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Abstract

Let ((s1, 82, -, Sk; &) be the multiple Hurwitz zeta function. Given two positive
integers k£ and n with & < n, let E(2n, k; a) be the sum of all multiple zeta values
with even arguments whose weight is 2n and whose depth is k. In this note we
present some generating series for the numbers E(2n, k; o).
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1 Introduction

The multiple zeta values

1
C(81,827"' a8m> - Z S1,.52

)
ni'n e emSm
ni>ng>-->ngE >0 1772 m

are also called Euler-Zagier sums, where sy, s, -+ -, s, are positive integers with s; > 2.
The multiple Hurwitz zeta function ((s1, S2,- - , s; @) is defined by the multiple series

1
C(517827"' 7Sk;a> = Z

1SRy 30 (711 + a)sl (TLZ + Oé)sz .. (nk + Oé)sk )

where a € C\ {0,—1,—2,---} and 1, 89, , S are positive integers with s; > 1. The
multiple zeta functions have attracted considerable interest in recent years.
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There are various relations among multiple zeta values. One of the well-known Q-linear
relations among multiple zeta values is the sum formula ( see [2, 3, 4, 7, 9]), which states

that
Z C(jbj%"' 7jk):C(n)

Jj1t+ig=n
Eachj; >1,j1>1

In [6], M. Igarashi proved a generalization of the sum formula. Here we quote Igarashi’s
result in a slightly different form.

Theorem 1. ([6]) Let a be a complex number with Re o« > 0 and let n,k be positive
integers such thatn > k + 1. Then the following identity holds.

E C(]lm???"' 7]/€;a)
J1tig+-+ig=n
Eachj; >1,51>2

(n— —1'N:0 N+Oz (v —x)N41

where [ - denotes the (n — k — 1)th derivative of a function with respect to its
variable x, and (a)n denotes the Pochhammer symbol.

=0
](n—k—l)

Given two positive integers n and k with n > k, let E(2n, k; a)) be the sum of all the
multiple zeta values of even-integer arguments having weight 2n and depth k&, i.e.,

E@2n,k;a) = Z C(241, 22, -+ 5 2415 ).
J1t-+ig=n
jl7j2""»jk>1

(The notation F(2n, k; «) is similar to that in [5, 12]. In [5], Hoffman defined a number
E(2n, k) which is equivalent to the number E(2n, k; 1) in our notation, and in [12], the
number F(2n, k;1/2)/2*" in our notation is denoted by T'(2n, k).)

The result of Gangl, Kaneko and Zagier [1] that

E(2n,2;1) = ZC(Qn), for n > 2.
was extended by Shen and Cai [11] to
> 1
E(2n,3;1) = gC(Qn) — ZC<2)C(2” —2), forn >3,

E(2n,4;1) = %C(Qn) — %C(Q)C(Qn —2), forn>4.

Applying the theory of symmetric functions, Hoffman [5] and Zhao [12], respectively,
established the generating functions for the numbers E(2n, k; 1) and T'(2n, k), respectively.
Hoffman [5] proved that

n ok sin(my/1 —8\/_)
1+ (2n, k; 1)t =
n>zk>1 1 - (ﬂ-\/_)
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And Zhao [12] proved that

0ok _ cos(my/(1 — $)t/2)
1+n>§k;1 (2n, k)t"s oy

Based on these generating functions, some formulas for the numbers E(2n,k;1) and
T(2n, k) for arbitrary n > k have been obtained. For example,

o ¢(2n) 2k—1 €(27)C(2n = 2j) (2k —2j —1
EQ2n, k;1) = 92(k—1) Z 22k=3(27 + 1) By, k ’

155 : : :
t(2n) (2k—2 t(25)t(2n —2j) [(2k —2j —2
T(2n, k) = — - :
(20, k) = oy, ( k-1 ) ; 23225 — NkBy \ k-1 )

where Bs; is the 2jth Bernoulli number.

In this note we use a method introduced by Granville [2] to establish an algorithm
similar to that in Theorem 1 for the calculation of the numbers E(2n, k; ). We prove
that the calculation of F(2n,k;«) involves the Euler I'-function and the direct formulas
for E(2n,k;1) and E(2n,k;1/2) can be deduced from the Bessel functions of the first
kind. The main results of this paper are the following theorems.

Theorem 2. Let a be a complex number with o € C\ {0, —1,—2,---}. Let N > 0 denote
an integer and let (aéN), agN) ag ), -++) be an infinite series deﬁned by the expansion
1 z (N) 4 (N (N) k-1
I (14 G )~ e e allet )
r#N

Then for positive integers n and k (suppose n > k), we have

00 (V)
a1
E(2n, k;«a) Z (N & a)en 22" (2)
N:O
Theorem 3. Given an integer N > 0 and a complex number o € C\ {0, —1,—-2,---},
for any x € C we have
o x
1+
H( (r+04)2—(N+a)2)
r#N
2(-1)N(N + a)l'(2a + N) 1
NI (o + /(N +a)2—2)D(a—+/(N+a)?—2z)

where I' denotes Fuler’s Gamma function.
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Corollary 4. Theorem 2 and Theorem 3 yield that:

E(Qn, k; a)
) (k)
k‘ N‘N+a2" H AP+ /(N + )2 —2)T(a — /(N + )2 —z) ’
=0
where | - ](k) denotes the kth derivative of a function with respect to its variable x and I’

denotes the Gamma function.

Corollary 5. For positive integers n and k (suppose n > k ), we have

4(—1 k+1, 2k -1 N
E(2n, k; 1) = ( ) z Z ( ) (COS \/E) (D) |x:(N7r+7r)27 (3)

2n—2k
Ko & (Nt 1)
1 2= & (=N (k)
E(QTL, k; 5) = I NZ:O (N n %)2n72k+1 (COS \/E) |$:(N7r+7r/2)2. (4)

Corollary 6. The direct formulas for E(2n,k;1) and E(2n,k; 1) are that:

Lkl

Qk: — 1 —2)1(2m)% .
E(2n, k;1) 2% o7 Z 2] Ty ¢(2n — 29), (5)
1 2k—2—2j)(2)ﬂ' 1
E(2n7ka§ 22k 2L\ Z _1_2]). C(2n_2]a§) (6)

2 Some Lemmas

This paper uses some properties of Euler’s Gamma function I'(s) and the Bessel function
Jp(z) of the first kind. Here we list some needed Lemmas.

There are several equivalent forms of the Gamma function I'(s) developed by Euler,
one by Weierstrass:

1 SOO _s
m:S(i7 H(l—l—%)e m, VseC,

where v denotes the Euler-Mascheroni constant defined by

m—r0o0

1 1
v = lim (1—{—54—---4———10gm):0.577215---.
m

It is easy to deduce from Weierstrass’ definition of I'(s) the following lemma.
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Lemma 7. Let oy, o, -+ ,ap and By, Ba, -+, Br be two groups of complex numbers (k >
1). Suppose they satisfy the following conditions: (i) a1+ o+ 4o = f1+Po+- -+ B
and (ii) none of the ;s is a negative integer. Then we have

o0

H (m+aq)(m+ ) -+ (m+ ay) _ D1+ 801+ Bo) - - T(1 + By)
(m+p)(m+pBa)---(m+ ) TA+a)l(1+ag) - T(1+ag)

m=1
It is well known that I'(s) satisfies the functional relation I'(s + 1) = sI'(s), V
C\{0,—-1,-2,---}, and if N > 0 is an integer then I'(s) has residue ]\1[) at s = —N
Lemma 8. [10] The following identities hold for s € C:
1 _ sinTs 1 _ COSTS
14s)I(1—-s) w5 ' rG+s)'E-s

We turn to introduce some properties of the Bessel function of the first kind with
a half-integer index. The Bessel function J,(z) is said to be of a half integer index if
p=k+ % with k& being an integer. It is well known that the Bessel function of the first
kind with a half integer index can be represented by elementary functions.

Lemma 9. -2 cos(y/z) = \/g(—l)kQ*kxl_fk Jp-1(Vaz), forz>0and k=0,1,2,---

Proof. The Bessel function J,(x) is defined by the series

Jp(7) = (%)p;}m!r(;jﬁ+ 1) @)% (7)

where the radius of convergence of the series is +o00. It follows from (7) that (using the
well-known identity T'(n + 1/2) = /7(2n)!/(n!22"), Vn > 0)

Je s (V) = \f m K m ®)

m' 2m—|— 2k)!

m=0

On the other hand, by Taylor’s expansion of cos+/x, we have

dak cos ( B mz::k (2m). v
oo m+k k
_y EUTm L, (9)
— 2m + 2k)!m!
Observing the right-hand sides of (8) and (9), the result follows immediately. O

Lemma 10. Let k > 0 be an integer and let x > 0. Then the Bessel function Jyi1/2(x)
18 represented by
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15] ; .
21 ) & (k-2 1
Tey@) = T Sm; @) (k—2))  (20)"%

15534]

1) (2k — 1 — 2j)! 1
o one Z Q-1 @y (- 10

Proof.  We omit the detailed steps. It is shown that ([8]) the Bessel function Jyq/2(x)
satisfies the relation

2 d* i
Jpr12(x) = (-1)F | =2 —— (Slﬂ) , for k=0,1,2,---. (11)

T (xdx)k \ =z

It follows from (11) that

J 2sinx J ( ) 2 1 sinzx
=3 —— T) =1\ ——F —Ccosx ),
1/2 Tz 3/2 PN T

and so on. Then using induction on k we can prove that (10) is equivalent to (11). O

Lemma 11. Let k > 1 be an integer. Then by Lemma 9 and Lemma 10, we have

(Cos\/i)(k) = (- )Sm\/_z 2k—2—2])l22ﬂ 1

92k—1 —1—2j)! k1]

L’“ 5
C(-DH 1)/(2k —3—2j)122 1

) 12
92— QCOSWZ 2j + Dk —2—2j)  ak1 (12)

3 Proofs

Proof of Theorem 2. The left side of (2) is

> X 1
P SR (n1 + @)1 (ny + )22 - - - (ny, + )%
iy de=1

- Y Y i W
ni>ng>-->ng >0 J1ttig=n 1 2 k
Jise ezl
The second sum in (13) is the coefficient of 22" in the formal power series

> () S () ()

j=1 1 1
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332]4

[(n1 + @)? — 22][(ne + a)? — 22?] -+ [(ng + ) — 2?]
k Qk 1
; (nj + «a)? — 22 1@1_[@ (nm + @)% — (n; + «)? (14)
m#j

It follows that the coefficient of 22" above is

1 H 1
(nj + o)2n—2k+2 (nm + @)% — (n; + «)?

1 1<m<k
m#j

k

J

Hence the sum (13) is

1
2 Z s 1 e | (1)
n1>ng>--->nE 20 j=1 TL +Oé * 1<m<k (nm—i_@) (nj+a)

mtj

Now we take each n; = N in turn. Then the sum (15) becomes that

Z (N + 03271—%—1-2 ZP<N7J B 1>Q(N7 k— J)a (16>

NZ0

where the series {P(N i)}3%, and {Q(N, 1)}, are defined in the following manner. Define
P(N,0) = Q(N,0) =1, and Q(N,j) =0, ‘v’j > N; If j > 1 then define P(N,j — 1) to be

PN.j=1) = Z H [(n; + a)? N+a)].

ni>-->nj_1>N i=1

While if 1 < j < k and k — j < N, then define Q(N, k — j) to be

QN.k-j)= H (ORI (N+a)]

N>njp1>>np=0i=j+1

In other words, the series {P(N,i)}°, and {Q(N,7)}°, are defined by the following
generating functions:

T

—(N+a)2)’

1+ P(N, D)z + P(N,2)a* +--- =[] <1+ G

r>N

and

1+ Q(N, Dz +Q(N,2)2* +--- = [] (1+(T+a)2_xw+a>2).

0<r<N
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Now the second sum Z§:1 P(N,j —1)Q(N,k — j) in (16) is the coefficients of z*~*
in the power series

1+ P(N,1)z+ P(N,2)z* + -] [1+ Q(N, 1)z + Q(N,2)z* + - -],
ie.,
k
> P(N,j = DQN,k—j) = a),
j=1

where a,(j\_[)l is given by (1).

Therefore, the sum (16) is
(N)

> i
~ (N + o)2n—2k+2
which gives the identity (2). O
Proof of Theorem 3. Consider the infinite product
s x
)
TH) ( (r+a)? —y?

where y is a complex number with y & {a, 1+ a,2 4+ «, - }.
By Lemma 7, we have

(o)

r=0

B &2—y2+xﬁ(r+a+ v —z)(r+a—/y*—x)

)
a?—y* 13 (r+a+y)r+a—y)
-yt Fl+a+y)T(l+a—y)
(

=y T(l+a+ /12— T(1+a—/y>—1)

[(a + y)F (a—y)

= T(a+ /42 — 2)T(a - 72—@' (17)
It follows that
1 z _ I(a+y)T(a—y) (N +0a)?—y?
711 (1+ (T+a)2—312> (a4 92— 2)D(a—\/y? — 1) - (N+a)?—y>+a (18)
r#N

By the residue formula of the Gamma function, we have

Jim Tla—g)(N+a—y)= lim T(s)(s+ N) = <_A1[3

Now on both sides of (18) we put y — N + a. Then we get the required identity in
Theorem 3. O
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Proof of Corollary 5 and Corollary 6.  In Corollary 4, we take a = 1 and a = 1/2,
respectively. By Lemma 8, we have

sin(my/(N +1)2 — x)

1
I(1++/(N+1)2—2)T(1—+/(N+1)2—-2x) m/(N+1)2—z

1 1 1
= — cos <7T (N+§)2—x) .
FE+y/(N+3)2—2)PE - /(N+1)2—2) 7
It is easy to verify that
(k)

sin <7T (N—|—1)2—x) o o [(SiNV/T (k)
N e = (=1 (7)

z=(Nm+m)?

— (=)' (cos )" , (19)

z=(Nn+m)?

(k)
1
(cos@r (N+3)?2—a >) = (=)™ (cos VD) V| rpm - (20)
=0
Substitute the right-hand side of (19) into the right-hand side of the identity in Corol-

lary 4, then we get the identity (3). Similarly, we can prove (4).
To prove Corollary 6, we use Lemma 11. It is deduced from (12) that

(k+1)
(cos \/5) —(Nr)?

(—1)(N+k+1) 152 (—1)(2k — 1 — 2j)! (27)%
:W jZO (25 + Dk =25 — DI (N + 1)2k-2" (21)

(cos \/5) *)

z=(Nm+7/2)?

B (_1>(N+k) L%J (_1)3(2k —9_ 2])' (27T)2j
- (2m)%t ;0 (2)!(k —2j — 1)1 (N + L)2—1-2" (22)

Substitute (21) and (22) into (3) and (4) respectively, then we will get the desired identities
(5) and (6). O
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4 Generalizations

Similar to the definition of F(2n,k;«), we can define a number E(mn, k;«) as follows.
Let m,n and k be positive integers with m > 2 and n > k. Then define the number
E(mn, k; ) to be

E(mn’k’a) = Z C(mjlamj27"' amjkva)
J1+-+ig=n
Ji,J2, gk =1

If we check the proofs of Theorem 2 and Theorem 3 again, we may find that the
theorems can be generalized in the following way.
Theorem 12. Let « be a complex number with o ¢ {0, —1,—2,---} and let N > 0 denote
an arbitrary integer. Define a function fy(z) by

o0

In@y =11 <1+ (r+a)mf(N+a)m>'

r=0
r#N

Then for positive integers n and k (suppose n > k), we have

|x0
E<mnka _112 N+amnmk+m

Moreover, the function fy(x) can be represented by the Gamma function, i.e.,

(D¥m(N+a)"" 1[I Tla—6i(N + )

fn(z) = N o 1" T(a—60;%/(N+a)ym—z)

where 01, 0y, -+, 0,,(= 1) are all the pairwise different roots of Z™ = 1 in C.
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