ABSTRACT

AHRENS, KATHARINE A. Combinatorial Applications of the k-Fibonacci Numbers:
A Cryptographically Motivated Analysis. (Under the direction of Ernest Stitzinger and
Scott Batson.)

Recent exploration of hard problems conjectured to be quantum secure has opened a
number of fascinating problems in mathematics and computer science. In this thesis, we

present our research on one such problem.

To begin, we explore polynomial and matrix properties of a class of polynomials which
could be relevant for a certain variant of a cryptographic hard problem currently being
considered for post-quantum security. We conjecture singular value bounds tighter than
those which appear in the current literature and provide heuristic evidence for these

conjectures.

In the second part, we embark on a combinatorial deep dive and explore a certain gen-
eralization of Fibonacci number which arose over the course of our research. Our contri-
butions include answering two questions specifically posed in the last decade: we defined
a bijection between the k-Fibonacci numbers and a certain class of restricted integer
composition, and found a general form of the generating function for the k-Fibonacci

numbers.

Finally, we provide a new singular value bound for a restricted class of Vandermonde
matrix and offer ideas on how this could be generalized. We also offer avenues for future

work, including cryptographic and combinatorial problems.
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Chapter 1
Introduction

Cryptography is ubiquitous in modern society. From email to online shopping to health

and medical information, keeping data safe is of utmost importance.

Accomplishing this, especially online, relies on public key (also known as asymmetric)
cryptography. In a more traditional symmetric key setup, two parties wishing to commu-
nicate securely would first have to meet in person to exchange a shared key. Since this is
completely infeasible in the computer world—surely no Amazon customer would fly to
Seattle to exchange a key before impulse-buying a new pair of headphones—a solution
had to be reached. The RSA cryptosystem proposed in 1978 [31] neatly met this need,

and variants of it are used across the internet today.

RSA has sufficed for decades, and it continues to be used today. However, RSA might
be rendered obsolete in the future. RSA is based on the difficulty of factoring the prod-
uct of large prime numbers, and Schor’s algorithm [34] gives an efficient way to factor
integers given a quantum computer. While a fully scalable quantum computer doesn’t
actually exist yet, Schor’s algorithm—and recent success in physically constructing quan-
tum computers, including Google’s recent claim of achieving quantum supremacy [4], or
a quantum computer with a discernible advantage over a classical version—has motivated

a deep exploration of quantum resistant algorithms.

In the face of the quantum threat, mathematicians and computer scientists have at-
tempted to come up with a cryptosystem which would be immune to quantum attacks.
The largest effort to this end is the 2017 NIST Competition [2], which gives various
schemes which are conjectured to be quantum hard. One of the leading candidates for

a quantum-resistant hard problem is the learning with errors problem (LWE), first pro-



posed in [28], and its ring-based variant ring learning with errors (RLWE) which was
first proposed in [21]. It is proved in [21] that the RLWE problem is at least as hard
as the problem of finding a short vector in an ideal lattice, which is widely conjectured,
although not proven, to be quantum hard. Almost a third of the original NIST proposals

are based on some variant of the LWE problem.

RLWE itself exists in various forms. The standard form is the form on which most of
the RLWE NIST proposals are based. There is also a tweaked version, known as the
non-dual form of RLWE. While only a slight difference apparently separates the dual
and the non-dual form, the non-dual form does not have a security reduction to a lattice
problem as the dual form does. In fact, a series of papers [16] [17] [9] [26] [32] revealed
that the non-dual form is not secure in some instantiations, even without using a quantum
computer. The attacks depend on properties of a Vandermonde matrix associated with

the polynomial used to define the base ring.

This thesis is essentially in two parts. In the first part, we review some previous literature
on the RLWE problem, including the cryptographic attack which motivated our work.
Then we give some conjectures and heuristic evidence for the expansion of the attack into
other polynomial classes. Our contributions include improving the singular value bound
on our class of Vandermonde matrix, proposals for further generalizations of previously
considered classes of polynomials, and heuristic observations of root behavior and singular

value properties of the expanded class.

The second part of the thesis is a rabbit hole, though it is a combinatorially interest-
ing rabbit hole which neatly answers some open questions in enumerative combinatorics.
While attempting to use the Schur-Cohn theorem to prove an observed behavior of poly-
nomial roots in the complex plane, we stumbled across a generalization of Fibonacci
numbers which has not been studied in much depth in the current literature. Intrigued,
we explored these numbers, known as the k-Fibonacci numbers, in connection with the
Schur-Cohn matrix and obtained some exciting new results. Our contributions include
defining a new class of restricted permutation; providing a new proof for the permanent
of a k-tridiagonal matrix; exhibiting explicit bijections among 4 classes of combinatorial
objects which the k-Fibonacci numbers count; stating and proving the general form of the
k-Fibonacci generating function; and discovering a previously unknown tensor variant of

Pascal’s triangle.

The combinatorial contributions we made, which were motivated by questions in an

entirely different mathematical field, are interesting and novel. That one branch of math



can so seamlessly blend together, and that one fascinating question can give rise to
another, is one of the delights of math. It was an honor to work on these questions and

to be able to follow their windy, unpredictable path wherever they happened to lead.



Chapter 2
Background

In this chapter, we give some background on the ring learning with errors problem, as
well as some important definitions for understanding our work in the theory of algebraic

numbers, polynomials, and matrices.

We will later need some combinatorial background as well; these definitions appear in
Chapter 6.

2.1 LWE and RLWE

The ring learning with errors (RLWE) problem is an adaptation of the learning with
errors (LWE) problem. It was first introduced in [28]. The LWE problem is defined in
[29] as follows.

Definition 1. ([29], section 1) Fix a size parameter n > 1, a modulus ¢ > 2, and an
error probability distribution x on Z,. Let As, on Zj x Z, be the probability distribution
obtained by choosing a vector a € Zj uniformly random, choosing e € Z, according to x
and outputting (a, (a,s)) + e where additions are performed in Z,. An algorithm solves
the (search version) LWE for modulus ¢ and error distribution y if for any s € Ly given

an arbitrary number of independent samples from A; , it outputs s with high probability.

It is shown in [28] that the LWE problem reduces quantumly to an approximate version
of some lattice problem. While [28] constructs a cryptosystem around the LWE problem,

the main restriction to implementing it with key sizes on cryptographic scale is the



question of efficiency. One LWE pair creates only one sample, rather than a vector of

samples, and as a result key sizes and computation times are very large.

The RLWE problem is a ring-based version of LWE with more efficient storage require-
ments and computation times. It was introduced in [21] and it is shown that the RLWE
problem is hard given worst-case assumptions on the hardness of ideal lattice problems

in quantum polynomial time.

Before we can define RLWE, we recall some definitions from algebra.

2.1.1 Algebraic Number Theory

RLWE is defined over algebraic extensions of fields and the rings of integers in those fields.

Thus we begin by recalling some basic algebraic number theory definitions, following [23].

Let o be an algebraic number, e.g. « is the root of some degree d polynomial in C and
is not a root of a polynomial of degree less than d. The field Q[«a] formed by adjoining «
to the rational field Q is called the algebraic number field of degree d over Q.

Furthermore, « has a unique minimal polynomial m(z) over Q and this polynomial is
irreducible. By the first isomorphism theorem, Q[a] = Qz]/m(z).

We can generalize the notion of a ring of integers to algebraic number fields. We say that
algebraic integers are the algebraic numbers whose minimal polynomials have coefficients

in Z and denote the algebraic integers of an algebraic number field K as O.

A basis for Ok over Z, sometimes called a Z-basis, is called an integral basis for K.
While K is guaranteed an integral basis, it is not necessarily true that O = Z[a]; in
other works, a basis over Z of the form {1,a,a?, ..., a" '}. In the special case where K
has this integral power basis, K is called monogenic. Whether K is monogenic or not,

Ok is a free Z-module, since it has some (not necessarily power) basis.

We use algebraic number theory to define a mapping from the ring of integers in an

extension field to the real numbers as follows.



2.1.2 Canonical embeddings

Recall that a complex embedding of a number field K = Q[z]|/m(z) for a polynomial
m(z) irreducible over Q is defined as ¢; : K — C such that o; fixes every element of Q.
There are n = degree(m(z)) embeddings o; of K and these are connected to the n roots

of m(x). In fact, where oy, ..., a, are the roots of m(z), o;(a1) = a;.

If 0;(«) € R, then o; corresponds to a real root of m(z) and o; is called a real embedding.
Clearly, complex o; come in conjugate pairs. We denote the number of real embeddings

by 71 and the number of complex embeddings by ry. Then {ry,ro} is called the signature
of K.

The signature of K is used to define a subspace H C R™ x C?™2 | where

H= {(ZEl, N ,l’n) e R™ x (sz C Lpygrg4j = Tpi4j VJ € 1, N ,7”1}. (21)

Note H is isomorphic to R™ via multiplication by the unitary matrix

Ir1+r2 0 0
U - O \/L§IT2><T2 \/L§I7”2><T2
O \/LEIT'QXTQ \/LEITQX’I’Q

We use the n embeddings of a number field to define an n x n matrix of the embed-
dings. This embedding is called the canonical embedding, also known as the Minkowsk:

embedding.

Definition 2. The matrix of the canonical embedding M = o(Of) of the ring of integers
Ok in K with basis {b;} is defined by

M; ; = oi(b))
where o4, ...,0,, are the real embeddings and o,,,...,0, are the complex embeddings
ordered so that @, r,+; = Tr ;-

While we can perform this embedding with respect to any basis, throughout we will
consider the case of K monogenic and take the power basis {1,x,...,2" 1} of O. We

denote the canonical embedding of a basis B as B.

We can use the embeddings to define not just the image of the ring of integers Ok, but of



any ideal I within K. This works essentially the same way as the canonical embedding of
Ok: for a Z-basis B = {by,...,b,} of I, the ideal lattice L is generated by the columns
of B where B, ; = 0;(b;) for the n complex embeddings o; of K.

Important for RLWE purposes is the idea of a dual lattice, denoted R’. For any ideal
I, the dual lattice is I' = {x € K : Tr(x£) C Z} which embeds as the conjugate of the
dual lattice of I'. Where B = (b;) is an integer basis for I, then B' = (b;) is an integer
basis for I'. Thus, we have B' = (B™')* where B = o(B).

We can define the discriminant of a number field using the matrix B of the canonical

embedding.

Definition 3. Let B be the image of a Q basis for K under the canonical embedding.
Then the discriminant Ag of K is defined as det(B)?.

A dimension-normalized version of the discriminant is called the root discriminant and

is defined as Jx = vAx " = det(B)V/".

2.1.3 Tensor products
Definition 4. A tensor product A ® B of two matrices A and B is defined as all blocks
a; ;B arranged in the same order as the entries of A.

A tensor product of two vector spaces V, W is defined axiomatically; see [26] or [13] for
details. Mostly notably, if (v;) and (w;) are a basis for V' and W respectively, then
(v; ® wy) is a basis for V@ W. A tensor product of Z modules is defined analogously.

Additionally, the tensor product is well-behaved multiplicatively under norms and duals,
as |la ®b|| = ||al|||b]], (A® B)" = A¥ ® B’. Additionally, for modules R = M ® N, the

root discriminant is multiplicative and thus dg = dpdn.

2.1.4 Gaussians

The RLWE problem uses samples drawn from the multidimensional discrete Gaussian

distribution, which is defined as follows.

Definition 5. ([21]) Let H be defined by Equation 2.1. For r > 0, define the Gaussian



function p, : H — (0,1] as p,(x) = exp(—||x||?/r?).The continuous Gaussian probabil-
ity distribution D, of width r has density given by r~"p.(z).

See Figures 2.1 and 2.2 for the plot of a Gaussian distribution for varying values of r,

which gives a good intuition for why r is sometimes called the “width” of the Gaussian.

20
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Figure 2.1:  Gaussian of width r = 8 Figure 2.2: Gaussian of width » = 0.5

2.1.5 RLWE

Now we proceed with the RLWE definition. Note that this definition considers the
Gaussian drawn from Kg/qR"” where Kr = K ® R, but as noted in [26], Kg = H. While
[26] uses Kg to be formal, we can view the distribution as over H which is isomorphic to
K via o7 %

Definition 6 ([26] definition 2.6). Fix parameters R, the ring of integers of a number
field K, a positive integer modulus ¢, and an error distribution ¢ over Kr. The search
RLWE, ,, problem is to find a uniformly random secret s € R; given many independent
samples of the form (a;,b; = sa; + e¢; mod ¢R") € R, x Kr/qR" where each a;
R, is uniformly random and each e; < ¢ is drawn from the error distribution. The
decision RLWE problem is to distinguish with some noticible advantage between samples

generated as above and uniformly random samples R, x Kr/qR".

While it may at first seem more natural to choose s € R, (called the non-dual form
of RLWE) instead of using the dual lattice, and while they are equivalent up to choice
of distribution, a spherical Gaussian in the dual form may convert to a highly elliptical
Gaussian in the nondual form, giving rise to unwanted patterns in the errors which allow
for solving both search and decision. It is this type of weakness which is explored in [16],

[10], [26] and which we will exploit for new classes of examples.



2.2 Matrix Theory

One of the most important quantities of a matrix A is the determinant.
Definition 7. Let A € C™"*" be a matrix. The determinant of A is
det(A) = Z (sign(nm) Ham)
TESK i=1

where S, is the set of all permutations 7 of the set {1,2,...,n} and sign(w) = 1 if 7 is

even and —1 if 7 is odd.
We now recall the definition of the singular value decomposition.

Definition 8. ([22]) Let A € C™*" of rank(A) = r. There exist orthogonal matrices
UeCrmm Ve C™" and a diagonal matrix ¥, = diag(si, o, ..., s,) such that

2y

A=U Ve

with s; > s9 > -+ > s, > 0. This factorization is called a singular value decomposition

of A and the s; are called singular values.
Definition 9. ([22]) Let A be an m x n matrix.

1. The condition number of k(A) is s1/s, if s, > 0 and oo if s, = 0.

2. The Frobenius norm [|A|[r of A = (a;;) is />, ; |ai;]*.

3. The I-norm of A is ||A|; = maxi<j<n iy |ai ;] and the infinity norm is || Al|. =

MaX) <i<n P iy |-
4. The 2-norm ||A||2 is s1.

5. For p > 1, let x € C" and let the vector p-norm of z be defined as ||z||, =
| Az||p

llllp

(Z?:1)|xl|p)% Then the matrix p-norm [|Al|, is sup,

Norms are submultiplicative and various relationships exist between the common norms

above.
Proposition 1. For matrices A and B with the same number of columns,

1. For ap-norm || - [, I|ABll, < 1Al || Bl



2. [[Allz < VIIAlL 1Al o

3. || All2 < [IAllF

The rest of the singular value spectrum is not submultiplicative, but the following rela-

tionship does hold.

Proposition 2. For the singular values s; of compatible matrices A, B,
SZ(AB) S Sl(A)SZ(B)

for 1 < i < min(m,n).

If we happen to know the singular value spectrum of A, calculating its determinant up

to absolute value is easy.
Proposition 3. |det(A)| =[], si(4).

Singular values and the condition number have an important geometric interpretation:
si(A) is the distortion of a unit ball under multiplication by A in n-space along the ith

axis, and k(A) quantifies the total amount of distortion in the system.

The following theorem gives an important connection from the singular values of A to a

low-rank approximation of A.

Theorem 1. (/25]) Let A;_y be the closest approximation of A of rank at most j — 1.
Then
sj = [1A = Al

for1 <j<n.

2.3 Polynomial Roots

Our analysis of polynomials for RLWE base rings will depend on the the following results.

The theorems and definitions in this section come from [27].

Definition 10. Let ay,...,a, be a sequence of real numbers. We define V' (ay, ..., a,)
as the total number of variations of sign in the reduced sequence obtained by ignoring
all the zero elements. We agree that V' assumes the value zero if only one or none of the

elements is different from zero.
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Example 1. V(1,-2,3,0,—4,5) = 4, since there is one variation in sign between the 1
and —2, the —2 and 3, the 3 and —4 (here we ignore the 0), and —4 and 5. Similarly,
V(7,0,8,9) = 0.

Theorem 2 (Sturm). Let f be a polynomial with real coefficients. Let

fig1 = —Tem(fz‘7 fi—l)

where rem(f;, fi—1) is the remainder of the polynomials f;, fi_1 as produced by the Fu-
clidean algorithm. Then consider fo, f1, f2y. .., fm where fo = f and fi = f'. Suppose
that f does not vanish at a and b where a < b. Then

Nyla, b = V(fola), ..., fm(a)) =V (fo(b),. .., fm(b))

where N¢la,b] denotes the number of distinct zeros of f in |a,b].

To find the total number of real roots, we can consider the sequences

V(fo(=00), fi(—=00) ... fin(—00))
and
V(fo(00), fi(00) ... fm(00)),

where we define f(c0) as the sign of its leading coefficient, and f(—o0) as the sign of the
leading coefficient of f for even degree f, and f(—o0) as the opposite sign of the leading
coefficient of f for odd degree f.

Theorem 3 (Montel). Every polynomial fy(z) = ap+ar1z+---+apzp+c12™ +- - -+ 2™

(a, # 0,1 <ny < --- < ny) has a zero of modulus not exceeding |ag/a,|"Pry where ry = 1
and y
ny e \ip _ (PHEYT
= < ke N.
T (nl -k ng— p) - ( k )

Theorem 4 (Budan-Fourier). Let f be a polynomial of degree n with real coefficients.
Let I be any interval and N;(I) denote the number of zeros of f in I. Let Vi(z) =

V(f(@), f'(@),..., ™ (x)). Then
Ny(a,b] = Vi(a) — Vy(b) — 2k

for some k € Ny.

11



We will make use of the following facts from [27] below.

Definition 11. Let f(z) = ag+ a1z + -+ + a,z" be a polynomial of degree n. Then the
Cauchy bound of f, denoted p[f], is defined as the unique positive root of the equation

lag| + |ay|x + -+ + ]an_llx"_l = |a,|z"

when f is not a monomial and 0 otherwise.

Theorem 5 (Cauchy). All zeros of a non-constant polynomial f lie in the closed disc
with center at the origin and the Cauchy bound p|f]| as radius. Moreover, for such a disc,

plf] is the smallest radius that depends only on the moduli of the coefficients of f.

Of course, calculating the Cauchy bound of Theorem 5 seems just as difficult as finding a
root of f itself. However, this bound is useful because there are many ways of estimating

it. We will make use of the following; other methods appear in Chapter 8 of [27].

Theorem 6. For the Cauchy bound p[f] of a polynomial f as above, then for positive

numbers Ao, ..., \,_1 such that ZZ;(I) A, =1, we have

1 a, L
plfl < oglz{lgaf—l </\_V‘a ) '

2.4 Constructing the Vandermonde Matrix

We recall the definition of a Vandermonde matrix, since properties of Vandermonde

matrices play a large role in our analysis.

Definition 12. ([19]) An n x n Vandermonde matrix V = [v;;] has the form v;; = o'

for scalars «;. The «; are sometimes called the nodes of the Vandermonde matrix.

Example 2. For n = 3, o; = i, the Vandermonde matrix of the «; is

— = =
w N =
[N R N

We will use some well-known properties of the Vandermonde matrix throughout.

12



Proposition 4. ([19]) The determinant of a Vandermonde matriz V' with nodes o is

det(V) = [] (a;—au).

1<i<j<n

It is clear from Definition 4 that the Vandermonde matrix is nonsingular if and only if

the nodes are distinct.

While the Vandermonde matrix is often notoriously ill-conditioned even in the nonsin-

gular case, it is possible to write down an analytic inverse.

Proposition 5. ([19]) Let the i,j entry of the inverse V' of a Vandermonde matriz V

with nodes oy be denoted v;;. Then

§ Qmy * " amn—i

1<mi<..<mp—;<n
mi,...;Mnp—q 75‘7

IT (o —ay)

1<k<n
k#j

We note that the canonical embedding of R as defined above is simply the Vandermonde

matrix of the roots of the minimal polynomial.

Lemma 1. For a ring R = Z[z]/m(x) with power basis B = {1,x,..., 2" '}, let ¢ denote
a root of the minimal polynomial m(x). Then the matriz of the canonical embedding o(B)
is the Vandermonde matriz with nodes o; = ¢*,0 <1 <n — 1. We will denote it V,,, or

simply V' when the polynomial m(x) is clear.

Proof. Let 0;,1 < j < n, denote the jth complex embedding which maps ¢ to a root of
m(x). By the first isomorphism theorem, the roots of m(zx) are 1,(,...,¢" ! and thus
0;(¢) = ¢/71. Since the o; are ring homomorphisms, for ¢* we have o;((;) = ¢*0=Y.

Letting «; = (; gives the definition of a Vandermonde matrix. O

Thus we can leverage the properties of Vandermonde matrices when analyzing this map-

ping between the canonical and coefficient embeddings.
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Chapter 3

Previous Results and Our

Contributions

3.1 Previous Results

We give a brief overview of previous results relating to the security of using non-cyclotomic
base rings R for the non-dual form of the RLWE problem. The ideas presented here mo-
tivated our exploration of the roots of polynomials of the form z™ + ax™ +b where m < n
are positive integers and a,b € R, and the singular value properties of their associated

Vandermonde matrices, which appear in Chapters 4 and 5 below.

Throughout, we refer to the matrix Vandermonde matrix M (sometimes V') of an ideal
I € R[z]/m(z) as the Vandermonde matrix whose nodes are the roots of the minimal
polynomial m(z). For short, we may refer to this matrix as “the matrix of the polyno-

mial.”

In [16], the authors define the normalized spectral norm of a matrix M as
N (M) = || M|2/] det(M)["/",

and note N’ := N(M~') = ||[M 7Yy det(M)|/". They prove that where x(M) is the

2-norm condition number of M, we have

N'(M) < 2k(M).

14



Furthermore, the authors plot N for f = 23? +ax +b for —60 < a,b < 60 and conjecture
based on this plot that most, though not all, of these f satisfy N/ < \/W . The
authors do not give any heuristic motivation for which choices of coefficients the bound
will or will not be satisfied. They do solve the non-dual search RLWE problem for the
weak parameter choice of f(x) = x'* + 524288z + 524285, which satisfies a number of
conditions laid out in the paper, including a requirement on the size of the spectral norm

of M and a requirement on the modulus ¢ used in RLWE.

The paper [9] extends the ideas expressed in [16]. The authors note that the roots of the
polynomial f(x) = x'*® + 524288x + 524285 roughly form a circle and that the singular
values decrease roughly geometrically, but they make no attempt to generalize these
observations. They provide a simple linear algebra attack on weak instances of RLWE
which is independent on the modulus ¢ and depends only on choice of Gaussian width
relative to s, (M).

T
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Figure 3.1: Behavior of 212 4 524288z + 524285 observed in [9].

In [26], the criterion for a successful linear algebra attack on the search version is sim-
plified, showing that independent of singular values magnitude, it suffices only to have a

row of M~! that has a small Euclidean norm relative to the Gaussian width parameter.

In [17] the RLWE question is approached from a more number theoretic perspective. With
the definition of spectral norm as above, the authors propose as an open problem finding
possible values of p(M) for M constructed as above, specifically whether possible values
for p are on a continuum or discrete in regions of R. They also recall that the definition

of the Mahler measure M(f) of a polynomial f(z) = a(z — aq)(x — ag)...(x — ay,) is

15



given by

M(f)=a H |

lovi|>1
and ask if there is a connection between small Mahler measure and small spectral norm,
giving examples where this is the case. The authors also note that related quantities

of M, such as condition number or the entire vector of singular values, could also be of

interest.

Finally, [32] gives a tighter connection between hardness results for the RLWE problem
and a polynomial LWE problem. As part of their argument, the authors prove the
following, by bounding the roots of f using Rouche’s Theorem and using the Frobenius

nori.

Theorem 7. (/32], Theorem 4.7) Let P(x) = Y2, ., pja’ for complex p;. Let gnp =
" — b+ P(x) and let V' be the Vandermonde matriz with the roots of g, as nodes.
Denote the Frobenius norm of V by ||V||r. Then for any b > (||P||, - C~'e?)Y ) with

1/n
C =11 —cos(a™'/" — 2;:2/n )|, we have

|V]|r < bne

and
IV < n®2(|| Pl + 1)6Y/ e,

While this result is exciting, covering a fairly general class of polynomials, it does not
completely clear up the questions of spectral norm proposed in the previous papers. For
instance, these estimates of ||V and ||V ~!||F, which also gives upper bounds for the

2-norm by Proposition 1, are in practice much too large.

3.2 Our Contributions

Broadly, we sought to extend the attacks above to theorems based on more general classes
of polynomials. Since the attacks above depend on properties of the polynomial’s Van-
dermonde matrices, which in turn depend on the locations of the polynomial roots, our
contributions span branches of analytic polynomial theory, matrix theory, and combina-

torics.

We began with an analysis of polynomials of the form 2" +az+b for n € Z* and a,b € R.

16



Our contributions include empirical observations regarding their root locations and a
new conjecture about the magnitude of singular values of the associated Vandermonde
matrices. We provide a proof of the number of roots with modulus less than 1 when
a = b =1 and make significant progress on the proof for the a,b # 1 case. These results

appear in Chapter 4.

Then, we broadened our analysis to polynomials of the more general form z™ + az™ + b
for a,b € R and m < n. Here we extend the empirical observations with regards to
root locations and singular value properties to the more general case. We contribute
numerical evidence that these bounds are in practice quite tight. We also provide proofs
regarding the number of real roots of these polynomials and prove that they always have

at least one root of modulus less than 1. These results appear in Chapter 5.

We provide our most exciting results in Chapter 6. While seeking to generalize a root
localization theorem of Chapter 4, we came across an interesting and open combinatorics
question regarding the determinant of a certain type of tridiagonal matrix. We proved
bijections between 5 classes of combinatorial objects, the overwhelming majority of which
were previously unknown in the literature. In doing so, we greatly expanded the current
research regarding a certain class of generalized Fibonacci number. We also give the first
generating function for this class of Fibonacci number, and prove three new identities on
these k-Fibonacci numbers which we use as lemmas to obtain the generating function.
Both the generating function question and at least two of the bijections were specifically

posed as open combinatorial questions in [14].

Lastly, we briefly explored the Mahler measure question proposed in [17] for Salem and
Pisot numbers. Our results indicate that contrary to the conjecture of [17], Mahler
measure by itself is not sufficient to determine spectral norm. In addition, our approaches
in this section, such as leveraging properties of the Vandermonde matrix and our use of
the Eckart-Young theorem, could be generalized to other polynomials with known roots,
including those of the form x"+ax™+b given more information about their root locations.

This work is presented in Chapter 7.
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Chapter 4

The First Polynomial: z" + ax + b

4.1 Motivation

The polynomials considered in [16] and [9] are of the form 2™ + ax + b, for a positive
integer n and a,b € R. Initially, we look at properties of the roots for the a = b = 1 case,

and explore the generalization at the end of the chapter.

In addition, there is cryptographic interest in polynomials of this form besides their use
in RLWE. In [8], researchers proposed a new class of polynomials for base ring defined

in the cryptosystem NTRU, noting that the polynomials
¥ —x—1

for p a prime integer satisfy desired irreducibility requirements and are more secure
against certain classes of attacks. While we do not know if a detailed analysis of the
roots would be of any use in analyzing the security of NTRU prime, the cryptographic

interest in these polynomials motivates further exploration.

The analysis in [32] also motivates the spectral analysis of these polynomials with the

following result:

Theorem 8 ([32], Appendix C). Let V be the Vandermonde matriz of z™ £ x £ 1. Then
for every n > 2,
IVI[e < 2n

18



and
IV < 6n™/2,

Since the Frobenius norm bounds the 2-norm, the first part of Theorem 8 gives an upper
bound on the largest singular value of V' (and, trivially, the entire spectrum). However,
we noticed that this bound is in practice much too loose. The bound increases linearly
in n, and the maximum singular value increases sublinearly in n. See Figure 4.1 for an

illustration.
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Figure 4.1: An illustration of the 2-norm bound of [32] as polynomial degree increases.

In addition to providing a loose bound for the maximum singular value, Theorem 8 does
not give us any useful information about the rest of the spectrum of V. In fact, the

behavior of the entire spectrum is intriguing.
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120

In all of these examples, an inflection point occurs around index 2 |n/3] . This state of

affairs becomes even more curious when we compare the singular value plots to the plots

of the roots of the polynomials.
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Figure 4.3: Polynomial roots of various choices of n

While it it is hard to tell from the plots for larger n, computations indicate that roughly

|n/3] of the roots of the polynomials tested lie inside the unit circle.

Given that the the roots of the polynomial and their powers form the nodes of the
Vandermonde matrices, it is perhaps not surprising that there is a connection between
the root and matrix properties. However, it was not immediately apparent to us why
this connection should be so strong or so pervasive. Thus, in an effort to learn more

about the Vandermonde matrix properties of this polynomial, we first investigate the
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root properties of these polynomials.

4.2 Root Locations

We start by identifying the locations of the roots of 2™ + x + 1, and we will show that
polynomials of this form do in fact have roughly |n/3] of their roots inside the unit circle.
Our approach to the proof is to convert the root finding problem to a matrix problem

using the Schur-Cohn Theorem. First recall some basic definitions.

Definition 13 ([22]). The inertia of a real-symmetric matrix A is defined as the triple

(n-‘ra n_, nO)

where n,,n_,ng are respectively the number of positive, negative, and zero eigenvalues
of A.

A symmetric matrix has no complex eigenvalues and thus positive and negative eigen-

values are well-defined.

Definition 14 ([27]). The signature of A, denoted sig(A), is ny —n_and the rank of A

isny +n..
Definition 15 ([27]). A real quadratic form in n real variables x4, ..., z, is defined by
Qx) = x" Az = Z Z Qi T;%;
i=1 j=1
where A = (a;;) € R™" is a real symmetric matrix.

The following is the main theorem we will use to analyze the locations of polynomial

roots.

Theorem 9 (Schur-Cohn; see [27]). Let f(z) = > a;x" be a polynomial of degree n.
Suppose that f(x) and f*(z) := f(%) have no common zero, and denote by sig(f) the
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signature of the quadratic form C' = BT B — AT A where

apg ap ... QAp-—1
A— ap ... Qap—2
Qo
and
Qp  Qp—1 ay
B— an C_L'2
n
Then f has exactly "Jr%-g(f) zeros inside the unit circle, %g(f) zeros outside the unit

circle, and no zeros on it.

Note that Schur-Cohn in its full generality holds for polynomials with complex coeffi-
cients, in which case C' is a Hermitian form. As the coefficients of our polynomials are

real, we only need the version as stated in Theorem 9.
For f(z) = 2™ —x — 1, we construct the Schur-Cohn matrix C' as in Theorem 9.

Proposition 6. Let f(z) = 2" —x — 1. Then the Hermitian form C as in Theorem 9 is

0 -1 0 -1
-1 -1 -1 0
cC=10 -1 -1 -1
—1
-1 0 0 -1 0
Proof. Immediate from Theorem 9. O

Now, to determine how many roots of f(z) are inside the unit circle, we must find the
signature of C. If the leading minors of C' are all nonzero, we could use the following
Theorem 10 to do this.

Theorem 10 (Jacobi; see [27]). Let A be a symmetric matriz of rank m. Suppose that
the principal minors Dy, ..., Dy, of A are all different from zero. Then the quadratic
form Q(x) := xT Az has signature sig(Q) = m — 2V (1, Dy, ..., D,,).
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At first, it seems we cannot use Theorem 10, as the Schur-Cohn matrix C' corresponding
to the quadratic form has some 0 minors; for instance, the leading 4 x 4 minor in the
ag = a; = —1 case is always zero. Luckily for us, there is a generalization of Theorem 10
that dates back to 1881 and allows zero minors as long as leading minor sequence does
not include more than two zeros as successive entries. In the subsequent application of

the theorem, a 0 can be counted as an entry of either sign. See [27].

Thus we only need to calculate the sign changes in the leading minor sequence to deter-

mine the signature of the quadratic form.
We take a combinatorial approach, for reasons that will soon become clear.
First, recall the definition of a leading matrix minor.

Definition 16. Let M} be the kth leading minor of a matrix A, that is, the submatrix
formed from the k x k elements in the upper left corner, for 1 < k <n — 1. Then

M, = Z (sz’gn(w) Ham)
TES =1

where Sy is the set of all permutations on the set {1,2,...,k} and sign(r) = 1 if 7 is

even and —1 if 7 is odd.

Due to the nearly-tridiagonal structure of the Schur-Cohn matrix C, calculating the
leading minor sequence is equivalent to solving a restricted permutation problem. As it

turns out, this particular permutation problem has a very nice combinatorial solution.

Proposition 7. All elements in the sum of Definition 16 for a given k are zero, except for

possibly permutations m on k elements 1,. ..k such that |m(i)—i| <1 foralll <i < n—1.

Proof. All entries a;; of C' are zero, unless j = ¢ £ 1. Thus for a given © € Sj, we must
have o; = 1414 or 0; =i for all ¢ with 1 <7 < n — 1 for any nonzero term in the sum
M;,. n

Thus we begin by counting permutations of the possibly-nonzero form. The result is a

familiar integer.

Throughout, let || denote the total number of permutations of the form of Proposition
7.
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Proposition 8. There are fr_1 permutations of the form in Proposition 7, where fr_1

1s the kth Fibonacci number.

Proof. Let 7, be a length k£ permutation of the desired form.

First, we must have 7 (1) = 2 for any k, since (i) — ¢ must be true and since 7 (1) = 1

gives a zero term as @ ; is 0. Similarly, we must have m(2) = 1. Thus |m| = |7(2)] = 1.

Now consider 7;,7 > 3. We must have m;(¢) =7 or m;(i) = i— 1. If m;(¢) = 4, then the first
i — 1 elements of 7 satisfy the | (i) —i| < 1 condition, and so there are |m;_1| elements
of m; with m;(¢) = ¢. Similarly, if m;(¢) =4 — 1, then m;(i — 1) = 1, and considering only

the first ¢ — 2 elements, by the same logic, gives |m;_s| elements of this form.
Thus, || = |mp—1| + |mr_2| for any 3 < k <n — 1.

Recall that the Fibonacci numbers are defined recursively by

fO =0, fl = 17.fn = fn—l +fn—2-

As the recursion on m; is identical with the same initial conditions, we obtain that the
number of 7(k) = fr_1. The length-1 shift occurs because of the +1 shift in indexing for

the initial conditions.

O

We have now calculated the ¢th leading minor of C' but discarded the signs in the defini-
tion of a determinant (see Definition 7). In the matrix theory literature, this is known as
the permanent of a matrix. We remark that it is known that the permanent of a tridiag-
onal matrix of all 1’s is a Fibonacci number; the usual proof is through the definition of
a matrix continuant. We present the combinatorial argument above because the typical
definition of a matrix continuant does not hold when the off-diagonal elements are not
the sub and super diagonals. Our combinatorial argument will generalize to the more
complicated cases in Chapter 6 below, while the traditional matrix continuant argument

does not.

To find the M, themselves now that we know the number of terms in the expansion, we
need to find the sign each of those terms. Recall that the sign of a permutation 7 is 1 if 7
has an even number of transpositions, and —1 if 7 has an odd number of transpositions.

The recursive argument about makes it quite easy to count these transpositions.
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Theorem 11. Define two interlacing recursive sequences t and w with initial conditions
to=1t =0, up=0,uy =1, and tp = tx_1 + ur_2 and uy = ux_1 + tx_o. Then there are
tr permutations on m, with an even number of transpositions and u permutations on Ty

with an odd number of transpositions.

Proof. Recall the recursive argument given above. Then the |m;_;| terms of 7, have the
same number of descents; the terms of 7, constructed from m,_o will have one more de-
scent than the original m;_o by construction. Recalling the initial conditions m; = 2 (one
permutation, and no permutations with either an even nor odd number of transpositions)
and o = 21 (one permutation with an odd number of transpositions, no permutations

with even number of descents) concludes the argument. ]

This theorem naturally partitions the Fibonacci numbers into the sum of two sequences.

Corollary 1. F,, = t, + u,, with F,, the nth Fibonacci number and t,,u, defined as in
Theorem 11.

The difference between t, and wuy, and thus the calculation of the minors of C, is pre-
dictable.

Lemma 2. Let v, =t —uy be the sequences of differences of the entries of the sequences
a,b. Then
—1,k=2,3 mod©6
v, =40,k=1,4 mod®6
1,k=5,6 mod6

Proof. First, from the initial conditions we have that v; = ¢t; —u; = 0 — 0 = 0 and
Vg =ty —us = 0—1 = —1. Now, by the recursive definition of ¢,u, we have that for
k> 3,

Vg =t — Up = tg—1 + Up—2 — (Ug—1 + tk—2)
= tpo1 — Up—1 — (tp—2 — Uk—2)

= V-1 — Ug—2-

From here, we note
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Vg3 = Vk4+2 — Uk+41
= VUk41 — Uk — VUk41

and thus vy, = vg. Noting that v3 = —1 from the initial conditions concludes the

proof. O]

While v, does not quite count the minor sequence of C', it is quite close.

Lemma 3. Where My, 1 < k <n — 1, is the kth leading minor of C,

1,k=0 mod 3
My,=1<0,k=1 mod 3
—1,k=2 mod 3

Proof. The proof is simply Lemma 2 combined with our knowledge of C. Since ¢;; = 1
for all the entries of C' we are considering, the terms in the product in Definition 16 will
contribute a coefficient of 1 if the permutation has even length and —1 if the permutation
has odd length. Thus we switch the sign of v in Lemma 2 for odd k only which yields
the result. O]

If the polynomial coefficients a = b = 1, we do not switch the signs for odd &, since all

Cij = 1.

We have now determined M for all 1 < k < n — 1. Calculating the determinant of C' is

our last lemma.

Lemma 4. Let C' be the Schur-Cohn matriz for x™ —x — 1. Then

—1,n=0 mod 3
det(C) =4 —1,n=1 mod 3
—4,n=2 mod 3

Proof. Throughout, let 7 = 7, for clarity. We follow the same permutation argument as

above, with the difference is the additional possibilities of (1) = n with the addition of
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the last row and 7(n) = 1 or m(n) = n — 1 with the addition of the last column. We also

have 7(n — 1) = n case, as before. We consider four cases.

1. If 7(1) = 2 and 7m(n) = n — 1, then we must have 7(2) = 1. We can pick entries

from all other middle columns in the usual |7(n — 3)| = F,_4 ways.

2. If 7(1) = 2 and 7(n) = 1, then we must have w(n — 1) = n. However, this in turn

forces m(n—2) = n—1, and so on. Thus there is only one permutation in this case.

3. If 7(1) = n and w(n) = n — 1, the argument is similar to case 2. We must have
7(2) = 1, which sets 7(3) = 2, and so on til 7(n — 1) = n — 2. Thus there is only

one permutation in this case as well.

4. If 7(1) = n and m(n) = 1, we have to order only the middle elements. This
is like case 1, but without the restriction that 7(2) = 1. Thus, there are F,,_3

permutations here.

So consider the signs of each of these permutations. In case 1, the parity is the same as
was determined in Lemma 3. However, in cases 2 through 4 the number of descents does
not necessarily determine the parity of the permutation; luckily we know enough about

the structure of the permutations to determine them by hand.

In case 2, all the elements are in fixed point order, with the exception of the 1 in the
nth position. Thus it will take n — 1 transpositions to order the permutation to 7 (i) = 1.
Thus the case 2 permutation has sign —1"~%. If n is even, (—1)""! = —1, and there is no
sign change from the even number of @;; in the minor expansion, so the term is —1. If
n is odd, (=1)"~! = 1, but there is a change from the odd number of a;; = —1 in the
minor expansion, so the term is still —1. Thus case 2 contributes a —1 to the determinant

regardless of the parity of n.

In case 3, the argument is the same as case 2, except the n — 1 transpositions come from
swapping the n in position 1 back to position n. Thus this term always contributes a —1

as well.

In case 4, we need to reorder the middle n — 2 elements, which follows the Lemma 3
pattern. Then we must consider the number of transpositions from the 7(1) and 7(n)
elements. As again every element is bigger than m(p)n, that gives n — 1 transpositions;
since (1) is bigger than all other elements, that is an additional n — 2 transpositions (we
are avoiding double counting m(1) > 7(n)). Thus there is an additional 2n — 3 inversions,

which is always odd regardless of n.
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Thus case 4 is a flipped sign from case 1, with an index-1 offset in the mod since there

are ¢,_1 and not ¢, transpositions in the middle. Adding, the case-4 coefficient is thus

—1.n=2 mod3
0,n=0 mod 3
I,n=1 mod3

Now, we put it all together. Let n =0 mod 3. Then,

det(C)=1-2+40=—1.

Let n =1 mod 3. Then,
det(C)=0—-2+41=—1.

Let n =2 mod 3. Then,
det(C)=-1-2—-1=—4.

O
The determinant calculation yields an important corollary.
Corollary 2. Rank(C) = n.
Proof. As per Lemma 4, det(C') # 0 regardless of the modularity of n. ]

This corollary proves that we can in fact use Theorem 9 to count the roots inside the

unit circle, since f(x) and f*(x) have no common roots.

We are now ready to count the sign changes in the minor sequence and thus the number

of roots inside the unit circle.

Lemma 5. Let V(S) be the number of sign changes in a sequence S, where 0 can be

counted as either positive or negative. Let S =1, M, ..., M,. Then

%”—1,7150 mod 3
V(S) = @4—1,7151 mod 3

@—1, n=2 mod3
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Proof. As established above, the minor sequence repeats 1,0,—1,1,0, —1... starting at
index k& = 0, with variation in the m,, coordinate. If there are r elements organized into

blocks of 1,0, —1, there are %’" — 1 sign changes—r/3 to account for the r switches from

1 to —1 within each block and r/3 — 1 to account for the —1 to 1 switch between the
blocks.

If n =0 mod 3, then we have n/3 full blocks, with one more —1 on the end. As the M,
coordinate for the determinant is negative, there is no switch between M, ; = —1 and

M, = —1, and this observation yields case 1 directly.

If n =1 mod 3, there are n — 1 complete blocks, and then M,,_; = 1 and M, = —1.
This yields an extra 2 sign changes after the full blocks and thus the result.

If n =2 mod 3, we have (n —2)/3 full blocks, and then M,, =1, M, =0, M,, = —4.
The sign changes are identical to that of (n+ 1)/3 full blocks and counting them as such
yields the result. O

The main result is an easy corollary.

Theorem 12. Let f(x) = 2™ —x — 1, n > 1. Let zer(f) be the number of zeros of f

inside the unit circle. Then
3
zer(f) =4

Proof. From Theorem 10, the signature sig(f) of the Hermitian form associated with f
is n — 2V (S) where S is the minor sequence, and by Theorem 9, the number of roots
inside the unit circle is (n +sig(f))/2 = (n +n +sig(f))/2 =n — V(S).
If n =0 mod 3, then
2n n
—V(S)=n—""+41=_+1.
n=V(S)=n-—o+1=2+

If n=1 mod 3, then
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If n =2 mod 3, then

n—V(S) =n— 2t

[]

As a sanity check, we successfully verified Theorem 12 in Sage for the roots of all poly-

nomials 2" —x — 1, 3 < n < 100.

4.3 When a,b# 1

Now, we explore what happens when a, b are not necessarily 1. This analysis depends on
the previous case, but also requires the additional knowledge of where the fixed points of
the permutations lie. We obtain an expression for the leading minors in a and b, although
determining the sign changes is not as clear as the previous section, and we are not able
to conclude much as far as root locations. However, the work in this section paves the
way for both further exploration of the root locations, as well as providing motivation

for the combinatorial results of Chapter 6.
We begin by constructing the Schur-Cohn matrix C' for this new class of polynomials.

Proposition 9. Let p(x) = 2™ — ax — b. Then p(x) has exactly n — V(1,Cy,...,Cy)

zeros inside the unit circle where

(1 — 12 —ab 0 0 —a
—ab 1—a% =¥ —ab 0 0
0 —ab —1—a?—=b* —ab 0
C =
—ab 0
0 . —ab
i —a 0 0 —CLb 1 — b2

Proof. Immediate from Schur-Cohn: let
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b —a 0 |
0 —-b —a
A=10 0
—a
|00 0 —b)
and
1 0 0 —a]
0 1 0
B =10
0
0 0 0 1
and construct the quadratic form. O

To find the number of zeros inside the unit circle, we need to construct the leading minor
sequence. This differs from the ™ — x — 1 case in that now we need to separately count
the number of diagonal elements in the matrix; that is, the number of fixed points in the

restricted permutation class.

We motivate the investigation of the fixed points by the leading minor definition and the
structure of C'. Since the diagonal elements of C are different from the sub and super
diagonals, and since we will get a contribution of a diagonal element whenever we have a
permutation o such that a;,;) = a; in the minor definition, we need to be able to count

how many fixed points there are in each restricted permutation of length 1 to n — 1.
For this class of restricted permutation, such a calculation is not difficult.
Proposition 10. The total number of fired points in a length n permutation m with

(i) — i <1 is » |
3 (”Z,‘Z><n_2¢>.

1=0

For some given i, there are
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total permutations with v fixed points.
Proof. See Chapter 6. [

With this additional knowledge, we can write down an expression for the minors using

techniques similar to those of the previous chapter.

Proposition 11. Let C; be the ith leading minor of C, 1 <i < n—1. Then

Ci=(1-0") ) (=)

A <n 1
=0 .

)(1 —a® = )" (ab)*

]

[n/2] .
fn—2—1 4 4
+ -1 n+i ' 1 — a2 - b2 n—21 ab 21_
S (") ) ab)
Proof. If (1) = 1 or w(n) = n, this contributes a 1 — b* term to the minor. We can
disregard the 7(n) = n case, since we only need permutations up to length n — 1 for the
minors we are considering here. For all other fixed points, each permutation with ¢ fixed
points contributes a (1 — a® — v*)"?(ab)? term. So, calculating the minor consists of

finding the number of permutations with ¢ fixed points and their signs.

By Proposition 10, there are ZZLZ{)QJ (";’) permutations with ¢ fixed points. With t; =

(”_Z.Q_i) and u; = ("_il_i) denoting the partition into even and odd permutations as in
the a = b =1 case in Lemma 2, there are t; permutations of length n with 7(1) = 1 and
u; permutations of length n with 7(1) = 2. Each of the (1) = 1 permutations has sign
(—1)™" since there is a —1 for each swap and for each term in the permutation; similarly

each of the 7(1) = 2 permutations has sign (—1)""*! accounting for the initial 21 swap.

Putting it all together, we obtain

/2] .
4 —1—2 . .
— (1 — 2 _qynHi (T 1— a2 — D221 gh)%
Ci= =) S (M e
X n—2—i
—1)nt 2 32\n—2i( 72
+;( 1) ( Z, )(1 a? — b2 (ab)?,
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Corollary 3. The x™ + ax + b case is identical to the x™ — ax — b case from Proposition

9.

Proof. The only difference in the Schur-Cohn matrix C occurs in the upper right and

lower left corners, which does not matter for any minor smaller than the full determinant.
O

Remark 1. Letting a,b = +1 recovers the case from the previous section.

To prove the number of roots inside the unit circle for ™ — ax — b, we would have to
count the number of sign changes in the sequence 1, My, ..., M, for M, as above. We

leave the completion of the proof to future work.
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Chapter 5
Generalizing: "+ ax™ + b

Next, we generalize the Chapter 4 analysis of root and singular value properties of the
matrix V'; we now consider polynomials of the form f(x) = 2" + az™ + b, with a,b € R
and for integers n,m with 2 < m < n. While most of the observations in this chapter
are empirical, they do advance the existing literature. In addition, our application of
the Cauchy bound to these polynomials is also novel and results in an apparently tighter
bound for this class of polynomials than previously known. Furthermore, generalizing the
Schur-Cohn approach from the previous chapter naturally leads to fascinating questions

in enumerative combinatorics, which we ultimately answer in Chapter 6.

In this chapter, we observe the behavior of the roots in the complex plane for our class

of polynomials, and we prove some root properties for the m =1 and a,b # 1 case.

For the class of polynomials of the form f(z) = 2" + ax™ + b, the behavior of the
polynomial roots seems to be determined entirely by the (relative) magnitudes of the
coefficients @ and b and the degrees n,m. Furthermore, properties of V; are in turn
determined by the roots of f. We show below that we can calculate a bound on the
spectral distortion of V; above knowing only the 4 parameters a, b, m,n. Moreover, we

provide empirical evidence that the bounds we propose are extremely tight in practice.

5.1 Empirical Observations

To motivate analysis of the root behavior below, we first show trends we observed com-

putationally for the location of the roots of f in terms of the degree and the coefficients.
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We begin by fixing m = 1. First, observe that the roots of f fall roughly on a circle.

f appears to have one real root, and the behavior of that real root is controlled by the

relative magnitudes of a and b. To see this, we fix n = 50 and vary a and b; the results

are show in Figure 5.11. The unit circle is shown in blue.
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Figure 5.1: Root plots for n = 50 and various choices of a and b.

Thus taking a > b seems to give a root of modulus less than 1, a = b gives a root of

modulus about 1, and b > a gives a root of modulus greater than 1.

The modulus of the outer ring of roots appears to be controlled by n and, to a lesser

extent, the magnitudes of a and b. Fixing a = b = 1000 and varying n gives Figure 5.12.
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Figure 5.2: Root plots for a = b = 1000 and various n.

Furthermore, fixing n = 50 and varying a = b gives Figure 5.13.
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Figure 5.3: Root plots for n = 50 and various a and b.

Thus, it seems like 1 root falls inside the unit circle roughly when a = b or a > b (with
possibly more subtle behavior when 7 is on the same order of magnitude as a,b.) In
Chapter 4, we presented a method through the Schur-Cohn theorem which could be used
to prove these results. The conclusion would depend on calculating the number of sign

changes in the sequence of leading minors for a, b of different relative magnitudes. We

explore this approach further below.

The observed behavior generalizes fairly directly to the m > 1 case. Where above there
was 1 distinguished root on our near the unit circle, there are now m of them, spaced

approximately evenly. Other trends in terms of root magnitude depending on a, b, n and
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tightness to the unit circle depending on n appear to continue.
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Figure 5.4: Root plots for various n,m, a, b.

We seek an analytic explanation of these observed trends. In the following section, we
will prove a bound on the magnitude of the polynomial roots and show that it is in
practice quite tight. However, we give no guarantee of tightness, and this bound says
nothing about the distribution of roots inside versus outside the unit circle. Yet it is in

practice a tighter bound that that given in [32] for this class of polynomials.
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5.2 Polynomial Root Analysis

We first bound the magnitudes of all roots of f, using the Cauchy bound of Theorem 5

and its approximation in Theorem 6.

Proposition 12. Let p[f]| be the Cauchy bound of a polynomial f. Then the roots of

f(z) =2" +ax™ +b, 1 <m <n, have modulus at most
plf] = max((2lal)"'", (2Jo])/"=™).

Proof. Consider Theorem 6 with \g = \,,, = % and all other A\; = 0. Clearly the condition
that Z?:_ol Ai = 1 holds, but note Theorem 6 requires all A\; > 0. However, for our f(x) the
proof of Theorem 6 in [27] carries through for A; = 0,i # 0, m (that is, when |a,/a,| = 0),
which we now show, following the original proof technique.

1 |ay 1/(n—v

e ) and let Cy = \Z—“\ It suffices to show that ¢y + 1 R +
<+ e R < R™ (see [27], Lemma 8.1.1). Note that ¢, < A\,R""? is always true: by
definition if A\, # 0, ¢, # 0, and trivially if A\, = ¢, = 0. Thus,

Let R = maXop<y<n—1

n—1 n—1
Y eR'<Y ANR'=R"
v=0 v=0

and the result follows.

]

For smaller m, this bound appears to be tighter; it is worth highlighting the m = 1 case.

Corollary 4. The roots of f(x) = 2™ + ax + b have modulus at most
max((2[a])'/", (2[p)) /" V).
Proof. Let m =1 in the bound of Theorem 12. m

The bound of Proposition 12 makes intuitive sense when compared with the behavior
of the root modulus observed above: decreasing the magnitude of a or b forces the
maximum modulus closer to the unit circle gradually, while an increase in n forces the

modulus closer to the unit circle more rapidly.
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Note that Proposition 12 makes no guarantee of tightness; it could be several orders of
magnitude too large, and in fact many of the other upper bounds of p[f] listed in [27]
we tested but do not list here; they were too loose to give any useful information about
the roots of f(x). However, the bound r is in practice extremely tight, as illustrated in

Figure 5.5 for the n = 1 case.
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Figure 5.5: Plots of roots and bound, n = 35,a = b = led
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Figure 5.7: Plots of roots and bound, n =35,a=b=1

In the m > 1 case, the bound is less tight on average than in the a > b case, due to the
nested circle behavior of the roots observed above. The Cauchy bound does not give us

any information about the existence of the smaller roots. See Figures 5.8, 5.9, and 5.10
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for illustrations of the roots and the Cauchy bound.
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Figure 5.8: Plots of roots and bound, n = 34,a = b = 1000, m = 14
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Figure 5.9: Plots of roots and bound, n = 50,a = 10000,b = 1,m = 10
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Graphically, the root bound appears to be fairly tight. We quantify this tightness more
precisely for varying values of a,b,n,m by measuring the distance of various roots to
the point closest to them on the unit circle. In Table 5.1, “Max distance to outer root”
refers to the the maximum modulus of roots in the outer circle minus 1; “Max distance

to inner root” refers to the the maximum modulus of roots in the inner circle minus 1;
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Figure 5.10: Plots of roots and bound, n = 55,a = 1,b = 10000, m = 25

and “average distance” is the average of the modulus minus 1 over all roots.

Table 5.1:  Observed tightness of root bound for various n, m, a, b.

n m a b Max distance to outer root | Max distance to inner root | Average distance
55 1 1 1000 0.014356 0.014403 0.014379
55 | 20 1 1000 0.014126 0.014623 0.014379
55 | 40 1 1000 0.011131 0.017292 0.014377
55 1 | 1x1019 | 1x 1010 0.005583 0.551529 0.029393
100 | 1 | 1x10% | 1x 1010 0.001440 0.270723 0.0114596
100 | 10 | 1 x 1010 | 1 x 1010 0.008979 0.301535 0.039140
100 | 50 | 1 x 1010 | 1 x 1010 0.022124 0.607017 0.314571
100 | 1 1000 1 0.007524 1.078801 0.018246
100 | 10 1000 1 0.008343 0.586936 0.066207
100 | 50 1000 1 0.016028 0.293218 0.154623

Thus we see that tightness of the bound to the outer ring is consistently around 1072,
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with some variation depending on parameter magnitudes.

Plotting these errors gives an idea of how this tightness varies in each parameter. First,
we fix values of a,b and plot the errors for various values of n; see Figures 5.11 through
5.14. The errors decrease as n increases, but the errors increase slightly as the coefficients

increase in magnitude.
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Figure 5.11: Average and maximum error, a =b=1,m =1
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Figure 5.12: Average and maximum error, a = b= 10,m =1

0.5 T T T T T T T T T T T T T T T I I T
L w Average ermor
i@ Max error
r dr max emor to ouber ring
0.4 |
[
03
o [
2
]
0.2 | o ®
by ® ° ®
01F & ® ®
x ® 0%, e _,
L L L
* Hoox
D_ouu*****iifﬁiiﬁ%&&&i
3 8 1318 232833 38 43 4853 58 63 68 73 78 83 88 93 98
n

Figure 5.13: Average and maximum error, a = b = 100, m =1
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Figure 5.14: Average and maximum error, a = b =1 x 10°,m =1

Now we vary m. Figures 5.15 through 5.18 show the same a, b, n ranges as above, but
now we fix m = |[n/2]. The same sort of behavior as above is apparent, but note that
now that the average error especially is higher. This is because there are now m roots
near the unit circle and thus have larger distance from the outer maximum modulus,

instead of the 1 root as before.

For even n in the a = b = 1 cases, the maximum, maximum outer, and average error are
all equal. This is due to the fact that 2*® 2™ £ 1 are cyclotomic polynomials, thus their

roots are the roots of unity, and the Cauchy bound happens to be exact.
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Figure 5.15:  Average and maximum error, a = b= 1,m = |n/2|
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Figure 5.17:  Average and maximum error, a = b = 100, m = |n/2|
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Fixing m = |n/4| and repeating these tests gives a results as expected, with the average
error somewhere in between the m = 1 and m = |n/2] cases. See Figures 5.19 through
5.22.
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Figure 5.19: Average and maximum error, a = b= 1,m = [n/4]
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Figure 5.20: Average and maximum error, a = b = 10,m = |[n/4]
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Figure 5.22: Average and maximum error, a = b = 10°,m = |n/4|

Finally, we fix n = 55 (arbitrarily; similar results hold for other n) and vary the magnitude
of the coefficients. First, we clearly see the dominating behavior of a large b value; as
noted above, all roots appear in one ring, so the max inner, outer, and average errors
are extremely similar, and basically identical for large enough b. The results are shown
in Figures 5.23 through 5.25.
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For other values of m, the same trends hold, though convergence takes longer for larger
m. See Figures 5.26 through 5.28.
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For the a > b case, error to the inner ring of course increases, but error to the outer ring

remains consistent with the above trends. See Figures 5.29 and 5.30.
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Figure 5.29: Average and maximum error, n = 55,a = 1 x 10°,m = 1
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Thus we conjecture that for reasonably large values of n and for a, b, error, at least to
the outer ring of roots, is small. We leave proof of a tightness guarantee, either through

the Cauchy bound or some other theorem, as an avenue for future work.

Having explored the magnitudes of the roots in some observational depth, we briefly
turn to other root properties, and prove some basic results using more conventional root
theorems. In the m = 1 case, we can easily prove the existence and number of real roots

of the polynomial.

Proposition 13. The polynomial f(x) = ™ + ax + b has 1 real root if n is odd and

a# 0 and |a|] < n(a(l_—fi))n_l, and 3 real roots if a < 0 and |a| < n(a(l_—fl))n_l. If n is
even, f has 2 real roots if a # 0 and |a| < n(a(;—j’l))n_l, and 0 real roots if a < 0 and
-b )n—l. "

|CL‘ > n(a(T%_)

Proof. First, we calculate the Sturm sequence, defined in Theorem 2, of f(x). Clearly
fo(r) = 2" + ax + b and fi(z) = nz" ! + a. The remainder of quo(fy, fi) will have
degree 1, so the Sturm sequence will have 4 total entries. It is clear from the Euclidean
algorithm that rem(fo, f1) = a(1 — 2)z + b and so fo(z) = —a(l — L)z — b. So we must
calculate rem( f1, f2). The first entry of the quotient is

_"ag(ﬁln_ i multiplying by b in the
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bna™—2
“a(i=T)

the denominator and another b in the numerator. The sign switches every step, as there

next step gives . Each subsequent step of the algorithm gives another a(1 — %) in

are only 0 coefficients between nz" ! 4+ a in f;. Noting that there are n — 1 steps of the
algorithm gives f3(z) = a + n(_—b))nfl.

a(l—%

In summary,

folx) =a"+ax+b
filz) =nz"t+a

_b n—1
fa(z) = —a— ”(m)

Now we apply Sturm’s Theorem on the interval (—oo, c0) to get the total number of real
roots. The calculations are not difficult since we know all the f;; see table below for
summary of results. We start with the odd n and consider cases for the sign of a, noting
that the sign of b will not change the results. Furthermore, note that f; could be positive

or negative depending on the relative magnitudes of a and b.

Table 5.2: Sturm sequence signs, a > 0,n odd.

Polynomial | Sign at —oo | Sign at co
Jo - +
J1 + +
Ja + —
3 — —
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Table 5.3: Sturm sequence signs, a < 0,n odd.

Polynomial | Sign at —oo | Sign at co
Jo - +
fi + +
f2 - +
f3 + or — + or —

Therefore, the number of real roots is

and for the a < 0 case, either a < n(

and otherwise

For n even, we repeat the sign calculation. As before, the relative magnitudes of a, b, n

V(—oo) = V(sc) =2 —1=1,

V(—00) = V(o) =2—-1=1,

V(—o0) = V(o) =3—-0=3,

determine the sign of the last row.

—b

Ifa < n(a(ki)

ain)

a>0

~ and then f; is negative, yielding

a<0

a < 0.

Table 5.4: Sturm sequence signs, a < 0,n even.

Polynomial | Sign at —oo | Sign at oo
fo + +
S - +
f2 - +
f3 + or — + or —

)n_l then f3 is negative and so
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and otherwise

If a > 0, then

Table 5.5: Sturm sequence signs, a > 0,n even.

Polynomial | Sign at —oo | Sign at oo
fo + +
f1 - +
f2 + -
s - -

Thus in this case

O

Proposition 14. The polynomial f(x) = 2" 4+ az™ + b has at least one root of modulus

less than 1 whenever |a| > |b](=2-)/™,

n—m

Proof. Let p=m,k =1,a1 = as = -+ = ap—1 = 0 and n; = n as in Theorem 3. Then
r1 = (=)™ and by Theorem 3, f has a root of modulus at most |b/a|(-2-)"/™. Thus
f has a root of modulus at most 1 when |a| > [b](-2-)"/™. O

Note that |a| > |b| will suffice to have a root of modulus at most 1, since (n_Lm)l/m > 1.

The proposition above gives a stronger condition.

The previous result suffices to show that a polynomial of the given form has at least one

root inside the unit circle. However, we previously conjectured a more specific pattern:
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that for m > 1 and |a| > |b], exactly m of the roots fall inside the unit circle, and that
they are roughly equally distributed angularly.

Conjecture 1. For |a| > b the polynomial f(z) = ™ + ax™ + b has m roots spaced
roughly evenly on or inside the unit circle and n —m roots spaced roughly evenly outside

the unit circle. For |b| > |a| all roots are outside the unit circle.

As we show in Section 5.3, the singular value behavior of the Vandermonde matrix
associated with this polynomial follows its root behavior closely. Thus we set out to prove
Conjecture 1, hoping to use this result to then prove the behavior of the Vandermonde
matrix and show its cryptographic implications. We explain our proof tactic (which is
an approach similar to the 2" + ax + b case in the previous chapter) and its surprising
implications in the next chapter. For now, we go back to the Vandermonde matrix and

show some heuristic evidence as far as the root/singular value connection.

5.3 Vandermonde Matrix: Singular value observa-

tions

As with the f(z) = 2™+ x+ 1 case in Chapter 4, there appears to be a strong correlation
between the root locations and the singular values of the matrix. While we don’t prove

this correlation, we show our plots here, which motivates future exploration in this area.

In general, having j roots inside the unit circle corresponds to a gap between the j

smallest and n — j largest singular values in the Vandermonde matrix.

The plots in Figure 5.31 are a re-creation of those in [9]. Other choices of n,m,a,b,

shown in Figures 5.32, 5.33, and 5.34 are our observations.
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Chapter 6

Cryptographic Combinatorics: The

k-Fibonacci Twist

6.1 Introduction and Motivation

The work in this chapter contains the main results and most exciting contributions of this
thesis. It has a much more pure combinatorial flavor than what followed previously, but
the motivation for this work arises directly from Chapters 4 and 5. Specifically, consider
the Schur-Cohn theorem (Theorem 9) again, which we previously used in Chapter 4 to
find the number of roots of ™ + x 4+ 1 inside the unit circle. Unlike before, we now
consider a more general polynomial x™ + ax™ + b, where now m can be larger than 1.
Construction of the Schur-Cohn matrix C' in the usual fashion gives a matrix similar
to the C' of Proposition 9 in Chapter 4, but instead the —ab elements appear on the
mth subdiagonal and superdiagonal, instead of immediately above and below the main
diagonal. We set out to calculate the leading minor sequence in this matrix using a

similar permutation approach to that of Chapter 4.

To begin, we made two simplifying assumptions, along the same lines as those in Chapter
4: we first assumed that we had only a (0,1) matrix, and we disregarded the signs of
the permutations and first calculated how many non-zero terms there are. (We also first
changed the 0 in the (1,1) of C location to a 1, to simplify the initial analysis.) Thus,
the simplified problem we began with was to define and solve a permutation problem

which is equivalent to computing the permanent of a 0,1 m-tridiagonal matrix.
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It is important to note that the solution to the tridiagonal permanent problem was
already known and is given in [14] and [15]. However, our permutation approach to the
proof is new, and we solved two enumerative combinatorics problems specifically posed
in [14] and [15]. Full details on previous work and our contributions are given in section

6.4 below.

6.2 Background

A permutation is a bijection from a set of elements [n] to itself. Permutations have been
studied extensively, including a wide variety of permutation statistics which calculate

various combinatorial properties of permutations [1].
One such statistic is known as drop size.

Definition 17. The drop size of an element ¢ of a permutation 7 on n elements is defined
as |w(i) —i|, 1 <i<n.

There has been much previous work on permutations with mazimum drop size k, for
instance [11], [12]. However, here we will consider a variant, and define permutations
with fixed drop size k, where every element in the permutation must have drop size 0 or
k. We prove that the number of permutations with a fixed drop size k, which we will
call a k-drop permutation, is a generalization of a Fibonacci number. Furthermore, we
provide bijections from k-drop permutations to four other combinatorial objects, which

are also counted by the same Fibonacci generalization.

We begin by recalling some elementary background. To start, consider a composition of

an integer n.
Definition 18. A composition of an integer n is an ordered set of positive integers
(ay,...,ax) where ay + -+ 4+ a = n.

n—1

kfl) compositions of n with

There are 2"~! compositions of a number n, and there are (

exactly k parts.

Example 3. The 23 compositions of 4 are

(4),(2,1,1),(1,2,1),(1,1,2),(1,3),(3,1),(2,2),(1,1,1,1).
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Also, recall the well-known Fibonacci sequence defined by the recursion

fn — fn—l + fn—27f0 = 1,f1 =1.

The first few Fibonacci numbers are
1,1,2,3,5,8,13,21,34. ..

The Fibonacci sequence has generating function

fla) = ——

Sl -z —a?
A closed form for the Fibonacci numbers is given by the Binet formula

gt

V5

_ 1+V5 _ 15
= 2 and ¢ = 15

torial and algebraic properties of the Fibonacci numbers.

where 1 . There are of course many more fascinating combina-

A generalization of the Fibonacci numbers is defined in [14] as follows.

Definition 19. The nth k-Fibonacci number is defined by

k—
fok = T " fina

where

n=mk-+r, 0<r<k.

We will follow the example of the authors and refer to these integers as the k-Fibonacci
numbers throughout this paper. (These are not to be confused with the class of Fibonacci
generalizations of the form Fj,, = kFy —1 + Fj n—2, which have been extensively studied

and which is an entirely different generalization.)

Here is the product definition for some small k-Fibonacci numbers, for small values of n
and k.
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Table 6.1: Some small k-Fibonacci numbers, product definition.

n/k 0 1 2 3 4 5
0 fo fo f5 5 fi 8K
1L fo i fofh f3H fofi foha
2 fo fo fi fofi IR
3 fo fs fife f8 ffP KR
4 fo fo 5 fifs fi fofi
5 fo fs ffs AfE fif
6 fo fo fi f3 ffF ff
T fo fr fsfs f3fs ffS fifs
8 fo fo fi fufs fs fiFS
9 fo fo ffs f3  ffs fifd

Some patterns are evident from both the chart and the definition.

e For fixed k, every kth element is a power of a Fibonacci number.

e For any f, 1, the Fibonacci numbers which make up f,; are at most one index

apart.

e For a fixed n, any f,, with £ > |n/2] is a power of 2.

This last item is true since & > |n/2] implies n > m |[n/2]+r in the notation of Definition

19, which means m < 2 since r > 0.

Here are the evaluated products of some small k-Fibonacci numbers.

67



Table 6.2: The k-Fibonacci numbers, evaluated.

n/k 0 1 2 3 4 5
o 1 1 1 1 1 1
1 1 1 1 1 1 1
2 1 2 1 1 1 1
3 1 3 2 1 1 1
4 1 5 4 2 1 1
5 1 8 6 4 2 1
6 1 13 9 8 4 2
7 1 21 15 12 8 4
8 1 34 25 18 16 8
9 1 55 40 27 24 16

6.3 Five Problems

To motivate our work, consider the following five problems.

Problem 1. Let m be a permutation on n elements. For some k, 1 < k < n—1, we wish
to count the number of permutations whose drop size for every ¢ in 7 is exactly 0 or k.

We will call these k-drop permutations for short.
Problem 2. Let M be an n X n square matrix. Fix some k, 1 < k < n. Let
Li=jg,1=75+k j=1i+k

Mij =

0, otherwise.

We wish to find the permanent of M.

Problem 3. We wish to count the number of subsets of n — k elements, where the

difference of no two of the elements is k.

Problem 4. Consider a length n — k binary string on 0, 1 where for any 1 <1 < n — 2k,
there is not a 1 in both at index ¢ and ¢ + k. We call these k-free strings. We wish to

count the number of k-free strings of length n — k.
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For our last problem, we define a special type of restricted integer composition in terms

of Problem 4.
Definition 20. A k-free composition of n is an integer composition of n which

1. Uses only the numbers {1,2,...,k — 1,k + 1,k + 2,...,2k}, and the first non-1

number in the composition is greater than k.
2. Satisfies the following mapping property.

Define a mapping m : ¢(i) — b; from an element ¢(i) of a composition c on {1,2,...,k —
Lk+1,k+2,...,2k} to a binary string b; as follows:

1. by = m(c(i)) = 11...1, where there are ¢(i) — k copies of 1, if ¢(i) > k and this is

the first occurrence of a number greater than & in the sequence
2. b; =m(c(i)) =01...1, where there are c(i) — 1 copies of 1, if ¢(i) < k

3. by =m(c(i)) =0...01...1, where there are ¢(i) — k copies of 1 and k copies of 0,
if ¢(i) > k and ¢(4) is not the first number greater than k.

We call ¢ a k-free composition if the concatenation m(c) = bybs ... b,y is a k-free string.

While a cleaner characterization (i.e., one which depends only on the properties of the ele-
ments of the composition themselves, and not on the binary string) of these compositions

thus far escapes us, a few partial characterizations are immediate from the definition.

Proposition 15. Consider an element c(i) = h > k of a k-free composition. There is

no restriction on the location of h.

Proof. Let ¢(i) = h. If h is the first occurrence of a number greater than k in the compo-
sition, then the only numbers preceeding m(h) in the binary string are 0’s corresponding
to the preceeding 1’s in ¢, so h may occur wherever. If h is not the first instance of a num-
ber greater than k in ¢, then the binary string corresponding to ¢(i) is b; = 0...01...1
where there are ¢(i) — k copies of 1 and k copies of 0. Since there are k zeros, we do not

violate the k-free condition in m(c) regardless of what b;_; is. ]

Proposition 16. Consider an element c(i) = 1 of a k-free composition. There is no

restriction on the location of c(7).

Proof. This is clear: m(c(i)) = 0 in this case, and appending a zero will not impact the

k-free string criterion of the previous b; ... b;_; elements. O
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Proposition 17. Consider an element c¢(i) = h > k of a k-free composition. If c(i) is
not followed by another element greater than k, it must be followed by a composition of

2k — (7).

Proof. Let b; = m(c(i) =0...01...1 as above. The index of the first 0 is at ¢(i) and the
last is at index ¢(i) + k, so any element from ¢(i) + k to c(i) + 2k can be assigned a 1.
The order or number of 1’s does not matter for the k-free validity of m(c), so we simply

say the elements following b; may form any composition of 2k — ¢(1). m

The characterizations of Propositions 15, 16, and 17 form a sufficient though not necessary
characterization of a k-free composition. The characterization of a k-free composition is
complete only in the event that the composition consists only of numbers greater than &
and numbers less than k& which only appear as part of a composition proceeding a number

greater than k.

We showcase a series of examples of this definition. In Example 4, it suffices to work
from the partial characterization; no bijection to the binary string is needed. In Examples
5 and 6, we use the bijection to the binary string to illuminate some subtleties of the

definition.

Example 4. Let n = 10, k = 5. A generalized k£ composition of n first must use only
the numbers from S = {1,2,3,4,6,7,8,9,10}.

There are no restrictions on compositions only using numbers 6 and larger, by Proposition
15, or 1, by Proposition 16. So, 10, 14+9, 1 4+8+1, 1+ 1+ 1+ 1+ 6 are all examples of

5-free compositions of 10.

If we would like to use the numbers 2, 3,4, we must do so carefully. By Proposition 17,

we are always allowed to have these numbers follow:
e 6, as part of a composition of 4
e 7, as part of a composition of 3
e 8 as part of a composition of 2

Technically, the definition allows that these numbers could also be used in a composition

of 1 following 9 or 0 following 10, but clearly this is not possible.

Thus some valid 5-free compositions using 2,3,4 are:
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6+1+142
o 6+4

6+1+3

6+3+1

o 7+3
o 842

In this case, since 2k = n, Propositions 15 16, and 17 happen to be both necessary
and sufficient; we will never have to consider a 2,3,4 which does not follow as a sub-
composition of 2k — ¢(i). We could enumerate all k-free compositions in this case using

only the rules from the propositions.

Some non-examples of 5-free compositions include 34+1+6, 44+2+2+2, and 1+14+14+3+4,
which all violate condition (1) of the definition, as a number larger than & is not the first

non-1 number.

Example 5. A larger example begins to showcase some of the subtleties of the definition.
Let n = 15, k = 6. The compositions may use only {1,2,3,4,5,7,8,9}. Some valid 6-free

compositions include:

e 7+1+2+2+1+1+1. There are no restrictions on the location of 7. 14242 =5
is a composition of 12 — 7 = 5. There is no restriction which prevents the trailing
1’s.

e 7+ 8is valid. There is no restriction on any number greater than 6.
¢ 9+3+1+1+41,since 12—9 =3 and 3 is a composition of 3.

Some invalid compositions, which all violate Proposition 17, are:
e 10+ 1+ 2+ 2, since 2k — 10 = 2 and 1 + 2 is not a composition of 2;
e 94+ 4+ 1, since 2k —9 = 3 and 4 is not a composition of 3;
e 8+5+ 1+ 1, since 2k — 8 = 4 and 5 is not a composition of 4.

A valid composition, which the 3 propositions do not suffice to construct, is

7T+3+1+1+2+1.
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We can construct 7+ 34 14 1 using Proposition 17. However, we do not currently have
a proposition which tells us directly whether or not the 2 in the penultimate position is
valid. To ascertain this, we construct m(c) = 101100010 and note that no two 1’s are

distance 6 apart.

An invalid composition which violates rule (2) in the definition is the quite similar-looking
T+34+14+14+1+4+2

for which m(c) = 101100001 and which has 1’s at both index 3 and 9.

As n grows relative to k, it becomes more difficult to construct valid k-free compositions

using only the propositions.

Example 6. Let n = 16, k = 4. A 4-free composition can only use parts {1,2,3,5,6,7, 8}.
For this example, we provide examples and non-examples which cannot be determined

from the propositions alone.

Table 6.3: Valid 4-free compositions.

Composition | Binary String
8512 111100001001
5326 101101000011

Table 6.4: Invalid 4-free compositions.

Composition | Binary String | Violating Indices
53131111 101100010000 4,8
611215 110001000001 2,6

While the definition of a k-free composition at first seems inelegant and unintuitive, the
paper will reveal how it arises organically from consideration of k-drop permutations,
and how it is one natural generalization of the composition of an integer n using only

parts 1 and 2, which is famously counted by the Fibonacci numbers.
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Problem 5. Fix some element k, 1 < k < n. We wish to count the number of k-free

compositions of n.
We now present the first of our main contributions.

Theorem 13. Problems 1 through 5 are equivalent, and are all counted by the class of

k-Fibonacci numbers defined in Definition 19.

The proof of Theorem 13 is a consequence of our results in Section 6.5. We give an

illustration of which bijections prove which parts of Theorem 13 in Figure 6.1.

6.4 Previous Work and Our Contributions

The k-Fibonacci numbers of Definition 19 which we will consider were originally defined
in [14], and it is proven in [15] that these numbers are the permanents of the class of
k-tridiagonal matrices defined in Problem 2. Separately, a 2011 note [36] proves that the
k-Fibonacci numbers solve the restricted subset problem stated in Problem 3. The k-
Fibonacci numbers are sequence number A209434 in the Online Encyclopedia of Integer
Sequence (OEIS) database [3], and it is the subset-difference problem which is used to

describe them.

Separately again, Baltic in [6] uses matrix permanents to give an algorithm to find the
generating function for the number of permutations with certain restrictions. This algo-
rithm does not lend itself to a proof of the general form for the k-Fibonacci generating
function, as it involves solving a large system of equations; while we implemented this
algorithm in Sage and calculated up to k& = 6 with this method, the computation re-
quired then became prohibitively large, and we will take a more combinatorial approach
in the general case. A k-Fibonacci generating function for £ > 7 does not appear in the

literature.

6.4.1 Contributions

Our first contribution is to connect these previously disparate results. Our statement
and solution to the permutation problem by using the restricted subset problem is new,
as is the calculation of the permanent of a k-tridiagonal matrix by using permutations

of fixed drop size.
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Our second contribution is the statement and proof of the integer composition problem,
which is completely novel. The small cases are known: the k = 1 case is a standard
exercise in elementary combinatorics [35], and it is noted in the OEIS that A006498 and
A006500 count the kK = 2 and k = 3 cases respectively. However, there has been no
attempt at generalization, and indeed the final paragraph of [14] notes for the k = 2 case
that it is a surprise A006498 counts both the composition problem and the k-Fibonacci
problem. We clear up this mystery by offering not only offering the first explicit bijection
between the k-Fibonacci and composition problem in the small k£ case, but by defining

the general form of the compositions.

Perhaps most significantly, the general form and proof for the generating function of the
k-Fibonacci numbers is novel. To obtain this generating function, we stated and proved
three linear recurrence relations on this class of integers, which as far as we know are

also completely novel in their general form.

Finally, we offer a conjecture about the total number of fixed points in k-drop permuta-
tions, which is again new. Moreover, our conjecture gives rise to a previously unknown
generalized three-dimensional version of Pascal’s triangle, which could be of independent

interest.

6.5 Combinatorial Proofs

In this section, we provide bijections between the 5 problems we stated in Section 6.3,
which combine to give a proof of Theorem 13. We clarify which contributions are ours
in Figure 6.1. Solid lines indicate bijections known from [14] and dashed lines are our
contributions. Dashed lines with theorem or corollary labels are bijections given explicitly
in this section, while dashed lines without labels are implied by other results though not

given explicitly here.
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Corollary 6

k-Fibonacci numbers —Matrix permanents
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Figure 6.1: A solid line indicates a previously known bijection. A dashed line indicates
a new result given in this chapter.

We begin with a result that is already known.

Theorem 14. The k-Fibonacci number f,  is the number of subsets on {1,2,...,n—k}

such that no two elements have difference k.
Proof. The proof is given in [36]. O

The following theorem is our first contribution, and explicitly connects the permutation

and subset problems.

Theorem 15. The number of k-drop permutations on n elements is counted by the

number of subsets on n — k elements, no two of whose difference is k.

Proof. Let w(i) be an element of a k-drop permutation w. Then, we must have either a
fixed point 7(i) = i so that |7 (i) —i| = 0, or 7(i) = i+ k so that |7(i) —i| = [ixk—i| = k.
If the second case occurs, then consider the element in position m(i£k). Since the element
i £ k has already been used, we must have |7(i £ k) —i £ k| = k, and so 7(i £ k) = 1.
Thus we can view a k-drop permutation as a permutation whose only non-fixed points

occur as part of one swap with one element distance k away.

Intuitively, the restricted subsets of [n — k] encode which elements of 7 to switch. The

restriction that no two elements have difference k ensures that an element part of a swap
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will not occur as part of a second swap and thus break the |7 (i) — i| = k condition.

Formally, we define the bijection as follows. Let S be the set of restricted subsets of the
above form and let II be the set of all k-drop permutations. Let s = {a4,...,a;} € S,
1<j<n-—k. Define f:5 —1I as

£s) = 7(i)=i+kand n(i+k)=1i,i €s

(i) =1, else

We show f is indeed a bijection.

Let 7 = w(1)...m(n) € II. We show surjectivity by constructing a subset s from 7 as
follows. If w(1) = 1, we append nothing to s. If 7(1) = k, we append 1 to s, noting
that then we must have 7(k) = 1. By definition of II, these are the only choices for m(1).
Working left to right, we continue, appending nothing to s if 7(i) = ¢ and appending i
if 71(i) =i+ k. If n(i) =i — k, we also append nothing; this is simply the second half
of a swap already encoded when we appended ¢ — k upon considering (i — k). We stop
once we do m(n — k), since every element 7(i),n — k < i < n is already determined by
the value of m(i — k). Since we never append both i and i + k, no two elements of s have
difference k, and thus s € S and f(s) = 7.

Let f(s1) = 7, f(s2) = o € II for some s1,s2 € S and assume f(s;) = f(s2). Then
we construct the inverse map of both 7 and ¢ as above. Since ¢ = 7 fixed points and
swaps occur in the same place in both permutations, the same integers do or do not get

appended to the respective preimage. Thus s; = ss. O

By Theorem 14, we have an exact count for the number of k-permutations of length n.

Corollary 5. The number of k-drop permutations of length n is counted by the k-

Fibonacct number f, .

Proof. Immediate from Theorem 15 and Theorem 19. O

Corollary 6. The k-Fibonacci number f,j is the permanent of the n X n square matriz

where

1,i=3, 1=k j=k
M, = J J
0, otherwise
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Proof. As stated above, this result is not new; however, we offer a new proof based on

the count of k-drop permutations.

Recall that the permanent of an n x n matrix M = (m;;) is given by

perm(M) =" [ [ mixe

TESy i=1
where S,, is the symmetric group. For any permutation 7 where 7(i) # 1,k for any
1 <4 < n, the entire product will be zero by definition of M. Also by definition of M,
[T, miz@ = 1 if and only if 7(i) = 1 or m(i) = k for all i. As this is the definition
of a k-drop permutation, the permanent is equal to the number of k-drop permutations,
which is f,, x by Theorem 15.

]

The class of k-free compositions, k-free binary strings, and k-free subsets are all closely
related, and, as we show below, are all counted by f, ;. We offer explicit bijections

between these class of objects.

Theorem 16. The number of k-free compositions of n is the same as the number of

k-free binary strings of length n — k.

Proof. The definition of a k-free composition already implies a relationship between these
two objects; by definition, we cannot have more k-free compositions than k-free binary

strings, so the map m defined above is injective.

To show m is surjective, consider a k-free binary string b = b1by...b,_ ;. Construct a

composition ¢ as follows.

First, find the first b; where b; = 1; then find the first index r > j where b, = 0. Let
¢i=k+(r—j)and ¢ = 1for 1 <i < j—1. Since ¢; > k is clear, then the first
non-1 element of ¢ is greater than k, as required by property 1 of the k-free composition

definition.

Next, starting at b,., section b off into groups where each group has as many 0’s as possible
and then all the 1’s before the next 0. If the chunk has length less than k including at
least one 1 following the 0’s, append r + 1, where r is the number of 1’s, to ¢. Since
r < k — 2 (because the chunk has length at most £ — 1 with at least one preceeding 0),

we have appended something in the range 2,3,4,...,k — 1 to c. If there are no 1’s after
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the 0 trail (i.e., a run of 0’s ends the binary string), append r 1’s to ¢, where r is the

number of zeros.

If the chunk has length r > k, consider two cases. If the chunk has exactly &k 0’s following
by some number of 1’s, append r. Note r < 2k, otherwise b would not be k-free. If the
chunk has strictly more than k& 0’s, call the number of 1’'s e. Append r —e — k 1's to
¢ followed by the integer e + k. Again, since b is k-free, e < k, and thus the e + k we
append is less than 2k.

Thus we have shown c¢ satisfies property 1 of the k-free composition definition. Addi-
tionally, any ¢ constructed in this way will satisfy property 2 in the definition of k-free

compositions, since it was constructed from a k-free binary string. Thus m is bijective.

]

The next bijection is far more straightforward.

Theorem 17. The number of subsets on n—k such that no two elements have difference

k is the same as the number of k-free binary strings of length n — k.

Proof. Let s be a subset of the desired form and let b = by ...b,_; be a k-free binary

string. Define m : b — s as

) 1,b; =1

m(0;) =

@, bz - 0

Clearly, the image of m is a subset of the desired form, since having two elements of s
with difference k implies there were two 1’s distance k apart in the k-free string in the

preimage.

Furthermore, m is a bijection. To show m is surjective, let s = {s1, s2,...,5s;}, j <n—k,
be a subset on n — k such that no two elements have difference k. Construct a binary
string b = b1by...b,_; as follows: for each s;, assign b; = 1. For any element j which
does not appear in s, let b; = 0. Since s; — s; # k for any ¢, 7, no two 1’s in b will be

distance k apart.

To show m is injective, let m(b;) = S; = Sy = m(by) for subsets s, s, and binary strings

by, by. We construct the inverse map as above. Since the same elements appear in Sy
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and Sy, the same locations in by, by have 1’s, which determines where the zeros fall, so

bl :bg. D

Corollary 7. There are f, 1 k-free binary strings of length n — k.

Proof. Immediate from Theorem 17 and Theorem 14. O

Corollary 8. There are f, i k-free compositions of n.
Proof. Immediate from Theorem 16 and Theorem 17. O

The following theorem is already implied by the above results. However, for your com-

binatorial entertainment, we offer a direct bijective proof as well.

Theorem 18. The number of subsets on n — k, no two of whom have difference k, is
the same as the number of k-free compositions of n. The k-Fibonacci number f,j counts
both these objects.

Proof. Clearly the result is true by Theorems 16, 17, and 14, but we offer a bijective
proof, inspired by though not directly using the count of k-drop permutations.

Construct a map p from k-free compositions ¢ to subsets s as follows. Consider a k-
free composition ¢ = (cq,...,¢,); we will construct a subset s = {s1,...,s;} from c.

Throughout, let r; = Z;;ll c; for some specified index .

Find the first index ¢ where ¢; > 1. Let sy =7, + 1,50 =1, +2,...,5,_r =7 +¢; — k.
Then continue scanning c. For every ¢; > k, append r; + 1,7, +2...r;+¢; — k to s. For
every 1 < ¢; < k,append r;+¢; —k,ri+c;i—k—1,...;ri+c—k—(¢;—2)=ri—k+2.

If ¢; = 1, append nothing to s and move on to ¢; ;.

The image of p is in fact a subset with the desired property; note that violating the k-free
subset property is equivalent to violating the k-free string property in the binary string

m(c).

p is surjective. To show this, we show that for some subset S such that no 2 elements
have difference k, there is some k-free composition ¢ such that S = p(c). We will do this
by constructing a binary string b from .S and then finding ¢ such that m(c) = b according
to Definition 20.
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Define a run of S as one or more consecutive elements, and the run length r as the
number of elements in the run. (Thus we, somewhat clunkily, define an element of s € S
with s + 1,5 — 1 ¢ S as a run of length 1.)

Consider the first run s1, 52, ..., s,, of some length 1 <7y <n—Fk. Say s; =i;;let b; =0
for all j <4, and let b;, = bj;+1 = -+ = b;;4r,—1 = 1. Since s, — s, # k for any h, g, no

1s of b are distance k apart.

Continue in this fashion and look for the next run. If there is no next run (e.g. there are
no more elements in the subset), we pad ¢; = 1 the rest of ¢. If there is a second run, call
this run s;, 5541, ...,8j4r,—1 Of length ro. Say s; = t9. Let b, = bj,41 = ... biygry—1 =1
and b; = 0, ¢ +r; << 9. Again, since s, — s, # k for any h, g, no 1s of b are distance k

apart.

Iterating, we eventually end up with a binary string b, and we can easily construct a
k-free composition ¢ according to the map in the proof of Theorem 16. Since given any
subset S with no two elements with difference k, we can construct a k-free ¢ such that

S = p(m(c)), p is surjective.

Following this same method show p is also injective, since any S; = S will give identical

by = by and thus ¢; = ¢s.

]

As Theorems 19 and 15 imply, there is indeed a direct bijection between restricted per-
mutations and restricted compositions of this type. Similarly to the restricted subset
case, one can read off fixed points and the k-drops in the permutation problem directly
from the k-compositions. While we do not walk through the formal proof, we present

the bijection here.

Intuitively, a 1 in the composition corresponds to a fixed point in the permutation; an
element ¢ > k in the composition corresponds to a chunk of the permutation where, for
any non-fixed point element j swapped with element 7 — k, then j — k is also contained
within the chunk; and an element ¢ < k£ in the composition corresponds to a chunk of the
permutation where, for any non-fixed point element j swapped with some element j — k,

7 — k is not contained within the chunk.

Formally, define a map f from k-free compositions to k-drop permutations as follows.
Consider a k-free composition ¢ = (cy, ..., c,); we will construct a length n permutation

p=A{p1...pn} from c. There are 3 cases.
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Let r; = Z;;E ¢;. Then:
1. If¢; =1, then pyypry =141,

2. If ¢; > k, then consider the chunk from p,, 11 to P14y, 4c,. Starting with p14,,4.,, swap

with P14y, 4+¢,—x. Continue, until reaching some j such that 14+r,4+c;—k—7 < 1+47r;.
3. If ¢; <k, swap pry14j with pyiiyj—p for every 2 < j < ¢;.

It can be shown this is in fact a bijection.

6.6 Examples

Example 7 (Subsets and Permutations). Let n = 12,k = 4. The following are the cor-
respondences between some subsets on 8 elements with no two elements having difference

4, and 4-drop permutations of length 12.

Table 6.5: Subsets and permutations for the n = 7,k = 4 case.

Subset Permutation
{1,2,4} 563812941011 12
{3,5,6,8} | 127491031256 118
{1,2,3,4} | 56781234101112
{2} 1634527891011 12

Let n = 6,n = 2. There are f, = fsfs = 9 total 2-drop permutations. This is all of

them, with their corresponding subsets.
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Table 6.6: All subsets and permutations for the n = 6,k = 2 case.

Subset | Permutation
{} 123456
{1} 321456
{2} 143256
{3} 125436
{4} 123654
{1,2} | 341256
{2,3} | 145236
{3,4} | 125634
{1,4} | 321654

Example 8 (Compositions and Permutations). Now we illustrate the bijection between
k-free compositions and k-drop permutations. Similarly to the previous example, the

compositions illustrate which elements of the permutation to swap.

We begin by showing all f;f; = 15 examples for the n = 7,k = 2 case.

Table 6.7: All permutations and compositions for the n = 7,k = 2 case.

Permutation Composition
1234567 | 1+14+1+14+1+141
3214567 3+14+14141
1432567 14+3+1+1+1
1254367 1+143+1+1
1236547 14+1+143+1
1234765 1+14+1+143

3412567 4+1+1+1
1452367 1+4+1+1
1256347 1+1+4+1
1236745 1+1+1+4
3216745 3+4

3412765 4+3

3216547 3+3+1
1432765 1+3+3
3214765 3+1+3
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For a larger example, here are a few instances of the n = 13,k = 5 case.

Table 6.8: Some permutations and compositions for the n = 13,k = 5 case.

Permutation Composition
17345621391011128 746
62845112391011 713 | 64+24+1+14+2+1
678451239101 1213 | 8+14+1+1+1+1
1239511121346 78 1+1+14+6+4
67391012134511128 T+3+1+2

Example 9 (Compositions and Permutations: The Deception of Small Examples). The
bijection between compositions and permutations is not immediately apparent for exam-
ples with k£ < 3. Indeed, these examples may appear somewhat mysterious, while in fact

they are simply examples of the general case.

Consider k = 1. 2k = 2, so we construct compositions using only parts 1 and 2. (Note
that since & = 1 the definition could imply that we find the number of compositions
without 1, but since we defined a k-free composition as always including 1, we resolve
the conflict by choosing to include it.) It is already well-known, and a standard exercise
in elementary combinatorics [35], that the number of such compositions is the Fibonacci
number f,. (Indeed, these compositions are sometimes called Fibonacci compositions).
Here, we use our definition of k-free compositions to show that these Fibonacci compo-

sitions are 1-free, providing a roundabout proof for the standard exercise.

Let ¢ = (¢1,...¢;) be a composition of n using only parts 1 and 2. Then where m is the
mapping to binary strings, m(1) = 0 and m(2) = 01. Thus, no matter the order of the
1’s and 2’s in ¢, we will never have a 11 in m(c), and thus ¢ is 1-free, which we know is

counted by the Fibonacci number f,.

Consider k£ = 2. In this case, 2k = 4. Thus we must construct compositions using only
parts {1,3,4}. By Propositions 15 and 16, there are no restrictions on either of 3 or 4
(both greater than k) or 1. Thus a 2-free composition is any composition on 1, 3,4. This
is the characterization of the k = 2 case found in [14] and OEIS A006498, although no

bijection from the characterization to either permutations or subsets is given.

Consider £ = 3. In this case, 2k = 6. Thus our compositions must contain only
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{1,2,4,5,6}. There are no restrictions on 4,5,6, but there are restrictions on 2. 2
can appear after 4, since 2 + 4 = 2k; 2 can also appear after 2 (or any number of 2’s),
since this corresponding binary string to 22 is 0101 and the 1’s will always be 2 indices
apart. 2 cannot appear after 5 or 6, both by Proposition 17 and from the binary sequences
corresponding to 52 = 0001101 and 62 = 00011101. It remains to consider whether 2 can
come after a 1. To guarantee compliance with the k-free sequence criterion, we would
need at least two 1’s to precede the 2. However, 112 gives the same binary sequence as
4, so we would just write a 4 instead. The same is true as we increase the number of 1’s:

instead of 1...12 with p 1’s, we write p — 2 0's and a 4.

Thus, a k-free composition uses parts 1,2,4,5,6 such that 2 can only come after 4 or
another 2. This is precisely the characterization of the k& = 3 case found in the OEIS
A006500 (although, again, no bijection to the permutation is given).

After k = 4, a direct characterization for k-free compositions becomes less clear, and for

this k& and larger we continue to use the binary sequence characterization instead.

Example 10 (Subsets and Compositions). Here we show some examples of the run-

length direct bijection between subsets and compositions given in Theorem 18.

First, consider k£ = 1; as above, this counts subsets on n—1 with no consecutive elements,
and compositions of n using only parts 1 and 2. We know that the number of both such
objects is a Fibonacci number. Here, we simply illustrate our bijection between them.
Let S = {s1,...,$,}, with the s; in increasing order, be a subset with no consecutive
elements. Consider s; — s;_1 for each 1 < ¢ < r. If 5; — s;_1 = 2, we append 2. If
s; — si—1 = m > 2, we append m — 1 1’s followed by a 2. Thus we have constructed
a composition using only parts 1 and 2, which is sufficient for a 1-free composition as

argued in Example 9.

Now consider £ = 2. As in the k = 1 case, consider the consecutive differences s; — s;_1

for S = {s1,...,$} with no two elements having difference 2.

Now let n = 7,k = 3. We know there are fr3 = fofafs = 12 subsets on n — k = 4 with

no difference k = 3, and 3-free compositions on 7. They are:
e {} o 1+14+1+1+1+1+1
o {1} »4+1+1+1

e 2} 1 +4+1+1

84



e 3} 1+1+4+1
e {4} o 1+1+1+4
o {12} -5+1+1
e {23} 1+5+1
e {34} > 1+1+5
o {24} <542

o {1,3}»4+2+1
o {1,2.3} < 6+1

o {234} <~ 1+6

Example 11 (A Big Example). We construct a table of all 4 correspondences for n =
11,k = 4. There are fi14 = (2)(3)(3)(3) = 54 such elements.
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Table 6.9: All bijections, k = 4,n = 11.

Permutation Subset Binary String Composition
1234567891011 {} 0000000 1414141414141
5234167891011 {1} 1000000 5+14+1+141+141
1634527891011 {2} 0100000 1454141414141
1274563891011 {3} 0010000 1+14+54+14+14+1+1
1238567491011 {4} 0001000 14+14+1454+1+14+1
1234967851011 {5} 0000100 1+14+14+145+1+1
1234510789611 {6} 0000010 14+14+1414145+1
1234561189107 {7} 0000001 1+1+14+14+14+1+5
5634127891011 {1,2} 1100000 6+1+1+14+1+1
5274163891011 {1,3} 1010000 54+2+1+1+1+1
5238167491011 {1,4} 1001000 5+1+2+1+1+1
5234110789611 {1,6} 1000010 5+1+14+1+2+41
5234161189107 {1,7} 1000001 5+1+1+1+1+2
1674523891011 {2,3} 0110000 14+6+14+1+141
1638527491011 {2,4} 0101000 14+5+24+1+1+1
1634927851011 {2,5} 0100100 145+142+141
1634521189107 {2,7} 0100001 14+5+14+1+14-2
1278563491011 {3,4} 0011000 14+14+64+1+141
1274963851011 {3,5} 0010100 1+14+5+2+1+1
1274510389611 {3,6} 0010010 1+145+1+2+1
1238967451011 {4,5} 0001100 14141464141
1238510749611 {4,6} 0001010 14+1+14+5+2+1
1238561149107 {4,7} 0001001 14141454142
12349107856 11 {5,6} 0000110 1+1+14+1+6+1
1234961185107 {5,7} 0000101 14141414542
1234510118967 {6,7} 0000011 1+1+14+1+146
5674123891011 {1,2,3} 1110000 T+1+141+1
5638127491011 {1,2,4} 1101000 6+2+1+1+1
5634121189107 {1,2,7} 1100001 6+14+1+14-2
5278163491011 {1,3,4} 1011000 5+3+1+14+1
5274110389611 {1,3,6} 1010010 5+24+1+241
5238110749611 {1,4,6} 1001010 5+14+2+42+1
5238161149107 {1,4,7} 1001001 5+142+14-2
5234110118967 {1,6,7} 1000011 5+14+1+143
1678523491011 {2,3,4} 0111000 1+7+14+1+1
1674923851011 {2,3,5} 0110100 146424141
1638927451011 {2,4,5} 0101100 1+5+3+1+1
1638521149107 {2,4,7} 0101001 145424142
1634921185107 {2,5,7} 0100101 1+5+1+4+2+2
1278963451011 {3,4,5} 0011100 14+1+74+1+1
1278510349611 {3,4,6} 0011010 1+14+642+1
1274910385611 {3,5,6} 0010110 14+1+5+3+1
1238910745611 {4,5,6} 0001110 14+14+147+1
1238961145107 {4,5,7} 0001101 1+14+146+2
1238510114967 {4,6,7} 0001011 14+14+14543
1234910118567 {5,6,7} 0000111 1+14+14+147
5678123491011 | {1,2,3,4} 1111000 8+14+1+1
5638121149107 | {1,24,7} 1101001 6+2+1+2
5279110384611 | {1,3,4,6} 1011010 5+3+2+1
5239110118467 | {1,4,6,7} 1001011 5+1+243
1678923451011 | {2,3,4,5} 0111100 1+8+1+41
1638921145107 | {2,4,5,7} 0101101 1454342
1278910345611 | {3,4,5,6} 0011110 14+1+8+1
1238910114567 | {4,5,6,7} 0001111 1414148
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6.7 (Generating Function

The previous sections provided new combinatorial interpretations and new uses of the

k-Fibonacci numbers, while connecting previously disparate results.

The purpose of the following section is to focus in more narrowly on the k-Fibonacci
numbers themselves. Specifically, we state and prove the previously unknown general

form of the k-Fibonacci generating function.

6.7.1 Introduction and Main Result

The late Herbert Wilf wrote that “a generating function is a clothesline on which we
hang up a sequence of numbers for display.” More specifically, the generating function
of a sequence {a,} is defined by A(z) =" .,a,2". Generating functions have all sorts
of fascinating properties. Informally, the dex_lominator of a rational generating function
A(x) for a sequence a,, reveals the recurrence relation on {a,}. Specifically, we have from

Stanley [35] that the following conditions are equivalent.

Theorem 19 ([35]). Let oy, ..., aq be a fized sequence of complex numbers, d > 1

and ag # 0. The following conditions on a function f: N — C are equivalent.

1.

n_ Ple)

where Q(z) = 1+ aqx + agx? + - - - + agz? and P(z) is a polynomial in x of degree
less than d.

2. For alln >0,

fin+d)+arf(n+d—1)+asf(n+d—2)+ -+ agf(n) =0.

It is stated specifically in [14] that the general form of a generating function for the
k-Fibonacci numbers for all £ > 3 is an open problem. While generating functions up to
k = 6 have since been given on the OEIS (see A209434 for the link to all £ = 1 through
k = 6; specifically A208743 has the k& = 6 case), a generating function or recursion
remained elusive in its general form. The following theorem gives such a general form
for the first time.
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Theorem 20. The generating function for the k-Fibonacci numbers fi , denoted as
Fi(z), satisfies

S Sy N(k — 1,4, j)a7tik

Fk X 17 -
) (1 -2 —a2) (3 be-r2*)

where l;kz is the signed Fibonomial coefficient of Definition 21 and the N(a,b,c) is the

recursive three-dimentional array defined by

N(aa Oa C) = (_1)Cfc(a—1)7a—1 + Z(_1>j+1ba+j—1,jN<a7 27 c—= ])
j=1
N(a,1,¢) =0

N(a7 ba C) = (_1)C+1f6(a—1)+b—2,a—1 + Z(_l)jbaJrj*LjN(a? ba Cc— .7)7 b>2
j=1

with initial condition

N(a,0,0) =
N(a,1,0) =

-1, 2<b<a
N(a,b,0) =

0, b>a.

We give the proof of Theorem 20 in the proof of Corollary 9. Essentially, the proof
is a consequence of three lemmas, which we spend the next three sections stating and

proving.

6.7.2 The Fibonomials

The Fibonomials are a number triangle with a series of fascinating properties; for in-
stance, see [7] and its references. Intuitively, the Fibonomials arise from replacing every
integer ¢ in the definition of the binomial coefficient (Z) with its corresponding Fibonacci

number f;. A more precise definition is below.
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Definition 21. The Fibonomials are defined by

b = fn—l"-fn—k
" Je-1--- S

Note that since we index from fy = 1 (the some Fibonomial definitions in the literature
use fo = 0) we take f_; = 0 for formality’s sake.
Other true, but perhaps not immediately obvious, facts are below.
Theorem 21. The following are true of the Fibonomial coefficients by, .
1. by s always an integer.
2. The Fibonomial coefficients satisfy the recurrence by, = frn—k—2bn—15-1 + frbn—1-

The first few Fibonomials are as follows.

Table 6.10: The first few Fibonomials.

n/k |0 1 2 3 4 > 6 7 8 9
0 |1

1 |1 1

2 |1 1

3 |1 2

4 |11 3 3

5> |1 5 15 15 ) 1

6 [1 8 40 60 40 8 1

7 11 13 104 260 260 104 13 1

8§ |1 21 273 1092 1820 1092 273 21 1
9 |1 34 714 4641 12376 12376 4641 714 34 1

We will use a signed version of the Fibonomials for the generating function.

Definition 22. The signed Fibonomials Bnk are
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The first few signed Fibonomials are listed below.

Table 6.11: The first few signed Fibonomials Bnk

n/k|0 1 2 3 4 5 6 7 8 9
0 |1

1|1 1

2 |1 1 -1

301 2 2 1

411 3 6 -3

5 /1 5 -15 -15 5 1

6 |1 8 -40 -60 40 8 -1

7 |1 13 -104 -260 260 104 -13 -1

8 |1 21 -273 -1092 820 1092 -273 -21 1
9 |1 34 -714 -4641 12376 12376 -4641 -714 34 1

Interestingly, the signed Fibonomial triangle gives the coefficients of a signed version of

the Fibonomial generating function.

Theorem 22. Let Enk be an entry of the signed Fibonomial triangle. Then

ih oyt — 1
Bu(x) =Y (=1)'bn; ol

= n+1,x)

where p(n, x) =37, by it

Proof. We know from the OEIS A055870 that for the offset signed Fibonacci triangle ¢,
(n+1)

defined by ¢, = (—I)L 2 mekv we have

» 1
Cn = Tt = ’
= Yt = b
where q(n,x) = >, cn’. Furthermore, note that l;nk = (—1)*c,x and g(n,z) =

p(n, —x).
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Thus,

- p(n+1,z)

as desired.

6.7.3 The Denominators: Some Lemmas

As we know from Theorem 19, the denominator of a generating function gives the re-
cursion for the sequence. Thus, once we find a recursion for the k-Fibonacci numbers,
we know the denominator of the generating functions. We build this recursion through

a series of lemmas below, culminating in the recursion given in Theorem 23.
Lemma 6. Where f, is the nth Fibonacci number,

1 fi = forfu+ faafur +(=1)"

2. fufoa + 17 = fufurs

The proof of (2) is trivial from the Fibonacci recursion, and one proof of (1) can be found

in section 1.2 of [7].
Using Lemma 6, we can build a similar identity for the product of Fibonacci numbers.

Lemma 7. Where f; is the jth Fibonacci number, m is an integer, and 0 < i < m — 1,

e R e
fO<i<m-—2

and

-1 -1
fjfﬁq +f;11 - fﬁ-1 fj+2

ifi=m—1.
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Proof. This proof is straightforward from the Fibonacci recursion. If 0 <7 < m — 2,

PP i + 1T = T R+ fia )
— i 2f;+1( 2+ + (=1)9) (by Lemma 6)
= [P (LY R L

Ifi=m-—1,

[l + i = P + fi)
f]-l—l fj+2

O

Lemma 8 gives an identity on the k-Fibonacci numbers using the k and k& — 2 Fibonacci
numbers. Note this is not yet a recursion in only the k-Fibonacci numbers, since this
lemma uses a f, y—2 term.
Lemma 8. Let
(—1)/k) 4 (—1) L) /K]

2

aln, k) =

Then

Jnvok = forie + frg +(n — K k) fln/k)(k—2)+n mod (k)k—2 (6.1)

Proof. The proof follows from Lemma 7. Our main task is to translate the statement
of Lemma 7 from Fibonacci products to k-Fibonacci numbers, being sure to track the

indices appropriately.
First, we consider the signs of the Fibonacci terms. When n mod k& = 0, then

)Rk () Lmkt DR )Lk 1/k] o (_q)In/k]
a(n—k,k):( ) +2( ) _ (=1 2+( ) 0,

since the exponent of the first —1 will always be one less than the exponent of the second
—1. Then equation 6.1 follows immediately from the i = m — 1 case of Lemma 7 with

m = k, since f, 1 = /k when £ divides n.
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Now consider n mod k =17,0 < r < k. The exponent of the first —1 in « is

n—k n—r r n—r r n—r
{/@ J_{ k +E_1J_ ol =

and the second is

n—k+1 n—r r 1 n—r r n—r
= | = 14 || = —1
{ p J {k % +kJ R 1

so the parity of the exponents is identical. Furthermore, this identical parity occurs in

n—r

k

for all 0 < r < k; same if = — 1 is odd. Also, if ** — 1 is even, then "’T’"*k — 1=

length & — 1 chunks that alternate sign. That is, if ”T_l — 1 is even, then — 11is even

is odd, and vice versa.

Consider the j in Lemma 7. If j is odd, then (—1)’~! = 1. Furthermore, by definition of
the k-Fibonacci numbers, n — r = jk, and thus
n—r 71k ,
1= 1o
K k J

which must be even and thus (=1)"% ' = 1, so a(n — k — 1,k) = 1. Similarly, a(n —
k —1,k) = —1 when j is even. Thus, the signs in equation 6.1 are the same as the signs

in Lemma 7.

Now we consider the Fibonacci terms themselves. By definition, f,, = f&fr 4+ with
n=mk+r,0<r <n. We considered the r = 0 case above, so now assume 0 < r < n.
Then foi1, = [ frt, sincem(k—r—1)+(m—+1)(r+1) =mk+r+1=n+1and
thus the equation 6.1 terms match up to Lemma 7 in all but the all but the —(1)7 term

in Lemma 7.

Thus we lastly consider f%"=2fr . of Lemma 7. Where n = mk + r as usual, we have

= =15

and furthermore » = n mod k. This gives

(k=r—=2m+(m+1r=m(k—-2)+r

by the k-Fibonacci definition. Thus m(k —2) +r = |%| (k —2) + n mod k, as desired.

]
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The next lemma will be extremely important in the generation function proof. A version
for only the pure Fibonacci powers is already known in the literature [30] but this proof
is the first for the full sequence of k-FIbonacci numbers. We will use the existing paper

as a base case in the proof.

Lemma 9. Let ¢, = (—1)épk forn > 1, cop = 1, n. = 0 where ¢, = (—1)[=FD/21+1p,

for the Fibonomials b, defined above. Then

k+1

Fak =D fomjthChsr -
j=1

Proof. The proof is through double induction on both n and k. For the k£ = 1 base
case, since f,1 = fn_11+ fu_21 and cp1 = cp2 = 1, the lemma is true by the Fibonacci

recursion.

For a base case in n, recall from [30] that the statement is true if f, is the power of
some Fibonacci number, which occurs exactly when n mod k = 0. Thus, the statement
is true for n = k(k + 1), where we have f,x = ff. ;. Since the recursion in the lemma

statement has depth k(k + 1), this is the smallest possible n we can take for a base case.

Now we proceed by strong induction on n and k; assume the statement is true up to

n + 1,k and consider f,12%. By Lemma 8:

fn+2,k = fn+1,k + fn,k + a(n —k, k’)an/kJ(kﬁ)m mod k,k—2
k+1 k+1

= Z frt1—jkkCr; + Z fn—jkiCrj +a(n—k, k)f[n/k](k—2)+n mod k,k—2
j=1 j=1
k1

= Z(fnﬁfjk,k +a(n —k—jk, k)fL"_T,ij(k—m—&—(n—jk) mod k,k-z)ck,j
j=1

+a(n =k, k) fln/k)(h—2)4n mod kk—2
k+1 k+1

_an—l-Q jkkckj+z TL— _]k k)fL” 7kJ (k—2)+(n—jk) mod k,k— QCk:J

- a(n —k, k)an/kJ(k—2)+n mod k,k—2
k+1 k+1

- an-i—? Gk, kCk,j +Z aln — _jk k)fL J (k—2)+n mod k,k— 2ck7]
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+a(n =k, k) flu/k)(k—2)4n mod kk—2
k+1 k+1

= Z frt2—jkkCr; + Z a(n —k — jk, /f)ftgfjJ (k—2)+n mod kk—2Ck.j
Jj=1 Jj=0

Thus, it suffices to show

k+1
Z a(n —k — jk, k)ftgfjj (k—2)+n mod k,k—2Ck.J = 0.
§=0

If a(n —k, k) =0, then a(n — k — jk, k) = 0 for all j, and so the statement is true.

Otherwise, we have more work to do. We first take care of the signs. By the proof of
Lemma 8, the signs of « alternate every k indices, and thus a(n — k — jk) = —a(n—j —
jk +1). Thus, the sign of the jth term is

(_1) Ln/kj_1+L(n+3)J/2+lbn,k — (_1) Ln/kJ+1Bn,k

where I;nk is the signed Fibonomial coefficient.

Thus, we consider

k+1
(‘UM/MH Z fL%fjJ (k—2)4n mod k,k—Qbk‘f’lJ = 0.
=0

We would like to use the induction hypothesis; however, the Fibonacci product is in k—2,

so we need by,_; before we can proceed. Using the second half of Theorem 21 twice,

bk = fok—2(fo—k—abp—2k—2 + fr1bn_2k—1) + fe(fo—k—3bn—2k—1 + fibn_2).

So

k+1
(-t f 27| (-2 mod ka1 o (frmjmabia o
§=0

+fic1bk—2-1) + fi(fu—j—sbk—2—1 + fibk—2,)

The result follows from the induction hypothesis.
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We show a few examples of Lemma 9.

Example 12. Let n =20,k = 4. Then

5
fo2a = Z fn-ajacs;
j=1

= 1600(5) + 135(15) — 36(15) — 4(5) + 1
= 10816

= 82132

= f22,4

Example 13. Let n = 18, k = 3. Then

4
f18,3 = Z fn743,4c4,j
j=1

= 512(3) 4 125(6) — 27(3) — 8(1)
= 2197

=133

= f18,3

Here are some examples which show Lemma 8 in action.

Example 14. Let n = 12,k = 4. Then

Jraa = fiza+ fiza +(10,4) fo2) 422

C )
225 =135+ 81 + (1)(9)

= 225

225 =135+ 81 +

Example 15. Let n =19,k = 2. Then

far2 = fa02 + fio2 + @(17,2) fi9 mod 2,0
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—1)® 4+ (-1)°
12816:7921—1—4895—1—( ) —5( ) (1)

= 12816

Example 16. Let n = 13,k = 3. Then

fi53 = fiaz + fiz3 + (10, 3) f(4)(1)+13 mod 3.1

(_1)10 + (_1)11 (8)

512 = 320 + 200 + 5

=320+ 200 -8
=512

Using Lemma 8, we state and prove a recursion on the k-Fibonacci numbers only which
does not need the f,, _o. This paves the way for the statement and proof of the generating

function.

Theorem 23. The k-Fibonacci numbers can be written as

n k—3
fos =)0+ k= 28) fay || £lizm).
m=0

Jj=0

Proof. Here is the formal proof of Theorem 23, which follows through strong induction

on n.

To begin, let n = 1. Then,

1 k—3
fie=) ol +k=2fiy [] flum
3=0 m=0

k—3 k—3
=a(k —2,2)f; HfL%J +a(k—1,2)f; HfLmT“J
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which is true for all £ by the definition of the k-Fibonacci numbers.

Now assume
t

k—3
fe = Za(j +k—2k)fij H flizm
j=0 m=0

for all ¢ < mn and consider f,+1%. By Lemma 8,

fn+1,k = fn,k + fn—l,k + O[(TL — k-1 k)f [n/k](k—2)+n mod (k)—1,k—2-

Proceeding using the inductive hypothesis,

Jntre = fog + facin F(n =k = 1K) fln/k) (k=2)+n mod (k)—1,k—2

n n—1 k=3
=D ol +k=2k)fuy H flasm )+ D ali+k=2,8) fajor ] flasm)
=0 m=0 j=0 m=0

+a(n—k —1,k) fln/k) (k=2)+n mod (k)fl k—2
k-3

—_

3

a(j+k—2,k)(fasj + fa—iz wam +aln+k—2, kfo

<
Il
)

+
Q

(n =k = L E) fln/k)(h=2)4n mod (k)-1k-2
k—3 k—3

a(j+k—2,k) frir- ]wamﬁa(mk—z kaan+m

3
-

(7]

7=0
+a(n —k —1,k)fln/k)(k—2)+n mod (k)—1,k—2
n k—3
= Oé(j +k =2, k)fn+l—j H fL”TmJ + a(n —k—1, k’)f[n/kj(kﬂ)m mod (k)—1,k—2
=0 m=0

where the last equality looks like cheating, but follows since fo = fi; we switch the
index and assimilate it back in. To finish the proof, we need to write the a(n — k —

L, k) fln/k) (k—2)+n mod (k)—1,k—2 in the sum. We will do this by showing that
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k—3
&01—-k—-hkﬁfm%4ymukm+m—nImm(mk—2::&01+'k—-Lkﬁﬁ)IIuﬂgg;m]

m=0

First we consider the «. Note

C)Le—k=D/k] o (Cqylnk/El ()LD kL g (_qyla/k] -1
a(n—k—1,k) = U 2+( ) _ (=D 2+( )

and

-1 [(n+k—1)/k] -1 [n+k/k| -1 [(n—1)/k]+1 -1 [n/k]+1
b1y < L e s

Since \_"T_lj — 1 and \_"T_lj + 1 have the same parity, as do L%j — 1 and \_%J + 1, then

an—k—1k) =an+k—1k).

Now consider f|(n—1)/k|(k—2)+(n—1) mod (k),k—2 and HI:,;?'O an+1+mJ , noting that we disregard
k

the fo; since fy = 1, we can ignore it at will.

Begin with f|—1)/k](k=2)+(n—1) mod (k),k—2 and note that by the proof of Lemma 23,

fkuf((nfl) modk)ft(zv,fl mod k

_ )
Fln=1)/k) (k=2)+(n-1) mod (k)k=2 = f| (1) k) 1)k -

Note that where » = n mod k, since

{n;lJ:{n—rz—r—lJ:n;erV;lJ

and

n—+1 B n—r+r+1 _n—r+ r+1
k N k -k k

then L"T”J = L”T“J aslongas 0 <r <k —1.

Furthermore, note that if » = 0, then a(n+k—1) = a(n—k—1) = 0, since %+ — 1 and

n—1

%= (equivalently, 7 — 1 and % ) have opposite signs.
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Thus, assume 0 < r < k — 2. (We will treat the k — 1 case below.) The Fibonacci

numbers making up H:@_jo fL"“J”"J are an+1+mJ = fLLHJ (for small enough m), and
k k k

VLTHJ = L”T_lJ as shown above. Since 0 < r < k — 2, there is some m—call it m*—at

which we will reach the threshold value such that f | ntlem | = f E=ymt As previously
k k
argued, an;:lJH = fL”;1J+1‘

Thus, in this case the 2 consecutive Fibonacci numbers making up

Jln=1)/k] (k—2)+(n—1) mod (k),k—2

and

are the same. We now have to prove that the power of each Fibonacci number is the

same between the two expressions.

First, observe that since VTHJ = L%”HJ ="+ L%J, there are (n—1) mod k copies
of fl(n=1)/k)+1- To determine how many copies there are of f|u41)/k]+1 = fl(n—1)/k)+1 ID

| ) =t consider the index m* at which
k

n+1+m* - n+1+m
k k

for all 0 < m < m*. (Since 0 < r < k—2, such an m* exists). Once we find the m*, then

there are k —3 —m* +1 =k — 2 —m”* copies of f|q1)/k)+1-
So, we must determine what m*. Clearly, it is the first index such that L”“%J is an

integer; thus,

n+1+m*
k

J:q,qez.

So,

n+1+m"=kq
m*=kq—n—1
m*=—(n+1) mod k
m* =k — (n+1) mod k (since we need 0 < m* < k — 3).

Thus, the number of copies of f|1)/k)+1 is:
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k—=2—m"=k—2—(k—(n+1) mod k)
=—2+(n+1) mod k

n+1
k

:—2+n+1+k{

Thus, we have shown

k3
a(n —k = 1,k) flin—1)/k](k=2)+(n—1) mod (k),e—2 = a(n +k —1,k)fo H fLinﬂ;mJ
m=0

aslongas 0 <r <k—2.

Finally, consider » = k — 1. First, consider Hﬁ;"o f | metm | and note that m* = 0, since
k

when m = 0,

{LM)J:{nJr(k—l)—(k—l)JrlJ

and when m =k — 3,

V+1+k_3J n+(k—1)—(k—1)+k—3J

k
B _n—(:—l)J+V—3+;—k—1J
_ n—(Z—l)J N Flsk—?)J

RR PN
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:n—(k—l)

1
2 +

Thus there are k — 2 copies of fLLHJ and no copies of fLLHHJ'
k k

Similarly, consider a(n — k — 1, k) fl(n—1)/k](k—2)+(n—1) mod (k),k—2- As previously argued,

there are (n — 1)mod k copies of an;lJ +1- Now, note that
k

V_lJ—H:V_(k_lwr(k_l)_lJ—H

k k
n—(k—1) k—2
= 1
e E=IE
n—(k—1)
= 1
2 +

and

V+1J:V_<k_1>+(k_1)+1J

k k
:WH

O Jpmp ) = e

So, we find (n — 1)mod k given that r = k — 1:

(n_l)mOdk:”—l—k(VglJ)

n—1+(k—1)—(k—1)
S

B e e e

=n—-1—-(n—k+1)
=k—2.

—n—l—kL
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Therefore, c(n—k—1,k) fl(n—1)/k) (k—2)+ (1) mod (k)52 = a(n+k—1,k) fo T152 fLL}jmJ
when r =k — 1.

Thus we have shown

k—3
a(n =k — L k) flnm1) /i) (k=2 (n—1) mod (2 = a(n+k — LE)fo [] flntrem
m=0

for all r,0 <r <k —1, and so:

n k—3

Sk = Z aj +k—2, k’)fn+1—j H fLﬁTmJ +a(n—Fk—1, k)f[n/kj(k72)+n mod (k)—1,k—2
m=0

=0

n k—3 k—3
= Za(j+k— 2,k) fri1-j H flasm| +a(n+k— Lk)fonll_[OfLWJ

n+1

—Z (+k = 2,k) fasie JHfLﬁmJ

concluding the proof.

We offer the following examples to illustrate Theorem 23 in action.

Example 17. We start with a big one. Let n = 10,k = 4. Then

10 1
36 = fi04 = Za(j +2,4) fro- H fLHTmJ
=0 m=0

04(2, 4)f10( L

flap) +a3.4) fo(f)
SR :

¢]
+a(5,4) f7 JfH)Jra(G 4/
Tal® Afl|g)
+a(ll ) fi(fsf
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P A Telfayfiz))

P~ AU A ) — AU A
s 13 U2 A0

% |
)= Bz fls) = Flfs £

]
U

= fiofofo — fsfofo — frfofi — fefifi + fafii + fafife + fafofo — fofafo
=89—34-21— 1345+ (3)(2) + (2)(2)(2) — (2)(2)
=36

Example 18. Now we do one with a bigger k, so the product term is slightly less boring.
Let n =12,k = 5. Then

12

2
fi25 = Za(j +3,5) fio—j H fLﬁTmJ
m=0

=0

o(3.50half|g) 713 F )+ ol 5M Uiy A2 F13 ) B 5ol A3 A1)
o6 5)folF13 ) 13) 1)) + T80l 3 F13) A g) + @@ DI 3 g A1)
9.9)slf )/ 3} 15 0.5V 5F ) f1g 1)) + @Ol 5 ald ) g )
a(12,5) fa(f o | Flao flu ) +a(13,5) fa(f o | f
(14, 5) fu(f o | Faz | oz )+ @(15,5) fo(f a2 | Flas flaa)

Tt

:flz(fLOJfL

f Flap = Joll gy g f1g)) — s f gy f1g )
— Ff s e

12])) = fuo(f|2 |2
g Jf+ﬂﬁgyﬂaﬂ%ﬁ+¢ﬁtafwwﬂuﬁ

J
P fe
TRy ) )~ Pl )13

= fizfofofo — frofofofo — fofofof1 — fefofifr — fofififi + fsfififi + fafififa
+ fafifefo+ fafafofo — fofofofo

=233 -89 —55—34—21+8+ (5)(2) + (3)(2)(2) + (2)(2)(2)(2) — (2)(2)(2)
—233-89—55—34—21+8+10+12+16 — 8

=172
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= f12,5-

Example 19. Let n =4,k = 3. Then

4

Z j+13f4JHfJ+mJ

a(1,3) fa(flo)) +a(2,3) fs(f1])
+a(3,3)fa(f2)) +ad3) fi(flz)) +a5,3) folf|4))

= fifo— fofo— ifa
=5-2—1
=2

Example 20. Similarly, let n =5,k = 3. Then

=a(L.3)fs(flo)) +a(2,3) fa(f| 1)) +a(3,3) fs(f|2))
+a(4,3)fo(fz)) +al5:3) fi(f|a)) + a(6,3) fo(f|5))

= fsJo— fafo— fof1 + fofu
=8—-3-2+1
=4

Example 21. Now, we give an example of the technique used in the proof of Theorem 23

by computing fs 3 using Lemma 8; we wind up with an expression of the form Theorem

23.

fos = f5.3+ faz+ a(1,3) flas3)(1)+4 mod3,1
= fsfo— fafo— fafi + fofi + fafo — fafo — fifi + fan

105



= fsfo+ fafo— fafo— fafo— fofi — fifa + fofi + fo
= fofo— fafo— fafr + fofi + fo
= fofo— fafo— fsfr + fifi + fofe

6

0
a(i+1,3)fe [ ] flagm
m=0

Jj=0

6.7.4 The Numerators: A Recursive Array

The Fibonomials will play a large role in determining the denominator of the generating
function Fy(x). The numerators of Fj(x) can also be constructed in a systematic way
and can be represented by a number triangle for each k, but they do not already have a

name in the literature. We provide a description of them here.

These numerators serve as a bridge between the Fibonomials and the k-Fibonacci num-
bers. The reason for viewing them this way will become apparent in the next section,
but the motivation comes from Theorem 23. For now, we define the “bridge series” as

follows.

Definition 23. For some fixed k, define the series By(x) as

Bi(z) = Za(i+k—2,k) 1:[ ft%Jxl

i>0

(—1)n/El g (—1)Ln+1) /K]
5 .

where F;j is the ith k-Fibonacci number and a(n, k) =

Recall that the numerators of a generating function encode the initial conditions of the
recursion given in the denominators. Thus, determining the numerators is a simple

matter of methodically solving for the coefficient of the desired resulting series.

We choose to represent these coefficients as a three-dimensional array, which makes it

easy to write a recursive definition.

Definition 24. Let N(a,b,c) be an array defined recursively as follows. Throughout let
fnk be the nth k-Fibonacci number and let b; ;, be the Fibonomials.

1. For¢>0,a>c+2,and b > ¢,
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N(a, Oa C) = (_1>Cfc(a—1),a—1 + Z(_l)j+lba+jfl,jN(av 27 C— ])
j=1
N(a,1,¢) =0

N(a,b,c) = (_1)c+1fc(a—l)+b—2,a—l + Z(_l)jba—i—j—l,jN(a» b,c—7j),b>2

j=1
2. The initial condition is
N(a,0,0) =
N(a,1,0) =
-1, 2<b<a
N(a,b,0) =
0, b>a

We show some examples of this definition. Throughout, note that a blank space at any

1,7 location with j > ¢ is an implied 0.

Example 22. Layer 1 of the array, that is, the ¢ = 0 initial condition, for some small

a, b is given by

Table 6.12: N(a,b,0) for small a, b.

a/b 01 2 3 4 5
2 1 0 -1
310 -1 -1

4 10 -1 -1 -1
5 10 -1 -1 -1 -1
6 1 0 -1 -1 -1 -1

Example 23. Layer 2 of the array, when ¢ = 1, for some small a, b is given by
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Table 6.13: N(a,b,1) for small a,b.

a/b 0 1 2 3 4 5 6 7 8 9
3 1 0 -1

4 2 0 -2 -1 1

5 4 0 4 -3 -1

6 7 0 -7 -6 -4

7 12 0 -12 -11 -9 5 3 19

8 20 0 -20 -19 -17 -13 -5 11 43

9 33 0 -33 -32 -30 -26 -18 -2 30 94

Example 24. Layer 3 of the array, when ¢ = 2, for some small a, b is given by

Table 6.14: N(a,b,2) for small a, b.

a/b 0 1 2 3 4 5 6 7 8 9
4 -1 0

5 4 0 4 1A

6 -16 0 16 8 0 -4 6

7 53 0 53 34 12 -8 -12 34

8 -166 0 166 123 69 9 -39 -27 159

0 492 0 492 398 274 122 -38 -142 -26 692

As the name may suggest, N(a,b,c) gives the numerator coefficients for our new gener-

ating function. We formalize this relationship now.

Theorem 24. Where N(a,b,c) is defined as in Definition 24, the numerator for the

generating function for the bridge series By(x) for fized k is

e’l\v
w
eT>‘
—

N(k —1,4,5)z" .

.
Il

=)
S
Il

o

In fact,
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S Yy N(k — 1,4, j)atik
S50 b jad®

Proof. Fix some k > 3.

At a high level, recall that the numerator of a generating function encodes the initial
conditions for the recurrence encoded in the denominator. We solve for the numerators
coefficient by coefficient such that we obtain the desired By(z). Intuitively, we move
across the columns of N from the bottom up in row £ — 1 of the array. That is, the
coefficients of z™*, x'*7% gk *tTk 0 <1 < k — 3, are given by the k entries in row k — 1

of layer r in V.

Throughout, denote the coefficient of 2’ in some series S(x) by [2"]s(). Also, let Cy(z) =
Z?:O lA)kJQZ’jk.

First, consider [2'] g, (s for 0 <7 < k — 1. Note that in the convolution of the numerator
and Cj(z), the only contribution of Cy(z) to Bi(x) is [2°] = 1, since [2¥] is the next
smallest-powered term in Cy(z). First let i = 0. Since a(k—2,k) = 1 and an_jo fim/k) =
1, then 1 = [2°]. Since [2°] =1 in C¢(z), then N(k —1,0,0) = 1.

For i = 1, note that a(k — 1,k) = 0 so [z'] in Bi(z) = 0. Thus, we must have N(k —
1,1,0) = 0 since [2°] =1 # 0 in By(x).

Finally, for 2 <i < k — 1, note that a(i + k —2) = —1 for all 2 <i < k — 1, and since
fl=14+k—3)/k) = fo—jak) =1, [#'] = =1, 2 <4 < k — 1. Since the only contribution from
C(z) is again only [2°] = 1, then we must have N(k — 1,0,0) = —1 for 2 < b < a. This

proves the initial condition at the ¢ = 0 layer of the array.

Now, consider layer ¢ > 0 of N(a,b,c). Clearly, there are more contributions from Cj(x)
than just simply [z°]. In fact, for any [z'] in Bg(x) for ¢ < (k—1)(k—3), let r = i mod k.
Then we get contributions from all [z"7*] in Cy(x) for 0 < j < |i/k| — 1. Specifically,

In/k|—1
'] B() = Z [z @ N (k= 1,7, [i/k] = j).

J=0

Now, we determine the coefficients [z] g, (») and [2']¢, (z). Recall from Definition 23 that
2@y = a(i + k — 2,k) an_jo fLﬂJ Furthermore, from the proof of Theorem 23,
k

k—3
Hm:O fL%J - fL%J(kf2)+(i72) mod k,k—2
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Also, [7%] ¢, () = (=1)?bytj—2,;. Thus,

Li/k]

7=0
[n/k] ‘
J(k—2)+(i72) mod k,k—2 Z (_1)jbk+j—2,jN(k — 1,2 mod k, U/kj - ])

J=0

alt +k — 2, k?)sz;z

Since by, = 1, we pull off the j = 1 term of the sum and solve for N(k—1,7 mod k, [i/k])

to obtain

N(k—1,imod k, |i/k]) = —a(i+k — 2,k)fL¢

Li/k)
+Z bk+j 2,9 (k_lvlmOdkv LZ/kJ_j)

22| (k=2)+(i—2) mod k,k—2

Letting a = k—1,b =i mod k,c = |i/k| yields the recursive definition of N(a,b,c) from
Definition 24.

For any i = jk — 1, a(i+ k — 2,k) = 0. Thus N(a,1,¢) = 0 since [z'] # 0 in Cy(z) for
any ¢ by the definition of the Fibonomials.

Now, we have defined the initial conditions for the k& — 2 Fibonacci numbers using
N(a,b,c). Since we have defined all the numbers up to the k(k + 1) recursion depth,
we are done with the initial conditions. From here on out, the coefficients of all 2% in
the bridge series are determined by the recursion, which as we showed in Lemma 9, is

exactly the Fibonomials defined in the denominator.

O

At first glance, a complaint might be raised about the recursive nature of the numerator
definition. If we, say, wanted the generating function for the k-Fibonacci numbers for
k = 20, we surely do not want to calculate the generating functions for all £ < 19.
However, this complaint is easily answered by noting that the recursion in the array only
goes through the z-axis—that is, only through numbers that we need to know for a fixed

k generating function anyway. Since the only other numbers in the numerators are some
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k-Fibonacci numbers and some Fibonomials, both of which have closed forms, we argue
that we do not in fact need to do a burdensome amount of work to obtain a generating
function for some given k. That said, a closed form for the N(a,b, c) would certainly be

desirable, but we leave it to future work.

6.7.5 The Generating Function: Gluing the Pieces Together

One more lemma suffices to obtain the proof of Theorem 20.

Lemma 10. Where By(x) is the bridge series from Definition 23,

—Bk(x) = Z fzkxz

l—x—2a% 4
>0
where f, 1 s the nth k-Fibonacci number.
Proof. Recall the definition of convolution of polynomials: if f(z) = > .ja,z" and

9(x) = 3,50 b, then f(x)g(x) =37 50 > 1—g arbnr2™. By Definition 23,
k—3 ‘
Bu(z) =Y ali+k—2.k) ][] F i |
i>0 m=0

and we know that

1 i
sl DY

i>0
Thus,
1 i k-3
Bi(a)(;——3) = Y (eG+E-2k]] flasm ) (fag)a!
i>0 =0 m=0
=2 fura’

i>0

where the last inequality follows from Theorem 23. O

Now, we are finally ready to prove Theorem 20.
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Corollary 9. Theorem 20 is true.

Proof. We have already proved the theorem in the lemmas. Theorem 24 gives us By(x),
and Lemma 10 gives us that By (x) multiplied by the Fibonacci generating function gives
the desired result. O

Example 25. A generating function for £ = 7 is not known either in the OEIS or in the

literature. Using the code in Appendix B, we obtain it here. The numerator is

— (2% — 2B 2 P 2 M T 72 — 627 42" 82T — 16210 .

+162" =8P + 42 + 620+ 72" — 72"+ 2+ P+t + P+ 22— 1)

with denominator

(3342 — 8% —402% +602* +402" — 827 — 1) ($2 +x— 1)
Example 26. Furthermore, the numerator of the generating function for £ = 10 is

ZB72 . x?O + 1‘69 o :UGS + ZE67 o :EGG =+ 3365 o 2364 + 3363 + 33 $62 — 33 $60 + 32 ZB59

— 302" +262°7 — 182°° + 22°° + 30 2% — 9425 — 4922°% + 492 % — 398 2%

+ 274 2% — 122247 — 3820 4 142 2% — 26 2™ — 692" — 1784 22 + 1784 2%°

— 1092 2% 4 426 2% + 72237 — 22223 — 7223° + 426 23 + 1092 2% + 1784 2%

— 1784 2% + 6922% — 26 2% — 142277 — 38 2%° + 122 2% + 274 2** + 398 2%

+4922%% — 49222 + 942 + 302! — 2217 — 18216 — 262" — 302 — 32213 — 33212

4

+33210 — g — T St P — P

with denominator

— (2% + 34 2% — 714 2™ — 4641 2°° + 12376 2°° 4- 12376
2" — 4641 2% — 714 2% + 342" + 1)(2* + 2 — 1)
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Of course, as k gets bigger, the k-Fibonacci numbers only get bigger. This makes the
generating function quite unwieldy as k gets large. In fact, the coefficient of the z!'%

term in the numerator for £ = 15 is the 31-digit number
—4466655663433116095405828866048.

Thus, this generating function might be more useful for theoretical rather than compu-

tational purposes.

6.8 Fixed Points and the Pascal’s Array Conjecture

A natural question about any class of restricted permutations is: how many fixed points
do they have? Since the fixed points of k-drop permutations correspond to the main
diagonals of a k-tridiagonal matrix, calculating the number of fixed points is a natural
avenue for learning more about this class of matrices. Here we identify the total number

of fixed points in all k-drop permutations of length n.

6.8.1 k=1

We begin with the £ = 1 case. Throughout, let p, i be the total number of fixed points
in all k-drop permutations of length n, and let p,, ;; be the number of length n k-drop
permutations with ¢ elements in the corresponding k-free subset. Since each element
in a subset corresponds to 2 non-fixed elements (since a subset entry encodes a switch),

p(n, k, 1) is equivalent to having a length n k-drop permutation having n— 2i fixed points.
We consider first the k = 1 case.

Proposition 18. p,;; = (";").

7

Proof. We wish to choose ¢ elements of n — 1 such that no two of them have distance 1
apart. For each element j that we choose, we cannot choose element j + 1. Thus, the

number of subsets is the number of ways to choose i elements from n — i elements. [

Proposition 19. p,; = Z]LZ/OQJ (";j) (n — 2j).
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Proof. Immediate from Proposition 18, since there are n — 2 fixed points for each p,, 1 ;.
We can have at most n fixed points and at minimum n —2(|n/2]) fixed points, since this
is 0 or 1 depending on the parity of n. Note we cannot have fewer than 1 fixed point for

odd n, since there is no element available to swap with the last element. O

There is another way to write p,, ;, and this argument is combinatorial and somewhat

direct from the Fibonacci recurrence.

Proposition 20. p,; = s,, where s, is the nth element of the sequence given by sy =

0,81 =1, 8, = Sp_1+ Sn_a2 + fn_1 for fn_1 the nth Fibonacci number.

Proof. When n = 0, there are 0 fixed points, and when n = 1, there is one fixed point

corresponding to (1), the only entry in the only permutation.

Now, consider the number of fixed points in all 1-drop permutations on n elements. Every

permutation must be formed by either
1. Appending 7(n) = n to the end of any 1-drop permutation of length n — 1

2. Appending 7(n — 1) = n,m(n) = n — 1 to the end of any 1-drop permutation of
length n — 2

Case (1) contributes the existing s, fixed points from the length n — 1 permutations,
and also creates one new fixed point for each permutation. We already know there are
fn—1 such permutations, so case (1) contributes s,,_1 + f,—1 fixed points. Case (2) creates

no new fixed points, so we have only the s, 5 existing fixed points. O

To keep track of the coefficients, we write a series of polynomials P, x(x) for fixed n, k

where [2']p, () is the number of length n k-drop permutations with n — 2i fixed points.

Definition 25. Let P, ;(x) = Zf:o (k_z)x’

(2

The P, () are known as the Fibonacci polynomials in the literature.
An interesting corollary follows.

Corollary 10. P, (r) = ()%

1—z—22

Proof. We have a recursion for p,; from Proposition 20. From the OEIS A001629, we

know that the self-convolution of the Fibonacci numbers, defined by <1—a:1—a:2 )2 follow the

same recursion with the same initial conditions. O
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A combinatorial proof of this corollary—a direct explanation of why squaring the gener-
ating function gives the fixed points of the generating function, without recourse to the

recursion—we leave as an avenue for future work.

Example 27. The first few self-convolved Fibonacci numbers are
0,1,2,5,10,20,38,71,130,235, ...

Example 28. Here are the p, ;, for various n and i. These are the jagged diagonals

from Pascal’s triangle. Note that the row sums give the Fibonacci numbers f,,.

Table 6.15: Number of subsets on n — 1 for k£ = 1 with exactly ¢ elements.

nfil0 1 2 3 4
1|1

2 |1 1
301 2
411 3 1
511 4 3
6 |1 5 6 1
7116 10 4
8 |1 7 15 10 1

Multiplying the n, ¢ entry by n — 27 yields the number of fixed points. Summing the rows

yields the numbers in Example 27.
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Table 6.16: Number of permutations with ¢ fixed points for £ = 1.

nfil0 1 2 3 4
1|1

2 |2

313

4 |4 0

5 15 12 3

6 |6 20 12 0
7 17 30 30 4
8 |8 42 60 20 0

Example 29. Let k = 1,n = 5. We count the number of permutations with n — 2i fixed

points for 0 < i < [n/2].

For i = 0, we expect (°) = 1 permutation with 5 fixed points. This is
0

12345.

For i = 1, we expect (‘11) = 4 permutations with 3 fixed points. These are
21345

13245
12435

12354

For i = 2, we expect (g) = 3 permutations with 1 fixed point. These are
21435

21354

13254

These are all f5 = 8 permutations of length 5. We count (5)(1)+(3)(4)4(3)(1)
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total fixed points, as expected.

6.8.2 £>1

An interesting phenomenon occurs when finding the number of fixed points for permu-
tations with & > 2. To find the number of fixed points, we conjecture that we must
simply multiply k copies of the P, ;(x) corresponding to the Fibonacci numbers making
up fnr- The coefficients of the resulting generating function yield a generalized version
of Pascal’s triangle, which does not appear in the literature as far as we know, and which

seem to give the number of permutations with a set number of fixed points.
Conjecture 2. P, ;(x) = Hk ! PVHJ (x)

We do not yet have a proof of this conjecture. However, letting x = 1 shows the coefficient

sums of the right side for a given £ do in fact add to f,, .

Example 30. For k = 2, we compute the following. The row sums give the Fibonacci

numbers fy, 9.

Table 6.17: Number of subsets on n — 2 for k = 2 with exactly ¢ elements.

nfil0 1 2 3 4
2 |1

3011
411 2 1
5 11 3 2
6 |1 4 4
7115 7 2
8 |1 6 11 6 1
9 |1 7 16 13 3
101 8 22 24 9

Multiplying the ith row pointwise with the vector v where v; = n—2i yields the following.

The row sums give column 2 in Table 6.21 below.
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Table 6.18: Number of permutations with ¢ fixed points for k = 2.

nfilo0 1 2 3 4 5
2 |2

313

4 |4

5 15

6 | 6 16

707 25 21 2

8 | 8 36 44 12

9 |9 49 80 39

10 |10 64 132 96 18

11 |11 81 203 200 66 3

Example 31. For £ = 3, we compute the following. The row sums give the Fibonacci

numbers f,, 3.

Table 6.19: Number of subsets on n — 3 for kK = 3 with exactly i elements.

nfil0 1 2 3 4

4 |1

501 1

6 |1 3 1

711 4 2

8 |1 5 4

9 |1 6 12 8

101 7 17 16 4

11 |1 8 23 28 13 2

12 1 9 30 45 30 9 1

Multiplying the nth row pointwise with the vector v where v; = n—21¢ yields the following.

The row sums give column 3 in Table 6.21 below.

1
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Table 6.20: Number of permutations with ¢ fixed points for £ = 3.

nfilo 1 2 3 4
2 |2

313

4 |4

5 15

6 |6 12 6

707 2 15

8 | 8 30 32

9 |9 42 60 24
10 |10 56 102 64 8
11 [11 72 161 140 39 2

Example 32. The row sums of layer k of Pascal’s array yield the following. We conjec-
ture that each n, k entry is the total number of fixed points in a k-drop permutation on
n elements (equivalently, the total number of elements in all subsets on n — k elements,

no two of whom have difference k.)
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Conjecture: the n, k entry gives the total number of fixed points in all k-drop

Table 6.21:
permutations of length n.
n/k 1 2 3 4 5 6 7 8 9 10

1 1 1 1 1 1 1 1 1 1 1

2 2 2 2 2 2 2 2 2 2 2

3 5 4 3 3 3 3 3 3 3 3

4 10 8 6 4 4 4 4 4 4 4

5 20 16 12 8 5 5 5 5 5 5

6 38 30 24 16 10 6 6 6 6 6

7 71 55 44 32 20 12 7 7 7 7

8 130 100 78 64 40 24 14 8 8 8

9 235 180 135 112 80 48 28 16 9 9
10 420 320 240 192 160 96 56 32 18 10
11 744 564 425 324 272 192 112 64 36 20
12 | 1308 988 750 540 456 384 224 128 72 40
13 | 2285 1721 1300 945 756 640 448 256 144 80
14 | 3970 2982 2240 1650 1242 1056 896 512 288 160
15 | 6865 5144 3840 2875 2025 1728 1472 1024 576 320
16 | 11822 8840 6592 5000 3510 2808 2400 2048 1152 640
17 | 20284 15140 11284 8500 6075 4536 3888 3328 2304 1280
18 | 34690 25850 19266 14400 10500 7290 6264 5376 4608 2560
19 | 59155 44015 32747 24320 18125 12555 10044 8640 7424 5120
20 | 100610 74760 55524 40960 31250 21600 16038 13824 11904 10240
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Chapter 7

Proof of Concept: Salem Numbers

and Known Roots

In Chapters 4 to 6, we spent a lot of time considering the locations of the roots of various
classes of polynomials. We could save some of this effort if we first choose where the roots
lie in the complex plane, and then constructed polynomials based on these locations. This
would reduce the work involved in conjecturing and proving the locations of the roots,
and we could move on to attempting to prove properties of the Vandermonde matrix

right away.

To explore this avenue, we briefly consider some properties of the Salem and Pisot num-
bers. An exploration of these numbers was suggested in [17], and a hypothesis as to the
relationship between root location and Vandermonde matrix properties was given. We do
a more extensive computational study here, and give some evidence that root magnitude

alone is not sufficient to determine certain Vandermonde matrix properties.

7.1 Vandermonde matrix properties

Definition 26. A Salem number is a real algebraic integer a with || > 1 in which one
or more of its conjugates are on the unit circle and all the others have magnitude less
than 1.

Definition 27. A Pisot number is an algebraic integer o with |a| > 1 and all its conju-

gates of magnitude less than 1.
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As was proven in 1944 [33], the smallest Pisot number is the positive root of x* —x — 1,
and is around 1.3247.

The smallest Salem number is unknown.

Conjecture 3 (Lehmer, 1933). The smallest Salem number is the largest real root of
o0 4 — 2" b - —at ¥4l

which 1s about equal to 1.17628.

This is Lehmer’s conjecture, proposed in [20], and is a famous open problem in algebraic

number theory.
There is one more type of algebraic integer we will work with.

Definition 28. A complex Pisot number is a complex algebraic integer o with |a| > 1

and |@| > 1 and all its conjugates of magnitude less than 1.
We recall some theorems and lemmas from the matrix theory literature we will use below.
Theorem 25. [[25] Theorem 3.1] Let V' be a nonsingular Vandermonde matriz and let

7,1 <i < n beits nodes. Let ry = max}— |r;| and |V| = max{1,r?"'}. Then

V| <o (V) <n|V|.

The following is a useful lower bound on o,(V).

Theorem 26 ([18]). Let V' be a Vandermonde matriz with distinct nodes ry, ..., r,. Then

max max(l, |rj|> < ||V71Hoo
i<i<n AL o p —
J=Lg#

An easy corollary results.

Corollary 11 ([5]). Let V be a Vandermonde matriz with distinct nodes ry,...,r,. Then

1 “ 1, |r;
—— max max( 7|TJ|) S HvilHQ'
|ri — 7yl

We construct the Vandermonde matrix V' from the roots of the minimal polynomial of «
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and bound its spectral distortion.

Theorem 27. Where «v s a Pisot number or a Salem number and V' is the Vandermonde

matriz of a, then

la*! < a1(V) < nfal™ ! (7.1)
and
ai(V) < v/nn—i+1) (7.2)
and o]
—\/ﬁ\a P <o, (V) (7.3)

Proof. Without loss of generality, let 71 = a. By construction, the r; of V' with largest

modulus is . Thus equation 7.1 is immediate from Theorem 25.

For equation 7.2, let 2 < ¢ < n and let V0, be V with the last ¢ — 1 rows set to 0.
Then by Theorem 1,

0 0 0
0 0 0 ,
Uz(‘/) S HV - vappro:pHQ = H 1 n—1 ||2 S n(n — 17+ 1)
T r;
1 r, ... r;‘_l

where the last inequality follows from Proposition 1 and that 7# < 1 for all k.

For equation 7.3, we consider Corollary 11. Since the bound holds for the index i that
maximizes the quantity, we can choose any index i* and the bound will still hold (though

perhaps more loosely). We let i* = 1 and so « is the distinguished node.

The product of the numerator is simply «, since r; < 1 for i = 2 < i < n. For the product
of denominators, we consider the maximum distance between « and the rest of the roots.
As « lies on the real axis and the rest of the roots are complex (because a conjugate of
a would have the same modulus as « and thus lie outside the unit circle), the maximum
distance is from « to the opposite side of the circle, and thus is « + 2. Replacing the

product of the denominators with n — 1 copies of |« + 2| yields the result. ]

We have no reason to believe the above bound should be tight; we made numerous
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estimates in the proof which revised this bound downward. With more knowledge of
the location of the roots of the minimal polynomial, we could potentially make fewer
estimates and tighten the bound. However, the bound is useful is at stands, especially
for small « in low n, and as a way of bounding condition number and spectral distortion,

as we now show.

Corollary 12. Where V is a Vandermonde matriz of Salem numbers, its 2 norm con-
dition number Kk satisfies
k(V) < n*?a|" 2|+ 2"

Proof. Immediate from equations 7.1 and 7.3. O

Upper and lower bounds for spectral distortion follow easily as well.

Corollary 13. Where V' is a Vandermonde matriz of Salem numbers, its 2 normalized
spectral norm p satisfies
p(V) < n®?a + 2"

Proof. First recall that |det(V)| =[], 0:(V). By equations 7.1 and 7.2,

n—1 n—1
[ det(V)] < nlo" T V(o —i+1) < nla*'va" " [ Vn—i+1)
=2 =2
< n|a|”_1\/ﬁn71\/7_1n71.

Thus
|det(V)]1/" < nla|.

Combining with equation 7.3,

S nla + 2|"! e
p = | det(V)[ V1], < W‘M'TM — 0 42,

]

Note we sacrificed some tightness of the bound for the sake of readability in the proof
above. Reverting to the factorial on the first line would give a tighter bound, should it
be needed.
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From the bounds above, we have shown that a large x or a large p implies a large n
and/or . However, nothing in these inequalities implies the converse: a large « does
not imply a large x or p. This becomes evident when we compute x and p for various

small values of a, n below.

7.2 Computational results

Our methodology was as follows. We considered the databases in [24] and wrote a Python
script to parse the raw text files and convert it into a set of polynomials in Sage. We
began with the 47 polynomials with degree at most 44 which have maximal root modulus
(equivalently, Mahler measure) at most 1.3 and plotted condition number and spectral

distortion as a function of Mahler measure.
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bt 25 4
10° | x4 X
z S 20| % 1
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[= < b E 15 |
.g , WX © ¥
=] | . 1 =
2 10 X X X o * s o X ox .
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o * ] % xg b
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108 b XX | % X
>< X % 5 % 51+ ~ y ® %X » %4
s XX >
y e " o X o % * B % X x % X
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116 118 1.20 1.22 1.24 1.26 1.28 1.30 116 1.18 1.20 1.22 1.24 1.26 1.28 1.30
Mahler measure Mahler measure
Condition number Spectral distortion

Figure 7.1: Condition number and spectral distortion as a function of Mahler measure.

While we can see that higher Mahler measure on average does tend towards both larger
condition numbers and spectral distortions, this correspondence is not one to one. For
instance, there are many Mahler measure values between 1.28 and 1.3 with much different

condition numbers.

Taking into account the role of n, as indicated by the theoretical bounds should influence

the behavior, does not completely explain the difference:
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Table 7.1: Evidence that n and a do not suffice to determine the magnitude of the

condition number.

Mahler measure | n | Condition number
1.2851215 30 9139.26
1.2851857 30 4552.20

Thus, there is at least one other factor which influences the condition number and spectral

distortion. While we not yet know what the mystery factor is, it seems like it has to

do with the distribution of roots in the complex plane. For the set of roots used in

the polynomials in the table above, the roots for the smaller condition number appear

slightly more equidistributed around the unit circle.
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Figure 7.2: Condition number and spectral distortion as a function of Mahler measure.

Formalizing this relationship is an avenue for future work.
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Chapter 8

Future Work and Conclusions

While we have made significant contributions to the known literature about k-Fibonacci
numbers and have made some interesting observations about the Vandermonde matrices
of polynomials of the form z" + ax™ + b, there are of course many further avenues of

exploration.

First, consider the relationship between roots of polynomials and singular values of Van-

dermonde matrices. Some ideas for future work which are based on this thesis include:

e A proof of the root locations and equidistribution properties for 2™ 4+ ax™ + b for

m > 1, using either Schur-Cohn or some other method.

A proof of the singular value gap in the resulting Vandermonde matrix.

A tightness guarantee on either the root bounds or the singular values.

Other Vandermonde matrix properties: for instance, bounds on the 2 norm of the

inverse, or the norm of the smallest row in the inverse.

Exploiting the properties of the Vandermonde matrix for non-dual RLWE instances,

as was done in the papers cited in Chapter 3.

On the combinatorial side, our first priority is to prove Conjecture 2. Conjecturing
and proving any further properties of the three-dimensional analogue of Pascal’s triangle
(Table 6.21), could also be of independent interest.

On the k-Fibonacci topic, we are also interested in any conjectures and proofs on further

permutation statistics of these restricted permutations, and their correspondences in the
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subsets and compositions. A cleaner criterion of a k-free composition—one which does
not depend on the mapping to the binary strings—is also desirable. Furthermore, a
non-recursive definition of the numerator tensors could be of interest. Finally, it could
be fun to find combinatorial proofs of any of the Chapter 6 lemmas which we proved by

induction.

Separately, a solution to the lattice path problem presented in Appendix A is another

avenue of exploration.

In conclusion, considering the non-dual RLWE problem leads to an array of fascinat-
ing problems: not only in cryptography, but in matrix theory, polynomial theory, and
combinatorics, all with varying degrees of relevance to the post quantum problem itself.
When we started work on this thesis, we did not expect it to end in Fibonacci numbers.
We are excited to see what other mathematical results and problems the post-quantum

quest brings to the world in the next many years.
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Chapter 9

Appendix A: An Exercise for the
Reader

While the permutation argument in Chapter 4 suffices to prove the determinant of the
tridiagonal matrix, an attempt using an ultimately less successful method leads to an
interesting question in enumerative combinatorics and a possible connection to spectral

graph theory. Thus we outline that attempt here.

We begin as above, calculating the Schur-Cohn matrix C' for 2™ — x — 1 as in Chapter
4; recall this is the 0, —1 matrix that is nearly tridiagonal. Now, instead of calculating
the minor sequence of C' to obtain the signature and ultimately the number of roots
inside the unit circle, we attempt to calculate the characteristic polynomial p and use
the Decartes Sign Rule or a similar technique to identify the number of its positive and
negative roots. Our thought was that this would avoid the problem of finding the leading
minors of the Schur-Cohn matrix. However, we were ultimately less successful with the
characteristic polynomial approach, though it did raise some an interesting combinatorics

question separate from the k-Fibonacci case already considered.

Proposition 21 ([22]). The eigenvalues of a matriz M are the roots of its characteristic

polynomial pys(x).

Thus, we have reduced the problem of finding the signature of M to the problem of
finding the number of positive and negative roots of the polynomial pys(x). Since there
are many techniques for finding the parity of roots—for instance, Sturm’s Theorem or the
Descartes Sign Rule—if py/(z) happens to be easy to construct, this might be a better

approach to the signature problem than calculating the Schur-Cohn minors.
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So, how do we construct p,,(z)? Recall that

pu(x) =Y 2" F(=1)ktr(AFM),

where

trM k—1 0

tr A2 trM k—2

tr M1ty MF2 e 1
trM*  trMEL e trM

So we must first construct the powers of the matrix C, or at least find their diagonals,

as a first step to calculating the characteristic polynomial.

One way to find these diagonal powers is to use the following result from graph theory.
Note that we can view C' as the adjacency matrix of a graph G, where we view a —1
in location 4, j as an edge between 7 and j, and 0 as no edge. Since C' is symmetric,
the graph is undirected. G looks like this, where more looped nodes could appear in the

dotted line areas.

Figure 9.1: The graph G. We wish to count the number of length k& closed walks from
each vertex.

Then recall the following result.

Proposition 22 ([22]). The i, j entry of the kth power of the adjacency matriz of a graph
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gives the number of walks of length k between vertices i and j.

Thus, to find the 7,7 entry of C*, we would have to count the number of length & closed
walks starting and ending at each vertex of the graph which has C' as its adjacency

matrix.

Label the vertices as follows: let vy be the leftmost vertex which has no loop, v; as the
rightmost vertex with no loop, and proceed to label in counterclockwise order. (This
ordering is without loss of generality; other orders simply change the indexing.) Label
a clockwise step with a —1, a counterclockwise step with a 1, and staying on a vertex
(taking a loop) as 0. Viewed in this way, the definition immediately recalls the idea of a

lattice path from combinatorics.

Definition 29 ([35]). A lattice path L in Z? of length k with steps in S is a sequence

Vo, V1, - .., Vs € Z% such that each consecutive difference v; — v;_; lies inS.

Since we allow 3 steps, we wish to count a lattice path variant known as a grand Motzkin
path.

Definition 30. A grand Motzkin path of length n is a lattice path on Z x Z whose steps
are U = (1,1),D = (1,—1), H = (1,0) beginning at (0,0) and ending at (0, n).

We associate a counterclockwise move on G with U, a clockwise move with D, and a loop
with H. Thus, the problem statement, which would give us the number of closed walks

on G and starting at each vertex and thus the trace of C* for all &, is the following.

Problem 6. How many grand Motzkin paths of length & have horizontal steps that do

not occur at location y = 0 or y = 17 Or in general, some ¢ and ¢+1, for any 0 <17 < ”T_l?

Example 33. The total number of grand Motzkin paths of this form (i.e., with no

horizontal step restriction) is

S (0 F
, iik—2i)
0<i<|k/2]

These are the central trinomial coefficients, which are the largest coefficient of (1+z+x2)".
This sequence begins 1,1,3,7,19,51,141,393 and is number A002426.

As an example, we constructed the first few powers of the n = 20 adjacency matrix in
Sage. Since G is symmetric, we only display up to k = 10 for each power, as the second

half is always the same.
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Neither this triangle nor its subsequences appear to be catalogued in the OEIS.

Table 9.1: Number of length n closed walks on the graph G with 20 nodes for each
vertex k.

n/k 1 2 3 4 5 6 7 8 9 10
0 1 1 1 1 1 1 1 1
2 3 3 3 3 3 3 3 3 3
1 6 7 7 7 7 7 7 7
7 16 19 19 19 19 19 19 19 19
9 38 20 51 ol ol o1 o1 o1 51

141
65 255 369 392 393 393 393 393 393 393
191 677 1013 1107 1107 1107 1107 1107 1107 1107
454 1789 3100 3138 3139 3139 3139 3139 3139 3139
1248 4813 7720 8774 8944 8953 8953 8953 8953 8953
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Of course, there are many problems with the graph approach as a potential method for
solving the root location problem. To start, once we solve the path problem, we have to
take the determinant of the matrix in equation 9, and the way to do that is not apparent.
Furthermore, there is the matter of generalization to the ™ 4+ ax™ + b case, which we

have not yet considered with this method.
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Chapter 10

Appendix B: Code

Here we present the Sage code for the two tasks we thought would be of most interest.

This method constructs the generalized Pascal triangle for given n and k, which we

conjecture to count the total number of fixed points in all length n k-drop permutations.

import numpy as np

var(’x’)

def fib_indices(n,k):
"""calculates the product and returns which fibonacci
generating functions we need to be using"""
inds=[floor((n+i)/(k)+1) for i in range(k)]

return inds

def fib_diags(n):
"""calculates the tuple of coefficients for the k=1 case"""

return [binomial(n-i,i) for i in range(0,floor(n/2)+1)]

def fib_poly(diag_list):
"""returns the polynomial given coefficients"""

return sum([diag_list[i]l*x"i for i in range(len(diag_list))])
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def construct_multiplier(n,length):
"""constructs the even/odd multipliers to take the dot product"""

return [n-2*i for i in range(length)]

def create_poly(n,k):
"""builds the polynomial P_(n,k) from the building blocks"""
poly_list=[]
if k==1:
inds=fib_indices(n,k)
poly_list.append(fib_poly(fib_diags(n)))
else:
inds=fib_indices(n,k)
for i in range(len(inds)):
poly_list.append(fib_poly(fib_diags(inds[i]-k+1)))
coef_list=np.prod(poly_list).expand().coefficients()
simple_list=[elem[0] for elem in coef_list]

return simple_list
#to see the first 30 rows of the k=4 layer:
for i in range(5,30):

print i,create_poly(i,4)

print

The following method constructs the k-Fibonacci generating function for given k. This is
a toy implementation. As k of the k-Fibonacci numbers increases, the coefficients of both
the tensor and the denominator quickly become quite large, and numerical considerations
may have to be taken into account for a full scale implementation. That said, Sage will
display the generating functions using this code at least until k¥ = 15 with no additional

work; recall the current literature only has k& < 6.

import numpy as np
def fib_ind(n,k):

"""calculates the product and returns which fibonacci
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generating functions we need to be using"""
inds=[floor((n+i)/(k)+1) for i in range(k)]

return inds

def kfib(n,k):

return np.prod([fibonacci(i) for i in fib_ind(n,k)])

def fibonomial(n,k):
return np.prod([fibonacci(n-i+1) for i in range(1,k+1)1)/...

(np.prod([fibonacci(i+1) for i in range(1,k)]))

def sfibonomial(n,k):

"""signed fibonomials"""

return (-1) "~ (floor(k/2))*np.prod([fibonacci(n-i+1) for i in...

range(1,k+1)])
(np.prod([fibonacci(i+1) for i in range(1,k)]))

def N(a,b,c):
"""the numerator tensors """
if b>a:
return O
if b==c==0:
return 1
if b==1:
return O
if c¢==0:
if b>a:
return O
else:
return -1
else:
if b==0:
return -((-1) " (c+1)*kfib(cx(a-1)+2-2,a-1)—-. ..
sum([(-1) " j*fibonomial (a+j-1,j)*(N(a,2,c-j))
for j in range(1l,c+1)1))
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else:
return (-1) " (c+1)*kfib(c*(a-1)+b-2,a-1)-...
sum([(-1) " j*fibonomial (a+j-1,j)*(N(a,b,c-j))...
for j in range(1l,c+1)])

#the whole generating function

def make_gfun(k):

dim=k* (k-1)

denom=sum( [int (sfibonomial (k-1,i))*x~(i*k) for i in range(0,k)])

ind=0 #keeping track of the numerator powers

num=0

for i in range(0,k-2): #layer

for j in range(k): #column

num=num+sum( [int (N(k-1,j,1))*x"(ind)])
ind=ind+1

return num/(denom*(1-x-x"2))

#to get the generating function for k=7:

make_gfun(7)

#to expand and obtain first 50 coefficients of the series:

taylor (make_gfun(7),x,0,50)
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