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Abstract

In this thesis, we focus on the study and analysis of special classes of polynomials, namely the
Bernoulli, Euler, and generalized Laguerre polynomials. We explore both classical and generalized
forms of these polynomials, presenting their generating functions, explicit expressions, recurrence
relations, and various interconnections through special numbers such as Stirling numbers.

A particular emphasis is placed on the generalized versions, including the generalized Bernoulli
polynomials, generalized Euler polynomials, and the generalized Laguerre polynomials, highlighting
their structure and importance in analytical and combinatorial contexts.

This work also discusses their relations with other special functions like the hypergeometric function
and the Riemann zeta function, and provides proofs and applications relevant to both theoretical and
applied mathematics.

Keywords: Generating function, explicit formula, recurrence relation, Stirling numbers,
hypergeometric function, Riemann zeta function, Bernoulli polynomials, Euler polynomials, generalized
Laguerre polynomials, orthogonal polynomials.
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Notations

Sets

C The field of complex numbers.

R The field of real numbers.

Z The set of entire numbers.
N The set of natural numbers.
Symbols
[n] The set of {1,2,...,n}.
tn The rising factorial.
" The falling factorial.
() The binomial coefficient.
O,k The Kronecker delta symbol.
s(n, k) Signed Stirling numbers of the first kind.
|s(n, k)| Unsigned Stirling numbers of the first kind .

ro-4%
)

5nm
#1Q)

Stirling numbers of the second kind.

The first order derivative of a function.

Floor function
Kronecker delta symbol.

The inner product .
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Polynomials and Functions
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r-Wihitney numbers.

Bernoulli numbers.

Bernoulli polynomials.

Bernoulli polynomials of Order «.

Euler numbers.

Euler polynomials.

Euler polynomials of Order a.

Classical Laguerre polynomials.

Laguerre polynomials of Order a.
Associated Laguerre polynomials.

The n'* associated polynomials.

The n** Fibonacci number.

The n'" Fibonacci polynomials.

The n'" m-associated Fibonacci polynomials.
The Riemann zeta function.

The Gamma function, extension of the factorial.

Hypergeometric function.

viii



Introduction

Introduction

Special polynomials such as Bernoulli, Euler, and Laguerre play a fundamental role in various
areas of mathematics, including number theory, analysis, and mathematical physics. These polynomials
are not only of theoretical interest due to their rich algebraic structures and recurrence relations,
but also have practical applications in numerical methods, approximation theory, and solutions of
differential equations.

This work is divided into four chapters:

1. The first chapter presents essential preliminary concepts and mathematical tools that form
the foundation for the subsequent discussions. These include notations, definitions, and classical
results related to special functions and polynomials.

2. The second chapter is dedicated to Bernoulli numbers and polynomials, including their
generalizations such as generalized Bernoulli polynomials of order «. The chapter covers
their generating functions, identities, and key properties that make them useful in various
analytical contexts.

3. The third chapter explores Euler polynomials, following a similar structure to that of the
Bernoulli polynomials. Their definition, recurrence relations, and special cases are presented,
along with their connections and comparisons to the Bernoulli family.

4. The fourth chapter focuses on Laguerre polynomials, both in their classical form and in
generalized forms such as Laguerre polynomials of order a and associated Laguerre
polynomials. These polynomials are essential in the study of orthogonal systems and frequently
appear in the solutions of differential equations in quantum mechanics.

This thesis aims to present a unified view of these families of polynomials, highlighting their
definitions, fundamental properties, and the relationships between them. Special attention is given to
the role of parameter « in generalizations and to the structure of recurrence relations that define each
family.



Basics Notions

In this chapter, we present some basic elements which will be useful for the rest, including a
review of rising and falling factorials, the generating function, the explicit form, the recurrence relation,
Stirling numbers and their combinatorial properties. For more precise and detailed concepts the reader
can refer to [0, 9, 12, 13, 18, 26, 28, 30, 32].

1.1 Rising Factorial and Falling Factorial

Definition 1.1 Lett be a real or complex number and n a positive integer, we define the rising factorial
of t of order n, denoted as t"™, by :

T=tt+1)...(t+n—1),if n>1 with t° =1,
and the falling factorial of t of order n, denoted as t%, by:
t=tt—1)...(t—n+1),if n>1 and t°=1.
The relation between the rising factorial and the falling factorial is given by:

= (-1 (-0

1.2 Gamma Function
Definition 1.2 T'(x) is the Gamma function, given by the integral:
“+o0o
I'(x) :/ t" e tat,
0

where
I'(m+1)=m!, for m eN.
The definition of " can be extended to any integer n € Z by the following relation:
i I'it+1)
I't—n+1)

1.3 Binomail Coefficients

Definition 1.3 The binomial coefficient (}.) represents the number of ways to choose a subset with k
elements from a set with n elements.

Definition 1.4 Let n and k be two non-negative integers. The binomial coefficient of k, denoted as
(%), is given by:

I AT s T
with (3) =0 for k> n, and () =1 for k=0 or k =n.

n n! nk
():':mSksm, (1.1)



We can also define the binomial coefficient in combinatorics by:

Definition 1.5 The binomial coefficient (Z) is the number of ways to choose a subset with k elements

from a set of n elements.

Example 1.1
Replacing n with 4 and k with 2 in (1.1), we obtain:

4 41
<2> “a—om o

In the set [4] ={1,2,3,4}, there are siz ways to choose two elements:

{1,2}; {1,3}; {1,4}; {2,3}; {2,4}; {3,4}.

As a result, (3)=6.

1.3.1 Newton’s Binomial Formula

Let t and y be two real numbers and n a non-negative integer. So
" (n
t+y)"=> <k>tky"_k-
k=0

1.3.2 Pascal’s Recurrence Relation

The binomial coefficients satisfying the following relation:

n n—1 n—1
_ > k> 1.
(k:) (kz—l) —i—< k: ), forevery n>k>1

1.3.3 Pascal’s Triangle

From the recurrence relation (1.3), we can construct Pascal’s triangle

n\k||O 1 2 3 4 5 6 7
0 1

1 1 1

2 1 2 1

3 13 3 1

4 1 4 6 4 1

! 15 10 10 5 1

6 1 6 15 20 15 6 1
7 1 7 21 3 3 21 7 1

Table 1.1 — Pascal’s Triangle Numbers

(1.2)

Property 1.3.1 The binomial coefficients satisfy nearly an infinite number of identities, including :

1. The absorption identity

k)=500)

2. The symmetry

(1.4)



3. The top summation

1 n
<ZI 1) = <I;>wzth nk > 0. (1.6)

4. The parallel summation

<m+:+1> =Z<m;rj>‘ (1.7)

n=j

1.3.4 Generalization of Binomial Coefficients

A generalization of the binomial coefficient (Z) consists in replacing n by a complex number ¢, and
to define (}) by posing, ¢ € C and k € N by:

(t) tt—1)-(t—k+1) & (=1)nk

k)~ k! R R (1.8)

and having almost the same properties as (7).

We have
<_nk> _ (k e 1) (—1)". (1.9)

1.4 The Generating Function and Some Operations on Power Series

1.4.1 The Generating Function

Definition 1.6 Let A be a commutative ring with a unity element. Formal power series with coefficients
an n A and indeterminate t are defined as follows:

tn
G(t) = Z ant”™ and H(t) = Z an—-
n>0 n>0
The formal series Z ant™ associated to the sequence ((an)n>0) s called the ordinary generating function.

n>0
n

t
The formal series Z an— associated to the sequence ((an)n>0) is called the exponential generating
n>0 '
function.

We denote by A[[t]] the set of all formal power series with values in A.

1.4.2 Some Operations on Power Series
Cauchy Product of Series
The product of two ordinary generating functions Z ant"™ and Z b,t™ is given by:

n>0 n>0
n
(Z ant") (Z bnt") = Z cnt”™,  where ¢, = Z apbn_r. (1.10)
n>0 n>0 n>0 k=0
t" t"
The product of two exponential generating functions Z an,— and Z b,— is given by:
S0 n! 50 n!

(Z Clnn!) (Z bnn!) = Z C"ﬁ’ where ¢, = Z apbn—_k (Z) (1.11)

n>0 n>0 n>0 : k=0



Sum

The sum of two ordinary generating functions Z ant"™ and Z b,t" is defined as:

n>0 n>0
> (an +0)t" =D ant™ + > but™ (1.12)
n>0 n>0 n>0
t" t"
The sum of two exponential generating functions Z an,— and Z b, — 1is defined as:
n>0 n! n>0 n!

Z(an—l—b Zan +Z n '. (1.13)

n>0 ! n>0 ! n>0

Equipped with these two operations, the set of formal power series A][[t]] forms a ring.

1.5 The Riemann Zeta Function

Definition 1.7 The Riemann zeta function ((s) is defined for any complex number s satisfying R(s) > 1
(i.e., the real part of s is strictly greater than 1), by:

Z — (1.14)

n>1

We now present a generalization of the Riemann zeta function, defined by Euler and Zagier [2, 3].

1.6 The Multiple Zeta Function of Euler-Zagier

Definition 1.8 The Euler-Zagier multiple zeta values of depth p (with p > 1) are defined by:

1
Cp(Sl,SQ,...,Sp) == Z W, (115)
0<ni<ng<--<np 1 72 P
where s1, 82,...,5p are positive integers > 1, with s, > 1.
Akiyama et al. [2, 3] defined the regularized values of the multiple zeta function at non-positive
integers by:
CG(=r1,—re, ..., —rp) = lim .-+ lm (p(s1,82,...,8p), (r1,72,...,7p>0). (1.16)

S1——T1 Sp——Tp

1.7 The Stirling Numbers

1.7.1 Stirling Numbers of the First Kind

Definition 1.9 The signed Stirling numbers of the first kind, denoted as s(n, k), are the coefficients of
the falling factorial polynomials in the canonical basis t", that’s to say:

n

= Z s(n, k)t*

k=0

Definition 1.10 The unsigned Stirling numbers of the first kind, denoted as |s(n, k)|, are the coeffi-
cients of the rising factorial polynomials in the canonical basis t", that’s to say:

n

=3 Is(n, B,

k=0

we have:

Is(n, k)| = (—1)”7]68(71, k).



Definition 1.11 The Stirling numbre of the first kind /s(n,k)/ counts the number of permutations
of n objects that consist of exactly k disjoint cycles.

Ezxample 1.2 Write t3 as a polynomial

B =tt—1)(t—2)

=t° — 3% + 2¢.
We can say from this example that :
5(3,0) = 0.
5(3,1) =
5(3,2) = -3
5(3,3) =1.

The Generating Function

The exponential generating function of the signed Stirling numbers of the first kind is given by:

0 n n k
R L

n==k

The Explicit Formula
The explicit formula for the signed Stirling numbers of the first kind:
> , h —1+h
sk = > <—1>J+h< ) (” * )
0<johen—k jj\n—k+h

The explicit formula for the signed Stirling numbers of the first kind:

s(n, k) = Z—: Z

The Recurrence Formula

The Stirling numbers of the first kind satisfy the following recurrence relation:

{s(n, 0) =s(0,k) =0, except s(0,0)=1, (1.17)

s(nyk)=s(n—1,k—=1)—(n—1)s(n—1,k), (n=k=>1).
Table of the Stirling Numbres of the First Kind

Using the triangular recurrence relation (1.17), we can calculate the Stirling numbers of the first
kind s(n, k):

NI 2 3 4 5 6 7
0 |1

1 o 1

2 o -1 1

3 o 2 -3 1

4 o -6 11 -6 1

5 o 24 -5 35 —10 1

6 |0 —120 274 -225 8 —15 1

7 o 720 -—1764 1624 —735 175 —21 1

Table 1.2 — Stirling numbres of the first kind



1.7.2 Stirling Numbers of the Second kind
Definition 1.12 Stirling numbers of the second kind, denoted as {Z} are the coefficients of the

polynomial t*, that’s to say:
" [n
= tk,

k=0

Definition 1.13 The Stirling numbers of the second kind, {\} counts the number of partitions of the
set {1,2,...,n} into k non-empty subsets (0 <k <n).

Example 1.3 The set [4] contain 7 partitions into two non-empty subsets {;1} represent the partitions
into 2 subsets:

{1{2,3,4}), {{2H{1,3,4}), {{8H{L,2,4}},  {{4}{1,2,3},
{L23{3,4}}, {{1,3}{2,4}},  {{1,4}{2,3}}.

As a result, {‘21} =17.

The Generating Function
The ordinary generating function of Stirling numbers of the second kind is given by:

1 k 1

Z{k}t”: (1—1)(1—2t)--- (1 — kt) :]1_[1(1—Jt)

n=k

The exponential generating function of Stirling numbers of the second kind is given by:

3 {Z}Z = e 1)k

n==k

The Explicit Formula

The Stirling numbers of the second kind are given by the following explicit formula:
k
n 1 k—i kf .n
=z ()
7=0

The Stirling numbers of the second kind satisfy the following recurrence relation:

{g} - {2} — 1, except {8} ,
1 R R

Table of Stirling Numbers of Second Kind

Nk 1 2 3 4 5 6 7
0

The Recurrence Formula

[an)

1

3 1

7 6 1

15 25 10 1
31 90 65 15 1
63 301 350 140 20 1

N O U i W N
O OO OO OO O
I T T S SO ey




Table 1.3 — Stirling Numbers of the Second Kind

1.8 Generalized Stirling and Whitney Numbers

1.8.1 r-Stirling Numbers of the Second Kind

For any nonnegative integer r, the r-Stirling numbers of the second kind, Sy(n, k), are a generalization
of the Stirling numbers of the second kind. These numbers count the number of partitions of a set of n
elements into exactly k£ non-empty subsets such that the first r elements are in distinct subsets. Their
exponential generating function is given by:

S0+ 1,k 1 :
Z Se(n +T' + 74)t" = (et - 1) . (1.18)
=0 n! k!

En particular, for » = 0 or 1, we get the classical Stirling numbers of the second kind.

1.8.2 r-Whitney Numbers

For any positive integer m, the r- Whitney numbers of the second kind, Wy, »(n, k), are the coefficients
in the following expansion:

(mx +r)" Zm Wir(n,k)z(x —1)---(x — k+1). (1.19)
k=0

The generating function for these numbers is given by:

Z Wm,r(na k) o 1 et (emt _ 1)k . (120)

| k.|
=k n! m~rk!

It is easy to observe that for specific values of r, these numbers reduce to the classical Stirling numbers.
Specifically:
Wio(n, k) =S (n, k), Wiy(nk)=S(n+rk+r). (1.21)

1.8.3 Generalized Stirling Numbers

The generalized Stirling numbers S¥(z) of the second kind are defined by:

1
HAIW’ (1.22)

where A denotes the forward difference operator is defined by:

Af(z) = flx+1) = f(x).

Sp(x) =

They can also be expressed as:

1 & k
k—z:: <j> (z+ )" (1.23)

Their generating function is given by:

3 Sa(@) i _ %gﬂt (et - 1)’“_ (1.24)

]
=

From this generating function, we deduce the following important relations:

- Zn: (?) S(, k). (1.25)
=0



SF0) =S (n, k). (1.26)
SE(r) = Sp(n+rk+7). (1.27)
mnk gk <;> = W (n, k). (1.28)

These tools will be useful throughout the study of generalized Euler and Bernoulli polynomials. For
more details, see references such as [7, 11, 22, 23].

1.9 Fibonacci Numbers and Polynomials

Fibonacci polynomials generalize Fibonacci numbers by using variables. They are defined by a
recurrence and have useful properties in mathematics [16, 15, 37].

1.9.1 Fibonacci Numbers
Definition 1.14 The Fibonacci sequence (Fy,)nen is defined by the recurrence:
Foio=F,1+F,, VYn>0, Fy=0 =1 (1.29)
The first few Fibonacci numbers are given in the following Table:

n |0]1|2|3/4(5(6] 7|8 91011 12 | 13
FrolO|1T|1]2|3|5|8|13]21|34|55/|89 | 144|233

Table 1.4 — First Values of Fibonacci Numbers
Remark 1 Negative-index Fibonacci numbers are given by: F_, = (—1)"*1F,.

Property 1.9.1 (Binet’s Formula)

(1+v5)" — (1 —+5)"
2n/5 ’

1.9.2 Connection with the Golden Ratio

F, = ¥n > 0. (1.30)

Definition 1.15 A number ¢ is called a golden ratio if it satisfies

a+b a
=-. 1.31
Pl (1.31)
Letting v = 3, we obtain the quadratic equation
1
T=1l+-=9"-v-1=0. (1.32)
7
Its solutions are
1 5 1—+5
a:ﬂ, 8= V5 (1.33)
2 2
Remark 2 The positive solution a is the famous golden ratio, usually denoted by p.
Lemma 1
af = —1.
Oé2 . 52 — \/5
o + 5% =3.
Property 1.9.2 The Fibonacci number F,, can be expressed using the golden ratio as
am — Bn
F,=——— 1.34
n 7 (1.34)
Property 1.9.3
F,
lim — = . (1.35)
n— oo



1.9.3 Binomial Form of Fibonacci Numbers

Theorem 1.1

=l
Fo= o > <2k+1>5k. (1.36)

k=0

The floor function ["T_lJ returns the greatest integer less than or equal to %‘1

Remark 3 Fibonacci numbers can also be written using matrices

Q= E (1)] , Q"= [Fl’}zl Fl::] : (1.37)
which leads to Cassini’s Identity:
Fpi1Fn1 — F2=(-1)". (1.38)
1.9.4 Generating Function

Property 1.9.4 The generating function for the Fibonacci numbers is

> Fut" = _r (1.39)

442
"0 1—-t—t

1.9.5 Fibonacci Polynomials
Definition 1.16 The sequence of fibonacci polynomials F,(x) is defined by the recurrence

Foio(x) = xFpp1(z) + Fo(z), Yn>0, Fy(z)=0, Fi(z)=1 (1.40)
Using this definition, we can give us the first terms of the Fibonacci polynomials.

0
1

x
2 +1
3+ 2z

zt + 32241
x® + 423 + 32
20 + 52t + 622 + 1

N O Uk W N = O3

Table 1.5 — First Terms of the Fibonacci Polynomials

Property 1.9.5 The generating function of the Fibonacci polynomials is:

DA ) [ —_—— (1.41)

= — — 2.
"0 1—at—1t

Proof. Let the generating function be

flx,t) = Z F,(z)t".

n>0

Using the reccurence relation
Fn+2($) = I’Fn+1($) + Fn(l')

10



Then

=
= (@) -t - T/
—(1-5-7) fw)
_ +ta:2t— 1f(x7t)7
then ,

1.10 Hypergeometric Functions
The origin of hypergeometric functions dates back to the beginning of the 19*" century, when Gauss
studied the following differential equation [1, 10]:

t1=8)y" + (c— (a+ b+ 1))y —aby =0, (1.42)
where a, b, c € C. This equation is known as Gauss’s differential equation. The generalized hypergeo-

metric function has a series representation:

> Ca,

n>0
with
CnJrl
Cy '’
a rational function of n, defined by the following relation:
Cni1 (n+a1)(n+ap)t
Co (ntb)-mtb)m+1)

If Cy =1, then

(a1)"(a2)" -~ (ap)" "
(b1)™(b2)™ - -+ (bg)™  nl’

C, =
and the hypergeometric function is then

ar,....ap .\ (a1)™(a)™ - (ap)™ R
qu< by ) =2 )T )Tl

n>0

If p=1 and ¢ = 1, we obtain the confluent hypergeometric function of Kummer:
a
1k ( b ;t> ;

ar v (1.43)

b)y" nl’

which is defined by:

—

2.

n>0 (

If p =2 and ¢ = 1, we obtain the Gauss hypergeometric function:

2F1<a,b;t>zz(azz)(i’)”‘f!’

C
n>0

where [t| < 1, the solution of the differential equation (1.42).

11



1.11 Orthogonal Polynomials

Given two real polynomials in z, P(z) and Q(x), we note:

1Q) = [ PR, (149

where p(z) is defined and integrable function on (a, b), positive or zero, and piecewisz continuous.
The integral (P | Q) is an inner product since:

(P1Q)=(Q|P) (1.45)

>0 if P(x) #0,

=0 if P(x)=0 (1.46)

b
(PIP)= [ PPa)pta) do {
Polynomials P and @ are said to be orthogonal if:
(PlQ)=0.

The family of polynomials {P,(z)}, where P,(z) is a polynomial of degree n, is called a family or
sequence of orthogonal polynomials with respect to the weight p(z) on the interval (a,b) if:

(P, | Py)=0, forn#m. (1.47)
The sequence { P, } is said to be orthonormal if:
<Pn ‘ Pm> :5mn7

where 0,,,,, is the Kronecker delta symbol, defined by:

Sum {1 if'm 7 n, (1.48)

0 ifm=n

12



The Generalized Bernoulli Polynomials

The generalized Bernoulli polynomials are an important extension of the classical Bernoulli polyno-
mials, which originally appeared in number theory. They keep many key properties of the original
polynomials but allow for broader applications. Defined using generating functions with extra parame-
ters, they appear in fields like modular forms and finite differences, and are related to other special
polynomials such as Euler and Genocchi polynomials. In this chapter, we present their definitions,
main properties, and important identities [3, 5, 8, 14, 25, 35, 30].

2.1 Bernoulli Numbers

In 1755, Euler posed the following definition for the Bernoulli numbers, which remains the most
common modern definition for the sequence [11].

Definition 2.1 The Bernoulli numbers are the coefficients of the exponential generating function:

tn
> By (2.1)

n>0

t —
et —1

Explicit Formula

Theorem 2.1 The explicit formula of the Bernoulli By, is given by:

" k' n
Bn = Z(_l)kk—i— l{k}

k=0

Proof. We have:

13



Using the generating function (2.1), we get:

t" t
Z an' Tt _1
=0 " e
>0 E+1
e )k, kKl (et 1)k
= E+1 k!
k! n|t"
>0 k+1 >0 k| n!
B Z zn:(—l)k kU fnl )"
N =0 = E+1\k|)n!"
Now, identifying  the two  power series gives the  directly

Recurrence Relation
The Bernoulli numbers satisfy the following recurrence relation:
- 1
S (" T ) Be=0, with By=1.
o\ K

Using this relation to calculate By, Bo, Bs, ...

For example, for n= 1, we have:
1
2
B, =0
Z (k?) k )

k=0

(o (s

BO + 2Bl = 07
2By = — By,

and
ng+1 =0, fOT‘ k> 0.

Theorem 2.2 The recurrence relation of the Bernoulli numbers is given by:

" (n
By=1, and B,= Bi, VYn>2.

Proof. Let us define the generating function as:

t

B(t) = .

Then, we have:
e'B(t) =t + B(t).

14
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We know that:

t" t t"

t_ — _ —

e = E ok and t+B(t)—1+2+ E Bnn!'
n>0 n>2

Now, multiply both series together:

52)(524)- 5245

n>0 " n>0 n>2

By n_ .t t"
Z<Zk'(n—k)'>t _1+§+ZB7%.

n>0 \k=0 n>2

Now, by comparing both sides term by term, we get:

n! =l
B, = z:: mBk => <k>Bk.

k=0

Before stating the main result of this section, we need the following Lemma;:

Lemma 2 Let f(t) = Z ant”, then
n>0

If f is even, then agp+1 =0, for alln > 0.

Proof. Since f is even, we have:

f(t) = f(=t)
So,
Z ant"™ = Z an(—t)",
n>0 n>0

which gives:

> ant™ = > an(—)" =D an(t" — (=t)")

n>0 n>0 n>0

= Z ap (1 —(=1)")t" =0.
n>0
Now, notice that:
1= (1) = 0 if n is even,
2 if n is odd.

Therefore, we get:

> (1 - (—1)2n+1) agn41t?" T =2 > agn 1t = 0.
n>0 n>0

This implies that:
agn1 = 0.

15



Theorem 2.3 The Bernoulli numbers B,, with odd indices are zero, that is:

Vn Z 1, an+1 =0.

t
Proof. We use the previous Lemma 2, knowing that the function + 3 is even, and

of —
t
et —1

+iop +(B +1>t+ZB “
2 7Y o "l

So we get: .
B1+§:0 and Bopy1 =0, Vn>1.

2.2 Bernoulli Polynomials

In this part, we study the Bernoulli polynomials [14]. We define them and give some of their main
properties. These polynomials are closely related to Bernoulli numbers and appear in many areas of
mathematics, especially in calculus.

Definition 2.2 The Bernoulli polynomials are a sequence of polynomials, B,(x), defined by the
following power series expansion:

n>0

B, (z)t"

- (2.3)

The generating function for the Bernoulli polynomials is the generating function for the Bernoulli
numbers multiplied by a term of e'*. Our first observation of the Bernoulli polynomials is that the
constant term of By (x) is in fact B,. If we set x =0, then

tet(©) t
et—1 et —1

and so B, (0) = By,
There are further connections: we can use the generating function for the Bernoulli numbers to develop
a recurrence relation for the Bernoulli polynomials.

Theorem 2.4 The Bernoulli polynomials, By, (x) satisfy the recurrence relation:

Bn(z) = znj (Z) Bpa"*. (2.4)
k=0

Proof. We have:
tetm tn
n>0

Expanding e!* using its Taylor series:
(tz)™
m!

D>

m>0

Since the generating function of Bernoulli numbers is:

t ZB tm
t _ - ’nja
e 1 >0 n!

16



multiplying both series:

ZB*Z n' ZZBkk| (n—k)!

n>0 n>0 : n>0 k=0

o

3

o

Il
[~]=
N
> 3
~__—

oy

El

8

Table of Bernoulli polynomials

According to the recurrence relation (2.4), we obtain the following Table 2.1:

Bn(z)

1

1
r—2

xQ—w+%
3_%$2+1x

1

— 223 4+ 22 — 35
5754 1

x 5% +3x 656

20 — 32° +2 Qx +4%

X

=] K1l I JOt] B N) Y Neanl I

Table 2.1 — Table of Bernoulli Polynomials

Theorem 2.5 The Bernoulli polynomial By (z) satisfies the identity:

Bl () = nB,_1(z).

Proof.
We start with the generating function of Bernoulli polynomials:
tetl‘ n
el —1 ZB"(:E) !
n>0

Differentiating both sides with respect to x:

d [ tet® s tn

n=0

Since
etac — t@tm,

we obtain:

17



n>0
m
n!
tn+1
n>0 :
n
= Z nBpn_1(z)—
50 n!
m
= Z Bl (z) ok
n>0

Comparing coefficients, we conclude:

Theorem 2.6 For all n > 1, the Bernoulli polynomials satisfy the identity:
B, (1) — B,(0) =0, for odd n. (2.6)

Proof. We use the defining property of Bernoulli polynomials given by their generating function:

tetx "
=) By(z)—.
1= 2 B
et —1 e n!
Setting z = 1 and = = 0, we get:
te! t"
= B,(1)—.
1= 2 B
et —1 =0 n!
t t"
= B,(0)—.
1= 2B
el — 1 "0 n!
By subtracting these two equations:
tet t t"
=1~ g1 = 2 (Ba(1) = Bal0)) 1.
ebt—1 e —1 =0 n!
Factoring out =
tel — 1) tm
R = Y (Ba1) - Ba0)
e =0 n!

Observing the right-hand side, we see that only the n = 1 term remains nonzero, meaning;:

B,(1) — B,(0) =0, forn>1, and n odd.

Theorem 2.7 Forn =1,2,..., the following identity holds:

Bn(z 4+ 1) — By(z) = na™ 1. (2.7)

18



Proof. To prove this identity, we start from the exponential generating function of the Bernoulli
polynomials, which is given by:

B —. (2.8)
w30 n!
Now, consider replacing x with « + 1 in the generating function:

te(CEJrl

—ZB x+1

(2.9)
n>0

Using the identity e(*+D! = ¢?et, Equation (2.9) becomes:

tel‘t t . tecct
= e . t .
et —1 et —1

Now subtract Equation (2.8) from this expression:

t€$t text tea?t
t _ t _ gt
g = (¢ 1) =ter

Therefore, we obtain:

S (Bula + 1) — Bu(a) o = e,

|
"0 n!

On the other hand, we can expand the right-hand side as a power series

anln_nl ann 1t.

n>1 n>1
Now, by comparing the coefficients of %n, on both sides of the equality, we conclude that

Bu(z +1) = By(z) = na™ ! forall n > 1.

Theorem 2.8 Forn =1,2,..., the Bernoulli polynomials satisfy the following identity:

B,(1—2z)=(-1)"B,(z).
Proof. We begin with the exponential generating function for Bernoulli polynomials

—Z

(2.11)
n>0

Let us replace x with 1 — x in the generating function:

(2.10)

6(1 x)
—ZBlﬂZ (2.12)
n>0
Note that:
6(1—;1:)t — et 7t
So Equation (2.12) becomes:
tetefxt _ . tefmt
et —1 et —1°
Now, we observe that:
te~ "t t"
—1 Z Bn(_x)n'
n>0



But this function is related to By, (x) via the identity:
B, (—x) = (—=1)"By(z).

Thus,
te(lfx)t n _ " .

1 =€ 2 Bal—a) 5 =3 (1) Ba(z) e,

n>0 n>0

Since both sides are generating functions for B, (1 —x) and (—1)"B,(z), we can equate the coefficients
of %, and we obtain:

B,(1—2x)=(-1)"B,(x) foralln>0.

Theorem 2.9 Forn =0,1,2,..., the even-indexed Bernoulli polynomials satisfy:

B, (1 — x) = Boy(x). (2.13)
Proof. We recall the general reflection identity for Bernoulli polynomials:
B,(1—z)=(—1)"By(x) foralln>0.
Now, let us consider the case where n = 2k is even. Then:
Bok(1 — z) = (=1)** By (x) = Bax(x),

because (—1)?* = 1 for any integer k. This proves that all even-indexed Bernoulli polynomials are

symmetric with respect to the line x = %, and thus:
Bon(1 —x) = Bap(z) for all n > 0.
]
Property 2.2.1 Let B, (t) be the Bernoulli polynomial of degree n, and let x,y € R. Then:

/y By (t)dt = B”“(y?)l:r?”“(x).

(2.14)

2.3 Applications

2.3.1 Applications in Analysis

The Bernoulli numbers appear in the Taylor series expansion of the tangent functions (circular and
hyperbolic), in the Euler-Maclaurin formula, as well as in expressions for certain values of the Riemann
zeta function, etc [5, 14].
1. Sums of Powers of Integers
The Bernoulli numbers first appeared in the sums of powers Sk(n) = > 1", i*, specifically in
Faulhaber’s formula as follows:
For all £ > 0 and n > 1, we have:

k nk—i—l—j
=3 (Has
o\J) Tktl—yj

2. Taylor Series Expansions
The Taylor series expansions of the functions tan x and cosz around 0 are given by:

o0 1n9 9 $2n71
t = -2 —1)2°"B .
anx 3:1( )" H( ) on (2n)!
1 o0 5 m,21171
_ - _1\n92n
cosT = — + nil( 1)"2°" By, G
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3. The Euler-Maclaurin Formula
The Bernoulli numbers appear in the Euler-Maclaurin formula as follows:

) dr—-(f(n)=f(0))

+—-

nz_:lf(k:) ~ /n f( 1 _i_}.f/(n) — f(0) _i.f(?))(n) —f®0) 1 fO(n) - fO(0)
k=0 0

2 6 2! 30 4! 42 6!

4. Relation with the Riemann Zeta Function (
In 1735, Leonhard Euler determined the exact value of ((2) using the formula:

n>1

He also proved that the Riemann zeta function at positive even integers is related to the
Bernoulli numbers:

_1\nt1
¢(2n) = Z k‘% = (271')2" . W

k>1

5. Relation with the Euler-Zagier Multiple Zeta Function
Akiyama et al. [9] defined an explicit formula for (;(0,---,0,—n), related to the Bernoulli

numbers: i
1
0,---,0,—n)=—— k,j)Bpii + (=1)%6,, 2.15
7=1
where &, 1s a function defined by:
5 - 1 ifn=0,
"0 ifn#0.

2.3.2 Arithmetic Applications

Applications to Prime Numbers
This result was obtained in 1840 by Karl Georg Christian von Staudt and Thomas Clausen.

Theorem 2.10 (Von Staudt-Clausen Theorem) Let P C N be the set of prime numbers. For
n =1 and for every even integer n > 2, B, can be written as:
1
B, =— Z —+Cp, (Cy is an integer), (2.16)
pEP, p—1in

where p — 1 | n means that p — 1 divides n.

This theorem states the following: If one adds to B, the inverses % of each prime number p such that
p — 1 divides n, one obtains an integer whenever n = 1 or n is a non-zero even number.

This property can also be expressed as: If p — 1 | 2m, then pBy,;,, = p. (The notation a = b mod p
means that p divides the numerator of a — b but not its denominator.)

Moreover, this theorem allows an immediate characterization of the denominators of the Bernoulli
numbers, given in the following result:

Theorem 2.11 For even n, the denominator of B, is the product of the prime numbers p such that
p—1|n.

21
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2.4  Bernoulli Polynomials of Order «

This section focuses on the Bernoulli polynomials of order « (called the generalized Bernoulli polynomials
in [8]). We present their definition, and mention their basic properties. These polynomials generalize
the classical Bernoulli polynomials and are useful in many mathematical problems [3, 25, 35, 30].

Definition 2.3 The Bernoulli polynomials of order o BS(x) are defined using the generating function

below:
< t >aemt:ZW‘ (2.17)

t_ |
e 1 "0 n!

Using the generalized Stirling numbers S¥(z) of the second kind, we obtain the following result related
to the generating function:

Theorem 2.12 The following identity holds:

n -1 _
Bﬁ(m)zZ(—l)’“(nZk> <ZJ_FZ> <a+]]: 1)Sﬁ+k(x). (2.18)

k=0

Proof. We proceed as in proof of the explicit formula of Srivastava and Todorov [[35], p. 511, Eq.

(10)]:

a e a+k—-1

k=0
n—k
no\ (P+k)
xz< )w 5L e (O)H
o \Pt+Fk (p + 2k)! P
P fa+k+1-1
()
=0
Now, applying the identity:
nk <a+k+l—1> B <n+a>
= l n—=k
and rearranging terms, we get:
n a+k—1\ 4o\ nt+k
BS(.T) — Z(_l)k ( k n—gk(n—k) Z (’I’L + k) gjn+k—j5]k(0).
k=0 " =\

Now, wusing (1.25), we get the desired result (2.18) asserted by Theorem 2.12.
[

Remark 4 If we set x = 0 in Theorem 2.12, we obtain a closed-form formula for the Bernoulli
numbers BY of order o [[50], p. 665, Eq. (3)].

Remark 5 By making the substitutions x — x + 1 and a« — x + 1 in the generating function (2.17),
we get the Stirling polynomials &, (z), defined as:

t z+1 o n
(1_et) —ngo@n(l")m7

which have the explicit expression:

-1
<—1>’“(“Z’“) (”Zle) (ﬁ’“)smmn.
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Remark 6 If we choose x = - and a = —k, where k is a non-negative integer, in Equation (2.18),

we find:

wt () =2 () (o) (o ()

J=0

Also, using Equations (1.28) and (1.8), we get:

-1
B* (7“> _ (” : k) W (n + k, k).

m m
This result was also proven by Mihoubi and Tiachachat [[25], Eq.8].

Remark 7 By taking x = r and a =1 in Theorem 2.12, we obtain:

n -1
Bu(r) = 3 (~1) <”Z’“> (ZE)ST(HHT,HT).

k=0

For r =0, this formula reduces to Gould’s identity for the classical Bernoulli numbers B, .
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The Generalized Euler Polynomials

Fuler polynomials are fundamental tools in mathematical analysis, contributing to the study of
various mathematical phenomena and applications. In this chapter, we focus on the generalized
Fuler polynomials, which represent an extension of the traditional form to include a broader range
of mathematical cases. The definitions, properties, and key results related to these polynomials
will be discussed, along with their applications in fields such as combinatorics and series theory

[7 ’ ) ) ) ’ ]

3.1 Euler Numbers and Polynomials

In this part, we talk about Euler numbers and Euler polynomials [14]. We give their definitions and
write some of their basic formulas. These numbers and polynomials are important in mathematics and
appear in many algebra problems [14].

Definition 3.1 The Euler numbers E,, are defined by the expansion:

2 ~ t"

nor
n>0 ’

From this, we have:
Ey=1, E,=-1, E;=5, Egz=—61, FEg=1385, elc.

Also, we observe that: N
FEor_1=0, forallk>1.

Definition 3.2 FEuler polynomials E,(x) are defined by the generating function:

2el® tm
et +1 = n!

Theorem 3.1 The Fuler polynomials can be expressed as:
" (n Ek 1\
E,(z) = ]; <k> o (ac - 2) : (3.3)
=0
Proof. We start with the generating function:

261‘,:1:

el+1 > En(:n)—




Note that:
t" E,t" 1.t
> Eaw) = | X e ) [ - ]
=0 n! ( AL ! =o 27 nl
which implies the equality N
n\ Ej 1\ "
= k]2 2
]
For x = %, we get the equality X
E,=2"F, <2> . (3.4)

Theorem 3.2 The derivative of the Euler polynomials E,(x) satisfies the following identity:
El(z) =nE,_1(z). (3.5)
Proof. We start from the generating function of the Euler polynomials:
2eta:

E,
Z (x)tn: t+1.
e

]
=0 M

Differentiating both sides with respect to x:

d 2et® > tn

S ) =S E(2)—.

dx <et+1> nz:‘; ”(x)n‘
Since

d
767&1 — tetz’

dzx

we obtain

el t"
—_— = El(z)—.
¢ Z n
e+1 = n!
Shifting the index in the summation

tn+1

t’n
Y Bu(e) = Y Ey@)
"0 n! "0 n!

Comparing coefficients, we conclude

El(z) =nE,_1(z).

Theorem 3.3 Fuler polynomials satisfy the identity:
E,(z+1)+ E,(z) = 22", (3.6)
Proof. We use the generating function of Euler polynomials (3.2):
26tw

A
En(z)— = 54—
=0 nl et +1
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Replace by = + 1, we get:

Z E tn Zet(ac—i-l) _ %t
= I oet+1 et +1°
Then,
tn 2 te( t 1
S Eu(r+ 1) +ZE w:Qem.
n>0 DS et +1

Expanding the right-hand side as a power series:

22;3

n>0
Equating the coefficients of %n, gives:

E.(z+ 1)+ E,(z) = 22",

]
Theorem 3.4 The Fuler polynomials satisfy the symmetry identity:
E,(1—z)=(-1)"E,(z). (3.7)
Proof. We begin with the generating function for Euler polynomials:
t" 2et*
n>0 :
Substituting 1 — x in place of x, we get:
1 2¢t(1—2) 2¢—tx
S Ba(l-a)o = = =
S0 n! et + e t4+1
Since 24 T = 2n>0 En(T )Q we compare the two series and obtain:
E,(1—2)=(-1)"E,(x).
]

3.2 Euler Polynomials of Order «

In this section, we study the Euler polynomials of order « (called the generalized Euler polynomials
in [8]). We start by defining them and then show and main formulas. These polynomials are a
generalization of the classical Euler polynomials and have interesting properties [, 24, 29, 33, 35].

Definition 3.3 The Euler polynomials of order o ES(x) are defined by the following generating

function:
( - 1) ewt _ Z n (I") .
e’ + o
In this continuation of the work by Srivastava and Todorov [35], we aim to study explicit formulas for

the Euler polynomials of order o ES(x)).

We focus especially on a family of modified Euler polynomials of order . This study leads to a
useful and interesting method to compute the Euler polynomials of order o based on a three-term
recurrence relation.

To build this algorithm, we define an infinite matrix [Ef{’p(w)}, where n,p > 0.
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— The first row of the matrix is called the initial sequence, and it is defined by:

0 (x) =1

— The entries of the matrix satisfy the recurrence relation:

o o 1 e
En-ﬁ-l,p(x) = ($ +p)En712($) - Q(p + a)En,p—i-l('T)'

— The first column of the matrix gives the Euler polynomials of order «:
By () =B o(@)-
Theorem 3.5 The following relationship holds true:

no 1k _
26 =Y. Sl sh)

k=0

Proof. We aim to prove the following equation:

noo 1\k _ n _1\k _n n
53 C st = 3 CEV ) 3 by &
2 2

n>0 k=0 : n>0 n=k

We begin by using identity (1.8). Consider the following double sum:

noo(_1\k _ n . a L — — et k
>3 Gl wistonts e (7 E ) (45F)

I
7>0 k=0 n k>0

The assertion (3.8) of Theorem 3.5 now follows by comparing the coefficients of %n,
Theorem 3.5 is thus completed.

o - (_1) k
Bp@) = S (0 sk ).
In particular, for x = 0, we have:

no vk o _
g0 =y 5! k:!( o 1>S(n,k),
k=0

The special case of (3.8) when 2 = - reduces immediately to a known result [|

. The proof of

], Theorem 3] .

Moreover, upon setting « = 1 in (3.8), we get the formula (3.5). In the year 1983, Srivastava et al.

[35] proved the following addition theorem for the Euler polynomials of order o:
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a " (n\v+n o
EXT(z+qy) =Y <k> 1 n 7 Lk e — ky)EETP (ky + vy)
k=0 v

For R(y) > 0. By settingy =1, y =0, and x,5 — p, for all nonnegative integers p, in the addition
theorem, we obtain:

" n+1 —k k
E*P(p) Z (k N 1)E£‘ "(p) B3 (0).

Now, if we let
IE%p(O) = Eg+p(p),

we can deduce the following generating function:

« " t 2 atp
S ey = (pr)

1
n>0 n:

and the following explicit formula:

o - 2k fa+k+p—1
En,pm):;)(—l)’fm( P Sy tp k4 ).

In Theorem 3.5 below, we obtain an explicit formula via the Stirling number s(n,k) of the first kind.

Theorem 3.6 For a nonnegative integer p,

ez (0) = T (“ - 1) S s(p, k) E24(0), (3.9)

p! P

Proof. The explicit formula (3.9) can be derived from a known result in [[29], p. 681, Corollary 1] for
the Stirling transform upon specializing the initial sequence {aﬁ } ) 9 follows:
p:

o =0 <a +p— 1)

2p P

|
We now propose an algorithm which is based on a three-term recurrence relation for calculating the
generalized Euler numbers E(0).

Theorem 3.7 The Ef, ,(0) satisfies the following three-term recurrence relation:

T1p(0) = P (0) = 3o+ PS4 (0) (310)

with the initial sequence given by:
Eg,(0) = 1.

Proof. We have the following expression for Eg . 1(0):

(—1)p+igp+l

—1p+1
w(jif) > s(p+ L k)ES4(0)

k=0

Eap—i—l(o) =

_ (cprtiet) fagp) TR .
=T 0l <p+ 1) g::l [s(p, k = 1) = ps(p, k)] B3, (0)-
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After some manipulations, we find that:

2 2p

Ej p41(0) = ———E7 4 ,(0) + ta

S E?,(0).

|
Finally, we consider the polynomials Ef ,(x) obtained by first setting v = 1, x,8 — p, and then
interchanging x and y in the addition theorem. We have:

E;p(x) = Ey P (p + ).

By using the generating function, we obtain:

t" 2\t
> By la) = e (2

n>0

So that explicitly, we have

- a+p+k—
> 5 ( o, )sz(az+p>.

k=0

Eod
o

> (k) B0
—1)*

Theorem 3.8 The polynomials Eg"p(az) satisfy the following three-term recurrence relation:

o o 1 o
En—l—l,p(aj) = (p + x)En,p(aj) - i(p + a)En,p—l—l(x)

with the initial sequence given by:

8‘,p(x) =1.

Proof. It is readily seen that:

LB ) = Y k) (}j) ER,(0)"H!

k=0
n<~(n n=(n-1
a n—k a n—k—1
Now, we get:
d o « n—1 « k= 1 = n—1 « n—k—
r—E2 (x) =nES, pz Ef, (02" 1+ —n(p+a) > n e (02"
dx — k 2 P k

After some rearrangement, we find that:

o 1
ann lp( )_nEn,p< ) ann lp( )+ 2(p—|—a)nE 1p+l( )

This completes the proof.
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3.2.1 Relation with the Euler Polynomials

The Euler polynomials E,(x) can be computed from the Bernoulli polynomials using the following

relation:

n—1
AOEEDS (Z) (2B(x) ~ Bulr)

k=0
The Euler polynomials satisfy the following integral identities:

1 4(2ntmt2 — 1)p! m!
E,(x)E,(x)dz = (-1)" By tmao.
/0 (#)Em(x) dz = (1) (n+m+2)! Fmr2
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The Generalized Laguerre Polynomials

Laguerre polynomials are special functions that appear in many areas of mathematics and physics.
They are orthogonal and defined as solutions to a second-order differential equation and are especially
important in quantum mechanics. In this chapter, we study the classical Laguerre polynomials, their
generalization with a parameter «, and the associated Laguerre polynomials. We present their definitions,
main formulas, and recurrence relations [1, 0, 1/, 19, 21, 31].

4.1 The Classical Laguerre Polynomials

In this section, we present the classical Laguerre polynomials L, (x), focusing on their main definitions
and important properties. We will explore their generating functions, recurrence relations, and key
identities that characterize these polynomials. These properties form the foundation for further
generalizations and applications studied in later sections [0, 21].

Definition 4.1 The classical Laguerre polynomials Ly, (x) [21] are commonly introduced through the
following generating function:

() - G

n>0
and can be computed explicitly by the Rodrigue’s formula [0]

e* d"

Ln(z) = n! dz™

(e7®a™). (4.2)
The explicit form can be rewritten differently, as shown in this theorem

Theorem 4.1
n k
Ly (2) =Y (-1) (”) (43)
kZ:%) k) k!
with
Lo(x) =1.
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Proof. Using (4.1) and applying the Leibniz formula, we get

et dv . . er <~ (n & =k
e ) = né)(k) (m ) (mmm )

k=0
n n\ zF

This completes the proof of Theorem 4.1.

4.1.1 Some explicit expressions of Laguerre polynomials

We have an explicit series for Ly (z) given by Relation (4.3). For the first Laguerre polynomials, this
gives:

Lo(z) = 1.

Li(x) = —x+ 1.

Lo(z) = %@2 4z 42).

Li(x) = %(—x3 + 922 — 18z + 6).

Ly(z) = %(az‘* — 1623 + 7222 — 96 + 24).

4.1.2 Laguerre Differential Equation and Its Solutions

The Laguerre differential equation is written in the form:
zy"(x) + (1 — 2)y'(z) + ny(z) = 0, (4.4)

wheren =0,1,2, ...
The solutions of this equation are the Laguerre polynomials, which are expressed by the Formula (4.2).

Now, we give some expression of Laguerre polynomials for specific values.

Theorem 4.2 We have:

L,(0)=1. (4.5)
LI (0) = —n. (4.6)
Ly (0) = sn(n — 1) (4.7)
Cin 1 1\"
/0 Lofa)dz = (1 - ) (4.8)
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Proof. Using the Definition 4.1, we prove (4.5).
Forx =0
el 1
1—t 1-—t
= Ln(0)t"

n>0

= > "

n>0

Then
L,(0) =1.

We now prove the Formula (4.6).
The expression of Ly (x) satisfies the Laguerre Equation (4.4), therefore, we have:

d?

JU@Ln(ﬂC) +(1— az)iLn(:C) +nL,(x) = 0.

dx
By setting x = 0 in this equation and using (4.5), we obtain

LI (0) +nL,(0) = L, (0) +n
=0.

Thus
LI (0) = —n.
Will be proved (4.7).

In the expression of Ly (z) defined by the Relation (4.3), only the term in x contributes to L!'(0).

Therefor, we have:
k—2

Lz<o>:z<—1>k(k)k<k—1> -

k=2

Fork=2...,n. We have:

n\ a0 n\ ! n "2
L (x) = (—1)2<2>22! + (—1)3<3>63! 4+ (=) <n>n(n —1) -

L'(0) = (—1)2@ 2(1)%+0
n!
“dm—2)”
_ n(n—1)
2

Let us show that (4.8).
Replacing the expression of Ly(x) defined by (4.3) into the integral, we get:

n

o0 o0 n!
/Oe_an(x)dx:/ e_mZ(—l)kmxkdx

0 k=0

. TL' > —tx
> (—1)’“7(]{!)2( —k‘)!/o z*e ™ da,

k=0
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Set z = tx, so that dz = tdx. Then:

/Ooo e " Ly(x)dx = i(l)k(k')Q(?:L'—k)' /000 (j)ke_zdtz

k=0
- n! 1 o L,
- ];)(_1)k (kD2(n — k)! £+ /0 e
" n! 1
= Ig(_”k GO
1< n! 1\*
=< 1;0(_1 km (t> (T(k+1) =k!)

4.2 The Laguerre Polynomials of Order «

In this section, we study the generalized Laguerre polynomials of order «, denoted by LS (x) [21]. We
present their main definitions, key properties, and recurrence relations. These polynomials extend
the classical Laguerre polynomials by including the parameter o, which allows for a broader range of
applications in analysis and physics .

Definition 4.2 Let o > —1 be a real parameter. The Laguerre polynomial of order o, denoted
as L (z) is defined by the following generating function:

1
—_— Ly(z)t", |t <1 4.9
oo (-r) = S <t (4.9
or by the Rodrigue’s formula:
« _ -z, n+to
LY (z) = o g (e x ) , n>0. (4.10)

In particular, for « =0 in (4.9) and (4.10), we have the classical Laguerre polynomials as follows:
$06x d" —x..n+0
n' dzm (e77a™)
dn —T ,.n
B n' dx™ pri G

= Lp(z).

In the following theorem, we will see a new way to write LS (x).

Ly(x) =

Theorem 4.3 The Laguerre polynomial of order a,, L%(x) can be expressed as:

- ) (Lla+n+1) 2F

Li@) = > (=1)* T(a+k+1)kl(n— k) (4.11)
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Proof. We prove the Theorem 4.3 using the Rodrigue’s Formula (4.10).

Ly(x) = n, L (g
_aem kz"% (Z) L x (%ng)
o :0 (Z) ~(n+ a)(n+ o —1)o(n+a— (n—k—1))zk+e
— n! e xkzi% <k>(_1)k(n+a)n k+a
-5 B (e
()t

—i—oz)!xi“ n!
+ k) nl kl(n — k)!

FE) K (n — k)]

la+n+1) 2F
Tla+k+1)kl(n—k)"

- (n
2 o
e y(n+a)  zF
Z( D

In partuclar, for « =0, we obtain the Theorem /.1:

o PO0+n+1) a*
L()—kz:%( )r(0+k+1)k'(n—k)'
EVENS > i
kZ:%)( )F( E+1 (n—k)!

:kz:%gk(n
n n :Ek
—,;(k%

Theorem 4.4 The Laguerre polynomial of order o, LS (x) is given by:

& n)k z*
Lo(z) _a+1 Z

Xz
o (4.12)
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Proof. We prove the Theorem 4.4 using the Theorem 4.3.

(— )kF(a+n+1) zk
DNa+k+1)kl(n—k)!
(

(— 1)kf‘a—|—n—|—1)£ n!
DNa+k+1)nlkl(n—E)!
Dla+n+1) T(a+1) (=1)%(n)ka*
MNa+1) T(a+k+1) kln!

I
M:

Ly ()

el
I
=

I
M:

e
Il
<)

I
M=

i
)

IMNa+n+1) T(a+1) (—n)ka*
T(@+1) T(a+k+1) nl K

I
M=

e
Il

0

(a+1)ﬁ2": (—n)F z*

ll
o "D (e R A

*n Ek
e

I
M=

n

”TT

+ 1 kR
This completes the proof of Theorem 4.4.

Theorem 4.5 The Laguerre polynomial of order o, L%(x) can be expressed in terms of the confluent
hypergeometric function as follows:

a+1)"

Lo(x) = ( 1Fi(—n; a+1; z). (4.13)

n!

Proof. We will prove this Theorem 4.5 using Theorem 4.4.

where B

" () ot
Fi(—n; a+1; z)= —_—
. PSS

The values of k do not go to infinity when the first (upper) parameter in the hypergeometric function
1F1 is a negative integer. For example, when the parameter is —n with n € N, we have:

(=) = (V)

which becomes zero for k > n. Therefore, the summation terminates at k = n, and the series becomes
finite. [

Recurrence Relation for Laguerre Polynomials of Order «

Theorem 4.6 For n > 1, the Laguerre polynomials of order o satisfy the identity:

d d
—LY(x) — — Ly =0. 4.14
L) — L () + L () =0 (4.14)
Proof.
We begin by recalling the recurrence relation for the derivatives of generalized Laguerre polynomials:
d [e% (0%
T La(e) = ~Lgt (@), (115)
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and

d

-La(@) = —L3T5 (). (4.16)
From(4.15) and (4.16), we obtain:
d @ d @ o sy (n—i—a)'
%Ln(x) - % n—l(x) - _];)(_1)k+1 (n —1_ k)'(k—i— 1 +a)‘k'$k
= (n—1+a)
+,§<_l)k+l(n—2—k)!(k¢+ T
_ n (n+ a)! e
=D 0/(c+ n)!(n — 1)! 1
S (n—1+a)! (n+a)!
i ,;)(_l)kﬂ ((n —2-k)(k+1+a)kl (n—1-k)!(k+1+ a)!k!) o
n 1 n—
= (1) (n—l)!m 1
= (n—1+a) 1 n+a
+,§(*1)k+1(1€+1+a>!k1 <(n—2—k)! (-1 —k)x)“’“k

L1 S (n—1+a)!
=0Tyt é(_l)kﬂ ORI R

d ., d = (n—1+a)!

We substitute (4.17) into the Equation(4.14), we get

d N d o o n—1 (TL — 1 + (e} '
n—l (n—1+a)!
+ ’g(—l)k (n—1—k)!(k+ a)!k:!xk

=0.
]

Theorem 4.7 Let LS (x) be the Laguerre polynomial of order . Then it satisfies the second-order
linear differential equation:
zy" +(a+1—2)y +ny=0. (4.18)

Proof.
Let us denote:

_ragy N (n+a)!
y=Lnlw) = é(_l)k(n "Rk + a)!k!"”k'

p_d ooy (n+ o)! _
v =gk _;(_1)k(n—k)!(k+a)!(k—1)!$k -
"o d? o o - (n+a)! _
Y _WL"(“")_é(_l)k(n—k;)!(ma)!(k;—z)!xk 5
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" - n+a)l B
Y :Z<_1)k(n—k)!((k+a;!(k—2)!xk -
. (n+ ) :
(a+1-a)y —(a+1>k§(—1)k<n—k)!(km)!(k—1)!xk 1

(n+ a)!
- Z(—l)k(n —k)!(k+a)l(k - 1)!xk'

n+ a)!
=03 (D (k)!(k: +) it

We substitute into the Equation(4.18), we get:

" 1 / _nil 1)k+1 (n+a)! Kk
Y+ (ot ‘m”y—;(_) (n—1—&)E+1+a)lk—1)"
n—1 n+a(a+1 n n+ o)l
e e = S e

= (n—1—=-k)Nk+1+ a)lk! =

n

n(n + «a)!
i k(:)!(k: +)a)!k:!xk

part

- é(_”k {(n 1 if{l?; i)i Tkl T (n —_1(ﬁ Z)?Ez(ffj)a)'k'
o k)!iz Jt Z;:(k 0 —HISL!(Z i);)!m} '

= kz;(_nk [(n —_1(f Z)?Zl(fj f )a)!k! (énjk()l')('k(iz;)kv} ="

- é(_nk = g;!(*kaj’a)!k! [~(a+2)(n — B)(k+a+1) + (k+n)] 2*

=0

4.3 The Associated Laguerre Polynomials

In this section, we study the associated Laguerre polynomials, denoted by L] (x), where the parameter
m replaces the order o from the generalized Laguerre polynomials. We focus on their definitions,
important properties, and recurrence relations, emphasizing their role in extending the classical Laguerre
polynomials and their applications in physics and mathematics [1, 19, 20, 21, 31].

Definition 4.3 The associated Laguerre polynomials LI (x) [1] are defined by

dm
an ('7;) = (_1)m dwian+m ($> s (4.19)
or by generating function:
1 ( et ) S L@, i <1 (4.20)
_ 1 OXP | —7 = n ) . .
(1 —t)ym+ 1-1¢ =0

In particular, for « = m in (4.10), we have the Rodrigue’s Formula for the associated Laguerre
polynomials:

™M d” (

e eTma™™) . n>0. (4.21)
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The associated Laguerre polynomials [19] can be computed recursively by

(n+ 1) L7 (2) = (m+n) L (&) — 2L ().

n

These polynomials can be arranged [19] into an infinite matrix L = (L (z)) where the first

n,m>0’
column, LO(x) = Ly(x), corresponds to the classical Laguerre polynomials.

1 1 1 1
1—1 2 —x 3—x 4—x
la? — 20 +1 $2? — 32 +3 372 — 4z 46
L= —grd+ 322 -3 +1 —g2® + 222 — 6z +4 : . (4.22)

ix4—§w3+3x2—4w+1

Ly (z) = L Ly, (z) L3 (z)
The next theorem useful recurrence relations involving L)' (x).
Theorem 4.8

(@) + Ly () = Ly (x).
(n+ 1)Ly () =2n+m+1—a)L)(z) — (n+ 1)L, (x).

L L (&) = nL2 (@) — (n+ m) L (2).

dx
d n—1
Zrmz)=—Y L(x).
B0 == D @
d m m—
%Ln (:U) = _Ln—ll(x)'
Lyt (z) =) L ().
k=0

4.4 'The Associated Polynomials

The goal of this part is to study the properties of the associated polynomials given in [19], denoted by
anm(x), which satisfy the following conditions:

m d"
anm (€) = (1) an4m (2) (4.23)
and
m X
An+1,m (Jf) = (1 + 7’],—|—1> an,m (.’L’) — man’m_i_l ($) . (424)

Where (ap, (a:))nzo be any sequence of polynomials of the form
an () = Z <Z> Aoz,
k=0
and (M) o 95 a sequence that depends on the index k.

Remark 8 It is important to observe that if an m(z) satisfies the condition (4.23), then the initial
sequence .y, s independent of x.

More precisely, we construct an infinite matrizc M := (anm(x)),, ,,>0, where the first row, oy, = agm,
represents the initial sequence and the first column, B, = ano(x), represents the final sequence.
Specifically, for a nonzero complex number x, we aim to explore the three-term recurrence relation
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(4.24), or more generally, to extend the following Laguerre transformation.
Recall that the Laguerre transform [71] of a sequence (an),>( is the sequence (B ()),>q, given by:

n k
Bn () = Z (Z) (_]j) Qg (4.25)

k=0

and the inverse transform is

an=n! Z (—1)F (:) x "B ().
k=0

4.4.1 The Generalized Laguerre transform

Theorem 4.9 Given the initial sequence o, = agm, we define the matrix M associated with the
initial sequence through the recurrence relation (4.24), and then

1. The elements of the matrix M are expressed as

n k
L(ntm\x
anm (T) = kzzjo (-1) (n B k) 7 k- (4.26)
2. Assume that the initial sequence au,ys has the exponential generating function Ag(t) =

> k>0 ak+s%. Then, the sequence (ans(x)),,~, corresponding to the s-th column of the matriz

M has the ordinary generating function Bs(t;x) = 3,50 @n,s(2)t", which is given by

By (t:z) = (1—1t)5“A8 <—1“_tt) . (4.27)

Proof. From
m d"

An,m (l‘) = (_1) dwﬁ%ﬁ-m (x) .

By applying the Laguerre transform (4.25), we obtain

an,m (z) = (1)

093

o d™ n+m (n + m) (_$)k

dzm &=\ k !

m”+m r(n+m ah—m
:(*1) I;)(*l) ( k )Mak~

After rearranging the terms, we arrive at (4.26).
Now by using (4.26), we obtain

B (tiw) =) (Z (1! (Zf k) ﬂas+k> £

n>0 \k=0
k
T n—+s
= Z(_l)k ak-i—sZ( >tn-
>0 k! S\~ k
Since
Z n+s m th
= n—=k (1 _ t)s+k+1’
we get
1 1 xt \*
By (%) = ———37 2 7 Vhts (—) :
(1—1t)° kzok! 1-—t

This clearly concludes the proof of the theorem.
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Theorem 4.10 Given the final sequence By, := ano(x), we define the matrix M associated with this
final sequence as follows:

anm+1 () = (TH_ZH_I) anm () — (n;—l) Ant1,m (T) (4.28)

then
1. The elements of the matrix M are described by:

o (7) = *mz ”*””( " )mk (). (4.29)

m—k

2. Let’s assume that the final sequence Bn1s has the following ordinary generating function:

t) = Z ﬁk—l—stk

k>0

Then, the sequence (asm(T)),,~, corresponding to the s-th row of the matriz M has an expo-
nential generating function Ag(t;x):
m

§ asm 7

m>0

which is given by:

A, (t;x)zs!((:);il((x_t)? Ci)s«tfx)sss (t_tx» (4.30)

Proof. The verification of the expression (4.29) can be carried out through induction on m. Starting
with the given expression in (4.29), we have:

A(tiz) =) ( - Z (s +m) <m7i k) 5s+k> ::,

m2>0

We can then rewrite this as:

) = S T (0"

k>0 m>0

Which simplifies further to:
s\t - s+k s s+ k .
Using the known identity:

and applying:

We can now derive:




This can be rewritten as:

k>0 (-

Finally, we arrive at:

o= 2 () () )

which completes the proof.

]
Corollary 1 For n,m > 0, we have
- n+m\ " L n+m)! [(m
Yo(-n)* (n _ k) o QA= Yo (-* (n') i | Btk - (4.31)
k=0 : k=0 '

Remark 9 The identity in (4.31) represents the generalized Laguerre transform. It can be simplified
in two special cases: For m =0, it reduces to the standard Laguerre transform of the sequence a,. For
n =0, it becomes the inverse Laguerre transform of the sequence Byy,.

Ezxzample 4.1 By setting the initial sequence ag,, = 1 in (4.24), we obtain (4.22). Since A, (t) = exp(t),
it follows from (4.27) that the final sequence has an ordinary generating function given by:

1 xt
L")t = —— — . 4.32
2@ (1_t>m+1exp( i) 3
Now, from Corollary 1, we have
= +m)\ xF
L) =S (=% ("
(z) ];)( )<n—k:>k:'
. (n+m)! (m
=T Z(—l)kT k Ly ().
k=0 :

Theorem 4.11 We consider a matriz £ = (L7} (2)),, >0 of order n+1 derived from (4.24) with the
initial sequence ap, = 1. Then, we have:

det L =1,

where det denotes the determinant.

Proof. Let C; represent the j-th column of L. By repeatedly applying the following operation for
1 <r <n, we obtain:

Cn_j — Cn_j — Cn—j—l (0 < j <n-— T) .

We obtain a lower triangular matriz where the diagonal elements are all equal to 1.

: k
LY e .
3 <( ) <k+j> k!>0<ij<n

Since adding a linear combination of the other columns to any given column does not affect the value
of the determinant, we obtain the desired result.
|
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4.5 Applications

Laguerre polynomials appear in many physical and numerical contexts, especially in quantum mechanics
(solutions of Schrodinger’s equation for the hydrogen atom) and in numerical analysis for evaluating
improper integrals using Gauss-Laguerre quadrature [17, 27].

4.5.1 Gauss-Laguerre Quadrature

For integrals of the form
/0 e f(x)dr ~ Y wif(xy),
i=1

where xz; are the roots of Ly(x), and w; are the corresponding weights.

4.5.2 Radial Wave Function in the Hydrogen Atom

The radial solution of Schrodinger’s equation for the hydrogen atom is expressed as:

|~ o1 [ 27
Ry (r) = Npyr'e ™o L7 ( ,
nagp

where Lﬁl(x) is the associated Laguerre polynomial. and ag is the Bohr radius (the natural unit of length
for the hydrogen atom), N, ; is the normalization constant ensuring the wavefunction is normalized,
and Ry, ;(r) is the radial wavefunction describing the probability amplitude of finding the electron at
distance r.

4.5.3 Orthogonality of Laguerre Polynomials

Theorem 4.12
/ e L () Ly () dx = dpm.
0

4.5.4 On the Associated Fibonacci Polynomials

The classical Fibonacci numbers F,, [20] are defined by the ordinary generating function:

. (4.33)

2
1—t—1t >0
The general term can be written as follows:
1
F,=— (" -p3"), 4.34
"= (a" = ") (4.34)
where « = 1+72\/5 and B = 1_2\/5.
By setting the initial sequence as agy, := —m!Fy, in (4.24), we obtain the following matriz:
0 -1 -2 —12 —72
x 2 — 2 120 — 6 T2x — 48
2?2+ 22 —6x% 4 6z — 3 —362% + 48z — 12
F= 223 — 3% + 3z 1223 — 2422 + 122 — 4
—3z* 4 823 — 622 + 4x :
F) () :=Fy (2) F, (z) F;, (x)

Let the final sequence be denoted as ano = F,(x). Now, we can introduce the m-associated Fibonacci
polynomials.
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Definition 4.4 The m-associated Fibonacci polynomials F(z) are defined by the generating function:

m' Bm a™ m n
a—f ((1—t+,8xt)m“ (1 —t+azt) m“) 2 F

n>0

For z =1 and m = 0, we obtain the classical Fibonacci numbers given by Equation (4.33). Now, based
on Corollary 1, we derive the following explicit formulas:

Theorem 4.13 For m >0

B (1) = (-1 B (1)
_ Nkl [nEm x’“
k=0

_mz W(Z‘)]ka (z).

Next, we examine the case when m = 0. It is straightforward to demonstrate that F,,(z) satisfies the
recurrence relation:

Fria (2) = (2= 2)Fapr (@) + (22 +2 = 1) Fy (), (4.35)

The initial conditions for F,(x) are given by Fo(x) = 0 and F1(z) = x. Using Equation (4.34), we
derive the Binet’s formula for F,(z).

F, (x) = jg (6" () — o™ (x)),

Let a(x) = 1 — azx and 5(x) = 1 — Bz represent the roots of the characteristic equation of Equation

(4.35).

4.5.5 Associated Laguerre Polynomials

The solution of the following differential equation is the associated Laguerre polynomials:
d%y

d

ac dx

4.5.6 Orthogonality Relation of the Associated Laguerre Polynomials

Theorem 4.14
(n+m)!

/ e T L) (x) LT (x) do = 7' Ons-
0 n!
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Conclusion

Conclusion

In this work, we studied some special and generalized polynomials, such as the Bernoulli, Euler,
and Laguerre polynomials, with a focus on their generating properties, recurrence relations, and
representations using special numbers like Stirling and Whitney numbers.

Throughout the chapters, we aimed to unify the structural properties of these families within a common
mathematical framework and highlighted different approaches to analyze them, whether through series
expansions, recurrence relations, or matrix representations.

This study can serve as a foundational step for further research into other types of generalized polynomials

or for exploring their potential applications in fields such as functional analysis, differential equations,
or combinatorics.
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