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The results described in the dissertation and this thesis have been
published in the papers [12, 13, 14, 15]] and accepted for publication
in the papers [16, Mathematica Bohemica journal] and [18} Periodica
Mathematica Hungarica journal]. Indeed, the main theme of our re-
sults is Diophantine equations involving linear recurrences sequences.
We also note that we have a different result in [17] (that is accepted
for publication in the journal "Rad HAZU, Matematicke znanosti”’) in
which we use the frequency analysis technique to break a public key
cryptosystem called ITRU, which is a variant of NTRU (N*" Degree
Truncated Polynomial Ring) cryptosystem. However, to keep the pre-
sentation coherent, this result is not included in the dissertation and
this thesis.

Introduction

This thesis has a detailed summary about the main areas that are
touched by the three chapters of the dissertation. After a historical
survey related to Diophantine equations, in the first chapter we mainly
mention some types of Diophantine equations with their related re-
sults that appear throughout the dissertation. Then we recall some im-
portant concepts and notations related to linear recurrence sequences
which we use with our main results. Furthermore, we recite some
recent results related to the solutions of some Diophantine equations
connected to linear recurrence sequences. Our main results are mainly
described in the second and third chapters. In order to present our
results, we start by recalling some standard notations, definitions and
properties concerning linear recurrence sequences.

A sequence {G,} is called a linear recurrence relation of order k
if the recurrence

Gk = 01Gnik-1 + 02Gryp—2 + ...+ ap G, + f(n)

holds for all n > 0 with the coefficients ay,as, ..., (ax # 0) € C and

f(n) afunction depending on n only. If f(n) = 0 such a recurrence re-

lation is called homogeneous, otherwise it is called nonhomogeneous.
For the homogeneous recurrence relation, the polynomial

F(X) :Xk—ale71 —...— Q= H(X_Oéi)ri EC[XL

i=1



where a1, o, ..., a5 and r1, 7o, ..., 75 are respectively the distinct roots
of F'(X) and their corresponding multiplicities, is called the charac-
teristic polynomial of {G,}. Thus, if F(X) € Z[X] has k distinct
roots, then there exist constants c1,co, ...,cx € Q(ag,ae, ..., ak)
such that

k
G, = Z ol
i=1

holds for all the nonnegative values of n. If k = 3, then the sequence
is called a ternary linear recurrence sequence. Most of the well known
ternary linear recurrence sequences are the Tribonacci sequence and
Berstel’s sequence, which are respectively defined by

To=T1=0,T2=1, Thi3=Tho+Th1 +Ty,
By=DB1=0,By=1, Bpy3=2Bp2-4B,1+4B,,

for n > 0. On the other hand, if k¥ = 2, then {G,,} represents a bi-
nary recurrence sequence. In the following we recall some types of
binary linear recurrence sequences with their properties. Let P and
@ be nonzero relatively prime integers and U,, = U, (P,Q) and V,, =
V..(P, Q) be defined by the following recurrence relations with their
initials:

Uy=0,U; =1, U, =PUp_1-QU,—2 for n>2,
Vo=2,Vi=P, V, =PV, 1-QV,_o for n>2.
The characteristic polynomial of the recurrences is given by
X?2-PX+Q,

which has the roots

P++D P-/D
o tVY r-vv
2 b

2

witha # ,a+ B =Pa-f=Qand (a - 3)% = D, where D is called
the discriminant such that D = P? - 4Q). The sequences {U,,} and
{V,,} are called the (first and second kind) Lucas sequences with the
parameters (P, Q), respectively, and the terms of these sequences are
the generalized Lucas numbers. The terms of Lucas sequences of the
first and second kind satisfy the identity

V2= DUZ +4Q". (1)

and (=



Moreover, the Lucas sequences of the first and second kind can be re-
spectively written by the following formulas that are known as Binet’s
formulas:

a — ﬂn
=B
If the ratio ¢ = § is a root of unity, then the sequences {U,} and {V,,}
are said to be degenerate, and non-degenerate otherwise. Indeed, we
mainly deal with non-degenerate linear recurrence sequences. Further-
more, the Lucas sequences for some values of P and @) have specific
names such as the sequences of Fibonacci numbers, Pell numbers, Lu-

cas numbers, Jacobsthal numbers and balancing numbers, which are
given by

U, and V,=a"+p8" for n>0. 2)

Fo=0,F1=1, F,=F,1+F, for n>2,

Py=0,Pi=1, P,=2P,1+P, for ,

Lo=2,11=1, Lp=Lp1+L,o for >2,

Jo=0,J1=1, Jy=Jp1+2J,0 for n>2,

By=0,B1=1, B,=6B,_1-DBn2 for n>2,
respectively.

Diophantine equations related to reciprocals and repdigits with
linear recurrence sequences

The aim of Chapter 2 is to study the solutions of some Diophan-
tine equations involving reciprocals and repdigits with certain linear
recurrence sequences, respectively. We first extend the result of Tengely
[37] in which he determined all the integer solutions (n, z) with 2 > 2
of the equation

Un(PQ) & aF

In other words, we firstly determine the integral solutions (7, x)
of the equation

1 i Uk—1(P»Q).

1 R Up-1(P1, Q1)
Un(P27Q2) k=1 xk

; 3
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for certain given pairs (Py,Q1) # (P2, Q2). Here, we consider se-
quences with 1 < P < 3 and ) = +1. We also obtain the integral
solutions (z,y) of the equation

& Ui-1(P,Q) _ 3 Bra

> 4)

k
k=1 T k=1 Y

where the parameters of the Lucas sequence of the first kind repre-
sented by 1 < P < 3 and @ = +1, and the sequence {R,,} is a ternary
linear recurrence sequence represented by the Tribonacci sequence
{T,} or Berstel’s sequence {B,,}. Furthermore, we provide general
results related to the integral solutions (x,y) of the equations

i Uk—l(ﬁl»@l) _ i ka1(i27Q2), )
k=1 k=1 Yy

with arbitrary pairs (P1, Q1) # (P, Q2), and

S Tr-1(az,a1,a0) & Tr-1(b2,b1,bo)
D ey (6)
k=1 T k=1 Y

where the triples (az,a1,a9) # (b2, b1,bp) and T;, denotes the general
term of the generalized Tribonacci sequence that is given by

TO(paan):Tl(paqar)zovTQ(p7q7r):1 and

Tn(p,q;7) = pTa-1(p, ¢ 1) + qTn2(p,q,7) + 7T0-3(p, q, 1),

for n > 3. Then we apply these results to completely resolve some con-
crete equations. Here, our main results also extend many former re-
sults obtained by e.g. Stancliff [35], Winans [39], Hudson and Winans
[19], Long [24] and De Weger [8]. Before presenting our main results,
we first define the following. Let the set S be defined as follows

S ={u1(n) = Un(1,-1),u2(n) = Un(2,-1),u3(n) =
U,(3,-1),us(n) =U,(3,1)}.
Moreover, in general we assume that the positive integers x,y in the

investigated equations (3)—(6) satisfy the conditions of the following
lemmas due to the results of Kohler [23]:
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LEMMA. Let A, B, ag,ay be arbitrary complex numbers. Define
the sequence {a,} by the recursion a,.1 = Aa, + Bay_1. Then the
formula

 ag-1 _ apr — Aag +ay

,;1 zk 22— Az-B
holds for all complex x such that || is larger than the absolute values
of the zeros of x* — Az — B.

LEMMA. Let arbitrary complex numbers Ag, A1, ..., Am,a0,a1,
..+, Gy, be given. Define the sequence {ay,} by the recursion

Ap+1 = Aoan + Alan,l + ot Aman,m.

Then for all complex z such that |z| is larger than the absolute values
of all zeros of q(z) = 2™+ — Agz™ — A 2™t — ... — A, the formula

(e}

Z k-1 _ p(2)

o A q(2)
holds Wl[hp(Z) = a02m+b12’m71+“'+bm, where by, = ak—Zf:_Ol Aiar_1-;
for1<k<m.

Then we prove the following theorems, that appear in the papers
[13,114].

THEOREM. The equation
1

has the following solutions with 1 <i,5<4,1# j

(i,4,m,2) €{(1,2,1,2),(1,2,3,3),(1,2,5,6),(1,3,1,2), (1, 3,5,11),
(1,3,7,35),(1,4,1,2),(1,4,5,8),(2,1,3,3),(2,1,9,7),(3,1,4,4),
(3,1,14,21),(3,4,2,4),(3,4,7,21),(4,1,{1,2},3),(4,1,5,4), (4,
1,10,9),(4,1,11,11),(4,2,1,3),(4,2,3,4), (4,2,5,7),(4,3,1,3),
(4,3,5,12),(4,3,7,36) }.

THEOREM. Lett € N such thatt > 2. The complete list of solu-
tions of the equation

o u;(k-1) & Ry
Fulel) 5 i

- =
k=1 T k=1
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with u, € S, Ry, € { By, T, } and positive integers x,y is as follows

][] G Jolt] o ]
ur | Bn {(25,9)} ur | T {(2,2)}
uz | Bn { us | T | {(¢(t*=2) +1,t> - 1)}
us | Bn | {(6,3),(18,7)} || us | Tn {
uy | By {(26,9)} ug | Tn {(3,2)}

THEOREM. Let Pl,Ql,Pg,Qg be non-zero integers such that

(P,Q1) # (P2, Qo). If (P = P}) + 4(Q1 - Q2) = dids # 0 and
dy —do =-2Py (mod 4),dy +dy = -2P; (mod 4), then the positive
integral solutions x,y of

U1 (P, = P,
Z kl(lQl Z 2Q2)

k=1 ¥ k=1
satisfy
dy —do + 2P,
:% > m(xQ —Pl.li + Ql);
dy +do + 2P,
:% > m(a:z - PQJE + QQ)

If (P3-P?)+4(Q1-Q2) = 0and Py = P, (mod 2), then the positive
integral solutions x,y of

i Ug- 1(P1,Q1 i P2,Q2)

k=1 ak k=1
satisfy

P, ¥ P,
z>m(a®-Pa+Qy), y=sx+— 1

> m(x2 - Px+Q2),

2
where Q2 = Q1 + PQ; L and m(f) = max{|z| : f(z) = 0, where
f(x) is a given polynomial over integers}.

THEOREM. If (z,y) is an integral solution of the equation

< Tr-1(ag,a1,a0) & Tro1(b2,b1,bo)
Z k - Z k ’
k=1 x k=1 Y



Sor given (az,a1,ap) # (ba,b1,bp), then either
9(a3-b3+3a1-3b1)y+2a3 - 3asby+
by +9ajas —9arby +27ag - 27by = 0
or in case of |y| > B we have
|3z =3y —as +bo| < C,
where B, C are constants depending only on a;,b;,i=0,1,2.

As applications to the latter two theorems, we provide the follow-
ing examples, that are described in [14]].

EXAMPLE. Let (P1,Q1) = (1,-1) and (P2,Q2) = (18,1), then
the solutions are as follows

i Up1(1,-1) _ i Up-1(18,1)  _ 1
k=1 2 s 18P ’
i Up-1(1,-1) i Up-1(18,1) 1
& & a0k A
i Up-1(1,-1) _ i Up1(18,1) 1
& 10k 2 o9k 89’
i Up-1(1,-1) _ i Up-1(18,1) 1
PR 2 o6k 209’
i Up-1(1,-1) i Up-1(18,1) 1
& ok 2 36k 649’
i Up-1(1,-1) _ i Up-1(18,1) 1 .
2 gk 2 gk 6161

EXAMPLE. In case of (P1,Q1) = (1,-1) and (P2, Q2) = (2t +
1,t% +t - 1) for some t € 7, we get that

i Up-1(1,-1) i U1 (2t+ 1,82+t -1) 1
= xk =1 (z+t)k Ca2-z-1

forz>2.



EXAMPLE. Consider the positive integral solutions x,y of the
equation

i Tp1(-1,7,3) _ i Tk—1(57k)_5a_3).

k
k=1 z k=1 Yy
We obtain that the only integral solutions are given by

(3773/) € {(_17 1)7 (_373)a (_274)}'

Thus, we do not get positive integral solutions.

EXAMPLE. Let us consider the equation
& Th-1(-4,-5,-6) & Trp-1(1,8,18)

> 2 ;

k=1 ¥ k=1 Y
Here, we get that the only positive solution is given by (x,y) = (9,11),
that is we have

& Thq(4,-5,-6) & Tha(1,8,18) 1

,;1 9k - ,; 11k 1104

EXAMPLE. Finally, we provide an example in which we obtain
infinitely many solutions. Let (a3, a1,a9) = (1,6,5) and (ba,b1,by) =
(4,1,1). Indeed, the integral solutions are given by (x,y) = (x,x+1)
forall x > 4, that is we have

© T1(1,6,5) & Treoi(4,1,1) 1
2. zk = (z+1)k T3 -22-62-5 vzl
k=1 k=1

In case of repdigits, we firstly use a direct approach to obtain a
general finiteness result for the Diophantine equation

glm_l

g -1

G, =B- ( ) 7)
where n,m, g, and B are positive integers such that m > 1,g > 1,1
iseven, 1 < B < gl -1, and G, denotes the general term of an integer
linear recurrence sequence represented by U, (P, Q) and V,,(P,Q),
with @ € {-1,1}. Indeed, the first finiteness result for equation (7)),
in case of (G, )n»1 is an integer linear recurrence sequence and [ is a
positive integer, was given by Marques and Togbé [29]] in which they
used heavy computations followed by a result due to Matveev [30] on
the lower bound on linear forms of logarithms of algebraic numbers to



obtain bounds for n and m. As these bounds could be very high, they
used a result due to Dujella and Pethd [9] on the Baker-Davenport
reduction to reduce these bounds. Then they applied this result to
determine all the solutions of the Diophantine equations
10 -1 10" -1
108 -1 10t -1 ) ®
in positive integers m,n and [, with m > 1,1 <l <10and 1 < B <
10" - 1, which are (m,n,1) = (2,10,1) and (m,n,l) = (2,5,1) in
the Fibonacci and Lucas cases, respectively. It is clear that these equa-

tions have solutions only with [ = 1. Here, one may ask the following
natural questions:

Fn:B-( ) and Ln:B~(

o Is there another approach that is easier to apply to such con-
crete equations?
e Do the equations in have solutions in any base g other
than 10, say g > 2, in the case of [ = 1?
In fact, here we answer the above questions positively. More precisely,
our approach of obtaining a general finiteness result for equation (7)) is
mainly based on producing biquadratic elliptic curves of the following
form (from combining equation (7) with identity (T))),

v =az* +bz? + ¢,
with integer coefficients a, b, ¢ and discriminant
A = 16ac(b? - 4ac)? # 0.
The finiteness of the number of the integral points on the latter curve
is guaranteed by Baker’s result [4] presented by the following theorem

and its best improvement concerning the solutions of elliptic equations
over Q, that is due to Hajdu and Herendi [11].

THEOREM. If the polynomial on the right of the Diophantine
equation
2 =apr" + a1z .+ ay,
wheren >3 and ag + 0,a1,...,a, € Z, possesses at least three simple
zeros, then all of its solutions in integers x,y satisfy
max(|z], |y|) < expexp exp{(nlo”H)”2 1,

where H = maxo<i<n @il



Also, the integral points of such curves can be determined using
an algorithm implemented in Magma [6] as SIntegralljunggren
Points () (based on results obtained by Tzanakis [38]) or an al-
gorithm described by Alekseyev and Tengely [2] in which they gave
an algorithmic reduction of the search for integral points on such a
curve by solving a finite number of Thue equations. As applications
of our result, we apply our method on the sequences of Fibonacci num-
bers and Pell numbers that satisfy equation (7). Furthermore, with the
first application we also generalize the result of Marques and Togbé in
[29] in the case of Fibonacci numbers by determining all the solutions
(n,m, g, B,l) of the equation

in case of 2 < g < 9 and [ = 1. Note that the case of Lucas numbers
can be generalized similarly, therefore we omit the details of this case.
More precisely, we use our approach in case where we have [ is even,
otherwise we follow the technique of Marques and Togbé in [29] of
using the result of Matveev on linear forms in three logarithms and
the result of Dujella and Pethé on the method of Baker-Davenport re-
duction. In fact, our main results here also extend other related results
obtained by e.g. Luca [25] and Faye and Luca [10]. Before presenting
our results, it is important to mention the following remark:

REMARK. Since a finiteness result for equation in case of
G, = U, or G, = V,, can be obtained in a similar way, we only
present and prove this result in detail in the case of G, = U,, and omit
the proof of the remaining case.

Here, we prove the following theorems, that are obtained in [16]].

THEOREM. Let P and @) be nonzero relatively prime integers
with Q € {-1,1} and t be a positive integer. If G,, = U, (P, Q) is non-
degenerate and | = 2t, then the Diophantine equation has finitely
many solutions of the form (n,m,g, B,l), which can be effectively
determined.

THEOREM. If G,, = F,,, then the Diophantine equation has
the following solutions with 2 < g < 9,1 € {1,2,4} and 1 < B <



min{10, ' - 1}.

(n)m7g’ B7l) € {(4’ 2727 17 1)7 (5’ 274’ 17 1)7 (672’3) 27
1)7 (6’2777 1) 1)7 (773737 1) 1)’ (87 276’37 ]‘)’ (87 37 47 17 1)’
(57 272’ ]‘72)’ (87 37 2’ ]‘72)’ (9’ 2747 272)7 (9) 2727 274)}'

Furthermore, suppose that 2 < g < 9,1 = 2,1 < B < min{5,¢' -1}
and G, = P, then equation has no more solutions other than
(n,m,g,B,1)=(3,2,2,1,2).

Diophantine equations of the form
G(X,Y,Z):= AX?+ BY" + CZ? involving linear recurrence
sequences

The goal of Chapter 3 is to investigate the solutions of some Dio-
phantine equations of the form G(X,Y, Z) := AX?+BY"+CZ? (that
have infinitely many solutions in rational integers) from particular lin-
ear recurrence sequences for certain nonzero integers A, B, C and r.
More precisely, we respectively study the solutions of such equations
in case of G(X,Y,Z) = 0 and in case of G(X,Y, Z) # 0. First, let us
consider the Diophantine equation

AX?+BY" =C'Z?, )

where A, B, C' and r are nonzero integers such that r > 1. According
to the following result of Beukers [5]], equation (9) has either no solu-
tion or infinitely many relatively prime integer solutions (X,Y, 7).

THEOREM. For any given integers A1, B1,C1,a,b,r such that
A1B1Cy # 0 and a,b and r greater than 1 satisfying % + % + % > 1,

equation
Az + Blyb +C1z2" =0
has either no solution or infinitely many relatively prime integer solu-

tions (x,y, z).

Moreover, if a = b = 2,C; = -1 and r is odd, then according to
Mordell [32} page 111] one can obtain for the equation

A1z? + Biy? = 2"
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the following parametrizations for its solutions by putting
z= A1P2 + B1q2a

where p and ¢ arbitrary integers, and taking

o/ A1 +y/-B1 = ()AL +q/-B1)",
2\ A1 —y\/-B1 = (p/ A1 -qV/-B1)".

Thus, equation (9) has infinitely many integer solutions if B = 1 and
r is odd. Therefore, we here present a technique with which we can
investigate the nontrivial integer solutions (X,Y, Z) of any equation
of the form
AX2+Y" =072,

for certain nonzero integers A,C’ and r with » > 1 being odd and
(X,)Y) = (Ln, Fp) (or (X,Y) = (F,,Ly,)), where F,, and L,, de-
note the general terms of the sequences of Fibonacci numbers and Lu-
cas numbers, respectively. We also remark that this technique can be
applied on such equations for which they satisfy some conditions, that
will be mentioned later in a procedure presented by Kedlaya in [22]].
More precisely, we present the use of this technique for determining
the solutions (X, Y, Z) of the Diophantine equation

TX2+Y" =22, (10)

where (X,Y) = (Ly, Fy,)(or (X,Y) = (F,,, Ly,)) and Z is a nonzero
integer. From identity (I} (in case of U,,(1,-1) = F, and V,,(1,-1) =
L,,), this technique shows that the solutions of equation (T0) are equiv-
alent to the solutions of the systems

z? - 5y2 =+4, T3+ y7 =22

x? - 5y? = +4, "+ Ty = 22,
where x = L,,, y = F}, and z = Z is a nonzero integer. More gener-
ally, a few techniques for investigating the integer solutions of certain
systems of Diophantine equations of the form
2 2 2
r —ay :b7 P(x,y):z, (11)
where a is a positive integer that is not a perfect square, b is a nonzero
integer and P(z,y) is a polynomial with integer coefficients, have
been used by several authors such as Cohn [7] who considered the
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case where P is a linear polynomial. Cohn’s method uses congruence
arguments to eliminate some cases and a clever invocation of quadratic
reciprocity to handle the remaining cases. The congruence arguments
are very sufficient if there exists no solution in such a system, how-
ever they fail in the presence of a solution. This method was adapted
by Mohanty and Ramasamy [31]], Muriefah and Al Rashed [1]], Peker
and Cenberci [33] to study the solutions of particular systems. On
the other hand, Kedlaya [22]] gave a general procedure, based on the
methods of Cohn and the theory of Pell equations, that solves many
systems of the form (TT)). In fact, he applied this approach on several
examples in which P is univariate with degree at most two. Moreover,
in some cases this procedure fails to solve a system completely. In the
following we summarize Kedlaya’s procedure.

Kedlaya’s procedure: Denote by (uz,vs,) be the k%" solution of
the Pell equation

u? —av? = 1.

For each base solution (g, 1) of the equation 2% — ay? = b, let S be
the set of integers m such that (i, y,, ) is in the given list of solutions.
One can prove that P (., Y ) is a prefect square if and only if m € S
as follows (without having to give up):

e Foreachm e S, let @ = P(~Zu, —Ym)-

e If |o| is a perfect square, we give up; otherwise, let 5 be
the product of all the primes that divide « an odd number of
times.

e Let! be the period of {uy(mod 3)} and d be the largest odd
divisor of .

o Let g be the largest integer such that 29
divide [, in which case let ¢ = 2.

e Let s be the order of 2 in the group (Z/dZ)*.

e Definetheset U = {t € {0,...,d—1}: (%) =-1}.

o If U is empty, we give up; otherwise find an odd number j
such that for each € = ¢,...,q + s — 1, there exist ¢t € U and
g|jwith2¢9g =t (mod 3).

o Let v, = 297 and ~y be twice the least common multiple of
Ym forallme S.

[, unless 4 does not




¢ Find an integer § with the following property: for every k €
{0,...,0v -1}, either k = m (mod 2~,,) for some m € S
or there exists a prime number p such that P(x,yx) is a
nonresidue (mod p), with {z; (mod p)} and {y; (mod p)}
have periods dividing . The period condition can be guar-
anteed by having p|v, for some «, where 2k|7.

¢ Suppose that § can be found satisfying the specified proper-
ties. To show that P(z,,, y,,) is a prefect square if and only
if m € S, assume that there exists k ¢ .S such that P(z, yx)
is a perfect square. By the construction of 4§, there exists m
such that k¥ = m (mod 2+,,), or else there exists a prime
number p such that P(zy,yy) is a nonresidue (mod p).
Since k ¢ S,sok + mand k = m + 26*1jh for some h, €
with h odd and € > q. We have that

Tk = —Tmy  (mod ujoc)
and
Yk = —Ym (mod ’U,st),
Therefore,
P(‘rk?yk) EP(_mma_ym)za (mOd ’U,j25).

The construction gives that for some ¢ € U and some g | j
with 2°79g = ¢ (mod ). It is clear that € > ¢ > 2 and {uy
(mod 8)} has period dividing 4. Thus, the Jacobi symbols
( -1 ) and (%) both equal 1. Since |a|/8 is a perfect

Uge g

square and ugo¢ |ujo¢, We have by quadratic reciprocity

(P22 ()
5)-

which contradicts the assumption that P(xy, yx ) is a perfect
square.

Therefore, our technique mainly uses Kedlaya’s procedure and sim-
ilar techniques adapted by the methods of Mohanty and Ramasamy,
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Muriefah and Rashed, and Peker and Cenberci to prove the following
theorems, that appear in [12].

THEOREM. Suppose that X = L, and' Y = F,, then the Dio-
phantine equation (I0) has no more solutions other than (X,Y, Z) =
(3,1,+8).

THEOREM. The Diophantine equation (10) has no solutions in
integers X,Y and Z if X = F,, andY = L,,.

Next, we consider the following Diophantine equation, that is
called Markoff equation,

22+ 9% + 2% = 3ayz
in positive integers = < y < z, which was deeply studied by Markoff
[27, 28]. A triple (z,y, 2) of positive integers that satisfies Markoff
equation is called a Markoff triple, and the numbers x,y and z are
called Markoff numbers. Indeed, Markoff showed that this equation

has infinitely many solutions, which can be generated from the funda-
mental solution (1,1,1) and the branching operation

(z,y,2)

(:E,z,3xz—y) (y,z,?)yz—x).

In these papers, Markoff numbers have been introduced to de-
scribe minimal values of indefinite quadratic forms with exceptionally
large minima greater than 1/3 of the square root of the discriminant.
He showed that these forms are in one-to-one correspondence with
the Markoff triples. This equation has been generalized by several
authors. For instance, Rosenberger [34] considered the equation

az? +by? + ¢z? = dayz. (12)
This equation is often called the Markoff-Rosenberger equation. Rosen-
berger proved that if a,b,c,d € N are integers such that ged(a,b) =
ged(a, ¢) = ged(b,¢) = 1 and a, b, c|d, then nontrivial solutions exist
only if (a, b, c,d) € T, where
T = {(17 17 ]‘) 1)7 (1’ 17 1’ 3)7 (17 1’ 27 2)7 (1) 17 27 4)’ (1’ 17 57 5)7
(1,2,3,6)}.
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The Markoff-Rosenberger equation was also generalized by Jin and
Schmidt [20] in which they determined the positive integer solutions
of the equation

AX?+BY?+CZ?=DXYZ+1. (13)

Jin and Schmidt showed that equation has a fundamental solution
if and only if

(A’B7O7‘D) € {(27273’6)’ (2’ ]‘7272)7 (77 2’ 14’ ]‘4)7 (37 1’67 6)7
(6,10,15,30), (5,1,5,5), (1,¢,¢,2t)}, with t € N.

Respecting the authors of this generalization, we call equation (T3) the
Jin-Schmidt equation. As equations (I2)) and (I3) have infinitely many
solutions in integers, here we are interested in studying the solutions
of these equations in some binary recurrence sequences. The idea of
investigating the solutions of the Markoff equation in some binary lin-
ear recurrence sequences was initiated by Luca and Srinivasan [26]
in which they proved that the only solution of Markoff equation with
x <y < zsuch that (z,y, z) = (F;, F}j, Fy,) is given by the well-known
identity related to the Fibonacci numbers

2 2
1+ F2n—1 + F2n+1 = 3F27L—1F2n+1~

Here, we extend the result of Luca and Srinivasan by simplifying their
strategy with having upper bounds for the minimum of the indices to
provide a direct approach for investigating such special solutions of
the Markoff-Rosenberger equation and the Jin-Schmidt equation
(13). Indeed, we first determine the solutions (X,Y,Z) = (Fr, Fy,
Fk) in positive integers of the Jin-Schmidt equation (13]), where F;
denotes the I*" Fibonacci number. In other words, we study the so-
lutions of the following Diophantine equations in the sequence of Fi-
bonacci numbers:

2X242Y2+322=6XYZ +1, (14)
2X2+Y?2+22%=2XYZ+1, (15)
TX%+2Y2+142% = 14XY Z + 1, (16)
3X2+Y2%2+62%2=6XYZ+1, (17)

6X2+10Y%2+152%2=30XY Z + 1, (18)
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5X2+Y?2+52%=5XYZ+1, (19)

where X = F;,Y = F; and Z = Fg. We also remark that the same
technique can be applied in case of (A, B,C,D) = (1,t, t,2t) for
given values of ¢. In the following we introduce the procedure of this
technique which we use to study the existence and nonexistence of
such special solutions of the Jin-Schmidt equation (particularly, equa-
tions (T4)-(19)). Indeed, this technique can be adapted to study the
solutions of any equation of the form ax? + by? + cz? = dryz + e (for
certain nonzero integer coefficients) from certain binary linear recur-
rence sequences. Therefore, we call it the general investigative proce-
dure.

General investigative procedure: To start the procedure off, we
first have to obtain all the possible distinct equations

az? +by? + cz® = dzyz + 1 (20)
of equation (I3]) by permuting the coefficients A, B and C' for

(A7 B7 C? D) € S = {(27 2’ 37 6)7 (27 17 27 2)’ (7’ 27 147 14)7
(37 17 6’ 6)7 (67 107 157 30)7 (57 1’ 57 5)}'
The following steps summarize the technique of investigating all the
solutions (x,y, z) = (F;, Fj, Fy,) with 2 < i < j < k for every equation
of the form for a given tuple (a, b, c,d); that is,
aF} +bF} + cF} = dF;FjF, + 1, (1)
where 2 <1 < j < k. Note that we assumed that ¢ > 2 since F} = F5 =
1.
e Determining an upper bound for ¢ in equation (21)). We first
rewrite the equation in the form
aF? +bF? 1
—_— .
Fy, Fy
Inserting the values of I, F; and F}, in the left-hand side
of equation (22) with using the Binet’s Fibonacci numbers

formula (that is obtained from the Binet’s formula of the
Lucas sequence of the first kind in 2)) in case of U,,(1,-1) =

cFy - dF,F; = - (22)



F,): F, = O‘::gn ,where (o, 3) = (1+2\/57 1_\/5) ,m >0 and
« is called the golden ratio with 3 = ’El We obtain that
d ... aF?+bF? |
I L S TS
VA F, Fe b

Lol + T - ).
Based on the inequalities for the n'"* Fibonacci number
a"2<F,<a™! for n>1,

and 2 < i < j <k (thatis 1 < F; < Fj < Fy,), we have that

F? + bF? F? ,
] <(a+b)=L < (a+b)a®*
F, B,
<(a+b)a?, 24)
Fik. <l<d, (25)
C k|l C k C —j
— -—a V[ < —a
‘ﬁﬁ V-l RV
< gaj, (26)
g(alﬂf +al Bl - )| < §(2aj +1) < %aj. 27)

Taking the absolute values to equation (23)) and using the
inequalities (24)-(27), we obtain that

d ... d .
Ly sl I (1+a+b+ c*3 Yol
V5 5
o J5
Multiplying across by —52, we get that
. d h
k—i—j
@ -—| < —, (28)
/5| o
where h = %(1 +ta+b+ %‘3‘1) Suppose that
d
min |a” - >g>0,
nez C 5




so inequality (28) implies that

9<Ja

which clearly gives

In(2)

iglln(i)le. (29)

Determining an upper bound for k — j in equation (ZI). In
fact, for a given i one can use inequality (28) to obtain an
upper bound for k£ — j. Here, we provide such a bound using
the upper bound for i (that is i < [) and inequality (28). We
have that 1 < a,b,c <15 and 2 < d = D < 30, which imply
that i < 521/5 < 116.3. Therefore, inequality (]T_g[) becomes

o d o d
k—i—j k—i—j
Q —|—=|| £ | -—
| | C\/EH eV
< 1162'3 <44.5
«@
as ¢ > 2, which leads to
lo*i79| < 44.5+ |2 | <aa5+ 2L <58
Vb \/5
as d <30 and ¢ > 1. Hence,
In(58
k—j<i+ n8) 149 or k<j+l+8 (30)
In(a)
asi <.

Eliminating the values of 4 for ¢ € [2,!] in which equa-
tion (ZI) does not hold (and then equation (20) for which
(z,y,2) = (F;, F;, Fy,) with 2 < ¢ < j < k). For that, we
solve the Diophantine equation

aFf +by?+ ez —dFyz-1=0 3D

for y and z. This can be done by SageMath [36] using the
function solve_diophantine (). If there exists no ¢ for
which equation (3T is satisfied, then equation (20) does not
have any solution (z,y, z) = (F;, Fj, Fi) with2<i < j <k
at the tuple (a, b, ¢, d).
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e Fixing i and k for an arbitrary k€ {j,j+1,...,j+1+8}in
equation (21, we get that

bF} - sFj+w=0, (32)

where s = dF; F}, and w = aFf + cF,f — 1. We note that the
equation above only depends on j for all j > ¢ > 2.

e Determining whether there exists j for which equation (32)
holds using any of the following arguments:

®

(i)

(iii)

The technique of using the quadratic formula and the
identity relationship between the Fibonacci numbers and
Lucas numbers. This identity is obtained from (I (in
case of U,(1,-1) = F,, and V,,(1,-1) = L,), and it is
as follows

L; =5F £ 4. (33)

Multiplying by 4b and adding s? to both sides lead
to

(20F; - 5)? = 5% — dbw. (34)
Multiplying equations (33) and (34) together yields
YY = (5XT 2 4)(d*F7 X7 - 4b(aF} + cXt - 1)),

where X = Fj, and Y7 = Ly (2bF; — dF;Fy,). There-
fore, our problem is reduced to obtain integral points
on these biquadratic genus 1 curves. This will be re-
alized using an algorithm implemented in Magma [6]]
as SIntegrallLjunggrenPoints () (based on results
obtained by Tzanakis [38]) or an algorithm described
by Alekseyev and Tengely [2] in which they gave an al-
gorithmic reduction of the search for integral points on
such a curve to solving a finite number of Thue equa-
tions.
The Fibonacci identities substitution technique in which
we use the Fibonacci sequence formula or some related
identities to eliminate equation (32).
The congruence argument technique in which we elim-
inate equation (32) modulo a prime number p.
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e From every obtained solution (x,y,z2) = (F;, F;,F)) of
equation (20) at the tuple (a,b,c,d), we derive the corre-
sponding solution (X,Y,Z7) = (Fy, Fy, Fk) of equation
(T3) at the tuple (A, B, C, D) by comparing the positions of
the components of their tuples.

By using the above procedure, we prove the following theorem, that is
obtained in [15]].

THEOREM. Let m be a positive integer greater than 1. If (X, Y,
Z) = (Fy, Fy, Fk) is a solution of equation with (A, B,C, D) €
S, then the complete list of solutions is given by

| Eq. | (ABGD) | {((X,Y,2)} \

(IE]) (2,2,3,6) {(1,1,1),(1,2,1),(1,2,3),(2,1,1),(2,1,3),
(Fom-1, Foam+1,1), (Fam+1, Fom-1,1)}

@ (2,1,2,2) {(2,3,2),(2,5,2),(2,5,8),(8,5,2)}

@ (7,2,14,14) {(1,2,1),(1,5,1),(3,2,1),(3,2,5)}

(3,1,6,6) {(1,2,1),(3,2,1),(3,2,5)}

@ (6,10,15,30) {(1,1,1),(1,2,1),(1,2,3)}

@© | (51,5,5) {}

In case of the Markoff-Rosenberger equation (12), we generalize
the strategy described in the general investigative procedure above to
provide general results for the solutions (z,y,2) = (R;, R;, Ry) of
the Markoff-Rosenberger equation, where R; denotes the i" gener-
alized Lucas number of first/second kind, i.e. R; = U; or V;. Then
we apply the strategy of achieving these results to completely resolve
concrete equations, e.g. we determine solutions containing only bal-
ancing numbers B,, and Jacobsthal numbers .J,,, respectively. In other
words, if T is the set of all distinct tuples (a, b, ¢, d) derived from per-
muting the first three components of elements in 7', then we prove the
following results, that will appear in [18].

THEOREM. Let (a,b,c,d) €%, P>2-P-1<Q < P-1such
that Q #0, D > 0 and

d
of - =|.
c

Bi = min

r__d_
D\’ IeZ

By = min
1eZ

[0
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If By 0, then By > o and if B, # 0, then B, > 0.17. Furthermore,
ife=U,y=U;and z = Uy with 1 <i < j < k is a solution of (I2))
and By # 0,theni <12. Ifv =V, y=Vjand z = Vi with1 <i < j <k
is a solution of (I12) and By + 0, then i < 7.

Note that the cases where we have B; = 0 were completely stud-
ied in the proof of the above theorem. Thus, it remains to classify the
cases satisfying By = 0, the result is as follows.

PROPOSITION. IfP>2, -P-1<Q<P-1,Q+0and D >0,
then By # 0 fulfills unless

ee¢=1,P=3Q=2a=2VD=11=0,
ee=2P=3Q=2a=2VD=11=1,
ee=2P=40Q=3a=3VD=21=0,
ee=3P=5Q=4a=4VD=31=0,
ee=4P=3Q=2a=2VD=11=2
ee=4P=6Q=5a=5+\VD=41=0,
ee=4P=2Q=-3 a=3VD=41=0,
ee=5P=7.Q0=6a=6 VD=5 1=0,
eec=5P=3Q=-4a=4VD=51=0,
ee=6P=4Q=3a=3VD=21=1,
ee=6P=8Q=7a=7VD=61=0,
ec=6,P=4,Q=-5a=5+\D=61=0,

where e = d/c such that (a,b,c,d) € .

Indeed, our results here also extend other related results obtained
by e.g. Kafle, Srinivasan and Togbé [21] and Altassan and Luca [3].
As applications to the latter theorem, we also prove the following re-
sults, that will also appear in [18].

THEOREM. If (x,y,z2) = (B, Bj, By) is a solution of the equa-
tion

az? +by? + cz? = dayz

and (a,b,c,d) € {(1,1,1,1),(1,1,1,3),(1,1,2,2),(1,1,2,4), (1,1,
5,5),(1,2,3, 6)}, then there is at most one solution given by x =y =
z = Bl =1.

THEOREM. If (z,y,2) = (J;, Jj, Ji) is a solution of the equation

az? +by? + ¢z? = dayz
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and (a7 b7 C7 d) E {(17 1’ 17 1)7 (17 17 1’3)’ (17 17 272)7 (17 17274)’ (17 17
5,5),(1,2,3,6)}, then the complete list of solutions is given by

’ (a,b,c,d) ‘ solutions ‘
(1,1,1,1) {(3,3,3)}
(1,1,1,3) {(1,1,1)}
(1,1,2,2) {}

(1,1,2,4) | {(1,1,1),(1,3,1),(1,3,5),(3,1,1),(3,1,5),
(3,11,1),(11,3,1)}
(1,1,5,5) {(1,3,1),(3,1,1)}
(1,2,3,6) {(1,1,1),(5,1,1)}
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