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Remarks on Shintani’s Zeta Function

By Masato WAKAYAMA™

Abstract. We introduce a zeta function attached to a represen-
tation of a group. We show that the multi-dimensional zeta function
due to Shintani [Sh1], which is a generalization of the multiple Hurwitz
zeta function, can be obtained in this framework. We also construct
a gamma function from the zeta function attached to a representation
via zeta regularization. We study then a g-analogue of the Shintani
zeta function and the corresponding gamma function. A sine function
defined via the reflection formula of such ¢-Shintani gamma function
is shown to be a natural generalization of the multiple elliptic function
in [Ni]. Moreover, a certain non-commutative group-analogue of the
Shintani zeta function is investigated.

1. Introduction

The multiple zeta function is first introduced by Barnes [Bal] (and [Ba2])
in the beginning of 1900s for the study of the multiple gamma functions.
Later, in the mid 1970s, in order to investigate the special values of the
zeta functions of totally real algebraic number fields, Shintani [Sh1] (see
also [Sh2]) introduced a multi-dimensional zeta function (g(s, A,x), where
A denotes an N x n-matrix with positive entries and x € RY (see §3 for the
definition). Also, recently, a detailed study of multiple sine functions, which
are defined through the Barnes multiple gamma functions, has been made
in [KKo] (see [Sh3] and [K] about the initial study). Beside these works,
g-analogue of the Barnes multiple zeta and gamma functions [KW1], and
further, g-analogue of different gamma and multiple sine functions [KW3,
KW2] originally introduced by Holder [Hol|, have been developed in connec-
tion with the study of the Jackson ¢-gamma function, multiple sine func-
tions, and elliptic gamma functions (see, e.g., [Ruij] from the analytic dif-
ference equations viewpoint.)
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In this paper, we introduce a zeta function attached to a representa-
tion of a group. We then define a gamma function for this data by zeta
regularization, like the procedure to obtaining the Lerch formula [L] for
the classical gamma function, and try to understand such functions, first
through a few introductory examples in §2. We observe that these defini-
tions allow us to study several multiple zeta, multiple gamma, and multiple
sine functions known so far from a unified point of view. Actaully, we prove
in §3 that the Shintani zeta function can be regarded as a zeta function
attached to a representation of the additive group C" via the action of
SLy(C)™ on C%", the n-times tensor product of C2. In view of this fact,
we introduce a notion of a group-analogue of the Shintani zeta function.
We especially define a g-analogue of the Shintani zeta function by taking
the multiplicative group ((CX)n instead, and show that the corresponding
gamma function can be expressed as a product of the Appell O-functions
[App] (g-shifted factorials) with some factor given by the multiple Bernoulli
polynomials due to Barnes. One can find furthermore that the g-sine func-
tion defined via such g-analogue of the Shintani gamma function provides
a natural generalization of the multiple elliptic gamma function in [Ni] (see
also the study in [Na]). In §4, we devote ourselves to investigating a certain
(non-commutative) group-analogue of the Shintani zeta function.

To introduce a zeta function attached to a representation of a group,
we first recall the basic invariants of a square matrix. Let A be a complex
N x N matrix. Define a conjugate invariant L;(A) of the matrix A by

Aiyiy " Qigiy,
(1.1) Lp(A) = )
1<y < <ip <N
iip 0 Qigiy,
It is obvious that Ly(A) = det(4), Li(A) = tr(4), and those

(=1)"*L,_1(A) are the coefficients of ¢t* in the expansion of the char-
acteristic polynomial W(¢, A) := det(t] — A) of A.

Let G be a group. Let (p, V) be a finite dimensional (linear) represen-
tation of G. Let v = (y1,72,...,7) be a r-tuple of elements in G and
g € End(V). Let N; be the order of the element p(7i). Of course, if p(v;)
is an element of infinite order, then N; = co. We define a multiple zeta
function Cg’)p?j(s,g;l) of rank r and of height j(1 < j < dimV) for the
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representation (p, V') of G by the Dirichlet series

(1.2) &) (5,937) = > Li(p(7' s 7)) "
0<n;<N; (i=1,...,r)

From this definition, it is not hard to see the following ladder structure of
the zeta function: Suppose that Ny = co. Then we have

(1.3) &) (s, PG W)
—1 _ _
=— ¢S Vs gmm et O M), -+ (O )
) (800, - W1 W O V417 - -+ (e 1)),

(1.4) &) (s 9p(m)i s W)
_1 _ _
= — ¢ V(5,05 () - O YR Ve -5 )
+Cg,)p,j(8, 93 (VW) - (Ve 1Yk Ve Vet 1o - - - 5 Yr)-

In particular, if the elements 7;’s commute with each other, it is clear that

(1.5) ) (5 ()G W) = G (5, 9p()5 - )
-1
= - Cgp7j)(sag;717 e 3 Yk—15Vk+1s - - - 77’/‘)
+Cg)p,j(379a Y1y 77]&‘717’7]677]64»17 e 77’/‘)’

When Ny is finite, obviously, the first term of the right hand side disappears.
As in the case of the Lerch formula of the Hurwitz zeta function for the
classical gamma function [L], we introduce a gamma function attached to
the data (G, p,7,7,7,9) as a coefficient of the linear term of the Laurent
expansion of the attached zeta function when it can be meromorphically
continued to the region containing s = 0.
Suppose now the zeta function Qg,: )p7 j(s, g; 1) is meromorphic at the ori-

gin s = 0. Then one can define a (multiple) gamma function I’g)p j(g; v)

attached to the data (G, p,j,, ot g) via the zeta regularized product as
(1L6)  TE) ()= I Li(p(1" % - m")g).
0<n;<N; (iil,... ,7")

Here the regularized product [ is defined as follows (see [KW1], [Ill] and
[KiW]); for a sequence a = {a,}n=0,1,.. of non-zero complex numbers, we
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define a zeta function attached to the sequence a by the Dirichlet series
Cals) = X072 pa,®. We assume that the series converges absolutely when
Re s is large enough, and further that the zeta function (4(s) can be mero-
morphically continued to the region containing s = 0. Then we define the

(dot-)regularized product of the sequence a by

(1.7) ﬁ an = exp ( — Ress—o C:(;) )
n=0

This hence implies that

(1.8) Fg’)p’j (9;7) = exp (Resszo 7@’“] S’ 92) )

Of course, if the product indicates only over a finite range, the regularized
product gives a usual (finite) product. Note that the aforementioned ladder
relation of the zeta function induces automatically a functional equation,
i.e. the translation law of the corresponding gamma function. We can
define a left and right (and also a central) multiple sine functions (because
of the non-commutativity of 7;’s) from the multiple gamma function for a
representation of a group by means of the idea originated from the reflection
formula of I'(x) (see [Sh3], [KW3], [KW4]). Then, it can be shown that
those multiple sine functions possess periodicity, or rather, they satisfy a
difference equation with some restriction (see, e.g., §4). It is, therefore,
important to note that the ladder equations (1.3) and (1.4) can be the basis
of the meromorphic continuation of those gamma and sine functions. We
will treat these problems in [KW5]. We only give here the simplest example;
let G = SLy(R). Consider the natural representation of G on C?. Let vy =

1 1 r 1
(O 1) € G and g = (1 0) € End(C?). Then (), (5.9:7) = ((s,2) =

Yol o(n+x)7%, the Hurwitz zeta function. By the Lerch formula [L], the
corresponding gamma function is actually the classical gamma function I'(x)
(times v/27) and the corresponding sine function is a classical sine function;
sin(rz) = 70(2)"''(1 — 2)7!, i.e. the so-called reflection formula of I'(x).
The translation law, I'(x + 1) = zI'(x), follows from the ladder equation

C(Gl,),,,l(s, ¥g;7) =~ + 5 1 (5,937)-

Throughout the paper, we fix the log branch as logz = log |z| + i arg z
(—m < argz < m). Also, when the zeta function (a(s) is holomorphic at
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s = 0, we occasionally use the notation [] (according to [De] for indicating
the holomorphic situation) in place of [J] by dropping the central dot.

2. Preliminary Examples

The examples we give below can illustrate the situation for developing
a study of multi-dimensional zeta functions and gamma functions in the
following sections.

Ezample 2.1. Let G = GL2(C). Let p be the natural representation
of G on C?. Let v be an element of infinite order in G. Then, for g €
End(C?) = Maty(C), we have

(2.1) ) (s,957) = Ztr’vg )’
(2.2) CGPQ $,9;7) Zdet = (detg)_sZ(dety)_sn.
n=0

e For the second (2.2), we assume that |dety| > 1. Then, it is easy

to see that C((;l’)pg(s,g;’y) = % for Res > 0. This shows that

C(Gl )p 5(5,9;7) is meromorphic in C and the corresponding gamma function

1 ( logdet 'yg71 71)

iS F(Gl,)p,Q (97 ’}/) = (det ’Y)% (det ’}/g_l) 2 ( log det v
e To study the zeta function in (2.1), recall first the Cayley-Hamilton the-
orem for h € GLy(C):

(2.3) h? —tr(h)h + det(h)I = 0.

Multiplying A" !¢ to this formula, and then further, taking the trace of the
both sides, we obtain

(2.4) tr(h" T g) — tr(h) tr(h"g) + det(h) tr(h""'g) = 0.

Put a,, = tr(h"g). Let a and (3 be the eigenvalues of the matrix h. Since

ant+1 — (@ + B)an, + afa,—1 = 0 from (2.4), it is easy to see that

Bn —a" ﬂna _ Oénﬂ ﬁn am
- a

o™ 5 07 (a1 — aag) —

80—«

QAp —

ﬂ_—a(al — ﬁao).
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We now assume that |a| < |3]. Then, if a1 — aag # 0, for instance, we can

write
—s ﬁfns<a1_aa’0)_s{1 ay — Bag (oz)n}—s
a = _ —_— . — .
" B—a a1 — Qagp I5]

a1—PBag
a1—aag

For simplicity, we assume that < 1. (This assumption can be

actually removed.) Then, the binomial expansion yields
CGpl $,9;7) Ztr (h"g)
_<al—aa0)—8§: s+m—1 (al—ﬁao)m 1
\ B-a — m ay —aag/ 1—pB75(a/B)"

From this expression, we find that C& )p’l(s, g;7) is meromorphic in s € C
and has a simple pole at s = 0. Therefore, the dot-product [J[° ; tr(h"g)
exists and is calculated as

8),)1(9 7)
tr(hg) — atr(g)y~4+41oms ("OB2ED) o tr(hg) - Btr(g)y !
=pr ( 8-« ) G(E’tr(hg)—atr(g)) ’

where G(q, z) == [, ,(1 — ¢"z) for |g| < 1. We can also calculate the zeta

and gamma function in this way when p is an arbitrary finite dimensional
(irreducible) representation of GLy(C) (see [KW5]).

Ezample 2.2. Let G = C. Let (n,C?) be a 2-dimensional representa-

tion of the additive group C defined by n(z) := (é i) € SLy(C). For
a r-tuple of complex numbers w = (wi,...,w;), put v = (71,..., %),
where v; = n(w;). Then we have 7" --- " = n(3'_; njw;). Hence,

for g = (CIL 2) € End(C?) with a4 d = z, we obtain tr (n(¥}"* - - -7 g) =

x + ) i_; njwj, that is, the zeta function ng;vl(n(y?l -l g) attached
to this data agrees with the multiple Hurwitz zeta function of weight w;
Cr(s,rrw) = Zzol,ng,..,,nrzo(nlwl + -+ nyw, + x)~°. The corresponding
gamma function I';(z;w) = exp(¢/(0,z;w)) is the Barnes multiple gamma
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function of weight w (see, e.g., [Sh3] and [KKo]). The so-called multi-
ple sine function is then expressed as S,(z;w) = I'v(z;w) Ty (wy — -+ —
wy — x;g)(_l)r. On the other hand, we note that the ring sine func-
tion Sz, (z) introduced in [KMOW] for the ring of integers of the imag-
inary quadratic field Q(7), which is explicitly given in terms of the theta
function as a variation of the Kronecker limit formula, is expressed as

21(0) = I3 et (" (77 9))

Ezample 2.3. Suppose ¢ € C satisfies |¢g| # 1. Let G be the ad-
ditive group C. Let (w4, C?) be a representation of G given by m,(t) =

t/2
(qo q_2/2> € SLy(C). For a r-tuple of complex numbers w =

(wi,...,wr), put v = (71,... ,7), where v; = p(w;). Set g = m X
x/2

(qo qg”/2> € End(C?). Then it is clear that tr (mg(7]" - 7)g) =

qz/2iq—z/2

[z + >77_y njw;lg, where [z]g == PYERavER Consequently, the zeta func-

tion is a g-analogue of the multiple Hurwitz zeta function CEZ%I(S, Tyw) =
Y nsom - w + x]7%. Hence the attached gamma function is essentially the
g-shifted factorial (see e.g., [Ruij]) or Appell’s O-function [App] (for the
definitions, see (3.9) and (3.10)) up to a factor expressed by the multiple

Bernoulli polynomials (see [KW1]).

Ezample 2.4. Let G = SLy(R) and p again be the natural representa-

tion of G. Put v; = (a

0 a(_)1> with a > 1 and 2 = n(1) defined in Example

2.2. Forg = (j 3)) € Maty(C), we have tr(7{"v5g) = a™x+a~"w+nza™.

We show that the zeta function Cg)m(s, 9:71572) = D nol@ T+ aT M w+
nza™)”® can be meromorphically extended to s € C as follows. For sim-
plicity, we assume that 0 < w < min(z,1) and z > 1. We have then, for
Re s > 1 initially,

halssgman) = 3 {a" @0} {140 w+n) )

m,n=0
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—S

_ i {am(x+nz)} i(;s) —2mlyl (3 4 pz)

m,n=0 £=0
(-0< <1)
T+ nz
— ¢ X

:ZZ < ;) 0, —s— e< +n) = Z o m(s+20)

n=0 ¢=0 m=0

C(s,2)z7°  sC(s+1, f)wz*“”*1
T 1_as 1 — q—(542)

=5\ ((s+£, 2w by—s—t

+ Z < ) — q—(s120) ’
Since (s, %), s¢(s+1,%), and ((s+¢, %) (£ > 2) are holomorphic at s = 0,
the meromorphy of Cg)m(s,g; 71,72) follows from the fact |((¢, )| < 1 for

¢ > 2. Hence, we have the (non-constant) gamma function attached to

-1
this data; I'(g;v1,72) == { P (@™ +a " w + nzam)} . Then by the

n,m=0
ladder equations (1.3) and (1.4), it can be shown that the attached gamma
function I'(g; 1, v2) satisfies the functional equations

(2.5) T(g71;71,72) = (g, 1,7%) " 'T(g; 71, 72)

o0
= [[ @ +w+nz) xT(g;m,7),

n=0

(2.6) I'(v29;71,72) = D(g.71,1) " T(g; 71, 72)

e.e]
= [ (@2 +a™w) x T(g;7,7),
m=0

where the factors { [T ( x+w+nz)}_1 and { H;’jzo(amfﬁ‘i‘a_mw)}_l are

z+’w

essentially the gamma function I’ and Jackson’s ¢ gamma function

I'2(log, ) when zw = 1, respectlvely (see [KW5] in detail). See, e.g.,
[AAR] for Jackson’s g-gamma function I'y(s).

3. Shintani’s Zeta Function and Its ¢-Analogue

Recall a multi-dimensional zeta function (g(s, 4, x), with N x n matrix
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A = (a;;) and x = (71,... ,2y) € RV due to Shintani ([Sh1]):

(3.1) Cs(s, A, x) -

- Z H{ Z mi—i-xi)aij)}_s, Res > N/n.

.omy=0 j=1 =

We call this Dirichlet series the Shintani zeta function. This is obviously a
generalization of the Hurwitz zeta function We first show that (g(s, A, x)
can be obtained in our framework, i.e. it is considered as a zeta function
for a representation of C". Moreover, we introduce a group analogue of the
Shintani zeta function, and in particular, study a g-analogue of the Shintani
zeta function by considering the group of diagonal matrices in SLo(C).

1 z
0 1
group of all upper triangular matrices with complex coefficients. Let A =
(ar,...,a,) = {aij }i<i<ni<j<n be a complex N x n-matriz whose entries
have positive real parts and let w; (1 < j < n) be real positive numbers.
Put v;; = n(aij), g; = n(w;) and w = (w1,... ,w,) € RL . Form a tensor
product V = ((C2)®n by the G-action on C2. We consider the n-times
product group G™ = G X --- X G which acts on V in an obvious way. Let
Yi = Vi1, »%in) € G" (1 =1,2,... N). Further, put p(v;) := 71 ® -+ ®

Yin € End(V) and g = 15 ® - -+ ® ¢, S € End(V') with S = <0 1>. Then

PROPOSITION 3.1. Let G = {n(z) = ( ) ; 2 € C} = C be the

1 0

the zeta function C(G]X)pl(s,g,l) attached to the data (G,p,1,N,~,g) gives
Shintani’s zeta function (s(s, A, x).

Proor. We have

o0
an,pl(sg%m,---,vn): o {lp(M g e
mi,..., my=0
o) N N s
- ¥ {tr((H%’{”®---®H'y$)(915®---®gn5))}
mi,..., my=0 i=1 i=1
[oe)

- Z {tr (n(uq +imiail)s®'”®n(w” +imiam)s>}_s
i=1 =1

mi,..., my=0
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Ll

mi,..., my=0
N —5
Wp, + Zi:l miaiy, 1
1 0
n

00 N —s
w2 AT 3omen) =)

mi,....,mny=0 j=1

Here we used the fact; for square matrices Aj;, the trace of 41 ®---® A, is
given by

(3.2) tr(A1 Q- ® AT) = f[ tr(Aj).
j=1

The Dirichlet series (s, A,w) clearly agrees with the Shintani zeta function
Cs(s, A,x). Actually, it is enough to write the present variables w; as w; =
Zf\; 1 Tja;;. This proves the assertion. [

Shintani [Sh1] showed that (s(s, A,x) admits a meromorphic contin-
uation to the entire plane C as a function of s. Also, he showed that
the exponential of %CS(O,AX), i.e. the gamma function associated with
(s(s, A,x) can be expressed in terms of Bernoulli polynomials and Barnes’
multiple gamma functions (see also [Sh3]). In the present formulation of the
Shintani zeta functions, which is slightly different from the original one, we
have the following simple expression of the corresponding gamma function
(see also Remark 3 below).

Ezxzample 3.2. Retain the notation in the proposition above. Recall the
property of the zeta regularized product; [, ;11 jan = Ilcran e an
(see, e.g., [KiW]). By this fact, it is easily shown that the gamma func-
tion I'g(w, A) = FgN’n) (w, A) :=exp (Resszo (s, A,g)/82> attached to the
Shintani zeta function is expressed as a product of the Barnes multiple
gamma functions:

n N

(3.3) FgN’n) (g, A) = { H H (wj + Zmiaij) }71 = H FN(wj,gj).

m>0j=1
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Since the Shintani zeta function is holomorphic at s = 0, we have used []
in place of Jo]. The translation law of the gamma function inherited from
the ladder relation (1.5) of the zeta function ((s, A, x) can be expressed as

(3.4) P (w+a, A) =T " (w, ;) 1T (w, 4),

where a’ is the ig-th row of the matrix A and A;, is the (N — 1) x n
matrix obtained from A by deleting the ig-th row of A. For the detailed
discussion about the meromorphic continuation of the zeta function, see

[Sh1, Sh2]. (See also §4.) Moreover, if we define a Shintani sine function

by SéN’n)(g, A) = F(SN’n) (w, A)*lI‘éN’n)(—u_J + Zf\;1 gi,A)(fl)N, then the

periodicity
(3.5) S5 (w + al?, A) = ST (w, Ay ) 1SS (w, 4)
follows from (3.4). This is a generalization of Theorem 2.1 in [KKo].

REMARK 1. In view of the construction of (g(s, A,w) from the group
data, the natural variable w of Shintani gamma and sine functions should
be taken in {g = ®j195 ; 9 € Matg((C)} or much bigger End(V) =
Matc(2") = C2*" (in place of the limited domain R™).

REMARK 2. If we take the minor sum Lo of degree 2 in place of the
trace function L1, the first few examples of the zeta functions ng) p72(s, g:
Y) = > mso L2(p(v™)g) %, where ¥ = ~{"* ... 4" of height 2 attached
to the same data with the Shinatani zeta function above are given as

N
(i) o (5. 9:7,72)

9 N 9 N 9 -8
=e™* Z { (w1 + Z miaﬂ) + <w2 + Z miaz‘2> + 2} ,
mi,... my=0 =1 =1
N
() o (5: 971,72, 73)

00 N 9 N 9
=™ Z { (wl + Z miail) <w2 + Z mian)
i=1 =1

mi,... 7WLN:O

N 2 N 2
+ (w2 + Z miaiQ) (w?, + Zmiai?))
i=1 i=1
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N 2 N 2
+ (’w3 + Z miaig) <w1 + Z miai1>
i=1 i=1
N 2 N 2
+ 2(w1 + Z mz‘ail) + 2<w2 + Zmiaﬂ)
i=1 i=1
N 5 -5
+ 2(11)3 + Z miaig) + 4} , etc.

i=1

Note that, in general, La(p(7®)g) is of degree 2"~! with respect to the
variables m;’s.

From the observation above, we now introduce a group analogue of the
Shintani zeta function as follows. Let G = GL,,(C) (or its subgroup) and
consider the natural representation of G on C™. Let v;; € G (1<i<N,1<
Jj<mn). Let v :== (Yi1, -+ ,Yin) € G" (1 = 1,2,... ,N). Also, put p(vy;) :=
Yi1 @+ @ Yin, € End(V), where V = (C)®". Let g € End(V). Then we
define a G-analogue of the Shintani zeta function (g (s, {vi; }1<i<n,i<j<n, 9)
by

(N)
(3.6) Ca (s {vijhi<isni<i<n, 9) = (o p1(8:9:7).

We study now a special case.

Let ¢ be a non-zero complex number such that |¢] # 1. Let A =
{aij}1<i<n1<j<n be a complex N x n-matrix and let w; (1 < j < n) be
complex numbers. Let G(= C*) be a group of diagonal matrices in SLs(C).

az“/z 11)1/2
_(q 0 B 1 q 0
Put ~;; = < 0 q_‘“j/2> € G and g = A2 < 0 —q_“’l/2> Q
1 q“n/? 0 ,
® aEe 0 _guns? € End(V). We call this

Ca(s, {vij hi<i<nii<j<n,9) a g-analogue of the Shintani zeta function and
denote it simply by (,(s, A,w). Then, from (3.2) we have

n

(3.7) Gy, A, w) = i { H[wj + iv:miaij]q}s.
i=1

mi,....my=0 j=1

We study a meromorphy of the g-analogue of the Shintani zeta function,
and moreover, show that the corresponding gamma function can be ex-
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pressed in terms of the Appell O-functions with Barnes’ multiple Bernoulli
polynomials.

THEOREM 3.2. Let ¢ € R. Let A = {aij}i<i<n,i<j<n be a complex
N x n-matriz whose entries have positive real parts and let w; (1 < j < n)
be complex numbers with positive real parts. Then the g-analogue of the

Shintani zeta function (4(s, A,w) can be meromorphically extended to the
whole plane C.

PROOF. We may assume ¢ > 1. Write a; = (a1, a2, ... ,anj), ie.
A=1ay,...,a,). Then, for Res > 0, we have

Co(s, A w) = Z {ﬁ[wj "‘m'gj]q}_s

m>0 j=1
_ (ql/Q —1/2 ns Z H{ —s wj+mg])/2(1 _ qf(wJer a])) s}.
m>0j=1
Therefore, it follows from the binomial expansion that

Cq(sv A,g) = (q1/2 _ q*1/2>ns Z

m>0

% H { —s(w;+m-a;)/2 io: (8 + ]IZ B 1) q*(wj+m'§j)kj}

kj=0

_ (q1/2 - q—1/2)ns Z Z

m>0ky,... ,kn=0

(s + kj -1 =X 01 (s/2+kj)w; —m-3 T, (s/2+4k;)a,;
X Jl;[l ( K, > =1 igTR =1 7)8;

= (q1/2 _ q—1/2) Z H <3 +k; - 1) =X (8/24k))w;

L kn=0j=1

{ Z q —m1 £ 7 (s/24k; )alj}

m1=0

{ i q —-my X7 (s/2+4k; )aNJ}

myn=0
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_ (q1/2 o q—1/2)ns Z H (5 +kj — 1) q—Z?:1(5/2+kj)wj
Ky =0 j=1 k;j
1

X (1 . q—zglzl(s/2+kj)a1j) .. (1 _ q—Z;LZI(S/Q-Fij)aNj) .

This shows that (,(s, A, w) is meromorphic in s € C. The remaining part of
the assertion is clear from the last expression. This proves the theorem. [J

As a corollary of the proof, we can determine an expression of the cor-
responding gamma function by the Appell O-functions. To describe the
result, it is necessary to recall the multiple Bernoulli polynomials B,,(w;a)
due to Barnes [Ba2]:

—wt [ee]

(38) c = Z thfr’

(1 —eut)... (1 —eart) m!

m=0
where a = (a1,...,a,). Recall further the Appell O-function Oy(w,a) de-
fined by the product

(3.9) O4(w,a) == [] (1 — g @2t

n>0

when |g| < 1. Obviously, O4(w,a) can be (equivalently) expressed by the
g-shifted factorial G(q; 2) = G(q1,... ,qr; 2) defined by

(3.10) Glaz)= [ —-g*q2)

for |g;| < 1. In fact, we have Og(w,a) = G(¢™*,... , ¢ *;¢7%).

COROLLARY 3.3. The gamma function T'g(w, A) attached to the zeta
function (4(s, A, w) is essentially given by the product of the multiple elliptic
gamma functions. Precisely,

(311)  Tyw )= [ [l +m-a),

m>0j=1
1/2_ —1/2
1 . log(q*/*—q )1 )
_BN+1(7Z;L:1UJ]7” logq ’?Z;lilgj
— N+1)!
=q (N+1)
n

X HOq(wj,gj).

J=1
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Moreover, we have the functional equation of I'y(w, A) =: I’((IN’n) (w, A):
(3.12) TV (w + a0, A) = TNV=17) (w, A, ) 7TV (w, A),

where a' is the ig-th row of the matriz A and flio is the (N — 1) x n matrix
obtained from A by removing the ig-th row of A.

PRrROOF. From the last expression of (4(s, A,w) in the proof of the the-
orem above, we see easily that

Cq(‘S?A?Q)

:(q1/2 - q1/2)ns{ q

(1 _ q_SZ?ZI (11j/2) - (1 _ q_SZ?:I aNj/2)

—sX w2

n

> 1 q—kjwj )
e ki a1 —— +0(s%) ;.
;kjl kj (1 — g kio) ... (1 — g kions)

Here we used the fact (SJ“Q_I) = 1+-5+0(s?) for k > 1. As to the first term of
this equation, by the definition (3.8) of the multiple Bernoulli polynomials,
we get

(q1/2 _ q71/2)ns . q—szyzl wj/2

(1 i q—szg‘:1 a1j/2) . (1 _ q—sZ?:1 aNj/2)

1/2__—1/2
o~ s(10gq) (X w; /2-nlosleroa )

(1— qfszyzl alj/Q) (1 - q*SELl aNj/2)

1 1/2_,—1/2
& B wy/2 - e (ST a5 ag))
B |
= m!
x (slogq)™ V.
Therefore we obtain
A
R/esszo Cq(sa > 7&)
S
| 1/2_ —1/2
By (X wi/2 - ”%; (32201 a1, 55 251 ANj))

1
(N +1)! 084

Yy %q—ka‘(mgﬁwj)

j=1m>0k;=1 "7
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1 1/2_ —1/2 1
_BN+1(Z?:1WJ'/2_nog( 10g; )’2 i= l_j) lo
(N+1)! B4
33 wpla bt )
j=1m>0

Hence the first assertion follows immediately from the definition of the
gamma function by the zeta regularized product [ in (1.8). Furthermore,
the second assertion simply follows from the general property [f[ ;1 7 an =
[l,.c; @n [l,.c s @n- This proves the corollary. O

In view of the construction, it is reasonable to define a sine function
from the g-analogue of the Shintani gamma function by the equation

N
3.13 S(N’n) w,A = F( m) w,A 1F Nn
( )

Then, like the formula (3.5) for the Shintani sine function Sg ) (w, A), the

following periodicity S{""

equation (3.12).

)(g, A) follows immediately from the functional

COROLLARY 3.4. Retain the notation in the corollary above. Then

(3.14) SN (w + a0, A) = SVTE (w, 4;) LS (w, A).

REMARK 3. It is immediate to see that the multiple elliptic gamma
function [Ni] is the sine function S(SN’”) (w, A)DY when n = 1. Hence, one
(N

may obtain the modular properties of Sy
proved in [Na).

)(u_), A) from the one recently

REMARK 4. Suppose n = 1. Then, as to the original Barnes’ cases,
the expression of the multiple sine function Sy(w,a) := I'(w,a) 'T'(~w +
laj,a)~ Dy (= S](VN 1)( ,a)) by G(q;z) has been obtained in Proposition 5
of [Sh3] for N = 2 and in Theorem 1.4 of [KW4] for a general N.

REMARK 5. The appearance of the factor in front of the product of the
g-shifted factorials in (3.11) is, in contrast with the none of such in (3.4),
due to the presence of a pole at s = 0 of the g-analogue (4(s, A,w) of the
Shintani zeta function.
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4. A Group Analogue of Shintani’s Zeta Function

We notice that the Shintani zeta function and its g-analogue defined in
the previous section are both obtained from abelian groups. Thus, in this
section, we try to provide an example of a G-analogue of the Shintani zeta
function when G is a non-commutative group. The analysis of the zeta
function of this type seems, however, much harder. Actually, it can not be
kept away from the study of forms of higher degree.

1 » =z
Let G = {n(a:,y,z) = |0 1 y| ; zy2 € C}. Let A =
0 01
{aijh<isnicicn, B = {bijhicisni<jcn, and € = {cij}i<icni<jcn be
complex N x n-matrices and let z; (1 < j < n) be complex numbers with
positive real parts. Put v;; = n(aj, bij, ¢;j) and v = (Vi1,... ,%in) €
G". The action of G on C? induces the action of G® on V = (C3)®",
Denote the map of this action by p and let p(v;) = 71 ® ... @ Yin €

€4 0 1

End(V). Set ¢ = ®7_; |1 0 0] € SL(V). It is immediate
1 1 0

that n(a1,b1,61) o ‘n(aN,bN,CN) = n(Zi\il Qg Zz]\il b’i7 Zf\il ¢ +

Zl§i<k§N aibk), and in particular, n(a,b,c)™ = n(ma, mb, mec + (T;)ab).
Then, since

—
N

11 s=n(arz, bij, c1)™ - nlang, buj, eng)™
=1

mi
=n(myaj, mibij, micy; + ( 5 >a1jb1j)

my
--n(myanj, mybyj, myenj + ( 5 >aijNj)

N N N
:n( Zmiaij, Zmibij, Z {micij + (T;Ll> aijbij}
1=1 =1

i=1

+ E mimyaijbe;),
1<i<k<N

the G-analogue of the Shintani zeta function (g(s, {vij 1<i<n,1<j<n,g) can
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be calculated as

o0 —S8
Gl Prihzinaciong) = 3 {trw?w;m ; '%’Z}‘N)g)}

mi,..., my=0

. {tr (<1]_:V[17“f ® ---®i]j_[1%mni)9)}_s

oo

2

mi,..., my=0

o
mi,...,my=0
ceey =

N N N
{ tr (n( Z mia;1, Z m;bi1, Z {micil + <T;LZ> aubil}
i=1 i=1 i=1

+ Z mimpa;1bg) @ - -
1<i<k<N

N N N
o ® ”( ; MiQin, ; mbin, ; {micm + (T;LZ> ambm}
+ ) mimkambkn)g) }_S-

1<i<k<N
Since
z 0 1 1 A C z 0 1
n(A,B,C)|1 0 0|=(0 1 B 1 0 0
1 10 0 0 1 1 10
c+A+C C 1
= 1+ B B 0
1 1 0
and
I1+A1+Cl Cl 1 xn‘f‘An"‘Cn Cn 1
tr{ 1+ B Bl 0|l®---® 1+ B, B, 0 }
1 1 0 1 1 0
:H(l'j+Aj+Bj+Cj),
j=1
we obtain

(4.1) Ca(s, {vijhi<i<ni<i<n, 9) = Z H ¢j(m,x, A, B,C)"*

It b e
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=:((s,x,A,B,C).

Here we put

N
(4.2) (ﬁj(m, x,A,B,(C) =x; + Z {mi(aij + bij + Cz‘j) + <W2LZ> aijbij}

i=1

+ Z mimkaijbkj.
1<i<k<N

Note that if either A = 0 or B = 0, then the present zeta function repro-
duces the Shintani zeta function. Also, since the term ¢;(m,x, A, B,C) is
linear in the Shintani zeta function case, the theta series attached to the
zeta function is given by a product of the generating functions of the mul-
tiple Bernoulli polynomials (see [Shl]). Hence, the behavior of the theta
function in the Shintani case is relatively simple, actually, it can have a
Laurent expansion at the origin. To study a meromorphy of the zeta func-
tion ((s,x, A, B,C) = (g (s, {vij h1<i<ni<j<n,g), we first need the following
lemma to find a positivity condition of the quadratic forms ¢;.

LEMMA 4.1. Leta; andb; (1 <i < N) be positive real numbers. Define
an N x N symmetric matric Q@ = Q(N) by Qi := a;bg for 1 <i <k < N.
Suppose that

b, ay,

>0 forany 1<k<N.
b1 k41

Then the real symmetric matriz @ (and the corresponding quadratic form)
is positive definite, whence all the eigenvalues are positive.

Proor. It suffices to show that every principal minor of the form
det Q(k) is positive. Clearly det Q(1) = a1b; > 0. Since it is not difficult to
see the relation

b
det Q(k + 1) = by (ars1 - ak‘;—j) det Q(k)

det Q(k),

b | b ag

=

brt1 Gkl

one concludes that the assertion is true for all N by induction. This proves
the lemma. [
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THEOREM 4.2. Suppose that the entries of the N x n matrices A and
B are positive and satisfy

bkj akj

>0 forany 1<k<Nandl<j<n.
bk+1j Qkt1j

Then the Dirichlet series defined in (4.1) is absolutely convergent for Re s >
%, whence the zeta function ((s,x, A, B,C) is holomorphic in this half
plane. Furthermore, ((s,x,A, B,C) can be meromorphically extended to
the entire plane C.

PROOF. Define a real symmetric matrix Q) by putting Q%) = a;;by;
when 7 < k. We may assume z; € R-o. Then it is easy to see that there
exists My such that

(4.3) 1 QYm] + ;> ¢;(m,x, A, B,C) > C QY [m] + z;,

holds if my > My for some k (1 < k < N). Here, C; and Cy are positive
constants, and Q) [m] = *mQU)m = Egkzl Qgi)mimk, the quadratic form
of Q). In fact, this follows from the equation

(@4 glmx A BC) =+ 309 m)

N
1
+ ;mi(azj + bZ‘j + ¢y — §a¢jbij).

Moreover, since Q) are positive definite by Lemma 4.1, when x = (z1,...,
xy) lies in a compact subset U of RZ), there exist positive constants Dy, Do
(which are respectively the product of the maximum eigenvalues and the
one of the minimum eigenvalues of QU) over 1 < j < n) and My(U) such
that

(4.5) Dy Iy[m]" > [] ¢j(m,x, A, B,C) > Dy Iy[m]"
j=1

is true when my > My(U) for some k (1 < k < N). Here Iy denotes
the identity matrix of degree IN. Hence it is easy to see that the Dirichlet
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series (4.1) is absolutely convergent for Res > N/(2n). Therefore, if Res >
N/(2n), we have

((s,x,A,B,C) = Z {ﬁ%(m,z,A,Bvc)}_s

m>0 j=1
= L/OO t710(t,x, A, B, C)dt
I—\(S) O == ) b

where we put O(t,x, A, B,C) := Zngexp{ —t]1j=; ¢5(m, X,A,B,C)}.
Now we need the following lemma.

LEMMA 4.3. Whent | 0, it holds that

(4.6) 3" exp { — tIvlm]"} = d_1(N)t 2 + Ot~ = ),

m>0

with the constant d_1(N) = A(SN) [0° e " pN=ldp. Here A(SN-1)
denotes the area of the (N — 1)-dimensional unit sphere S™~1.

Proor. It is immediate to see that the relation
(4.7) Zexp{—tIN "= Z( >9ktn
m>0

holds. Here we put

(4.8) Op(tn)= > MmO for k=0,...,N.

mi,... ,mp=1

Thus, to prove the lemma, since t~on < =2 for 0 < k < N provided
0 <t < 1, it is enough to show the estimate

(4.9) Ou(t,n) = d_1(k)t"2n + Ot~ =) when ¢t |0.

We prove this asymptotic estimate (4.9). First, it is clear to see that

k(t,n) / / (2} J””k)nd:rl o dxy,.
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To obtain the desired estimate of this integral, we employ the spherical
coordinates 0 < r < 0o, w € S¥~1 (r2 = 2% 4 --- + 27). Then, for any k we
have

o0
2n
(4.10) Qk(t,n)g/ / ek drdw
0 weSN~-1

o
= A(Sk_l)t_k/gn/ e " pFldp = d_l(k)t_%.
0

On the other hand, we find that

(4.11) k(t,m) / / tai+ +xk)nd:v1 coodrp — kOp_1(t,n)
()t — kd_q(k — 1)t

Here we have used the estimate (4.10) above for k—1. Hence the asymptotic

estimate (4.9) follows from (4.10) and (4.11). This completes the proof. [J

By Lemma 4.3 and the estimate (4.3), we obtain

N—-1

(4.12) O(t,x,A,B,C) = dNt—% +O(t 2 ), t10

for some positive constant dy. Consequently, the standard procedure gotten
by dividing the integral representation of the zeta function

C(S7§7A7B7C)
1 ro o

yields the analytic continuation of the zeta function. This completes the
proof of the theorem. [

REMARK. The asymptotic estimate (4.12) indicates that the zeta func-
tion ((s,x, A, B, C) has a simple pole at s = %

Since the zeta function ((s,x, A, B, C) is holomorphic at s = 0, one can
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define a corresponding gamma function I'y(x, A, B, C) as

(4.13) Tn(x, A, B,C) : {H]‘[qs]mxABC)}1

m>0j=1

[ H H {‘TJ + Z {ml aij + bij + cij) + < >aijbij}
m>0j=1
-1
+ Z mimkaijbkj}] .

1<i<k<N

Then, we verify that I'y(x, A, B, C) can be meromorphically continued to
the entire plane in x; € C and has poles at the places indicated by the
product expression (4.13) (see [Vo] or [KiW]). Remark that, when either
A =0 or B =0, this gamma function coincides with the Shintani gamma
function in Example 3.2. Hence it is true that the present gamma function
is not a constant function. The translation law inherited from the ladder
relation (1.3), however, can not be seen in this simple choice of the variable

Z; 0 1
g=®7 4,11 0 0] €End(V).
1 10

To explain this implicit translation law of the gamma function
I'ny(x, A, B,C), we have to take into account the number of the free vari-
ables in a choice of g € End(V'). We give the following example. (See also
(5.2) in §5 for another definition of a zeta function attached to the same
data which is invariant under a compact subgroup of GL(V'). It may allow
us to determine a necessary and sufficient number of the essential variables
for describing the translation law explicitly.)

Ezample 4.1. We keep the notation above. If we take a variable g in
End(V) as g(z) = ®}_,g;(x), where g;(z) = {xst H<sit<3 € Matz(C), then
the translation property of the gamma function as a function of g(x) can
be seen from the ladder equation of the zeta function. In fact, we can prove
similarly the holomorphy of the zeta function ((s, {7ij }1<i<ni1<j<n,g(x)) at
s = 0 when .%‘gjl) has a positive real part as in the theorem above, whence the
existence of the corresponding gamma function I'y(g(z), A, B, C) follows.
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Here, the gamma function is written as

I'n(g(z), A, B,C)

H H {xn +$(J) +x33 +$2)Zmlalﬂ +x32 Zml ij

m>0j=1
-1
m;
+JI31 ( Zmlcw ( )aijbij] + Z mimkaijbkj> }] .
1<i<k<N
Then, for instance, when k£ = 1, the ladder equation (1.4) for

C(s,{7ij }1<i<n1<j<n, g(x)) yields the translation law induced from the right
multiplication by p(7y1) as

Cn(g(z)p(m), A, B,C)
mﬁ) (J)al +m(ﬂ) x(] 1) +I§])blj+x§j)
(4.14) =Ty ®?:1 20 2Dy +m<2a> <>C1 +aQby, +29) |, A B,C

(J) x(J)CL1 _|_ng2) ngl)clg-i-mgjz)bu—&-xé])

:FN—I(g(x)uAlvBhCl> N(g(x)vAuBac’)a

where the (IV—1) xn matrices fll, By and C; are defined to be the same way
as in Corollary 3.3. The translation law relative to the left multiplication by
p(yn) is similarly obtained, while it becomes a much complicated one when
1 < k < N because of the non-commutativity of those ~;’s. Moreover, using
this gamma function, we introduce two (multiple) sine functions. Actually,
the non-commutativity of the group G™ naturally leads us to define both a
left sine function and a right sine function respectively as

Sk(g(x), A, B,C) :=Tx(g(z), A, B,C) 'Tn(p(y)g(z)"", A, B,C) D",
Sﬁ}(g(l‘),A,B, C) :=I'n(9(x), A, B, C)_er(g(l')_lp(z)7A’B’C’)(—l)N‘

In fact, since p(7)p(v™) # p(7™®)p(7y) in general for m € Z>07 the left sine
function is not ;ecegsary eqlgﬂ to the right sine function. Although the
periodicity of these sine functions is quite restrictive, under some condi-
tions, the periodicity follows from the translation law of the gamma func-
tion I'y(g(x), A, B,C). For instance, we now assume that the commutator

ylfyj’yl_lfyj_l is always in ker p for 2 < j < N. Then, since p(v2)p(71) " =

p(’yl)_lp(lm) for any m € ZJZVO, with the help of the general property
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Il,, tr(AnBy) = [, tr(BrAy) (this follows from the uniqueness of the ana-
lytic continuation of the Dirichlet series ) tr(A4,B,)”*), we see by (4.14)
that

SK(g(x)p(m), A, B,C)
=T'n(g(x)p(1), A, B,C) T (p(n) tg(2) Lp(2), 4, B,C) D"
{FN 1(9(x), A1, B1,C1) " 'T'n(g(x), A, B C)}_l
x T (g(x) " p()p(n) ™1 A, B,C) D"
=T'n_1(9(z), A1, B1,C1) v (g(x), A, B,C)~*

D1 (g(@) o)1) Ar, Br Co)Px(g(2) ' 0(2). 4, B.O) |

Z{FN—l(Q(ﬂﬂ)a Ay, By, Cy) 7t

M - - 1) -1
X Tv-a(g(@) ™ plya ) ™ A, B, C) YL sfg(@), 4, B, )
=S%_1(g9(x), A1, B1,C1) " SE(g(2), A, B, O).

COM

This indeed shows that the periodicity, or rather, the difference equation
satisfied by the right sine function S{(g(x), A4, B,C) with respect to the
translation g(z) — g(x)p(y1) € GL(End(V)). We remark that this dif-
ference equation is a generalization of (3.5) for the Shintani sine function
SgN’n) (w, A). Beside the discussion concerning such difference equations, it
is also interesting to seek an integral representation of the gamma function
and an algebraic differential equation satisfied by these sine functions (cf.
[KW6]). We will discuss these points in the future.

5. Closing Remarks

One of the most important general question is to ask a meromorphy of
the zeta function, i.e. when the zeta function can be analytically extended
to a region containing the origin s = 0 or further to the entire plane C
as a meromorphic function. When it is true and if the coefficient of the
linear term of the Laurent expansion of the zeta function at s = 0 is not a
constant, we obtain a “non-trivial” gamma function. Here, apart from this
problem, we define generalized versions of the present zeta function and
give brief comments. Our main concern is to construct functions having a
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certain invariance and a given set of zeros. We, however, restrict ourselves
to developing the detailed study here. We will leave it in another occasion.

e We define a zeta generating function Cg)p(s, g;7,t) for the data (G, p,v,7).
Put ¥(t,A) = det(t] — A). Then

(1) Caplsgrt= Y WO )g)
0<n;<N; (i=1,... ,r)

It is immediate to see that a—j((T) (s,9;7,0) = (5); C(T) (s,g;7v). Here
otI G,p » 95 la Vi G,p,n—j ag)l .

(s)p = s(s+1)---(s+n—1) =I'(s+n)/I'(s) denotes the Pochhammer

symbol. Moreover, since {tr(Ak)}k:L_, n forms another basis of the ring of

invariants, we may also define zeta functions attached to the same data by

> L1 ((p(OT - 752 - -4 g)*) ", Then, one can ask whether there

is any relation (like the Newton formula) or not between the gamma func-

tions attached to the L;’s and the ones attached to the powers of the trace

function.

e We consider the following zeta function which has some invariance. Let
K be a compact subgroup of GL(V), that is, K C SU(V'). We then define
a zeta function attached to the data (G, p, j, K,r,v,g) which is right K-
invariant as B

(5:2) 5 (s,037) = Z / (AR AT\ gh)) S,

0<n;<N; (

where dk denotes the normalized Haar measure on K. Of course, if K =

{1y}, 1y being the identity operator in End(V'), we have Cg’é’b})(s,g;l) =

(g)m(s,g;z). Also, if K is a finite group then the integral should be con-
sidered as a sum over the elements of K divided by the order of K. Thus,
it is important to study the integral [, L;(p(v)gk)) *dk as a function of
(s,9) € CxEnd(V)X. We refer to, e.g., [Su] for the study of harmonic anal-
ysis on Lie groups. Notice also that the zeta function CG r.{}) (s,9;7) still has
the ladder relation (1.3), whence the corresponding gamma function has a
translation law. As we saw in the previous section, if we want to describe
such a law explicitly, we need to handle a large number of variables. Thus,
if we take a average on K, it is possible to reduce a necessary number of
variables for the discription of the translation law.
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e Another candidate for defining invariant zeta function is of the form

K1,
(53) Cépl] )(8791779M711771M)

anZT1 nMGZTM
/ / TDg1ky - p( M) garkar) " dky - - dka,
K1 K
where 42 = A" -- -/, when v = (71,... ,%) and n = (n1,...,n,), and

Ky, ..., Ky being subgroups of GL(V). Obviously, this zeta function has
also ladder structure, whence the attached gamma function has translation
laws.

e [t is also interesting to observe the following situation. Let S be a
group and (m, V) be a representation of S. Let (G,K) be a dual pair
of subgroups of S (see, e.g., [Ho]). By definition, 7(G) and 7(K) com-
mute with each other. Then, as a function of g, the integral f;(s,g;h) =
[ Lj(w(h)gm(k))~*dk defines a K-bi-invariant function on End(V'), that is,
fi(s,9:h) € C(K\End(V)/K).

e For a given function ¢, we can define the zeta function of the following
type.

(54) ¢, i(5,9:7:0) = > O(Lj(p(V" g2 - %’?T)g)))is-

0<n;<N; (i:17... ,7")

Then, like the case where ¢(t) = sinh(¢) treated in [KiW], the zeta function
Cg)m(s, g;7; ¢) may have a log-branch at s = 0.

Note added in proof. After this paper was completed, the author knew
the work of E. Friedman and S. Ruijsenaars: “Shintani-Barnes zeta and
gamma functions,” Advances in Math., 187 (2004), 362-395. The definition
of our {(s, A,w) in §3 is identical with their Shintani-Barnes zeta function.
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behavior of the theta series in §4.
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