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1 Introduction

The Bernoulli numbers, B,,, n € Z, n > 0, defined by the generating function

t R
1 :ZB"nv’
n=0

play important roles in many applications in number theory, combinatorics, numerical
analysis and other branches of mathematics. The first few Bernoulli numbers are
Byp=1,By =—-1/2,B, =1/6,and B, =0 forall odd n > 3.

Bernoulli numbers have several relations with combinatorial numbers. For example,
we have
(=1)"m!

B, = (- 1)"Zsz<n m e

m=0

where S>(n, m) denotes the Stirling numbers of the second kind which are defined as

— 1H)ym
u—ZSz(n m o @)

These numbers are also determined by

Sa(n, m) = Z( 1)]( )(m—n"

and Sa(n, m) = 0 for n < m (see [13] for other relations and properties).
There are numerous generalizations of Bernoulli numbers, including the poly-
Bernoulli numbers defined by Kaneko [19] in 1997 as

Lig(1 —e™) _ iB(k)ﬁ
"o’

_ ot
1—e =

where
o0 Zn
Lie(@) = > %
n=1
is the kth polylogarithm function. When k = 1 we have B(l) = By, the classical
Bernoulli number, except that B(]) — B1 when n = 1. The generating function of

the poly-Bernoulli numbers may also be written in terms of iterated integrals as
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1 t t

1 1 1 t"
e / / / dudu ---du = ZB(k)
el —1 et — 1 et — 1 el — | ——— n!’

0 0 0 (k—1)-times

(k—1)-times

and a combinatorial formula for B(k)

L (=) m!Sy(n, m)
B = (1)"2 ) 3)
ot (m + Dk

Thus putting kK = 1 gives (1). The poly-Bernoulli numbers are related to multiple zeta
values (see [2,3]), and for comprehensive information we refer to [1, Chapter 14].

The Cauchy numbers are denoted by ¢, and defined as the definite integral of the
falling factorial

1 1

cn:/t(t—1)-~-(t—n+1)dt:n!/(:l)dt
0 0

(see [27]). The generating function of Cauchy numbers is given by
t — "
g+ 1) ~ &l
og = on

Cauchy numbers share a particular relationship with Bernoulli numbers of the second

kind by, in that ¢, = n!b, (for detailed information on b,, we refer to [6,17,28]).
Cauchy numbers satisfy the combinatorial formula

)= (i Yy, ESem,

fr m+1

where S (n, m) are the (unsigned) Stirling numbers of the first kind which are defined
by

[log(1+1)]"
m!

Z( D" S1(n, m)

n=m

These numbers also arise as the coefficients of the rising factorial
n
t+1D)-(t+n—1)= ZS](n,m)tm,
m=0

and S1(n,m) =0ifn < m.
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802 M. Cenkci, P.T. Young

The definite integral defining the Cauchy numbers and the iterated integral expres-
sion for poly-Bernoulli numbers motivate a definition of poly-Cauchy numbers as

1 1
fity-t
c® = n'/ /(12 k) drydey - - - dty,
o0

k times

(see [22]). Fork =1, c(l) = ¢, are the Cauchy numbers. The poly-Cauchy numbers
and the Stirling numbers of the first kind share a particular relationship in that

0 _ gy S ED" 81 m)
) = (=1 nZ:%) rra )

To give a generating function for poly-Cauchy numbers, let Lif; (z) be the polyloga-
rithm factorial function defined by

m

[e¢)
. 4
Lif@) = 2, o e
m=0

Then we have

o n

‘ =3 "

Lifx (log(1 + 1)) = Ocn "
n=

Recently there have been extensive studies in generalizing poly-Bernoulli and poly-
Cauchy numbers. In [9], poly-Bernoulli numbers are generalized with a g parameter.
In [25], shifted poly-Cauchy and poly-Bernoulli numbers are defined and in [23] these
numbers are further generalized with a g parameter. In [12,16], poly-Bernoulli and
poly-Cauchy numbers and polynomials are considered by means of multiparameters.

The objective of this paper is to give further generalizations for poly-Bernoulli
and poly-Cauchy numbers. These generalizations, in particular, give some symme-
tries for Stirling number series, and lead to a unified investigation of arithmetic and
algebraic properties for poly-Bernoulli and poly-Cauchy numbers. Moreover since
the multiple zeta values and the Arakawa—Kaneko zeta functions are closely related
to poly-Bernoulli numbers and polynomials, inverse binomial series and Bernoulli
polynomial series (see [3,10,11,32,33]), the generalizations in this paper may lead
to further investigations related to various zeta functions. One of the generalizations
is inspired from the polylogarithm function. Since the polylogarithm function can be
derived from the Hurwitz—Lerch zeta function, poly-Bernoulli numbers are generalized
by using this more general function. Similar modification leads to a generalization for
poly-Cauchy numbers. The other generalizations come from the combinatorial identi-
ties (3) and (4). These formulas, which involve Stirling numbers, are reconsidered by
employing weighted and degenerate weighted Stirling numbers. Numerous formulas
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Generalizations of poly-Bernoulli and poly-Cauchy numbers 803

such as a recurrence formula and a symmetry for generalizations of Stirling numbers,
and some divisibility properties including partial congruences are also presented.

2 Generalizations with Hurwitz—Lerch zeta function

A general Hurwitz—Lerch zeta function ®(z, s, a) is defined for s € C when |z| < 1,
Res > 1 when |z| = 1anda ¢ {0, —1, —2, ...} by the series ([30])

0 n

Z
cb(z,s,a):z—v.
= (n + a)

This function includes several special functions, one of which is the polylogarithm
function

X n
Lig(z) = > % =2z®(z, 5, 1). 5)
n=1
Since

. _t )
Lix(1 —e™) _ ZB(k)ﬁ

— et o
I—e = n!
equation (5) motivates the generalization
ZOO © () 1
—t _ -
(D(l_e ,s,a)— Bn (Cl) n!7 (6)

so that B,gk) (D) = B,gk). We call B,(,k) (a) the Hurwitz type poly-Bernoulli numbers. An
explicit formula can be obtained by direct use of (2) and (6) as follows

Theorem 2.1 For the Hurwitz type poly-Bernoulli numbers B,(,k) (a) we have

k) (1) $ (=D"m!S(n, m)
a,w>—(1)2; T 7
Proof We have
o o e, e (e
}EBH (@) =®(1—e ,k,a)_n;_(m_'_a)k

(D" = D"

3'48

— (m + a)k

”(1WW§ ew
= S (n, m)

= (m+a)lk &
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804 M. Cenkci, P.T. Young

(=DM m) Sy (n, m) t"
(m + a)k n!

by means of standard operation on series (see, for instance [20, Equation (1.11)]).
Comparison of the coefficients of #*/n! in the first and last terms in this string of
equalities yields (7). O

One of the remarkable properties of poly-Bernoulli numbers with combinatorial
interpretations is a closed formula in the case of negative upper index k (for combina-
torial interpretations of poly-Bernoulli numbers we refer to [5,26]). Such a formula
for Hurwitz type poly-Bernoulli numbers may be given in terms of weighted Stirling
numbers. Carlitz [8] has defined R (n, k, x) and R(n, k, x) by means of

(1—0 (=log(1 — 1Nk & "
- =Z()R1(n,k,x)a,

and

ext(et _ l)k 0 "
R L
n=

For convenience we call R (n, k, x) and R(n, k, x) the weighted Stirling numbers of
the first and second kind and denote them by S;(n, k, x) and S>(n, k, x), respectively,
although Carlitz used that terminology for slightly different numbers. When x = 0 we
have S (n, k, 0) = (—=1)" %S| (n, k) and S»(n, k, 0) = S»(n, k), the ordinary Stirling
numbers.

Theorem 2.2 For the Hurwitz type poly-Bernoulli numbers B,(,_k) (a) we have

min(n,k)

B{P@ = > (D’ S:00+ 1. j + 1) S:(k. j.a). ®
j=0

For the proof we need two relations regarding Stirling and weighted Stirling num-
bers of the second kind.

Lemma 2.3 We have

n

Z(Z)sz<k,j)=52<n+1,j+1>=sz(n,j,1) ©)
k=0
and
a k
Za"”( )sz(n, =82k j,a). (10)
n=0 n
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Proof Although the first equality (9) can be found in standard texts such as [13] we
give the proof here in order to show the relation to the second equation. We start with
(2). Replacing m with j + 1,

(et _ l)j-i—l i M Z N L 1
= S Smi+ D = S+
G+nr T e T T DG

Differentiation with respect to ¢ gives

S N N e
S Sl =
; n! j!
n=j
Now,
o o0 .
1" " el —1)/¢
ZSz(n+1,j+1)—:Zsz(n+1,j+1)_=¥
n! = n Jj!

n=j

—Zszm ﬂ—Zn, ZZ( )Sz(k,j)%.

n=0 k=0

Comparing the coefficients of " /n! on both sides gives the first part of (9). The second
part follows from

n

— 1
Zsz<n+1 jHD S = u—Zsz(n 1,1)—

n=0
in a somewhat more direct manner than (9). We have
k

o k ) k ak—nik—n Sy(n, j)t"
zzak ()Sz(n ) — Zz — 2(n, J

n!
k=0 n=0 k=0 n=0

S k k
=Z(“kt,) Zsz(k,j);—,

(e—l)fe‘” - oot
= ZSz(k,J,G)E~

Comparison of the coefficients gives the result. O

Proof of Theorem 2.2 In order to prove the theorem we calculate the generating func-
tion of B,(z_k)(a) in the following form:

k

ZZB( k)(a) 'k' ZOZ_: _t)m(m+a)k%

k=0 n=0
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Il
¢

00
eft)me(m+a)u — et Z(eu _ euft)m

au eH—au

l—et+et=t  1— (el — (e —1)

=> e = Die™ e — 1)/

j=0

00 . o0 M o) o0 ko k OO . k
=Z(:)[J!ZO;ZO~92(" n—} [ﬂ%“kbf %wm%}

Jj= n= n= = =

0 . 00 n ook . k ‘ k
=§)[]Y’§k20(k)52(k ) HJ'EZO‘”‘ (H)Sz(n,J)%]-

From (9) and (10) we get

o0 o0 n k
(kLU
2.2 5@ nl k!

k=0 n=0
oo o0 tn 00 Mk
— Z[j!ZSz(n +1,j+1) ;] [j!kZOSz(k, j.a) F]

oo oo min(n,k)

=D > > UV +1,j+ DSk, ol T

kOnO:

Comparing the coefficients gives the result. O

We note that for a = 1, Theorem 2.2 reduces to the closed formula given by Arakawa
and Kaneko [2] and by Sanchez-Peregrino [29].

Recall that the poly-Cauchy numbers c( ) are defined by means of the generating
function

o0
Lif (log(1 + 1)) = ,3’0
n=0

n!’

where Lif (z) is the polylogarithm factorial function given by

m

Life(@) = D .
< m!(m + )k

In order to give a Hurwitz type extension of poly-Cauchy numbers we define the
Hurwitz—Lerch factorial zeta function ®f (z, s, @) by
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0 n

Z
n=0

For a = 1 and s = k, a natural number, we obviously have ®f (z, k, 1) = Lify(2).

Thus the Hurwitz type poly-Cauchy numbers which are denoted by c(k) (a) may be
defined by

S n
N
of (log(1+ 1), k,a) = > ¢ (a) p

As in the Bernoulli case an explicit formula for the Hurwitz type poly-Cauchy numbers
can be obtained involving Stirling numbers of the first kind.

Theorem 2.4 For the Hurwitz type poly-Cauchy numbers c; )(a) we have

c,(zk)(a) = (=" Z M (11

k
o (m + a)
Proof We have

o n o m
> r_ -3 (og(1 + )"
Ocn (a) i f (log(1 +1),k,a) = P il om + )k

Z mia)k Z( D" S (n, m)—

Z (=D""Si(n, m) 1"

(m + a)k n!’

M u

Equating the coefficients gives (11). O

We remark that the Hurwitz type poly-Cauchy numbers are defined as shifted poly-
Cauchy numbers in [25] and a generalization is given in [23].
Komatsu [22] defined the poly-Cauchy numbers of the second kind ’c}fk) by

St n
. _N A
Lif . ( log(l—}—t))—nzz(:)cn —

Following Komatsu we define the Hurwitz type poly-Cauchy numbers of the second
kind as

Of (—log(1 +1). k. a) = Z (k)(a)
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808 M. Cenkci, P.T. Young

An explicit formula for ¢, )(a) is

S
a0 @) = (1" Z (I(L’Zi (12)

which can be shown along the lines of the proof of Theorem 2.4.

Orthogonality and inverse relations for Stirling numbers allow us to present some
relations for Hurwitz type poly-Bernoulli and poly-Cauchy numbers. From the orthog-
onality relations ([13, p.264])

D =D, ) Sa(rm) = D (=1 Sa(n, 1) Si(rm) = Spun,

3mn being the Kronecker symbol (that is, §,,, = 1 for m = n and §,,, = 0 otherwise),
inverse relations

n n
fo= D (=D"Simygn = ga= D Sanom)fu  (13)
m=0 m=0
follow directly. Using (13) we get the following results.

Theorem 2.5 For the Hurwitz type poly-Bernoulli numbers B,(,k) (a) we have

n!

S ®) () —
> Sin.m) B (a) = Tk

m=0

(14)

Proof This follows from (13) by taking f,, = (—=1)"m!/(m + a)* and gn =
—1"B" (a). o

Theorem 2.6 For the Hurwitz type poly-Cauchy numbers we have

i Sa(n, myc (@) = _ (15)
o ’ " (n + a)k
and
R N (=D)"
ZSz(n,m)cn(lk)(a) = m (16)

m=0

Proof From the definitions, (15) follows from the duality relation (13) by taking
gm = 1/(m +a)* and f, = ¢ (a), and (16) by taking g, = (—1)" /(m + a)* and
fo =" @. O
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Theorem 2.7 For nonnegative integer n we have
n n
BF(a) =D D (=)™ " m1 Sy (n. m) Sy(m. e (a), a7
=0 m=0
n n
B (a) =D D (= 1)"m1Sy(n, m) Sr(m, T (a), (18)
=0 m=0
n n (— 1)m+n ®
@) =D > ———Si(n,m) Si(m, 1) B (a), (19)
[=0 m=0 n:
n n (_ l)n
@ =233 = Sit.mSim. DB @). (20)
=0 m=0 ’

Proof Using (15) we compute

n n

S (=1 mlSy(n. m) Sam. D (@)

[=0 m=0

=D > (=)™ mi Sy (n,m) Sy(m, e (a)

1=0 m=l

= > (D" mSn.m) > SHm, Def (@)

m=0 =0

= BP(a)

_ i (=)™ m! Sy (n, m)
_m 0 (m+a)k

giving (17). Similarly, use of (16) gives (18). On the other hand, by (14) we get (19)

and (20).

m}

There are no closed formulas for the poly-Cauchy numbers like those for the poly-

Bernoulli numbers in (8). Instead we have

oo o0 [n I,{k
> X aP@ = =+

n! k!
k=0 n=0

and

o0 00 ) " ﬁ B ed
>y atwn .
nl k! (L+1)e
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3 Generalizations with weighted Stirling numbers
In this section we consider generalizations of poly-Bernoulli and poly-Cauchy num-
bers motivated by (3) and (4). We first review some facts about weighted Stirling

numbers. As mentioned in the previous section the weighted Stirling numbers of the
second kind S>(n, m, x) are defined by

tx (At m 00 n
e —1) t
ST ZOSW”"’X)E'
n=

Thus the weighted Stirling numbers of the second kind are in fact ordinary Stirling

numbers of the second kind with an exponential factor. So the weighted and ordinary
Stirling numbers of the second kind are related by

Sx(n, m, x) =Z(,:)er2(n—r, m). Q1)

r=0

From (21) we have S (n, m, x) = 0 for n < m. Since
1 — m
— _1yn—J in
S2(n,m) = o /E_O( 9] (j.)] .

we have

1 < .
Sr(n,m, x) = %Z(—l)m*] (’7) (x+ H* (22)
'=

Multiplying (21) by m!( ) and summing over m gives

y
m

Zm!(;)Sz(n,m,x) = (y+ 2" (23)

m=0
Equation (23) gives the recurrence formula
Ss(n+1,m,x) =x+m)Sr(n,m,x)+ S(n,m—1, x). 24)
From (22) or (24) with $>(0, 0, x) = 1 we have
S, 0, x) = x", Sr(n,n,x) =1.
For the weighted Stirling numbers of the first kind S; (n, m, x) defined in Sect. 2 by

log(1+0))" < "
(140 CEUEDT > iy om0

n=0
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we have

Sin.m.x) = (’f) () S (n — r.m), (25)

r=0

where (x), is the rising factorial
(xX)y=xx+1D--(x+r—1

with (x)g =1,

n +}"
Sin.m,x) = > (’" )x’sl<n,m+r>,
=\ (26)

Sin+1,m,x) = S1(n,m —1,x) + (x +n)S1(n, m, x),
and

S1(n,0,x) =(x),,  Si(n,n,x)=1

We note from (25) that S;(n, m, x) = 0forn < m.
Recall from (3) that

B0 = ( l)nz":(—l)mmzsz(n,m)_

k
m=0 (m+1)

In this equation we replace S (n, m) by weighted Stirling number of the second kind
S>(n, m, x). We then define weighed type poly-Bernoulli numbers by

n

(=D"™m!S>r(n, m, x)
B® (x) = (=" . 27
() = ( )Z‘a —— 27)

From (27) we have
o0 n oo n __1\n+m | n
ZB" ) n! _Zz (m+ 1k n!
n=0 n=0m=0

R

Z (_1)mm! e—IX(e—t _ 1)m

k !
— m+1) m!
00 _ 00 _ _
zeftxz(l_et)m:eftxz(l_e t)ml
m=0 (m + l)k m=1 mk
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812 M. Cenkci, P.T. Young

e i (I—e™)™ _ i Lik(d—e™)

T l—et mk o 1 —e!

We remark that this kind of generalization for poly-Bernoulli numbers has recently
been studied by Coppo and Candelpergher [10], Bayad and Hamahata [4], and Komatsu

and Luca [24]. They called B,(,k) (x) the poly-Bernoulli polynomials. To be more precise
Coppo and Candelpergher defined these polynomials as

Lig(l—e™) _ ~ i, "
l_e_[ € ZnZ_OBn (x);

while Bayad and Hamahata defined them by

o0

Liz(1 —e™) ot ) t"
—l—e—’ € ZZOBn (X)E,
n=!

and Komatsu and Luca defined them by
" 2 (m (—x)!
BP(x) = (=1)" D (=1)"S2(n,m) D — .

The numbers B,s_k) (x) satisfy a closed formula like (8).

Theorem 3.1 For nonnegative integers n and k we have

min(n,k)
B{P() = D (07, j, 1 =) Salk+ 1, j + 1),
J=0
Proof We have
[ ) uk
(=k) —Xt(] _ a—tym kU
>3 B a2 2 e D
k=0 n=0 k=0 m=0
o
— el—xt Z(eu _ eu—t)m
m=0
— al—xt 1 :eu+(17x)t 1
1 —et et t I—(e" — 1)t —1)

=01l — 1)let (" — 1)/

-2
[~ . M~ o ouk
;[ i z(n,J,l—x)E][ﬂgSz(k,J, I)H

n=0
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g k

oo oo min(n,
=>> Zu') S . 1 =) Salk+ 1 j+ 1) = =,

n k!
k=0n=0 j=0

since S>(n,m, x) =0 forn < m and Sy(k, j, 1) = Sa(k + 1, j 4+ 1). The result now
follows by comparing the coefficients. O

Recall from (4) that
n n
®) _ (1) Z (—l)mSl(n,m)’ 20 = 1y Z Sy (n, m) |

= (m+ D (m + 1k

m=0

This last equation was given by Komatsu [22] and can be derived from (12) with
a = 1. Writing S| (n, m, x) instead of S| (n, m), we define weighted type poly-Cauchy
numbers of the first kind and of the second kind by

P x) = (

(m + Dk

and

% "8 (n,m, x)
(k) _(_1\"
¢, (x) =(=1) m§:0 ( l)k :

From (28) and (26) we have

n " (=™ L (m+r
@) = (=1 gﬁ’"“)k Z( xSy (n,m +7)

= —1)"nz+r “ l)m : i ")xrs

= ( = )k L)X 1(n, m)
" ( l)m r

=& ZZ —r+ 1Dk (n:)

r=0 m=r
_ S _1\ntm S m (=x)"
_%sl(n,m)( 1) Z(;(r)—(m—r+1)k'

x"S1(n, m)

We also have

00 ® " B oo n (—l)"+m51(n,m,x) i
;Cn (X)E—ZZ (m+1)k ﬁ

n=0m=0

]

1 - t"
— z - z —1)rtm _
P ( " nzo( ) Sr(n, m, x) .
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814 M. Cenkci, P.T. Young

i + 1)~ (log(1 + )"
“— (m + Dkm!
=(l

+ 1) Lifg (log (1 + 1)).

In the view of above equations we note that Komatsu [21,22], Kamano and
Komatsu [18], and Komatsu and Luca [24] have given these definitions and called
them poly-Cauchy polynomials.

For the weighted type poly-Cauchy numbers of the second kind we similarly have

oM@ = (- 1)"251@ m)Z( )—(m(_rxll)k

and
00 tn
/\(k) _ —X .
E ¢, (x) = (1 4+ )™ Lifg (—log(1 + 1)).

In order to obtain combinatorial formulas for the weighted type poly-Bernoulli and
poly-Cauchy numbers, we use the orthogonality and inverse relations for weighted
Stirling numbers.

Orthogonality relations for weighted Stirling numbers have been given by Carlitz 8]
as

D DTS x)Sirm, x) = D (=D TS (0, 7, ) Sa(rm X) = S

r=m r=m

We thus obtain the inverse relation

fo= D (=D"Sim g = ga= D Samx) fu. (29)

m=0 m=0
Theorem 3.2 For the weighted type poly-Bernoulli numbers B,(lk) (x) we have

(*) .
ZSl(n m, x) B (x) = o +1)k

m=0

Proof This follows from relation (29) by taking f,,, = (—1)"m!/(m + ¥ and g, =
—)" B ). o

Theorem 3.3 For the weighted type poly-Cauchy numbers of the first and second kind
we have

> San.m. x)ely) (x) = (30)

1
k
— n+1)
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Generalizations of poly-Bernoulli and poly-Cauchy numbers 815

and

(k) (_l)ﬂ
ZSl(n m, x)eP (x) = I 31

Proof From the definitions, (30) follows from (29) by taking g, = 1/(m + 1)¥ and
fn =Cp )(x) and (31) by taklng 8m = ( 1)m/(m + 1)k and fn — C(k)( ) O

Theorem 3.4 For nonnegative integer n and any x, y we have

BO@) =3 > (1" m1Sy(n, m. x) Sy(m. L y) e (3),

[=0 m=0

BE () =D > (1" m!Sy(n. m, x) Sy0m. 1, )& (v),

[=0 m=0
*) (= 1)m+" k)
e (x) = ZZ Si(n, m, x)S1(m, 1, y) B" (),
=0 m=0
P ) = ZZ = 100, m, 0 816m 1, 1) BP0,
[=0 m=0

Proof The definitions of B(k) (%), ¢y (k) (x) and c( )(x) together with Theorems 3.2
and 3.3 give the results. O

4 Hurwitz type weighted poly-Bernoulli and poly-Cauchy numbers

As the title indicates, we may combine the definitions of Hurwitz type and weighted
type poly-Bernoulli and poly-Cauchy numbers. We define

B, = (- 3, ED S mn

— (m+a)k s
®) _ nz" (=D"Si(n, m, x)
(e =0 m=0 (m+a)k '
~ " Si(n,m, x)
(k) 1\
B =" 3 R

From the generating functions of Hurwitz type and weighted type numbers we obtain
- n
k k
B (a,x)= > (-1)" (m) "B® (a),
m=0
- n
k (k)
cP(a,x) = ZO(—I)'" (m) "en (@),
m=
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~(k) _ 4 _1\m n mA(k)
el (a,x)—mzzo( 1) (m) (@)

The generating functions of weighted Stirling numbers suggest two different recur-
rence formulas, namely,

Sr(n,m,x+1) = (m+1)S(n,m+1,x) + S2(n, m, x)
and
Siin,m,x) = Si(n,m,x+1)—nSi(n—1,m,x +1).

These recurrences lead to the following interesting results:

(_1)nxn

B @ x+ D+ B @~ 1.0 = BP@ o +

a#1,

c,gk)(a,x—i—l)— (k) a,x+1) = c(k)(a x),
?,fk)(a,x +1) — A(k) a,x+1) = c(k)(a x).

5 Degenerate poly-Bernoulli and poly-Cauchy numbers

The method that extends Bernoulli and Cauchy numbers to poly-Bernoulli and poly-
Cauchy numbers can be adapted to different kinds of number sequences. In this section
we consider poly-extensions of degenerate Bernoulli and Cauchy numbers.

The degenerate Bernoulli numbers S, (1) were defined by Carlitz [7] as

—(1 oy —Zﬂnm

where At = 1. Note that the limiting case A = 0 gives the generating function of the
ordinary Bernoulli numbers, so 8,(0) =

Following Kaneko we define the degenerate poly-Bernoulli numbers ,B(k)(k) by

Lix(1 — (1 — Ar)) s "
Y Zﬂ 1)~ (32)

Carlitz [7] also defined degenerate Stirling numbers of the second kind S, (n, m|X) by
o0 [”
L+ =)™ =m! > S, m|n) =. (33)
n!
n=m
Equations (32) and (33) give an explicit formula for degenerate poly-Bernoulli num-

bers.
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Theorem 5.1 For the degenerate poly-Bernoulli numbers ﬂ,(lk) (A) we have

© e (CD" ISy, m|2)
Proof We have
S o P Lig(1— (1= )
%ﬂn 0 == S
_ = (11 —M)“)m
1= —m Z::
o0 1 m
—1 L n
B Z Z (_1)m+nm!52(n, m|A) ﬁ
- n=0m=0 (m + l)k n!’
Comparing the coefficients gives the result. O

We recall that the poly-Cauchy numbers are defined by

o0 n

- _ O

Lify(log(1 + 1)) = Eocn i
n=

We therefore define degenerate poly-Cauchy numbers ¢, )(A) by

r_ o0
Lifk(w) Z (k)(k)

To obtain an explicit formula for ¢, )(k) we use the degenerate Stirling numbers of
the first kind S (n, m|X) which were defined by Carlitz [7] as

1+ —1Y" ~ "
(%) =m!Z(—1)n—msl(n,m|)\);—

n=m

Theorem 5.2 For the degenerate poly-Cauchy numbers c; )(k) we have

" (=D)™S1(n, m|\)
(k) _ n
¢’ (M) = (=1 mEZO ( ¥ . (35)
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Proof We have

" L A+ =1 (L+n* =" /2"
ZC(k)()‘) o= Lify (—) ZZ: £ D!

T )k Z( D" 81 (n, mm

Z (=D""S1(n, m[A) 1"
= (m + 1)k n!’

<II:[\48 I M8

Comparing the coefficients proves the theorem. O

The degenerate Stirling numbers of the first and second kind satisfy the orthogonality
relation

D (=D Sa(m r W) S1(rm 1)
r=m . (36)

= D (=D T"S1(n, r12) Sa(r, m2) = Sum

r=m
([7, Equation (1.14)]). From (36) we obtain the inverse relation
n n
o= DS em g = ga= D Sm|N) fu. (BT
m=0 m=0

which provides the following results.

Theorem 5.3 For degenerate poly-Bernoulli and poly-Cauchy numbers we have

(k)
mEOSl(n m|\) B, (A) = ” l)k (38)
and ;
z Sa(n, m|n) o) = b (39)
’ n (n+ l)k'

m=0

Proof Relation (38) follows from (37) with f,, = (—=1)"m!/(m + DX and gn =
(=D" ,Sk)(k), while relation (39) follows from (37) with g,, = 1/(m + ¥ and
fo = (). O

Theorem 5.4 For nonnegative integer n and any A, 0 we have

BOM) =D (1) m1Sy(n.m|2) S2m. 110) ¢ ), (40)

=0 m=0
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® - 1)"+'" ®)
P = ZZ Si(n, m|%)S1(m, 116) 8, 0). (41)

=0 m=0

Proof For (41) we use (39) and obtain

noyntm
> EL s minsion, 10) 80 )

[=0 m=0

1 n+m
—ZZ( ) St(n.m|2) S, 110) B 0)

=0 m=I

1 n+m
_y e L Sinmi) S Sim. 119)800)
m=0 =0

)n+m

m!
— k)
= E —— Si(n, m|k)( g =c,’ (A).

Similarly (38) gives (40). O

6 Degenerate weighted poly-Bernoulli and poly-Cauchy numbers

We may further generalize poly-Bernoulli and poly-Cauchy numbers by means of
degenerate weighted Stirling numbers. The degenerate weighted Stirling numbers of
the first and second kind are defined by Howard [14] respectively as

A m 00 n
(1 + t)k_x (%) = m!’gn(—l)"_mSl (n,m,x|\) % 42)
and o
X m __ 1"
A+ 1M1+ 1) = 1" = m!’g;‘l Sy(n,m, x|\) R 43)

We define degenerate weighted poly-Bernoulli ﬁ,(lk) (x, A) and poly-Cauchy numbers
c;k) (x, A) by simply replacing the degenerate Stirling numbers in (34) and (35) with
S>(n,m, x|A) and S;(n, m, x|)1). Thus

1" i (=)™ m!Sy(n, m, x|

®(x 1) = 44
Pu (6. ) ( + DF @
m=0
are the degenerate weighted poly-Bernoulli numbers and
n
W@y == (45)

k
0 (m-+1)
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are the degenerate weighted poly-Cauchy numbers. Generating functions for these
numbers are given as follows

Theorem 6.1 We have

Lig(1 — (1 — A0)H)
1— (1 —rt)H

00 n

IR k) v

(1 —2r) —%ﬁn (. 3) —
and

A+ =1 _ ad "

Llfk(f A+ =3 el h)

Proof From (43) and (44) we have

0 n 0 n+m n
1) m!So(n,m, x|\) t

TR b N
2500 T = ZMZO T —

D" m! n
:ZE j_n;kz&(nmxl)»)( 2

:Z ( l)mk(l—kt)ﬂx((l AP — D"

PR Ut O i

k
— (m+1)

R N e S O
1 _ _ k

1—(1—xp)H — m

Liz (1 — (1 — At)*
_ L@ —( ) )(1 A,

1—(1 =)+
Similarly (42) and (45) yield the second result. O

From Theorem 6.1 we observe that ,B(k) O, 1) = ﬂ,(,k) (1) and c(k) x 1= c,gk) ).

In order to obtain relations among degenerate weighted poly-Bernoulli and poly-
Cauchy numbers, we need an inverse relation for the degenerate weighted Stirling
numbers. Hsu and Shiue [15] defined a very general class S(n,m; o, B, x) of
sequences which generalize the Stirling numbers. An exponential generating func-
tion for S(n, m; «, B, x) is

Bla _ 1\ 00 n
a +at)x/°‘((1+‘”’+l) - m!ZS(n,m;oz,ﬂ,x)%. (46)
n=0 ’
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We note from (46) that S(n,m; 1, A, —x) = (=D"*"™ S (n,m,x + A|L) and
S(n,m; x, 1,x) = S>(n, m, x|1). They also gave the orthogonality relation

Z S, r;a,B,x)S(r,m; B, a, —x)
r=m . (47)
= Z Sn,r; B,a,—x)S(r,m; B, o, X) = Spm-

r=m

If we write « = 1, B = X and replace x by —x in (47) we obtain the orthogonality
relation for the degenerate Stirling numbers as

D =D S x 4 A 2) Sa(r m. x| A)
= (48)

n

= Z(—Df—msz(n, rx|A)S1(r m, x + AX) = Spm.

r=m

From (48) we easily derive the inverse relation

n
fo= D (=D)"S i m x4 22 gm

m=0 (49)

n
= gu= D Snm x|)) fu.

m=0

Theorem 6.2 For degenerate weighted poly-Bernoulli and poly-Cauchy numbers we
have
n!

(%) -
”21  SiCmex MDA 000 = Gy (50)
and
1
§ Sa(nm. X)) (v, ) = o (51)

m=0

Proof Relation (50) follows from (49) by setting f,, = (—1)"m!/(m + DX and
= (=180 (x, ). Relation (51) is obtained from (49) by taking g, = 1/(m -+ 1)¥
and fn = c(k)(x, A). O

Theorem 6.3 For nonnegative integer n and any values of x, y, ., 0 we have

n n
B 1) =D D (=) mI Sy, m|2) S20m, 1 y|0) e (v + 6. 6),

=0 m=0

®) _ - 1)"+m ®)

e (x, 1) = ZZ Si(n,m, x + |2 Si(m, 1,y +610) 8" (3, 6).
=0 m=0
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Proof Using Theorem 6.2,

n

n
S D) mI Sy m, x|3) Sa(m. 1L y10) e (v + 6. 0)
=0 m=0

n n
=D > ()"l Sy, m, x[1) Sa2(m, 1 y10) e (v +6.60)
1=0 m=l

n m
= > (=) ml Sy, m, x12) D Sa(m, 1 y|0) e/ (v + 0. 0)
m=0 [=0

_ Z (=D)" " m!S(n, m, x|3)

(m + 1)k = B (x, %)

giving the first part. Similarly,

‘ (=prm 1)”*’” *)
E E —— S1(n,m, x +A|A)S1(m, L,y +6010) B, (v, 0)
=0 m=0

I

1=0 m=I

_1)n+m )
Si(n,m, x +A|A)Si(m, 1,y +610)8,7 (v, 0)

n (_1)n+m m ®
=D S mx A 3 Si0m, Ly +010) 8 (3, 0)

m=0 ’ =0
(= 1)"*’" c®
= Sin,m, x + A|L) ——— X, A
Z i L 1)k (x,2)
gives the second part. O

7 Congruences

The presence of Stirling numbers in explicit formulas for weighted, degenerate and
degenerate weighted poly-Bernoulli and poly-Cauchy numbers enables us to discuss
some divisibility properties for them. These properties give information about the
denominators of these numbers. The denominators of classical Bernoulli numbers
are completely determined by the von Staudt and Clausen theorem, which not only
determines the denominator but also describes the fractional part of B,. In [19] the
denominators of di-Bernoulli numbers B,§2> are completely determined while in [2]
partial results for denominators of poly-Bernoulli numbers are obtained.

In this section p will denote a prime number, Z, the ring of p-adic integers and
Z; the multiplicative group of units in Z,. The p-adic valuation “ord,” is defined
by setting ord, (x) = k if x = pXy with y € ZIX, and ord,(0) = co. A congruence
x = y(mod mZ,) is equivalent to ord,(x — y) > ord,(m), and if x and y are
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rational numbers this congruence for all primes p is equivalent to the congruence
x = y (mod m) given by

(mod m) — m | (ad — bc),

S Q
RN

whenever p does not divide b and d.

Since degenerate weighted poly-Bernoulli and poly-Cauchy numbers are the most
general cases considered so far, we present congruences for them with proofs and state
the results for others as corollaries.

Theorem 7.1 Let p be an odd prime number. For any p-adic integer x and A € Z,
we have

PBY (e h) = P! (%k - X) AL 2 2P (nod p42,)

if A € pZ, and

pk_lﬁék)(x’ M= B )‘;"' e - > (mod kap)
if ) € Z;,
Proof We write (44) as
p m
(k) _ (_1\P (—1) m!SZ(P,WZ,xM)
= Sy 0, x 1) + 2P 1k’x|)~) _ S(p.p - 1,)}:|)\)(p N
2 P

Sa(p. p.x1M)p! Pf (= 1)"m!Sy(p.m, x|)
(p+ D (m + 1)k

m=2

Since x isa p-adicinteger, S>(p, m, x|A) € pZ,forl < m < p([15, Theorem 3], [31,
Equation (3.4)]). We also have ord, (m!) = 0 and ord , ((m + l)k) =0forl <m <
p — 1. Thus the latter sum is in pZ,. For the terms S>(p, 0, x|A) and S>(p, 1, x|1)
we use

1 m
San,m,x[2) = — 3 (=) (’f) (x4 712
" r=0

([14, Equation (4.2)]) and obtain

$2(p, 0, x[2) = (x[A)p,  Sa(p, Lx[2) = —(x[A)p + (x + 1[2),.
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From (43) we easily get S>(p, p, x|A) = 1, and repetitive application of the recurrence
formula

So(n+1,m,x|A) =m+x —in)S(n,m, x|A) + S (n,m — 1, x|A)

([14, Equation(4.11)]) gives
p
S2(p,p—1,x|1) = (2) (1 —=2A) + px.
Thus we have

B, 1) = —(x[1), + @A 1A)p — M)

2k
DA =)+ px](p—1)!
_[Ha-» » 10 =Dt od )
p
since p! € pZ,. Now, since
X, if A€ pZp;
A, = d pZ,),
12y [0, if 2 ez (mod pZp)
we have
_ (1
PFIBY (0 = pt 1(2—k —x)
[(p— DA =) +2x](p — 1!
— > (mod kap)
if A € pZ, and
_ [(p— DA —=2)+2x](p — D!
P llgl(Jk)(x,)») =_ =P 5 P (mod pXZ,)
if L € Z;. O

For x = 0 we have the following result for degenerate poly-Bernoulli numbers.

Corollary 7.2 For an odd prime p and A € Z,, we have

k=1 —DH(x—D(p— 1!
Pk_lﬁ[(,k)()») — sz i (p )( _ )(p ) (mod kap)
if A € pZ, and
Pk_lﬂl(,k)()t) — (p—DO—D(p—-D! (mod PkZp)

2
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ifrez,.
Similarly, if we let A = 0 in Theorem 7.1 we obtain

Corollary 7.3 For an odd prime p and any p-adic integer x we have

=L (p—1+2x)(p - D!
2k 2

_ p
PFIBP () = (mod pXZ,).

We note that similar congruences for poly-Bernoulli numbers were given in [2]
and [19].

The following result gives a divisibility property for degenerate weighted poly-
Cauchy numbers of the first kind.

Theorem 7.4 Let p be an odd prime number. For any p-adic integer x and \ € Z;
we have
(p—D—1)+2x —2x
2

pk_lc;)k)(x,k) = pk_1 (mod kap).

Proof Consider the defining equation

P
(=D"S1(p,m, x|1)
P a) = (=D P

m=0

Since A € Z[X, and A — x € Zj, we have S|(p,m, x|1) € pZp, for1 <m < p ([15,
Theorem 3], [31, Equation (3.4)]). Thus we get

Sl(l% 17-x|)\') S](pvp_17x|)\')
2k B Pk
Si(p. p. x[4)
(p+ DF

P (x,2) = =Si1(p, 0, x|3) +
(mod pZ,).

From the equation

ATm!S1(n, m, x|\)
m
,

=Z(—1)”+f( )(,\r+,\—x)()\r+)\—x—1)...(xr+x—x—n+1)
r=0

([14, Equation(4.1)]) we obtain

Cr—=x)p— (A —=x))p
7 .

S1(p, 0, x[2) = (x =4)p,  Si(p, L x[A) =

From (42) we have S;(p, p, x|A) = 1 and

" n
Si(n,m, x|x) = Z(r)(x—x)(x—,\+1)---(x—,\+r— DS (n—r,m|A)
r=0
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([14, p.51]) gives
&uxp—LxM>=(§y1—M+4m—px

since S1(p, p — 1|1A) = (’2’)(1 — A). Thus we have

Qr—x)p)— (A —x),
A2k
— () =2
+p(x )IEI%)( )

k _
W =1-x—n,+

(mod pZ).

Now, since for any z € Z, we have (z), € pZ,, we see that pFlix — A)p and
pk=1(2x — x), are zero modulo p*. Therefore we obtain

_ _ (p—DA =) +21 —2x
Ple®, ) = pl + 3 (mod p*7Z,)
which is the result. O

For & = 0 we have the following result.

Corollary 7.5 For an odd prime p and any p-adic integer x we have

p—1+2x

5 (mod p*Z,).

pk—16§7k)(x) — pk—l _

The next result states a divisibility property for c,(,k) (1), which follows from Theo-
rem 7.4 with x = A.

Corollary 7.6 Let p be an odd prime. Then

_ 1, (p=DH =1
pk lcg‘)()») = pk 4 — (mod kap)

ifr € Zy and

(p—DHAR -1

k—1 (k) —

(mod pk_IZp)

if A € pZy.

For the second result we note that if A € pZ, then S1(p, m|1) is in Z, not in pZ,,.
Thus when A € pZ, we conclude that

(p-—DAr -1

k—1 (k) —

(mod p*~17,).
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