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ABSTRACT. Given an algebraic power series f(z) = > 7 anz™, we study the
distribution of the set Zy := {n : a,, = 0}, in analogy with the Skolem-Mahler-
Lech theorem for rational power series. Over a field of positive characteristic, the
general pattern of vanishing coefficients of power series has been determined by
Derksen [7] for rational functions and later generalized to the case of algebraic
functions by Adamczewski and Bell [1]. In this paper we will investigate the case
of characteristic zero, as in the original context.

We have two kinds of results. First, we bound by N€¢, ¢ = ¢y < 1, the number
of n < N in Zy outside suitable arithmetical progressions. This supersedes past
results by various authors. Our approach is different from previous ones and goes
through a new estimate for the number of ‘small’ values of exponential polyno-
mials in intervals; this has independent motivation, as it answers open questions
previously raised, e.g. in the book [9]. The method will also deliver similar bounds
for the distribution of Z; along finite polynomial sequences rather than intervals.

This technique relies on estimates for certain exponential sums, in turn de-
pending on deep results from transcendental number theory.

Second, we investigate when the p-adic method of Skolem may possibly apply
to irrational algebraic series. We prove that, contrary to the rational case, for
any such series the approach a priori may work at most for finitely many primes,
and we give examples when it definitely fails. But we also obtain some positive
results, and criteria which often allow to decide effectively whether this principle
does or does not apply, for a given function.

1. INTRODUCTION

Let f(z) =Y _," ;anz" be a power series with coefficients in a field K. Especially
when the coefficients a,, have arithmetical significance, it happens to be of interest
to have information about the set of integers n for which a,, vanishes, a set which
we denote by Zy:

(1.0.1) Zy:={neN:a, =0}.

A natural case, very relevant in the theory of Diophantine equations, occurs for
series representing a rational function, in K (z). In that situation the coefficients
satisfy a nontrivial linear recurrence relation Zi’:o cian—; = 0, valid for all large n,
where the ¢; lie in K and ¢y # 0. In turn, the solutions of such recurrences may
be represented as values at integers of exponential polynomials, i.e. functions of the
form

(1.0.2) 2 E(2) =Y Pi(2)B
=1
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for polynomials P; over a finite extension K; of K and elements 3; € K7, called
roots of the recurrence. (The values are well-defined a priori only for z € Z but it is
often useful to consider further possible values.)

When K has characteristic 0 (which is the only case we shall consider in this
paper), the celebrated Skolem—Mahler—Lech theorem (see for instance the books [3],
[6], [9], [24], and [25]) describes the structure of the set of natural numbers n with
E(n) = 0, where E is a given exponential polynomial:

Skolem-Mahler-Lech (SML) Theorem: The set {n € N: E(n) = 0} differs by a
finite set from a union of finitely many arithmetical progressions.

When no ratio ;/3; of two distinct roots is a root of unity, this easily implies that
the whole set of integer zeros is necessarily finite, and so is Z for the corresponding
rational function.

This conclusion sometimes admits easy proofs (for instance when there is a unique
dominant root [3; with respect to some absolute value of K), but in the most general
case it represents a delicate issue, which may be framed into the so-called dynamical
Mordell-Lang context (see the monograph [3] and the recent survey [22], especially
Conjecture 2.5). SKOLEM gave a proof by basic theory of p-adic analytic functions,
which is still the simplest method working generally.? Then he applied this to certain
Diophantine equations, obtaining elegant results. The subtlety of the context is also
witnessed by the fact that no general algorithm is known to compute the said finite
set (when the data are algebraic numbers). This is a longstanding open problem,
now called the Skolem Problem (see a recent progress in [14]).

Now, a natural extension of this issue occurs when the series f(z) represents an
algebraic function of z, that is, it satisfies some polynomial equation Q(z, f(z)) = 0,
where Q € K|z, y] is nonzero. The former case of rational functions is recovered by
imposing deg, Q) = 1.

This more general situation raises substantial new obstacles compared to the
case of rational functions. The coefficients a,, continue to satisfy linear recurrences,
however now with (usually) non-constant (polynomial) coefficients. This causes the
loss of formulae like (1.0.2) above, and in turn, the method of SKOLEM does not work
generally anymore in an evident way. Despite this, one could expect (or conjecture)
that the same conclusion of the Skolem-Mahler-Lech theorem still holds; this is also
asked by RUBEL (see Problem 16 in [18]) for so-called D-finite power series (that
satisfy linear differential equations with polynomial coefficients). However there are
a wealth of easily written examples for which, to our knowledge, no available method
is able to prove this (see also the final remark in the Appendix). To give a flavour
of what may happen, here is one such simple instance:

Ezample 1.1. Consider the sequence
2
(1.1.1) = (:) LBV (B — V)" + Qn),

where @) is a polynomial. This corresponds to a function f(x) of the shape f(z) =

ool o anx™ = \/1£ — + 176?;5;36# + R(x), where R is a rational function with de-

nominator being a power of 1 — z. Note that, setting 3 + /—7 = 4exp(if) for a
0 € R, the sum of the second and third terms equals 4™(2 cosnf), whereas the first

1See Derksen’s paper [7] for the subtle and quite different case of positive characteristic, treated
further in [1].
20ther proofs follow from hard Diophantine Approximation, see the remarks after Theorem 3.1.
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term asymptotically behaves like 2'—\/7%. Now, a number cos(nf),n € N, may well

approach suitably —1/4/mn for certain values of n, as is expected by heuristic of
Diophantine Approximation. So it appears that we can not exclude the vanishing
by mere asymptotic estimates.

As a consequence of the main theorem below, we obtain that for large enough N
and for every interval of length IV, the number of indices n in such an interval with
vanishing a,, is bounded by N¢ for some ¢ < 1.

Actually, for this specific example we shall prove in an Appendix in the last section
of this paper, by a different method, that the number of n < N with vanishing a,
is asymptotically bounded as < log!™® N for every e > 0. Still, even this different
special method does not yield finiteness, and for a slightly more complicated example
as

a2n + apn + R(TL),
where ay, is as in (1.1.1) and R(n) is a(n exponential) polynomial, the method used
in the Appendix does not generally apply at all, although of course Theorem 1.2
below does apply.

1.1. Main results. The general question has been the object of previous works; we
slightly postpone a description of this, and say immediately that in this paper we
adopt two viewpoints.

1. Firstly, we shall combine an analysis of small values of exponential polynomials
(carried out in Section 3) with an asymptotic expansion (done in Section 4) for
coefficients, to derive a result in the same spirit of the Skolem-Mahler-Lech theorem,
in which, however, the finite set is replaced by a sparse set, in the sense that it
contains at most N€ elements in each interval of length N, for a ¢ < 1 and every
large N.

Theorem 1.2. Let char(K) = 0 and let f(z) = 3 .2 ayz™ € K[[z]] be algebraic
over K(x). Then Z; is the union of finitely many arithmetical progressions and a
set A such that, for a c = ¢y < 1 and for every large enough N, there are at most
N€ elements of A in any interval of length N.

As a simple corollary, we easily deduce for instance that:

A power series Y o7 qanx" such that a, = 0 for all prime numbers p is either
transcendental or has all coefficients vanishing along an arithmetical progression.

And for such conclusion it even suffices to assume a, = 0 for all primes in [b, 2b]
for infinitely many positive integers b. (See below for an analogue for a,2.)

Remark 1.3. (i) About the relevant arithmetical progressions. Here by arith-
metical progression we mean a set of the form [ + ¢N, for some integer [ > 0 and
some positive integer q.

The proof will show that one can choose a common modulus ¢ for all the arith-
metical progressions in which a,, is identically zero. Such a modulus is any multiple
of the orders of the roots of unity appearing as a ratio of two distinct singularities
of the algebraic function represented by f(x). In particular, there are only finitely
many mazximal relevant progressions and these are effectively computable if the data
of the problem are effectively given (i.e. if the irreducible equation satisfied by f is
given with coefficients over a computable field).

Concerning the above example when a, = 0 for every prime p, if ¢ is a suitable
modulus, the set Z; contains all the progressions ¢ N+ with ged(q,r) = 1.

(ii) Asymptotic. Working over K = C, the proof will also show that in fact for
n not in Zy, restricting n to suitable finitely many progressions, the a,, will satisfy
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an approximated equality of the shape |a,| = neteMpn for a k € R and a b > 0,
again with the exception of a set with the properties of A.

(iii) Vanishing along subsequences. The method extends so as to give similar
estimates for the number of vanishing a, with n varying in a polynomial sequence
n = g(m) for 1 < m < N where g € Z[z] is a polynomial, even with uniformity,
i.e. it suffices that g has bounded degree and leading coefficient bounded by a small
enough power of N.

More precisely, concentrating for simplicity on the case when Z; does not contain
whole progressions (by item (i) this causes no substantial loss of generality) for
instance we have:

Theorem 1.4. Let K be a field of characteristic 0 and let f(z) = > 7 jana™ €
K{[z]] be algebraic over K(x) and such that Zy does not contain any arithmetical
progression. For any integer e > 0 there exist | > 0 and ¢ < 1, depending only
on e, f, with the following property: for all sufficiently large integers N, for any
polynomial g € Z[x] of degree e with positive leading coefficient bounded by N', there
are at most N integers n € [1, N] with ay,) = 0.

As a very special consequence, we obtain ‘uniform sparseness’ of Z; along arith-
metical progressions {gn + r}, for n < N, provided 0 < ¢ < N'.

Also, as a simple application similar to the one stated after Theorem 1.4, this
would prove for instance that:

If all coefficients apz vanish for all prime numbers p, then either the series is
transcendental or a, = 0 for n in a whole arithmetical progression.

As we shall stress in the sequel, conclusions of this sort completely escape from
previous methods, even thinking of weaker estimates, of mere zero-density.

(iv) Effectivity. As to the number ¢ (and also [ in the last statement), it is also
effectively computable. See the remarks in Section 3 for more on this issue.

As said, the proof of these theorems will involve two main ingredients.

Asymptotics. On the one hand, there is the above alluded asymptotic expan-
sion for coefficients, which should be somewhat classical, at any rate concerning
the principles for obtaining it, which consist of using Cauchy’s theorem applied to
suitable contours; several examples occur in old literature. We have no knowledge
of a systematic treatment, e.g. in standard books, and we refer to the fairly recent
paper [17] for similar expansions. However for the sake of completeness we have
reproduced here the proof of what we need, which is rather simple and direct, and
also may give further information in special cases.

For instance, for the sequence in (1.1.1), by the formula of STIRLING one obtains
that a, = 2-4"(cosnf + \/%(1 + %+ & +...)) for suitable constants c1, ca, ..., in

the sense of asymptotic expansions. 3

Concerning these expansions, it is also to be remarked that they often immediately
imply the finiteness of Z¢, i.e. when there is a unique singularity of f(z) of minimum
(complez) absolute value. In such cases the asymptotic carries a unique dominant
term, which excludes vanishing for large n. This feature corresponds to the existence
of a so-called dominant root (for the complex absolute value) in the cases of linear
recurrences and exponential polynomials (see [9] for more). Naturally these cases
(both for rational functions and algebraic functions) have little or no weight from

S5 +0(4"n~"73/2) for each h > 0.

3By this we mean a, = 2 -4"(cosnf + Zj<h \/%7
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the present viewpoint, hence, though they are in a sense generic, here we consider
them to be special and uninteresting.

Small values. On the other hand, in general we have to deal with expansions
in which several exponential terms have the same maximum absolute value (thus
leading to possible cancellations). To treat these situations we shall obtain, and use,
a result on the distribution of small values of exponential polynomials which looks
novel, and actually seems to be not free of independent motivation, since e.g. in
particular it delivers answers to questions raised in the book [9] (see especially p. 34
and the end of p. 35 therein).

To give a simple example, consider again the sequence in (1.1.1). From the above
asymptotic one obtains that a,, = 2 - 4" cosnf + O(4"n_1/ 2). Such an expression
may vanish only if cosnf is suitably small, and this corresponds to a small value of
the exponential polynomial exp(inf) + exp(—ind).

Our estimates (for the number of such small values in large intervals) are some-
times best-possible in the sense of growth-type, and rely on deep (and effective)
results from transcendental number theory, which seem absent from previous ap-
proaches to similar problems (as e.g. those explained in [9], which rely on Dio-
phantine Approximation, however of a different nature). See especially the remarks
below after Theorem 3.1.

In the paper, this part, because of its independent motivation, shall be developed
in the first section of proofs. It is this kind of results that leads to the mentioned
similar distributional results for the zeros of more general sequences.

2. Secondly, we shall investigate for which irrational algebraic functions the p-
adic argument of SKOLEM is still possible. This method is not based on p-adic
asymptotic, but rather on interpolation of the sequence of coefficients by means of
p-adic analytic functions. 4

Generalizations of such an approach to various contexts of Diophantine Geometry
have been carried out in several works, some of which shall be mentioned in the
next subsection 1.2. However, regarding the present purpose, the method and such
extensions of it seem not to adapt in an obvious way, and to our knowledge the full
possibilities have not been studied.

In this paper we shall see that indeed intrinsically the method cannot be applied
generally. For instance, working over Q, for any given rational function, the method
applies for all but finitely many primes p, whereas for any given irrational algebraic
function the approach may possibly work at most for finitely many primes (as we
shall prove in Section 6).

Nevertheless we have found also some positive examples (see for instance Proposi-
tion 1.8), and we have developed sufficient conditions under which the same approach
is efficient; in such cases, it delivers a conclusion of the same strength as for rational
functions (i.e. proving finiteness of Z; apart from suitable progressions).

We shall also develop some effective criteria for deciding whether, given an explicit
algebraic function defined over a computable field, such p-adic method does or does
not apply. In particular, as an example we shall prove that the approach cannot
work for the functions whose coefficients are as in (1.1.1) above.

4We also note in passing that seeking a dominant root for a p-adic valuation has not the same
meaning and strength as over C, because a significant asymptotic p-adic expansion for the coefficients
seems not available in general. This increases the relevance of the SKOLEM method in the p-adic
context.
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Our notion of the SKOLEM METHOD in the present context. Before giving
any statement in this p-adic context, let us spend a few words so as to make it
precise what we mean by the Skolem method for the present issues.

We argue exactly as in the rational case. We let p be a prime number, and we
denote by C,, a completion of an algebraic closure of Q,, with O = O,, the valuation
ring of C,, and by F, an algebraic closure of F.

Definition 1.5. We say that a power series f(x) = > o2 janz™ € Cplz]] admits
analytic interpolation if there is a p-adic analytic function g(x) € Cp[[z]], con-
verging in Op, such that a, = g(n) for every large enough n € N.

We denote by Sk, the set of such f(z).

We say that the Skolem method may be applied to f(z) if there is a ¢ > 1
such that for each b = 0,1,...,q — 1, the function fi4(x) := > 77 ) Qptngx™ is in
Sky,.

We further say that the restricted Skolem method may be applied to f(x)
if there are at least a ¢ > 1 and a b € {0,1,...,q — 1} such that the function

Jog(@) =00 pingx™ is in Sky.

Remark 1.6. It is readily verified that Sk, is a vector space over C,, and actually a
module over C,[z| that is also stable by differentiation. Then one may ask whether
Sk, actually forms a subring of C,[[z]]. Using Proposition 6.3 below one may verify
that this is not true; anyway the same proposition shows that Sk, is in a sense
“almost” a ring. Since the ring property does not hold, we do not pause further here
on this issue.

Replacing C, by C. It may be proved that every formal power series in C[[z]]
admits analytic interpolation, which can be derived from the Weierstrass theorem
(see [12, page 16, Corollary 1.5.4]). However this complex interpolation cannot be
applied as in the SKOLEM METHOD, since Z is not contained in any compact subset
of C, and hence it is of no use toward our issues (similarly to the case of rational
functions).

We shall think of power series with algebraic coefficients. Then we can view them
as having coefficients in C,, varying the prime p. This freedom is very useful in
SKOLEM’s original method.

Our criteria involve in particular a notion of good reduction for the algebraic curve
Q(x,y) = 0 corresponding to f(z). This notion, given in Section 6, requires a few
explanations. Though they are elementary, for the reader’s convenience we give
at once a very easy ‘naive’ notion of good reduction, which is stronger than the
mentioned one, so sufficient for illustrating immediately some results.

Naive notion of good reduction: Let ) € Olx,y] and suppose that @ is irre-
ducible over C,, of degree > 1 in y, and with nonzero reduction Q < E,[x, yl. We
say that Q, or f(x), has good reduction if Q has no factors in Fy[z,y] which are
linear in y.

Of course the case deg, @ = 1 corresponds to f(z) being a rational function, and
hence falls anyway into the SML theorem and is not interesting for us.

We note that a well-known result by OSTROWSKI (see for instance [25] or [24] for
simple proofs) implies that for a given irreducible Q € Q[z, y] there are only finitely
many primes p such that @ does not have good reduction if we embed Q in C,.

With this notion (and actually with the weaker notion recalled in Section 6) we
shall prove in particular the following
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Theorem 1.7. (a) Suppose that the Skolem method may be applied to f(x), relative
to p. Then either f(x) is rational or it does not have good reduction.

(b) For f € Q[[z]], suppose that the restricted Skolem method may be applied to
f(x), relative to p. Then p belongs to a finite set depending only on the singularities
of f(x). Moreover there exists a finite set of integers h > 0 such that some function
of the shape Y pn_4 6° f(0z) is either rational or does not have good reduction.

In fact, the proof of the theorem will yield more information on the relevant finite
set of primes, and on the dependence on the singularities, and also will provide more
consequences with respect to the loss of good reduction.

As mentioned above, we have found some simple instances in which the SKOLEM
method may be applied for irrational algebraic functions: see for instance Example
6.5, giving the following

Proposition 1.8. [sece Example 6.5] Let p be a prime and A be a finite set of
algebraic integers =1 (mod p). For any a € A let ¢, be nonzero algebraic numbers.

Then f(z) = (1 —2)"32 Y cacaV/1+ ax is in Sk, and the set Zy is finite.

This seems not obvious to prove directly with other methods. Also it will be clear
from the arguments that this can be easily and widely generalized in various ways.

Finally, we give the following explicit negative example, showing an explicit limi-
tation to the SKOLEM method.

Proposition 1.9. There exists f(x) € Z[[z]], algebraic of degree 2 over Q(x), such

that the restricted Skolem method cannot be applied to f, no matter how we take

the prime p. More precisely, this is true for the series corresponding to f(x) =
+ —2752 1 R(z), where R is any rational function with denominator a

Vi—4z ' 1-6x+16z2 ’ 4

power of 1 — x.

Note that any such function corresponds to a sequence of coefficients as in (1.1.1),
where we observed that there is no known asymptotic analysis which can generally
prove a, # 0 for all large n. This result shows that we cannot reach such deduction
not even by the SKOLEM p-adic considerations, and not even restricting the sequence
to a whole arithmetical progression. (However this does not mean that congruence
considerations cannot be helpful; for instance, we remarked in a footnote that looking
at the 2-adic digits of n can exclude some infinite sequence of a,, from vanishing. In
fact, from that remark we can immediately conclude that if a,, = 0 then the 2-adic
order of Q(n) equals the sum of the 2-adic digits of n.)

1.2. Some precedent results on our general issue. As we have mentioned
above, the general issue has been already considered in a number of past papers.
We recall some of these precedents, comparing them with our conclusions.

To start with, we mention a paper of BEZIVIN [4], where he proved a result
somewhat in the spirit of Theorem 1.2 above, however with the weaker conclusion
that A has asymptotic density 0, namely it contains o(N) elements up to N.

In fact, he argued with power series more general than algebraic functions, requir-
ing only that they satisfy a linear differential equations with polynomial coefficients
(called D-finite by STANLEY [20]); these series include algebraic functions as a very
special subset. Any such differential equation yields a nontrivial linear recurrence
Soi_oci(n)an—; = 0 for the a,, with polynomial coefficients ¢;(n), like for algebraic
functions (whereas the ¢; can be taken constant in the case of rational functions).
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The nice argument of BEZIVIN relies on the famous, and difficult, combinatorial
theorem of SZEMEREDI that a sequence of integers with positive upper density con-
tains arbitrarily long (finite) arithmetical progressions. With this in hand, assuming
that the present A has nonzero density, BEZIVIN obtains in particular (finite) arith-
metical progressions in it, longer than the length r of the recurrence relation; in fact
it is well known that the result by SZEMEREDI is equivalent to a version of it for
finite intervals, and in turn this entails the existence in A of infinitely many such
(finite) progressions, all of the same length and with the same modulus and remain-
der. At this stage BEZIVIN uses the recurrence, but now for the sequence restricted
to the complete arithmetical progression with that modulus and remainder, which
is shown not to increase the recurrence length r. For n large enough so that the
leading coefficient of that recurrence cannot vanish at n, the vanishing of the first r
terms (obtained by construction) then implies by recursion the vanishing along the
whole infinite progression.

Finally, to control such (complete) progressions he uses arguments involving sin-
gularities, not far from those that we shall also consider in our proof of Theorem 1.2
(however asymptotic expansions did not appear in his arguments).

Now, despite the several deep quantitative versions of the theorem of SZEMEREDI
obtained after the original proof, until recently, the type of argument adopted by
BEzIVIN will never yield itself an estimate N¢, ¢ < 1, for the number of elements
of A up to N, as in the present Theorem 1.2: in fact, a method of MOSER [16]

constructs an infinite sequence of integers with more than > N 1= URe™ terms up to
N, and no three terms in arithmetical progression.

We also note that, disregarding the quality of the asymptotic estimates, no similar
argument relying on the theorem of SZEMEREDI will give any conclusion such as in
Theorem 1.4 above (not even of zero density).

Concerning the higher generality of the functions in BEZIVIN’s theorem, we believe
that the present arguments for Theorem 1.2 can be carried out too with appropriate
modifications for D-finite series, at any rate assuming that there are only regular
singularities. However in this paper for several reasons we stick to algebraic power
series, both in the analytical and p-adic parts, and we leave a more general analysis
to possible interested readers and future papers.

Another subsequent proof of a result in the same spirit as BEZIVIN’s was found
independently by METHFESSEL [15]. This time she argues with sequences satisfying
recurrences of much more general type, and derives a suitable conclusion, again with
a zero set included in a finite union of arithmetical progressions plus a set of density
zero. She uses again the theorem of SZEMEREDI, in a way similar to BEZIVIN's.

Further, BELL, CHEN, and HOSSAIN [2] have studied methods related to the one
of SKOLEM in a dynamical context. Once more with an application of the theorem
of SZEMEREDI (similar to the former ones) they are able to obtain a density zero
conclusion even concerning D-finite series and the set of n such that a, lies in a
prescribed finitely generated subgroup of K* (here they also use deep results from
Diophantine Approximation applied to S-unit theory).

Concerning the SML theorem: We conclude this brief description by recalling
that the Skolem-Mahler-Lech theorem has been itself the object of several evolutions
in Diophantine Geometry, due to various authors, like CHABAUTY, DEMJANENKO-
MANIN, COLEMAN, and others, until recently, with a sophisticated version by Min-
jong KiMm, which has many startling applications by still other authors toward finding
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effectively the rational points on certain curves. (We do not give references here since
the topic falls far from the present themes, but see SERRE’s book [19] for a clear
illustration of past applications to modular curves.)

A version of the SML Theorem in the context of algebraic groups appears (as a
tool) in the paper [23], studying the set of integers n such that g™ lies in a given
subvariety X of an algebraic group G, where g € G is given. The original SML
theorem is in fact recovered as the case when G is a product G, x G}, and X is a
hypersurface.

The method has also been studied in the context of dynamics (like in the above
quoted paper [2]), with further applications to various types of recurrences; see the
book [3] for several subtle results in such direction.

However these investigations regard more the context of Diophantine Geometry,
whereas it seems that the method has not been analyzed as we do here, for studying
Zy in the general case of algebraic functions.

In the situation of positive characteristic, the SML structure of vanishing coef-
ficients of rational functions is no longer true and need be replaced by so-called
automatic sets. This was first investigated by DERKSEN for rational functions [7]
and later generalized to the case of algebraic power series [1].

Finally, we remark that it would be not free of interest to investigate the method
also in the more general context of D-finite series. It seems that only a part of the
present arguments would adapt in a straightforward way.

2. SOME NOTATION

In this section we introduce a little notation.

As before, let Q(z, f(z)) = 0 be the minimal equation satisfied by f(x) over K|[z].
We let Ky C K be the field generated by the coefficients of (). We may assume that
Ky and K are subfields of C, or also, in the p-adic case, of C, (i.e. a completion of
an algebraic closure of Q).

The leading coefficient of Q(z,y), considered as a polynomial in y, contains so
to say the ‘polar’ singularities of the algebraic function of x defined by that equa-
tion. Here we note that upon multiplying f(z) by this coefficient, the new function
will satisfy a monic equation over K|x], so will be integral over that ring. This
normalization is often useful.

The other possible singularities occur at branch points of the coordinate function
x on the algebraic curve defined by @ = 0. The (finite) branch points are roots of
the discriminant of @) (again, as a polynomial in y). In this way we obtain a finite
set, denoted =, of possible singularities.

By replacing x by a positive power of it at the outset, we can assume that 0 is
not a branch point, so = C C*.

The series f(x), considered in C[[z]] has a finite positive radius of convergence,
denoted R > 0, so is analytic in the open disk

D(R)=D(0,R™) :={z€C:|z| < R}.

Similarly it holds in the p-adic case, as we shall recall.

But it can be analytically continued along any simply connected region containing
D(R) but not containing any of the (possibly) singular points mentioned above. Of
course, the situation here is different in the p-adic case. We also define Z(f) =
EN{|z| > R} as the set of singularities outside the open disk of convergence of f.
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3. SMALL VALUES OF EXPONENTIAL POLYNOMIALS

Just as the Skolem-Mahler-Lech theorem describes the zeros at integers of an
exponential polynomial, here we study the distribution of the ‘small’ values of such
polynomials, in an appropriate sense.

We shall use the familiar notation e(f) := exp(27if), where i> = —1 and we shall

freely think of 6 either as a point on the unit circle, or as a real number (considered
modulo Z).

For the present issues, we shall restrict to objects defined over the field Q of
algebraic numbers, for reasons made more explicit in the remarks below. And we
assume that the field Q of algebraic numbers is embedded in C.

We shall prove the following theorem, where we say as usual that nonzero complex
numbers «, . . ., a, are multiplicatively independent if there is no relation [[i_; ;" =
1 with integers m; not all zero.

Theorem 3.1. Let P € @[w{d,...,x}l] be nonzero, and let aq,...,q, be mul-
tiplicatively independent nonzero algebraic numbers. Also put A = maX]Ha;-nj\
over the monomials occurring in P(ai,...,q,), and let 6 > 0. Then there ex-

ists a positive ¢ = ¢(d, P,aq,...,ap) < 1 such that, for all sufficiently large in-
tegers N, and for all integers v > 0, the number of integers n € [1, N] with
|P(atY ..., al )| < n 70 A s at most N°©.

The following is a direct easy consequence, for linear recurrences:

Corollary 3.2. Let L(n) = Y ], B, where v, € Q" are such that no ratio
B1/Bn, L # h, is a root of unity. Also put B = max |3)|, and let 6 > 0.

Then there ezists a positive ¢ = ¢(0, L) < 1 such that, for all sufficiently large
integers N, and for all integers v > 0, the number of integers n € [1, N]| with
|L(n +v)| < n~°B" is at most N°.

Before proving Theorem 3.1, we immediately list a number of remarks.

Remark 3.3. (i) Necessity of assumptions. The assumption of multiplicative
independence in the theorem cannot be removed, as may be shown by easy examples.
Also, it is easy to reduce the most general case to this assumption, on expressing
the group {af'---a? | ni,...,n, € Z} as a product of a free abelian group and
a finite torsion group of roots of unity. (This will be done for the proof of the
corollary.) The result will be that, after writing Z as a finite union of suitable
arithmetic progressions, similar estimates hold on each of them. This is very well
known in problems involving linear recurrences.

The assumption that the «; are algebraic is also necessary for a bound of this
strength: see part (iv) below (and see (v) for the transcendental case).

(ii) Other inequalities. Note that for all n > 0 we have the (trivial) estimate
|P(a")| := |P(af,...,a)| < A", where the implicit constant depends only on P.
Regarding the converse inequality |P(a™)| > A", it is easy to prove that it holds
for infinitely many n (and much more). If we look at all integers n (with a possible
finite number of exceptions), it still holds in the trivial case when there is a unique
(dominant) monomial in P(a) with maximum absolute value A. But otherwise the
various monomials in P(a™) with absolute value A™ could lead to cancellation for
special values of n. The present result gives a quantitative shape to the assertion
that a cancellation of order at least n~° can occur only ‘very rarely’. (See (iv) in
this series of remarks for examples showing that the exceptions cannot be generally
avoided.)



ON THE VANISHING COEFFICIENTS OF ALGEBRAIC POWER SERIES 11

On the other hand, using the Schmidt Subspace theorem (in the versions of
SCHLICKEWEI) it can be proved (as done e.g. by EVERTSE, VAN DER POORTEN,
SCHLICKEWEI) that |P(a},...,a")| > A"(179 for any € > 0 and for all integers n
for which the value is nonzero (which may happen only finitely many times).5 How-
ever this inequality, though deep and very useful and meaningful in Diophantine
Geometry, is somewhat different from the present one and less suitable for certain
special applications, like the one we have in mind here.

Answers to open issues. Still other significant inequalities are true, and we refer
to the book [9] for details and references to these results. In particular, at the bottom
of page 35 of [9], the authors write “It would be interesting to obtain the same result
for a bounded function v ”. Translating from their notation to the present one, this
means to bound the number of integers n < N such that |P(a},...,a?)| < A"n=F
by a quantity which is o(NN). The present result reaches this goal, moreover with
additional generality and precision of the bound. The authors of [9] further say
(see the last two lines of page 35) that possibly a combination of their Theorem
2.5 with SZEMEREDI’s theorem could provide that |P(af,...,a?)| > A™n~% for
almost all n < N. This is equivalent to the former statement, and is a very special
immediate consequence of our results. Here we avoid the use of the deep theorem
of SZEMEREDI, and therefore we avoid the weakness of the quantitative estimates
coming from it. Simultaneously, we are able to treat polynomial subsequences, which
escape completely from methods relying on SZEMEREDI’s theorem.

(iii) Effectivity. A suitable number ¢ < 1 may be effectively computed in terms
of the other data, as can be seen from the proof; similarly for the minimal magnitude
of the N for which the conclusion holds. A certain uniformity in these estimates, in
terms of P, is also possible. Also, surely our arguments can be quantitatively refined
in these directions, however we have not pursued in this kind of analysis, except for
introducing the parameter v.

(iv) Quality of the bounds. Leaving aside the issue of how small one can take
¢, the result is qualitatively best-possible, in the sense that we cannot generally
estimate the number of exceptions by a function growing less than N/2.

In fact, let for instance r = 1, P(x1) = x1 — 1, and let & = a3 = (3 + 44)/5
so A = |a| = 1, and we may write o = e(f), where § € R is easily proved to be
irrational. We have |P(a")| = |e(nf) — 1| < [||nf||, where here ||t|| denotes the
distance of ¢ from the nearest integer. Now pick any large N and partition the
interval [0,1) into Ny := [N'/?] subintervals of equal length. Then there are at
least M := [N/N;] values of n € [1, N] such that nf modulo 1 falls in the same
subinterval. Enumerate these integers as 0 < n; < ne < ... < nyr < N. Then
the integers m; := n; —ny1, | = 2,..., M, are pairwise distinct, lie in [1, N] and
satisfy ||m;0]| < Ny . Hence |P(a’™)| < N~'/2 whereas M > N'/2 —1. Therefore,
with any definite choice of § < 1/2, this proves that we cannot avoid a number of
exceptions at least N'/2 — 2. (Refinements on this kind of idea allow for much more
general Laurent polynomials P.)

This kind of argument also shows that the assumption that the «o; are alge-
braic cannot be removed. Indeed, with the same choice of P, let for instance
A=>2, 10~™ be the celebrated Liouville constant; if ¢, = 10™, we have

llamAl| = q;L(mH) + q;@(mﬂ)(mw) + ... < ¢, Letting now a = a; = e(\), we

have for every integer [ > 0, | — 1| < [|lgnA|| < lg,,™, which is < (Igy,)~?

5This method, though ineffective, actually allows much more general results, e.g. allowing the
exponent of a; to depend on 3.
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provided [ < q,(,:n D2 here are at least qy(ﬁn -2 _4 such integers [, and the corre-
sponding g, are < quTH)/Q. Since for any ¢ < 1 we have q7(£n—1)/2 -1> ngmﬂ)ﬂ

for all large m, this shows that the conclusion of the theorem becomes false (for every
d < 1) for this (and similar) number(s) o admitting sufficiently excellent rational
approximations. 6

On the other hand, to have a fairly realistic quantification for a suitable ¢ (in term
of 6 and the other data) seems a very difficult problem, related (as in the present
example) to lower bounds for linear forms in logarithms of algebraic numbers; the
known results (which we shall use in our arguments), deep as they are, do not seem
to allow an estimate near to the expectations.

(v) Density results. As it will clearly appear from the proofs (see especially
the NOTE therein), it would be easier to show e.g. that the set of integers n such
that |P(af,...,a")| < n~°A™ has density 0. In particular, to achieve such weaker
conclusion would not require any deep result on lower bounds for linear forms in
logarithms of algebraic numbers. This is especially relevant if we deal with tran-
scendental quantities ;. The method still allows some quantification. (The mere
conclusion about density follows also from Theorem 2.6, p. 34 of [9], however with a
different argument, and follows also from the suggestions given therein regarding the
use of the difficult theorem of SZEMEREDI on arithmetical progressions. In any case,
for general polynomial subsequences, to be mentioned in a moment, those methods
break down even concerning mere density.)

Arithmetical Progressions and Polynomial subsequences. We further re-
mark that a completely similar argument would estimate by < N¢ the number of
integers n € [1, N] such that |P(a¥" ", ... at*?)| < n=d A yniformly in the
positive integers u < N®, for a small enough x > 0, depending on 4. That is,
we may estimate the small values along arithmetical progressions, with a certain
uniformity in the modulus. Even more generally, using the method of WEYL to
estimate exponential sums, we can replace the linear un + v by g(n), where g is any
non-constant polynomial of bounded degree and leading coefficient bounded by N*.
More precisely, we have the following result, which we shall use for Theorem 1.4 (in
the same way as Theorem 3.1 is used for Theorem 1.2):

Theorem 3.4. Let P,aq, ..., q, A be as in Theorem 3.1, and let e > 0 be an integer.
There exist positive numbers |, k,h > 0 depending only on e, P, aq, ..., a,, with the
following property: for all sufficiently large integers N, for any polynomial g € Z[z]
of degree e with positive leading coefficient bounded by N, and for any e > N7", the
number of integers n € [1, N| with \P(a‘;’(n), . ,a?(n))\ < €A™ s at most €"N.

For clarity, we shall first prove Theorem 3.1 and then indicate in detail the mod-
ifications needed for this much more general conclusion.

Proof of Theorem 8.1. We start with a few easy but useful normalizations. Let P;
be the part of P made up with monomials which, evaluated at «, have modulus A.
Then |P(a™)| = |P1(a™*?)| + O(A}T"), where 0 < A; < A. Therefore to prove

6This also shows that our theorem implies that e()) is transcendental, which does not seem
immediate to obtain directly. A posteriori this is not surprising because the proof of Theorem 3.1
uses deep results on lower bounds for linear forms in logarithms of algebraic numbers, which directly
would also easily imply the stated transcendency. We add that any deep result can be avoided in
this argument if we replace the Liouville constant with numbers admitting even better rational
approximations, e.g. of the strength 0 < |\ — (p/q)| < k? with arbitrarily small positive x.
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the theorem we can replace P with P;, and hence we may assume that all the mono-
mials of P, evaluated at «, have modulus A. We may divide by a monomial and
assume that A =1, so Py(x1,...,2,) now is a linear combination of Laurent mono-
mials, which evaluated at o have absolute value 1. These monomials evaluated at o
generate a multiplicative subgroup of Q", which is torsion-free, since the o; are mul-
tiplicatively independent: in fact, any element of such subgroup is itself a monomial
evaluated at «, and if a power of this value is 1, the monomial must be identically
trivial by the assumption. Thus the said multiplicative group is free abelian and
finitely generated, and all its elements have modulus 1. Let then e(6,),...,e(6,) be a
basis for it, where the 6; are real numbers (or rather elements of 7' := R /Z) which are
Z-linearly independent modulo Z. Then each monomial appearing in P(a) may be
expressed as a Laurent monomial in the e(6;); note that no two (distinct) monomials
can be equal, because otherwise the «; would be multiplicatively dependent.

Hence, after this normalization, we may directly suppose that |o;| = 1 for | =
1,...,r, that p = r, and that putting now a; = e(6;), the 6; are real numbers which
are Z-linearly independent modulo Z. Of course the 27i6; are determinations for the
logarithms log a; of the algebraic numbers ;. Also, multiplying P by a monomial
(1 x,)¢ with large enough e does not affect the statement, so we may assume
that P is a polynomial.

We perform a final normalization: by replacing 61,...,0, resp. by a161,60> +
asbi,...,0,. + a.01, where aq,...,a, are suitable coprime positive integers, we may
assume that P(z1,...,2,) has a unique term of mazimal degree in x1. Indeed, the
exponents of z1 in the terms appearing in P(z{', zox{?, ..., z,2{") are given by
distinct linear forms in r variables, evaluated at (aq,...,a,), and it suffices to find
the coprime integers a; so that the values of these linear forms at (a, ..., a,) remain
distinct.

For the torus 7' := R/Z and for £ := ({1,...,&,) € T", weset F(§) := P(e({1),- .-, e(&r)).

Then, for a ‘small’ positive number € > 0, we consider the real positive function de-
fined on 17" by

e&) = (&1, &) = 0elr, ..., &) = e+|F1(§)P

Since |[F(§)[* = P(e(&), .-, e(&)) - Ple(—¢&1), ..., e(—&)) (where P is obtained con-
jugating the coefficients of P), this is a C*° (in fact a real-analytic) strictly positive
real-valued function on 7" and hence admits an absolutely convergent Fourier series

(3.4.1) p(&) =) cme(m-§),

where m = (myq,...,m;) runs through Z", where m - { denotes the scalar product
m - § :=mi1 + ... +m&, and where

(3.4.2) Cm = /T p(§)e(—m - £)dE.

For fixed P, these quantities depend on €, and we shall need estimates for the |cy|,
with some uniformity with respect to €. In the sequel of this proof the symbols <«
shall be understood to imply constants independent of e.”

"We leave it to the interested reader the task of making more explicit such dependence.
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For m # 0, let |m| := sup |m;| and say |m| = |my| > 0. Integrating by parts s
times in (3.4.2) with respect to &, we get
cm = (~2witm) ™ [ (Qe(-m- )t

” > > >

where ¢©(®) denotes the s-th derivative with respect to &.

Now observe that for any positive C* function g of &, we have (1/¢)(®) = g,/g°t,
where g9 = 1 and gs4+1 = ¢Lg — (s + 1)gsg’, so gs is given by a certain universal
polynomial of degree < s in the first s derivatives of g. We apply this observation
on taking g = €+ |F|?. On the whole of T" we have |g(£)| > € and |gs(&)] <5 1,
since all derivatives of F are bounded independently of € < 1 on T". Using these
remarks in the last displayed formula, we obtain

(3.4.3) lem| <5 m| 75571 for 0 < e <1, m # 0, and for all s > 0.
Also, equation (3.4.2), and the fact that ¢ is positive on 77, yields

(3.4.4) lem| < eo| = co,

and this leads us to the issue of estimating efficiently ¢y in terms of e.

Recall that in view of our normalization we can write F'(§) = Qg (e(&1)), where
&= (&,...,&) €T and Qu(x) := P(x,e(&),. .., e(&)) is a polynomial whose
coefficients are polynomials in e(¢’), the leading coefficient being a monomial, hence

with constant nonzero absolute value on 771

We can factor F'(§) = Qg (e(§1)) = Hflzl(e(&) —p1), where d = deg,, P; as said,
|7] = |7¢| is constant as a function of & €T Then, for 0 < ¢ < 1, the inequality
|F(£)| < t implies min [e(&1) — pr|? < ||~ < ¢, and then it is easy to see that the
real & € T is restricted to a union of at most d intervals ® which depend on é’ but
have total length < t'/¢. (In fact, the relevant & lie in the intersection of the unit
circle with a disk of radius < t'/? centered at some of the p;.)

It is important here that the implicit constant depends only on F' (and not on
&'), which in turn is a consequence of the constancy of |y| on 771

Then (taking into account that € + ¢? is increasing in ) we can write

1 o)
‘/(e+|F\2)_1d£1 <</ (e+t2)—1dt1/d+1+/ t~2dt.
T 0

1
9 The first integral is bounded by d~le2a I ué_l(l + u?)~'du. Here and before
the infinite integral is convergent, hence we obtain

[ e mytag [ e PRy e

(3.4.5) lco| = < sup < eza L,

gerr—1

Let us now come back to the original issue.
We remark at once that we can replace ¢ by any smaller number, at the cost of
changing suitably ¢ (since the relevant set of integers is decreasing as a function

8Here we use a slight abuse of language on identifying the points of 7" with real numbers; in fact
we can view those points and intervals as lying on the unit circle.

9This inequality can be easily justified in full precision. However we can replace it by a simpler
one. Namely, for every o < 1, we can split the integral on the left into two parts according as
|F| < to or not; so the left-hand side is < eilt(l)/d + (e +t3)"!. Now we optimize by choosing e.g.
to = e#‘ﬂrl, leading to |co| < eﬁ_l, which is slightly weaker than (3.4.5) below, but still sufficient
for our purposes.
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of ¢). Therefore later, if needed, we shall assume that § is small enough to justify
certain inequalities.

Let us fix v > 0, taking into account the opening normalizations and notation.
There are at most N'/2 integers in the interval (v, v+ N2 — 1], hence it suffices to
estimate by N€¢ (some ¢ < 1) the cardinality of the set

(3.4.6) A:={nev+1,v+ N],|F(n)| < N2},
which is included in the union of the set in the statement with the interval (v, v +
N2 _1].

Let us choose € as any number > N 9. Then, with the above notation, for n € A
we have |F(nf)|? < e, hence p(nd) > (2¢)~! for all n € A.

Summing over n € [v + 1,v + N] in equation (3.4.1) evaluated at £ := n - 6, we
then get

(3.4.7) 20 A <N+ leml | Y. e(nm-9)].
m#0 v<n<v+N

We proceed to estimate the exponential sums on the right. Denoting 0, := m - 6,
we have the natural (folklore) estimate

(3.4.8) | Y e(nbm)] < min(N, ||fw]| ),
v<nlv+N
where as before ||-|| denotes the natural distance in T'. To obtain this, put n = v+n/

and sum the geometric partial-sum in n/, obtaining |(e(N6m)—1)/(e(6m)—1)|. Now
it suffices to take into account that 2||¢|| < |e(§) — 1] <2 for £ € T.

Now the Z-linear independence of the ; modulo Z, which we are assuming, comes
into the picture. In fact, this says that no 0, can be 0 for m # 0(as an element
of T'). This fact itself would not be enough for the estimate we are seeking. For it
we have to use that the 27if; are logarithms of algebraic numbers. Then we have
strong and deep lower bounds (obtained originally by Alan BAKER and later refined
by several authors) for the distances ||@m||, for nonzero m € Z".

There are a wealth of possible references for what we need. For instance, as a
special case of the inequality in [21, page 6], we derive the existence of a number
q > 0 depending (effectively) only on the degree and heights of a1, ..., a,, and on
the degree of the polynomial P, ' such that we have

(3.4.9) [Om|[ > Im[™?,  meZ" - {0},

where the implied constant also depends effectively on the same quantities. Now, in
the inequality (3.4.7) we split the sum over m # 0 into two sums S7, S2, according
as l[m| < M or |m| > M, where M > 1 is a parameter to be specified later.

In order to estimate the first sum Sy, we use that |cm| < |¢o] in addition to (3.4.8)
(where we take the second term in the minimum) and the last displayed inequality
(3.4.9). Since the number of relevant vectors m is at most M" this yields (in view
also of (3.4.5))

51| < |eo| M < e2a LM,

In order to estimate the second sum Ss, we use inequality (3.4.3), with a suitable
parameter s to be chosen later, and the trivial bound N in (3.4.8) for the exponential
sums. This yields

S5l < €°TIN Y |m| Tt < e TINMTS
|m|>A

10T his dependence appears because we have normalized the a; suitably in terms of P.
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Putting together all of these estimates we obtain
|A| < coNe + e2a M9 + e SNM"—*

(3.4.10) o
& Ne2d +e2a M9 + ¢ SNM"™ 5.

1
In the present setting, on choosing M = N+« we obtain
(3.4.11) Al < e2aN + e "N
Further, we can choose € := N9, and this becomes

|A| < N2z 4 N1+

1
(r+q)°
remarked at the outset. Finally, choose s as any integer >

Let us also suppose that § < which can be done without loss of generality, as

T
1—(r+q)d-

Then note that with such choices the second term on the right in the last displayed

r—s(1—(r+4)8)

inequality equals N I+ r+a

Under the present choice of s the exponent of N here is < 1, hence the last
displayed inequality plainly yields |A| << N¢ where ¢ < 1 is the maximum between

) r—s(1—-(r+q)d)

1-— 24 and 1 + v

This completes the proof, moreover with additional information as to the possible
values of ¢ in terms of §; more precisely, these remarks prove that, on choosing s

large enough, we may take ¢ to be any number larger than 1 — WIH)' O

NOTE. In the former proof we assumed 1 > ¢ > N9, In fact the above argument
gives the same estimate without exactly such lower bound for €, provided we define
a set A, (now depending on ¢€) in a slightly different way, though completely similar,
compared to (3.4.6), namely:

A=A :={n < N:[P@'™) <A’}

that is, replacing n=% by e. Note that this is convenient and more general, since
we can estimate trivially the number of relevant integers n such that |P(a9(™)| <
n=0 A9 for small n, for instance by N/2 for n < N1/2,

Referring to the above estimates, for instance we may choose M = ¢~ 2 in (3.4.10),
obtaining |A| < Neaa + €20 2019 4 =2 N We may then take s > 2r + 1 so as
to obtain a convenient bound tending to zero with respect to N, and actually more
precise than that: in fact we obtain |A| < Neza + 302040

For example, this further simplifies to

1 _ 1
|Ae| < Ne2d, for e > N 20r+a)

which would be sufficient also for the present purposes.
We can state (part of) this conclusion as essentially a rephrasement of Theorem
3.1:

Theorem 3.5. For P,aq,...,q., A as in Theorem 8.1, there exist positive numbers
h,k > 0 depending only on P, a, ..., a, such that, for all sufficiently large integers N
and for any € > N™%, the number of integers n € [1, N] with |P(ayt", ..., am*?)| <
€A™ s at most €"N.
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Moreover it is surely possible to improve somewhat on the exponent h = 1/2d of €
appearing above, at any rate under mild assumptions on P. Of course the estimate
implicitly requires that €”N > 1, so a lower bound for € of the shape imposed by
the hypotheses is unavoidable.

However here we skip going ahead with a kind of analysis so as to optimize the
quantities h, k.

Compare also with Remark (v) above. Even if we miss the deep estimate (3.4.9)
coming from Transcendental Number Theory, we can still obtain some non-empty
conclusion. Indeed, we can simply fix a large enough M and proceed in the same
way; for M large and e small all the three terms in (3.4.6) will be small with respect
to N, providing ‘density 0’ conclusions.

With this in mind, let us now go to the proof of Theorem 3.4.

Proof of Theorem 3.4. The proof of this Theorem 3.4 follows exactly the same path
as outlined in the previous proof and the present NOTE; the only new point occurs in
replacing suitably the easy inequality (3.4.8) by an analogous one when n is replaced
by g(n). We offer details for this step.

We shall use the method of WEYL (see for instance [5], Ch. IV, or [13], Ch. 8)
to estimate the relevant exponential sums | ) _n e(g(n)fm)|, which appear in the
above arguments. B

In the sequel we shall denote by €; > 0 (j = 1,2,...) sufficiently small positive
numbers, dependent on the basic data but independent of N. (The argument shall
clarify how these quantities can be chosen.)

For the argument to go through, it will suffice to obtain an estimate for the expo-
nential sum | >~y e(g(n)fm)l, of type < N'7¢1 valid uniformly for the nonzero
vectors m € Z" with |m| < N2,

As to the method of WEYL, see especially [13], Prop. 8.2, p. 201 for an inequality
almost ready-made for the present purposes. It may be stated as follows, where «
now denotes the leading coefficient of a polynomial f(z) € Rlz] of degree e > 1:

2176

<2N | N~® > min(N, ||aelly - --lo_1]]7h)
—N<li,..)le—1<N

N
> elf(n)

n=1

We want to apply this with f(z) = g(z)0m, so & := gobm, where gg is the leading
coefficient of g.

For convenience we suppose here that e > 2, since the case e = 1 reduces to
(3.4.8) and has been already worked out above.

Also, with the purpose of bounding appropriately the right hand side (i.e. by
a power of N with fixed exponent < 1, provided that |m| is also bounded by a
small power N¢2 of N), it will be enough to obtain an estimate < N A for the inner
summation, for some fixed \ < e.

Consider first the contribution to the summation coming from terms with [y - - - le—1
0. There are at most < N2 such terms, for which we can use N as an upper bound
for the minimum. This will yield a total contribution < N¢~! to the summation,
which is alright for our purposes.
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In order to estimate the rest, we group the terms according to the (nonzero) value
[1---le—1. So we may rewrite such part of the summation as

> m-min(N, [JaelL]| 7Y,
0<|L|<Ne—1

where 77, denotes the number of solutions of L = [ ---1l._1 with the stated con-
straints 0 < |l;| < N. By standard elementary estimates one has 77, <., N for
every prescribed g3 > 0.

To go ahead, we use the celebrated Dirichlet Lemma, by which we may find
coprime integers 3,7y with 0 < v < 4N°"! such that |ela — B/y| < (4N°"1v)~L.

Let us first look at the terms in the summation such that v does not divide L,
grouping together the L such that L lies in a given nonzero class p € [1,v — 1]
modulo 7. For each given such y, their number will be < N¢~!/~. Since Lela =
(LB/y)+n(47)~t = p/y+n(4y) 1+ integer, where || < 1, such a term will produce
a minimum min(N, |Jae!L||7!) < |Jae!L||7! < 2y/u1, where g = por pug = v —
according as 1 < /2 or not. Then it follows that the total contribution will not
exceeii < Ne—1tes 20<u1§7/2 ul_l < N~ %€ ]og N, which is fine for us as soon as
g3 < 1.

Let us now consider the remaining terms, namely those such that 0 # L = 0
(mod «); there are at most < N¢~!/v such terms, and we choose N as an estimate
for the minimum in every such term. This yields a total contribution < N¢*&3 /v
for these terms inside the summation.

So we are left with the task of bounding 7 from below. Inequality (3.4.9) yields
[|velgoOm|| > |velgo-|m||~? for any nonzero m € Z". On the other hand, by definition

of v, the left hand side is bounded by N~¢*! hence v > NeTl(e!\go\ - |m[)~!. Here
we assuming that 0 < |go|] < N for a small enough e5, and that lm| < N2,
whereas e > 2 is fixed. Then we obtain an estimate for the summation which is
« Netesteates—(e=1)/q which is enough for our purposes as soon as we require that
eg ez3t+extes<(e—1)/2q.

We have considered all possible cases, and this concludes our proof of the sought

inequality. The rest of the argument is exactly as in the former proof of Theorem
3.1 (see also the NOTE). O

Proof of Corollary 3.2. The subgroup of Q" generated by the §; may be expressed
as a direct sum of a finite torsion group of order denoted ¢ > 0, plus a finitely
generated free abelian group, and then let a, ..., a;, be free generators for it. Then
for each [ = 1,...,s we may write 8; = 0;u; where the 6; are g-th roots of unity,
and the y; are monomials in the a;. By assumption these monomials are pairwise
distinct. We have that for each a = 0,1,...,¢—1, the function n — L(ng+a) is the
value at (af",...,af") of a certain fixed nonzero Laurent polynomial (depending
on a, not on n). Now, since the o are multiplicatively independent the pf remain
distinct, and it suffices to apply Theorem 3.1 for each a = 0,1,...,q — 1, to obtain
the conclusion. O

There is a similar Corollary to Theorem 3.4, with the same argument.

3.1. A p-adic analogue. One can formulate, and prove, similar results (for instance
as in Theorem 3.5 above) replacing the usual absolute value by a p-adic valuation.!!

U This has no relation to the p-adic method of SKOLEM, trated elsewhere in this paper.
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The above approach relying on Fourier expansions may be replaced by the well-
known method used in the context of the Skolem-Mahler-Lech theorem about zeros
of exponential polynomials at integers. We give a brief hint of how one can proceed.

In this setting we assume that the Laurent polynomial P and the «; are defined
over a field K of characteristic 0, complete under an ultrametric valuation denoted
| - |, with finite residue field of characteristic p > 0. Roughly speaking, we seek an
estimate for the number of integers n < N such that |P(af,...,al")|, < e < 1 for
an € > 0, assumed to be not too small with respect to N, say larger than N~!. (See
also the already quoted book [9] for other results in the p-adic context.)

To outline the argument, first (similarly to the opening steps of the previous
proof) it is easy to reduce to the case when |oy|, =1 for [ = 1,...,r. By splitting
Z into finitely many arithmetical progressions of modulus p®(p — 1) (for a large
enough integer a depending on the field of definition), one can further assume that
oy = 1 (mod p?) for each I. Then the functions n + o' become the restrictions
to Z of p-adic analytic functions on the disk |z|, < 1, and then the same holds for
Q(n) := P(al,...,a)). By well-known results (see for instance [8]), the analytic
function Q(z) may be written as a product Q1(z)Q2(x), where Q1 is a polynomial
and |Q2(z)| = 1 on the whole disk. Hence we are reduced to estimate the number of
integers n < N such that |Q1(n)|, < € (where € > N~!). As in the approach above
(see the argument leading to (3.4.5)), this inequality implies that |n — p|, < € for
a certain fixed b > 0 and some root p of Q1. For every two such integers n; < ng
we have |ng — n1|p < eb, which means that ni,no are congruent modulo a certain
‘large’ power of p. Hence, clearly, for each of the finitely many roots p the number
of such n < N is at most €" N, where h > 0 depends on b and the normalization for
the absolute value. This completes our sketch.

It is to be remarked that this argument does not require the deep transcendental
estimates needed in the former proof. However some similar result in the p-adic
realm may be helpful in related problems.

4. ASYMPTOTIC EXPANSIONS AROUND SINGULARITIES

In this section we shall obtain certain asymptotic expansions for the coefficients
an of an algebraic function f(x), in terms of the singularities nearest to the origin.
As mentioned in the introduction, though the underlying methods are standard
(Cauchy’s theorem applied to suitable contours), we give the arguments (which
are simple and short) in this section for completeness. For a more comprehensive
and systematical investigations of asymptotic expansions, one can see the book by
FLAJOLET and SEDGEWICK [11], especially Section 7 of Chapter VII, and also the
recent paper [17] for similar results. One should also notice that FLAJOLET in [10]
already applied asymptotic expansions of algebraic functions to prove a conjecture

by STANLEY [20] on the transcendence of the series > 7 (?)kw" for all k > 2.

We let g := Z(f) N {|z| = R} denote the set of singularities of f(x) nearest to
the origin '2 and we choose a real number R’ > R strictly smaller than the least
absolute value of a point in Z(f) — Eg.

We have Cauchy’s formula

12We note that there may be branch points of the function x on the curve @ = 0 which are
nearer to the origin than R.
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Im

FiGUurE 1. Contour for asymptotics

(4.0.1) an, = % g 2" (2)dz,
where T' is any closed contour in D(r) with » < R, turning positively once around 0
(e.g. a suitable circle centered at 0).

We want to deform I' to a suitable contour convenient for our purposes.

We choose a small enough positive ¢ < (R'/R) — 1 (which will later tend to 0)
and define a contour C as follows: starting from R'/R > 1 we travel left on the real
line up to 1 + ¢; then we turn once counterclockwise around 1 (through a circle of
radius €), and finally go right backwards to R'/R.

For a ¢ € E of modulus [£{| = R we consider the contour £C. We do this for each
§=¢5,5=1...,s where { runs over the singularities with modulus R.

Now we consider a contour IV obtained by starting from any point py at radius
R', po not in the union of the &;C then travelling counterclockwise (remaining at
radius R’), and, whenever we meet a point p on §;C, |p| = R/, travelling once along
the whole ¢;C until we are again at p, and continuing in this way until we come
back to the starting point py (see Figure 1).

The function f(z) may be analytically continued in the interior of I, which is
simply connected.

Hence we may deform I' to I in formula (4.0.1). Since the function f(z) is
bounded on the circle |z| = R’, this yields the approximation

1 S
4.0.2 anp = — / 27" (2)dz + O(R'™),
(102 D0 B (CLRE

where one should note that the implied constants of asymptotics will only depend
on R/, f, not on n (see Formula 4.0.3).

We want now to analyze each summand. For this, we expand f(z) as a Puiseux
series around the center of the small disk associated with C;. It will be convenient
to perform the substitution z — &;z, which yields

/ 2 (2)dz = 5]_”/ 27 (g2)dz,
C; c
where C' is as above. The function z — f(&;z) is algebraic and has a (potential)
singularity at z = 1. Therefore let us see in general the possible asymptotic shape
for the integral as above, replacing f(§;z) with an algebraic function g(z).
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First of all, let us write a Puiseux expansion for g(z) at z = 1, i.e. as an infinite
sum of terms of the form ¢(z —1)¢ where ¢ # 0 and e is a rational number (bounded
from below and with bounded denominator).

In this way, denoting by C' — 1 the left translation of C' by 1, we are reduced to
estimate integrals of the shape

/ (z— 1)z " dz = / 2f(z + 1) e,
C

Cc-1
as n tends to infinity. Though the theory of such integrals goes back to centuries,
we give some detail.

First, if e is any integer > 0 the integral over C' — 1 vanishes. Hence at the outset
we can consider, in the expansion of g(z), only the terms with exponent e not in
N, and hence for our purposes we can assume that e is a rational number, not an
integer > 0.

Suppose first that e is an integer, hence < —1.

Then the integral over C' — 1 equals the integral over the small circle inside C,
since the function is well defined in a connected neighbourhood of C' — 1. Hence

-1
/ (z— 1)z " ldz = / 2(z+ 1) Mz = < " >
c -1 —e—1

Suppose now that e is a rational non-integral number.
Integration by parts on C' — 1 yields

e+1 1 —n—1 1
/ Ze(Z+1)_n_1dZ: < (Z+ ) n+ / Ze+1(z—|—1)_n_2dz,
C-1 C—-1

e+1 v, e 41
where by the first term we intend to take the difference of the values of the function
at the far right endpoint of C' — 1, before and after turning around 0, the values
being generally different because e is not integral. In absolute value these values
will be O((R'/R)™™), so will be negligible for our purposes, being of the same order
of the error term coming from (4.0.2) above.

This process allows us to replace the pair (e,n) with (e + 1,7+ 1), at the cost of
introducing the coefficient (n + 1)/(e + 1). In particular we can reach a step when
e > 0. But then we can let € — 0 so that C'— 1 becomes a segment, counted twice in
opposite directions, namely the segment [0, (R'/R) — 1]. Of course since e is not an
integer, the values of the function on the two copies of this segment will be different,
in fact related by a factor which is a root of unity of order the denominator of e.

We are left with the task of estimating the integral over the segment; however,
for large n the integral will be convergent on the half-line [(R'/R) — 1, 00), and with
an error bounded by O((R'/R)~") with respect to the integral over the segment. In
conclusion, we require some kind of asymptotic formula for the integrals fooo 2°(z +
1)7""1dz, for fixed e > 0 and n — oco. This is the value at (e + 1,n — ¢e) of the
celebrated Fuler’s Beta function, and is given in terms of the Gamma function by
I'(e+1)I'(n—e)I'(n+1)"1. Asymptotically, for fixed e, this is = I'(e +1)n "¢~ (1 +
O(1/n)). (Also observe that this asymptotic is in fact invariant by the process of
integration by parts.)

From this discussion and from (4.0.2), we conclude that there exist nonzero con-
stants x; and rational numbers e; (which are < 0 if they are integral), j =1,...,s,
such that

(4.0.3) an =Y rin 91+ 0(1/n)) + O(R™™).
j=1
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5. PROOF OF MAIN THEOREMS

Proof of Theorem 1.2. We start by considering the roots of unity which appear as
ratios of two points in Z. These roots of unity generate a finite group, say of order

q=>1
Let us consider, for b=10,1,...,q — 1, the series
(5.0.1) Fy(z)=a7">_ 07"f(0).

01=1

In view of the formula ) p,_, 0" = ¢ or 0 according as h is or is not a multiple
of ¢, we have Fy(x) = Y apymqr™d. In particular, F,(z) = Fp(¢z) for each g-th
root of unity (.

Also, Fp is an algebraic function, with singularities contained in the set (Jyq_; 0-Z.

We go ahead by reducing to the case when K is a field of algebraic numbers.
First of all, the field K may be assumed to be finitely generated, since, as is well-
known and easily proved, the field generated by the coefficients a, may be in fact
generated by finitely many of them. Indeed, let Ky be as above the field generated
by the coefficients of Q(x,y). Then each of the a; is algebraic over Ky, because
Q(x, f(z)) = 0. Let then o be an automorphism of Ky(ag, a1, ...) fixing ag, ..., an.
Then Q(z, f7(x)) = 0 and f(z) — f(x) vanishes to order > m + 1 at = = 0. But
the order of zero of this function is bounded unless the function is 0. So if m is large
enough o fixes all coefficients, proving that ag, ..., am, generate the said field. 3

Therefore K may be viewed as the function field of some irreducible affine alge-
braic variety V defined over a number field.

Also, by the (function field version of) EISENSTEIN’s theorem (see e.g. [25]), the
denominators of the a; contain only finitely many primes, which now means that
the a; may be seen as regular functions on the complement in V of a proper Zariski-
closed subset V'. Now, if dim) = 0, then V is a point and our field is already
contained in Q. If the dimension is positive, we may specialize the aj, viewed as
functions on V — V', at an algebraic point of such variety.

Take an integer b € [0,q — 1] and consider the function Fj: it will be either a
polynomial (and then the a,, vanish for n = mq+1 for a large enough | = b (mod q)
and all m € N), or infinitely many such a, are nonzero, and the function has
some singularity. By suitable specialization (outside a proper subvariety of V) this
singularity will not disappear. In fact, it is well known that if an algebraic function
defined over a function field is not a polynomial, it remains not a polynomial under
suitable specializations. 4

Also, by specialization the a, which vanish will remain 0, and the set of roots of
unity which appear as ratio of two singularities will be the same (since there are
only finitely many singularities). Thus the number g will not change.

After these preliminaries, we are ready to complete the proof in the case of alge-
braic quantities. (Note that the radius of convergence will be possibly affected by
the specialization, but this is harmless for us.)

We adopt the procedure carried out in Section 4, with Fj,(z) in place of f(z), for
eachb=0,1,...,g— 1.

13Easy proofs are also possible by a recurrence formula for the a;; see e.g. [25].

MThis conclusion is a function-field version of a theorem of Ostrowski, see [25]. It may be proved
for instance also by observing that if the function is a polynomial, its degree is bounded only in
terms of the degrees of its minimal equation, which by specialization do not increase. So, if some
coefficient of large enough degree is nonvanishing, the function cannot be a polynomial.
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Select then any such b such that Fj is not a polynomial, and apply formula (4.0.3);
taking into account that we have changed f(z) with Fy(x), and in view of (5.0.1),
the formula will read

S
(5.0.2) tngyp = Y rn &1+ O(1/n)) + O(R'™"9),
j=1
where R, R' are as before, for F}, in place of f, the r; are nonzero, and the ¢; belong
to the set of singularities of Fy, i.e. they are in the set | Jy,_, 0 - Z, and they have
minimal distance R from the origin. This set is not empty (i.e. s > 0) since we are
assuming that Fj is not a polynomial.

Also, the function F;, being invariant by z ~— (z, for (¢ = 1, the numbers x;, ¢;
associated to singularities which differ by a factor which is a root of unity (necessarily
of order dividing ¢) will be the same. Hence, after grouping the terms, we can assume
that £;/& is not a root of unity for 1 < j <1 <s.

Let J be the subset of {1,..., s} made up with the j such that —e; is maximum,
denoting with —e this maximum, and let 6 = min;g;(e; —e) > 0.

Then, since |¢;| = Rforj =1,...,s, we have | }_ o, k;n® % = O(n~°R™™9).

Now, if a4, = 0 we further obtain that

|3 i€ = O~ R™™) + O(n~'R~™) + O(n°R'~").
jeJ
Finally, since R’ > R, and since we are assuming that no ratio between two

distinct ones among the &; is a root of unity, we can apply Corollary 3.2 and deduce
that the set of these n has the required property. Il

Remark 5.1. We note that the p-adic estimate obtained in Section 3.1, though giving
a bound for the number of (p-adically) ‘small values’ of an exponential polynomial in
large intervals, would not be useful for deriving the presently sought conclusion. In
fact, in the bound for the exponential sum appearing in the last displayed formula,
the last term on the right has a purely archimedean origin.

Proof of Theorem 1.4. The proof is completely similar to that of Theorem 1.2, using
Theorem 3.4 in place of Theorem 3.1 (actually applied as in the corresponding
corollaries). O

A simple application of Theorem 1.4. In particular, just to offer an instance
of possible applications of Theorem 1.4 (e.g. in the simple case of a polynomial g
independent of N).

Starting with an algebraic power series > >~ ; a,x™, we can consider the vanishing
of coefficients a,2, obtaining bounds for #{n < N : a,2 = 0} analogous to what
we have obtained for the whole sequence of a,, that is, < N€¢ for a ¢ < 1, for
the number of such integers n outside a finite union of arithmetical progressions on
which all a,, vanish.

Since the series of the shape > > ja,22™ or Y 7, anzx”2 are generally not al-
gebraic anymore (the first one is not even generally convergent anywhere for the
complex absolute value, the second one is too lacunary to be possibly algebraic),
such an extension of the method leads us to results of new type. Moreover such con-
clusions escape from the range of methods like BEZIVIN’s, coming from the theorem
of SZEMEREDI; indeed, the sequences like (a,2)neny do not generally satisfy linear
recurrences.
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6. CRITERIA WITH p-ADIC INTERPOLATION

In this section we develop some p-adic considerations, trying to understand when
the method of SKOLEM may be possibly applied to an algebraic power series.

As above, for a prime number p, we denote by C, a completion of an algebraic
closure of Q,, with O = O,, the valuation ring of C,, and by F, an algebraic closure
of IF,,.

So O is the closed unit disk D(0,17) := {z € C, : |x|, < 1}. Here | - |, denotes
the usual p-adic absolute value, normalized so that |p|, = p~l. We also denote
v(x) = vp(z) = ordy(x) = —log|z|,/ log p.

In Definition 1.5 we had denoted by Sk, the space of the series f(z) = > .7 a,z" €
Cp[[z]] such that for an analytic function g(z) € Cp[[z]] converging in O,, we have
a, = g(n) for all large n.

If this happens, then g is unique, because N is dense in O, (see [8]). At the cost
of modifying finitely many coefficients a,,, which amounts to adding a polynomial
to f(x), we may assume that a, = g(n) for all integers n € N.

We denote by Sk, the subspace of these functions.

Before going ahead we give a definition of good reduction useful for us. We denote

by Cp(x) the completion of Cp(x) with respect to the Gauss norm. %

Definition 6.1. We say that Q(x,y), or that f(x), has good reduction (at p) if

S L

either deg, Q = 1 or if Q(x,y) has no factor in Cy(z)[y] of degree 1 iny. We also
say that the prime p is of good reduction if f(z) has good reduction at p.

Note that if @ € O[z,y] and if its reduction Q(z,y) € Fp[z,y] has degree > 1 in
y, and has no linear factors in y, then @) has good reduction in the present sense.

In fact, by Gauss’s lemma, if it had a factor in Cp(z)[y] of degree 1 in y, this would
yield a linear factor of () by reduction.
Hence this notion is weaker than the ‘naive’ one given in the introduction.

Remark 6.2. Effectivity. We note that if Q(x,y) has coefficients in a number field,
for instance, there are known algorithms to check whether it has good reduction
in the present sense. In practice this works after factoring modulo a suitably high,
computable, power of p, and then using a kind of Hensel lifting. (See the exercises
in Ch. 7 of [25] for an instance over Z,.)

It is also effective to compute a finite set S of primes such that there is good
reduction for primes outside .S. That such a finite set exists follows from a theorem
of OSTROWSKI, see e.g. [25] for simple proofs.

6.1. Conditions for Sk, and Sk;. Note that if f(z) € Sk;, then the same holds for
B(z)f(x), for every polynomial B € C,[z]. In particular, suppose that we start with
an f(x) which is algebraic over C,(x), satisfying an irreducible equation Q(z, f(z)) =
0 with @ € Olz,y]; then after multiplying f(x) by the leading coefficient in y of
Q(x,y), we may assume that @) is monic in y, so that f(z) is integral over O[x].

Note that such a power series has necessarily coefficients in O, since the algebraic
(monic) equation Q(z, f(z)) = 0 yields sup|, <1 [f(z)|p <1, and we may apply the
usual estimates (see [8]).

Now, adding to f(z) a suitable polynomial, assume that f(x) € Sk, so a, = g(n)
for all n, where g is analytic in O.

15T his completion is sometimes called the field of analytic elements. See e.g. [8] for more on
these concepts.



ON THE VANISHING COEFFICIENTS OF ALGEBRAIC POWER SERIES 25

We can write g(z) =Y °_; gma™, where |gm|, — 0 as m — oco.

It will be convenient to expand in terms of binomial coefficients. '® Namely, we
can write ™ = > ¢ (f), where ¢, is the r-th finite difference of ™ at 0. This
fact, or induction, proves that ¢, is an integer divisible by r!.17

Substituting we find that g(z) = > 00 (3 me_o crmgm) () =t Docybr (%), where

we have written
o0
b, = Z Crm9m.-
m=0

Observe that ¢, = 0 for m < r, so the summation defining b, runs in fact for
m > r. Since |gm|p, — 0, we find that b, /r! tends p-adically to 0.

Recall that v,(r!) = [r/p] + [r/p*] +... = T;f(f), where o(r) < (p— 1)% is the
sum of the p-adic digits of r. So v,(b,) — T;f(f) — 00.

Now writing a, = g(n) = >r2 by ("), we have in the first place that the b, lie in
O, since the a, do: indeed, by = ag, b1 + by = aq, . . ..
Also, we find that f(z) =3, 6., (7)2".
%, as is well known, and follows

Moreover, for > 0 we have ) (:})a:" =

by differentiation of the usual identity Y, ™ = (1 — z)~!. In conclusion, putting

[oe)
o(x) = Z bya”,
r=0
we have the formula

(6.2.1) (=)@ = (1),

1—2z
in the sense of formal power series. Note that by the above remarks, the p-adic
1
radius of convergence of ¢ is > pr—1 := p, > 1.
We also have a reciprocal formula:

(6.2.2) f <1ix> = (1 +2)p(x),

Note that all this entails that ¢(x) is also algebraic, satisfying the equation

(6.2.3) Q <1f_x (1+ x)«p(w)) —0,

so in particular we have the minimal equation Q1(z,p(z)) = 0 over O[z,y|, where
Qi(x,y) = (1 +2)°Q(75, (1 + )y) for a suitable e > 0.

NOTE. If @ is monic in y (we remarked above that this may be assumed after
multiplying f(z) by a polynomial), then the leading coefficient in y of @ will be
a power of 1+ z. In any case the equation implies that supj, ., [(1+ x) ()| is
bounded for some h > 0, as |z| approaches p,, and the same holds for supy,, | ()]
(the bound depending in a certain way on the degrees in x of the coefficients of Q).
But then we have this same bound for the [b;|yp}, of ¢(x). This amounts to a

16T his device also appears in a proof of the SML theorem hinted in the exercises in the book [6].
173uch facts are known since centuries.
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slight sharpening of the former information. Namely, in addition to the fact that

(vp(br) — 55) + g(_? — 00 we get that vy(br) — ;%5 is bounded below.

We may partially reverse these calculation, so if (6.2.1) holds for a ¢ € C,[[z]]
such that v,(br) — vp(r!) — oo, then ap, = g(n) for g(z) = >, b, (%), where g is
analytic on O, hence f(z) € Sk;. In fact, writing =X kmr 2 \with certain

m<r !

integers ky,,, we have g, = > . %ka. Then the following proposition is proved.

Proposition 6.3. Let f(x) = > )" ana™ € O[[z]]. Then f(x) € Sk if and only
if o(z) = (1+ :c)_lf(l_i_%) admits a series expansion p(x) = Y 2 bya” such that

(vp(by) — 1)+ Z(—? tends to oo as r — 0o.

Remark 6.4. When f(z) is a rational functions it is easy to see that to be in Sk, or
Sk, substantially amounts that the (finite) poles of f(z) are p-adically near 1, which
is equivalent that this holds for the roots of the corresponding linear recurrence. In
fact, this condition appears clearly if one looks at the arguments of SKOLEM.

This already yields some examples of series satisfying the condition, which repre-
sent algebraic not rational functions. Here is a simple one.

Ezample 6.5. Let p > 2. For Il € O, | # 0, we put ¢;(x) = Zfio(lp)"(lf)a:r, SO
@i(z) converges for |z|, < p and represents the algebraic function /1 + [pz (with
©(0) = 1) in the disk D(0,p™).

We have vy, (b,) > r, so indeed our constraint is fulfilled, and we can use (6.2.1) to
define f;(x), obtaining fi(z) = (14 (Ip — 1)z)"/?(1 — )~3/2. We can now take any
finite linear combination of the f, so defining f(z) = >, cifi(x), where L C O is
a finite set and where ¢; € Cj.

Expanding with the binomial theorem we find

B T

r+s=n

The fact that a,, = g(n) for a nonzero p-adic analytic function g (convergent in O)
yields that only finitely many a,, can vanish. Perhaps this may be proved otherwise,
but does not look immediately obvious from the explicit formula just given. (Indeed,
for instance the quantities ) ;.; ¢;(Ip — 1)" cannot be estimated trivially in general
as functions of r, since it is easy to choose L as a finite set of algebraic integers such
that the Ip — 1 have the same absolute value for [ € L, so the various terms can yield
cancellations, and we may even choose them so that the complex absolute values
llp—1|=1foralll e L.)

Clearly the construction of this example proves Proposition 1.8.

We have another easy proposition:

Proposition 6.6. If f(x) € Sk, for an irrational algebraic f(x) then there is no
good reduction.

Proof. The proof is clear: If f(x) € Sk then f(z)—h(z) € Sk; for some polynomial
h, so we may assume that f(x) € Skj. If f(x) is not rational then deg, @ > 1. On the

—

other hand equation (6.2.1) obviously implies that f(z) € C,(x), since v,(b,) tends

to infinity. Then @ has a linear factor in y over Cp(z), concluding the argument. O
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6.2. Decomposing along arithmetical progressions. Recall that the argument
of SKOLEM works by interpolating the sequence of coefficients of a rational function
by a p-adic analytic function, however after partitioning N into suitable arithmetical
progressions, and restricting the sequence to each of them.

In this subsection we analyze this kind of decomposition in our case.

Let then ¢ > 1 be a common modulus of the relevant progressions b + ¢ N, for

b=0,...,q— 1. Then we have the following familiar formula
o
(6.6.1) Jo,q(2?) = Z A rmgt™ =270 Z 0t f(0x).
m=0 f1=1

Here 6 runs through all the ¢-th roots of unity. (The formula has been used also
in Section 4.) Note that the function is invariant by x +— (z for any g¢-th root of
unity .

This expression is relevant in our context because the method of SKOLEM will
succeed (for the prime p) precisely when we can find a ¢ such that all f; ;(x) belong
to Sky.

For our purposes let us stick to algebraic power series with coefficients also in Q,
so, after embedding Q into C,, we can view them as being defined over C,,, for every
prime p.

We already know from SKOLEM’s proof that if f(z) € Q(z), it is always possible
to find a prime p for which the above requirement succeeds. So let us consider
irrational algebraic series f(z).

We have already used in the previous sections the set Z of (finite) branch points
of the coordinate function x on the curve Q(z,y) = 0. As shown by the statement
of Theorem 1.7, they will play an important role also now.

Proof of Theorem 1.7. Let us assume that the Skolem method may be applied to
f(x), so we have an integer ¢ > 0 such that all the fj ,(x) are in Sky,. In view of

—

equation (6.2.1) applied to fj4(x) in place of f(x) we obtain that f,,(z) € Cp(x),

-

and this holds for each b = 0,1,...,¢ — 1. But then f,,(z9) also lies in Cp(x),"®

so this holds for f(x) = Zg;é 2% fy, o(x%). Thus either f(z) is a rational function or
there is no good reduction, proving the first of the sought conclusions.

Things are similar if we only impose that the restricted Skolem method may be
applied to f(z), however a few further considerations are needed.

To outline our argument, let us first assume that no ratio &; /¢; of distinct elements
& # & € 2 is a root of unity.

Then the algebraic functions defined by f(6x), 9 = 1, generate fields Ly =
Cp(z, f(0)) over Cp(x), which have linearly disjoint Galois closures Lg, in the strong
sense that each of the Ly is linearly disjoint from the product of the other ones over
Cp(x). Indeed, in view of the present assumption, the Galois closures Lg have pair-
wise disjoint sets of branch points over C,(z), whence each intersection is unbranched
over Cp(z), and thus by general theory ' must coincide with Cp(z).

Then the formula (6.6.1) expresses fp, ,(x) as a sum of terms from these linearly
disjoint fields.

18Note however that for a series g € Cp[[z]] with radius of convergence 7, the radius of conver-
gence of g(x?) is r'/9.
190ne can use e.g. the Hurwitz genus formula.
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By simple Galois theory, the field generated by fp 4(2) over Cp,(z) contains each of
the fields generated by the various terms (since an automorphism over C,(x) fixing
the sum must fix all the summands by linear disjointness).

Suppose then that one series fp,(x) belongs to Sk,. By the former considera-
tions we deduce that f, ,(z) belongs to Cp(x). But then each summand, lying in

Cp(z, fpq(x)), belongs as well to Cp(x). We deduce that f(6z) does not have good
reduction, for any involved root of unity 6 (conditions which are equivalent as 6
varies).

Let us now deal with the general case, and then let ¢y > 0 be common multiple
of the orders of the roots of unity which appear as ratios &;/¢; for &,&; € =. Let
also q1 := ged(qo, q)-

Then in the formula (6.6.1) let us group together all the terms with 6 in a same
coset of the group U, of g-th roots of unity modulo the subgroup Uy, of ¢-th roots of
unity. We contend that two different terms correspond to functions having disjoint
set of branch points. Indeed, all terms in the coset OU,, have singularities in 6, 1=
for a 6, € 0U,,. So, if terms in cosets U, , 8'U,, have a common singularity, then

0U,, N @'U,, intersect. But this means that the cosets are in fact equal.

Hence, after the grouping, distinct terms correspond to functions having disjoint
set of branch points. Then, the former argument proves that the corresponding
function either is rational or does not have good reduction.

So in particular, if f(x) € Sk, there exists a divisor ¢; of o, and an integer b such
that the function Y ' 7% f(6x) either is rational or does not have good reduction.

Since this function belongs to a finite computable set, the proof of Theorem 1.7
is complete. O

Remark 6.7. As shown by the proof, the conditions on the singularities are explicit
in terms of their ratios which are roots of unity.

Proof of Proposition 6.6. The singularities of the function are (3 ++/—7)7!,1, and
1/4, and hence no two distinct of them have a ratio which is a root of unity. (Indeed,
3+ /=7 = 4exp(if) for a real number @ such that /7 is irrational, as is easy to
see.)

So, by the proof of Theorem 1.7, the Skolem method cannot be applied except
possibly for the primes p which are not of good reduction for f(zx).

Now, every odd prime p is of good reduction, since the minimal equation for the
reduction of f(z) over F,(x) has degree 2, so only the prime p = 2 remains.

Further, if 2 would not be of good reduction, then f(z) would lie in m, and
the same would happen for /1 — 4z. Hence we could write 42 = 1 — F2(x) for some

F e a(x\), so F(z) = 142G (z) for some G € C/g(x\), satisfying G2?(x) —G(z)—x = 0.
This G would satisfy |G|g < 1 for the Gauss norm, and now it suffices to observe
that there are no rational function solutions modulo 2. O

7. APPENDIX

As mentioned in the introduction, in this short appendix we want to sketch an ad
hoc argument to improve on the general bound N€¢ of Theorem 1.2, for the number
of zeros in [0, N] of the special sequence of Example 1.1, namely the sequence

ay = (?) +B+V=-T)"+B-V=-7"+Q(n),
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where @ is a nonzero 2 polynomial with integer coefficients. As noted above, the

generating function Y > a,z™ equals the algebraic function \/11_ =+ 1762;?1‘763:2 +

R(z), where R is a rational function with denominator a power of 1 — z.
We contend that the following holds:

Claim: For any fixed € > 0, the number of positive integers n < N such that a, =0
is < log*c N.

For a proof of the Claim, in the sequel we put b4 := 3 &+ +/—7; we have b_ = b,
and |by| = 4.

We note that b, ,b_ are algebraic integers, actually divisible by 2 in the ring of
integers O of Q(v/—7), whereas gcd(by /2,b_/2) = 1 in that ring: in fact by /2 are
the two roots of the equation 22 — 3z 4+ 4 = 0. In particular, they are not units, but
they divide 4 in O; this also implies that (b_/2)™ — (b4/2)™ is coprime with 2 for
every integer m > 0.

Let n1 < mo < ng be three large positive solutions of the equation a, = 0. Let
us also suppose that n3 < (1 + d)n1, where 6 > 0 is a sufficiently small positive
constant, to be chosen below.

We define A := +/—7D, where D is the determinant of the 3 x 3-matrix with rows
(B 072, 6), (6,572, B7), (Q(n1), Q(na), Q(na).

Note that D is an algebraic integer and that complex conjugation switches the
first two rows, so sends D into —D; hence A is invariant by conjugation and is an
algebraic integer in O, so A in fact is an integer in Z.2!

Also, we see that D is divisible in O by (b;b_)™ = 16™. Hence A is an integer
divisible by 16"1.

Using the very definition of a,, and that a,, = 0 for i = 1,2, 3, we see by evident
row operations that the third row of D may be replaced by —((2:11), (2;;2), (2:33))
without changing D.

Now, (277) is divisible by the product of prime numbers in the interval (n,2n),
and therefore, since n1 < nz <mng < (1+9)n1, the ged;_; 55 (2;;’) is divisible by the
product P of primes in the interval [(1 4 d)n,2n,]. Hence the same holds for A.

Combining this with the former divisibility, we see that A is divisible by 16™! P.

Therefore, either A =0, or |A| > 16™ P.

On the other hand, looking at the original third row in the definition of D and
A, we readily see that |A| < n{16™, where d = deg Q.

Concerning the product P, by Chebyshev estimates we have P > o™, for a
suitable absolute constant « > 1, independent of § > 0 if this last number is small
enough.??

Now, by the former remarks, either A = D = 0 or we have P < 16~ "!|A|, hence
a™ < P < nf16mm < nd16°m.

In the second case, on choosing § so small that @ > 16%, we obtain that n; is
bounded, hence the set of these triples of solutions is finite.

201 Q = 0, then a, = 0 implies that (™) is divisible by 2", which cannot happen for n > 1, so
an will never vanish.

21We could also limit to consider D in the arguments below.

22By the Prime Number Theorem, not needed here, we could choose a as any number less than

el e,
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In the first case, the condition D = 0 yields a polynomial exponential Diophantine
equation in the variables ni,no,ng. We could then apply well known results, e.g. of
M. LAURENT, or EVERTSE, but it is simpler to argue directly. Putting m; := n;—n;,
the determinantal equation yields
(7.01) (67 = B72)Qns) = (b7 — B7)Q(na) — (B76T? — BHHTS)Q ().

Then, upon dividing throughout by 22, and recalling that (b_/2)™ — (by/2)™ is
coprime to 2 for every integer m > 0, equation (7.0.1) yields that Q(n3) is divisible
by 2™37™2 = 2"7N"2 in (9, hence in Z. This implies in the first place that ng <
ny + O(logns), which would lead to a bound < log? N for the number of zeros,

already better than our general bound. But with a little care we can further improve
on it.

For that, let us write a factorization Q(x) = ¢ [[(xz — p;)® with a nonzero integer
q, integers e; > 0, and distinct p; in a finite extension of Q2, with valuation denoted
v extending the standard one of Qs.

Since v(Q(n3)) > n3—ny we deduce that there exists j so that v(ng—p;) > ng—nao,
or, setting s :=ng —ny > 0, p := p; — na, v(s — p) > s. Then, if for fixed j,ny we
order the integer solutions of this inequality in a sequence 0 < s1 < s9 < ... < S,
we have v(s;11 —s;) > sy for I =1,...,k— 1, hence s;11 > s; + 27 for some fixed
n > 0. In particular, for fixed p;, n1,n2, the number of solutions n3 in the interval
(n2, (14 6)nq] is < log® ny, for every e > 0.2 And in the argument we may choose
ny as the smallest solution in the interval which is > n; (if there are any).

In conclusion, we deduce that for large T, the interval [T, (1 + 6)T] contains at
most < log® T solutions of a,, = 0, and this implies that the number of solutions up
to N is < log'™® N, as claimed.

Remark 7.1. This method, though admitting some obvious variations, is very spe-
cial of the sequence in question, and is very far from applying to general algebraic
functions. For instance, it does not apply to a sequence of the shape ag, + a, + R(n)
with a polynomial R(n), since the crucial divisibility property by ‘many primes’ in
an interval is completely lost.

Still concerning this special sequence, another possible approach to detect its
zeros, mentioned in a footnote above, would be to use that the exact power of 2
dividing (2;) is the number o,, of nonzero 2-adic digits of n. Then if a, = 0 we
easily obtain that 277||Q(n). However at first sight this kind of condition looks
puzzling to exploit without special assumptions on Q(z). For instance, if Q(z) = z,
say, the condition is met for every integer n of the shape n = 25 +2¢2 4. .. 4 2% with
positive integers 0 < k < e < ... < e;. We also note that the counting function of
such integers up to N obviously grows faster than any power of log N and in fact
faster than any power N¢ with ¢ < 1 (for this, choose k near to logy v N).

Still a further different approach might come from Diophantine approximation,
as mentioned above together with the example. However this method too seems
not to lead to a substantial improvement on the general bound, even for the special
sequence into account.

Remark 7.2. We end with a remark on the relation of the present issues to some
simple looking functional equations like

f(@) + f(=2) = cf(2?),

2:)’Ac‘cually, the argument plainly delivers a bound growing more slowly than any iterated loga-
rithm of n;.
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for some non-zero constant c.

Writing f(z) = > o7 ,an2z", this equation yields 2ag, = ca,. Therefore, the
vanishing of one single coefficient a,, n # 0, implies the vanishing of coefficients on
the whole infinite geometric progression n, 2n,4n, . ... Note also that this functional
equation is not incompatible with D-finiteness; actually we have for instance the
solutions f(z) = (1 —2)~! (with ¢ = 2) and f(z) = log(1 — z) (with ¢ = 1); in both
cases no coefficient vanishes.

In particular, a positive solution to RUBEL’s problem mentioned in the introduc-
tion would imply that in every D-finite power series satisfying the above functional
equation either no coefficient vanishes, or else there are vanishing coefficients along a
whole arithmetical progression. Maybe this could be checked directly, but of course
one could widely modify the functional equation and obtain similar deductions,
which look puzzling a priori.

In conclusion, a conjecture regarding finiteness of vanishing seems to be a delicate
issue.

Acknowledgements. We thank IGOR SHPARLINSKY for many discussions, es-
pecially about results in the book [9].
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