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EFFECTIVE RESULTS ON THE SKOLEM PROBLEM
FOR LINEAR RECURRENCE SEQUENCES

MIN SHA

ABSTRACT. In this paper, given a simple linear recurrence se-
quence of algebraic numbers, which has either a dominant char-
acteristic root or exactly two characteristic roots of maximal mod-
ulus, we give some explicit lower bounds for the index beyond
which every term of the sequence is non-zero. It turns out that
this case covers almost all such sequences whose coefficients are
rational numbers.

1. INTRODUCTION

1.1. Background and motivation. Linear recurrence sequences (LRS)
appear almost everywhere in mathematics and computer science, and
they have been studied for a very long time; see [10] for a deep and
extensive introduction. In this paper, we focus on the Skolem Problem,
which asks whether there is a zero term in a given LRS.

As usual, let Q be the field of all algebraic numbers, which is an
algebraic closure of the rational numbers Q. Recall that an LRS of
order m > 1 is a sequence {u,}>°, with elements in Q satisfying a
recurrence relation

(1.1) Upntm = Qm-1Uptm-1 + -+ aou, (n=0,1,2,...),

where ag, ..., a1 € Q, a1 # 0 and u; # 0 for at least one j in the
range 0 < 7 < m — 1. Here, we call ag, ..., a,,_1 the coefficients of the
sequence {uy,}, and the initial terms of {u,} are ug, ..., Up_1.
Several crucial properties of the sequence {u,} rely on its character-
istic polynomial, which is defined as
k

FX)=X" =y X" = —ag = [J(X — )" € Q[X]
i=1
with distinct aq, ao, ..., ax (which are called the characteristic roots

of the sequence {u,}) and d; > 0 for 1 < ¢ < k. Then, u, can be

2010 Mathematics Subject Classification. 11B37, 11C08, 11G50, 11J86.
Key words and phrases. Linear recurrence sequence, the Skolem Problem, height,
linear form in logarithms.
1



2 MIN SHA

expressed as

(1.2) wn =) filn)ar,

where f; is some polynomial of degree at most d; — 1 (1 = 1,2,..., k).
We call the sequence {u, } simple if k =m (thatisd; = -+ =d,, = 1)
and non-degenerate if o;/c; is not a root of unity for any ¢ # j with
1 <i,7 < k. Tt is well-known that if {u, } is non-degenerate, then there
are only finitely many integers n such that u,, = 0. In fact, it has been
shown in [6] that almost all integer polynomials are non-degenerate.

The celebrated Skolem-Mahler-Lech Theorem asserts that the zero
set {n : u, = 0} is the union of a finite set and finitely many arithmetic
progressions (for instance, see [10, Theorem 2.1]). However, all of its
existing proofs are in a non-constructive manner. Berstel and Mignotte
[1] showed how to obtain all the arithmetic progressions effectively
mentioned in the theorem. So, it remains to decide the finite part of the
zero set, where one must decide whether the finite part is empty or not.
The Skolem Problem, posed in 1930s, asks whether it is algorithmically
decidable that there exists some n such that u, = 0.

There are only few results towards the decidability of the Skolem
Problem. For such sequences of order 1 and 2, this problem is relatively
straightforward. Decidability for LRS over Q of orders 3 and 4 is
independently settled positively by Mignotte, Shorey and Tijdeman
[18], as well as Vereshchagin [21]. More recently, the decidability of the
Skolem Problem for integer LRS of order 5 was claimed in [11], and
the decidability for rational LRS of any order was claimed in [13], but
as pointed out in [19], both are incorrect. The Skolem Problem is also
listed as an open problem and discussed by Tao [20, Section 1.9]; see
also [19] for a survey. To taste the difficulty of the problem, we want
to point out that Blondel and Portier [2, Corollary 2.1] showed that it
is NP-hard to decide whether a given integer LRS has a zero.

Most recently, when the order of {u,} is 2, 3, or 4, Chonev, Ouak-
nine and Worrell [5, Theorem 2.1] gave an effective (not explicit) lower
bound N, which roughly is a polynomial function of its coefficients and
initial terms, such that u, # 0 for any n > N; see also [4, Theorem 19|
for a more clear version.

In this paper, we want to obtain an explicit version for such an
upper bound N when the sequence {u,} is simple and it has either
a dominant characteristic root or exactly two characteristic roots of
maximal modulus (but we don’t restrict its order). This can be viewed
as an explicit version of partial results in [18, Corollary 1]. It turns



THE SKOLEM PROBLEM FOR LINEAR RECURRENCE SEQUENCES 3

out that this case covers almost all LRS of algebraic numbers whose
coefficients are rational numbers.

1.2. Main results. We now present the main results and discuss briefly
their proofs and coverage.

For any polynomial f(X) € Q[X] of degree m, let §; be the smallest
positive integer such that all the coefficients of the polynomial d;f(X)
are algebraic integers. Denote ¢, f(X) by f*(X) and write
(1.3) FX) =) aX',

=0
Theorem 1.1. Let {u,} be a simple LRS of algebraic numbers defined
by (1.1) of order m > 2, and let f(X) be its characteristic polynomial.
Suppose that f(X) has a dominant root. Let d be the degree of the
Galois closure of the field Q(ag,ay,...,am—1) over Q, and let D be
the degree of the number field generated by ug, ..., U,_1 over Q. Let
[(X) =>""ar X" be defined as in (1.3), and let

I(f*) = 2" (m + 1)** ] [ exp(dh(a;))

1=0
and
J(f*) _ 2dm(dm—1)/4(dm + 1)—d3m3/4+3dm/4—7](f*)—d3m3/2+d2m2+dm/2—11.

Denote

,_.

m—

Blu) = m! - dD( h(u;) + 3dm? Zh ) + 3dm? 1og(m+1)>

1=0
Then, if n > Ny(u), we have u, # 0, where

Ni(u) = (2B(u) +logm)(1 + H(f))J(f) ™.

If furthermore f is a real polynomial, then in the lower bound Ni(u),
J(f*) can be replaced by

2—dm(dm—1)(dm—2)/2(dm + 1)—dm(dm—1)—1/2](f*)—de(dm—l)—l.

For the lower bound Nj(u) in Theorem 1.1, if we fix f (that is, fixing
the coefficients ag, ai, ..., a;,_1), then we have

u) Lz (Zth )

Here, we use the Vinogradov symbol <. Recall that the assertion
U < V is equivalent to the inequality |U| < ¢V with some absolute
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constant ¢ > 0. To emphasise the dependence of the implied constant
c on some parameter p, we write U <, V.

Theorem 1.2. Let {u,}, f, f*,d, D, I(f*), J(f*), B(u) be defined as in
Theorem 1.1. Suppose that f has exactly two roots of maximal modulus,
and moreover their quotient is not a root of unity. Denote

C(u) = 2¥(m! - dD)*r(2B(u) + m)(2log I(f*) + ) log(m! - edD).
Then, if n > Ny(u), we have u, # 0, where
Na(u) = AC(u)I(f*)J(f*) log (2C(w)I(f7)J(f) ")
For the lower bound Ny(u) in Theorem 1.1, fixing f, we have

Na(u) < D*(log(D + 1))2(T§h(ui) + 1) log (mi h(u;) + 2).

We will prove Theorems 1.1 and 1.2 in Sections 3 and 4 respectively
after making some preparations in Section 2. The approach of the
proofs is straightforward. For any simple LRS {u,} of order m, as
in (1.2) we can write u, = 7' bja’, then we try to find a lower
bound for the index beyond which the absolute value of the part of the
summation related to the roots of maximal modulus is greater than
the absolute value of the rest of the summation. For this, we need to
obtain lower bounds on separating the absolute values |aq],. .., o],
and estimate the sizes of the coefficients by, ..., b,,. Especially, when
there are two characteristic roots of maximal modulus, we need to
employ Matveev’s bound on linear forms in logarithms.

Finally, we say something about the coverage of the main results.

By [7, Theorem 1.1], almost all monic integer polynomials in Z[X]
have a dominant root. In other words, Theorem 1.1 covers almost all
the linear recurrence sequences of algebraic numbers whose coefficents
are rational integers.

Besides, by [6, Theorem 4] and [8, Theorem 1.1], almost all integer
polynomials in Z[X] (not necessarily monic) are non-degenerate and
have either a dominant root or exactly two roots of maximal modu-
lus. Note that each monic polynomials in Q[X| can become an integer
polynomial by multipling some positive integer. So, we can say that
Theorem 1.1 and Theorem 1.2 cover almost all the linear recurrence
sequences of algebraic numbers whose coefficents are rational numbers.

2. PRELIMINARIES

2.1. Height and Mahler measure. Given a polynomial
F(X) = an X" +au 1 X"+ dag = an(X—aq) - (X —ay,) € CIX]



THE SKOLEM PROBLEM FOR LINEAR RECURRENCE SEQUENCES 5

of degree m > 1, we assume that the roots ay,...,a,, (listed with
multiplicities) are labelled so that |ay| > |ag| > -+ > |ay,]. In case
lag| = -+ = || > |apa1], we say that f has exactly r roots of mazimal

modulus. If r = 1, we say that f has a dominant root (that is, aq).
Clearly, the dominant root is a real number if f is a real polynomial.
For the polynomial f, its length is defined by

L(f) = lao| + - -~ + [aml,

its height by
H(f) = max [a,],

0<i<m

and its Mahler measure by

M(f) = |amn] Hmax{l, oy}

These quantities are related by the following inequality
(2.1) H(f)2™" < M(f) < H(f)vm+1,

for instance, see [22, (3.12)]. If furthermore f € Z[X] is square-free,
then for any two distinct roots «, 5 of f, Mahler’s inequality [14] asserts
that

(2.2) la — B > V3m ™2 M (f)
Given another polynomial g € C[X], by definition we have
M(fg) = M(f)M(g).

Accordingly, for a non-zero algebraic number «, its Mahler measure
M («) is defined as the Mahler measure of its minimal polynomial f
over the integers Z, that is, M («a) = M(f).

For a number field K, we denote by My the set of all valuations v of
K extending the standard infinite and p-adic valuations of the rational
numbers Q: |2|, = 2 if v € M is Archimedean, and |p|, = p~! if v
extends the p-adic valuation of Q. In particular, if the valuation v of
K corresponds to a prime ideal p of K lying above a prime number p,
we also denote the valuation | |, by | |, then for any o € K we have

’Oé|p — p*ordp(a)/ep,

where ord,(«) is the exponent of p appearing in the prime decomposi-
tion of the fractional ideal aOf, Ok is the ring of integers of K, and
ep is the ramification index of p over p. For any v € Mk, let K, be the
completion of K with respect to the valuation v, and let d, = [K, : Q,]
be the local degree of v. When the valuation v corresponds to a prime
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ideal p lying above a prime number p, we also denote K, by K, and

Q, by Q,, respectively.
For the above number field K, the (Weil) absolute logarithmic height
of any non-zero o € K is defined by

(2.3) hia)=d™" > dy,logmax{1,|al,}.
veMg

Actually, we have
(2.4) h(a) = d " log M(a);

see [22, Lemma 3.10].
Given non-zero o € K, in view of (2.3) and h(a) = h(a™"), for any
valuation v € Mg we have

(2.5) |log ||| < dh(a)/d, < dh(a).
In the sequel, we use the following formulas without special reference
(see, e.g., [22]). For any n € Z and By, -, Bk, 7 € Q, we have
h(By + -+ + Br) <h(ﬁ1)+“'+h(ﬂk)+10gk,
h(ﬁl Bi) <h(B1) + -+ +h(B),
h(+") = In|h(7),
(I7]) <h(),

h(¢) =0 for any root of unity ¢ € Q.
We also need the following result, which is exactly [22, Lemma 3.7].

Lemma 2.1. Let f € Z[Xy,...,X,] be a non-zero polynomial in n
varitables. Then, for any algebraic numbers v, ..., vn, we have

h(f(y,- - 7)) < log L(f) + Y h(v)degy, f,

i=1

where degx. f is the partial degree of [ with respect to X;.

2.2. Absolute root separation. Mahler has given a celebrated result
in [14] on separating distinct roots of a polynomial in Z[X]. For our
purpose, we need a result on separating the absolute values of the roots
of a polynomial with coefficients as algebraic integers.

The following lemma is a classical result due to Cauchy; see [17,
Proposition 2.5.9].

Lemma 2.2. Let f(X) € C[X] be a polynomial of degree m > 1 defined
by
F(X) = amX™ + am X" 4+ ay,
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where ag # 0 and (a1, ..., ay,) # (0,...,0). Then, for any root z of f,
we have

1
2| <1+ mmax{|a0|, N

We reproduce [7, Lemma 2.4 and Lemma 2.5] as follows.

Lemma 2.3. Let f(X) € Z[X] be a quadratic polynomial. Suppose
that f has two real roots o and B with |a| # |5|. Then, we have

lal = 18Il = H(f)~".

Lemma 2.4. Let f(X) € Z[X] be a polynomial of degree m > 2, and
let o and B be two roots of f satisfying || # |B|. Then,

(26) ||Oé| o |ﬁ|| > 2m(m—1)/4<m+ 1)—m3/4+3m/4—3H(f)—m3/2+m2+m/2—2

if both o and B are non-real. If, furthermore, a is real and (3 is non-
real, then
(2.7)

||Oé| . ’ﬁH > 27m(m71)(m72)/2(m + 1)7m(m71)71/2H(f)72m(m71)71.

Finally, if both o and [ are real, then
(2.8) la] = 1B > (2m + 1)~ H(f)*~".

We remark that there is an improvement upon (2.8) in [3] for real
roots under some further conditions. Note that for large enough m,
(2.8) is better than (2.7), and (2.7) is better than (2.6). However, for
small integer m, this might be not true. For simplicity, we put them
together into two uniform forms.

Lemma 2.5. Let f(X) € Z[X] be a polynomial of degree m > 2, and
let a and B be two roots of f satisfying || # |B|. Then,
(2.9)

HO“ _\ ’ﬁH > 2m(mfl)/4(m + 1)fm3/4+3m/477H(f)fm3/2+m2+m/2711;

iof furthermore « is real, then
(2.10)
||a| . |B|| > 2—m(m—1)(m—2)/2(m + 1)—m(m—1)—1/2H(f)—Qm(m—l)—l‘

Proof. By Lemma 2.3, we can assume that m > 3. We first prove
(2.10). Notice that the inequality (2.10) is the same as (2.7). For any
m > 4, we have

2—m(m—1)(m—2)/2(m+ 1)—m(m—1)—1/2 < 2—3m(m+ 1)—3m < (2m+ 1)—3m

and —2m(m —1) —1 < 2—4m, and so (2.8) is included in (2.10) when
m > 4. We now consider m = 3 individually. Assume that f has two
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real roots @ and 8 such that |a| # |3|. Then, its third root, say =, is
also real. If v # +a and v # £, then by [3, Theorem 1] we have
llal =18l = 27 H ()7,

which is certainly included in (2.10) by setting m = 3. Now, if v = +a«
or 7 = £, then the polynomial f(X)f(—X) has a multiple root («
or 3). Let g(X) be the squarefree part of f(X)f(—X). Then, we have
degg < 5. Note that £« and £ are real roots of ¢g. So, the value
|| = |5]] is in fact equal to the absolute value of the difference of two
distinct roots of g. Thus, applying (2.1) and (2.2) to g, we obtain

lal=18]] > V3:5733M(g)™" = V357> M (f)"* 2 V/3:5 3527 H(f)*,

which is also included in (2.10) by setting m = 3. This completes the
proof of (2.10).

Now, we want to prove (2.9). By (2.10), we only need to prove that
both (2.6) and (2.7) are included in (2.9). Note that (2.6) is automat-
ically contained in (2.9). It remains to show that (2.7) is included in
(2.9). First, for m = 3,4 or 5, by direct computation we have

—m?/24+m?+m/2 -11 < —2m(m —1) — 1,
and for m > 6, we obtain
—m?/24+m®+m/2 —11 < —2m* +m/2 — 11 < —2m(m — 1) — 1,
and thus, for any m > 3 we have
(2.11) H(f)4m3/2+m2+m/2711 < H(f)72m(m71)71'
On the other hand, for m = 3,4, 5 or 6, by direct computation we have
om(m=1)/4 (4 1)—m3/4+3m/477 < Qfm(mfl)(m%)/?(m + 1)7m(m71)71/27

and for any m > 7, it is easy to see that

(2.12)
2m(m—1)/4(m + 1)—m3/4+3m/4—7 < 2—m(m—1)(m—2)/2<m + 1)—m(m—1)—1/2'

Indeed, to obtain (2.12) it is equivalent to show
2m(m71)(m72)/2+m(m71)/4 < (m + 1)m3/473m/47m(m71)+13/2’
which follows from (note that m > 7)
2m(m71)(m72)/2+m(m71)/4 < (m + 1)m(mfl)(me)/fier(mfl)/lZ
< (m + 1)m3/4—3m/4—m(m—1)+13/2.

So, for any m > 3, we obtain

(2.13)
2m(m71)/4(m + 1>7m3/4+3m/477 < 2fm(m71)(m72)/2<m + 1)fm(m71)71/2.
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Hence, combining (2.11) with (2.13), we deduce that (2.7) is included
n (2.9). This completes the proof of (2.9). O

Moreover, we can extend the above lemma to polynomials whose co-
efficients are algebraic integers. For this, we need a simple preparation.

Lemma 2.6. Let f(X) = apnX™ + -+ a1 X + ag be a polynomial of
degree m > 2, where all the coefficients are algebraic integers. Let K
be a Galois extension over Q containing the field Q(ag, a1, . . ., ay,). Let
d = [K : Q], and let G be the Galois group of K over Q. Then, we

have

H ol (m + 1)d/2Hexp(dh(ai)),

ceG =0
and

H o(f)) <29 (m + 1)%? HeXp dh(a;)).
oeqG 1=0

Proof. For each 0 < i < m, let d; be the degree of a; over Q. Using
(2.1), we have

M([] o) =] M) <[] vVm+1H(o(f))

oeG oelG oelG
_ d/2
= (m+ 12 T max lo(a)
celG
< (m+1) d/zHM d/d
=0
— (m+ 1) [ exp(dir(a;)),
i=0
where we also use the assumption that the coefficients ag, aq,...,an
are algebraic integers. This completes the proof of the first inequality.
The second inequality follows from the first one and (2.1). O

Now, we are ready to extend Lemma 2.5.

Lemma 2.7. Let f(X) = a,, X" + -+ + a1 X + ap be a polynomial of
degree m > 2, where all the coefficients are algebraic integers. Let d be
the degree of the Galois closure of the field Q(ag,aq, ..., ay,) over Q.
Denote

1(f) = 2""(m + )" [ [ exp(dh(a:)).

1=0
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_(lfoz c)md B are two roots of [ satisfying |«| # |5, then
2.14
||O./| o |B|| > 2dm(dm—1)/4(dm+1)—d3m3/4+3dm/4—7](f)—d3m3/2+d2m2+dm/2—11;

if furthermore « is real, then
(2.15)
HO‘| . ’6H > 27dm(dm71)(dm72)/2(dm+ 1)fdm(dmfl)fl/ZI(f)72dm(dm71)71.

Proof. Let K be the Galois closure of the number field Q(ao, ay, . . ., a,)
over Q, and let G be the Galois group of K over Q. By assumption, the
polynomial g = [[ .. o(f) is a polynomial in Z[X]. Clearly, degg =
dm, because |G| = d. By Lemma 2.6, we have H(g) < I(f). Then,
since a and 3 are also two roots of g, applying Lemma 2.5 to g we
obtain the desired results. U

We remark that in Lemma 2.7, if the degree of each coefficient a;
over Qis d;, i =0,1,...,m, then we have d < [[", d;!.

2.3. Bounding coefficients. For further deductions, we need to esti-
mate the coefficients in (1.2) when the sequence {u,} is a simple LRS
of algebraic numbers.

Lemma 2.8. Let {u,} be a simple LRS of algebraic numbers of order
m > 2 defined by (1.1). Let f(X) be its characteristic polynomial, and
define the polynomial f*(X) as in (1.3). Write u, as

m
o n
Uy = E bja’,
i=1

where o, ..., ap, are distinct roots of f and all b; are non-zero. Then,
for any 1 < 5 < m we have

m—1
h(b;) < Z h(u;) +2m Z h(ay) +m*h(a;) +m(2m — 3) log 2 + log m.
i= ki

Let d be the degree of the Galois closure of the field Q(ag, aq, ..., Gm_1)
over Q. Then, we have

h(b) < ) h(w;) +3dm* Y " h(a}) + 3dm® log(m + 1).
i =0

Proof. Here, we follow the arguments in the proof of [9, Theorem 3.1].
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Notice that

1 o ot
1 Qo ... Oé;nil
(216) (uo,ul,...,um,l) = (bl,bg,...,bm) . . . y
1 oay, ... art
and aq,...,aq,, are distinct. To solve the above system of m linear
equations in m unknowns by, ..., b,,, we denote the appearing Vander-
monde matrix by V = (ag_1)1§i7j§m. By [12, Formula (6)], the inverse
of V is given by V! = (wij)1g¢,jgm’ where
(—1)i+j0'm,i(061, ceey O/é\j, Ce 7@m)
Wij = 75 m
[1(e; — ) II (o —ay)
I=1 k=j+1
and oy(ai,...,Q;, ..., qy) stands for the k-th elementary symmetric
function in the m — 1 variables «y, ..., a,, without «;; for instance,
in the case j = m, we have o1(aq,...,am_1) = a3 + - + a1 and
0m71(041, e >Oém71) = Q1.

So, for any j with 1 < 5 < m we have

m
bj: E Ui—1 Wiy -
i=1

Since op—i(n, ..., aj, ..., 04) is a polynomial with coefficients 1 in
m — 1 variables a1,. .., a,, (without «;) of degree m — i, length ("nzj),
and degree 1 in each variable ay, k # 7, by Lemma 2.1 we find that

m—1
Wiy s @) <1 , h(ov).
O, < log (77 ) S hlan)

k#j
On the other hand, we observe that
h(H Ozk—a] Zhak—a]
k#j k#j
<> (b(ox) + h(ay) + log 2)
k#j
= Zh(ak) + (m — Dh(a;) + (m —1)log2.
k#j

Thus, we obtain

h(w;;) < QZh(ak) + (m — 1Dh(a;) + (m —1)log2 + log ( B 1).

K]
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Hence, for 1 < j < m we conclude that

h(b;) < ) (h(ui—1) + h(wy)) +logm

NE

=1

.

<) h(u)+2m > h(ax) +m(m — 1)h(ay)
k#j
+ m(2m — 3)log 2 + logm,

3

(2.17)

Il
o

7

where we also use the fact that the binomial coefficient (;”qj) < gm—2
for any 1 < ¢ < m. This gives the first desired upper bound.

Now, we need to estimate h(a;) for each 1 < i < m. By definition
and using (2.4) and Lemma 2.6, we obtain

h(a;) <log M () < log M(H a(f*))

oeG
(2.18) .
<d)» h(a])+ =1 1).
; (a7) + 5 log(m + 1)

Finally, combining (2.17) with (2.18) we have

m—1 m
h(b;) < h(u;) + 3dm? Z h(a}) + 3dm?*log(m + 1).
i=0 i=0
This completes the proof. 0

2.4. Linear form in the logarithms of algebraic numbers. One
key technical tool in this paper is Baker’s inequality on linear form in
the logarithms of algebraic numbers. Here we restate one of its explicit
forms due to Matveev [15, Corollary 2.3].

First, recall that for a non-zero complex number z, the principal
value of the natural logarithm of z is

log z = log |2| + V—1- Arg 2,

where Arg z is the principal value of the argument of z (—7m < Arg z <
7). Note that the definition here coincides with the natural logarithm
of positive real numbers. We also want to indicate that the identity
log(z122) = log 21 + log 25 can fail in our setting.
Let
A =bilogaq + bylog g + - - - + by log ay,

where k > 2, by,...,b, € Z, and aq,...,qp are non-zero elements of
a number field K. Let D = [K : Q] and B = max{|by|,...,|bx|}. For
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any 1 < j <k, choose a real number A; such that
A; > max{Dh(«;),|log c,0.16}.
Suppose that A # 0. Then, we have
(2.19) log |A| > —20K%20D2 A, ... Ailog(eD) log(eB),

where e is the base of the natural logarithm.

We remark that we in fact only need a lower bound on linear forms
in three logarithms. However, all the existing lower bounds on linear
forms in three logarithms are under some extra conditions, which do
not always hold in our case (see, for instance, the best known estimate
[16, Theorem 2]).

3. PROOF OF THEOREM 1.1

Let aq, a9, ..., a, be the roots of f such that |ai| > |a;| for any
2 < j < m. Note that they are all distinet and also the roots of f*.
Then, by (2.14) and the definition of J(f*), for any 2 < j7 < m we
have
(3.1) oa| = feg| > J(f7).

As mentioned before, for any integer n > 0, u,, can be expressed as

m

n

Uy = E bjar,
i=1

where by, ...,0b,, are all non-zero complex numbers. Now, we want to
find a lower bound beyond which the index n satisfies
(3.2) o] > [bjad].

=2

Then, u, # 0 when the index n is greater than this lower bound. This
will complete the proof. Note that it is equivalent to require that

m

(1] > > [b;] (Jsl/lea])",

J=2

which, by (3.1), is implied in the inequality

(3.3) ba] > (1= T(f) /o) D I3l

On the other hand, for any 1 < j < m, by (2.5) we know that
[log |b;] < [Q(b;) : QJh(b;).
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Since b; € Q(ug, ..., Um—1,04, ..., 04) by (2.16), we have [Q(b;) : Q] <
m!-dD. So

|log |b;|| < ml!-dDh(b;).
Using Lemma 2.8 and by the definition of B(u), we get
| log [b;]| < B(u),
that is
(3.4) exp(=B(u)) < [b;| < exp(B(u))

for any 1 < j < m.
Thus, by (3.4), the inequality (3.3) is implied in the following in-
equality

exp(—B(u)) > mexp(B(u)) (1 = J(f*)/laa])",
which is equivalent to
2B(u) + logm
—log(1 = J(f*)/laul)
By Lemma 2.2, we have |ay| < 1+ H(f). So, it suffices to ensure that

n >

N 2B(u) +logm
—log(1 = J(f*)/(1+ H(f)))

Using the Taylor expansion —log(l —x) = z + 2%/2 + 2%/3 + - -+ for
|z| < 1, it suffices to require that

2B(u) + logm
J(f)/ L+ H(f)

Thus, we get the desired lower bound N;(u) implying the inequality
(3.2). This completes the proof of the first part.

Finally, if f is a real polynomial, then its dominant root «; is a real
root, and so in the inequality (3.1) we use (2.15) instead of (2.14). This
in fact gives the second result and completes the proof.

n >

4. PROOF OF THEOREM 1.2

Under the assumptions, we must have m > 3. Let aq, as, ..., a,, be
the roots of f such that |ay| = |aa| > |oy| for any 3 < j < m. Note
that they are also the roots of f*. By (2.14) and the definition of J(f*),
for any 3 < j < m we have

| — |y > J(f7).
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Note that for any integer n > 0, u,, can be expressed as

m
o n
Uy = E bjal,
i=1

where bq,...,b,, are all non-zero complex numbers.
In the sequel, we want to find a lower bound beyond which the index
n satisfies

(4.1) bro} + baa| > ) [bjar].

Jj=2

So, whenever the index n is greater than this lower bound, we have
U, # 0. This will complete the proof.

The key step is to get a lower bound for the left-hand side of (4.1)
by using Baker’s inequality on linear form (2.19). Then, let the right-
hand side of (4.1) be less than the lower bound, this can give the desired
lower bound for the index n.

For any n > 0, we have

by

(&%)

42)  pad +bad] = el | (-1 2 (52 -1
Here, for n > 0 we put
By = (1) 2 (G2
and
(4.3) A, =log(A, +1).

Then, by definition, there exists an odd integer a such that
la] <n+1
and
A, = alog(—1) + log(bs/by) + nlog(as/ay),

which gives a linear form in the logarithms of algebraic numbers.
In the following, we assume that

(4.4) 1A, < 1/2.

If this is not true, then later on one can see that this implies much
better results; see (4.13).
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Notice that for any complex number z with 0 < |z| < r < 1, using
the Taylor expansion, we have

22 28
log(1 S D T A
[log(1+2)| = |z 2+3 |
roor? | log(1 — )]
_(+2+3+ )|2| . |2|

Using this estimate together with (4.3) and (4.4), we obtain
1 1
(4.5 S = 5 lloa(A + 1] < A,

We first handle the exceptional case when A, = 0. Suppose that
A, = 0. Then A,, = 0, that is byjaf + bealy = 0. Let
K =Q(ugy .-y Um—1,Q1, ..y Q).

Then, [K : Q] <m!-dD. If ay /s is not a unit of K, then there exists
a prime ideal p in the ring of integers of K such that ord,(ay/as) is
non-zero. Then, we get

(46)  n < nlordy(en /ag)| = lordy(ba/51)] < Jordy(by)| + [ord, (b)),
On the other hand, by definition, for any 1 < j < m, we know that
|bj]p — p—ordp(bj)/ep’

where p is the underlying prime number of p, and e, is the ramification
index of p over p. Noticing b; € K and using (2.5), we obtain

(K : Q)
dhy

where d, = [K, : Q,]. Notice that e, < d,. So, for any 1 < j < m we
have

|log [b;]p] <

h(b;),

dylogp log p
where B(u) has been defined in Theorem 1.1. Combining (4.6) with
(4.7), we get
(4.8) n < 4B(u).

Now, we suppose that A,, = 0 and a;/ay is a unit of K. Since oy /e

is not a root of unity, there exists an embedding ¢ : K — C such that
lo(ay)/o(ae)| > 1. By (2.14) and the definition of J(f*), we have

o (ar)| = [o(az)| > J(f).
On the other hand, let G be the Galois group of the Galois closure of
the field Q(ag, a1, ..., am—1). Then, each o(e;),j = 1,2,...,m, is a

(A7) Jordy (b)) < h(b;) < 2B(u),
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root of the polynomial [[ .. 7(f*) € Z[X], and so, by Lemma 2.6 and
the definition of I(f*), we obtain

(4.9) o(ag)l < M(TT (1) < 10,

TEG
Notice that
|0 (b2) /0 (b1)| < exp(2B(u)),
which can be deduced similarly as (3.4). In view of
O'(bl)O'(Oél)n + O'(bg)O'(OéQ)n = O,
we deduce that
(4.10) |o(ar)/o(aa)]" = |o(b2)/o(b1)] < exp(2B(u)).
On the other hand, since

lo(an)fa(aa)|" > (L4 J(f*)/lo(a)])" = (L+J(f)/T1(f)",
where the last inequality follows from (4.9), we consider the inequality
(L+J(f)/1(f7)" > exp(2B(u)),

which gives
- 2B(u)
log(1 4+ J(f*)/1(f*))
Since log(1 + ) > x —2?/2 > x/2 for 0 < x < 1, it suffices to require
that

(4.11) n > 4Bw)I(f*)J(f*)"

Notice that the lower bound in (4.11) is much larger than the upper
bound in (4.8). Thus, if integer n satisfies (4.11), then the inequality
in (4.10) is not true, and we must have A,, # 0.

Now, we assume that n satisfies (4.11). So, A, # 0. Applying
Baker’s inequality (2.19) to A,,, we find that

(4.12) |Ay| > exp (— 2% DA A2 Azlog(eDy) log(en + €)),
where D; is the degree of the number field generated by b,/b; and
as/ay over Q, and

A =m,

Ay > max{D1h(by/b1),|log(ba/b1)|,0.16},

As > max{Dih(as/aq),|log(as/aq)|,0.16}.

Since both by /by and ay/ay are contained in K, we have

Dy <[K :Q] < ml-dD.
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By Lemma 2.8 and the definition of B(u), we get
In addition, by (2.5) we note that
| lOg(bg/bl)‘ < |10g |bg/b1|| + 7 < D1h<b2/bl) + 7 < 2B<U) + 7.
Thus, we choose
Ay =2B(u) + .
Now, we want to choose As. Since aq, ay are roots of the polynomial
[Leo7(f*) € Z|X], by (2.4) and Lemma 2.6 we have

h(az/an) < h(as) + h(ay) < 2log M( I] T(f*)) < 2log I(f*).

TeG
On the other hand, we have

[log(az/a1)]| < |log |as/ay||+7 < 21og M ( [T (/")) +7 < 2108 1(f*)+r.
Tel

So, we can choose
As =2log I(f*) + .
Then, under (4.11) and recalling the definition of C'(u), the inequality
(4.12) becomes
[An| > exp(—=C(u)logn),
which, together with (4.2) and (4.5), implies that

1
(4.13) |biaf + baary| > §]b1a’f] exp(—C(u)logn).
Now, we are ready to find a lower bound for n such that
\bla? + bQOéTQl’ > Z |b]05?‘
j=3

This is implied in the following inequality by using (4.13)

1 n - n

§]b1a1 | exp(—C'(u)logn) > Z |bja}].

j=3

That is, we need that

[b1] exp(=C(u)logn) =2 " [bs| (|ay/|aa])",

j=3
which follows from the inequality

(4.14) [br] exp(—C(u)logn) =2 |bs] (1= J(f*)/lea])".

Jj=3
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By (3.4), the inequality (4.14) is implied in the following inequality
exp(—B(u) — C(u)logn) > 2mexp(B(u)) (1 — J(f*)/|a1)",
which is equivalent to
—nlog(l — J(f*)/|au]) — C(u)logn > 2B(u) + log(2m).
Since —log(1 —z) =z + 2?/2+23/3 + -+ for 0 < x < 1 and noticing
lay| < M(HTeGT(f*>> < I(f*), it suffices to require that

(4.15) nJ(f*)/I(f*) — C(u)logn > 2B(u) + log(2m).

Notice that an integer n satisfying the following inequalities also
satisfies (4.15),

Clu)logn <nJ(f*)/(21(f7)),

nd (f*)/(21(f*)) = 2B(u) + log(2m).

Since the function x/logz is strictly increasing when x > 3, for
A>3 if x> 2Alog A, then z/logx > A. Thus, if

(4.17) n > 4C(u)I(f*)J(f*) " og (2C(w)I(f*)J(f*)7),
then the first inequality in (4.16) holds, and in fact the second one also
holds. Note that the lower bound in (4.17) is much bigger than that in
(4.11).

So, if an integer n satisfies the inequality (4.17), then we have

(4.16)

|brad + baag| > > " [bjar].
j=3
Thus, u,, # 0. This completes the proof of the theorem.
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