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Abstract
It is the main purpose of this paper to reconsider some bivariate convolution iden-
tities discovered by Pan and Sun (and later by Zagier) for Bernoulli polynomials
that involve two different types of sums (precisely, an ordinary sum and a binomial
sum) and rephrase them into more concise and convincing forms of identities based
on operation methods for the generating function. Furthermore, we extend one of
them to a third-order trivariate convolution identity.

1. Introduction

Let B, and B, (z),n =0,1,2,..., be the Bernoulli numbers and polynomials defined
by the generating functions

t 2 B,t"
Ft):= 55— =§ (< 2m);
te®t 2. B, (x)t"
Ft,z): = ] :;T (It < 2m),
respectively. It is easy to find the values By = 1, B, = —%7B2 = %,Bg =0,By =

731—0, and so on. Since F(t) + %t is an even function, if n > 3 is odd, then B,, = 0.

Further, we see that B, (0) = B,, and B, (z) is represented by
n n .
B,(z) = ZZ; (i>Bix” (n>0).

Numerous recurrence relations for these numbers and polynomials have been
developed over the years (cf., e.g., [29, 26, 20, 16]). Among them, the most basic
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linear recurrence relations are

o (1.1)

which can be easily deduced from the functional identities F(t)e! = F(t) + t and
F(t,x)e! = F(t,z)+te", respectively. On the other hand, the most basic quadratic
recurrence relations are

Q> (TZ) BiB,_; = —nBy_1 — (n — 1)By;

(i) (’?)meBn_i(y) (e 4y —1)Buos (e + 1) (12)
0

- (n - 1>Bn(aj + y)
The first identity (1.2) (i), usually attributed to Euler, reflects a property of the
identity F(¢)? = (1 —t)F(t) — t4 F(t). The second identity (1.2) (ii) is a bivariate

polynomial analogue of the first, due to Norlund [27] (cf. [20, (50.11.2)]).
Dilcher [15] and later Chen [10] extended (1.2) (ii) to the higher-order identity

> (;" ) B

it ti=n
I Jk 2 (1'3)
k—1 k—1—r .
n r+j o il Ba—kti40(y)
=k -1 k 1 J
()= > (") st 14 g Breenl®)
where y := 1 + - - - + x1, for the independent variables x1, ...,z and s(n, k) is the

Stirling number of the first kind defined by the generating function

n
(Z)pi=z(z—-1)-(z—n+1)= Zs(n,k:)zk. (1.4)
k=0
Of course (1.3) is very interesting in its own right, but we now pay attention
to extraordinary identities that involve two different kinds of convolution sums (an
ordinary sum and a binomial sum). Such type of identities was first discovered by
Miki [25] for Bernoulli numbers and later it was generalized in many directions. We
therefore refer them to as “Miki-type” identities en-bloc for convenience sake.
This paper is to a large extent motivated by Miki-type identities for Bernoulli
numbers and polynomials. Thus we begin by giving, in Section 2, a brief overview
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of the development process of these types of identities. Section 3 is just for some
elementary lemmas, which will be needed later in our discussion. In Section 4
we reconsider the bivariate formulas for Bernoulli polynomials discovered by Pan
and Sun, and later by Zagier, from our original point of view using the generating
function methods. As a result, we rephrase them into more concise and convincing
forms of identities. Subsequently, we extend one of them to a third-order trivariate
convolution identity and close this paper by asking an open question on the multiple
sum having any number of independent variables.

2. A Brief Overview on Miki-Type Identities

In 1978 Miki [25] discovered a remarkable identity that involves both ordinary and
binomial convolutions for Bernoulli numbers using a certain congruence modulo p?
(p an odd prime) for the Fermat quotient g,(a) := (a?~! — 1)/p of base a, where a
is a positive integer with p{ a. His identity can be stated as follows:

n—2 —
BiBn_Z Ban B,
— 2H,— >4 2.1
§j() +2H, =" (> 4), (2.1)

, i n—i i n—1
=2

where H,, := 1—|—%+- . -—i—% is the harmonic number. Shortly afterward, Shiratani and
Yokoyama [30] found another proof of (2.1) using p-adic analysis. An elementary
proof has been presented in [2] by developing a linear version of (2.1), namely

n—1 n—1 7 'n
Z%k"‘i Z() k“+z + k" (Hy — Hy) (n,k > 1),

i=1 i=1 Jj=1

which is actually equivalent to Faulhaber’s formula for the power sum of the first &
positive integers. In particular, when k = 1, this linear one reduces to an identity
equivalent to (1.1) (i). For details, see [2, Sections 2 and 3].

Inspired by Miki’s work, Matiyasevich [24] discovered a different type of formula
and announced it on his website without proof. His original formula is

-2 n—2
2 n+2 n(n+1)
ZBiBn_i_n—HiJ( . )BBn ; WBR (n>4), (2.2)

which was later proved and generalized in many directions (see, e.g., [11, 18, 1]).
On the other hand, in 2005 Gessel [19] established a polynomial analogue of (2.1)
using the Stirling numbers of the second kind and proved that for n > 1,

0 )2 (BB, B9,

n 7 n-—1
=0
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We can find a short and intelligible proof of (2.3) in Crabb’s paper [14] (see also [1]).
Further, a polynomial analogue of (2.2) can be stated as follows (cf. [1, 28]):

i 2 42 n(n+1)
;Bi(x)Bni(x)n_i_Q;( . )Bi(x)Bni+6Bn1(x) 24

+(n—1)Bp(z) (n>1).

In 2006 Pan and Sun [28] generalized both (2.3) and (2.4) to bivariate identities
using differences and derivatives of polynomials and proved that if = # y, then

1=0
_x~ (n+1\Bi(z = y)Bn_i(y) + Bi(y — ¥) Bn_i(2)
N ; (z + 1) i+ 2
Bni1(z) + Bpy1(y)  2(Bnga(z) — Baga(y)) ,
L (x—y)? 42—y =0 (2.5)
L X Bi(@) Busi(y)
(i) ) n—1
= (n—=1\Bi(z —y)Bn_i(y) + Bi(y — ) Bn_i(x)
N ; (z - 1) i2
i, , B Z Buly) | B"(nx()x__i"(y) (n>1),

As we have seen, these identities involve some rational fraction terms with powers
of z — y in the denominator. However, these denominators disappear by virtue of a
certain formula for the difference B, (z) — B, (y) (see Proposition 4.3 below).

Concerning a product of two Bernoulli polynomials, it is well-known that (cf.,
e.g., Nielsen [26, p.75], Carlitz [7, 8, 9] and Zagier [34, (A.30)])

Bi(z) Bj(z) _ 5 { 1(21' ) N 1_(;’ )}B%Bﬁj;m@)
? 7 1 \2m 7 \2m 1+ —2m
i (i = DI — 1))

i+ )

Without going into detail, (2.6) has an intimate connection with the integral

[ Bos.a = S con (T o w s

r—m
m=0

(2.6)

+(=1) Biyj (3,5 >21).

where Tg’s)(a:) := B, (2)Bst14m () — Br—mBst14+m (see [4, Proposition 1]).
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In 2014 Zagier [34, (A.35)] extended (2.6) to a bivariate version by using some
significant properties of the periodic extension B, (z) := Bn(x — |z]|) of B,(x)
defined on the interval (0, 1]. Actually, finding the integral formula

- r_q1 TSl —
| BrataBue+mie = (<1 s Br(a = 6) (ra 1),
where «, 3 are arbitrary real numbers, he proved that

Bilo) Bily) "y~ (1(0) Buznl 17 (1) Prosonl))

B —
i i+j—m J itj—m ml® =)

m=0

Ly UV =Dl ) g > 1),

Gl
where, using his notation, Bj (z) denotes
B —1)kBy(— B B 1 k
Bt r) o= 2 F CUBe) B ¥ Brle £ 1) _ gy 1 it

Taking here ¢ + j = n > 2 and summing up over ¢ = 1,2,...,n — 1, he finally
established the Miki-type bivarite identity such that

B Boily) gy Bale) +Ba(y)

- ) <n N 1) (Br—m(y) + (=1)"Bp_m(x)) M (2.7)

(see [34, (A.36)]).

As has been confirmed by Zagier himself, (2.7) is just the same as (2.5) (ii) if z # y.
Although all the above formulas are quadratic, Gessel [19, (4)] found a third-order
analogue of Miki’s (2.1) for Bernoulli numbers, namely

B;B; By, n \ B;B;By BBnl
Z ijjk a Z (ij,k) ik 3HZ<> i(n —1)

i+j+k=n i+jt+k=n
Jz'rﬂzz fjszz (2.8)
B, n?-3n+5B,_»
= 6Hy 0 — > 4),
2 4 n—2 (n>4)

where Hy 2 0= 1o i<y % (n > 2) is the generalized harmonic number.

It is worth mentioning that a slightly modified version of (2.8) has been derived
by Dunne and Schubert [18, Theorem 5.2] from a quite different point of view using
some basic tools from perturbative quantum field theory and string theory.

Besides the above identities, there are, as a matter of course, many interesting
new approaches and generalizations of Miki-type identities in various directions.
For instance, see [31, 13, 11, 12, 21, 22, 33, 17] and the references therein.
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3. Some Lemmas

To begin with, we present the following lemma related to the multivariate beta
integral, which will be needed later in our discussion.

Lemma 3.1. Lets > 2 and ji1,...,js > 0 be arbitrary integers. With the variables
of integration ui, us, ..., us_1, let us set wg :=1— Zf;ll u;. Then we have

1 1—uq 1—up——us—2 . . .
/ / .../ (u{l ...u';‘tllwg‘s) du571'.'du1
0 JO 0 (31)

Jilgal- - gs!
Ui+ +gs+s =1

Proof. We will give an elementary proof by induction on s. In the case when s = 2,
several methods of proof are available, but perhaps the simplest being to use the
partial fraction decomposition of the reciprocal, namely

L 1 « n\ 1
|I :_§ —_1)" > 0).
T:0X+r n! r:O( D (r)XJrr (n 2 0)

Actually, putting here X = j; + 1 and n = jo, we have

1 1 J2 . 1
/ ul'wduy = / ult (1 — uy)2duy = Z(—l)T (‘72> / wl " duy
0 0 r 0

r=0

J2 . J2 Cy .
_ Z(_l)r A X H 1 _ Jilja!
~ r)j+1+r e atler (Gita+D)b

and hence (3.1) holds true for s = 2. For the next induction step, assuming that
(3.1) is true for s = k > 3, we have

1 lful 17u17--~7uk_1 . . .
J1 Ik, Jk+1
/ / / (ul ukwk+l>dukdu1
0 Jo 0

. 1
gole e deg! / <j1 j2+j3+~~+jk+1+k—1)
(ot -+ +hk—DlJg VT2 '
- Jo! Jrgr! et A Gk R 1)
(J2+ -+ k1 +k—1)! (1 4+ g1 + )]

_ gkl gkt
(J1+ -+ Jesr + )

which shows that (3.1) is true again for s = k+ 1; so the proof is now complete. [

Another proof of (3.1) can be found in [32, (1.2)], where it was further generalized.
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We will utilize only the special cases of (3.1) for s = 2,3 in the next Section 4,
namely, changing the notation of variables in integrals,

/1ui(1—u)jdu=L' (3:2)
0 (i+j+1)" '

Y 151k!
/ / vl (1 —u —v)fdvdu = S — (3.3)

The following lemma is essentially the same as stated in [5, Lemma 1]. However,
for the sake of completeness we wish to give its full proof once again.

Lemma 3.2. Let m > 2 be an integer and fo(Y') be the function of Y defined by

fa(Y) = for « € C\{0}.

1
Yo -1
Then for ai,...,a, € C\{0} satisfying Km := a1 + -+ + ayy # 0 we have

[[fa(¥) = fo, (¥ 1+Z > Hfm : (3.4)
i=1

r=11<i1<--<i,,<m j=1

Proof. Letting y1,...,yn be arbitrary non-zero numbers or polynomials, we first
consider the regular expansion

H(%Jrl —1*Hy1 1+Z 3 Hy
r=1 1<iy <--<ip<m j=1 7%

Dividing both sides of this by the left-hand side and then multiplying by [Ti~, v;~ L
we have

m —1
Hyt <H yi +1) 1) 1+ Z > H (3.5)
i=1 r=11<i1 <--<i,<m j= 1Y
Setting here y; = 1/f,,(Y) =Y — 1 for i = 1,2,...,m, it can be shown that
m -1
(Huﬁ +1)- 1) = (1) = (),
i=1
and thereby, we see that (3.5) implies (3.4). O

In addition, we often use the obvious integral representations of H,, such that

—u™ M1 —u)"
11 duz/o Ldu (n>1). (3.6)
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4. Main Results

We first prove the following Miki-type bivariate identities that involve two different
kinds of sums by manipulating the generating function F (¢, z).

Theorem 4.1. For all integers n > 1 we have

423 BBt = 31 (1) e - ) Bl

— — \i+2
=0 =1 (41)

— 7 p 1+ 1
n—1
£ (") (BBt POy
=0
+ (n+1)(H, —1)B,(y) + (n + 1) B,(x);
S Bi(@)Bnoily) _ o~ (n+1
e S =;z(m)< B ()
N n+l Bi(z)By—i(y — x) (4.3)
+ : Bi(y)Bn—i(r —y) + .
S ("7 (Bomta 4 HE)

and

Proof. Let u be an arbitrary real or complex number with v # 0,1. Applying (3.4)
with m = 2 to a1 = v and as = 1 — u, we obtain the identity

SuYV) 1Y) = (V) (L + fu(Y) + fiu(Y)),

that is, more concretely,

1 LS S ORI S
Yo—1 Yiu—1 Y -1 Yu—1 Yyl-uw—1)"
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We put here Y = e? and then multiply both sides by u(1 — u)t2e(¥+4(@=v)t Then,

noting that
elytu(@—y)t _ oot (y—z)(1-u)t _ yte(ﬂc—y)ut7

one can find the functional identity

F(ut,x)F((1 —u)t,y)
=u(1 — u)te"@VEF(t, y) + uF (t, ) F((1 — u)t,y — z) (4.5)
+ (1 —w)F(t,y)F(ut,x — y).

Differentiating both sides of (4.5) n times with respect to ¢ and then setting t = 0,
we are able to derive the following identity:

All the proofs of (4.1)—(4.4) we will give below rely on this identity.
(a) In order to deduce (4.1), we integrate both sides of (4.6) from 0 to 1 with

respect to u based on (3.2) and use the identities n(";") (E;LJ:%;' - (n+;;r(11+1) )
and (7;) ((,1“;2’13)'. = (n+2)1(n+1) (”'f) Then we get (4.1) immediately by multiplying

the whole by (n +2)(n+ 1).
(b) For (4.2), we gather the terms in (4.6) that involve B,(y) in one place and
then divide the whole by u to obtain the identity

> (7)) Bnst + S, )

. 1 u
i=1
n—1
n <
n

3

>u (1 —u)(x —y)' Bu_1-4i(y)

1=0

N (”) (1= )" "By(w) Bus(y — )

1

I
=)

%

=

n—

; (”) (1w By (y) Buoile — ).

7
=0
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We integrate both sides of this identity from 0 to 1 with respect to u based on (3.2).

Then using the identities n (" 1) (i’;:rlé)! = %-5-1(?121)7 (?)% = n%_l(":'l) and
" )1(',(1”“1 z;,)' (n+1)(n A ("+1), from (3.6) we obtain (4.2) after multiplying the

whole by n + 1.

(c) Similar to the above, gathering the terms in (4.6) that involve By, (z) in one
place and dividing the whole by 1 — u, we get the identity

g(?)ui(l w)" 7 By (x) B i(y)+“1n:u“3n(x)

n—1

nj(” 1)ul+l ) Bari(y)

1=

+_( Jult =0 BB -

+§n:< ) "= Bi(y) Bu—i(z — ).

=0

We now integrate both sides of this from 0 to 1 with respect to u. By applying
(3.2), (3.6) and the same binomial identities as used in (b) we can deduce (4.3) after
multiplying the whole by n + 1.

(d) For (4.4), we next gather the terms in (4.6) that involve By, (x) and B, (y) in
one place and then divide the whole by u(1 — ) to obtain the identity

"2—31 (n> W1 = w)" By (1) B i(y) +

‘ {2

=1

(1—w)rt—1
u

-n Z (n - 1) 2 —y)'Bno1-i(y)
+Z ( ) — )" By () By — @)
T g (”) W B () Bai(e — ).

In the same way as before, by integrating both sides of this from 0 to 1 with respect
to u based on (3.2) and using (3.6) we can deduce (4.4), as desired. O

+ Bn(y)

Here note that we can deduce (4.4) with no discussion at all of (d). Indeed, adding
two identities (4.2) and (4.3) side-by-side without changing the original array of the
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sums and using the trivial identities 1 + -1 = e (1 + 1)(7:11) =(n+1)(7)

and H,, — % = H,_; for n > 1, one can get (4.4).

Now exchanging z for y in (4.2) and comparing it with (4.3), one is able to
deduce the following very practical identity that can be used to connect two sums
for Bernoulli polynomials with different variables. However, we wish to introduce
below a straightforward proof of this not relying on (4.2) and (4.3), which was
personally communicated by Karl Dilcher to the present author (April, 2019).

Corollary 4.2. For an integer n > 1 we have

> ()= Bt = Z(“ e-0=see. A

=1

Proof. Since (4.7) is trivial if z = y, let us assume that x # y. As is easily seen,
the functional identity (e*=%* —1)F(t,y) = F(t,z) — F(t,y) implies that

n n A
5 ()@ = 0 Busil) = Bute) — Bl (4.9
i=1

Multiplying both sides of (4.7) by (z — y)?, we shall prove the identity

Zn: (7 + 1) (y—2)"' B, () = XE i (’Z‘ i 11> (@ —y) " B i(y).  (4.9)

For brevity denoting the left-hand side of (4.9) by P(n), we split up the right-hand
side of (4.9) as follows:

Z i (Tzl ; 1) (z —y)" ' Bui(y) = Qi1(n) — Qa2(n),

where

Considering (4.8) with n+1 instead of n and separating the first term corresponding
to 4 = 1 in the sum on the left-hand side, we have

Q2(n) + (n+ 1)(z — y) By (y) = Bny1(2) — Bt (y)-
This identity also yields, by symmetry in x and y,

P(n)+ (n+1)(y — 2)Bn(2) = Bny1(y) = Brya (2).
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So adding up these, it follows that

Q2(n) + P(n) = (n+1)(z — y)(Bn(z) = Bn(y)). (4.10)

On the other hand, using (4.8) and the obvious identity (i + 1) (7)) = (n 4+ 1)(%),
we see that @1(n) can be expressed as follows:

=Y+ ) -0 Bt

] +1
n

~ =0 3 (7)) Bust)

i=1
= (n+ 1)z - y)(Bu(z) — Bu(y))-

Thus we have only to compare this with (4.10) to show P(n) = Q1(n) — Q2(n). O

From (4.7) we see that (4.3) can be obtained from (4.2) by interchanging « and y.
Tt should not be surprising that (4.7) is effective not only for Bernoulli polynomials,
but also for any Appell polynomials (for example, such as Euler, Genocchi, monic
Hermite and modified Laguerre polynomials) with different variables (cf. [3]).

Note that the following proposition provides relationships between Pan-Sun’s
identities (2.5) (i)-(ii) and some of the identities in Theorem 4.1.

Proposition 4.3. In the case when x # vy, (2.5) (i) (resp. (2.5) (ii)) is equivalent
to (4.1) (resp. (4.4)).

Proof. We now recall (4.8) and for brevity set

n

Uate) =3 (1)@= ) Bucit) = Bue) = Buly): - (41)

i=1

Using the identity z("+2) (n+2) (?111 ) — 2(?:22 ), the first sum on the right-hand

side of (4.1) can be written as, assuming that x # y,

Z(“I 22) (2~ 1) Busily)

=1

<n+2>i(7§jf)<x W) By (y il(””) (e — 9~ Bui(y)

ooy Tt _ (11 Bt

(x—y) 1 Jax—y

e (T)eme ()
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(n+2) (Uns1(2,y) + 2Bny1(y)) . 2Un+2(z,y)

(x —y)? (x—y)3
_ (n+2)(Bup1(@) + Bra(y))  2(Busa(w) — Bnga(y))
(z —y)? (x—y)? '

From this identity we see that (2.5) (i) is equivalent to (4.1). On the other hand, the
equivalence between (2.5) (i) and (4.4) can be easily shown by direct use of (4.11).
Indeed, for (2.5) (ii) we just have to apply the identity, divided both sides of (4.11)
by © —y # 0, to the first sum on the right-hand side of (4.4) and use the identity

1M == (’?71). Of course the converse is also true. O
i \1¢ 2 \i—1

As a consequence of Proposition 4.3, we state that Pan-Sun’s (2.5) (i) and (2.5) (ii)
can be supplanted by (4.1) and (4.4) valid even if 2 = y, respectively. In addition,
the equivalence between Zagier’s (2.7) and (4.4) can be verified using the identity

i 1 i 2 )
7l = —3 (Bi(z) — (-1)'Bi(—x)) = 3 (Bt (z) — Bi(z)) (i>1).
Indeed, by replacing here x with x — y and substituting it into each term of the first
sum on the right-hand side of (4.4) we get (2.7), and the vice versa is also true.
Next, we extend (4.1) to a third-order trivariate convolution in the same way as

the proof of Theorem 4.1 and establish the following identity.

Theorem 4.4. For an integer n > 2 we have

(n+3) > Bi(z)B;(y)B()

i+j+hk=n
i.5,k>0
, , n+3 i ;
= 2 arnuen (") e-ae o B
i+jt+k=n—2
B (4.12)
. n—+3 ’
S DI ] () T ANE
i+j+k=n—1 J
1,5,k>0
n+3
+ . Z ( i )Qi7j,k(z7y7z)7
i+j+k=n
i.5,k>0
where
Pijr(2,y,2) 1 = (2= y)'Bj(y)Be(x —y) + (v — 2)'B;(2) Bk (y — 2)
+ (y — 2)'Bj(z)Bi(z — )
and

Qijk(,y,2) : = Bi(2)Bj(r — 2)Br(y — 2) + Bi(z)B;(y — ) B (2 — x)
+ Bi(y)Bj(z — y) Br(z — y).
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Proof. Letting u,v and w be real or complex numbers satisfying u,v,w # 0,1 and
u+ v+ w =1, we consider the special case of (3.4) for m = 3, namely

+fu(Y) fo(Y) + fo(Y) fu(Y) + fu(Y) fu(Y)}
We now put Y = e! and multiply both sides by uvwt3e(##+vv+w2)t  Then, since
e(ua;-i—vy—i—wz)t _ ezte(l z)ute(y—z)vt _ ewte(y z)vt (z—z)wt _ eyte(z—y)wte(z—y)ut’
we can find the functional identity
A=Ay + A3+ Ay + As + Ag + A7 + Ag, (4.13)
where each function 4; = A;(¢;u, v, w;z,y,z) (1 < i< 8) is exactly given by
Ay = Fut,z) F(vt, y)F(wt, 2); Ay = uvwteW VGOV E(L ).
Az = vwteCTVEF (L) Fut,x —y); Ay = wute DU F(L, 2) F(vt,y — 2);
As = uwvote V"I F(t 2 F(wt, z — x);  Ag = wF(t, 2)F(ut,x — 2)F(vt,y — 2);
A7 = uF (t,x)F(vt,y — x)F(wt,z — x); Ag :=vF(t,y)F(wt,z — y)F(ut,z —y).

Let us differentiate partially both sides of (4.13) n times with respect to ¢ and set
t = 0. Then, denoting

n

Ji:Ji y U, Wi, Y, ::_Ai 1§S87
(u, v, w;z,y,2) o i, (1<i<3y)
we see that (4.13) yields
J1=Jdo+Js+ Iy + J5 + Jg + J7 + Js, (4.14)

where each J; (1 <i < 8) can be formulated as follows:

n= X (0 et BB B

i+j+k=n

i,5,k>0
n—2\ ., . . .
Ja = wvwn(n — 1) Z ( ) >v1w3 (y — ) (z — x)! Bi(z);
05,k
1+j+k: n—2
4,3,k>0
Ji=vun S ("7 D) wit(e - y) B () Bela — )
" i,J, k ! ’
i+j+k=n—1
1,5,k=0

1\ . )
Ji=wun Y (n . k)uzvk(x — 2)'B;j(2)By(y — 2);
itjth=n—1 \0J
4.5,k>0
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—1\ . )
Js=uvn Y (n . k>ulwk(y —z)'Bj(z)Bi(z — z);
i+j+k=n—1 b
i,5,k>0

Js = w Z ( 7?k)ujkai(z)Bj(x—z)Bk(y—z);
i+j+k=n b
i.5,k>0

r=u 5 (0 )t B By - 2Bl - o)

Js=v Y (.T.L )wjukBi(y)Bj(zy)Bk(wy),

i, 5,k
i+j+k=n s
1,J,k>0

where (7;‘k) = #,‘k, (n,i,7,k > 0) is the multinomial coefficient. Further, letting

1—u
I, = Ii(z,y, 2 // Jidvdu, (1<i<8)
we obtain from (4.14) that
Li=L+ I3+ 1y+ 15+ Ig + I; + Is. (4.15)

Here, using the multiple integral (3.3), each I; can be calculated as follows:

I = Z B Bk( )

z+j+k: n
4,7,k>0

i+j+k=n—1
,5,k>0
1 n+3
I w3 Z ( . )Bi(z)BJ(x—z)Bk(y—z),



INTEGERS: 20 (2020) 16

1 n-+3
-1 _ v ( . )sz)Bj(y—x)Bk(z—x);
(n+3)3 i \
,5,k>0
1 n—+3
b= > ("7)BWBG - B )
(n+3)3 i+j+k=n v
,5,k>0

where (z),, is the lower factorial polynomial in z of degree n as stated in (1.4).
Multiplying both sides of (4.15) by (n + 3)3, we finally obtain (4.12). O

We would like to add that (4.12) is a symmetric identity with respect to z,y and
z; so it is invariant under cyclic permutations of these letters.

In particular, letting y = z = « in (4.12), one can deduce the following third-order
convolution identity in a single variable.

Corollary 4.5. For an integer n > 2 we have

n—1

m+3) Y BB@n@=3Y (") 5085
4 3%]2_” (" : 3) Bi(2)B;Bx + (” ; 3> Bu_s(a).

1,5,k>0

This identity is exactly consistent with the case for m = 3 of the more general
identity proved in [5, Theorem 1], namely

wiom Y Mm-S ()

k
Fo oot b =n =1 =0 Ko-Fk1+-+hy =1 —mtr 0
ki,..oskm >0 ko,k1,...,kr->0

X Bko (I)Bkl cee Bkr,

which is valid for all integers n,m > 1 with n > m — 1.
We cannot say for sure at the moment, but it seems that the following question
still remains to be resolved as far as we know.

Open Question. Find a closed-form expression for the multiple sum

v By, (2
Sy,.mm) = Y. ][ ’“}f"”) (n>m > 3), (4.16)
ki4-+km=ni=1 i
kiyeekm>1

where 1, ..., 2, are independent variables.



INTEGERS: 20 (2020) 17

A certain formula for (4.16) in the case when m = 3 and x; = 23 = x3 has been
derived in [5, (6.5)], which is of interest in its own right, but rather complicated to
restate here. In addition, it should be mentioned that D.S. Kim and T. Kim [23]
studied several kinds of multiple sums similar to (4.16) in a single variable case and
expressed them by means of linear combinations of Bernoulli polynomials over Q
based on the fact that {By(z) | K = 0,1,...,m} forms a basis of the vector space
Vin == {f(z) € Q[z] | deg f < m} with dimV,, = m + 1. On the other hand,
A. Bayad and D. Kim [6, Theorem 4] recently discussed the product of arbitrary
number of Bernoulli polynomials such that

m
By,
q>k1,~~7km (.1?) = % (m Z 17 kla RS km Z 1)
=1 v
and expressed it explicitly as a linear combination of {By(x)/k! | k =0,1,...,m}.

Here note that By(z)/0! = 1 and this set also forms a basis of V,,, over Q.
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