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Abstract: Numerous polynomials, their extensions, and variations have been thoroughly explored,
owing to their potential applications in a wide variety of research fields. The purpose of this work is
to provide a unified family of Legendre-based generalized Apostol-Bernoulli, Apostol-Euler, and
Apostol-Genocchi polynomials, with appropriate constraints for the Maclaurin series. Then we look
at the formulae and identities that are involved, including an integral formula, differential formulas,
addition formulas, implicit summation formulas, and general symmetry identities. We also provide
an explicit representation for these new polynomials. Due to the generality of the findings given here,
various formulae and identities for relatively simple polynomials and numbers, such as generalized
Bernoulli, Euler, and Genocchi numbers and polynomials, are indicated to be deducible. Furthermore,
we employ the umbral calculus theory to offer some additional formulae for these new polynomials.

Keywords: Legendre-based Apostol Bernoulli polynomials; Legendre-based Apostol Euler
polynomials; Legendre-based Apostol Genocchi polynomials; summation formulae; symmetric
identities; umbral calculus

MSC: primary 11B68; 11B83; secondary 33C05; 33C45; 33E20; 05A40

1. Introduction and Preliminaries

Certain multivariate special polynomials enable the study of various classes of partial
differential equations that are often encountered in physical problems. It arises often in
physics or applied mathematics that the solution of a specific problem needs the evaluation
of infinite sums linked with special functions. This sort of problem occurs, for example,
in the computing of a distribution’s higher-order moments or in the evaluation of tran-
sition matrix elements in quantum mechanics. Dattoli [1] demonstrated that summation
formulae for special functions, which are often encountered in applications ranging from
electromagnetic processes to combinatorics, may be stated in terms of multivariate Hermite
polynomials. For example, the 2-variable Hermite Kampé de Fériet polynomials H, (x, )
(see [2]) defined by the generating function:

o0 tn
exp (xt +yt2) = ngoHn(x,y)a (1)

are a solution of the following heat equation:

2

0 0 "
@Hn(x,y) = ﬁHn(x,y) and Hy,(x,0) = x". ()
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Higher-order Hermite polynomials H;; ’(x,y), sometimes called Kampé de Fériet
polynomials of order m or the Gould-Hopper polynomials, defined by the generating
function (see, e.g., [3] (p. 58, Equation (6.3))):

e} n

exp(xt +yt") = Z 1 (3)

are the solutions to the generalized heat equation (see, e.g., [4]):

0 "

S0 = S5 fxy) and fx0) =" @
Note:
HY (x,y) = Ha(x,y) 5)
and
H,(2x,—1) = Hy(x), (6)

where H,,(x) are the classical Hermite polynomials (see, e.g., [5,6]).
The 2-variable Legendre polynomials S, (x,y) and R, (x,y) are given by (see [7]):

(3] xkyyn =2k
=nl) e @)
kz‘a (n— 2k (k!)2
and
%] Yk yn—kyk
R -~ 7 @ J
Z (7 — 2k (k)2 ®
respectively, and related with the ordinary Legendre polynomials P, (x) as (see, e.g., [6]):
1—x? 1—-x 1+x
Pn(x)—sn<—4 )Rn< 5 ' o ) (9)
From (7) and (8), we have:
xl2]
Sn(x,0) = nlsms,  Su(0,y) = y" (10)
[()4]
and
Ra(x,0) = (—x)", Ru(0,) =" a1

The generating functions for two variable Legendre polynomials S, (x,y) and R, (x,y)
are given by (see [7]):

n

ethO(—xtz) = Z n(x,y)ﬁ (12)

n=0 :

and . ;
Co(xt)Co(—yt) = ) Rn(x/y)W/ (13)

n=0 :

where Cy(x) is the 0-th order Tricomi function (see, e.g., [6]):

o0 er

-y (14)

It is noted that:

Colx) = Jo(2x7), (15)
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where [, (z) is the Bessel function of the first kind (see, e.g., [8] (Chapter 10)). It is found
that Cy(x) satisfies the following second-order differential equation:
d? d _

x @Co(x) + ECO(X) = —Cp(x). (16)

Ozden [9] (see also [10]) defined and investigated the following generalized Apostol-
type polynomials:

2t S g p(wikab) 17

gt — L Zwlkably a7)

(keN,a,ﬁe(C\{O},x,be(C;

) . (18)
a=p1:=1= |t|<2ma#p beC\{0} = |t < \blog(ﬁ>\).
Here and elsewhere, let logz denote the principal branch of log z, and let C, R, R, Z,
and N be the sets of complex numbers, real numbers, positive real numbers, integers, and
positive integers, respectively, and let Ny := N U {0}.

Remark 1. For constraints of (17) and some important observations, one may be referred to [11]
(pp. 99-100). Since the generating functions in (22), (23), (25), and (27) are expanded as a
Maclaurin series, their respective convergence regions, which include similar expressions elsewhere,
seem to be more appropriate to be provided as origin-centered as those of the second line of (18).
Allow us to describe the procedure for determining the convergence regions in the second line of (18).
To do this, denote by G(t) the generating function in the left-side of (17). We also assume the first
line (18).

(i) Thecasea =P, 1b: = 1. We write:

2lfktkfl t
=" -
g( ) ﬁb et _ 1

et

Note thate! —1 =0 & t=i2vn (v € Z). We observe that G (t) has isolated singular
points at:
t=i2vt (veZ), (19)

in particular, at t = 0. Yet, since th=1 jg analytic at t = 0, we obtain:

1-k 2" _
lim G(t) = 2 Jdim #1 . lim t B (k=1), (20)

£0 Bt 10 50 ef —1
0 (keN\{0}).

Equation (20) implies that t = 0 is a removable singular point of G(t). So, if G(0) is defined
as the limit values in (20), G(t) is considered to be analytic at t = 0. Hence, G(t) can be
expanded in the Maclaurin series as the right member of (17), whose radius of convergence, in
view of (19), is 27r.

(ii) Thecasea # B, b € C\ {0}. Then (%)b # 1. We write:

21-kik 1
g(t)_ ,Bb .et—(%)b

Then ¢! — (%)b = 0 gives:

t="0blog (%) = b{ln

Z‘ +i(6y + 21/71)} (vez), (21)
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6o being the principal argument of % (—m < 6y < ), all of which are found to be non-
zero isolated singular points of G(t). Since ® — (%)b =1- (%)b # 0, we find that
1/{e' — (%)b} itself is analytic at t = 0. Therefore, also t* being analytic at t = 0, G(t) is
analytic at t = 0. Hence G (t) can be expanded in the Maclaurin series as the right member

of (17), whose radius of convergence, in view of (21), is ’b log ( %) ’

Ozarslan [12] proposed the following unification of Apostol-Bernoulli, Apostol-Euler,
and Apostol-Genocchi polynomials, which has a generating function given by:

,Bh et —ab

ol—kgk \ " > i
L P ) et Z '@n,ﬁ (x;k,a, b); (22)

(‘t—i—blog(’s)‘ <2m ke Ny x €R;

aeR\{O},beR+;ae@,ﬁe@\{o};l"‘:zl).

Ozden et al. [10] explored the polynomials in (22) to give many properties and formulas.
Here we consider some specific special cases of (22).
1. By settinga = b = k = 1 and B = A into (22), we have the Apostol-Bernoulli

polynomials c@rgl/%(x; 1,1,1) = Bg«) (x;A), which are defined by means of the following
generating function:

t o ] " tn
(Aet—1> e = ZBgz)(x;)\)E (|t +logA| < 27) (23)
n=0 '

(see, for details, Refs. [13-20] and see also the references cited therein). Furthermore, the
case A = o = 1 of (23) reduces to the classical Bernoulli polynomials B, (x) generated by:

ﬂe"t = Z‘E)Bn(x)m (|t < 2m) (24)

(see, e.g., [21-38] and the reference cited therein).

2. By settingb =1,k = 0,a = —1, and B = A in (22), we have the Apostol-Euler
polynomials 97(1“/3 (x;0,—-1,1) = E,(f‘) (x;A), which are defined by means of the following
generating function:

2 14 ] " tn
(Aet+1> e’“:n;)ﬁﬁ)(x;)\)m (|t +logA| < ) (25)

(see, for details, Refs. [11,13,14,16-20] and the references cited therein). The case A = a =1
of (25) reduces to yield the classical Euler polynomials E, (x) generated by:

2
et +1

() tn
t_
=L By (<) (26)
(see, e.g., [11,13-15,21,22,27,31,33,34] and the references cited therein).
3. Bysettingb =1, k=1, a = —1,and § = A in (22), we obtain the Apostol-Genocchi
polynomials @fll/z(x; 1,-1,1) = %G,(ql) (x; A), which are defined by means of the following
generating function:

2t \" ® £
<W> et = r;)G,(f)(x;)\)m (|t+1logA| < m) (27)
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(see, for details, [13-15,17,18,24,32] and the references cited therein). The case A = a =1
of (27) reduces to yield the classical Genocchi polynomials G, (x) generated by:

2 L, & iz
me :ZG”(X)H ([t] < 7) (28)

(see, e.g., [10,13,21,22,24,32] and the reference cited therein).

4. By setting x = 0 in the generating function (22), along with the conditions
in (24), (26) and (28), we obtain corresponding unifications of the generating functions
function of Bernoulli, Euler, and Genocchi numbers of higher order. In this regard, we call

generalized Apostol-type numbers 97(1“/5) (0;k,a,b) := 97(102 (k,a,b) generated by:

20\ ka,b)"
R Y. Puplka, ) (29)

The purpose of this paper is to introduce generalized Legendre-based Apostol-Bernoulli,
Apostol-Euler, and Apostol-Genocchi polynomials 53”7(10;3) (x,y,z;k,a,b) in (30) and to in-
vestigate the formulas and identities associated with them, including an integral formula,
differential formula, addition formula, implicit summation formula, and general symmetry
identities. Also, we provide an explicit expression for the polynomials in (30). Owing to the
generality of the results given here, various formulae and identities for relatively simple
polynomials and numbers, such as generalized Bernoulli, Euler, and Genocchi numbers
and polynomials, are pointed out to be obtainable. Furthermore, we apply umbral calculus
theory to offer some additional formulae for the polynomials in (30).

2. Generalized Legendre-Based Apostol-Bernoulli, Apostol-Euler, and
Apostol-Genocchi Polynomials

In Definition 1, we introduce generalized Legendre-based Apostol-type polynomials
and discuss several of their particular cases.

Definition 1. Letk € N, a, p € C\ {0}, x, y, z, b € C. Also let & € C be such that ka € Ny
and (k —1)a € Ny. Furthermore, let 1* := 1. Then generalized Legendre-based Apostol-type

polynomials SL@% (x,y,z;k,a,b) are defined by:

—kgk \ % ® n
(,g%lerjab) eyt+zt2(j0(—xt2) = Zo 55@7(1’2(9(, v,z ka,b)5; (30)
n=

(u:ﬁ, 1V:=1= |f|<2ma#pB beC\{0} = |t < ‘blog(%)‘).

Here and in the following, each exponential with base a complex (or real) number and logarithm are
assumed to take their principal values.

Remark 2.

(i) Let GW(t) be the generating function given in the left-hand side of (30). As in the analysis of
Remark 1, we consider the following two cases.

(a) Thecasea = B, 1% := 1. Then we write:

(1—K)ap(k—1)a
gy = 2 ( f

‘Bbuc et —1

If (k — 1)a € C\ Ny, then the factor t*=1% is not analytic at t = 0. Accordingly, the
Maclaurin series of G\*)(t) in the right-hand side of (30) cannot be achieved.

o
> . eyt+2t2C0(—xt2).
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(b) Thecasea # B, b € C\ {0}. Then we write:

2(1—k)a gka

g(zx)(t) _ ‘Bba ) <et _1(u)b> 'eyt“tZCO(—xtz).
p

Ifka € C\ Ny, then the factor t** is not analytic at t = 0. Hence the Maclaurin series of
G\ (t) cannot be expanded as the Maclaurin series in the right member of (30).

ii) Considering the Maclaurin series expansion o eZt2 we find that:
g p

5,@( /5) (x,y,2;k,a,b) (n =0, 1) do not include the variable z, that is, and are constant with

respect to the variable z. In view of (14), 597(1 ;2 (x,y,z;k,a,b) (n =0, 1) are constant with

respect to the variable x.
The newly-introduced polynomials in Definition 1 are very general. We consider some interest-
ing special cases.

(iii) Obviously,

59,52(0,% 0;k,a,b) = ﬂy(zaﬁ) (y;k,a,b), (31)

which are the polynomials in (22).
(iv) We define generalized Legendre-based Apostol-Bernoulli polynomials by:

sBY (4,y,24) == s 20 (x,9,21,1,1),

which are generated by:

14 <)

(32)

l’l
7

(0, x,y,z€C,1":=1, A=1= |t| <2m;
x,y,z€C,aeNyAeC\{1} = [t < [logh|).

(v) We define generalized Legendre-based Apostol-Euler polynomials by

SEV) (x,y,z:1) = 597;5“)3 (x,y,2,0,-1,1),

which are generated by

(33)

n
n!

4
(/\et2+ 1) e o) = ZSE (x,y,7:A)

(v, x,y,z€C1*":=1,A=1= |t|<m
v, x,y,2€C,1%:=1,AeC\ {1} = [t| <|log(—A)|).

(vi) We define generalized Legendre-based Apostol-Genocchi polynomials by:

SGEI‘X) (x,]//Z;/\) = Sy(a/z (x/]//Z} 11_1/1>’
n 2

which are generated by:

[0}

2t \* yt+zt? 2 (a) t"
)\gt + 1 e CO(_xt ) == 2 SGn (X,]/,Z}/\)a (34)

(v, x,,z€C1":=1, A=1= |t|<m
x,y,z€C, acNy AeC\{1} = [t <|log(—A)|).
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(vii) We define generalized Hermite-based Apostol-type polynomials by:

u?0)(y,zka,b) = s 20,0,z k,0,b),

which are generated by:

Zl_ktk & te t2 tn
([Sbet—ab> eyt Z '@nﬁ v, u; k,a,b)a, (35)

whose restrictions can be easily modified by setting x — 0 and z — u in those given in
Definition 1.

3. An Explicit Expression
In this section we afford an explicit expression for the generalized Legendre-based

Apostol-type polynomials 5327(, [g (x,y,2 k,a,b) in Definition 1. Here we consider only the

casea # B, b e C\ {0}.
(i) Ozden’s generalized numbers (17) (see [18]) are &, g(k,a,b) = 5@7(11)(0, 0,0;k,a,b)

B
which are generated by:
Zlfktk zlfktk 00 tn
g f(t) = B —ab ngo Puplk,ab) o, (36)
where
f) ==y ) L @)
et — (a/ﬁ)b = n!

Here, the restrictions are given as in (18). Applying Faa di Bruno’s formula (see,
e.g., [8] (p. 5)) to f(t), we obtain an explicit expression for &, g(k, a,b):

0 (n=0,1,...,k—1),
%”“m”:{ B2 FOR0) (0> k). %)
Here,
2 n! (—1)¢ e o T\™
0 = Zm1!mz!~~mn! . (1—(a/B)" )“1 H(v') (n € No), 39

where the sum is taken over all n-tuples (my, my, ..., my,) € (Ny)" that satisfy:

my+2my+---+nmy =n, (40)
my+my+---+my =L
The first few of f(")(0) are:
1 1 1+ (a/B)"
N=—— fMYoY)y=-—~- @)= P
S0 1—(a/B)" f0) (1—(a/B)b)* fo0) (1—(a/B))’

1+4(a/p)’ + (ﬂ/ﬁ)

®) ) = —
N ROk
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(ii)

(iii)

Consider Ozarslan’s generalized Apostol-type numbers L@yﬁ) (k,a,b) (29) (see [17]).
Then we write the generating function in (29) as follows:

o (1—k)a gka 0 N i
=g Falt) = ZO 2k ab)—, (41)
n=

where F,(t) := (f(t))%, f(t) is the same as given in (37) and whose restrictions are
the same as those given in Definition 1 with replaced x, y, and z by 0, in particular,
ka € Ny. By applying Faa di Bruno’s formula (see, e.g., [8] (p. 5)) to F.(t), we obtain:

oI p L S ”(f(”.,(°)>mj, )
-1 :

mylmy! - - - my! (1_({1/[3)17)“*4 j j
where f () (0) are the same as in (39) and the sum is taken over all n-tuples (my, my, . .., my)
€ (Np)" that satisfy (40). We find from (41) that:

Ho(t) :

2(1-k)a (n) prtke 2(1-k)a o0 (n—ka) m
Hlx(t IBb“ ' = ftx (O) n - ﬁb“ n;ﬂ FIX (0) (Tl — kl)é)' . (43)
Comparing the coefficients of " on the right-most sides of (41) and (43), we get:
0 (n=0,1,..., ka —1),
PN ka,b) = { 20k (n—ka) (44)

g ik Te (O (nzka).

The first few of }',,E") (0) are:

! FV(0) = - .

(1-@p)” (1-(arp)")

F, (0) _ _DC<0¢2 + (30( + 1)(g/'8)b 4 (a/ﬁ)Zb)
(1 - (a/ﬁ)b):wz ’ o (1 B (a/ﬁ)b)a+3 .
)

The polynomials 54@75 3 (x,¥,2;k,a,b) in Definition 1. Write the generating function

F(0) =

a+17

F20) = wle-1+@p)’)

in (30) as follows:

1—k ¢k @
g("‘)(t):<2 ! )-ethO(—xt2)~eZt2.

[Sb-et—ab

Then, use (12) and (29) in the factors in the right member to get the triple series which,
by employing series manipulation techniques two times, gives a single series. Finally,
equating the coefficients of ¢ on the resulting single series and the right-hand sided
series of (30), we obtain the following explicit expression:

/2y 2\, (K, a,b) Syar(x,y) 7

(2) . _ v
57 np(x, Y, 2K a,b) —m§0 r;) (n—m)! (m — 2r) (71

(45)

(k, ke €N, neNga#p beC\{o} = |t| < ‘blog(Z)D,

where @,(1“/3) (k,a,b) and Sy, (x,y) are given in (7) and (44), respectively.
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a)

The first few of 5951,/3 (x,y,z;k,a,b) when ka = 1 are:

2 14
s@éf’g(x,y,z;k,a,b) =0, sﬁl(f’g(x,]/,z;k,a,b) = (ﬁb ab) ,

(a) . —_ i ’ - r
S@zlﬁ(x/yrzlkla’b)_ (‘Bb_ab) (y 1—(ﬂ/ﬁ)b)/
« 2 ’
59"35/5) (x,y,zk,a,b) = 3<ﬁb—ab>

x v 20y “(“_1+(a/ﬁ)b)
X{ M T ey 2(1—(a/B)?)* |

It may be worthwhile to mention in passing that Ozarslan [12] (Theorem 2.1) presented
an explicit representation of the unified family (22) in terms of a terminating Gauss hyper-
geometric function o F; (z) with the argument z depending on the inner summation index.

4. Integral Formula

The following theorem establishes an integral formula involving the generalized
Legendre-based Apostol-type polynomials (30).

Theorem 1. The following integral formula holds:

" p®)
/0 nﬁ(x,y,z;k,a,b) dy

f/}y(,_glﬁ(x,u,z;k,a,b) @< «)

e ﬁ(x,O,z;k,a,h)
n+1

(n € N) (46)
0 (n=0).

Proof. By integrating both sides of (30) with respect to y from y = 0 to y = u, we get:

o
2l—ktk
(IBbtb eZt2C0( xtz
e —a

which, in view of the generating function (30) itself, yields:

—2/ Sﬁy xy,zkab)dyt

00 U “) k b d tn+1
Z:: / np (5 Y, 23k a,b) dy —
(47)
_ i Sﬁiﬁlﬁ(x u,z;k,a,b) — Qr(fjr)l’ﬁ(x,o,z;k,a,b) g+l
= n+1 nt -’

Equating the coefficients of t"*! on both sides of (47), we obtain (46). [

5. Differential Formulas

The following theorem offers some differential formulae for the polynomials in
Definition 1.

Theorem 2. The following differential formulas hold:

82 9
‘@T’(lag (x,y,Z}k,ll,b) + asﬁi’(lixﬂ)(x’ylz;k/al b)

n!
- ms@i@z,ﬁ(x,y,z;k,a,b) (n e N\ {1});

(48)
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AP )

aym S‘@nﬁ(x/ylz;k/a/b) - S‘gzr(loi) (x/]//z}k/a/b)

(n—m)! mp

(1’1,7’}’1 EI\IO/W[ S l’l),'

I @()(x z;k,a,b) = _n 2% (x,y,z,k,a,b) (neN\{1});
a S-S ‘B ]// (niz)'s n,Z,ﬁ /]// 7 Ny 7

am+1 ()
aymaz s, B (x,y,zk,a,b) =

nt (2)
msgn 2 mﬁ(xy,zkab)

(ne N\ {1}, m e Ng, m <n—2).

Proof. From (14), we find:

p) 9 & xrtZr 00 xr71t27
7C0 _xt2 = — = —_—.
dx ( ) axrgo (r1)2 r; ri(r—1)!
Then we have:
0 xrt2r

x %CO(—xﬂ) = E m

1

Differentiating both sides of (52) with respect to the variable x, we obtain:

2 t2r

x%CO(—xtz) + %Co(—xtz) =t r;o 7 = =t CO( xtz).

Using (53) in (30), we obtain:

o 52
Z “ﬁ)xy,zkab Z—z “xy,zkab)—

@) .
; 2,6 xy,z,k,a,b)(niz)!,

which, in view of (i) in Remark 2, leads to:

n

9?2 t
Z ax 3”“ (x,y,z:k,a, b) —I—x Z = zsﬁéag(x,y,z;k,a,b)m

_ Z 533;1 28 (x,y,z;k,a,b) Rk

Equating the coefficients of " on both sides of (54), we get (48).

Differentiating both sides of (30) with respect the variable y, m times, we find:

© g f 2k "o
; ai x ]/,Z,‘k,a, b>ﬁ = tm . (ﬁbet_ab eyt+2t CO(_xtz)

tl’l—i—m

ﬂfl“g(x v,zk,a, b)

I
Mg

n=0

n

I
gk

(a) i
. gﬂn_m’ﬁ(x,y,z,k,a,b) = m)t

m

Equating the coefficients of t" on both sides of (55), we get (49).

(49)

(50)

(51)

(52)

(53)

(54)

(55)



Axioms 2022, 11,29 11 of 19

Differentiating both sides of (30) with respect the variable z, in view of (i) in Remark 2,
we have: -

n=2

n

9
0z

14
zlfktk
= <ﬁh — | e (—xt?)
et —a

tn+2

Sgagxy,zkab)

(56)
5,@,5“ (x,y,z;k,a, b)

() : t*
Sgn_zlﬁ(x,y,z, k, 11, b)m

Equating the coefficients of t" on the first and last summations of (56), we obtain (50).
Differentiating both sides of (50), m times, with respect the variable y, and using (49),
we get (51). O

M2 1072

=
||
N

6. Addition Formulas

Theorem 3 establishes some addition formulae for the generalized Legendre-based
Apostol-type polynomials (30).

To facilitate application, we will first review certain formal manipulations of double
series, as shown in the following lemma (see, e.g., [6] (pp. 56-57), [24,25,39], and [40] (p. 52)).

Lemma 1. The following identities hold:

[ee] (e} (o] /
Z Z Bk,n: Z Z k,n—pk pEN) (57)

n=0 k=0
and
[ee] x+ [ee] xn m
Nzog(N)( y mz g(m+n F% (58)

Here, the By ,, and g(N) (k, n, N € Ny) are real or complex valued functions of the k, n, and
N, respectively, and x and y are real or complex numbers. Also, in order to verify rearrangements of
the involved series, each associated series should be absolutely convergent.

Theorem 3. Leta € R\ {0}, b € RT anda, v € C, B € C\ {0}. Also let k, n € Ny. Further
letu, v, x,y,z € C. Then,

@(“ﬂ)(x y+z,u+vka,b)
= 2 ( )y@n ]ﬁ(x y,u;k,a, b)H@(ﬂ)(z,v;k,a,b)

59
x,y,u;k,a,b) @m(z k,a,b) 9

(@)
G2y - e e s

T on N (j+k
- 2 <j+k) <] k >597’;5 )] k(XY 1k, a,b) :@,Ejg)(k,a,b) Hj(z,0).
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Proof. From (30), we have:

n

2 “ 7 (xy+zutvkab)

21_ktk at+y (60)
2
) (;s— ) ey
Let R be the right side of (60). Using (30) and (35), we find:
a1k )" tut? 2 21k 7 t+ot2
h (ﬁbet_ab> A VT
(@) SR S B (1) i
= Sﬁnlﬁ(x yuka, b)—' ZH‘@]‘,,S (z,0;k,a,b)— (61)
n=0 =0 J:
5y oo (1) "
= 2% (x,y,uk,a,b) g2 (z,0;k,a,b) ———,
n;o]gs niip Y JuZipl ) =i

where (57) with p = 1 is used. Now, equating the first expression of (60) the last one of (61),
and identifying the coefficients of " of the resulting identity, we get the first equality of (59).
We write:

-k \“ -k \7
- <2t> S (). (M) ©2)

ﬁbet—ab ,Bbet—ab

Use (30) and (22), respectively, in the first and second factors in (62), and the Maclaurin
series expansion of e to get a product of three series expansions. Then, applying (57)
with p = 1 to combine the first two series to get a single series and, with the aid of (57) with
p = 2, combining the resulting single series and the third remaining series, we get a single
series for the product of three series expansions. Similarly, as in getting the first equality,
we can obtain the second equality of (60).

We arrange:

-k \“ 1-kk \7
R:( 20 ) eyt-&-utzco(th).( 20 ) gt 63)

pbet —ab Bhel —ab

Using (30), (29), and (1) in the first, second, and third factors in (63), similarly as in
proving the second one, we obtain the third equality. [

7. Implicit Summation Formula Involving Generalized Legendre-Based
Apostol-Type Polynomials

Implicit summation formulas for a number of relatively simple polynomials in compar-
ison with the polynomials in (30), for example, ordinary Hermite and related polynomials
and Hermite-based polynomials, have been investigated (see, e.g., [17,24]). Theorem 4 as-
serts the existence of an implicit summation formula involving generalized Legendre-based
Apostol-type polynomials (30).

Theorem 4. Let a € R\ {0}, b € RT, anda € C, B € C\ {0}. Also let k, m, n € Ny.
Furthermore, let v, x, y, z € C. Then:

A
v

m+ ﬂ(x v,2;k,a,b)

oy (1) (™ p+q . gp(®)
=Y X () () @l sk b).

p=0 g=0

(64)



Axioms 2022, 11,29 13 of 19

Proof. Replacing t by t 4 u in (30) and using (58), we obtain:

1-k k\*
(2 (t+u) ) ez(t+u)2CO(_x(t+u>2)

ba(t+u) _ b
Ble a (65)

l’l m

u
mt

= e Y(ttuy) Z Bzm+nﬁ(x v,z k,a, b)

m,n=0

We find that the left side of (65) is independent of the variable y. Replacing y by any
other variable, say v, in the right side of (65), and equating the right sides of (65) and the
resulting identity, we get:

) t}’l m

Z 5@m+nﬁ(xvzkab)

m,n=0

— oo—y)(t+u) Z @mﬂﬁ(xy,zkab)

m,n=0

1 m!
(66)

num

Tm
Using (58), we have:

_ ® tu)N & tP u
e S DR L L) )
N=0 p,q=0

Let R1 be the right side of (66). Setting (67) and using (57), we find:
P u™ ul

n! p‘ ml ql

Yy T
= iz x,y,zk,a,b)(v—y)P™ :
m,nZ::Op;Oqg()s e qﬁ( ! )0=) (n—p)tp! (m—q)'q!

Ri=Y Y ¥ Y s2u) sl zkab) (o—y)P
(68)

" u™

Equating the left side of (66) and the second one of (68) and identifying the coefficients
of " and u™ of the resulting identity, we obtain (64). O

Since the generalized Legendre-based Apostol-type polynomials (30) is very general, a
number of special cases of the result in Theorem 4 can be considered. Here, we demonstrate
only implicit summation formulas for the generalized Legendre-based Apostol-Bernoulli
polynomials (32), the generalized Legendre-based Apostol-Euler polynomials (33), and the
generalized Legendre-based Apostol-Genocchi polynomials (34), which are, respectively,
given in Corollaries 1-3.

Corollary 1. Letw € C, A € C\ {0}. Also let m, n € Ny. Furthermore, let v, x, y, z € C. Then,

sByy L, (x,0

min(%,0,2;A)
BB () (ot oy

Corollary 2. Leta € C, A € C\ {0}. Also let m, n € Ny. Furthermore, let v, x, y, z € C. Then,

SEW), (%0,

m+n

-y 3

p=0 q=0

;A)
I (70)
(P> (q) — )P T SER, poq(X, Y,z A).
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Corollary 3. Leta € C, A € C\ {0}. Also let m, n € Ny. Furthermore, let v, x, y, z € C. Then,

SG(“) (x,0,2;A)

m—+n

-y " 71
=5 3 (0) (1) @056l ez ™
p=0 g=0

8. Symmetry Identities for Generalized Legendre-Based Apostol-Type Polynomials

Khan et al. [24,25], Ozarslan [17], Yang [35], and Zhang and Yang [38] have presented
symmetry identities for various simpler polynomials than the polynomials (30). Here
we establish some symmetry identities for the generalized Legendre-based Apostol-type
polynomials (30), which are stated in Theorem 5.

Theorem 5. Let a € R\ {0}, b € RT and ay, 0y € C, B € C\ {0}. Also let k, n € Ny.
Furthermore, let x1, x2, y1, Y2, 21, 22 € C. Then,

S‘@ ‘xllzug(xllyllzl;k/ a, b) 5915532)(3(2/]/2/Z2/‘ k/ a, b)

n—

™=
~ 3
~—

»
I I
1= —

|
1=
/N N
=
N~

ngy(la_l),/g(xlz Yy1,22;k,a,b) 5915332) (x2,y2,21;k,a,b) (72)

= 3
N~

T
(=)

Syépf),ﬁ(xll yZI Zl;kr a, b) 5’@1522) (x2/y1122; k/ a, b)

o~
Il
o

041),/5(X1/]/2; zp;k, a,b) s«@éfxﬁz) (x2,y1,21,k,a,b)

I
1=

T
o
> 3
N—
%)
N

),Ig(x2r Y1, Zl;k/ a, b) S‘@]S‘BZ) (xlrer 23, kl a, b)

I
1=

> 3
N———
[99)
Y
S

),IB(xZI Y1,22,; k/ a, b) Sglg;gz) (xlrer 21, k/ a, b)

I
1=

T
=}
~~ N ~ N -~ N ~~

T
o
=
N—
©
S
=

g,spfgrﬁ(xzfyzlzl;k, a,b) sylgxﬁz) (x1,y1,22;k,a,b)

|
=
= 3
N—

[99)

T
(e}

ﬁ(leyz,zz;k, a,b) 5915332) (x1,y1,21;k,a,b).

|
1=
PR
> 3
N~
19
S

at)

T
o

Proof. Let,

21—k 4k e 2
q(t) == m eW1ty2) t+(z1+22) ¢ Co( — xltz)Co( _ x2t2)' (73)

We find that g(f) is symmetric with respect to the two variables in each of the follow-
ing four sets {aq, a2}, {x1,x2}, {y1,¥2}, and {z1,22}. In order to define the generalized
Legendre-based Apostol-type polynomials (30), we need {a;, x;, v, z1} (i, j, k, | = 1,2).
Then we observe that () has the following eight pairs to define the polynomials (30):

@) Aa,x, 1,21} — {az, x2,¥2,22};
() {ar,x1,y1,22} «— {az,x2,¥2,21};
(i) {a1,x1,y2,21} < {az,x2,y1,22};
Av) {ay,x1,y2, 22} <— {az, x2,y1,21};
V) Aa,x2,y1,z21} «— {az, x1, 92, 22};
(i) {a1,x2,y1,20} «— {az, x1,¥2,21};
(vii) {aq,x0,y2, 21} +— {az,x1,y1,22};
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(an) {all X2, _1/2/ ZZ} — {0(], X1, ]/1/ Z1 }
Using the combination (i), with the aid of (57) with p = 1, we have:

(] n tn
= n; Z “1 ﬂ x]/yllzllk a, b)s@éﬁ)(xz,yz,zz,k a, b) m (74)

We also can get a similar expression of g(t) as in (74). Then, equating two expressions
from the eight ones, we obtain the symmetry identities in (72). O

As the identity in Theorem 4, the result in Theorem 4 can reduce to yield symmetry
identities for a number of relatively simple polynomials. Here, only those for the general-
ized Legendre-based Apostol-Bernoulli polynomials (32) are considered in Corollary 4.

Corollary 4. Leta € C, A € C\ {0}. Also let n € N.
Furthermore, let x1, x2, y1, Y2, z1, 22 € C. Then,

X

> B lx xl/yllzlr/\) SB]EIXZ) (xZIyZIZZ; )\)

I
M: <2

n
(k) SB D‘ xlryerZI A) SB]EIXZ) (x2/y2/zl; )\) (75)
k=0
= (n (1) (2)
=), i ) sBu” i (X1, y2,215A) sB (x2,y1, 22, A)
k=0
= (n (a1 (2)
- Z k SB xl/]/ZIZZ//\) SBk (x2/]/1/21;)\)
k=0
= (n (a1 (2)
=2 () sBal N(x2,91,21:4) sBL (x1, 2,225 A)
k=0
= (n (a1 (a2)
=D K sB," xz,yllzz,/\)sBk (x1,¥2,21; 1)
k=0
— n B (1) (a2) .
= (k) sB, ¢ (x2,y2,21;A) sB (%1, Y1, 22, 1)

M= Il M:

(k) Sanx ]z(x2/y2/ z2;A) SBIEM) (x1,y1,21;A).

k=0

9. Certain Formulas Deducible from Umbral Calculus

In this section, we try to use the theory of umbral calculus (see, e.g., [41]; see also [23,36,42])
to offer some new formulas which are not presented in the previous sections. To do this,
some notations with modified ones and certain known facts are recalled and introduced
(see [41]). Let & indicate the algebra of formal power series in the variable t over the field
C of characteristic zero, say, C the field of complex numbers. If 7(¢) and ¢(f) in & gratify:

£ = i aktk (ap=0,a1 #0) and ¢E&(f) Z bktk (bg # 0),
=0

then #(t) and ¢(t) are called a delta series and an invertible series, respectively. With each
pair of a delta series #(t) and an invertible series ¢(t), there exists a unique sequence s, (1)
of polynomials satisfying the orthogonality conditions (see [41] (p. 17, Theorem 2.3.1)):

(2@ O su(u)) =ntds (n, k€ No), 76)
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0, k being the Kronecker delta function defined by 6, =1 (1 = k) and 6, = 0 (n # k), if
and only if the sequence s, (1) is generated by means of the following function:

o 1) _ v Sk(0) &
o (t))e ot _kgo o t (77)

for all v in C, where 71 (¢) is the compositional inverse of 77 (t) (see [41] (p. 18, Theorem 2.3.4)).
Here the operator (- | -) remains the same as in [41] (Chapter 2). That is,

OrIOk

su()) = E(Du) (D) {sn(w)}, o

where D, := a . The sequence s, (1) satisfying (76) or (77) is called the Sheffer sequence for
(&(t),n(t)), or sy(u) is Sheffer for (&(t),n(t)). In particular, if s, (u) is Sheffer for (1,7(t)),
then s, (1) is called the associated sequence for 7(t), or s, (u) is associated to #(t); if s, (1)
is Sheffer for (¢(t),t), then s, (u) is called the Appell sequence for ¢(t), or s, (1) is Appell

for &(t) (see [41] (p. 17)).
Setting 4 = § and k = 1 in (30), we obtain:

n
E(tx,z;a,b) - eVt = 2 @ (x, y,z;l,ﬁ,b)%, (78)
where,
1 t & Zt2 2
é(t) = g(t,’x,z,’lx, b) == W ﬁ e CO(_xt )
Since

¢(0;x,z;,b) =lim ¢(t;x, z;a,b) = oo #0,
t—0

lgha
¢(t;x,z;a, b) is an invertible series. Therefore the sequence sﬁéaﬁ) (x,y,z,1,B,b) (n € Ny)
is Appell for &(t; x,z; a, b). There are many equivalent statements for the Appell sequence
(see [41] (pp. 26-28)). In this regard, without their proofs, some of equivalent statements

for the Appell sequence Sﬂyﬁ) (x,y,2z;1,B,b) (n € Ny) are selected to be offered in the
following theorems.

Theorem 6 (The Polynomial Expansion Theorem). Let the modified restrictions in Definition 1
with a = B and k = 1 be assumed. Then for any polynomial p(u) we obtain:

o O po
- kgo la(p ){Pk! (u)}]u—os 2 (5,1,2:1,B,b), 79)

where p®) (1) is the kth derivative of p(u).

Theorem 7 (The conjugate representation). Let the modified restrictions in Definition 1 with
a = Band k = 1 be assumed. Then,

S@Tg“ﬁ) (x,v,z,1,B,b) = i (Z) [@(Du)fl{u”*k}]uzo uk. (80)

k=0

Theorem 8. Let the modified restrictions in Definition 1 with a = § and k = 1 be assumed. Then,

7S'Xﬁ)(x v,z;1,B,b) =&(D u)71 u”. (81)
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Theorem 9. Let the modified restrictions in Definition 1 with a = B and k = 1 be assumed. Then
for any h(t) in 2:

h(Du){s,@,Sf‘g(x, u,z1,B,b)} = ké (’Z) [h(Du){ng,Ej’g(x, w71, ﬁ’b)}Lfo””_k' 82)

Theorem 10 (The Multiplication Theorem). Let the modified restrictions in Definition 1 with
a = Band k = 1 be assumed. Then for any constant x € C\ {0}:

E(Du)) {5‘@15?(/3) (x, u,z;1, ‘B, b)} (1’[ € N()). (83)

Pzt ) = et 20

B

10. Concluding Remarks

Numerous polynomials, their extensions, and variants have been intensively in-
vestigated due to their potential applications in a wide variety of research fields (see,
e.g., [29,30,37]). In this paper, we introduced a unification of various polynomials which
are called generalized Legendre-based Apostol-type polynomials. The constraints for these
newly-introduced polynomials were specified in detail, in accordance with the Maclaurin
series (see also [11] (pp. 99-100)). We provided their diverse identities in a systematic
manner, including addition formulae, an implicit summation formula, and symmetry
identities. Due to the generality of the discoveries reported here, they may be reduced to
formulae and identities for a number of relatively simple polynomials, several of which
are explicitly demonstrated. Furthermore, utilizing umbral calculus theory, we proposed
several new identities involving these new polynomials that are distinct from those in the
preceding sections.
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