ANNALES DE LA FACULTE DES SCIENCES DE TOULOUSE

MIREILLE CANALIS-DURAND

REINHARD SCHAFKE

Divergence and summability of normal
forms of systems of differential equations
with nilpotent linear part

Annales de la faculté des sciences de Toulouse 6° série, tome 13,
n°4 (2004), p. 493-513

<http://www.numdam.org/item?id=AFST_2004_6_13_4_493_0>

© Université Paul Sabatier, 2004, tous droits réservés.

L’acces aux archives de la revue « Annales de la faculté des sciences de
Toulouse » (http:/picard.ups-tlse.fr/~annales/) implique 1’accord avec les
conditions générales d’utilisation (http://www.numdam.org/conditions).
Toute utilisation commerciale ou impression systématique est constitu-
tive d’une infraction pénale. Toute copie ou impression de ce fichier
doit contenir la présente mention de copyright.

NuMbDAM

Article numérisé dans le cadre du programme
Numérisation de documents anciens mathématiques
http://www.numdam.org/


http://www.numdam.org/item?id=AFST_2004_6_13_4_493_0
http://picard.ups-tlse.fr/~annales/
http://www.numdam.org/conditions
http://www.numdam.org/
http://www.numdam.org/

Annales de la Faculté des Sciences de Toulouse Vol. XIII, n® 4, 2004
pp- 493-513
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of systems of differential equations
with nilpotent linear part

MIREILLE CANALIS-DURAND (), REINHARD SCHAFKE (?)

ABSTRACT. — We consider the following system of differential equations
=2y +2z Alz,y), v=322+3yAz,y), (A)
where A € C{z,y}, A(0,0) = 0. The above system is a prenormal form
of a generic perturbation of the hamiltonian system z = 2y, § = 3xz2.
Substituting = by zU(z, y)? and y by yU(z, y)® where U(z,y) is a formal
power series with U(0,0) = 1, (A) can be transformed into a formal
normal form
& =2y+2z A*, y=3z%+3y A%, (Aa*)
where A* = Ag(h) + xA1(h), h = y? — 23, and Ag(h) = Agrh* + ...,
A1(h) = Ayh! 4 ... are formal power series with Agy, Ay # 0 ([Lo99]).

In the present work, we discuss the Gevrey order and summability of
the formal power series Ag, A1 and U as a function of the above valuations
k and ! of the series Ag and A;. Here, we distinguish two cases: in the
first case, [ is smaller than k, in the second k < I. The first case includes
the non-degenerate case where A = ax + ..., a # 0; all the others are
degenerate. In this work, we present the following results:

In the first case, Ay can be reduced to Ay h' and the power series
U(z,y) = Zns brs z"y® and Ao(h) = Emzk Aomh™ are Gevrey of
order a = 1/(6l + 1) in the weighted degree; i.e. there exist K, A > 0
such that for all r,s,m

| Am S K A®™D(6ma +1), | brs |< K ACRTT392D((2r 4 35)a + 1).

Moreover, the power series Ag(t%) is summable and generically, the above
Gevrey order is optimal. In the second case, Ag can be reduced to Agih®
and U(z,y) and A;(h) are Gevrey of order 1/(3k + 3l) in the weighted
degree. Moreover, the power series A1(t®) is summable and generically,
the above Gevrey order is optimal.

In the non-degenerate case, we also detail the type A of the series.
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RESUME. — On considere des formes prénormales associées & des per-
turbations génériques du systéme & = 2y, ¥ = 3z2. Il est connu qu’elles
admettent une forme normale formelle & = 2y+2zA*, § = 3224+ 3yA*, ol
A* = Ag(h) + A1 (k) avec h = y% — 23 ([Loray, 1999]). Nous démontrons
que Ag, A; et les transformations normalisantes sont divergentes, mais
k-sommables. L’entier k dépend des premiers termes non nuls de Ag et A;.

1. Introduction

We consider the system of differential equations:

(a) { v

Y

i

2y + 2z Az, y)
322 + 3y A(z,y)

Il

where A € C{z,y}, i.e. a convergent power series of y, A(0,0) = 0 and
-_ d

dz*
Remark 1.1. — The above system is a prenormal form of a generic per-
turbation of the hamiltonian system
T = 2y
{ g = 322, (1.1)

D. Cerveau and R. Moussu ([CM88]) have shown that this prenor-
mal form can always be reached by a convergent transformation. F. Loray

([Lo99]) showed that (A) can be transformed into a system (A) — of the
same form, but with A replaced by A — by a substitution

where U(z,y) is a convergent or formal power series with U(0,0) = 1. Thus

(A) is transformed into _
(&) T 2y + 2z Az, y)
Y 3% + 3y A(z,y)

The transformation equation connecting A, Aand U is
(U + 22U, + 3yU,) A = A(zU?,yU?) — 29U, — 32°U, (1.2)
where subscripts . etc denote partial derivatives.
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Divergence and summability of normal forms of systems of differential equations

If U is convergent, we say that (A) is analytically equivalent to (A). If
U is only a formal power series, we say that (A) is formally equivalent to

(A).

It is natural to ask for the “simplest” (A) equivalent to a given (A), i.e.
for a normal form which will be denoted by (A*).

THEOREM 1.2 ([L099]). — Given A € C{z,y}, A(0,0) = 0, there is
a unique formal power series U(x,y) = 1+ ... transforming (A) into its
formal normal form (A*), A* = Ag(h) + A1 (h), where h = y? — 23 and
Ao, A1 € C[[h]]. The series A and A* are related by (1.2). More precisely,
A* is in one of the following form A* = 0, A* = a;hl, A* = a; zh*,
A* = qih! + Ay (h) or A* = Ag(h) + ar zh*; in the forth case, Ai(h)
contains no terms of lower order than h!, in the last case Ag(h) contains
only terms of higher order than h*.

As in the resonant saddle case [MR83], the question of convergence of
this normal form and the normalizing transformation arises. There, the nor-
mal form was polynomial, but the normalizing transformation was diver-
gent, but nevertheless summable. Moreover, it is known that if two con-
vergent systems (A) and (A) are formally equivalent, then according to a
theorem of [CM88]|, they are analytically equivalent, i.e. the normalizing

transformation converges if the series A* is convergent.

With the background of these statements, R. Moussu, F. Loray,
J.-F. Mattei and J.-P. Ramis asked the question about the convergence/di-
vergence of the normal form A* = Ag(h) + zA;(h) and the normalizing
transformation U.

We distinguish two cases: the non-degenerate case where A = azx + ...,
a # 0 and the degenerate case where o = 0. The non-degenerate case will be
treated in some detail below and in section 2, the degenerate case somewhat
less detailed below and in section 3.

In [CMTO01], the first 30 terms of Ag(h) were calculated for several exam-
ples in the non-degenerate case, using MAPLE and resources of the com-
puter algebra center MEDICIS. The authors used a “pattern recognition
algorithm” for the growth rate of the coefficients of the power series Ay.
The procedure includes several steps (numerical analysis of the coefficients,
cut-off asymptotic ([RS96]), method of least squares) to determine the con-
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stants of the Gevrey character! of the power series. They obtained numerical
evidence that Ag(h) is generically divergent, but of Gevrey order 6 and type
A=0.18..., Ay considered as a power series in h.

A similar approach had been used earlier in the field of singular per-
turbations: in 1985, the first fifty coefficients of the formal solutions of the
forced Van der Pol equation were calculated ([CDG89]) and these results
suggested the possible Gevrey character of the formal power series. Five
years later, a proof of the Gevrey character of the formal solution was given
in ([Ca91]). As a consequence, the existence of so called “canard” solutions
could also be established using Borel-Laplace summation and generalized

in [CRSS00)].

For the non-degenerate case the results are summarized in the theorem
below. For convenience, we introduce the weighted degree by deg(xz) = 2 ;
deg(y) = 3 so deg(h) = deg(y? — z3) = 6.

THEOREM 1.3. — With notations as above and when A = x + ..., then
A1 =1 and the power series U(z,y) =3,  brsz"y® and Ag(h) = 3, - Amh™
are Gevrey 1 in the weighted degree; i.e. there exist K, A > 0 such that for
all k,l,m

| A |< K AS™ (6m)!, | by |< K AP35 (2r 4 3s)!
where the type A = 0.1844 %+ 0.0001.

The power series Ag(t%) is 1-summable if argt is not congruent to 5

modulo 3. Finally, there exists a non-zero analytic function Q such that
Q(A) # 0 implies that U and A* = x + Ag(h) are divergent and the above

type is optimal.

The above theorem was presented in ([CS03]); a complete proof will be
given in a subsequent article. In the present work, a sketch of the proof in
6 steps is given in section 2:

e Step 1: Transformation of the coordinates (elliptic functions).

e Step 2: The Borel plane.

(1) Definition ([Gev18, Ram78, RS96]): Let k, A two positive numbers. A formal power
power series f(t) = Zn>0 an t" € C|[t]] is said to be Geuvrey of order 1/p and type A, if
there exist two nonnegative numbers C' and p such that

Vn, n 20, |an| < C AYP T(p+n/p)
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e Step 3: The linearized problem.
e Step 4: Zeroes of the function R(7) = 5 S em1(9)/2 ds.
e Step 5: The non-linear problem.

e Step 6: Divergence.

On the last step, the origin and the nature of the function @ will become
clear.

As also the degenerate cases fall into some categories, it is more con-
venient here to introduce another classification: Denote the formal normal
form by A* = Ag(h) + zAi(h), where Ag(h) = Aoxh* + ..., A;(h) =
Aph!t + ... with Agg, Ay # 0. If one of the series vanishes, we formally put
k = oo or | = 00, respectively. Then as the first case, we consider the case
that [ is smaller than k, in the second case k < [. The first case includes the
non-degenerate case. Here we present the following results:

THEOREM 1.4. — In the first case, Ay can be reduced to Ay h! and the
power series U(z,y) = Er,s brs "y® and Ag(h) = Zm>k Agmh™ are Gevrey
of order o = 1/(61+1) in the weighted degree; i.e. there exist K, A > 0 such
that for all r,s,m

| Ap |< K AS™D(6ma +1), | brs |< K AZT399T((2r + 3s)a+ 1) .

Moreover, the power series Ag(t%) is summable and generically, the above
Gevrey order is optimal. In the second case, Ay can be reduced to Agrh* and
U(x,y) and Ai(h) are Gevrey of order 1/(3k + 3l) in the weighted degree.
Moreover, the power series A1(t%) is summable and generically, the above
Geuvrey order is optimal.

The idea of the proof is given in section 3. We would like to mention that
the theory presented here is somewhat analogous to that of J. Martinet and
J.-P. Ramis ([MR83)); in the resonant saddle case, Y2 — X3 is replaced by
Y2 —X?, their normal form is polynomial and in general, the transformation
U is divergent but summable. Observe that in our framework, the divergence
is introduced by the normal form (recall that formal equivalence of analytic
equations of the form (A) implies analytic equivalence) whereas in their
case, only the normalising transformation is (in general) divergent.
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2. The non-degenerate case

2.1. Numerical results

[CMTO1] established a specific algorithm derived from F. Loray’s work
([Lo99]) in order to determine the Gevrey character of the normal form and
the normalizing transformation. They first presented a “pattern recogni-
tion” algorithm for the growth rate of the coeflicients. This algorithm will
be part of a general procedure called Gevreytiseur to establish the numerical
Gevrey character of a given series.

Let S(X) = > ,50an X™ € C[[X]]. First, the procedure consists in

studying the sequences (%) N and (@, X™),enN for certain X in order

to determine the radius of convergence of the power series. When the radius
of convergence is zero, [CMTO01] study the Gevrey character (cf. [Gevl18,
Ram?78]) of the power series.

If a power series is Gevrey of order 1/p and of type A, then its coefficients
satisfy the following estimate: a, < C A™? T(p + %) where C' and p are
positive constants. Often, it seems reasonable to conjecture (cf. [CK99])
that the coeflicients a,, are asymptotically equivalent to an expression of
the above type:

an ~ C AP F(p—F%). (2.1)

Sequences with a behavior like (2.1) are characterized by the following
lemma:

LEMMA 2.1. — Let C > 0, A > 0, p > 0 and X > 0. The sequence
n— C A™P T(p+ 2)X™ is first decreasing, then increasing. The minimum
1s attained for

p
N=[A] 2.2
AXP (2.2)
and this minimum is K X¢e™X"/4 with some K > 0 and & = min(% —p+
1

=,0).

2

The first method of [CMTO01] tests the behavior of a, X™ for several of
X. If they observe the phenomenon described in Lemma 2.1, then they note
the index n = N for which a, X™ becomes minimal. A rough estimate of
the Gevrey order and type then follows from relation (2.2).
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Then applying the method of least squares to (log an),cn, they note that
the relation (2.1) can also be written as a, ~ (n!)® B™ n® M. Thus the
new constants are related to the previous ones by the following relations:

1 A\ P 1+p 1 p—1
L (p) p=p-12 phrem) 5. (2.3)

The problem consists in determining constants «, B, § and M such that
the curve aln(n!) + nln(B) + Bln(n) + In(M) is as close as possible to the
curve In(a, ). The method of least squares is a convenient way of doing this.

Finally interpolating by spline functions, [CMTO01] calculate the con-
stants C, A, p and p by using spline functions: the value In(a,,) is approxi-
mated by a spline cubic function o(n) using all a; (for details, see [CMTO01]).

In several examples, the study of [CMTO01], based on 35 coefficients
of A*, leads us to conjecture that if the power series A(z,y) contains the
monomial T and is convergent, then the normal form A* = x+h Ag(h), h =
y? —x3, Ay € C[[h]], is generically Gevrey of order 6 and type A close to
0.18.

In the present work, we sketch a proof of this conjecture (see Theorem 2)
and generalize it to the degenerate case. Observe that a formal power series
Y ms0 @mh™ € C[[h]] is Gevrey of order 6 and type A if and only if the
power series Yo amt®™ € C[[t]] is Gevrey of order I and type A. The
following subsection are devoted to a sketch of our proof.

2.2. Transformation of the coordinates

The solution of the unperturbed system suggests the following coordinate
transformation

x = q(s)t?
© SR

where ¢ is an elliptic function verifying ¢'2 = ¢3 + 1, ¢(0) = co. Precisely,
q = 4P where P is the Weierstrass P-function with parameters go = 0
and g3 = —1/16 ([AS64]). Observe that h = y? — z® = t°. Each point (z,y)
outside the cusp y? = 3 corresponds to 6 points (s,t) where s is an element
of the hexagon H defined by the first six zeroes of ¢: H is the hexagon with
vertices pic, j =0,...,5 where ¢ = 2f01(1 —t3)"1/2dt ~ 2.80436, p = e5°.
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With the notation

U(s,t) = (CU)(s,t) = U(a(s)t?, ¢'(s)t°)
D(s,t) = (CA)(s,1) (24)
D*(s,t) = (CA*)(s,t) = q(s)t? + t5 Ay (%)

the transformation equation (1.2) is simplified to
(U +tU;) D* = D(s,tU) — 2t U, , (2.5)

where U; = 20 U, = 9C. This follows from 2tU, = C(2yU, + 3z2U,,)(s, 1),

t Uy = C(2zU, + 3yU,)(s,t) and D(s,tU) = C(A(zU2, yU?))(s, t).

We are looking for solutions in s and ¢ of this equation with certain
symmetry properties that can be expressed in terms of power series in z
and y. Let us introduce the following C-vector spaces: H,, the space of
homogeneous polynomials ) 5, 5. arz®y' of weighted degree m and &,
the space of meromorphic functions on C that are po- and p;-periodic (pg =
2ia and p1 = 2ipa, where a = [ (t3—1)71/2 dt ~ 2.42865, are fundamental
periods of ¢), whose only pole inside the hexagon H is 0, of order < m, and

such that f(ps) = p™™f(s).

The coordinate change (C) induces a bijection I between H,, et &,

by I(f)(s)t™ = C(f)(s,t). Let S = {327 fm(8)t™/fm € Em} and Sn =
o fm(8)t™ ] fm € Em} (S is the set of all formal power series in t whose
coefficients are elliptic functions of s which can be expressed in z and y).

Using the above notation, given D € ¢(s)t*> + Sg, we are looking for a
solution U € 1+ S5, D* = q(s)t? + Ao(t8) of (2.5). So let:

U(s,t) = 14+t W(s,t)
D(s,t) = q(s) t* + 1% E(s,t)
D*(s,t) = q(s) t* +t% E*(s,t).

Then equation (2.5) becomes

QW +t2 q(s) Wi+ E* = q(s)t2W2—2tW E* —t*W,E*+ E(s, t(1+tW)) (1+tW)2.

(2.6)
We now rewrite equation (2.2) in the Borel plane (see Appendix 4.1 for
details). We apply the formal Borel transformation By with respect to t,

defined by [3’1(75 ) = ( —7 for n > 1, to all the preceding power series (cf.
figure 1).
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— q(s) t2
y=4q(s) t* L,
(z,9) — (s,2) — (s,7)
h=1y*—2® ©) t6 B
U U=1+tW w w
A D=gq(s)t*+t*E | E E
A* D*=q(s) t* +t* E* | E* E*
t? g’t TX
J(t) x g(t) £(r) *g(r)
Figure 1. — Dictionary of the change of variables.

Precisely, let E(s,t(1 4+ tW))(1 +tW)% =37 | F,.(s,t)t" W™ and

Wi(s,7) = l?(W(s, t))
E'(r) = B(E*(s,1)
Fo.(s,7) = B(Fy(s,t))

Using properties of the Borel transform, in particular B (tzg f (t))
=7 B1(f(t)), equation (2.6) can be written as follows in the Borel plane:

L(W,E") :=2W, +¢(s)TW + E* = G(W,E*) , (2.7)
where

G(W,E*)(s,7) :==q(s)T* W W —2W x E* — (TW) x E*

oo
+Fo+ > Foxm 1 W™ /(n—1)! |
n=1
where * denotes the convolution product with respect to 7. The restrictions
are the following: Given are 7°F,, € S,,44(n,6) and we are looking for E*(7) €
3C[[79]], 7*W € Ss. For a summary of all our transformations and the
corresponding equations, see figure 3 in the Appendix 4.2.

2.3. The linearized problem

We consider the linearization of (2.7):

2W; +q(s)T W+E* =G . (2.8)
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Given 173G € S, we have to find 72°W € S5, E*(7) € 73C[[r®]] verifying
this linear ordinary differential equation with a parameter 7. We solve it by
method of variation of constants. The “constant” of integration and E* are
uniquely determined by the conditions (in particular W has to be a single
valued function of s). We find

S

W(s,7)= e_TI(s)/2/ eTI(”)/Q(G(U, 7)—E*(1))do (2.9)

o0

where [ is an antiderivative of ¢, and

1
E*(r) = R0 res (eﬂ(”)/QG(J, T), 0= O) (2.10)
with R(r) = res (e”(”)/2 ,o=0 ) ‘ (2.11)

In (2.9), the path of integration is from oo to s avoiding the poles of ¢ and
such that Re (7 I{c)) tends to —o0 as 0 — 0.

The zeroes of the function R of (2.10) are important because they in-
troduce the singularities of E* (and W) in the Borel plane.

2.4. Zeroes of the function R
We study the zeroes of the function

1
R(7) = res (6”(5)/2,5 = 0) = 2_7rz/ eT1/2 s (2.12)
H

Here, the function I(s) is the unique antiderivative of ¢(s) without constant
term; I(s) = —4¢(s) where ((s) denotes the Weierstrass zeta function with
parameters g = 0 and g3 = —1/16 ([AS64]). I is a pseudo-periodic function.
Its (simple) zeroes are py/2,p1/2,...,p5/2 and its saddle-points are the
zeroes of I' = q, that is, the vertices p’c, j =0,...,5 of the hexagon H.

Obviously, R is an entire function. As I(ps) = p~11(s), we have R(pr) =
pR(7) and the coeflicients of R are real like those of ¢ and I. So

R(r)=r1 Z R,,7®™ with R, €R, ¥ m > 0. (2.13)
m=0

If 7 is a zero of R, then p¥7 and p*7, v =0,...,5 are zeroes of R, too. We

have the symmetries R(p”7) = p*R(7), R(p*7) = p*R(7), v =0,...,5.
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The first terms of the series of R are

1 7 17 13
— - 713
12600 856215360000

R(r)=-27 (2.14)

LEMMA 2.2. — The function R has exponential growth as |7| — oo;
more precisely

<268, D=9 <os63 .

2
(2.15)

IR()| < Cexp(D|r|), where C = %

Moreover, we can localize the zeroes of the function R:

THEOREM 2.3. — The zeroes of the function R (other than 7 = 0)

are on the rays argT = (2l + 1)§, I = 0,...,5 and form siz sequences
mye@HD/6 p e N, 1 = 0,...,5. One has |mo — 5.4204] < 0.0002 and
Imi — ti| < 12t5° with t, = T3+ 4k) if k > 1 ; here I(—c) =

2 [1t(1—3)"1/2dt ~ 1.72474 .

Sketch of the proof: First, we study the zeroes near the origine. We have
the result:

THEOREM 2.4. — The function R has exactly 7 simple zeroes in the disk
|7| < 10.6. They are 7 =0 and 7 = p’img, v = 0,...,5, where mg is real
and |mg — 5.4204] < 0.0002. Thus m%) ~ 0.1845.

The zeroes of R satisfying |7| > 10.6 are less easily located; we use
an asymptotic method: since R(7) is given by an integral formula with
an exponential term, we apply the “saddle point method” to determine
precise asymptotic estimates, i.e. we use Laplace’s method with error bounds
([Olv74]) for large 7.

Remark 2.5. — The modulus of the first zeroes of R is almost equal to
5.4204. Now, we are going to prove that the first zeroes of R effectively are
the first singularities of E*; so we will conclude that A* is divergent, Gevrey
of order 6 (in t5) and with a type equal to 5= ~ 0.1845. This value of
the type was obtained numerically in [CMT01].
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2.5. The non-linear problem

As the linear differential equation has a unique solution (W, E*) satisfy-
ing the restrictions, we obtain two linear operators W(G) = W,

E(G) =E~.

In order to find a solution of (2.7), it is sufficient to solve the fixed point
equation G = GOW(G),£(G)) in 773 Sg, i.e. to solve

G = F(G), (2.16)

where F(G) = q(s)7 * W(G) * W(G) = 2W(G) * E(G) — (TW(G)) * £(G)

+F + Z Fo,+m" '+ W(G)™"/(n-1)! .

n=1

Let D=C\Uj_, e8" etz [mg, 00| .

THEOREM 2.6. — There exists a unique analytic solution G : (C\ R) x
D — C of (2.16). It is R-periodic, symmetric: G(ps,pr) = p 3G(s,7) =
~G(s,7) and G(s,7) € 773 Ss.

As a consequence, G and thus also W(G) = W, £(G) = E* have
convergent power series representations at 7 = 0, hence the formal solution
(A*,U) is Gevrey 1.

We also need a statement concerning the growth of G(s,7) as 7 — o0
along rays in D.

THEOREM 2.7. — Consider 8 € R\ (§
§ > 0, there exists K,M > 0 such that |G(s,
s,7 € C with dist(s,R) > 0 and |argT — 0] < 6.

+ %Z). For sufficiently small
7)| € Mexp(K |7|) for all

Here, we only give a rough idea of the proof of Theorem 2.7. We introduce
a certain subset Ay of C of s that can be joined to co by a path (o), —oco <
o < 0 on which Re(e?I(y(c))) increases. Then we obtain an inequality
containing convolutions for

f(r) =sup{|G(s,7)| | s € Ag,|argT — 0] < d,|7| < r} .

Following an idea of B.L.J. Braaksma and W. Walter, we show, using the
Laplace transform, that the corresponding equation has a solution having
at most exponential growth and that it is a majorant of f(r). This shows
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the statement of the theorem for s € Ay. Finally we extend this statement
to s outside Ag.

Observe that this theorem implies that also E* = £(G) is at most of ex-
ponential growth as 7 — oo. This proves the 1-summability of Aq (%) stated
in Theorem 1.3. We obtain also the 1-summability of U(s,t) = (CU)(s,t)
with respect to ¢.

2.6. Divergence

In order to show the divergence of the formal solution in the generic
case, we show that the Borel transform E*(7) has a singularity at 7 = 7; =
moexp(gi+ j5i),J = 0,...,5. We establish this fact in a way similar to
the preceding proof, but we work with a different function space (a very
simplified version of the resurgent functions of J. Ecalle [Eca85]).

We consider the subset D of the universal covering D of {T € C | |7| <
mo~+1}\{70,.-., 75} of all points that can either be joined (in ﬁ) to 0 by a
segment or whose distance from one of the 7,7 = 0,...,5 is smaller than 1.
We write this decomposition D = D U U?ZOB]-. Let O the Banach space of

all holomorphic functions G : Cs x D — C bounded on Cs x D that can be
written as

G(s,7) = a?(s,'r)—i—,@f(s,T)(T——’rj)log('r——rj), O0<|r—m7]<1,0<j<5,
where of and 8 are bounded holomorphic functions on Csx {|7 — 7;| < 1}.

First we show that (2.16) has a unique solution G in the closed subspace
Og,6 of all H € O such that 7=5H(s,7) € O and all (1 — 7;)~%8}1(s, 7) are
also bounded. By (2.10), there exists a constant ag € C such that E* —
25 a0p ™ ¢ Og,5. Then we show that ag depends analytically upon the

=0 T—T1
coéfﬁcients] of A and by considering the example A = = + ey, € # 0 small,
we show that ag is a non trivial function of the coefficients of A. This proves
the divergence of E* (and hence of A* and consequently U) in the generic
case and yields the function @ of the theorem. Moreover, in the case of

ag # 0, the type is equal to ﬁ

Remark 2.8. — One might hope to achieve a convergent “prenormal”
form by allowing two full series Ag(h), A;i(h). This does, unfortunately, not
help: a “final” transformation z « 2U(h)?, y <« yU(h)® with convergent
U(h) reduces such a convergent prenormal form to a convergent normal
form!
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3. The degenerate cases
3.1. Numerical results

In [CMTO01], a second group of tests concerned power series which do not
contain the monomial z (degenerate cases). The following two cases were
considered:

a) The power series A(z,y) is of the form: bz3 + Y pta>2, pA0, 2p+3q57 LYY
with some b # 0. Here the (modified) formal normal form is

A* = bz +2A(2?) .

b) The power series A(z,y) is of the form: Cx*+ 37 . o 20 2py3g50 T7Y7
with some C # 0. Here the (modified) formal normal is

A*=Czt + .'EBA(](Z'S)

For each case [CMT01] used a specific algorithm. Contrarily to their previous
tests, the curve n — In(a,) here was not regular. It was not possible to
estimate the Gevrey order 1 consistently even with the method of least
squares and the results were very different depending on whether all the
coefficients of A* were considered in the curve fitting or only part of these.

Briefly, [CMTO01] did not obtain a precise conclusion.

Later, the calculations were redone for simpler A, namely A(z,y) =
zh +y% and A(z,y) = h + zh + y3. These tests allowed to conjecture the
results stated in Theorem 1.4.

3.2. Idea of the proof

In the first case, the proof is very much like the one for the non-degen-
erate case presented above. First, new coordinates are introduced by (C) and
the principal linear part is isolated. Instead of equation (2.5), we obtain

oW, + q(s)t® 2 Wy + E* = ...

and this implies that the appropriate Borel transform is the one that es-
sentially maps t6l+2% to the multiplication by a power of 7. Precisely, this

means that we have to use f — Tl’pgp(tp_lf(t)) with p = 6l 4+ 1. The
remaining steps of the proof are analogous to the ones given in section 2.

In the second case, the result is somewhat surprising as the optimal
Gevrey order does not only depend upon the first non-vanishing term Agih*
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of the formal normal form but also of the first non-vanishing term of the
other series A;(h) = Ay h! +.... This can be interpreted in terms of the
variables introduced in (C): in the new variables, z = g(s)t? introduces
a pole in the s-plane that implies that the function R(7) of (2.11) has
nontrivial zeroes. If the leading term is h = t%, the analog of the function
R(7) equals simply C7 and introduces no singularities in the Borel plane. It
was also surprising for us that the change of variables (C) successful in the
non-degenerate case is inappropriate in the second case. In the sequel we
discuss the ideas for the simplest subcase of the second case, i.e. k=1=1
and Ag; = A1 = 1. In this case, the variables we use are h and = — the
variable y is eliminated.

We proceed as follows. The main linear part of the transformation equa-
tion is isolated on the left hand side; thus (1.2) becomes

2y W, + 322 Wy + (h +zh)(2z W, + 3y W) + z E*(h) = ... (3.1)

where U(z,y) = 1+ W(x,y), A* = h+zh+ z E*(h) and the dots indicate
nonlinear and other lower order terms that are not specified; in a complete
proof these terms would appear on the right hand side in equations anal-
ogous to (2.6) and (2.7) and the fixed point theorem would be applied.
Here, we only indicate the treatment of the analog of the linear equation
(cf. subsection 2.4).

Using y? = h+ 23, every formal series f(x,%) can be written in the form
f(z,y) = fO(z, h)+y fO (x,h); here f© and fV) are uniquely determined.
In this way, we can write (3.1) as a system of two equations for W) and
w,

2h + YW + 322W D 1 (h + zh) (Qx W + 6h W}EO))
+x E*(h)
W0 + (b + zh) ((3 +22) Wi + 6h W,ﬁ”) -

(3.2)
Here the terms 2h WY and (h + zh)z WY are less important and can
also be put on the right hand side. Thus we study the simplified system

223W + 322W D 1 6(1 + 2)h2 WO + 2 E*(h)

3.3
oW +6(1 + z)h2 W (3:3)

The appearence of hz% indicates that the Borel transform of order 1 with

respect to h is the right choice. Let denote w;(z,7) = Bi(W ) (x,h)) and
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D*(7) = By(E*(h)) Then the equation becomes

223 wy + 3z%w; + 67(1 + z)wo +x D*(1) = Do(z,7)

3.4
2wy +67(1+z2)wy = Di(z,7) . (34)

From now on 7 is regarded as a parameter and thus differentiation with
respect to z is simply denoted by ’; the right hand sides have been given
names now — keep in mind that they contain nonlinear terms. . .

Next, we introduce yo = wo and y; = z3/?wy; they satisfy

2232y + 67(L+x)yo + 2 D*(1) = Do(z,7)

3.5
22329l 4+ 67(14+2)yy = 2%2Di(z,7) . (3:5)

As yo and Dy only contain powers of « with integer exponents and y; and
23/2D; (x, 7) only contain powers of = with exponents of the form “integer +
1/2”, the above equations can be added without loss of information. Denote
z=1yo + 1, f(z,7) = Do(x,7) + 232Dy (x, 7). Then we obtain

223/ + 67(1 + z)z + zD*(1) = f(z,7) . (3.6)

The last change of variables is 2 = t2; we keep the names of the functions for
the sake of simplicity, only differentiation with respect to ¢ will be denoted
by a dot.

t22 + 67(1 + %)z +t2D* (1) = f(t,7) . (3.7)

This last equation can again be solved by variation of constants.

2t 1) = 573D (c+ / te‘GT(%-S)(S—Zf(s,T)—D*(T))ds) . (3.8)

Again, we need that z is a single valued function of ¢; hence the residue of
the integrand must vanish. Thus D* is determined by the formula

D*(7) = ress— (6_67(%_5)(8_2f(8,T)> /resSZO (6_67(%_S)> . (3.9
Here, the denominator happens to be a known special function:
J1(127) = —res;—g (e‘ﬁf(é;s)) )
It grows at most exponentially as 7 — oo and has two sequences of zeroes
on the positive resp. negative real axis. In order to obtain a function z(t, 7)

analytic at ¢ = 0, the constant C' has to be chosen C' = 0 and the path of
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integration in (3.8) has to be from 0 to ¢ such that Re (—7/t) > coast — 0
along the path. We write

¢
2(t,7) = 87 1) / e_GT(%_S)(s_zf(s, T) — D*(1))ds , (3.10)
0
where D* is determined by (3.9).

As in the non-degenerate case, the zeroes of the denominator of (3.9)
generically introduce singularities in the Borel plane which correspond to
divergence of Gevrey order 1 in the variable h (or Gevrey order 1/6 in the
weighted degree). As before, the summability of the obtained series can be
shown. This will be detailed in a subsequent article.

The general second case with k = [ is very analogous to the above, only
the Borel transform will be for a different Gevrey order. If & < [, however,
another complication occurs: instead of z, the variable £ = 2 h*~* has to be
used; in order that no negative powers of h appear in the equation when this
change of variable is made, all terms of A containing a too high power of x
have to be eliminated by a preliminary transformation. Luckily, this can be
achieved using a convergent U(z,y). For details, we refer to our forthcoming
article.

4. Appendix
4.1. The Borel plane

We recall some definitions and properties of Gevrey asymptotics. We use
the formal Borel transform B in order to recognize Gevrey power series.

DEFINITION 4.1 ([GEV18, RaM78, RS96]). — For any given p, A >
0, a formal power series f(t) =2 ns00n t" € C[[t]] is said to be Gevrey of
order 1/p = « and type A, if there exist two nonnegative numbers C and p
such that

Vo, n 20, |apn| <C AYPT(p+n/p)=C A" T(p+an). (4.1)

DEFINITION 4.2. — Let f(t) = Y _n>1ant™ be a formal power series. We
call formal Borel transform of order a = 1/p of f the power series Bp(f)

defined by a
Z n+1 =
I'(1+n/p)

n=0
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B,
—~ n o~ o~ Tn—-l
i)=Y ant —  By(f)(r) = Zrﬁ“)
n>1 n>1 P
1 |
Gevrey asymptotic expansion |
of order 1/p |
‘ l
~ ER,p
F(@t) = Lrp(F)(t) = «—  f(7) analytic on D(0, R).
D fOR e~ f(r :::11 dr
t €S, S sector 7-plane: Borel plane

Figure 2. — Gevrey asymptotics.

DEFINITION 4.3. — Let f(7) be an analytic function on D(0,R) R > 0.
The truncated Laplace transform of level p of f is the function

7Pl

R
Lrp(E)t)=p /0 e T £(7) e

DEFINITION 4.4. — Let S be an open sector with vertex at the origin. Let
f be an analytic function on S, let f(t) = >, o bnt™ € C[[t]] be a formal
power series and let A, p be positive real numbers. We say that f admits
f(t) as an asymptotic expansion of Gevrey order 1/p and of type Aast — 0
on S if there is a positive constant p > 0, and for every subsector S’ < S

there is a constant Cg: > 0, such that

N-1

7@ = 3 bat”

n=0

VteS VN e N, < Cs ANPT(p+ N/p) |tV .

In figure 2, we indicate the most important properties of the Borel and
Laplace transforms in connection with formal power series of Gevrey
order 1/p. Further properties:

1. A formal power series is a Gevrey power series of order a = 1/p if and
only if its formal Borel transform of order o is a convergent power
series in the Borel plane.
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2. If the power series f(t) is a convergent power series, the power series
B,(f)(7) has a radius of convergence equal to +oo, for all p > 0.

3. A power series f(t) is divergent, but of Gevrey order exactly a = 1/p
and exact type A, if and only if B,(f)(7) is a convergent power series
in the 7-plane and defines an analytic function f having at least a

singularity. Moreover, the modulus of the first singularity is equal to
1/A* (see [Ca03]).

4. The truncated-Laplace transform of f defines an analytic function on
an open sector whose opening is < a7 and this analytic function has
f as asymptotic expansion of Gevrey order a (see [Ca03]).

Next, we recall the definitions of p-summability ([Ram80]):

DEFINITION 4.5. — Let p be a positive real number and let dy be a di-

rection. A power series f € C[[t]] is p-summable in the direction dg if the
power series is Gevrey of order o = 1/p and if the sum of the convergent
power series B},(f) (1) has an analytic continuation £(r) that is holomorphic
and has an exponential increasing of order at most p at the infinite on an
open sector V in the neighbourhood of dy. Under these conditions, we say

that
7p-1

FO = Lop®(t) = [ 7 1) Tar

dy

is the sum of fin the direction dy in the Borel-Laplace sense.

This definition is equivalent to the

DEFINITION 4.6. — Let dy be a direction. A formal power series f €
C{[¢]] is said to be p-summable in the direction dy if there exists an holo-
morphic function f on a sector S, bisected by dg, with opening > 7/p and

f has f as asymptotic expansion with Gevrey estimates of order o = 1/p
on S.

Under these conditions, fis a Gevrey power series of order a and the sum
f is unique. We will say that f is the sum of f in the direction dy in the
sense of the p-summability.

DEFINITION 4.7. — A formal power series fe C[[t]] s said to be p-
summable if the power series is p-summable in every direction d except a
finite number of directions. These singular directions are called anti-Stokes
lines.
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4.2. Summary of the equations in the non-degenerate case
In this appendix, we condense all the changes of variables we made in the

non-degenerate case and the resulting equations into one table; in the left
column the corresponding equation numbers in the above text are indicated.

(1.2) (U + 22U, + 3yUy) A* = A(zU?,yU3) — 24U, — 322U,
r = q(s)t?
©) { y = d()¢
U(s,t) = (CU)(s,t) = Ulq(s)t2,¢'()t%)
(2.4) D(s,t) = (CA)(s,1)
D*(s,t) = (CA*)(s,t) = q(s)t? + t5 A (¢%)
(2.5) (U +t U;) D* = D(s,tU) — 2t U,
U(s,t) = 14+t W(s,t)
(2.6) D(s,t) = q(s) t? +12 E(s,t)
D*(s,t) = q(s) t2 +1% E*(s,t)
W, +t2 q(s)We + E* = ¢(s)t*W?2
(2.6) - UAWE* — *W,E*
+ E(s,t(1+tW))(1 +tW)?
1L | B
2W, +q(s)TW +E* = q(s)T* W« W
(2.7) — 2WxE* — (W) xE*
+ Fot+ S0, Pt oy + WP

Figure 3. — Summary.
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