. mathematics

Article

A Note on the Laguerre-Type Appell and
Hypergeometric Polynomials

Paolo Emilio Ricci *

check for
updates

Citation: Ricci, P.E.; Srivastava, R. A
Note on the Laguerre-Type Appell
and Hypergeometric Polynomials.
Mathematics 2022, 10, 1951. https://
doi.org/10.3390/math10111951

Academic Editors: Shanhe Wu and
Yuri Luchko

Received: 2 May 2022
Accepted: 2 June 2022
Published: 6 June 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Rekha Srivastava

2

Dipartimento di Matematica, International Telematic University UniNettuno, 39 Corso Vittorio Emanuele II,
1-00186 Rome, Italy

2 Department of Mathematics and Statistics, University of Victoria, Victoria, BC V8W 3R4, Canada;
rekhas@math.uvic.ca

Correspondence: p.ricci@uninettunouniversity.net
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1. Introduction

Special functions and special number sequences are not only interesting from a theo-
retical point of view, but are also widely used in physical applications (electrodynamics,
classical mechanics and quantum mechanics), engineering and applied mathematics, life
sciences and many other fields of science. The vast majority of special functions, including
elliptic integrals, beta functions, the incomplete gamma function, Bessel functions, Leg-
endre functions, classic orthogonal polynomials, Kummer confluent functions, etc., are
represented in terms of hypergeometric functions, through the introduction of suitable
parameters. Many multivariate generalizations of hypergeometric functions have been
studied in the literature, including via an extension of the Pochhammer symbol [1-9].

In the field of polynomial functions, the literature on Bernoulli polynomials and num-
bers is vast [10], since they frequently appear in mathematics. Along with the Stiring
numbers, they play a central role in number theory. The Bernoulli numbers arose from the
process of summing powers of integers; however, this sequence of numbers occurs surpris-
ingly often in many areas of mathematics, such as the Taylor expansion in a neighborhood
of the origin of circular and hyperbolic tangent and cotangent functions, and the residual
term of the Euler-MacLaurin quadrature rule. Furthermore, there are intimate connections
with the Riemann zeta function and even with Fermat’s last theorem.

As D.E. Smith noted [11], among all the sequences of numbers “there is hardly a species
so important and so generally applicable as Bernoulli numbers.”

Generalizations of the classical Bernoulli polynomials were previously considered
in [12-15]. The hypergeometric Bernoulli polynomials have been introduced and recently
studied in several articles [16-20], in connection with generalizations of the Riemann Zeta
function [21-24].

In this paper, recalling the Laguerre-type derivative and the possibility of constructing
special functions generated by the corresponding differential isomorphism (see [25] and
the references therein), we examine the case of the Laguerre-type Appell polynomials and
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consider, in particular, their extensions to the case of hypergeometric Bernoulli polynomials,
restricting ourselves to the case of the first-order Laguerre derivative.

It is worth noting that several applications have been implemented using the Laguerre
derivative, in connection with population dynamics [25].

In Section 2 we recall the Laguerre-type exponentials and the differential isomorphism
producing the relevant special functions. Then we consider, in particular, the case of
Laguerre-type Appell polynomials (Section 3), including the Bernoulli and Euler cases.

Lastly, in Section 4, we introduce the Laguerre-type hypergeometric polynomials,
considering only the simplest cases, that is, for k = 1 and k = 2.

Of course, several further extensions could be made, considering higher values of k,
or iterating the isomorphism described in [26] to higher-order Laguerre derivatives, as is
recalled in the Conclusions, but this provides no further information, since the methodology
remains essentially the same.

2. Laguerre-Type Exponentials and Special Functions
The Laguerre derivative, is defined by

Dy := DxD = D + xD?, 1)
where D = Dy = d/dx. In [25] it is shown that, for all complex numbers g, it results in:
Dy e1(ax) = aey (ax), 2
where e (x) = Y32, x*/ (k!)? is the first-order Laguerre-type exponential [27,28].

The above property can be iterated when, defining Laguerre-type exponentials of
higher order, called L-exponentials. In general, (see [28], Theorem 2.2).

Theorem 1. The function

ok
en(x) := k;) (k!)”“ 3)
is an eigenfunction of the operator
Dy :=Dx---DxDxD = D(xD + x2D? + - - - + x"D")
=S(n+1,1)D+S(n+1,2)xD?>+---+S(n+1,n+1)x"D"+1, @

where S(n+1,k), k =1,2,...,n+ 1denotes the Stirling number of the second kind. That is, for
every complex number a, it results in

D, en(ax) = aey(ax). (5)

Remark 1. Note that the function ey (x) gives back the classical exponential when n = 0. Therefore,
we put ey(x) := e, Dor := D, and for n = 1 we find Dy := Dj.

Remark 2. The operator Dy, := Dx---DxDxD = D(xD +x?D*+--- 4+ x"D") = S(n+
1,1)D +S(n+1,2)xD?* + --- + S(n + 1,n + 1)x"D" "1, where the S(n, k) coefficients are the
second kind of Stirling numbers, is a particular case of the hyper-Bessel differential operators introduced in
[29] (putting g = a1 = - - - = &y, = 1). The Bessel-type differential operators of arbitrary order n
were considered by I. Dimouvski, in 1966 [30] and later studied in 1994 by V. Kiryakova (see [31] and the
references therein). See also [32].

In [26] it is proven that, in the space A, of analytic functions having the same radius
of convergence, the correspondence

D — Dy, x-— D7}, (6)
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where

X

D) = [[f@d, D= ey [e-o @,

introduces isomorphismis of topological vector spaces, denoted by 7, (preserving differen-
tiation), defined as

1 x"

[CE] /Ox(x -y tdg = = ®)

n!’

Te(x") = Dy"(1) =

This kind of isomorphism is widely used in operational calculus and differential equa-
tions also under the name of the transmutation or similarity operator, since it transforms
operators and eigenfunctions into each other.

In this isomorphism we have the correspondences

Ty = 5 B

and in general
iy _ g (@) g

k=0 k=0

Correspondingly, the derivative operator is transformed into

D; = DxD, D, = D;D;'D; = DxDxD,

. -1 ©)
D3L = DLDx DLDx DL = DxDxDxD,

and so on.
The L-exponentials of higher order are obtained by an iterative application of the
considered differential isomorphism.

Furthermore, the Hermite polynomial Y (x,y) := (x —y)" becomes, under the 7T
tranformation, the Laguerre polynomial £, (x,y), since

7;‘H7(11)(x1y) = Ly(x,y) :=n! Z M

and many other applications can be derived.

The above method has been exploited to define the Laguerre-type special functions,
and introduced and studied in several articles, including for extensions to the multivariate
case [33]. Applications were shown in [25,26].

Remark 3. Note that the operator D,y is different from (DxD)". In fact, according to Viskov [34],
it results in

(DxD)" = D"x"D",
and using Leibniz’s rule, we find the expression:
n
(DxD)" = D"(x"D") = ) _ <Z> D" —kxnprtk
k=0
n

)3 KZ)T(?! — k)l x* DR = i%’ (’;) Ktk

k=0 k=0
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3. The Laguerre-Type Appell Polynomials

Definition 1. The Laguerre-type Appell polynomials (shortly L-Appell polynomials) 1 a,(x) are
defined by means of the exponential generating function [1]:

A(E) e (xt) = i)yzn(x) % (10)

where, as in the classic case, A(t) = Yo axt* is a formal power series with complex coefficients ay,
(k=0,1,...)and ag # 0.

By applying the Laguerre operator to both sides of Equation (10) and recalling the
eigenvalue property (2) of this operator, one finds

Dr[ran(x)] = n [ray 1 (x)]. (11)

We recall that the Appell polynomials are used in the field of differential operator,
because, considering, in the complex field, the expansion f(z) = Y cn% and the dif-
ferential operator A(D) := Y3 ,a;D¥ associated with A(t), the formal solution of the
equation is

f(2)

A(D)y(z) = f(2), s givenby y(z) = 57,

and it turns out that can be represented as [35]

Y@ = Y enai(2),
n=0

where a;(z) are the Appell polynomials defined by the generating function

Now, the same technique can be used dealing with the Laguerre-types Appell poly-
nomials, since by exploiting the differential isomorphism defined in Equation (8), we can
consider the operator A(.D) := Y5>, a; . D¥ and the equation

A(LD)y(z) = f(2), sothat y(z) =

so that the formal solution is given by

wa=i%%@,

where a;,(z) are the Appell polynomials defined by the generating function

ti’l
E.

er(zt) &
=) a,(z
3.1. Basic Definitions

Definition 2. The Laguerre-type Bernoulli polynomials (shortly L-Bernoulli polynomials) are
defined by the exponential generating function

ter(xt) o ¢
et—l - ZLBH('X)H/

n=0
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and the Laguerre-type Euler polynomials (shortly L-Euler polynomials) by

2e1(xt) & t"
11 ZLEn(x>H'

n=0

3.2. Laguerre-Type Bernoulli Polynomials
The first few L-Bernoulli polynomials are as follows (Figure 1).

LBo(x) =1
LBi(x) =x—3

2
LB2(x):x7_x+%

3
1Ba(x) =% —3x24+1x

3

7 7 45 1.3
20X T3¥ X

I 1 .8 1
LBo(x) = 363850 —soe0 ¥ + 5a0 ¥

Note that, as the operator DxDY = Id, the identity operator, we have Vn € N—
LBn(O) - LBn - Bn, that iS.

%&)

\
B

Figure 1. Graphs of polynomials ; B, (x) forn =1,2,...,6.
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The L-Bernoulli numbers are the same as the ordinary Bernoulli numbers.

Although this article is mainly focused on Bernoulli-type polynomials, it should
be noted that many extensions can be made, for example, by considering the Genocchi
polynomials or the polynomials of Apostol-Bernoulli polynomials of order «, studied
in [36], which are defined by means of the exponential generating function

text « ; 00 " N

— ] e = n(xA) — t+logA| <2m; 1%:=1

() =L mn G, (rrogal <2m 1),

where, denoting by B%(x) the Bernoulli-Apostol polynomials [37], it results in
By(x) = B,(x;1), and Bj(A) :=By(0;A),

and Bj(A) are the Apostol-Bernoulli numbers of order «, generalizing the classical ones.
The Laguerre-type Apostol-Bernoulli polynomials of order « are obtained by means of
the exponential generating function

tel(xt) : xt « t" o
_— = BY(x;A) — t+log A 2, 1%:=1),
<)\€1(t) 1> ¢ VLZ:OL 71( ’ >1’l!’ (’ & | < )

Similar definitions for the Apostol-Euler numbers of order « can be found in the same
article [36].

3.3. Laguerre-Type Euler Polynomials

The first few L-Euler polynomials are as follows (Figure 2).

LEo(x) =1

_ X 5 .4,5.2_ 1
LEs(x) = 15 — g X" + 1% — 3

LE6(X):%—$X5+23C3—3X

LE7(x) = shp — o X0+ 8 at - 22 1 17
LEg(x):ﬁ—%éoﬂ—i-%ﬁ—%xB'—i-Ux
LE9(X)Z%—%xs—f—ﬁxé—%x‘l—k%xz—%

In addition, in this case we have ¥n € N— E,(0) = L E, = E,, that is.
The L-Euler numbers are the same as the ordinary Euler numbers.
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E

Figure 2. Graphs of polynomials 1 E,(x) forn =1,2,...,6.

3.4. Main Properties

Being a particular case of the L-Appell polynomials, the L-Bernoulli and L-Euler

polynomials also satisfy the equations

DL[LBn(x)] =n [Lanl(x)] ’

Dr[LE,(x)] = n[LE,—1(x)].

Equations (12) are iterated as

(DL)m[LBn(x)] = D"x™"D"™ [LBn(x)] = (nf—'m)l [LBn—m(x)] ’

(DL)"[LEy(x)] = D" DML Ey (x)] = g%y [LEwom(0)],

Theorem 2. The following properties hold:
e By introducing the 2nd kind L-Stirling numbers 1 S(n, k) defined as

1S(n, k) =Sn,k)n!, (neN,k=0,1,...,n—-1),
we find
n
X)p=x(x=1)---(x—n+1) = ZLS(”rk%)'

. This results in

n
1 n+1 _x"
T 12 ) LBi(x) = %,

(12)

(13)

(14)

(15)
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® The integral relations hold :
V1 (xR, (t) didy = rnWtBin(@)
(16)
V1 B (F) didy = e @) tEen(@)

n+
Proof. The three preceding results follow from a straightforward application of the iso-
morphism T to both sides of the corresponding equations valid for the ordinary Bernoulli
polynomials. Formulas (16) are obtained by inverting the Laguerre derivative operator. [

A general result on differential equations satisfied by Appell polynomials is reported
in [38]. This result could be applied even in the Laguerre-type case, substituting the
ordinary with the Laguerre derivative, but we do not go further in this direction because of
the Ismail’s remark states that it is not clear to introduce differential equations of this kind
which do not have a finite order.

4. Hypergeometric L-Bernoulli Polynomials

Putting
xk
LTr(x) = k;) W (17)
and
S U N VR
FBr+r+x) =Yy —— =) 2 - (18)
o P PN S I Y (S IR
since
e1(x) — T(x)—i - =x" i ! x" (19)
B = CI = (TR0 T
and
pral® ) 0)
er(x) = LT (x) o
(r1)? ng [(njc_r)qz
We have the exponential generating function of the hypergeometric Bernoulli polyno-
mials LB[r L 1]( t), where the classical gamma function is used:
eq(tx ad ~11 x"
1) =Y B 1)

[C(r+1))? Z m xn n=0
0

Remark 4. Note that, since the isomorphism Ty does not preserve multiplication, the | BV =111

polynomials, as the more general ones presented in subsequent Sections, are independent of those
presented in [24].

4.1. Computing the Hypergeometric L-Bernoulli Numbers by Recursion
In (21), making t = 0 gives the exponential generating function [1] of the generalized

hypergeometric L-Bernoulli numbers LBLr_l’l] = LB,[I —11] (0):

- r 1,1] 1
LB o = , (22)

[F(T+ 1J? Z&)m i
=
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which is valid even for non integer (in particular for fractional) values of the parameter r

From Equation (22), we find
n

RN LN ) G

i Z( ) b T(h+r+1)2 n

n=0h=0

and therefore
LB([)rfl,l] —1,

we find the LB[V_1 U humbers by solving recursively the triangu-

and forn =1,2,3,...,
lar system:
1) M [T(r+1)P

hi) (Z)LBH [C(+r+1)2

4.2. Hypergeometric L-Bernoulli Polynomials of Order 2
The results of the preceding section can be generalized to the hypergeometric L-Bernoulli

polynomials of order 2, which are defined by the generating function

;12
X
| eltx) ep(tx e
fod = _alty) I () (23)
[e1(x) — LTy (x)] LWE(Lr+1,7+1;x)] =
We find
[ee] n (1)
n—h x"
AP = 1 L () Ao
n=0h=0
(24)
-5 5
e A (G P r+1>n W’
so that
tx ad 1,2 x"
© n ( ) = ZOLBL;’ ](t) m/ (25)
n=
; ; (r+1))2 [(’+1)n 0l
and introducing the hypergeometric L-Bernoulli numbers LBLT LA LB,[f 12 (0), we find
the generating function
1 o pl-12 X
5 =Y B T (26)
Z Z x" n=0 '
(r+1),2[(r+1) ]2
n=0h=0
which gives the generating function of the hypergeometric L-Bernoulli numbers LB,[;_LZ]
1 & “1,2] X
Z Z T(r+1))4 =0 n:
r+h+1)]2 [[(r+n—h+1))?

n=0 h:0

5. Conclusions
We have introduced the Laguerre-type versions of some special polynomials as the
Appell, Bernoulli and Euler versions. The results followed from the application of the
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differential isomorphism 7 introduced in [26]. Generalization can be done by exploiting
the iterated isomorhism 7,7 = 7y [7° !, recalled in Section 2. The considered isomorphism
can be iterated as many times as we wish, and the corresponding derivative operators are
reported in Equation (9). Then, by using the same technique, it is possible to define higher
order L-Appell type polynomials

120n(x), [3an(x), ..., san(x), ...

and in particular, those of Bernoulli or Euler type.
Furthermore, we have considered the hypergeometric-type L-Bernoulli polynomials
of order 1 and 2, starting from the exponential generating functions considered in [24].
The higher-order, hypergeometric-type L-Bernoulli polynomials of order k, with
k=3,4,... and s > 2, could be defined through the generating function

.k
X £x) 00 n

[(”)5“] es( es(tx) [r=1,k] 1y X
= = SB t Y 28
() T OF MR Lr L. riaf o B O @9

and the corresponding numbers s B ,[I LA by
k

ciad L Y i

. = = Z Lan ! W . (29)

les(x) — sT,(0)]F LFE(Lr+Lr+1..5r+Lx)k =

However, as mentioned earlier, the construction of these mathematical items does not
present difficulties, since the method is essentially the same.
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