CONVOLUTIONS BETWEEN BERNOULLI/EULER
POLYNOMIALS AND PELL/LUCAS POLYNOMIALS

DONGWEI GUO AND WENCHANG CHU

ABSTRACT. Between Bernoulli/Euler polynomials and Pell/Lucas polynomials, convo-
lution sums are evaluated in closed form via the generating function method. Several
interesting identities involving Fibonacci and Lucas numbers are shown as consequences
including those due to Byrd (1975) and Frontczak (2020).

1. INTRODUCTION AND MOTIVATION

In 1985, Horadam and Mahon [14] introduced Pell and Lucas polynomials, that are
defined, respectively, by the same recurrence relations

Pu(y) =2yPu_1(y) + Pu—2(y),
Qn(y) = 2yQu-1(y) + Qu—2(y);
with different initial conditions
Po(y) =0 and Py(y) =1,
Qo(y) =2 and Qi(y) =2y,
They are polynomial extensions of the following well-known numbers:
e Fibonacci number F, = Pn(%): F,=F, 1+F,_,withFp=0and F; = 1.
e Lucas number L, = Qn(%): L,=L,_1+L, owithlLg=2and L; = 1.
Letting « and B be two algebraic functions of y given by

(1) a:=y+4/y*+1 and B:=y—/y>*+1,

then both polynomials can be expressed in Binet forms

al — ﬁn

) Puly) = 5 =g and Quly) =a" 45"

Similarly, for Fibonacci and Lucas numbers, we have

3) F, = i and L,=¢"+¢",
¢—1
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where ¢, p = &Tﬁ, with ¢ standing for the golden ratio.

For Pell/Lucas polynomials and Fibonacci/Lucas numbers, there are many interest-
ing properties, that are collected in Koshy’s monographs [15, 16]. Some summation
formulae about them can be found in [6, 12, 17, 18]. Denoting by B, and E,, the usual
Bernoulli and Euler numbers, Byrd [3] discovered the following couple of beautiful
identities

4) ) (V5)* (Z) ByFy = ny" !,

k=0

n

6) 3 (~VB) () Bk = "
k=0

where the former one was rediscovered by Zhang and Ma [20]. Another similar formula

also due to Byrd [4] reads as

2 \/g k(n 1-n
6) k;) (7) <k> E(L, , =21"
Recently, Frontczak et al. [9, 10, 11] extended these identities to the cases when Bernoulli
and Euler numbers are substituted by the corresponding polynomials. The authors [13]
tigured out similar identities when Fibonacci and Lucas numbers are replaced respec-
tively by Pell and Lucas polynomials.

The purpose of the present paper is to generalize these results further to the convolu-
tion sums between Bernoulli/Euler polynomials and Pell/Lucas polynomials. Several
remarkable new identities involving two independent variables x and y will be estab-
lished. In the next section, we shall evaluate, in closed form, convolutions between
Bernoulli/Euler polynomials and Pell polynomials. Then summation formulae about
Lucas polynomials and Bernoulli/Euler polynomials will be examined in Section 3. Fi-
nally, the paper will end with Section 4, where further variant convolutions will briefly
be commented.

There exists a vast literature (cf. [8]) on Bernoulli polynomials By (x) and Euler poly-
nomials Ei(x), that are defined, respectively, by the exponential generating functions

o " Tel® & TF  2eT®
(7) IgBk(x)F =T7 and ]EEk(x)F =TT
For recent formulae involving Bernoulli and Euler polynomials/numbers, the reader
can refer to [2, 1, 8, 7, 5, 19]. Throughout the paper, the following exponential generat-
ing functions for Pell and Lucas polynomials will frequently be utilized

0 Tk ela _ oTH
(8) ;;E)Pk(y)ﬁ = W,

- Tk T T
) ZQk(y)FZE‘X—i—eﬁ.
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2. CoNVOLUTION SuMs CONTAINING PELL POLYNOMIALS

Under the replacement T — T(a — B), the generating functions of Bernoulli and
Euler polynomials can be rewritten, respectively, as

k! eTa — TP

00 Tk 2T (B+xa—xp)
— Bk ==
(11) k;)(“ ﬁ) Ek(x) k! eTe 4 oTP

(10) 3 (& — B)Be(r) L = TE=B) rpaxa-sp)
k=0

They will be utilized in conjunction with the generating function (8) to prove four
theorems about convolution sums between Bernoulli/Euler polynomials and Pell poly-
nomials. For these theorems, by specifying variable y with

L —
(12) y= ?)‘ forodd A and y= 5 L) foreven A,
and then making use of the equalities
Lor—1 Forn—n v—1 —n=1Fn
(13) ”( 2 ) g 0 ”( 2 ”) For

we shall deduce as consequences the corresponding four corollaries that evaluate, in
closed form, the convolutions about Bernoulli/Euler polynomials and Fibonacci num-
bers (with their subscripts being multiple summation index).

Denote by [T"]¢(T) the coefficient of T" in the formal power series ¢(T). Multiplying
(8) with (10) and then extracting the coefficient of T" across the resulting equation, we
get the following binomial convolution

n Tae _ ,TB _
Y (a—p)f (Z) B, i(y) = 1" 5= x T B ripreas)

k=0

— n![Tn—l]eT(ﬁ+x4x—xﬁ),
which gives rise to the formula as in the theorem below.

Theorem 1. For n € IN, letting « and B be as in (1), the following identity holds:
n n _
(0= B () BeCoOPu-io) = n(p -+ 30— xp)" .
k=0

When y is assigned by (12), this theorem recovers the following identity due to
Frontczak and Goy [10, Equation 14].

Corollary 2. For n € N,

n

Y- (VBR)® (Z) By (x)Fx(n—k) = ”F/\{\/EXFA + gbA}n_l.

k=0
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The particular case A = 1 of this corollary is found by Frontczak [9, Equation 38]:

i 52 (Z) Bi(x)Ey_x = n(V5x + lp)n—1,

k=0
which reduces, for x = 0, further to identity (4) due to Byrd [3].
Observe the generating function (8) is equivalent to the following one

e2Ta _ p2TP B (ZT)k
= -

Then multiplying this with (10), we arrive at the binomial sum below

n n _ n— ® XH—Xx xu—Xx
(0= B ) Be(x)2" D (y) = ({28 T}
k=0

This results in the following convolution formula.

(14)

Theorem 3. For n € IN, letting « and B be as in (1), the following identity holds:

i((x — Bk <Z) By(x)2" %P, _(y) = n(a+ B+ xa — x,B)”*1 +n(2B + xa — xﬁ)nil.
k=0
Corollary 4. For n € N,

y (V_EFAY(”) Be(x) Fyn_t) = EFA{M}n_I N EFA{ VBxFy +¢A}n_1.

=\ 2 k 2 2 2 2
Analogously, by multiplying (11) with (14), we can also derive the following formula.

Theorem 5. For n € IN, letting « and f be as in (1), the following identity holds:

. k(T n—k _ (e+B+xa—xp)"  (2B+xa—xp)"
a2 Ry = CHE R Lo B

Corollary 6. For n € N,

i <\/7§FA>k(Z> Ex(x)Fx(n—t) = i{%}n 2 {@ +z//‘}n.

P V5 V5
Furthermore, it is trivial to see that
e3Ta _ p3TP 0 (3T)k
=) Pu(y)
x—p = k!

Then multiplying this with (10), we arrive at the binomial sum below

0 () B3 Pue(v

k=0
_ n![Tn—l] {eT(2tx+ﬁ+xa—xﬁ) + eT(uc+2ﬁ+xa—x,B) + eT(3ﬁ+x¢x—xﬁ)}.

This results in the following convolution formula.
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Theorem 7. For n € IN, letting « and f be as in (1), the following identity holds:

$ 0 (1) B ) = (2 x )"
k=0
+n(a+ 26+ xa — xﬁ)n_l +n(3B + xa — xﬁ)n_l

Corollary 8. For n € N,
"5 N\Nk/n n V/5xFy + Ly + ¢ n-l
Y. (75) (k) B (x)Fx(n—g) = 55\{ A 3 il }

k=0
Ay n—1 n—1
+§a{ﬁxﬁ+f“¢ } +§PA{—\/§3’CFA+¢A} .

3. CoNvOLUTION SuMs CONTAINING Lucas POLYNOMIALS

Instead of Pell polynomials, we shall derive four theorems about convolution sums
involving Lucas polynomials. Then by assigning variable y as per (12) and employing
the equalities

(15) Qn (L231> = Loap—n and Qn(\/_L2A> V—1"Loxn,

we shall derive from each theorem a corresponding corollary concerning convolution
sum about Lucas numbers.

Firstly, multiplying (11) with the generating function of Lucas polynomials (9) and
then extracting the coefficient of T", we establish the following convolution formula.

Theorem 9. For n € IN, letting « and B be as in (1), the following identity holds:

n

0= B () B Qual) = 206 + xa — )"

k=0
Corollary 10. For n € N,

n n
Z (V/5F)) ( ) k() Lagup) :2{\/§x5+w} .
Its special case A = 1 can be found in Frontczak [9, Equation 39]:
Z5'z‘<> YLy = 2(V5x + )",

which further gives, for x = 1/2, identity (6) due to Byrd [4].
Analogously, multiplying (10) with

5 {2 - 2} T = (o1 e,

k=0

Online Journal of Analytic Combinatorics, Issue 17 (2022), #02
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and then extracting the coefficient of T", we get the expression

. x— n—k (M1 B.(x n—k 0 . n—k
(e B () B0 (2 ty) 2020

=n(a—p{A+x)a+ (1-x)p}" " —nla—B){2B+x(a—p)}" .
Taking into account also that

é(a — ﬁ)k (Z) Bk(x)(2]/)n7k = ”![Tn]eﬂy X ;&T_)f)len(“ﬁ)

T(x—B) y
— n —
=n!|T ]eT(a—ﬁ) 7 exp {T(oc B) <x+ 1+y2> ,
we find the following convolution formula.
Theorem 11. For n € IN, letting « and B be as in (1), the following identity holds:

n

_ k(1 n—k — . n Y
Y0 B () B2 Queaty) = 20— BB+ )
n—1

+n(e—p{A+xa+(1-xp}  —n-p){xa+(2-x)p}

Corollary 12. For n € N,

(2R (1) Bt =220 B L)

n—1

k=0
5 5xFy+ Ly )" ! 5 5xF -l
+n\2/_FA{\/_x§+ A} —nz\/_F/\{\/_ZXA—i_lPA} '
Similarly, multiplying (11) with
kz(:) [2°Qu(y) + 2(2y)k}F = (e™ +¢TF)7,

we can express the convolution as

30— () B (2 Qs + 20200 )
k=0

2
= n'[T ]—eT(IX*,B) n 16

= 2n![T"] {eT((“—ﬁ)HHﬁ) + oT(2p+(a—p)x) 1.

Tx(a—p) « (eTlX +eTﬁ)2

Besides, it holds also that

RN WETGICEEE

k=0

2ng(“_ﬁ)

== ATy
eT(“*:B) +1
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T(x— x+—L
26( ﬁ)(+ﬂ)
eT(a=p) 11 ’

= n![T"]
They lead us to the following identity.
Theorem 13. For n € IN, letting a and B be as in (1), the following identity holds:

(0= B () 02 Quoily) = 2+ B x(0 - )}
k=0

n Y n
—2(a— B) En(x+ﬁ) +2{28+ x(a — )}

Corollary 14. For n € IN,

i <\/7§FA)I{(Z) E(x) L1 :2{@}” +2{@ +17b/\}n

k=0
/B \n
—2(755) E, <x+ \/%;A)

Finally, rewriting, by replacing T with 3T, the generating function (9) of Pell polyno-
mials

\ ok T _ s1a | ar
L3y gy =
and then multiplying this with (11), we obtain the convolution formula below.
Theorem 15. For n € IN, letting « and B be as in (1), the following identity holds:
n n . n
30— () 03 Qust) = 2{ 2+ -+ (1 - n)p)
k=0
n n
—2{(1 +x)a+ (2 — x)ﬁ} + Z{xoc + (3 - x),B} :
Corollary 16. For n € IN,

kié <§F)‘>k(2> Ex(X)Lagn—k) = 2{ V5aE) J;LA +¢* }”

B 2{ V/5xFy, —;L)\ + ¢ }n +2{ \/53361?)\ n lp)\}n_

4. FurRTHER COMMENTS

For Bernoulli and Euler polynomials, there exist two useful reciprocal relations (cf. [5,
19])

Bi(1—x) = (=1)"Be(x) and Ex(1—x) = (—=1)"Ex(x).

Online Journal of Analytic Combinatorics, Issue 17 (2022), #02
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Then for all the identities established in the two preceding sections, by making the
replacement x — 1 — x and then making use of the above relations, we can transform
them into formulae about alternating convolution sums.

For example, we have the following alternating sums corresponding to Theorem 1
and Corollary 2:

n—lktx— kanPn_ = n(a+ xB —xa)" 1,
1 () BCIPacs(y) = (et 35— xe)

k(n n—1
2(—1)k<\/§F/\) (k) Bk(x)PA(n_k) = nF,\{(PA - \/EJCP/\} .
k=0
When x = 0 and A = 1, this last identity becomes Byrd’s (5).

Analogously for Theorem 9 and Corollary 10, there are the following counterparts:

0¥ () (I Quel) = 200 e+ By

Y (~DF(VBE) <Z> Ee(0)Lyupy = 2{9" — VBxF }

k=0

When x = 1/2 and A = 1, the last formula yields the following companion of Byrd’s

identity (6):

Lo VByk(n .

L (=) (§) B = 2
k=0

For the remaining identities, the corresponding alternating convolution formulae can

similarly be deduced. The reader can easily produce them whenever necessary.
Moreover, by examining the product of generating functions

Tat

A
eT®” — TP o T(a™ — ﬁ/\)eT(wa_xﬁA+ﬁA)

a—p eTat _ T ’

we find that Theorem 1 can further be generalized by an extra integer parameter A.

Theorem 17. For n € IN, letting a and B be as in (1), the following identities hold:
@ L (22w 15%) () B )
= wPA) {Paa () + (B 201+ 2P0}
(b) ki;,) (— 2P, (y) \/fﬂ k (Z) By ()P (- ()

= nPA(y){PA_l(y) + (a0 — 2xy/1+ yZ)PA(y)}n_l.
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We remark that the above formula (b) is deduced by performing the replacement
x — 1 —x in formula (a), which reduces, when A = 1, to the convolution identity in
Theorem 1.

Similarly, taking into account the product

T(xat —xpr+p)
<€Ta/\ —f-eTﬁA) X 2 X s
oTeh 1 oTB

we extend Theorem 9, by an extra integer parameter A, to the following one.

Theorem 18. For n € IN, letting « and B be as in (1), the following identities hold:

(a) f <2PA(y) V1+ yz) k (Z) Ex(%)Qua(n—i)(y)

k=0

= 2{PA_1(1/) + (B+2x\/1412)P,(y) }n/

n

® Y (~2Pa)/1+92) (Z) Ec(x)Qun) ()

k=0

=2{Pi () + (@ - 201+ 2P ()}

By employing the same technique, it is possible to extend other theorems in this
paper by introducing the extra integer parameter A. However, we shall not pursue
them due to complexity.
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