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Abstract

We prove identities involving Bernoulli, Euler, Fibonacci, Lucas, Chebychev, and
Dickson polynomials by using sums of Liouville type.

1 Introduction

Polynomials defined recursively over the integers such as Dickson polynomials, Chebychev
polynomials, Fibonacci polynomials, Lucas polynomials, Bernoulli polynomials, Euler poly-
nomials, and many others have been extensively studied in the past. Most of these polyno-
mials have some type of relationship between them and share a large number of interesting
properties. They have been also found to be topics of interest in many different areas of pure
and applied sciences. Most recently, some of these families of polynomials have been found
to be useful in cryptography and related topics, which keep making them a very interesting
area of research for many people in this era of communication. In this paper, we use a sum
of Liouiville type to prove new properties concerning many of these families of polynomials.
The following notations and definitions will be adopted throughout this paper.

The sets of positive integers, nonnegative integers, integers, real numbers, and complex
numbers are respectively denoted by N, Ny, Z, R, and C. The sets of even positive integers
and the set of odd positive integers will be written 2N and 2N — 1 respectively and the sets
of even integers and odd integers will be written 2Z and 2Z — 1 respectively. The Euler phi
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function will be denoted by ¢(n) and the sum of the kth powers of positive divisors of n will
denoted by oy (n).

Definition 1. For n € N such that n > 1, let the sets B(n) and B’(n) be defined as follows:
B(n) = {(a,b,u,v) € N*: au+ bv = n},
B'(n) = {(a,b,u,v) € N*: au+bv =n, ged(a,b) = ged(u,v) = 1},
and for n € 2N let the sets O(n) and O’(n) be defined as follows:
O(n) = {(a,b,u,v) € 2N - 1)*: au+ bv =n},
O'(n) = {(a,b,u,v) € (2N — 1)*: au+bv = n, ged(a,b) = ged(u,v) = 1}.
Arithmetic sums of the types
> (fla=b)—fla+b)and > (fla—b)— fla+D)) (1)
(a.byu,0)€B(n) (a:byu,0)€0(n)

were first investigated by Liouville in his seminal work on elementary methods in number
theory, see for instance Liouville [8, 9]. A comprehensive treatment of Liouville’s methods
has been given in a new book by Williams [12]. Adapting the proof of Williams [12] for the
sums (1), El Bachraoui [3] found the following related identities for the sums over the sets
B'(n) and O'(n).

Theorem 2. Let n > 1 be a positive integer.
(a) If f : Z — C is an even function, then

Y. (fla=b) = fla+b) = (f0)+2f(1) = f(n))o(n) =2 Y f().

(a,byu,v)€B’(n) 1<i<n
(b) If moreover n € 2N, then

S (fla—b)— fla+b) = (£(0) ~ f(n))o(n).

(a,b,u,)€0’(n)

In this note we shall apply Theorem 2 to deduce identities involving Bernoulli, Euler,
Lucas, Fibonacci, Chebychev, and Dickson polynomials.

2 Preliminaries

Let (B,)2, be the sequence of Bernoulli numbers for which we have B, = —%, Bopi1 =10
for any n € N, and the first few terms for even n are
1 1 1 1 5
By=1, By=—-, Bj=—— =—, Bs=——, Byp=—.
0 ) 2 67 4 307 6 427 8 307 10 66

Further we have the recursive formula

B, = i (7;) B, (n>2). 2)



Definition 3. If n € N, then the Bernoulli polynomial is given by
1)

Bp(x) = Z (7) B! = nBiz" 1t + (2[) Boyx™™
I=

=0

N3

A well-known property of Bernoulli polynomial is
Bu(z +1) = By(z) =n2™"', (n>1)

which by iteration yields

3

By(z+m)—Bu(x)=nY (x+D)""' (m,n>1). (3)

I
o

Let (E,)22, be the sequence of Euler numbers. We have Ey,_; = 0 for are all n € Ny and
the first few terms for even n are

Ey=1, By =—-1, By =05, Eg = —061, kg = 1385, E1g = —H0521, E4o = 2702765.

Definition 4. For n € Ny the Fuler polynomial is given by

3

L]

£ 05 )£ (-

A well-known property of E,(z) is
E,(x+1)— E,(x) =2(2" — E,(z)),

which by iteration yields
m—1
E.(x +m)— 22 (z+0)" = E,(z +1)). (4)
1=0

Definition 5. For n € N, the Dickson polynomials of the first kind and of the second kind
of degree n with parameter a are respectively defined as follows:

Ln/2]

k — 7 . .
D,(x,a) = Z k_(n ,]>(—a)3x"2”, and Dy(z,a) = 2.
, —J J
j=1
2 -
DP(x,a) = Z( jj><—a>fx“f, and Dg”(z,a) = 1.
j=1

The first few Dickson polynomials of the first and of the second kind of degree n with
parameter a are respectively:

Dy(z) =2, Di(x) =z, Dy(x) = 2* — 2a, Ds(x) = 2° — 3za,
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Dy(z) = 2* — 42”a + 2a®, Ds(x) = 2° — 52’a + 5zxa’,
DP(z) =1, DP(x) = 2, DX (z) = 2* — a, D (2) = 2* — 2ua,
Df) (z) = 2 = 32%a + a®, D?) (z) = 2° — 42°a + 3za®.

Dickson polynomials can also be defined recursively and the definition extended to all Z as
follow:

Do(xz,a) = 2, Di(z,a) =x, Dyyi(x,a) =xDy(x,a) —aD,_(x,a)
D (x,a) = 1, DP(2,a) =2, DI, (x,a) = 2D (z,a) — aDY, (2, a)

Dickson polynomials are closely related to some well-known polynomials like the first and
the second Chebychev polynomials T, (z) and U, (x) defined as follows:

1, if n=0;

To(x) = <z, ifn=1; and T_,(x) = (—1)"T,(2),
(22T 1(7) + Ty o(w), ifn>2;
(1, if n = 0;

Un(z) = (2, ifn=1; and U_,(z) = (—1)"U.(x).
(22U, —1(2) + Up—o(7), ifn>2;

Dickson polynomials are also related to Lucas polynomials L, (z) and the Fibonacci polyno-
mials F,(z), see for instance Piero [10]. These are defined as follows:

Definition 6. For n € N,

lk/2] .
ne = 5 )

=0
B2 N

Fooi(z) = Z( . >IJ
=1 N J

Like the Dickson polynomials, these two classes of polynomials can also be defined re-
cursively in Z as follow:

(2, if n=0;

L,(z) = (=, ifn=1; and L_,(x) = (—1)"L,(x),
(7L 1(7) + Lp_o(x), ifn>2;
(0, if n=0;

F.(z) = (1, ifn=1; and F_,(z) = (—=1)""'F,(2).
(2F1(2) + Fya(z), ifn>2;

The first few Lucas and Fibonacci polynomials are

Lo(z) =2, Li(z) =z, Ly(x) = 2° + 2, Ls(x) = 2* + 3u,
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Ly(z) = 2" +42* + 2, Ls(v) = 2° 4 52° + 5z.
Fo(x) =0, Fi(z) =1, Fy(x) =, F(z)=2+1,
Fy(z) = 2% + 2z, Fy(x) = 2* + 322 + 1.

Note that (Ln(l))zozo is the Lucas sequence (L,)2, and that (Fn(l))zozo is the Fibonacci
sequence (F,)> . It is important for the current purposes to note that Dickson polynomials
D, (z,a) and Lucas polynomials L, (z) are even functions for even n and odd functions for
odd n, whereas Fibonacci polynomials F,,(x) are even functions for odd n and odd functions
for even n. For the Lucas and Fibonacci polynomials, it is well-known that for m,n € Z,

Linin(x) = Lm(x)Ln(z) = (=1)"Lin-n(2), (5)
Fon(r) = Fo(x)F(z) + Fuoi () Fooa (). (6)

In particular, if m,n € 2N — 1, then the relation (6) implies
Frns1(7) = Frona(z) = Froga(z) (Foga(z) + Fooa(2)) - (7)

Similar properties can be easily proved by induction for the Dickson polynomials. More
precisely, for n € Z, we have

Dyin(z,a) = Dp(x,a)Dp(x,a) —aDyp(z,a), (8)
Diu(r.a) = D(x.a)DP(r,a) — DY, (x.0)DY (x. ) (9)

which imply
Dyy(z,a) = D2(x,a) — 2. (10)
Dgl) (z,a) = DP(z,a)— aD,(ff)zl(x, a). (11)

Further for any n € Z, we have:

D, (2za,a®) = 2a"T,(z) and D® (2za; a?) = a"U,(x), (12)

in particular
Dy (x;1) = 2T, (x/2) and DP (z;1) = U, (/2). (13)

Many other interesting properties about Dickson polynomials can be found in Lidl, Mullen,
and Turnwald [6].
3 An identity involving Bernoulli polynomials

Theorem 7. Ifn € 2N, then

2 (21)21@ YIS R CE i b)n_1>

(a,byu,w)e0’(n) \ =0
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Proof. Let n € 2N and let f : Z — C be defined by:

n

2
o n—1 __ o1 o n n—21[
J(k) = Bu(k) = nBik"™" = Bo(k) + 5k" " = El_oj (2z) Bogk™ 2.

Then clearly f is an even function and thus by Theorem 2 we find

3 ((Bn(a +b) = Bala— b)) + —(a+ )" — gm - b)”‘l) (14)

2
(a,b,u,v)€0’(n)

and by the relation (3) we have

2b—1
Bu(a+b) = Bu(a—b) = By(a—b+2b) = By(a—b) =n Y (a—b+1)"",
1=0
Now put in (14) and divide by n to obtain the desired identity. ]
Remark 8. If n € 2N, then by Theorem 2 applied to the function f(k) = k™ we have

> ((a+b)"=(a—b)") =n"¢(n) (n€?2N).

(a,b,u,v)€O’(n)

On the other hand, if n € 2N, we do not know an evaluation for the sum

Y (@t =(a—b)"")

(a,b,u,w)€0’(n)

which appears in the left hand side of the formula in Theorem 7.

4 An identity for Euler polynomials

Theorem 9. If n € 2N, then

(a,b,u,v)€0’(n)



Proof. Let n € 2N and let f : Z — C be defined as follows:

n

1 2 n E2 n—>9
1) = Bkt )= 3 (%) Batjoa

=0

Then clearly f is an even function and so by Theorem 2 we get

> (En(a+b+%) —En(a—b+%)> (15)

(a,b,u,v)€O’(n)

By the property (4) we have

En(a+b+1/2) — Ey(a—b+1/2) = Ey(a—b+1/2+2b) — E,(a — b+ 1/2)

:2(Z_(a—b—i-1/2+l)"—En(a—b+1/2+Z)>

=0

and
En(n+1/2) — E,(1/2) =2 ((1/2+1)" = E,(1/2+1)),

which put in (15) yield the desired formula. O

5 Identities for Lucas polynomials

Theorem 10. Ifn € 2N and x € R, then
S L@ Lu@) = 6(n)(La(x) - 2).

(a,b,u,v)€0’(n)
Proof. Let x € R and let the function f(k) be defined as follows:
0, if ke 2z —1;
f(k) = .
Lk(l‘), if k € 2Z.

Clearly f is an even function. Then application of Theorem 2 to the function f yields

Y (Laws() = Los(w)) = (La(2) = Lo(x)) $(n) (16)

(a,byu,w)€0’(n)
which by virtue of the relation (5) and the fact that Lo(x) = 2 gives

S (La(@)Lof) = (=)' Lass(@) = Lass()) = (La(z) - 2) 9(n),

(a,b,u,v)€0’(n)

and the desired formula follows since (—1)° = —1. O
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Taking x = 1 in Theorem 10 we have the following result on Lucas numbers.
Corollary 11. Ifn € 2N, then
> Laly=¢(n)(Ly - 2).
(a,b,u,v)€O0’(n)
Theorem 12. If n € 2N, then

> (Lawpla+b) = Lop(a=b) = > (Lu(a+Db) = Ly(a—1b))

(a,b,uw)€0’(n) (a,bu,w)€0’ (n)

== Z (La—i-b(n) - La—b(n)) :

(a,b,u,v)€0’(n)

Proof. Note first that by formula (16) the rightmost sum equals

(Ln (n) — 2) o(n).

Next let f(k) = Ly(—k) and g(k) = L, (k). Then it is easily verified that both f and g are
even functions. Thus by Theorem 2 applied to f and g we find respectively

S° (Luss(—a— ) Loylb — ) = (Lo(n) — Lo(0))é(n)

(a,b,u,v)€O0’(n)

and

> (Lnla+b) = Lu(a = b)) = (Ln(n) — Ln(0))(n).

(a,b,u,v)€0’(n)

Now combine the previous two relations with the facts that L, (0) = Ly(0) = 2, Lyip(—a —
b) = Lays(a+0b), and L, (b—a) = L,—p(a—b) to deduce the equality of the three sums. [

6 Identities for Fibonacci polynomials

Theorem 13. Let n € 2N and x € R. Then

Y (Fani@) (Fona(@) + Py (@) = o(n)(Faga(a) = 1).

(a,b,u,v)€O0’(n)

Proof. Note first that if f is even, then

Y. (flatb) = fla—b)

(a,b,u,v)€O0’(n)

=(f2) = fO)om)+2 > (fla+b)— fla=b)). (17)
(a,b,u,w)€0’(n)



Let f be the function defined by:

0, if k €27 — 1;
fk) = { Fopi(z), if0<ke2Z:

Fir_1(x), otherwise.

It is easily verified that f is an even function. Then by Theorem 2 we obtain

Y (Faspni(@) = Fapa (@) (18)
(a,b,u,v)€0’(n)
= 6(n)(Frii(z) — F1(2)) = ¢(n) (Faga(z) — 1).
By virtue of the relation (17) the previous formula is equivalent to

(Fs(z) = Fi(@)é(n) +2 > (Fagps1(z) — Fapa(2))

(a,b,u,v)€0’(n)
a>b

= (Foia(x) — Fi(x)) o(n).
That is,

xr
S (Far@) = Fun(e)) = 22206,
(a,b,u,vﬁo’(n)

which by identity (6) and the fact that F3(z) = 2% + 1 gives

Y (Fenl@)Fonle) + Frale))) = 0T 2 L)
(a,b,u,w)€0’(n)

Now use the previous formula together with the facts that Fy(x) = 0, Fy(x) = z, and

Yo (Fan(@)(Foa() + Fya(2) = Fo(@) (Fy(x) + Fo(w)) ¢(n)
(a,b,u,w)€0’(n)

+2 ) (Fan(@)(Foa(@) + Froa(@)))
(a,b,u,v)€0’(n)
a>b
to derive the result. O
Taking z = 1 in Theorem 13 we have the following identity involving Fibonacci numbers.

Corollary 14. Ifn € 2N, then

Z (Fa+l (Fb+1 + Fb—l)) = ¢(n)(Fop — 1).

(a,b,u,v)€0’(n)



Theorem 15. Let n € 2N. Then we have

(a) (Funs(a+) — Fuy(a— b)) = Fu(n)o(n).
(a,b,u,v)€0’(n)

(b) Z (Fn-i-l(a +0) = Foyi(a — b)) = Z (Fa+b+1(n) - Fa—b+1(n))-

(a,bu,v)€0’(n) (a,bu,v)€0’(n)

Proof. To prove part (a) apply Theorem 2 to the even functions f(k) = Fj(k). As to part

(b) note first that by the relation (18) the sum on the right equals

(Fua(n) — 1)(n).

Next by Theorem 2 applied to the even function g(k) = F, (k) we have

Yo (Fala+b) = Fuala = b)) = (Fari(n) = Fara(0)é(n) = (Fosa(n) — 1)6(n).

(a,b,u,v)€0’(n)

This completes the proof.

7 Identities involving Dickson polynomials
To simplify the notation in this section, we write D, (z) for D, (x,1).

Theorem 16. Let n € N and x € R. Then

Z (Da(x)Dy()) (Do(x) Dy(x) — 2Dg—p(2)) = ¢(n)(Dan(x) — 2).

(a,b,u,v)€0’(n)

Proof. Clearly,
Dy, (z) = D3(x) — 2

is an even function. Therefore if we define f on Z by

0, if k< 0
f(k) = . .
Doy (x), if k> 0;

then f is also even. By Theorem 2 we have

Y. flatb) = fla=b)=(f(n) = f(0)é(n),

(a,b,u,v)€0’(n)

or equivalently,

> (Daasty(x) = Daa—ty(z)) = (Dan(x) — Do(x))d(n),

(a,b,u,v)€0’(n)

10
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which by identity (10) and the fact that Dy(z) = 2 gives

Z (DZ,4(x) = D2_y(2)) = (Dan(2) —2)¢(n).

(a,b,u,v)€0’(n)

> (Dags(®) + Dac()) (Dag1(x) = Dap()) = (Dan(x) = 2)e(n).

(a,b,u,v)€0’(n)
Now application of the formula (8) yields
(Dusol@) + Dus(a)) = Da(a) Dy(a),

and
(Da+b(a:) — Da_b(x)) = D,(x)Dy(z) — 2Dy_p(x).
That is,
S (Das@) + Do) (Das (@) = Dusl@)) = (Daule) = 2)(n) o

(a,b,u,v)€O0’(n)

Z (Da(x)Dy(x)) (Do(x)Dy(x) — 2Dg-p(z)) = ¢(n)(Dan(x) — 2),

(a,b,u,v)€0" (n)
which completes the proof.
Theorem 17. Let n € 2N and x € R. Then
S (Dul@)Dulw) — 2Dy 4(2)) (Dal2) Do) — 1)) = 6(n) (Dan(x) — D)),
(a,b,u,v)€0" (n)
Proof. Using the same argument as in the previous theorem with

0, if k€ 2Z — 1,
g(k) = .
Dk(x), if ke QZ,

we obtain:

S (Dias)() = Dy (@) = (Dul@) — Do(@))d(n),

(a,b,u,v)€0’(n)

or equivalently

> (Da(x)Dy(x) = 2Day(x)) = ¢(n)(Dn(z) — 2).
(a,byu,v)€0’(n)
Combining with the result of Theorem 16 we obtain:

> (Da(x)Dy()) (Da(x) Dy(x) — 2Dg ()

(a,b,u,v)€0’(n)

+ (Da(x)Dy(x) — 2Dq—s(z))
(a,b,u,v)€0’(n)

11



= 6(n) (Dan() — 2) + B(n) (Du(x) — 2).

or equivalently

Y. (Dal@)Dy(x) = 2Dos()) (Dal(x) Dy() — 1)) = ¢(n)(Dan(x) — Do(x)).

(a,b,u,v)€0’(n)

O
As a corollary, we have
Corollary 18. Letn € 2N and x € R. Then
Y. (L@)Th(2) = 2Tuy(2)) (Tul(2) () — 1)) = %¢(n)(Tzn(fC) — T ().
(a,b,u,0)€0’(n)
Proof. The proof is immediate from the previous theorem and relation (13). [

Remark 19. Similar identities can be proven for the Dickson polynomials of the second kind.

8 Concluding remarks

It should be noticed that in deducing our formulas involving the classical polynomials, we
restricted ourselves to sums over the set O'(n) as the formulas we obtain when considering
sums over the sets B(n), O(n), and B’(n) are not easy to simplify. However, under some
restrictions on the positive integer n one can get to nice identities. For our example in
this matter we need the following particular case of a sum of Liouville [8] (Problem 13 of
Chapter 10 in Williams [12]). If N is twice an odd positive integer, then

Y. (flatb) = fla=b)=—F0)o(N/2) + ) df(2d). (19)

(a,b,z,y)€O(N) d|N/2

Let N be twice an odd positive integer. Using relation (19) one can show that the analogue
of Theorem 7 is

271 vy (a+ )Nt —(a—b)N !
> )<Z(a—b+l) + 5 >

(a,b,u,v)EO(N =0

=2V"255(N/2) — %J(N/z) + % Z dBx(2d).
d|N/2
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