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REPRESENTATION OF %(L,, — 1)(Ly1 — 1) AND 3(Ly, — 1)(Lp42 — 1)
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AsstrAcT. Let Ly, be the Lucas sequence: Ly =1, Ly = 3,and L, = L,—1 + Ln—2 for n € Z. We obtain
new identities involving Lucas numbers from the Diophantine equations az + by = (a — 1)(b — 1)/2 and
ar+by+1=(a—1)(b—1)/2when (a,b) = (Ln, Lnt+1) and (Ln, Ln42) for n > 0.
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1. INTRODUCTION

The Lucas numbers L,, and the Fibonacci numbers F;, are defined by the recurrence relations L; = 1,
Ly=3,Lp=Ly, 1+ Ly, oand F1 = F, =1, F,, = F,_1 + F,,_2 for all n € Z, respectively. The two
equations

(a—1)(b—1)

(a—l)z(b—l) and aw—i—by—i—lzf, (1)

ar + by =
where a and b are relatively prime positive integers, arose from the study of cyclotomic polynomials [2].
Chu [4] used these two equations with (a,b) = (F,, F,,+1) and (F,,, F,,+2) to obtain new identities
involving Fibonacci numbers. Later, Davala proved new identities for balancing numbers [5]. Subse-
quently, Arachchi et al. established a criterion to check which equation is used for a given pair (a, b)
and applied it to consecutive terms of various sequences [ 1 ]. More recently, Chen et al. [3] studied
the cases (a,b) = (F3,F2,,) and (F}, F5, ) and gave new identities involving squared and cubed
Fibonacci numbers.
Continuing this line of work, we let (a,b) = (L, Ly+1) and (L, L,4+2) and prove new identities for

Lucas numbers.
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2. PRELIMINARIES

This section covers the necessary concepts including theorems and lemmata used in this study. The

proofs can be found in [4,6,7]. The following theorem is due to Chu [4].

Theorem 2.1. Let a,b € N be relatively prime. Consider the following two equations

ax+by_<“—1)2(b—1)7
am+by+1=(a_1)2(b_1).

Exactly one of the two equations has nonnegative integer solutions, and the solution is unique.

We also note the following properties of Lucas and Fibonacci numbers:

Property 2.2. Let n € Ny. The following properties hold:

(i) ged(Lp, Lypt1) = 1;

(13) ged(Ly, Lnt2) = 1;
(iii) L_p, = (=1)"Ly, and F_,, = (—=1)"*1F,;
(1v) Fyy1+ Fno1 = Ly;

( v m4+n ( 1)nFm—n = Fan,
( vi1) LpLpy1 — ( 1)n = Lopi1;
(vi4i) LypLpyo —3(—1)" = Loyio;

)
)
)
) F,
(V) Lny1 + Ln—1 = 5Fy;
) F
)
)
(iz)

2| F,iffn=0 (mod 3),and 2 | L, iffn =0 (mod 3).

3. MAIN RESULTS

In this part, we investigate the nonnegative integer solutions to:

Lyxy, + Ln—i-lyn = (Ln - 1)(Ln+1 - 1)/27

1+ ann + Ln—l—lyn = (Ln - 1)(Ln+1 - 1)/27

(2)

(4)
(5)

where L,, are nth Lucas number. Furthermore, gcd (Ly,, L, 1) = 1, and Theorem 2.1 guarantees that

only one of these equations has a unique nonnegative integer solution. The first several cares are

illustrated in the following table.

In Table 1, three patterns are observed. First, Equations (4) and (5) are used alternatively in period 3.

Second, whenn = 0,1 (mod 3), then x,, = y,+1. Lastly, when n = 2 (mod 3), then z,, = zp42 = Yn+3.

These patterns are summarized by the following theorem.
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TasLE 1. Some Nonnegative Solutions of Equations (4) and (5)

n L, Lpyo Which equation Ty Un
0 2 1 (4) 0 0
1 1 3 (4) 0 0
2 3 4 (4) 1 0
3 4 7 (5) 2 0
4 7 11 (5) 1 2
5 11 18 (5) 6 1
6 18 29 (4) 10 2
7 29 47 (4) 6 10
8 47 76 (4) 27 6
9 76 123 (5) 44 10
10 123 199 (5) 27 44
11 199 322 (5) 116 27
12 322 521 (4) 188 44
13 521 843 (4) 116 188
14 843 1364 (4) 493 116

Theorem 3.1. For k > 0, we have the following identities:

Lek+3 + Leg+1 — 5 Lo 4 Lei, + Let—2 — 5 I _ (Lo — 1) (Leks1 — 1)
10 6k 10 6k+1 5
L 12 + L6k: -5 Leg+3 + Leg+1 — 5 _ (Lery1 — 1) (Lerg2 — 1)
Leg11 + Lgjyo =
10 2
Leg+s + L6k+3 -5 Legi2 + Lo — 5 (Lek+2 — 1) (Lekts — 1)
L2 + Leg+3 =
10 2
14 Ly 6 + L6k+4 -5 Lopss+ Lep+3 + Lep+1 — 5 Lopis = (Lok+3 — 1) (Lerta — 1)
10 10 2
L L -5 L L -5 L — 1)(L -1
|+ < 6k+5 +106k+3 > Lopsa + ( 6k-+6 +106k+4 ) Lopss — (Lk-+a )2( 6k+5 — 1)
- <L6k+8 +1L06k+6 - 5) Lopss + <L6k+5 +1I(z]6k+3 - 5> Lepie = (Lekts — 1)2(L6k+6 —1)

(6)
(7)
(8)
9)
(10)

(11)

Proof. The proofs of Equations (6), (7), (8), (9), (10) and (11) are similar. We only prove Equations

(6) and (9). We first prove Equation (6). We write

L L -5 L Ler—_o — 5
( 6k+3 +106k+1 >L6k N < 6k + 1((5]k 9 >L6k+1

1
= (Fﬁk+2 — 1) L6k + = (F@k 1— 1) L6k+1 due to Property 2.2(’1))
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1 1

= 3 (Fékt2Lek — Lek) + 3 (Fok—1Lek+1 — Lek+1)

1 1
= 3 (Fékt2Lek + For—1Lek+1) — 3 (Lek + Lek+1)

1 1 .
= 3 (Fioks2 + Fo+ Fiop, — F2) — 3 (Lek + Leg+1) due to Property 2.2(vi)

(Lgr + Leg+1) due to Property 2.2(iii)

1 1
= 3 (Frok+2 + Fiog +2) — 5

1 1
= 3 (L1ok+1 +2) — 5 (Lex + Lek+1) due to Property 2.2(iv)

1 1 ..
= 3 (LexLek+1 + 1) — 5 (Ler + Legs1) due to Property 2.2(vii)

1
= 3 (Ler — 1) (Lekt1 — 1)

This proves Equation (6).

Now, we proceed with Equation (9). The left side is

L + L -5 L + L -5
) +< 6k+6 106k+4 ) Lorss +< 6k+3 106k+1 ) Lotos

1 1

= 1+ 3 (Fokvs — 1) Legss + 3 (Fok+2 — 1) Leg+a due to Property 2.2(v)
1

= 1+5 (FoktsLek+3 — Lekt3) + 5 (Fok+2Lekta — Lokya)

1 1
= 1+ 5 (Fékt5Lek+3 + Fort2Lek+a) — 3 (Lék+3 + Lek+a)

1 1 .
= 145 (Pizers — P2+ Fronss + F2) — 5 (Low+s + Lowra)  due to Property 2.2(vi)

1 1
= 143 (Fiok+s + Flokte — 2) — 3 (Lok+3 + Lek+a)  due to Property 2.2(iii)

1 1
= 1+ B (L1ioky7 — 2) — 3 (Lgk+s + Lekta) due to Property 2.2(iv)

1 1
= 1+ 5 (Legr3Legra — 1) — 3 (Lek+3 + Lek+a) due to Property 2.2(vii)
1

= 3 (Lek+3 — 1) (Logya — 1)

This proves Equation (9).
U

Remark 3.2. By Property 2.2(v), we have the identity 15 (Lypi1 + Ln—1 — 5) = §(F, — 1). Using this, we can

rewrite Theorem 3.1 as follows:

1 1 1
B (Fokt2 — 1) Lok, + B (Fok—1 — 1) Lept1 = §(L6k —1)(Legt1 — 1);

1 1 1
3 (Fok+1 — 1) L1 + 3 (Fokt2 — 1) L2 = §(L6k+1 —1)(Lek+2 — 1);
1

1 1
5 (Fokra — 1) Logy2 + 3 (Fok+1 — 1) Lok+3 = §(L6k+2 — 1) (Lekt+3 — 1);
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1 1 1

1+ B (Fokts — 1) Leky3 + 3 (Fok+2 — 1) Lok+a = §(L6k+3 — 1)(Lekta — 1);
1 1 1

143 (Fok+a — 1) Log+a + 3 (Fok+5 — 1) Legys = §(L6k+4 = 1)(Lekys — 1);

1 1 1
1+35 (Fokq7 — 1) Log4s + 5 (Fokta — 1) Lopy6 = §(L6k+5 — 1)(Lert6 — 1).

Based on Property 2.2(ix), if n = 0 (mod 3), then F,, is even. However, we observe from the left-hand sides
of the equations that I}, are odd. Thus, the expressions (F,, — 1) are always divisible by 2. Furthermore, the
right-hand sides are also divisible by 2, since gcd(Ly,, Lyn+1) = 1, which implies that at least one of (L,, — 1) or

(Lp+1 — 1) is even.
In a similar manner, we now investigate the nonnegative integer solutions to the following equations:

Lyxy 4 Lygoyn = (Ly — 1) (Lpg2 — 1)/2, (12)
1+ Lpxyn + Lpyoyn = (Ln - 1)(Ln+2 - 1)/2’ (13)
where L, is the nth Lucas number. We observe that gcd (Ly,, Ly42) = 1. Consequently, by Theorem 2.1,

only one of these equations has a unique nonnegative integer solution. The following table provides

the first several cases.

TaBLE 2. Some Nonnegative Solutions of Equations (12) and (13)

n L, Lpio Which equation Tn Yn
1 1 4 (12) 0 0
2 3 7 (12) 2 0
3 4 11 (12) 1 1
4 7 2 (13) 2 2
5 11 29 (13) 10 1
6 18 47 (13) 6 6
7 29 76 (12) 10 10
8 47 123 (12) 44 6
9 76 199 (12) 27 27
10 123 322 (13) 44 44
11 199 521 (13) 188 27
12 322 843 (13) 116 116
13 521 1364 (12) 188 | 188
14 843 2207 (12) 798 | 116
15 1364 3571 (12) 493 493
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Three patterns are observed in Table 2. First, Equation (12) and Equation (13) are used alternatively
in period 3. Second, the first and third rows of each period give z,, = y,. Lastly, when n = 2 (mod 3),

then z,, = 2,492, and y,, = y,—2 for n > 4. These patterns are summarized by the following theorem.

Theorem 3.3. For k > 0, we have the following identities:

Leg4+3 + Lek+1 — 5 Lops1 + Lek+3 + Legp+1 — 5 Loprs = (Lek+1 — 1)(Lept3 — 1); (14)
10 10 2
— — L —1)(L -1
Lgiv6 + Lgkra — 5 Lopss + Lepy2 + Lo, — 5 Lopia — (Lok+2 ) (Lok+4 ); (15)
10 10 2
Lek+s5 + Legt+s — 5 Lepss + Lej+5 + Legt+s — 5 Lopes — (Lek+3 — 1)(Lerts — 1); (16)
10 10 2
— — L —1)(L -1
14 Léi+6 + Leka — 5 Lopra + Lek+6 + Lokra — 5 Lopes = (Lék+4 — 1)(Lek+6 ); (17)
10 10 2
L L -5 L L -5 L — 1)(L -1
14 6k+9 + Lek+7 Loxss + 6k+5 + Lek+3 Lepr7 = (Lék+s ) (Lek-+7 ); (18)
10 10 2
L Ler — 5 L Ler — 5 Ler — 1) (L —1
14 < 6k-+2 J;() 6k ) Lok -+ ( 6k+2 4;0 6k ) Lopio — (Lek )(2 6k+2 )' (19)

Proof. The proofs of Equations (14), (15), (16), (17), (18) and (19) are similar. We only prove Equations
(14) and (17). We first prove Equation (14). We write

Leky3 + Leg+1 — 5 Lop + Lek+3 + Lek+1 — 5 Loss
10 10
1 1
= 5 (F6k+2 — 1) L6k+1 + 5 (F6k:+2 — 1) L6k+3 due to Property 22(’1))
1 1
= 3 (Fok+2Lek+1 — Leky1) + 3 (Fok+2Lek+3 — Lok+3)
1
= 3 (Fort2Lek+1 + ForroLerts) — 5 (Lek+1 + Ler+3)
1 1 .
= 3 (Fiokss — F1 + Fiogys — F1) — B (Lgk+1 + Lekss) due to Property 2.2(vi)
1 1
= 3 (Fiogss + Flogss — 2) — 3 (Lek+1 + Lek+3) due to Property 2.2(ii7)
1 1 .
= 5 (Liokys — 2) — B (Lek+1 + Lek+3) due to Property 2.2(iv)
1
= 5 (Lek+1Len+s +1) = 5 (Lok+1 + Loks)  due to Property 2.2(viid)
1
= 3 (Lek+1 — 1) (Lepy3z — 1)

This proves Equation (14). Now, we proceed with Equation (17). The left side is

Lopss + Lopsa — 5 Lotss + Lopsa — 5
) +< 6k-+6 106k+4 > Lopsa +< 6k-+6 106k+4 > Lotrs

1 1
= 1+ 5 (Fowss — 1) Low+a + 5 (Fours — 1) Lokt due to Property 2.2(v)

1 1
= 1+ 3 (Fék+5L6k+4 — Lek+a) + 3 (Fék+5Lek+6 — Lok+6)
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1 1
= 1+ 3 (Fékt5Lek+a + FortsLok+e) — 3 (Lek+4 + Lokt6)

1
(Lgk+4a + Lok+6) due to Property 2.2(vi)

1
= 1+ 3 (Fiok+9 + F1 + Fiogt11 + F-1) — 5

1 1
= 143 (Fi2kto + Flogs11 +2) — 3 (Lok-+4 + Lok-+6) due to Property 2.2(ii)

1
(Lgk+a + Legss) due to Property 2.2(iv)

1
- 14 -(L 9) _ =
+2(12k+10+) 5

1 1
= 1+ 3 (Lekt+aLekre — 1) — 3 (Lgk+4 + Lok+6) due to Property 2.2(viii)
1
=5 (Lek+4 — 1) (Lok+6 — 1)
This proves Equation (17). a

Remark 3.4. Again, by Property 2.2(v), we have the identity 5 (Ln41 4+ Ln—1 — 5) = $(F, — 1). Using this,

we can rewrite Theorem 3.3 as follows:

% (Fokt+2 — 1) Log+1 + é (Fokt2 — 1) Lpy3 = %(LGIH-I = 1)(Lek+3 — 1);
% (Fok+5 — 1) Lok+2 + % (Lék+1 — 1) Lok+a = %(L6k+2 — 1) (Lek+a — 1);
% (Fokt+a — 1) Log+3 + % (Fok+a — 1) Lok+5 = %(L6k+3 = 1)(Lek+s — 1);
1+ % (Fbkt+s — 1) Lok+a + % (Fok+5 — 1) Lok+6 = %(L6k+4 — 1) (Lek+6 — 1);
L+ % (Fok+s — 1) Lok+s + % (Fok+a — 1) Log7 = %(L6k+5 — 1)(Lek+7 — 1);

1 1 1
1+ 5 (Fokrr — 1) Lok + 5 (Fowr1 — 1) Low+2 = 5 (Lo — 1)(Lok+2 — 1)

Based on Property 2.2(ix), if n = 0 (mod 3), then F), is even. However, we observe from the left-hand sides
of the equations that F,, are odd. Thus, the expressions (F,, — 1) are always divisible by 2. Furthermore, the
right-hand sides are also divisible by 2, since gcd(Ly,, Ly +2) = 1, which implies that at least one of (L,, — 1) or

(Lpto — 1) is even.
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