Multiple zeta-functions associated with linear recurrence
sequences and the vectorial sum formula
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Abstract: We prove the holomorphic continuation of certain multi-variable multiple zeta-
functions whose coefficients satisfy a suitable recurrence condition. Actually we introduce
more general vectorial zeta-functions, and prove their holomorphic continuation. Moreover
we show a vectorial sum formula among those vectorial zeta-functions, from which some
generalizations of the classical sum formula can be deduced.
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1 Introduction

Let N,Np,R,R;,C be the set of positive integers, non-negative integers, real numbers,
positive numbers, and complex numbers, respectively.

Recently, various multiple zeta-functions have been studied very actively. One of the most
fundamental multiple zeta-functions is the Euler-Zagier n-fold sum defined by

CEZv”(S) - Z H (mq + - 1 + mi)8i7 1)

m=(my,...,mp)EN™ i=1

where s = (s1,...,s,) € C". When n = 1, (gz1(s) is nothing but the Riemann zeta-
function ((s). The values of (gzn(s) at positive integers are called multiple zeta values,
and were originally studied by Hoffman [20] and Zagier [32] independently. The above series
(1) is absolutely convergent in

Vii={s=(s1,...,50) €C" | R(s;+--+sp) >n+1—-iVi=1,...,n} (2)
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(see Theorem 3 of [23]), and can be continued meromorphically to the whole space C".
Various proofs of this meromorphic continuation have been published ([3], [33], [1], [24]).

On the other hand, the problem of meromorphic continuation of multiple zeta-functions
of one variable has a much longer history. It was first studied by Barnes and Mellin at
the beginning of the 20th century. The most general result so far published is due to the
first-named author [14], who considered the multiple series of the form

1
Z P(my,...,m;)s’ )

m=(mi,...,my)ENT

where P(+) is a polynomial of complex coefficients. He proved the meromorphic continuation
of this series under a rather weak condition. In [14], only the one-variable case was discussed;
however, already in his unpublished thesis [13], the first-named author mentioned that his
method can be generalized to the multi-variable situation

1
Z Pi(my,...,mp)% - Py(my,...,m;)sn’ )
m:(ml,...,m7-)6NT ) ) T n ) ) r
where Py, ..., P, are polynomials. In particular, the meromorphic continuation of the Euler-
Zagier n-fold sum can be proved by his method.
The analytic continuation of a twisted variant of (4) was obtained by M. de Crisenoy in [7].

The method in [13], [14] is not the only method which can treat multiple series of the form
(4). In [22], B. Lichtin used the theory of D—module to prove (under a condition stronger
than that in [14]) the meromorphic continuation of (4). In [25], the second-named author
showed that the meromorphic continuation of (4) (but also under a condition stronger
than that in [14]) can be proved by using Mellin-Barnes integrals. Another method is the
“decalage” argument, introduced by the first-named author in [15] and further developed
in [8], which is a method of proving the continuation without using integral expressions.

On the right-hand side of (1), or even (4), there is no non-trivial factor on the numerators.
However it is sometimes important to treat multiple series with some (mainly algebraic or
arithmetic) coefficients on the numerators.

If the coefficients are purely periodic, then the series can be written as a linear combination
of multiple series of trivial numerators, and hence the problem of meromorphic continuation
is reduced to the case of trivial numerators. Typical examples are multiple series with
Dirichlet characters in the numerators; see [2], [4].

How to treat the case of non-periodic coefficients? There are at least two natural ways of
adding non-trivial coefficients to the numerators on the right-hand side of (1), that is

Goe= Y T ®

m=(mq,...,mn)EN? i=1

and

Glas) =y et tm) (6)

s
m e m; )5S
m=(ma1,...,mn)EN? 1=1 ( 1T ™ Z)



where a = (ay,...,a,) with a; : N — C (1 < ¢ < n). (Here, the notations * and w come
from *-products and w-products in the theory of multiple polylogarithms.)
More generally one can consider multiple zeta-functions defined by

C;(a; IP); S) = Z H ’I’)’Ll - i)si

(m17 7mn)€Nn i=1

(7)

and

Glars = Y [[rmtetm) 0

m=(mi,...,mpn)EN" i=1

where a = (ai,...,a,) with a; : N — C (1 <i <n), and P = (F;)i=1,... » is a suitable family
of polynomials.

As for (7), we can apply the method of Mellin-Barnes integrals to reduce the problem
of continuation to the analytic properties of single-sum zeta-functions » ° =1 a;(mg;)m; ™
(1 <i<mn) ([26], [16]).

However, it is more difficult to treat (8). It is not known how to treat this type of multiple
sums in general. The first purpose of the present paper is to show that if the polynomials
P; are elliptic, the holomorphic continuation with moderate growth of (8) can be proved
(Theorem 1, Corollary 1) if we assume a certain recurrence condition on the coefficients a;
(1<i<n).

To prove the continuation, we introduce a vectorial zeta-function

Zn(F;Pss) := Z Flmy, .., mn) 9)

m:(ml mn)eNn H?:l P’i(m17 v ’mi)si ’

where F : N* — C? is a vectorial function and where P = (P;)i=1,. , is a family of
polynomials such that P; € R[Xy,...,X;] for all i. Our idea is to consider (¥ (a;P;s) as a
coordinate of Z,(F;P;s). We will prove that Z,(F;P;s) can be continued holomorphically
under some suitable conditions on F and P = (P;);=1,... » (Theorem 2).

The vectorial zeta-function Z,(F;P;s) itself is also an interesting object. For example,
we can prove a vectorial sum formula in the case n = 2 (Theorem 3), from which some
generalizations of the classical sum formula can be deduced. It is the second purpose of the
present paper to report such fascinating properties of the vectorial zeta-function.

In what follows, for any elements x = (x1,..,z,) and y = (y1, .., yn) of C" we write ||x|| =
V0z12 + o+ |22, [x] = |21| + .. + |2, and (x,¥) = 2191 + .. + Tpyn. We denote the
canonical basis of R" by (ey,...,e,). We denote a vector in C" by s = (s1,...,5sy), and
write s = o + i1, where o = (01,...,0y,) and T = (71, ...,7,) are the real resp. imaginary
components of s (i.e. o; = R(s;) and 7; = J(s;) for all 7).

The expression f(A,y,x)<,g(x) (uniformly in x € X and A € A) means that there exists
A = A(y) > 0, which depends neither on x nor A, but could depend on the parameter
vector y, such that [f(\,y,x)| < Ag(x) for any x € X and any A € A.



The authors express their thanks to the referee for valuable comments.

2 Statement of results

We fix in the sequel a family of polynomials P = (P;)1<i<p, where, for alli, P, € R[X1,..., Xj]
is a polynomial of degree d; > 0 such that P;(my,...,m;) > 0 for all m € N¢. Denote by
d; = deg(P;) the degree of the polynomial P;. We assume the following (i)—(iv).

(i) dn > 1.
(ii) Each P; (1 <i < n) is elliptic on [0, 00)%; that is

Pig,(z1,...,2;) >0 forany (z1...,7;) € R\ {(0,...,0)}, (10)
where P;;, is the homogeneous part of P; of degree d;.

(iii) There exist D > 0 and C' > 0 such that
n
[T ai tma+- +m) | < C(ma+ -+ mp)” (11)
i=1

for all m = (my,...,my,) € N™.

(iv) The coefficients satisfy a recurrence condition, that is, there exist » € N and constants
Aji €C(1<i<n,0<j<r—1)such that
r—1

a;(m+r) = Z Njiai(m+j) forany m e N. (12)
j=0

In order to extend meromorphically the zeta-function (¥(a;P;s) beyond its domain of
convergence, the fundamental idea in the present paper is to consider the zeta-function
(»(a;P;s) as a coordinate of a vectorial zeta-function

n
Zn(A;P;s) = > A(ma,...,mp) [ P(ma, ... om) ™,
m=(mi,...,mn)EN"? i=1
where A = (Ay,...,A,) is a suitable vector-valued function with some “similarity prop-

erties”. More precisely, set ¢ = ", denote by n1,...,n, the family of all the maps be-
tween {1,...,n} and {0,...,7 — 1}, and define the function A : N — C? by A(m) :=
(A1(m),..., Ay(m)), where m = (mq,...,my) € N* and

Aj(m) :Hai (m1+~--+mi—|—m(i)) (13)
=1

for all [ € {1,...,q}. It follows from (12) that for all k = 1,...,n there exists a matrix
T} € Myxq(C) such that

A(m + Tek) = A(m17 cee sy ME—1, Mg + T, M1, - - - 7mn) = Tk A(m) (14)



for any m € N”.

Let d = (dy,...,d,) where d; = deg(P;) as above. For any R € R set

Va(d;R) :=={s=0+V-1r€C"|) dioi>R+n+1-i (1<i<n)}, (15)
j=i
and
B,(o;d;R) :== sup (n+1+R—i— (dio;+ -+ dpon)) . (16)
1<i<n

The first main result of this paper is the following:

Theorem 1. Besides the above (1)—(iv), assume that 1 is not an eigenvalue of any of the
matrices T1, ..., T,. Then the function (¥'(a;P;s) converges absolutely in the set V,(d; D),
has a holomorphic continuation to the whole complex space C", and for allo = (o1,...,0,) €
R™ we have

U(a;Pys) = (¥ (a; Py 0+ V—1T) Kapo 1+ (14 |7[) TEn (D)

uniformly in T = (11,...,7,) € R™.

Remark: If P = (X; + -+ + X;)1<i<n, then

Gr(a;Pss) = G (ays) = 3 Hal (m1 + - —{—ml)'

s U
Therefore our Theorem 1 can be applied to the classical multiple zeta-functions (' (a;s). In
this particular case one can write ('(a;s) as a combination of twisted Euler-Zagier sums
272
[T (my 4 -+ my)se’

CEzn(z:8) = Z

m=(mai,...,my ) EN?

where z = (21, .., 2,). Several methods can then be used in this case (see [1], [3], [9], [10], [11],
[12], [19], [23], [25], [28], [29], [33] etc.) to prove meromorphic continuation of twisted Euler-
Zagier sums (g7, (2;s). Therefore, these methods can give the meromorphic continuation of
(¥ (a;s) in some cases. However, these method can give only the meromorphic continuation,
and if one wants to prove holomorphic continuation, one needs in addition to verify
that any divisor of (twisted) Euler-Zagier sums which appears in the sum vanishes after
summation. This is generally not an easy task!

Corollary 1. Assume that there exist r € N and Ay, ..., \, € C satisfying

TIN1 <1 and TN #1, (17)
j=i j=i
ai(m+r) = A; ai(m) (18)



foralli=1,...,n and all m € N. Then (*(a;P;s) converges absolutely in V,(d;0), has a
holomorphic continuation to the whole complex space C™, and for any o = (01,...,0,) € R"
the estimate

(@ Pys) = (¥ (a; Py o + V=17) Kapo 1+ (14 ]|r]) (790
holds uniformly in T = (11,...,7,) € R™
Theorem 1 follows easily from the following general result on the vectorial zeta-function
Zn(F;P;s), defined by (9).

Theorem 2. Assume that there exist r € N and n matrices T, ..., T, € Mgxq(C) such
that for all k =1,...,n and for all m € N”

F(m+reg) =F(my,...,mg_1,mi +1r,miy1,...,my) =T F(m). (19)

Further assume that there exist D > 0 and C' > 0 such that for all m = (mq,...,my) € N

IF(m,....my)| < C(mi+--+mp)” (20)

for allm = (mq,...,my) € N", and also that 1 is not an eigenvalue of any of the matrices
T1,...,1T,. Then

1. s — Z,(F;P;s) converges absolutely in the set V,(d; D) and has a holomorphic con-
tinuation to the whole complex space C";

2. For all o = (01,...,00) € R" we have
Zyn(FiP;s) = Zo(Fi P+ V=17) <ppo L+ (1+ 7)) TS (a1

uniformly in T = (11,...,7,) € R™.

In the next two sections we will describe the proof' of Theorem 2. Then in Section 5, we
will deduce Theorem 1 and Corollary 1 from Theorem 2.

The vectorial zeta-function Z,(F;P;s) is not just an auxiliary function, but an interesting
object itself. A typical example of the vector F can be constructed by using Fibonacci
numbers. We will discuss the properties of the associated zeta-function in Section 6.

Another interesting fact on the vectorial zeta-function is the vectorial sum formula. Recall
the Euler double zeta-function

CEz2(51,52) Z Z e m ) (22)

m=1n=1

which is the case n = 2 of (1), and was originally studied by Euler. This is one of the most
well-known multiple zeta-functions (see [17, 32]). A famous formula for (gz2(s1, s2) is

k+1

> Cpzak+2—hh) =((k+2) (keN), (23)
h=2

LFor technical reasons, we are going to prove Theorem 4, which is slightly more general than Theorem 2.



which is called the “sum formula” and was essentially proved by Euler. In particular when
k =1, we have (gz2(1,2) = ((3). (For a more detailed discussion, see [5]).

Here we consider the cases n = 1,2. Let F = (f1,..., f;) : Nl — C? be a function. For a
fixed k € N, we assume that f;j(m) = O (m*=¢) (1 < j < q), where O implies the usual O-
symbol and ¢ implies a sufficiently small positive number. Moreover we define F,, : N> — C¢
(1 <v <3) by Fi(m,n) = F(m), Fa(m,n) = F(n) and F3(m,n) = F(m + n), and, as
special cases of (9), consider

AUTED SRR
m=1

(24)

o0

F,(m,n)
Zy(Fyis1,8) = e (1<v<3).
m,n=1

The vectorial analogue of the sum formula is as follows. Note that we need no assumption
with respect to eigenvalues of T}, given in the statement of Theorem 2, because this result
concerns the values in the convergent area.

Theorem 3. Let F, F1, Fo, F3 and k be defined as above. Then the formula

k+1
> Zy(Fi;k+2—hh)+ Zo(Fo; Lk +1) — Zo(Fs; Lk + 1) = Z1(F; k + 2) (25)
h=2

holds. In particular when k =1,

Fim+n . F(m
>y Flmir K Z Kt yn Fl), 20

m=1n=1

The proof of this theorem will be given in Section 7. Further generalization of this theorem
will be discussed in the last section, where a conjecture on a possible vectorial sum formula
for multiple series will be proposed.

Here we mention several remarkable consequences of this theorem. By applying Theorem
3 in the case F(m) = M™ (m € N) for M € M;,;(C), we obtain the following.

Corollary 2. Let k € N and M € M;x;(C) with the assumption that each entry of M™ is
O (mF=#) (m — o). Then

S {33 b 3D g

h=2 \m=1n=1 m=1n=1
[ 'S N [e%s) M
B Z m m+n k?+1 = Z mk-‘r?‘ (27)
m=1n=1 m=1

Example 1. Consider the case when [ = 1, that is, M € Mj41(C) = C. It is clear that
if M =1 then (27) coincides with the ordinary sum formula (23). Moreover if M =z € C



(|z] < 1), then we obtain the sum formula for the double polylogarithms:

h=2 \m=1n=1 Oomlnl (28)
—ZZ m+nk+1:27njk+2 (k € N).

m=1n= 1 m=1

This is implicitly included in [27]. In fact, as can be seen from the proof of Theorem 3 in
the last section, we can easily derive (28) from Theorem 2.5 in [27].

Example 2. Let M € M;,;(C) which satisfies that each entry of M™ is O (mk_s). For
any fixed 7, j, we denote the (4, j)-entry of M™ by c¢(m) = ¢;;(m) (m € N). Needless to say,
the explicit expression of ¢(m) in terms of entries of M is rather complicated. From (27),
we find that the formula

h=2 (m=1n=1 i m=1n=1 (29)
ctm+n) c(m)
_ZZ m+nk+1_zmk+2

m=1n= l m=1

holds. It seems not easy to find such a formula without using our vectorial zeta-function.

3 Three elementary lemmas

Now we start the proof of Theorem 2. First of all, we state the following elementary but
useful lemmas:

Lemma 1. Forv € N and N € Ny we define the function Gy n : C¥ x (=1,00)" — C by

Gon(s;x) = f[(l )= Y <_ks> XX,

=1 keNg
|k|<N

where (%) = I, (_k‘jl) and XX = []_, 2% for s = (s1,.,80), x = (21,..,3,), k =
(K1, .., ky). Then,

1. For any x € (—1,00)", s — Gy n(x;8) is holomorphic in CY;

2. For any 6,7 € R such that =1 < § < v, we have |Gy n(0 + iT:X)| <54,Nv,0
(L4 @+ 7V %[N, uniformly in x € [6,9]Y and T € RY.

Proof:
Fix s € C¥ and x € (—1,00)". Define the function ¢ : [0,1] — C by

v

p(t) = [[(A+tx)™™ (0<t<1). (30)
=1



We prove that, for any ¢ € Ny, the derivative of ¢ of order ¢ is given by

P D(t) = ¢! > <_ks> xkﬁ(l +tay) TSR (0<t<1). (31)
i=1

keNY
Ik| =k +-+hv=q
The proof is by induction on g. If ¢ = 0, then (31) is clearly verified. Now assume that (31)
is true for ¢, and prove that it remains true for ¢ + 1. Differentiating both sides of (31), we
obtain

—s v v
KENg i=1 i=1
[k|=k1+-+ko=q J#i
= Q'Z > <k+e->(ki+1)xk+ei L+ tag) ™™ | (1 g~k
keNy v j=1
K|kt ey =q I
= ¢ kixK 14 ta;) =%k
0y ()| o

|k|=q+1, k >1

= ¢ Z ( > Hl—l—txj si=kj ikz
i=1 i=1

keNU
[k|=g+1
v
= (¢+1) Z <ks)xk H(1+t3:j)*sj*kj
keNg Jj=1
|k|=q+1

Hence we find that (31) is also true for ¢ + 1. This ends our induction argument and
completes the proof of (31). In particular, for any g € Ny we have

dD0)=q 3 (‘k) Xk, (32)

kGNg
Ik|=kq+-—+kv=q
Let (s;x) € C x (—1,00)" and let N € Ny. By applying Taylor’s formula (with remainder)
to the one variable function ¢(t) we get,

N @0 1/t
o)=Y S0 5 [ e ar (33
= ¢
Since from (30) and (32) we see that

N
(;UJV(S X j{: ¢

q=0




relations (31) and (33) imply that for all (s;x) € C¥ x (—1,00)" we have

—s 1 v
Gon(six)=(N+1) Y (k)xk/o (L =N + tas) =" at. (34)
=1

kENY
|k|=N+1

The lemma easily follows from this expression of G, y(s;x). &

Lemma 2. Let T € Mgyx4(C). When the estimate (20) holds, the estimate
ITF(m)|| <.z (my+ - +mg)” (35)

also holds.

Proof:
Let F(m) = (fj(m))1<j<q and T' = (¢jj)1<i j<q- Then

TF(m) = Zcijfj(m) ;

=1 1<i<q
and hence

2\ 1/2
q q

|TF (m Z Z cij f(m

2\ 1/2
q q
§<122§qlcm|> 2 ;\fj(m)
1/2
<er | D1 | = )| < (m+-o+ma)?,

which is (35). ¢

Lemma 3. Let Q € R[Xy,...,X,] be an elliptic polynomial of degree d. Then there exist
a > 0,6 >0 and R > 0 such that, for any x = (v1,...,2,) € R satisfying |x| =
1+ -+ x, > R, we have

a(rr+ o+ a)! Q) < Blan + -+ )

Proof:
Let Q4 be the homogeneous part of @ of degree d. Set E = {x € R} | |x| = 1}. Since F is
compact and @ is elliptic, it follows that a = infyep Qq(y) > 0 and 8 = supycp Qa(y) > 0.

Now let x € R \ {0}. Slncey—( )6E0nehasa<Qd( )<ﬁ,and

by homogeneity, we deduce that: a|x|? < Qq(x) < B|x|¢. We conclude by using in addition
the fact that Q(x) = Qq(x) + O(|x|"!) as |x| — 0. <

o T Bl T

10



4 Proof of Theorem 2

Now we prove by induction on n that Z, (F;P;s) has a holomorphic continuation to C". The
basic idea of the argument here is the same as in the “decalage” method of the first-named
author [15], [8].

For technical reasons, we will prove the following slightly more general theorem than Theo-
rem 2. But before stating this theorem (i.e. Theorem 4), we will introduce some notations.

Let u = (u(0),...,u(n)) € NJ™ such that u(0) = 0 and u(n) > 1. Let
P={P;l1<i<n, 1<j<u(i}

be a family of polynomials such that, for all ¢, j, P; ; € R[X1, ..., X;] is an elliptic polynomial
in [0, OO)Z of degree di,j~ Set d = {di,j | 1< < n, 1< j < u(z)} and dl = (di,la e 7d7,,u(7,))
for all i. We assume that d,, # (0,...,0). Set v(i) = f;é u(l) (i=1,...,n+1), especially

v=uv(n+1)=>"su(l) =|ul. For any T' € R set

n_ u(l)
Vo(u,d;T) :={s=0+V-1T7 € C"| ZZleUW(l)H >T+4+n+1—i (1<i<n)}, (36)
1=i j=1

and

n u(l)
B,(o;u;d;T):= sup (n+1+T —i— Z Z dijouwiy+j | - (37)
1sizn I=i j—1
Theorem 4. Let F : N — C? be a vectorial function as in Theorem 2. Let P = (P; ;) be
a family of elliptic polynomials as above and let H € R[X,...,X,] a polynomial of degree

h. Consider the generalized vectorial multiple zeta-function

Hmq,...,my) F(mq,...,m
Zn(F;P; Hss) := Z n( 1u(i) n) F(m - n) (s=1(81,...,50)).
m=(ma oy )ene Tz Tlj=1 Pag(ma, .o omg)™@

Then
1. s Z,(F;P; H;s) converges absolutely in the set Vy,(u;d; h + D);

2. s+ Z,(F;P; H;s) has a holomorphic continuation to the whole complex space C;

3. For all o = (01,...,0,) € RY we have
Z,(F; P His) = Z(Fs Py Hio +V=171) <ppo 1+ (1+ 7)) TP mdiDHn - (39)

uniformly in ™ = (11,...,7) € R".

11



4.1 Proof of point (1) of Theorem 4

By using Lemma 3 and relation (20), it is easy to see that, for any s = o + v/—17 € CY,
we have
H(my,...,myp) F(my,...,my) (my 4 -+ my)HP

: - <F,P, )
H?:l H;LZ:I Pi’j(ml, e ,mi)s%+3 o H?:l(ml 4+ 4 mi)<d“‘7”(i>>

where ;) = (y(i)+1, - To(i)+u(i))- This fact compared with relation (2) completes the
proof of point (1) of Theorem 4. ¢

(m e N"), (40)

4.2 A key lemma

Let F, u, P = (P,j), d = (d;;) be as in the statement of Theorem 4. Define u’ =
(u(0),...,u(n—1)") € Ny by u(i) =u(i) for all i <n—1 and u(n — 1) = u(n — 1) + u(n).
For all i = 1,...,n set v(i) = Yi_gu(l) and v = v(n) = X1 u(l) = [W|(= [u| = v).
For t € {1,...,r}, we define

P'={P/;|1<i<n—1, 1<j<u(i)}

by

1. PZ{]-(Xl, - ,Xi) = Pi7j(X1,. . .,XZ‘) ifi <n—1;

2. PTtL—l,j(Xl’ . 7Xn—1) = Pn—l,j(Xh ... 7Xn—1) ifi=n—1andje€ {1, . ,u(n — 1)},
3. Prttfl,j(Xl’ NN 7Xn71) == Pn,j—u(n—l)(Xl’ N ,anl,t) ifi=n-—1and

je{un—-1)+1,...;,u(n—1)+u(n) =uln—1)}.
Set d' = {d} ; |1 <i<n—1,1<j<u(i)'} where d} ; = deg(P}).
We will also use the notations
1. AU = U(X + ren) — U(X) for UX) = U(X1,...,Xn) € RIX1,..., X,] ;
2. s(k) == s+ kjey(yy; forall s = (s1,...,5,) € C”and forall k = (ki, .., ky(n)) €

0 )

and the convention
H(t) F(t)

) Pty

Zo(F; P H(.,t)s58) i=

Then we have the following key lemma:

Lemma 4. Letn € N and let H € R[X1,..., X,,] of degree h. Assume that F and P = (P, ;)
satisfy all the assumptions of Theorem 4. Then for all N € Ny and for all s = (s1,...,8,) €
Vo(u,d,h + D), we have

Z,(F;P; H;s)
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—T,)" ! ZZn—l (F(.,t);P" H(.,t);8)
t=1

u(n) u(n)
1 —Su(n)+j )
HI, = T) T Y H( y f) Zn | B H [[(AP)5s(K)
keni™  \J=1 j=1
1<|k|<N
u(n) s u(n)
H(I, = To) ' T Y H< v(n) +J> Zn | Fi P (AH) [[(ArP )3 8(k)
Kene(m  \J=1 =1
[k|<N
+Ry(F;P; H;s), (42)

where I, is the unit matriz of size q, and s — Ry (F;P; H;s) converges absolutely, defines
a holomorphic function in Vy(u;d;h+ D — N — 1) and satisfies in this region the estimate

Ryn(F;P;H;s) = Ry(F;PyHy; o +i7) <ppanNe 1+ (1+ NNt (r e RY). (43)

Proof of Lemma 4:
For all s = (s1,...,8,) € Vp(u,d, h + D) we have
Zn(F;P; H;s)
> H(my, ..., mn) F(ma, ..., mn)
m=(my,...,mn)EN" HZ 1 Hu(Z P j(ma, ... ,my)°v 0+
H(m mn) F(mlvmn)
m=(m’,my)eEN"—1xN l_.[7, 1 H 7] (ml, . 7mi)3v(i)+j
H(m',t) F(m',t)
S s (T TS P, om0 ) TIEC) P a1y
H(l’l’l/, My + 7") F(m/’ my, + r)
m=(m’;mn)EN" 1N (H HU(Z Fig(my, ... vmi)sv(iw> H;'Lg) Py j(m/,my, +7)%em+i
'

<

+

= Zn-1(F(,1); P H(, 1))

t=1
(H(m ) + A, H(m un) Apni]() —Su(n)+i
+m§" Hz 1 H ,] (m17 .. mz “(1)"'7 ];[ < 7] (m) > ’

where we used (19) to verify the last equality. Fix N € Ny. Applying Lemma 1 to the
above, for any s = (s1,...,8y) € Vi (u,d, h + D) we have

Zn(F;P; H; s)

> Zn a(F(,t); P H(.,t);s)
t=1

13



i w2, TS Gl

n u(1) Sp(i)ti
menn [ [imy [Tj=1 Pij(ma, .. mi)>v @+ kenp(m G=1

+ > (A(f)H(m)) TnF(m) S0 <_Sv(n)+j> <Arp7w'(m) K
meN? H?:l Hyzzl P; (m1,...,mg)%@O+ keNgm) j=1 k; P j (m)
[k|<N

3 (H(m) + A, H(m)) T,F(m) s [ oy hiscnin < ArPyj(m) >
meN” H?:l H;Jil% ‘P’iJ (mh ERER) mi)sv(iHj 7 o anj(m) 1<j<u(n)

= > Zn a(F(,t); P H(. t);s)
t=1

u(n) u(n)
—Su(n)+j .
+1 Z | ( ]{Ej)ﬂ) Zn | F;PyH H(ATPn,j)kj;S(k)
keNg(") jzl jzl
[kI<N
v(n)+ k.
+Tn Z | ( ki j) Zn | F;P; (AH) H(ATP,W) 7;s(k)
keNg(") Jj=1 j=1
|k[<N
(H(m) 4+ A,H(m)) T,F(m) A, P, ;(m)
- Z p—— ——Gum)v | (Som)+i)1<i<u(m); Pi(]m) ,
menn [ liz1 Hj:l Pij(ma, ... mg)% @+ n.J 1<5<u(n)

The term corresponding to k = 0 of the second sum on the right-hand side is T,, Z,, (F; P; H; s).
We move this term to the left-hand side. Since 1 is not an eigenvalue of T,,, multiplying
both sides by (I; — T,,) !, we obtain (42) with

Ry(F;P Hs):= ) (H(m) + A H(m)) (I — Tn) " Ty F (m)

i T T PjOma, . ymy) s

AP, j(m)
X Gu(n),N ((Sv(n)+j)1§j§u(n); (PJ.(]IH)>1<A< ( )>
n, SJgsu(n

for any s € V,,(u,d,h+ D). Let j =1,...,u,. The fact that deg (A, P, ;) < deg(Py ;) —1
and Lemma 3 implies that (A, P, j(m))/P, j(m) < |m|~! uniformly in m € N*. This and
Lemma 1 imply then that

AP, j(m)
S = Gu(n),N <(3v(n)+j)1§j§u(n); (P](]m)> 1<j<u )>
n, Jgsu(n

is holomorphic in C*™ and that

(44)

A, P, '(m)> N1y 1
Gun Su(n)+5)1<j ;<’j <peNo (L+(1+[7)7" ’
(n),N (( v(n)+i) 1<j<u(n) Prgm) ) s )) (T+ @+ )™ Im[NF1

14



uniformly in 7 € R” and m € N*. Applying Lemma 2 with 7' = (I, — T,,) T}, we have

(H(m) + A, H(m)) (I, = To)” ' T,F(m) <<s sy (Bt )
[y TG P, miees N\ S= P ) ) 1 cum)
(my + -+ my)"P 1
T T Oma - ) s o [~
(1+ (1 +[r)NH)

(H?;ll (mi+ -+ mi)<divavu>>> (g + -+ ) (dnsoem) ~h=DEN+1

< (14 1+ [rNth

This, (44) and (2) imply that s — Ry (F;P; H;s) converges absolutely, defines a holomor-
phic function in V,,(u;d;h+ D — N — 1) and satisfies in this region the estimate

Ry (F;P; H;s) = Ry(F;P; Hy 0 +V—17) <ppane L+ (1 + )V (7 € RY).

This ends the proof of Lemma 4.

4.3 Proof of point (2) of Theorem 4

We now prove point (2) of Theorem 4. The proof is by induction on n € N; it will be clear,
by using convention (41) above, that the proof that “the n — 1 case implies the n case” also
works for the case n = 1. Let n > 1 and we assume that point (2) of Theorem 4 is true for
functions of at most n — 1 indeterminates. We will prove that it remains true for functions
of n indeterminates.

In the following we write f(s) € R(A) if s — f(s) is holomorphic in (or can be continued
holomorphically to) the region A. Let F, u, P = (P, ;), d = (d; ;) be as in the statement of
Theorem 4. Set

H ul\n
" {Hupb [H R, Xo] and b = (b, . buwy) € NG )}'
j=1 " nyj

-1
For G=H <H;‘in1) Pnbfj) € H of degree g := deg(H) — (d,,,b) € Z, we define
Z.(F;P;:Gys) = Y i(ml’u(i)’m JFlmn, ) _ g 6 1 s(b)),
m=(my,...,my,)EN? [T Hj:l Pij(ma, ... m;)* @+

(45)
where s(b) = s + Z;Li"l) bj€y(n)+j for s = (s1,...,8,). Point (1) of Theorem 4 implies that
s — Z,(F;P; G;s) converges absolutely in V,(u;d; g + D), and hence

Zn(F;P;Gss) € R(Va(u;d; g + D)). (46)

Let M € Ny be a fixed integer. We will prove by induction on g = deg(G) that

Zn(F;P;G;s) € R(Vy(u;d; D — M)). (47)
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Step 1 The case g < —M.
In this case, it follows from (46) that s — Z,(F;P;G;s) is a holomorphic function in
Vo(u;d; g+ D) C Vy(u;d; D — M). Thus, (47) holds for G € H such that deg(G) < —M.

Step 2 The case g > —M + 1.
We will show that, if (47) holds for all G € H with deg(G) < g — 1, then it also holds for
G € 'H with deg(G) = g.

Let ¢ > —M + 1 and suppose that (47) holds for all G € H such that deg(G) < g — 1.
N
Let G = H (H?g) PSQ) € 'H such that deg(G) = g. Denote h = deg(H). Let N =

max(M + g — 1,0) € Ny. By using (45), (46) and Lemma 4, for all s € V,,(u;d; g + D) we
have

Zn(F;P;G;s) = Zy(F;P; H;s(b))

= (Iq _Tn)_l anl(F("t);PtQH(wt);s(b))

t=1
HI, = To) ' T Y H( S“é@“) Z,, (F;P; Gy; s)
kent(m \Jj=1 J
1<|K|<N
+(I,=Tp) ' T Y < 8”,5%’*]) Z, (F;P; Gy s)
ket \J=1 J
RN
+Ry(F;P; H;s(b)), (48)
where
¢ alﬁ)(&&j)% Goom 2T (2L (19
k= ) Ok o <> 49
j=1 Fnj Hjil) Pyl =1 Prj

for any k € Ng(n), and s — Ry (F;P; H;s) is a holomorphic function in V,,(u;d;h + D —
N —1).

It is easy to see that s(b) € V,,(u;d;h+D— N —1) if and only if s € V,(u;d; g+ D — N —1).
According to our choice of N we have g+ D — N —1 < D— M, and hence V,,(u;d; D—M) C
Va(u;d; g+ D — N —1). Consequently,

Ry(F;P; H;s(b)) € R(Vp(u;d; D — M)). (50)
Next, the ellipticity of P, ; implies (see Lemma3) that deg (A;ij’ﬁ < —1. It follows then

from (49) that deg(Gh) < g—|k| < g—1 (for k € NA™\{0}) and deg(G) < g—1—[k| < g—1
(for k € Ng(n)). Therefore, the induction hypothesis on deg(G) implies that

Zn (F;P; Gx;s) € R(Va(u;d; D — M)) (51)
(for all k € NA™\ {0}) and
Zn (F;P; Gl s) € R(Vyp(u;d; D — M)) (52)
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(for all k € Ng(")). Lastly, for any fixed ¢t € {1,...,7}, the function F(.,¢) : N*=! — C¢
satisfies

F(m' +re),t) = F(my,...,mg_1,mp +7, M1,y Mp_1,t) = T F(m’ 1)
(1 <k <n-—1). It follows by induction hypothesis on n that
Z 1 (F(, 8P H(, £);5(b)) € R(CY). (53)

Combining (53), (50), (51), (52) and (48), we conclude that s — Z,_1(F;P;G;s) has a
holomorphic continuation to the set V,(u;d; D — M). This ends the induction argument
on g = deg(G).

Since M is arbitrary, by letting M — oo, we obtain that the point (2) of Theorem 4 is also
true for n. This finishes also the induction argument on n and completes the proof of the
point (2) of Theorem 4. <

4.4 Proof of point (3) of Theorem 4

We proceed also by induction on n € N. As in §4.3, the following argument works also
for n = 1. Let n > 1 and we assume that point (2) of Theorem 4 is true for functions
of at most n — 1 indeterminates. We will prove that it also remains true for functions of
n indeterminates. Actually we prove by induction on N € Ny that estimate (39) holds
uniformly in s = o + /=17 € V,(u;d; D + h — N).

When N = 0, the result follows from the point (1) of Theorem 4 and the absolute conver-
gence of the series Z,(F;P; H;s) in V,,(u;d; D + h).

Now assume that the estimate (39) is true for N(> 0). We show that it also remains true
for N +1. Lemma 4 and the analytic continuation proved above imply that for any s € CY,
we have formula (42), whose right-hand side we denote as

(I, = To) 'S0 + (I, — T) ' T %2 + (I, — T0,) 1T, 53 + Ry (F; P; H; s).
In the following, we will evaluate each term of the above.

e Step 1:
Let k € Ng» \ {0}. It is easy to see that

hei=deg | H[(ArPuj)® | <h+D kj(dn; — 1) =h+ (k,dy) — k. (54)
j=1 Jj=1

In addition, it is also easy to check that s € V,,(u;d; D + h — N — 1) if and only if
s(k) =s+ Z kjev,+j € Va(u;d; D+ h + (k,dy) — N —1).
j=1

Since D+ h+ (k,d,) = N—1>D— N —1+ hx+ |k| > hx + D — N, we see that if
s € Vo(u;d; D+ h— N — 1), then s(k) € V,(u;d; D + hy — N). It follows then from the
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above and the induction hypothesis on NV that, uniformly in
s € Vp(u;d; D+ h— N — 1), we have

Un,
B <rrie 90 | TT0+ mgnad) | (14 (14 rptEPnlotomeDen)
keNg“” J=1
1<[k|<N
SEpie D (U [T (1 KB D0 | (5)
keNu(n)
1< (kSN
where o (k) = o + Zu(n +j- By using (54) we have
By(o(k);u;d; D + hk)
n—1u(l) u(n)
= sup (Dthetn+1l—i—> > dioyprj— 3 dnj(Oumss +k))
1<i<n =i j=1 Jj=1
< sup | D+h+(kd,)— |k|+n+1—z—ZZdl]aU(l — (k,d,)
1<i<n
AAS =i j=1
= Bu(o;u;d; D+ h) — |Kk|. (56)
The bounds (55) and (56) imply that
S1 €rpig (L4 |7)V 4 (L |r])Hon(osdn) (57)

uniformly in s € V,,(w;d; D+ h — N —1).

e Step 2:
Our argument here is similar to that in Step 1. Let k € Ng(n). We see that
u(n) u(n)
R = deg H) [T(ArPa )™ | <h =14 ki(dnj—1) =h—1+ (k,dy) — k| (58)
j=1 j=1

and D+ h+ (k,d,) —N —1>D — N+ hy_+ |k| > hj. + D — N. Hence, as before, we find
that if s € V,,(u;d; D +h — N — 1), then s(k) € V,(u;d; D + hj, — N). Therefore, using the
induction hypothesis on N, uniformly in s € V,,(u;d; D +h — N — 1), we have

u n
22 <<F,IP’,H,0’ Z H 1+ ‘Ty(n)_i,-] <1+(1+ |T|)1+Bn(0(k)§u;d;D+hi())

u(n)
keNg

[k|<N

<FPHo Z {(1_|_ ’T‘)lk‘ +(1+ ‘T’)\k|+1+Bn(a'(k)udD+h )} (59)

u(n)
kENO
[k|<N

By using (58) we have
By (o (k);u;d; D + hy)
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n—1u(l) u(n)
= 1S<11£) D + hi( +n+1—-19— Z Z dl,jav(l)+j — Z dn,j(av(n)ﬂ +kj)
<i<n =i j=1 j=1
n u(l)
< sup [DAh—1+kd)—[kl+n+1—i=> Y dijou; — (kdn)

1<i<n

I=i j=1
< Bp(o;u;d; D+ h) — k. (60)
The bounds (59) and (60) imply that
PN <FPHo (1 + |TDN (1 + |7_D1+Bn (o;u;d; D+h) (61)
uniformly in s € V,,(u;d; D +h — N —1).
e Step 3:
In this step we will use all notations of Lemma 4 introduced at the beginning of §4.2. The
induction hypothesis on n implies that for any t = 1,...,r, we have
Zn A(F(1); P H( 1);8) <ppe |+ (14 |7|) B (euidiDehe) (62)
where h; :=deg (H(.,t)). Also we see that
n—1u(l)’
B, _1(o;u’;d; D+ hy) = sup D+hi+n—i— ZZd}ijav(l) +
1<i<n—1 =i =1
n—2 u(l)
= sup <D+ht +n—1— ZZdl7ij(l)+]

u(n—1)+u(n)

- Z dnfl,jo-v(n—l)—o—j_ Z dn,j—u(n—l)Jv(n)+j—u(n—1))
=1 j=u(n—1)+1

n u(l)
sup D+hi4+n—i— Z Z d1jOy(1)+;
1<i<n—1 P
B,(o;u;d; D+ h) — (h—hy) — 1
By(o;u;d; D+ h) — 1. (63)

IA A

Estimates (62) and (63) imply that for any ¢t =1,...,r, we have
Zn-1(F(,1); P H (., );8) <ppme 1+ (1+ \T|)Bn (omdiDEh) (- e RY).  (64)
e Step 4: Conclusion.
Combining relation (42) and estimates (57), (61), (64) and (43), we conclude that
Zy (F; P H;s) <pppo (14 [T)N T+ (14 ||t oo DR
< PHo (1 + “T|)1+Bn o;u;d;D+h)

uniformly in s € V(u;d; D +h — N — 1)\ V,(u;d; D + h — N). (The last inequality
follows from the fact that if s € V,(u;d;D +h — N — 1)\ V,(u;d; D + h — N) then
N+1<1+By(o;u;d; D+h)). This finishes the induction argument on N, therefore, also
on n, and completes the proof of Theorem 4 and also of Theorem 2. <

19



5 Proof of Theorem 1 and Corollary 1

There exists some [ € {1,...,q} such that n;(i) = 0 for all i € {1,...,n}. Then the I-
th coordinate of Z,(A;P;s) coincides with (¥ (a;P;s). Therefore Theorem 1 immediately
follows from Theorem 2. <

Next we prove Corollary 1. Let a; : N —= C (i =1,...,n), A,..., A\, € C be as in Corollary
1. Let ¢ = 7", A : N® — C? the function defined by (13) and let T1,...,T,, € Myx4(C) be
the matrices defined by (14).

For any i € {1,...,n} there exists C; = C;(\;) > 0 such that |a;(m)| < C; |X\|™/" for any
m € N. In fact, writing m = hr + mg with h € Ny, 0 < my < r and use assumption (18),
we have a;(m) = Aa;(mg). Since h = (m/r) + O(1), the claim follows.

Therefore, for all m = (mq,...,m,) € N” we have

[T ai(mi+--+mi) | < (Cr---C) H‘H)\i’mk/rgcl"‘cn
i=1 k=1 i=k

by assumption (17). Moreover assumption (18) implies that T, = ([["_, \i) I for any
ke {1,...,n}. Assumption (17) implies then that 1 is not an eigenvalue of any of the
matrices 11, ...,T,. Therefore Corollary 1 follows from Theorem 1. {

6 Examples

In this section, we consider some examples in the cases n = 1,2. Indeed, we can explicitly
determine several values of them which come down to known results (see Propositions 1
and 2, Examples 3 and 4).

6.1 The casen=1

First we consider the zeta-function Z;(F;s) defined by (24), which is equal to Z; (F; X;1; s)
in (38). Let M € M;y;(C) and assume that there exists some k € N such that each entry
of M™ is of O (m*). Define F : N — C”" and Z,(F;s) = Zi(M;s) by

F(m)=F(M;m)=M™,

Z\(F;s) = Zy(M;s) = )

m=1

ms
We show that there exists a matrix T" € M;2,;2(C) such that

F(m+1)=T F(m) (65)
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for any m € N. In fact, writing M™ = <,u(]m)> (m € N), we may regard F(M;m) = M™ as

1,

(m)

H1q
M(m) )
F(M;m)=|"" [ecl.
( )
Mum
Therefore we see that
1/ llulr/ /“Lul) ,Ung)
) uiy)
F(M,m—l—l 1/ 1 1V v2 -7 1.2
(1) (m)
lI/ iuzzl Num
T

where
T="M&'M& &' M="M" e Mp,:(C).

Suppose that 1 is not an eigenvalue of M, namely not an eigenvalue of 7. Then it follows
from Theorem 2 that Z;(M; s) can be continued holomorphically to C. In particular when
[ =1, from Theorem 2, we can recover the known fact that for z € C with |z| < 1 and
x # 1, the polylogarithm

Li(s;z) = Z x—s
can be continued holomorphically to C.

As an example, we consider the zeta-function associated with the Fibonacci numbers { F}, },,>0,
which are defined by the following linear recurrence relation:

Fo=0, Fi=1, Fprya=F +F, (n S N) (66)
We recall the well-known results (see, for example, [30]). Let a = (14 +/5)/2 be the golden

ratio. Then )

V5

From the recurrence relation (66), we see that
F, 11 E,
() =00) () eem
F 1 1\""'(F F, 1 1\"'(F
n _ 1 n+l\| _ 2
()=o) () () =00 (5) wem
Therefore we have
n—1 n
Foor F,\ (11 F F\ (11
(it an) =G o) (2 m)-() cem o

21

F,=—(a"—(-)™) (neN). (67)
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Set Q = G (1)) which is often called the Fibonacci matrix, and Sg = £ga~'Q for d € N,

where &g = €27/ is the dth primitive root of unity. Now we assume d > 2. Then, we can

easily check that eigenvalues of S; are &; and —&za~2 which are not equal to 1. Now we

consider
Sm a—l m
Z1(Sq;8) = Z e Z (gdms@ (69)
m=1 m=1

which can be continued holomorphically to C if d > 1, by Theorem 2.

In order to evaluate Z; (S4; ) at nonpositive integers, we recall the Frobenius-Euler numbers
{En(N)} (see [18], also [6]) defined by

G(t: )

ZE — (AeC; N#£1),

where [t| < y/(log |\])2 + (arg \)2 with —7 < arg A < 7. We can check that

1 ~ A+1
1 RO =G

Eo(\) =1, Ei(\) =

Then we obtain the following.

Proposition 1. For h,d € N with d > 2 and (h,d) =1,

Zl(Sg;s)
_ 1 <O‘L1( fd) + a7 'Li(s; (—&a)"a ") Li(s fd) Li(s; (—€4) a‘Qh) > (70)
V5 \ Li(s;€)) — Li(s; (=€a)"a™?") 1L1(8 &) + aLi(s; (=€a)"a?")

In particular, for N € Ny,

1
Zl(SQ; —N) = —=X

V5
B N4l ~ _ B 1 N+1 ~ _
(a (1 2N+1) oL — 1( ])v En(a™?) (1 2N+1) N+t T l(a) NEN(Oé ?) )
5 1~ - B B 1 +1 ~ _ :
(1 2N+1) NN:; 4@ ( 22 En(a™2) a7t (1 2N+1) NN:; _ 1(a)2 En(a™?)

Proof:
For our purpose, here we give some formulas on special values of polylogarithms. First,
since Li(s; —1) = (2'7% — 1) ((s), we have

B
Li(=N:—1) = — (2N+1 _ 1) 24+ (i 2
i(—N;—-1) ( )NJrl (N € Np), (72)

where the Bernoulli numbers {B,} are defined by te'/(e' — 1) = 37 - But™/n! (see [31,
Chap. 13]). We prove, when |A\| <1 and A # 1, that

A=DN
11—\

Li(—N; \) = Ex(\) (N eNp). (73)
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If |A] < 1, this follows immediately from

1_A°° m_—m 1_)‘00 n G m,.n "
Q(t;/\):Tz/\e t:T (-1) {me}n'
m=1 m=1 ’

n=0

A proof of (73) for the general case can be obtained by using the contour integral expression
of polylogarithms, but here we show an alternative proof in the frame of our present method.
We consider (42) and (44) in the case that n = 1, F(m) = A™ (A € C\{1}; |\| < 1), P = (X),
H=1,qg=1,r=1and T} = \. Putting s = —N in (42) and (44), we have

N
Z,(F;=N) = 1_AA<Z <]]j>Zl(F;kN)> +%

k=1
A N N A A
R (;) <k>Z1(F;k_N)> T aE®-N Ty ()
Let N .
G(t) =) Zi(F; *N)L,- (75)
N=0 ‘

Multiplying the both sides of (74) by ¢V /N! and summing up with respect to N, we obtain

_ A ‘ A Ay
from which we have
N e N S N o ) R
G(t)_et—)\_l—Aet—)\_l—)\Nz_:OEN()\) N! (76)

Comparing (75) and (76), we obtain (73).
By (67) and (68), we have
1 n n+l _ (_ \—n—1 n_ (_ . \—n
S&L = ﬁ (éda 1) <a a — g_zg—n an(il o E_Zg—n—s—l)
L (5304 + (&) g~ (~La) )
A\ g - (e)ra? ghat 4 (<& a2 )
which gives (70). In particular, we have
1 [aLi(s;&a) + o tLi(s; —€aa?) Li(s;&q) — Li(s; —£ga72)
710809 = e () it | oMo+ oo b))

Applying (72) and (73) to the right-hand side of (78), we can explicitly evaluate the values
Z1(S4; —N) (N € Ny). For example, since {3 = —1, we obtain (71). <

Example 3. It is known (see [21]) that Li(2; —1) = —1((2) = —&n?, and

2
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Hence, by (67), we obtain

—a)""EF,,
Z : 7)%2 -

m>1

5l-

3 -1\’
—207r2+{10g< 5 )} . (79)

Using this, we can evaluate Z;(M;2).

6.2 The case n =2

Next we consider the case n = 2 and P = (X7; X7 + X3). Let My, My € M;;(C) with
the assumption that MM, = MyM;. We define F : N? — Cc” and Z5(F;s1,82) =
Zy(My, My; s1, s2) by

F(m1,m2) = F(M17M2;m17m2) = M{mMénza
[o.¢] (e.)

Zo(My, M )= E 1My (80)
, ;81,8 E .

Then, as well as the above consideration in the case n = 1, it follows from Theorem
2 that if 1 is not an eigenvalue of Mj, My and MMy then Zs(M;Msy, Mo; sy, s2) and
Zy(My, My Ma; 51, s2) can be continued holomorphically to C2.

Using the well-known #-product argument in the study of multiple zeta values, we have

My My
Z1(My; s1)Z1(Ma; s2) = Z + Z + Z 51752
1<m<n 1<n<m 1<m=n men

= Zy(Mi My, My; s1,82) + Zo(My, My Ma; 2, 51) + Z1 (M1 Ma; s1 + s2).

(81)
From Theorem 2, we see that (81) holds for all (s1,s2) € C2.
Proposition 2. The double series
B 0o 00 (Z'Ozfl)QernFQm.yn 4 (iail)eranm_i_gn
9(s) = Z Z ms(m +n)s
m=1n=1
can be continued meromorphically to C. In particular,
1
¢(0):18{6—\/5+(2—3\/5)i}. (82)

Proof. Putting My = Ms = Sy(=ia"'Q) and s; = s3 = s in (81), we see that

ZQ(SE, S4;8,8) + Z2(Sy, S:f; s,8) = Z1(Su; 3)2 — Zl(Sz; 2s)
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holds for all s € C, because 1 is not an eigenvalue of Sy and S7. Compare the (1,2)-
entries of the both sides of the above formula. Using (68), (77), (78) and (70) and the fact
a+a~ ! =+/5, we have

Z Z ZCY 2m+nF2 it (ia—l)m+2nFm+2

ninct me(m +n)°

. (83)
\f {Ll (s;4)° — Li(s } N {Li(s; —1) — Li(s; _074)} )

which gives meromorphic continuation of ¢(s). In particular, by (72), (73) and (83), we
have

$(0) = {LI(O i)? — Li(0; —ia?)* — (Li(0; —1) — Li(0; —a™*)) }

B i \? [ —ia? 2+1 a
VARV 1+ia—2 2 1+a4

:118{6 ~V5+(2- 3\/5)7;}.

n—\%‘»ﬂ
(@)

&

Example 4. Consider the case S; = a~'Q. We set M = S;. Then it follows from (68)
and (77) that the (1,2)-entry of M™ is a ™F,, = (1 — (—a~2)™)/V/5 = O(1) = O(m'~).
Hence, by (29) in the case k = 1, we have

i i B i o (84)
m(m + n)? m3
m=1n=1 m=1

This is a sum formula with Fibonacci numbers on the numerator. Note that this also comes
from (28).

7 Proof of Theorem 3

In this section, we give a proof of Theorem 3. The method given here is essentially the same
as introduced in the proof of Theorem 2.1 in [27]. We begin by recalling the well-known
result -
—1)™ si 0 6
ZM}* (< <), (85)
m 2
m=1
where the left-hand side is uniformly convergent in the wider sense with respect to 6 €
(—m,m) (see [31, §3.35 and §9.11]). It is also known that

yo COTeosmb) g g (86)

m=1
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is convergent uniformly in the wider sense, whose value we denote by C(6). For k € N and
r€Rwith 0 <z <1, let

H(0; 2; k) = 2 (i (—1)%”;5?) cos(m9)> (

m=1

n 2

WE

(—1)™sin(nd) N 9)

n=1

= 1) x™F (m) sin((m + n)6
5 brergtetn

_ i (—1)m+anF(m) sin((m +QZ )y mF( ) cos(m8)

mkn

)

m,n=1
m#n

which is uniformly convergent in the wider sense with respect to § € (—m, 7). By (85), we
see that

HO;z;k) =0 (0 € (—m,m)). (88)

Therefore we have ) -
o OH(0;z;k)dd = 0. (89)

ﬂ- —T

By partial integration, it follows from (87) that

[e.9] o0
N Z mk m+n)+ Z mk QZ k+2 - (90)
m,n= m,n

m;én

Setting | = m —n and j = n—m in the second term on the left-hand side of (90) according
as m > n and m < n respectively, we obtain

—2 oy t2 ——5 =0.
mznzl mn(m + n)* mz’n:l mbn(m + n) + 7,; mk+2 (91)
1 1 1 1
[ T R 0
ab <a+b>a+b’ (92)

we see that the first term of the left-hand side of (91) tends to 2Z2(F3;1,k+ 1) as © — 1.
As for the second term of (91), using (92) repeatedly, we have

> x™F(m > z"F(m > z"F(m
Z m’%(m? —i-)n) - Z m”“(m:-T)L)2 * Z mk_ln(rfl—:n)Q

m,n=1 m,n=1 m,n=1

Moreover, using the relation

k+1 oo 00 m
z"F(m
Y et Y st 9
h=2m,n=1 m,n=1

We see that each side of (93) is absolutely and uniformly convergent with respect to = €
[0,1]. Hence (93) holds for # = 1. Thus we have (25). This completes the proof. <
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Remark. On the right-hand side of (87), the order of summation can be interchanged. If
F =1, this is true even in the case x = 1, k = 1. In fact, let

iy = 3 3 S0

n

m<M n<N
Then by (85) and (86) we have
1 (1™ =~ (—1)™
J\}iinooaMN = T;V( n) {cos (nd) zjl m) sin(m@) + sin(nd) zjl m) cos(m&)}
3 (=1)"
n<N

{_Z cos(nf) + C() sin(nﬂ)} = an,

say. Then ay — —0C(0) as N — oo. The convergence of (85) and (86) implies the existence
of A > 0, independent of N, for which ‘Zn<N(—1)”n_1cs(n9)‘ < A holds for any N (where
cs stands for sin or cos). On the other han:i, for any € > 0, there exists a sufficiently large
M = M(e) for which ‘ZmZM(—l)mm_lcs(mG) < ¢ holds. Therefore

lany —apn| < Z (_;)ncos(n@) : Z (=)™ cos(mb)

n<N m>M m
=" . =™ .
+ Z Tsm(nﬁ) : Z Tsm(m@) < 2A¢,
n<N m>M

which implies that the convergence ayy — any (as M — o0) is uniform in N. Then by a
well-known property of double series we can conclude that

1)™* " sin((m + n)6 1) " sin((m + n)f
ZZ ( + )) ZZ ( + ))'

m=1n=1 n=1m=1

The case involving sin((m — n)#) is similar. The situation (87) is simpler because of the
factor 2, 0 < z < 1.

8 More general form of vectorial sum formulas

Based on the consideration in the previous section, we give a generalization of the result in
Theorem 3, namely, a certain sum formula for values of vectorial zeta-functions (9).

We start with the following elementary lemma which can be immediately proved by induc-
tion. Note that here and from now on, the empty sum (resp. the empty product) implies 0

(resp. 1).
Lemma 5. Forr € N,

r r j—1 r
S E Zj = E H COSTy | -SINT; - | COS E Lp

J=1 Jj=1
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Corresponding to this relation, we define

T o0 o g1
(—1)™ cos(m,,0)
G, (6) = .
;m21 mjzl::].l/gl My
X z_:l (=1) anljn(m] ) ’ 00
g g ()
mjy1=1 mr=1 H;=j+1 mp

As noted at the beginning of the previous section, the right-hand side of (94) is uniformly
convergent in the wider sense with respect to § € (—m,m), so is continuous. The order of
the last multiple sum on the right-hand side can be interchanged freely, which can be seen
as in the remark at the end of the last section. By (85), we see that

G (0)=0 (—m<0<m). (95)

Similarly to Theorem 3, let F = (fi,..., f;) : N — C? be a function which satisfies that,
for a fixed k € N, fj(m) = O (m*=) (1< j <q). Forr € Nwithr >2and z € [0,1), we

define
H, (0:2: k) = 2 (2 Sl Cos(w)) Gror(6). (96)
=1

Note that Ha(0;2;k) = H(0;x; k) defined by (87). As a multiple analogue of (89), we
obtain, from (95), the following integral representation.

Proposition 3. Forr € N with r > 2,

1 s
— H,.(6;z; = 0.
o /ﬂ@ (0;x;k)dd =0 (97)

This may be regarded as a “primitive” form of vectorial sum formulas. Indeed, as we
considered in the previous section, the integral representation (97) in the case r = 2 gives a
vectorial sum formula for double zeta-functions. Similarly, we consider the case r = 3 and
prove the following.

Theorem 5. For K € N with K > 3,

> > Fm)
k1

k k
k1,ko>1, k3>2 | mq,mo,m3€eN my (ml + m2) 2(m1 +ma + m3) s
k1+ko+k3=K

+ ¥ 3 F(mgy) — F(mi + mo)

ml(ml + mg)kQ (m1 + mo + m3>k3

ko>1, k3>2 m1,m2,m3€EN
ko+kz=K—1

n Z F(mg) — F(m1 + m3) — F(mg + mg) + F(m1 —+ mo + mg)
my (m1 + mg)(ml + mo + mg)K_2

m1,ma,m3EN
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- i F(m) (98)

holds.

In particular when F(-) = 1, we can see that (98) implies the ordinary sum formula for

triple zeta values

1
Z Z M (m1 + ma)k2(my + mg + ms)ks = C(K)

m
k1,kg>1, kr>2 m1,ma,m3EN 1
kq+hothy=K

for K > 3.

In view of Theorems 3 and 5, we propose the following conjecture which implies vectorial
sum formulas for multiple series:

Conjecture 1. Forr € N and K € N with K > r,

)3 )3 —n]
k
ki,onkp 121, kr>2 | my,ma,...,mrEN mll(ml + m2)k2 (ml +ma + mS)kS T (Z§:1 mj)kr
kyt A k=K

Z Z F(mg) —F(m1 +m2)

_l’_
m1(m1 i mg)kg(ml +ms + m3)k3 .. (ijl mj)km

kgyovskp_12>1, kr>2 | mq,mao,...,msEN
ko4 dkpr=K—1

DS

kg,...kp_121, kr>2 | my,ma,...,mr€N
kg4 +kr=K-2

Z F(mg) — F(m1 + mg) — F(mQ -+ m3) + F(m1 =+ mo + m3)
ma(my + ma)(my + mg + mg)ks - - (Z;Zl mj)kT

F(m,) — Zj<7' F(m; +m;) + Zj1<j2<rF(mj1 +my, +my) =

mi(my + ma)(my +mag +mg) - (3521 my) (35 my) K-+l

For example, the case K = r + 1 (hence the only possible choice is (k1, k2, ..., ky—1, k) =
(1,1,...,1,2)) implies that

Z Zr F(mj) - 2j1<j2 F(mjl + m]é) R (_1)T_1F(Z;:1 mj)

Jj=1
mi,ma,...,mprEN

my (my + ma)(my +ma +mg) -+ (3521 my) (35— my)?

(m)

mr+1 :

o

=

29



In particular when F(-) =1, (99) coincides with the well-known formula

CEZ,T(la 1,---,1, 2) = C(T + 1)
In fact, we can numerically check the formula (99) in the case r = 4.

In the rest of this section, we give a proof of Theorem 5. First we prove the following
lemma. For simplicity, we put F(m;z) = z™F(m) for z € [0,1).
Lemma 6. With the above notation, and for k € N and x € [0,1),

o0 [e.o]

F‘(m—l-n'aj l—|—m+n x) i‘(l—km;m)
s (1
ln;l I+ m)(m+ ) Z {0+ m) I+ m )l T e lmQ(Hm)k, (100)
S (l; ) G F(l;x)
B 101
ln%:1 Fn(l+m)(m+n) ln; Ikm(m +n)(l +m +n) Z lka l+m (101)

Proof. The left-hand side of (100) is equal to

oo o0

m—i—nm > F(m+n;z) o= (1 1
> S a2 otk 2o ()
1
l

m,n=1

We divide the inner sum on the right-most side into two parts according as [ = m and
[ < m, and we set m =1+ j (j € N) in the latter case. Then the right-most side is equal to

X F(m+n;2) F(l 4 j +n;z)
Z m2n(m + n)k Z lnl+] Y+ 7+ n)k (102)

m,n=1

Using the relation

1 1 1 1
- - 1
a(b+ c) a+b—i—c<a+b+c> (103)

and then (92), we see that the second member on the right-hand side of (102) can be
rewritten to

F(l+m +n;x)
3
Z L1+ m)(l+m+n)kt+l’

l,m,n=1
Thus we obtain (100).
Next, by rewriting the left-hand side of (101) to

o0

Z lkl—i—m an+n

n:l

and argue similarly to the proof of (102), we see that this is equal to the right-hand side of
(101). This completes the proof. <

30



Now we prove Theorem 5. From (94) in the case r = 2, we can easily see that

(=)™ sin((m 4 n)d ™ cos(mb
Gy = Y +ez (L costmt)
m,n=1

which is uniformly convergent for § € (—m, 7). Substituting this series into H3(6; x; k) in
(96), and calculating (97) in the case r = 3, we obtain

> F(l;z) > F(l;z)
0=—
l Z 1lkmn(l+m+n) * l 2—1 lkmn(l —m —n)
N l’;n*r’nn-:n

(104)

2 Z Fem(l + m)? l+m Z zk +7Z 1k+1 ‘

We divide the second member of (104) into three subsums according as (i) | > m, (ii) [ < m,
and (iii) [ = m. On (i) we set j = —m, while on (ii) we set j = m — [. We further divide
part (i) into two subsums according as j > n, j < n. We also divide the fourth member of
(104) into two subsums according as [ > m, | < m. Applying Lemma 6 (to the part j <n
of (i) and part (ii)), we can rewrite (104) to

F(l;z) 2 F(+m+n;z)
-3 Z lk m—l—n(l—Hn—i—n)+ Z lmn(l+m+n)k

l,m,n:
F(l +m + n;x) 20 F(l+m;x)
—3 +2 T
”;1 Il +m)(l4+m + n)k+l Z Fm(l +m)? l+m 7m:1lm2(l+m)k (105)
Z lka l+m Z l"”rl
= —3A1+A2 —3A3+2A4+A5+A6+A7,
say. Applying (103) repeatedly, we have
s F(n;z)
_Z Z Ik=im l+m+n3+2 - Z I(l+m) l+m+n)k+1’
7=01lmm=1 I,mmn=1
and then, using (92) repeatedly, we obtain
k—1k—j—1 o0 ()
Ay = . 4
1 Z Z Z F=i=p(l + m)P+1(l + m + n)it2
j=0 p=0 l,mn=1
(106)
s F(m;z) F(n; )
+j:0“;::1 L4+ m)*=i(l +m + n)it2 +l§ +m) l+m+n)k+1
Also, using (92) repeatedly, we obtain
—  F(x)
4_22 l]l+mk+3j+lz m(l + m)kt2’ (107)

j=llm

)
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Now we use a result of [27]. It is easy to see that we can replace factors of the form z!,

which are implicitly included in (3.13) of [27], by f‘(l ;). This implies

As +Ag = A4 —3 E I<:+3 A, (108)
Moreover we have
= Fl+maz) <~ F(a) = F(m; 2)
A7 = _— - 109
7 l%;l 12(1 + m)k+1 + %z:l F+1(1 + m)2 +mz::1 mk+3 (109)

by the harmonic product relation. Combining (107), (108) and (109), we have

2A4+A5+A6+A7_3A4—3ZT3>+3A7
o > Fs S (110)
m; )
—32;:1” l—|—mk+3 ]+3lzl (l+mk+2 Z l2l—|—mk+1
J m= ,m=

Applying Theorem 3 to the double sum on the right-hand side, we obtain

F(l 4+ m;z) (I +m;x) o~ F(m:x)
244+ A5+ Ag + A7 =3 Z lim Z 121+mk+1+32 m*E (111
m=1

= 3A8 + 349 + 3410,

say. Next, since
i Loyt
Im  mn l+m+n

1 1 1 1 1 1 1 1 1
=l3+=)—+[=+= +{7+= :
{<l >l+m <m n>m+n (l n>l+n}l+m+n

we find that As = 6A3. Noting this fact and (111), we can rewrite (105) as

—A + (2A3 + Ag + Ag) + Ay = As. (112)

Putting m + n = ¢q, we have

(l+q;x)
le—l—qkﬂzl—i-m

while putting I + m = r we have

o0
n+7‘x 1
A?’: Z Tl—l-?"k+ T
n,r:l =1
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Therefore

X F(l+mz) | 1 1
245 + As + A - -
3t As Ao = ~ (I +m)F+1 z_: +Z;j+ 7
- ! (113)
[e.e] o
l—i—m:v 1

Now we use the identity

k
1 (1_ 1 > B 1 0y 1
(+mFE NG T+mtj)  jl+m+ )Rt = (+m)u(l+m o+ j)k+2e

to the right-hand side of (113), and then apply (92) to the first double sum of the resulting
expression. We find that (113) is

e} o

B (I +m;x) I+ m;x)
a Z U+ )0 +m+ i) Z G+ )1 +m+ gkt

l,m,j: l,m,j=1
F(l +m;z)
+Z Z l+mul+m+])k+2—u'
u=11[lm,j=1

Substituting this result and (106) into (112), and putting K = k+ 3, we arrive at a formula
which is almost the same as (98) but F(-) is replaced by F(-;z). Finally, as in the proof
of Theorem 3, we can let x — 1 because of the uniform convergence. This completes the
proof of Theorem 5.

Remark. At present, it seems to be hard to give the proof of Conjecture 1 for general r.
In fact, if we obtain its proof then we consequently obtain a brand-new method to prove
the sum formulas for Euler-Zagier multiple zeta values, which does not depend on Drinfel’d
integral expressions.
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