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Abstract: In this paper, by introducing degenerate Fubini-type polynomials, with the help of the Faa
di Bruno formula and some properties of partial Bell polynomials, the authors provide several new
explicit formulas and recurrence relations for Fubini-type polynomials and numbers, associate the
newly defined degenerate Fubini-type polynomials with degenerate Apostol-Bernoulli polynomials
and degenerate Apostol-Euler polynomials of order «. These results enable one to present additional
relations for some degenerate special polynomials and numbers.
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1. Motivations

For z € C, higher-order Bernoulli polynomials B,(f)

()

(z) and higher-order Euler polyno-

mials E;; / (z) of degree n in « are defined in [1] by means of the generating functions
w ¢ Zw iB(“)( )win
ev—1) ¢ T P
and

|
agk
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2 ezw —
e’ +1 = !

respectively. For « = 1, the quantities B,(f‘) (z) and E,({X) (z) become the classical Bernoulli
polynomials B, (z) and Euler polynomials E,(z), which are defined by means of the gener-
ating functions

ezw [« wl’l
T ) B”(Z)W’ lw| < 27
n=0 :
and o .
2e > w
ew 4+1 = nZOEn(Z)W/ |w| <7

respectively, where z € C. In particular, the rational numbers B, = B,(0) and integers
E, =2"E, (%) are called classical Bernoulli numbers and Euler numbers, respectively.
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Generalized Apostol-Bernoulli polynomials By,
and Srivastava by means of the generating function

( w )“ezw: iB( (2, wwi‘

vev -1 n=0

z,7) were defined in [2-4] by Luo

forz,y € Cand
27, =1,
o] < !
[Iny|, v#1
Generalized Apostol-Euler polynomials E,(f‘) (z,7) for z,7y € C were defined in [5] by
means of the generating function

2\ o @, W
<’yew+1> € = ;Ena (Z/’)/)W

for17" =1 and

T, ry=1
jw] <
[In(=7)[, 7r#1.
The ideas for these generalizations originated from the paper [6].

For z € Cand 7 € C\ {0}, Carlitz defined [7] degenerate Bernoulli polynomials
B, (z, T) and degenerate Euler polynomials E,(z, T) by

w
/T _
(1+Tw)1/7—1(1+rwz ' EB" z7)

and
2

/T _
(1+Tw)1/T—|—1(1+TwZT ZEnZT

When z = 0, these quantities are respectively called degenerate Bernoulli and Euler numbers.
For z,v € Cand 7 € C)\ {0}, the degenerate versions of the Apostol-Bernoulli
polynomials and the Apostol-Euler polynomials of order & were introduced in [8] by

n

L(HTZ)UT—J (14 Tw)™ = ZB Em M M

and
n

2
1—|—Twz/T:ZE myw ?)

{7(1 +Tw)1/T+1r(

respectively. Since lim;_,o(1 + tw)!/™ = e¥, when T — 0 and a = y = 1, the Equations (1)

and (2) reduce to the generating functions for classical Bernoulli and Euler polynomials, re-
spectively.
For further and detailed features of the polynomials above, interested readers can
consult the studies [5,9-14] and related references therein.
In this paper, we focus on Kilar and Simsek’s recent study [15], in which a family of
Fubini-type polynomials a,(;") (z) for z € C were introduced as
2!X

W = 2 a(“) —, a«€Ny, [|w]<In2. ©)

In particular, the quantities a( )( 0) = agfl) are called the Fubini-type numbers. The two

authors connected these polynomials and numbers with other celebrated polynomials and
numbers such as the Apostol-Bernoulli numbers, the Frobenius-Euler numbers and the
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Stirling numbers via generating function methods and functional equations. Very recently,

Srivastava and Kizilates extended in [16] Fubini-type polynomials aE{X) (z) to parametric

kind families of Fubini-type polynomials by considering two special generating functions
and obtained many relations concerning these and other parametric special polynomials
and numbers. As emphasized therein, Fubini-type polynomials a,(;") (z) are special case

of generalized Apostol-Euler polynomials E,(f‘) (z,7). Concretely speaking, the identity

E,(lza) (z,—-3) = 23”‘1121) (z) is valid. Further investigations on Fubini type polynomials and

numbers can be found in [17-21], and plenty of references cited therein.

On the other hand, the last two authors of this paper and several other mathematicians
have studied a number of explicit formulas, recursive formulas, and closed-form formulas
for some significant polynomials and numbers by applying the Faa di Bruno Formula (6)
shown below, employing some properties of partial Bell polynomials (or the Bell polyno-
mials of the second kind), and utilizing a general derivative formula for a ratio of two
differentiable functions. See, for example, the papers [22-33] and related references therein.

In this paper, for z € C and T € C)\ {0}, we introduce a degenerate version of
Fubini-type polynomials as follows:

20{
2— (14 tw) /T

00 n
(1+1w)”" =Y M (z, T)%. @)
n=0 :

Note that, for z = 0, the quantities ) (0,7)= ad (7) are called degenerate Fubini-type

numbers. If T — 0, then these quantities reduce to Fubini-type polynomials aff‘) (z), as
mentioned above.
In parallel with the conclusion given in [16] (Remark 4), we infer a relation

1 1
ol 1) = B (275 ©

between degenerate Fubini-type polynomials and degenerate Apostol-Euler polynomials
of the order «.

In this paper, with the help of the Faa di Bruno Formula (6) and some properties of
partial Bell polynomials, we derive some new explicit formulas, closed-form formulas,
and recurrence relations for degenerate Fubini-type polynomials and numbers and for
Fubini-type polynomials and numbers. Moreover, we provide the relationship between
degenerate Fubini-type polynomials and degenerate Apostol-Bernoulli polynomials of the
order «.

2. Necessary Lemmamas

In order to prove our main results, we recall several Lemmamas below.

Lemma 1 ([34] (pp. 134 and 139)). The Bell polynomials of the second kind, or say, partial Bell
polynomials, denoted by By, (w1, wo, ..., wy_+1) for n > k > 0, are defined by

! n—k+1 oo\ i
M 1
Buswonwncnie) = ¥ i 1T ()
1<i<n—k41 TLZ7 40 21 \ B
Z,‘G{O}UN
Ciit=n
Z?;1k+lzi:k

The Faa di Bruno formula can be described in terms of the Bell polynomials of the second kind
Bn,k (wll w2, ..y wn,k+1) by
d" Lk / I k+1
g/ on(t) =Y fOh(D)Buc (1 (£), W (1), ..., KD (1), ©6)

k=0
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Lemma 2 ([34] (p. 135)). Forn > k > 0, we have

abnfk+1

2 k
Bn,k (abX1,ab wy, .. wn—k—H) =a anVl,k(wl/WZ/ ey wn—k—i—l)/ (7)

where a and b are any complex numbers.
Lemma 3 ([34] (pp- 135 and 206)). For n > k > 0, we have

B,k(1,1,...,1) = S(n,k), ®)
where S(n, k) stands for the Stirling numbers of the second kind, which can be analytically generated
by

(et _1)k 00 i

o = ZS(”'k)E'

n=k

Lemma 4 ([35] (Remark 7)). Forn > k > 0, we have

n—k
B,k <1,1 - (=@ -2p),.... (01— 5#))

S(n, k), u=0
and )
|
B, W)z W) = 05 L0 () () (10
=0
forn >k e Ngand A, u € C, where
k-1 1) (2 —
=TG- = {z(z 1) (z—=k+1), k EN an
=0 1/ k=0

is called the falling factorial of the number z € C and

I'(w+1)
N_ — N_
Teriw-z1y VFN- zw-z¢
0, w¢ N_, zeN_orw—zeN_
(w)2
(w) _ o weN_, z € Np (12)
z <w>w—z
, w,zeN_, w—zeNy
(w—2z)!
0, w,ze N_, w—zeN_
0o, weN_, z &7

for the classical Euler gamma function

r li mim? C\{0,—-1,-2
(W)—mll}lom, w e \{,— ; ,}

3. Explicit and Closed-Form Formulas and Recurrence Relations

In this section, among other things, we provide some computational formulas for
degenerate Fubini-type numbers, present some explicit formulas and recursive relations for
Fubini-type polynomials and numbers, and consequently derive some closed-form formu-
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las and recursive relations for degenerate Apostol-Bernoulli polynomials and degenerate
Apostol-Euler polynomials of the order «.

Theorem 1. For n € N, degenerate Fubini-type numbers can be computed by

@)\ (20) & 0, (K (20 —1
a (z)—z(n—l)!k;O 5 K;O(—l) é(ﬁ)(m—l)’ (13)
where the rising factorial
= Jww+1) - (w+n—-1), n>1
(w)n—g(w+€)—{1l 10

is also called the Pochhammer symbol or shifted factorial. Consequently, for the special case of
(@)

degenerate Apostol-Euler polynomials E,;” (z,z,7y), we have

EPY (o,z, —;) = z(n—1)12% f <2;‘!>’< Y (~1)% (’2) <7;f_11> (14)

Proof. Applying f(u) = (2—u)"2* and u = g(t) = (1 + t#)V/7 to the Faa di Bruno
Formula (6) and making use of the identities (7) and (9) or (10), we find

d"[(2- (1+THYT) 2] o, gk (@ - )

" :kgo duk

By (14711707,
1-1)(1+)2/7 (1 —1)1=21)---[1— (n—K)T](1+ Tt)[l_m_mm/f)
= i (—2a)(2 - u)’z”‘*an,k<(1 4ot 1=D/T (1) (1 4 o) 1-20/T,

k_o (1- 1)1 =27)---[1— (n— k)T (1+ Tt)u_(n_kﬂm/f)

— ;(—ZaﬁcBn,k(l,l —7,...,(1=1)(1=27) - [1 = (n—k)1])
=0

-1y (2:!)" i(—n%(ﬁ) Cf—ll)

k=0 (=0

ast — 0 and u — 1. Considering the generating function for degenerate Fubini-type
numbers, that is, for x = 0 in Equation (4), completes the proof of (13).
From the relation (5), the identity (14) follows. [

Theorem 2. Fubini-type polynomials a,(f) (z) possess the explicit formula

n k

dWz) =22y (Z) Y (20);S(k,i)z"F, (15)

k=0 i=0

where S(n, k) represents the Stirling numbers of the second kind.
(a)

Fubini-type numbers a,, ' can be computed by

n

ol = 2%y (2a);S(n, i). (16)
i=0

Generalized Apostol-Euler polynomials E,(f‘) (z,7) can be expressed as

n k
E(%) <Z,_;> =2y (Z) izo(za)iS(k, i)z k. (17)

k=0
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Proof. From the Formulas (6)—(8), it follows that

k(n 20 k
(i(zcu(;)zz(;)<_2“>i(2 e) —20— szl( t,—et,...,—et)
k .
= E<—2a>l(2 _ et)*2ﬂéfz(_1)z etl Bk,i(lr 1,.. ’1) (18)
i=0
k
— Y (20);S(k,i), t—0.

0

k
It is obvious that ﬁ (e?t) = zFe”* — zFast — 0. Using Leibnitz’s formula for the nth
derivative of the product of two functions, we obtain

k

im [ 2] — ey (M) Y (20)iSk, )2
35 |2 — e p Sk

k=0 i=0

Considering the generating function in (3), we acquire the Formula (15) for a,(f() (z).
For z = 0 in (15), we immediately arrive at the identity (16).

The Equation (17) can be verified from the relation (5) between Fubini-type polynomi-

als o} )( ) and generalized Apostol-Euler polynomials EY (z 7). The proof is, therefore,

complete. [

()

Theorem 3. Fubini-type polynomials a,, ' (z) satisfy the recurrence relation

i <Z> nik(—za)is(n - k,i)a,(f‘) (z) = 2%z".

k=0 i=0

In particular, Fubini-type numbers a,(f‘) satisfy

n n n—k
Y <k> Y (—24);S(n — k,i)a,ﬁ“) =0. (19)

k=0 i=0

Generalized Apostol-Euler polynomials E,(,'X) (z, ) possess the recurrence relation

n n—k
£ S ()

k=0 i=0

Proof. Since .
[(2- et>2a} [(2_28t)2a ezt:| _ et

by remembering the generating function of Fubini-type polynomials (3) and by proceeding
as in the proof of (18), differentiating n times with respect to t on both sides deduces

£ (it ”d[u}

k=0

50,

Y
f()ngl n—kz)()(z), F—=0

k=0
= 2%z

Z’X Z( 1)f tls(”—kl)ddkk[( 22 Fy2a ezﬂ

1
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The first required result is thus proved.

Further setting z = 0 in the first result immediately yields Equation (19).

The Formula (20) can be straightforwardly derived by the same manipulation, as in
proofs of previous theorems. [

Theorem 4. The relation (2
w 1
() _ B (z13)
a, 5, (2,T) = (1) (21)
holds true, where B,(,a)(

defined by (1).

z,7T,7) stands for degenerate Apostol-Bernoulli polynomials of order «

Proof. When putting v = % and replacing « by 2« in (1), we have

iB(zﬂ‘) 1 ﬁ _ t 2a(1+ t)z/r
n ZrT/Z = l( T

! 1+ /T —1

n

— tZa Z a("‘) t

N t"

n—2u¢(zf T) (I’Z — 20{)!

() !
)20, 5, (2, T) ot

ni;.a
3

n=0
which completes the proof. [

We now are in a position to conclude our study in this paper with the following two
recurrence relations for degenerate Fubini-type polynomials by applying the generating
function methods.

Theorem 5. For n > 0, we have

a,(f‘)(z-i— 1,7) = 261’(106)( 7) — \/Ea(“ 1/2)(2,1-).

Proof. From the generating function in (4), we have

3 " 2%(1+TH)T
r;)[ (04) (Z +1; T) — agl )(z T)] i [2 — (1 " Tt)l/T]ZtX [(1 + Tt)l/r . 1}
{20 AN I S
= [2— (1+Tt)l/r]2a—1 2 _ (1—|—Tt)1/T
(1) 20-1/2(1 4 ¢4)7/7
-1+ Tt)l/T]M [2— (1+7t)1/7]2-1/2)
oy W @172, "
- 7;]617’! (Z/T 2 2 ay E
- o N— t?l
= Z[a,(q /(z,7) — V2a, 1m(z,r)]—.

n!

3
Il
o

tn

Comparing the coefficients of the terms ;; completes the proof. [

Theorem 6. For n > 0, degenerate Fubini-type polynomials a< )(z, T) satisfy the recurrence
relation

aEszl(zl +24+7,7) = (21 + 22+ T)ay al® )(zl +25,7T) + \fZaan"‘H/z (z1+22+1,7). (22)
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In particular, we have

'), (w) = wal) (w) + V2aalP (w +1). (23)

Proof. Differentiating on both sides of (4) with respect to t yields

d( 2“(1—|—Tt)Z/T ) 2a< z(l—l—Tt)(Z_T)/T 2“(1_|_Tt)(z—1+1)/r> o4
dt\2-(1+)V/72e ) 7 \[2— (A +t)V/7]20 " [2— (1 + 7t)1/7]2at1 )"

Replacing z by z; 4+ zp + T and evaluating the terms on both sides of (24) separately lead to

d 2"‘(1 + .L.t)(21+22+1')/r B I (®) "

df( 2—(1+tt)l/7]2 ) *ngoanﬂ(zl +2+TT) (25)
20(1  1t)(;t+z)/T © o

(z1 +220+7T) [2(_ 1 +)Tt)l/r]2“ =(z1+22+7) Z a,g >(21 + 2o, T)E’ (26)

n=0

and
n

2a+1/2(1 + Tt) (z14+22+1) /7
[2 — (1 + Tt)UT]Z(oH—l/Z) -
Substituting (25)—(27) into (24) gives the Formula (22).

Letting T — 0 and taking z; 4 zp = w in (22) enables us to derive the Formula (23) for
Fubini-type polynomials. The proof is complete. [

(27)

ad t
V2a ) aﬁ,’”l/z)(zl +2z0+1, T)E
n=0 .

Remark 1. From the relations (5) and (21), the counterpart identities in Theorems 5 and 6 can be
presented for degenerate Apostol-Bernoulli polynomials and degenerate Apostol-Euler polynomials
of the order «.

Remark 2. We note that, in recent years, the last two authors and their coauthors have investigated
several other degenerate polynomials and numbers in the papers [36,37].

4. Conclusions

In our recent study, we introduced and dealt with degenerate versions of Fubini-type
polynomials. Utilizing the Faa di Bruno Formula (6), employing some properties of partial
Bell polynomials, such as (7)—(10), and using generating function methods, we derived
several new explicit formulas, closed-form formulas, and recurrence relations for degener-
ate Fubini-type polynomials and numbers and for Fubini-type polynomials and numbers,
defined by Kilar and Simsek in [15]. Furthermore, by associating degenerate Fubini-type
polynomials with degenerate Apostol-Bernoulli polynomials and degenerate Apostol—
Euler polynomials of the order &, we presented some identities for these polynomials and
numbers.

In the future, a relation involving degenerate Fubini-type polynomials and degenerate
Apostol-Genocchi polynomials of order «, defined by [8] (Equation 2.6), could be given
and further relations could be obtained by similar methods used in this paper.

This paper is a revised version of the arXiv preprint [38].
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