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Abstract.

We first review our previous works of Arakawa and the authors on
two closely related single-variable zeta functions. Their special values
at positive and negative integer arguments are respectively multiple
zeta values and poly-Bernoulli numbers. We then introduce, as a gen-
eralization of Sasaki’s work, level 2-analogue of one of the two zeta
functions and prove results analogous to those by Arakawa and the
first named author.

61. Introduction

In this (half expository) paper, we discuss some properties of two
single-variable functions & (s) and 7y(s), which are closely related with
each other, and their generalizations. We are interested in these func-
tions because multiple zeta values and poly-Bernoulli numbers appear as
special values, respectively at positive and negative integer arguments.

The multiple zeta value (MZV) and its variant multiple zeta-star
value (MZSV), a vast amount of researches on which from various points
of view has been carried out in recent years, are defined by
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and

) 1
C(k1ye k) = Z ek

1<mi<--<m, 1T

for k1,...,k, € Z>1 with k, > 1 (for convergence), respectively. MZVs
appear as special values of £;(s) and MZSV as those of n;(s) (Theo-
rem 2.2).

Poly-Bernoulli numbers, having also two versions B,gk) and Cy(Lk),
were defined by the first named author in [13] and in Arakawa-Kaneko
[2] by using generating series: For an integer k € Z, define sequences of

rational numbers {Bﬁk)} and {C’r(lk)} by

Lig(1 — e~ t k)t
(1.1) B ZB

and

Li 1— ) & t
(1.2) Lix(1 =€) Z o

where Lig(z) is the polylogarithm function (or rational function when
k < 0) defined by

. — 2"
(1.3) Lig(z) = > — (el <),
m=1
Since Lij(z) = —log(1l — z), the generating functions on the left-hand
sides respectively become
te!
et —1 and et —1

when k£ = 1, and hence B( ) and C are usual Bernoulli numbers, the
only dlfference being B( ) = =1/2 and C(l) —1/2. When k # 1, B(k)7

and Cn 's are totally different numbers. We mention in passing that
B (n,k > 0) coincides with the number of acyclic orientations of
the complete bipartite graph K, (see [6]), and is also equal to the
number of ‘lonesum’ matrices of size n x k (see [4]). For more results on

combinatorial aspects of B7(fk) as well as C’,ka)

3]

, we refer the reader to



Zeta functions connecting MZVs and poly-Bernoulli numbers 183

In [2] and [17], we showed that poly-Bernoulli numbers B and

k) appear as special values at nonpositive integers of nx(s) and &(s)
respectively. Multi-indexed version of these results were established in
[17] and will be reviewed in §2 ((2.6) and (2.8)).

In §3, we give formulas obtained in [17] relating & and n (Proposi-
tion 3.2) and also an expression of £ in terms of multiple zeta functions
(Theorems 3.6).

In §4, we focus on the duality properties of Br(lk) and C’,(lk), namely
(1.4) BSM =B,
(L5) Y

for k,n € Z>o (see [13, Theorems 1 and 2] and [14, §2]). We can
interpret (1.4) and (1.5) as the identities

nk(-n) =n_n(—k) and € 4 1(-n) =& n 1(-k)

for k,n € Zx>g, respectively, where g_k(s) is another type of function

interpolating C\") (see (4.8)). These relations even hold if we extend k
and n to complex variables, as shown by Yamamoto [27] and Komori-
Tsumura [20] (see (4.17) and (4.21)).

In §5, we generalize Sasaki’s zeta function (see [23]) from the view-
point that it gives a level 2-version of £(ki,...,kr;s). Our previous
methods work well in this case and we obtain several formulas related
to multiple zeta values of level 2. This section is substantially new.

§2. Multi-poly-Bernoulli numbers and related zeta functions

Imatomi, Takeda, and the first named author [11] introduced multi-
index generalizations of poly-Bernoulli numbers (“multi-poly-Bernoulli
numbers”) as follows.

Definition 1. For ky, ..., k. € Z, define two types of multiple poly-
Bernoulli numbers by

Li 1 —e ) &
(2.1) ey 17 ¢ ZB Fapeekr) L
—e~
and
Ligy, ok, (1= o o
(22) et_l _chl mv
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where
. Zmr
(2.3) ik (2) = Y
1<my<--<m,. 101 ™ == My

is the multiple polylogarithm.

the ‘finite multiple zeta value’ was proved:

1 _
(2.4) Z _C(klz,m,k,,,l,kr 1) mod p

k1 k, p—
1<my <--<mp<p 1 mr

for any prime number p.

In connection with these numbers, we consider the following two
types of zeta functions. The first one, &(kq, ..., k.;s), was defined in [2]
as follows.

Definition 2. Forr € Z>1, ki,...,ky € Z>1 and Ns > 0,

2.5 E(ky, ... ks __/ 51 1.,
( ) (1 ) (S) i

where T'(s) is the gamma function. In the case r = 1, denote &(k;s) by
&k(s). Note that &1(s) = sC(s+1).

This can be analytically continued to an entire function for s € C,
and satisfies the following (see [2, Remark 2.4]):

(2.6) E(kr, . Ky —m) = (=1)mCFrkr) (€ Zsy)

for (ki,...,kr) € ZL,. This can be regarded as a poly-analogue of the
classical evaluation

&i(=m) = (=m)((1 =m) = (=1)"Cp.
The second, n(k1, ..., kr;s), is defined as follows (see [17]).

Definition 3. Forr € Z>1, ki,...,k, € Z>1 and Rs > 1 —r,

1 > 4 Lig
2.7 n(ky, ... krs :_/ ps—1 ke ke An )
=0 o ) I'(s) Jo

for s € C with Re(s) > 1 —r. In the case r = 1, denote n(k;s) by nx(s).
Note that m1(s) = sC(s +1).
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Similar to £(k1, ..., k-; s), we see that n(ky,. .., k.;s) can be analyti-
cally continued to an entire function for s € C, and satisfies the following
(see [17, Theorem 2.3)):

(2.8) n(k,. .. kp;—m) = Bk (e Z0)
for positive integers ki,...,k, € Z>1. This can be regarded as a poly-

analogue of
m(=m) = (=m)((1—m) = By,.

As for their values at positive integers, we can obtain explicit ex-
pressions in terms of multiple zeta/zeta-star values as follows. We pre-
pare several notations. For an index set k = (k1,...,k,) € ZL, put
k, = (ki,...,k._1,k.+1). The usual dual index of an admissible index
k is denoted by k*. For j = (ji1,...,jr) € Z%,, we set |j| =j1 + -+ jr
and call it the weight of j, and d(j) = r, the depth of j. For two such
indices k and j of the same depth, we denote by k+j the index obtained
by the component-wise addition, k + j = (k1 + j1,...,kr + J.), and by
b(k;j) the quantity given by

. - ki+4,—1
b(k;j) := H ( J] )
i=1 v

Theorem 2.2 ([17, Theorem 2.5]). For any index set k = (kq, ...
k.) € Z%, and any m € Z>1, we have

)

(2.9) (K1, ... kpym) = Do b)) Cl(ke)" +)

[il=m—1,d(j)=n
and

nlkr . kem) = (73T b))
(2.10) lil=m—1,d({§)=n

X ()" +),

where both sums run over all j € ZY, of weight m — 1 and depth
n:=dk%) (= k| +1—d(k)).
In particular, we have

g(kla SERE) k’m 1) = C(k+)

and
ke, ks 1) = (1)1 (k).
Here we have used the duality ¢((k+)*) = ¢(k4).
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Remark 2.3. In [2, Theorem 9 (i)], we proved (2.9) in the case when
(k1,...,k.) =(1,...,1,k). The above formulas generalize this and give
its n-version. In fact, these can be proved by the same method as in [2],
i.e., by considering the integral expressions

%) k:1—1 . k:,.fl
C(k1,. . k) = / / 611+ +M_1

dxy---dx,,

x €z2+---+w7- _1 ' e””v -1

kl 1. phr—1
* T
< (kl,...,k/’r) / / 6I1+ R T |

I2+ 4T

X e T me 1da:1 <o dxy
for ki,...,k. € 221 with k, > 2.

We emphasize that the formulas (2.9) and (2.10) have remarkable
similarity in that one obtains (2.10) just by replacing multiple zeta values
in (2.9) with multiple zeta-star values.

Noting the duality (k+1)* = (1,...,1,2), we can obtain the follow-
——
k—1
ing two identities. The former is a special case of [2, Theorem 9 (i)] and
the latter is [17, Corollary 2.8].

Corollary 2.4. For k,m > 1, we have

(211) gk(m) = Z (jk_l)C(j17'-'ajk—lajk)a
G dkg—1>1:0>2
j1+tig=kt+m

(212) Uk(m) = § (.]k _1)C*(j1a'~'ajk—17.jk)'
Flseeos Jk—1>1J>2
J1ttig=kt+m

63. Relations among £, n and multiple zeta functions

In this section, we give formulas describing relations among £, 1 and
multiple zeta functions by employing two types of connection formulas
for the multiple polylogarithm.

First we show that each of the functions 7 and £ can be written as
a linear combination of the other in exactly the same way, using the so-
called Landen-type connection formula for the multiple polylogarithm
Likh”_,kv‘(z).
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For two indices k and k’ of the same weight, we say k’ refines k,
denoted k < k', if k is obtained from k’ by replacing some commas with
+’s. For example,

B)=>0104+1+41)=<(1,1,1), (2,3)=(2,2+1) =%(2,2,1)

etc. Using this notation, the Landen connection formula for the multiple
polylogarithm is as follows.

Lemma 3.1 (Okuda-Ueno [22] Proposition 9). For any index k of
depth r, we have

(3.1) Lik(%) = (_1)1“%; Lig (2).

Using (3.1) for the case 2 = 1—e~ ! (resp. 1 —e€!), namely z/(z—1) =
1 — et (resp. 1 —e™ %), we can prove the following.

Proposition 3.2 ([17, Proposition 3.2]). Let k be any index set and
r its depth. We have the relations

(32) n(k;s) = (=)0 D &K s)

k=<k’

and

(3.3) Ekis) = (1)1 > (ks s).
k=<k’

The reason of the symmetry is that the transformation z — z/(z—1)
is involutive.

Here we recall a certain formula between ¢ and the single-variable
multiple zeta function

1
(3.4) Clk1,. oo krys) = > DI T—
1<my<---<m,<m mll cmptme
defined for integers k1, ..., k, as follows.

Theorem 3.3 (]2, Theorem 8]). For r, k € Z>1,

(3.5) &(1,...,1,k;s)
——

_ s+ap—1
= (—1)F? Z ( F )C(a1+1,...7ak1+1;ak+s)

ag
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k—2
+ Z(il)jC(la ey 13 k— ])C(la ey ]-7 5)
=0 N—— N——

r—1 J

Concerning a generalization of this result, Arakawa and the first
named author posed the following question.

Problem 3.4 ([2, §5, Problem (i)]). For a general index set (k1, ..., k),
is the function £(ki,...,kr;$) also expressed by multiple zeta functions
as in Theorem 3.3 stated above?

An affirmative answer was given in [17]. To describe it, we consider
an Euler-type connection formula for the multiple polylogarithm.

Lemma 3.5 ([17, Lemma 3.5]). Let k be any index. Then we have

(3.6) Lic(1-2) = > adK;5)Liy,1(1 = 2)Liw(2),

K/, >0 —
where the sum on the right-hand side runs over indices k' and integers
J >0 that satisfy |K'| + j < |k|, and cx(K';7) is a Q-linear combination
of multiple zeta values of weight |k| —|K'|—j. We understand Lig(z) = 1
and |0] = 0 for the empty index O, and the constant 1 is interpreted as
a multiple zeta value of weight 0.

From this, we can obtain formulas expressing £(k1, .. ., k,; s) in terms
of multiple zeta functions, which can be regarded as a general answer to
the above problem. However, we should note that there are no closed
formulas for the coefficients ¢y (k’; j), and we can only compute them
inductively from low weights.

Theorem 3.6 ([17, Theorem 3.6]). Let k be any index set. The
function £(k; s) can be written in terms of multiple zeta functions as

37 k= S ck<k’;j)(s e 1)<<k’;s ).
K/, >0

Here, the sum is over indices K' and integers j > 0 satisfying |k'| +
Jj < |k|, and cx(K';j) is a Q-linear combination of multiple zeta values
of weight |k| — |K'| — j. The index k" may be O and for this we set
C(0;s+j) = (s + 7).

As an example, we used the identity

(3.8) Lig 1 (1 — 2) = 2Lig(2z) —log z - Lia(2) — ¢((2) log z — 2¢(3)
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obtained by integrating the well-known
(3.9) Lis(1 — z) + Lis(2) = ¢(2) — log zlog(1 — 2).
Applying (3.8) to the definition of £ in (2.5), we obtained

(3.10) &£(2,1;5) = 2¢(3;5) +5C(2;5+ 1) + (2)sC(s + 1) — 2¢(3)¢(s).

Lemma 3.5 (and its proof in [17]) gives an inductive way to compute
the functional equation under z — 1 — z. Here we give a further exam-
ple which implies a multiple version of (3.10). The following identity
is an example of Lemma 3.5 because (log 2)” = (—1)"n!Li,, (1 —2)
(see e.g. [2, Lemma 1]).

Lemma 3.7. Forr € Z>g and 0 < z < 1,

(3.11) (=1)"Ligy, .. 1(1—2)

— —(r+ DLirya(2) + (log 2)Lir1 (2)
L r—j+1
3

; C(r —j+2)(log 2)’.
j=0 ’

Proof. We proceed by induction on . When r = 0, (3.11) is noth-
ing but (3.9). For the case r > 1, if we differentiate the right-hand side
of (3.11), the result is equal to

by the induction hypothesis for the case of r — 1. Hence the assertion for
the case of r follows from integration, by noting the both sides of (3.11)
tend to 0 when z — 1. Thus we complete the proof. Q.E.D.

Applying (3.11) with z = e~ (¢ > 0) to (2.5), we obtain the follow-
ing generalization of (3.10).

Theorem 3.8. Forr € Z>1,

(3.12)  (~1)€(2,1,...,1;5)
~—

=—(r+1¢(r+2;s)—sC(r+1;s+1)

31— -G+ 2) (”jﬁ‘ 1)<<s+j>.
=0
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Ezample 3.9. The case r = 1 is (3.10) and the case r = 2 is
(2,1, 1;5) = =3¢(4;5) + 3C(4)¢(s) — s¢(3;5 +1)

D (2)¢(s +2).

These coincide with the formulas in [17, Example 3.8].

—2sC(3)¢(s+1) +

§4. The function n(ki,...,k.;s) for nonpositive indices and
related topics

In this section, we consider multi-polylogarithms with nonpositive
indices.

Lemma 4.1 ([17, Lemma 4.1]). For ky,...,k, € Z>q, there exists
a polynomial P(x; k1, ..., k.) € Z[x] such that

. P(Z,kl,’k'r)
(4.1) Ligy,.—k, (2) = (1 — z)krtFhrtr?

(4.2) deg P(x; ky,... k)
_{7" (ky = =k =0)

ki+---+k.+7r—1 (otherwise),
(4.3) a” | P(xiky, ... k).

Specifically, P(x;0,0,...,0) =2a".
—

The case of r = 1 is well-known (see, for example, Shimura [24,
Equations (2.17), (4.2) and (4.6)]). For example,

z

E’ Ll_l(Z) =

However, even if we apply this definition to (2.5) as well as in the case
of positive indices, we cannot define the function ¢ with nonpositive
indices. In fact, if we set, for example,

1 & SflLig(l—e*t) 1 a1
mgmﬁé ool ﬁH@A e,

L gLig(-eh) L
54@—r@l e “‘H@At o

we see that these integrals are divergent for any s € C.
On the other hand, we can define the function 1 with nonpositive
indices as follows.
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Definition 4. For ki,...,k, € Z>q, define

1 & _ Li_k —k (1 — €t)
4.4 —kiyo =k s) = o [ 8T e dt
( ) 77( 1, ) S) F(S) /O 1— et
for s € C with Re(s) > 1 —r. In the case v = 1, denote n(—k;s) by
-k ()
We can easily check that the integral on the right-hand side of (4.4)
is absolutely convergent for Re(s) > 1 — r. Similar to the case with

positive indices, we can see that n(—ki,...,—k,;s) can be analytically
continued to an entire function on the whole complex plane, and satisfies

(4.5) n(=ki,...,—ky;—m) = B{Ro=k) (€ Zs)
for ki,...,ky € Z>¢. In particular when r =1, we have
(4.6) n_r(=m) = BGH (k€ Zso, m € Zxo).

Furthermore, we modify the definition (2.5) as follows.

Definition 5. For ky,...,k, € Z>¢ with (k1,...,k-) # (0,...,0),
define

£ L[ g Lig, k(1 —¢)
4. —k1,...,—kr;8) = —— 51 10— kr dt
( 7) E( v , 5) F(S) /O e t—1

for s € C with Re(s) > 1 —r. In the case r = 1, denote §(—k;s) by
E_k(s) for k> 1.

We see that £(—ki,...,—k,;s) can be analytically continued to an
entire function on the whole complex plane, and satisfies

(4.8) E(=kr, oy —hpi—m) = CTF0 78 (m € Zsg)
for ki,....k. € Z>o with (k1,...,k-) # (0,...,0). In particular,
Ew(=m)=CS™ (k € Zs1, m € Tso).

Remark 4.2. Note that we cannot define £(kyq, ..., k,; s) by replacing

(=ki,...,—ky) with (ki,... k) in (4.7). In fact, if we set, for example,
- 1 [ Lij(1-e) 1 /°°
= — i g = 1 — todt
G0 =g [ Ty [

the integral is not convergent for any s € C.
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Here we extend definitions of poly-Bernoulli numbers (1.1) and (1.2)
as follows. For s € C, we define

. s
(19) Bl-ed) > B
(4.10) LS - fit) = ;C’(LS)Z’
where

(4.11) Lis(2) = i (el < ),

m=1
Using
(412 Ll ZLI (=),

we have the following.

Theorem 4.3 ([17, Theorem 4.7]). For k € Z>,

(4.13) n(—k;s) = B,
Setting s = —n € Z<¢ in (4.13) and using (4.6), we obtain the
duality relation BS ™" = Bli " n (1.4), which can be written as

(4.14) N-k(=n) = n-n(=k).
Similarly, we can prove that
(4.15) Epo1(—n) = En_1(—k) (n,k € Zxy),

namely the duality relation C{ * Y = C( ) n (1.5).
On the other hand, for n,k € Zzl, we found experimentally the
identities ([17, Eq. (36)})

(4.16) Mk (1) = 1 (K),

which was soon proved and generalized by Yamamoto [27]. In particular
when r = 1, he showed

(4.17) 1u(s) = 1s(u)
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for s,u € C, where

(4.18)  nu(s) = ﬁ /Oootslml(l__ef)dt (s,u € C; R(s) > 1),

which can be analytically continued to (s,u) € C2. More recently
Kawasaki and Ohno gave an alternative proof of (4.16) in [19].

Inspired by Yamamoto’s result, Komori and the second named au-
thor [20] consider a more general type of zeta function denoted by
Ep(u, s;y,w;9) (u,s,y,w € C;g € GL(2,C)) which satisfies

(419) ED(U,S;y,’LU - ]-79) = 7detg£D(S’u;w’y - 1;971)
. -1 1
(see [20, Theorem 4.3]). In particular, for g, = 0 1) we have

¢p(u,s;1,059,) = ny(s). Hence (4.19) in this case implies (4.17). It is
also shown that
(420) ED(U - ]-7 S{Y,w — 2797]) + (1 - y)gD(ua S;Y,w — 2,97])

=&p(s —Luyw,y = 259y) + (1 —w)ép(s,usw,y — 2; 9y)
(see [20, Theorem 4.3]). Here we note that {p(u,s;1,—1;g) = &u(s)
which is defined by replacing —k with u in the definition of £_j(s) (see
Definition 5). Hence (4.20) with (y,w) = (1,1) implies
(4.21) €ur(s) = & (u),

which includes (4.15).
Furthermore, Yamamoto proved the identity ([27, §1])

1
= — (k Z
Mk (n) > o arhyp, (BnEZx),
0<a1<---<ap=bn,>--->2b1>0

which directly reveals the symmetry (4.16). Similar expression for & (n)
is

gk(n) = Z ; (kvn S ZZl)a

a ... a b e b
0<arm==ap=bp>>by>0 1 k1 n

which unfortunately is not symmetric. We do not know if any duality
property holds for &k (s).
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In addition, recall that we mention at the end of §3 in [17] the
identity

(4.22)
) = ("5 Yot -+ )

TR . : 1
_ > (jl ' 1) CUr+ 1 e + 1,50 +2),

2<r<k+1 k—r+1
J14eAir=mtk—r—1

without proof. Recently Shingu proved

kel —r—3
423)  m(m)= Y Z(“:_i )((kh...,kr)

kit fhp=ktm =1
1<r<k, kp>2
in his master’s thesis [25] by using Yamamoto’s multiple integrals intro-
duced in [26]. It is easy to derive (4.22) from (4.23).
The referee pointed out that (4.23) should be equivalent to (2.12)
via the standard relation

(4.24) (k) = Y C(K).

k' <k

We have checked that (2.12) actually implied (4.23), by computing how
many times each ((k1,...,k,) appeared when we wrote each (*(j1,...,
Jrk—1,Jk) in (2.12) as a sum of ordinary multiple zeta values using (4.24).
Our computation is not too complicated but a little lengthy using gen-
erating series, and we omit the details here. (We have not checked the
opposite implication, but it should be done in a similar vein.)

At the end of this section, we consider an application of the duality
relation n(k;n) = n(n; k) in (4.16). By combining Proposition 3.2 and
Theorem 3.6, we obtain, for k,n € Z>1,

> &Kn)

(k) =k’

Y S ("

(k)<k’ k',j>0

where the sum is over indices k” and integers j > 0 satisfying |k” |+ j <
|k’|, and ¢ (k”; 7) is a Q-linear combination of multiple zeta values of
weight |k’| — |k”| — j determined by (3.7).



Zeta functions connecting MZVs and poly-Bernoulli numbers 195

We see that Proposition 3.2 and Theorem 3.6 were given by the
connection formulas of Euler type and Landen type, respectively. From
(4.16), we obtain the following.

Theorem 4.4. With the above notation, for k,n € Z>1,

(4.25) T Y ok ~(”“ )<<k";n+j>

(k)=<k’ k”,j>0

Z S el (’”j )C(n”;k+j)~

n)=n’ n’,j>0

Ezample 4.5. For example, set (k,n) = (3,2) in (4.25). Then, by
[17, Example 3.8], we have

€(1,2,2) +¢(2,1,2) + 2¢(1,1,3) — ((2)€(1,2) +¢(3,2) — 3¢(1,4)
+2¢(2)¢(3) +4¢(5) = 6¢(5) — 3¢(1,4) = ¢(2,3) + C(2)¢(3).

This can of course be checked by known identities, for example, double
shuffle relations. We do not pursue here connections between identities
of MZVs obtained by n(k;n) = n(n;k) as above and known sets of
identities. Are there some interesting aspects?

§5. Zeta functions interpolating multiple zeta values of level 2

In this section, we define a certain level 2-version of the function
&(k1, ..., ky;s) which interpolates multiple zeta values of level 2 at posi-
tive integers. Here, we mean by MZVs of level 2 the quantities essentially
equivalent to those often referred to as the Euler sums. But we only look
at a special subclass of them. Specifically, we look at the quantity

D

k k.
0<my <+ <my Tnl1 My

m; =i mod 2

i.e., the sum is restricted to mq, ms, ms,... with odd, even, odd, ...in
alternating manner. These numbers in depth 2 were considered in [16]
in connection to modular forms of level 2, establishing a generalization
of the work by Gangle-Kaneko-Zagier [7].

n [23, Section 4], Sasaki considered the polylogarithm of level 2
defined by

e ZQnJrl ) 1. )

n=0
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for k € Z. When k = 1, this becomes the well-known

S Z2n+1 1
Athy(z) =tanh™'z = ;) o1 = Lin(e) = gL (=),
We generalize this to a multiple version. For kq, ..., k. € Z, define
LM
O<my < -<my MU "0° my"

m;=i mod 2

o0 LX)

Z= Mo (S Cn 1)

Note that since Ath(1;z) = tanh™* z, we have
(5.2) Ath(1;tanht) = t.
Similar to [2, Lemma 1], we can easily obtain the following.
Lemma 5.1. (i) Forky,...,k € Z>1,
d
dz

) LAth(ky, . ket ke — 152) (K > 2),
T s Ath(ky, . kg 2) (ky = 1).

1—22

Ath(ky,. ..k 2)

(i) Ath(l,...,1;2) = %(Atha;z))h

We define a kind of multiple zeta function of level 2 as follows.
Definition 6. For ki,...,k.—1 € Z>1 and Ns > 1, let
1
(5.3) To(k,... kro1,8)= Y e .

0<mqy <---<myp m] ”'mr 1 ms

m; =% mod 2
r—1 j —kj r -
= > ]I (Z(Zn,,—F 1)) x (Z(Qn,,+1)> :
ni,...,n,>0 j=1 \wv=1
Furthermore, as its normalized version, let

(54) T(klv N 7k7'—1; S) = 2Tj"()(kla EERE k’r'—lv S)
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When k, > 1, we see that
Ath(kl, ey kr; 1) = To(k‘l ceey kr)
Corresponding to these functions, we define a level 2-version of £(k, .. .,
kr;s).
Definition 7. For ky,... k., € Z>1, let

(5.5) Uk, ..., ks s)

_ /oo joo1Ath(ky, . Ky tanh(t/2)
T T(s) Jy sinh(t)

Remark 5.2. In [23, Section 4], Sasaki essentially considered (5.3),
and also ¥(kq; s). In fact, Sasaki considered a little more general function
Yr(s,a) (0 < a < 1), and our ¥(k;s) coincides with his 25721 (s,1/2).

Similar to [2, Theorem 6], we can see that ¥ (kq,...,k.;s) can be
continued to C as an entire function. Further we can prove the following
theorem which is exactly a level 2-analogue of [2, Theorem 8]. Note that
this theorem for the case r = 1 was essentially proved by Sasaki (see [23,
Theorem 7]).

Theorem 5.3. Forr,k € Z>1,

dt  (Rs>0).

U(L,. .. 1 ks s)
—
r—1
_ s+ar—1
:(_1)k ! Z ( ak >'T(a1+]—7"';ak1+1aak+s)
L §
k—2
_|_
Jj=

(=17 T(1,...,1,k—3)-T(,...,1,5).
0 Wl_/ H,_/
r— J

In order to prove this theorem, we prepare the following lemma
which is a level 2-version of [2, Theorem 3 (i)]. The proof is completely
similar and is omitted.

Lemma 5.4. Forly,... ,ly,—1 € Z>1 and Rs > 1,
T(lh ce ,lmfl, S)

- 1 /OO"'/OOxl171..-xlm_l_l‘rsfl
F(ll) e F(lm—l)r(s) 0 0 1 m—1 m

dry - dx,,.

- 1
X :
jl;Il sinh(z; 4+ -+ 4+ )
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Proof of Theorem 5.3. The method of the proof is similar to that
in [2, Theorem 8] (see also [23, Theorem 7]). Given r, k > 1, introduce
the following integrals

> Ath(1 ...,1,u tanh((a?y +21)/2))
_ sinh(z; 4+ - + )

Il(/r k)

Xy dxl,~--dx;€.

We compute Il(r’k)(s) in two different ways. First, since

1 r
7!l 2

s

by Lemma 5.1 (ii) and (5.2), we have

rk
7P (s)

1 (k1 4+ xk)rmz !

/ Hl sinh(a; + - 4+ xp)
1 / / ay ak—1,.st+a—1
= - e x e x
I'(s), A;Ik:r al!...ak! 0 o ! k=1 Tk

dry - - dxy

dry - - dxy,
I(s)r!

—T
[1,_, sinh(z; + - 4+ x)

I'(s+ax) 1
Z F(s)ak! 8 Tlay +1)---T(ar—1 + )T (s + ax)

ai+--tap=r
ap—1 _s+ar—1

I e
dxy - - dxy.
Hz psinh(a; + - + )

Using Lemma 5.4 for the last integral, we obtain

(5.6) =3 (”ZZ _1)

a1+ tar=r
xT(ay +1,...,ak-1+ 1,5+ ag).

Secondly, by using

0
ox,

(5.7) Ath(l,...,1,v+ L;tanh((xz, + -+ + x)/2))

r—1
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r—1
—
_Ath(1,..., 1, vitanh((z, +--- +21)/2))
B sinh(x, 4+ -+ xy)
(see Lemma 5.1) and Lemma 5.4, we compute
19(s)
27- o0 o0 >
= —/ / Ath(1,...,1,v + 1;tanh((x, + - - + 21)/2))
I'(s) Jo 0 H’l_/
r— z,=0
1

xz_l dz,4q - dxg

X % :

II,—, . sinh(z; + - +2)

=2"Tp(L,.. Ly + 1) T(1,....15) — I3
N——

v+1
r—1 k—v—1
=T(1,...,L,v+1)-T(1,...,1,s) = I{").
—— ——
r—1 k—v—1

Therefore, using this relation repeatedly, we obtain

L (s)
k—1
=N (1), L+ 1) T, 1 s) 4 (=)
v=1
r—1 k—v—1
k—2

(—DF T, k=) T, ., 1,8) + (=1)F 1),
—— ~——

r—1 7

<
Il
o

By definition, we have

Ilihk)(s) = ¢(11 oo 1 k; S),
N——

r—1
and thus
k—2 ,
(5.8) 19 (s) =3 (=DM ITQ, . Lk —5) - T(1,.. s
= Wl_/ H,_/
= J
+ (=D, 1,k ).
N——
r—1

Comparing (5.6) and (5.8), we obtain the assertion. Q.E.D.
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Next, we show a level 2-version of [2, Theorem 9 (i)].
Theorem 5.5. Forr,k € Z>1 and m € Z>,

(5.9 ¥(1,...,1,k;m+1)
———

r—1

ap + 17
= Z (k )-T(al—i—l,...,ak1+1,ak—|—r+1).

r
a1,y >0

aj+-+ap=m

Proof. By (5.7), we have

(1, 1 kym+1)

r—1
—
_ / t /t’“ Ath(1,...,1,k — 1;tanh(t5_1/2)) A di
m! smhtk 0 sinht,_1 hore
_r / / L
“m! smhtk o sinhtg_ 4
r 1
t=1 Ath(1,... 1 k — 2;tanh(tg_2/2))
» ’ - dty,_odt_1dt
/ i, k—2dtp—1dty
B / /tk /tz’ 7 Ath(1 ...,1,tanh(t1/2)) Qe - dt
= sinh(tg) - - - sinh(¢y) ' *

t'fn. t'l"
_ dty - - - dty,.
m'r'/ / / sinh(¢y) - - - sinh(¢1) ' g

By the change of variables
t1 = xp,lo = Tp_1 +xk7~~~,tk =x1+ -+ g,
we obtain

(..., L ksm+1)

- H// )T dty---dty,
mr Hl (sinh(z; + -+ 4+ xp)

ag +1r
Z (k )-T(al—i—l,...,ak1+1,ak—|—r+1).

r
ai+-+ar=m

Q.E.D.
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Corollary 5.6. For r,k > 1, we have the “height one” duality
(5.10) T(,...,Lk+1)=T(@1,....1,r+1).
~—— N——
r—1 k—1
Proof. If we set m =0 in (5.9), we have
(5.11) (..., L,k 1) =T(1,...,1,r+1).
——
r—1 k—1

On the other hand, from the definition we have in general

bk, ,kr;l):T/ Ath(ky, ..., k.;tanh(t/2)) i@t
0

sinh ¢

< d
p / ZAth(ky, . ko1, by + 13 tanh(/2)) dt
0

=T(k1,..., kr—1,kr +1)
and in particular

(5.12) w1, 1,k 1) =T(@,...,1,k+1).
———

Thus from (5.11) and (5.12) we obtain (5.10). Q.E.D.

We remark that, by computing £(1,...,1,k; 1) in two ways as above, we
———
r—1

obtain an alternative proof of the usual height one duality ((1,...,1,
~——
r—1
E+1)=¢(1,...,1,r+1).
——
k—1

In [18], we extend the duality (5.10) in full generality.

By setting s = m + 1 in Theorem 5.3 and comparing with Theo-
rem 5.5, we obtain a level 2-version of [2, Corollary 11] as follows.

Theorem 5.7. Form,r > 1 and k > 2,

Z (ak:r)'T(al-i-l,.-.,ak1+1,ak+r+1)

ay,...,ap>0
ayf-Fap=m

_|_
+(-1)F Z <akmm)'T(a1+17~--,ak—1+1,ak+m+1)
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k—2
=D (=T(,...,Lk—j)-T(1,...,1,m+1).
j=0 M M

r—1 i

If we use the duality T'(1,...,1,m+1) =T(1,...,1,j+2), the right-
SN—— ~——

7 m—1
hand side becomes the exact analogue of the one in [2, Corollary 11].

Fxample 5.8. We recall

oo

) (= Tofo)) = 3 < !

Gnt1)r = (1-27°)¢(s),
n=0

[e'e} oo 1
(k. s) (= To(k, s)) = Z_:O 2—:1 (2m + 1)*(2m + 2n)*

(see Kaneko-Tasaka [16]). Since

T(s) = 2To(s) = 2¢°(s),
T(k,s) = 2°Ty(k, s) = 22¢°%(k, s),

Theorem 5.7 for the case k = 2 and r = 1 gives

Z(a +1)¢(m —a+1,a+2)
a=0
+ ¢ @2m+1) + (m+ 1) (1, m +2) = (°(2)¢%(m + 1).

Acknowledgements. The authors would like to express their sin-
cere gratitude to the referee for valuable suggestions and comments, in
particular on the equivalence of (4.23) and (2.12) via (4.24). This work
was supported by JSPS KAKENHI Grant numbers 16H06336 (M. Kaneko)
and 18K03218 (H. Tsumura).

References

[1] T. Arakawa, T. Ibukiyama and M. Kaneko, Bernoulli Numbers and Zeta
Functions, Springer, Tokyo, 2014.

[2] T. Arakawa and M. Kaneko, Multiple zeta values, poly-Bernoulli numbers,
and related zeta functions, Nagoya Math. J., 153 (1999), 189-209.

[3] B. Bényi and P. Hajnal, Combinatorial properties of poly-Bernoulli rela-
tives, Integers, 17 (2017), # A31.



Zeta functions connecting MZVs and poly-Bernoulli numbers 203

[4] C. Brewbaker, A combinatorial interpretation of the Poly-Bernoulli num-
bers and two Fermat analogues, Integers, 8 (2008), # A02.

[5] M.-A. Coppo and B. Candelpergher, The Arakawa-Kaneko zeta function,
Ramanujan J., 22 (2010), 153-162.

[6] P.J. Cameron, C. A. Glass and R. U. Schumacher, Acyclic orientations and
poly-Bernoulli numbers, preprint, arXiv:1412.3685.

[7] H. Gangle, M. Kaneko and D. Zagier, Double zeta values and modular
forms, in ‘Automorphic forms and Zeta functions’, Proceedings of the
conference in memory of Tsuneo Arakawa, World Scientific, (2006), 71—
106.

[8] A. Granville, A decomposition of Riemann’s zeta-function, in London Math.
Soc. Lecture Note Ser., 247, Cambridge, 1997, pp. 95-101.

[9] M. Hoffman, Multiple harmonic series, Pacific J. Math., 152 (1992), 275—
290.

[10] K. Imatomi, Multi-poly-Bernoulli-star numbers and finite multiple zeta-star
values, Integers, 14 (2014), A51.

[11] K. Imatomi, M. Kaneko and E. Takeda, Multi-poly-Bernoulli numbers and
finite multiple zeta values, J. Integer Sequences, 17 (2014), Article 14.4.5.

[12] K. Ihara, M. Kaneko and D. Zagier, Derivation and double shuffle relations
for multiple zeta values, Compositio Math., 142 (2006), 307-338.

[13] M. Kaneko, Poly-Bernoulli numbers, J. Théor. Nombres Bordeaux, 9
(1997), 199-206.

[14] M. Kaneko, Poly-Bernoulli numbers and related zeta functions, Algebraic
and Analytic Aspects of Zeta Functions and L-functions, MSJ Mem., 21,
pp. 73-85, Math. Soc. Japan, Tokyo, 2010.

[15] M. Kaneko and M. Sakata, On multiple zeta values of extremal height, Bull.
Aust. Math. Soc., 93 (2016), 186-193.

[16] M. Kaneko and K. Tasaka, Double zeta values, double Eisenstein series,
and modular forms of level 2, Math. Ann., 357 (2013), 1091-1118.

[17] M. Kaneko and H. Tsumura, Multi-poly-Bernoulli numbers and related zeta
functions, Nagoya Math. J., 232 (2018), 19-54.

[18] M. Kaneko and H. Tsumura, On multiple zeta values of level two, preprint.

[19] N. Kawasaki and Y. Ohno, Combinatorial proofs of identities for special
values of Arakawa-Kaneko multiple zeta functions, Kyushu J. Math., 72
(2018), 215-222.

[20] Y. Komori and H. Tsumura, On Arakawa-Kaneko zeta-functions associated
with GLy(C) and their functional relations, J. Math. Soc. Japan 70
(2018), 179-213.

[21] S. Oi, Gauss hypergeometric functions, multiple polylogarithms, and mul-
tiple zeta values, Publ. Res. Inst. Mat. Sci., 45 (2009), 981-1009.

[22] J. Okuda and K. Ueno, Relations for multiple zeta values and Mellin trans-
forms of multiple polylogarithms, Publ. Res. Inst. Math. Sci., 40 (2004),
537-564.

[23] Y. Sasaki, On generalized poly-Bernoulli numbers and related L-functions,
J. Number Theory, 132 (2012), 156-170.



204 M. Kaneko and H. Tsumura

[24] G. Shimura, Elementary Dirichlet Series and Modular Forms, Springer
Monographs in Mathematics, Springer, New York, 2007.

[25] K. Shingu, The Kaneko-Tsumura zeta function and its related area (in
Japanese), Master’s thesis, Nagoya University (2018).

[26] S. Yamamoto, Multiple zeta-star values and multiple integrals, RIMS
Kokyuroku Bessatsu B68, 2017, pp. 3—14.

[27] S. Yamamoto, Multiple zeta functions of Kaneko-Tsumura type and their
values at positive integers, preprint, arXiv: 1607.01978.

[28] D. Zagier, Values of zeta functions and their applications, in ECM volume,
Progress in Math., 120 (1994), 497-512.

M. Kaneko:

Faculty of Mathematics,

Kyushu University,

Motooka 744, Nishi-ku, Fukuoka 819-0395, Japan

E-mail address: mkaneko@math.kyushu-u.ac. jp

H. Tsumura:

Department of Mathematical Sciences,

Tokyo Metropolitan University,

1-1, Minami-Ohsawa, Hachioji, Tokyo 192-0397, Japan

E-mail address: tsumura@tmu.ac. jp



