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1 Introduction

Multiple zeta values have been studied by many authors since L. Euler. Recently, they
appear not only in mathematics but also in physics. One of the most interesting problem
in the theory of multiple zeta values is on the structure of the vector space spanned by
multiple zeta values. On this problem, remarkable results are obtained by T. Terasoma,
P. Deligne, A. Goncharov and F. Brown recently.

The “finite sum” version of multiple zeta values has also been investigated. The finite
multiple zeta value is a collection of certain “finite sums” in the setting given by D. Zagier.
As in the case of the classical multiple zeta values, we have the problem on the vector
space spanned by finite multiple zeta values. However, we have obtained only a few results
on this problem since we have less informations on finite multiple zeta values.

In this paper, we study linear relations of both real multiple zeta values and finite mul-
tiple zeta values. To study the latter, we introduce and investigate multi-poly-Bernoulli
numbers.

In §2 and §3, we review the theory of multiple zeta values briefly. We give harmonic
(stuffle) product and shuffle product among multiple zeta values which define algebra
structure on the space of multiple zeta values. We introduce a non-commutative algebra,
according to M. Hoffman, to study multiple zeta values algebraically. By using this setup,
we recall several results on the special values of multiple zeta values, and give and prove
our first main result (Theorem.3.1 in §3.2).

In §4, we present the definition and a few examples of finite multiple zeta values, and
also describe the problem on the vector space spanned by finite multiple zeta values. At
the end of this section, we introduce some conjectures concerning this problem.

In §5, we define multi-poly-Bernoulli numbers which generalize the Bernoulli num-
bers. Since finite multiple zeta values can be expressed in terms of multi-poly-Bernoulli
numbers, the multi-poly-Bernoulli numbers is one of useful tools for studying finite mul-
tiple zeta values. We study fundamental properties of multi-poly-Bernoulli numbers, and
give alternative proofs of some relations among finite multiple zeta values as corollaries.
We also define in §6 multi-poly-Bernoulli polynomials and generalized Arakawa-Kaneko
zeta function. We show that special values of this function at non-positive integers are
multi-poly-Bernoulli polynomials.

Throughout the paper, the set of all natural numbers, integers and rational numbers
are denoted by N, Z and Q respectively. The real part of a complex number s is denoted

by R(s).
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2 Multiple Zeta Values

In this section, we review the theory of multiple zeta values.

2.1 Multiple zeta values

Definition 2.1. For any multi-index (kq, ..., k.) with k; > 1 and ky > 2, multiple zeta
values (MZVs for short) and multiple zeta-star values (MZSVs for short) are defined by
the convergent series

(o k) = Y

(ks ky) = > ,ﬁ;

respectively.

The number ky + --- + k, is called weight and r is called depth. Multiple zeta value
can be written as a linear combination of multiple zeta-star values and vice versa. For
example,

) = (ki k2) — (ki + ka),

) = (ki k) + (kL + k),

(kl,k:Q, k3) = (ki ko, ks) — C*(ky + ko, k3) — (K1, ko + k3) + (k1 + ko + k3),
C*(ky, ko, ks) = C(ky, ko, k3) + C(ky + ko, ks) + C(k1, ko + k3) 4+ C(k1 + ko + k3),

Obviously, when r = 1, these numbers coincide with the special value of the Riemann
zeta function at positive integers. In particular, Euler found the formula for the values of
Riemann zeta function at even integers:

Theorem 2.2. For k € N, we have
(="' By

2k) = 2m)?
where Boy, is the Bernoulli number defined by the following generating function:
ot tet
Z Bnﬁ T ot e_ 1
n=0 ’

We give an example of multiple zeta values whose depths are greater than 1.

Example 2.3. Forn € N, we have



sin Tx

Proof. We consider the infinite product of
T

. 00 2 2 2 2
sinme 1_:17_ 1_:1:_ 1_3:_ 1_33_
T m2 12 22 32

OO 1 2 1 4 1 6
:1—(Zm>fﬂ+< > m>$—< > W)x+

mi1>mo>0 mi1>mo>ms3>0

sin Tx
at O:

We also have the Taylor expansion of

2n

™
SINTT on
; [T

We complete the proof by comparing the coefficients. ]

2.2  Vector space spanned by MZVs

In this section, we describe the vector space over Q spanned by MZVs:

Definition 2.4.

ZO = Q; le{O},
Zo= Y Q- (k... k) (k>2),

weight=Fk
00

Zz = E Z.
k=0

Since MZVs with weight 2 is only ((2), we find that Z; = Q- ((2). Furthermore, it is
known that Z3 = Q- ((3) and Z4 = Q- {(4), so that any MZVs with weight 3 and 4 can
be written as a rational multiple of ((3) and ((4) respectively. For k > 5, the basis of Z
are not determined at all.

We introduce the following conjecture of D. Zagier on the dimension of Z.

Conjecture 2.5. We have
dim(@ Zk = dk,

where dy, is the non-negative integer satisfying the following recursion:

dy=dpos+des (k>3), do=1,d =0, dy=1.



One can compute the asymptotic behavior of dy:
dp = 0.41149 - - x (1.3247---)*  (k — 00).

Therefore, dj, is considerably smaller than the number of MZVs with weight k, that is,
the above conjecture means that there are many linear relations among MZVs. In fact, a
large number of relation formulas are found by many authors.

The following theorems are remarkable results on the above conjecture.

Theorem 2.6 (P. Deligne-A. Goncharov [7], T. Terasoma [27]). The inequality

holds.

Theorem 2.7 (F. Brown [4]). The space Z is generated by MZVs whose component is 2
or 3.

Conjecture 2.5 is completely solved if all MZVs whose component is 2 or 3 are lin-
early independent over (. However, it is hard to solve the problem since even whether
¢(3)/¢(2) ¢ Q holds or not is not solved.

The vector space Z becomes a Q-algebra. Moreover, Z has two products, which are
called the harmonic (stuffle) product and the shuffle product. These products create many
linear relations, which are called (generalized) double shuffe relations, among MZVs. The
former product is obtained by considering the product of two defining series of MZVs.
The product of two MZVs is a linear combination of MZVs by decomposing the sum. For

example,
1 1
Cla)(h) = (Z ;) (Z ;)

m>0 n>0
1 1 1
- Z p T Z p T Z b
men mon mon
m>n>0 n>m>0 m=n>0

= ((a,b) + ((b,a) + ((a+Db).

In general, the product of MZV with weight & and MZV with weight £’ is a linear com-
bination of MZVs with weight k& + k', which implies that Z - Z, C Z;p. The second
product is described in the next section.

If we replace ((ky, ..., k) by (*(k1, ..., k) in Definition 2.4, the resulting vector space
is the same one since any MZSVs can be expressed as a linear combination of MZVs and
vice versa.



2.3 Iterated integral expression of MZVs

We consider the following iterated integral: For |z| < 1,

](61,"',€k;2) — / Ael(tl)"'Aek(tk)dtl"'dtk

2>t > >t >0

th_o tk—1
_ / A (1)dty - - / A, (te )t / A (b)dte
0 0 0

_ / Ao, (b)db o - 0 A (1)t
0

where ¢; € {0,1} for 1 <j <k —1, ¢ =1 and

I(€1,- - ,€; 2) has another expression in terms of series, which is obtained by expanding

1/(1 —t;) and termwise integration.

Definition 2.8. For positive integers k; > 1 (1 <i <), we set

— 1(0,...,0,1,0,...,1,0,...,0,1; 2).
N—— N——
k1—1 kr—1

(1) = C(k1, -, Kr).

77777

The product of two iterated integrals can be expressed as a linear combination

iterated integrals ([23]). This product is called shuffle product.
Proposition 2.9. For w;,w; € {dt/t,dt/(1 —t)} (1 <i <k, 1< j <K) withw, =

WEr = dt/(l — t),

(/ (J..J]_O"'Owk) (/ Wio"'ow;c’>:2</ 7710"'077k+k/)’
0 0 0

where the sum on the right hand side runs through all shuffles of (w1, ..., wx) and (W], ..., W

Example 2.10.
LiQ(Z)Q = 2Li272(2) + 4L’L4(2)

Therefore, together with the harmonic product we obtain

4¢(3,1) = ¢(4).

).



Proof.

Li2(2)2 = % o dts % o du
0 tl 1-— tg 0o W 1-— U9

z dtl dtg du1 dUQ 4 z dtl du1 dtg dUg

= (0] o ——0O — O —— O O
0 tl 1—t2 U1l ]_—UQ 0 tl U1l 1—t2 ]_—UQ
# dtl d'U,l dUQ dtQ # du1 dtl dtQ dUQ
— 0 —— o0 o + — 0 — o0 o
0 tl Ul 1—U2 1—t2 0o U tl 1—t2 1—UQ
z dU1 dtl d’LLQ dtg z du1 dUQ dtl dtl
+ — 0 — O o — O o0 ——0
0o U tl 1—U2 1—t2 0o U1 1—UQ tl ]_—tl

= 2L’l'272(2) + 4LZ4(Z)

2.4 Algebraic setup

Let $ be the noncommutative polynomial algebra in two indeterminates =z and y, and
Ht, 90 its subalgebras:

H:=Qz,y) DH =Q+Hy D> H :=Q+zHy.

The degree of a word is called its weight. We put 2z, = 2!~y for [ > 1. The algebra H' is
the noncommutative polynomial algebra over Q freely generated by {z1, 22, 23,...}. We
define two Q-linear maps Z, Z : §° — R respectively by

Z(Zklsz c ‘an) = C(lﬁ,kg, o .,kn), Z(l) = 1,

and

Z(Zklzkz T an) = C*(k17 k27 SR kn)v 7(1) =1,

which are usually called the evaluation maps. The weight of a word is that of the corre-
sponding MZV or MZSV.
Let v be the automorphism on $) characterized by

Y(z) =2, 7(y) =7 +y.
We define the Q-linear map d : $H' — $H! by

d(wy) = y(w)y

for any word w € $. Then the linear transformation between MZV’s and MZSV’s is
expressed as

7 =Zod.

Let *: 9! x ' — H! be the Q-bilinear map defined, for any words w,w’ € $H' and
any positive integers kq, ko, by
lxw=wx*x1=w



and the recursive rule
Ry W * Zka/ = Zky (w * Zk2w/) + 2k, (Zklw * w/) T Zki+ko (w * w/)‘ (21)

It is known that the product * is commutative and associative ([12]). The product * is
called the harmonic product on $'. We find that $H° x $° C $° and the map Z is a
homomorphism with respect to the harmonic product.

Let m: $ x $ — $ be the Q-bilinear map defined, for any words w, w’ € $), by

lmw = wml = w
and the recursive rule
vwmu'w' = w(wmu'w") + v (vwmw'),

where u,u’ € {x,y}. It is also known that the product m is commutative and associative
([24]). The product mr is called the shuffle product on $. We find that $H°m$H° C $H° and
the map Z is a homomorphism with respect to the shuffle product.



3 Special Values of MZ(S)Vs

Special values of the Riemann zeta function have been investigated since Euler. Several
results are found for example in [3, 8, 25, 30]. Special values of MZ(S)Vs also have been
studied by many authors. In this section, we introduce known facts of them and prove
our result.

3.1 Known facts

For MZV’s, the following evaluations are known: For n > 0, we have

7r2n
2,...,2) = ———
C(? ) ) (2n+1)|7
27T4n
3,1,...,3,1) = ——m—.
C( ) 59y ) (4n+2)|
2n

The latter one was proved in [5] by using certain property of the iterated integral shuffle
product rule. Kontsevich and Zagier gave another proof of the formula in connection with
the Gauss hypergeometric function ([19]).

In [6, 22], the following more general identity is proved: For any non-negative integers
n and m with n +m > 0, we have

Z C({z}ﬂ)? 37 {2}]1, 17 e ,3’ {2}j2n—17 1’ {2}j27l>
Jo+iit-+izn=m
j07j1 ----- anZO
2m+4n

(3.1)

m+ 2n s
m (2n+1)2m+4n+ 1)V’

where {2}/ stands for the j-tuple of 2.
The situation for MZSVs is same as the one for MZVs. For m > 0, the property

*(2,...,2) €Q- 7™
——
is proved for example in [10, 29, 1, 28|. In [21], formulas
¢*(3,1,...,3,1) € Q- x*™
~—— ——

2m

for m > 0 and

> Y3 21 3 {2y 1 {2)) € @t
Jot+jit+izn=1
J0sJ15--,J2n 20

for n > 0 are proved. Our result is the following:

10



Theorem 3.1 (K. Imatomi, T. Tanaka, K. Tasaka and N. Wakabayashi [15]). For any
non-negative integer n, we have

> {2y 2P 3 {2 L {2 ) e @t
Jo+jit++jan=2
J0,J15ee2J2n >

Further, the generalization of above results is proved in [17], that is: For any non-
negative integer n and m, we have

2 : C*({2}j0’ 3’ {Q}jl’ 17 o 73’ {2}]’%-1’ 17 {Q}an) c @ . 7_[_4n+2m.
jo+ji+-+jon=m
J0,J15-++,J2n >0

3.2 Proof of Theorem 3.1
As is defined in [22], we introduce another Q-bilinear map 01 : H* x H' — H! by
lmw=wml=w
and
Zp W T 2w’ = zp, (W T 2g,w") 4 2p, (20w T W) (3.2)

for any words w,w’ € $H' and any positive integers ki, ky;. We see that the product m
is commutative and associative. However, we notice that each of the evaluation maps Z
and Z can not be a homomorphism with respect to the product .

To show Theorem.3.1, it suffices to prove the following:

Theorem 3.2. Let a, b, c be positive integers. For any integer n > 0, we have

() d(2g T (2a2)")
=2 Z d(ZC I (zazb) )* Z(a+b)k+c T Z Z 1 (Zazb) )* d( a+b)

Jjt+k=n jt+k=n
—4 E d((2a2)") * Z(a4b)jteZ(atb)hte — § d((2a2)”) * Z(a+b)kt2es
i+j+k=n Jjt+k=n

(Bn) (Z T 2(2a26)")
=2 Z d(z, T 2(242)") * Z(a+b)k+e T Z (22 1t 2(2a2)") % d(2 a+b)

jt+k=n j+k=n
-4 5 d(25(2026)") * Z(atb)j+cZ(atb)bte — E d(z5(Za2)’) * Z(atb)kr2c-
i+j+k=n Jtk=n

Theorem 3.2 is the core property to prove our result (Theorem 3.1). We first prove
Theorem 3.1 by assuming Theorem 3.2, the proof of which is given afterwards.

11



Proof of Theorem 3.1. By putting a = 3,0 = 1 and ¢ = 2 into («,) of Theorem 3.2, we
have

d(z3 1 (2321)") = 2 Z d(zo T (2321)7) * Zappo + Z 22 1 (2321 )7) * d(2F)
Jjt+k=n jt+k=n

—4 E d Z3Z1 *Z4]+224k+2_ E d 2321) )*Z4k+2
i+j+k=n Jt+k=n

(3.3)

By the harmonic product rule (2.1), the third term of the right-hand side of (3.3) can be
written as

—2 Z d((z321)") * (Zaj42 * Zakr2 — Zaj44k+4)
i+jt+k=n

Evaluating (3.3) via the map Z, we obtain

Z C*({Q}jO’ 3, {2}j17 1,...,3, {2}]’271—1’ 1 {2}j2n)
j0+j1+'“+j2n:2
J05J15--3J2n >0

= 22 Z *({2}10’3’ {2}]'1’17...’3’{2}j2i71’17{2}j2i)<‘(4n_4i+2)
1=0 jo+j1+-+j2i=1
J0:J15++,J2i20

- j j j2i 1 12\ x n—u 34

L3S 2B, {21 1,3, {2 1, {21 ¢ ({4) ) (3-4)
i=0 jo+j1++i2i=2
305J15+++,J2i >0

—2 Y CUBN{CMI +2)C(4k +2) — (47 + 4k + 4)}
i+j+k=n
Jjt+k=n
where {3, 1} stands for the string 3,1, ...,3,1 and MZ(S)V of the empty index is regarded
———

20
as 1. We know ((2n) € Q- 7", (*({4}") € Q- ©*", the formula (3.1) for m = 2 and

Z *({2}3'0’ 3, {2}3'17 1,...,3, {2}1'271717 1, {2}3‘%) €eQ- Ant2m

Jotjit-+jan=
J0,J15ee J2n>0

for m = 0,1 (see [10, 6, 29, 1, 21] for example). Therefore the right-hand side of (3.4) is
expressed as a rational multiple of 7#"** and we conclude the theorem. O

12



Next we prove Theorem 3.2. For integers a,b,c > 0 and 1, j, kK > 0, we put

]Zaz (sza>k2’b,
v2a) 2p2e(2a2)",

'2e(202a ) 26 (2020 ) F 20,

N

y
y
Y
)
)
)

where z; = 2!7ly (I > 0). By the definition of the product i, we obtain the following

identities:
~ 3\
Ze T (242p)" = E A+ E 2o Bi 4,
i+j=n i+j=n—1
~ n
Ze I 2p(2a2p)" = E A+ g B, ;,

i+j=n i+j=n

202 I (zazb)” = Z Cz"jJﬂ + Z Di,j,k

i+j+k=n i+j+k=n—1

+ Z ZaEi,j,k + Z ZaE,j,ka

i+jt+k=n—1 i+jt+k=n—1

2 ~ n
27 2p(242)" = E 2Ci ik + E 2D j k

i+j+k=n i+j+k=n—1

+ Z Eijr + Z Fijk-

i+j+k=n i+j+k=n )

for n > 0.

Proof of Theorem 3.2. The proof goes by induction on n such as (o), (6o) = (1) =
(B1) = () = ---. We find that the identities (o) and () hold by simple calculation.
Assuming that it has been proved up to (f,-1), we prove (a;). The key identity is

n

d(Zkl e an) = Z zk1+..+kid(zki+l e an), (36)

=1

where 2, -+ 2, = 1 if i = n. Using this key identity, we obtain

> d(Cij)

i+j+k=n
i i—1
E E Zattyh@(Ciznjk) + E E Z(atb)h+a@(26Cimn—1jk)
i+jth=n h=1 i+j+k=n h=0

13



J
+ Z Z Z(a—l—b)(h-l—i)-l—c ] h, k Z Z Z(a+b)(h+i +c+ad<ZbAj h—1 k)

i+j+k=n h=0 i+j+k=n h=0
k k-1
k—h k—h—1
+ Zarny it +2e(2a2) )+ YD Zarhyhivis2crad(2(2a2) )
i+j+k=n h=0 i+j+k=n h=0

= Z Z(at0)(h41) A Cijik) + Z Z(a+b)h+ad(2Ci k)

h+i+j+k=n—1 h+i+j+k=n—1

+ Y Zammmrnred(Ai) + D 2t rared(A;k)
htitjt+k=n h+itj+k=n—1

+ Z Z(a+b)(h+i+j)+2cd((Zazb)k) + Z Z(a+b)(h+i+j)+a+2cd(zb(Zazb)k)
h+i+j+k=n h+i+j+k=n—1

= > ZewmndCigp) D Zarwnrad(zCig)
h+i+j+k=n—1 h+i+j+k=n—1

+ Y+ Daaeniced(Ajn) + D 0+ D 2(asbyitared(2pA; )
i+j+k=n i+j+k=n—1

j+2 J+2

T J; ( 2 )Z(a+b)j+2cd((2azb)k) + '+kz ) ( 9 )Z(a+b)j+a+2cd(zb(zazb)k).

JTR=n Jt+k=n—

In the same way, we find

> d(Dijx)

itjtk=n—1
= Z Z(a+b)(h+1)A(Dijir) + Z Z(atb)h+ad(26Di j1)
hetitj+k=n—2 hetitj+k=n—2
+ Z Z + 1 a+b)i+cd(ZaBj,k) + Z (1 + ]-)Z(a—i—b)i—i-a—i—cd(Bj,k)
i+j+k=n—1 i+j+k=n—1
j+1 J+2
+ Z ( 9 )Z(a+b)j+2cd((2azb)k) + Z ( 9 )Z(a+b)j+a+2cd(zb(zazb)k)v
Z d(zaEz‘,j,k)
i+j+k=n—1
= Z Z(arb)(hi 1) A2 B j k) + Z Z(atb)h+ad(Ei ji k)
hetitj+k=n—2 htitj+k=n—1
+ Z a+b)l+c 7, k) + Z (Z + 1)Z(a+b)i+a+cd(szj,k)
i+j+k=n i+j+k=n—1
j+1 J+1
+ ; ( 9 )Z(a+b)j+2cd((zazb)k) + '+kz 1 ( ) )Z(a+b)j+a+20d(2b(zazb>k)
J =n Jt+k=n—

14



and

> d(zaFisn)

i+j+k=n—1
= Z Z(atb) (b)) W Za Pl k) + Z Z(att)h+ad(Fijk)
htitj+k=n—2 htitjtk=n—1
+ Z Z-Z(a—i-b)z—l-cd(ZaB] k) =+ Z a+b)z+a+cd<Bj,k>
i+j+k=n—1 i+j+k=n—1
Jg+1 j+2
+ X (73 eemmdiaa + X ( I !

These four identities add up to the left-hand side of (a,,) because of (3.5). Therefore,
again using (3.5), we obtain

(LHS of () = Y Zarng+nd(2] T (242)") (3.7)
jt+k=n—1
+ Z Z(a+b)j+ad 22 i Zb(Zazb)k> (3.8)
jt+k=n—1
+ ) (25 4 Dasyed(ze i (202)") (3.9)
Jjt+k=n
+ Z (25 + 2)2(a+b)j+a+cd(zc i Zb(zazb)k) (3.10)
jt+k=n—1
2j + 2
+ < 9 )Z(a+b)j+2cd((2a2b)k) (3.11)
Jjt+k=n
2j +3
+ +kz 1( 5 )z(a+b)j+a+gcd(zb(zazb)k). (3.12)
JAk=n—

So, it is sufficient to show that the right-hand side of the above identity equals the right-
hand side of (ay,).
First we have

jt+k=n
J
= E Z(a—i—b ] 1k E E Z(a+b)ita ZbAj i— lk)
Jj+k=n i=1 j+k=n i=0
k
k—i—1
+ E Z(a+bﬂi+j}+cd Zazb E E a+bﬂz+]}+a+cd(zb<zazb) )
j+k=n 1=0 j+k=n 1=0

15



= Y zemend )+ D Zarbivad(zAs)

i+ h=n—1 i+jrh=n—1

+ Y Zarnimed((zam)) F Y sty ieirared(26(20)F),
itj+k=n i+jtk=n—1

= Z Z(atb)(i+1)A(Aj k) + Z Z(atb)itad(2pAj k)
itjtk=n—1 it+j+k=n—1

+ Z (Z + 1)Z(a+b)i+cd((zazb)j) + Z ('L + 1)Z(a+b)i+a+cd(zb(zazb)j)-
i+j=n i+j=n—1

In the same way, we have

> d(zBx)

j+k=n—1

= Y zewmend(zBi) + Y Zarvirad(Bix)
it jtk=n—2 itjrk=n—1

+ Z iz(a-l-b)i—&-cd((zazb)j)'f_ Z (i+1)Z(a+b)i+a+cd(zb(zazb>j)~

i+j=n i+j=n—1
Using the above two identities and (3.5), we obtain
d(ze m (242)")

= Z d(Aj,k)‘i‘ Z d(ZaBj,k)

j+k=n jt+k=n—1
= Z Zatb)(i+1)d(ze T (242)7) + Z Zatbyitad(ze T 2(202))

i+j=n—1 i+j=n—1

+ Y @i+ Dainired((Zaz)) + Y (204 2)Zarpyitared(20(Za20)’)

i+j=n i+j=n—1

for n > 0. By this identity and the harmonic product rule (2.1), we write the first term
of the right-hand side of («ay,) (divided by the coefficient 2) as

> d(z Gt (202)) * Zasbyise

jt+k=n
= Z Z(a—l—b)(i—i—l) {d(zc I (ZaZb)j> * Z(a+b)k+c} (313)
i+jt+k=n—1
+ Z (.] + 1)Z(a+b)j+cd(zc I (Zazb)k) (314)
Jjt+k=n
+ Z Z(a+b)i+a {d(ZC i Zb(zazb)j) * Z(a+b)k+c} (315)
i+j+k=n—1

16



+ Z (] + 1)Z(a+b)j+a+cd<zc I Zb(ZaZb)k) (316)

jtk=n—1

+ Z (20 + 1)2(atb)ite {d ((2q42)7) * z(a+b)k+c} (3.17)
i+j+k=n

+ Y+ D) 2 arnyazed((2a2)") (3.18)
Jjt+k=n

+ Z (20 +2)2 Z(a+b)i+a+c {d 2p(2a2b)’ ) * Z(a+b)k+c} (3.19)
itjt+k=n—1

. . k

+ ) G+ DG+ 2)2amrar2cd(z(za)F). (3.20)

j+k=n—1

Note that the key identity (3.6) shows

a+b Z 2( a+b)(z+1 a—i—b) (3.21)
i+k=l—1
and
d((za2)) = Y Zasmivad(z(zaz)) + D Zarnyirnd((za2)) (3.22)
itj=l—1 itj=l-1

for I > 1. By using the m-product rule (3.2) and the identity (3.21), the second term of
the right-hand side of («,) is calculated as

Y (2w (zam)) x d(2hy) (3.23)

Jjt+k=n

=22« d(z]') + Z (22 1 (242p)7) % d(2h,) + 22 T (202)"

Jjt+k=n
Jik>1

= D 2 zamiind(Eh)
jt+k=n—1

+ Y ez it (2a)") + 2a(22 1 2(202) )} Zarnyirnd(2)

i+j+k=n—1
k>1

+ ze(ze W (242p)") (3.24)
+ 2a(22 11 2p(202)" 1), (3.25)

Expanding the first and the second terms of the right-hand side by the harmonic product
rule (2.1), we have

17



Yo 2 e d(zh)

jt+k=n—1
= 20 (2 % d(20,)) (3.26)
+ Z Hart)g1) 170 % d(zg4p) } (3.27)
jt+k=n—1
+ ) Harnrne {ze x d(2hy,) } (3.28)
jt+k=n—1

and

D7 {relze it (202)") + 2za(2? i1 25(202) )} * 2arnyien d(2)4)

i+j+k=n—1
k>1
= D e {2 @ (202)") *d(z],,)} (3.29)
i+j+k=n—1
E>1
+ 37 2 {(ze 1 (zam)?) % d(2),,)} (3.30)
Jjt+k=n
7,k>1
Y e { (2o T (202)F) % d(2],,)} (3.31)
i+j+k=n—1
k>1
+ 3 2 {22 () ) xd ()} (3.32)
jt+k=n
J,k>1
+ D emnra {2 T 2(202) ) # d(2,) ) (3.33)
i+j—&]—€k>:1n—1

We see that identities

(3.27) + (3.29) = Z Zarh) i) { (22 T (2a2)7) d(ZSer)} ,

i+j+k=n—1
(3.24) + (3.26) + (3.30) = > 2z {(z i (2a2)7) % d(25,)},
j+k=n
(3.25) + (3.32) = Z 2o { (22 1 2(202)7) * d(20,4) }
J+k=n—1
(3.28) 4+ (3.31) = Z Zarb)it1) e { (Ze T (2a2)") % d(25,4) }
i+j+h=n—1

(3.33) = Z Z(a+b)ita {(262 2 (2za2)") * d(25+b)}

i+j+k=n—1
i>1

18



hold. Therefore

we have
(323) = > zasmarn {2 @ (2az)) % d(2F,)} (3.34)
i+j+k=n—1
+ Z Z(a+b)i+c {(zc T (2425) )*d( a+b)} (3.35)
i+j+h=n
+ Z Z(a+b)ita {(Z i 2(za2)) * d(2 a+b)} (3.36)
i+j+k=n—1

By (3.22) and the harmonic product rule (2.1), the third term of the right-hand side
of (a,) (divided by the coefficient —4) is calculated as

Z d((za2)") * Z(a+b)j+c?(at+b)k+c (3.37)
i+j+k=n

Z Z(a+b)j+c?(a+b)k+c + Z d((zazb)i) * Z(a+b)j+c(atb)k+c

j+k=n i+j+k=n

i>1

= Z Z(a+b)j+cc(a+b)k+c

+

+

+

By (3.22),

Also we have

jt+k=n
Z Z(a+b)h+ad(2b<2a2b)i) * Z(atb)jt+c(atb)ktc
htitj+k=n—1
Z Z(a+b)(h+1)d((zazb)i> * Z(a+b)j+c(atb)k+e
htitj+k=n—1
Z Z(a+b)j+c?(a+b)k+c (338)
jt+k=n
Z {Z(a+b)h+a (d(zb(zazb)i) * Z(a+b)j+cz(a+b)k+0)
htitj+k=n—1
+ Z(a+b)j+c (z(aer h+-c (Zb(ZaZb) ) * Z(a+b)k+c) (339)
+ Zarb) (htg)+ate (A(26(2a2)") * Z(asb)hc) (3.40)
+ Z(a+b)(h+1) ( ((zazp)") * 2 (a+b ]+cz(a+b)k+c)
+ Z(atb)jte (Zart)(nr1)A((2a26)") * Z(atbybte) (3.41)
+ Zasb) (it )+e (A((Za26)") * Z(atbyhre) } (3.42)

(339) + (341) = Y Zasyire (A(2a2)’) * Zatbyhoe) -

i+j+k=n
j=1

(342) = > iz(asyire (A((2a2)") * Zatbyire) -
i+j+k=n
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Hence we find

(3.38) 4+ (3.39) + (341) + (3.42) = Y (i + D2(asbyise {d((202)”) * Zatbyhore} -

itjt+k=n
Since 4
(340) = Z (Z + 1)Z(a+b)z’+a+c {d(zb(zazb)j> * z(a—i-b)k—l—c} )
it+jtk=n—1
we have
(337) = Z Z(a+b)(h+1) {d((zazb)i) * Z(a+b)j+cz(a+b)k+c} (343)
hetitj+k=n—1
+ Z Z(a+b)h+a {d(zb(zazb)i) * Z(a+b)j+cz(a+b)k+c} (344)
htitj+k=n—1
+ Z (i + 1)Z(a+b)i+c {d((zazb)j) * Z(a+b)k+6} (3.45)
i+j+k=n
+ Z (¢ 4+ 1) Z(atb)itate {d 2(2a2)”) * z(aer)kJrc} ) (3.46)
i+j+k=n—1

By (3.22) and the harmonic product rule (2.1), the fourth term of the right-hand side
of (av,) (divided by the coefficient —1) is calculated as

Z d((zq2p)’ *za+b)k+20 (3.47)
jt+k=n
= Z(a+b)n+2c + Z d((zazb)j) * Z(atb)k+2c

Jjt+k=n

Jj>1

- Z(a+b)n+20 + Z Z(a—i—b)i-{—ad(Zb(Zazb)j) * Z(a+b)k+20

i+j+k=n—1
- Z Z(a+b)(i+1)d((zazb)j) * Z(a+b)k+2c
i+j+k=n—1
= Z(a+b)n+2c (348)
+ Z {Z(a+b)i+a (d(2(2a25)") * Z(atbpbt2c)
i+j+k=n—1
+ Z(a+b)k+2c2(a+b) i+ad(2p(2a2p)’ ) (3.49)
+ Z(a4b)(i+k) +a+2cA(26(2a2)) (3.50)
+ 2(ab)(i+1) (A((2a26)7) * Z(atbybac)
+ Z(a+b)k+26'z(a+b)(i+1)d((Zazb) ) (351)
+ Z(a+b)(i+k+1)+2cd((Zazb)j)}- (3.52)
By (3.22),
(349) + (351) = > Zarmrracd((za2)).
Jj+k=n
jz1
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Also we have

(3.52) Z kz a+b)k+2cd((zazb) )
Jt+k=n

Hence we find

(3.48) + (349) + (351) + (352) = 3 (7 + Drusnysacd((z02)")

Jjt+k=n
Since
(350) = D (J+ Dz(aspyjraracd(z(zaz)"),
jt+k=n—1
we have
(3.47) = Z Zatb)(i+1) {A((2a)?) * Z(atb)htac } (3.53)
i+j+k=n—1
+ Z Zatbyita {A(26(2a2)”) * Z(atbyboc ) (3.54)
i+j+k=n—1
+ Z .7 +1 a+b)]+26d((2azb)k> (355)
Jjt+k=n
+ Y G+ De@inyrarzed(z(zaz)b). (3.56)
j+k=n—1

The following identity is shown by [21, Theorem 7 (5)] (where the map d is denoted
by S) and (3.5):

d(zemm(zq2p)") = 2 Z d((za2)”) * Z(atb)hte — Z (zc (zazp)’ ) xd(z a+b) (3.57)
Jjtk=n JjH+k=n
for n > 0. By induction hypothesis and (3.57), we have
(3.7) =2 x (3.13) + (3.34) — 4 x (3.43) — (3.53)  (by (), -, (n_1)),
(3.8) =2 x (3.15) + (3.36) — 4 x (3.44) — (3.54)  (by (5o), - -
(3.9) = 2 x (3.14) + 2 x (3.17) + (3.35) — 4 x (3.45) (by (3.57)).

Also we immediately find that

(3.10) = 2 x (3.16),

(3.11) = 2 x (3.18) — (3.55),

(3.12) = 2 x (3.20) — (3.56),
0=2x (3.19) — 4 x (3.46).

We have already observed that the left (resp. right)-hand sides of these seven equations
add up to the left (resp. right)-hand side of the identity (). Therefore we prove (o).
In the same way, (3,) can be proved by using the induction hypothesis and («,) for n.
This completes the proof of Theorem 3.2. ]
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4 Finite Multiple Zeta Values

“Mod p multiple zeta values” have been investigated as with study of MZVs. D. Zagier
suggests a natural setting to consider them. Finite multiple zeta values are “mod p
multiple zeta values” in this setting.

4.1 Finite multiple zeta values

Let IL. Z/pZ
p
A= = {(ap)p; ap € Z/pL}/ ~,
D, Z/pZ
where (a,), ~ (b,), is equivalent to the equalities a, = b, for all but finitely many primes
p. The set A naturally becomes a ring with component-wise addition and multiplication,

and further, a Q-algebra by identifying Q as a subring of A by the diagonal embedding.

Definition 4.1. For any multi-index (ky, ..., k) with k; € N, finite multiple zeta values
(FMZVs for short) and finite multiple zeta-star values (FMZSVs for short) are defined by
the following:

Calkrs .o ke) = (Hy(ky,..., k) mod p), € A,

Calkr, .o k) = (H;(kl, ..., k) mod p)p € A,

where Hy(k1, ..., k) and H}(ky, ..., k.) are the multiple harmonic sum defined by

1
Hy (k..o k) = Z TR

n>my>o>me>0 1oLyt
. 1
Hn(kfl,...,kr) == E kl—kT
n—1>my>>mp>1 1 My

We use the terms weight and depth for FMZ(S)Vs in the same manner. By definition,
we easily find that each value can be expressed as the same linear combination in §.2.1.
We give a few relation formulas for FMZ(S)Vs.

Example 4.2. For any positive integer k, we have
Calk) = Cu(k) = (0),.

Proof. Let p prime such that p > k. By Fermat’s theorem and Seki-Bernoulli’s formula,
we obtain

p—1 1 p—1
H,(k) = — = Z mpP~tk
m=1 m m=1
1 p—1—k '
— — (p 1)p—k—] (p . k’) B
p =0 J
_1 p—k; pflfk‘ 4 . k
= <p—)k: (—1)7(pj )B]: mod p
§j=0



The last equality holds by the recurrence relation for the Bernoulli number. O

Example 4.3 (M. Hoffman [10]). For any positive integers ki, ko, we have

_1\k1
Callky, o) = C4(ky, k) = (% (’“ N k) Bpk1k2) |

Proof. By Example 4.2, we find
Calkr, ko) = Calkr, ko) + Calkr + k2) = Calky, k2).

Therefore we prove the identity only for FMZVs. Let p prime such that p > ki + ko.
Using Fermat’s theorem and Seki-Bernoulli’s formula, we have

p—l 1 k‘l—l 1 p—l 1 k}l—l
_ — -p—1—k
Hylkke) = D 50 d 5= a2 i7"
i=1 j=1 i=1 j=1
p—1

1 p— ko
B, . _ —1
p_k2 (p_kl_kQ) p—k1 k’z(p )

1 P — ]{72
— B, . _
k,2 ( kl > p—k1—k2

Dk (b + k
( ) ( L 2) Bp—k)l—kQ mod p.

ky + ko ky
[
Example 4.4. For any multi-index (k, ..., k) with k; > 1, we have
CA(kla ceey kr) = (_1)k1+...+krgx4(kzra SR 7k1>7
Cilkry .o ke) = (D) CU(R LK)
Proof. Replacing m; by p — m; in Definition 4.1, the following holds.
1
Hy(ky,.... k) = Z —
p>mp>-->me>0 ml o mﬁr
- ¥ :
p>my > >my >0 (p = mp)fr e (p—ma)®
= ¥ S w
p>my>-->m1 >0 ey
For FMZSVs, the required formula is proved in the same manner. ]

23



4.2 Vector space spanned by FMZVs

We introduce the following vector space spanned by finite multiple zeta values:

Definition 4.5.

ZO,.A = Q7
Zk,.A = Z Q'CA<k17"‘akr) (kz 1)7

weight=k

Za = ) Za
k=0

For example, we easily find that 2, 4 = {0} by Example 4.2. Next, FMZVs with
weight 2 are (4(2) and (4(1,1). Ca(2) = (0), and (4(1,1) = (—B,—2), hold by Example
4.2 and Example 4.3 respectively. Moreover we find B, 5 = 0 unless p = 2. Hence we
conclude 25 4 = {0}. For k = 3, C4(3) = Ca(1,1,1) = (0), and Ca(2,1) = —Ca(1,2)
are obtained by Example 4.2 and Example 4.4, which implies Z3 4 is generated by one
element.

It is known that if we add the condition k; > 1 to the definition of Zj 4, the space
remains same, and that if we replace FMZVs by FMZSVs in the definition, the resulting
space is same.

D. Zagier conjectures the dimension of the vector space Zj 4.

Conjecture 4.6. We have
dil’n(@ Zk,A = d;c,
where dj, is the non-negative integer satisfying the following recursion:

dy=d,_o+d_s (k>3), dy=1,d,=0,d,=0.

The vector space Z4 becomes Q-subalgebra of A since Z4 has also the harmonic
product as in the classical case. In contrast, “shuffle product” in Z4 has not been found.

4.3 Conjectures on FMZ(S)Vs

We introduce conjectures on FMZ(S)Vs in this section. To state conjectures, we define
the height for (kq,..., k) and the dual index in Hoffman’s sense.

For any multi-index (kq, ..., k) with k; € N, the height of (ki,...,k,) is given by the
number of components greater than 1.

For any multi-index (ky, ..., k) with k; > 1 and with the weight k, we define S((ky, ..., k,))
to be partial sum sequence of (ki,...,k;):

S((k1,.... k) ={ki, k1 +kay.. .. k1 + -+ krq}

as a subset of {1,2,... k — 1}. Obviously, the map S is a one-to-one correspondence.
Then (ki,...,k;) is said to be the dual index of (ki,...,k,) in Hoffman’s sense when

(Kj,....k) =S {1,2,..., k= 1}\ S((ky,.... k),
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and we denote the dual index of (ki,...,k,.) by (ki,...,k.)*. It is easy to see that
Hoffman’s dual operation is an involution. We note that k; > 1 if and only if £} =1 in
Hoffman’s dual operation.

Conjecture 4.7 (M. Kaneko [18]). The space spanned by FMZVs of even weight k and
depth 3 is of dimension k/2 — 2 — dim Sy, where Sy, is the space of cusp forms of weight
k on the modular group SLo(Z)

Conjecture 4.8 (M. Kaneko [18]). Let (k1,...,k.)* = (ki,...,k}) and j be a non-negative
integer. Then we have

Z Calkr+e1,. . ke +e) = Z Ca((Ky + €l k) +€)%).
e1+Fer=j e +-tej=j
;20 >0

Conjecture 4.9 (M. Kaneko [18]). Let I(k, s) be the set of multi-indices of weight k and
height s with ky > 1. Then we have

> )g;(kl, k) = 2(211_—11) (1-2'F) (%)p.

kel(k,s

Conjecture 4.8 and Conjecture 4.9 are analogues of known relations in MZ(S)Vs. We
end this section by stating the following results proved by S. Saito and N. Wakabayashi
which was conjectured by M. Kaneko. These are analogues of sum formulas on MZ(S)Vs.

Theorem 4.10 (S. Saito, N. Wakabayashi [26]). For integers k > 2 and r > 1, we have

S Glkik) = (1+(_1)T(i:1)) (Bl;ﬂ_k)p’

ki+-+kr=k
k1>2

Stk = (e (00) (5

k1++kr:k
k1>2
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5 Multi-Poly-Bernoulli Numbers

In this section, we define two kinds of multi-poly-Bernoulli numbers B, (ktserbir) - Gt s-ofr)

9 n

and multi-poly-Bernoulli-star numbers By, & (kl’ ’kr), Cgf*l’ “*) which generalize the Bernoulli
numbers and poly-Bernoulli numbers. We study fundamental properties for them and
discuss a connection to the finite multiple zeta values. As a result, we obtain alternative

proof of some relation formulas for the finite multiple zeta values.

5.1 Definition of multi-poly-Bernoulli numbers

Definition 5.1. For any multi-index (ki,...,k.) with k; € Z, we define two kinds of
multi-poly-Bernoulli numbers By (k.- kr) C’ékl""’k’) by the following generating series:

Lig,.. (1 —¢7") — ok L
1— e = 2B 5-1)
n=0

Lig, g (1 —et -
T - 2o

When r = 1, these numbers are poly-Bernoulli numbers studied in [2], [16]. Fur-
thermore, when » = 1 and k; = 1, both numbers are classical Bernoulli numbers since
Lii(1 — e ') =t. We note that BY = ¢V (n # 1) with Bfl) = 1/2 and Cfl) =—1/2.
We also use weight and depth in the same manner.

We show an easy evaluation of multi-poly-Bernoulli numbers.

Example 5.2.
Br(zl’m’l) = ! nt L Br(ler+17 Cq(mlw.’l) = ! n ! C7SIJT+1.
n+1 r n+1 r
Proof. Use the identity Li;__1(z) = (—log(1l — 2))"/r! to obtain
<~
0 n r—1 r—1 n
> B A L.t L pwE
rl 1 —et d " onl
n=0 n=0
and .
> A T r—1 r—1 ©° n
SR st
n | | et — | n |
~ n! rl et —1 rl = n!
The proposition follows. O
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5.2 Fundamental properties

In this section, we present fundamental properties for multi-poly-Bernoulli numbers. We
first give the recursion formulas for multi-poly-Bernoulli numbers.

Proposition 5.3. For any multi-index (ky, ..., k,) with k; € Z and n > 0, we have

n—1
Bk1kr) 1 Bki—Lkz,kr) _ Z n BFLskr)
" n+1\ " m—1)""

m=1

n n—1
-1 n n
C(k1 ..... kr) — ( 2 : —_1)m C(klfl,kg ,,,,, kr) 1) C(kl ..... kr)
" n+1 (=1) m) " :1< ) m—1/"" ’

m=0 m

where an empty sum is understood to be 0.

e _
T Ligy 1k, g (L—e7")
= et i BF1ses kr)ﬁ + (1 _ e‘t) iB(kl ..... kr) !
" n! (n—1)V
n=0 n=1

and from this we have

i B(kl ..... k‘q«)ﬁ — i B(kl—l ko,..., k,«) . (et o 1) i B(kl ,,,, kr) tn—l

n=0 ! n! n=0 ! n! n=1 ! (n o 1)'

B k) The relation for CY"*) is obtained similarly. O
Next, we give the explicit formulas for multi-poly-Bernoulli numbers as finite sums

involving Stirling numbers of the second kind. Before stating them, we recall the Stirling

n

numbers of the first kind [ } and the second kind " , which are the integers uniquely
m

m
determined by the following recursions for all integers m, n respectively (see [9, 20]):

o) =top =1 [l=[a)={o}-{nj -0 w0
[ Y R v PP B 4 A

Proposition 5.4. For anyr > 1, ki, ko, -+ , k. € Z, and n > 0, we have

Blkieks) — (_1)n 3 (—1)m1‘1(m1—1)!{ n }

mlkl e mrk'r ml —_ 1
n+1>mi>ma>-->m,>0
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and

R DR = = B LE

o o kr m
n+1>mq>mo>-->my>0 my my 1

Proof. Using the well-known generating series (cf. [9, §7.4])

CE S AL

we have
ZB(kl,...,kr)ﬁ
" n!
n=0
. Lik1,~-~,kr(1 — e‘t)
N 1—et
_ Z (1 _ e—t)ml—l
o k1. . ky
mi>mo > >mye>0 mit My
_ U ) S om0
mi>mo>->m>0 1 r n=mi—1 1 ’
- —1)m™=t(my — 1)! "
_ Z (—1)" Z (=1) (my —1) n v
mykL - omy b my; — 1] n!
n=r—1 n+1>mi>mo>-->m.->0 r
Comparing the coefficients of ¢” . we obtain the formula for BY k).
To obtain the formula for C’nkl"“’k’”), we proceed similarly by using the equation
el(et — 1)m-1 =\ (n+1) "
(m—1)! :nzg_l m [ nl (m 2 1),

which is derived from (5.2) by differentiation:

o tn
(k17~~~’k7‘)

E 0 C ]

n=

Likl,...,k‘,»(l — e*t)
et —1

eft(l _ eft)mlfl
- Z mlkl “ e mrk"r

m1>mo>-->my>0

R R

mi1>mo > >me>0 n=mij—1
N mikt - m, ke my | nl
n=r—1 n+1>mi>mao>--->m>0
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We give some simple relations among the multi-poly-Bernoulli numbers.

Proposition 5.5. For any multi-index (ki,...,k,), we have

Ckkr) — gRisske) C(krl,km..‘,kr)'

n n n—1

Cktk)

Proof. By the explicit formula for , we obtain

COkreke) Z (=1)™* = (my — 1)! {n + 1}

kl k?r
n+1>mq>->mp>0 my my 1

_ > <_1)m1;n_1(m1 - 1)!{ J 1}

e ombkr
n+1>mq1>-->m>0 my m,

Ly ey

.. omkr
n+1>mq>->mp>0 my my my

_ B(k)l,...,kr) o C(k‘l_lvk%---ykr)‘

n—1

The second equality above is by the recursion for the Stirling numbers of the second
kind. [

Proposition 5.6. For any multi-index (ky, ..., k.) with k; € Z, we have

BT(Zkl,...,kr) _ Z (”) C](kl,...,kT)

=0

and

ek - n—j T E1yenskr
Ok =3 (1) J(.>B§1 ),

§=0 J

Proof. The generating functions of B,(lkl""’kr), ClFrer) Jiffer by the factor e, and the
above identities follow immediately. [

5.3 Multi-poly-Bernoulli numbers with negative indices

By the explicit formulas, we immediately find B}fkl’”"*kr),C’T(fkl""’fkr)(ki > 0) to be
integers. We provide the properties for multi-poly-Bernoulli numbers with negative indices
and explicit expressions in special cases.

Proposition 5.7 (K. Imatomi, M. Kaneko and E. Takeda [14]). We have the follow-
ing generating series identities for multi-poly-Bernoulli numbers with non-positive upper
indices:
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1)

k

ottt T
Z ZB gl k)n'ki T

kot e =0 n=0
(1 _ e—t)r—l
(et et —1)(em22 4 et —1) - (emr— = 4 et — 1)’

2)
00 o0 n .k r
Sy I L

k1 yeveskp=0 n=0
e‘t(l _ e—t)r—l
(e et —1)(em22 4 et —1)---(emr—=or 4 et — 1)

Proof. Use the defining identity

[e.e]

Z Bk ! = (1—e ")t Z mit . omhr (1 — emhm

n=0 mi>-->me>0

to obtain

7Tt” T
Z ZB( ks n‘kl k'

k1,....kp=0 n=0

_ (1 . eft)fl Z (1 . e*t)mlemller"'errxr
my>->my>0
o
_ (1 _ eft)fl Z (1 _ eft)n1+---+nre(n1+---+nr)z1+(n2+---+nr)mz+---+nrzr

ni,...,np=1
[e%S)

= (1= D (A=e )" ((1—ehem )™ (1= e h)emtrtom)™

Ny yeeey =1

1 T1+T2 1+t
—t\r— € € €
== (1 — € t)r !

1-— ((1 — eft)exl) 1— ((1 — e*t)eer:rz) o 1 — ((1 _ eft)eac1+"~+:rr)
(1 o eft)rfl
(emm+et—1)(emo2 4 et —1)---(em1— 2 f et — 1)

The identity for C k) readily follows from this because the defining generating
series differ only by the factor e~*. O

Corollary 5.8. For any integers ky,..., k. > 0 and n > 0, the multi-poly-Bernoulli
(k1. —kr) (=K1, —kr) .
numbers By, and Cy, are positive integers.
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Proof. The right-hand sides of 1) and 2) of the proposition can be rewritten as

e*l eT1te2 e¥1t - +Tr

T—(et—1)(em —1) 1— (et —1)(emtoz —1) 1 — (et — 1)(evrt+or —1)

et<€t o 1)1"71

and

=1yt e . et . nt
IL—(et=1)(emr —1) 1— (et =1)(emt?2—1) 1— (et —1)(emrttzr —1)

respectively, from which the positivity of B and ¢ Rk g obvious. That

both are integers follows from the explicit formulas in Theorem 5.4. [

We can give some explicit formulas different from Theorem 5.4 for special indices.

Proposition 5.9. Forr > 1, k>0 andn > 0, we have

1)

N - ]
BN — oy {0
r—1) 17
7=0
r—1 n
] +1
Ok0.0)  _ (_qyn —1) el 7 " .
7=0
2)
r—1 min{n+1-rk}
= n—+1 k+1
B(O """ 0’_k) — r+ _1"{ }{ . }7
n ]Zo (r+g =1y T+ J+1
r—1 min{n+1—rk}
= n k+1
0.0k _ )14 .
i 2. (rHi= N
7=0
Proof. Set 9 =--- =z, =0 in 1) of Proposition 5.7 to obtain
N ottt (e
Bn A —x -1 T
porart nl k (e7* 4+ et —1)
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From this we have

o0 oo TLkJ
th et

r—1
Z Z Bgfk,[) ,,,,, 0 m k'y _

r=1 k,n=0

Comparing the coefficients of t, Ty
Similarly, we compute

x 0 k

Z Z PO LA A
n ke

r=1 k,n=0

and obtain the formula for Cj,

(—k,0,...,0)

r—1
r—1
1> 4

(ef—ire—t e+ et —

r=1
1 1
—x —t _ 1—e—t
(e7" +e N1- ===y
1
e?+et—1—(l—ety
6$

L= (L4 )1 - )

U T(1 4 y)/ (1 — ety

7=0
oo t"
(G+1)z _
ST
j=0
oo n A A ' m
> e“““(l+y>f<—1>"ﬂj!{’7}—.
, j ) n!
n=0 j=0

1 on both sides, we obtain 1) for BSFO00),

1oty

[e.o]

Zew 1+ (- 1>ﬂ2<—1>“{§ﬂ}§!

n=j
(j+1)z 7 n+j n + 1
e 1+ -1

n=0 j=0
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For 2), we set 1 = -+ = x,_; = 0 in the formulas in Proposition 5.7 and have

1

S5 pfard o
k=0 n—0 ”'k' e tet—1
t+x
_ t 1 r—1 €
Y ey
_ Zet(et _ 1)7"+j—1€x(€x _ 1)]'
5=0
- < (n+1 k41
= Z(r+j—1)! Z { } ﬂZ{ }
|
=0 oy (T I j+1
and
SN o S - n k+1
YD) BLICEI SEEVED DR SN 5 jlz{ 58
nl kl —
k=0 n=0 nl k! j=0 n=rtj—1 T+ j 1 ] +1
tn ok n .
Comparing the coefficients of o both sides and noting that =0if n < m,
n m
we obtain 2). O

5.4 Multi-poly-Bernoulli-star numbers

We describe multi-poly-Bernoulli-star numbers in this section. Multi-poly-Bernoulli-star
numbers are defined in a similar way as multi-poly-Bernoulli numbers:

Definition 5.10.

Liy, (1 —eh) B iB(kl,...,kr)ﬁ

1 —e- o nl’

n=0

. —t 00
Lijy, g (1—€¢) Ezdmmmﬁ
et — 1 prt X n!’

where Lizlwkr(z) 15 called non-strict multiple polylogarithm defined by the following series:
" z™m
Lig, k()= D>, —

™
m1>-->me>1 my my

We omit our proofs of fundamental properties for multi-poly-Bernoulli-star numbers
since their proofs are almost identical to the case of multi-poly-Bernoulli numbers.
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Proposition 5.11. For any multi-indez (ky, ..., k), we have the following recursions:

n—1
B(k17-~~7kr) — L B(k’l—l,kz,...,kr) _ n B(k1,...,kr)
% n+1 % : ] -1 YRS )

1
—1

1 n+1

(k1,onkr) (k1—1k2,..kr) (k1,e05kr)

Chs = o (Cn,i 2 . < , )(JN1 ) )

Proposition 5.12. For any multi-index (ky,...,k.), k; € Z, we have

Eipkr) (—1)™+ = (my — 1) n
Bv(%i )= Z k1 k my — 1

.« .. T
nt1>my > >me>1 mys ey

and o
Olkter) — Z (—1)m1k "my —1)! {n +1 }
n,% .
Rt 1>my > >m,>1 myt g m
Proposition 5.13. For any multi-indez (ky,...,k.), we have

C(kl,...,kr) _ B(kl,...,kr) . C(kl—l,kz ..... kr)'

n,* n,* n—1,x

Proposition 5.14. For any multi-index (ky, ..., k.) with k; € Z, we have

Blkrekr) — Z (”) C](li1,...,kr)
) j )

J=0

and .
n—i T ki,...kr
Cy(ﬁ,...,kr) _ Z(_l) J( .>BJ(-,*1 )
J=0 J
We present the sum formulas and duality relation for multi-poly-Bernoulli-star num-
bers. These results hold not for multi-poly-Bernoulli numbers but for multi-poly-Bernoulli-

star numbers.
The former one is the following:

Theorem 5.15. We have

r (kt,enkr) _ (_l)k n (1)
Z (_1) B1(1,* ) - k (k . 1> Bn—k—‘rl,*

k1+-4kr=k
1<r<k,k;>1

and

, -k n

kl ++kr:k
1<r<kk;>1
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Proof. We consider the generating functions of both sides by multiplying " /n! and taking
the summation on n:

(LHS) = Z Z (_1)1”37(1151 ..... kr)ﬁ

n=0 ki +-+k,=k

1<r<k,k;>1
% —t
_ Z (_1)TL% ..... kT(l_e )
1—et ’
kite+kr=k
1<r<kk;>1

(—1)k ad n (1) tn
(R‘HS) = l{? Z ]C . 1 Bn—k—&—l,*m

El 1 —et

Since both sides have the same denominator, it suffices to prove the following identity:

> (=1L, kr(l—e_t):(_k—l!)ktk. (5.4)

k1++k7‘:k
1<r<kk;>1

This equality is proved by the induction on the weight. When k£ = 1, the left-hand side
is —Lif(1 —e™*) = —t and is equal to the right-hand side. Next we assume the identity
holds when the weight is k. Then by differentiating the left-hand side of the identity of
weight k£ + 1, we obtain

R 0 )

dt
k1 tky=k+1
1<r<k+1,k;>1

L et 1 " _
D D e ) LN (R
k

k1++k‘r:
1<r<k,k;>1

D DG Ve T AN

R
1<r<kk;>1

-1 k+1
TN
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We used the induction hypothesis in the last equality. Therefore we have
(_1)k+1
> (D)L, g (l—eh) = ——=t""" 4 C
Lol (k+1)!
k1t tkp=k+1
1<r<k+1,k;>1
with some constant C', which we find is 0 by putting ¢ = 0. The sum formula for C,, , can
also be obtained from (5.4) since the generating function of C,, , differs only by the factor
e’ to the one of B,,,. O

Next we present the duality relation for the multi-poly-Bernoulli-star numbers.

Theorem 5.16 (K. Imatomi [13]). For any multi-index (ky, ..., k) with k; > 1(1 <i <
), we have
O(kl,‘.., _ ( 1)nB L ’k/)7

k

where (ki ..., k]) is the dual index of (ki,...,k.) in Hoffman’s sense.

Proof. We also consider the generating functions of both sides:

S Mmoo Lit L, (1—e)
LH = (k17"'7k7‘)_ — kl,...,kr
(LHS) ;%Om* ~ e
00 n Li*, ,(1 _ et)
(k. Lkt K oo k]
(RHS) ;( ) e

Hence we have to show the following identity:

Lig, ., (L—e") + Ly (1 —e")=0. (5.5)

This identity also follows from the induction on the weight. First, it is trivial in the
case k = 1. We assume the above identity holds when the weight is k. Since k; = 1 is
equivalent to k; # 1, we may assume k; = 1 by the symmetry of the identity. Then when
the weight is k 4 1, the derivative of the left-hand side yields

d .
— (in,kg,...,kr(l —e "+ Li* v (1 — et)>

dt Kkl
T P t
= Lip, 4 (1—e)+— T ——Liy, 1,k;,...,k;(1 — ¢
1 .
T 1t (L@ZQ,,..,kr(l —e )+ Lig oy (1= 6t)>

Therefore we obtain

Lifg, n(Q—e")+Liv, (1-€)=C

sk

with some constant C', and by putting t = 0, we conclude C' = 0. ]
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5.5 Connection to finite multiple zeta(-star) values

First, we introduce the following congruence formula between multi-poly-Bernoulli(-star)
numbers and finite multiple zeta(-star) values.

Proposition 5.17. We have

H,(ky, ... k) = —C}()]il;l’b"“’k’") mod p.,
Hy(ky, .. k) = —C;’ilgfj"”""”“) mod p.

More generally, for (strict) multiple harmonic sums, we have for any r > 1, 7 > 0, and
k, € Z

Hy(1,... 1k, ... k)= —CF Uk oq p,
——

p=j—2
J
Proof. By the explicit formula in Theorem 5.4, we have (we may assume p is odd)

Cl=lkaeks) Z (=)™~ (my — 1)! {p — 1}

—2 _
p m’fl ]'m];? PN mﬁr ml

p—1>mi>ma>-->m,>0

S -

o omkr
p—1>mi1>ma>-->my>0 m1 m2 mr

By the well-known formula (cf. [9, §6.1])

ol B
we see (_1)m1m1!{pn;1} _ lmzll(_l)l (@“) mod p,

the sum on the right being equal to (1 — 1) — 1 = —1. This proves that

Otk Lkzkr) — —H,(ky,... k) mod p.

p—2

Congruence formula for star version is proved in the same manner.
For the second identity, we proceed as follows. First note

> 1
p—12i1> >y >my > >me>1 17T LT My

.ok
p—ji>my>->me>1 my UL

?
Top—12i1>>1;>my 1 J
By changing i, — p — 7;, we see that

Z ; 1 = (—1) Z . L ,}modp.

‘ A TRRREY ; N RERE
p—1>41>->i;>my p—my>i; > >11>1
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Using the formula

Z ! = 1 {p - ml}
p—mi>ij>eig >1 ipoeeiy p—ma =1 j+1

and the congruences [ZL] = {Z__ZL} mod p (1 <m < n < p-—1) (see [11, §5]) and
m = (—1)™"'m,! mod p, we obtain (for odd p)
(_1)j+m1+1m1!{p—nzl—1
Ca(ly oo Lk, k) = > - - mod p

“ e s
p—ji>my1>-->myp>1 my my.

— —C’;Iilj__lz’b """ k) mod p.
This concludes the proof of the theorem. [
Combining the proposition with Example 5.2, we see that
k—2 /_k/t
2T = (~¢%5 mod p),

= (Bp_r mod p),.

(We used (?~]) = (=1)*'mod p and (—1)*7*B,_;, = B,_y, for large enough p.) As is
discussed in [18], the element (B,_; mod p), on the right is regarded as an analogue of
kC(k).

Corollary 5.18 (M. Hoffman [11]). For any multi-indez (ky, ..., k.) with k; > 1(1 <1 <
r), let (ky, ..., k) be the dual index for (ki, ..., k.) in Hoffman’s sense. Then we have

Cilkr, . k) = —=Ci(ky, .. k).

Proof. 1t is sufficient to prove the case k; = 1. By (5.6) and the duality relation for the
multi-poly-Bernoulli-star numbers, we obtain

(LHS) = (—C’(O’k”"’kr) modp) 5

p—2,%
p
(RHS) = (C]()/ilzj*l,kz,...,kl)modp)
p

— ((—1)5‘73;1?2’;;’“) mod p)p.

Hence we complete the proof if we prove C,(L?;k”"’kr) = B,S’ff""”“) for all n. We consider
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the generating functions of these numbers:

i COk- " _ Lig g, g (L—e7")
— ! et — 1
1 1 >
- Z %
e —1 mo>-->mp>1 m22 -mffr mi=ms
1 ) .
= e—t(et 1) L?/ZQ ..... kr(l — € )
o n
~ Y B )1
X nl’
n=0
From this we have ( : ( §
0.k, kr k
_Cp—z?* = ( 1)po 22*

for any odd prime p.

The following corollary is a weaker version of Theorem 4.10.

Corollary 5.19. We have

S (Gl

k1++k'r:k
r>1,k1>2,ki>1

where B,, is the classical Bernoulli number.

Proof. Equations (5.3) and (5.6) yield

S (=) k)

koo =k+1
r>1k1>2,k;>1

, kr) = (BP—

(
-

(—;)’“ (Z

oW

p—k—1,%

So replacing k by k — 1, we obtain the desired identity.
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6 Multi-Poly-Bernoulli Polynomials

In this section, we give multi-poly-Bernoulli polynomials which generalize the classical
Bernoulli polynomials, and generalized Arakawa-Kaneko zeta function whose values at
non-positive integers are multi-poly-Bernoulli polynomials .

6.1 Definition of multi-poly-Bernoulli polynomials

Definition 6.1. For any multi-indez (kq, ..., k,), multi-poly-Bernoulli(-star) polynomials
Ol (), Ok (1) are defined by the following series:

- ¢ Li (1—e)
(k1,....k _ k1, kr ot
ZC ' n[ - et_l S (61)
n=0
— n' et —1

When r = 1 and &k = 1, C(l)(a:) and Cflll(:v) are the classical Bernoulli polynomials
whose generating function is te* /(¢! — 1), and when z = 0, CY**"(0) and CI+*)(0)
are the multi-poly-Bernoulli(-star) numbers. We need not consider “B-version” of multi-
poly-Bernoulli(-star) polynomials since we obtain “B-version” by replacing x by x + 1 in
Definition 6.1.

We present basic results for multi-poly-Bernoulli(-star) polynomials. We first give the
explicit expression in terms of multi-poly-Bernoulli(-star) numbers.

Proposition 6.2. For any multi-index (ki,...,k,) and n > 0, we have
=0
Ol (z) = (?)Cé’“i;;;”“”:cf.
=0

Proof. By using Definition 6.1, we obtain

i C(kl,...,kr)<x>ﬁ Ly g (1— e_t)emt
" l et —1
o0 ; o
_ (ktyoskir) B (xt)?
- (zeg) (2
=0 7=0
o n n N N "
NG
n=0 j=0 \J Y nl
The proof for multi-poly-Bernoulli-star polynomials is identical. ]
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Proposition 6.3. For any multi-index (ki,...,k,) and n > 1, we have

d
. Cékl""’k"")(x)
d

e Cff*l peeeskir) (x) = nC(kli"'*"kT) ().

Proof. We differentiate both hands of (6.1) with respect to x:

= O (),

d & t" Liyg, & (1 — €_t)
Bl C(kl""’kT) o 1yeee5Rr ¢ xt
dx ;) " (x>n' et —1 ¢
d o tn—i—l
- E (k1,.kr)
- dr Cu” (z) n!

We can prove the identity for multi-poly-Bernoulli-star polynomials in the same manner.

O

Next, we give the symmetric relation for multi-poly-Bernoulli-star polynomials. We
note that the similar relation does not hold for multi-poly-Bernoulli polynomials.

Proposition 6.4. Let (ki,...,k.)" = (k,...,k;). Then the relation
Ot (@) = (-1 a1 - a)

holds.

Proof. Using the identity (5.5), we obtain

Lig, (=€) Liz;,...,k;(l —e)

= e e
et —1 * et —1

1 —et et —1

xt

e(1=2)(=1)
Hence we have the required identity by comparing the coefficients of " /n!. [

6.2 Generalized Arakawa-Kaneko zeta function

In this section, we introduce generalized Arakawa-Kaneko zeta function whose values at
non-positive integers are multi-poly-Bernoulli(-star) polynomials.

Definition 6.5. For complex numbers s and x with R(s) > 1—r and R(x) > 0, we define
Zky...k, (5,2) by the following integral:

1 > Li 1 — et
Zirreae(5:7) = Ty /0 kl’"'(;]?(_ ; a1y,
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Proposition 6.6. The function Zy, . (s,x) can be analytically continued to whole s-
plane as an entire function. Further, we have

Ziy,oo i (—1, 1) = (=1)"CF0k) (),

Proof. We decompose the interval of integration of defining integral:

1 L Li 1—et)
Ziss(5:9) = o5 /0 kl,..?(— 1 ) ety
1 o LZk k (1 — 6_t) Ctys1
T(s) - w1y,
" F<s>/1 PR

The latter integral converges for s € C since
< Li 1—et!
/ lkl,...,kr( € )efmttsfldt
1

et — 1

/OO Lil,---,l(l — eit) ’e—xtts—l‘ dt
1

el —1

1

Also we find that the latter one vanishes at non-positive integers. The former one can be
rewritten as the following form:

1 Y Lig, o (=€), 1 1 & grts—1
1yeeeylor —x ts— dt — O(klrnyk"“) _ dt
['(s) /0 et — 1 ‘ I'(s) /0 nZ:O " =) n!
1 & 11
- = C’(k17~--7kr) o\ ]
I'(s) nz; " ( x)n! n+s

Second equality holds from Lebesgue’s convergence theorem and the estimate

i/ol g - i‘oﬁkl’m’kr)(—@ 1 1

nl'n + R(s)

tn+sfl
Cflkl,...,kr)(_l,)

n!
Z"O 1

for R(s) > 1 —r. Therefore, we can continue Z, (s, x) to s-plane and moreover, when
s = —n for n > 0, we have

1
—_ = 1 —C(kl’...7kr) - ol
..... ke (=70, ) e L(s)(s+mn) " =

_ (_1>n07(lk1,...,kT)(_x)'
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Proposition 6.7. For any multi-index (ki,...,k,), we have

Zk1 ..... kr(S,CE) = Z (kl_AiC(S,l’ + 1),

ook
mi>e>me>0 14 My

ke (—A) (s, +1).

.....

where ((s,x) is Hurwitz zeta function and A is the forward difference operator defined by

Af(x) = flz+1) = f(x).

Proof. We rewrite multiple polylogarithm as series in Definition 6.5:

1 0o (1 — e t)m g—ats—1
Zk1 ..... kr(871:) = F(S)/O Z kl...mffr et —1 dt

my > >mye>0 my

m —(j -
1 ™ o (]+x)tt5 1

“ 1 () [

my>->my>0 my T j=0

_ 3 %i(—l)j <T;L,1>C(s,x+j+l)

.o ke
my > >myp>0 my m

— > ﬁig(s,x +1).

mi>e>me>0 1 Sy
O
We derive a formula for Z; (s, z) using Proposition 6.7.
Example 6.8. For m > 0, we have
_1)m
Zayn(s.2) = (s 1) s m = D)C(s 4,z £ 1),
Proof. By using Proposition 6.7, we obtain
Zpym(s,x) = Ligym(=A)((s,z + 1)
1 . m
= —(La(=4))"¢(s, 2 +1)
1
= (=D.)" ((s,x + 1)
1
= %5(s+1)~~(5+m—1)C(5+m,x+1),
where D, is the differential operator on x. Notice that 1 + A = exp(D,) holds since
— Dp — [ (@),
els f(z) :ZH (x)=> = fle ).
n=0 n=0
O]
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