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Abstract

By using an explicit formula for Bernoulli polynomials we obtained in a recent
work (in which B, (z) is written as a linear combination of the polynomials (z — r)",
r=1,..., K+1, where K > n), it is possible to obtain Bernoulli polynomial identities
from polynomial-combinatorial identities. Using this approach, we obtain some gen-
eralizations and new demonstrations of the 1971 Carlitz identity involving Bernoulli
numbers, and we also obtain some new identities involving Bernoulli polynomials.

1 Introduction

Bernoulli numbers have been in the interest of mathematicians since they were discovered (by
Jakob Bernoulli in the 17th century). It turns out that Bernoulli numbers are related to many
important mathematical objects appearing in different fields of mathematics, as described
by Mazur [15]. A popular way to introduce these numbers is through the generating function
of Bernoulli polynomials B,, (), namely

L 1)

The Bernoulli numbers are then B, = B, (0). Many different explicit formulas for
Bernoulli numbers and polynomials, together with some of their generalizations, have ap-
peared throughout the years: Gould [10] gives a good review of this. We also mention the
remarkable work of Dilcher and Slavutskii [5], containing hundreds of references related to
Bernoulli numbers and polynomials.
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Recently we found [20] yet another explicit formula for Bernoulli polynomials: for non-
negative integers K > n, we have

Bn(x):%“;;(—l)j” ((%)) (x—T+J—=1)". (2)

(Since we will be dealing with sums and multiple sums troughout the work, we will use
capital indices I and J and the parameter K for formula (2), and only for this formula.) It
turns out [20, lemma 3| that the coefficients of the right-hand side of (2) are such that

K+1)

1 s ! I+ (J
R 20

1

~1. (3)

That is, formula (2) gives us the Bernoulli polynomial B, (z) expressed as an affine
combination of the polynomials (z —r)", r = 1,..., K + 1. Note that the degree n of the
Bernoulli polynomial B, (z) appears only in the term (z — [ + J —1)" of formula (2), and
it is not related directly to the number (K + 1) of terms in the sum, except for the fact that
K must be not lesser than n. For example, if we set K =4 in (2), we obtain the formula

137 163 137 21 1
which works for n = 0,1,2,3,4. That is, with n = 0 formula (4) gives us By (z) = 1, with
n =1 gives us By (z) = = — %, and so on ---, up to n = 4, corresponding to By (z) =

x4—2x3+x2—%.
Under a different point of view, for each n € N, formula (2) gives us infinitely many
expressions for the n-th Bernoulli polynomial B,, (x), namely, the right-hand side of (2) with

K > n. For example, the Bernoulli polynomial B, (z) = 2> — 2 + ¢ can be written as

7 1

11 2 2 2
B = —@-1-Z(z-22+-(z—
2 (z) g @—1) —g@=2 "+ (x-3)
25 , 23 , 13 , 1 )
= T -1 -Z2@-2+ 2@ -3 - (z—4
137 , 163 , 137 , 21 s 1 )
= -1 @2 (-3 - (-4 (-5
oo @ — @ =2 (@3 — s (e =4+ o (2 - 5)

corresponding to the right-hand side of (2) with K =2,3,4,....
But formula (2) implies more interesting facts.

Theorem 1. The polynomial identity
Zan,k (z+a) = mek (z +B)F, (5)
k=0 k=0
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implies the Bernoulli polynomial identity

Z an,kBk ([B + CY) = Z bkak ([L’ + ﬁ) .
k=0

k=0

(6)

Proof. Take K > n. Beginning with the left-hand side of (6), and using first (2), using then

(5), and finally using again (2), we obtain

n

k=0

k=0 I1=0 J=0

= D burBi(z+5),
k=0

as desired.

n 1 K I e |
Zan’kBk(ZE—FOé) = %an,k +1ZZ(_1) ((K>) (;L’+Oé—l+<]—1
1

]

(The result established in Theorem 1 contains some of the spirit of umbral calculus

6, 23].)

For example, beginning with the expansion (z +y)" = >_;_; (})y*2"*, and using The-

k
orem 1, we obtain the following known property of Bernoulli polynomials:

n

By(at+y) =Y (Z) V" Bo_i ().

k=0

We will be using extensively the following property of Bernoulli polynomials:
B,(1—2)=(-1)"B,(x).

Observe that (8), together with formula (2), give us the following identity:

S (pt ((;()) @+I=0"=> > (-’ ((;{) (z—T+J-1)",

(7)

(9)



where 0 < n < K. Moreover, we claim that the following identity is true

S (-t ((%) (@+I—J)" (y—1+J)" (10)

=>. > 0 C,) (0= I+J =" (y+1—J+1)",

where 0 < ny + ny < K. In fact, if ng = 0, formula (10) is true by (9). If (10) is true for a
given ny € N, then for 0 < n; +ns + 1 < K we have

~
Il

o

<

Il

o
—
~
SN—

proving our claim.
The starting point in Section 2 is the identity

05 (1) = 073 () B

1=0 =0

where m and n are arbitrary non-negative integers, posed by Carlitz [3] in 1971. The fascinat-
ing symmetric beauty of this identity has produced generalizations, different demonstrations,
rediscoveries, and the kind of mathematical honors bestowed on nice (and/or important) re-
sults. Here we join the group of fans of this identity, and use Theorem 1 to give one more
demonstration and show some generalizations (that we call “Carlitz-type identities”) of this
Carlitz’s identity. In Section 3 we consider the expression obtained when one performs in-
tegrations in a multinomial expansion (x; + - - - + x;)", with respect to two of its variables.
The obtained expression is a polynomial identity that produces, by using Theorem 1, some
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Bernoulli identities. We show some of them. In Section 4 we show a miscellany of Bernoulli
polynomial identities. The common characteristic is that all of them come from already
known results. These known results are polynomial identities (combinatorial identities) that
can be “converted” to Bernoulli polynomial identities (by using Theorem 1). We collected
some of the results appearing in the works of H. W. Gould [7, 8, 11], the Abel’s sums, the
extensions of A. Hurwitz [13] on Abel’s sums, among others, to give the Bernoulli version of
each of them. These Bernoulli identities are, as far as we know, new results.

2 Carlitz-type identities

In 1971, Carlitz [3] posed the following identity for Bernoulli numbers:

n m

Y () Bt =07 Y (1) B (1)

=0 =0

where m,n are arbitrary non-negative integers. Since then, identity (11) has captured the
attention of many mathematicians, generating contrasting comments which go from “nearly
trivial result” [6, p. 17], to “a remarkable identity” [25]. And the interest continues nowadays:
we have found three recent works [9, 18, 21| concerning identity (11). Besides the several
generalizations available for (11), in the history of this identity we find also some rediscovers
of it, and very likely also rediscovers of some of its demonstrations. We comment in passing
that the case m = 0 of (11) says that, for n € N, we have (the known recurrence for Bernoulli

numbers):
Xn: (n;Ll)B, =0. (12)

=0

The polynomial version of (11) is

05 (1) Ban) = -0 S (1) Bas ). (13

=0

which gives us (11) with y = 0. More generally, we have the polynomial identity

S () B = C0n S (T B,

which gives us (13) with x = 1. (Formulas (13) and (14) appear in the work of Chen and
Sun [4].) By taking the derivative with respect to y in both sides of (14) (and shifting n and



m to n+ 1 and m + 1, respectively), we get

s () e 0 B (15

=0

=0

In particular, by setting x = 1 and y = 0 in (15), we obtain that

(—1)™*! i (”71) (m4+1+410) Byt = (-1)7’1%1 (ml“) (n+1410) By (16)

=0 =0

Using that, for m+n > 0 we have ((—=1)" + (=1)") By4m+1 = 0 (consequence of the fact
that odd Bernoulli numbers Bs, Bs, ... are equal to 0), we can write (16) (with m +n > 0)
as

(—1)™*! Z (”71> (m+141) By = (-1)m§m: (ml“) (n+140) By (17)

1=0 =0

In particular, if m = n we have the identity:

Z(”f) (n+1+1) Byy =0, (18)
1=0
where n € N. Identity (18) was obtained by Kaneko [14] in 1995. Its importance is that it
gives a recurrence for Bernoulli numbers that, comparing with (12), requires only “the half”
of terms to obtain the n-th Bernoulli number B,, in terms of the previous ones (for example,
in the case n = 5 identity (18) gives us By = —% ((?) TBs + (g) 9Bg), in contrast with the 6
terms in Byp = — 15 S ("' B of (12)). Identity (16), obtained by Momiyama [16] in 2001,
is then a generalization of Kaneko’s identity (18).

In this section we present a proof of (14), and consider also generalizations of this
Bernoulli polynomial identity.

Proposition 2. We have the Bernoulli polynomial identity (14).

Proof. We begin with the trivial identity y™ (z +y)" = (v +y)" (zr +y — z)™, which we
write as

- n n—l, m+l __ m - m m—l1 m+1 n-+l

S (7 )t = com Y (et e (19)

1=0 1=0
By seeing (19) as a polynomial identity between two y-polynomials, we use Theorem 1 to
obtain . .

n n— m m— m

(7)) Buetn) = X (71 )am 1" B a4 ). (20)

1=0 1=0
Finally, use (8) to obtain (14) from (20). O



By using formula (2), we can obtain an explicit expression for the polynomial involved
in identity (14). In fact, if K > m + n, the left-hand side of (14) is

— (4)”%22(—1)”" ((%)) (y—I+J—-1)" 3 <7>x"l (y—1+J—1)
1 < I+J K:]H m n
:K—H;O;(—m ((?)) —I+J-1)"(—x—y+I—J+1)". (21)

as

0> () B = "3 () B (1= ) (23)

- ZZ(—l)”J(Iz)(y—I+J—1)m(—x—y+I—J+1)",

where K > m + n.

By playing the game of the “trivial identity” (together with the use of Theorem 1), it
is possible to produce similar formulas to (20). For example, one can obtain the following
identities, where the non-negative indices n, m, p, ¢ can be interchanged:

(Y () (2B o) B ) (24)

11=012=0

S (1) (2) 05 By (0 B (= = )

11=012=0



33 (1) (1) 1Bt e
= i En: (7;) <Z) 2" By, (€ — 2) Bpyy (y + 2) -

11=012=0

i i i (Z) (Z) <lq3> u™ By, () Btz (Y) Bp-ta1s (2) (26)

11=012=013=0
P m n
p\[fmy[fn n—l
- Z Z Z (l ) (l ) (l ) (_u> ’ Bq+ll (Z + u) Bp—l1+l2 (y - U) Bm—12+l3 (il? + u) :
L=01=013=0 \ 1/ \'2/ \'3
In the following proposition we consider a first natural generalization of (14).

Proposition 3. We have the following Bernoulli polynomial identity

n n
(=1) Z (lh . ,lk) 75 - 1) By (11 + ) (27)

m m
=(=1) Z (lb_”’lk>x122"'xicanJrlk(l_wl_"'_xk_y)'

L+ tl=m
Proof. Consider the trivial identity
(1 +y)" (w2 4+ F 2 + (21 +y)"
:(1’1+..+wk+y)n(_l‘2_._xk+('r1++xk+y))m7
or

3 ) el ()t (28)
.

L+-+lp=n
m n
= 2 (z z ) (ma)® - ()™ (w1 4o y) ™
Lt tl=m 1y lk

By considering (28) as an identity between two y-polynomials, use Theorem 1 to obtain
that

> ( ! )x?'-'l’i’“BmHl (z1+y) (29)

li4tlp=n Ly ooy lg
_ m s ,
= Z (l I ) (—x9)? - (—2g) " Bpypy (x1+ -+ 2 +9) .
Ldtly=m Ntk
Finally, use (8) to obtain (27). .



For example, if we distribute an adequate amount of 1’s and —1’s in the variables
x1,..., T, we see from (27) that the following identities hold for k& > 1,

k

(-0 (ll, i )(—1)j¥21j3m+l1 ()

; ol
> lj=n
j=1

- 2 (") 05 B (),

k

- > ()0 B, @

e ooy lapya

If in (27) we set y = 1 (1 -3, xz> — 21, we obtain that

" Y o )ak kB L-Ye,m (30)
Lo )2 R 2mth 2

25:1 li=n

m m 1-— ]?7 €Z;
S 5 () (252)

) . P

i=1 li=m

Moreover, by using (2) we can easily see that both sides of (30) are equal to

1 v J+I (K;rl) 1"‘2?:2%’ ' 1_2?:2%’ "
KH;;(—n | (— 5 —I+J> ( 5 +I—J> . (31)

where K > m + n.

If we take the variables xy,...,z) in (30) such that Y% Ja; = 1 or 5,2 = —1

, we
obtain essentially identity (11), as the following corollary says.

Corollary 4.



(a) If S°F @ = 1, we have the identity

<—1)“i(7)3m+l = Y (" ) @

=0 Yy li=n

> <z1,...,lk>xl;"'xé“kB””l

(b) If S5 i = —1, we have the identity
n - n
S () = X
= k l.=n

_ m (_1)11 $l22 . xingnJrll
Lol

)0k B, (33)
I

Proof.
(a) From (30) and (31) we see that, if S5, z; = 1, we have

n n 2
P> (ll, - zk) 0B o

Z?:lli:n
- m
R (zl zk)x?”w%B””l
Zfll-*m
J s K+1>
+ n
KHZZ | (=1—=T+)"(I-J)",
I1=0 J=0 I

where K > m + n. On the other hand, from (23) with x = 1 and y = 0 we see that,
for K > m + n, we have

13 () B = mi( )5 )
K+1)

T 0

=

(—1—T+J)"(I—J)".

[e=]

Identity (32) comes from (34) and (35).
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(b) From (30) and (31) we see that, if Zf:g x; = —1, we have

n
2 (~1)" 2% -2} Bu, (36)
L.l

Zf:lli:”
- (e
S fiem 1y---ylk
1 K I e (K+1)
= =T ()" S (T = D) (L= T )"
RV

where K > m + n. Identity (33) comes from (36) and (35).

For example, we have the identities (for k > 2)

() = 0 (" ) e (7)

=0 Y li=n

= D" ) (11,7,@)%

and (for k> 1)

where 1,wy,...,w; € C are the (k + 1)-th roots of 1. In particular, we have the identities

11



((37) and (38) together, with trinomial and quatranomial coefficients)

n

=" >

=0

(

n
l

) Bm+l

n n Bm+l1
—1 E
( ) (lly l27 l3) 2n_l1
l1+l2+l3=n

S () e () B
SIS

(1)

X () G0 B

S ( ) Do
ll+12+l3:n
) lo+21
S () 0 (258) B
()
n—l
l1+l2+I3+1l4=n ll’ 127 l37 l4 3 1
l1+12+13+l4:n ll’ l27 l3; l4
m m . ‘
o Z (ll ly, I3 l4) (=) ()" Bus

l1,15,1
Iy +lo+l3=m 1,02,03
( m
l1, 15,1
ila+lz=m 1,02,03
( m Bn+l1
I, 15, 15,1, ) 3m—h
htlaHatla=m N1 723
li+lo+Hl3+la=m

In the following corollary we collect some particular cases of (30). Instead of writing both
sides of (30), we will say that “the left-hand side of this identity is invariant if we interchange

n and m”.

Corollary 5. Let n,m, k be non-negative integers, with k > 2. The following expressions
are 1nvariant by interchanging n and m.

(a)

(b) If v #1,

=" >

n k
B, (1—2 ).
(h”w%) *h< 2>

i=1 li=n

2 k+1
n n o4tk r“+r—1—=x
0 3, ) e ()

Z§:1 li=n

12



(c)
SIS <zl,.7.l.,zk> 28 K By (#) (41)

Z?:lli:”
(W 1 )
n n k
D D R P (S 42)

k
i=1 li=n

where Hy, is the k-th harmonic number.
(e) -
n n -
Y () () @

Z§:1 li=n

where F}, is the k-th Fibonacci number.

(f)
S <11,.Tl.,zk)Ll22"'L%Bm“l (5_TLM) (44)

Zf:l li=n

where Ly, is the k-th Lucas number.

(9)
' I (ll,.é.,lk) (In2)2. .- (Ink)"* By, (m \/g) . (45)

Zf:l li=n

Proof. The corresponding identity is obtained from (30) if, for s = 2,...,k : (a) we set
r, = 1. (b) we set z, = 2°. (c) we set z, = s. (d) we set x, = s71. (e) we set x, = F,, and
use that Y% ) Fy = Fyyo — 2. (f) we set z, = Ly, and use that Y2 ) L; = Lpo — 4. (g) we
set x, = In s. O

We can go further in the generalization of (14).

Proposition 6. For integers k,s > 2, let a5, Bij, 0 = 1,...,k, j =1,...,s, be given complex
numbers such that

K K
Y ay =Py and > By = oy, (46)
i1 i=1
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for j=1,...,s. Then we have the following Bernoulli polynomaial identity

k—1 s li s
Z (ll n lk) H (Z aijx]) Bm+lk <Z Q5T 5 + y> (47)
T i=1 \j=1

it +lp=n Jj=1
m k—1 s li s
= 2 <11 lk> 11 (Z 5@7’%) Brt (Z B +y> -
li4-+l=m L i=1 \j=1 j=1
Proof. We have
k—1 s Li s mtlk
> (z ; l ) 11 (Z O‘Z‘jf’fa’) PBLTEES +y>
httl=n N1 RS\ GSy =1 j=1

s m ks n

= (Z QU T —{—y) ZZQW%J +y>

j=1 i=1 j=1
s m s k n
- (Z Qi + y) Z Z Qx5 + y) ’ (48)

and

s l; s n—+ly,
Z (l ) H (Z 61]17]) (Zﬁijj +y>
htotl=m N J=1
s n E s m
= (Z Brjr; + y) (Z > Biwi+ y>
j=1

i=1 j=1
s n s k m
j=1 j=1 i=1

Conditions (46) on the coefficients «;; and f;; give us, from (48) and (49), that

R T S
= 2 (ll,...,) 21_[<i5w%>ll (;ﬁkﬂﬂry)

Il =m

’I’L+lk

By seeing (50) as an identity between two y-polynomials, we use Theorem 1 to obtain
the desired conclusion (formula (47)). O
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Some concrete examples of the result of Proposition 6 are the following:

(—1)" Z (l 7 ] ) (z + 2y + 32)" (22 4 3y + 42)2Bpyy, Bz + 4y 4+ 52)  (51)
1,062,103

l1+la+i3=n
m m
=" ) (z z z)Qh<w+2y+3z)h(x+y+z>’2x
Iy +lo+lg=m 1,062,103

X By (1 —3 (22 + 3y + 42)) .

( " ) (—1)" (y = 1)" By, (1 —z — ) (52)

lla l27 l37 l4
- Z ( N > (_1)l1+l3 (:IZ' + y)ll 2ZQBH+I4'

l1,19,13,1
Iy +loHg+la=m 1,502,103, 04

li+lo+Hl3+la=n

! (D" (@ +y)" (z+2)" (Y +2)" By, 1+ 2 +y +2) (53)
lla l27 l3a l4

li+la+l3+ly=n

— Z ( m )(—1)13(x+y+z)ll+123n+13(5F+?/+Z)-

ly, 1,1
htlptlg=m N 177278

To end this section, we show five identities coming from (47), together with some addi-
tional known facts.

1. The binomial coefficient recurrence gives us that

S (un ) ) () e (7)) e

li+la+l3=n
lo
m 1 p+1
= 1" 1 B1i..
2 (Z1J2J3>( ) (( r )+ ) o

li+la+l3=m

2. The known fact B, (z + 1) — B, (x) = rz" !, gives us the identity:

> < ’ ) (—=1)" B (z + 1) B2 () By (y —ra” ") (55)

l1+lo+lz3=n l17127l3
m 7 1+l
- —— (r=1)(li+l2) B .
2 (ll,lz,lg> ( 2> v ntls (Y)

li+l2+iz3=m

15



3. If z1, 29, z3 € C are vertices of an equilateral triangle in the complex plane (equivalently,
if 22 4 22 + 22 = 2129 + 2123 + 2223), we have that

n n 20y 21y 21
(_1) Z (l17l27l3yl4) Zl 122 2233Bm+l3 <56)
li+lo+Hl3+la=n

m m 1 2 3
= (—1) E <l I 1 ) (leg)l (2123)l (ZQZg)l X
I Hlo+lz+la=m 1,02,03,04

X Bn+l4 (1 — Z1R%9 — 2123 — 2’223) .

4. The known fact for harmonic numbers Zf;ll H, = kH; — k, gives us that

n n oy
Ity =n 1y---slk
m Jem—lk
- (h » zk> o D (R
ll++lk:m ) 9

5. If (x1,...,x;) is a Pythagorean k-tuple (that is, if 22 + -+ 27 | = 22), we have

> (11 . lk) (=D a2y By, (14 43) o

l14++lg=n
m I 21 2o
_ k k—1
= § (l ) (=) ar" 25 By
1

ool
it +lp=m tk

3 Some identities from integration
Beginning with the multinomial expansion of (x1 + - - - + x1)", we fix two indices 1 < j1, jo <

k. Tt is possible to show (we leave the details to the reader), that if we integrate m; times
with respect to variable x; (from 0 to xj, ), and my times with respect to variable z;, (from

16



0 to xj,), we obtain

Ly tma Lip+m2 vk li
S (o) T e (59)
Lt t=n b)) TTE Gy + ) TIE (G, +149)

)n+m1 +ma

) n+mi+mo—t

k k
B (Zi:l L mizl sz <Zifl i#ja ¥
I () HITE™ T (n+1)

=1 t=0

k n+mi+ma—s
mi—1 S .
LTy (Zi—l i1 xz)

-2 ST (n+ i)

s=0

k n+mi+mo—s—t
m 1m 1 g .
2~ 1= CL’ :L‘ ( i=1.i4 .17j2 CUZ>

j2 .]1 =4
+ Z Z sl H;111+m2_8_t (TL + Z)

With this expression, together with Theorem 1, we obtain the following identity for
Bernoulli polynomials:

n CElj2+m2 Hk 2l
J2 i=1 17’53173'2 i

” Bij, my (25:) (60)
l1+~;kn <l1’ T 7lk) H - (ljl + 2) H (132 + 7,) 1Hm A

k k
Brtmitma <Zi:1 xl) me ! 1‘;2 B ymitma—t (Zi:l,ﬁéjz li@)
T () T (n+14)
k
il <Zi:1 ijy L B (2,)

s=0

t=0
> n+mi+mo—s

mo— 1m1 la':
J

2 ( i=1,i#71,j2 T
+ Z Z slt! Hm1+m2 §— t(n—|—i)

(and a similar expression interchanging j; with jo). If j3 # ji, j2, we obtain also from (59)

) n+mi+mo—s—t

By (le)
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and Theorem 1 that

Ui 4+m1 Ly+ma 1k I
Z ( n )Ijjll Ty 11#]1 J2.gs Li By, () (61)
i+ tlp=n lla e 7lk’ H (l]1 + Z) H (l]2 + Z) ’ '
k k
B Bn+m1+m2 (Zi:l xl) me ! xéz Bn+ml+m2*t <Zi=1,i¢jz xl)
T2 (n+ 1) =y ™ (n+4)

k
ma 1 I Bn+m1+m2 s (Zi:l,i;ﬁjl xl)

k
mo—1mp—1 .
e %%Bnmﬁmzfﬁ*t (21:1,#]'1,3'2 5"@)

s (n )

+
t=0 s=0

Some examples are the following:

BnJrl (.Tl + T2 + 33'3) ( n ) Z’?l’g‘s (33'2 4 $3)n+1
N By (1) + ———F— (62
n+1 llJrleJr;g:n l17127l3 ll+1 ! +1( 1) n+1 ( )
L41, 1
. (l l l) 1 Db @) +1(+21 g
Ltlgtlz=n N 127223/ %1 n
Byjo (21 + 22 + x3) .

(n+1)(n+2)

_ ( n ) w8l By (21) | Buga (@1 4 73) 4 (w2 + w9)" " — ap ™
lilo,ls) (L+1)(l+1) (n+1)(n+2)

l1+l2+l3=n
l1+1$l22+13 (3)  Bpio (1 4 x3) + Bpga (22 + 23) — Bpya (3)

lla 127 l3

l1+l2+l3=n

)n+2 )n-i—l

(Q?Q + T3 (.’L’Q + XT3

> L)
- (l 12,13) xljijhff;; * (n+1)(n+2) n+ 1
> ()it

By (x1)
l1+l2+Il3=n
11+2 l2
Bl3 x3

Lh+1)(+2

Bpio(xo+23)  Bpgr (22 + x3)
(n+1)(n+2) n+1

X1

li, 15,1
li+laHlg=n N 177273
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Byy5 (4x) Z < n ) "l 3 () (64)

(n+1)(n+2)(n+3) Lty T (i + 1) (lLh+2)(l1 +3)
(32)"" (32)"" B (x) | (32)"" By (2)
n+1)(n+2)(n+3) (n+1)(n+2) 2(n+1)

n n+3 lgB (.T
= 2 ) (ll, Iy, Is, z4> EDIESIEE

BB By (31) | 2B (30)
m+1)(n+2)(n+3) (n+1)(n+2) 2(n+1)

lla l27 l37 l4

_I_

Some particular numerical cases of (60) are given in the following corollary.
Corollary 7. We have the identities

no\ (D" By 1
Z (ll,l2,lg) (l1+1) (l2+1) n (n+1) (n+2)'

li+la+lz3=n

Z < n ) Bl3 - 1
ll,lg,lg (ll +1) (l2—|—1) N n+1

li+la+l3=n

Z ( 2n ) (-1)" B, 1
T —on lilo,ls) (i +1) (b +1)(la+2) 2n+2

2n+1 By, B 1
Z (ll,l2,lg> (ll + 1) (l1 + 2) (lz + 1) (lz + 2) N 4(n+ 1) (n+ 2) (271—0— 3).

1 +1ls+1l3=2n+1

Z ( 2n ) ( Biy1Bi,y1 BiujeBi, ) _ 1 — Boyia
lilo,ls) \(LL+ 1) (b+1) (L+1)(1+2) 2n+1)2n+2)

li+l2+l3=2n

( n > (—1)" Biyys _ n
It s la=n ll, lg, l3, l4 (ll + 1) (lg + 1) (lg + 2) (lQ + 3) 12 (n + 2) (TL + 3) (n + 4)

3 ( on > (=D By, s _ 20432020 +5) Bona
ettt a2n liloy s, 1a) T2, (I + 1) H?:1 (b +7) 211, (2n + 1)
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4 New Bernoulli identities from old combinatorial iden-

tities

We form groups of identities, attending to the common theme behind them and/or the source
where they come from. We begin with a group of identities coming from some of the Gould’s

(65)

works [7, 8, 11].
Proposition 8 (Gould-Bernoulli identities). We have the following Bernoulli polynomial
identities
& 1)!
S (-1t (Z)BnH (@ —k) = 0”; Y on—n—1).
k=0
L) 2(n+1)(n
S () Baket (2) = B (04 1)+ (—1)" B (2 = 1)

> (-1f (Z) (k+1)*" "B, x(z+k)=B,(z—1).

k; (Z> CZ) (1) Bi(r) = ; (Z) (n e k) By (~x).

(2: By(a)= e (22 ) ik) (2:) Frle =)

—~

(66)

(67)



n

*B; () Bi_j (y) & By (z + kz) By_i (y — kz) — By (z) By
;; j(! ()k_j)!(y)z -3 ( ) k(!y(n_k))! () Bk (y) (75)

Proof. For (65), (66), (67), (68), (69), (70) and (71), see identities (1.14), (1.38), (1.117),
(3.17), (3.84), (4.13) and (6.7) in Gould’s book [7], respectively. For (72) see identity (10.6)
in Gould’s book [8, Vol. 4]. For (73) and (74), see identities (1.17) and (1.57), in Gould’s
book [8, Vol. 5], respectively. For (75), see formula (2.3) in [11]. O

Next we consider the Bernoulli version of some of the Abel’s sums.

Proposition 9 (Abel-Bernoulli sums). We have the following Bernoulli polynomial iden-

tities
“~ (n -1 1
Z(Z)(erl) Bui(y+n—1)=—Bu(y+z+n). (76)
1=0
- (" (@402 Boi (gt n—1) = — By (x4 y+n)— ————Bor (e +y+n). (77)
— l n—I y - 1'2 n y T (.’L’ + 1) n—1 y .
~ (n 1-3
(Z)(:H—Z) B, (y+n—1) (78)
1=0
1 n(2z+1) n(n—1)
— B S Ay B .
3 (x+y+mn) Y 1(x+y+n)+x(x+1)(x+2) o(z+y+n)
> (z) @+ D' Boi(y+n—1)=) (l)l!Bn_l (x+y+n). (79)
1=0 1=0
" (x4 D) T+ 1
——B,_ —1) = ——B )
P Tl AP R 50
= 1+l2+l3=n
Proof. See the corresponding Abel’s sums in Riordan’s book [22, p. 23]. O]

By using one of the Hurwitz multinomial extensions of Abel’s identities [13], we have the
following proposition:

Proposition 10 (Abel-Hurwitz-Bernoulli identity). We have the following Bernoulli
polynomial identities
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(a) For1<r<m

n i 1
Z (ll, o lm) B, (xr + lr) ' H (mj + lj) (81)
li4++lm=n j=1,j#r

_ lno (l>(n2njl;2 - <Z:c+n>

(b)
1 m
Z Il HBlj (x; + 1) (82)
LAt =n i1
B = nm+l m+1—2 mB
=>. >, sl - - | I [15. @)

S :
=0 51+~~+sm+1:n—l m+1 j=1

Proof. The polynomial identity behind Bernoulli identities (81) and (82) comes from Ri-
ordan’s book [22, p. 25], formula (35). Identity (81) is obtained by seeing the mentioned
formula as an identity between two x,-polynomials and applying Theorem 1. Identity (82)
is obtained expanding first the multinomial term (> ", x; + n)" " of the right-hand side of
the mentioned formula, and then applying Theorem 1 m times (one for each variable x;,
i=1,...,m). ]

By using a result concerning Abel-type sums, we have

Proposition 11. We have the following Bernoulli polynomial identities

Z"By, (x4 y) Z Z ( > ( > z— )" (—ku) (2 + k)" Bk (y + lu) . (83)

=0 k=0

(z+y)" B, (2) = lno :O (7) <7Z> 2 (z — 1) (—ku) (y + )™ Bu_y (2 + ku) . (84)
By (2 +79) B (2) = l; :0 (7;) (’Z) 2 (z — )" (—ku) By (y + [0) Ba_y (2 + k).

(85)
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Proof. All three identities are obtained applying Theorem 1 to formula (1) of the Huang and
Liu paper [12] about Abel-type polynomial identities: identity (83) is obtained by seeing the
mentioned formula (1) as an identity between two y-polynomials. Identity (84) is obtained by
seeing that formula as an identity between two z-polynomials. And identity (85) is obtained
by seeing (83) as an identity between two z-polynomials (or (84) as an identity between two
y-polynomials). ]

In 2001, Simons [24] found a “curious identity” (of two polynomials involving some prod-
ucts of binomial coefficients in their coefficients). Four years later, Munarini [17] generalized
Simons’ result. In the following proposition we show the Bernoulli version of each of these
identities.

Proposition 12. We have the following Bernoulli polynomial identities

i (Z> (nzk) B () = <_1)ni (Z) <n2k) By, (—2) (86)

h=0 k=0
k; (ﬁ ; f ;fr ”) (B Z k) (—y)" " Br(z+y) = kzi% <n f k:) (B Z k) y" kB (x).  (87)

5]

w3

e S ey LT

k=0 k=0

E

()Tt E L)L o

n — 2k k n—k
k=0 k=
(89)

Proof. Identity (86) comes from Theorem 1 and the “curious identity” of Simons [24]. Iden-
tities (87), (88) and (89) are obtained with Theorem 1, and the work of Munarini [17]
concerning a generalization of Simons’ identity, formulas (3), (8) —corrected—, and (9),
respectively. O

A natural corollary from (86) is the following:

Corollary 13. The n-th degree polynomial
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is even (odd) if and only if n is even (odd, respectively). In particular, if n is odd, we have

the identity
"~ /n\ (n+k
> () (") o

k=0
Proof. This is a straightforward consequence of (86). m

In [19] we used the following two-parameters generalization of Stirling numbers of the
second kind, due to P. Blasiak [2]: for positive integers r, s, such that r > s, the (r, s)-Stirling
numbers of the second kind S, (p, k) can be defined by the explicit formula

Sunlp) = - 0 (9 TT6+ - 6= o~ (92)

1
=1

The case r = s = 1 corresponds to the standard Stirling numbers of the second kind
S (p, k). It can be shown that S, s (p, k) # 0 for r < k < rp. In the case r = s we proved the
following identity [19, formula (58)]

P

P
D KIS, (0 k) 2T =D (=) TP RIS, (p k) (w4 1) (93)
k=r

k=r

Thus we have

Proposition 14. We have the following Bernoulli polynomial identity

P Tp
> KISy (p k) Bier (—2) = (=1)""V Y KIS, (p. k) By (2) - (94)
k=r k=r

Proof. Use Theorem 1 in (93), change = by —z and use (8). O

Corollary 15. The r (p — 1)-th degree polynomial

Qrp () =D KIS, (p, k) Bioy (), (95)

k=r

s even if and only if r is even or p is odd, and is odd if and only if r is odd and p is even.
In particular, if v is odd and p is even we have the identity

P

Z k!S’I‘,T (p) k) Bk—r =0. (96)
k=r
Proof. The affirmations are easy to see consequences from (94). ]

24



In the particular case » = 1 (where the standard Stirling numbers of the second kind are
involved), we have: for p € N, the p-th degree polynomial @, (z) = > 7_, k'S (p, k) By_1 ()
is even (odd) if and only if p is odd (even, respectively). In particular, if p is even, we have
the identity > %7 _, k1S (p, k) By—1 = 0.

By using the explicit formula for the (r,r)-Stirling numbers of the second kind ((92) with
s = r), identity (96) acquires the following nice form (for r odd and p even)

Z Z (I;i:) (l +T> (- By =0. (97)

k=0 1=0
In the following proposition we show the Bernoulli polynomial version of some combina-
torial identities obtained by (improper) integration of some more sophisticated expressions
than those we considered in Section 4.

Proposition 16. We have the following Bernoulli polynomial identities

S a0 = S (1)) (B 0+ (0 B e-). 9

[+1 — I+ 1\I+1

" /n\ B, (z -1 " B(z)—1

=1 =1

Z (_1)l Bl (iUl_ 1) _ Z (?) (_1)l Bl (xl) B 1. (100)

=1 =1
Proof. See [1, Cor. 2.1 and 2.3]. O

To end this section, we want to consider the famous Faulhaber formula (closely related
to the origins of Bernoulli numbers)

B,y (n+1)+(-1) Bry
_ 101
E " - : (101)

where 7 is a non-negative 1nteger.

Proposition 17 (Faulhaber-type formula). Let k,n be non-negative integers. We have
the following Bernoulli polynomial identity

Z Bk ZL’ + ] k‘ j_ 1 (]: i i) (Br+1 (TL + 1) + (_1)T Br-i-l) Bk—r (I) . (102)

Proof. We use Faulhaber formula (101) to write

ZZ; (x+j)" = Z ( ) - TZJ = Z ( )B”l nt ?:fly Brovjer  (103)

r=0

By using Theorem 1 in (103) we obtain the desired conclusion (102). O
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