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Abstract

In this paper we introduce the notion of generalized (p-order) Sierpinski-
like triangle-pattern, and we define the Bi- and Fibo-nomial triangles (Pa,
Fa) and their divisibility patterns (Pap), Fa(p)), respect to p. We proof that
if p is an odd prime then these divisibility patterns actually are generalized
Sierpinski-like triangle-patterns.

Keywords: Fibonacci sequence, Binomial triangle, Fibonomial triangle, Sier-
pinski pattern

MSC: 11B39, 11B65

1. Introduction

Several authors investigated the divisibility patterns of Bi- and Fibo-nomial trian-
gles. Long (see [1]) showed that, modulo p (where p denotes a prime), Binomial
triangles (also called Pascal’s triangle) have self-similar structures (upon scaling
by the factor p). Holte proofed similar results for Fibonomial triangles (see [2, 3]).
Wells investigated (see [4]) the parallelisms between modulo 2 patterns of Bi- and
Fibo-nomial triangles. In this paper we introduce the notion of generalized (p-
order) Sierpinski-like triangle-pattern, and we proof that if p is an odd prime then
the divisibility patterns, respect to p, of the Bi- and Fibo-nomial triangles are
generalized Sierpinski-like triangle-patterns.
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2. Sierpinsky like binary triangle patterns

Definition 2.1. We define S(a,p, k) as generalized Sierpinsky-like binary triangle
pattern, where: a denotes the side-length of the starting triangle, p denotes the
order of the pattern, and k denotes the level of the pattern. The first level pattern
is an equilateral number triangle with side-lengths equal to a, and all elements
equal to 1 (row i, 1 < i < a, contains i elements equal to 1). We construct the
p-th order (p > 1), (k 4 1)-th level pattern from the p-th order, k-th level pattern
(k > 1) as follows:

o We multiply the k-th level triangle 1+2+ ...+ p times and we arrange them
in p rows (row 4, 1 < i < p, will contain i k-th level triangle) in such a way
that each triangle touches its neighbour triangles at a corner.

e The remaining free positions are filled by zeros.

Figure 1 shows the 3rd order, 1st, 2nd and 3rd level patterns, if the starting
side-length is 3. If we choose as starting side-length 4, then we have the patterns
from Figure 2.

111111111111111111111111111

Figure 1: The 3™ order, 1°* (a), 2*¢ (b) and 3™ (c) level patterns,
if the starting side-length is 3.
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Figure 2: The 3™ order, 1°* (a), 2¢ (b) and 3™ (c) level patterns,
if the starting side-length is 4.

3. Patterns in the prime-factorization of n and F,

Definition 3.1. For any prime p > 2, we define sequence z(r, p),>1 as the sequence
of the powers of p in the prime-factorization of n.

Let a, denote the subscript of the first natural number which is divisible by p.
Evidently, a, = p.

It is trivial that sequence z(r,p),>1 can be constructed as follows:

o Step 0: We start with z(r,p)y>1 =0

o Step 1: All a,-th elements 0 are increased with 1.

e Step 2: All p-th elements 1 are increased with 1.

e Step k: ... All p-th elements equal to (k — 1) are increased with 1 ...

Let ny, denote the subscript of the first term of sequence z(r, p),>1 that is equal

to a given k > 1. Evidently, n; = p*.

Definition 3.2. The well-known Fibonacci sequence is defined as follows:
Fo=0,Fi1 =1
F, :Fr71+Fr7277ﬂ> 1
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Definition 3.3. For any prime p > 2, we define sequence y(r, p),>1 as the sequence
of the powers of p in the prime-factorization of F;..

Let b, denote the subscript of the first Fibonacci number which is divisible by
p (restricted period of F' (mod p)). Two well-known results (for proofs see [5, 6]):

Lemma 3.4. For anyi > 1, b; | r if and only if i | F,.

Lemma 3.5. Let p be an odd prime and suppose p' divides F, but p'™1 does not
divide F,. for somet > 1. If p does not divide v then p'*' divides F.,., but ptt2
does not divide Fy.,.p.

A well-known conjecture in this subject:

Conjecture. For any prime p, F; is divisible by p exactly once.

Assuming the validity of the above conjecture an immediate consequence of
lemmas 3.4 and 3.5 is that sequence y(r,p),>1 can be constructed as follows:

o Step 0: We start with y(r,p)r>1 =0
e Step 1: All by-th elements 0 are increased with 1.

e Step 2: All p-th elements 1 are increased with 1. (for p = 2 all p-th elements
1 are increased with 2)

e Step k: ... All p-th elements appeared in step (k — 1) are increased with 1

Let my, denote the subscript of the first term of sequence y(r, p),>1 that is equal
to a given k > 1. Evidently, m; = b,,.

Two immediate properties of sequence y are:

Property 1. Sequence y is characterized by several symmetry points: terms from
symmetric positions are identical.

Yr = Yjomp—r = Yjomptr = Ypmp—r, forany 0 <r <my, j=1...(p—1).

mg .
Yr = Yj-(m/p)—r = Yj-(ma/p)+r = Ymp—r, fOr any 0 <r < PRk L...(p—1).

Proof. Trivially results from Lemmas 3.4 and 3.5. O

Property 2. For a fixed d the sum of the terms of a subsequence of length d is
minimal for the leftmost (starting with index 1) subsequence and maximal for the
rightmost (ending with index my) one. We define

v(i,d) = Yit1—a+ .- -+ yi, d=1...mg, i =d...my,
u(i,d):yi+...+y¢+d_1, d=1...my, z:l(mk+17d)

We have for a fixed d
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a) v(i,d) < v(my,d), for any i =d...my — 1
b) u(l,d) <wu(i,d), for any i =2...(my + 1 —d)
Proof. (a): According to the way sequence y was built we have:

e Step 0: All terms are 0 and consequently v(i,d) = v(mg,d), for any i =
d... mg — 1.

e Steps 1...(k — 1): Since the increasing operations take place in equidistant
positions, and the term from position my is increased in each step, we have
v(i,d) < wv(mg,d), for any i =d...my — 1.

e Step k: Since in this step only the term from position my is increased, we
have v(i,d) < v(mg,d), for any i =d...my — 1. O

Proof. (b): According to the way sequence y was built we have:

e Step 0: All terms are 0 and consequently u(l,d) = u(i,d), for any i =
2...(mk+1—d).

e Steps 1...k: The number of equidistant increases along a fixed length se-
quence decreases as the position of the first increase increases. Since in each
step the position of the first increase (if it exists) of the leftmost subsequence
of length d is maximal (relative to subsequences that start in positions i > 1),
we have u(1,d) < u(i,d), for any i =2...(my + 1 —d). O

Note that properties 1 and 2 hold even we do not assume the validity of the
above conjecture. Since sequences x and y were constructed in a similar way,
Lemmas 3.4 and 3.5 hold for sequence x too (my has to be replaced by ny).

4. Bi- and Fibo-nomial triangles

Definition 4.1. We define the r rows height Binomial triangle (also called Pas-
cal triangle) (Pa(r)) as an equilateral number triangle with rows indexed by i =
0...(r —1), the elements of rows indexed by j =0...4, and term (¢, j) equal to:
IT ¢t
I
PA [Zu J] = g d
It

1

Changing ¢ by F; in the definition of Binomial triangle we receive the corre-
sponding Fibonomial triangle.

Definition 4.2. We define the r rows height Fibonomial triangle (Fa(r)) as an
equilateral number triangle with rows indexed by i = 0...(r — 1), the elements of
rows indexed by j =0...4, and term (¢, j) equal to
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Definition 4.3. We also define the mod p binary Bi- and Fibo-nomial triangles
(Pa(p), Fa(py) as follows: term (4,7) in the binary triangle is 0, if p divide term
(4,7) in the corresponding Bi- or Fibo-nomial triangle, otherwise it is 1.

{0 ifp]| Paglij]
PAp) [i, 5] = { 1 otherwise

Fagpli, ] —{ 1 otherwise

Figures 1 and 2 (triangles ¢) shows the n3 = 27 and m3 = 36 row height mod 3
binary Bi- and Fibo-nomial triangles, respectively.

5. Main result

Lemma 5.1. Considering triangle Fa( (p an odd prime), for anyi (0 < i < my)
segments Fa(p)[i,0. .. 4], Fa)[me+1,0...4] and Fap)[me+i,my ... (mg +1)] are
identical.

Proof. For i = 0 the validity of this lemma results trivially from the definition of
Fa(p). In the case of 0 < i < my, terms Fap)[i, j] and Faey[me +4,5] (j =1...1)
are identical since the denominators of terms Fa )[4, j] and Fa)[me + 1, j] are
identical, and the exponents of p in the factorizations of the numerators of these
terms are also identical. These exponents, >0 *1" @ and 3.1,z , are
equals since Y, +; = y; for any j = 1...r. Since both row ¢ and row my, + ¢ are
symmetrical, it results that the segments of the first ¢ + 1 and last ¢ + 1 elements

of row my, + 1 are identical. O

Lemma 5.2. Considering triangle Fa(, (p an odd prime), for any i and j, where
0<i<my andi+1<j <my, term Faey[my +1, 5] equals zero.

Proof. With respect to the exponent of p in the factorizations of term Fa [my +1, j]
we have

mp+r % mg %
E Tt — E Tt = E Tt — E Ty > 0.
mr+r+1—1 1 mrp+r+1—2: r4+1

The equality results from Property 1 and the inequality results from Property 2.b.
Consequently, Fa[my + 1, j] is dividable by p. O

Lemma 5.3. Considering triangle Fap (p an odd prime), segments Fap[my +
i,0...mp +1] and Fap)[f -me+i,9...(9+mp +1)], where 0 < i <my, 1 < f <p
and 0 < g < f, are identical.
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Proof. With respect to the exponent of p in the factorizations of term Fa[f - my +
1,9 + j], where 0 < j < my + 4, we have

frmp4r g-mp+i

D D

frmi+r+1—(g-mi+i)

frmi+r—g-mg f-mk frmp+r g-mg g-mp+i
Z Tt + Z T + Z xthxtf Z XT
frmet+r+1—(g-mi+i) frmg+r—gmp+1 frmi+1 1 g-mp+1
frme+r—g-my f-mk (f—g) mr+r g-my g-my+i
= > mt > wm+ > wm-Ywme Y ow
frme+r+1—(g-mi+i) frmg+r—gmp+1 (f—g)mir+1 1 gmp+1
frme+r—gmyg f-mk g mp g-mp+i
Z Ty + Z xthxtf Z Tt
frmet+r+1—(g-mr+i) (f=g)-mi+1 1 gmitl
frmi+r—g-myg g-mp+i
> m— ) wm
Frmp+r+1—(g-my+i) g mpg+1
(f=g)my+r g-mp+i my+r i
=Y e Y m= Y w-Ya
(f—g) mr+r+1—i g-m+1 my+r+l1—i 1

Which equals to the exponent of p in the factorizations of term Fa[my +14,j]. O
Theorem 5.4. For odd prime p, Pa(y(ni) is identical with S(ny,p, k).

The proof of this theorem follows the same train of thought as the next one.
Theorem 5.5. For odd prime p, Fap(my) is identical with S(my,p, k).

Proof. We use mathematical induction. For k& = 1 it is trivial that Fa,(1) is
identical with S(my,p,1). Assuming that Fa(,y(k) is identical with S(mi,p, k),
we prove that Fapy (k4 1) is identical with a S(m1,p, k + 1). Lemmas 5.1 and
5.2 show that rows [my ...2-my) follow the Sierpinski pattern. Lemma 5.3 shows:
since segments [j-my ... (j+1)mg), (j =2...(p—1)) can be viewed as translations
of segment [my ...2-my), these also follow the Sierpinski pattern. O
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Abstract

In Proofs that Really Count [2]|, Benjamin and Quinn have used “square
and domino tiling” interpretation to provide tiling proofs of many Fibonacci
and Lucas formulas. We explore this approach in order to provide tiling
proofs of some generalized Fibonacci and Lucas identities.

Keywords: Generalized Fibonacci and Lucas numbers; Tiling proofs.

MSC: 05A19, 11B39, 11B37.

1. Introduction

Let U, and V,, denote the generalized Fibonacci and Lucas numbers defined, re-
spectively, by
Un = CLUn_l + bUn_Q (TL Z 2), (11)

with the initial conditions Uy = 1, U; = a, and by
Viw=aVu_1+bV,_o (Tl > 2), (12)

with the initial conditions V) = 2, V} = a, where a and b are non-negative integers.

In [1], the generalized Fibonacci number U, is interpreted as the number of
ways to tile a 1 x n board with cells labeled 1,2, ..., n using colored squares (1 x 1
tiles) and dominoes (1 x 2 tiles), where there are a different colors for squares
and b different colors for dominoes. In fact, there is one way to tile a empty board
(Up = 1), since a board of length one can be covered by one colored square (U; = a),

13
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so this satisfy the initial Fibonacci conditions. Now for n > 2, if the first tile is
a square, then there are a possibilities to color the square and U,,_; ways to tile
1 x (n — 1) board. If the first tile is a domino, then there are b choices for the
domino and U,,_5 ways to tile 1 X (n — 2) board. This gives the relation (1.1).

[]
[ 1] [ ]
[T ] 1] [T 1]

Figure 1: Tilings of length 1, 2 and 3 using squares and dominoes

Similarly, the generalized Lucas numbers count the number of ways to tile a
circular 1 x n board with squares and dominoes (termed 1 x n bracelet). We call
a 1 x n bracelet in-phase if there is no domino occupying cells n and 1, and out-
of phase if there is a domino occupying cells n and 1. The empty bracelet can
be either in-phase or out-of phase, then V; = 2. Since a 1 x 1 bracelet can be
tiled only by a square V; = a. For n > 2, a 1 x n bracelet can be obtained from
a 1 x (n — 1) bracelet by adding a square to the left of the first tile or from a
1 x (n — 2) bracelet by adding a domino to the left of the first tile. Then for n > 2
we have the relation (1.2).

Benjamin and Quinn, have used this approach to provide tiling proofs of many
Fibonacci relations. Our goal is to use this interpretation to provide tiling proofs
for the following two identities:

m—1
n—=k e m a* [k]
Un—z< L )bka 2k —p Z Un_k_gmk![j]mj, (1.3)

k=0 0<j<k<n—2m

where [];] are the Stirling numbers of the first kind.

2Un+m71 =ViuUpn—1 + Vo, Upn—1. (14)
To prove these identities we need the following Lemma.

Lemma 1.1 ([2]). The number of 1 X n tilings using exactly k colored dominoes is

<n;k>bka”2k, (k=0,1,...,|n/2]). (1.5)

2. Combinatorial identities

Our first identity generalizes identity (1) given in [3]. It counts the number of ways
to tile a 1 x (n + 2) board with at least one colored domino

Upyo —a"t? = bz Upa™* (n>0). (2.1)
k=0
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Note that for a = b = 1, relation (2.1) gives the well known Lucas identity

frr2=1=>_ fr,
k=0

where f, is the shifted Fibonacci number defined recurrently by

fn:fn—1+fn—2 (TLZ2), (22)

with the initials fo = f1 = 1.

The following identity counts the number of 1 x n tilings with at least m colored
dominoes.

Identity 1. For m > 1 and n > 2m, we have

U pla n—k bk: n—2k_bm U a’k k j
n Z k a - Z n7k72mg S|me.

k=0 0<j<k<n—2m J

Proof. The left hand side counts the number of tilings of length n excluding the
tilings with exactly 0,1,...,m—1 dominoes. Now, let k+1, k+2 (0 < k <n — 2m)
be the position of the m-th (from the right to the left) domino (see figure 2), then
there are Uy ways to tile the first k cells, b ways to color the domino at position
k+1, k+2, and there are ("72:]1“71)137”_1@”_27”_’“ ways to tiles cells from &+ 3 to

n with exactly m — 1 dominoes. Hence there are (”_Z:f_l)Ukbma””m*k possible

ways to tile an 1 x n board with the m-th domino at the positions k 4+ 1, k + 2.
Summing over all 0 < k£ < n — 2m, we obtain

n—2m n—2m
—k—-m—1 -1
b S Upan ko (n K ”1‘ ) =" 3" Uppzmd” (l‘”m ) (2.3)

m — m—1
k=0 k=0

Now, we express the binomial coefficient in terms of Stirling numbers of the first

kind: kj'nmIl) = (m+k71),;!'(m+1)m = Z?:o m ’Z—!j, this gives the right hand side

of the iden_tity. O

L1 ] I [ [ ]

1 2 k+1 k+2 n

Figure 2: A 1 x n tiling with the m-th domino at cells k + 1, k + 2

Remark 2.1. We can consider the intermediate identity (2.3), as given in the proof
without using Stirling numbers.
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Corollary 2.2. Let a = b = 1, using relation (2.3) we have for m = 1,2,3
respectively

n

> fi=far2—1 (E. Lucas, 1878)
k=0

Z kfe =nfaio — fars +3 (Brother. U. Alfred, 1965)
k=0

Z E2f = (0* +2) fug2 — (2n — 3) frys — 13 (Brother. U. Alfred, 1965)
k=0

Now, we give tiling proof for the relation (1.4), for an algebraic proof, see for
instance (V16a, pp 26, [5]).

Identity 2. Form > 1 and n > 1, we have
2Un+m—1 = VmUn—l + VnUm—l-

Proof. The left hand side counts the number of ways to tile a 1 x (n+m—1) board.
For the right hand side we suppose that we have a 1 x (n+m — 1) tiling. There is
two cases:

Case 1. The 1 x (n 4+ m — 1) tiling is breakable at m-th cell (there is not a
domino covering positions m and m+1), then the 1 x (n4+m— 1) tiling can be split
into a 1 x m tiling and a 1 x (n—1) tiling. Now we attach the right side of the m-th
cell to the left side of the first cell of the 1 x m tiling, thus we form a in-phase 1 x m
bracelet. We denote the number of ways to tile an in-phase m-bracelet by V. .

Case 2. The 1 x (n 4+ m — 1) tiling is not breakable at the m-th cell (there is
a domino covering positions m and m + 1), then it is breakable at (m — 1)-th cell.
In this case, we create a 1 x (m — 1) tiling and an out-of phase 1 x n bracelet. We
denote the number of ways to tile an out-phase 1 x n bracelet by V7.

Now, we apply the same approach for the n-th cell, by considering either 1 x
(n+m — 1) tiling is breakable at n-th cell or not. So, we obtain

2Un+m71 = Vn/»LUnfl + Um,1Vé/ + V,;Um,1 + Un,1Vn/;
=Una(Vy + Vi) + U1 (V, + V).

We conclude by the fact that V), + V! =V, and V, + V) = V. O
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Abstract

The Problem B-1 in the first issue of the Fibonacci Quarterly is the start-
ing point of an extensive exploration of conditions for factorizations of several
types of sums involving Fibonacci and Lucas numbers.
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1. Introduction

Recall the Problem B-1 proposed by I. D. Ruggles of San Jose State College on the
page 73 in the initial issue of the journal Fibonacci Quarterly in February 1963.

Problem B-1. Show that the sum of twenty consecutive Fibonacci numbers is
divisible by F1ig.

In the third issue of this first volume on pages 76 and 77 there is a solution
using induction by Marjorie R. Bicknell also of San Jose State College.

With a little help from computers one can easily solve the above problem (using
Maple V or Mathematica) and discover many other similar results. It is the purpose
of this paper to present some of these discoveries. The proofs of all our claims could
be done by induction. We shall leave them as the challenge to the readers.

There are many nice summation formulas for Fibonacci and Lucas numbers in
the literature (see, for example, [1], [2], [3], [4] and [5]). We hope that the readers
will find the ones that follow also interesting.
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2. Sums of 47 + 4 consecutive Fibonacci numbers

In the special case (for i = 4) the following theorem provides another solution of
the Problem B-1. It shows that the sums Z?Z)?’ F1; have the Fibonacci number
Fyi49 as a common factor.

Theorem 2.1. For integers i > 0 and k > 0, the following identities hold:

4i43
> Pty = Faiya Liyoits = Frrairs — Fiyr = Fai Ligoits + Ligs =
j=0

Loiy1 Fyoiya + Fryo = Lo Fioyoiy5 — 3Fp13 = Foj11 Lgyoiva — Liyo.

The other identities in Theorem 1 have some importance in computations be-
cause they show that in order to get the big sum we need to know initial terms and
two terms in the middle. The second representation is not suitable as the number
Fyy4i45 is rather large.

3. The alternating sums

It is somewhat surprising that the (opposites of the) alternating sums of 4i + 4
consecutive Fibonacci numbers also have F5 ;19 as a common factor. Hence, the
alternating sums of twenty consecutive Fibonacci numbers are all divisible by Fig.

Theorem 3.1. For integers i > 0 and k > 0, the following identities hold:

4043
- Z (—1) Fyyj = Foiqo Lytoi = Fryaivo — Fro—o = Loj Fiq0i42 — 3 Fy,
=0

= Foip1 Lyqoip1 — Li—1 = Foj—1 Lyyoi43 —2Lp 1 = Loj—1 Fyyoi43 +4 Fppq.

4. Sums of 417 + 2 consecutive Fibonacci numbers

Similar results hold also for the (alternating) sums of 4¢ + 2 consecutive Fibonacci
numbers. The common factor is the Lucas number Lo; 1. Hence, all (alternating)
sums of twenty-two consecutive Fibonacci numbers are divisible by Lq;.

Theorem 4.1. For integers i > 0 and k > 0, the following identities hold:

4i+1
Z Frij = Loit1 Fryoiv2 = Frqaivrs — Frqp1 = Los—1 Fryoipa + Ly
=0

= Lojyo Frioi41 — L = Fojy3 Lygyo; —3Fp—1 = Fojy5 Lpyoi 1 — 7T Fg_3.
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4i+1
= (=1 Fiyj = Lait1 Frsni1 = Foyai — Faoo = Foioy Ligaiv1 — 3 Fy
=0

=Lo; Fyq2i — Ly—1 = Loj_2 Fryoiy2 —2Lpy1 = Foj_o Lpqojio +4 Fiy.

5. Sums with 47+ 1 and 47 + 3 terms

One can ask about the formulas for the (alternating) sums of 47+ 1 and 47+ 3
consecutive Fibonacci numbers. The answer provides the following theorem. These
sums do not have common factors. However, they are sums of two familiar type of
products (hke ng Fk_;,_gi_;'_g and F2i+1 Fk_;,_gi).

Theorem 5.1. For integers i > 0 and k > 0, the following identities hold:

4
Z Frtj = Foi Frqoits + Faig1 Fry2i =
j=0
Foi Liyo; + Loit1 Fr2i = Fryaive — Frp1 = Lojyo Frypoi — 2 Fy,
= Fyi_1 Lpqoi+3 — 2 Fyy3 = Lojy1 Frqoir1 — Fr—1.

4i
Z (=1) Fiqj = Foi—1 Frqoi—1 + Foigo Fqoio =
j=0

Loit1 Fyyoi — Foy Lgyo; = Frqai—1 + Fr—2 = Loj_1 Fiyo; + 2 F.
4i42

Z Fryj = Foipo Frypoiva — Fojp1 Fryoit1 = Frygiva — Frp1 =
i=0

Loiv1 Frq2ivs + Fr = Lojyo Fra2ire — Frpo = Fojpo Lgg2ir2 — Fr—1.

4i+2

Z (—=1) Fryj = Foir1 Frpoig1 + Foivo Fiyoio =
=0

Loiys Frioit1 — 2 Fo490 Litvo; = Frqais1 + Fr—o = Foj Lyyoi41 + 2 F.
6. Sums of consecutive Lucas numbers

The above results suggests to consider many other sums especially when they are
products or when they have very simple values.
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The first that come to mind are the same sums of consecutive Lucas numbers.
A completely analogous study could be done in this case. Here we only give a
sample of two such identities.

4i+3 4i+1
E Liyj =5 Fai12Fk 0i43, E Liyj = Lojy1Lgq2iq2.
=0 i=0

7. Sums of consecutive products

Let us now consider sums of consecutive products of consecutive Fibonacci num-
bers. For an even number of summands the Fibonacci number Fy; o is a common
factor. Let A = (—1)*.

2i
Loit1Loktoit1—A

> Fiyj Fryjq = 22tiopen =t

Jj=0

2i+1

Z Frqj Froyjrr = FojpoFopioiyo.

Jj=0

The same for the Lucas numbers gives the following identities:

2i
Z Li+j Litj+1 = Loit1Logi2i+1 + A,
j=0
2i+1
Z Lytj Liyjr1 =5 FojpoFopi2ipo.
§=0
We shall get similar identities in the two cases when Fibonacci and Lucas num-
bers both appear in each summand on the left hand side.

2 2
Z FeyjLigtj1 | +A= Z Lyt Feyjr1 | — A= L1 Fopqoitt,
i=0 =0

241 241
Z FrvjLitj = E Liyj Frqjr1 = Foiyologioiqo.
j=0 j=0

8. Sums of squares of consecutive numbers

Our next step is to consider sums of squares of consecutive Fibonacci and Lucas
numbers. Note that once again the summation of even and odd number of terms
each lead to a separate formula. In fact, we consider a more general situation when
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multiples of a fixed number are used as indices of the terms in the sum. Only the
parity of this number determines the form of the formula for the sum.

Theorem 8.1. For all integers i, k > 0 and v > 1, we have
2%
2 _ FaeiynLoktavi 24
E : k+2vj — 5 Fay 57
=0

2i+1

Z 2 _ FavynLoktovzitr)y  4A
k+2vj — 5 Fay 5

7=0

24

2 _ Foy@itryLoktavi
Z Lk+2”j - Fy, +24,
7=0

2:i+1

2 _ Favry Loktov(2it1)
E Liton; = +4A,
Jj=0

Fay

Theorem 8.2. For all integers i, k > 0 and v > 0, we have

21
Z 2 _ Leiryevrn Lokg2icurny 24
k+(2v+1)j — 5Layt1 5
7=0
2i+1
Z F2 _ Fepirnyeerny Forp@itn (2ot
k+(2v+1)j — Loyy1 :
j=0

2%

2 _ Leirneern Lokt2i2o+1)
Z Lk+(2v+1)j - Loy + QA’
Jj=0

2141

Z 12 _ 5 Fatit1y2v+1) Fart(2i+1)(20+1)
k+(20+1)j = .

7=0

Loyt

In particular, for v =0 and i =9, we conclude that the sums of squares of
twenty consecutive Fibonacci numbers are divisible by F5y and the same sums of
Lucas numbers by 5 Fyy.

9. More sums of products

Here are some additional sums that are products or very close to the products.

%
E F; Fpyj = Foi o Fryoiys + Fipz = Fo F2i11,
i=1
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2i+1

> FjFiyj = Foi Fryairs + Fern = Faipo Frpoign.
Jj=1

21

Z LjLipy; = Lgtaivr + Li—o = Foip1 Ligyoit1 + Foigo Liyoi—o,
j=0

2i+1

Z Lj Ligtj = Lgyairs — Lg—1 =5 Foiyo Frioiq1-
j=0

21

Z LijFryj=FoiyoLiyoi1 +Fr1 = Fo Lyoi41 +2F, =

i=0
Foiv1 Liyoi2+ Lojyo Fryoi o = Foi Ligyoi 1+ Log Fiyo4,
2i+1 2i+1
Z L Fyyj= E Fj Lyt = Fo; Lgt2i+3 + Lg+1 =
i=0 =1

Loit1 Fryoipo + Fr = Foiyo Liyoiqa.

21

> FjLiyj = Paipa Lig2io1 — L1 = Lai1 Fryoi — Fp =
j=1

Foiiq1 Lyyo; — Ly = Loy Fyqoi41 — 2 Fpp1 = Foy L0441,

10. Sums of products of three numbers

In this final section we shall consider two sums of three consecutive Fibonacci and
Lucas numbers when once again the common factor appears.

Theorem 10.1. Let u be either 4i + 1 or 4i + 3. For all integers i > 0 and k > 0,
we have

u
_ P _Q-AS AR
E Fioyj Fryoj Frysy = Fuia {z — Qa8 T} )
=1

u

D Licwj Livaj Licyaj = 5 Fura [pr — AR 4 %} ,
j=1
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with

P = F3p120i+10 + F3p+12i46 + Fartaito, R = Fiii2i412 +4 Frqaita,
S = Lpt12i+12 + 2 Liyaiya, @ = Lag420i+10 + Lart+12i+6 + Lar+ait+2,

ifu=4i+1 and

P = F3190i+20 + Fapt12i+12 + Fortaita, R = Fyi12i412 + 4 Frqgi44,
S = Liyi12i+12 + 2 Ly aitq, Q = L3k420i+20 + Lart12i+12 + Laktaita,
if u=4i+ 3.
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Abstract

The Jacobsthal recurrence relation is extended to higher order recurrence
relations and the basic list of identities provided by A. F. Horadam [10] is
expanded and extended to several identities for some of the higher order cases.
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1. Introduction

Horadam, in [10], exhibited a plethora of identities for the second order Jacobsthal
and Jacobsthal-Lucas numbers. He then went on to explore their relationships and
those of a variety of associated and representative sequences. The aim here is to
present some additional identities and analogous relationships for numbers arising
from some higher order Jacobsthal recurrence relations.

Obtaining properties by extending the Jacobsthal sequence to the third and
higher orders depends on the choice of initial conditions. For example, this was
done in [3] by taking all of the conditions to be zero, except the last, which was
assigned the value 1. The procedure here will be to extend by using other initial
values.

27
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2. The second order Jacobsthal case

The second-order recurrence relations for the Jacobsthal numbers,J,,, and for the
Jacobsthal-Lucas numbers, j,, and a few of their relationships are given here for
reference. Namely,

Recurrence relations

Jn+2:Jn+1+2Jna JO :Ovjl = ]-7 n >0

jn+2 :jn+1 + 2Jn7 j() = 27j1 = 17 n > 0

Table of values

n |[0]12]|3| 4|5 |6 7 8 9 10
J. 0|11 11 | 21| 43 | 8 | 171 | 341
gn | 2|1 |5 | 7|17 |31 | 65 | 127 | 257 | 511 | 1025

w
(1

Binet forms on 1y
Tn = 7_?()_ )" and jn = 2"+ (-1)"

Simson/Cassini/Catalan identities

jn+1 ]n

’ J"’L+1 Jn — (_1)77,21’7,—17 ) — 9(_1)TL—12TL—1
Jn JIn-1

Jn Jn—l

Ordinary generating functions

> T

Jprh = —————
Z kT 1— 2 — 922
k=0

oo
Tk 1—2— 222
k=0
Exponential generating functions

ZOO xk esr —e
Jk—zi
|

P k! 3

J}k
: 2z —x
E ]kﬁ =e7 te
k=0

Although these are not given in [10] the exponential generating functions are
easily obtained using the Maclaurin series for the exponential function and can be
useful in establishing identities. For example, using the method provided in [2, 12,



Some identities for Jacobsthal and Jacobsthal-Lucas numbers . .. 29

ar _ Bz
p. 232ff] the following can be obtained. Let A = e¢” and B = € "%  where

a—p
a=2and = —1. Then

1 (a—B)x  (a® - p?)a? e, 2k

Using the well known double sum identity

SN Fkyn)=> Y F(k,n—k

n=0 k=0 n=0 k=0

found in [2, 15, p. 56] AB can be written as

(n—k)+k
T
Ap=y " _ZJkk,—ZZJk , S o I
n=0 n=0 k=0 n=0 k=0
|
n=0 \k=0 k n.
In addition AB can also be written as
(a+1)z _ (B+1)x @2+Dz _ (—1+41)z 3z _ 1 1 0 n
e e e e e T
AB = = = =—-0 3’"‘717
a—0 2—(-1) 3 3 + nzl n!

and so it follows that

Zn: (Z) Jp =31,

k=0

eoT _ eﬂ:c
Similarly with B = ————— and A = e~3% it follows that

n
n _ e
(3) 2 = o,
k=0
and if B = e***+8% then .
n . n

> (k> Tkdn—t = 2"
k=0

Other summation identities can be obtained in a similar fashion.

3. The third order Jacobsthal case

First we consider extending the Jacobsthal and Jacobsthal-Lucas numbers to the
third order, denoted as Jflg) and j,(f) respectively, with the following initial condi-

tions:
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Recurrence relations
I =08, + I8 120, 0P =002 =1, =1n>0.
s =i+ ich + 239, 380 =257 = 158”7 =5n >0,
Table of values

n J0]1]2]3 14516787 9] 10
JITol1[1] 2591837 ] 73146 203
i T2l 1 51017 ]37]74] 145293 586 | 1169

Note that we extend to 3¢ order using initial conditions {0, 1,1} in the spirit of
extending the Fibonacci initial conditions {0,1} to Tribonacci {0,1,1} and those
initial conditions for the Jacobsthal-Lucas numbers in a natural way from the
second order case.

Binet forms

Using standard techniques for solving recurrence relations, the auxiliary equa-

tion, and its roots are given by

22 —a2?—2—-2=0; z=2,and z =

—1+iv3
—

Note that the latter two are the complex conjugate cube roots of unity. Call them
wy and ws, respectively. Thus the Binet formulas can be written as

2 _3+2i\/§ 3—2iV3

J(3) — Zon n _ n
n' =7 T 21 %
and
8 3423 3 —2iy/3
JO =22+ * 7wa{‘ ;fwg. (3.1)

Simson’s identities

3 3 3 .(3 (3 .(3
J7(15;2 J7(z(-£1 é)) ) ]7(1:;%2 3%21 Jr(é) )
J'r(z(JBr)l J(,;)) J’rEz?j)l =2, jy(lgf j(rg)) 1}%1 =—9-2"" (3.2)
Jn ‘]n—l Jn—2 -]" jn—l jn—2

The identities above can be proved using mathematical induction. As an ex-
ample an inductive proof for the .J,, case is provided: For n = 2,3,4 and 5, the
determinants are routinely computed to be —2, —4, —8, —16, respectively. So we
surmise the general case to be as given in (3.2). Assuming the n'”* case is true
and expanding that determinant by the 3"¢ column and expanding the (n + 1)
determinant by the 1% column yields the following:

J7(13) J»,(LS) JT(lB) J»,(Lg) J7(13) J7(LB)
IR I (R S S
n+2 n+1 n - n+1 n n—1 ’
3

B ASUIY A AN

)
3 3
P

n—1
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where
J(3) (3) J(s) J(3)
C = J() —|—J(3) n J() +J(3) n+2 n+l
(Jnto + nt1) J(g) Jy(ld)l — (Jota +57) g JS—)I
3 3
AR

+ TP+ 70

3 3)
L R

By expanding C it is easy to see that the expression is 0 and so the conjecture is
valid.
Ordinary generating functions

The ordinary generating functions are obtained by standard methods [12, p
237fl] as briefly illustrated here.

Let g(z) = Y pe Jea® and h(z) = 332, jra®. Compute (1 —xz — 2% —223)g(x)
and (1 — 2 — 2% — 223)h(x) and apply the initial conditions for the third order
Jacobsthal and Jacobsthal-Lucas numbers, respectively, to obtain the following

generating functions.
oo

(3) .k _ z
ZJk S R
k=0

i,mk_ 2 —x + 222
e P R P

Exponential generating functions
The exponential generating functions can be obtained from the Maclaurin series
for the exponential function as follows. Note that

21—1 (6@230 -3+ 2i\/§)e“”: -3+ Qi\/g)ewgw) _
L (62 - 3+ 20vB)et - 3+ 20v/Fk) 2 ZJk

o0

k=0

Also, since
(3 4+ 20V/3)e1® 4 (3 + 2iv/3)e2T = e~ 32 ((3 +2iV/3)e T 4 (34 2i\/§)e§“)
27 <6 cos @ + 4v/3sin \/2§x> ,

the exponential generating function for the 3"% order Jacobsthal numbers becomes

ZJ,&B)% o1 662 4 e~ 27 GCOS\[J; 44/3sin \[ac .
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Similarly the exponential generating function for the 3"¢ order Jacobsthal-Lucas

numbers can be written as

o0
Z (8621 +e” 3@ <6cos \/253: + 4v/3sin \/2:;3:)) .

k=0

4. Additional identities for third order Jacobsthal
numbers

Summation formulas
if n # 0 mod 3 z": @) {gnH 2 ifn #0mod 3

ZJS) n+1 ]
Jn_~_1 1 ifn=0mod3’ n+1—|—1 if n =0mod 3

Miscellaneous identities

3J(3) + j(3) gn+l. (4.1)

( ) _ 3J(3) _ 2](3)

G838 =375,

(j£3>> _9 (J£3)>2 _gnt1j®

3 3
]én) 1 J?En)-i-l

(3) J?(m+2 +1.
3)

3
jén)-‘rl J?Sn+3 1

jén) 1 4‘]377,71 =1

-]lgn) - 4‘]352) =2

(3 3
jén)—i-l - 4J?En)+1 =-3

() 4(3) _{3 if n is even

In-2 =

6 if nis odd

Squaring both sides of (4.1) and (4.2) and subtracting the results, it follows that

IO = 2 (4” - (jff’)g)Q) .

Note that some observations on generating functions for the Jacobsthal poly-
nomials can be found in [7, 8]. Papers on generating functions for a variety of
sequential numbers are abundant. See, for example [1, 4, 5, 6, 9, 13, 14, 16]
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As an illustration of how ordinary generating functions can be used to derive
identities, we use the technique of Gould, see [4] and used for Fibonacci identities
in [2]. Making use of the properties of & and 3 for Fibonacci numbers as needed,
it follows that

O g ok @t =B

SV S CLat

k=0 k=0
B ax n Bx
1—ax—a222—2a323 1 — Pz — (222 — 23323

x — 3 — 2zt
1— 2 — 422 — 53 + 425 — 426"

A B
Similarly if we write (3.1) as ]7(13) §2"—|— 7w?—|— 7w§ and make use of the fact that
—-9+iv3 -9—iV3 3

Aw; = ————,Bws = f;&ﬁ = wa, and W% =W, wiwr =Wy = wg =1

then the following generating function is obtained:

oo
Z J,ig')] Z Jy 3) P Afwrz)k + B(wga:)k)
k=0

7 13z 4 202% 4 472% — 162* + 825 — 4025 — 3227
71— 22 — 422 — 1623)(1 + = + 222 — 523 — 24 — 225 + 426)°

5. Higher order Jacobsthal numbers

As seen in [3] one way to generalize the Jacobsthal recursion is as follows.

E

-1

(k) _ (k)
JnJrk - Jn+k 7
1

+2J0

<.
Il

with n > 0 and initial conditions Jl(k) =0,fort=0,1,...k—2 and J,g]i)l =1, has
characteristic equatlon (x—2)(z* 1+ 282 +... + 22+ 2+ 1) = 0 with eigenvalues
2 and w; = e ™ for j=1,2,...,k —1, which yields the Binet form:

k—1 k-1

1 m n
= vl EAED DN | s .w ‘

Hj:l (2 7(413') j= 17n;é_7 _Wm

In this paper we generalize the Jacobsthal recursion as

k—1
T =0 h s w2,
Jj=1
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with n > 0 and initial conditions Jék) =0 and Ji(k) =1fori=1,...k—1. For the
k™ order Jacobsthal -Lucas numbers jT(Lk) we use the same recursion with initial
conditions jl,(k) = ji(kfl) fori=0...k — 1. With the change of initial conditions a
similar compact form for k*" order Binet formulae appears to be unobtainable as
indicated in the examples below.
Ordinary generating function

A formula for the ordinary generating function for all generalized Fibonacci
numbers has been addressed in other papers. For example, that given in [11] for
the recurrence

Op =br_1an_1 +bg_2an_2+ -+ boan_g

with arbitrary constant coefficients, b;, and with arbitrary initial conditions is

(%)) + Zfz—ll (ai — Z;’:O bk_i+jaj) :L'i
g(z) = - A . (5.1)
=37 bpat

Here we exhibit (5.1) for the k" order Jacobsthal case (which could also be obtained
by using the same procedure used in deriving the generating function for the 37
order case) namely

e~ k k k k k k)\ e

O P e et R e U S e S L
' l—z—a®—-- — 22k '
Examples

(1) The Fourth Order Jacobsthal and Jacobsthal-Lucas numbers
Recurrence relations

J(?zl = Jr(ﬁ?, + ‘]7(:22 + Jr(:i)l +2JY,

where n > 0 and J§" = 0,7 = J{Y = SV = 1.

(4 (4 (4 (4 .
38 =8 S+ i 25,

where n > 0 and j((;l) = 2,]{4) = 1,j§4) = 5’j§4) =10.
Table of values

n Jo0]1]2]1 31415161 7 89 10
@D Tol1l1] 1371132 |51 [103] 205
O o1 5102037 ] 77| 154 | 308 | 613 | 1229

Binet form
The auxiliary equation, and its roots are given by

et =t -2 2 —2=0, 21 =2,20 = -1, 23 = i, 24 = —i,
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and the Binet formulas can be written as

J® = 81 (2” - 1(1 + 8i)i" %(3 +i)(=1)" — %(4 - 7i)(i)”>

and

W 104(1 — 30)2" — 15(11 + 30)i" — 6(6 + 17i)(=1)" — 15(7 + 90)(=1)"
n 4(16 — 637)

Rewriting these in terms of the roots of unity, w; does not suggest a pattern when
compared with the 2"¢ and 3"¢ order cases.
Simson’s identity

Jr(ﬁ:a Jr(ﬁ2 Jf(:ﬂl 7(L4) 7(523 32?2 J (21 7(L4)
Jﬁz ani (4) J7(14—)1 -0 3}(522 J}(ﬁ1 Jr(z4) 3(4) —9n—2 35
Jﬁl Jv(l4) Jr(i)1 Jr(:l)z 7 jr(ﬁl jy(f) J}(:i)1 J( )2

7(L4) Jq(z4—)1 J'I(L4—)2 J7s4)3 jr(;l) J}(;l—)l jr(f—)z J£L4)3

Summation formulas

n J(4) ifn=+1mod4 , 9 ifn % 0mod 4
-2 i m
S0 = LU0 1 = omods SO0 = {j”“H PN
if n=0mo
k=0 JY 41 ifn=2mod4 k=0 Int1

n+1

Miscellaneous fourth order identities

jfﬁlﬁ—l if n=0mod 4
:(4) e
+2 ifn=1mod4
6J(4) + (4) Ing1 .
noTn W41 ifn=2mod4

i —4 ifn=3mod 4

2 if n =0 mod 4
-5 ifn=1mod4
-1 ifn=2mod4 "
4 if n =3 mod 4

i = 60 =

J,(L?Q if n =0mod 4
I, +2 ifn=1mod 4

0 4 0 _ ,
T W, 1 i =2mod 4

JU, 1 ifn=3mod4
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In this case the product of the Jacobsthal and Jacobsthal-Lucas functions is some-
what less appealing than in previous cases:

G +1)2 =4 ifn=0mod 4

( (
n Jn (
(

i, 412 -1 ifn=2mod4’
j£ﬂ2—42—16 if n =3 mod 4

(2) The Fifth Order Jacobsthal and Jacobsthal-Lucas numbers
Recurrence relations

J7(15425 = Jffﬁ4 + J(st + J(?2 + Jr(zi:l +2J0,

where n > 0 and JOS) =0, J1(5) = J2(5) = J§5) = Jf) =1

s =38 a+ 38+ i+ i + 25,

where n > 0 and 355) =2 ](5) =1 3(5) 5,7 (5) =10 j( ) = 20.
Table of values

n 01123 4][516] 7 81 97 10
JOToltl1]l 1114917 ]33] 65] 132
i@ 121510204077 ] 157 | 314 | 628 | 1256

Binet form
The auxiliary equation, and its roots are given by

x57x47x37x27m72:0,x1 = 2,00 = W1,T3 = Wo, T4 = W3, T5 = Wy,

2mim

where for m =1,2,3,4, wy, = exp ( ) The Binet formulas can be written as
JB) — ;4 n_ 24 + 43w; + 3Twe — 59wz — 4bwy

" T 33 155 1
n 24 — 59wq + 43wy — 4bws + 37wy 24 + 37wy — 4bwe + 43w3 — 59wy

wn n
155 2 155 3
24 — 45w1 — BYwy + 3Tws + 43wy n
- 155 @1

and similarly

() _ 42, 3(14 = 24w — 12wy + 2505 — Bwa) ,
In 33 155(wy — we — w3 — wy) 1
3(14 + 25w — 24wy — 3wz + 12wy) 3(14 — 12wy — 3wy — 24w3 + 25wy)
155(w1 — we — w3 — wy) 155(wy — wg — w3 — wy)
3(14 — 3wy + 25wy — 12wz — 24wy)
B 155(w1 — we — w3 — wy)

n

2 wy

3

n
(A)4,
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Simson’s identity

AR S A N P AN
A AN A SO A2

Summation formulas

=972 .11.

=9n=3.3%.19.

J,(Li)l ifn=+1mod5
iJ@) _ J,(Lizl —1 ifn=0mod5 ij@) B jffﬁl —2 ifn#0mod5
o F J,(ﬁzl—l—l if n =2mod 5 7k:0k j,(zzl—i—l if n=0mod5
J®) 42 ifn=3mod5
Miscellaneous fifth order identities
ontl if n =0 mod 5
27+l 43 ifn=1mod5
GO 4670 =L ontl 43 if p=2mod5. (5.2)
ontl if n =3 mod 5
27+l 6 if n =4mod 5
on=1 _3(J%, —1) ifn=0mod5
2n=1 —3(J%, +2) ifn=1mod5
G =60 = an=1 3%, 4 2) ifn=2mod5. (5.3)
2n-1 — 3J7(L533 ifn=3mod?5
on=1 —3(J%, —3) ifn=4mod5

If we let the right hand side of (5.2) be M and that of (5.3) IV, then the following

are noted
" 2 ’n 12
TM + 5N 5M + 7N M? — N2
+(5) (6) — 7T L(5) _ og(5) 2 T AV (5 s(5) — 22 T AV
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and finally

M? + N?
G~ 369 = DN and (9 + 36072 = N

6. Concluding comments

The authors believe that most of these results are new but unfortunately, many
of them do not seem to fall into a convenient pattern for generalization to an n'"
order case. While investigating the Simson (Cassini/Catalan) identity for higher
order Jacobsthal numbers a general Simson identity for an arbitrary n** order
recursive relation was discovered and proved. This generalized Simson identity
has resulted in a short paper that will be submitted to the Fibonacci Quarterly.
Certainly many more identities could be generated from those obtained here and
by investigating Jacobsthal and Jacobsthal-Lucas polynomials. For example, using
the methods presented in [1, 2, 6, 13, 16] a plethora of identities generated from
ordinary generating functions should be possible; and similarly using [2, 5, 12, 14],
identities obtained from the exponential generating functions should arise. Further
investigations for these and other methods useful in discovering identities for the
higher order Jacobsthal and Jacobsthal-Lucas numbers will be addressed in a future

paper.

Acknowledgments. The authors would like to thank the anonymous referee for
suggestions to improve the paper.
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Abstract

Motivated by an amazing identity by Ramanujan in his “lost notebook”,
a proof of Ramanujan’s identity suggested by Hirschhorn using an algebraic
identity, and an algorithm by Chen to find such an algebraic identity, we
will establish several identities similar to Ramanujan’s amazing identity. For
example, if

S ana” = 9 + 3609z — 13527
24T T 6888w + 688822 — 27
S bt = 10— 1T+ 1722
" 16888z + 688827 — 27
S ena” = 12 + 1146z + 1382
n>0 " T 1 — 6888% + 688872 — 3’

then ad+08 = +1.

Keywords: Ramanujan, identity
MSC: 11A55

1. Introduction

In his “lost notebook”, Ramanujan [4] stated the following amazing identity. If

Zaxn* 1+53x+9:v2
"1 — 822 — 8222 + 23

41
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nl = 2
1 — 82z — 8222 + 23

n>0

" 2 + 8z — 1022
2 et = T g
= T 2 +

then
ad+ b =2 4 (-1

Hirschhorn [2] demonstrated that using the algebraic identity from the “lost note-
book”,

(22 4 Tzy — 9y?)® + (202 — 4oy +12¢%)% = (227 +10y%)3 + (2 — 9zy — v*)3, (1.1)

Ramanujan could have proved his identity. Chen [1] gave an algorithm to produce
similar algebraic identities and Ramanujan-like identities. Our goal is to use this
procedure to find explicit algebraic identities and Ramanujan-like identities.

2. Third power algebraic identity to Ramanujan-like
identity
The following algebraic identity was suggested by Chen [1] and the theorem and
proof were suggested by Hirschhorn [2].
Theorem 2.1. Let
(ria? + s1oy + t1y%)3 + (roa® + soxy + toy?)? (2.1)
=(r32” + szzy + t3y°)° + (¢? — sazy — tay?)®,

be an algebraic identity in variables x and y and integer constants r1, ro, T3, S1,
S92, 83, S4, tl, tg, t3, and tq. Then Zf

Z an " = ri+ (5154 + 1t — T1t4)x — t1t4x2
n

= 1= (s?+ta)w — (s3ty +t3)a2 + i3’

Z b Ty + (5284 + ta — roty)x — totyx?
7>0 ! 1— (87 +ta)x — (sits +13)2? + tfa3’
Z e T3 + (5354 +t3 — r3ts)x — tatyx?

! 1 — (s34 ta)x — (sita + t3)x? + tha3

n>0

then
af’l + bf’L = ci + (—t4)3”.

Proof. Let wg =0, wy =1, and

Wpi2 = S4Wpi1 + tawy.
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The generating function for the sequence {w,} is given by

w(z) = Z wpa” =

x
1 — sqx — tgx2’

Now, if = w,4+1 and y = w,,, then

2 2 2 2
7 = S4xY — TaY” = W4 — S4aWn41Wp — L4Wy,

= waH — Wp (S4Wn41 + tawy,)
= w12L+1 — Wnwnio = (—ta)".
The last equality can be proved by induction on n.
Now, let
_ 2 2 _ 2 2
Gp = 1127 + S12Y + t1y” = rw;, 1 + S1Wp1W, + trwy,,
by, = rox? + soxy + toy® = rgwi+1 + SoWp41Wy + tgwi,
Cn = 13° + S3ay + t3y® = rawl | + S3Wni1wy + tawy.
We can show that
ad + b3 =cd 4 (—tq)*".
But, using generating function techniques, we can show that

9 T — tya?
S uten - ,
= 1 — (8§ +ta)o — (sita + t§)a? + tia?

Z ’LU2 " = 1—tyx
n>0 e 1— (83 +tg)x — (s3ts + 13)2? + t523’

Zw Wy T = 4
D S Y P Py TP PR e

Hence,

Z wa T+ (8184 + 1 — rity)x — titgx?
n

2 T T 6 et + )2 + o

Z bogt — "2 + (8284 + tg — roty)x — totyx?
n

T T 1= (3 4 ta)r — (sFta + 15)a” + 2

Z oo = r3 + (8384 +t3 — 7'3t4)$ — t3f4.’)§‘2
" 1 — (83 +ta)w — (s5ts + t3)2® + t323’

and the proof is complete. O
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3. Search for third power algebraic identities

We will attempt to find particular integer constants involving all the 7’s, s’s, and
t’s which satisfy equation (2.1) with the following procedure.

Procedure to search for third power algebraic identities

1. Pick one particular set of integers 71, r2, and r3 such that

4y =713+ 1. (3.1)

2. Select a collection of sets of integers t1, to, t3, and t4 such that
B4t =13 — 13, (3.2)
Also, select a range of integer values for s; and ss to search.
a. For each t1, to, t3, t4, s1, and so, compute s3 and s, using the equations

slt% + 521&% + r%slti + r%szti
313 + 3

Sq4 = T§S3 — 7’%81 — TgSQ.

S3 =

)

Make sure these constants can be computed and that they are integers.

b. Check the following conditions.

3r1t] + 3sTty + 3rots + 33ty = 3r3ts + 3s5t3 + 3t5 — 3s3ta,
6ris1t1 + S‘;’ + 6rasoty + Sg = 6rgssts + Sg + 654ty — Si,
3r%t1 + 37‘15% + 37’%152 + 37‘28% = 3r§t3 + 37“33§ — 3tg + 35421.

c. If all the above conditions are satisfied (every equation is true), the

resulting collection of 1’s, s’s, and ¢’s form an algebraic identity satisfying
equation (2.1).

To prove that the procedure above will produce an algebraic identity, cube the
trinomials in (2.1) to obtain
13y + 35132y 4+ (3r1t? + 357t )xy? + (6r1s1ty + s3)xy3 (3.3)
+ (3Tft1 + 3rls%)x4y2 + 37'%51x5y + T%IG
+ 1395 + 3sotaxy® + (3rots + 3sita)xy* + (6rasats + s3)z3y>
+ (3r§t2 + 3T253)x4y2 + 37'%52x5y + TSIG
= 1395 + 3sst2awy® + (3r3ts + 3s3ts)xy? + (6ryssts + s3)xy>
+ (3r§t3 + 3T35§)x4y2 + 37'%53x5y + T;’IG

— 3% — 3sut2ay® + (3t3 — 353ty) 2%yt + (6s4ty — s3)23y>
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+ (=3t4 + 352)zty? — 35425y + 2°.
Collecting like terms in (3.3), we obtain the following equation.

(t3 4+ t3)y5 + (35113 + 3sot2)xy® + (371t + 35Tty + 3rats + 3s3ta)z?y*  (3.4)
+ (6715111 + 55 + 6rosate + s5)x®y® + (3rity + 3r1s7 + 3roty + 3rosd)aty?
+ (3r3sy + 3r3se)xdy + (r3 4+ r3)ab
= (t5 —t3)y° + (3s3t3 — 3satt)ay® + (3r3t3 + 353t + 3t7 — 3s3ty) 2y
+ (6r353t3 + 55 + 654ty — s5)23y® + (3r3ts + 3r3s3 — 3ty + 3s7)x'y?
+ (3r3s3 — 3s4)z’y + (13 + 1)a".

Step 1 in the procedure insures that the coefficients of 2% in the algebraic
identity are equal. In addition, we would like 71, 72, and r3 to be positive integers.
For Ramanujan’s algebraic identity this condition is trivially true since

13 +23 =23 41,

Other trivial values of 71, ro, and r3 which satisfy (3.1) are r; = 1 and ro =73 =,
where 7 is a positive integer.

Appendix I gives positive integer values of 1, ro, and r3 (r1 < ro and r9 # r3)
which satisfy (3.1). These values were determined by a C++ program.

In step 2, we select a collection of t’s satisfying (3.4) to try. This guarantees
that the coefficients of y® in the algebraic identity are equal. In the spirit of
Ramanujan, we assume t4 = £1. To obtain nontrivial results, we also require that
t1 # to, t1 # —ta, t1 # —1, and t5 # —1. Otherwise, some of the t’s could be
positive or negative integers and cancel each other. Appendix II contains some of
the t’s which satisfy (3.2). Again, this appendix was constructed with the help of
a C++ program.

Also, in step 2 we search a range of integers sy and sp (via a C+-+ program).
Some typical ranges for s; and sg were from —1500 to 1500. With the r’s, t’s, s1,
and sy fixed, the constants left are s3 and s4. For step 2a, we compute integers
s3 and s4. The formulas in step 2a are equivalent to the equations equating the
coefficients in the zy® and 2%y terms in (3.4). These equations are

38115% + 352t§ = 353t§ - 354t421,

3r%sl + 37‘%52 = 37“%53 — 3s4.

Step 2a merely solves them for s3 and s4 since they are linear equations in those
two variables. We also require that s4 > 0.

For step 2b, the conditions we check are the equations resulting from equating
the coefficients of the terms x2y?, 23y® and x*y? on each side of equation (3.4). In
step 2c, if all of these conditions are satisfied, the constants determine an algebraic
identity.



46 C. Cooper

4. Third power results

We found the following results. The constants in each row of the following table
satisfy (2.1). We include the leading coefficient of 1 in the last trinomial. Recall

that the form of the last trinomial is 22 — sszy — tay>.
T, S1, t1 T2, S2, to r3, S3, tg 1, S4, tq
1,556,-65601 2,-364,83802 2,-36,67402 1,756,1
1,61,-791 2,-40,1010 2,-4,812 1,83,-1
1,7,-9 2,-4,12 2,0,10 1,9,1
1,-25,135 2,-32,138 2,-36,172 1,9,1
1,-227,11161 2,-292,11468 2,-328,14258 1,83,-1
9,412,-11161 10,-180,14258 12,112,11468 | 1,756,1
9,-126,3753 10,236,-3230 12,96,2676 1,430,-1
9,45.-135 10,-20,172 12,12,138 1,831
9,-169,791 10,-180,812 12,-220,1010 1,9,1
9,-1539,65601 10,-1640,67402 12,-2004,83802 1,83,-1
3753,-126,9 4528,200,-8 5262,84,6 1,430,-1
11161,3481,-791 | 11468,-1300,1010 | 14258,1292,812 | 1,6887,-1
11161,412,-9 11468,-112,12 14258,180,10 1,756,1

The bounds on s; and s, varied depending on the speed of the search. Note
that the third row is the algebraic identity discovered by Ramanujan. This gives
Ramanujan’s amazing identity. The eighth row gives the algebraic identity

(922 4 452y — 135y%)% + (1022 — 20y + 172y2)3
=(122% + 122y + 138y%)% + (2 — 832y + ¢*)*.

This produces the Ramanujan-like identity result found in the abstract. The sev-
enth row gives the algebraic identity

(927 — 1262y + 3753y2)% + (102% + 2362y — 3230y°)3
=(122% + 96y + 2676y%) + (2% — 430y + y?)>.
This produces the following Ramanujan-like identity. If

Z e 9 — 541722 + 375322
" 1 — 184899z 4 18489912 — 137

S bt — 10 + 98260z — 323022
M T 11848992 + 18489922 — 43

Z g 12 + 43968z + 267622
™1 — 1848997 4 18489942 — 137

then
a4+ b =c +1.
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5. Fourth power algebraic identities to Ramanujan-
like identities

McLaughlin [3] found ten sequences whose sums of their first through fifth powers
are equal. We will not be so ambitious. The following identity was suggested by
Chen [1] and the theorem and proof were suggested by Hirschhorn [2].

Theorem 5.1. Let
(2 + s1zy + t1y?)* + (ma® + sezy + tay?)* + (n2? + szay + t3y®)* (5.1)
=(maz? + sqxy + tay®)* + (nz® + sszy + t5y°)* + (2% — sexy — tey?)?,

be an algebraic identity in variables x and y and integer constants m, n, s1, Sa, S3,
S4, S5, Se, t1, ta, ts, ta, t5, and tg. Then if

Z a xn _ 1 + (8156 + tl — tﬁ)l’ — tltﬁxz
n

= 1 — (s +te)w — (skte + t2)a2 + a3’

Z b g™ — m + (8286 + 1y — mtg)l' — t2t61'2
"1 — (824 te)x — (site + t2)w2 + tiad’

n>0
Z oot — n—+ (8386 + t3 — TLtG)(E — t3t6x2
ST T T (s to)w — (sBto + 1R)a” + e

Z P m + (8456 + ta — mtg)w — tatew?
nl = )
1 — (82 +tg)x — (s3te + t2)x? + t3a3

n>0
Z o g — n 4+ (8586 +t5 — nt(;)x — t5t6$2
S T T (S to) — (sgte + 1)a? + G
then
ab +0f +ct =db et (—te)'".
Proof. The proof of this theorem is similar to the proof of Theorem 2.1. O

6. Search for fourth power algebraic identities

We will attempt to find particular integer constants involving m, n, and all the s’s
and t's which satisfy equation (5.1) with the following procedure.

Procedure to search for fourth power algebraic identities
1. Pick one particular set of integers m and n.

2. Select a collection of sets of integers t1, ta, t3, t4, t5, and tg = +1 such that
t+ 153 +t3 =3 +t2 + 1. Also, select a range of integer values for s1, sa, s3,
and s4 to search.
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a. For each tq, to, t3, t4, ts5, tg, S1, S2, S3, and s4, compute s5 and sg using
the equations
8113 + sots + s3t3 — sat — s1td — m3sotd — n3s3ty + m3sytd
313 | 13
notg + tz
3

S = —S81 — M°So — n3$3 + m354 + n355.

S5 = )

Make sure these constants can be computed and that they are integers.

b. Check the following conditions.

413 + 65513 + dmtys + 6s5t3 + Ants + 65513
= dmt} + 6s3t] + Ants + 6532 — A3 + Gsite,
1251tf + 43‘%151 + 12m52t§ + 45‘%152 + 12n83t§ + 45%153
= 12msyt? + 4saty + 12nsst2 + 4s3ts — 12s6t2 + 4spt,
612 + 1252t1 + s7 4+ 6m>t3 + 12msity + s5 + 6n’t2 + 12nsits + s5
= 6m>t: + 12ms3ty + s + 6012 + 12nsits + sa + 6t2 — 1282t + sg,
12s1t1 + 43‘% + 12m2soty + 4msg + 12n253t3 + 4n3§
= 12m>2sy4ty + 4msi +12n2s5ts + 4nsg + 12s6tg — 452,
4t + 65% + 4m3te + 6m2s§ + 4n3t3 + 6n25§
= 4m>ty + 6m?s: + 4ndts 4+ 6n%s? — Atg + 652

c. If all the above conditions are satisfied (every equation is true), the
resulting collection of m, n, s’s, and ¢’s form an algebraic identity satis-
fying equation (5.1).

The proof that this procedure yields an algebraic identity is similar to the previous
procedure.

We need to make a couple of remarks. First of all, we pick positive integers
m and n with m < n. Again, in the spirit of Ramanujan, we assume tg = +1.
We first note that once a solution is found, we have many other similar solutions
since every one of the t’s could be positive or negative. We list out the nontrivial
values of the ¢'s (1 < t; < to < t3 and t; < t4) in Appendix III. This appendix was
constructed with the help of a C++ program. Some typical ranges for s1, s2, s3,
and s, were from —20 to 20. Finally, we require that sg > 0.

7. Fourth power results

We found the following results. The constants in each row of the following table
satisfy (5.1). Again, we include the leading coeflicient of 1 in the last trinomial.
Recall that the form of the last trinomial is z? — sgxy — tey?.
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m=1andn=2

1, S1, tl 1, S92, t2 2, 83, t3 1, S4, t4 2, S5, t5 1, S6, tﬁ
1-4.4 169 | 2-10,13 | 17,11 | 210,12 | 1,3-1
1,34 1-8,9 | 2-11,13 | 1,912 | 211,11 | 1,21
1-14 129 | 2313 | 1,7-12 | 2,-3-11 | 1,101
14,5 16,6 | 2-10,11 | 17,9 | 210,10 | 1,31
1,05 126 | 2211 | 1,79 | 22-10 | 19,1
1,45 156 | 2,911 | 17,10 | 2,99 1,2,1
156 | 110,23 | 2,-15,29 | 111,26 | 215,27 | 1,41
14,6 | 112,23 | 2-16,29 | 1,-13,27 | 216,26 | 1,3,1
1,06 | 1423 | 2,429 | 1,11,-27 | 24,26 | 1,151
16,7 | 17,14 | 213,21 | 19,18 | 213,19 | 1,4-1
147 | 1,-12,14 | 21621 | 113,19 | 2,-16,18 | 1,3,1
147 | 1,014 | 2421 | 1,919 | 24,18 | 1,131
178 | 1611 | 2-1319 | 1,-9,16 | 213,17 | 1,41
15,8 | 110,11 | 215,19 | 1,.11,16 | 215,17 | 1,4-1
138 1,0,11 | 23,19 | 1,9-16 | 2,-3-17 | 1,12,1
168 | 16,11 | 2-12,19 | 1,9,17 | 212,16 | 1,31

m=2andn =3

1a S1, tl 2) 52, t2 37 53, t3 25 5S4, t4 37 S5, t5 1a 56,5 t6

11,7 | 22,14 | 3321 | 2,10,19 | 3,6,-18 | 1,16,-1

188 | 210,11 | 318,19 | 214,16 | 3,-17,17 | 1,31

1,0,8 2,-2,11 3,-2,19 2,10,-16 3,-5,-17 1,15,1

1-78 | 29,11 | 316,19 | 213,17 | 315,16 | 1,2,1

1,810 | 212,19 | 3,20,29 | 2,-16,26 | 319,25 | 13,1

1410 | 2,0,19 | 3,429 | 212,26 | 3,725 | 1,191

1,311 | 20,16 | 3,327 | 212,23 | 3,6,24 | 1,181

1,011 | 2,439 | 3,450 | 2,16,46 | 3,945 | 1,25-1

1,813 | 210,13 | 3,-18,26 | 21422 | 317,23 | 1,31

14,13 | 2,0-13 | 3,426 | 24,22 | 3,323 11,1

11,14 | 2,341 | 3,455 | 217,49 | 3,9,50 | 1,261

1,815 | 212,19 | 320,34 | 216,30 | 319,29 | 13,1

1,516 | 21,55 | 36,71 | 2,19,65 | 311,64 | 1,30,-1

16,19 | 2,057 | 3.6,76 | 2,20,68 | 3,11,-69 | 1,311

1221 | 26,64 | 3,10,-113 | 2,10-112 | 3,669 | 1,221

1,14,116 | 2,0,-.155 | 3,14,271 | 2,12,236 | 3,11,235 | 1,11

m=3andn=>5

1,s1,%1 | 3, 82,t2 | 5, 53, t3 | 3, 84,84 | D, 85,15 | 1, 56, tg
12,21 | 3441 | 5,6-71 | 3,669 | 54.-49 | 1,221
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The bounds on s1, s, s3, and s4 varied depending on the speed of the search. The
first row of the table for m = 1 and n = 2 gives the algebraic identity

(2% — 4oy + 4yH)* + (2% — 62y + 9y*)* + (222 — 10xy + 13y2)*
= (22 — Tey + 11y)* + (222 — 102y + 120)* + (2 — 32y + )™

This produces the following Ramanujan-like identity. If

N 1 — 7z + 42?
g anr” = ,
1— 8x + 8x2 — 23
n>0

N 1 — 8z + 922
g bpa™ = ,
1— 8z + 8x2 — 3
n>0

" 2 — 15z + 1322
> e =

1 2 _ 37
=0 1—8x+ 8 T

1—9z+ 1122
Zd”xnzl 8 m—g2x 37
"0 —38r +38x° —x

n  2—16x + 1222
Zenx T 18z 822 — 2%
n>0

then
al +0) +ct =dl et 1.
The row in the table for m = 3 and n = 5 gives the algebraic identity
(2% — 2zy + 21y2)* + (322 — dwy + 41y*)* + (522 + 62y — T1y?)*
= (322 4 6xy — 69y*)* + (5? + 4y — 49y*)* + (2 — 222y + y*)*.

This produces the following Ramanujan-like identity. If

Z " 1 — 22z + 2122
An T )
1 — 483z + 48322 — 23

n>0

n - — 2 _ .37
= 1 —483z 448322 — z

n - _ 2 _ 37
= 1 — 483z 448322 — z

n - _ 2 _ 37
= 1 — 483z 448322 — x
Z n 5+ 44x + 4922

e, =
" 1 — 483z + 48322 — 23’
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then
at 40t 4+t =dt et 41

8. Questions

The previous data suggests several questions.

1. In the third power case, we were unable to find any nontrivial algebraic
identities like (2.1) with 1 = 1 and r9 = r3 = 7 where r > 3. We would like
to know if any exist and if so, what are they?

2. We were unable to find any fourth power algebraic identities of the form

(ri2? + syzy 4+ t1y>)* + (rox? + sazy + toy?)* + (r3z® + szxy + t3y?)*

= (rax® + sy + tay®)* + (2% — sszy — t59°)*,
where the r’s are positive integers and the s’s and ¢’s are nontrivial. Do such
identities exist?

3. In the fourth power case, we found algebraic identities for every pair we tried
where m if a positive integer and n = m + 1. Is this always true? In addition,
is there any other algebraic identity where n # m + 1 other than the one we
found where m = 3 and n = 57
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Appendix I: 73 + 73 =73 +1

T1

T2

T3

T1

T2

3

9 10 12
64 94 103
73 144 150
135 235 249
244 729 738
334 438 495
368 1537 1544
o577 2304 2316
1010 1897 1988
1033 1738 1852
1126 5625 5640
1945 | 11664 | 11682
3088 | 21609 | 21630
3097 3518 4184
3753 4528 5262
3987 9735 9953
4083 8343 8657
4609 | 36864 | 36888
5700 | 38782 | 38823
5856 9036 9791
6562 | 59049 | 59076
7364 | 83692 | 83711
9001 | 90000 | 90030
10876 | 31180 | 31615
11161 | 11468 | 14258
11767 | 41167 | 41485
11980 | 131769 | 131802
13294 | 19386 | 21279
15553 | 186624 | 186660
16617 | 35442 | 36620

19774 | 257049 | 257088
20848 | 152953 | 153082
24697 | 345744 | 345786
26914 | 44521 | 47584
27238 | 33412 | 38599
27784 | 35385 | 40362
27835 | 72629 | 73967
30376 | 455625 | 455670
35131 | 76903 | 79273
36865 | 589824 | 589872
38305 | 51762 | 57978
39892 | 151118 | 152039
44218 | 751689 | 751740
49193 | 50920 | 63086
50313 | 80020 | 86166
59728 | 182458 | 184567
65601 | 67402 | 83802
99457 | 222574 | 229006
107258 | 278722 | 283919
135097 | 439312 | 443530
158967 | 312915 | 326033
190243 | 219589 | 259495
191709 | 579621 | 586529
198550 | 713337 | 718428
243876 | 547705 | 563370
294121 | 325842 | 391572
336820 | 583918 | 619111
372106 | 444297 | 518292
434905 | 780232 | 822898
590896 | 734217 | 844422
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Appendix IL: #3 + 13 =3 — t3

t to ts | ta
-9 6 8 |1
6 9 | 8 |1
-9 8 6 |1
8 9 | 6 |1
8 [ 6 | -9 [1
6 | 8 | -9 [-1
-8 9 6 | -1
9 -8 6 | -1
-6 9 8 | -1
9 -6 8 | -1
6 8 9 |1
8 6 9 |1

12 [ 9 [ -10 | -1
9 [ -12 | -10 | -1

12 [ 10 | 9 |1
10 | -12 | -9 [-1

10 | 9 | 12 |1
9 [ -10 | 12 [ 1

10 | 12 9 |1
12 [ -10 | 9 |1
9 [ 12 | 10 |1
12 | 9 |10 [1
9 10 | 12 | -1
10 9 12 | -1

103 64 | -94 | -1
64 | -103 | -94 | -1

103 94 | 64 | -1
94 | -103 | -64 | -1

94 | 64 [-103] 1

64 | 94 [-103| 1

94 [ 103 | 64 | 1

103 | 94 | 64 | 1

64 | 103 | 94 | 1

103 | 64 | 94 | 1
64 | 94 | 103 | -1
94 | 64 | 103 | -1

t1 to t3 14
-144 | 71 | -138 | 1
71 | -144 | -138 | 1
-144 | 138 | -71 | 1
138 | -144 | -71 | 1
-138 | =71 | -144 | -1
-71 | -138 | -144 | -1
-138 | 144 71 | -1
144 | -138 | 71 | -1
-71 | 144 | 138 | -1
144 | -71 | 138 | -1
71 138 | 144 | 1
138 71 144 | 1
-150 | 73 | -144 | -1
73 | -150 | -144 | -1
-150 | 144 | -73 | -1
144 | -150 | -73 | -1
-144 | -73 | -150 | 1
-73 | -144 | -150 | 1
-144 | 150 73 1
150 | -144 | 73 1
-73 | 150 | 144 | 1
150 | -73 | 144 | 1
73 144 | 150 | -1
144 73 150 | -1
-172 | 135 | -138 | 1
135 | -172 | -138 | 1
-172 | 138 | -135 | 1
138 | -172 | -135 | 1
-138 | -135 | -172 | -1
-135 | -138 | -172 | -1
-138 | 172 | 135 | -1
172 | -138 | 135 | -1
-135 | 172 | 138 | -1
172 | -135 | 138 | -1
135 | 138 | 172 | 1
138 | 135 | 172 | 1
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Appendix III:

i+t +ta=ti+ti+1

t1 | to t3 17 ts t1 | t2 i3 t4 ts

2| 31 | 47 | 14 | 49 6 | 25 | 29 | 15 | 32
2| 31 | 47 | 49 | 14 6 | 26 | 29 | 32 15
2| 35 | 47 | 19 | 50 6 | 29 | 47 | 23 | 48
2| 35 | 47 | 50 19 6 | 29 | 47 | 48 | 23
2| 47 | 173 | T1 | 172 6 | 31 | 41 | 24 | 43
2| 47 | 173 | 172 | 71 6 | 31 | 41 | 43 | 24
2 | 148 | 191 | 56 | 206 6 | 47 | 71 | 43 | 72
2 | 148 | 191 | 206 | 56 6 | 47 | 71 | 72 | 43
3 6 21 16 | 19 6 | 138 | 165 | 100 | 178
3 6 21 19 16 6 | 138 | 165 | 178 | 100
3 7 8 2 9 7| 14 | 21 18 | 19
3 7 8 9 2 7| 14 | 21 19 | 18
3 7 44 | 24 | 43 7 | 27 | 157 | 109 | 147
3 7 44 | 43 | 24 7 | 27 | 157 | 147 | 109
3] 21 | 36 2 37 7| 57 | 73 9 79
3 21 | 36 | 37 2 7T 57 | 3|79 9

3| 24 | 111 | 77 | 104 7| 76 | 107 | 83 | 104
3| 24 | 111 | 104 | 77 7 | 76 | 107 | 104 | 83
4 9 13 | 11 12 7 | 109 | 148 | 121 | 142
4 9 13 | 12 | 11 7 | 109 | 148 | 142 | 121
4 | 18 | 19 6 22 8 11 19 | 16 | 17
4 | 18 | 19 | 22 6 8 | 11 19 | 17 | 16
4| 41 | 103 | 58 | 101 8 | 43 | 51 | 47 | 48
4 | 41 | 103 | 101 | 58 8 | 43 | 51 | 48 | 47
41 49 | 75 | 25 | T8 8§ | 109 | 132 | 62 | 144
41 49 | 75 | 78 | 25 8§ | 109 | 132 | 144 | 62
41 76 | 105 | 54 | 110 9 | 25 | 34 | 30 | 31
4| 76 | 105 | 110 | 54 9 | 256 | 34 | 31 | 30
4| 8 | 100 | 32 | 110 9 | 34 | 193 | 152 | 171
4| 8 | 100 | 110 | 32 9 | 34 | 193 | 171 | 152
5 6 11 9 10 9 | 197 | 200 | 45 | 236
5 6 11 10 9 9 | 197 | 200 | 236 | 45
6 | 14 | 37 | 22 | 36 10| 14 | 103 | 80 | 92
6 | 14 | 37 | 36 | 22 10| 14 | 103 | 92 | 80
6 | 19 | 31 9 32 101 19 | 29 | 25 | 26
6 | 19 | 31 | 32 9 101 19 | 29 | 26 | 25
6| 23 | 29 | 26 | 27 10| 39 | 41 | 32 | 45
6 | 23 | 29 | 27 | 26 10| 39 | 41 | 45 | 32
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Abstract

Let o(x) denote the sum of the divisors of . The diophantine equation
o(z) + o(y) = 2(z + y) equalizes the abundance and deficiency of x and y.
For x = n and y = hn the solutions n are called h-perfect since the classical
perfect numbers occur as solutions for h = 1. Some results on h-perfect
numbers are determined.
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1. Introduction
Let o(n) denote the sum of the divisors of n, that is,
D5 —1 - .
on)=||—~+——— for n:Hpi‘.
j i=1
Since the classical antiquity there exist two famous problems for o(n).
At first it is asked for perfect numbers n fulfilling
o(n) = 2n.

All even perfect numbers are of the form n = (2P —1)2P~! where p is a prime number

and where 27 — 1 is a so-called Mersenne prime number, too. Nearly 50 such prime

numbers are known. The existence of odd perfect numbers is still unknown.
Secondly, it is asked for amicable number pairs x,y such that

oz)—x=y and o(y)—y==x.

o7
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Several thousand pairs are known. It remains unknown whether there are infinitely
many pairs.

Nonperfect numbers n are called abundant if o(n) > 2n and called deficient
if o(n) < 2n. Then it may be asked for perfect number pairs z,y fulfilling the
diophantine equation

o(x) +o(y) =2(z +y), (1.1)

that is,  and y equalize abundance and deficiency.

There exist many solutions x,y of (1.1). For fixed d let X and Y be the sets
of solutions x and y of o(x) = 2z + d and o(y) = 2y — d, respectively. The sets X
and Y are finite (see [1], p. 169). Then all pairs z,y with x € X and y € Y are
solutions of (1.1).

It may be remarked that perfect and amicable numbers are special cases of
(1.1): Perfect numbers for z = y and amicable numbers for o(z) = o(y).

Here it is proposed to consider the special class of solutions of (1.1) when y is
a multiple of z, that is,

on) +o(hn) =2(n+ hn) =2n(h + 1). (1.2)

If h =1 then n is a perfect number. Therefore solutions n of (1.2) may be called
h-perfect numbers. Some results on h-perfect numbers are determined in the fol-
lowing.

2. Powers of two

For h = 2! all h-perfect numbers are dependent on a sequence of certain prime
numbers being similar to Mersenne prime numbers.

Theorem 2.1. A number n is 2'-perfect, t > 1, if and only if it holds
n=2%((2" + 1)2% — 1) where (2t + 1)2% — 1 is a prime number.

Proof. Suppose that n is 2¢-perfect, t > 1.
If (n,2) = 1 then equation (1.2) implies

o(n) +o(n2') = o(n)(1 + 2 — 1) = o(n)2!! = 2n(1 + 2%).

Since the left term of (1.2) is divisible by 2¢*! whereas the right term of (1.2) is
divisible by 2 only, odd 2¢-perfect numbers do not exist.
If n=52% a>1, (s,2) = 1 then equation (1.2) yields

o (s2%) + o(s2'T) = 2(s2% + s2'T*).
This is equivalent to
o(s)(2"+1)2* —1) = (2" + 1)2%s with s=0v((2"+1)2* —1), v > 1, (2.1)

since ((2° 4+1)2* —1,(2' +1)2%) = 1.
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If v > 1 then equation (2.1) determines
v((2P+ 12 — 1) +v+1<o(w((28 +1)2* — 1)) = v(2" +1)27,

a contradiction.
If v=1and if s = (2! + 1)2% — 1 is a composite number then equation (2.1)
yields
(28 +1)2% < o((2" +1)2% — 1) = (2" +1)2,
again a contradiction.

If v =1 and if s = (28 + 1)2* — 1 is a prime number then equations (2.1) and
(1.2) are fulfilled and n = s2% is 2'-perfect. O

In [2] the first 16 and 12 prime numbers p = (2!41)2%—1 are listed for ¢ = 1 and
t = 2, respectively. Thus 10, 44, 184, 752, 12224, 49024,. .. are the first 2-perfect
numbers. The question for odd 2!-perfect numbers, t > 1, is completely answered
by nonexistence whereas it is still open in the classical case of perfect numbers.

3. Nonexistence

For some classes of values of h it can be proved that h-perfect numbers do not
exist.

Theorem 3.1. For h = c2¢, (¢,2) =1, ¢ > 3, there are no even h-perfect numbers
if c+2 < 2172 and there are no h-perfect numbers if ¢ +2 < 2t+1,

Proof. For even n let n =172% a > 1, (r,2) = 1. Now suppose that n is c2-perfect
for ¢ + 2 < 22, Equation (1.2) implies

(2ot — Do (r) + (2°T — Do(er) = r29TH (2" +1).
Using o(cr) > cr 4+ o(r) it follows
o(r) (29Tt — 1 4 20HFL 1y < (29! 4 o).
Then o(r) > r together with o > 1 determines
i+l < 9o+l < oy o

a contradiction.
For odd n suppose that n is c2t-perfect for c+2 < 2!*1. Equation (1.2) implies

o(n) + (2 — Do(en) = 2n(1 + 2°).
With o(en) > en + o(n) it follows
2o(n) < (c+2)n
and with o(n) > n the contradiction
2 <42

is obtained. O
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For h < 100 by Theorem 3.1 no h-perfect numbers occur if h = 12, 20, 24, 40,
48, 56, 72, 80, 88, or 92.
The following theorem presents another example of partial nonexistence.

Theorem 3.2. There is no even 3'-perfect number, t > 1.

Proof. Suppose that n = r2% is an h-perfect number for h = 3, t > 1, a > 1,
(r,2) = 1. Equation (1.2) yields

o(r)(2°t — 1) + o(r3") (2T — 1) = r22TH(1 + 3%). (3.1)
Case I: (r,3) = 1. It follows
o(r)(2*T = 1) (14 (3" = 1)/2) = 22T (1 + 3")
and equivalently
o(r) (22T — 1)(1 + 317 = r2972(1 + 3).
With o(r) > r the inequality
(29T —1)(1 + 311y < 29F2(1 + 3F)
is obtained being equivalent to
(3" —1)2tt <1430

This is a contradiction for o, > 1 excluded o = ¢ = 1. Then, however, the left
term of (3.1) is divisible by 3 and, in the contrary, 3 does not divide the right term
of (3.1) due to (r,3) = 1.

Case II: r = 3%, B > 1, (5,3) = 1, and (s,2) = 1 since (r,2) = 1. By equation
(3.1) it follows

o(s)(2° = 1)(3°TT 4 30T — 2) = 27¥230(1 4 3")
and with o(s) > s
gatlgf+l | gatlgi+B+l _ gat2 _ gf+l _ gt+f+l 4 9 < got2gt+f | ga+238
This inequality is equivalent to
(3%(1+3H) —2)(22tt —3) <4

yielding a contradiction for «, 5, > 1. O



On h-perfect numbers 61

4. Even perfect-perfect numbers
For some values of h there exist only a small number of h-perfect numbers.
Theorem 4.1. For h = 6 only 13 is h-perfect and for any other even perfect

number h there are no h-perfect numbers.
Proof. Let h = (2P —1)2P~! be an even perfect number, that is, p and 27 — 1 both
are prime numbers. Suppose that n is an h-perfect number.

For even n, that is, n = r2%, « > 1, (r,2) = 1, Theorem 3.1 implies the
condition 2P + 1 > 2P*! being impossible.

For odd n two cases are distinguished.

Case L n=r(2? - 1)* =rq¢*, a > 1, (r,2° — 1) = (r,q) = 1. By equation (1.2),

o(rq®) +o(r2P1q* ") = 2r¢* (1 + 2P ")
and hence
o(r) (g™ =14 (2P = 1)(¢*"? — 1)) = 7(g — 1)(2¢" + 2P¢* ).
With o(r) > r and 2P — 1 = ¢ this yields
qa+1 — 14+ qa+3 —q < 2qa+1 4 qa+3 + qa+2 _ 2qa _ qa+2 _ qa+1
and thus the contradiction
2¢° < q+1.
Case II: (n,2P — 1) = (n,q) = 1. Equation (1.2) yields
o(n) + o(ng2P™1) = 2n(1 4 ¢2P7 1),
o(n)+o(n)(2” —1)(q+1) =n(2+ ¢2°),
and thus
o(n)(1+q(g+1)) =n(2+q(g+1)).
Since (1 +q(¢+1),24 g(g+ 1)) =1 it is necessary that
on)=v(2+q(g+1)) with n=v(l+q(g+1)), v>1. (4.1)
If v > 1 in equation (4.1) then
v(I+q(g+1)+v+1<o(n)=v2+q(g+1))

is a contradiction.
If v =1 in equation (4.1) and if 1 + g(¢ + 1) is a composite number then

2+q(g+1)<o(n)=2+q(g+1)

is a contradiction.

It remains that v = 1 in equation (4.1) and 1 4 ¢(¢ + 1) is a prime number.
This, however, is impossible for odd prime numbers p since 3 divides 1+¢(¢+1) =
1+ (22 —1)2P due to 2?7 = —1 (mod 3). Thus p = 2 determines 1+ gq(qg+ 1) =13
as the unique solution of equations (4.1) and (1.2) for h = (22 = 1)22"1 =6. O
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5. Small values of h

For h < 16 the discussion is completed for h = 2, 4, 6, 8, 12, and 16. For h = 3,
9, and 10 even h-perfect numbers do not exist. So far no h-perfect numbers are
known for h = 3, 9, 10, and 13. The numbers n = 14 and n = 7030 are 5-perfect,
n = 135 and n = 1365 are 7-perfect, n = 182 is 11-perfect, n = 5 and n = 118 are
14-perfect, and n = 455 is 15-perfect.

Finally, there are two corollaries for the Fibonacci number F; = 13 as conse-
quences of Theorems 3.1 and 4.1.

Corollary 5.1. Only 13 is an h-perfect number for any even perfect number h.

Corollary 5.2. Only 18 is a 3 - 2t-perfect number for any t > 1.
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Abstract

Heuristically, the base b, size a Tojaaldi sequence of size k, 7;(‘1’17), is the
sequence of initial digits of the (k+ 1) —digit Generalized Fibonaaci numbers,
defined by Féa) = O,Fl(a) =1,F" = aFflajl + F,(L(i)Z,n > 2. For example,
7’2(1’10> = (1,2,3,6,9) corresponding to the initial digits of the three-digit
Fibonacci numbers, 144, 233, 377, 610, 987. In [1] we showed that (eventually)
there are at most b Tojaaldi sequences and conjectured that there are exactly
b Tojaaldi sequences. Based on computer studies we also conjectued that the
Tojaaldi sequences are Benford distributed. We prove these two conjectures

Keywords: Tojaaldi, Fibonacci, initial digits, Benford
MSC: 11B37 11B39

1. Introduction and goals

The goal of this paper is to prove the two conjectures presented in [1]. For purposes
of completeness we will repeat the necessary definitions, conventions and theorems
from [1]. For pedagogic purposes we will also repeat key illustrative examples.
However, the reader should consult [1] for details on proofs and the well-definedness
of definitions.

An outline of this paper is as follows: In this section we present all necessary
definitions and propositions. In the next section we state the main Theorems of [1]
as well as the two conjectures. In the final section we prove the conjectures.
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Notational Conventions. Throughout this paper if {n € N : P(n)} is the
set of integers with property P then we notationally indicate the sequence of such
integers (with the natural order inherited from the integers) by (n € N : P(n)).
Throughout this paper discrete sequences and sets will be notationally indicated
with angle brackets and braces respectively.

Definition 1.1. For integers a > 1,n > 0, the generalized Fibonacci numbers are
defined by

F@ =0,F” =1,F® =aF + FY,,  n>2

The generalized Fibonacci numbers can equivalently be defined by their Binet form

n

_ An D —D
Fr(La):%TavD:aa*ﬂa:Va2+47aa:a—; 7ﬂa:a2 . (11)

When speaking about the generalized Fibonacci numbers, if we wish to explicitly
note the dependence on a, we will use the phrase the a-Fibonacci numbers.

The following identity is useful when making estimates.

Lemma 1.2. For integers k> 1,m > 1,

m m

F, =alF@ + F9pm, (1.2)

Definition 1.3. The base b, a- Tojaaldi sequence of size k is defined and notation-
ally indicated by

(a)
a,b Fn a
T >:<{MJ;n>1,bk<Fg><bk+l>, k> 0. (1.3)
The base b, a- Tojaaldi set (of the a-Fibonacci numbers) is defined and notationally
indicated by

TN = (T .0 <k < o0},

Example 1.4. Heuristically, a Tojaaldi sequence is the sequence of initial digits of
all base b size a Fibonacci numbers, with a fixed number of digits. So, for example,
7—2(1’10) = (1,2,3,6,9), corresponding to the initial digits of the 3-digit Fibonacci
numbers: 144,233,377,610,987.

Remark 1.5. The theorems of this paper carry over to the generalized Lucas num-
bers with extremely minor modifications.

The Tojaaldi sequences were initially studied by Tom Barrale who manually
compiled tables of them from 1997-2007. Michael Sluys then contributed computing
resources enabling computation of Tojaaldi sequences for the first (approximately)
half million Fibonacci numbers. This computer study was replicated by Hendel
using alternate algorithms. This computer study contains important information
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about the distribution of Tojaaldi sequences which is the basis of the conjecture
that the Tojaaldi sequences are Benford distributed.

The name Tojaaldi is an acronym formed from the initial two letters of Barrale’s
family: Thomas, Jared, Allison, and Dianne, his eldest, second eldest son, daughter
and wife respectively. (The third letter of "Thomas" was used rather than the
second because it is a vowel.)

Definition 1.6. For integers b > 2,a > 1, ng(a,b) is the smallest positive integer
such that

F(® — .1, is not solvable for integers 1 < i < b—1,n > ng(a,b). (1.4)
Example 1.7. Clearly, no(1,10) = 1, ng(2,10) = 1 and ng(1,12) = 13.

Definition 1.8. For integer k, n(k) = n(k,a,b) is the unique integer defined by the
equation

F(a)

k (a)
(k) <V <F

e k=1 (1.5)

Definition 1.9. For fixed integers @ > 1 and b > 2, j(a,b) is the unique non-
negative integer satisfying the inequality,

ad(@b) < p < oI+ (1.6)

Definition 1.10. Let kq(a,b) be the smallest positive integer such that for all
k > ki(a,b), (i) n(k) > no(a,b), and (ii) n(k) > j(a,b). An integer k > k;(a,b) will
be called non-trivial while other positive integers will be called trivial. Similarly, a
Tojaaldi sequence ’T( ) will be called non-trivial if k is non-trivial. We notationally

indicate the set of all non-trivial, base b, a-Tojaaldi sequences, by 7'(a’b).

Lemma 1.11. For non-trivial k,

#T € {j(a,b), j(a,b) + 1}. (1.7)
Proof. [1, Proposition 2.5]. O

Example 1.12. j(1,10) = 4,n0(1,10) = 1, and n(1,1,10) = 6. Hence, by (1.7),
7—0(1’10) is the only base 10, 1-Tojaaldi sequence with 6 elements.

Lemma 1.13. If k is non-trivial then (i) F('(II)C) <ibF1<i<b-1= F(((l,)c) <i-bF

(i) #T(a b ¢ {j(a,b),j(a,b) + 1}, (i) FT(L((L])C)—O—p > b= O‘ng(L((LI)c) >bF1<p<
jla,b) + 1.

Proof. |1, Proposition 2.8]. O

Remark 1.14. Non-triviality was introduced to avoid only a few aberrent Tojaaldi

1,10) . ..
sequences such as T( . In general, restricting ourselves to non-trivial sequences

is not that restrictive. For example, k1(1,10) = 1 and k;(1,12) = 3.
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Definition 1.15. For fixed a, b, and = € [a; ', 1), the base b, real, a-Tojaaldi
sequence of x is defined by

T4 = (la¥z] : 1 <k < m, with m defined by o™z < b < a™1z).

Remark 1.16. Tz(a) has different definitions depending on whether z is an integer
or non-integer. This should cause no confusion in the sequel since the meaning will
always be clear from the context.

Definition 1.17. For integer k, a > 1, and b > 2,

F(a)
n(k)
x=z(k) =z(k,a,b) = o kE>1 (1.8)
Lemma 1.18. For integer k, a > 1, and b > 2,
(a,b) _ ~4(a,b)
Ty =7, (19)
and
z(k) € (a; ', 1). (1.10)
Proof. [1, Proposition 2.14] O

Definition 1.19. For each integer, 1 < i < b, e(i) = e(i,a) is the unique integer

satisfying. ozz(i)f1 <i< ozz(i).

Definition 1.20. The (a,b)-partition refers to

(Bi:1<i<b+1)=(l,—:1<i<b). (1.11)

Qq

Remark 1.21. By our notational convention on the use of angle brackets, the B;
simply sequentially order the {—Z7 }i1<;j<p. Consequently, the B;,1 < i < b+ 1,
Qg - =

partition the interval [%7 1), into b semi-open intervals with B; = o, ' and By =
1.

Example 1.22. Table 1 presents the (1,10)-parition and other useful information.

Lemma 1.23. For a fized a > 1,b > 2, (a,b) — partition, (B; : 1 <i <b+ 1), and
a real Yy e [BmvB’m+1)v 1 <m< b7

TAoD = Teb, (1.12)
Proof. |1, Proposition 2.15]. O
Example 1.24. z = z(1,1,10) = 0.8. Inspecting Table 1,
x € [Bs, Br) = [0.76,0.81).
It is then straightforward to verify, as shown in Table 1, that
T = (1,2,3,5,8) = 7,10, (1.13)



Proof of the Tojaaldi sequence conjectures 67

i 7 3_ 8 5_ 2 9 6_ 10 4_ 1
o o5 o3 o5 o4 o2 ) ol ) o3
0.62 0.63 0.71 0.72 0.73 0.76 0.81 0.88 0.90 0.94 1.00
11246 | 11247 11347 11348 11358 | 12358 12359 12369 1236 1246
H 3,888 [ 21,250*% | 3,396* | 2,068* | 8,515 [ 11,158** | 13,980* | 5,465* | 8,515 [ 10,583* [ 88,818 H

Table 1: Row 3 of this table contains the ten base 10, 1-
Tojaaldi sequences of size at least 1. Row 4 presents the nu-
merical frequencies of Tojaaldi sequences. Row 1 contains the
(1,10)-partition of [a™,1) by B;,1 < i < b, defined in Defini-
tion 1.17. Row 2 contains two digit numerical approximations
of the B;. In row 4, the number of asterisks indicate the differ-
ence between (actual) observed and Benford (predicted) frequen-

cies, 88818 - W. To illustrate our notation, there are
11158 occurrences of the Tojaaldi sequence (1,2, 3,5,8) among the
Tojaaldi sequences of sizes 1 to 88818. The Benford densities de-

scribed in Definition 1.28 and Proposition 1.29, predict there should

be 88818 - (1og(9) log(e )zg(o((l)og@) log(a?) ) ~ 11156 occurrences, and
hence we have placed two asterisks on the 11158 entry to indicate
a difference of two between the observed and predicted frequencies.

In the sequel we will assume integers a, b are fixed. This will allow us to ease
notation and drop the functional dependency on a,b. So for example we will speak
about k; instead of k1 (a,b).

In the sequel we will speak about an integer K > ki(a,b). In several proofs we
will speak about the effect of K growing arbitrarily large.

Definition 1.25. The sequence {y(k)}x> K, is recursively defined by

F(‘l)
n(K
y(K) = o(K) =~
j+1 J+1
Y ifyk—1)%— <1,
y(k) =y(k—1)¢ ./ : u )aj”ﬂ (1.14)
2> if y(k —1)=2—>1, for k > K.

Definition 1.26. The sequence {n,(k)}r>x, is defined by n,(k) =0, for k < K,
and

altl
ny(k)=n, =#{K<i<k:y ()—b > 1}, k> K. (1.15)
Lemma 1.27.
(a) i\ k=K
Foik ol _
y(k) = bi( ) (b) ol (k=) fork > K. (1.16)

Proof. A straightforward induction. O
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Definition 1.28. The sequence {n;(k)}r>k, is defind by n,(k) = 0, for k < K,
and ,
aitt
ng(k) =#{K <i<k:z() (;) > 1}, k> K. (1.17)

Remark 1.29. The definitions and propositions we have just presented are almost
identical to those in [1, Section 3]. The sole difference is that [1] restricts these
definitions and propositions to the case K = k; while here, we have allowed K > k.
It is this small subtlety which will allow us to prove that most x(k) are arbitrarily
close to y(k) for large enough k > K.

Example 1.30. Let a = 1,b = 10. Then k;(a,b) = 1. By (1.14) and (1.8),

F
{y(1),...,y(4)} = {1—8 =0.8,0.8872,0.9839,0.6744} ~

(2(1),... a4y} = {5 B9 98T 6765

10° 100" 1000° 10000}'

Note that z(i) — y(i) ~ 0.003.

Definition 1.31. An integer k > K will be called exceptional relative to (a,b) if
ng(k — 1) # ny(k — 1). Otherwise, k will be called non-ezceptional.

Example 1.32. let a = 1,b = 10. Then j(a,b) = 4 and n(1,q,b) = 6.

By Definition 1.14, 2(44) = £213 = 0.9034, to four decimal places. By Definition
1.21, y(44) = 0.9006. But y(44)% = 0.9988 < 1, while 2(44)%% = 1.0019 > 1, and
consequently x(44) # y(44), implying by Definition 1.26 that 45 is exceptional.

Note, that by Definition 1.21, y(45) = 0.9988. while by Definition 1.14, x(45) =
0.6192.

Hence, for the exceptional value of 45, x(45) and y(45) are not close. In fact,
y(45) —x(45) > 0.37. The "spikes" in Figures 1 and 2 correspond to the exceptional
integers and show that they are rare.

Figure 1: Distribution of Lm +0.5] for 2 < n < 200, for the

1-Fibonacci numbers and base 10. The z(n) and y(n) are defined
in Definitions 1.14 and 1.21 respectively.
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Figure 2: Distribution of Lm +0.5] for 2 < n < 200, for the
2-Fibonacci numbers and base 10. The z(n) and y(n) are defined

in Definitions 1.14 and 1.21 respectively.

Definition 1.33. Let [a,b) be an interval on the real line and let

X ~ Uniform([a,b)) be a random variable uniformly distributed over this space.
If for some constant ¢ > 1, the random variable Y satisfies Y = ¢X,¢ > 1, over
the space [c?, c?), then we say that Y is Benford distributed over [¢?,c’), and we
notationally indicate this by Y ~ Benford([c?,c).

Lemma 1.34. If Y ~ Benford([c?, ), then for c® < c¢; < co < ¢,

logc(%ﬁ).

Prob(cy <Y < ¢2) = o

Remark 1.35. For a proof see [1, Proposition 4.3]. For general references on the
Benford distribution see the bibliography in [1]. Notice that the restriction of the
spaces and random variables Y and X to spaces of countable dense subsets of [a, b)
does not change the proposition conclusion.

Example 1.36. Table 1, which presents 88,818 Tojaaldi sequences, allows illus-
tration of the Benford sequence (and Conjecture 2).

Each of these 88,818 Tojaaldi sequences involve 4 or 5 Fibonacci numbers. Thus
the 88,818 Tojaaldi sequences involve 3888 x 5421250 x 5+...410583 x4 = 424992
Fibonacci numbers. Since the Fibonacci numbers are Benford distributed, we expect
log(42) x 88818 = 19446.6 Fibonacci numbers beginning with 9. But (1,2, 3,5,9)
and (1,2,3,6,9) are the only Tojaaldi sequences having Fibonacci numbers begin-
ning with 9; so we observe 13980 + 5465 = 19445 Fibonacci numbers beginning
with 9.

We can repeat this numerical exercise for each digit (besides 9). We can then
compute the y—square statistic, y? = 2?21 (Oil_)%Pi)z = 0.0004 showing a very
strong agreement between theory and observed freqﬁency for the Fibonacci-number
frequencies.

Similarly, as outlined in the caption to Table 1, we may compute observed and
expected Tojaaldi-sequence frequencies; the associated y—square statistic is 0.0013,
suggesting that the Tojaaldi sequences are Benford distributed. This numerical



70 R. J. Hendel, T. J. Barrale, M. Sluys

study motivates Conjecture 2 which will be formally stated in the next section and
proven in the final section of this paper.

Definition 1.37. The uniform discrete measure used when making statements
about frequency of Tojaaldi sequences on initial segments of integers, is given by
the following discrete probablity measure.
. (ab) _ 4(ab)
:#{klﬁc *7;0 71§k§L}
#{TP 1<k <L}

Py(T) L>1, (1.18)

with # indicating cardinality and kg, k, L are integers.

2. Main theorems and conjectures

Conjecture 1. For all b > 2,a > 1, #T(a’b) =b.

Theorem 2.1. For b > 1, and arbitrary a > 1,
#T Y <,

Proof. |1, Theorem 2.9] O

Lemma 2.2. For given (a,b) let (B; : 1 < i < b+ 1) be an (a,b)-partition, and
let 29 be an arbitrary point in the real space [a; 1, 1) with the continuous uniform
measure. Then

[Bi, Bit1))

_ o
ol =T = o)

where i is picked so that [B;, Bi+1) contains zg.
Proof. [1, Theorem 4.1] O

Theorem 2.3. For any integer K > ki, {y(i) : i > K} is Benford distributed over
the space [a~1,1).

Proof. [1, Theorem 4.5] (with K replacing k; throughout the proof.) O

Conjecture 2. The {z(i)};>x, are Benford distributed.

3. Proof of the two conjectures

In this section we prove the two main conjectures which we restate as theorems.
Prior to doing so we will need some preliminary propositions.

Lemma 3.1. {n,(k)}r>K is non-decreasing and unbounded as k goes to infinity.
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Proof. By Definition 1.22, n, (k) is non-decreasing. Suppose contrary to the propo-
sition there is a ko such that for all k > ko, n, (k) = ny (ko). We proceed to derive
a contradiction, proving that n, (k) is unbounded as k goes to infinity.

First, we show, using an inductive argument, that y(k) € (a;!,1), for k > K.
The base case, when k = K is established by Definition 1.21 and equation (1.10).
The induction step is established by Definitions 1.21 and 1.8.

Returning to the proof of Proposition 3.1, note that according to Definition

J+1
aa

1.21, there are two cases to consider, according to whether y(kg)=4— < 1, or
i+1 +1

y(lﬂo)a%7 > 1. We assume y(kzo)aﬁb < 1, the treatment of the other case be-

ing almost identical. Then since we assumed n,(k) = ny(ko),k > ko, we have
Q1™

y(ko) ( o ) < 1, for all integer n > 0, a contradiction, since by Definition 1.8,

JERENE )
(aéb ) goes to infinity as n gets arbitrary large. This contradiction shows that

our original assumption that y(k) is bounded is false. This completes the proof. [

Lemma 3.2. For non-exceptional k > K
o)~ (k)] € (g 00, 2009, (31)

Proof. [1, Proposition 3.6] with K replacing k; in both the proposition statement
and throughout the proof. O

Remark 3.3. As noted in the previous section, because we replaced k; by K,
the lower bound estimate of the difference in (3.1) is going to 0. Consequently
{z(i)};>K is asymptotically approaching {y(i)}:;>x. Formally, we have the follow-
ing Corollary.

Corollary 3.4. As k varies over non-exceptional k,
lim |z(k) — y(k)| = 0.
k—o0
Proof. Immediate, by combining Propositions 3.1 and 3.2. O

Lemma 3.5. Using Definition 1.17, let (B; : 1 <i<b+1) = (1, % 1 <i<b)
be an (a,b)-partition. Then the #{Tp,,1 <1i < b} = b, that is, the T, are distinct.

Proof. Following [1, Proposition 2.15], define a b x j(a,b) + 1 matrix, A(k,l) =

Bral,1 <k <b,1<1<j(a,b)+1, so that by Definition 1.13

T, = (|A(k,1)],..., | A(k,m)]|), and by Definitions 1.16, 1.17 and 1.8, m equals

j(a,b) or j(a,b) + 1. Recall the following facts about the matrix A :

(1) A(k,e(i(k))) = i(k); (II) no other cell entries (besides (k,e(i(k)))) can have

exact integer values; (III) A is strictly increasing as one goes from top to bottom

and left to right, that is, A(k,1) < A(K',l’) if either (i)l <! or (i) I =1,k < k'
Using these three facts we see that |A(K',e(i(k))| < A(k,e(i(k)), for k' < k,

1 <k <b,i(k) # b. Hence, Tp,, # Tp,, for ¥’ < k. An almost identical argument

applies when i(k) = b. Hence the T'p, are distinct as was to be shown. O
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Example 3.6. We can illustrate the proof using Table 1. By Table 1, By = 5,
implying that the 5th member of the sequence 15, equals 8 and the 5th member
of the previous sequences, 15, ,1 < k < 4, are strictly less than 8 as confirmed by
Table 1.

Note also the special case By = a07 implying that the 5th member of the
sequence T, is empty while the 5th member of the previous sequences, Tg,,1 <
k < 8, are non-empty, as confirmed by Table 1.

The next three propositions show that exceptional k (as defined in Definition
1.26) are rare. First we prove the following proposition, which provides an alternate
recursive definition to z(k), defined in Definition 1.14.

Lemma 3.7. The sequence {z(k)}r>K, is recursively defined by

(a)

n(K
2(K) = 58
J+ n(k—1) j+1
x(k — 1)% + F(®) Ba . ifa(k—1)%8 — <1,
z(k) = ( ;;»}z(k blk) jb+1 (3.2)
z(k —1) a+Fab7, if x(k —1)%%— > 1, for k > K.

Proof. If k = K the proposition is true by Definition 1.14. If & > K, then by
Definitions 1.3, 1.7 and Proposition 1.10

n(k) —n(k —1) = #T."Y € {5, +1}.

Consequently, there are two cases to consider. We treat the case n(k) = n(k —
1) + j, the treatment of the other case, n(k) = n(k — 1) + j + 1, being similar.
But then, by Proposition 1.12,
(@) _ (a) (a) gn(k—1
Fn(k:) Zan(k 1) + Fj 5a( )
Equation (3.2), follows by dividing both sides of this last equation by b* and ap-
plying Defintion 1.14. O

Prior to stating the next two propositions, it may be useful to numerically
illustrate the proof method. The following example continues Example 1.27.

Example 3.8. Let a = 1,b = 10. Then by Definition 1.8, j(a,b) = 4. By Definitions
1.22 and 1.24,

ny(43) = ny(43),
implying by Definition 1.26, that 44 is not exceptional. By Definition 1.21, y(44) =
0.9006; by Deﬁmtlon 1.14, x(44) = 0.9034. Application of Defintions 1.22 and 1.24
require use of = 0.9017. Observe that

y(44) = 0.9006 < 0.9017 < 0.9034 = x(44).

Consequently,
al N
44)—=2 < 1;z(44)-2% > 1.
y(A) e < 12(a0)
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Therefore, by Definitions 1.22 and 1.24
ny(44) = ny(43) + 1; 0, (44) = ny(43).

Hence, by Definition 1.26, k = 45 is an exceptional value. Notice that y(44) and
x(44) are close in value as predicted by Proposition 3.2. The values of 2:(45) and
y(45) may now be computed using Definition 1.22 and Proposition 3.6,

y(45) = 0.9988; z(45) = 0.6192.

Here, y(45) and x(45) are not close. More precisely, y(45) is close to 1 while x(45)

is close to o .

But by applying Definitions 1.22 and 1.24 we see that
Ny (45) = ny(44); n, (45) = ny(44) + 1,

implying that
1, (45) = n, (45),

in other words, 46 is not exceptional. We in fact confirm that y(46) and x(46) are
indeed close as required.

y(46) = 0.6846 < 0.6867 = x(46).

We may summarize this numerical example as follows: (I) Most k are non-
exceptional. (II) For an exceptional k to occur, one of z(k —1),y(k — 1) must be

greater than “%:r " while the other is less. (IIT) This occurs rarely because most
k are non-exceptional and hence, by Proposition 3.2, (k) and y(k) are usually
numerically close. (IV) If k is exceptional then z(k) will be close to a;! while
y(k) will be close to 1. (V) Consequently k + 1 will not be exceptional and in fact
z(k+1) and y(k + 1) will again be close to each other.

The next proposition formalizes this example.
Lemma 3.9. If k is exceptional then k — 1 and k 4+ 1 are non-exceptional.

Proof. Assume that k is exceptional and k—1 is not exceptional. This assumption is
allowable, since by Definitions 1.21, 1.22 and 1.24, K and K +1 are not exceptional
and therefore the "first" exceptional k£ must be preceded by a non-exceptional value.
We proceed to show that k41 is not exceptional. Therefore, the "2nd" exceptional
k is preceded by a non-exceptional k. Proceeding in this manner we will always
be justified if we assume the predecessor of an exceptional k is not exceptional.
Consequently, we have left to prove that k 4+ 1 is not exceptional.

By Definitions 1.26, 1.22 and 1.24, for k to be exceptional we must have one of

adtt altt . .
x(k —1)=4— and y(k — 1)=4— greater than one while the other is less than one.

We treat one of these cases, the treatment of the other case being similar.
Accordingly, we assume

ny(k —2) =ng(k—2) — k —1 is not exceptional, (3.3)
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and we further assume

ot altl! it
y(k—1) < ( ab ) <ak—1) —yk-1)—"2— <lLak-1)—2— >1. (34)
Combining Proposition 3.2 with (3.4) we obtain
altt 1 alth g 1
Hence, by Definition 1.21 and Proposition 3.6,
J+1 j n(k—1)
(k) = ok — 1) () =l — )82 4 0P (36)

Using equation (3.4), Definitions 1.26, 1.22 and 1.24, we confirm that
ny(k —1) = ny(k —2),n,(k— 1) = ny(k — 2) + 1 — k is exceptional. ~ (3.7)

Again, by Definition 1.26, to decide whether k + 1 is exceptional we need to
compute n, (k) and n,(k). We first compute n, (k).
Appplying equations (3.6) and (3.5) to Definition 1.22, we have
al+l altio  adtl aZit?
y(k) b y(k — 1)( b ) > b b2 200

(3.8)

j and b are O(1) (relative to the choice of K) while we may chose K arbitrarily
large. It follows that as K goes to infinity,

i+1 +1 2542 +1
0 0 o’ o

y(k’) b > . 1202 () =~ b > 1. (39)
Consequently by (3.9), Definition 1.22, and (3.7)
ny(k) =ny(k—1)+1=mn,(k—2)+1. (3.10)

We now carry out a similar analysis on x(k). By Proposition 3.6 we have

atl ol . n(k—1) ad+1
z(k) 2 :(sr:(k—l)?—q-Fj() abk ) 3

Applying the upper bound for z(k — 1) presented in (3.5) we obtain after some
straightforward manipulations

(3.11)

00l o), g e BT o
Hence, by Definition 1.24 and equation (3.7),
ng(k) =ng(k—1) =n.(k—2)+ 1. (3.13)

Equations (3.10) and (3.13) together imply that n,(k) = ny(k), and hence, by
Definition 1.26, k 4 1 is not exceptinoal as was to be shown.
This completes the proof. O
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Lemma 3.10. Prob({k : k is exceptional}) = 0.

Proof. By Proposition 3.8, exceptional k occur as singletons (that is, two consec-
utive integers cannot be exceptional). Furthermore, by Proposition 3.2, if k is
exceptional k — 1 is non-exceptional and
j+1 j+1
2(k = 1),y(k—1) € (%)™ = (a2200) 7" (Fo—
By Theorem 2.3 the {y(i)};>k are Benford distributed and hence the probability
of y(k — 1) being in an open interval whose width is going to 0, may be made as
small as we please.
But by Proposition 3.8 every exceptional k is uniquely associated with a non-
exceptional k.
This completes the proof. O

)7 (@ 0) ).

We can now prove the two conjectures.
Theorem 3.11. The {z(n)},>1 are Benford distributed.

Proof. Consider an arbitrary set (of reals), B C (a;!,1). To prove the theorem,
we must show that Prob(B N {z(n)},>1) equals the desired Benford-distribution
probability.

By Definition 1.28 and Proposition 1.29 we know that Prob(B N {y(n)}tn>1) =

%, with M, = sup (BN {y(n)}n>1) and m, = inf (BN {y(n)}n>1).

Define M, = sup (BN {z(n)}n>1) and m, = inf (BN {z(n)},>1). By Corollary
3.3, |[My—M,| and |m,—m| can be made arbitrarily small. The result immediately
follows. N

Theorem 3.12. For allb>2,a > 1, #7'(a’b) =b.

Proof. By Theorem 2.1, #7_(@,17)
The proof is constructive.

Using Definition 1.17, let (B; : 1 <i < b+ 1) = (1,% :1 <4 <b) be an

a

< b. It therefore suffices to prove #7_(@,17) > b.

(a, b)-partition. For 1 < i < b, pick a non-exceptional x(n;) € (B;, B;y1), for some
integer n;. x(n;) exists since by Theorem 3.7, {z(n)},>1} is Benford distributed
and hence dense in (a;!,1).

But then by Proposition 1.19, T,(,,) = T's,; by Proposition 3.4, the T, are
distinct; and by Proposition 1.15, T;(,,,) = Ty,. Hence, we have produced at least
b distinct Tojaaldi sequences as was to be shown. O
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Abstract

We consider sums of powers of Fibonacci and Lucas polynomials of the
form 3°7_  FE, (z) and 3°7_, Lf,, (), where s,t,k are given natural num-
bers, together with the corresponding alternating sums 37 _ (—=1)" Ff,, ()

and Y1 (—=1)" L¥.. (x). We give conditions on s, t, k for express these sums

as some proposed linear combinations of the s-Fibopolynomials (q:'km) Fu(a)’

m=1,2,...,tk.
Keywords: Sums of powers; Fibonacci and Lucas polynomials; Z Transform.

MSC: 11B39

1. Introduction

We use N for the natural numbers and N’ for NU{0}. We follow the standard no-
tation F,, (x) for Fibonacci polynomials and L, (z) for Lucas polynomials. Binet’s
formulas

F, () = ﬁ(an (2) = B"(2) and L, (&) =" (&) + 8" (), (L1)

a(x)zl(gc—i— x2—|—4) and B(m)—1<x—\/aj2+4), (1.2)

2 ]
will be used extensively (without further comments). We will use also the identities

1

Flop- s \% § s(p—1
(211?7«“31(;)(): 0(_1)‘%2(1)%71)%3}‘)—(—1)( i (1.3)

i)
|

x>
Il

7
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F2ps =
Z L(2p72k71)s (), (1.4)

Fs k=0
F (2) Fy (2) = Faygx (2) Fyogc (@) = (=) Py (@) Fie (), (1.5)
where p € N in (1.3) and (1.4), and M,N,K € Z in (1.5). (Identity (1.5) is a

version of the so-called “index-reduction formula”; see [7] for the case x = 1.) Two
variants of (1.5) we will use in section 5 are

Fa (2) Ly () = Fagx () Ly i (2) = (=) " Ly e v (@) Fie (), (1.6)

(2% +4) Far (2) Fy (2) = Largx () Lyv—x (2) = (=) " Lar g n (@) L () -
(1.7)

Given n € N and k € {0,1,...,n}, the s-Fibopolynomial (3 is defined by

(g)Fs(x) = (Z)F (z) =1, and

<n> _ (QZ) s(n— 1)( ) : Fs(n_k"’l) (IE) (18)

Fs(x)

k Fs()F2s() -FkS(QT)

(These mathematical objects were used before in [19], where we called them “s-
polyfibonomials”. However, we think now that “s-Fibopolynomials” is a better
name to describe them.)

Plainly we have symmetry for s-Fibopolynomials: (}) Fu(z) = () Fu(e) We
can use the identity

Fs(nfk)Jrl (-'L') Fyy, ($> + Fop—1 (.’13) Fs(nfk) ($) = Fsp (37> >

(which comes from (1.5) with M = sn, N =1 and K = —sk + 1), to conclude that

n n—1 n—1
() Fewa@ (i) re@(') o a9
Fy(x) Fy(x) Fy(x)

Formula (1.9) and a simple induction argument, show that s-Fibopolynomials
are indeed polynomials (with deg (}) Fay = SF (n—k)). The case s = z = 1
corresponds to Fibonomials (Z) - introduced by V. E. Hoggatt, Jr. [5] in 1967 (see
also [23]), and the case z = 1 corresponds to s-Fibonomials (}) r,» first mentioned
also in [5], and studied recently in [18]. We comment in passing that Fibonomials
are important mathematical objects involved in many interesting research works
during the last few decades (see [4, 8, 9, 11, 24]).

The well-known identity

q
+1
ZFf:FquH:(qQ ) ) (1.10)
n=0 F

was the initial motivation for this work. We will see that (1.10) is just a particular
case of the following polynomial identities ((4.20) in section 4)
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()T F2 ()

M=

(1)L (@)
0

= (=D Fs(2) ) (=1)"" Fasn (z) = Fy(g11) (¥) Fyq (2).-

=5

Il
=]

n

To find closed formulas for sums of powers of Fibonacci and Lucas numbers
ZL:O F,’f %nd kEZZO ~, and fgr the corresponding alternating sums of powers
»_o(=1)" F; and Zn: (—=1)" Lk is a challenging problem that has been in the

interest of many mathematicians along the years (see [1, 3, 12, 13, 15, 16, 21],
to mention some). There are also some works considering variants of these sums
and/or generalizations (in some sense) of them (see [2, 10, 14, 22], among many

others).

This work presents, on one hand, a generalization of the problem mentioned
above, considering Fibonacci and Lucas polynomials (instead of numbers) and
involving more parameters in the sums. On the other hand, we are not inter-
ested in any closed formulas for these sums, but only in sums that can be written
as certain linear combinations of certain s-Fibopolynomials (as in (1.10)). More
precisely, in this work we obtain sufficient conditions (on the positive integer pa-
rameters t, k, 8) for the polynomial sums of powers > 4 _  FF (z), o LE, (),

! o (=D)"FE (x) and 30 (-1)" LY, (z ), can be expressed as hnear combi-

nations of the s- Fibopolynomials )y M= 1,2,...,tk, according to some

proposed expressions ((3.3), (3.15), (4.5) and (4.6), respectively). (We conjecture
that these sufficient conditions are also necessary, see remark 3.2.)

In Section 2 we recall some facts about Z transform, since some results related
to the Z transform of the sequences { F}%,, x)}n and {Ltsn }20:0 (obtained in
a previous work) are the starting point of the resultb in this work.

The main results are presented in Section 3 and 4. Propositions 3.1 and 3.3 in
section 3 contain, respectively, sufficient conditions on the positive integers t, k, s
for the sums of powers .7 _  FF (z) and Y.?_ LY (z) can be written as linear
combinations of the mentioned s- Flbopolynomlals and propositions 4.1 and 4.3 in
section 4 contain, respectively, sufficient conditions on the positive integers ¢, k, s
for the alternating sums of powers >.¢_ (=1)" Ff  (z) and >7_, (—1)" Lfsn (x)
can be written as linear combinations of those s- Fibopolynomials Surprisingly,
there are some intersections on the conditions on ¢ and k in Proposition 3.1 and
4.1 (and also in Proposition 3.3 and 4.3), allowing us to write results for sums of
powers of the form 3¢ _ (=1)*" FE, (z) or 27_o (~1)*"™" FE_(2) (and similar
sums for Lucas polynomials), that work at the same time for sums Y _ Ff  (z)
and alternating sums y ¢ _ (—1)" Ff (z) as well, depending on the parity of s.
These results are presented in section 4: Corollary 4.2 (for the Fibonacci case) and

4 (for the Lucas case).

Finally, in Section 5 we show some examples of identities obtained as derivatives

of some of the results obtained in previous sections.
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2. Preliminaries

The Z transform maps complex sequences {an} _o into holomorphic functions
A:U C C— C, defined by the Laurent series A (z) = Y.~ ja,z~" (also written
as Z (ay), defined outside the closure of the disk of convergence of the Taylor series
oo g anz™). We also write a, = Z7! (A (z)) and we say the the sequence {a,}
is the inverse Z transform of A (z). Some basic facts we will need are the following:

(a) Z is linear and injective (same for Z71).

(b) If {an},—, is a sequence with Z transform A (z), then the Z transform of
the sequence {(—1)" an}._, is

Z((-1)" ay) = A(~2). (2.1)

(¢) If {an} -, is a sequence with Z transform A (z), then the Z transform of
the sequence {na,}, is

d
Z (nay,) = —2—A(2). 2.2
(nan) = —2 L A(2) (2.2
Plainly we have (for given A € C, A # 0)
z
Z(A\") = . 2.
= 2 (2.3

For example if t,k € N are given, we can write the generic term of the sequence

{ tsn }OO as

Pl () = ( S (@ (@) = <x>)) k (2.9

x2+4
k
LS B )

The linearity of Z and (2.3) give us

k

1 k _ z
Z (Ftlin( ) = m ; (l) (—l)k 1 e ) (2.5)

Similarly, since the generic term of the sequence {Ltsn (z )}OO can be expressed

n=0
as

Ly, () = (o (2) + " (x )) = i <I;> (a“l (x) grE=0 (x))n> (2.6)

=0

we have that

15 =3 () e ey =0

=0
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Observe that formulas
B z  2(2z—x)
Z(Fy(2)) = 2, and Z(Ly (2)) =

_— 2.8
22 —xz—1’ (28)
are the simplest cases (k =t = s =1) of (2.5) and (2.7), respectively.

In a recent work [20] (inspired by [6], among others), we proved that expressions
(2.5) and (2.7) can be written in a special form. The result is that (2.5) can be
written as

(2.9)
th i (sit2(s4+ G+ [tk + 1 s
S, i (- (1 Koy (@)
_. ) JF(@
tht1 Git2s+1))G+D) [tk 4+ 1
Zi:o (_1) 2 ( .

) Sth+1—i
v/ Fua)

Y

and (2.7) can be written as

Z (Lt (2)

(2.10)

th i (si+2(s+G+D [tk + 1 s

2 im0 §=0 (-1) 2 < . f&cs(ifj) (z) 2™

_ J Fs(x

=z hi Git2s+0))G+D) [t + 1 )
ST ' Sth1—i

v/ ()

From (2.9) and (2.10) we obtained that F}

o (x) and L, (x) can be expressed
as linear combinations of the s-Fibopolynomials ("*tk*l
according to

o )Fs@)’ i =0,1,...,tk,
Ft]fsn(m)

tk 1

(2.11)
= (1Y Z(—U“”W;W”“(tk + 1)

& n+tk—1
j Fts(i—j)(x)< th ) )
i=0 j=0 ) Fy(x)

and

Loy (2)

i

(2.12)
tk
a1 (i+2(s+1))G+D (th + 1
= DTN ( | )
Fs(x

n—+tk—1
L@ )
i=0 j=0 J ) ’ tk Fy(z)

The denominator in (2.9) (or (2.10)) is a (tk + 1)-th degree z-polynomial, which
we denote as Dy y+1 (, 2), that can be factored as

th+1

(sit2(s+)) G+ [t + 1 )
s (1) ey
i=0 v Fy(x)

= (—1)*H f[ (2= ¥ (@) B9 @)
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(See proposition 1 in [20].) Moreover, if tk is even, tk = 2p say, then (2.13) can be
written as

Dgopi1 (232) = (— 1 (2 H ( Lgé(p j) (@) 2 + 1) , (2.14)

and if tk is odd, tk = 2p — 1 say, we have

Dip (232) = (1) T (22 = (=10 Laop1-a (@) 2+ (1)) . (215)
j=0

(See (40) and (41) in [20].)

3. The main results (I)

Let us consider first the Fibonacci case. From (2.11) we can write the sum

Ftksn (2) in terms of a sum of s-Fibopolynomials in a trivial way, namely

Z k( (3.1)

R : Git2s+)) G+ [t 4+ 1 . /n +tk—1
E D 9 Y E TS G I T 5 (A I
Fo(a) L)

i=0 j=0 J n=0

The point is that we can write (3.1) as

Z . (3.2)
. —m (si+2(s£1) G4 (th 4 1 q+m
Sty S e () r @(*)
X ; J Fy(=) Fyz)

a1 (Gi+2(s+0)) G+ [tk + 1 ~(n
HETY Sy (N p @3 (n)
N J Fy(x) n=0 FS(T)

Expression (3.2) tells us that the sum Zn o Ff, (z) can be written as a linear

combination of the s-Fibopolynomials ( ik )F @y M= 1,2,...,tk, according to

Z tsn (33)
tk tk—m 1

511 (sit+2(s+1)G+D (th + 1 b qg+m
PSS S () m@ (M)

m=1 i=0 ;=0
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if and only if

th i

Git2s+MG+D [tk + 1
> > (-1 ’ ( ' ) Fiij (@) =0. (3-4)
i=0 j=0 A C

Observe that from (2.5) and (2.9) we can write

th i
(si+2s+1))G+D [tk + 1 i
S () p @ 6
Fy(z)

i=0 j=0 J

_ [k k-l 1
= (I2 +4)§ <§ <l>( 1) - alts(l‘) ﬁ(k—l)ts<x)>

tk+1
(sit2(s4D)(i+D) [tk + 1 i
Al ( ‘ ) )
v F.(x)

=0

Let us consider the factors in parentheses of the right-hand side of (3.5), namely

Lk _ 1
I (z,2) = Z <l> o 2 — alts (z) =Dts (z)’ (3.6)

1=0
and -
th+
(si+2(s+1)G+1D) [tk 1 .
Mo (e,z2) =3 () = ( i ) Az (3.7)
i=0 ! Fs(x)
Clearly any of the conditions
II; (z,1) =0, (3.8)
or
IT; (z,1) < oo and IT3 (z,1) = 0. (3.9)
imply (3.4).

Proposition 3.1. The sum Y.?_| Ff () can be written as a linear combination
of the s-Fibopolynomials (q;rkm) m = 1,2,...,tk, according to (3.3), in the

Fs(x)’
following cases )
L 1t [ k& [ s |
(a) even odd even
(b) odd =2mod4 | odd
(c) || =0mod4 odd any

Proof. Observe that in each of the three cases the product tk is even. Then,
according to (2.14) we can write

I, (z,2) = (—1)°+! (z_<_1)7‘) H ( 2= (<)% Ly (x)z+1). (3.10)
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(a) Let us suppose that ¢ is even, k is odd and s is even. In this case the factor
(z - (—1)%> of the right-hand side of (3.10) is (z — 1), so we have Il (z,1) = 0.

It remains to check that II; (x, 1) is finite. In fact, by writing k as 2k — 1, and using
that ¢ and s are even, one can check that

ok 1 Fek—1-20s ()
M (2,1) = Va2 +4Y ( z ) (~1) : (3.11)
1=0

2 — Ligp—1-21ys ()

so we have that II; (x,1) is finite, and then the right-hand side of (3.5) is equal to
zero when z = 1, as wanted.
(b) Suppose now that ¢ is odd, kK = 2mod 4 and that s is odd. In this case the

kts

factor (z —(-1)z ) of the right-hand side of (3.10) is (z + 1), so IIs (z,1) # 0.

However, by writing k as 2 (2k — 1) and using that ¢ and s are odd, we can see that

Thus, the right-hand side of (3.5) is equal to 0 when z = 1, as wanted.
(c) Let us suppose that t = 0mod 4, k is odd, and s is any positive integer. In

kts

this case the factor (z — (=)= ) of the right-hand side of (3.10) is (z — 1), so we

have Ils (x,1) = 0. By writing k as 2k — 1, and using that ¢ is multiple of 4, we
can see that formula (3.11) is valid for any s € N, so we conclude that Iy (x,1) is
finite. Thus the right-hand side of (3.5) is 0 when z = 1, as wanted. O

An example from the case (c) of proposition 3.1 is the following identity (cor-
responding to t = 4 and k = 1), valid for any s € N

> Fuen (x) (3.12)
n=0

) ((qz 1) Fy(x) ™ L @) (‘1 I 2) Fy(x) ! <‘1 I 3> Fs(x)> .

Remark 3.2. A natural question about proposition 3.1 is if the given conditions
on t, k and s are also necessary (for expressing the sum > ¢ _| FF (z) as a linear
combination of the s-Fibopolynomials (qjkm) Py ™= 1,2,...,tk, according to
(3.3)). We believe that the answer is yes, and we think that this conjecture (to-
gether with similar conjectures in propositions 3.3, 4.1 and 4.3) can be a good topic
for a future work. Nevertheless, we would like to make some comments about this
point in the case of proposition 3.1. The cases where we do not have the conditions
on t, k, s stated in proposition 3.1 are the following (e = even, o = odd)

(i) | () | (i) (iv) ) (vi) | (vii)
t e e o) = 2mod4 o o 0
e e e o =0mod4 | o 0
s || e 0 e 0 0 e 0
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Thus, in order to prove the necessity of the mentioned conditions we need to
show that (3.4) does not hold in each of these 7 cases. For example, the case t = 1
and k& = 3 is included in (vi) and (vii). In this case the left-hand side of (3.4) is
(for any s € N)

3 7
(si+2(s+1)G+1) [4 s
SO (g e () FS o () = —FP (2) (2L (2) + 1+ (—1)°).
i=0 j=0 I/ Fu(x)

That is, (3.4) does not hold, which means that the sum of cubes > 7 _ 0 F3 (z)

can not be written as the linear combination of the s-Fibopolynomials (‘1+ ) Fu(x)
(qu) Fu(x) and (q+3) proposed in (3.3). However, it is known that > ¢ _  F3 =

é(z) n=0"n
15 (Fsqe2 — 6 (—1)? Fy—1 4 5) (see [1]). In fact, the case of sums of odd powers of
Fibonacci and Lucas numbers has been considered for several authors (see [3], [16],
[21]). It turns out that some of their nice results belong to some of the cases (i) to
(vii) above, so they can not be written as in (3.3).

Let us consider now the case of sums of powers of Lucas polynomials. From
(2.12) we see that

1)t Z LF, (x (3.13)

tk i q .
(si+2(s+1)G+D) [th + 1 n+tk—1
i=0 j=0 J Fy(x) n=0 Fs(x)

which can be written as

Z Ltan (314)

tk tk—m i
B s+1 (sit+2(s+1)G+D) (th + 1 k qg+m
S IS SR (T,
m=1 =0 j= Fs(x) Fy(z)
i q
s+1 Git+2s+1)6+D (th + 1
D S L I ) Sl (A
=0 j=0 b F(a — Fu()
Expression (3.14) tells us that the sum Y?_ L¥, (z) can be written as a linear
combination of the s-Fibopolynomials (qum)F.(m)’ m=1,2,...,tk, according to

Z Lign (@ (3.15)

= (—1)*H Z Z 7+2<;1>><J+1><tk + 1) Lics(ifj) (2) (q + m) ’
Fy(z) th ) F@)

=1 =0 35=0 J
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if and only if

tk i
Git2s+1)G+D) [t + 1
> (-1 : ( , ) Ly (x) =0. (3.16)

i=0 j=0 J Fs(x)

From (2.7) and (2.10) we can write

tk 1
(si+2(s+1)) G+ [tk + 1 —i
SN () g (3.17)
Fq(z)

1=075=0 J
tk+1 ) )

_ (Z (71) (sz+2(stl))(1r+1) <tk + 1) Ztk?+1i>
i=0 t Fu(z)

y Xk: (k) 1
~ 1] 2 — qlts (.’E) B(k—l)ts (.’E)

We have again the factor II (z, z) considered in the Fibonacci case (see (3.7)), and
the factor

- Mk 1
I (z,2) =) (l> T @) B ) (3.18)

=0

Plainly any of the conditions: (a) I (x,1) = 0, or, (b) II; (z,1) < oo and
Il (z,1) = 0, imply (3.16).

Proposition 3.3. The sum > _  LF  (x) can be written as a linear combination

tsn
of the s-Fibopolynomials (qfkm) m = 1,2,...,tk, according to (3.15), in the

Fq(z)’
following cases

L It [*k] s |
(a) even odd | even
(b) || =0mod4 | odd | any

Proof. In both cases we have tk even, so it is valid the factorization (3.10) for
HQ ('Tv Z)
(a) Suppose that t and s are even and that k is odd. In this case the factor

(z - (—1)%> in Iy (x, 2) is (z — 1), so we have Iy (z,1) = 0. It remains to check
that II; (z,1) is finite. In fact, by writing k as 2k — 1 and using that ¢ and s are

even, one can see that II; (z,1) = 4k—1,
(b) Suppose now that t = 0mod 4, k is odd and s is any positive integer. In this

case the factor (z — (—1)%) in Iy (z, 2) is again (z — 1), so we have I3 (x,1) = 0.

With a similar calculation to the case (a), we can see that in this case we have also
I (x,1) = 4F—1, O
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An example from the case (b) of proposition 3.3 is the following identity (cor-
responding to t = 4 and k = 1), valid for any s € N

> Lian (2) (3.19)

=2 (q Z 4) Fu() " (_L‘“ (@) +2(=1)""" La, (x)) <q Z 3> Fy ()
+ (=1)" (Les (2) + Lo (@) +2(=1)7) (q I 2) i) b () (q I 1> P.)

Examples from the cases (a) and (b) of proposition 3.1, and from the case (a)
of proposition 3.3, will be given in section 4, since some variants of them work also
as examples of alternating sums of powers of Fibonacci or Lucas polynomials, to
be discussed in section 4 (see corollaries 4.2 and 4.4).

4. The main results (II): alternating sums

According to (2.1), (2.5), (2.7), (2.9) and (2.10), the Z transform of the alternating
sequences {(—1)" F: (33)}:;0 and {(-1)" L, (37)}:;:0 are

tsn

k
20" @) = oy 2 () 0 e O

k
(% +4)” 1=

k ; (sit2(s+0)G+D [tk + 1 k—i
S, i () () e @
Fy(x)

thtl Git2s+)) G+ [t 4+ 1 thtl—i
Sk (e (1 (—2)
Fy(x)

= —Z ?

]

and

k
n k z
z ((_1) Lfsn (1‘)) = z : (l) 2 4+ qlts (.23) B(k—l)ts (33) (42)

=0

k ; (sit+2(s+M G+ [(th + 1 k—i
Tk T (- R (1 L (@) (—2)
Fy(z)

tha1 i+ G+ [tk + 1 tht1—i
R (—2)
FE(w)

= —Z

2

By using (2.11) and (2.12) it is possible to establish expressions, for the case of
alternating sums, similar to expressions (3.2) and (3.14), namely
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q
S EL, (@) = (—1)r T (4.3)
n=0
tk tk—m i
(si+2(s+1))G+D) tk+1
y Z 1) S TES TEESH +1+m( + > Ftlz(i_j) (x)(q Jrkﬂl)
m=1 i=0 ;=0 J Fs (x) t Fy ()
t % ) q
stttk it2(s+1) G+ |tk 41 k nf 1
A ) D= sl G I CAE) S A IO
=0 j=0 Fy(x) n=0 Fy(x)
and
q
D (1) Ly, (@) = (=1) T (4.4)
n=0
tk thk—m 1

—n (s3+2(s+1)(G+1) |, th+1 q+m
Sy () (1)
Fs(x) Fy(x)

m=1 i=0 j=0 J
t

ki
o litn Git2+) G+ L (th+ 1
i=0 j=0 Fo ()
q
n=0

respectively. From (4.3) and (4.4) we see that the alternating sums of powers
! o (=D)"FE, () and 37 _, (=1)" LY., () can be written as linear combina-

tions of the s-Fibopolynomials (qjkm Fu(ay M= 1,2,...,tk, according to
q
Y (=D FL, (@) = (-1 (4.5)
n=0

tk thk—m 1
(a2 G oy (th 4+ 1 qg+m
DI DD DICe) R Fli-p) (@) :

m=1 i=0 j=0 J
and
q
S (D" L, () = (~1) (4.6)
n=0

tk tk—m 1

(3 42(s4+1)G+D) i (th + 1 qg+m
XZ Z Z(—l) 3 e < : > Lfs(i—j)(x)( n )F(.;

m=1 =0 j=0 J
if and only if we have that

tk i
(it G+ o (th 4+ 1
YT < ' ) Flyi—g) (@) =0, (4.7)
)

i=0 j=0 J
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and

tk i
(it G+ (th 41
ST (1) *( . ) e @=0 0y
Fy(z

i=0 j=0 J
respectively. Observe that, according to (4.1) and (4.2), we have

tk
k (si+2(s+0)G+D) o (th+ 1 —i
(et S () () p

i=0 j=0 J

_ zk: k (_1)1@71 1
= \! z+alts (z) =0t (z)
tk+1
Gsit2(se G o (th+ 1 ;
" 1 s +z< _ ) pihtl=i | 4.9
(Z( : v Fu(a) )

=0

and

tk i
(sat2(s41) G+ (th 4+ 1 —
DS () m

i=05=0 J /P

B z’“: k 1
= 2 1) 2+ alts (:c) ﬁ(k—l)ts (x)
tk+1 A )
% (Z (_1)(sz+2<s+21))(1+1>+i (tk—‘F 1) Ztk+1—i> , (4.10)
i=0 Fs(x)

7

respectively. Then we need to consider now the following factors

"k _ 1
M (2,2) = Z (l) (*1)]C : 2+ alts (x)ﬂ(k—l)ts (x)’ (4.11)

- "k 1
0 (-T, Z) = Z <l) 2+ alts (LL') 5(k—l)ts (l‘)’ (412)

1=0
and i
th+
Git2+ 6+ 4 (th+ 1 ;
Q, (m,z) _ Z (_1) p) + ( ;’_ ) ztk—&-l—z. (413)

Plainly (4.7) is concluded from any of the conditions: (a) Qy (z,1) = 0, or, (b)
O (x,1) < 0o and Q9 (z,1) = 0, and (4.8) is concluded from any of the conditions:
(a) Q1 (z,1) = 0, or, (b) Q; (z,1) < oo and Qy (x,1) = 0. In this section we give
conditions on the parameters ¢, k and s, that imply (4.7) (for the Fibonacci case:
proposition 4.1), and that imply (4.8) (for the Lucas case: proposition 4.3).

In the Fibonacci case we have the following result.
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x) can be written as a

Proposition 4.1. The alternating sum > ¢ _, (—1)" F, )
=1,2,...,tk, according

?

linear combination of the s-Fibopolynomials (qtkm)F ()’
to (4.5), in the following cases
L ¢ 1 *® 15 |
(a) any =0mod4 | any
(b) any even even
(c) || =2mod4 any odd
(d) even even any

Proof. Observe that in all the four cases we have tk even. Thus, according to (2.14)
(with z replaced by —z) we can factor Qs (z, 2) as

Qg(x,z):(—l)s( )U (z + (1) Lyyus .)(:v)z+1). (4.14)

(a) Suppose that £ = 0mod 4 and that ¢ and s are any positive integers. In this
case the factor (z + (—1)%) of (4.14) is z+1, so we have Qs (x,1) # 0. However,
by setting z = 1 in (4.11), with & replaced by 4k, we get

2k—1
4k 174k
O (z,1) = ; (l)(—n +2(2k> =0.
Thus (4.7) holds, as wanted.
(b) Suppose that k and s are even, and that ¢ is any positive integer. In this

case we have z + (—1)% = z+ 1, and then Q5 (2,1) # 0. By setting z = 1 in
(4.11), with k and s substituted by 2k and 2s, respectively, we get

2k 2% 1
Q1 (z,1) = Z < I > (*1)1 1+ a2lts (z) BRk—D2s (z)

=0

I W

Thus (4.7) holds, as wanted.
(c) Suppose that s is odd, t = 2mod 4, and k is any positive integer. If in (4.14)
we set z = 1 and replace t by 2 (2t — 1), we obtain that

(2t—1)k—1
@) =(1+0") [T (0 Loy @+2).  (415)
j=0

We consider two sub-cases:
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(c1) Suppose that k is even. In this case we have Qg (z,1) # 0. But if we set
z = 1 in (4.11), replace k by 2k, and use that ¢ = 2mod 4 and that s is odd, we

obtain that 1 o o
O (2,1) =) ( z ) (—1)l+2<k) (-1)F =o0.

1=
Thus (4.7) holds when k is even.
(c2) Suppose that k is odd. In this case we have clearly that Qg (2,1) = 0. We
check that 5 (z,1) is finite. If we set z = 1 in (4.11), substitute k by 2k — 1, and
use that t = 2mod 4 and that s is odd, we obtain that

k—1

2k -1 Flop_1_ops (T

Qi (z,1) = \/mz< l >(_1)l+1 (2k—1-20)ts (¥)
=0

2+ Liop—1-21ys ()

Then we have 4 (x,1) < 0o, as wanted. That is, expression (4.7) holds when k is
odd.
(d) Suppose that k and ¢ are even and s is any positive integer. In this case the

factor (z + (71)%) of (4.14) is (2 + 1), so we have s (x,1) # 0. Observe that,
replacing k and ¢ by 2k and 2¢, respectively (and letting s be any natural number)

we obtain the same expression for Q; (z,1) of the case (b), namely

2% rop 1
O (2,1) =) ( ; ) (-1’ 1+ aits () B0 ()’

=0

which is equal to 0. That is, in this case we have also that 4 (z,1) = 0, and we
conclude that (4.7) holds. O

Corollary 4.2. (a) If t is odd and k = 2mod 4, we have the following identity
valid for any s € N

q
> (IR, (o) = (- (4.16)
n=0
th thom (:342(HINGED | (541)(i4m) [ Tk + 1 & q+m
X Z Z Z(_l) j Fts(i—j)(ﬂf) ik .
m=1 i=0 j=0 Fs(x) Fy(x)

(b) If t = 2mod 4 and k is odd, we have the following identity valid for any
seN

Z (71)571 Ftkgn (I’) _ (71)5(1+tk+q)+1 (417)
n=0
tk tk—m 1
(20 G | (5 thk+1
x Z (—1) & +S(ZHVL)( + > Ftks(ifj)(fc) (q +/<;m) '
m=1 i=0 j=0 J Fa(=) ' Fel@
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Proof. (a) When t is odd and k¥ = 2mod4, formula (4.16) with s odd gives the
result (3.3) of case (b) of proposition 3.1 (which is valid for ¢ odd, & = 2mod 4
and s odd). Similarly, for ¢ odd and k = 2mod 4, formula (4.16) with s even, gives
the result (4.5) of case (b) of proposition 4.1 (which is valid for k£ and s even and
any t).

(b) When ¢ = 2mod4 and k is odd, formula (4.17) with s even, gives the
result (3.3) of case (a) of proposition 3.1 (which is valid for ¢ even, k odd and s
even). Similarly, for ¢ = 2mod 4 and k odd, formula (4.17) with s odd, gives the
result (4.5) of case (c) of proposition 4.1 (which is valid for ¢t = 2mod 4, s odd and
any k). O

We give examples from the cases considered in corollary 4.2. Beginning with
the case (a), by setting t = 1 and k = 2 in (4.16), we have the following identity,
valid for s € N

! q+1
S0 R @ =@ (1) (4.18)
F,(z)

n=0

The case t = s =2 =1 and k = 6 of (4.16) is

Sr= (1), (100, (), (3),) (),
n=0 F F F F F
This identity is mentioned in [17] (p. 259), and previously was obtained in [15]
with the much more simple right-hand side 1 (F? Fy 43 + Fag).
An example from the case (b) of corollary 4.2 is the following identity, valid for
s € N (obtained by setting ¢ =2 and k =1 in (4.17))

> (—1)*" D By (2) = P, (2) <q ; 1) o (4.19)

n=0

From (4.18) and (4.19) we see that

(1)L (@) Z ()2 (@) (4.20)
n=0
= (~1)*" Fy (2) 3 (= 1)°" Fagn (2) = Fy(gin) () Foq ().

The simplest example from the case (a) of proposition 4.1, corresponding to
k=4 and t = 1, is the following identity valid for any s € N

q

Y ()"TEL (@) (4.21)

n=0

— Fi(x) ((q I 1) . (q I 3) . (3(—1)° Lo, (z) + 4) (q I 2) FS(@).
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With some patience one can see that the case z = 1 of (4.21) is

i (_1)71 F4 _ (_1)q quFs(q+1) (LsquLs(q+1) - 4L25)’

o s 5LgLo

demonstrated by Melham [13].
An example from the case (d) of proposition 4.1, corresponding to t = k = 2,

is the following identity valid for any s € N

q

> ()TE, (x) (4.22)

n=0

+1 s +2 +3
—F2 (x) [ (? + (1) Loy () (1 + (1 .

Now we consider alternating sums of powers of Lucas polynomials.

(=) Lk, (z) can be written as a

Proposition 4.3. The alternating sum ZZ:E
m=1,2,...,tk, according

linear combination of the s-Fibopolynomials (qtk )F (@)’
to (4.6), if s and k are odd positive integers and t = 2mod 4.

Proof. We will show that in the case stated in the proposition we have Q; (z,1) < oo
and Qg (x,1) = 0, which implies (4.8). Since s and k are odd, and ¢ = 2mod 4,

tsk

the factor (z +(-1) ) of (4.14) is (z — 1), so we have Qs (z,1) = 0. Let us see

that Qi (z,1) < co. If in (4.12) we set z = 1 and replace k by 2k — 1, we get for
t =2mod 4 and s odd that Q (z,1) = 4*~1, as wanted. O

Corollary 4.4. If t = 2mod4 and k is odd, we have the following identity valid
for any s € N

S (DT I, () = (-1 RO (4.23)
n=0
tk tk—m i
(3 +2(s+1)G+D) 4 oi0m) [Tk + 1 q+m
Y Y e (T ()
m=1 i=0 j=0 J Fy(x) Fy(z)

Proof. When ¢t = 2mod 4 and k is odd, formula (4.23) with s even, gives the result
(3.15) of case (a) of Proposition 3.3 (which is valid for ¢ even, k odd and s even).
Similarly, if ¢t = 2mod 4 and k is odd, formula (4.23) with s odd, gives the result
(4.6) of Proposition 4.3 (which is valid for ¢ = 2mod 4, k odd and s odd). O

An example of (4.23) is the following identity (corresponding to ¢ = 2 and
k =1), valid for any s € N

q
s(n +2 +1
N (1) Ly, (2) = 2(‘1 ) ) — Lo, (2) (q ) ) , (4.24)
Fs(x) Fy(x)

n=0
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which can be written as

L 1
Z (_1)s(n+4) L251’L (x) — F

mqu (7) Fy(g41) (7). (4.25)

n=0

5. Further results

To end this work we want to present (in two propositions) some examples of iden-
tities obtained as derivatives of some of our previous results. We will use the
identities

d 1
%Fn (x) = o (nLy, (z) — zF, (x)). (5.1)
%Ln () =nF, (z). (5.2)

One can see that these formulas are true by checking that both sides of each one
have the same Z transform. By using (2.2) and (2.8) we see that the Z transform

of both sides of (5.1) is 22 (22 — zz — 1)_27 and that the Z transform of both sides
of (5.2) is z (22 + 1) (22 —zz — 1)_2.

Proposition 5.1. The following identities hold

(—1)(s+”"2Ls(a:>§qj(—1><s+”” nF () (5.3)

n=0

= 2qF,(2g11) (%) + Fsq (2) Ls(g11) (%) —

q

(_1)Sq2Fs (x)z (_1)Sn nLasn () (5.4)

n=0

L, (x
= 2qu(2q+1) (I) + Esq (517) Ls(q+1) (I) o F’E-'L';Fs(q"'l) (:17) qu(m) .

Proof. We will use (4.20), which contains two identities, namely

(D)L (@) YT (1) 2 (2) = Fygan) (2) Fog (2),  (5.5)
n=0
and .
(1) Fy (2) Y (—1)"" Fagn (2) = Fyggan) () Fug (). (5.6)
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By using that Ly, (7) Fygt1) (7) + Faq (%) Lsq+1) () = 2F5(2441) (7) (see (1.6)),
we can see that

dix (Fs(q+1) (37) Fyq (w))

1
T 214 (254 Fs(2g41) (2) + 5Fsq (2) Ly(gs1) (2) = 20Fy(g41) () Foq (2)) -

The derivative of the left-hand side of (5.5) is

4 ((—1)“*”‘1 Ly (x) Z (-1 2, <x>>

dx
n=0

B (1) . q (_1)(S+1)7L .

n=0
+ (o7 @) = 22 R () P ).

Then, the derivative of (5.5) is

. (s-‘rl)qL q (_1)(s+1)n
(— ) s (.’Il) Z ﬂ25nFQSn (.1')

n=0

2xLg (x) 1
+ (st (@) = =3 i ) I @ Fygt1) (%) Foq (2)
T 2r4 (254Fs(2q+1) (%) + 8Fsq () Lo(g11) (2) = 22Fy(g41) (2) Fyq ()

from where (5.3) follows.
The derivative of the left-hand side of (5.6) is

q

i ((_1)Sq F (,’E) Z (—1)Sn Foop ($)>

dxr

= _ P’S (:1:) Z (—1)Sn 2STLL25n + SL;, <(xx))_(:r22xfs4()m> Fs(q+1) (37> qu (CL') .
n=0 S

Thus, the derivative of (5.6) is

sLs (x) — 2z Fs ()
Fy (z) (2% +4)

D p (2) Y (=1)"" 2snLag, + Fygr1) (z) Fioq (2)
n=0

x2+4+4°°

1
= g (250Fseasn) (@) + 8Fsq (@) Ly(gan) (@) = 20Fy(g41) (@) Foq (2))

from where (5.4) follows.
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Proposition 5.2. The following identity holds

q

(_1)511 FS (LII) Z (_1)Sn nFan (.Z‘) (57)

n

0
— s+1
= 1 <(F1)( Fagq (l‘) + qLS(2Q+1) (x)> :

z2 44 s (z)
Proof. Identity (5.7) is the derivative of (4.25), together with

F () Ls(q+1) (z) — Ls (z) FS(q-‘rl) () =2 (*1)5_‘—1 Fyq (),

and
(xz + 4) Fyq (z) FS(qul) (z) + Lgq (z) Ls(q+1) (z) = 2Ls(2q+1) ().
(See (1.6) and (1.7).) We leave the details of the calculations to the reader. O
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Abstract

In this paper, we show some relationships between poly-Cauchy numbers
introduced by T. Komatsu and poly-Bernoulli numbers introduced by M.
Kaneko.
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1. Introduction

Let n and k be positive integers. Poly-Cauchy numbers of the first kind cglk) are
defined by

1 1
cglk) / / x1Z9 ... 2) (w120 . . — 1) .. (122 ... — n+ 1)dzydas ... day,
0 0

k,
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(see in [7]). The concept of poly-Cauchy numbers is a generalization of that of the
classical Cauchy numbers ¢,, = cn) defined by

1
cn:/x(ﬂc—l)...(m—n—i—l)dx
0

(see e.g. [2, 8]). The generating function of poly-Cauchy numbers ([7, Theorem 2])
is given by

n

Lif(In(1 + x)) Z

where -
. 2™
m=0

is the k-th polylogarithm factorial function. An explicit formula for i ( [7, The-
orem 1]) is given by

n

0= S [ o ok, (1)

where [ ] are the (unsigned) Stirling numbers of the first kind, arising as coeffi-
cients of the rising factorial

n

zz+1)...(z+n—-1)= Z{

m=0

n
}xm
m

(see e.g. [4]).
On the other hand, M. Kaneko ([|6]) introduced the poly-Bernoulli numbers

B by

oo

Lig(l —e™®) o "
s S Bk~
1—e= nz:% n!

where
o0
Zm
Lix(z E —
mk
m=1

is the k-th polylogarithm function. When k =1, B,, = BS) is the classical Bernoulli

1)

number with By’ = 1/2, defined by the generating function

e > "
1 Z Bn v
o n=0 n
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An explicit formula for B ([6 Theorem 1]) is given by

Bék)Z(—l)"Z{;}m (n>0k>1), (1.2)
m=0

where {TZ} are the Stirling numbers of the second kind, determined by

{m}_m,i 0 (") om -

(see e.g. [4]).
In this paper, we show some relationships between poly-Cauchy numbers and
poly-Bernoulli numbers.

2. Main result

Poly-Bernoulli numbers can be expressed by poly-Cauchy numbers ([7, Theorem 8§]).

Theorem 2.1. Forn > 1 we have

B® :i

=1 m=1

n

{0

On the other hand,

3

k 1 k
&9 = Lpw 4 3p

Lok k
= o (B +3B1Y),

23

) 1
¢y = 5B +2B)" + B

1 .
= — (B +12B¢ 4 23BM)

3!
(k) _ lB(k) ?B(k) 215B(k) 55B(k)
Cy 4 + 1 ol 1
Al (B 1+ 308 + 2158 + 3308),
®) —B(k) 7B( ) ﬂB( ) 95B(k) 1901 k)
Cs 5 + 5 + o1 5 + 20 B
5, L% 1+ 60B{" 110358 + 570088 + 7604B))
7 707 1015 13279 4277
Cék) B(k) + B(/C) + 7B( ) Bék) n Bék) n 7B§k)

6! 48 144 16 45 12
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o LB +105B% + 35358 + 456758 + 212464B%) + 25662081 .

In general, we have the following identity, expressing poly-Cauchy numbers c( )

by using poly-Bernoulli numbers B,S ),

Theorem 2.2. Forn > 1 we have

-3 3 G

e (D)™ ey rmy S (=Dl
s =323 ST s {5
s (ED)T ], e [ (L)l
= (=1 mZ::l ! m_g[z}( Y v z}(z—i—l)k
e s G ey~ (D S m] [
N ED™ ey (Dm
n n —1)™
= DHZ {m} (7§1+)1)k = LHS

Note that [7'] =0 (m >1) and [}] =0 (I > m), and

3. Poly-Cauchy numbers of the second kind

Poly-Cauchy numbers of the second kind eF) are defined by

1 1
/ / —Xr1x2 . ( 19 ... T — 1)
0 0

k
c(—rxe .oz — 4 D)dzyda,y .. dag
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(see in [7]). If k = 1, then e = ¢, is the classical Cauchy numbers of the second
kind defined by

k
enz/}ﬂm—x—n”4_x—n+n@
0

(see e.g. [2, 8]). The generating function of poly-Cauchy numbers of the second
kind ([7, Theorem 5|) is given by

Lify,(— In(1 + 2)) Z*’@x

An explicit formula for ¢ ([7 Theorem 4]) is given by

n
é%k) _ n

[} m+D (n>0k>1). (3.1)

m=0

In a similar way, we have a relationship, expressing poly-Cauchy numbers of
the second kind é%k) by using poly-Bernoulli numbers Br(Lk). The proof is similar
and omitted.

Theorem 3.1. Forn > 1 we have

EIHER

1 m=

P
3??‘
o
3

P%

Il
_

In addition, we also obtain the corresponding relationship to Theorem 2.1.

Theorem 3.2. Forn > 1 we have

n

5=y S {237}

=1 m=1

Proof. By (1.2) and (3.1), we have

s - 30 Y {2 {0 [

=1 m=1 1=0
~ 1>"im'{:z}i{7}<—w -1 i
m=1 =0 1=0
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Note that

4. Poly-Cauchy polynomials and poly-Bernoulli
polynomials

Poly-Cauchy polynomials of the first kind P (z) are defined by

11
c;k)(z):n!/.../(xlwg...xk—z)(xlxg...xk—l—z)
0 0

c(rrxe ..oz — (n— 1) — 2)dxdas . . day,

and are expressed explicitly in terms of Stirling numbers of the first kind ([5,
Theorem 1])

wo-2 Lo (e

Poly-Cauchy polynomials of the second kind ) (z) are defined by

1
e (4 / / —T1% ... T + 2) (2122 ) — 14 2)
Lo

o (=zme ..oz — (n— 1) + 2)dx1des . . . doy,

and are expressed explicitly in terms of Stirling numbers of the first kind ([5,

Theorem 4].

D=3 [y (T (=2

e (2) mZ:O m (=1) ; i) (m—i+1)k
In 2010, Coppo and Candelpergher (3], 2011 Bayad and Hamahata [1, (1.5)] intro-
duced the poly-Bernoulli polynomials B(k)(z) given by

le(l — € l‘ _
Tz __ B(k)
e, Z
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and

l—e"

respectively, satisfying By(lk) (0) = B,(Lk).
If we define still different poly-Bernoulli polynomials B,(lk) by

A = 2 e () S

=0

satisfying Bflk)(O) = B (n >0, k > 1), then we have relationships between the
poly-Bernoulli polynomials and poly-Cauchy polynomials similar to those between
the poly-Bernoulli numbers and the poly-Cauchy numbers.

Theorem 4.1. For n > 1 we have

BM(z) = z”: Y m! {;:L} {77_11 } (2,
{

m)! m
=1 m=1
e =S [T B )
=1 m=1 "
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Abstract

In this paper, we establish explicit algebraic relations among infinite prod-
ucts including Fibonacci and Lucas numbers with subscripts in geometric
progressions. The algebraic relations given in this paper are obtained by
using general criteria for the algebraic dependency of such infinite products.
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1. Introduction

Let « and 3 be real algebraic numbers with |o| > 1 and af = —1. We define
B a” — 671,

Un==—3

If a = (1 ++/5)/2, we have U,, = F,, and V,, = L,, (n > 0), where the sequences
{Fy}n>0 and {L,,},,>0 are the Fibonacci numbers and the Lucas numbers defined,

and V,=a"+8" (n>0). (1.1)

107
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respectively, by Fyio = Fopo1 + F, (n > 0), Fp = 0, F; = 1 and by Ly,42 =
Ln+1 -I—Ln (TL Z 0), L() = 2, L1 = 1.

Throughout this paper, we adopt the following notation. Let d > 2 be a fixed
integer and (,, = ¢*™/™ a primitive m-th root of unity. For 7 € C with |7| = 1,
we define the set Q;(7) := {z €C|2¥ =7orz¥ = ?} for j =0,1,.... Let Sg(7)
be a subset of Q(7) such that for any v € Si(7) the numbers {4y and 7 belong
to Sk(7), where ¥ indicates the complex conjugate of v. Namely, Si(7) satisfies
Sk(1) = (aSk(7) and Sk(7) = Sk(7). For example, if d =2, 7 =1, and k = 3 we
have Q3(1) = {€F7¥/4 | 0 < k < 7} and so we can choose S3(1) = {4e™/4, +£e37/4},
We define the following sets that are determined depending only on Sk (7):

Ai(T) = {’deii

Li(r) ={y € U(n) [ 7" € ia (M} \ Ni(r) (1<i<k-—1).
Then we put

’yESk(T)} O0<i<k-1),

k—1
&m—<Un@OU&@) (1.2)
=1

Ful(r) = { E(r)U{r. 7} if T ¢ Ek(r),

E(T)\{r,7} otherwise.

and

In [1] we established necessary and sufficient conditions for the infinite products
generated by each of the sequences in (1.1) to be algebraically dependent over Q
and obtained the following:

Theorem 1.1. Let {U,},>0 be the sequence defined by (1.1) and d be an integer

greater than 1. Let aq, ..., a, be nonzero distinct real algebraic numbers. Then the
numbers
11 <1+ ‘ ) (i=1,...,m)
s Ugr
Ugk #—aq

are algebraically dependent if and only if d is odd and there exist distinct 11, 7o € C
with |11| = |m2| = 1 and Fi, (11), Fiy(12) for some ki,ka > 1 such that Fi,(11) N
Fry(12) C {11, 71, 72,72} and {a1,...,am} contains

—=50+7)

for all v € (Fr, (11) U Fip (72)) \ {£V—1}.

Theorem 1.2. Let {V,},>0 be the sequence defined by (1.1) and d be an integer

greater than 1. Let ay, ..., a., be nonzero distinct real algebraic numbers. Then the
numbers
(2 .
g (1—1— de> (i=1,...,m)

de #—a;
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are algebraically dependent if and only if at least one of the following properties is
satisfied:

1. d = 2 and the set {a1,...,an} contains by,...,b (I > 3) with by < —2
satisfying

by = —by, bj=b§_1—2 (j=3,...,l—1), b = b 1+ 2.

2. d =2 and there exist T € C with |7| = 1 and Fi(7) for some k > 1 such that

{a1,...,am} contains
-(v+7)
for all v € Fr(7) \ {£v—-1}.

3. d > 4 is even and there exist distinct 11, 7o € C with || = || = 1
and Fi,(11), Fi,(12) for some ki,ka > 1 such that Fi,(11) N Fi,(72) C
{n,71, 72,72} and {a1,...,an} contains

-(v+7)

for all v € (Fr, (11) U Fip (72)) \ {£V—1}.

Note that Theorems 1.1 and 1.2 above are generalizations of [2, Theorems 1 and
2], respectively.

Corollary 1.3 (cf. [3]). Let d > 2 be a fized integer and a # 0 a real algebraic
number. Then the numbers

ﬁ (1+Udk) and ﬁ (HV‘;)

k=1 k=1
Ue#—a Vg #—a

are transcendental, except for only two algebraic numbers

(oo} oo
1 11 2 241
(1 _ ) — 40( TR <1_|_ > = a2+ . (13)
paiiet Vo a*+a®+1 bt Vo a —1
Corollary 1.4. Let a be a nonzero real algebraic number with a # —Vor —2 (k > 1).

Then the number -
a
1+ )

is transcendental, except when a = —3,—2; indeed

-1 N 3 (0 —1)?
H< V2k+2) a?+1’ H( V2k+2> at+a? 41 (14)

Pty k=1
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Proof. Using the equality

-1
9 9
1+ (1422 (14

and the second equality in (1.3), we have

a a a? -1 1 a+2
1 = 1 . 1.5

k=1

By Corollary 1.3 we see that the infinite product in the right-hand side of (1.5) is
algebraic only if @ = —3,—2. The equalities (1.4) follow immediately from (1.5)
with (1.3). O

Applying Corollary 1.4 with o = (1 + 1/5)/2, we obtain the transcendence of

(0 5%)

for any nonzero algebraic number a # —3,—2, —Lor — 2 (k > 1), and the equalities

H( L2k+2> NG H( LQHQ) i (1.6)

It should be noted that Corollaries 1.3 and 1.4 hold even if the number « is a
nonzero complex algebraic number (see [3]).

2. Algebraic dependence relations

Theorems 1.1 and 1.2 in the introduction are useful to obtain the explicit algebraic
dependence relations among the infinite products generated by the Fibonacci and
Lucas numbers as well as their transcendence degrees. We exhibit such examples
in this section and their proofs in the next section.

Example 2.1. Let a be a nonzero real algebraic number. The transcendental

numbers - -
a
s 11 (1 g)e == 11 (1)

k=0 k=0
FSk #—a FSk #a

are algebraically dependent if and only if a = +1/v/5. If a = 1//5, then

51551:24—\/5.
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Example 2.2. The transcendental numbers

T ar T az
a=IL () =T (e 32

k=0 k=0

SO (8

k=0 k=0

with a; = (=5 4+ /5)/10, az = (5 + v/5)/10 satisfy
slsgsglsgl =2+ \/5,
while trans. degg Q(s1, 52, 53,54) = 3.

Remark 2.3. The infinite products [[,—,(1+a;/Fy) for odd d and
[Tie, (14 ai/Lyx) for even d are easily expressed as the values at an algebraic
number of ®;(z) defined by (3.2) with b = 1, which will be shown in (3.3) of
Section 3. Hence, for simplicity, we take k£ > 1 in the following examples.

Example 2.4. Let a # 2,—1 be a real algebraic number. The transcendental

numbers - -
a a
o H ( - L2k> 7 H ( L2k>

k=1 k=1
Lyp#—a Lok #a

are algebraically dependent if and only if a = ++/2. If a = ++/2, using the relation

Lgk = Lor+1 +2 (k > 1) and the first equality in (1.6), we have

= 2 5 1 NG
5152 kl:[?( L2k+2) 3° V5 3

Example 2.5. The transcendental numbers

satisfy
-1 9
81828384 = gv
while trans. degQ Q(s1, 52, 83,84) = 3.

Example 2.6. The transcendental numbers
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satisfy

51525352155_1 =
while trans. degg Q(s1, s2, 53, 84, 55) = 4.
Example 2.7. The transcendental numbers

- a; .
;= 1 =1,...
5 H(mk) (i=1,....8)

k=1

where
a1 =—({ls +(18), a2 =—(s+{lg), as=—(Cls+ ) as=—(4 + (51,

a5 = —(GF +Ci), a6 = (G +C57), ar = —(G + ), as=2,

satisfy
25

07— V2 - V2)

Example 2.8. The transcendental numbers

- a; .
= 1 —1,...,10),
s H( +L4k> (@ 0)

8132"'878g2 =

k=1
where
o3 VT 3 VT 3L
1= 23 2 = 2 ) 3 — 27 4 = 2 3 5 167
—_r a2 A 2,
6 — \/57 7 \/57 8 \/57 9 \/57 10 257
satisfy
-1 _-1_-1_-1_-1 3024
5152838485 Sg Sy Sg S 310:ﬁ7

while trans. degg Q(s1, s2, ..., 810) = 9.

3. Proofs of the examples

Let {Ry, }n>0 be the sequence {Uy, }n>0 or {V;,}n>0 defined by (1.1). Let d > 2 be
a fixed integer and ay, ..., a,, nonzero real algebraic numbers. Define

(pi,b) = { ((O(éa;?zaf),d;(—l)d) ch 1;: - g: (3.1)
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and i
®,(2) ;:ﬁ 1+Ldk (i=1,...,m). (3.2)
Pty 1+ bz?d
Taking an integer N > 1 such that |Rgx| > max{|ai|,...,|am|} for all k > N, we
have
N ad p‘aidk
(I)i(aid ) = H (1 + - —2(1’“)
=N 1+ ba
- P r a; .
= 1+ )Z <1+ ) (Z:17"'7m)7

1 (1 Gotee) - 1L (1

so that

ﬁ (Hﬁ;) = ®;(a™"") Iﬁl (H;;) (i=1,....,m).  (33)

k=0 k=0
R p#—aq Rk #—a4

We note that (3.3) is valid also for N = 0 only if d is odd and R4 # —a; (k > 0).

Proof of Example 2.1. First we show that s; and s5 are algebraically dependent
only if @ = +1/+/5, using the case of m = 2 in Theorem 1.1. If s; and s, are
algebraically dependent, then {r,72} = {1,—1}, since Fi(7) consists of at least
four elements if 7 # +1. If d = 3, m = 2, and {r, 72} = {1, —1}, it is easily seen
that ]:1 (7’1) U]:l(TQ) = {<3, C3, —<3, —Cg} and so {al,ag} = {1/\/57 —1/\/5}.

Next we show the equality s;55 ' = 2+ /5 by proving a general relation which
holds for the functions ®;(z) (1 < i < d — 1) defined by (3.2), where d > 3 is an
odd integer. Put

— —9 da—1
pr=—(Ca+Ca), p2=—(CG+Ca )-ory Pas =—((,” +Ca 7))
in the equation (3.2) with b = 1. Then we have
Dq(2)--- @%(z)

_ﬁ 1 17 1 ﬁ 1
_k:O (14 224y 1 -z T 1—z (14 22d%) 5

k=0

Moreover, putting

d—1 d—1

_ - _ 2 =2 _ 3 T2
p%—&-l _Cd+Cd7 p%_;,_Q _Cd+cd yerey Pd—1 _Cd +Cd )
we get

‘I)%_H(z) co ‘I)d—l(z)
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B ﬁ 1 14247 H
= (1+22dk)% 1+de 1+Z 1+z2dk

k=0 k=0
Hence, we have
() Bas(s) 1
B(z) = 2 _ 1t (3.4)
@ﬁ (z)--~<I>d_1(z) 1—=2
If d = 3, then p, = (C3—|—<3) =1, p = <3—|-C3 = —1, and so
1 1 1 1
a1 = —— = — ay = ——— = —
1 a—ﬂpl /5 2 a_ﬂm /5
by (3.1). Then, by the equation (3.3) with N = 0, we have
1
@(ail):slsgflza—’_l:2a+1:2+\/5. O
o —

Proof of Example 2.2. We consider the case of d =5 in (3.4). Then

—  1-+5 —, 1++5
—(G+¢) = 7 pr=—(G+@) = 5
—  —1++5 — 1445
P3:C5+45:72 , pa=CGAHE=— 5
By (3.1) we have
—54++/5 5+5 5-5 5++5
a = ——, as = , az = , ag = — .
10 10 10 10

Then, by the equation (3.3) with N =0 and (3.4), we have

_ 5189 a—+1
Pla™) =222 = =2
(@) 5384 a—1 + V5.

Finally, we prove that trans. deggy Q(s1, s2, 53, 54) = 3, using Theorem 1.1. Let
n=1m7n=-1 8(n) = &(n) = {6:6,G. G 1}, and Si(m) = &i(r) =
{-¢, —457—C527—€;§a —1}. Then Fi(r) = {C57C5,C527C§} and Fi(r2) =
{—(s5,—C5,—C3,—(?}. Tt is enough to show that si,ss, and sz are algebraically
independent, which is equivalent to the fact that a1, as, and as do not satisfy The-
orem 1.1 with m = 3. By (1.2) with S1(r;) = &1(ry) (i = 1,2), considering the
number of the elements of Si(7;) with k > 2 satisfying Sk(7;) = (:Sk(7:) and
Si(1;) = Si(7:), we see that {a1, as, as,as} is the minimal set of —(y+7)/v/5 with
v € Fi, (11) U Fr, (12) \ {£v/—1} satisfying Theorem 1.1 with m = 4. O

Proof of Example 2.4. First we prove directly that sisy = V5/3 if a = /2. Let
T7=+v—1and S1(r) = &(7) = {Cs, Cg, —(s, —(g} in the property 2 of Theorem 1.2.
Then Fl( ) - {C87€87 C87 CSa v—4L, =V ™ } PUttlng

—(C8+C78)=—\/§7 pr=Cs+ G =V2
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in the equation (3.2) with b = 1, we have

ad k [ — k [— 1
01(2)®a(2) = [[(2* — G)(Z* =) +@®)E + &) 53
o (14 222%)
142 14227122 122
:H(1+ 2k+1) :H1+22k+11_22k+2:1+22‘

k=0
By the equation (3.3) with N =1 and o = (1 + v/5)/2, we get

at—1
ot +1°

8182 = (1)1(04_2)@2((1_2) =
Hence, noting that a* = (o + 1)? = 3a + 2, we have

1 3a+1 1@ V5
3 a+1 3 B

5152 =

Conversely, if s; and sy are algebraically dependent for some algebraic number
a, then by the property 2 of Theorem 1.2 with m = 2 the set Fi(7) \ {£v/—1}
must consist of four elements, which is achieved only if 7 = +v/—1 and k=1. O

Proof of Example 2.5. We use the property 3 of Theorem 1.2. Let 7'1 = (3,
m=1,51(m) =&(n) = {Cl2aC12aC127CleCl?aClQaCl%ClQ} and 51 (72) = &1(72)

1,

T2
{1, -1,V/~1,—V/~1}. Then Fi(n) = {C1274127C1254125<12a<12} and Fi(72) = {—
V=1, —+v/—1}. Putting
p1=—(C2+C2) = —V3, pr=—(+) =3, ps=—((h+Ch)=-1,
and ps = 2 in the equation (3.2) with b = 1, we have

‘1’1( )‘1>2( )®s(z )
_ % [ — k R 1

= H —Ci2)(z" — C12)(Z4 - sz)(fl - C152)(Z4 - 4122)(34 - C%z)m

0o 4k+1

—Gh)ETT ) 1
- H Z4k )(Z4k —CT) (1 +z2‘4k)3

(o)
- H 1+224k

(z = <12)(Z - <12 kzo

and

14224 4 24 B (1424 )(1+224k)
H 14 24k H (1+ 224%)3

k=0

2
[ee] 1 B Z4k+1 1 ) 1
= . (3.5
H 1+Z24k ( 1_Z4k ) (1_2)2]E)<1+Z2~4k)3 ( )

k= O
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Hence, we get

(1—2)°

B(2) 1= By (2)Pa(2)P3(2)P, ' (2) = Tiaiat

By the equation (3.3) with N = 1 and o = (1 4+ /5)/2, we have

8 4 4 4
. 4 a® =20 +1 Ta* -2« 5
= (b - = )
5152535 (0‘ ) o +at+1 7ot + ot 8’

since
A®+1=0Ba+2)?2+1=2la+14="7a" (3.6)

To prove that trans. degg Q(s1, 52,53, 54) = 3, it is enough to show that s, s3,
and s, are algebraically independent, which is equivalent to the fact that po,ps,
and py do not satisfy the property 3 of Theorem 1.2 with m = 3. By (1.2) with
S1(m) = &1(m) (i = 1,2), considering the number of the elements of S (7;) with k& >
2 satisfying Sk(7;) = (4Sk(7:) and Sk(7;) = Sk(7:), we see that {—+/3,v/3,—1,2}
is the minimal set of —(y +7) with v € F, (11) U Fr,(12) \ {£v/—1} satisfying the
property 3 of Theorem 1.2 with m = 4. O

Proof of Example 2.6. We use the property 3 of Theorem 1.2. Let 4 =1, 70 =
1 Si(n) = &1(n) = {6, €8, —1, 65,65, 1}, and Si(m2) = &1(72) = {12, V=1, (P,
(T2, =V=1,(i3}. Then Fi(m) = {¢6, 6. —1,¢5, (3} and Fi(72) = {2, V=1, (1o,
<1727 \/7 <12’ 1}'

We show the equality s1s253 54—155—1 = 1/5/2 by proving a general relation among
the functions ®;(z) defined by (3.2). Let d > 6 be an even integer. Putting

pO:72; b1 = 7(Cd+6)a P2 = 7(43"’@2)3"'7 p% :7(<d§ +@2) =2

in the equation (3.2) with b = 1, we have
(cbo(z) - D()PY(2)- - 9, (2)- y(2)) - 25 (2)

B 1 AN ) E W G 1
o H < 14 22d%)d=1 (zd* _1)2 ) (2 —1)2 kl;[o (1 + 22d%)d-1

In the same way, putting

-_— —3 _ —d—1
pg_;,_l - _(CQd + CZd)7 p%+2 = _(423(1 + CQd )a covy Pa = _(ng ! + <2d )7

we get

%, (2 )<I>d+2( 2) - G(2) - Dy (2)

d
2
11 EUS T [ | -
o 1+Z2dk d=1 (zd* 1 1)2 B (z+1)2 Pt (1 + z2d*)d—1
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Hence, noting that ®;(0)

I

—_
~—

—

< i <d), we have

@1(2)‘1’2(2)"'@%(2) 14z
Dayq(2)Pays(2) - Palz) 11—z

Now assume that d = 6 in (3.7). Noting that ps; = 0 and putting
ar=p1=-1, ax=p2=1, as=p3=2, as=ps=-V3, as=ps=+3
in the equation (3.3) with N =1 and a = (14 v/5)/2, we have

6
_gy _ S18283 « +1
B = s485 ab—1

Since ab = 8a + 5, we get

641 1
313253:a + :7(204_1):
5455 ab—1 2

“l%

The transcendence degree is obtained in the same way as in the proof of Exam-
ple 2.5. O

Proof of Example 2.7. We use the property 3 of Theorem 1.2. Let 74 = v/—1,
To = 1,
( ) {464a 64a 64a gga gzl)a 621)7 647C

and

51(7'2) = 51(7‘2) = {1, 71, \/jl, 7\/771}
Then
Al(Tl) = {<i9)67<11g’}7 Fl(Tl) = {C1167C1567C1767<?67 1%7(112}7 AO(Tl) = {\/j’ _ﬁ}7
and so

(Tl)_{CGAh 647 647 gff, 3457 3457 647 6474167C16’C16aC167 167 167V sy VT }v
Fi(r2) = {-1,v-1,—v-1}.

Putting
—(Cls +¢18)s p2=—(Cs+Cig),  ps = —(Cls+ (o),
(G + 61 ps=—(C6d + 1), po=—(Ce1 +C52), pr=—(G31+ ()
in the equation (3.2) with b = 1, we get
<I>1( )®2(z )"-@7( )
H TGt ) 2
TN [ S

k=0




118 T. Kurosawa, Y. Tachiya, T. Tanaka

oo

1 1
@@+ D - Gz — ) kl;[@ (1+224)6°

Letting ps = 2 and using (3.5) in the proof of Example 2.5, we have

B(z) = Py (2)P2(2) - - Pr(2) _ (z — 1)4
’ d2(2) (22 +1)(2 — (%) (2 — ¢13)°

Putting a; = p; (1 <4 < 8) in the equation (3.3) with N =1 and a = (1 +/5)/2
and using (3.6), we obtain

1087 Ca (at —1)4
S  (SPEaeHIT)
B (Ta* — 2a)?
- Tat(Tat = (¢ + ¢id)at)
-
(T—V2—2)
since (75 + (18 = 2cos(3m/8) = V2 — V2. O

Proof of Example 2.8. Let d > 2 be an integer. Let v and n be complex numbers
with |y| = |n] = 1. We show a general relation which holds for the functions
®,(2) (1 <i<2d+ 2) defined by (3.2). Putting

pr=—(+7), P2 =—(1Ca+7C), > pa=—(3¢E ¢,

and pgy1 = — (7% +7%) in the equation (3.2) with b = 1, we have

Dy (2) - Ba(2) P} (2)

00 d
1 1 k k
:” 1+piz? 4+ 2% ))
2dk\d—1 dk 24k ( i
((1+z )4 (1 + pagrz®* + 224%) 12
d

k=0 —
o0 1 —1 _
- k];[g <(1+Z2dk)d_1(2dk — ) = ]}) RE —7@0)
1 b 1
T -7 11 (14 z2d%)d-1

k=0
Moreover, putting

par2 = —n+7), Pars = —(nCa +1Ca), - -, paayr = —(n¢q " +n¢g ),
and pagio = —(n +7%), we get

Pq(2) - Pa(z) Dogy2(2) _ (z =0 -7%
Dgi1(2) Paia(z) - Paar1(2) (2= (z =74

3

D(z) :=
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Substituting z = a~* into (3.8) and using (3.6), we get

<I>(of4) _ b +p2d+2a4 +1 _ 7+ pad+2 (3 9)
a8 +papiat +1 T+papr '

For Example 2.8, we take d = 4 and
3+ V-T 2+ /-1
Y 4 n 7\/5 .

Noting that v* # n* and taking 71 = v* and 7 = n* in the property 3 of Theo-
rem 1.2, we have

Si(n) = &u(n) = {v,V-17,—7, V=177, V=17, -7, -V-17},
Si(12) = Ei(ne) = {n,V~1n, =, —V=1n,7, V=17, =7, —V/~17},
and so
Fi(n) = (v V=1, =7, —V=17.7, V=17, =7, —vV=17,7", 7'},
Fa(r2) = {n, V=1, =0, —V/=Tn, 7, V=173, =77, —/=173, 0", 77"},
since v and 7 are not roots of unity. Then we have

_ 3 VT
p1 = 27p2_2a
2

3 V7 31
§a p4:_7a p5:T67
4 2 14
p6:_%a P7=%7 p8=f5, PQZ—E, P10=?57

Sl BLESVET L T2V

b3 =

since

32 25
Using (3.9), we get

S1°°°84 S10 - 7+14/25 - 3024
s5 se---s9 T+31/16 3575

by the equation (3.3) with N = 1. The transcendence degree is obtained in the
same way as in the proof of Example 2.5. O
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Abstract

We discuss divisibility properties of some differences of Motzkin numbers
M,,. The main tool is the application of various congruences of high prime
power moduli for binomial coefficients and Catalan numbers combined with
some recurrence relevant to these combinatorial quantities and the use of
infinite disjoint covering systems.

We find proofs of the fact that, for different settings of a and b, more and
more p-ary digits of M,,n+14, and Mapn1p agree as n grows.

Keywords: Catalan number, Motzkin number, harmonic number, divisibility
MSC: 11B83, 11B50, 11A07, 05A19

1. Introduction

The differences of certain combinatorial quantities, e.g., Motzkin numbers, exhibit

interesting divisibility properties. Motzkin numbers are defined as the number of
certain random walks or equivalently (cf. [2]) as

" /n
M, = E > 1.1
n 2 (2k>0k,n_0, (1.1)

where C}, is the kth Catalan number

1 /2k
- k> 0.
Ci k+1(kz>’ =0

We need some basic notation. Let n and k be positive integers, p be a prime,
d,(k) and v, (k) denote the sum of digits in the base p representation of k and the

121
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highest power of p dividing k, respectively. The latter one is often referred to as
the p-adic order of k. For the rational n/k we set v,(n/k) = vp(n) — vp(k).

We rely on the p-adic order of the differences of Catalan numbers Cppnt14y —
Coapntb (cf. Theorems 3.8 and 3.9) with a prime p, (a,p) = 1, and n > ng for some
integer ng > 0.

As n grows, eventually more and more binary digits of Mgon4p and Mon+14p
agree, starting with the least significant bit, for every fixed a > 1 and b > 0, as
stated by Theorem 2.3. We also determine lower bounds on the rate of growth in the
number of matching digits in Corollary 2.4, Theorems 2.1 and 2.5. Conjecture 5.1
suggests finer details for p = 2. Conjectures 5.3 and 5.5 propose the exact value of
Vo(Magn+14p—Maonqp) if p=2,a=1,and b =0, 1,2, as well as v, (Mypn+1 —Mapn)
if p=3and (a,3) =1, or p > 5 prime and a = 1, in addition to half of the odd
a values if p = 2 and n is odd. We present Conjectures 5.1-5.3 that concern upper
and lower bounds on vg(Mgon+1yp — Maanyp) and its exact value, respectively,
with special interest in the cases with a = 1, b = 0,1,2,3, and more generally,
b=29-1,29 and 27941, q > 1. Further extensions and improvements are given in
Theorems 5.6 and 5.7 (cf. [8]). All results involving the exact orders of differences
or lower bounds on them can be easily rephrased in terms of super congruences for
the underlying quantities.

Section 2 collects some of the main results (cf. Theorems 2.1 and 2.5) while
Section 3 is devoted to known results and their direct consequences regarding con-
gruential and p-adic properties of the binomial coefficients and Catalan numbers.
We provide the proofs of Theorems 2.1 and 2.5 in Sections 4 and 5, respectively.
We also prove Theorems 2.2-2.3 and state four conjectures (cf. Conjectures 5.1-5.3
and 5.5) related to Motzkin numbers in Section 5, including lower bounds on the
order of differences for all primes.

2. Main results

In this section we list our main results regarding the differences of certain Motzkin
numbers. Except for Theorem 2.3, they all determine lower bounds on the rate of
growth in the number of matching p-ary digits in the differences.

Theorem 2.1. Forp=2,n>2,a>1 odd, and b=0 or 1, we have
Vo(Mgan+1yp — Maanip) =n — 1,if n is even

and
vo(Mygn+14y — Maan +b) > n,if n is odd.

Theorem 2.2 provides us with a lower bound on vo(Mon+11y, — Mgonyp) on a
recursive fashion in b and potentially, it can give the exact order if a = 1.

Theorem 2.2. For a > 1 odd and n > ng with some ng = no(a,b) > 1, we get
that for b > 2 even

vo(Magnt1 4y — Magnyp) =
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= min{vo(Magn+14p-1 — Maznip-1),
va(Magn+14y—o — Mazn1p-2)} — v2(b+2)
if the two expressions under the minimum operation are not equal. However, it
they are, then it is at least
VQ(Ma2n+1+b71 — Ma2'7L+b_1) +1-— 1/2(b + 2)
On the other hand, if b > 3 is odd then we have
vo(Mgan+1 1y — Magnyp) = va(Maan+14p—1 — Maanyp—1) (2.1)
’Lf V2(Ma2"+l+b—2 — Ma2n+b,2) + I/Q(b - 1) > VQ(Ma2n+1+b_1 — Ma2"+b71)7 and
vo(Magnt1 4y — Magn 1) = va(Mani1 4o — Maon 1p_2)
—+ 1% (b — ].)
if va(Mgan+14p—0 — Maanip—2) + va(b — 1) < vo(Mygn+14p—1 — Maonip—1), and
otherwise, it is at least vo(Maon+1,p_1 — Maanip—1). Note however the stipulation

that in all equalities above, if the right hand side value is at least n — 2v9(b + 2)
then the equality turns into the inequality vo(Myon+1 1y — Maan4p) = n— 2v2(b+2).

Theorem 2.2 guarantees that as n grows, eventually more and more binary
digits of Mgyanip and Myon+1,y, agree, starting with the least significant bit for
every fixed a > 1 and b > 0.

Theorem 2.3. For every a > 1, b > 0, and K > 0 integers, there exists an
no = no(a, b, K) so that vo(Mygn+11y — Maonip) > K for all n > ng.

For the asymptotic growth of the Motzkin numbers we have M, ~ ¢3"/n3/?
with some integer ¢ > 0. Unfortunately, neither this fact nor Theorem 2.3 helps
in assessing the rate of growth of matching digits, i.e., vo(Myon+14y — Maanip).
However, Theorem 2.2 and Z;<b+2 ve(i) = va((b+ 2)!) = (b+ 2) — d2(b + 2), with
the summation running through even values of i only, imply the following, although
rather coarse, lower bound.

Corollary 2.4. For a > 1 odd, b > 0, and n > ny with some ng = no(a,b) > 1,
we have
I/Q(Ma2n+1+b — Magner) Z n— (b + 2) + d2(b + 2)

Theorem 2.5 gives a lower bound on v3(Mzn+1y, — Msnyp) with b= 0 or 1, and
Vp(Mpnt1 4y — Mpnyp) for p>5and 0 <b <p—3.

Theorem 2.5. For p > 3 prime and n > ng with some integer ng = no(p) > 0,
we have

I/p(Mpn+1 — Mpn) 2 n. (2.2)
Assuming that n > ng, for p =3, we have

I/3(M3n+1+1 — M3n+1) Z n — 1,
and for p > 5, we have
Vp(Mp"+1+b — Mp’!L+b) 2 n

with 0 < b <p-—3.
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3. Preparation

We note that there are many places in the literature where relevant divisibility and
congruential properties of the binomial coefficients are discussed. Excellent surveys
can be found in [5] and [11]. The following three theorems comprise the most basic
facts regarding divisibility and congruence properties of the binomial coefficients.
We assume that 0 < k < n.

Theorem 3.1 (Kummer, 1852). The power of a prime p that divides the binomial
coefficient (2) s given by the number of carries when we add k and n — k in base

p.
Theorem 3.2 (Legendre, 1830). We have

n\\ _ n—dp(n) k—dy (k) n—k—dy(n—k) _ dy(k)+d,(n—k)—dy(n)
’/p((k)) = pfl - p—pl - pfl = ppfl —

In particular, v2((})) = da(k) + da(n — k) — da(n) represents the carry count in the
addition of k and n — k in base 2.

From now on M and N will denote integers such that 0 < M < N.

Theorem 3.3 (Lucas, 1877). Let N = (ng, ...,n1,10)p = No + n1p + -+ - + ngp?
and M = mg +mip+ - +mgp® with 0 < n;,m; < p— 1 for each i, be the base p
representations of N and M, respectively.

(30 = o) )=o) moar

Lucas’ theorem has some remarkable extensions.

Theorem 3.4 (Anton, 1869, Stickelberger, 1890, Hensel, 1902). Let N = (nq, .. .,
n1,M0)p =No +n1p+ -+ +nap?, M = mo +mip+---+magp® and R=N — M =
ro+rip+- - -+rap? with 0 < n;,m;,r; < p—1 for each i, be the base p representations
of N,M, and R = N — M, respectively. Then with g = I/p((ﬁ)),

1 /N no! 711! Tld!
—1)1— = d p.
(=1) pd (M) <m0!r0!) <m1!r1!> <md!rd!> moap

Davis and Webb (1990) and Granville (1995) have independently generalized
Lucas’ theorem and its extension Theorem 3.4. For a given integer n and prime
p, we define (n!), = n!/(pl"/PJ|n/p|!) to be the product of positive integers not
exceeding n and not divisible by p, and which is closely related to the p-adic Morita
gamma function.

Theorem 3.5 (Granville, 1995 in [5]). Let N = (ng,...,n1,n0)p = no + n1p +
e ngpt, M =mo+mip+---+mgp? and R=N — M =ro +rip+ -+ rgp?
with 0 < n;,my,r; < p—1 for each i, be the base p representations of N, M, and
R =N — M, respectively. Let N; =mn; +n;1p+--- +nj+k,1pk_1 for each j >0,
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i.e., the least positive residue of | N/p’ | mod p* with some integer k > 1; also make
the corresponding definitions for M; and R;. Let €; be the number of carries when
adding M and R on and beyond the jth digit. Then with ¢ = €y = l/p((ﬁ)),

i ar) = o ((M('J%')) ((M(Gvg%')) (M&w)md 4

where £1 is —1 except if p =2 and k > 3.

We also use the following generalization of the Jacobstahl-Kazandzidis [1] con-
gruences.

Theorem 3.6 (Corollary 11.6.22 [1]). Let M and N such that 0 < M < N and p
prime. We have

N (1—B%3p3NM(N—M))(A]\2) mod p4NM(N—M)(A]\2), if p>5,
<p > =Y (1 +45NM(N — M))(N) mod p*NM (N — M)(Y), if p=3,
(~1)MWN=M) p(N, M)(}) mod p*NM(N — M)(L), ifp=2,

where P(N, M) = 1+6NM(N—M)—4NM(N —M)(N?—NM+M?)+2(NM(N —
M))2.

Remark 3.7. It is well known that v,(B,) > —1 by the von Staudt-Clausen theo-
rem. If the prime p divides the numerator of B,_3, i.e., 1,(B,—3) > 1, or equiva-
lently (2;’) = 2 mod p?, then it is sometimes called a Wolstenholme prime [1]. The

only known Wolstenholme primes up to 10° are p = 16843 and 2124679.

Based on the above theorems, we state some of the main tools regarding the
differences of Catalan numbers (cf. [7] for details and proofs). For the p-adic orders
we obtain the following theorem.

Theorem 3.8. For any prime p > 2 and (a,p) = 1, we have

2
Vp(Caprst — Capn) = n+yp<<;)>, n>1.

We can introduce an extra additive term b > 1 into Theorem 3.8.

Theorem 3.9. For p=2, a odd, and n > ng = 2 we have

2a
Va(Cagntiy1 — Caonyr) = n + V2(< u )) -1,

and in general, for b > 1 and n > ng = |log, 2b] + 1

n(Cunirsn = Coani) =n 12 (%)) + 009
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=n+dz(a) + da(b) — [logy(b+2)] —e(b+1)+1

where g(b) = 2(3) (b+1)! (Hap— Hy—1/(2(b+ 1)) = 2y (Hap— Hy—1/(2(b + 1)))
with H, = Z?:l 1/j being the nth harmonic number.
For any prime p > 3, (a,p) =1, and b > 1 we have that

0 Caprirss = Coran) =t (2) ) 4 000

with n > ng = max{vp(g(h)) + 2r — v, (Cy) + 1,7 + 1} = max{v,(2(Hay — Hp —
1/(2(b+1)))) +2r+ 1,7+ 1} and r = |log, 2b].
In general, for any prime p > 2, (a,p) =1,b> 1, and n > [log, 2b|, we have

Up(Caprti 1y — Caprip) > 1+ y,,(( )) + up<( )) — [log,, 2b] — v,(b+ 1).

Note. Clearly, Vp(g(b)) >0for 1 <b< (p—1)/2. We note that in general,
for b > 1 we have v,(g9(b)) > v, ( ) |log, 2b] — vp(b + 1) if p > 2 while
va(g(b)) = da(b) — [logy(b+2)] = va(b+1) +1 =da(b+1) — [logy(b+2)] if p = 2.

We note that as a byproduct, we proved some generalization of the observation
from [10] that for any n > 2 the remainders Cynt+m—-1_; mod 2™ are equal for each
m >0 (see [9], [12], and [13],t00) in [7]:

Theorem 3.10. For any prime p > 2, (a,p) = 1,b > 0, we have that Cypm 1, mod
p" is constant for m > n + (b + 1) + max{0, [log, 2b|},n > 1.

We also note that
I/Q(Ck) :dQ(k)_VQ(k+1) :dg(k-i-l) —1 (31)
holds, i.e., vo(Cont1) = vo(Con) = 1. Tt follows that Cj is odd if and only if

k =29 — 1 for some integer ¢ > 0.

4. The proof of Theorem 2.1

In this section we present

The proof of Theorem 2.1. We prove the case with b = 0 and then we note that
the case with b = 1 is practically identical. Thus, we assume that b = 0.

First we deal with the case with a = 1. We use the identity (1.1)

2m on
Mon = Z (2k> Ch»
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rely on identity (3.1) and select an infinite incongruent disjoint covering system
(IIDCS). The difference of the appropriate Motzkin numbers can be rewritten as

S ¥ (e S Y I ey S

k=1 k=1 mod 2

after removing the superfluous term with £ = 0 in the first sum. We break the first

summation in (4.1) into parts according to the IIDCS {27 (mod 27"1)},>0, which

allows us to write every positive integer uniquely in the form of 29 4+ 291K for
n—1

some ¢ and K > 0.
2n+1
5 ( (o) o~ (3))

1
n— 2n+1
C
— ZH ((2(%)) "
a=0  k=2aaadT K (4.2)

OSKSW%

>

q=0 k=20429t+1k
0<K<2m—4—2_1

(V]

—

n—

Il

v}
7 N
© 0
™ 3
+
=z e
~__
2
ES

|
N\
N DN
> 3
N
2
~__

+ (CQn — 027L71).

We introduce the following quantities

Mm)= 3 (2;1)@

k=7 mod m
1<k<2n

and focus on cases when m is a power of two.
The second summation in (4.1) is Mj(n,2). Its 2-adic order is at least n ac-
cording to

Theorem 4.1. For integers n > q > 1, we have
vo(Mby(n, 27 ) =n+1—¢q.

If ¢ = 0 then vo(M{(n,2)) = n if n is odd, otherwise the 2-adic order is at least
n+ 1.

We can gain more insight into the 2-adic structure of the terms of the sum
(4.2) by checking how the 2-adic orders of the terms ( )C’;€ and ( 2k))02k with
k = 29 + 2971 K behave in M}, (n —1,297) and M}, (n,2772), respectively.

If 1 < ¢ <n—1 then both 2-adic orders are equal to n — g + d2(K). Indeed,
the range for K is 0 < K <2792 _1lifg<n—-2and K =0ifg=n—11in

both cases, and more importantly, the difference Ay x = (Z?EL;,;)C% (gk)Ck =
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on+1

(;:221)) (Cor — Ci) + ((2(%)) — (g;))C’k has 2-adic order n+ ds(K) by Theorems 3.1,
3.8, and 3.6. Note that v5(A, k) is determined by the 2-adic order of the first

term in the last sum, and it is given by combining 1/2((22:2;1))) =n-—1-—gqand

vo(Cor — Cx) = g+ do(1+2K) = g + do(K) + 1. Therefore, v5(d; Aq k) = n for
each ¢ > 1 and it is due to the term with K = 0.
If ¢g=0,1ie., k=1+2K, then Ay x = Mj(n,4) — M{(n—1,2) and vo(A4o k) >

n+1

n — 1 since VQ((4(§+2K))CQ+4K) =n—-1+4+dy(3+4K)—1=n+dy(K) and

27l
=n—14dy(24+2K)—-1 =n—2+d(1+K) > n—1. (4.
(g1 7 gy ) Croae ) =n=LHda(242K) -1 = n-24da(14K) 2 n-1. (43)
The latter minimum value is taken exactly for n — 1 values of K since in the range
0 < K <2721 there are exactly n—1 terms with K = 2" —1,r =0,1,...,n—2,
leading to do(K+1) = 1. Thus, the 2-adic order of the corresponding sum ) .- Ao x
ism — 1 if n is even and at least n if n is odd.

The proof is now complete for the case a = 1. The proof with an arbitrary
a > 1 odd is very similar except it requires a more detailed analysis of the
terms in (4.4) than we had in (4.1). In any case, the first term with ¢ = 0 in
the right hand side of (4.2) and (4.5), i.e., Ao,k = Ms(n,4) — M{(n —1,2) and
Ao, k.o = Mj ,(n,4) — My ,(n —1,2) (cf. notation below), respectively, determines
the 2-adic order.

We use the binary representation of a = 7 a;2" = 3,42 with 0 € § =
{ila; = 1} since a is odd.

We rewrite the difference

a2n—1 azn
a2nt! a2” a2nt!
Myoni1 —Mygn = kz::l ((2(%)>C%—<2k>ck>+k_1§m:()d2( o )Ck. (4.4)

We break the first summation in (4.4) into parts according to the covering system
used in (4.2)

S (oo (5)er) - 4

_Uongnij Z a2ntl o a2® o
T = 202k) ) F T \ 2k )R )

q k=2a+29+1 K
a2n—4a—1_1
0<K<EE—— ——=

Now we introduce

n+1
M;’a(n,m) = Z (a22k )Ck

k=7 mod m
1<k<a2m
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and note that the second term in (4.4) is Mj ,(n,2). Its 2-adic order is at least n.
In fact, for a general term in the sum Mj ,(n,2), we get that

2n+1
with 0 < k =1+ 2K < a2" ie., 0< K <a2" ! — 1. We want equalities in (4.6)
in order to determine vo(Mj ,(n,2)). While in the case of a = 1 it trivially follows

that v ((“2;]:1)) = n, now we have to deal with the possibility that 2k > 2"+!. By

Theorem 3.1, the first inequality turns into equality exactly if

K=j+ Y 20!
i€5'C5\{0}

with 0 < j < 277! —1, while the second one becomes an equality when da(K +1) =
|S' +da(j+1) =1, ie, 8 =0 and j = 2" — 1 and thus, K = 2" — 1 with
r=0,1,...,n — 1. Therefore, this case turns out to be identical to that of a =1
and hence, v2(M] ,(n,2)) > n with equality if and only if n is odd. (By the way,
this argument is also used at the end of the proof of Theorem 4.1 below. Note

that Theorem 4.1 remains valid even after introducing the parameter a, i.e., if we
replace My, (n,29t1) with M3, ,(n,29t1), cf. Theorem 4.2.)

Now we turn to the analysis of (4.5). We have three cases: either 1 < ¢ <n-—1,
or g >n, or ¢ =0. We consider the difference with k = 29 + 2971 K

a2n+1 a2n
Ay ko= Caor — C
oo = (5 ) = ()
a2ntl a2ntl a2”
= Cor, — C - Cl. 4.7
(o =0+ (G )~ () ) 0
If 1 < g < n—1 then it has 2-adic order n + dz(K) by Theorems 3.1, 3.8,
and 3.6. Note that v2(Ay k,,) is determined by the 2-adic order of the first
term in the last sum and it is given by combining VQ( (“22(;;)1 )) =n—1-—gq and

vp(Cok, — Ck) = q+ do(1 4+ 2K) = q + do(K) + 1. Therefore, 1535 Agx,a) =1
for each ¢ > 1 and it is due to the term with K = 0.

If ¢ > n then both terms of the last sum in (4.7) have a 2-adic order of at least
n + 1 by Theorems 3.1, 3.8, and 3.6. For example, for the first term we see that
va(Cor —C) =q+do(14+2K) >n+1+da(K) >n+ 1.

n41

Ifg=0,ie, k=1+2K, then va(Aoxa) = n— 1 since va( (4} 55 Cotax) =
n—14+d(34+4K)—1=n+dy(K) and

a2”
1/2(<2(1 N 2K)>C1+2K> > n—1+dy(242K)—1 = n—2+dy(1+K) > n—1. (4.8)
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In a similar fashion to (4.6), the latter minimum value is taken exactly for n — 1
values of K since in the range 0 < K < a2"~2 —1 there are exactly n— 1 terms with
K=2"-1,r=0,1,...,n—2, leading to do(K+1) = 1 so that Vg((z(laf;K))) =n—1.
Thus, the 2-adic order of the corresponding sum ), Ao x,q is n — 1 if n is even
and at least n if n is odd.

If b = 1 then we observe that the 2-adic orders of (az;:rl) and (a22,: ) are equal.
By switching from a2” and a2"*! to a2” + 1 and a2"*+! + 1, respectively, the proof

is almost identical to that of the case with b = 0. Note that the only term that

. . L m . .
requires some extra work is the second term ((“22(2k;r1) — (“22;1))0;c in the revised

version of (4.7). In fact, its 2-adic order is at least n (more precisely, after making
b1 more specific below, it is vy (2k(a22,:))), as it follows by Theorem 3.6:

a2t 41 a2 +1\

( 4k >( 2k >
a2ttt 41 fe2nt! a2"+1  [(a2"
_a2n+1+1—4k( 4k >_a2"+1—2k(2k>

ntl 41 2m 2" +1 2m
:H(a )(1+b12n+1)_a+(a )

a2n 41— 4k \ 2k a2n +1— 2k \ 2k
(el a2l ) (e
a2t 41 -4k a20 +1-2k 2%k

_ 2k a2™ _ 4on a2 —1
T (a27tl +1 —4k) (a2 +1-2k)\ 2k ) 2k —1

=0 (mod 2")
where b;,i = 1 and 2 are some numbers with v5(b;) > 0. O

Apparently, cases with b > 2 call for more refined methods. It also appears that
proving Conjecture 5.5 for p = 2 might require congruences modulo 2"+! for both

(‘;2(22)1)(0% —Cy) in (4.7) and (2(1af;K))Cl+2K in (4.8). In fact, it helped proving
Theorem 5.6 (cf. Section 5 below).

Now we prove Theorem 4.1.

The proof of Theorem 4.1. For the 2-adic orders of the terms of Mj,(n,2971) with
1 < ¢ < n, we get that

gn+1
1/2(< 2k )Ck> =n—va(k) +12(Cp) =n — q+do(1 +29 4297 K) — 1

=n—q+1+dy(K)=n—q+1,
and the lower bound is met exactly if K = 0.

If ¢ = 0 then we have vo(M{(n,2)) > n by (4.3). In fact, as it was explained
above in the proof of Theorem 2.1 but now using n + 1 rather than n and 0 < k =
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142K < 2" ie,0< K <2" ! —1 in the summation resulting in M{(n,2), the
minimum 2-adic value n is taken by n terms with K =2" —1,r =0,1,...,n — 1.
Therefore, for the 2-adic order of the sum, we get n exactly if n is odd. O

We also have the following
Theorem 4.2. For integers n > q > 1, we have
Vg(Méq,a(n, 20 =n+1—q.
If ¢ = 0 then va(Mj ,(n,2)) = n if n is odd, otherwise the 2-adic order is at least
n+1.

We omit the proof but mention that the case with ¢ = 0 has already been
proven in the proof of Theorem 2.1 by using (4.6) while the case with 1 < ¢ <mn
can be taken care of similarly to the proof of Theorem 4.1.

5. More proofs, facts, and conjectures for Motzkin
numbers

Here we present the proofs of Theorems 2.2, 2.3, and 2.5, and four conjectures on
the order of the difference of certain Motzkin numbers including cases with any
prime p > 3.

Proof of Theorem 2.2. We use a recurrence for the Motzkin numbers:

3(m — 1)Mp_s + (2m + 1) My

Mm:
m+ 2

m >0

: (5.1)

)

with m = a2"*! + b and a2" + b. We take the difference and simplify it. It turns
out that the common denominator on the right hand side is odd when b is odd and
has 2-adic order 2v2(b + 2) when b is even. In the numerator only the two terms
3(b—1)(b+2) (Ma2n+1+b_2_ a2"+b—2> and (2b+1)(b+2) (Ma2n+l+b_1_Ma2n+b_1)7
and possibly two additive terms with 2-adic order at least n matter (due to the
possibility that either v5(2"3 M on+14p_1) = 1 or V2(2"9M 9n+1,4_2) = n or both).
The details are straightforward. O

Proof of Theorem 2.3. We prove by induction on b for any fixed a > 1 odd since it
suffices to consider only such values of a. The cases with b = 0 and 1 are covered by
Theorem 2.1. Assume that the statement is true for all values 0,1,...,b6—2,b—1.
We set K/ = K + 2v5(b+2) and ng = no(a, b, K) = max{ng(a,b— 2, K'),no(a,b—
1, K')} and apply Theorem 2.2 which yields that vo(Mygn+1 1y — Mgonip) > K/ —
2u5(b+2) = K for n > no(a, b, K). O

Further numerical evidence suggests a refinement of Corollary 2.4 on the rate
of growth (cf. Figure 1 for illustration).
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Conjecture 5.1. For all integersa > 1 odd, b > 0 and n sufficiently large, there ex-
ist two constants c1(a,b) and cz(a,b) so that n—cyi(a,b) < vo(Myon+1 1 y—Mganip) <
n + co(a,b). In particular, we have c¢1(1,b) < clogy b with some constant ¢ > 0,
ca(1,b0) <1, and ¢1(1,29 — 1) < q and c3(1,27) < =1 for g > 2.

We also believe that following conjecture is true.

Conjecture 5.2. The sequences {vo(Man+11p — Monip)tnsn, with b = 27 and
b=27+1,q > 1, become identical for some sufficiently large no = ng(q).

This means that, in this special case, equality (2.1) holds with a value which is
less than n in Theorem 2.2. By the way, this seems to happen in many cases when
we compare Man+14p — Mon iy With Mont14p11 — Man 411 With b even.

2 4 6 8 10 12

(a) p=2,a = 1,b = 1 (which (b) p=2,a =1,b = 4 (which
agrees with a = 1,5,9, or 13, agrees with a = 1,b =5 for n >
and b = 0 for n > 1, cf. The- 3, cf. Conjecture 5.2)
orem 2.1, Conjectures 5.3 and
5.5)
///
///
///

-
(¢) p = 2,a = 3,b = 11, cf. (d) p=3,a=2,b=0, cf. Con-
Conjecture 5.1 jecture 5.5

Figure 1: The function vp(M,,n+14y — Mapnys),0 < n < 12 (with
y =n and n — log, b included for p = 2)

We have a “conditional proof” of Conjecture 5.2 under assumptions on ¢ (1,27 —
1) and c3(1,27). The inequalities of Conjecture 5.1 combined with equality (2.1)
would already prove Conjecture 5.2 for ¢ > 2. Indeed, in this case we have
VQ(M2n+1+2q+1 — M2n+2q+1) = VQ(M271+1+2q - M2n+2q) since VQ(M2n+1+2q,1 —
Monioa 1)+ 12(29+1-1)>n—c1(1,29—1)+q¢>n>n—12>n+ce(1,29) >
I/Q(M2n+1+2q — M2n+2q).

This argument would not work for ¢ = 1, i.e., for b = 2 and 3. However, by
assuming the “right” patterns for b = 1 and 2, we can prove the case with b = 3.
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Indeed, Conjecture 5.3 and equality (2.1) immediately imply the statement of Con-
jecture 5.2 for n odd and b = 3. If n is even and b = 3 then a slight fine tuning
in the proof of Theorem 2.2 will suffice since vo(Man+1,5) = 1 for n > 3 and
v (Mant141) = 0 for n > 1 (by Conjecture 5.3 and the facts that vo(Mjs) = 1 and
1] (M5> == 0)

We add that Theorem 2.1 states a similar fact about identical sequences with
b =0 and 1 for a odd and n even.
Conjecture 5.3. If n > 2, andb=0 or 1 then

n—1, ifn is even,

va(Mansigy = Manys) = {n if n is odd

Ifn >3, and b =2 then

if n is even,

n,
Vo (Man+1yp — Man i) = {n —2, ifn is odd

Remark 5.4. The case with b =0 or 1, and n > 2 even has already been proven as
part of Theorem 2.1 (with @ = 1). On the other hand, we obtained only a lower
bound if n is odd and otherwise, this case remains open. Therefore, the former case
can be left out from the conjecture and was included only for the sake of uniformity.

The case with a = 1 and b = 0 is further extended in
Conjecture 5.5. Forp=2,a=1 (mod 4), and n > 2, we have
Vo(Mgon+1 — Myon) =mn, if n is odd.

Forp=3, (a,3) =1, and n > ng = ng(a) with some integer ng(a) > 0, we have

2a
Vg(Ma3n+1 — Ma3n) =n-+ l/3<(a ))

For p > 5 prime and n > ng = ng(p) with some integer no(p) > 0, we have
l/p(Mpn+1 — Mpn) =n.

The panels (a) and (d) of Figure 1 demonstrate this conjecture in some cases
with 0 <n <12. If p=2, a > 1 any odd, and n > 2 even then the 2-adic order is
n — 1 as it has already been proven in Theorem 2.1.

The proof of Theorem 2.5. We give only a sketch of the proof.

We prove the case with b = 0 first and use the IIDCS

{ip? (mod p™*")}ic1 2. p—1:020
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which allows us to write every positive integer uniquely in the form of ip? + Kp9+!
with some integers K > 0, 4, and ¢. In a similar fashion to the proof of Theorem 2.1,
the difference of the appropriate Motzkin numbers can be rewritten as

ptt/2

e = 3 (o~ (o) S (3 ()

i=1 “k=imod p

—1p—1 n+1 n
- o) () )
= Z pk — k (52)
q=0 i=1 < k=ipd4+Kpd+1 <(p(2k) 2k
OSKSPT’I%P
p=1 , p"7/2 prt
(X (%)) (53)
i=1 “k=imodp
after removing the superfluous term with k& = 0 in the first sum. The first term
(5.2) can be rewritten as

S5y ((f)en- ()e)

q=0 i=1 k=ipd+Kpatl

0sKgPl =2
n—1p—1 n+1 n41 n
- o) o0+ (o) - ()
=2 > ok = Ci) + - Cr |-
prr- S A ((p(%) p(2k) 2k
0<K< pn—zq —2;
For the p-adic order of every term in the summation, we obtain that v, ( (117) (;kl)) (Cpr—

n41

Ck)) > n—q+ q = n by Theorem 3.8, and Vp(((g(zk)) - (g;))C’k) >n+2 by
Theorem 3.6 and Remark 3.7.
Clearly, the p-adic order of every term in (5.3) is at least n + 1.

Unfortunately, the above treatment cannot be easily extended to higher values
of b, however, recurrence (5.1) comes to the rescue. Indeed, if p =3 and b =1, or
p>5and 1 <b<p—3then we use (5.1) with m = p"*! + b and p" + b, and by
easily adapting the proof of Theorem 2.2, we prove the statement step by step for
b =1, then for b = 2, ..., and finally for b = p — 3. In the initial case of b = 1,
the multiplying factor m — 1 of M,,_» in (5.1) is divisible by p™ in both settings
of m while the terms with M,,_; are covered by the case of b = 0. Starting with
b = 2, we can use the already proven statement with b — 1 and b — 2. This proof
cannot be directly extended beyond b = p — 3 since the common denominator in
the recurrence has p-adic order 2v,(b + 2), and this is the reason for the potential
drop in the 3-adic order when b = 1. O

Note that we have recently succeeded in proving the following extensions and
improvements to Conjecture 5.5 and Theorem 2.5 in [8], by applying congruential
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recurrences and refining the techniques used in this paper. The last part of the
first theorem confirms Conjecture 5.5 for p = 2 and a = 1 given that n is odd. The
case with n even has been settled by Theorem 2.1.

Theorem 5.6. For p =2, we have that

3.2 1 mod 27*!,  ifn >4 and even,

M2 — M(2") =
( ) @") {2” mod 2"+, if n >3 and odd.

Forn > 2, we have

v (M (27" — M(27)) = {“ —1, ifn is even,

n, if n is odd.

Theorem 5.7. For any prime p > 3 and integer n > 2, we have that v,(M (p" ') —
M(p™)) = n. In particular, with the Legendre symbol (%), we have

5™ mod p"t, if (
(B 4 (~1)"E52)p mod p 1, if (

M(p”+1)_M(p")E{ ) =0 or 1 mod p,

ws wis

) = —1mod p.
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Abstract

For a positive real number z let the Fibonacci distance ||z||r be the dis-
tance from x to the closest Fibonacci number. Here, we show that for integers
a>b>c>1, we have the inequality

max{||abl|r, ||lac||F, ||bc||F} > exp(0.0344/log a).
Keywords: Fibonacci distance, Fibonacci diophantine triples
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1. Introduction

Let (F,)n>0 be the Fibonacci sequence given by Fy = 0, F; = 1 and F, 4o =

Fo41+ F, for all n > 0. For a positive real number z we put

||| p = min{|z — F,| : n > 0}.
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In [4], it was shown that there are no positive integers a > b > ¢ such that
ab+1 = Fy, ac+1 = F,, and bc +1 = F,, for some positive integers £, m,n.
Note that if such a triple would exist, then max{||ab||F, |lac||F, ||bc||r} < 1. This
suggests investigating the more general problem of the triples of positive integers
a > b > ¢ in which all three distances ||ab|| , |lac||F and ||bc| F are small. We have
the following result.

Theorem 1.1. Ifa > b > c>1 are integers then
max{||abl|, [lac|[r, ||bel|p} > exp(0.0341/log a).
We have the following numerical corollary.
Corollary 1.2. Ifa > b > c > 1 are positive integers such that
max{l|abl|r, [|ac| r, [[bc]r} < 2,

then a < exp(415.62). In fact, the solution with mazimal a of the above inequality
is the following:
(a,b,c) = (235,11, 1).

2. The proof of Theorem 1.1

2.1. Preliminary results

We put (a, 8) = ((1+/5)/2, (1 —+/5)/2) and recall the Binet formula
ak _ ﬂk
Vo

We write (Lyg)r>0 for the Lucas companion of the Fibonacci sequence (F};),>0 given
by Lo =2, Ly = 1 and Ly42 = Ly41 + Ly, for all n > 0. Its Binet formula is
L, = o + 8% for all k£ > 0. Furthermore, the inequalities

F, = valid for all k> 0. (2.1)

"2 <P, <aft and oF'< Ly <ot holdforall k> 1.
(2.2)
M = max{|[abl|F, [[ac| F, [[bc|| F }. (2.3)
Lemma 2.1. We have M > 1.
Proof. Assume that M = 0. Then

We put

6<ab=F,, 3<ac=F,, 2<bc=1F,

for some positive integers n > m > £ > 3. If n > 12, then, by Carmichael’s
Primitive Divisor Theorem (see [2]), there exists a prime p | F,, which does not
divide Fy, for any 1 < k < n. In particular, p cannot divide F,,F; = F,c?, which
is impossible. Thus, n < 12. A case by case analysis shows that there is no
solution. O
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We put
ab+u=F,, ac+v = Fy,, be+w = Fy, (2.4)

where |u| = ||ab||F, |v] = ||ac||F and |w| = ||bc||F. In the above, £, m, n are positive
integers and since F} = Fy, we may assume that min{¢, m,n} > 2. Furthermore,

max{lul, |v], |w[} = M.
We treat first the case when a < 4M.
Lemma 2.2. Ifa <4M, then
max{{,m,n} < 5log(3M).
Proof. If a < 4M, then

A" 2 < F,=ab+u<4MA4M — 1)+ M < 16M?,

SO
2log(4M
n<24 28U oy 1leg(an)
log o
=2+ 2.1log(4/3) +2.11og(3M)
< 2.7+ 21log(3M) < 5log(3M).
A similar argument works for ¢ and m. O

From now on, we assume that a > 4M.
Lemma 2.3. Assume that a > 4M. Then
(i) n > max{{,m};
(i) a > Fy;
(#ii) n > 3.
Proof. (i) Note that
F,=ab+u>ab— M >ac+ M > ac+v = F,,

where the middle inequality ab — M > ac + M holds because it is equivalent to
a(b—c) > 2M, which holds because a > 4M and b > ¢, so b—c > 1. Hence, n > m.
In the same way,

F,=ab+u>ab— M >bc+ M > bc+w=F,.

The middle inequality is ab — M > bc + M, which is equivalent to b(a — ¢) > 2M.
If a — ¢ > 2M, then indeed b(a — ¢) > 2M because b > 1. If a — ¢ < 2M, it
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follows that b > ¢ > a — 2M > 2M (because a > 4M), and a — ¢ > 1, so again the
inequality b(a — ¢) > 2M holds. This implies (i).
(ii) Here, by the previous argument, we have

a?>ab+M >ab+u=F,.

This implies (ii).
(iii) is a consequence of (i) and of the fact that min{¢,m} > 2. O

Lemma 2.4. When a > 4M, it is not possible to have u =v = 0.
Proof. If w =wv = 0, then, since n > m by (i) of Lemma 2.3, we have
a < ng(ab7 QC) = ng(FnyFm) = Fgcd(n,m) = Fn/d < an/dila

where d > 1 is some divisor of n and where in the above we used the second
inequality in (2.2). Hence, by (ii) of Lemma 2.3 and inequality (2.2), we get

Oén/271 < /Fn <a< an/dfl < o{n/271,
a contradiction. O

The following lemma follows immediately by the Pigeon—Hole Principle and is
well-known (see Lemma 1 in [3], for example).

Lemma 2.5. Let X > 3 be a real number. Let a and b be nonnegative integers with
max{a,b} < X. Then there exist integers \,v not both zero with max{|\|,|v|} <
VX such that laX +bv| < 3VX.

2.2. Some biquadratic numbers

We write
1 n n _i " — (—a~H™) —u
Fn—UZ%(a —5)_u_\/5( ( ))
:%(a%—\/gua”f(*l)n)
= ) (0" — ug) (2.5)

In the above,

wi = YU COWBE A" oy

(2.6)

In the same way,
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where _
v+ (—1)7\/502 + 4(—1)™
vy = L2H D) [t CO" e, (2.8)

Observe that us, = (—1)""uy,, and von = (—1)™F 1oy} . Furthermore, both
Ui n, Uz p are roots of the polynomial

fun(X) = (X% = (1)) = 5u?X? = X* — (5u? +2(-1)") X? + 1.
Similarly, both vy, and va ,, are roots of the polynomial
fom(X) = (X2 = (—=1)™)? = 502 X? = X* — (50% +2(—1)™)X? + 1.

Put K = Q(v/5, %11, v1,m). Then the degree d = [K : Q] of K over Q is a divisor
of 32. Further, K contains «, u; ,L, U2 n, Ul,m, V2,m and all their conjugates. It

follows easily that all conjugates ul n ) for s = 1,...,d satisfy

1
:5(1\/5uj: 5u2+4(—1)”), i=1,2, s=1,....,d,

therefore the inequality

) < - (unh%v&ﬂ ) (¢7w+\/ )<3M’ (2.9)

holds for ¢ = 1,2 and s = 1,...,d. Similarly the inequality
0{°) | < 3M (2.10)
holds for j =1,2and s =1,...,d.

2.3. The first upper bound on n
The key step of the proof is writing

a | ged(ab, ac) = ged(Fy, — u, By, — v),

and passing in the above relation at the level of principal ideals in Og. Using
relations (2.5) and (2.7), we can write in Ok:

aOk | ged (@™ — uy p) (@ —ug ) Ok, (@ — vy ) (@™ — v ) Ok)
[T scd((@™ = uin) O, (@™ = vjm) Ok) . (2.11)

1<i<2
15522

Passing to the norms in K, we get

at = Nk /g (aOx) < H Ng /g (ged ((a" — uipn) Ok, (@™ —vjm) Ox)) . (2.12)

1<i<2
1552
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For i,j € {1,2} put
Iinjm = ged (0" — uin) Ok, (@™ —vj ) Ok) . (2.13)
In order to bound the norm of I; ,, j » in K, we use the following lemma.

Lemma 2.6. When a > 4M, there exist coprime integers A\, v satisfying
max{|Al, |v|} <+/n such that [nX + mv| < 3y/n and

Aty uﬁnv;m € Lin,jm- (2.14)

Proof. The existence of a pair of integers A, v not both zero such that the inequal-
ities max{|A|, |v|} < +/n and |nA + myv| < 3y/n hold follows from Lemma 2.6 for
(a,b,X) = (n,m,X). The condition X > 3 is fulfilled for our case by (iii) of
Lemma 2.3. The fact that A and v can be chosen to be in fact coprime follows by
replacing the pair (A, v) by (A/ ged(\, v), v/ ged(A,v)). Finally, observing that

a" =un (mod I jm) and a™ =vj,m  (mod Iinjm),

exponentiating the first of the above congruences to power A, the second to power
v, and multiplying the resulting congruences, we get containment (2.14). O

In what follows, in this section we make the following assumption:
Assumption 2.7. Assume that that pair (A\,v) from the conclusion of Lemma 2.6
satisfies

o} 0¥ #£0 forall d,j € {1,2}. (2.15)

The main result of this section is the following.

Lemma 2.8. Under the Assumption 2.7, when a > 4M, we have
a < 24(3M)3V™, (2.16)
Proof. By congruence (2.14), we have

Iianvjvm | (an)\eru - ui\n v;, m) Ok,

and taking norms in K we get

NK/Q(Ii7n,j7m) | NK/Q ((anA—qu - uz n ] m)OK) = NK/Q(O‘"A—FWW - ui\,nv;,m)

Since the number appearing on the right above is not zero by Assumption 2.7, we
get
Nijo(Limjm) < Nigjg (@™ —ud, 0¥, ),

,n-7],m

therefore

d
NK/Q ,n,j,m S H ’ (5) nAtmy (ugfn)k(v§5m)u .
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Inequalities (2.9) and (2.10) together with the inequalities for A and v from the
statement of Lemma 2.6 and the fact that a(®) € {a, 8} imply that

(@)™ — (M) | < oY + (3M)*" < 2(3M0)*",

for s =1,...,d, where for the last inequality we used (3M)? > 3% > o®. Hence,
Nicjo(Tin jm) < 24(3M)*WV™,

Thus, by inequality (2.12), we get

at < T[ NeseUingm) < 2@BM)3NV™,

1<i<2
15522
giving
a < 24(3M)8V™,
which is what we wanted to prove. O

Lemma 2.8 has the following consequence.

Lemma 2.9. Under the Assumption 2.7, when a > 4M, we have
n < (411og(3M))?. (2.17)

Proof. Combining the inequality (2.16) of Lemma 2.8 for a with (ii) of Lemma 2.3
and inequality (2.2), we get

o™/? 7t < \/F, <a<2*(3M)3V",

It gives

——-1<

n 4log?2 8log(3M)
+
2 log o

) Vi < 5.8+ 16.71og(3M)v/n,

log o

or

- ( 13.6
log(3M)+/n

because n > 3. So

+ 33.4) log(3M)v/n < (41log M)+/n,

n < (41log(3M))?,

which is what we wanted to prove. O
From now on, we assume that
n > (41log(3M))>. (2.18)

Lemma 2.2 tells us that if this the case, then also the inequality a > 4M holds. In
particular, for such values of n Assumption 2.7 cannot hold. This is the case we
study next.
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2.4. General remarks when Assumption 2.7 does not hold

From now on, we study the cases when Assumption 2.7 does not hold. In this case,
there exist ig, jo € {1,2} such that

QMMM — A g (2.19)

1o, jo,m’

In particular
(a4)n>\+mu — (u4 ))\<U4 )1/. (2.20)

10,m Jo,m

Observe that if u = 0, then
uin = (~1)'V(=1)", i€ {12},
therefore uj , = 1. Similarly, if v = 0, then v} , = 1. If u # 0, then write
5u” + 4(—=1)" = dunyp

where d,,  is a positive square free integer and y, , is some positive integer. Ob-
serve that d,, , is coprime to 5 so 5d,, , is square free. Observe further that 5u?
and du,nyi,n have the same parity and

1

) 5u? + dyny2 ,
ui,n = 2 f + (_1)1 V 5du,nuyu,n S Q( V 5du,n) = Ku,n

for i = 1,2. Moreover, u%n is an algebraic integer and a unit in the quadratic field
K, » the inverse of which is u%n Similarly, if v # 0, we write

50 +4(—-1)" = dv’myam,

where d,, ,,, is some positive square free integer and y, ., is some positive integer.
As in the case of u?_, we have

7,Mn°?
07 € Q(v/5dym) = Koy m

is a unit in the quadratic field K, ,,,. We continue with the following result.

Lemma 2.10. In case when uv # 0, and inequality (2.18) holds, it is not possible
that Q(v/5), Q(\/5dyrn) and Q(\/5d, ) are three distinct quadratic fields.

Proof. Assume that the three quadratic fields Q(\/g), Ky,» and K, ,, were distinct.
Then d,, , and d, ,, are distinct square free integers larger than 1 which are coprime
to 5. By Galois theory, there is an automorphism of Q(v/5, / 5dy.n, \/Ddy,m), let’s
call it o, such that o(v/5) = =5, 0(\/dun) = —/dun and o(\/dy.m) = —/dy.m-
Observe that o leaves both \/5d,,n and \/5d,,,,, invariant, therefore o (u7,,) = ufn
and O’(Uim) = v]%m for i, € {1,2}, while o(a) = 8. Applying o to the equation
(2.20), we get

(54))\m+un _ (’LL4 ))\(U4 )u. (2.21)

10,M Jo,m
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Multiplying relations (2.20) and (2.21), we get

2 \AA, 2 V4 24X 2 \—4

1= (uio,n) (Ujo,m) v or (uig,n) = (’Ujmm) Y.
Thus, u}?, is in Q(y/5dun) N Q(y/5dym) = Q. Since uf , is in fact a positive
unit ditinct from 1 in K, ,,, we get that A = 0, and then also v = 0, which is not
allowed. O

We now put
U= (@(\/5, uzll,nv Uim)'

If w =0, then u‘in =1, so that U has degree 2 or 4 over Q. The same holds when
v = 0. Finally, when uv # 0, then uf,, € Q(/5du.n) and v}, € Q(y/5dy,m), s0

U C Q(V5,\/5duns /5y m)-

Lemma 2.9 implies that the field appearing in the right hand side of the above
containment cannot have degree 8 over Q. Hence, U must have degree 2 or 4 over
Q in case uv # 0 as well.

We shall refer to the case when [U : Q] = 4 as the rank two case, and to the
case when [U: Q] = 2 as the rank one case.

2.5. The rank two case

We start with the following result.

Lemma 2.11. Assume that inequality (2.18) holds. Then in the rank two case, we
have uv # 0.

Proof. Assume, for example, that u = 0. Then, since we are in the rank two case,
it follows that d, ., > 1. Now equation (2.20) implies that

(@)™ = (g )05, )" = (Vg )"

This shows that (v} ,,)" € Q(V5) NQ(y/5dy 1) = Q. Since v2 ., is in fact a unit
of infinite order in K, ,,, we get that v = 0, which implies that also nA +mv =0,
therefore nA = 0. Thus, A = v = 0, which is not allowed. The same contradiction

is obtained when v = 0. O

Lemma 2.12. Assume that inequality (2.18) holds. Then in the rank two case, we
have dy p = dym > 1.

Proof. If this were not so, then we would either have d,,,, = 1 and dy ,, > 1
or dy, > 1 and dy,,, = 1. Assume say that d,, = 1 and d,,,, > 1. Then
ul € Q(V/5). Relation (2.20) now shows that

(a4)n)\+mu(ui—0iln))\ _ ( 4 )1/
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The above relation shows that (v} ,,)" € Q(v5) N Q(1/5dy.m) = Q. This implies
easily that v = 0. Now relation (2.20) shows that (a*)"™* = (u} )™*. Since A

io,n

and v = 0 are coprime, we get that A = 1, and so o' = u?om. This shows that
a™ = tu,, ». In particular,

a” = || < 3M
(see inequality (2.9)), so that

log(3M)

n < ———= < 3log(3M),
log o

which contradicts inequality (2.18). O

Lemma 2.13. Assume that inequality (2.18) holds. Then we cannot be in the rank
two case.

Proof. Assume that we are in the rank two case. By Lemma 2.12, we have d,, , =
dym > 1. Put D =d, . We then have the following relations

5u® — Dy,
502 — Dyg,m

(1),

7

4(—
4(—

( 1)m+1.

By a result of Nagell (see Theorem 3 in [5]), we have n = m (mod 2). Further, put
e=(—1)""! and let (X,Y) = (a,b) be the minimal solution in positive integers of
the Diophantine equation

5X2 — DY? = 4e. (2.22)

Then all other positive integer solutions (X,Y") of the above equation (2.22) are of

the form X
V5X + VDY <\/Sa+\/ﬁb>
2 - 2

for some odd positive integer k. In particular, putting ¢ = (v/5a + v/Db)/2, we
then have

\/5|'U| + \/Byv,m
2

5 =¢k  and

= kv

for some odd positive integers k,, and k,. We now see invoking (2.6) that

V5u| + (=1)’sign(u)vV'Dyy,n
2

U;n = sign(u) ( > = sign(w)Cm

where 7; , = 1 if sign(u) = (—=1)% and n;,, = —1 if sign(u) = (—1)**!. Similarly,

0y = sign(v)¢To
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where n;, € {£1}. Going back to relation (2.19), we get
Q"M — sign(u) sign(v)? (Mo Mu o vk,
Since a and ¢ are multiplicatively independent, we get that
nA+mv =0, sign(u))‘sign(v)” =1, Nig,urky + Njo wVky = 0.

From the left relation above we get that A and v have opposite signs. From the
right relation above, we get that A\/v = —njmvmo,ukv/km and since A and v are
coprime, we get that they are both odd and that 7., = 7j,,,. Finally, since A
and v are both odd, from the middle relation above we get that sign(u) = sign(v).
Put e = ged(ky, ky). Writing k, = ely, k, = el,, and putting 6 = sign(u) and
1N = Niy,u, We get that

Uigan = 0(C") 0 = (8¢C7) " and wjom = 0(C")" = (8¢
Writing (; = §¢"¢, we get that
Uiy ,n = Cf“ and Vjo,m = Cf”.
Further, ¢, /0, = ku/k, = —v/A = n/m, so that if we put k = ged(m,n), then
n =,k and m = {,k. Since uy nu2,, = € = V1 mV2,m, it follows that if ¢; and j;
are such that {ig, 41} = {jo,71} = {1, 2}, then
Uiy, = 5(1_% = gu and Vji,m = 541_% = éva

where (o = 5@“{1. Thus,

Q" =ty = (M) = (1
Q" =iy g = (@F) = 5%
Q" = vjom = (") = (1
Q™ =iy m = (@) = G

Since ¢, and ¢, are coprime, it follows that

Lo = god (((@5) = ¢f*) O, ((ah) = ¢f*) Ox ) = (a* = )0 (2.28)
Similarly,

Lisnnom = god (((@9) = ¢f*) O, (") = ) Ox ) = (* = ()0 (224)
As for I n j, ,m, we have

(@) =¢ (mod Lignjym) and  (@F)* = (mod Liyn,jym)-
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Exponentiating the first congruence above to ¢, and the second to ¢,, and com-
paring the resulting congruences, we get

Loly — Ayl
<11 v = <21 ‘ (mOd Iio,mjl,m)

so that
Ligmjum | (GG =€) Ok, (2.25)

and the principal ideal on the right above is not zero. Similarly,
Ly jom | (G5 =€) Ox. (2.26)
Hence, divisibility relation (2.11) together with relations (2.23)—(2.26) now implies
ol (0" - (0~ Q)G — (G ~ )
Taking norms in K, we get that
a® < |Ngjg(a® = Q)IINig(a® = G)lINi/a (GF" — )lINk/o(G3 =€)l (227)

Since
W = (C(S))m

’io,n
and ¢, > 1, it follows, by (2.9), that
7] < 3.

Similarly, \CQ(S)| < 3M. Furthermore,

(> V5 +V3 e
2
Since
¢ = |uj | for some ie€{1,2},

we get that

log(3M

00 < ety < 2BBM) 1103,
log

Similarly, £, < 2.11log(3M). It now follows that

(@ — ¢ <ab 4 3M <6Ma*  forall s=1,....d.
Similarly,

(@ — 8| < a¥ +3M <6Ma*  forall s=1,....d
Finally,

|(<1(S))2£ueu —e < (|<<1(8))eu‘)2eu +1= \u(-s) |2ev +1< 2(3M)4.210g(3M)7

10,N
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for all s =1,...,d and a similar inequality holds with (; replaced by (5. We thus
get that

|Nigja(eF = G)| < (6M)%a™, [Ny, —e)| < 2¢(30)*24105GM)
for ¢ = 1,2, which together with (2.27) gives
ad < (6M)24q2dk92d (37 )SAd10g(3M)
or
a < 16(301)>F84108BM) g2k (2.28)

Observe that k = n/t, = m/{,, and n > m (by (i) of Lemma 2.3) and ¢, > ¢, are
odd and coprime. Thus, ¢, > 3. If £, = 3, then £, = 1, so m = n/3. If this is the
case, then

a<ac=F, - v<F,+M<F,+a/2

(because a > 4M), therefore a < 2F,, = 2F, ;3. With (ii) of Lemma 2.3 and
inequality (2.2), we get
a"? 7 < \/F, <a < 2F, ;3 <2237,

therefore
6log 2

loga’

n < n <4,
a contradiction. Thus, we conclude that it is not possible that ¢, = 3. Thus,
4, > 5. Hence, k < n/5. Inequality (2.28) together with (ii) of Lemma 2.3 and
(2.2) give

an/2—1 < \/Fn <a< 16(3M)2+8.4log(3M)a2n/5.

Then
n log 16 2 + 8.41log(3M)
— <1 1 M
10 <t log ( log o 0g(3M)
< 7.842.1(2+8.4log(3M))log(3M)
< 7.8 +22(log(3M))?,
S0
n < 78 4+ 220(log(3M))? < 300(log(3M))?,
which contradicts inequality (2.18). O

In particular, if inequality (2.18) holds, then we are in the rank one case.
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2.6. The rank one case

Lemma 2.14. Assume that (2.18) holds. We have u = £F;, and v = £F; for
some nonnegative integers t, s which are either zero or satisfy n =t (mod 2) and
m=s (mod 2).

Proof. Since we are in the rank one case, it follows that u?om € Q(\/g) So, if
u # 0, it follows that d,, = 1, so that 5u® 4+ 4(—1)" = y2 . In particular,
ya , —bu? = 4(—1)". It is well-known that if (X,Y") are positive integers such that
Y2 —5X? = 4(—1)¥ for some integer k, then X = F; for some nonnegative integer
t =k (mod 2) (and the value of Y is Ly). In particular, |u| = F}; for some integer
t which is congruent to n modulo 2. The statement about v can be proved in the
same way. O

We now have
ab = Fn —Uu= Fn - sign(u)Ft = F(nftl)/2L(n+t1)/2a

where t1 = €y 4ot and €, € {£1} depends on the sign of u as well as on the
residue classes of n and ¢t modulo 4. Similarly, we have

ac = Fm — UV = Fm — sign(v)Fs = F(mfsl)/2L(m+51)/2a

and s1 = €y,m s for some &, s € {£1}. Observe also that either ¢ =0, or t > 1

and
at_2 S Ft S Ma

so that
log M

t<2+
log o

<24 2.1log M < 2.11log(3M). (2.29)

The same inequality holds with ¢ replaced by |t1], s, |s1]. Note also that
n+t; >n—t> (41log(3M))? — 2.1log(3M) > 0.
Lemma 2.15. One of the following holds:
(i) n—t1 =m — s1;
(i) n+t1 =m+s1;
(iii)) s =0, m = (n—1t1)/2 and b = Ly44,)/2c.
Proof. As a warm up, we start with the case when ¢ = 0. Then

a < gcd(ab, ac) = ng(Fn, F(m—sl)/2L(m+sl)/2)
< ged(Fo,y Fim—s,)/2) 8¢d(Fn, Lim+s,)/2)
< Fgcd(n,(m—sl)/Z)Lgcd(n,(7n,+sl)/2)'
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In the above argument, we used the fact that gcd(F}, Fy) = Fyed(p,q) and that
ged(Fy, Lg) < Lged(p,q) for positive integers p and ¢. Put

ged(n, (m —t1)/2) =n/d; and ged(n, (m+t1)/2) = n/ds.
If dy =1, then n | (m — t1)/2, therefore n — t; > m —¢1 > 2n, or
n < —t; <t<21llog(3M),

contradicting inequality (2.18). A similar inequality holds if dy = 1. So, from now
on, we assume that min{dy,ds} > 2. If min{d;,ds} > 10, we then have

a?* ' < \/F,<a< FojayLnja, < QM hAn/dy < 04"/5,

giving n/2 — 1 < n/5, so n < 3, a contradiction.
So, we may assume that min{d;,ds} < 9. Assume that max{d;,d2} < 9. Write
n/d; = (m —s1)/ds and n/dy = (m+ s1)/dy4. If d3 > dy + 1, we then get

dsn >4 n ~ 4 n
Bl st — s —
dyp dy dy’

m— 81 =

SO
n < —disy <dis <9 x2.1log(3M) < 20log(3M),

contradicting inequality (2.18). Thus, max{d;,ds} > 10. If min{d;,d2} > 3, we
then get that

an/Q—l < \/E< a< Fn/dan/dg < an/dl—i-n/dg < an/3+n/107
giving n < 15, which is impossible. Thus, min{d;,d2} = 2 giving
either n/2 = ged(n, (m — $1)/2), or n/s = ged(n, (m + s1)/2).

Thus, either n/2 = (m —s1)/2ds, or n/2 = (m+ s1)/2d4 for some divisors dg or dy
of (m — s1)/2 and (m + s1)/2, respectively. If we are in the first case and dg > 1,
then

m-—s;=dsn>2n>m-+n

giving n < —s; < s < 2.11log(3M), a contradiction. The same inequality is ob-
tained if n/2 = (m + s1)/2d4 for some divisor dg > 1 of (m + s1)/2. The last case
isn/2=(m—3s1)/2 (orn=m—s1),0or n/2 =(m+s1)/2 (or n =m+ $1), which
is (ii) for the particular case when t = 0.

Assume next that st # 0. In this case,

a < ged(ab, ac) = ged(Fn—t,)/2Lin+tt1) /20 Fim—s1) /2 Lm+s1)/2)
< ged(Fln—ty)/2) Fim—s1)/2) 86d(Fln—t,)/2, L(m-+s1)/2)
% ged(Linty)/25 Fim—s1)/2) 8¢A(Lingt1) /2, Limtsi)/2)
< Fyed((n—t1)/2.(m—s1)/2) Lged((n—t1) /2,(m+51) /2)
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X Lgca((ntt1)/2,(m—s1)/2) Liged((n+t1) /2,(m+51) /2) - (2.30)
Write

’I’L—tl

—t _
gcd(n 1 m 51

<n—t1 m+81) n—t1
ged

(n—l—t1 m— 8§,

t
ecd n—|—1

d n+ti m+s; n—l—t1
C =
& 2 7 2 2d,

for some positive integers dy, da, d3, dy. Assume that min{d;, ds, ds,ds} > 10. Then

a"? < \/F, <a< Fln—t)y/2d: Lin—t1)/2ds Lntt1) /2ds L(ntt1) /244
< qn—t)/2d1+ (n= 1) /2 (k1) /2ds +(net 1) /2da 42 < (n4) /542

giving
10 t 4.2
n < 3 <3+ 5) <10+ ?log(?)M) < 12log(3M),
contradicting inequality (2.18). Suppose min{d;,ds,ds,ds} < 9. Assume that
there exist ¢ # j such that both d; < 9 and d; < 9. Just to fix ideas, we assume

that i =1, 7 = 3. Put

n—1t m — S$1 n—+1 m — S1
_ d = ) 2.31
2, 2y M 2ds 2, (2.31)
Assume say that ds > dy + 1. Then
d5(n—t1) TL—tl n—t1
—s=—— U >p—t >m—t 7
m— 51 4 >n—1t1+ 4 m 1+ &

SO

n<t;+di(t; —s1) <t+9(s+t) < 20max{s,t} < 42log(3M),
contradicting inequality (2.18). A similar contradiction is obtained if one supposes
that d7 > ds + 1. Thus, we may assume that ds < d; < 9 and d7 < d3 < 9.
Equations (2.31) give

d5n — dlm = Cl5t1 — d151;
d7n - d3m = —d7t1 — d381.
One checks that the above system has a unique solution (m,n), and the same is

true for the other values of ¢ # j in {1,2, 3,4}, not only for (¢, 5) = (1,3). We solve
the system by Cramer’s rule getting

d5 —d1 n— d5t1 — d181 —d1
d7 —d3 o —d7t1 — d351 —dg ’
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Thus, using Hadamard’s inequality,

dst; —dys1 —dy
—d7t1 — d381 —dg

<A/ d3 4 d3 x \/(dsty — dis1)2 + (drty + d3s1)?

< 9V2 x 9 x 2 x V2max{s,t} < 700log(3M),

ng‘

which contradicts inequality (2.18). So, we may assume that there exists at most
one i € {1,2,3,4} such that d; <9. If d; > 2, then

a™?™ < \/Fy < a < Fiuiy) oy Linty)j2do Linsty) j2ds Linsty) 245
S Oé(nftl)/2d1+(n7t1)/2d2+(n+t1)/2d3+(n+t1)/2d4+2

< (P H/443(n+1) /2042
which gives

2
% <3+ gt, therefore n < 30+ 4t < 30 + 8.41og(3M) < 40log(3M),

which contradicts inequality (2.18). Thus, it remains to consider the case d; = 1.
Say i = 1. We then get (n —¢1)/2 | (m — s1)/2. If (m — s1)/2 is a proper multiple
of (n —t1)/2, we then get that

(m—s1)/2>22x(n—11)/2=n—t1 >m/2+n/2 —t,
giving
n <2t —s; < 2t+ s <6.3log(3M),

which contradicts inequality (2.18). Thus, it remains the consider n — ¢, = m — s;.
This was when d; = 1 and ¢ = 1. For¢ = 2, 3,4, we get that n—t; = m+s1, n+t; =
m — s1, n+t; = m + sy, respectively. Let us see that not all four possibilities
occur.

Suppose say that n —t; = m + s;. Then, as we have seen,

ged((n—1t1)/2,(m —s1)/2) = ged((n —t1)/2,(n —t1)/2 — s1) | 81| 8y
ged((n +t1)/2, (m + s1)/2) = ged((n +t1)/2, (n — t1)/2) | t1 | £,
and
ged((n+11)/2,(m —s1)/2) = ged((n+t1)/2,(n —t1)/2 — 1) | t1 + $1.

Observe that s; +t; # 0, for if s; +¢; = 0, then since also n —t; = m + s1, or
n=m+(s1+t1) =m+0, we would get that n = m, a contradiction. Divisibilities
(2.30) show that

a < Faod((n—t1)/2,(m—s1)/2) 8A(F(n—t,) /25 Lm+s1)/2) Lged((ntt1)/2,(m—s1)/2)
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X Lgcd((n+t1)/2,(m+sl)/2) < Fs x 2% Lt+s X Lta
where we used the fact that ged(Fy, Ly) | 2 for all positive integers k with k =
(TL — tl)/2 = (m + 31)/2 Thus,

a< 2a25+2t+1 < Oé?’)-i-8.410g(3M).
Since also a > /F, > o™/?71, we get

% — 1< 3+8.4log(3M), therefore n < 25log(3M),

contradicting inequality (2.18). A similar argument applies when n +t; = m — s;.
Hence, we either have n —t; =m — sy, or m + t; = n + s1, which is (i).

Finally, let’s us discuss the case s = 0. We follow the previous program. We
have

a< ng(CLb, CLC) = ng(F(nftl)/QL(erfl)/Qa F’"L)

< ged(Fn—t1)/2: Fm) 8ed(L(nt11) /20 Fim)
< Faed((n—t1)/2,m) Lged((ntt1)/2,m)-

As in previous arguments, put
ged((n —t1)/2,m) = (n—t1)/2d1, and  ged((n+t1)/2,m) = (n+t1)/2ds.
If min{d;,ds} > 5, we have

a’n/Qfl (nftl)/2d1+(n+t1)/2d2 < a(n+t)/57

<a < Fot)2d Lingtr)/2d, < @

so that

10 t 4.2
n< 5 (1 + 5) <4+ ?log(SM) < 6log(3M),
contradicting inequality (2.18). Assume now that both d; < 4 and ds < 4. Put dj
and dy such that m/ds = (n —t1)/2dy and m/dy = (n +t1)/2dy. If d3 > 2d; + 1,
we then have

d3 n — tl n — tl

=—(n—t)>n—t >m—t )
m=og (n—t)Zn—t+ == >m -t + o

SO
n < (2dy + 1)ty < (2dy + 1)t < 9 x 2.11og(3M) < 20log(3M),

contradicting inequality (2.18). A similar contradiction is obtained if we assume
that dy > 2ds 4+ 1. Thus, d3 < 2d; < 8 and dy < 2dy < 8. We then get

n+t1  dads
’I’L—t1 n d1d4’

so that
n(d1d4 — d2d3) = —tl(d1d4 + dgdg).
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Therefore
n < t(d1d4 + d2d3) <64 x 2.110g(3M) < 400 10g(3M),

contradicting inequality (2.18). Assume min{d;,d2} < 4 and max{d;,dz} > 5. If
min{d;,ds} > 2, we then get

a2l < g < o(n=t)/2diH(ntt)/2ds < (n0)(1/4+1/10)
giving
20 7 7
n < 3 1+ %t <7+ 3 X 2.1log(3M) < 121og(3M),

which contradicts inequality (2.18). So, the last possibility is min{d;,d>} = 1.
Hence, we either have ged((n —t1)/2,m) = (n —t1)/2, or ged((n + ¢1)/2,m) =
(n+t1)/2. In particular, m = §(n — t1)/2, or m = §(n + t1)/2 for some positive
integer 6. If 6 > 3, we get

3(n+t) S 3(n—1)

>m> ,
o= 2

giving n < 3t < 10log(3M), a contradiction. If § = 2, we get that m = n — #;
or m = n + t1, which is (i) because s = 0. Suppose now that § = 1. Then either
m=(n—1t1)/2,or m = (n+t1)/2. Assume that m = (n +¢1)/2. Then

a < ged(ab, ac) = ged(Fin—t)/2Linttr) /2, Finttr)/2)
< ged(Fln—t,)/2) Finttr)/2) €ed(Lintt,) 25 Finyen)/2) < 2F,

so we get that
o? 7t < 2F, < ottt therefore n <4+ 2t < 10log(3M),
a contradiction. Finally, in case m = (n — t1)/2, we then have
ab = Fl_t,)/2L(n+t1)/25 ac=Fp = F_4))/2,
therefore
ab = (ac)L(y+t,)/2 S0 b= Lnt1,)/26
which is (iii). O
We can now give a lower bound for b.

Lemma 2.16. Assume that inequality (2.18) holds. Then

b> /2 14loe(3M) (2.32)
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Proof. If we are in case (iii) of Lemma 2.15, then

b> Linsesyjo > QM27t/2=1 5 (n/2=1-1.0510g(3M) > (\n/2-3log(3M)

Assume next that n —t; = m — s; and st # 0. Then
ged((n —11)/2, (m + 51)/2) = ged((n — t1)/2,(n — t1)/2+ s1) | 51 | s,
ged((n +11)/2, (m — 51)/2) = ged((n +t1)/2, (n — 1) /2) [ 1 | ¢,
and
ged((n+1t1)/2,(m +s1)/2) = ged((n+¢1)/2,(n —t1)/2 + s1) | t1 — $1-

Observe that t; — s1 # 0 since if t; — s;7 =0, then n —m =t; — s =0, so n =m,
which is impossible. Now relation (2.30) shows that

a < Fiuoty)2LoLilpys < olmt/22sttes
< @M/2+2+3.5max{st} o n/2+1010g(3M) (2.33)

Since |u| < M < a, it follows that
a" 2 <F,=ab+u<ab+ lul <ab+ M < 2ab < 2o/ +1010g(3M)
giving

-1 2—2-101 3M 2—4-101 3M 2—141 3M
b>2-lon 0g(3M) « o/ 0B(8M) - on/2-1410g(3M)_

which is the desired inequality. A similar argument applies when n +t; = m + s
and st # 0.

Assume next that ¢t = 0. Then n = m — s; or n = m + s;. Assume say that
n=m — s;. Then

a < ged(Fr, Fim—sy)/2Limts1)/2) < Faed(n,(m—s1)/2) Lged(n,(m+s1) /2
= n/QLgcd(n,7L/2+sl) < Fn/QLsa

SO
n/2+ n/2+2.1log(3M
a <o <o/ og( )7

which is an inequality better than (2.33). In turn, we get that inequality (2.32)
holds. A similar argument applies when ¢t = 0 and n = m+ s1, and also when s = 0
and either m = n — t; or m = n + t;. We give no further details here. O]

We now write
b < ged(ab, be) = ged(F,, — u, Fy — w).

Write, as we did in Section 2.2,

",
Fp—w= % (o/ — ’LUL[) (o/ - ’wg’e) , (2.34)
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where .

) —1)*/5w? + 4(-1)¢
Vi + (-1) : wAAEDT e (2.35)
As for the numbers u;, and vj,, (see inequalities (2.9) and (2.10)), we also have

that wy ¢ and all its conjugates w,(:z, satisfy

Wk o =

|w,(:z| < 3M.

We put = Q(v/5, U1.n,W1,e), and use the argument from the beginning of Section
2.3, in particular an analog of inequality (2.11) to say that

bO | ged ((a” —ui ) (@ —us,) O, (O/ — wl,g) (o/ — U’M) (9)
| H ged (0" —uin) O, (af —wiy) O). (2.36)
1<i<2

1<K<2

Put
I nie = ged ((a” —u;n)0, (o/ — wkyg)O) , i,k € {1,2}.

Using Lemma 2.6, we construct coprime integers A, v’ satisfying the inequalities
max{|N|, ||} <+/n, [nN + €| < 34/n and furthermore

’ ’ ! ’
Q™ u;\’nwz’g € i n ke
As in Section 2.3, we make the following assumption.

Assumption 2.17. Assume that the pair (N,v') satisfies
N u;\/nwzlg #0 forall i ke {1,2}.
Then the argument of Lemma 2.8 shows that
b < 24(3M)3V™.
Combined with Lemma 2.16, we get that
/2= 14108(3M) - 94(3 778V,

therefore

n/2 —14log(3M) <

log(16) n (8 log(3M)

Vn < 5.8+ 16.71og(3M)/n,
log o log o

SO

NG n + 16.710g(3M)> Vn.

Since n satisfies inequality (2.18), we have that /n > 41log(3M), therefore

11.6 ~ 28log(3M
( | 28log(3M)

11.
6 <9 and 28log(3M)

Jn Jn <1
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Hence, we get that
Vn < 3+ 16.7log(3M) < 201og(3M),

contradicting inequality (2.18). The conclusion is:
Lemma 2.18. If inequality (2.18) holds, then Assumption 2.17 cannot hold.
Thus, there exist i1, k; € {1,2} such that

nN e N v
« = uil)nwkl,g.

Since we already know that u? , € Q(V/5) (because we are in the rank one case),
it follows that w,%’;'e € Q(v/5). In particular, either w = 0, or w # 0 but 5w? +

4(-1)F = y?ul holds for some positive integer £. In particular, w = +F,. for some
nonnegative integer r which is either 0 or is congruent to ¢ modulo 2. Thus

bec=Fy—w=Fy_r)2L4r)/2

where 71 = +r. Since |w| < M, we also have r < 2.1log(3M).
We now show that both m and /¢ are large.

Lemma 2.19. Assume that inequality (2.18) holds. Then
min{¢,m} > n/2 — 17log(3M). (2.37)

Proof. Since b > o™/2~14108BM) by Lemma 2.16, and since n satisfies inequality
(2.18), it follows that b > 2M. Indeed, this last inequality is implied by

an/2—14 log(3M) > oM
or
log 2M

2 — 141log(3M
n/ 0g(3M) > loga ’

which in turn is implied by
n/2 — 14log(3M) > 2.1log(3M),

which in turn is implied by n > 331log(3M), which holds when n satisfies inequality
(2.18). Hence,

a1 >Fp=bc+w>bc—M>b—M >b/2
> 9—1,n/2-1410g(3M) - n/2-2-14log(3M)

giving
L—1>n/2—-2—14log(3M), or £>n/2—17log(3M).

The same argument works for m. O
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We now return to Lemma 2.15 and get the following result.

Lemma 2.20. If inequality (2.18) holds, then part (iii) of Lemma 2.15 cannot
hold.

Proof. Assume that (iii) of Lemma 2.15 holds. Then
be = Lin+1)/26* = Flomryy 2 Liesryy 2.
Since n satisfies inequality (2.18), we have that
(n+1t1)/2> (n—1t)/2 > ((411log(3M))* — 2.11og(3M))/2 > 12,

therefore L(,,1¢,)/2 has a primitive prime factor p. Its order of appearance in the
Fibonacci sequence is n + t1. Since p | F—r)2Lt4r,) /2, it follows that either
(¢ —r1)/2 is a multiple of n + ¢, or £+ ry is a multiple of n + ¢;. But obviously

(L+r)/2<(n+r)/2<n—t<n+t,

where the middle inequality holds because it is equivalent to n > 27 + ¢, which is
implied by (2.18) since then

n > (41log(3M))? > 6.3log(3M) > r + 2t.
Thus, the only possibility is that ¢ 4+ r; is a multiple of n 4 ¢;. Since
2ln+t1) >2n—2t>n+r>L+r > L+,
it follows that the only possibility is that £ + r; = n + t;. Hence,
Lintt1)/2¢" = Flomr) joLerr1)/2 = Fle—ri) 2L nr1)/2:

giving Fy_, )2 = c?. Since the largest square in the Fibonacci sequence is Fyo =
122 (see [1] for a more general result), we get that (£ —71)/2 < 12, so

<2441 <24+7r <30log(3M). (2.38)

However, this last inequality contradicts the inequality (2.37) because n satisfies
inequality (2.18). This shows that indeed part (iii) of Lemma 2.15 cannot happen.
O

We now revisit the argument of Lemma 2.15 and prove in exactly the same way
the following result.

Lemma 2.21. Assume that inequality (2.18) holds. Then one of the following
holds:

(Z) Tl*tl :Zf’l"l,'

(ZZ) n+t; =40+r;.
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Proof. We follow the proof of Lemma 2.15. The relevant inequality here is, instead
of (2.30),

b < ged(ab, be) = ged(Fin—ty) /2 Lin+t) /2> Fro—ri) 2 Loty j2)- (2.39)

In the proof of Lemma 2.15 we used the lower bound a > a”/271, whereas here we
use the lower bound b > o™/2~14108BM) given by Lemma 2.16. We only go through
a couple scenarios which have not been contemplated in the proof of Lemma 2.15.

One of them is when v = w = 0. Then
an/2—14log(3M) <b= ng(Fna FZ) = Fgcd(n,Z)~

Clearly, ged(n,¢) = n/dy for some divisor dq > 1 of n because £ < n. If d; > 3, we

get
an/2—1410g(3M) < Fn/d1 < an/dl < an/37

or n < 84log(3M), contradicting inequality (2.18). Hence, ged(n,?) = n/2, and
the only possibility is £ = n/2. But then

be = F, s, ab=F, = F, /3Ly, giving a= Lyc.

Hence,
Fln—si)j2Limtsi)y2 = ac = Ly jac.

Since n is large, L,/ has primitive divisors whose order of appearance in the
Fibonacci sequence is exactly n. We deduce that n divides either (m — s1)/2 or
m + s1. Since we have (m —s1)/2 < (m+3s)/2 < (n+5)/2 < n and m + s; <
m+s < n+s < 2n whenever n satisfies inequality (2.18), we conclude that
the only possibility is that m + s; = n. Thus, we get the equations L, /202 =
Fln—s1)j2Lim+si)2 = Fim—sy)/2Lny2; 80 Fmisyy2 = ¢, giving (m + s1)/2 < 12.
This gives
m<24—s1 <24+ 5<24+2.1log(3M),

which contradicts inequality (2.37) of Lemma 2.19 when n satisfies inequality
(2.18).

This shows that we cannot have u and w be simultaneously zero.

Next we follow along the proof of Lemma 2.15 replacing (m, s, s1) by (¢,7,71).
Everything works out until we arrive at the analogue of (iii) of Lemma 2.15, which
forusisw=1r=0,¢=(n—1t1)/2 and a = L(,4¢,)/2c. But in this case

L(n+t1)/202 =ac = Fn—s))/2Lmts1)/2-

Using again the information that (n 4+ ¢1)/2 is large and L(,,)/2 has primitive
prime divisors, we conclude that the only possible scenario is m + s; = n + tq,
leading to F(,,—s,)/2 = c?, which gives that (m — s1)/2 is small, contradicting
inequality (2.37). We give no further details. O

We can now give a lower bound for c.
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Lemma 2.22. Assume that inequality (2.18) holds. Then
c > O[n/2_31 log(3]\/[). (240)

Proof. This is very similar to the proof of Lemma 2.16. Assume, for example, that
n—1t; ={f—ry and tr # 0. Then

ged((n —11)/2, (E+71)/2) = ged((n —t1)/2, (n —t1)/2+71) [ 1 | 7,
ged((n+11)/2, (6 =11)/2) = ged((n +11)/2, (n — £1)/2) | t1 | £,
and
ng((TL + tl)/2, (f + Tl)/2) = gcd((n + tl)/27 (?’L — tl)/2 + Tl) | tl — 7.

Observe that t; —ry # 0 since if t;1 —ry =0, thenn —¢ =t —r; =0, s0 n = ¢,
which is impossible. Now relation (2.39) implies that

b < F(nftl)/QLrLtLt#»'r‘ < a(7l+t)/2+27‘+t+2
< an/2+2+3.5max{r,t} < an/2+1010g(3M). (241)
Since |w| < M < b, it follows, by inequality (2.37), that
an/2—1710g(3M)—2 < a[—Z < Ff =be+w < be+ M < 2be < 200{n/2—i—10log(?)M)7
giving
n/2—2—27log(3M) > an/274727log(3M) > Ol71/273110g(3M)’

c>2"1q

which is the desired inequality. A similar argument applies when n +t; = £+ rq
and tr # 0.

A similar proof works when either t = 0 or r = 0 providing better lower bounds
for ¢. We give no further details here. O

We now revisit the argument of Lemma 2.15 and prove in exactly the same way
the following result.

Lemma 2.23. Assume that inequality (2.18) holds. Then one of the following
holds:

(i) m—s1=4€—ry;
(1)) m+ sy =L+7.

Proof. This is entirely similar with the proof of Lemma 2.15, except that we use
the relation

c< gcd(ac, bC) = ng(F(m—sl)/QL(m-l—sl)/Qv F(E—rl)/ZL(K—i-rl)/Q)

and the lower bound (2.40) on ¢. We give no further details. O
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Finally, we prove the following result.
Lemma 2.24. Inequality (2.18) does not hold.

Proof. From Lemmas 2.15, 2.21 and 2.23, one gets easily that either n —t; = m —
s1 =fl—ryornt+t; = m+s; = £+ry. Assume say that N =n—t; = m—s; = 0+7r;.
Then

ab = FNLN+2,51, ac = FNLN+251, be = FNLN+2T1'

If U and V denote any two of the numbers N, N + 2ry, N + 2s1, N + 2t1, then
U/2 < V < 2U because n satisfies inequality (2.18). Also, all the above four
numbers exceed 12. Using again the primitive divisor theorem, we conclude that
N + 2rq is one of the numbers {N, N + 251, N + 2t1}, so r; € {0,s1,t1}. But if
r1 = $1, then since also £—r1 = m—s1, we get m = £, 80 ac = F(y_s,) 2L (mys1)/2 =
Fo—ry/2L¢4r,)/2 = be, contradicting the fact that @ > b > ¢ > 1. Thus, r; = 0.
Similarly, we get s; = t; = 0, therefore n = m = £, which is not allowed. A similar
argument works when n+t, =m+ s, =+ rq. O

Proof of Theorem 1.1. We are now ready to finish the proof of Theorem 1.1. In-
deed,
2a<ab=F, +u<F,+ M.

So, either a < M, or a > M in which case a < 2a — M < F,, < o' giving

loga

411og(3M))3.
1oga<”<( og(3M))

The above inequality implies that

log M > 417'v/2+/loga > 0.0341/log a. (2.42)

In case a < M, we get log M > loga > 0.034/loga because a > 3 so loga > 1.
Hence, inequality (2.42) always holds, showing that M > exp(0.034+/loga), which
is what we wanted to prove. O

3. The proof of Corollary 1.2

The condition a < exp(415.62) (coming directly from Theorem 1.1) implies n <
1730 via the inequalities a”~2 < F,, < a?. It is easy to see that n > 8 entails n > m,
moreover from n > 8 and m > 7 we conclude m > ¢. These make it possible to
apply a computer search for checking all the candidates (n, m,¢). Obviously n > 5
must be fulfilled, therefore we can verify individually the cases 5 < n < 7. Totally
222 solutions to the system (2.4) have been found in (a,b,c,u,v,w,n,m,£), the
largest a is occurring in

(a,b,c,u,v,w,n,m,¢) = (235,11,1,—-1,—-2,2,18,13,8).
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Abstract

The aim of this paper is to investigate the algebraic independence between
two infinite products generated by the Fibonacci numbers {F,},>0 whose
indices run in certain geometric progressions or binary recurrent sequences.
As an application, we determine all the integers m > 1 such that the infinite

products
F(ie L) wa T(1s
For pale

et 2 Forym

are algebraically independent over Q.

Keywords: Algebraic independence, Infinite products, Fibonacci numbers,
Mahler-type functional equation
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1. Introduction and the results

Let {Ry }n>0 be the binary recurrence defined by

Ryyo=A1Rui1 + ARy, n >0, (1.1)

165
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where A; and A; are nonzero integers and the initial values Ry and R; are integers,
not both zero. Suppose that |4y = 1 and A2 + 445, > 0. If A; = Ay = 1 and
Ry = 0,R; = 1, then we have R,, = F,, (n > 0), where F), is the nth Fibonacci
number.

Let d > 2 be a fixed integer. The second author [6] investigated necessary
and sufficient conditions for the infinite product generated by the sequence (1.1)
to be algebraic. As an application, the transcendence of the infinite product
[Te, (1+ ﬁk) was deduced. In [3], the algebraic independence over Q of the

sets of infinite products

ﬁ <1+;dk> (i=1,...,m)

k=1
Fap#=bi
was proved for any nonzero distinct integers by, . .., b,,. In particular, the numbers
o0 o0
1 1
1 and 1-
H < - F2’<> H ( F: 2k>
k=1 k=2

are algebraically independent over Q. Recently, the authors [4] proved algebraic
independence results for the infinite products generated by two distinct binary
recurrences; for example, the two numbers

b 1 i 1
| | 1 d | | 1

( * F2’9 ) a < N L2k )
k=1 k=1

are algebraically independent over QQ, where the sequence {L,},>¢ is the Lucas
companion of the Fibonacci sequence defined by

Ln+2 = Ln+1 —|— Ln (n Z 0), LQ = 2, L1 = 1

In what follows, let {R,},>0 be the binary recurrence given by (1.1) with
A; = Ay = 1. Then the sequence {R,},>0 is expressed as

Ry, = gia" +¢28", n =0, (1.2)

where a = (1 ++/5)/2, 3= (1 —/5)/2, and

()-w (2 ) (8)

In this paper, we prove some algebraic independence results for the infinite
products generated by Fibonacci numbers and the sequence (1.2). We state our
results.
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Theorem 1.1. Let d > 2 be a fized integer and {R, }n>0 be the sequence defined
by (1.2) with (R, R1) # (0,1). Let

- 1 - 1
n:zH(l—i—de) and v:= H (1+de>.

k=1 k=1
R p #0,—1

Then the following conditions are equivalent:

(i) The numbers n and v are algebraically dependent over Q.

(ii) The number v is algebraic.

(iii) d = 2 and either the condition g1 + g2 = 1 or the condition g1 = g2 = —1 is
satisfied.

Corollary 1.2. Let d > 2 and {R,}n>0 the sequence defined by (1.2). Ifd > 3,
then the numbers

- 1 - 1
,};[1<1+de> ad 1 (1+de>

k=1
R #0,—1

are algebraically independent over Q. The same holds for the case of d = 2 and
RO ¢ {_Za 07 1}

Corollary 1.3. Let d > 2 be an integer and let v # 1 be a nonzero rational number.
Then the infinite products

H(Hde) and kH <1+de)

k=1 =
Fi#—7

are algebraically independent over Q.

It should be noted that Corollary 1.3 holds even if v is a nonzero algebraic
number (cf. [1]).

Corollary 1.4. Let d > 2 and m > 1 be integers. Then the infinite products

ﬁ(“é) and ﬁ(1+ : ) (1.3)

de+m
are algebraically dependent over Q if and only if (d,m) = (2,1),(2,2). In the two
exceptional cases above, we have

]ﬁ(HF;H):g(\/i_l)’ ]f[l<1+ ! ):6—2\/5.

F2k+2

The proofs of Theorem 1.1 and the corollaries will be given in Section 3.
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2. Lemmas

Let d > 2 be a fixed integer and let {R,,},>0 be the sequence defined by (1.2).

Define . L
o(z) =[] <1 o (_91 ) . (2.1)

k=0 ) gl 92372(1

The function ®(z) converges in |z| < 1 and satisfies the functional equation
B(a?) = ofx)D(2), (2.2)

with
1+ (—1)4g; ' goa?

1+g7 e+ (—1 ) 91 ' gox?’

co(x) =
To prove Theorem 1.1, we use the following lemma.

Lemma 2.1 (Special case of [6, Theorem 7]). Let d > 2 be an integer. Let a and
b be nonzero algebraic numbers and

[e'e] xdk

k=0

Then the function G(x) is a rational function with the algebraic coefficients if and
only if d = 2 and either the condition a +b = 1 or the condition a = b = —1 s
satisfied.

Lemma 2.2. Let ®(x) be the function given in (2.1). Then the following conditions
are equivalent:

(i) The function ®(x) is algebraic over Q(a, x).

(ii) The function ®(x) is a rational function with algebraic coefficients.

(iil) d = 2 and either the condition g1 + g2 = 1 or the condition g1 = g2 = —1 is
satisfied.

Proof. First we prove (i)=-(ii). Suppose that ®(z) is algebraic over Q(ca, ). Then,
by the functional equation (2.2) and [5, Theorem 1.3] with C' = Q, we see that ®(x)
is a rational function over some algebraic number field L O Q(«). The assertions
(if)=(iii) and (iii)=-(i) follow immediately from Lemma 2.1. O

Remark 2.3. If the property (iii) in Lemma 2.2 is satisfied, then the corresponding
infinite products ®(z) are expressed as rational functions explicitly. Indeed, in the
case of d =2 and g1 + go = 1, we have

(l—b 1—|—a: ( —bxzk) 1—bx
H (1 + 1_ 2k+1 H 22T = 1— 2 (23)
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with b = —gl_lgg. Ifd=2and gy = go = —1, then

0o ok _ok 2k
—x 1+ w? "2 )(1 +w )
2@ =11 (”w) - IS

k=0

_ 1—2? _ 1—2? (2.4)
(- wr)(l—wlz) 14+az+a22’

where w is a primitive cubic root of unity.

Let K be an algebraic number field. For an integer d > 2, we define the subgroup
H, of the group K(z)* of nonzero elements of K(z) by

[yt
Ha= { o(@)

Let K[[z]] be the ring of formal power series with coefficients in K.

g(z) € K(x)X} .

Lemma 2.4 (Kubota [2, Corollary 8]). Let fi(z),..., fm(x) € K[[z]] \ {0} satisfy
the functional equations

filz?) = ci(2) filz), cilz) €K(2)* (i=1,...,m). (2.5)
Then f1(x),..., fm(z) are algebraically independent over K(x) if and only if the
rational functions c1(x), ..., cm(x) are multiplicatively independent modulo Hy.

Lemma 2.5 (Kubota [2], see also Nishioka [5, Theorem 3.6.4]). Suppose that
the functions fi1(x),..., fm(z) € K|[[z]] converge in |x| < 1 and satisfy the func-
tional equations (2.5) with c¢;(x) defined and nonzero at x = 0. Let v be an alge-

braic number with 0 < |y| < 1 such that Ci('ydk) are defined and nonzero for all
kE>0.If fi(z),....fm(x) are algebraically independent over K(z), then the values
f1(9), .oy fm(7y) are algebraically independent over Q.

3. Proofs of Theorem 1.1 and the corollaries

Putting g1 = —go = 1/v/5 in (2.1), we have

Vo
H<1+1_ _ )d 2dk>'

By Lemma 2.2, the function ¥(z) is transcendental over K(z). Let n and v be as
in Theorem 1.1. Take an integer N such that |Rgx| > 1 for all K > N > 1. Then,
using (2.2), we get

n =pn¥a ) =px e [] b(a~ ), (3.1)
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v o=qn®a ) = gy () H (e, (3.2)

where
1= (=1)%?
14+ V5 — (—1)da?’

_ 1+ (—1)%g; ' goa?
1+ gy '+ (—1)dg; ' gon?

b(x) c(x)

and py and gn are nonzero rational numbers given by

N—-1 1 N-1 1
= 1 = 1 .
eI () o T (o)

k=1 k=1
R, #0,—-1

Proof of Theorem 1.1. The assertion (ii)=-(i) is trivial. If the condition (iii) holds,
then, by Remark 2.3, the function ®(z) is a rational function as in (2.3) or (2.4).
Hence, by (3.2), we see that the number v is algebraic and so the property (ii) is
satisfied. Thus, we have only to prove (i)=-(iii).

Suppose that n and v are algebraically dependent over Q. Then so are the
values ®(a~1) and ¥(a™1) by (3.1) and (3.2). Since ¥(x) and ®(z) satisfy the
functional equation (2.2), they are algebraically dependent over K(z) by Lemma
2.5. Thus, we see by Lemma 2.4, that the rational functions b(z) and c(x) are
multiplicatively dependent modulo H;, namely, there exist integers eq, e, not both
zero, and g(x) € K(x)* such that

b(x)* () = g(2)/g(), (3-3)

where 0 is neither a pole nor a root of g(x) because b(0)c(0) = 1. To simplify
notations, we rewrite the equation (3.3), as

o 1—(—1)4z? “ 1+ gflgg(—l)d;v2 2
Fle) = (1 +V5a — (1)%2) (1 +g7 '+ gllgz(—l)d:ﬁ) ’ (34)

where e; and ey are nonzero integers and

A(29)B()

PO = @B

(3.5)

with A(z) and B(z) being the polynomials without common roots with algebraic
coefficients such that g(z) = A(x)/B(x). We also assume that e; > 0, otherwise
we replace the pair of exponents (e1,es) by the pair (—ej, —es) and interchange
A(z) and B(z). We distinguish four cases.

Case I). eyes > 0. By (3.4) and (3.5), we have

A@)B(z®)(1 — (=1)%2®)* (1 + g7 ' ga(—1)%a?)"
= A(z")B(2)P(2)" Q(x)*, (3.6)
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where e1,es > 1 and
Plz)=1+ Vbx — (—1)d9[:27 Qz)=1+ gflx + glggl(—l)de.

Let 1 and 2 be the real roots of P(x). Noting that

M,V2 = (3.7)

(—1)2/5 £ /5 + 4(=1)¢ _ (£3++/5)/2, d: even,
2 (£1—+/5)/2, d:odd,

we may put |[yi[ > 1> |72l
First we suppose |g; 'g2| > 1. Then the absolute values of the roots of the
polynomial
(1= (~1)%2)% (1 + g7 ga(—1)%2)e>

appearing in the left hand side in (3.6) are not greater than 1. Let v (|y| > |y| > 1)
be the root of the polynomial appearing in the right hand side in (3.6) with the
largest absolute value. Substituting 2 = 7 into (3.6), we have A(y)B(y?) = 0, so
that A(y) = 0 or B(y?) = 0. If A(y) = 0, substituting 2 = v'/¢ into (3.6) again
and noting that |[y*/?¢| > 1, we have A(y'/?) = 0. Repeating this process, we obtain
A(fyl/dk) =0 for all k > 0, a contradiction. Thus we have B(y?) = 0. Substituting
r = % into (3.6) and noting that |y¢| > 1, we get B(’ydk) =0forall k>0, a
contradiction.
A similar contradiction is deduced in the case of |g; *ga| < 1.

Case II). ejeq < 0. In this case, we have

A(@)B(z)(1 = (-1)%2*)" Q(x)"
= A(@")B(2)(1 + g7 'g2(=1)"2*)" P(2)", (3-8)

where hy,hy > 1.

First we prove that d is even. Suppose on the contrary that d > 3 is odd. The as-
sumption (Rg, R1) # (0,1) in Theorem 1.1 implies that (g1, g2) # (1/v/5, —1/v/5).
Hence, at least one of the roots of P(x) is not a root of Q(z). Let v (|| # 1)
be as in (3.7) with Q(y) # 0. Then, substituting x = ~ into (3.8), we have
A(y)B(v?%) = 0, so that A(y) = 0 or B(y?) = 0. Assume that A(y) = 0. Since
d > 3 and deg Q(x) = 2, there exists a determination of 4'/¢ such that Q(y'/?) # 0.
Hence, substituting z = v'/¢ into (3.8) again and noting that |[y'/¢| # 1, we have
A(y"/?) = 0. Repeating this process, we find a sequence {'yl/dk}kzg of roots of ~
such that A(vl/dk) =0 (k > 0). This is a contradiction. Thus, we have B(y%) = 0.
Let (g = €*™"/? be primitive d-th root of unity. Then the number (g7 is neither
real nor purely imaginary because d is odd. Hence, substituting 2 = (47 into (3.8),
we have B((4v) = 0, since

Ay (A + g1 g2 (1)U (Can)?) P(Cay) # 0.
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Furthermore, noting that d > 3 and deg@Q(x) = 2, we see that there exists a
complex nonreal number (z2v'/¢ such that

A(Cay) (1 + g7 g2 (1) (Cazv M) B) P(Caey ) # .

Hence, substituting z = (z2v'/¢ into (3.8), we get B((z2y'/%) = 0. Repeating this
process, we obtain B({gk+1 ’yl/dk) =0 for all k£ > 0, a contradiction.
Thus, we see that d is even and so the equation (3.8) becomes

A@)B(z?)(1 - 2*)" Q(2)" = A(a?) B(w)(1 + g1 ' g2a®)"2 P(a)". (3.9)

Comparing the orders at = 1 of both sides of (3.9), we obtain g; *g, = —1 and
hy = hy. Dividing the both sides of (3.9) by (1 — 22)", we have

A(z)B(zh) (1 + g7tz — 22) = A(z?)B(x)(1 + V52 — 2?)™. (3.10)

Note that the polynomial Q(x) = 1 + g; 'z — 22 has the real roots &;,&, with
|€1] > 1> |&|. Let 41 and 72 be the roots of 1+ v/5x — 22 given by (3.7). Then
vi #& (1 <14,5 < 2) because g;t # /5. Hence, substituting 2 = v, into (3.10),
we have A(y1)B(7§) = 0, so that either A(y;) = 0 or B(7{) = 0. Assume that

A(v1) =0. Since |&| > 1 > |&|, we can choose 'yll/d (|’yll/d| > 1) such that

Q('y%/d) # 0. Thus, substituting x = 'y%/d into (3.10), we have A(’yll/d) = 0.

Continuing in this way, we create a sequence of complex numbers {'yl/ dk}kzo

which are all roots of A(z), a contradiction. In the case of B(v{) = 0, sub-
stituting = = (41 (% 71) into (3.10), we get B((4y1) = 0. Similarly, we obtain

B(grt vi/dk) =0 for all £ > 0, a contradiction.
Case III). e; = 0. By (2.2) and (3.3)

g(2)@(z?) = ®(2)2g(x?) (k> 0).

Taking the limit as k — oo, we obtain g(z) = ®(2)%2¢(0) (|z| < 1), so that ®(x) is
algebraic over K(x). Hence, by Lemma 2.2, we see that that d = 2 and one of the
conditions g1 + g2 = 1 or g; = go = —1 is satisfied, which is the property (iii) in
Theorem 1.1.

Case IV). e5 = 0. Similarly to the proof in Case III, we see that the function ¥(z)
is algebraic over K(x). This contradicts Lemma 2.2.

Therefore the proof of Theorem 1.1 is completed. O

Next we prove the corollaries. Corollaries 1.2 and 1.3 follow immediately from
Theorem 1.1. We prove Corollary 1.4.

Proof of Corollary 1.4. Let R,, := F,,1y,, (n > 0). Then the sequence {R,,},>0 is
expressed as R, = gia™ + g23", where

g=a"/(a=p), ga=-"(a=p)
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Note that g1,g2 # —1 for any integer m > 1. If the infinite products (1.3) are
algebraically dependent over Q, then the condition (iii) in Theorem 1.1 is satisfied,
namely, d = 2 and

a™ — Bm

1:gl+g2:W: -

Thus, we have m = 1,2. Conversely, if (d,m) = (2,1) or (2,2), then we have by
(2.3) and (3.1)

Oo(1+ ! >=3(\/52_1)7 ﬁ(1+ ! ):6—2\/5.

k=1 Faryo
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Abstract

Expanding on previous musical exploration involving the sonification of
Fibonacci-related number sequences, five contrasting stereo electro-acoustic
compositions utilizing multiple integer sequences simultaneously are pre-
sented and analyzed.
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1. Introduction

This article expands on previous research into the direct sonification of Fibonacci-
related number sequences. Direct sonification, or pure sonification, is a technique
in which the composer attempts to create a musical or sonic graph that represents
as accurate a likeness of the mathematical object sonified as is possible. In two
previous papers, a system of tunings based on the Fibonacci sequence and the
golden ratio was introduced, and various sonifications of Fibonacci-related integer
sequences and Zeckendorf representations were presented [1] [2]. In this paper, we
focus for the first time on the sonification of multiple integer sequences simultane-
ously.

*This work is part of ongoing doctoral research in the Media Arts and Technology program at
the University of California, Santa Barbara. I would like to thank Ron Knott for the advice and
guidance he offered me in the preparation of this article.
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1.1. Terminology and definitions

This article makes use of the terms dynamic parameters and static parameters.
Dynamic parameters are those musical parameters that the integer sequence soni-
fied controls — those musical parameters that change according to the values of
the sequence. This can include parameters such as frequency, level of loudness,
spatial location, etc. Static parameters are, in contrast, those musical parameters
that do not change according to the sequence and remain the same throughout the
sonification. This can include many things, such as the number of audio channels
used, the timbre used or the duration attributed to each integer, etc. If a soni-
fication utilizes more than one sequence simultaneously, then dynamic and static
parameters can be either individual or global. Individual parameters are those that
pertain only to a specific sequence, whereas global pertain to all sequences that are
being simultaneously sonified.

In the following, let ¢ = @ and ¢ = @ Let F,, represent the Fibonacci
sequence, where Fy = 0 and F; = 1. Let G,, represent a generalized Fibonacci
sequence. Sequences are enclosed in <> brackets.

2. Five compositions analyzed

In these analyses, we will utilize slightly modified and abridged versions of the scores
of the works for practical purposes, as we have in previous papers. The original
scores are Internet-based and in color, which can be very useful when graphing
multiple sequences and in differentiating between individual and global parameters.
It is highly recommended that the reader view and listen to the Quicktime files and
see the original scores for each composition as well, to which links are provided.
These pieces were all composed in 2011 and 2012 using the author’s Objective-C++
program Virahanka, created for composing with various types of number sequences
utilizing Csound [3] as an integrated sound synthesis engine.

2.1. ¢ and ¢ signature sequences no. 3

If R is a positive irrational number and we arrange the set of all numbers i + jR
in order, where ¢ and j are positive integers, i1 + j1 R, i + jo R, i3+ j3R, ..., then
(i1,12,13,...) is the signature sequence of R [4]. In the case of this composition, the
two signature sequences used are those based on the smaller and larger golden ratio
values, where R = ¢ and R = @, respectively (A084532 and A084531 in Sloane’s
OEIS [5]).

In this audio-visual work from Collection XI (B1237 in [6]), two signature
sequences are sonified simultaneously with a synchronized point graph. The original
score, Quicktime file (1920x1080 pixels) and other information can be found at
http://caseymongoven.com/b1237.

The synthesis technique utilized in this work is based on the short-time Fourier
transform (STFT), in which a monaural signal — in this case a wine glass from
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Daniel Gehrs Winery being struck — is broken up into many smaller overlapping
pieces of equal length and analyzed in the frequency domain as it changes over time
in order to enable frequency shifting without time-stretching (among other possible
manipulations). This means that each note articulated in this piece is derived from
spectral data of the same single original sample of a wineglass being struck.

One of the challenges with signature sequences in particular, due to the rel-
atively even distribution of the integers in such sequences, is finding a point of
termination. Generally, a point of termination at either the highest point the se-
quence has reached, or at an occurrence of the integer 1, sounds best. Regardless
of where one stops, the compositional result with signature sequences — and many
other sequences with such uniform distribution of the integers — ends up sounding
a bit as if one had suddenly torn it off at the end, reminiscent in a way of Gyorgy
Ligeti’s instructions at the end of his Continuum for harpsichord: “Stop suddenly,
as though torn off.” In the case of this composition, 351 members of both sequences
were utilized, beginning with the first members of the sequences. This resulted in
a range of integers of 1-21 for the signature sequence where R = ¢, and a range of
1-33 for the signature sequence where R = ®.

Each integer is attributed a static duration of .05 seconds, resulting in a piece
duration of 351 % .05 seconds = 17.55 seconds. Two dynamic parameters are used:
frequency and simulated location. The latter is an individual dynamic parameter
(each sequence has been given its own location),* the former is global. The unit
interval of the tuning used in this piece is ¢” + 1, and the pitch orientation is de-
scending, meaning that higher integers are represented by lower pitches. Dynamic
level (loudness) is a static parameter: each piece is attributed the dynamic level
mezzo forte (medium loud). Attack and release values — also static parameters in
this composition — of .0055 and .0089 seconds were used for each integer.?

Collection XI

 and ® Signature Sequences no. 3
Casey Mongoven
October 29, 2011

classification of work: audio-visual
synthesis engine: Csound show Csound orchestra
synthesis technique: STFT-based phase vocoder

description of sequences sonified
Arranging the numbers s + jy in increasing order, where s and j
are positive integers, the sequence of s’s is the signature sequence of .

1The simulated location is given in degrees. 0 degrees represents straight ahead, while positive
numbers represent sound sources emanating from the right and negative values represent those
emanating from the left.

2 Attack and release values are part of the so-called envelope of a note. Attack is the time in
the very beginning of the note (often on a micro-sound time scale) where it becomes louder, and
release is the part at the very end when it becomes quieter. Without attack and release values,
it is possible that a click can result using certain synthesis techniques.
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@ is equal to (-1 + sqrt(5))/2. 351 members used

Arranging the numbers s + j® in increasing order, where s and j
are positive integers, the sequence of s’s is the signature sequence of .
® is equal to (1 + sqrt(5))/2. 351 members used

global static parameters:
offset: 1

pitch orientation: descending
temperament: phi7 +1

number of channels: 2

note value: 0.05 seconds

piece length: 17.55 seconds
spectral data: gehrs glass seven
dynamic: mf

attack: .0055 seconds

release: .0089 seconds

global and individual dynamic parameters:

integer  approximate frequency Hz simulated location degrees

1 873.0 -1.635
2 843.9 -2.394
3 815.8 -3.152
4 788.7 -3.910
5 762.4 -4.669
6 737.0 -5.427
7 712.5 -6.185
8 688.8 -6.944
19 474.6 -15.286
20 458.8 -16.044
21 443.5 -16.802

integer approximate frequency Hz simulated location degrees

1 873.0 25.903
2 843.9 25.144
3 815.8 24.386
4 788.7 23.628
5 762.4 22.869
6 737.0 22.111
7 712.5 21.353
8 688.8 20.594
31 316.1 3.152

32 305.6 2.394

33 295.4 1.635
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351 values used of Sloane’s [[NETEERY: 1. 1. 2, 1, 2, 1, 3, 2, 1, 3, 2, 4, 1, 3,
2, 4,1,3,5,2,4, ..., 14, 6, 19, 11, 3, 16, 8, 21

351 values used ofSIoane's-: 1, 2,1, 3, 2, 4, 1, 3, 5, 2, 4, 1, 6, 3,
5, 2,7, 4, 1, 6, 3, ..., 12, 25, 4, 17, 30, 9, 22, 1

graph of sequences: 1) -, 51 values; 2) -, 351 values.

lllllllllllllllllllllll [T

Traditional European music theory has often expressed the aesthetic appeal of
contrary motion (voices moving in opposite directions) in composition. If we zoom
in and take a closer look at the beginning of the graph, we can see that the voices
exhibit consistent contrary motion; after the first two members of the sequence,
when one voice ascends, the other descends and vice versa:

I.II..I..IIIIIIIIIIIIII

In the original online version of the score, it is possible to hover over the in-
dividual integers in the graph with the cursor and view the dynamic parameters
attributed to each integer.

2.2. Min and Max Fibbit Running no. 4

I learned about the sequences used in this work (B1359 in [6]) from Ron Knott.
The first is based on the number of runs of equal bits in the Zeckendorf binary
representations [7]. For example, 100010100 (the Zeckendorf representation of the
integer 66 = 55 + 8 4+ 3) has six runs of equal bits, namely 1, 000, 1, 0, 1, and 00.
The following diagram shows the first 13 binary Zeckendorf representations with
the number of runs of equal bits (A104324 in [5]):
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integer Zeckendorf representation number of runs

1 1 1
2 10 2
3 100 2
4 101 3
) 1000 2
6 1001 3
7 1010 4
8 10000 2
9 10001 3
10 10010 4
11 10100 4
12 10101 5
13 10000 2
3 3 1

Ron Knott named the first composition written with this sequence Min Fibbit Run-
ning (B101 in [6]), as the Zeckendorf representation is sometimes called the mini-
mum representation (in that it requires the smallest number of Fibonacci numbers),
bit because of the binary representation, and running because the sequence counts
rUnNS.

The second sequence (A104325 in [5]) follows the same exact principle of count-
ing runs, only using the dual Zeckendorf binary representations, described in [8].
Whereas the standard Zeckendorf binary representations contain no consecutive
1s, the dual Zeckendorf representations contain no consecutive 0s. The dual Zeck-
endorf binary representation can be created by starting with the standard Zeck-
endorf representation and applying a left-to-right algorithm recursively in which
each occurrence of the bit string 100 is replaced with 011 until no consecutive zeros
are found in the representation. The result is as follows:

integer dual Zeckendorf representation number of runs

1 1 1
2 10 2
3 11 1
4 101 3
5 110 2
6 111 1
7 1010 4
8 1011 3
9 1101 3
10 1110 2
11 1111 1
12 10101 5
13 10110 4
\ 3 1
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In this composition, wavetable synthesis was used, a technique based on the
periodic reproduction of a single cycle of a waveform. Fj5—1 = 609 members of each
sequence were used; this number was chosen to preserve the symmetry of these self-
similar sequences. In contrast to signature sequences, which are relatively uniform
throughout, these sequences have clear “seams” at Fj, — 1, which are convenient
points to end a sonification. In addition, both sequences will always end with the
same integer if the point of termination is F,, — 1, because there is only one possible
representation of an integer F;, — 1 as a sum of Fibonacci numbers [10].

In this piece, the duration of each integer is slightly slower: .065 seconds. Loca-
tion is a static parameter — one sequence is placed on each speaker. The wavetables
were each derived from a single cycle of a wave from a viola built by Anne Cole; the
viola was named “Bluebonnet” by its maker. The tuning used is the harmonic series
with a fundamental frequency of 86 Hz, i.e. the integers of the sequence a(n) were
mapped directly to partials a(n) — a(n) * 86 Hz, which makes the highest integer
13 — 1118 Hz. Each sequence is attributed its own wavetable and therefore its
own timbre. Frequency, loudness, attack and release are the dynamic parameters
utilized in this composition — all of them are global, applying to both sequences.

In the original online scores of Collection XIII, almost any element in the score
can be hovered over with the cursor in order to gain more information and clarify
meaning.

Collection XIII

Min and Max Fibbit Running no. 4
Casey Mongoven

March 13, 2012

classification of work: audio-visual
synthesis engine: Csound show Csound orchestra
synthesis technique: wavetable with FFT resynthesis

description of sequences sonified

number of runs in the minimal Fibonacci (binary) representation of
n 609 members used

number of runs in the maximal Fibonacci (binary) representation of
n 609 members used

global static parameters:

offset: 1

temperament: series of harmonic partials
pitch orientation: ascending

number of channels: 2

note duration: 0.065 seconds

piece duration: 39.585 seconds

individual static parameters:
location:

-30¢

30¢
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wavetables:

global dynamic parameters:

integer frequency loudness  attack release

1 86.000000 PP 0.012300 0.014400
2 172.000000 PP 0.011908 0.013942
3 258.000000 P 0.011517 0.013483
4 344.000000 P 0.011125 0.013025
5 430.000000 P 0.010733 0.012567
6 516.000000 mp 0.010342 0.012108
7 602.000000 mp 0.009950 0.011650
8 688.000000 mp 0.009558 0.011192
9 774.000000 mf 0.009167 0.010733
10 860.000000 mf 0.008775 0.010275
11 946.000000 mf 0.008383 0.009817
12 1032.000000 f 0.007992 0.009358
13 1118.000000 f 0.007600 0.008900
integer frequency loudness  attack release

1 86.000000 PP 0.012300 0.014400
2 172.000000 PP 0.011908 0.013942
3 258.000000 P 0.011517 0.013483
4 344.000000 P 0.011125 0.013025
5 430.000000 P 0.010733 0.012567
6 516.000000 mp 0.010342 0.012108
7 602.000000 mp 0.009950 0.011650
8 688.000000 mp 0.009558 0.011192
9 774.000000 mf 0.009167 0.010733
10 860.000000 mf 0.008775 0.010275
11 946.000000 mf 0.008383 0.009817
12 1032.000000 f 0.007992 0.009358
13 1118.000000 f£ 0.007600 0.008900

609 values used of Sloane’s ASLIIXPZY: 1, 2, 2, 3, 2, 3, 4, 2, 3, 4, 4, 5, 2, 3,
4, 4,5, 4,5,6,2, ..., 10, 11, 12, 10, 11, 12, 12, 13

609 values used of Sloane’s ASLIIXPER: 1, 2, 1, 3, 2, 1, 4, 3, 3, 2, 1, 5, 4, 3,
4, 3, 3, 2,1, 6,5, ..., 4, 3, 4, 3, 3, 2, 1, 13

graph of sequences: 1) [AYIZKPYY, 609 values; 2) JRYEEPEY, 609 values.
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These two sequences combined exhibit particularly beautiful contrary motion.

[
[

fI

2.3. Q(n) and U(n) rep sequences no. 1

The first sequence used in this work (B1361 in [6]) is based on the number of pos-
sible representations of an integer n as a sum of distinct elements of the Lucas
sequence beginning (1,3,4,7,11,...) (A003263 in [5]).® For example, the integer 8
can be represented in two ways: 7+ 1 or 443+ 1, so ag = 2. Integers that are not
representable (e.g. 2 and 6) are sonified as silence. The second sequence sonified
follows the exact same principle, but uses elements of the generalized Fibonacci
sequence (1,4,5,9,14,...) instead (A103344 in [5] — called U(n) here). 1363 mem-
bers of the first sequence were used, and 1740 of the second. This means that in
this case, the first sequence has an earlier point of termination than the second.
This was done in order to highlight a certain relationship between these sequences:
if one removes all of the 0s from both sequences, which are represented as silence in
this sonification, then the sequences are identical. The musical form resulting from
the combination of these sequences is therefore a unique type of mensural canon
by augmentation.

The synthesis technique used in this composition was granular synthesis with
a resonance filter. Granular synthesis is a general sound synthesis technique that
operates on the microsound time scale in which small fragments of sound called
grains (generally lasting between 1 to 50 milliseconds) are utilized. In the soni-
fication of integer sequences, a grain can be used to represent an integer. This
technique can be highly useful because, compared to other synthesis techniques, a
much larger number of integers can be heard in a short timespan. If a resonance
filter is used to filter a grain, as it is here, then each integer can be attributed its
own resonance center frequency. Similarly, each grain can be attributed its own
location according to the sequence or its own level of loudness. The grain used
was from a different Anne Cole viola, named “1980” after the year it was made.
The note duration here is a speedy .025 seconds. The unit interval of the tuning
is again " + 1, this time with ascending frequency orientation (higher integers are
represented by higher frequencies). The natural filtered attack of the grain was left
unaltered, but a static release value of .0089 was used at the end of each note.

As in the last composition, location is a static parameter and each sequence is
placed on an individual loudspeaker. Three global dynamic parameters are utilized:
resonance filter center frequency, resonance filter bandwidth and loudness.

3This sequence was referred to as Q(n) in Fibonacci and Related Number Theoretical Tables [9).
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Collection XIlII

Q(n) and U(n) Rep Sequences no. 1
Casey Mongoven

March 18, 2012

classification of work: audio-visual
synthesis engine: Csound show Csound orchestra
synthesis technique: granular synthesis with resonance filter

description of sequences sonified

number of possible representations of n as a sum using distinct
elements of the Lucas sequence beginning 1,3,4,7,11,... 1363 members used
number of possible representations of n as a sum using distinct
elements of the Fibonacci-type sequence beginning 1,4,5,9,14,... 1740
members used

global static parameters:
offset: 1

temperament: phi7 +1

pitch orientation: ascending
number of channels: 2

note duration: 0.025 seconds
piece duration: 43.5 seconds
grain: cole 1980 24

release: 0.0089 seconds

individual static parameters:
location:

global dynamic parameters:

integer resonance center frequency resonance bandwidth loudness
1 850.000000 8.333333 PP

2 879.275576 8.474576 PP

3 909.559456 8.620690 PP

4 940.886370 8.771930 p

5 973.292241 8.928571 P

24 1852.076217 13.513514 ff

25 1915.865155 13.888889 ff

26 1981.851103 14.285714 ff
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integer resonance center frequency Hz resonance bandwidth Q factor  loudness

1 850.000000 8.333333 PP
2 879.275576 8.474576 PP
3 909.559456 8.620690 PP
4 940.886370 8.771930 P
5 973.292241 8.928571 P
24 1852.076217 13.513514 ff
25 1915.865155 13.888889 ff
26 1981.851103 14.285714 ff

1363 values used ofSIoane's-: 1, 0, 1, 2, 1, 0, 2, 2, 0, 1, 3, 2, 0, 2,
3,1, 0, 3,3, 0,2, ..., 6, 12, 6, 0, 7, 7, 0, 1

1740 values used ofSIoane's-: i, 0, 0, 1, 2, 1, 0, 0, 2, 2, 0, O, 1, 3,
2, 0, 0, 2,3, 1,0, ...,6,0,0,7,7, 0,0, 1

graph of sequences: 1) -, 1363 values; 2) -, 1740 values.

IIII”I|I|||II | III I III III

The above graph of this work had to be truncated for practical reasons. The canonic
principle inherent in this work was taken to an even higher level in the eight-channel
work Rep Sequences no. 1 (B1117 in [6]), in which eight such sequences are utilized
at once, one per speaker.

2.4. Absent and unique residues no. 3

The two sequences sonified in this work (B1411 in [6]) are based on the Fibonacci
sequence under a modulus. One sequence counts the number of unique residues
absent in F, modulo m, while the other counts the number of unique residues
present. In the diagram below, F,, modulo m has been reduced to the length of its
period.



186 C. Mongoven
m  F, modulo m unique absent
1 (0) 1 0
2 (0,1,1) 2 0
3 (0,1,1,2,0,2,2,1) 3 0
4 (0,1,1,2,3,1) 4 0
5 0,1,1,2,3,0,3,3,1,4,0,4,4,3,2,0,2,2,4,1) 5 0
6 0,1,1,2,3,5,2,1,3,4,1,5,0,5,5,4,3,1,4,5,3,2,5,1) 6 0
7 {0,1,1,2,3,5,1,6,0,6,6,5,4,2,6,1) 7 0
8 0,1,1,2,3,5,0,5,5,2,7,1) 6 2
9 (0,1,1,2,3,5,8,4,3,7,1,8,0,8,8,7,6,4,1,5,6,2,8, 1) 9 0
10 ¢0,1,1,2,3,5,8,3,1,4,5,9,...,9,5,4,9,3,2,5,7,2,9,1) 10 0
11 ¢0,1,1,2,3,5,8,2,10,1) 7 4
12 (0,1,1,2,3,5,8,1,9,10,7,5,0,5,5,10,3,1,4,5,9,2,11,1) 11 1
13 (0,1,1,2,3,5,8,0,8,8,3,11,...,8,5,0,5,5,10,2,12, 1) 9 4
VNS \ \

The sequence of unique residues is placed on the left speaker, and the sequence of
absent residues on the right. A single grain created from the sound of pieces of raw
lump charcoal colliding together was used as a sound source — a light percussive
sound that is rich mostly in higher frequency components. The only dynamic
parameter in this work is loudness, ranging from extremely quiet to loud (pppp to
/). In both sequences, each member lasts .074 seconds, and Fig = 987 members
are used of each sequence, resulting in a piece duration of 73.038 seconds. Os in the
absent residues sequence were sonified as silence, resulting in periodic gaps on the
right speaker.

Collection XIV

Absent and Unique Residues no. 3
Casey Mongoven
May 18, 2012

classification of work: audio-visual
synthesis engine: Csound show Csound orchestra
synthesis technique: granular synthesis

description of sequences sonified
- number of unique residues in Fibonacci sequence mod n 987 members
used

number of residues absent in Fibonacci sequence mod n 987 members
used

global static parameters:

sequence offset: 1

number of channels: 2

duration of single member of sequence: 0.074 seconds
piece duration: 73.038 seconds

grain: raw charcoal 8
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individual static parameters:
location:

global dynamic parameters:

integer loudness

1 PPPP
2 PPPP
3 PPPP
4 PPPP
5 PPPP
745 mf
750 mf
875 f

integer loudness

1 pPPPP
2 PPPP
4 PPPP
5 PPPP
7 PPPP
928 ff
937 ff
966 ff

987 values used of Sloane’s JAMlt:f%y: 1, 2, 3, 4, 5, 6, 7, 6, 9, 10, 7, 11, 9,
14, 15, 11, 13, 11, 12, 20, 9, ..., bbb, 149, 614, 739, 61, 745, 94, 21

987 values used of Sloane’s ASRERlR: O, 0, 0, 0, O, O, O, 2, O, O, 4, 1, 4, 0,
0o, 5, 4, 7, 7, 0, 12, ..., 425, 832, 368, 244, 923, 240, 892, 966

graph of sequences: 1) JAUIEPIREY, 987 values; 2) JRYNIEELYY 987 values.

The graph at the end of the score had to be truncated for practical reasons. As
can be seen, these sequences also display natural contrary motion when sonified
together; however, the sequences’ relatively erratic behavior obscures this to some
degree, as does the fact that only a single dynamic parameter is used in the soni-
fication, which is not frequency.
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2.5. Stolarsky and Wythoff arrays no. 4

Unlike the preceding works, all of which utilized two integer sequences, four integer
sequences based on the Wythoff and Stolarsky arrays are sonified simultaneously in
Stolarsky and Wythoff Arrays no. 4 (B1412 in [6]). The Wythoff array can be cre-
ated by taking the non-negative integers Z>( and the Beatty sequence |®(Z>o + 1) |
as starting points for rows of G,, [11], as follows:

Z>o [®(Z>0+1)]
1

0 1 2 3 5 8 13 21 34 55 89 —
1 3 4 7 11 18 29 47 76 123 199 322 —
2 4 6 10 16 26 42 68 110 178 288 466 —
3 6 9 15 24 39 63 102 165 267 432 699 —
4 8 12 20 32 52 84 136 220 356 576 932 —
5 9 14 23 37 60 97 157 254 411 665 1076 —
6 11 17 28 45 73 118 191 309 500 809 1309 —
7 12 19 31 50 81 131 212 343 555 898 1453 —
8 14 22 36 58 94 152 246 398 644 1042 1686 —
9 16 25 41 66 107 173 280 453 733 1186 1919 —
10 17 27 44 71 115 186 301 487 788 1275 2063 —
11 19 30 49 79 128 207 335 542 877 1419 2296 —
12 21 33 54 87 141 228 369 597 966 1563 2529 —
\ \ N 1 1 1 { { 1 pY

The portion in black is the Wythoff array.
In the Stolarsky array, the first integer in each row k is the lowest that has not
yet occurred in any row above. The integer that follows k is given by [® * k] [12]:
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ko [®xk]

1 2 3 5 8 13 21 34 55 89—
4 6 10 16 26 42 68 110 178 288 —
7 11 18 29 47 76 123 199 322 521  —
9 15 24 39 63 102 165 267 432 699 —
12 19 31 50 81 131 212 343 555 898  —
14 23 37 60 97 157 254 411 665 1076 —
17 28 45 73 118 191 309 500 809 1309 —
20 32 52 84 136 220 356 576 932 1508 —
22 36 58 94 152 246 398 644 1042 1686 —
25 40 65 105 170 275 445 720 1165 1885 —
27 44 71 115 186 301 487 788 1275 2063 —»
30 49 79 128 207 335 542 877 1419 2296 —
33 53 86 139 225 364 589 953 1542 2495 —
35 57 92 149 241 390 631 1021 1652 2673 —
38 61 99 160 259 419 678 1097 1775 2872 —
41 66 107 173 280 453 733 1186 1919 3105 —
43 70 113 183 206 479 775 1254 2029 3283 —
46 74 120 194 314 508 822 1330 2152 3482 —»
48 78 126 204 330 534 864 1398 2262 3660 —»
51 83 134 217 351 568 919 1487 2406 3893 —»
1 4 1 4 4 4 S { 4 { N

The sequence that gives the column in which an integer n occurs in the Wythoff
array is called the horizontal para-Fibonacci sequence; the sequence that gives the
row is called the vertical para-Fibonacci sequence (A035614 and A019586 in [5]).
One can create two more similar sequences by applying the same principle to the
Stolarsky array (A098861 and A098862 in [5]). All four of these sequences are
sonified simultaneously in this composition.

In this work, wavetable synthesis is utilized. The purity of tone using this
technique can increase clarity of representation when sonifying a significant number
of sequences simultaneously. The wavetable used for all sequences was derived from
the sound of an opening door. The dynamic parameters used here are frequency,
attack and release, and simulated location. Of these parameters, all are global
except for simulated location, which is individual for each sequence. @7 + 1 is the
unit interval in the temperament used, and the frequencies in the work span from
a soaring 2355 Hz to about 119.6 Hz (the frequency orientation is descending).
A somewhat slower tempo of .12 seconds and 233 members of each sequence are
utilized, resulting in a piece duration of 27.96 seconds. A static level of loudness
of mezzo-forte (medium-loud) was chosen in order not to obscure either the lower
or higher members of the sequence.

Collection XIV

Stolarsky and Wythoff Arrays no. 4
Casey Mongoven

May 20, 2012

classification of work: audio-visual
synthesis engine: Csound show Csound orchestra
synthesis technique: wavetable with FFT resynthesis
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description of sequences sonified

- gives number of column in Wythoff array that contains n 233
members used

gives number of row in Wythoff array that contains n 233 members
used

gives number of column in Stolarsky array that contains n 233
members used

gives number of row in Stolarsky array that contains n 233 members

used

global static parameters:

sequence offset: 1

temperament: phi7 +1

frequency orientation: descending

number of channels: 2

duration of single member of sequence: 0.12 seconds
piece duration: 27.96 seconds

wavetable: door sound 1

loudness: mf

global and individual dynamic parameters:

integer frequency Hz attack s release s simulated location degrees
0 2355.000000 0.012300 0.014400 -27.665

1 2276.590020 0.012247 0.014338 -27.565

2 2200.790708 0.012193 0.014275 -27.465

3 2127.515142 0.012140 0.014213 -27.365

4 2056.679295 0.012086 0.014150 -27.265

9 1736.345543 0.011819 0.013838 -26.765

10 1678.533730 0.011766 0.0137756 -26.665

11 1622.646767 0.011713 0.013713 -26.565

| A019586

integer frequency Hz attack s release s simulated location degrees
0 2355.000000 0.012300 0.014400 -12.155

1 2276.590020 0.012247 0.014338 -12.055

2 2200.790708 0.012193 0.014275 -11.955

3 2127.515142 0.012140 0.014213 -11.855

4 2056.679295 0.012086 0.014150 -11.755

86 128.017015 0.007707 0.009025 -3.554

87 123.754675 0.007653 0.008962 -3.454

88 119.634250 0.007600 0.008900 -3.354
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integer frequency Hz attack s release s simulated location degrees
0 2355.000000 0.012300 0.014400 3.354

1 2276.590020 0.012247 0.014338 3.454

2 2200.790708 0.012193 0.014275 3.554

3 2127.515142 0.012140 0.014213 3.654

4 2056.679295 0.012086 0.014150 3.754

9 1736.345543 0.011819 0.013838 4.254

10 1678.533730 0.011766 0.013775 4.354

11 1622.646767 0.011713 0.013713 4.454

ET

integer frequency Hz attack s release s simulated location degrees
0 2355.000000 0.012300 0.014400 18.864

1 2276.590020 0.012247 0.014338 18.964

2 2200.790708 0.012193 0.014275 19.064

3 2127.515142 0.012140 0.014213 19.164

4 2056.679295 0.012086 0.014150 19.264

86 128.017015 0.007707 0.009025 27.465

87 123.754675 0.007653 0.008962 27.565

88 119.634250 0.007600 0.008900 27.665

233 values used of Sloane’s |[[NEEIILY: 0, 1, 2, 0, 3, 0, 1, 4, 0, 1, 2, 0, 5, 0,
1,2,0,3,0,1,6,0, ..., 0, 1, 4, 0, 1, 2, 0, 11

233 values used of Sloane’s [[XFEEES: 0, 0, 0, 1, 0, 2, 1, 0, 3, 2, 1, 4, 0, 5,
3,2,6,1,7,4,0,8, ..., 86, 53, 12, 87, 54, 33, 88, 0

233 values used ofSIoane's-: 0,1, 2, 0, 3,1, 0, 4, 0, 2, 1, 0, 5, O,
1, 3, 0, 2, 1, 0, 6, O, ..., O, 1, 3, 0, 2, 1, 0, 11

233 values used ofSIoane's-: 0, 0, 0, 1, 0, 1, 2, 0, 3, 1, 2, 4, 0, 5,
3,1, 6, 2, 4, 7, 0, 8, ..., 86, 53, 20, 87, 33, 54, 88, 0

graph of sequences: 1) -, 233 values; 2) -, 233 values; 3) -,
233 values; 4) -, 233 values.

R e e o R e ey T T e e e e e
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3. Ongoing research

New challenges are presented when composing sonifications of multiple integer se-
quences simultaneously. Which sequences can be sonified together and how? Which
parameters should we allow to be individual and which global? When should such
a sonification terminate? Currently, the author is working on theoretical criteria
for the sonification of integer sequences that attempt to posit potential answers to
such questions. In addition, an experiment involving more than 150 participants
is being carried out that compares various sonified Fibonacci-related mathematical
objects to analog mathematical objects more or less unrelated to F},, in an attempt
to gain some insight into the aesthetic value of F;, and the golden ratio in musical
composition. This work is part of the author’s doctoral dissertation in the Media
Arts and Technology Department at UCSB.
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Abstract

The compositions, or ordered partitions, of integers, fall under certain
natural classes. In this expository paper we highlight the most important
classes by means of bijective proofs. Some of the proofs rely on the properties
of zig-zag graphs - the graphical representations of compositions introduced
by Percy A. MacMahon in his classic book Combinatory Analysis.
Keywords: composition, conjugate, zig-zag graph, line graph, bit-encoding,
direct detection.
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1. Introduction

A composition of a positive integer n is a representation of n as a sequence of
positive integers which sum to n. The terms are called parts of the composition.

Denote the number of compositions of n by ¢(n). The formula for c(n) may be
obtained from the classical recurrence relation:

e(n+1) =2¢(n), ¢(1)=1. (1.1)

*Partially supported by National Research Foundation grant number 80860.
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Indeed a composition of n + 1 may be obtained from a composition of n either by
adding 1 to the first part, or by inserting 1 to the left of the previous first part.
The recurrence gives the well-known formula: c(n) = 271,

For example, the following are the compositions of n = 1,2, 3,4:

(1)
(2), (1, 1)
(3),(1,2),(2,1),(1,1,1)
(4),(1,3),(2,2),(3,1),(1,1,2),(1,2,1),(2,1,1),(1,1,1,1)

When the order of parts is fixed we obtain the partitions of n. For example, 4
has just 5 partitions — (4), (3,1),(2,2),(2,1,1),(1,1,1,1).

This is an expository paper devoted to a classification of compositions according
to certain natural criteria afforded by their rich symmetry. We will mostly employ
the extensive beautiful machinery developed by P. A. MacMahon in his classic text
[3]. His original analysis of the properties of compositions seems to have received
scarce attention in the literature during the last half-century.

Percy Alexander MacMahon was born in Malta on 26 September 1854, the son
of brigadier general. He attended a military academy and later became an artillery
officer, attaining the rank of Major, all the while doing top-class mathematics
research.

According to his posthumous contemporary biographer, Paul Garcia [2],

“MacMahon did pioneering work in invariant theory, symmetric function the-
ory, and partition theory. He brought all these strands together to bring coherence
to the discipline we now call combinatorial analysis. ...”

MacMahon’s study of compositions was influenced by his pioneering work in
partitions. For instance, he devised a graphical representation of a composition,
called a zig-zag graph, which resembles the partition Ferrers graph except that the
first dot of each part is aligned with the last part of its predecessor. Thus the
zig-zag graph of the composition (5,3,1,2,2) is

. (1.2)

The conjugate of a composition is obtained by reading its graph by columns,
from left to right: the graph (1.2) gives the conjugate of the composition
(5,3,1,2,2) as (1,1,1,1,2,1,3,2,1).

The zigzag graph possesses a rich combinatorial structure providing several
equivalent paths to the conjugate composition. The latter are outlined in Section 2.

We will sometimes write C' = n to indicate that C is a composition of n, and the
integer n will be referred to as the weight of C. A k-composition is a composition
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with k parts. The conjugate of C' will be denoted by C”.
Now following MacMahon, we define, relative to a composition C' = (¢1, ca, . . ., ck):

The inverse of C is the reversal composition C' = (CkyCl—1,---,C2,C1).

C is called self-inverse if C = C.

C is inverse-conjugate if it’s inverse coincides with its conjugate: ¢’ = C.,

The zigzag graph of a composition C' can be read in four ways to give generally
different compositions namely C, C’, C, C'. Exceptions occur when C is self-inverse,
or when C is inverse-conjugate, in which case only two readings are obtained.

We deliberately refrain from applying generating function techniques in this
paper for the simple reason that the apparent efficacy of their use has largely been
responsible for obscuring the methods discussed.

2. The conjugate composition

In this section we outline five different paths to the conjugate composition.
ZG: The Zig-zag Graph, already defined above.

LG: The Line graph (also introduced by MacMahon [3, Sec. IV, Ch. 1, p. 151])

The number n is depicted as a line divided into n equal segments and separated
by n — 1 spaces. A composition C = (ci,...,c) then corresponds to a choice of
k —1 from the n — 1 spaces, indicated with nodes. The conjugate C’ is obtained by
placing nodes on the other n — k spaces. Thus the line graph of the composition
(5,3,1,2,2) is

from which we deduce that ¢’ = (1,1,1,1,2,1,3,2,1). It follows that C’ has
n —k + 1 parts.

SubSum: Subset Partial Sums:
There is a bijection between compositions of n into k parts and (k — 1)-subsets
of {1,...,n — 1} via partial sums (see also [6]) given by

C:(C1,...,Ck)0—>{01,01 +CQ7...701+02+~--+C]€,1}:L. (21)

Hence C’ is the composition corresponding to the set {1,...,n — 1} \ L.

BitS: Encoding by Binary Strings

It is sometimes necessary to express compositions as bit strings. The procedure
for such bit-encoding consists of converting the set L into a unique bit string B =
(b1, bp—1) € {0,1}"! such that

p 1 el
o ifi¢ L.
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The complementary bit string B’, obtained from B by swapping the roles of 1 and
0, is then the bit encoding of C’.

DD: Direct Detection of Conjugates

There is an easily-mastered rule for writing down the conjugate of a composition
by inspection. A sequence of x consecutive equal parts c, ..., c will be abbreviated
as ¢*. First, the general composition has two forms, subject to inversion:

(1) C = (191,by,192 by, 1% bs,...), a; > 0,b; > 2;
(2) E= (bl,lal,bQ, laz,bg,la3, . .), a; 2 O,bZ Z 2.
The conjugate, in either case, is given by the rule:
(le) O = (ay + 1,17 071 1 pgp + 1,17 0271 ] fa3 +1,...)
= (a1 + 1, 1b172, as + 2, 1b272, as + 2, - )
Similarly,
(2¢) E' = (171 a; +2,1272 ay +2,...).

For example, (1,3,4,13,2,12,6)" is given by
1+1,132 141,172 1413+ 1,14+ 12 +1,151) = (2,1,2,12,5,4,1°).

The various approaches to the conjugate composition obviously have their mer-
its and demerits. The strength of the DD method is that it often provides a general
form of the conjugate composition explicitly.

3. Special classes of compositions

We will need the following algebraic operations:

If A= (a,...,a;) and B = (b1,...,b;) are compositions, we define the con-
catenation of the parts of A and B by

A|B = (al,...,ai,bl,...,bj).
In particular for a nonnegative integer ¢, we have A|(c) = (4, ¢) and (¢)|4 = (¢, A).
Define the join of A and B as

AW B= (a17...7ai,1,ai —l—bl,bg,...,bj).
The following rules are easily verified:

1. A|B=BJA.

2. (AB) =A"WB.
Note that (4,0)W B = AW (0, B) = A|B.

3.1. Equitable decomposition by conjugation

The conjugation operation immediately implies the following identity:

Proposition 3.1. The number of compositions of n with k parts equals the number
of compositions of n with n — k + 1 parts.
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The two classes consist of different compositions except when n is odd and
k=(n+1)/2=n—k+1. In the latter case the two classes are coincident. Indeed
since there are c(n, k) = (Z:}) compositions of n with k parts, we see at once that
e(n, k) =c(n,n—k+1).

Thus the set W(n) of compositions of n may be economically stored by keeping
only the sets W (n, k) of k-compositions, k = 1,..., [ 2], whereby the remaining
compositions are accessible via conjugation.

Looking closely at this idea, assume that the elements of each set W(n, k) are
arranged in lexicographic order, and list the sets in increasing order of lengths of

members as follows:

W(n,1),W(n,2),...,W(n, [ %), W(n, [ ] +1),...,W(n,n—1),W(n,n). (3.1)

generates W (n) via conjugation

This arrangement implies one of the beautiful symmetries exhibited by many sets
of compositions:

If the set divisions are removed to reveal a single list of all compositions of n,
then the j-th composition from the left and the j-th composition from the right are
mutual conjugates. In other words, the j-th composition is the conjugate of the
(n — j 4+ 1)-th composition, from either end.

This arrangement is illustrated for compositions of n = 1,2, 3,4 (see Section 1).

3.2. Equitable four-way decomposition

Define a 1¢2-composition as a composition with the first part equal to 1 and last
part > 1. The following are analogously defined: 2c1-composition, 1cl-composition,
and 2c¢2-composition.

Then observe that the 2cl-compositions are inverses of 1¢2-compositions, and
that the set of 2¢2-compositions form the set of conjugates of the 1cl-compositions.
It turns out that the set of compositions of n splits naturally into four subsets of
equal cardinality corresponding to the four types of compositions.

Theorem 3.2. Let n be a natural number > 1. Then the following classes of
compositions are equinumerous:

(i) 1cl-compositions of n.

(ii) 1c2-compositions of n.

(#ii) 2c1-compositions of n.

(iv) 2¢2-compositions of n.
Each class is enumerated by c¢(n — 2).

Proof. By the remark immediately preceding the theorem, it suffices to establish a

bijection: (i) <= (ii). An object in (ii) has the form C = (1,ca,..., k), cx > 1.
Deleting the initial 1 and subtracting 1 from ¢y gives (c2,...,cx — 1) = T, a
composition of n — 2. Now pre-pend and append 1 to obtain (1,co,...,cx — 1,1),

which is a unique composition in (i). Lastly, also note that the passage from C to
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T is a bijection from (i) to the class of compositions of n — 2. In other words the
common number of compositions in each of the classes is ¢(n — 2). O

Example. When n = 5, the four classes are given by:
(i) (1,3,1),(1,2,1,1),(1,1,2,1),(1,1,1,1,1);

()(,),(122),(7,)(1112),
(iil) (4,1),(2,2,1),(3,1,1), (2,1,1,1);
(iv) (2,1, )(, 3),(3,2), (5).

Remark 3.3. An Application: Since Theorem 3.2 implies ¢(n) = 4c¢(n — 2), it can
be applied to the generation of compositions of n from those of n — 2 in an obvious
way. Such algorithm is clearly more efficient than the classical recursive procedure
via the compositions of n — 1 (see (1.1)). Thus to compute the compositions of 5,
for example, it suffices to use the set W(3) = {(3),(2,1),(1,2),(1,1,1)}, together
with the quick generation procedures corresponding to the bijections in the proof
of Theorem 3.2.

A further saving of storage space can be attained by combining this four-way
decomposition with the conjugation operation. Then to store the set W(n) of
compositions of n it would suffice to hold only one half of W(n — 2), arranged as
previously described.

As a mixed refinement of Theorem 3.2 we have the following identity, which is
a consequence of conjugation.

Proposition 3.4. The number of compositions of n with one or two 1’s which can
appear only as a first and/or last part equals the number of compositions of n into
1’s and 2’s whose first and/or last part is 2.

For example, when n = 5, the two classes of compositions mentioned in the
proposition are:
(17 4)7 (47 1)’ (17 27 2)7 (17 37 1)7 (27 2? 1);

(27 1? 17 1)a (17 17 1’ 2) (2’ 2a 1)7 (2a 17 2)7 (L 2; 2)

3.3. Self-inverse compositions

Self-inverse compositions constitute the next easily distinguishable class of compo-
sitions. Their enumeration is usually straightforward. The number of parts of a
composition C' will also be referred to as its length, denoted by £(C).

We remark that MacMahon [3] proved most of the results in this sub-section,
in the case of k-compositions, using the LG method.

Proposition 3.5.
(1) The number of self-inverse compositions of 2n is c(n + 1).

(i) The number of self-inverse compositions of 2n — 1 is c¢(n).
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Proof. We prove only part (i) (the proof of part (ii) is similar). Firstly, if C' is a
self-inverse composition with ¢(C) odd, then C has the form:

C=(c1y...,Ck1,Ck,Ck—1,--.,C1), Where ¢ is even. Thus

C = (cl,...,ck,l,ck/2) ) (Ck/2,ck,1,...,01) = AL‘HZ,
where A = (¢1,...,¢k—1,Ck/2) runs over all compositions of n.

If ¢(C) is even, then C has the form C = (c1,...,¢k—1,CkyCk,Ch—1...,C1) =
B|B, where B = (ci,...,cp_1,c,) runs over all compositions of n.

It follows that there are as many self-inverse compositions of 2n into an odd
number of parts as into an even number of parts. Using the above notations, a
simple bijection is C' = AW A — A|A, and conversely, C = B|B — BW B. O

The essential results on self-inverse compositions are summarized below.

Theorem 3.6. The following sets of compositions have the same number of ele-
ments:

(i) self-inverse compositions of 2n — 1.

(ii) self-inverse compositions of 2n of odd lengths.

(iii) self-inverse compositions of 2n of even lengths.

(iv) self-inverse compositions of 2n — 2.

(v) compositions of n.

Proof. (1) < (ii): if (c1,...,Ch—1,ChsCk—1,--.,C1) is in (i), then
(c1y-veyCh_1,c6 +1,¢6-1,...,C1)

is in (ii), and conversely.

(i) < (iv):if(c1, ..y Cho1,Chy Ch—1,---,c1) and (C1, ..., Ch—1, Chy Chy Ck—1,- -, C1)
belong to (iv), then (i) contains (c1,...,¢ck—1,¢k + 1,¢x—-1,...,¢1) and

(c1y v yCho1, Chy Ly Cly Clm1y - -+, C1),s
respectively.
Lastly, since the cases (ii) <= (iii) <= (v) have been demonstrated with the
proof of Proposition 3.5, the theorem follows. O

4. Inverse-conjugate compositions

Let C be a k-composition. If C is inverse-conjugate, then k = |C| — k + 1 or

|C| = 2k—1. Thus inverse-conjugate compositions are defined only for odd weights.

In fact, every odd integer > 1 has a nontrivial inverse-conjugate composition. For

instance, (1,2%71) and (171, k) are both inverse-conjugate compositions of 2k — 1.
Consider a general composition,

C= (1a1ab1a 1a27b27' . '71ar7b7‘)7 a; > Oabi > 2.
Then, using the DD conjugation rule in Section 2, we obtain

O =(a+ 1,17 % ag + 2,172 1, 4 2,107,
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Thus the conditions for C' to be inverse-conjugate are
b,=a1+1, b,_1=ax+2,...,by =a, + 2.
Hence we have proved:

Lemma 4.1. An inverse-conjugate composition C' (or its inverse) has the form:
C = (b1 by, 10172 by 107272 g L by, 19720D,), by > 2. (4.1)

Note that the sum of the parts is 2(by +---+b,.) — (r —1)(2) =1 = 1 (mod 2),
as expected.

Let (c1,...,ck) be an inverse-conjugate composition of n > 1. For any index
J < k with ¢;41 # 1, consider the sub-composition (c,...,¢;). First, notice the
following relation between the two “halves” of (4.1):

(1b1’717 b17 teey bj7 ]-br_j72) = (brfj - ]-7 1bj_27 brfjJrla ceey 1b1_27 br)l' (42)

Therefore, if |C| = 2k — 1, it is possible for the weight of either side of (4.2) to be
exactly k — 1. The latter case implies an instructive dissection of C"

C= (1br_17 b17 EERE} bj? 1bT7j_2)|(1) w (b’rfj -1, 1bj_27 bT*j+1a B 1b1_2a bT)
= (1br717 b17 LR b]7 1br_j72)|(1) W (1bT_17 b17 cee 7bja 1bT7j_2)/'

where the last equality follows by conjugating both sides of (4.2).
The gist of the foregoing discussion is summarized in the next theorem.

Theorem 4.2. If C = (¢1,...,c;) is an inverse-conjugate composition of n =
2k — 1> 1, or its inverse, then there is an index j such that ¢y +---+c¢; =k —1
and cji1 + -+ cp = k with cj41 > 1. Moreover,

(c1y-ovei) = (cjg1 — 1, cipaye . cr) (4.3)
Thus C' can be written in the form

C = A|(1)W B such that B = A, (4.4)
where A and B are generally different compositions of k — 1.

It follows that an inverse-conjugate composition C of n > 1 cannot be self-
inverse, even though C' is also inverse-conjugate (in contrast with the so-called
self-conjugate partitions of n > 2 [1, 4]).

The theorem implies the following result of MacMahon which he demonstrated
using the LG method.

Theorem 4.3 (MacMahon). The number of inverse-conjugate compositions of an
odd integer n > 0 equals the number of compositions of n which are self-inverse.
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Proof. We describe a bijection o between the two classes of compositions by in-
voking Theorem 4.2. If C' |= 2k — 1 is inverse-conjugate, then C' can be written in
the form C = A|(1) W B or C = AW (1)|B for certain compositions A, B, of k — 1
satisfying B’ = A.

In the first case we use (4.3) to get o(C) = A|[(1) W B]’, which is a self-inverse
composition of the type A|(1)|A.

The second case, C' = AW (1)|B, implies that there is a part m > 1 such that
C = X|(m)|B, with X = M < k — 1. Now split m between the two compositions
as follows: X|(m—1)w(1)|B = (X, m — 1) (1, B), which is in the first-case form.
Hence «(C) = (X,m — 1) W (1, B)’, giving a self-inverse composition of the type
Y|(d)|Y, with d an odd integer > 1.

Conversely given a self-inverse composition, T' = (by,...,b.) = B|(d)|B of 2k —
1, we first write T as the join of two compositions of k — 1 and k, by splitting the
middle part. The middle part, by weight, is b; 1 such that s; = by +---+b; < k—1
and s; +bjy1 > k. Thus

T+ (by,.. .,bj)|(k—1—Sj)L‘!‘J(k—tj)l(bj+2, b)) = Xl(k—l—Sj)Lﬂ(k—tj”X,
Where tj = bj+2 + -+ bk.

Hence o '(T) = X|(k—1—s;) W (k—t;,X), which is inverse-conjugate. [J

Example. Consider the inverse-conjugate composition of 15 given by
Cc=(1,1,1,2,3,1,2,4).
Then since 1+1+1+2<7and 14+1+4+14243 > 7, we have
C =(1,1,1,2)[(3)(1,2,4) — (1,1,1,2,2) W (1,1,2,4) = (1,1,1,2,2)w(3,2,1,1,1),
which gives T'= (1,1,1,2,5,2,1,1, 1), a self-inverse composition of 15. Conversely,
(1,1,1,2,5,2,1,1,1) — (1,1,1,2,2) ¥ (3,2,1,1,1) = (1,1,1,2,2) & (1,1, 2,4),

which gives back (1,1,1,2,3,1,2,4).
It can also be verified that C’ = (4,2,1,3,2,1,1,1) corresponds to the self-
inverse composition (4,2,1,1,1,2,4) = T” under the bijection.

Corollary 4.4. There are as many inverse-conjugate compositions of 2n — 1 as
there are compositions of n.

Proof. The proof can be deduced from Theorem 3.6 and Theorem 4.3, but we give
a direct proof. If n = 1, the composition (1) belongs trivially to the two classes of
compositions. So assume n > 1.

Let (c1,...,¢,) be any inverse-conjugate composition of 2n — 1. Then by (4.4)
there is an index j such that ¢; +---+c¢;=n—-1lorcp_jp1+---+cx=n—1.
There are ¢(n — 1) inverse-conjugate compositions (c, ..., ¢,) in which ¢; +-- -+

¢; =n—1,n > 1, and there distinct conjugates (i.e., inverses). Since there are no
self-inverse inverse-conjugate compositions, the total number of inverse-conjugate
compositions of 2n — 1 is 2¢(n — 1) = ¢(n), as required.
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We can also give a bijection. According to Theorem 4.2 every inverse-conjugate
composition (ci,...,c,) satisfies ¢c1 +---4+¢; =n—1and ¢jp1 +---+c, =n
with ¢j41 > 1, orc1 +---+¢j =nand ¢cji1 + -+ ¢, =n —1 with ¢; > 1, for
a certain index j. Now with each inverse-conjugate composition of the first type

associate the composition of n given by (c1,...,¢;j,1), and with each of the second
type associate, (c1,...,¢;), which is already a composition of n.
This gives the required bijection. O

Example. We illustrate the second part of the proof of Corollary 4.4. There are
8 inverse-conjugate compositions of 7:

(1,1,1,4),(1,1,2,3),(1,2,2,2), (1,3,1,2),
(2’ 17 37 1)7 (2’ 27 27 1)’ (37 27 17 1)7 (4’ 1’ 17 1)'

The corresponding list of compositions of 4, under the bijection, is:

(1,1,1,1),(1,1,2),(1,2,1),(1,3),(2,1,1),(2,2), (3,1), (4).

5. Further consequences

The machinery developed here can be used to relate compositions directly with bit
strings, that is, finite sequences of 0’s and 1’s.

Theorem 5.1.
(i) The number of compositions of n + 1 without the part m equals the number of
n-bit strings that avoid a Tun of m — 1 ones.

(i) The number of compositions of n+ 1 in which m may appear only as a first or
last part equals the number of n-bit strings that avoid 01™~10.

Proof. To prove part (i) we give a bijection between the two sets, using the Sub-
Sum and BitS conjugation methods. If C' = (m,c1,¢0,...) En+1,¢; #m > 1,
then the image of C' under the bijection (2.1) is L = (m,m+ci,m+c1 +ca,...).
Since ¢; # m for all ¢, no pair of consecutive terms in L are separated by m — 1
elements. So the bit encoding of C' avoids 10™~11. The same conclusion obviously
holds if we start with a composition that does not contain m as a part. Thus the
desired bijection is the map that takes a composition C' of n with no intermediate
m’s to the bit encoding of the conjugate C”.

The proof of part (i) is similar. O

It turns out that the two classes of compositions in Theorem 5.1 are equinu-
merous, for m = 2, provided the weights differ by unity.

Theorem 5.2. The number of compositions of n in which 2 may appear only as a
first or last part equals the number of compositions of n + 1 without 2’s.
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Proof. We provide a recursive proof. Let d,, be the number of compositions of n
in which 2 may appear only as a first or last part, and let ¢, be the number of
compositions of n without 2’s.

Then, we first observe that

dp =cn+2¢h_o+ Cp_uy, (5.1)

since d, enumerates the set consisting of compositions without 2’s, those with
exactly one 2 at either end, and those with two 2’s at both ends.
The enumerator ¢, fulfills the following recurrence relations.

Cn =2Cp—1— Cp2 + Cn3; (52)

Cn = Cp—1+ Cp—2 + Cp—4; (53)

with the initial values ¢; = ¢y = 1.
For (5.2), we note that a composition counted by ¢, can be found in three ways:

(i) by adding 1 to the last part of a composition counted by ¢,—1, provided we
exclude compositions of n — 1 with last part 1;

(ii) by appending 1 to a composition counted by ¢,,—1; and

(iii) by appending 3 to a composition counted by ¢,,_3, since the previous two
types exclude the latter.

The numbers of compositions of n generated are, respectively, ¢,_1 — cp_2, Ch_1
and ¢,_3. Hence altogether we obtain (5.2).

For (5.3), note that compositions counted by ¢,, with first part 1 are also counted
by ¢n—1; those with first part > 1, that is, first part > 3, are counted by ¢,_2,
with the exception of those with first part equal to 4. The latter are obtained by
appending 4 to compositions of n — 4 with no 2’s. Hence the result.

Now using (5.3) and (5.2), we obtain

dn = cpt2ch_2+Crg4 = Cpt+2¢h_2+Cn—Cn_1—Cn2 = 2ch—Cp_1+Cpn_2 = Cn+1,
as required. O

We are presently unable to give a direct bijection between the two sets of com-
positions in Theorem 5.2. The theorem can, of course, be formulated in terms of
bit strings using the BitS conjugation method (cf. Theorem 5.1):

Corollary 5.3. The number of n-bit strings avoiding 010 is equal to the number
of (n+ 1)-bit strings avoiding isolated 1’s.

However, even in this new form, the difficulty of finding a bijective proof seems
to persist. It is possible to give a recursive proof of Corollary 5.3 that is similar to
the proof of Theorem 5.2.
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Abstract

We consider here the sequence g,, defined by the non-homogeneous recur-
rence relation gnt2 = gn+1 +9gn + At", n >0, A# 0 and ¢t # 0, a, 8 where
aandﬁaretheroots0f:v27m71:03ndg0 =0,g1 = 1.

We give some basic properties of g,.Then using Elmore’s technique and
exponential generating function of g, we generalize g, by defining a new
sequence G,. We prove that (G, satisfies the recurrence relation Gp42 =
Gni1 + Gy + At"e*t.

Using Generalized circular functions we extend the sequence G,, further
by defining a new sequence Q,(z). We then state and prove its recurrence
relation. Finally we make a note that sequences G, (x) and Qn(x) reduce to
the standard Fibonacci Sequence for particular values.

1. Introduction

The Fibonacci Sequence {F),} is defined by the recurrence relation
Fn+2 :Fn+1+Fn,n20 (11)

with

F():O, and F1:1
We consider here a slightly more general non-homogeneous recurrence relation
which gives rise to a generalized Fibonacci Sequence which we call The Pseudo

Fibonacci Sequence. But before defining this sequence let us state some identities
for the Fibonacci Sequence.

205
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2. Some Identities for {F),}

Let o and 3 be the distinct roots of 2 — z — 1=0, with

1 ) 1—-+/5
a:ﬂ and 547@_ (2.1)
2 2
Note that
a+B=1, af=-1 and a—pS=5. (2.2)
Binets formula for {F,} is given by
a” — ﬂn
=" 2.3
7 (2.3)
Generating function for {F,} is
Flz) = f: Fan=— 2 (2.4)
= (1—2z—2a?)
Exponential Generating Function for {F,} is given by
& Fogn e _ 63:&
Blz)=) —— = . (2.5)
— nl V5

3. Elmores Generalisation of {F,,}

Elmore [1] generalized the Fibonacci Sequence {F,} as follows. He takes Ey(z) =
E(x) as in (2.5) and then defines E, (x) of the generalized sequence {E, ()} as the
n'™ derivatives with respect to 2 of Ey(z). Thus we see from (2.5) that

amed® — l@neﬁx
V5
E,(0) = 04\;; —

The Recurrence relation for {E,} is given by

Enya(x) = Eng1(2) + En ().

En (Jf) -

Note that
F,.

4. Definiton of Pseudo Fibonacci Sequence

Let t # «, 8 where a, 8 are as in (2.1). We define the Pseudo Fibonacci Sequence
{gn} as the sequence satisfying the following non-homogeneous recurrence relation.

Ini2 =gnt1 + gn + A", n>0,A#0 and t#0,a,0 (4.1)
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with go = 0 and g; = 1. The few initial terms of {g,} are

92:1+A1
g3 =2+ A+ At.

Note that for A = 0 the above terms reduce to those for {F,}.

5. Some Identities for {g,}

Binet’s formula: Let

A
— () — 1
p=p(t)= 5— 7 (5.1)
Then g, is given by
n At™
Ggn = 10" + 8" + a—] (5.2)
=c1a" + 0" + pt", (5.3)
where ) )t - B)
—p _
SR A A A 5.4
&1 o — ﬂ ) ( )
pt)(t—a)—1
= 5.5
ca P (5.5)
[ee]
The Generating Function G(z) = > g,a™ is given by
n=0
r+2%(A—1t)
G(z) = 1—at#0. 5.6
@) = T e 1ot (5.6)
Note from (5.6) that if A =0
x
G(I) - 1_(E—.’IJ27
which, as in section (2.4), is the generating function for {F,}.
o0 n
The Exponential Generating Function E*(z) = 3 =7 is given by
n=0
E*(z) = c1€™® + c9€P® + pe™, (5.7)

where ¢; and ¢y are as in (5.4) and (5.5) respectively. Note that if A=0 we see
from (5.3), (5.4) and (5.5) that

1 -1
—F, C2=—F7,
N
so that E*(x) reduces to P‘MJ;BE which, as in (2.5), is the Exponential generating
function for {F),}.

p:()v 1=
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6. Generalization of {g,} by applying
Elmore’s Method

Let
Ej(r) = E*(z) = c1e™ + ceeP® + pe®t

be the Exponential Generating Function of {g,} as in (5.7). Further, let G, (x) of
the sequence {G,,(z)} be defined as the n'" derivative with respect to = of E;(z),
then

Gn(x) = c1a"e™® + cpf"eP® + pt"e®. (6.1)

Note that
Gn(0) = c1a™ + o8 + pt" = g, (6.2)

which, in turn, reduces to F,, if A = 0.

Theorem 6.1. The sequence {G,(z)} satisfies the non-homogeneous recurrence

relation
Gria(r) = Gpi1(z) + Gu(z) + At"e™. (6.3)

Froel R.HS. = o™ le™® + 025"“653” +pt"+le“
+ cra"e™* + czﬂneﬁx + pt”e"’”t + At"e®t
=ca"e(a+1) + 8" (B +1)
+pt" et (t 4+ 1) + p(t? —t — 1)t"e™.

Since a and S are the roots of 22 — 2z —1 =0, at+1 = o and S+ 1 = 52 so that
(6.4) reduces to

(6.4)

R.H.S = c1a"t2e2% 4 o 872657 4 pt" 2™ = G, 40(2). O

7. Generalization of Circular Functions

The Generalized Circular Functions are defined by Mikusinsky [2] as follows: Let

0 tnrJrj

N, ;= — 1 =0,1,...,r—1; >1 7.1
(Y] TLZ::O(T”‘_’_])'? .] 5 - T ) r=1, ( )
0 tnrti
r .
M""J:Z(_l) W7 j=0,1,,7"—1, TZl (72)
n=0
Observe that
Ny o(t) = e, Nj o(t) = cosht, Ny 1(t) = sinht,

Ml’o(t) = e_t, Mg,o(t) = COS t7 Mg’l(t) =sint.
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Differentiating (7.1) term by term it is easily established that
D NT,‘* (ﬂ? OSPSJ
N (1) = N - (7.3)
rri-p(t), 0<j<j<p<r
In particular, note from (7.3) that
Ny (t) = Nro(0),

so that in general
NID(t) = Nyo(t),r > 1. (7.4)

Further note that
Nyo(0) = N7 (0) = 1.

8. Application of Circular functions
to generalize {g,}

Using Generalized Circular Functions and Pethe-Phadte technique [3] we define
the sequence @, (z) as follows. Let

Qo(z) = 1N, o(a™x) + caNp o (8" z) + pNy o ("), (8.1)

where a* = /7, 8* = Y7 and t* = t'/", r being the positive integer. Now define
the sequence {Q,(z)} successively as follows:

r 2r
Qi) = Q1 (@), Qale) = Q" (@),
and in general
Qn(2) = Q4™ (@),

where derivatives are with respect to . Then from (8.1) and using (7.4) we get

Q1(z) = craN,o(a"z) 4+ 2SN, o(8*x) + ptN, o(t" ),

Q2(x) = 10Ny o(a*x) + 282N, 0(B*x) + pt* N, o(t*2),

Qn(z) = 12" Ny o(a™x) + 2" Ny o (8" z) + pt" N, o(t" ). (8.2)
Observe that if r =1, x =0, A =0, {Q,(z)} reduces to {F,}.

Theorem 8.1. The sequence {Gy,(z)} satisfies the non-homogeneous recurrence
relation

Qn2(2) = @ni1(2) + Qn(z) + A" Ny o(t" ). (8:3)
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Proof.

R.HS. = cla”HNr’o(a*x) + @ﬁ"HNr,o(ﬁ*x) +pt”+1NT70(t*x)
+caa"Nyg(a*z) + 28" Ny o(8*x) + pt" Ny o(t*x) + At" Ny o(t"x)
=c1a"Nyo(a@'z)(a+ 1) + 28" N, o(8%x) (B + 1) + t"Nyo(t") (pt +p + A). (8.4)

Using the fact that o and 3 are the roots of 2> — 2 — 1 = 0 and (5.1) in (8.4) we
get

R.H.S. = c;a" 2N, o(a*x) + caB" 2N, 0(8*2) + pt" T2 Ny (" 2) = Qpia(z). O

It would be an interesting exercise to prove 7 identities for @, (z) similar to
those proved in Pethe-Phadte with respect to P,(x) [3].

Acknowledgments. We would like to thank the referee for their helpful sugges-
tions and comments concerning the presentation of the material.
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Abstract

This paper formulates a definition of Fibonacci polynomials which is
slightly different from the traditional definitions, but which is related to the
classical polynomials of Bernoulli, Euler and Hermite. Some related congru-
ence properties are developed and some unanswered questions are outlined.

Keywords: Congruences, recurrence relations, Fibonacci sequence, Lucas se-
quences, umbral calculus.
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1. Introduction

The purpose of this paper is to consider some congruences associated with a gener-
alized Fibonacci polynomial which is defined in the next section in relation to two
generalized arbitrary order (r > 2) Fibonacci sequences, {u,} and {v, }:

Un =354 (1) Py n>0

Up =1 n=>0 (1.1)

Uy, =0 n<0

211
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and )
Vp = Z;Zl(fl)]+1pjvn_j n Z T
Vp = Z;’:l o 0<n<r (1.2)
v, =0 n <0

where the P; are arbitrary integers and the a; are the roots, assumed distinct, of
the auxiliary equation for the recurrence relations above, namely,

s

0=2a" = (=1 P,

J=1

For example, when r = 2 we have u, = Piu,_1 — Potty,_o with ug = 1, uy = Py,
Uy = P12 — P, and so on. These are referred to as the Lucas fundamental numbers
(see [8]). When r = 2 the {v, correspond to the Lucas primordial numbers with
v =2,v1 =aj +as = P, ve =a?+a3 =P —2P, and so on (see 5], Table 1).

n (0] 1 2 3
Unlpl P12*P2 P1372P1P2+P3
v 7| P1 P12—2P2P13—3P1P2+7‘P3-"

Table 1: First four terms of {u,} and {v,}

In [11] the ordinary generating function

T

Z Upx™ = H(l —ajz)7! (1.3)
n=0

j=1

is used to show that

iun«f” = exp (i UmiZ) (1.4)
n=0 m=1

thus suggesting a generalized Fibonacci polynomial w, (x) defined formally as

Zun(x)% = exp (mﬁ + Z vmt?:> . (1.5)
n=0 ’

m=1
Then from (1.4) and (1.5) we get (1.6) and (1.7)
un (0) = upn! (1.6)
and thus

t" t"
_xt
7;:0 un(x)—n' =e ngzo un(0) ] (1.7)

by analogy with the polynomials of Bernoulli, Euler and Hermite (see [2, 9]). Other
analogies with these polynomials can also be obtained in [12].
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We also note that there are many other ways of defining Fibonacci polynomials
and their generalizations in literature, (see [1, 3, 6]). The aim in this paper is to
extend some of the results associated with (1.5) to congruences (see [7]). Some of
these properties for Fibonacci numbers were explored in [13]. Daykin, Dresel and
Hilton also obtained some similar results by combining the roots of the auxiliary
equation to aid their study of the structure of a second order recursive sequence in
a finite field (see [4]).

2. Fibonacci polynomials

We emphasize that the concern here is with the formal aspects of the theory and in
the term-by-term differentiation of series we assume that conditions of continuity
and uniform convergence are satisfied in the appropriate closed intervals. Thus a
result we shall find useful is a recurrence relation for these Fibonacci polynomials

n

w1 (@) = 2un (@) + 3 ndv i, () (2.1)
j=0

in which n? is the falling factorial coefficient.

Proof of (2.1). Since

Zun — —exp (:ct—i— Z vmtm>

m=1
and - . - .
EOMUCEED BB
and
) tm > A
e (exp (xt + mz:l UV — - >> = <x + H;Um+ltm> exp (:ct + mz_:l Umm) ,

we have that

ZUH—H - <1: T Z Vg1t > Zun(aj)t
_ Z Uy (T (Z Umg1t™ ) (Z Un(m)f:!)
n=0
= Z%.llun(m)il + Z Znivj"rlun—j(.r)%n!

n=0 j=0

which yields the required result on equating coefficients of ¢. O
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When z = 0 this becomes

(n+1)upyr = Zvjﬂun j (2.2)

since n! = nd(n — j)!. When 7 = 2 and P, = —P, = 1, equation (2.2) becomes the
known (see [5])

TLFn+1 = Z Lj+1Fn—j-

Now from (1.5) it follows that

Z Up (z — = exp(xt) exp (Z U, i:)

m=1

and with (1.6)

pars k!l (n —k)!
so that .
up(x) = ") (0)z* (2.4)
L
Then

ug(x) = ug = 1.
It is of interest to note another connection between these Fibonacci polynomials
and the classical polynomials. We can write equation (2.4) in the suggestive form

un(z) = (x + u,(0))" (2.5)
which is analogous to the well-known
Bo(2) = (2 + Ba(0))" (2.6)

for the Bernoulli polynomials, and in which it is understood that after the expansion
of the right hand sides of (2.1)and (2.2), terms of the form a* are replaced by aj,
as in the umbral calculus (see [10]).
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3. Fibonacci polynomial congruences

We now use induction on ¢ and n to prove that

Ut (2) = U (2) (U ()" (mod m) (3.1)

Proof of (3.1). When ¢ = 0, the result is obvious for all n. Whent=1and n =1,
we note from (2.1) that u;(x) = z + vq, and

U1 (2) = (@ + 01 (@) > 10301110 (2)

= (x4 v)um(z)  (mod m)

= up(T)um(z)  (mod m).
Assume the result is true for t =1, and n = 1,2,--- | s; that is,
Ut (T) = U (2)up () (mod m), n=12---s.
Then
m-—+s )
Umts+1(2) = (& 4 v1)Ums(T) + Z (m + $)0j 41Uy s—; (x)
j=1
= (z + v1)Umas(x) + Z sivj+1u,,L+s_j(sc) (mod m)
j=1
since
(m+s)l=m+s)(m+s—1)---(m+s—j+1)
=s(s—1)---(s—j4+1) (mod m).
Thus

tt1(@) = (@ + 01 ()1 (@) + 3 5054100 (@) (@) (mod m)

Um () | (& + v1)us(x) + Z slvj qus—; () (mod m)
j=1

= U () usp1 () (mod m).
So when t = 1, for all n,
Ut (T) = U (@) (um(2))" (mod m),
when t = 2, for all n,

Unt2m (T) = Un (%) (tm (2))? (mod m).
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Assume the result holds for t = 3,4,--- | k:

s m (@) = U (D) (@) (mod m)
= (un(@) (@) ) (@) (mod m)
= un (@) (un ()™ (mod m)
and this completes the proof of (3.1). O

As a simple illustration of (3.1), if r = 2, m = 2, n = 3, and ¢t = 1, then from
(2.3)

5!
us(z) = T Uk
k=0
5! 5!
= ﬁulx + Quox‘r’ (mod 2)

and similarly,

or

It follows that for n = 2,3,---,

Un (%) (Um (x))t = Unttm (T Z Bj(n)un;(x) (32)

j=—ntm
in which the B;(n) = Bj(n;t,m) are also polynomials in n with integer coefficients
modulo m. We may also assume that in the summation Bj(n) =0 (—ntm < j <
—n).

4. Conclusion

The {us(0)} satisfy recurrence relations with variable coefficients:

un(0) = nlu,

= n' Z(—l)j-i_lpj’u,n,j
j=1
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= SR s (0)

n—j)

This may be worthy of further separate investigation, as may two-dimensional
polynomials of the form {u,, »(z)} to correspond with horizontal and vertical tilings
of Fibonacci numbers.

Acknowledgements. The authors would like to thank the anonymous referee for
carefully examining this paper and providing a number of important comments.
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Abstract

We all recognize 0,1,1,2,3,5,8,13,... but what about 1,2,4,6,3,9,12,8,
10,5,15,...7 If you come across a number sequence and want to know if it has
been studied before, there is only one place to look, the On-Line Encyclopedia
of Integer Sequences (or OFIS). Now in its 49th year, the OEIS contains
over 220,000 sequences and 20,000 new entries are added each year. This
article will briefly describe the OEIS and its history. It will also discuss some
sequences generated by recurrences that are less familiar than Fibonacci’s,
due to Greg Back and Mihai Caragiu, Reed Kelly, Jonathan Ayres, Dion
Gijswijt, and Jan Ritsema van Eck.

Keywords: Fibonacci, sequences, recurrences.

MSC: Primary 11B

1. The Fibonacci numbers

The Fibonacci numbers have been in the On-Line Encyclopedia of Integer Se-
quences® (or OEIS®) right from the beginning. When I started collecting se-
quences as a graduate student in 1964, the Fibonacci numbers became sequence
A000045 (incidentally, 49 years later, sequences being added have A-numbers
around A222000'). Over 3000 sequences in the OEIS mention Fibonacci’s name in
their definition.

Some especially noteworthy variations on the Fibonacci numbers were recently
defined by Back and Caragiu [2] in the Fibonacci Quarterly. The simplest of their

1 As of February 2013. Throughout this article, six-digit numbers prefixed by A refer to entries
in the OEIS [15]. As in the OEIS, we adopt the convention that a(n) denotes the nth term of the
sequence being discussed.

219
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examples replaces the Fibonacci recurrence by
a(n) = gpf(a(n — 1) + a(n — 2)), (1.1)
where gpf stands for greatest prime factor (A006530). If we start with 1,1 we get
1,1,2,3,5,2,7,3,5,2,7,... (1.2)

(A175723), and the cycle 3,5, 2, 7 repeats for ever. Back and Caragiu show that no
matter what the initial values are, (1.1) always becomes periodic and that 3,5,2,7
is the only nontrivial cycle. On the other hand, consider

a(n) = gpf(a(n — 1) + a(n — 2) + a(n — 3)). (1.3)
If we start with 1,1,1 we get
1,1,1,3,5,3,11,19,11,41,71,41, 17,43, 101,23, . .. (1.4)

(A177904), which after 86 steps enters a cycle of length 212. Now it is only a
conjecture that (1.3) always becomes periodic, for any initial values.

Another interesting variant of the Fibonacci sequence? was very recently intro-
duced into the OEIS by Reed Kelly [12]. Kelly’s recurrence is

a(n—1)+a(n—3)

a(n) = ged{a(n —1),a(n — 3)}’ (15)

with initial values 1,1, 1:
1,1,1,2,3,4,3,2,3,2,2.5,7,9,14,3,4,9,4,2, ... (1.6)
(A214551). This sequence appears to grow exponentially (a(n) ~ const.-e%123:-17?),

but essentially nothing has been proved about it.
The OEIS is an endless source of lovely problems!

2. How the OEIS is used

However, the main use for the OEIS is as a reference work for identifying sequences
and telling you what is known about them. If you come across a sequence of
numbers, and you want to know if it has been studied before, there is only one
place to look, the OEIS [15] (http://oeis.org).

You enter the first few terms®, and click “Submit”. If you are lucky, the OEIS
will return one or more sequences that match what you entered, and, for each one,
it will tell you such things as:

20r, more precisely, of another medieval sequence, the Narayana cows sequence, A000930.
3When looking up a sequence, it is recommended that you omit the first term or two, since
different people may start a sequence in different ways.
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— The definition of the sequence

— The first 10, or 10,000, or sometimes 500,000 terms

— Comments explaining further properties of the sequence

— Formulas for generating the sequence

— Computer programs for producing the sequence

— References to books and articles where the sequence is mentioned

— Links to web pages on the Internet where the sequence has appeared
— The name of the person who submitted the sequence to the OEIS

— Examples illustrating some of the terms of the sequence (for example, se-
quence A000124, which gives the maximal number of pieces that can be
obtained when cutting a circular pancake with n cuts, is illustrated with
pictures showing the pieces obtained with 1, 2, 3, 4 and 5 cuts)

— The history of each entry in the OEIS as it has evolved over time

You can also view graphs or plots of the sequence, or listen to it when it is converted
to sounds.

If your sequence is not found, you will be encouraged to submit it. This will
establish your priority over the sequence, and will help the next person who comes
across it. Only sequences of general interest should be submitted. The sequence of
primes whose decimal expansion begins with 2012 is an example of a sequence that
would not be of general interest. Published sequences are almost always acceptable.

If your sequence was not in the OEIS, you should also try sending it to our
email server Superseeker (see http://oeis.org/ol.html), which will try hard to
find an explanation for your sequence. For example, Superseeker might suggest
a recurrence or generating function for your sequence, or tell you that it can be
obtained by applying one of over a hundred different transformations to one of
the over 200,000 sequences in the OEIS. Superseeker is a very powerful tool for
analyzing sequences.

Accuracy has always been one of the top priorities in the OEIS. Its standards are
those of a mathematics reference work. Ideally, every number, formula, computer
program, etc., should be absolutely correct. Formulas that are stated uncondi-
tionally should be capable of being proved, and otherwise should be labeled as
conjectures. Of course, as the database has grown, these goals have become harder
and harder to achieve. Many non-mathematicians have difficulty in understanding
the difference between a theorem and a conjecture. (“My formula fits the first 30
terms, so obviously it must be correct.”)

The OEIS has often been called one of the most useful mathematical sites on the
Internet. There is a web page (http://oeis.org/wiki/Works\_Citing\_OEIS)
that lists over 3000 articles and books that reference it.
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3. History of the OEIS

I started collecting sequences in 1964, entering them on punched cards (the original
motivation was to find an explanation for various sequences that had arisen in
my dissertation, the simplest of which was the sequence that became A000435).
Eventually two books were published ([16] in 1973, with 2372 entries, and [17],
written with Simon Plouffe, in 1995, with 5847 sequences).

In 1996, when the number of entries had risen to 10,000, I put the database
on the Internet, calling it the The On-Line Encyclopedia of Integer Sequences or
OFEIS. By 2009, the database had grown to over 150,000 entries, and was becoming
too big for one person to manage, so I set up a foundation, The OFIS Foundation
Inc (http://oeisft.org), whose goals are to own the intellectual property of the
OEIS, to maintain it, and to raise funds to support it.

With major help from Russ Cox (of Google) and my colleague David Applegate
(at AT&T), I moved the OEIS off my home page at AT&T to a commercial hosting
service, and attempted to set it up as a “wiki.” However, this proved to be extremely
difficult, and it required a tremendous amount of work by Russ Cox before it started
working properly. It was not until November 11, 2010 that the OEIS was officially
launched in its new home at http://oeis.org. This would not have been possible
without the help that Russ Cox and David Applegate provided.

The fact that the OEIS is now a wiki means that I no longer have to process
all the updates myself. Once a user has registered?, he or she can propose new
sequences or updates to existing sequences. All submissions are reviewed by a
panel of about 80 editors. Nearly two years after it was launched, the wiki system is
working well. Since November 2010 the database has grown from 180,000 sequences
to its current number of around 220,000. From 1996 to the present, the database
has grown at between 10,000 and 20,000 new sequences per year, with about an
equal number of entries that are updated.

More about the history of the OEIS can be found on the OEIS Foundation web
site, http://oeisf.org.’

4. The poster and the OEIS movie

To celebrate the creation of the the OEIS Foundation, David Applegate and I
made a poster that shows 25 especially interesting sequences (several of which will
be mentioned in this article). It can be downloaded (along with a key) from the
Foundation web site.

Also, Tony Noe made a movie that shows graphs of the first thousand terms of a
thousand sequences from the OEIS: it is quite spectacular. It runs for 8.5 minutes,

4All readers are encouraged to register: go to http://oeis.org/wiki and click “Register.”

5 As President, it would be remiss of me not to mention that the OEIS Foundation is a charitable
organization and donations are tax-deductible in the USA. The web site is free, and none of the
trustees receive a salary. To make a donation, please go to http://oeisf.org.
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and it too can be found on the Foundation web site. It is also on YouTube (search
for “OEIS movie”).

5. Puzzles

One of the goals of the OEIS has always been to help people get higher scores on
1Q tests, and the database includes many sequences that have appeared as puzzles.
The following are a few examples. If you can’t solve them, you know where to find
the answers!

e 61,21, 82,43, ...
e 2,4, 6,30, 32, 34, 36, 40, 42, 44, 46, 50, 52, 54, 56, 60, 62, 64, 66, 2000, ...
©0,0,0,0,4,9 5 1, 1,0, 55,55, ...

5,8, 12, 18, 24, 30, 36, 42, 52, 60, ...
e 1,2, 6,21, 85, 430, 2586, 18109, 144880, . ..

The last one is a bit tricky, but it did appear on a quiz.

6. Two sequences that agree for a long time

People often ask if it is possible for two sequences to agree for many terms yet not
be the same. Here is an extreme example. The sequences

2n 2
and —_—
Log2J [21/"—1—‘

2,5,8,11,14,17, 20,23, 25,28, 31,34,37, ...

(A078608). In fact they agree for the first 777451915729367 terms! There are
infinitely many disagreements, the positions of which form sequence A129935:

both begin

777451915729368, 140894092055857794, 1526223088619171207, 3052446177238342414, . . .

7. Theorems resulting from the OEIS

Another question that is often asked is if there are any theorems that have resulted
from the OEIS. The answer is that there are many such examples. In the list of
papers that cite the OEIS (http://oeis.org/wiki/Works\_Citing\_0EIS) one
will find numerous acknowledgments that say things like “This result was discovered
with the help of the OEIS.”
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I will give three concrete examples of theorems that were discovered with the
help of the OEIS. The first concerns the remainder term in Gregory’s series for
/2,

)k+1

T s (—DF 11 1
=2 g =2 rs ) (1)

which is famous for converging very slowly. In 1987, Joseph North observed that if
one truncates the series after 50,000 terms, the answer is of course wrong. There is
an error in the fifth decimal place. Surprisingly, he noticed that the next nine digits
are correct, then there is an error, then there are nine more correct digits, another
error, and so on. Here is the decimal expansion of the truncated sum followed by
the true value of 7/2 (the sequences of digits form A013706 and A019669). The
digits that differ are in bold-face.

1.570796326794896619231321691639751442098584699687 . .. (truncated)
1.570786326794897619231321191639752052098583314687 ... (true value)

The differences between the corresponding bold-faced terms are
1,—-1,5,—61,1385,....

Jonathan Borwein looked up this sequence in [16], and found that (apart from signs)
it appeared to be the Euler numbers, A000364. The end result of this investigation
was a new theorem.

Theorem 7.1 (Borwein, Borwein and Dilcher [4]; see also [3, pp. 28-29], [5]).

N/2 k41 o0
i (—1)FF E,
S22 Sy 2
2 P 2]{3+1 = N2m+1’ (7 )

where the E,, are the Euler numbers (A000364):

1,1,5,61, 1385, 50521, 2702765, 199360981, 19391512145, . . ..

The second example is one that I was involved with personally. It began when
Eric W. Weisstein (at Wolfram Research, and creator of MathWorld) wrote to
me about a discovery he had made. He had been classifying real matrices of 0’s
and 1’s according to various properties, and he found that the numbers of such
matrices all of whose eigenvalues were positive were 1, 3,25, 543, 29281 for matrices
of orders 1,2,...,5. He observed that these numbers coincided with the beginning
of sequence A003024 (whose definition on the surface seemed to have nothing to do
with eigenvalues), and he conjectured that the sequences should in fact be identical.
He was right, and this led to the following theorem.

Theorem 7.2 ([14]). The number of acyclic directed graphs with n labeled vertices
is equal to the number of n X n matrices of 0’s and 1’s all of whose eigenvalues are
real and positive.
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The third example is a result of Deutsch and Sagan [8]. It is well-known that
the famous Catalan numbers
C. = 1 <2n>
n+1\n

(A000108) are odd if and only if n = 2¥ — 1 for some k. Deutsch and Sagan proved
(among other things) an analogous result for the almost equally-famous Motzkin

numbers (A001006),
n
n

k=1

Theorem 7.3 ([8]). M, is even if and only if n € 45 — 2 or 45 — 1, where

S:=(1,3,4,5,7,9,11,12,13,15,...)

lists the numbers whose binary expansion ends with an even number of 0’s (A003159).

8. Three unusual recurrences

The Fibonacci recurrence is very nice, but it is 800 years old. In the last section
of this article I will discuss some modern recurrences that I find very appealing.

8.1. The EKG sequence

40 60 80 100 120 140
I I I I

20

n

Figure 1: The first 100 terms of the EKG sequence, with successive
points joined by lines
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Figure 2: Terms 800 to 1000 of the EKG sequence

Jonathan Ayres contributed this to the OEIS in 2001 [1]. The first 18 terms are
1,2,4,6,3,9,12,8,10,5,15, 18, 14,7, 21, 24, 16, 20, . . .
(A064413), and the defining recurrence is a(1) = 1, a(2) = 2, and, for n > 3,

a(n) is the smallest natural number not yet in the sequence
which has a common factor > 1 with the previous term.

1500
L

1000
L

a(n)

500

6 260 4(;0 660 860 10‘00
Figure 3: Scatter-plot of the first 1000 terms of the EKG sequence.
They lie roughly on three almost-straight lines.
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Thus a(3) must have a common factor with 2, i.e. it must be even, and 4 is the
smallest candidate, so a(3) = 4. The next term must also be even, so a(4) = 6.
The smallest number not yet in the sequence which has a common factor with 6
is 3, so a(b) = 3. Similarly, a(6) = 9, a(7) = 12, a(8) = 8, a(9) = 10, a(11) = 5,
a(12) = 15, and so on. Jeffrey Lagarias, Eric Rains and I studied this sequence in
[13]. We called it the EKG sequence, since it looks like an electrocardiogram when
plotted (Figs. 1, 2).

It is not difficult to show that the primes appear in increasing order, and that
each odd prime p is either preceded by 2p and followed by 3p, or is preceded by
3p and followed by 2p (as we just saw, 3 was preceded by 6 and followed by 9, 5 is
preceded by 10 and followed by 15).6

By definition, no number can can be repeated. But does every number appear?
The answer is Yes.

Theorem 8.1. The EKG sequence is a permutation of the natural numbers.

Sketch of Proof. (i) If infinitely many multiples of some prime p occur in the se-
quence, then every multiple of p must occur. (For if not, let kp be the smallest
missing multiple of p. Every number below kp either appears or it doesn’t, but
once we get to a multiple of p beyond all those terms, the next term must be kp,
which is a contradiction.) (ii) If every multiple of a prime p appears, then every
number appears. (The proof is similar.) (iii) Every number appears. (For if there
are only finitely many different primes among the prime factors of all the terms,
then some prime must divide infinitely many terms, and the result follows from
(i) and (ii). On the other hand, if infinitely many different primes p appear, then
there are infinitely many terms 2p, as noted above, so 2 appears infinitely often,
and again the result follows from (i) and (ii).) O

Although the initial terms of the sequence jump around, when we look at the
big picture we find that the points lie very close to three almost-straight lines (Fig.
3). This is somewhat similar to the behavior of the prime numbers, which are
initially erratic, but lie close to a smooth curve (since the nth prime is roughly
nlogn) when we look at the big picture — see Don Zagier’s lecture on “The first 50
million prime numbers” [18].

In fact, we have a precise conjecture about the three lines on which the points
lie. We believe — but are unable to prove — that almost all a(n) satisfy the asymp-
totic formula a(n) ~ n(l + 1/(3logn)) (the central line in Fig. 3), and that the
exceptional values a(n) = p and a(n) = 3p, for p a prime, produce the points on
the lower and upper lines. We were able to show that the sequence has essentially
linear growth (there are constants ¢; and ¢ such that ¢yn < a(n) < con for all n),
but the proof of even this relatively weak result was quite difficult. It would be
nice to have better bounds.

6We conjectured that p was always preceded by 2p rather than 3p. This was later proved by
Hofman and Pilipczuk [11].
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8.2. Gijswijt’s sequence and the Curling Number Conjecture

1 1 2
11 2 2 2 3
1 1 2

11 2 2 2 3 2
1 1 2
11 2 2 2 3
1 1 2

112 2 2 3 2 2 2 3 2 2 2 3 3 2
1 1 2
11 2 2 2 3
1 1 2

11 2 2 2 3 2
1 1 2
11 2 2 2 3
1 1 2

1 1 2

22322 232223322232
Table 1: The first 98 terms of Gijswijt’s sequence (A090822)

We start by defining the curling number of a sequence. Let S be a finite nonempty
sequence of integers. By grouping consecutive terms, it is always possible to write
itas S=XYY ... Y = XY* where X and Y are sequences of integers and Y is
nonempty. There may be several ways to do this: choose the one that maximizes
the value of k: this k is the curling number of S.

For example, if S = 0122122122, we could write it as X Y2, where X =
01221221 and Y = 2, or as X Y3, where X = 0 and Y = 122. The latter
representation is to be preferred, since it has k = 3, and as k = 4 is impossible, the
curling number of this S is 3.

In 2004, Dion Gijswijt, then a graduate student at the University of Amsterdam
and also the puzzle editor for the Dutch magazine Pythagoras, contributed the
following sequence to the OEIS. Start with a(1) = 1, and, for n > 2, use the
recurrence

’ a(n) = curling number of a(1),...,a(n —1). ‘

The beginning of the sequence is shown in Table 1 (it has been broken up into
sections to show where the curling number drops back to 1):

This sequence was analyzed by Gijswijt, Fokko van de Bult, John Linderman,
Allan Wilks and myself [6]. The first time a 4 appears is at a(220). We computed
several million terms without finding a 5, and for a while we wondered if perhaps
no term greater than 4 was ever going to appear. However, we were able to show
that a 5 does eventually appear, although the universe would grow cold before a
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direct search would find it. The first 5 appears at about term

10107

We also showed that the sequence is actually unbounded, and we conjecture that
the first time that a number m (= 5,6,7,...) appears is at about term number
l_mfl
"
3
22 :
a tower of height m — 1.
Our arguments could be considerably simplified if the Curling Number Conjec-
ture were known to be true. This states that:

If one starts with any initial sequence of integers, and extends
it by repeatedly calculating the curling number and appending
it to the sequence, the sequence will eventually reach 1.

The conjecture is still open. One way to tackle it is to consider starting se-
quences Sy that contain only 2’s and 3’s, and to see how far such a sequence will
extend (by repeatedly appending the curling number) before reaching a 1.

Let p(n) denote the maximal length that can be achieved before a 1 appears,
for any starting sequence Sy consisting of n 2’s and 3’s. For n = 4, for example,
So = 2323 produces the sequence

232322231 ...,

and no other starting string does better, so (4) = 8. The Curling Number Conjec-
ture would imply that p(n) < oo for all n. Reference [6] gave u(n) for 1 < n < 30,
and Benjamin Chaffin and I have determined u(n) for all n < 48 [7]. By making
certain plausible assumptions about Sy, we have also computed lower bounds on
w(n) (which we conjecture to be the true values) for all n < 80. The results are
shown in Table 2 and Figure 4. The values of u(n) also form sequence A094004 in
[15].

As can be seen from Fig. 4, up to n = 80, it appears that p(n) increases in a
piecewise linear manner. At the valuesn =1,2,4,6,8,9,10,11, 14,19, 22, 48, 68, 76,
77 (A160766), assuming that the values in Table 2 are correct, there is a jump, but
at the other values of n, u(n) is simply p(n — 1) + 1. Table 3 gives the starting
sequences where pu(n) > p(n — 1) + 1 for n < 48.

For example, Table 2 shows that
u(n) =n+120 for 22 <n < 47. (8.1)

In this range one cannot do any better than taking the starting sequence for n = 22
and prefixing it by an irrelevant sequence of 47 —n 2’s and 3’s. However, at n = 48
a new record-holder appears, and it seems that

u(n) =n+ 131 for 48 < n < 67. (8.2)
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n 1 2 3 4 5 6 7 8 9 10 11 12
p(n) 1 4 ) 8 9 14 15 66 68 70 123 124
n| 13 14 15 16 17 18 19 20 21 22 23 24
p(n) | 125 132 133 134 135 136 138 139 140 142 143 144
n| 26 26 2r 28 29 30 31 32 33 34 35 36
p(n) | 145 146 147 148 149 150 151 152 153 154 155 156
n| 37 38 39 40 41 42 43 44 45 46 47 48
p(n) | 157 158 159 160 161 162 163 164 165 166 167 179
n| 49 50 51 52 53 54 55 56 57 58 59 60
p(n) | 180 181 182 183 184 185 186 187 188 189 190 191
n| 61 62 63 64 65 66 67 68 69 70 71 72
p(n) [ 192 193 194 195 196 197 198 200 201 202 203 204
n| 73 7 7 76 T7r 78 79 8 81 82 83 84
w(n) | 205 206 207 209 250 251 252 253 ? ? ? ?

Table 2: Lower bounds on p(n), the record for a starting sequence
of n 2’s and 3’s. Entries for n < 48 are known to be exact (and we
conjecture the other entries are exact).

250
o
ooooo
2000 eeee
ooooooo
ooooo
0000
000
ooooo
B T
1 4000
ooooo
oooooooo

100

50+

Figure 4: Scatter-plot of lower bounds on p(n), the record for a
starting sequence of n 2’s and 3’s. Entries for n < 48 are known to
be exact (and we conjecture the other entries are exact).

We have not succeeded in finding any algebraic constructions for good starting
sequences. For more about the Curling Number Conjecture see [7].
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Starting sequence

2

22

2323

222322

23222323

223222323
1012323222322

11 122323222322
14122323222322323
1912232232322232232232
2212322322323222323223223
48 1223223232223222322322232232322232223223222322323

© 0ok

Table 3: Starting sequences of n 2’s and 3’s for which p(n) >
w(n — 1) + 1. This is complete for n < 48 and is believed to be
complete for n < 67.

8.3. Van Eck’s sequence

In 2010, Jan Ritsema van Eck [9] contributed a sequence to the OEIS that is defined
by yet another unusual recurrence. Again we start with a(1) = 0, and then for
n > 2,

a(n) is the number of steps backwards before the previous
appearance of a(n — 1), or a(n) = 0 if a(n — 1) has never
appeared before.

Since a(1) = 0 has never appeared before, a(2) = 0. Now 0 has appeared one
step before, at a(1), so a(3) = 1. We have not seen a 1 before, so a(4) = 0. We
had an earlier 0 at a(2), so a(5) = 4 — 2 = 2. This is the first 2 we have seen, so
a(6) = 0. And so on. The first 36 terms are shown in Table 4.

07 07 17 07 27 07 27 2’ 17 67 07 57
0, 2, 6, 5, 4, 0, 5 3, 0, 3, 2, 9
0, 4,9, 3, 6, 14, 0, 6, 3, 5 15 0,
5,3, 5 2 17, 0, 6, 11, 0, 3, 8 0,

) ) ) i

Table 4: The first 48 terms of Van Eck’s sequence (A181391)

Figure 5 shows a scatter-plot of the first 800 terms. The plot suggests that
after n terms, there are occasionally terms around n, or in other words that
limsupa(n)/n =~ 1. This is confirmed by looking at the first million terms, and the
data also strongly suggests that every number appears in the sequence. However,
at present these are merely conjectures.
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Van Eck was able to show that there are infinitely many 0’s in the sequence,
or, equivalently, that the sequence is unbounded.

600+

500+

400+

300+

Figure 5: Scatter-plot of the first 800 terms of Van Eck’s sequence
A181391

Theorem 8.2 (Van Eck, personal communication). The sequence contains in-
finitely many 0’s.

Proof. Suppose, seeking a contradiction, that there are only finite number of 0’s in
the sequence. Then after a certain point no new terms can appear, so the sequence
is bounded. Let M be the largest term. This means that any block of M successive
terms determines the sequence. But there are only M™ different possible blocks.
So a block must repeat and the sequence is eventually periodic. Furthermore, the
period cannot contain a 0.

Suppose the period has length p, and starts at term r, with a(r) = z,...,a(r +
p—1) = z,a(r +p) = z,.... There is another z after ¢ < p steps, which is
immediately followed by ¢g. But this ¢ implies that a(r — 1) = z. Therefore the
periodic part really began at step r — 1.

Repeating this argument shows that the periodic part starts at a(1). But a(1) =
0, and the periodic part cannot contain a 0. Contradiction. O

It would be nice to know more about this fascinating sequence!

9. Conclusion

I will end with a few general remarks.
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e The OEIS needs more editors. If you are interested in helping, please write

to me or one of the other Editors-in-Chief. There are no formal duties,
everything is done on a volunteer basis, and you will get to see a lot of
interesting new problems.

e Everyone should register with the OEIS — see Sect. 3.

e If you write a paper that mentions a sequence in the OEIS, please do two

things. Add it to the list of papers that cite the OEIS — see Sec. 2, and add a
reference pointing to your paper to any entries in the OEIS that it mentions.

e The same thing if you come across a sequence in your work, in the library,

or on a web site: send it in to the OEIS if it is missing (it need not be your
own sequence — just mention the source) or add a reference to the source if it
is already in the OEIS. It is these cross-connections that make the database
so valuable.
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Abstract

In this paper we give rules for creating a number triangle T in a manner
analogous to that for producing Pascal’s arithmetic triangle; but all of its
elements belong to {0, 1}, and cycling of its rows is involved in the creation.
The method of construction of any one row of T from its preceding rows will
be defined, and that, together with starting and boundary conditions, will
suffice to define the whole triangle, by sequential continuation.

We shall use this triangle in order to define the so-called cycle-numbers,
which can be mapped to the natural numbers. T will be called the ‘cycle-
number triangle’.

First we shall give some theorems about relationships between the cycle-
numbers and the natural numbers, and discuss the cycling of patterns within
the triangle’s rows and diagonals. We then begin a study of figures (i.e. (0,1)-
patterns, found on lines, triangles and squares, etc.) within T. In particular,
we shall seek relationships which tell us something about the prime numbers.
For our later studies, we turn the triangle onto its side and work with a
doubly-infinite matrix C.

We shall find that a great deal of cycling of figures occurs within T and
C, and we exploit this fact whenever we can. The phenomenon of cycling
patterns leads us to muse upon a ‘music of the integers’, indeed a ‘symphony
of the integers’, being played out on the cycle-number triangle or on C. Like
Pythagoras and his ‘music of the spheres’; we may well be the only persons
capable of hearing it!

Keywords: cycle-number triangle, cycle-number, prime cycle-numbers
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Music is the pleasure the human mind experiences from
counting without being aware that it is counting.
G. W. Leibnitz (1646-1714)

1. Introduction

In his scholarly book on Pascal’s ‘ Arithmetical Triangle’, the author AWF Edwards
[2] says of the Triangle: “It reveals patterns which delight the eye, raises questions
which tax the number-theorists, and ...” (he adds, quoting D. Knuth) “amongst
the coeflicients there are so many relations present that, when someone finds a new
identity, there aren’t many people who get excited about it any more, except the
discoverer!”

Pascal, in his own publication on the famous triangle, in 1654, said that he was
fascinated by the mathematical richness of the patterns that he had discovered in
it, and that: “He had had to leave out more than he could put in!”

In the triangle that we are about to define, none of its elements rise above 1
(its alphabet is {0,1}), and yet (echoing Pascal) we have found a great richness
in the geometric patterns of Os and 1s that arise, many of which carry with them
secrets about the prime numbers. Further (again echoing Pascal), we have had to
leave out much more than we could put in.

We have called our triangle ‘the cycle-number triangle’ because of the many
cyclic phenomena involved in the (0, 1)-patterns of most interest, and because we
derive from it a new representation of the natural numbers, each one exhibiting
cyclic behaviour. We have given our triangle the general label T.

We declare that we have not seen this triangle defined before in the literature,
but, of course, it may well have been described several times in the past and pro-
duced nothing of sufficient interest to keep mathematicians using and mentioning
it. If we may quote Pascal yet again, he wrote in his autobiography, apropos his
triangle: “Let no one say I have said nothing new. The arrangement of the subject
is new. When we play tennis, we both play with the same ball, but one of us places
it better!”

Whatever is the case, we hope that our methods and studies of the cycle-number
triangle contain something new and worthy of their presentation.

2. Example, definition and construction of T

We begin by showing the cycle-number triangle T, down to row 6, in Figure 1
below. The apex triangle and directions for the central axis and i,j reference axes
are shown.

Note in Figure 1 the left- and right-boundaries of T, two sloping lines, each
containing the sequence 0, 1, 0, 0, 0. These are the given elements, to start
construction of the triangle.
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To reference an element in T we may use two coordinates (i,j), with the i,j*®
element occurring at the intersection of the sloping lines R; (the it" diagonal parallel
to the right-boundary) and L; (the j'' diagonal parallel to the left-boundary).
The two directed reference lines are indicated in Figure 1 on either side of the
triangle T(6).

Apex Triangle
Rows Ri
RO
R1 i AA i
R2 0 1 0
R3 0 1 1 0
R4 0 1 0 1 0
R5 0 1 1 1 1 0

R6 0 1 0 0 0 1 0
Figure 1: The Cycle-number Triangle T(6) (with apex triangle
defined)

The general rules for generating T now follow.

2.1. Constructing the Triangle T

(1) The apex and triangle boundaries

The cycle-number triangle T is constructed according to the following rules:

(i) The elements have alphabet {0, 1};

)
(ii) The apex element is 0;
(iii) The left-boundary L is (from the apex downwards to the left) 0,1,0,0,0,.. .;
(iv) The right-boundary R runs from the apex downwards to the right, with the
same (0,1)-sequence as that of L.

The rows following the apex triangle are then constructed, row by row, by
making a sequence of ‘neck-tie’ applications, as explained next.

(2) The ‘neck-tie’ figure and its uses

The figure which we use repeatedly to generate the elements of T, row-by-row,
is called a neck-tie in view of its shape. It consists of an equi-sided triangle, V,
supported by two long, sloping legs which are potentially infinite.

When applied to row Ri of T, the top side of the triangle is marked with the
(0,1) elements of Ri, and the other two sides take the same markings, in order,
cycling around the triangle (see Figure 2 for an example applied to R3).
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The side-length, defined to be the number of elements on each side, increases
by one with each row application.

The neck-tie (designated ni) is completed by adding the two spreading legs from
the lowest vertex of the neck triangle. The left leg slopes down to the left, and has
the (0,1)-pattern from the right side of V appearing in it, cycling ever downwards.

Similarly, the right leg slopes down to the right, with the (0,1)-pattern from the
left side of V, cycling ever downwards, appearing in it.

Figure 2 below shows how the Cycle-Number Triangle T is constructed, row by
row, down to row R6. It also includes an expanded view of the neck-tie which is
applied to row R3.

Notation. We designate by T(i) or Ti the sub-triangle of T which extends from
the apex down to row Ri. And ni will designate the neck-tie which is applied to
row Ri of T. It must be noted that the constructed neck-tie lines are notional.
They do not appear normally in diagrams of T.

0 0 0
1
2 OWO A i
3 0o 70
4
I2 13 I
0 The neck-tie n3 applied to row R3
1
2 R Rk Rk~
3 A | 1/'
4 R
5 ‘9:
6 RN |
O
Q- ~0
1.7 N1
~
0 ’ °d
1 ‘0
2 a8
3 N.B. The neck-tie lines are only notionally drawn.
4
5
6
7

Figure 2: Constructing triangle T row-by-row T(2) — T(6)
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(3) The cycle-numbers and their fundamental cycles (f.c.s)

Observe how the string (110) from the top of the neck-tie n3 cycles around the
neck (in both directions). It also cycles down the left and right legs. This string
is defined to be the fundamental cycle (f.c.) of the cycle-number 3. Some general
properties of cycle-numbers will now be developed.

The n'" cycle-number is designated by n, and its fundamental cycle by n’.

Definition 2.1. The cycle-number n is the infinite string obtained by cycling its
fundamental cycle n’ indefinitely: e.g. 3 = 110.

Evidently, for each value of n > 0, two pictorial representations of n occur in
triangle T, cycling down the left and right legs respectively of the corresponding
neck-tie.

Definition 2.2. The infinite sequence of cycle-numbers with n > 0 will be denoted
by N. (It corresponds one-to-one with the natural number sequence N.)

Later we shall display the cycle-numbers as rows of a doubly infinite matrix C.

Since we cannot apply a neck-tie to 0 in row RO, we have to define its cycle-
number specially.

Definition 2.3. The zero cycle-number is 0 = 01000--- = (01)0. (This is the
string on the R and L diagonals of T. It is special in that its cycling does not
begin until after (01) occurs. With all the other cycle-numbers (n > 0), the cycling
begins with the first digit of the string for n.)

With Figures 1 and 2 to guide us, we can make and prove the following general
observations, as our first theorems about the cycle-number triangle, and the cycle-
numbers derived from it.

Theorem 2.4. The first siz fundamental cycles (f.c.s), taken from the rows R1
to R6 of T6, are (1), (10), (110), (1010), (11110) and (100010). Generally:

(i) Every f.c. after RO is of length n (it has n letters);
(ii) Every f.c. after R1 begins with a 1 and ends with a 10.

Proof. The proofs of each item follow immediately from the neck-tie construction
and applications to the sequence of rows, or from each other, so they will not be
spelled out. O

Note that, like 0, the cycle-number 1 = 1 is ‘special’, arising from the second
row of the apex triangle. It cycles from its f.c. 1’ indefinitely, never acquiring a 0
(c.f. Peano’s first two axioms, which are needed to establish 0, and its successor
S(0) which is later labelled 1: both ‘special numbers’).
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Theorem 2.5 (Palindrome Principles).

(i) The (0,1)-string on the upper side of a neck-tie V is a palindrome; In general,
row Ri of T is a (0,1)-palindrome of length i + 1, for i=1,2,3,....

(i) The first n—1 elements of a fundamental cycle (after RO) form a palindrome.

Proof. The proofs of each item follow immediately from the neck-tie construction
and applications to the sequence of rows of T, or from each other, so they will not
be spelled out. O

As an example, the complete (0,1)-string from the upper side of neck-tie n6 is
(0100010), which is a palindrome. And the f.c. of cycle-number 6 is 6° = (100010),
whose first five digits form a palindrome.

N.B. The Palindrome Principles, simple though they are, turn out to be power-
ful tools in enabling us to look ahead in T to discern patterns in number sequences.

3. Some theorems on lines in T

We have shown how to define the cycle-numbers, and given a few results about
their (0, 1)-patterns, and their fundamental cycles. We now begin a study of the
(0, 1)-patterns which occur on lines in T.

Theorem 3.1. We already defined above (see Figure 1) how to reference elements
(i, 3) in T using the sloping reference diagonals for @ and j coordinates. As explained
above, L; is the i'" sloping line in T parallel to the L-boundary, and R; is the gt
sloping line in T parallel to the R-boundary. (Thus R;[/|R and L;//L.) Then:

(i) Ly and Ry are both sequences of cycled 1s, which we designate as unit-cycle
lines;

(i1) Lg and Rg are both sequences of cycles of (1,0) (starting after the boundary
element 0), which we designate as 2-cycle lines, having pattern 10;

(i) Lg and Rg are both sequences of cycles of (1,1,0) (starting after the boundary
element 0), which we designate as 3-cycle lines, having pattern 110;

(i) Ly and Ry are both sequences of cycles of (1,0,1,0) (starting after the bound-
ary element 0), which we designate as 4-cycle lines 1010;

(v) This sequence of pairs (L;,R;) of i-cycle lines, with L; = R;, continues in-
definitely as © increases by 1 at each row-step in T.

Proof. The proofs of each item follow immediately from the neck-tie construction
and applications to the sequence of rows of T, or from each other, so they will not
be spelled out. O
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The above theorem has shown that there is an ordered sequence of cycling (0, 1)-
strings down the left- and right- diagonals, equal in pairs. The next Theorem 3.2
will prove that the same sequences occur in vertical columns, the pairs being equi-
distant from the central axis of T. Before presenting this theorem, let us define
the Cartesian axis frame, to which we can refer elements in horizontal and vertical
directions.

3(2) The (x,y) Cartesian axes

The origin of the frame is at the apex of T so the apex is at point (0,0). The
Cartesian y-axis is oriented vertically, with direction downwards. The Cartesian
x-axis is the horizontal through the apex, with positive direction to the right. Its
scale unit is that distance which separates the columns of T (equally spaced).

We shall use Cn to denote the n'' column, which contains the (0,1)-string
which appears down the vertical line x = n, forn =1,2,3,....

3(3) The axis line and its (0,1) pattern

The axis line is £ = 0. Thus the column CO is the T-triangle axis, and each digit
appearing on it below the apex triangle is the lower vertex of a neck-triangle, which
in turn is a cycling of a boundary digit 0 (after nl). Hence the axis bears the same
(0,1) pattern as do the boundaries, viz. 01000. ...

To the left of the axis, x will take corresponding negative values.

It follows from Theorem 2.5(i) (Palindrome Principle), that we need only deal
with the columns Cn when n is positive. The corresponding columns in the neg-
ative direction will carry the same cycle-number sequence. On the few occasions
which we refer to columns to the left of the axis we shall write C(-n).

We have shown that the sets of L-diagonals and R-diagonals are equal in pairs,
w.r.t. their (0,1)-patterns. The next Figure and theorem shows that this same
phenomenon occurs in the vertical columns, when taken in pairs equidistant from
the axis of T.

R4 C1
RO R: N 0V c2
R1 Rs N 1 1 ¥ cC3
R2 Ra N 0 1 0oV c4
R3 N 0 1 1 oV
R4 0 1 0 1 0
R5 0 1 1 1 1 0
R6 0 1 0 0 0 1 0
R7 0 1 1 1 1 1 1 0

Figure 3: Triangle T(7), indicating the rows Rj and cols. Cj for
j=1,2,3,4
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Theorem 3.2 (The vertical column patterns).
Diagram. Refer to Figure 3. Recall that R;[[R, where R is the right-boundary
of T.

Let us abbreviate the phrase ‘the (0,1)-pattern in column Cn’ to ‘the Cn-
pattern’.

Subsection 3(3) above proved the case CO = Ry.

Now we assert that (refer to Figure 3):

(i) The Cj-pattern is equal to the Rj-pattern, for j=1,2,3,...
And by azis-symmetry of T the C(-j)-pattern is also equal to the Rj;-pattern.

(i) The Cj-pattern lies along both the lines x = j and © = —j.

Proof. (i) Referring to the diagram of T7 above, we construct an inductive proof,
using properties of the neck-tie triangles (see Figure 2 and 3): we begin by showing
the theorem to be true for j = 1.

We note that the (0,1) elements of C1 occur in rows R1, R3, R5, etc. (i.e. in
the odd rows). The first element of C1 is 1, by definition of the diagonal pattern
in RO.

Then the following statements are evidently true:

The second element of C1 is in row R3, which is the third element of diagonal
R, which is equal to 1 (by Theorem 3.1(i); Ry is a unit-line).

The third element of C1 is in row R5, which is the fifth element of R, which
equals 1 since Ry is a unit-line.

In general, the i*? element of C1 is in row R(i-+2), which is the (i+2)*" element
of R; and hence is equal to 1.

The proof that the Cl-pattern is a string of 1s is now easily completed by
induction, using the neck-tie construction rules. Then, by the Palindrome Principle,
we can assert that the C(-1) pattern is also a string of 1s.

We can apply the same arguments to determine that the C2-pattern is the same
as the Ra-pattern, and equals the C(-2)-pattern.

Induction can now be used to generalize this overall argument, to prove the
statement that for all j > 0 the Cj-pattern is the same as the Rj-pattern, and
equals the C(-j)-pattern. This will complete the proof of Theorem 3.2, for the
(0,1)-patterns in the columns of T. O

Before going on to study (0,1)-patterns in T other than those occurring in
straight lines, as treated above, we shall now present an alternative method for
generating the elements of T. The starting triangle for this method bears compari-
son with the Pascal triangle in ‘binomial coefficient form’. Moreover, it immediately
shows how the rows of T relate to the natural numbers in N (in two directions)
and their ‘coprimeness properties’.
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4. A second method for generating the cycle-number
triangle T

4.1. The enteger triangle E

The cycle-number triangle T'(6) was shown in Figure 1, Section 2, and then it was
shown how to generate T generally by the neck-tie algorithm. Now we shall obtain
the triangle T(6) by writing down a triangle E of ordered pairs of integers, called
entegers, and then operating on each enteger by the so-called “coprime-function”
named kappa (k). (N.B. We introduced the notion of ‘enteger’ in [4] and [5]. We
write ny, for an enteger. Two entegers are added as with vectors.) Before defining
kappa, below we give the enteger triangle E (on the left) of entegers down to R6,
and (on the right) the triangle after the transformations by kappa have taken place.

RO 0o 0

R1 1o 1, 1 1

R2 20 27 2, T=«xE 0 1 0

R3 30 3 3, 33 — 0 1 1 0

R4 49 4 4 4 44 0 1 0 1 0

R5 5 51 52 55 54 55 0 1.1 1 1 0

R6 6 61 6; 63 64 65 6 0O 1.0 0 0 1 O
The enteger triangle E(6) The cycle-number triangle T(6)

Figure 4: The triangle E of entegers (ordered pairs), transformed
by & to T

We shall define E by giving its n*" line, then define the function kappa, and
then establish the validity of the general transformation kKE = T

Definition 4.1. The general row Rn for the enteger triangle E is:

n07 nl, n2’ A ) nn*l) nn'
(For comparison, in Pascal’s triangle the row is (8), (711), ce (n7_’1), (Z))

Lemma 4.2. Given the triangle T(n), we can extend it to T(n+1) thus: add
19 (‘vectorial’ enteger addition) to the last enteger in each left diagonal L; for
1=0,1,2,...,n, and add 1; to the last enteger n, of Rn.

Definition 4.3. Let e = sy , with s;t € N. Then the ‘coprime operator (kappa)’
is defined as follows:

(e) 1, if s and ¢ are coprime;
k(e) =
0, otherwise (see also special cases below).
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Special cases: k(0g) = 0; k(1p) = 1; k(tg) =0 for all t > 1, where e = s; is the
general notation for an enteger, with s and t written diagonally.

Without using the notion of divisibility, we can determine when a number pair
is coprime by means of the ‘repeated-pair-subtraction method’ used in the simplest
version of Euclid’s Algorithm (call it EA) (some examples of this are given in
Figure 5).

Lemma 4.4. Let kappa be applied (element-wise) to the n* row of E. Then the
result is a palindromic (0, 1)-string.

Proof. Consider the elements of Rn of E, taken in pairs symmetrically placed
relative to the axis of E. The i*! pair, after applying kappa to each, is #(n;) and
t(nn.i). Applying only the first subtraction in Euclid’s Algorithm, we find from the
second of our pairs that after this one subtraction x(n,;) = k(in) = &(n;). This
is true for all pairs in the row (if there is a single central enteger, as in the even-
numbered rows, then it is immaterial what kappa-value it takes) so a palindromic
(0,1)-string results from the row Rn. O

4.2. Relationships between E and T

We claimed in Figure 4 that k(E) = T, the cycle-number triangle. This sub-section
is concerned with proving this claim.

We have already shown that the n'" rows of both triangles x(E) and T have
the same lengths n+1, and that these rows each consist of a (0,1)-string which is
palindromic. So both triangles are symmetric w.r.t. their axis-lines.

It is immediate that they both have the same R and L diagonals, and that in
both, the R; and L; diagonals are unit-lines. The two both have the same axis
lines, since in E the axis x = 0 carries the entegers Og, 21, 4o, ..., which is an A.P.
of entegers having common difference 2;. (We can extend Lemma 4.2 to show that
this sequence extends indefinitely.) Applying kappa to the sequence, we get 0, 1,
0, 0, ..., which is the axis pattern in T.

Recall that T was constructed by applying a neck-tie construction, say nn, to
each row Rn, We shall show how the same type of construction can be used to build
E, and moreover that the same type of cycling around and down the neck-ties, as
in T, then occurs in KE. The construction of neck-tie nn = V,, for E requires the
following steps:

(i) the top side of V,, is ng, ny, ng, ..., 1, 0, (see Definition 4.1)

(ii) the left side of V,, is ng, (n+1)1, (n+2)2, ..., (2n-1),.1, (21),

)
)
(iii) the right side of V,, is n,, (n+1)y, (0+2)n, ..., (20-1),, (20),
(iv) the left leg is a continuation of the sequence in (iii)

)

(v) the right leg is a continuation of the sequence in (ii)
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To exemplify this definition of V,, we will show the neck-tie V3, and on its right,
show what happens to it when certain of its elements are reduced by applying the
‘pair subtraction’ method of Euclid’s Algorithm to them (recall that such applica-
tions do not change the kappa values from those of the original pairs). We show
only the neck, and one cycle of the left leg and the right leg. It will be evident how
the leg cycles must continue.

30 31 3 33 30 31 3, 03 0110
44 4; 3 13 1 1
5 5; 3, 2; 11
63 3y 0
73 T4 1; 3 11
83 85 2; 3, 1 1
9; 96 03 3y 0 0

Figure 5: The neck-tie Vg; then same with appropriate EA
changes; then x(V3)

Remarks. The left diagram shows the neck-tie as defined for row R3 of E. The cen-
tre diagram is attractive, found by applying EA (Euclid’s Algorithm) subtractions
appropriately, to elements of V3. It shows how the kappa values of elements of n3
must cycle in the desired way and become equal to corresponding values in T.

Its generalization to the neck-tie V,, and to T is automatic.

The claim that £(E) = T now follows by induction on V,,. Thus, if we verify
it for n = 1 and 2, we can extend those to verify it for n = 3, and so on.

4.3. On ‘Coprimeness’ and ‘Primeness’ in the Cycle-Numbers

This is an appropriate moment for us to link the cycle-numbers to the natural
numbers with regard to the concepts of coprimeness and primeness, in such a way
that the two number systems can be said to represent one another exactly in those
regards.

Consider the two triangles T and E in Figure 4, where T = kE. It is seen
that each row of T (e.g. Rn) carries a complete record of what we shall call the
coprimeness relation of n with each of the integers ¢ = 1,2,3,...,n. This gives rise
to the following lemma, which directly relates fundamental cycles and the totient
function of Euler:

Lemma 4.5. Let w(n), the weight of cycle-number n, be the sum of the elements
of n” in row Rn of T. Then w(n) = ¢(n), where ¢ (i.e. phi) is Euler’s totient
function.

Proof. This follows immediately from Definition 4.1, T = KE and the definition
of . O
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We can with reason speak of the coprimeness of a cycle-number n and assign a
measure of it by the ratio (or index) w(n)/n = ¢(n)/n .

We continue these notions by coining the slogan that “coprimeness begets prime-
ness”, and presenting the following definitions to add precision to it.

Definition 4.6 (Coprimeness index, and primeness of n). We define a cycle-
number n to be prime if its coprimeness index has value (n — 1)/n = 1 — 1/n.
The value of the index can never be 1, since x(n,) = 0.

Note that with this definition, it can be shown that n is a prime cycle-number
iff n is a prime integer. For if n is not prime, there exists some integer m < n such
that (ny,) = 0, and the coprimeness index of n is less than 1 — 1/n, so n is not
prime.

Conversely, if n is prime, then p(n) = n — 1 = w(n), the coprimeness index is
(n-1)/n , and so n is prime.

Examples may be seen in rows 2, 3, 5, and 7 of T in Figure 3.

5. Three operations on cycle-numbers

5.1. Definitions of the operators

The following three operations and their symbols are defined on the cycle-numbers,

which allow us to discover and develop various algebraic relationships between the

cycle-numbers. We shall not report on the subsequent algebra further than we need

to, in order to study (0,1)-patterns in the triangle T and a later-derived matrix C.
The three operators and their symbols are:

(1) ‘star’ (x) , (2) ‘add’ (‘+), and (3) ‘multiply’ (A).

Definition 5.1. The ‘star’ (or ‘conjoin’) operation is one of conjoinment of two
given (0,1)-vectors or strings. Thus if m and n are two (0,1)-strings, then m * n
is the string obtained by writing first the m-string, and then continuing with the
n-string, thus creating a string of length m+n. Clearly this operation does not
generally commute.

It can be extended in the obvious way to deal with three or more strings.

Care must be taken when interpreting the conjoin of two f.c.s of cycle-numbers.
The result is not necessarily another cycle-number f.c.; in fact, it usually isn’t.

Definition 5.2. Two cycle-numbers m and n are added in a natural way as follows
(letting their ‘sum’ be m ‘+’ n =s).

Let s = m+n (sum of the two cycle-number f.c. lengths), and find from row R(m-+n)
of the enteger triangle E the enteger string which, on applying & to its elements,
yields s’. Using Def. 4.1 we find the required string to be (m+n);, (m+n)a, ...,
(m+n)s1, (m+n)s. Applying « to this string yields s’, and hence s.
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Note: To make full sense of this operation, we must think of it as taking place
between rows Rm and Rn of the enteger triangle E. We are extending the triangle
in the ‘natural way’, by ‘adding’ (strictly ‘appending’) n further rows to it (down
from Rm) according to theorems previously given for patterns on the diagonal
lines.

Finally, having reached Rpm+tn = Rs, we drop the first element sy and we are
left with s’ as required. (As an example, see Figure 3 and add 2 to 3 to get 5.)

Definition 5.3 (The cap product). Two cycle-numbers m and n in N (not includ-
ing 0) are ‘multiplied’ (in a not-so-natural way), as defined below. Again we carry
out the initial operations upon the two respective f.c.s, m’ and n’ and arrive at the
fundamental cycle of a new cycle-number which we shall call the Boolean Product
(B.P.), or the ‘cap product’, of the two cycle-numbers. This ‘product’ is a powerful
tool for us in our study of cycle-number patterns. Its definition is as follows:

Let mn = k. Then the Boolean Product of m and n is a cycle-number whose f.c.
is of length k, and is found from the following formula: k’ = (n*m’) A (m % n’).
The left-hand bracket contains the (0,1)-string of n conjoined cycles of the f.c. of
m, and the right-hand bracket contains the (0,1)-string of m conjoined cycles of
the f.c. of n. The cap symbol between the two bracketed terms indicates that
an element-wise product has to be computed, according to the following binary
multiplication table (Boolean): 0A0 = 0A1 = 1A0 = 0, and 1Al = 1.

It is easy to see that the two multiplication sets from N(x) and N(A) are
isomorphic.
A simple example will illustrate the use of the operation A.

Example. Let m =2 and n = 3. Then

(n*xm’)A(m+*n’) = (101010)A(110110).
Note that each string is of length 2x3 =6. Applying A element-wise gives the result
(100010), which is the f.c. of 6.

The reader should check this result in Fig. 3, and observe how the 2-cycles and
3-cycles arrive at R6 in their respective neck-ties, with their end Os filling three
places in 6’. If one lays either 2’ or 3’ along the length of 6’, as with two moving
rulers, one finds that each ruler cycles 6’ exactly, with regard to their end 0s. We
say (using Euclid’s language) that both 2’ and 3’ measure 6’ because of this.

It is helpful to place n*m’ above m *n’, and apply the cap products vertically,
in the k resulting 2x1 columns. Thus, with the example:

3x2 =101010
2% 3 =101110
A =100010

Note that for a 1 to occur in the result, there must be two 1s above it. We shall
exploit this fact later.
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Before leaving our discussion of the cycle-number triangle T, we remark that
all manner of patterns can be discovered in T, based on the arrangements of the
0s and 1s, and how they are related to the cycle-numbers.

We have already discussed many of the most obvious patterns, and built def-
initions and theorems about them. We shall end this Section by presenting an
interesting theorem that demonstrates a fractal property, namely that T can prop-
erly include a copy of itself ... indeed an infinite sequence of such copies. Our
proof will be ‘pictorial’, extending to two inclusions only.

Theorem 5.4. T D> T DT D ... (proper inclusions).
Proof. Pictorial Proof (See Figure 6). O

The Figure 6 first shows T to row 10 (i.e. T(10)), with its first two neckties,
coloured black and blue respectively. The second and third Ts of the theorem are
shown below the first one.

Clearly the second two triangles have elements which map directly to themselves
and to those of the original T. They are mapped from the original neck-ties, but
with changed Euclidean shapes. They remain similar in congruent triples. In terms
of cycle-numbers their necks are still equi-sided triangles, and their legs still carry
the same (0,1)-patterns. The neck-ties undergo anti-clockwise, Euclidean rotations.

v ¥ .

Figure 6: A fractal property of T

This sequence of included Ts and their corresponding triangles and neck-ties
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can be extended, and other Ts and sequences of Ts can be found elsewhere in the
original triangle.

6. Definition of the cycle-number matrix C

Our construction of the cycle-number triangle T enabled us to introduce the notion
of cycle-numbers and define various of their properties and operations on them.
We now wish to display all the cycle-numbers in a doubly-infinite matrix called
C, which provides a more convenient view-point of their domain for us to proceed
with their study. It is easy to produce C, for it is just a matter of turning triangle
T ‘on its side’ and ‘dropping’ the boundary diagonals R and L. Sub-section 6.1
clarifies this.

6.1. Producing C by using the f.c.s from T

To be more precise, we place the fundamental cycles of the cycle-numbers in the
rows of C, with n’ (from 1’ onwards) occupying the first n elements of row Rn.
Then we allow each number to cycle indefinitely in its row, from the leading diag-
onal (1.d.) towards the right, potentially filling all the rows of C.

To reference elements in the matrix, we shall envisage perpendicular Cartesian
axes y (vertically down) and x (horizontally across) both taking all values in positive
N. The following diagram exemplifies all these arrangements up to n = 13.

x. 1 2 3

o
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o
N
[y
|

Row
R1
R2
R3
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Figure 7: The Cycle-Number matrix C(13)

Observe that the triangle beneath (and including) the 1.d., is the cycle-number
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triangle ‘left-justified” and with the zero-lines removed. Its rows are the fundamen-
tal cycles (f.c.s) of the cycle-numbers.

Remarks. (On the column elements in C(13).) We are now going to observe what
happens in columns C1, C2, ... as the rows are introduced sequentially, R1 to R2
to R3 etc. In order to describe what we are doing we need to add to our vocabulary
several graphic terms and notations, such as ‘potential prime (pP)’, ‘potential twin
prime (pT or pTP)’, ‘stalactite in Cj (j-stal)’ and ‘n-sieve’ or ‘p-sieve’. Each of these
will be defined when introduced.

Observations. (Many have already been noted earlier, from T.)
(i) C is symmetric about the leading diagonal, so Rn = Cn.
(ii) The leading diagonal (1.d.) is 1, 0,0, 0, ...

(iii) The f.c. n’ of cycle-number n, in Rn, runs across from C1 to the l.d. Its
transpose, in Cn, is equal to it and runs from R1 down to the 1.d.

(iv) All elements in R1 are 1, being placed there by 1’ as it cycles along to the
right.

(v) We say that all elements in the columns of R1 are potentially prime (pP),
and that each begins ‘growing a stalactite of 1s’ in its column (c.f. a real
stalactite, starting to grow down from the roof of a cave).

(vi) All elements in R2 are produced by 2’ cycling to the right; thus 1,0,1,0,...
are the elements placed in R2 of columns C1, C2, etc.

(vii) We now think of the process in (vi) as being a ‘sieving’ action, thus: the 0s
are placed in the even cols., and each one ‘stops’ the stalactite above it from
growing its column of 1s any further. Thus all stalactites in the even columns
are now ‘stopped’ at R2.

(viii) The stalactite in C2 ‘has reached’ the l.d. of C, and the f.c. composition
(10) satisfies our definition of primeness. So we say that the 2-stal is prime;
sometimes we say that the stalactite in col. 2 is prime, and even that C2 is
prime (if n is prime, then Cn contains a prime stalactite). Thus ‘2 is P’.

(ix) In all even cols. after C2, the pP stalactites are stopped when the 2-sieve
cycles by; and their stalactites become nonP (or nP, or not-prime). When
this happens, we say that the stalactite has reached its final length in its
column. This length is the number of 1s acquired, plus a 1 for the final 0.

(x) Stalactites which reach the 1.d. are ‘prime stals’. Their columns are ‘prime
cols’.
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(xi) In all odd columns the stalactites are not ‘stopped’ by the 2-sieve. Their
lengths all ‘grow’ by 1, and they remain as potential primes (pPs). We say
they have passed through the 2-sieve. Now we imagine the 3-sieve beginning
its cycling, and we ask how many of the remaining pP stalactites will survive
its passage.

(xii) We can carry on this process for ever, letting the row sieves pass along to the
right, here and there stopping a stalactite from growing further.

(xiii) Observe that some pairs of rows have identical (0,1)-patterns. Examples are:
R2, R4, R8; and R3, R9; and R6, R12. Conditions for this are given by:

Theorem 6.1. Two cycle-numbers m and n have the same (0, 1)-pattern in their
rows if and only if m and n have the same radical; that is, iff r(m) = r(n). In case
m < n, we have m measures n, and m’ cycles in n’.

Proof. The proof is left to the reader. O
Example.

(i) 2, 4, and 8 have the same (0, 1) pattern, since 7(2) = 2 = r(4) = r(8). The
f.c.s are respectively 10, 1010, and 10101010; 2’ cycles in 4’ and 8’; and 4’
cycles in 8'.

(ii) 6 and 12 have the same (0,1) pattern, since r(6) = 6 = 2 -3 and r(12) =
r(2%2-3) =2-3. We have 6’= 100010, which cycles in 12’= 100010100010.

Definition 6.2. The relation ‘has the same (0,1)-pattern’ is denoted by p(rho). It
is easy to show that p is an equivalence relation on the rows of C. Hence the set
of rows of C is partitioned by p.

We now introduce a matrix derived from C, denoted by PBPS(C), and ob-
tained by sequentially computing its rows.

6.2. The PBPS matrix

A useful pictorial device is obtained by transforming the matrix C as we go along,
row by row, and placing the modified rows in a new matrix, say S = PBPS(C).
The acronym stands for Partial Boolean Product (row)-Sequence. The rows of C
form the sequence N, of the cycle-numbers n. The i*" partial BP of this sequence,
denoted by s;, is the i row of S. Thus the rules of the computations are as follows:

Row computation Rules:
Let n denote the n'* row of C, and s, denote the corresponding row in S. Then

(i) sy =1=1; and

(ii) sp = factorial n (using BP multiplication) = primorial i (using BP multipli-
cation, and lemma 6.3 below).



252 J. C. Turner, W. J. Rogers

Example.

= 2A3N53,

= primorial 5.

(The notation for this (see [6]) is 5# where cap or BP multiplication is un-
derstood. We occasionally use a personal notation X;j for primorial p;, where X is
capital ‘chi’. Thus for example, 5# = X3 .)

The sequence of primorials rises rapidly in lengths, since pn+1# = Pn+1 APn#-

Lemma 6.3. factorial n = primorial p,, where p, is the greatest prime cycle-
number less than or equal to n.

Proof. Any n-sieve which is not a prime sieve cannot supply a 0 to a column which
has an unstopped stalactite in it, and hence can be ignored. For if n were not
prime, it would be measurable by one or more primes, p say, with p<n, and one
of the p-sieves arising from them would already have stopped the stalactite. O

Example. In sg, the 4 and 6 cycle-numbers are not prime.

(i) Now 2 A4 = 2 (in its whole (0,1)-string) so a stalactite which has passed
through the 2-sieve must also pass through the 4-sieve. Thus the 4 may be
ignored.

(ii) For 6, the other non-prime, we have 6 = 2 A 3. Therefore any 0 presented to
a column in 6! by the 4-sieve or the 6-sieve will find that the stalactite has
already been stopped by either the 2-sieve or the 3-sieve. The computation
of 6’ shows how this must happen:

101010
A 110110
100010

The resulting PBPS matrix need show only the C1 column of 1s, and the
completed stalactites (with their final Os) in the other columns. In the leading
diagonal we place a P in each prime column, for ease of locating prime rows. All
other entries in the matrix are 0s, and these are not shown (i.e. their cells are left
blank).

Below is the reduced matrix PBPS(C13). (See Lemma 6.3 for explanation of
why we can write factorial n for obtaining each row Rn . For each prime row, we
could write p#, and for each non-prime row we would have n! = p# where p is
the greatest prime < n; and all multiplication is A.) B
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vx 1 2 3 4 5 6 7 8 9 10 11 12 13
¥ 1 1111111111111
20 2 1 P 101 010101 0 1
331 P 1 1 0 1 1
4 4 1 0 1 1 1 1
51 5 1 P 1 1 1
¢ 6 1 0 1 1 1
771 P 1 1
s 8 1 0 1 1
9 9 1 0 1 1
100 10 1 0 1 1
11 1 P 1
12 12 1 0 1
13,13 1 P

Figure 8: The matrix PBPS(C13) (a prime rib diagram)

The reader will appreciate why we have added the bracketed phrase to the
figure’s caption. The prime and twin prime stalactites stand out like ribs in a
rib-cage.

Note in particular that when a growing stalactite acquires a 0 from a passing
sieve, it ‘stops growing’. More precisely, its pattern now ends in (1,0), and the next
A operation in its column is 1A0 = 0. This happens to all stalactites eventually
(except the stal. in C1). Those which reach the 1.d. become primes; whilst those
pPs which are not destined to become primes are stopped by a 0 above the 1.d.

Much more can be said, and deduced from, the C and PBPS matrices. This
must all be left for a segue paper. To end this one, we shall include a Section
7 which muses upon the ‘music’ made by cycling (0,1)-patterns formed within T
and C.

7. Musings on the ‘music of the cycle-numbers’

At the head of this paper (p. 2), we gave a quote by Leibnitz which expresses very
beautifully a relationship he claims between music, man and mathematics, one
with which we whole-heartedly empathize. Here we take up his theme with some
of our own feelings (well, Turner’s anyway!) about musical images arising from
studies of the cycle-numbers in T. The author du Sautoy, in his book Music of the
Primes [1], traces many connections between mathematics and music, stemming
from work due to Pythagoras, Euler, and so on up to the present day, where his
focus of attention is on the distribution of the primes and their relations to the
zeros of the zeta function and Riemann’s Hypothesis, and on related musical ideas.

With our cycle-numbers, we have shown that each number n has an interior
pattern, or structure, with a fundamental cycle (a (0,1)-string of length n) which
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cycles around its n-necktie and down the two legs indefinitely, within the cycle-
number triangle T. Similarly, in matrix C, the cycling takes place linearly in two
(and more) directions. It is easy to compare these ‘movements’ with the vibrations
of tuned strings on a musical instrument, or on bars of a xylophone. One can even
turn the cycled patterns into music, by clapping or drumming the (0,1)-strings
using Morse-code rhythms, and accenting beats on the starts of each cycle. For
example, the number 2 has f.c. (10), which can be clapped in 2/4 time as it cycles,
thus: da-di, da-di, da-di, ... with stresses on each da . Similarly 3, with f.c.
(110), can be clapped in 3/4 or 3/8 time as da-da-di, da-da-di, etc. with stresses
on each first da. The notion of polyphony is easily introduced via the cap product.
For example, 2 and 3 can oscillate together, as the joint vector 2 A 3 = 6. This
has f.c. (100010) (clapped as da-di-di-di-da-di),which can be stressed in various
ways to produce differing rhythms and ‘sounds’.

In this manner, one can think of each twin prime having its own distinctive
rhythms and sounds; e.g. (3, 5) resonates with 15, and so on. These patterns, or
pieces of linear patterns, occur and recur in different ways and places throughout
the matrix C, causing ‘overtones’ or ‘harmonics’ in the ‘music’.

One interesting comment, about the entrance of each successive prime, will
suffice to end this musing. When a new prime arises in T, it breaks various previous
symmetries, and introduces its own distinctive rhythm into the music which is
sounding within and about its new linear ‘melodies’, on its own grid in T or C.

Perhaps, like Pythagoras and his ‘music of the spheres’, we (i.e. Turner) may
well be the only person capable of hearing the ‘music of the cycle-numbers’.
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Abstract

In this paper a new method of generating identities for Fibonacci and Lu-
cas numbers is presented. This method is based on some fundamental iden-
tities for powers of the golden ratio and its conjugate. These identities give
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1. Introduction

The authors’ fascination with Fibonacci, Lucas and complex numbers has been
reflected in the following two nice identities (discovered independently by Rabi-
nowitz [10] and Witula [7] and, probably, many other, former and future admirers
of the Fibonacci and Lucas numbers):

(1+&64+EM" = Fop +Fa(§+€Y) and (148 +8%)" = Fopn+ Fo (€ +€%), (1.1)

where €5 =1, ¢ € C and ¢ # 1, and F), denotes the nth Fibonacci number.

2. Basic identities

Let

E

1+
2

o :=2cos— =

SHE!
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Then we have

a+ B =1, af = -1 (2.1)
an_ﬁn

Fn: 5 27 2.2

a_p ne (2.2)

L, =a"+p", n=0,1,2,..., (2.3)

where L,, denotes the nth Lucas number [3, 9].
Then, identities (1.1) can be written in the form

Foo+a 'F, =a", (2.4)
for every x € {a, f}. In other words, we get the divisibility relation of polynomials
(22 —2z —1)| ("™ — F 12— F).

Similarly (by induction) we can generate the identity
Lyy1+2 'L, = (22 — 1) 2", (2.5)
for every x € {«, 5}. This implies the following divisibility relation of polynomials
(22 —xz—1)| (2 — 1)a™ — L, 12 — Ly,).

Remark 2.1. If the values F,, and L,, were defined for real subscripts n € [0,1)
(see [15]), then from formulae (2.4) and (2.5) we could easily extend these definitions
for any other real subscripts.

In particular, if functions [0,1] > n — F,, and [0,1] © n — L,, are continuous,
then from formulae (2.4) and (2.5) we could obtain the continuous extensions of
these functions. With this problem also some special problem is connected (see
Corollary 2.6 — Dobinski’s formula problem).

Immediately from identities (2.4) and (2.5) the next result follows.

Theorem 2.2 (Golden ratio power factorization theorem). Let {k,}>2, be a se-
quence of positive integers. Then the following identities hold true

ﬁ—len) (14—\/5)"%1’“"

(FknJrl + 5

)

N
a V541 1= VB E b
i n) - (55

(Fkn+1 - 7

or in equivalent compact form

N
kn

N

> kn
I | (Fkn-i-l +Z‘_1Fkn> = gn=1
n=1
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ﬂ(Lk + 2z — 1) Fy, ) — 9N xnzlk :

for every x € {a, B}, and

Y (L) &,

N

V5 —1
11 (Lkn+1 +— Lkn)
it 2 2

) (LB

ﬂ (L VE+1 I )
kn+1 — kn
it 2 2

or in equivalent compact form

N
kn

al 5
11 (Lkn+1 + ﬂflLkn> =2z - 1)Nae= 7,

n=1
for every x € {a, B}. The above identities are called "Golden Gate" relations.

We note that these identities act as links between Fibonacci and Lucas se-
quences and many other special sequences of numbers, especially many known
linear recurrence sequences. Now we will present the collection of such relations.

First let us consider the Bernoulli numbers B,;. defined by the following recursion
formula [6, 11]:

B():l, " Bn_1+ " Bn_2+...+ " B():O, Tl:2,3,...
n—1 n—2 0

(we note that Bogpt1 = 0, k = 1,2,...). Moreover, By(y) denotes here the k-th
Bernoulli polynomial defined by

Bi(y) = zk: (?) By,

=0

Corollary 2.3 (A bridge between Fibonacci, Lucas and Bernoulli numbers). We
have

Pl [ Bily) dy
(Fk+1+$ Fk)z 0 s
n=1
—1
H (L L+ (20 —1)F, k) g1, B
n=1

and
N-1 Bi(y) d
H (Lnk+1 + m_ank) = (22 — 1)N_1:100f Y y,
n=1

for every x € {a, 5}.



258 R. Wituta, D. Stota, E. Hetmaniok

Proof. The identities result from the following known relation [6, 11]:

N-1 N k k Nk7r+1

k

>t = [mwar=3 () B
n=1 0 r=0

Corollary 2.4 (A bridge between Fibonacci numbers, Lucas numbers and binomial

coefficients). We have

L(n+1)/2]

-1 F,
[T (Fagym +o Fy) =™
k=1

L(n+1)/2]
1++/5\Fn
- ) gl (LEVE
IT (£ +Vargy) =200 (552)
L(n+1)/2]

: ey = — 1\ln+1)/2] . Fn
I1 (Eqgyo + o L) = @ooples/eas,

for every x € {a, 8}.

Proof. All the above identities follow from relation (see [9]):

L)z}
F, = . OJ
> (i)

Note that similar and simultaneously more general relations could be obtained
for the incomplete Fibonacci and Lucas p—numbers (see [12, 13]).
Next corollary concerns the Catalan numbers defined in the following way

1 /2
C, = (”) n=0,1,...
n+1l\n

Corollary 2.5 (A bridge between Fibonacci numbers, Lucas numbers and Catalan
numbers). We have

N
[T (Frcy o, + 3 Foy_c,) =2, (2.6)
n=0
N
11 (LCMCH +(2z-1) FCMCH) = 2N HigOnn (2.7)
n=0
and
N
II (L1+CN_n,cn + fE*chN_ncn) = (20 — DN, (2.8)
n=0

for every x € {a, 5}.
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Moreover, if p is prime and p = 3 (mod4), then we have

2+Cp-1)/2

</a:2F1+cp71 t+axle, , == P , (2.9)
2 2

pi/(F”%Czﬂzl + IilF%C#) (FH(L

for every x € {a, 5}.

Proof. Identities (2.6)-(2.8) can be obtained from the recursive relation for C,,

N
CN+1:ZCN77ZCTU N:0717
n=0
Whereas relations (2.9) and (2.10) result from the fact that if p is prime and
p = 3(mod4), then p|(2 + C’prl) and p?| <%C’p2_1 + (E)) (see [1]). O
T2 2
Next conclusion is connected with the Bell numbers B,,, n = 0,1, ... [6].

Corollary 2.6 (A bridge between Fibonacci numbers, Lucas numbers and Bell
numbers). We have

=

<F(N)Bn+1 + ‘T_lF(N)Bn) = QTBNJrl,

n

3
I
o

=

(L(N)Bn +(2z—1) F(N)Bn> = 2N+1xBN+1,

n n

3
I
<)

=

(Lo ) - 02 1000,

Il
=)

for every x € {a, 5}.

Proof. All the above identities follow from the well known recursive relation

B() = 1,
N
N
BNH:Z(TL)B”, N=01,... O
n=0

We note that for the Bell numbers the following interesting relation, called
Dobinski’s formula [6], holds:
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In connection with the above formula we formulate a certain problem which can
be expressed in the following way. Is it possible to generalize the definition of
Fibonacci numbers F), onto real indices (of Lucas numbers L,,, respectively) such
that the following equality will be fulfilled:

oo

H (F p—1kN +x 3 —lkN) :J}BN,
1+&—F— =
k=0

for every x € {a, 5} and N € N, or

-1
0 L1+571kz\7 + a7 L 1N

H Tgx_l T:mBN’

k=0

for every x € {«a, 5} and N € N, respectively?
Next corollary concerns the connection with the §-Fibonacci numbers defined

by relations (see [14]):
an(8) = (Z) Fr_q (—6)F (2.11)

k=0
and .
:Z(> 1)k B %, (2.12)
k=1
for 6 € C.

Corollary 2.7 (A bridge between Fibonacci, Lucas and é-Fibonacci numbers).
For positive integers § and n we get

n

H (F1+(Z) sk TT F( )Fi_ 1M) :xan(*é)’

k=0
-1 bp(—0
H(F1+( )F(Sk “F:L' F(n)Fék)_x ( ),
k=1
n+1 _.a,(—96
H ( Fk 16% + (2 - 1) F(Z)kalék) =" ( )’
k=0

=

(Lyma = VB mae) =200,

=~
Il
_

b

—1 n+1,_.a,(—0
(L1+(Z)Fk—16k +z L(;)kalék) = (21’ - 1) e ( )7

i
o

=

(L 1+ () Frok +x L( ') P, 5k) = (2z - 1)n93_b"(_6),

=~
Il
_

ete., for every x € {a, 8}. Moreover, we define here F, 11 = F,, + F,,_1, n € Z.
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Let us note that similar relations we have for the incomplete  —Fibonacci num-
bers an »(6) and by, s(8) where

U (8) = Z (Z) Fioi (=8,  0<r<n,

k=0
bns(0) == <Z> (- 1E%, 1<s<n.
k=1
Now we consider the r—generalized Fibonacci sequence {G,,} defined as follows
0, if 0<n<r-—1,
G, = 1, if n=r-1,

Gn1+Gh o+...+Gy_p, if n>r

Corollary 2.8 (A bridge between Fibonacci, Lucas and classic r-Fibonacci num-
bers). Let r € N, r > 2. Then the following identities hold true [8]:

r—1

<F1+27-—1Gn_r +$_1F27~—1Gn_7‘) H (F r—1 +J;_1Fr—1 ) )
el (2D Gh (> 207G n—r—k
- 1=k i=k
= :Z:G'n.7
for everyn >2r —1, and
n r—1ln—z
[H (F1+Gi + iilFGi)} x |:H H (F1+Gk'Gk-+i + xilFGkaﬂ)}
k=0 i=2 k=0
_ xGnG7L+l’

the special case of which is the following Lucas identity

n

H (F1+F,§ +$_1FF§) — gFnFor
k=1

for every x € {a, 8}.
Corollary 2.9. We have also (z € {a, 5}):

(FFH+1+1 + x_lFFn+1) (FF"—1+1 + x_lFF"‘l) =",
1++/5\In

(1 B (15 5 -2 (570)"

(LFnJrl-i-l + inlLFn+1> (LFn—l""l + l‘ilLFn—1> = 51‘Lna

since Fryy1 + F,—1 = L,, n € N. Furthermore, we have

(FL”+1+1 + x_lFLn+1) (FLnil-’_l + x_lFLn—l) = $5Fn7
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1+ +5\5F
(LLn+1 + \/gFLn+1) (LLnfl + \/SFL7171> =4 ( 2\[> )

(LLn+1+1 + xilLLnH) (LLnfr‘rl + xilLLn71+1) = 53:5an

since Lpy1+ L1 =5F,, n € N.

Remark 2.10. Note that Theorem 2.2 is connected, in some way, with the following
very important Zeckendorf’s theorem [6]:

For every number n € N there exists exactly one increasing sequence 2 < k; <
... < ky, where r =r(n) € N, such that kiy1 —k; > 2 fori=1,2,...,r—1, and

TLZFkl—I—FkQ—l-...—‘rFkT.

For example, we have
1000 = 987 + 13 = Fis + F7,

that is
(V5 Fosy + Lost) (V5 Fiz £ L13) = 2 Ligoo £ 2V/5 Fioo0 =

1+ /5 1000
>

= (L987 + \/5F987) <L13 + \/5F13) =1 (

3. Final remark

Finally, we note that identities (2.4), considered at the beginning of this paper,
were discussed by many authors. For example, S. Alikhani and Y. Peng [2] basing
on (2.4) have proven that a”, for every n € N, cannot be a root of any chromatic
polynomial. Furthermore, D. Gerdemann [5] has used the first of identities (2.4)
for analyzing the, so called, Golden Ratio Division Algorithm. Consequently, he
has discovered a semi-combinatorial proof of the following beautiful theorem.

Theorem 3.1. For nonconsecutive integers aq,...,ax, the following two state-
ments are equivalent (for every m € N):

mF, =Fnoia, + Fotay + oo+ Frgays

m=a" +a* 4+ ...+ a%.
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Referee which gave the possibility to improve presentation of the paper.
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Abstract

In this paper, we look at the invertible classes modulo M representable
as Fibonacci numbers and we ask when these classes, say Fas, form a multi-
plicative group. We show that if M itself is a Fibonacci number, then M < 8;
if M is a Lucas number, then M < 7. We also show that if z > 3, the number
of M < z such that Fas is a multiplicative subgroup is O(z/(log z)/®).
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1. Introduction

Let {F)}r>0 be the Fibonacci sequence given by Fy =0, F; =1 and
Fryo = Fip1 + Fi for all k>0,

with the corresponding Lucas companion sequence {Lj}r>o satisfying the same
recurrence with initial conditions Lo = 2, L1=1. The distribution of the Fibonacci
numbers modulo some positive integer M has been extensively studied. Here, we
put

Fyv =4{F, (mod M) :ged(F,,M)=1}

and ask when is Fj; a multiplicative group. We present the following conjecture.
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Conjecture 1.1. There are only finitely many M such that Fys is a multiplicative
group.

Shah [5] and Bruckner [1] proved that if p is prime and F,, is the entire mul-
tiplicative group modulo p, then p € {2,3,5,7}. We do not know of many re-
sults in the literature addressing the multiplicative order of a Fibonacci number
with respect to another Fibonacci number, although in [3] it was shown that if
F,F,11 is coprime to Fy, and F,1/F, has order s & {1,2,4} modulo F,,, then
m < 500s2. Moreover, Burr [2] showed that F,, (mod m) contains a complete set
of residues modulo m if and only if m is of the forms: {1,2,4,6,7,14,37}-5% where
k>0,7>1.

In this paper, we prove that if M = F,, is a Fibonacci number itself, or M = L,,,
then Conjecture 1.1 holds in the following strong form.

Theorem 1.2. If M = F,, and Fp; is a multiplicative group, then m < 6. If
M = L,, and Fys is a multiplicative group, then m < 4.

We also show that for most positive integers M, Fj; is not a multiplicative
group.

Theorem 1.3. For x > 3, the number of M < x such that Fa; is a multiplica-
tive subgroup is O(x/(logx)'/®). In particular, the set of M such that Fys is a
multiplicative subgroup is of asymptotic density 0.

2. Proof of Theorem 1.2

We first deal with the case of the Fibonacci numbers. It is well-known that the
Fibonacci sequence is purely periodic modulo every positive integer M. When
M = F,,, then the period is at most 4m. Thus, #Fy < 4m, Let w(m) be the
number of distinct prime factors of m. Assume that X is some positive integer
such that

m(X) > w(m)+4. (2.1)
Here, 7(X) is the number of primes p < X. Then there exist three odd primes p <
q < 7 < X none of them dividing m. For a triple (a,b,c) € {0,1,...,[(4m)*/3]},
we look at the congruence class FOFUFS (mod M). There are (| (4m)'/3] 4+ 1)3 >

4m > #F ) such elements modulo M, so they cannot be all distinct. Thus, there
are (a1, b1, c1) # (az, bz, ca) such that

FWFPFS = F2FRFE? (mod M).
Hence, Fg1—%2Fpi=b2Fai=c2 = 1 (mod M). Observe that the rational number
x=Fpee Fé’l_bz Ff1=¢ —1 cannot be zero because F),, Fy, F, are all larger than

1 and coprime any two. Thus, M divides the numerator of the nonzero rational
number z, and so we get

Fp = M < Floazlploi=tel plei—cal, (2.2)
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We now use the fact that
" 2<F, <ot forall k=1,2...,
where o = (1 ++/5)/2, to deduce from (2.2) that
a2 < F,, < (F,F,F,)4m"" < (oX-1)36m)"?

so that
m < 3(4m)Y3X +2 — 3(4m)'/? < 3(4m)'/3X,

therefore
m < 6v3X3/2. (2.3)

Let us now get some bounds on m. We take X = m!/2. Assuming X > 17 (so,
m > 17%), we have, by Theorem 2 in [4], that

X 2m1/2
X = .
m(X) > log X logm
Since 2w(m) < m, we have that
(m) logm
m
@ ~ log?2

Thus, inequality (2.1) holds for our instance provided that

2mt/? - logm 44
logm = log?2 ’

which holds for all m > 5000. Now inequality (2.3) tells us that
m < 6vV3m3/4,  therefore m < (6v/3)* < 12000. (2.4)
Let us reduce the above bound on m. Since
2x3x5xT7x11x 13 =30030 > m,

it then follows that w(m) < 5, therefore it is enough to choose X = 23 to be
the 9th prime and then inequality (2.1) holds. Thus, (2.3) tells us that m <
613 x 233/2 < 1200. We covered the rest of the range with Mathematica. That
is, for each m € [10,1200], we took the first two odd primes p and ¢ which do not
divide m and checked whether for some positive integer n < 4m both congruences
F =1 (mod Fy,) and F' =1 (mod Fp,). The only m’s that passed this test
were m = 10, 11. We covered the rest by hand. The only values m that satisfy the
hypothesis of the theorem are m = 1,2,3,4,5,6.

If M = L,,, then, the argument is similar to the one above up and we point out
the differences only. The period of the Fibonacci numbers modulo a Lucas number
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L,, is at most 8m, and so #Fy; < 8m. As before, one takes X as in (2.1), and the
triple (a,b,c) € {0,1,...,[2m'/3]}, implying an inequality as in (2.2), namely

Ly =M < F)mma2lpl=bel ple=el, (2.5)
Since for all k > 1, o' < Li, < aF*1!, then

_ 1/3 1/3
a™ 1 S Lm S (FquFT)Qm S O{G(X_‘—l)m

and so, m < 6m/3X + 1+ 6m'/3 < 13m!/3X, which implies

m < 133/2X3/2, (2.6)
The argument we used before with X = m!/2 works here, as well, rendering the
bound m < 13% = 4,826,809. We can decrease the bound by using the fact that
the product of all primes up to 19 is 9,699,690 > 4,826,809, and so, w(m) < 7,
therefore, it is enough to choose X = 31 (the 11th prime) for the inequality (2.1)
to hold. We use X = 31 in the formula before (2.6) to get m — 192 -m!/3 —1 <0,
which implies m < 143 = 2744 (to see that, label 3 := m'/3 and look at the sign of
the polynomial y* — 192y — 1).
To cover the range from 10 to 2744, we used the same trick as before (which
works, since by Fy,, = Ly, Fyyy, then ged(Fp, L) = ged(Fp, Fom/Fm)| ged(Fp, Fam)
= Fgcd(pgm)). To speed up the computation we used the fact that one can choose
one of the primes p, g to be 5, since a Lucas number is never divisible by 5. The only
m’s that passed the test were 10,12,15,21, which are easily shown (by displaying
the corresponding residues) not to generate a multiplicative group structure. The
only values of m, for which we do have a multiplicative groups structure for Fjs
when M = L,, are m € {1,2,3,4}.

3. Proof of Theorem 1.3

Consider the following set of primes

S S ORICRORS

Here, for an integer a¢ and an odd prime p, we use (9) for the Legendre symbol
of a with respect to p. Let M be the set of M such that Fj; is a multiplicative
subgroup. We show that M is free of primes from P. Since P is a set of primes
of relative density 1/8 (as a subset of all primes), the conclusion will follow from
the Brun sieve (see [6, Chapter 1.4, Theorem 3]|). To see that M is free of primes
from p, observe that since F3 = 2, Fy = 3, and F) is a multiplicative subgroup,
it follows that there exists n such that F,, =6 (mod M). If p | M for some p € P,
it follows that

F,—6=0 (modp). (3.1)
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Since (%) =1, it follows that both V5 and « are elements of F,. With the Binet
formula, we have
7 a® — ﬂn

Fo=—

Put t, = a", g, = (—=1)". Thus, 8" = (—a™H)" = g,t,', so congruence (3.1)
becomes
tn —ent !

7 —6=0 (modp)

giving

t,zl —6V5t, —e, =0 (mod p).
Thus, one of the quadratic equations > — 6v/5¢ & 1 = 0 must have a solution t
modulo p. Since the discriminants of the above quadratic equations are 176 =
16 x 11 and 184 = 4 x 46, respectively, and since neither 11 nor 46 is a quadratic
residue modulo p, we get the desired conclusion.

4. Comments

The bound O(z/(log x)'/®) of Theorem 1.3 is too weak to allow one to decide via
the Abel summation formula whether

> 4

MeM

is finite or not. Of course Conjecture 1.1 would imply that the above sum is finite.
We leave it as a problem to the reader to improve the bound on the counting
function of M N [1,z] from Theorem 1.3 enough to decide that indeed the sum of
the above series is convergent.
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Problem proposals

compiled by Clark Kimberling

These problems were posed by participants of the Fifteenth International Con-
ference on Fibonacci Numbers and Their Applications, Institute of Mathematics
and Informatics, Eszterhazy Kéaroly College, Eger, Hungary, June 27, 2012.

Problem 1 (posed by Heiko Harborth).
For F13 =233 and Flg = 2584, this holds:

o(F3) + o(Fis) = 2(F13 + Fig).
Are there further pairs of Fibonacci numbers equalizing their abundance and defi-
ciency?
Problem 2 (posed by Heiko Harborth).
For 5 and 14, this holds: 5 is 14-perfect and 14 is 5-perfect, where n is h-perfect if
o(n) + o(nh) = 2(n + hn).
Are there further pairs a, b such that a is b-perfect and b is a-perfect?
Problem 3 (posed by Heiko Harborth).
Find numbers n that are h-perfect for more than one value of h, where n is h-perfect
if
o(n) + o(nh) =2(n+ hn).
Examples: 135 is 7-perfect and 55-perfect, and 5 is h-perfect for h € {14,806, 1166}.

Problem 4 (posed by Clark Kimberling).
Let 7, be the greatest eigenvalue of the n*® principal submatrix of the Fibonacci
self-fusion matrix, M. Let s, be the greatest eigenvalue of the nt principal sub-
matrix of the Fibonacci self-fission matrix, M. Prove or disprove:

7nn—‘—l

. Sn+1 3 + \/5
lim = lim =

n—oo T, n—oo Sy, 2

(The matrices M and M are presented in the Online Encyclopedia of Integer Se-
quences at A202453 and A202503.)
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Problem 5 (posed by Bill Webb).

A monic polynomial, all of whose coefficients are negative, will be called a negative
polynomial. Characterize polynomials that divide some negative polynomial. (For
example, every linear polynomial divides a negative polynomial.)

Problem 6 (posed by Joseph Lahr).

Evaluate these sums: i i
Y Fp and Y L.
n=1 n=1

These sums are comparable to Zizl e”z, which occurs in the Fourier transform of
chirp-signals, as typifed by the equation S,, = A cos(an?).

Problem 7 (posed by Larry Ericksen).
Let p(n) denote the n** prime, and let n; denote the k™ value of n for which
p(n)+2 is prime. Find all k such that k(k+ 1) divides p(ng) + 1. Example: k =8,
ng = 20, p(20) = 71, p(20) + 1 = 8- 9. In other words, k(k + 1) divides the average
of the twin primes p(n) and p(ny) + 2.

Problem 8 (posed by Larry Ericksen).

Let p(m) denote the m™ prime. Find all pairs (m, n) such that reversing the digits
of m yields n and reversing the digits of p(m) yields p(n). Example: m = 12,
n =21, p(m) =37, p(n) = 73.

Problem 9 (posed by Lawrence Somer).
Let ax? +bxry+cy? be a binary quadratic form with a, b, ¢ integers and discriminant
D = b — 4ac # 0. Suppose that p is a prime such that p{ D.

(a) Do there exist integers xg, yo such that

(ax% + bzoyo + cy%) _
p )

where (%) denotes the Legendre symbol?

(b) Answer (a) with a = 1.
(c¢) Answer (a) with a =1 and ¢ = £1.

. _ —D _
(d) Answer (a) with a =1 and p such that (T) =1

Problem 10 (posed by Neville Robbins).

A Wilf partition of n is a partition such that all distinct parts have distinct mul-
tiplicities, as in 6 = 4 + 1+ 1. Let f(n) be the number of Wilf partitions of n, as
typified by

n |0 1 2 3 45 6 7 8 9 10 11 12
n)[1 1 2 2 4 5 7 10 13 15 21 28 3l

and sequence A098859 in the Online Encyclopedia of Integer Sequences.
(a) Prove that f(n) is strictly increasing for n > 3.
(b) Obtain an explicit formula or recurrence for f(n).
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Problem 11 (posed by Gabriele Gelatti).
Examples gleaned from visual art suggest that if N is a positive integer, then the
product

Fn74Fn73Fn72an1FnFn+1Fn+2Fn+3Fn+4

is equal to a polynomial function of F,, F2,..., F?. Following the presentation of
this problem, Krist6f Huszar sketched a proof that Fo i Fpyp = F2H(-1)"FH1F2,
which implies that

F, HFn iFrpi=F, H )R,

a polynomial in F;, of degree 2k + 1. Subsequently, Bill Webb described a general

form of identity, as follows. Let k = 4t + 1, where ¢ > 0 (or, one may also start

with k = 4t or k = 4t + 2 or k = 4¢ + 3.) For any given j, jo, ..., jk, the product
Fotji Fotjy o Fogy

can be written in the form

CLlen + a’2(71)nF(k 2)n + a3F(k 3)n R a2t+1F

+ b1 Fi(na1) + b2 (=1)" Flr—2y(nt1) + 03F(h—3)(ng1) + -+ 026 Fryr. (1)
The values of a; and b; are easily calculated as solutions of k 4 1 linear equations.
The terms F.(,41) can be replaced by Fr,is, or Lynys,, and similarly for the

terms F,,,. It appears likely that the correspondence between (j1,Jo,...,ji) and
the coefficients a; and b; includes interesting cases; for example, when is (1) “short”?

Problem 12 (posed by Clark Kimberling, Heiko Harborth, and Peter Moses).
Discuss the triangular arrangements (as indicated by the example below, or of other

sorts) of the numbers 1,2,...,n(n+1)/2 that have interlacing rows; i.e., each term
in the first n — 1 rows is between the two numbers just below it. For n =3 :
3 3 3
2 5 2 5 2 5
1 4 6 1 4 6 4 1 6
3 3
2 4 2 4
5 1 6 6 1 5
4 4 4
2 5 2 5 2 5
1 3 6 1 6 3 3 1 6
4 4
3 5 3 5
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Problem 13 (posed by Curtis Cooper).
Find, or prove the nonexistence of, an algebraic identity of the form

(ria® + sizy + ty°)* + (roa” + sawy + tay®)?
= (r32? + szzy + t3y?)* + (rax® + sqzy + tay®)* + (r52? — sszy — t5y°)4,

where x and y are variables, r; are positive integers, s; and t; are nontrivial integers,
s5 >0, and t5 = £1.

Problem 14 (posed by Augustine Munagi).

Give an explicit bijective proof of the following proposition. The number of com-
positions of n in which 2 may appear only as a first or last part equals the number
of compositions of n + 1 in which 2 is not a part.

Example: A005251(n + 2) is the number of compositions of n having at most
two 2s, which may occur only at endpoints; e.g., for n = 4, the compositions are (4),
(1,3), (3,1), (1,1,1,1), (2,2), (1,1,2), (2,1,1). For the other kind, A005251(n+1)
is the number of compositions of n having no 2; e.g., for n = 5, the compositions
are (5), (1,4), (4,1), (1,1,3), (1,3,1), (3,1,1), (1,1,1,1).









