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Abstract: In this paper, we introduce the extended degenerate r-central factorial numbers of the second
kind and the extended degenerate r-central Bell polynomials. They are extended versions of the
degenerate central factorial numbers of the second kind and the degenerate central Bell polynomials, and
also degenerate versions of the extended r-central factorial numbers of the second kind and the extended
r-central Bell polynomials, all of which have been studied by Kim and Kim. We study various properties
and identities concerning those numbers and polynomials and also their connections.
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1. Introduction

For A € R, we recall that the degenerate exponential function e} (¢) is defined by (see [1-7])
ex(t) = (1+A1)3 ©)

When x = 1, we let e, (t) = e} (¢). Note that )l}rrb ex(t) = e
—
We use the notation (x), to denote the falling factorial sequence (x),, which is defined by (see [8-14])

(x)o=1, (X)p=x(x—1)---(x—n+1), (nr>1) )
More generally, for A € R, the A-falling factorial sequence (x), , is given by (see [4])
(X)or =1 (¥)up =x(x=A)(x=24)--- (x = (n—=1)A), (n=>1) ®)

Obviously, it is noted that lim (x), » = (x);, lim(x),x =x", (n>0).
A—=1 A—=0

In Reference [4], the A- binomial expansion is defined by

) 1) o 1
(1+A)r =) (7);’ = Z(x)m%, “4)

1=0 =0
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where

<x) _ @ip _x(x =) (x—=24) - (x = (1= 1)A)
1), I '

The central factorial sequence is given by

X[O] = 1, x[n] = x(x + + 1), (71 2 1)

One can then easily show that the generating function of central factorial x[", (n > 0), is given by

(see [3,15-20])
2x
t [ 2 & t"
L l - 2l 2
<2 +1/1+ 1 ) = E o 5)

n=0

As is defined in [18], for any non-negative integer #, the central factorial numbers of the first kind are
given by

n

xl = Z t(n, k)x*. (6)

k=0

Then, from (5) and (6), we can show that the generating function of ¢ (n, k) satisfies the following equation:

k
1 t t2 ad "
i <2log< \/1—1-4)) :rg(t(n,k)ﬁ

As the inverse to the central factorial numbers of the first kind, the central factorial numbers of the
second kind are defined by (see [18,20-22])

Kt = i Tp(n,k)x¥,  (n>0) (7)
k=0

The generating function of T (n, k) can be easily derived from (7), which is given by (see [18])
1/ _n\k & "
g(et=et) = Y Dk, (k20) 8)

It can immediately be seen from (8) that

k
KMTa(nk) = Y (’]‘) (~1i(5k )" ©)

j=0

In Reference [22] were introduced the central Bell polynomials defined by
beh) e .
Jtt) y B (x)%. (10)
n=0 :
The Dobinski-like formula for Bgf) (x) is given by (see [22])

:ii(lJrk) k(zjk)! (;];)l—&—l an

I=0k=0
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In Reference [3], the degenerate central factorial polynomials of the second kind are defined by

1 1 k 0 n
g (- 0) G0 = ¥ Batkog, K20 12)
| L |

When x = 0, Tp\(n,k) = T,,(n,k|0), these are called degenerate central factorial numbers of the
second kind.
Let us recall that the degenerate central Bell polynomials are defined by (see [3])

1 _1

x ef(t)fe/\z(t)> ) c m

e ( =Y BY) ()=, 13)
n=0 :

c)

}S, 3 (1) are called the degenerate central Bell numbers.
(x) =B (), (n20).

n,

In particular, B 1(3\

Note that lim B
A—0

Carlitz [1] introduced the degenerate Stirling, Bernoulli, and Eulerian numbers as the first degenerate
special numbers. Broder [23] investigated the r-Stirling numbers of the first and second kind as the
numbers counting restricted permutations and restricted partitions, respectively. We recall here that the
r-Stirling numbers of the second kind are given by (see [23])

n

%ert(et =Y sV k),
n=k
In this paper, we will introduce the extended degenerate r-central factorial numbers of the second
kind and the extended degenerate r-central Bell polynomials. Central analogues of Stirling numbers of
the second kind and Bell polynomials are, respectively, the central factorial numbers of the second kind
and the central Bell polynomials. Degenerate versions of the central factorial numbers of the second kind
and the central Bell polynomials are, respectively, the degenerate central factorial numbers of the second
kind and the degenerate central Bell polynomials. Extended versions of the degenerate central factorial
numbers of the second kind and the degenerate central Bell polynomials are, respectively, the extended
degenerate r-central factorial numbers of the second kind and the extended degenerate r-central Bell
polynomials. The central factorial numbers of the second kind have many applications in such diverse
areas as approximation theory [21], finite difference calculus, spline theory, spectral theory of differential
operators [24,25], and algebraic geometry [26,27]. For broad applications of the related complete and
incomplete Bell polynomials, we let the reader consult the introduction in [11]. Here, we will study various
properties and identities relating to those numbers and polynomials, and also their connections. Finally,
we note that the present paper can be useful in the area of non-integer systems and let the reader refer
to [28] for more research in this direction.

2. Extended Degenerate r-Central Factorial Numbers of the Second Kind and Extended Degenerate
r-Central Bell Polynomials

From (12) and (13), we note that

(15)
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One can compare the coefficients on both sides of (15) to obtain
B\ (x) Z Ty A (n,K)xk,  (n>0). (16)
k=0

Throughout this paper, we assume that r is a nonnegative integer. The following definition is motivated
by (14).

Definition 1. The extended degenerate r-central factorial numbers of the second kind T/(\r) (n+r,k+r) are defined as
n

;!e;\(t)(e)%(t)—eA ) ZT n+r,k+r)%. (17)

Note that )l\in}) T)(\r) (m+rk+r)=TOm+rk+r), (n,k>0),
—

where T(") (n+r,k +r) is the extended r-central factorial numbers of the second kind given by

1 t t _t k ad ( tl’l
ng (eZ—e 2) znng 1’l—|—1’ k+1’)*' (18)
Theorem 1. Forn, k € NU {0}, with n > k, we have
) n
T( (n+rk+r)=), < >T2A (LE)(T)n-i1-
1=k
Proof. By (17), we get
1 1 _1 k g g
2l <ei(t) —eAz(t)) ZTz/\ (Lk) l' Z( )m,/\ﬁ
B (19)
5 2( )T LK) (Pnir e
= 2,A\L, LA
nkizk \ T
Therefore, by (17) and (19), we obtain the result. [
We note that by taking the limit as A tends to 0, we get
n
TOn+rk+71) = Z( ) "Iy (1, k). (20)
Theorem 2. Forn, k > 0, with n > k, we have
n m
T (n+rk+r) = ZZ( )51 n,m)To (1, k) A==, 1)
m=k =k

where S1(n, m) are the signed Stirling numbers of the first kind.
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Proof. Replacing t by % log(1 + At) in (18), we obtain

; <e;(t)—e;%(t))ke;(t) _ i)rw( (ot rk4r) <log(1—|—/\t))

&% &% /\ntn
=) A mT(r)(errkJrr)ZSlnm) (22)
m=k n=m
e} n n
:ZZ AT mSlan()(errkJrr)—'
Now, by substituting the expression of T\") (m + r, k + r) in (20) into (22), we finally get
1 3 -3 g r R n—nm— ltn
7l <e§(t) —e/\2(t)> en(t) = Z‘;{ Ek,z,;( )Sl n,m)Tr(I, k)A L
n=k m=k =

from which the result follows. O

Example 1. Here, we will illustrate the formula (21) for small values of n. The following values of T,(n, k) can be
determined, for example, from the formula in (9):

Tz(l’l,n) = 1, Tz(n,O) = (Sn,O/ T2(2,1) = T2(3,2) = T2(4,1) = T2(4,3) = 0, T2(3,1) = 411’ T(4 2) =1. (23)
In addition, we recall the following values of Sy (n, k):

Si(n,n) =1, S1(n,0) = dy0, S1(2,1) = -1, $1(3,1) =2,

(24)
$1(3,2) = =3, $1(4,1) = $1(4,3) = —6, S1(4,2) = 11.

Now, from (21), (23), and (24), we easily have

T/(\r)(n +rntr)=1, Ty)(l +r,r)=r1, T)(\r) (247,1)=—Ar+1?%,
TG +r,r) =202 =302 473, T (44 1,7) = —6A% + 11022 — 6783 + 1,

T)(\r)(2+7,1+r) = —A+2r, Ty)(3+r,1+r) :2)\2_6)u,+3,,2+£11,

TG 47,247 = =30+3r, TV (441,14 7) = —6A% +22A% — 18A12 — %A +4° +r,
TV (47247 = 11IA2 —18Ar + 62+ 1, TV (4+7,3+7) = —6) +4r.

Theorem 3. Forn, k > 0, with n > k, we have

T (n+r,k+7r) = Z(m+k>m'( )TM(nm+k| ).

m
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Proof. Now, we observe that

1a0 (do-ato) =pdo (do-aiosgio) (do-o'o)

D2 1012

m=0 m m n=m-+k
oo n—k

r m+k m. t"
n=k m=0 m

Therefore, by (17) and (25), we obtain the theorem. [

One can easily show that the inverse function of e, () is given by

th—1
log, (t) = SR (t>0),

so that e, (log, (t)) = log, (ex(t)) = t, /{in})log)\(t) = log(t).
H

1 _1
If g(t) = €3 (t) —e, *(t), then one can see that

2
_ t
g7 1(t) =log, <2+ 1+4> ’
where go g 1(t) =g log(t) =t

Theorem 4. For n > 0, we have

n
(xX+7)ur=) T)(f)(n +r,k+7r)xH
k=0

n k
=Y Toa(n k|5 +7r)(x)
k=0 2

60f 11

(25

(26)



Symmetry 2019, 11, 595 7 of 11

Proof. By (1) and (4), we get

(1) = & (1) (ealt) — 1+ 1)

|
XN
U

o)

(1) Y- (g (ea(6) — 1)

k=0

k 1 1 k
Wged 0 (0 -2 0)

Il
x
>

|
agh

27)

»
Il
o

tl’l
n!

() Ton (k| K + 1)
kL2,A\1, 2 n!~

|
agk

ad k
() Y Tz,/\(n,k|§ +7)
n=k

»
|

0

I
agk
1=

3
i
o
et
Il
o

Now, from the observations in (26) and (5), we have

(28)

n

Il
gk
il
Rax
2
118
o
=
+
>
»A
+
a

n!

= i ix[k]T)(\r)(n+r,k+r)t

H.

n

From (4), we note also that
(9] tn
et (t) = 2(x+r)n,,\ﬁ. (29)

Therefore, by (27), (28), and (29), we have the desired result. [

Note that, taking the limit as A tends to 0, we have

n

(x+nr)"=) T+ 7k +r)xH = Y Tz(n,k|§ +7) (%) -
k=0 k=0

Definition 2. The extended degenerate r-central Bell polynomials BS’X ) (x) are defined by

1 _1
x| e?(t)—e, 2

(f)> 0 m
e (t)e = Bflf'A’)(x)ﬁ (30)
n=0 :

Specifically, B;(;X) (1) = BSX) are called the extended degenerate r-central Bell numbers.
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Theorem 5. For n > 0, we have

" (x) = ) ka)(‘r)(n+r,k+r).
k=0

Proof. From (30), we note that

1
x e/%(t)—e_Z(t> 0 1 k
¢ (e < Zxk% ( 5 e—%(t)) ¢ (1)
k=0
[ee] (e} tn
YT D+ 1,k +r )—
k=0 n=k

n

:ZZ n+rk+r)1L

Therefore, from (30) and (31), the theorem follows. [

The central difference operator ¢ for a given function f is given by

and by induction we can show

#i0 = & (1) o= 5, gzo.

Theorem 6. Let n, k be nonnegative integers. Then, we have

1k if?’l<k,

0,
v =
k! (Fua {Ty)(n +rk+7r), ifn>k
Proof. By the binomial theorem, we have

1 1

ECICIORE

N—
—
—-—
SN—
N———
~
|-
)
NI
—
-
S—
Il M»
7N\
—
N———
—
—
S—
T
|
&Y
N
—~
—-—
N—

k k
=gk (1)
0 k n
- x (1) 0= 5+ Duay

If we choose f(x) = (x),, (n > 0)in (32), then we have

k
rhaa =X (1) 0 +1= Bhaal-15

1=0

8of 11

@)

(32)

(33)

(34)
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From (33) and (34), the following equation is obtained.

1 _1 k 0 n
%eg(t) (ei(t) —e,? (t)) _ Z %(5"(1’)Mt—,

= k! n!
Therefore, by (17) and (35), we have the result. O

From Theorem 4 and Theorem 5, we have

Bflf}r)(x) =) T(r) (n+r,k+r)xk
k=0

_ix n)u (”ZO)

Theorem 7. For n > 0, we have

Proof. From (30), we note that

1 1
0 n x ei(t)—eii(t)>
Y B () = bt (A '
n=0 :

=0 m=0
[ee] n n t?‘l
= n;JmZ—:o (m) (") n—ma mc);‘(x)E'

Therefore, by comparing the coefficients on both sides of (37), the desired result is achieved. O

Theorem 8. For m, n, k > 0, with n > m + k, we have

(m;k>T()(n+rm+k+r —Z( > (I4+rm+71)Top(n—1Lk).

Proof. We further observe that

1 1 m 1 1 k | 1 _1 m-+k
160 (d0-e'0) g (do-ato) =Tl go (dw-gto)
:(m+k> i T (n—l—rm+k+r)n
m n=m-+k

where m, k are nonnegative integers. Alternatively, the left-hand side of (38) can be expressed by

Lo (o —e i) L (o } > 70 Bt it
L (do-atn) g (do-ak )=;T @+rm+ ) L a0
=m j=
o n

n=m-+kl=m

i() (I+r,m+r)Th,(n lk)%.

9of 11

(35)

(36)

(37)

(38)

(39)
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Therefore, by (38) and (39), the desired identity is obtained. [

3. Conclusions

In recent years, many researchers have studied a lot of old and new special numbers and polynomials
by means of generating functions, through combinatorial methods, umbral calculus, differential equations,
p-adic integrals, p-adic g-integrals, special functions, complex analyses, and so on.

The study of degenerate versions of special numbers and polynomials began with Carlitz [1]. Kim
and his colleagues have been studying degenerate versions of various special numbers and polynomials
by making use of the same methods. Studying degenerate versions of known special numbers and
polynomials can be very a fruitful research and is highly rewarding. For example, this line of study led
even to the introduction of degenerate Laplace transforms and degenerate gamma functions (see [4]).

In this paper, we introduced the extended degenerate r-central factorial numbers of the second kind
and the extended degenerate r-central Bell polynomials. We studied various properties and identities
relating to those numbers and polynomials and also their connections. This study was done by using
generating function techniques.

Central analogues of Stirling numbers of the second kind and Bell polynomials are, respectively, the
central factorial numbers of the second kind and the central Bell polynomials. Degenerate versions of
the central factorial numbers of the second kind and the central Bell polynomials are, respectively, the
degenerate central factorial numbers of the second kind and the degenerate central Bell polynomials.
Extended versions of the degenerate central factorial numbers of the second kind and the degenerate
central Bell polynomials are, respectively, the extended degenerate r-central factorial numbers of the
second kind and the extended degenerate r-central Bell polynomials. The central factorial numbers of the
second kind have many applications in diverse areas such as approximation theory [21], finite difference
calculus, spline theory, spectral theory of differential operators [24,25], and algebraic geometry [26,27].

For future research projects, we would like to continue to work on some special numbers and
polynomials and their degenerate versions, as well as try to explore their applications not only in
mathematics but also in the sciences and engineering [29].
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