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A PROOF OF THE CONJECTURE OF LEHMER

JEAN-LOUIS VERGER-GAUGRY

October 21, 2019

ABSTRACT. The Conjecture of Lehmer is proved to be true. The proof mainly relies upon:
(i) the properties of the Parry Upper functions fig (z) associated with the dynamical zeta
functions {g (z) of the Rényi—Parry arithmetical dynamical systems (8-shift), for a a re-
ciprocal algebraic integer & of house [¢] greater than 1, (ii) the discovery of lenticuli of
poles of {g (z) which uniformly equidistribute at the limit on a limit “lenticular” arc of the
unit circle, when [@] tends to 11, giving rise to a continuous lenticular minorant M, (lal ) of
the Mahler measure M (), (iii) the Poincaré asymptotic expansions of these poles and of
this minorant M, ([&] ) as a function of the dynamical degree. The Conjecture of Schinzel-
Zassenhaus is proved to be true. A Dobrowolski type minoration of the Mahler measure
M(«) is obtained. The universal minorant of M(«) obtained is 6, !'> 1, for some integer
n > 259, where 6y, is the positive real root of —1 +x+x". The set of Salem numbers is
shown to be bounded from below by the Perron number 63*1] = 1.08545..., dominant root
of the trinomial —1 — z3* + 73!, Whether Lehmer’s number is the smallest Salem number
remains open. For sequences of algebraic integers of Mahler measure smaller than the
smallest Pisot number ® = 1.3247..., whose houses have a dynamical degree tending to
infinity, the Galois orbit measures of conjugates are proved to converge towards the Haar
measure on |z| = 1 (limit equidistribution).

Keywords: Lehmer conjecture, Schinzel-Zassenhaus conjecture, Mahler measure, mi-
noration, Dobrowolski inequality, asymptotic expansion, transfer operator, dynamical zeta
function, Rényi-Parry B-shift, Parry Upper function, Perron number, Pisot number, Salem
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1. INTRODUCTION

The question asked by Lehmer in [116] (1933) about the existence of integer univariate
polynomials of Mahler measure arbitrarily close to one became a conjecture. Lehmer’s
Conjecture is stated as follows:

Conjecture 1 (Lehmer’s Conjecture). There exists an universal constant ¢ > 0 such that
the Mahler measure M(Q) satisfies M(o.) > 1+ c for all nonzero algebraic numbers o, not
being a root of unity.

Many works attempted to solve it, e.g. by Amoroso [8] [9], Blansky and Montgomery
[26], Boyd [30] [31], Cantor and Strauss [48], David and Hindry [54], Dobrowolski [60],
Dubickas [65] [66], Hindry and Silverman [98], Langevin [110], Laurent [115], Louboutin
[125], Masser [131], Mossinghoff, Rhin and Wu [139], Schinzel [173], Silverman [179],
Smyth [183] [184], Stewart [187] [188], Waldschmidt [209] [210]).

If o is a nonzero algebraic integer, M(cot) = 1 if and only if @ = 1 or is a root of unity
by Kronecker’s Theorem (1857) [107]. Lehmer’s Conjecture asserts a discontinuity of
the value of M(a), a € ﬁ@, at 1. In the Survey [207] the meaning of this discontinuity
is evoked in number theory and in several domains by analogy where it admits different
reformulations.

In this note a proof of the Conjecture of Lehmer is proposed, which is based on the dy-
namics of algebraic numbers (cf sections §2 and §3): more precisely on the dynamical sys-
tem of numeration of the beta-shift in the sense of Rényi and Parry and on the generalized
Fredholm Theory which is associated to it by the transfer operators of the -transformation.
It brings the dynamical zeta functions (g(z) of the B-shift into play. An ad-hoc theory of
divergent series (Poincaré asymptotic expansions) is introduced for formulating the lentic-
ular poles of the dynamical zeta functions C[; (z) as functions of the dynamical degree of 3.
It allows to establish an universal minoration of the Mahler measure M(«) for any nonzero
algebraic integer @ which is not a root of unity, by a new Dobrowolski type minoration.

Let us reduce the problem. If o is an algebraic number which is not an algebraic integer,
then M() > 2. If o is an algebraic integer for which the minimal polynomial is not
reciprocal, then M(a) > ® the smallest Pisot number, by a Theorem of C. Smyth [181].
For every reciprocal algebraic integer o, such that || > ¢, where ¢ > 1 is a (fixed) constant,
then M(a) > c. Therefore the problem of Lehmer amounts to find an universal minoration
of M(a) when |a| tends to 17, It is a limit problem. The problem is strengthened when
the condition “when || tends to 11 is replaced by “when [@] tends to 177, taking into
account all the conjugates at the same time. This limit problem constitutes the statement of
the Conjecture of Schinzel-Zassenhaus [52], as follows:

Conjecture 2 (Schinzel - Zassenhaus’s Conjecture). Denote by my,(n) the minimum of the
houses [&] of the algebraic integers Q of degree n which are not a root of unity. There exists
a (universal) constant C > 0 such that

C
(1.0.1) my(n)>1+~, n>2.
n



A PROOF OF THE CONJECTURE OF LEHMER 4

Schinzel - Zassenhaus’s Conjecture is a consequence of Lehmer’s conjecture: if r is the
number of conjugates ') of o satisfying |o(!)| > 1, then M(o) < [@] . Thus

C
@ > M(e)! /7> M(@) 1 > (1) > 1
For Lehmer’s Conjecture, due to the invariance of the Mahler measure M(ct) by the trans-
formations z — +z*¥! and z — +7F!, it is sufficient to consider the two following cases:

(i) o real reciprocal algebraic integer > 1, in which case « is generically named f3,
(ii) o complex reciprocal algebraic integer, |ot| > 1, with arg(a) € (0,7/2],
with |o¢| > 1 sufficiently close to 1 in both cases. In section § 6 we show how the nonreal
complex case (ii) can be deduced from the real case (i) by considering the Rényi-Parry
dynamics of the houses [a] .

Let us consider case (i). By the Northcott property, the degree deg(f3), valued in N\
{0,1}, is necessarily not bounded when 8 > 1 tends to 17. To compensate the absence
of an integer function of B which “measures” the proximity of 8 with 1, we introduce the
natural integer function of 3, that we call the dynamical degree of 3, denoted by dyg(B),

which is defined by the relation: for 1 < 8 < HT\B any real number, dyg(f) is the unique
integer n > 3 such that

(1.0.2) 0, <B<8,
where 6, is the unique root in (0, 1) of the trinomial G,(z) = —1 +z+z". The (unique)
simple zero > 1 of the trinomial G (z) := 142z""! —z",n > 2, is the Perron number 6, !.

The set of dominant roots (6, !),>2 of the nonreciprocal trinomials (G (z)),>2 constitute
a strictly decreasing sequence of Perron numbers, tending to one. Section § 4 summarizes
the properties of these trinomials. The sequence (6, 1),,22 will be extensively used in the
sequel. It is a fundamental set of Perron numbers of the interval (1,6, 1) simply indexed
by the integer n, and this indexation is extended to any real number 3 lying between two
successive Perron numbers of this family by (1.0.2). Let us note that dyg(f) is well-defined
for algebraic integers B and also for transcendental numbers 8. Let k := k(1,amax) =
0.171573... (cf sections §4, §5 and §6 for the proofs).

Theorem 1.1. (i) Forn> 2,
o _ [ deg(8,")  if  n#S5(mod6),
(1.03) dyg(8, ") =n = { deg(6,)+2  if n=5(mod6),

(ii) if B is a real number which satisfies 6, l<B< 0, Jl, n > 2, then the asymptotic
expansion of the dynamical degree dyg(B) = dyg(6,') = n of B is:
Log(B—1) Log(—Log(B—1))\?
1.04 d =———"11
(104 ve(P) B—1 1o(( Log(B—1) )l

with the constant 1 in the Big O; moreover, if B € (6, 1,6, _11), n > 260, is a recip-
rocal algebraic integer of degree deg(f), then

(10.5) dyg(ﬁ)<w> + (%) < deg(P).
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The Poincaré asymptotic expansion method has been introduced for the roots of (G,) of
modulus < 1 in [206]. Then the Conjecture of Lehmer for the family (6, !),>> was solved
(in [206]) by using this method and the resulting asymptotic expansions of the Mahler
measures (M(6,')),>2, as functions of n. In the present note this method is extended to
any reciprocal algebraic integer 3 of dynamical degree dyg(f3) large enough, where now

“dyg(B)” replaces “n”.

The choice of the sequence of trinomials (Gj,) is natural in the context of the Rényi-Parry
dynamical systems (section § 2) and leads to a theory of lexicographical perturbation of the
trinomials G, compatible with the dynamics. This is at variance with other attacks of the
Conjecture of Lehmer by perturbed cyclotomic polynomials or polynomials having all their
roots on the unit circle ([7], Ray [156], Doche [62], Sinclair [180], Mossinghoff, Pinner and
Vaaler [138], Toledano [200]). Taking the integer function dyg(f) as an integer variable
tending to infinity when 8 > 1 tends to 17 is natural. All the asymptotic expansions, for
the roots of modulus < 1 of the minimal polynomials Pg(z), for the lower bounds of the
lenticular Mahler measures M, (f3), will be obtained as a function of the integer dyg(f3),
when 8 > 1 tends to 17

To the B-shift, to the Rényi-Parry dynamical system associated with an algebraic integer
B > 1, are attached several analytic functions: (i) the minimal polynomial function Pg(z)
which is reciprocal by Smyth’s Theorem [181] as soon as M(f) < ® = 1.3247..; (ii) the
(Artin-Mazur) dynamical zeta function of the 3-shift [10], the generalized Fredholm deter-
minant of the transfer operator associated with the -transformation 73 [14], the Perron-
Frobenius operator associated to I [103] [134] [135] [191]. The main theorems below are
obtained using the Parry Upper function fg(z), which is the opposite of the inverse of the
dynamical zeta function ¢ B (z). The Parry Upper function at f3 is the generalized Fredholm
determinant associated with the transfer operator of the B-transformation (Baladi [12]).

Using ergodic theory Takahaski [191] [192], Ito and Takahashi [103], Flatto, Lagarias
and Poonen [79] have given an explicit expression (reformulation) of the Parry Upper func-
tion fg(z) of the B-shift. This simplified expression is extensively used in the sequel.

The Parry Upper upper function at 3 takes the general form, with a lacunarity controlled
by the dynamical degree (Theorem 2.7, Proposition 3.2):

fp@)=—1+z+z%eB) pzmpgmygmsy
B
(1.0.6) = Gayg(p) +2" +27"+7" + ...

with my > 2dyg(B) — 1,my1 —my > dyg(B) — 1,4 > 1. For 9(1;;([3) <B < ediy;;(ﬁ)fp
the lenticulus £ of zeroes of fg(z) relevant for the Mahler measure is obtained by a

deformation of the lenticulus of zeroes £y -1 of Ggye(p) due to the tail ™ +27"2 + ...
dyg(B)

itself. For instance, for Lehmer’s number f = 1.17628... ., the dynamical degree dyg(f) is
equal to 12 and

f5(@)=—1+z+2%+21+ M+ P+ 50418 1184

is sparse with gaps of length > 10 = dyg(f3) — 2. The lenticulus Zp is close to 02”9131
represented in Figure 1.

The passage from the Parry Upper function fg(z) to the Mahler measure M(f3) (when
B > 1 is a reciprocal algebraic integer) constitutes the main discoveries of the author, and
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relies upon two facts: (i) the discovery of lenticular distributions of zeroes of fg(z) in the

annular region e~0¢f = 113 < |z| < 1 which are very close to the lenticular sets of zeroes of

the trinomials Gy () (z) of modulus < 1; (ii) the identification of these zeroes as conjugates of 3.
The quantity Log 8 is the topological entropy of the B-shift. These lenticular distributions
of zeroes lie in the cusp of the fractal of Solomyak of the 3-shift [185] (recalled in section
§ 3.2). The key ingredient for obtaining the Dobrowolski type minoration of the Mahler
measure M(f3) in Theorem 1.4 relies upon the best possible evaluation of the deformation
of these lenticuli of zeroes by the method of Rouché (in section § 5) and the coupling
between the Rouché conditions and the asymptotic expansions of the lenticular zeroes.
The identification of the complete set of the conjugates B of B, [B?| < 1 (B > 1 be-
ing a reciprocal algebraic integer), seems to be unreachable by the present method. The
identification of the lenticular conjugates of modulus < 1 can only be done in an angu-
lar subsector of arg(z) € [—-%, %] (Proposition 5.30 and Theorem 6.1). Consequently the
present method only gives access to a “part” of the Mahler measure itself. We denote by

Zp, .,2”%; " the lenticular sets of zeroes of fg(z), resp. of Gay,(g)(z). We call

the lenticular Mahler measure of f. It satisfies M, () < M(f3). We show that § — M,(3)
is continuous on each open interval (6!, Gn__]l) for the usual topology, and that it admits
a lower bound which can be expanded as an asymptotic expansion of dyg(f) (Theorem
6.3). The general minorant of M(f3) for solving the problem of Lehmer comes from the
asymptotic expansion of the lower bound of M,(f); it is given by (1.0.18).

Case (ii) 1s now an extension of case (i). The minoration of the Mahler measure of Py,

is deduced from the Rényi-Parry dynamics of the house [&]. For a a nonreal complex

reciprocal algebraic integer, |a| > 1, such that 1 < [a] < HT‘E, the dynamical degree of o
is defined by dyg(c) := dyg([a). Once [@] > 1 is close enough to 17, three new notions
appear:

(1) the equality Py, = P& between the minimal polynomials, resp. of o and [a] ,

(1) the identification of the lenticular zeroes of fiz with the lenticular zeroes of Py,
and the continuity of the minorant of the lenticular Mahler measure with the house
[] of o (Theorem 5.31 and Remark 5.32),

(iii) the fracturability of the minimal polynomial Py (z) = (— e (2)Pu(z)) X fim (2) as
a product of the two integer arithmetic series: — g (2)Po(2), fim(z) € Z][z]] (The-
orem 5.30 and Theorem 6.1). The fracturability of the minimal polynomial Py (z)
obeys the Carlson-Polya dichotomy [50] [154] as:
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(1.0.7)
( onC if [X] 1s a Parry number,

with — (i) (2) Pa(z) and fig
as meromorphic functions,

Po(2) = =C@lz) Pa(2) X fia (2)
on|zl <1  if B is a nonParry number,
with |z| = 1 as natural boundary

( for both — {1 (2) P (2) and fiar

The domain of fracturability of Py, is the open subset of the open unit disk on which
— 8 (2)Py(z) is not constant, does not vanish, is holomorphic. The domain of
fracturability of Py contains the lenticular zeroes of Py.

Lehmer’s number, say f, is the smallest Mahler measure (> 1) of algebraic integers known
and the smallest Salem number known [137] [139]. It is the dominant root of Lehmer’s
polynomial, of degree 10,

(1.0.8) Pe,(X)=Xx"+X"-X"-X X" X' - X +X + 1.
The above general equality Py = Bg in (i) is the generalization of the identity: Pg (X) =

Py (X).

The main theorems are the following.

Theorem 1.2 (ex-Lehmer conjecture). For any nonzero algebraic integer o which is not a
root of unity,
M(a) > 9,7_] >1  for some integer n > 259.

Theorem 1.3 (ex-Schinzel-Zassenhaus conjecture). Let o be a nonzero recipocal algebraic
integer which is not a root of unity. Then

(1.0.9) @ o> 14—

deg(ar)

with ¢ = 6,1 — 1 with n > 259.

The following definitions are given in section § 5. We just report them here for stating
Theorem 1.4. Denote by amax = 5.87433... the abscissa of the maximum of the function
a— x(1,a) = ;e%p()f on (0,00) (Figure 2). Let & := k(1,amax) = 0.171573... be the

value of the maximum. Let S := 2arcsin(k/2) = 0.171784.... Denote

1+251n \/1 12sin(5) 4 4(sin(3))?
Artty i=exp / Log | [ ax)

(1.0.10) =1.15411..., a value slightly below Lehmer’s number 1.17628...

Theorem 1.4 (Dobrowolski type minoration). Let ¢ be a nonzero reciprocal algebraic
integer which is not a root of unity such that dyg(a) > 260. Then

S 1
(1.0.11) M(&) > Arttr = Arbly 5 (m)
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In terms of the Weil height A, using Theorem 5.3, the asymptotics of the minoration
(1.0.11) takes the following form:

S 1
(1.0.12) deg(a)h(e) = Log (Arptr) +5— Log (ol — 1)’

The minoration (1.0.11) can also be restated in terms of the usual degree. Let B > 0. Let
us consider the subset .#p of all nonzero reciprocal algebraic integers o not being a root of
unity such that [@] < 0,5 satisfying n := deg(c) < (dyg())®. Then

SB 1
1.0.13 M(a) > Aty — A —< ) ac Ty
( ) ( ) = Ny rlr o Logn € B
Comparatively, in 1979, Dobrowolski [60], using an auxiliary function, obtained the as-
ymptotic minoration, with n = deg(a),

3
(1.0.14) M(a) > 1+ (1—¢) (M) . >,
Logn

with 1 — & replaced by 1/1200 for n > 2, for an effective version of the minoration. In
(1.0.11) or (1.0.13), the constant in the minorant is not any more 1 but 1.15411... and
the sign of the n-dependent term is negative, with an appreciable gain of (Logn)? in the
denominator.

The minoration (1.0.11) is general and admits a better lower bound, in a similar formu-
lation, when « only runs over the set of Perron numbers (6, l)nzz. Indeed, in [206] , it is
shown that

A 1
1.0.15 M) > A——( ) , >0
( ) (8:) 6 \Logn "=
holds with the following constant of the minorant

_ /3
(1.0.16) A := exp(%L(Z,)@)) - exp<?1 § Log (2 sin(g))dx> — 1.38135...,
0

higher than 1.1541..., and L(s,x3) := L>1 %151?1) the Dirichlet L-series for the character
X3, with x3 the uniquely specified odd character of conductor 3 (y3(m) =0,1 or —1 ac-
cording to whether m = 0, 1 or 2 (mod 3), equivalently y3(m) = (%) the Jacobi symbol).
The two constants in (1.0.11) and (1.0.15) are: A,u,-S/(2w) =0.0315536...1in (1.0.11) and
A/6=0.230225...in (1.0.15).

The Mahler measure M(G,,) of the trinomial G, is equal to the lenticular Mahler mea-

sure M, (G,,) itself, with limit lim,_, + . M(G,,) = lim,_ 1 M,(G,) = A, having asymptotic

expansion
1 +0(LogLogn)2)
ogn Logn

with r(n) real, [r(n)| < 1/6. In the case of the trinomials G, the characterization of the
roots of modulus < 1 can be readily obtained (section §4) and does not require the detection
method of Rouché. In the general case, with § € (6,1,6,- Jl), n = dyg(fB) large enough,

(1.0.17) M(G,) = A(l +r(n) ¢
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applying the method of Rouché only leads to the following asymptotic lower bound of the
lenticular minorant, similarly as in (1.0.17), as (section §6.2):

2 LogLogn.»
U r > AUy - e s :
(1.0.18) M (B)_Au(1+Logn+0(( Logn ) )
2 .
with | % + 0((L0gL0gn) )| arcsm(K/Z).
Logn T

Denote by Miys := liminfig; _,;+ M(o) the limit infimum of the Mahler measures M(a),
oc ﬁ@, when [@] > 1 tends to 17. Then

(1.0.19) Arpty < Mine < A.

Because the -shift is compact, it seems reasonable to formulate the following conjecture
on the possible intermediate values between Mj,¢ and A.

Conjecture 3. For any vy € [Mint, A) there exists a sequence of integer monic irreducible
polynomials (Hy,(z))m such that limy,_, 1 M(Hp,) = V.

Lenticuli of conjugates lie in the cusp of Solomyak’s fractal (section § 3.2) [70]. The
number of elements of a lenticulus .Z}, is an increasing function of the dynamical degree
dyg(a) as soon as dyg(o) is large enough. The existence of lenticuli composed of three
elements only (one real, a pair of nonreal complex-conjugated conjugates) is studied in
section § 7.1. Such lenticuli appear at small dynamical degrees. Since Salem numbers
have no nonreal complex conjugate of modulus < 1, they should not possess 3-elements
lenticuli of conjugates, therefore they should possess a small dynamical degree bounded
from above. We obtain 31 as an upper bound as follows.

Theorem 1.5 (ex-Lehmer conjecture for Salem numbers). Let T denote the set of Salem
numbers. Then T is bounded from below:

BeT = B>06;' =108544...

Lehmer’s number 1.17628... belongs to the interval (91_21, 61_11) (Table 1). This interval
does not contain any other known Salem number. If there is another one, its degree should
be greater than 44 [136] [139].

Conjecture 4. There is no Salem number in the interval
(8;,',6,,') = (1.08544...,1.17295...).

Parry Upper functions fg (z), with B being an algebraic integer of dynamical degree
dyg(B) = 12 to 16, do possess 3-elements lenticuli of zeroes in the open unit disc (as in
Figure 1).

The main obstruction in Lehmer’s problem arises from the existence of lenticuli of con-
jugates in a small angular sector containing 1 in the complex plane. These lenticuli come
from the type of factorization of the polynomial sections of fiz . The importance of the
angular sectors containing 1 has already been guessed by Langevin in [110] [111] [112]
[132], by Dubickas and Smyth [69], by Rhin and Smyth [158] and Rhin and Wu [159].
These lenticuli cannot be described by these classical approaches, but become visible by
the present method. Though the lenticuli of roots lie inside and off the unit circle, the com-
plete set of conjugates remains fairly regularly distributed in the sense that it equidistributes
on the unit circle at the limit, once the Mahler measures are small enough, as follows.
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Theorem 1.6. Let (0y),>1 be a sequence of algebraic integers such that || > 1, M(a,) <
®, dyg(ay) > 260, for g > 1, with lim;, 1 [0y] = 1. Then the sequence (04;)q>1 is strict
and

(1.0.20) Ho, — M, dyg(ay) — oo, weakly,

i.e. for all bounded, continuous functions f : C* — C,

(1.0.21) /fduaq — /fdqu, dyg(ay) — +oe.

Parry numbers are Perron numbers (Adler and Marcus [2]); the characterization of the set
of Parry numbers (Definition 2.1) is a deep question addressed to the dynamics of Perron
numbers (Bertrand-Mathis [22], Boyd [32], Boyle and Handelman [40] [41] [42], Brunotte
[43], Calegari and Huang [47], Dubickas and Sha [68], Lind [121] [122], Lind and Marcus
[123], Thurston [199], Verger-Gaugry [202] [203]), associated with the rationality of the
dynamical zeta function of the f3-shift

)

(1.0.22) Lp(z) := exp (Z f" Zn) . Pui=#xe(0,1]| T§(x) =x}

n=1

counting the number of periodic points of period dividing n. For & a nonzero algebraic
integer which is not a root of unity, with B = [&] , by Theorem 3.4,

B isaParry number iff (g(z) is arational function;

and |z| = 1 is the natural boundary of the domain of fracturability of the minimal poly-
nomial Py, in the sense of Theorem 6.1, if and only if 8 is not a Parry number, as soon
as || is close enough to 1, in the Carlson-Polya dichotomy. Comparatively, for complete
nonsingular projective algebraic varieties X over the field of g elements, g a prime power,
the zeta function {x(¢) introduced by Weil [211] is only a rational function (Dwork [71],
Tao [197]): the first Weil’s conjecture, for which there exists a set of characteristic values
was proved by Dwork using p-adic methods (Dwork [71]), and “Weil II”’, the Riemann hy-
pothesis, proved by Deligne using /-adic étale cohomology in characteristic p # [ (Deligne
[55]). It is defined as a dynamical zeta function with the action of the Frobenius. The
purely p-adic methods of Dwork (Dwork [71]), continued by Kedlaya [104] for “Weil 1I”
in the need of numerically computing zeta functions by explicit equations, allow an intrin-
sic computability, as in Lauder and Wan [114], towards a p-adic cohomology theory, are
linked to “extrinsic geometry”, to the defining equations of the variety itself. They are in
contrast with the relative version of crystalline cohomology developped by Faltings [75], or
the Monsky-Washnitzer constructions used by Lubkin [127]. We refer the reader to Robba
[161], Kedlaya [104], Tao [197], for a short survey on other developments.

After Weil [211], and introduced in general terms by Artin and Mazur in [10], the theory
of dynamical zeta functions {(z) associated with dynamical systems, based on an analogy
with the number theory zeta functions, developped under the impulsion of Ruelle [166] in
the direction of the thermodynamic formalism and with Pollicott, Baladi and Keller [14]
towards transfer operators and counting orbits [147]. The determination and the existence
of meromorphic extensions or/and natural boundaries of dynamical zeta functions is a deep
problem.
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In the present proof of the conjecture of Lehmer, the analytic extension of the dynamical
zeta function of the f-shift behaves as an analogue of Weil’s zeta function (in the sense
that both are dynamical zeta functions). But it generates questions beyond the analogues of
Weil’s conjectures since not only the rational case of {g contributes to the minoration of the
Mahler measure, but also the nonrational case with the unit circle as natural boundary and
lenticular poles arbitrarily close to it. For instance, a part of the analogue of “Weil II”” (Rie-
mann Hypothesis) would be the determination of the geometry of the beta-conjugates in
the rationality case. Beta-conjugates are zeroes of Parry polynomials, whose factorization
has been studied in the context of the theory of Pinner and Vaaler [150] in [203].

An apparent difficulty for the computation of the minorant of M(a) comes from the
absence of complete characterization of the set of Parry numbers Pp, when 8 = [a] is
close to one, since we never know whether 8 is a Parry number or not. But the Mahler
measure M () is independent of the Carlson-Polya dichotomy. Indeed, the two domains
of definitions of {g, “C” and “|z| < 17, together with the corresponding splitting (1.0.7),
may occur fairly “randomly” when f3 tends to one. But {|z| < 1} is a domain included in
both, M() “reading” only the roots in it and not taking care of the “status” of the unit
circle. Whether fig (z) can be continued analytically or not beyond the unit circle has no
effect on the value of the Mahler measure M(o).

The paper is organized as follows: in section §2 we recall the properties of the Rényi-
Parry numeration system of the (3-shift. The analytic functions, in particular the Parry
Upper function fg(z) and the dynamical zeta function (g(z), associated to the dynamics
of the B-shift, are introduced in section §3. In section §5 the peculiar consequences of the
lexicographical ordering, induced by the numeration system, on the zeroes of fg(z) are de-
velopped, in particular the lenticular zeroes and their identification as Galois conjugates of
the base of numeration 3. Coupling the knowledge of the geometry of the lenticular roots
with the method of asymptotic expansions (recalled in section §4 for trinomials) gives a
continuous lenticular minorant of M(f3) and a Dobrowolski type minoration. The proofs
of Lehmer’s Conjecture and Schinzel-Zassenhaus’s Conjecture follow, for f > 1 any re-
ciprocal algebraic integer (case (i)). These results are extended in section §6 (case (ii)) for
any nonzero reciprocal algebraic integer a which is not a root of unity, arg(z) € (0,7 /2].
This case is shown to be deduced from the preceding case (given by section §5) by taking
B :=Tal which is real and > 1. In section §7 the Conjecture of Lehmer is proved for Salem
numbers, using another regime of asymptotic expansions of the roots of the trinomials G,
more adapted to the cusp in Solomyak’s fractal. Concomitantly to the limit problem of
Lehmer it is shown that the conjugates of the base of numeration [&] equidistribute on the
unit circle in the complex plane. Using a Theorem of Belotserkovski a Theorem of limit
equidistribution of the conjugates is formulated in section §8, when the dynamical degree
of [a] tends to infinity. A few consequences are mentioned in section §9, in particular a
Conjecture of Margulis.

The proof of Lehmer’s Conjecture starts at section §5. Lenticuli of roots are illustrated
in [70].

2. THE B-SHIFT, THE RENYI-PARRY DYNAMICAL SYSTEM OF NUMERATION

2.1. Towards the problem of Lehmer. The direction which is followed is the following:
it consists in using the analytic functions associated with the Rényi-Parry dynamical system
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of numeration, the B-shift (i.e. with the language in base ) with 1 < 8 < 2, first where
B is fixed to formulate the properties of these functions, and then vary continuously the
basis of numeration 8 taking the limit to 17, to use the limit properties of these functions
for solving the problem of Lehmer. This is a method of variable basis, where the variable
BB runs over QN (1, +oo), more precisely over the set of reciprocal algebraic integers. This
mathematics appears when the base of numeration is not an integer. The analytic functions
are the Parry Upper function fg(z) and the dynamical zeta function {g(z). The Parry Upper
function fg(z) is the generalized Freholm determinant of the transfer operator .Z;g of the
B-transformation. Both analytic functions are presented in section §3. In section §2 are
recalled the properties of the -shift, in particular the convertion of the inequality “<” on
(1,2) to the lexicographical inequality “<,,” on sequences of 0, 1 digits.

Let us say a few words on the B-shift. In 1957 Rényi [157] introduced new representa-
tions of a real number x, using a positive function y = f(x) and infinite iterations of it, in
the form of an “f-expansion”, as

x=&+fle+flea+...))

with “digits” & in some alphabet and remainders f(g, + f(€,+1 +...)). This approach
considerably enlarged the usual decimal numeration system, that is internationally used
today, and also numeration systems in integer basis (recall that the bases 5,10,12,20 and
60 were used in the Antiquity in several countries as natural counting systems), by allowing
arbitrary real bases of numeration (Fraenkel [80], Lothaire [124], Chap. 7): let B > 1 be
not an integer and consider f(x) =x/B if 0 <x < f, and f(x) =1 if B < x. Then the
f-expansion of x is the representation of x in base 3 as

PRI T .

In terms of dynamical systems, in 1960, Parry [144] [145] [146] has reconsidered and stud-
ied the ergodic properties of such representations of real numbers in base 8, in particular
the conditions of faithfullness of the map: x «— (&;); and the complete set of admissible
sequences (&, €, &y, ...) for all real numbers.This complete set is called the language in
base . Let us note that B > 1 will run over the set of reciprocal algebraic integers in sec-
tion §5 and §6, but that the f3-shift is defined in general for any real number 3, algebraic or
transcendental.

2.2. The B-shift, B-expansions, lacunarity and symbolic dynamics. Let 8 > 1 be a real
number and let o7 := {0,1,2,..., [ —1]}. If B is not an integer, then [ — 1] = [ B]. Let
x be a real number in the interval [0, 1]. A representation in base 3 (or a B-representation;
or a B-ary representation if f is an integer) of x is an infinite word (x;);>; of ﬂ%ﬁN such that

x= Zx,ﬁ”..
i>1

The main difference with the case where f is an integer is that x may have several represen-
tations. A particular B-representation, called the B-expansion, or the greedy -expansion,
and denoted by dg(x), of x can be computed either by the greedy algorithm, or equivalently
by the B-transformation

Tg: x + Bx (mod1)={Bx}.
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The dynamical system ([0, 1],Tﬁ) is called the Rényi-Parry numeration system in base f3,
the iterates of T providing the successive digits x; of dg(x) [120]. Denoting Té’ =1d, Tﬁ1 =

Tﬁ,Té = TB(Té’l) for all i > 1, we have:

dp(x) = (x)i>1  ifandonlyif  x=[BT5 ' (x)]

and we write the f3-expansion of x as

X1 X2 X3
=—+5+53

BB B
The digits are x; = | Bx|, xo = [ B{Bx}], x3 = |B{B{Bx}}], ... , depend upon 3.

The Rényi-Parry numeration dynamical system in base 3 allows the coding, as a (posi-
tional) B-expansion, of any real number x. Indeed, if x > 0, there exists k € Z such that
Bk <x < B¥!. Hence 1/B < x/B*! < 1; thus it is enough to deal with representations and

B-expansions of numbers in the interval [1/f,1]. In the case where k > 1, the B-expansion
of x is

(2.2.1) X = -X|X2X3... instead of X +....

X = X1 X2« X Xf+-1Xk4+2 -« +
with x; = [B(x/BE1)), x2 = [B{B(x/B)} ] xs = [B{BLB(x/BH1)}} . ete. T x <,
by definition: dg(x) = —dg(—x). The part x;x;...x; is called the f-integer part of the
-expansion of x, and the terminant -x; X2 . .. is called the B-fractional part of dpg (x).
A B-integer is a real number x such that the B-integer part of dg(x) is equal to dg(x)
itself (all the digits x, ; being equal to O for j > 1): in this case, if x > 0 for instance, x is
the polynomial

k
x:inﬁk_’7 0<x;<[B-1]
i=1

and the set of B-integers is denoted by Zg. For all § > 1 Zg C R is discrete and Zg = Z if
B is an integer # 0, 1.

The set dﬁN is endowed with the lexicographical order (not usual in number theory), and
the product topology. The one-sided shift o : (x;);>1 — (xi+1);>1 leaves invariant the subset
Dg of the B-expansions of real numbers in [0, 1). The closure of Dg in %ﬁN is called the

B-shift, and is denoted by S - The B-shift is a subshift of ﬂﬁN, for which

dﬁ @) T[; =0 Odﬁ
holds on the interval [0, 1] (Lothaire [124], Lemma 7.2.7). In other terms, Sg is such that
2.2.2) X € [0, 1] — (x,')izl € Sﬁ

is bijective. This one-to-one correspondence between the totally ordered interval [0, 1] and
the totally lexicographically ordered B-shift Sg is fundamental. Parry ([144] Theorem 3)
has shown that only one sequence of digits entirely controls the -shift S g, and that the
ordering is preserved when dealing with the greedy B-expansions. Let us precise how the
usual inequality “<” on the real line is transformed into the inequality “<.,”, meaning
“lexicographically smaller with all its shifts”.

The greatest element of Sg: it comes from x = 1 and is given either by the Rényi f3-
expansion of 1, or by a slight modification of it in case of finiteness. Let us precise it.
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The greedy B-expansion of 1 is by definition denoted by
(2.2.3) dg(1) =0.t1trt3. .. and uniquely corresponds to 1= Z LB,

where

(2.2.4) n=|BJ.2=B{B} = [BTp(1)].13=[B{B{B}}] = BTz (1)), ..
The sequence (7;);> is given by the orbit of one (Tﬁj (1))j>0 by

(2.2.5) Tg(1) =1, Tﬁj(l) =B/ B =B~ —1; € ZIB]N[0, 1]

for all j > 1. The digits #; belong to /5. We say that dg(1) is finite if it ends in infinitely
many Zeros.

Definition 2.1. If dj (1) is finite or ultimately periodic (i.e. eventually periodic), then the
real number 3 > 1 is said to be a Parry number. In particular, a Parry number f is said to
be simple if dg(1) is finite.

The greedy B-expansion of 1/f is

1 1 )
(22.6) dg (E> =0.010213... and uniquely corresponds to E = Z tiﬁ_’_l.
i=1
From (;);>1 € o3 is built (¢;)i>1 € <73, defined by
L Hts... if dﬁ(l) = 0.1yt ... 1is infinite,
A= (g .ty 1 (1g—1)® if dg(1) is finite, = 0.t115...1,,

where ()® means that the word within () is indefinitely repeated. The sequence (c;);>1 is
the unique element of <7 which allows to obtain all the admissible 3-expansions of all

the elements of [0, 1).

Definition 2.2 (Conditions of Parry). A sequence (y;);>o of elements of ,5273 (finite or not)
is said admissible if

(2.2.7) 6/ (Yo, y1,Y2,...) = (VjsYjs15Yj42,---) <tex (c1,€2,¢3,...) forall j >0,

where <., means lexicographically smaller.

Definition 2.3. A sequence (¢;)i>0 € szﬁN satisfying (2.2.8) is said to be Lyndon (or self-
admissible):

(2.2.8) 0"(ap,a1,az,...) = (an,ani1,an42,---) <iex (a0,ai,az,...) foralln > 1.

The terminology comes from the introduction of such words by Lyndon in [128], in hon-
our of his work. Other orderings are reviewed in Nguéma Ndong [140] [141]. The present
Lyndon ordering is reported in [140], ex. 2 in subsection 1.2 and in [141], subsection 4.1,
Theorem 5 and ex. 4 for applications to the dynamical zeta function of negative f3-shift.

Any admissible representation (x;);>1 € ﬂ%ﬁN corresponds, by (2.2.1), to a real number

x € [0,1) and conversely the greedy f-expansion of x is (x;);> itself. For an infinite ad-
missible sequence (y;);>o of elements of ,52%[3 the (strict) lexicographical inequalities (2.2.7)
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constitute an infinite number of inequalities which are unusual in number theory [25] [81]
[82] [124] [144].

In number theory, inequalities are often associated to collections of half-spaces in eu-
clidean or adelic Geometry of Numbers (Minkowski’s Theorem, etc). The conditions
of Parry are of totally different nature since they refer to a reasonable control, order-
preserving, of the gappiness (lacunarity) of the coefficient vectors of the power series which
are the generalized Fredholm determinants of the transfer operators of the B-transformations
(cf section §3).

In the correspondence [0, 1] <— Sg, the element x = 1 admits the maximal element
dg(1) as counterpart. The uniqueness of the f-expansion dg(1) and its property to be
Lyndon characterize the base of numeration 3 as follows.

Proposition 2.4. Let (ag,ay,ay,...) be a sequence of non-negative integers where ay > 1
and a, < ag for all n > 0. The unique solution B > 1 of

(2.2.9) i e
X xt X
is such that dg(1) = 0.apa1a; . . . if and only if

+...

(2.2.10) o"(ag,a1,az,...) = (an,an+1,an+2,---) <tex (ao,ar,az,...) foralln>1.
Proof. Corollary 1 of Theorem 3 in Parry [144] (Corollary 7.2.10 in Frougny [82]). [

If 1 < B < 2, then the condition “ag > 1 and a,, < ag for all n > 0” amounts to “ag = 17;
in this case the B-integer part of 3 is equal to ay = 1 and its B-fractional part is a; B! +
aB~>+a3B > +.... The base of numeration 8 = 1 would correspond to the sequence
(1,0,0,0,...) in (2.2.9) but this sequence has its first digit 1 outside the alphabet <7} =
{0}: it cannot be considered as a 1-expansion. Fortunately numeration in base one is not
often used. The base of numeration f = 2 would correspond to the constant sequence
(1,1,1,1,...) in (2.2.9) but this sequence is not self-admissible. When = 2, 2 being
an integer, 2-ary representations differ and (2,0,0,0,...) is taken instead of (1,1,1,1,...)
(Frougny and Sakarovitch [83], Lothaire [124]).

Infinitely many cases of lacunarity, between (1,0,0,0,...) and (1,1,1,1,...), may occur
in the sequence (ap,ay,as,...) in (2.2.9). If B € (1,2) is fixed, with dg (1) = 0.t115¢3 ... . then
any x, 1/B < x < 1, admits a 3-expansion dg(x) which lies lexicographically (Parry [144],
Lemma 1) between those of the extremities:

(2.2.11) dﬁ(%) =0.01tt3... <jo dﬁ (x) <lex dﬁ(l) =0.1n0t3....

Let 1 < B <2 be areal number, with dg(1) = 0.t1£2t3.. .. If 8 is a simple Parry number,
then there exists n > 2, depending upon f3, such that #, # 0 and t; = 0, j > n+ 1. Parry
[144] has shown that the set of simple Parry numbers is dense in the half-line (1,+e0). If
B is a Parry number which is not simple, the sequence (#;);>; is eventually periodic: there
exists an integer m > 1, the preperiod length, and an integer p > 1, the period length, such
that

dﬁ(l) =0.n1.. .tm(tm+1tm+2 .. .tm+p)w,
m and p depending upon B, with at least one nonzero digit ¢;, with j € {m+ 1,m +
2,...,m+ p}. The gaps of successive zeroes in (¢;);> are those of the preperiod (11,12, ... ;)
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then those of the period (#,41,%m+2,---,tm+p), then occur periodically up till infinity. The
length of such gaps of zeroes is at most max{m — 2, p — 1}. The asymptotic lacunarity is
controlled by the periodicity in this case.

If 1 < B <2 is an algebraic number which is not a Parry number, the sequences of gaps
of zeroes in (#;);>1 remain asymptotically moderate and controlled by the Mahler measure
M(B) of B, as follows.

Theorem 2.5 (Verger-Gaugry). Let B > 1 be an algebraic number such that dg (1) is infinite
and gappy in the sense that there exist two infinite sequences {my},>1 and {s, }n>0 such
that

Il=so<m <s1<my<s3<...<my <sp<mpyy1 <Spy1 < ...

with (s, —mp) > 2, ty, #0,t;, #0and t; =0 if m, < i < s, foralln > 1. Then

(2.2.12) limsup 2 < L8 M(B))

n—ote My — LogP
Proof. [201], Theorem 1.1. O

Theorem 2.5 also became a consequence of Theorem 2 in [1]. In Theorem 2.5 the quo-
tient s, /my,n > 1, is called the n-th Ostrowski quotient of the sequence (#;);>;. For a given
algebraic number 8 > 1, whether the upper bound (2.2.12) is exactly the limsup of the se-
quence of the Ostrowski quotient of (#;);>1 is unknown. For Salem numbers, this equality
always holds since M(f3) = B, and the upper bound (2.2.12) is 1.

Varying the base of numeration 3 in the interval (1,2): forall B € (1,2), being an algebraic
number or a transcendental number, the alphabet <5 of the [-shift is always the same:
{0,1}. All the digits of all 3-expansions dg(1) are zeroes or ones. Parry ([144]) has
proved that the relation of order 1 < a0 < B < 2 is preserved on the corresponding greedy
- and - expansions dy (1) and dg(1) as follows.

Proposition 2.6. Let o > 1 and B > 1. If the Rényi a-expansion of 1 is

/0 h. b &
da(l)zo.t1t2t3..., l.e. 1 = a—i—@—i—?—i—
and the Rényi B-expansion of 1 is
. h 1) 13
dg(1) =0.111213..., ie. 1= —-+S54+—=+...,
B B B2 B3
then oo < B if and only if (t],t},15,...) <iex (t1,12,13,...).
Proof. Lemma 3 in Parry [144]. U

For any integer n > 1 the sequence of digits 10”11, with n — 1 times “0” between the
two ones, is self-admissible. By Proposition 2.4 it defines an unique solution f € (1,2) of
(2.2.9). Denote by 6, +11 this solution. From Proposition 2.6 we deduce that the sequence
(6, 1) n>2 18 (strictly) decreasing and tends to 1 when »n tends to infinity.

From (2.2.9) the real number 6, lis the unique root > 1 of the equation 1 = 1 /x+ 1/x?,

that is of X?> — X — 1. Therefore it is the Pisot number (golden mean) = HT\@ =1.618....
Being interested in bases § > 1 close to 1 tending to 17, we will focus on the interval
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(1, 1+2ﬁ] in the sequel. This interval is partitioned by the decreasing sequence (6, !),>>
as

1+ \/_ ” 1
(2.2.13) ( } U [ n+17 ) U {9 }

Theorem 2.5 gives an upper bound of the asymptotic behaviour of the Ostrowski quo-
tients of the B-expansion (#;);> of 1, due to the fact that B > 1 is an algebraic number.
The following theorem shows that the gappiness of (¢;);>; also admits some uniform lower
bound, for all gaps of zeroes. The condition of minimality on the length of the gaps of
zeroes in (f;);> is only a function of the interval |6, +11, 6, ') to which f belongs, when f3
tends to 1.

Theorem 2.7. Let n > 2. A real number 3 € (1, %] belongs to [0 +11, Y if and only
if the Rényi B-expansion of unity is of the form

(2.2.14) dg(1) = 0.10"110M10™10™ ...,

withngy > n—1forall k > 1.

Proof. Since der;l] (1) =0.10""'1 and dg-1(1)=0. 10”21, Proposition 2.6 implies that the
condition is sufficient. It is also necessary: dg(1) begins as 0.10"~'1 for all B such that

anrll < B < 6,!'. For such Bs we write dg(1l) = 0.10"'1u with digits in the alphabet
/g = 10,1} common to all Bs, that is

u=1guihonih

and ho,ny,hy,ny, hy, ... integers > 0. The self-admissibility lexicographic condition (2.2.10)
applied to the sequence (1,0"~1 11+ om 1M 072 173 ), which characterizes uniquely
the base of numeration 3, readily implies g =0and iy =1andny >n—1forallk>1. [

Remark 2.8. The case n; = oo in (2.2.14) corresponds to the simple Parry number 8 =
0, +11 The value +oo is not excluded from the set (ng);>; in the following sense: if there
exists j > 2 such that n — 1 < my < 40, k < j, with nj = +oo, then f is a simple Parry

number in [0, Jrll, 0, !) characterized by (cf section §2):
dg(1)=0.10""110"10"1...10% 1.

All the simple Parry numbers lying in the interval [0 _ ! 6, 1) are obtained in this way. On

1

the contrary, the transcendental numbers 8 in [0, +11, 6, !) have all Rényi B-expansions
dg(1) = 0.titot3... of 1 such that the sequence of exponents (n;)i>1 of the successive
zeroes, corresponding to the sequence of the lengths of the gaps of zeroes, never takes

the value +oo.

Definition 2.9. Let 3 € (1, 1+T\6] be a real number. The integer n > 3 such that 6, ! <8 <
9’11 is called the dynamical degree of B, and is denoted by dyg(3). By convention we put:

dyg(153) =

The function n = dyg () is locally constant on the interval (1, 1+T\5], is decreasing, takes
all values in N\ {0, 1}, and satisfies: limg.| g_,; dyg(f) = +oo. The relations between the
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dynamical degree dyg(f3) and the (usual) degree deg() will be investigated later (Theorem

. : _ _ : _ 145
1.1; § 5, § 6.4). Let us observe that the equality deg(8) = dyg() =2 holds if f = +Tf
but the equality case is not the case in general.

Definition 2.10. A power series th‘b a;jz/, with a; € {0,1} for all j > 0, z the complex
variable, is said to be Lyndon (or self-admissible) if its coefficient vector (a;);>o is Lyndon.

3. GENERALIZED FREDHOLM THEORY, DYNAMICAL ZETA FUNCTION,
PERRON-FROBENIUS OPERATOR, TRANSFER OPERATOR, PARRY UPPER
FUNCTION, AND THE ﬁ—SHIFT

3.1. The Parry Upper function, the Parry polynomial.

Definition 3.1. Let 8 € (1, (1 ++/5)/2] be a real number, and dg(1) = 0.t112t3 . .. its Rényi
B-expansion of 1. The power series fg(z) := =1+ ¥;> t;z' of the complex variable z is
called the Parry Upper function at 3.

In this paragraph a presentation of the Parry Upper function is given from the side of
generalized Fredholm Theory, to show the relations between Fredholm determinants, gen-
eralized Fredholm determinants, and (weighted) dynamical zeta functions (introduced by
Ruelle [163] [164] [165] [166] [167] [168] [169] [170] [171] by analogy with the ther-
modynamic formalism of statistical mechanism [166], and recently developped e.g. by
Baladi [11] [12] [13], Baladi and Keller [14], Hofbauer [99], Hofbauer and Keller [100],
Milnor and Thurston [133], Parry and Pollicott [147], Pollicott [152] [153], Preston [155],
Takahashi [193] [194]).

Proposition 3.2. For 1 < B < (14+/5)/2 any real number, with dg(1) =0.11t05 ..., the
Parry Upper function fg(z) is such that fg(1/B) = 0. It is such that fg(z) + 1 has coeffi-
cients in the alphabet <75 = {0,1} and is Lyndon. It takes the form

(311) fB(Z):Gdyg(ﬁ)+zml+ZMZ+.‘.+qu+qu+1+‘..

with m; —dyg(B) > dyg(B) — 1, mgy1 —mg > dyg(B) — 1 for g > 1. Conversely, given a
power series

(3.1.2) 1 4z++ M+

withn >3, mi—n>n—1, mg1 —myg > n—1 for g > 1, then there exists an unique
B € (1,(14++/5)/2) for which n = dyg(B) with f(z) equal to (3.1.2).

Moreover, if B, 1 < B < (14 \/5)/2 is a reciprocal algebraic integer, the power series
(3.1.1) is never a polynomial.

Proof. The expression of fg(z) readily comes from Theorem 2.7. Let us prove the last
claim. Assume that  is a reciprocal algebraic integer and that fg(z) is a polynomial.
The polynomial fp (z) would vanish at the two real zeroes  and 1/f. But the sequence
—1t1 3. .. has only one sign change. By Descartes’s rule we obtain a contradiction. [

The lacunarity of fg(z) is moderate since the Ostrowki quotients have an asymptotic
upper bound, by Theorem 2.5. By Theorem 2.7, any gap of missing monomials in fg(z)
has a length greater than or equal to dyg(f8) — 1 what controls the lacunarity a minima.
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The definition of fg(z) seems simple since the vector coefficient of fg(z)+ 1 is only a se-
quence of integers deduced from the orbit of 1 under the iterates of the -transformation 7g,
by (2.2.4) and (2.2.5) [78][79]; nevertheless it is deeply related to the Artin-Mazur dynam-
ical zeta function (g(z) (given by (3.1.5)) of the Rényi-Parry dynamical system ([0, 1],7p),
to the Perron-Frobenius operator Prg associated with 7, to the transfer operator of 75 and
to the generalized “Fredholm determinant” (3.1.4) of this operator. In the kneading the-
ory of Milnor and Thurston [133] it is a kneading determinant. Let us recall these links,
knowing that the theory of Fredholm (Grothendieck [87] [88], Riesz and Nagy [160] Chap.
IV) is done for compact operators while the Perron-Frobenius operators associated with the
B-transformations T are noncompact by nature (Mori [134] [135], Takahashi [191] [192]
[195]).

Let (X, X, i) be a o-finite measure space and let 7 : X — X be a nonsingular transforma-
tion, i.e. T is measurable and satisfies: for all A € ¥, u(A) = 0 = u(T-'(A)) = 0. In er-
godic theory, by the Radon-Nikodym theorem, the operator Pr : L' (X, X, u) — L'(X,Z, 1)
defined by

(3.1.3) /APdeu = /TI(A)fdu

is called the Perron-Frobenius operator associated with 7. Let 8 € (1,6, '), X = [0,1],
X the Borel c-algebra and 7p the B-transformation. The Tg-invariant probability mea-
sure it = g of the B-shift, on X, is unique (Rényi [157]), ergodic (Parry [144]), maximal
(Hofbauer [99]) and absolutely continuous with respect to the Lebesgue measure dt, with
Radon-Nikodym derivative (Lasota and Yorke [113], Parry [144], Takahashi [191]) :

1
hg =C ), =,  sothat  dug=hgds,
n:x<T[’3’(1)ﬁ

for some constant C > 0. These results were independently discovered by A.O. Gelfond
[74]. We denote by PTﬁ the Perron-Frobenius operator associated with Tg.

The B-transformation Tp is a piecewise monotone map of the interval [0, 1] with weight
function g = 1. In the context of noncompact operators, the objective consists in giving a
sense to

3 3 ‘tr‘ L;l n
(3.1.4) det (Id — zL,) = exp(— y g )
n>1 n

where L, is a dynamically defined weighted transfer operator acting on a suitable Banach
space [12] [101].

Let 1 < B < (14+/5)/2 be a real number and 0 = ag < a; = % < ap = 1 be the finite
partition of [0, 1]. The map Tj is strictly monotone and continuous on [ag,a;) and [aj, 1].
The -transformation 7 is one of the simplest transformations among piecewise monotone

intervals maps (Baladi and Ruelle [15], Milnor and Thurston [133], Pollicott [152]). For
each function f: [0,1] — C, let

var(f) := Sup{i |f(ei) = fleic1)| |n>1,0<e; <er<...<e, < 1}7
i=1

1fllgv = var(f) +sup(|.f]),
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and denote by BV the Banach space of functions with bounded variation [105] [106]:
BV :={f:[0,1] = C[|[fllav <oo}.
For g € BV, one can define the following transfer operator
Lipg:BY = BY, Lpg.f(x):= ), g0 f0).
y7Tﬁ (y) =X
We will only consider the case g = 1 in the sequel and put L, := L;g 1.

Theorem 3.3. Let € (1,6, ). Then,
(i) the Artin-Mazur dynamical zeta function (g (z) defined by
- (e 0,1]] T =)
(3.1.5) Cp(z) := exp(Z p z"),

n=1

n

counting the number of periodic points of period dividing n, is nonzero and mero-
morphic in {|z| < 1}, and such that 1/{g(z) is holomorphic in {|z| < 1},

(ii) suppose |z| < 1. Then z is a pole of {g(z) of multiplicity k if and only if 77V is an
eigenvalue of L;g of multiplicity k.

Proof. Theorem 2 in [14], assuming that the set of intervals ([0,ay),[a1,1]) forming the
partition of [0, 1] is generating; In [167] [170] Ruelle shows that this assumption is not
necessary, showing how to remove this obstruction. U

Theorem 3.3 was stated in Baladi and Keller [14] under more general assumptions. The-
orem 3.3 has been conjectured by Hofbauer and Keller [100] for piecewise monotone maps,
for the case where the function g is piecewise constant. (cf also Mori [134] [135]). The
case g = 1 in the transfer operators was studied by Milnor and Thurston [133], Hofbauer
[99], Preston [155]. The fact (Theorem 3.3 (i1)) that the poles of C/S (z), lying in the open
unit disc, are of the same multiplicity of the inverses of the eigenvalues of the transfer op-
erator Lg is a extension of Theorem 2, Theorem 3 and Theorem 4 in Grothendieck [88] in
the context of the Fredholm theory with compact operators.

When 8 > 1 is a reciprocal algebraic integer and tends to 17, we will prove in section §
5 that the multiplicity & is equal to 1 for the first pole 1/f of {g(z) and for a subcollection
of Galois conjugates of 1/f in an angular sector.

The relations between the poles of the dynamical zeta function Cﬁ (), the zeroes of the
Parry Upper function fg(z) and the eigenvalues of the transfer operator L,g come from
Theorem 3.3 and from the following theorem.

Theorem 3.4. Let 3 > 1 be a real number. Then the Parry Upper function fg(z) satisfies

(3.1.6) (i) fp(z) = L if B is not a simple Parry number,
Cp(2)
and
) -
(3.1.7) (i) fplz) = O] if B is a simple Parry number
B

where N, which depends upon B, is the minimal positive integer such that Tév (1)=0. It
is holomorphic in the open unit disk {|z| < 1}. It has no zero in |z| < 1/ except z=1/P
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which is a simple zero. The Taylor series of fg(z) at z =1/ is fg(z) = cg 1 (z— %) +
1\2 .
cﬁg(z— [—3) + ... with

[

(3.1.8) Bm= Y. n—!LﬁTg‘l(l)J(

= (n—m)! m!

1
B
Proof. Theorem 2.3 and Appendix A in Flatto, Lagarias and Poonen [79]; Theorem 1.2 in

Flatto and Lagarias [78], I[; Theorem 3.2 in Lagarias [109]. From Takahashi [191], Ito and
Takahashi [103], these authors deduce

)nim >0, forallm>1.

1-ZY

(1-B2) (o T (1))
where “zV¥” has to be replaced by “0” if B is not a simple Parry number. Since ﬁTé’(l) =

B Tél(l)j +{B Tél(l)} =tpi1+ Tél“ (1) by (2.2.4), for n > 1, expanding the power series
of the denominator (3.1.9) readily gives:

(3.1.10) S bnzt e 4= f5@) = (- B (L (1)),
n=0

(3.1.9) Ls(2) =

The zeroes of smallest modulus are characterized in Lemma 5.2, Lemma 5.3 and Lemma
5.4in [79]. The coefficients cg ,, readily come from the derivatives of fg(z). U

From Theorem 3.4, since the roots of cyclotomic polynomials are of modulus 1, the
zeroes of fg(z) within |z| < 1 are always exactly the poles of {g(z) in this domain, whatever
the Rényi-Parry dynamics of 8 > 1 is.

Definition 3.5. If § is a simple Parry number, with dg(1) = 0.t125.. .1y, t # 0, the poly-
nomial

(3.1.11) Pgp(X):=X" -, X" ' — X" — Lty

is called the Parry polynomial of B. If B is a Parry number which is not simple, with
dg(1) =0.t1t2 .. .ty (tims1tms2 - - -tmrpt1)® and not purely periodic (m is # 0), then

P p(X) = X" TP X —pp Xt X — tp

(3.1.12) X" X" X 1 X b

is the Parry polynomial of . If § is a nonsimple Parry number such thatdg (1) =0.(t1t2...1p41)®
is purely periodic (i.e. m = 0), then

(3.1.13) Pep(X) =Xt XP — X7 — L —1,X — (1 +1p41)

is the Parry polynomial of §. By definition the degree dp of Py p(X) is respectively m,m +
p+1,p-+1 in the three cases.

If B is a Parry number, the Parry polynomial Pg p(X), belonging to the ideal Pg(X)Z[X],

admits B as simple root and is often not irreducible [202] [23]. The polynomial Ijﬁ%%)

has been called complementary factor by Boyd. For the two cases (3.1.11) and (3.1.13)
the constant term is # 0; hence deg(PE p) = deg(Pg p). In the case of (3.1.12) denote
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by qg := 0 if ty # tipr1 and, if tyy = tyypr1, qg := 1 +max{r € {0,1,m—1} |1, =
tmypy1— forall0 <[ <r}. Then p+1 < deg(Pg p) —qp = deg(PE’P) < deg(Pg p).

Applying the Carlson-Polya dichotomy (Bell and Chen [18], Bell, Miles and Ward [19],
Carlson [50] [51], Dienes [57], Polya [154], Robinson [162], Szeg6 [190]) to the power se-
ries fg(z), for which the coefficients belong to the finite set /g U{—1}, gives the following
equivalence.

Theorem 3.6. The real number B > 1 is a Parry number if and only if the Parry Upper
function fg(z) is a rational function, equivalently if and only if Cg(z) is a rational function.

The set of Parry numbers, resp. of nonParry numbers, in (1,0), is not empty. If B is not
a Parry number; then |z| = 1 is the natural boundary of fg(z). If B is a Parry number, with
Rényi B-expansion of 1 given by

dﬁ(l) =0.1tp.. .Zm(lm+1lm+2...l‘m+p+1)w, h= Lﬁj, 1 € %ﬁ,i > 2,

the preperiod length being m > 0 and the period length p+1 > 1, fg (z) admits an analytic
meromorphic extension over C, of the following form:

fp(z) = _P[;P(Z) if B is simple,

—Fg p(2)
fp(2) = 1_B—Z;+] if B is nonsimple,

where the Parry polynomial is given by (3.1.11), (3.1.12) or (3.1.13).

If B € (1,2) is a Parry number, the (naive) height H(Pg p) of Pg p is equal to 1 except
when: B is nonsimple and that t, ;1 = | B T; (1)] =1, in which case the Parry polynomial
of B has naive height H(Pg p) = 2.

Proof. Verger-Gaugry [206]. The set of nonParry numbers f3 in (1,0) is not empty as a
consequence of Fekete-Szegd’s Theorem [77] since the radius of convergence of fg(z) is
equal to 1 in any case (whatever the Rényi-Parry dynamics of f3 is), and that its domain of
definition always contains the open unit disk which has a transfinite diameter equal to 1.
The set of Parry numbers 3 in (1,00) is also nonempty. Indeed Pisot numbers, of degree
> 2, are Parry numbers (Schmidt [175], Bertrand-Mathis [22]). Therefore the dichotomy
between Parry and nonParry numbers in (1,0) has a sense. U

Definition 3.7. Let § > 1 be a Parry number. If the Parry polynomial Pg p(z) of B is
not irreducible, the roots of Pg p(z) which are not Galois conjugates of 3 are called the
beta-conjugates of f3.

Beta-conjugates were studied in [204] [205] in terms of Puiseux theory and in association
with germs of curves.

3.2. Distribution of zeroes of Parry Upper functions fg(z) in Solomyak’s fractal. Let
B > 1 be a real number (algebraic or transcendental). The Parry Upper function I (z) has
its zeroes of modulus < 1 in a region of the open unit disk, called Solomyak’s factal, whose
construction is given in [185] §3. Let us recall it and summarize its arithmetic properties
in Theorem 3.8. From Theorem 3.4 and (3.1.9), the zeroes of fg(z) in |z| < 1, which are
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# 1/, are the zeroes of modulus < 1 of the power series 1+ Y7, Tl{ (1)z/ where the
coefficients are real numbers in the interval [0, 1]. Then, in full generality, let

Bi={h(z) =1+) a7 |a;€[0,1]}

j=1
be the class of power series defined on |z| < 1 equipped with the topology of uniform
convergence on compacts sets of |z| < 1. The subclass % ; of # denotes functions whose

coefficients are all zeros or ones. The space % is compact and convex. Let
G :={A||A| <1,3h(z) € Bsuchthat h(L) =0} < D(0,1)

be the set of zeroes of the power series belonging to %. The zeroes gather within the
unit circle and curves in |z| < 1 given in polar coordinates, by [202]. The complement
D(0,1)\ (9 U {%}) is a zero-free region for fg(z); the domain D(0,1) \ ¢ is star-convex
due to the fact that: h(z) € B = h(z/r) € A, for any r > 1 ([185], §3), and that 1/ is
the unique root of fg(z) in (0, 1).

For every ¢ € (0,27), there exists A = re'® € ¢&; the point of minimal modulus with
argument ¢ is denoted Ay = pye’® € 4, py < 1. A function h € % is called ¢-optimal if
h(A¢) = 0. Denote by %" the subset of (0, ) for which there exists a ¢-optimal function
belonging to %, 1. Denote by 0% the “spike™: [—1, %(1 —/5)] on the negative real axis.

Theorem 3.8 (Solomyak). (i) The union ¢ UT U d%s is closed, symmetrical with respect
to the real axis, has a cusp at 7 = 1 with logarithmic tangency (Figure 1 in [185]),

(ii) the boundary 0% is a continuous curve, given by ¢ — |Ag| on [0,7), taking its
values in [\/52*1,1), with |Ag| =1 if and only if ¢ = 0. It admits a left-limit at &~
1> 1limy_, - |Ag] > |Az| = 3(=14+/5), the left-discontinuity at T corresponding to the
extremity of d%s.

(iii) at all points p¢ei¢ € ¢ such that ¢ /7 is rational in an open dense subset of (0,2),
29 is non-smooth,

(iv) there exists a nonempty subset of transcendental numbers L;,, of Hausdorff dimen-
sion zero, such that ¢ € (0,) and ¢ ¢ # U nQ U nL,, implies that the boundary curve
0% has a tangent at p¢ei‘7’ (smooth point).

Proof. [185], § 3 and § 4. O
Definition 3.9. The set 4 UT U d%; is called Solomyak’s fractal.

Solomyak’s fractal contains the set W, where W consists of the zeroes A, |4| < 1, of the
polynomials 1+ Z;I.ZI a jzj having all coefficients a; zeroes and ones, studied by Odlyzko
and Poonen [142].

Let 1 < B <(1+ \/5) /2 be a reciprocal algebraic integer and apply the Carlson-Polya
dichotomy to fg(z) :

- if 8 is a Parry number, then fg(z) has a finite number of zeroes by Theorem 3.6, ¥
contains all the Galois-conjugates and the inverses of the beta-conjugates (if any) of 8 of
modulus < 1, and the unit circle |z| = 1 is not a natural boundary of fg(z). Note that the
Galois conjugates of 3 are the Galois conjugates of 1/f3, but the B-conjugates of 8 could
be roots of non-reciprocal factors.
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- if B is not a Parry number the zeroes of f(z) in the subfractal ¢ is more difficult to
describe. In this case, the unit circle |z| = 1 is the natural boundary of fg(z). The study
of the zeroes of power series which lie very close to natural boundaries, having moder-
ate lacunarity, is a difficult problem. This problem is more difficult than for sparse power
series having Hadamard lacunarity for instance (Fuchs [85], Levinson [117] Chap. VI,
Robinson [162]). Let us view the problem from the side of dynamical zeta functions since
Cp(z) = —1/fp(z). Itis classical to study the analytic behaviour of the dynamical zeta
function on its natural disk of convergence which is centered at 0 and of radius of conver-
gence exp(—2¢), where S is the topological entropy of the dynamical system [147]. In
the case of the B-shift the topological entropy is .7 = Log 3 (Proposition 5.1 in [147]).
Therefore the important subregion of ¢4 UT U d%s, in the open unit disk, to be investigated
for the existence, the number (eventually infinite) and the geometry of zeroes of fg (z) is
the annular region {z | exp(—#) = B! < |z| < 1}, in particular when f tends to 17.
This problem is the general problem of the extension of the meromorphy of {g(z). Then
the main objective is the extended research of zeroes of f(z) in {B~' < |z| < 1}, which
is mostly concerned with (i) the meromorphic extension of the dynamical zeta function
of a dynamical system outside the disk of convergence whose radius is exp(—2¢) with
¢ the topological entropy, the pressure, etc, of the dynamical system, and their poles in
this annular region (Haydn [93], Hilgert and Rilke [97], Parry and Pollicott [147], Pollicott
[152], Ruelle [169]), (ii) the structure theorems of orthogonal decomposition of the transfer
operators (eventually the Perron-Frobenius operators), with the geometry of their isolated
eigenvalues (e.g. Theorem 1 in Baladi and Keller [14]).

In the sequel (in section § 5.3 and section § 6.1) we will not solve the problem of the exact
determination of the zeroes of f5(z) in {f~' < [z < 1}. We will overcome this difficulty
for the problem of Lehmer. Instead, we will use approximate values of the zeroes, by
using a la Poincaré divergent series. It will be sufficient to observe the separation of the
collection of zeroes into two categories: - those which are very close to the unit circle,
called nonlenticular zeroes, - those which lie off the unit circle, called lenticular zeroes.
The lenticular zeroes, spreading inside the cusp region of ¢4 U T U d%s, stemming from
B!, in the neighbourhood of z = 1 towards ¢*i3, are identified as Galois conjugates of
ﬁ‘l in section §5.4. Lenticuli of zeroes are exemplified in [70]. Then we will obtain the
asymptotic expansion of the minorant M,() of the Mahler measure M(f3), for B > 1 being
a reciprocal algebraic integer, from the lenticular roots of fg(z).

3.3. Carlson-Polya dichotomy of reciprocal algebraic integers 3 > 1 close to one. The
set P of Perron numbers is dense in (1,4ec). It contains the subset Pp of Parry numbers
by a result of Lind [121] (Blanchard [25], Boyle [39], Denker, Grillenberger and Sigmund
[56], Frougny in [124] chap.7). The set P\ Pp is not empty (by Akiyama’s Theorem 3.10
recalled below, also as a consequence of Fekete-Szegd’s Theorem [77]) ; it would contain
all Salem numbers of large degrees, by Thurston [199] p. 11. Parry ([144], Theorem 5)
proved that the subcollection of simple Parry numbers is dense in [1,e). Simple Parry
numbers f3, as nonreciprocal algebraic integers, satisfy the minoration M(f3) > ®. In the
opposite direction a Conjecture of K. Schmidt [175] asserts that Salem numbers are all
Parry numbers. For Salem numbers 8 of degree > 6, Boyd [37] established a simple prob-
abilistic model, based on the frequencies of digits occurring in the Rényi f3-expansions of
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unity, to conjecture that, more realistically, Salem numbers are dispatched into the two sets
of Parry numbers and nonParry numbers, each of them with densities > 0. This model,
coherent with Thurston’s one ([199], p. 11), is in contradiction with the conjecture of K.
Schmidt. This dichotomy of Salem numbers was verified by Hichri [94] [95] [96] for Salem
numbers of degree 8. The coding of small neighbourhoods of Salem numbers by Stieltjes
continued fractions has been investigated in [89], in view of characterizing this dichotomy
locally. Salem numbers of degree 4 are Parry numbers [35]. Boyd’s model covers the set of
Salem numbers smaller than Lehmer’s number, if any. Few examples of nonParry algebraic
numbers > 1 exist; Solomyak ([185] p. 483) gives %(1 ++/13).

Theorem 3.10 (Akiyama). The dominant root Y, > 1 of —1 —z+7", for n > 2, is a Perron
number which is a Parry number if and only if n =2,3. If n=2,3, p» = 9{1 and y; =
05 ' — @ are Pisot numbers which are simple Parry numbers.

Proof. Theorem 1.1 and Lemma 2.2 in [3] using Lagrange inversion formula. Let us recall
the dynamics of the Perron numbers 6! for n > 2: ... U

This dichotomy, due to the Rényi-Parry dynamics, would separate the set of real recip-
rocal algebraic integers > 1 into two disjoint nonempty subsets. Since it corresponds
exactly to the dichotomy of Parry Upper functions fg(z), we speak of Carlson-Polya di-
chotomy of real reciprocal algebraic integers B > 1. The small Salem numbers found by
Lehmer in [116], reported in the Survey [207], either given by their minimal polynomial
or equivalently by their -expansion, are Parry numbers. The two smallest ones Lehmer
[116] has found:

deg(B) | B=M(B) | minimalpol. of B  |dg(1)
8 1.2806... | X3—X°—X*-X3+1 [0.1(0°10°107)®
10 1.17628... | X0 4 x° —x7 —x6—Xx>0.1(0'°10'%10'210'810'2)®
“Lehmer’s number” —X4 — X3 +X + 1

of respective dynamical degrees dyg(f3) 7 and 12, with Parry polynomials of respective
degrees 20 and 75, given by (3.1.12), are such that their respective Parry Upper functions
take the form given in Proposition 3.2, namely f(z) =

20 19 13 7
7 —z7 =z =7 —z+1
(33.1) — " = —14z+7 +28 4. =Gi(2)+2+...,
resp.
B Z75—Z74—Z63—Z44—Z31—le—Z‘f—l
fp(z) = - 1—74
(3.32) =—1+z+2+21+. . =Gp)+2" +....

The relations between the digits (#;) in the Rényi -expansion of unity of an algebraic
integer B > 1 and the coefficient vector of its minimal polynomial are still obscure in
general, except in a few cases: e.g. for Salem numbers of degree 4 and 6 (Boyd [33] [34]
[36]), for Salem numbers of degree 8 (Hichri [94] [95] [96]), for Pisot numbers (Boyd [37],
Frougny and Solomyak [84], Bassino [17] in the cubic case, Hare [91] [92], Panju [143]
for regular Pisot numbers). A more abstract ergodic viewpoint is developped in Schmidt
[176], with potential applications to limit Mahler measures.
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By (3.1.10), the topological properties of the set {Té’(l)} control the Carlson-Polya di-
chotomy of reciprocal algebraic integers > 1. On this basis Blanchard [25] proposed a
classification of real numbers 8 > 1 into five classes; Verger-Gaugry in [201] refined it in
terms of asymptotic gappiness in the direction of more enlighting the algebraicity of B:

Class C1: dg(1) is finite,

Class C2: dg(1) is ultimately periodic but not finite,

Class C3: dg(1) contains bounded strings of zeroes, but is not ultimately
periodic (0 is not an accumulation point of {Tg(l)}),

Class C4: {Tél(l)} is not dense in [0, 1], but admits 0 as an accumulation point,

Class C5: {Té‘(l)} is dense in [0, 1].

Apart from C1, resp. C2, which is exactly the set of simple, resp. nonsimple, Parry
numbers, how the remaining algebraic numbers > 1 are dispatched in the classes C3, C4
and CS5 is obscure. The specification property, meaning that 0 is not an accumulation point
for {Tg(l)}, was weakened by Pfister and Sullivan [149] and Thompson [198]. For unique
g-expansions the specification and synchronization properties were studied by Alcaraz Bar-
rera [4] [5] [6]. Schmeling [174] proved that the class C3 has full Hausdorff dimension and
that the class C5, probably mostly occupied by transcendental numbers, is of full Lebesgue
measure 1. Lacunarity and Diophantine approximation were investigated by Bugeaud and
Liao [45], Hu, Tong and Yu [102], Li, Persson, Wang and Wu [119]. For any xo € [0, 1]
the asymptotic distance liminf, . |Té’(1) — xo|, for almost all B > 1 (for the Lebesgue
measure), was studied by Persson and Schmeling [148] [174], Ban and Li [16], Cao [49],
Fang, Wu and Li [76], Li and Chen [118], Lii and Wu [126], Tan and Wang [196]. Kwon
[108] studies the subset of Parry numbers whose conjugates lie close to the unit circle,
using technics of combinatorics of words. The seperation between algebraic numbers and
transcendental numbers was studied by Dubickas [67]. Bugeaud [44] investigates Dio-
phantine approximation properties and -representations in algebraic bases. Adamczewski
and Bugeaud ([1], Theorem 4) show that the class C4 contains self-lacunary numbers, all
transcendental, from Schmidt’s Subspace Theorem and results of Corvaja and Zannier.

3.4. Cyclotomic jumps in families of Parry Upper functions, right-continuity. Allow-
ing the real base f3 to vary continuously in the neighbourhood (1,6, 1) of 1, except 1, asks
the question whether it has a sense to consider the continuity of the bivariate Parry Upper
function (B,z) — /B (z), and, if it is the case, on which subsets, in z, of the complex plane.

Theorem 3.13 and its Corollary show that the open unit disk is a domain where the
continuity of the roots of fg(z) in |z| < 1 holds though the functions fg(z) are only right
continuous in B, with infinitely many cyclotomic jumps, while, in the complement |z| > 1,
either the Parry Upper functions are not defined, or may exhibit drastic changes on the
unit circle. In the present attack of the Conjecture of Lehmer only the open unit disk is of
interest.

Lemma 3.11. Let 1 < 3 < 6, Vand 0 < x < 1. Then (i) the bivariate B-transformation map
(B,x) = Tg(x) = {Bx} = Bx — | Bx] is continuous, in B and x, when Bx is not a positive
integer. If Bx is a positive integer, x =1/ and

1
(3.4.1) lim  Ty(y) =1, lim  Ty(y) = Ty(=) =0;

Yk A B
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(ii) for any (B,x), there exists € = €g . such that Ty(y) is increasing both in'y € B, +¢€)
andiny € [x,x+€).

Proof. Lemma 3.1 in [79]. (i) If Bx is an integer, this integer is 1 necessarily. The value
x =1/ is a negative power of 3. The Rényi fB-expansion of 1/ is deduced from dg(1)
by a shift, given in (2.2.3) and (2.2.6); the sequence (Tél(%»rzzl is directly obtained from
(Tél(l))nzl- The fractional part y — {y} = T,(1) is right continuous, hence the result; (ii)
obvious. U

Lemma 3.12. Let 8 € (1, 92_1). (i) If B is a simple Parry number, then, for all n > 1, the
map 'y — Ty (1) is right continuous at f3:

(3.4.2) Jim. Ty (1) =T3(1),

(ii) if B is a simple Parry number, such that Tév(l) = 0 with Té‘(l) #0,1 <k <N, then,
foralln > 1,

7 (1), n <N (left continuity)

where ny € {0,1,...N — 1} is the residue of n modulo N,
(iii) if B is a nonsimple Parry number, then y — T} (1) is continuous at 3:

(3.4.4) yg%l_ Tf(l) :Tﬁ"(l):ygrlrgl+T77(l), forall n>1.
Proof. Lemma 3.2 in [79]. ]
Denote by

7= {fp,,,@11<B <6}

the set of the restrictions of the Parry Upper functions fg (2), 1<B < 6, !, to the open unit
disk. The set .# is equipped with the topology of the uniform convergence on compact
subsets of |z| < 1.

Theorem 3.13. In .% the following right and left limits hold: (i) if B be a nonsimple Parry
number, then continuity occurs as:

(3.4.5) Jim fy(2) = fp(2) = lim fy(2),

(ii) if B is a simple Parry number, and N the minimal value for which Tév (1) =0, then

(3.4.6) Jim, fy(2) = fp(2),
. ~ f3(@)
(3.4.7) Jim fr() = 7=y

Proof. Lety,B € (1,0, ") with |[y—B| <&, &> 0,dy(1) =0.¢]}... and dg(1)=0.11....
Any compact subset of |z| < 1 is included in a closed disk centered at 0 of radius r for some
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0 <r< 1. Assume |z] <r. (i) Assume 3 nonsimple. Since |7}"(1) — Té"(l)| <2form>1,
then

f(2) \Zl (th — 1)z \—!Zl =BTy~ (1) = (T7(1) = TF(1))])"
(3.4.8) Z ﬁT" 1 ))—(T;’(l)—Té’(l)) M<2(e+B+1) Z r,
n>1 n>1

which is convergent. By (3.4.4) and the Lebesgue dominated convergence theorem, taking
the limit termwise in the summation,

lim |f,(z) — fg(z)| =0, uniformly for |z] < r.

r—B
(i1) By (3.4.2) and (3.4.3), the iterates of 1 under the y-transformation T;’(l) behave dif-
ferently at B if ¥ < B or resp. ¥ > 8 when 7y tends to B: if y > B, we apply the Lebesgue

dominated convergence theorem in (3.4.8) to obtain the right continuity at 3, i.e. (3.4.6); if
Y — B, (3.4.7) comes from the dominated convergence theorem applied to

E)- (BT moee)].

fy(Z)—l_lszB( )=(Bz—1) [(ZTH

Z_
U

Theorem B in Mori [134], on the continuity properties of spectra of Fredholm matrices,
admits the following counterpart in terms of the Parry Upper functions:

Corollary 3.14. The root functions of fg(z) valued in |z| < 1 are all continuous, as func-
tions of B € (1,6, 1)\ U316, '}.

Proof. Let (7;)i>1 be a sequence of real numbers tending to 3. The (restrictions, to the open
unit disk, of the) functions fy(z) constitute a convergent sequence in .7, tending either to
fp(z) or fg(z)/(1—2") for some integer N > 1. By Hurwitz’s Theorem ([172] (11.1)) any
disk in |z| < 1, whose closure does not intersect the unit circle, which contains a zero w(f3)
of fg(z) also contains a zero of fy(z) for all i > iy, for some ip. The multiplicity of w(f3) is
equal to the number of zeroes w(¥;), counted with multiplicities, in this disk. U

Another consequence, in ., is the disappearance of the cyclotomic jumps of the left-
discontinuities at the reciprocal algebraic integers § > 1 close to 17,

Corollary 3.15. If B € (1,6, Y is a reciprocal algebraic integer, then the left and right
continuity of the Parry Upper function occurs in ¥ as:

(349) Jim £(2) = f(2) = lim_(c).

Proof. From Theorem 3.13 the case (3.4.7) cannot occur since a reciprocal algebraic integer
> ] cannot be a simple Parry number. 0
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4. ASYMPTOTIC EXPANSIONS OF THE MAHLER MEASURES M(—1+X +X"), A
DOBROWOLSKI TYPE MINORATION

4.1. Factorization of the trinomials —1 + X + X", lenticuli of roots. The notations used
throughout this note come from the factorization of G,(X) := —1+X + X" (Selmer [177],
Verger-Gaugry [206] Section 2). Summing in pairs over complex conjugated imaginary
roots, the indexation of the roots and the factorization of G, (X) are taken as follows:

5]
(4.1.1) Gn(X):(X_en) (H(X_Zj,n)(x_m>> an(X),
=1
where 6, is the only (real) root of G,(X) in the interval (0, 1), where
[T X—zn)X—=Z) | x(X—22,) ifniseven, with
J=1+1%]
gn(X) = 2y real < —1,
n—1
=
[l X—zn)(X—250) if n is odd,
[ J=1+15]

where the index j = 1,2,... is such that z; , is a (nonreal) complex zero of G,(X), except
if nis even and j = n/2, such that the argument arg(z; ,,) of z; , is roughly equal to 27j/n
(Proposition 4.7) and that the family of arguments (arg(z;))1<j<|n/2) forms a strictly in-
creasing sequence with j:

0 <arg(z1,) <arg(zan) <...<arg(zjs),) < 7.

For n > 2 all the roots of G,(X) are simple, and the roots of G*(X) = 1 + X"~ — X", as
inverses of the roots of G,(X), are classified in the reversed order (Figure 1).

Proposition 4.1. Ler n > 2. If n %5 (mod 6), then G,(X) is irreducible over Q. If
n =5 (mod 6), then the polynomial G,(X) admits X> — X + 1 as irreducible factor in
its factorization and G,(X)/(X* — X +1) is irreducible.

Proof. Selmer [177]. O

Proposition 4.2. For all n > 2, all zeros zj, and 6, of the polynomials G,(X) have a
modulus in the interval

2Log2

(4.1.2) - o8
n

(ii) the trinomial G,(X) admits a unique real root 6, in the interval (0,1). The sequence

(6p)n>2 is strictly increasing, 1imy,_s 1. 6, = 1, with 6, = ﬁ@ =0.618...,

2L
ogn’ -

Y

(iii) the root 6, is the unique root of smallest modulus among all the roots of G,(X); if
n > 6, the roots of modulus < 1 of G,(z) in the closed upper half-plane have the following
properties:

(iii-1) 6y < |z1al

(iii-2) for any pair of successive indices j,j+1in {1,2,...,|n/6]},

|2l < lzj+1l
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FIGURE 1. The roots (black bullets) of G,,(z) (represented here with n =71
and n = 12) are uniformly distributed near |z| = 1 according to the theory of
Erdds-Turan-Amoroso-Mignotte. A slight bump appears in the half-plane
R(z) > 1/2 in the neighbourhood of 1, at the origin of the different regimes
of asymptotic expansions. The dominant root of G};(z) is the Perron number
6, ! > 1, with 6, the unique root of G, in the interval (0, 1).

Proof. (1)(11) Selmer [177], pp 291-292; (iii-1) Flatto, Lagarias and Poonen [79], (iii-2)
Verger-Gaugry [206]. U

The Pisot number (golden mean) 6, I — 14Y5 _ 1 618... is the largest Perron number

in the family (6,'),>2. The interval (1, 1+2 | is partitioned by the strictly decreasing

sequence of Perron numbers (6, 1) as

(4.13) (1,”2\6] _ (O [enj1,9n1)> U {65!}

n=2
By the direct method of asymptotic expansions of the roots, as in [206], or by Smyth’s
Theorem [181] (Dubickas [64]), since the trinomials G, (X) are not reciprocal, the Mahler
measure of G, satisfies

(4.1.4) M(6,) = M(G,) > ©=1.3247..., n>2,

where @ = 6 I'is the smallest Pisot number, dominant root of the Pisot polynomial X3 —
X—1=-GiX)/(X*-X+1).

Proposition 4.3. Let n > 2. Then (i) the number p,, of roots of G,(X) which lie inside the
open sector ¥ = {z| |arg(z)| < m/3} is equal to

(4.1.5) 1+2ng,

&l\)

(ii) the correlation between the geometry of the roots of G,(X) which lie inside the unit
disk and the upper half-plane and their indexation is given by:

n 1
(4.1.6) je{l,z,...,ng} — R(zjn) >5 &= |zjn| <1,
and the Mahler measure M(G,) of the trinomial G,(X) is
| [n/6] )
(4.1.7) M(G,) = M(G;) = 6, [T lzjnl >

j=1
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Proof. Verger-Gaugry [206], Proposition 3.7. U

4.2. Asymptotic expansions: roots of G, and relations. The (Poincaré) asymptotic ex-
pansions of the roots of G, (and G}) are generically written: Re(z;,) = D(Re(z;,)) +
tI(Re(zjn)), Im(zjn) =D(Im(zj,)) +t1(Im(zj4)), 6, = D(6,) +1t1(6,), where ”D” and "tl”
stands for “development” (or “limited expansion”, or “lowest order terms”) and ’tl” for
“tail” (or “remainder”, or “terminant” in [58]). They are given at a sufficiently high or-
der allowing to deduce the asymptotic expansions of the Mahler measures M(G,). The
terminology order comes from the general theory (Borel [27], Copson [53], Dingle [58],
Erdélyi [72]); the approximant solutions of a polynomial equation say G(z) = 0 which arise
naturally correspond to order 1. The solutions corresponding to order 2 are obtained by
inserting the order 1 approximant solutions into the equation G(z) = 0, for getting order 2
approximant solutions. And so on, as a function of deg G. The order is the number of steps
in this iterative process. Poincaré [151] introduced this method of divergent series for the
N - body problem in celestial mechanics; this method does not appear in number theory
in the book “Divergent series” of Hardy. The equivalent of the variable time ¢ (in celestial
mechanics) will be the dynamical degree dyg([@] ) of the house of the algebraic integer o
in number theory (with |a| > 1), a new “variable concept” introduced in the present study;
for the trinomials G,, it will be n.

The asymptotic expansions of 6, and those roots z;, of G,(z) which lie in the first
quadrant are (divergent) sums of functions of only one variable, which is n, while those of
the other roots z; , are functions of a couple of two variables which is:

e (n,j/n) in the angular sector 7 /4 > argz > 2w Logn/n, and
e (n,j/Logn) in the angular sector 2w Logn/n > argz > 0.

The first sector is the main angular sector. The second sector if the bump angular sector.
A unique regime of asymptotic expansion exists in the main angular sector, whereas two
regimes of asymptotic expansions do exist in the bump sector (Appendix, and [206]). These
regimes are separated by two sequences (u,) and (v,), to which the second variable j/n,
resp. j/Logn, is compared. Details can be found in the Appendix.

Proposition 4.4. Let n > 2. The root 6, can be expressed as: 6, = D(6,) +t1(6,) with
D(6,) =1—

L —L L
@21y 2B (p_ ( et s ) (LogLogn —nLog (l — ﬂ) —Logn>
n nLogn+n—Logn n

and

2
4.2.2) t(6,) = %0((“’50—1;1‘(;?’) )

with the constant 1/2 involved in O ().
Proof. [206] Proposition 3.1. U

Lemma 4.5. Given the limited expansion D(6,) of 6, as in (4.2.1), denote
n

= 1= (1=D(O)) o
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Then A, = D(A,) +tl(A,), with

LogL 1 LogL.
4.2.3) D(,) = 808" — ], d)=o0 <M>
Logn 1+ Togn n
with the constant 1 in the Big O.
Proof. [206] Lemma 3.2. O

In the sequel, for short, we write A, instead of D(4,,).

Proposition 4.6. Let n > ng = 18 and 1 < j < |“Z1|. The roots z;, of Gu(X) have the
following asymptotic expansions: 2, = D(z;,) +tl(zj ) in the following angular sectors:

(i) Sector % > argz > 2%% (main sector):

D(R(zjn)) = cos(27r£) + Log (2 S’inwﬁ)) ’

D(3(zjn)) = sin(27rl) +tan(7rl) Log (2sin(w)) 7

n n n
with
1 LogLogn\ >
350 - 6t - Sof (tenr)’)

and the constant 1 in the Big O,
(ii) “Bump” sector 2%% >argz >0

(Logn)(LogLogn)
n

o Subsector 21 > argz > 0:

22 [\
D(S)K(zj,n)) = 9n+ 7 (LOgI’l) (1 —|—2/'Ln),

D(3(zjn)) = Ml;ogn (Lojgn> [1 - Lolgn(l +/I”)} ’

1 j 2 LoglLogn 2
1 in)) = o= 7
R (z)n)) nLogn (Logn) 0 (( Logn

N Jj LogLogn 2
S () = nLogn (Logn> 0 (( Logn ) ) ’

+/(Logn)(LogL
e Subsector 2%% > argz > 27 (Logn)(LogLogn)

n

D(R(zjn)) = 6n + 27”2 (Loj;gn)z (1 +2T”2 (Lo{gn)z(l +7Ln>>

D(3(zjn)) =

with
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. 2 . 2
e (G (7 () ()|
n Logn Logn 3 \Logn Logn

with

AR (z;0)) = %0 ((L(;’gn>6> (S () = %0 ((Lojgn)s) |

Proof. [206] Proposition 3.4. 0

Outside the “bump sector” the moduli of the roots z; , are readily obtained as (Proposi-
tion 3.5 in [206]):

1 . T 1 (LogLogn)?
424 in|=14+—Log(2 — -0 —————
( ) |Zjn + " og (2 sin( " ) n < (Logn)? ’

with the constant 1 in the Big O (independent of j). The following expansions of the |z; ,|s
at the order 3 will be needed in the method of Rouché.

Proposition 4.7.
. 2rj .
j _ 1 |1—cos(52) . T
arg(zi,) =2mw(=+A; with A;,=— 11 0g(2sin(—=
1 LogLogn >
and tl(arg(zm)) = ;0( (fo—gng) )
Proof. 36 in [206]. O

Proposition 4.8. For all j such that m/3 > argzj, > 271 [vr:’] , the asymptotic expansions of
the moduli of the roots z; , are

|2j.nl = D(|zjnl) +t(|zjnl)

with
1 . T 1 (LoglLogn 2

4.2.5 D(|zjn|) =14+ —-Log(2 — — | —=—
( ) (I2l) +n og( s1n( n )) + 2n ( Logn )
and

1 _((LogLogn)?
4.2.6 tl(|zjn|) = -0 ——5—
426) (isul) = 0 (20
where the constant involved in O( ) is I (does not depend upon j).
Proof. [206] Section 5.1. O

The following asymptotic expansions in Proposition 4.9, Proposition 4.10 and Proposi-
tion 4.11 will be used in the method of Rouché in §5.

Proposition 4.9. For n > 18, the modulus of the first root z; , of Gn(z) = —1+z+2" is

1 Logn —LogLogn N 10 (LogLogn)
Logn

4.2.7) |21 n

n n
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and

Logn—Logloen 1 Loglogn
(4.2.8) [ EX0EM L 20 (ﬂ)

n n Logn

with the constant 1 in the two Big Os.

v/ (Logn)(LogLogn)

n

Proof. The root z; , belongs to the subsector 27
Lemma 4.5, the asymptotic expansion of 4, is

> argz > 0: first, from

_ LogLogn O(LogLogn)
" Logn (Logn)?
with the constant 1 in the Big O. Since D(|z) »|) = D(R(z1,,)) (1 + (%)2)1/2, that
2, 1 2 2 1
D ) =6, + = 1424,),D(3(z1,)) = =1 — 1
(R(z10)) = 6u + » (Logn) (1+24,),D(3(z1.)) [ Logn( + )]

(Proposition 4.6) and

2
6, — 1 _Logn(1 _)Ln)_i_lO((LogLogn) >
n

n Logn

(Proposition 4.4) we deduce (4.2.7) and the expansion (4.2.8) from the expansion of 4,,. [

Proposition 4.10. For n > 18, the modulus of —1+ z;j,, where z;, is the j-th root of
Gu(z) = —1+z+7" [va| £j < [n/6], is

1 _//LogLogn\2
4.2.9) |— 142/, = 2sin(ﬂ)+—0((w> )
n n Logn

with the constant 1 in the Big O.
Proof. From (4.2.4), Proposition 4.6 and Proposition 4.8, the identity
|—1 —|—Zj,n|2 = (-1 —l—%(Zj,n))z + (S(Zj,n))z =1+ !Zj,n|2 —2R(zjn)
implies: | —1 +Zj,n|2 =
2 2eoam) + 0 () ) =4+ Lo (o))
with the constant 4 in the Big O. We deduce (4.2.9). 0]

Proposition 4.11. For n > 18, the modulus of (—1+2;,)/2j.n, where z;, is the j-th root
of Gu(z) = —1+z+72" [v,] <j<[n/6),is

- 2sin(7[_j)<1 - %Log(zsin(ﬂj))) 0 (<M>2>

n n n Logn

14
(4.2.10) [Z 1+ 2l

|2jn
with the constant 2 in the Big O.

Proof. The expansion (4.2.10) readily comes (4.2.9) and |z, ,| given by Proposition 4.8.
O
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4.3. Minoration of the Mahler measure. In [206] “a la Poincaré” asymptotic expansions
are shown to give “controlled” approximants of the set of the values of the Mahler measures
M(G,) and an exact value of its limit point. Compared to several methods (Amoroso [8]
[9], Boyd and Mossinghoft [38], Dixon and Dubickas [59], Langevin [110], Smyth [183]),
the present approach is new in the sense that the use of auxiliary functions by Dobrowolski
[60] is replaced by the Rényi-Parry dynamics of the Perron numbers (6, !),>5. Let us
briefly mention the results. The product

43.1) Mg, == DIM(G,)) = D(6,)"'x ] D(zja)>
Zjn in |z]<1

outside bump

is considered, instead of

/6]
43.2) M(G,) = 6," ] lzjul 2= TT Iz
=1

Zen_l

as approximant value of M(G,). In (4.3.1) the zeroes z;, present in the bump sector are

discarded since they do not contribute to the limited asymptotic expansions, as shown in

[206] Section 4.2. In [206] Section 4, the two limits liIE 1, and lirJIrl M(G,) are shown
n—r—+o Nn—r—+o°

to exist, to be equal (and greater than ®).

Theorem 4.12. Let )3 be the uniquely specified odd character of conductor 3 ()y3(m) =
0,1 or —1 according to whether m = 0, 1 or 2 (mod 3), equivalently y3(m) = (%) the
Jacobi symbol), and denote L(s, X3) = ¥>1 2% the Dirichlet L-series for the character

mS

x3. Then, with A given by (1.0.16), lim,, 1 M(G,) = M(—1+4z+4+y)=A=1.38135...

Proof. [206] Theorem 1.1; Smyth [182], using Boyd-Smyth’s method of bivariate Mahler
measures ([206] Section 4.1). ]

Introduced in the product (4.3.2), the terminants of the asymptotic expansions of the
moduli of the roots z;, and of 6, provide the higher-order terms of the asymptotic expan-
sion of M(Gy,).

Logng
noy

Theorem 4.13. Let ny be an integer such that % > 21 , and let n > ngy. Then,

1 LogLogn '\
(4.3.3) M(G,) = A (Hr(n) Logn+0( Ofog(izgn) )>

with the constant 1/6 involved in the Big O, and with r(n) real, |r(n)| < 1/6.
Proof. [206] Theorem 1.2. O

In Theorem 4.13 we take ng = 18. For the small values of n, we have:

1++/5

M(G2) = 8 ==

=1.618...

and the following lower bound.

Proposition 4.14. M(G,,) > M(Gs) = 9;1 =0 =1.3247... for all n > 3, with equality if
and only if n = 5.
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Proof. [206] Corollary 1.4. L]

The minoration of the residual distance between the two algebraic integers 1 and 6! is
deduced from the Zhang-Zagier height and Doche’s improvement.

Proposition 4.15. Let u = 0 except if n = 5 mod 6 in which case u = —2. Then,

r’nJru 1
A (1_6Logn)’ nz2,

(4.3.4) M8, ' —1) >

with n = 1.2817770214.

Proof. Except for a finite subset of algebraic numbers, the minoration M(o)M(1 — ¢t) >
(6, 1/ 2)deg(o‘) was established by Zagier [212] and improved by Doche [61], with the lower
bound n > 6, 12 instead of 0, 12 jtself . The minorant (4.3.4) follows from (4.3.3). [

Recall Dobrowolski’s minoration [60]:

LogLogd 3
—_— d>d (e
Logd ) , d>di(e),

for any nonzero algebraic number & of degree d. Voutier in [208] obtained other effective
minorations, improving (4.3.5) for d > 2. A survey on effective minorations is given in
[207]. Theorem 4.13 implies the following minoration of M(8, ') which is better than
(4.3.5) in the sense that the constant term of the minorant is > 1.

(4.3.5) M(a) > 1+(1—e)(

Theorem 4.16.
(4.3.6) M(6, 1) >A—/—\ ! n>n =2
o " 6 \Logn/’ - ’
Proof. [206] Corollary 1.6. U

The problem of extremality of Perron numbers is still open (cf Boyd [32], [207]). The
extremality of the Perron numbers 6! occurs only for n = 2,3. In general, if extremality
holds, by Lind-Boyd’s Conjecture, it would be associated with a lenticular distribution of
roots (of modulus > 1) which admits a proportion asymptotically equal to %n. For the

trinomials G, n > 4, this proportion is only %n, for n large.

5. THE LENTICULAR MINORANT OF THE MAHLER MEASURE M(f3) FOR B > 1 A
REAL RECIPROCAL ALGEBRAIC INTEGER CLOSE TO ONE

The starting point of the proof of Lehmer’s Conjecture is the investigation of the zeroes
of the Parry Upper functions fg(z) in the annular region (B~ ' <zl < 1}U{B '} for B >1
any reciprocal algebraic integer tending to one. The annular domain {f~! < |z| < 1} is the
extended domain of meromorphy of the dynamical zeta function Cﬁ (z) in the open unit
disk. The case of the zero B!, as = D(B~!) 4+ tl(B~!), is readily deduced from section
§5.1 where the asymptotic expansion of a real number 3 > 1 close to 1 is obtained as a
function of its dynamical degree dyg(f). The geometry of the other zeroes is studied in
section §5.2 and §5.3. The lenticular zeroes are identified as Galois conjugates of B! in
section §5.4.
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5.1. Asymptotic expansions of a real number 3 > 1 close to one and of the dynamical
degree dyg(pB).

Lemma 5.1. Let n > 6. The difference 6, — 6,1 > 0 admits the following asymptotic
expansion, reduced to its terminant:

1 LogL 2
(5.1.1) 0,—6, | = _0<(—°g Og”) )
n Logn

with the constant 1 involved in O ().
Proof. From (4.2.1) and Lemma 4.5, we have

L 1 LogL 2
o _1_ Og”<1_zn>+—0<(w)>
n

n Logn

with the constant 1/2 involved in O (), and

LogLogn 1 LogLogn
g togtoen (LY o (eskesn)
Logn 1+ n

Logn

with the constant 1 in the Big O. Then we deduce

Logn Lo <LogL0gn> .

D(6,) ~D(6,-1) = = =

The real function x 2Logx on (1,+o) is decreasing for x > y/e. Hence the sequence
(D(6,) —D(6,_1)) is decreasing for n large enough. By Proposition 4.2 (6,, — 6,_1), is
already known to tend to O.

. 1 LogLogn 2
Since t1(6,) = -0 (Tgn) , we have

6, — 6p—1 = (6, —D(6,)) + [D(6,) = D(6,-1)] = (621 —D(6,-1))
—11(6,) + (L"f” Lo <L°g_1fg”)) 116, 1)

n n
1 _( (LogLogn\>

(5.1.2) :_0<(M) )
n Logn

where the constant involved in O () is now 1 = 1/2+1/2. Hence the claim. O

Theorem 5.2. Let n > 6. Let B > 1 be a real number of dynamical degree dyg(p) = n.
Then B~ can be expressed as: B~' =D(B~ 1)+t (B~ 1) withD(B~!) = 1—

Logn n—Logn Logn
5.1.3 - (L Logn —nL <1— )—L )
( ) n ( (nLogn+n—L0gn) 08 L08N T 1H08 n ot

and

2
(5.1.4) ap~") = %0((“’50—1;1“> )

with the constant 1 involved in O ().
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Proof. By definition 6, < 3~! < 6,_1. The development term of ' is D(B~!)=D(B~! -
6,) +D(6,), with |[B~! - 6,| < 6, —6,_1. By Lemma 5.1, D(6, — 6,_) = 0. Therefore
B~ '=D(B)+t(B~") is deduced from D(6,) in (4.2.1). O

Theorem 5.3. Let < (1,6, Y be a real number. The asymptotic expansion of the locally
constant function n = dyg(B), as a function of the variable  — 1, is

o1 = o (g Sy )

with the constant 1 in O( ).

Proof. Inverting (5.1.3) gives the asymptotic expansion of # as a function of B: from (5.1.3)
readily comes

LogLog (3= )2
(5.1.6) n:B[leog<ﬁ[jl>[l+0<< Log(g) )> )]

then (5.1.5) as B — 1. UJ

Remark 5.4. (Simplified forms): If B runs over the set of Perron numbers 6!, n=5.,6,...,12,
and over the smallest Parry - Salem numbers 3 < 1.240726.. ., the dynamical degree of 8
(cf Table 1, Column 1, in [207]) is the integer part of D(n) in (5.1.6):

B B
5.1.7 d = Log(—)].
(5.1.7) ve(B) =g —Log (57 )]
From (5.1.3) a (approximate) simplified form of B! is deduced:
_ 1 LogLogn
1. D(B~ ') =1-=(Logn—LogL —= =" ),
(5.1.8) (B™) n( ogn—LogLogn+ Logn )

5.2. Fracturability of the minimal polynomial by the Parry Upper function. The alge-
braic integer 8 > 1 is assumed reciprocal and close to one. The relations between the Parry
Upper function fp (z) and the minimal polynomial Pg (z), as analytical functions, are given
in Theorem 5.5 and will be complemented by Proposition 5.30, after the characterization
of the common lenticular zeroes, for n = dyg(p) large enough.

Theorem 5.5. Let 1 < B < (1+ \/5) /2 be a reciprocal algebraic integer. The following
formal decomposition of the minimal polynomial

(5.2.1) Pﬁ(X):PE(X):Uﬁ(X)XfB(X),
holds, as a product of the Parry Upper function
(5.2.2) JB(X) = Gaye(p)(X) + X™ + X" 4 X5 4.

with mo = dyg(B), mgy1 —my > dyg(B) — 1 for ¢ > 0, and the invertible formal series
Up(X) = —C(X)Pg(X) € Z[[X]].The specialization X — z of the formal variable to the
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complex variable leads to the identity between analytic functions, obeying the Carlson-
Polya dichotomy:

(5.2.3)

on C if B is a Parry number, with
Ug and fg both meromorphic,
Pg(z) = Up(z) X fp(2)
onlz| <1 if B is a nonParry number, with |z| = 1
as natural boundary for both Ug and fg.

In both cases, the domain of holomorphy of the function Ug (z) contains the open disk
D(0, edyg(ﬁ)—l)'

Proof. The reciprocal algebraic integer 3 lies between two successive Perron numbers of
the family (8, '),>s, as 6, ' < B < 6."!, dyg(B) = n > 6. By Proposition 3.2 the Parry
Upper function fg(z) at 8 has the form (from (5.2.2)):

5.24) fp(a)=—1+z+"+" ++7B +.

The algebraic integer 3 is a Parry number or a nonParry number. In both cases, f(/3 - =
0. If fg(z) = =1+ Y5112/, the zero B! of /p(z) is simple since the derivative of f3(z)
satisfies fl/3 (B~1) =X;>1j1;B~/T > 0. The other zeroes of f5(z) of modulus < 1 lie in
1/B < |z] < 1. Therefore the poles, if any, of Ug(z) = Pg(z)/fp(z) of modulus < 1 all lie
in the annular region 64ye(g)—1 < |2| < 1.

The formal decomposition (5.2.1), in Z[[X]], is always possible. Indeed, if we put
Up(X)=—1+Y;>1b;X/, and Pg(X) = 1+ a1 X + aX*+...ag1 X9 " + X9, (with a; =
aq- j), the formal identity Pg(X) = Ug(X) x fg(X) leads to the existence of the coefficient
vector (b;);>1 of Ug(X), as a function of (¢;);>1 and (a;)i=1,...a—1, as: by = —(a1 +1),
and, forr=2,...,d — 1,

r—1 d—1
(5.2.5) br=—(tr+a,— Y bjt,_j) with bg=—(tg+1-Y bjt,_j),
J=1 J=1

r—1
(5.2.6) by=—t,+ Y bjtr_; for r>d.

j=1
Then b; € Z, j > 1; the integers b,,r > d, are determined recursively by (5.2.6) by the
sequence (t;) and from the finite subset {bg = —1,by,b,...,by}, itself determined from
Py (X) using (5.2.5). They inherit the asymptotic properties of the asymptotic lacunar-
ity of (#;) when r is very large [201]. If Rg denotes the radius of convergence of Ug(z)

the inequality Rg > 63ys(p)—1 can be directly obtained using Hadamard’s formula REl =

limsup, ... |b,|'/" and the following Lemma 5.6 (in which n = dyg(B)) whose proof is
immediate.

Lemma 5.6. Let € > 0 such that 6! < exp(€). There exists a constant C = C(g) >
max{1,exp(e(n—1)) — 1} such that:

(5.2.7) |b,| < C xexp(er), forallr > 0.
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5.3. A lenticulus of zeroes of f(z) in the cusp of Solomyak’s fractal. In this subsection
B € (1,6, ") is assumed to be a real number (algebraic or transcendental) such that § ¢
{6.! |n>7}. In Theorem 5.14 it will be proved that, to such a 3, is associated a lenticulus
of zeroes of f3 (z) in the cusp of Solomyak’s fractal ¢ (cf Figure 9 in [70]), located in the

angular sector

|arg(z)| < m/18.2880.
For B € {6,! | n > 12} the lenticuli of zeroes of /p(z) have been investigated in the larger
sector |arg(z)| < /3 (cf section § 4). Examples of lenticuli can be visualized in [70].

The method which will be used to detect the lenticuli of zeroes of fg(z) is the method of
Rouché. This method will be shown to be powerful enough to reach relevant minorants of
the Mahler measure M(f3) for B > 1 any reciprocal algebraic integer (cf § 5.6).

Let n := dyg(B). The algebraic integers z; ,,1 < j < |n/6], which constitute the lentic-
ulus ,,2”9;1 in the (upper) Poincaré half-plane satisfy (cf §4):

Fo1(8) = Fom1 (210) = Fort (z20) = Fort (23) = o = Foyrt Zinjogn) = O,
with fen—l (z) = —1+z+7". The Parry Upper function at f3 is characterized by the sequence
of exponents (my),>0:
(5.3.1) J(2) = —1+z+"+"+7"+7" +... = Gul2) + Z 7",

g=>1
where my := n, with the fundamental minimal gappiness condition:
(5.3.2) Mgl —mg>n—1 for all ¢ > 0.

The Rényi -expansion dpg (1) of 1 is infinite or not, namely the sequence of exponents
(mg)4>0 is either infinite or finite: if it is infinite the integers m, never take the value +oo;
if not the power series fg(z) is a polynomial of degree m, for some integer m,,q > 2. In
both cases, the integer m; > 2n — 1 is finite.

We will compute real numbers ¢, € (0,1) such that the small circles C;,, := {z | [z —

Zjnl = t’T”} of respective centers z; ,, |z;,| < 1, all satisfy the Rouché conditions:

IR

q=>1

(533)  |fp(z) —Gal2)| = <|Gu(z)]  forz€Cjy, for j=1,2,...,Js,

are pairwise disjoint, are small enough to avoid to intersect |z| = 1, with J, < | ¢] the largest
possible integer (in the sense of Definition 5.10 and Proposition 5.11). As a consequence,
the number of zeroes of f(z) and G,(z) in the open disk D;, := {z | [z— 2zl < 1,7,,} will
be equal, implying the existence of a simple zero of the Parry Upper function fg(z) in each
disk D ,. The maximality of J, means that the conditions of Rouché cannot be satisfied as
soon as J, < j < | £ for the reason that the circles C; , are too close to |z| = 1.

The values ¢; ,, are necessarily smaller than 7 in order to avoid any overlap between two
successive circles C;, and Cj, 1 ,. Indeed, since the argument argz; , of the j-th root z; ,
is roughly equal to 27j/n (Proposition 4.7), the distance |z, — zj+1 | iS approximately
27 /n.

The problem of the choice of the radius ¢ ,/n is a true problem. On one hand, a too
small radius would lead to make impossible the application of the Rouché conditions, in
particular for those disks C; , located very near the unit circle. Indeed, we do not know a
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priori whether the unit circle is a natural boundary or not for fg(z); locating zeroes close to
a natural boundary is a difficult problem in general. On the other hand, taking larger values
of ¢;,, readily leads to a bad localization of the zeroes of fg(z), and hence, for algebraic
integers B > 1, to a trivial minoration of the Mahler measure M(f3). The sequel reports a
compromise, after many trials of the author, which works (cf § 5.6).

For any real number f8 € (1,6, ') such that B ¢ {6, ! |n > 7} letus denote by ®; , € D;
the simple zero of fg(z); then |®;,| < 1 and

(5.3.4) |@jnl < |2jn

t',n . .
+J7 with Zjn #+ Wjn, J=12,....Ju

if, in addition, B > 1 is a reciprocal algebraic integer, the strategy for obtaining a minorant
of M(B) will be the following: to identify the zeroes ®; , as roots of the minimal poly-
nomial Py (z) = Pg(z), then to obtain a lower bound of the Mahler measure M() (will be

made explicit in §5.6) from these roots by
t .
(53.5) BxITlwl® = 6, x[T(lzjnl +=2)%,
J

where j runs over {1,2,...,J,}.
In general, for any real number 8 € (1,6, 1) such that B & {6,' | n > 7}, the quantities
tj» will be estimated by the following inequalities:

|Z|2(n—1)+1 |Z|2n_l

(5.3.6) EE = g < |Gu(2)| forzeCj,, j=12,....Jy

instead of (5.3.3), too complicated to handle. In (5.3.6) the exponent “n — 1" comes from
the minimal gappiness condition (5.3.2), that is from the dynamical degree n of 3 itself, as
unique variable. Indeed, due to the great variety of possible infinite admissible sequences
(mg)g>1 in the power series fg(z) in (5.3.1), for which m; > g(n—1)+n forall g > 1, we
will proceed by taking the upper bound condition (5.3.6) which comes from the general
inequality:

|Z‘2n_l

L= fgr=t

1/(z) = Gu(z)| = |} 2™

g=>1

< Y M) <

q=>1

|z] < 1.

The radius 19, /n of the first circle Cp, := {z | |z — 64| = tOT"}, which contains B!, is
readily obtained without the method of Rouché.

(LogLogn)2
foni= | ———om ) .
Logn

Lemma 5.7. Letn>17.

Proof. Since B! runs over the open interval (6,_1,6,), this interval (6,_1,6,) is neces-
sarily completely included in Dy ,, and the radius of Cy , is 6, — 6,—1. We deduce the result
from Lemma 5.1. From Proposition 4.6 the root z; , admits 3(z;,) = 27”(1 - Lolgn +...)
as imaginary part. Then, for any #; , € (0, 1), the circle Cp , of radius t ,/n, and Cy , are
disjoint and do not intersect |z| = 1. O
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By Proposition 4.3 the only angular sector to be considered for the roots z;,, of G, and
the Rouché circles C; ,, up to complex-conjugation, is 0 < arg(z) < +7. In this sector the
“bump” angular sector, argz € (0,2m(Logn)/n) (cf Appendix; Remark 3.3 in [206]), will
be shown to contribute negligibly.

The existence of the roots @; , in the main subsector is proved in Theorem 5.8, then in
Theorem 5.14 in a refined version. Proposition 5.13 completes the proof of their existence
in the bump angular sector. In the complement of the family of the adjustable Rouché disks
Theorem 5.20 asserts the existence of a zerofree region depending upon the dynamical
degree of f3.

In the following we consider the problem of the parametrization of the radii #; ,/n by a
unique real number a > 1, allowing to adjust continuously and uniformly the size of each
circle C; ,. We solve it by finding an optimal value.

Theorem 5.8. Letn > ny =195, a> 1, and j € {[v,],[va] + 1,...,|n/6]} . Denote by
Cin=A{z]lz—zjnl = 07”} the circle centered at the j-th root zj, of —1 +X + X", with
tin= @ Then the condition of Rouché

|Z|2n—l

1 =g

holds true on the circle C; ,, for which the center z; , satisfies

(5.3.7) < |-14z+7"|, forallz € Cjp,

| —1+2ja| 1 —exp()
1 S s aE
|2).n] 2exp(%) -1
The condition n > 195 ensures the existence of such roots z; ,. Taking the value a = amax =

5.87433... for which the upper bound of (5.3.8) is maximal, equal to 0.171573..., the
roots zj , which satisfy (5.3.8) all belong to the angular sector, independent of n:

(5.3.8)

T
(5.3.9) arg(z) € [0’—‘_18.2880}'

For any real number 3 > 1 having dyg(B) = n, fg(z) admits a simple zero ®;, in Dj,
for which the center zj, satisfies (5.3.8) with a = amax, and j in the range {[v,], [v,] +
l,...,|n/6]}.

Proof. Denote by ¢ := arg(z; ) the argument of the j-th root z; ,. Since —1+2z;, —|—z;?7n =
0, we have [zj,|" = | = 1 +2;,|- Let us write 2= z;,, + 22eV = z;,,(1 + Ze¥=9)) the
generic element belonging to C; ,, with ¥ € [0,27]. Let X := cos(y — ¢). Let us show that
if the inequality (5.3.7) of Rouché holds true for X = +1, for a certain circle C; ,, then it

holds true for all X € [—1,+1], that is for every argument y € [0,27], i.e. forevery z € C; ;.
Let us show

n X 2, 1
= —_— 1— 2X°—1 —
exp( a ) % ( 2a2n( )+0(n2>>

an

and

V1 —X? X 1
an a an n '

arg ((1 + iei('l’—‘l’))n> = sgn(sin(y — @)) x ( —[-——]+0(=)
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Indeed, since sin(y — @) = +v/1 — X2, then

<1 + %ei(w_‘P))n = exp (nLog (1+ a%e“"""’”))

— exp (g(Xiim) + {—%(%(Xiim»z + 0(%)])

X m o, 1 1-X X 1
_exp< 5 ——(2X —1)—1—0(—2)) X exp (ilT[l_E]—FO(ﬁ))'
Moreover,
j X 1
’1+£e’("’_"’)‘:‘1+ (X +iv1-X2) ’_1+E—+0(—2).
an an an n
with
T V1 —-X? 1
1+ = pilv=9)y — . _ O(—).
arg(1+ ¢V =9)) = sgn(sin(y — 9)) x " +0(-5)

For all n > 18 (Proposition 3.5 in [206]), let us recall that

1 . T 1 LogLogn 2
5.3.10 in|l=1+-Log(2sin—)+ -0 ————— | .
(5:3.10 eial =14 s Log(2sin ™) 1 o (LoE 8 )
Then the left-hand side term of (5.3.7) is
. 2n
|Z|2n—l ’ —1 +Zj,n‘2 ‘ 1+ %e’("’_q’)‘
=z are VO = | = Ttz |1+ Zeilv=0)]"

|—1+zjn|2(1—”—2(2X2—1)>exp(2” )

(1+ 1Log(ZSlnm)—F ) == 1+2z).] ( x (2X2—1))exp( X

2an

(6.3.11) =

2
up to %0 (M) -terms (in the terminant). The right-hand side term of (5.3.7) is

Logn
’—1+Z+Zn’: ‘—l+zj~,n<l+lei("’*“’))+z’}n<1+£e"("’*‘/’)>"‘
na ’ na
v 1—X?2 X
— |14z, (i 21+ =2
‘ (1214 )+
(5.3.12)
2
’ X V1 —X? X 1
(1 =230 (1= 5 (X = D) exp(T5) exp (1 ( (1= 7)) +0(2)

Let us consider (5.3.11) and (5.3.12) at the first order for the asymptotic expansions, i.e.
up to O(1/n) - terms instead of up to 0( (LogLogn/Logn)?) - terms or O(1/n?) - terms.
(5.3.11) becomes:

| — 1 +2ju” exp(*5¥)

|Zj,n‘ —|—1 +Zj,n’eXP( a )
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FIGURE 2. Curve of the Rouché condition a — x(1,a) (upper bound in
(5.3.8)), for the circles Cj, = {z | |z —zjn| = w|zja|/(an)} centered at the
zeroes 7, of the trinomial —1+ X + X", as a function of the size of the
circles C; , parametrized by the adjustable real number a > 1.

and (5.3.12) is equal to:

nX Tv1-X?
| — 1424 1—exp(7) exp(ii7>

and is independent of the sign of sin(y — ¢). Then the inequality (5.3.7) is equivalent to
(5.3.13)

14z, Pexp(2EX X TV1-X2
| Js .p( a 7)rX <|=1+zjal l—exp(—) exp(il—> )
[2jnl = | = 1+ 2jn| exp(ZX) ¢ ¢

and (5.3.13) to

R L K Gl | G
2. exp(%)—f—‘l—exp(%) exp(i—” I*Xz)‘

a

(5.3.14)

=:x(X,a).

Denote by x(X,a) the right-hand side term, as a function of (X,a), on [—1,+1] x
[1,4-e0). It is routine to show that, for any fixed a, the partial derivative d kx of x(X,a) with
respect to X is strictly negative on the interior of the domain. The function x — k(x, a) takes
its minimum at X = 1, and this minimum is always strictly positive. Hence the inequality
of Rouché (5.3.7) will be satisfied on C; , once it is satisfied at X = 1.

For which range of values of j/n? Up to O(1/n)-terms in (5.3.14), it is given by the set
of integers j for which z; ,, satisfies:

_ [t—exp(@)]exp(F)

exp(g) +[1—exp(F)]
In order to take into account a collection of roots of z; ,, as large as possible, i.e. in order to
have a minorant of the Mahler measure M(f3) the largest possible, the value of a > 1 has
to be chosen such that a — k(1,a) is maximal in (5.3.15).

The function a — k(1,a) reaches its maximum Kk(1,amax) := 0.171573... at amax =
5.8743.... (Figure 2). Denote by J,, the maximal integer j for which (5.3.15) is satisfied and
in which a is taken equal to amax (Definition 5.10 and Proposition 5.11). From Proposition

|_1+Zj,n|

(5.3.15)
|21l

< k(l,a)
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5.11, in which are reported the asymptotic expansions of J, and arg(zy, »), we deduce

< T
18.2880...

Remark 5.9. The minimal value n; = 195 is calculated by the condition 272 < g58eo—
=0.171784..., for all n > ny, for having a strict inclusion, of the “bump sector” inside
the angular sector defined by the maximal opening angle 0.171784 ... (cf Appendix for the
sequence (v,))

(5.3.16) arg(z;jn) =0.171784... for j=[v,],[va] +1,...,Jn.

This finishes the proof. U

Let us calculate the argument of the last root z; , for which (5.3.14) is an equality with
X=1.

Definition 5.10. Let n > 195. Denote by J, the largest integer j > 1 such that the root z; ,
of G, satisfies

_ . 1 —exp(—=
(5.3.17) M < (1, amax) = p(“ma") =0.171573...
9 a T
|Zj7}’£| Zexp(amax> _1

Let us observe that the upper bound k(1,amax) is independent of n. From this indepen-
dence we deduce the following “limit” angular sector in which the Rouché conditions can
be applied.

Proposition 5.11. Let n > 195. Let us put K := K(1,amax) for short. Then

B . K kLogx 1 LogLogn.»

(5.3.18) arg(z/,.n) _2arcsm(§)+m+;0((Tgn) )

n . /K kLogk LogLogn.»
5.3.19 Jn== )+ —F—=+0((————
(53.19 = laresin(3)) + 2+ o(F TE)
with, at the limit,

. : In . (K

(5.3.20) Jim arg(zy, ) = lim 22~ = 2arcsm(§) =0.171784...

Proof. Since limy,_, 4« |2j, | = 1, we deduce from (5.3.17) that the limit argument ¢y,
of zj, » satisfies | — 1 4 cos( @) + isin(@rm)| = 2sin(@pim/2) = x(1,amax). We deduce
(5.3.20), and the equality between the two limits from (5.3.21).

From (5.3.17), the inequality | — 14z 4| < |zj | K(1,amax) already implies that arg(z;, ,)) <
Q1im- In the sequel, we will use the asymptotic expansions of the roots z;, ,. From Section
6 in [206] the argument of z,, , takes the following form

1 [1 — cos ()

(5.3.21) arg(zy, ) = 27r(J—" +R) with R=-— Log (zsm(n_J”))
n n

n
27n Z”_Jn)

sin( =7

with

Logn

2
s = 1o (E2)’).
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Its modulus is

1 Jo. 1 _(LogL 2
(5.3.22) 127,.n] = 1+ ~Log (2sin =) + =0 (w) .

n n n Logn
LogLogn

Togn )2) -terms, we have

Denote ¢ := arg(zy, »). Up to 2O((
1 . 7], . 2
| = 1425,0* = ‘—1 +[1+ ZLog (2sin 7")](005((p) +1s1n((p))‘

S+ %Log 2 sin%Jn)](cos(q))]z 4t %Log (ZSin%Jn)]z(sin((p)z

1 J, 1 J
=1+4+[1+—Log(2sin & ")]> —2[1 4 ~Log (2sin ﬂ)] cos(®)

n n n n

4 J, 1 J
(53.23) = 4(sin<§))2+ Z(sin(g))zLog (2sin %) :4(sin(§))2[l +-Log (mm%)}.
Up to %O((%)z)-terms, due to the definition of J,, let us consider (5.3.17) as an
equality; hence, from (5.3.23) and (5.3.22), the following identity should be satisfied

1 J,

(5.3.24) 2sin(§) — K [1+5-Log (mm%)}

We now use (5.3.24) to obtain an asymptotic expansion of y,, := 2717%” — Qpm as a function

of n-and @yin, up o %O(<%)2)—terms. First, at the first order in y,,
) ' - J . |
sin(” n):%COS((Pgm)_FSin((PSm), Cos(ﬂnn):—%sin(%)+cos(¢;m),
in( - Plim cos(%mn) cos( %)
Fog2sin(= 7)) =Log (2 2L —Logk+y,— 2.
og (2sin( . )) = Log (2sin( > ))+%25in("’%) 0g K+ Wy -
Moreover,
1— cos(z’ff”) wl,
———.7 —Log(2sin }
| Lo s
6329 —tan(®mLog) |1y [ L BB,
B 2 "\ sin(@m)  xLogk )1’

Hence, with 2sin(¢/2) = 2sin(7J,, /n) cos(aR) + 2 cos(mJ, /n) sin(xR), and from (5.3.21),
up to %0((M)2)—terms, the identity (5.3.24) becomes

Logn
. . -2 Diim t Plim Log k& L
icos( %) 2sin( Py (L TEIEER) — cf1 4 LR
n n

We deduce
kLogk 1 LogLogn, 2

5.3.26 =72 1L 0((= ,

(5.3.26) Vi o) (Fogn )

then 27J, /n = W, + @iy, and (5.3.19). With 27/, /n, and from (5.3.21) and (5.3.25) we
deduce (5.3.18). This finishes the proof. ]
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Remark 5.12. (i) The maximal half-opening angle of the sector in which one can de-
tect zeroes of fg(z), for any B such that 6, 1 < 8 —1 < 6,, by the method of Rouché, is

0.17178... = 2arcsin(w). Remarkably this upper bound 2arcsin(w) is inde-
pendent of n. By comparison it is fairly small with respect to 7 /3 for the Perron numbers
6, .

(ii) The curve @ — k(1,a), given by Figure 2, is such that any value in the interval
(0,%(1,amayx)) is reached by the function k(1,a) from two values say a; and ay, of a,
satisfying a; < amqx < az. On the contrary, the correspondence a;qy <> K(1, @mqyx) is unique,
corresponding to a double root. Denote D := exp(7/dmqy) and K := K(1,ayqy). It means
that the quadratic algebraic equation 2kD? — (k + 1)D + 1 = 0 deduced from the upper
bound in (5.3.17) has necessarily a discriminant equal to zero. The discriminant is k2 —
6x + 1. Therefore D = (kK +1)/(4x) and the limit value x = 2arcsin(x/2) in (5.3.20)
satisfies the quadratic algebraic equation

4(sin(x/2))* — 12sin(x/2) + 1 = 0.
Proposition 5.13. Let n > ny = 195. The circles Cj, := {z| |z— 2| = %} centered at
the roots zj , of the trinomial —1 + z+ 7" which belong to the “bump sector”, namely for
J€A{1,2,...,|vn|}, are such that the conditions of Rouché
‘Z|2n71

32 e
(5.3.27) g

< |=14z+7"|, forallz€Cj,, 1<j< |,

hold true. For any real number B > 1 having dyg(B) = n, fg(z) admits a simple zero @;
in D, (with a = amax), for j in the range {1,2,...,|v,]}.

Proof. The development terms “D” of the asymptotic expansions of |z;,| change from
the main angular sector argz € (2mw(Logn)/n,m/3) to the first transition region argz =<
2n(Logn)/n, the “bump sector”, further to the second transition region
argz < 27/ (Logn)(LogLogn)/n, and to a small neighbourhood of 6, (Section 4.2).
Then the proof of (5.3.27) is the same as that of Theorem 5.8 once (5.3.10) is substi-
tuted by the suitable asymptotic expansions which correspond to the angular sector of the
“bump”. The terminants of the respective asymptotic expansions of |z ,| also change: this
change imposes to reconsider (5.3.11) and (5.3.12) up to Logn/n - terms, and not up to
1/n - terms, as in the proof of Theorem 5.8. It is remarkable that the inequality (5.3.14)
remains the same, with the same upper bound function k(X,a). Then the equation of the
curve of the Rouché condition a — x(1,a), on [1,+o0), is the same as in Theorem 5.8 for
controlling the conditions of Rouché. The optimal value am,x of a also remains the same,
and (5.3.7) also holds true for those z;, in the bump sector. [

From the inequalities (5.3.8) in Theorem 5.8, also used in the proof of Proposition 5.13,
we now obtain a finer localization of a subcollection of the roots @; ,, of the Parry Upper
function fﬁ (z), and a definition of the lenticulus fﬁ of B, as follows.

Theorem 5.14. Let n > ny = 195. Let B > 1 be any real number having dyg(B) = n. The
Parry Upper function fg (z) has an unique simple zero ®; ,, in each disk D , :=
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n|Z’ "‘} j=1,2,....J,, which satisfies the additional inequality:

M max
(5.3.28) |@jn— %ﬂd for j=1{val,[val +1,....Ju,
n
where aj, n = amax and, for j = [v,], J JIn—1, the value aj,, , > amax, is defined by
5329 p() Log[l—l—Bj,n—\/1—6Bj,n+Bin}
Ajn 4B;
with Bj, = 2sm(7:l]) (1 — lL0g(251n(7tj))),

and, putting D := D( ) for short,

T 2 —3+4+exp(—D)+2exp(D) LogLogn >
5.3.30 d = =xB;, :
( ) (Clj,n) n ' 4 —exp(—D) —2exp(D) ) Logn

An upper bound of the tails, independent of j, is given by

(LogLogn)?
(5.331) O(W)

with the constant =~ in the Big O. The lenticulus £ associated with B is constituted by
the following subset of roots of fg(z):

Jn
(5.3.32) L ={1/B} U | ({oja}u{@;.}).
j=1

Proof. The existence of the zeroes comes from Proposition 5.13 and Theorem 5.8, with the
maximal value J,, of the index j given by Proposition 5.10. To refine the localization of @ ,,
in the neighbourhood of z; ,,, in the main angular sector, i.e. for j € {[v,], [va|+1,...,Jn},
the conditions of Rouché (5.3.7) are now used to define the new radii.

The value a; , is defined by the development term D( ) itself defined as follows:

Ajn

2exp(D(;7)) — 1
|—1+z4]

and the tail tl( ) calculated from tl ( Tl ) so that the Rouché condition
Jn

— . -1 . — .
=142l _ g (@) +d (’_
|Zjn :

holds true. From Proposition 4.11, denote
—1+4+z; 1 i
Bj,:=D (#) = 2sin(== )(1 — —Log(ZSln(n]))>
Zj n

)). The identity (5.3.33) transforms into the equation of degree 2:

(5.3.33) D(|—%) _. 1_CXP(—D( =)

(5.3.34)

) 5 1 —exp(— a]n)

26xp( ) 1

Let W :=exp(D(-2

ajn

(5.3.35) 2Bj, W2 = (Biu+1)W+1 = 0
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from which (5.3.36) is deduced. For the calculation of tI(-2- . ), denote D := D( n) and

1—ex p(a,-,,)

thin .—tl( —). Then, at the first order, ——— k"~
exp( 2 )71

_ 1—exp(=D—1lj,) 4 —exp(—D) —2exp(D) y
B 2exp(D+1lj,) — 1 —3+exp(—D)+2exp(D)’""
From (5.3.34) and (4.2.10) the following inequality should be satisfied, with the constant 2
in the Big O,
10<(LogL0gn)2> B ﬂ(\ —1+2zj, 4 —exp(—D) —2exp(D) \
n Logn |21l —3+exp(—D)+2exp(D)""
The expression of #/;, in (5.3.30) follows, to obtain a strict inequality in (5.3.34). By
(5.3.29) the quantity exp(D) is a function of B;,, which tends to 3 when B, tends to 0;

hence, at the first order, a lower bound of the function Bj, — |Bj, (~5- :2515(_3;)_43525;()8;) )l

is obtained for j = [v, |, and given by 27‘[% x 7. Then it suffices to take

=Bju[l+1tlj, % (

> < lljJ,XBjJ,(

LogLogn)?

i = cm(M)
’ (Logn)?

with cste = 1/(7m), to obtain a tail independent of j, and therefore the conditions of Rouché

(5.3.34) satisfied with these new smaller radii and tails in the main angular sector.

0
Remark 5.15. For n very large, up to second-order terms, (5.3.35) reduces to
4sin( ])W2 <2$1n( ])—i-l)W—i—l =0
n n
and (5.3.29) to
1+ 2sin(%) 1 —12sin(%) 4 4(sin(Z))?
T
(5.3.36) D(->) = Log| h-y " n
jn 8sm( )
Lemma 5.16. Let n > 195 and c, defined by |zj, n| = 1 — 2. Let us put ¥ := K(1,amax) for
short. Then
1 1 LogLogn. >
5.3.37 =—(L 1+-)4+-0((————
(5.3.37) en = —(Logi) (1+ )+ O((= =) );
with ¢ =1im,,_, 4, = —Logk = 1.76274.. ., and, up to 0(%((L0igo—1;g")2) )-terms,
(1—c)n o2 c -
(5.3.38) e = T (1 —[2-ce—2d])
(1-22)—(1—1=2) l—e¢ 2n(1—e€)

with e=%¢ /(1 —e~¢) = 0.0355344 . ..

Proof. The asymptotic expansion (5.3.37) of ¢, is deduced from the asymptotic expansions
of y, and z;, , given by (5.3.26) and (5.3.22) (Proposition 3.5 in [206]). We deduce the
limit ¢ := —Log(x(1,amax)) = 1.76274... and then (5.3.38) follows. O
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Definition 5.17. Let n > ny := 260. We denote by H, the largest integer j > [v, | such that
(1%
—a-(-g7
Proposition 5.18. Let n > 260. Let denote k := K(1,amax) for short. Then

(5.3.39) arg(zj,.n) — arg(zjn) >

2
K K
= Darcsin(=) —
arg(zH, n) arcsin ( 2) T
Logk K 2+ xLog (k) +2Log (k) 1 LogLogn\2
5.3.40 —o((FE0E)
( ) * \/4_;<2+ 2(1—x) +n ( Logn )
with, at the limit,
I aresin(X) — X _0.13625
nirgwarg(zyn7n) = arcsm(a) —1<=0 :

Proof. The asymptotic expansion of the right-hand side term of (5.3.39) is

(1-2)>

P e c(2—ce “—2c)
(1—%)—(1—%)"_1—e_c<1+ 2n(1— o) )+

Then the asymptotic expansion of arg(zg, ») comes from (5.3.39) in which the inequality is
replaced by an equality, and from the asymptotic expansion (5.3.18) of arg(z;, ») (Proposi-
tion 5.11). ]

(5.341)

For n large enough, arg(zp, ,) is equal to 2%%, up to higher order - terms, and a defini-
tion of H, in terms of asymptotic expansions could be:

(5.3.42)
2
n . K K 2+ xLog(x)+2Log(x)
H,=|—(2 —) = L [ :
n LG( arcsm(2) 1_K) og (K) _4_K2+ 20 |
For simplicity’s sake, we will take the following definition of H,
2
n . K K
(5.3.43) H, := Lﬁ (2arcs1n(§) - K) —1].

Remark 5.19. The value n, = 260 is calculated by the inequality 2”% < arg(zp, ») Which
should be valid for all n > 260, where H, is given by (5.3.43), arg(zp, ») by (5.3.40), where
(vp) is the delimiting sequence (cf Appendix) of the transition region of the boundary of
the bump sector. A first minimal value of # is first estimated by 271:1% < D(arg(za, n))
using (5.3.40). Then it is corrected so that the numerical value of the tail of the asymptotic
expansion in (5.3.40) be taken into account in this inequality.

Theorem 5.20. Let n > ny := 260. Denote by &, the subdomain of the open unit disk,
symmetrical with respect to the real axis, defined by the conditions:

1 /LogL 2
(5.3.44) 2 <1, —(M) <|z— 6],
n n Logn
ﬂ .
(5.3.45) ﬂ<|z—zj,n, for j=1,2,...J,

N dmax
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and, for j=J,+1,...,2J, —H, +1,

7|Zjn

2 (i JN2q-1/2
(5.3.46) inax(J — In)” J”>] 2

n

Jn
Then, for any real number B > 1 having dyg(B) = n, the Parry Upper function fg(z)
does not vanish at any point 7 in 9.

Proof. Assume 8 > 1 such that 8, | < B~ < 6,. We will apply the general form of the
Theorem of Rouché to the compact %, which is the adherence of the domain Z,, i.e. we
will show that the inequality (and symmetrically with respect to the real axis)

(5.3.47) 1/ (2) — Gn(2)| < |Gn(2)], z € 04MUC,UC,U...UC,,

holds, with z € Im(z) > 0, where d.%,, is the union of: (i) the arcs of the circles defined by
the equalities in (5.3.45) and (5.3.46), arcs which lie in |z] < 1 — ¢, /n, and circles for which
the intersection with |z| = 1 — ¢, /n is not empty, (ii) the arcs of C(0,1 — ¢, /n) which have
empty intersections with the interiors of the disks defined by the inequalities “>”, instead
of “<”, in (5.3.45) and (5.3.46), which join two successive circles. The two functions fg (2)
and G,(z) are continuous on the compact ., holomorphic in its interior %, and G, has
no zero in %,. As a consequence the function fg(z) will have no zero in the interior &, of
.

Instead of using fg(z) itself in (5.3.47), we will show that the following inequality holds
true
’ ’2n71

3.4 L —
(5.3.48) g

< |-1+z+7"|, forallze d™
what will imply the claim.

The Rouché inequalities (5.3.47) (5.3.48) hold true on the (complete) circles Cj ,, 1 <
Jj < J, by Theorem 5.8 and Proposition 5.13; these conditions become out of reach for j
taking higher values (i.e. in {J,+1,...,|n/6]}), but we will show that they remain true
on the arcs defined by the equalities in (5.3.46). The domain %, only depends upon the
dynamical degree n of 3, not of B itself.

Let us prove that the external Rouché circle |z| = 1 — ¢, /n intersects all the circles

Cytomk = 0,1, x> With kimay := |Ju(2)|. Indeed, up to L0((12E2")?)_ terms,

Amax Logn
from Proposition 5.11,
J, Jo—k)+k Jo—k k
Log (25in(7t;")) = Log(ZSin(ﬂ%)) =Log (27 nn (I+ 7 —k))
Jo—k k
(5.3.49) =Log (2 sin(z=" )) —.
n Iy

Since |zj, 4| =1—cp/n=1+ %Log (2 sin(n%)) + %O((mfo—];lyl)z), we deduce from (5.3.49),

with k < kmax, that the point z € C(0, 1 — ¢,/n) for which arg(z) = arg(z;,—x,,) is such that

€ _ WG =

Amax

(2 —tn =2l = nJ, — nJ, ~ Namax
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up to %0((%)2)- terms. As soon as 7 is large enough, we deduce that z lies in the
interior of D, ,. Since the function x — Log (2sin(7x)) is negative and strictly increas-
ing on (0,1/6), the sequence (|z;,|) j=H,....s, is strictly increasing, by (5.3.22). Hence we
deduce that the circle |z| = 1 — ¢,/n intersects all the circles C; , for j = J, — kmax, - - -, Jn-

The same arguments show that the external Rouché circle |z| = 1 — ¢, /n intersects all
the circles C(z; n, Ji’”')forJ_J +1,J,+2,...,2J,—H,+ 1.

The quantities s ,, for j =J, +1,...,2J, H,, + 1, are easily calculated (left to the
reader) so that the distance (length of the j—th circle segment)

(1 -5

Zjn Cn
9 1__
. (

el ) T

for y;,y; € C(zjn, 7;‘?”') NC(0,1—),y; # ¥, be independent of j in the interval {J, +
L,....,2J,—H,+ 1} and equal to

nlz-]nan
nAamax

(5.3.50)

Then the two sequences of moduli of centers (|2 ) j=j,+1,... 2J,—H,+1 and of radii

(%ﬁ:l) j=Jpt1,....2J,—H,+1 are both increasing, with the fact that the corresponding disks

7[|Zjn-n ‘

- with the ex-
Amax

D(zjn, 7;'? "‘) keep constant the intersection chord arg(y;) —arg(y};) =
ternal Rouché circle |zl =1—cu/n. .
Letz € C(0,1— <), ¢ :=arg(z) € [0,7]. Denote by Z(¢) :=|G,((1—2)e?)[* =|—1+

(1—2)e'® 4 (1—2)neln? ‘2. The expansion of the function Z(¢) as a function of ¢, up to
(l/n) terms, is the following: Z(¢) =

(14 (1= ) cos(@)-+(1 = ) cos(n) -+ (1~ )sin(@))+ (1~ )" sin(ng))?
=2+e 2 —2cos(p) —2e “cos(n ) +2e cos(@)cos(n @) + 2 sin() sin(n @)
=2+e 2 —2cos(@)—4e ® sin(%) (cos(n 0) sin(g) —sin(ng) cos(%))

(5.3.51) — 24 e % —2c0s(¢) +de sin(g) sin(ng — g).

The function Z(¢), defined on [0, /3], is almost-periodic (in the sense of Besicovitch and

Bohr), takes the value 0 at ¢ = arg(zy, »), and therefore, up to O(1/n)-terms, has its minima

at the successive arguments arg(zj, ») + 2]‘7” for k| =0,1,2,...,J,—H,+1,... (Figure 3).

For such integers k, from (5.3.51), we deduce the successive minima

2kjr  2lk|m
==

(5352) | =Lt zgue 4 (g, e = |Gz, )| + n

up to %0((%)2)— terms, with arg(z;, e~ 2*%/") = arg(z;, ) up to O(1/n)-terms.

With the above notations, denote by y;, y;- the two points of C(0, 1 — <) which belong to

Cjnfor2H,—J, < j<Ju, to C(2)n, n'j’"‘) forJ,+1 < j<2J,—H,+ 1. Writing them by
increasing argument, we have:

(5 3 53) / / / / /
. YV2H,—Jy Y2H,—Jys o YHus YHy o+ 5 YT Y1 Yl Y1410+ 5 Y20 —Hy+15 Y20,—H,+1-
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zzzzzzzz

FIGURE 3. Oscillations of the upper bound | — 1 +z+ z"| of the Rouché in-
equality (5.3.7), for z running over the curve |z| = 1 — ¢, /n (here represented
with n = 615) as a function of arg(z) in [0,0.28]. The minima correspond
to the angular positions of the zeroes z;, of the trinomial —1 + X + X",
for j=1,2,....Hy,....J5,....20p,—H,+1,... (Jo15 = 17,Hg15 = 12). The
angular separation between two successive minima is ~ 27 /n. The dif-
ference between two successive minima is ~ 27 /n. For n = 615, the ar-
guments 277(Logn)/n (limiting the bump sector), arg(z, ») and arg(z;, »)
are respectively equal to 0.0656...,0.12189...,0.17129.... The horizon-
tal line at the y-coordinate 0.0354... is the value of the left-hand side term
of the Rouché inequality (5.3.7) (Proposition 5.3.47); it is always strictly
smaller than the minimal value of the oscillating function | — 1 4+ z+z"| on
the external boundary d.%,*", whose geometry surrounds the roots z;, for
j between H, + 1 and 2J, — H, + 1.

The Rouché inequality (5.3.47) is obviously satisfied at each y; and y& for j = 2H, —
Jn,...,Ju. Let us show that this inequality holds at each point y; and y’j for j =J,+
1,...,2J, — H, + 1. Indeed, for such a point, say y;, there exists

éj = szjmneZi(j—Jn)n/n_'_(l —wj)yj, for some w; € [0, 1],

lying in the segment [z Jn7n€2i(‘i —m/n 5 | such that

Gn(3)) = Gu(2s, n€® T 4 (v = 25, ne® =TI G (&)
with, using (5.3.50),

i(j— n i(j— n ﬂzfm”
1Ga(37) — Gl M) = |y, — 25 n U= (E)] = Tl 1 ).
N amax

The derivative of G,(z) is G,(z) = 1 +nz"~!. Up to O(1/n)-terms, the line generated by
the segment |z, ,e?U=/W)%/" .| is tangent to the circle C(0,1 — c,/n), and the modulus
116 (&))] satisfies

1

1 i i 1 1 _
LGH(EN] = 1) (e M| = G ()| = Tim |G| = €
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From |G, (y;)| > ||Gu(y;) — G (24, n€®U=I0/M)| — |Gy (25, n€*U~/)%/m)|| and (5.3.50) we
deduce
E‘Z‘Imn|efc o 27F|]—Jn|

(5.3.54) G,(y/)| >

G = 22 .

But, by definition of H,, still up to O(1/n)-terms, for |j—J,| <J,—H, —1,
2r|j—J,|  2m(Jy—H,—1 e ¢

(5.3.55) !Jn ol 270 il ):arg(zjmn)—arg(mm,n)g =

This inequality is in particular satisfied for the last two values of | j —J,| which are J, — H,
and J, — H, + 1 up to O(1/n)-terms. Since the inequality

-2
€ ¢ < E|Z\In7n|e—c

1 - eic amax
holds, from (5.3.54), (5.3.55) and (5.3.56), as soon as n is large enough, we deduce the
Rouché inequality

(5.3.56) 0.0710...= 2 = 0.0914...

ﬂ«.|Z]n,n‘ - e*ZC e*ZC

Gu,(yj)| = .
| (y.])‘ - amaX 1 - €_C - 1 - €_C

Therefore the conditions of Rouché (5.3.48) hold at all the points y; and y’j of (5.3.53).
Let us prove that the conditions of Rouché (5.3.48) hold on each arc y’j yj+1 of the
circle |z| = 1 —¢p/n, for j =2H, —J,,,2H, — J, + 1,...,2J, — H,. Indeed, from (5.3.51),
the derivative Z'(¢) takes a positive value at the extremity y;- while it takes a negative
value at the other extremity y;y1. Z(¢) is almost-periodic of almost-period 27 /n. The
function \/Z(¢) is increasing on (arg(z;,),arg(z;,) + ;) and decreasing on (arg(z;,) +
noarg(zjn)+27); onthearcy’ y j+1 it takes the value |G, (y})| > e:zib , admits a maximum,
and decreases to |G,(yj+1)| > 1%,=. Hence, (5.3.7) holds true for all z € C(0,1 —c,/n)

with arg(y}) < arg(z) < arg(y,+1)

Let us now prove that the condition of Rouché (5.3.7) is satisfied in the angular sector
0 <arg(z) < arg(an »)- Indeed, in this angular sector, the successive minima of /Z(¢)
are all above ; — by the definition of H, and (5.3.52). Hence the claim.

Let us prove that the condition of Rouché (5.3.7) is satisfied in the angular sector
arg(z27,~H,+1,,) < arg(z) < 7. In this angular sector, the oscillations of \/Z still oc-
cur by the form of (5.3.51) and the successive minima of /Z(¢) are all above — for
W <arg(z) <m/2,by (5.3.52) fork>J,— H,+ 1. We deduce the claim.

The condition of Rouché (5.3.7) is also satisfied in the angular sector 7 < arg(z) < /2,
since then cos(@) < 0 and therefore \/Z(@) > v2+e 2¢ —4e— = 1.15.... Since this
lower bound is greater than the value 1_:_; =0.0354... we deduce the claim.

Let us show that the conditions of Rouché (5.3.7) are also satisfied on the arcs
C(zjn, W’”‘) ND(0,1— <) for j =J,+1,...,2J, — H, + 1. For such an integer j, let us

ns;

denote such an arc by y; ', i1 The two extremities y; and y} of the arc y; y;. of the circle

C(zjn, Z‘Zj "‘) define the same value of the difference cosine, say X; :=
cos(arg(y; —zjn) —arg(zj)) = cos(arg(y; — zj) — arg(z;,»)), by (5.3.50). The conditions
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of Rouché are already satisfied at the points y; and y;- by the above. Recall that, for any
fixed a > 1, the function x(X,a), defined in (5.3.14), is such that the partial derivative
dxyx of K(X,a) is strictly negative on the interior of [—1,+1] x [1,+e0). In particular the
function k(X,s;,) is decreasing. For any point Q of the arc y; y’j, we denote by X =
cos(arg(Q —z;j,) —arg(z;,)). We deduce, up to O(1/n)-terms,

—2c

16 — < Kk(Xjy5j0) < K(X,s5,),  forall X € [~1,X)],
—e

hence the result. U

Remark 5.21. In the case where 8 € (1,6 1) is an algebraic integer such that B & {6, ! |
n> 6}, the lenticulus . of Galois conjugates of 1/f3 in the angular sectorargz € {—%,+7% }

is obtained by truncation and a slight deformation of .%, 1 . The asymptotic expansion
dyg(B)

of the minorant of the Mahler measure M(f3) will be obtained from this lenticulus as a
function of the dynamical degree dyg(f3).

5.4. Identification of the lenticuli of roots as conjugates.

In this paragraph, 8 € (1,(1+ \/3) /2) is assumed to be a reciprocal algebraic integer which
is fixed, with dyg(f3) = n > 260. Since f is reciprocal the Parry Upper function fg(x) is a
power series which is never a polynomial. The Mahler measure M(f3) is a function of the
roots of Pg (z) = Pg(z) as

(5.4.1) M(B) = I1 v~

¥ conjugate of B—1,|y|<1

This product is over the set of conjugates ¥ of B!, |y| < 1. Up till now, the only element
of this set, coming from the zeroes of fg(z), is B~!. It is a common (simple) zero of Pg (2)
and fg(z). We will show that this set contains other zeroes of fg(z). In §5.4.1 we prove that
the separation of the roots of fg(z) of modulus < 1 into two distinct subcollections occurs
inside the angular sector, roughly (“the cusp region”)
T T
arg(z) € [ 1—8,+E}

given by (5.3.9): those which are off the unit circle form a lenticular shape, those which
are very close to the unit circle lie in a thin annular neighbourhood of |z| = 1. In §5.4.2 we
use the Rényi-Parry numeration system to construct sequences of rewritting polynomials
“between” the minimal polynomial Pg(z) = Py (z) and fg(z). Two sequences of polynomial
functions are used to identify the conjugates of B! with the zeroes of fp(z): the sequence
of polynomial sections of f5(z), the sequence of rewriting polynomials. As a consequence,
the product (5.4.1) will be over a set containing the collection of lenticular zeroes of fg (2).

5.4.1. Lenticular roots of fg(x) and its polynomial sections. For n > 3, the polynomial
sections of fg(x), B € (1,(1+ V/5)/2), are of the type
(5.4.2) —1+x+x" XM X2 X

where s >0, m —n>n—1,myy1 —my >n—17for 1 < g <s. Denote by Z the class of
the polynomials defined by (5.4.2), and by %, those whose third monomial is exactly x",
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so that

P = Un23e@n.
The case “s = 0” corresponds to the trinomials G,(z) := —14z+z" (Selmer [177]).
Theorem 5.22. Let ¢}y := ming,>oe0(cp — a—) Let n > 260 and B > 1 be a reciprocal

algebraic integer such that dyg(B) = n. Denote by
fp(@)=—1+z+"+" + "+

wheremi—n>n—1, mj 1 —mj>n—1for j>1, the Parry Upper function at 3. Then the
zeroes of fg(z) of modulus < 1 which lie in —arg(zy, n) — o < argz < +arg(zy, ) +
either belong to

T
NAmax

1
{zllld=1] <37} orro {z]lld—1]> =},

In the second class of zeroes, all the zeroes are simple, and lie in the union
Dy, U U jn UD; j, n

there is one zero per disk D n, D p, the disk Dy , containing the element [3*1.

Proof. Denote by

T T
S = {Z 16,1 <|z| < 1,—arg(z;, ) — <argz < +arg(z, ) + }

max Namax

the truncated angular sector and let

In cl

Tn= I\ (U (DjnUD;) U D(6y, 6, — en_1)>

j=1
the open truncated angular sector obtained from .%, by removing the closure of the Rouché
disks D, insDjn centered at the zeroes z;, of G, (z) in .7, of respective radius l %, "w|, and
of D(6,,6, — 6,_1). The argument arg(z,, ,) is defined in (5.3.18). The analytlc functlon

Gn(z) has no zero in the adherence % of 5”,1 and reaches its infimum 1ane = |—1+4+2z+

2"/ > 0 on the boundary 9.7, of ,. On the Rouché circles CinsCin» j=1,...,Jn, using
(5.3.7) and (5.3.27), this infimum is bounded from below by

|Z‘2n—l
1—|zn1
where Z is the point of C , of smallest modulus, which is such that |Z| = |6, — F’:WGA
at the first order. Putting aside the Rouché circles, using the inequality | — 1 +z+ "] >
|| = 142z — |z"||, the minimum of | — 1+ z+z"| on the arcs |z| = 1, |z| = 6,1, the segments
argx = =(arg(zy,») + ;) and the circle C(6y, 6, — 6,—1) on 9.7, is bounded from below
by
| =14+ 61| = 6,1 = (1= 6,-1),
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Denote

‘ |Z|2n—1
5;1 = mln{(l — 9,171)2, W}

We have: 0 < §, < infZe =z | = 1+2z+7" and lim, . 8, = 0. It is easy to show that

L
lim 080 _

n—yoo n

0.

Using §5.3 in [70] this limit condition allows to calculate a first-order estimate of the thick-
ness of the annular neighbourhood of the unit circle, in .%,, which contains the roots of a
polynomial section —1 +z+z"+2™ +2" +... + ™ of fg(z); this estimate is

(n—1)(s— &) L/(n=1)
)

n—1)(s2+s)+2(ms—n

(5.4.3) e(s)=1- (1 2

In the expression (5.4.3) n is fixed, as well as the sequence (m j) j>1 since B is fixed,
therefore f[g (z) also; the integer my tends to infinity, if s tends to infinity, since mg —n >
(mi —n) 4+ Y5 o(mj—mj_1) > s(n—1); the integer s is large enough (at least to have
s — 0, > 0) and lim;_, e(s) = 0.

Among all the Rouché€ disks D; ,, 1 < j < J,, the J,th Rouché disk Dy, , is the clos-
est to the unit circle (by (iii-2) in Proposition 4.2). By Lemma 5.16 its center is z;, »,

. . . T|Z . .
of modulus |z, ,| = 1 — <, and its radius is Momal oz By Lemma 5.16 the limit
. . . e Mlmax Mlmax .
¢ = lim,,_,. ¢, exists, is positive, and, from a numerical viewpoint, ¢ — ai =1.76274 —

0.53479 = 1.22794.... By the asymptotic expansion of ¢, in Lemma S.ml%, the constant
Clent = MiN,>260(cn — ﬁ) is positive. The disk {z | |z] < 1 — <} contains all the Rouché
disks D 4, D}, 1 < j < Jp, and Dy,.

Let assume that fg(z) has a zero in

— 1
ynm{zuz\a—-@}.
3 n

Denote it by z, counted with mul/ti\plicity. There exists r > 0 small enough such that the
open disk D(z,r) be included in .%, N {z | |z] < 1 — }%} and only contains the zero z of
fﬁ (z). By Hurwitz Theorem (for instance cf §11 in Chap. 2 in [172]) the number of zeroes
of any polynomial section —1 +z+2" 42" 427" +... 47" of fg(z) in D(z,r) should be
equal to the multiplicity > 1 of z, as soon as s is large enough, say s > sq for some sg.
Since limy_,ge(s) = 0, we obtain a contradiction by taking s such that e(s) < Fs= for
all s > sg. The constant 10, at the denominator, is arbitrary and may be taken e/\ientually
larger. This means that all the zeroes of all the polynomial sections of fg(z), in ., for all
s > 50, are contained in
1— Clent
3n
But {z | 1 — % < |z| < 1} ND(z,r) = 0. Contradiction.
Therefore the zeroes of fg(z) which lie in the open angular sector

<l|z| < L.

}

<argz < arg(zj, )+

Nmax NAmax

{z]lz| <1, —arg(zs,) —
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are located either in the Rouché disks by Theorem 5.8 and Theorem 5.14, or in a small
neighbourhood of the unit circle included in {z | 1 — 92 < |z| < 1}. This dichotomy nat-
urally extends to the zeroes of any polynomial section of fg(z) (cf the proofs of Theorem
5.8, Theorem 5.14 and Theorem 5.22). OJ

Definition 5.23. Let n > 260. Let 3 > 1 be a reciprocal algebraic integer such that dyg(f3) =
n. The zeroes of fg(z), resp. of any of its polynomial section f(x) := —1 4x+x" +x" +
X" 4. 4xX" € A, which belong to the angular sector

Clen T
(5.4.4) {szy<1— ’;’,\argz\éarg(mmnH }

Amax

are called the lenticular zeroes of fg(z), resp. of f.
Theorem 5.24. For any f € %, n > 3, denote by
fx)==14+x+x"+x" +x" 4+ .. +x™ = A(x)B(x)C(x),
where s > 1, mi—n>n—1,mj.1—m; >n—1for1 < j<s, the factorization of f where

A is the cyclotomic part, B the reciprocal noncyclotomic part, C the nonreciprocal part.
Then

(i) the nonreciprocal part C is nontrivial, irreducible, and never vanishes on the unit
circle,

(ii) if ¥ > 1 denotes the real algebraic integer uniquely determined by the sequence
(nymy,my,...,mg) such that 1/y; is the unique real root of f in (0,1), the poly-
nomial —C*(X), opposite of the reciprocal polynomial of C(X), is the minimal
polynomial of s, and s is a nonreciprocal algebraic integer.

Proof. Theorem 3 in [70]. ]

Let us precise the behaviour of the reciprocal noncyclotomic parts B of f(x) in Theorem
5.24 on the lenticular roots of f.

Proposition 5.25. Let B > 1 be a reciprocal algebraic integer having dyg(f) > 260. Let
fp(x) = =1 +x+x"+x" +x" + ... +x™ +... be the Parry Upper function at B and, for
s > 0, denote its s-th polynomial section by

fx)=—14+x+x"+x"" +x"2 4+ ... +x" factorized as = A(x)B(x)C(x),

where s > 1, my—n>n—1,mj 1 —m; >n—1for1 < j<s, where A is the cyclotomic
part, B the reciprocal noncyclotomic part, C the nonreciprocal part of f.

There exists so (depending upon n) such that the reciprocal noncyclotomic part B of f(x),
if any, does not vanish on the lenticular roots of f, as soon as s > sy.

Proof. The result is true in the case “s = 0” since a trinomial G, (X) is either nonreciprocal
and irreducible or the product of a nonreciprocal irreducible polynomial by a cyclotomic
polynomial (by Proposition 4.1) [177]. Let us assume n = dyg(f3) > 260 (n is fixed) and
make it explicit. Let z;, be a zero of G,(x) = —1 +x+x" which belongs to the angular

sector (5.4.4). Then the reciprocal trinomial G;(z;,) = —Zjnt z'};] + 1 at zj , is such that
-2 2
|Gz = 12ja(1 25,7 = |2jn (14 (1 =2j.0) /25,

1—
Z anl(l - |M
Z]n’nz

) > 6,1 (1 —x(1,amax))
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by Proposition 4.2 and Definition 5.10. Obviously min,>260 6,—1(1 — K(1,amax)) is > 0
since 1imy o B (1 — K(1, amax)) = 1 — (1, dmax) = 1 —0.171573... = 0.828427.... In
other terms G};(x) does not vanish on the lenticular zeroes z of G, (x) which lie in (5.4.4),
with the lower bound min,,>260 6,—1(1 — (1, dmax)), independent of n and uniform on all
the lenticular roots of f in (5.4.4).

We now consider the general case “s > 17 and extend the previous case. Let D; , (defined
in Theorem 5.14, with D_; ,, = m) be a Rouché disk in the open angular sector (5.4.4),
that is for j € {0,1,...,J,}. Denote by r, the unique zero in D;, of the sth polynomial
section f(x) = —14+x+x"+x™ +x"™ + ... +x"™ € %,. Recall that in D;, the unique
zero of fg(z) is @;, (with @y, := B~1) so that limy_,eo 1y = ®j . We will show that the
polynomial f*(x) = A*(x)B*(x)C*(x) = x™ f(1/x), reciprocal of f(x), does not vanish on
the lenticular zero ry of f(x).

Assume the contrary. Then

(5.4.5) 0=f*(ry) =Gy(ro) P "+ (L7 " r T2 ™),

From the polynomial f*, let us construct the associated Parry Upper function
£5)@) = Gal(2) + 2" (F*(2) — G3() ") + (f3(2) — £(2))

= — 1z + g M T M2 2™ - tail of f(2).
For 1 < ¢ <s— 1 the conditions (ms —m_(411)) — (ms—ms—g) =ms—g —ms_(g11) >n—1

imply that Theorem 5.14 applies. For every s > 1 the Parry Upper function fg] (z) has a
zero in D ,. But, from (5.4.5), we would have

fm(rs) _Gn(rs) _Zw: +1 r;nq
(5.4.6) Gyt = |2 S
N
The limit limy e Y57, 75 * = 0 holds and
o f[[;](ra“) —Gu(rs) —Xo 1 ry o f;[;} (@jn) — Gn(@)n)
liminf T ‘ = liminf T
s—>o0 T S—yo0 a)jﬂ1

admits a lower bound which is strictly positive. Indeed, this lower bound can be computed
from any series Z;:Ozd% do=0,dyy1—dy>n—1,4>0,by

d _ 1
|@j ]
and approximated by
_ 1 |1—Z‘n’ |1_ZJ n|
G547 11—z ' =1- = >1 - '“ > 0.
s L= |zjnl! 12| =11 =2l [2n] = 1 =25

The contradiction comes from the fact that the lhs of (5.4.6) tends to O when s tends to
infinity, whereas the rhs of (5.4.6) has a positive liminf by (5.4.7). We deduce that B(r;) =
B*(rs) = 0 cannot hold as soon as s is large enough. O
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Corollary 5.26. Let B > 1 be a reciprocal algebraic integer having n = dyg(f3) > 260. For
s large enough, if ys > 1 denotes the real root of the polynomial C*(z), all the lenticular
zeroes of the s-th polynomial section f(z) = A(z)B(z)C(z) of fg(z) are conjugates of ;"
where conjugation is relative to the irreducible nonreciprocal polynomial part C(z). The
degree of the irreducible nonreciprocal factor C(X) of f satisfies

. on K 2xLogk LogLogn, o
(548)  deg(C) > 142y =1+ (Qaresin()) +——7—=5 +O((= =)")-

Proof. The irreducible nonreciprocal part C of f has at least 14 2J, zeroes, where J,, is
given by (5.3.19). The constant 2arcsin(%) = 0.171784... is given by (5.3.20). O

5.4.2. Rewriting trail and rewriting polynomials from “Pg” to “fg”. As mentioned above
B is a reciprocal algebraic integer which is fixed (with dyg(f) = n > 260), as well as its
minimal polynomial Pg and its Parry Upper function fg. Let Pg(X) = PE X)=1+a X+
X2+ azX3+ ... —i—ad_le_l +X% 4,€7, aq—j=aj,d > 1, be the minimal polynomial
of B. Let fg(z) = —1+tz+ 172> + 1322 + ... be the Parry Upper function at 8, written in
the generic form (withty =1, =13 =...=1,_1 =0, t, = 1, etc). Recall that the sequence
(ti)i>1 is unique, entirely characterizes 8 and is Lyndon (self-admissible). Polynomial
sections of fg(X) are denoted by S,;: for g > 1, S;(z) = —1 +hz+h 4. 170 |7 < 1.
Since fp (B~!) = 0 and that, for any ¢ > 1, /B (B~1) —S,(B~1) is a sum of positive terms,
we can permute them and group them in order to obtain d components in the Q-basis
{1,71,872,...,B~%*1}. With

8@ =z7x Y et g>1=01,...d-1,
izq+ll:+q_;_rlnodd

we obtain the existence of d power series g,0(2),84,1(2),---,84.4—1(2), all defined on the
open unit disk, such that

—1 ~1 1 A “Ip—j
(549 fp(B~")—S,(B >:W<§Ogm(ﬁ B), g1

Let us restrict z to the open angular sector (5.4.4):

C
l:l'" , |argz| < arg(zy, ) +

ze{z|ld<1-

max

Then all the power series g, j(z) are absolutely convergent in this sector, having the same
uniform upper bound in modulus

1
(5.4.10) 184.j(2)| < =

1— Clent/n)d ’
which is independent of ¢ and ;.

Now, let us use the numeration system in base f in order to obtain alternate expressions
of the d components g, j(B_l) in (5.4.9). It will allow to “restore” the digits #; of fz one

after the other. The identities Pg( B~ =0and 1 B~1) =0 give two B-representations of
1, the second one being the Rényi f3-expansion of 1:

G41) 1=-ap ' —ap?—ap P+ . —ag pEV g =1-py(B7),

forallg>1,j=0,1,...,d—1,
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(5.4.12) L=t +0uB2+nB 2 +...= 1+ f5(B7)).

Let us construct an infinite chain of intermediate -representations of 1 between them. Let
us show that, for every ¢ > 1, there exists a polynomial A, € Z[X], with deg(4,) < ¢ and
A4(0) = —1, and a d-tuple (hy0,hq.1,-..,hgq—1) of integers such that

d—1

(5.4.13) Ag@)Pp(2) = Sq(0) + 2 (X hg 2!,
j=0

satisfying

(5.4.14) hq7j:gq7j(/3_l), forj=0,1,2,...,d - 1.

For obtaining A; the quantity 0 = 8" (a; +1)Pg(B ') is added to (5.4.11). Then

L= 1+ (=1+(1+a)B )P (B~1) = 1+ 51 (B (Z )

with h17j = —aj+2—|—aj+1(a1 + 1) for j=0,1,...,d -3, h17d_2 =-1 —l—ad_l(al + 1) and
hig—1 = (a1 +1). We deduce A;(z) = —1+ (a; + 1)z. From (5.4.9) and the fact that the
lhs of (5.4.13) is equal to O for z = B! we also deduce

h =g (B, forj=0,1,2,....d—1.

Now let us proceed recursively. Let us assume that Ay,A,...,A, are already constructed,
with (5.4.13) and (5.4.14) satisfied. For obtaining A, let us first observe, from (5.4.13),

that i, o € Z 1s the coefficient of [3_(‘1“) in the B-representation of 1 which is
(5.4.15) I=1+A,B8")Ps(B7).

Let us add the quantity 0 = g~ (@+1) (tg+1—hq0)Pp(B ~1) to (5.4.15) and consider the poly-
nomial A,11(z) = Ag(z) + (t;+1 — hg0)z". Then we obtain the B-representation of 1:

d—1
T=1+Ag1 (B )Pg(B™) =14+ Sgr (B~ +p 0"V (thquLjﬁ_j)
]:

where the d-tuple (hg11,0,hg+41,1,---,hg+1,4—1) of integers can be readily computed from
(hg0,hg,1s-- - hga—1) and ;1. From (5.4.9) and the fact that the lhs of (5.4.13) is equal to
0 for z = B! we deduce

hgi1,j=8q11;(B~"),  forj=0,1,2,....d—1.
Definition 5.27. The sequence of B-representations of 1
(1 =1 "’Aq(ﬁil)PB (ﬁil»qzl
is called the rewriting trail from “Fg” to “fg”. The polynomial

q-1 _
AgX) =1+ (@ + DX+ Y (tjs1—hjo)X/ T €Z[X]
j=1
is called the gth rewriting polynomial of the rewriting trail from “Pg” to “fg”.
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Proposition 5.28. Ler B > 1 be a reciprocal algebraic integer, dyg(f) = n > 260, and
denote by Py its minimal polynomial and by fg its Parry Upper function at B. Ifx# B!
is a zero of Pg (z) in the open angular sector

C T
(5.4.16) z€ {z |[z] < 1=~ |argz| < arg(z), ) + }
n Namax

then x is a lenticular zero of fg(z).

Proof. Let us use the rewriting trail and the rewriting polynomials from “Pg™ to “fg”. Let
us assume that x # B! is a zero of Pg in the open angular sector (5.4.16), and denote by
o : B! — x the conjugation. The image by & of the Q-basis {1,87!,..., 791} is the
Q-basis {1,x,...,x4~1}. From (5.4.13) and (5.4.14) we have

d—1
(5.4.17) 0= A ()P (x) = S, (x) +27° (Y hg i),
j=0
with
o(hgj)=hgj=g4;(c(B7"), forg>1,j=0,1,2,....d 1.

Since |hy ;| < (1= (1 = clen/n)?) " forallg > 1, j=0,1,...,d — 1 by (5.4.10), and that
|x| < 1, we have

d—1
tim 241 (Y jx7) = 0.
q—roo 4 ’

=0

Therefore, from (5.4.17), we deduce lim,—.. Sy(x) = 0. As a consequence the zero x nec-
essarily belongs to the set of limit points of the zeroes of the polynomial sections S,(z),
zeroes which lie in the angular sector (5.4.16). This set of limit points is the set of lenticu-
lar zeroes of fg, by Hurwitz’s Theorem and the uniform convergence of (S;) to fg on every
compact of D(0, 1). Hence the result. O

Proposition 5.29. Let B > 1 be a reciprocal algebraic integer, dyg(p) = n > 260, and
denote by Pg its minimal polynomial and by fg its Parry Upper function. If x # B lisa
lenticular zero of fg(z), then x is a zero of Pg.

Proof. Let s be a positive integer large enough. Denote by 7, ! the real zero of the s-
th polynomial section Ss(z) = —1+ X5, tjz/ of fg in (0,1). We have: deg(S;) < s and
limy o7, ! = B!, Let x # B!, with 3(x) > 0, be a lenticular zero of fp(z). There
exists j € {1,2,...,J,} such that x = ®j , in the j-th Rouché disk D; ;. In this disk D; ,
the polynomial section Ss(z) has a unique (lenticular) zero; let us denote it by r;. We
have: lim ;.. 7y = @;, and r; is equal to the conjugate G()/s_l) of },5—1 for some ¢ which
is the conjugation relative to the irreducible nonreciprocal (never trivial) part C of Sy by
Proposition 5.25 and Corollary 5.26. We have: C(y; ') = C(ry) = 0. Denote by s, = deg(C)
the degree of the component C. The irreducible polynomials Pg(X) and C(X) are coprime:
indeed the first one is reciprocal while the second one is nonreciprocal.

In the same way as above let us construct the rewriting trail from “S;” to “Pg”, at ¥~ I

i.e. from the Rényi 7, !-expansion of 1

(5.4.18) 1=148(y) =0y " +0y 2 +.. . +1,7 ",
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(witht; =1,b=13=...=t,_1=0,1, =1, etc) to

(5.4.19) —ay —ay e —ag % T = = 1=y (),

by “restoring” the digits of 1 —Pg(X) one after the other. We obtain a sequence (A} (X))y>1
of rewriting polynomials involved in this rewriting trail; for g > 1, A; € Z[X], deg(A’ )<gq
and A} (0) = 1. The first polynomial A|(X) = 1+ (a; + 1)X is obtained by adding 0 =
(a1 + 1)y 1Ss(y 1) to (5.4.18).

Fo‘r'q > df:g(ﬁ;) + 1, denote by (I ;) j=0,1
rewriting trail; it is such that

s—1the s-tuple of integers produced by this

.....

(5.4.20) Ay DSs(r ) = =B )+ % I(thﬂ’s )

The lhs of (5.4.20) is equal to 0. In the ths lims. Pg(% ') = Pg(B~") =0, and Pg(y, ')

does not depend upon g > d + 1. Therefore the quantity v, 7~ ! (Z; 1h’ 0. Ys ) does not
depend upon g > d + 1. Then we take g =d + 1.

Since {¥,972,77973,... % 7!} is a Q-basis of the number field Q(y; 1), there exist
rational integers A, hY, ..., h{ _, such that

Sc—

—1
(5.4.21) },s—d—z (SZ h21+1,j %_j> Z h”?’s j—d-2.
J=0 J=0

The quantity (5.4.21) tends to 0 in modulus if s tends to infinity. The degree s. of the
nonreciprocal part C of S; may remain uniformly bounded, or not, when s tends to infinity;
indeed, the lower bound given by Corollary 5.26 only depends upon n (which is fixed) and
not upon s.

Since the system {rd+2 pd+3 st e g Q-basis of the number field Q(ry), and
that r; and ;! are con]ugates, Wlth Irs|] < 1and || < 1, then for all € > 0 small enough,
there exists 7 > 0 such that

\Zhﬂ i 2|<n:>(o(zh~ s 2)‘_’Zh” e <e

The condition }Z;“:_Ol h}’ %! 7d72} < n is fullfiled as soon as s is large enough. Let us
conjugate (5.4.13) by o. Then

se—1 )
(5.4.22) 0= A} (1)S,(ry) = —Py (1) + 1473 L7 ).
j:

The lhs of (5.4.22) is equal to 0. Then, for all € > 0 small enough, there exists so such that
§ > so implies

[P ()

se—1 '
= r;’“( Z h;/’jri)‘ < E.
Jj=0

But limy_. Pg(r5) = Pg(x). The only limit possibility is Pg(x) = 0, hence the result. ~ [J
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5.5. Minoration of the Mahler measure: a continuous lower bound. Let n > 260 and
B > 1 be an algebraic integer such that 6, < 8 < 6,;11. The factorization of the minimal
polynomial of 3 is

(5.5.1) Ps(z) = ] G—=7) x [] z—v

ye.,‘fﬁ g,fﬁ
From Proposition 5.28 and Proposition 5.29 the lenticular zeroes @; ,, of the Parry Upper
function fg(z) are zeroes of the minimal polynomial of . The lenticulus of conjugates is
Lp = {B~ 1 u U‘]’.": {{@j .} U{®@;,}). In this section we investigate the product, called
lenticular Mahler measure of 3, defined by
(5.5.2) M,(B) := IT v/~

¥ conjugate of B—1 |y|<1
lenticular

and its asymptotic expansion. The subscript “r” added to the “M” of the Mahler measure
stands for “reduced to the lenticulus”. We have: M,(8) < M(B).
First let us complete Theorem 5.5.

Proposition 5.30. Letn > 260 and B > 1 a reciprocal algebraic integer such that dyg(B) =
n. Let Q, be the subdomain of the open unit disk defined by the union of

c T

(5.5.3) {z | z] < 1— 2, |argz| > argzy, » + },
Clent T

(5.5.4) {zy o] <1——="=, |argz| <arg(z),n) + }

n Namax
and, for j=J,+1,...,2J, —H, +1,

T|z; i—J )21-1/2

(5.5.5) % <lz—zjal,  with sjn= amax[l +%} _

and symmetrically by complex conjugation with respect to the real axis.
Then the minimal polynomial Pg (X) of B is fracturable in the domain Q,, in the sense that

the invertible power series Ug(z) = —Cg(2)Pg(z) € Z][[z]], satisfying Pg(z) = Ug(z) f(2),

is not constant, does not vanish and is holomorphic in Q,,. It satisfies

Rom) PR, (0

71 (@) ol Up AR

and obeys the Carlson-Polya dichotomy, simultaneously with fg(z) as in Theorem 5.5.

(5.5.6) U/g(a)jjn) 750

Proof. The domain of holomorphy of Ug(z) contains D(0, 64y¢(5)—1) by Theorem 5.5. The
roots of the minimal poynomial Pg(z) are simple. The roots of fg(z) in ©, are also simple
by Theorem 5.14 and Theorem 5.22. The lenticular roots of fg(z) coincide with roots of
Pg(z) by Proposition 5.28 and Proposition 5.29. We deduce the fracturability of Pg(z) on
Q. The relations (5.5.6) follow from the derivatives of the identity Pg(z) = Ug(z) X fp(2)-
The unit circle is the natural boundary of Ug(z) if and only if § is not a Parry number, by
Theorem 5.5.

0
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The modulus of the second smallest root of fg(z) is a continuous function of  [79].
Theorem 5.31 extends this result.

Theorem 5.31. Let n > 260. Let B > 1 be a reciprocal algebraic integer such that dyg(p) =
n. The product, called lenticular Mahler measure of B, defined by

(5.5.7) M (B) = ] loo|™

a)e.,%

is a continuous function of B on the open interval (6, L 9,;11), which admits the following
left and right limits

. -1 -1 -2
(5.5.8) lim M,B)= [] lo™'=6"x [ |zl
B—6,", wes, 1<j<n

Ou—1 Zjn—1€ZL1
n—1
(5.5.9) lim M(B)= [] lo"'=6,"x [ Iz 2
B—6," weL, | 1<j<In
n Zj,n€$9,1

The discontinuity (jump) of M.(B) at the Perron number 6, Jl, given in the multiplicative
form by

limg o 1~ M(B)

-2
. = 1ZJ,n—1 )
hmﬁ—%)ﬂf M,(B) |2g, 1]

(5.5.10)

tends to 1 (i.e. disappears at infinity) when n = dyg(B) tends to infinity.

Proof. From Corollary 3.14 in §3.4 all the maps B — ®(f8) € £ are continuous. Now
the identification of the zeroes of the Parry Upper function fg (z) as conjugates of 3, from
Theorem 5.30, allows to consider this continuity property as a continuity property over
the conjugates of § which define the lenticulus £3. As a consequence all the maps f§ —
|o(B)| € Zp, are continuous, as well as their product (5.5.7).

Let1 < j<J, Letusprovethatzj,_1 €D, ={z||z—2zja| < ZLZ;:X' }. Indeed,

1 . T
|zjnl =1+ ;Log (2s1n(7j)) +.., arg(zjn) = ...
and
1 . W]
|Zjn—1] =14+ — 1Log(ZSln(n_ 1)) + ..y arg(zjp—1) = ...
so that, easily,
|z
(5.5.11) |2jn—2jn-1] < ]
n Gmax

The image of the interval (9,,’1,9;11) N Og by amap B — w;j(B) € Zp is a curve in
Dj, over O with extremities z;, and z;,—1, both in D, by (5.5.11). This curve does
not intersect itself. Indeed, if it would be a self-intersecting curve we would have, for two
distinct algebraic integers  and ', the same conjugate in D, ,,, what is impossible since

Pg and Pé are both irreducible, and therefore they cannot have a root in common. This
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curve does not ramify either by the uniqueness property imposed locally by the Theorem
of Rouché. We deduce the left limit (5.5.8) and the right limit (5.5.9) by continuity. 0

Remark 5.32. Decomposing the Mahler measure gives

MB)= [T oI x [T lol™

we.,?ﬁ 0f.Zg |o|<1
Pg(@)=0
Theorem 5.31, for which the Rouché method has been applied, shows the continuity of
the partial product B — []e % |@| =1, associated with the identified lenticulus of conju-
gates of 3, with B running over each open interval of extremities two successive Perron
numbers 6!, It is very probable that a method finer than the method of Rouché would
lead to a higher value of J,, to more zeroes of fg (z) identified as conjugates of 3, and the
disappearance of the discontinuities (jumps) in (5.5.10).

Theorem 5.33. Let B > 1 be a reciprocal algebraic integer such that dyg(f3) > 260. De-
note K = K(1,amax ). The Mahler measure M(B) is bounded from below by the lenticular
Mahler measure of B as

M(B) = M(B)x [] lol™' > M(B).

w%fﬁ,\wkl
Denoting
—1 [2arcsin(§) X
A, = (-/ Log (2sin(Z d>:1.16302...,
exp = og( sm(2)) X
and
—1 [Rarcsin(%) 1 +25in(§) — \/1 — 12Sin(%€) +4(sin(§))2
oG ] - 2
H exp( T /0 o8 8sin(3) *

=0.992337...,

the lenticular Mahler measure M,(B) of B admits a liminf and a limsup when B tends to
17, equivalently when dyg(B) tends to infinity, respectively bounded from below and above
as

(5.5.12) liminf M,(B) > A,-p, = 1.15411...,
dyg(B)—+eo

(5.5.13) limsup M, (B) < A,-p ' = 1.172...
dyg(B)—eo

Then the “limit minorant” of the Mahler measure M(f) of B, B > 1 running over g,
when dyg(B) tends to infinity, is given by

(5.5.14) liminf M(B) > A,-u, =1.15411...

dyg(B)—
Proof. The value 2arcsin(k(1,amax)/2) = 0.171784... is given by Proposition 5.11, and
amax = 5.8743 ... by Theorem 5.8. The variations of the Mahler measure M(f3) of B can be
fairly large when 8 approaches 17. On the contrary the lenticular Mahler measure M,(3)
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is a continuous function of 8 on (1, 92_63)) except at the point discontinuities which are the

Perron numbers 6, ! by (5.5.8), (5.5.9) and (5.5.10), writing n = dyg(f) for short.
First, by Proposition 5.11 let us observe that the Riemann-Stieltjes sum

Jn _1 Jn

S(f,n) .——ZZlLog 2sm = Z —xj1)f(x})

j= 1

with x; = 2%l and f(x) := Log (2 sin(%)) converges to the limit
0.171784...
(5.5.15) llmS (f,n) = —/ x)dx = Log A, = Log(1.16302...).

This limit is a log-sine integral [28] [29]. Let us now show how A, is related to hmlnfdyg( B)— «M;(B)
and limsupgy,(g) e M +(B) to deduce (5.5.12) and (5.5.13).

Taking only into account the lenticular zeroes of Pg(z), which constitute the lenticulus
.5,”[3, from Theorem 5.8 and Proposition 5.13, we obtain

1 1 I
LogM,(B) = —Log (=) —2 Z Log|wj | =Log(5)—2 ) Log|(®j,—zjn)

In I @jn—2Zjn
(5.5.16) = Log(B)—2ZL0g\Zj,n\—2ZL0g|1+—J’Z. .
]:1 ]:1 Jshn

Obviously the first term of (5.5.16) tends to 0 when dyg(f3) tends to 4o since li_r>n 6,=1
Nn—oo
(Proposition 4.4). Let us turn to the third summation in (5.5.16). The j-th root @; , € ,,2”[; of

T
‘Z’ ”‘ * }. From Theorem

n';’”‘ for j=[v,],...,Jn

/p(z) is the unique root of f(z) in the disk D, = {z | [@; , —

5.14 we have the more precise localization in D ,,: |®; ,, —

(main angular sector), with

1+B,~7n—\/1—63j,n+3§’n

D(
4B]7n

") =Log [
and B;, = 2sin(%) <1 1Log (28111(7/))) (from (5.3.29)). For j = [v,],...,J, the fol-
lowing inequalities hold:

1 T jin—Zjn

1
1—-D( )<\1+ | <14-D(
nodjn Zjn nodjn

=,

up to second order terms. Let us apply the remainder Theorem of alternating series: for x
(I+x)—x| < "72 Then the third summation in (5.5.16) satisfies

In 1 [1 +2sin(%) — \/1 — 12sm(7j) —|—4(sm(7j))2]
8sin(%)

& @in—2Zjn
(5.5.17) Sliminf(—ZZLog‘l—i——f’ 3 \)
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and
lim sup ZZLog‘1+”—Z1”‘ <
s 1+ 2sin(%) — /1 - 12sin(%) +4(sin(%))?
1
(5.5.18) +2 lim ) _Log[ n i " ]
e 8sin(%)

Let us convert the limits to integrals. The Riemann-Stieltjes sum

In 1+2sin(%) — 1—1zsin(”—f)+4(sin(”_f>)2
1
j=
_1 Jn
- Z Xj—xj-1)F(x;)
j=1

1+2sin(7) \/1 12sin(3)+4(sin(3))?
8sin(3)

with x; = % and F(x) := Log converges to the limit

_1 [0.171784...
(55.19)  limS(F.n)=— / F(x)dx=Log ut, with p, = 0.992337....
n o 0

From the inequalities (5.5.17) and (5.5.18), with the limit (5.5.19) as an integral, and by
taking the exponential of (5.5.16), we obtain the two multiplicative factors u, and u ' of
A, in (5.5.12), resp. in (5.5.13).

Let us show that the second summation in (5.5.16) gives the term A, in the inequalities
(5.5.12) and (5.5.13), when n tends to infinity. From (5.5.15) it will suffice to show that

I
(5.5.20) lim S(f,n) = -2 ,3520; Log |z
The identity (5.5.20) only concerns the roots of the trinomials G,,. It was already proved to
be true, but with |n/6] instead of J, as maximal index j, in the summation, in [206] §4.2,
pp 111-115. The arguments of the proof are the same, the domain of integration being now
(0, limy e 271:%”] given by Proposition 5.11. O

5.6. Poincaré asymptotic expansion of the lenticular Mahler measure. The aim of this
subsection is to prove Theorem 5.34, in the continuation of the last paragraph.
The logarithm of the lenticular Mahler measure M, () of B > 1, with dyg(B) > 260,
given by (5.5.16), admits the lower bound
(5.6.1)
(V] Jn

L =L -2 L 2) Log(l -2 Log(1
r(ﬁ) Og Jz:1 Og’Z]n’ ]Z: Og "’namax) j_;] Og( +naj,n

)

which is only a function of n = dyg(3), where (a;,) is given by Theorem 5.14, the se-
quence (v,) by the Appendix, and J, by Definition 5.10 and Proposition 5.11. From
(5.5.17), (5.5.19) and (5.5.20), the limit is limgyg(g)—e0 Lr(B) = Log A, + Log ;. In Theo-
rem 5.34, we will gather the asymptotic contributions of each term and obtain the asymp-
totic expansion of L,(f3) as a function of n.
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(1) First term in (5.6.1): from Lemma 4.5 and Theorem 5.2,

L 1 LogL 2 L
(562)  Log(B)=—""(1-4)+-0 (< L Ogn) ) - o( Ogn);
n n Logn n
‘,ﬂ
(i1) second term in (5.6.1): from Proposition 4.8, Z Log|zja| =
j:[Vn-‘

1 TTj 1 (LogLogn\?> 1 (LogLogn)?
L (1 Log (2 — | —— -0 —F—=— )
; %1 og(1+; Log (2sin(~> n )+ 2n ( Logn ) i (Logn)3

with the constant 1 involved in the Big O. Let us apply the remainder Theorem of alternat-
ing series: for x real, |x| < 1, |Log (1 +x) —x| < %2 Then

Jn Jn 1 ) n_. Jn 1 L L 2
Y Loglyul— ¥ —Log(2sin(=})) - ¥ E(M>

[l =] il Logn
I ((LogLogn)2>‘
< Y —lo(=E=2E0
N ij;',J " (Logn)’
2
TTj 1 (LogLogn 2 (LogLogn)?
(5.6.3) -1— Z [Log (2 sin(— - ))+2 (—Logn ) +0(—(Logn)3

For 1 < j <J,, the mequahtles 0 < 2sin(mj/n) < 1 and Log (2sin(xj/n)) < 0 hold. Then
|Log (2sin(mj/n)| < |Log(2sin(x/n))| = O(Logn). On the other hand, the two O( )s
in the rhs of (5.6.3) involve a constant which does not depend upon j. Therefore, from
Proposition 5.11, the rhs of (5.6.3) is

~o((Samt)) o (457) o (5

On the other hand, the two regimes of asymptotic expansions in the Bump give (Appen-

dix)
I_VnJ L 2-+€ LunJ L 2
Y. Lol =0 (FE) Y Loglsy, o (20
=T . =1 "
and
[l o TTj (Logn)?*€
Z —Log <2sin(—)> =0 (—) .
j=[Logn] " " "
Therefore
(5.6.4) —ZiLo Zin] = — i 210 (2sin(7r—j))—l—0 LogLogn')*
.0. = glZjn| = e n g n Logn

with the constant % arcsin(%5 ) (from Proposition 5.11) involved in the Big O.
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(iii) third term in (5.6.1): with the definition of € and (v,) (Appendix),

[V 1+e
(5.6.5) ~2Y Log(l+— ):0<(L°g—”));

N Amax n

(iv) fourth term in (5.6.1): from the Theorem of alternating series,

Jn /4 N T b1 ox 1 & T\’
(5.6.6) | Log (1+ ) — -D(—)— —t(—)[ < 5 ( ) :
jzz(v'ﬂ ndjn jzz[v'ﬂ nodjn jz%ﬂ noajn T2 -Z najn

)= 0(%) is given by (5.3.31). From Theorem 5.14, with

The terminant tl(

Bj, = 2sin(%) <1 1og (2sin(% ))), it is easy to show

1+Bju—/1-6B.+B2,
i, ]

D( >:Log[

log [1 +2sin(%) — \/1 — 1251n(7j)—|—4sm(7])2] ‘o (Logn) |

8sin(")
The ths of (5.6.6)is = O (3). Then —2 Y7 . Log(1+;2-) =
(5.6.7)
I _o [l—l—Zsin(%j)—\/1—12$in(%)+4sm(7])2} 0<(L0gLogn)2>
8sin(™) (Logn)?

n

The summation Z;”: ry,] €20 be replaced by }.;". Logn]" Indeed, from the definition of the
sequence (v,) (Appendix),

[vf %Log [1 +231n(7’) — \/1 — 1251n(7’) +4sm(7/)2] y ((Logn)2+£) |

j=[Togn] ™ 8sin(™)

Inserting the contributions (5.6.2) (5.6.4) (5.6.5) (5.6.7) in (5.6.1) leads to

n

Jn

2 .
S S S T )
Jj=[Logn]

. bog 14283 - V1 12sin(%) + 4sin(%2)2
+< og '_Z - og ( () )
Jj=[Logn]

(5.6.8) +0(<L050—L;g”>2)

with the constant ﬁ arcsin(%) involved in the Big O. Let us denote by A; the first term
within brackets, resp. A; the second term within brackets, in (5.6.8) so that

(5.6.9) D(Lr(B)) = Log (Aritr) + A1 + A,
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Calculation of |A;|: let us estimate and give an upper bound of |A;| =

—1 [2arcsin(k/2) ) Jn -2 . T
(56100 | — /O Log (2sm(x/2)>dx—j:%gn] — Log (2sin(=2))

In (5.6.10) the sums are truncated Riemann-Stieltjes sums of LogA,, the integral being
LogA,. Referring to Stoer and Bulirsch ([189], pp 126-128) we now replace Log A, by an
approximate value obtained by integration of an interpolation polynomial by the methods

2
of Newton-Cotes; we just need to know this approximate value up to O( (%) ). Up

O (Logtozn)’ ill show that:
to ( “Togn ),wew1 show that:

(i-1) an upper bound of (5.6.10) is (k stands for K(1,amay) as in Proposition 5.11)
arcsin(k/2) 1
T Logn’

(ii—1) the approximate value of Log A, is independent of the integer m (i.e. step length)
used in the Newton-Cotes formulas, assuming the weights (Oﬂq)q:()’]w,m associated with m
all positive. Indeed, if m is arbitrarily large, the estimate of the integral should be very
good by these methods, ideally exact at the limit (m* ="+ o).

Proof of (i—1): we consider the decomposition of the interval of integration as
(0,2aresin(x/2)] =
27[L Wl omi 2m(j+1 21,
(5.6.11) (O,M} u( U & U+ )}) U [ ”,2arcsin(x/2)]
n , n n n
Jj=[Logn]

and proceed by calcutating the estimations of

27(j+1) .
— n . -2 . 75]
(5.6.12) o /2,1’” Log (2 s1n(x/2)>dx— 7L0g (2 s1n(7)) '
on the intervals .%; := [%,M], j = [Logn], [Logn] +1,...,J, — 1. On each such

#j, the function f(x) is approximated by its interpolation polynomial P, (x), where m > 1
is the number of subintervals forming an uniform partition of .#; given by

2wj 2w 1
(5.6.13) Vo= L 4g==—,  q=01,....m,
n nm
of step length hyc := 3—}’;, and P, the interpolating polynomial of degree m or less with

Pm(yq):f(yq), for ¢g=0,1,...,m.

The Newton-Cotes formulas
27(j+1)

m
- Py(x)dx = hye q;) oy f(vg)

2m(j+1)
provide approximate values of [,,,"  f(x)dx, where the o, are the weights obtained by in-

tegrating the Lagrange’s interpolgtion polynomials. Steffensen [186] ([189], p 127) showed
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that the approximation error may be expressed as follows:

2x(j+1) 2 (j+1) 0

e Padx— [ f@dx=mE K F0NE), Ees,

where p > 2 is an integer related to m, and K a constant.
Using [189], p. 128, and m = 1, the method being the “Trapezoidal rule”, we have:
“p=2,K=1/12,00 = a; = 1/2”. Then (5.6.12) is estimated by
127n | —1 j —1 mw(j+1 -2 T
’ r {7Log (2 sin(ﬂ)) + 7Log (2 sin(ﬂ))] — —Log (2 sin( J))‘
n n n

n

2 n

(5.6.14) = ‘Log (2sin(™)) - Log (2 s,in(”(jn+ 1>)))‘ — i_’;

n n

cos(§/2) | _1 1
2sin(&/2) ‘ = n Logn

o
for some & €.}, for large n. The (Steffensen’s) approximation error “A3,- (1/12)- f2)(€)”
for the trapezoidal rule, relative to (5.6.12), is

(5.6.15) l (2_717)3 i _—1‘ < i;
m\ n) 12 |4sin®(E/2)| ~ 6n(Logn)?
By Proposition 5.11 the integral
_1 [R2arcsink/2 1
— /zmn Log (2sin(x/2))dx is a O(Z)

Then, summing up the contributions of all the intervals .#;, we obtain the following upper
bound of (5.6.10)

—1 [(@2nLlogn)/n arcsin(k/2) 1
5.6.16 — Log (2si 2))d .
( ) - /0 og (2sin(x/2))dx| + - Togn
with global (Steffensen’s) approximation error, from (5.6.15),
1
0]
ogn?’
By integrating by parts the integral in (5.6.16), for large n, it is easy to show that this
2
integral is = O <(L°+")> We deduce the following asymptotic expansion
4 1 , arcsin(k/2)
5.6.17 A= ) th |Z| < ———.
( ) ' Logn + ((Logn)z) with || T

Proof of (ii—1): Let us show that the upper bound %E(K/Z) Lolg — is independent of the

integer m used, once assumed the positivity of the weights (& )4—0.1,... m. For m > 1 fixed,
this is merely a consequence of the relation between the weights in the Newton-Cotes
formulas. Indeed, we have 221:0 o; = m, and therefore

2m(j+1)

n

m

Pu(x)dx — hyemf (yo)| = hnc

- o (f(vq) —f(yo))|

n

q=0
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< e (Y |agl) sup [£(8).

q=0 ce”;

Since iiycm = 22 and that the inequality SUpPgc ¢, |f/(&)] < |f'((2rLlogn)/n)| holds uni-
formly for all j, we deduce the same upper bound as in (5.6.14) for the Trapezoidal rule.
Summing up the contributions over all the intervals .#;, we obtain the same upper bound
(5.6.16) of (5.6.10) as before.

As for the (Steffensen’s) approximation errors, they make use of the successive deriva-
tives of the function f(x) = Log (2sin(x/2)). We have:

sy cos(x/2) ) = — 1 () — cos(x/2)
fx) = 2sin(x/2)’ fi0) = 4sin®(x/2)’ S = 4sin’(x/2)

Recursively, it is easy to show that the g-th derivative of f(x), ¢ > 1, is a rational function of
the two quantities cos(x/2) and sin(x/2) with bounded numerator on the interval (0,7 /3],
and a denominator which is sin?(x/2). For the needs of majoration in the Newton-Cotes
formulas over each interval of the collection (.#;), this denominator takes its smallest value

at & = (2mw[Logn])/n. Therefore, for large n, the (Steffensen’s) approximation error “h]l\’,zl .
K- fP)(€)” on one interval .#; is

(G gy ) = (ataea)

By summing up over the intervals .#;, we obtain the global (Steffensen’s) approximation

error (p > 2)
2
Y whichisa o (=o&koen) )
(Logn)P Logn

Calculation of |Ay|: we proceed as above for establishing an upper bound of

—1 2arcsin(
al=|— [
T Jo

K(l-,azmax> )

1 +2sin(5) — \/1 — 12sin(3) 4+ 4(sin(%))2

8sin(3)

Log [ }dx

5oy 14 2sin(E) — /1 12sin(H) + 4sin(%)2
(5.6.18) S M= . |
Jj=[Logn]
In (5.6.18) the sums are truncated Riemann-Stieltjes sums of Log tt,, the integral being
Logu,. As above, the methods of Newton-Cotes (Stoer and Bulirsch ([189], pp 126-128)

2
will be applied to compute an approximate value of the integral up to 0( <Im50—1:g(:1gn> ) Up

o (LosLozn)? ill show that:
to ((Tgn) ), we will show that:

(i-2) an upper bound of (5.6.18) is (k stands for k(1,amay) as in Proposition 5.11)

4 arcsin(k/2) 1

G619 k\/2k(3 — K)Log (1/K) v/

LogLogn)2)

which is a 0(( L
ogn
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LogLogn 2)
Logn ’

(11-2) the approximate value of Log U, is independent of the step length m used in the
Newton-Cotes formulas, assuming the weights (Ocq)q:()’l’_”,m associated with m all positive.

in other terms that (5.6.18) is equal to zero up to 0((

Proof of (i—2): The decomposition of the interval of integration (O, 2arcsin(k/ 2)] remains
the same as above, given by (5.6.11). Let us treat the complete interval of integration
(O, 2arcsin(k/ 2)} by subintervals. We first proceed by estimating an upper bound of

|

S 2sing) — /1 12sing3) £ 4(sin(3))?
Log

77: 2nj
n

—2 142sin(E) — /1 —12sin(Z) 4+ 4sin( )2
(5.6.20) — ““Log( n \/ n " ’
n 8sin(%)

on the intervals .%; := [ 2%/ ZEUH)} j=[Logn], [Logn] +1,...,J, — 1. Let

n

1+2sin(%) — \/1 — 12sin() + 4(sin(3))?
F(x) ::Log[ B5in(d) }

On each interval .#; the function F (x) is approximated by its interpolation polynomial (say)
Prn(x), where m > 1 is the number of subintervals of .#; given by their extremities y, by
(5.6.13), of step length hyc := and Pr,, the interpolating polynomial of degree m or
less with

nm’

Prm(yq) = F(yq), for ¢g=0,1,....,m
The Newton-Cotes formulas
2r(j+1)

n

(5.6.21)

2rj

m
n q=0
27 (j+1)
provide the approximate values [,,;"  F(x)dx, where the oys are the weights obtained by
integrating the Lagrange’s interpoilation polynomials. Using [189], p. 128, and m = 1, the
method being the “Trapezoidal rule”, we have: p =2, K =1/12,0p = a; = 1/2. Then
(5.6.20) is estimated by

s [P C e PR e
(5.6.22) = % F(?) - F(@))‘ = i—f [F'(&)]

o
for some § €.7;, for large n. As in Remark 5.12, let x = 2arcsin(k/2). The derivative
cos(y/2)(—2sin(y/2) +1— \/4sin2(y/2) —12sin(y/2) +1

4sin(y/2)/4sin’(y/2) — 12sin(y/2) + 1)

(5.623) F'(y)= >0
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is increasing on the interval (0,x). When y = @ < x tends to x~, by Proposition 5.11 and

Remark 5.12, since 0 < \/4 sin®(y/2) — 12sin(y/2) 4 1 < 1 is close to zero for y = 27/, /n,
the following inequality holds

)< 2/x
noo \/4sin2(’t7j”)— 12sin(Z2) 41

n

(5.6.24) F'(

The upper bound is a function of n which comes from the asymptotic expansion of ”TJ” -3

as deduced from (5.3.19). Indeed, from (5.3.19) and using Remark 5.12 (i1),

4sin2(7r—Jn)— 12sin( Gl )+H1=( ™ )_26)[8 sin(x/2) cos(x/2) — 12005(x/2)]+0(%)

n n n

2x(3—k)Log(1/x) N 10((L0gL0gn)2)

5.6.25 =
( ) n n Logn

From (5.6.24) and (5.6.25) we deduce |F'(2Ek)| < \/2K<3£2,</)?og(1/x) V/n. From (5.6.22),
27 27r(j+1)}_

we deduce the following upper bound of (5.6.20) on each .#; := [

4w 1

6.2 .
(:6:20) K\/2%(3 — x)Log (1/x) n3/?

By summing up the contributions, for j = [Logn],...,J, — 1, from (5.6.26) and the asymp-
totics of J,, given by (5.3.19), we deduce the upper bound (5.6.19) of |A;|.
Let us prove that the method of numerical integration we use leads to a (Steffensen’s)

approximation error which is a 0((%) ). The (Steffensen’s) approximation error

“hyc- (1/12) - F@)(&)” for the trapezoidal rule applied to (5.6.20) ([189], p. 127-128) is

127\’ 1 o
~(22) — |F® .
(5.6.27) - ( . ) T ‘F (5)‘ for some £ €.7; .

The second derivative F”(y) is positive and increasing on (0, 27;—1”) It is easy to show that
there exists a constant C > 0 such that

2nd, C
S Nz :
n (4sin?(Zk) — 12sin( ) 4 1)3/2

n

F//(

Using the asymptotic expansion of J, ((5.3.19); Remark 5.12 (ii); (5.6.25)), there exist
C; > 0 such that

(5.6.28) F”(@) <cin’?
n

From (5.6.27) and (5.6.28), summing up the contributions for j = [Logn],...,J, — 1, the
global (Steffensen’s) approximation error of (5.6.18) for |A;| admits the following upper
bound, for some constants Cé >0, >0,

LogLogn)z)

J 1
C, w3 =y hichisa O
230 2\/ﬁ which is a (( Logn
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Now let us turn to the extremity intervals. Using the Appendix, and (5.3.19) in Proposition
5.11, it is easy to show that the two integrals
2n[Logn)|

_q plzlioen —1 [2arcsin(k/2) LogL 2
=y =y e of (Logtozn)?)
7 Jo T )2 Logn

Proof of (ii-2): On each interval .%; := [%, w}, j=[Logn],...,J,—1,let us assume
that the number m of subintervals of .#; given by their extremities y, by (5.6.13), is > 2.
The weights o, in (5.6.21) are assumed to be positive.

4 arcsin(x/2) 1
ky/2k(3—K)Log (1/K) V1
sumed the positivity of the weights (ocq)q:(),l’m,m, since, due to the relation between the
weights in the Newton-Cotes formulas 221:0 Oy =m,

The upper bound of (5.6.18) is independent of m > 2, once as-

27(j+1)

n

P (x)dx — hyemF (yo)

m

o, (F(yq) — F(y0))
q=0

- = hyc

n

m
<hnc (Y logl) sup [F'(§)].

q=0 =7
Since hycm = 2 and that supgc ¢, [F'(€)] < |F'((2mJ,)/n)| holds uniformly for all j =
[Logn],...,J, — 1, we deduce the same upper bound (5.6.26) as for the Trapezoidal rule.
Summing up the contributions over all the intervals .#;, we obtain the same upper bound
(5.6.19) of (5.6.18), as before.

As for the (Steffensen’s) approximation errors involved in the numerical integration

(5.6.21) there are “h]’\’,zl K -FP)(E)” on one interval .#;, for some p > 2. They make

use of the successive derivatives of the function F(x). It can be shown that they contribute
2
negligibly, after summing up over all the intervals .#;, as O ((%) ) .

Gathering the different terms from (i—1)(i—2), the Steffenssen’s error terms and the error
terms due to the numerical integration by the Newton-Cotes method (ii—1)(ii—2), we have
proved the following theorem.

Theorem 5.34. Let B > 1 be a reciprocal algebraic integer such that n = dyg(p) > 260.
The asymptotic expansion of the minorant L,.(B) of LogM,(B) is

arcsin(x/2)

LogLogn
(Foen

(5.6.29) L,(B) =Log A, + )?), with 0<% <

Logn Logn

and X depending upon n.
5.7. A Dobrowolski type minoration. Denote by %, the positive real number % in (5.6.29).

arcsin(x/2)

Let us show that it is substantially smaller than the bound -

Lemma 5.35. With the same notations as in Theorem 5.34, there exists an integer 1 > 260
such that
(LogLogn)2> - arcsin(x/2)

(5.7.1) Pn+O( -

>n.
Logn ’ m=1
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Proof. Let X, := c[Logn]| with ¢ a positive constant such that [Logn]| < X,, < J,,. The limit
lim,, ;0 X, /n = 0 holds. Recall that J,, is given by (5.3.19).

The quantity %, comes from the integration of the jth-subdivision step (5.6.12) by
(5.6.14), in order to give an estimate of the development term of |A;| given by (5.6.10).
This jth-subdivision step of integration provides the estimated term (cf (5.6.14))

cos(&/2)
2sin(& /2)
Since the cotangent function is positive and strictly decreasing on (0, 7£/2), the upper bound

of (5.7.2) is naturally the one given by the first interval of the subdivision

2x[Logn]| 2z([Logn]+1) - 11
[ P p ,thatlsﬁLogn

27
n2

(22j72n(],;+1))~

(5.7.2) for some & €

. Finding a smaller upper bound of every term (5.7.2)

for the other values j € {[Logn|+1,...,J,} is probably important. Our intention is not to
do it. We will just cut the following summation into two parts.

—1 o 2 7
(5.7.3) — /2 o 108 (25i0(x/2) Jdx— Y —“Log (25in(*))
T j=Togn) " 4
X,—1 1 w 9 7j
c14 = Y (= /z,z, Log (2sin(x/2) )dx— —Log (2 sin(*2))
j=Mlogn \ /5 " g

Jo1 [ 2n({l+1) ) j
(5.7.5) —I—jz;(n <? /2”/ Log (ZSm(x/Z))dx— 7Log (2 s1n(7))> )

n

Each term of (5.7.4) is bounded by % L Olgn from above, as previously. On the contrary, each
term of (5.7.5) is such that
21 | cos(§/2) < 1)1
n? |2sin(§/2) | ~ n? | Xu/n
Summing up the two contributions, we obtain the following upper bound of (5.7.3):

1 1
J—X,—1)—
(Jn = Xi )ncLogn

1
" nclogn’

1
X,—1—[L -
< (e 1)l+larcsin(1</2)

n ¢ mwlogn
The first term (¢ — 1)% isa 0(%) and, multiplied by Logn, is inserted in the Big O of (5.7.1).

The second term %% is an upper bound of %, /Logn. Let us fix the constant c. Take

for instance ¢ = 3. The function (LogLogx)?/Logx tends to 0 when x goes to infinity.
Therefore there exists an integer 1 such that all the functions, depending upon n, “grouped
in the Big O” of (5.7.1) satisfy (in short form):

‘0((LogL0gn)2)‘ - 2 arcsin(k/2)
Logn 3 /4
We deduce Lemma 5.35. O

, n>n.
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The decomposition of L,(f3) in (5.6.29) provide the following Dobrowolski type mino-
ration of the Mahler measure M(3) > M, ().

Theorem 5.36. Let 3 > 1 be a reciprocal algebraic integer such that dyg() > n. Then
Ay arcsin(k/2) 1

n Log (dyg(B))
Proof. Taking the exponential of (5.6.29) gives

(5.7.6) M(B) > Arptr —

M(B) 2 exp(L,(B)) = Ao (14 o+ O (FIECET )

and (5.7.6) follows from Lemma 5.35. ]

6. MINORATION OF THE MAHLER MEASURE M(¢t) FOR & A RECIPROCAL COMPLEX
ALGEBRAIC INTEGER OF HOUSE [&] > 1 CLOSE TO ONE. PROOFS OF THE
CONIJECTURES

Let o be a nonreal complex reciprocal algebraic integer, for which [a] > 1 (case (ii) in

section §1) is close to one. The minimal polynomial of ¢« is denoted by Py (X) € Z[X].
-1

If o) is a conjugate of maximal modulus of o, a) is conjugated with (), (at(?))

(a("))*l; the house [a] of a, resp. its inverse [O] _1, is root of the quadratic equation

x2—ala@ =0, resp.of X2—(a®)(a)=0.

The house [¢7] and its inverse [¢¢] ! are real algebraic integers of degree < deg(a) +2 for
which we assume 1 < [a] < O = 95_1. The mapping o — [(] ,ﬁ@ — ﬁ@ﬂ (1,00) is not
contiuous.

Writing B = [@] , the preceding analytic functions {g(z), f(z) of the Rényi-Parry dy-
namical system of the -shift, defined in section §4, can be applied once [@] > 1 is close
enough to 17; the quantities dyg(B), £, M(B), M,(B) are also well-defined. The mi-
noration of the Mahler measure M([&x] ) is of Dobrowolski type as in Theorem 5.36, as a
function of the dynamical degree dyg(f3). The domain Q, on which there is fracturability
of the polynomial Pg (z) is defined in Proposition 5.30.

6.1. Fracturability of the minimal polynomial of o by the Parry Upper function at
[a]. The following Theorem is an extension of Theorem 5.5 and Proposition 5.30.

Theorem 6.1. Let o be a nonreal complex reciprocal algebraic integer, for which 1 <
o] <O =65 1. Denote B =1al. Then the following formal decomposition of the minimal
polynomial of a

6.1.1) Pa(X) = P4(X) = Ua(X) X f5(X)
holds, as the product of the Parry Upper function at 3
(6.1.2) J(X) = Gyye(p)(X) + X" + X2 4 X" + ...

with mo = dyg(B), mgy1 —my > dyg(B) — 1 for ¢ > 0, and the invertible formal series
Ua(X) € Z[[X]], quotient of Py by fg. The specialization X — z of the formal variable to
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the complex variable leads to the identity between analytic functions, obeying the Carlson-
Polya dichotomy as:
(6.1.3)
on C if [al is a Parry number,
Pa(2) = Ua(z) < fp(2) onlz| <1 if[o is a nonParry number, with |z| = 1
as natural boundary for both Uy and fp.

Assume dyg(p) > 260. Then

(i) the minimal polynomials of « and 3 are equal: Py = Pg and P is reciprocal,

(ii) the identity Uq(z) = —Cg(z) % Pg(z) holds as meromorphic functions on the domain of
definition of fg,

(iii) the integer power series Uy(z) is a nonconstant holomorphic function on the domain
Q,., and has no zero in €,

(iv) the lenticulus of lenticular zeroes of & is that of B, namely

Jn
ZLu=2={B"Hu (o} u{@n)) co
j=1
where the ®;, and @;, are the conjugates of B
(v) for any zero ®;, € £,

(6.1.4)
P () P
Ua(0)) = 22 20, Ug(@ja) = 22" 40 and Ug(B™") =
T (@) T (@) ¢ fp(BD)
Proof. There exists an integer n > 6 such that [@] lies between two successive Perron num-
bers of the family (6, !),>s, as 6, ! <[al < 6, !,. Then the Parry Upper function fig (2)
at [0 has the form:

(6.1.5) fa (@)= —1+z+"+ "+ 7" 4

with mg =n and my, 1 —my > n—1 for g > 0. Whether [@] is a Parry number or a nonParry
number is unkown. In any case, fig (&l ~') = 0 and the zero [0l ! of fiz (z) is simple.
Let us write the Parry Upper function in the generic form fig (z) = —1+Y 512

Let us show that the formal decomposition (6.1.1) is always possible. We proceed as in
the proof of Theorem 5.5. Indeed, if we put Ug(X) = —14Y ;51 b;X/, and Py (X) =1+
a1 X +axX?+...ag1 X9+ X9, (with a; = a,_;), the formal identity Py (X) = Ug(X) x
fian (X) leads to the existence of the coefficient vector (b;);>1 of Uy(X), as a function of
(tj)j>1 and (a;)i=1...4—1,as: by = —(a1 +11),and, forr=2,....d -1,

Po(®jn)

£0.

r—1 d—1
(6.1.6) br=—(tr+ar— Y bjt,_j) with bg=—(tg+1-Y bjt,_j),
j=1 j=1
r—1
(6.1.7) br=—t,+ Y bjt—; for r>d.

j=1
For j > 1, b; € Z, and the integers b,,r > d, are determined recursively by (6.1.7) from
{bo = —1,b1,bs,...,bg}. Every bj in {by,b,...,bs} is computed from the coefficient
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vector of Py(X) using (6.1.6), starting by by = —1 — a;. The disk of convergence of Uy (z)
has a radius > 6,_; by Theorem 5.5.

Let us show (i). Assume the contrary, i.e. Py # Pg. We will proceed as in §5.4.2 by
constructing another rewriting trail from "Py” to ”f”, the one from ”PE” to ”fg” being
already studied (a priori the two polynomials Pg and PE may be different).

The starting point is the two identities Py(ct~') = 0 and /B (B~1) = 0. They provide
a a-representation of 1 and a B-representation of 1, the second one being the Rényi -
expansion of 1:

618 l=—ao'—ma?—sa>+.. . —ag a9 —a=1-Py(a "),

(6.1.9) L=tB "+nuB2+6B 7 +...=1+f5(B7").
The goal consists in constructing an infinite chain of intermediate (¢, B)-representa-tions
of 1 between them, by “restoring” the digits #; of fg in (6.1.9) one after the other from

(6.1.8). The first step is the addition of (B~' +ajo™!)Py(a™') =0 to (6.1.8). Then,
denoting by S,(z) = —1+ Z;I.ZI 1jz/,q > 1, the g-th polynomial section of fg, we obtain

1=B~ ' +Ri(a” ', B =(1+S1(B) +Ri(a ', 7
with R (X,Y) € Z[X,Y],
Rl(ail,ﬁil) = ( %—az)aiz—F ((11612—613)0673 + (aya3 —a4)(X74+...
+a1a*1ﬁ”1 —|—a20£*2ﬁ*1 —l—a30673ﬁ71 +...
Let Aj(a~!,B7!") = =1+ (a1~ '+ B~1). The bivariate polynomial A;(X,¥) = —1 +
(a1 X +7Y) belongs to Z[X,Y]. We deduce, at the first step,
0=Ai(a™", B )Pa(a” ) =S1 (B~ ) +Ri(a™",p7)
Iterating this process we deduce, for every g > 1, the existence of two polynomials A,, R, €
Z[X,Y], with degy (A,) < ¢, degy (A,) < g, A(0,0) = —1, R,(0,0) = 0, such that
(6.1.10) 0=Ag(a", B~ )Pa(0™") = Sg(B~") +Ry(a™", B1).
But, forg > 1,0=S,(71) + (fg(B~ ) —S,(B~1)). Hence, the quantities

Ry(a ', B~ ) =fp(B~)=Sq(B™"),  a>1,

do not depend upon &~!, but only upon B~!. Let o the Q-endomorphism of the number
field Q(a, B,B7") # Q(B,B~") defined by o(a~!) = B~! leaving invariant the subfield
Q(B,B~1). Applying o to (6.1.10) gives

(6.1.11) 0=A,8"1B HP(B"), g>1.

If we assume that Py, (8~ 1) # 0 then we should have all the (nonzero) polynomials A, (X, X),
q > 1, in the ideal generated by Py (X) in Z[X]. As multiples of PE (X) we should have:
deg(A4(X,X)) > deg(PE). But dyg(B) > 260 implies that deg(f) = deg(PE) is large since
the number of roots of P} is at least the number 1 + 2J,, of lenticular roots (Theorem 5.22).

Therefore it suffices to take a value of ¢ small enough to obtain a contradiction. We deduce
Py(B~') = 0. Therefore P, = PE and B =[] is reciprocal since Py is reciprocal. We

deduce P, = Pg.
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Let us prove (ii). Since B > 1 is a reciprocal algebraic integer, 3 is not a simple Parry
number. By Theorem 3.4, {g(z) = —1/fg(z). The Parry Upper function fg(z) has coef-
ficients in the finite set {—1,0,1}, and therefore obeys the Carlson-Polya dichotomy. The
domain of definition of {g(z), as a meromorphic function, is that of fg(z), thatis: Cif 8 is
a Parry number, the open unit disk if B is not a Parry number. On this domain of definition
the fracturability of the minimal polynomial Py, comes from that of Pg by Proposition 5.30,
as

Po(z) = P(z) = (—Cp(2)Pa(2)) X fp(X).

Let us prove (iii), (iv) and (v). The holomorphy of —{g(z)Pu(z) on €, is a consequence
of Proposition 5.30. The relations (6.1.4) come from the derivation of (6.1.3) at the conju-
gates ®; , and @; , of B‘l in the domain Q,,.

Definition 6.2. Let o be a nonreal complex reciprocal algebraic integer such that 1 <
[l <O = 9;1. For n =dyg(a) > 260, the dynamical degree of o is defined by dyg(a) :=
dyg([a] ); the reduced Mahler measure of o is

Jn
M, (a) :=M,(lal ) = [l H [or i
=

The domain of fracturability of the minimal polynomial Py (X) is the largest domain in
the open unit disk on which the analytic function —{g(z)P«(z) is a nonconstant holomor-
phic function which does not vanish in this domain. It contains €2,,.

O

6.2. A Dobrowolski type minoration with the dynamical degree of the house - Proof
of Theorem 1.4. Let o be a reciprocal algebraic integer such that § = [&] has dynami-
cal degree dyg(f) > 260. The first nonreal complex root @ , of the lenticulus % is a
continuous function of 8 by [79]. By Corollary 3.14 and Theorem 6.1 the other lenticular
roots of the Parry Upper function fig (z) are continuous functions of B = [a@] . These facts
suggest the Conjecture that the (true) Mahler measure M () is a continuous function of the
house [@] of a. On the contrary, the nonderivability of the function f = [a] — O dye(B)
conjectured in [79] suggests that the (true) Mahler measure M(@) is nowhere derivable as
a function of B =[a] .

By Theorem 6.1, since Py, = Pg; , the minoration of the Mahler measure M( o) is deduced
from the minoration of the Mahler measure M(f3). The following Theorems are readily
deduced from Theorem 5.34, Lemma 5.35 and Theorem 5.36.

Theorem 6.3. Let &, [0¢] > 1, be a reciprocal algebraic integer such that n = dyg([al ) >
260. The asymptotic expansion of the minorant L,(o) of LogM,(a) is

LogL in(ic/2
(6.2.1) L.(a):=LogAu,+ (( og Ogn)z)’ with |9Z,|<arcsm(1</)

Logn Logn

and X depending upon [0 and n.

Theorem 6.4. Let o, [@ > 1, be a reciprocal algebraic integer such that dyg(o) > 1.
Then

A, arcsin(k/2) 1

6.2.2) M(a) > Arpr — - Log (dyg(a))
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In the case where « is the conjugate of a Perron number 6, , for some n > 260, the
minorant in (6.2.2) has to be replaced by that of Theorem 4.16 for the trinomials G, taking
higher values. Comparatively, if & is a nonzero nonreciprocal algebraic integer, which is
not a root of unity, the Mahler measure M(a) is uniformly bounded from below by Smyth’s
lower bound ® [181].

6.3. Proof of the Conjecture of Lehmer (Theorem 1.2). Let o # 0 be a reciprocal al-
gebraic integer which is not a root of unity, such that dyg(a) > n with n > 259. Since
M(a) = M(a~!) there are three cases to be considered:

(1) the house of « satisfies [a] > 95_1,
(ii) the dynamical degree of « satisfies: 6 < dyg(a) <1,
(iii) the dynamical degree of o satisfies: dyg(a) > 1.

In the first case, M(a) > 9;1 > 92*55 > On’l > 1. In the second case, M(ct) > 9,7*1. In the
third case, the Dobrowolski type inequality (1.0.11) gives the following lower bound of the
Mahler measure

Al arcsin(x/2)
M > A r
(@)= Ak =T o (dye(a)
> At A, arcsin(k/2) S Ay — Ay arcsin(x/2) — 1.14843
=T meg(n) T mLog(2s9) T

by Theorem 5.33 and Theorem 6.4. This lower bound is numerically greater than ngé =

1.016126.. ., itself greater than 9,7_ 1 Therefore, in any case, the lower bound Gn_ Lof M(a)
holds true. We deduce the claim.

6.4. Proof of the Conjecture of Schinzel-Zassenhaus (Theorem 1.3).

Proposition 6.5. Let o, [@] > 1, be a reciprocal algebraic integer such that dyg(o) > 260.
The degree deg() of o is related to its dynamical degree dyg(at) by

2arcsin(%) 2k Logk
6.4.1) dyg(a)(T> + (m) < deg(a).

Proof. By Theorem 5.14 and Proposition 5.30 the number of zeroes in the lenticulus %,
is 1+ 2J,, with n := dyg(a) ; these zeroes are all conjugates of . The total number of
conjugates of « is the degree deg( o) of the minimal polynomial Py. By Proposition 5.11,

_2n K 2xLogk 1 LogLogn. 2
1+2J, = - (arc51n(2)) + (—n\/m) + (1+n0((—Logn ) ))

The inequality (6.4.1) follows.

U
Theorem 6.6. Let o, [0 > 1, be a reciprocal algebraic integer which is not a root of unity.
Then
(6.4.2) o > 14— with ¢ =6, 1.

— deg(a)’
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Proof. There are two cases: either (i) [a] > 0.1, or (i) n > n+1. 0 Iflal > 9,1_1, then,
whatever the degree deg(ct) > 1,

(6, —1)
> _.
[ > 1+ deg(@)

(ii) The minoration of the house B = [@] can easily be obtained as a function of the
dynamical degree of a. Let n = dyg(f8) and assume n > 1 4+ 1. By definition 6, ! < 8 <
Gn__l]. Theorem 1.8 in [206] (cf also [206] §5.3) implies

(Logn)(1 — =8

(6.4.3) B=la > 6,' > 1+ Logn
n
From Proposition 6.5,
(6.4.4) 11 > 2arcsin(x/2) (1 N . kLogx ) .
n  dyg(f) — 7 deg(a) n arcsin(k/2) V4 — k2
. Logx—LogLogx kLog k P .
The function Togr (1 + Tarcsin(x/2) v/ 4—;<2) is increasing for x > 260. From (6.4.3)
and (6.4.4) we deduce 3
¢
al > 1
A= Gee@)
with & = L8200 L8 R0820 (aresing(/2) + 5 KEE ) = 0.0375522.....

From (i) and (ii), we deduce that (6.4.2) holds with ¢ = min{¢, (6,' —1)} = (6, — 1)
since 92_5}) —1=0.016126... < ¢, for every nonzero reciprocal algebraic integer o¢ which
is not a root of unity. 0

7. PROOF OF THE CONJECTURE OF LEHMER FOR SALEM NUMBERS

The set of Pisot numbers admits the minorant ® by a result of Siegel [178]. Theorem 7.3
implies boundedness from below to the set of Salem numbers.

7.1. Existence and localization of the first nonreal root of the Parry Upper function
/(z) of modulus < 1 in the cusp of the fractal of Solomyak. The lenticular roots of the
Parry Upper function fg(z) were studied in section §5 and identified as conjugates of the
reciprocal algebraic integer B > 1, for 8 close enough to one. Their number is 1+ 2J,,.
This was done under the assumption that the quantity J,, has a sense, that is for a regime of
asymptotic expansions of the roots z; , of G, the closest to |z| = 1 valid outside the "bump
sector” (cf Appendix). This is the reason why n has been taken above 260.

In the present section the “emergence” of such lenticuli of roots is used, at small values
of n. By emergence is meant that the number of lenticular roots of fg(z) takes the odd
values 1,3,5,... when n increases from 6 to higher values, the lenticuli being successively
of the type

{B71}7 {Bila wl,nam}a {Bila wl,n;WJu COZ,n,a)Z_,n}v s
for 6, I< B < 0,;11, the value 3 corresponding to the “emergence”. This study of the emer-
gence of 3-tuples of lenticular roots does not call for the regime of asymptotic expansions
of the roots of G,, outside the “bump sector”. On the contrary it calls for a regime relative
to the lenticular roots which lie inside the “bump sector”, in particular for the roots of G,
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the closest to the real axis, to deal with the control of the existence of the lenticular root
o1 . The different regimes of asymptotic expansions of the roots z; , of G, are recalled in
section §4 and the limits of validity of the 3 regimes summarized in the Appendix.

The regime of asymptotic expansions dedicated to the first nonreal lenticular root @ ,
has Proposition 4.9 for consequence. Proposition 4.9 is used in the proof of Theorem 7.1.
Corollary 7.2 asserts the existence of a lenticulus of at least 3 roots of fg(z) as soon as

n = dyg(B) is > 32. The identification of these lenticular roots as conjugates of B! is
done in §7.2.

Theorem 7.1. Let n > 32. Denote by Cy,, :={z | |z—z14| = n|z] "|} the circle centered at

the first root z1 , of Gn(z) = —1 +z+2". Then the condition of Rouche
|Z|2n—1

7.1.1
(7.1.1) e

< |-1+z+7", forallz € Cy,,

holds true.

Proof. Let a > 1 and n > 18. Denote by ¢ := arg(z; ) the argument of the first root
z1, (in Im(z) > 0). Since —1+42z1, +2], =0, we have |z1,|" = | —1+z1,4[. Let us

write z =z, + = ‘Zl al gty — =z1(1+ a—”rlei("’_‘/’)) the generic element belonging to Cj ,, with
vy € [0,27]. Let X = cos(¥ — ). Let us show that if the inequality (7.1.1) of Rouché
holds true for X = +1, then it holds true for all X € [—1,+1], that is for every argument
v € [0,2x], i.e. for every z € Cy ,,. As in the proof of Theorem 5.8,

2

‘H%ei(w—w)‘”:exp(%> X (1_ 552X =1)+0( : ))

and
T n TVv1—X? X 1
1 —’W’—‘P))): in(y — L T -]+ 0(5) ).
arg (14— sgn(sin(y — ) x | ————[1-—"]+0(5)
Moreover,
X 1
’1+ ‘V‘P(—‘H (X +i 1—X2‘—1+—+0()
with

v 1—X?

1
O(—=).
an * (nz)

arg(1 + (V=) = sgn(sin(y — ) x
an
For all n > 18, from Proposition 4.9, we have

Logn—LogLogn+ 10 LogLogn
n n Logn /'

(7.1.2) Z1al=1—

S =

from which we deduce the following equality, up to O(;,) - terms,

’ZI,n’ 1_*_%61'(1!/—(!’)) :‘Zl,n‘-
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Then the left-hand side term of (7.1.1) is

2n
o [+, |

|1+ Zeilv—9)

2 ’1 _|_ a_ﬁei(wfq))

1— |Z|n71 a |Z1,n

S el [T+ e o]

2
|—1 -i-Z1,n|2 (1 — g—n(2X2— 1)> exp(znx)

a

(7.1.3) - | :
|21 1] |1 + %el(vfﬂp)‘ — | =14z1,] < — 2’2—”(2)(2 — 1)) exp(%)
up to %0 (Lcﬁg;gn) -terms (in the terminant). The right-hand side term of (7.1.1) is
. . n
|—14z+7" = ’—1 +Z1,n(1 +£e’(""—‘p)) +z’1’n(1 +£e’(“’_"’))
na ’ na
/1 -X2 X o,
g, 0+ T 0 Py s — ) (1= 2 x2 —1
raa 20 2 o2 (1- S o)
X vV1-X2 X 1
(7.1.4) x exp(Z2) exp(ii<”—[1—”—]))+0(—2)
a a an n

Let us consider (7.1.3) and (7.1.4) at the first order for the asymptotic expansions, i.e. up to
O(1/n) - terms instead of up to O(1(LogLogn/Logn)) - terms or O(1/n?) - terms. (7.1.3)

becomes:
2nX )

a

—| = T+zialexp(%)

| — 1+ 210/ % exp(

|Z17n
and (7.1.4) is equal to:

| = 1+2z1,

nm)

1—exp(%) exp(ii p

and is independent of the sign of sin(y — ¢). Then the inequality (7.1.1) is equivalent to

| —1+z, 2 exp(22X) X V1 -X2
715 |_|_1’;Zl oy <17l Lo (TF) exp (i),
an Jl a
and (7.1.5) to
X -V 1-X2 X
1 ‘l—exp(”—) exp(z—)‘exp(—)
(7.1.6) [ =142 < ¢ ¢ L —k(X,a).

Bl () |1 en () enp (12755

The right-hand side function x(X,a) is a function of (X,a), on [—1,+1] x [1,+e0). which
is strictly decreasing for any fixed a, and reaches its minimum at X = 1; this minimum is
always strictly positive. Consequently the inequality of Rouché (7.1.1) will be satisfied on
C\,, once it is satisfied at X = 1, as claimed.
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Hence, up to O(1/n)-terms, the Rouché condition (7.1.6), for any fixed a, will be satis-
fied (i.e. for any X € [—1,41]) by the set of integers n = n(a) for which z; ,, satisfies:

}1—6XP( ) [exp(F)
1. _ 1
7.17) Tl Y S E + 1= (E)]

equivalently, from Proposition 4.2.7,

Logn —LogLogn k(1,a)

(7.1.8) " < T+ x(l,a)

In order to obtain the largest possible range of values of n, the value of @ > 1 has to be
chosen such that a — x(1,a) is maximal in (7.1.8) (Figure 2). In the proof of Theorem 5.8
we have seen that the function a — x(1,a) reaches its maximum x (1, amax) :=0.171573.. ..
at amax = 5.8743.... We take a = amax.

The slow decrease of the functions of the variable n involved in the terminants when
n tends to infinity, as a factor of uncertainty on (7.1.8), has to be taken into account in
(7.1.8). It amounts to check numerically whether (7.1.1) is satisfied for the small values
18 < n <100 for a = amax, or not. Indeed, for the large enough values of n, the inequality
(7.1.8) is satisfied since lim,_c W = 0. On the computer, the critical threshold
of n = 32 is easily calculated, with (Log 32 —LogLog32)/32 = 0.0694628 .. ..Then

Logn —LogLogn K(1,amax)
n 1+ K(I,amax)

=0.146447... for all n > 32.

Let us note that the last inequality also holds for some values of n less than 32. U

Corollary 7.2. Let B > 1 be a reciprocal algebraic number such that dyg(B) > 32. Then
the Parry Upper function fg(z) admits a simple zero oy, (of modulus < 1) in the open disk

D(Zl n‘zl’"‘ )

A 1 amax

Proof. The polynomial G,(z) has simple roots. Since (7.1.1) is satisfied, the Theorem of
Rouché states that fg(z) and G, (z) = —1+z+2" have the same number of roots, counted

with multiplicities, in the open disk D(z1 ,, n\am "‘) giving the existence of an unique zero

W1 p. ]

7.2. Identification of the first lenticular root as a conjugate. Let us prove that the first

zero o , of fp (z) is a zero of the minimal polynomial of 3, using rewriting polynomials
as in §5.4.

Theorem 7.3. Let B > 1 be a reciprocal algebraic number such that dyg(B) > 32. Then
(i) the first zero @, of fg(z) is a conjugate of B, (ii) the minimal polynomial Pg(X) of B is

fracturable on the union of the disks D1, = {z | |2— 21,0 < > == nkl a } and D\ ,, in the sense that

the analytic function Ug(z) = —Cg(z)Pg(z) is a nonconstant holomorphlc function which
does not vanish on this domain, and that

(7.2.1) Py(z) = (—Cp(2)Ps(2)) X fg(z),  z2€D1,UDy,,
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(iii) the function Ug(z) € Z|[z]] takes the following values at @ ,, € Dy, resp. @1, € Dy p,

P! ((Dl,n) P; (a)l.n)
BA A
7.2.2 Ug(wr,) = #0, Ug(®r,) = #0,
( ) ﬁ( 1, ) fl/}(wl,n) ﬁ( 1, ) fB(wl,n)

(iv) the first zero @1, = @1 ,(B) of f(2) is a nonreal complex zero of modulus < 1 of the
minimal polynomial Pg(z) which is a continuous function of B.

Proof. The domain of definition of the meromorphic function fg(z) is C or the open unit
disk with |z| = 1 as natural boundary, according to the Carlson-Polya dichotomy (Bell and
Chen [18], Carlson [50] [51], Polya [154], Szeg6 [190]). In the first case f3 is a Parry
number and it is a nonParry number in the second case. In both cases fg (z) is holomorphic
in Dy, UDj ,, these disk being included in |z| < 1. The function fg(z) admits only one
simple zero in each disk by Corollary 7.2.

Let us prove (i) and (ii). Since f3 is assumed reciprocal, the power series fg(z) is never
a polynomial and f is not a simple Parry number. Therefore fg(z) = —1/Cg(z) so that
the quotient Pg(z)/fg(z) € Z[[z]] is equal to —{g(z) x Pg(z) on the domain of definition of
/p(z). Hence the identity Pg(z) = (—Cg(z)Pg(z)) X fg(z) is satisfied for |z| < 1.

As in §5.4.2 we can construct the infinite sequence of f3-representations of 1 from “Pg”
to “fg” by restoring the digits of fg one after the other. The corresponding rewriting trail
starts at (5.4.11) and ends at the Rényi -expansion of 1 which is given by (5.4.12). Then
we obtain the analogue statement of Proposition 5.28: if x is a zero of Pg in Dy, UDj p,
then x is a zero of fﬁ, that is x = @y , or x = @y ,. Conversely, in order to show that x = @y ,
is a zero of Pg, we can construct the rewriting trail from the s-th polynomial section “S;”
of fg to “Pg”, i.e. the sequence of Y;-representations of 1 from the Rényi y;-expansion of 1
given by (5.4.18) to (5.4.19), at the unique zero %—1 € Dy, of Ss, by restoring the digits of
1 — Pg(X) one after the other. The important point is that s should be taken large enough
by the analogue of Proposition 5.25: let B > 1 be a reciprocal algebraic integer having
dyg(B) > 32. Let fg(x) = —1+x+x"+x" +x™ +...+x"™ +... be the Parry Upper
function at B and, for s > 0, denote its s-th polynomial section by

fx)==14+x+x"+x""+x"2+ ... +x™ factorized as = A(x)B(x)C(x),

where s > 1, my—n>n—1,mjy1 —m; >n—1for1 < j<s, where A is the cyclotomic
part, B the reciprocal noncyclotomic part, C the nonreciprocal part of f.

There exists so (depending upon n) such that the reciprocal noncyclotomic part B of f(x),
if any, does not vanish on the lenticular root @, , of f, as soon as s > so. Then, taking
the limit s — oo, with limy o, ¥, ' = B!, we obtain the analogue of Proposition 5.29: the
lenticular zero @y , offﬁ in Dy, is a zero ofPﬁ.

Let us prove (iii). It suffices to take the derivatives

Pg(2) = Ug(2) x fp(2) + Up(2) x f3(2)
of (7.2.1) at m; ,, and @ ,. Let us prove (iv). It is a consequence of Corollary 3.14. L]

7.3. A lower bound for the set of Salem numbers. Proof of Theorem 1.5. Assume
that B is a Salem number of dynamical degree n = dyg(f) > 32. Its minimal polynomial
Pg(X) would admit B, 1/ as real roots, the remaining roots being on the unit circle, as
(nonreal) complex-conjugated pairs. By Theorem 7.3 it would admit the pair of nonreal
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roots (Wj ,, ®; ,) as well, but |@; ,| < 1. This fact is impossible. We deduce that B >
0;,' = 1.08545....

8. SEQUENCES OF RECIPROCAL ALGEBRAIC INTEGERS CONVERGING TO 11 IN
HOUSE AND LIMIT EQUIDISTRIBUTION OF CONJUGATES ON THE UNIT CIRCLE.
PROOF OF THEOREM 1.6

In this section, given a sequence () of reciprocal algebraic integers, such that |0, | > 1,
dyg(oy;) > 260 tending to infinity, we consider the limit geometry of all the conjugates of
the os. The limit equidistribution, restricted to an arc of the unit circle, of the lenticu-
lar conjugates was used in the proof of Theorem 5.33. We generalize this fact to all the
conjugates with limit arc the complete unit circle. We will make use of Belotserkovski’s
Theorem [20], recalled below as Theorem 8.1, which prefigurates Bilu’s theorem on the n-
dimensional torus [24]; the discrepancy function of equidistribution given by this theorem
is well adapted to become a function of only the dynamical degree.

Theorem 8.1 (Belotserkovski). Let F(x) = a[[",(x—a)) € C[x],m > 1, be a polynomial
with roots a®) = rei® 0 < o <27 For 0 < ¢ <y < 2m, denote Np(¢@,y) = Card{k |
O< @<y} Let0< €,6 <1/2 and

Gd,-szmax( ~12Log(m+1),/—€eLog(€),/—6Log 5))

If e —1] < € for 1 <k <m, and |Loga| < dm are satisfied, then, for some (universal, in
the sense that it does not depend upon F ) constant C > (),

v—0
27

(8.0.1) ‘lNF((p, y) — <Coys foral 0<¢<y<2m.
m

Let us recall some useful notations. The multiplicative group of nonzero elements of
C, resp. Q, is denoted by C*, resp. Q*. The unit Dirac measure supported at @ € C is
denoted by 8,. We denote by pr the (normalized) Haar measure (unit Borel measure),
invariant by rotation, that is supported on the unit circle T = {z € C | |z| = 1}, compact

subgroup of C*, i.e. with up(T) = 1. Given ot € Q ", of degree m = deg(a), we define the
unit Borel measure (probability)

1 deg(a)S
nu’a - deg(OC) ]_Zl O'(a)

on C*, the sum being taken over all m embeddings o : Q(a) — C. A sequence {};} of

points of @X is said to be strict if any proper subgroup of @X contains ¥ for only finitely
many values of s.

Theorem 6.2 in [206] shows that limit equidistribution of conjugates occurs on the unit
circle for the sequence of Perron numbers {6, ' | n =2,3,4,...}, as Hg—1 — UT,n — oo
All these Perron numbers have a Mahler measure > ®. We now give angeneralization of
this limit result to convergent sequences of algebraic integers of small Mahler measure,
< 0O, where “convergence to 1” has to be taken in the sense of the “house”. The Theorem
is Theorem 1.6.
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Proof of Theorem 1.6: (i) Denote generically by o € O any element of (0)g>1. Let
m = deg(a) and B =[al € (6,',6,""),n > 260. Using the inequality (6.4.1) between m
and the dynamical degree n = dyg(a) = dyg(3), there exists a constant ¢; > 0 such that

Log(m+1) Logn
) o 220
Vm Vn
On the other hand, the minimal polynomial Py = Pj is reciprocal and all its roots a®, in-
cluding 8 and 1/ by Theorem 6.1, lie in the annulus {z | ll3 <z] < B}. As a consequence,
using Theorem 5.2, there exists a constant ¢; > 0 such that

L
la®|—1]<e, 1<k<m, withe=c,—"
n

We take 6 = 0 in the definition of o in Theorem 8.1 since Py, is monic. We deduce that the
discrepancy function, i.e. the upper bound in the rhs of (8.0.1), is equal to Coy;; = 3=

for some constant ¢3 > 0. Hence,

V-0 < e Logn
2r |7 T \/n
The discrepancy function of (8.0.2) tends to O if n tends to infinity. By Theorem 5.2 and

Theorem 5.3, for 1 < 8 < 92_6%),

1
(8.0.2) %Npa((p, y) — forall 0 <o <y <2m.

B — 17 <= n=dyg(B) — oo,

so that the sequence of Galois orbit measures in (1.0.20) converge for the weak topology
as a function of the dynamical degree.
(ii) The sequence () is strict since the sequence ([0] ) only admits 1 as limit point:

limsup,_,., (@] = limg e [0%] = 1 and the number Card{a, € (6, 1,6')} between two
successive Perron numbers of (6,!), for every n > 3, is finite. In the space of probality
measures equipped with the weak topology, the reformulation of (8.0.2) means (1.0.20),

equivalently (1.0.21).

9. SOME CONSEQUENCES: SALEM NUMBERS, ELLIPTIC LEHMER’S CONJECTURE
AND A CONJECTURE OF MARGULIS

A first consequence concerns the difference between two successive Salem numbers. In
the context of root separation theorems [21] [46] [73] [90] [129] and the representability of
real algebraic numbers as a difference of two Mahler measures [63] the difference between
two successive Salem numbers of the same degree (in particular when the degree is very
large) admits the following universal lower bound, readily deduced from Lemma 4 in [184]
and Theorem 1.5.

Theorem 9.1. Let d > 4 be an integer. Denote by T\ gy the subset of T of the Salem numbers
of degree d. Then,

1.7 E€T,, T>1 = 7-1>65'(6;] —1)=0.0927512...

In higher dimension (cf Survey [207]) the following Theorem improves Laurent’s Theo-
rem in [115].
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Theorem 9.2 (ex-Elliptic Lehmer Conjecture). Let E /K be an elliptic curve over a number
field K and h the Néron-Tate height on E(K). There is a positive constant c(E /K) such that
~ c(E/K) —
9.0.3 h(P)> ———— IIPeE(K)\Etors.
( ) ( )— [K(P) K] fora € ( )\ tors
Ghate and Hironaka (in [86] p. 304) mention that if Lehmer’s Conjecture is true, then
the following Conjecture of Margulis is also true.

Theorem 9.3 (ex-Margulis Conjecture). Let G be a connected semi-simple group over R,
with rankg(G) > 2. Then there is a neighbourhood U C G(R) of the identity such that
for any irreducible cocompact lattice T' C G(R), the intersection T NU consists only of
elements of finite order.

Let us give a proof of Theorem 9.3 from the two arguments of Margulis ([130], Theorem
(B) p. 322): (i) first, the arithmeticity Theorem 1.16 in [130], p. 299, and (ii) the following
statement (Margulis [130], p. 322):

Let P(x) =x"+a,_ W 4 ag be an irreducible monic polynomial with integral
coefficients. Denote by Bi(P),...,Bu(P) the roots of P and by m(P) the number of those i
with 1 <i<nand |Bi(P)| # 1. Then

(9.0.4) M(P) = [] max{1,|Bi(P)|} >d

1<i<n
where the constant d > 1 depends only upon m(P) (and does not depend upon n). The
minorant d is universal and is given by Theorem 1.2 (ex-Lehmer’s Conjecture), hence the
result.

But the dependency of the minorant d of M(P) in (9.0.4), expected by Margulis, with
the number of roots m(P)/2 lying outside the closed unit disk, or equivalently inside the
open unit disk (the polynomial P can be assumed of small Mahler measure < ®, hence
reciprocal by Smyth’s Theorem), and not with the degree n of P, is not clear in view of
Theorem 5.14, Theorem 6.1 and Proposition 5.11. Indeed, the following minorant

m(P) > 2(1 +deg(P)>

can only be deduced from the present study, this minorant being two times the cardinal of
the lenticulus of roots associated with the dynamical degree of the house of the polynomial
P; what can be said is that the degree n = deg(P) of P is not involved in this minorant of
m(P), and therefore that the constant d in (9.0.4) is likely to depend upon the dynamical
degree dyg(P).

10. APPENDIX

10.1. Notations. Let P(X) € Z[X|, m = deg(P) > 1. The reciprocal polynomial of P(X) is
P*(X)=X"P(). The polynomial P is reciprocal if P*(X) = P(X). If P(X) = ag [T, (X -
Ocj) =aoX"+a; X" ' +.. . +a,,, witha; € C, apa, # 0, and roots «;, the Mahler measure
of P1is

(10.1.1) M(P) := |ao| ] Jmax{1,]ot]}.
j=1
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The absolute Mahler measure of P is M(P)'/9(P) denoted by .# (P). The Mahler measure
of an algebraic number ¢ is the Mahler of its minimal polynomial Py: M(a) := M(Py).
For any algebraic number o the house [&] of ¢ is the maximum modulus of its conjugates,
including « itself; by Jensen’s formula the Weil height i(a) of o is LogM(a)/deg(c).
By its very definition, M(PQ) = M(P)M(Q) (multiplicativity). The Mahler measure of a

nonzero polynomial P(xy,...,x,) € C[xy,...,x,] is defined by
1 dx1 dxn
10.1.2 M(P) := /L P(xy,... x)| 2L )
( ) (P) :=exp ((Zm)n o og [P(x,...,xp)| o )
where T" = {(z1,...,20,) € C"| |z1] = ... = |z4| = 1} is the unit torus in dimension n. If

n =1, by Jensen’s formula, it is given by (10.1.1).

A Perron number is either 1 or areal algebraic integer 6 > 1 such that the Galois con-
jugates 01 i £ 0, of 6(0) := @ satisfy: |01)| < 6. Denote by P the set of Perron numbers.
A Pisot number is a Perron number > 1 for which |9 | < 1 for all i # 0. The smallest
Pisot number is denoted by ® = 1.3247 ..., dominant root of X> —X — 1. A Salem number
is an algebraic integer 8 > 1 such that its Galois conjugates B satisfy: || < 1 for all
i=1,2,...,m—1, with m = deg(B) > 1, (%) = B and at least one conjugate B i #£ 0,
on the unit circle. All the Galois conjugates of a Salem number 3 lie on the unit circle,
by pairs of complex conjugates, except 1/ which lies in the open interval (0,1). Salem
numbers are of even degree m > 4. The set of Pisot numbers, resp. Salem numbers, is
denoted by S, resp. by T. If T € S or T, then M(7) =

The set of algebraic numbers, resp. algebraic integers, in C, is denoted by Q, resp. ﬁ@.
The nth cyclotomic polynomial is denoted by ®,,(z). The (naive) height of a polynomial P
is the maximum of the absolute value of the coefficients of P.

For x > 0, |x], {x} and [x] denotes respectively the integer part, resp. the fractional
part, resp. the smallest integer greater than or equal to x. For f > 1 any real number,
the map 7g : [0,1] — [0,1],x — {Bx} denotes the B-transformation. With T, ﬁ = Tg, its

iterates are denoted by B( = TB(TI; l) for j > 1. A real number 8 > 1 is a Parry number

if the sequence (Tﬁ(j ) (1))j>1 is eventually periodic; a Parry number is called simple if in

particular Tﬁ(Q) (1) = 0 for some integer ¢ > 1. The set of Parry numbers is denoted by Pp.

The terminology chosen by Parry in [144] has changed: B-numbers are now called Parry
numbers, in honor of W. Parry.

For x > 0, Log "x denotes max{0,Logx}. Let .# be an infinite subset of the set of
nonzero algebraic numbers which are not a root of unity; we say that the Conjecture of
Lehmer is true for % if there exists a constant ¢ > 0 such that M(a) > 1+ c# for all
acs.

10.2. Angular asymptotic sectorization of the roots z; ,, @; ,, of the Parry Upper func-
tions, in lenticular sets of zeroes — notations for transition regions. The Poincaré as-
ymptotic expansions of the roots z; , of G,(z) = —1+z+2", lying in the first quadrant of
C, are divergent formal series of functions of the couple of two variables which is:

Logn

o (n,i), in the angular sector: 5 > argz > 21
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Logn

° (n,LL), in the angular sector (“bump” sector): 27 > argz > 0.
ogn

In the bump sector (cusp sector of Solomyak’s fractal ¢, § 3.2), the roots z; , are dispatched
into the two subsectors:
(Logn)(LogLogn)

o 21 - > argz > 0,
° 2%% > argz > 2w~ (Logn)iLogLogn).

The relative angular size of the bump sector, as (271:]%) /(%), tends to zero, as soon as

n is large enough. By transition region, we mean a small neighbourhood of the argument :

argz = Zn_Logn orof 27w \/(Log n)(LogLogn) .
n n
Outside these two transition regions, a dominant asymptotic expansion of z; , exists. In a
transition region an asymptotic expansion contains more n-th order terms of the same order
of magnitude (n = 2,3,4). These two neighbourhoods are defined as follows. Let € € (0,1)
small enough. Two strictly increasing sequences of real numbers (u,), (v,) are introduced,
which satisfy:

|n/6] > v, > Logn, Logn > u, > \/(Logn)(LogLogn), forn>ny= 18,

such that
L LogL L
fim U = gy Y (Logm)(Logbogn) o Logn
n—e n n—reo Uy n—e Logn n—es  y,
and
(10.2.1) v — Uy = O((Logn)' )

with the constant 1 involved in the big O. The roots z; , lying in the first transition region
about 27t(Logn)/n are such that:
(2Logn —vy,)

v
2T > argzj, > 2M————
n n

74/ (Logn)(LogLogn)
n

o . . 2
and the roots z;, lying in the second transition region about are such

that:

2/ (Logn)(LogLogn) — uy
" .
In Proposition 4.6, for simplicity’s sake, these two transition regions are schematically
denoted by

u
2r—= > argzj, > 2%
n

L Logn)(LogL
argzxZn:( ogn) resp. argz =27 \/( ogn)(Log Ogn)‘
n
By complementarity, the other sectors are schematically written:
Lo LogLo
op YLogn)(Loglogn)
n

instead of

24/ (L LogL _

2n V/(Logn)(LogLogn) — u, > argz > 0;

n
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resp.
L L LogL
2 o5k > argz > 27 \/( ogn)(LogLogn)
n
instead of oL
ZEM > argz > 27r@;
n
resp.

/4 Logn
— > argz > 21

T
instead of — > argz > 2,
2 2 n
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