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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 a. In this paper, we consider the family of sequences
obtained from the recurrence relation generated by the numerators of the convergents of these
numbers . These sequences are generalizations of most of the Fibonacci-like sequences, such
as the Fibonacci sequence itself, r-Fibonacci sequences, 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 generating functions and Binet-like formulas. We end by discussing the
convergence of the ratios of the terms of the 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 give 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 nonzero real numbers a and b, the generalized Fibonacci sequence, say

{Frga’b)}m , is defined recursively by
n=0

((l,b) ( 7b) 3 ]
Fo(a’b) o, Fl(a’b) _1 Féa’b) _ aF,(L(;bl) + F’Z;f)’ 1'f n 1's even (n>2).
bE,”) + F,”), ifnisodd

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 using a non-linear recurrence
relation that depends on k real parameters, and is an extension of the generalized Fibonacci
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sequence. The non-linear recurrence relation we consider in this article can be viewed as a
linear recurrence relation with nonconstant coefficients.

Definition 1. For any k-tuple (z1,2,...,2;) € Z*, we recursively define the k-periodic
Fibonacci sequence, denoted { F’rgl‘l,l‘Q,...,Ik) by

n=0
Férhxz,‘..,wk) — 07 F1($1,$2,..4,zk) — ]_7 FT(Lﬂjrll,xQ,,xk) — anéerQ,A..,mk) + Fézill,zg,...,mk)

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

To avoid cumbersome notation, let us denote F\"**2) by ¢, Thus, the sequence {q.}

satisfies
T1qn-1 + Gn_o, ifn =2 (mod k)
ToGn-1 + Gn_o, ifn =3 (mod k)

0=0 =1, ¢ = : (n>2).
Tk-1Gn-1 + qu—2, ifn =0 (mod k)

TrGn-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,xs, ...z produces a distinct sequence. When 1 = 29 = ... = a3, = 1,
we have the classical Fibonacci sequence and when 1 = 9 = ... = x; = 2, we get the Pell
numbers. Even further, if we set x1 = x5 = ... = x;, = 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.

Example 1. The sequence descriptions that follow give reference numbers found in Sloane’s
On-Line Encyclopedia of Integer Sequences, [16]. When k& = 3 and (x1, 22, z3) = (1,0,1),
we obtain the sequence [A092550], beginning 0,1,1,1,2,3,2,5,7,5,12,17,12,29,.... 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 (1, x2, z3) = (2,1, 1), we obtain
the sequence [A179238]. When k = 3 and (21, x2,23) = (1,—1,2), we obtain the sequence
[A011655]. When k = 4 and (x1, z2, 23, 24) = (2,1,2,1), we get the sequence [A048788], and
when (z1, 29, x3,24) = (1,2,1,2), we get the sequence [A002530].

We now consider the connection between this family of sequences (for positive z;) 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 = [X0;T1, T2, oy Lo, Tt ds - -3 Tontk)-

It is well known that a number « is a quadratic irrational if and only if it has a periodic
continued fraction expansion. If we restrict our quadratic irrational « to the interval [0, 1],

we get a continued fraction expansion of the form « = [0; 771, T3, ..., Zx). Therefore, given
a quadratic irrational & = [xo; 1, T2, ..., T, Tmids -~ -5 Tmik), i We associate it with the
quadratic irrational « = [0; T 11, Tmi2, - - -5 Tmak), Which is purely periodic with period k,

we have that for each quadratic irrational there is a corresponding k-periodic Fibonacci
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sequence with associated k-tuple (x1, 23, ..., xy). Furthermore, we can derive this k-periodic
Fibonacci sequence directly from the convergents of a.

Consider the sequence of convergents of «,
PP PL P
@ @ @
It can be shown that the numerators and denominators of these convergents satisfy the

following recurrence relations. If p_o = 0,p_; = 1, then the sequence of numerators satisfies
the relation

g e e

Pn = TpPn—1 + Pn-2,
and if g_s = 1,q_1 = 0, then the sequence of denominators satisfies the relation

n = TpQn—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 2. From the continued fraction expansion of ¢ = [1;1,1,1,...], the golden ratio,
we have r1 = 29 = ... = x;, = 1 and obtain the Fibonacci sequence. From the continued
fraction expansion of v/2 = [1;2,2,2,...], we consider the periodic portion and derive the
Pell sequence from —1 +v/2 = [0;2,2,2,...], by setting #; = 25 = ... = 2}, = 2.

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

Gmktj = Adm-vir + (=D qu_opy; form>2k, 0<j<k—1.

Therefore, we begin by establishing that the {g,} 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 do 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 covergence 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 (x1, zo, ..., z). We consider the se-

quence {Fqul’”"“’xk)}, and use the short-hand notation {¢,}, as defined in the introduction.
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We show that for some constant A,
Gt = AQon—1yitj + (= 1) qumooppr;  form >2k, 0<j<k-—1.
To achieve this, we introduce a family of sequences related to {g¢,}.

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

G = Goker = Tior1Gprr—1 T Gubtr—2s
where xj_, 41 = x;, for 1 <i <k, if (j —r+1) =i (mod k).

For example, the sequence ¢° begins,
0, 1, mp_1, Tp—1Tp2+ 1, Tp1Tp2Tp 3+ Tp—1 + Tp—3,. ...

Note that there are k-many sequences {¢’ } associated with {q,}.

We set the constant A = ¢); + gx—1. Now through a series of lemmas, we will arrive at
the linear recurrence

Gmkti = Adm-vrr + (D qun_opy; form>2k, 0<j<k—1.

Throughout the remainder of this paper, we assume k to be a fixed positive integer.

Lemma 1. For 0 <j <k —1, quj = qi ;-

Proof.
Qi+j = Tj-1Gk+5j—1 T Qk+j—2
Blhrj—1 + @k
B (Tj-2Ghj—2 + Qorjms) + G hrj—2
(25203 + 412 + B3
= Q§Qk+j72 + Q%Qkﬂ'—s
Following the same process, one can easily show that
Qi+j = qg—i—l‘]k—i—j—i + QZQk-I—j—(i—f—l)a
where 0 <i < k+j5—1.
Hence,
Tktj = qi+jqk+j—(k+j—1) + qi+j_1qk+j—(k+j)
= Gt + Gy
= Qiﬂﬁh

J
= iy

Similarly, we obtain the identity ¢; = qj
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Lemma 2. Foralln >2 and 0 < j <k —1,
@ = Tiag s = GG T G
Proof. We proceed by strong induction on n. For n = 2,
@ = viaq+q
= x4
@

L
= q @+

Now, if we assume our claim is true for all n < ¢, we shall show that qg 1= ng{ - qf:f )
We write t = mk +r for some 0 <r <k —1. Then

qg+1 = ankJrrH

TjrCoetr T Gpakir—1

= Lj—r (qzn_ki?"flqg + an_kQJrr72> + (qip@_]ikr72Q% + qfn_k:2+7'73)
= ng;;l_lcl-&-r + an_lf-i-r—l

= qq ' +q 7.

OJ
Lemma 3. For all integers 0 < j <k —1,
Qo1 = Gy — Qo1 + a1
Proof. Using Lemma 2, we have that
q2+1 + k1 = q2+1 + q;’iii
= T G]G0
Qi1 + 4
= @ T2t G 4G
= Qi g
By continuing this process for k — j steps, we have
q2+1 t Qr—1 = qi+1 + Qij-
OJ

Lemma 4. For all integers 0 < j <k—1m >2, and2 <t < km+ 7,

_ j
Gkm+j = Gt Qrem+j—t+1 T G 1Gkm+j—t-

Proof. Using Definitions 1 and 2, we have

Qkm+; = Tj—19km+j—1 + Qem+j—2

= GQm+i—1 + CPem+j—2-
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We then achieve ’ ‘
Qkm+j = ql Qkm+j—t+1 + ng%mw—t
in t — 1 steps by repeated applications of Definitions 1 and 2. U
Lemma 5. For 0 < j <k—1, and k,m > 2, we have that if 0 <i <k —1,
S o - o
Gmtj = Adem—1)45 + (G0 — GG 1) Wem—1)rj—i T (GG — GG ) Deim—1) i~ (1)

Proof. By Lemmas 3 and 4, when ¢t = k + 1, we have that

Qkm+j = Qiﬂqkmﬂ'—k + Qika+]‘—k—1

= (q2+1 + Qk—1 — Qij) Bo(m—1)+k + Golh(m—1)+j—1-
It remains to see that
- ,
(—Qi—l) Qo(m—1)+5 F+ Ck(m—1)+j—1
- o o L
= (@g " = G 1@1) Gem-vrg—i + (GG1 = G14]) Detm—1)15—G41)-

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 6. For all integers 0 < j < k —1, and for all k > 2,
i o ~
G2~ G 1By = (_1)k L

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

_— ey . . - L
GG s~ GGy = (%’HCIi_l + qi—?) Gy~ G 1T
L T
—@_3@—1 T G2Gi—2

_ =13 7 Jj—1
= Qx4 o — 4x_3Y9%_3

Continuing in the same manner, we have that at step k — 2,

aal s —aa = (“D"2@dq T — (-1 %dq " = (-1

O
Theorem 1. For 0 <3<k —1and m > 2,
Qkm+j = AQk(mfl)+j + (_1)k_1Qk(m72)+]’-
Proof. This follows directly from Lemmas 5 and 6. U

Remark 1. 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 re-
currence relations. Even though generating functions are typically used in conjunction with
linear recurrence relations with constant coefficients, we will systematically 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 and discuss the convergence of
successive terms.

Theorem 2. The generating function for the k-periodic Fibonacci sequence given by {q,} is

k—1 k—1
> g+ EO (qrsr — Agy) 2*FT

r=0
G(z) = 1 — Azk + (—1)ka2k

Proof. We begin with the formal power series representation of the generating function for

{an},
Gx) = Qo+ \r+ @’ + -+ gt + - = Y gna”

We rewrite G(z) as

k—1

(Z %k:-‘rrxjk-”) .

r=0

Now denote the inner sum as
oo
o jk+r
'T) - § ij’—i-rx] .
=0

Note that,

G(z) = Go(z) + Gy(x) + -+ - + Gr_1(x).
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To get the desired result, we consider each of the summands separately. For 0 < r < k, we
have

Gr(z) = ¢t + Gert™ + Qoo™ 4 g 4

[e%S)

- r k+r ik-+r

= T + QptrT +E Qjk4rT’
=2

= ¢ + Qe+ Z [Aqi—1yper — (=1 q2ppsr| 27

Jj=2
= ¢z + Qk—&-rlUk—H + Azt Z Q(jfl)k+r$(]’_1)k+r _ (—1)kl‘2k Z Q(j72)k+rx(j_2)k+r
Jj=2 j=2
o oo
= QT-TT + Qk+7~xk+r -+ Axk Z qjk+rsc]k+T — (—1)kx2k Z qijrijkJrr
Jj=1 =0

= ¢z + Qk:—&-?"xk—’—r + Az G (z) — qr2"] — (_1)kx2kGr(I)
= 2"+ (Quir — Agy) 2" + [A2" — (=1)* 2] G, (2).
Therefore,
[1 — AzF + (—1)%%] Go(7) = ¢a” 4 (Quyr — Ag,) ™,
resulting in

_ QT$T + (Qk—H" - A(:IT‘) karT

(1) Grlx) = 1 — Azk + (—1)kg2k

Thus,
q + (g — Agqo) 2" @+ (g1 — Agy) 2+ o Q12+ (qok—1 — Agr—1) pl
1 — Azk + (—1)kx?* 1 — Azk + (=1)kg2k 1 — Azk + (—1)kg2k

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

k—1 E—1
> x4 D (Qopr — Age) 27
_ =0 r=0

G(z) = 1 — Azk + (—1)ka?*

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, and then finish by exploring the convergence of ratios of the terms of
the sequences.
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Lemma 7. If

«

_ ()MA+ A ()M o 5:<—1>’“A—¢m
2 5 :

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

Lemma 8. If a and 3 are as in Lemma 7, then

(a) a+B8=(—1)*A, a—p=/A2—(=1)k, and af=(-1)*
(b) am+1 _|_ﬁam — (_1)kAam’ ﬂm+1 +aﬁm — (_l)kAﬁm
1 1 o

() 1 — Axk + (=Dka2k o — 3|1 — (=1)kaxk 11— (—=1)kQzk

Theorem 3 (Generalized Binet’s Formula). The terms of the k-Periodic Fibonacci Sequence
{q.} are given by

m __ [m m—1 _ gm-—1
e = (0 [ (ST Yo = (5 ) o

where a and (3 are as in Lemma 7.

Proof. Suppose that 0 < r < k. The generating function for the subsequence {q 1.} is
given by (see equation (1))

— qrxr + (Qk’-i-r - AQT) ah

Grlx) = 1 — Azk + (—1)kg2k
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r4r + r A T F
Gr(x) = z — f(quk’:—k (—1%k)$€k
o x" [QT + (QkJrr - AQT‘) xk:| |: (07 _ ﬁ
B a—pf 1= (=Dkaz* 1 —(=1)kpz*
_ z" [qr + (Zf—"j/g_ Aq,) xk} i(_l)kn (an+1 . 6n+1) L

n=0

X v 1\kn (n+1 _ Agn+1\ .nk
= " [QT + (Qk’—i-r . AQT) l’k} Z ( 1) (Oé ﬁ )SL’

n=0 a- 6

B ; [ oo (_1)kn (an—l—l ﬁn—i—l QT nk 00 kn n+1 o ﬁn—i—l) (Qk:-i-r o AQT) x(n—i—l)k
R =

. [ oo (_1)kn (an+1 . ﬁn—&—l) qrxn N > _1)kn (an o ﬁn) <q1s:+7‘ . Aq'r) xnk]
= x +(—1)

% s > a

B . o (_1)kn (an+l . ﬁn+1> qu‘nk . o (_1)kn (an . ﬁn) (qk+r . Aqr) xnk
= -qr—i—; - +(—1)Z_: o ]
- fas ;<—1>’m( e+ 1) (ﬁan — 5") (gusr = Aq»xnk]

n __ An n—1 _ Agn—1
- QTx +Z R |:(aa_g )Qk’-i-r_ (a Oé—g )(JT’:| l,nk:—i—r
Therefore,
(ST = (20 ) ] e

k(n+1)
n—1 _ An—1
Qkn+r = Kn+l) |:( ) Qk+r — (%) QT:| .

Theorem 4. The ratios of succesive terms of the subsequence {qui+,} converge to
At sgn(A)y/AZ — 4(—1)F
- 5 .

Thus,

A
if |A| > 2, where sgn(A) = A is the sign of A.

Proof. We will show the case A > 2. First note that when % is odd, |a| < |#| and when k
is even, |a| > |3|. From Theorem 3, we have
Aom+Dk+r (_1)k(am+1 — ") gy — (@™ = ™) g,
Amk+r (am - ﬁm) Qk+r — (am_l - ﬁm_l) dr
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m—+1 m
« 1 «
e e
[(ﬂ) ] BB o
—f - ;if k is odd
()~ fw3](5) -
a - Qk+r — 5 ) - qr
q(m+1)k4r _ B " B &
Amk+r ﬁ ml 1 ﬁ "
1=(2) Jae-——)1-(2) |
e e Q@
Q@ N ; if k is even
m 1 m—
= (2) e [1— () ]qr
! ! a
Since % < 1 when k is odd and |—| < 1 when £k is even, we get
«
li LoDkt —3 ifkisodd = A4 AZ—4(-1)"
m—co  Qmiir | @ ;ifkiseven 2 '
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,--- , kK — 1, the ratios ki converge
qmk+r—1

t _ Qktr + (_1>k_lﬁQT
o Ny as m — oo.

T (—=1)*18q, 1
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