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Abstract: This paper presents new results of Bernoulli polynomials. New derivative expressions
of some celebrated orthogonal polynomials and other polynomials are given in terms of Bernoulli
polynomials. Hence, some new connection formulas between these polynomials and Bernoulli
polynomials are also deduced. The linking coefficients involve hypergeometric functions of different
arguments that can be summed in some cases. Formulas that express some celebrated numbers in
terms of Bernoulli numbers are displayed. Based on the new connection formulas between different
polynomials and Bernoulli polynomials, along with some well-known integrals involving these
polynomials, new closed forms for some definite integrals are given.
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1. Introduction

Different areas of practical mathematics, including mathematical physics and nu-
merical analysis, place great emphasis on special functions in general and orthogonal
polynomials in particular (see, for example, [1-3]). Therefore, many articles have been
devoted to investigating these functions and polynomials. The classical Jacobi polynomials
are among the most significant special functions because of their significance in numerical
analysis and approximation theory. It is well-known that Jacobi polynomials involve two
parameters, so they have several special polynomials. There are six famous special classes
of polynomials of the class of Jacobi polynomials. All these six classes of polynomials
have their parts in approximating solutions of different types of differential and integral
equations, see for example [4-8].

The connection problems between different polynomials and their related numbers
are important problems. These problems have been investigated by many authors. For
example, the connection problems between orthogonal polynomials were investigated
in [9]. Another study was presented in [10]. A comprehensive study for some formulas
concerned with the classical orthogonal polynomials involving connection formulas was
given in [11]. The authors of [12] established connection formulas between Fibonacci
polynomials and Chebyshev polynomials. In [13], the authors derived other connection
formulas between Chebyshev polynomials of the fifth kind with some other polynomials.
The authors of [14] studied a connection problem for sums of finite products of Chebyshev
polynomials of the third and fourth kinds.

The derivative formulas of different polynomials in terms of their original ones can
also be classified as connection problems. The solutions to these problems are very useful in
obtaining spectral solutions to different types of differential equations. In this direction, the
authors of [15] found explicit expressions for the derivatives for the third- and fourth-kinds
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of Chebyshev polynomials. Additionally, they utilized them to solve certain differential
equations. Additionally, the authors of [16] obtained new explicit formulas for certain
Jacobi polynomials that generalize the third-kind Chebyshev polynomials and employed
them to obtain spectral solutions for even-order BVPs. In [17], Abd-Elhameed found explicit
formulas for the derivatives of Chebyshev polynomials of the sixth-kind and employed
them to develop a numerical solution to a certain type of Burgers’ equation.

We are aware that Bernoulli polynomials and numbers are frequently used in mathe-
matics, As a result, various old and recent investigations have focused on these polynomials
and numbers. In this direction, in [18], the authors developed some integrals of products
of Bernoulli polynomials. Other identities regarding Bernoulli polynomials were devel-
oped in [19]. Relations between Fibonacci and Bernoulli numbers were displayed in [20].
In [21], the author obtained some recurrences for Bernoulli polynomials and their associ-
ated numbers. Investigations concerning the generalizations of Bernoulli polynomials and
their related numbers have also been studied by many authors. For example, the authors
of [22] found an explicit formula for the generalized Bernoulli polynomials. In [23], the
author found formulas for the sums of products of the generalized Bernoulli polynomials.
For some other contributions regarding Bernoulli polynomials and some of their related
polynomials, one can be referred to [24-28].

The principal purpose of this article is to solve connection problems between different
polynomials and the Bernoulli polynomials. In fact, we will establish new formulas for
the high-order derivatives of various polynomials including the classical orthogonal poly-
nomials, and this will yield new connection formulas between the different polynomials
with Bernoulli polynomials. We will show that several orthogonal polynomials can be
written as simple combinations of Bernoulli polynomials. In addition, and as an important
application to the connection formulas, four new general formulas for definite integrals
will be displayed. These general formulas produce a variety of new formulas for definite
integrals of different polynomials and also formulas for definite integrals of the products
of different polynomials with Bernoulli polynomials. We do believe that most of these
formulas are new and they may be useful. This motivates our interest in such a study.

The paper is organized as follows. Section 2 reviews some fundamental properties of
Bernoulli polynomials and some other celebrated polynomials including some orthogonal
polynomials. In Section 3, new expressions as combinations of Bernoulli polynomials are
given to express the derivatives of various polynomials including the classical orthogo-
nal polynomials. In addition, connection problems between different polynomials and
Bernoulli polynomials are solved in this section. Section 4 is devoted to obtaining derivative
expressions of Bernoulli polynomials in terms of different polynomials. Section 5 focuses on
utilizing the derived connection formulas to find four general formulas of certain definite
integrals of some polynomials in closed forms. Some concluding remarks are given in
Section 6.

2. An Overview of Some Celebrated Polynomials

We present in this section some fundamental properties of Bernoulli polynomials as
well as some characteristics of some celebrated polynomials.

2.1. Some Properties of Bernoulli Polynomials

Bernoulli polynomials By(x) may be generated using the following generating func-
tion [29]:

tet 2 tt
1 Y By(x) ik t <2m,
=0 ’
and their associated numbers are given by:

By = By(0) = (—1)"B,(1). Q)
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Bernoulli polynomials can be explicitly given by:

B =1 (1) @

r=0
where B, are the well-known Bernoulli numbers.
The inversion formula of Bernoulli polynomials is given explicitly by:
(A

j
i =" n.
x = ;:0 it Bj_(x). ©)]

In many books and tables on this subject, there are numerous fascinating and useful
formulas regarding these polynomials and numbers, see, for example, [30,31].

2.2. Essential Properties of Some Celebrated Polynomials

This section is confined to presenting some properties of symmetric and non-symmetric
classes of polynomials. Let ¢ (x), k > 0 be a symmetric polynomial of degree k and ¢ (x),
k > 0 be a non-symmetric polynomial of degree k. These polynomials have, respectively,
the following expressions:

,_
NI
[I—

Pr(x) Ay X572, 4)

3
<HD

By XK. (5)

I
1=

Pr(x)

3
g

Among the most important orthogonal polynomials are the normalized Jacobi polyno-
mials [32,33]. These polynomials can be expressed in the form:

(i) oy 4l l+y+p+1|1—x
R = (T =3
Six celebrated kinds of polynomials can be extracted from R,(f” ! (x) as special cases.
In fact, the polynomials T;(x), Uy(x), Vy(x) and Wy(x) that represent, respectively, the
first-, second-, third-, and fourth-kinds of Chebyshev polynomials, and the polynomials

Py(x), CEA) (x) that represent, respectively, the Legendre and ultraspherical polynomials are
special ones of Jacobi polynomials. Furthermore, the following relations hold:

Ty(x) = RS2 (), Uy(x) = (0+1)RP? (x),
Vy(x) = RU72 (), Wi(x) = 20 +1) R (),
py(x) = R (), cM(x) = R 27 ()

Note that Ty(x), Uy(x), P;(x) and CE,/\) (x) are symmetric polynomials, so they can
be expressed as in (4); however, the polynomials Vy(x) and Wy (x) are non-symmetric
polynomials, so they can be represented as in (5).

For an extensive survey on Jacobi polynomials and their different classes, one can consult
the useful books of Andrews et al. [34] and Mason and Handscomb [35].

We denote by R](“’ﬁ ) (x) the shifted Jacobi polynomials on [0, 1]. These polynomials

can be given explicitly as:

REP (x) = R (2x 1), (6)
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and therefore, six special shifted polynomials of Jacobi polynomials can be extracted as
special ones.

The shifted Jacobi polynomials defined in (6) can be explicitly represented as powers
of x in the form [36]:

a,ﬁ)(x) N 6'1“ Dé+1 i ] AB+1) (“+.B+1)2€—j —j @)

(€+oc+1 Ni(B+1), (1+1X+,5)gx

There are other classes of non-symmetric polynomials such as the generalized Laguerre
polynomials Lé"‘) (x) and Schroder polynomials S; (x). The polynomials L](a) (x) have the
following expression [37]:

_ TGt S DTG,

j! m§0 Tj+a-—m+1)" ®)

while the Schroder polynomials S, (x) have the following expression ([38]):

2my (j+m
Si(x) =) me. 9

m=0

Here, we give examples of symmetric polynomials. Among the celebrated symmetric
polynomials are the ultraspherical and Hermite polynomials (see [37]). Additionally, the
Fibonacci and Lucas polynomials are symmetric ones (see, [39]). There are many gen-
eralizations of Fibonacci and Lucas polynomials. Recently, Abd-Elhameed et al. in [40]
investigated two generalized Fibonacci and Lucas polynomials and introduced new for-
mulas concerned with them. The generalized Fibonacci polynomials Fj”’h (x), j > 0 canbe
generated using the following recurrence relation:

F'(x) = ax F (x) + bFY(x), F'(x) =1, F'(x) =ax, j>2,  (10)

while the generalized Lucas polynomials L]C.’d(x) can be generated using the following
recurrence relation:

L94(x) = ex LY, (x) + dL;:’fz(x), L5 (x) =2, L%(x) =cx, j>2. (11)

It is important to note that the two generalized classes of polynomials F]fz’h(x) and

L;'d(x) involve various well-known polynomial classes (see, [40]). For instance, the Fi-
bonacci polynomials Fj;1(x) and Lucas polynomials L;(x) can be thought of as special
cases F]fl’b(x) and L]C-’d(x) . In fact, we have:

Fia(x) = F'(x), Li(x) = L' (%),
Additionally, the generalized polynomials Fj”’b (x) and L]C/d (x) each have a power form
representation that is given as [40]:
i
Fab erbra] 2rx] 2r jZOI
r=0

4] gm i-2m -
4m ct—2m j=r .
i =j 3 T G e,
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where the well-known floor function is represented by the symbol |z].
We comment here on the generalized Fibonacci and generalized Lucas numbers

defined as:

ij”’ - 1:]?'b(1), LA = L]C.'d (1). (12)

3. New Derivative Formulas of Symmetric and Non-Symmetric Polynomials

This section focuses on establishing new Bernoulli polynomial expressions for the
high-order derivatives of a few symmetric and non-symmetric polynomials. Formulas
connecting various polynomials with Bernoulli polynomials are deduced as special cases
of the derivative expressions.

3.1. Derivative Expressions for Some Non-Symmetric Polynomials

In this section, we provide expressions for a few well-known non-symmetric polyno-
mials. To be more specific, Bernoulli polynomials will be used to express the derivatives of
the shifted Jacobi, Laguerre, and Schréder polynomials.

Theorem 1. Consider any two non-negative integers j and q such that j > q. The following
is the expression of the qth derivative of the shifted Jacobi polynomials ]('X )( ) in terms of

Bernoulli polynomials.
, _ T (a+1)
S A ¥ Y y (R i

L@ —ptat PTG —p+ )l A+ D AT +a+ DIG—p+p)) p
p=0 (P+ DG —p—! TG —p+a)T(j—p+p) j=q-p ()

(13)

Proof. The well-known analytic form of the shifted Jacobi polynomials in (7) enables one
to express their derivatives in the form:

AT@+DT(+p+1) I (-1 TQRj—r+a+p+1)

FG+at DIGratprt) S G-g-niaTG-riprn) "

R(wB)
DIRP) (x) =

Thanks to the inversion formula of Bernoulli polynomials (3), the last formula turns
into the following form:

jIT(w+ DTG+ B +1) f'i”f(—l)rr(zj—r+a+ﬁ+1)x
F(j+a+DI(j+a+p+1) = rT(1+j—r+B)
j—q-r 1

= G—g—r—t)!(t+1)!

DqR(’X ﬁ)( )

(14)

ijrqut(x)'

Performing some lengthy manipulation on (14) leads to the following formula:
B jIT(a+1) y
IFG+a+1)T(j+a+p+1)
M CEDPCG+B+ DI —p+a+p)+ (1T —p+ B TR +a+p+1)My)) )
(P+DG—p—D'TG—p+p) L

_ e —p
Mpj = 2F1< 21—04— ‘ )

hi
(=)

with



Symmetry 2022, 14, 2284 6 of 25

Based on Chu-Vandermonde identity, one has

F( - B ) ]_p+0‘)p+1
2 2]—“— —pta+p)p’

and, consequently, the following formula can be obtained:

jT(a+1)
jta+1)T (]+uc+,3+1)
ITQ2j—p+atP)((=DT(—p+ )T +p+1) +T([+a+ DI —p+p))

p=0 P+ DG—p-TG—p+a)T(—p+p) j—q-p(%)-
O

DIR™P) (x) = X

Six special formulas of Formula (13) can be produced by noting that the class of the
shifted Jacobi polynomials includes six well-known sub-classes. The next two corollaries
demonstrate these formulas.

Corollary 1. Consider any two non-negative integers j and q such that j > q. The following
derivative formulas are valid:

0 B s g
) =2 Eﬁj (j—2p- 1()2].(2;721i I)1()1 “ap gy ),
o =2 %J r(-4+i- (Zzlﬂj)_(Zzppw: 12))!!(1' —2p—q)! P
D) =V E | ( +j- ZP)(Z; +2Z)>!! (j—2p—9q)! B

Corollary 2. Consider any two non-negative integers j and q such that j > g. The following
derivative formulas are valid:

L1 AT P (1 24 ()P (1-242p)) (2] — p 1))
= (p+ 1T (3 +j-p)(i—p—q)

T+2j+ (1) (2j—2p—1))(2j —p—1)!
=0 (prr(3+j—p)i—p—a)

Bjg—p(x),

St
gy

DIW;(x) ==

2 B]-_q_p(x).

Performing similar procedures to those followed to derive Formula (13), several
derivative formulas of non-symmetric polynomials can be derived. The following the-
orem gives the corresponding derivative expressions of the generalized Laguerre and
Schroder polynomials.
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Theorem 2. Consider any two non-negative integers j and q such that j > q. The following
derivative formulas for the generalized Laguerre and Schrider polynomials are, respectively, given
as follows:

—1)P (1 F(-1—p;j—p+a1))
(p+DIG—p—!'T(—p+a)

DL (x) =T(j+a+1) X_: Bj—g-p(x), (15

1 ]
N ESYP G T OG- p— o)l - e

j—q—p(%)-

=g —(j+1)!(2j—p—1)!+(2j>!(j—P>!zF1< _1_j'2;1_p ‘_1)

Dqu(x
B

Proof. The derivation of (15) is based on the power form representation of the Laguerre
polynomials given in (8), along with the inversion Formula (3), and the derivation of (16) is
based on the power form representation of Schroder polynomials given by (9), along with
Formula (3). O

3.2. Derivative Expressions for Some Symmetric Polynomials

This section focuses on finding new explicit formulas for several symmetric poly-
nomials” derivatives in terms of Bernoulli polynomials. The derivative formulas for the
ultraspherical, Hermite, as well as the generalized Fibonacci and generalized Lucas poly-
nomials that are respectively generated by the two recurrence relations (10) and (11), will
be provided.

Theorem 3. Consider any two non-negative integers j and q such that j > q, and let C]@) (x) be

the ultraspherical polynomials. The derivatives of C](A) (x) can be expressed in terms of Bernoulli
polynomials as:

-4
(”)‘ =0 2p+ D1 —2p—q)T(j—2p+A—}

) Bj g-2p(¥)

j!l“()\—ir %) |2G-9-1)] 2j—2p+2A-3 17)
+ - X
VT(j+2A) =0 (p+1)!2p+2)1(j—2p—g—1)!
AT (p+DITG+HA) (G —2p+A—
(j—p+A=1Dpn

(«4vep+mwu—p+A—n ”“)quulwy

Proof. Based on the power form representation of the ultraspherical polynomials [37],

we have
ir(A+3 L%J j—2r+2A—1 1 ;
picis = ST+ y, G2 TGt ) ooy
/ VAT (j+27) 5 r(j—q—2r)!

The inversion formula of the Bernoulli polynomials in (3) converts the last equation to
the following one:

T'(A+ {TqJ r nj—2r42A—1
DqC()\)( ) ] ( ) Z ) 2j—2rt r(] T’—i-)t)x
] VIT(j+2A) 7! (18)
j=2r—q 1

t;:) t+D(j—g—2r— t)!Bj—Zr—q—t(x)-
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Formula (18) can be rearranged to give the following alternative form:

j!l—'()\—k%) Vﬁqj 1 i _ r2] 2r+2A— lr(]—r—i-)L)

v
=Gy 2; (i—2r—a)! = (2p —2r +1)tr! a2 ()t

L3G—9-1)] 1) 2/-2+2A=1(j — p 4 )
P;J (j— 2p g—1)! Z (2p —2r+2)!7! Bj—g-2p1(x) |-

Noting the following two identities:

() 22T —r +A) _ PPVAT(GHA) L —p—p -
(2p —2r+1)'7! T prr A

|4

o8

P o(_ 2] —2r4+2A— 11-'( r+A)
;) J—

3+]+2/\
2p—2r+2)tr! =2

)T G=p+A=1) are (b
(p+1)! (2p+2)! 21

1—j—A

together with the following two reductions by Chu-Vandermonde identities:

(~3+i-2p+2)
1>_ : .
(G—p+A)p
1) _ (7%+j72p+)\)p+l
(G—p+A=1)p '

_py _p_1
2F1< p'_p 2

—p-1-p—3
ZH( 1-j—A

Formula (17) can be obtained. [J

Corollary 3. Consider any two non-negative integers j and q such that j > q. The derivatives

of the Legendre, Chebyshev polynomials of the first and second kinds, are expressed in terms of
Bernoulli polynomials as follows:

{TqJ 21—j+2p .
(2j —2p — 1)!
it PXZ:O G=2p—D!2p+1)!I(j—2p—9q)! i Bi—g—2p(x)

19
13(—g-1)] n—2-j-2p ((1)p4’T(z+fp) 1641 (2j2p2)!> (19)

VT (p+1)! (i—2p=2)! (2p+2)!

’ p=0 (j—2p—q—1)! Bjg-2p-1(%),

2177420 (2j — 2p — 2)!
p=0 T(—4+j—2p) 2p+1)!(i—2p—q)!

. aojoop (LW (p2) | B VR G2p-3)
3G 27 p( ) M—%ﬂ—@)@%ﬂﬁ)
+7 F;O (] —2p—q-— 1)! Bj—q—Zp—l(x)r

ijqup(x)
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] -
2 277120 (2j — 2p)!
p=0 F(% +i- 2;7) 2p + 1)t —2p —9q)!
3(jmgo1)] 272752 ((nw‘ I(j—p) 23+4Pﬁ<2f2p1>!)
B

DIU;(x) =v/7

Bj g-2p(x)

(20)

2 (p+1)! r(—1+j-2p)(2p+2)!
(i—2r—q—1) ia-20-1(2)

)

p=0
Proof. Substitution by %, 0,1, into (17) yields, respectively, (19) and (20). O

Remark 1. Performing similar procedures to those followed to derive Formula (17), several deriva-
tive formulas of symmetric polynomials can be obtained. The following theorem displays the
corresponding derivative expressions of Hermite, and the generalized Fibonacci and generalized
Lucas polynomials that are generated respectively by the two recurrence relations (10), and (11).

Theorem 4. Consider any two non-negative integers j and q such that j > q. The derivatives of
the generalized Fibonacci, generalized Lucas and Hermite polynomials are expressed in terms of
Bernoulli polynomials as follows:

, —y —p—1

, ‘ VﬂzFl( p'_? 2 —ﬁ)

DIE% =a/ ! Bi ,_
e VT T I A

p=0
21)
‘ —p—1-p- % 4b (
I,F , _4b
[3G—g-1)] _a 2B G pt o ( ] ﬂz)
+qf Y (p+1)! 2p+2)! B (x)
p=0 (j—2p—q—1)! j—q—2p—1(%),
_py_1
5] 2R ( p,l f)]- 2 |- ‘if)

i =0 Cp+1)!(j—2p—9q)! Bj—g-2p(x)

1
(71)!2F1( B a4
N

|y
1—7 c
(2p+2)!

(ji—2p—q-1) Bi-g-zp-1 (),

[Hjg-1)) 2@ ipo2
i (p+1)!
+dj )
p=0

{%J u( 3
(x) = i _p,§,1> ' X
DU =20 L (- 2p— gyt o2 )

ol o zj_zp_z(*l +1h (*p -1 %;1))
(p+DIG—2p—g—1)! Bjg-2p-1(x),

(22)

+ !
p=0

where U(a, b; z) represents the confluent hypergeometric function ([37]).

Proof. Similar to the proof of Theorem 3. [J

3.3. Some Connection Formulas between Different Polynomials and Bernoulli Polynomials

This section is limited to providing some connection formulas between various symmetric
and non-symmetric polynomials. For g4 = 0, the formulas found in Sections 3.1 and 3.2 that
express the g-th derivative for various polynomials are valid. This means that every
derivative formula for a particular polynomial expressed in terms of Bernoulli polynomials
produces a connection formula between this polynomial and Bernoulli polynomials.
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Corollary 4. For every non-negative integer j, the ultraspherical-Bernoulli connection formula is

i
j'r A+l M —j+2p+1 o _
W () = ( 2) ( ( 2 [(2j—2p+2A 1) By ()4

TG +20) \ = 2p+ 1)1 —2p)! r(—% +j—2p+)\)

. 3 .
4P (p+)IT(j+A) (- 7+172p+/\)p+1
(—p+A=1)p41

| 2i-2p+2A- 3(( P 2p+2)!T(j—p+A—-1)+ (23)

V=" (p+ DI 2p +21( —2p— D

Bj—2p—1<x)>'

Nl

X

Proof. simple by setting ¢ = 0 in Formula (17). O

As special cases of the connection Formula (23), three particular connection formulas
can be deduced.

Corollary 5. For every non-negative integer j, the following are the Legendre—Bernoulli, first kind
Chebyshev—Bernoulli, and second kind Chebyshev—Bernoulli connection formulas:

27204 (2j —2p — 1)!

_
M=
=

P‘ X) = " - B‘, x
) s (G=2p =1t —2p)t (2p+ 1)1 2(¥)
LQ 2—j—2p—2 16741 (2j—2p—2)! (71)P4fl"(—%+jfp) (24)
2 (i—2p-2)! (2p+2 NCACESH] 5 .
" pgb (j—2p—1)! jop-1(x), =1,
L 27720 (2] —2p — 2)!
T](x> =jV/m - Bj—zp(x)
p=0 (= 2p)! @2p + )T (~ 4 +j—2p) .
| 52| 27203 <<—1)"(4f p-2 24"+5\/E((—334r2j—2p3!>
; p+1)! p+2)!T(=3+j-2p .
o Zo (G—2p-1)! 2 Bjop-1(x), j=2,
p=
d 27742 (2 — 2p)!
Uj(x) =V - B]._2p(x)
p=0 (j —2p)! (2p + 11T (3 + - 2p) N

(2+2p)IT (-3 +j—2p) (p+1)!

|i5t] 277202 (24P+3ﬁ<2j2p1)! Ly (jpl)!)
(j—2p-1)! Bj-2p-1(x).

p=0

Proof. Formulas (24)-(26) can be immediately obtained by setting, respectively, A = %, 0,1,
in Formula (23). O

Remark 2. The two connection Formulas (25) and (26) lead to two trigonometric identities. The
following corollary exhibits these identities.

Corollary 6. The following two trigonometric identities hold:
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4]

272041 (2j —2p — 2)!

WAL - S Bj 5y (cos(0))
p=0 (j = 2p)! (2p + 1! T(~ %+ - 2p) -
|i52] 2-i-2p-3 ( COrspoy 20 ﬁ((fajzjfzp)) !)
. p+1): @p+2)IT(—3+j-2p . )
+ - Bi_5,_1(cos(8)) = cos(j0), > 2,
]p;() (]—Zp—l)' i—2p 1( ()) (] ) ]
H 27120 (2f — 2p)!
VT Z - - Bj_3,(cos(6))
p=0 (j—2p) 2p+ )T (3 +j—2p) 28)
1| p-j—2p—2 (27 VR@-2p-1) | (<174 (—p-1)
. 2] 2 @)Lt 2p) T (I B (cos(8)) = sin(G+1)6) .
p=0 (j—2p-1! j=2p— 1108 ~ sin(8) J =2

Proof. Formulas (27) and (28) are direct consequences of Formulas (25) and (26) together
with the two well-known trigonometric definitions for T;(x) and U;(x):

Tx) = cos(j),  Ux) = U LVO
with § = cos™!(x). O

The following corollary exhibits three connection formulas between three symmetric
polynomials and Bernoulli polynomials.

Corollary 7. For every non-negative integer j, the following are the generalized Fibonacci—Bernoulli,
generalized Lucas— Bernoulli, and Hermite—Bernoulli connection formulas:

) _p _p_1
HEAGuan ity

F{Z’b X :a]l : B. X
P P T I s PR
2
jlaF —p—l,'—p—% _ap (29)
L%J a2+ (j—p—1)1 N —j "
'y D CEE)]
+a/ . B 1(x),
p=0 (Gj—2p—1)! j—2p—1(%)
— 1
i . H 2F1< p’l_p] 2 ‘ig)
L% (x) =/t B o (x
=L G2
(j—1)12F _”_1'_}7—% _ag (30)
|[55] 2ot opay 1-] f
iy —— ! 2
+d ‘ B ()
] p=0 (j—2p—1)! j—op—1(x)
j U up
Hj(x) =2/]! - Bi_ 5, (x
]( ) ) ;g)(zp+1)!(]_2p)! j Zp( ) (31)

{%J (_1)p+12j*2r172 (_1 +1F (_p —1; %;1))
e G IIG- 2911 B
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Proof. Formulas (29)—(31) are direct special cases of, respectively, Formulas (21) and (22)
forg=0. O

Now, we are going to write connection formulas between some non-symmetric poly-
nomials and Bernoulli polynomials.

Corollary 8. For every non-negative integer j, the shifted Jacobi—Bernoulli connection formula is:
JT(a+1)
CT(+ta+)T(j+a+p+1

i [Q=ptatPp) (D TG=pta) Ti+p+D+T(+a+DIG=p+p) p
o (P+DIG—PITG—p+a)T(—p+p) e

)X

(32)

Proof. Formula (32) is a direct special case of Formula (13) forg =0. O
The following are six special connection formulas of Formula (32).
Corollary 9. Let j be a non-negative integer. The following six connection formulas hold:

& 72]'!F("‘+%) 4 T(2j —2p+20—1)
() =
FG+20) % @p+1)(i—2p)r(j—2p+2—})

i ijzp(x)/

5 () (2j—2p—1)! .
P =2 L GG —2p -1t G2

4] 2y )1
) =V 2]2]— z;zof!r(zf)lzp ~3
e :ﬁii @p+1)! <J(—2]2_p>2fp>(f g
V(%) :;ﬁp}; (=17 (2) —(;:));((j—_l;)f%(_—;);’ 521‘+2p+1>>
e

) Bj_2p(x),

Bj_p(x),

Proof. The results of Corollary 9 are special ones of Formula (32) by choosing the two
parameters & and j3 suitably. O

Corollary 10. The following are, respectively, the generalized Laguerre—Bernoulli and Schroder—
Bernoulli connection formulas:

@ oo (PTG a+ 1) (~1+ F(—p-Lj—p+xl)

g G+ DIG= PTG = p+a) Bt >
oG- p G- pran (PR )

Sf(x)_(jﬂ)!p;) G=p)t(p+DHG—p)! ) 9
B]'_p x).
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Proof. Formulas (33) and (34) are special ones of (15) and (16) forg =0. O

3.4. Connections between Some Celebrated Numbers

In this section, we account for some formulas that express some celebrated numbers
in terms of Bernoulli numbers. In fact, if we set x = 1 in the connection formulas that are
derived in Section 3.3, some new expressions between these numbers can be deduced. In
the following, we give some of these expressions. Other expressions can be also deduced.

Corollary 11. For every non-negative integer j, the generalized Fibonacci numbers that are given
in (12) are expressed in terms of the Bernoulli numbers as:

‘ —y —p—1
UJzH( P,_;? 2 —if)
Fb =(-a)jt y - Bis
I = @p+Di-2p)t T

35
jl2Fi pleps -3 >
{iJ a2 pr 1 (j—p—1)1 —]J a
; (p+1)! B (2p+2)!
+ (—a ] . B_ -
(—a) F;) (j—2p—1)! e
and in particular
, 4] 2R ( ’ - 2 _4)
F =(-1)/]! . Bj-
i =( )JPZ; Cp+1)(j—2p)
P (36)
) j'2F ( p-1L . P=2 4)
{%J (j(_f:)l,)! — @ _g).
+(=1) prl) . pre) Bi_p,_1q.
( ) pX::() (]—Zp—l)! =2l

Proof. Formula (35) is a direct consequence of Formula (29) by setting x = 1 and noting
the two identities (12) and (1). The particular case (36) is a special case of (35) for the case
correspondstoa =b=1. O

4. Expressions for the Derivatives of Bernoulli Polynomials in Terms of
Different Polynomials

This section is devoted to explaining how to derive the derivative expressions for Bernoulli
polynomials in terms of other polynomials; that is, we describe how to obtain the inversion
formulas to the connection formulas derived in Section 3. We give here one of these expressions.
We will give the formula that expresses the derivatives of Bernoulli polynomials in terms of the
shifted Jacobi polynomials. Other expressions can be similarly obtained.

Theorem 5. For all non-negative integers j and q with j > q. The following expression for the
derivatives of Bernoulli polynomials holds:

' e .
DqBj(x)—m E (]—Zm—q+o¢)r(]—2m_q+2a)x

m 2—j+q+2r+1 w )
;0(m_r)!(27’)!F(1+j—m—q—r+a) Bar Cimy om (%) (37)

7

. i,
B 27T (1 4 ) I.z(]z‘i 1) ] G—2m—q+a—1)T(j—2m—g+2a—1) c® (x)
I'(1+2a) Pt m (j—2m—qg—1)IT(j—m—qg+«) jmq—2m—=1\")r
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where B, are the well-known Bernoulli numbers.

Proof. We start with the power form representation of Bernoulli polynomials in (2) to write:

i—q

DqB]-(x) = Z (i) (j—g—r+ 1)q B, x4,
r=0
In virtue of the inversion formula of the ultraspherical polynomials [37], one gets:
| F(l + 06) —q y—j+q+r+1 B,
9B.(x) =L
D7Bj(x) = I'(1+2a) ; r!
2 ]Zr;”(] q—r—2t—|—tx)1"(j—q—r—2t—|—2a)C(,x) ()
= (—q—r=20)IT(j—g—r—t+a+1) 707207

which can be written again in the form:

=)
ira ) (B G om gt am g1 20)
DIB:(x) = = 1
(%) T(1+2a) nf;o G—2m—q) X
& o—j+q+2r+1 o
;;) (m - T)' (27)'F(]—m —q —r+IX—|—1) BZV C]»,q72m(x) (38)
i -
Mm ) G—2m—gta-1T (]—2m g+20—1)
- D—j+q+2r+2

(a)
EO (m—r)(2r+1)IT(j—m—g—r+a) 27+1C ‘7—2m—1(x)‘

Now, regarding the following summation:

—j 2r+2
m 2—jtq+2r+ B2r+l

Unjga =),

S m—r)2r+1)T(j—m—q—r+a)

can be summed. In fact, the employment of Zeilberger’s algorithm [41] leads to the
following recurrence relation:

—-m+j—qg+a—1
m+1

um+1,j,q,a - um,j,q,vz =0, uO,j,q,vz =1

Since the last recurrence relation is of order one, it can be immediately solved to give:
—p—j+q+1
ComIT(j—m—q+a)

Based on the above reduction, Formula (38) turns into Formula (37). This proves
Theorem 5. [

um,j,q,a

5. New Closed Forms for Some Definite Integrals

This section is interested in the evaluation of some new definite integrals of some
polynomials based on the connection formulas between different polynomials and Bernoulli
polynomials. To be more precise, we will present two applications to the connection
formulas derived in this paper. The following definite integrals will be computed:

e The definite integral for different polynomials on the interval [0, 1];

*  The definite integral for the product of different polynomials with Bernoulli polyno-
mials on [0, 1].
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In this regard, four theorems concerned with the above two mentioned applications
will be stated and proved. Furthermore, these theorems will be utilized to compute definite
integrals for different polynomials.

5.1. First Application to the Connection Formulas

This section concerns the first application to the connection formulas that are stated in
Section 3.3. We will present two theorems in this respect to compute the definite integrals

1 1
/ ¢;i(x) dx and / P;(x) dx, where ¢;(x) is any symmetric polynomial that takes the form
0 JO

in (4), and ¢;(x) is any non-symmetric polynomial that takes the form in (5).

Theorem 6. Let ;(x) by any non-symmetric polynomial whose power form can be written as
in (5), and let it have the following connection formula with Bernoulli polynomials:

]
x) =Y Ay Bip(x). (39)
p=0
The following integral formula applies:

/Ol Pi(x)dx = A

Proof. Starting from the connection formula (39), we integrate both sides from 0 to 1, to get

1 j 1
/0 Pj(x) dx:pZE,Ap'j/o Bj_,(x)dx. (40)

If we make use of the well-known identity [29]:

1
/ Bu(x)dx =dp,, n>0, 41)
0

where J; ; is the well-known Kronecker delta function, then Formula (40) reduces to the

following formula:
1
/ Pi(x)dx = A
0

This ends the proof of Theorem 6. [

The following theorem exhibits closed forms for the definite integrals of three non-
symmetric polynomials.

Corollary 12. The following integral formulas hold for every non-negative integer j:

/Ra,g al(j+a+1)T(B)+ (1)) T(a+1)T(j+p+1) )
G+ G+a+p)T(+a+1)T(p) '
/L F( +DC+1)(1—1F1( 1—]}04}1))
(G+D!T(a) '
: ~G-rG e @an (7T )
/OS]-(x)dx: (RN . @)

Proof. Formulas (42) and (43) can be obtained by the application to Theorem 6 together
with the three connection Formulas (32)-(34). O
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Theorem 7. Let ¢;(x) be any symmetric polynomial whose power form can be written as in (4),
and let it have the following connection formula with Bernoulli polynomials:

4] 2
¢ ZGp]B 2] Z p—2j— 1 ) (44)

The following integral formula applies:

1 G;. jeven,
| eax=4 =0
0 G- L jodd.

Proof. If we start from the connection Formula (44) and integrate both sides from O to 1,
then the following formula is obtained:

L 17

2
/‘PJ dx_ZGP]/B —aj(x) dx + Z P]/B —2j-1(x (45)
The utilization of Identity (41) transforms (45) into:

4] 7]

1 _
/0 pj(x)dx =Y Gpjdiopo+ ), Gpjdjap-10 (46)
p=0 p=0

‘\

where 51‘,]' is the well-known Kronecker delta function.
It is evident from (46) that the following integral formula can be obtained:

1 G, ., jeven,
| o= 2
0 ] v odd.

O

Now, and as an application of Theorem 7, several new formulas for definite integrals
to some symmetric polynomials can be deduced. The following corollaries provide some
of these results.

Corollary 13. The following integral formula holds for every non-negative integer j:

20 —1 .
1 G+1)(G+2A-1) . j even,
w = 2Loaa-1; 1 1/
/0 C] (x) dx = 2A —1 (_1) T 4 ]!r(/\—f— ?)r(f(]_1)+/\) - (47)
GrOG+2r—1) V7 ()i + 2 , jodd.

Proof. Formula (47) can be obtained by the application to Theorem 7 together with the
connection Formula (23). O

The three formulas that follow are particular ones of Formula (47).
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Corollary 14. Let j be a non-negative integer. The following identities hold:

0, j even,
1 i+3
Pi(x)dx={ (-1)'T F(%) ,j=1, (48)
j - /
0 N Jodd,
A ()
1 1 1, j even,
T:(x)dx . T j 7 2 0/ ] 1/
A i ﬂnﬂ+ﬂ{uqeni,jw¢ J 7
1 1 1, j even,
~A jlx) ]-%1{1-+(—1)@i jodd, "’ )

Proof. Formulas (48) and (49) are direct special cases of Formula (47) setting, respectively
A=101 O
27%7

Corollary 15. The following integral formulas hold for every non-negative integer j:

_l_i/_l b
al oF 2 _; 21-4
1 , j even,
+1
Az?%mdx: j R, (50)
m @k 2 224
2b: ! : dd
KGN j+1 o
c
i/ ]:1,
NEE
c oF ! — 24
1 o 1—j ¢ ,
C, _ , ,
/()Lf (x)dx = i1 o j even
S bbd | g
—4d2j+ T (j—1) 2F - -4
o) , jodd, j#1,
Zu(f§%J)
) i , j even,
/()Hj(x)dx: (-1)"% jt (—1+ 15(-%-%;%;1)) ‘ (1)
N, , jodd.
2 ()

Proof. Formulas (50) and (51) can be directly obtained by application to Theorem 7 using
the three connection formulas, (29)-(31). O

5.2. Second Application to the Connection Formulas

In this section, we present another application for the connection formulas between
the different polynomials with Bernoulli polynomials. Two theorems will be stated and
proved in this regard.

Theorem 8. Let y;(x) by any non-symmetric polynomial whose power form is as in (5), and let it
have the connection formula with Bernoulli polynomials as in (39). Further, assume that j and m
are positive integers. The following integral formula holds:

1 L VA S A
L W e
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where Ay, are the connection coefficients in (39).

Proof. If we make use of the connection Formula (39), then:

1 j 1
/O cpj(x)Bm(x)dx:pZ::OAm /0 Bj_,(x)Bu(x) dx. (52)

Based on the well-known identity:

1 (—=1)" nlm!
‘/0 Bm(x) Bn(x) dx = W Bm+n, m > 1,1’l > 1, (53)
and the simple identity
1
| Box) Bu(x)dx =0, m>1, 54
0

Formula (52) turns into:

1P —p)t
x) By (x) dx = m! Biiy_p A,
/4’] m X =m: ;O ]+m P) j+m—p {p,j

O

In the following, we show how to utilize Theorem 8 to obtain closed forms for some
definite integrals.

Corollary 16. For all positive integers j and m, the following integral formula holds:

1 (wp) (=1t jtmiT(w+1)
/0 R @) B dx = D T a1 p)
Y I@—ptatpIG—_pra)I(+p+1)+ (V' IGHat DIG-p+p) 5
= (p+1)!G+m—p)T(—p+a)L(j—p+p) e

(55)

Proof. Identity (55) can be obtained by application to Theorem 8 together with the connec-
tion Formula (32). O

Remark 3. Since the shifted Jacobi polynomials have six well-known shifted polynomials, then six
special integrals can be obtained as special cases of Formula (55).

Corollary 17. For all positive integers j and m, the following integral formulas hold:

1 2(— )]H]'m'l"( +uc)

=() _
/ocf (x) By (x) dx = TG+ 20) X
=1
=] T(2j—2p+2a—1)
Z 1 . Bj+m72p/
=0 (2p +1)! (]+m—2p)!l"<—§—0—]—2p+oc)

ik

'p _ & (2j —2p —1)!
/opf(x)B’”(x)dx 2= ; Y G—2p— 1)+ m—2p)t I
V%J o
[ 1) Bal) dx =2 (<17 jvm Y G —2p —2) Bjm-aprs

p=0 (2p+)IT (=3 +j—2p) (j+m—2p)!
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Ed .
'a = (—1)t! (2j —2p)! .
Jo BBt = (2 = (3 2p)Gemzpr

/01 Vi(x) B (x) dx = ;( 1)+ /T m! x

— (2 —p - DI +2j+ ()P —2p 1))
=0 (D (S+i—p) (+m—p)!

/01 Wi(x) B (x) dx = %(-1)]’+1 NaT

(2= p = D=1+ (1P +2(1 + (~1)P)j — 2p)
p=0 (p+1T(3+j=p)(+m—p)!

j+m—ps

j+m—p:

Proof. The results of Corollary 17 are specific cases of the result of Corollary 16 taking into
consideration the suitable choices of the two parameters « and . [J

Corollary 18. For all positive integers j and m, the following integral formulas hold:

1 L@ — (“1+1A(-p-Lj-p+wxl))

/O ) (x) By (x) dx =m!T(j + o+ 1) Z T (56)
1 | D2 —p 1! = (2)!G—p)")

/0 /(%) B (x) dx =m! Z + (J p)! (J+m DECES . &)

1,—7—-1
za< T b

Proof. Identities (56) and (57) can be obtained by the application of Theorem 8 together
with the connection Formulas (33) and (34). O

Now, we are going to prove a corresponding result for Corollary 8, but for any
symmetric polynomial. The next theorem exhibits this result.

Theorem 9. Let ¢;(x) by any symmetric polynomial of degree j that can be represented as in (44),
and let it have the connection formula with Bernoulli polynomials given as in (44). The following
integral formula applies for every non-negative integer j and m:

I
2
. Y Lyim j even,
—0
/O ¢;(x) Bu(x) dx = { " L (58)

2 2

> Zpjm+ Y Zpjm jodd,

p=0 p=0

where the coefficients Ly, iy, Z i m and Z,, ; , are respectively given by

(*1)]‘ m! (] - Zp - 1)! (7(] - Zp) Bj+m72pGp,]' + (] +m— 2}7) B]'+m72p71 Gp,j)

Lpjm = (+m—2p)! '
(=1 mt(j —2p)!

Zpjm = (j+m—2p)! Bjtm—2p Gpjs

_ (=1)/m! (j—2p—1)! -

Zpmj = (G+m—2p—1)! Bjtm—2p-1Gpjs

where the coefficients G, ; and G, ; are the connection coefficients in (44).
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Proof. Starting from the connection Formula (44), we integrate both sides from 0 to 1,
to obtain:

' K : =,
/0 9;(x) B () dx:pg%)GpJ /0 B () Bj_ap(x) dx + pzzo Gy, /0 Bun(x) Bj_p_1(x) dx.

Now, we consider the following two cases:
(i) The case corresponds to j odd. In this case, we have:

1 ] 1 i 1
/0 $2j11(x) Bu(x)dx = Y Gpoji1 /o B (x) Boj_opy1(x)dx+ ) Gpojin /o By (x) Baj_2p(x) dx. (59)
p=0 p=0

Making use of the two Identities (53) and (54) turns Formula (59) into the following

one:
i—1

Z Gp,2j+1Fm,2j72p/ (60)

1 j J
¢2j+1 Bu(x)dx = Y Gpoj1 Fuojops1 +
j

where F;, ,, are given by
(=D)L nim!

F =
e (m+n)!

m+n-

Formula (60) can be written as:
1 i =1
| 2100 Bu(x) dx = Y- S+ L S (61)
p=0 p=0

with the coefficients S ; ,, and S p,jm are given as:

Spjm = Gppj+1 Fmzj—2p+1,  Spjm = Gpaj+1 Fnzj—2p-

(ii) The case corresponds to j even. In such a case, we have:

1 j 1 =1 1
/0 ¢2j(x) Bu(x)dx = ) Gy /0 B () Baj2p(x)dx+ ) Gy /0 By (x)Baj—2p-1(x) dx,
p=0 p=0

which gives after using identity (53), the following formula

1 =1 =1
/0 ¢2j (%) Bu(x)dx = Y Gyoj Fupj2p + Y, GpojFmpj—2p-1,
p=0 p=0
which can be written as
1 =1

[} 21(x) Bu(x) dx = X Wi, G

. =0
where W),  ;, are given by

Wp,]}m = Gp,Zj F m2j—2p + GPZ]‘ F m,2j—2p—1-

Now, merging the two integrals in (62) and (61) yields the following identity:

) Z Lyjm jeven,
=0
|| #i(x) Bu(xydx = S 75 -

A z
Z Zpim+ Z Zyim, Jjodd,
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where the coefficients Ly, ; ., Zp,;m and Z,, ; , are, respectively, given by

_(—1)jm!(j—2p—1) ( (]_ZP) j+m— 2pGp]+(]+m 2P) j+m—2p— 1Gp])

Lyjm = ,
P (j+m—2p)!
(=1 m! (j —2p)!
Zpjm = (j+m—2p)! Bjtm—2p Gp,js
_ (—1)im! (j—2p—1)! -
Zpmj= (+m—2p—1)! Bjim—2p-1Gp,js

where the coefficients G, ; and Gp,]- are the connection coefficients in (44). O
Remark 4. Formula (58) can be split into the following two formulas:

R _ (5 @ei—2p—1)!
./o ¢2(x) B (x) dx _m!(pX_:O(Zj—i—m—Zp)!x

(63)
(2(p = J) Gpj Bojym—2p + (2 +1m —2p) Gp o Bojy 2 1))
1 L (2j—2p+1)!
/0 $2j+1(x) B (x) dx =m! <Z6 @i+ m—2p+ 1) Gp2j+1 Bojim—2p+1
o @
_y 2=l e B
. , m— .
o (2j +m —2p)! P4 / P
Corollary 19. For all positive integers j and m, the following integral formulas hold:
(2j)'m'1"( +t¥> -
_ 2(j+p)-
/ C (x) By (x) dx B0 ) Z 2"
(—1)P 42T (2j —p4+a—1) N 24P+5 T(4j —2p +2a —2) Bajym—2p—1 (65)
VT (p+1)! 2p+2)!T (=3 +2j—2p+a) ) 2j+m—2p—1)!
16PT1T(4j — 2p +2a — 1)
: Bjym—2p |
(2]+m 2p)! (2p+l)'1"( +2]—2p+zx>
. 1
/0 Céﬁl( )Bm(x)dx = (2j + 1)!F<2 +oc>m!><
J 2720-P) T(1+4j — 2p + 24) By o
m—

20 Qp+ 1)L @j+m—2p+ )T (S 42/ —2p+a) TQj+20+1)

]E 22(j—p+a-1) (66)

Boiym—np X
S VA Qj+m=2p) (p+ 1) 2p +2)!T(2) + 2 +1) T

4 (p+1)!IT(2j+a+1) (—% +2j—2p+¢x> )
(—1)P (2p +2)IT(2j — p+a) + A

(2j—p+ "‘)p-i—l

Proof. Formulas (65) and (66) can be obtained by the application of Formulas (63) and (64)
making use of the connection Formula (23). O

Corollary 20. For all positive integers j and m, the following integral formulas hold:
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1
/O Ef (x) Bu(x) dx =
, —p—1,-p—3 4b)
. 2, ( P P2
a2 m! ]i _a 2P (2) —p —1)! T 2 1( —2j - Byjtm-2p-1
o +1)! 2p +2)! 2j+m—2p—1)!
) (r+1) (2p+2) (2j p—1) )
o _p_1
@yan (PR | -4
 2p+D)IQ2j+m—2p)! Bajm-2p |/
oy 2j+1
/0 Fytiq (%) B (x) dx = mta® ™ x
j 2F1<_p’2_»p_1% —45)
: —2j— @
| .
(2j+1)! ;)(2j+m—2;o+1)!(2p+1)!]32”’"*2?”1
= (68)
, —p—1,-p—13
| p ,—P 2 _4b
]i a 2P pr (2] — p)! + @+ ek ( —2j—1 ”2> Bjm—2p
o) (p+1)! (2p +2)! (2j +m —2p)!

Proof. Formulas (67) and (68) can be obtained by the application to Formulas (63) and (64)
making use of the connection Formula (29). O

Corollary 21. For all positive integers j and m, the following integral formulas hold:

1 ,
/ Lg’]d(x) By (x)dx = c¥m! x
0

| p—1,-p—1
. | p=L=P—7 |_4d
=0 (p+1)! (2p +2)! (2j+m—2p—1)! ()
1
; PP =7 | _4d
@an (T —CQ)B
 p+DI2j+m—2p)! 2jtm=2p |/
1
=Pz d
boa 2j+1 : 2F1< —2j ik
b =m! i ! )
/0 L2]+1(x) By (x)dx =m!c (2j+1)! p;) Cp 12+ m—2p 1) Byjim—2p+1
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Proof. Formulas (69) and (70) can be obtained by the application of Formulas (63) and (64),
making use of the connection Formula (30). [

Corollary 22. For all positive integers j and m, the following integral formulas hold:
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Proof. Formulas (71) and (72) can be obtained by the application of Formulas (63) and (64)
making use of the connection Formula (31). O

6. Concluding Remarks

This paper presented new identities involving Bernoulli polynomials. The associated
identities of Bernoulli numbers can be deduced as direct special cases. As combinations of
Bernoulli polynomials, we could express different polynomials. This yielded new formulas
that connect different polynomials with Bernoulli polynomials. The inversion formulas
to these formulas can be also obtained but the linking coefficients in them can involve
Bernoulli numbers. Furthermore, we presented two applications to compute definite
integrals for different polynomials and also for products of different polynomials with
Bernoulli polynomials. As future work, the ideas in this article can be extended to obtain
several identities for other types of polynomials and their associated numbers. Other
important definite integrals can also be computed based on the formulas established in
this paper.
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