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Abstract

It is well-known that a continued fraction is periodic if and only if it is the rep-
resentation of a quadratic irrational «. In this paper, we consider the family of
sequences obtained from the recurrence relation generated by the numerators of the
convergents of these numbers a. These sequences are generalizations of most of
the Fibonacci-like sequences, such as the Fibonacci sequence itself, r-Fibonacci se-
quences, and the Pell sequence, to name a few. We show that these sequences satisfy
a linear recurrence relation when considered modulo k, even though the sequences
themselves do not. We then employ this recurrence relation to determine the gen-
erating functions and Binet-like formulas. We end by discussing the convergence of
the ratios of the terms of these sequences.

1. Introduction

Generalizations of the Fibonacci numbers have been extensively studied. From
Lucas and Catalan numbers to Gibonacci and k-Bonacci, all are evidence of the
interest Fibonacci-like sequences still hold. To generalize the Fibonacci sequence,
some authors [3, 4, 6, 13, 17] have altered the starting values, while others [2, 8,
9, 10, 12, 14] have preserved the first two terms of the sequence but changed the
recurrence relation. In a previous paper [2], we gave a generalization of the latter
type, called the generalized Fibonacci sequence. It is defined using a non-linear
recurrence relation depending on two real parameters (a, b) as follows. For any two
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nonzero real numbers a and b, the generalized Fibonacci sequence, say {FT(La’b)} ,
n=0
is defined recursively by

bFY 4 PP i s odd

(a,b) (a,b) . .
ab ab aF'”7 + F27), if nis even
B =0, F*Y =1, Fleb :{ e (n>2).
1

This generalization has its own Binet-like formula and satisfies identities that are
analogous to the identities satisfied by the classical Fibonacci sequence.

We now introduce a further generalization of the Fibonacci sequence; we shall
call it the k-periodic Fibonacci sequence. This new generalization is defined us-
ing a non-linear recurrence relation that depends on k real parameters, and is an
extension of the generalized Fibonacci sequence. The non-linear recurrence rela-
tion we consider in this article can be viewed as a linear recurrence relation with
nonconstant coefficients.

Definition 1. For any k-tuple (z1,22,...,2) € ZF, we recursively define the k-
oo
periodic Fibonacci sequence, denoted {Frﬁxl’“"“’“)} by

7
n=0

Fo(whwzwwﬂﬂk) -0 F1(I175E27-~~,Ik) =1, F(1715932a~~~7wk) _ anT(Lzl,z2,..~7zk)_|_F(301@2,‘-«171&-)

) n+1 n—1

for all n > 1, where x,, = z;, for 1 <i <k, if n =4 (mod k).

To avoid cumbersome notation, let us denote F(***>®) by .. Thus, the
sequence {g, } satisfies

X1Gn-1+ qn—2, ifn =2 (mod k)
X2Gn-1+ qn—2, ifn =3 (mod k)

0=0, =1, ¢ = : (n>2).
Th—1qn—1 + qn-2, ifn =0 (mod k)
Tkdn-1 + Gn—2, ifn=1 (mod k)

We now note that this new generalization is in fact a family of sequences where

each new combination of x1,xo,...,x; produces a distinct sequence. When z; =
ro = ... = x, = 1, we have the classical Fibonacci sequence and when z; = x5 =
... =z = 2, we get the Pell numbers. Even further, if we set x1 =z = ... = 2} =

r, for some positive integer r, we get the r-Fibonacci numbers, and if &k is even, we
can obtain the generalized Fibonacci sequence by assigning a to the odd-numbered
subscripts and b to the even-numbered subscripts.

Example 2. The sequence descriptions that follow give reference numbers found
in Sloane’s On-Line Encyclopedia of Integer Sequences, [16]. When k£ = 3 and
(21,29, 23) = (1,0,1), we obtain the sequence [A092550], beginning

0,1,1,1,2,3,2,5,7,5,12,17,12,29, . . ..
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This sequence is described in [16] as a “two-steps-forward-and-one-step-back Fibonacci-
based switched sequence inspired by Per Bak’s sand piles.” When (21, x2,23) =
(2,1,1), we obtain the sequence [A179238] and when (z1,z2,23) = (1,—1,2), we
obtain the sequence [A011655]. When k = 4 and (21, 22, z3,24) = (2,1,2,1), we get
the sequence [A048788] and when (z1,x2,z3,24) = (1,2,1,2), we get the sequence
[A002530].

We now consider the connection between this family of sequences (for positive
x;) and the set of quadratic irrational numbers. If an irrational number « satisfies
a quadratic equation with integer coefficients, « is said to be a quadratic irrational.
In addition, we say a continued fraction expansion of a number x is periodic if it
can be written in the form

€T = ["I;O;xlam27"-axm7xm+17'~';xm+k]'

It is well known that a number « is a quadratic irrational if and only if it has a peri-
odic continued fraction expansion. If we restrict our quadratic irrational « to the in-

terval [0, 1], we get a continued fraction expansion of the form « = [0; 71, Z2, - -, Z)-
Therefore, given a quadratic irrational & = [xo;T1,Z2, ..., Tm, Tmtls - Tmtkls
if we associate it with the quadratic irrational o = [0;Tmi1, Tmt2s -5 Tmtkls

which is purely periodic with period k, we have that for each quadratic irrational
there is a corresponding k-periodic Fibonacci sequence with associated k-tuple
(z1,22,...,2). Furthermore, we can derive this k-periodic Fibonacci sequence
directly from the convergents of «.

Consider the sequence of convergents of a,
Po Po PL Pn
@ 9 @ an

g e

It can be shown that the numerators and denominators of these convergents sat-
isfy the following recurrence relations. If p_o = 0,p_; = 1, then the sequence of
numerators satisfies the relation

Pn = TnDPn—1 + Pn—2,
and if ¢_o = 1,g_1 = 0, then the sequence of denominators satisfies the relation
Gn = Tndn—1 + qn—2.

It is not difficult to see that we obtain the k-periodic Fibonacci sequence of o from
the sequence of numerators of the convergents of «, as the two sequences have the
same initial values and satisfy the same recurrence relation. For further reading on
continued fractions, the books [5, 11] are excellent sources.

Example 3. From the continued fraction expansion of ¢ = [1;1,1,1,...], the golden
ratio, we have 1 = 2 = ... = x; = 1 and obtain the Fibonacci sequence. From
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the continued fraction expansion of v/2 = [1;2,2,2,...], we consider the periodic
portion and derive the Pell sequence from —1 4+ /2 = [0;2,2,2,...], by setting
T :.IQ:...:IkZQ.

We will describe the terms of the sequence {¢,} explicitly by using a general-
ization of Binet’s formula. In order to do this, we must first show that for some
constant A, the g, satisfy the recurrence relation

Gmk+j = Adm—1yk+j + (1) ' qmooypy; form>2k, 0<j<k-—1

Therefore, we begin by establishing that the {q, } satisfy a linear recurrence modulo
k, and we follow by deriving a generalization of Binet’s formula (via generating
functions). Finally, we consider the convergence of the ratios of successive terms
of the sequence. It is well-known that the ratios of successive Fibonacci numbers
approach the golden mean, ®, so it is natural to ask if analogous results exist
for the variations and extensions of the Fibonacci sequence. We show in [2] that
successive terms of the generalized Fibonacci sequence do not converge, though we
show convergence of ratios of terms when increasing by two’s or ratios of even or
odd terms. We end with a discussion of the convergence of the ratios of subsequent
terms modulo k.

2. The Recurrence Relation

In order to obtain the generating function, we first show that our sequences satisfy

a linear recurrence relation modulo k. So, fix k and the k-tuple (z1,za,...,zk).

Fr(bmlyz%--wmk)

We consider the sequence { }, and use the short-hand notation {g,},

as defined in the introduction. We show that for some constant A,
Gmk+j = Adm—1yk+j + (1) ' qmooypy; form>2k, 0<j<k-—1.
To achieve this, we introduce a family of sequences related to {g,}.

Definition 4. For each j, where 0 < j < k — 1, we define a sequence {qfl} as
follows. Let ¢} =0 and ¢] = 1. For n = mk +r > 2, with 0 <r < k — 1, we define

i _ J J
ng - qu+r - ‘Ij—r+1qu+r71 + qu+r727
where z;_, 1 = z;, for 1 <i¢ <k, if (j —r+1) =14 (mod k).
For example, the sequence ¢° begins,
0, 1, 2p—1, Tp—12k—2+1, Th—1Tp—2%p—3 + Tp—1 + Tp—3,.- ..

Note that there are k-many sequences {qﬁl} associated with {g,}.
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We set the constant A = qg_H 4 qx—1. Now through a series of lemmas, we will
arrive at the linear recurrence

Gmk+j = Adm—1yp+j + (1)  qm_oppy; form>2k, 0<j<k-—1
Throughout the remainder of this paper, we assume k to be a fixed positive
integer.
Lemma 5. For0<j<k—1, qpy; = qiﬂ.

Proof. To begin, we see that

Qk+j = Tj—1Qk+j—1 T Qkt+j—2
Bakrj—1 + ahtj2
B (Tj—2hrj—2 + Qotj3) + @l drrj—2
(3?]‘72(1% + Q{)Qkﬂ‘—z + q%QkJrj—s

= @etj-2 + Brtj—3-

Following the same process, one can easily show that

Qk+j = qzj+1Qk+jfi + q‘qu+j7(i+1)a
where 0 <i<k+j—1.
Hence,
Tk+j = qi+ﬂk+j—(k+a‘—1) + qi+j_1qk+j—(k+j)
= qiﬂ"h + qi-&-j—lqo
= Qi+j(Z1

J
= Gg4y-

Similarly, we obtain the identity ¢; = qg .
Lemma 6. Foralln>2 and0<j<k—1,
j j—1 j—2 i—1 j
G = Tjag 1t Gy = GGt dy
Proof. We proceed by strong induction on n. For n = 2, we have

q% = Tj-1

= zj1q9 +q
i

= q o+

i j—1 j—2
= @a  +q
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Now, if we assume our claim is true for all n < ¢, we shall show that ¢/ 1=
@al ™" + ¢ =7 We write t = mk + r for some 0 < 7 < k — 1. Then
qg+1 = quLk-&-r-i—l
= mjfrqinkw + qiﬂcwq
= 2y (BTrro1 + Toiterz) + (Bilsro + Tiers)
= Bl T ke

i -1 j—2
= @d  +q5

Lemma 7. For all integers 0 < j < k — 1 we have q2+1 = qiﬂ —Qgk—1+ qi:i.
Proof. Using Lemma 2, we have that
ngJrl +qk-1 = q2+1 + q’,i:i
= zpaq M g g
k—1 k—2
= Q1 T G
Y N i N
k-2 | k-3
= Qrp1 T Q1
e . . i i—1
By continuing this process for k — j steps, we have q,g_H 4+ qr—1 = qu +q. ;. O
Lemma 8. For all integers 0 < j<k—1m>2, and2 <t < km+j,
Qkm+j5 = qngm+j—t+1 + Qg_lqmn+j—t~

Proof. Using Definitions 1 and 2, we have

Qkm+j = Tj—1Qkm+j—1 t+ Qem+j—2

= @Qkm+j—1 + ¢ Qm+j—2-

We then achieve qrm4; = ngkm+j_t+1 + q{,lqkmﬂ-_t in t — 1 steps by repeated
applications of Definitions 1 and 2. O

Lemma 9. For0< j<k—1, and k,m > 2, we have that if 0 <: <k —1,
Qemti = Adim—1)+5 T (@hal " — @l 1@l 1) Tem—1)+i—i

o
Hahal =y — 4@ G- dreim—1)+i—(i+1)-
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Proof. By Lemmas 3 and 4, when t = k + 1, we have that
Qkm+j = Qi+1ka+j7k + Qikaﬂqu
= (qgﬂ +qr—1— Qij) Qk(m—1)+5 T Q£Qk(nl—1)+j—1'
It remains to see that
(—Qij) Gkm—1)+5 + Golk(m—1)+j-1
= (da™ = dr@lZ1) trmrywi—i + (A=) = G Ghm- 1y

For this, we employ a similar method as in Lemma 4, always replacing the largest
term of the sequence using the definition and gathering like terms.
O

Lemma 10. For all integers 0 < j < k —1, and for all k > 2,
I , - B
Gt — Gy = (D"

Proof. Employing the method used in Lemmas 4 and 5 (applying the definition and
gathering like terms), we get

- o . . - o
Gl — TG 1The1 = (ijrlqi—l + qi—z) Thmo — G_1T—1
o , -
= —qfcif,)qifl + @2 5
— ] Jj—1 J Jj—1
=k o9 4 — 939, —3-
Continuing in the same manner, we have that at step k — 2,

g s —a_1a- ) = (D 2dg T — (-1 gl = (-1)F L

O
Theorem 11. For0<j<k—1 and m > 2,
dkm+j = AQk(m—1)+j + (_1)k_1qk(m—2)+j~
Proof. This follows directly from Lemmas 5 and 6. O

Remark 12. The recurrence relation discussed in Section 2 is also discussed in a
very recent paper by C. Cooper [1]. We note that in [1], there is no explicitly stated
formula for the coefficient A. Instead, a very interesting combinatorial description
is given, based on the number of ways to create a bracelet of length k using beads
of length one or two.
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3. Generating Function for the k-Periodic Fibonacci Sequence

Generating functions provide a powerful technique for solving linear homogeneous
recurrence relations. Even though generating functions are typically used in con-
junction with linear recurrence relations with constant coefficients, we will systemat-
ically make use of them for linear recurrence relations with nonconstant coefficients.
In this section, we consider the generating functions for the k-periodic Fibonacci
sequences.

Theorem 13. The generating function for the k-periodic Fibonacci sequence given
by {gn} is

k—1 k—1
2 @x" + 3 (Grr — Agy) 2T
=0 r=0

1— Az + (—1)ka2k

G(x) =

Proof. We begin with the formal power series representation of the generating func-

tion for {g,}, G(z) = o+ qrz + g+ -+ qua" + -+ =Y 0 gmz™. We rewrite
G(z) as
k—1 [eS)
Glx)=> | D ajprra?™
=0 \ j=0

o) .

Now denote the inner sum as G,(z) = Y gjr-2/**". Note that G(z) = Go(z) +
i=0

Gi(x)+ -+ Gg_1(x). To get the desired result, we consider each of the summands

separately. For 0 < r < k, we have

G.(x) = gqa"+ qk_ka” + q2k+rx2k+r + -+ ij+r$jk+r + -

[ee]
k ik
= ¢+ ™D g™
P

o0
= gz’ + Qk+r$k+r + Z [AQ(j—l)lc+r - (_1)kQ(j—2)k+r} ekl
j=2

o0
= ¢z + Qk+rxk+r + Az® Z Q(j—l)k-l-r‘r(jil)kJrr
=2

—(—1)Fa?* Z Q(j—z)k+r$(j_2)k+T
=2

o0 o0
k k ik k..2k ik
= ¢a" + g2t + Ax qukﬂx] T (=1)kz quk:-‘,—rx‘] tr
=1 =0

= 40"+ Qe + A2 (G (2) - graT] = (-1)"2* G, ()
= @a" + (Quyr — Agy) 2T + [A:ck - (fl)ka:%] G, (z).
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Therefore, [1 — Az* + (—=1)k22?%] G, (2) = ¢2" + (quqr — Agr) 27, resulting in

grx” + (Qk-i-r - AQT) zhtr
Gr(w) = 1— Azk + (—1)kg2k ~ e

Thus,

G(z) = Go(x)+Gi(x)+ -+ Gr_1(x)

q + (g — Ago) 2% @iz + (qrt1 — Aq)
1— Axk + (—1)kx2k 1— Azxk + (—1)kz2k

Qo171+ (qog—1 — Agr—1) 2?71 2)

1— Axk 4 (—1)ka2k

ZL‘k+1

After simplifying the above expression, we get the desired result as claimed in the
theorem;

k—1 k—1
Z qrxr + Z (qk+r - AQT) $k+r
=0 r=0

Go) = 1— Azk + (=1)kz2k ' -

4. Binet’s Formula for the k-Periodic Fibonacci Sequence

In this section, we will state and prove an extension of Binet’s formula for the
k-periodic Fibonacci sequences.

Lemma 14. If

(1)FA+ /A2 — (—1)F4 i 5 (—1)FA — /A2 — (—1)F4
— 2 an - 2 )

(0%

then a and (3 are roots of 2% — (—1)F Az + (—1)* = 0.

Lemma 15. If a and (8 are as in Lemma 14, then
(a) a+f= (1A, a—fF=/A2—(-1)F, and af=(-1)*
(b) @™ o = (<1} Aa™, G+ 0B = (~1)FAGT

(©) 1 B 1 @ 1G]

T Ak 1 (—Dkz2c o —p |1 —(=Dkazk 1—(=1)*Gzk]|"
Theorem 16. (Generalized Binet’s Formula) The terms of the k-periodic Fibonacci
sequence {q,} are given by

m _ Qm m—1 _ gom-—1
qkm+r = (_1)k(m+1) [(%) qk+r — (%) QT:l )

where o and B are as in Lemma 1/.
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Proof. Suppose that 0 < r < k. The generating function for the subsequence
{@mk+r} is given by (see Equation (1))

2" + (qryr — Agr) ah _orGrt (qrtr — Agy) "

CGrlw) = T3 F(—DFa* T T Ak 4 (—1)Fa?
_a’ [QT + (Qr+r — Agr) xk] o _ B
B a—0 1—(=1Dkazk 1—(-1)kGz*
_ x’ [qr + (qolj-t,-_rﬁ_ AQT> J,‘k] i(fl)kn (Oén+1 - ﬂn+1) x’ﬂk
n=0
00 -1 kn n+l _ agn+1 nk
— 2" [QT+(qk+r_AQT)xk]Z( ) (Oéa_ﬂﬂ )1’
n=0
e o] (71)kn (an+1 _ ﬂn+1) qrxnk:
. l; o
(1) (@ ) (g — Age)
+7; P
e 0o (71)kn (an+1 _ ﬂn+1) qrxnk:
e (SR (0 = %) (qugr — Agy) 2
+(~1) n; o |
. oo (71)kn (an+1 o /6n+1) qu.nk
=X qr + nz::l a— 6 )
e (CDF (0 = %) (qugr — Agy) 2
+(~1) n; o |
) ntl _ gntl) g 4 (—1)k (@ — B r— Aq,
— 2" %""'nz::l(_l)kn (Oé ﬁ )q ( a)_éa ﬁ )(qk?+ q )xnk
[eS) n _ an n—1_ Agn—1
= gz" + Z(il)k(nJrl) [(O[a_g> Qhogr — (Oéa_g> QT] R
n=1
Therefore,

& n _ an n—1 _ gn—1
Gr(x) = Z(_1)’f(n+1) [(—O‘a _g ) Qletr — (4@ 5 _g ) qr] xR

n __ An n—1 _ gn-—1
Qkn+r = (_1)k(n+1) |:<a — B ) Qk+r — <%> QT:| .

o —

|
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O

Theorem 17. The ratios of succesive terms of the subsequence {qmi+r} converge
to
A+ sgn(A)\/A% —4(-1)k
’]’] =
2

A
if |A] > 2, where sgn(A) = ]

Proof. We will show the case A > 2. First note that when & is odd, |a| < |8] and
when k is even, |a| > |3|. From Theorem 16, we have

is the sign of A.

d(m+1)k+r _1)k (am—i-l - ﬂm-i-l) Qk+r — (am - 57”) qr

gmk+r (@™ = B™) qrir — (Oémil - pm1) g, .

_ﬂl<%)m+l_1] qurr_% [<%)m_1] " if k is odd
GRSt

a ll _ (g)m—H] e é [1 _ <§>m} ’ if k is even.

o -G

a ifkiseven 2

Since —g‘ < 1 when k is odd and ‘ﬁ’ < 1 when k is even, we get
o
m r — Lo . A A2 — T .
lim M_{ 6 ;lfleOdd + ( ) -

m—oo  Gmk+r

The case A < —2 can be handled in the same fashion.
O

One can prove in a similar way that for each r =1,2,--- |k —1, the ratios _Gmbtr

_ qk+r + (_1)]971[3(]7"
converge to Nr = as m — oQ.

Qk+r—1 + (_1)k_1ﬂQT—l

Amk+r—1
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