symmetry MBPY

Article

Note on Type 2 Degenerate g-Bernoulli Polynomials

Dae San Kim @0, Dmitry V. Dolgy 2, Jongkyum Kwon ** and Taekyun Kim *
1
2
3

Department of Mathematics, Sogang University, Seoul 121-742, Korea

Kwangwoon Institute for Advanced Studies, Kwangwoon University, Seoul 139-701, Korea
Department of Mathematics Education and ERI, Gyeongsang National University, Jinju,
Gyeongsangnamdo 52828, Korea

Department of Mathematics, Kwangwoon University, Seoul 139-701, Korea

*  Correspondence: mathkjk26@gnu.ac.kr

check for
Received: 17 June 2019; Accepted: 12 July 2019; Published: 13 July 2019 updates

Abstract: The purpose of this paper is to introduce and study type 2 degenerate g-Bernoulli
polynomials and numbers by virtue of the bosonic p-adic g-integrals. The obtained results are,
among other things, several expressions for those polynomials, identities involving those numbers,
identities regarding Carlitz’s g-Bernoulli numbers, identities concerning degenerate g-Bernoulli
numbers, and the representations of the fully degenerate type 2 Bernoulli numbers in terms of
moments of certain random variables, created from random variables with Laplace distributions. It is
expected that, as was done in the case of type 2 degenerate Bernoulli polynomials and numbers, we
will be able to find some identities of symmetry for those polynomials and numbers.
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1. Introduction

There are various ways of studying special polynomials and numbers, including generating
functions, combinatorial methods, umbral calculus techniques, matrix theory, probability theory,
p-adic analysis, differential equations, and so on.

In [1], it was shown that odd integer power sums (alternating odd integer power sums) can be
represented in terms of some values of the type 2 Bernoulli polynomials (the type 2 Euler polynomials).
In addition, some identities of symmetry, involving the type 2 Bernoulli polynomials, odd integer
power sums, the type 2 Euler polynomials, and alternating odd integer power sums, were obtained
by introducing appropriate quotients of bosonic and fermionic p-adic integrals on Z,. Furthermore,
in [1], it was shown that the moments of two random variables, constructed from random variables
with Laplace distributions, are closely connected with the type 2 Bernoulli numbers and the type 2
Euler numbers.

In recent years, studying degenerate versions of various special polynomials and numbers, which
began with the paper by Carlitz in [2], has attracted the interest of many mathematicians. For example,
in [3], the degenerate type 2 Bernoulli and Euler polynomials, and their corresponding numbers were
introduced and some properties of them, which include distribution relations, Witt type formulas,
and analogues for the interpretation of integer power sums in terms of Bernoulli polynomials, were
investigated by means of both types of p-adic integrals.

As a g-analogue of the Volkenborn integrals for uniformly differentiable functions, the bosonic
p-adic g-integrals were introduced in [4] by Kim. These integrals, together with the fermionic p-adic
integrals and the fermionic p-adic g-integrals, have proven to be very useful tools in studying many
problems arising from number theory and combinatorics. For instance, in [5], the type 2 g-Bernoulli
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(g-Euler) polynomials were introduced by virtue of the bosonic (fermionic) p-adic g-integrals. Then,
it was noted, among other things, that the odd g-integer (alternating odd g-integer) power sums are
expressed in terms of the type 2 g-Bernoulli (g-Euler) polynomials.

In this short paper, we would like to introduce the type 2 degenerate g-Bernoulli polynomials
and the corresponding numbers by making use of the bosonic p-adic g-integrals, as a degenerate
version of and also as a g-analogue of the type 2 Bernoulli polynomials, and derive several basic results
for them. The obtained results are several expressions for those polynomials, identities involving
those numbers, identities regarding Carlitz’s g-Bernoulli numbers, identities concerning degenerate
g-Bernoulli numbers, and the representations of the fully degenerate type 2 Bernoulli numbers (g = 1
and x = 1 cases of the type 2 degenerate g-Bernoulli polynomials) in terms of moments of certain
random variables, created from random variables with Laplace distributions.

The motivation for introducing the type 2 degenerate g-Bernoulli polynomials and numbers is to
study their number-theoretic and combinatorial properties, and their applications in mathematics and
other sciences in general. One novelty of this paper is that they arise naturally by means of the bosonic
p-adic g-integrals so that it is possible to easily find some identities of symmetry for those polynomials
and numbers, as it was done, for example, in [1]. In the rest of this section, we recall what is needed in
the latter part of the paper.

Throughout this paper, p is a fixed odd prime number. We use the standard notations Z,, Q,, and
C, to denote the ring of p-adic integers, the field of p-adic rational numbers, and the completion of the
algebraic closure of Q,, respectively. The p-adic norm on C, is normalized as |p|, =

As is well known, the Bernoulli numbers are given by the recurrence relation

1
b

1, ifn=1,

0, ifn >1, M)

By =1, (B+1)”:{

where, as usual, B" are to be replaced by By, (see [2,6,7]).
Additionally, the Bernoulli polynomials of degree n are given by

Bu(x) =Y (’}) Byx", o)
1=0

(see [3,8,9]).
1
Let g be an indeterminate in C,. For g € Cp, we assume that [1 —g[, < p 7T.

In [7], Carlitz considered the g-Bernoulli numbers which are given by the recurrence relation:

1 ifn=1
— n __ — ’ 7
where B are to be replaced by B4, as usual.
In addition, he defined the g-Bernoulli polynomials as
(1 —1 1
Bua() = 3 ()l 481 (02 0) @
=0
where [x]; = 11%‘7;, (see [7]).
Recently, the type 2 Bernoulli polynomials have been defined as
t v e b " 5
WE’ = r;) n(x) v ®)

(see [1,3,8]).
When x = 0, b, = b,(0) are called the type 2 Bernoulli numbers.
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From (5), we note that

n—1 1

Z;O(ZZ +1)k = m(bkﬂ (2n) = by1), (k>0). (6)

Let f be a uniformly differentiable function on Z,. Then, Kim defined the p-adic g-integral of f
on Zy, as

= lim —5— Z_ fx)q (7)

(see [4]). Here, we note that p;(x + pN Lp) = ﬁ is a distribution but not a measure. The details
9

on the existence of the p-adic g-integrals for uniformly differentiable functions f on Z, can be found
in [4,10].
From (7), we note that

() = () + (g = DFO) + T r0), ®

where f(x) = f(x+1).
By virtue of (8) and induction, we get

n—1 n—1
-1
7'L(f) = LN+ -1) L afO+1—Y df ), ©)
1=0 0gq 1=0
where f,(x) = f(x+mn), (n>1).
The degenerate exponential function is defined by
ex(t) = (1+ A1), (10)
(see [11]), where A € C,, with |A], < pfﬁ.
For brevity, we also set
ex(t) = el (t) = (1+ )7, (11)
Carlitz defined the degenerate Bernoulli polynomials as
L ()= Y Bua(x) (12)
ex() —1 4 T = A TE

where B, , = B, 1(0) are called the degenerate Bernoulli numbers.

From (12), we note that

n—1
L (Dia = g Brrna ()~ B, (120) (13
=0

where (I)gr =1, (g =1(I—=A)--- (1= (k—=1)A), (k>1).
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In the special case of A = 1, the falling factorial sequence (also called the Pochammer symbol) is
given by
Do=1, Nk =10=1)---(I = (k=1)), (k=1). (14)

In this paper, we study type 2 degenerate g-Bernoulli polynomials and investigate some identities
and properties for these polynomials.

2. Type 2 Degenerate g-Bernoulli Polynomials

1
=T and A € C,. Now, we

Throughout this section, we assume that g € C, with [1 —g[, < p
define the type 2 degenerate q-Bernoulli polynomials by

(o) 1 x
Y buale | 0 = 5 & 0dnato) (15)
n=0
By (15), we get
5 ( x +2y] ) dpg(y) = bug(x | A), (n>0). (16)

When x =1, by, 4(A) = by 4(1 | A) are called the type 2 degenerate g-Bernoulli numbers.
We observe here that

o1
%f})lgbi z, ([x+2y}q>n, Ha(y)

(17)
= = — >0).
;grr})llmb bnq(x |A) =by(x—1), (n>0)
The degenerate Stirling numbers of the first kind appear as the coefficients in the expansion
- 1
(X)pp =Y. Sia(n)x, (n>0), (18)
=0
(see [12]).
Thus, by (18), we get
1
3 / ([x + 2y]q> dpq(y)
nA
7251;\111 / x+2y] dyq( ) (19)

n

=) Sia(nDbyy(x),
=0

where by ;(x) is the type 2 g-Bernoulli polynomials given by : pr [x +2y|gdpg(y) = bug(x), (n > 0),
(see [5]).
Therefore, by (16) and (19), we obtain the following theorem.

Theorem 1. For n > 0, we have

bug(x [ A) =} Sia(n, Dby g(x). (20)
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Now, we observe that

%/ ([X+2y]q>n, dpq(y)

*251)\ n,1) / [x + 2ylgdpq (y) (21)
2m +1
x m
251)\711 lZ( ) [2m+1]q'
Therefore, by (21), we obtain the following theorem.
Theorem 2. For n > 0, we have
1 & Sia(nd) (1) 2m+1
bug(x | A) == — —g )" (22)
ng(¥ [ ) 2120(1—17)1 = \m (=a") [2m +1]
From (16), we note that
Y bugr |05 =2V [ (x+2y) W
bug(x | A)—= =2 /<x+2y> dug(y)—
n=0 e n! 2n:0 ZP ! n,A ! n!
[x+2y]q
A
(23)

= % /Zp (1 +Af> dpq(y)
- L (51, Gt st

where S (1, k) are the Stirling numbers of the first kind and b, 4 are the type 2 g-Bernoulli numbers.

Therefore, by (23), we get the following theorem.

Theorem 3. For n > 0, we have

bg(x | A) = 2 2 < ) X881 (1, ) A Fby g. (24)

=0m=0

In particular,
byg(A z 781 (n, k) A" Kby kq

In [4], Kim expressed Carlitz’s g-Bernoulli polynomials in terms of the following p-adic g-integrals

on Zp:
(25)

[, b+ iy ) = Bug(x), (n > 0).
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From (9) and (25), we have

7"Bug(n) = [ q"[x+nliidug(x)

vEp

n—1
= | [x]gduq(x) + (g —1) Z gy +m Y [t
Zp 1=0

(26)
= Bmg+(g—1) ZZ g +m ZZ [r—tq*
=0 =0

n—1 n—1
= Bug+ (m+1) Y [ =Y gyt
1=0 1=0

where 7 is a positive integer.
Therefore, we obtain the following theorem.

Theorem 4. For n > 0, we have

n—1

7"Bia(1) = g = (m+1) ; - Y gl @)

Let us take f(x) = ([xh) , (m >1). From (9), we have
m,A

g /z,, <[x+n]q>m,Adyq(x)

-/ (Mq)m duq<x>+<q—1>§ql(mq)m 2

& (B mw) (),

In [13], the degenerate g-Bernoulli polynomials are defined by Kim as

/Z [Ax +y]q Z Buag(x (29)

4

In particular, the degenerate g-Bernoulli numbers are given by B,,1 4 = By 1,4(0).
From (29), we have

[, (o) dra) = puagt, (n20) 30

By (28) and (30), this completes the proof for the next theorem.

Theorem 5. For m,n € N, we have

— 5 d (m/"), o ”2‘1 (mf g - kA) ([%) m,qu’- ey
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Let us take f(x) = ([2x—|— 1}q> , (m >1). From (9), we have
m,A

q" /Zp ([2x+2n+l}q>m/\dyq(x)

= ([zx+1]q) dug(x) + (g —1) Zq(ZZ—{—l )
Zp m,A m,A

s ("fl) ()
I=0 \ k=0 [Zl—'_l]q_kA ! m,A '

From (16) and (32), we have

q”bmq(Zn—i—l | A) = bug(A)

Zq <Zl+1 >m,A+nzl (j:Z; m> ([21+1]q>mﬁq31+1'

I=0

Therefore, by (33), we obtain the following theorem.

Theorem 6. For m,n € N, we have

%1 bl ([21 + 1]q> vy (1:;1 EESIA) jq - kA) ([21 + 1]q>m,2\q3[+1

[, FG)dngx) = tim Z fx
defl
= Jim o L £
—1pN-

= lim Z Z f(a+ dx)qg"+

N~>oodp 9 4—=0 x—

d—1 1 . 1
:ugqumz&w Zfa—i—dx
d—1
—[dl]q g [, flataxdua ()

where d is a positive integer.

Lemma 1. Ford € N, we have

1 d—1 .
J, () = g o [ fla+ a0 ),

We obtain the following theorem from Lemma 1.

7 of 10

(32)

(33)

(34)

(35)

(36)
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Theorem 7. For n,d € N, we have

- . 20+1, A
byg(A) = 12 b, ( |[d]q>. (37)

Proof. Let us apply Lemma 1 with f(x) = ([ZX + 1}‘7) , (n € N). Then, by virtue of (16), we have
n,A

‘/Zn ([2x+ﬂq)n dpq(x dl]qu(l) ﬂ./p ( (a+dx)+1] )nAdyqd(x)

—wﬂqiéq"[dw/@([w ), et
ap- 12 /Zp<[2a+1+2x} d) %d”q

q

a1 2a+1, A
=2[d" 1Y 4 ( )
[ ]q a;()q n,q4 d | [d]q

O

3. Further Remarks

Assume that X1, Xy, X3, - - - are independent random variables, each of which has the Laplace
distribution with parameters 0 and 1. Namely, each of them has the probability density function given
by exp(—x|).

Let Z be the random variable given by Z = } 7 ; 2k . In addition, let b, be the type 2 Bernoulli
numbers defined by

fe—t - Zb 7!' (38)
= !
Then, it was shown in [1] that
o0 S\
y ezt
n=0 nt o1 ez
) 1 n—1 1 (39)
= Z - by,
= (2) n!
Thereby, it was obtained that
1 n—1
i"E[Z"] = <2) b,. (40)

Before proceeding further, we recall that the Volkenborn integral (also called the p-adic invariant
integral) for a uniformly differentiable function f on Z, is given by

pfl

| fWan(y) = hm—fo (41)

N—oco pN

Then, it is well known (see [14]) that this integral satisfies the following integral equation:

J, F D) = [ fdnt) +5/0) )
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When g = 1 and x = 1, by virtue of (41), (15) becomes

t}’l

Y by = 5 [, 0w

_ Llog(1+ At) '
er(t) — e (1)

(43)

Here, b, (A) may be called the fully degenerate type 2 Bernoulli numbers, even though they were
defined slightly differently in [3]. Replacing ¢t with % log(1 + At) in (39) and by making use of (43),
we have

> i onm 1 (log(1+A)\™
3 Elzaiy o (B

=% (£ summeez) 5 m

Here, Sq (1, k) are the degenerate Stirling numbers of the first kind (see [12]) either given by

1 <log(1 + At))m > t"
—\ ) = Sia(n,m)—, (45)
m A n;m n!
or given by
n n
(X)pr = 2 Sya(n,m)x™ = 2 S1(n, m)A" My, (46)
m=0 m=0

Thus, by (44), we have shown that

2by(A) = 2 Sy (n, m) (20)"E[Z™).

m=0

Here, we remark that we only considered 4 = 1 and x = 1 cases of (15), namely the fully
degenerate type 2 Bernoulli numbers. This is because we do not see how to express type 2 degenerate
g-Bernoulli polynomials or type 2 degenerate g-Bernoulli numbers in terms of the moments of some
suitable random variables, constructed from random variables with Laplace distributions. We leave
this as an open problem to the interested reader.

4. Conclusions

Studies on various special polynomials and numbers have been preformed using several different
methods, such as generating functions, combinatorial methods, umbral calculus techniques, matrix
theory, probability theory, p-adic analysis, differential equations, and so on.

One way of introducing new special polynomials and numbers is to study various degenerate
versions of some known special polynomials and numbers, which began with Carlitz’s paper
in [2]. Actually, degenerate versions were investigated not only for some polynomials but also for a
transcendental function, namely the gamma function. For this, we refer the reader to [11]. Another
way of introducing new special polynomials and numbers is to study various g-analogues of some
known special polynomials and numbers. The bosonic p-adic g-integrals, together with the fermionic
p-adic g-integrals, turned out to be very powerful and fruitful tools for naturally constructing such
g-analogues. They were introduced by Kim in [4] and have been widely used ever since their invention.
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In this paper, the type 2 degenerate g-Bernoulli polynomials and the corresponding numbers were
introduced and investigated as a degenerate version of and also as a g-analogue of type 2 Bernoulli
polynomials by making use of the bosonic p-adic g-integrals [1,3,5]. Here, as an introductory paper
on the subject, only very basic results were obtained. The obtained results are several expressions
for those polynomials, identities involving those numbers, identities regarding Carlitz’s g-Bernoulli
numbers, identities concerning degenerate g-Bernoulli numbers, and the representations of the fully
degenerate type 2 Bernoulli numbers (7 = 1 and x = 1 cases of the type 2 degenerate g-Bernoulli
polynomials) in terms of moments of certain random variables, created from random variables with
Laplace distributions. We are planning to study more detailed results relating to these polynomials
and numbers in a forthcoming paper.
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