IDENTITIES FOR BERNOULLI POLYNOMIALS RELATED TO
MULTIPLE TORNHEIM ZETA FUNCTIONS

KARL DILCHER, ARMIN STRAUB, AND CHRISTOPHE VIGNAT

ABSTRACT. We show that each member of a doubly infinite sequence of highly
nonlinear expressions of Bernoulli polynomials, which can be seen as linear
combinations of certain higher-order convolutions, is a multiple of a specific
product of linear factors. The special case of Bernoulli numbers has important
applications in the study of multiple Tornheim zeta functions. The proof of
the main result relies on properties of Eulerian polynomials and higher-order
Bernoulli polynomials.

1. INTRODUCTION

Various convolution identities for Bernoulli polynomials and related numbers and
polynomials have attracted considerable attention in recent years. In connection
with a detailed study of multiple Tornheim zeta functions, the first author [4, 5]
recently obtained what appears to be a new type of identity, namely
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for n > 1. Here Bg(z) is the kth Bernoulli polynomial, which can be defined by
the generating function

re?T o .’Ek
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and the kth Bernoulli number is defined by By := By(0), k& > 0. The first few
Bernoulli polynomials are listed in Table 2 in Section 2 below.

A notable feature of the identity (1.1) is the fact that an easy linear combination
of convolutions results in a product of n monomials. When the Bernoulli polyno-
mials on the left are replaced by the corresponding Bernoulli numbers, i.e., setting
z = 0, then the right-hand side is simply (—1)".

Also useful in connection with multiple Tornheim zeta functions is an identity
that involves a generalization of the left-hand side of (1.1). For all integers n > 1
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and k > 0, we define
(1.3)

Spk(z) == Z

1

n 1)kmm<1>km T Bz
( m jl,...,zj;">0 E]i!(k+1+]i)
Jit+im=(k+1)(n—m)+k
When k = 0, a simple shift in indexing shows that S, o(2) is the left-hand side of
(1.1). The methods used in [4] for £ = 0 do not appear to apply when k > 1. Tt is
the purpose of this paper to deal with this case. To motivate our main result, we
list the first few cases of S, 1(2) and S, 2(z) in Table 1.

(2)

z2(z—1)(2z2—1)

x2(z—1)(32 = 1)(32 = 2)(22 — 1)

2z =14z —1)(22 — 1)(42 = 3)(z2 — 2 + 1)

(e — 1)(52 — 1)(52 — 2)(52 — 3)(52 — 4)(22 — 1)(1322 — 132 — 6)
52(z —1)(22 — 1)(32% =32 — 1)

ﬁzQ(z — 120832 —1)(32 —2)(72%2 = 72— 2)

sovs 2 (2 — 1)(4z — 1)(22 — 1)(4z — 3)(32125 — - - — 3)

s 22z — 12(52 = 1) (52 — 4)(193022° — -+ — 348)

Sn.k

n
=1
3

NN N[, R = e
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Table 1: S, 1(%) and Sy, 2(2) for 1 <n < 4.

We see that for both & = 1 and k& = 2, the polynomial S, ;(z) is divisible by
z(n+1)z—1)---((n+1)z—(n+1)). It is the main purpose of this paper to prove
that this observation is in fact true for all n and k.

Theorem 1. For all integers n > 1 and k > 1, the polynomial Sy, 1,() satisfies
(1.4) Spp(l —z) = (~1)HEFDMFD=1LG (),

and is divisible by
n+1

zH((n—i—l)z—j).

Jj=1

As an immediate consequence of Theorem 1 we obtain a corresponding statement
about Bernoulli numbers, which we can phrase as follows.

Corollary 2. For all integersn > 1 and k > 1 we have Sy, ;(0) = Sp 1(1) =0, and
when at least one of k and n is odd, then S, (%) = 0.

In particular, since B,,(0) = B,,, this means that the right-hand side of (1.3),
with Bernoulli polynomials replaced by Bernoulli numbers, is 0 for all n > 1 and
k>1.

In order to prove Theorem 1, we define an auxiliary power series in Section 2
and prove some lemmas involving this series. In Section 3 we complete the proof
of Theorem 1. Section 4 contains a few further results, and we conclude this paper
with some additional remarks in Section 5.
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2. SOME LEMMAS

We introduce a specific power series as an auxiliary function. For any integer
k > 0 and complex variable z we define

xk+1 = Bm z)x™
(2.1) Fi(z,2) =1+ (1) o Z +k+1(2)

= mt k41 m!

This series has the same radius of convergence, 27, as (1.2). Using the reflection
identity for Bernoulli polynomials, namely B, (1 —z) = (—=1)"B,,(z) (see, e.g., [11,
24.4.3]), it is easy to verify that

(2.2) Fip(—z,1—2) = Fi(z, 2).

The function Fy(z,0), i.e., the case where on the right of (2.1) we have Bernoulli
numbers instead of polynomials, has previously been studied and applied by several
authors; see [2], [6], and [12].

In what follows we denote the coefficient of z*, k > 0, in a power series f(z) by
[¥]f(x). We can now state and prove the following result.

Lemma 3. For alln >1 and k > 0 we have

Sn* n— n
(2.3 S hl®) _ o1y, 2

Proof. We rewrite (1.3) as

We now define

(25) Gk(l’,Z) — (_1)k i : Bj+k(.z) LL'j

and first observe that
(2.6) Sy keom(2) = [aFOHI=IN Gy (2, )™

Then Cauchy’s integral formula, applied to the right of (2.6), gives

1 Gi(x,z2)™
Snm(2) = 5 [y e cEs e rrE

where the contour v traverses, for instance, a circle around the origin with small
enough radius, once in the positive direction. Then, after replacing n by n — 1, we
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get with (2.4),
Gi(z,z)™

1 n
klnl _2m2< )/Ikn m)Jrndx

(n)kaGk(x, z)"dx
m

(1 +Ika (z,2))"

2O D)n dz

- 2m/
= [FFD (1 4 2 Gy (=, 2))",

where we have used Cauchy’s integral formula again. Finally, since by (2.1) and
(2.5) we have
1+ 28Gp(z, 2) = Fr(z, 2),

this proves our lemma. O

In what follows, we require the Fulerian polynomials which can be defined by
the generating function

(2.7)

ZAk kl’

see, e.g., [3, p. 244]. The first few Eulerian polynomials are listed in Table 2.

1—ye1 )t

k|| Bi(2) Ar(y)
011 1
1
1)z—3 Y
2|22 —2+% vty
3|2 -4+ 42 vy oy
4| 2* =284 22— % yt 11y + 112 +y
5(25—324+3828-12 y® + 26y* + 66y° + 26y +y
6| 20 =325+ 22" — 122+ L | 48 +57y° 4+ 302y" + 302y + 57y + y

Table 2: By (z) and Ag(y) for 0 < k < 6.

The Eulerian polynomials are self-reciprocal (or palindromic), and we can write
k

Aly) = " Ak, )y

Jj=0

(2.8) (k> 0).

The coefficients A(k, j) are the well-known Fulerian numbers, which have important
combinatorial interpretations. We also require the generating function

E mk m

We can now rewrite the sequence of functions Fy(z,z) that

(2.9) ( k+1

see, e.g., [3, p. 245].
was defined in (2.1).
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Lemma 4. For all k > 1 we have

x h k . i(e®) 27
(2.10) Fy(z,2) = (61’1) %2 Z(l_ex)]éz_](j)!)j!'

§=0
Proof. Applying a variant of a method used in [6], we find with (1.2),

—T

2.11 (z=m)z _ gzz_ © - _°
(2.11) mgle e

zZT

—e T el’il

LS e
rox\ = mZm!
1+i3m+1(z)'m

x m+1 m)!

m=0

Note that the expressions in (2.11) have simple poles at = 0. Taking the kth
derivative with respect to x of both sides of (2.11), we get

> k! . B () =
_ k (z—m)x _ (_1\k m+k+1 o
mz::l(z m)e =(=1) x’“+1+mz::0 m+k+1 ml’

Comparing this with (2.1), we immediately see that

xk+1 e A
(2.12) Fi(,2) = = > (m = z)Felzmme,
m=1

Expanding (m — z)* as a binomial sum and changing the order of summation, we
get,

(2.13) Fi(z,2) = 2M e j'((];i);)' Z mF=I(e=)™,

Now by (2.9) and the palindromic property of the polynomials Ag(y) we have for
0<j<k-1

k
Jj=0

)

i mk*j(efx)m _ Ak—j(eiz) _ eiz(kiijl)Ak—j(ex)
Z T —ew)h Al T (1 ea)k—itt
(eac — 1)] T
G

while for j = k we use the first line of (2.11) with z = 0, obtaining

o0

1 e® — 1)*
2 ("= g = (éz = 1)’3+1A0<6x>-

m=1

If we combine these last two identities with (2.13), we immediately get (2.10). O
Remarks. (1) An important special function, the polylogarithm, is defined by

Li:) =32,

n=1
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which for a fixed s € C defines an analytic function of z for |z| < 1; see, e.g., [11,
25.12.10]. Comparing this with (2.9), we get

Ar(y) = (1= )" Lix(y),
and if we set y = e® and replace k by k — j, we see that (2.10) simplifies to

T, z)=(—x kJrlemz Mi
(2.14) Fy(z,2) = (—x) Jz::o S

Note that the terms e* — 1 in (2.10) have disappeared.
(2) For an alternative approach to Lemma 4, see Part 4 of Section 5.

3. PROOF OF THEOREM 1

By Lemma 3 we need to determine the coefficient of z(*t17=1 in F, (z,2z)™. To
do so, we first change the order of summation in (2.10) and obtain

k

k+1 (e® 2 — e —J
(3.1)  Fylz,z) = (ex‘””_1> em(z(lem»kz(f;{j;;'( (a - )~

§=0
Taking the nth power of the sum in (3.1) gives
Z(Z(l_ea;))—y Z Ajl(em) Ajn(ex)

v20 w s k=gt (k= )bt
JiteFin=v

and the nth power of (3.1) then becomes

RO+ s
(3.2) Fi(w, 2)" = (ex_ 1) (ek!)n ;2:0(2(1 _ ey
Y (k>Aj1(6””)'-~ (ji)Ajn(em).

Girgnz0 M1
Jit - tIn=v

Now let S,(:;) (e®) be the multiple sum in (3.2). It is not difficult to compute the

first few of these sums:

S (e) =1,

n), x nk
Sl(c,l)(e. ) = Fe' )
S (e) = Sre” [k — 1)+ (kn— 1)e”],

Siy(e”) = %’fe [(k—1)(k —2) + (k — 1)(3kn + k — 8)e” + (kn — 1)(kn — 2)e**] .

These polynomials will be further investigated in Section 4.

Proof of Theorem 1. The identity (1.4) follows from Lemma 3 and (2.2), with n
replaced by n + 1.
For the remainder of the proof we rewrite (3.2) as

2 )n(k+1) enaz nk

ao1) g e SE.

v=0

(33)  Fulz,2)" = (
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We first consider the sum over v. For v = 0, the corresponding summand is simply
(34) ZTLk (1 —nke® 4+ ...+ (_1)nk:enk:w) 7

while for 1 < v < nk, the summand is

nk
(3.5) Zn(k-‘,—l)(l . ex)nk—uslin)(ex) — yn(k+1) Z dg_l’)ejm,
for certain coefficients d;y). Altogether, this and (3.4), combined with (3.3), gives

T n(k+1) enTz nk ( )
n_ nk—v v
(3.6) Fy(z,2)" = (<3»L—1> )n Z Zd

nk nk n(k+1)
_ 1 v k=) x (nz+j)x
- (kl)n ZZ Z J er — 1 € ’
v=0 ;=0

where déo) =1 and déy) =0for1<v<nk.
At this point we use the Bernoulli polynomials of order r, defined by the gener-
ating function

T\ e _ N g " :
(3.7) (ex_1>e —ZBm(z)m!, |lz| < 2m;

m=0

see, e.g., [10, p. 127]. Usually r is a positive integer, but it can also be considered as

a variable. In particular, comparing (3.7) with (1.2) shows that B(l)( ) = B (2).
The right-most term of (3.6) now leads to

(3.8)
n(k (nk—v) p(n(k+1))
[z DN B (2, 2)" = et k+1 'Z Zd By hy1y 1 (nz + 7).
Using (2.3) and the fact that
(3.9) Bi () = (= 1D(y—2) -y —m+1)
(see, e.g., [10, p. 130]), we get
n(k+1)—1
nk—v) .
(3.10)  Sp_1x(2) = EICTES ] Z Zd( H (nz+j—r).
r=1

The product on the right is always d1v1s1ble by z when j > 1. When j = 0,
then d;nk_”) = 0 for all v < nk, while for v = nk we have the factor z"* in the
corresponding summand on the right of (3.10). Altogether, S,,_1 1 (%) is therefore
divisible by z, and by (1.4) is also divisible by z — 1.
Finally, we consider again the product on the right-hand side of (3.10), for

j=0,1,...,nk, and display it as follows:

j=0: (nz—1)(nz—2)---(nz—n(k+1)+1),

j=1: nznz—=1)---(nz—n(k+1) + 2),

j=nk: (nz+nk—1)(nz+nk—-2)---(nz—n+1).



8 KARL DILCHER, ARMIN STRAUB, AND CHRISTOPHE VIGNAT

We now see that each of the factors nz — 1, nz — 2, ..., nz —n + 1 occurs in all
nk + 1 products. This means that, by (3.10), the polynomial S,,_1 x(2) is divisible
by the product of these n — 1 terms. Replacing, finally, n by n + 1, this completes
the proof of Theorem 1. O

4. SOME FURTHER RESULTS

We return to the polynomials S,gng (y), defined as part of the identity (3.2) by

(11) sow= % (Dawe(F)a.m,

g0 M1 In
PRy ety

Some of the coefficients of these polynomials are relatively easy to determine.

Lemma 5. For v > 1 we have
Sy = e,
j=1

where

o) Q) o () =)

Proof. By the known properties of the Eulerian polynomials, the lowest power of
y in Ag(y) for all & > 1 is y!, and the coefficient is always 1. Hence we get
a contribution to the coefficient of y in S,(c"lz (y) if and only if all but one of the
summation indices j; are 0, and one has to be v. Since there are n such cases, the
coefficient of y is n(¥), as claimed.

Next, to determine the coefficient co, we need to consider two possibilities for
the defining sum (4.1). First, we assume that all but two of the j; are 0, say
js = -+ = jp = 0, while 53 > 1 and j5 > 1. Then j; 4+ jo» = v, and thus
1 < ji,j2 < v —1. Also, the coefficients of y in Aj,(y) are 1. Hence with this
assumption the sum becomes

SRR Y (2R (*
> ()= () -2(0)
where we have used the Chu-Vandermonde convolution; see, e.g., [13, p. 8]. Since

there are (Z) ways of selecting two nonzero j;, the total contribution is

as )1 -2C)]

Second, we assume that all but one j; are 0. In this case the contribution is
n(];) times the coefficient of y2 in A, (y), namely A(v,2) = 2¥ — v — 1, where this
evaluation of the Eulerian number can be found, e.g., in [3, p. 243]. This, combined
with (4.2), gives the coefficient cs.

Finally, since all A;(y) have degree j and leading coefficient 1, and since j; +

-+ 4+ jn, = v, the polynomial S ,(Cny) (y) has degree v and leading coefficient

X G- ()

,7’1:---7]‘7}20
Jitetin=v
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where we have used the generalized Vandermonde identity. This completes the
proof of the lemma. ([

We note that Lemma 5 is consistent with the four examples given after (3.2).
Another easy property of the polynomials S,(cng (y) will be required in the proof of
the next theorem.

Lemma 6. For positive integers n and k we have

(43) Sen(®) = Auw)"  and "] ST (),
where Ag(y) is the kth Eulerian polynomial defined by (2.7).

(n

Proof. For v = nk, the only summand in the defining multiple sum for S kyl,(y) that
does not vanish corresponds to j; = - - - j, = k, which implies the first part of (4.3).
The second part follows from the fact that y | Ax(y) for all £ > 1. O

To motivate the following result, we note that Table 1 seems to indicate that the
polynomial S,, x(2), defined in (1.3), is divisible by 2%(z — 1)? when k = 2 and n is
even. This is in fact true in general.

Theorem 7. Ifn, k are positive even integers, then Sy k() is divisible by z*(2—1)%.

Proof. By (3.10) we only need to consider the summand for » = 0, and we are done
if we can show that

nk n(k+1)—1
(4.4) Top(z) =3 d" T (mz+j-r)
7=0 r=1

is divisible by 2% when k is even and n is odd (note the shift in n in (3.10)). By (3.5)

with v = nk and by (4.3) we have d;nk) =0for 0 <j <n-—1, whilea; := dgf;,
j=0,1,...,nk —n are the coefficients of (Ax(y)/y)", which is a polynomial in y of
degree n(k—1). Since Ay (y)/y is a self-reciprocal polynomial, then so is (Ax(y)/y)",
and therefore ag, a1, ...,ank—n is a palindromic sequence, i.e., a; = ay,—j;, where

for convenience we have set m := nk —n. We can then rewrite (4.4) as

nk n(k+1)71 m ’ﬂ(k‘+1)71
(4.5) Tn,k(z)zz:aj_n H (nz—l—j—r):Zaj H (nz4+n+j—r),
j=n r=1 7=0 r=1

which holds for any integers n,k > 1. Assuming now that k is even and n is odd,
and using symmetry, we get

m/2] n(k+1)—1 n(k+1)—1
Thi(z) = Za]( H (nz+n+j—r)+ H (nz—i—nk—j—r)),
7=0 r=1 r=1

where in the second product j was replaced by nk — n — j. We also note that
m = n(k — 1) is odd since n is odd and k is even; hence the original m + 1
summands divide evenly into the pairs in the last equation above.

Now we switch the order of multiplication in the second product, replacing r by
nk +n —r. Then we get

[m/2] n(k+1)—1 n(k+1)—1
(4.6) Thx(2) = Z a]—< H (nz+n+j—r)+ H (nz—(n—i—j—r))).
7=0 r=1 r=1
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For each j, 0 < j < |m/2], there is an r with 1 < r < n(k 4+ 1) — 1, such that
r = n + j. Hence the two products in (4.6) are divisible by nz. Next we note that
the coefficients of nz in the two products are

n(k+1)—1 n(k+1)—1
(4.7) [ w+i-r) and ] (~(n+i-1r),
rointi rointi

respectively. Since n(k + 1) is odd, then so is the number of factors, n(k + 1) — 2,
in both products (4.7), which are therefore negatives of each other. Hence the
coefficient of nz in (4.6) is 0. Replacing n by n + 1, this proves that S, x(z) is
divisible by 22. Finally, divisibility by (z — 1)? now follows from (1.4). O

By refining the method of proof of Theorem 7 one can, in principle, determine
the coefficient of z in Sy, (%), as defined in (1.3), in the case where one of n and k
is odd.

Theorem 8. Let n and k be positive integers, not both even. Then the coefficient
of z in Spr(z) is

(k=1)(n+1)

ST =07 T (4 (k4 1) — 1),
§=0

(—1)k("+1)_1(n+ 1)
B((k+1)(n+1)—1)!

(4.8)

where agk’nﬂ) is the coefficient of y/ in (Ax(y)/y)" L, with Ax(y) the kth Eulerian

polynomial, defined in (2.7).

Proof. By (3.10) and (4.5), the coefficient of z in S,,_1 x(2) is the coefficient of z in
the expression

) (k—1)n (k+1)n—1
(k,n) .
(4.9) R s D =1)! Z a; H (nz+n+j—r).
7=0 r=1

Now, the coefficient of z in the product in this expression is

n+j—1 (k+1)n—1

n Il o+i-r- I w+i-r
r=1 r=n+j+1

r=1 r=1

= (=D n(n 45— D)l(kn —j — 1)

Finally we combine this with (4.9), and replace n by n+ 1. This immediately gives
the expression (4.8). O

For the cases £k = 1 and k£ = 2 in Theorem 8 we can actually obtain explicit
expressions.

Corollary 9. (a) For any n > 1, the coefficient of z in Sy 1(z) is

(1"
(G

n
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(b) For any odd n > 1, the coefficient of z in Sy, 2(2) is
(n+ 1)12(n + 2EL)!
2(3n + 220!

Proof. (a) For k = 1, the sum in (4.8) consists of a single summand, and since
(A1(y)/y)"*t =1 for all n, the expression (4.8) becomes

(-D)*(n+1) B n(2n+1
Somam =)

as claimed.
(b) Since As(y)/y =1+ y, we have

1

af’"*”—(”f > j=0,1,....,n+1,
J

and the expression (4.8) with k¥ = 2 becomes

n+1

—(n+1)(n+1)! St 20+ 1— )
(4.10) 2(3n +2)! ;)(_1)‘ A+ 1—j)
D)+ g\ (2n 1
- 2(3n + 2)! jzo(1)< j >(n+1—j)'

By identity (3.36) in [8], this last binomial sum is 0 when n is even (consistent with
Theorem 7), and is ("?;,(jj)l/); 2) when n is odd. Combining this with (4.10) gives
the result of part (b). O

The coefficient of z in S, 1(2) is obviously the reciprocal of an integer for each
n > 1. Given the form of the corresponding expression in Corollary 9(b), it is
rather surprising that this should also hold for the coefficients of z in S, 2(2). In
fact, we prove slightly more.

Corollary 10. For any integer n > 0, denote
(n+1)!%(n+ "T‘H)'
2(3n+ 2)!(’%1)! ’

which is defined for all integers n > 0 if we interpret fractional factorials in terms
of the gamma function. Then c, is the reciprocal of an even integer for all n > 0.

(4.11) Cp =

Before proving this result, we give the first few terms, namely

1 1 1 1 1
CTP TR T e ©T 23100 4T 21504
The sequence of reciprocals 4, 30, 256, 2310, ..., is listed as sequence A091527 in

[14], with the explicit expansion (in our notation)

1 (3n)I0(% +1)
(4.12) P n!2r(37"2+ %

Proof of Corollary 10. It is easy to verify that (4.12) is consistent with (4.11), and
using Euler’s duplication formula, ¢, can be simplified as

L3+ +2) o (% +1 -
I3 +2) n+1)

Cp = 2—2n—2
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For even n, the last term contains a binomial coefficient, which gives the statement
of the corollary in this case. For odd n, on the other hand, we are dealing with a
generalized binomial coefficient which in general is not an integer. We wish to show
that for odd n the expression

d .:22n+2 3771_’_1
" n+1

is an integer. We use the fact that binomial coefficients, including generalized ones,
satisfy the recurrence relation

3n n n
TN _ (% n el
n+1 n+1 n)’

so the binomial coefficient on the left can be reduced to a linear combination of

terms of the form (122), with k£ < n + 1. Hence we are done if we can show that

1/2
22”“( ]i ) €7, k=0,1,...,n+1.

By definition, (162) =1, and for k£ > 1 we have

1/2 % %—1 %,k+1 _1)k-1
(DR 2k-2)0 ()P 12k -2
T Uokgl k=1l T 92k—1 .k‘(k‘—l)'

Now Ci-1 = %(2:__12) is a Catalan number, which is an integer. With this, we
finally have

1/2 ot
22n+2< ]{: ) _ (_1)k: 122( +1 k)+10k71.

This shows that d,, is an even integer when n is odd, and thus for all n. ([

Remarks. (1) Corollary 10 can actually be improved as follows. We set

1 Bn+ 12 2 <3n/2)7

T B e DR+ = n+1\ n

where the right-most equality is obtained as in the proof of Corollary 10. The
generating function

(4.13) A(z) = apz"
n=0

can then be computed as
1

2z
and with some effort one can show that A(z) satisfies the equation

222 A(2)% — 32A(2)* + A(2) = 1.

A(z) = (1 — cos(3 arcsin(6v/3z)) + % sin(3 arcsin(ﬁx/ﬁz))) ,

Substituting A(z) from (4.13) into this equation, expanding, and then equating
coefficients of z™, we see that each a,, can be written as a sum of products of ay
with 0 < k& < n — 1, with integer coeflicients. This implies that all the a, are
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integers, and thus the denominator of ¢, is not only even, but is in fact divisible
by 2(3n + 2). The first few terms of the sequence (a,) are

ag = ]., a; = 3, ags = 16, as = 105, a4 = 768.

This sequence can be found as A085614 in [14]; according to this entry, a, is the
number of elementary arches of size n + 1.

(2) Since the coefficients of z in S, 1(z) and S, 2(z) are reciprocals of integers,
it would be interesting to know whether this is also the case for S, 3(z). By direct
computation using Theorem 8, we find that the first few coefficients of z in \S,, 3(2)
are

cg?’) = ,i’ cé?’) = ,L’ cé?’) = —L, and 6513) = __10 ,
126 1155 6930 513513
which answers the question in the negative. Computing the first 30 terms and using
a recurrence fitting algorithm, we found the recurrence relation

12(4n + 5)(4n + 1)), — 8(n +3)(2n + 3)!?), — (n+2)(n + 3)c® = 0.

To prove this, we use Theorem 8 with k = 3, and write a§-3’n+1) as a binomial sum.
Then we get
2n+2 n+1 .
- _ntl D En 2 — S (PP
cy 4n+3' (n+7)!(3n+ j)z ; P9 )

=0

Finally we apply “creative telescoping” (twice) to this combinatorial sum, for in-
stance by using C. Koutschan’s Mathematica package HolonomicFunctions [9].

5. ADDITIONAL REMARKS AND QUESTIONS

1. Using the identity (3.9), which involves a special higher-order Bernoulli poly-
nomial, and using the notation of (1.3), we can rewrite the identity (1.1) as

1
Sno(2) = —BI T ((n +1)z).

Similarly, the second part of Theorem 1 can be rephrased to state that for all
positive integers n and k, the polynomial z(z — 1)B7(1n+1)((n +1)z) divides Sy, 1 (2).

2. Related to this, if we divide S, 1(z) by z(z — 1)B§Ln+1)((n + 1)z), we get a
sequence of polynomials of degree at most n — 1; see Table 1. The first few of these
polynomials are listed in Table 3, normalized so that their constant coefficients are
1; we denote them by p, (z).

pn(z)

1

1—-22
1—2422

1—|—%z 123z2+133
1—|—3z 272'2—|—24z — 1224
1+@z—ﬂ22+29z — Syt 4 855

Table 3: p,(z) for 1 <n <6.

[ S U T
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It follows from Theorem 1 that these polynomials satisfy the symmetry property
pn(1 — 2) = (—=1)""p,(2), which in turn implies that p,(z) is divisible by 2z — 1
when n is even. Apart from this, can anything else be said about the polynomials
pn(2)? The fact that a relatively large prime (namely 571) appears in the leading
coefficient of pg(z) seems to indicate that the leading coefficients of these polyno-
mials, and indeed of the polynomials S, (z), are not as straightforward as the
coefficients of z (see, especially, Corollary 9).

3. Again related to the previous point, we note that each product of Bernoulli

polynomials in (1.3) has degree

Sk+1+j) =mk+1)+ (k+1)(n—m)+k=(k+1)(n+1)—1,

i=1
which is independent of m. When k is even, then all terms in (1.3) are positive,
and since the Bernoulli polynomials are monic, we may conclude that the degree
of Sy k(2) is also (k4 1)(n + 1) — 1. However, this is not clear when k is odd and
Sp.k(2) is therefore an alternating sum in m.

4. We will now see that there is a close connection between the function Fy(x, z),
defined by (2.1), and the Lerch transcendent (also known as the Lerch zeta function)

e on
(51) @(Z,S,U) = Zm,
n=0
with |z] < 1 and v # 0,—1,—2,.... For various properties and identities see, e.g.,

[7, Sect. 1.1]. One of these identities is

oo

m! 1yom-1 1 Bitr+1(v)  (logz)”
5.2 O(z, —m,v) = — (log - - :
(5.2) (2, =m, v) zU(ng) 2 mtr 1 7!

)

where m is a positive integer and |log z| < 27 (see [7, p. 30].) Replacing m,r,v and
z by k,m, z and e”, respectively, (5.2) immediately yields

k+1 m
_ k+1£q) T =1 —1 gL Bm+k+1(2).'157
(Ca) g et~k = 1+ (CD)P mZ:Om+k+1m!’
and thus, with (2.1) we have
(5.3) Fi(z,2) = (—2)" 1S d(e”, -k, 2).

k!
Without going into further details, we mention that Boyadzhiev [1, Eq. (6.5)] ex-
presses Lerch transcendents such as the ones on the right of (5.3) in terms of
Apostol-Bernoulli polynomials, which in turn can be written as sums involving
Eulerian polynomials; see [1, Eq. (4.7)]. Putting everything together, we get (2.10)
again, as expected. Furthermore, combining (5.3) with (5.1), we get

okl X
(5.4) Fy(z,z) = % Z(n + z)ke(nt2)z.
' n=0
while (2.12) gives
(o)t &

Fp(—z,1—2) = Z (m — 1+ z)ket—2m)z,

m=1

k!
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The right-hand side of this last identity is the same as that of (5.4), and by (2.2)
the two identities are consistent.

5. In addition to Corollary 9, one can say a little more about the coeffi-
§k’n) that occur in Theorem 8. Indeed, to find an expression for aék’") =

[v7](Ax(y)/y)", we apply the multinomial theorem to (2.8), obtaining

AWt s (jl,.?.,jJA(k,1>J’1<A<k,2>y)j"‘---(A(k,kw’“‘l)”“

n
y Ji+je+-+ik=n

= Z ( " ) >A(k, 1) ~~.A(]g7k)jkyj2+2j3+'“+(k:71)jk,
Jitdatdge=n M1 Ik

cients a

and therefore
n(k—1)

51 - 2 (2w )y
5.5 = ) - JA(k, 1) - Ak k)R ) o7,
where the inner sum is taken over all jy,.. ., ji satisfying

(5.6) {]1+32+"'+]k:n7

g2+ 2js 4+ (k= 1)jk = J,
Now, by definition and (5.6) we have

(k,n) n ; : "
ok = _ ) A, DI AR, 2)52 - A, k)
F =S (g A A2t

where the summation is again over all ji,. .., ji satisfying (5.6). This identity can

be rewritten as
n

(5.7) agkm) _ Z o Z (jg"f I )A(k,z)ﬁ o Ak, k)R

j1:0j1!(n_j1)! S Jk
where we have used the fact that A(k, 1) = 1, and the inner sum is over all jo, ..., jk
satisfying
J2t gk =mn—]1,
Jat 2z 4+ (k=1)jk = J.
Finally, setting r := n — j;, we can slightly simplify (5.7) as

(5.8) a§k’") = Zn: (:) Z (jz,-i 7jk) A(k,2)7 -+ Ak, k),

r=0
where the inner sum is over all jo, ..., ji satisfying

Jot A=

Jat 2z 4+ (k= 1)jk = J.
This last inner sum is reminiscent of an (ordinary) Bell polynomial, but is still
somewhat different.

6. For a different approach to the coefficients agk’n) we use the infinite series

(2.9) and rewrite it as

1

S Ak(y) = ;
(ly— Pl > G+ DRy,

Jj=0

(5.9)
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for k > 1. Raising both sides of (5.9) to the nth power, we get

(5.10)

(Ae@)/v)" _ 5 . , y
ufym - go ( jl7§120 (G141 Gn+ 1))’“>y :
Jitetin=v

We denote the inner multiple sum by ul(,k’n) and rewrite it as

(5.11) uFrm = ST ()

Girgn>1
Jittin=r+n

Using (5.10), (5.11) and the definition of a;k’n), we get

J
k, o ((k+1)n "
o™ =3 (-1 ( Y )ugc, ),

v=0

(k,m)

It is therefore of interest to find out more about the numbers w, .

(1]
2]

3
4

(5]

[7

(8]

[10]
(11]
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