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Abstract. We shall consider two curious divisibility properties due to [1,5]. Our main purpose
is to generalize these properties for a general second order linear recursion. We use generating
matrix approach for our purposes. By using our results, we derive a new recursive identities for
two general second order linear recurrences. We give a more general result extending earlier
divisibility properties on the similar subject.
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1. INTRODUCTION

The Fibonacci numbers have many interesting properties in accordance with their
nature and the recursively definition. We shall be interested in their divisibility prop-
erties along the paper. We recall that

ng(an Fm) = Fgcd(n,m)
and
Fy, is amultiple of F,.
An extension of these divisibility properties was given showing Matijasevich [4] as
that if n > 2, the Fibonacci number Fy, is a multiple of F? if and only if m is multiple
of nFy. This fact and its detailed proof was also given in [2] (pp. 294) showning
Fyn=kF, FFoland Fippy = FF (mod F2).

The above fact and the following similar results can also be found in [1,5] :

1) Frp_1— F,i‘_l is divisible by F? (n,k = 1,2,...),

i) Fin_o— (—DFTUFk s divisible by F2 (n,k =1,2,...).

We mainly consider these two curious properties and then we generalize them to a
general second order linear recursion {Uy (p)}, or briefly U,, defined for n > 1 by

Un(p) = pUpn—1(p) + Un—2(p). (L.1)
with initials Ug (p) =0 and U; (p) = 1.
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The generalized Lucas sequence {V}, (p)}, or briefly V},, is defined by

Vi (p) = pVa—1(p) + Va—2(p),
with initials Vo (p) =2, Vi (p) = p.
The Binet forms of them are
a — ,Bn

o —

U, and V,, = o" + B",
where a, f = (p + ./ p? +4) /2.

Throughout the paper we consider the properties

a) Ugn_1 —U,f_l is divisible by Un2 n,k=1,2,..),

b) pF W p—no — (¥ LUK is divisible by U2 (n,k = 1,2,...).

Matijasevich and Cavachi proved the properties (i) and (ii) in [2, 5] but the quo-
tients

Fgn-1—Fy_ Fina— (D" Ff
— = and 72
n n
were not considered. It seems that to find the quotients are not easy.
However, we shall focus on quotients arising from (a) and (b) :

Ukn—1 ~ Uy P U = (D UE,
n n
for all n and k such thatn,k > 1.

Matrix methods are essential tools for solving problems arising from number the-
ory, for more details see [3].

Our approach is to use matrix methods for deriving these quotients explicitly. We
first look at values of the quotients for fixed n and increasing values of k starting
from 1 and then find a generating matrix for these values for fixed n and increasing
values of k. After we find the generating matrices for these quotients, we will give
two explicit statements for them. Using these two explicit statements, we obtain
two new recursive identities for the general second order linear recurrences. Finally
by considering and extending these two recursive identities, we find new recursive
identities for the general second order linear recursions. In order to guarantee the
accuracy of matrix computations, all the equalities appearing in this paper have been
verified through “Maple” commands.

2. GENERAL CASES

We start with the first quotient with the case p = 1, U, = F, (nth Fibonacci
numbers) and its values for some n and k are shown in Table 1.

We will see that the entries of each row in Table 1 have a generating matrix. For
example, the entries of the third row of Table 1, {1,5,22,94,399,1691, ...}, could be
generated by powers of a matrix. Continuing this process each row entries in each
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TABLE 1.
(Fen1—Fly) /F2
m\k|1]2]3]4 |5 1]6 |7
1 o112 |3 |5 8
2 0114|1233 |88 |232
3 0]11]5]22|94|399 | 1691

table can be obtained from the quotients for all n,k and p. We will state this fact in
general by matrix methods.

Before this process, we need some auxiliary results and definitions.

Define a second order linear sequence {A, (p)}, or briefly A,, forn > 1 as

Ap = pAn—1+ An—2

with initials Ag = p and A; = p? + 3.
From the definitions of sequences {U, } and {A,}, we have that

Ay = Un+2 +Upn =Vu+Up-1.
Denote the first quotient by s (n,k, p), or briefly s (k, p) :

$(n.k) = (U1 = Uf1) /U2

Define two matrices H (n, p), or briefly H (n), and G (n,k, p), or briefly G (n,k),
of order 3 as shown:

An—l _Un—l Vn + (_1)n+1 (_l)n Un—l

H@n)= 1 0 0
0 1 0
and
s(nk+2) t(nk+2) (—=D"Uy—y1s(n.k+1)
Gnk)y=| stn,k+1) t(mnk+1) (=1)"Uy—15n,k) ,
s (n,k) t(n,k)y  (=D)"Up—1s(n,k—1)
where

Ukn U2 1 = Uke—2yn — Uz U,{‘_l
U3 '

Lemma 1. Forn > 1, the eigenvalues of the matrix H (n) are ", 8" and Uy, 1.

t(n,k) =

Proof. The characteristic polynomial of H (n) is
x3— An—lx2 +x (Un—l Vo + (_l)n) —(=1)"Up—
and it is factorized as (x — ") (x — ") (x — Up—1), as claimed. O

Now we state one of our main two results:
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Theorem 1. Forn > 1,
Hn)* =G @.k).

Proof. To prove the claim, it is sufficient to verify the followings:
s(nk+1)Ap—1+t(m,k)=smn,k+2)
and
sk +1) (—Un_an n (—1)”“) (=) " Upys (n,k) =1 (n,k +2).

For proving them, it is enough to consider the definitions of s (n,k) and ¢ (n,k). The
above equations give us the following matrix equation:

Gmn,k—1)Hn) =G (n,k).
Since G (n,1) = H (n), we deduce that G (n,k) = H (n)k , as claimed. O
We see that the powers of matrix H (n) generate the first quotient and since the
matrix has integer entries, it is clear that the first quotient are integers.

Since all eigenvalues of H (n) are different from each other, we diagonalize it.
H (n) is a companion matrix so that it is diagonalized with the Vandermonde matrix

a2n ﬂ2n Ur12—1
V= a Bt Up—r |,
1 1 1

as V™1H (n)V = D, where D is the diagonal matrix D =diag(«”, 8", U,—1). Thus
we obtain

VIH )V = D¥ or V71G (n.k) V = D,
and so
G (n,k)=VvD*y—1,
Consequently, after required computations, we get the following result:
Theorem 2. Forn,k >0
(G (n,k))y,1 =5(nk)
_ (_l)n Un(k—l) + U,f_l Un —UgnUn—1
U3 '

From the definition of s (n, k) and the above result, we have the following result:
Corollary 1. Forn,k >0
Un-1Ukn = UnUgn—1 + (=1)" Up(g—1).-
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Now we shall focus on the second quotient

— k+1
Y T et Gl VAR o
Uz
and we will seek an explicit formula for that.
Similar to the process for the first quotient, we need some preliminary results and

definition. First we define a second order recurrence {B, (p)}, or briefly B, for
n>1as

By, = pBp—1+ Bp—2
with initials Bg = p?> —1 and By = p3 +2p.
For shortness, we denote the second quotient by y (n,k) :
R T et Gl VAR i

y(n,k)= iz

Define two matrices T (1) and Q (n,k) of order 3 as shown:

By—1 C(n) (_1)n+1 szn—Z
T = 1 0 0
0 1 0

and

y(n,k+2) h(nk+2) (=D)"Tp2U,_ry (. k+1)
Omky=| yn,k+1) h(n,k+1) (—1)”+1p2Un_2y(n,k) ,
y (n.k) h(n,k) (D) p2Up—y (n,k—1)

where C (n) = p? (Dn +2(—1)”), D,, is defined as for n > 1
Dy, = (Pz + 2) Dy—1—Dy—2
with initials Do =0 and Dy = 1, and, & (n, k) is given by

XU Ui — p¥WUne—zy — p (=X U _, Uy

h(n,k) = 05
n

Lemma 2. Forn > 1, the eigenvalues of T (n) are pa™, pp" and —Uy—;.

Proof. The characteristic polynomial of T (1) is x> — B,_1x>—C (n) x +(=1)" p?U,_»
and it is factorized as (x — pa”) (x — pB™) (x + U,—2), as claimed. O

We state our second main result:

Theorem 3. Forn > 1,

T () = Q (n,k).
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Proof. To prove the claim, it is sufficient to verify the followings:
yk+1)By1+h(nk+1)=ynk+2)
and
y .k +1)C () + (=1 p2Unay (n.k) = h(n.k +2).

For proving them, one can consider the definitions of y (n,k) and & (n, k). The above
two equations give us the following matrix equation:

Qn.k—=1)T (n)=Q(n.k).
Since Q (n,1) =T (n), we deduce that Q (n,k) = T(n)k. O

Since all the eigenvalues of T (n) are different from each other, it is diagonalized
as
Vi'T (m) Vi = Dy,

where
p2052n pZﬂZn Ur12—2
1= pan pﬂn —Up—2
1 1 1

and D; is the diagonal matrix D1 =diag(«”, 8", —U,—>). Thus we obtain
Vi T (m)* vy = DX or Vi Q (n.k) vy = DX,

and so
O (n.k)y =V D¥y 1
Therefore, by considering (Q (n,k)), ; = y (n,k), we get the following result:

Theorem 4. Forn,k >0

KU (=1 U + (DT UM Uy + pF U2 Unegny

y(n.k) = 7

From the definition of y (1, k) and the above result, we have the following result:
Corollary 2. Forn,k >0
Un—2Upk = Unk—2Upn — p (=1)" U y—p

3. NEW RECURSIVE IDENTITIES

While extending two curious properties in the previous section, we found the fol-
lowing two new identities for general second order recursions:

i) Un—1Ukpn = UnUgp—1 + (_l)n Ukn—n.
ii) Up—2Upi = Uy Ukn—z_p(_l)n Ukn—n-

The above recursions suggest us that they could be more generalized. Thus we
give our third main result:
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Theorem 5. For all integers r.k and n,
Un—r (P) Ukn (p) = Un (p) Ugn—r (P) = (=1)" " Uy (p) Ugn—n (p)
and
Un—r (P) Vien () = Un (P) Vien—r (P) = (=1)" " Ur (p) Vien—n (p)
Proof. For the first identity consider
Un (D) Ukn—r (p) = (=1)""" Uy (p) Ugn—n (p)
_ ot — B gkn=r _ gkn—r _py o — BT okn—n _ gkn—n

a—p a—p a—p a—p

= (gkntnr _(yn ghnner _(_yn gknenr o ghntnr _(_qyner gkn—ntr
4 (1) BRI (1) kT (i gknentry (o )2

= (kntnr 4 ghntn=r _(_qyn=r gknentr _(jyn=r gknonry ) _ g)2

= (@ =p"7) (a*" = B )/ (=Y

= Un—r (p) Ukn (p).

as claimed. By the Binet formula, the second claim could be similarly proved. O

Our last conclusion is that the last recursive identities are new for general second
order linear recurrences {U, } and {V},} according to our literature knowledge.
For the Fibonacci and Lucas cases, we have that

i) Fper Fen = Fn Frn—r — (_1)n+r Fr Fin—n,
i1) Fpey Ly = FnLgn—r — (_l)n-i-r FrLin—n-

4. GENERALIZATION OF THE DIVISIBILITY PROPERTIES

We consider two divisibility properties and then generalize them for the general
second order linear recurrence {Uy,}. Now we are ready to present more general case
of these properties. We state this general case with the following corollary without

proof:
Corollary 3. For all integers r,
UK Uy — (=) DEED L s divisible by U? (n.k =1,2,...).

This corollary gives us all the divisibility properties mentioned in this paper.
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