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ABSTRACT

We introduce the higher-order type 2 Bernoulli numbers and polynomials of the second kind. In this paper, we
investigate some identities and properties for them in connection with central factorial numbers of the second
kind and the higher-order type 2 Bernoulli polynomials. We give some relations between the higher-order type 2
Bernoulli numbers of the second kind and their conjugates.
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1 Introduction

For n> 0, the central factorials x["l are given by [1-3]

x0T =1, x[”]=x<x+g—l> (x-i—g—Z)...(x—g-i—l), n>1),

and the central factorial numbers of the second kind T'(n, k) by
n
X'=3 T k)M, n=0), (see [4-0]. ey
k=0
As is well known, the Bernoulli polynomials are defined by the generating function as

t
el —1

oo tn
=) B0, (see [1,8].
n=0
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When x =0, B, = B,(0) are called the Bernoulli numbers. Whereas the cosecant polynomials
are defined by

2t ¢ e "
xt xt -
o —e 1 T sinhit _ZODn(x)n!'
n=

When x =0, D, =D, (0) are called the cosecant numbers which have been already studied in
x+1
2

p-458 of [9]. Here we observe that D,(x) = 2”B,1( ), (n>0). Also, we note that b,(x) =

ED"(X) is called the type 2 Bernoulli polynomials in [10]. Let n be a positive integer and let k be

a nonnegative integer. As is well known, Bernoulli polynomials appear in the following expressions
of the sums of powers of consecutive integers. That is

n—1
i _ Bir1(n) — Bi11(0)
S >

On the other hand, in [11] it is noted that

n—1

1
e+ k= 50Ty P12 = D). 3)
=0

Further, in [10] we considered a random variable cooked from random variables having
Laplace distributions and showed its moment is closely connected with the type 2 Bernoulli
numbers [10]. Yet another thing is that we obtained some symmetric identities involving type 2
Bernoulli polynomials and power sums of consecutive odd positive integers in (3) by means of
Volkenborn p-adic integrals on Z,.

It is known that the Euler polynomials are given by

2 > "
4 P J—
e’—i—lex _ZEn(x)n!' @
n=0
When x=0, E, = E,(0) are called the Euler numbers.
Whereas the type 2 Euler polynomials are defined by
t 2 t = tn
Xt __ Xt __ * s
sechte _et-i—e—te _gEn(x)n!. (%)

When x =0, E, = E,(0), (n>0), are called the type 2 Euler numbers. We observe that E;(x) =

x+1
e

Here we would like to mention that in the literature both Euler and type 2 Euler polynomials
are called Euler polynomials. Sometimes this is very confusing. Let n be a positive integer. Then,
according to the definition (4), all the even Euler numbers E», = 0. Whereas, according to the
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definition (5), all the odd Euler numbers EJ, +1=0. To avoid a possible confusion, we call the
polynomials in (5) the type 2 Euler polynomials, while reserving the term Euler polynomials for
the ones in (4).

Let n be an odd positive integer. As is well known, Euler polynomials and numbers appear
in the expressions of the alternating sums of powers of consecutive integers. That is

”‘1(_1)llk_ Ex(n) + E
3 =BT
=0

On the other hand, it is shown in [10] that

! Ef(2n) + E;
S D@+ = % ©)
=0

Again, in [10] we considered a random variable constructed from random variables having
Laplace distributions and showed its moment is closely connected with the type 2 Euler num-
bers [10]. Still another thing is that we deduced certain symmetric identities involving type 2
Euler polynomials and alternating power sums of consecutive odd positive integers in (6) by using
fermionic p-adic integrals on Zj,.

As is well known, the Stirling numbers of the second kind are given by
| "
€ =D=) S0 k—. (k=0), (e [2),
n=k
and the Stirling numbers of the first kind by

1 P "
(g1 +0) =3 Si(n k)—.  (see [2)).
n=k
From (6), we can derive

1 i ad i
e z)"=ZkT(n, -, (k=0), (7

the proof of which can be found in [2].

Thus, by (7), we get

Ik k"
T(n,k):EZ(Z)(—I)k_Z<Z—§), (k > 0). ®)

=0

It is well known that the Bernoulli polynomials of the second kind are defined by

t v 9 l_n . |
1og(1—+z)(1+t) —;bn(x)n!, (see [2,9,11,12]). o)
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1
Sometimes —b (x) are called Bernoulli polynomials of the second kind, whereas b,(x) are

called Cauchy polynomlals (see [2,11]). However, we will stick to our definition for the Bernoulli
polynomials of the second kind.

When x =0, b, = b,(0) are variously called Bernoulli numbers of the second kind, Gregory
coefficients, reciprocal logarithmic numbers, and Cauchy numbers of the first kind (see [9,13-15]).
Here we remark that

by=B" (1), (n=0), (see (11)),

where B,gk) (x) are the Bernoulli polynomials of order k£ given by

r \F = "
( )exz:ZB’(ik)(x)J’ keZ, (see[l6,17]).

t
el —1
n=0

In [9], Howard studied the polynomials o, )(A) given by

At R o
(i) - X 1o

n=0

For any real number A #0, 1, Korobov defined the degenerate Bernoulli polynomials of the
second given by

(1+z)x an(x ,\)—.

A
(1+t) n=0

Then we see that lim,_,¢b,(x; A) = b,(x). In fact, Korobov introduced what he called ‘special
polynomials’ p,(x) given by b, (x; p) = n! p,(x), for any integer p with p > 2 (see [18]). Here we note
that b,(x; 1) are also called the Korobov polynomials of the first kind and denoted by K,(x; A)
(see [12]).

When x =0, b,(A) =b,(0; 1) are called the degenerate Bernoulli numbers of the second kind.

It is immediate to see that b,(L) = (—1)"0{,5”(%) (see (10)). Further, in [19] Howard considered
the degenerate Bernoulli numbers of the second kind which is denoted by «,(A). Note also that
b,(A) = K,(0; 1). In light of these considerations, b,(1) may be variously called the degenerate
Bernoulli numbers of the second, Howard numbers and Korobov numbers of the first kind (see
[20]).

In the next section, we will introduce the higher-order type 2 Bernoulli numbers and polyno-
mials of the second kind as variants of the usual higher-order Bernoulli numbers and polynomials
of the second kind. We will study some properties and identities for them that are associated with
central factorial numbers of the second kind and the higher-order type 2 Bernoulli polynomials.
We will deduce some relations between the higher-order type 2 Bernoulli numbers of the second
kind and their conjugates.
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2 The Higher-Order Type 2 Bernoulli Numbers and Polynomials of the Second Kind

The Bernoulli polynomials of the second kind with order » are defined by the generating
function

t r o0 tn
—— ) A+ =) b0~ Z.
(log(l-%l)> (o nzobn W €

We note from [21-23] that
b0 =B+ 1), (n,r=0). (1)

From (9), we have

1
/0 (l—i-t)XJ”’afy—1 g(l—H)(l—H)X Zb (x) (12)
and
1 o 1 M
A+0dy=>" | (x+pndy—, (13)
0 —0 0 }’l!

where (X)o=1, X)p=x(x—1...(x—n+1), (n>1).
By (12) and (13), we get

1
/ Py = ba(x), (1= 0).
0

We observe that

1 —1
ot (4D —(+0) )
2/0 14215y = i (10 (14)

Now, we define the type 2 Bernoulli polynomials of the second kind by

(1+n—(1+n7!
2log(1+1)

X - * tn
(1412 =r§bn(x)a. (15)

When x =0, b} =5}(0) is called the type 2 Bernoulli numbers of the second kind.
We observe that

‘/O+ﬂb1”@ }:f(@—1+me< (16)

n=0

Therefore, by (14)—(16), we obtain the following theorem:
Theorem 2.1. For n >0, we have

f Qy—14x),dy=b}(x).
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In particular,

* __ - 1 1/
bn_gSl(n,l)z(H_l) (1+( 1)),

and

n l
by =Y 2's1(n, l)l+—1'
/=0

We illustrate a few values of b} in the following example.

1
Example 1: We observe first that b} = Z S1(n, Z)—H_ T
1<i<n,leven
b1 =0,
1 1
* — 2.2)= = —
2 Sl(a )3 3s
¥ 1 1
3251(3,2)52(—3)X§=—1,
1 1 1 1 58
bi=514,2)-+S14,4dH-=11x=-+-=—,
4 1( )3+ 1( )5 X3+5 15
1 1 1 1 56
*:S 5a2_ S 5,4_: -50 = —10 -—=——,
5 =3S1( )3+1( )5 ( )><3+( )><5 3
1 1 1 1 1 1 11390
*=5106,2)=+S1(6,4) = +S51(6,6)==274x = +85x =+ —= ——.

For o € R, let us define the type 2 Bernoulli polynomials of the second kind with order « by

A+—1+n"\" v N @
( e )(1+z) _gbn (9. (17)

When x =0, b;j(“) =b;§(“)(0) are called the type 2 Bernoulli numbers of the second kind with
order «.

From (17) and with « =k € N, we have

o0 k
sy (1+—(1+n7! .
’;Obn (x)n!—< Tiogl 5D A+0". (18)
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By replacing ¢ by eZ—11n (18), we get

l;k'k' <e2 —e 5) 03" = Zb*(k)(x) (E% — 1>l
= Z <2n > 5O )8, 1)) —, (19)

n=0

On the other hand, by making use of (7) we have

n
k1 1 _\k Iy > - (Z> —n+l n—I 1"
t—kE<eZ—e 2) e2 =HZO §<l+k)T(l+k,k)2 X t (20)
T\ T\

Therefore, by (19) and (20), we obtain the following theorem:
Theorem 2.2. For n>0 and k € N, we have

n
) - (1) -
> b (08, Z):Z<1+k) T(+k, k)2'x"".
=0 =0 ]

In particular, we have

n+k " " AT+ k, k)
2"T(n+k, k bySm, h, bR =N"S/(n, h=——T-.
(n+k, k)= (n )Z 2(n, 1), % 1(n, D) (z+k>

!

*2 in the following example:

We illustrate a few values of b,
Example 2: Let n>2 be any integer.

1, if neven,

2
1 2
Then we have from (8) that T'(n, 2) = — ()_12—11_1112
(n,2) = 2!;1( a ) 0, if nodd.

Thus, for n> 1, we have bZ(z) = Z Si(n, [)———

1<il<n,leven
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22 4
b =813, D= x=-2,

)

22 24 4 16 42
i@ = S$14.2) =+ 14, H—— =11 x -+ 16_142

A

22 24 4 16
b =855, )+ S5 7= = (50) x £+ (-10) x o= —44,

RN )

2? 24 26 4 16 64 5788
be® =516, 2) =+ 816, 47—+ S1(6,6) 7 = =24 x L +85x 2+ oo =

T

For « € R, we recall that the cosecant polynomials of order « are defined by
2t \“ 1"
(@) () —
(e’ ) ZD ] (x)n!'

For ke N, let us take @« = —k and replace ¢ by log(1+¢) in (21). Then we have

k
I+—(1+n! b
1 =) D, log(1
( 2log(1 4 1) ) (L+07 12; (x) ; (og( %

—Z(Zsl(n DDy (x ))

n=0

Therefore, by (18) and (22), we obtain the following theorem:
Theorem 2.3. For n> 0, k€N, we have

b0 ) =381, DT ().
1=0

Replacing ¢ by 2log(1 +¢) in (7), we derive the following equation:

1 -1 k_ — 11 /
E((1+z)—(1+z) ) _;m, 12" (log(1 +)

o0 o0 fn
=2 T2y Si0n D
I=k n=|

2

(22)
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= Z (Z T(1, k)2'S) (n, 1)) (23)

n=k

On the other hand, we also have

k
1 k1 (@ —(1+0n!
E<(1+t)—(l+f)_1> =y<( -0ty ) 2log(1 +1)*

2log(1+1)

_ZkZb*(k)t 3" sion oo

m=k
:zk2<251(m k)< ) *“”)t—‘ (24)
n=k \m=k

Therefore, by (23) and (24), we obtain the following theorem:
Theorem 2.4. For n, k>0, we have

ZT(Z k)2!S1(n, 1)—2k251<z k)( ) be

n—k

=253 " S1(n— lk)() p®.

=0

We observe that

1 1
/ / (1+t)z(xl"'"""xk)_k"'xdxldxz--'dxk
0 0

k
(447! R = N
= ( 2log(1+1) ) ) _’;bn (X); (25)

Thus, by (25), we get
1 1 1 2(x 4+ ..+ x —k+x
—‘b;;(k)(x):/ / < (x1 ©) )dX1dX2~~~ka.
n: 0 0 n

Now, for « € R we define the conjugate type 2 Bernoulli polynomials of the second kind with
order o by

A+0—A+0"\ L S, L
<2(1+t)10g(1+t)> 1+ —gbn (O (26)
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Then, by (26), we get

1 1
f() e f() 1+ Z)_Z(X1+"’+xk)+xdxldXQ - dxy

k
A+0—1+n7" PN "
(2(1+t)10g(1+t)) (1+9 ngo " (x)n! @7)
By (27), we get
1~ 1 LA=2(x1+- 4 xp)+x
;bz(k)(x)=/0 /0 (n 1 © )dxldxz---dxk. (28)

When x =0, ?b\;:(“) =3Z(“)(O) is called the conjugate type 2 Bernoulli numbers of the second
kind with order «.

For ke N, by (28), we get

1~ 1 L =2(x1 4+ +xp) +k
n! 0 0 n

1 1 /2 —k+n—1
= [ (“”* B )dxl'--dxk

0 0o \n

n 2 —
:(_l)nz< )/ /((Xl+ 7)) ) - dv,

m=0
— (- 1)”2( ) b®, (29)
m=1 m!

Therefore, by (29), we obtain the following theorem:
Theorem 2.5. For n, k € N, we have

(- l)n b*(k)(k) _ 2”: n—1 ib*(k)
N m—1)m""™"
m=1
Remark. Likewise, for n, k € N, we have

1 " (n—1 1,
1" —p* ) (fy = E : (k)

m=1
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3 Conclusions

In Section 2, we introduced the higher-order type 2 Bernoulli numbers and polynomials of
the second kind and the higher-order conjugate type 2 Bernoulli numbers of the second kind. In
Theorems 2-4, we obtained some properties and identities for them that are associated with central
factorial numbers of the second kind and higher-order cosecant polynomials and the Stirling
numbers of the first kind. In Theorem 5, we derived the relation between the higher-order type 2
Bernoulli numbers of the second kind and their conjugates.

Many problems in science and engineering can be modeled by polynomial optimization which
concerns optimizing a polynomial subject to polynomial equations and inequalities. Thanks to
an adoption of tools from real algebraic geometry, semidefinite programming and the theory of
moments, etc., there has been tremendous progress in this field. We hope that the polynomials
newly introduced in the present paper or their possible multivariate versions will play some role
in near future.
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