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ALGEBRAIC INDEPENDENCE OF G-FUNCTIONS AND
CONGRUENCES “A LA LUCAS”

by

B. Adamczewski, Jason P. Bell & E. Delaygue

Abstract. — We develop a new method for proving algebraic independence of G-functions. Our
approach rests on the following observation: G-functions do not always come with a single linear
differential equation, but also sometimes with an infinite family of linear difference equations
associated with the Frobenius that are obtained by reduction modulo prime ideals. When these
linear difference equations have order one, the coefficients of the G-function satisfy congruences
reminiscent of a classical theorem of Lucas on binomial coefficients. We use this to derive a
Kolchin-like algebraic independence criterion. We show the relevance of this criterion by proving,
using p-adic tools, that many classical families of G-functions turn out to satisfy congruences “a
la Lucas”.
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1. Introduction

This paper is the fourth of a series started by the first two authors [1l, (2, [3] concerning
several number theoretical problems involving linear difference equations, called Mahler’s
equations, as well as underlying structures associated with automata theory. We investigate
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here a class of analytic functions introduced by Siegel [45] in his landmark 1929 paper under
the name of G-functions. Let us recall that f(z) := Y 7 a(n)z" is a G-function if it satisfies
the following conditions. Its coefficients a(n) are algebraic numbers and there exists a positive

real number C' such that for every non-negative integer n:
(i) The moduli of all Galois conjugates of a(n) are at most C™.

(ii) There exists a sequence of positive integers d,, < C™ such that dya,, is an algebraic
integer for all m, 0 < m < n.

(iii) The function f satisfies a linear differential equation with coefficients in Q(z).

Their study leads to a remarkable interplay between number theory, algebraic geometry,
combinatorics, and the study of linear differential equations (see [8}, 25} 34, [49]).

In this paper, we focus on the algebraic relations over C(z) that may or may not exist
between G-functions. In this respect, our main aim is to develop a new method for proving
algebraic independence of such functions. Our first motivation is related to transcendence
theory. A large part of the theory is actually devoted to the study of algebraic relations
over Q between periods. Unfortunately, this essentially remains terra incognita. At least
conjecturally, G-functions may be thought of as their functional counterpart (smooth algebraic
deformations of periods). Understanding algebraic relations among G-functions thus appears
to be a first step in this direction and, first of all, a much more tractable problem. For instance,
a conjecture of Kontsevich [33] (see also [34]) claims that any algebraic relation between
periods can be derived from the three fundamental operations associated with integration:
additivity, change of variables, and Stokes’ formula. It is considered completely out of reach
by specialists, but recently Ayoub [9] proved a functional version of the conjecture (see also
[6]). Despite the depth of this result, it does not help that much in deciding whether given
G-functions are or are not algebraically independent.

A second motivation finds its source in enumerative combinatorics. Indeed, most generating
series that have been studied so far by combinatorists turn out to be G-functions. To some
extent, the nature of a generating series reflects the underlying structure of the objects it
counts (see [11]). By nature, we mean whether the generating series is rational, algebraic, or
D-finite. In the same line, algebraic independence of generating series can be considered as a
reasonable way to measure how distinct families of combinatorial objects may be (un)related.
Though combinatorists have a very long tradition of proving transcendence of generating
functions, it seems that algebraic independence has never been studied so far in this setting.

Our approach rests on the following observation: a G-function often comes with not just a
single linear differential equation, but also sometimes with an infinite family of linear difference
equations obtained by reduction modulo prime ideals. Let us formalize this claim somewhat.
Let K be a number field, f(z) := Y o2 a(n)z" be a G-function in K{z}, and let us denote by
Ok the ring of integers of K. For prime ideals p of Ok such that all coefficients of f belong
to the localization of Ok at p, it makes sense to consider the reduction of f modulo p:

o
fio(2) = 3 (aln) mod p) =" € (O /p)[[2]].

n=0

*. A period is a complex number whose real and imaginary parts are values of absolutely convergent integrals
of rational fractions over domains of R"™ defined by polynomial inequalities with rational coefficients. Most
complex numbers of interest to arithmeticians turn out to be periods.



When p is above the prime p, the residue field Ok /p is a finite field of characteristic p, and
the linear difference equation mentioned above is of the form:

(1.1) ao(2) fip(2) + a1(2) fip (%) + -+ + aa(2) fip (z*") = 0,

where a;(z) belong to (Ok/p)(z). That is, a linear difference equation associated with the
Frobenius endomorphism o), : z = 2P. Note that f|, satisfies an equation of the form ([T if,
and only if, it is algebraic over (Og/p)(2). A theorem of Furstenberg [29] and Deligne [22]
shows that this holds true for all diagonals of multivariate algebraic power series and almost
every prime ideals[™]. Furthermore, classical conjectures of Bombieri and Dwork would imply
that this should also be the case for any globally bounded G-functions (see [15]). Note that
even when a G-function is not globally bounded, but can still be reduced modulo p for infinitely
many prime ideals p, a similar situation may be expected. For instance, the hypergeometric

function
(1/2),(1/2) ]
2 Fy ;2
[ (2/3)
is not globally bounded but satisfies a relation of the form (II]) for all prime numbers con-
gruent to 1 modulo 6 (see Section [8.2]).
A case of specific interest is when f}, satisfies a linear difference equation of order one with
respect to a power of the Frobenius. Then one obtains a simpler equation of the form:

(1.2) fip(2) = a(2) fip ("),

for some positive integer k£ and some rational fraction a(z) in (Og/p)(z). As explained in
Section [3], these equations lead to congruences for the coefficients of f that are reminiscent
to a classical theorem of Lucas [37] on binomial coefficients and the so-called p-Lucas con-
gruences. At first glance, it may seem somewhat miraculous that a G-function could satisfy
such congruences for infinitely many prime ideals. Surprisingly enough, we will show that
this situation occurs remarkably often. For instance, motivated by the search of differential
operators associated with particular families of Calabi-Yau varieties, Almkvist et al. [5] gave
a list of more than 400 differential operators selected as potential candidates. They all have a
unique solution analytic at the origin and it turns out that more than fifty percent of these an-
alytic solutions do satisfy Lucas-type congruences (see the discussion in Section [84]). Another
interesting example is due to Samol and van Straten [43]. Consider a Laurent polynomial

k
A(x) = Zaixai € Zlz¥, ..., z¥),
i=1

where a; € Z% and a; # 0 for i in {1,...,k}. Then the Newton polyhedron of A is the

convex hull of {ay,...,a;} in R% In [43], it is proved that if A(x) is a Laurent polynomial in
Z[xf, . ,xéﬁ] such that the origin is the only interior integral point of the Newton polyhedron

of A, then the sequence of the constant terms of its powers ([A(x)"]o)n>0 has the p-Lucas
property for all primes p. More generally, there is a long tradition (and a corresponding
extensive literature) in proving that some sequences of natural numbers satisfy the p-Lucas
property or some related congruences. Most classical sequences which are known to enjoy the

*. Diagonals of algebraic power series form a distinguished class of G-functions (see for instance [2}, 13}, [14]).



p-Lucas property turn out to be multisums of products of binomial coefficients such as, for
example, the Apéry numbers

20 (F) = 2@ ()

Other classical examples are ratios of factorials such as

(3n)! and (1on)!

n!3 (5n)!(3n)!n!?
However, the known proofs are quite different and strongly depend on the particular forms
of the binomial coefficients and of the number of sums involved in those sequences. We note
that some attempts to obtain more systematic results can be found in [39] and more recently
in [38]. We also refer the reader to [41] for a recent survey, including many references, about
p-Lucas congruences. In Section[f], we provide a way to unify many proofs, as well as to obtain
a lot of new examples. We introduce a family of multivariate hypergeometric series and study
their p-adic properties. Using specializations of these series, we are able to prove in Section [§
that a large variety of classical families of G-functions actually satisfy such congruences. This
includes families of hypergeometric series and generating series associated with multisums of
products of binomial coefficients. This also includes more exotic examples such as

o0 [n/3] n—k
n —k\ /22

n=0 k=0
k=n mod 2

Let fi(2),..., fs(2) be power series such that (I.2)) holds for all elements in an infinite set
S of prime ideals and for rational fractions a(z) whose height is in O(p . In Section [

we prove an algebraic independence criterion, Theorem [A.]], saying that fl( )yo-oy fn(2) are
algebraically dependent over C(z) if, and only if, there exist integers aq,...,as, not all zero,
such that:

[z fs(2)™ € Q2).
Thus if fi(2),..., fn(2) are algebraically dependent, they should satisfy a very special kind
of relation: a Laurent monomial is equal to a rational fraction. This kind of result is usually
attached to the name of Kolchin. At this point, it is often possible to apply asymptotic tech-
niques and analysis of singularities, as described in Section [0}, to easily deduce a contradiction
and finally prove that the functions fi(z),..., fs(z) are algebraically independent over C(z).

Remark 1.1. — Since G-functions do satisfy linear differential equations, differential Galois
theory provides a natural framework to look at these questions. For instance, it leads to
strong results concerning hypergeometric functions [10]. However, the major drawback of this
approach is that things become increasingly tricky when working with differential equations of
higher orders. Given some G-functions f1(z2),..., fs(z), it may be non-trivial to determine the
differential Galois group associated with a differential operator annihilating these functions.
The method developed in this paper follows a totally different road. An important feature is
that, contrary to what would happen using differential Galois theory, we do not have to care
about the derivatives of the functions fi(z), ..., fs(2). It is also worth mentioning that in order

*. See Section [2] for a precise definition of the height of a rational fraction and Section [3] for precise
conditions imposed upon fi(z),..., fs(2).



to apply Theorem [ we do not even need that the functions fi(z),..., fs(z) satisfy linear
differential equations. We only need properties about their reduction modulo prime ideals.
As described in Sections Bl and [l all of this makes perfect sense in the general framework of
a Dedekind domain. However, we only focus in this paper on applications of our method to
G-functions.

The present work was initiated with the following concrete example. Given a positive

integer r, the function
= /2n\"
fr(z) = g <n> 2"

n=0

is a G-function annihilated by the differential operator £, := 6" —4"z(0+1/2)", where § = zd%.
In 1980, Stanley [47] conjectured that the f,’s are transcendental over C(z) unless for r = 1,
in which case we have fi(z) = (v/1 —4z)~!. He also proved the transcendence in the case
where r is even. The conjecture was solved independently by Flajolet [27] and by Sharif and
Woodcock [46] with totally different methods. Incidentally, this result is also a consequence
of work of Beukers and Heckman [10] concerning generalized hypergeometric series. Let us
briefly describe these different proofs. We assume in the sequel that r > 1.

(i) The proof of Flajolet is based on asymptotics. Indeed, it is known that for an algebraic
function f(z) =3 .7 a(n)z" € Q{z}, one has:

a™n?

_ yn n, t
o) = T3 ;C’wz +, 9.,

where s € Q \ Z<p, t < s, a is an algebraic number and the C;’s and w;’s are algebraic
with |w;| = 1. On the other hand, Stirling formula leads to the following asymptotics

an\" 9(2n+1/2)r
< n > n:oo (27771)7’/2 .
A simple comparison between these two asymptotics shows that f, cannot be algebraic

when 7 is even, as already observed by Stanley in [47]. Flajolet [27] shows that it also
leads to the same conclusion for odd r, but then it requires the transcendence of 7.

(ii) The proof of Sharif and Woodcock is based on the Lucas theorem previously mentioned.
Indeed, Lucas’ theorem on binomial coefficients implies that

o) = (1) () o

for all prime numbers p, all non-negative integers n and all m, 0 < m < p—1. This leads
to the algebraic equation:

fr|p(z) = Ap(z)fr\p(z)p

where A,(z) = Zfl;%] ((27?) mod p)z". In [46], Sharif and Woodcock prove that the
degree of algebraicity of f,, cannot remains bounded when p runs along the primes,
which ensures the transcendence of f,.

(iii) The proof based on the work of Beukers and Heckman used the fact that

fr(2) = r41Fr (1/227 . 751/2) 2%

g ey



is a hypergeometric function. Then it is easy to see that §, fails the beautiful interlacing
criterion proved in [I0]. In consequence, the differential Galois groups associated with
the f,’s are all infinite and these functions are thus transcendental.

Though there are three different ways to obtain the transcendence of f,, not much was
apparently known about their algebraic independence. Roughly, our approach can be summed
up by saying that (ii) + (i) leads to algebraic independence in a rather straightforward manner,
while (iii) would be the more usual method. In this line, we will complete in Section [@ the
result of [2], proving that the functions f, are all algebraically independent.

To give a flavor of the kind of results we can obtain, we just add the following two examples.
They correspond respectively to Theorems and proved in the sequel. The first one
concerns several families of generating series associated with Apéry numbers, Franel numbers,
and some of their generalizations. The second one involves a mix of hypergeometric series
and generating series associated with factorial ratios and Apery numbers.

Proposition 1.2. — Let F be the set formed by the union of the three following sets:

SEE) e G EE )
SEECE) =

Then all elements of F are algebraically independent over C(z).

and

Observe that the restriction made on the parameter r in each case is optimal since the

functions
00 n n n 1 o) n n 9 L .
r;(J(kZ:o<k>>z 122 nzzo<kzzo<k>>z _ﬁ

Ooo ( (&) uk)) R = ra

n=
are all algebraic over Q(z).

and

Proposition 1.3. — The functions

L S (s (Y Y s (612,
/) '_n;(zn)!n@ 9l )'_n;(“ (k) ( k > ) I )'_;} (2/3)nn!
and

. (/5w
i(2) ::Z%mz

n—=

are algebraically independent over C(z).



2. Notation

Let us introduce some notation that will be used throughout this paper. Let d be a

positive integer. Given d-tuples of real numbers m = (mq,...,my) and n = (ny,...,ng), we
set m+n:=(my+ny,...,mg+ng) and m-n :=mnj + - - - + mgng. If moreover A is a real
number, then we set Am := (Amy, ..., Amg). We write m > n if we have my > ny for all k

in {1,...,d}. We also set 0 := (0,...,0) and 1 :=(1,...,1). We let P denote the set of all
prime numbers.

2.0.1. Polynomials.— Given a d-tuple of natural numbers n = (nq,...,n4) and a vector of
indeterminates x = (z1,...,24), we will denote by x® the monomial z7" ---z);*. The (total)
degree of such a monomial is the non-negative integer n; + --- + ng. Given a ring R and
a polynomial P in R[x], we denote by deg P the (total) degree of P, that is the maximum
of the total degrees of the monomials appearing in P with non-zero coefficient. The partial
degree of P with respect to the indeterminate z; is denoted by deg, (P). Given a polynomial
P(Y) in R[x][Y], we define the height of P as the maximum of the total degrees (in x) of its
coefficients.

2.0.2. Algebraic functions.— Let K be a field. We denote by K[[x]] the ring of formal power
series with coefficients in K and associated with the vector of indeterminates x. We denote
by K|[[x]]* the group of units of K[[x]], that is the subset of K[[x]] formed by all power series
with non-zero constant coefficients. We say that a power series

1) = 3 aln)x® € K[x]
neNd
is algebraic if it is algebraic over the field of rational functions K (x), that is, if there exist
polynomials Ay, ..., A, in K[x], not all zero, such that

YA = 0.
=0

Otherwise, f is said to be transcendental. The degree of an algebraic power series f, denoted
by deg f, is defined as the degree of the minimal polynomial of f, or equivalently, as the
minimum of the natural numbers m for which such a relation holds. The (naive) height of f,
denoted by H(f), is then defined as the height of the minimal polynomial of f, or equivalently,
as the minimum of the heights of the non-zero polynomials P(Y) in K[x]|[Y] that vanish at
f. For a rational function f, written as A(x)/B(x) with A and B two coprime polynomials,
then one has H(f) = max(deg A, deg B). Note that we just introduced two different notions:
the degree of a polynomial and the degree of an algebraic function. Since polynomials are
also algebraic functions we have to be careful. For instance, the polynomial 2%y® in K[z, y]
has degree 5 but viewed as an element of K[z, y]] it is an algebraic power series of degree 1.
In the sequel, this should not be a source of confusion.

2.0.8. Algebraic independence.— Let fi,..., f, be in K[[x]]. We say that fi,...,f, are
algebraically dependent if they are algebraically dependent over the field K (x), that is, if there
exists a non-zero polynomial P(Y7,...,Y,) in K[x][Y1,...,Y,] such that P(f1,...,f,) = 0.
This is also equivalent to declaring that the field extension K (x)(fi,..., fn) of K(x) has
transcendence degree less than n. When the degree of such a polynomial P (here, the total
degree with respect to Y1, ...,Y,,) is at most d, then we say that fi, ..., f, satisfy a polynomial
(or an algebraic) relation of degree at most d. When there is no algebraic relation between



them, the power series fi, ..., f, are said to be algebraically independent (over K(x)). A set
or family S of power series is said to be algebraically independent if all finite subsets of S
consist of algebraically independent elements.

2.0.4. Dedekind domains.— We recall here some basic facts about Dedekind domains (see
for instance [44]). Let R be a Dedekind domain; that is, R is Noetherian, integrally closed,
and every non-zero prime ideal of R is a maximal ideal. Let K denote the field of fractions
of R. The localization of R at a maximal ideal p is denoted by R,. Recall here that R, can
be seen as the following subset of K:

R, ={a/b:a€RbeR\p}.

Then R, is a discrete valuation ring and the residue field R, /p is equal to R/p. Furthermore,
any non-zero element of R belongs to at most a finite number of maximal ideals of R. In
other words, given an infinite set S of maximal ideals of R, then one always has (,csp = {0}.
This property implies that any non-zero element of K belongs to R for all but finitely many
maximal ideal p of R. Furthermore, we also have ﬂpe shR, = {0}. For every power series
J(x) = > pene a(n)x™ with coefficients in Ry, we set

fip(x) ==Y (a(n) mod p)x" € (R/p)[[]].
neNd
The power series f), is called the reduction of f modulo p.

3. Lucas-type congruences and two special sets of power series

3.1. The set L£4(R,S). — We define a special set of power series that will play a key role
in this paper.

Definition 3.1. — Let R be a Dedekind domain and K be its field of fractions. Let S be
a set of prime ideals of R. Let d be a positive integer and x = (z1,...,24) be a vector of
indeterminates. We let L4(R,S) denote the set of all power series f(x) in K[[x]] with constant
term equal to 1 and such that for every p in S:

(i) f(x) € Rp[[x]];
(ii) The residue field R/p is finite and has characteristic p;
(ili) There exist a positive integer k and a rational fraction A in K(x) N R,[[x]] satisfying
f(x) = AG)f(x")  mod pRy[[x]);
(iv) H(A) = O(p"), where the constant involved in the Landau notation does not depend
on p.

Remark 3.2. — If f(x) is a formal power series that belongs to L£4(R, S), then the constant
coefficient A(0) of the rational fraction A involved in (iii) must be equal to 1. In particular,
A(x) belongs to the group of units Rp[[x]]*.

Remark 3.3. — Let f(x) be a power series in L4(R,S). Let p be a prime in S such that
f(x) = A(x)f(xpk) mod pRy[[x]] with H(A(x)) < Cp*. Tterating Congruence (iii), we ob-
serve that for all natural numbers m, we also have

f(x) = A(X)A(xpk) e A(xpmk)f(xp(m+l)k) mod pR,[[x]],



with
H(A(X)A(Xp ) . A(Xpm’“)) < Cpk(l +pk +... +pkm)
kp(m-i-l)k -1
pF—1
< 2Cp(m+1)k.

<Cp

Remark 3.4. — In our applications, we will focus on the fundamental case where K is a
number field. In that case, K is the fraction field of its ring of integers R = Ok which is a
Dedekind domain. Furthermore, for every prime ideal p in Ok above a rational prime p, the
residue field O /p is finite of characteristic p. In particular, we will consider the case K = Q.
In that case, we have R = Ok = Z and, for every prime number p, the localization Z,) is
the set of rational numbers whose denominator is not divisible by p. If there is no risk of
confusion, we will simply write £4(S) instead of L4(Z,S) and L(S) instead of £1(Z,S).

As we will see in the sequel, a good way to prove that some power series f belongs to
L1(R,S) is to show that f arises as some specialization of a multivariate power series known
to belong to L4(R,S). In this direction, we give the following useful result.

Proposition 3.5. — Let R be a Dedekind domain with field of fractions K. Let S and S’ be
two sets of prime ideals of R of finite index. Let f be in Lq(R,S) and g in L(R,S’). Then
the following hold.

(i) Let ay,...,aq be non-zero elements of K and ny,...,ng be positive integers. Then
flarz, ... aqgzl?) belongs to Lqy(R,T), where T is the set of primes p in S such that
ai,...,aq belong to Ry.

(ii) If = is an indeterminate, then f(x,x,xs,...,xq) belongs to L4_1(R,S).
(iii) If x and 'y are two vectors of indeterminates, then f(x)-h(y) is in Lgie(R,SNS’).

The proof of Proposition is a straightforward consequence of Definition [B.I] and of
Remark 3.3l

3.2. The set £4(R,S) and p*-Lucas congruences. — As we will see in the sequel, it
often happens that elements of L£4(R,S) satisfy a stronger form of Condition (iii). Typically,
the rational fraction A(x) can just be a polynomial with even further restriction on its degree.
This gives rise to stronger congruences that are of interest in combinatorics, and leads us to
define the following distinguished subset of L4(R, S).

Definition 3.6. — Let us define £4(R, S) as the subset of L4(R,S) formed by the series f(x)
for which Condition (iii) is satisfied for a fixed k (i. e. independent of p) and a polynomial
A(x) € Ry[x] with deg,,(A(x)) < p¥—1for all i in {1,...,d}.

Again, if there is no risk of confusion, we will simply write £4(S) instead of £4(Z,S) and
£(S) instead of £1(Z,S).

Remark 3.7. — Let f(x) € £4(R,S). Let p be a prime ideal in § such that f(x) =
A(X)f(xpk) mod pR,[[x]] where A(x) belongs to Ry,[x| with deg,. (A(x)) < pF — 1 for all
iin {1,...,d}. Iterating Condition (iii), we observe that for all natural numbers m, we also
have

f(x) = A(X)A(xpk) e A(xpmk)f(xp(m+l)k) mod pR,[[x]],



with

k mk

deg,, (A(X)A(Xp ) ---A(xp )) < (pk —-1)(1 +pF 4+ +pkm)
< p(m-‘rl)k _1.

We have the following practical characterization of power series in £4(R,S) in terms of
congruences satisfied by their coefficients.

Definition 3.8. — We say that the family (a(n)),cye with values in K¢ satisfies the p*-
Lucas property with respect to S if for all maximal ideal p in S, (a(n)),ena takes values in
R, and
a(v +mp¥) = a(v)a(m) mod pRy,

for all v in {0,...,p" — 1}% and m in N¢. When S is the set of all maximal ideals of R, then
we say that (a(n)),ena, which takes thus values in R, satisfies the p*-Lucas property. When
k =1, we simply say that (a(n)),ena satisfies the p-Lucas property (or the p-Lucas property
with respect to S).

Proposition 3.9. — A power series f(x) := ) cna a(n)x™ belongs to £4(R,
if there exists a positive integer k such that the family (a(n)),cna satisfies a(
the pF-Lucas property with respect to S.

S) if and only
) =1 and has

We will also say that a power series f(x) := > na a(n)x™ satisfies the pF-Lucas property

with respect to & when the family (a(n)),cna satisfies the pF-Lucas property with respect
to S.

Proof of Proposition[3.9. — Let f(x) := ) cna a(n)x™ belong to £4(R,S). By definition,
there exists a positive integer k such that, for every p in S, one has
k
(3.1) f(x) = A(x)f(x”) mod pRy|[x]],
where A(x) belongs to R,[x] and deg, (A(x)) < p* —1 for all 1 <i < d. Then we can write
Ax) = > bv)x"
0<v<(pF-1)1

and thus

A(X)f(xpk) = Z Z b(v)a(m)xv+mpk.

meNd 0<v<(pF—1)1
The congruence satisfied by f now implies that
(3.2) a(v +mp*) = b(v)a(m) mod pRy,

for all m in N¢ and all 0 < v < (p¥ — 1)1. Choosing m = 0, we obtain that a(v) = b(v)
mod pR, for all 0 < v < (p¥ — 1)1 because a(0) = 1. This shows that the family (a(n)),eya
satisfies the p*-Lucas property with respect to S.

Reciprocally, assume that (a(n)),ena is a family with a(0) = 1 that satisfies the p*-Lucas
property with respect to S. Then setting

A(x) = Z a(v)x¥ € Ry[x]

0<v<(pF—1)1
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and f(x) := >, cna a(n)x®, we immediately obtain that

Jx) = AG)S (x*")  mod pRy[[x]]
which shows that f belongs to £4(R,S). O

Contrary to elements of L4(R,S), those of £4(R,S) satisfy the following two additional
useful properties. Recall that given two power series f(x) := > nea(n)x™ and g(x) =
> nena b(n)x™ with coefficients in an arbitrary ring, one can define the Hadamard product of

f and g by
fog:= Z a(n)b(n)x™

neNd

and the diagonal of f by

A(f) = Za(n,...,n)x”.
n=0

Proposition 3.10. — Let f(x) and g(x) belong to £4(R,S). Then the following hold.
(i) fOg € La(R,S).
(i) A(f) € £1(R,S).

The proof of Proposition [3.10]is straightforward using that the coefficients of f and g satisfy
the pF-Lucas property with respect to S.

4. A criterion for algebraic independence

In this section, we show that any algebraically dependent power series f1, ..., f, that belong
to L4(R,S), for an infinite set of primes S, should in fact satisfy a very special kind of relation:
a Laurent monomial is equal to a rational fraction. This provides a simple and useful algebraic
independence criterion for elements of L4(R,S).

Theorem 4.1. — Let R be a Dedekind domain and fi(x),..., fn(Xx) be power series in
L4(R,S) where S is an infinite set of primes ideals of R of finite index. Let K be the fraction
field of R. Then the power series f1(X),..., fn(X) are algebraically dependent over K(x) if
and only if there exist ay,...,as € Z not all zero, such that

fi(x)® - frn(x)® € K(x).

Remark 4.2. — We actually prove a slightly more precise version of Theorem ATt if
f1(x), ..., fn(x) satisfy a polynomial relation of degree at most d over K(x), then

frx)™ - ()" = Ax),

where |a; + -+ a,| < d, |a;] < dfor 1 <i<n,and A(x) is a rational fraction of height at
most 2C'dn. Here C' denotes the constant involved in the Landau notation of Condition (iv)
in Definition B.11
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4.1. A Kolchin-like proposition. — Statements of the type of Proposition [£3] below
often appear in the study of systems of homogeneous linear differential/difference equations
of order one. They are usually associated with the name of Kolchin who first proved one
version in the differential case. We give here a rather general quantitative version in the case
of difference equations associated with an injective endomorphism. We provide the simple
proof below for the sake of completeness.

Proposition 4.3. — Let A be an integral domain, let o be an injective endomorphism of A,
and let B be a subring of A such that o(B) C B. Let L denote the field of fractions of B.
We also write o for the canonical extension of o to L. Let fy,..., fn be non-zero elements of
A satisfying a non-trivial polynomial relation of degree d with coefficients in L. If there exist
ai,...,an i B such that f; = a;o(f;) for alliin {1,... ,n}, then there exist my,...,my, € Z,
not all zero, and r € L* such that

al™--oaptt = —=.
Furthermore, |my + -+ my| < d and |m;| < d for1 <i<mn.

Proof. — Let P be a polynomial with a minimal number of monomials among the non-zero
polynomials in L[X7, ..., X,] of degree at most d satisfying P(f1,..., fn) = 0. We write

P(Xy,... X)) = Y ot X)X
(il,...,in)EI

in L\ {0}. By assumption, we have

0=0(P(fr,....f)) = > olriy.a)o(f) - o(fa)"

with Tir,oi

n

(31 yeeeyin)EL
(4.1) = > J(ri17,_,7in)M
(i1,..in)ET ap ---an
Let fix ig = (s1,...,8,) in I. We also have
(4.2) o(rig)P(f1,-- -, fn) = 0.

By multiplying (A1) by ri,ai’ - --as and subtracting (£2]), we obtain a new polynomial in
L[Xy,...,X,] of degree less than or equal to d, vanishing at (fi,..., fn), but with a smaller
number of monomials, so this polynomial has to be zero. Since all the f;’s are non-zero, the
cardinality of [ is at least equal to 2. It follows that there exists iy = (t1,...,t,) in I, i1 # o,
such that

Tigo (i, )ai' ™t ... ay = 0 (i), »
which leads to
s1—t1 Sn—tn __ U(Tio)ril
aj Sy = 0=,
7nioo'(rh)
Hence it suffices to take m; = s; — t; and r = 1y, /7, . Furthermore, since P has total degree
at most d, we have |mq + -+ +my,| < d and |m;| <d, for 1 <i <n. O
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4.2. Reduction modulo prime ideals. — We can now proceed with the proof of Theo-
rem [Tl We first recall the following simple lemma.

Lemma 4.4. — Let R be a Dedekind domain, K its field of fractions and f1,..., fn power
series in K[[x]]. Let S denote an infinite set of prime ideals of R such that fi,..., fn belong
to Ryp[[x]] for every p in S. If fijp, ..., fu)p are linearly dependent over R/p for all ideals p in
S, then f1,..., fn are linearly dependent over K.

Proof. — Let a;(n) denote the n-th coefficient of the power series f;. Let us consider

al(()) al(l) a1(2)
GQ(O) ag(l) a2(2)

an.(()) an.(l) an.(2)

the n x oo matrix whose coefficient in position (4, j) is a;(j — 1). By assumption, fyp,..., fulp
are linearly dependent over R/p for all p in S. This implies that, for such a prime ideal, every
n X n minor has determinant that vanishes modulo p. In other words, every n X n minor has
determinant that belongs to pR,. Since R is a Dedekind domain, a non-zero element in K
belongs to only finitely many ideals pR,. Since S is infinite, we obtain that all n x n minors
are actually equal to zero in K. This means that the set of all column vectors of our matrix
generate a vector space F of dimension less than n. Hence there is a non-zero linear form
on K™ which vanishes on E and we obtain a non-zero vector (by,...,b,) in K™ such that
Sy bifi =0. Thus f1,..., f, are linearly dependent over K. O

We can now complete the proof of Theorem [Tl

Proof of Theorem [{.1 — Let fi(x),..., fn(x) in L4(R,S) be algebraically dependent over
K(x). Let Q(x,91,...,yn) be a non-zero polynomial in R[x][y1,...,ys] of total degree at
most d in y, ..., y, such that

Q(X7 fl(x)7' e 7fn(x)) = 0.

With all p in S, we associate a prime number p such that the residue field R/p is a finite field
of characteristic p. Let d, be the degree of the field extension R/p over F),. By Definition B.1]
for all 7 in {1,...,n}, there exists a positive real number C; such that, for all p in S, there
are positive integers k; and A;(x) in K (x) N Ry,[[x]] satisfying

fi(%) = A fi () mod pRy[[x],
with H(A;) < C;pFi. We set C := 2max(Cy,...,Cy) and k := lem(dy, k1, ..., k). Hence by
Remark[3.3] for all ¢ in {1,...,n} and all p in S, there exists B;(x) in K (x) N R,[[x]] satisfying
1:6) = Bi(x) i () mod pRy[[x])

with H(B;) < Cp*.

Since @ is non-zero and R is a Dedekind domain, the coefficients of ) belong to at most
finitely many prime ideals p of S. There thus exists an infinite subset &’ of S such that,
for every p in &', Q), is a non-zero polynomial in (R/p)[X][y1,...,¥n] of total degree at most
din y1,...,y, that vanishes at (fi),(x),..., fup(x)). We can thus apply Proposition A3 to
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fifps -5 fspp with A := (R/p)[[x]], B := (R/p)(x) N A, L = (R/p)(x) and o the injective
endomorphism of A defined by

k k
a(9(x)) = g(x") = g(x)"", (9(x) € A4),
where the last equality holds because d,, divides k. Then Proposition 3] implies that there

exist integers my, ..., mg, not all zero, and a non-zero rational fraction r(x) in (R/p)(x) such
that

r(xP
(4.3) Bi)™ - By = ") st

By Remark B.2] the constant coefficient in the left-hand side of (43]) is equal to 1. It thus
follows that the constant coefficient of the power series r is non-zero. We can thus assume
without any loss of generality that the constant coefficient of r is equal to 1. Furthermore,
we have |my + -+ + my,| < d and |m;| < d for 1 < i < n. Note that the rational fractions
B;, r and the integers m; all depend on p. However, since all the m;’s belong to a finite set,
the pigeonhole principle implies the existence of an infinite subset S” of &’ and of integers
t1,...,t, independent of p such that, for all p in §”, we have m; = t; for 1 < i < n. Assume
now that p is a prime ideal in §” and write r(x) = s(x)/t(x) with s(x) and ¢(x) in (R/p)[x]
and coprime. Since H(B;) < Cp*, the degrees of s(x) and ¢(x) are bounded by

pk

pF—1

C(tx] + -+ + [ta]) < 2Cdn.

Set
h(x) = fi(x)™" - fa(x) 7" € K[[x]].

Then, for every p in S”, we obtain that

hip () = L ()™ fugp ()T mod py[[x]]
= fip(x) ™" fupp(x) T B1(x)" - Bu(x)™ mod pRp|[x]]
= h|p(x)r(x)pk_1 mod pR,[[x]].

Since hy, is not zero, we obtain that hha(x)f”k*1 = r(x)pk*1 and there is a in a suitable

algebraic extension of R/p such that hy,(x) = ar(x). But, the constant coefficients of both
hj, and r are equal to 1, and hence hj,(x) = 7(x). Thus, for infinitely many prime ideals p,
the reductions modulo p of the power series z]"h(x) and z]*, 1 < i < d, 0 < m < 2Cdn, are
linearly independent over R/p. Since R is a Dedekind domain, Lemma [£.4] implies that these
power series are linearly dependent over K, which means that h(x) belong to K(x). This
ends the proof. O

5. Algebraic functions in £L4(R,S) and £4(R,S)

The aim of this section is to describe which power series among L4(R,S) and £4(R,S) are
algebraic over K (x). Here, we keep the notation of Section Bl we fix a Dedekind domain R and
K still denotes the fraction field of R. For every prime ideal p of R of finite index, we write d,,
for the degree of the field extension R/p over F),. As a consequence of Theorem AT}, we deduce
the following generalization of the main result of [4]. In their Theorem 1, Allouche, Gouyou-
Beauchamps and Skordev [4] characterize the algebraic power series of one variable with
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rational coefficients that have the p-Lucas property with respect to primes in an arithmetic
progression of the form 1 4 sN.

Proposition 5.1. — Let f(x) be in L4(R,S) for an infinite set S. Assume that f(x) is
algebraic over K(x) of degree less than or equal to k. Then there exists a rational fraction
r(x) in K(x), with 7(0) = 1, and a positive integer a < k such that f(x) = r(x)"/®.

Reciprocally, if f(x) = r(x)"* where r(x) is in K(x), with r(0) = 1, and a is a positive
integer, then f(x) belongs to Lq(R,S) where S is the set of all prime ideals p of R such that
r(x) € Ry(x) and R/p is a finite field of characteristic in 1+ aN.

Proof of Proposition[5.1l — Let us first assume that there is an infinite set S such that f
belongs to L4(R,S) and is algebraic. We can apply Theorem [A.1] in the case of a single
function. We obtain that there exists a positive integer a < k and a rational fraction r(x) in
K (x) such that f(x)® =r(x), and 7(0) = 1 as expected.

Conversely, assume that there is a positive integer a < s such that f(x) = r(x)/* with
r(x) in K(x) and 7(0) = 1. Of course, f is algebraic over K (x) with degree at most . Let
p be a prime ideal of R such that r(x) € Ry(x) and R/p is a finite field of characteristic p in
1 + aN. Note that there exists a natural number b such that p = 1 + ab, and thus we have
f(x)PL = f(x)® = r(x). This gives f(x) = r(x)"?f(x)P and thus

F(x) = () bIEPE T ()
It follows that .,
f(x) = Ax)f(x"") mod pR,[[x]],

with A(x) in K (x) N Ry[[x]] and H(A) < 2bp%~1H(r) < 2H(r)p%. This shows that f and p
satisfy Conditions (i)—(iv) in Definition Bl as expected. O

We also have the following similar characterization of algebraic formal power series in

L4(R,S).

Proposition 5.2. — Let f(x) be in £4(R,S) for an infinite set S. Assume that f(x) is
algebraic over K(x) of degree less than or equal to k. Then there exists a polynomial P(x)
in K[x], with P(0) = 1, and a positive integer a < k such that f(x) = P(x)~'/ with
deg, (P(x)) <a for alliin {1,...,d}.

Reciprocally, if f(x) = P(x)™'/® where P(x) is in K[x], with P(0) = 1, and a is a positive
integer such that deg, (P(x)) < a for all i in {1,...,d}, then for every prime ideal p in R
such that P(x) is in Ry[x] and R/p is a finite field of characteristic p in 1+aN, f(x) satisfies
the pdp -Lucas property.

Proof. — Let us first assume that there is an infinite set S such that f belongs to £4(R,S)
and is algebraic. By Proposition [5.1], there are a positive integer a < x and a rational fraction
r(x) in K(x), with (0) = 1, such that f(x) = r(x)/%. We write r(x) = s(x)/t(x) with
s(x) coprime to t(x) and s(0) = t(0) = 1. Since the resultant of s(x) and #(x) is a non-zero
element of K, there exists an infinite subset S’ of S such that s,(x) and ¢|,(x) are coprime and
non-zero for all prime ideals p in S’. We fix p in S’ and we let p be the characteristic of R/p.
By assumption, there exist a positive integer k and A(x) in Rp[x], with deg,,(A) < p* —1 for
all 7 in {1,...,d}, such that

F(x) = AX) f(x")  mod pRy[[x]].
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By Remark 3.7, we can assume that d, divides k. This yields
FeP T = A)T mod pRy|[x]]
and
k

(5.1) t(x)P 1= s(x)pkflA(x)a mod pR,[[x]] .

Since t|,(x) is coprime to s|,(x) and s(0) = 1, we deduce that s),(x) = 1. Since &’ is infinite,
we obtain s(x) = 1, as expected. Finally, we have deg, (t) < a for all 7 in {1,...,d}. Indeed,
Congruence (5.1 implies that deg,, (t,) < a for all i in {1,...,d} and all p in &'

Conversely, assume that f(x) = P(x)~Y/% where P(x) is in K[x], with P(0) = 1, and a is
a positive integer such that deg, (P(x)) < a for all i in {1,...,d}. Let p be a prime ideal in
R such that P(x) is in R,[x] and R/p is a finite field of characteristic p in 14 aN. Following
the proof of Proposition (.1, we obtain that

F() = P P f ()
where b satisfies p = 1 + ab. It follows that
d
flx) = A)f(xP")  mod pRy[[x]],
with A(x) in Ry[x] and deg,, A(x) < p® — 1 as expected. O

dp
)

Remark 5.3. — With these first principles in hand, one can already deduce non-trivial
results. As a direct consequence of Proposition with R = Z, we get that the bivariate

power series m satisfies the p-Lucas property for all prime numbers p, which is equivalent

to Lucas’ theorem since we have

1 n n k
—_— = "yt .
1—z(1+y) n;(] <k>

Using Proposition B0 and Proposition 5.2 we also obtain that given any polynomial P(x)
in Q[x| with P(0) = 1, then we have

A (ﬁ) € £(8),

for every positive integer a > max{deg, (P(x)) : 1 <i <d} and
S={peP:p=1 modaand P(x) € Zg)x]}.

This has interesting consequences. Choosing for instance P(x1,...,z4) =1 — (1 + -+ + x4)
and a = 1, we deduce from Proposition B.I0] that for every positive integer t the power
series o7 (nj"n)tx" satisfies the p-Lucas property for all prime numbers p. Choosing
P(x1,x9,23,24) = (1 — 21 — x2)(1 — 23 — x4) — z1222374 and a = 1, we recover a classical
result of Gessel [30]: the sequence of Apréry numbers

i n\?(n+k\?
k k
k=0 n>0
satisfies the p-Lucas property for all prime numbers p.

*. The fact that the diagonal of 1/P is the generating series of the Apéry numbers can be found in [48].

16



6. From asymptotics and singularity analysis to algebraic independence

In this section, we emphasize the relevance of Theorem [4.]] for proving algebraic indepen-
dence by using complex analysis. We fix a Dedekind domain R C C and an infinite set
S of prime ideals of R of finite index. We still write K for the fraction field of R. Let
fi(x),..., fn(x) be power series in L4(R,S) algebraically dependent over C(x). By Proposi-
tion below, those power series are algebraically dependent over K (x). Then Theorem [£.T]
yields integers aq, ..., a,, not all zero, and a rational fraction r(x) in K (x) such that

(6.1) ST fa(x) =r(x).

We will describe in this section some basic principles that allow to reach a contradiction
with (€I and that thus lead to the algebraic independence of the f;’s. The key feature
when dealing with one-variable complex functions is that one can derive a lot of information
from the study of their singularities and asymptotics for their coefficients. It is well-known
that asymptotics of coefficients of analytic functions and analysis of their singularities are
intimately related and there are strong transference theorems that allow to go from one to
the other viewpoint. This connection is for instance described in great detail in the book of
Flajolet and Sedgewick [28].

Remark 6.1. — If the multivariate functions fi(x),..., fn(x) in L4(R,S) are algebraically
dependent over K (x), then the univariate power series f;(A1z™, ..., Agz"™), 1 <i < n, where
Ai € C* and n; > 1, are algebraically dependent over K (z). We thus stress that the principles
described in this section could also be used to prove the algebraic independence of multivariate
functions.

As announced above, we have the following result.

Proposition 6.2. — Let K be a subfield of C and f1(x),..., fn(x) be power series in K (x)
algebraically dependent over C(x). Then those power series are algebraically dependent over
K(x).

Proof. — Let P(Y1,...,Y,) be a non-zero polynomial with coefficients in C[x] such that
P(fi(x),..., fn(x)) = 0. Let wi(x),...,w,(x) be the coefficients of P. Since the w;’s
are polynomials, their coefficients span a finitely generated field extension of K, say L =
K(ty,...,ts, ) where t1,...,ts are complex numbers algebraically independent over K and
¢ is a complex number algebraic over K (t1,...,ts) of degree h. Let m be the maximum of
the partial degrees of the w;’s. By multiplying P by a suitable polynomial in Klt,...,ts],
we may assume that

h—1
wi(x) = Z Z Z )\i(j,k,f)tjgpz xK,

0<k<ml \ £=0jeJy ¢

where the sets Ji ¢ are finite and the coefficients A;(j, k, £) belong to K and are not all zero.
Hence there are pairwise distinct ay, ..., a, in N” such that

h—1 r

(6.2) DT> D MGk O (x)* | ¢ =0,

=0 \ i=1 0<k<ml jeJi s
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where f(x) denotes (f1(x),..., fn(x)). By expanding the left-hand side of (6.2]), we obtain a
power series in x whose coeflicients are polynomial of degree at most A—1 in ¢ with coefficients
in K(t1,...,ts). Hence the latter coefficients are zero and, for every ¢, we have

(6.3) >y <Zr:>\i(j,k,€)xkf(x)ai> th = 0.

ngﬁmljeJk’g i=1
Since the variables z1,...,z4 are algebraically independent over C, the complex numbers
t1,...,ts are still algebraically independent over K (x) and Equation (€.3]) yields a non-trivial
polynomial relation over K (x) for the f;’s. O

6.1. General principle. — We write £(R,S) for £1(R,S) and we let C{z} denote the set
of complex functions that are analytic at the origin. For such a function f(z), we denote by
py its radius of convergence. We recall that when p; is finite, f must have a singularity on
the circle |z| = py.

Definition 6.3. — Let 20 denote the set of all analytic functions f(z) in C{z} whose radius
of convergence is finite and for which there exists z € C, |z| = py, such that no positive integer
power of f admits a meromorphic continuation to a neighborhood of z.

Proposition 6.4. — Let f1(z),..., fn(z) be functions that belong to E(R,S) N QIT for an
infinite set S, and such that py,,...,py, are pairwise distinct. Then fi(2),..., fn(2) are
algebraically independent over C(z).

Proof. — Let us assume by contradiction that fi,..., f, are algebraically dependent over
C(z). By Proposition [6.2] they are algebraically dependent over K(z). Since the f;’s belong
to L(R,S), we can first apply Theorem [£Il We obtain that there exist integers aq, ..., an,,
not all zero, and a rational fraction r(z) in K (x) such that

(6.4) S1(2)" - fu(2)™ =1 (2).

Thereby, it suffices to prove that (6.4]) leads to a contradiction. We can assume without loss
of generality that p; < --- < py,. Let j be the smallest index for which a; # 0. We obtain
that

(65) Fi(2)% = T2 i () )

We can assume that a; is positive since otherwise we could write

[i(2)7% = r(2) " fja(2) 04 ful2)™
By assumption, the function f;(z) belongs to 20 and has thus a singularity at a point zyp € C
with |z9] = p #; and such that fjaj has no meromorphic continuation to a neighborhood of z.

But the right-hand side is clearly meromorphic in a neighborhood of z;. Hence we have a
contradiction. This ends the proof. O

Remark 6.5. — The set 20 contains all functions f(z) in C{z} with a finite radius of con-
vergence and whose coefficients a(n) satisfy:
n

a(n) € R>p and a(n)=0 <£> )
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Indeed, for such a function there exist positive constants C; and Cs such that, for all z in C
satisfying & < |z| < py, we have

£ (2)l

IN

o+ 015 el
n=1

—C2 log (1 - M) .
Pf

By Pringsheim’s theorem, f has a singularity at py. If f is not in 20, then there exists a
positive integer 7 such that f” is meromorphic at p;. On the other hand, the inequality above
shows that f" cannot have a pole at py. Thus f" is analytic at py and f"(z) has a limit as z
tends to py. But if this limit is non-zero, then f would be also analytic at py, a contradiction.
It follows that

IN

lim f(z) =0,

Z=pf
but this is impossible because the coefficients of f are non-negative (and not all zero since py
is finite). Hence f(z) belongs to 20.

Here is a first example illustrating the relevance of Proposition

Theorem 6.6. — Set
F = {fr(z) ::Z<2:> 2" 7“22}.

n=0
Then all elements of F are algebraically independent over C(z).

In [2], the first two authors proved that all functions f,.(z), r > 4, are algebraically inde-
pendent. Note that Theorem [6.6]is optimal since fi(z) = 1/4/1 — 4z is an algebraic function.

Proof. — Let r > 2 be an integer. We first observe, as a direct consequence of Lucas’ theorem,
that the functions f, all satisfy the p-Lucas property for all primes. Hence f, belongs to £(P).
Using Stirling formula, we also get that

an\" 9(2n+1/2)r
<n> n—)Noo (271'71)7’/2 .

This shows that p;, = 272". By Remark 6.5, it follows that f.(z) € 20 since r > 2 implies

that
—n
9(2n+1/2)r 0 pfr ‘
(27n)r/? n
The result then follows from a direct application of Proposition O

In Proposition and the application above, we use the fact that the radius of convergence
of the involved functions are all distinct. We observe below that this condition is not necessary
to apply our method.

Proposition 6.7. — Let fi1(z) and fa(z) be two transcendental functions in L(R,S) with
same finite positive radius of convergence p. Assume that fi and fo have a singularity at a
point zg € C, with |z9| = p, such that the following hold.

(i) There is no (C,a) in C* x Q such that fi(tzo) e C(t—1)~.
—
te(0,1)
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(11) lim fQ(tZ()) =1leC".
t—1
te(0,1)

Then f1(z) and fa(z) are algebraically independent over C(z).

Proof. — Let us assume that f; and f, are algebraically dependent over C(z) and hence over
K (z) by Proposition[6:2l Since fi(z) and f2(z) belong to £1(R,S), we can apply Theorem E.T]
We obtain that there exist aj,ay € Z, not both equal to 0, and a rational function r(z) such
that

(6.6) f1(z)" fa(2)* = 1(2).

Thereby, it suffices to prove that (6.6]) leads to a contradiction. Note that since f; and fo
are transcendental, we have ajas # 0. Without loss of generality we can assume that a; > 1.
Hence, we have

filtzo) ~  r(tzg)/ureme2/a
t—1
te(0,1)
which contradicts Assertion (¢). This ends the proof. O
Let us give a first example of application of Proposition

Theorem 6.8. — The functions

o0

7(471)! Z"  an " 2"
> et a3 (3(3))

n—=

are algebraically independent over Q(z).

Proof. — Using Stirling formula, we obtain that
(4n)! 20n

6.7 —~
(6.7) (2n)In!? nSoo ]
while a result of McIntosh [40] (stated in the proof of Theorem [0.8) gives that
n 6 6n
n 2
6.8 ~ =
o ,;) (k‘) n—oo  /6(mn/2)5

By Flajolet’s asymptotic for algebraic functions (see [26]), we know that if a power series
Yo a(n)z™ in Q[[z]] is algebraic over Q(z), then we have

a(n)nﬁoors%_l ZC%,

where s € Q \ Z<p and «, the C;’s and the w;’s are algebralc numbers. Since I'(—3/2) is a
rational multiple of \/7 and 7 is a transcendental number, we obtain that

N~ () (- () e
fi(z) == %WZ and  fa(z) := Z <kzzo <l<:> ) z

n=0

are both transcendental over Q(z). It follows that f; and fy have the same radius of conver-
gence p = (1/2)%. Furthermore, (6.7) shows that f; does satisfy Assumption (i) of Proposi-
tion Indeed, (6.7 shows that fi has a logarithmic singularity at p which is not compatible
with an asymptotic of the form C(z — p)®. On the other hand, (6.8]) shows that fo satisfies
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Assumption (ii) of Proposition As we will prove in Section 8, f; and fs both belong to

£(P), we can apply Proposition to conclude. O
6.2. Singularities of G-functions and asymptotics of their coefficients. — We are

mainly interested in G-functions so we will focus on elements in sets of the form £1(Ok,S)
(also denoted by L(Og,S)), where Ok is the ring of integers of a number field K assumed
to be embedded in C. In this case, it is well-known that K is the fraction field of Ok which
is a Dedekind domain. In this section, we briefly recall some background about the kind of
singularities a G-function may have. As we will see, those are subject to severe restrictions.
In particular, this explains why the same kind of asymptotics always come up when studying
the coefficients of G-functions.

Let f be a G-function and £ be a non-zero differential operator in Q[z,d/dz] of minimal
order such that £ - f(z) = 0. Then it is known that £ is a Fuchsian operator, that is
all its singularities are regular. Furthermore, its exponents at each singularity are rational
numbers. This follows from results of Chudnovsky [16], Katz [32], and André [7] (see [8]
for a discussion). In particular, these results have the following consequence. Let p be a
singularity of £ at finite distance and consider a closed half-line A starting at p and ending at
infinity. Then there is a simply connected open set U D {0, p} such that f admits an analytic
continuation to V := U \ A (again denoted f) which is annihilated by £. In a neighborhood
W of p in V, there exist rational numbers A1, ..., As, natural integers k1, ..., ks and functions
fik(2) in C{z — p} such that

s ki
(6.9) F(2) =" (2= p) " log(z — p)* fin(2),
i=1 k=0

and where \; — \; € Z implies that \; = \;. By grouping terms with A; = A;, we may assume
that if A\; — \; is an integer, then i = j.

The following result shows that a G-function that does not belong to the set 20 should have
a decomposition of a very restricted form on its circle of convergence. Roughly speaking, this
means that transcendental G-functions usually tend to belong to 27.

Proposition 6.9. — Let f be a G-function and let p be a singularity of f. Then there is a
positive integer m such that f™ has an analytic continuation to a neighborhood of p which is
meromorphic at p if, and only if, in any decomposition of the form (6.9), we have s =1 and

k1 =0, that is f(2) = (z — p)*g(2) for z € W, where A € Q and g(z) € C{z — p}.

Proof. — Let f be a G-function, p be a singularity of f, and let us fix a decomposition for f
of the form (6.9). Assume that there is a positive integer m such that f™ has a meromorphic
continuation h to a neighborhood V, of p. Let (4,k) be a pair such that

(6.10) Ai +ord,fir =min{\; +ord,fj, | 1 <j<s,0<0< Kk}

Observe that i is unique because, if \; +ord, f; » = A; +ord,f; ¢, then A\; — ); is an integer so
that by assumption ¢ = j. Let x be the greatest ¢ € {0,...,k;} such that

i + ordpfi,g =\ + ordpfi,k .

For z in W we set

w(z) = f(2)" = (2 = p)"™ log(z — p)™ fin(2)™.
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Hence, as z tends to p in W, we have

w(z)
(z = p)mdilog(z — p)™* fi e (2)™

— 0,

so that
fx)m
(z = p)mAilog(z — p)™" fi n(2)™
which shows that Kk = 0 and \; € %Z. In particular, this shows that the pair (4, k) is uniquely
defined by (6.I0) and that w(z) admits a meromorphic continuation to a neighborhood of p.

— 1,

We finish the proof by contradiction while assuming that s > 2 or ky > 1. Hence, there is
a pair (¢, k") which minimizes Ay 4 ord,, fi x» while satisfying

(6.11) Ai +ord, fio < Aiy +ord, fir i
Again, one can show that i’ is unique. Let ' be the greatest £ € {0, ..., ky} such that
Air +ord, fir ¢ = Ay + ord, fir g
For z in W we set
0(2) = w(z) — (= — P DN Tog(z — o) fio(2)™ i ().
Hence, as z tends to p in W, we have

v(z)
(z = p)tm= DAt Tog (2 — p)¥ fio(2)™ L fir e (2)

— 0,

so that
w(z)
(z — p)(m—l))\i—l—)\i/ log(z _ p)li’fi,o(z)mflfi,ﬁ,(z)
Since w(z) has a meromorphic continuation to a neighborhood of p, this shows that & = 0
and (m — 1)\, + Ay € Z. We have m\; € Z so \; — Ay is an integer and ¢ = /. Thus
(i',K") = (i,0) which contradicts (6.II]). This ends the proof. O

— 1.

6.3. G-functions with integer coefficients. — In this section we focus on G-functions
with integer coefficients. We first introduce the following set of analytic functions.

Definition 6.10. — Let & denote the set of all analytic functions f(z) in C{z} satisfying
the following conditions.

(i) f(z) satisfies a non-trivial linear differential equation with coefficients in Q[z].

(ii) f(z) belongs to Z[[z]].

We observe that elements of & are G-functions. The transcendental elements of & have
specific singularities.

Proposition 6.11. — FEvery transcendental f in & has a singularity 8 € C with |5] < 1
such that no non-zero power of f admits a meromorphic continuation at 3.
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Proof. — Let argue by contradiction. Let f be an element of & such that, for every complex
numbers S with |5]| < 1, there is a positive integer n = n(/3) such that f™ admits a meromor-
phic continuation at 8. Since f is a G-function, it has only finitely many singularities and
they all are at algebraic points. It implies that there exists a polynomial P(z) in Z[z] and a
positive integer N such that g(z) := P(z)f(z)" is holomorphic in the open unit disk. Hence
g is a power series with integer coefficients such that p, > 1. By the Polya-Carlson theorem,
g is either a rational fraction or admits the unit circle as a natural boundary. Since g has only
finitely many singularities, we obtain that ¢ is a rational fraction and f is algebraic, which is
a contradiction. O

We have the following generalization of Theorem concerning algebraic independence of
Hadamard powers of elements of &.

Theorem 6.12. — Let f(z) = 2 a(n)z" be a transcendental function in L(S) NG and
such that

n

a(n) >0 and a(n)=0 <£> .

Then the functions f1:= f,fo:=fO f, fs3:=fOfOf,... are algebraically independent over
C(2).

Proof. — By Proposition 611} the radius of convergence of f(z) satisfies 0 < py < 1. It
follows that all the f,’s have distinct radius of convergence since py, = p%. On the other
hand, Remark implies that each f,. belongs to 20. We can thus apply Proposition to
conclude the proof. O

In all previous applications of Theorem 1] we used some knowledge about asymptotics of
coefficients and /or about the singularities of the functions involved. We give here a general re-
sult that does not require any a priori knowledge of this kind. It applies to any transcendental
element of & which satisfies some Lucas-type congruences.

Proposition 6.13. — Let f(2) be a transcendental function in L(S)N&. Then the following
hold.
(i) Let A1,..., A be non-zero rational numbers with distinct absolute values. Then the
series f(A12),..., f(Anz) are algebraically independent over Q(z).
(i) The family { f(z), f(z*), f(2*),...} is algebraically independent over Q(z).

Proof. — Let us first prove Assertion (i). We first note that, for all but finitely many primes
p in S, the rational numbers Ay, ..., A, belong to Z,). We can thus replace S by an infinite
subset &’ such that this holds for all primes in S’. Set g;(z) := f(\;z) for every i in {1,...,n}.
Taking p in &’ and using that f(z) belongs to £(S), we obtain that there exist a rational

fraction A(z) and a positive integer k such that f(z) = A(z)f(2?") mod PZp|[2]]. This gives:
gi(z) = f(\iz) A()\iz)f(()\iz)pk) mod pZy)[[2]]

A(Ni2) f(Niz"") mod pZ,|[2]]

= A(\i2)g; (zpk) mod pZy, [[2]]-

We thus have that g1(2),...,gn(z) all belong to £(S’). Let us assume by contradiction that
they are algebraically dependent over Q(z). Then Theorem [.1] ensures the existence of
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integers aq, ..., an, not all zero, and of a rational fraction r(z) in Q(z) such that

(6.12) gr(2)™ - gn(2)*" = ().

Without any loss of generality, we can assume that [\j| < --- < |A\,|. Let j be the largest
index for which a; # 0.

Let o denote the infimum of all |3|, where 3 ranges over all complex numbers such that, for
all n > 1, f(2)™ has no meromorphic continuation at 3. By Proposition [6.1T], we have that
0 < a < 1. We pick now a complex number 5 such that, for every positive integer n, f(z)" is
not meromorphic at 5 and such that |(X\;/\;)5| < a for all ¢ < j. Then Equation (6.12) can
be rewritten as

j—1
95(2)% =r(2) [] g:(2) .
i=1

We assume that a; > 0, otherwise we would write g;(2)~% = r(z)~* Hi;ll gi(2)*. Our choice
of B ensures, for every i = 1,...,7 — 1, the existence of a positive integer n; such that g;(z)™
is meromorphic at z = §/);. Taking n := ged(ny,...,n;-1), we obtain that g;(z)"% is

meromorphic at 3/A;. This provides a contradiction since no power of f(z) is meromorphic
at 8. This proves Assertion (7).

A similar argument handles Assertion (ii). In that case, we have to choose j to be the
smallest index for which a; # 0 and /5 to be such that for every positive integer n, f(2)" is
not meromorphic at § and such that| B | < « for all ¢ > j. The rest of the proof remains
unchanged. O

7. A family of multivariate generalized hypergeometric series and their p-adic
properties

In this section, we introduce a family of multivariate generalized hypergeometric series
denoted by Fyv(x) and already mentioned in Section Il Our aim is to deduce from p-adic
properties of their coefficients an efficient condition on the parameters u and v that forces
Fuv(x) to belong to £4(S) for an infinite set of primes S. A key idea is then that classical
examples of sequences with the p-Lucas property arise from specializations of particular mul-
tivariate generalized hypergeometric series. As we will see in Section [, various specializations
of the parameters or of the variables of functions of type Fy, v lead us to prove that interesting
families of G-functions belong to £1(S). This includes generating series associated with facto-
rial ratios, with some sums and products of binomials, and generalized hypergeometric series.
In this direction, we stress that Propositions [7.1], [[.2], and [Z.4] allow to recover most examples
in the literature of sequences known to satisfy p-Lucas congruences. They also provide a lot
of new examples.

Let us give now the definition of our family of multivariate generalized hypergeometric
series. For every tuples u = ((a1,€1),...,(ay,e.)) and v = ((B1,£1),...,(Bs,fs)) of elements
in Q x N9 and every vector n in N¢, we set

(al)el-n ce (ar)er-n

Quv(m) = S T B
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where (z), :=z(x+1)---(x+n—1)if n > 1, and (x)o = 1 denote the Pochhammer symbol.
Then the multivariate power series Fy v(x) is defined by:

— Z Quv(n)x" € Q[[x]].

neNd

We also set

Ha —{ Fav(x) : a4, 6 € QN (0,1] and Zei:Zf]}.
j=1

=1

The class of power series H := Ug>1Hq contains of course the generalized hypergeometric
series, but also the multivariate Apell and Lauricella hypergeometric series.

7.1. Lucas-type congruences for elements of ;. — Our aim is to provide an efficient
condition for Fy v (x) to satisfy the pF-Lucas property for infinitely many primes p. In this
direction, our main result is Proposition However, the statement of this result is a bit
technical and requires some notation. We thus choose to first state it in a particular case, as
Proposition [(.1] that avoids most of these technical aspects.

Our first condition is based on the analytical properties of the following simple step function
defined from R? to Z:

&1(x) ::ZLei-x—oziJ —thj-x—ﬁjj—kr—s.

i—1 j=1

Note that if Fy, v(x) belongs to H4, then the behavior of £ on R? is determined by its values
on [0,1)¢ because we have

&(x) = & ({x}) + (Ze Zf> x| =& ({x})-

Let Dllm, be the semi-algebraic set defined by:
Dlll’V = {x €0, 1)? : e-x > a for some coordinate (a,e) of either u or v}.

Note that outside D}Lv the step function &; trivially vanishes when the «;’s and ;’s belong to
(0,1]. We need a last notation before stating our first result. We let dq g stand for the least
common multiple of the denominators of the rational numbers aq, ..., a., 51,..., 8s, written
in lowest form. Then our first proposition reads as follows.

Proposition 7.1. — Let Fyyy(x) be in Hq and let us assume that £ (x) > 1 for all x in
Dllm,. Then Fyv(x) belongs to £4(S), where

S={peP:p=1 moddag}.

More precisely, Fyyv(x) satisfies the p-Lucas property for all primes p in S.
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Let us illustrate Proposition [Z.I] with the following example. Set u:= ((1,(2,1),(1,(1,1)))
and v = (1, (1,0), (1, (1,0)), (1, (1,0)), (1, (0, 1)), (1, (0, 1))). Then

Fu,v(xa y) _ Z (1)2n+m(1)n+m xnym

W2 DA
B Cn+m)in+m)! , .
B ( Z)éw n!3m!? vy

For all z; and x5 in [0, 1), we have
51(271,562) = L2$1 + x9 — 1J + Lxl + x9 — 1J — 3L$1 — 1J — 2L$2 — 1J -3
= 221 + 22 + |21 + 2] — 3[71] — 2[22]
= |2z1 + z2] + |21 + x2] .

Clearly, we have that Y ;_, e; = 2;21 f;, o and 3 are tuples of elements in (0,1] and do, g = 1.
Furthermore, we have

Dlll’v = {(xl,xg) €[0,1)? : 2z + 29 > 1 or 2y + 29 > 1},

so that & (z1,22) > 1, for all (21,22) in Dy, ,. Hence we infer from Proposition [T that Fy
satisfies the p-Lucas property for all prime numbers p.

We are now going to generalize Proposition [T1] in order to possibly enlarge the set of
primes p for which an element of Hy does satisfy the pF-Lucas property. Towards that goal,
we consider the following generalizations of £ and Dlll,v. For all z € R, we denote by (x) the
unique element in (0, 1] such that z—(x) is an integer. In other words, we have (z) = 1—{1—z},
or equivalently:

1 otherwise.

(@) = {{x} if v ¢ 7,

Let a denote an element of {1,...,dq g} which is coprime to do g. Then we consider the
following step function from R¢ to Z:

s S

Ca(x) = [ei-x—(ac)] =Y |f5 - x—(aBy)| +7—s.

i=1 j=1
Furthermore, we consider the semi-algebraic set
Dyy = {X €[0,1)? : e-x > (aa) for some coordinate (a,e) of either u or v} .

If a belongs to QN (0, 1], then we have («) = «, so that we recover our initial definition of &;
when a = 1. Our generalization of Proposition [[.I] reads as follows.

Proposition 7.2. — Let Fyv(x) be in Hq. Let us assume that there exists a subset A of
{1,...,dag} such that the following hold.

(i) {a mod dug : a € A} is a subgroup of (Z/de, gZ)> .

(ii) For all a in A and all x in D% ,, we have &,(x) > 1.

u,v’

26



Set k := Card A. Then Fyv(x) belongs to £4(S), where
S:={peP :p=a moddag for someac A, andp>dag} .
More precisely, Fyv(x) satisfies the p*-Lucas property for all primes p in S.

Remark 7.3. — Proposition [Tl is simply obtained by taking A = {1}. It is worth men-
tioning that in order to apply Proposition [[.2] one always has to check that & (x) > 1 for x
in Dlll,v. Hence Proposition [7.1] applies too. This explains why Proposition [7.1] is sufficient
for all our applications concerning algebraic independence. Indeed, for using our algebraic
independence criterion, one only needs to work with infinitely many primes, so that we do
not really care about a precise description of the set S.

Let us illustrate Proposition with the following one-variable hypergeometric series. We

set
o

=3 i,
= (2/7)n
For all z in [0,1), we have

&(z)=2[z—1/5] — |z —2/7]+1 and &(z)=2|z—1/5] — |z —5/7]+1
Furthermore, we have

D'=D={z€(0,1) :  >1/5}.

We thus deduce that both &1(z) and () are greater than or equal to 1 for all  in D!. Since
deg = 35 and 62 = 1 mod 35, we can apply Proposition with A = {1} and A = {1,6}.
We thus deduce that for almost all primes p =1 mod 35, F(z) satisfies the p-Lucas property,
while, for almost all primes p =6 mod 35, F(z) satisfies the p>-Lucas property.

In order to transfer the p*-Lucas property from multivariate series of type Fy~v to one-
variable formal power series, we will use the following useful complement to Proposition

Proposition 7.4. — Let Fyv(x) be in Hg. We keep all assumptions and notation of Propo-
sition[7.9. Set

N:={ne N? : Va e A,vx € [0,1)¢ withn-x > 1, one has £,(x) > 1}.
Letn = (nqy,...,nq) be in N and (by,...,bq) be a vector of non-zero rational numbers. Then
Fuv(biz™, ... bgax") belongs to £1(S’), where

S = {pGS : (bl,...,bd)EZ?p)}.

Let us illustrate this result with the example given just after Proposition [Z.I] that is with
the function @ X )
n+m)lin+m
Fav(@wy) = . Bz LY

(n,m)eN?
We consider the specialization given by n = (1,1) and by = by = 1. Then Proposition [7.4]
applies with A = {1} and do g = 1, because we already observed that &;(zq1,22) > 1 for
all (z1,22) in [0,1)? satisfying x1 + 22 > 1. A small computation shows that we obtain yet
another proof of Gessel’s result stating that the Apéry sequence

(S0
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satisfies the p-Lucas property for all primes p.
Applying Proposition [.4] to the same function but with the specialization given by n =
(2,1), by = —1 and by = 2, we get that

oo [ ln/2] \ /m— k\2
2 _ kon—2k - n
Fyv(—2%22) = E E (=1)F2 <k> <n B 2kz> x

n=0 k=0

also satisfies the p-Lucas property for all primes p.

7.2. Proofs of Propositions and [T.4. — We first introduce some p-adic tools that
will be useful for proving these results.

7.2.1. p-adic tools for the study of Quv. — By Definition 3.8 and Proposition B.9] prov-
ing that Fy,v(x) belongs to £4(S) is the same as proving the p*-Lucas congruence for the
multivariate sequence Q,, v, that is:

Qu,v (n + mpk) = Qu,v (1’1) Qu,v (m) mod p,

for all n and m in N¢ and all primes p in S. To that purpose, we shall use some classical
techniques associated with Pochhammer symbols to compute the p-adic valuation of Qy v(n).
These techniques are reminiscent of works of Dwork [24], Katz [31], Christol [13] and, more
recently, Delaygue, Rivoal, and Roques [21I]. The following discussion should highlight the
role played by the functions &, in the proof of Proposition

Christol [13] gave a useful formula to compute the p-adic valuation of (a), where n is a
natural integer, and later Delaygue, Rivoal, and Roques [21] reformulated this result in order
to deduce a formula which may seem closer to the classical one of Legendre:

|n
vp(n!) = Z L?J .
(=1
We recall now this reformulation. We refer the reader to [21], Section 3] for more details on
the following definitions. For all primes p and all o in Z, N Q, there is a unique element in
Zy, denoted by ©,(a), such that p®,(a) — o belongs to {0,...,p — 1}. Hence, if k¢ denotes
the first digit in the Hensel expansion of —«, then we have

”D,,(a): Oé-i-liol

The map ©, was introduced by Dwork in [24], where it is simply denoted by a — a’. For all
positive integers ¢, we denote by 0, (e, -) the step function defined, for all real numbers z, by

Ope(o, @) = {:ﬂ —D(a) - %J

By Proposition 4 in [21], if & does not belong to Z<, then we get that

(@) em) = ga y <a, ep—gn> = gap,g <a,e- {;}) te- (vp(na),... vp(na))) .

For all primes p that does not divide do g, we set

+1.

s

AL (x) = Z Ope(ai, ;- x) — Z Op.e(Bi. £ - %),
=1

j=1
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so that

—1 p
:gA{}f;({ }) (Zel Zf) vp(na!), ..., vp(nal)) -

This formula may seem complicated because the step functions A{’,’,V a priori highly depend
on p and ¢, but they actually only depend on the congruence class of p¢ modulo de,g. To
be more precise, let a and 3 be tuples of elements in Q N (0,1], p > da,@ be a prime, and
let a be such that ap’ = 1 mod dg .3- Then we have Auv = &,. Indeed, if « is a rational
number in (0, 1], then we have |1 — o] = 0 and Lemma 3 in [21] implies that @f)(a) = (aa),

as expected. Let us denote by ¢(p?) the unique element of {0,...,dq g} such that «(p)p* = 1
mod dq g. We thus get the following formula:

p(Quv(n Z@ ( >

which is somewhat reminiscent of Legendre formula.

7.2.2. Proof of Proposition [T7.2 — We are now ready to prove Propositions and [T4l
Given a tuple of elements in Z,) x N, say w = ((71,81), -, (v, &), we set

Dp(w) == ((Dp(11),81)s- -+ (Dp():81))-

In order to prove Proposition [[.2] we will need the following lemma.

Lemma 7.5. — Let p > do g be a prime and let a in {0,...,p — 1}¢ be such that a/p does
not belong to DL(p If 37 1 =251, then we have
QuN(a + mp) S QUN( )Q’DP 'Dp(v)( )(1 +pZ(p)) s

for all m in N,

Proof. — Let (o, e) be a coordinate of either the vector u or v, and let p > dq g be a prime.
Hence we have o € Z,) and Dp(a) is well defined. Let m in N and a in {0,...,p — 1} be

such that a/p does not belong to Df,(,pv). We have

(7.1) (a)e.(a+mp) = ( H (a4 Z)) < l—I (a+i+e- mp)) .

=0 i=0

Furthermore, we also have

emp— 1 p— lem—1
H (v +1) H H (a+k+jp)
i=0 k=0 j=0
p—1 em—1 j
:pe'm(’Dp(a))e_m H (Oé—i-/{?)e'm H <1+ W )
k=0 Jj=0
k#pDp(a)—or
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If k # p®p(a) — o, then o+ k € ZX) and we obtain that

(p
1+ Lp €l+pZ
a+k @
for all non-negative integers j. By Wilson’s theorem, it follows that
p—1
H (a+k)=(@p-1)!'=~-1 mod pZgy -
k=0
k#pDp(a)—a
This leads to
e-mp—1
(7.2) I (@+i) e (=p)°™(Dp(), .1+ PZ).
1=0

In addition, since a/p is not in Dfl(f)v), we have e-a/p < (1(p)a), that is e - a < pD,(a).
Since a € (0,1] we obtain that e-a — 1 < p®p(«) — a. In particular, for all i satisfying
0<i<e-a—1,wehave a+i GZX). This gives:

(»
ea—1 ea—1 e-m
w9 e rivem) =@ ]I (1 + o H’) € (@)oall +pZy).
We then infer from (7)), (7.2) and (73] that
(7'4) (a)e-(aerp) € (O‘)e-a(_p)e-m (gp(a))e.m(l + pZ(p)) :

By applying (Z.4) to all pairs in u and v, and using that by assumption ) ;_, e; = ijl f;,
we finally deduce that

Qu,v(a + mp) S Qu,v(a) Q©p(u),©p(v) (m)(l + pZ(p)) )
which ends the proof. O

We are now ready to prove Proposition

Proof of Proposition — Let A be a subset of {1,...,dq g} which satisfies Assertions (i)
and (ii) in Proposition We recall that

S={peP :p=a moddyg for some a € A, and p>dag} .

Note that if p belongs to S and £ is a positive integer, then there exists a in A such that
p‘ =a mod da,3-

We first prove that Fy v (x) belongs to Z,)[[x]] for all p in S. Let p in S and n in N7 be
fixed. By assumption, we have > | , e; = Z;:1 f; and the elements of a and B belong to
(0,1] N Z,). We thus infer from the discussion of Section [L.2.1] that

(75) 0p(Quv(m) = iaw ({ ;}) |

For all non-negative integers ¢, we have t(p’) € A. By Assertion (ii) in Proposition and
4

since &0 (x) = 0 outside Dﬁ(’lz,), we deduce that e (x) > 0, for all x in [0, 1)¢. Hence, we

obtain that v, (Quv(n)) > 0 and thus F,v(x) belongs to Zp[[x]], as claimed.
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Let k := Card A. Let p be a fixed prime in S. We shall show that F}, v has the pF-Lucas
property. Let a = ag+a;p+---+a,_p* ! with a; in {0,...,p—1}%. We need to distinguish
two cases.

1
e Case 1: there exists an integer i, 0 < ¢ < k — 1, such that a; /p belongs to Du(v+ ),

In that case, we are going to show that Q,y(a + mp*) = 0 mod PZp), for all m in N,
We first note that since ¢(p°) belongs to A, one has &pty = 0 on R?. We thus get that

()

ag+aip+---+ap
> & pit) < pitl > )

for all m in N, Now, since

7.’+1)

_ A tapt ot ay > % cpi

pi—l—l 0

)

we obtain that x € DL(p D , and thus §,(pi+1y(x) > 1 by Assertion (ii). This gives:
Quv(a+mp") =0 mod PLp)
for all m in N?. Choosing m = 0, we deduce that
Quv(a) =0 mod PZp)
and thus
Quv(a+ mpk) = Qu,v(a)Quv(m) mod PLpy
for all m in N?. This ends the proof in that case.

e Case 2: for all integers i, 0 <i < k — 1, a;/p does not belong to DU(VH).

We will recursively apply Lemmal[Z.5k times. We first observe that Qg (u).0,(v) (n) belongs
to Zp) for any n in N?. Indeed, for all @ in A and all « in « or B, we have

= (a{up)a)) = (aup)a) = (ba),
for some b in A as a consequence of Assertion (i) in Proposition Hence the function
§%p(u D,(v) = 537\, is non-negative on R?, and D%p(u),zp(v) = D{’w. We thus have that both
Quv(n) and Qg (u)9,(v)(n) belong to Z, for all n in N¢. Then we infer from Lemma
that

kfl)

Quyv(a+mp") = Quv(ag) o, ()0, (a1 + - +a,_1p" %+ mp mod pZy ,

: d : — ¢b —
for all m in N% Since £ 5 vy = Suy a0d Dy )5 (v) = Duv, it follows that ©,(u)
and D, (v) satisfy the assumptions of Proposition with the same set A. Furthermore, if
a = (p*), then we obtain that b = ¢(p*™!), which leads to DL(p(zl) 2,(v) = DL(le) We can
thus apply Lemma [Z.5 to ©,(u) and ©,(v), with a; instead of a. This yields

Qu,v(a+mpk) = Qu,v(ao)Qgp(u)pp(v) (31)995(11),@%(\,) (ag+-- -+ak—1pk_3—|—mpk_2) mod pZy)
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for all m in N¢. By induction, we obtain that

Qu,v(a + mp <H Q’D 'DZ (v )) Q'Dk )(m) mod pZ(p) ’

for all m in N¢. Choosing m = 0, we deduce that
Quv(a+mp*) = Quv(a) Qo (u)0k(v) (M) mod pZy,)

for all m in N?. Since k = card A, one has p* =1 mod de,g- Then for all o in o or 3, we
have

Dy(a) = (u(ph)a) = (a) = a,
since a € (0,1]. Hence DF(u) = u and Dk(v) = v, and it follows that
Qu,v(a + mpk) = QUN (a) QU,V (m) mod pZ(p) ’
for all m in N?. This ends the proof. O

Now, we prove Proposition [T.4l
Proof of Proposition — Set
N:={ne¢ N : Va € A,vx € [0,1) with n-x > 1, one has £,(x) > 1}.
Let n = (nqy,...,nq) be in N, (by,...,by) be a vector of non-zero rational numbers. Set
§ = {p €S : (b,....by) e ng)}

and let p be a prime number in . We will simply write F for Fy, and Q for Q, . By
Proposition [7.2] the sequence Q(n) has the pF-Lucas property, so that

F(x) = S Qa)x | F(x") mod pZ[[x]).

This gives:
F(byz™, ... bga"d) = > b2Q(a)z™*® F(blka"lpk,,_.’bzkx"dpk) mod pZ)[[z]]
0<a<(pF-1)1

= Z b*Q(a)z™? F(blmnlpk7 ... 7bdxnfzpk> mod pZ)[[z]],
0<a<(pF-1)1

since b‘fk =b; mod pZy, foralliin {1,...,d}. Forallain {0,... ,pF—1}4 satisfying n-a > pF,
we have n - a/p* > 1 and thus &,(a/p¥) > 1 for all a in A. Tt follows that

S (3) = (3) 2

because £, is non-negative on R for every a in A. Thus there is a polynomial A(x) with
coefficients in Z,) and of degree at most p¥ — 1 such that

F(byz™, ... bgz") = A(x)F(blxnlpk, . ’bdxndpk> mod pZ gy [[z]] -
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This shows that F(biz™, ..., bga™) satisfies the p*-Lucas property, as expected. O

8. Lucas-type congruences among classical families of G-functions

In Section [7 we gave a general condition involving some step functions &,(x) that ensures
a function in H, satisfies Lucas-type congruences. Propositions [.1] and actually take a
much simpler form when working with more specific families of G-functions. We illustrate this
fact by considering first two classical families: the generating series of factorial ratios and the
generalized hypergeometric functions. Then we discuss the case of multivariate factorial ratios
and show how their specializations lead to Lucas-type congruences for G-functions involving
various sums and products of binomials, such as those associated with Apéry, Franel, Domb,
and Delannoy numbers.

8.1. Generating series of factorial ratios. — Given two tuples of vectors of natural
numbers, e = (e1,...,e,) and f = (f1,..., fy), the associated sequence of factorial ratio is
defined by
2 (em)!
Q. s(n) = izile™)

[Ti=: (fin)!
The generating series of such a sequence is then denoted by
F. ¢(x) := Z Qe f(n)x™.
neN

In order to study when Q. r(n) is integer valued, Landau introduced the following simple step
function A, ¢ defined from R to Z by:

u

Acj(@) =) lew] =Y |fz].
j=1

i=1

According to Landau’s criterion [36], and Bober’s refinement [12], we have the following
dichotomy.

o If, for all z in [0, 1], one has A, f(x) > 0, then Q. ¢(n) € N, for all n > 0.

o If there exists x in [0,1] such that A, f(x) < 0, then there are only finitely many prime
numbers p such that Q. y(n) belongs to Z, for all n > 0.

In the sequel, we always assume that the sets {e1,...,e,} and {f1,..., f,} are disjoint. We
set le] :=> " e, |fl:==>"74 fi, and
Me, = (max{er,..., ey, fi,... ,fv})f1 .

Note that the functions of type F, ; correspond to functions of type F,, for which the
parameter d, as well as all the parameters «; and 3;, are equal to 1. Propositions [Z.1] and
can now be restated in a single result that takes the following simple form.

Proposition 8.1. — Let us assume that |e| = | f| and that A f(x) > 1, for all real numbers
x such that mey < x < 1. Then F, ¢(x) € £(P). In other words, F. ;(x) satisfies the
p-Lucas property for all prime numbers p.
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Remark 8.2. — When all the f;’s are equal to 1, it becomes obvious that A, ¢(x) > 1, for
all real numbers z such that m, y < 2 < 1. This shows that all generating series of the form

ZHZ 162 ’

where eq,..., e, are positive integers, satisfy the p-Lucas property for all prime numbers p.
We also prove the following refinement of Proposition Bl

Proposition 8.3. — The following assertions are equivalent.

i) There exists an infinite set of primes S such that F, ¢(x) € £1(S).
7f
(i) The sequence Q. is integer-valued and has the p-Lucas property for all primes p.

(iii) We have |e| = |f| and A f(x) > 1 for all real numbers x such that me ; < x < 1.

Remark 8.4. — The equivalence of Assertions (ii) and (iii) is contained in [20, Theorem 3].
A consequence of Proposition 8.3]is that Fi s(x) belongs to £,(S) for an infinite set of primes
S if and only if all Taylor coefficients at the origin of the associated mirror map z. s are
integers (see Theorems 1 and 3 in [18]). It would be interesting to investigate in more details
this intriguing connection.

Proof of Proposition — Obviously, Assertion (ii) implies Assertion (i), and Assertions (ii)
and (iii) are shown to be equivalent in [20, Theorem 3]. Hence it suffices to prove that (i)
implies (iii). From now on, we assume that Assertion (i) holds.

First, we prove that |e[ = |f|. Since S is infinite and F, y(x) belongs to Z,[[z]] for
every prime p in &, Landau’s criterion implies that A, ¢(z) > 0 for all z in [0,1]. In
particular, we obtain that |e| — |f| = A (1) > 0. If |e] > |f| then A, (1) > 1. Set
M. s := max{e1,... ey, fi,..., fo}. Then, for all prime numbers p > M, ; and all positive
integers k, we have

Up(Qe 5 ( 1+ p") ZA,f<1+p>

1
> (14 )

L,

Y

Our choice of p ensures that v,(Q. £(1)) = 0. We thus deduce that, for almost all primes p
and all positive integers k, we have

Qe (1 +pM) # Qe r(1)Qe s(1) mod pZy,,

which provides a contradiction with Assertion (i). Hence we get that |e| = |f].
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Now, we prove the following identity. For all prime numbers p, all positive integers k, all a
in {0,...,p" — 1}, and all natural integers n, we have

u_leia/pt) .
110 <1+?n>

Q. rla+mnph) iZ1 =1

Qe f(a)Qe ¢(n) v Lfia/p¥] 7
(2 5)

(8.1) (1+pZ)) -

1+ =n

i=1 J

Indeed, we have

Qusla+np*)  Qugla+nph) H 'O npf“)'
Qe 1(a)Qe,p(n) — Qe p(a)Qe,r(npk) Qe (np?)

Since |e| = |f|, we can apply [19, Lemma 7] withd =1, ¢ =0, m = np’ and s = 0 which
leads to

Qe f(np’th)

cl+pz
Qe,f(np]) Pow) -

Furthermore, we have

Qusla+np®) 1 Lo TG+ emp)
Qe f(a)Qe,r(np*) Qe p(a) [T, [T (G + firnph)

T T (1 + <22
npk
T T (1 L)

Hl Heza/pJ 14 en
I inmw d El ; fg (1+9Z))

since, if p* does not divide j, then 1 + (e;np*)/j belongs to 1 + PZp)- This ends the proof of
Equation (81).

Now we assume that there exists = in [me ¢, 1[ such that A, ((x) = 0 and we argue by

contradiction.
By assumption, for all p in &, there exists a positive integer k,, such that, for all v in

{0,...,p" — 1} and all natural integers m, we have

Q&f(v + mpkp) = Qe,f(v) Q&f(m) mod pZ(p) .

Let v1 < --- < 7 denote the abscissa of the points of discontinuity of A, ; on [0,1[. In
particular, we have 41 = m, s. There exists ¢ in {1,...,¢ — 1} such that A, ¢(x) = 0 for all x
in [v;,7vi+1[. For all large enough prime numbers p € S, we choose 7, in {0,...,p — 1} such
that 7,/p belongs to [vi,vi+1] and we set a, = r,p**~1. Hence a,/p*» belongs to [v;,yit1].

*. The proof of this lemma uses a lemma of Lang which contains an error. Fortunately, Lemma 7 remains
true. Details of this correction are presented in [21] Section 2.4].
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Then, by applying (81)) in combination with [19, Lemma 16] (with E = e and F = f), there
are integers mq, ..., m; such that we have

i

Qe.s(ap +p*) ( 1 )mk
7 € 1+ — 1+ pZ
Qeyf(ap)Qe,f(l) l:cl_Il Yk ( b (P))

[] < >n% >1,
1].

For all large enough primes p in S, we thus deduce

and

because A, s is non-negative on [0,
that

)"
1+—) ¢ 1+ pZy).

Pt Vi

Furthermore, for all large enough p in S, we have 1/p < m, s, and (a, + p*)/p® < me s, for

0>k, + 1. It follows that v,(Q,, (1)) = 0, while

kp

- (7)) 2(2) -

and

o =S ({52) - (3 00) o

Hence Q. f(ap 4+ p*) # Qe r(ap)Qe,f(1) mod pZ, which leads to a contradiction, and ends
the proof of Proposition [B.3l O

Let us remind to the reader that one easily obtains the graph of A, r on [0, 1] by translating a
factorial ratio into hypergeometric form. We illustrate this process with the following example.
We consider

0= 2 e

n=0
We have

(1on)! 1520 T2, (10K + 5)
(5n)!(3n)!n!? 5 (5k + ) (3k + 1)(3k + 2)(3k + 3)(k + 1)?
H’H o (k+ 1)
ITiZo (11 (1€+ D) (k+3) (k+3) (k+1)3

o (115
3)
> 2 1(3/10)n
i)

1

3

10
55
10
55

10
55

(1/3)n 2/3 ()3 IT5-10i/5)n
(1/10)5(3/10)n (1/2)n(7/10)n (9/10)n
(1/3)n(2/3)n(1)3)

10
33
1

3
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Then we deduce that A, ¢ has jumps of amplitude 1 at 1/10,3/10,1/2,7/10 and 9/10, while
the abscissa of its jumps of amplitude —1 are 1/3,2/3. Furthermore, A, ; has a jump of
amplitude —3 at 1. Since

1<3<1<1<2<7<9<1
10 100 3 2 3 10 10

we get that A s > 1 on [1/10,1) and it follows form Proposition 81l that the function F(z)
satisfies the p-Lucas property for all prime numbers. Along the same lines, one can prove for
instance that the G-functions

5n n n
Z:O((Qn))%n"lj3 and Z (2n) 'n'2

n—

also satisfy the p-Lucas property for all prime numbers.

8.2. Generalized hypergeometric series. — With two tuples a := (a1,...,a,) and
B = (B1,...,08s) of elements in Q \ Z<p, we can associate the generalized hypergeometric
series
o
Oél, .. )n xn
F. : z .
" s[ﬁl,""ﬁs :| T;) )nn'

Here, we set

=Gy, ™4 Fasl Zgaﬂ !

so that

Qly ..., 0,1
Faﬁ(m):rHFs[ 21 gs ;w]

Note that such series simply correspond to series of type Fy y for which the parameter d, as
well as all parameters e; and f;, are equal to 1.

To apply Proposition [.2, we have to compare the numbers (ac;) and (af;) for a in
{1,...,da g} coprime to dopg. Indeed, on [0,1), & have jumps of amplitude 1 at (acy)
and jumps of amplitude —1 at (af3;), where a; and f; are not equal to 1. For every a in
{1,...,da g} coprime to dy g, we set

Me,g(a) := min ((aa1>, ooy (aa), (aBy), ... <aﬁs>),

so that the corresponding set Dy ,, equals [mq g(a),1).

Example 8.5. — Let us illustrate Proposition with few examples.
e We first choose o = (1/2,1/2) and B = (2/3,1). We thus have do g = 6 and 1/2 < 2/3,
so &1(x) > 1 for x in [1/2,1). On the other hand, we have

1 2 1 1
- (5.2 5.2) ==
=5 < ()3
s0 &5(1/3) = —1. The maximal set A for which we can apply Proposition is thus A = {1}.

Hence we deduce that Fy g(x) has the p-Lucas properties for all primes p = 1 mod 6. We
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stress that, according to Theorem A in [21] (which is a reformulation of Christol’s result [13],
Proposition 1]), the function

22,
Fasl®) =2 sy 1y,

is not globally bounded, that is there is no C' in Q such that F, g(Cz) belongs to Z[[z]]. In
particular, it cannot be expressed as the diagonal of a multivariate algebraic function.
e Let study another example by taking a = (1/9,4/9,5/9) and 8 = (1/3,1,1). This choice

of parameters was considered by Christol in [13]. We have do g =9 and

1 < 1 < 4 < )

9 "3 9 9
Hence mq,g(1) = 1/9 but &(1/3) = 0 < 1, so we cannot just apply Proposition Indeed,
any subgroup of (Z/9Z)* must of course contain 1.

e For our last example, let us choose a = (1/3,1/2) and 3 = (3/4,1). Hence we have
deg = 12 and
1 1 3 ) ) 15
s<rer {2)<(5) (%)
21 7 7 33 11 11
()< <G) = () <(3)<(5)

Observe furthermore that 52 = 1 mod 12. This shows that the maximal set A for which one
can apply Proposition is A ={1,5}. Hence the generalized hypergeometric series

2 (1/3)n(1/2)n
2 00,

satisfies the p-Lucas property for all primes congruent to 1 mod 12 and the p?-Lucas property
for all primes congruent to 5 mod 12.

while

We end this section by observing that our condition is always satisfied in the classical
case where the hypergeometric differential equation associated with Fg g(z) has maximal
unipotent monodromy at the origin.

Corollary 8.6. — Let a € (QN(0,1))" and B = (1,...,1) € Q". Then the generalized
hypergeometric series Fo g(x) belongs to £1(S), where S is the set of all primes larger than

dag-

8.3. Multivariate factorial ratios and specializations. — We consider now a class of
multivariate power series which provides a higher-dimensional generalization of generating
series associated with factorial ratios that we discussed in Section Bl Given two tuples of
vectors in N, ¢ = (eq,...,e,) and f = (fi,...,f,), we write |e] = "I | e; and, for all n in

N¢, we set
¢ (e;-n)!
Ty w0 Fart) = 3 Qostae
=1\ - 1) neNd
Such multivariate power series simply correspond to functions of type F, . for which all
parameters a; and [3; are equal to one. In particular, we have do g = 1. Propositions [Z.I] and

Qe f(n) :=
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take the following much simpler form. As in Section [8.1] we consider the Landau function
A ¢ defined from R? to Z by:

u v

Aep(x):=> lei x| =Y |fj-x].

i=1 j=1

Note that this function precisely corresponds in this setting to the function &; defined in
Section [ We also recall that, as in the one-variable case, Landau’s criterion [36], and
Delaygue’s refinement [19], give the following dichotomy.

o If, for all x in [0,1]%, one has A, s(x) > 0, then Q. ¢(n) is an integer for all n in N¢.

e If there exists x in [0, 1]¢ such that A, f(x) < 0, then there are only finitely many prime
numbers p such that Q. f(n) belongs to Z, for all n in N¢,

Set
Des:= {x €0, 1)? : thereis d in {eq,... ey, f1,...,f,} such that d - x > 1}.

Note that D, ; corresponds to the set DL  in this setting. Propositions [Z.1] and [Z.2] can now

u,v
be restated in a single result as follows.

Proposition 8.7. — Let us assume that le| = |f| and that A. f(x) > 1 for all x in D .
Then F, ¢(x) belongs to £4(P). More precisely, F §(x) satisfies the p-Lucas property for all
primes p.

This result is also proved by Delaygue in [20, Theorem 3]. We give below a simple case of
Proposition 87 that turns out to be especially useful for applications.

Corollary 8.8. — For every k in {1,...,d}, let us denote by 1;, the vector of N% whose k-th
coordinate is one and all others are zero. Let e and f = (1ky,...,1k,) be two disjoint tuples
of non-zero vectors in N such that |e| = |f| and k; € {1,...,d}, 1 < i < wv. Then F,. ;(x)
satisfies the p-Lucas property for all primes p.

Proof. — Let x be in D, ;. By assumption, there is a coordinate d of either e or f such that
d - x > 1. But, since x belongs to [0,1)% and f = (1g,,...,1%,), d has to be a coordinate of
the vector e so that

Ac(x) = lei-x| =Y |1y, - x|
=1 j=1

:Ztei'XJ
=

Proposition B.7] then applies to conclude the proof. ]
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8.3.1. Specializations of factorial ratios. — Our main interest when working with multivari-
ate power series in this setting is to benefit from the following general philosophy: interesting
classical power series in one variable can be produced as simple specializations of simple mul-
tivariate power series. In particular, we claim that specializations of functions of type F, s
lead to many classical examples of generating functions arising in combinatorics and number
theory. As already mentioned in Section [7 the generating function of Apéry’s numbers

can be for instance obtained as the specialization f(x) = F, ¢(z,x) of the two-variate gener-
ating series of factorial ratios

Z (2n1 + n2)!(ny +n2)!x”1m"2

12 12>

(82) Fof(w1,m9) = n1B3ns!

(n1,n2)€EN?

corresponding to the choice

e=((2,1),(1,1)) and f=((1,0),(1,0),(1,0),(0,1),(0,1)).

In order to support our claim, we gather in the following table some classical sequences
for which we prove that they satisfy the p-Lucas property for all primes p. Indeed, they all
arise from specialization in (x,x) of bivariate power series F, r(x1,x2) that belong to £o(P).
The fact these bivariate power series belong to £o(P) is a direct consequence of Corollary [8.8
Proposition [Z.4] then implies that the specialization F, ;(z,x) belong to £(P).
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Sequence Qe f(n1,n2) Reference from OEIS
9 n 2 !2
( n> = Z <n> (71“;77122 Central binomial coefficients (A000984)
n = k n1!?ng!
n 2 2
k 2 12
3 (”) (” N > (21t o)l Apéry numbers (A005259)
= \k k ny!4ns!
n 2
k 2 ! !
3 <”> (” + ) (2 + na)lms 4 ny) Apéry numbers (A005258)
= \k k n1!13ns!
n 3 '3
Z " (1 4 n2)"? Franel numbers (A000172)
k n1!3n2!3
k=0
n 4 14
(" (n1 +n2)" (A005260)
k n1!4n2!4
k=0
"L\ [(2k\ [(2(n — k) (n1 + n2)!(2n1)!(2n2)!
A081085
kz—o(k)(k)( n—k ) 11130913 ( )
" N2 (2% (n1 + 12)12(2ny)! Number of abelian squares
Z of length 2n over an alphabet
k k n1!4n2!2 .
k=0 with 3 letters (A002893)
n 2
2k\ (2(n—k 12(2n4)!(2n2)!
3 (”) ( )( (n )) (m + m2)t"(2n1)1(2n2) Domb numbers (A002895)
— k k n—k nq!4ns!
- k 2 !
Z (n) (n N ) w Central Delannoy numbers (A001850)
0 k k 7’L1! 7’L2!
22K\ 2(n — k)\? (2n1)12(2n2)12
AR EAE 2 A A036917
k_0<kz> < n—k > nyldngld ( )

Let us end this section with an example of a different type, that is for which f is not of the
form (1g,,...,1g,). Set

Z (3711 + 2’02)' n1no

F. ¢(x1,22) == " +n2)!n1!2n2!x1 Ty” .

(n1,n2)EN?
In that case, we obtain D, s = {(z,y) € [0,1)? : 321 4+ 2z2 > 1}. When (21, x2) belongs to
D, s, we get that
Ae7f(I1,I2) = L3$1 + 2$2J — LCEl + $2J >1.
By Proposition B, it follows that Fi ¢(x1,22) has the p-Lucas property for all primes. Us-
ing specializations in (—x,z) and (223,322), we then infer from Proposition [7.4] that both
sequences

n [n/3] n—k

ok [(2n+E\ (ntkY (n kon=3k (M) (n—k\ (57

kzo( 1) ( ; L)) and ;;) 237 () ws (g
k=n mod 2
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also satisfy the p-Lucas property for all prime numbers p.

8.4. Examples from differential equations of Calabi-Yau type. — Motivated by the
search for differential operators associated with particular families of Calabi-Yau varieties,
Almkvist et al. [5] gave a list of more than 400 differential operators satisfying some algebraic
conditions [5l Section 1]. In particular, a condition is that the associated differential equation
admits a unique power series solution near z = 0 with constant term 1 and that this power
series has integral Taylor coefficients. In most of the cases, this solution is also given in [5]. It
turns out that our method enables us to prove that most of these solutions have the p-Lucas
property for infinitely many primes p.

By studying the integrality of the Taylor coefficients of mirror maps, Kratthentaler and
Rivoal in [35] and Delaygue in [I7), Section 10.2] showed that the power series solutions near
z = 0 of 143 equations in Table [5] are specializations of series Fy (x) where o and B are
tuples of 1’s. Furthermore, they showed that in 140 cases the associated functions &; are
greater than or equal to 1 on Dllm,. Hence, to prove that these specializations have the p-
Lucas property for all primes p, it suffices to show that the specialization is given by a vector
n such that if x € [0,1)¢ and n-x > 1, then & (x) > 1.

Following this method, we checked that 212 cases have the p-Lucas property for infinitely
many primes p, namely Cases 1-25, 29, 3*, 4%, 4** 6*-10*, 7**~10**, 13*, 13**, 1-14, 30, 31,
34-41, 43-83, 85-108, 110-116, 119-122, 124-132, 145-153, 155172, 180, 185, 188, 190-192,
197, 208, 209, 212, 232, 233, 237-241, 243, 278, 284, 288, 292, 307, 323, 330, 337, 338, 340,
367, 369-372, 377, 380, 398.

Among the cases not covered in [35] nor [17], we explain Cases 4* and 31 to give examples.
In Case 4*, the power series solution near z = 0 is

-5 (S ) )

Hence f(z) = F(27z,27z) where

’ (n1 + ng)!2n1!2n2!2

)

n1,n2>0
which is a series Fy v (7,y). We have do g = 3, and, for every (z,y) in [0,1)?, we have
iz, y) = Go(r,y) = (20 + 2y) +2[x = 1/3] + 2|y = 2/3] — [z +y| +4.
Furthermore, we have
Dllm, = Dav = {(x,y) € [0, 1)2 cx>1/3ory> 2/3}.
If (z,y) belongs to D}, ,, then we have |z — 1/3] + |y — 2/3] € {—1,0} so that & (z,y) > 2.

u,v
In addition, if 2 + 3 > 1, then we have (z,y) € D}, and & (z,y) > 1. By Propositions
and [T4] we obtain that f(z) has the p-Lucas property for all primes p > 3.

u,v

In Case 31, the power series solution near z = 0 can be rewritten as

(SN oty hir s (28 (20N (1) (1D n s (3/D)k \
f<Z>=Z<ZZ43 4Rt (_1)<k><z’> o ey sl

n=0 \k=0 i=0 ’
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Hence f(z) = F(4°2,4%z, —432) where F(x,y, 2) is
Z (2(712 + n3)> <2n3> (L/4)n14na+ns (1/4)n, (3/4)ng4ns EMyn2

n3
no + ng ns (’I’Ll + no + ng)!nlan!Tng! ’

z

n1,n2,m320
which is a series Fy v (7,y,2). We have do g = 4, and, for every (z,y,2) in [0,1)3, we have
§1(w,y,2) = [2y+2z |+ 22|+ |z+y+2—1/4|+|z—1/4]+ |y +2—-3/4| =2|y+2] — [z +y+2|+3.
Furthermore, we have

DL, = {(@y.2) € [0,1)° s a+y+2>1/4}.

Let (z,y,2) be in Dy . We have |2y + 2z] — 2|y +z] > 0. If 2 4+ y + z < 1 then we casily
obtain that &;(x,y,2) > 1. If 1 <x 4y + 2z < 2, then we have x > 1/4 or y + z > 3/4 which
yields & (z,y,z) > 1 again. Finally, if 2 <z +y+ z < 3, then we have [z +y+2z—1/4] > 1

and &;1(x,y,z) > 1 as expected. Hence, by Propositions and [T4] we obtain that f(z) has
the p-Lucas property for all primes p =1 mod 4.

9. Algebraic independence of G-functions: a few examples
In this last section, we gather various examples of statements concerning algebraic inde-

pendence of G-functions that follows from simple applications of our method.

9.1. Factorial ratios. — Given two tuples of vectors of natural numbers, e = (e1,...,¢€y)
and f = (f1,..., fv), we recall that the associated sequence of factorial ratios is defined by

[T (ein)!
Ces ()= [ Gom

and that the generating series of such a sequence is denoted by
oo
Fe¢(x) := Z Qe ¢(n)z".
n=0

In the sequel, we always assume that the sets {e1,...,e,} and {f1,..., f,} are disjoint. We
also recall that |e| := Y"1 | e;, |f] ==Y i, fi, and

Me f i= (max{el,...,eu,fl,...,fv})71 .

H?:1 ef '
I, £

From Stirling’s formula, we deduce the following general asymptotics:

(9.1) Qes(n) 1, G 2m)u—v\/%,

We give the following consequence of Proposition

We set

Ce,f =

Proposition 9.1. — Let s be a positive integer and, for all i in {1,...,s}, let e; :=
(€i1s.--s€iw) and fi = (fir,..., fin,) be disjoint tuples of positive integers. Let us assume
that the following hold.

(i) For alli in {1,...,s}, one has v; —u; > 2.
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(i) The rational numbers Ce, f,,...,Ce, f, are pairwise distinct.
(ili) For alliin {1,...,s}, Qe, s, satisfies the p—Lucas property for all primes p.
Then F, f,(2),..., Fe, t,(2) are algebraically independent over C(z).

Proof. — Since v; — u; > 2 for all i, we first infer from (@.I)) that Q., r,(n) = O(C{, ;/n)
and thus, by Remark [6.5], we see that all F¢, r,(2) belong to 20. We also infer from (@.1)) that
the radius of convergence of F,, f,(z) is 1/Ce, r,. Hence the functions F¢, f,(2),..., Fe, £,(2)
have distinct radius of convergence. Since by assumption they all belong to £(P), the result
follows from Proposition O

As an illustration, let us give the following result.

Theorem 9.2. — The functions

o~ (Bn)! L, 5 Gn)!Bn)! o
nZ% NEREEE NZ% (2n)2pit ~ and Z |n|2

are algebraically independent over C(z).

Proof. — 1t is easy to see that (i) and (ii) are satisfied, while Proposition 81l can be used to
prove that (iii) holds too. O

Using Proposition [6.7, we can also obtain the following result.

Proposition 9.3. — Let e; and f1, respectively eo and fs, be disjoint tuples of positive in-
tegers such that the following hold.

(i) v1 —ug = 2.

(i) va —ug > 3.

(ili) Qe,.5, and Qe, 4, satisfy the p—Lucas property for all primes p.
Then Fg, 1, (2) and F., 7,(2) are algebraically independent over C(z).

Proof. — We first observe that if C,, ;, # Ce,.1,, we can use Proposition [.1lto conclude. We
can thus assume that C,, r, = C, 5, =: C and we will use Proposition

We first remark that F, ¢ (z) and F,, s,(2) are both transcendental. This follows for
instance from applying Proposition twice with a single function. Now, by Pringsheim’s
theorem, F¢, f (2) and F, ¢,(2) have a singularity at 1/C. Using (@), we infer from the
assumption vy —uy = 2 that Fy, ; satisfies Condition (i) of Proposition 6.7, while we infer
from the assumption vo—us > 3 that F,, s, satisfies Condition (ii) of Proposition6.7 Since, by
assumption, Fy,  and F, s, both belong to £(P), we can apply Proposition 6.7 to conclude
the proof. O

Remark 9.4. — Using the discussion in [42], one can actually show that the only case
where F¢ f(z) both belongs to £(P) and is an algebraic function corresponds to e = (2) and
f=(1,1), that is to

1
vV1—=2 '

We give the following illustration of Proposition

F. f(2) =
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Theorem 9.5. — The functions

oo

4n) ., o~ 2n)?
Z:O(Qn)!n!Qz and Z nl6

n=0

are algebraically independent over C(z).

Proof. — Here we have e; = (4) and f; = (2,1,1), so that v; —u; = 2. Furthermore, for all
z in [1/4,1), we have
Aelyfl(x) = |_41'J - pr >1,
which shows that Q.  satisfies the p-Lucas property for all primes p. On the other hand,
we also have es = (2,2,2) and fo = (1,1,1,1,1,1), so that vy — uy = 3. Furthermore, for all
x in [1/2,1), we have
A62,f2(x) =3[2z] > 1,

which shows that Q, r, also satisfies the p-Lucas property for all primes p. Then the result

follows from Proposition O
9.2. Generalized hypergeometric functions. — Using Stirling formula, it is easy to

give a general asymptotic for the coefficients of generalized hypergeometric functions. Indeed,
it implies that

I(x) ~ 2" e "2 ,

r—r00
and hence
F(Oz i n) a—5+n_ —a—n Y 2m
(@), = Tla)  no (a+n)* 27" Tla)

Let us recall that

_(@a(a)n 2= SO a(n)a”
Qa,p(n) = (B)n - (Bs)n d Fop(r): ,;)Qaﬂ( )z

When r = s, that is when F, g(x) is a G-function, we thus obtain that

o nSibas (Mm@t m) " s 5oy i Do)
Qap(n) 5 n <H§=1(ﬂj+n) ’ [Tj=a T(55)

which leads to the following simple asymptotics:

o s ()

Note that it is usually easy to detect from such asymptotics when the hypergeometric
function Fy, g(z) is transcendental by comparison with asymptotics of coefficients of algebraic
functions. Otherwise, one can always use the beautiful criterion of Beukers and Heckman
[10]. For instance, one can use our asymptotics to show that the hypergeometric function

> (1/5)n(4/5)n
ULACLIS

n!?

f(2) :=

n=0
is transcendental and belong to 20 (see the proof of Theorem [.7)). Furthermore, Corollary
shows it has the p-Lucas property for all primes larger than 5. We can thus apply
Proposition to deduce the following result.
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Theorem 9.6. — The functions f(z),§(22),§(3z) ... are algebraically independent over C(z).

Let us give another kind of example derived from Proposition

Theorem 9.7. — The hypergeometric functions
o o
B (1/5)n,(4/5)n ., (1/3),(1/2)2
() =2 = and R =) o tn

are algebraically independent over C(z).
Proof. — For e = (1/5,4/5) and B8 = (1, 1), we infer from Equation (@.2]) that
I'(1/5)I(4/5)

n—o0 n

(9.3) Qa,8(n)

which is the asymptotic of a transcendental series. For a« = (1/3,1/2,1/2) and B = (2/3,1,1),

we have
'(1/3)r(1/2)?% 1

so that fo belongs to 20. By Corollary [R.6] we first get that §; belongs to £(Sp), where Sy is
the set of primes larger than 5, while Proposition implies that fo belongs to £(S1), where
Si={p€P:p=1 mod 6}. In particular, both belong to £(S;). The series fo belongs to
20 N £(S1) so is transcendental over C(z) by Proposition Note that these functions are
hypergeometric and thus have the same radius of convergence 1. Then ([@.3]) and (9.4]) show,
as earlier, that one can apply Proposition [6.7] which ends the proof. O

9.3. Sums and products of binomials. — We give below an application of Proposi-
tion to generating series associated with Apéry numbers, Franel numbers, and some of
their generalizations.

Theorem 9.8. — Let F be the set formed by the union of the three following sets:

B0 )= S B ) )
EEE )=}

Then all elements of F are algebraically independent over C(z).

and

Proof. — Mclntosh [40] proves general asymptotics for sequences of the form
n m . T
n+jk\ "’
w=311("")
k=0 j=0
where m,rg, ..., , are natural integers. Indeed, he shows that
n+1/2
S(n) ~ ——=

n—oo \/u(2wAn)r=1’
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with r =rg 4 -+ 4+ 7, and where A, 0 < A < 1, is defined by

o (L4507 \7 _
jHo (A(l +jA—A)J’1> -

and where p and v are respectively defined by

" T+4A \"7
r= H(l—l—])\ )\>

and

The particular case we are interested in is considered in [40]. For a positive integer r, we
then obtain the following asymptotics:

Zn: <TL>T orn
k) n—oo r(ﬂn/Q)T—l’

k=0

n n r ’I’L—|—k‘ r (1+\/§)2nr+r
‘ k k n—00

k= 4r(mny/2)2r—1

and

n i r Snr-H4r
k=0 <k>2 < Zk) n-veo \/ ((S: 2\/\/55))/1“2()%11;”1 |

These asymptotics show that all functions in F have distinct radius of convergence. Further-
more, we infer from Remark and these asymptotics that they all belong to 20 since r > 3
for the first family, » > 2 for the second, and r > 1 for the third. On the other hand, we
already proved in Section R3] that all functions in F belong to £(P). The result thus follows
directly from Proposition O

9.4. A mixed example. — One special feature of our approach is that one can easily mix
functions of rather different type without having to consider all their derivatives and finding
a common differential equation for them. We illustrate this claim with the following simple
example.

Theorem 9.9. — The functions

f(z).—gmz,g(z).—§<ko<>< ))z,h(z).—nzz;)wz,

and
o0

/5%
22/7/ ni2”

are algebraically independent over C(z).

Note that the two last functions are not globally bounded so they cannot be obtained as
the diagonal of some rational functions.
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Proof. — On the one hand, we already shown in Section Bl that f(z) belongs to £(P),
in Section [l that g(z) belongs to £(P), in Section that h(z) belongs to £(S), where
S={peP :p=1 mod 6}, and it follows from Proposition [[.2] that i(z) belongs to £(S’),
where ’={p e P : p=1 mod 35}. Hence all belong to £(S7), where S ={peP :p=1
mod 210}.

On the other hand, we infer from Remark and asymptotics for the coefficients of these
functions (see Sections @] @2 and [@.3)) that they all belong to 20 and that p; = 473,
pgi=(1+V2)™* pp =1, and p; = 1.

Now, let us assume that f,g,h,i are algebraically dependent over C(z). Then by Theo-
rem [£.] there should exist integers a, b, ¢, d, not all zero, such that

F(2)%9(2) h(2)%i(2)" = r(2)

where 7(z) is a rational fraction. If a # 0, we infer from the equality

F(2)" = r(2)g(2)"h(z) (=)~
that f(z)® is meromorphic at pg, which provides a contradiction with the fact that f(z)
belongs to 2. Thus a equals 0. Now, if b # 0, we obtain in the same way that g(z)b is
meromorphic at py, which provides a contradiction with the fact that g(z) belongs to 20.
Thus b = 0 and we have
h(z)%i(2)" = r(2),
with ¢ and d not all zero. This means that h and i are algebraically dependent. However, using

the asymptotics of Section [0.2] we see that h and ¢ satisfy the assumption of Proposition
and are thus algebraically independent. We thus get a contradiction, concluding the proof. [J
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