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He turned the handle and the door opened.

Beyond it was another door.

He turned the handle again and the other door stood wide.

In this way, he opened one hundred twenty four doors.

Then he grew tired and he collapsed.

"Behind the one hundred twenty fifth door, there lies a garden,
roses have just begun to bloom there® - he thought,

drowsily dying.

Behind the door, there was another door.

A. Skéma






Notation

N — the set of all positive integers

7 — the set of all integers

Q — the set of all rational numbers

R — the set of all real numbers

C — the set of all complex numbers

Z[x] — the set of polynomials with integer coefficients in one variable x
Q[xz] — the set of polynomials with rational coefficients

R[x] — the set of polynomials with real coefficients

Clx] — the set of polynomials with complex coefficients

i — a complex number, satisfying i> = —1, unless used as an index in sub-

script or superscript.

H(P) — the height of a polynomial P

L(P) — the length of a polynomial P

M (P) — the Mahler measure of a polynomial P
|| P|| — the Euclidean norm of a polynomial P

|P||, — the L® norm of a polynomial P, taken on the unit circle |z| =1 in

the complex plane

P* — a reciprocal polynomial of a polynomial P(x), defined by the equation
P*(x) = 298") P(1/x)



|z| — the absolute value of a complex number z
[z], || — the integer part of a real number x

Brackets {...} are used to denote a set. Brackets {x} containing a single
number z € R mean the fractional part of x. It shall be clear from the

context in which they will be used

L, — unimodular polynomials of degree n (polynomials P € C[z| whose

coefficients are of modulus 1)

L, — Littlewood polynomials of degree n (polynomials P € R[zx| whose
coefficients a; € {—1,1})

N,, ~Newman polynomials of degree n (polynomials P € R[z] with coeffi-
cients a; € {0,1} and P(0) # 0)

Remarks

A perfectionist reader might be surprised by some small changes in notation
through the thirteen chapters of the thesis. To avoid any confusion, we warn
that the notation will be slightly dependent on the context of a mathematical
problem considered in the respective chapters. The polynomials will be denoted
by uppercase letters P, @), R, G, H, ... or lowercase p, q, f, g, h, ... We use x
for the variable of a real polynomial in R[z], or for a polynomial with coefficients
taken from any (abstract) field K. The variable z is used when we want to em-
phasize the polynomial as a function of a complex variable z € C. The degree of a
polynomial shall be denoted by d or n. The former notation of degree is preferred

by number theorists an algebraists, the latter — by analysts and engineers.
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Chapter 1

Introduction

1.1 The notion of height

Most of the mathematical research presented in this doctoral dissertation is

centered around the notion of the height of a polynomial. We consider polynomials
P(z) = apa" + - + a10 + ag

in one variable x with real or complex coefficients. If the leading coefficient a,, # 0,
then the integer n > 0 is called the degree of the polynomial P. Polynomials
with all coefficients in C, R, Q or Z are called complex, real, rational or integer

polynomials, respectively.

The height of a polynomial, in the most general sense, is a quantity by which
we measure the complezity of the polynomial P. There are several different types
of heights. The most simple heights take into account the size of the coefficients

of a polynomial. Such are the naive height,
H(P) = max{|ao|, |a1], .- ., |as|},

the length:
L(P) = |ao| + |ai| + - . - |an],
and the Fuclidean norm of a polynomial

1/2
1PN = (laol® + Jaa|* + - + [an]?)

Another way to define the height is to consider the size of the roots of the polyno-
mial P. The Fundamental Theorem of Algebra asserts that P splits in C[z] into
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the product of linear factors
P(J}) = an(x - Oél)(f — 062) . (;U — Ogn),

where oy, ag, ..., a, are the complex roots of P, not necessarily distinct (see
Theorem 5.1 in Lang’s book [129]). For such a factorization, the Mahler measure
M (P) is defined by the formula

M(P) = |an| [ ] max{1, oy}
j=1
as the product of of absolute values of roots «; of modulus greater than one and

the leading coefficient of P.

One more type of height measures the analytic behavior of the polynomial P
in some compact subset of the complex plane C. In the present thesis we consider
the mean values of the polynomial P on the circle of radius 1, centered at the

point z = 0. For arbitrary real number s > 0, the integral mean value is defined

1 s L 1/s
1PIL = (5 [P at)

For the values s > 1, the mean value || P||s coincides with the norm of a polynomial

by the formula

P in the space L? of functions which are absolutely s — integrable on the unit
circle in the sense of Lebesgue. For s = 0, one defines the geometric mean of a

polynomial ||P||, by the formula

L it
||P|lo = exp <27T/0 log‘P(e )‘ dt) :

For historical reasons we will refer to the quantity ||P||, as a L® norm for all the
values s < 1. However, one should keep in mind that ||P||s is not a true norm
of the vector space L® for s < 1. One also defines the infinity norm ||P|| of a
polynomial by setting

1Plloe = max |P(e®)].

te[0,27)

It is known (see [102]) that the norm || P||s (for a fixed polynomial P) considered
as a function of s, is non-decreasing and continuous in the interval s € (0, +00),
and that

tin 1P = [1Plo, lim_ 1P = [Pl].
In general, the norms ||P||; are hard to calculate explicitly. For s = 2, the

Parseval’s identity yields
1P[l, = [1P]]-
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This is the only easily computable case. For s = 0, it is known that
|P[lo = M(P).

The equality of ||P||p norm and the Mahler measure of P was established by
Mahler himself [139] using Jensen’s formula. There are various ways to prove it —

see, for instance, Chapter 1 in [83], or [197].

There exist more heights for the polynomials of several variables, such as the
Bombieri norm or multivariate Mahler measures. In the present thesis we do not

delve in to these and keep focused on the univariate setting.

1.2 Applications

Heights of polynomials play a substantial role in the modern number theory.
In Diophantine analysis heights are used to bound the rate of convergence of ratio-
nal approximations to algebraic numbers. Heights are important technical tools in
proving explicit lower bounds for linear forms in logarithms of algebraic numbers.
Heights are useful in bounding the size of integer solutions to Diophantine equa-
tions or giving upper bounds on the total number of such solutions. For number
theorists, the most useful heights are the naive height H(P), the length L(P), the
Mahler measure M (P) and the logarithmic variants of Mahler measure.

Heights which measure analytic properties of polynomials (mainly, the norms
||P||,) are important in various branches of mathematical analysis, such as the
approximation theory in L*® spaces, theory of Fourier series, functional analysis
— and this list is very far for being complete. Outside the realm of pure mathe-
matics, heights of polynomials have applications in electric engineering and signal

processing theory, where they are used to measure signal strength and energy.

1.3 Aims and problems

In this section we summarize the primary directions of the research presented
in this thesis. Mathematical problems which received most attention in the course

of the doctoral research are formulated here.

« Height reduction in R[z]. In Chapter 3| we will study the following prob-
lem: given a polynomial P(z) € R]z], find another real polynomial Q(z),
whose coefficients are as small as possible, such that Q(x) is divisible by

P(z). This problem originates in Diophantine analysis. We will introduce
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the reduced height of a polynomial and give results on the properties and

the explicit computation of this quantity.

Maximal values of polynomials. In Chapter [4] the maximal values of
polynomials with real coefficients restricted to the interval [—1,1] on the
complex unit circle |z| = 1 will be studied. We shall calculate exact and
asymptotic formulas for the maximal values and outline how the main result

may be generalized for polynomials with coefficients in arbitrary intervals
[a, 0].

Newman and Littlewood numbers. We will investigate the sets of com-
plex numbers which are the zeros of polynomials with small integer coeffi-
cients in Chaper[5] The sets of roots of polynomials with coefficients {—1, 1}
will be called Littlewood numbers and denoted V. Roots of polynomials with
coefficients {0, 1} will be called Newman numbers. The set of Newman num-
bers is denoted V)y. We will prove non-trivial inclusion of Newman numbers
of low degrees into the set V and find examples of Newman numbers which
are not Littlewood numbers. Most of our results there rely on specially tai-
lored fast computer algorithms. The divisibility of Littlewood polynomials

by trinomials and quadrinomials of height 1 will be also studied.

Mahler measures of a polynomial and its derivative. We shall study
the inequality M(f") > d/2M(f) for self-inversive polynomials f € C|z].
This inequality is a counterpart to the classical inequality M (f’) < dM(f),
established by Mahler [140] himself. Following the remark of anonymous
Referee in Chapter [0 we will give a slightly refined version of this classical
inequality investigated in [70]. We also calculate the exact minimum of the

ratio of Mahler measures M (f")/M(f) for self-inversive cubic polynomials.

Numbers in geometric and arithmetic progressions. Given an ar-
bitrary geometric progression G of real numbers, how many of them lie in
some arithmetic progression A7 This problem is connected to the question of
equal values in the sequence of fractional parts of powers {£a™}, n =1,2,...
of an algebraic number «. In Chapter [7, we will extend classical results of
Ehlich [81], Supnick, Keston, Cohn [205], Posner and Rumsey [165]. It turns
out that the answer to this problem depends on the geometrical and arith-
metical properties of complex numbers which are the roots of polynomials

having only three or four non-zero terms.

Factorization of quadrinomials. In Chapter [§ we investigate the re-

ducibility of quadrinomials of the form z* + 27 + 2% + 4. We give an answer
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to the question of Walsh which irreducible quadrinomials of this form split
!

in Z[x| after the variable x is replaced by some power z'.
Number systems. We consider number systems in the ring Z[a] for an
arbitrary expanding algebraic integer . An algebraic number « is called
expanding, if all its conjugates are of modulus > 1. Our aim is an effective
construction of the number system (B, «) with the smallest possible digit
set B. In Chapter [, we will show that this can be done efficiently in the
case where all conjugates of « are of sufficiently large modulus. We will also
give an effective construction for all expanding quadratic integers and also

for the expanding integers of degree 3 and trace 0.

Metric Mahler measures. In Chapter [10] we will study metric Mahler
measures. This concept was introduced by Dubickas and Smyth in [74] in
order to give a notion of distance in the multiplicative group of the field
Q. We shall study a variant of these metric Mahler measures, called ¢-
metric Mahler measures. We will determine when the infimum of ¢-metric
Mahler measure M;(«) can be achieved in the field Q(«), provided that « is
a rational number or a quadratic surd of some square-free positive integer.

Our work complements earlier results of Samuels [I75], [176], [I77].

Barker sequences and polynomials. Chapter [11]is devoted to research
on the class of Laurent polynomials denoted L£P,. This class consists of
polynomials with small coefficients c;, for —n < j < n, j # 0, and a large
central coefficient cy. Such polynomials arise in Signal Processing theory in
connection to aperiodic autocorrelations of binary sequences. We have stu-
died extremal extremal Mahler measures and L® norms of such polynomials
in the hope of finding an alternative approach to a long standing Barker
conjecture in [31], [32]. We have determined extremal polynomials in the
class £LP, and established non-trivial lower bounds for their Mahler measures
M(P) and L® norms.

Composition equation in polynomials. Chapter is devoted to the
solution of the composition equation f(g(x)) = f(x)h™(x) in unknown poly-
nomials f(z), g(x), h(xz) with coefficients in an arbitrary field K. We will
provide a complete solution to this polynomial equation in the case when
the polynomial f(z) is separable (has no multiple roots) and the integer
m > 2 is not divisible by the characteristic of the field K. The composi-
tion equation we solve is of some interest in the context of the conjecture of

Cassaigne et al. [54] on the sign changes in the sequence \(f(n)), n € N for
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Louiville’s lambda function A evaluated at integer values n of polynomials

f(z) € Z[x].

1.4 Methods

One needs a variety of different methods in order to solve problems related to
polynomials.

In computing reduced heights, we will need standard linear algebra, deter-
minant theory [121], [I67] and theorems from the linear optimization [I§]. To
determine maximal values of polynomials, we use vector representations of com-
plex numbers, cosine sum formulas and the theorem of Weil [123] on the uniform
distribution of fractional parts of complex arguments {m¢/27} in the interval
0,1).

The investigations of the sets of Newman and Littlewood numbers require fast
computer algorithms to check which numbers are zeros of Newman and Littlewood
polynomials, and which Newman polynomials divide some Littlewood polynomial.
We will develop two different efficient recursive algorithms for these purposes.
The algorithms were implemented in C++ using specialized libraries for multi-
precision computing [26], [I00] and interval arithmetic [104]. In order to establish
the results on the divisibility properties of trinomials and certain quadrinomials
with coefficients {—1,0, 1}, we will use the factorization of polynomials modulo
2 in the ring Fso[z]. In our constructions we use theorems of Filaseta and other
authors on the irreducibility of certain Newman polynomials.

Inequalities for the Mahler measure of derivative of self-inversive polynomials
are based on the formula for the real and imaginary parts of the rational function
zf'(z)/f(z) on the unit circle, combined with Jensen’s formula [83] and an inte-
gral version of Mahler’s inequality [102]. In cubic case, we compute the precise
minimal value of Mahler measures (a non-trivial optimization problem) by calcu-
lating critical points of partial derivatives, aided by the MAPLE [215] computer
algebra package.

To explore real numbers in arithmetic and geometric progressions, or, alter-
natively, equal values of fractional parts of powers, one uses the techniques on
the geometry of complex zeros of trinomial and quadrinomial equations. Results
stated in Chapter [7| are obtained as a combination of geometric methods [81],
[165], [205], Galois theory and estimates on the maximal zero multiplicity of non-
degenerate linear recurrence sequences proven by Beukers [25].

In the problem of Walsh on irreducibility of quadrinomials x* + 2/ + x* + 4,
we shall use Ljunggren’s [137] method to study the reducibility of non-reciprocal
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part of polynomials with small Euclidean norm (in particular, trinomials and
quadrinomials of height one).

For the construction of number systems (B, «) in rings Z[a], we use various
criteria on the coefficients of polynomials with all roots outside the unit circle. We
prove inequalities for the size of the digits in the set B in terms of the modulus of
the smallest algebraic conjugate of a and the discriminant of polynomial. Finite
automata theory [I78] is used in the construction for the cubic case.

Number theoretical methods, such as the divisibility properties of integers and
the formula for the norm N(a) of algebraic numbers in quadratic fields [I56], are
used to investigate t-metric Mahler measures.

In order to study extremal Mahler measures and L° norms of polynomials
related to Barker sequences, we go back to the realms of classical analysis. We
use logarithmic and binomial Taylor series, the Dirichlet kernel Dy (t) and sine
phasor formulas in addition to the Weierstrass uniform convergence criteria in
Chapter Rudin’s book [I73] is considered to be a classical reference on the

subject. Jensen’s formula will be one of the main tools here.

1.5 Originality

Most of the results presented in this doctoral thesis are completely new and
have not appeared before in the scientific literature. Some of the results are
extensions or applications of previously known results in new areas, so they are
also a valuable addition to existing theory.

Despite considerable progress in the theory of polynomials, many problems
and conjectures are still wide open. We hope that the present thesis will be a step

towards a more general mathematical theory.

1.6 Dissemination of results

The results of this thesis were presented in the following conferences:

o 27th Journées Arithmétiques, Vilnius, Lithuania, June 27 — July 1, 2011.
o Heights 2011, Tossa de Mar, Spain, April 25 — 30, 2011.

o PIMS/SFU/UBC Number Theory Seminar, University of British Columbia,
Vancouver, Canada,October 7, 2010.

o 19-th Czech and Slovak International Conference on Number Theory,
Hradec nad Moravici, Czech Republic, August 31 — September 4, 2009.
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o FEaxplicit Methods in Number Theory, Institute of Mathematics, University
of Debrecen, Debrecen, Hungary, January 26 — 30, 2009.

o Number Theory seminar, The School of Mathematics, University of Edin-
burgh, Edinburgh, Scotland, November 5, 2008.

o Journeé Diophantienne, L’Institut de Recherche Mathématique Avancée,
L’Université de Strasbourg, Strasbourg, France, October 23, 2008.

o International Conference on Number Theory, dedicated to the 60th birthday
of A.Laurincikas, August 11 — 15, 2008, Siauliai, Lithuania.

The results of the thesis were also presented and approved in the mathematical
seminar of Department of Probability Theory and Number Theory on May 14,
2012 and joint seminar of Lithuanian Mathematical Society, held on May 28, 2012
at the Faculty of Mathematics and Informatics of Vilnius University in honor of

the late J. Kubilius.

1.7 Publications

1.7.1 Principal publications

The results of the doctoral research will appear in 11 research papers. Eight
of them have already been published, three are accepted for publishing in general
or specialized periodical peer reviewed foreign mathematical journals. 10 out of

11 papers will appear in journals indexed by IST Web of Science.

Published papers:

1. A. DUBICKAS, J. JANKAUSKAS, On the reduced height of a polynomial,
Publ. Math. Debrecen, 71 (6) (2007), 325-348.

2. A. DUBICKAS, J. JANKAUSKAS,

The maximal value of polynomials with restricted coefficients,
Journal of the Korean Mathematical Society, 46 (1) (2009), 41-49.

3. A.DUBICKAS, J.JANKAUSKAS,

On the intersection of infinite geometric and arithmetic progressions,
Bull. of the Brazilian Math. Soc., 41 (4) (2010), 551-566.

4. A.DUBICKAS, J.JANKAUSKAS,

On Newman polynomials which divide no Littlewood polynomial,
Mathematics of Computation, 78 (265) (2009), 327-344.
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5. A.DUBICKAS, J.JANKAUSKAS,

On Mahler measures of a self-inversive polynomial and its derivative,
Bull. London Math. Soc., 42 (2) (2010), 195-209.

6. J. JANKAUSKAS,On the reducibility of certain quadrinomials,
Glasnik Matematicki, 45 (65) (2010), 31-41.

7. J. JANKAUSKAS, C. SAMUELS,

The t-metric Mahler measures of surds of rational numbers,
Acta Math. Hungar., 134 (4) (2012), 481-498.

8. P. BorwelIN, S. K. K. CHOI AND J.JANKAUSKAS,

On a class of polynomials related to Barker sequences,
Proceedings of Amer. Math. Soc., 140 (8) (2012), 2613-2625.

Accepted for publication:

1. P. BorwEIN, S. K. K. CHOI AND J.JANKAUSKAS,
Extremal Mahler measures and Ls norms in the class of polynomials related
to Barker sequences,

Proceedings of Amer. Math. Soc.

2. S. AKIYAMA, P. DRUNGILAS AND J. JANKAUSKAS,
Height reducing problem on algebraic integers,

Funct. Approx. Comment. Math.

3. H. GANGULI, J. JANKAUSKAS,
On the equation f(g(x)) = f(xz)h™(z) for composite polynomials,
J. Aust. Math. Soc. (special issue dedicated to Alfred van der Poorten).

1.7.2 Conference abstracts:

1. A. DUBICKAS, J. JANKAUSKAS,
On the intersection of infinite geometric and arithmetic progressions,
27-th Journées Arithmétiques, June 27 — July 1, 2011, Vilnius, Lithuania:
programme and abstract book. Vilnius, Vilniaus universitetas, 2011. Avail-
able online at

http://atlas-conferences.com/cgi-bin/abstract/cbbv-46.

2. S. AKryaMA, P. DRUNGILAS, J. JANKAUSKAS,
Height reducing in number systems,
27-th Journées Arithmétiques, June 27 — July 1, 2011, Vilnius, Lithuania:
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http://atlas-conferences.com/cgi-bin/abstract/cbbv-46

programme and abstract book. Vilnius, Vilniaus universitetas, 2011. Avail-
able online at

http://atlas-conferences.com/cgi-bin/abstract/cbbv-68.

3. S. AKIYAMA, P. DRUNGILAS, J. JANKAUSKAS,
Aukscio maZinimas skaiciavimo sistemose,
Fiziniy ir technologijos moksly tarpdalykiniai tyrimai: pirmosios LMA Jau-
nyjuy mokslininky konferencijos pranesimy santraukos, Vilnius, 2011 02 08.
Vilnius, LMA leidykla, 2011. Available online at
http://1lma.lt/media/k2/attachments/SANTRAUKOS. pdf.

4. P. BORWEIN, S. CHOI, J. JANKAUSKAS,
On a class of polynomials related to Barker sequences,
Abstracts of talks given by doctoral students at Heights 2011 conference,
Tossa de Mar, Spain, April 29, 2011. Available online at
http://www.imub.ub.es/heights2011/Abstracts_young.pdf
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Chapter 2
Literature review

Heights of polynomials are not lonely and isolated objects of mathematical
curiosity. On the contrary, there exist important mathematical applications for
them. In this section, we give a short survey of some of these applications. We
also review several famous conjectures which are central for the theory of heights
of polynomials. Most of the information presented in this Chapter is a condensed
version of several surveys and books, including: surveys on Mahler measure and
Lehmer’s problem by Smyth [201] and the book of Everest and Ward [83], surveys
on the Merit factor problem by Borwein, Fergusson, Knauer [36] and Jedwab [107].
The book [29] by Borwein is the ultimate reference on all problems concerning
polynomials with small coefficients {—1,0,1}. For in-depth study of the subject,
the reader should refer to these sources. For general references on polynomials,

we can recommend [34] and [I71].

2.1 Algebraic number theory

Recall that a number o € C is called an algebraic number if « is a root of
some polynomial P(z) with integer coefficients. Among all the integer polynomials
P € Z[x] satisfying the equation P(«) = 0, there exists a polynomial of minimal
degree which is irreducible in Z[z] and whose leading coefficient is a positive
number. Such polynomial P(z) is called the minimal polynomial of o in Zx].
The degree of the minimal polynomial P(x) is called the degree of an algebraic
number «. Usually, it is denoted d = deg(«). In particular, if P(z) has leading
coefficient 1, then « is an algebraic integer. By the Galois theory, the roots of the
minimal polynomial P(z) are algebraic conjugates of v over the field of rational
numbers Q. The minimal polynomial P(x) carries all the information on the
number « and its conjugates, such as the size of the conjugates, their distribution

in the complex plane and their arithmetical properties. The Mahler measure of «
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is defined as the Mahler measure of its minimal polynomial:

The Mahler measure M («) is useful in proving Kronecker’s theorem [122], which
states that all algebraic integers o having all conjugates o’ of modulus 1 are roots

of unity; this result can be also derived as a consequence of the inequality

lag| < (Z) M(«a), d=dega. (2.1)

for the size of coefficients aj of the minimal polynomial P(z) (see [197]). This
inequality was proved by Mahler himself [I39]. Another inequality, also due to
Mahler [142], bounds the size of the discriminant of disc(P) = a3 * [Ty<;j<q(ci —
a;)? by

|disc(P)| < d*M(P)?*2.

In 1933, Lehmer in his (now famous) paper [132] asked whether there exists an
absolute constant C' > 1, such that, for any non-zero algebraic number a which
is not a root of unity (that is, M(«) # 1) one has M(«) > C. The smallest
Mahler measure that Lehmer could find was M (a) = 1.17628.... This measure

is attained by the number a which is the root of the polynomial
Pla)=o"4+2"—2" 2% —2° —2* — 23 + 2+ 1. (2.2)

It is rather surprising that, to date, no numbers o # 0 other than the roots of
unity, are known having Mahler measure smaller than that one found by Lehmer.
Algebraic numbers like the one found by Lehmer are called reciprocal. They are
characterized by the property that o and 1/« are algebraic conjugates. Algebraic
numbers which do not satisfy this property are called non-reciprocal. The cele-
brated theorem of Smyth [199] states that for non-zero non-reciprocal algebraic

numbers one has
M(a) > M(2* —x — 1) = 1.32471 . ... (2.3)

A weaker inequality M (a) > 1.1796... was proved by Breusch [45].

In the case where all the conjugates of a are real, Schinzel [I80] proved that

M(a) >

<1 +2\/3>d/2’

provided that o« # 0, —1, 1.
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The best general result towards Lehmer conjecture is a theorem of Dobrowolski
[60], subsequently improved by Cantor and Strauss [53], Rausch [168], Louboutin
[138] and Voutier [211]. Namely, for all a with M («) # 1, the inequality

1 (loglogd ’
M 14+-|—=—
(o) > +4< log d )

holds. The Lehmer conjecture, however, still remains unsolved, since the above
bound depends on d = deg(a) and tends to 1 as d — oo. A huge amount of
computations, performed by Boyd [43], [44] and later by Mossinghoff, Rhin and
Wu [153] produced a lot of supporting evidence towards the Lehmer’s conjecture.
See a nice survey of Smyth [201] on the current state of Lehmer problem and
more applications of Mahler measure. The first and third chapters in the book of

Everest and Ward [83] can be also recommended.

2.2 Diophantine analysis

Heights of polynomials turn out to be useful to measure the rate of convergence
of rational approximations to algebraic numbers. Historically, the earliest example
is Liouiville’s Approximation Theorem, which states that, roughly, an irrational
algebraic number cannot be approximated by any rational number too well. A
precise statement of the theorem is as follows: for an algebraic number « of degree

d > 2 and coprime integers p € Z, q € N, the inequality

i
q q

holds for some positive constant C'(«) which depends on « only. It is possible to

give an explicit formula for C'(«) in terms of various heights. For instance, one

can take C'(a) = 1/(d*(1 + |a|)4"1H(P)), where P is the minimal polynomial of

a — see [202].

A more modern and more general result is stated in the Waldschmidt book [212]:

for any polynomial ) € Z[x], which does not vanish on «, one has

1
M(a)NL(Q)4"

[Q(a)] >

where N is the degree of ) and L(Q) is the length of Q.

The Mahler measure is used in the theory of logarithms of algebraic numbers,
most often in the form of the Weil height (see [197] or [212], for instance). The
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Weil height (or the absolute height) of a is defined by the formula

_ logM(oz).

hla) = 22

In particular, the Weil height provides upper bounds for the modulus of integers
t1, tg, ..., txy which satisfy the equation

t110g61+tk10g5k:0

Here (31, 32, ..., Bk are multiplicatively dependent algebraic integers, see [212].

Another recent example is related to the length L(P) of a polynomial P. Dubickas
[65] proved the following inequality for the distance between upper and lower limit
points in the sequence of fractional parts of powers {£a”}, n = 1,2,... of an

algebraic number:

1

Al a) = liglﬁs;}p{foz”} - liggiolgf{éan} > )

The quantity [(«) is called the reduced length of «. Tt is defined by the formula
l(a) == inf L(PQ).

QERz],
Q- monic or Q(0)=1

The reduced length was studied in detail by Schinzel [187], [188], [189].

2.3 Number systems and tilings

Let a be an algebraic integer with minimal polynomial P(x) € Z[z]. A non-

empty, finite integer set B,
B CZ, B+ &, |B| < o0

is called a digit set in the ring Z[«|, if each element 3 € Z[a] has a finite expression
of the form
B =by+bia+ -+ b,a™

with all coefficients (digits) b; in set B, 0 < 7 < m. In other words, Z[a| = Bla].
In such a case, the pair (B, «) is called a number system. If all digits in B are
positive, then (B, «) is called a canonical number system (CNS for short). Such
number systems (B, «) are the generalizations of usual numbers systems in N with
positive integer bases. D. Knuth [I17] considered canonical number systems in

Z[—1+i] which are related to fractals. The CNS in the ring of Gaussian integers
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were investigated systematically for the first time by Kétai, Szabé [113]; these
results were generalized to the rings of quadratic integers by Kétai, Kovacs, [I11],
[112] and Gilbert [99]. The algorithms to decide if (B, «v) is a CNS and to compute
expansions of elements in Z[a] were devised by Kovacs and Pethé [120], Akiyama
and Pethé [6], Scheicher and Thuswaldner [179)].

It is easy to prove that if Z[a] possesses a number system (B, ) (not necessarily
a canonical system), then all algebraic conjugates o of the number « are of
modulus |o/| > 1. Algebraic integers which have this property are called expanding
algebraic integers. The converse is also true. Lagarias and Wang in [125], [124] and
[126] proved that for any expanding algebraic integer «, the ring Z[a] possesses a

number system (B, ) with the digits
B={-(¢—-1), ..., =1,0, 1, ..., ¢—1}, with ¢=|P(0)|.

Such sets B are essentially the smallest possible digit sets. The proof of Lagarias
and Wang is non-constructive. It relies on the existence of self-affine tilings of the
space R?, associated to a certain integer matrix whose characteristic polynomial
is P(x). It is a very interesting and challenging problem to find an effective con-
struction of the number systems for expanding algebraic integers. This problem

is still unsolved.

2.4 Signal Processing

Let

ap, ai, as, cey Qp

be a finite sequence of complex numbers. This sequence is called unimodular if
all the numbers a; are of modulus 1. Unimodular sequences are of considerable
interest in signal processing theory, [85]. In particular, such sequences are used to
convert discrete signals into continuous signal by phase modulation. Each number
a; in the sequence, written in the form a; = €'®,¢ € [0,27) corresponds to the
pulse signal with the phase ¢. The discrete signal is converted into a group of
continuous pulses according to the pattern of the coefficients ag, a1, ..., a,. The
initial discrete signal is then restored back (demodulated) by cross correlating the
received continuous signal with itself. For this, the autocorrelation coefficients are
defined by the formula

n—k

o= Z a;Qjr, and c_p =y,
=0
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for k = 0,1,...,n. By the unimodularity property, the central autocorrelation

coeflicient ¢q is equal to
co = laol® + Jar]* + - + Janl* = n + 1.

In the signal processing theory, the central coefficient ¢y can be interpreted as the
total signal energy, while the squared moduli of the non-central coefficients |cy|?,
k # 0 can be thought as the energy in the k — th sidelobe of the signal. Energy
in higher sidelobes represents the level of signal inefficiency — the energy which is
lost due to self-interference [36]. Sequences which possess small autocorrelations
have many practical applications in direct sequence spread spectrum telecommu-
nications and radar pulse compression. A convenient mathematical framework to

investigate this kind of problem is to associate a polynomial
P(z) = a;2’
=0

to each unimodular sequence. Such polynomials are called unimodular. The class
of unimodular polynomials of degree n is denoted l,. The signal energy then can
be interpreted in terms of L? norm of unimodular polynomial:
1 2w 2
2 7
o= IIPIP=1IPI= o [ [P ar
m Jo

Another integral

1

o [ (1P~ 1PIR) de = 1P~ |1PIlS =

=|IPlli = (n+1)* =23 Jel*.
k=1

measures the deviation of the amplitude spectrum of the continuous time signal

from the mean value.

Among all unimodular polynomials, polynomials with the coefficients a; €
{—=1,1}, 0 < j < n, are called Littlewood polynomials after [134], [135], [136].
The set of Littlewood polynomials of degree n is denoted L,,. They correspond to
the binary sequences, consisting of the numbers —1 and 1. A challenging math-
ematical problem, the determination of Littlewood polynomials which minimize
the L* norm (and, consequently, minimize the sidelobe energy) is called the merit
factor problem. As of present, the merit factor problem is still largely unsolved —
see surveys [36], [L07].

Another challenging problem of interest both in signal processing and ma-
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thematical analysis, is the Littlewood’s problem on flat polynomials. An infinite
sequence of polynomials P(z) € 4L, of increasing degree n is called a flat sequence,
if the moduli |P(z)| of polynomials P(z) on the unit circle are uniformly bounded
by their L? norms. More precisely, there exist absolute constants c; > ¢; > 0

(independent of n), such that the inequalities

[P(2)|
vn+1

hold for all polynomials P(z) in the sequence. This problem was considered by
Littlewood [135], [136] and Erdds [82]. It is possible to construct flat unimodu-
lar polynomials by using the complex roots of unity (see the constructions of
Littlewood [134], Kahane [110], Beck [21]). However, no infinite sequences of flat

polynomials with all coefficients a; € {—1,1} are known to date, despite some

c < < Co

supporting computational evidence given by Robinson [169].

Closely related to the above mentioned merit factor and flat polynomial prob-
lems are questions on the extremal Mahler measures and L*® norms of polynomials
P(z). It must be noted that the Lehmer conjecture for polynomials with all co-
efficients a; € {—1,1} was solved by Borwein, Dobrowolski and Mossinghoff [33];

the lower bounds were later improved in [72] and [98].

Another family of polynomials which appear often in the context of mathema-
tical analysis are Newman polynomials. These are polynomials P with coefficients
a; € {0,1}, and a non-zero constant term P(0) # 0. The set of Newman polyno-
mials of degree n is denoted N,,. Newman polynomials, together with Littlewood
polynomials, and general integer polynomials of height H(P) = 1 were studied in
[39], [45], [52], [161], [200].

The minimal possible (asymptotic) logarithmic growth rate of || P||; norms of
polynomials with restricted coefficients was proved by McGee, Pigno, Smith [144]
and independently by Konyagin [I18]. The sharp version of this result for minimal
L# norms for s € [0,2] and maximal norms for s € [2,4] of Littlewood polynomials
was proved by Klemes [I16]. Very little is known about the upper bounds (largest
possible Mahler measures and L*® norms). It is still not clear if Mahler measures or
L' norms of Littlewood and Newman polynomials can be arbitrarily close to their
L? norms — the question which dates back to Littlewood [I35], [136], Newman
[158], [159] and Mahler themselves, despite some progress made in [40], [8I]. The

book by P. Borwein [29] is a wonderful source of references on the subject.
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2.5 Factorization of polynomials

It is not too surprising that heights of polynomial do appear in practical algo-
rithms for factoring integer polynomials in Z[x]. Let us suppose that an integer
polynomial P is a product of two polynomials @, R € Z[z], that is P = QR. The
Mahler measure of any integer polynomial is always greater or equal to 1. Also, it
is multiplicative: M(P) = M(QR) = M(Q)M(R). Thus M(Q) < M(P) for any
integer polynomial ) which divides P in Z[z]. In a combination with a theorem of
Smyth , this allows us to estimate the number of non-reciprocal polynomial

factors of P in Z[x], counted with multiplicities: namely, it does not exceed

e

log

where 6 = 1.32471... the Mahler measure of 23 —x — 1 from and |[... | stands
for the integer part of a real number. If Lehmer’s conjecture is true, a similar
bound should hold for the number of reciprocal factors of P — possibly, with
replaced by the measure 1.17628... of Lehmer’s polynomial . One should
refer to the papers of Schinzel [I83], [I84] for more estimates of this type.

A more sophisticated application of the Mahler measure in the form of the
Mabhler inequality can be found in the factorization algorithm of Zassenhaus
[216], [217]. Here the bound on the size of the coefficients of the polynomial factor
(@ is necessary in order to calculate the number of times Hensel’s lift is performed.

The L? norm is also useful in the factorization of lacunary polynomials —
polynomials which have only a few non-zero terms with small coefficients (such
polynomials are also known as sparse polynomials). In particular, the identity
||P|| = ||QR|| = ||Q*R|| is very important in identifying the non-reciprocal factors
of P. This identity is a key idea in the method of Ljunggren [137] who established
that reducible trinomials and quadrinomials P € Z[z] of height H(P) = 1 should
vanish at some root of unity. Ljunggren’s method was extended by Schinzel [I81],
[182]. See the papers of Filaseta [87], [92] for further applications of Ljunggren’s
method.
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Chapter 3

Reduced Height

3.1 Statement of the problem

There are many diophantine applications when, for a given integer polynomial
P, one needs either to find or to prove the existence of a nonzero integer polynomial
G which is divisible by P and has the smallest possible height. In other words, one
needs to evaluate min H (PQ) for a given P(x) € Z[z|, where the minimum is taken
over every nonzero Q(x) € Z[x|. This problem is known as a special case of Siegel’s
lemma (see, for instance, [27], [146]). It is known that min H(PQ) < [M(P)],
where [. .. ] stands for the integral part of a number. In particular, min H(PQ) =1
if M(P) < 2.

A similar quantity min ||PQ)||, where P(x) € Z[z] and where the minimum is
taken over every nonzero Q(z) € Z|x], was introduced and studied by Filaseta,
Robinson and Wheeler [91].

In principle, one can study similar problems for polynomials with coefficients
in an arbitrary subring of C (not just Z), for example, for polynomials with real
or complex coefficients. Of course, for P(z) € R[z|, one should allow @ to have
real coefficients too, whereas, for P(z) € C[z], it is natural to take @ in C[z].
On the other hand, the normalization of the problem should be different. The
requirement that @ is in Z[z] can be replaced by the requirement that @ is a
monic polynomial in R[z] or in C[z]. So, for any given P(z) € R[z| (or in C[z]),

we can study the quantities like
inf[|PQ||, inf L(PQ), inf H(PQ),

where the infimum is taken over every monic Q(z) € R[z] (or in C[z], respectively).

The first of these three quantities can be calculated using the result of Szego.
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For any P(z) € R[z], Szegd’s theorem (see, e.g., [206]) implies that

st 1PQI = (P,

This result was generalized to other LP norms by Durand [76]. Lawton [130]
noticed that it can be used for the practical calculation of M (P) by introducing
M, (P) := min||PQ)||, where the minimum is taken over monic Q(x) € R[z] of
degree at most n. These minima M,,(P) can be calculated without computing the
roots of P. They tend to M (P) as n — oo. See the papers of Amoroso [10] and
Dégot [58] for some further work on this problem.

Recently, in connection with the distribution of fractional parts of powers of
an algebraic number, Dubickas [65] introduced and started to study the second
quantity [(P) := infoerp] — monic L(PQ). We called [(P) the reduced length of a
polynomial. The reduced length was then investigated in detail by Schinzel [187].
In particular, he proved that, in principle, the reduced length of polynomials
having no roots of modulus 1 can be calculated. Schinzel’s results show that there
is no hope that a simple formula for [(P) can be found. For example, the value
of [(22® 4+ 32% + 4) is not known and is left as an open problem in [187].

In this chapter, we shall study the third quantity, namely, the reduced height
of P(z) € R[z] defined by the formula

H(P):= inf  H(PQ). (3.1)

QER[z] — monic
The main problem we will consider through Chapter (3] is:

Problem 3.1. For a given polynomial P € R[z], find an effective way to compute
the reduced height H(P) and investigate its properties.

We begin with the following basic properties of H(P):

Theorem 3.2. Suppose that P(x) € R[z], ce R, w € C, k € N. Then
(1) H(cP) = [c[H(P),
(1) H((z — ¢)P(x)) = H(P) if || < 1,
(¢ii) H((z — w)(z —w)P(x)) = H(P) if [w| <1
() H(x — ¢) = max{1, |c| — 1},
(v) H(xP(£2")) = H(P(x)).

Theorem (7) shows that in the study of H(P) we can restrict ourselves to
monic polynomials P(z) € R[z]. For monic P(z) € R|x], we clearly have



It is evident that each monic polynomial P(z) € R[z] is completely determined
by the list (multiset) of its roots counted with multiplicities. Suppose S is such
a list. Obviously, & must be closed under the map z — Z. We shall call any
such list a symmetric set of order d if S C C satisfies S = S and contains d
elements counted with multiplicities. For instance, 1,2,1+14,1+1¢,1—1¢,1—11is
a symmetric set of order 6. If S contains d distinct elements (so S itself is a set),
then a corresponding polynomial P in Rz| is separable, i.e. P has no multiple
roots.

Note that, by Theorem [3.2| (i7), (i), we can restrict ourselves to the study of
polynomials which have all their roots in |z| > 1. The next theorem shows that it

is sufficient to consider separable polynomials.

Theorem 3.3. Suppose P, Py, P, --- € Rx] are monic polynomials such that
||Pv — P|| = 0 as N — oco. Then limy_,o H(Py) = H(P).

Indeed, each root a of P of multiplicity m(«) > 2 can be replaced by m(«)
distinct roots a, a+1/N, ..., a+ (m(a)—1)/N. For each N sufficiently large, say
N > Ny, the polynomial Py obtained in this way from P will be separable. The
coefficients of a polynomial depend continuously on its roots. So ||Py—P|| — 0 as
N — oo. If we know H(Py) for N > Ny, then using Theorem [3.3| we can calculate
H(P) = limy_,o H(Py), where P is a polynomial having multiple roots.

Summarizing, we see that in evaluation of H(P) it is sufficient to consider
monic separable polynomials P(z) € R[z] with all roots of modulus |z| > 1. Also,

if S is a symmetric set, we can define
H(S) := inf H(G — 29¢), (3.2)

where the infimum is taken over every nonzero monic polynomial G(z) € R|x]
vanishing at each a € § with multiplicity > m(a) if S contains m(«) copies of
a. Of course, for G(z) = 2" + gp_12" 1 + - -+ + go, we have H(G — 2% =
maxo<j<n—1|9;]- The problem of finding H(S) is thus the problem of finding the
infimum over the heights of monic polynomials vanishing at S with prescribed

multiplicities. If P is a monic polynomial corresponding to S then
H(P) = max{1,H(S)}. (3.3)

Note that (3.2) implies that H(S) < H(S') if S C &' are two symmetric sets.
Combined with (3.3)), this yields that

H(P) > H(Q) (3.4)



if P, are two monic polynomials in R[z]| such that Q|P.
IfSc{zeC: 0<|z| <1} is a finite symmetric set then one can consider a

power series of the form 1+ 37°2

multiplicities. Let Hge (S) be the infimum over all h > 0 for which there exists

1 h;x? vanishing at the points of S with respective

a power series 1 + 322, h;a?, where h; € R, |h;| < h, vanishing at each o € S
with multiplicity > m(«). (Here, m(«) is the number of copies of « in S.) Using
a standard compactness argument, we shall derive the following lemma showing
that the value Hg, (S) is attained, the proof of which appears at the end of Section
3.5

Lemma 3.4. For any finite symmetric set S C {z € C: 0 < |z| < 1}, there
exists a series 1 + 332, h;a!, where hy € R, |h;] < Her(S), vanishing at each
a € S with multiplicity > m(a).

Evidently, ™' (which contains elements reciprocal to those in §) is a sym-

metric set if S is a symmetric set.

Theorem 3.5. For any finite symmetric set S, where 0 ¢ S, we have H(S) =
Hye (S*), where S*:=8'N{z€C: |z| <1}.

For example, if S = {3,4} then §* = {1/4,1/3}. We will show below (see
(3.16)) that H((x — 3)(x — 4)) = 6. Combined with and Theorem [3.5] this
yields Hg, (S*) = 6. The value 6 is attained for the power series 1 — 6x + 6(x? +
23+ ...) vanishing at 1/4 and 1/3.

Although the value Hg, (S) is attained by some coefficients of power series, this
is not necessarily the case for H(S) and H(P). For example, taking P(z) = = — 2
and S = {2}, by Theorem [3.2] (iv), we have H(z — 2) = H(S) = 1. However, there
is no monic polynomial G divisible by x — 2 for which H(G) = 1. Indeed, for any
G(x) = 2" + gp_12" 1 + - + go satisfying G(2) = 2" + g, 12"+ + gy = 0,
we have
H(G) > H(G—z%¢%) = pmax g > 2"/ (1424 2P =141/(2"-1) > 1.
It follows that neither in (3.1)) nor in one can replace the infimum by the
minimum.

Some problems for power series in terms of Hge (S), where S C {z € C: 0<
|z| < 1}, were considered by Beaucoup, Borwein, Boyd and Pinner in [I9] and
[20]. For instance, using and Theorem [3.5| we can restate the main problem
considered in [19] as follows: for any d € N, find the maximal k = x(d) > 1 for
which H((z — x)?) = 1. Another problem which can be interpreted in terms of the
reduced height of a polynomial was considered in [20]: given ¢ € (0, 7), find the
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largest 0 = o(p) > 1 for which H((x — ge™#)(x — pe~*)) = 1. The results obtained
in [I9] and [20] combined with Theorem (3.5 serve as an additional motivation for
the study of H(P).

We shall give the proofs of Theorems 3.3 in Section [3.6] In the
next section we shall prove our main result, which is based on Theorem [3.5 Its
application to quadratic polynomials is given in Section (see Section for
the proofs). Some practical computations and examples will be given in Section
B.4] Section contains the proof of Lemma 3 and some auxiliary results from

linear algebra which will be used in Section |3.6|

3.2 The main result

Let P(z) = (x — ay)...(x — ag) € R[z]| be a separable polynomial with all
roots of modulus |z| > 1. Put f; :=1/a,..., 84 := 1/ag. Then § = {51, ..., B4}
is a symmetric set with d distinct elements in 0 < |z| < 1. We shall estimate
Hier (S) from below.

Suppose that J = {kq,..., ks 1} is a subset of N such that

RGN H
D(J):=|: #0. (3.5)
1 g g
We define S,,(J) by the formula
R
Sp(J) = ——1|: . (3.6)
D<J) k ka2 kq—1
g 8BS ... Bi Bl

Clearly, from and ({3.6) we have
So(J) =1, Si,(J)=---= S, ,(J)=0. (3.7)

We claim that
Hser<8> > 1/ Z ‘SJ<J)| (38)

JEN\J

Indeed, suppose that 1+ 3"7°, h,z™ are arbitrary power series vanishing at S.
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Put
k1 ko kq_o ka1
1 1 s 1 1

CO N B B A

gj = J

k k kq— ka—1]| "
D(J) Bii1 Bt .- ﬁjj—lQ 53‘111
51 52 o 5d—2 550{—1

By (3.6), we have (187 + --- + {487 = S,(J). Hence, multiplying each equal-
ity 1+ 302 hpf8) = 0, where j = 1,...,d, by {; and adding all d obtained
equalities, we find that So(J) + 02 hnS,(J) = 0. Using (3.7), we deduce that
L+ Y enmy 7jSi(J) = 0. Hence

sup |ha| > sup [h;| =1/ > [S;(J)].
neN jEN\J jeN\J

This proves (3.8)).
Is there any chance that the inequality (3.8)) by an appropriate choice of J

becomes an equality? In order to describe some cases when this can happen we

shall introduce the following notation. For each n € N, put

O = 0, (J) == Sp(J)/|Sn(J)] € {—1,1} and ¢(z) = ¢(J, ) := i 5l (3.9)

FEN\J

Here, 6, = 0 in case S,(J) = 0. Also, for each j € {1,...,d,d + 1}, let D;(J)

denote the determinant of the matrix

o) 1 opP AT
: (3.10)
o(Ba) 1 B .. gy
with j-th column omitted, so that Dy(J) = D(J).
Using , and we have
o(B) B B N
Dy(J) =1 =>_0;8;(J)D(J) =D(J) >_ |8;(J)]-
o6 By - s T =
So if D(J) # 0 then Dy(J) # 0 and
D(J)/Da(J) =1/ > 1S;(J)]. (3.11)
JEN\J
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In order to show that Hye:(S) < 1/ X em s [Sj(J)] for certain
J=Aki,...,kq1} CN
(which combined with (3.8]) would imply the equality), we shall look into the series

L+ Y higa + Y ihor? = 1+ 3 hiy @ + hoo(x)

jeJ jENJ jed
as a ‘potential’ candidate. By the definition of D;(.J) (see (3.9) and (3.10)), w

derive that the linear system

hood(B1) + hy, B + -+ -+ Ry, fd—l — 1,
hop(B2) + hu, 51 ot gy gdﬂ — 1,

hotd(Ba) + hi, 85 + - + hy, B = —1,

has a unique solution
ho = =D1(J)/Ds(J) = =D(J)/D2(J),

hi, = (=1) Dja( )/ Do(]),

where j = 1,...,d — 1. In particular, |hy;| < |ho| precisely when |D;(J)| <
|D(J)| for each j = 3,...,d + 1. By the definition of H.(S) and (3.11)), for
S=A{p1,...,04} C{z€C: 0<|z| <1}, we thus obtain that

Heer(S) < [hol =1/ 3 |8;(J)| = |D(J)/Da(J)]

JEN\J

in case there is a J C N such that D(J) # 0 and |D;(J)| < |D(J)| for each
j=3,...,d+ 1. Combined with (3.8) this implies that

ser _1/ Z |S (‘])/D2<‘]>| (312)

JeEN\J
when there is a J C N such that |D;(J)| < |D(J)| for each j =3,...,d+ 1.

By Theorem we have that Hee (S) = H({ov, ..., aq}), so (3.3) and (3.12))

yield the following theorem:

Theorem 3.6. Suppose that P(x) € Rx] is a monic separable polynomial with
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all roots of modulus |z| > 1. If J C N is such that D(J) # 0 then

1 D)
Sians 1D~ 1Da(D)]

H(P) >

Furthermore, we have equality H(P) = max{1, |D(J)/Da(J)|} in case J is a subset
of N such that |D;(J)| < |D(J)| for each j =3,...,d+ 1.
In particular, taking Jo = {1,...,d—1}, we have D(Jy) = [T1<;<;j<a(B; — Bi) #
0. If
G op g g

D(Jo) | - ’
By By ... By pit

where n = d,d + 1,..., all have the same sign then ¢(x) = +2?/(1 — x). Thus

S, = Su(Jo) = (3.13)

d _ d—1
51/(1. B) B B 461 ... BaD(Jo)

(1—=01)...(1—Ba)

Dy(Jp) =+ :
BY/(L=Pa) Ba ... B7"

Hence
[D(Jo)/Da( o)l = (B = 1) ... (87" =D = [(a1 = 1) ... (aa = 1)| = [P(1)].

It follows that
H(P) > |P(1)]

provided that all S,, = S, (Jy), n =d,d+1,..., have the same sign.
Put

R(z)=(zr—1/aq)...(x = 1/ay) = (x — B1) ... (x — y)
gt b g = P2 (1), By
Then S,, = S, (Jp) satisfy the linear recurrence relation

Sn+d -+ Sn+d,17"1 + -+ Snrd = O, (314)

where Sy =1, 51 = --- = S4_1 = 0. In Section [3.5, we shall prove the following

lemma:

Lemma 3.7. For each j € {2,3,...,d+ 1} we have

d/1—p) 1 ... pi= it L pit

BI/(1—Ba) 1 ... 573 Zfl (cil—l
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[D(Jo)l[ra+ ra—1 + -+ + rajio]
|R(1)] ‘
IfS,,n=d,d+1,..., all have the same sign then, by and Lemma, we
obtain that |D;(Jy)|/|D(Jo)| = |ra+ra—1+- - -+7ra—js2|/|R(1)| for j € {2,3,...,d+
1}. Combining this with Theorem and using |D(Jy)/D2(Jo)| = |R(1)/rq| =

|P(1)| we derive the following corollary:

==

(3.15)

Corollary 3.8. Let P(z) be a separable polynomial with all roots in |z| > 1.
Suppose |rg+ - +1q_ji1| < |R(1)| = |rq+---+r1+1] foreach j=1,....d, and
suppose Sy, where n =d,d+ 1, ..., defined by or all have the same
sign. Then H(P) = |P(1)].

3.3 Quadratic polynomials

In this section, we give some corollaries of Theorem [3.6]to quadratic polynomi-
als P. In particular, in the next two statements we compute explicitly the reduced
length of a quadratic polynomial with two positive real roots. The proofs will be
given in Section [3.6]

Corollary 3.9. Let u > v > 1 be two real numbers, and let k be the largest
positive integer for which (1 —2u'™%)/(u —1) > (1 — 20*7%)/(v —1). Then

H((x — u)(x — v) = max {1 (= 2)/(u—1) = (0 —2)/(v— 1) i

In particular, selecting k¥ = 1 and combining this corollary with (3.12)) (see
also (3.3))), we obtain that

Heer({1/v,1/u}) = (u = 1)(v = 1) (3.16)

if (1—1/v)(1—1/u)>1/2.
For P(z) = (x — u)? € R[z] the result is as follows:

Corollary 3.10. Let u > 0 be a real number. Then

(u—1)2 if u>=2++2,

2u(u— D?2/(u? —2u+2) if u € 2,2+ 2],

H((z —u)?) = § 3u(u — 1)2/(2u® — 3u® +2) if u € [k, 2],
uwd(u—1)2/(3u* — 4u® + 2) if u € [Ka, K1),

1 if u € [0, Ko,
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where k1 = 1.6279... and ke := 1.5405... satisfy f{‘ll —8Kk1+6 =0 and 4rk5 —
11k3 + 8K3 — 2 = 0, respectively.

The minimal polynomial of 1/ky is 22° — 82% + 11x — 4. This polynomial was
found in [19] with respect to the above mentioned problem: find the maximal
k = k(d) for which H((z — x)¢) = 1. We have x(2) = ko = 1.5405. ... See [19] for
the minimal polynomials of 1/(3) and 1/k(4). We remark that the fourth line of
Corollary applied to u = 8/5 € (ka, k1) yields the equality H((zx — 8/5)%) =
9216/8245.

Our final statement deals with quadratic polynomials having two complex

conjugate roots.

Corollary 3.11. Let w = |w|e’ be a complex number. If |w| > 2 + /2 then

jw]?

H((x —w)(z —w)) = 7 S5 Jw[ =] sin((j + 1))/ sin(g)]

(3.17)

This corollary is of interest in connection with the result of Schinzel, who
proved in [I87] that the reduced length I(P) belongs to the field generated by the
coefficients of P in the case when P(z) € R[z| has all zeros outside the unit circle.
It seems very likely that the value obtained at the right hand side of can be
transcendental for an algebraic integer w of degree 2 having a complex conjugate
w. In the next section we shall consider the example of w = 9 4 ¢ with minimal
polynomial P(z) = x? — 18z + 82.

3.4 Practical computations
Let P(z) € R[z| be a monic polynomial. Let us define
H,,(P) := min H(PQ), (3.18)

where the minimum is taken through all monic polynomials Q(x) € R[z| of degree
at most n. Clearly, Hy(P) > H;(P) > Hy(P) > ... > H(P) and lim,, . H,,(P) =
H(P).

Using the simplex method of linear programming we can calculate H,(P)
explicitly for small values of n, e.g., for n = 20.

For example, with the input P(z) = 2? — 18z — 82 the output for Hyy(P) is
the polynomial 2?2 — g12?! — go(2*° — 2'% + .- — 2 + 1) with

~ 50137491642451605831428114357948656

T 79638815349602990640587967031691851
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= 18.999999999998023226693 . . . ,

15128328399284752608510410114369210368
240132196813872148293504999883958441

= 63.000000000045005485157 . ...

g2 =

This suggests that
H(z? — 187 — 82) = 63. (3.19)

Indeed, using Theorem [3.2| (v) we have H(z? — 18z —82) = H(x? 4 18z —82). Note
that 2% + 182 — 82 = (z — oy )(x — ay), where a; = —9 — /163, ap = —9 + /163.
Setting 81 = 1/a; and By = 1/an, we get R(z) = (z — B1)(x — B2) = 2> — 9z/41 —
1/82. The inequalities 1/82 < |R(1)| = 63/82 and 1/82 + 9/41 < |R(1)| = 63/82
of Corollary hold. Moreover, by ,

Sp = (5?52 - 5;51)/(52 - 51) = ( 3—1 - 5?_1)/2@

are positive for every n > 2. Hence, by Corollary 7 we find that H(z? + 18z —
82) = |1 4 18 — 82| = 63. This proves ({3.19)).

Another example is more interesting. For P(x) = 2% — 18z + 82, the output
for Hyg(P) is the polynomial 2% — gsz?! + g4(2?° + -+ - + 2 + 1), where

~3956639735197550682150666401737239552

93 = 232743513835150040121292997351084209
= 17.000000000000000000381 ... .,
g 15128328399284752608510410114369210368
4= -

232743513835150040121292997351084209
= 65.000000000000000002691 . . . .

This suggests that the limit value is 65. However, this is not true! In fact, we have

H(z® — 18z + 82) = 1/ 3 |S;| = 64.999999999999999999999999863 . . .
=2

where Sp =1, S; =0and S, =9S,,_1/41—S,,_2/82 for n = 2,3, .... Indeed, since
lw| =19+ 14| > 2 + /2, the condition of Corollary is satisfied. By (3.25) (see
the proof of Corollary below, where we took J = {1}), the right hand side
of (3.17) is equal to 1/ 3222, |Sj|. It seems likely that the constant 1/3272, [.S;] is
transcendental.

Finally, suppose that P(z) = (z+3)(z+2)(x+1)x(z —1)(z —2)(x —3). Then,
by Theorem (17), (v), (3.3) and (3.16)), we find that

H(P) = H((2* — 9)(2* —4)) = H((z — 9)(v — 4)) =8 -3 = 24.
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In other words, the minimal height of a monic polynomial with real coefficients

vanishing at —3, -2, —1,0,1,2 and 3 is equal to 24.

3.5 Auxiliary lemmas from linear algebra

Throughout, we shall write the linear system

1121 + a1 222 + - -+ + ay 4xq = by,

A21T1 + A22%2 + - -+ + A2 4Tq = bo,

Qq171 + Qq2T2 + -+ Addld = bd

in the matrix form Ax = b, where A = ||a;;||1<ij<d s @ d X d matrix, x :=
(z1,...,24)", b:= (by,...,bq)". Here and below, T stands for the transpose.
Lemma 3.12. Let A = ||aij|l1<ij<a be a d x d matriz with complex entries,

bi,...,bqg € C, and € > 0. Suppose that the linear system Ax = b has at least one
real solution, and that there exist y1,...,ys € R such that |a;1y1 + a;2y2 + -+ +
a;qyqs — bi| < e for each i =1,...,d. Then there is a constant ¢ = ¢(A) > 0 and
a real vector x = (z1,...,x4)", where x; € (y; —ec,y; +ec) for each j =1,...,d,

such that Ax = b.

Proof: By the condition of the lemma, there exist ¢q,...,e4 € C, all of moduli
less than € such that a; 191 + a;2y2 + -+ + aiqys = b; +¢; for i = 1,...,d. Take
any real vector x satisfying Ax = b. Then z := (y; — x1,...,yq — x4)7 is a real
solution of Az = (g1,...,&4)". If the matrix A is non-singular, namely, det A # 0,
then Az = (gy,...,e4)" has a unique solution z; = det A;/det A (j = 1,2,...,d),
where A; is the matrix A with j-th column replaced by (e1,...,e4)". This yields
that for each j € {1,...,d} we have |y, —x;| < ec, where ¢ depends on A only (and
not on by, ..., by). Since y; —x; € R, the proof of the lemma in this (non-singular)
case is completed.

In the alternative case, when det A = 0, the equation Az = (gq,...,e4)7
has infinitely many solutions. We may suppose without loss of generality that
the largest nonzero minor corresponds to the matrix A" = ||a; j||1<ij<r. Selecting
x; =y, for j =r+1,...,d, by the above argument applied to the non-singular
matrix A" and to the vector (z1,...,x,) (instead of (xy,...,24)), we derive that
xj € (y; —ec,y;+ec) fori =1,...,r, where ¢ depends on A’ only. This completes

the proof of the lemma. [

For z € C we set



Likewise, let V(™) (2) be the vector obtained from V(z) by replacing each entry
with the m-th derivative. Given a symmetric set S of order d = my + --- + my
(which is, say, a list of my copies of i, ..., ms copies of ), we define the matrix

A(S) by its d consecutive rows

V(1) VI (B1), V(Ba), .. VD (), V(By), - VD (8)).

Its determinant is known as a version of confluent Vandermonde determinant. It
is nonzero if the numbers /3, ..., f; are distinct and 5; # 0 for j = 1,...,s (see,
e.g., [121]).

Lemma 3.13. Let S C {z € C: 0 < |z] < 1} be a finite symmetric set. Then
H(S™!) < HyeS).

Proof: Suppose f(z) =1+ 32, h;z?, where

]:
hi,ho,--- € R, and h:=sup|h,|,
j>1
satisfies /(1) = - = [0 () = o = f(B) = - = [ D(5,) = 0. Set
d=my+ -+ m, By (3.2), we see that it suffices to show that, for each £ > 0,
there is a monic polynomial G(z) = 2" + g, 12" + -+ + go € R[z] satisfying
H(G — 2%8%) = maxgcj<n_1|9j| < h+ ¢ which vanishes at 1/; with multiplicity

>m; (j=1,...,d). Here, 8; #0.

Put = maxi<j<s |3;] <1 and m := max{m,, ..., ms}. Take n so large that

Z |hj’jm_15j_m+l<5-

j=n+1

Set fn(SC) =1+ hd+1$d+1 + .-+ h,z"™. Note that

hiz + -+ hgx® = f(z) — fu(x) — i hjx?.

j=n+1

On applying Lemma to the matrix A = A(S), the real vector (z1,...,24) =
(h1,...,hq) and

(bla s abd) = (_fn(61)7 R _féml_l)(ﬁl)a tey _fn(55)7 R _féms_l)(ﬁs))a

we find that there is a constant ¢ depending on S only and g; € (h; —ec, h; +<c)
(7 =1,...,d) such that

AS) (g1, 90)" = (b, ba)"
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This means that the polynomial 1 + g1z + --- + ggz? + hgp129t + -+ + hpa"
vanishes at (; with multiplicity > m; (j = 1,...,s). Its reciprocal polynomial
G(x) = 2"+ ga™ 4+ ggx"  +hg 2"+ 4 by, satisfies H(G —29%8%) <
h + ¢ and, for each j € {1,...,s}, vanishes at 1/3; with multiplicity > m,. It
follows that H(S™!) < Hg(S) + €. Since € can be taken arbitrarily small, this
completes the proof. O

The next lemma shows that the minimum in (3.18) is attained.

Lemma 3.14. Let P(x) € R[x] be a monic polynomial of degree d, and let n be a
nonnegative integer. Then there is a monic polynomial Q,(z) = z" + b,_12™ 1 +
-+ + by such that H,(P) = H(PQ,).

Proof: Let P(z) = 2% + ag_12% ! + - -+ + ag. Each monic polynomial divisible by
P(z) has the form (2% 4+ ag_12% ! + -+ 4+ ap) (@™ + by_12™ 1+ - -+ + by). We need
to minimize the maximum of the following n + d + 1 numbers |agby|, |agbs + a1bo|,
ooy Jag—1+bn—1|, 1. Writing each inequality |a| < H as two inequalities H —a > 0
and H +a > 0, we get a system of 2(n + d) inequalities in n + 1 unknowns
bo,...,b,_1,H. Tt is clear that the minimum H for which this system has a
solution exists, so the quantity H, (P) is equal to max{1, H}. This completes the

proof of the lemma. O

In fact, by the fundamental theorem of linear programming, if a linear pro-
gramming problem has a solution, then at least one of the solutions always oc-
curs at a corner point. We can thus find the polynomial G(z) = P(z)Qn(x) =
2 4 g g " 4o 4 g, where @, is the polynomial of Lemma such
that at most d — 1 of the numbers |gn14-1|, ..., |go| are smaller than the largest
of the numbers |g,14-1|, - - -, |go|- In other words, |g;| = H(G — z"™) for all but
at most d — 1 indices j € {0,1,...,n+d — 1}. This explains our strategy used in
the proof of Theorem We just need to find the ‘correct’ set of d — 1 ‘small’
coefficients, because, for any symmetric set S of order d in 0 < |z| < 1, there
exists a series h(z) = 14+ 332, hjz/ vanishing at S with each (except for at most
d — 1 coefficients) h; equal to £H, (S).

Proof of Lemma[3.7 Let us multiply both sides of (3.15]) by

R(1) =1 =5)... (1= Pa)
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We need to show that

1—p Bi—p2 ... pid—pi=2 pit . B )
| D) Y nl
1—Bg Ba—p2 ... B2—p2 g7t .. pe k=d—j+2
(3.20)

Notice that the left hand side of (3.20)) is equal to
=B B=p . B8 B B

j—2 j—2 j—3 j—2 j—1
L=By" Ba=By" .. B =B, BT - B

for each j € {3,...,d+ 1}. Using the next well-known formula (see, e.g., Problem
346 in [167])

1 By ... petopketoopd
= (B1... Ba—k+ A Brg1- .- Ba) H (B;—B:)
_ 1<i<j<d
1 Bg ... gt g+t pd ’
= (=) ra_1D(Jo),
where £k =0,...,d — 1, we can expand the left hand side of the next determinant
by its first j — 2 columns:
1=p7 p=p" o B =p B B
1—p87% Ba—p72 .0 B = gt L Bl
‘ d
= (=1)"7"D(J) Y 7k
k=d—j+2
This implies (3.20)) and completes the proof of the lemma. O

We conclude this section with the proof of Lemma (3.4

By the definition of Hg,(S), for any N € N, there exists a power series

1+ i th\/'.Tj
j=1
vanishing at S such that |h; y| < Hger(S)+1/N. Put h := Hie, (S). We can choose a
sequence Ny < Ny < N3 < ... of positive integers such that hy n, — hy € [—h, h]
as k — 0o. Then, we choose its subsequence (denoted by Ny < Ny < N3 < ...
again) such that hy y, — ho € [—h,h] as k — oo and so on. We claim that the
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series 1+ 3222, Iy 27 vanishes at S with required multiplicities. Indeed, suppose

that 3 € S (so |3 < 1), but B:=1+ 352, h;’ # 0. Take M € N so large that
3max{1, h}|B" /(1 - |8]) < |BI/2.

Next, take N € N which is, e.g., an element of the above sequence N; < Ny <

after M steps are taken and is so large that
|h1 — h17N| < |B|/2M, |h2 — h27N| < |B|/2]\47 cee, |hM — hM,N| < |B|/2M

Since 1+ 332, hjn, 7 = 0 for any N € N, using |h; — h;n| < 3max{1,h}, we
obtain that

0 M
1Bl = |>_(h; = h;n)BF| <> |hj — hjn|+ Z (hj —hjn)B| <
j=1 =1

j=M+1
< [B|/2+|B[/2=|B|,

a contradiction. It follows that B = 0. The case when [ is a multiple root can be

treated in the same manner. This completes the proof of the lemma. O]

3.6 Proofs

Proof of Theorem [3.2: Clearly, H(cP) = |c|H(P) implies (i). Using (i) we can
assume that P in (i), (i74), (v) is monic. Hence implies that H((z—c)P(x)) >
H(P). On the other hand, suppose that Q(z) € Rlz] is such that H(PQ) <
H(P) + . Take n > deg(PQ). Since (2" — ¢")P(x)Q(x) is a polynomial of height
H(PQ) divisible by (z — ¢)P(x), we obtain that H((x — ¢)P(z)) < H(P). This
proves (7).

Similarly, by (3.4), we have H((x — w)(x — w)P(z)) > H(P) for any w €
C. Suppose that Q(x) € R[z] is a polynomial for which H(PQ) < H(P) + e.
We claim that, for |w| < 1, there is n > deg(PQ) such that the polynomial
(2" —w™) (2" —w") = ¥ — 2R (w")z" + |w|? is of height 1. This would imply (4i1)
as above. Writing w = |w|e’?, where ¢ € (0, 7), we have 2R(w") = 2|w|™ cos(nyp).
Its modulus is at most 1 if | cos(ny)| < 1/2 which is equivalent to cos(2np) < —1/2
and to ||ny/7|| > 1/3. (Here, ||z|| denotes the distance from = € R to the nearest
integer, whereas in the proof of Theorem 2 the same notation is used for the
Euclidean norm of a polynomial.) The inequality ||ny/7|| = 1/3 clearly holds for
infinitely many n € N if ¢ /7 is irrational. For ¢/7 € Q, namely, /7 = u/v with
integer u < v, where v > 2, by taking n = vk + r, where ur = [v/2] (mod v), we
have ||(vk + r)u/v|| = ||ru/v|| = [v/2]/v = 1/3. This completes the proof of (iii).

36



(The example ¢ = /3 shows that the constant 1/3 in ||ny/7|| > 1/3 cannot be
improved.)

Obviously, H(P(x)) = H(P(—x)), so in the proof of (iv) we can assume that
¢ > 0. Since 2" —¢" is divisible by z—c¢, we have H(x—¢) = 1 for ¢ € (0, 1]. Suppose
¢ > 1. Note that x — ¢ divides the polynomial 2" — ((¢ — 1)/(1 — ¢™)) (2" +
-+ x4 1) of height max{1, (¢ —1)/(1 — ¢ ™)}. Since ¢™" tends to zero as n —
oo, we have H(x — ¢) < max{l,¢ — 1}. On the other hand, each polynomial
2" + cp_12" 1 + - -+ 4 ¢y vanishing at ¢ has at least one coefficient ¢; of modulus
greater than or equal to (¢ — 1)/(1 — ¢™™), since otherwise ¢" < |co| + -+ +
lcnq|c"t < (¢ —1)(c—1)/(c—1)(1 — ¢ ™) = ¢", which is a contradiction. Thus
H, (z—c¢) > max{1, (¢c—1)/(1—c™")}. This implies that H(z —¢) > max{1,c—1}
and proves (iv).

The proof of (v) is exactly the same as the proof of Proposition (iv) in [187].
The upper bound H(P(2*)) < H(P(z)) is trivial by (3.1)). For the lower bound
H(P(z*)) > H(P(x)), we write P(2*)Q(z) in the form

P(a™Qo(z") + 2 P(z™)Q(2%) + - - - + 2" P(2™) Qi1 (2").

Here, Q;(a*) = ™7 Yi=j (mod k) q;z', where Q(z) = 31 ¢;x", is a polynomial in
x¥. Observing that H(P(2*)Q(x)) > H(P(x*)Qy(z")) we obtain that H(P(z*)) >
H(P(x)). So H(P(2*)) = H(P(x)). Combined with H(+P(+x)) = H(P(x)) this
completes the proof of (v). O

Proof of Theorem [3.3; Since ||Py — P|| = 0 as N — oo and P, P;, P,,... are all
monic, we can assume without loss of generality that Py(z) = ) J\r,d_laz:d*1 +
ctayo for N =1,2,... and P(x) = 2% + ag_12971 + - -+ + ap. It follows that
limy o0 anj = aj as N — oo for each j € {0,1,...,d —1}.

Let € be a fixed positive number. Since H(P) = lim,,_,o, H,(P), there is
a positive integer n so large that H,(P) > H(P) > H,(P) — . Lemma [3.14]
implies that H,(P) = H(PQ,) for some monic polynomial @, of degree n, thus
H(P) > H(PQ,) — €. Next, take N so large that H(PyQ,) — H(PQ,) < e.
These inequalities show that H(Py(Q,) < H(P)+ 2¢. But H(Py) < H(PnQ,), so
H(Py) < H(P) + 2¢. Hence

lim sup H(Py) < H(P).

N—o0

It remains to show that, for any € > 0, there is a positive integer Ny such that
H(P) < H(Py) + ¢ for each N > Ny. This would imply that lim infy_,o H(Py) >
H(P). By combining this inequality with the upper bound for the largest limit
point, we will be able to conclude that limy_,, H(Py) = H(P).
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By Theorem [3.2] (i), (i47), we can assume that the roots of P are all in |z| > r >
1. Since the roots of a monic polynomial depend continuously from its coefficients,

there is no loss of generality to assume that the roots of Py are all in |z| > r; > 1.

Let S = {f1,...,84} and Sy = {Bn1,...,Ona} be the multisets which are
reciprocal to the multisets {3;",...,8;'} and {8y}, ... ,Bgf}d} of roots of P and
Py, respectively. It is clear that the multisets Sy tend pointwise to S as N — oo.
By and Theorem (the proof of this theorem will be given below), it is

sufficient to prove the inequality
Hser(s) < Hser<SN> +e€

for N > Ny(e).

The argument is quite close to the one used in the proof of Lemma |3.13| Fix
some constants r, > 0 and r3 < 1 such that the elements of S and Sy all lie in

the annulus 7 < |z| < 3.

Let fy(z) =14 352, gn a2’ be the series vanishing at Sy for which

sup |9N7j| = Hser(SN)'

j=1

(Lemma implies their existence for any N.) We shall change the first d co-
efficients of fy into gi,...,gq and consider the series fy(z) = 1 + Z;l:l g;x? +
> ir gy’ These d coefficients will be chosen in a way which guarantees
that fy vanishes at S with required multiplicities, namely, fy(8s) = -+ =
f](vms_l)(ﬁs) = 0 if 85 occurs in S with multiplicity m,. A corresponding linear

system of d equations in d unknowns gy, ..., gq gives

9 = Fjo(S) + Fjar1(S)gnar1 + Fiara(S)gnara + - -
for y =1,...,d. Here, setting

b B By
D(S) :=|:

Ba Bi ... B
and D ,,,(S) for D(S) with j-th column replaced by the column (57", ..., 37"), we

have
Fjn(8) = =Djm(S)/D(S) (3.21)

for each m € {0,d+1,d+2,...}. Note that, although D(S) = 0 in the case when
at least one s belongs to S is with multiplicity > 2, the functions Fj,,(S) are well
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defined. Moreover, from it is easily seen that, for each m > d + 1, Fj,,(S)
is a symmetric polynomlal in ﬁl, ..., Bq of degree < m with at most m™ terms,
where 7,4 is a positive constant depending on d only. For example, for d = 2, we

have

(B4 BB+ B> g (B BBy ot 1Y)

=3

and

= (b152)” ZgNj 5] P BT B 55_2).
Of course, the fact that fy vanishes at Sy implies that

gn; = Fjo(Sn) + Fj a1 (Sn)gnar1 + Fjara(Sn)gnare + -

for each j = 1,...,d. Here, F},,(Sn) are defined as in (3.21]), where each f; in
the above determinants is replaced by By ;. Subtracting gy ; from g;, we deduce
that

6 — s = FolS) — Fuo(Sx) + 3. oxa(Fu(S) — Fr(Sx)). (3.22)

t=d+1

Now, fix ¢ > 0. We will show that, for N > Ny(¢), |g; — gn,;| < ¢ for each

7 =1,...,d. For this, we split the sum in into two sums corresponding to

< M and t > M + 1, where M will be chosen later (M will be the same for all
N).

We will first bound the sum over ¢ > M + 1. Note that, since 8; and Sy ;

all lie in the annulus 7, < |z| < r3 and since Fj,(S) and Fj,(Sy) are symmetric

polynomials in 31,...,B8q and By 1, ..., Bn.a, respectively, of degree < ¢ with < ¢™
terms, |F;+(S)| and |F}:(Sy)| do not exceed t™r}. Thus

[e.e]

Y lgwllFi(S) = Fjo(Sn)| € 2Hoer(Sw) Z t"rh < e/2
t=M+1 t=M+1
if M is large enough, say, M > M(e). Here, we bound each Hg, (Sy) from above
by an absolute constant, so that M(e) is independent of N. Fix one of such large
M, say, M = M (e).
Let us order the points of Sy so that, for each j € {1,...,d}, By, is ‘close’ to
Bj, and put

on —{ga}d!ﬁm Bil.

Clearly, 6y — 0 as N — oco. From the formula (3.21]), we obtain that there exists
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some positive constant r5 which depends on 79,73, M and S only such that
|F(S) — Fju(Sn)| < rs0n
for every t € {0,d+1,d+2,...,M} and j € {1,...,d}. Then implies that
lg; — gnj| < 150N + (M — d)Hger(Sn) 7508 +€/2

for each j € {1,...,d}, where 5 is a positive constant. Taking Ny(e) so large that
50N + (M — d)Hger (Sn) 7508 < €/2 for N > Ny(e), we obtain that |g; — gn ;| < ¢
for all N > Ny(e).

It follows that, for N > Ny(e), the moduli of the coefficients of the series fn,

namel}’7 |g1|7 ceey |gd|> |gN,d+1|7 |gN,d+2’7 ... are all smaller than Supj}l |gN7j| +e=

Hyer(Sy) + €. But fy vanishes at S with required multiplicities, so

Hier (S) < sup{|g1l, -, |gdal; |98 a+1l, |[gnas2ls - - } < Hser(Sn) + €,

as claimed. O

Proof of Theorem [3.5; Note that, as in Theorem (1), (i7i), we have H(S) =
H(S'), where &' = SN{z € C: |z| > 1}. Evidently, S* = &', so for the
proof of H(S) = Hi.(S*) it suffices to show that H(S") = Hy(S" ). The bound
H(S") < Hger (S 1) follows immediately from Lemma m

As for the inequality H(S') > Hie:(S'"), observe first that for each £ > 0 there
is a polynomial G(x) vanishing at the points of &’ with prescribed multiplicities
which satisfies H(G — 29%¢%) < H(S’) + e. On replacing G(x) by its reciprocal
and adding zero terms, we obtain a series that vanish at S’ ~! with prescribed
multiplicities. Tt follows that H (S'') < H(G — 2%8%) 4 . This, by
and , implies that H(S') > He(S'™") and completes the proof of H(S) =
Hlur(S7). a

Proof of Corollary : Let k be the largest positive integer for which (1 —
2utF)/(u — 1) = (1 — 20*7%)/(v — 1). Take J = {k} and apply Theorem

to 1 = 1/u, B2 = 1/v. By (3.5) and (3.6, we have D(J) = v™* —u™* > 0 and
Sp(J) = (uv)~*(uF=" — v*=")/D(J) which is positive for n < k and negative for

n > k. Hence, by (3.9),
plx) =a 4 F bt P g2 = (P 2T /(1 - 2).
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Next, by (3.10), we obtain that

(b(u—l) ¢(U_1) u—l _ u—k _ u—k:—l U_l _ U_k _ U—k—l

D) = T T T T ey e
fuF—u—1 P —v-—1 I D S
= (uv) k( — )Z(uv) k<u_1_v_1>'
e D(J) k_ ok
uf — v
Dy(J) B (ub —2)/(u—1) — (v = 2)/(v—1) (3.23)
Similarly, by (3.10), we have
Dy(]) = d(uY) — g(o-l) = LT U Tt Lo e o g

u—1 v—1

By (3.23), (3.24) and Theorem [3.6] we see that the proof of the corollary will be
completed if we show that |Ds(J)| < D(J) = v=% — u=*, namely,

‘1_u—k+1_u—k 1 — =kt _ =k _
- vt —u
u—1 v—1 =

This inequality is equivalent to the system of two inequalities

(I=2u™)/(u=1) <1 -v")/(v-1),
(1—2u%)/(u—1)> (1 —-v"%)/(v-1).

Clearly, both these inequalities hold if k is defined as above. This completes the
proof of Corollary [3.9 O

Proof of Corollary : Let S, = {u,v} and let S, be the symmetric set u, u.
Clearly,
lim H(S,.,) = H(Sy..)-

v—Uu

(This follows from Theorem [3.3| where we proved that H(Sy) — H(S) if Sy as a
vector tends to S as N — oco.) By a standard computation, we find that
uf — ok kub=1(u — 1)2

P 2 1) = (F—2)J(0—1) (k= L)uF — kb1 42

and

’ (1—2u"%)/(u—1) = (1 —2017%) /(v - 1) uf — 2ku +2(k — 1)

im - ‘

v—u u—v ub(u—1)2
Set uq := oo, and suppose u, > 1, where k = 2,3, ..., is the largest real root of
the equation z* — 2kx +2(k — 1) = 0. Clearly, u; > uy > uz > ..., limy_,oo up = 1,
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and the condition ‘the largest k for which (1—2u'=%)/(u—1) > (1—-20'"%)/(v—1)
holds’ becomes ‘u € [ug,1,ux). So Corollary implies that

kub=t(u — 1)

H(Suu) = (k — Dur — kub=1 + 2

for each u € [ug41,ur). Observing that ug = 2 + V2, us = 2, uy = k1 and that at
u = ko the equality 4u?(u — 1)? = 3u* — 4u? + 2 holds, we conclude the proof of

Corollary via (3.3)). O

Proof of Corollary |3.11; Take J = Jy = {1} in Theorem ' Suppose that
8 = {w,w} = {wle®, |wle~}. Then fy = = [uw| ¥, fy = = [uw| e~ We
now find that

Sn = Su(Jo) = Su = (B"B = B"B)/(B — B) = —|w| " sin((n — 1))/ sin(y).

Since

18] = ol 21+ 3 w7 sin((f + 1))/ sin(g)]). (3.25)

n=2 j=1

we find from Theorem [3.6] that

H(S) > [wf?/(1+ 3 Jul 7] sin((j + 1)/ sinf)]).
j=1
In order to show that the equality holds, it suffices to prove that |¢(3)5 — ¢(3)8|
and |¢(3) —¢(5)| are both smaller than or equal to |5 —f3]. Here, ¢(x) = 352, d;27,
d; € {—1,1}.

Since |78 — 3 |/|8 — Bl < (j — D|BF = (j — )jw|~ and |57 — B’|/|8 — B] <
41817 = jlw|= !, we obtain that

e 16(8) — 6B 2| — 1
—J+1 _ w| — ‘
=7 \?a’ (el =17

Clearly, both right hand sides 1/(|w|—1)? and (2|w|—1)/(Jw|—1)? are smaller than
or equal to 1, because |w| > 2+ V2. This completes the proof of the corollary. [

Finally, we remark that, by Theorem for any d € N there is a constant
n(d) such that the reduced height of P(z) = 2%+ ag_12¢ 1+ - -+ ag € R[x] which
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has all its roots in |z| = n(d) can be evaluated by the formula
% -1
1) = (1))
j=d

where S,,, n = 0,1,2,..., satisfy the linear recurrence relation (3.14)). Indeed, then
the roots 5; = 1/«; of the polynomial

Rz)=(x—p1)...(x—Bg) =2 +ra™ +.- +ry=P(1/2)z*(=1)'B1 ... Ba

are so small that the conditions of Theorem are satisfied for the set J = Jy =
{1,...,d—1}.

The value 1(2) is equal to 2+ +/2. (See Corollaries 3.9 ) It seems that, for
each d > 2, the formula 7(d) = 1/(1 — (141/(d —1)!)~/9) is true. Some evidence
towards this formula can be given as follows. For |z| <1 — (1 +1/(d — 1)!)~/4,
the inequality |¢(~1(z)| < 1, where ¢(z) = Y22, 427, holds for any distribution
of signs &+, giving |Day1(Jo)| < |D(Jo)] (see and Theorem [3.6)).
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Chapter 4

Maximal values of polynomials

4.1 Statement of the problem

A nonzero polynomial with 0,1 coefficients is called a Newman polynomial
after [I59]. There is a variety of different problems in number theory and analysis
related to Newman polynomials. See, for instance, [39], [45], [52], [I61], [200].

Our research presented in this chapter is motivated by the work of Akiyama,
Brunotte, Pethé and Steiner [2] which, at the first glance, has nothing to do
with Newman polynomials. They investigate the sequence of integers satisfying
Upi1 = —[Aay] —an_1, n=1,2,.... It is conjectured in [2] that, for any ag,a; € Z
and A € [—2,2], the sequence a,, n =0,1,2,... is periodic. The nontrivial case is
when A € (—2,2)\ {—1,0,1}. This problem seems to be very difficult, especially,
when the number ¢, defined by the equality ¢ + (= = —\ (so that || = 1), is not
a root of unity. In fact, the only case when the periodicity of the sequence a,,
n=0,1,2,..., is proved and published [2] is when A = (1 + v/5)/2 = 2cos(7/5),
so that ( corresponding to A is a root of unity. It seems that similar methods
can be applied to some other A of the form 2cos(nr) with » € Q. However, for
A # 2cos(nr), i.e., when ( is not a root of unity, the periodicity problem seems

to be completely out of reach.

We now explain how this periodicity problem is related to polynomials with
coefficients in [0, 1] and, in particular, with Newman polynomials. Rewrite the
recurrence equation as a;+1 + Aa; + aj_1 = {Aa;}. Multiplying each equality by
¢/ and adding all obtained equalities for j = 1,...,n, using ( + (! = —\, we get

n

(ans1 — Can)C" =Y {Aa;}¢7 + (a1 — Cag).

j=1
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Put 7, := |ap+1 — Cay,l|. Then
[l <UD _{Aai 3|+ [rof = [ D_{Aa 37 + ol
j=1 j=1

One can show easily (see Proposition 2.4 in [2]) that the periodicity of the sequence

an, n=20,1,2,..., would follow from the inequality
, r2 4— )2
limsup -+ < ———.
n—oo T ™

The sum 3°7_;{Xa; }¢7~" is equal to the value at ¢ of a certain polynomial of degree
< n — 1 with all coefficients in the interval [0,1). This suggests the problem to
which Chapter [ is devoted:

Problem 4.1. Let ( € C be a fized complex number of modulus || = 1. Denote
by S(¢,n) the mazximal modulus of the real polynomial of degree at most n — 1,

evaluated at the point z = (, assuming that the coefficients of the polynomial are
restricted to the interval [0, 1]. Find the value S(¢,n).

We shall prove below that lim, ., S(¢,n)/n = 1/7 for every ¢ of modulus
1 which is not a root of unity, so one gets limsup,,_,.. |[r|/n < 1/7. Moreover,
we will show that the polynomials f(z) which have the maximal modulus at the
point z = ( are Newman polynomials. Unfortunately, the result is still too weak
to solve the above problem of periodicity.

Finally, let us consider the case A = 1/2. Then ¢ = (—1 +4/15) /4 satisfying
¢+ ¢ ' = —1/2 is not a root of unity. We claim that the sequence a,, n =
0,1,2,..., defined by a,.+1 = —[a,/2] — an—1, n = 1,2,..., contains at least four
equal elements. Indeed, without loss of generality suppose that the sequence |a,,|,
n = 0,1,2,..., is unbounded. Then, for any N € N, there is an index n > N
such that |a,| > |a;| for j = 0,1,...,n—1. The corresponding polynomial f(z) :=
S5 1{a;/2}277" is a Newman polynomial multiplied by 1/2. The inequality

[rn] = lanta = Can| <[F(OI/2 + lar = Caol

combined with the inequality |a,+1 — Can| = |S(Can)| = |an|v/15/4 implies that
lan| < 2|f(O)|/vV15+4|ay —Cao|/+/15. Hence, by Theorembelow, forany e > 0
and any sufficiently large n > n(g), we have |a,| < (2/(7v/15) + €)n < 0.165n.
The interval [—0.165n,0.165n] contains at most 0.33n+1 < 0.333n < n/3 distinct
integers. Since |a,| > |a;|, 7 = 0,1,...,n—1, it includes all integers ag, a1, . .., ay.
If none of them is repeated more than three times, then the set {ag, aq,...,a,} is
of cardinality > (n + 1)/3 > n/3. This leads to the contradiction.
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4.2 Main results

Let A, be the set of real polynomials of degree < n — 1 with all coefficients in
the interval [0, 1]. Set

S(¢,n) == max |f(C)|

fEAn

for any ¢ € C. It is clear that
S(Gn) =T+ (H- 4

for each nonnegative real number (.

We remark first that, for any fixed ¢ € C, the maximum S(¢, n) is attained for
some polynomial f(z) = co+c12+ -+ +c,_12""! € A, Indeed, treating f(¢) as a
complex continuous function in n real variables cy, . .., c,_1 € [0, 1], by a standard
argument of compactness, we see that its modulus |f(¢)| attains its maximum
for some fixed values of the coefficients co, ..., c,—1 € [0,1]. It follows that, for
any ¢ € C, there exists a (not necessarily unique) polynomial f € A,, such that
S(¢n) = f(QI

Below, we sometimes use the vector representation of complex numbers. Let
us denote the value f(¢) with the largest modulus |f({)| among all f € A, by
the vector s. As we already said above, the vector s satisfying |s| = S({,n) is not

necessarily unique. We begin with the following simple but important observation:

Theorem 4.2. Let ( # 0, and let s = f(¢) = ?;01 ¢;j¢7 be one of the vectors of
maximal length, where f € A,,. Then f is a Newman polynomial. Moreover, for
each j = 0,1,...,n — 1, we have ¢; = 1 if the projection of the vector (7 to the

vector s is positive, and c; = 0 otherwise.

In particular, if s is one of the extremal vectors, then the line passing through
the origin and orthogonal to s contains none of the points 1,¢,..., (" L. There-
fore, Theorem suggests the following practical method for the computation
of S(¢,n). Suppose that ¢ # 0. Let ¢ be any line passing through the origin but
through none of the n points D,, := {1,({,...,("'}. Let us rotate the line ¢, say,
counterclockwise until it reaches at least one of the points of D,,. Then rotate ¢
again by an angle so small that no point of D,, lies on £ and stop. At this, first, stop
we calculate the sums r; and [; of the numbers from D,, that lie on both sides, say,
‘right hand side’ and ‘left hand side’ of £. (Note that ry +s; =1+ +---+¢" 1)
Then rotate ¢ until it reaches at least one point of D, again, slightly pass this
point, stop for the second time, and calculate 7, lo, where ro+ly = 14+ - -+(* 71,
and so on. The last, say, kth stop will be when ¢ is rotated by the angle 7, so

that it reaches its original position (but changes its direction). It is easy to see
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that k < n, where the value n for k is attained when no two points of D,, lie on a

line passing through the origin. Theorem [4.2] implies that
S(¢,n) = max (|, |, [ral, lfal, - il 1])-

In particular, if ¢ is a negative real number, then all of its powers are positive
and negative real numbers. Let us start with a line, say, orthogonal to the real
axis and begin the process described above. Then there is only one stop, giving
rp=1+C+ -+ (% where u < n — 1 is the largest even integer, and [, =
—( = ¢ — -~ = where v < n — 1 is the largest odd integer. The formula
S(¢,n) = max (|7’1], |ll\) yields the following corollary:

Corollary 4.3. Let u and v be the largest even and odd numbers, respectively,

satisfying u,v < n — 1. If ( is a negative real number then
S(C?”) :maX(1+<—2—|—+C“7_C(1+<2++<U,1>)

Suppose that ( is a complex number of modulus 1. In the evaluation of S(¢, n)
there are two different cases depending on whether ( is or is not a root of unity.
Let throughout (; := exp(27i/d) be a primitive dth root of unity. Let also U; be
the set of its conjugates over Q, so that |Uy| = ¢(d), where ¢(d) stands for the
Euler totient function. In the next theorem, we calculate the value S(¢, md) for
every ( € U; and m € N.

Theorem 4.4. Suppose that m € N and ¢ € Uy, where d > 2. Then S(¢,md) =
m/sin(m/d) if d is even and S(¢, md) = m/(2sin(w/2d)) if d is odd.

The main theorem of this chapter can be stated as follows:

Theorem 4.5. Let ( € C be a complex number of modulus 1. If { € Uy, where
d € N, then

1 ifd=1,
lim S(¢,n)/n = {1/(dsin(r/d)) if d is even,
1/(2dsin(m/2d)) if d > 1 is odd.

If ¢ is not a root of unity then lim,_,, S(¢,n)/n =1/m.

In the next section, we shall prove Theorems 4.4 and [4.5] Some numerical

examples will be given in Section [4.4]
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4.3 Proofs

Proof of Theorem : The vector s is the sum of the vectors ¢/, where j =
0,...,n — 1, scaled by ¢; € [0,1]. Clearly, |s| > 0. Put s; := (7. If there is an
index j € {0,...,n — 1} such that the projection of s; = (7 to s is positive (i.e.,
the scalar product (s;,s) is positive) and ¢; < 1 then, by replacing ¢; by 1, we
obtain that the length of the vector s — ¢;s; +s; = s+ (1 — ¢;)s; is greater than
s|, a contradiction. Similarly, suppose that there is an index j € {0,...,n — 1}
such that the projection of s; = (7 to s is negative or zero (i.e., (sj,s) < 0) and
c¢; > 0. Then, by replacing c; by 0, we obtain that the vector s —¢;s; is longer than
|s|, because [s — ¢;s;]* — [s|* = c3[s;|* — 2¢;(s;,8) = cfs;|* > 0, a contradiction

again. O

The following simple lemma will be used in the proof of Theorem [.4] and in

numerical examples of Section [4.4}

Lemma 4.6. Let I'y be the set of complex roots of 24 —1 = 0, where d > 2, and let
¢ be a line passing through the origin but through none of the points of I'y. Then
the sum of all numbers from Ty that lie on one side of ¢ belongs to some axis of

symmetry of a reqular d-gon with vertices in Iy, and the modulus of this sum is
equal to 1/sin(w/d) for d even, and to 1/(2sin(n/2d)) for d odd.

Proof of Lemmal[4.6; Consider a half plane in that side of ¢ where exactly k = [d/2]
points of I'; are lying. Take (; = exp(27i/d). Let r be the smallest positive integer
such that () is the first vertex of I'; in that half plane counterclockwise. Then the

points of I'; in this half plane are the powers Cg, where 7 =1r,...,r+ k — 1. Note

that all sums ;™ + ¢ 17 where j = 0,...,[(k —1)/2], lie on the same axis of
symmetry of a regular d-gon, hence so does their sum Z;L’f‘l @ = % Z?;&( Ziﬂ +
"TE=177) on the same side of £.

Next, recall that 1 + {4+ --- + Qg_l = (. Hence, on both sides of ¢ we get the

sums lying on the same axis of symmetry. The moduli of sums are equal to

R ¢ L E (S S DY (PR DI W

This is equal to 1/sin(w/d) for d even, and to
cos(m/2d)/sin(w/d) = 1/(2sin(7/2d))

for d odd. O

Proof of Theorem [4.4: Suppose that ( € Uy, where d > 2 is an integer. Since
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¢? =1, we can write the value f({) of the polynomial f € A,,q at 2 = ( as

F(Q) = A(Q) + -+ fm(Q),

where fi, ..., f,n € Ag. Hence S(¢, md) < mS((,d). Moreover, if f, € A4 is a poly-
nomial for which S((,d) = |fo(¢)| then, by setting f(2) := fo(2)(1 + 2%+ -+ +
2m=Ddy ¢ A4 we find that f(¢) = mfo(¢). Hence S(¢,md) = mS(C,d). It re-
mains to show that S((,d) = 1/sin(n/d) if d is even and S(¢, d) = 1/(2sin(7w/2d))
if d > 1 is odd.

Let f be a Newman polynomial of degree < d — 1 for which we have S({,d) =
1£(Q)]. Put s = f(¢). By Theorem .2 s is the sum of all numbers ¢/, where
j € {0,...,d — 1}, that lie on one side of a line ¢ orthogonal to s but not on
¢ itself. Moreover, none of the points ¢’ lies on (. Since ( € Uy, the set {¢7 :
j =0,...,d— 1} is precisely the set of roots of 2¢ — 1, i.e., ['y. By Lemma ,
|s| = 1/sin(w/d) for d even and |s| = 1/(2sin(n/2d)) for d > 1 odd. This
completes the proof of the theorem. O]

Proof of Theorem [4.5; The case ( = 1 is obvious. The maximal sum is 1+ ¢ +
<+ 4 ("1 so S(1,n) = n for every positive integer n. Suppose that ¢ € Uy with
d > 2. Choose an integer m such that md < n < (m + 1)d. Since S(¢,n) is a
nondecreasing function in n, we have S(¢,md) < S(¢,n) < S(¢, (m + 1)d). Thus,
by Theorem [£.4] for even d > 2, we have

1—d/n _ n/d—1 m :S(C,md) o S(¢,n)
dsin(m/d)  nsin(n/d)  nsin(7/d) n S oon
<S(§,(m+1)d): m+1 n/d+1 _ 1+d/n
h n nsin(n/d) ~ nsin(r/d)  dsin(x/d)’

It follows that lim, o S(¢,n)/n = 1/(dsin(r/d)) for each even d > 2. The proof
of the case when d > 1 is odd is similar: one just uses the ‘odd’ part of Theorem [4.4
instead of its ‘even’ part.

Finally, suppose that ¢ = €', where 0 < ¢ < 2, is a complex number of
modulus 1 which is not a root of unity. Then ¢/7 ¢ Q. Suppose that s =
f(Q) = ;‘;& ¢;¢7 is one of the vectors of maximal length. Then, by Theorem ,
¢j € {0,1} with ¢; = 1 if and only if the projection of ¢’ to s is positive. Let ¢ be
the line passing through the origin and orthogonal to s = |s|e". The line ¢ divides
the complex plane into two half planes. Let us divide the open half plane with the
point € into 2M equal sectors, where for each k € {—M, ..., —1,1,..., M} the
k-th sector consists of complex numbers with arguments in the interval [7 4 7(k —
1)/2M,7+7k/2M) for k > 0 and in the interval [ +7k/2M, 7+ n(k+1)/2M) for

k < 0. (Since this half plane needs to be open, one exception is that the interval
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corresponding to k = —M is open (1 — 7 /2,7 — (M — 1)/2M).)

For any j € {0,1,...,n—1} the vector ¢ belongs to the sum s if and only if it
lies in one of the above 2M sectors. The sum of the vectors ¢/ = cos(j¢)+isin(j¢)
is f(¢) = s = |s|e", hence f(¢)e™ is a real number. Using the fact that the

number

n—1 —
f(Qe =2 c;¢le™ Z (cos(j¢ — 7) +isin(jp — 7))
i=0 =0
is real, we obtain that >/~ ¢;sin(j¢ — 7) = 0, so

[FO] = f(Q)e™™ ZC]COS (¢ — 7).

Suppose that the sector corresponding to the index & contains n; vectors of
the set {1,...,¢" '}, say, ¢Y with j € Ny, where Ny, is a subset of {0,1,...,n—1}
of cardinality ny. Then 3¢y, cos(j¢ —7) is at least ny, cos(|k|m/2M) and at most
ng cos((|k| — 1)m/2M). It follows that

z_: ng + n_y) cos(km/2M) < z_: ng + n_y) cos((k — 1)w/2M).

By the theorem of Weyl [214] (see, e.g., Example 2.1 in [123]), the sequence of
fractional parts {m¢/27}, m = 0,1,2,..., is uniformly distributed in the interval
[0,1), because ¢/21 ¢ Q. Fix € > 0. Then fix any M = M(e) € N satisfying

1+ S (S G S
AM tan(m/4M) T 4M tan(m/4M) s

Such an M exists, because lim, o xtan(n/z) = 7. Given k € {1,..., M}, ¢’
belongs to the k-th sector if and only if there is an [ € Z such that 7 + w(k —
1)/2M < jo —2nl < 7+ wk/2M, ie., (k—1)/4M < {j¢/27r—7/27r} < k/4M.

Using uniform distribution of {j¢/2m — 7/2x}, 7 =0,1,..., in [0,1), we deduce
that (1—e)n/4M < ny < (14¢€)n/4M for each sufficiently large n € N. The same
bounds hold for k € {—M, ..., —1}. Hence

(1- g)ﬁ ;;1 cos(km/2M) < |F(O)] < (1 + @ﬁ ,; cos((k — 1)m/2M).

Setting = 7/2M into the identity

sin((M — 1/2)z)

1/2 4 cos(z) + -+ 4+ cos((M — 1)x) = dsin(e/2)
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we derive that

Zcos k—1)m/2M) = ;<1+tan(7rl/4M)>

and

M 1 1
kzzjlcos(lmﬂM) = 2(— 1+ tan(7r/4]\/[)>

Hence

-2 (=14 ) < VO <0+ (14 s )

By the choice of M, this implies that (1 —&)?*n/7 < |f(¢)| < (1 +¢)?>n/7. Thus

(1—e)*/m < S(¢n)/n=1f(O)/n] < (1+e)*/m

for each n > n(e). However, € can be arbitrarily small, so lim,, o, S({,n)/n =1/,

as claimed. O

4.4 Practical computations

Take ¢ = exp(27i/5) and n = 5. By Lemma [4.6| we can take any ¢ which goes
through none of the roots of 2° —1 = 0. Take £ such that 1 and ¢ are on one of its
sides. Then, by Lemma we find that |1+¢| = 1/(2sin(7/10)) = (1++/5)/2 =
1.61803. ...

Similarly, taking ¢ = exp(97i/7) to be one of the roots of z!* — 1 = 0 and
n = 14, one can choose ¢ to be the imaginary axis. Then one of the extremal
Newman polynomials will be f(z) = 1+ 2% + 2° + 26 + 28 + 2% 4 2! because
0,3,...,11 are the only powers of ¢ that are on the right hand side of /. Lemma [4.0]
and Theorem [4.4] gives f(¢) = 1/sin(m/14) = 4.49395. ...

Take ¢ =i and n = 5. By Theorem [£.2] there are four possible quadrants for
the location of s. The maximum for |f(i)| is attained by Newman polynomials
142+ 2% and 14 2% 4 24, giving s = 2 & 4. Hence S(i,5) = /5. Note that
the maximal vectors 2 + ¢ do not lie on an axis of symmetry of the square with
vertices 1,4, —1, —2. So Lemma does not hold, because there is one ‘double’
vector 1 = %,

It seems likely that when ( is not a root of unity, one cannot expect any simple
formula for S(¢, n). For example, for ¢ satisfying (?—(/2+1 = 0, we calculated the
value S(¢,100) = 31.8928.... It is easy to see that S(¢,100)/100 = 0.31892... is
quite close to the limit value 1/7 = 0.31830. .., given by Theorem . The value
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S(¢,100) is attained by the polynomial f(z) = 2°7 + 2% + 29 4 292 4 291 4 290 4
8T 4 586 4 82 4 8L T8 T7 4 76 .73 T2y 7L .68, 67 63 62 .58 4
ST 4 54 4 53 4 52 L 49 | 48 L 44 | 43 4 030 | .38 4 .35 . 34 4 .33 L .30 |
2294 528 4 025 4 24 4 20 4 19 4 16 4 15 4 14 11 10 4 9 4 6 5L o L]

Finally, we remark that our results may be applied to polynomials with coef-
ficients in any real interval [a, b]. In this case, if { # 1, the constant factor b — a
will appear on the right hand side of the formulas established by Theorems [4.4]
and . Indeed, any polynomial f(z) = ?;& ¢;z? with coefficients ¢; € [a,b] can
be written as

f(2) = (b—a)g(z) + ah(z),

where g(z) = X720 ((¢; — a)/(b — a))2’ is a polynomial with coefficients in [0, 1]
and h(z) =1+ ---+2"1 = (2" -1)/(2 —1). Now, h(¢) = 0if ( # 1 is an nth
root of unity. Furthermore, |h({)| is bounded by an absolute constant depending
on ¢ only if |¢| < 1 and ¢ # 1, so that |h({)|/n — 0 as n — oco. Taking n = d,
Theorem may be applied immediately to g(z). To obtain a corresponding limit

in Theorem one can divide the equality by n, and then let n — oc.
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Chapter 5

Newman and Littlewood

polynomials

5.1 Statement of the problem

Let Vv and V; be sets of roots of Newman and Littlewood polynomials, re-
spectively. We refer to the numbers in the set Vi as Newman numbers, while
the numbers in the set V, will be called Littlewood numbers. This notation has
originated in the doctoral Thesis of P. Drungilas, [61]. Let also V' be the set of
roots of polynomials P with coefficients in the set {—1,0,1} and P(0) # 0.

The sets Vi, Ve and V' have been investigated by several authors, e.g., [42],
[63], [I61]. It is well known that the set V) is contained in the intersection of the
annulus 1/¢ < |z| < ¢ with R(z) < 3/2, where ¢ = (1 ++/5)/2. A more precise
bounding contour was given in [I61], where it was also shown that the closure
of this set V) is path-connected. The points of V. inside the unit circle are
related to the points of vanishing of power series with +1 coefficients. Beacoup,
Borwein, Boyd and Pinner studied the extremal zeros of such power series and
their multiplicity in [I9] and [20].

Clearly, every o € V' is an algebraic integer. Moreover, it is a unit, and it is
not difficult to show that all such « are located in the annulus 1/2 < |z] < 2.
The converse of this statement does not hold, namely, there are many units «
that lie with their conjugates in the annulus 1/2 < |z| < 2 but a ¢ V. For
instance, the minimal polynomial P(x) = z* +z3 +22% — z + 1 of the number 6 =
(=1 +14v/3)(1++/5)/4 does not divide any polynomial with coefficients {—1,0, 1}
(see [63]).

It is evident that Vi C V and V; C V. Moreover, V) is a proper subset of V,
because V) contains no positive numbers, whereas, say, 1 € V; C V. In order to

show that V. is a proper subset of V' it would be sufficient to prove that there is

95



an « € V) which is not in V.. This would imply that V) is not a subset of V, so
that all three sets Vi, V and V are distinct and both sets Vi \ V; and V; \ Vi
are not empty. We shall formulate now the main problem of Chapter [5

Problem 5.1. Does there exist an algebraic number which is a Newman number

but is not a Littlewood number? In other words, is it true that Vyr ¢ V7

For this, it suffices to show that there is an irreducible polynomial P(x) €
Z|z], P(0) # 0, which divides some Newman polynomial but does not divide
any Littlewood polynomial. However, it seems that the problem of finding such
examples is non-trivial, so the first named author posed this question as an open
problem 006:07 at the 2006 West Coast Number Theory conference. Below, we
shall use a numerical algorithm (see Theorem to determine whether a given
polynomial P(z) € Z[x] with at least one zero outside the unit circle divides some
Littlewood polynomial or not. In particular, using this test, we will show that the
irreducible Newman polynomial 2% 4+ 2° 4+ 2% 4+ 2 + 1 of degree 9 does not divide
any Littlewood polynomial. In addition, it will be shown that there are no such
Newman polynomials of degree at most 8.

Divisibility properties of polynomials with coefficients {—1,0,1} have been
studied on many occasions, since they have many applications to various dio-
phantine problems. For example, the order of vanishing of such polynomials at 1
was studied in [9] and the multiplicity of cyclotomic and non-cyclotomic factors
of such polynomials in [38] and [149]. The paper [149] was partly motivated by
the hope to establish an absolute upper bound B for the multiplicity of a non-
cyclotomic factor P in the factorization of polynomials with coefficients {—1,0, 1}.
Such a bound would lead to the proof of Lehmer’s conjecture on Mahler’s mea-
sure. If the bound B exists, then B > 4. Recently, several new results on Lehmer’s
conjecture have been obtained in [33] and [35]. In [33] Lehmer’s conjecture was
confirmed for polynomials with odd coefficients, so, in particular, for Littlewood
polynomials. See also [72] for better numerical estimates.

The above mentioned papers contain some interesting examples which are in
some sense ‘special cases’ of our problem. For instance, in [33] it was observed
that if P(z) € Z[x] is not a product of cyclotomic polynomials ®,,, modulo 2 and P
divides some Littlewood polynomial L, then the quotient @) = L/P has Mahler’s
measure greater than 1. In other words, () cannot be a product of cyclotomic
polynomials. Similarly, from the result on the Mahler’s measure of Littlewood
polynomials given in [35] it follows that if 1 < M(P) < (1++/5)/2 and P divides
a non-reciprocal Littlewood polynomial L, then L/P must have at least one non-
cyclotomic factor. Otherwise, we have M (L) = M(P) < (14 +/5)/2, where L is

a non-reciprocal Littlewood polynomial, which is impossible by [35]. Mossinghoff
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[149] found Littlewood polynomials divisible by ¢ and {—1,0, 1} polynomials di-
visible by ¢3, where ¢(z) = 2'% + 2% — 27 — 2° — 2% — 2% — 2% + x + 1 is Lehmer’s
polynomial.

Chapter [5] is organized as follows. The main results are given in Sections
and [b.3] In Section [5.4] we give an auxiliary result for polynomials over the
finite field Fy with two elements. Section [5.5] contains the proofs of most of our

theoretical results. We then develop some algorithms used in our computations
(see Section |5.6)). The details of computations are provided in Section

5.2 Main results

Note that the sets Vs and V, have infinitely many common elements. For
example, the root of unity ¢ = e2™/*, where u > 2, is a root of 2% ' + - +x + 1.
This is a Newman polynomial and a Littlewood polynomial. So every root of
unity except for 1 belongs to Vi N V.. Our next result implies that the structure
of the set VyNV is non-trivial: every Newman trinomial divides some Littlewood
polynomial. (Trinomial is a polynomial with three non-zero coefficients.) In fact,

our statement is more general:

Theorem 5.2. For each trinomial P with {—1,0,1} coefficients and P(0) # 0,
there exists a polynomial QQ with coefficients {—1,0,1} such that the product PQ

is a Littlewood polynomial.

Similar results for certain special quadrinomials will be given in Section [5.3|
Our computations show that the roots of Newman polynomials of degree at most
8 also belong to Vi N Vp:

Theorem 5.3. Every Newman polynomial of degree at most 8 divides some Lit-

tlewood polynomial.
We also have the following:

Theorem 5.4. Fvery Newman polynomial divides some integer polynomial with
odd coefficients.

The main purpose of our work is to give some examples of algebraic numbers
a € Vi \ V2. We found several irreducible Newman polynomials not dividing any
Littlewood polynomial. Some of them are given in Table 1. Polynomials given in
rows 2,4,6,8 are reciprocal to polynomials given in rows 1,3, 5,7, respectively.

All these polynomials were found using numerical tests based on the following

statement:
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Table 5.1: Some Newman polynomials of degree 9 not dividing any Littlewood
polynomial.

Polynomial P(z)

1+t + 2%+ 2" 4+ 2°

1+ 22+ 4+ 25+ 2°
1+a23+2"+ 284+ 2°

14+ 2+ 22+ 2% + 29
l4+z+a?+at+25+2°

1+ a3+ 2°+ 2" + 2% +2°
l+a+at+2°+254+2"+2°
1+ +22 + 2t + 25+ 28 +2°

XN DTt WD

Theorem 5.5. Let P(z) € Z[x] be a monic polynomial with roots ay, ..., ax, of
modulus strictly greater than 1, where k > 1. Suppose that there exist a positive
integer N and a real number § > 0 with the property that, for each of the 2V
vectorsb = (by,...,by), whereby,... by € {—1,1}, there are two positive integers

n=mn(b) < N and i =1i(b) < k such that
(Jail = D]al +braf ™+ + b, =1+,
Then P does not divide any Littlewood polynomial.

At the first glance, the statement of the theorem may look somewhat strange,
because one obtains the weakest inequality when 0 = 0. However, on several
occasions below, we shall use the statement of the theorem with strictly positive
0. This is why we prefer to state the theorem in the above form.

Using the examples from Table 1 it is possible to construct infinitely many
irreducible Newman polynomials not dividing any Littlewood polynomial. This

shows that set Vi \ V. is infinite. We will prove the following statement:

Theorem 5.6. There exist infinitely many primitive irreducible Newman polyno-

mials which do not divide any Littlewood polynomial.

In this context, a polynomial P(x) € Z[z] is called primitive if P cannot be
written as P(z) = G(z*) with some integer k > 2 and some G(x) € Z|x].
Take P(z) = 1+ 2% + 2% + 27 + 2°. Since P(x) does not divide any Littlewood

7 — 2% also does not divide
7

polynomial, the polynomial P(—xz) =1+ 2%+ 2% — x
any Littlewood polynomial. The polynomial 1 + z* 4+ 2% — 27 — 2% has a positive
root «, so it does not divide any Newman polynomial. This shows that a € V,

but a ¢ VUV, so VU V) is strictly contained in V.
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5.3 Other results

For each complex root «v of the polynomial P(z) € R[x], the complex conjugate
@ is also a root of P. If P is a Newman (resp. Littlewood) polynomial, then its
reciprocal P* is also a Newman (resp. Littlewood) polynomial. Thus each of the
sets Vi, Var, VieNVz, Ve \ Vz, Vi \ Var map into itself by the complex conjugation
z = z and the inversion z — 1/z. In the next statement we consider the map

2 2k,

Lemma 5.7. Let k be a positive integer. Then P(x) € Zlx] divides some Little-

wood polynomial if and only if P(x*) divides some Littlewood polynomial.

By the same method as that in the proof of Theorem [5.2] one can show that
certain quadrinomials also divide polynomials with small odd coefficients and

sometimes even Littlewood polynomials.

Theorem 5.8. Let P be a quadrinomial with coefficients in {—1,0,1} such that
P(0) = 1. Then there is a Newman polynomial Q) such that all coefficients of the
product PQ) belong to the set {—3,—1,1,3} and, moreover, to the set {1,3} if P
itself is a Newman polynomial. Furthermore, if a < b < c are positive integers
and P is of one of the forms

i) 1+ 2% —ab — 2

b _ z¢, where exactly one of the numbers a,b, c is odd,

i) 1 —x% —x
iii) 1+ 2% + 2° + x¢, where exactly one of the numbers a,b, ¢ is even,
i) 1+ 2%+ 2% — ¢, where all the exponents a,b,c are odd or, alternatively, c
is even and precisely one of the numbers a,b is odd,
then the quadrinomial P divides some Littlewood polynomial L, and L/P is a

polynomial with coefficients in {—1,0,1}.

It would be of interest to find out whether this result can be extended to the
full analogue of Theorem [5.2] namely, to all quadrinomials of height 1. If so, then
this would imply that our example 2° +2°+22+2+1 is minimal not only in terms
of its degree (nine), but also in terms of the number of its non-zero coefficients
(five).

Suppose that P(x) € Z[x] divides some Littlewood polynomial L. One may
ask which values its degree deg L can take. The answer is given in terms of

factorization of L modulo 2.

Lemma 5.9. Suppose that a polynomial P(x) € Z[x] divides a Littlewood poly-
nomial L. Let P(x) € Fy[x] be the reduction of P modulo 2. Then deg L + 1 is a
multiple of deg, P. (This quantity will be defined in Section )
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In fact, the value of deg L grows exponentially with the degree of P. If, for
instance, a monic polynomial P of degree 10 is a prime divisor of the cyclotomic
polynomial @493 in Fy[xz], then deg, P = 2! — 1. The degree of any Littlewood
polynomial L divisible by P must be of the form 1023k — 1, where k € N, so it is
greater than or equal to 1022. One has thus to consider 2!922 different possibilities
in trying to find a polynomial L of degree 1022 divisible by P. This simple example
demonstrates the computational complexity of the problem.

One possible strategy is to search for a factor Q(z) € Z[z] of small height, say,
H(Q) < 2 such that the product PQ is a Littlewood polynomial. The following
lemma implies that one can restrict himself with only finitely many choices for Q.
This will be used in Algorithm below.

Lemma 5.10. Suppose that a polynomial P(x) € Z[x] of degree d > 1 divides
a Littlewood polynomial L. Let h = H(L/P). Then there exists a polynomial
Q) = X7 o bja’ € Z[x] of degree

n<(2h+1)44+d-2

and height H(Q) < h such that the product PQ is also a Littlewood polynomial.
Moreover, the vector of coefficients (bg, b1, ba,...,bn—1,b,) of Q does not contain

any identical blocks bj,bji1,...,bjrqa—1 of length d.

Suppose that a Newman polynomial P does not divide any Littlewood poly-
nomial. We shall construct infinitely many examples of such polynomials by

perturbing the roots of P.

Theorem 5.11. Suppose that P satisfies the conditions of Theorem[5.5 with some
0 > 0. Then there exists an € > 0 which depends on P and § only with the following
property: if the polynomial Py(x) € Z[x] has some roots By, . . ., Bk, each of modulus
strictly greater than 1 such that |o; — ;| < € for j = 1...k, where aq,...,ax
are the roots of P of modulus strictly greater than 1, then P, does not divide any

Littlewood polynomial.

Such approximations may be obtained from the sequence of polynomials of the
form 2™ P(x) 4+ R(x), where R is a Newman polynomial relatively prime to P and
n > deg R.

Theorem 5.12. Suppose that the polynomial P satisfies the conditions of The-
orem with some 6 > 0. Then, for any R(x) € Z[x], there exists a positive
integer ng such that, for each n = ngy, the polynomial " P(x) + R(x) does not

divide any Littlewood polynomial.
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All polynomials given in Table 1 have at least two zeros outside the unit circle.
It would be of interest to find out whether there exists an irreducible polynomial
P(z) € Z[z] with exactly one root outside the unit circle such that P divides
some Newman polynomial but no Littlewood polynomial. In other words, does
there exist a Pisot or a Salem number a such that —a is a root of some Newman

polynomial but not a root of any Littlewod polynomial?

5.4 Auxiliary facts about polynomials from F;|z]

Every polynomial f(z) € Fylz] with f(0) # 0 modulo 2 may be written

uniquely as a product

f(z)=(x+1)™ Hgb] a

where m > 0 and ¢;(x) € Fy[z] are irreducible polynomials of degree greater than
or equal to 2 and multiplicity m; > 1,5 = 1,...,r. The product is empty if r = 0.
Every polynomial ¢; divides a unique cyclotomic polynomial ®.; of odd index e;.
Let s be the least positive integer satisfying 2° > max{m + 1, m4,...,m,}. Define
the number

deg, f = 2°lcm(eq, ..., e,).

Lemma 5.13. If a polynomial f(x) € Fylz| divides the polynomial h(z) = x™ +
..+x+1, then n+1 is divisible by the number deg, f. Conversely, if deg, f divides
n + 1, then there exists a polynomial g(x) € Fo[x] such that f(x)g(xz) = h(x).

Proof: Write h(x) = (z"* +1)/(z + 1) in Fylx]. Let n + 1 = 2'k, where k is odd
and [ > 0. Then, in Fy[x], we have

h(z) = (" +1)% /(x +1).

Let a be a root of the irreducible factor ¢;(x) of f. Note that the order of « in the
multiplicative group of the field Fyaczo; is €5, so e; divides k for every j = 1,...,7r.
The polynomial z* 4+ 1 has no multiple roots, therefore the power 2' is greater
than or equal to the maximum of the numbers m + 1, my,...,m,. Hence n + 1
must be divisible by 2° and the least common multiple of the integers eq, ..., e,.
On the other hand, if we take n = n;deg, f — 1, for some positive integer nj,
then h(x) vanishes at all roots of f(x) with required multiplicities. Thus h(z) is
divisible by f(z), and g(x) € Fy[x] is the quotient h(z)/f(z). O

We shall give an example of the computation of deg, P. Consider the polyno-
mial P(z) = 1+ 2* + 2° + 2 € Z[z]. Reducing modulo 2, the polynomial splits
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over [Fy into the following irreducible factors
Pz)= @+ +z+ )@ +a* + 28 +2+1).

In this example, we have m = 2, r = 2, m; = my = 1, ¢1(x) = 2> + x + 1 and
do(x) = 25 + 2* + 23 + 2 + 1. The polynomial ¢, is the cyclotomic polynomial
®3. The polynomial ¢, divides the cyclotomic polynomial ®3;,. Hence e; = 3, e =
2° —1 =31 and s = 2. Thus deg, P = 2%lem(3,31) = 372. Therefore, by Lemma
5.9 any Littlewood polynomial L divisible by 14 22 + 2° + 2°, must be of degree
deg L =372k — 1, where k =1,2,....

Two of our statements are very simple corollaries of Lemma [5.13

Proof of Lemma[5.9. The reduction of any Littlewood polynomial L modulo 2
is L(z) = 2% + 4 2+ 1. Since L is divisible by P, the result follows from
Lemma [5.13 O

Proof of Theorem[5.4} Let P be a Newman polynomial of degree b. By Lemma
, there exists a polynomial Q(z) = Y0 qjat € Folx], satisfying P(x)Q(z) =

2"+, .. +x+11in Fylz]. Set Q(z) = Q(z), where 0 and 1 are understood as positive
integers rather than elements of IFy. It follows that PQ has all odd coefficients. [

5.5 Proofs

Proof of Lemma[5.7. The proof of the lemma is similar to the proof of Proposition
(iv) in [I87]. If the polynomial P(z) € Z[z] divides some Littlewood polynomial
L, and Q is a Littlewood polynomial of degree k — 1, then the product L(z*)Q(z)
is a Littlewood polynomial divisible by P(z*). One can take, for instance, Q(z) =
l+z+---+ah

For the converse, suppose that P(z*) divides a Littlewood polynomial L.

Rewrite L(r) putting the powers ¢, 27 satisfying ¢ = j(mod k) together:
L(x) = Lo(2®) + zLy(2®) + ... 4+ 2" Li_y (2F).

Note that each L;(x),j =0...,k — 1, is either a Littlewood polynomial or zero.
For each 0 < j < k — 1 there exist ), R; € Z[z], such that L; = PQ; + R;,
where deg R; < deg P. Since P(z*)|L(x), it follows that P(z*) divides R(z) =
Ro(x®) + xRy (%) +. ..+ 2" 1Ry (2*). The degree of Ris < k(deg P—1)+k—1,
so deg R < kdeg P. Hence all the polynomials R; must be zeros identically. This
implies that all non-zero polynomials L; are Littlewood polynomials divisible by

P. (There must be at least one non-zero L;, because L is non-zero.) ]
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Proof of Lemma . Let P(x) = Z;l:o a;jx’. Among all polynomials @ of
height H(Q) < h such that product PQ is a Littlewood polynomial, there is a
polynomial of minimal degree, say, Q(x) = ¥, bjad. Write P(x)Q(x) = L(x),
where all coefficients of L are £1.

We begin from the second part of the statement. Suppose that the vector
of coefficients of the polynomial @, (bg,b1,...,b,_1,b,), contains two identical
blocks b, b,11,...,brrq—1 and by, bsi1, ..., bsiq 1 of length d, where r < s. After
removing s — r coefficients b, b, 1, ...,bs_1 from this vector, we obtain the vector
(bo, -+, br_1,bs, ..., b,). Define the polynomial T'(z) = Z?;ésir) t;zd by

bj lf] <r,

tj —
bt (s—r) if j>r.

Since by4; = by for j =0,...,d—1, the first r+d coefficients of 7" and () coincide,
t; =;,0 < j<r+d—1. Hence Q(z) = T(z) (mod z"™). Similarly, the last
n—s+1 coefficients of () and T are equal. So, for their reciprocal polynomials, we
have Q*(z) = T*(x) (mod z"*T1). Tt follows that L(z) = P(z)Q(z) = P(z)T(z)
(mod 2"*%) and L*(z) = P*(z)Q*(z) = P*(x)T*(z) (mod 2" **!). Hence the
first r + d and the last n — s 4+ 1 coefficients of L and PT are the same. But PT
has precisely n — s +r + d + 1 coefficients, so each of those coefficients must be
+1. Hence PT is a Littlewood polynomial. It follows that deg7" < deg (), which
is a contradiction with the minimality of deg Q.

Now, we turn to the first part of the statement. Since the right hand side
of the inequality, (2h + 1)¢ + d — 2, is greater than d for every d > 1, we may
assume n > d. The number of blocks of length d in the vector of coefficients of ()
is n —d + 2. On the other hand, this number must be less than or equal to the
total number of different possible blocks, otherwise two of them will be identical,
which is already proved to be impossible. By choosing any element of the block
from the set of 2h + 1 integers {—h,...,0,...,h}, one obtains exactly (2h + 1)¢
different blocks. This implies that n —d + 2 < (2h + 1)9, as claimed. O

Proof of Theorem[5.3. Without loss of generality, we may assume that the constant
coefficient of P is 1 (otherwise multiply P by —1). The trinomial P has one of

the four forms
(i) 1 — 2%+ 2°, (i) 1+ 2% — 2° (iii) 1 — z* — 2, (i) 1+ 2" + 27,

where a < b are two positive integers.
Write P(x) = 1+ £,2% + 2%, where the coefficients ¢,,¢, € {—1,1}. We first

consider the cases (i)-(7ii), when at least one of the coefficients ¢, ¢, is negative.
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The reduction of the polynomial P mod 2 is f’( ) =1+ 2%+ 2°. By Lemma
5.13) there exists a polynomial Q(x) = Z" bGa7 € Fylz], satistying P(z)Q(z) =
x"+...+x+1in Fy[z] provided that n+1 is divisible by deg, P. Take the number
n = deg, P — 1 to obtain the polynomial of the least possible degree. Define the

polynomial Q(z) = >0=) ¢;a7 € Zz] by

0 ifg =0,
1 ifg =1,

q; =

so that Q(z) is a reduction mod 2 of the polynomial Q(z).
Writing P(2)Q(z) = (1 + ea2® 4 e,2°) X020 qja? = L(x) = X lja?, we see
that the coefficients [; € Z,j =0, ..., n, are given by the formula

q; for 0 < j <
qj + €aQj—a for a < j <0,
lj =39 T €a9j—a + Evqj—b for b < j<n— b

€aQj—a tEpqj—py formn—b<j<n—>b+a,

epgj—p forn—b+a<j<n

The third line is excluded in case n < 2b. Since L(z) = P(z)Q(z) = 2" +. . .+x+1
(mod 2), all the coefficients [; are odd. There are at most three non-zero terms in
the formula for I;, so [; € {—3,—1,1,3}. Note that [; = +3 may appear only in
the third line when all three terms g¢;, €,9;—, and g,q;_ are 1 or all three —1. This
is impossible, because ¢;, qj—q,¢j—» € {0,1} and at least one of ¢,, ¢, is negative.
Thus PQ is a Littlewood polynomial, where () is a Newman polynomial.

Now consider the remaining case (iv), where P(x) = 1+ 2% + 2°. Write
k = ged(a,b). Then a = kay, b = kby. At least one of the integers aj,b; is odd.
Note that P(z) = Py(z"), where P(z) = 142" +2". The polynomial P;(—z) has
one of the forms (%), (i) or (ii7). It follows from the earlier part of the proof that
there exists a polynomial Q;(z) with coefficients 0 or 1, such that Py(—z)Q1(z) is
a Littlewood polynomial. Thus P;(z)Q1(—x) is a Littlewood polynomial, so that

Pi(a")Qi(—2") 1+ 2+ ...+ 25 = P(2)Qi(—2") 1+ + ... + 251

is also a Littlewood polynomial. Clearly, in this case, the factor Q;(—z%)(1+---+

2F71) is a polynomial with {—1,0, 1} coefficients. O

Proof of Theorem [5.8. The proof is very similar to the proof of Theorem for

trinomials, thus we will omit the details. For a given quadrinomial P, there exists
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a Q(z) € Z[x] with 0,1 coefficients, such that P(z)Q(z) = 2" + ...+ x + 1 (mod
2). In the formula for the coefficients [; of the polynomial L = PQ), there are
at most four non-zero terms and all of the /; must be odd, by the choice of Q.
Hence I; € {—3,—1,1,3}. Moreover, [; € {1,3} if all the coefficients of P are
non-negative. This proves the first part of the theorem.

Suppose that exactly two coefficients of the quadrinomial P are 1 and other two
are —1. (For any quadrinomial P listed in (7)-(iv) either P(x) or P(—x) has this
property.) The number /; = £3 may appear only in equations with three or four
non-zero terms (see the formula for the coefficients {;). This is impossible, because

two of all non-zero terms have opposite signs. Therefore, for any polynomial P as
in (i)-(iv), P(z)Q(z) or P(x)Q(—z) must be a Littlewood polynomial. O

Proof of Theorem [5.5. Suppose that there is a Littlewood polynomial L which is
divisible by P. Since, for any positive integer m, L(z)(1+zd8 L+ 4. .. fgmldegL+1)
is a Littlewood polynomial too, we can assume without loss of generality that
deg L > N. Write L(z) = a™ + bya™~' + - 4 by, where b; € {—1,1} and
M > N. By the assumption of the theorem, there exist positive integers n < N
and i < k such that (Joy| — D)|a? + bl + -+ +b,| > 1+06.

On the other hand, using the fact that L is divisible by P, we have L(«;) = 0.
Hence o + byl + -+ + b, = —(bppra; ' + - + byl ™). Thus

7

o +bral ™t 4 A by| = iyt e by M) <

n—

< 2 ol 7 < 3o 7 = 1/(Jou| = 1),
7=1

_]:1 ] —

giving (Ja;| — 1)]a +bjaf ™" + -+ + b,| < 1, a contradiction. O

Proof of Theorem m By Theorem , for each of the 2V vectors
b= (b,...,by) € {—1,1}",
there exist positive integers n = n(b) < N and i = i(b) < k such that the function
Fol2) = (121 = D] bz 4o 4 b

is greater than 1+ ¢ at «;, namely, fp(a;) = 1+ d. By continuity of fy(z), the
inequality f,(z) > 1 holds for all z in the circle |z —a;| < ep,. Here, ep, > 0 depends
on b, a; and ¢ only. Set

€= min &y.
bE{—l,l}N

Now if |a; — ;| < ¢, then fo(8;) > 1. Hence the roots 3;,|5;] > 1,7 = 1...k,

65



of P, satisfy the same conditions of Theorem [5.5| as the roots of P with the same
numbers i = i(b), n = n(b) and the number § = 0. O

Proof of Theorem [5.13. There exists a real number p > 1 such that all the roots
a;,j = 1...k, of the polynomial P outside the unit circle are of moduli strictly
greater than p, i.e., || > p. For any € > 0, choose a sufficiently small positive
number r < ¢ such that, firstly, all the points of the set S = U_{z : [z —ay| =7}
are of modulus |z| > p and, secondly, the polynomial P does not vanish for any
z€ S. Let m =inf,cq |P(2)], M = sup,.g |R(z)|. Since S is a compact set, by the
continuity of P, we have m > 0. Hence there exists a positive integer ng such that,
for every n > ng and each z € S, the inequality |z"P(z)| > p"m > M > |R(2)|
is satisfied. By Rouché’s theorem, the polynomial 2" P(z) + R(z) has the same
number of zeros inside each circle |z — a;| = r as the polynomial P. Now, choose
e = £(P,6) given by Theorem [5.11] For n > ng, the polynomial 2" P(z) + R(z) has
k roots, say, Bu1, ..., Bnk, satisfying |8, ;| > 1 and |a; — S, < €. By Theorem
b.11] 2"P(z) + R(z) does not divide any Littlewood polynomial. O

Proof of Theorem [5.6, We first show that there exist infinitely many irreducible
Newman polynomials which do not divide any Littlewood polynomial. Take some
irreducible non-reciprocal polynomial P from Table 1. It does not divide any
Littlewood polynomial. By Lemma , for any positive integer k, P(x*) also
does not divide any Littlewood polynomial. Theorem 3 in the paper of Filaseta
[87] asserts that the Newman polynomial P(z*) is irreducible, because P(z) is

irreducible and non-reciprocal.

In order to prove the stronger version asserting that there are infinitely many
such primitive irreducible polynomials, let us consider the polynomial P(x) =
1+ 2%+ 2% 4 27 + 2° from Table 1. Numerical computations show that it satisfies
the conditions of Theorem with § = 2 (see Table 6 below). By Theorem [5.12]
there exists an integer ng such that for every n > ng the polynomial x™P(z) + 1

is a Newman polynomial not dividing any Littlewood polynomial.

We shall prove the existence of irreducible polynomials among =" P(z)+1 using
standard techniques from the paper [90]. In particular, the direct consequence of
Theorem 2 in [90] is that if P,(z) = z"P(x) + 1, where n > 2deg P = 18,
is reducible then must have a common non-constant reciprocal factor with the
reciprocal polynomial Pf(x). If a # 0 is a root of this common factor, then
a"P(a) = —1 and a™"P(1/a) = —1. Multiplying the corresponding sides of
these equalities, we obtain P(a)P(1/a) — 1 = 0. This implies that the minimal
polynomial of « over Q must divide the polynomial G(z) = 2° P(z)P(1/z) — x°.
The polynomial G splits in Z[z] as G = G2G2G3G,, where the irreducible factors
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G, Go, G35 and G4 are given by
Gi(z) =z +1, Go(z) = 2% +1, Gs(z) =2 —2+1,

Gyr) =22 =™ + 21 — 2% +22° — 227 + 325 —22° + 22 — 2 +2® — 2+ 1.

If an irreducible polynomial divides two polynomials 2™ P(z)+1 and 2" P(x)+1 for
some positive integers n > m, then it must divide their difference ™ P(x)(z"~ ™ —
1). Hence the above non-cyclotomic factor of degree 12 divides at most one
polynomial of the sequence P,(z) = 2"P(x) + 1, n = 1,2,.... The roots of
cyclotomic factors are o = —1,44,e™™/3. It is easy to check that P,(—1) =
(—=1)" + 1, P,(&£i) = (£i)" + 1, P(et™/3) = ¢+™/3 1+ 1. For any positive integer
n = 4k, we have Py (a) # 0, therefore Py (x) is not divisible by any of the
cyclotomic factors of G(x). Hence the subsequence z*P(z) + 1, k = 1,2,...,

contains infinitely many irreducible polynomials. O]

5.6 Algorithms and implementation

5.6.1 Polynomials not dividing any Littlewood polynomial

Using Theorem one can test whether a given polynomial P(x) € Z[x]
divides some Littlewood polynomial. Of course, there is no guarantee at all that
this will give the required result if such an N exists but is very large, or if such
an N does not exist. In both cases, it can still happen that P does not divide any
Littlewood polynomial.

In practice, we choose a positive integer N (typical values are N = 50,70, 100),
a real number 6 > 0 (6 = 0,1,2) and check if there exists at least one vector
b € {—1,1}¥ of length N for which the left hand side of the inequality of Theorem
, namely, the quantity (Jay| — 1)|a} + bla’;_l + -+ byl is less than 1 + ¢ for
every n, where 1 <n < N, and each root o, j = 1...k, of P of modulus strictly
greater than 1. This is accomplished by the recursive search through the binary
tree of all vectors b. If the program reports that the reached depth is less than
N + 1, then such vector b does not exist. The conditions of Theorem are
satisfied, so that P does not divide any Littlewood polynomial. A similar method

was already used in computer graphics (see [161]).
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Algorithm 5.14. Numerical test checking whether P(x) € Zlx] can divide some
Littlewood polynomial

Input: an integer N > 1, a real number 6 > 0,

the set S of roots a of P lying in |z| > 1.
Output: integer depth — reached depth. Initially it is 0.
Other variables: wvector b.

Method: check the conditions of Theorem .

Step 0: Set n = 0.

Step 1: Given n.
if n > depth then set depth = n.
if depth < N then do

for each o € S test whether
(Jof = D™ +ba™ 4+ b,| <1+,

if all inequalities hold then do
i) set b,+1 = 1 and invoke Step 1 on n + 1.
it) set b1 = —1 and invoke Step 1 on n + 1.
end if.

end if.

We used the following method in order to reduce the amount of numerical
calculations. Let T),(a) = a™ +bia™* +- - +b,. The value T}, 1(a) can be found
by the formula T),1(a) = aT,(a) + byy1. Moreover, if a,@ are two complex
conjugate roots of P, then it suffices to evaluate the inequality only at one of
them, say, at o with $(a) > 0.

The most critical part of this program is the numerical evaluation of the in-
equality of Theorem [5.5] Any rounding error may cause an incorrect termination
of the recursion. To overcome this difficulty we coded the algorithm in C++ using
C-XSC library for validated real and complex bounding interval arithmetics (see

[104]). The details concerning the initial approximation and the computation of
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enclosing rectangles of roots « are given in Section We store the enclosures
of the numbers a, T, («) using C-XSC data types cinterval or 1_cinterval.
In order to evaluate the left hand side of the inequality, we compute its interval
enclosure (data types interval and 1_interval). Then the lower bound of this
enclosure, given by interval.Inf (), is compared to the right hand side of our
inequality. It must be strictly smaller than 1 + ¢ for the inequality to hold. In
addition, setting the variable § to be a quite large non-zero number, say, 0 = 2

helps to prevent any accidental rounding errors.

5.6.2 Littlewood polynomials divisible by a given polyno-

mial

Given P(z) € Z[z], we search for a polynomial Q(z) € Z[z] of height H(Q) < h
such that the product PQ is a Littlewood polynomial. Let

P(x) = ap + a1z + ... + agz?, Q(z) = by + byx + ...+ bya".

Clearly, P(0)Q(0) = %1, hence we may assume that ay = by = 1 (otherwise,
replace P, Q by —P, —Q, respectively). If such @) exists, then, by Lemma m it
is possible to find @ of degree at most (2h + 1) +d — 2. We used the following
approach.

Suppose that the first j coefficients by, b1,...,b;_1, where 0 < 7 < n, of Q) are
already known. The coefficient /; of the product P(z)Q(z) = Y14 l;27 is given
by the equality

l; = bjap + bj_1a1 + ... + bmax{0,j—d} Amin{j,d}-
Since ag = 1, from this equation we find that

bj = lj - bjflal — . bmax{o,j—d}&min{j,d}-

The coefficient b; depends on the previous coefficients b;,0 < @ < j — 1, and the
value of the coefficient I; € {—1,1}. We must consider only those choices for ;
which give |b;| < h. Suppose that we have determined the correct value of the
coefficient [; and computed the number b;. If j = n, we are done. If no, we
proceed to compute the next coefficient b; ;.

This approach leads to the algorithm which recursively iterates through all
candidates for the polynomial () by trying all possible values [; = —1 and [; =1
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and finding the coefficients b;. The recursion terminates when the factor @ is
found or when two identical blocks of coefficients of length d are detected in the
vector of coefficients b; computed in the current branch of the recursion. Two
identical blocks will necessarily occur if j > (2h + 1)¢ + d — 2 (see the proof
of Lemma , hence the depth of recursion is finite. This also prevents the
algorithm from searching through non-optimal candidates for the factor () with
repeated blocks of coefficients. Search ends immediately when the polynomial )

is found. Otherwise, it continues until all possible candidates for ) are rejected.

Algorithm 5.15. Determines whether P(x) € Z|x] divides a Littlewood polyno-
mial L with H(L/P) < h.

Input: A Newman polynomial P(z) = ag+ ...+ aqx® € Z[x] of degree d.

A positive integer h.

Output: A polynomial Q(x) = by + ...+ bya™ € Zlz| of height < h such that PQ is a
Littlewood polynomial.
Prints ‘H(Q) > h’ if such @ does not ezist.

Level 0: 1. Set by = 1, FOUND = false.
2. Iterate to the level 1.
3. If (FOUND is false), then print “H(Q) > h”.

4. Exit.
Level j: 1. If (FOUND is true) or two identical blocks of length d are detected in the
vector of coefficients (bg, b1, ..., b;—1) computed so far, return.

2. Check if P(x)(by + bix + ...+ bj_12771) is already a Littlewood polynomial:
a) if it is, set FOUND = true, print the coefficients of @) and return;
b) if it is not:
7,) set lj = 1, compute b]' = lj — bj,1a1 — ... bmax{07j_d}amin{j7d};

if |b;| < h, iterate to the next level (j + 1);

ZZ) set lj = —1, compute bj = lj — bj_lal — ... bmax{(),j_d}amin{jd};
if |b;| < h, iterate to the next level (j + 1).

3. Return to the previous level (j — 1).
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We coded Algorithm [5.15] in C++. The detection of repeating blocks and
checking if the product P(z)(by + bz + ... + bj_1277!) is already a Littlewood
polynomial are very important to the program performance. We shall describe
our implementation.

Before the search is started, we create an array of integers AL ] of size (2h+1)¢
and initially fill this array with zeros. To every block By = bg, bs11,...,bs1q-1 Of

length d we assign a non-negative integer
c(By) = (bs 4+ h)(2h + 1)V 4 (byy + h)(2h + 1) 2 + ...+ (byya_yr + h)

which is the representation of block B, in base 2h + 1. If B, and B, are two
adjacent blocks in the vector of coefficients, then the number ¢(Bs; ;) can be

quickly computed from the identity
¢(Bsy1) = ¢(Bs)(2h + 1) + bgya+h  (mod (2h + 1)%).

For each new block B;_; found at the recursion level j > d, we check whether
Alc(Bj_q)] is equal to 0. If so, we store the value 1 at Alc(B;_q)]1. If Alc(Bj_q)]
is already equal to 1, the new block is identical to the one of the blocks computed
before.

In order to check if the product of the polynomials P and Q(x) = by + bix +
oo+ bj_1277! is already a Littlewood polynomial, it suffices to check the last
d coefficients 1,111, ...lj;q—1 of the product P@Q. Indeed, all the coefficients
bo, b1, ...bj—1 in the course of the recursive search are computed in such a way
that the first j coefficients ly, l4,...,l;—1 are —1 or 1. The values l;, lj11, ... lj1q-1

depend only on the last d values b;_q,b;_44+1,-..,bj—1. We call block
B=0bj_q,bj_q41,-..,b1
the endblock, if the last d coefficients of the product
P(x)(bj_g+bj g1z + ...+ b2

belong to the set {—1,1}. After initialization of the array A[ ], before the recur-
sive search is started, we precompute all possible endblocks B and store the values
—1 at Ale(B)]. When the block B with Alc(Bs)1= —1 is found, the polynomial
Q(z) is printed and the search algorithm is stopped.

We remark that another algorithm for computing Littlewood polynomials with
prescribed factors is given by Mossinghoff in the paper [149]. His approach is quite

different from ours.
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5.7 Computations

All the computations described bellow were performed on the Linux desktop
computer with the Intel Pentium 4 class 2.4 Ghz processor and 1 GB of RAM.
We used the GNU C++ compiler v.4.1.2.

5.7.1 Newman polynomials dividing Littlewood polynomi-

als

We ran the implementation of Algorithm [5.15 on the list of all Newman poly-
nomials P of degree deg P < 8. For each of the 255 polynomials P in the list,
the program computed a polynomial Q(z) € Z[z], H(Q) < 2, such that the prod-
uct PQ is a Littlewood polynomial L. The total program running time was less
than one second. For most polynomials P, there exists a factor () of height 1.
There are only four exceptional Newman polynomials P of degree eight with the
property that H(L/P) > 2 for any Littlewood polynomial L divisible by P. They
are given in Table 2. The degree and height of the factor @) are also given here,
together with the recursion depth reached until all candidates for ) of height 1

were rejected.

Table 5.2: Four exceptional Newman polynomials of degree 8 with H(L/P) > 2.

Polynomial P(x) H(Q) deg@ Recursion depth (h=1)
1. 1+x+a*+ 286+ 28 2 208 135
2. 1+a2+a2*+27+ a8 2 208 78
3. l4+o+22+a5+28+28 2 47 20
4. 14+22+ 23+ 285+ 2"+ 28 2 47 48

Then we ran the program on the list of Newman polynomials of degree 9.
As a result, we found that 220 of the 256 polynomials divide some Littlewood
polynomial L with the height of the quotient H(L/P) = 1. The program running
time was also less than one second. For instance, for the Newman quadrinomial
P(x) = 1+ 2?4+ 25+ 2% which was used as an example in Section the program
found a Littlewood polynomial L divisible by P. The coefficients of L are given
below. Note that the degree 371 of the polynomial L is exactly as predicted by
Lemma 5.9

Then we used our program once again for h = 2. As a result, we found that 18
polynomials of degree nine of the remaining 36 divide Littlewood polynomials L
with H(L/P) = 2. The computations were completed in 1.6 sec. We launched the
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Table 5.3: The signs of the coefficients ly, 11, ...,ls71 € {—1,1} of the Littlewood
polynomial L(z) = 337 l;27 divisible by the polynomial P(x) = 1422 +2° + 2°.

tHF+tttt— -+ttt -ttt -ttt ++
et e et s S
bttt ——++——F———+++—F——+++—++—
tht -ttt -ttt -+t —FF—F++——++
—t -ttt —FFF—F——F++FFF——++—+
e e e e s
e e i i sl e e e o S
e i i ai e
i s o S e o S
tH+tt -ttt -+t —++—++——F——+++-—
to—tt—+++t—F Attt —FFF—Ft++++—++
—— ettt Attt ——++——

program once more to check if any of the remaining 18 polynomials divide some
Littlewood polynomial with H(L/P) = 3. The time required for the program to
complete the computations increased to 15.3 sec. The program gave a negative
answer to all 18 polynomials. For the polynomials 1 + 22 + 2% + 27 + 2 and
142+ 22+ 2° + 27 + 2% + 29 the algorithm reached the depths of the recursion
4640 and 4648, respectively, before rejecting all possible candidates for ) of height
at most 3. For other 16 polynomials the maximal depth of the iterations required
was not greater than 373.

Naturally, the polynomials from the last list are very good candidates for
Newman polynomials not dividing any Littlewood polynomial. At least this gave
us a realistic hope that such polynomials do exist. So we tested them using
Algorithm [5.14] (see the next subsection).

In addition, we experimented with some special polynomials of higher degrees.
For instance, we computed the following factor ) of height 1 for the Lehmer

polynomial ¢ of degree 10 given above:
Q) =1+a2— a2+ ot +a27 — a8 42l 4 212 — g3 4 16 _ 517 4 418 520

The product £@Q is a Littlewood polynomial of degree 30. See also [149] for other

examples.
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5.7.2 Irreducible Newman polynomials not dividing any

Littlewood polynomial

We used the numerical solver program MPSolve [26] which is based on the
GMP library [100] for the computations with extended precision. For every root
a = R(a) + iS(«) with modulus || > 1 and imaginary part S(a) = 0 of a given
Newman polynomial P, we calculated the approximations a and b of real and
imaginary parts of o to the 100 digits. We then chose a real number € > 0 which
is sufficiently large to compute correct open bounding intervals R = (a — &,a + ¢)
and [ = (b—e,b+¢) for R(a), (), so that R(a) € R, I(«) € I. The values of
e are provided bellow. This procedure was applied to every polynomial P tested
by Algorithm [5.14]

We launched the initial test to check the conditions of Theorem [B.5] for the
values N = 100, 6 = 0 on 18 polynomials of degree 9. We set the variable
¢ which controls the accuracy of bounding intervals to a relatively large value,
namely, ¢ = 107!, This accuracy was consistent with the capacity of the data
types interval and cinterval used by the C-XSC library. The recursion depths

reached by the program and corresponding times are summarized in Table 4.

Table 5.4: N =100,0 =0,e = 10"
P(xz) The depth of recursion Time, sec.

1 67 8.9
2 50 2.3
3 71 0.7
4. 35 0.4
d. 29 1.7
6 101 0.4
7 101 0.1
8 49 1.9

The row number in the first column of the table corresponds to the number
of the polynomial in Table 1. If the recursion depth reached is less than N + 1,
then the corresponding polynomial is confirmed to be the polynomial which does
not divide any Littlewood polynomial (see Section .

The initial test gave no information about the polynomials numbered 6 and 7.
In contrast, their reciprocals, numbers 5 and 8, were identified as those which do
not divide any Littlewood polynomial. To deal with these two examples (which
obviously must be the polynomials which do not divide any Littlewood polynomial
too), we rewrote the code of the program replacing data types interval and

cinterval with multiprecision data types 1_interval and 1_cinterval. We
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then increased the precision of the bounding intervals to ¢ = 1073, The numerical

test confirmed both polynomials as not dividing any Littlewood polynomial:

Table 5.5: N = 100,0 = 0, = 1073
P(z) The depth of recursion Time, sec.

6. 81 24.2
7. 58 7.6

Then we tested whether some polynomials from Table 1 satisfy the conditions
of Theorem with the strictly positive 9. We used the first version of the code
due to a considerable increase in the time required by the program to complete
the tests. The results for 6 = 2 which terminated up to N = 100 are given in
Table 6.

Table 5.6: N = 100,60 = 2,6 — 10~
P(z) The depth of recursion Time, sec.

1 83 1662.0
2. 59 346.7
4. 49 140.3
5 75 685.6
8 67 629.5

It is important to note that Table 1 contains only those Newman polynomials
of degree 9 for which numerical tests confirmed that both polynomial P and its
reciprocal P* do not divide any Littlewood polynomial. Moreover, in order to be
absolutely sure, in each case, using the test based on Algorithm [5.14] we found
that at least one of the polynomials P and P* has the required property with
quite large value of 6. See Table 6, where § = 2.

In each of the remaining 10 cases, the classification problem was not completely
solved. All 10 remaining polynomials are listed in the following table.

Naturally, one can hope that further searches performed using Algorithm 14
expecting quotients L/P of height H(L/P) > 4 or additional tests based on Al-
gorithm 13 with increased recursion depths and more accurate bounding intervals
for the roots of P will complete the classification of polynomials given in Table 7.
However, as we said above, in principle, it is possible that P does not divide any
Littlewood polynomial, but this cannot be established by Algorithm 13 applied
to P or P*.
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Table 5.7: Newman polynomials which are not confirmed to divide a Littlewood
polynomial.

1+ a2+ 2%+ 27+ 2°

14+ 224+ 254+ 27 4+ 2°
l+z+a%+zt + 27 +2°

14+ 224 2% 4+ 28 + 28 + 2°
l+ox+22+ 28+ 254+ 27 +2°
l1+22+22 + 25+ 27+ 28 +2°
l4+z+22+234+2°+ 28+ 2°
l+ao+at+254+ 2"+ 28 +2°
l+z+22+2t 42" +28+2°
l+z+a2+2°+2" +28+2°

© 00N Tt W

—_
<
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Chapter 6

Mahler measure of derivative

6.1 Statement of the problem

There exists a classical inequality between the Mahler measure of a polynomial
f € C[z] of degree d and its derivative

M(f") < dM(f). (6.1)

It was proved by Mahler himself [140]. See also Section D in [83] for another
proof of and two recent papers of Pereira [163] and Pritsker [166], where
they showed that can be derived from the earlier result of de Bruijn and
Springer [49]. The example f(z) = 2% + 1 shows that the constant d in is
best possible.

By the definition of Mahler’s measure, we have
M(f") = d|adl (6.2)

for every polynomial f(z) = aqz? + -+ + ag € C[z] of degree d. The example
f(2) = agz® + ap with aq # 0 and ag € C shows that we can have M (f') = d|ag|,
so inequality is sharp. Furthermore, by adding a "large“ positive integer n
to any polynomial f we see that lim,_,,, M(f + n) = 0o, whereas the derivative
of f 4+ n is equal to f’. So one cannot replace the right-hand side of , d|ag,
by edM (f) with some ‘small’ positive e, unless there is some restriction on the
constant term of a polynomial. The most natural restriction is f(0) = 0. Then
the result of Storozhenko [203] asserts that



for each f € C[z] of degree d satisfying f(0) = 0, where

d d

) = M ecresae sk /)~ M1+ 27 1)

The example f(z) = (1 + 2z)¢ — 1 shows that the bound of Storozhenko is best
possible. However, s(d) is approximately 1.4~¢ for large d, so the constant s(d) is

very small. Hence, it is natural to raise the following question:

Problem 6.1. For which class of polynomials f € C[z] there is a lower bound for
M(f") given in terms of M(f) and d such that the dependence on d is similar to
the Mahler’s result (6.1]) ¢

An important class of such polynomials is given in Theorem [6.2

Let f* denote the reciprocal polynomial of f € C[z], defined by f*(z) =
298/ £(1/z), where the bar denotes complex conjugation. More precisely, for
f(z) = agz? + -+ + ag, where ag # 0, we have f*(z) = @pz? + -+ + ag. Gen-
erally speaking, a polynomial f € Clz] is called self-inversive if f*(z) = 0f(z) for
some 0 € C. Evidently, 6? = @zag/(aqap), so such a number 6§ must be of mod-
ulus 1. In particular, a polynomial f € R|z] is called reciprocal if its reciprocal
polynomial f*is +f, i.e., f*(2) = £f(2). In other words, f is reciprocal if it is
a real self-inversive polynomial. The set of roots of a self-inversive polynomial is
invariant under the map z — 1/zZ, i.e., the multiset {aq,...,ay} coincides with
the multiset {1/a7,...,1/ag}.

Reciprocal polynomials play a very important role in the theory of Mahler
measure of algebraic numbers. In 1933, Lehmer [132] posed a question whether
for every € > 0 there is a polynomial f € Z[z| satisfying 1 < M(f) < 1+ «.
In 1951, Breusch [48] proved a result which implies that such a polynomial f, if
exists, must be reciprocal. One should also mention the papers of Schinzel [180],
Amoroso and Dvornicich [IT], Borwein, Dobrowolski and Mossinghoff [33], where
Lehmer’s problem was resolved for some other classes of polynomials with integer
coefficients. The theorem of Smyth [199] remains one of the most important results
in this area, because it reduces Lehmer’s problem to a ‘small’ class of reciprocal
polynomials. Clearly, the next theorem, which gives a kind of reverse inequality
to (6.1]), is applicable to reciprocal polynomials in Z[z] and more generally to

reciprocal polynomials in R[z]:

Theorem 6.2. Suppose that f € Clz] is a self-inversive polynomial of degree
d > 2. Then

2/ gl d2 2 2 / d
M Carg) s (o - 7).
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In particular, one has

1/2

M(f) =5 (M(f)? +1£0))2) .

We remark that two trivial cases d = 0 and d = 1 are excluded from The-
orem [6.2] If d = 1 then f(z) = a1z + ag € C[2] is self-inversive if and only if
|ao| = |a1| # 0. Then M(f) = |ai| and M(f') = |as|, giving M(f’) = M(f)
for each linear self-inversive polynomial f. The proof of Theorem comes as a
combination of our original Lemma and a remark of anonymous Referee, who
suggested to use Mahler’s inequality to strengthen the result stated in the paper
[70]. Mahler’s inequality will be stated and proved in Lemma in Section .
A weaker version of Lemma [6.6, namely, Corollary has already been known
to various authors. Together with Corollary [6.10] they have already been used in
earlier papers (e. g., [14], [15]) in the context on the L® norms of polynomials. See
also books [I71], [34]. It seems that neither our Lemma [6.6{ nor theorem [6.2| were
known in this (stronger) form and, moreover, were never applied in the context
of Mahler measures of polynomials. (One can find many references on Mahler’s

measure in a survey of Smyth [201].)

Note that if M(f) < v/3|ag| then the trivial inequality , which holds for
every f € C[z] of degree d, is stronger than the inequality of Theorem [6.2] In
particular, Theorem is of no use if f € Z[z] is a monic reciprocal polynomial
whose Mahler measure M (f) satisfies 1 < M(f) < +/3. In this case, the trivial
inequality M (f") > d is stronger. Moreover, the inequality M (f') > d is strict
in case a self-inversive monic polynomial f of degree d > 2 has at least one root
of modulus # 1. Indeed, by the result of Marden (see Theorem (45,2) in [143]),
a self-inversive polynomial f and its derivative f’ have the same number of zeros
in |z] > 1, so f’ has at least one root in |z| > 1 provided that f has a root of
modulus # 1. Combining Marden’s inequality with Theorem we thus obtain

M(f) > dmax{l, ;/M‘Z(f) n 1}

for each monic self-inversive polynomial f. Self-inversive polynomials with all
zeros on the unit circle have been studied by Bonsall and Marden [28], Lakatos and
Losonczy [127], Schinzel [186], Sinclair and Vaaler [196]. For those polynomials of
degree d we obviously have M (f') = dM(f).

Combining Theorem with Mahler’s inequality (6.1)), we have




for each self-inversive polynomial f € C[z] of degree d. How close is the number
inf %, where the infimum is taken over every self-inversive polynomial f € C|z]
of degree d, to the value d/2? Our next theorem shows that for d even the lower
bound M (f")/M(f) > d/2 is best possible even we are restricted to the class of

monic integer reciprocal polynomials.

Theorem 6.3. Let d > 2 be an even integer. Then there is a sequence of
monic integer reciprocal polynomials f,, n = 1,2,3,..., of degree d such that
M(f)/M(f,) — d/2 as n — oo. Furthermore, for every w € (d/2,d] there is a
monic reciprocal polynomial f € R[z] of degree d such that M (f")/M(f) = w.

For d > 3 odd we prove the following:

Theorem 6.4. Let d > 3 be an odd integer. Then there is a monic integer
reciprocal polynomial f of degree d such that M(f") < %M(f).
9]

For d = 3 we shall find the exact value of inf %, where the infimum is taken

over every cubic self-inversive polynomial f € C[z]:

Theorem 6.5. Let f € C[z] be a cubic self-inversive polynomial. Then

3(827 + 3844/2)1/3 219 9
M(f)y/M(f) > + + - = 1.93867997 . ...
(F)MLT) 32 32(827 + 3844/2)1/3 32
(6.3)

The equality in (6.3)) is attained for the polynomial f(z) = 23 — Byz*> — Byz +1 €
R[z], where

827 + 3844/2)1/3 73 Ll
(827 + 3844/2) + — =3.58490663....  (6.4)

By = +
’ 8 8(827 + 384v2)1/3 | 8

One can also express By as By =t + 1/t — 1 with
t=(3+2v2)"° + (3 2v2)Y? + 2 = 4355301308 ...

Then
f(z) =2~ Byz* — Boz + 1= (2 +1)(z — t)(z — 1/1),

where t satisfies
3 —6t24+9t—8=0.

The minimal polynomial of the number By over Q is
823 — 3322+ 182 — 9. (6.5)
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By (6.4), the right hand side of (6.3)) is equal to 3(By — 1)/4. The minimal
polynomial of the cubic number 3(By — 1)/4 is

3223 — 272% — 54z — 27. (6.6)

Let S; be the set of complex self-inversive polynomials of degree d, and let
Raq C Sy be the subset of (real) reciprocal polynomials. Theorems , and
imply that inf g, %g) = (d+74)/2, where 7, = 0 for d even and 0 < 74 < 1

for d > 3 odd. Theorem asserts that mingcgs, % = 1.93867997 . ... Their

proofs will be given in Sections 3 and 4. In Section 5 we shall study the quotients
of L* norms ||f'||s/||f||s for f € Sg and f € R,. We also give some numerical
examples of polynomials of odd degree and low value of the quotient M (f")/M(f)

in Section 6.

6.2 Some lemmas

Lemma 6.6. Let f € C[z]| be a self-inversive polynomial of degree d > 1, and let

zo be a complex number of modulus 1. Then

d\? d
7o) = (5) 17 + l20f (z0) = 5ol (6.7)
If, in addition, zy is not a root of f then R(z0f'(20)/f(20)) = d/2.

Proof: Since f € Clz] is self-inversive, f*(z) = 2¢f(1/z) = 0f(z) for some 6 € C

of modulus 1. Calculating the derivative of 6 f, we obtain

0 (2) = d=""F(1/2) = 2 F (1/2) = 0d="" f(2) = 2" F (1/2)

for every non-zero complex number z. Dividing both sides of the above equality
by 0271 f(z), we deduce that

S T e T/

=) e ) ) (6:8)

if z is non-zero and not a root of f.

Fix any zy of modulus 1 which is not a root of f. Then 1/zy = Zg, because |zy| =
1. Setting z = zy into the right hand side of , we see that the second term is
equal to the complex conjugate zof’(z0)/f(z0) of the first term zof"(20)/f(20). It
follows that d = 2R(z0f'(20)/f(20)), giving R(z0f'(20)/f(20)) = d/2. This proves
the second part of the lemma.

It is clear that equality holds for each zy of modulus 1 which is a root of f.
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Suppose that |zg| = 1, where zj is not a root of f. Then R(zof"(20)/f(20)) = d/2
implies that
z20f'(20)/ f(20) = d/2 +1S(20f"(20)/ f (20))-

Hence |20 f"(20)/f(20) — d/2| = |S(20.f"(20)/f(20))]. Since |z9| = 1, we have
[f'(20)/ f(20)* = [20f"(20)/ f (20)|* = R(20f"(20)/  (20))* + S (20" (20) / f (20))”
= (d/2)* + |20 (20)/ f (20) — d/2/*.

Multiplying by |f(20)|* # 0 yields (6.7).
We remark that identity (6.7) of Lemma implies that if f € C[z] is a

self-inversive polynomial, then its derivative f’ has no zeros on the unit circle
|z| = 1, except for the multiple zeros of f (if any). This is a result of Bonsall and
Marden [28] (see Lemma (45,2) in [I43]) which was proved by an entirely different
argument. Note that Lemma yields the following corollary:

Corollary 6.7. Let f € C[z] be a self-inversive polynomial of degree d > 1, and
let 2y be a complex number of modulus 1. Then |f'(z0)| = £|f(20)|, where equality

holds if and only if zy is one of at most d points of the circle |z| = 1 satisfying

20" (20) = 4 f(20).

Proof: From (/6.7)) we see that |f'(zo)] > %\ f(20)|, where equality holds if and only
if z0f"(20) = 4f(20). Note that zf'(z) — 4 f(z) is a polynomial of degree d, so it
has at most d complex roots. In particular, the equality zof’(z9) = £f(z0) holds

for at most d complex numbers 2, lying on the unit circle |z| = 1. O

The proof of our main theorem relies on the following inequality.

Lemma 6.8. Let us suppose that g(t) and h(t) are continuous real valued func-
tions, defined in the interval t € [0,2x]. If both functions g(t) and h(t) are strictly

positive, then the inequality
[lg =+ Allo = llgllo + [IAl]

holds for the L° norms of the functions g, h and g + h.

Recall that LY norm in the interval [0, 27| is defined as a geometric mean

1 2m
= — 1 t)|dt ) .
lgllo = exp (5 [ toglg(t)at)

Since g and h are positive and continuous, the logaritms of g, h and g + h are

integrable in the interval [0,27). Hence, the geometric means ||g||o, ||h|lo and
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llg + Rhl||o are defined properly. Lemma is known as Mahler’s inequality [102]
(or reversed triangle inequality). Usually, it is stated for the sequences of positive
real numbers. Here we give a short proof for positive continuous functions.

Proof: By the monotonicity property of L® norms, one has

Hg+h

Hg—kh Hg—irh "g+h

Since g and h are positive, L' norms are equal to:
g —|— g+h 27T g(t)+h(t)
and )
2 t
L,
g+ h T on g(t) + h(t)
Hence
g h
g+nhi, g+nhi, g+h g+h
Since L norm is multiplicative,
N e S
g+nhily llg+hll g+hlly g+l
The inequality
Hg+h Hg+h

leads us to the desired result

llgllo +11llo < llg + Al -

Here is another auxiliary result we will use.

Lemma 6.9. Let D be a fized positive integer, and let gi1,¢g2,gs, -+ € Clz] be
a sequence of polynomials satisfying degg, < D and lim, o L(g,) = 0. Then
limy, 00 M (g + gn) = M(g) for each g € C[z].

Here and below, for any polynomial f(z) = ¥0_ja;27 € C[2], its length L(f)
is defined by the formula L(f) = Z;l:o laj|. The inequality for the difference of

two Mahler measures
|M(f)* = M(g)" < 2L(f — g)/, (6.9)
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where f,g € C[z] are any polynomials of degree < d, was obtained by Chern
and Vaaler [55]. Setting d = max(D,degg) and f = g + g, into yields
Lemma The fact that lim, ., M(f,) = M(f) if lim,, o L(f — f») = 0 and
the polynomials f, f1, fa,... have the same degree was earlier proved by Boyd
[47]. See also Corollary 14 on p. 251 in [185].

6.3 Proofs of Theorems 1, 2 and 3

Proof of Theorem .' Suppose that f € C[z] is a self inversive polynomial. Pick

an arbitrary number € > 0. For ¢ € [0, 27], define the functions

2

d . . . ' d
= ‘zf ()] +e h() = ) - 5H(E)] e
By Lemma [6.6] one has
2
g(t) + h(t) = | f'(e")| + 2e.
By Lemma [6.8] one has
1 2 _ 9
exp (271_/) log ( f (6 ) +28> dt) = Hg_|_ hHO > HgHo + ||hH0 _

Lo d .
= ©Xp (27r/0 log (‘Qf(e )
1 2m
+ exp —/ log
2m Jo

o))
)

For a complex number z = €%, the function g(t) + h(t) under the logarithm of the

eitf/(eit> . ;if(BZt)

first integrand

f/(eit) 2 L9 — f/(eit)f,(e_it) 12 =

delf’(z)f’(l/z) + 2241
Sd1

9

= [ () F(1/2) + 202

is equal to the absolute value of the polynomial f’f* 4 224! on the unit circle.
Hence, by Jensen’s formula, the first term is the Mahler measure M (f’ f"*+2e2471).
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In the same way, last two terms are equal to the Mahler measures of polynomials
(d/22ff +ez and  (2f = (d/2)f)(2f = (d/2)f)" + ez,

respectively. Hence,

M(f 7 +2e2"1) = M((d)2)° ff*+e2®) + M((2f = (d/2) ) (2 f = (d/2) )" +e27).

Now, suppose that ¢ — 0. By the inequality of Chern and Vaaler , Mabhler

measures of the polynomials are continuous with respect to €. Hence

lim M (f'f" +2e2"71) = M(f'f™) = M*(f"),

lig M((@/2F£° +22%) = lig M((@/2)f ) = T M),

and
lim M((2f" = (d/2) f)(zf' = (d/2)f)" +e2*) =

= M((zf" — (d/2))(zf" — (d/2)f)) =
= M? (zf'— ;lf> .

Thus, by taking the limit as € tends to zero we get
20 < @ 2 , d
MAS) 2 M) + ME (2 = F )

as claimed. It remains to note that the Mahler measure M(zf" — (d/2)f) is
greater than or equal to the modulus of the constant coefficient of the polynomial
zf'(z) — (d/2) f(z), which is equal to —(d/2)f(0). This yields

M*(2f' = (d/2)f) = (d/2)*| £(0)|*.

Consequently,
1/2

(M) + [F0))*) .

|

M(f") =

Proof of Theorem [6.3: Put
falz) =24 —n2¥? 4 1.

The Mahler measure of f, is equal to the Mahler measure of the polynomial
22—nz+1,50 M(f,) = (n+vn2 —4)/2if n > 2. From f’(2) = dz¥?>71 (242 —n/2)
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it follows that M(f) = dn/2 for n > 2. Thus

M(f! d d
(/) 5 a8 n — oo,

M(fa) 1+,/1—4/n? -

which proves the first part of the theorem.

For the second part, fix w € (d/2,d] and select a real number u > 2 such that
d/w—1=/1—4/u% By the above, for the polynomial f(z) = 2¢ —uz¥? +1 €
R[z], we have M (f")/M(f) = du/(u + Vu? —4) = w. O

Proof of Theorem [6.4: For d = 3 we can take f(2) = 2% — 4(2? + 2) + 1 and find
that M(f")/M(f) =1.939249... is smaller than 2.

Suppose that d > 5. Set
fn(z) = 4 _ ng(z) +1 with g(z) = (z + 1)(22 — Ay + 1)z(d—3)/2'

Using L(f,/n+ g) =2/n — 0 as n — 0o, by Lemma 6.9, we obtain

lim M:M(g):M(22—4z+1):2+\/§.

n—oo n

Note that

Hence, using L(f,/n+ ¢') = d/n — oo as n — oo, we find that

Tim Mff) _ M(g) = ;M((d+3)z3 C3(d+1)22—3(d— 1)z +d—3) = ;M(h),
where h(z) = (d+3)2® = 3(d+1)2? = 3(d — 1)z + d — 3.

In case the limit lim, ., M(f")/M(f,) = (2 — V/3)M(h)/2 is smaller than
(d41)/2, we can take f = f, with sufficiently large n. Indeed, if (2 —v/3)M(h) =
d+1—r(d) with some positive number x(d) then M (f!)/M(f,) < (d+1—k(d)/2)/2
for each sufficiently large n, say, n > ng. Taking f = f,, where n > ng, we would

obtain
M(f))/M(f) = M(f,)/M(f,) < (d+1-k(d)/2)/2 < (d+1)/2,

as claimed.

It remains to prove the inequality M (h) < (2-++/3)(d+1). Note that h(—1) =
—12, h(0) = d —3 > 0 and h(1l) = —4d < 0. So h has a root in (—1,0), a root
in (0,1), and a root 8 > 1. Hence M(h) = (d + 3)3. The required inequality is
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equivalent to the inequality 8 < (2 +v/3)(d + 1)/(d + 3). For this, it suffices to
show that h((2 + v/3)(d +1)/(d +3)) > 0. Indeed, by a simple computation, we

have
h((2+V3)(d+1)/(d+3)) = 4(3(V3 + 1)d +3V3 —1)/(d + 3)* > 0,

which completes the proof. O]

6.4 The cubic case: Proof of Theorem 4

If all three roots of f lie on the unit circle, then, by the Gauss-Lucas theorem,
all roots of f’ lie in the unit circle |z| < 1. In such case, M(f")/M(f) = 3. This
is more than we claim in (6.3).

Next, since M (uf) = |u|M(f) and M(uf’) = |u|M(f'), u € C, we can assume
that f is monic. The Mahler measure of f(z) and that of f(2¢), ¢ € R, are
equal. The same holds for their derivatives. Therefore, we may assume that f
has a real root ¢ greater than 1. Since the polynomial f is self-inversive, its two
other roots are 1/t and €, where ¢ € [0,27). However, as M(f) = M(f) and
M(f") = M(f'), without loss of generality, we can assume that ¢ € [0, 7].

It remains to minimize the quotient M (f")/M(f), where f runs through the
polynomials f(z) = (z — €"?)(z — t)(z — 1/t) with ¢ > 1 and ¢ € [0, 7]. Evidently,
M(f)=t. Set

w=e¢e% and \=t+1/t.

Since
fR)=C—w) (2 =Az+1)=2>—(w+ N2+ (wA+ 1)z — w,

we find that
fl(z) =32 = 2(w + Nz + wh + 1.

By the above mentioned theorem of Marden, f’ has a unique root outside the unit
circle, say, 5 = (¢, t). Hence

M(f)/M(f) = 3|8l/t. (6.10)
Clearly,
i 2 _ )\ pid 2i¢p _
ﬁzﬁ(gb,t):)\+e + VA 3)\6 +e 37 (6.11)
where
36(h, 1) —2(t+ 1/t + ) B(o,t) + (t +1/1)e® +1 = 0. (6.12)
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The sign of the square root in is chosen so that its real part is positive.
We claim that then |3(¢,t)| > 1. Indeed, this is the case if A = ¢ + 1/t is large
enough. Suppose for some ¢t > 1 and ¢ € [0, 7] we have |3(¢,t)| < 1. Then, by
continuity, there exist to > 1 and ¢y € [0, 7] such that |B(¢o,to)| = 1. However,

this is impossible, because f has no multiple roots on |z| = 1 (see the remark after

Lemma .

Set

LA+ VN = e P 4720 — 3
= ; .

v =7(0,1) = (e, 1)

Then
39(h,1)* = 2(t + 1/t + e ) y(p,t) + (t + 1/t)e™™ +1 = 0. (6.13)

Note that if ¢ < 3/2 then M(f")/M(f) > 3/t > 2. Also, |5(¢,t)|/t — 2/3 as
t — oo, hence M (f")/M(f) tends to 2 as t — oo. The extremal polynomial f(z) =
23— Byz? — Byz+1 given in the statement of the theorem shows that M (f")/M(f)
attains a smaller value. We can thus restrict ¢ to the interval 3/2 < t < to with
some absolute constant to. By (6.10), we have M (f')2/9M(f)* = |B|?/t* = pv/t?,
so we need to find the minimum of the function h(¢,t) = B(¢,t)v(¢,t)/t* in the
rectangle ¢ € [0, 7], t € [3/2,1].

Suppose that the minimum is attained at the point (¢,t), where 0 < ¢ < 7
and 3/2 <t < to. (It will be clear from the context when the same letters ¢, t are
used to denote the variables of the functions 3(¢,t), v(¢,t) and h(¢,t) and when
the pair (¢,t) is used to denote the point, where the minimum of A is attained.)
Then this point is a critical point of the function h(¢,t), so

oh 0B vy

%—%7 %BIO and

8h_1(85 87)_267_
ot ' " ot

I — =0. 14
ot t? 13 0 (6.14)

Our goal is to prove that this is not the case. Suppose for a moment that this
is already established. Then, as we know, the minimum is not attained at t = 3/2
and at t = to, so it must be attained at some point (¢,t), where ¢ € {0, 7} and
3/2 <t < ty. Moreover, it is easy to check that h(0,t) > h(m,t). Indeed,

tdmawzﬁmJy:A+1+”$I_A_2>

B )

because by squaring the inequality 2 + VA2 — X —2 > A2+ X —2 we have
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2V A2 — X —2 > X\ — 2. By squaring again, we see that this inequality holds,
because A > 2. Thus the minimum of A must be attained at some point (7,¢) with
3/2 <t <tp. Then

M(f" ZSWZ 3B(m,t) 2()\—1—1-\/)\2—1-/\—2).

M(f) t A+ VA2 —4
Setting x = A — 1, we thus need to find the minimum of the function
9 2
¥(z) = (x + Va2 + 3x)

o+ l+ (x4+1)2 -4

forx >A—1=t+1/t—1>7/6. A simple computation with Maple shows that

the function W(z) has only one critical point in [1, c0). From

() = 24+ (2z+3)/Va?+3z 2+ Va?+3x)(1+ (z+1)/Va® + 2z - 3)
oz 1+Va? 203 (2414 a2 + 2z — 3)2

we find that the minimum of ¥(x) in [1, 00) is attained at the point

897 1+ 3841/2)1/3 73 1
(827 + 3841/2) 4 3.58490663 .. .

’ 8 8(827 + 384v2)13 | 8

where V' (By) = 0. It is equal to U(By) = 1.93867997.... One of the extremal
polynomials at which the equality M (f")/M(f) = ¥(By) is attained is the poly-
nomial f(z) = 23 — Byz? — Byz + 1. The minimal polynomials for By and ¥(By),
namely, (6.5) and have been found with Maple. This proves the theorem.

In the remainder of this section we will show that for no point (¢,t), where
0 < ¢ <mand 3/2 <t <t all four equalities given in (6.12)), (6.13]), (6.14) can
hold.

Differentiating (6.12)) with respect to the variable ¢, we obtain

aB in 0B oo ey _
663(;5 2\ +e )8¢ 2iBe'? +ie'? X = 0.
Hence 5
(68 —2)\ — 2ei¢)£ = ie"(28 — \). (6.15)

9¢
Analogously, (6.13]) yields

6781 —2(\ + e_id’)g; + 2iye™ — e\ = 0,
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thus

(67 —2)\ — ze—w)g; =ie (=27 + \). (6.16)
Since, by (6.14]), 2—274— g—;ﬁ = 0, multiplying (6.15)) by (37 — A —e~*)y and (6.16

by (38 — A — ¢'%)8 and then adding, we obtain
0= (37— A—e )i (28 — \) + (38 — X\ — ") Bie ®(—2v + \).
Hence
(28 = N(37" = (A +eT))e = (27 = N)(36” — (A +€?)B)e ™.

By (6.12) and (6.13)), we know that 332 — (A +¢€®)3 = (A + €)3 — X' — 1 and
32— (A+e @)y =A+e)y— e —1. So

(28 = AN)((A+e @)y = Xe ™ —1)e'® = (2y — A\)(A + )8 — Xe® — 1)e ™.
Here, the left hand side is equal to
267(1 + Xe™) — M1+ Xe™)y — 28(\ + €™) + A\ + €™),
and the right hand side is equal to
267(1 + Xe™) — M1+ Xe™)B — 29(A + e7@) + A\ + 7).
Subtracting one side from another and multiplying by w = €% yields

2287 (w? — 1) + B(=Iw — 2w? + X?) + y(Aw + 2 — N2w?) + A(w? — 1) = 0. (6.17)

Differentiating 1’ with respect to the variable ¢ and using % =1-1/t3,

we obtain

65%? —2(\ + w)‘;f —2(1—-1/)B+w(1 —1/t*) =0.

Since, by (6.12)), 8(38 — A —w) = (A +w)S — (Aw + 1), this yields

198 (268 —w)(1 -1/t
Bot 2N+ w)B—cw—1)

Taking the complex conjugates of both sides, we obtain

19y (2y—w)(1—1/#)
yot  2((A+w)y—Aw—1)
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By (6.14]), their sum %%—’f %%’Z must be equal to 2/t, hence

(25—W)(1—1/t2) (27_@)(1_1/t2) B 9
20N +w)B—Adw—1) 20 +w)y—AXw—1) ¢ (6.18)

Expressing w = 1/w, A = t + 1/t and multiplying by common denominators, we

can rewrite ([6.18]) in the form
p3(w, 1)By + p2(w, )8 + pr(w, t)y + po(w,t) = 0, (6.19)

where p;(w,t) € Z[w,t] for 7 =0,1,2,3.
Clearly, (6.12]) can be written as

382 =2\ +w)B+Aw+1=0 (6.20)

and (6.13)) can be written as

3wy? = 2(Aw + 1)y + A +w = 0. (6.21)

Observe that (6.17)), (6.20), (6.21) are three equations in four variables 3, -,

A, w. Here, $ and ~ are the values of the corresponding functions at the critical

point (¢, t) of h. By computing the resultant of (6.17)) and (6.20)) with respect to
[, we shall obtain a polynomial Fy in v, A\, w. Then, by computing the resultant

of this polynomial Fj and the polynomial on the right hand side of (6.21) with

respect to v, we shall obtain the polynomial

Fi(w,\) = =3w?(w — 1)*(w + 1)2(A — 2)*)(A + 2)*(w® — Aw + 1)
(A =202 = 3)w? — (A° — 6A% + 13\)w + A* — 2)% — 3).

Similarly, we can substitute A = ¢ 4+ 1/¢ in (6.20]) and (6.21]), multiply them by ¢
and then obtain a polynomial G;(w,t) as a result of first computing the resultant

Gy of (6.19) (obtained from (6.18))) and (6.20) with respect to 5 and then the

resultant of this polynomial Gy in 7, w,t and the polynomial (6.21)) with respect
to 7. The polynomial

Gi(w,t) = 8(w” +w’)t® + (21w® + 54w’ 4 21w")#?* 4 - - - — 888 (w” +w®)t + 1152w°

is too ‘large’ to be reproduced here. It has 120 nonzero terms, its total degree
is 30, its degree in w is 12, and its degree in t is 23. (Of course, the polynomial

G1(w,t) can be quickly computed with Maple exactly as it is described above.)
Since w # +1 and A > 2, only factor of F; which may vanish at points w with
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modulus 1 is
Fy(w,\) = (A =227 = 3)w? — (N — 67% + 130w + A\* — 2\% — 3.

We substitute A = t 4+ 1/t into Fy and eliminate ¢ by computing the resultant
of t®Fy(w,t + 1/t) and G;(w,t) with respect to t. This resultant F3(w) factors in

Z|w] into irreducible factors as follows:
Fy(w) = —4398046511104(w — 1)*(w + 1)*2Fy(w) F5(w) Fs(w) Fy (w),
where

Fy(w) =121w'® — 1184w™ + 3086w'? — 4544w

4+ 19379w® — 4544w° + 3086w* — 1184w? + 121,
Fy(w) =7623w* — 51426w** + 150903w* — 294044w"

+ 469180w'® — 620138w™* + 694272w'* — 620138w""

+ 469180w® — 294044w° + 150903w* — 51426w?* + 7623,
Fy(w) =5887w? + 140216w'® 4 48780w'® 4 358498w*

— 1562910w'? 4 1867560w'™® — 914417w®

4 127414w® — 15237w* + 21096w? + 4356.

The polynomials Fy, F are irreducible in Z[w] and non-reciprocal, so they have no
zeros of modulus 1. A simple numerical computation with Maple with extended
precision shows that neither Fy nor F5 have such zeros. It follows that the function
h(¢,t) has no critical points if 0 < ¢ < w. This proves our claim and completes
the proof of Theorem O

Another way to compute the extremal value ¢ is to use ((6.18)). Since it is already
established that the minimum is attained at w = —1 (and so § = ), by (6.18),

we have
20+ 1 2t

A-D@E+1) -1
Thus 8 = (1 — 2t + 3)/2(t — 2). Substituting this expression into 3% — (¢ +
1/t —1)(28 + 1) = 0 (which is obtained from with w = —1), we find that
3t(t2 =2t +3)2 = 4(t> —t +1)%(t — 2). Hence (#3 — 6t + 9t — 8)(t + 1) = 0, giving
t3 — 6t% + 9t — 8 = 0. Thus

t=(3+2v2)" + (3 2v2)V* +2 = 4.355301398 . ..
is the critical point of h(7,t) and f(z) = (z+1)(z —t)(z — 1/t) is a corresponding
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extremal polynomial.

6.5 L’ norms of a polynomial and its derivative

A direct analogue of (6.1]) is the upper bound

L lls < dlIf]ls, (6.22)

which holds for every s > 0 and every f € C|z] of degree d. For s = oo inequality
is a classical inequality of Bernstein. Later, Zygmund [2I8] proved
for 1 < s < oo, while Arestov [I3] established the inequality for 0 < s < 1. Fix
any s > 0. Which values does the quotient ||f'||s/||f]|s take as f runs through
self-inversive polynomials of degree d?

For s = oo, we have || f||cc = max|;=1 |f(2)|. Theorem 14.3.1 of [I7I] asserts

that if f € C[z] is a self-inversive polynomial of degree d > 1, then

d
1/ 1loe = 511/ los-

So the quotient || f'||oo/||f|lcos Where f € Sg, takes only one value d/2.

The upper bound for ||f||s/||f]|s, where f € C|z] is a self-inversive polyno-
mial of degree d, was established by Rahman and Schmeisser [I70]. Combining
Theorem 14.6.5 and Remark 14.6.6 of [I71], we have

10 d QTR ) RS

11l N2+ 1l llz+1]ls 2\ T(s/2+1/2)

for every f € S;. Equality in is attained for the polynomial f(z) = 2 +1 €
Ra.

Since the integrands | f(e")|* and | f'(e")|*, where f is a polynomial, are defined
for every point t € [0, 27|, Corollary immediately implies the following lower

bound for L*-norms of a self-inversive polynomial and its derivative:

Corollary 6.10. Suppose that 0 < s < oco. If f € C[z] is a self-inversive polyno-
mial of degree d > 2, then || f'||s > 2| f|]s.

The bound of Corollary is best possible for d even. Indeed, one can take
the same example f,,(z) = 2?—nz%?41 with n large as in the proof of Theorem .
Then, for every fixed s > 0, we have ||f,||s ~ n and ||f]||s ~ dn/2 as n — oco.
Hence || f1]]s/||fx]]s = d/2 as n — oo. Combining with (6.23)), by continuity, we
deduce that for every 0 < s < oo the quotient U f'lls/1f]]s takes every value in
the interval (d/2, (ﬁf(s/Z +1)/T(s/2+ 1/2))1 Sd/2] as f runs through S, (or
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Ra), where d > 2 is even. For example, one can take f(2) = 2% —uz¥? +1 € Ry
with u € [0, +00). Corollary [6.10] for p > 1 was already established in [15]: see
Theorem 2 and Remark 2 in [I5], and also the earlier paper [14].

The question of finding infses, || f'||s/||f]ls and infrer, || f'|s/]|f]|s remains
open for d > 3 odd. One case when both infimums can be established is s = 2.
For f(2) = agz¥+aq_12% 1+ - - +ag we have || f||» = \/|ad|2 + |ag—1)> + - - + |ao|*.
Thus if f € Clz] is a self-inversive polynomial of degree d = 1 then f(z) = a(z+0)
with a # 0 and |0| = 1. Hence ||f'||2 = %Hf”g

For d > 3 we prove the following;:

Theorem 6.11. If f € C|z] is a self-inversive polynomial of odd degree d > 3,
then ||f'|]2 > 7vd;+1||f||2. This inequality is best possible.

Proof: Without loss of generality we may assume that f is monic. Then
F(2) = 20 a2t 4t a2 @Y 4 G e @V o 1 fare 4 6
with some 6 € C of modulus 1. Hence
1115 =21+ |ar [* + |azf* + - - + |a@-1)2[*)

and

d? + 1
2

1712 = d* + ((d = 1) + P*)|ar[* + ((d — 2)* + 2%)|ag|* + - + |aga-1)2|*
The coefficients (d — j)? + j* are greater than (d®> + 1)/2 for each j in the range
0 <j < (d—1)/2. Therefore,

2+1 d2+1

11> —5— @+ lar]* + lazl* + -+ + lagg-n 2l") =

/112

This yields the required inequality || f’||2 > @H fl]2 for d = 3 odd.

In order to show that this inequality is tight, let us take the reciprocal poly-
nomial f,(z) = 2% + n( ([d+1)/2 4 »(@d=1D/2) 1 1 € Z[2]. We have ||f,||? = 2(1 + n?)
and [|f,[13 = d® + (d* + 1)n?/2. So limy o0 || f]I/I full = V> + 1/2. O

Theorem [6.11] implies that
. , o / -
i 171/ 171 = ot (17111151l = VEF1/2

for d > 3 odd. Note that the right hand side of (6.23) for s = 2 is equal to d/v/2.

94



By continuity, i.e., taking
f(Z) _ Zd + U(Z(d+1)/2 + Z(dfl)/2> +1€ Rd,

where u € [0, +00), we deduce that if f runs through every reciprocal polynomial
f of odd degree d > 3 then the quotient ||f'||2/||f]|2 takes every value in the

interval (v/d2 + 1/2,d/v/2].

6.6 Numerical examples

By the above results, it seems that the constant d/2 in the L® norm inequality
I1/]ls > £]]f]]s, where 0 < s < oo, is not optimal for self-inversive polynomials
f(2) of odd degree d. In general, the computation of the infimum ||f’|[s/||f||s
over self-inversive polynomials f of odd degree d, is non-trivial, except in two
cases s = 2 (Theorem and s = oo.

We give several examples of integer monic self-reciprocal polynomials with low
value of M(f")/M(f) (corresponding to the case s = 0), computed with Maple.

Table 6.1: Monic reciprocal polynomials f € Z[z] of small odd degree d and low
value M (f")/M(f).

d f(z) M(f)  M(f)  M(f")/M(f)
3 01,-4,—4,1 479128 9.29150 1.93924
5 1,-2,7,7,-2,1 9.08609 26.58617  2.92602
7 1,-1,2,-8,-8,2,—1,1 10.60148 41.56526  3.92070
9 1,-1,2,-3,11,11,-3,2,—1,1 15.15276 74.51235  4.91740

Theorem gives a precise answer for cubic self-reciprocal polynomials f(z) €
C[z]. The cubic polynomial in Table 1 is the monic polynomial with integer
coefficients closest to the optimal cubic polynomial in Theorem [6.5] The value
1.93924 ... is the minimal value of M(f")/M(f) among all monic cubic reciprocal
polynomials with integer coefficients. For d = 5, we searched for optimal monic
reciprocal polynomial with integer coefficients in the interval [—100,100]. For
d =7 and d = 9, the search interval was reduced to [—20,20] and to [—15,15],
respectively. We must note that the values of M (f’)/M(f) in Table 1 are not
far from (d + 1)/2 (see also Theorem [6.4), but the distance from those values to
(d+1)/2 is increasing with d.

In the case d = 5, we have also computed the polynomial

g(z) = 2° — 1.7322" + 6.1652° + 6.1652% — 1.7322 + 1
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with M (¢')/M(g) = 2.92557564 . ... It seems that this value is close to the infi-
mum of M (f")/M(f), where f € Rs.
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Chapter 7

Intersections of arithmetic and

geometric progressions

7.1 Statement of the problem

Let
G = G(u,q) := u,uq,uq*, ug’, . .. (7.1)

be an infinite geometric progression with the first term v > 0 and the ratio ¢ > 1.
Let also
A=A(v,D) =v,v+D,v+2D,v+3D,... (7.2)

be an infinite arithmetic progression with the first term v > 0 and the difference
D > 0. Arithmetic and geometric progressions appear everywhere from elemen-
tary mathematics to the celebrated Green-Tao theorem on prime numbers that are
consecutive terms of arithmetic progressions of arbitrary finite length. Obviously,
for every G given in , there is an A, where, e.g., v := u and D := u(q — 1),
as in such that the intersection G N A contains at least 2 elements. In this

Chapter we are interested in the following natural question:
Problem 7.1. How large can the intersection G N A be?

It is easily seen that G N A contains at most two elements if the ratio ¢ of G
is a transcendental number. Indeed, suppose that ug?®, ug®, ug®, where 0 < a <
b < c are integers, are three elements of the arithmetic progression v + Dm,

m=0,1,2,..., with indices m; < my < mg3. Then

cC—a

-1 uqg® — ug® ms —m
q _uq g _ m3 16@.

¢ =1 ugb—ug®  my—m

Thus ¢ is a root of a polynomial in Z[z] which means that ¢ must be an algebraic

number over Q.
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The following result is a consequence of [66] and formula ((7.5). It is stated
here only for the sake of completeness.

Theorem 7.2. For any geometric progression G with ratio ¢ > 1, we have |G N

1/d

A| = oo for some arithmetic progression A if and only if ¢ = m'/* for some

integers m = 2 and d > 1.

The next result covers the ratios ¢ = /¢, where r > 1 is a rational number

and d € N. It shows that |G N A| can take any nonnegative integer value:

Theorem 7.3. Suppose that r > 1 is a rational non-integer number, d € N and

g = rl/d

G with ratio q which contains exactly s positive integers, so that |G NN| = s.

. Then, for every nonnegative integer s, there is a geometric progression

The main theorems of Chapter [7] are the following:

Theorem 7.4. Suppose that the ratio ¢ > 1 is not of the form B, where d € N
and where § > 1 is either a rational number or a cubic algebraic number with two
nonreal conjugates over Q of moduli distinct from 3. Then |G N A| < 3 for each
G = G(u,q) and each A.

Moreover, for every integer s > 2, there exist an algebraic number ¢ > 1 of
degree s (satisfying q # BY/? for s # 3) and a positive real number u € Q(q) such
that |G N A| = 3 for the geometric progression G = G(u,q) and some arithmetic

progression A.

Theorem 7.5. For q = "¢, where d € N and 3 > 1 is a cubic algebraic number

with two nonreal conjugates of moduli distinct from (3, we have |G N A| < 6 for

each G = G(u,q) and each A.
In the proof of Theorem [7.5| we use a deep (and sharp!) result of Beukers [25]

on the zero multiplicity of ternary recurrence sequences. Unlike in all other cases,
we do not have any examples with |G N A| equal to 4,5 or 6 under conditions of
Theorem . So we conjecture that the sharp upper bound on |G N A|, where
q = "¢ with a cubic B and d as in Theorem , should be 3, the same as in
Theorem [T.4l

The problems on the intersection of G and A can be easily transformed into
the language of multiplicities of fractional parts. This will be explained in Section
2, where we give some additional motivation for the study of those problems
and also remind some earlier relevant results. In particular, the reduction of the
problem on the size of |G N A| to the corresponding problem on multiplicities of
the fractional parts of the geometric sequence G shows that the result given in
[66] implies Theorem . The proofs of Theorems , will be given in
Section 4 after stating all necessary auxiliary lemmas and other results in Section
3.
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7.2 Fractional parts of geometric progressions

Throughout, let {y} be the fractional part of a real number y. Let also £ > 0,
a > 1and t € [0,1) be arbitrary real numbers. We shall consider the fractional
parts of powers {{a"}, n = 1,2,3,.... Let M., (t) (or simply M(¢)) be the
number of times the value ¢ occurs in the sequence {{a"}, n =1,2,3,.... We call
the number M, (t) the multiplicity of ¢ in the sequence {{a™}, n = 1,2,3,....
In other words, M¢ ,(t) is the number of positive integers n for which {{a™} = t.
For example, M 3/2(1/3) = 0 and M; 5(0) = oc.

Let us consider two progressions G and A as in ([7.1]), (7.2)). We are interested in
the upper bound for |[GNA|, so assume, without loss of generality, that 0 < v < D.
Evidently, u¢’ = v + 4D for some integers 4, j > 0 if and only if

Ui+ — v ; 73
qu ) + 1. (7.3)

Setting
E:=u/qD, a:=q, n:=j+1, t:=v/D (7.4)

in ([7.3), we see that {£a™} = t. So each element of G N A corresponds to the

solution of the equation {£a™} =t in positive integers n. In particular,
|G NA| = M (1) (7.5)

for G = G(u,q), A= A(v,D) withu > 0,g >1,D > 0,v € [0, D) and £, a, ¢ given
in .

In [66], using the result of Boyd [46], the first named author proved that
Mg (t) can be infinite for £ > 0, @ > 1 and ¢ € [0, 1) if and only if & = m*/¢ and
£ = %mﬁ/d for some integers m > 2, d,a,b € N, £ € {0,1,...,d — 1}. By ,
this yields Theorem [7.2]

The problem of determining the multiplicity M; ,(f), where a > 1, has been
studied by Supnick, Cohen and Keston [205] and also by Ehlich [80] and Posner
[164]. They proved (independently) the following result which was conjectured by
Vijayaraghavan (see p. 153 in [204]). If {a®} = {a’} = {a°}, where a < b < c are

b a° are integers. In other words, the multiplicity of

positive integers, then a“, «
the sequence {a"}, n = 1,2,3, ..., satisfies M(t) < 2, unless @ > 1 is a root of
an integer in which case M (0) = co. The above bound 2 is attained. Indeed, the

identity {a?} = {a’} holds for any number a > 1 which is a root of the trinomial



where k,a,b € N, a < b. Thus, if this root « is not of the form m!/¢ with some
integers m > 2 and d > 1, we have M ,({a*}) = 2. Clearly, M; ,(0) = 0 and
M, o({a}) = 1 for each transcendental number «. This shows that, for every

a > 1 and every t € [0,1), we may have only the following multiplicities:
M, .(t) € {0,1,2,00}. (7.6)

There are many more cases for general £. In contrast to ([7.6)), by Theorems ,

and ([7.5)), we obtain
Mg’a(t) eNU {07 OO},

where each value in NU {0, co} occurs for some &, o, t.

There exists a direct correspondence between equal values of the fractional
parts {£a™} for different n’s and equal values which appear in certain linear re-
current sequences. Indeed, let a be an algebraic number of degree d and £ € Q(«).

Then one can write £a™ as a linear combination

d—1 d—2
a" =100 F a0 - F e+ cop

in the basis 1,q,,...,a%! with rational coefficients ¢;,, j = 0,1,...,d — 1. It

is easy to see that the coefficients ¢;,, (for a fixed index j) satisfy a homogenous
linear recurrence of order d. The minimal polynomial of « is the characteristic

polynomial of the linear recurrence. Then {£a} = {€a’} holds precisely if

d—1
ot —éal = > (¢ja — cjp)d € Z,
§=0
which implies the simultaneous d — 1 equalities ¢;, = ¢;p for j =1,2,...,d — 1.

Integer, rational, algebraic and complex linear recurrences with repeating
terms received considerable attention for a long time. See, for instance, [57],
[198]. Effective upper bounds for the multiplicity of general linear recurrent se-
quences were obtained by Schlickewei [190], [191], Schmidt [192], [193] and then
improved in some cases in [8], [12], [84]; see also a survey [194]. The complete
classification of rational binary and ternary recurrences of highest multiplicity was
accomplished by Beukers [24], [25]. These results provide additional tools and new
motivation for the study of the multiplicity function M ,(t).

100



7.3 Lemmata

We shall derive Theorems [7.4] and [7.5] from the next theorem combined with

Theorem below and ([7.5)).

Theorem 7.6. Let & > 0 and o > 1 be arbitrary real numbers. Then the fractional
parts {€a™}, n=1,2,3,..., take a fivred value t € [0,1) at most 3 times, with two
possible exceptions. The first exception occurs for a = r'/¢, where r € Q, r > 1
and d € N. The other (possible) exception may occur for o = Y4, where § > 1 is
a real cubic algebraic number with two nonreal conjugates of moduli distinct from
B. In the cubic case, the sequence of fractional parts can take the same value at

most 6 times.

We first give a simple lemma stating necessary and sufficient conditions for
the sequence of fractional parts of powers to take some values two or three times.
Firstly, the inequality M(¢) > 2 implies that there exist two distinct positive
integers, say, a < b such that t = {£at} = {£a}. This is equivalent to the fact
that the difference k = £ab — £a® is a positive integer, thus £ = k/(a® — a%).

Secondly, assume that M (t) > 3 for some ¢t € [0,1). Now, there exist three
positive integers a < b < ¢ such that the differences k = £a’—¢a® and | = £at—Ea®
belong to N. This implies

£ = b = l k<l k,leN. (7.7)

O_/b—O{a ac_aa’

These equations are necessary and sufficient for the sequence {£a™}, n = 1,2,3,. ..,
to take values of multiplicity at least 3. The second equality in can be
rewritten as ka®—la’ + (I — k)a® = 0. Hence a must be a root of the trinomial (a
polynomial with three nonzero coefficients) kz~® — [2°~* 4+ [ — k. In particular,

« is an algebraic number over Q. Summarizing, we have the following lemma:

Lemma 7.7. The sequence {{a"}, n =1,2,3,..., takes two equal values at n =
a,b if and only if & = k/(a® — a®), where a < b, a,b,k € N. [t takes three
equal values at n = a,b,c if and only if o is a root of the trinomial T(x) =

kxe= — Iz~ + 1 —k € Zlz], a,b,c,k,1 €N, a <b<c, k <l and £ is the form

given by (7.7)).

Lemma [7.7) allows us to construct infinitely many examples of algebraic num-
bers a and &, such that the multiplicity of the sequence {{a™}, n =1,2,3,..., is
greater than or equal to 3. By Lemma bellow, T'(z) has a root a > 1 if and
only if I/k > (¢ — a)/(b — a). For instance, selecting in Lemma [7.7a = 1, b = 2,
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c=4,k=1,1> 4 one has
Tx)=2°—lo+l—-1=(x—1D(2*+z—1+1).

Then a = (—1 + /4l — 3)/2 > 1 is quadratic over Q provided that 4/ — 3 is not
a perfect square. Set £ := 1/(a? — a). Then t = {éa} = {£a®} = {€a'}. Hence
M(t) > 3. In fact, we have M(t) = 3, by Theorem [7.6] because « is not of the
form 3¢ (see the proof of Theorem [7.8| below).

More generally, given any integer s > 2, let us take in Lemma[7. 7k =1, a = 1,
b=s+1,c=s+2,1>21€N. Then a > 1 is a root of the trinomial

Tr)=o"" —lz* +1—-1=(a-1)@ - (-1 +- -+ +1)).
The polynomial
Plx)=a"— (-1 4+ +2+1), (7.8)

where [ > 2, divides T'. Hence, by Rouché’s theorem, it has a unique root outside
the unit circle, and so is irreducible. This unique root must be a. By Lemmal7.7]
for this « and for £ := 1/(a*™ — «), t := {€a}, we have

{gat ={€a™""} = {Sa"?} =1. (7.9)

Below, using these o and &, we shall prove the following theorem:

Theorem 7.8. For every integer s = 2, there is an algebraic number o > 1
(which, for s # 3, is not of the form B with d € N and 3 either a rational or a
cubic number with two nonreal conjugates) of degree s over Q, a positive number
£ € Qo) and t € [0,1) such that M o(t) = 3.

In order to prove Theorem [7.6] we shall use the following lemma.

Lemma 7.9. Suppose that a real number 5 > 1 satisfies the equations

k B [ oom
Bl Bo1 pee

(7.10)

where k <1 <m and u < v < w are positive integers satisfying ged(u, v, w) = 1.
Then [ is a rational number, a real quadratic number or a cubic number with

two nonreal conjugates. Moreover, if 3 is conjugate to § over Q, ' # 3, then

65| # 5.

We shall also need two simple lemmas on the roots of trinomials. Lemmas
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and will be used in the proof of Lemma [7.9, The first one is essentially
given on p. 248 in [205].

Lemma 7.10. Suppose that the complex number z = pe'®, where p = |z| > 0
and ¢ = argz € [0,27), is a root of the trinomial f(x) = Az" + Bx® + C, where
A, B,C are nonzero real numbers and r,s are distinct positive integer exponents.
Then

cosre = —(A%p*" — B?p* + C?)/(2AC)p").

Proof. The equation
f(pe'®) = Ap"(cosrg + isinre) + Bp®(cos s¢ + isin s¢) + C = 0
implies

Ap"cosrp+C = —Bp®cosso, (7.11)
Ap"sinr¢g = —Bp®sin s¢. (7.12)

Squaring both sides of ([7.11)) and ((7.12) and adding them we obtain
A%p*" + 2AC)p" cosrp + C* = B*p*.
The result now follows. m

The second Lemma was proved by Posner and Rumsey [165]. (We also give a

short proof for the sake of completeness.)

Lemma 7.11. Suppose that the complex numbers z; and zo are roots of the tri-
nomial f(x) = Ax" + Ba® + C € Rlz]. If |z1| = |22|, then one has either z] = 2}

or 2] = 25, where Z denotes the complex conjugate of z € C.

Proof. Let ¢ = argz, ¢o = argzs. Set |z1| = |z2] = p > 0 in Lemma [7.10
The formula of Lemma then gives cosr¢; = cosregy. This yields sinrg, =

+sinregy. Hence 2] = 25 or 2] = 25. O
Here is another useful observation.

Lemma 7.12. The trinomial f(x) = Az"— Bx*+ B— A € R[z], wherer > s > 0,
A >0, B >0 are integers, has a real root y > 1 if and only if B/A > r/s.

Proof. Note that f(1)=0. The derivative f'(z) = rAz" "' —sBz*! has one positive
real root xg = (sB/rA)"/=%) > 1if and only if B/A > r/s > 1. The necessity
now follows from the theorem of Rolle. Conversely, B/A > r/s > 1 implies
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f'(x) < 0 for any positive x < z. Thus f(z) < 0 in (1,z0) and f(+00) = +o0.
Hence f(y) = 0 for some y > xo > 1. O

In addition, we make use of two classical results from the theory of linear
recurrent sequences. Recall that a nonzero (which means that u, # 0 for at least

one n > 0) linear recurrence sequence u,,n = 0,1,2, ..., satisfying
Uptd = Cd—1Un4d—1 T+ + Colln

for n = 0,1,2,... is called non-degenerate, if the quotient o’/a” is not a root
of unity for any two distinct roots o, a” of its characteristic polynomial z? —

d-1

C4-1% -+ —¢g. The sequences corresponding to d = 2 and d = 3 are called

binary and ternary, respectively.

Theorem 7.13. Suppose that the non-degenerate rational binary linear recurrent
sequence u,, n = 0,1,2,..., has a characteristic polynomial with two distinct real

roots. Then the multiplicity of any rational value in the sequence u, is at most 3.

Theorem was first proved by Chowla, Dunton and Lewis [57]. Their proof
for integer sequences works for the rational (and real) sequences as well. An
alternative proof of this result using an earlier result of Smiley [198] is also given
on p. 837 in [57].

To settle the cubic case in Theorem [7.6], we use the following result of Beukers

[25] on the multiplicity of rational ternary linear recurrent sequences.

Theorem 7.14. Let u,, n = 0,1,2,..., be a non-degenerate ternary linear re-

current sequence of rational numbers. Then the zero multiplicity of u,, is at most

6.

The proofs of Lemma and of all our theorems will be given in the next

section.

7.4 Proofs

Proof of Lemma[7.9. The equation k/(8*—1) = /(8" —1) yields k3" —13"+1—k =
0. Similarly, using I/(5" — 1) = m/(S* — 1) we obtain [f* — mfB3” +m — 1 = 0.

Thus S is a common root of the trinomials
P(z):=kz" —lz"“+1—Fk and Q(z):=—ma’+ Iz +m—1L.
Let z € C be any common root of P(z) and Q(x). Set p := |z|, ¢ := argz.
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Using Lemma with f(x) = P(x), r = v, one has

k?2,02v . l2p2u + (l . k‘)2

COSVP = — 2kl = F)p’

Similarly, using Lemma with f(x) = Q(x), r = v, one obtains

m2p2'u _ l2p2w + (m _ l)Q
2m(l — m)pv '

CoOsSvVp = —

Hence

k(l — k) B m(l —m)

E2p* — Pp* + (1 — k)2 m?p® — ?p** + (m — Z)Q'
This yields
KL = k)52 — mhk(m — k)p® + mi(m — )52 — (m — [)(m — k)(I — k) = 0.
By Descartes rule of signs, the quadrinomial
H(x) := kl(l — k)2*" — mk(m — k)2*" + mi(m — D)2** — (m — )(m — k)(l — k)

has 1 or 3 positive real roots (counting with multiplicities), because 0 < u < v < w
and 0 < k < I < m. Observe that H(1) = 0 and, by (7.10), H(3) = 0. Hence
H(z) has three positive roots.

Let v > 0 be a real number which is the third root of H(z) (including the
possible case of a multiple root v = 1 or 7 = ). Suppose that 5 # [ is a
conjugate of 3 over Q. Since ' is a common root of P and @, || is a root of
H. Thus H(|f']) = 0. Hence the number  and all its algebraic conjugates over
Q must lie on three circles with the common center at z = 0 and the radii 1, 8
and 7.

If 5 has no other conjugates over Q then 5 € Q. Suppose [’ is a conjugate of
B over Q satisfying f’ # . We claim that ' cannot lie on either of the circles
|z| = 1 or |z| = . Suppose first that |5'| = 5. Then, as ' and § lie on the
same circle, by Lemma one has either " = " or 3" = 3" for every positive
integer exponent r in P(z) or Q(z), namely, for r = u,v,w. Since 5" is a real
number, we must have " = 5. Thus (* = (¥ = (* = 1, where ¢ := /5. This
implies ¢ = ¢&dwvw) — 1 So B = f, a contradiction. Similarly, if 8’ lies on
the circle |z| = 1, then |f’| = 1. Since ' # +£1, it must be a complex (nonreal)
number. The number 1 is also the common root of P(z) and Q(z). Hence, as
above, by Lemma|[7.11], we obtain " = 1" = 1 for every positive integer exponent
r in P(z) or Q(z), i.e., for r = u,v,w. So (' is a root of unity. However, its

conjugate 8 > 1 over QQ is not a root of unity, a contradiction.
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Therefore, if § ¢ Q, then all its conjugates over Q (except for § itself but
including /') must lie on the circle |z| = 7. In particular, v # 1 and v # f.
Algebraic numbers lying with their conjugates on two circles were studied in [73].
However, as in [73] it is assumed that their norms are 1 (which is not the case
here), we shall give an independent argument.

We first claim that S may have at most two such conjugates, so [ is of degree

2 or 3 over Q. Indeed, assume that § has at least three distinct conjugates on
|z| = 7, namely, 3, 3" and, say, 3" ¢ {3, 5’}. Then

BB =p"p",

where 37 is a conjugate of 3 which is equal to 3” if 3” € R. Taking an automor-
phism o of the Galois group of Q(3)/Q which maps 3’ to 5 we obtain

Bo(B') = o(")a(B"). (7.13)

However, the modulus of the left hand side of is equal to [y, whereas the
modulus of its right hand side is equal to v2, because all conjugates of 3 except
for 3 itself lie on the circle |z| = 7. This is a contradiction, because By # 2.
Hence ( is of degree at most 3 over Q and, in case deg § = 3, # has two nonreal

conjugates on |z| = 7, where vy # . O

Proof of Theorem[7.6, Suppose that the multiplicity M () of some sequence {{a™},
n=1,23,..., where £ > 0, a > 1, is greater than or equal to 4. Then there
exist positive integers a < b < ¢ < e such that {£a®} = {€a’} = {€a} = {€a°}.
This occurs precisely if and only if the differences k = £a® — £, | = £a — a?,
m = a® — £a® are positive integers k£ < [ < m. Then

k [ m

fga = ab—e —1 - ac—a — 1] - ae—a — 1 (714>

Let d := ged(b—a,c—a,e —a). Then b —a = du, ¢ —a = dv, e — a = dw, where
u<v<w,duv,weNand ged(u,v,w) = 1. Set 3 := a. Then, by (7.14)), we

find that
k [ m

Bro1 -1 et

Hence, Lemma implies that § > 1 is a rational number, a real quadratic

number or a cubic number with two nonreal conjugates. In the first case, a =
r'/d r € Q, which is an exceptional case in the statement of the theorem. The
third, cubic, case is also exceptional and will be considered below. Before this, let

us examine the quadratic case.
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Quadratic case. Set v := k/(5* — 1). Obviously, v € Q(/3). Observe that the
fractional parts {v}, {v8*}, {v5"} and {vp3"} are equal, by (7.7)). Write

vB" =a,8+0b,, n=0,1,2,...,

where a,, b, € Q. The sequences a,,n =0,1,2,...,and b,, n =0,1,2, ..., satisfy
a linear homogeneous recurrence of order two with characteristic polynomial which
is the minimal polynomial of 3 over Q. Then v*—v =k, v3’—v =1, vB¥—v =m

leads to ay = a, = a, = a,, because all differences are positive integers. So the

multiplicity of the value aq in the sequence a,, n =0,1,2,... at ag is at least 4.
By Theorem the sequence a,, n = 0,1,2,..., must be degenerate. This
means that either a,,, n =0, 1,2, ..., is the zero sequence or 3/’ is a root of unity.

In the first case, a; = a9 = 0 implies § = v3/v = by /by € Q, a contradiction.
Also, by Lemma f has one real conjugate 8’ # £f. Thus 5/’ is not a root
of unity. This is also a contradiction which shows that 5 (which is a power of «)
cannot be a quadratic number with two real conjugates (3, 8’ satisfying |5'| #
in case Meo(t) > 4.

Cubic case (with two nonreal conjugates). Now, we will show that M(t) < 6.
Suppose that M ,(t) > 6 for some £ > 0,a > 1,t € [0,1), where 3 = a? > 1 is
a cubic number with two nonreal conjugates and d € N. Assume that d is the
smallest positive number for which a¢ is a cubic number.

We claim that the number o™ is cubic if and only if d|m. There is nothing
to prove for d = 1. Assume that d > 1. Clearly, a = /¢ has conjugates on two
circles |z| = 8% and |z| = v/, where 8’ and " = /3’ are two conjugates of 3
lying on |z| = 7, v # . Moreover, the conjugates of & = «; lying on the circle
|z| = BY? must be of the form o; = (;8Y4, j = 2,...,s, where (; is a root of
unity satisfying Cj‘-i = 1. Since « is not a root of a rational number or a quadratic

number, deg(a™) = 3 if and only if

Write m € N in the form m = dk + [, where 0 < [ < d. Assume that [ > 0. Then
a¥t = adk = ... = a% combined with yields o = o} = --- = a! Thus
deg(a!) = 3, a contradiction with the minimality of d.

Since M (t) > 6, there exist some positive integers ey < e; < - -+ < eg such that
{€a} = - = {£a}. In particular, the differences k; = o —&a® i =1,...,6,

must be positive integers. Hence

ki

€0
(8% et
¢ acfi—c — 1
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fori =1,...,6. Set g := ged(e; —ep,...,e6 —€p) and w; := (e; — eg)/g € N for
i=1,...,6. Then ged(wy,...,ws) =1 and
Ky ke
= (7.16)
Put ¢, := ged(wi, wa, ws) and v; := w; /g1 € N for i = 1,2,3. By Lemma [7.9]
applied to the first two equalities of ([7.16)), we deduce that a9 is a rational, a

4 is cubic and no positive integer power of a

quadratic or a cubic number. Since «
is of degree smaller than 3, the number o' must be cubic. Hence d divides ggs,
by the above claim. It follows that d divides ggiv; = gwy, and gws, gws. By the
same argument applied to the last two equalities of , d divides gwy, gws, gws.

Since a? = 3, equalities ((7.16) can be written in the form

ke ke
Bul_l_ _Bue_l

(7.17)

with positive integers u; < - -+ < ug.
Set v := ki /(" — 1) € Q(B). Note that the fractional parts {v}, {v5"}, ...,
{vp"s} are equal, by (7.17)). Thus the sequence {v5"}, n =0,1,2,..., takes the

value t = {v} at least seven times. Let
H(z) = 2* — Az*> — Bz — C, A B,CeQ, (7.18)
be the minimal polynomial of g over Q. Write
VA" = a, 5% 4 bnB + cp, n=0,1,2,..., n, by, cn € Q. (7.19)

Note that the sequences a,, n = 0,1,2,..., and b,, n = 0,1,2,..., satisfy a
homogeneous linear recurrence of order 3 with characteristic polynomial H(z).
The relation vg™ —v3* € Z implies a,, = as, b,, = bs. Hence, there exist a,b € Q
such that (a,,b,) = (a,b) for seven distinct nonnegative integers n.

Consider the sequence d,, := ba,, — ab,, n =0,1,2,.... Then
dn+3 = Adn+2 + Bdn—l—l + Cdn

for n = 0,1,2,.... Note that d, = 0 for seven distinct non-negative indices n.
We shall prove that d,, = 0 for each n > 0. By Theorem [7.14] it suffices to show
that the quotient of two distinct conjugates of [ is not a root of unity. Indeed,
by Lemma , the conjugates 3 and 3" = 3 are of modulus |5'| # 3. So only
p'/5" can be a root of unity. But then 5™ = "™ for some m € N. Mapping f’
to B8, we get 8™ = o(B")™, where o(5") € {§, 5"}, which is a contradiction, by
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modulus consideration. This proves that d,, = 0 for each n > 0.

Therefore, ba,, = ab, for each n > 0. Obviously, by (7.19)), a # 0 or b # 0,
since otherwise a, = b, = 0 for each n > 0, by Theorem [7.14] Assume, without

loss of generality, that a # 0. By (7.18)), % = A% + BB + C. So (7.19) yields
v = a,8° + 0,82 + cp8 = (by + Aay)B* + (cp + Ba,)B + Cay,. (7.20)

It follows that a,4+1 = (b, + Aa,) = (b/a + A)a,. Hence a, = (b/a + A)"ay for
each integer n > 0. Since ay # 0, two terms of the sequence a,, n = 0,1,2,...,
are equal only if b/a + A = £1. Then a,, = a,o for each n > 0. This implies
Cn = Cpyo for each n > 1, since ¢,,11 = Ca,, by . In the same way, b,,.2 = by,

because b,41 = ¢, + Ba,, by (7.20). In view of (7.19)), we obtain v3"*? = v3".
This leads to 3% = 1 and gives the desired contradiction. O]

Proof of Theorem Suppose first that s # 3. We will show that a defined in
is not of the form $%/? with rational or cubic 5. Then, applying Theorem
and (7.9), we will immediately obtain Mg ,(t) = 3.

Assume that o? is a rational or a cubic number for some d € N. Since the
minimal polynomial of av is irreducible, « is of degree s. Since s > 2, every
positive integral power of « is of degree s too, because « is an algebraic integer
having a unique conjugate outside the unit circle « itself, hence no two powers of
distinct conjugates of a can be equal. This proves the theorem for s # 3.

For s = 3, we select in (7.8)) [ = 2, so that a = 1.839286... is the root of

2® — 2?2 —x — 1 = 0. This time, we take

1 3 3
= =~ 490 — —a’
¢ at — « 2+a 2a

By (7.9), , , ;
2

=-a” — .

{ga} ={&a'} ={ea’} =ba= 5 =35’ — 3

Hence M, (to) > 3 for tg := a?/2 — 3/2 = 0.191487 .. ..
We will show that

Meo(t) <3 (7.21)

for each t € [0,1). In particular, combining with the reverse inequality for
t = to, we find that M (o) = 3.

Indeed, for o and € as above, let us write £a” = a,a? + b,a + ¢, with rational
Gy, by, c,. Then the sequences a,, b,, c,, where n = 1,2,3, ..., satisfy the same
linear recurrence

Tn43 = Tp42 + Tn+1 + z,
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forn=1,2,3,.... The first terms of those recurrence sequences are given in the

following table:

n an | by, C,
1 1/2 0] —3/2
2 1/2 ] -1 1/2
3| —1/2 1 1/2
4 1/2 0] —1/2
5 1/2 0 1/2
6 1/2 1 1/2
7 3/2 1 1/2
It is easy to see that a,y; > max(a,...,a,) for each n > 6, because the

numbers a,, are positive for n > 4. So the equality a, = a, can only hold for
integers u,v € N in the range 1 < u,v < 6. As above, the sequence {{a™} =
{ana® + bya + ¢}, n = 1,2,3,..., may take equal values at n = w and n = v

only if (ay,b,) = (a,,b,). (In fact, they are equal if, in addition, ¢, — ¢, € Z.)

Note that there are only three equal vectors among (ay,, b,), n = 1,...,6, namely,
(a1,b1) = (aq,bs) = (as,bs) = (1/2,0). So at most 3 values of the sequence {{a"},
n=1,2,3,..., can be equal. This proves inequality ((7.21]). ]

Proof of Theorem . Write /¢ in the form ri/™ with r; € Q and the smallest
possible d; € N. By abuse of notation, we shall keep the same notation r,d for
r1,dy. Write r = a/b, where a > b > 1 are integers satisfying ged(a,b) = 1. Take

u := b~ We claim that the geometric progression
Gu,q) = b1 b7 (a/0)4, 5 (a /D)7, b (a /D)1, . (7.22)

contains exactly s positive integers.

Indeed, the number (a/b)*? is rational if and only if n = 0,d,2d,3d,....
Hence b*~'(a/b)"/* € N implies n = md, where m > 0 is an integer. It is clear
that b*~(a/b)™¥4 = b*1=™¢™ is an integer for m = 0,...,s — 1. Thus the
sequence b*"1""a™, m =0,1,2,..., (and so G defined in ) contains exactly

s positive integers. O

Proof of Theorem[7.4} By Theorem and (7.5, we have |G N A| < 3. On the
other hand, Theorem combined with (7.5 implies the existence of A with
parameters given in ([7.4)) for which |G N A| = 3.

Finally, it is easy to see that Theorem follows from the last statement of

Theorem combined with ([7.5]).
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Chapter 8

Reducibility of quadrinomials

8.1 Statement of the problem

Let P(x) be a polynomial with integer coefficients. The polynomial P(z) is
called primitive, if one cannot write P(x) = P;(z!) for some polynomial P, € Z[x]
and integer [ > 1.

Through the Chapter, reducibility shall always mean reducibility in Z|x].

The following problem was posed by Walsh [155] at the West Coast Number
Theory Conference in 2007 .

Problem 8.1. Let i > j > k be positive integers. Does there exist an irreducible
polynomial P(z) = 2° + 29 + 2% + 4 of degree deg P > 17, such that for some
integer | > 1, the polynomial P(z') factors in Z[x]?

In addition, Walsh asked for the examples of reducible primitive quadrinomials
of the form 2’ + 2/ + 2* 4+ n with integer constant coefficient n > 4, which have
no linear or quadratic factors. He gave one such example 27 + 2° + 2% + 8 =
(23 — 2% — 2+ 2) (2t + 2 + 32? + 22 + 4).

The choice of the constant coefficient 4 in the polynomial 2?4+ 27 + ¥ 44 is not
accidental. A similar example is the binomial 22 +4 which factors after the change

2. The polynomials z*™ + 4b* are the exceptional case in the

of variable x to x
theorem of Capelli [I85] on the reducibility of binomials. In the trinomial case,
all reducible polynomials of the form z¢ + 2/ £ 4 were completely determined by
Jonassen [109]. By the theorem given in his paper [109], there are no irreducible
trinomials P(x) = 2’4127 4+4, such that for some positive integer I, the polynomial
P(z') is reducible. In contrast, there exist quadrinomials P(z) = 2% + 27 + 2% + 4
which have this property. In Section [8.2] we shall give a complete description of
such quadrinomials.

The questions on the reducibility of trinomials and quadrinomials have received

a lot of interest. The reducible trinomials and quadrinomials with all non-zero
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coefficients equal to 1 or —1 were investigated by Selmer [195] and Ljunggren
[137]. The missing cases in Ljunggren’s work were settled by Mills [147]. Many
important results and generalizations were established by Schinzel in the long
series of papers starting with [I81], [I82]. In 1972 Fried and Schinzel [94] proved
a deep result on the reducibility of quadrinomials. Theorems 2 and 3 in [94]
state that for the fixed integers a, b, ¢, d, any reducible quadrinomial P(z) =
ax'+bxd +cx* +d either factors into the product of certain polynomials of standard
shape, or such polynomial has the form P(z) = Py(2!),l € Z,1 > 0, were P, € Z[x]
is primitive reducible quadrinomial of degree less than or equal to the effectively
computable constant C(a,b, c,d). Unfortunately, this constant is too large for
almost any practical applications: in our case, C'(1,1,1,4) > 28045222 [ the
present Chapter, we shall use Ljunggren’s method [I37] to determine all such
exceptional quadrinomials ¢ 4+ 27 + 2% 4+ 4 which appear in the question of Walsh.
See [87], [92] for a good exposition on the Ljunggren’s method. More recent
results on reducibility of trinomials can be found in [89]. For efficient factoring

algorithms, we refer to [88].

8.2 Main results

The following theorem answers the first question of Walsh. We note that in

this Chapter we do not use the same terminology as in [155].

Theorem 8.2. The only primitive irreducible polynomial P € Z[x] of the form
P(x) =2t + 27 + 2% +4,4i > j >k > 0, such that the polynomial P(x') for some
positive integer | factors in Z|x], is the polynomial P(z) = x* + 23+ 2>+ 4. More

precisely, for |l = 2,
Pa*)=2"+2% +a' +4= (2" —2° + 2* — 220+ 2)(2* + 2° + 2% + 22 + 2).

Indeed, if the polynomial P(x) = 2 + 27 + 2* + 4 has the property asked in
Problem 007 : 14, then P(z) = Py(2™) for some primitive polynomial P;(z) and
some positive integer m. By Theorem [8.2] P\ (z) = 2% +2° + 2% +4. In Lemma
bellow, we prove that P(z!) is reducible only for even values [ = 2g; in this case
the polynomial P(x2!) splits into two irreducible factors x4 — 239 + 229 — 229 4 2
and 2% + 239 + 2% + 229 + 2.

Lemma 8.3. Let P(x) = 2% + aq_ 127" + -+ + a1z + ag be a monic integer
polynomial, such that |ag| = p* > |a1| + |az| + - - - + |ag—1] + 1, where p is a prime.
Let | > 1 be a positive integer, such that P(z') is reducible in Z[z] but P(z™)

is irreducible for any positive integer m < [ which divides [. Then [ is even and
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P(z') = +Q(x)Q(—x), Q € Z[x]. Moreover, for any integer r > 1, both factors
Q(x2") € Z[z] are irreducible.

In Lemma we shall determine all the possible forms the product polynomial
PP* can take. This will be used in the proof of Theorem [8.2]

Lemma 8.4. Let P be a quadrinomial P(x) = ' 4+ 29 + 2% + 4 with the integer
exponents © > 7 > k > 0. Then the polynomial PP* takes one of the following

forms:
1) 4o 4 %k g g 2imd g ik 4t | AgitR o 19g | AgiR g 4gieT 4 gimith g
)+ ok 44,

if P42, i42%k, jA2% i+kA2), P4tk

D e A O L R L R e A T o 9
if =25, i£2k, j#2%k i+k#2j, i£j+k;

3) 4ot 4 5=k g 20 4 gtk Apitd 4 1900 4 AgtI 4 gt I R gd 4 5k 4
if 042, i=2%k j£2% i+k#2j, i#j+k;

4) 42 4 2?7k 4 20 4 5tk 4 4190 4 4T 4 5ot IR gl ok 4,
if P42, i#2%k =2k i+k#2j, i#Aj+k;

5) 4% + p¥k 4 20270 4 4™ 4 4R 1927 + g 4 4at 4 209 + 2F 4,
if P42, i#£2% A% i+k=2j, i#j+k;

6) 4z + 5k 4 5% 4 xR 4 1928 + 2R 4 5y 4 5ok 4 4,
if 42, i#2%, j£2% i+k#£2j, i=j+k

7) 42 4 ¥k 4 5277 4 5Tk 1 1907 4 5a IR 4 5l 2k 44,
if =2, i#2, j=2 i+k#£2j, i£j+k

8) 4x? + 5%k 4 20270 4 4™ 4+ 1920 + 4atT + 229 + 52k + 4,
if P42, i=2k A%k i+k=2j, i#j+k;

9) 4x% 4 5%~k 4+ 62%77 4+ 192 + 627 + Bk + 4,
if P42, i£2k, j=2% i+k=2j, i=j+k;

8.3 Computations

In order to answer the second part of Problem 007 : 14, we used the computer
to search for the examples of reducible polynomials of the form P(z) = 2% + 27 +

zF + n. Since the polynomial P(z) has no roots of modulus less than or equal
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to 1 if n > 4, the polynomial P(x) is irreducible provided the coefficient n is
equal to the prime integer p > 5. With MAPLE computer algebra package we
factored all primitive quadrinomials P(x) with composite constant coefficient n
and exponents ¢, 7, k in the range 5 < n < 120, ¢ — 75 < 20, j — k < 20, k£ < 20.
In addition, we factored all primitive quadrinomials P(z) of this form satisfying
inequalities 120 < n < 1000, 1 — 7 < 15, 7 — k < 15, £ < 15. We also searched
for the irreducible polynomials P(x), such that P(z!) is reducible for some integer
[ in the range 5 < n < 120, (i — )l < 12, (j — k)l < 12, kI < 12. In all the
cases reducible polynomials P(z) had a factor of the form Q(x'), where Q(z) was
a linear polynomial or a quadratic polynomial. The example 27 + 25 + 22 + 8 of
Walsh was the only notable exception. However, it does not seem easy to prove
this.

All found examples of reducible quadrinomials P(x) had two or three irre-
ducible factors. In the recent exchanges of emails, A. Schinzel sent a short remark
that any irreducible polynomial dividing the quadrinomial P(x) has constant co-
efficient greater than 1, hence the number of irreducible factors cannot exceed
Q(n), the total number of prime factors of n. The sharpness of this estimate may

be shown by the example
' 4+ 2 + ' + 52 = (27 — 22 + 2) (2 + 22 + 2)(2® — 32" + 13).

Since Q(n) < logn/log2, the number logn/log 2 is the best known bound for the
total number of prime factors of the quadrinomials P(z) in question.

Finally, we note that there exist the examples of reducible quadrinomials P(z)
with no linear or quadratic factors and negative coefficient n < —5, namely, the

polynomials

2% 4+ 2t + 2% — 16 = (2 — 32% + 5r — 4)(2® + 32 + 5z + 4),
e 42 a2t — 16 = (2® — 2 — 2+ 2)(2® + 2% — 2 — 2) (2% + 32" + 527 4+ 4),
o'+t 2?98 = (¥ — 2t + 20 — T) (2t + 27 — 2® + da + 14),

and

o 42816 = (2P +2° -2 —2) (22 =20+ 2207+ 28 — 2T+ 284220+ 4aP — 422 +8).

8.4 Proofs

Proof of Lemma [8.3 Let P(z') = Q(z)R(z) for some integer I > 0 and
polynomials @, R € Z[z]. The inequality |ag| > |a1| + |az| + - - + |aq, | + 1 implies
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that P, Q and R have no roots of modulus |z| < 1. Thus the constant terms
of @ and R are equal to +p and they are irreducible in Z[z]. Otherwise one of
the polynomials ) or R would be divisible by the monic non-constant polynomial
S € Z[x] with the constant term S(0) = £1. This is impossible, since such a
polynomial S has at least one root of modulus less or equal to 1. The same
argument also implies the irreducibility of polynomials Q(z") and R(z") which
divide P(z™).

Now, assume that the exponent [ has the property that for any positive integer
m < [ which divides [, the polynomial P(z™) is irreducible. If m = 1, this means
that P(z) is irreducible. Let a be the root of the irreducible factor Q(z). Since
P(z!) = Q(z)R(x), the power of this root 3 = ! is the root of the irreducible
polynomial P. Let K = Q(8), L = Q(«), K C L. Let g be the degree [L : K]. The
absolute norm of an algebraic integer 5 over Q Ny, q(8) = Ny () = Npjg(a)' =
+p'. In the other hand, by the relative norm property, Ny, o(8) = Ni/q(3)F5 =
+p?9. Thus | = 2g.

Since [ is even, the number —a is the root of P(z!). The irreducible polynomial
Q(—z) divides P(2!). Then R(x) = +Q(—=z). Indeed, otherwise Q(—x) = —Q(x)
or Q(—x) = Q(x). The first case is impossible: the identity Q(—z) = —Q(x)
with z = 0 implies Q(0) = P(0) = 0, contradicting the inequality |ag| > 1. The
second identity Q(—z) = Q(z) implies Q(z) = T(x?) for the polynomial T' € Z[z],
thus R(z) = P(2')/Q(z) = P(z%)/T(x?) = S(x?),S € Z[z]. This leads to the
expression P(z%) = T(x?)S(x?), hence P(z9) = T(x)S(z). This implies that
P(29) is reducible for the integer g wich is a proper divisor of [, contradicting the
condition of Lemma [8.3 O

Proof of Lemma [8.4 Assume that integers ¢, j, k satisfy the inequality ¢ >
j >k > 0. The reciprocal of the polynomial P(x) = 2 + 2/ + 2% + 4 is P*(z) =
42" + 2% + 2177 + 1. The product F' = PP* takes the form

e e B 1 B L L Ll o PP L s Lt B L A L B SR L
Let
m=20 wvv=21—k wvy=21—73, wvy=1+7 vs=1+7—k,

ve=1+k, vr=i, vg=1i—k, v9=i—j+k, vig=1—],
V11 :j, 1)12:]{5, U13:O.

The multi-set V' = {v,,7 = 0...13} contains all possible exponents which appear

in the polynomial F'. If none of them are equal, F' takes the form in Case 1. We

115



shall classify all other cases where some exponents v, and v,, 7 # s are equal, and

the terms of F' with equal exponents add together. Set
€1 :{ZZQJ}, 62:{i:2]€}, 63:{j:2/€},

es ={i+k=2j5}, es={i=7+k}

The elements of the set E = {e,,7 = 1...5} denote the linear relations among
the integers 7, 7, k. Note that v; and v;3 are the largest and smallest integers in
V. Since i > j > k > 0, all the exponents vy, v9, 3, U4, U5, Vg are strictly greater
than the exponent of the middle term v; = i, exponents vg, vy, V19, V11, V12, U13
are strictly less than v; = i. F' is self-reciprocal, since ' = PP* = F*. Hence
Vs = 20 — v13_441,5 = 8...13. Thus it suffices to check all possible cases when

some of the integers vy, v3, v4, V5, Vg are equal. Observe that
Vg > V3, Uy > Vs, Vg > Vs, Vg > Ug.

Hence, all possible pairs of equal exponents v, s = 2...6 are: vy = vy (this is
equivalent to the linear relation es), v, = vg (equivalent to ey), vz = vy (e1),
v3 = vs (e4), v3 = vg (€5), v5 = vg (e3). The remaining pairs of equal exponents

Vs, s = 8...13 are determined uniquely by the symmetry vy = 27 — v13_511.

The forms of the polynomial F' where the integer exponents 1, j, k satisty pre-
cisely one linear relation in the set E are listed in Cases (2)-(6). In order to check
Cases (2)-(6), use the expression in Case (1) and add terms with equal powers
x’ and x% together if v, = v,. The next step is to determine all possible forms
of ' where the integers i, j, k satisfy two linear relations {es,e;} C E. Observe
that no one pair of the linear relations {e1, ex}, {e1,e4}, {€1,e5}, {e2,e3}, {ea, €5}
is possible if @ > j > k > 0. The possible pairs are {ej,e3}, {es,e4}, {e3,€4},
{es,e5}, {es,e5}. Consider the pair {e1,e3} as a system of two linear equations
in three integer variables 7, 7, k. All positive integer solutions of this system are
vectors (i, j, k) = (4u, 2u,u),u € Z,u > 0. In this case, the form of the polynomial
F with equal exponents v3 = vy, v5 = vg, Vg = Vg, V19 = v17 is described in Case
(7) of Lemma [8.4 Similarly, the integer solutions to the equations {es, e} are
(1,7, k) = (4u,3u,2u),u € Z,u > 0 and F takes the form given in Case 8. Ob-
serve that all the pairs of equations from the system {es, e4, €5} are equivalent and
have the solution (7, j, k) = (3u,2u,u),u € Z,u > 0. Hence, any two of the three
relations {es, e4, e5} imply the third one. This situation is depicted in Case 9. It
remains to show that there are no other cases where three or more linear relations
es € FE hold. Indeed, in such case three different pairs of linear relations, other

than all 3 possible pairs from the set {es, e4, e5} must be satisfied. There would be
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at least one of pairs {e1, es}, {e2,e4} and one pair from the set {es, e4, e5}. This
is impossible, since all the intersections of the sets of integer triples (4, j, k) which

satisfy such linear relations
{(4u,2u,u),u € Z,u > 0}, {(4u,3u,2u),u € Z,u > 0},

{(Bu,2u,u),u € Z,u > 0}
are empty. O
Sketch of the proof of Theorem[8.4 Before proceeding to prove Theorem [8.2]

we give the sketch of the proof. First, we show that any primitive quadrinomial
P(z) = 2' + 27 + 2* + 4 in question with exponents (i, j, k) which satisfy a cer-
tain linear relation is precisely the quadrinomial 2* + 23 + 22 + 4. Secondly, we
consider the polynomial G(x) = Q(—x)Q*(z), where @ is the polynomial from
the factorization P(2!) = +Q(z)Q(—x). This factorization is a consequence of
Lemma [8.3] We determine the form of the polynomial G using reduction modulo
2 and the identity ||P|| = ||G|| for the Euclidean norms of P and G. Following
[137], we refer to the equality ||P|| = ||G|| as the identity of Ljunggren. Thirdly,
we use the expression GG*(x) = PP*(z!) and compare PP*(x!) from Lemma
to GG*(x). We establish that the case z* + 2® + 2? 4 4 is the only possible.

Proof of Theorem . First suppose that the exponents i, j, k of P(x) = z' +
29 +2F 44 satisfy linear relations i = 2k and i+k = 2j. Then (i, j, k) = (4u, 3u, 2u)
for some positive integer u so P(x) = z%* + 3% + 2** + 4, which is primitive for
u = 1. A simple computation shows that the polynomial P;(z) = 2* + 2%+ 2%+ 4
is irreducible, and P(2?) = (2% — 2® + 2% — 22 + 2)(2* + 2° + 2% + 22 + 2).
For even integers [ = 2g > 0 the polynomial P, (z') splits in Z[z] into P (') =
(249 — 239 + 2% — 229 + 2) (249 + 239 + 2% + 229 + 2). By Lemma [8.3] both factors
are irreducible. By Lemma , Py (2!) is irreducible for odd exponents [. Below
we shall show that this case is the only possible. Note that the linear relations
i = 2k,1+ k = 2j appear in Case (8) of Lemma . Hence we have to prove that
every quadrinomial P(z) in the question of Walsh satisfies P(z!)P*(z!) = F(2!),

where F is a polynomial in Case (8) of Lemma ([8.4)).

Let P(z) = ' + 2/ + 2* + 4 be an irreducible polynomial and [ > 0 be an
integer such that P(z!) splits in Z[z], while P(2™) is irreducible for any integer
m, 1 < m < [ dividing the exponent [. By Lemma | = 29,9 € Z, and
P(z") = £Q(x)Q(—z). Without loss of generality, we may assume that Q(x) is
monic. Then P(z!) = (—=1)“Q(x)Q(—x). The polynomials Q(z) and Q(—z) have
equal constant terms +2, hence P(z) = Q(z)Q(—x). This implies that the degree
ig is even. Also, Q(0) = 2. Otherwise Q(z) has a positive real root which is
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impossible, since P(x) > 0 if z > 0. Consider the reduction of P(z?) modulo 2:
P(29)* = P(z*) = Q(z)Q(—z) = Q(z)* (mod 2).

Hence Q(x) = P(29) = 2% + 279 + 2% (mod 2). Let G be the product G(z) =
Q(—z)Q*(z) of degree 2ig. Note that the polynomial G satisfies the identity
r?9G(1/x) = (=1)¥G(—x). Since ig is even, G*(x) = G(—xz). Hence the integer
coefficients of G(z) = 329 b,a* which are symmetric with the respect of middle

term are equal in modulus, more precisely,
bs = (—1>Sb2ig,3,0 <s < 22g (81)
Reduce G(z) modulo 2:

G(z) =Q"(2)Q(—2) = Q*(2)Q(x) = (x("*k)g + 2099 4 1) (2% + 279 4 g*) =

= BP9 4 2ima)g  p(43=R)g o gt 4 p(=34k)g o 039 4 gk9 (mod 2).  (8.2)

Note that in (8.2) the commuting of the operation * and reduction (mod 2) is
essentially used, which makes sense since f*(x) (mod 2) = (f(z) (mod 2))* if and
only if the leading coefficient of f € Z[z] is odd.

Since @ is monic, Q(0) = 2, the leading and constant coefficients of G are equal

to 2. Since ¢ > j > k > 0, the exponents in G modulo 2 satisfy the inequalities
(2i —k)g > (2i = j)g = (i+j—k)g>ig>(i—j+k)g=jg>ky,
provided i + k > 27 or
(20 —k)g > (i +J —k)g = (2 = j)g > ig > jg > (i — j + k)g > kg,

provided i 4+ k& < 2j. Hence the polynomial G(z) in (8.2)) has 7 odd coefficients if
i+k+#25. Ifi+k=2j, G(x) modulo 2 takes the form

G(x) = M9 4 29 4 2% (mod 2), (8.3)

with 3 odd coefficients. Observe that P(z')P*(z') = G(2)G*(z). The equality
holds since (Q*)* = @ which is true since Q(0) # 0. By the identity of Ljunggren,
|G||? = ||P||*> = 1 + 12 + 12 + 4> = 19. The leading and constant coefficients

of GG are equal to 2, thus the sum of squares of coefficients b, 1 < s < 2ig — 1 is
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equal to 11. In addition, there must be precisely 3 or 7 odd coefficients by (8.2)
and (8.3)). All such possible sums of squares are

N =34+14+17 =224+ 22+ 12+ 124+ 12 = 22+ 12+ 12+ 12+ 12+ 12+ 12+ 12 (8.4)

The absolute values of the coefficients of G are symmetric with respect to the
middle term b, = 1 (mod 2). Thus an integer which appears in the sum of
squares above the odd number of times must be the absolute value of the middle
coefficient b;,. Hence the summands in the third sum in cannot be the squares
of coefficients of the polynomial G. This implies that G has 3 odd coefficients and
the exponents 1, 7, k satisfy the relation ¢ + k£ = 2j. Using the identities ,
(8.3), and we deduce that G takes one of the forms:

G(x) = 2279 + ex®=R9 4 3629 4 (—1)k9eah9 4 2, (8.5)

G(:C) — 21.21‘9_|_€1x(2ifk)g_|_2€2$t+ig+5xig_|_(_1)t2€2xigft+(_1)kg€1xkg+2’ (8.6)

the coefficients €, 1,9, are all equal to —1 or 1 and ¢ is an integer 0 < t < 1g.
Also, note that the terms '™, 29~ do not coincide with any other term of the
polynomial G in by . We shall determine the coefficients ¢, ¢, €9, 0.
Observe that G(1) = Q(1)Q(—1) = P(1) = 7. In (8.5), this is possible if and only
if § =1 and ¢ + (—1)*e = 0, hence the exponent kg is odd in (8.5). Moreover,
we may assume that ¢ = 1. Otherwise, replace x by —x. Thus G in takes
the form
i) 2049 4 g 2=kg 3409 _ k9 12 94 kg

Consider G in (8.6)). There are three cases where G(z) takes the value G(1) = T:

a)2 | kg, 21t,e;1 =1, =1. Assume that 5 = 1, otherwise change = to —x;

b)2 |t 24kg, eo =1,6 =—1. Assume that £; = 1, otherwise change = to
—

c)2|kg2t,er=—-1,e0=16=1
The polynomial G in Cases (a),(b),(c) takes the forms (i), (iii), (iv) below, re-

spectively.

Z’l) 2x2ig + I(Qifk)g + 2xt+ig + xig . 2xigft + xkg + 2’
i11) 2029 4 p(2i=k)g 4 9gttie _ pi9 4 opie—t _ gk 4 9
iv) 2219 — p(2i=k)g 4 opttig 4 gig 4 ogig—t gk 4 9
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In each case (i), (i), (i), (iv) we check if G(z)G*(z) = P(z%)P*(2*9) =
F(29), where F(z) is one of the polynomials in Lemma Since i + k = 2j, it
suffices to check Cases (5), (8), (9) in Lemma [8.4] First, assume that G takes the
form (i). Then

G(x)G* () = 429 4 122519 — 24209 4 19229 _ 32k9 1 19299 4 4

has 7 non-zero coefficients, hence it must coincide with F(z%) in Case (9) of
Lemma This is impossible, since the coefficients of F' are different from the
coefficients of GG*. Next, assume that G takes the form (siz). Compute the
product GG* modulo 4:

G(2)G*(z) = —aWi=29 — g%9 _ 22k (mod 4).

None of the polynomials F' in Lemma [8.4 satisfy F'(z%9) = G(x)G*(x) (mod 4).
Thus the form (i) is impossible.

Assume that G takes the form (iv). The integer 2ig is the largest exponent in
G. Let v be the second largest exponent in G. Clearly, v = (2i —k)g or v = t +ig.
Observe that 2ig + v > s 4 r if at least one inequality r < 2ig,s < v is strict.
Hence the second largest exponent in GG* is 2ig 4+ v. Thus the first two terms of
GG* are 29 — 4gM=R9 if (21 — k)g > t +ig or x%9 + 82319+ if (21 — k)g < t +ig.
Such terms do not occur in any polynomial in Lemma [8.4] Hence we reject the

form (iv).

This implies that G takes the form (7). The product GG*

G(.T)G*(.CE) _ 41,42'9 + 4x(4i—k’)g . 4x2t+2ig + x(4i—2k)g + 4x3ig + 2x(3i—k)g + 4x(2i+k)g
+ 19229 4 4B R9 4 9 (FR)T | 4079 4 42k9 _ 219720 o ggke 4 g,

Thus GG* coincides with the polynomial F'(z%) in Case (5), (8) or (9) of Lemma
8.4} since i + k = 2j in (7). Since i > k > 0, the integer 4i — k is strictly greater
than 3i,4i — 2k, 3i — k,2i+ k. If (4i—k)g > 2ig+2t, then the second leading term
of GG* is 4x™F9_ This leads directly to Case (8) of the Lemma [8.4 Indeed,
only polynomials F'(z) in Case (5) or Case (8) have terms with coefficients equal
to 4 which are not leading nor constant terms. The term with the second highest
exponent 4z*~F9 in GG* must coincide with the term 422499 or 4220+k)9 in
F(2%9) in Case (5). Since j > k, the exponent 2(i + j)g is greater than 2(i + k)g.
Thus (40 — k)g = 2(i + j)g, so 4i — k = 2i + 2j. Together with the identity
i+ k = 2j in Case (5) the linear relation 4i — k = 2¢ 4+ 2j implies ¢ = 2k, which
implies Case (8) of Lemma (8.4}
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Hence we may assume that (4i — k)g < 2ig + 2t. If the inequality is strict,
then the second leading term of GG* is —42?9*2', However, the polynomials in
Lemma [8.4] have no negative terms. Hence (47 — k)g = 2ig + 2t. Thus

GG* = 4m4ig + :L,(4i—2k)g + 41,31'9 + 21,(31'—1@)9 + 4x(2i+k)g+
+ 19229 4 4R 4 04 (FR)g 4 fate 4 g2ke 44

Let F(x) be the polynomial in Case (5) of Lemma [8.4 Replace z by 2% and
use the identity 25 =i 4 k. The resulting polynomial

F(2%) = 4% 1 L i=2k)g | 9. (4i-20)g 4 4, (2i+2)g | 4. (2i42k)g
119229 + 4p 2209 | 4 (229 4 0229 4 42k L 4
— o | p(4im2k)g 4 0 (Bimk)g 4 4o (Bitk)g 4 4 (2i2K)g
419220 4 4p2i-2K)9 | g2(i-F)g 4 9, (i+k)g 4 ,2kg | 4

The difference F(2%) — GG* = 4zBHR9 4 424209 4 47(2=2R)g 4 42.(=k)g _ 430
4o Pitk)g — fg(i=k)g _ 4299 o (), since the exponent (3i + k)g is larger than the
other exponents in F(z%9) — GG*. Thus GG* does not coincide with a polynomial
given in Case (5) of Lemma [8.4]

Let F'(z) be the polynomial in Case (9) of Lemma 8.4 The equations j = 2k,
2j=i+k,i=j+kimply (¢,7,k) = (3u,2u,u),u € Z,u > 0. Hence

GG* = 41249 4 1049 4 40949 4 94849 4 4479 4 199049 4 4549 4 2449 4 4349 4 249 4

Also, F(2%) = 4x'294-5210%9 462849+ 192599+ 62149 +-52*9+4 and F(2?9) # GG*,
so Case (9) is impossible. Hence we conclude that Case (8) is the only possible.

This completes the proof. n
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Chapter 9

Height reduction and Number

systems

9.1 Statement of the problem

Let a be an algebraic integer with conjugates oy = «;, s, ..., ag lying outside
the unit circle (including « itself). Such numbers are called ezpanding algebraic

numbers. We are interested in the height reducing property of «, that is

for a certain finite set B C Z. We note that

Lemma 9.1. If an algebraic integer o, || > 1, has height reducing property, then

a is expanding.

Proof. Suppose « has height reducing property with a finite set B C Z. First
assume it has a conjugate 5 with || < 1. Set B = maxyep |b| and take an integer
K > %ﬁ. Then K has an expression K = 3" b;a’ for some integer n. Taking
conjugate, we have

K <> B|plf
=0

which gives a contradiction. Therefore all the conjugates of o must be not less
than one in modulus. Assume that there is a conjugate 8 with |3| = 1. Then
must be a complex number and S5 = 1 where ' is a complex conjugate of 5. By

taking conjugate map which sends  to «, we get a contradiction. [

Note that roots of unity (with all their conjugates on the unit circle) also have

height reducing property with a set B ={—1,0,1}.
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When « is expanding, it is of interest whether it has height reducing property,
and how small the set B we can we. Denote by N(«) the absolute norm of « over
Q,ie, N(a) = ay...aq4. If we can choose B = {0, 1, ..., |[N(«a)| — 1}, we say
(cr, B) forms a canonical number system (CNS for short). The question of finding
all o which gives CNS is studied by many authors. The early studies are found
in [111, 112, 99]. Readers may consult [7, 3] for recent developments to solve the
problem in a general frame work called a shift radiz system.

However not every expanding algebraic integer o generates CNS. Indeed, if
there is a positive conjugate (8 of a, one sees that —1 can not be in B[a] which is
shown by taking conjugate.

For the rest of the Chapter let B = {0, £1, ..., £ (|N(a)| — 1)}.

Kirat and Lau [114] introduced a slightly different height reducing property
for expanding polynomials (all roots in |z| > 1, not necessarily irreducible) to
consider the connectedness of a class of self-affine tiles. In our notation, they are
interested in N(«) € Bla] (see [115] for details).

In this Chapter we are mainly concerned with the following type of height

reducing problem:

Problem 9.2. Does the equality Zla] = Bla] hold for any expanding algebraic

integer?

In the study of self-affine tilings, Lagarias and Wang [126] answered this ques-
tion in affirmative manner using the wavelet analysis by extending the result of
[T0T]. To read this result out of their consecutive works, see Corollary 6.2 in [126]
and Theorem 1.2 (ii) of [124]. However their proof is rather indirect and intricate,
although the statement itself looks simple in nature. The first author [I] asked
for a direct proof of Z[a] = Bla] (see problem 12). In this Chapter we shall give
several attempts to solve this question. For the moment, it is far from satisfactory

but we hope our work gives a starting point for other trials. First we show

Theorem 9.3. For any expanding quadratic algebraic integer o the equality

holds.

Theorem [0.3] is derived from Theorem [0.5] We obtain a similar result for

expanding cubic trinomials.

Theorem 9.4. Let a be an expanding algebraic integer which is a root of a cubic
monic integer trinomial (i.e., polynomial of the form x4+ ax®+c or 23 +bx +c).
Then Z[a] = Bla.
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The set of expanding cubic trinomials splits into two disjoint subsets, say, A
and B. For the trinomials from A we apply Theorem The subset B consists
of trinomials of the form 23 —cx ¢, ¢ > 2, ¢ # 8. Theorem m (see Sectio
shows that in case of a trinomial from B it is impossible to derive Theorem
from Theorem [0.5] Theorem [9.4] for trinomials from B is proved by constructing
certain finite automaton, the so called counting automaton (see Section .

In general, we have the following result.

Theorem 9.5. Suppose that an expanding algebraic integer o is a root of a poly-
nomial
P(x) = 2%+ ag_12 7 + -+ ag € Z[7]

with
lao| = |ay| + |as] + ... + |ag_1| + 1.

Then Z[a] = Bla] with B = {0, £1, ..., £ (lag| — 1)} .

Theorem (9.5| follows from Proposition 3.1 of [95]. Nevertheless, we present an
alternative proof of Theorem [0.5]in Section [9.2.1

Note that the strict inequality |ag| > |ai| + |az| + ... + |ag—1| + 1 would imply
that all the roots of P(x) are expanding algebraic integers.

Unfortunately, not every expanding algebraic integer a possesses a polynomial
P(z) satisfying the conditions of the theorem with P(0) = +N(«). In the Note
at the end of Subsection [9.2.1] we provide an infinite family of such algebraic
numbers which are roots of certain cubic integer trinomials. Such examples are
minimal in terms of degree and the number of non-zero coefficients.

The best result we could obtain using Theorem for a general expanding

algebraic integer is the following:

Theorem 9.6. Let o be an expanding algebraic integer of degree d (over Q).
Suppose that oy is a conjugate of a of least modulus. Then for any integer n >
—log (2% — 1)/ log || we have

with B, = {0, £1, ..., £ (|N(a)[* — 1)} .

The upper bound |N(«a)|™ — 1 for the size of digits in B,, is large. By using

more sophisticated division procedure, we were able to prove the next result.

Theorem 9.7. Let a be an expanding algebraic integer of degree d with conjugates

a; = a,qg,...,0q. For any B € Zla] there exists a nonzero polynomial P(z) €
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Z[x] of height at most

i ¢ g
2y/D(a) i=1 (| — 1)y/]eu]?? — 1 j=

such that § = P(a). Here D(«) stands for the discriminant of c.

oy [** = 1
> =17

IN(&)I/Q}

The bound in our Theorem [9.7seems to be much smaller than that of Theorem
[0.6] however, there is no way of direct comparison. Nevertheless, in the division
algorithm used in Theorem[J.7|we prove that in order to find the representations of
elements of Z[«a| with the smallest possible digits, it suffices to find the expansions
of finitely many elements of Z[a] with conjugates in Z[«;] of absolute value less
than or equal to N(«)/2(|ay| — 1).

9.2 Proofs

9.2.1 Proofs of Theorems [9.5 and [9.6]

Theorem [9.5] follows from the next lemma.

Lemma 9.8. Suppose that an expanding algebraic integer o is a root of a poly-
nomial P(z) = 2% + ag_12%7t + -+ - + ag € Z[x] with

|ao = lax| + [az| + ... + |ag| + 1,

and B = {0, £1, ..., = (Jag| — 1)}. Let Ao, Ay, ..., Aq_1 be integers with Ay ¢
B. Then there exist integers Ay, Ay, o AL and coy ey o o € B such that

Ao+ Aja+ ...+ Ay 10V =co+ cra+ ...+ o+

(A6 +Ala+... + A’dflozd’l) i

and |Ap| + | AL + ...+ AL ] < |Ao| + A1 + ... + |Ag-1].

Proof of Lemma . If Ag +Aja+ ...+ Ag_10%7! = 0 then we can take k = 0,
co=0and A, =0foralli=0,1,...,d — 1.
Further, assume that Ay + Aja+ ... + Ag_1a¢ 1 #£0.
Assume without loss of generality that Ay > 0. Then Ay ¢ B implies A > |a|.
Divide Ag by ag:
Ag = co+ qag, 0< ¢ <lagl, ¢#0.
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(Note that gag > 0.) Then P(«) = 0 implies

ap = —a 1 — a2a2 — .. ad,lad’l —af

and

2 d—1 d

Aozco+qa0:co—qa1a—qa2a —...—qad_loz_ —qa.

Hence
A0+A104+...+Ad_104d71 :CQ+(A1 —qal)oz—l—...—l—

(Ag_1 — qag_1)a®' — qa® = ¢y + (BO + Bia+...+ Bd_lad_l) o

where By 1 = —q and B; = A;11 — qaj1, 1 =0,1,...,d— 2.
Further, |ag| > |a1| + |ag| + ... + |ag—1| + 1 implies

d—1 d—1 d—1 d—1
SUB = S 14— gad + Jal < S 1A + ] (Z i + 1) <
i=0 i=1 i=1 =1

d—1 d—1
> Al + lallao < ) [Ai-
i=1 i=0

If ¢g # 0, then the last inequality is strict, since Ay = |co + qao| > |ql|aol-
On the other hand, if Y%7} |B;| < Y924 |A4;|, then we can take k = 0, A} = B;,
1=20,1,...,d — 1, and we are done.

Further, assume that %) | B;| = 2%} |As|. (Then ¢; = 0.)

If B; € Bforali=01,...,d—1, then we can take k = d, ¢; = Bj_1,
j=12,...,d, Al=0foralli=0,1,...,d — 1, and we are done in this case.

Now suppose that B; ¢ B forsomet € {0,1,...,d—1}. Let s € {0,1,...,d—1}
be the smallest integer for which B, # 0. If B, € B (in that case s < d — 1),
then we can take k = s+ 1, ¢ = ... = ¢s = 0, 41 = Bs and A, = By,
i=0,1,...,d—s—2and A, =0 for i > d — s — 2. Indeed,

d—1 d—1 d—1 d—1
oA =D Bl <Y Bl =) |Ail
i=0 i=st1 i—s =0

Finally, if B, ¢ B then we can repeat the above procedure with the number
Bs+ Bs1a+. ... After a finite number of iterations, we will receive the inequality
SN AL < 2 |Ay]. Otherwise the number

Ag+ Ao+ ...+ A0 #£0

would be divisible by o™ for every positive integer n, which is impossible, since «

is expanding. O]
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We will derive Theorem [9.6] from Theorem [9.5] using the following lemma.

Lemma 9.9. Let P(x) € Z[x] be a monic polynomial such that all roots of P(x)

are of modulus strictly greater than one. Then there exists a monic polynomial
Q(z) = 2™ 4+ bpy_18™ 7 + .. 4 bz + by € Z[z]
which is a multiple of P(x) and
lbo| = |b1] + |ba] + ... + |bm-1] + 1.

Moreover, for any integer n > —log(2"/¢ — 1)/log|ay| one can choose Q(x) with
Q(0) = P(0)™, where d is the degree of P(x) and «y is the root of P(x) of least

modulus.

Proof of Lemma . Let d be the degree of P(x). Suppose that oy, ag, ..., ag
are all complex roots of P(x) (not necessarily distinct). Assume without loss of
generality that

1< |og] < |agl < ... < |agl.

Let n be a positive integer. Set
d
G(z) =[]z — o)) = 2"+ gar2” ' + ... + 12 + go.
i=1
Clearly, all the coefficients g; are integers. Now the inequality 14|gqs_1|+. . .+|g1]| <
|go| is equivalent to
L+ [gg-1|+ -+ a1 + |90 < 2|go].

Dividing both sides by |go| we obtain

|9d 1\ |91|

+ + .+ —+1<2
|90| |90| |90|
Here the left hand side is
d d d
1+ Zaz + Za;"a;” + H H 1+ |og " (1+|a1_”|)d.
i=1 i<j i=1

Hence the inequality 1+ |gq_1| + ... + |g1] < |go| holds provided (1 + |a; ™) < 2
which is equivalent to n > —log(2'/¢ — 1)/ log |ay|. Finally, note that the polyno-
mial Q(z) = G(z") = [1, (2" — aP) is the required one. O

Remark 9.10. In Lemma we get go = £P(0) provided the conjugates of o of
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degree d all lie in |z| > (214 — 1)1,

Proof of Theorem [9.0. Let a be an expanding algebraic integer with minimal
polynomial P(z). By Lemmafor any integer n > — log(2"/¢—1)/log |a;| there
is a monic polynomial Q(z) with Q(0) = P(0)™ which satisfies the condition of
Theorem [0.5] Finally, note that P(0) = £N(a). O

Note. Suppose that « is an expanding algebraic integer. In order to prove the
equality Z[a] = Bla] using Theorem [9.5] one needs a polynomial P(x) satisfying
the conditions of Theorem and P(0) = £N(«). Unfortunately, this is false
in general. Consider an algebraic integer a which is the root of cubic trinomial
p(r) =23 —cr+c¢, ¢ > 2,¢c # 8c € Z. If p(x) is reducible in Z[z], then it
has an integer root, say, m. The equation m® = c¢(m — 1) implies that m — 1
divides m3. Since ged(m?®,m — 1) = 1 and ¢ > 0, this implies m — 1 = 1. Thus
m = 2,c¢ = 8. Hence, the polynomial p(z) is irreducible in Z[z] if ¢ > 2,¢ # 8.
By direct substitution one easily checks that p(x) has three real roots in intervals
(—vc,—v/c+1), (1+1/¢,3/2) and (y/c— 1,4/c) if ¢ > 7, all of modulus strictly
greater than one. For ¢ = 2,3,4,5,6, the polynomial p(z) has one real and two
complex roots outside the unit circle, which can be verified by direct computation.
Alternatively, use the Shur-Cohn criterion [97], [143]. Thus « is a cubic expanding
algebraic integer. In Theorem below, we prove that Z[a] = Bla] in principle
cannot be established by Theorem

Theorem 9.11. The polynomial p(z) = 23 — cx + ¢,c € Z,c > 2,c # 8 does
not divide any polynomial P(x) = a,z" + --- + a1z + ap € Zx] with |ag| >
lai| + |ag| + - - + |an| and ay = £e.

Proof of Theorem . Assume that there exists a polynomial P(z) = a,x"+- - -+
a1x+ag € Z[z] which is a multiple of p(x) and satisfies |ag| > |a1|+|az|+- - - +]|an]
with ag = £¢. Then P(x) = p(x)q(z) for some non constant polynomial ¢ € Z[z].
Since ag = *¢, q(0) = £1. Hence, any irreducible factor of ¢(x) has a root of

modulus less or equal to 1. Let ¢ be one of such roots. Then P({) = 0 implies
—ap = ay + asl? + .. aC™ (9.1)

This implies (¥ = %1 for any coefficient a;, # 0,k = 1...n. Otherwise, by
comparing the real parts of the complex numbers in both sides of (9.1)), one has

Jar] + az] + -+ + lan| > [R(a1C + ax® + ... anC™)] = |aol,

which contradicts the assumption. This shows that ( is a root of unity. Thus ¢(x)
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is a product of cyclotomic polynomials and a constant a € Z. Since ¢(0) = £1,
a = +1. We claim that

q(z) =+ - 1" (x+ 1) @* + Di(2* + o+ 1D%2* — 2+ 1)°, (9.2)

with integer exponents r,s,t,u,v > 0. To prove this, it suffices to show that at
least one coefficient a;, as or as is not equal to 0, so we have ( = £1, (2 = £1 or
¢3==+11n (9.1).

Assume that a; = az = a3 = 0. Let a be the root of polynomial p(z) =
23 — cx + c. Then with ¢ replaced by a implies that o* divides ag = ¢ in
the ring R of algebraic integers of Q(«). Note that p(a) = 0 gives a® = c(a — 1).
Thus a|c in R implies a*|a®, so « is a unit in R. This is impossible, since ¢ > 2
and p(z) is irreducible if ¢ # 8, so the claim (9.2)) is proved.

Observe that ¢ > 1 in implies 2|k for every non zero coefficient ay,
k=1...nin (9.1), since i* = &1 if and only if 2|k (here, as usual, > = —1).
In this case, P(z) = P(—x) = Py(z?) for some polynomial P, € Z[x]. This is
impossible, since such a polynomial P(z) would be divisible by p(z) and p(—=x)
so p(0)? = ¢? divides ag = P(0) = +c contradicting ¢ > 2.

Similarly, 3|k for any non-zero aj in provided v > 1 or v > 1, since
(£eF2m/3)k = £1if and only if 3|k. In this case, P(z) = P;(z®) for some P, € Z[x].
Set ¢ = €*™/3. Then P(a) = P(Ca) = Py(a?®) = 0 for any root « of p(x). The

polynomials p(x) and p(¢x) have no roots in common, since
p(Ca) — pla) = (o — cCa+¢) — (a® — ca+ ) = el — a £0.

This implies that P(x) is a multiple of p(x)p(Cz). Since all roots of P are of
modulus greater or equal to one, one has |P(0)| > [p(0)p(¢0)| = [p(0)]? = ¢* >
¢ = |ag| = |P(0)|, which again leads to the contradiction.

From the arguments given above, it follows that t = v = v = 0, thus ¢(z) =

(x —1)"(x 4+ 1)* is the only remaining possibility. Then
PO = Ip(0)a()? = |(° — ci + 2 — 17+ 1P = ((1+ 0 + )2t
The inequality
[P@@)] < fan] + -+ Jaa| + Jao| < 2laof = 2¢,

implies
(1 +¢)® +c*)2" < 4c?

which is impossible unless 7 = s = 0. This contradicts the assumption that ¢(x)
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is a non constant polynomial and concludes the proof of Theorem [9.11]

9.2.2 Proof of Theorem [9.3

The following lemma provides a necessary condition for a quadratic algebraic

integer to be expanding which will be used in the proof of Theorem [9.3]

Lemma 9.12. Let a be an expanding quadratic algebraic integer with the minimal
polynomial z* + ax + b. Then |a|] < |b]. The equality |a| = |b| holds if and only if
b=la| =2 and |a| # 4.

One could employ the necessary and sufficient conditions (see Corollary 2.1 of
[5]) developed using the Schur-Cohn criterion [97], [143]. Nevertheless, we provide
the proof of Lemma [9.12]

Proof of Lemma[9.19, We might assume that a > 0, since a = —(a+ /) and « is
expanding if and only if —« is expanding. Here o/ stands for the conjugate of «.

Suppose, contrary to our claim, that a > |b|. This implies the inequalities
(a—2)* <a®—4b < (a+2)

a—2< Va2 —-4b<a+2

and

<1

‘ —a+vVa?—4b
2

which is a contradiction, since

{a7a,}:{—ai\éM}'

Now, suppose that |b] = a > 0 and « is expanding. We claim that b = a.

Indeed, b = —a implies

<—a—|—\/a2+4a_ 2a _ 2a
2 a++vVa?:+4a a+a

which again leads to the contradiction.
Thus b = a > 0. Assume that b =a > 5. Then

—a++va? —4a
2

0 1

min {|a|, |/|} = min {‘

a-— a2—4a_
N 2

2a 2a

>
a++vVa2—4a a+a
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which implies that « is expanding.
Finally, one easily checks that b = a = 2 or 3 implies that « is expanding,
whereas b = a = 1 or 4 implies that « is not expanding quadratic algebraic

integer. 0

Proof of Theorem [9.3. Let o be an expanding quadratic algebraic integer with
the minimal polynomial 22+ az +b. Assume without loss of generality that a > 0.
(Indeed, Theorem holds for « if and only if it holds for —«.) By Lemma m,
0<a<|b. If a+ 1< |b| then the result follows from Theorem 9.5 with P(x) =
z? + az + b. Suppose that a = |b|. By Lemma[9.12] b =a > 2 and a # 4. Now
the minimal polynomial of « is 22 + az + a and we can apply Theorem with
Plz)=(r—1)(2*+az +a) =2+ (a — 1)2* — a. O

9.2.3 Proof of Theorem [9.4]

In the proof of Theorem [9.4] we will construct a finite automaton which is
called transducer (cf. [23], [T9]). We follow the notations of [I7§].

Definition 9.13. The 6-tuple A = (Q, 3, A, q,qo,0) is called a finite transducer

automaton if
e (Q,% and A are non empty, finite sets, and
e ¢: QXX —Qandd:Q x X — A are unique mappings.

The sets X3 and A are called input and output alphabet, respectively. Q) is the set of
states and qq is the starting state. The mappings q and 6 are called transformation

and result function, respectively.
We will use the following characterization of expanding cubic polynomials.

Lemma 9.14. The polynomial p(z) = 23 + ax? + bx + ¢ with integer coefficients

is expanding if and only if

|b—ac| <c*—1, 0.3)
b+ 1] < |a+ ¢|. '
Proof. This is Lemma 1 from Akiyama and Gjini [5]. O

Proof of Theorem [9.f] Suppose that « is an expanding cubic algebraic integer
which is a root of the trinomial p(x) = 2 4+ ax? + bz + c¢. Then either a = 0 or
b= 0. If b = 0 then the first inequality of implies |a||c| < ¢2—1 and |a| < |c|.
Hence, each expanding cubic trinomial x3 + ax? + ¢ satisfies 1+ |a| < |¢|, and we

can apply Theorem [9.5] Now suppose that a = 0. Then the second inequality of
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(9.3) implies |b + 1] < |c|. If b > 0, then 1 + [b| < |¢|, and again we can apply
Theorem Let b < 0. Then the inequality |b + 1| < |c| implies b > —|c|. If
b > —|¢|+1, then 1+b| < |c|, and once again we can apply Theorem[9.5] Finally,

3 3

we are left with the trinomials py(z) = 2° — cx + ¢, and py(z) = 2° — cx — ¢,

> 2. Note that po(—z) = —p1(z). Hence, it is enough to consider the trinomial
23— cx+c, ¢ > 2. This trinomial is irreducible provided ¢ # 8 (see the note before
Theorem . However, Theorem shows that in this case it is impossible
to apply Theorem [0.5] Instead, we will construct a finite automaton for this
trinomial.

Now we briefly discuss how to construct the counting automaton Ay(1) which

performs the addition of 1 in Bla]. We will follow the explanation presented in

[178]. Denote (oy,...,00) = XjLy0507. We say that (on,...,00) is an a-adic
representation of v € Z[a| if v = (on,...,00) and oy,...,0n8 € B. Suppose
v € Z|a] has a-adic representation v = (dy(v),dy-_1(v),..., do(v)). We want

to add 1 to the a-adic representation of v, i.e., we want to construct the a-adic
representation of v +1 = (dy/(v + 1), dy—1 (v + 1),...,do(v+ 1)), dj(v+1) € B.
We perform the addition digit wise, from right to left. First, we add 1 to the
first digit do(v). The addition produces a carry ¢; € Z[a| obeying the scheme
do(v) + 1 = do(v + 1) + aqy. Note that in contrast to [I78], our do(v + 1) and ¢,
are not unique unless do(v + 1) = 0. This reduces the problem of adding 1 to v to
the problem of adding ¢; to (dy(v),dn_1(v),...,d1(v)). Iterating this procedure

yields the general scheme
dj(v) +¢j = dj(v+1) + agjr1, j = 0. (9.4)

Since the division procedure is not unique, we restrict our iteration procedure
to the following: for each pair (g;,d;(v)) we fix the pair (g;4+1, d;(v+ 1)) satisfying
(9.4), and each time the iteration starts with (g;,d;(v)) we will use the same pair
(¢j+1,d;(v+1)). Adopting the notation of Definition [0.13} we define the counting
automaton Ag(1) by setting

() = the set of possible carries,

Y=A=58,

Qo =1,

QX3 Q: (g,4;(v) = g541 according to (@),

d:QxX—= At (g,dj(v)) — dj(v+1) according to (9.4).

Now we explicitly construct the counting automaton Agy(1) for a — a root of
2% —cx + ¢, c =2, ¢ # 8. Consider the following table.
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number of carry carry input/output next carry
0 0 : klk 0
1 1 @ k<c—2klk+1 |0
c—1/0 2
T0c : K|k 3
I1c : klk 4
Ile—1 k<O, klk+c—1 |5
k>1, klk—1 4
5 1T : k>e+2 klk—1 |6
¢+ 1/0 7
6 T: k>c+2 klk—1 |0
¢+ 1)0 8
7 10e—1 k>c+2 klk—1 |9
c+1/0 10
10¢ : K|k 9
11c : klk 11
10 21¢c+¢ : klk 12
11 c+1 k<1, klk+1 11
E>0, klk—c+1 |13
12 221+c+c k<1, klk+1 14
k>0, klk—c+1 |15
13 11 : k<c—2,klk+1 |1
c—1/0 16
14| 222+c¢c+e k<2 klk+2 14
E>T1, klk—c+2 |15
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number of carry carry : input/output next carry

15 12¢42 : k<2 klk+2 17
D k=T, klk—ct2 18

16 10c+1 @ k<c—2, klk+1 3
c— 1|0 19

17 11e+2 : k<2 klk+2 11
k>1, klk—c+2 13

18 12 : k<c—3, klk+2 1
k>c—2 klk—c+2 |16

19 21c+c : klk 20
20| 22c+4c+1 : k<0, klk+c—1 21
k>1, klk—1 22

21 12¢—2 : k<1, klk+c—2 23
k=2, klk—2 24

22| 222+c+c k<1, klk+c—2 21
k> 2, klk—2 22

23 12 k<c+2, klk+c—2 |7
k>c+3, klk—2 6

24 ITe—2 : k<1, klk+c—2 5
k>2 klk—2 4

Here @ denotes —a. The second column carry indicates the carry. Carries are
numbered in the first column number of carry. The third column input/output
defines the result function : k& € B denotes the input digit and k|u(k) means that
the corresponding output is u(k) € B. The fourth column next carry defines the

transformation function ¢ indicating the number of the next carry.

One can check that this counting automaton Ay(1) has no zero cycles, i.e., if
we begin with any carry from the second column and start walking the zero path
(each time taking input 0), eventually we will reach the sync point — carry 0. This
means that we can add 1 to any a-adic representation v € Z[a] and obtain an

a-adic representation of v + 1.

If we run the counting automaton Agy(1) starting with the carry no. 6 (i.e.
¢o := 1), this would produce the subtraction of 1. Now if we run Ay(1) starting
with the carry no. 13, this would produce addition of 11 = a+ 1. Then we take
the resulting representation and subtract 1. This gives the addition of 10 = «.
Similarly running Ag(1) with the starting carry no. 5 and then adding 1, we obtain

the subtraction of av. If we run Ag(1) starting with the carry no. 11, then subtract
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10 = « and then for ¢ — 1 times add 1, we would get the addition of 100 = a?.
Finally, running Ag(1) with starting carry no. 4, then adding 10 = « and then for
¢ — 1 times subtracting 1, we obtain the subtraction of 100 = o?. Hence starting
with 0 and applying &1 or a or a2, we can find a-adic representation of any
number lying in Z[a] = Z + Za + Za>. O

Note. The polynomial 23 — cx + ¢, ¢ > 2, ¢ # 8 is not a CNS polynomial (see
Theorem 3 of [50]).

9.2.4 Proof of Theorem

Proof. Let p(x) = 2+ aq_12% ' + ...+ a1z + ag be the minimal polynomial of « .
(Then N(a) = ajag-...-aqg = *ap.) Let v € Z[a], v = Co+ Cra+...+Cyq_jad™1
C; € Z. Then the conjugates of v are v; = Co+Cha;+. . AC;_0d7 i =1,2,....d.
Consider the following division procedure. There are integers r and g such that

Co = r + apq and |r| < |ag|/2. The equality p(a;) = 0 implies

=1 _ ol

% 7

apg = —a10; — ... — Qg1

Thus
Co=r—aq; (alq + asqoy; + ...+ ad,lqaf’Q + q@f’l) )

Denote
Vi =71+ @

where 7/ = Cy + Clay; + ... + C'y_,af with integers Ci;=Cj1—a;11q,0<j <
d—2, Cy_; = —q. (Note that the numbers C} do not depend on the choice of
conjugate 7;.)

Now fix i € {1,2,...,d} and define the sequence x(!) as follows.
(&) _ o _ , d—1
o —BZ—BO—f—BlOzZ—f—...—I—Bd_lG{i s

B;eZ,j=0,1,...,d—1,and :cffil is obtained from 2 via the division procedure

described above, i. e.,

x,(f) =7, + aixg—)i-la |Tn| < |a0’/27 n = 0. (95)
Then
Bi=ro+ra;+ ...+ + a2z (9.6)
and
. i T Tp— i T Tn—
|x§;>|:ﬁ—i—...— 1<|ﬂ| ’°‘+...+| 1‘<
aif oy Q; log|™ o™ |cvi
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i [0 1 1 i a
B bl (L L ) e

a2 \ai|  aa]? o™ 2(Jeu| = 1)
Let m = minj¢;<q || and M = maxi<;<q|8;|. Then the last inequality yields

, M |ao| M |ag|
()] « B a0 R I b 9.7
|x"|\m”+2(|o¢i|—1)\m”+2(m—1) (9.7)

Thus the set {2 : 1 <4 < d, n > 0} is finite, since it consists of algebraic
integers of degree at most d with bounded conjugates Now ([9.5) implies that
the sequence z") is periodic starting from certain n > (Note that ny does not

depend on the choice of conjugate 2(7).)

Further, take any 0; € {z{?) : n > ne}. Since 6; = 2 for infinitely many
positive integers n, (9.7) shows that

ol IN(a)]
2oa — 1)~ 2(Jau] — 1)

forall © = 1,2,...,d. Since ¢; € Z|w], there exist integers Ay, Ay, ..., Ag_1 such
that

10;] <

(9.8)

A0+A1@i+...+Ad,1&?71:6i, 221,2,,d

By Cramer’s rule,

1 og - o2 6 o™ ad=1
A= 1 1 ag - o' 6 ot . adt (9.9)
det(al) .
1 ag - aé_l ¥ ozf;rl ad™!

for j =0,1,...,d — 1. Denote by Ui, 1 < k < d, the determinant obtained from
the last determinant by omitting the k—th row and the j + 1 —th column. On

applying Hadamard’s inequality, one obtains

1

ar

7"75’(:

(9.10)

It’s well-known that det®(a}) = D(«), where D(a) stands for the discriminant of
a (see, e. g., Chapter 2 of [I56]). Then in view of (9.9), and (9.10)), we have

o, |24 — 1

|O‘T|2 -1

1 d
—— > &Uk| <
(@) k=1

r;ék
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|N(a)] ﬁ |ar|2d—1i V0w =1 o)
2 D(O‘ lrf* =1 = |Oék|—1)\/|04k|2T1‘ .

Now, &; = 2! for certain n. Then in view of , we obtain

B=p=ro+ra+t..+r,_1a"t+a"5 =

ro+ria—+ ... +rp 1"+ Aga” + Aot 4+ Ay

Finally, in view of (9.11)), the polynomial
P(x) =ro+mx+ ... 4 ry gz 4 Aga” + A" 4 Ayt

is the required one. [
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Chapter 10

Metric Mahler measure

10.1 Statement of the problem

Through the Chapter , the (logarithmic) Mahler measure of the polynomial
[ € C|z] is denoted by

N
m(f) =loglal + > log" ||

n=1

If « is a non-zero algebraic number, the (logarithmic) Mahler measure m(«) of «

is defined as the Mahler measure of the minimal polynomial of « over Z.

For an algebraic number a, Dubickas and Smyth [74] introduced the metric

Mahler measure mq(«) by

N N
ml(a):inf{Zm(an) :NeN, a,eQ", a= Han}. (10.1)
n=1 n=1

Here, the infimum is taken over all ways to write a as a product of algebraic

numbers. The advantage of my over m is that it satisfies the triangle inequality

my(af) < my(a) +mi(B)

for all algebraic numbers o and 3. In view of this observation, m; is well-defined
on the quotient group G = Q" /Tor(@x), and the map («, 3) — mq(aB™"!) defines
a metric on GG. This metric induces the discrete topology if and only if Lehmer’s

conjecture is true.

The metric Mahler measure m, is only a special case of the t-metric Mahler
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measures, which are defined for t > 1 by

N 1/t N
mt(a):inf{<2m(an)t> :NeN, a, €Q”, a:Han}.
n=1

n=1

In addition, the co-metric Mahler measure of « is defined by
Meo() = inf {1132)5\[{771(04”)} NeN, o, €Q, a= nl;[l an} :

The t-metric Mahler measures were introduced and studied in [I76, 177]. It fol-
lows from the results of [I76] that these functions have analogues of the triangle

inequality
my(aB)t < my(a) +my(B)" and muo(aB) < max{mg(a), ms(3)}

Hence, the map (a, 8) — m(aS~!) defines a metric on G that induces the discrete
topology if and only if Lehmer’s conjecture is true.
If t € [1,00] and o € Q, we say that the infimum in my(a) is attained by

aq,...,ay if we have that

(nyzl m(ozn)t) e if t < o0

a=a---ay and my(a)=
maxic,n{im(a,)} if t = cc.

If S is any subset of Q, we say the infimum in m;(«) is attained in S if there exist
points aq,...,ay € S that attain the infimum in m,(«).

It is not immediately obvious that m,(«) is attained for all values of o and ¢.
Dubickas and Smyth [74] conjectured that the infimum in m; (o) is always attained
a fact later proved by Samuels [I75]. More specifically, if K, is the Galois closure
of Q(«a) over Q and

Rad(K,) = {7y € Q:+" € K,, for some n € N},

then the infimum in m, («) is attained in Rad(K,). Using the same method, this
result was generalized for all t-metric Mahler measures in [I76]. That is, for every
t > 1, the infimum in m,(«) is attained in Rad(K,).

It is natural to ask if these results can be improved, having a smaller set S
in place of Rad(K,). In particular, for each a € Q, we would like to identify a
set S, whose points generate a finite extension of Q and the infimum in m,(«) is
attained in S, for all . This problem is of considerable importance if we hope to

compute exact values of m;(«). For example, Conjecture 2.1 of [I77] predicts that
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if o is rational, then the infimum in m;(«) is attained in Q. With this assumption,
it is possible to graph some examples of the function ¢t — m;(«), where a € Q.

In particular, the main question we will investigate through Chapter [10] is:
Problem 10.1. Is it true that the infimum in my(a) is always attained in Q(a)?

It follows from [74] and [93] that Conjecture 2.1 of [I76] holds for ¢ = 1 and
t = oo. Unfortunately, these methods seem genuinely distinct and cannot be
easily generalized to handle all values of t and «. As our first result, we prove this

conjecture for all £ > 1.

Theorem 10.2. If « is a non-zero rational number and t € [1,00|, then the

infimum in my(«) is attained in Q.

Our next question is whether Theorem [10.2] can be extended to arbitrary
algebraic numbers a.. In view of Theorem [10.2] one might suspect that the infimum
in m;(«) is always attained in K,. This turns out to be false, however, as we are
able to produce an infinite family of quadratic counterexamples. More specifically,

if D is a square-free positive integer, we show precisely when m,(v/ D) is attained

in K /5 =Q(vD).

Theorem 10.3. Suppose that pq, ..., pr are distinct primes written in decreasing
order, D = py---pp, and t € (1,00]. The infimum in m,(v/D) is attained in
Q(\/ﬁ) if and only if D < p?. In this situation, the infimum is attained by points

pilap% - PL € Q(\/E)a
\/p2"‘pL

Jt

L (logp)t)"" if t € (1,00

mt(\/ﬁ) _ (26_1( gpe)) ( )
log p: if t = 0.

and we have that

Theorem [10.3| enables the construction of infinitely many integers D such that
my(+v/D) is not attained in K5 = Q(vVD) for any t > 1. Theorem below
gives a set of points that attain the infimum in my;(a) for algebraic numbers

a = DY* where D > 0 is a square-free integer.

Theorem 10.4. If py,...,pr are distinct primes, D = py---pp, and t € [1,00],

then the infimum in my(DY*) is attained by 'k ,plL/k and

(S (logpe)t) " i t e [1,00)

mt(Dl/k) _
maxi<<p{logp,} if t = 0.
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As an example, for D = 30 = 2 -3 -5, Theorem asserts that m;(1/30) is
attained by v/2,v/3, /5, and

my(V/30)" = (log5)" 4 (log 3)" + (log 2)".

While it is obvious that v/2,v/3,v/5 € Q(v/30), the infimum in m,(1/30) might
be attained by some distinct set of points in Q(v/30). Theorem excludes any

such possibilities.
If we take D = 42 = 2-3-7, Theorem establishes that m,(1/42) is attained
by v2,v/3,V/7, and

my(V42)! = (log 7)! 4 (log 3)" + (log 2)".

Nonetheless, Theorem [10.3| identifies the slightly more subtle points \%, 3,2 €
Q(v/42) that also attain the infimum in m,(v/42). In this example, we note that
the infimum is not attained by a unique set.

At first glance, one might think that the infimum in m,(v/D) can be attained

only by rational numbers and their square roots. This intuition is misleading,

however, as we see in the following example. Let t = co and take D =21 =7 - 3.
We know from Theorem m that the infimum in m,;(1/21) is attained by the

points \/%,3 € Q(v/21) and
me(v/21)! = (log 7)! + (log 3)".

Now consider

V2l = (~1) - (”2@) . (3 _2\/ﬁ> , (10.2)

and we verify easily that

21
m <7+2\/_> =log7 and m <logT.

3— V21
()
In other words, moo(\/ﬁ ) is attained by the points on the right hand side of ,
and these points belong to Q(v/21). It is important to note that m ((3 - \/ﬁ)/2>
is greater than log 3, so these points cannot be used to attain the infimum in
my(y/21) for other values of t. Nonetheless, this example illustrates that the
infimum in m;(v/D) may be attained by using distinct non-trivial sets of points
contained in Q(v/D).

We would like to conclude with the following question.

Question 10.5. Is the infimum in my(«) always attained by points aq, ..., ayN
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such that [Q(a,) : Q] < [Q(«a) : Q] for alln?

According to Theorem [10.4], the answer is 'yes’ when « is a surd, although we

know of little other evidence.

10.2 The rational case

Recall that the (logarithmic) Weil height of an algebraic number « is given by

m(a)

h(a)

- dega’

It is well-known that if ¢ is a root of unity, then h(a) = h(Ca) so that h is well-
defined on our quotient group G. Furthermore, if n is an integer, then we have
that h(a™) = |n|-h(a). Also recall that a surd is an algebraic number « such that
a" € Q for some positive integer n.

Suppose now that F' is any number field containing the algebraic number «.

Further assume that K is an extension of [’ which is Galois over Q. We set
G =Gal(K/Q) and H = Gal(K/F),

and let S be a set of left coset representatives of H in GG. Recall that the norm of
a from F to Q is given by

Normp/g(a) = [] o(w).

oeS

It follows from standard Galois Theory that Normp/q is a homomorphism from
F to Q which does not depend on the choice of K or S. In addition, if F is any

extension of F, then it is easily verified that
Norm g(a) = Normg(a)#+1. (10.3)

We begin our proof of Theorem with a lemma that relates the Mahler measure

of a surd to the Mahler measure of its norm.
Lemma 10.6. If v is a surd then m(y) =m (Norm(@(v)/@(’y)).

Proof. Since 7 is a surd, its conjugates over QQ are given by

{Cl’y» C27’ ct 7<-d,y}
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where d = deg~y and (; are roots of unity. It now follows that

d
7 11 ¢ = Normgy)0(y) € Q.

j=1

Since Normg,),q(7) is clearly a rational number, we have that

m (Normg(y)/a(v)) = h (vd 1:[1 Cj) =d - h(7y) = degy - h(y) =m(7)

completing the proof. O

In our proof of Theorem [10.2] it will be necessary to replace an arbitrary
representation o = «q -+ -y with another representation of a = (37 --- By that

uses only rational numbers and satisfies

2_:1 m(ﬂn)t < 2_:1 m<an)t'

Our next lemma provides us with the necessary elementary number theoretic tools
to do this.

Lemma 10.7. Suppose that m,ry,...,ry are positive integers such that

N
m | I ra.
n=1
For1 <n < N, recursively define the points m,, by
m
my = ged(ry,m) and m, = ged (rn, n1> : (10.4)
i=1 %
Then we have that N
m =[] mn.
n=1
Before we provide the proof of Lemma[10.7], we make one clarification regarding
the definition of m,,. Naively, it would appear that
m
?:_11 m;

is not necessarily an integer, so that taking its greatest common divisor with
another integer might not be well-defined. However, we note immediately that
my | m, which also implies that msy is well-defined. Then clearly we have that

ms | m/my implying that mg is also well-defined. As we can see, it follows
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inductively that
m

m
”| nllrnz

for all 1 < n < N, meaning, in particular, that m,, is well-defined for all such n.

Now we may proceed with the proof of Lemma [10.7]

Proof of Lemma[10.7. We will assume that m # [["_, m, and find a contradic-
tion. Since the product [T, m, divides m, there must exist a prime number p

for which

> Zup(mj), (10.5)

where v,(z) denotes the highest power of p dividing the integer z. It now follows
that

for every n € {1,..., N}. Hence, the definition of m,, implies that

R A e m)} = ()

for every n € {1,..., N}. It now follows from that v,(m) > SN v, (r),

contradicting our assumption that m divides Hn 1 Tn- [

Now that we have established our key lemmas, we may now proceed with the

proof of Theorem [10.2]

Proof of Theorem[10.3. As we have noted in the introduction, the case t = oo is
known [93], so we proceed immediately to the situation where 1 <t < oc.
We may assume without loss of generality that o > 0. Since « is rational,

there exist positive integers m and m’ such that ged(m,m’) = 1 and a = m/m/.

Furthermore, by the results of [I76], there exist surds ay, ..., ay such that
N
a=ar---ay and my(a) =) m(a,). (10.6)
n=1

Let K be a number field containing «y,...ay. Now we may take the norm from
K to Q of both sides of the first equation in (10.6). We apply (10.3)) and the fact
that the Normg g is a homomorphism to establish that

m\lKQ N N [K:Q(an)]
(m’) = H Normg q(as,) H (Norm@ )/Q(an)> )

Suppose further that, for each 1 < n < N, r, and s,, are relatively prime positive
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integers such that

Therefore, we have that

It is obvious that [K : Q(a,)] | [K : Q] so we obtain that

N [K:Q] N [K:Q]
mEQ | (H rn> and m/Y <H sn> :
n=1 n=1

It follows from elementary number theory facts that
N N
m| [[rn and m' | [] sn. (10.7)
n=1 n=1

Setting up the hypotheses of Lemma [10.7, we define recursive sequences cor-

responding to m and m’. First set

m
my = ged(ry,m) and m, = ged (rn, H"1>
and
m/
my = ged(sy,m’) and m], = ged <sn, nl,)
L= my
so we clearly have that

70| = |my| and |s,| = |m]|. (10.8)

Applying Lemma we have that
N N
m=[[m, and m' =[] m]
n=1 n=1

so that

3\3
3‘3

3~

(10.9)

1]
(o) th

Now it follows from the definition of

S

N m t
b — 10.10
) ;mm w0
so we must show that the right hand side of (|10.10]) is also a lower bound for
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my(a)t.

To see this, note that by Lemma [10.6] we have that

m(o,) =m (Norm@mn)/@(an)) -m <ZZ>

for all 1 < n < N. We have assumed that r, and s, are relatively prime, so it

follows from known facts about the Mahler measure that
m(ay,) = log max{|r,|, |sn|}-
Then applying , we find that
o) > togmax{im, | ) > m (22

and consequently,

N N m !
n

@)=Y m(a,)" =Y m <,> :
n=1 n=1 my

Combining this with (10.9)) and (10.10)), the result follows.

10.3 The quadratic case

Our first lemma gives one particular set of points that attain the infimum in
my(v/D) for all t € [1,00]. When t > 1, we can also identify the Mahler measures

of any points ay, ..., ay attaining the infimum in m,(D*).
Lemma 10.8. Suppose that p1,...,pr are distinct primes written in decreasing

order, D =py ---pp, t € [1,00), and k € N. The infimum in m,(D'*) is attained

bypl/k ...,plL/k and

L
Dl/lC Z log pe)*.
=1

Ift > 1 and aq,--- ,ay are algebraic numbers attaining the infimum in mt(Dl/k)

then N > L. Moreover, it is possible to relabel the elements aq, . ..,an so that
(i) m(a,) =logp, for alln < L, and
(7)) m(ay,) =0 for alln > L.

In particular, m(a,,) < logpy for all n.
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Proof. We certainly have that D'/* = p}/ i pé/ k, and by the definition of my,

we know that :
my(DVFY < S m(py M)
/=1

Jk

For each ¢, we know that z* — p, vanishes at pl} and is irreducible by Eisenstein’s

criterion, so that m(pé/k) = m(a® — p;) = log p;. Hence, we find that

(log pe)*. (10.11)

M=

mt(Dl/k‘)t g

~
Il
—

To prove the first statement of the lemma, it is now sufficient to show that

L
my(DY*) =3 (log pe)". (10.12)

=1
Now suppose ay,...,ay € Q attain the infimum in m,(D'*) and select a
number field K containing D/* «y, ..., ay. By definition, we know that DV/* =

ap---ay. Using the fact that Normg g is a multiplicative homomorphism, we
obtain that

N
Normy/q(D*) = T Normg g(an)

n=1

so that

[K:Q(D'/*)] ) [K:Q(an)]

(NOTmQ(Dl/k)/Q(Dl/k)) (1013)

N

= [T (Normgya,)g(an)
n=1

Each of the above norms is a rational number. Hence, for each n, there exist

positive relatively prime integers r, and s, such that

T'n

[Normga,)/q(am)| = -~

Again using Eisenstein’s Criterion, we know that 2* — D is the minimal polynomial
of DY over Q, implying that [Normgpi/ry(D'*)| = D. Substituting these
values into ((10.13)), we find that

N
DI — T (Tn (10.14)

For each n, a,, has minimal polynomial of the form

A

aq— a Tn
fol@) =2+ it g g g 2
ba-1 by Sn



over Q for integers aq,...,aq-1,b1,...,b4_1 with b; # 0 and (a;,b;) = 1. Hence,

its minimal polynomial over Z is given by
fu(z) =lem(s,, bg_1,...,by) - 2%+ %7, lem(s,, bg_y,...,b1)
and its Mahler measure satisfies

m(ay,) = log <T" lem(sp, bg_1, - - - ,bl)) > logr,.
Sn

For each n, let
Pn:{pe {plv‘-'upL} p|rn}

We have assumed that o, ..., ay attains the infimum in m,(D'*), so we get that

epPy

my(DYF)! ivz ) > iv:(logrn i\f: (Z logp> ) (10.15)

Since t > 1, we always have that

(Z 10gp) > > (logp)', (10.16)

pPEP,

which implies that
N

m(D'M) =32 3 (logp)'.

n=1pepr,

However, applying (10.14), we know that for each ¢ € {1,..., L}, there exists
n € {1,..., N} such that p, € P,, establishing (10.12)) and the first statement of

the lemma.

Now assume that ¢t > 1. If |P,| > 2, then we must have strict inequality in
(10.16). Therefore, if |P,| > 2 for some n, then ((10.15)) implies that

L
Dl/k > Z Z log p)"* Z log pe)"
=1

n=1peP,

contradicting (10.11)). Therefore, |P,| < 1 for every n and we have established
that

(a) For every /¢, there exists n such that py | r,,, and
(b) If ¢ # {5 then we can never have that py, | 7, and pe | 7.

It follows from the box principle that N > L. Moreover, we may reorder the
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numbers aq, ...,ay so that p, | 7, for all 1 < n < L, which shows that
m(ay) = logr, > logp, for 1< n< L. (10.17)

If we have strict inequality in (10.17)) for some n, then

my(DY*) = 3" m(a,)" > > (log pe)’ (10.18)

n=1 /=1

contradicting (10.11]) and establishing ({). Similarly, if m(a,) > 0 for some n > L,

then (10.18)) holds as well verifying .
O

Now that we have proven Lemmal[l0.8] the proof of Theorem is essentially
complete. Indeed, when ¢ € [1,00) Theorem is simply the first statement of
Lemma , and the case t = oo was given already in [93]. The only task
remaining is to prove Theorem [10.3, in which the second statement of Lemma
plays a key role.

Before proceeding, we establish some conventions that will be used for the
remainder of this article. For d € Z and r € Q, we say that d divides r = m/n
with m € N, n € Z\ {0} and (m,n) =1, if d| m or d | n. We say that d divides
the numerator or denominator of r if d divides m or n, respectively.

We say that an algebraic number « is stable if all of its conjugates lie either
inside the open unit disk, on the unit circle, or outside the closed unit disk.
Otherwise, we say that « is unstable. It is clear that all rational numbers and
all imaginary quadratic numbers are stable, while real quadratic numbers can be

either stable or unstable. If a is any algebraic number having minimal polynomial
f(z) =anz™ + -+ a1z + ag,
then it is simple to verify that
m(a) = logmax{|ay|, |ao|}

with equality if and only if « is stable. We now state a simple criterion which
allows us to determine if a quadratic algebraic number is stable by considering

the coefficients of the minimal polynomial.

Lemma 10.9. Suppose that o is a quadratic algebraic number having minimal
polynomial f(x) = ax?® + bx + ¢ over Z. We have that « is stable if and only if
la + ¢| > |b|. In this situation, the following hold.
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(1) If |a| < |c| then both conjugates of o have modulus greater than one.
(7i) If |a| = |c| then both conjugates of o have modulus one.
(117) If |a| > |c| then both conjugates of a have modulus less than one.

Proof. Suppose that f(z) = a(x — a)(x — ). If f(1) and f(—1) have opposite
signs, then f has precisely one root in the interval (—1,1). The other root must
also be real and lie outside of (—1,1), so « is unstable. If f(1) and f(—1) have
the same sign, then f has either zero or two roots in (—1,1). In the case of two
roots in (—1,1), « is clearly stable. If f has zero roots in (—1,1), then it either
has two complex roots, in which case « is certainly stable, or two real roots both
lying outside of [—1, 1], also implying that « is stable.

We have now shown that « is stable if and only if f(1) = a + b+ ¢ and
f(=1) = a — b+ ¢ have the same sign. Clearly, f(1) and f(—1) are both positive
if and only if a + ¢ > |b| and both negative if and only if —a — ¢ > |b|. Thus, « is
stable if and only if |a + ¢| > [b].

If, in addition, |a| < |¢|, then |af| = |c|/|a| > 1, so both a and  have modulus
greather than 1. Similarly, if |a| > |c|, then |a8| = |¢|/|a| < 1 implying that both
a and £ have modulus less than 1. Finally, if |a| = |¢|, then |af| = 1. Since « is

stable, @ and 8 must be complex conjugate numbers both of modulus 1. [

The following lemma shows us that certain quadratic algebraic numbers, which
we will encounter in the proof of Theorem have relatively simple minimal

polynomials.

Lemma 10.10. Let D be a square-free integer, p be a prime divisor of D, and
suppose that a a quadratic algebraic number in Q(\/E) If m(a) < logp and p
divides the numerator ofNoer(\/ﬁ)/Q(a), then av is stable. Moreover, the minimal

polynomial of a satisfies
f(r)=ax*+p or f(x)=ax*=+px+p,

where a is a positive integer with a < p.

Proof. Suppose that f(x) = ax?® + bz + ¢ € Z[z] is the minimal polynomial of «

over Z, so we may assume that a > 0. Since « has degree 2, we have that

¢
Normg, /5y /(@) = aa = o

where « is the conjugate of a over Q. We have assumed that p divides the

numerator of Normg, /5 /Q(oz), which itself must divide ¢, implying that p | c.
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Since m(a) > log max{|al, |c|}, we have that
log p < log |¢| < logmax{lal, |c[} < m(a) < logp,

and we conclude that
m(a) = log|c| = log p. (10.19)

It now follows that |a|] < |c| and, since m(«) is the log of an integer, we further
obtain that « is stable. Hence, Lemma implies that |a + ¢| > |b].

We cannot have |a| = |¢|, since

C

Normg /5y /(@) = P +1

is not divisible by p, so it follows that |a| < |¢|. In view of Lemma (), we
have that |al,|a@| > 1. Therefore, we find that

1b] < |a+c| < |a|+ |¢| < 2|c| = 2p. (10.20)

Now let A = b? — dac. Since Q(v/A) = Q(v/D), and D is square-free, we have

A = Dv? for some v € Z. The quadratic formula gives

b2 — Dv?

Noting ) qle0) = ai = "

and since p | D and the numerator of Normg /5 q(@), it follows that p divides 2.
Of course, this implies that p | b. Using ({10.20)), we now see that b € {0,p, —p}.

If b =0, then we have by that f(z) = az® + p, establishing the lemma
in this case. If b = =£p, then |a 4+ ¢| > |b| holds if and only if a and ¢ have
the same sign. So in this situation, yields that ¢ = p which leads to
f(z) = ax® £ px + p. O

Proof of Theorem[10.3. By Theorem [10.4] we know that

Jt
L (logp,)t) if t € (1,00
(VD) = (=fi (log p)?) (1,00)
log py if t = o0.

VD= |- pypp (10.21)
b2 DL

and that each term in the product on the right hand side of ((10.21]) belongs
to Q(v/D). We obviously have that m(p,) = logp, for all £. Furthermore, our

We also observe that
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assumption that D < p? ensures that p,---pp < p1, so it follows that

m|, ———— | =logp;.
P2---PL

Combining these observations, we see that

m<1/w> +X_:mpe Zglogpz )! = my(VD)!

when 1 < ¢ < oo and
max{m ( pl) m(pa).... ,m<pL>} ~ logps = m(V'D).
b2 PL

establishing one direction of the theorem as well as the second statement.

To prove the other direction, we assume that there exist points aq,...,ay €
Q(\/ﬁ) that attain the infimum in mt(\/ﬁ), and for simplicity, we set p = p;.
When t € (1,00), Lemma establishes that that m(a,) < logp for all n. In
the case t = 0o, we also have m(a,,) < logp for all n as a consequence of Theorem

10.4] Since v'D = a; - - aiy, we have that

-D = Noer(\/ﬁ)/Q(\/ﬁ) = ﬁNoer(\/ﬁ)/Q(O‘n)- (10.22)
Defining the set
A= {1 <n<N:p| Noer(\/ﬁ)/Q(an)}
we apply to see that

pRZ (Noer(@)/Q(an)) =1,(D) =1, (10.23)

neA

where the last equality follows since D is square-free. If A contains no irrational

points, then we have that

p | Normg /5y q(an) = oy
for all n € A. However, this implies that v,(Normg /5, o)) is even for all

n € A. It follows that the left hand side of ((10.23]) is also even, a contradiction.

We have shown that there must exist n such that «,, is quadratic, m(a,) <
log p, and p divides Normg,,/p /Q(an). If p divides the numerator of the rational
number Norm@(@) /Q(an), then we may apply Lemma (10.10| to see that «, is
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stable and is a root of
f(x)y=ax*+p or f(z)=az?+pr+p

for some positive integer a < p.

Suppose now that A is the discriminant of f. Since «,, is quadratic over Q,
we have Q(v/A) = Q(v/D). Furthermore, since D is a square-free, we have that
A = Dv? for some v € N. If f(x) = az® & p, we see that A = +4ap, so that

pps - - prv® = Dv? = +dap.
Since po, ..., pr are distinct primes, we obtain that p, - - - pr, | a, and hence,

P2 pL S a<p,

establishing that D < p? in this case.

If f(z) = ax®+pr+pthen A = p?>—4ap = p(p—4a). We have assume that D is
positive so that p—4a > 0, and, trivially, p—4a < p. Hence, D < A = p(p—4a) <
p? completing the proof when p divides the numerator of Noer( VD) /Q(an).

If p divides the denominator of Normg, 5 /Q(an) instead, the p must divide
the numerator of Normgy /5 o(a,'). Of course, we also have that m(a,") < logp
and ;! € Q(\/E) is quadratic, so we may apply the above argument to ;! in
place of a,. O
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Chapter 11

Barker sequences and

polynomials

11.1 Statement of the problem

Let us recall some definitions from Section [2.4) of Chapter [2] A finite sequence
aop, ai, . .., a, of complex numbers is called a binary sequence, if all numbers a;
are equal to 1 or —1. For this sequence, the aperiodic autocorrelation coefficients
¢, —n < k < n are defined by
n—k
Cp = Z ajapy; for 0<k<n and c_j;:=c¢. (11.1)
j=0
Binary (and more generally, unimodular) sequences a; having small autocorrela-
tion values |cx| have a long history in signal processing, see [17], [85], [36], and
[107]. In Chapter , we shall consider binary sequences with autocorrelation co-
efficients ¢, k # 0 equal either to 0, —1 or 1. These sequences were introduced
by Barker [17] in 1953 and are called Barker sequences. Thus Barker sequences
are the binary sequences which possess minimal possible (in absolute value) au-
tocorrelations. Since we enumerate the terms in the sequence starting with 0, the
length of the sequence is equal to n + 1 — we shall keep this convention in mind
through the entire Chapter All the currently known Barker sequences [210],
[40], are summarized in Table bellow (sequences which can be obtained from
these in the table by negating or rewriting them backwards are not included).
Clearly, all the restrictions to which Barker sequences are subjected seem to
be quite special and hard to satisfy. Because of this it is widely believed that
only finitely many Barker sequences exist. Turyn and Storer [210] proved that no
Barker sequences of odd length exist for n > 13. Thus, by the result of Turyn and

Storer [210], all the Barker sequences which are longer than 12 should have even
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Length Sequence

2+

3 44—

4 4+ —+and+++—

5 +++-—+

T +++——+-

11 +4+4+-———+——+-—

13 +4+++——++—+—+

Table 11.1: Currently known Barker sequences

length. However, all the known Barker sequences of even length are very short:

n=1
++7 ) +_7 _+7
n=3
tt—t,  ——t= === =+
T S S e S

In view of this situation, one would expect to find a simple and concise proof of

the following conjecture:
Conjecture 11.1. There exist no Barker sequences of even length > 4.

However, the proof of the non-existence of long Barker sequences still remains
elusive despite a substantial amount of research in the last 45 years. This prob-
lem has been attacked by combinatorial and number theoretical methods. We
remark that various restrictions on the possible values of n were derived by Elia-
hou, Kervaire, Saffari [77], [78], Jedwab and Lloyd [I0§], Leung and Schmidt [I31]
and Turyn [207], [208], [209]. These restrictions were used to check the nonexis-
tence of Barker sequences on computers for very large values of n. The current
computation record belongs to Mossinghoff [I50], who showed that if a Barker
sequence of even length exists, then either n = 189260468001034441522766781604
or n > 2-10%°. All the mentioned results provide a strong evidence in support of
Conjecture [11.1}

In recent literature [40] and [I74], the question of the existence of long Barker
sequences was tied to the existence of polynomials with small integer coefficients
{—1,1} having remarkable analytic properties. In particular, the polynomials
constructed by means of long Barker sequences are thought to have extremely

large Mahler measures and L° norms on the unit circle — which seems to be
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unlikely. The questions about the existence of such extremal polynomials go back
to Littlewood [135], [136], Mahler [I41] and Erdés [82] themselves and have been

open for half a century now.

In the present Chapter we will also focus on the polynomial setting. In Sec-
tion [I1.2] we recall the definition of Littlewood polynomials and define Barker
polynomials. We will explain in detail the relation between the Barker conjecture
and the conjectures on extremal Mahler measures and L® norms of polynomials.
We will state two problems which imply the Barker conjecture. Finally (and most

importantly), we will solve one of these two problems in Section m

11.2 Polynomials on the unit circle

11.2.1 Barker polynomials

Recall that a polynomial p(z) € Z[z] is called a Littlewood polynomial if all
coefficients of p(z) are equal to 1 or —1. The set of Littlewood polynomials is
denoted by

o= {p(z) = a,2" ++ag:a;=Lora;=—1, 0<j<n}.

Littlewood polynomials are very convenient in signal analysis to study properties

of binary sequences and Barker sequences in particular.

The polynomial p(z) € L, is called a Barker polynomial if the coefficients
ag, ay,--- ,a, form a Barker sequence of length n + 1. Since autocorrelations
of the coefficients do not change in magnitude by replacing the polynomial p(z)
with p(—z) or —p(—2z), one can normalize Barker polynomials using the conditions
a, = a,—1 = 1. Also, if p(2) is a Barker polynomial, then the reciprocal polynomial
p*(z) = 2"p(1/2) is also a Barker polynomial. With our convention in mind, the
Barker sequences of even length n + 1 correspond to the Barker polynomials of
odd degree n. Similarly, the Barker sequences of odd length n + 1 correspond to

the Barker polynomials of even degree n.

By the results of [210], there exist precisely five normalized Barker polynomials
of even degree n, namely: 22 +2z—1, 22423422 —2+1, 20425424 — 23 —22 421,
210429 28 T 6t 23— 22 42— 1, and 22 4 2 4210 4 29 4
28— 2T — 284 25 424 — 23 4+ 22 — 2+ 1. According to Conjecture the only
two normalized Barker polynomials of odd degree are the polynomials z + 1 and
B2 +2-1

157



11.2.2 L° norms

Let us recall some definitions. Let P(z) = a,(z—a1)(z—a2) - -+ (z—a,) € C[2]

be a complex polynomial. The Mahler measure of P(z) is defined by
M(P) = [a] ] max {L,]a]}
j=1
In view of Jensen’s formula [I39], one has

1 2 )
log M(P) = - /0 log | P(e)|dt.

More generally, for a real number s > 0, the integral L® norm of a complex

polynomial is defined by the formula

P L penpar)
1Pl = (5 [ 1Penrar)

We should make a note here that || - ||s is a norm in C[z] (as a vector space over
C) only if s > 1. L*® norms have the continuity property: if the polynomial P(z) is
fixed, then the norm || P||s is a monotonically increasing and continuous function

of s. Moreover,

tim (1Pl = M(P), L (1Pl = [[Pll = sup | P(:)].

|z|=1

We remark that, in general, the computation of Mahler measures or L* norms of an
arbitrary complex polynomial is a hard problem. For practical computations, the

most useful is the L? norm. By Parseval’s identity, the L? norm of the polynomial
P(z) = ap2" + - - + a1z + ao,
is given explicitly by
1Pll2 = (Janl” + -+ + s + |aof?) 7

As for the values of M(P) and ||P||s, s # 2, some rough estimates in terms of
coefficients of the polynomial are more useful, see [34] and [I71]. Most often, these
estimates use the easy-computable L? norm as a reference point. For instance,
M(P) < ||P|]2 by the monotonicity property. Hence, it is natural to raise the

following question:

Question 11.2. Given a polynomial P(z) € C[z], how large is the Mahler measure
M(P) of this polynomial in relation to its L*> norm?
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Mabhler [141] investigated the maximum of M (P) for polynomials with bounded
coefficients. Mahler proved that M (P) is maximized if P has complex coefficients
of equal modulus (that is, P is a constant multiple of some unimodular polyno-
mial). Subsequently, Fielding [86], Beller and Newman [22] proved that for such
polynomials, the maximum of M (P)/||P||> tends to 1, as the degree n increases
to infinity.

Obviously, the L? norm of a Littlewood polynomial p € £,, is equal to v/n + 1.
In contrast with a general complex case P(z) € C[z], it is not known whether
Mahler measures of p € £, can be arbitrarily close to or they are bounded away

from the L? norm, i.e. if there exists a constant ¢ > 0, such that

M (p)
Vn+1

for all p € £,,. Here we formulate a weaker conjecture:

<c<1

Conjecture 11.3. For any polynomial p(z) € L,,n > 1, there exists an absolute
constant ¢ > 0, such that
M) <vn+1-c

Even in this weak form, Conjecture is still open. Newman [158], [159] and
Littlewood [135], [136] posed similar questions for the L! norm instead of the
Mahler measure. By the monotonicity property of L® norms, proving Conjecture
for the L' norm also implies the same result for the Mahler measure. The
best known result towards Conjecture is

M(p) < ||plli < v/n+0.91.

This inequality has been obtained in [40] by optimizing previous estimate of New-
man [I58]. Recently, Erdélyi made a significant progress in this direction by
proving L' version of Conjecture for cyclotomic Littlewood polynomials (the
paper [81] is still in preparation).

In [I74], Saffari proved that Barker polynomials of large degree would possess
the property of flatness, namely,

avn+1<|p(z)| < cvn+1,

on the complex unit circle |z| = 1 for some positive constants ¢; and ¢,. The very
existence of such flat polynomials is yet another old question which dates back to
Littlewood [I35], [136] and Erdés [82]. By using the estimate of Saffari, Borwein

and Mossinghoff showed in [40] that if an infinite sequence of Barker polynomials
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would exist, they should have extremely large Mahler measures:
M(p)>+vn+1-1

by Theorem 4.1 in [40]. In view of the last estimate, we formulate the second

conjecture on Mahler measures of Barker polynomials.

Conjecture 11.4. Suppose that p,, (2) is an infinite sequence of Barker polyno-

mials of increasing degree ny. Then one has
lim (M(pn,) = Ve +1) =0.

We note that if both Conjectures [I1.3] and [I1.4] are true, then there are only
finitely many Barker sequences. In Section [L1.3| we shall completely solve Conjec-
ture . Although Conjecture is still open, recent results [81] provide some
hope that Conjecture can be settled in the affirmative.

11.2.3 Class LP,

We start by giving some definitions. Recall that a function P(z) is called a
Laurent polynomial (centered at origin) if it is a polynomial in z and 1/z with
complex coefficients, P(z) € C[z,1/z]. If P # 0 is a Laurent polynomial, then
P(z) = z7™Q(z) for some polynomial @ € C[z], Q(0) # 0 and some m € N:

Qz) ==co+ 12+ + 2" =c¢ [[ (2 — o) € C[2].
j=1

Since P and @ satisfy |P(z)| = |Q(2)| on the unit circle |z| = 1, one can define the

L? norm of P(z) € C[z,1/z] on the unit circle |z| = 1 in a usual way, by setting

P L penpar)
1Pl =@l = (5 [ 1Pepar)

The Mahler measure of P(z) and Q(z) is defined by
M(P) = M(Q) = |ea] T] max {1, ]}
j=1
In view of Jensen’s formula, one has
1 27 .
log M(P) = — / log | P(e)|dt. (11.2)
2m Jo

Now we are ready to introduce the class LP, of Laurent polynomials, which
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arise in a natural way in the investigations of Barker polynomials of odd degree.
The special form that the polynomials P € LP, take allows us to simplify the

mathematical notation considerably.

Definition 11.5. Let n be an odd integer. Define the class LP, as the class of

Laurent polynomials of the form

n

Piz)=m+1+ > o
k=—n, k odd

with coefficients ¢, = —1 or 1 and c_j = cy.

If p(z) is a Barker polynomial of degree n, then the product p(z)p(1/z) is a
Laurent polynomial, which belongs to the class LFP,. In Proposition below we
identify a more precise subclass of the polynomials in LP,, related to the products
of Barker polynomials. We note that this is just a restatement of the theorem of
Turyn and Storer [207], [210]. The proof of Proposition can be also found in
[40].

Proposition 11.6. Suppose that p(z) € L,, is a Barker polynomial of odd degree

n. Then n = 4m?* — 1 for some m € Z and the coefficients c;, of the polynomial

P(z2) =p(z)p(1/z) € LP, in the formula (11.1) satisfy cpy1-x = —cx for 1 <k <
n, so that P(z) can be written as

P(2) = (n+1) + Q(2) + Q(1/2),
where the polynomial
Q(Z) = ann 4+ ... Cka_l + .otz

is a negative reciprocal: z2"'Q(1/z) = —Q(2).

One should note that, while Barker polynomials of large degree are only hy-
pothetical, the class LP, exists and has some very peculiar extremal properties.
Among all polynomials in L£P,, polynomials with all coefficients ¢, equal to 1 or,

alternatively, all coefficients ¢, = —1 are of special interest.

Definition 11.7. Let us denote

Ry(z):=(n+1)+ > 2"
P

We will show that R,,(z) and R,(—z) has several interesting extremal proper-

ties. We begin with some elementary observations.
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Proposition 11.8. Let P € LP,. Then P(e) takes real non-negative values for
t € [0,27). P(z) =0 holds for some z of modulus 1 if and only if P(z) = R,(2)
and z = —1 or P(z) = R,(—z) and z = 1. For each P € LP,, one has

1P[li=n+1,

and
1Pllz = ((n+1)° + (n+ 1))

In addition, we also have
5 ) 1/4
1P||4 < [|Ralls = ((n + 1)(3n® + 290 + 49n + 24)/3) "

After some computer experimentation, we have conjectured in [3I] that the

polynomials R,(z) and R,,(—z) have smallest possible Mahler measures in LP,.

Conjecture 11.9. Among all the polynomials P € LP, the polynomials R, (z)

and R, (—z) have minimal Mahler measures:

We have verified Conjecture [11.9 computationally up to degree n = 39.

Conjecture 11.10. The Mahler measures of polynomials R, (z) satisfy
M(R,) =n—1+4,,

where the error term 6, < 0.725 for all n sufficiently large and the sequence 6, is
slowly decreasing. It seems that 9, is bounded from below, probably o, > 0. If this
is true, then the monotone convergence theorem implies the existence of the limit
lim, oo (M(R,) — (n—1)).

This second conjecture has been verified for polynomials R, of degree n < 250.

We would like to conclude this section with another conjecture on the re-
ducibility of polynomials in the class £P, which, combined with the Proposition
, implies the non-existence of Barker polynomials of odd degree n > 5. This
conjecture has been verified computationally for n < 75. An analogous conjecture
for Barker polynomials in the even degree case was introduced in [37] by Borwein,
Kaltofen and Mossinghoff.

Conjecture 11.11. For each n > 5, the subset of polynomials P € LP, with
coefficients coi1-, = —cg for 1 < k < n in (11.1) contains only two elements

which are reducible in Z[z,1/z] (up to the factor of the form +2™, m € Z). These
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elements are P(z) = R,(z) and P(z) = R, (—z) defined by (11.7)). The polynomial
R.(z) factors into (z — 1)(1 — 1/2)Q(z), where Q € Z[z,1/z] is irreducible.

11.3 Main results

We proceed to state our main results. We will use them to show that Conjec-
ture is true. In the first step, we prove that extremal polynomials R,,, defined
in previous Section [11.2.3] actually have very large Mahler measures. This result

can be seen as a step towards Conjecture [11.10]

Theorem 11.12. For the polynomials R, (z) defined above:
M(R,) >n — ilogn +0(1),
as n — 0o.
The second step is to solve Conjecture [11.9,
Theorem 11.13. If a polynomial P € LP,, then M(P) > M(R,).

One should note that precise extremal results like Theorem [11.13| are quite rare.
A considerably weaker estimate M (R,) > (n + 1)/2 was established already in
the paper [3I]. In general, it is hard to establish non—trivial lower bounds for
Mahler measures of polynomials — see, for example, a nice survey of Smyth [201].
Surprisingly, Theorem admits a simple (but not trivial) analytical proof.
In the present thesis, we will give a short proof of Theorem [I1.13] by replacing
the more lengthy monotone convergence argument used in paper [32] with an
argument based on the continuity of the Mahler measure of the shifted polynomial
P + . This argument was suggested by Erdélyi. For the proof of the continuity
of Mahler measure, see papers of Chern and Vaaler [55] or Boyd [47].

Let us see how our results imply Conjecture . Let p(z) be a Barker poly-
nomial. Then P(z) = p(z)p(1/z) € LP,. Since Mahler measure is multiplicative,

one has

M(p)* = M(p(2))M(p(1/2)) = M(p(2)p(1/z)) = M(P).

Hence, by theorems [I1.13] and [T1.12}

Corollary 11.14. For any Barker polynomial p(z) of degree n, we have
2 1/2
M(p) = M(P)"? > M(R,)"* > (" — —logn + 0(1)) .
T
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This improves Theorem 4.1 in [40]. In addition to this,

logn

2 1/2
Vat1=(n=logn+0() | ~ B0
‘ n+ (n —logn + (1) pay s

as n — 0o. Hence Conjecture [11.4]is proved.
In fact, one can extend the argument of the proof of Theorem [11.13| to prove

a more general result on the extremal L® norms of the polynomials in the class

LP,.

Theorem 11.15. For s € [0,1] U [2,3], the polynomials R,(%z) have minimal
L* norms in the class LP,. On the other hand, R, (z) have mazimal L* norms
in LP, fors € [2j —1,2j], 7 €N, and also for all s which are sufficiently large:
s> so(n).

Theorem is of less significance for studying Barker polynomials. Never-
theless, we include this result to demonstrate that the integral norms in the set
L P, are bounded in a predictable way, which is not the case for general complex
polynomials in C[z]. We remark that the case s € [2, 3] added to Theorem
comes as an observation of Mossinghoff. This case does not appear in the original

paper [32].

11.4 Proofs

11.4.1 Lemmas

Next Lemma [11.16] is a simple formula for the addition of two sine waves

(sometimes referred as the sine phasor formula).

Lemma 11.16. Let a, b, x and « be real numbers. Suppose a+bcosa > 0. Then

we have
asinx + bsin (x + «) = ¢sin (z + ),
where
¢ =+vVa%+ b+ 2abcosa
and

5= ta _1< bsin « )
= tan _ .

a+ bcosa

The proof is straightforward.

Theorem [11.12] will be proven by estimating the integral which appears in

Jensen’s formula. Here are two lemmas which will provide the necessary estimates.
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Lemma 11.17. Let n € N be odd and I(a) :=[a—1/n,a+1/n] CR for a € R.
Then the function
h(t) := (n+ 1)sint +sin (n + 1)t

satisfies the following
logn + log |t| + O(1), if t € 1(0),

log [h(t)] = {logn + O(1/n), ift € I(m/2)U1(31/2),
3logn+3log|t —n|+ O(1), ifte ().

Proof. Since h(t) belongs to C*°(R), it is well approximated by its Taylor expan-
sion. Indeed, if we let N :=n + 1, then the derivatives of h(t) are

M) {(1)5(;Nsint + NEsinNt)  ifk=0 (mod 2),
(=1)2 (Ncost+ N¥cosNt) ifk=1 (mod 2).
We also observe that N is even and log N =logn + O(1/n).
We now suppose t € I(a).

Suppose first that a = 7/2 or @ = 37/2. Then we have h(a) = £N, |h/(t)| <
2N, |t — a] < 1/n and the Taylor expansion of h(t) about a is

h(t) =N+ K'(0)(t — a)
for some 6 € I(a). It follows that

log |h(t)| = log N + log (1 + W) =logn+ O(1/n).

For a = 0, we have h(0) = A"(0) = 0, 1/(0) = 2N and |W/"(t)| < 2N3. Hence,

we have
h/// ( 9)t2
12N

h”’(@)t?’

h(t) = 2Nt +

= 2Nt <1+

for some 6 € 1(0). Since

h”/(9>t2 _ 1 <N>2 B 1 <1 N 1)2 < 2
12N 6\n/ 6 n) —3
SO h///(g) 2 h///(@) 2 h”’(«g) 2
1 t t t 5
-—<1- <1 <1 —.
3~ 12N —‘+ N | = T ey | T3

Hence
log |h(t)| = log N +log|t| + O(1).
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Finally, for a = 7, we have h(a) = h'(a) = h"(a) = h¥(a) = 0, K"(t) = N—N?
and |h®) ()] < 2N°.We get

_N-N?
]

h(t) (t—m)%+

for some 6 € I(m). Since

hO (0)(t — )
| 20(N — N?)

_ N3 1 (n+1) <1(1+1>3<4
10(N3 — N)nz 10 \n3(n + 2) 10 n) 5

hP(0)(t — )
20(N — N3)

SO

1o
b}

1+

2
3

Hence
log |h(t)] = log(N? — N) +log |t — 7|* + O(1) = 3logn + 3log |t — «| + O(1).
This completes the proof. O]

Lemma 11.18. Let n > 2. Ifa € {0, 7}, then we have

a+2/n 4 1
/ 10g|sint|dt——10gn+0<>,
a—2/n n n
and
a+1/n 2 1
/ log | sin (t + S(n,t))|dt = —logn+0(>
a—1/n n n
where

B(n,t) = tan~! ( sin (nt) ) |

n+ 1+ cos (nt)
If a € {m/2,37/2}, then we have

a+2/n 1 a+1l/n 1
/ log |sint|dt < — and / log [ sin (t + B(n,))|dt < —.
a—2/n n a—1/n n

Proof. If a = § or a = 37”, then 0 < sin (g — 1) < |sint| < 1 in the interval

la —2/n,a+ 2/n]. Hence

a+2/n 4
/ log | sin t|dt| < ()
a—2/n n

If a =0 or a =7, then we write

T 1
log sin ( — 1)’ < —.
2 n

D
log |sint| = log sinft — a) + log |t — al.
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Note that the function |sin (¢t —a)/(t — a)| is continuous and strictly positive in

la—2/n,a+ 2/n]. Hence
a+2/n in(t — 1
[ 0g = gy L
a—2/n n

On the other hand,

a+2/n 4 2 4 1
/ log|t—a|dt:(1og—1>:—1ogn—|—0()
a—2/n n n n n

and hence

a+2/n . 4 1
/ 10g|smt|dt:—logn+0<>.
a—2/n n n

From Lemma [I1.16|{with a =n+1,b= 1,2 =t and o = nt, we have

(n+1)sint + sin (n + 1)t

sin (¢ + B(n,t)) = c(n,t)

where ¢(n,t) = \/(n +1)2+1+4+2(n+1)cos(nt). Let h(t) = (n + 1)sint +
sin (n 4+ 1)t. By Lemma|11.17] if a = 7/2 or 37 /2, then log |h(t)| = logn+O(1/n)
for all t € [a — 1/n,a + 1/n]. Hence

a+l/n 1
/ log [h(t)|dt = 222" 1+ O(1/n?).

—1/n n

In addition, log¢(n,t) =logn + O(1/n). Hence

a+1/n1 gt 1
in (¢ + t —.
/a_l/n og|sin (t + f(n,t))|dt < >

If a = 0, then log |h(t)| = logn + log |t| + O(1) for all t € [a — 1/n,a + 1/n]

and hence

2logn

a+1l/n
/ log |h(t)|dt =

—1/n n

1/n
+ /—1/n log |t]dt + O(1/n) = O(1/n).

If a = m, then log |h(t)| = 3logn+3log|t — 7|+ O(1) forall t € [a—1/n,a+1/n]

and hence

a+l/n
/ | Josl(ld = =55 43 [ Cloglt — mldt +0(1/n) = O(1 /).
a—1/n T—1/n
Hence
a+1/n ] 2 1
/ 1og|sm(t—|—ﬁ(n,t))|dt:—logn+0<> . O
a—1/n n n
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11.4.2 Propositions and Theorems

Proof of Proposition[11.8 Let P € LP,. Then

P(z)=(n+1)+ > a=m+1)+ > a4+,
k=—nk - odd k=1,k — odd

For z = ¢, t € [0,27),

=(n+1)+ zn: 2c,coskt > (n+1)—(n+1)=0,
K odd
since n is odd and ¢y = £1. The equality is possible if and only if all ¢; cos(kt) =
—1. In particular, for £ = 1, cost = 1 or cost = —1. In the first case, t = 0, hence
all the coefficients ¢, = —1. In the second case t = 7w and all ¢, = 1. This proves
that P(e™) > 0 for all P € LP, and P(e") = 0 only if P(z) = R,(+z). Thus for
any P e LP,

1Pl = o [ 1P(ld = o [ Plet)dt =
Yoon o 2 N

™ Jo

=(n+1)+ > —/ cosktdt = (n+1).
K odd o

By Parserval’s formula,

I1Pl3=n+1)%+ > 2¢=Mn+1)>+(n+1).

k=1
k — odd

It remains to compute L, norm. By Parserval’s formula, ||P|[} is equal to the
sum of squares of coefficients of the polynomial P2. Clearly, if all ¢; = 1, then all
the coefficients of P? are positive and achieve maximal values. Thus maximal L,

norm is achieved by the polynomial R,,. By the direct calculation,

R.(2)? = ((n +1) + zn: zk>

k=—n,k odd

k=—n,k odd k=—n,k odd

= (n+1)*+2(n+1) zn: zk+< i zk)

168



n 2n n

= (n+1)2+2(n+1) Z 2 4 Z Z 2™

k=—n,k odd m=—2n \ ki,ka=—n,k; odd
m even k1+ko=m
2n
= Z Ay 2™
m=—2n
where
2(n+1) if m is odd and |m| < n,
J 0 if m is odd and |m| > n,
" (n+1)(n+2) ifm=0,
n+1—@ if m is even 0 < |m| < 2n.
Therefore,
2n
IR.(2)l1 = > i
m=—2n
= (n+1)(n+2)*+ (n+1)(2(n+1))? Zn—i—l—

1
= 3+ (3n° +29n” + 49n + 24)

We are ready for the proof of Theorem

Proof of Theorem [11.12. 1t suffices to consider the "4+ case in R,,, since the ”—¢

case is R,(—z). We may also assume n > 3. Let z := . Then

R.(z2) = (n+1)+ Z 2F
k=—n, k odd
n+l _ z(n+1)

z
= 1

(n+1)+ o
_ (n+1)sint+sin(n+ 1)t
B sint '

Now using Lemma [11.16|with a =n+1, b= 1, x =t and a = nt, we have

sin (t + B(n,t))
sint

Ry(e") = c(n,t)

with

c(n,t) = \/(” +1)24+1+2(n+1)cos(nt), B(t) = tan™* ( sin (nt) ) ’

n + 14 cos (nt)
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since a +bcosa = (n+ 1) 4+ cosnt = n > 0. Observe that

n<c(n,t) <n+2, (11.3)
and
B()] < tan~" (1) <1 (11.4)
- n n )

The last inequality follows from tan™! [¢| < |¢| for all ¢ € R. By Jensen’s formula,

we have

21 27 .
2mlog M(R,,) — / logc(n, t)dt = / (log |Rn(e")] = log c(n, t)) dt
0 0

27
= / log | sin (t + S(n,t)| — log | sint|dt.
0

We now estimate the integral of log | sin (¢ + S(n,t))| by using Lemma [11.18, Let

2r—1/n

I:/02W10g|sin(t+ﬁ(n,t))|dt:/ o sin ¢+ (1)

—1/n

because the integral is periodic with period 27. We now write

log |sin (t + B(n, t))|dt + /Jlog|sin (t + B(n, 1))|dt

(11.5)
where I(a) = [a — 1/n,a + 1/n] as in Lemma and J is the complement of
the disjoint union 7(0) U I(7/2) U I(mw) U I(37/2) in [—-1/n,27 — 1/n).

I— /
1(0)UI (r/2)UI(x)UI (37 /2)

In view of Lemma [11.18] we first have

4 1
/ log | sin (t + B(n, ))|dt = —logn+0(>. (11.6)
1(0)UI (n/2)UI (m)UI (37/2) n n

Since the function |sint| is increasing for ¢ € [0,7/2] and ¢ € [r, 37/2], we find

log | sin (t + S(n,t))|dt > log | sin (¢t — 1/n)|dt

-/Jﬁ([O,ﬂ/Z]U[ﬂ,Sﬂ/Z])
w/2—2/n 3r/2—2/n

= (/ —i—/ >log]sintldt.
0 s

Similarly, since the function | sin ¢| is decreasing in intervals [7 /2, | and [37/2, 27],

/Jm([o,w/mu[w,gw/z})

we find

log |sin (t + B(n,t))|dt > log |sin (t + 1/n)|dt

/]ﬁ([w/Qm}U[?m/Z,Qw])

T 2T
= (/ -I—/ ) log | sin t|dt.
w/242/n 3r/242/n
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Therefore, we have

2 w/24+2/n 3r/24+2/n
/log\sin (t+ B(n,t))|dt > / log | sint|dt — (/ +/ ) log | sin t|dt
J 0 w/2—2/n 3r/2—2/n
2m 1
= [Tog|sintldi + 0 () (11.7)
0 n
by Lemma [11.18, In view of (11.5)), (11.6) and (11.7), we have
2m 2m 4 1
/ log | sin (t + S(n,t))|dt > / log | sint|dt — —logn + O () :
0 0 n n
Hence from (|11.5)),
2 4 1
2nlog M(R,,) > / log ¢(n, t)dt — —logn + O <> :
0 n n
Finally, since

c(n,t) = \/(n+ 124+ 14+ (2n+1)cost =ny/1+0(1/n)

so log ¢(n,t) =logn + O(1/n). Hence

2 1
log M(R,) > logn — —logn + O () .
nm n

Applying the exponent on both sides of the above inequality and using e™* > 1—t

for ¢ > 0 one obtains
2 1 2
M(R,) >n <1 — —logn+0O <>> =n— —logn+ O(1),
nm n m

as claimed. O]

Finally, we give proofs of Theorem [I1.13 and Theorem [T1.15]

We need some notation. Let

n

T(z)= Zn: crz and  Up(2)= > 2z~

k=—n k=—n
k — odd k — odd

Then P(z) = (n+ 1) +T(2) and R,(2) = (n+ 1) + U,(2). From the proof of

Theorem 2.3 in [31], for any real number ¢ € [0, 27), one has

- " - i i 1)t
T(e")=2 > cpcoskt and Une") =2 > coskt= M
k=1 =1 sint
k —odd k — odd
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We start with a simple observation.

Lemma 11.19. For any m € Z, m > 0,

1 f2n 1
T / Tm it . / m
2T 2

Moreover, the equality only holds for T'(z) = U,(z). For odd n, we have

1 2 . 1 27 .
o [Tt = o [T uetyd =0 11.8
o et = o [ o) (113)
for any odd m.
Proof. Write
()= | > ZF| = Y Az
k=—n, k=—mn
n — odd

where the coefficients Aj, are defined by

Ak = Z Cky " Clypy -

k1++km:k7
—n<k;<n,
kj —odd

Since
1 p2r 0, if £ # 0,
—/ eMdt = 7
2m Jo 1, if k=0,

mn

27
21/ m zt dt Ak/ zktdt A
T Jo

this yields

k——mn
Observe that Ay achieves the maximal value if and only if all products ¢, - - - ¢

m

in the sum are equal to 1. This is possible if all the coefficients ¢, = 1, i.e.,
T(z) = Uy,(z). This proves the result.

To prove the last assertion, since all m and k; are odd, so
ki+-+kn=14+---+1=m=1£0 (mod 2)
and hence Ay = 0. O

Proof of Theorem [11.15. From now on, we assume that n is fixed. Choose arbi-
trary € > 0 and set N, :=n+ 1+¢. Let P(z) € LP,. Recall that

2 um

—log(1 — = — e — 11.
og( ) u—i—2+ +m+ (11.9)
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holds for any real number u € [—1,1). Moreover, the infinite series converges
absolutely if |u| < 1. Note that the polynomial 7'(z) of P(z) satisfies

1T

< 1.
tén[o%ﬂ') Na

To see this, note that |T(e®)] < n+1 = N. —e. Hence, for u = T(e")/N, in
, the Weierstrass M —criterion implies that the series converges uniformly in
the interval ¢ € [0,27) for each polynomial P(z) € LP,. Since the convergence
is uniform with respect to ¢, we can integrate and exchange the integration and

summation to obtain

[T [T

The application of Lemma [11.19] gives
2 Tm it
Z / mN m S Z /

By the uniform convergence argument, the exchange of the summation and inte-

2 Um

gration yields

00 2 Um<€it) 2 Un<€it)
S —Ldt = — 1 1-— . 11.1
> [T - og( ) a (11.10)

Thus we have proved that

2m T(e') 2m U, (e™)
— [Tog (1 - dt < — / log (1 — dt.
/0 8 ( N, ) 0 o8 ( N,

It remains to observe that the integral on the right hand side of the above identity
is equal to 2m(log M(P(—z) +¢) — log N.), and the integrand on the right hand
side is 27(log M (R, (—z) + ) — log N.) by Jensen’s formula. By multiplying the

last inequality by —1 and exponentiating, one gets
M(P+¢)) > M(R, +¢),

since M(P(—z) +¢) = M(P(2) +¢), M(R,(—2) +¢) = M(R,(z) +¢). Now we
use the fact that Mahler measures are continuous functions with respect to ¢, and
obtain the inequality M (P) > M(R,) by letting ¢ — 0. O

Proof of Theorem [11.15 We use the integral L° norm formula instead of Jensen’s
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formula and the binomial formula instead of —log (1 — u):

(I+u)p=> (;)M”, for |u| < 1.

m=0

As in the proof Theorem for arbitrary e > 0, let again N, :=n+1+¢. We

have

1 20| P(et) + ¢l
P+e)/N|J° = —/ e)re
el = o [P

_ 217T/2W<1+T]<\it)>sdt
A NIC

The exchange of the integration and summation in the binomial series is possible

dt

by the same uniform convergence argument. One has

1 27 . 1 27 .
- ™ it = —/ m( it = if 1 .
27T/0 (e")dt 5 o UM(e")dt =0, if m is odd

i ramt=g 3 (o) [7(5))

The binomial coefficients are given by

<S> ~1, <5> _sle ) mm ) 108,

Hence

0 m m)!

If 0 < s < 1, the coefficients (an) are negative for m > 1, whereas (zms+1) are

positive for m > 0. By the first part of Lemma [11.19
00 o T(eit) 2m
dt
=) 17(5)
00 o Un<€it) 2m
dt
=) 7 (57)
1 g2 Un(e®)\’
= —— 1
27r/o <+ N, )dt
- L [
B 2 Jo

N
since the constant term m = 0 in the binomial power series is the same on both
sides. Thus, we have found that ||P +¢l||, > ||R, +¢€||,- Taking the limits on

both sides as ¢ — 0, one obtains || P||, > [|R||,, since the L® norms are continuous

P +e)/Nells =

1
27
1
21

dt = —||(Rn + &) /Nell3,
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with respect to the argument function.

Suppose now that s > 1. The binomial coefficients (TZ) are positive for m <
s+ 1. If s is an integer, the binomial coefficient (ni) =0form > s+ 1. If
s ¢ N, binomial coefficients alternate in sign for m > s+ 1, and the first negative

coefficient occurs at m = [s]+2 (here [s| denotes the integer part of a real number).
Thus

S>>0form:0,1,2,... if se(2j—1,2f),j € N.
2m
Hence
L& (s 2 (T(e))™"
P+e)/N| = — /
pramts = o3 (o) [7(5))
1 & (s 2r (U, (e') 2m
< — dt
5 3 (o) L ()
Ru(e) + ¢l

By the same continuity argument, it follows that || P||, < ||R,]],.

Let us consider now the case s € [2,3]. Observe that only the m = 0 term
in the sum has a positive binomial coefficient, and the rest of non zero terms
are all negative. For the negative ones, replacing T' by U,, will decrease the sum.
Replacing T by U,, does not change the constant term m = 0. Hence, ||R,||, is
minimal in the class LP, for s € [2,3].

Observe that the proof fails if s € (27,25 + 1), since (
while (S) < 0 for 2m > s + 1.

2m

2;) >0for2m<s+1

It remains to prove the last statement of Theorem [I1.15] Recall that for a
fixed polynomial P(z), the norm || P||s is a continuous, monotonically increasing
function of s and lims o || P||s = || P|leo- Since the polynomials R, (z) have maxi-

mal infinity norms || R, ||« = 2(n+ 1) in the class LP,, it follows that R, (z) have

maximal norms for all s sufficiently large. O]
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Chapter 12

Composition equations

12.1 Statement of the problem

In Chapter [12], we shall investigate the following problem:

Problem 12.1. Do there exist integer polynomials f(x), g(x) and h(z) of degrees
deg f = 3, degg > 2, f(x) separable (and possibly irreducible in Z[x]), such that

flg(x)) = f(a)h?(z)?

This question has been posed in connection with a recent work of Borwein, Choi
and Ganguli [30] on the sign changes of the Liouville’s lambda function A(f(n)) for
the values of integer quadratic polynomials f(z) € Z[z| at integer points n € Z.
Recall that for n € Z, the lambda function A(n) is defined by A(n) = (—1)%),
where (n) is the total number of prime factors of n, counted with multiplicity.
Alternatively, A(n) is the completely multiplicative function defined by A\(p) = —1
for each prime p dividing n. Chowla [56] conjectured that

> Af(n)) = o(x)

n<a
for any integer polynomial f(z) which is not of the form f(z) = bg(x)?, where
b € Z and g(z) € Z[z]. For f(x) = z, Chowla’s conjecture is equivalent to
the prime number theorem and has been proven for linear polynomials f(z), but
is open for polynomials of higher degrees. Even the much weaker conjecture of

Cassaigne et al. [54] which states

Conjecture 12.2. If f(x) € Zlx] and is not of the form of bg*(x) for some
g(x) € Zlx], then A(f(n)) changes sign infinitely often.

has not been proved unconditionally for the polynomials of degree deg f > 2.
In the paper [30], it was proved that the sequence \(f(n)) cannot be eventually

constant for quadratic integer polynomials f(z) = ax? + bx + ¢, provided that
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at least one sign change occurs for n > (|b| + (|D| + 1)/2)/2a, where D is the
discriminant of f(z). The proof is based on the solutions of Pell-type equations.
In practice, using this conditional result, one can prove the Cassaigne’s conjecture
for any particular integer quadratic f(x), for instance, f(z) = 322+ 2z + 1. In
contrast, the only examples of degree deg f > 3 for which the conjecture has been
proven in [54] are f(z) = Hé?:l(aa: + b;), where a,b;, € N, b are all distinct,
by = -+ = b; (mod a). No similar examples of irreducible integer polynomials of
degree d > 3 are known. It appears that the problem of finding an irreducible
example of degree d = 3 is interesting and probably difficult.

We now explain how the composition identity in Question could be of use
to prove that A(f(n)) or A(f(—n)) is not eventually constant for cubic polynomials
f(z). Assume that the leading coefficient of g(x) is positive. Since degg > 2, there
exists a positive integer ng such that g(n) > n for integers n > ng. Suppose that
there exist two integers ko, lp > ng such that A(f (ko)) = —=A(f(lo)). Then A(f(k;))
and A(f(l;)) also differ in sign for infinite sequences of integers k; and [;, defined
by kj11 = g(k;) and 141 = g(1;), 7 = 0, since A(f(g(n))) = A(f(n)) follows by the
composition identity.

Unfortunately, the answer to Question [12.1] is negative. In the next section,
we prove a general result which holds for polynomials with coefficients in an
arbitrary field K. Our result shows that one cannot prove the conjecture for
cubic polynomials f(z) by using the composition identity in Question . We
also refer to [64], where a certain composition identity was used to investigate
multiplicative dependence of integer values of quadratic integer polynomials and

[62] for further results in this direction.

12.2 Main Result

The main result of Chapter [12]is the following theorem:

Theorem 12.3. Let m > 2 be an integer not divisible by the characteristic of
the field K. Suppose that f(x) € K[z] is non constant and separable, and the

polynomial g(x), degg = 2, has a non-zero derivative. Then the equation
fg(x)) = f(x)n™ ()
holds if and only if:
I) f(z) =ax +0, a,be K,a#0, g(x):<x+> h"™(z) — —
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or
I7) f(z) = ar® +bx +c, a,b,ce K, a+#0, m =2,

with

- (). - (2.

where Ty, (x), Up(x) are Chebyshev polynomials of the first and second kind, re-
spectively, D = b*> — 4ac is the discriminant of f(x).

We remark that the condition on the separability of f(x) cannot be weakened
in Theorem |12.3] which can be seen by taking f(x) = g(x) = z(x — 1)™ in Q|x].
The requirement that g(x) has a non-zero derivative for fields K of characteristic
p # 0 also cannot be weakened. Indeed, consider the simple example given by
flx) = 2% =1, g(z) = 2 in F,[z]. Also, if the characteristic p divides the
exponent m # 0 in the equation f(g(x)) = f(x)h™(z), then one can write h™(z) =

K7 (2P) = hIVP(z), where ha(z) is a polynomial with coefficients in K.

Recall that for the field K of characteristic not equal to 2, the Chebyshev
polynomials T, (x) € K|x] of the first kind are defined by the linear recurrence of

order two:
To(z) =1, Ti(z)==x, Thio(x) = 22T 41 (x) — T, (). (12.1)

In the similar way, the Chebyshev polynomials of the second kind U,(z) € K|x]

are defined by the recurrence

Up(z) =1, Ui(x) =2z, Upia(z) = 22U 41 () — Uy (). (12.2)

Polynomials T, (z) and U,(x) contain only even powers of x for even n, odd
powers of z for odd n. Thus, the coefficients of g(x) and h(z) in Theorem [12.3]
(II) lie in K if n is odd and in K(v/D) if n is even. Chebyshev polynomials
have many other remarkable properties, see, for instance, [I72]. They play a
key role in the theorems of Ritt for decompositions of polynomials [I85]. In
addition, Chebyshev polynomials are related to permutation polynomials over
finite fields called Dickson polynomials [I33]. In our proof, the following property
of Chebyshev polynomials will be useful:
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Proposition 12.4. Suppose that the characteristic of the field K is not equal to
2. Then all solutions of the Pell equation

P(z) = (2* = 1)Q*(x) =1
in the ring K[x] are given by
P(.CE) - :tTn(ZE), Q($> = :tUn—l(x)a

where T,,(z) and U,(z) are Chebyshev polynomials of the first and second kind,

respectively.

The equation which appears in Proposition is a special case of a gen-
eral polynomial Pell equation P(z)? — D(z)@%*(z) = 1. Solutions to general Pell
equations in polynomials over complex number field K = C were investigated by
Pastor [162]. Dubickas and Steuding [75] gave an elementary algebraic proof for
arbitrary field K. The proof of Proposition can be found in [75]. Alternative
proofs (in the case K = C) are given in [16] and [162].

12.3 Proof of main theorem

Proof. Set d = degf. Let a € K and b € K be the leading coefficients of
polynomials f(z) and g(x), respectively, ab # 0. Suppose that L is the field
extension of K generated by the roots of the polynomials f(x), 2™ —1 and 2™ —b.
Then

f@)y=a [] (z—- ). (12.3)

Here V(f) C L denotes the set of the roots of the polynomial f(x). The compo-
sition equation f(g(z)) = f(z)h™(x) factors in L[z| into

a (9(x) —a)=a H (x — a)h™(x), (12.4)

acV(f) acV(f)

and one can cancel a on both sides. Observe that distinct factors g(z) — o on
the left hand side of are relatively prime in L[z], since their difference is a
non-zero constant. We claim that at most one factor g(z) — o may be relatively
prime with f(x) if m > 2, and the characteristic of K does not divide m. Indeed,
suppose that g(x)—3, 8 € V(f), 5 # « is another such factor. Then both g(z)—«
and g(z) — 3 divide h™(x), so g(x) — a and g(x) — 8 must be the m-th powers of
some polynomials u(z) and v(z) in L[z] which divide h(z), say, g(z) —a = u™(x)
and g(x) — f = v(z)™. (Note that u(x) and v(x) belong to L[z], since the field
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L contains all roots of f(z) and the m—th roots of the leading coefficient b of the
polynomial g(z)). Then u(z)™ —v(x)™ = §—« is a non-zero constant polynomial.
On the other hand,

u" () — o™ (z) = mH (u(z) - Cu(a)),

where ( is a primitive m—th root of unity in L, and at least one of polynomials
u(z) — ¢/v(z) has degree greater than or equal to one, which is impossible.
Now, suppose that V(f) = {a1,0a9,...,aq4}. Let V; be the set containing all

distinct common roots of the polynomial g(z) — «; and the polynomial f(x),
Vi i= Vigla) — ;) NV (f).
Then g(z) — a; = fj(x)uj(x), where u;(z) € Lz] and

filz) = 1] (z = o).

a€V;

Note that f;(z) are all separable and coprime in L[z]. Since f(x) is also separable,

the equation ((12.4)) implies
d d
a] fi(z) = f(z) and consequently, IT w(z) = p™ (). (12.5)
j=1 j=1

The polynomials u;(x) are relatively prime, thus u;(x) = h}'(z), j = 1,..., d,
for some polynomials h;(z) € L{z] whose product is equal to h(z) in (12.5)). Let
n; :=deg f;, for j =1,...,d. Without loss of generality, assume that n; < ng <
. < ng. Then ny > 0. Observe that ny > 1 if n; = 0, since no two factors
g(z) — a; can be coprime with f(z), as noted above. The first identity in ((12.5)
gives
ny+ng+---+ng=degf=d. (12.6)

Since g(z) = f;(z)h;(z)"+a;, one also has deg g = n; (mod m). We now consider

two cases for deg g modulo m.

Case 1). Assume that degg =0 (mod m). Then n; > m for j > 2, hence
d>m(d—1) (12.7)

by (12.6). Since m > 2, one has d > 2d — 2 which is possible for d = 1 or d = 2
only. Suppose that d = 2. Then one also has m < 2 by (12.7)).

Case 2). Assume that degg # 0 (mod m). Then ny = --- = ng = 1 by (12.6).
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Let deg g = sm + 1, where s := degh; > 1 for 1 < j < d. Since h}*(v) | g(r) — ay,
the polynomials hJ*~" () are (relatively prime) factors of the derivative ¢'(z). By

conditions of Theorem, ¢'(z) is a non-zero polynomial, hence
ms > degg >degh! '+ .- +deghl ' =d(m—1)s

and, consequently,
m = d(m —1). (12.8)

Then d < m/(m —1) < 2. Suppose d = 2. Then, in addition, (12.8)) gives m < 2.

Thus, it remains to consider the cases d = 1 and d = 2. In the first case, the
polynomial f(x) is linear, thus f(x) = az + b with a,b € K, a # 0. The equation
flg(x)) = f(x)h™(x) is equivalent to

ag(x) + b= (ax 4+ b)h" (),

so one simplification solves g(x), and this completes the proof in the case d = 1.
Suppose d = 2. Then f(z) = az?+bx+c with a,b,c € K, a # 0. Let D = V*—4ac,
D # 0, since f(x) is separable. One also has m = 2 by the conditions of Theorem
12.3l and the degree inequalities in the two cases above. Hence, it suffices to find
the polynomials g(z) and h(z) in the equation f(g(z)) = f(z)h?*(x). Since the
characteristic of the field K is not equal to 2 by the conditions of Theorem [12.3]
the linear change of variables z — z(t) defined by

tvVD —b
O el

2a
transforms the polynomial f(z) into
D
) 20
fla) = D F(D),

where F'(t) =t — 1. Set

Gll) = \/15 <2ag (T) + b) L H@® =h (T) |

By straightforward substitution, one easily checks that the map x — x(t) trans-
forms the composition equation f(g(x)) = f(x)h*(z) into

D/4aF(G(t)) = D/4aF (t)H?(t).
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Canceling the factor D/4a on both sides, one obtains
F(G(t)) = F()H*(t),

or, equivalently,

G*(t) — (* — 1)H*(t) = 1.

By Proposition [12.4] all the solutions to this equation are given by the formulas
G(t) = £T,.(t), H(t) = £U,-1(t), where T,,(t) and U,(t) are Chebyshev polyno-
mials of the first and second kind, respectively. Application of the inverse map
t — t(x) now yields the result. O

12.4 Rational and integer examples

Let f(z) = az® + bz + ¢ be a quadratic polynomial with rational coefficients.
For n = 3 in Theorem |12.3] one has T3(z) = 42 — 3z and Uy(x) = 422 — 1. Then

f(g(z)) = f(z)h*(z) holds by Theorem [12.3] for

g(z) = (16a*2” + 24abx® + (9b* + 12ac)z + 8be)/ D,

(12.9)
h(z) = (16a*z* + 16abz + 3b* + 4ac)/D.

Extend the definition of A function to the whole set of rationals Q by the complete
multiplicativity of A\. Then, using the method outlined in Section [12.1} one can
prove easily the following analogue of Theorem 2 in [30] for the sign changes of
A function at rational points f(r), r € Q, namely: either A(f(r)) is constant for
all rational numbers 7 greater than the largest real root of g(x) — x or it changes

sign infinitely many often.

The question of finding all solutions of the composition equation in integer
polynomials f(z), g(x) and h(z) is closely related to the solution of the polynomial
Pell equations in Z[z], see [145], [157], [213]. This does not seem to be easy. The
examples of such polynomials are f(x) = 2? £ 1, f(z) = 2? £ 2, f(z) = 2 + 4.
Respective polynomials g(z) and h(z) with integer coefficients can be found using

(12.9). See Table bellow.
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Table 12.1: Examples of polynomials f(x), g(z), h(x) € Z[z] in Theorem [12.3]
f(z) g() h(z)
22 4+1 423 +3x 42241
2 —1 423 -3z 422 -1
22 +2 223+3x 22241
2 =2 223 —3x 22%2-—1
> +4 23432 22+1
2—4 2*—3zr 2*2-1
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Chapter 13
Conclusions

During the doctoral studies at Vilnius University, we have worked on math-
ematical problems focused on polynomials and their heights. These problems
originate in diverse fields, from number theory and Diophantine analysis to sig-
nal processing. By the combination of considerable efforts and pure luck, several
mathematical results were obtained. In this last Chapter, a brief summary of

these results is given.

« For any real polynomial P(z) € R[z] , we introduced the reduced height
by the formula H(P) = infoerpz) — monic H (PQ). We studied the properties
of the reduced height. We restated the problem of explicit calculation of
reduced heights as a problem for power series vanishing at points of a finite
symmetric set in |z| < 1 with prescribed multiplicities. Some relations of
the reduced height of a polynomial to other measures of height were also
given. Most of the results obtained in our work show that the calculation
of the reduced height of a polynomial is not straightforward. For example,
we found that H(z? — 18z — 82) = 63 and H((x — 8/5)%) = 9216/8245, but
H(z? — 18z + 82) = 64.999999999999999999999999863 . . . which is the sum
of certain infinite series. It seems likely that this constant is a transcendental
number. Our work on the reduced height was carried out in parallel with
the Schinzel’s work [I87], [I88] on the reduced length of real and complex
[189] polynomials.

« We studied the quantity S((,n) := maxyea, |f(¢)|, where A, is the set of
all real polynomials of degree at most n — 1 with coefficients in the interval
[0,1] and ( is a fixed complex number of modulus 1. We first demonstrated
that in principle, for any given ( € C and n € N, the quantity S(¢,n)
can be calculated. Then we computed the limit lim,, ., S(¢,n)/n for every

¢ € C of modulus 1. It is equal to 1/x if ¢ is not a root of unity. If
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¢ = exp(2mik/d), where d € N and k € [1,d — 1] is an integer satisfying
ged(k,d) = 1, then the answer depends on the parity of d. More precisely,
the limit is 1, 1/(dsin(7/d)) and 1/(2dsin(7/2d)) for d = 1, d even and
d > 1 odd, respectively.

We investigated the sets of Newman and Littlewood numbers: these are
algebraic numbers which are complex roots of Newman polynomials (poly-
nomials with coefficients 0,1 and constant term 1) and Littlewood polyno-
mials (polynomials with coefficients —1,1). For each Newman polynomial
P(z) of degree at most 8, we found a Littlewood polynomial divisible by
P(z). Moreover, we showed that every trinomial 1+ uz® 4+ va®, where a < b
are positive integers and u,v € {—1,1}, so, in particular, every Newman
trinomial 1 + 2% 4+ 2 divides some Littlewood polynomial. Nevertheless,
we proved that there exist irreducible Newman polynomials which divide no
Littlewood polynomial, e.g., 27 + 2% + 2% 4+ 2 + 1. These results show that
the sets of Newman numbers V), Littlewood numbers V, and the set of all
complex zeros polynomials with coefficients{—1,0, 1}, which is denoted by
V', are distinct in the sense that between them there are only trivial relations
Vi € V and V; C V. Moreover, V 2 V; U V). Our example of Newman
numbers which are not Littlewood numbers settles the problem 006:07 posed
by prof. A. Dubickas at the 2006 West Coast Number Theory conference.
The proofs of the main results use both mathematical theory and computer

algorithms.

We investigated the Mahler measures of a derivative f'(z) of a self-inversive
polynomial f(z) € C[z]. Mahler proved that M(f") < dM(f) for each f €
C[z] of degree d. In contrast, it is known that for self-inversive polynomials
f(2) is a self-inversive polynomial of degree d > 2 then M(f') > 4M(f).

Following the remark of Smyth, we improved the later inequality to

d

M(f) = S(M(f)* + [ FO)F)

We showed that the constant d/2 is the best possible for d even, namely,
that the quotient M (f")/M(f) takes every value in the interval (d/2,d] as
f runs through reciprocal polynomials f € R|z] of degree d. It seems likely
that for d odd the constant d/2 is not optimal. For instance, for d = 3, the
optimal value of the constant is 1.93867997 ... instead of 3/2. For each odd
d > 5, we proved that there exists a monic reciprocal polynomial f € Z[z]
of degree d such that M(f') < %M (f). A corresponding problem for L*

norms of a self-inversive polynomial and its derivative was also considered.
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o We considered the geometric progressions G of real numbers which have
common elements with some arithmetic progression A. We proved that the
intersection GNA of an infinite geometric progression G = u, uq, uqg?, ug®, . . .,
where u > 0 and ¢ > 1 are real numbers, and an infinite arithmetic progres-
sion A contains at most 3 elements, except for two kinds of ratios q. The
first exception occurs for ¢ = /¢, where r > 1 is a rational number and
d € N. Then this intersection can be of any cardinality s € N or infinite.
The other (possible) exception may occur for ¢ = 3/¢, where 5 > 1 is a real
cubic algebraic number with two nonreal conjugates of moduli distinct from
B and d € N. In this (cubic) case, we proved that the intersection G N A
contains at most 6 elements. We also formulated an equivalent result on the
values of fractional parts of powers {£a™}, extending the previous results of
Supnick, Cohen, Keston [205], Ehlich [81], Posner and Rumsey [164], [165].

o We investigated the problem of explicit construction of number systems
(B, @) in the rings Z[a] for expanding algebraic integers a. We proved that
such number systems with certain finite digit sets B C Z can be constructed
by elementary means. We proved inequalities for the size of digits in the set
B. We showed that if « is quadratic or cubic trinomial, then one can choose
B=A0,+£1, ..., £(|N(a)| — 1)}, where N(«a) stands for the absolute norm

of a over Q.

e In the 2007 West Coast Number Theory conference Problem 007 : 14 Walsh
asked to determine all irreducible polynomials of the form P(z) = 2* + 27 +
2¥ + 4 with integer exponents ¢ > j > k > 0, such that for some positive
integer [ the polynomial P(z!) is reducible in Z[z]. We proved that such
polynomials are quadrinomials %™ + 3™ + 2*™ + 4, where m is an odd
positive integer. In addition, Walsh asked for the examples of reducible
quadrinomials 2 + 27 + 2¥ +n, n > 4 with no linear or quadratic factors.
We found some examples of reducible polynomials of such form above with

a negative coefficient n.

e A. Dubickas and C. Smyth introduced the metric Mahler measure

ml(a):inf{%m(an):NEN,Oq---aN:a},

n=1

where m(a) denotes the usual (logarithmic) Mahler measure of a € Q.

Samuels extended this definition in a natural way to the ¢-metric Mahler
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measure by replacing the sum with the usual (discrete) ¢/ norm of the vector

(m(aq),...,m(an))

for any t > 1. In a joint work with Samuels, for a € QQ, we proved that the
infimum in m;(a) may be attained using only rational points, establishing
an earlier conjecture. However, we demonstrated that the natural analogue
of this result fails for general o € Q by giving an infinite family of quadratic
counterexamples. As part of this construction, we proved an explicit formula

for the computation of m,(D'/*), where D € N is square-free.

For odd integer n > 0, we introduced and studied Laurent polynomials

with all coefficients ¢, equal to —1 or 1. We denoted the class of such poly-
nomials by £P,. Such polynomials arise in the study of Barker sequences
of even length — integer sequences having minimal possible autocorrelations.

In particular, we studied extremal polynomials

R(z)=m+1)+ > 2
oy

with all the coefficients ¢, = 1. We proved
2
M(R,) >n— —logn+ O(1).
T

By using an elementary (but not trivial) analytic argument we established
that polynomials R,(z) with all coefficients ¢, = 1 have minimal Mahler
measures in the class £P,. This allowed us to deduce that Barker poly-
nomials of large degree would possess unlikely large Mahler measures. A
generalization of this result to L°® norms was also given. The proofs given
in the present thesis benefit from the remarks made by Erdélyi and Moss-
inghoff, cf. [32].

We solved the equation f(g(z)) = f(z)h™(x) where f(x), g(z) and h(x)
are unknown polynomials with coefficients in an arbitrary field K, f(z) is
non-constant and separable, degg > 2, the polynomial g(x) has non-zero
derivative ¢'(z) # 0 in K|z], and the integer m > 2 is not divisible by the
characteristic of the field K. We proved that this equation has no solutions
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if degf > 3. If deg f = 2, we proved that m = 2, and we wrote down
all solutions explicitly in terms of Chebyshev polynomials. Diophantine
applications for such polynomials f(z), g(z), h(z) with coefficients in Q or
7 were considered in the context of the conjecture of Cassaigne et al. on

the values of Liouiville’s A function at points f(r), r € Q.

We hope that the results which were obtained in the course of the doctoral research
will be of use to other researchers. One day, these results may become just another

brick in the wall of some more general mathematical theory.
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