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Linear independence of values of G-functions

S. Fischler and T. Rivoal
January 30, 2017

Abstract
Given any non-polynomial G-function F(z) = Y7, Ay 2* of radius of convergence
R, we consider the G-functions Fr[f](z) = > oo (kf—’;)szk for any integers s > 0 and

n > 1. For any fixed algebraic number « such that 0 < |a| < R and any number field
K containing o and the A’s, we define @, g as the K-vector space generated by the
values Fr[f](a), n>1land0 < s <S. We prove that ug rlog(S) < dimg(®q,5) < vpS
for any S, with effective constants ug p > 0 and vp > 0, and that the family
(Fr[f](a))l <n<up.s>0 contains infinitely many irrational numbers. This theorem ap-
plies in particular when F' is an hypergeometric series with rational parameters or a
multiple polylogarithm, and it encompasses a previous result by the second author
and Marcovecchio in the case of polylogarithms. The proof relies on an explicit con-
struction of Padé-type approximants. It makes use of results of André, Chudnovsky
and Katz on G-operators, of a new linear independence criterion a la Nesterenko over
number fields, of singularity analysis as well as of the saddle point method.

1 Introduction

The class of G-functions was defined by Siegel [33] to generalize the Diophantine properties
of the logarithmic function, by opposition to the exponential function which he generalized
with the class of E-functions. A series F(z) = Y o Arz* € Q[[2]] is a G-function if the
following three conditions are met (we fix an embedding of Q into C):

1. There exists C' > 0 such that for any o0 € Gal(Q/Q) and any k > 0, |o(Az)| < CF+L.

2. Define D,, as the smallest positive integer such that D, A;, is an algebraic integer for
any k < n. There exists D > 0 such that for any n > 0, D,, < D",

3. F(z) is a solution of a linear differential equation with coefficients in Q(z).
The first property implies that the radius of convergence of F' is positive. In the second
property, the existence of D is enough for the purpose of this paper, but we mention that
a famous conjecture of Bombieri implies that D,, always divides ¢"*d® for some integers
a,b>0,c¢> 1, where d,, :=lem{1,2,...,n} = """ (see [20]). The third property shows
that there is a number field containing all the coefficients A;. In the case where they are
all rational numbers, the three conditions become |A;| < C¥*1 D, A € Z for k < n and



D,, < D™ and F(z) is in fact a solution of a linear differential equation with coefficients
in Q(2).

G-functions can be either algebraic over @(z), like
o0 00 2k /
1—2" —k+1 0 2k V2 —-122

i 3k o 2 cos (3 arcsm(%@ i (30k)!k! o (L.1)
2% (15K (10K)! (6F)!

2L 2R = (% 14++v1—4z
— _log(1 — Rk Tz 41 <—)
> — og(l—z), ) Gt V1 —4z +log : :
k=0 k=0
0 2k 0 2k+2 2
(k) 2k+1 . < o *
E z = 2arcsin(2z), E 5y = 2arcsin (—) : (1.2)
Rl o (b + 1>2(1~c+1) 2

Transcendental G-functions also include the polylogarithms Lis(z) = > "7, ;—’: for s > 1.
All the above examples are special cases of the generalized hypergeometric series with
rational parameters, which is a G-function:

ai,a, ..., Gy — (an)r(ag)k - (app1)i
F, Pz = g z", 1.3
P p{ bi,bs, ..., by ] — (Dr(br)r- - (bp)k (13)

where (a)g = 1 and (o) = a(a+1)---(a+ k — 1) for £ > 1; we assume that —b; ¢
N = {0,1,2,...} for any j. Not all G-functions are hypergeometric, for instance the

algebraic functlon m = > (Zk (k) (k;”))zk or the transcendental functions

2 k=0 (ijo (l;) (k;r]) )2F, $log(1—2)? = Y02 (& Zk h ;)2 and more generally multiple
polylogarithms > 21— with s1,89,...,5; € Z.

ny>--->np>1 niln;l..nk

In this paper, we are interested in the Diophantine properties of the values of G-
functions at algebraic points. We first recall that there is no definitive theorem about
the irrationality or transcendance of values of G-functions, like the Siegel-Shidlovsky The-
orem for values of E-functions: transcendental G-functions may take rational values or
algebraic values at some non-zero algebraic points, see [6, 10, 36] for examples related to
Gauss oF) hypergeometric function. Moreover, very few values of classical G-functions
are known to be irrational: apart from logarithms of algebraic numbers (proved to be
transcendental by other methods, namely the Hermite-Lindemann theorem), we may cite
Apéry’s Theorem [5] that ((3) = Liz(1) ¢ Q, and the Chudnovsky—André Theorem [3] on
the algebraic independence over Q of the values oF; [, 1:1;a] and 2 F1[—3, 1;1; o] for any
aceQ 0<lal<1 ().

1
272’ 2

!This result was first proved by G. Chudnovsky in the 70’s by an indirect method not related to
G-functions, and it was reproved by André in the 90’s by a method designed for certain G-functions
(simultaneous adelic uniformization), but which has been applied so far only to these o F} functions.
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Up to now, known results on values of G-functions can be divided into two families.
The first one gathers theorems on F(«), where a € Q C C is sufficiently close to 0 in terms
of F' (and, often, of other parameters including the degree and height of «). One of the
most general results of this family is the following.

Theorem 1 (Chudnovsky [13, 14]). Let Y(z) = "(Fi(2),...,Fs(2)) be a vector of G-
functions solution of a differential system Y'(z) = A(z2)Y (2), where A(z) € Mg(Q(2)).
Assume that 1, Fy(z), ..., Fs(2) are Q(2)-algebraically independent. Then for any integer

d > 1, there ezists C = C(Y,d) > 0 such that, for any algebraic number o # 0 of degree d

with |a| < exp(—C'log (H(a))ﬁil), there does not exist a polynomial relation of degree d
and coefficients in Q(«) between the values 1, Fi(«), ..., Fs(a).

Here, H(«) is the naive height of «, i.e. the maximum of the modulus of the integer
coefficients of the (normalized) minimal polynomial of o over Q. See [1] for a general
strategy recently obtained to prove algebraic independence of G-functions. Chudnovsky’s
theorem refines the works of Bombieri [12] and Galochkin [22]. André [2] generalized
Chudnovsky’s theorem to the case of an inhomogenous system Y'(z) = A(2)Y (2) + B(z).
Thus, if we consider the case where o = a/b € Q and d = 1, the values 1, Fi(«), ..., Fs(a)
are Q-linearly independent provided b > (ci|al)®* > 0, for some constants ¢; > 0 and
co > 1 depending on the vector Y. The best value known so far for ¢, is quadratic in
S; see [21, 38] for related results. When (1, Fi(2),..., Fs(z)) = (1,Lii(2), ..., Lig(2)), we
refer to [23, 28] for the best linear independence results, where ¢, is “only” linear in S.

The second family consists in more recent results where « is a fixed algebraic point in
the disk of convergence: lower bounds are obtained for the dimension of the vector space
generated over a given number field by F(a), where F' ranges through a suitable set of
G-functions. In general, this lower bound is not large enough to imply that all these values
F(«) are irrational. In this family, we quote the theorem that infinitely many odd zeta
values ((2n + 1) = Lig,41(1), n > 1, are irrational (see [7, 30]). Let us also quote the
following result, first proved in [31] when « is real.

Theorem 2 (Marcovecchio [25]). Let a € Q, 0 < |a| < 1. The dimension of the Q(«)-

vector space spanned by 1, Lij(«), ..., Lig(«) is larger than m log(S) as S — +o0.

It seems that all known results in this second family concern only specific G-functions,
essentially polylogarithms. This is not the case of our main result, Theorem 3 below, which
is very general. Starting from a G-function F(z) = >, Axz" with radius of convergence
R, we define for any integers n > 1 and s > 0 the G-functions
Fil(z) =) Ak ke (1.4)
" c~ (k+n)

which all have R as radius of convergence.
Let K be a number field that contains all the Taylor coefficients Aj of F. For any
integer S and any o € K such that 0 < |a| < R, let ®, ¢ denote the K-vector space
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spanned by the numbers F,[f](a) forn > 1 and 0 < s < S; of course @, g depends also
implicitly on F' and K. We shall obtain lower and upper bounds on dimg(®, s) but to
state them precisely, we need to introduce some notations.

We consider a differential operator L = 3 % P;(z (L)) € Q[z, L] such that LF(z) =0
and L is of minimal order for F’; then L is a G—operator and in particular it is fuchsian by a
result of Chudnovsky [13, 14]. We denote by 0 the degree of L and by w > 0 the multiplicity
of 0 as a singularity of L, i.e. the order of vanishing of P, at 0. We have § = deg(P )
because oo is a regular singularity of L. We let ¢ = § — w, and o = max(/, fl, . f,])
where ﬁ, cee ﬁ? are the integer exponents of L at oo (so that £y = ¢ if no exponent at co
is an integer). We refer to [24] for the definitions and properties of these classical notions,
and to [4, §3] for those of G-operators.

Theorem 3. If F' is not a polynomial, then there exists an effective constant C(F) > 0
such that for any a € K, 0 < |a| < R, we have

1+ o0(1)
[K:QIC(F)

The second inequality holds for all S > 0 while in the first one, o(1) is for S — +oc.

log(S) < dimg(Pa.s) < loS + . (1.5)

The upper bound in (1.5) depends only on F'. The constant C'(F’) is independent from
the number field K, which is assumed to contain « and all the Taylor coefficients A, of F’;
its expression involves certain quantities introduced in Proposition 1 in §5.1.

We have the following corollary, in a case where /o = 1. The proof is given in §2,
together with many examples and other applications of Theorem 3.

Corollary 1. Let us fir some rational numbers a, ..., ap41 and by, ..., b, such that a; ¢
Z\A{1} and b; ¢ —N for any i, j. Then for any o € Q such that 0 < |a| < 1, infinitely
many of the hypergeometric values

C (ap+1)k o
D e L (19

are linearly independent over Q(«).

The numbers in (1.6) are hypergeometric because they are equal to

1F al,ag,...,apﬂ,l,...,l‘a
pts+1+ p+s
b, by, .. by 2,27

where 1 and 2 are both repeated s times. It seems to be the first general Diophantine result
of this type for values of hypergeometric functions. Of course the conclusion of Corollary 1
can be stated more precisely as

oo

(a)ulane - (age)e  oF 14 o(1)
dimage) Spang >{,§ e T °S 055} Gay ge )
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where C' > 0 depends on ay,...,a,+1 and by,...,b,. The special case p = 0, a; = 1
corresponds to Theorem 2 stated above, except that log(2e) is replaced with C. An ad hoc
analysis in this special case would give C' = log(2e¢), thereby providing Theorem 2 again
(with a new proof, see below).

The strategy to prove Theorem 3 is as follows. First, we construct certain algebraic
numbers kj s, € K and polynomials Kj; ,(z) € K[z] such that for any s,n > 1:

s Lo

Fll(z) = Z Z /ﬁj’t7s,nF].[t}(Z) + Z Kjsn(2) <zdiz)jF(z), (1.7)

t=1 j=1

with geometric bounds on denominators and moduli of Galois conjugates (see Proposition 1
in §5.1 for a precise statement). Eq. (1.7) is a far reaching generalization of a property
trivially satisfied by polylogarithms: for any n > 1,

i Sktn nzl Sk
s = Lis(2) — —.
— (k+n) —~k

To obtain this result we study linear recurrences associated with G-operators, and make use
in a crucial way of the results of André, Chudnovsky and Katz [4, 19]. With z = «, (1.7)
proves the inequality on the right-hand side of (1.5). This part of the proof of Theorem 3
uses only methods with an algebraic flavor.

To prove the inequality on the left-hand side of (1.5), we use methods with a more
Diophantine flavor. We consider the series

LS k(h—1) (k=) .
T — !S r k
S,r,n(z) n % (k’+ l)S(k‘+2)S(/€+TL+ 1)5 k%

where |z| > 1/R, r and n are integer parameters such that r < .S and n — +oo. If A, =1
for any k, this is essentially the series used in [31] and [25] to prove Theorem 2. Using

(1.7) again, we prove that T, ,(1/a) is a K-linear combination of the numbers Fj[ﬂ(oz)
(1<t<8,1<j<{)and (2£)F(a) (0<j < p—1). In fact, the series T, (z) can
be interprgted has an explicit Padé-type approximant at z = oo for the functions Fj[t](l /2)
and (z-2)/F(1/z).

We apply singularity analysis and the saddle point method to prove that

Q
Tsrn(l/a) =a"n" log(n)’\(z Gy + 0(1)) as n — 0o, (1.8)

g=1

for some integers ) > 1 and A > 0, real numbers a > 0 and x, non-zero complex numbers
c1,..., ¢g and pairwise distinct complex numbers (;, ..., (g such that |(,| = 1 for any g.
These parameters are effectively computed in terms of the finite singularities of F'.



To conclude the proof we apply a linear independence criterion, as for all results of the
second family mentioned above. Such a criterion enables one to deduce a lower bound on
the dimension of the K-vector space spanned by complex numbers vy, ..., ¥; from the
existence of linear forms 7,, = Z}]=1 p;jn¥; with coefficients p;,, € Okg. This lower bound
is non-trivial if |7},| is very small, and p,,, is not too large. However one more assumption
is needed. In Siegel-type criteria this assumption is the non-vanishing of a determinant;
Theorem 2 is proved in this way in [25], by constructing several sequences (7, ,§"“’) On the
opposite, Nesterenko’s criterion [26] (and its generalizations [35, 9] to number fields) enables
one to construct only one sequence (T3,), but it requires a lower bound on |T},|*/"; this is how
Theorem 2 is proved in [31] if « is real. If liminf, |T},|*/" is smaller than lim sup,, |T,,|*/",
this lower bound is weaker. In fact, in our situation, namely with the asymptotics (1.8),
it is not even clear that liminf,, |T},|'/™ is positive so that these criteria do not apply. We
solve this problem by generalizing Nesterenko’s criterion (over any number field) to linear
forms (7,,) with asymptotics given by (1.8); our lower bound is best possible (see §3 for
precise statements). In the special case of polylogarithms, this provides a new proof of
Theorem 2 when « is not real.

The structure of this paper is as follows. In §2 we deduce Corollary 1 from Theorem
3, and give applications of these results. In §3 we state and prove the generalization of
Nesterenko’s linear independence criterion to linear forms with asymptotics given by (1.8).
Then in §4 we prove a general result, of independent interest, on linear recurrences related
to G-operators (using in a crucial way the André-Chudnovsky-Katz theorem). This result
allows us to prove (1.7) in §5, with geometric bounds on denominators and moduli of Galois
conjugates. We conclude the proof of Theorem 3 in §6, except for the asymptotic estimate
(1.8) that we obtain in §7 using singularity analysis and the saddle point method. At last,
we mention in §8 how to simplify the proof in the special case where A; > 0 for any k, and
a > 0.

2 Examples

The generalized hypergeometric series defined by (1.3), if b; ¢ —N for any j, is solution of
the differential equation Lpy(z) = 0 where
d

Lp=00+b—1)---(0+b,—1)—2(0+a1) - (0 +ap1), 922’%.
It is a G-function if and only if the a;’s and b;’s are rational numbers, in which case Ly, is
a G-operator. Assuming a; ¢ —N| it is not a polynomial. We now compute the quantities
defined before Theorem 3, especially 5. The degree § of L; is p+ 2 and the multiplicity w
of 0 as a singularity of Lj is p+ 1. Hence, { = § —w = 1 (consistently with the expression

of Lj, and Lemma 1 below). Moreover, the exponents of L, at 0 are 0,1 — by,...,1 — b,
while those at oo are ay,...,a,41, so that ¢, = max(1,ay,...,a,) where the a; are the
integer parameters amongst ai, ..., a,y1. If none of the a;’s is an integer greater than 1

then ¢y = 1. This proves Corollary 1.



We now list the hypergeometric parameters of the examples stated in the Introduction
1 1,1 % 11 3k 12
—— | ] — |2 — |33
S [ 2 } k1 2 2k 3
Ak 3 (%) 111 1 1,1,1
1 k PR PRI 5 L
@)= 1] me o] w5
2k 11 1 7 11 13 17 19 23 29
2k+1 5 (]_5]{?)'(10]{3)‘(6]{3)' 573757275735

In these eight cases, we have £y = 1 so that Corollary 1 applies (separately) to them

Let us now compute ¢, for four non-hypergeometric examples. The function ﬁ =
ZZ‘;O(Z?:O (I;) (kﬂ ))2* is solution of the differential equation

(2% =62+ 1)y (2) + (2 = 3)y(2) =0

which is mmlmal for this function; its exponent at co is 1. Hence ¢y = ¢ = 2 and Theorem 3
provides i (} ) log(S) K-linearly independent numbers amongst the numbers

[e%9) k

SOt = SEOC

, 0<s<S&.
~\ TAVZACES M

The function 3 log(1 — 2)?

=3 O(kJrl Zj 15 1)2#+1 is solution of the differential equa-
tion

(2= 1)%"(2) +3(z = 1)y"(2) +4/(2) = 0

which is minimal for this function; its exponents at oo are 0,0,0. Hence /o = ¢ = 2 and
Theorem 3 applies in the same way to the numbers

o0

Z(§1>k5+1 and i(z )711~C s> 0.

k(k+1)s

The generating function of the Apéry numbers Z;":O(Z?ZO (I;)Q(kj])Q)zk is solution of
the minimal differential equation

22(1 =34z + 28" (2) + 2(3 — 1532 + 622)y"(2) + (1 — 1122 + 72%)y/(2) + (2 — 5)y(2) = 0.

Its exponents at co are 1,1,1. Hence ¢y = ¢ = 2 and Theorem 3 applies again to the
numbers
0 k

,Cz%(;(?)Q(kjj)Q)(kikns nd i(zc)(HJN .

J (k+2)*’

s> 0.



We conclude this section with the case of the series Gy(z) = > o, X,gf 2% where b
is any fixed positive integer and x is the unique non-principal character mod 4. Since

Gy(z) = > pey (ég}r)f)bz%“, it is a G-function. Moreover, 6((1 + 22)6°)Gy(z) = 0, which is
of minimal order for G,(z). Hence §((1+ 2%)6) is a G-operator: it is such that p=b+1,
0 =b+3, w=>b+2,¢ =1 and its exponents at infinity are 0,0, ..., 0,2, where 0 is repeated

b times. Hence ¢y = 2 and Theorem 3 applies to the numbers

— x (k) oF - x(k) k
Z b+s and ; m& s S Z 0.

k=1

x

More generally, Theorem 3 applies to any G-function of the form » -, A(k)z where y is
a Dirichlet character and A(X) € Q[X] is split over Q and such that A(k) # 0 for any
positive integer k.

3 Generalization of Nesterenko’s linear independence
criterion

The following version of Nesterenko’s linear independence criterion will be used in the proof
of Theorem 3.

Let K be a number field embedded in C. We let L = R if K C R, and I. = C otherwise.
We denote by o(1) any sequence that tends to 0 as n — oo.

Theorem 4. Let (Q),) be an increasing sequence of positive real numbers, with limit +oo,
such that Q,+1 = Ho(l) LetT > 1, cq,..., cp be non-zero complex numbers, and (1, ...,
Cr be pairwise dzstmct comple:c numbers such that |(;| = 1 for any t.

Consider N numbers 91, ...,0y € L. Assume that for some 7 > 0 there exist N se-
quences (Djn)n>0, J = 1,..., N, such that for any j andn, p;, € Ok, all Galois conjugates

1+o0(1

of pjn have modulus less thcm Qn , and

T

N
> pinty = QW ( > g+ 0(1))- (3.1)
j=1

t=1

Then
T+1

K:Q]

Given 0 < a <1< fand k € C, A € C, this theorem can be applied when all Galois
conjugates of p;,, have modulus less than pr+e) and

dimg Spang (¢4, . ..,0y5) >

T

S bty = "o (D ad +o(); (3:2)

j=1 t=1



then the conclusion reads

_ 1 log(a)
dimg Spang (¥4, ...,0y) > K- Q (1 - log(ﬁ))'

Nesterenko’s original linear independence criterion [26] is a general quantitative result,
of which Theorem 4 is a special case if K =Q, T'=1, (; = £1. The case where K = Q,
T =2, (= (; and ¢, = ¢ follows using either lower bounds for linear forms in logarithms
(if c1, ¢ € Q, see [34] or [17, §2.2]) or Kronecker-Weyl’s equidistribution theorem [17].

Nesterenko’s criterion has been extended to any number field K by Tépfer [35] and
Bedulev [9]; their results are similar, but different in several aspects. The case T' = 1 of
Theorem 4 follows from Tépfer’s Korollar 2 [35], but does not seem to follow directly from
Bedulev’s result since he uses the exponential Weil height relative to K instead of the house
of p;, (i-e., the maximum of the moduli of all Galois conjugates of p; ).

We shall deduce the general case of Theorem 4 from T6pfer’s result using Vandermonde
determinants (as in the proof of [19, Lemma 6]). This provides also a new and simpler

proof of the above-mentioned case K =Q, T'=2, (; = (; and ¢c; = ¢5.

Even in the special case where T'=1 and K = Q, the lower bound in Theorem 4 is best
possible (see [18]). We have the following corollary, which we shall not use in this paper
but which can be useful in other contexts.

Corollary 2. Let o, f € R be such that 0 < a < 1 < . Consider N numbers 94, ...,9y €
L. Assume that there exist N sequences (pjn)n>0, J = 1,..., N, such that for any j and
n, pjn € Ok, all Galois conjugates of pj, have modulus less than f"3°M) and

Assume also that Ejvzl pin¥; # 0 for infinitely many n, and that for any j the function
Yoo o Pjm2" is solution of a homogeneous linear differential equation with coefficients in

Q(2). Then
dimg SpanK(ﬁh cee 779N) >

1 log(«)
g Toas)

The point in Corollary 2 is that no lower bound is needed on |E;V:1 pjn¥;|. This re-
sult fits in the context of G-functions, since its assumptions imply that > 7 p;,z" is a
G-function for any j. To deduce Corollary 2 from Theorem 4, it is enough to notice that
P Zjvzl pin¥" = Zjvzl ;Y 0 pinz" is solution of a homogeneous linear differen-
tial equation with coefficients in Q(z). We can then apply classical transfer results from
Singularity Analysis: an asymptotic estimate like (3.2) holds.



Proof of Theorem 4. : For any n > 0 we consider the following determinant:

a . Gp
T—-1 T—-1
G e G

We have |A,| = [(]'...(FA] = |Ag| # 0 since A is the Vandermonde determinant built
on the pairwise distinct complex numbers (i, ..., (7. We claim that for any n > 0 there
exists 9, € {0,...,T — 1} such that

’ Z C (o] >

Indeed if this equation holds for no integer d,, € {0,...,7—1} then upon replacing C ,, with
é Zthl ¢:Cy . (where Cy,, is the t-th column of the matrix of which A,, is the determinant)
we obtain:

|01A0|
T

(3.3)

T |01A0|(
T
since all minors of size T'— 1 have modulus less than or equal to (7'—1)!. This contradiction

proves the claim (3.3) for some 9§, € {0,...,7 — 1}.
Now let p’ . = pjnys,. Since Qny1 = Q1+O W and0<6,<T—1 (where T'— 1 does

Ao = [An] < — D=4,

not depend on n), all Galois conjugates of p;, have modulus less than QHO(l Moreover
(3.3) yields |Zj:1 PinVs| = 2 W Therefore Tépfer’s Korollar 2 [35] applies to the
sequences (pj,,): this concludes the proof of Theorem 4. O

Remark 1. In the proof of Theorem 4 the sequences (p},) may be such that p}, = pf
for some n < n’ even if this does not happen with p;,,. This is not a problem since in this
case ' —n < T — 1, where T is independent from n.

4 Linear recurrences associated with G-operators

In this section we apply some results of André, Chudnovsky and Katz to prove a few
general properties of G-operators (stated in §4.1). We recall that for any G-function F,
any differential operator L € Q[z, ] of minimal order such that LF' = 0 is a G-operator.
We refer to [4, §3] for the deﬁnltlon and properties of G-operators.

4.1 Setting and statements

Lemma 1. Let K be a number field, and L = o Pi(2) (d—)j a G-operator with P; €
K[X] and P, # 0; denote by ¢ the degree of L, and by w > 0 the multiplicity of 0 as a

singularity of L;letl =06 —w.
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Then there exist some polynomials Q;(X) € Ox[X] and a positive rational integer o
such that
- d
WL =% Q0+ j) where § = z—.
az jgoz Q;(0+ j) where R
Moreover letting d; = deg(Q);) we have
d; < p forany 0 <7 <4¢ anddy=d;, = p.

At last, Qo(X) =0 and Qu(—X + ) =0 are (up to a multiplicative constant) the indicial
equations of L at 0 and oo, respectively.

This lemma belongs to folklore (see for instance [8, §4.1] for a part of it) but for the
sake of completeness we provide a proof in §4.2 below.
In what follows we keep the notation and assumptions of Lemma 1. We denote by e,
.., g and fi, ..., f, the integer exponents of L at 0 and oo, respectively; they are the
integer roots of the indicial equations at 0 and oo, namely Qo(X) = 0 and Q,(—X +¢) = 0.
We let m > 1 be such that

m>—é}andm>]§—€foralllSz’g/{,lgjgn;

of course the condition on €; (resp. ]?J) is always satisfied if K = 0 (resp. 7 = 0). Then
Qo(—n) # 0 and Q(—n) # 0 for any integer n > m, so that the linear recurrence relation

¢
S Qi(=n)Um+5)=0, n>m (4.1)
=0
(satisfied by the Taylor coefficients of any power series in 1/z annihilated by L, see Step 1 in
the proof of Lemma 2) has a C-basis of solutions (u1(1))n>m. - - -, (w(n))n>m with u;(n) € K
for any 1 < j </ and any n > m. The determinant
wn+0—1) -+ wn+£-1)
uyn+€—=2) -+ wun+£—2
W(n) = ! : ) . « . ) (4.2)
u1(n) a ue(n)

is called a wronskian (or casoratian) of the recurrence.

Now let us consider an inhomogeneous linear recurrence relation

¢
S Q -Vt ) = gln). n=m (4.3
=0
where g(n) is defined for any n > m. We let A;(n) = D;(n) 55?1:172) for n > m + 1, where
wmn+l—-2) - uig(n+l0—-2) up(n+€—-2) - wn+0-2)
Dim) = (-1y| : : : - -
ur(n) S uj—1(n) ujt1(n) e we(n)
(4.4)
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Lemma 2. The general solution of the recurrence (4.3) is

v =3 (u+ 3 J)um. nzm

j=1 k=m+1

where x1, ..., X¢ are arbitrary complex numbers. Moreover we have W (n) # 0 for any
n > m, and the power series y .~ WZ(nn), Yoo ui(n)2" and Y07 Qf(’i(le) 2" (with
1 <j <) are G-functions.

The first part of this lemma (namely, the expression of V(n)) is valid as soon as
Qo(—n)Qi(—n) # 0 for any n > m: it does not rely on the assumption that L is a
G-operator.

4.2 Proofs

Proof of Lemma 1. Since co is a regular singularity of L we have deg(Py) < 6 — (1 — k)
for any k and deg(P,) = d; since 0 is a regular singularity the order of vanishing of each
Py, at 0 is at least max(0,w — (1 — k)). Therefore we may write

o—p+k

Pi(z) = Z PRz

t=max(0,w—pu+k)

Now observe that for any n > 1,

d\n " )
z”(%> = ; c;nt with ¢j, € Q and ¢, = 1.
Then we let py; = 0if ¢ < —1, and

k

n
Sk(X) = Poj—pn + Z ( Z pi+ufk,icj,i+ufk) X7

Jj=1  i=max(0,k+j—p)

for w < k <4, so that deg(S,) = deg(Ss) = p and

4
L = Z Zk_MSk<9).
k=w

Let a > 1 denote a common denominator of the (algebraic) coefficients of all polynomials
Sk, and put Q;(X) = aSj1(X — j). Then we have

¢
az' YL = szQj(G + 7).

J=0

12



At last, since 0zP = pzP for any p € Z we have

4

1 it
LaP = =3 Qj(p+j)" .
=0

Since @y and @, have degree p, they are non-zero and (up to the multiplicative constant é)
the indicial equations at 0 and infinity are respectively Qo(p) = 0 and Q(—p+¢) =0. O

Proof of Lemma 2. We split the proof into four steps. Step 3 and a part of Step 2 are some-
what classical, and do not rely on the assumption that L is a G-operator (see for instance
29, pp. 5 and 22]). However we provide a complete proof for the reader’s convenience.

Step 1: Proof that > u;(n)z" is a G-function.
For any power series U(z) = > > w,2", Lemma 1 yields

n=m

azl"YLU(z) = f ( i uk+ij(—k)>z_k.
k=m—¢

j=max(0,m—k)

Therefore (uy,)p>m is a solution of (4.1) if, and only if, az*"“LU(z) = 2'"™Uy(z) where
Up is a polynomial of degree at most ¢ — 1. In this case (&£)‘2#~“+t™1L is a G-operator
that annihilates U(z); notice that 2#“L € K[z, £] even if w > p, since 0 is a regular
singularity of L. Applying the André-Chudnovsky-Katz theorem (see [4, p. 719] or [19,

§4.1]), we deduce that if u,, € K for any n then U(z) is a G-function in 1/z.

Step 2: Computation of the wronskian W (n).

First of all, if W (ng) = 0 for some ng > m then we obtain A, ..., A, € C, not all zero,
such that A\jui(n) + ...+ Nug(n) = 0 for any ng < n < ng + £ — 1; by induction this
equality holds for any n > m, which is a contradiction. Therefore we have W (n) # 0 for
any n > m. Moreover W (n) is solution of the linear recurrence of order 1

Qe(=m)W(n +1) = (=1)'Qo(=n)W (n), (4.5)

since the left hand side is equal to

— X5 Qi=mm(n ) o =i Qi(—m)u(n + )
ur(n+¢—1) u(n+£€—1)
ul(n'+ 1) . W(n'+ 1)

By Lemma 1 we have
w
Qo(X) = [[(X —e) and QX)) =7 ]](X+fi—0),
j i=1
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where 79, 7¢ are non-zero elements of K and ey, ..., e, (resp. fi, ..., f,) are the exponents
of L at 0 (resp. at o0). By Katz’ theorem [4, p. 719], these exponents are rational numbers.
The recurrence (4.5) is easily solved: for n > m, we have

ttn—m) Qo1 =) - Qo(=m)
_ ¢ n—m T (n—14¢) - (m+e)
= W (m)((=1)"0/7) E(n_1—fi+£)~-~(m—fi+f)

I

= W(m)((=D)"y0/%)" " H ( (m + Cilnm

1 m—fi+€)n,m'

W(n) = (—1) W (m)

Therefore >~ Wn) is a 411 F; hypergeometric series with rational parameters, and ac-

cordingly a G-function.

Step 3: Computation of the solutions of (4.3).
Since W (n) # 0 for any n > m, given any sequence (v(n)),>n there exist sequences
(¢j(n))nzm, 1 < j < ¢, such that

v(n+k)=

MN

ci(nu;(n+k), k=0,....,0—1 (4.6)

J=1

This equation with n + 1 and k£ — 1 reads

¢
v(n+ k) :Zc]n+1u]n+k) k=1,...,0—1,

Jj=1

so that
;

Z(ch(n))uj(n+ k)y=0, k=1,....,0—1, (4.7)

Jj=1
where we define as usual the difference operator Az, := x,11 — .

Now let us assume that (v(n)),>m is a solution of the inhomogeneous linear recurrence
relation (4.3). Since (4.6) with n + 1 and ¢ — 1 yields

‘ ¢
vin+0) = ZAC] Nuj(n+2) —i—Zc] n)u;(n +£),
7=1 7j=1

we obtain using also (4.6) and the fact that (u;(n)),> is a solution of (4.1) for any j:

Z Acj(n))u;(n+0) = g(n)n : (4.8)

Jj=1
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The ¢ equations given by (4.7) and (4.8) form a system of linear equations which enables
us to find Ac;(n) by Cramér’s rule because the determinant of the system is the wronskian

W (n + 1) defined by (4.2). We have W(n + 1) # 0 (by Step 2) so that Ac;(n) = 2, (ntl)

W (n+1)
since A;(n) = D;(n) 55’(11112) is equal to the following determinant:
wmn+0—1) - wuj(n+l0—1) 5%:12) ujp(n+0—1) -+ un+0—1)
wmn+0—-2) - uj_1(n+l—2) 0 ujp(n+0—2) -+ un+0—2)
ur(n) S uj—1(n) 0 ujr1(n) e we(n)
Therefore we obtain
n—1 n
A; (k)
¢j(n) = ¢;(m) + ;A%‘(k) = ¢;(m) + k%:ﬂ I/I;(k)’ n>m,

and finally

o =3 (om+ 3 L)

Conversely, the same computations prove that any sequence defined in this way (with
arbitrary constants c;(m), 1 < j < ¥) is a solution of the inhomogeneous linear recurrence
relation (4.3).

Step 4: Proof that Z;’O:mﬂ le(f'li(le)z" is a G-function.

Expanding the determinant in (4.4) we see that > " | D;(n)2" is a Z-linear combi-
nation of Hadamard (i.e., coefficientwise) products of G-functions >~ . us(n +14)2", so
that it is a G-function. On the other hand )~ ., ﬁn_n) is a G-function because @) is
split over the rationals (see Step 2) so that finally > > Qf{f%z is a G-function for
any j. U

n

5 Properties of F(z)

Throughout this section, let K be a number field, and L = Z?:o P;(z) (d%)] a G-operator
with P; € K[X] and P, # 0. We denote by ¢ the degree of L (i.e., 6 = deg(FP,) since co
is a regular singularity of L), by w > 0 the multiplicity of 0 as a singularity of L (i.e., the
order of vanishing of P, at 0), and we let { =0 — w.

Let F(2) = > p0y Arz®, with Ay € K, be such that LF = 0; then F is a G-function. Of
course, starting with such a G-function F', one may choose for L a differential operator, of
minimal order, such that LF = 0; then L is a G-operator.

Recall that we let § = 2 dd and that

> A
FyE/S](Z) _ 7kzk+n.
kZ:O (k+n)s
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5.1 The main proposition

As in the introduction, we denote by ﬁ, N ﬁ? the integer exponents of L at oo, with
1 = 0 if there isn’t any.

Proposition 1. Let m > 1 be such that
m>]§—€ forall1 <j<n. (5.1)

Then for any s,n > 1:
(i) There exist some algebraic numbers Kk;¢ s, € K, and some polynomials K, ,(z) €
K[z] of degree at most n+ s(¢ — 1), such that

s L4+m—1 p—1
FUE =3 kjesnF(2) + Y Kjn(2)(07F)(2). (5.2)
t=1 j=1 j=0

(i1) All Galois conjugates of all the numbers kjisn (7 < l+m—1,t <s), and all Galois
conjugates of all the coefficients of the polynomials K s ,(2) (j < pr—1), have modulus less
than H(F,s,n) > 0 with

limsup H(F,s,n)Y" < Cy(F)?
n—-+00
for some constant Cy(F') > 1 independent of s.

(1ii) Let D(F,s,n) > 0 denote the least common denominator of the algebraic numbers
Kitsn (1 <l+m—11t<s,n <n)and of the coefficients of the polynomials K; s, (2)
(G <p—1,n" <n); then

limsup D(F, s,n)"™ < Cy(F)*

n—-+o0o

for some constant Cy(F') > 1 independent of s.

The constants C1(F) and Cy(F) are effective and could be computed in principle.
However, their values are complicated to write down and do not add much value.

Of course the most interesting case of Proposition 1 is when m = max(1, f; + 1 —
(..., ﬁ +1—/), that is m = o — £+ 1 where ¢, was defined in the introduction: we obtain
in this way (1.7). However, in the proof we shall use greater values of m (see §5.3 below).
Our main tool will be a linear recurrence relation satisfied by Fr[f](z).

5.2 A linear recurrence relation satisfied by FT[LS](z)

Let Qo, ..., Q; and d; = deg(Q;) be as in Lemma 1.

Lemma 3. For any fixed integer s > 1, the sequence of functions (Fy[f}(z))n>1 1s solution
of the inhomogeneous recurrence relation B
¢ ¢ s—1 ¢
D_QEL() =D Bineskiis(2) + D Bas)F(z), n>1  (53)
j=0 j=0 t=1 §=0
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where Bjn1s € Ox and each polynomial B;, (X) € Ox[X] has degree < d; — s.

Moreover, letting Bj,, (X) = ijg)s bjn.sq X7 the coefficients 5, +s and bj, s, are poly-

nomials in n, with coefficients in Ok (depending on j, t, s, q), such that
deg(Bjnts) < dj +t—s and deg(bjnsq) < dj —q—s.
In particular:
o If s>y =max(dy,...,d), then Bj, (X)=0.
o [ft<s—d; then Bjnss = 0.

Proof. We prove (5.3) by induction on s > 1, and this will provide expressions for the
various involved quantities. In the case s = 1, we write Q;(z) = Ei{:o pjmx™ with
pjm € Ok for any j, m. For any integer n > 1, we have

z ¢ d z
0 :/ 2" 'LF (2)dr = Z p]m/ "N + §)"F (x)dax
0 =0 m=0 0
A d] m m z
=33 pim ( )jm—p | amier @
7=0 m=0 p=0 p 0

because (0 + j)™ = Z;n:o (’Z) J"POP. After successive integrations by parts (with respect

to 6; all the integrated parts vanish at x = 0 because n > 1), we see that

/ 2" P (x)dx
0
p—1

= 2 (1P ()P R () + (<1 (n 4 ) /0 o F (@) da.

Since [} 2" (z)dx = Fr[ij(z) we deduce that

¢ d;

= (m N
0= FLE S pin > () 1P
j=0 m=0 p=0
l dj m m p—1
F TS g S (M) 1 ok )
7=0 m=0 p=0 p q=0
We now set for 0 < ¢ <d; —1
d; m
my\ .,_ _ N p—g—
bnaX) == i 3 ( )j P19 4 g, (5.4
m=0 p=gq+1 p



which is a polynomial in n with coefficients in Ok and degree at most d; —q — 1. Therefore
Bjni(X) = ngol bjn1,4X9 has degree < d; — 1 and coeflicients in Ok. Since

Z i3 ()Pl 37 = 3 g = Qs

we then deduce that

l

D Q=mE(2) = 3 B (O)F (2)

J=0

for any integer n > 1: this proves (5.3) for s = 1.

Let us assume that Lemma 3 holds for some s > 1. Then, since f[; ;Fﬂ]( Jdx =
F,E‘r;-l](z), we have
¢ ¢ s—1 ‘.
s+1 t+1 n
S Q) = 33 Bl ) + 3 [0 B ul0) e
j=0 j=0 t=1 j=0v0
Now recall from the case s = 1 that
z q—1
| am e E s = 2 ST 1) e ) + (<10 4+ ) ).
0 h=0
Hence,
¢
s+1
> Q=) F()
7=0
Y4 s djfs
1] .
= Z ﬁj,n,tfl s n+] Z FT[L—‘,—] ( Z 1)q<n + j)qu,n,s,q)
j=0 t=2 q=0
q—1
+Z nﬂzbjnsqz )qh 1(n+3)qh 10hF( ).
h=0
Eq. (5.3) follows for s +1 > 2 with
djfs
Z(—l)q(n + 7)) .5 for t=
q=0

Bintst1 =

Bimt—1s  for 2<t<s



and
dj*S*l djfs

Binsa(X) = 3 (30 (<17 4 ) ) X

h=0 q=h+1

In particular,

djfs
bj,n,s+1,h = Z (—1)q*h*1(n —|—j)q7h71bj,n7s,q, 0 S h S dj —s—1.
qg=h+1
This completes the proof of Lemma 3, with explicit formulas. O

5.3 Proof of Proposition 1

Let K, F', L be as in the statement of Proposition 1, and @, ..., ¢, be as in Lemma 1.
To begin with, we claim that if m satisfies (5.1) and Proposition 1 holds for m+1, then
Proposition 1 holds for m. Indeed Lemma 1 asserts that the integer roots of Q,(—X + ¢)

are fi, ..., f, so that (5.1) yields Q,(—m) # 0. By induction on s > 0, Lemma 3 implies
that FEL@('Z) is a linear combination of F,E?ﬂ(z) (0<j<{l—-1,1<t<s, with coefficients

in K) and #7F(z2) (0 < j < pu— 1, with coefficients in K[z] of degree at most m + /).
Then for any n > 1 we may replace all FELZ(Z’) with this expression in the expansion (5.2)
provided by Proposition 1 with m + 1. This gives an expansion of the form (5.2) with m,
and the new values of k5, and K ,(z) are easily proved to satisfy also (i7) and (4i1).
This concludes the proof of the claim.

We denote by 51,--Xa< the integer exponents of L at 0; we have x > 1 because
LF(z) =0. Recall that fi, ..., f, are the integer exponents of L at oo, with = 0 if there
isn’t any. The claim shows that in proving Proposition 1 we may assume that m is large;

we shall assume from now on that
m>—€iandm>]§—€f0rall1§i§/@,1§j§n. (5.5)

Then we are in the setting of §4.1; in particular, Qo(—n) # 0 and Q,(—n) # 0 for any
integer n > m. As in §4.1 we denote by (u1(n))n>ms - -, (we(n))n>m a basis of the space
of solutions of the homogeneous recurrence relation Zﬁ:o Qj(—n)U(n +j) =0, n > m,
such that uj(n) € K for any j and any n. We also define W(n) and D;(n) as in §4.1 (see

(4.2) and (4.4)). Lemma 2 shows that >0 =2~ 3% 4;(n)z" and Y o Di(n) ,n

n=m W(n)’ n=m+1 Q,(1—n)
(with 1 < j < /) are G-functions. Therefore letting ¢,, > 0 denote a common denominator
) D, (k .
of the algebraic numbers —Wl(k), 7@(]1(—39) (m+1<k<n 1<j<¥), uj(k) (m<k<n,
1 < j</{), we have
lim sup 65/™ < Cy(F) (5.6)
n—oo

where Cy(F) is a constant that depends only on F'. Since 4,, > 1, we have Cy(F) > 1. For
the same reason we have
1 |1D; (k)]
(k J
e, mo () o o=

) < Cupyr e (5.7)
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as n — oo, for any j < ¢, where C1(F') is a constant that depends only on F. Increasing
C1(F) if necessary, we may assume that Cy(F) > 1.

By induction on s > 1 we shall construct algebraic numbers x;; ,, € K and polynomials
K;sn(2) € K[2] of degree at most £ 4+ n — 1 such that for any n > 1,

>_A

s fl+m—1 n—

Fll(z Z Z Kjtsnl) (2) + > Kjou(2)0 F(2) (5.8)

j=0

<.

with the additional properties
dséfjrs(gfl)/i“,s,n/ € Ok and dséiis(zfl)KLs,n/(z) € Ok[z] for any n' <n (5.9)

where d > 1 depends only on F' but neither on n nor on s. Together with (5.6) this implies
assertion (7i7) of Proposition 1; our construction (in which all formulas are explicit) yields
also assertion (i) using (5.7).

The construction of k¢, and K () is trivial if n < /+m—1: it is enough to choose
K, jn(2) =0 for any s,j, and Kj¢s, equal to 1 if j = n and ¢t = s, equal to 0 otherwise.
Therefore we may restrict now to the case n > ¢ + m.

We shall prove at the same time the initial step (s = 1) and the inductive step. With
this aim in mind we let s > 0 and we shall prove the property with s+ 1 (i.e., construct
explicitly ;541 and Kji1,(2) such that (5.8) and (5.9) hold); if s = 0 the proof is
unconditional, whereas if s > 1 the property with s will be used.

By Lemma 3, the sequence of functions (FT[LSH} (z)) is solution of the inhomogeneous

recurrence relation

n>1

D> Qi(-n n)FEEN2) = goa(n), n>1, (5.10)

with

»

l
gerl ZZB]nterl n+] + Zszr B]nSJrl(e)F(z) (511>

7=0 t=1 7=0

where f;,1s+1 € Og and each polynomial B;,, ;+1(X) € Og[X] has degree < d; —s — 1.
Lemma 2 shows that there exist some functions x,41,(z) such that for all n > m,

Flstl(z) = Z Xs+1,5(2)uj(n) + Z < Z Asﬁﬁf))%(”)a (5.12)

j=1 j=1  k=m+1
with (using (5.11))
As-l—l,j(k) . Dj(k’) ¢ 5 "
Wi(k) — W(k)Q(1 —k) (Z Bk 1ts+1Fk 1+q )+ Z aas qk,LsH(G)F(z)),

=0 t=1

<

(5.13)
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The point here is that FT[LSH](,Z), gs+1(n), Asy1,j(k) depend on z, whereas @);(—n) does not:
the homogeneous recurrence relation (4.1) and u;(n), W(k), D;(k) do not depend on z.
The functions x,41 (%) can be determined as follows. We use (5.12) forn =m, ..., m+{—1
so that the linear system of ¢ equations

4

1] g s+1,h(K
ZXSHJ 2)u;(n) = FP Z( Z Wg)>“"(”)

h=1 k=m+1

is solved by Cramér’s rule. Indeed, the determinant of the system is W (m) and accordingly
a non-zero element of K by Lemma 2. Therefore, for any j there exist some o, ; € K
(independent of s) such that

Xst1,4(2) = ; Qpj ( FFH(z) ; (k 3 ‘;/;L/lé()k))uh(p)). (5.14)

Using this equality and (5.13) into (5.12) yields, for any n > m:
FistU(z) = ¢ 4+ ey + 3+ ey +cs, (5.15)

where

Y4 l+m—1
a = Y un) Z ap P (2),
Jj=1 =

Z—i—m 1 P V4 s

- D (k ,
G2 = —;uj Z Qp,j Zuh Z ZZW(k:)C;g((l)—k;)ﬁq’k_l’t’SHF’in(z)’

k=m+1 ¢=0 t=1

L f—i—m 1 Dh(k;) ) .
= — —l+q
C i 2 “’”Z“" 2 W(k)Qg(l—k)qz:%Z Bui1an(0)F(2),
4 n l s D](k‘) ’
= 2 2 DD g e e )
— : - D](k) k 1+q
G = ;uj(n)k%;l T 00 =R qX% By 1.501(0)F(2).
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If s =0 then ¢y and ¢4 vanish; otherwise we apply (5.8) with each t € {1,...,s} and get

l+m—1

Cp = —;uj(n) Z Qypj ; Z ZZW k>ﬁq,k71,t,s+1

km+1q 0 t=1

t f+m—1

(Z Z Rjr i/t k— 1+q t] +ZK’tk 1+q< )9 F( ))
t'=1 j'=1
1
Cyq jz k;rl;tzl W Qz )Bq,k—l,t,s—f—l
t l+m—1
(Z Z Rjt !t k— 1+q +ZK’tk 1+q< )9 F( ))
t'=1 j'=1 =

We shall now define the coeflicients k,y 511, and Kj s41,(2) in such a way that (5.15)

reads
s+1 {+m—1

s+1] Z Z /‘f]’t’s-l—ln +Z s+1n 0 F( )

t'=1 j'=1
Taking ¢; into account we let

[ 0if1<p<m-—1,
Kp,s+1,s+1,n = Zleap,juj(”) fm<p<l+m-—1.

If s > 1 then considering ¢y and ¢4 we let, for any t/, j* such that 1 < ¢/ < s and

1<j<l+m-—1

Kt s+1,n =

¢ l4+m—1 ¢
- u] (n> (){py.] uh /qukf17t73+1/€.]/7t/7t7k71+q
j=1 p=m h=1

k m—+1 ¢=0 t=t/

¢
Y Yy Bt 1Kt k-1
P J W (k Qg — k) q s+1ivj q

k=m+1 q=0 t=t

Now recall that we assume n > £+ m. Then in each term of the sum we have k — 14 ¢ <
n+ ¢ — 1 so that (5.9) yields d35fl+(s+1 1) it k—14q € Ok. By definition of 4 (s41)@—1)
we obtain in both cases (s =0 and s > 1) that

d5+1 53(S+1

b (o) (1) it st € Ox for any n' <n, any 1 <j </l+m—1and any 1 <t < s+1,

where d > 1 is chosen (in terms of F only, independently from n and s) such that
doy, jup(p) € Ok forany m <p<{+m—1and any 1 < j, h < /(.
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On the other hand, writing Bjj s+1(X) = Zf;;ol bikst+1,4X? (so that bjp 414, = 0 if
deg Bjjs+1 < ¢ < p— 1) and considering the coefficients of 07 in 5, cx, co and ¢4 we let
for any j/ with 0 < j' < p—1:

¢ t+m—1 ‘ p
(k)
Kjroin(z) = = uy(n) s Y un(p) Z Wk Q =) Z g k1 s
Jj=1 p=m h=1 k=m+1 ¢
)4 n )4
D](k) k q
b s
PRI renres PR TSR
J k=m+1 q=0
V4 l+m—1 l P V4 s
Dy (k)
- ZUJ(”) Z Qp, j Zuh(p) Z Bak—1,t,54 181 1 k—114(2)
j=1 p=m h=1 k=m+1 ¢=0 t=1 W(k)Qe(1 — k)
)4 n l s
D;(k
) u(n) Y Y . Baje-1t,5+1K 7 th-144(2)-
=1 k=m+1 ¢=0 t=1 W(k)Qe(1 = k)
Then we have
d”léi(jtil)(z K s+10(2) € Ox[X] for any n' <nand deg(Kj si1,) <n+(s+1)({—1)

for any j'.
At last assertion (i7) of Proposition 1 follows also from these formulas, using Lemma 3

and (5.7).

6 Proof of Theorem 3

In this section, we introduce a power series that will play the usual role of an auxiliary
function in transcendance theory. We denote by R > 0 the radius of convergence of

F(z) =00, Arzr.
Let 7, S > 0 be integers such that » < S. Let us define the following auxiliary series,
for n > 0:

- k(k—1)---(k—rn+1) L
Tsrn(2) = kzzo b+ D)S(k+2)S--(k+n+1)5 *~

o= (k=4 1) _
= pl57" ( ™Az "
kZ:O (k + )n+1

It converges for any z such that |z| > 1/R. If Ay =1 for all £ > 0, we recover the series
N, (z) in [31], up to a factor of z.

As in §5 we let 6 = z%, and as in the introduction we let ¢y = max(¢, ﬁ, cee ﬁ?) where
fi, ..., [, are the integer exponents of L at oo and ¢ is defined as in Lemma 1.

23



6.1 A linear form

We now make the connection between T, ,(z) and the functions F(2).

Lemma 4. Let us assume that n > {y. There exist some polynomials Cy s,(X) € K[X]
and Cy, (X)) € K[X] of respective degrees < n+1 and < n+ 1+ S — 1) such that, for

any z such that |z| > 1/R, we have

o S p—1
Tarn(e) = 32 30 CannFL1/2) + 3 Cunl2)e 0P 1/2).

Remark 2. Since the Taylor expansion of T, ,(2) at z = oo has order > rn+1, this lemma
shows that T, ,(z) can be interpreted has an explicit Padé-type approximant at z = oo

for the functions FQES](l/z) and (0“F)(1/z).

Proof. We have the partial fractions expansion in k:

n+l S
n!S_r k(l{:—l)(/{;—rn—i—l ZZ Cjsn
(k+1)%k+2)5 - (k+n+1) == (k+7)°
for some ¢; 5, € Q, which also depend on r and S. It follows that

n+l S

Tsrn(2) = DD Crun? F(1/2).

j=1 s=1

Since n > ly, by Proposition 1 (with m = ¢y — ¢ + 1) we have

n+1
Tsrn(2 chjan]F[ (1/2) + Z chsnz]F[s (1/z2)
j=1 s=1 j=l+m s=1
o S
_ Z > cisn? FYI(1/2)
j=1 s=1

(6.1)

n+1 s Lo p—1
+ Z (ZZ@J,&J»FM/@+§_%Ku,s,j<1/z><0“F><1/z>)

j=l+m s=1 t=1 u=1
bo S pn—1 _
=D ) Cusn@)FE1/2) + > Cun(2)z 5D (0" F)(1/2)
u=1 s=1 u=0
where
n+1
Cusn(2) = Cusnz" + Z Zz Cionbuso
j=l+m o=s

24



and
n+1 S

Cun(2) = D cjund? VK, (1/2). (6.3)

j=lo+1 s=1

The assertion on the degree of these polynomials is clear from their expressions since
K, (1/z) is a polynomial in 1/z of degree at most j + s(¢ — 1). O

6.2 Analytic and arithmetic bounds for C, ;,(z) and 5’un(z)

In this section, we prove two lemmas concerning the coefficients of the polynomials C,, s ,,(2)
and C,,(z). Given ¢ € Q we denote by [¢] the house of &, i.e. the maximum modulus of
the Galois conjugates of .

Lemma 5. For any z € Q, we have

limsup (max|Cy.(2) )Un < Cy(F)5r 25T max(1,121)

n—-+o0 U8
and _
limsup (max|Cy n(2) )Un < CL(F)5r 25t max(1, 121).

n—-+o0o

Proof. In [31, Lemma 4], it is proved that the coefficients ¢;;,, in (6.1) satisfy
|Cj,s,n| < (T’rL + 1)25(rr25+r+1)n

for all j,s,n. (Our ¢;;, are noted ¢ ;_1, in [31]). To conclude the proof, we simply use
this bound in (6.2) and (6.3) together with Proposition 1(ii). O

Lemma 6. Let z € K and g € N* be such that qz € Og. Then there exists a sequence
(Ap)n>1 of positive rational integers such that for any u, s:

ApCusn(2) € Ox, NCun(z) € Og, and  lLim AL = Cy(F)5e5.

n—-+o0o

Proof. Let d, = lem{1,2,...,n}. The proof of [31, Lemme 5] shows that d5c; ., € Z for

all 7, s,n; we recall that lim,, d}/n = e. On the other hand, in Proposition 1(i7i) we may
assume that D(F,S,n) > Cy(F)%"/2, upon multiplying D(F, S, n) with a suitable positive
integer if necessary, so that lim D(F, S, n)/" = Cy(F)®. Then the result follows again from
(6.2) and (6.3). O

6.3 Asymptotic estimate of the linear form

The following lemma will be proved in §7 using singularity analysis and the saddle point
method.
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Lemma 7. Let a € C be such that 0 < |a| < R. Assume that S is sufficiently large
(with respect to F' and «), and that r is the integer part of —>z o gS . Then there exist some
integers Q@ > 1 and X\ > 0, real numbers a and k, non- zero complex numbers ci,. .., cqg,
and pairwise distinct complex numbers (i, ..., (g, such that |(,| =1 for any q,

Q
Tsyn(l/a) =a"n" log(n)/\<ch§';‘ + 0(1)) as n — oo,

g=1

and
1

TS—?"'

O<a<

6.4 Completion of the proof of Theorem 3

Let a be a non-zero element of K such that |o| < R; choose ¢ € N* such that ¢/a € Ok.
By Lemmas 5 and 6, p, s, := AnCusn(l/a) and py, = A,Cyun(1/a) belong to Ok and
for any u, s we have

lim sup max(|py.sn| ™™, [Pun|”™) < b= qC1(F)*Cy( F)*eSr 257 max(1, [1/al).

n—-+o00

Using Lemma 4 we consider

pn—1
= A Tspn(1/a) = ZZ Pusan PN (@) + ) Puna® V(0" F) ().
u=1 s=1 u=0

Choosing r = [S/(log S)?], Lemmas 6 and 7 yield as n — oc:

Q
Co(F)5eS
T, = ag(HO(l))(Zch? + 0(1)) with 0 < ap < M.

rS—
q=1

Let U, s denote the K-vector space spanned by the numbers F&S](a) and (0"F)(«),
1<u<ly,1<s<85 0<v<pu—1. It follows from Theorem 4 that

. 1 log(ao)
dimg (Va,s) 2 K : Q] (1 ~ log(b) )

Now, as S — 400,
log(b) = log(2eC(F)Cy(F))S + o(S) and log(ag) < —Slog(S) + o(Slog S)

so that
1+o0(1)

dimg (Va,s5) > K : Q]log(2eCy(F)Cy(F))

log(S) (6.4)

as S — +o00.
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We recall that @, g is the K-vector space spanned by the numbers Fl () for u > 1
and 0 < s < S. Now, (5.2) in Proposition 1 with m = ¢y — ¢+ 1 (i.e. (1.7)) and z = «
shows that in fact ®, g is a K-subspace of ¥, ¢. In particular, for any S > 0,

dimK(CI)mS) S dimK(\I/ms) S E()S + My
which proves the right-hand side of (1.5) in Theorem 3. On the other hand, we also have
dimg (V,,s) < dimg(Pq,s) + p

so that the lower bound (6.4) holds as well with @, ¢ instead of ¥, ¢ because p is in-
dependent from S. This proves the left hand side of (1.5) in Theorem 3 with C(F) =
log(2eC, (F)Cy(F)).

7 Asymptotic behavior of Ts, ,(1/«)

In this long section, we determine the precise asymptotic behavior of Ts, ,(1/a) as n —
+00, under certain conditions on r and S. The result is presented as Proposition 2 at the
very end of the section, and then we deduce from it Lemma 7 stated in §6.3. Before that,
we state and prove many preliminary results.

7.1 Analytic representation of T, ,(1/«)
Let a € C be such that 0 < |o| < R. We start with

[e.e]

_ (k—rn+1)m, i
Tsrn(1/a) =n!5" Ay
kZ:O (k+ )0
om (k=) (1 [ F(2)
= !9 ( (—/ dz | oF
kZ:O (k+1)5,  \2im Jo 2Ft1

where C is any direct closed path surrounding 0 and enclosing none of the singularities of
F(z). We want to define a suitable analytic function A(z) such that A(z) = A for any
large enough integer k.

Let &1, ..., &, denote the finite singularities of F'(z). We exclude from this list possible
removable singularities which contribute 0 to (7.1) below; then &; # 0 for any j. We
have p > 1 because F(z) is not a polynomial. Amongst these singularities, we will not
distinguish poles from branch points.

Let ¥ € (3%,7) be such that arg(¢;) # ¢ mod 27 for any j. We choose also ¢; €
(%", %) such that the half-lines L; = &; + ;eiRy are pairwise disjoint, and disjoint from
Ly = ¢”Ry; note that 7/8 (and 37/4 above) do not play a special role here. Then
D=C\ (LyULyU---UL,) is simply connected; using analytic continuation F' is well-
defined on D. Moreover for z € C\ Ly we choose the value of arg(z) between ¥ — 27 and

27



¥ so that log(z) = In|z| + iarg(z) is also well-defined on D. Unless otherwise stated, we
shall use this choice everywhere until the end of the proof of Lemma 9.

Since F'(z) is fuchsian, it has moderate growth at oo, i.e there exists u > 0 such that
|F(2)] < |2|"* as z — 00, z € D. Hence if k > u, we can “send” C to oo: we then have

1 F(x) 1 F(x)
— de =) — d
2i7r/c ot ; 2im /Ej ot

where for each j, Ej is a Hankel contour: from oo to &; on one bank of the cut L; (namely
with arg(z — §;) slightly less than arg({;) + ;) and back to oo on the other bank, and
always at a (constant) positive distance of L;. We thus have the representation

p
1 F(x)
Ay =) — dx. 7.1
g ;22'7?/3], Rt (7.1)
Note that if £; is a pole of F(z), then

! F<x>d:c = Res(F<x) xr = §j).

2ir Jz, k1 k1

We define

Bi(z) = — [F(x)dx_sz F&e) o

/ 2im Jp, x*t! 2im Jp, x

where L; = fj’lfj; recall that —% < e; < % so that arg(§;z) = arg(;) + arg(z) when 2
lies on Zj. Each function B;(z) is analytic in Re(z) > u (at least). Note that Ej is again a
Hankel contour: from oo to 1 on the bank of the cut 1+ ¢/ R, where arg(x — 1) is slightly
less than ¢;, and back to oo on the other bank, always at a (constant) positive distance of
the cut.

Lemma 8. (i) The function A(z) = "_, Bj(2) is analytic in Re(z) > u and A(k) = Ay
for any integer k > u.

(it) For each j, there exist s; € N, B; € Q and k; € C\ {0} such that for any t such

that Re(t) > 0,
log(n)® 1

B;(tn) = »7<1 (’)7) 7.2

(tn) = 5 (tn)Pigin + (log(n)) (7.2)

as n — +o0o. The implicit constant is uniform in any half-plane Re(t) > d where d is a
fixed positive constant.

Proof. Ttem (i) is clear. Item (i7) is standard but we sketch the argument for the reader’s
convenience; it is essentially the same one as in the proof of [32, Theorem 3]. We fix

je{l,...;p}. Given z € C\ Ej we choose the value of arg(l — x) between ¢; — 7 and
g+ m; then log(1 — z) and (1 — )" are well-defined (for any ¢t € C). To make things more
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precise we shall write log; when we refer to this choice, and log when the previous one is
used. By the André-Chudnovsky-Katz Theorem, in a neighborhood of x =1, = ¢ L;, we

have

F(&r) =) ) rjadlogy(1—2)*(1 — 2) F (1 — x) (7.3)

s€S; teT;

where r;s;, € C, S; C N, T; C Q and Fy; (x) are G-functions. (In fact, the full force of
the André-Chudnovsky-Katz Theorem is not needed here: the theory of fuchsian equations
ensures that (7.3) holds a priori with T; C Q and Fj,(x) holomorphic at z = 0, which
is enough.) Each function Fy,; ;(x) can be analytically continued but we would like to use
only its Taylor series around z = 0. To do that, we now use a classical trick that goes back
to Norlund [29] at least. We set x = 1/(1 —y)“, where w > 0 is a parameter to be specified
below, so that

T F(E:
B;(z) = gjz_ﬂ A :]C(fi"f)dx
_ W & s

where M; is a closed loop around N;, with negative orientation, passing through 1; here
Njistheset ofally =1—(1+ e R)~Y* with R € R,. It is a cut going from 1 to 0, and
if ¢; = 0 (which is a suitable choice if arg(;) # arg({;) mod 2 whenever i,j € {1,...,p}
are distinct) then N; is the real interval [0,1]. We may assume that Re(y) < 1 for any
y € M; so that log(1 —y) is well-defined for any y € M;\ {1}, and also (1 —y)*~'. On the
other hand, in the integral (7.4) we have y ¢ N; so that (1 —y)™ & Zj: we have defined
log;(1 — (1 —y)™) and we use it in what follows.
We have

(w557) -2 g ((-wd) (-t

We now choose w small enough such that N; is strictly inside the disk of convergence of
each of the series

< 1 t+e 1 i
1- ﬁ) Fjss (1 - ﬁ) =y bisam(E W)y
(1—-y) (1—y) —

for any € > 0, where the coefficients ¢; (e, w) are infinitely differentiable at ¢ = 0.
Here log(y) is defined with a cut along N; U (1 + R, ); if y does not lie on this cut then
g; < arg(y) < €; + 2. Since we may also ensure that M, is strictly inside these disks, we
can exchange summation and integral and we obtain

—Z = 88 1 m € ZwW—
By(z) = wg; Z Z Kjs,t Z s (%,s,t,m(&w)% /M y"E(1 - y) 1dy>
m=0 J

s€S; teTy e=0
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Lzl (22)
F(Z1+22)
as follows. Using the residue theorem we may assume that ¢; = 0, i.e. N; = [0,1]. If

t > —1 then M, can be taken as the succession of a path from 1 to 0 along this segment
(in which arg(y) = 2m) and a path from 0 to 1 along the same segment (but in which
arg(y) = 0); in both paths we have arg(1 — y) = 0. Therefore we obtain:

Now this integral can be computed in terms of Euler’s Beta function B(zy, z3) =

/ Y (L — )l gy = (1 _ 62i7r(m+t+5)> Fm+t+e+ 1)P(wz).
M Nwz4+m+t+e+1)

J

Using analytic continuation with respect to ¢, we see that this equality holds for any ¢t € C.
Hence, using the reflection formula we obtain

js,t,m(E w) iﬂ(m+t+€)r(wz)
=g ZZ ]’S’tz Oe* < Nwz+m+t+e+)I(—m—t—¢)/)__,’ (7.5)

s€S; teTy

where all the involved series are absolutely convergent; they are called “séries de facultés”
n [29]. Note that of course the result does not depend on the chosen value of w (but
convergence holds only if w is small enough).

Convergent “Séries de facultés” play a role similar to asymptotic expansions (except
that usually the latter are divergent): roughly speaking, instead of asymptotic expansions
with terms of the form 1/z™, we obtain convergent expansions with terms of the form
1/(2)m. The asymptotic expansion (7.2) follows by classical arguments because we can
easily get the asymptotic expansion of a “série de facultés” as z — oo: if we differentiate s
times 1/(z), = I['(2)/I'(z+m) with respect to m, we obtain a finite sum of terms involving
(derivatives of) the Digamma function W(z) = I''(2)/I'(z), which are asymptotically of the
form log(z)!/2™ with 0 < t < s. See [32] for details when s = 0 and [29, pp. 42-45] for the
general case, especially Théoreme 1 there.

Moreover, the constant x; in (7.2) is non-zero. Indeed since ¢; is a non-removable
singularity of F'(z), the overall asymptotic expansion of B;(tn) obtained from (7.5) cannot
be identically 0 as n — +o0. O

In what follows we let

efioo n*=T((r — )n)T(tn + 1)1 n
Bo (@) i= /c_' By(tn) éi(t;i)zw(tz): T Caymat

100

for 1 < j < p, where c is such that 0 < ¢ < r; the residue theorem shows that Bg,, ;(a) is
independent from the choice of c.

Lemma 9. If0 < |a] < R and r > u then for n large enough, we have

Topn(lfa) =3 M p (o). (7.6)

A 20w
J=1
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Proof. Let Ry, denote the positively oriented rectangular contour with vertices cn £ iN
and N + % + 1N, where u < ¢ < r and the integer N is such that N > rn. Then by the
residue theorem

N

_ k—rn+1) _onlS (t—rn+1) 7r
[S=r E ( Ak = / At m —a)tdt
YTk, MY T o ®) (t n 1)n+1 s Y

P r
mS / —rm+1)py, w (—a)tdt.
2 Jry, +1)5,,  sin(wt)

Here we take log(—a) such that —m < arg(—a) — arg(§;) < m, where arg(¢;) has been
chosen at the beginning of §7. Now, if 0 < |a| < R then

N

, _ k—rn+1)
1S—r § : ( rn k —
NEIEOO v (/{7 + 1)5_,_1 Aka TS7r7n(1/a)

k=rn

while

15=r t— 1)rn
lim / Bl =rntUm ™ g
N—+oo 20T [, (t+1)5,, sin(nt)

!S—r cn—100 t— 1 -
nb> / B, (1) (t—rn+1) m
2im cn+100 (t + ]')nJrl SlIl(ﬂ't

— M /cniooB (t) (_t)m ™ ( Oz)tdt

T S DO TT D, (D
(_l)rnfln!sfr cn—1i00 (T‘TL o t) (t + 1)
- B0 T

(=1)mplS—rp  fotiee L((r —t)n)D(tn + 1)5*! n
e PO R o

D(—t)C(t+1)(—a)'dt

This concludes the proof of Lemma 9. O

7.2 Asymptotic expansion of Bg,., ;j(«)

We want to estimate these integrals using the saddle point method. We first recall Stirling’s

formula 1
'(z) = 2271/2672\/271'(1 + (’)(;)), z = 00,

valid if | arg(z)| < m — e with € > 0; here the constant implied in O(2) depends on € but
not on z. By Lemma 8, we have

) log(n)® [+ o/t 1
(o) = (2m)5—TD/2, ne(=e/8; )
BS,r,n,J (Oé) - (271') Kj n(S+r)/2+8; Z—ioo g<t)e ’ 1+ O(log(n)> dt
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where the constant in O is uniform in ¢, and

o(z,t) = tlog(z) + (S + 1)tlog(t) + (r — t)log(r — t) — S(t + 1) log(t + 1).

We shall be interested only in the case where z = —«/¢;, but from now on we consider
any non-zero complex number z such that |z] < 1 and —7 < arg(z) < 7. Indeed we have
0 <|—a/§| <1 because 0 < |a|] < R the radius of convergence of F', which is equal to
the minimal value of |¢;], 7 = 1,...,p, and letting log(—a/&;) = log(—a) — log(¢&;) yields
arg(—a/&;) € (—m, ] (recall that arg(—a) has been chosen in the proof of Lemma 9).

If —m < arg(z) < 7, we work in the cut plane Q = C\ ((—o0, 0] U [r, +00)), so that any
t € Q is such that arg(t), arg(t + 1) and arg(r — t) belong to (—m, 7). On the other hand,
if 2 is real and negative (i.e., arg(z) = ), we work in Q = C\ ((—o0,0] U (r + ¢™/3R_)); if
tis real and 0 < ¢t < r we take arg(t) = arg(t + 1) = arg(r — t) = 0, and we use analytic
continuation to define arg(t), arg(t 4+ 1) and arg(r — t) for any t € Q.

In both cases, the function ¢ — ¢(z,t) is analytic on the cut plane . In what follows,
¢'(z,t) and ¢"(z,t) denote the first and second derivatives of ¢(z,t) with respect to t. We
denote by 7s.,.(2) the unique solution (in ¢) of the equation zt5t! = (r — t)(t + 1)° which
is such that Re(7g,(2)) > 0. (A more precise localization is given below.) For simplicity,

we set 7; = Top(—a /&), ¢ = e(=a/&;, 1), b = ¢"(=a/E;, 1) and g; = g(7;).

Lemma 10. Let us assume that r = r(S) is an increasing function of S such that r = o(S)
and Se=5/" = o(1) as S — 4o0. Then if S is large enough (with respect to the choice of the
function S+ r(S)), the following estimate holds: for any j =1,...,p, we have k;g;4; # 0
and, as n — +0o0,

iy 1 85 pPin
Bs,r,n,j(a) — (27T>(S—r+3)/2 Kjg;j . og(n) e .(1_'_0(1)).

/_wj n(S+r+1)/2+8;

Any choice of the form r(S) = [W] with ¢ > 0 satisfies 7 = 0(S) and Se™/" = o(1)

(but not with € = 0); in Lemma 7, we take ¢ = 1.
Note that we have three trivially equivalent expressions for e%i:

j —7) (_O‘/f')TSH ’ Ei(r — 1)t
oo () st e

Proof. We split the proof in several steps. The assumptions made on r and S are not
always necessary at each step. We will write 7 for 75, (2) when there will no ambiguity.

Step 1. We want to begin localizing the solutions of the equation ¢'(z,t) = 0 (for any
fixed z such that 0 < |z| < 1 and —7 < arg(z) < m), i.e. of

log(z) + (S + 1) log(t) — log(r — t) — Slog(t +1) = 0.
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These solutions are obviously amongst the solutions of the polynomial equation P(¢) = 0
where

P(t) = 2t — (r —t)(t +1)°.

In this step, we prove the following facts: For any 1 < r < S, the polynomial P(t) has
exactly S roots in the half-plane Re(t) < —% and one root in the half-plane Re(t) > %

Let us prove that there is no root in the strip —% < Re(t) < % We set t = z + 1y and
assume that —% <z< % We have

lt+ 1=z +1)2+y2>/1/4+ 2
=t =V =2+ 12> (r—1/22 + 3> > /1/4+

it = V22 +y2 < V/1/4+ 2

Since |z| < 1, it follows that |z|]t|5T! < \/1/4—i—y25Jrl < |r —t||t + 1|° for any t in the
strip, which proves the claim.

Let us now prove that there are exactly S roots in Re(t) < —3. With u = 1/¢, this
amounts to prove that the equation z = (ru — 1)(u + 1)° has exactly S solutions in the

open disk |u + 1] < 1. Let us define

fw)=z—rlu+ 1)+ (r+1)(w+1)% gu) =z+ @ +1)(u+1)5
We have f(u) — g(u) = —r(u+ 1)*! so that on the circle |u+ 1| = 1 we have

[f(w) = g(u)| =7 <r+1 =[] <[g(u)].

Hence, by Rouché’s theorem, the equation f(u) = 0 has the same number of solutions as
g(u) = 0 inside the disk |u+ 1| < 1. There are S such solutions because the solutions of
g(u) =0are =1+ (—z/(r +1))/5e*™ /5 k =0,...,S — 1, which are all inside the disk.

It follows that P(t) has exactly one root in the half-plane Re(t) > 3. (We can be more
precise. Let us define the functions P(t) = zt°t1 —(r—t)(t+1)% and Q(t) = —(r—t)(t+1)°.
On the circle |r —t| = we have |P(t) — Q(t)| = |2t°*Y < |Q(t)|. Hence, P(t) has a
Srjr. This estimate holds for any r, S, but we will prove and
use a more precise one under a more restrictive condition on r.)

r2
S+r?

Step 2. We need a more precise estimate for 7 = 7g,.(2) that the mere fact that |7 —r| <

51+ hamely

)= rrs( ) o) s

To prove this, we consider the power series

r
r+1

0 (S+1) ) TSm—l

1 m
vse(2) 1= 7 - Zl ym =1+ et

We shall prove that it has radius of convergence % > 1, with equality only for

r =5, and that if r is an increasing function of S such that r = o(S) as n — +oo then,
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provided S is large enough (with respect to the choice of r(5)), we have 1/vg,(2) = 75,(2),
the unique root of P(f) in the half-plane Re(t) > 1.

As in the first step, we solve the equation z = V(u), with V(u) = (ru — 1)(u + 1)%,
and then get the solutions of P(t) = 0 by ¢ = 1/u. By Lagrange’s inversion formula [15,
p. 250], a solution of the equation z = V'(u) is

1 &1 wu—1/r A\ 1 S 1 (m-1)
S e
=— — —z
o= (S+1)m—1(r+1)E+hm-1
= vg(2).
Since 1t
m— Sm—1 1/m S g 1 S+1
lim((m) r ):r<+>§1
m—+too \ (S + 1)m — 1 (r + 1)(S+Dm-1 S5(r +1)5+1

with equality only for r = S, the assertion on the radius of convergence follows.

Since ((Sﬂn)]m_l) < S((é'ur§$)m_1 and (SH% < L for any z such that [z] < 1

(inside the circle of convergence), we have

(r+1)5% i 1(r5(5+1)5+1|2|)m

= (S + 1) = m \S5(r + 1)5+

m=2
<5 Tou - e

Hence, for any |z| < 1,1 <r <SS,

S ) )

N
TUS,T(Z):1+Z<T+1> (1+9 _—SS(T+1)S+1

log (1

for some 6 (depending on S, r, z) such that || < 1.
We now choose r as any fixed increasing function of S such that r = o(S) as S — +o0.

Then MM tends to 0 as S — oo, so that

S5 (r+1)5+1
1z r %
S(2)==+412 14 o(1)).
vsr(2) = 4 2 (=) (L4 o(1)
Therefore,

: (1) 1+ o)
=r—-—rz o .

vg.r(2) r+1

Since |z| < 1, the real part of 1/vg,.(z) is positive for any S sufficiently large (with respect
to the choice of 7(5)) and thus 1/vg,(z) coincides with 7g,(z). This concludes the proof
of (7.8).
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Step 3. We now prove that 7 = 75,.(2) belongs to the cut plane Q and is indeed a solution
of the equation ¢'(z,t) = 0, provided r is any fixed increasing function of S such that
r=o0(S) and Se™¥" = o(1) as n — +o00, and S is large enough (with respect to the choice

of T(S))- Since eXp(SOI(Z,T)) =+ LrSHL

s = L, we have ¢/(z,7) € 2inZ and

%cp'(z, 7) =arg(z) + (S + 1) arg(r) — arg(r — 7) — Sarg(r + 1).

Since 7 = o(S) and Se™*/" = o(1), we have r — rz(=7)%(1+o(1)) = r(1 + O(e9/")) and
(7.8) yields:

(S 4 1)arg(t) = (S + 1) arg(r) + O(Se ") = o(1),
Sarg(t 4+ 1) = Sarg(r +1) + O(Se™5/") = o(1).

Moreover

)7) +o(1) = arg(2) +o(1)

since the cut we have made on arg(r —t) is not for arg(r —t) = arg(z) mod 27 (here we use
the alternative definition of Q when arg(z) = 7, intended to have == < arg(r —t) < 2 in
this case). Therefore 7 € {2 provided S is large enough. Moreover %(p’ (z,7) tends to 0 as
S — 00, and belongs to 27Z: it is 0 if S is large enough with respect to the choice of r(.5).

arg(r — 7) = arg (rz( I
-

Step 4. We now prove that g(7s,(2)) # 0 and ¢"(z,7s,(2)) # 0 provided r is any fixed
increasing function of S such that r = o(S) as n — 400, and S is large enough (with
respect to the choice of (5)).

Since ()% = o(1), (7.8) yields

r+1
B 1 B 1+ o0(1)
9(7) B Tﬁj+(s+1)/2(7. + 1)35/2(r _ 7-)1/2 - 21/2T51+5+1(r + 1)5 (7'9)
and g S ( )s
" +1 1 r+1
@(mm) = T - g =g (L+o(1) (7.10)

provided Se=%" = o(1) for (7.10). The right-hand sides of (7.9) and (7.10) are both
non-zero if S is large enough with respect to the choice of r(5).

Step 5. In this step we choose 7(S) as in the statement of the lemma, so that all the
previous steps are simultaneously valid provided S is large enough with respect to the
choice of 7(S). We want to determine an admissible path passing through 7g,(2), i.e. a
path along which ¢t — Re(y(z,t)) has a unique global maximum at ¢ = 7g,(2). This
determination process is rather lengthy as we have to consider three cases: Re(z) > 0,
Re(z) < 0 and Im(z) # 0, and Re(z) < 0 and Im(z) = 0. Note that similar computations
are done in [27, 37] for the same kind of purpose. In particular, analogues of the contours
Ly, £ and L constructed below are also considered in these papers. Throughout the
computations we always assume S to be sufficiently large.
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e Case Re(z) > 0. (7.8) yields 0 < Re(7) < r so that the vertical line £y passing through
7 is inside the strip 0 < Re(t) < r and we are going to prove that it is admissible.
We set v = Re(7), Lo = {v +iy,y € R} and wo(y) = Re(p(z, v + iy)). We have

wo(y) = —Im(¢'(z,v+iy)) = — arg(z)—(S+1) arg(v+iy) +arg(r—v—iy)+S arg(1+v+iy).

Hence
ygmoo wy(y) = m — arg(z) > 0, yEToo wy(y) = —m — arg(z) < 0. (7.11)
) Re(2)(1 + o(1)) > 0, Re(v + iy) = r(1 + o(1)) > 0,

Moreover Re(r —v —iy) = r(5
1)) > 0 so that

Re(v+ 1 +iy) = (r + 1)(1 + o(1)

wy(y) = —arg(z) — (S + 1) arctan (%) — arctan ( ) + S arctan (1 Jyr v)

r—ou
and
P G VO r—u (1+v)
woy) = v? 4 y? (r—v)2+y2+ (1+v)%+y?
—N(y*)

(2 +92)((r —v)? + y?)((1 +v)* +¢?)
upon letting N(z) = az? + bz + ¢ where
a=r—5<0, b=—-Sr+r*+2Srv+2rv+ Sv+r,

c=v(l4+v)(r—v)(Sr+rv—Sv+r)>0.

The equation N(z) = 0 as a negative root (because ac < 0) and another one asymptotically
equal to r%(1 + o(1)). This root is > Im(7)? because (7.8) yields Im(r) = o(1). Hence
wi(y) = 0 has exactly two solutions: a positive and negative one, with Im(7) strictly in
between. Since w((Im(7)) =0, (7.11) ensures that w((y) vanishes at Im(7), is positive for
y < Im(7) and negative for y > Im(7). Hence wy(y) is maximal at Im(7); this completes
the proof of this case.

e Case Re(z) < 0 and Im(z) # 0. In this case, the vertical line passing through 7 is no
longer inside the strip 0 < Re(t) < r and we have to deform it. We assume that Im(z) < 0,
the other case being delt with similarly; then Im(7) > 0.

We first want to determine a segment passing through 7 along which t — Re(p(z,1))
admits a local maximum at t = 7. Let 8 = arg(¢”(2,7)) € (=, 7] and z = pe®® with p > 0
and 0 € (—m,—m/2) because Re(z) < 0 and Im(z) < 0. Then, from (7.10) in Step 4, we
have

1 /r4+1N\5 _.

" —1id

¢ er) = (=) e 1+ o)

so that 5 = —0 + o(1). Therefore any 6 € R such that cos(20 — §) < 0 satisfies also
cos(20 + ) < 0 provided S is large enough (in terms of #); then 6 is said to be admissible.

r
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Obviously 8 = 0 and any 6 sufficiently close to m + § are admissible. By the theory of
steepest paths of analytic functions (see [11, pp. 255-258]), for any admissible 6 there
exists 1 > 0 such that the function ¢ — Re(p(z,t)) admits a unique global maximum at
t = 7 where t is on the segment {7 + €y, |y| < n}.

This suggests to define a polygonal path L as the union £ = £; U L5 U L5 where
Ly ={r—iy,y >0}, Lo=[r,7] and L3 = {7+ y,y > 0}: L is a vertical half-line, L, is a
segment and L3 is an horizontal half-line. We claim that ¢ — Re(p(z,t)) admits a unique
global maximum at ¢ = 7 when ¢ varies in EN; this function is continuous on £ and can be
differentiated on £\ {r,7}.

First, wy(y) = Re(p(z,r —iy)) is decreasing on [0, +00) since for any y > 0:

wi(y) = (¢ (2,7 — iy)) = arg(z) + (S + 1) arg(r — iy) — arg(iy) — Sarg(l +r — iy)

= arg(z) — (S + 1) arctan (%) — g + S arctan <r —:iy- 1) <0

because arg(z) < —3.
Let us now prove that ws(y) = Re(p(z, 7 + y)) is decreasing on [0, +00). We have

A7 +y)**
ws(y) = Re(¢' (2,7 + =lo 0
for any y > 0 using Step 1: the only ¢ in Re(t) > 0 such that (7"_?)?7;11)5 =1list=r.

Therefore w3 is monotonic; since # = 0 is admissible it is decreasing.
It remains to prove that ¢ — Re(¢(z,t)) admits a unique global maximum at ¢t = 7 when
t varies in Ly. We parametrize £y as {7 +ye”,y € [0, |U|]} with (by definition) U =r — 7
and v = arg(U) = §+o(1) using (7.8); then y € (—m, —7/2). Let wa(y) = Re(p(z, 7+ye?)).
Then
wy(y) = cos(7)Re(¢'(z,7 + ye)) — sin(y)Im (¢’ (2, 7 + ye)).

. i 2(T4yet)S .
The function ((y) = Re(¢'(2, 7 + ye'?)) = log ’ (T_T_yiijg?(’TH)erem)s satisfies £(0) = 0 and
((y) # 0 for any y € [0, |U|) (using Step 1 again); moreover lim,_, {(y) = +oo. Therefore
we have ((y) > 0 for any y € [0,|U]). We now analyse the term a(y) = Im(¢'(z, 7 + ye™));

we have

a(y) = arg(z) + (S + 1) arg(T + yew) — Sarg(t+1+ yew) —arg(r — 7 — ye”)
=0+ (S+1)(y+arg(re ™ +y)) — S(y +arg((T + e~ +y)) — arg(|U]e”” — ye)

_ - arctan rein(y) arctan r +1)sin(y)
=7 +0—(5+1)arct (rcos(7)+y—|U|) - oarct ((T+1)COS(V)+?/—|U|)

Tm (¢
Re (¢

—

since for ¢ = Te™ + y we have arg(¢) = 7 + arctan( ). This function is decreasing on

~
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[0, |U|] because

. _ rsin(7y)
(y) (S+ 1)7“2 sin?(7) + (rcos(y) +y — |U|)?

(r 4+ 1) sin(7y)
(r+1)?sin*(y) + ((r + 1) cos(y) +y — [U])?
(S+ Drsiny  S(r+1)siny
(r+U1])? (r+1)?

<0

since zmE > r%l because |U| < 1 (using Step 2). In Step 3, we proved that a(0) = 0, so
that a(y) < 0 for any y € [0, |U|]. It follows that

wy(y) = cos(y){(y) —sin(vy)a(y) <0

for any y € [0, |U]].

We have thus proved that ¢ — Re(p(z,t)) admits a unique global maximum at ¢t = 7
when ¢ varies in £. We cannot integrate directly over L because r is a singularity of p(z, -).
Hence, we slightly deform £ around the “corner” of the path at r: we replace that corner
with an arc of circle of center r and small positive radius &, in which arg(r — t) varies in
[v,7/2]. We connect this arc with the remaining parts of £1 and Lo, and with L3, to get a
new path £'. By continuity of ¢ — Re(¢(z,¢)) in this region, we can take & small enough
so that it still admits a unique global maximum at ¢ = 7 when ¢ varies in L

e Case Re(z) < 0 and Im(z) = 0. In this case, 7 is a real number greater than r. As
in the previous case we obtain arg(y¢”(z,7)) = —m + o(1) mod 27: the angles 6 such that
cos(20 — m) < 0 are admissible, for instance § = 0. This suggests to define a polygonal
path £ as the union £ = £, U L5 where £y = {r +iy,y > 0} and L5 = {r +y,y > 0}.
Since Q = C\ ((—00,0) U (r + €™/®R,)) in the present case, £, and L5 are contained in
QU {r}. We claim that ¢t — Re(p(z,t)) admits a unique global maximum at t = 7 > r
when ¢ varies in L.

Letting ws(y) = ¢(z,y) we obtain (as for ws in the previous case) that wi(y) vanishes
at y = 7, is positive for r < y < 7 and negative for y > 7. Hence, y — Re(p(z,y)) admits
a unique maximum on [r, 400) achieved at y = 7. Thus to prove the claim, it remains to
prove that wy(y) = Re(p(z,r + iy)) is decreasing on [0, 4+00). Now, as for wy in the case
Re (z) > 0 we have for any y > 0:

wy(y) = —arg(z) — (S + 1) arg(r + iy) + arg(—iy) + Sarg(l +r + iy)
3T

=—— — (5 +1)arctan <y> + S arctan <L> <0
2 r r+1

and the claim is completely proved. Again, we cannot integrate directly over L because
r is a singularity of ¢(z,-). Hence, we slightly deform £ around the “corner” of the path
at r: we replace that corner with an arc of circle of center r and small positive radius k,
contained in the cut plane 2. We connect this arc with the remaining parts of £, and L;
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to get a new path C. By continuity of ¢ — Re(p(z,t)) in this region, we can take x small
enough and ensure that it still admits a unique global maximum at ¢ = 7 when ¢ varies in

L.

Step 6. We are now in position to conclude the proof of Lemma 10. We recall that

. log(n)*  [F> —a/e) 1
} _ (S—r+2)/2,. np(—a/é;,t)
Bs rnj(a) = (2m) N S+ /248 / g(t)e ’ 1 +O(log(n)) dt

c—100

where the constant in O is uniform in ¢. Depending on the location of —a/&; in the open
unit disk (with respect to the three cases in Step 5), we move the integration path from
the vertical line Re () = ¢ to the path Lo, £’ or L where the orientation is from Im(t) <0
to Im(¢) > 0. In the previous steps, we have done everything to ensure that the saddle
point method (see [15, Chapitre IX] or [19, Proposition 7]) can be applied to this path and
we get

ertioo 1 21
ne(—a/g;,t) — .. . ePim .
/c g(t)ene-als <1 v o(log(n))) dt = g, e (L o(1)

—ioco —Nny;

provided r(S) is chosen as in the statement of Lemma 10 and S is large enough. This
concludes the proof of Lemma 10, since x; # 0 (using Lemma 8). U

7.3 Asymptotic behavior of T, ,,(1/a)

We now state our final resut, the first part of which immediately comes from combining
Lemmas 9 and 10. Recall that s;, 3;, k; have been defined in Lemma 8, g;, ¢;, 1¥; just
before Lemma 10.

Proposition 2. Let us assume that 0 < |a| < R, and r = r(S) is an increasing function
of S such that v = o(S) and Se™5/" = o(1) as S — +oo. Then if S is large enough
(with respect to the choice of the function r(S)), the following estimate holds: for any
Jj=1,...,p, we have K;g;v; # 0 and as n — +00

(271')(5 7"+1)/2 7" K9,

Tspn(l/a) = St Z (

0 log(n)e?im - (14 0(1))). (7.12)

Moreover, if rve=5/"

pairwise distinct.

= o(1) for any w > 0 then the numbers e® (for j = 1,...,p) are

The only new property in Proposition 2 is that the numbers e¥i are pairwise distinct;
we shall prove it below. All the conditions on r are satisfied if r = [S/log(S)'*] for
any fixed ¢ > 0. Let us now deduce Lemma 7 (stated in §6.3) from Proposition 2. Let
a = max(Re (¢1),...,Re(y,)), and denote by J the non-empty set of all j € {1,...,p} such
that Re (¢;) = a. Let (, A) denote the maximal value of (—3;—3(S+r—1),s;), j € J, with
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respect to lexicographical order. Denote by ji, ..., jgo (with @ > 1) the pairwise distinct
elements j € J such that (—8; — 3(S +r —1),s;) = (k,A). Then in the sum (7.12) we
may restrict to j € {ji,...,Jo}. The numbers (; = (—1)"exp(ilm (¢;,)), 1 < ¢ < Q, are

pairwise distinct because ¢j,, ..., ¢j, are; and the numbers ¢, = (27) "V 2k; g, /. /i),
are non-zero. At last, we have 0 < a := |e%ia| < % if S is large enough, using the first

expression in (7.7) and the fact that 7;, tends to r as S — oo. This concludes the proof of

Lemma 7.

Proof. We only need to prove the assertion on the numbers e¥7. There is nothing to prove if
p = 1 and we now assume that p > 2. Letting z; = —a/¢;, (7.8) and the second expression
of (7.7) yield

o z;frr(s+1) <7—j>r(S+1) (Tj 4 1>S(r+1)
= (r+1)SC+D \ p r+1
Tpr(5+1) S
- G () )
= Grpsem TG (1+0(1)) (7.13)

where the error term o(1) depends on j (and tends to 0 as S — o0). Now assume that
e¥i = e?t with j # { (so that z; # z,). Taking the limit of |e%i(r + 1)S0r+Dp=r(S+L|1/r
yields |z;| = |2¢| (provided S is large enough). Considering the next term in the expansion
given by (7.13), the equality |e¥/| = |e®| then yields Re(z;) = Re(z), so that z, = Z.
This implies 7, = 75, and e¥* = %/ using (7.7), so that ¥ = e¥¢ is real. Let 0; = arg(z;);
then (7.13) yields 70, — km = O(re=¥/") for some k € Z. By assumption this implies
rf; — km = o(r~*) for any w > 0. However z; is algebraic, and the theory of linear forms
in logarithms shows that 6, /7 is not a Liouville number (see for instance [16, Chapter 4]).
Therefore 6,/ is rational, and rf; — km = 0. Using (7.13) again we obtain that z; is real,
so that 2, = Z; = z;. This contradiction completes the proof of Proposition 2. O

8 Remark on the case of non-negative coefficients

We conclude this paper with a methodological remark. The saddle point method is a very
powerful and general method, but its effective implementation can be long and difficult.
This is undoubtedly the case in our situation as §7 shows. Hence, it is useful to have
alternative methods that can be applied at least in special (and still important) cases.
Such a method exists when Ay > 0 for all large enough k: the conclusion of Theorem 3 can
then be obtained faster, at least if « is also assumed to be a positive algebraic number. For
this, we use a representation of T, ,(2) as a real integral instead of the complex integral
representation of Lemma 9. In (8.1) and (8.2) below, we make no assumption on the A’s.

Proposition 3. Let z be such that |z| > 1/R. We have

S
Zﬁrn rn tl e tS ™™ n
Torn(2) = /{01]5 F )(7> [Iea-t)may, n>o, (8.1)

Jj=1
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and

1
lim sup |T57r7n(z)|1/" <

n—-+0o o TS_T

(8.2)

Moreover, if F' is not a polynomial, z > 1/R, and Ay > 0 for all k large enough, then

1 ro\" 1
liminf Ty, ()™ > 8.3
no oo O ()" 2 Drer (r + 1) (r+1)5-r >0 (8:3)

with D such that D,, < D™ for any n, where D,, is the smallest positive integer such that

D, Ay, is an algebraic integer for any k < n.

Remark 3. If Ay = 1 for all k > 0, we have F("™)(z) = % and (8.1) coincides with
(1) of [31, Lemme 1] (up to a factor of z).
Proof. For any x such that |z| < R, we have

[e.e]

("” Z —rn+1 mAkaz - (8.4)

k=0

and the series converges absolutely. Since [t - -t5/z| < R, we can thus exchange integral
and summation below:

— S 00 1 S
rn tyo-t k—rn+1)m
- /mn)(l S)Ht;m_tj)"dtj:}:( it Den g k(/ tk(l—t)"dt)
nl" z , n" 0
J=1

[0,1]5 k=0

> —rn+ 1),,n! k! Lk
E k2 .
—~ an+k+)

This series is nothing but 7%, (%), which proves the first part.

As in the proof of [31, Lemme 3], we now observe that, for any k& > rn,

1S—r k(k—1)...(k—rn+1)
 (k+ D5k +2)5 - (k+n+1)3

(S*T)n k,Tn n (S_T)n 1 < ]_ 1
e <(3) w S

Therefore,

Lol < o SO AT L
Srn\Z)1 = r(S—r)n kS = p(S—r)n k1% ?
k=0

k=rn

where the series converges because |z| > 1/R, and (8.2) follows as claimed.

We now assume that Ay > 0 for all k£ large enough, and Ay # 0 for infinitely many k.
We also assume that z > 1/R. We start from (8.4) with 0 < z < R:

oo

1 (rn Z —m _'_ i k + 1 rn Iéllc-i—rnl’lC Z i Ak—l—rnl'k.

<T = k=0 k=0
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Now the sequence (Ay) satisfies (for k large enough) a linear recurrence of order ¢ (as in
the proof of Step 1 of Lemma 2, but expanding at 0 rather than oo) and it is non-zero
infinitely often. Hence, in fact, for any n sufficiently large, there exists k, € {0,...,¢ —1}
such that A4, # 0. In particular, Dy, Arnir, > 1. It follows that = F™(z) >

(rn)!
mk”

T We use this lower bound in (8.1) with z = ¢, ---tg/2:

Tsrn(z) > ! (rn)! ( /O 1 gL — t)”dt)s

— DHrrzrmmax(1, 2)¢ 1t nlr
B 1 (rn) !5~ (rn + £ — )18
- Dttrgrmmax(1, z)¢-1 (r+n+0s

Akn+rnxkn Z

We then deduce (8.3) by Stirling’s formula. O

With r = [S/log(5)?], these upper and lower bounds for Ts,.,,(2) are essentially identi-
cal when S — +00. With z = 1/« for some algebraic number « in (0, R), we can conclude
directly in §6.4 with an application of Topfer’s criterion instead of Theorem 4.
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