ON INVERSE RELATIONS FOR GENERAL LUCAS SEQUENCES
OF POLYNOMIALS
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ABSTRACT. We obtain inverse relations for the definitional forms of general Lucas sequences
of polynomials in a single variable.

1. INTRODUCTION

This communication was motivated by the following interesting problem that was proposed
by P. Bruckman [2] and was recently solved by A. Plaza and S. Falcén [5]. If the Fibonacci
polynomials, F},(z), are defined by

LEISt
Fu(z) =) L e e =0,1,2,. (1.1)

k=0
then establish the following “inverse” relation of (1.1):

n
n k(T
" = I;)( 1) <k> Frpyp1on(x),n=0,1,2,.... (1.2)

The term “inverse relation” of equation (1.1) here means the representation of the powers
of x as linear combinations of elements of the Lucas sequence of the Fibonacci polynomials.
In the present note we extend (and modify, slightly) the above result to more general Lucas
sequences of polynomials.

2. DEFINITIONS AND LEMMAS

Let x € R and let P,Q € Z be nonzero throughout this paper. For Fibonacci polynomials,
P =1 and Q = —1; by analogy to equation (1.1), we define the sequence

W,
Uua(eiP.@) = 3 ("

)(Px)"—%(—Q)k, n=012..., (2.1)
k=0
where [n/2] denotes the largest integer not greater than n/2, and we define 0° to be 1. Hence-
forth, we write, for simplicity, U, (z) in place of U,(z; P,Q). For each n € N, U,(x) is a
polynomial in = of degree n — 1 (if z # 0): Uy(z) = 1, Us(z) = Px, Us(z) = (Pz)? — Q, and
SO on.

It is straightforward to show that the sequence {U,(x)} - in equation (2.1) can just as

well be defined by the linear recurrence relation of order 2:

1 n=1,
Un(z) = ¢ Px n=2, (2.2)
(Px)Up—1(x) — QUp—2(x) n > 3.
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Since the linear recurrence relation in equation (2.2) is of the same form as that which
characterizes Lucas sequences of constants, we define the sequence described by equation
(2.2) (for a particular choice of parameters P and @) as the Lucas sequence of polynomials
in = associated to the pair (P, Q) [6, pp. 36-37]. The special cases of (P,Q) = (1,—1),(2,—-1)
enjoy wide interest [1, 3, 7].

3. THE MAIN THEOREM

The Binet formulation is a well-known way of defining the Fibonacci numbers [4, pp. 147-
148]. Generalizing it to the present situation, we let z € R be such that (Px)? —4Q = D > 0,
and then let the two roots of the quadratic y* — (Px)y + Q = 0 be denoted by «a(x) and B(z),
where a(z) > () by convention and the inequality is strict. We obtain the simple relations

a(z) = (Px++vVD)/2  az)+ p(z) = Pz
Bz) = (Pz—VD)/2  afz) B(z)= Q.

To remove clutter, we write a = «a(x) and § = S(x), remembering that «, here (and,
henceforth, in the paper) are functions of x. The first two members of the sequence

n _ Any
{a P } (3.1)
a — B n=1
are, in fact, Uy(x) and Us(z). It is straightforward to show that for any n > 3, one has the
linear recurrence relation of order 2

(Px) (70/1_1 - ﬂn_l) ~Q (O‘H - ﬂn_z) il i (3.2)

a—p a—pf a—pf

It follows that for every n > 1 one has U,(x) = aa : b .

It is clear, inductively, from equation (2.1) that even- (odd-) indexed U, (z)’s contain only
odd (even) powers of z, and that an analog of equation (1.2) might have the form

[n/2]

(Px)" =Y ChlUns1-an(®), (3.3)
k=0

where the Cj’s remain to be determined. In the Binet formulation, equation (3.3) is equivalent
to
[n/2]
(Oé _ B)(OZ + 5)n _ Z Ck[an+1—2k o Bn+1—2k]‘ (3‘4)

k=0

Theorem 3.1. For any nonnegative n, an inverse relation of equation (2.1) is

[n/2] _
(Pa)" = Z [%—i—l%} <n—/: 1) Q" Ups1-21(2). (3-5)
k=0
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Proof. The theorem is trivial for n = 0,1, since (Pz)? = 1 = U;(x) and (Pz)! = Us(x) from
equation (2.2). Now suppose that n > 1 is odd; then one has

n

(a = B)a+ 6" = no (1)1t = 32 (oo

k= K=0

+1 _ pn+l — (n n+l—k gk - n n+1—k gk _
B +Z<k>a 8 ;(k_Ja g (k=K+1)
(n—1)/2

B (o
S (o e

n+1 )/2
(n—1)/2

/Bn+1_|_ Z |: _;1—1__12]{7] <n_]:1>(a5)kan+1—2k
(n—1)/2 [

+ > -

n—|—1—2k] <n+1
k=1

LB (st a1 K)

where the last summation terminates at k = (n — 1)/2 because the putative last term at
k= (n+1)/2 would be 0. We obtain

(n—1)/2

(a=B)(a+p)" =am™ — " + Z [ *7:12’“} ( N )(aﬁ)’“[a"“‘%—ﬁ"*l‘%],

and division by a — § yields, finally,

[n/2]
o B [E52] (oie
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On the other hand, if n > 0 is even, then
n/2

(a=B)a+p)"=a™t — g4 ;::1 KZ) - (k: i 1>} 1=k gk
£ )@

n/2

[(n n _ ] —
ntl _ gl +Z <k> B (k;— 1>} ("R gh _ o grti—k)
k=1t
(k=n+1-K)
L Tn+1-2k] (n+1
n+l _ Bn-ﬁ-l + Z | :| ( N >(a5)k[an+l—2k o 5n+1—2k]
_ NE/%] n+1-2k| (n+1 QMam =2k _ gnti-2k)
Tt |\ k “ ’
and division by (a — ﬂ) again gives equation (3.5). O

For example, with n = 5, one obtains from equation (3.5)

2

(Pap =3 [ 6%] ( )cm 2k (2) = Us(x) + 4QUi (x) + 5Q2Us ().
k=0

It is observed that equation (3.5) is a greedier inverse relation than is the analogous one in

equation (1.2). For example, equation (3.5) uses only 6 terms when n = 10, but equation (1.2)

requires 11 terms.

It is also observed, as expected and desired, that if equation (2.1) is substituted into equation
(3.5), one obtains the tautology (Pxz)" = (Pz)". Similarly, substitution of equation (3.5) into
equation (2.1) yields the tautology U,+1(z) = Up+1(x). These observations justify the use of
the term “inverse relation.” The formal proofs are left to the reader.

4. THE COMPANION LUCAS SEQUENCE OF POLYNOMIALS

In the spirit of Binet, we define the companion Lucas sequence of polynomials in x associated
to the pair (P, Q) to be the sequence

{(Va(@)}nZo,  Valz) = o™ + 67, (4.1)

where the symbols «, § have the same meaning as in equation (3.1). That equation (4.1)
really is a sequence of polynomials in x follows from the facts that Vy(x) = 2, Vi(x) = Pz,
and equation (4.1) obeys the same linear recurrence relation of order 2 as does equation (3.1).
Mathematical induction shows that odd-(even-) indexed V,,(z)’s contain only terms of odd
(even) degree.

It is of interest to work out the inverse relations of the polynomial representations of the
Vo (x)’s, analogous to Theorem 3.1. The easiest way first to see what the V;,(x)’s look like is
to connect them to the U, (x)’s; we require two lemmas.

Lemma 4.1. For any n € N, (Px)U,(x) — 2QU,—1(z) = V,(x).
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Proof. The lemma holds if and only if

o — /Bn an—l _ Bn—l
—9 — AT n
(ot B)— =5 —2B——5 "+ g%,
and this follows almost immediately by expansion. O

Lemma 4.2. For 0 <2k <n—1,
n—1—k ) n—1-—k B n n—k
k k—1 Cn—k k '

n—1-—k n—1-=Fk\  (n—k)(n—2k) 2(n —k)k
( k >+2< k-1 )_(n—k)k!(n—%)!+(n—k)/<;!(n—2/<;)!

Proof.

O

Theorem 4.1. Let x, P,Q be as stated in Section 2 and let (Px)? —4Q > 0. Then we have

2, n=0,
Va(z) = [:Zi:j [n i k] <n ; k;) (P Q). n >0, (4.2)

Proof. The theorem is trivial for n = 0. If n is odd, then equation (2.1) and Lemmas 4.1 and
4.2 give

’“) (Pay =2 (—Q)F (k=K +1)
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If n > 0 is even, then one obtains

v (n::22<” e @)“/2]
- <Px>"+(n§2 2 (o et o
= ;Zj (e o

For comparison, below we give a short listing of the polynomials U, (x) and V,,(x); several
patterns in the second and third columns seem apparent.

n | Un(z) Va(z)

0 0 2

1 1 Pz

2 Pz (Px)? —2Q

3 (P2)? - Q (P2)? — 3(P2)Q

1 (P2’ — 2(P2)Q (Pa)* — 4(P2)Q + 2Q?

5 (Pa)' = 3(Pr)Q + @2 (Pz)® — 5(P2)*Q + 5(P2)Q?

6| (b0 PG+ AP (P2 — 6(Pa)'Q + 9(Pr)° Q> — 208

7| (Px)® —5(P2)'Q + 6(Pz)?Q* — Q* (Pz)" — 7(Px)°Q + 14(Pz)?>Q? — 7(Pz)Q?

An analog of relation (3.3) might assume the form

n/2]
Z Cr.Vp_ap(z (4.3)
where the C}’s are to be determined. In the Binet formulation, this would be
[n/2]
Oé _1_5 Z C v 2k + Bn—2k). (44)

Some care is needed here, however, because the parity of n may make a difference.

Theorem 4.2. Let x, P,Q be as stated in Section 2 and let (Px)? —4Q > 0. Then we have

(Pz)" = [nf} (Z) Q Vy_ak(x) — {2( >Q"/2V( ) "o (4.5)
1 o(z) n = even.

k=0
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Proof. For odd n > 1, we have from the identity <n> = ( " >,

k n—=k
(n=1)/2 .
@y =am st S (7))@t o,
k=1
that is,
(n—1)/2 n (n—1)/2 n
(Px)" = Vu(z) + </<;> Q Vg (x) = Z </<;> Q Vy ok (). (4.6)
k=1 k=0
1

The case n = 0 is trivial: (Pz)? =1

expansion again gives

ivo(x). Now suppose that n > 0 is even. Binomial

(n—-2)/2

@ n_ on n n o kan—2k n—2k 1 n o n/2 040 0
@rar =g s 3 (Qeaf@ e g g (0 Jear e+,

and we observe that if n were 0, the last term would be %VO(:E). Hence, for all even n > 0,

n/2

oy =3 (1)@ Vst — 31 ) @206t @)

k=0

Finally, equations (4.6) and (4.7) may be joined to give equation (4.5). O

Again, for comparison, we give a short listing of inverse relations expressed as linear com-
binations of either the Up,(x)’s (column 2) or the V,(z)’s (column 3).

(Pz)"
n] Un(z)’s Va(z)’s
0 Ui(z) %Vo(x)
1 Ug(x) V1 (117)
2 Us(a) + QUi (x) Vale) + QU ()
4 Us(z) + 3QUs(x) + 2Q*Us () Vi(x) + 4QVa(x) + 3Q*Vy (x)
5 Us(x) + 4QUy(x) + 5Q?Us(x) Vs(z) + 5QV3(x) + 10Q%V; (x)
6 Ur(z) +5QUs(x) +9Q%Us(x) +5Q°Ur(z)  Vs(x) +6QVa(z) + 15Q*Va(x) + 10Q°Vo(x)
7| Us(z) +6QUs(2) + 14Q*Us(x) + 14Q°Us(w)  Vz(x) + TQV5(x) + 21Q°V3(2) + 35Q°Vi ()

It is apparent that when @ = 1, the sum of the coefficients in column 3, corresponding to a given

n, is 2"~ 1. Less obvious, but also convincing, is the assertion that the analogous sum in column 2,

corresponding to a given n, is ((n+7§)/2) if n is odd and (n’/’Q) if n is even. Readers may spot other
trends.
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