A DIOPHANTINE EQUATION RELATED TO THE SUM OF SQUARES
OF CONSECUTIVE k-GENERALIZED FIBONACCI NUMBERS

ANA PAULA CHAVES AND DIEGO MARQUES

ABSTRACT. Let (Fn)n>0 be the Fibonacci sequence given by Fypyo = Fpp1 + Fr, for n > 0,
where Fy = 0 and F; = 1. There are several interesting identities involving this sequence such
as F2 + FZH = Fhnt1, for all n > 0. One of the most known generalizations of the Fibonacci

sequence, is the k-generalized Fibonacci sequence (Fr(zk))n which is defined by the initial values
0,0,...,0,1 (k terms) and such that each term afterwards is the sum of the k preceding terms.
In this paper, we prove that contrarily to the Fibonacci case, the Diophantine equation
k k k
(F)? + (R = P

has no any solution in positive integers n,m and k, with n > 1 and k > 3.

1. INTRODUCTION

Let (F},)n>0 be the Fibonacci sequence given by F, 2 = F,11 + F,,, for n > 0, where Fy =0
and F; = 1. A few terms of this sequence are

0,1,1,2,3,5,8,13,21,34, 55,89, 144, 233, . . . .

The Fibonacci numbers are well-known for possessing wonderful and amazing properties
(consult [7] together with their very extensive annotated bibliography for additional references
and history).

Among the several pretty algebraic identities involving Fibonacci numbers, we are interested
in the following one

F2+ F2 | = Fyyq, for all n>0. (1.1)
In particular, this naive identity (which can be proved easily by induction) tells us that the
sum of the square of two consecutive Fibonacci numbers is still a Fibonacci number.

Let k£ > 2 and denote F*) .= (Fr(Lk))nz_(k_g), the k-generalized Fibonacci sequence whose
terms satisfy the recurrence relation

k k k
Fr(z-l-)k = T(H-)k—l +F1£+)k—2 +--+ F®), (1.2)
with initial conditions 0,0,...,0,1 (k terms) and such that the first nonzero term is Fl(k) =1.

The above sequence is one among the several generalizations of Fibonacci numbers. Such
a sequence is also called k-step Fibonacci sequence, the Fibonacci k-sequence, or k-bonacci
sequence. Clearly for K = 2, we obtain the well-known Fibonacci numbers F,(f) = F,, for
k = 3, the Tribonacci numbers FT(L3) =T, and for k = 4, the Tetranacci numbers FT(L?’) = Q.
Recently, Melham [8, 9, 10] has published a series of papers presenting identities that (according
to him) can be regarded as higher order analogues of the identity (1.1). For instance, he proved
the following identities for Tribonacci and Tetranacci numbers:

Tovs+Tro+To — T3 = 2T, + 32Top11 + 3Ton42

n
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and

727,"1‘6 + Q2L+5 + 2Qi+4 + 2Qi+3 - 2Qi+2 + Q?H—l - Q2
- 46Q2n + 70Q2n+1 + 82Q2n+2 + 88Q2n+3'

The aim of this paper is to study a similar equation to (1.1) in the k-generalized Fibonacci
context. More precisely, we have the following theorem.

Theorem 1.1. The Diophantine equation
k
(B0 4+ (F))? = BP (1.3)

m

does not have any solution in positive integers n,m and k, with n > 1 and k > 3.

We recall that for n = 1, the triple (n,m,k) = (1,3,k) is a solution of equation (1.3) for
all k > 2. When n = 2, one has (Fz(k))2 + (F?fk))2 =1+ 22 =5, but on the other hand F\¥)
belongs to the increasing sequence 4,7,8,13,15,..., for K > 3 and m > 4. Thus, there is no
solution of equation (1.3) for n = 2. In conclusion, we may suppose that n > 3.

2. AUXILIARY RESULTS

We know that the characteristic polynomial of (F,(Lk))n is
Yp(x) =ab —aF - 1

and it is irreducible over Q[z] with just one zero outside the unit circle. That single zero is
located between 2(1 — 27%) and 2 (as can be seen in [11]). Also, it was proved in [1, Lemma
1] that
"2 < F® <ot forall n > 1, (2.1)
where « is the dominant root of ¥y (x).
Recall that for & = 2, one has the useful Binet’s formula

am — 571
F,=————-,
n \/5
where a = (1 + v/5)/2 = —B7!. There are many closed formulas representing these k-

generalized Fibonacci numbers, as can be seen in [3, 4, 5, 6]. However, we are interested
in the simplified “Binet-like” formula due to G. Dresden [2, Theorem 1] :

k
(k) _ Oéi—l ﬂ_l
Ey Z2—|—(k‘—|—1)(ai—2)a’ ’ (2:2)

i=1
for @« = aq, ..., ax being the roots of 1 (z). Also, the contribution of the roots inside the unit
circle in formula (2.2) is almost trivial. More precisely, it was proved in [2] that
1
()] < 5 (23)

where E, (k) := FF) — g(a, K)o~ and g(z,y) == (z — 1)/(2 + (y + 1)(z — 2)).
Here are the values of g(a, k) with six decimal digits, respectively for k = 3,4, ..., 11:

{0.618419, 0.566342,0.537926, 0.521772,0.512454, 0.507071, 0.503980, 0.502220, 0.501227}.

We remark that, for k& > 12, the value of g(«, k) is not greater than 0.502, as can be seen

below
a—1 2—1

F+D(a—2) 2= (ht1)/2n T

k) = b02 for k> 12 2.4
g(a, k) 31 < 0.50 or k> 12, (2.4)
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and that certainly, g := g(«a, k) < 4/3 in all cases. Moreover, we claim that g > 1/a. In fact,
we have

>0
a_l_a(a—l)—(2+(k:—|—1)(a—2))_a2+k(2—a)—2a> a? —5a+6 -0
ga— L= 2+ (k+ 1)(a—2) T2t (k+D(@-2) “ 2+ (k+ D(a—2) ( ’)
2.5

where (2.5) follows from the fact that k& > 3, the inequality 22 — 5z +6 > 0 for all 1 < x < 2
and that 2 + (k+ 1)(a — 2) > 2 — (k+ 1)/28"1 > 1, for all k¥ > 3. In this way, (2.5) gives
g>1/a.

Now, we are ready to deal with the proof of Theorem 1.1.

3. PROOF OF THEOREM 1.1

First, observe that by using the estimates in (2.1), we obtain

(Fék))z + (Fy(zl-?l)2 > a2 4 272 = 0241 4 a?) > o212

and

(Fr(zk))2 + (Fr(zlj,-)l)2 < a2n—2 +a2n — a2n—2(1 —|-042) < 042n+1,

where we used that 1 + o2 < o for k > 3. Now, the estimate am 2 < F,%) < oqm—l together
with the previous estimates yield 2n — 1 < m < 2n 4 3. In conclusion, we have proved that if
(m,n, k) is a solution of equation (1.3), then m € {2n,2n + 1,2n + 2}.

First, if n < 20 and 3 < k < 42, then a finite computation shows no solutions for (1.3),

whereas if n < 20 and k > 42 then all three FT(Lk) F (Ijr)l, and ngf ), are distinct powers of 2:

? n

Flk) — 2n—2’ F(k)

n n+

, =21 and FP) e {222,221 221},

So the sum of the first two squares cannot be the third value, since no two distinct powers of
2 sum up to another power of 2. So, from now on n > 20 independently of k. Let us denote

F,(Lk) =ga" 1 4+ E,(k), (3.1)

where E, (k) is defined as before. Let m = 2n + 14, i € {0,1,2}. Then the equation (1.3) can
be written as

(ga" ™" + En(k))? + (90" + Epr1(k))* = ga®" 1+ Eani(k).

Divide across by a?"~2 to get

(9-+ En(k)/a" )2 + (9 + Enia(k)/a" 1) = ga™™ 4 Bonyi(k)/0® 2. (32)
We write
(9+ En(k)/a"™)? = ¢° + C1,
where
|C1| = [29Ens1(k) /o™ + (Ep(k) /o 1)?|
<2 (4/3) x (1/2) x =D 4 (1/4) x o207
<2x2x(4/3) x (1/2) x o~ (=1
<3/a"L. (3.3)
Similarly,

(90 + Ent1(k) /a1 = g?a® + C,
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where
Col = 2g0Bn i1 (k)/a" ™! + (Enga (k) /o™
<2x(4/3) x 2 x (1/2) x (2/a™™ 1)
<6/a"L. (3.4)
Since C3 = Foyyi/a® 2 < 1/a™ !, we obtain from (3.2), (3.3) and (3.4) that

. 1
g+ ga? — o' = p |C3 — C1 — Oy

1 2
<2><< c 3 0 >: 0. (3.5)

an—l a”—l a”—l a”—l

Computing the left-hand side of (3.5) for k = 3,4,...,11 and i € {0, 1,2} with the values of g
given previously, we obtain

20 20

0.505 < |g+gOé2 — Oéi+1| < F W,

which contradicts the fact that n > 20.
Now, suppose that k > 12. If i = 0, we see that in the left-hand side of inequality (3.5) we
have, since ga > 1, that

g+ga® —a=g+ (ga)a—a>g>0.5,
leading to 1.5"~! < 40, which is false for n > 20. So, i € {1,2}.

If ¢ =1, then
4095
_ 912y _ 2P0
a>201-27") = =2 > 1.99,
and g < 0.502, so a? — ga? — g > (1.99)? — 0.502 x 22 — 0.502 > 1.45, and we get
20
145 < a? —ga® —g <|g+ ga® — ?| < 1 = "t <138

which is false for > 1.99 and n > 20.
Similarly, if i = 2 we also have g < 0.502 and a > 1.99, so a® — ga? — g > (1.99)3 — 0.502 x
22 —0.502 > 5.37, which is even larger than the previous one, giving us again a contradiction.
This completes the proof. O
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