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Abstract: The article investigates a class of polynomials known as convolved Pell polynomials.
This class generalizes the standard class of Pell polynomials. New formulas related to convolved
Pell polynomials are established. These formulas may be useful in different applications, in particular
in numerical analysis. New expressions are derived for the high-order derivatives of these polynomials,
both in terms of their original polynomials and in terms of various well-known polynomials. As special
cases, connection formulas linking the convolved Pell polynomials with some other polynomials can
be deduced. The new moments formula of the convolved Pell polynomials that involves a terminating
hypergeometric function of the unit argument is given. Then, some reduced specific moment formulas
are deduced based on the reduction formulas of some hypergeometric functions. Some applications,
including new specific definite and weighted definite integrals, are deduced based on some of the
developed formulas. Finally, a matrix approach for this kind of polynomial is presented.
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1. Introduction

Many sequences of polynomials are described by recursive formulas of order two. The
investigations of different polynomials have garnered much interest from many authors. Some different
degenerate polynomials were investigated in [1-3]. Some orthogonal polynomials were studied
in [4-6]. Some other contributions concerning different sequences of polynomials can be found
in [7-12].

The Fibonacci and Lucas polynomials and their related numbers are of essential importance due
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to their various applications in biology, physics, statistics, and computer science [13]. Many authors
were interested in introducing and investigating several generalizations and modifications of Fibonacci
and Lucas polynomials. The authors of [14] investigated two classes that generalize Fibonacci and
Lucas polynomials, and they utilized them to compute some radicals in reduced forms. In [15], Gauss-
Fibonacci and Gauss-Lucas polynomials were studied along with their applications, while in [16],
generalized Lucas polynomials and their links with Fibonacci and Lucas polynomials were discussed.
Some other contributions regarding these polynomials and their applications can be found in [17-19].

The derivation of several formulas for special functions is of interest to several mathematicians.
Some of these formulas play important roles in applied mathematics and, in particular, in numerical
analysis; see for instance [20-23]. For example, it is possible to obtain spectral solutions of differential
equations by expressing the different derivatives of various polynomials as combinations of their
original ones (see, for example, [24] and [25]). In addition, the first-order derivatives of different
polynomials may be utilized to apply a matrix approach to solve different types of differential equations
(see [26-28]). Moreover, the formulas concerned with the repeated integrals of different special
functions allow us to find numerical solutions to some important differential equations (see, for
example, [29]).

Pell and Pell-Lucas polynomials are particular polynomials that generalize Fibonacci and Lucas
polynomials. There are several contributions related to Pell and Pell-Lucas polynomials and their
related numbers. For example, various studies on Pell and Pell-Lucas numbers can be found in the
book by Koshy [30]. Formulas on the integration and derivative sequences of these polynomials have
been given in [31]. Some Chebyshev and Pell connections have been derived in [32]. A kind of
polynomials called “convolved (p, g) Fibonacci polynomials” was considered in [33]. This type of
polynomial generalizes many famous types of polynomials. For some other contributions related to
Pell and Pell-Lucas polynomials and related numbers; reference can be made to [34—39]. In numerical
analysis, these polynomials have also been employed to solve various differential equations; see for
instance, [40-42].

In this paper, we are interested in investigating a particular class of the general class established
in [33]. More precisely, we will investigate a class of polynomials called convolved Pell polynomials
which generalizes the well-known class of Pell polynomials. We will develop new formulas for this
type of polynomials. We note here that the contributions related to these polynomials are few. This
provided the motivation for our study in this paper.

The novelty of the contributions of this paper can be listed in points as follows:

e New formulas concerned with this type of polynomial are established.
e New connections between these polynomials and different celebrated orthogonal and non-
orthogonal polynomials are derived.

Here are the main points of the contributions of this paper:

e We establish new derivative formulas of convolved Pell polynomials based on the connection
formulas between two convolved Pell polynomials of different parameters.

e We establish new derivative formulas of convolved Pell polynomials in terms of different well-
known special functions. As a result, connection formulas between convolved Pell polynomials
and some other polynomials can be deduced.
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e We develop moments formulas of convolved Pell polynomials. These formulas can be calculated
by using the reduction formulas of certain terminating hypergeometric functions.

e We deduce some results related to the Pell polynomials as special cases of those of the convolved
Pell polynomials.

e We present some applications of the derived formulas.

e We present a new approach for the convolved Pell polynomials, based on matrix calculus.

The paper has the following structure. We will discuss some elementary properties of the convolved
Pell polynomials in the next section. In addition, an overview of Jacobi polynomials (JPs) and the two
classes of generalized Fibonacci and generalized Lucas polynomials is given. Section 3 is devoted
to developing new expressions for the derivatives of the convolved Pell polynomials. Section 4
presents further formulas for the derivatives of convolved Pell polynomials as combinations of various
special functions, including some orthogonal polynomials. Moments formulas of the convolved Pell
polynomials are derived in Section 5 accompanied by some reductions for some specific cases. In
Section 6, some applications of the derived formulas are presented. In Section 7, a matrix-based
approach for the convolved Pell polynomials is proposed. Recurrence relations and determinant forms
are two examples of the fundamental results that are presented. Section 8 provides some final thoughts.

2. Some fundamental properties of the convolved Pell polynomials

This section presents an overview of the convolved Pell polynomials. In addition, an account of JPs
and the generalized Fibonacci and generalized Lucas polynomials is given.

2.1. An overview of the convolved Pell polynomials

For every complex number M, the authors of [33] introduced the convolved (a, b)-Fibonacci
polynomials G;y(x), where a(x) and b(x) are polynomials with real coefficients. The polynomials
G;m(x) (of degree i) can be constructed by using the generating function:

(1 —a(x)t - b(x) tz)_M = i Gin(x)?,
i=0

and they can be explicitly expressed as

L] :
Gonr(x) = Z (M +r— 1) (M +i—r-— 1) 4 () B0,

— r i—2r

where | z] denotes the floor function.
Moreover, these polynomials satisfy the following recursive formula:

iGiy(x)-M+i-1)ax)Giu(x) =M +i-2)b(x)Gioiu(x) =0, i>2,

with Go y(x) = 1, Gy y(x) = M a(x).
In this paper, we are interested in investigating a subclass of the convolved (a,b)-Fibonacci
polynomials, that is the class of the convolved Pell polynomials P;(x). This class corresponds to

the following choice:
a(x)=2x, bx)=1.
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In power form, Pell polynomials are presented as follows:

L5 hicar
Piy(x) = 2. % X, (2.1)
and the following recurrence relation applies
Piy(x) = w X Py m(x) + w Pio m(x), P22, (2.2)
with Py (x) = 1, Py y(x) = 2Mx.
It can be shown that the inversion formula of P; y/(x) is
R L] -1)
Y=g ; " (M)ia, (1(\4 +) 2, e 23

Remark 2.1. It is important to notice that the convolved Pell polynomials generalize the well-known
Pell polynomials. In fact, when M = 1, P; y(x) become Pell polynomials, that is P;(x) = P;(x).

2.2. Classical JPs

The standard JPs P?"S)(x), xel[-1,L1], r =0 v > —1,6 > —1, (see [43]) can be expressed in the
following hypergeometric form

1), -, 1-
ng,g)(z):(7+ ) 2F1( rr+y+6+1 z).

r! v+1 2

The normalized JPs may be given by (see [44])

(2.4)

_ 1 -
ny,d)(z): 2F1( rhr+y+0+1 Z)'

v+ 1 2
Remark 2.2. It is to be noted that Jﬁy’é)(z) which are defined in (2.4) satisfy:
JrO1) = 1.

An advantage of introducing such polynomials is that some well-known polynomials can be easily
derived from them.
The following celebrated classes of polynomials are particular cases of J9(2):

(-1-1 (5:3)
T.() = J. 7). U,@) = (r+ 1) 127 (),
_11 1 _1
Vi(2) = Ji 27(2), W) = 2r+ 1)J2 (),
1,1
L,(z) = JO0(z), CY() =177 (),

where T,(z), U,(2), V,(2), W.(2), denote, respectively, the Chebyshev polynomials (CPs) of the first,
second, third and fourth kinds, while £,.(z) and ny)(z) denote respectively, the Legendre and
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ultraspherical polynomials.
The corresponding shifted polynomials on [0, 1] denoted by J79(2) are defined by

JrO@) = IO 2z = 1.

The polynomials J7 (2) have the following analytic form

Jo9(z) = Zr: DTy + D@+ 1), (y + 5+ Doy i

— Nr—DITr+y+ Dy +6+ 1,6+ 1" 2:5)

The inversion formula of (2.5) is given by

¢ (’)/+1)[m(€ m+d6+1),
Z AW(S)(Z)
(2¢ - 2m+7+5+2)m(€ m+y+06+ 1), T

The useful books [43,45] regarding JPs and related special families might be consulted.

2.3. Generalized Fibonacci and generalized Lucas polynomials

Assume the nonzero real numbers A, B, R, S. The two generalized classes of Fibonacci and Lucas
polynomials may be constructed, respectively, in accordance with the following recurrence relations:

Fo'@=1, F*@ =4z  FP0)=AzF i@+ BF 5@, k22, (2.6)

and
LY@ =2, L@ =Rz, LF@=RzL5@+SL@, k=2 2.7)

The polynomials F f’B (z) and Lf’s (z) can respectively be expressed by Binet’s formulas as follows:

(Az+ \/m)k—(Az— «/mf‘

Fi() = :
2k VA2Z2+4B
and ) )
s (Rz+ \/R2z2+4S) +(Rz—VR2z2+4S)
L7 () = -

Pk
The two analytic formulas of these polynomials are, respectively,

k
k—m
F]/;\,B(Z) — Z Ak—ZmBm( N )Zk—Zm’ k > 0’

m=0
and 4]
5 Rk-2L S[(k—t’)
RS/ \ _ C) k-2t
L@ =k ) ——— 27 k=1
=0

Their inversion formulas are respectively given by

1 Chm—2is Dm—-iv 2B,

m:A_ m F.5@, m20,
m 1! m—zi

i=0
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and 2]
1 & &ai(=Dim—i+1)S!
M= — Em (=1 (m l ) Lﬁ’le‘(z)’ m> 0,
R™ par i!
with
L m=0
= ’ 2.8
2 {0, otherwise. 2:8)

Several polynomial sequences are specific ones of the two classes of generalized Fibonacci and
generalized Lucas polynomials. More precisely, we have the following:

Fn(0) = F(0), P () = F' (),

Frn (X) = Fy (), U(x) = F7' (),

Ex(x, 1) = F, (%),
where Fi(x), Pi(x), Fr(x) are, respectively, the Fibonacci, Pell and Fermat polynomials, while Uy (x)
and E;(x, i) denote, respectively, the Chebyshev and the Dickson polynomials of the second kind.
Furthermore,

Li(x) = L (%), Q) = L' (%),

S0 = L7 (), 2Tu(0) = L™ (),

Dy(t, ) = L, (),
where L;(x) denotes the Lucas polynomials, Q,(x) represents the Pell-Lucas polynomials, f;(x) denotes

the Fermat-Lucas polynomials, while T(x) and Dy(t, 1) denote, respectively, the Chebyshev and the
Dickson polynomials of the first kind.

3. New derivative expressions of the convolved Pell polynomials

Here we derive new expressions for the high-order derivatives of the convolved Pell polynomials in
terms of their original polynomials. To do this, we will follow a new approach that relies on utilizing
the connection formula between convolved Pell polynomials with two different parameters. For this
purpose, we prove two preliminary lemmas.

Lemma 3.1. Consider the non-negative integers i, q with i > q. We apply the following equation:
29T (g + M)
L'(M)
Proof. We proceed by induction. We first prove that the lemma applies for g = 1, that is,

DP; y(x) = Pi_gm+q(X). (3.1

DPi,M(X) = 2MPi—l,M+1(x)' (3.2)

The last relation can be easily proved by differentiating the power form representation of P; y(x) in (2.1)
to get

%J i-2r
2 M i-r i—2r—
( ) xl 2r—1

DPiy(x) = ) ———F——
~ rt@-2r-1)!

r
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5]
=2M

i-2r-1 (M + 1), -l

TG—2r— 1! =2M Py ps1(x).

r=0

Assume now that (3.1) is valid. For the proof to be complete, we need to show that

207 (g + M + 1)

Dq+1Pi,M(x) = F(M) Pi—q—l,M+q+1(x)~ (33)
From (3.1), we have
21T(qg+ M)
DI P y(x) = TTon D Pi_gp1q(x).

If relation (3.2) is inserted into the last relation, then (3.3) can be immediately obtained. This ends the
proof. m|

Lemma 3.2. Let P; y(x) and P;r(x) be two convolved Pell polynomials of degrees i and j, respectively.
The following connection formula applies:

TG+ M) & (1) =20+ T (—t— M+ T + 1),

Piv® =—Ta5 Z1 T OTG—+ T+ D)(—i— M+ 1),

Pise7(X). (3.4)

Proof. We prove (3.4) by induction. For i = 0, it is true. Assume that (3.4) holds for any positive
number m < i. Now, consider the recurrence relation satisfied by P; /(x) in (2.2). The application of
the induction hypothesis to P, (x) and PY,(x) yields

[5]-1
Geia Piseoar(x),  (3.5)

[SIE

: el :
20+ M -1) i+2M-2)
- X Gt’,i—l Pi—2t’—1,T(x) L

! L=0 ! L=0

Piy(x) =

where
3 DIT(DOTG+ MG =26+ T) (= -M+T + 1),
B OTMTE—-€+T+1D)(—=i—-M+ 1),

G

Based on the recurrence relation (2.2), we get

—i+2-2T +2 () + i—2¢
2Wi—20+T—1) 22T 5 e T - 1)

XPiog g7 = Piorr(x).

If we insert the last relation into relation (3.5), we have

. [5]-1 L5 ] } .
1+2M -2 (i-20+M-1)
P; = Geria Pigr- Geioi | — i
m(x) - fz:(; ti-2 Picar—o7(x) + ; ti-1 ( —20+T -1 207(X) a6

(i+M—1)(i—2¢+2T - 2)
ii—20+T—-1)

P i—2[—2,T(x)) .
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Now, in order to prove (3.4), we prove it for both the two cases corresponding to i even and i odd.
From (3.6), it is easy to see that

T'Q2i+ M)I(T (<1 4+ i+ MGy
Paim(x) = @i+ M)I( )P2i,T(x)+Z(( ! ‘) -12i-2
(=1

T(M)T(2i + T) i

1 +2i+M)@T-C+T)Go1pie1 (=O14+2i+ M)Gppig (3.7)
- . . + . . Pize7(X) :
i(1+2i-20+T) i(—1+2i—20+T7)
+ (—1 +i+ M) Gi71,2i72 (—1 + 2+ M)T Gi,in,]
i i(1+7)

It is not difficult to show the identity:

(—1 +1i1+ M) G[—l,Zi—Z (—1 + 20+ M)(l —{+ T) G[—I,Zi—l
i - i(1+2i-20+T)
(l — f)(—l + 20+ M) G(,Zi—l
i(-1+4+2i-2¢+T)

= G€,2i 5
and accordingly, (3.7) turns into

T(T)T(2i + M) =

P 2i,M(x) = : P 2i,T(x) + Z G[,Zi P 2i—2£,T(x)
I'(M)I'Q2i+T) = (3.8)
N (i—=1+M)Gisipia  (=1+2i+ MT Gi1iy

i i(1+7)

If we note the two identities

T(T)T(2i + M)
G0,2i = . )
I'(M)I'Qi+T)
G (—1 +I+ M)Gi71,2i72 (—1 + 20+ M) T Gi71,2i71
i2i = -

i i(1+T) ’

then, from (3.8), the following formula can be obtained:

Pan(x) = > Grai Paicarr(x). (3.9)
=0

Performing similar algebraic computations, it can be shown that

Poiim(x) = Z Gepiv1 Poicoesr,7(%). (3.10)
=0
Merging the two formulas (3.9) and (3.10) leads to (3.4). This proves Lemma 3.2. O

Now, we can prove the main theorem in which the g-th derivative of P, (x) is expressed as a
combination of their original ones.

AIMS Mathematics Volume 9, Issue 1, 565-593.



573

Theorem 3.1. Assume that r and q are two positive integers with r > q > 1. The following formula is
valid:

{+qg-1

5]
DIPy(x) =20 ) (—1)’5( . )(—25 +M—=g+r(~C+M—g+r+1) 1 Pryomx. (3.11)
=0

Proof. From Lemma 3.2, we have

=] ¢
I'(M)T(M +r) D' (=t=—qg+ 1D (-2¢+M—-q+7)
P,_ =————— ) . 3.12
a0 = G LM —r+ D DL+ M—gtr+l) " 2em()- - 3.12)
Formula (3.12) together with Lemma 3.1 yields the desired result given by (3.11). O

The derivatives of the Pell polynomials can be deduced from Theorem 3.1, by setting M = 1.

Corollary 3.1. Assume that r and q are positive integers with r > q > 1. The following expression for
the Pell polynomials applies:

[5]
DIP,(x) = 2¢ Z (D1 +r—26— q)(f - Z - 1)(r — =g+t Pr_yr ().
=0

4. Derivatives of the convolved Pell polynomials in terms of various polynomials

In this section, we present new expressions of D?P;y(x), j > g as combinations of some special
functions.

4.1. Derivatives in terms of some orthogonal polynomials

Theorem 4.1. DP;\(x), j > q can be expanded in terms of the ultraspherical polynomials C?)(x) as
Jollows:

_2qul I'G+MI(1+2) iJ (J=-20—-q+DI(G-20-qg+22)
 T(M)T +22) HU(G=20-!' T +j-C-gq+ )

4.1)

—L,—j+{ -4
XzFl( Jreta ‘—1)6‘5/1)

1-j-M a-2e0):

Proof. The analytical expression of P;(x) leads to the following formula

2] 52 ,
27 (M) (1 + j—q—2r), a2

(j—2r)'r!

Dqu,M(X) =
r=0
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After applying the inversion formula of Cj.’l)(x) (see [46]), the last formula turns into

[%J 21—j+q+2r—2/12j—2r I-*(] + M — r)
+ /l) pry 7"!

DqP];M(X) =
: (4.2)

G-gq-2r -2+ DTG —g—2r -2+ 20 o
NGj—q=2r=20T(1+j—q—-2r—t+24) Ci2rg-u

Relation (4.2) turns into:

[./’;'i
2

—

Vr2l+a-24 (j=20-q+ DL —26—q+22)

DIP. -
w0 ronr (4 +2) 4 (j—2t-q)

4

I'G+MmM-r)
x> /T CY i),
:Or!(f—r)!F(1+J—€—q—r+/l) i

which can be converted to the form of (4.1). |
Some particular formulas can be obtained from (4.1) as special cases.
Corollary 4.1. DP; y(x), j > g can be written as
4 , |5 .
201 \[rT'(j + M) 1+2j—-4-2¢q
(M 2F1 1-j-M
(M) = ! F( +j-C—- q) J
L '—q—2[(x)’

DIP;y(x) =

B 1) @3

~2
.

| 2] :
+1
DIP; () = 20°T(j + M) | F ( 0, —j+{+q ‘ _ 1) T)-go2e(2), (4.4)

[(M) OG-t-gt> '\ 1-j-M

—,—j+l+qg—1
j+l+q l_l) U o), (45)

where L;(x) denotes the Legendre polynomials and 7';(x) and U ;(x) denote CPs of the first and second
kind, respectively.

In what follows, making steps similar to those in the proof of Theorem 4.1, we give the expressions
of the derivatives of the convolved Pell polynomials as combinations of Hermite, Laguerre, shifted
Jacobi, generalized Fibonacci, generalized Lucas and Bernoulli polynomials.

Theorem 4.2. DP;y(x), j > q can respectively be expanded in terms of the Hermite polynomials
H (x) and Laguerre polynomials Ly)(x) as follows:

[\
Q
—+
=
—
[\S][O8)
+
~
SN—
~
-
[

1
Vi L 0G-22-g)!

|
1Fq (—f; —5 - Js 1) ijqfﬂ’(-x), (4.6)
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|5 | 1G-g-1)]
DIPw(x) =v; | D" Upjg LD L+ > Urjy LY, ()], (4.7)
=0 =0

where

vi =(=1Y"1 2/ (M);T(1 + j— g + ),

U - 1 F —0,1—¢ 1
CTROIT(U + j—2—q+y) O\ 2Lt I d v gp
_ 1 —6,1-¢ 1
Opjg = - F -2 - -—.
b QR )T -2t —q+7y) 3( Ioj-f+g-rl_Ll4d_2 4)

Theorem 4.3. DP;y(x), j > q can be expanded in terms of the special class of JPs. JY" D (x) as
follows:

| 2] L3G-¢-1]
DUPw(x) =€) | D Arig JTI00 + > Bejg JTT (),
=0 =0
where
_2_1+q_2y \r (M);
6= r(l+y)
TQ+j—20—q+2y) -t —jrl4g-
Popp— =20+ 2F1( AR 7‘_1),
0G-20-!T(3+j-t-q+y) J
F(1+j-20-g+2 —£,-1—j —~
B, = 1+ q+2y) 2F1( ¢, ] J‘+€A;rq 7‘_1).
0G-20-g-DIT(3+j-t-q+y) -Jj-

Corollary 4.2. DP;y(x), j > g can be expanded in terms of the special class of CPs of the third kind

as follows:

[fEQJ )
1 —{,—j+{+q
DIP; =29(M); _—— -1V,
m(X) (M), 2 0G-t—q) 2 Fy ( 1—j-M | ) i—g-20(X)
|_ | (4.8)
30-¢=1) .
1 —{,—j+{+¢q
E — F - 1| Vi o .
" 0G-t-g! "’ 1( 1-j-M ‘ ) jg-20-1(%)

=0

Proof. The result follows by taking into consideration that CPs of the third kind V,(x) are special cases
of the polynomials J"7*(x), for y = —1. O
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Corollary 4.3. DP; (x), j > g can be expanded in terms of the special class of CPs of the fourth
kind as follows:

2

1 —l,—j+l+q
Dqu,M(x) :2(1 (M)j 2471 ( . ‘ - 1) Wj_q_zf(x)
£ DG 0= ) 1—j-M -
L3G-g-1] ) ’
) 3 1 X 1(—5,—]+€+q‘_1)w_ )
i ; J-q-2p- .
o G-t -9! 1-j-M

Proof. The result follows from the link between the CPs of the third and fourth kinds: W,(x) =
(=1)" Viu(=x). m

Theorem 4.4. DP; \(x), j > q can be expanded in terms of the shifted JPs j(jy’é)(x) as follows:

12 [3G-a-1)]
DPuw(x) =y | Y Sejg U0+ Y S0 TV, (0], (4.10)
=0 =0

where
_22+fr(§ +/)T(L+j=q+0)

Y= 3 VAl +7)
(1 +2j-4l-2g+y+0)T (0 +j-20—gq+yT(A+j-20—-qg+y+0)
bia = CO'G-2t—-'TA+j-20-g+)Q2+2j-20-2qg+7y+0)

b

1 1. y 5 y _§
F E—g,—g,—z—]+€+q—E—E,—‘]+€+q—§—§ 1
X 4l 3_i_Jya_ b1 iLa_3 -1

2 LTI T T a T T

g C142j-40-2q+y+OT(-20-q+NT( =2 -q+y+0)
b+ ) (j—20-qg-DIT(j=20—q+0)T(1+2j—20—2g+y +0)

1 . y 51 _ - Yy _ s
F —E—f,—f,—]+€+q—§—E,E—]+€+q—§—§ 1
X43 _2_'_l+g_él_l+ﬁ_é - :
P A R B TY B L B

Remark 4.1. There are six special formulas that can be deduced from formula (4.10) by taking into
consideration the six special classes of the shifted JPs.

4.2. Derivatives in terms of some other polynomials

Now, we present some derivative formulas of the convolved Pell polynomials as combinations of
generalized Fibonacci, generalized Lucas, and Bernoulli polynomials. Similar steps to those followed
in the previous subsection can be followed for the derivation of these formulas, so the proofs are
omitted.
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Theorem 4.5. DP; y(x), j > g can be expanded in terms of the F' ;"B (x) which are constructed by (2.6)
as follows:

2,

. , DY (=1-j+2r+qB"
DP; (%) :2J(M),-A-f+qz( ) Lo jr2rtq)
r=0

r'l+j—-r-¢q)! @10

—r,=1—j+r+gq|A?
XzFl( & Jrr q‘

1-j-M 43) Filga 0

Remark 4.2. The term ,F; ( ) that appears in (4.11) may be reduced for the choice A*> = 4 B; thus,
a simplified formula can be obtained. The following corollary displays such a result.

Corollary 4.4. If A% = 4 B, then (4.11) reduces to:

2

(=) 272 AT (] — j+ g +2r) (=1 + M + q),

DIP; =(M);
],M(-x) ( )j; r!(]—q—r+1)!(]+M—r)r qur()
and in particular
& DY (=1=j+qg+2r (=1 +M+qg),
DIPy(x) =20 (M); ) Pj_gara(%). (4.12)

— r(j—q-r+DI(Gj+M-r),

Theorem 4.6. DP;/(x), j > q can be expanded in terms of the generalized Lucas polynomials Lf’s (%)
which are constructed by (2.7) as follows:

|7

, 1)ys” —r =] R?
DAP,(x) = 2J(M)Rf+‘fZ§—’2 =D 1( " ]”“]'

rl(j—r—¢q)! 1-j-M 45) ]qu() (4.13)

where &, is as defined in (2.8).

Remark 4.3. The term ,F 1( ) that appears in (4.13) can be summed for the special choice of
R? = 48, hence, a simplified formula can be obtained. The following corollary displays this result.

Corollary 4.5. IfR*> = 4 S, then formula (4.13) reduces to:

|2
DIPy(x) = (M); Y

r=0

( )r2] 2r§J g-2r —j+q+2r(M+ q)r R—
r(j—g=-nG+M~r), b

(x), (4.14)

and in particular

& Ciyen g,
2iG—q-ririG+M-r),

DAP () = 20 (M), Q- g2r(0). (4.15)
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Theorem 4.7. DIP;y(x), j > q can be expanded in terms of the Bernoulli polynomials B;(x) as

follows:
21+ M) ' 1 oLy
PP = —Fap L4 2r+ DI(j—2r - g)! o 1( 1— M _1)Bj—q—2r(x)
—24j-2r . e -7, —% -r
| L] 2T o M =)@+ 214 2T+ M)+ D! 2F1( ml| 1)
Tt L r+ DI2r+ 21 —2r —q - D! 8
Bj_g2r-1(x).

(4.16)

5. Moments formulas

This section focuses on establishing the moments formulas for the convolved Pell polynomials. We
will show that the moments coeflicients involve a certain terminating hypergeometric function of the
type 4F3(1). Also, it will be shown that this hypergeometric function can be reduced in some specific
cases.

Theorem 5.1. Consider two non-negative integers j, m. We have

_G+m)!T(j+ M) &) D) (G+m+M-2r)

X"P. =
() 2 1 LT+ j+m+M—r)

(5.1)

1) Pj+m—2r,M(x)-
2 272 2 22

Proof. The analytic form of P;(x) along with the inversion formula (2.3), after some algebraic
computations, leads to relation (5.1). O

Remark 5.1. Although the hypergeometric function that appears in (5.1) is balanced and terminating,
its sum is not reducible in general. We will give some special cases in which this hypergeometric
function can be summed, and accordingly, certain simple moments formulas can be deduced. We will
consider the two cases corresponding to M = 1 and M = 2, respectively.

Lemma 5.1. When m and j are positive integers, we get the moments formula for the Pell polynomials
1 < m
Y Pi(0) = 5 Z(—l)r( F)Pﬁm_b(x).
r=0

Proof. For M =1, (5.1) turns into the following equation:

& D)1+ j+m—2r)
0

r'(G+m—-r+1)!

" (j+m)!
X Pj(x): J2m

r=

(5.2)

1) Pj+m—2r(x)-
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Regarding the 4F3(1) term that appears in (5.2), it can be summed by using symbolic algebra. For this
purpose, set

1

_r’ —_

— 2
Rr,j,m - 4F3 ( .

1). (5.3)

As aresult of Zeilberger’s algorithm [47], R, ;,, satisfying the following recurrence relation is obtained:

(r— 1)(—2—m+r)(j+m—2r+5)R,_2,.,-’m—(jm—2jr—2mr+2r2+2j+2m—6r+4)
X@+j+m=2nNR_1jm+C+j+m—-r)(j—-r+1)(-2r+1+j+mR,;, =0,

with the initial values Ry j,, = 1 and Ry ;,, = L
-1+j+m
It can be exactly solved to give
m-r+1),

Ry jim=— : ,
” (G+m=2r+1)(j+m—-r+2),_

and this leads to the following formula:

m

1
P = o Z(—l)r(’f) Pjomer ().
r=0

This ends the proof of the lemma. O

Remark 5.2. Zeilberger’s algorithm is a very useful tool for finding a closed form for various
sums, especially hypergeometric functions with a negative numerator parameter, such as (5.3). The
philosophy of employing such an algorithm depends on the following two fundamental steps:

1) Obtaining the recurrence relation that corresponds to the sum that we wish to find its closed form.
2) Using suitable computer algebra algorithms such as the Petkovsek and van Hoeij algorithms
(see, [47,48]) to solve the resulting recurrence relation.

Remark 5.3. There are many contributions that are closely related to Zeilberger’s algorithm, see for
example [49-51].

Lemma 5.2. When m and j are positive integers, we get the moments formula for the Pell polynomials
Pj’Q(X).'

=1)'m!'(1+ )@B+j+m) =22+ j)r)

1 m
mp. -
X ],Z(x) zmgor‘(m—r)'(l+J+m—2r)(3+]+m_zr)

Proof. For M = 2, (5.1) gives

J+m=2r2 (X)

G+ml(+1) &) 1) 2+ j+m-2r)
TR

¥ Pjp(x) = rt(j+m—r+2)!

r=0
1 _Jj _J i
—lh5y—5,—5—2—j—m+r
4F3( 2072 _

1) Pj+m—2r,2(x)-
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Again, Zeilbereger’s algorithm allows one to reduce the sum in the last hypergeometric functions as
follows:
1 _J _J ;
—rh5—35,—5,—2—j—m+r
4 F3 ( 22 2 .

BN Tl T Rl S

1)_ m=r+1, ((1+ )G+ j+m) =22+ j)r)
A+ HGEm=2r+1)s3(+m—r+3),

and as a result, we get the moments formula below:

| i =1)'m!(1+ )H@B+j+m)—-22+ j)r)

P (x) = — Piomosra().
PR = S ) =T jam=2n G jm—2n i)

r=0

6. Some applications of the introduced formulas

The following formulas will be derived from some of the previous formulas. Particularly, we present
the applications as follows:

In the first application, we give some formulas linking some celebrated numbers.

In the second application, we evaluate some weighted definite integrals.

In the third application, we introduce some trigonometric identities.

In the fourth application, we give a new closed form for the definite integral of P (x).

6.1. New connections between some celebrated numbers

In this section, we give some expressions of the convolved Pell numbers in terms of some famous
numbers. These expressions are given as special cases of Theorems 4.5 and 4.6.

Corollary 6.1. The convolved Pell numbers can be written in terms of the Fibonacci and Pell numbers
as in the following expressions

]

nj (=D)"P(=1-j+2p) -p,-1-j+p |1
P —2J<M>j; PITETES Fl( Y ‘4) Figpa, 6.1)
2] e :
-1)"*(-1- 200(-1+M
Py =0y, S ST 20 My (62)

i (= DIG+M =0

Proof. Formula (6.1) is a consequence of (4.11), corresponding to the following choices: ¢ = 0,x =
1,A =1 and B = 1, while Formula (6.2) can be deduced from (4.12) by setting x = 1 and g = 0. |

Corollary 6.2. The convolved Pell numbers can be written in terms of the Lucas and Pell-Lucas
numbers, respectively, as in the following expressions:

2]

Y (=D& —t,—j+t |1
Piu =2/ (M), ; ao—on 2 ( Ry Z) Lo, (6.3)
3] ¢
3 (=D &jae (M),
Py =(M); ;; Tonoen=n, 2 (6.4)
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Proof. Formula (6.3) is a consequence of (4.13), corresponding to the following choices: g = 0,x =
I,R=1and S = 1, while (6.4) can be deduced from (4.15) by setting x = 1 and g = 0. O

6.2. Some weighted integrals involving the convolved Pell polynomials

Here we compute some weighted definite integrals based on the connection formulas given in
Section 4.1 (Theorems 4.1 and 4.2).

Corollary 6.3. For A > —%, Jj = mand (j + m) even, the follwoing integral formula holds

! . rG+MT(L+2
f(1—x2)”‘zP,-,M(x)C§,f)(x)dx= vr (]+]) (2.+ ) X
B (B2 TanT (32 + j+m)+ )

(6.5)
Lo Le_i_m—
oF| ( R 1)'
1-j-M
Proof. Substituting by g = 0 in (4.1) produces the following formula
P.oy(x) 2I(G+ MI(1 + Q) [ZZJ: (G=20+DI(j-2C+22)
. XxX) =

m roora +24) OG-20TA+j-C+2)

=0 (6.6)
L, —j+{-2 )
X 2F1( l—j—M ‘—1) Cj—2€('x)'

1

If both sides of (6.6) are multiplied by (1 — x*)*2 C,Sf)(x), integrate over (-1,1), and apply the
orthogonality relation of the ultraspherical polynomials; then, (6.5) can be obtained. O

Another integral formula that involves convolved Pell and Hermite polynomials is given in the
following corollary.

Corollary 6.4. For j > m and (j + m) even, the following integral formula holds
250 (3 4 ) 1 Fi (3= +m; =% - ji 1)

(=)

Remark 6.1. Other integral formulas can be deduced by using the connection formulas between the
convolved Pell polynomials and different orthogonal polynomials.

f " Pjy(x) H,(x) dx = (6.7)

6.3. Some trigonometric identities

Based on the connection formulas between the convolved Pell polynomials and the four kinds
of CPs, some trigonometric expressions for the convolved Pell polynomials can be deduced. The
following two corollaries display these expressions.

Corollary 6.5. The following trigonometric representations for the convolved Pell polynomials hold

2I(j+ M) 1 —{,—j+ ¢ .
Piu(cos #) == ij_[)! 2F1( Ry —1) cos((j — 26)9),
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: H . :
I'(Gji+M 1+7-2¢ -, —j+€—-1
sint} P py(cos ) = U ) Z 7 J 2 1( J¥

=0 = °

T (M) Got+ 1) oM ‘—l)sin((j—2€+1)z9).

Proof. The results follow from (4.4) and (4.5) by setting ¢ = 0 and applying the following two well-
known trigonometric definitions:

sin((j+ 1))

T(cos ) = cos(j i), Uj(cos?) = -
sin ¢

O

Corollary 6.6. The following trigonometric representations for the convolved Pell polynomials hold
J H 1 —{,—j+C : 1
Ccos 5 Pj’M(COSﬂ) :(M)j Zm - F l—j—M — 1] cos ]-254-5 )

=0

11G-1)] (6.8)
30~ | e | 1
8 ol )
4 |
(0 . i . 1
sm(z) P; p(cos ) =(M),; ;W 2o Fy ( 1—j-m|” 1) sm((]—25+ E)ﬁ)
(6.9)

L[36-D] .
1 —{,—j+¢ ) ) 1
_ [Z:;‘ —{’!(j—f)! zFl( I—j-M —1) sm((]—Zf—E)ﬁ)].

Proof. The results can be derived from (4.8) and (4.9) by setting g = 0, and applying the following two
well-known trigonometric definitions:

cos((j+%)19) sin((j+%)19).

Vi(cos ) = o (ﬁ) , Wi(cos ) = sin(ﬁ)
2 2

6.4. A specific definite integral formula for the convolved Pell polynomials

In this part, and based on the connection formula between Pjy(x) and the Bernoulli polynomials,

1
the definite integral f P; y(x) dx can be computed in a closed form.
0

Corollary 6.7. Consider a non-negative integer j. The following integral formula holds

2rG+M L -3-4-
G+ DIT(M) >

- 1] , j even,

1
fpj,Mu)dx: T(3(-1+)+M) 214iT( + M) SRt (6.10)
0 — -
L
i odd.
2T(M) »
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Proof. This formula will be proved by using the connection formula for P;(x) with the Bernoulli
polynomials. Setting ¢ = 0 in (4.16) leads to the following connection formula:

. 3] !
| 2T+ M) 1 —hey o r
Pim(x) = (M) Zr:o Q2r+ DI(j - 2r)! zFl( l-j-M

- 1) B j—zr(x)

—l—r,—%—r

|5 =271+ j+ M= 1) Qr+ 2!+ 2/ T(j + M) (r + D! ,F, ( Y

)

(6.11)

1
" (M) < r+D!IQr+2)!1(j-2r-1)!

Bj 5-1(x).

X

Integrating both sides of (6.11) from O to 1, and using the well-known identity (see [52])

1
f By(x) dx = 6o,
0
where 6,,, 1s the Kronecker delta function, we get the desired result given by (6.10). m|
7. A matrix approach for convolved Pell polynomials

In general, the convolved Pell polynomials of degree i can be written as
Py ()= tumd,  tx€R, i=0,1,..., (7.1)
k=0

with

2’<(M)L Iy -
tigm =1 (57 (i — k) even,
0 (i — k) odd.
Clearly, from (2.2), t; ;. u satisfies the recurrence relation described below:

20+ M-1) i+2M -2
— iyt ———/——

Liso kM i>k> 2, (72)
l l

ligm =

with

(M) ; .

(i—)z,, ieven,
Y

0, iodd,

toom =1, tiom= { i>1, tim=2M.

For P; y; we have that P; y;(—x) = (—1)'P; (x), that is convolved Pell polynomials are even functions
if i is even, and they are odd functions if i is odd. Moreover, since the coefficients are all positive, then
Vk € IN, Py py(x) > 0Vx € IR, while Py p(x) > 0 for x > 0 and Poyyy m(x) < 0 forx < 0.

If Tiin = [tionss tiamts - - - fiing] and X = [1, x, %2, ..., xi]", then P, 5 (x) can be written in the matrix
form: P;p (x) = TijmX;.
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7.1. The convolved Pell sequence

We consider the polynomial sequence {P;y}, Ny Whose elements are the convolved Pell
polynomials. If Ty = (tim); o0 X = [Lx, 2% ... 1 and Py = [Poy (%), Prag (x),.... Pias (x)....]",
the elements of the polynomial sequence {P; v}, .\ can be written as

Py =TuX.
Ty, is a lower, triangular, infinite matrix. It can be factorized [53] as
Ty = DBy, D;",

where D = diag|i! | i=0,1,...} and By, is the lower triangular matrix with the entries

By, is a Toeplitz matrix, since it can be written as

bo.u 0 0 N |
by boy O - - 0
b .
2’—/;4 by boy - -+ 0
By = :
R T N
31 o MM TOM

bijwm
ith by = —2—.
Y
. . 2k (M), .
Observe that the diagonal elements of T, are given by: fiy = T Yk, hence, T, is an

invertible matrix. Its inverse Sy = (sim); 20 = T, is a lower, triangular, infinite matrix, too. S can
be calculated as follows:
Sw = DBy, D},

where B,; can be easily computed (see for example [54-56]).
Alternatively, the entries of S, can be directly calculated in the following way (see [57]): let T, u,
with [ > m, be the following (I —m + 1) X (I —m + 1) block of T;:

LM 0
tm+l,m,M ZLm+l,m+l,M 0 . O
Tl,m,M =
0
LM lmetm =0 0 lm
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We consider the vectors [y m.azs SmttmMs---» sl,m,M]T and €, €mstms - - - ,e,,m]T = [1,0,...,0]",
whose elements are / —m + 1 entries of the m-th columns of the matrices S j; and of the infinite identity
matrix /, respectively.

From

i
E LiMSimM = €ims i20, m=0,...,i
I=m

we get

tm,m,M 0 ettt 0 Smm,M Cmm

tm+] m,M tm+l,m+l,M 0

= : | (7.3)
0

| DM Um0 o L Simm ] Leéim ]

We solve system (7.3) in the unknowns ms;, », m < i < [, by using Cramer’s rule. For the last
element s, s wWe get

em,m tm,m,M 0 Tt 0
(_1)l—m em+1,m tm+l,m,M . . 0
SimM = T—— 0 . (7.4)
|Tl,m,M|
bLo1j-1,m
€lm Umm - liom  li-im

v 2L (M),

Hence, we obtain that s, = and, for [ > m,

tm+1,m,M tm+1,m+1,M 0 NN Ce 0

Z‘m+2,m,M tm+2,m+ 1.M tm+2,m+2,M

(_ l)l—m
sl,m,M = !

[Tic tiim : . . 0

ho1-1,Mm

temm e s oM i-im

Note that the above determinant is a Hessenberg determinant. It can be calculated recursively
(see [58]) or by Gauss elimination. It is known (see, for example, [59]) that Gauss elimination without
pivoting for the calculation of the determinant of an Hessenberg matrix is stable.

7.2. The conjugate sequence

Let {P; i}, N be the conjugate sequence of {P; y}, N that is the polynomial sequence related to the
matrix S ;; with elements

i

- L _

Piy(x) = Z Sik,MX s siem €IR, 12>0.
k=0
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We know that [53] P,y o E’M = id;, where ““ o ”” denotes the umbral composition and {idi}ie]N’ with
id; (x) = x', i.e., the polynomial sequence related to the identity matrix /.

Of course, the following relations hold:
P, =TyX=T4P5,, P, =SyX=S%P%,
where F)& = [FO,M (x), FLM x),..., }/;,;M (x),.. .]T.

for all i € IN, let Ty;; and S »;; be the principal submatrices of order i of T, and S, respectively.
Moreover, let P}, = [Poy (X), Py (x),..., Piy (0], and Py, = [Poy (X), Py (x),..., Py (0]

Then,
Py =TwXi=Tiy; Py, and Py, =Sy Xi=S%, Py (7.5)

Remark 7.1. From (7.5), Vi € IN, we get

X = Z Sk Prar (). (7.6)
k=0
Comparing (2.3) and (7.6), we can obtain the following expression of the elements of the matrix S y;:
i1(—=1)% _
; ; , (i—k)even,
Sik,M = 2 ! (M)i—pqy (M +1 =2 + 1), ( )
0, (i — k) odd,

with ay = [ 5]

7.3. Basis

Observe that each of the two sets { Py (x), ..., Piy (x)} and {ﬁo, v, ..., I’D\,-,M (x)} form a basis for
P;, which is the set of polynomials of degree < i.

Hence, if ¢g;(x) = Z q,-,kxk € P;, then,
k=0
gi(x) = Z CikPrm(x) = Z dikPrm(x),
k=0 k=0
L5 ] L5 ]
with ¢;; = Z Gii-k—2jSk+2jhM digx = Z Gii-k-2jtk2jpms k=0, 1,0
j=0 j=0
It is known (see [60,61] and the references therein) that the condition of polynomials, that is their
sensitivity with respect to small perturbations in the coeflicients, depends on the basis. Generally,
condition numbers are used for the study of the condition of polynomials (see, [62,63]).
Particularly, for a polynomial in the convolved Pell basis g;(x) = >};_, cixPrm(x) the condition
number of the root « is

2 lcixPiy (@) |
=

a =

lg; (@) ]
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As an example we consider the Wilkinson polynomial [64] of degree 10:

10

p@ = |x-h;

k=1

we calculate the condition number of each root. The outcomes obtained by employing each basis are

compared in Table 1.

Table 1. Comparison between condition numbers for different bases.

Root Power Bessel Fibonacci Conv. Pell
basis basis basis basis (YM)
1 1.1-10? 5.1-10% 1.4-10? 1.1-10%
2 59-10° 1.5-10% 6.3-10° 59-10°
3 1.0-10° 1.9-10° 1.0-10° 1.0-10°
4 8.4-10° 1.4-10° 8.5-10° 8.4-10°
5 3.8-10° 5.6-10° 3.8-10° 3.8-10°
6 1.0-107 1.4-107 1.0-107 1.0-107
7 1.6-107 2.2-107 1.6-107 1.6-107
8 1.5-107 2.0-107 1.6-107 1.5-107
9 8.3-10° 1.0-107 8.3-10° 8.3-10°
10 1.8-10° 2.3-10° 1.8-10° 1.8-10°

7.4. Recurrence relations and determinant forms

From (7.6), P; (x) can be written as:

Piy (x) = x - Z Sif.mPrm (x).

i-1

k=1

Furthermore, (7.6), for i > 0, can be thought of as an infinite linear system in the unknowns P y(x),
J = 0. Solving the first (i + 1) equations in the unknowns P y(x), ..., P; y(x) by using Cramer’s rule
yields the following determinant form

2K(M)y
k!

Py =1 ]
k=0

1

X x2

So.0M  S1,0M  S2,0.M

0

0

SiL,LM S2,1.M

x3

0

xt—l 5
Si-1,0,M Si0,M
Si-1,1,M Si .M
, i>1
Si—1,i-1,M  Sii-1.M

Analogously, from (7.5), V i € IN; we get that x' = Zti’k’M Fk,M(x). Therefore, the conjugate

polynomials can be expressed as
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i—1
Piy(x)=x"— Z tikmProm (X),
k=1

and we get
1 X X2 3 . X1 X
toom O  how O - fisiom liom
. 0 haim 0 tam - tiiam tiim
— - k!
Py (x) = (=1) ]_[ . i1
0= D 5
k=0
0 0 Lislicim 0

8. Conclusions

In this paper, we studied the convolved Pell polynomials, which generalize the well-known Pell
polynomials. After providing an overview of the convolved Pell polynomials and recalling some
important properties of Jacobi, generalized Fibonacci, and generalized Lucas polynomials, we derived
many new formulas related to the convolved Pell polynomials. These include new expressions for their
high-order derivatives in terms of their original polynomials and also in terms of various classical
polynomials as well as connection formulas between two convolved Pell polynomials of different
parameters, and between convolved Pell polynomials and some other polynomials. Moreover, we
derived the moments formulas of the convolved Pell polynomials and provided some applications of
the new formulas. In addition, we have presented a matrix approach for this kind of polynomials. We
do believe that most of the formulas presented in this paper are new. In future work, we aim to employ
these polynomials from a numerical point of view. In addition, we aim to investigate other convolved
polynomials from both theoretical and practical points of view.
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