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Abstract

A Horadam sequence is a sequence generated by the second-order linear homoge-
neous recurrence relation W,, = pW,,_1 — ¢Wp_9; Wy = a, W7 = b. The sequence
of Fibonacci numbers is a particular case of a Horadam sequence. For any fixed in-
tegers s, t, and k, we investigate the boundedness and periodicity of the sequence
(ged(Wy, + s, Wyp +t)) in this paper.

1 Introduction
The general second-order linear homogeneous recurrence relation
Wn = an—l - an—2; WO = a, Wl - ba (1)

with arbitrary values a, b, p, and ¢ generates the sequence W (a, b; p,q) = (Wy(a,b; p,q)),cz,
which we call a Horadam sequence after the work of Horadam [5]. In general, we also call
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(Wo(a,b; p,q)) a second-order recurrence sequence. We usually omit the (a, b; p, q) if it does
not cause ambiguity. For any sequence (W,,), we define [5, Eq. (1.9)]

e(W) == pab — qa* — b* = WyWy — W2.

Let U(p, q) = (Un(p, q)) ez and V(p, q) = (Va(p, q)),,cz, denote the Lucas sequence of the
first kind and the second kind respectively, which can be defined by

U(p,q) = W(0,1; p,q) and V(p,q) = W(2,p; p,q).

Fibonacci numbers (F),) = U(1, —1) and Lucas numbers (L,) = V(1,—1) are the most fa-
mous particular cases of Lucas sequences. Conversely, the families of sequences W (a, b; p, q),
U(p, q), and V(p, q) can be seen as generalizations of Fibonacci numbers and Lucas numbers.

Horadam and Lucas sequences have several relations, such as the fact [5, Eq. (4.10)] that

Vy, = Usp /U, (2)
and the known expression [5, Eq. (2.14)]
W, = bU,, — aqU,_;. (3)
Also, for any integers n, m, and k, we have the identity [5, p. 171]
WoWin = WasiWat = ¢* Wi Win—k — Wit Wanei—1). (4)

The sequence (W,,) = W(a,b; p,q) can be defined in any number system, but it is
often considered in integers. Although (W) is usually considered with indices in natural
numbers, we can extend the indices to include negative integers by the relation W,,_, =
pWh_1/q—W,/qif ¢ # 0. Note that if (W,,) takes integer values at non-negative indices and
lg| = 1, then the terms with negative index are also integers.

For any sequence (W,) and any integer s, we consider a slightly different sequence
(W, + s) which we call a shifted sequence. Chen [1] showed that the geds of shifted Fi-
bonacci numbers ged(F,, + s, Fy41+s) are bounded if s # 1. This case is not unique. Ray
and Pradhan [9] found that the geds of shifted balancing numbers ged(B,, —s, By, 11 —6s) with
(B,) = U(6,1) are also bounded when s # +1. Additionally, for f(n) = W,(a,b; p,—1),
Spilker [10] showed that t5(n) == ged(f(n)+s, f(n+1)+ s) divides an integer m depending
on a, b, p, and s. Spilker also proved that ts(n) is simply periodic if m # 0.

Motivated by those three results, we consider a more general case: the greatest common
divisor of two shifted sequences (W, +s) and (W,4x +t) with |¢| = 1. Not only the Fi-
bonacci and the balancing numbers but also some famous sequences of numbers are under
the domain we considered. We list some of the sequences of numbers as follows.



name a b p q | OEIS number
Fibonacci numbers F, 10 1 1 -1 A000045
Lucas numbers L,12 1 1 -1 A000032
Pell numbers P,10 1 2 -1 A000129
Pell-Lucas numbers Q.12 2 2 -1 A002203
balancing numbers B,|0 1 6 1 A001110
Lucas-balancing numbers C,, |1 3 6 1 A001541

Table 1: Some second-order recurrence sequences with |g| = 1.

In this paper, we settle down all the values of (ged(W,, 4+ s, Wyyp + 1)), With |¢] =1
for any given s, t, and k. If (ged(W,, + s, W1 + 1)) is bounded, then it must be periodic. If
(ged(W,, + s, Wyyk + 1)) is unbounded, then we can give a method to justify its boundedness
and compute the values of the unbounded greatest common divisors ged(W,, + s, Wi, 1 +1).

Let [W](s, t), == ged(W,, + s, W41 + t) for any integers s, ¢, and any sequence (W,,).
In this paper, we study the values of [W](s, t),, with |¢| = 1 for any integer n. In Section 2,
we extend the methods inspired by Spilker [10] and use them to find a multiple and a period
of ([W1](s, t)n). The first theorem we proved in Section 2 is the following:

Theorem 1. For any integers s, t, and n,
[W(a,b; p,q)l(s, t)n divides q" e(W(a,b; p,q)) — e(W (s, t; p,q)). (5)

For our convenience, let (S,) = W(s, t; p,q) denote the sequence generated by the given
shift values s and ¢. Theorem 1 shows that if ¢" e(WW) — e(S) # 0 and |q| = 1, then the
terms of ([W](s, t),) are bounded by [¢" e(W) — e(S)|. We can see how this result helps us
determine the value of each bounded term of ([W](s, t),) in Section 2.

In Section 3, we derive two theorems. The first theorem gives us a way to apply our
work to the general case ged(W,, +s, W, +1t) where n and k are any integers. The second
theorem, which provides a way to reduce problems into basic cases, is the following:

Theorem 2. For any integers n and k, if |q| = 1, then we have
[W](So, S1)n = [W](Sk, Sk+1)n+k- (6)
In Sections 4 and 5, we use a method inspired by Chen’s work [1] and Conway’s topograph
2, Lecture 1] to compute the values of unbounded ([W](s, t),) when ¢"e(W) —e(S) = 0.
In Section 6, we show some examples of some famous sequences of numbers.

2 Boundedness and periodicity of ([W](s, t),)

Spilker’s work [10, p. 478] gave a way to find a multiple of [W(a,b; p, —1)](s, $),. In the
following proof, we generalize Spilker’s result into a more general case.

3


https://oeis.org/A000045
https://oeis.org/A000032
https://oeis.org/A000129
https://oeis.org/A002203
https://oeis.org/A001110
https://oeis.org/A001541

Proof of Theorem 1. By (4), we get
WooiWhi1 — Wi = qnfl(W0W2 - W12) =q"! e(W).
Let d be the ged of W, + s and W11 + t, that is, d = [W](s, t),. Then we have

QWi W1 — qW72 = (pW,, = W1 )Woir — qW;

n

= pst —t* — gs* = e(S) (mod d).
Consequently, we have [W](s, t), divides ¢" e(W) — e(.5). O

We see that the multiple m = ¢ (W) —e(S) could be getting bigger for large n if |g| > 1.
However, when |¢| = 1, m become some constants as a function of n (depending only on
(W,), (Sp), and the parity of n). Moreover, if the multiple m is a nonzero constant, then
the terms of ([W](s, t),) are bounded by |m|. We let (W,®) and (W,7) denote the cases that
g =1 and ¢ = —1 respectively for any sequence (W,,).

Corollary 3. For any integers s, t, and n,
W] (s, t)n divides e(W®) — e(S?).
Corollary 4. For any integers s, t, and n,
1. [We](s, t)an—1 divides (W) + e(S%);
2. [W®](s, t)an divides e(W®) — e(S°).

Example 5 (|9, Thm. 3.6, 3.7]). Let (Gf) = W(a, b; 6,1) be the generalized balancing-like
sequences. For any integers s and n, if a? + b* — 6ab — s? # 0, then we have

[GP] (=5, —65), < |a® + b* — 6ab — 5°).
Proof. Since ¢ = 1, (SP) = W(—s,—6s; 6,1). Then by Corollary 3, for any n,

[GP] (=5, —65), divides e(G") — e(59)
= (6ab — a* — b*) — (6(—s)(—6s) — (—s)* — (—65)?) = 6ab — a® — b* + s°.

As we mentioned before, if the common multiple 6ab — a? — b® + s? is not zero, then the
terms of ([GP](—s, —6s),) are bounded by [6ab — a® — b? + 5?|. O

Example 6 ([1, Thm. 1, 2]). Let (GL) = W(a,b; 1,—1) be the generalized Fibonacci
sequences (in Chen’s paper [1], G,,+1 = GE). For any integers s and n,

L. if a® — b? + ab+ s* # 0, then we have [GF] (s, s)an—1 < |a® — b* + ab+ s%|;

2. if a® = b? + ab — s* # 0, then we have [GF] (s, 8)2, < |a® — b* + ab — 5.
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Proof. Since ¢ = —1, (S5) = W(s, s; 1,—1). Then by Corollary 4, for any n,
[G"] (s, $)an—1 divides e(G") + e(S%)
= (ab+a® = b*) + (s> + s* — 5°) = ab + a® — b* + 5%
[G"] (s, 8)2, divides e(G") — e(S)
=(ab+a® —b*) — (s + s — s =ab+a® —b* — 5.
As we mentioned before, on the one hand, if the common multiple ab + a? — b + 52 is not
zero, then the terms of ([GF] (s, $)2n-1) are bounded by |a? — b? + ab + s?|. On the other

hand, if the common multiple ab+ a? — b? — s? is not zero, then the terms of ([G*] (s, s)2,)
are bounded by |a® — b* + ab — s?|. O

By using the method inspired by Spilker [10, p. 478], we can find a period of the function
n +— [W](s, t),. The period can help us determine the values of ([W](s, t),), that is, we
only need to compute the values of one period.

Theorem 7. For any linear integer function ¢(n), if [W](s, t)sm) divides a nonzero integer
constant m for all integers n, then the function n — [W](s, t)gm) ts simply periodic. That
is to say, there exists an integer w < m? such that [W](s, t)sm) = [W](s, t)pmsw) for all n.

Proof. Since the vector-valued mapping

. W,, mod m
" W1 mod m

has only finitely many values, there are integers w; and ws such that 0 < w; < wy < m? and
W,, =W, (mod m), W41 = Weper  (mod m).

By the recurrence relation (1), we get W, 1, = Wi, (mod m) for all integer n; together
with w = wy — w; < m?, we obtain

Whiw =W, (mod m) Vn € Z.

Suppose that ¢(n) = cn+ k where ¢ and k are integers. Since [W](s, t)g(n) divides m for all
integers n, we finally get

[WI(s, Do) = 8cd(Wom) + 5, Wy + ¢, m)
= ng(W¢(n)+cw + s, W¢(n)+cw+1 +t, m) = [[W]] (87 t)(i)(n-‘rw) O

This result may not give a way to find the smallest period. Nevertheless, analogously to
Spilker’s work, a period w < m? can be chosen by

W,=Wy=a (modm), Werr =Wi=b (mod m).



3 Transformations

Although our principal work is about [W](s, t), = ged(W,, + s, W, 11 +t) in this paper, we
can still apply our results to ged(W,, + s, Wy, + t) for any integer k. The crucial part is
the following lemma, which lets us be able to transform the problems about (W,,, W,,,) into
problems about (W,,, W,,41). That is, we can just study the (W,,, W,,;1)-cases and deal with
the demands for (W,,, W,,1)-cases. Kili¢ and Stanica [6, Lem. 1] have proved the following
lemma. However, we give a self-contained proof below.

Lemma 8. For any sequence (W), a subsequence (J,) = (Winit), e with indices in an
arithmetic sequence is again a second-order recurrence sequence; moreover,

(Wkn+t) = (Jn) = W(Wt7 Wit Vk,qk)- (7)
Proof. Let v = Wip_rit, and v7 = Wi, _x1441. By shifting the indices, we have
I =7 =Wo(r, 7" p,0),  Ju=Wi(v,7"5pq), and Jup = Wor(v,77; p,q).

By (3), we get J, = vy U, — vqUy_1, so that v+ = (1/Ux)J,, + vq(Uy_1/Uy). Then by (2)
and (3), we obtain

o1 =7 Usp. — vqUap 1

Usy, Ui_1 Usp—1Uy, — Usp U1
e —Jn — U 1 — U = V Jn - ‘]TL— .
U, Yaq ( 2k—1 U, 2k;) k q ( U, ) 1

Applying (4) with k — 1, since Uy = 0 and U; = 1, we have

UrUr — U1 Uy
Uk

Jn+1 = VkJn - qk < > Jnfl - VkJn - qunfh

which form a recurrence relation (1) for any n. In conclusion, Wy, = J,, = W, (A, B; P, Q)
where A = Jy=W,, B=J, = Wy, P=1V,, and Q = ¢*. O]

Example 9. By Lemma 8, we get Uy, = Wi(0,U,; V,,,q") = U, - U(Vp, ¢"). Then we can
conclude that

U,
Un

Un n n
= Us(V,, q") =V, U—3 = Us(V,,q") = V2 — ¢".

Theorem 10. For any integers s, t, n, and k, if there exist integers m and r such that
n = km +r, then we have

ng<Wn + s, Wn+k + t) = [[W(Wr; WkJrr; ‘/ka qk)]] (57 t)m (8>
Proof. By Lemma 8, Wiir = Jp = Wi (We, Wisr; Vi, ¢F) for any integer n, so that

ged(W,, + s, Wyyr +t) = ged(Jm + 8, i1 +1). O
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Theorem 10 shows that we can focus only on the geds with indices in (n,n + 1) and deal
with the demands for the geds with indices in (n,n + k). Note that if |¢| = 1, then |¢*| = 1.
Theorem 1 shows that if (S,,) = W(s,t; p,q), then [W](s, t), divides ¢"e(W) — e(S).
Moreover, by (4), we get SiSkto — S7iq = ¢*(SoS2 — S}) for any integer k. Therefore, we
can conclude that
[W](Sk: Skt1)n divides ¢" e(W) — q" e(:S),

which can be seen as a generalization of Theorem 1. However, when |¢| = 1, we have a
stronger result.

Proof of Theorem 2. Since W, 1o = pWyi1 — qWhy, Snia = pSni1 — ¢S, and |g| = 1, we
obtain

[[W]](S(), Sl)n = ng(Wn + SOy Wn+1 + 51)
= ged(—qW, — qSo, Wii1 + S1)
= ged(Wyy2 + Sa, Wiyt + S1) = [W](S1, S2)nt1-

Continuing in this manner gives the result. O]

Theorem 2 gives us a new perspective on the shift values, which is to regard the shift
values as the k-th and (k+1)-th terms of a recurrence sequence (.S,,) = W (s, t; p, q) for some
s, t, and k. It also makes the result of Theorem 1 more reasonable. By Theorem 2, we can
reduce the shift values to some small numbers. Conversely, we can also apply the results of
small shifts to big numbers.

Example 11. Let (£,) = U(1, —1) be the Fibonacci numbers, we have, for any n,

ng(FQn + 27 F2n+2 + 4) - [[W((); 1; 37 1)]](27 2)n71;
ng(F2n+1 + 27 F2n+3 + 4) = [[W(17 27 37 1)]]<2a 2)n—1-

Proof. By Theorem 10 with V5(1,—1) = Ly = 3 and (—1)* = 1, we have
gcd(Fonr + 2, Foniryo +4) = [W(E,, Frio; 3, 1)](2, 4)n.
Then by Theorem 2 with (S5,) = W(2,2; 3,1) = (2,2,4, 10,26, ...), we get
[W(F:, Fri2; 3,112, 4)n = [W(F, Fra; 3, 1)](2, 2)n1-
Since (F,) = (0,1,1,2,3,5,8,...), we can conclude the result. O

The result of Example 11 shows that we can get the values of (ged(Fy, + 2, Fo,io +4))
and (ged(Fonq1 + 2, Fo,qs +4)) by only computing the values of (J[W(0,1; 3,1)](2, 2),,) and
(TW(1,2; 3, )](2, 2)n)-



4 Computing methods and unbounded cases

4.1 Chen’s method

The following lemma and theorem are inspired by Chen’s work [1, p. 3], which is to turn
the shift values (s, ) into a sequence (7},) and then change the indices of (7},) and (W,,) into
some adjacent integers. The following lemma use a fact [5, Eq. (2.17)] that

U_n - _q_nUn (9)
Lemma 12. For any integers a, b, p, q, and n,
W—n(a7 b7 b, Q) - q_(n+1)Wn+1(b7 qa; p, q) (10)

Proof. By (3) and (9), we get
W_n(a,b; p,q) =bU_, — aqU_,
= —q "bU, + q "aUp,11
= q " (qaUy1 — baUy).
Using (3) again, we obtain
¢~ " (qaUs1 = bgUy) = ¢~ " TOW,i1 (b, qa; p, q). O

Next, we let (7,,) = W(t,gs; p,q) denote the sequence generated by t and ¢s, where s
and t are the given shift values. By Lemma 12, we have

S_,=q "I,
Theorem 13. For any integers s, t, n, and k,
ged(Wog + Tha1, Wopir +Tk), ifq=1;
W1(s, t)n = § gcd(Wo—i + Th1, Wooper — 1), if ¢=—1, k odd; (11)
ged(Wh— — Trv1y, Wog1 +Tk), if g = —1, k even,
where (T,,) = W(t,qs; p,q).
Proof. By Theorem 2, we have
WI(s, t)n = [WI(S—k, S—kr1)n—t = ged(Wng + Sk, Wh g1+ S_pp1).
Since S_,, = ¢~ "tIT,.1, we get
ged(Whk + Sk, Whga1 + S_ks1)
= ged(Whp + ¢ Ty, Wipr + ¢ Th)
ged(Wy—k + Trv1, Whopwr + 1), if g =1;
= gcd(Wip + Topts Wopir —T), if ¢ = —1, k odd; 0
ged(Wy— — Trv1, Woga +Tx), if g = —1, k even.

Theorem 13 is useful for computing the values of [W](s, t), if we can somehow turn
(W,) and (T,,) into the same sequence or some related sequences.
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4.2 Conway’s topograph

If a sequence of numbers have a nonzero common multiple m, then the sequence is bounded
by |m|. Therefore, we see from Corollary 3 that ([W®](s, t),) is bounded if e(W®) —e(SP) #
0. And we see from Corollary 4 that ([W®](s, t)2,—1) and ([W](s, t)2,) are bounded if
e(W) +e(59) # 0 and e(W®) — e(S) # 0, respectively.

We define the quadratic forms depending on ¢ = +1:

fo(@,y) = 2® — pry + o7, and [ (x,y) = 2” + pay — y°.

We see that f7(s,t) = —e(99) and f7(s,t) = e(S°). Thus, the sequence ([W](s, t),) is
unbounded only when (s, %) is a solution to the following equations:

fy @ y) = —e(W®), for (W] (s, t)n);
f5(x,y) =e(W®),  for the even part of ([W®<](s, t),); (12)
[y (@, y) = —e(W®), for the odd part of ([W<](s, t)n).

Conway [2, Lecture 1] gave an algorithmic way to find all the values of any given quadratic
form, which is by using the tree-like topograph [2, p. 6] to show the values of a quadratic
form f. The topograph starts from two linearly independent primitive vectors e; and e, (we
usually choose e; = ((1)) and ey = ((1))) Each region in the topograph corresponds to a lax
vector £v and the value of f(v). (Since f(v) = f(—v) for any vector v, we consider the

pair £v as the same vector, which we call a lax vector [2, p. 5].)

Figure 1: The topograph which start from vectors e; and es.

Since the fact that f(vy + va) + f(vi — v2) = 2(f(v1) + f(v2)) for any two vectors vy
and vy, the value of each region is easy to compute. Conway also showed that the positive
regions and the negative regions are separated by a connected path which we thicken in the
topograph and call the river [2, p. 18]. Moreover, for integer-valued forms, the surroundings
of the river repeat periodically [2, p. 20]. In each topograph picture of this paper, we mark



off one period with two red dots on the river, and write out the corresponding lax vector
j:(gj) and the value of f(x,y) for each region. Figures 2 and 3 show Conway’s topograph for
the quadratic form f”(z,y) and f(z,y), respectively.

\5—2lpl

() /

—|p|

() \
3 —2[p|

Figure 3: Conway’s topograph for f(z,y), where p # 0, 0 = sgn(p).

—|pl

By Conway’s topograph, we can find the solutions (s, ) to the equations (12). Moreover,
if e(W) is not a square-free integer, that is, there is an integer ¢ such that e(1W)/(c?) is again
an integer, then (cs’,ct’) is also a solution to (12) where (s',#') is a solution to f,(z,y) =
£ e(W)/(2).

We see from Figures 2 and 3 that the sequence of vectors (Eg, Eq, Es, E3,...) which
contains (?) and ((1]) in Figure 4 form a recurrence sequence W (Eq, Eq; p,+1). Since A,, =
E, 1 £ mE, for any n, the sequence (A,,) is also a recurrence sequence, and so are (B,,) and
(C.) = (A, £ B,). Therefore, for ¢ = 1, all we need to find is the regions in just one period
of the topograph. For ¢ = —1, we only need to find the regions in the positive half of one
period. That is, if (s,t) is a solution we found in one (half-)period, then the corresponding
solution in other (half-)periods must be one of £(Sk, Sk+1).
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Figure 4: Conway’s topographs for f(x,y) (left) and f(x,y) (right).

In the following example, we present how to find all (s,¢) such that ([W](s, t),) may be
unbounded.

Example 14. Let (W,,) = W(1,3; 4,—1). Thus, e(WW) = 4 and the corresponding quadratic
form is f(z,y) = 22 + 4oy — y?. We use Conway’s topograph to get Figure 5:

Figure 5: Conway’s topograph for f(z,y) = 2 + 4day — 1°.

Since e(W) = 4 = 22, we need to find all the vectors with the values of f(z,y) being 41
and +4. So in Figure 5, the corresponding vectors in one half-period are (1,0), (1,1), (1, 3).
We have to multiply 2 back to the vector (1,0) such that the value of f(x,y) being +4.
These give three sequences: W(2,0; 4, —1), W(1,1; 4, —1), W(1,3; 4,—1). The sequence
([W1](s, t),) is unbounded only when (s,t) = £(Sk, Sk+1) for some k where (.S,,) is any one
of these three sequences.

4.3 Trivial unbounded cases

According to Theorem 2, we do not really need to compute the whole solution set of (s,t).
Instead, we can only consider some (.S,,S,.1) which are easier to compute. Moreover, if
(s,t) is a solution of f,(z,y), then we can easily to prove that the only other solution with
the same first term s is (s, sp — t).

However, if (S?) = W (s, sp —t; p,1), then S%, =t. Applying Theorem 2, we have

[[W@]] (Sa Sp — t)ﬂ = [[W@]] (3897 S?)n = [[W@]] (S?lv Sga)n—l = [[W®]] (ta S)n—l-

Thus, we can compute ([W®](%t, £s),) instead of computing ([W®](£s, £(sp —1))n).
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Similarly, we have [W®](s, sp — t)a, = [W](—t, s)an—1 and [WE](t, s + tp)on_1 =
[We](s, t)2n—o. Thus, we can compute ([W](Ft, £5)a2,—1) and ([W](Ls, £t)s,) instead
of computing ([W](£s, £(sp —t))a2,) and ([W](£t, £(s + tp))an_1), respectively.

Now we combine all the above results together. We indicate the trivial unbounded
situations for the following three cases:

1. Since fP(a,b) = —e(W?), there are two trivial solutions (a,b) and (a,ap — b) to the
equation fP(z,y) = —e(W?). We compute [W¢](fa, £b), and [W](&b, £a), to
tell that these values are unbounded.

2. Since f7(a,b) = e(W®), there are two trivial solutions (a,b) and (a,ap —b) to the
equation f7(z,y) = e(W<). We compute [W<](£a, +b)2, and [WE](Fb, £a)an—1 to
tell that these values are unbounded.

3. Since f’(b, —a) = —e(W®), there are two trivial solutions (b, —a) and (b, a+bp) to the
equation f7(x,y) = —e(W®). We compute [W](+b, Fa)s,—1 and [W](£a, £b),,
to tell that these values are unbounded.

5 Computations for trivial unbounded cases

In the following propositions, we use Theorem 13 to compute the actual values of ([W](s, t),)
where (s,t) is one of the above pairs (fa, +b), (+b, +a), and (Fb, £a). As a result, these

values are all unbounded.

Proposition 15. For any integer n,

[1W°](a, b), = { B+ pa—20) UiVl in=met
d(a’v )|Vn€?|7 an:2m

[[W®]] a, —b), = ged(a — b, 2a — pb) ‘U@—%U@ ‘ ifn=2m—1; (14)
" ged(2b — pa, pb —2a) |UZ], if n.=2m.

Proof. By (3) and (11) with ¢ =1, (T?) = W(b,a; p,1), and k = n, we get
an—1 = ged(Wily + T, W+ 1))
gcd bUY | —aUy 5 +aUS, — bU?, bUY — aUP | + aU,? — bUL )
= ged (a+pa—b)(U@ Unl1)s (a+0)(U, — Ugly))
a+b, pa—2b)|US - U

12



By (3) and (11) with ¢ =1, (T/¥) = W(=b, —a; p, 1), and k = n, we get

[We](—a, =b)an—1 = ged(WE | + T2, W2 +T7)

=ged(bUL | — aUf , — aU, +0UY, bUY — aUy | — aU? + bU )

= ged((a — pa+b)(Uy +U,Ly), (—a+b) (U7 +U,Ly)),

= ged(a — b, 2a — pb) |UflB +U% |,
[Wel(=a, =b)2a = ged(W,? + 1,7, Wiy +T77)

=ged(bU? — aUP | —aUZ, + bUY, UL, — aUy — aUY + bUL ;)

= ged((2b — pa)U,7, (pb —2a)Uy)

= ged(2b — pa, pb— 2a) |U?]. O

Proposition 16. For any integer n,

d(2,p) [WE fn=2m-—1;
(W, a), = &P Tl =2m = 1 (15)
WE+WE_ |, ifn=2m-2.
Wo —2Wwe fn=2m-—1;
[[W@]] <—b, _a>n _ |p m m—1| ) an m ’ (16)
wE—wi |, if n = 2m — 2.
Proof. By (11) with ¢ =1, (T)?) = W(a, b; p,1) = (W), and k = n, we get
HW@]] (b’ a)Qn—l - ng(W?,l + Tr?aJrl? WrELB + T1§B>
= ged(pW,7, 2W7) = ged(2,p) [W7]
HW@]] (b, @)on—o = ged(Wyily + Ty, Wiy +1T77)
= ged(0, WE+ W2 ) = |WE+ W7 |
By (11) with ¢ = 1, (T,) = W(—a, —b; p,1) = (=W?), and k = n, we get
[WE(=b, —a)en—r = ged(W2y + Ty, WP +T7F)
- ged(_prLB + 2WS§—17 O) - |pW1§B - 2W7€LB—1 )
[[W@]] (=b, —a)2p—2 = ged(W,” 5 + Ty, Wiy +T77)
= ged(0, W7 =W, = ’Wrie - W,?_l} : o

Example 17 (]9, Thm. 3.1]). Let (B,) = U(6,1) = (0,1,6,35,204,...) be the balancing
numbers. We see that e(B) — e(S) = 0 where (S5,,) = W(—1,—6; 6,1). By Theorem 2 and
(14), we have
B, + B,,_1, ifn=2m;
B](~1, =6),, = [B](0, —1),,_, =
LBN L {QBm, if n=2m + 1.



Proposition 18. For any integer n,

(W] (a, b)s ged(2a + pb, pa —20) |UST, zfn odd;
ged(a, b) V.2, if n even.

ged Ve ' dd;

7 (o, —pya, — {EEEDIVE, i o
gcd(2a +pb, pa—2b)|US|, ifn even.

Proof. By (3) and (11) with ¢ = —1, (T7) = W (b, —a; p, —1), and k = n, we get

W (a, b)an—s = ged(Ws, o, —T5, 1, Wa 1 +T5,)
= ged (U35, _y + aUs,,_s + aUs, ., — bUs,,, bUs, | + aUs,,_o — aUs, + bUs,,_,)
= ged((p®a + 2a — pb)Us,_y, (—pa +20)Us,_,)
= ged(2a + pb, pa — 2b) ‘U?n 1r
[[W@]] a, b)an = ged(Wy, — Ty, Wopin + T5,)
= ged(bUs,, + aUs,,_, + aUs,, . — bUs,,, bUs, .y + aUs, — aUs) + bUs,,_,)
= ged(a(pUy, + 2Us,, 1), b(pUs, +2U3,_,))
= ged(a,b) [V -

By (3) and (11) with ¢ = =1, (T,Y) = W(=b,a; p,—1), and k = n, we get

[[We]] (—a, =b)an—2 = ng(W2®nf2 - T2@n+1’ erml + Tz%)
= ged(bUs,,_y + aUs,_5 — aUs), 1 + bUs,,, bUs, | + aUs,,_o + aUs, — bUs,,_)
= ged((—pa + b)(pUap—1 + 2Us,—2), a(pUsy—1 4 2Us,—2)),

[[We]] (—a, —b)an = ng(WQGn - T2?1+1a W26n+1 + TQGn)
= ged (U5, + aUs),_, — aUs,, ., + bUs), bUs) ., + aUs,, + aUs,, — bU3,,_,)
= ged((—pa + 2b)U2@n, (2a + pb)Us.)
= ged(2a + pb, pa — ‘Ugen‘ .

Proposition 19. For any integer n,

[[We]] —b, @)gn_1 = ged(2,p) (W], an even;
|ane + 2Wn@—1‘ . ifn odd.

Wl (b, —a)yy s — |p if n even;
N {gcd@,p)\Wn@!, i odd

14
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Proof. By (11) with ¢ = —1, (T,Y) = Wy(a,b; p, —1) = (W), and k = n, we get

n n

[WE (b, a)an—1 = ged(Way_y — Ty, Wi, +T,)

= ged(—pWs,, 2W§) = ged(2,p) [Wa, |,
[WEL(=b, @)ans1 = ged(Wan iy — Tongrs Wapyo + T2n)
= ged(0, pWs, 1y + 2Ws,) = [pWs, 1 +2W5)| .

By (11) with ¢ = —1, (TY) = W(—a, —b; p,—1) = (=W?), and k = n, we get

n

[WE (b, —a)an— = ged(Wa,, ;= T4, W2n +13,)
= ng(pwzn + 2W2?1 15 = }pWZn + 2W297L—1} )
[[We]] (b, —a)ant1 = ng(W2n+1 2n+1’ W2n+2 +13,)
= ng(2W2n+l7 pW2n+1) = ged(2,p) ‘WQn—I—l‘ L

Example 20 ([1, Thm. 3]). Let (F,,) = U(1,—1) be the Fibonacci numbers, and let (L,,) =
V(1,—1) be the Lucas numbers. We see that e(F') +e(S) = 0 where (S,) = W(1,1; 1,—1).
By Theorem 2 and (17), we have

o1, ifn=2m;

[F](L, Dan—y = [F](0, 1202 = {L2 ifn=2m+1.

6 Examples

There are some results for some well-known sequences of numbers, such as the results of
shifted Fibonacci numbers provided by Chen [1], Dudley and Tucker [3], Rahn and Kreh
8], the results of shifted Pell numbers provided by Koken and Arslan [7], and the results of
shifted balancing numbers provided by Ray and Pradhan [9]. We list those geds and their
periods Weyen and wygq for the even and odd part respectively below if they are bounded.
(That is, for any integer n, [W](s, t), = [W](s, t)n+20-)

15



[W1(s, t), P q|e(W) e(S) | Wodd Weven | references
[FIL 1), |1 =1 -1 -1 3 -|B

[F](+1, 1), |1 —1| -1 1| - 3|3 and[l, Thm. 3, 5]
[F](£2, £2), |1 —1| -1 4| 4 10| [1, Thm. 4, 6]
[FI(£3,£3), |1 -1 -1 9| 6 30|[8 Thm.1,2|
[Z](1, 1), 1 -1 5 1| 12 3|[1, Thm. 7]
[PlE2, 1), |2 —1| -1 =1 1 - [7,T m. 1, 4]
[Pl(£1, ¥2), |2 —-1| -1 —7| 2 4|[7, Thm. 1,4
[Q)(£6, ¥2), |2 -1 8 8| 1 | [7, Thm. 7, 9]
[QI(£2, F6), |2 -1 8 56| 4  2|[7, Thm.7,09]
[B](£1, £6), |6 1| -1 -1| - 1[0, Thm. 3.1, 3.3]
[B](£2, £12), |6 1| -1 —4| 2 1|[9, Thm. 3.2, 3.4]
[C1(1, 3), 6 1 8 8| - -|[9, Thm. 3.5

Table 2: Some known results for [W](s, t)n.

In the following, we show some examples using our results. In the first example, we
present the process in detail.

Example 21. We let (F),) denote the Fibonacci numbers, and let (L,) denote the Lucas
numbers. For any integer n,

5F, /2, if n =2 (mod 4); Ly, ifn=2 (mod 4);
]2, 1), Ly, if n =0 (mod 4); [L](~2, —1), 5F, /2, ifn =0 (mod 4);
P 2, if n =3 (mod 6); 7 " 2, if n =3 (mod 6);

1, otherwise. 1, otherwise.

Proof. Since (S,) = £W(2,1; 1, —1) = (£L,), by Corollary 4 with e(L) = e(S5) = 5, we get
[L](£2, £1)9, divides e(L) + e(S) = 10 # 0. Thus, by Theorem 7, since Ly = 2, L13 =1
(mod 10), we can choose the period w = 12.

n |01 234 5 6 7 8 9 10 11| 12 13
L, 2 1 3 4 7 11 18 29 47 76 123 199322 521
Lymod102 1 347 1 8 9 7 6 3 9| 2 1

Then we get the values of ([L](£2, £1),,) for all odd n while they are bounded.

n |1 3579 11|13
[LI(2, 1), 12112 1[1
[L](—=2, -1), |1 2 1 1 2 1|1

On the other hand, e(L) —e(S) = 0. By Proposition 18, ([L](£2, £1)s,) is unbounded, and

ged(5,0)F,, if n odd;
ged(2,1)L,, if n even.

ged(2,1) L, if n odd;

L|(2, 1)2, =
[L](2, 1) { ged(5,0)F,, if n even.

[[L]]<_27 _1)2n - {

16



Thus, we get the values of ([L](£2, +1),) for all even n while they are unbounded.

n 024 6 810 12 n 024 6 8 10 12
[L](2, 1), 2 53 10 7 25 18 5F.2 [0 5 5 10 15 25 40
[L}(=2, =1), [0 1 5 4 15 11 40 Ly |2 13 4 7 11 18 [

We can use Theorem 7 and Proposition 19 to get the values of ([L](F1, £2),) for both
bounded and unbounded parts. However, we can also use Theorem 2 to get the values since
L1 = —1, for example, (in fact [5, Eq. (2.16)], V_,, = ¢ "V,)

[[L]](_lv 2)n = [[L]](2’ 1)n+17 [[L]](lv _2) [[L]]( )n—i—l

We let (P,) denote the Pell numbers defined by (F,) = U(2,—1) = W(0,1; 2, —1), and
let (Q,) denote the Pell-Lucas numbers defined by (Q,) = V(2,—1) = W(2,2 2 —1).

Example 22 ([7, Thm. 1, 4]). For any integer n,

2P, 5, if n =2 (mod 4); Qn2, if n =2 (mod 4);
[P0, 1)p = § Quj2, ifn=0 (mod4); [P](0,=1),=<2P,;, ifn=0 (mod 4);
1, otherwise. 1, otherwise.

Proof. Since (S,) = £W(0,1; 2,—1) = (£P,), by Corollary 4 with e(P) = e(S) = —1, we
get [P](0, £1)a,—1 divides e(P)+e(S) = 2. Thus, by Theorem 7, since P, =0, Py = 1 (mod
2), we choose the period w = 2. Then we can get the values of ([P](0, £1),,) for all odd n
while they are bounded.

n |0 1][2 3[4 5 n 024 6 8
Pomod2 |0 1]0 1|0 1 [P]00, 1) |2 2 6 10 34
[P](0, 1), 1 1] 1 [P]0, —1), [0 2 4 14 24
(P10, —1), | 1] 1| 1 2P, 5 0 2 4 10 24
Q2 2 2 6 14 34
And by Proposition 18, we get the values of the unbounded part of ([P](0, £1),). O

We can use Theorem 2 to get the values of [P](+£1, 0),, since P_; = 1, for example, (in
fact [5, Eq. (2.17)], U_,, = —¢ "U,)

[[P]](lv O)n = [[P]]<O’ 1)n+17 [[P]](_ ) [[P]]( )n-i—l
Example 23. For any integer n,

3, if n=2 (mod 8);

1, otherwise.

3, ifn =06 (mod 8);

1, otherwise.

[PICL, D = { [PI(=1, =1)n = {

17



Proof. Since (S,) = £W(1,1; 2,—1), by Corollary 4 with ¢(P) = —1 and e(S) = 2, we get
[P](£1, £1)g,-1 divides e(P) + ¢(S) = 1 and [P](£1, £1)s, divides e(P) — e(S) = 3, so
that [P](£1, £1), divides 3. Thus, by Theorem 7, since Ps =0, Py = 1 (mod 3), we choose
the period w = 8. Then we can get the results.

n |01 23456 7[89
P, mod 3 0122021 1[01
[PI(1, 1), 1131111111
[PI(-1, 1), 1 1 1 1 113 1|1 1 O

Example 24. For any integer n,

5, if n =3 (mod 12); 5, ifn=9 (mod 12);
[QI(1, 1), =<3, if n=0 (mod 8); [QI(—1, 1), =<3, if n=4 (mod 8);
L,

1, otherwise. otherwise.

Proof. Since (S,) = £W(1,1; 2,—1), by Corollary 4 with e(Q)) = 8 and e(S) = 2, we get
[QI(£1, £1)a,—1 divides e(Q) + e(S) = 10 and [Q](£1, £1)s, divides e(Q) — e(S) = 6, so
that [Q](x1, £1),, divides 30. Thus, by Theorem 7, since Q24 = 2, Q25 = 2 (mod 30), we
choose the period w = 24. Then we can get the results.

n 0 1 2 3 4 5 6 7 8 9 10 11
Q,, mod 30 2 2 6 14 4 22 18 28 14 26 6 38

[Q](1, 1), 311 5 1 1 1 1 3 1 1 1

[Ql(-1,-1),) 1 1 1 1 3 1 1 1 1 5 1 1

n 12 13 14 15 16 17 18 19 20 21 22 23]24 25
Q.mod30 22 22 6 4 14 2 18 8 4 16 6 28| 2 2

[QI(1, 1), 1 1 1 5 3 1 1 1 1 1 1 1|3 1
(-1, -1, 3 1 1 1 1 1 1 1 3 5 1 1|1 1 O

Example 25 ([7, Thm. 7, 9]). For any integer n,

8P, /2, ifn =2 (mod 4); 2Qn/2, if n=2 (mod 4);
[QI(2, 2)n = { 2Qn/2, ifn=0(mod4); [Q](—2, =2),= 8P, ifn=0 (mod4);
4, otherwise. 4, otherwise.

Proof. Since (S,) = £W(2,2; 2, —1) = (£Q,,), By Corollary 4 with e(Q) = e(S) = 8, we
get [Q](£2, £2)a,—1 divides e(Q) + e(S) = 16. Thus, by Theorem 7, since Q4 = 2, Q5 = 2
(mod 16), we choose the period w = 4. Then we can get the values of ([Q](£2, £2),) for
all odd n while they are bounded.

n |01 2 3[45 n 02 4 6 8
Qnmod16 |2 2 6 14[2 2 [Q1(2, 2), 4 8 12 40 68
[QI(2, 2), 4 4l 4 [Q](—2, —2), |0 4 16 28 96
[QI(-2, =2), | 4 40 4 8P, )2 0 8 16 40 96

Quy2 4 4 12 28 68

18



And by Proposition 18, we get the values of the unbounded part of ([Q](£2, £2),,). O

We can use Theorem 2 to get the values of [Q](F2, £2), since Q_; = —2, for example,

[QI(=2, 2)n = [QI(2, 2)ns1,  [QI(2, —2)n = [QI(=2, —2)n41.
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