exact set of singularities.

1. Introduction and Statements of Theorems

In 1917, Ramanujan [ | 8] introduced a novel idea that enabled him to derive an el-
egant functional equation of the classical Riemann zeta function. He showed that
for M(s) > 1, the Riemann zeta function ¢ (s) := an 1 an satisfies the following
formula:
1=) (s — Di(&(s +k) — 1), (1
k>0

where the right-hand side of (1) converges normally on any compact subset of
N(s) > 1, and

s---(s+k)
(k= ————

(k+ 1)!

for k > 0 and s € C. An elementary proof of this formula, as suggested by Ecalle
[5], can be deduced from the identity

(n _ 1)17S _ nl*S — Z(s _ l)knfsfk7

k>0

which is valid for natural numbers n > 2 and s € C.

In fact, Ecalle [5] also suggested how a formula similar to (1) can be derived
for the multiple zeta functions. Following Ecalle’s indication, the second author,
Mehta, and Viswanadham [13] derived such a formula for the multiple zeta func-
tions and studied the meromorphic continuations and the set of their polar singu-
larities (see [13] and [16] for details).

Meromorphic continuations of the multiple zeta functions was proved first by
Zhao [20]. Around the same time, Akiyama, Egami, and Tanigawa [1] gave an
alternate proof of meromorphic continuations along with the exact set of polar
hyperplanes for these functions. In [13], the second author, Mehta, and Viswanad-
ham introduced a method of matrix formulation to write down the residues of the
multiple zeta functions in a computable form and thereby reproved the theorem
of Akiyama, Egami, and Tanigawa.
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In this paper, we generalize the identity of Ramanujan to obtain meromorphic
continuations and the set of possible singularities of the multiple Lerch zeta func-
tions (defined below). When r = 1, it was done by the second author in [19]. Let
r > 0 be a natural number, and let U, be the open subset of C" defined as

U ={(s1,...,5)€C | R(s1 +---+s;)>iforalll <i <r}.
Then for real numbers Ag,...,Ar,af,...,0 € [0,1) and complex r-tuples
(s1,...,8r) € Uy, the multiple Lerch zeta function of depth r is defined by
Ly(Ay, o, Aps @1y, Q5 ST, o eny Sp)
. Z e(Any)---e(dyny)
. (n1+ o)t - (ny + o)

ny>-->n,>0

2

where e(a) := > for a € R. The series on the right-hand side of (2) is normally
convergent on compact subsets of U, (see Proposition 1) and hence defines a
holomorphic function there.
Before we state our theorems, let us introduce some more notation. For integers
1<i<randk=>0,let
Hip:={(1,....8)€C |s1+---+s; =i —k}.

Also, for1 <i <r,let
i
=Y A,
j=1

and let Z; denote the set of integers less than or equal to j. In this article, we
prove the following theorems.

THEOREM 1. Assume that w; ¢ Z for all 1 <i <r. Then L,(Aq,...,
Apy @1y o n s O ST, ..., Sp) can be extended analytically to the whole C".

REMARK 1. If r =1 and A| ¢ Z, Lerch [11] showed that Lj(A1; «1; s1) can be
extended to an entire function on C.

THEOREM 2. With the notation as before, let i1 < - - - < i, be the only indices for
which Hi; eZ,1<j<m.
e Ifiy=1, then L,(A1,...,Ar;Q1,...,0Qr;S1,...,Sr) can be meromorphically
continued to C" with possible simple poles along the hyperplanes
Hi 0 and Hij,kf0r2 <Jj=<mwith(ij — k) € Z<;.

o Ifiy # 1, then L, (A1,...,Ar; 1, ...,0Qr; S1,...,S5-) can be meromorphically
continued to C" with possible simple poles along the hyperplanes

H;; i for 1 < j <m with (ij —k) € Z<;.

REMARK 2. Theorem 2 is well known in the special case where r = 1. In this case,
if A1 € Z, then L{(A1; a1, s1) is essentially the Hurwitz zeta function and hence
can be extended analytically to C, except at 1, where it has a simple pole with
residue 1.
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Komori [10] considered certain several variable generalizations of the Lerch zeta
function and derived meromorphic continuations of these functions through inte-
gral representation. He also obtained certain estimation of their possible singular-
ities (see [10], Section 3.6).

Now if we choose A; =0 for 1 <i <r in (2), then we get

Lr(os"'so;alv"'var;sls"'ssr)=§r(s11"'1sr;alv"'aar)3

the multiple Hurwitz zeta function of depth r, and further, if ¢; =0 for 1 <i <r,
then we get

L,0,...,0;0,...,0;81,...,8)=&(1,...,5),

the multiple zeta function of depth r.

Akiyama and Ishikawa [2] obtained the meromorphic continuation of the mul-
tiple Hurwitz zeta functions together with their possible polar singularities. In
the particular case where o; € Q for 1 <i < r, they also derived the exact set
of singularities. This has also been done in [14]. Using the Mellin—Barnes in-
tegral formula, Matsumoto [12] showed meromorphic continuation of multiple
Hurwitz zeta functions with possible set of singularities. Finally, we refer the in-
terested reader to [7] and [ 1 7], where similar topics are addressed. An expression
for residues together with possible polar hyperplanes was obtained in [9; 14]. For
the multiple Hurwitz zeta functions, we are now able to characterize the exact set
of singularities. This complete characterization is new. More precisely, we have
the following theorem.

THEOREM 3. The multiple Hurwitz zeta function &y (sy,...,S:; a1, ...,0;) has
meromorphic continuation to C". Further, all its poles are simple, and they are
along the hyperplanes

Hipand Hi for2 <i <r, k>0
except fori =2 and k € K, where
K :={neN|B,(az —ay) =0},
and By, (t) denotes the nth Bernoulli polynomial defined by the generating series

xetx xn
=2 B0
n.

e —1
n>0

Before proceeding further, we indicate, compare, and contrast some of the other
existing works vis-a-vis our work. In [15], the authors obtain meromorphic con-
tinuation for a multiple Hurwitz zeta function of an arbitrary depth » using bino-
mial expansion. To this end, they deduce a functional equation involving various
multiple Hurwitz zeta functions of a fixed depth r (see Theorem 5.2). The nov-
elty of our work is deducing a functional equation involving multiple Hurwitz
zeta functions of depth r with multiple Hurwitz zeta functions of depth r — 1 (see
Theorem 4). This is the crucial ingredient, which enables us to derive information
about the poles and residues of such functions, which was not done in [15]. The
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use of binomial expansion has also been exploited in [0] for proving the mero-
morphic continuation of multiple Hurwitz zeta functions. More precisely, he uses
products of binomial expansions, which we avoid. Also he deals only with the
diagonal vectors in the r-dimensional complex plane, whereas we allow arbitrary
vectors in C”. Furthermore, the author does not deal with the poles and residues
of these functions.

The paper is distributed as follows. In the next section, we prove some inter-
mediate results and derive functional identities for the multiple Lerch zeta func-
tion, which are generalizations of the Ramanujan identity (see Theorem 4). In
Section 3, we derive meromorphic continuation of the multiple Lerch zeta func-
tions and a possible set of their singularities using these functional identities. In
Section 4, we follow [13] to write down the relevant functional identity for the
multiple Hurwitz zeta functions in terms of infinite matrices in order to obtain an
expression for residues along the singular hyperplanes (see Theorem 6). Finally
in Section 5, we complete the proof of Theorem 3. For this, we need to use some
fundamental properties of the zeros of the Bernoulli polynomials. These results
are discussed in Section

2. Intermediate Results and Generalized Ramanujan’s Identity

In this section, we derive an analogue of (1) (see (3)) for the multiple Lerch zeta
functions. To establish (3), we need some intermediate results. Before we state
our theorem, we start with the notion of normal convergence.

DerINITION 1. Let X be a set, and let (fi);c; be a family of complex-valued
functions defined on X. We say that the family ( f;);<; is normally summable on
X (or the series ) ;, fi converges normally on X) if
I fillx :=sup|f(x)] <oo foralliel
xeX

and the family of real numbers (|| f;||x)ies is summable.

DEFINITION 2. Let X be an open subset of C", and let (f;);cs be a family of mero-
morphic functions on X. We say that (f;);e; is normally summable (or ) ;; fi is
normally convergent on all compact subsets of X) if for any compact subset K of
X, there exists a finite set J C I such that each f; fori € I \ J is holomorphic in
an open neighborhood of K and the family (f; | K);ey\s is normally summable
on K. In this case, ) _;; f; is a well-defined meromorphic function on X.

We now have the following theorem.

THEOREM 4. Let r > 2 be a natural number, and let Ay,...,  \r, 1, ..., 0 €
[0, 1). Then for any (s1, ..., s,) € U, we have

e() Y (srlon — o) !
k>—1
X Lr—l(HZa)\:’nu-,)\r;aZ,--~,(¥r;51 +52+k+1,53’~--75r)
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=0 —e)Ly (A, ..o XAy, Qs STy v ey Sp)
+ ) GORLr O A sk Ly s). (3)
k>0
where (s)_1 := 1 and for k > 0,
s---(s+k)
)i = NTESTE

and the series on both sides of (3) converge normally on every compact subset
of U,.

El

If A1 =0, then we rewrite (3) as
> (51— Dl —ap)*™!
k>—1
XLV*I()\'Z’)\'S’"")"r;a21"‘9ar;s1+S2+k’s37"'7sr)
:=Z£:(S1-—1)kl¢(0,kz,---,kr;a1,...,ar;S14—k,Sz,..-,sr)- 4
k>0

From now on, we call identities (3) and (4) the generalized Ramanujan identity
for the multiple Lerch zeta functions. To prove Theorem 4, we introduce another
notation and prove some intermediate results. For any m > 0, let

U(m):={(s1,....,5)€C | R(s1+---+s;)>i —mforall 1 <i <r}.

Note that U, = U, (0). We first observe that the series on the right-hand side of (2)
is normally convergent on compact subsets of U,. For this, we need the following
lemma from [13].

LEmMMA 1. For an integer r > 1, the family of functions

1
S1 Sr
ny ---ny ny>-->n,>0

converges normally on any compact subset of U,.

PropoSITION 1. For an integer r > 1 and for A1, ..., r,a1,...,0 € [0, 1), the

Sfamily of functions
( e(Ainy)---e(drny) )
(1 +o)st-- - (ny + o) ny>->np>0

converges normally on any compact subset of U,.

Proof. The proposition follows immediately from Lemma | since
e(Ainy)---e(Arny)
(n1+a1)t - (ny + o)™

e 5 in U,.
nl ..'nr

We further need the following propositions.
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PROPOSITION 2. Let m > 0 and r > 2 be natural numbers, and let .y, ..., A, 01,
..., o €10, 1). Then the family of functions
e(Any)e(Aony) - --e(Arny)
(s1)k .
ny>->nr>0,

(n1 + o) (ny + )2 - (ny + )5

k>m—1
is normally summable on compact subsets of U, (m).

Proof. Let K be acompact subset of U, (m), and let S :=sup(,, ¢ ek |s1]. Since
r>2,wehaven; > 2,and hence fork > m—1and (sy, ..., s,) € U,(m), we have

e(Ainy)---e(Arny)

s
(51 (1 + o))" (g + )2 -+ (ny + o) ||
(S)k 1
— Qk—m+1 n‘;'+mn‘;2 nir K'
Note that (sq,...,s;) € U,(m) if and only if (s; + m, s2,...,s,) € U,. Now the
proof of Proposition 2 follows from Lemma | and from the convergence of the
series
Z (S)k
k—m+1"
k>m—1 2t 0
PRrOPOSITION 3. Let m > 0 and r > 2 be natural numbers, and let My, ..., A, 01,
..., o €10, 1). Then the family of functions
e(pan)e(rzns) - - - e(rrny)
(s (o — o)t e —
(n2 + o) 1 H2 M (n3 - 03)% -+ (ny + o) J npzznr 0,

>m—1

is normally summable on any compact subset of U,(m + 1) and hence on U,..

Proof. As before, let K be a compact subset of U, (m + 1), and let

S:= sup |s1].
(81,..-,87) €K
Then, fork >m —1,r > 2, and (s, ..., s,) € U,(m), we have

(a2 — ap)*e(uanz)e(ranz) - --e(rn;)

(s1)k
H (I’l2 + az)S1+S2+k+l (}’l3 + a3)53 . (nr + Olr)SV
1
k+1
= (S)k(az - al) S|+s2+m s Sr
n2 n3 -eeny

Note that
$1,.0.,8) €Upm+1) = (s1+52,583,...,8) € U_1(m)
=  (s1+s2+m,s3,...,5)€U_1.
The proof now follows from Lemma | (for (r — 1)) and from the convergence of
> Sl —a)H!
k>m—1

as |ar — o] < 1. O
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PROPOSITION 4. Let r > 2 be an integer, and let A1, ..., A, 01, ..., 0 € [0, 1).
The family of functions

( e(Ainy)---e(Arny) )
(ni+or— D% (na+a2)2 - (np+ar)™ /o op~0
is normally summable on any compact subset of U,.

Proof. Note that

e(Any)---e(Any)
(n1+or — D% (na+a2)2- - (ny + )’

1

(ny — 1)S1n;2 ceeny |

Also, note that

Y m-n

§n2—§1i(s1)+ Z nl—ﬂi(sl)

ni>ny+1 ni>ny+1
N o0 0
< n;J‘(Sl) +/ NG gy
n
—9%i(sy) 1 1=9(s))
=n + ———n
2 R(sp) —1 2
The proof follows from Lemma 1. (]

2.1. Proof of Theorem

We begin with the following identity for integers n > 2, real numbers o > 0, and
complex numbers s:

(o= = (Nn+a) )
k>—1
It is easily obtained by writing the left-hand side as (n + a)™5(1 — ﬁ)’s and
expanding (1 — #)_S as a Taylor series in #

In (5) we replace n, o, s by ny, a1, s1, respectively, then multiply both sides by
e(Any)---e(Ayny)
(n2+ )2 (n, + )5’

and, finally, sum over ny > - - - > n, > 0. Using Proposition 4, we get that

Z e(Ainy)---e(Ayny)
(n1 +ay — D1 (ny +a2)%2--- (n, + )

ny>-->n,>0

3 e(Any) ---e(Arny)
=Gy Z (n1 +a) (2 +a2)2 - (ny +ap)r

ny>-->n>0
+e(A1)
Z e(uznz)e(Azns) - --e(Arny)
(n2 + 1)1 (ny + o2)2(n3 + a3) - -+ (n, + o)

X

. (6)

np>-->n,>0
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Now,

(na+an)™ =Y (sklea — o) g + )1
k>—1

Hence, using Proposition 3 (for m = 0), we obtain that

Z e(Any)---e(Arny)
(n1 +ap — D1 (ny + )2+ (n, + o)™

ny>--->n>0

= e()hl)Lr()Ll’ . -,)\r; aq, "'7ar; STy .- -’s}’)
+e(hn) Y (sDr(er — ) !

k>—1
X Ly 1(2, A3, ooy Aps 0, oo, s 51+ 52+ k+1,83,..0,8.). (7)

On the other hand, using (5) and Proposition 2 (for m = 0), we get that

Z e(Any)---e(d,ny)
(i +o1 — D% (n2 +a2)%2 -+ (ny +ar)*

ny>-->n,>0
= > GOLr Gy Aiar, s bk sz s). (8)
k>—1

Now, equating the right-hand sides of (7) and (8), we deduce (3). This, together
with Proposition 2 and Proposition 3, completes the proof.

3. Proofs of Theorem 1 and Theorem

In this section, we use the generalized Ramanujan identities (3) and (4) to prove
Theorem | and Theorem 2. We prove these theorems by induction on depth r. We
assume that the multiple Lerch zeta function of depth (r — 1) has already been
extended to C", and then by induction on m > 1 we extend the multiple Lerch
zeta function of depth r to each of U, (m). Since (U, (m))m,>1 is an open covering
of C", we get the desired result.

3.1. Proof of Theorem

When r = 1, Theorem | is true by Remark 1. Now let r > 2 and u; ¢ Z for
1 <i <r.Forany m > 1, we rewrite (3) as

e(r) Y (srleg — o)t
k>m—2
X Ly_1(u2,A3, ..., Ap; 02, ...,ar; 51 +s2+k+1,83,...,5)
+e(n) Y (sDk(an —ap)tH!
—1<k<m-3
X Ly_1(u2, A3, ..., Aps 02, ... ap; 81 +s2+k+1,83,...,8)
=0 —e))Lr(A1, ..o, Ap; 0L, o, O3 ST, 0y Sp)
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+ Z GOKLr(A, oo Ao, oo a8tk +1,82,000,8)

k>m—1

+ Z GOLr A, Ao, oo st k41,82, 000, 80).
0<k<m-2

Now by Proposition 2, Proposition 3, and the induction hypothesis for multiple
Lerch zeta functions of depth (r — 1) we see that all the k-sums in (3) are analytic
in U, (1). Therefore (3) defines an analytic continuation of

LAty oo A3 01,y e, O3 ST, v ey 1)
as e(A1) # 1. Now suppose that we have an analytic continuation of
LA, o, A3 01y, O ST, ety S7)
to U, (m — 1) that satisfies (3) in U, (m — 1). Thus we get that the sum
> GOKLra At aisi Hk+ Lsa sy
0<k<m-2

is analytic in U,(m). Again, we appeal to Proposition 2, Proposition 3, and the
induction hypothesis for multiple Lerch zeta functions of depth (r — 1) to deduce
that all the k-sums in (3) are analytic in U,(m). Hence we obtain an analytic
continuation of

Ly, oo Apso, oo, 0 ST, o0 vy S7)

to U, (m). Since (U, (m)),,>1 is an open covering of C”, this completes the proof.

3.2. Proof of Theorem

When r = 1, Theorem 2 follows from Remark | if A1 ¢ Z and from Remark 2 if
A1 € Z. Now suppose that r > 2 and Theorem 2 is true for a multiple Lerch zeta
function of depth (r — 1).

3.3. Casel:ij=1
In this case, we have A; = 0 and hence use (4). Recall that
> (51— Dl —a)*™!

k>—1
XLF—I(AZ’)“:%’"")"r;a21"'3ar;sl+s2+kss3»'-'7sr)

:Z(Sl = DiLr 0,02, .o A ar, ., 0581+ k52,00, 8). ()
k>0

To prove this case, we establish the meromorphic continuation of
(S] - I)Lr(ov)‘Qv -~~’)‘r;a1, ""ar;slv ~~~7sr)

to C" using (4) and determine all its possible singularities.
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For any m > 1, we know by Proposition 2 and Proposition 3 that the families
of functions

e(Aanp)---e(Apny;)
(m — i — .
ll1>“'>l‘lr> y

(n1 + a1 (g + )2 -+ (ny + )™

>m

and

A A )\r r
<(Sl - l)k(Ol2 _al)k+l e( 2n2)e( 3n3) e( : ) )ﬂ2>-u>nr>0.

(n2 4+ )12k (n3 + 03)%3 -+ (ny + )%

k>m—1

are normally summable on every compact subset of U, (m).
Now, for any m > 1, we rewrite (3) as

D7 1= Dilog — )

k>m—1
Xerl()\Z,)MZS,~~,)\r§a2"-"ar§sl+S2+k,537~-7sr)
+ ) (51— Di(og — )t
—1<k<m-2
Xerl()\Z,)MZS,~'-a)\r§a2"~’ar§sl+S2+k,537~--7sr)

z(sl_1)Lr(07k27---7)\r;a1a-~-aar;sl7--~7sr)

+Z(S1—l)kLr(O,)»z,-..,M;al,...,ar;m+k,S2,.-.,sr)

k>m

+ Z (51 = DrkLr 0, A2, oo s aq, o, 0581 + k.52, .00,80).

1<k<m—1

Using the previous observation, we obtain that both infinite k-sums in this equa-
tion are analytic in U, (m). From the induction hypothesis we deduce that the sum

> (51— il —ap)tt!

—1<k<m-2

X Lr—l()"zv)‘sv"'7)")’;“27"'sar;sl +S2+k,s3, ""s}’)
has a meromorphic continuation to C". Now if the function
(51 =DLr(0, A2, .., Ars 0t ooy Q5 ST, ee ey Sr)

has a meromorphic continuation to U, (m — 1) for each m > 1, then we can deduce
that the sum

Z (51 = DgLr 0, A2, ..., Aps0g, .o 0581 +K,82,...,8)

1<k<m-—1

has a meromorphic continuation to U, (m) for each m > 1. Therefore we obtain a
meromorphic continuation of

(sl_1)Lr(07)\‘27"'7)"r;a1s"'1ar;s17"'7sr)



Multiple Lerch Zeta Functions 277
to U, (m) by means of (4). Since (U, (m)),>1 is an open covering of C", we obtain
a meromorphic continuation of

(51— DLy(0, A2, .., Aps a1y, Q5 ST, - nny Sy)

to C".
Now for the set of singularities, we see from (4) that the singularities of

(51— DLy (0, A2, ..., Aps 1, oo, Q5 815000, Sp)
can only come from that of
Lr_1(A, .o 0o, 081+ 82+ k,s3,...,8)

for all k > —1, and these singularities are known from the induction hypothesis.
Finally, we deduce that

(Sl - l)Lr(Ov)‘Qv "'7)‘4';0[1’ ""ar;slv '~~7sr)
has possible polar singularities only along the hyperplanes
Hij,k for2<j<mwith (i; —k)€Z<;.

This completes the proof of this case.

3.4. Case2:i1 #1

Since in this case the applicable generalized Ramanujan identity is (3), a proof
of this case follows exactly the line of argument in the proof of Theorem |. The
only difference is that, on each of U, (m), the depth » multiple Lerch zeta function
can only be extended as a meromorphic function. This is because the induction
hypothesis implies that the depth (» — 1) multiple Lerch zeta functions

Ly_1(u2, A3, .. A0, 0,081+ 52 +k+1,83,...,8)

for k > —1 can only be extended as meromorphic functions to C".
Now for the set of singularities, we see from (3) that the singularities of

Lr(kly“'v)"r;ala'-'7ar;sly"'7sr)
can only come from that of
Ly_1(u2, A3, .0 A0, 0,081+ 52 +k+1,83,...,8)

for k > —1. These singularities are known from the induction hypothesis, and
hence we deduce that

Li(Ar, o, Apy 0Ly, 05 81, o0y Sp)
has only possible polar singularities along the hyperplanes
Hij,k for1<j<mwith(i; —k)€Zg;.

This completes the proof of Theorem
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4. Explicit Computations of Residues for Multiple Hurwitz Zeta
Functions

To get the exact set of singularities, we need to calculate the residues of a multiple
Lerch zeta function along its possible polar hyperplanes. For a hyperplane H; x,
by residue of

Li(Ar, oo, Aps @y e, Qs ST, oo0 s Sp)

along H; ; we mean the restriction to H; ; of the meromorphic function
(14 Fsi—i+L (A, .o Ao, oo, 05 ST, e, ).

This particular notion of residue was introduced by Oesterlé [16] during a course
of lectures on multiple zeta values at Institute of Mathematical Sciences, Chen-
nai. This definition has also been used in [13]. It turns out that to study non-
vanishing of these residues, we need information about zero sets of a family of
polynomials with two variables (see Remark 3). However, for multiple Hurwitz
zeta functions, we only have to deal with the family of Bernoulli polynomials.
As the zero set of Bernoulli polynomials is well studied, we just have enough in-
formation to determine the exact set of singularities of the multiple Hurwitz zeta
functions.

In what follows, we obtain a computable expression for residues of the multiple
Hurwitz zeta functions. Note that the applicable generalized Ramanujan identity
in this case is (4). Following this process, we can also obtain a similar expression
for residues of the multiple Lerch zeta functions. For brevity, we do not include
this here. We begin this section with some elementary remarks about infinite tri-
angular matrices.

Let R be a commutative ring with unity. By T(R) we denote the set of upper
triangular matrices of type N x N with coefficients in R. Adding or multiplying
such matrices involves only finite sums, and hence T(R) is a ring and even an R-
algebra. The group of invertible elements of T(R) is the matrices whose diagonal
elements are invertible. Now let P be a matrix in T(R) with all diagonal elements
equal to 0, and let f = Zn>0 apx™ € R[[x]] be a formal power series. Then the
series ) . an,P" Convergeg in T(R), and we denote its sum by f(P). For our
purpose, we take R to be the field of rational fractions C(¢) in one indeterminate
t over C.

Recall that from Theorem 4 we get that the multiple Hurwitz zeta functions of
depth r satisfy the following generalized Ramanujan identity:

k+1 :
D 1= Diler —a) ™Moy s2+k, 53,5 00,03, )
k=—1

ZZ(SI — Dt (s1+k, 82, ..., 800,02, ...,0), 9
k>0

where both series of meromorphic functions converge normally on compact sub-
sets of C". Formula (9), together with the set of relations obtained by applying
successively the change of variable s; — s1 + n for n > 1 to (9), can be written
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as
Ag(op —ar; 81— DVe_q1(s1+s2—1,83,...,8502,...,04)
=A1051 = DV,(s1, .o a1, .., 0p).
Here for an indeterminate ¢, we have
t(t+1) tt+1D)(+2)

I = 3
0 r+1 (t+ )2(!t+ )
Al =19 o PR, O
1t —a) "G —a)?
0 1 (t+ Doz —ay)
As(ar —ag; 1) =1 0 1

and
G (81,82, ..., 85 a0, ..., Q)
{r(sl+17521'--:Sr;a1s~~aar)
Vr(stosrans o 0 =g (s 42,53 s, )

Note that the matrix Aq(¢) can be written as
A1) =A@0) fFM(r + 1)),

where f is the formal power series

e —1 x"
f(-x)-: X :r§)(n+1)!v

and A(¢) and M(z) are as follows:

t 0 0 . 0 ¢ 0
0 r+1 0 0 0 r+1
At):=|o 0 F42 .. and M@ :=|¢o o 0

It is easy to see that A(¢) and M(¢) satisfy the commuting relation
A(M(r + 1) =M@)A@).
Thus, using (14), we have
A1) = fF(M@)A@).
Further, it is also possible to write that

Az(ap —ay;t) =h(M(1)),

279

(10)

an

12)

13)

(14)
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where h denotes the power series

n
(@r—an)x _ i
e = Z(ag o) e

n>0
Clearly, the matrix Az(op — o1; ¢) is invertible, and we see that
_ f f
Az(or —ap; ) A1) = Z(M(I))A(t) = A(t)Z(M(t + D).
Hence the inverse of the matrix Az(os — or1; 1) L A1(7) is given by

B(ax —ap;1) = A1(1) ' Az(an — 13 1) = %(M(t +1)Amn)™!

h
=A@~ =M(@)),
() f( (1)

where £ is the exponential generating series of the Bernoulli polynomials evalu-
ated at the point (a2 — «1), that is,

oy—0o )X
?(x) _ xee(xz_ 1') _ Z Bn(ai'—al)xn.
n>0 ’
More precisely, we have
B(az — a5 1)
% B|(Otf!—0t]) (t+1)322(!012—0tl) (t+l)(t+2%1!93(0t2—0t1)
0 1 By (ax—ay) (t+2)Br(an—ay)
t+1 1! 2!
0 0 0 3 e
However, we cannot express the column vector V,(sq, ..., S o1, ...,¢) as

the product of the matrix B(wy — o1; s1 — 1) and the column vector V,_1(s1 +
sp —1,83,...,8;a2,...,a,;). This is because the infinite series involved in this
product are not convergent. To get around this difficulty, we perform a truncation

process.
We first rewrite (10) in the form

AGi— D7V, G152 — 1,53, 00,5500, .00, 0p)

f
:Z(M(Sl))vr(slwu»sr;ala-~~,0lr)- (16)
For notational convenience, let us denote %(M(sl )) by X(s1). We then choose an
integer ¢ > 1 and define

I ={k|0<k=<g—1} and J:={k|k=>gqg}. (17)
Then we write our matrices as block matrices, for example,

XII XIJ
X(s1) :( Of(il) XJJ%;:;)
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Hence from (16) we get that

Al — D)7V (1450 — 153,00, 8500, .0, 0p)
=X"(s)Vi 1, s, )
+ XY OV (51, s, ). (18)

Since X/(s1) is a finite invertible square matrix, we have
X (s)7 AT (s1 = )7 =B (@2 —is 51 = D).

Therefore we deduce from (18) that

Vf(sl,...,sr;al,...,(x,)
=BH((X2 — o8] — l)Vf_l(sl 45— 1,83, ...,8500,...,04)
+ Y G0, s, ), (19)
where
YI(Sl,...,Sr;Ol],...,Olr)
= XT(s)IXY (s)V (51, ..., sms a1, .. ap). (20)

All the series of meromorphic functions involved in the products of ma-
trices in formulas (19) and (20) converge normally on all compact subsets
of C". Moreover, all entries of the matrices on the right-hand side of (20)
are holomorphic on the open set U,(q), translate of U, by (—g¢,0,...,0).

Therefore the entries of Y'(si,...,sr;aq,...,q;) are also holomorphic in
Ur(q). Let &;(s1,...,8;a1,...,a,) to be the first entry of the column vector
Yl(sl,...,s,;ozl,...,a,).Thenwegetfrom( ) that
gr(sly"'9sr;a11"'1ar)
1
= Gro1(st+s2—1,53,...,8500,...,0)
51 -1
251 +k—1)
1o (51 _
LI Y _
+kz_;) *rD! k+1(02 —aq)
Xgr—l(sl+S2+k,s3,--oysr;a21~'-1ar)
+§q(sl»~~-»sr;al,-~~aar) (21
and that &;(sy, ..., s;; a1, ..., &) is holomorphic in the open set U, (g). In this

formula, whenever empty products and empty sums appear, they are assumed to
be 1 and 0, respectively. Formula (21) can also be obtained by using the Euler—
Maclaurin summation formula (see [2]).

REMARK 3. A matrix formulation of the generalized Ramanujan’s identity (4)
would be similar as before. To write down a matrix formulation for identity (3),
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we encounter a family of polynomials P, (a,c) defined by the generating se-

ries
eax

xn
ex_C=ZPn(a,c>;

n>0

with ¢ # 1.

We now observe that the following theorem can be deduced as an immediate
consequence of Theorem

THEOREM 5. The multiple Hurwitz zeta function of depth r can be meromorphi-
cally continued to C" with possible simple poles along the hyperplanes Hj o and
H; i, where 2 <i <r and k > 0. It has at most simple poles along each of these
hyperplanes.

To check if each H;  is indeed a polar hyperplane, we compute the residue of
the multiple Hurwitz zeta function of depth r along this hyperplane using (19)
and (21). Recall that it is defined as the restriction of the meromorphic function
1+ +s8 —i+k)S(s1,...,8501,...,0,) t0 Hy .

THEOREM 6. The residue of the multiple Hurwitz zeta function ¢r(si,

..., Syl ..., ) along the hyperplane H\ o is the restriction of {r—1(s2, ...,
Sp; 0, ..., o) to Hy o, and its residue along the hyperplane H; i, where2 <i <r
and k > 0, is the restriction to H; y of the product of {r—i(Si41,.-.,8r; Qit1,

..., a,) with the (0, k)th entry of the matrix
i—1
HB(Old+1 —ag;s1+ -+ 5q—d).
d=1

Proof. Let g > 1 be an integer. As in the proof of Theorem 2, we know from (21)
that

1
Cr(ﬁ,-..,sr;al,--.,ar)—ﬁirq(ﬂ +s2—1,83,...,5;00,...,0)
=

has no pole along H| o inside the open set U, (¢). These open sets cover C". Hence
the residue of ¢ (s1, ..., sr; a1, ..., @) along Hj g is the restriction to Hj ¢ of the
meromorphic function ¢,_1(s; +s2 — 1, 83,..., 8 a2, ..., q) or equivalently of
&r—1(82,...,87; 02, ...,,). This proves the first part of Theorem

Now let i, k be integers with 2 <i <r and 0 <k < g. Also, let I and J be as
defined in (17). Now, iterating formula (19) (i — 1) times, we get

I .
Vr(sl"-"sraala"'aar)
i—1
= <l_[B”(ocd+1 —ag; s +"'+Sd—d)>
d=1
I . .
XV i1+ tsi =i+ Lsig, oS5, .., 0p)

Y (1, s, ey,
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where Y!(sy,...,87;01,...,a,) is a column matrix whose entries are finite
sums of products of rational functions in s1, . .., s;—; with meromorphic functions
holomorphic in U, (g). These entries therefore have no pole along the hyperplane
H; ;. in U,(q). The entries of

i—1
[[B" (a1 —eaisi+-+54— )

d=1
are rational functions in s1, ..., s;—1 and hence have no poles along H; k. It now
follows from the induction hypothesis that the only entry of Vf_l. TG R
si—1i+1,841,...,8;;,...,0) that can possibly have a pole along H; in

U, (q) is that of index &,
Creiti(S1 4 Fsi—i+k+ 1,801, ...,8 i, ...,0r).

Its residue is the restriction of &r—;(Sj41, ..., 87 ®ig1,---,0r) to Hip NUL(q),
where 2 <i <r and 0 < k < ¢q. Since the open sets U,(q) for g > k cover C",
the residue of ¢, (s1,...,s,; @1, ..., c,) along H; x is the restriction to H; ; of the
product of the (0, k)th entry of the matrix

i—1

[[Bas —aaisi+-+s4—d)

d=1

with &—; (Si4+1, -, Sr; ®i+1, - .., o). This proves the last part of Theorem 6. [

5. Proof of Theorem
5.1. Zeros of Bernoulli Polynomials

The information about the exact set of poles of multiple Hurwitz zeta functions in
Theorem 3 requires knowledge about the zeros of the Bernoulli polynomials. In
this section, we discuss the properties of the zeros of the Bernoulli polynomials
that are relevant to our study.
Recall that the Bernoulli polynomials B, (¢) are defined by
x" xe™
ZBn(t)n! e — 1

n>0

We have the following theorem by Brillhart [3] and Dilcher [4] about the zeros of
Bernoulli polynomials.

THEOREM 7 (Brillhart-Dilcher). Bernoulli polynomials have no multiple roots.

This theorem was first proved for the odd Bernoulli polynomials by Brillhart [3]
and later extended for the even Bernoulli polynomials by Dilcher [4]. Theorem
amounts to say that the Bernoulli polynomials B,+1(¢) and B, (t) are relatively
prime as they satisfy the relation

B, (t)=(n+1)B,(r) foralln>1,
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where B,; T (t) denotes the derivative of the polynomial Bj,1(z). With the theo-
rem of Brillhart and Dilcher in place, we can now describe the exact set of sin-
gularities of the multiple zeta functions. For that, it is convenient to have some
intermediate lemmas.

5.2. Some Intermediate Lemmas

LEMMA 2. Let x, y be two indeterminates, and let the matrix B be as in (15). Then
all the entries in the first row of the matrix

B(B —a; x)B(y — B;y),

where 0 < «, B,y < 1, are nonzero rational functions in x,y with coefficients
in R.

Proof. Since entries of these matrices are indexed by N x N, the entries of the
first row are written as the (0, k)th entry for k£ > 0. Let us denote the (0, k)th entry
by ag k. Then we have the formula

k

x(y+Kkaok =Y ()ic1(y+i+ Dii-1Bi(B—a)Bii(y — B)
i=0

for all k£ > 0. As the Bernoulli polynomial By(¢) is equal to 1, we get ag o = %
and hence nonzero. For k > 1, we first note that the set of polynomials

P ={(x)i-1+i+Di—i—1:0<i <k}

is linearly independent over R.

Now suppose that B (8 — ) # 0. We know by Theorem 7 that at least one of
Bi(y — B) and By_1(y — B) is nonzero. It now follows from the linear indepen-
dence of the set of polynomials in P that ag x # 0.

Next suppose that Bj(f —a) =0,i.e. 8 —a=1/2.Theny — B #1/2as0<
o,y < 1. Hence Bi(y — B) # 0. Again by Theorem 7 we know that at least one
of Br(B — ) and By_1(B — o) is nonzero. Now by linear independence of the set
of polynomials in P we get ag x # 0. This completes the proof of Lemma 2. [

LEMMA 3. Let n > 0 be an integer, and let x, x1, ..., x, be (n + 1) indeterminate.
Let D be an infinite square matrix whose entries are indexed by N x N and is in
the ring R(xy, ..., xn). Further, suppose that all the entries in the first row of D
are nonzero. Then, for any «, B € R, all the entries in the first row of the matrix
DB(B — «; x) are nonzero, where the matrix B is as in (15).

Proof. We first note that each column of B(8 — «; x) has at least one nonzero
entry and the nonzero entries of each of these columns are linearly independent
over R as rational functions in x with coefficients in R. Since all the entries in the
first row of D are nonzero, the proof is complete by the previous observation. [

We are now ready to prove Theorem
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5.3. Proof of Theorem

When 1 <i <r and k > 0, the restriction of

;‘r*l‘(sl'+la-"7sr7ai+17-~'7ar)

to H; x is a nonzero meromorphic function. Hence, to prove Theorem 3, we need
to show that when 2 <i <r and k > 0, the (0, k)th entry of the matrix

i1
[[Blea —aaisi+- +sa—d)
d=1

is identically zero if and only if i =2 and k € J. By changing coordinates this is
equivalent to say that when 71, ..., #;_1 are indeterminate, the (0, k)th entry of the
matrix

i—1

]_[ B(agy1 —ag; ta)

d=1
is nonzero in R(¢y,...,t_1) except wheni =2 and k € J.

For i =2, our matrix is B(a» — ay; 11), and hence our assertion follows imme-

diately. Now assume that i > 3. By Lemma 2 we know that all the entries in the
first row of the matrix

B(az —ay; t1)B(az — a; 1)

are nonzero in R(#1, t). Hence the theorem follows from Lemma 2 if i =3 and
from repeated application of Lemma 3 if i > 3.

5.4. A Particular Case

Theorem 3 shows that precise knowledge about zeros of Bernoulli polynomials
determines the exact set of singularities of the multiple Hurwitz zeta functions.
Now we have precise knowledge about the rational zeros of the Bernoulli polyno-
mials (see Inkeri [8]).

THEOREM 8 (Inkeri). The rational zeros of a Bernoulli polynomial B, (t) can only
be 0,1/2, and 1. This happens only when n is odd and precisely in the following
cases:

(1) B,(0)= B, (1) =0 forall odd n > 3,

(2) B,(1/2) =0foralloddn > 1.

Using Theorem 8, we deduce the following corollary of Theorem 3. A particular
case of this corollary, namely when «; € Q for all 1 <i <r, was proved in [2].

COROLLARY 1. If ay — a1 = 0, then the exact set of singularities of the multiple
Hurwitz zeta function §-(s1, ..., Sr; &1, ..., Q) is given by the hyperplanes

Hi o, H21, Hy ok and H; i forallk > 0and 3 <i <r.
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If oy — a1 = 1/2, then the exact set of singularities of the multiple Hurwitz zeta
function & (S1, ..., 8 a1, ...,0) is given by the hyperplanes

Hi o, Hyor and H; i forallk >0and3 <i <r.

If ap — 1 is a rational number # 0, 1/2, then the exact set of singularities of
the multiple Hurwitz zeta function &, (s1,...,S:; a1, ..., o) is given by the hy-
perplanes

Hioand H; i forallk >0and?2 <i <r.
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