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THE EXTENDIBILITY OF D(4)-PAIRS {F2k7F2k+6}’ AND
{Pak, Pojya}

LiuBicAa Badi¢é PUuRACKOVIC AND ALAN FILIPIN

ABSTRACT. Let k > 1 be an integer and let F} be the k-th Fibonacci
number and Py k-th Pell number. In this paper we prove that the pairs
{Fak, Fak+e} and {Pag, Pog44} cannot be extended to a D(4)-quintuple.

1. INTRODUCTION

If n # 0 is an integer, a set {a1, as, . . ., am} of m distinct positive integers
is called a D(n)-m-tuple if a;a; +n is a perfect square for all 4,5 with 1 <i <
Jj<m.

In this paper we consider the case n = 4. There is a conjecture that there
does not exist a D(4)-quintuple. Moreover, [7, Conjecture 1] states that if
{a,b,c,d} is a D(4)-quadruple such that a < b < ¢ < d, then

1
d:d+=a+b+c+§(abc+rst),

where 7,5 and t are positive integers defined by ab + 4 = 72, ac + 4 = s°
and bc + 4 = t2. The D(4)-quadruple {a,b,c,d}, where d > max{a,b,c}
is called a regular quadruple if d = dy. It is easy to see that a regular
quadruple {a, b, c,d} has the property d > abc. We also define d_ = a+ b+
c¢+1/2 (abc — rst) . The set {a, b, ¢,d_} is also a D(4)-quadruple with < d_ < ¢
provided d_ # 0. There are many results that support this Conjecture (see
[1,2,7,10-15]).

Here we will generalize the results from [11], where authors proved the
uniqueness of the extensions of parametric D(4)-triples { For, Fopt6, 4Fakt2},
{Fok, Forye,4Fop1a}, {Pok, Porta, 4Posy2} and {Poy, Pojqa, 8Pagy2}, where
k > 1 is an integer and Fj and P denote the k-th Fibonacci and the k-th
Pell number respectively. Remember that Pell numbers are given by Py = 0,
P, =1and Pyio = 2P;41 + Py for k> 0.
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Let now {a, b} be a fixed D(4)-pair, and let r be a positive integer given
by 72 = ab + 4. For such pair we will define ¢ with

(1.1) ¢Ef=0,¢f =a+b=+2r cirg = (ab + 2)cf+1 — ¢+ 2(a+b),r>2.

The set {a,b,ct} is a D(4)-triple. The main results of our paper is the
following theorem.

THEOREM 1.1. Let {a,b} = {FQk,FQkJrG} or {ng,P2k+4}, ke N. If
{a,b,c,d} is a D(4)-quadruple, then there exist v € N such that ¢ = ¢ and
d=d_=ct | ord:dJr:cfH forv>1andd=d, =c§ forv=1.

Notice that the case when v = 1 is completely solved in [11]. Also in
[3, Lemma 3] the authors proved the Theorem 1.1 for ¥ < 7 and k& < 3
respectively. More precisely, they proved the uniqueness of the extension of
D(4)-triple {a,b,c} with a < b < ¢ if b < 10%. From this point onwards we
will assume k& > 8 when considering the extension of the pair { Fay, Far+6} and
k > 4 when considering the D(4)-pair {Pak, Pag+4}. In the proof of the main
Theorem we will use standard methods in solving those kind of problems. The
main purpose of the paper is to furthermore illustrate the use of [3, Theorem
1] which reduces our proof to some special cases and so we have to consider
the extendibility of D(4)-triples {Fay, Fort6,c} and {Paog, Pojya,c} only for
few values of ¢. The other aim is to generalize the results from [11]. We use
and apply more results from [3].

First, we transform our problem of extendibility of D(4)-triple to solving
the system of simultaneous Pellian equations. It leads to finding the intersec-
tion of binary recurrent sequences which we solve combining the congruence
method, linear forms in logarithms and applying Baker-Davenport reduction.

2. EXTENSION OF D(4)-PAIR {a,b}

Through this paper we solve the both parametric families simultaneously.
So we fix a = Foy, b = Fopyg or a = Pop, b = Pogyyq. We use b > 10% (see
[3, Lemma 3]) and also 17.9a < b < 34a. The main goal of this section is to
find all possible elements ¢ that can extend D(4)-pair {a,b}.

PROPOSITION 2.1. Let {a,b} = {Fok, Forr6} or {Pok, Pogta}, k € N. If
{a,b,c} is D(4)-triple, then exists v € N such that ¢ = ¢} orc=c,.

PRrOOF. To prove this we can use the proof of [3, Lemma 1] (see page 449,
last 4 rows). There, we proved that if ¢ # c¢F, then there exist {a,b’,c,b}
a regular D(4)-quadruple such that b'¢’ < b/a. In the case of D(4)-pair
{Fak, Fort6} and k > 8, we see that 17.9a < b < 18a, so we conclude b'¢’ < 18.
But because b'c’ + 4 should be a square, we have b'c¢’ < 12. Now from

1
b=a+b +c + §(ab’c’ + /(ab/ + 4)(ac +4)(b'd +4))
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we get
1
b<1lla+ 5(1211 + 15a) = 14.6a

which is a contradiction with b > 17.9a. In the last inequality we have used
a > 10*/18 and b'¢’ < 12. For D(4)-pair {Pak, Pogya} and k > 4, we have
33.9Ps; < Papya < 34Pyy. Again, {a,b’,c,b} has to be a regular quadruple.
Then, we conclude b'c¢’ < 34, but because b'c’ + 4 should be a square, we have
b'd <32. If b'c’ < 32, then b'¢’ <21 and from

1
b=a+b +c + §(ab’c’ +/(ab' +4)(ac +4)(b'c' +4))
we get
1
b<1lla+ 5(21@ + 24a) = 23.6a

which is a contradiction with b > 33.9a. In the last inequality we have used
a > 10*/34 and b'c’ < 21. However, if b'¢’ = 32, we do not get a contradiction
right away. In that case we consider (b,c") = (1,32),(2,16),(4,8). Those
cases can be solved using linear forms in logarithms. It is known method for
finding the pure powers in binary recurrence sequences. We give the sketch
of the proof for the case (o', ¢’) = (1,32) and other cases can be proved in the
same fashion. In that case Py, + 4 = X2 for some positive integer X. We
know that

1 n n
Pn=2—\/§(04 -8 )7

where a = 1+ v/2 and 8 = 1 — V2. If we define linear form in logarithms
o
A =2log (Y) —log(2V/2),

then Py +4 = X2, for k > 1000, implies log |A| < log(4.003) — 2log X. On
the other hand we can get the lower bound on |A| using the Baker’s theory
on linear forms in logarithms. We have used the well known Baker-Wiistholz
theorem from [5]. Precisely, we get

|A] > —2.315-10" log X.

Combining those bounds, we have X < 30955, which cannot be satisfied for
k > 1000. It is left to check what is happening for £ < 1000. The only possible
k that will give Pog +4 to be a square is kK = 2. Then, Ps; +4 = 16. However,
in that case 12 - 32 4 4 = 388 is not a square. So we get a contradiction with
the fact that {1,32, Py} is a D(4)-triple. Also the case k = 2 was already
solved as we mentioned above. O
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3. PROBLEM OF THE EXTENSION OF D(4)-TRIPLES {a,b,ct
Let us mention that Theorem 1.1 implies the following corollary.

COROLLARY 3.1. Let {a,b} = {Fo, Fart6} or {Pak, Pag+a}, k € N. The
pair {a,b} cannot be extended to D(4)-quintuple.

+

- is minimal in some sense.

From now on we assume that ¢ = ¢

ASSUMPTION 3.2. Assume that ¢ = ¢ is minimal such that {a,b,c,d} is

a D(4)-quadruple with d > d4 and that {a,b,c,c} is not a D(4)-quadruple
for any ¢ with 0 < ¢ < ¢t |.

REMARK 3.3. Notice that this assumption is not restrictive in any sense
because we know all possible values of ¢ (and we know how they are ordered).
Otherwise, there would exist some ¢ < cf71 and {a,b,c,c} would be an
irregular D(4)-quadruple with ¢ < dy(a,b,¢’) < ¢ which contradicts the

minimality of c.

LEMMA 3.4. ([3, Theorem 1]) Let {a,b,c} be a D(4)-triple with a < b.
Suppose that {a,b,c,d} is a D(4)-quadruple with d > dy and that {a,b,c,c}
is not a D(4)-quadruple for any ¢ with 0 < < d_.

(1) If b < 1.5a, then ¢ < b,
(2) If 1.5a < b < 5a, then ¢ < b°.
(3) If b > 5a, then ¢ < 6b°.

The previous Lemma implies that we have to consider the extensions of
our triples {a,b,c} only with ¢ = cf,csi and that is what we will do now.
Because we are in the case (3) of the previous Lemma, for v > 4 we have

c>c; >a*b(a+b—2r) >a®b®- 10a > 1067 /(34*) > 6b°

for b > 10%. As we mentioned, the case ¢ = cli is completely solved in [11].

4. EXTENSION OF D(4)-TRIPLES {a,b,c5} AND {a,b,ci}

Let {a, b, c,d} be a D(4)-quadruple with ¢ = ¢ with v > 2, which is given
by (1.1). Notice that in the proof of the Corollary 3.1 we showed that all ¢’s
which extend the pair {a,b} are given by (1.1). Moreover, let r, s and ¢ be
positive integers defined by ab+4 = 12, ac+4 = s2, bc+4 = 2. Furthermore,
there exist integers x,y and z such that

(4.1) ad+4=2% bd+4=y> cd+4 = 2%
Eliminating d, we obtain the following system of simultaneous Pellian
equations
(4.2) az? —cx® = 4(a—c),
(4.3) bz? —cy? = 4(b—c).
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From [7, Lemma 2] we know that if (z,z) and (z,y) are positive solutions
of (4.2) and (4.3) respectively, then there exist indices ¢ and m such that
z = vfﬁb), where

(44) o =20 o =S5 b eal?) ulls = ol - o2,

and there exist indices j and n such that z = ng ), where

15) =, = L0 )| wlll= bl )

Here (z(()i), xg)) and (,z(j)7 yy)) are fundamental solutions of (4.2) and (4.3)
respectively. So now we have transformed the problem of solving the system of
simultaneous Pellian equations to solving finitely many Diophantine equations
of the form z = U,(q? = wY). For the simplicity’s sake, from now on, we will
omit the superscripts (i) and (j). Initial terms of the sequences (v,,) and
(wy,) are almost completely determined in the following lemma.

LEMMA 4.1. ([9, Lemma 9]) Let a < b < c.

(i) If the equation vay, = we, has a solution, then zy = z1. Moreover,
|20l =2 or |z0| = 3(cr —st) or |z] < 1.608a 7% ¢4
(ii) If the equation vom,11 = wa, has a solution, then |zo] =t, |z1] =

L(er —st), zpz <0.

(iii) If the equation vay, = wany1 has a solution, then |z1| = s, |z0| =
L(er —st), zpz <0.

1V I the e uatlon Ungr - wgnJr has a S()lutlon, Ifhe’ll zZo| = t, z - S,
q

LEMMA 4.2. Let ¢ = ch,cgt. Then, solving the equations vy, = wy, it is

enough to consider
(i) vom = way if 20 = 21 = £2 and
(i) vomt1 = want1 if 20 = £t, 21 = £5 and zpz1 > 0.

PrOOF. The proof for this follows immediately from the proof for [9,
Lemma 9] and the assumption 3.2. First, we can remove the case |zg| =
(cr — st)/2 from Lemma 4.1 (¢) because we get exactly the same intersections

as in the case vami41 = wany1 with |29 = ¢, |21] = s and z9z1 > 0. The
same is true for the cases (i7) and (ii¢) in that Lemma, ie. vami1 = wap
with |z0] = ¢, |21| = %(cr — st), zo0z1 < 0 and vay,, = wanq1 With |z1] = s,

|20 = 4 (cr — st), zoz1 < 0 gives the exactly same intersections as in the case
Vam41 = Wap+1 With |20| = ¢, |21] = s and zpz1 > 0. Finally, the assumption
3.2 helps us to remove the third case of (i) from Lemma 4.1 because in that
case we must have an irregular D(4)-quadruple {a, b, dy, c} with 0 < dy < ¢
which contradicts the assumption. O
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Now we will give the lower bounds of the indices m and n in the equation
U = wy, for 2 < n < m < 2n (where the relationship between m and n follows
from [9, Lemma 5] if m and n have the same parity). It is not difficult to check
that all solutions of v,, = w, with smaller indices will give the extension of
D(4)-triple {a,b,c} to a quadruple with d = d_ = clﬂffl ord=dy = cfﬂ.
So to prove there are no other extensions, we have to show that v,, = w,
for m > n > 2 does not have a solution for ¢ = cgt, c?. In the proof we use
b > 10* and 17.9a < b < 34a. Also notice that in all those cases we have
¢ > a®b which implies that bounds we get in the next lemma are not trivial.

LEMMA 4.3. (i) If vom, = way, has a solution for n > 1, then m >
0.4955=0-5¢0-5,

(i) If vami1 = want1 has a solution for n > 1, then m? > 0.125b= 105,

PROOF. (i) The statement follows from the proof of [4, Proposition 2.3].
We only have to use that b > 10%.

(77) In the case of odd indices, from [7, Lemma 3|, inserting zp = =t,
z1 = *s and xg = y1 = r, we have

1 1
(4.6) iiastm(m +1)+r@2m+1) = iibstn(n +1)4+r2n+1) (mod c).

Using that (st)?> = 16 (mod c), we conclude that st = +4 (mod ¢’) for
some ¢ which is a divisor of ¢, and ¢’ > y/c. Here the & sign means that one
of the congruences is true. Then, we have

(4.7)  +2am(m+1)+r2m+1)=+£2n(n+1)+r(2n+1) (mod ¢).

Let us now assume the opposite, i.e. m? < 0.125671¢?5. Then, it is easy
to see that both sides of the congruence relation (4.7) are less that ¢’ and they
have the same sign. Precisely, we have

2am(m + 1), r(2m + 1), 2bn(n+ 1), r(2n + 1) < 2bm(m + 1)

and

Q
~

2bm(m+1) < 4bm? <

8|

So we actually have an equation

+2am(m+1) +r2m+1) = £2bn(n+ 1)+ r(2n + 1)
and
bn(n+1) —am(m+ 1) = r(m —n).
This leads to a contradiction, because

bn(n+ 1) —am(m +1) > 17.9an(n + 1) — 2an(2n + 1) > 11.9an?

and
r(m —n) < rn < 6an < 6an®.
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5. APPLICATION OF BAKER'S THEORY

Here we will combine the lower bounds for indices m and n together with
the result obtained using the Baker’s theory of linear forms in logarithms to
prove the main Theorem for large values of k.

Using [5] the second author proved in [8] that v, = w,, for n > 2, implies

m
— < 6.543- 10" log? c.
log(m + 1) o8 ¢

So we combine this with Lemma 4.3. In the case of even indices from

Lemma 4.3 (i) we get the inequality

2-0.495p=9-50-5
log(2 - 0.4956=0-5¢0-5 4- 1)
If we put a = For, b = Fopq6 and ¢ = cgt, c? by using the software package

Mathematica 9, we get a contradiction for k£ > 52 in the worst case of c =c; .
In the case of odd indices from Lemma 4.3 (i) we get the inequality

< 6.543-10'° log? c.

2-0.1250-5p70-5c0-25 4 1
log(2 - 0.1250-5p=0-5¢0-25 4 9)
For the same values of a, b and ¢ we get a contradiction for £ > 225 and
¢ = c¢5 . In the same way when a = Py, and b = P4 we get a contradiction
for k > 122 and ¢ = ¢5 in the case of odd indices. If ¢ # ch, we get the same
or even better bound for k.

< 6.543- 10 log? c.

Now we are left to see what is happening for small values of k, i.e. when
a = Foy, b = Fopye for 8 < k < 225 and when a = Pog, b = Popyyg for
4 < k < 122. To solve this we use the well known Baker-Davenport reduction
method (see [6, Lemma 5]). For this we also need the inequality which follows
from vy, = wy, n > 2 (that is [8, Lemma 9]),

s+vac) t +Vbe . Vb(z0\/C + 201/a)
v mk’g( 2 ) 1g< 2 )Hg\/a(ylﬁmﬁ)

—2m

< 2ac <M) .

2

In the case of even indices we have zyp = 21 = +2, g = y1 = 2 and in
the case of odd indices we have x¢g = y1 = r, 20 = £t, 21 = +s and 2921 > 0.
We have done the reduction using the software package Mathematica 9. In
all cases, after at most 3 steps of reduction, we get that w,, = w, implies
n < m < 2 which finishes the proof of Theorem 1.1. To run all programs and
to finish our proof, it took us less than 2 hours on 2.80 GHz Intel Core 2 Duo
2.98GB.
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Prosirenje D(4)-parova {For, Fopi6} 1 {Pak, Pakta}

Ljubica Badi¢ Durackovié i Alan Filipin

SAZETAK. Neka je k prirodni broj, Fj k-ti Fibonaccijev broj
i Pr k-ti Pellov broj. U ovom ¢lanku dokazali smo da se parovi
{Fak, Fopt6} 1 {Pok, Par+a} ne mogu prosiriti do D(4)-petorke.
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