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We report on the theory of functional relations among zeta-functions of root
systems, including known formulas for their special values. In the first part of
this paper, we present known results on value-relations and functional relations
for zeta-functions of root systems of Ay type. Also, in view of the symmetry of
underlying Weyl groups, we discuss a general framework of functional relations.
In the second part of this paper, we prove several new results; we give a method
for constructing functional relations systematically, and prove new functional
relations among zeta-functions of root systems of types As, C2(~ B2), B3 and
C3, which include Witten’s volume formulas as value-relations with explicit
values of coefficients.
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1. Introduction

Let N be the set of natural numbers, Ny the set of non-negative integers, Z
the ring of rational integers, Q the field of rational numbers, R the field of
real numbers and C the field of complex numbers.

The multiple zeta value (MZV) of depth r is defined by

1
C(k1, ko, ky) = Z IO TN Te— (L1)

my>mo>->me>1
for ki,ko,... .k, € N with k1 > 1 (see Zagier [51] and Hoffman [12]). It
was Euler who first studied the double zeta values and gave some relation
formulas among them such as

N
—

¢,k —g) = (k) (1.2)

<.
Il
N

for k € N with k& > 3, where ((s) is the Riemann zeta-function. Equation
(1.2) is called the sum formula for double zeta values (see [9]). Research
on MZVs has been conducted intensively in this decade (see the survey,
[4,13,15]). A recent feature of studies on MZVs is to investigate the structure
of the Q-algebra generated by MZVs.

On the other hand, in the late 1990’s, it was established that the mul-
tiple zeta-function ((s1, s2,...,8,) of complex variables can be continued
meromorphically to the whole complex space C” by, for example, Essouabri
( [7,8]), Akiyama-Egami-Tanigawa ( [1]), Arakawa-Kaneko ( [3]), Zhao
( [52]) and the second-named author ( [23,25]).

Based on these researches, the second-named author raised the following
problem several years ago (see, for example, [27]).

Problem. Are the known relation formulas for multiple zeta values valid
only at positive integers, or valid continuously also at other values?

In other words, is it possible to find certain functional relations for
multiple zeta-functions, which include some value-relations for MZVs? A
classical example is the following formula which is often called the harmonic
product relation:

C(51)¢(s2) = C(s1,52) + ((s2,81) + ((51 + 52).

As a related result, Bradley showed a certain class of functional relations
called partition identities (see [5]). However, there are many kinds of rela-
tions among MZVs, so it is natural to expect that there will be many other
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classes of functional relations. For example, it seems interesting to prove
certain functional relations which include sum formulas for MZVs. In order
to give an “answer” to some specific cases of this Problem (the specifica-
tion being clear from the context), we consider a wider class of multiple
zeta-functions as follows.

Let g be a complex semisimple Lie algebra with rank r. The Witten
zeta-function associated with g is defined by

Cw(s;g) =) (dime) ", (1.3)

©

where the summation runs over all finite dimensional irreducible represen-
tations ¢ of g.

Witten’s motivation [50] for introducing the above zeta-function is to
express the volumes of certain moduli spaces in terms of special values of
(1.3). The expression is called Witten’s volume formula, which especially
implies that

Cw (2k; g) = Cw (2k, g) ™" (1.4)

for any k£ € N, where n is the number of all positive roots of g and
Cw(2k,g) € Q (Witten [50], Zagier [51]). In their work, the value of
Cw (2k, g) is not explicitly given.

Let A be the set of all roots of g in the vector space V' equipped with an
inner product (-,-), A4 the set of all positive roots of g, ¥ = {ay,...,q,}
the fundamental system of A, and a;/ the coroot associated with a; (1 <
j < 7). Let Ai,..., A\ be the fundamental weights satisfying (o, \;) =
Aj(e)) = 8;; (Kronecker’s delta). A more explicit form of (w(s;g) can
be written down in terms of roots and weights by using Weyl’s dimension
formula (see (1.4) of [18]). Inspired by that form, we introduced in [18] the
multi-variable version of Witten zeta-function

CT(S7g) — Z Z H <av7m1)\1+"‘+mrAr>_saa (15)

my1=1 my=1lacAy

where s = (sq)aca, € C". In the case that g is of type X, we call (1.5)
the zeta-function of the root system of type X,, and denote it by (.(s; X;.),
where X = A, B,C,D,E,F,G. We also use the notation (w (s; X,) and
Cw (2k, X,), instead of {w (s; g) and Cyy (2k, g), respectively. Note that from
(1.5) and [18, (1.7)], we have

Cwis; Xr) = K(X,)%Cr(sy..., 8 X,), (1.6)
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where

K(Xy) = [] (@ A+ +A). (1.7)
aEA L
For example, K(A3) =2 and K(C2) = 6 (see [18, (2.4) and (2.10)]).

More generally, in [18], we introduced multiple zeta-functions associated
with sets of roots. In fact, we studied recursive structures in the family of
those zeta-functions, which can be described in terms of Dynkin diagrams
of underlying root systems. The meromorphic continuation of those zeta-
functions is ensured as a special case of Essouabri’s general theorem ( [7,8]).
It can also be proved by using the Mellin-Barnes integral formula (see [26]).

In [19], we established a general method for evaluating (. (s, ..., s; X;)
at positive integers by considering generalizations of Bernoulli polynomials.
In terms of those generalized Bernoulli polynomials, we gave a certain gen-
eralization of Witten’s volume formula (1.4) with explicit determination of
the constant Cy (2k, X.).

Several cases of zeta-functions of root systems had already been studied.
A typical case is of As type:

o0 o0 1
Ca(s1, 82,535 Ag) = Z Z Ty e (1.8)

m=1n=1

In the 1950’s, Tornheim [39] first studied the value (2(d1,d2,ds; As) for
dy,ds,ds € N, which is called the Tornheim double sum. Independently,
Mordell [33] studied the value (2(2d,2d,2d; A2) (d € N) and proved, for
example,

I 6
= %ﬂ' .
This determines the value of Cy (2k, A2) in (1.4). Following their works,
several value-relations for (»2(s1, S2,s3; A2) were obtained by several au-
thors (see [6,14,37,40,51]), and also those for its alternating analogues
( [41,43,48]). On the other hand, from the analytic viewpoint, the second-
named author [24] studied the multi-variable function (s(s1, s2, $3; A2) for
81,892,583 € C which is also called the Mordell-Tornheim double zeta-
function, denoted by (arr2(s1, s2, $3).

Using (2($1, S2, $3; A2), we can give an “answer” to the Problem, that

C2(272,2;A2) (19)

is, functional relations, for example,
C(s+1,1) = Ga(s, 1,15 A2) +((s +2) =0 (1.10)

which holds for all s € C except for singularities of the three functions on the
left-hand side. In fact, letting s = k — 2 for k£ > 3 in (1.10) and considering
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partial fraction decompositions, we can obtain the sum formula (1.2). This
implies that (1.10) is an answer to the Problem. More generally the third-
named author ( [47]) proved functional relations for (2(s1, s2, $3; A2) which
include (1.10) (see Theorem 3.1), and for its alternating analogues ( [45]),
and its y-analogues ( [46]). A little later, Nakamura gave simple proofs of
these results ( [34,35]) whose method was inspired by Zagier’s lecture.

As for the case of Cy type, the second-named author defined
Ca(s1, $2, 83, S4; C2) and studied its analytic properties (see [26]). A lit-
tle later, the third-named author gave some evaluation formulas for
<2(k17 ko, k3, kq; 02) (kl, ko, k3, k4 € N) when k1 + ko + k3 + k4 is odd ( [44])

As for the case of Az type, Gunnells and Sczech [10] gave explicit forms
of Witten’s volume formulas of this type. Recently the second and the third-
named authors [30] studied (3(s; A3), and gave certain functional relations
for them.

Based on Zagier’s work [51] and, in particular, on Nakamura’s obser-
vation mentioned above, we found that the structural background of those
functional relations is given by the symmetry with respect to Weyl groups.
From this viewpoint, we considered this structure in [16-19]. In particular,
in [19], we gave general forms of functional relations for zeta-functions of
root systems. We will recall this result in Section 5.

In the first half of this paper, we summarize known results on func-
tional relations for zeta-functions of root systems, which can be regarded
as answers to the Problem. In Section 2, we recall a method of studying
relations among Dirichlet series, which is called the ‘u-method’, introduced
in [42]. In Section 3, we summarize known results on functional relations
for (5(s; Az). In Section 4, we introduce another method to construct func-
tional relations for multiple Dirichlet series ( [31]) which was inspired by
Hardy’s method of proving the functional equation for {(s) ( [11]). In Sec-
tion 5, we recall general forms of functional relations for (.(s; X,) which
we gave in [19]. This is the most general result stated in the present paper,
but in general, from this theorem, it is not easy to deduce explicit forms of
functional relations in each case. Therefore in the latter half of the paper
we give a different method of constructing explicit functional relations. In
Section 6, we prove a key lemma (Lemma 6.2) to give a certain procedure to
construct functional relations systematically, which has the same flavour as
the u-method. In Section 7, by using this lemma combined with a new idea
of making use of polylogarithms, we give a functional relation for (3(s; A3)
which includes the explicit form of Witten’s volume formula of Aj type.
(By “explicit form” we mean that the exact value of Cy (2k, g) is also de-
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termined.) In Sections 8 and 9, by a combination of the methods in Section
4 and in Section 7, we give functional relations for (y(s; C2), for (3(s; B3),
and for (3(s; C3) which include explicit forms of Witten’s volume formulas.

2. A method to evaluate the Riemann zeta-function

In this section, we introduce a method for evaluating the (multiple) Dirich-
let series at positive integers from the information of its trivial zeros, which
is called the ‘u-method’. In [42], the third-named author first established a
method to prove Euler’s formula for (2k) (k € N). By applying this method
to multiple series, several value-relations and functional relations for them
have been given (see [40,44-47]). Here we briefly explain this method and
recover Euler’s formula for ((s):

(71)m7122m71ﬂ_2m

(2m)!

where B, is the nth Bernoulli number defined by t/(e'—1) =
> >0 Bat"/nl. For asmall 6 > 0 and u € [1,1+ d], we let

¢(2m) = Boym (m €N), (2.11)

2¢t = t"
F(t;u) == dru Z Sn(u)m (t] <), (2.12)
n=0

where each &, (u) is a rational function in u and is continuous for u € [1,1+
8] because (9% /Ot*) F (t; u) is continuous for (t,u) € {|t| < m} x[1,1+6]. Let
vyERwith0 <y <, and C, : 2 = e for 0 < ¢ < 2w, where i = y/—1.
From (2.12), we have

/ F(zu)z""\dz = (27”)8 @ (e ny). (2.13)

Let M = M(y) := max|F(z,u)| for (z,u) € Cy x [1,1 4+ ¢], which is inde-
pendent of u € [1,1 + §]. Then we obtain

n 1 e
Entu)l */ |F(z50)] 2|77 dz] <
2 c,

nl (TL S No)

M(y)
,yn
We let ¢(s;u) = >, o (—u) "n~* for s € C. As is well known, ¢(s;u) is
convergent for s > 0 when v = 1 and is convergent for any s € C when
u > 1. Furthermore, we see that ¢(s;1) = (2175 — 1)((s). When u > 1, the
second member of (2.12) can be expanded as —2 Y . (—u) "e™. Hence

we have &, (u) = —2¢(—m;u) for m € Ny. -
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For any k € N and 6 € (—m,7), we set

—u) " sin(nd)
k(0;u) =1 Z TSI (2.14)

Suppose u € (1,1+ 6] and 0 € (77r 7r) then

Z(;S 2k — 2j;u) (0)27+1

— 25 +1)!
k— _ i0)%+1 1 (ig)2m+2h+1
- par Wk —2j5u) 2+ 2 n;)&’"(“) @m+2k+ 1)
(2.15)

If 1] < v < m, we see that the right-hand side of (2.15) is uniformly
convergent with respect to u on [1,1 4 4], so is continuous on u € [1,1 + 4]
(see Remark 2.1 (ii)). On the other hand, the left-hand side of (2.15) is also
continuous on u € [1,1 4 §] from the definition of I} (0;u). Hence we can
let w — 1 on both sides of (2.15).

Now we arrive at the crucial point of the argument. We use the fact that
¢(—2m) = 0, that is, E3, (1) = 0 for m € N and & (1) = 1 (see Remark 2.1
(i)). Then, for 0 € (77r 7T) we have

i0 25+1 i0 2k+1
Z(b 2%~ 2:1) >+ 1! 2((213+1)!' (2.16)

Since k > 1, each side of (2.16) is continuous in 6 € [—m, 7]. Hence we can
let & — 7 on both sides of (2.16) to obtain

( )2j+1 (i7r)2k+1

ZM’“ 2V T 2@k

For simplicity, we define

and Ay = —1/2. Then (2.16) implies that

k
2k + 1)
Z ) As—2j =0
iz <2J +1

for k € N. Since Ay = —1/2, we obtain

t 2k +1 {2 t2m o\ et —et
EhpY Z<2j+1>A2k_2j (2k +1)! ZAZ’" (2m)! 2

= (272"~ 1)¢(2m)

(m S No), (2.17)
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We can easily check that

2 > 2m
— Z (2 = 2*™) Bopy——
0

(2m)!”

so we have Ay, = (22™~1 — 1) By,, for any nonnegative integer m. In view
of (2.17), we obtain Euler’s formula (2.11).

et — eft

Remark 2.1. (i) It should be noted that the fact

—2¢(—2m; 1) (= =2 (2*™*! = 1) ((-2m)) = Em(1) (= 0) (M EN)
(2.18)
(the trivial zeros of the zeta-function!) plays a vital role in the above argu-
ment. In fact, equation (2.18) can be obtained by proving

t’ﬂ
Z{ 20(-n; 1)} Ei{ —2(2" 1) (=)}
tn 4 2 2¢
= n+1— = —_ =
_1+2Z(2 1)B”“(rwl)! SR R
(2.19)

because ((1 — k) = —By/k (k € N; k > 2) and ((0) = —1/2. (ii) Also we
note that ¢(s;u) is continuous in v as u — 14 0 for any s € C. In fact,
similarly to the case of ((s), we can easily see that

et

1
(e2mis — 1) T'(s) /C et +u
where C'is the contour, that is, the path which starts at +oc0, passes through
the real axis, goes around the origin counterclockwise and goes back to +oco.
From (2.20), we immediately obtain the desired continuity.

d(s;u) = 5 Lat, (2.20)

3. Functional relations for ({2(s1, s2, s3; A2)

By applying the method introduced in Section 2 to (2(s1, s2, s3; Aa), the
third-named author gave value-relation formulas for (a(s1, s2,s3; Aa) (see
[40]). Moreover, applying the above method to the double series in complex
variables, he gave functional relations for (3(s1, s2, s3; A2) (see [47]). The
original form in [47, Theorem 4.5] is a little complicated. By using a certain
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transformation formula (see Lemma 6.1, which is [28, Lemma 2.1]), we
obtain the following simpler form.

Theorem 3.1. For k,l € Ny,

C (k7laS.A2) (_1)k<2(k; 871;‘42) + (_1)l<2(la S, kaAQ)
[k/2]

2Z(k+l s ><(2p>c<s+k+Z—2p) .

/2]

22(’““ 2= ><<2p><<s+k+l—2p>

holds for all s € C except for singularities of functions on both sides.

Proof. For 0,r,u € R with r > 1 and w € [1,1 + 4], and k,p € Ny, we let

F(i0;r;u) f:

n=1

-n znt

-1

Tp(i0; ks u) = % {3(i0; k; w) + (=1)P ' F(—ib; k;u) }

k .9 J
- Z d(k — j;u) €p+1+j(zj!)7

=0

where €, = {1 + (—=1)™}/2 for m € Z. Then, similarly to the proof of
(2.16), we see that if k # p (mod 2) and 6 € (—m, ) then J,(i0; k;u) — 0
as u — 1. Let

oo —u —2m—n
R(s1, s;83;u) = Y (=)

m,n=1

S(s1,82;835u) = Z Cu) ™

msins2(m + n)ss



Hirofumi-Tsumura
テキスト ボックス

Hirofumi-Tsumura
テキスト ボックス

Hirofumi-Tsumura
テキスト ボックス

Hirofumi-Tsumura
テキスト ボックス


144

which are double analogues of ¢(s;u). Then, for v € (1,1 + 4],

Ty (i6; k;w)§ (i r5u) = i1y ;{S(k,r; —N;u) + (1P Rk, —N; 75 u)
N=0

N
b (1PN R - N ks u)} (ZN)!

= - (N . . GON  (=i)pmt S 2

_NZ:O ]ZO<j)¢(k—3;u)¢(r+3—N;u)sp+1+j T mZ:lmHT.

As noted above, the left-hand side tends to 0 as w — 1 when k # p (mod 2)
and 6 € (—m, 7). Therefore, similarly to the case of {(s), we can obtain the
original form of the functional relation ( [47, Lemma 4.5]):

CQ(kv l) S5 AQ) + (_1)kC2(ka S, la AQ) + (_1)IC2(la S, ka AQ)
k

=2 > (2" —1) (k- )
PERYS
/2 o Naw 4o
(”),( -+ “><(Z+j+s2u>
= (2u)! j—2p

k (G-1)/2] (i) !
—4 21k _ 1) ¢(k —j SRCUP M. -
Z ( k=) > G 2 0w
ik (2) " v
(7 1+j5-2p
j—2u—1
holds for all s € C except for singularities of functions on both sides, where

k,l € N. Additionally, using a transformation formula in Lemma 6.1 below
( [28, Lemma 2.1]), we obtain (3.21). |

)C(V+j+s2u)

Example 3.1. Setting (k,1) = (2,2), (3,2) in (3.21), we have

C2(37 S, 27 AQ) - C2(37 27 53 AQ) - 42(27 S, 37 AQ) = 1OC(S + 5) - 6((2)C(S + 3)
(3.23)

Setting s = 2 in (3.22) and (3.23), we have (1.9) and

(2(2,2,3; A2) = 6¢(2)¢(5) — 10¢(7), (3.24)
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respectively, where (3.24) was given by Tornheim [39]. Note that
Ca(k,0,1; A3) = ((I, k). Then, setting s = 0 in (3.23), we have ((2,3) —
¢(3,2) = 10¢(5) — 5¢(2)¢(3). On the other hand, it is well-known that
€(3,2) +¢(2,3) = ¢(2)¢(3) — ¢(5). Combining these results, we obtain the
known results

C(2,3) = 54(5) ~ 2B €(3,2) = —¢(5) + 3EC(R),

which were originally obtained by double shuffle relations.

Remark 3.1. In [32], the second and the third-named authors generalized
the result in Theorem 3.1 to the case of polylogarithmic analogues, that is,

oo oo o0

mn xn xm-i—n
" 4 (—1)k 7 4 (1) e
P e S P O ey A e AP BT e
[k/2] oo
k+1—-2p—1 ™
=2 Z < k—2p >C(2p) Z mstk+i—2p
p=0 m=1
(/2] oo
k+1—-2p—1 x™
+2 < ( - 2p )C(Qp) m; mstkH—2p°
(3.25)

for x € C with || < 1. The idea of this generalization gives an important
key to construct functional relations for zeta-functions of the type of As,
Cy, Bs and C5 (see Remark 7.1).

In [34], Nakamura gave an alternative simple proof of (3.21) whose
method was inspired by Zagier’s lecture. We explain this method. We
denote by {B,(z)} the Bernoulli polynomials defined by te*!/(e! — 1) =
Yonso Br(@)t™/n! (Jt| < 2m). It is known (see [2, p.266 - p.267]) that
B2j(0) = sz for J € Ny and

K

B ]' ) e27rik:r .
k0
where [-] is the integer part. For k € Z, j € N we have

/1 ¢k B (1) da = {0 o (k=0) (3.27)
0 —(2mik)=741 (k #0),
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by (3.26). We further quote [2, p.276 19.(b)], for p,q > 1, which is

k=0
(3.28)

On the other hand, for a,b > 2, and R(s) > 1, we have

27'r1l:c e27'rimm e e—ZTrinx
/ — —dz = ((a, b, s; As),
0 m n

=1 m:l n=1

271'7,mx X —2minx

(&
dx = ((b i A
‘/0 ZZ erl ; ns X CQ( ;' S, A 2)3

1 eQTrilx e e—27rin;c
[ X e X o=t b =)
=1 m=

Combining these relations and (3.26)-(3.28), we see that

CQ(aa b7 S; A2) + (_1)bc2(ba S, a; AQ) + (_1)(1(2(87 a, b7 AQ)
9 max(a,b)/2

e x (el (a) a0

X (a+b—2k—1D(2K)IC(2k)C(a + b — s — 2k),

which coincides with (3.21). Nakamura also gave some more generalized for-
mulas for double zeta and L-functions and triple zeta-functions of Mordell
and Tornheim type ( [35,36]). Furthermore triple zeta and L-functions were
studied by Nakamura, Ochiai, and the second and the third-named authors
( [28,29]). The aforementioned Lemma 6.1 first appeared in those studies.

4. Another method to construct functional relations for
Dirichlet series

In this section, we introduce another method to study functional relations
for Dirichlet series, whose basic idea was originally introduced by Hardy.
Hardy gave an alternative proof of the functional equation for ((s) ( [11], see
also [38] Section 2.2). By generalizing this method, we can give functional
relations for multiple zeta-functions, for example, (3.21) in Theorem 3.1.

p+q-
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First we consider a general Dirichlet series Z(s) = >, a,m~* where
{an} C C. Let ®s = p (p € R) be the abscissa of convergence of Z(s). This
means that if $s > p then Z(s) is convergent and if Rs < p then Z(s) is
not convergent. We further assume that 0 < p < 1.

Theorem 4.1 ( [31], Theorem 3.1). Assume that Y . ~_, amsin(mt) =
0 is boundedly convergent for t > 0 and that, for p < s <1,

lim Z am / Lsin(mt)dt = 0. (4.30)

A—00

Then Z(s) can be continued meromorphically to C, and actually Z(s) =0
for all s € C. The same conclusion holds if we assume the formulas similar
to the above but “sin” (two places) is replaced by “cos

We give a simple example showing how to apply this theorem. From
(2.16) and the formula obtained by differentiating both sides of (2.16), we
have

SRRy p _1\vp2

3 W =" o(2p—2v) ((12)V)9,, (4.31)
=1 v=0 .

= (=1)!sin a \wp2utl

3 % =" 6(2¢ - 2v) ((211/)4?1)! (4.32)
=1 v=0

for p € N, g € Ny and 6 € (—m, 7). Note that the case ¢ = 0 in (4.32)
is a little delicate. To prove this case, we define Iy(6;u) for 0 € (—m,7)
and u € [1,1 4 4] by (2.14). Then equation (2.15) in the case ¢ = 0 holds
for uw € (1,1 + §]. From [49, § 3.35] (see also [31, Lemma 4.1]) and Abel’s
theorem (see [49, § 3.71]), we can let u — 1 in (2.15) for Ip(#;u). Then, as
well as (2.16), we obtain the case ¢ = 0 in (4.32). Additionally we note that
if p,q € N then (4.31) and (4.32) hold for 6§ € [—m, ] because both sides
are continous for 6 € [—m, 7.

Combining these results and putting ¢ = 6+, we obtain, for t € R\27Z,

> cos((m +n)t) cos(mt)
> f2 )

 om2n2 n2m—|—n
m,n=1 m,n=1

(4.33)
+6Z cos(m —4C( ) cos(mt):O
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(see [31, Lemma 2.2]). We denote by f(¢) the left-hand side of (4.33). Note
that each sum on the left-hand side of (4.33) is absolutely and uniformly
convergent for ¢ € R. Hence, for s € R with 0 < s < 1, we have

0= /ooots—lf(t)dm

I = cos((m +n)t) > cos(mt)
_/0 ' {ZW+2ZM (4.34)

m,n=1 m,n=1
>\ cos(mt) >, cos(mt)
+6) T A() > St
m=1 m=1

By the same argument as in [38, Section 2.1], we have

/}\Oocos(Nx)dxz[sin(Nx)]io_s—l msin(Nx)dx:O( 1 )

xl=s Nyl-s N N 1'275

for N € N. Using this result, we see that

) = 1 *cos((m+n)x) ,
Jim Z m2n2 /A 215 dx =0,

m,n=1

. = 1 °° cos(max)

Ahjrgo Z n2(m+n)2/ xl=s dz =0,
1 [ cos(mz)

Alin;%;l/A =0 (1=24)

hold for 0 < s < 1. Hence we can justify term-by-term integration on the
right-hand side of (4.34). Therefore it follows from Theorem 4.1 and the
facts

*cosbr . m, _, sec(n(l—s)/2)
/0 xl-s de = 2b ra-s) -’
/ sin bxdm _ Tyes cosec(m(1 — s)/2)

0 .’L'l_s 2 F(l — S)

for b> 0 and 0 < s < 1 (see [49, Chapter 12]) that the functional relation
€2(2,2, 5 A2) +202(s,2,2; A2) + 6¢(s +4) —4C(2)¢(s +2) =0 (4.35)

holds for 0 < s < 1 (and then for any s € C by analytic continuation). This
coincides with (3.22).

By using this method, we can give functional relations for more general
types of multiple zeta-functions (see [31]).
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5. A general form of functional relations

In the previous sections, we present various methods to obtain functional
relations. However in those methods, it is not clear why these functional
relations exist. From the viewpoint of Weyl group symmetry in the un-
derlying Lie algebra structure, we can give a certain explanation of this
phenomenon. In fact, in view of the Weyl group symmetry, we can show a
general form of functional relations for zeta-functions of root systems. For
the details, see [19,22].

First we prepare some notation. Let V be an r-dimensional real vector
space equipped with an inner product (-,-). Let A be a finite reduced root
system in V' of X, type and ¥ = {a3,..., .} its fundamental system. Let
A, and A_ be the set of all positive roots and negative roots respectively.
Then we have a decomposition of the root system A = A, [JA_. Let QY
be the coroot lattice, P the weight lattice, Py the set of integral dominant
weights and P, the set of integral strongly dominant weights respectively
defined by

Qv:éZaiv, P:éZAi, P+:éNO)\i, P++:éN)\i,
i=1 i=1 i=1

“(5.36)
where the fundamental weights {\;}7_; form a basis dual to ¥" satisfying
(ay,\j) = 0i;. The reflection o, : V — V with respect to a root a € A
is defined by c,(v) = v — (a",v)a. For a subset A C A, let W(A) be the
group generated by reflections o, for a € A. Let W = W(A) be the Weyl
group. Then o = 04, (1 < j <) generates W. We denote the fundamental
domain called the fundamental Weyl chamber by C = {v € V | (¥V,v) >
0}, where (¥V,v) means any of (o, v) for oV € UV. Then W acts on the
set of Weyl chambers WC = {wC | w € W} simply transitively. Moreover
if we =y for z,y € C, then x = y holds. The stabilizer W, of a point x € V'
is generated by the reflections which stabilize x. We see that P, = PN C.
For w € W, we set Ay, = AL Nw tA_.

Let I c {1,...,7} and ¥y = {o; | i € I} C V. Let Vi be the lin-
ear subspace spanned by W¥;. Then A; = ANV is a root system in Vj
whose fundamental system is ¥;. For the root system Aj, we denote the
corresponding coroot lattice (resp. weight lattice etc.) by QY = D.c; Zaoy
(resp. P = @,;c; Z X etc.). Let AY be the set of all positive coroots, and
Wh={weW | AY, CcwAY}.

Let y € V and s = (s5),cx € Cl2+l, where A is the quotient of A
obtained by identifying o and —a. Define an action of W to s by (ws), =
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Sw-1o- Now we introduce the “twisted” multiple zeta-function of the form

(s,y; A Z VI H oV /\ (5.37)
AEPL ¢ aEA

A motivation of introducing such a generalized form with exponential fac-
tors is to study multiple L-functions of root systems (see [17,21]). When
y =0 in (5.37), the function (. (s; A) = (,.(s,0; A) coincides with the zeta-
function of the root system A, defined by (1.5).

For s € C, ®s > 1 and z,c € R, let

Lo(w,c) = — L+ 3 YTl (5.38)
@rv-1)* £ (n+o)
n—+c#0

Then we obtain the following general form of functional relations for zeta-
functions of root systems.

Theorem 5.1 ( [19], Theorem 4.3). When I # 0, fors € S andy €'V,
we have

S(s,y;I; A) (5.39)

=Y (II 0™)e s uyia)

weW! a€A 1

_ NAr, (27y/—1)% e 1
— (—1)lan\A |< 11 M) G| =

a€EAL\Ar4 AEPr4 4 a€EAT4
/ / exp 271'\/7 Z xa<av,/\>)( H L’sa(a:a,O))
€A\ (AL UD) €A\ (AL UD)
(H Ls,, ( Y, Z xa<av,)\i>,0)> H dz,.
icle a€AL\(Ar4UD) €A\ (A7 UD)

Remark 5.1. We also studied the case I = () and gave an integral expres-
sion of S(s,y;0; A) similar to (5.39) (see [19, Theorem 4.4]).

Example 5.1. Here we give an alternative proof of (3.23). Set A, =
AL (A2) = {a1,a2,01 + az}, and y = 0, s = (2,s,3) for s € C with
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Rs > 1, I = {2}, that is, Ary = {as}. Then we see that the left-hand side
of (5.39) is

S(s.y:I: A) — — o Ty S————
(s,y: ;) mE _:1 2 (m + 1) mzn;l m2ns(—m + n)?
n= m#n

= C2(27 S, 37 A2) - C?(Sa 27 S; A2) + C2(37 S, 21 A2)
On the other hand, the right-hand side of (5.39) is

((2mﬁ)2> ((%F ) Z ms/ e~ 2VIImE L (0 0V Ly (—a, 0)d

2 3!
_ ((%ﬁf) <(2mﬁ ) Z ms/ e=2V=Tme B0y Ba(1 — 5)da,

2!

by L (z,0) = B(x—[z]) for z € R (see (3.26)). Hence, by using (3.27) and
(3.28), we obtain (3.23).

6. Some lemmas for explicit construction of functional
relations

From the general form of functional relations in Theorem 5.1, it is possible
to deduce explicit formulas of functional relations for zeta-functions of root
systems, e.g., as in Example 5.1. However, if a rank of the root system is
high, then it seems quite hard to give explicit forms directly from Theorem
5.1. Therefore now we introduce a different procedure to construct explicit
functional relations. For this aim, we give some general preparatory lemmas.
We first quote the following lemma from our previous paper. Let ¢(s) :=

anl(—l)” n~% = (21 5 — 1) ¢(s),and e, :==(1+ (-1)")/2 (v € Z).

Lemma 6.1 ( [28] Lemma 2.1). Let f,g : Ng — C be arbitrary func-
tions. Then, for a € N, we have

[k/2] 1 ou o2
Zd)a— easz ) = (26 f(a—26), (6.40)
£=0
and
a [(k—=1)/2] (_1)#7.(.2# 1
k221¢(a_k)5a—k ,;) g(k—2u)m=—§g(a). (6.41)
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Corollary 6.1. With the same notation as in Lemma 6.1, put

[4/2) (1)
h(d)5::;;% g(d‘*Qﬂ)z§pj;jDT (d € No).

Then we have

d
g(d) = =2 &(d—peaph(p) (d € Np).

pn=0

Proof. In (6.41), we replace g(z) by g(x — 1). Then (6.41) implies that
- 1
> ¢la—k)earh(k —1) = —59(a—1)
k=1
for a € N. Replacing a by d + 1 and k — 1 by u, respectively, we obtain the
desired assertion. O

Using Lemma 6.1, we prove the following lemma which is a key to con-
struct functional relations. Let h € N, and

c:={C()eC|leZ, I #0},
D :={D(N;m;n) e RINm,ne€Z, N#0, m>0, 1 <n<h},
A:={a, e N|1 <n<h}

be sets of numbers indexed by integers. We let
(I) _ z(w—l)-»égw—k:-&-l) (k c N),
k)~ 1 (k =0).

Lemma 6.2. With the above notation, we assume that the infinite series
appearing in

h aqn
S (DNCN)EN? =23 N " play — k)ea, —k
Nez n=1k=0



Hirofumi-Tsumura
テキスト ボックス

Hirofumi-Tsumura
テキスト ボックス

Hirofumi-Tsumura
テキスト ボックス

Hirofumi-Tsumura
テキスト ボックス


153

are absolutely convergent for 0 € [—m,w|, and that (6.42) is a constant
function for 6 € [—m,w|. Then, for d € Ny,

_1\N oiNO
Z( 2 ?V(;V) —2ZZ¢ k)ea, i (6.43)
Nez n=1k=0
w+d-—1 -1 mDm;k— — w; eimd i0)¢
{0y e
h an—
WL mz{zz(“’“ Ve
n=1 w=0
D(m;ay, — 1 — w; 10
Xé mk— §+w+1 77)}(5')

holds for 6 € [—m,w|, where the infinite series appearing on both sides of
(6.43) are absolutely convergent for 0 € [—m, 7).

Proof. For d € Ny, put

Gq(0;¢;9;2) (6.44)
1 -1 lC l ilo h an
::N{ZHN()(?_QZ ¢(a77_k)5an7k
<z n=1k=0
Sy (41 ()" Dl k= & me™? (~i0)”
’ 52::0 { E::) ( {-v >(_1)€ mz maFey vl }]
m=£0
1 _Do)eid h_ an
- ﬁ |:Z % - 22 (b(an - k)gan_k
g;g n=1k=0
L (L S " (=1)™D(m; k — v — w;n)e™ ) (i0)”
Xz_%{z%( w )(_1) 2 mdte } vl }
- erd

Note that the second equality of (6.44) follows by putting w = £ — v. Then
the assumption of (6.42) implies that

Go(6;¢;D;U) =Ry (0 € [-7,7]), (6.45)
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where there exists a constant Ry = Ro(€; ;%) € C, because (—1;51/—;/) =
0 if £ > v. Furthermore we can check that G4(0;€;D;2) is absolutely
convergent with respect to 6 € [—m, 7| and that

d
@Gd(ﬂ; C0;U) = Ga—1(0;C;0;2) (deN). (6.46)

In fact, if we differentiate the second member of (6.44) with respect to 6,
then we have

d
—5Ga(0; € D: %)
1 —1)lC(1)eit? o
T a1 |:Z ( )ld*(1 - QZ $an —k)ea, -k
tez n=1k=0
—1+&-v (=1)"D(m;k — &n)e'™ (—i6)"
XZ{Z( E—v )( 1)£;; mg?%fuflne ( Ii')
m=£0
-1 +§ (=)™D(m; k = &n)e'™? (—if) !
- Z ( s e )
m#£0

Replacing v —1 by p in the last member of the above summation, and using
the well-known relation

()0 ()= (7 wmen

we obtain (6.46).

By integrating both sides of (6.45) and multiplying by 7 on both sides, we
have iG1(0; €;D;20) = Ry(i0) + Ry with some constant Ry = Ry (€;D;2).
Repeating this operation, and by (6.46), we obtain

g, 0"
ilGa(0; ;D) = ZRd,kT, (6.47)
k=0
where there exist constants Ry = R (€;D;2) (0 < k < d). We can ex-
plicitly determine {Ry} as follows. Putting = +7 in (6.47) with d + 1
(d € Ny), we have

G+ [d/2] (im)2H
20 {Gat1(m; &0, A) — Ggpa (—m; €, D;2) ) = Mz:;) Rd—2um'

(6.48)
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It follows from (6.44) that the left-hand side of (6.48) is equal to

—2ZZ¢ _kga,,fk

n=1k=0
[(k=1)/2] , k—27-1

PR ) P g

w=0 mez mdtett 21 + 1)' '
m##0
(6.49)
Applying (6.41) with
z—1
d+w w D(m;xz —1—w;n)
o) =3 (117 30 P,
w=0 mez
m£0

we can rewrite (6.48) as

h d+w D(m;ay, — /2] 2"
> 2 (U)o S e

d+w+1
~ m 2v+ 1)
m#0

anp—1

(6.50)
Hence, by Corollary 6.1, we have
h anp—1
v+w w D(m;a, —1—w;n)
:_2Z¢ _VEd VZ ( > ) Z 7:V+w+1
n=1 w=0 meL
m#0
(6.51)
for d € Ny. Therefore, combining (6.44),(6.47) and (6.51), we have
1)t ilo
ZL —2ZZ¢ —k)ea,—k (6.52)
ez n=1 k=0
140
k k—v . .
d—14w w (=1)™D(m; k — v — w;n)e™ Y (i0)”
SAS (L) e L i
v=0 “ w=0 Zii%

d d—p
=2 Y ld—p—v)ea v

pn=0rv=0
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555 (" 1) e 3 Dl o) (O

|
n=1 w=0 mez M
m#£0

Changing the running indices (y, v) into (k, &) with k = p+v and € = u < k,
we find that the right-hand side of (6.52) is equal to the second term on
the right-hand side of (6.43). |

7. Functional relations for {3(s; As)

In the rest of this paper, we will give explicit forms of functional relations
for zeta-functions of root systems by using lemmas proved in Section 6. In
this section, we consider the case of A, type.

Fix p e Nand s € R with s > 1 and z € C with |z| = 1. From (4.31),
we have

m m 1m9

(_1)l€il9 p :N\2j el
Do 2D ¢2p—2) Z =0

1€z j=0 m=1
1#£0

(7.53)

for 6 € [—m, w]. Hence we have

(_1)l+mxmei(l+m)9 p ] 0 ( 1)mxmezm9 (_1)j92j
) 12Pms —2) =20y ) m (27)!

LEZ, 1#0 7=0 m=1
m>1
l4+m+#0

-y =

- ms+2p

m:lm P
(7.54)

for 6 € [—m, w]. Now we use Lemma 6.2 with h = 1, a1 = 2p,

:L.m
C(N) = Z e (N€Z,N#0),
N

and D(N;u;1) = 2NN~ (if 4 = 0 and N > 1), or = 0 (otherwise).
Under these choices, we see that the left-hand side of (7.54) is of the form
(6.42) because e, = 1 (0 < k < 2p) implies &k = 2j (0 < j < p).
Furthermore the right-hand side of (7.54) is a constant, because we fix s,
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and p. Therefore we can apply Lemma 6.2 with d = 2¢ for ¢ € N. Then
(6.43) gives that

(71)l+mxmei(l+m)0

12Pms (1 +m)2¢

1#0, m>1
1+m#0

2j mm1m0
2g—1+275 — 2i-¢ (i6)¢
—23 otz-2 z( ) ey O
j=

£=0
2p—1+2j-¢ )2 12 a™  (i6)*
2p—1 mst2p+2j-¢ ¢l

(7.55)

q
+2> " 6(2q — 2j)
j=0

=0

o

for § € [—m, 7], where we replace k by 2j in (6.43) because (a1, d) = (2p, 2q)
as mentioned above. This relation will play an important role in the next
section. Here we apply Lemma 6.1 to the real part of (7.55) in the case
0 = m and x = 1. Then we have the following.

Prop 7.1. For p,q € N,

1 P rop+2g—2w—1
T T ge = 2 E 2 2p+2¢ —2
, Z 12Pms (1 4 m)24 ( 2¢—1 C@v)¢(s +2p+2q = 2v)
IEZ, 1#£0 =0
1o

+ 22 <2p+ ;}‘i: i” N 1)<(2y)<(s +2p+2¢ — 2v)

(7.56)

holds for s € C except for singularities of functions on both sides.

Note that (7.56) essentially coincides with (3.21) in the case (k,l) =
(2p,2q), because the left-hand side of (7.56) can be easily transformed to
that of (3.21) in the case (k,1) = (2p,2q). This implies that, from relation
(7.53) which is given by multiplying two quantities of A; type, we can obtain
relation (7.56) for zeta-functions of A and Ay type. From the view point of
Dynkin diagrams, we may say that (7.53) corresponds to two vertices, and
the above procedure of applying Lemma 6.2 to obtain (7.56) corresponds to
the fact that the Dynkin diagram of A can be produced by joining those
two vertices. Based on this observation, instead of (7.53), we next combine

=0
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a quantity of A, type and a quantity of A; type to get a relation for zeta-
functions of Az and of As type. From (1.5), we see that the zeta-function
of root system of Az type is defined by

C3(51, 52,83, 54, S5, S6; A3)

NSNS 1 (7.57)
_;;;lslm””SS(l+m)54(m+n)55(l+m+n)56'

Fix p,q,b € Nand s € R with s > 1 and 2 € C with |z| = 1. From
(4.31), we have

(71)m+nxn€i(m+n)0

(71)leil9 p . (i9)2j

S —2) o -2)) o , 0
ZEZZ 2p ]go (25)! me;#o m2ns(m + n)?®
& e

(7.58)

for 6 € [—m, w]. This formula corresponds to a diagram of A, and another
vertex. Next we use Lemma 6.2, which gives the procedure of joining these
two figures to obtain the diagram of As. First, by separating the terms
corresponding to [ +m + n = 0, we have

by

l,m#0, n>1
m+n#0, l+m+n#0

(_ 1)l+m+nxnei(l+m+n)0

12Pm2ans(m + n)2b

p m4n .n ,i(m+n)d i N27
_ (—1)mtngneiltm+n)0 | (_1)ig2
—2)  #2p-2)1 m24ns (m + n)2b (25)! (7.59)
=0 g
m4+nz#0

n

x
- Z 2 20120
£ mPins(m+n)*t
n>1
m+n#0

for § € [—m, w]. We can apply Lemma 6.2 with h = 1, a; = 2p,

n

X

C(N) = Z 12pm2ans (m + n)2b’

sy

'm+i;é0

l+m4+n=N
xn
> m2ans (m + n)2 (v=0, N #0),

D(N;p;1) = ’fifN

0 (v>1, N #0),
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and d = 2¢ (¢ € N). Formula (7.59) implies that the assumptions of Lemma
6.2 are satisfied, so consequently we have
Z (71)l+m+nzn6i(l+m+n)9

2pm2ans 2b 2¢
1,m#0, n>1 l main (m + n) (l + m + n)
m+n#0, l+m+n#0

p 23 : m4r i(m+n)6 0\&
B . 2j —&+2c—1 2t (—1)mtngnelm+mo  (jg)
= 22 ¢(2p — 2]) Z ( 2 _ 1 )(_1) Z mgqns(m n n)2b+26+2j75 f'
=0 &0 s
m+n#0
c 27 . .
. 2j—&+2p—1 2p—1 ™ (i6)¢
—2)_ #(2c—2j) ) < % —1 (=1) > m24ns (m + n) 2242 -¢ g
i=0 = "z
m+n#0
Putting = —e~ (§ € R) on both sides and separating the terms corre-

sponding to [ + m = 0, we have

Z (_1)l+mei(l+m)9

2pm2ans 2b %
1,m#0, n>1 1?Pm2ans(m +n)2 (1 +m +n)
l+m#0, m+n#0
1

I m+nz0

25

Ep 2 : ) — C — . _ meime i 13
- ¢(2p - 2j) <2j 2§ct21 1) (_1)2375 Z m2ans (( 1) ( 9)
j=0

m + n)2b+2et2i—€ ¢l

§=0 m#£0
n>1
m+n#0
25

< ) — — _ ne—inG i £
+23° p(2c—2) Y (2] S+ 1)(_1)2p—1 3 m2qns( 1) (i6)
j=0

- 2p12b+2j—E £
£=0 2]7 1 m#£0 (m + n) P J g

n>1
m4n#£0

1

MZ#O m2p+2qns+2c(m + ?’L)2b :
0

Again we apply Lemma 6.2 with h = 2, a; = 2p, as = 2c and d = 2a for

a € N. Then

Z (_1)l+m€i(l+m)6

2 2 2 20 )
o 12Pm ‘17’15(1 + m) a(m + Tl) (l 4 m TL) c
l+m#0, m+n#0

l+m+4n#0
P 2j 2j—¢ ,
; w+2a—1 2j—€&—w+2c—1
=2 % — 2 1)
> otz ])§;< i )< )( et >

x (~n¥Eew 3T (=1)mem? (i0)¢

m2q+2a+wns(m+n)2b+2c+2j—§—w §|

m#£0
n>1
m4n#£0
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SOSPOSLY) 35 ol GV (SIS AR

£=0 w=0

_ nefinﬁ i 13
X(_1)2p71(_1)2a+w Z ( 1) (9)

m2qns+2a+w (m + n)2p+2b+2j7§7w fl

m#£0
n>1
m+n#0
25 2p—1
w425 — 2p+2c-2—-w
SR 3 oY ) (ST ol
£=0 w=0
1 (i6)¢
_1\2p—1-w
X ( 1) Z m2q+2j7§+w+lns(m + n)2p+2b+26717u é‘l
w2y
m4+n#0
2] 2c¢—1
w425 — wl2p+2c—2—-w
2y vea-2 3 (TS (TT
=0 w=0
| | (i6)
_1\2p—1/_1\2j—&+w+1
X( 1) ( 1) Z m?qns+2j7§+w+1(m+n)2p+2b+26717w é‘l
m#0
nzi%zl#[)

holds for § € [—m, w]. Now we put § = 7 in this equation and take its real
part. For simplicity, we denote the obtained equation by J; = Jo + J3 +
Jy + J5. First we consider J;. This can be divided into the following:

IS DD U

1>1 1<—1 1>1 1<—1
m>1 m>1 m<—1 m<—1
n>1 n>1 n>1 n>1
I+m#0 I+m+#0 m4n#£0
I+m+n#0 m4n#0 I+m+n#0
I+m+n#£0

which we denote by Ji1 + Ji2 + Ji3 + J14. We can immediately see that
J11 = (3(2p, 2q, s, 2a, 2b, 2¢; As). For Jy, replacing | by —I, we have

1
Ji2 = Z (=D)2Pm2ans (—1 + m)2e(m + n)2 (=1 + m + n)2°

1>1, m>1
n>1, l#m
i#m-+n
Here, putting j = —l+m if l <m and k =1 —m if [ > m, respectively, we
have
S = Y 1
12 — . . . . N
S, PR+ )P e e (L + 4 n)? (5 4 n)?e

n>1

1
n>1, ktn
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where the first term on the right-hand side is (3(2p, 2a, s, 2q, 2¢, 2b; A3).
Furthermore, putting 5/ = -k +n if k <nand ¥ = k—n if k > n,
respectively, in the second term on the right-hand side, we can obtain

Jiz2 = (3(2p, 2a, s, 2q, 2¢, 2b; As) + (3(2¢, 2a, 2¢, 2p, s, 2b; A3)
+ (3(2q, s, 2¢,2b, 2a, 2p; A3).

Similarly we can express J13 and J14 as sums of values of the zeta-function
of As type. Therefore J; can be transformed to the left-hand side of the
following theorem. On the other hand, if we apply (6.40) to Jo+J3+J4+J5,
then it can be transformed to the right-hand side of the following theorem
with

1
7(2d,s,2e) = Z m2dns(m + n)2e
m#0, n>1
m+4n£0

for d,e € N. From Proposition 7.1, we see that 7 (2d, s, 2e) can be written
as (7.60) below.

Theorem 7.1. For p,q,a,b,c € N,

C3(2pa 2(], S, 20', 2b> 26; A3) + 43(21)7 20', S, 2q7 207 2b, A3) + 43(2(], 20'7 207 2pa S, 2b7 A3)

+ C3 (zqa S, 267 Qba 20/7 2p7 A3) + <3 (20‘7 Qpa 2ba QQ7 267 S; A3) + C3(2aa 267 2b7 S, 2p7 2Q7 A3)
+ CS (57 267 2p7 2@, 2ba 2qa AS) + CS (2b7 2Q7 20/7 S, 2?» 20; AS) + C3 (2b7 S, 2@, 26], 207 210» AS)
+ (3(2p, 2b, 5, 2¢,2q, 2a; A3) + (3(2¢, 2p, 2q, 2b, 2a, s; A3) + (3(2¢, 2b, 2q, 2p, s, 2a; A3)

P 2 42— 1\ (242 — 2 —w—1
—23 cen 3 ( i )(“ . )
£=0

w=0

X T(2q+2a + w, s,2p+ 2b+ 2¢ — 2§ — w)

c 2 420 —1\ (2p+ 2 — 2 —w—1
oY e Y ( i )(“ i )
£=0 w=0 p

X T(2q,8 +2a+ w,2p+2b+ 2¢c — 2§ — w)

- ] wH2a—26\ (2p+2c—2—w
+2€_ZO<(25);)< § )( oo 1 )

XT(2¢g+2a—26+w+1,82p+2b4+2c—1—w)

a 2c—1
12320 Y (“’“j‘%) (2“;;‘;”‘2)
£=0

w=0
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X T(2¢,s+2a—26+w+1,2p+2b4+2c—w—1)

holds for s € C except for singularities of functions on both sides, where

2 2e — 2 1
7T(2d, s,2e) —ZZ(d+QZ_1V )C(ZU)Q(S—I—QCH—Q@—ZV)

(7.60)

+2Z <2d+§2— 1 1>C(2V)C(s+2d+2e— 2).

Example 7.1. In the case when (p,q,a,b,¢) = (k,k, k, k, k) and s = 2k
for k € N in Theorem 7.1, we recover the explicit expression for Wit-
ten’s volume formula of Az type, which has been proved by Gunnells and
Sczech ( [10, Proposition 8.5]). For example, in the case when (p, g, a,b,¢) =
(1,1,1,1,1), we obtain

443(2a 2, S, 27 27 27 A3) + 243(2a S, 27 27 23 2a A3)
+4¢3(2,2,2,5,2,2; A3) + 2¢5(2,2,2,2,2,5; Asz)

= 678C(s + 10) — 512¢(2)C(s + 8) + 148 (4)¢ (s + 6) + 4C(6)C(s + 4),
(7.61)

because (3(s1, S2, S3, S4, S5, S6; Az) = (3(s3, S2, 51, S5, 54, S6; A3). In particu-
lar when s = 2, we obtain the explicit value of Cy (2, A3), that is,
23 2

2554051500

In our previous work [16, Theorem 3.4], we already obtained the functional
relation between (3(s; As) and (2(s; As), and checked that the functional
relation implicitly implies (7.62), by using the properties of (5(s; A2). On
the other hand, we can see that the above formula in Theorem 7.1 itself
includes the explicit form of Witten’s volume formula of A3 type.

(5(2,2,2,2,2,2; 43) = (7.62)

Example 7.2. By the same method as above, we can obtain the following
formulas ( [30]):

C3(1,1,1,2,1,2; A3) = —1—75§( ) +C(3)C(5)—%C(672),

G(1,1,2,1,2,1; 45) = fﬁiﬁa )"+ 36— 166B)CE) + 5 ¢(6,2),

G1,1,1,2,1,3; 43) = ZC(2)%C(3) +106(2)A(7) — 2¢(9).


Hirofumi-Tsumura
テキスト ボックス

Hirofumi-Tsumura
テキスト ボックス

Hirofumi-Tsumura
テキスト ボックス

Hirofumi-Tsumura
テキスト ボックス


163

Remark 7.1. Here we summarize the method developed in this section.
The starting point is the simple identity (4.31) (and (4.32)), which is based
on the fact ((—2n) = 0 (n € N). One basic idea is to multiply (4.31) by
an infinite series (see (7.53))) to obtain a new identity (see (7.54)). Then
we apply the argument of repeated integration, embodied in Lemma 6.2,
to deduce the functional relations. This procedure is the essence of the “u-
method” mentioned in Sections 2 and 3, though the parameter v > 1 does
not appear in this section.

However, the original u-method (developed, for instance, in [30]) is un-
satisfactory because it only produces functional relations in which some of
the variables should be equal to 0. In order to remove this restriction, we
introduce the idea of considering the infinite series of polylogarithm type
(that is, with an additional parameter x in the numerators). This idea, in-
spired by the method in [32] (see Remark 3.3), was first successfully used
in [16] under the name of the “polylogarithm technique”. This additional
flexibility enables us to deduce more general type of functional relations
such as Theorem 7.1. We will also use this technique in the following sec-
tions.

We may proceed further. Next we combine a quantity of As type and a
quantity of A; type to obtain

(_1)kez’k9 p ) (i9)2j

kEZ =0
k0
» Z (_1)l+m+nmmynei(l+m+n)0 .
1,mez, n>1 2am?ns (1 +m)?e(m + n)Qb(l +m 4+ n)3c B
1,70, 14+ m=0

mAn£0, I+mfn£0
for p,q,7,a,b,c € N and z,y € C with |z| =1 and |y| = 1. Again, by using
Lemma 6.2 repeatedly, we will be able to obtain the functional relation for
zeta-functions of A4 and As type. Then, by using the result in Theorem
7.1, we will be able to obtain functional relations for zeta-functions of Ay
and A; type, which include explicit forms of Witten’s volume formulas of
Ay type, for example,

1
2,2,2,2,2,2,2,2,2,2: Ay) = 20, .
“(2222222222%4) 650970015609375 (7.63)

By continuing this procedure inductively, it seems to be possible to ob-
tain functional relations which include explicit forms of Witten’s volume
formulas of A, type for any r € N.
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8. Functional relations for (2(s; C2)

In this section, we study

1
ms1ns2 (m + n)s3(m + 2n)s

K
K

C2(s1, 82, 83,54, C2) = (8.64)

3
Il
—
3
Il
—

(see [18, (6.1)], also [19, Example 7.3]). As noted in [18, Section 2], we know
that

1
ms1nsz(m + n)ss (2m + n)s4

NE
NE

Ca(s1, 82, 83, 84; Ba) = (8.65)

Q
Il
—
3
Il
_

n

(see [18, (2.11)]), which coincides with (a(s2, S1, S5, $4; C2). This fact is the
natural consequence of the isomorphism By ~ Cj.

Here we consider (3(s;Cs) and construct explicit functional relations
which include explicit forms of Witten’s volume formulas of C5 type.

As we mentioned in the previous section, the procedure of producing
a functional relation for (a(s; As) corresponds to the fact that the Dynkin
diagram of A5 can be produced by adding one edge which joins two vertices.
From this viewpoint, we should step on the procedure corresponding to
adding another edge to the Dynkin diagram of As to obtain the diagram
of Cy, by using Lemma 6.2.

Replacing z by —ze? on the left-hand side of (7.55), we have

>

LEZ, 1F#0
m>1, l4+m##0

(_l)lxmei(l+2m)0

2Pms(l +m)2e

P 2j . > m ,2imo ;
, 2 —1+2j—¢ 0 zMe (i6)*
- 22 o(2p — 2j) Z ( 92— 1 >(_1) g Z maT2a+2—€ ¢l
=0 m=1

£=0
q 27 . o0 im0 (:0\&
) 2p—142j-¢ (=1)mame™? (i0)5

for 8 € [—m,w|. From the first sum, we separate the terms corresponding
to the condition ! + 2m = 0 and move them to the right-hand side. Then,
as well as in the case of (7.54), applying Lemma 6.2 with (h,a1,a9,d) =
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(2,2p,2q,2r) for r € N, we obtain
(_1) m L(l+2m)9

- - (8.66)
le;l#o 2rms(l +m)2a(l + 2m)?
m>1, l+m#0
I+2m7#0
2j 2j—¢
w+2r—1 w
X sm 3 (T e
£€=0 w=0
» 2q—-1+2j—¢—w (- 1)2J£w Z M e2imo (i0)¢
2q_ 1 22r+w m9+2q+2j E+2r 5'

QZ (% — %) i%z:&( w2 — >(_1)w

£=0 w=0

" <2p —1+2j—-¢— w) i (=1)mame™? (i0)¢

2p—1 — mst+2p+2j—&+2r fl
r 25 2p—1 .
. w425 —¢&
+QZ o(2r — 27) Z ( . )(—1)“
j=0 £=0 w=0
p+20-2-w\ i 1 = ™ (i0)¢
x 2 —1 (=1) 95 Erwtl 2y mqmet2at2 Eiop g
m=1
T 2j 2q—1
w425 —¢& w
+2) 0 ¢(2r - 2j) ( - >( 1)
j=0 £=0 w=0

2p+29—2—w ™ (iH)f_O
X 2p—1 mzz:l ms+2p+2i—E+2a ¢l

for 6 € [—m, 7). Then, putting (z,0) = (1,7) in (8.66) and applying Lemma
6.1 to the real part of this equation, we obtain the following relation which
holds for s > 1, and furthermore for s € C except for singularities by the
meromorphic continuation of {s(s; Cs).

Theorem 8.1. For p,q,r € N,
<2(2p7 S, 2qa 27"; C2) + (2(2177 2(]7 S, QT; CQ) + <2(2T, 2(]7 S, 2]7» CQ) + C2(2T7 S, 2(]7 2p, CZ)

P 2p—2v
B 1 2p+2¢g—2v—pu—1\(2r—1+pu
=23 K-t 3 W( 21 21

! a +2¢—2v—p—1\/2r—1+pu
E _ § _q)e
+2 C(2v)C(2p+29+2r —2v +s) (-1) ( op— 1 >( o 1 >

v=0 n=0
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2p—1

" 1 2p+2q—p—2\[(2r—2v+p
" ! +2¢—pu—2\[2r—2v+pu
_ _1)mtl I -
+2) C@v)C(2p+2g+2r—20+5) Y (-1) ( o1 )( or o )

v=0 pn=0

holds for all s € C except for singularities of functions on both sides. Note
that singularities of (2(s, Ca) have been determined in [18, Theorem 6.2].

Example 8.1. Putting (p,q,7) = (1,1,1) in Theorem 8.1, we can obtain

G(2,5,2,2:C0) + G(2,2,5,2, C) = —16C(s +6) + SC()C(s +4). (367)

In particular when s = 2, we obtain

8

302400’
which have already been obtained in [19, (7.24)]. It should be noted that
Equations (8.67) and (8.70) mentioned below coincide with Equations (2.6)
and (2.7) in [16], respectively. Note that, in [16], we used the notation
Ca(s1, $2, 83, S4; Ba) defined by

<2<272a2a2;02) = (868)

o oo 1
Z Z (Qm + n)s1nszm53 (m + 77,)54 ’

m=1n=1

different from (8.65) (see [18, Section 2]).

Remark 8.1. Using the same method as in the proof of Theorem 8.1, we
can prove that

CQ(p7 $,4,T; CQ) + (_1)p<2(p7 q,8,T; CQ) + (_1)p+q<2(r’ q,S,D; C?) (869)

+ (71)p+q+7‘<2(7‘7 5,4, D; CQ)
=2(—1)x

[p/2] p—2v
1 (p+q—2v—pu—-1\/r—1+p
{Z((?y)C(p+q+r—2V+s)ZQH_#( -1 )( 1 )

v=0 pn=0

la/2] q—2v
B (P ta—2v—p—1\/r—1+4+up
+ZC(2y)C(p+q+r 21/+5)Z( 1) < b1 .

v=0 pn=0

)
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[r/2] p—1

1 p+Hq—p—=2\[r—2v+pn
+’;)C(QV)C(p+q+T—2V+s)§2r—2u+/t+l< qg—1 )( r—9u
[r/2] q—1
+qg—p—=2\(r—2v+yp
p ) et (P
N AR (s [y

holds for all s € C except for singularities of functions on both sides, where
p,q,7 € N. For example, we have

(2(2,5,2,1;C2) + (2(2,2,5,1;Ca) + (2(1,2,5,2; Ca) — (2(1,5,2,2;Cy)
(8.70)

= 30(2)C(5 +3) — (s +5).

In particular, putting s = 2 in (8.70), we have

G(2.2,2,1;C) = SC2)0(5) - 22C(),

which coincides with our previous result in [44, Example in §3 ]. Note
that the left-hand side of (8.69) is equal to S(s,y; [; A) for A = A(Cy),
s=(p,s,q,7), y =0 and I = {2}. Therefore we can see that Theorem 8.1
corresponds to the case Cy of Theorem 5.1.

9. Functional relations for (3(s; Bs) and for {3(s; C3)
In this section, we consider (5(s; Bs) and (3(s; C3) defined by

(3(s1, 52, 53, S4, S5, 56, 57, 58, S9; B3)

o oo oo
= D0 DT DT mrttmy g ma  ma) ™ (ma o ma) ™ (2mg + ma)

m1:1 m2:1 777,3:1
X (my1 4+ ma + m3) "% (my + 2ma + mg3) %% (2mq + 2mg + m3) %,
(9.71)
and

C3(s1, 52, 53, 54, S5, S6, 57, S8, 595 C3)

oo oo o0
= D0 D DT mytmy w4+ ma) ™ (my + mg) T (ma + 2mg)

mi=1mo=1mg=1
X (m1 —+ mo + m3)757 (m1 —+ mo + 2m3)788 (ml —+ 2m2 + ng)isg,
(9.72)
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which have been continued meromorphically to the whole space whose pos-
sible singularities have been determined in [18, Theorems 6.1 and 6.3]. Note
that (3(s; D3) essentially coincides with (3(s; A3) which has been considered
in [16,30].

We aim to prove functional relations for these functions, namely gener-
alize the result in Theorems 7.1 and 8.1 to the cases Bz and C3. However,
it seems too complicated to treat these cases in full generality. Hence we
study some special cases as follows.

First we prove the following functional relation for (3(s;C3). The basic
structure of the proof, based on Lemma 6.2, is similar to that in the proof
of Theorem 7.1 for (3(s; A3). A novel point here is that we will also use the
result described in Section 4.

Theorem 9.1. The functional relation

8(3(27 27 S, 27 23 25 27 27 27 C3) + 8§3(27 23 27 27 S, 27 27 23 25 03)
+8(3(2,2,2,2,2,2,5,2,2;C3)
184775 16875 51
= 5 (s +16) = = C(2)0(s + 14) +

£ 206)C(s +10) + 1¢I5 +9)

(9.73)

22 @(s +12)

holds for s € C except for singularities of functions on both sides. In par-
ticular when s = 2,

B 19 18
~ 8403115488768000

hence Cw (2,C3) = 19/16209713520 in Witten’s volume formula (1.4).

<3(27 27 23 27 27 27 27 23 27 Cd)

(9.74)

Proof. Instead of (7.53) or (7.58), we start the same argument as in the
proof of Proposition 7.1 or Theorem 7.1 from the relation

(_1)nynein9
ns

M2

{G(6;2,2,2;2) + G(—0;2,2,2;27 1)} =0 (9.75)

n=1

for s > 1, where we denote by G(0;2,2,2;x) the left-hand side of (7.55)
in the case (2p,2q,s) = (2,2,2). Then, by replacing —m (m > 1) by m
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(m < —1) on the left-hand side of (9.75), we can rewrite (9.75) to

(_ 1)l+m+nxmynei(l+m+n)9

?2m?2ns(l 4+ m)?

>

1#0, m#0
n>1, l+m#0

2j

m+nxmyn ei(m-i—n)@ (’60)5

=0 m#0

n>1

2y oe-2 Y (VT T e ©
Jj=0 3

mAt+2i—E&ns &!

2j

1 . _1\n,m,n_ind i I3
2% s2-2) ¥ (HQf f)<—1) > ;)4+€ji;s (? =0
=0 '

o

3

m=£0
n>1

As well as in the proof of Theorem 7.1, separate the constant terms corre-
sponding to [ +m + n = 0 in the first term and to m 4+ n = 0 in the second
term on the left-hand side, move them to the right-hand side, and apply

Lemma 6.2 with d = 2. Then we obtain

(_ 1)l+m+nxmy7zei(l+7rL+'rL)9

Y. s : ;
i Pm?ns(l4+m)2(l+m+n)
n>1, I4+m#0
Fmtn#0

2_21:0 6(2 - 2j) i%fj (”:1)<1)“’<1+2j_5_“’)<1>2j“

£€=0 w=0

Z (_1)m+ngjmynei(m+n)0 (19)5
~ m4+2j757wns (m + n)2+w é‘l
n>1

+...=0,

where we omit three terms on the left-hand side, which are of the form
similar to the second term on the left-hand side. Note that each of their
denominators is of the form of Ay type. Next we replace y by —ye®?, move
the constant terms to the right-hand side and apply Lemma 6.2 with d = 2.
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Then we have
(_ 1)l+mxmynei(l+m+2n)9

l#;#o Pm2ns(l+m)2(l +m +n)%(l + m + 2n)?

n>1, l+m+#0

l+m+4n#0

I+m+2n#£0

1 2j 2j—o 2j—¢—0
) o+1 - w41 o
SO SEEELTD 95 9 (A [SVED D G (STl
7=0 £=0 o=0 w=0
y 1+ 2] _ £ —o—w Z (_l)mmmynei(m+2n)0 (10)5
1 S mMEens (m o+ n) 2 (m + 2n)2 e ¢l
n>1
+.-=0,

where we omit seven terms of the forms similar to the second term. Each
denominator of these terms is of the form of Cy type. Replacing = by —ze®,

applying Lemma 6.2 with d = 2, and putting 8 = 7, we obtain

m, n
Ty
E 4. =0
27,2075 2 2 2 2 ’
i, PmPns(l+m)* (L4 m+n)2(L+m+2n)*(L+ 2m + 2n)

n>1, I+m=£0
I+m-4n#0
I+m+2n7£0
I 4+2m+2n£0

(9.76)

where the omitted terms are of the form of Cs type. Next, we replace (z,y)
by (xew, yem) and (xe_w, ye_w) respectively, and subtract these terms.
Then we have
2™y sin((m + n)o)
Z Pm2ns(l4+m)2(l+ m+n)2(l+m+ 2n)2(l + 2m + 2n)

s+ =0,
1#0, m#0
n>1, l+m#0
m~+n#0
I+m+n#£0
l+m—+2n#0
I+2m+2n£0

(9.77)
where the omitted terms are double series of similar forms.
Finally, in order to complete the proof of this theorem, we need to apply
Theorem 4.1 to each term on the left-hand side of (9.77) with s = 2. Then
we consequently obtain

m,n
™y
Z 2275 2 2 2 2 2
i, PmPns(l+m)2(m+n)2(L+m+n)>(L+m+ 2n)*(l + 2m + 2n)
n>1, 1+ m£0

mAn#£0

l+m+n#0

It m+2n#£0
I+2m+2n0

4o =0.
(9.78)
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We further replace (z,y) by (ew,e%e) and (e_w,e_zw) respectively, sub-
tract these terms, and apply Theorem 4.1 with s = 2. Then we obtain

1
#sz#o 2m2ns(l 4+ m)2(m + n)2(m + 2n)2(l + m +n)2(l + m + 2n)2(l + 2m + 2n)>?
A0 om0
I+ m+ns0
l+m+42n#0
I+2m+2n70

4. =0,

(9.79)
where the omitted terms are finite sums of zeta values of Cy type. Though
we omit their explicit forms, we can also apply Theorem 8.1 to these terms,
and can express them as the right-hand side of (9.73). On the other hand,
similarly to the case of Theorem 7.1, we can transform the first term on
the left-hand side of (9.79) to the left-hand side of (9.73).

Moreover, from (2.16) in [18], we can easily check that K (C5) = 720 (see
definition (1.7)). Hence, combining (1.6) and (9.74), we obtain the value of
CW (2, Cg) O

Similarly we can obtain the following formula in the case Bs.

Theorem 9.2. The functional relation

4C3(2a S, 2) 27 27 27 27 2) 2a B3) + 4C3(87 2) 27 27 27 27 2) 27 27 B3)
+4¢5(2,2,2,5,2,2,2,2,2; Bs) +4(5(2,2,2,2,s,2,2,2,2; Bs)
+4¢3(2,2,2,2,2,2,5,2,2; Bg) +4(3(2,2,2,2,2,2,2, 8,2; Bs)

= (9 9750 4 5626955)@“(5 +16) + (5 L9755 59131)((2)4‘(8 +14)

256 4
+ (5 L2784 17;55)C(4)C(s +12) + %14(6)4(3 +10) + éC(S)C(s +8)

(9.80)

holds for s € C except for singularities of functions on both sides. In par-
ticular when s = 2, we have

B 19 18
~ 8403115488768000

hence Cyw (2, Bs) = 19/16209713520 in Witten’s volume formula (1.4).

43(27272727272727272;B3) (981)
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Proof. The argument is similar to that in the proof of Theorem 9.1. In
fact, instead of (9.75), we start the same argument from the relation

n,n,inbd

= (—1
{H(6:2,2,2,2;2) + H(—6;2,2,2,2,2)} ) j% —0  (9.82)
nS
n=1

for s > 1, where we denote by H(6;2,2,2,2;z) the left-hand side of (8.66)
in the case (2p,2q,2r,s) = (2,2,2,2). Repeating the same procedure as in
the proof of Theorem 9.1, we can describe the left-hand side of (9.80) as
a finite sum of the forms of the left-hand side of (8.69). Hence, by using
(8.69), we can obtain (9.80). The value of Cy (2, Bs) can be calculated from
(1.6), (9.81), and the fact K(Bs) = 720. O

Remark 9.1. Comparing the above two theorems, we see that
Cw(2,B3) = Cw(2,C3). However it does not always hold that
Cw(Qk,Bg) = Cw(Qk,Cg), that iS, Cw(Qk';Bg) = Cw(Qk’;C;;) for k > 2.
In fact, we can compute that

Cw (4; B3) = 1.00066856607695295 - - - ,

Cw (4; C3) = 1.00082905650461486 - - - ,

hence Cyw (4, B3) # Cw (4, C3).

Note that the left-hand side of (9.73) corresponds to S(s,y;I;A) for
A=A(Cs),s=(2,8,2,2,2,2,2,2,2),y =0and I = {3} in the terminology
of Section 5. Next we prove the following result which is corresponding to
the case A = A(Cs), s = (2,s,t,2,u,v,2,2,2), y =0 and I = {2,3}.

Theorem 9.3. The functional relation
C3(27 S, tv 23 u,v, 27 27 27 CB) + 2C3(2a 2; tv S, 27 27 u,v, 2; 03)
+2¢5(s,2,2,2,t,2,u,2,v;C3)

2-2¢ 2-26—7
- oY e+ Y W+
£=0,1 7=0 v=0
2—-2({—1—v
X { Y w+D)B-26-1-v-w)
w=0

1
><ﬁ@(s—FQ—kw,uu—kG—2§—y—w7v+2+1/;02)
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2—26—7—v

(DY @A D)B 2% Ty —w)

w=0

X CQ(s,t+4+w+rv,u+6—2 —w—v,0;Cy)
F (1) Z (w+2—2§—7’—u>(2_w)

w
w=0,1

1
XWC2(3+3_25_7'_V+Wat+2+l/,u+3—w,v+2—|—7;02)
w+2_2£—7'—1/
2 —
4_;221( w >( w)

1

ey (7450)

£=0,1 7=0 v=0,1
1—v

x {(1)T+1 S w+ne-v-w)
w=0

XQgr+3-—v-—wv+3-2{—-7+v,pt+d+71+w;Cs)
1-v

+H(=D) Y (w2 - v —w)

w=0

XCQ(s+2+7mt+5—-2—717+v4w,u+3—v—w,v;Cy)

+(—1) Z (w +u1)—1/>(2_w)

w=0,1
1
X =

+ (=17 Y (w +u1) N V) 2 - w)

w=0,1

Gls+4+T-v4wt+3-2—7+v,u+3—wv;C)

1

><WCz(s+2+7,t+5—2§—T+w,u+3_w’v;02)}

- ¥ (M) S

§=0,1 7=0,1 V=0

l—7—v
X{— S wHe-T-v-w)

w=0
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1
><W@(s—k2+w,t,u+6—2§—V—w,v—|—2+y,;C’2)

l1-7—v

+ (=D Y (w2 -T-v—w)

w=0

X CG(s,t+4+v+wut6—2—v—w,v;CH)
o\ wt+l—-7—-v B
s T (T e
w=0,1
1
><W@(s—i—Q—T—V+w,t+2+u,u+3—w,v+3—2£+7;02)

B Z (erley)(zw)

w=0,1

1
><2V+2Cg(s,t+4—r+w,u+3—w,v+3—2§+7';02)}

Py o Y <r+2T—2§> )3 <y+i—r>

£=0,1 7=0,1 v=0,1
1—v

X {(-1)7+1 dw+1)2-v-w)
w=0

XC(s+5—2+7+w,t,u+3—v—wv+2—7+1v;Cs)
1—v

H(ED)TY (DR v -w)

w=0

XC(s+3-20+nt+44+w—TH+r,u+3—v—w,v;Cy)

s T (YT )e-w

w=0,1

><W<2(5+5_25""7_V+Wat+2—T+V,U+3—w,v;CQ)
+1—v
-1 T+1 w 9 _
+(-1) W_Z()l( w )( w)

><2V+2_T§2(5+32§+T,t+47+w,u+3w,v;C’2)}

holds for s,t,u,v € C except for singularities of functions on both sides.

Proof. As well as (7.53) and (7.58), we begin by combining quantities of
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type A1 and of type Cs, that is,

119 —1ilé 0 27
=1 j=0,1 7! (9.83)
o0 (71)m+nxmyn6i(m+n)0
Z msnt(m + n)*(m + 2n)?

m,n=1

for 0 € [—m, 7], where we fix s,t,u,v € {z € R|z > 1} and z,y € {z €
R||z] = 1}. Then

i (_1)l+m+nxmynel(l+m+n)0 N i l+m+nxmynez( l+m+n)6
2msnt(m + n)*(m + 2n)v 2msnt(m + n)*(m + 2n)v
bmon=t (i

(9.84)
_1)j92j 0 (_1)m+n$mynei(m+n)9

o
-2 Z (2 - 2j) (29)! 21 msnt(m +n)“(m + 2n)v

7=0,1 m,n=

D
L ment(m+n) 2 (m+ 2n)°

for 6 € [—m, 7]. Applying Lemma 6.2 with d = 2, we have
St (_1)l+m+nxmynei(l+m+n)9

Z Pmsnt(m 4 n)*(m + 2n)° (1 +m 4 n)?

l,m,n=1

(9.85)

N Z ( 1)l+m+nx y 6( l+m+n)o
Pmsnt(m +n)4(m + 2n)* (=l +m + n)?

l,m,n=1

l#m-+n
25 . .
: 2j —&§+1 e (i0)°
= ¢(2—2J)Z<J ¢ )(—UQJ 5(—,)
j=0,1 £=0 2j=¢ 3
y i )m—&-nx ynei(m—i-n)e
o msnt (m + n)vt2+2-¢(m + 2n)v
25 , .
. 1+25 — €\ (i0)¢
—2) 6(2-2)) ( ) >(£!)
Jj=0,1 £=0

- =0 (Oel-
X Z ment(m + n)4+2+2—€(m + 2n)° (0 €]

m,n=1

7).
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For simplicity, we denote the sum of the third and the fourth terms on the
left-hand side of (9.85) by

_22¢2_2] Z(lg)

7=0,1

> |: Z {(_1)m+nD1 (m’ n;2j — f)ei(m-i-n)e + Dg(m, n;2j — 5)}xmyn:|
m,n=1

where D;(m,n;v) € R (j =1,2). Since (9.85) holds for y € C with |y| =1,

we replace y by —ye~% with y € C (|y| = 1). Then we have

oo

(—1)Hmgmyneilitm)e .
z,mz,n::1 lQmSnt<m+n) (m+2n) <l+m+n)2 (9.86)
o0 1 l+m ,m,n_ i(—l+m)o
T 2
L Pment(motn)(m+ 2n) (<14 m +n)
l;h;H»’n l#m
—QZ¢2 Q]ZZ{ D™Dy (m,n; 25 — g)zme
Jj=0,1 £=0m,n=1
) i0)¢
+ (=1)"Da(m, n; 25 — f)e""e}xmy"(lgl)
Ty
- 21 M 2t 2 (m + n)u(m + 2n)° (0 € [-m, 7).

Therefore, applying Lemma 6.2 with d = 2, we have

o0

(71)l+mxmyn6i(l+m)9 .
ln%zzl Pmsnt(l +m)?(m +n)“(m + 2n)°(l +m +n)? (9.87)

00 (_1)l+mmmyn€i(*l+m)9
T Z Pmsnt(=l 4+ m)2(m + n)*(m + 2n)* (=1 + m + n)?

lym,n=1

l#m4n, l#m

+2Z d(2 —29) Z i { 1)"D'y m,n;?j—f)eime

7=0,1 £=0m,n=1

) :0)€
+ (=1)"D'2(m,n; 2j — E)e " + D'3(m,n; 25 — §>}$myn (Zgl)
for § € [—m, ] with some D’;(m,n;v) € R (j =1,2,3).
Now we repeat this procedure. Namely, replace y by ye*? and apply
Lemma 6.2 with d = 2. Furthermore, replace z by —ze*® and apply Lemma
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6.2 with d = 2. Then we can obtain the equation

s i(l4+2m+2n)6

(=D'zmy"e

Z Pmsnt(l4+m)2(m+n)4(m+2n)° (I +m+n)2(l+ m+ 2n)2(l + 2m + 2n)?

lm,n=1

(9.88)
L= Pmsnt(=l 4+ m)2(m +n)4(m+2n)" (=l + m + n)?
l#m, l#m+n

I#m+2n, #£2m+2n

(_1)lmmynei(—l+2m+2n)9

% (—l +m+2n)2(—1 4 2m + 2n)?

+2 Z 2—2] Z i {’Dl m,n;2j _5)61(2m+2n)9
j=0,1

£=0 m,n=1

+ (1) "Dy (m, m; 25 — €)e' MM 4 (—1)™ Dy (m, n; 2j — )€ (MT2MI
may . im0 ~ . m 71(7’9)g
+ (=1)"Dy(m,n;2j — )™ + Ds(m,n;2j — §) rx™y o

for 0 € [—m, w] with some 5j(m,n;1/) eR (j=1,2,...,5). Put = 7 and
(z,y) = (1,1), and consider the real part. Then we have

o0

1

Z Pmsnt(l4+m)2(m+n)4(m+2n)° (I +m+n)2(l 4+ m+ 2n)2(l + 2m + 2n)?

lm,n=1

(9.89)
= 1
+
l,m;:l Pmsnt(=l 4+ m)2(m +n)*(m+ 2n)* (=l + m + n)?
l#m, l#m+4n

I#m+2n, #£2m+2n

1
. (—l +m +2n)2(=1l + 2m + 2n)?

22 d(2 —27) Z Z {Dlmn2]—27')+7)2(mn2]—27)
7=0,1

7=0m,n=1

+ Dy(m,n;2j — 27) + Dy(m,n;2j — 27) + Ds(m, n; 2j — 27)}

-1 ‘r,n_27'
X ((2)7_)' =0.

By (9.72), we see that the first term on the left-hand side of (9.89) coincides


Hirofumi-Tsumura
テキスト ボックス

Hirofumi-Tsumura
テキスト ボックス

Hirofumi-Tsumura
テキスト ボックス

Hirofumi-Tsumura
テキスト ボックス


178

with

C3(25 S, t7 2a u,v, 27 27 2, 03)
For the second term on the left-hand side of (9.89), change the running
indices of summation corresponding to the conditions [ # m, | # m + n,

Il # m+2n, 1l # 2m + 2n. Then we can see that the second term on the
left-hand side of (9.89) coincides with

<3(27 S, ta 27 u,v, 27 2a 27 03) + 2<3(27 27 ta S, 2a 2) u,v, 27 03)
+2(3(s,2,2,2,t,2,u,2,v; C3).

Furthermore, using Lemma 6.1, we can rewrite the third term on the left-
hand side of (9.89) as

—2) ¢ Y {51(m,n;2—25)+152<m7n;2—25>
£=0,1 m,n=1

+ D3(m,n;2 — 26) + Dy(m,n;2 — 26) + Ds(m, n; 2 — 2{)}

We can concretely calculate the value D;(m, n; v) in terms of Co(s; Cy) and
¢(s). Combining these results, we obtain the assertion. O

Example 9.1. Putting (s,¢,u,v) = (2,2,2,2), we obtain
3 Cd(Qa 27 27 27 27 2) 27 27 2, CS)
3 1 3
= C2(57 5a 4a 27 02)4(2) - 54-2(57 57 6a 2a 02) + §C2(6’ 47 47 27 C?)C(Z) - ZC2(67 4) 67 2, 02)
3 3 3
+ 42(67 57 37 27 02)4(2) - §<2(6’ 57 57 27 02) - 54‘2(67 8a 2a 27 CQ) + 1(2(77 47 37 27 CQ)C(Z)

9 11 23
- §<2(7a 4a 57 21 02) - EC2(77 57 47 27 02) - §<2(87 4a 4a 27 02) - <2(87 67 2a 27 02)

3 1 3
+ C2(4? 57 47 37 C2)<(2) - §<2(4’ 5) 67 37 02) + 5(2(57 5a 37 35 C2)<(2) - 142(57 57 5a 37 02)

+ C2(65 57 27 37 CQ)C(2) - 136§2(67 5a 45 37 02) - 242(77 47 2a 37 02)4(2) + C2(27 57 5a 45 02)§(2)

3 3 7 15
+ 562(27 63 47 4; CQ)C(Q) - §C2(27 63 6; 4; 02) - §<2(27 77 57 47 C2) - T6<2(27 83 4; 4; 02)
1 3 1 3
+ §C2(47 4) 47 4; CQ)C(Q) - 142(47 43 6; 4; CQ) - 542(47 57 37 47 C2)4(2) + ZC2(4, 5> 57 47 C2)

1 3 3 1
+ Z§2(57 47 37 4; CQ)C(2) - §<2(57 47 5; 4; CQ) - §C2(57 57 27 4’ 02)4(2) + ZC2(5» 57 47 47 02)
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1 3 11 23
+ §C2(67 4a 27 47 CQ)Q(Q) - §C2(67 47 47 47 02) + T6C2(77 5a 27 47 CQ) - 37242(87 47 27 47 02)

- 2C2(27 4’ 5? 5’ 02)<(2) - <2(2? 57 47 51 02)<(2) - %CQ(Qv 6a 57 57 02) - £<2(27 77 4a 57 02)

1 3 3 1

- 54.2(47 4a 37 55 02)§(2) + ZC2(47 47 5a 57 02) + 5(2(45 57 27 57 02)4(2) - ZC2(47 57 47 57 02)
1 1 27 9

- ZC2(57 47 23 5; 02)§(2) + ZC2(57 47 43 5a 02) - ECQ(Ga 55 2’ 57 CQ) + §C2(77 47 23 55 02)
3 3

- 5(2(27 47 63 6; CQ) + 442(27 57 37 67 C2)<<2) - 42(2> 57 53 67 CQ) - gCQ(Qa 67 47 67 CQ)

3 19
- 2(2(37 57 23 6; CZ)§(2) + C2(47 4) 2» 6; CQ)C(2) - §<2(47 41 4; 6; 02) + §C2(5; 57 27 67 CZ)

27
— 33(2(6, 4,2,6; 02) + 4C2(2, 4,3,7,; CQ)C(2) + 2(2(2, 4,5, 7; CQ) + 3(2(2, 5,4,7; CQ)

9 1
- 2(2(37 47 23 77 CQ)C(2) - 142(47 57 27 77 CZ) + §C2(57 47 27 77 CQ) - 6<2(27 53 37 8a 02)

+ 3(2(33 57 2) 87 02) - g@(‘l, 47 27 87 02) - 6<2(27 47 37 97 02) + 3<2<3a 4a 2) 97 02)

The authors also checked this equation numerically by using definitions
(8.64) and (9.72).

Remark 9.2. From these considerations, we can see that our method may
be applied to much wider class of multiple zeta-functions. As another ex-
ample, we will consider the zeta-function (a(s; G3) associated with the ex-
ceptional Lie algebra of type G5 and will give certain functional relations
including explicit forms of Witten’s volume formulas of type G2 in a forth-
coming paper [20].

Acknowledgements. The authors greatly thank Dr. Takuya Okamoto for
his pointing out a mistake in this paper.
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