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Quantitative problems on the size of G-operators
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Abstract

G-operators, a class of differential operators containing the differential operators of
minimal order annihilating Siegel’s G-functions, satisfy a condition of moderate growth
called Galochkin condition, encoded by a p-adic quantity, the size. Previous works of
Chudnovsky, André and Dwork have provided inequalities between the size of a G -
operator and certain computable constants depending among others on its solutions.
First, we recall André’s idea to attach a notion of size to differential modules and detail
his results on the behavior of the size relatively to the standard algebraic operations on
the modules. This is the corner stone to prove a quantitative version of André’s gen-
eralization of Chudnovsky’s Theorem: for f(z) = ¥4 k¢ ca,k/z"‘log(z)k fa.x,e(2), where
fa,x,¢(2) are G-functions, we can determine an upper bound on the size of the minimal
operator L over Q(z) of f(z) in terms of quantities depending on the fax,e(2) and the
rationals @. We give two applications of this result: we estimate the size of a product of
two G-operators in function of the size of each operator; we also compute a constant
appearing in a Diophantine problem encountered by the author.

Remarks and notations
« In this paper, we will call "minimal operator of f over Q(z)", or "minimal operator" where
there is no possible ambuigity, any nonzero operator L € Q(z) [d/dz] such that L(f(2)) = 0,
and whose order is minimal for f.

e For uy,...,u, € Q, we denote by d(uy,...,u,) the denominator of u,, ..., u,, that is to say
the smallest d € N* such that du,,...,du, are algebraic integers.

« If K is a subfield of Q, we denote by G the set of algebraic integers of K.

e Given a € @, the houseof ais[a]:= max |o(a)l.
0€Gal(Q/Q)

1 Introduction

A G-function is a power series f(z) = Y. a,z" € Q[z] satisfying the following hypotheses:
n=0

a) f is solution of a nonzero linear differential equation with coefficients in Q(z);
b) There exists C; >0 such that Vn e N, [a,] < CI'*};

c) There exists C, > 0suchthatVneN, d(ay,...,a;) < Cg“.

This family of special functions has been studied together with the family of E-functions,
which are the functions f(z) = Y (a,/n!)z" satisfying a) and such that the a,, satisfy the con-
n=0

ditions b) and c). Siegel defined both classes in [13]. The most basic example of G-function,
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(0,0
which gives it its name, is the geometric series f(z) = Y. 2" = 1/(1 — z). Other examples in-
n=0

[e.@]

cludes the polylogarithms functions Lis(z) := Y z"'/n°®, or some hypergeometric series with
n=1

rational parameters.

The theory of G-functions was largely developed from the 1970s with the works of Ga-
lochkin ([7]), Chudnovsky ([4]) and then André’s book ([1]), which is the first extensive and
systematic review of this theory, later enhanced by Dwork ([5]).

The corner stone of this theory is the study of the nonzero minimal operators of G-
functions over Q(z). It turns out that they have specific properties, including the fact that
they are Fuchsian differential operators with rational exponents. They belong to the class of
G-operators, which are believed to "come from geometry" (see [1, chapter II]).

Chudnovsky’s Theorem states that the nonzero minimal operator L of a nonzero G-function
f satisfies an arithmetic condition of geometric growth on some denominators, called Ga-
lochkin condition. This condition can be equivalently expressed by the fact than a quantity
o (L), which is defined in p-adic terms (see Definition [7|in Section [2| below), is finite. This
quantity is called the size of L. More generally, it is possible to associate a size o(G) with a
differential system y' = Gy, G € ,,(Q(2)).

Similarly, we can associate with a G-function its size, encoding the condition c) above.

Chudnovsky’s Theorem was proved in such a way that there is an explicit relation be-
tween the size of G and the size of f (see [5, chapter VII]). This is particularly useful for
Diophantine applications, as shown in [11].

In [3] and [2], André studied the properties of the Nilsson-Gevrey series of arithmetic type
of order 0, i.e. functions than can be expressed as a finite sum

f@= Y  carez®108@)" fare(2) 1)
(a,k,0)eS

where Sc Q xNxN, ¢y ¢ € C*, and the f, . ¢(z) are nonzero G-functions. André proved in
particular an analogue of Chudnovsky’s Theorem for these functions:

Theorem 1 (/3], p. 720)

Let S € Q x N x N be a finite set, (Cq k. ¢)(a,k 0)cs € (C*)S and a family (f4 k,¢(2) (a,k,0)es OF
nonzero G-functions. We consider

f@= Y corrz®log@ fure(2)
(a,k,0)ES

a Nilsson-Gevrey series of arithmetic type of order 0. Then f (z) is solution of a nonzero
linear differential equation with coefficients in Q(z) and the minimal operator L of f(z)
over Q(z) is a G-operator.

In this paper, we consider only Nilsson-Gevrey series of order 0, so that we shall not write
"order 0" anymore.

We aim to provide a more precise result: is it possible to find a quantitative relation be-
tween the size o (L) of the minimal operator of f(z) over Q(z) and the sizes of the G-functions
fake(2)?

This question will be studied and given a positive answer in Section[3] The main result of
this paper — and the answer to the problem above - is the following theorem:
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Theorem 2

We keep the notations of Theorem(1, For every (@, k,?) € S, let Lo 1 ¢ # 0 denote a min-
imal operator of the G-function fy i ¢(z). We set x the maximum of the integers k such
that (a, k,¢) € S for some (o, /) e QxNand A={a € Q:3(k,¥) € N2, (a, k, £) € S}. Then, we
have

o(L) <max|1+log(kx +2), 2(1 +log(1<+2))log(ma/§<d(a)),
ae

@k ks (A +log(k+2)0 (La,k0)) |- (2)

It turns out that the size of a differential system is invariant by equivalence of differential
systems. Thus, André was able to generalize the notion of size to differential modules and to
study the behavior of the size with respect to the usual algebraic operations on differential
modules: submodule, quotient, direct sum, tensor product, etc.

We will follow this point of view to solve the problem above and devote Section[2]to some
useful reminders on the differential modules and to a synthesis of the results of André on the
size of differential modules.

In Section [4} we will finally give two applications of these results. The first one consists,
given two G-operators L; and Ly, in finding an explicit inequality between the size of L, L,
and the sizes of L; and L,. Using the first application and Theorem 2} we then give an appli-
cation consisting in the evaluation of a constant appearing in a Diophantine problem, which
is studied in another paper [11].

Acknowledgements: I thank T. Rivoal for carefully reading this paper and for his useful
comments and remarks that improved it substantially.

2 Size of a differential module

2.1 Reminder on differential modules

In this part, we will essentially synthetise the presentation of the theory of differential mod-
ules contained in [14, chapter 2], that will be useful in the rest of this paper. More details and
proofs about differential modules can be found in the above-quoted book.

Definition 1
Let (k,6) be a differential field. The ring of differential operators over k is denoted by

k[0] and defined as the set of noncommutative polynomials in 0 with the compatibility
condition

Yaek, da=ad+d(a).

This is a left (and right) euclidean ring for the euclidean function

n
ord:L=) ayd*—n  (where a,#0).
k=0
Definition 2

Let (k,6) be a differential field. A differential module .# over k is a k-vector space of
finite dimension which is a left k[0]-module, or equivalently a k-vector space of finite
dimension endowed with a map 0 : 4 — ./ such that

VYAek,VYa be #,0(a+b)=0(a)+d(b) and 9d(Aa)=Ad(a)+dN)a.
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Let .4 be a k-differential module of dimension n endowed with a k-basis (e,...,ey).

n
Then there exists a matrix A = (a; j);,j € My(k) such that V1 <i <n, de; = — )} ajiej. A
j=1

n
direct computation shows thatif u = Y u;e; € 4, thendu=0 < u' = Au,u="(uy,...,uy).
i=1

n
Remark. If we choose another k-basis (fi,..., f) of 4 such thatdf; = - ¥ b;; f}, then there
j=1

exists P € GL, (k) such that B= P[A] = P~'P'+ P71 AP.

The differential systems defined by A and B are then said to be equivalent over k. This is
equivalent to the fact that y — Py is a one-to-one correspondance between the solution sets
of y = Ay and y' = By.

Therefore, the matrix A obtained by the construction above doesn’t depend on the choice
of basis we make, up to equivalence of differential systems.

We can also do the converse operation:
Definition 3

For A= (a;j); j € Mn(k), we define the differential module ./ 4 associated with the differ-
ential system y' = Ay by 44 = k" endowed with the derivation 0 such that Vi € {1,...,n},
n

de; =— ) aj;ej, where (ey,...,ey) is the canonical basis of k".
j=1

n
We associate with a differential operator L = 8" + Y. az0* € k[d] the differential module
k=0
M1 = Ma,, where Af is the companion matrix of L:

0 1 (0)
AL — . * .
(0) 0 1
—ag ... —Anp—1

Definition 4
A morphism of differential modules is a k-linear map ¢ : (4,0 _4) — (/,0_4) such that
Oyo@=@ol y.

Proposition 1

Let A,B € M, (k). Then there is an isomorphism of differential modules betweeen ./ 4
and ./ if and only if A and B are equivalent over k.

Thus, the classes of equivalences of differential systems over k classify the k-differential
modules up to isomorphism.

We can perform usual algebraic constructions with the differential modules:
* A differential submodule of ./ is a left k[0]-submodule of ./ .

e If A4 is a differential submodule of .#, then the quotient differential module 4 |./ is en-
dowed with the quotient derivation 0 : m — 0(m).

e The cartesian product (or direct sum) of (.4,,0,) and (.#>,0-) can be endowed with the
derivation 0 : (my, my) — (01(m1),02(my)), which makes it a differential module.

e The tensor product 4, ® > is a differential module when endowed with 0: m; ® m, —
my ® 0»(my) + 01(m;) ® my (extended on the whole vector space with the Leibniz rule). Note
that the tensor product cannot be defined over the noncommutative ring k[0], since .4 and
M, are only left k[0]-modules. We will therefore often denote .4/ ® .4, without precising the
base field.
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e The derivation 0* : ¢ — (m— @(0(m)) —5(p(m))) makes the dual .4* = Homy(M, k) a
differential module

* More generally, the preceding constructions enable us to define a structure of differential
module on the space of morphisms Hom (M, M>) = M @ M, .

Remark. Actually, for any A € M,,(k), we have ./%;; ~ /+, where A* = —TA. If X is a funda-
mental matrix of solutions of the system j’ = Ay, then Y := X! satisfies Y’ = -7 AY.

Lemmal

There is an isomorphism of differential modules ¢ =~ (@(z) [0]/Q(2) [6]L)*.

Definition 5

The adjoint operator of L € Q(z)[] is the operator L* such that /- = Q(z)[0]/Q(2)[d]L.

n-1 n-1
We can compute directly L*: if L = 8" + ¥ a0, then L* = (-0)" + ¥ (-0)*a;. The
k=0 k=0

adjoint operator has useful properties, for instance that L** = Land (L1Lz)* = L7 L].

We finally mention that the cyclic vector Theorem, implies that any differential system
y' = Ay is equivalent to some system y’' = Ary, L € k[0]. This yields in fine an equivalence
between differential systems and differential operators (see (14, pp. 42-43]).

2.2 Size and operations on differential modules

Let K be a number field, and G € M, (K(z)). In this subsection, following André’s notations,
we introduce a quantity o(G) encoding an arithmetic condition of moderate growth on a
differential system, called Galochkin condition.

For s € N, we define Gy as the matrix such that, if y is a vector satisfying y’ = Gy, then
y®) = G,y. In particular, Gy is the identity matrix. The matrices G satisfy the recurrence
relation

VseN, Ggi1=G;G+G,,

where G, is the derivative of the matrix Gs.

Definition 6 (Galochkin, [7])

Let T(z) € IK(z) be such that T(z)G(z) € M,(K[z]). For s € N, we consider qs = 1 the
Gm(2)
m!
when m € {1,...,s}. The system y' = Gy is said to satisfy the Galochkin condition if

least common denominator of all coefficients of the entries of the matrices T (z)™

)

IC>0: VseN, gs<C™.

Chudnovsky’s Theorem (cf [4]) states that if G is the companion matrix of the minimal
non-zero differential operator L associated to a G-function, then the system y’' = Gy satisfies
the Galochkin condition. That is why we say that L is a G-operator (see [3, pp. 717-719] for
a review of the properties of G-operators). Following [5, chapter VII], we are now going to
rephrase this condition in p-adic terms.

For every prime ideal p of Oy, we define |- |, as the p-adic absolute value on K, with the
choice of normalisations given in [5} p.223].
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We recall that the Gauss absolute value associated with |- |, is the non-archimedean ab-
solute value

| Ip,Gauss * K(z) — R
N i
Y aiz max |a;ly
i=0 0<i<N
M . max |bil,
> bjz o<j<M ? P
j=0

The absolute value | - |y Gauss naturally induces a norm on .4, , (K (z)), defined for all H =
(hi,j)i,j € My ([K(2)) as | Hllp,Gauss = Max;, j | jlp Gauss- It is called the Gauss norm. If p = v,
| * Ip,Gauss is @ norm of algebra on .4, (K (z)). We now use this notation to define the notion of
size of a matrix:

Definition 7 (/5], p. 227)

Let Ge M, (K(2)). The size of G is

o(G) :=limsup E Y. h(sp)

s—+oo0 § peSpec (Ok)

where

VseN, h(s,p)=suplog”

ms<s

M
p,Gauss

withlog* : x — log(max(1, x)). The size of Y = ¥ Y,;,z2™, Y, € Mp,q([K) Is

m=0

1
o(Y):=limsup— Y suplog” | Ypl,.

s—+oo0 S peSpec (Ok) MSS$

The relation between Galochkin condition and size is given by the following result.

Proposition 2

a) With the notations of Definitions[6 and[7, we have

o(G) + &(é)] slimsupllog(qs) <[K:Qlo(G)+h*(T),

[K: s—+oo S

where

h™(T)= Z log (min(LlTlp,Gauss)) and h"(T)= Z 10g+ | Tlp,Gauss
peSpec (Ok) peSpec (Ok)

(|11, Proposition 5, p. 16]).

b) In particular, the differential system y' = Gy satisfies the Galochkin condition if and
only if o (G) < +oo (|5, p. 228]).

When G € M,,(Q(z)) and T(z) € Z[z] has at least one coefficient equal to 1, we have the
equality
1
0(G) =limsup - log(gs).

s—+o00 S
The size does not depend on the number field K we consider, and it is invariant under
equivalence of differential systems, as this lemma shows. It is due to André ([1, p. 71]). We
give a more detailed proof than in [1] for the sake of completeness.
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Lemma2 (/1], p. 71)

Let K a number field, G € M, (K(z)) and P € GL,,(K(2)), let H = P[G] = PGP~' + P'P~! be
a matrix defining a differential system y' = Hy which is equivalent to y' = Gy over Q(z).
Then o(G) =0 (H).

Proof. It follows from [10, p. 12] that

N

S
VseN, Hy= ). ( )P(S_m)GmP_l.

m=0
Hence for p € Spec (Ok),
Hs P(s_m) 1 m
—~ < max ' “IP"lp,Gauss * | —
S! Ip,Gauss Osmss (s—m)! p,Gauss M |p,Gauss
G
] m
< |P|p,Gauss -|P |p,Gauss + max —
Osms<s| m! p,Gauss
pls—-m)
because < |P|p,Gauss (cf [5, p. 118]). Denoting C(p) = |P|p,Gauss : |P_l|p,Gauss,
(s—m)! p,Gauss

we then have, for all integers s,

max |—- < C(p) max |—- .
osmss| s! p,Gauss osmss| m! p,Gauss
Hence
. 1 "
o(H) <o(G)+limsup — Z log™ C(p) =0 (G).
s—+00 S peSpec (Ok)
Symmetrically, we have 0 (G) < o (H), as G= P~ [H]. O

Lemma2Jand Proposition[l]imply that we can define without ambiguity the size of .# by
o(#) = o0(A), because every differential module .# can be associated with a unique class of
equivalence of differential systems [A].

Definition 8 (/1], pp. 74-76)

Let L € @(z) [0]. We set o (L) =o( ;). If (L) < +oo, the operator L is said to be a G-
operator.

This terminology is justified by the fact that every solution of the equation L(y(z)) =0
around a non singular point of the G-operator L is a G-function.

The following result is key to this paper. It is due to André. It proves that the notion of
size is compatible with most of the usual operations on differential modules.
Recall that for n € N*, the n-th symmetric power of the differential module .4, Sym%(z) (A),

is the quotient of ./ ®" by the submodule generated over Q(z) by the m; ® ---® m,, — my) ®
-+ ® My(n), when o is any permutation of {1,..., n}.

Proposition 3 ([1, p. 72)

Let 4, M-, M5 be differential modules over Q(z). Then

a) If # is a differential submodule of ./, then o () < o(/4;) and a(./%l/./%g) <
0'(./%1).
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b) o (Mt x M>) = max (o (M), 0 (M) < 0 (M) + 0 (M2).
0o (Symg(z) (441)) < (1+10g(N)) o (44).

d) o(MU]) < a(%l)(l +log(u — 1)), where 1y = dim@(z) M.

e) Ifthere is an exact sequence 0 — M, — M — M3 — 0, then we have
O (M) < 1+20 (Mo x M3 x (M3)™) <1+ 2max (0 (Mo),0(M3)+ sz —1) (3)

with s = dim@(z) M.

In e), we can actually deduce from André’s proof the following slightly more precise re-
sult:

o) < 1+%0(ﬂg>«/ﬂ3x (%3)*)- 4)

Alternatively, we have
o (M) < U3+ 0 (M) + 0 (M3). 5)

Note that () is not always a better estimate than (5), as the example with a(zﬁ) in Sub-
section[4.2]shows.

The proof of a) and e) relies essentially on the following lemma, mentioned in [1, p. 72],
of which we give a proof for the reader’s convenience:

Lemma 3 ([1/], p. 72)

Let My, 4>, M5 be differential modules over Q(z). If there is an exact sequence 0 —

Mo — M — M3 — 0, then, with a suitable choice of basis, ¢ is associated with a differ-
c® GO

0 G®
dy = G®y are respectively associated with ./, and 3.

ential system of the form 0y = Gy, where G = ( ) and the systems 0y = G® y and

Proof. @ We read on the exact sequence that /3 = ./, / > .

Linear algebra convinces us that, if (ey,...,e;,) is a k-basis of .4, and (E,...,f_m) is a k-
basis of 41/ 4>, then B = (ey,...,en, f1,--., fm) is a basis of 4.

J— m R n
Thus,if Vi<ism, 0fj=—- ) gj(.ggfj, we have 0f; + Y. gﬁ)f] € > so that there exists a
j:l ’ j:l ’

matrix G = (g{°)) € #yn,n (k) such that
" B N 0
Vi<i<m, dfi:—Zg].'l.fj—Zgj,iej.
=1 =1

Furthermore, we can find a matrix G® € M,, (k) associated with .4, such that

m
Vi<i<n, Ode; :—Zgﬁ.zgej.
=17

(2) 0)
Hence, the matrix G such that 0’2 = —'G'2 is of the form G = (G G )

0 G(3)

Proof of Proposition[3,  a) is a direct consequence of Lemma [3] and b) follows straight-
forwardly from the definition. For the point c), see [1, p. 72] (and [1, pp. 17-18] for the key
argument). The point d) is a consequence of Katz’s Theorem (see [1} p. 80]).

For e), André gave a proof of which we provide the details here.
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By Lemma |3} we can find suitable bases of .4/, .45, .¢/5 such that, in these bases, .4
(resp. ./, M(3) represents the system 0y = Gy (resp. dy = GPy and 0y = G® y) where

G® GO
G:( 0 G(S))-

Let K be anumber field such that G € M,,(K(z)). We fix p € Spec (O ). We consider t, a free
variable on K called the generic point. We can then build a complete and algebraically closed
extension of (K(tp), |- Ip,GauSS). Concretely, ), is the completion of the algebraic closure of the
completion of K(#,) endowed with the Gauss valuation | - [ Gauss (see [5, p. 93]).

We set )

X@(z) =
t (2 s;() s!

(Z— tp)s € GLn(Qp IIZ— tp]])

(resp. Xg) € GL;(Qplz — 1)) a fundamental matrix of solutions of dy = G?y (resp. dy =

G® ) at the generic point #, such that Xg)(tp) = I, (resp. Xg)(tp) = I,;;). Consider X;?) €
M, m(Qplz— 1,]) asolution of

0) _ ~(3) y( 0) yv(2)
Gti =G ti +G ti (6)
such that X;S) (tp) = 0.
X(Z) X(O)
Then X t = ( (t)p XLE%) is afundamental matrix of solutions of 0y = Gy such that X ,;p (tp) =
Ip

Inem. Thus we have Vs € N, 8°(X;,) () = Gs(t,). Since we know that aS(X,Ef’)(tp) = G2 (1)

(and likewise for X LES)), it suffices to estimate the Gauss norm of 0°(X Lfg)) (Z,) to obtain an es-
timate on the size of G.

For simplicity, we will omit the index #, in what follows.

It follows from (6) that

B 30y — vB A0y _ @) 33 B3)y v B 3 (0)
0(X X7)=X o0X)-X 0X)X X
_ X(s)—l(G(s) X0 4 GO x@)y_ X® T GB x 0 _ xB) 50 x@)

so that, for ¢ € N, by Leibniz’ formula,

3¢ x© /-1 (x® g (x® ' x© . ¢ 9l-i(x®)y | _
— = Y ( : )9 : ) =0/ (X¥)x® IX(O)+Z ( ")al—l(X(?)) ‘GO x @)
0! - =) i! o =D
_3 . -1 . .
_ OZ(X(3))X(3)_1X(O) N i af Z(X(S))l an(X(Ei) ) otz (G(O)) LE (X(Z)) .
i=0 (g_i)! l i1+i2+i3=i—1 ll! 12! i3!

We now evaluate this equality at the generic point f,. Since X (z,) = 0, we get

afx(()) a[—i(XB))(tp) 1

(t,) = Z R o oh (X(3)71)(tp) o2 (G(O))(tp) 0B (X(Z))(tp)
o VTS - i ‘ ; X

Z | | |

i1 +ip+iz=i—1 I l2: l3:

We make the following observations:

. 0 02(G?) 0
* Since G"(#y) € K(#y), we have || ——— < |G”llp,Gauss by (5} p. 94].
Ip! p,Gauss
e Setdy=1lcm(l,2,...,#). Then
sup — = log(6,) < (1+o0(1)),
peSp%::(@K) 1<i<e lilp  [K:Q] (K:Q]

by [5, Lemma 1.1 p. 225].
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Hence, since || - [ly,Gauss is non-archimedean, we have

afx(O) a[—i(X(:ﬂ))
log” ! s max (108+ 1 +log" |- +
2! p,Gauss iﬁ?jjziiq (¢ —1i)! p,Gauss ! |lp,Gauss
. 71 . .
an(X(B) ) oi2 (G(O)) 9is (X(Z))
Sl | + |2\ +9°\Aa)
log il +log il +log o (7)
’ p,Gauss : p,Gauss : p,Gauss
But
—i(x® 3 ' @
N o [
— 7! — 7\ | - )
(- p,Gauss (- p,Gauss I3: p,Gauss 3. p,Gauss
Moreover we have
' a(x®™ “ (_tG(S))i1
.—' = —' )
h: p,Gauss h: p,Gauss

because 'X®"" is a fundamental matrix of solutions of the system y' = —'G®y, associated
with the dual module .4 . This yields for every / e N* and N = ¢

Al (X Oy (¢
log* % <h(N,p,G®) + h(N,p,-'G®) + h(N,p, G?)
: p,Gauss
1
+ 10g+ I el ||p,Gauss + logorsniz)l(\fﬂ.
We therefore obtain
1 al (X(O)) (t,)
limsup— )  suplog® —'p < +0(M3)+ 0 (M) + 0 (M)
N—+o00 N peSpec(@K) n<N g' p,Gauss [K : @]
since [|G?|,Gauss = 1 for all but a finite number of primes. Furthermore,
” Ge o0
2! p,Gauss 2! p,Gauss
GZ(X(O))(FP) OZ(X(Z))(IP) af(X(Bv))(tp)
Sma T e e
’ p,Gauss ) p,Gauss ’ p,Gauss
so finally

o (M) < 1+0(Ms) + 0 (M) + 0 (Mo).

We can actually obtain a more refined inequality by using the following argument. Let
¢ eNand i) +iy+i3 < ¢—1. We assume for example i; = i, = i3, the other cases can be
treated likewise and lead to the same final conclusion. By considering separately the cases

/-1 -1 /-1 /-1
iy < — and i} > ——, we prove that i < —— and i3 < 5
Thus we obtain in inequality
ol (x®™ 9i2(GO i3 (X®@
max [log™ ox" ) . ) +log* ’ —(_ ) +log* ' —(, )
i! p,Gauss Ip! p,Gauss i3! p,Gauss

¢ ¢
<h(,p,G®)+h (E,p, —tG(s)) +h (g,p, G(Z))
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so that
- h(l,p,G) < + - log" 1GVp Gauss + Ve + = | = | vjej+= | = | v
ngSpé(@K) ¢ fpeSp%(@K) poass el2] 75" e13]7]8]

1
with vy = Y max(h(,p,G®), hl,p,—'G®), h(¢,p,G?)). Taking the superior limit
gpeSpec(@K)

on both sides, we get
11 i
o) <1+ gmax(awz3 ),0(M3),0(M)),

bounded by 2max (o (4;), 0 (M3),0 (M) in [1]. This is the desired conclusion. O

Remark. The inequality d) is a consequence of Katz’s theorem on the exponents of a G-
operator. We now explain how to obtain another bound on o (/}").

Following the notations of [5, p. 226], we denote by p(.#) the global inverse radius of
. Then André-Bombieri Theorem ([1, p. 74]) yields

p(t) <o(Ah) < p(Ah) +p—1,

where u = dim@( 0. Moreover, (1, Lemma 2 p. 72] states that p(#) = p(.#1). Thus, the
application of André-Bombieri Theorem to the adjoint module ./ yields p (/) < o (M) <
p (A1) + 11 —1, hence

o) —p+l<o(l) <o) +p—1.

Points a) c¢) of Proposition [3| actually imply the following result, which was not stated
explicitly by André and is important for our application to Theorem|[1}

Proposition 4

Let (/;)1<i<y be a family of differential modules over Q(z). Then

o (M &g M) < (1+1og(N)) max (o (A1), ...,0 (MN)).

00 %0

In particular, we have o (M4EN) < (1+1og(N))o ().

Proof. We denote by a the class of an element a € (# x -+ x )®" in the quotient space
Sym” (L x - -+ x MN). There is an injective morphism of differential modules

@p: M- My — Sym” (M % x MN)
meoe---emy — (m,0,...,00®---®(0,...,0,my).

Indeed, for all i, let %8; = (e(” (”) be a Q(z)-basis of .#;. A Q(z)-basis of 1 ®--- ® My is
the family & whose elements are the e(l) ® e(z) -® e(N )when 1 <i PR

Denote & = (fi, ..., fn) the basis of /%1 X ....MN obtalned by concatenatlon of the bases
;. Then the family &’ whose elements are the f; ® fi, ®---® fj, when 1 < ij <ip <--- <
iy < nisabasis of Sym” (cf [8, p. 218]). Moreover,

@

1
(P( ( ) ® e @ ® eEIA\[D) = fil ®fn1+i2 Q- ®fn1+~-+nN,1+iN

so & is sent by ¢ on a free family of Sym” (M), which proves that ¢ is injective.
Hence the combination of a) and c) in Proposition3]yields

oM ® - ® MN) < (1+]og(N))max (o (L),...,0(MN)).
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3 A generalization of Chudnovsky’s Theorem for Nilsson-Ge-
vrey series of arithmetic type
The goal of this section is to prove Theorem 2} a quantitative version of André’s result on a

Chudnovsky type Theorem for Nilsson-Gevrey series of arithmetic type ([3]).
In what follows, we will denote the standard derivation d/dz on Q(z) by 0.

3.1 Product and sum of solutions of G-operators

The following result is proved in André in [3, p. 720]:
Proposition 5 (/3/, p. 720)
If yy (resp. y») is solution of a G-operator L, (resp. L»), then

a) y; + ) is solution of a G-operator Ls;

b) y1y- is solution of a G-operator L.

Note that y; and y» need not be G-functions, they are in general Nilsson-Gevrey series of
arithmetic type. This proposition is obvious if y; and y, are G-functions, because the set of
G-functions is a ring.

We are going to use the results of Section 2| (Proposition[3) in order to bound the sizes of
Lg and L4.

Proposition 6
Let Ly and L, be the respective minimal operators of y, and y,, which are G-operators.
We can find nonzero G-operators Ls and L4 as in Proposition[5such that

o(L3) <max(o(Ly),0(Ly)) and o(Ls) < (1+log(2))max(o(Ly),0(Ly)).

Proof of Propositions5land[6l  In [I} p. 720], André gave a sketch of proof of Proposition|5}
which we make explicit here.

If Le @(z) [0] is the minimal operator of a function y, we notice that there is a natural
isomorphism of differential modules between Q(2)[01/Q(z)[0]L and

Q)[01(y) := {M(y) | M € Q(2)[01}

givenby M mod L— M(y). Henceo (L) =0 ((@(z) [0] (y))*).
We also define for u, v solutions of G-operators, Q(2)[0](u,v) := (@(z) (0] (u)) [0](v) which

is the set of linear combinations with coefficients in @(z) of the % (w)d¢ (v), for k, ¢ € N. The
existence of differential equations over @(z) satisfied by u and v ensures that this is indeed a
finite dimensional Q(z)-vector space, so that it can be endowed with a structure of differen-
tial module.

e Let L3 be the minimal operator of y; + y» over @(z). Theno(L3) =0 ((@(z) [01(y1 + yg)) *)

Let ./ be the image of the morphism of left @[z] [0]-modules

12 Q[0 — Q2)[01(31) x Q(2)[0](y2)
L — (L(y),L(y2).

Thus, .4 is a differential submodule of Q(2)[01(y1) x Q(2)[0](y2) because it is a sub-left-
Q(2)[0]-module of Q(2)[0](y1) x Q(2)[0](y2) which is of finite dimension over Q(z).
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Moreover, set .
@: M — Q(2)[01(y1+ y2)
(L(y1), L(y2)) — L(y1+y2) =L(y1) + L(y2).

This morphism of differential modules is well-defined and surjective, henc_e its factorisa-
tion by its kernel induces an isomorphism of differential modules between Q(z)[0](y; + )

and ./ /ker(¢p). Therefore, there is an isomorphism (@(z) [01(yy + yg))* =~ (./% / ker((p))* =~
M 1Tm (¢*) where @™ is the dual morphism of ¢ in the sense of linear algebra. Hence by
Proposition[3|a), we get

o(Ls) =0 (Q@)0](y1 +y2)") <o (M*) (8)

We now proceed to bound o (.4 *). The dual morphism of the injection .4 — Q(z)[0](y1) x
Q(2)[0](y») is a surjection (@(z) [0](y1) x Q(2)[0] (yg)) — M, and

(@010 <801 = (@@BIoD) * (@@0I)
so that .4 * can be written as some quotient of (@(z) [0] (yl))* X (@(z) [0] (yg)) *.
Thus, it follows from Proposition[3|a) and b) that

o) <o (0101 x (RI01m) ) < max(o L), o(12). ©)

Finally, (8) and (@) imply that o (L3) < max (o (L;),0(Ls)) < co. Hence L is indeed a G-operator.
¢ We define the morphism

v: Q@013 eQ101(12) — Q@112
K(y)®L(ys) — K()L(y).

Moreover, the set 4 = @(z) [0]1(y1)-) is a differential submodule of @(z) [01(y1, y2) because if
_ 0
LeQ(z)[0], L= ) akak, we have
k=0

U k(& H k _
Liny) =) ar ). (p)a”(yl)ak—”(yz) = w(Z ar Yy (p)a”m) ®a’“"’(yz)) € Q@0 (n, y2)-
p 0

k‘:O :0 k=0 p:

By definition, the restriction of y to v~ (%) is a surjection ¥ : ¢~ (/) — M .

The factorisation of ¢ by its kernels shows that .# is isomorphic to .4/ ker(y) where A =
w‘l () is a submodule of Q(2)[0](y1) ® Q(2)[0](y2).

Passing to the dual modules, we get .4 * =~ ./ */ker(¢*) hence by Proposition 3|a),
o(Ly)=0(U)<a(N™). (10)
Furthermore, the dual morphism of A — @(z) [0](y1) ® @(z) [0](y2) is a surjection
(@@ eR@0IG) - 4
and we have
@I 8B@010m) = (@@EI) © (@01

so that, by Proposition|3|a) and Proposition

o <o ((@@BI) 8 (R@I0102) ) < (1+10g@) max(0(Ly), o (L2). (1)



3 CHUDNOVSKY’S THEOREM FOR NILSSON-GEVREY SERIES 14

Thus, the combination of and shows that o(Ly) < (1 +1log(2)) max (o (L1),0 (L)),
so that L4 is a G-operator. O

Remark. Using Proposition[4} we can generalize the second statement of Proposition|[6|to an
arbitrary product y; ... yn of G-functions: if Ly is the minimal operator of y; ... yy and L; is
the minimal operator of y;, we obtain

o(Lo) < (1+log(\N))max (o (Ly),...,0(Ln)).

3.2 Proof of Theorem 2

We can now deduce from Proposition [5|and its quantitative version the proof of Theorem
stated in the introduction.

Proof of Theorem Forall (a, k, ) € S, let Ny i ¢ # 0 be the minimal operator over @(z) of
8ak.0(2) := Cax.02%10g(2)¥ fy 1.0(2), which exists since this function is a product of solutions
of differential operators with coefficients in Q(z).

* Since f(z) is the sum over (a, k, ¢) € S of the flmctions 8a.k,0(2), Proposition@]implies that
the size of the minimal operator L of f(z) over Q(z) satisfies

o(L)< max o(N, ).
@koes = okt

e Let (a,k,?) € S. The function z% log(z)kca,k,gfa,k,g(z) is a product of k + 2 solutions of G-
operators. The factors of this product are :

— z% of minimal operator K, =d/dz — a/z over @(z); _
— log(z) of minimal operator T = z(d/dz)? + d/d_z over Q(z) (k times);
— Ca, k¢ fa k¢(2) of minimal operator Ly i ¢ over Q(z).

Thus, it follows from the remark after Proposition|6]that

0(Ng ko) < (1 +log(k +2))max (0 (Ky),0(T),0(Lag,k,e))

But we can compute directly the iterated matrix corresponding to the differential system

a a
y' = —y: denoting B, = —, we have
z z

ala—1)...(a—s+1)
z

VseN, (By)s=

so that d(a)?* (Bg) € Z(z) whence o (Ky) < 2log(d(a)). Moreover, o (T) < 1, so we finally get

o(L) < max ((1+log(k+2))max(2log(d(@)),1,0(La,e)))
(a,k,0)eS

<max|1+log(x +2), 2(1 +log(1<+2))log(mal.i(d(a)), rna.)xs((l+10g(k+2))a(La,k,g)) .
aE k,0)e

(a,k,?

where « is the maximum of the integers k such that (a, k, ¢) € S for some (a,¢) € Q x N and
A={aeQ:3(k,0) e N2, (a, k, £) € S}.This completes the proof of Theorem O

Remark. The quantitative version of Chudnovsky’s Theorem in [5, p. 299] implies that

0La o) < (512 4 Bajor + D=1~ (ajor = D@Bajee + D) F(fa k) (12)
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provided that L, ;. ¢ € K [z,d/dz], where K is a number field, and pg k0 := ord (Lg k¢) = 2. In
1
(I2), we denote 64 k¢ := deg,(Lak,¢) and o (y) := 0(y) +limsup— Y. suplog’ |yl where

s—+o00 S :K—Cmss
o(y) is defined in Definition[7]above, and for any embedding 7 : K — C,
= lT@MA i () R
e EQ glse,

On the other hand, if p4 1, = 1, we have

0(La,k,0) < (604,k,0—1)0(fo,k,0)- (13)

Therefore, the combination of Theorem [2|and of and (i.e Chudnovsky’s Theo-
rem) gives an upper bound for o (L) in terms of the o (fy ., ¢), for (a, k, ) € S.

4 Applications

We now give two applications of the results of Sections[2]and[3} The first one consists in ex-
pressing the size of a product of G-operators in terms of the sizes of each term of the product;
the second one is related to a Diophantine problem studied in [11].

4.1 Size of a product of G-operators

In this part we are going to interprete André’s result on the size of differential modules (Propo-
sition(3) in terms of differential operators.

The following proposition enables us to formulate a correspondance between the right
factors of a differential operator L and the differential submodules of .4 (see [14} p. 47, p.
58]). We denote by d the derivation d/dz on Q(z).

Proposition 7 ([14], p. 47)

Given L;,L, € @(z) [0], we have an exact sequence

0— My, — My, 1, — My, — 0. (14)

Proof. Since we are working with finite-dimensional vector spaces, a sequence
u v
0—>./%L2 —’-/%Lng —*./%Ll —0
is exact if and only if the dual one

u* v*

* * *
O‘_./%LZ ‘_'/%Lle(_.%Ll <_()

is exact (see [9, pp. 53 —59]). Thus, it suffices to find an exact sequence
0—Q2)[01/Q(2)01L1 L Q(2)01/ Q201 L1 L L Q2 01/ Q201 L — 0. (15)
For this, we define the injective map

¢: QI0/QR)IOIL; — Q(2)01/Q(2)[0]1L1 Ly
u modL1 —  uly modL1L2

and the surjective map

v: Q@I01/Q(2)01L1L; — Q(2)[01/Q(2)[0]1L,

u modLiL, — u modL,.

We have ker () = Q(2)[0]L2/Q(2)[0]L1 L, = Im (¢). Hence the sequence is indeed an
exact one. 0
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Thus, applying Lemmal3|to (I4), we obtain the following corollary.
Corollary 1

The differential system Y' = Ar,1,Y is equivalent over Q(z) to a system Z' = BZ, where

A, B° —
B= ( 51 A ) for some matrix B® with coefficients in Q(z).
Ly

In the same fashion, points a) and e) of Proposition |3|imply the following inequalities,
which is the desired application.

Corollary 2
For any Ly, L, € Q(2)[0], the following inequalities hold:

11
max(o(Ly),0(L)) <o(L1Ly) <1+ Emax(a(Ll),a(Lg),U(Lf))
11
<ord (L) + " max (o (Ly),0 (L))

and
O'(Lle) <ord (Ll) + 20'(L1) + O'(Lg).

4.2 Application to a Diophantine problem

Let us now consider a Diophantine approximation problem. It is a generalization of results
by Fischler and Rivoal ([6]) studied in [11].
o0

Let K be a number field and F(z) = Akzk € K[z] a non polynomial G-function of ra-

k=0
dius of convergence R > 0. Let L € K [z,d/dz] \{0} the minimal operator of order i of F, which

is therefore a G-operator. Take a parameter 8 € Q\ Z<, that will remain fixed. For n € N* and
se N, we define the G-functions

00 Ay
F[S] — _ 'k _k+n
pn'? ,;)(k+ﬁ+n)sz

These are related to iterated primitives of F(z). The Diophantine problem we are interested
in is to find upper and lower bounds on the dimension of the vector space

Dy, p,5 := Spany (F[[;‘T]n(a), neN, 0<s<$)

when S is a large enough integer and a € KK, 0 < |a| < R. Note that it is not obvious that ®4 g 5
has finite dimension. Precisely, in [11], we prove the following theorem:

Theorem 3

Assume that F is not a polynomial. Then for S large enough, the following inequality

holds:
1+0(1)

[K:QIC(E f)
Here, if 6 = deg,(L) and w is the order of 0 as a singularity of L, ¢y(p) is defined as the
maximum of ¢ := § — w and the numbers f — f when f runs through the exponents of L
at infinity such that f — f € N, and C(F, ) is a positive constant depending only on F and
p, and not a.

log(S) < dimyk @y g5 < €o(B)S + p.

Fischler and Rivoal proved this theorem for f =0 in [6]. With their method, the constant
C(F,0) is computable in principle, but they didn’t give an explicit formula for it. In [11], we
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express explicitly C(F, f) in function of quantities depending on L, F and the denominator
of B using the theory of G-operators. Let us explain how Theorem [I|and Corollary 2] of the
present paper can be used to compute C(F, §).

By [6, Lemma 1 p. 11], we can find polynomials Qg (X), ..., Q/(X) € Gk [X] and u € N* such
that ,

uz""“L=Y 2/Q;0+j),
j=0

with 8 = zd/dz, u the order of L, w the multiplicity of 0 as a singularity of Land ¢ =6 —w
where ¢ is the degree in z of L. We can show that if ¢ = 0, then F(z) € K[z], so that this case is
excluded by the assumption of Theorem[3]

Define, for j €{0,..., ¢}, Q; 5(X) := Q;(X — B). Then the differential operator of order u

[ .
LﬁIZ E Z]ijﬁ(9+j)€K
j=0

i] (16)
“ 1z

is the minimal operator over Q(z) of the Nilsson-Gevrey series of arithmetic type z° F(z). We
introduce the operator

~ d\¢
Lﬁ = (&) Zm_lLﬁ.

In [11], a crucial point is the evaluation of a(fﬁ) in function of o (L) or of ¢ (F). Indeed, a(zﬁ)
occur in the expression of C(F, ).
We can now answer that question. Indeed, on the one hand, if Ly = (d/ dz)!, Corollary
implies that
o(Lg) <l +20(Lo) +0(Lp)

since O'(Zm_lLﬁ) = g(Lg). Moreover, a basis of solutions of the equation Ly(y(z)) = 0 is
(1,z,...,2°71) so that a fundamental matrix of solution of the system y' = Ay, y is the wron-
skian matrix

1 z z¢1

0 1 (¢-1)z"2
Y = . ,

0 . :

0 0 ... -1

which satisfies Y® = 0 for s large enough. Hence (A,)s = ;Y ! = 0 for s large enough and
o(Lg) =0.

On the other hand, by applying Theoremto the Nilsson-Gevrey series z° F(z), we obtain

o (Lp) < (1 +log(2)) max(1,2log(d(B)),o(L)). (17)

Finally, using the bound on o (L) arising from Chudnovsky’s Theorem ((12) and (13)), we have

o(Lp) < (1+log(2)) max(1,2log(d(B)), (5 +eu)H* @G +1) —1— (u— DB +1)T(F), (18)

1 ifx=
where €y, = {0 else Y denotes the Kronecker symbol, and

o(Lpg) < £+ (1+log(2)) max(1,2log(d(B)), (5+eu,)p* (G + 1) —1— (u—1)(§ + 1)) T(F)).

This is the desired bound.
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Remark. In [12], we tried another method to obtain an inequality of the type of (18): we
adapted directly the proof of Chudnovsky’s Theorem to the case of a subclass of the set of
Nilsson-Gevrey series of arithmetic type. We now explain this approach.

Let K be a number field and

A K
f@=3Y crezlog@)" fi.e(2) (19)
¢=1k=0

be a Nilsson-Gevrey series of arithmetic type of order 0, where « = (a1,...,a)) € Q4 (Ck,0) ke €
C*¥A+D and the fx,e(2) are in K[z]. Here, f(2) is a particular case of Nilsson-Gevrey series of
arithmetic type, which is not of the most general form (I) given in the introduction. Then
Proposition |8 below provides an estimate on the size of the minimal operator of f(z) over
Q(2). This result uses a stronger hypothesis than Theorem namely that the minimal oper-
ator of f over the fraction field £ of the ring of Nilsson-Gevrey series of arithmetic type of
order 0 is the same as the minimal operator of f over K(z).

Proposition 8
Let f(z) be a function of the form (19). Assume that the minimal operator L of f(z) of

order u over the fraction field Z of the ring of Nilsson-Gevrey series of arithmetic type of
order 0 satisfies L € K(z) [d/dz]. Then we have

limsup%log(qs) <2logld(a)) +1+2u[K: Q] (2,u/1(1< +1)+ 1)(6 +2) gnkaxﬁ(fk,g) (20)

—+
S o0 1<l<A

with the notations of Definitions|6 and[7, where 6 = deg,(L).

Let us compare the conclusion of Proposition [8|with the one of Theorem 2]in the partic-
ular case of Lg. We can prove that Lg is at the same time the minimal operator of ZPF(z) over

Q(2) and over 2. This comes from the following lemma of [12].
Lemma 4

Let (fi,..., f») € K[z]" be a free family over Q(z) and '(gi,...,8n) = U'(fi,..., f,) where
U eGL,(Z). Then (g1,...,8n) is a free family over .

If we consider the family (fi,..., f,) := (EF/,...,F (p=1)y consisting of linearly independant
functions over Q(z) and (g1,...,8n) := (G,G,...,G¥™V), where G(z) = zPF(z), then Leibniz’s
formula shows that there exists a matrix U € GL, (%) satisfying the hypothesis of Lemma
Thus, since the operator Lg of order u with coefficients in % annihilates G(z), it is the mini-
mal operator of G(z) over Z.

In that case, using Proposition[2} Equation yields

o(Lp) <2log(d(f)) +1+2[K: Qluu+1)(6 +2)a (F). (21)

To simplify, we assume that K = Q and d(f) =2 (i.e. f € 7).
o Ifd(f)=exp((5+€,)H?@E+1)—1—(u—-1)(S+1))T(F)/2), then yields

o(Lp) < 2(1 +log(2)) log(d(p)),
which is a better estimate on o (Lg) than if and only if

log(d(B) +2)
pRu+1@G+2)

o(F) >

¢ Else, we see that the function

Comp: N*xN — R
(1,6) — (1+1og@)(G+eu )G+ -1-(u-1)@G+1))—2uu+1)@6 +2)
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is strictly positive unless 6 =0 and p € {1,...,12}. Hence if (6, u) € (N* x N) U ({0} x [13, +ool)
and d () < exp (o(F)Comp(u, 6)/2), then is a better estimate than (I8).

e Else, if (§, ) € {0} x {1,...,12} or d(B) > exp (¢(F)Comp(y,5)/2), then is a better esti-
mate than (21).

Let us finally consider the following explicit example: let F(z) be the hypergeometric G-
function (1) (2)
1 21 < 3)e i1k ok
F Fi|=—,=
(z)21(3116) kzzo ).k

whose minimal operator over Q(z) is

L=z 1)(d)2+ (1+2+1) 1)(d)+1 2
=z(z-1)|— -+ — z—=|[—|+=x—.
dz 3 11 6/\dz) 3 11
We take = 1/7. It satisfies = u = 2. Hence we obtain with o(Lg) < 1806 and with
o (Lg) < 1604. We see that our alternative method improves the bound ono(Lg).
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