DERIVATIVES AND SPECIAL VALUES OF HIGHER-ORDER
TORNHEIM ZETA FUNCTIONS

KARL DILCHER AND HAYLEY TOMKINS

ABSTRACT. We study analytic properties of the higher-order Tornheim zeta
function, defined by a certain n-fold series (n > 2) in n+1 complex variables. In
particular, we consider the function wp+1(s), obtained by setting all variables
equal to s. Using a free-parameter method due to Crandall, we first give an
alternative proof of the trivial zeros of wp41(s) and evaluate wyp41(0). Our
main result, however, is the evaluation of "J;L+1 (0) for any n > 2. This is again
achieved by using Crandall’s method, and it generalizes recent results in the
cases n = 2,3. Properties of Bernoulli numbers and of higher-order Bernoulli

numbers and polynomials play an important role throughout this paper.

1. INTRODUCTION

One of the best-known multiple zeta functions is the double series

(1.1) W(r,s,t) = Y L1 1

) mr ns (m + n>t7

which converges for all complex r,s,t with Re(r +¢) > 1, Re(s +¢) > 1, and
Re(r + s +¢) > 2. This series was first investigated for positive integers r, s,t by
Tornheim [22] in 1950, and independently by Mordell [13] in 1958 for the special
case r = s = t. It is therefore often called a Tornheim (double) sum or Mordell-
Tornheim (double) sum or series. Furthermore, Witten [23] studied a wider class of
such series, which Zagier [24] called Witten zeta functions, a name sometimes also
attached to (1.1).

Inspired by a preprint of Romik’s paper [21], J. M. Borwein and the first author
[3] studied the analytic properties of the function ws(s) := W(s, s, s), with emphasis
on the values w3(0) and wj(0). Some of these results were earlier and independently
obtained by Onodera [17, 18].

It is the purpose of this paper to extend these results to a multi-dimensional
analogue of the Tornheim zeta function (1.1) which can be defined, for n > 2, by

1
(1.2) W(ri, ..., t) := . - ,
o0 G
where r1,...,7, and t are complex variables with (initially) Re(r;) > 1 for j =
1,...,n and Re(t) > 0. This class of multiple series was studied by several authors;
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see, e.g., [1], [10], or [17]. In analogy to ws(s) we also define
(1.3) wpt1(s) ==W(s,...,s,5).
Omnodera [17] showed that

_1)»
(=1) (n>1).

n+1

In this paper we provide a different proof of this identity, while our main result is
an evaluation of wj,,;(0) for all n > 2, generalizing

(1.5) w5 (0) = log(2m),

which was obtained in [3] and [18]. In fact, we are going to prove the following
result, which involves derivatives of the Riemann zeta function ((z) which, as is
well know, can be analytically continued to the whole complex plane, with the
exception of a simple pole at z = 1.

(1.4) wn41(0) =

Theorem 1.1. For any integer n > 2 we have

(1.6)  wnya(0) = (=1)" log(2m) +

s(n, 25 + 1)’ (—275),

where s(n, k) are the Stirling numbers of the ﬁrst kind.

We recall that the (signed) Stirling numbers of the first kind can be defined by
the relation

(1.7) (t—n+1), = Zs(n,j)x]

j=0
where (a), = a(a+ 1)---(a + n — 1) is the Pochhammer symbol; see, e.g., [16,
Sect. 26.8].

Theorem 1.1 is not new. Independently of the prsesent paper, Onodera in an-
other, more recent, publication [19] obtained generalizations of (1.4) and (1.6); for
details, se the final Section 8 below. However, our method is quite different from
Onodera’s, and a second purpose of the present paper is to give another application
of Crandall’s free-parameter method.

Returning to the identity (1.6), we see that for n = 2 it reduces to (1.5). Fur-
thermore, since s(n,n) =1 and s(n,n —1) = —n(n — 1)/2 for all n > 0, as well as
5(5,3) = 35 and s(6,3) = —225 (see again [16, Sect. 26.8]), the next four cases are

wj(0) = —log(2m) + ¢'(-2),

w5 (0) = log(2m) — 2’ ( 2),

wg(0) = —log(2m) + 33¢'(=2) + 5¢'(—4),
wz(0) = log(2m) — & ( 2) — 1¢'(—4).

All these identities can be slightly rewritten if we use the known evaluations

1 ¢3)
(1) C(0) =~ log(2m) and ((-2) = 51,
see, e.g., [16, Sect. 25.6(ii)]. It should also be mentioned that Bailey and Borwein
[2] obtained experimentally the evaluations of w;,,;(0) for all n < 18. Their values

are in agreement with Theorem 1.1, which was obtained later.
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This paper is structured as follows. We begin with a section on some impor-
tant special functions that will be required, and derive some general results based
on Crandall’s free parameter method. In Section 3, Crandall’s method is used to
evaluate wy, 1 (s) at all nonpositive integers. The remainder of the paper is then
devoted to the proof of Theorem 1.1, beginning with the basic set-up in Section 4.
The following two sections then contain a sequence of technical lemmas, and every-
thing is put together in the short Section 7. Finally, Onodera’s recent results will
be given in Section 8.

2. SOME PRELIMINARIES

As in the paper [3], which dealt with the case n = 2, our main tool will be an
expansion of W(ry,...,r,,t), applying a free parameter method due to Crandall.
For this purpose we use two important special functions, namely polylogarithms
and the incomplete gamma function.

The polylogarithm of order s is defined by

oo Zn
(2.1) Lis(z) := ot

n=1
For each fixed s € C, the series (2.1) defines an analytic function of z for |z| < 1; in
particular, Lig(z) = z/(1 — z) and Li; (2) = —log(1 — z). The series also converges
when |z| = 1, provided that Re(s) > 1; for instance, Lis(1) = ((s), the Riemann
zeta function. While the polylogarithm satisfies numerous other properties (see,
e.g., [16, Sect. 25.12]), we mainly require the following representation.

Lemma 2.1. For any s € C not a positive integer, and for |log z| < 27, we have

log™ =z

o +T(1—s)(—logz)* "

(2.2) Li(z) = > ((s —m)
m=0

This identity can be found in [7, pp. 27-30], in a slightly more general form.
The multiple Tornheim zeta function now enters through the following integral
representation.

Lemma 2.2. Forry,...,r, > 1 and t > 0 we have
(2.3) TEW(ry,...,rp,t) = /0 xtt H Li,, (e™")dx
j=1

For n = 2, this identity was first given, without proof, in [4] as identity (6.2),
and a proof was later provided in [3]. The proof of (2.3) is similar to that of the
special case in [3]; we give it here for the sake of completeness.

Proof of Lemma 2.2. We use Euler’s integral for I'(s), namely
(2.4) I'(s) = / ettt (Re(s) > 0)

0
and substitute ¢t = max, so that

o0
I'(s) = ms/ e~ ™y,
0
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Replacing s with ¢t and m with m; + -+ + m,, we get for Re(t) > 0,

1 1 o0
2.5 - —(matetmp)a t—1 g0
(2:5) (my+---+my)t  T(t) /0 € rooar

If we substitute (2.5) into (1.2) and change the order of summation and integration,
we get

1 o0 o e—miz 0 e~ Mn®
W(rl,...,rn,t):—/ xt1< T>( - >d;v.
I'(t) Jo mgl my' m%;l my"
Finally, with (2.1) this gives (2.3). O

The main result of this section has its origin in a method of Crandall in the case
n = 2, which provided an expansion of W(r1, 79, t) with a free parameter 6 > 0; see
[3] for further details. Here we extend this to arbitrary n > 2. In what follows, we
require the incomplete Gamma function, defined by

(2.6) I(a,z) = / y e vdy.
z
Theorem 2.3. Let n > 2 be an integer and ri,...,r,,t compler variables with
r; ¢ N for 1 < j <n. Then for any real  with 0 < 0 < 27 we have
(¢ )0
27) TOWr, .t = 3 (¢, (ma + - + 7))

1 Tn t
m .. .m m .. m
mi,...,mnp>1 1 n ( 1 + n)

DN (I VI | (YIRR) | Sy

{a1,...,ar} “Uaqys--sUay, 20 =1 j=1
C{1,...,n}
0v 1
+ T - ),
w -
=1

where the final term is considered to be the case k =0, and

k
w:t—(n—k)ﬁ—z Uq; — Ta; —5—2%
j=1

Proof. From the definition (2.6) we have, for any ¢ > 0,

oo

I‘(t, (ml + 4 mn)g) — / ytflefydy.
(mi+--+m,)0

The substitution y = (mq + - - - + my)z then yields

(28) /Oo xtfle*(m1+~-+mn)wdx _ F(tv (ml +--+ mn)ﬂ) .
6 (m1_|__|_mn)t

Using (2.5) and the definition (1.2), we get

1 o0
CEW(r1, ..., ro,t) = Z e / Itfle*(mlJr---ern)xdx’
mimaz1 Lm0
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and splitting the integral into two parts,
(2.9)  T(EW(ri,...,rn,t)

1 S 0
mll...mn" 0 0

mi,...,mp>1

_ L, (m1+ -4+ my)0) gxt—l 2 i, (e7®)dx
- Z )t+/0 jl;[lLTj( )da,

T T
nll...mn’L(m1+...+mn

ml,...,mn21

where we have used (2.8) and (2.1), respectively. Now we apply the representation
(2.2) to obtain

2t ELirj (e7®) = 21 1:[1 ( Z ¢(r; —uy) (_ux)'uj +I(1 - rj)x”’1>

uj=0 J

w—1 i (71)uaj<(’ra7' 7ud7)
= Z ( Z ! HF(l—Ti)H (uaj)!r(]‘;raj). )

with w as in the statement of the theorem, and where the final term on the right is
considered to be the case k = 0. Finally, integrating this last identity over x from
0 to 6 and substituting into (2.9) leads to the desired identity (2.7). O

3. SPECIAL VALUES OF wy,11(8)

As a first application of Theorem 2.3 we provide an alternative proof of (1.4).
In fact, we are going to prove the following more general result of Onodera [17].

Theorem 3.1 (Onodera). For any integer n > 2 we have

(=D"

(3.1) wni1(0) = =7

wnt1(—v) =0, v=1,23,...

For the proof of this result, and also for later in this paper, we require the
Bernoulli numbers, which can be defined by the generating function

t =t
(3.2) ] :%Bnm (t| < 2m).
The first few Bernoulli numbers are By =1, By = f%, By = %, and Bogjpy1 = 0 for

k > 1. The Bernoulli polynomials can be defined by the generating function

n

te™t Nt t
(3.3) e > Bu(z)— (|t <2m).
n=0 :

e

Clearly, B,(0) = B, for all n > 1. For properties of Bernoulli numbers and
polynomials see, e.g., [16, Ch. 24].
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Proof of Theorem 3.1. We set ry = --- =, =t and replace this common variable
by s — v, where v > 0 is an arbitrary integer. Then (2.7) simplifies to

T'(s— .. )0
(34) F(s—l/)wn+1(s—y): Z (S V,(m1+ +m ) )

(ml ‘e mn(ml + “e + mn))s—l/

mi,...,mp 21

n

+;<Z>F(1s+y)”k 3 ﬁ 5*”*“” %ﬂ

Urseesur 20 \J=1

w

+I0(1—-s+ 1/)"9—,
w

where w =u; + -+ ur + (n—k+1)(s —v) — (n — k), and the final term on the
right is once again considered to be the case k = 0.
Now w is a multiple of s exactly when

(3.5) up - Fug=w+1)(n—k)+v,

in which case w = (n — k + 1)s. We also use the well-known evaluation
Byt

3.6 —p) = (—1)r=etL =0,1,2,...),

(3.6) ((=p) = (1) o (n )

where By, is the kth Bernoulli number defined in (3.2). Therefore, if we multiply
both sides of (3.4) by s and let s — 0, then all terms on the right of (3.4) vanish,
with the exception of

n * k
n n—k V+1+"J
V) = V!
) ;(k) ul';P nfk:Jrl];[ v+ 1+uy)’

where Y_" indicates that the sum is taken over all uy,...,u; > 0 that satisfy (3.5).
Next, it is easy to verify that

n 1 _ 1 n+1
E)n—k+1 n+1 k)’
so that

1y n n+1 e v+1+u;
(3.7) Rn(l/):(n—‘r)l Z( k )V! g Z Huj z/il:—u])

k=1 ULyl >0 j=1

On the other hand, it is a well-known property of the gamma function that for
integers v > 0,
(-1)”

V!

lim sT'(s —v) =
s—0

)

so that the left-hand side of (3.4) becomes

. -1)”

(3.8) il_r}(l) sI'(s = V)wpg1(s —v) = ( 1/!) Wnt1(—v).
Returning to (3.7), we first consider the case ¥ = 0 and note that the condition
(3.5) simplifies to uy + - - - + ux, = n — k. Shifting summation in the k-fold sum on

the right of (3.7) gives

(3.9) Rn(o)znilz(”zl) 3 H “J.
k=1

UL yenny up>1 j=1
upt-Fug=n
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The sum on the right of (3.9) has been evaluated in [5] as (—1)"; this and (3.8)
lead to the first identity in (3.1).

When v > 1, the situation is somewhat different, and as a consequence of another
result on Bernoulli polynomials [6], we obtain from (3.7) that R,(v) = 0. This,
together with (3.8), proves the second identity in (3.1). O

Remark. When v is odd, then by (3.5) at least one u; must be odd, so at least
one subscript v 4 1 4 u; is odd and is at least 3. This means that all products on
the right of (3.7) vanish, and thus R, (v) = 0. Therefore the results in [6] are only
needed where v is even.

4. PROOF OF THEOREM 1.1

1. The main tool for proving Theorem 1.1 is Theorem 2.3, in the special case

Z (s, (my+ -+ my,)0)

(4.1) D(s)wnt1(s) = (my - mp(my + -+ +my))*

M yeeeyMp>1
n k
n o (—1)m¢(s —uy) | 0
+Z(k>r(1—s) SN ] SARLE e
- oy u;! w
k=1 U,...,up >0 \j=1
9(n+1)s—n

1’\1_ n_-
+I(1—s) (n+1)s—n’

where w = uy + -+ +ug + (n — k+1)s — (n — k); this identity is the same as (3.4)
with v = 0.

We follow the same strategy as in [3], namely multiplying both sides of (4.1) by
s, followed by taking the derivative of both sides with respect to s, at s = 0. For
greater transparency of the proof, we introduce the following notation:

A(s): the left-hand side of (4.1);

B(s): the first term on the right of (4.1);

C(s): the sum of all those terms in the second line of (4.1) that have a pole at
s =0;

D(s): the sum of all other terms in the second and third lines of (4.1).

2. We begin with A(s), the easiest term to deal with. We require the first few
terms of the Laurent expansion of the Gamma function about the origin, which can
be written as

(4.2) sT'(s) =1 — s+ O(s?),
where 7 is the Euler-Mascheroni constant. We then have

d d
£[SA(S)]S:() = s [sT'(8)wn+1(8)] =g

= 3 (0) - B (T(8)) + ST ()]s i1 (0),

and using (4.2) twice, as well as (3.1), we get

d

S

v

(4.3) —

[sA(8)]s=0 = w1 (0) + (—1)"*!
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3. To deal with the term B(s), we first note that

(44) L IsB)mo = 5B'(5)|,g + Bls)] s = B(O)

With this in mind, we state and prove the following lemma.

Lemma 4.1. For any 6 > 0 we have

> du
4.5 Fo,m+...+mn9:/ _du
( ) ml"g';nzl ( ( ' ) ) 1 (69u - 1)"u

Proof. We use the identity

oo -1

(4.6) 0(0,z) = B (2) :/ ert (z > 0),

x

where E (z) is the exponential integral; see, e.g., (6.2.1) and (6.11.1) in [16]. Setting
x = (my+ -+ my)0 and then making the substitution ¢t = (m; + -+ + m,,)0u in
the integral on the right of (4.6), we get

°° d
L0, (my + -+ my,)0) = / e—(ml+~~~+mn)«9uzu7
1

which after interchanging summation and integration yields
*° d
(4.7) Z L0, (my + - +myp)0) = / Z o= (mittmp)ou | U
1

u

My ,Mp 21 MMy 21

Now, since

n
E 67(m1+~~-+mn)0u _ H z efmjeu

mi,...,mp>1 Jj=1m;>1

B efeu n B 1
- 1— efeu - (69u _ 1)n’

the identity (4.7) now gives (4.5). O

With (4.4) and (4.5) we therefore get
d o du

4.8 LsB(s)seo = | ——
(1.8 LBl = [

4. To determine the summands that make up C(s), we consider

w=u+--Fug+n—k+1)s—(n—k)

(see (4.1)) and note that w is a multiple of s if and only if
(4.9) up+-F+ug=n—k (1<k<n);

in this case w = (n — k 4 1)s, thus giving the desired pole at s = 0. We then get
from the second row of (4.1),

B n n o (_1)n—kr e . . k C(S o UJ)
(4.10) sC(s) = kzz: <k>F(l — s) kme( k+1) Z jl;[l Ta

1
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where >~" indicates summation over all nonnegative uy, ..., uy satisfying the con-
dition (4.9). We now consider the terms

k
(4.11) Ci(s) :=T(1 — 5)" 0D TT ¢(s — uy),
j=1
so that
n n k N k 1
(4.12) ;( )n]HlZ ]1;[1“7 Ci(s).

Our goal now is to find the derivative of sC(s) at s = 0, which means evaluating
C}(0) for k=1,2,...,n. We begin with £ = n. In this case we have u; = 0 for all
j=1,...,n, by (4.9). Then by (4.11) we get

0 = L 10 ¢()"] g
= [0°n¢(s)" ¢ (s) + 07 log(0)¢(5)"]
= (0)" 7" [n¢"(0) +log(0)¢(0)]
and with (1.8) and the well-known evaluation ¢(0) = —1/2 we get
(4.13) C1(0) = (—1)"(n - log(2m) + log(6)).

When 1 < k <n—1, then by (4.11) we get

k
Ci(0) = |(n = k)L(L = )" 1 (=T"(1 = )0 TT ¢(s — wy)

5=1 5=0
[ k
+ [T = s)"Fe=FHDs(p — k4 1) log 0 H C(s — uy)
L =1 s=0
N ’““Si HC S_W)
i =1 \j=1 — ) s=07

and thus, using I'(1) = —v (see, e.g., (5.4.11) in [16]), we have

k
(4.14) Cr(0) = ((n— k)y+ (n—k+1)log0) J] ¢(—uy)
j=1
k
+ZC(—U1)"'C/(—Uj)"'C(—uk%

recalling that uq,...,ur are subject to (4.9). If in (4.14) we set k = n, then
u; = --- = u, = 0, and the right-hand side of (4.14) reduces to

(log 8)¢(0)™ + n¢’(0)¢(0)" ' = (—=2)"(log 6 + nlog(2)),

where we have used the fact that ((0) = —1/2 and also the first identity in (1.8).
But this means that (4.14) holds for all k, 1 < k < n. Before we substitute this
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into (4.12), we apply (3.6) to get

wn (T (o) = o1 22

j=1

where we have used (4.9) to obtain the power of —1. Similarly,

n— a Bu1 (_1)ujc:l _uj) Buk
=(=1) kZ(ul ++11)!"' uj!( "'(uk++11)!'

Combining (4.15) and (4.16) with (4.14) and (4.12), we then get
(4.17)

d n n N k u1+1
- [s Zn kHZ{(( k)7+(n—k+llog9]1;[1uj+1

k=1

k w;
+ Z “1“ L D (y)  Buen }
= ul +1 uj' (uk + 1)' ’
where >_" indicates the same summation as in (4.10). We’ll return to (4.17) later.

5. Finally, to deal with the derivative of sD(s) at s = 0, we note that, just as
n (4.4), we only need to evaluate D(0). With (4.1) and (3.6) we get

(4.18) D(O):En:(:)u 3 (H uu++11 )9* ’;+0__7:,

k=1 L uk>0 =1

where A\ := uy + --- + ur + k. Keeping in mind that eventually we wish to take
the limit as & — 0, we disregard the cases where A > n and denote the remaining
sum by D(0); also note that A = n is equivalent to (4.9), so this case has already
been dealt with. Now, collecting the terms in (4.18) that belong to a fixed A,
1< A<n—1, we get

n—1 A k A— _
. n u +1 9 n 9 n
(4.19) D(0) =) <§ (k) > H o 11 ) —
up,eup>0  j=1 7
Uyt Fur=A—k

S0, 2, M

ur e up=A

In order to simplify this expression, we define for positive integer n and A,

(4.20) Si(n, \) = ﬁ: <Z)

k=1

UL, up>1 g=1
U+ Fup=>A
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this expression will also occur elsewhere in the proof of Theorem 1.1. The identity
(4.18), along with the fact that D(0) = D(0) + O(f), can now be written as

d gr-n  g—n
(4.21) Z5[5D(9)ls=0 = D(0) = > Si(n, Ny—+—+0().

5. EVALUATING THE INTEGRAL IN LEMMA 4.1

After the outline of the proof of Theorem 1.1 in the previous section, we now
need to further evaluate the expressions in (4.8), (4.17), and (4.21), and combine
them with the expression in (4.3). This will be done in this and the following
sections, beginning with the evaluation of the integral on the right of (4.8).

For the next lemma, and indeed for much of the remainder of this paper, we
require the Bernoulli polynomials of order n, defined by the generating function

t\" e P
(5.1) (et—1) e _jz::ij (x)ﬁ (t| < 27).

Although this definition makes sense for a wider class of n, here we will restrict n
to positive integers. For n = 1, the identity (5.1) is the generating function of the

ordinary Bernoulli polynomials, and thus B(l)( ) = B(z); see (3.3). The Bernoulli

numbers of order n are defined by J( " = Bj(-n)(O). Later in this section we also
require the harmonic numbers

(5.2) Z

We now evaluate the integral on the right of (4.8) through a succession of lemmas.

Lemma 5.1. Let 0 < R < 27 be fixred. Then for 0 < 6 < R we have

(5.3) /1 [CENRT Z il —n) +/1 t(et —1)n

Jj=n+1

(n>1).

m\r—

=B _gin B

+Z il j—n n!

J=0

log 6 + O(6).

Proof. We denote the integral on the left by I and begin by making the substitution
t = Bu, and then split I into two parts:

oo dt g t \" o0 dt
4 I = = dt _
(5:4) /9 et — 1) /et"H <et_1) +/1 e 1)

We denote the first integral on the right by I;(6) and use (5.1) with z = 0 to
obtain

(5.5)

1 00 j
1 (n) tJ
(tn-‘rl ZBJ jl>dt

R A B™ x  B™

Z J j—n n! log 6+ Z Z W'Jiejin’

Pt (J—n) Ly M= n)
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where we have interchanged the order of the infinite series and the integral (this is
allowed since the series is absolutely and uniformly convergent for |¢|] < R < 27),
and then integrated #~"~!. Finally we slightly rewrite the last term on the right
of (5.5), and obtain

B
(5.6) 9 Z 9J =l = 0(9),

(5 —n)
Jj= n+1

since the series in (5.6) is bounded whenever |§] < R < 2w, by (5.1). The desired

identity (5.3) now follows immediately from (5.4), (5.5), and (5.6). O

Our next goal is to obtain an expression for the first two terms on the right of
(5.3). To do so, we evaluate the integral

(5.7) 5= [ N ((_1) - ZBJ‘»")(l)tj._”) & =)

j=0 J

in two different ways. But first we need to evaluate an auxiliary integral.

Lemma 5.2. For a positive integer n and for o € C\ {n} with Re(a) > n — 1 we
have

6.9 | aett= o > stmi)la+1-3)

Proof. Let I(«) be the integral in (5.8). As a special case of the identity 2.3.12.1
in [20, p. 333] we obtain

We now multiply numerator and denominator on the right by k£ + n and note that
(k+1)p_1(k+n) = (k+1),. Shifting the summation by n we then get

kE—n+1),
I(a) = n_1|z Lol

noting that the terms for k = 1,2,...,n—1 vanish. Finally we use (1.7) with z = k,
obtaining

n

la oo n . o0 1
I(a)z(n(_i),zzs ka+1: leny);m7

)!
T k=1j=1 j=

where we have used the fact that s(n,0) = 0 for all n > 1. This completes the proof

of (5.8). O

The first evaluation of the integral I;n) in (5.7) is now given by the following
lemma.

Lemma 5.3. For any integer n > 1 we have

(5.9 1M=%" (n(’ijli. i'i ( ) B™(1)H, ;.

Jj=1
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Proof. Introducing a parameter « in (5.7), we define

(5.10) () == /000( / zn:B i n)i:ldt.

Jj=0

Splitting the integral and using Lemma 5.2 as well as Euler’s integral (2.4), we get

n (n)

> ol . 1 0o )
12(")(04) = /(; (ett_il)ndt — go J]'()/O toz+]7n,167tdt
o i n B<7z) 1
N (nF(_ z)lzs(n:j)C(aJrl—j)_Z Jj'( )F(a+j—n),
R =

Since I'(a) = (¢ = 1)(@¢—2)--- (e + j — n)I'(a+ j — n), we can rewrite this last
identity as
(5.11)

i s(n.j) Cla+l-j) 1 Z B (1) )
—1)! i — . ) — :

= (n—1)! o @ Ma=1)---(a+j—n)

We denote the two sums in (5.11) by S7 and So, respectively, and consider them

separately. First, we have

(5.12) Slzi(S(n,J) .C(Oé—‘rl—j) 1_.7

‘—~ (n —1)! !
7=0

¢(1—j).

Next, for reasons that will soon become apparent, we write

(5.13) —1 _ <(1)”j ~ 1 )_(1)nj

(a=1)-(a+j—n) m—7)! (a=1)(a+tj—n)) (-7
so that
(5.14) =Syl ((—1)”]‘ B 1 ) B;"(1)
' o 73':10‘ n—75! (a=1)--(a+j—n) 3!
LSy (M) g
an! j:O( D (J)Bj -

Now we use the known identity

i /(1) B ) = (-0 B o

(see identity (50.8.15) in [9, p. 340]) and set @ = 1 and x = 1. Then we get

3

(5.15) (-1 (") B (1) = BY™(0) = B,

P J

which is also known as the nth Norlund number.
To deal with the second term in (5.12), we use the known identity

k—1
B —k:(Z) > (=D s(k, k- ) Dnr

n—r
r=0
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where B,,_, is an ordinary Bernoulli number; see [14, p. 148]. Setting k = n and
changing the order of summation, we get

B = Z(—l)j_ls(n,j)f.
j=1

Then with (3.6) we get

(5.16) ghf“ﬁgu—ﬂ=(nlnyﬁsmnw4v*§j=;B#X

With (5.15) and (5.16) we now see that the second terms in (5.12) and (5.14) cancel,
which means that we may take the limit as « — 0. In doing so, we first note that
ol'(a) — 1 by (4.2). Next, the first term in (5.12) converges to the first term in
(5.9). Finally, a well-known limit for the harmonic number H,, is given by

ﬁ%ac‘w+nmfgmm+mﬂzﬂﬁ

see, e.g., [8, p. 281f.]. Replacing o by —a and then multiplying both sides by
(—=1)m*+ /m!, we get

lim - (2D L _ Gty
m! (a—1D)(a—=2) - (a—m) m!
With this, the first term on the right of (5.14) becomes, as a — 0,
(n)
(- A B D)
(n=3t J!

j=1
But this is the second term in (5.9) if we note that Hy = 0 and Br(:i)l(l) = 0, where
this last identity follows from Bfﬁ)l(x) =(x-1Dx—-2)--(x—n+1) for n > 2;
see, e.g., [14, Ch. 6]. The proof of Lemma 5.3 is now complete. O

For the second evaluation of the integral Ién), we first need to evaluate a certain
integral and an infinite series. It turns out that both can be written in terms of
the exponential integral defined in (4.6). We also require the alternating sum of
consecutive factorials, given by

(5.17) by =Y (=1)/(n—j)  (n>0),

j=0
which satisfies the simple recurrence relation by = 1 and for n > 1,
(5.18) b =n!—b,_1.

The first few terms, starting with by, are 1, 0, 2, 4, 20, 100, 620, ...; see A058006
and A153229 in [15]. It will be convenient to also set b_; = 0, which is consistent
with (5.17) and (5.18).

Lemma 5.4. For any integer k > 1 we have

(5.19) /100 e_: dx = G _1 o (e bp—a — (—1)*E4(1)).
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Proof. We use induction on k. The base case k = 1 is just (4.6). Now we denote
the integral in (5.19) by Ji and use integration by parts, which gives

gt 0o _—z
. € - € —
Jk = lim |:— & :| —k‘/ de:e 1 _ka+1.
1 1

t—o0 x

Assuming that (5.19) holds for some k£ > 1, we then have

1 1
Jp+1 = e %Jk

_ % (i((k: ) = bs) — (—1)k+1E1(1)) .

Using (5.18) with n = k — 1, we see that (5.19) holds for k£ + 1, and the proof is
complete. (Il

We will now see that the sequence (by) and the exponential integral E;(1) also
occur in the following evaluation.

Lemma 5.5. For any integer m > 0 we have

(5.20) i _ (=17 _ ()" (Hm —y—Ei(1) + (_Ufbml)

L= 3N —m) m!
m—1 ;
(=1
* L i3

Proof. This identity is related to the incomplete Gamma function. In fact, the
identity (8.4.15) in [16], with z = 1, gives

(-~ LIS ) = ED ey S D
(5.21) — <E1(1) - JZZ:O( 1) g!) S ¢im 1) ;0 WG —m)’
j#m

where 9(z) = T"(2)/T(2) (z # 0,—1,—2,...) is the digamma (or psi) function.
Using the identity

Y(m+1)=H,, —v
(see, e.g., [16, 5.4.140]) as well as (5.17), the identity (5.21) can easily be rewritten
in the form (5.20). O

For greater ease of notation, we denote the final term on the right of (5.20) by
dp,, that is,

m—1

__ (—1)?
(5.22) A = ; A7)

The sequence (m!d,,) can be found as entry A002741 in [15], where the generating
function is given as

eﬂ?

(5.23) _log(1 =) = idkﬂck (lz| < 1).
k=0
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This is in fact easy to see since the Cauchy product of the series for —log(1 — z)
and for e~” immediately gives the sum in (5.22).

We are now ready to state and prove the second evaluation of the integral I5 (n)
defined in (5.7).

Lemma 5.6. For any integer n > 1 we have

. B ©  dt B

5.24 = —h / =

(5:24) 2 ME—n) ), we—1r T
k=n+1

1”2 n—1 B(n)

_ . o
~ =Y (-1 B!
n!j:O( ) (]) n]+z (i —mn)

Proof. We split the defining integral in (5.7) into two parts. The easier second part
is the integral from 1 to oo, which can be rewritten as

n (n) _
> dt Bj (1) > e t
(5.25) /1 e R /1 L

J! (n—j)!

0o dt 671 n—1 n n) Br(L”)
= /1 Hel— 1l < (j>Bj (D)bn—j—1 — E1(1)77
7=0

where we have used Lemma 5.4 and the identity (5.15).
To deal with the first part of the integral in (5.7), i.e., the integral from 0 to 1,
we begin by rewriting the integrand as

(5.26) (( )n *fZB >t n=l

First we note that by (5.1) we can write

(5.27) Ly =e ! t net =e ! iB(n)(l)t—j
’ et —1 et —1 J gl

=0

Then, with the convention that (];) = 0 when j > k, we have the Cauchy product

o= (o) (S

J : j=0

S (55 (o)

7=0

This, together with (5.27) and (5.15) means, first of all, that the expression in large
parentheses in (5.26) is e *O(¢"*1), and thus the integral from 0 to 1 converges. It
also means that the first part of the integral in (5.7), i.e., the integral from 0 to 1,
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7=0
1 00 n k—n—1
*kzznﬂ Rk —n) ;0( D= kzzm o=k —n)’

where we have interchanged the integral and the infinite series, which is allowed in
this case. Now we rewrite the second series in the last line of (5.28) as

N G LNV S G VLTIV I o S G VA
k;ﬂ A k:n;_j Rt j—m Y kg’;ﬂ Mk —m)’

where we have set m = n—j. With (5.20), the second term in the last line of (5.28)
now becomes

n B(n) 1 _1\n—j _1\n—j—1
(529) - Jj|( ). ((nl_)j)| (HM —v—Ei(1)+ (Debnj1>
pr !
" B(1)
7;) T s

where b, and d,, are defined by (5.17) and (5.22), respectively.
To deal with the final sum in (5.29), we note that by (5.23) and (5.1) with x = 1,
the generating function of this sum, seen as a convolution, is

F(t):__log(lt)< t >”et'

et et —1

We can rewrite this as a different convolution, namely

F(t) = —log(1 —t) <€t t_ 1)" = (it;> (ZB’W?’)

Equating coefficients of like powers of ¢, we then get

n (n) n—1 (n)
ZBj.(l)dn—j:Z-Bj%-'
J! (n—j)

i=0 im0/’
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Substituting this into (5 29), and then (5.29) into (5.28), we see that the first part
of the integral Iz(n) of (5.7) is

0 (n) n (”) n—j —1\yr—Ji—
3 ML - _.( )% <Hnj —v—E(1) + (l)lb"jl)

_ | — q)!
por Bk =n) =gt (=) €
n—1 n)
+ b
=0 —n)

oo B[(gn) 1 n—2 . -
(5.30) Y Wh—n) > (= <j>Bj (1) Hp—j
k=nt1 =0

1 n—1 (”)

v+ Eq(1) B _ ()
+ nl nl Z B; bn—j 1+Z ],n

The second sum in (5.30) may be taken from 0 to n—2 since Hy = 0 by convention,
and Bgi)l(l) = 0. Similarly, the second-last sum in (5.30) may be taken from 0 to
n — 1 since b_; = 0 by convention.

If we now add (5.25) and (5.30), we see that a few terms cancel, and the remaining
terms give (5.24). This completes the proof of Lemma 5.6. O

Finally, to obtain the desired evaluation of the integral on the right of (4.8),
we equate Ién) in (5.9) and (5.24) and note that the sums that contain H,_; are
the same in both identities, and therefore cancel. We then combine the resulting
identity with (5.3), obtaining the following intermediate result.

Lemma 5.7. Let 0 < R < 2w be fized. Then for 0 < 0 < R and for any integer
n > 1 we have

0 du " s(n,j) ., . B
5.31 = 1—4) - =22 log 6
N > S =) = P+ 1ow)

—1)ru = (n— 1)!

n—1 B(n) HJ n
_ J
Z T TO0).

6. EVALUATING THE DERIVATIVES OF sC(s) AND sD(s)

We begin by evaluating the sum S (n, A) defined in (4.20). This will be required
a few times in this section.

Lemma 6.1. For all integers 1 < A\ < n we have

(6.1) i) = 3y =

Proof. In [6] it was shown that

(6.2) i(Z) 5 (o)) Bal) e Bute) = B (0.

k=1 ul,‘..,ukZI
urt-Fup=A

s(ny,n — A).
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First we set « = 0, obtaining the analogue of (6.2) for Bernoulli numbers. Dividing
both sides of (6.2) by Al and comparing this with (4.20), we get the first equation
n (6.1). The second equation follows from the identity

s(n,n —\)
")

see Theorem 2.2 in [12]. O

(6.3) B =

Remark. In the case n = A + 1, we note that
(6.4) BMY = (1M
(see, e.g., [11, p. 130]); therefore the right-hand side of (6.1) becomes (—1)*, while
the left-hand side is the sum in (3.9), with n in place of A. Thus the evaluation of
R, (0) in (3.9) is just a special case of Lemma 6.1.

Next we use Lemma 6.1 to evaluate the expression in (4.17).

Lemma 6.2. Let C(s) be as defined at the beginning of Section 4. Then

(n)

(6.5) %[30(3)]520 = b (’7 +log8) + (— )n+1ni+1
n—1
* ﬁ > (=1 s(n,j + )¢ (=)
et

Proof. Tt is easy to verify that

n n—k _ () 1 n+1
EJn—k+1 \k n+1\ k )

Hence with (4.17), (4.20) and (6.1) we get

B'ELH) 1 B£L7L+1) B(n)
, _ _ : log 0
(66) 75 O < YR + 1l )7 + °8

n .
U1+1 (_1)u'7C/(_uj) Buk"l‘l
+};n—k+lzzu1+1 u;! (ur + 1)1

where >_" indicates the same summation as in (4.10). Using (6.4), we see that the
first term on the right of (6.6) give the first terms on the right of (6.5). It now
remains to evaluate the multiple sum in the second line of (6.6), which we denote
by Sp.

Using symmetry in the indices u;, and using the identity

n—lkf—i—l(Z><k‘i1>
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we rewrite S,, as

Bu1+1 Buk,l-‘rl wg C/(_uk:)
2 (w+ 0 G+ )

_ En: ( n ) (—1) ¢'(=4) 3 But1  Buit1

_ i | X |

P k—1 i 7! T (u1 + 1). (uk_1 + 1).
UpyeenyUp—1220

n—1 N\ N—J k—1
¢'(=J) n Bu,+1
SYSIEEDS > M
| — . |
J: k-1 urttug_1=n—k—j i=1 (uz + 1)
U yeeyU—12>20

where we first renamed j = ug, and then changed the order of summation over j
and k. Next we shift the summations in the multiple sum, obtaining

KD E S n g,
Sn =D (1Y 77> > I
A J! k—1 ALl
7=0 k=1 ur+-Fug—1=n—1—j i=1
UL yeryUp—12>1

n—1 N n—1l—j k
(=) n Bu,
i i
I
U+ tup=n—1—7i=1
UL yeeny U >1

I
P
|
—_
~—

Comparing this with (4.20) and noting that there is no contribution from k = 0,
we see that the sum over k is S1(n,n — 1 — j). From (6.1) we therefore get

n—1

Sp = Z(—l)jcl(ﬂj) g j!l)!s(n,j +1),

which completes the proof of Lemma 6.2. (]

Jj=0

Lemma 6.1 can also be used to simplify the identity (4.21). In fact, we have
n—1 p(n) A—n
d B 0
. —[sD(8)]s=0 = A

For A > 1 this is clear from (6.1), while the term for A = 0 follows from the fact
that B{"™ =1 for all n.

+0(0).

7. COMPLETING THE PROOF OF THEOREM 1.1

Finally, to complete the proof of Theorem 1.1, it remains to combine the different
elements according to the beginning of Section 4, that is, to equate

(7)) sA(s)]amo = e [8B)amo + - [sO()amo + L [sD(s)m0,

and then take the limit as § — 0. These four terms were evaluated in (4.3), (5.31),
(6.5), and (6.7), respectively.

After substantial cancellations, especially of all terms that contain singularities
at @ = 0, the identity (7.1) reduces to

(12) a0 = sy (X 500900 A3+ X (=100 5416/ (0) ) +06)

Jj=1 Jj=0
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As 6 — 0, the O-term disappears, and by combining the two sums we obtain

s(n,2j + 1)¢'(=24).
j=0

This completes the proof of Theorem 1.1 if we recall that by (1.7) we have ¢’(0) =
—1log(2m), and also s(n,1) = (—1)""*(n — 1)!; see, e.g., [16, Sect. 26.8].

8. FURTHER REMARKS

In this section we briefly discuss K. Onoderas’s very recent and interesting paper
[19] and show that his main result contains our Theorem 1.1 as a special case. For
positive integers a, b, Onodera defined the multiple zeta function

(8.1) Ca,b(s) = Z (kl .. k-alll .. lb)s '

kiyooka =100, 00 >1
kit-tka=li+-+1lp

Note that wy41(s) = u,1(s). The main result in [19] is as follows.

Theorem 8.1 (Onodera). Let a and b be positive integers, and r = a+b—1. Then

(8.2) Cn0) = 2

(2’
(83) L) = (1 20 S () B - b,

7!
Foda
Here BJ(") (z) is the jth Bernoulli polynomial of order n, defined in (5.1). We
now set b = 1 and @ = n in (8.3); then r = n. Using the well-known reflection
formula for higher-order Bernoulli polynomials (see, e.g., [11, p. 128]), followed by
another relevant identity (see [11, p. 129, (4)]), we have

T

T n n k n
B4  (~1)B @) = (1) B ) = B (1) = S B

By (6.3), higher-order Bernoulli numbers can be written in terms of Stirling num-
bers of the first kind. In particular we have, with (8.4) and (6.3),

(1) <]:> BV (a) = (Z)i : s((;,g) = s(n, k).

With k = 25 + 1, we now see that (8.3) with b =1 is the same as (1.6).
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