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Abstract

The objective of this paper is to build generating functions for new families of special numbers and polynomials, which are called
higher order degenerate Peters-type Simsek numbers and polynomials of the second kind. Using generating function methods,
we give both some fundamental properties of these functions with some relations among the higher order degenerate Peters-type
Simsek numbers and polynomials of the second kind, the Stirling numbers of the first kind, the higher order degenerate Changhee
numbers and polynomials, and the higher order Apostol-type Daehee numbers and polynomials. We also give some plots of these
numbers and polynomials via Wolfram Cloud. Further, applying a partial derivative operator to these generating functions, we
obtain derivative formulas for these new families. Eventually, we present further remarks on our new families including their
generating functions.
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1. Introduction

Special polynomials and numbers have useful applications in mathematics, engineering, and related fields, in-
cluding differential equations, functional analysis, mathematical physics, mathematical analysis, etc. It is known that
these numbers and polynomials can be found by using a variety of methods, such as differential equation, p-adic
analysis, generating function, and probability theory (cf. [1]-[28]). Moreover, one of the most important classes for
determining the combinatorial identities for special numbers and polynomials are Simsek numbers and polynomials.
The Simsek numbers and polynomials play and significant role in connecting the relationships between special num-
bers. Additionally, it has attracted the notice of many mathematicians to study and investigate degenerate versions
of some special numbers and polynomials in recent years. In 1979, Carlitz [2] first studied the degenerate versions
of some special numbers and polynomials. Afterwards, many authors gave some interesting results containing the
degenerate versions of special numbers and polynomials (cf. [5, 9, 17]). For example, the degenerate Simsek numbers
was studied by Oussi in [17].

In this paper, we introduce generating functions for the higher order degenerate Peters-type Simsek numbers and
polynomials of the second kind. Using these generating functions with their functional equations and differential
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equations, we obtain some novel relations for these new families linked with some special numbers and polynomials.
Furthermore, we show some special values and plots of these numbers and polynomials.

We give below some notations and definitions that will be utilized throughout the paper.

Let N, R, and C denote the set of positive integers, real numbers, and complex numbers, respectively, and also
Np := N U {0}. The falling factorial (w),, is defined by

p-1
@), =] |@w=-0
c=0

with (w), = 1 and p € N. Besides, we assume that log z denotes the principal branch of the many-valued function
with the imaginary part Im(log z) constrained by —7 < Im(log z) < « (cf. [1]-[28]).
The Stirling numbers of the first kind are defined by

(10g(1+t))k:k!Z(;Sl(v,k)% (1.1)

and

@), =) S1vpe’
p=0

(cf. [1]-[28D).

The numbers S| (v, k) satisfy the following relation:

SIv+LE-S k-1 +vS 1 (vk)=0, (1<k<v) (1.2)
with
Sivk) = 0, (k>v),
Siv,v) = 1, (veNy),
S1v,0) = S;0,v=0, (veN)

(cf. [1]-[28]).

Recently, many research on degenerate versions of special numbers and polynomials have been conducted by
some authors, see for detail [2, 5, 9, 17]. Some of these are the higher order degenerate Changhee numbers and the
higher order degenerate Changhee polynomials, which are defined by means of the following generating functions,
respectively:

e

cno L
(277+10g(1 +77t)) Z Yyl (1.3)

=0

and

2n ‘ ! ®
(2n+log(1 +nt)) (1 +log(1+nt) ) ZCh (x)

where k € N (cf. [5, pp. 300-301, Egs. (2.16) and (2.21)]).
The numbers Z)ik) (4) and the polynomials Z)(vk) (x; A) are defined by

(10g(1+/ll)) Z@(k)(/l) (1.4)

and

o)

log (1 + An)\* N r
(—g( ) A+ =) DP @A) =,

x+1
At s
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where k € Ny (cf. [19, p. 202, Egs. (9) and (10a)]).
The numbers Qik) (A1) and the polynomials b(vk) (x; A1), called the higher order Apostol-type Daehee numbers and
polynomials, are defined by

log () +log (1 + )\ & ¢
( : /12t+/lg—1 ) :ZD(VH(’DE (1.5)

and

k oo
log (1) +log (1 + A¢) ® I
l+a*= > D 3 A) —,
( 2t -1 )(+ ) Z:: v e
where k € Ny (cf. [19, p. 203, Eq. (15)]).
The Peters-type Simsek numbers of the first kind Y, (1) and the Peters-type Simsek polynomials of the first kind
Y, (x; A) are defined by

/12t+/l ZY (/z)t (1.6)

and

2(1+an* /lt)x -
Y, (x; 14
Prra-1 Z = )
(cf- [20, p. 568, Eq. (2.13) and p. 572, Eq. (2.19)]).
In [16], Kucukoglu et al. defined the numbers Yék) (A1) and the polynomials Yy‘) (x; A), called the higher order
Peters-type Simsek numbers and polynomials of the first kind, respectively,

RN
and
2 . i t
(m) (1+/lt)x:ZY£)(X,/l) ‘7, (18)
v=0 :

where A € C (or R) and k € Ny (cf. [16, p. 2340, Egs. (2.1)-(2.2)]).
Substituting k = 1 into (1.7) and (1.8), we get

YY) =Y, )

and
YW (1) = Y, (x:2).

The numbers Y, (1) and the polynomials Y, (x; ), called the Peters-type Simsek numbers and polynomials of
the second kind, are defined by, respectively,

00

12r+2u Z vzu) (1.9)
and .
v n e
m(um —;Y‘,,z(x,/l) 5 (1.10)

(cf. [22, p. 630, Egs. (12) and (14)]).

Note that these numbers and polynomials, given in Egs. (1.6)-(1.10), are members of the family of the Boole
numbers and polynomials, as well as the Peters polynomials and numbers. Thereof, these numbers and polynomials
given in Egs. (1.6)-(1.10) were first called Peters-type Simsek numbers and polynomials by Kucukoglu [13]. We
also note that these numbers and polynomials are used in many disciplines, such as combinatorics, probability, and
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algebra. Moreover, many authors have examined many applications of these numbers and polynomials (see, for
details, [3, 4, 6, 7], [10]-[16], [20]-[25], [27, 28]).

The paper is organized as below.

In Section 2, we construct generating functions for the higher order degenerate Peters-type Simsek numbers and
polynomials of the second kind. We not only investigate some properties of these numbers and polynomials, but
also give many novel relations involving the Stirling numbers of the first kind, the higher order Apostol-type Dachee
numbers, and the higher order degenerate Changhee numbers. Moreover, we present some plots with special values
of these numbers and polynomials.

In Section 3, applying derivative operator to the generating functions of the higher order degenerate Peters-type
Simsek numbers and polynomials of the second kind, we obtain functional equations of these families. With the help
of these equations, we give some relations and recurrence formulas involving these numbers and polynomials.

Finally, a conclusion section is provided.

2. Generating functions for higher order degenerate Peters-type Simsek numbers and polynomials of the sec-
ond kind

In this section, we build new families of higher order degenerate Peters-type Simsek numbers and polynomials
of the second kind with generating functions. With the help of these functions, we examine some properties of these
numbers and polynomials. Moreover, we derive some new formulas related to some special numbers. Using these
formulas with Wolfram Cloud, we present some special selected plots of these numbers and polynomials.

Let k € Ny, 1 € C (or R) and € R\ {0}. We define the higher order degenerate Peters-type Simsek numbers

of the second kind Yékz)(/l | 77), and the higher order degenerate Peters-type Simsek polynomials of the second kind

Y Skz) (x; A | 7), by means of the following generating functions, respectively:

k

2 > ) r
N(t,k;/l,n)=[ 3 ] = Yﬁz(/lln)— 2.1

Llog(1+n) +2(A~1) Z::g ’ v!

and
k X s
N(t,x,k;A,m) = 2 (1+/—110g(1+77t)) :ZY(k)(x'/lln)ﬁ (2.2)
e Llog (1 +n1) +2(A-1) n £47v2 W

Substituting x = 0 into (2.2), we have
Y ©O:alm =Y @1,

Setting k = 1 in (2.1) and (2.2), the higher order degenerate Peters-type Simsek numbers and polynomials of the
second kind are reduced:
Yoo (Ala) =Y (]

and
Yio(xidla)=Y5 (1] e),
which are called degenerate Peters-type Simsek numbers and polynomials of the second kind from now on.
For k = 0in (2.1) and (2.2), we obtain
Yo@lm=1 YQ@lm=0 (veN)

and
v

YO s alm) =" (6,81 (v, m) """,

m=0
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It follows that, for  — 0, the Egs. (2.1) and (2.2) reduce to the following relations:
lim Y5 (1 m) = 1,5 (D)

and
lim YH ) =r8 @,

where the numbers Y| ® 5 (4) and the polynomials Y( )(x A) denote the higher order Peters-type Simsek numbers of
the second kind and the higher order Peters-type Slmsek polynomials of the second kind defined by the following
generating functions, respectively:

2 RS y®
&Wﬁﬁjﬂ ; “) 23
and
2 k o
(wr2a) “””“Zy( D1 e

which are special cases of a unification and generalization of the Peters-type Simsek numbers and polynomials,
denoted by Y,(l]f;,f’b) (1) and Y,(f,’,f’b) (x; 1), when a = b = 1 and m = 2 (see, for details, [14, p. 80, Egs. (3.1)-(3.2)]).
When k = 11in (2.3) and (2.4), we have
Y () =Yoo (D)

and
Y () = Y0 (x5.0)

Using (1.7) and (2.3), it follows that

©0 £ Y(k) ( /l) s
2 (k) z v v
Y, (/l) 2V oyl

v=0 v=0
When the coefficients of 5 on the two sides of the previous equation are compared, we get the following result:

Corollary 2.1. Let v,k € Ny. Then we have

Y @)
(k) v
Y, )= T 2.5)
Setting k = 1 in (2.5), we get
1 Y, ()
v 2 ( ) vl
(cf. [22)).
Theorem 2.2. Let A € C (or R) with A # 1. Forv € N and k € Ny, we have
L\ o [k
Z( )Z( )p! (A= 1FP 20277 S () YO (A ) = 0,
—o V'm0 \P '
r p
where Y(k)(/lln) o 1)k
Proof. From (2.1), we have
k o (K (22 ! iy N\ )
2F = — log (1 + nt)) 2A-2)"7 > Y (1] n) (2.6)
205 2

v=0
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Using (1.1) and (2.6), we obtain

KR\ plaze (A= DEr &
=Z() P ZSMVP)",VZY“W")

=0

S

Thus,
v k
_ v k p!/lzp (/l— l)k P (k)
S SN s i

v=0 r=0

When the coefficients of % on the two sides of the previous equation are compared, we get the desired result.

Theorem 2.3. Let A € C (or R) with A # 1 and v,k € Ny. We have

(k) ym m+k— A2 " N
A= l)kZ( >( ! )(—217(4-1)) S (rm)

Proof. By using (2.1), we have

1
Zy(k)(/ll
v! A

u — 1) (5 log (1 +70) + 1)

Assume that ‘ log (1 + nt)‘ < 1, and using binomial series expansion in the above equation, we obtain

/12

27(a-1)
e (k) 1’ m+k— /12
;Yﬂwm =@-1y Z( . )(2n(1 )(log(1+77t))

Joining the above equation with (1.1) and using some calculations, we get

% r m+k—1 A2
ZY&Z)(M'])W A- 1)"22( m )(277(1 ﬁ))mnsl(vm)

v=0 v=0 m=0

Q2.7)

When the coefficients of % on the two sides of the previous equation are compared, we obtain the asserted in Eq.

Q7).

O

Remark 2.4. Forn — 0 and k = 1, Eq. (2.7) is reduced to the following result which is given by Simsek [22, p. 632,

Eq. 2D)]:
Yoo (D) = (=1’ vIA?27V (A-1) L,
Using (2.7), the first few values of the numbers Ysk; (4| n) for v are given as follows:

1
(A= DF
A2k
_2(/1—1)]”1’
1 (kmz +k(k+1)/l4)
@a-D\2@-1) 4@a-17
1 kP2 3k(k+ Dpd* k(k+ 1) (k+2)2°
u—l)"(_ﬂ—l_ 4A-17  8(-1) )

Yeo (X1 m)

k
Y5 @y

Y39 @1 n)

Y9 (1 m)
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392 214 6
Y“‘)(/lln) 1 k(3kn/1 . 11k(k+1)zzl +3k(k+1)(k+32)77/1 )
(-1 41-1) 41-1)
1 (k(k+1)(k+2)(k+3)/lg)
+ b
1=1F 16(1-1)*
YOl = 1 (_12kn4/12_25k(k+1)n3/l4_35k(k+1)(k+2)n2/16)
s2 U= T a1 21— 17 81— 1)
. 1 (_5k(k+1)(k+2)(k+3)r]/18 k(k+1)(k+2)(k+3)(k+4)/l‘0)
A=1F 81— 1* 32-1)

From (2.7) with Wolfram Cloud [29], some plots of the numbers Yikz) (A | ) for the special cases are presented in
Figure 1 and Figure 2.

Y2
2.0
1.5+
— Y53(A12)
1.0
vl 2)
0.5/ — Yi3l2)
— vii@12)
— Yi3(A12)
-0.5+
-1L.0-
Figure 1. Plots of the numbers Yf“; (1]12) whenv € {0, 1,2,3,4} and A € [2, 10]
vial )
0.4
— Y53(A|6)
yal vidale)
— Yi3(Al6)
. L )
— Yi3@A|6)

Figure 2. Plots of the numbers YE42) (1| 6) whenv € {0,1,2,3,4} and A € [-7,-0.5]
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Theorem 2.5. For v,k € Ny, we have

® VMY ® P
le(x,Mn)—Z(r)Z(xW,,z<A|n>s1<v—r,mun :

r=0 m=0

Proof. In view of (2.1) and (2.2), we find that

o

RN RS A\" (log (1 "
ZYif?(x;m)%=ZYéf‘é<z|n>%Z_;<x>m( ) (og L+ )"

n |
v=0 v=0 n m:

From the above equation and (1.1), we obtain

e ® . ﬁ_ e ® ﬁ [} v il m Vﬁ
Z:YM(x,Mn) - _ZOY‘“Z @l — Z;Z)(x)m(n) S1myn’—

Therefore, we have

[ Vv [ 4 v—r v
® () ro_ v ) —
IRSCIIEE ZZ(V)Z% A1 St =rom) (0, A",

v=0 v=0 r=0 m=0

When the coefficients of % on the two sides of the previous equation are compared, we get the desired result.

Remark 2.6. Forn — 0and k = 1, Eq. (2.8) reduced to the following result:

\4

Yv,2 (XQ /1) = Z (:) Yr,2 (/l) (x)v—r A

r=0
(f. [22, p. 630, Eq. (15)]).

From (2.8), the first few values of the polynomials Ysz) (x; 4| n) for v are given as follows:

1
YAl = ——,
02 1 (A-1k
5} xA /lzk

r® (x; A - ,
12 (5 A1 A-1F 21—

kxA3 kna® +k(k+1)/l4

YR (x; 2 = —xA -na2-
hs (Al m) TG xAn+x(x—1) -1 21-2 21
3kxnA3 3kx(x— 1A%
k) (... _ 2 2 Ui 3
Y3’2(-x9/1|77) - (/l—l)k (zxn/l_?’(x_l)xﬂ/l +m+x(x—1)(x—2)/l —T

2 k(k+ 1)14)_ kP2 3k(e+ Dnat kGe+ 1) (k+2)2°

1
———[+3x2
Jr(ﬂ—l)k(ﬂc(21—2+4(A—1)2 -1 4(1-1)7 8(1-1)°

k)

2.8)

From (2.8) with Wolfram Cloud [29], some plots of the polynomials Yi,z (x; 4| n) for special cases are presented

in Figure 3 and Figure 4.
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2

b6 0.31 2)

150+

. = = is

-200}

— Y530 0.3]2)
— ¥ 032
— v} 032
— ¥i3(x0.3]2)

— Y3(x0.3]2)

Figure 3. Plots of the polynomials YSSZ) (x;0.3|2) whenv € {0,1,2,3,4} and x € [-15, 15]

Y% 0.5(3)

2000+

— Yi3(x;0.5]3)
— vi3(x05(3)
— Y3} 0.5]3)
— Vil 0.5]3)

— Y3t 0.5]3)

Figure 4. Plots of the polynomials Y542) (x;0.5]3)whenve{0,1,2,3,4}and x € [-17,17]

Theorem 2.7. Forv € N and k € Ny, we have
k v—p
k\ [ 22\ _ =
Z( )(7) (A= 1D7 ), Z( p)Di"’ YL, ., @lm=0.
p=0 P r=0 r

Proof. From (2.1), we can write

2k = 3 kﬂzpl 1 P (21 2"‘1’001/(")1 r
—;) o) Qog (1) 2a-2) Z; Q@i
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Joining the above equation with (1.4), we get

| = Z(p)/lz‘” (A -1k iD(k)( y Zy(k) (] 77)

p=0 v=0

Hence
v

AN k\,- -p N V—=p t
:ZZ(p)z P(/l—l)kz,pp(v)p;( . ) (k)(")Yik),, rz(/”n)ﬁ

v=0 p=0

When the coefficients of % on the two sides of the previous equation are compared, we complete the proof.

Theorem 2.8. Forv € Ny and k € N, we have

Y(k)[1¢i\/§|n)_( 2 )" cHo
272 T1wiv3)

where i* = —1.

Proof. Substituting

where iZ = —1, into (2.1), we get

s k
Zy(k)(1¢ix/§| )ﬁ_ 1 2
v2 2 g v! (_,;iﬁ)k 2+%10g(1+r]t) )

= 15iV3, ¢ 1 - t

(k) R ) Z_

ZYV,Z[ 2 | 77) V! - (_1$i\/§)k Z_(;Chv,nv!.
— ) "

When the coefficients of % on the two sides of the previous equation are compared, we obtain the desired result.

Theorem 2.9. For v,k € Ny, we have

\4

k
@) = Z( )(k»(log DRI (1, )Y, ().
r=0 p=0

Proof. From (1.5) and (2.3), we can write

= pW P @ AW gy
e (log/1+log( 2)) Yrhw.

v=0 v=0

Utilizing the above equation and (1.1), we obtain

yrwe Z(k»(logﬁ)" stmv O ESR

v=0 v=0

Thus

(k) v
th u)r Z(k)p(logd)k ”ZZ( )( ) S\ p)Yuc)z(/l)

v=0 =0 r=0

When the coefficients of % on the two sides of the previous equation are compared, we get the desired result.

195
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3. Partial derivative equations of higher order degenerate Peters-type Simsek numbers and polynomials of the
second kind

In this section, we give some derivative formulas for the higher order degenerate Peters-type Simsek numbers
and polynomials of the second kind by applying the partial derivative operator to the generating functions for these
numbers.

Theorem 3.1. For v,k € Ny, we have
0
srina@imp= k50 dasanm.

Proof. By applying the derivative operator to Eq. (2.1), we get

k+1
g {N@kA,m} = - 2 ] (il log (1 + 1) + 1). 3.1
al nlog(1+nt)+2(/1—1) n
Hence .
> gilraaim)f = —kZ A s
When the coefficients of % on the two sides of the previous equation are compared, we get the desired result. U

Theorem 3.2. Forv,k € N, we have

2
(kH) Aln) = B ( yfr)l , (A1) + r]vY(k) ] 77))-
Proof. Taking partial derivative of Eq. (2.1) with respect to #, we get

P k22 2 !
a. N(ta k; /1, ) = - B . (3.2)
6t{ ) 2(1+np) %’log(l+7]t)+2(/l—1)

Thus,
LSy i 2SS Y@ a -
) ZO v,2 ( |n);_z »+12( |T7)E+UZOVV,2( |77);
V= v=0 y=

When the coefficients of 5 on the two sides of the previous equation are compared, we arrive the desired result.  [J

Theorem 3.3. Forv € N and k € Ny, we have
—AZ( 1) ( ) Ty, e -1-nyP_@ain)

— y®

A2k
V+12(/l|n)+an(k)(/lIn)+ Y& 1)

Proof. Combining (3.2) with (3.1), we have

A2 0
—{N@tkA,m}.

9
NGk Ay} =
i ™) 2(1+m)(§1og(1+m)+ 1) 04

Therefore,

[ad
(—log(l + ) + 1)[2 r® L@l n) - +7]ZVY(k) Aln Z y&Y iy o

v=0
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Joining the above equation with
log(1+1) < (=D
t - — v+ 1

s

we get

0 (_])antv R ® t ® V 3 /1 k (+1) . tv
L“Z%'—;;q—-+1 R AICIDE +n§§ wh@Ip L= =5 Y v sl

v=0 v=0

After some algebraic operations, we obtain

”‘”(IY’ﬂ“JﬁM) & e =1-nYE L@l
AZZ n ’MZ_;Z ¢

22 e -1-nt N e § Y e
tV
+ ZYii)lz(/lln)ﬁ+nZvY(")(ﬂ|n)

kO e . ¥
= Y@

v=1

When the coefficients of # on the two sides of the previous equation are compared, we get the assertion result. O

4. Conclusion

In this paper, the higher order degenerate Peters-type Simsek numbers and polynomials of the second kind and
their generating functions were constructed. Using these functions, we investigated some fundamental properties of
these new special numbers and polynomials. We gave some identities and formulas related to these numbers and
polynomials, the higher order degenerate Changhee numbers, the higher order Apostol-type Daehee numbers, and the
Stirling numbers of the first kind. We also gave some calculation formulas for the higher order degenerate Peters-type
Simsek numbers and polynomials of the second kind. Utilizing these calculation formulas, we both calculated these
numbers and polynomials and presented their plots via Wolfram Cloud. Further, applying a partial derivative operator
to these new generating functions, some formulas for these numbers and polynomials were found. Consequently,
since generating functions have a variety of applications, the results of this paper have the potential to shed light on
the increasing attempts to use mathematical modeling tools in different areas of mathematics, engineering, and many
other related areas.
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