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Abstract

We study the regular action of an analytic pseudo-group of transformations
on the space of germs of various analytic objects of local analysis and local
differential geometry. We fix a homogeneous object Fjy and we are interested in
an analytic normal form for the whole affine space {Fy + h.o.t.}. We prove that
if the cohomological operator defined by F; has the big denominators property
and if a formal normal form is well chosen then this formal normal form holds
in analytic category. We also define big denominators in systems of nonlinear
PDEs and prove a theorem on local analytic solvability of systems of nonlinear
PDEs with big denominators. Moreover, we prove that if the denominators grow
“relatively fast”, but not fast enough to satisfy the big denominator property,
then we have a normal form, respectively local solvability of PDEs, in a formal
Gevrey category. We illustrate our theorems by explanation of known results
and by new results in the problems of local classification of singularities of
vector fields, non-isolated singularities of functions, tuples of germs of vector
fields, local Riemannian metrics and conformal structures.
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1 Introduction

This article is mainly concerned with local analytic classification of various analytic
objects, like tuples of vector fields, tuples of maps, Riemannian metrics, conformal
structures, under the actions of various pseudo-groups of germs of analytic objects,
the simplest one is the pseudo-group of local diffeomorphisms. We fix “the leading



part” Fy which is usually a well-understood object and which is homogeneous, say
of degree ¢, with respect to some grading, and we work in the affine space consisting
of analytic objects of the form Fy 4 V4, where Vs, is a neighborhood of 0 in the
space of germs of analytic objects of order greater then ¢q. An element of that space
will be denoted by Fy + h.o.t.. A natural way to compare f and Fj is to construct
a normal form N C {Fy + h.o.t.}, defined by F and serving for the whole affine
space {Fy + h.o.t.}. Constructing a formal normal form (on the level of formal
power series) can be reduced to linear algebra. A formal normal form is enough for
certain applications, but in many cases we need an analytic normal form and one
should deal with the following question: under which conditions the chosen formal
normal N holds in analytic category, i.e. any analytic object f € {Fp + h.o.t.} can
be brought to f € N by an analytic transformation of the given pseudo-group, and
consequently f is also analytic. This question is precisely the problem we want to
address in this article.

In this paper we define the big denominators property in general case (for an
arbitrary local classification problem), we show that this property holds in a number
of problems, and we prove that if we have big denominators and a formal normal
form is well-chosen then this formal normal form holds in analytic category.

The classical obstacles for transition from formal to analytic category are small
divisors such as those encountered in celestial mechanics or local dynamical systems.
There are other obstacles. For example, in the problem of local classification of vector
fields of the form & = Ax + h.o.t. with a fixed matrix A there are the following cases:
(a) small divisors, (b) no small divisors, but there are infinitely many resonant
relations and (c) no small divisors, the tuple of the eigenvalues of A belongs to
the Poincaré domain (and consequently there are not more than a finite number
of resonant relations). The resonant, or Poincaré-Dulac formal normal form does
not hold in analytic category not only in case (a), but also, as it was proved by A.
Brjuno, in case (b), see [AA88, Bru72]. In case (c) it holds in analytic category. One
of the explanation of this classical theorem, the explanation which is the starting
point for this paper, is as follows: instead of having small divisors, in case (c) one
has big denominators.

We claim that there are many other significant local classification problems where
Theorem 2.13 works and allows obtain new results. The main idea of big denomi-
nators is that the big denominators property will overcome the factorial divergence
provided by the derivatives in the nonlinear equations expressing the analytic equiv-
alence of an object to an object having a formal normal form.

In section 2 we define a very wide class of local classification problems we deal
with, we present a simple way for constructing a formal normal form, and we define
the big denominator property. Our first main Theorem 2.13 (see below) states that
in the case of big denominators and uniformly bounded formal normal form, this



normal form holds in the analytic category.

In section 3 we formulate our second main theorem, Theorem 3.6 on local solv-
ability of non-linear systems of PDEs. We define big denominators for such systems
and prove the local analytic solvability in the case of big denominators. We explain
that Theorem 2.13 is a simple corollary of Theorem 3.6. It means that a “right
place” of Theorem 2.13 is the local theory of analytic non-linear PDEs rather than
local classification problems. Nevertheless the applications of Theorem 3.6 that we
know concern namely local classification problems. For instance, the conjugacy of
two germs of vectors fields X, Z by the mean of a germ of a diffeomorphism W is
given by ¥, X = Z and can written as a non-linear PDE’s satisfied by W.

Theorems 2.13 and 3.6 are proved in section 4.

What happens if there are the big denominators, but they are not big enough to
overcome the growth of the derivatives? Divergence of the solution is to be expected
as it is well known for germs of vector fields. Can this divergence be very wild ?
This question is studied in section 5. We prove that in this case a formal normal
form holds in a-Gevrey category for some a > 0 (the loss of growth). It means
that the norm of the homogeneous degree ¢ part of the normalizing transformation
grows as (:!)*. This shows that even if the solution diverges, this divergence is
not too wild. We recover recent results by Bonckaert-De Maesschalck and also by
Iooss-Lombardi. This is the same phenomenon as in problem of nonlinear singular
ordinary differential equation with irregular singularity. Our method of proof of this
result is inspired by Malgrange’s version of Maillet theorem [Mal89]. Existence of
smooth Gevrey solution such as [Stol3] or the existence of “sectorial” holomorphic
solution such as in [MR82, Sto96] are actually out of reach in that general context.

Our claim that there are many significant local classification problems with big
denominators so that we can apply our main theorems to explain both some classical
and some recently obtained results, as well as to obtain new results on analytic
normal forms, is confirmed in section 6 called “Applications” and in the appendix
section. In these sections we show what our main theorems give for concrete local
classification problems: of singular vector fields, of functions (including non-isolated
singularities), of n-tuples of linearly independent vector fields on R", of Riemannian
metrics, and of conformal structures.

2 Big denominators in local classification problems

2.1 Classification problems with filtering action of a pseudo-group

In order to describe a very wide class of local classification problems we will deal
with, we need the following notations:



AF (resp. AE) is the space of k-tuples of germs at 0 € R™ (or C") of analytic
functions (resp. formal power series maps) of n variables;

(Aﬁ)(i) is the homogeneous part of A¥ of degree i > 0;
(Aﬁ) oq 18 the subspace of A¥ consisting of germs with zero d-jet at 0 € R™;
We recall that @
— 7
ah = (ak)"
i>0

Definition 2.1. The order at the origin of the formal power series F' =", FO e

1&% is the largest integer k, such that F() =0, for all i < k and F*) £ 0. It will be
denoted by ordgF'.

Definition 2.2. Let i > 0 and let F = (Fy, ..., Fy) € (AF)?. Let Fj = 3 Fj 42°
where the sum is taken over all j = 1, ..., k and all multiindexes o = (a1, ..., v, ) such
that || = a1 + -+ + a;, = i. Then

IEll =D [Fjals |IFIl = maz (1E],- -~ [|Fel])-

|af=i

We recall that F' = Zizo FO ¢ A&E defines a germ of analytic map if and only

if there exist, M > 0 and 7 > 0 such that |[F®| < M(1/r)". It is well known (see
[GRT71] for instance) that the space

Hy = F e A, |IF|l = S IFD||r < +oo (2.1)

i>0

is a Banach space. All these spaces define a basis of neighborhoods for A%,

Let us fix
P@ ¢ (A%)9 | ¢>0 and the affine space Ap = P9 + (A7), - (2.2)
Let r € N* and let m = (my,...,m,) € N” be a multiindex.

Let G be a pseudo-group acting on Ap,. We assume that G has the form

G=id+ T Fin=Bn) s, X (Ap)op, X X (Ap)s,, (2.3)

The space ]:7? 0 is filtered by the subspaces

}?rln = (An)sipm, X (An)sipm, X X (An)sip, . 120



Remark 2.3. The infinite-dimensional vector space F parameterizes the Lie algebra
of the group G.

Definition 2.4. We shall say that F' € F. has order > i at the origin if F € F},
but F & Fif.

Problem 2.5. To find as simple as possible normal form N C Ap() serving for the
whole Ap), i.e. any f € Apq is equivalent to some f € N with respect to the
action of G.

Certainly we need some properties of the action of G . At first we assume that
the action is filtering which means the following. Denote

,gzr)n = (An) ™) 5 (A2 (AT > 1

Definition 2.6. The action of G on Ap(, is filtering if for any P@ L R e Ap)
and any F € F 9, one has

(id + F). (P9 + R) = P9 + R+ Sp()(F) + T(R; F) (2.4)

where Sp(g) is a linear operator defined by P9 only, T(R,0) =0 and
Spw (Fiin) € (43)#9, (2.5)

ordg (T (R; F) — T (R;G))) > ordg (F — G) +q. (2.6)

Remark 2.7. The linear operator Sp() is the linearization of the action of G at
identity evaluated at P\?. In the case where G is the group of germs of diffeomor-
phisms at 0, then Sp) maps a germ of vector field F' to the Lie derivative of F
along P9: Sp)(F) = [Spw), F] = &(exp(tF),P9),_, where exp(tF) denotes the
flow at time t of the vector field F.

[t=0

NOTATION. By é = Id+]? where F = <1&n) J X - X <1&n) ., we will denote the
> 1 > T

group of formal transformations corresponding to the group G .

2.2 Formal normal form

The solution of Problem 2.5 in the formal category is given by the following simple
statement.

Proposition 2.8 (Formal normal form). Assume that the action of G on Ap is
filtering. Let

Sl(qu) : ]—"ﬁ’r)n — (A2 )(q+i)



be the restriction of Sp) to FO  Fiz any complementary subspaces N1+t C (Aﬁb)(qH)

to the image of the operators S](j) :

(AZ)(Q-H) = Image SI(DZ) @NQ+i7 i>1. (2.7)

Let
N = N@+D) g Af@a+2) o L
Then the affine space P9 +Nisa formal normal form with respect to the action

of G serving for the whole affine space Apy. That is, for each Re (&%) , there
>q

exists a formal transformation & € G such that
$.(PW 4 R)— PO ¢

Proof. The filtering property allows to normalize the terms of order ¢ 4+ 1, i.e. to
bring them to A'@t1) by a transformation of form id + \, A € .7:7%21. Assume now
that terms of order < g+p are normalized. The filtering property allows to normalize
the terms of order (¢+p+1) by a transformation of form id+ A, A € .ng)nt U without

changing the terms of order < ¢ + p. O

2.3 Theorem on analytic normal forms

Definition 2.9. A formal normal form P@ + A/ holds in analytic category if for
any R € (A;), q there exists ® € G such that the formal series of the analytic germ

$,(P@ + R) — P belongs to N N (A%)<
Now Problem 2.5 can be specified as follows.
Problem 2.10. What has to be assumed in order to state that the normal form

P@ 4+ N holds in analytic category?

We will give an answer involving the following definition.

Notation. Given F' = (F1, ..., F}) € F;.m and x € R" denote
Je B =0 e ), SR Fem ={(z, °F), z€R", F€Fm}.

Definition 2.11. The action of G on Ap(, is an analytic differential action of
order m = (my,...,m,) if there exists a linear map S depending only on P and,
for any X € Ap(y, there exists an analytic map germ

W (J™Frm,0) — (R%,0)

such that, W(z,0) = 0 and for any x close to 0 and any F' € F, , with j2*F' close
to 0,
(id+ F). X = X +S(F)+W(z, ji*F).



Definition 2.12. An analytic differential action of order m = (my,...,m;) is said
to be regular if, for any formal map F' = (Fi,..., F,) with ordoF; > m; + 1, then

ow;
ordo <au—m(1’, 8F)> > pj,‘a|7

where
Pjja| = max(0,[a] + ¢+ 1 —my). (2.8)

Here, we have set OF := (a‘a‘Fi 1<i<r0< o < mz)

axa 9
Given a formal normal form P@ + A denote by
ﬂ](\?Jri) : (A3)@F) _ Tmage Sggq)
the projection corresponding to the direct sum (2.7). Then the equation

50

Pl (F ) =m0 (A), Al € (A7) i >0 (29)

has a solution

FO = (F™*, L Fme ) e Fi, (2.10)

for any AW+) e (A3)@F),

To formulate our main theorem on analytic normal forms we need to fix norms
in the spaces of homogeneous vector functions.

Theorem 2.13 (Main theorem on analytic normal form). Assume that the action
of a pseudo-group G of form (2.8) on an affine space of form (2.2) is analytic
differential of order m = (mq,...,m,), filtering and regular. Let P@D 4+ N be a
formal normal form as constructed in Proposition 2.8. Assume there exists C > 0
which depends neither on i nor on At ¢ (Az)(q+i) such that equation (2.9) has a
solution (2.10) satisfying the estimates

A+

im

A+

imr

™) < e e, |IE) < (2.11)

The formal normal form P + N holds in analytic category.

Remark 2.14. In section 6 and in the Appendiz, we present several natural local
classification problems for which the assumptions of Theorem 2.13 hold true.

The main assumption (2.11) of the previous Theorem means that we have the
following two properties:

e The big denominators property. It is a property of the linear operators Sl(qu) and

it has nothing to do with the formal normal form. This property is as follows:



there exists C' > 0 such that for any i > 1 and any AT € Image S (igq) the equation

) P
84, (F@) = Ale+) has a solution (2.10) satisfying (2.11).

o Uniformly bounded formal normal form. This property concerns the choice of
the complementary spaces in Proposition 2.8 which defines the formal normal form
P@ 4+ N. We will say that this formal normal form is uniformly bounded if for any
i > 1 and any AWt) ¢ (A%)0) one has Hﬂ](\?ﬂ)(A(qH))H < C||Al+)]| for some
constant C' > 0 which depends neither on i nor on A*%) ¢ (Afl)(qﬂ').

So, the assumption (2.11) of Theorem 2.13 is equivalent to the assumption that
the operator Sp(, has big denominator property along with the assumption that
the formal normal form P@ + A is uniformly bounded.

Remark 2.15. One may consider a subspace Bp) of Apw) of higher order pertur-
bations of P9 that preserve a property. It could be, for instance, commuting with an
mmwolution or leaving invariant a differential form. Then, we will use the subgroup
G of G that leave the property invariant. Then, one has to consider a subspace -7:?791
of ]:,f,%, namely the “Lie algebra” of G. The operator S has to be considered as a
map from .73,?,% to Bp(g with the induced topology. We refer to [LS10][section 4.3]
for a similar discussion in the case of vector fields (the map S is denoted there dy).

Remark 2.16. The theorem is also true if instead using the norms of definition
2.2, we use a norm that satisfies the following requirements :

1. f € A, if and only if f\(t) = Zizo I£D|t? is analytic at 0 € C, where f®)
denotes the homogeneous part of degree i of the formal power series f.

2. 1 FON = IfD| (f9 is the polynomial obtained by replacing the coefficients of
9 by their absolute value)

3. - ~
oRf  olelf
970l " el
4. .
fg=f.g.

Besides, characterization of convergent power series, these requirements are those
of lemma 4.2. For instance, the modified Belitskii scalar product defined as follow :

|
e ﬁfaga

|af=i

satisfied these requirements (as shown in [LS10] and remark 4.3).



3 Big denominators in non-linear systems of PDEs

In this section we generalize Theorem 2.13 to a theorem on local analytic solvability
of non-linear systems of PDEs. We define big denominators for such systems and
prove the local analytic solvability in the case of big denominators. We explain that
Theorem 2.13 is a simple corollary of Theorem 3.6 in this section. It means that
a “right place” of Theorem 2.13 is the theory of non-linear PDEs rather than local
classification problems. Nevertheless the applications of Theorem 3.6 that we know
concern namely local classification problems. We refer to [Tre68] for analytic theory
of PDE’s. For the study of some singularities analytic of PDE’s, we refer to [BG73,
GT96]. Our references for singularity analytic theory of ODE’s are [Was87, HS99].

3.1 The problem

Let m = (m1,...,m,) € N” be a fixed multiindex. Given F = (Fy, ..., F,) € F3,
and x € R™ denote

WF =GR, s G E), I o = {(, JPF), € (R"0), FeF ).

Definition 3.1. A map 7 : fﬁgl — A} is a differential analytic map of order
m at the point 0 € A¥ if there exists an analytic map germ
W (J™F23,0) — (R%,0)

,m?

such that T(F)(z) = W(x,j'F) for any = € R™ close to 0 and any function germ
F e F73) such that ji*F is close to 0.

Denote by
U= (21,0, 0, Uja), 1<, a=(al,....a,) €N o] <m;

the local coordinates in J™A], where u;, corresponds to the partial derivative
(9'0“/630‘1)‘1 -+ 0xd of the j-th component of a vector function F' € Al .

Definition 3.2. Let 7 : 772 — A$ be a map.

e We shall say that it increases the order at the origin (resp. strictly) by ¢
if for all (F,G) € (F3)? then

ordg (T(F) — T(G)) > ordo(F — G) + ¢,

(resp. > instead of >).

10



e Assume that 7 is an analytic differential map of order m defined by a map
germ W : (J™FZ0,0) — (R%,0) as in Definition 3.1. We shall say that it is
regular if, for any formal map F = (F},...,F,) € F>0 then

r,m>

ow;
ordg <auj,a (x,@F)) > Pjlals

where pj o = max(0,|a] + ¢ + 1 —m;). As above, we have set OF :=
(%f, 1<i <0< o] <my).

Let us consider linear maps' :

1.
S Fom — A3,

that increases the order by gq.

m: Ay — Image (S) C A
is projection onto I'mage (S).

Let us consider a differential analytic map of order m, 7 : ]—?7 0 5 AS.
We consider the equation

S(F) =n(T(F)) (3.1)

The problem is to find a sufficient condition on the triple (S,7,7) under which
equation (3.1) has a solution F' € ]-?Jon. In what follows we will prove that one
of sufficient conditions is the “big denominators property” of the triple (S,7T, )
defined in this section below.

3.2 Big denominators. Main theorem

Definition 3.3. Let k € N*. Given F € A* we define an analytic function germ of
one complex variable z € C by

F(z):=> |[F9)2, zeC,

i>0

where F() denotes the homogeneous degree i part of F of the Taylor expansion at

the origin. The norms in the spaces of homogeneous vector functions are those of
Definition 2.2.

lsee remark 3.8

11



Definition 3.4. Given two formal power series F' = ) F,2% and G = Y G,2“ of
n complex variables z = (z1, ..., z,) we will say that G dominates F' (F' < G) if

Go > 0 and |F,| < G, for all multi-indexes a = (av, ..., ).

We also denote
F =) |F,z".

Now we can define the big denominators property of the triple (S, 7, 7) in equa-
tion (3.1).

Definition 3.5. The triple of maps (S, 7T, m) of form (3.1) has big denominators
property of order m if there exists an nonnegative integer ¢ such that the following
holds:

1. 7T is an regular analytic differential map of order m that strictly increases the
order by ¢ and ji7(0) = 0.

2. S .7-",?,21 — AJ is linear and increases the order by g.

3. the linear map 7 : A} — I'mage (S) C A}, is a projection.

4. the map S admits right-inverse S~! : I'mage(S) — A" such that the compo-
sition S™! o 7 satisfies:
there exists C' > 0 such that for any G € A} of order > ¢ + 1, one has for all
1<:¢<r -

d™iz18 o (@)
dz™mi

where Si_l denotes the ith component of S7!, 1 < i < r.

< CG. (3.2)

Our main theorem is as follows.

Theorem 3.6 (Main theorem on non-linear systems of PDEs). Let us consider a
system of analytic non-linear pde’s such as equation (3.1) :

S(F) =7 (T(F)).

If the triple (S, T,m) has big denominators property of order m, according to defi-
nition 3.5, then the equation has an analytic solution F' € .7:7?21.

Remark 3.7. Condition (3.2) means that, for all i > 1,

- (i+m;) Gi+a)

(i+mj+q)-(i+q+1)

12



Hence, if G € A}, if of order > q+ 1, and r > 0 then

—1
1850

Al = SIS o m(@) ™ ot < 0 37 |G ritms = crmisa) .

i>1 i>1

Hence, the maps Sj_l om, 1 < j < r, are continuous with respect to the topology
defined by H, (see (2.1)).

Remark 3.8. The linear maps S and m do not need to be continuous with respect
to the topology induced by H,. In fact they can t to be thought just as formal maps
S: ]:>0 — AS, T As — Image (S) C AS (F; >0 denotes the formal completion of
fﬁr%). As mentioned above, the big denommators property leads to the fact S~ tomw
is continuous with respect to that topology.

Theorem 3.9 (Variation of the main theorem on non-linear systems of PDEs). Let
m = (my,...,m;) € N be a fized multiindex. Let q be a nonnegative integer and
let d > —min; m; be an integer. Let us consider a triple (S,T,m) such that

1.

T is an analytic dz’ﬁerentz’al map of order m that strictly increases the order

by ¢ —d and j3T(0) =

T is d-regular that is : for any formal map F = (Fy,...,F,) with ordyF; >
m; +1+d, then

oW,
ordy <3uj,a (z, (9F)> > Pjilals

where
Pjja) = max(0, |a| + ¢+ 1 —m; —d). (3.4)

Here, we have set OF := <8(‘9 Bo1<i< r, 0 <|al < m,)

S f,ffll,l — A} is linear and increases the order by q — d.

. the linear map 7 : A5 — Image (S) C AS is a projection.

the map S admits left-inverse S : Image(S) — A" such that the composition
S~ on satisfies:

there exists C' > 0 such that for any G € AJ of order > q+ 1, one has for all
1<:<r

N )
"z den_”(G) < CG. (3.5)
Z 1

Then the equation :

S(F) = (T(F)).

has an analytic solution F' € fﬁgl

13



3.3 From theorem 3.6 to theorem 2.13

Let us prove that theorem 2.13 is a corollary of theorem 3.6. We are given an
analytic differential action of order m. Hence, given R, € A} of order > ¢ and
F e F73, the action is defined, according to (2.4), by

(id + F).(P@ + Ryg) = P9 + Rog + S(F) + T(Rsq, F).

and T (Rsq, F') = W (x, ji*F') for some analytic map W at the origin in the jet-space.
We assume that S and 7 are linear operators such that, one has

S (Fin) < (), ((a5)D) < (45)9 1 Image(S)

The projection operator Id — 7 is supposed to define the formal normal form space.
Therefore, that (Id + F) conjugates P + R, to a normal form means that

w <(z’d +F) (P9 4 R.,) — P@) —0.
In other words, F' is solution to the problem
S(F) + 7 (Rsq + W(x, ;" F)) = 0.

Let us set T(F) := —(Rsq+ Wz, ji*F')). According the the filtering property (2.5)
(resp. (2.6)), S (resp. T strictly) increases the order by gq. Moreover, T is regular
since the action is, so that W is regular. Moreover, 7(0) = —Rs, has order > ¢ at

the origin. Hence, the first three points of definition 3.5 are satisfied.

The operator S can have a kernel. So each space _7:7§Zr)n of “homogeneous” poly-

nomial mapping degree 7, can be decomposed as a direct sum into

Flih = ker 5&)(” ®C0.

for some chosen subspace C'®). This choice defines a right inverse of S :
(8@)~1 : Image S® — ¢,

And S is injective on C®.
Estimates (2.11) can rephrased as follows : for any any i > 1 and A(+9) ¢
(A3)(+9) | we have

(i+q)
< 4]

poat j=1,...,r

H <Sj_1 o W(A(iJrQ))) (i+mj)

with a constant C' > 0 which does not depend on i and on G. Hence, (3.2) is
satisfied.
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4 Proof of the main theorem 3.6

The proof goes as follow : We first prove to that there exists a unique formal solution
to the problem. Then, we show that this formal solution is dominated by a solution
of an analytic system of nonlinear ordinary differential equations that has a a kind
of regular singularity at the origin. We then prove that this last solution is indeed
analytic in a neighborhood of the origin.

4.1 Existence of a formal solution

Given equation (3.1), with (S, 7T, 7) having the big denominators property of order
m, let us first show that there exists a formal solution F' to

F =87 (n(T(F))),

We look for an r-tuple of formal power series F' = -4 F®) where F*) .=
(F1(m1+k) ’ Fj(mj'-i-k‘) =
We shall say such a r-tuple F*) is “homogeneous of degree k” when it does not lead
to confusion. The order of an r-tuple of formal power series is the greatest integer 4
such that F(® £ 0.

Let us prove by induction on the degree k > 1, that F*) is uniquely determined

by

,...,Fr(mTJrk)) is an homogeneous polynomial of degree m; + k.

FO = ($Tor(TO)Y, F® = (S on(T(Fmpr+-+ F)) ™, k> 1.

By assumption, we have ordy7 (0) > g + 1. Since T strictly increases the order by
q, then
ordo(7T(F) —T(0)) > q+1, ie. ng(T(F) —7(0)) =0.

According to the big denominators properties, we have
ordo ((§7H(m(T(F))) = §~H(x(T(0))))) > 1.
On the other hand, we have
F=8"1 on(T(0)+ (Sil(w(T(F))) — 871(77(7’(0)))) .
Therefore, F) is uniquely defined by
1)

Jao . (sfl(w(T(O))))(

Assume that FO .., F&=1 are known by induction. Let us set Sj_1 := z;:ll F@),
Let us show that F®) = (S71o W(T(Sk,l)))(k). Indeed, we have

F =8 on(T(Sk-1)) + (ST (x(T(F)) = S n(T(Sk-1))))
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We have
ordy (8 (x(T(F))) = 8 (x(T(Sk-1)))) = ordo (T(F) — T(Si-1)) — g
Since 7 increases the order by g, we have
ordy (T(F) = T(Si_1)) > ordo (F — Sy_1) + q.
Hence, we have
ordo (S~ ((T(F))) = S (m(T(Sk-1)))) > k

and we are done.

4.2 Existence of an analytic majorant

In the previous section, we proved that the problem has a formal solution. We
shall prove that this solution is dominated by a germ of analytic map. This germ
is defined to the solution of some system of analytic nonlinear ordinary differential
equations. The key statement in the proof of Theorem 3.6 is as follows.

Proposition 4.1. Under assumptions of theorem 3.6, there exists a nonnegative
integer k, a germ G(t,uj;, 1 <i <r, 0 <1< my) of analytic function of (m1+1)+
<+ + (m, + 1) + 1 variables and there exists germs of analytic functions fi,..., fr
of one variable vanishing at the origin such that, for all 1 < j <,

1.
m; ,mi+q+k £.
Az f

dz"

dlzmj—Hcfj (Z)

(z):CG(z, 7 ,1§j§r,0§l§mj>. (4.1)

Here, C' is the constant involved in the big denominators property.

Fj(z) — MM <omitk ), j=1,.,r (4.2)

We shall first construct the majorant function G and we shall then prove that if
the f;’s are formal solutions of the system (4.1), then the estimates (4.2) hold. On
the other hand, we shall prove that the system (4.1) has indeed a germ of analytic
solution vanishing at the origin. The regularity assumption will say that the system
has only a regular singularity at the origin.
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4.2.1 Construction of majorant system of differential equations with
regular singularity

The function G of m + 2 variables in Proposition 4.1 can be constructed as follows,
from the map W : J"™A] — R? in Definition 3.1 and the constant C' in item 2.2 of
Definition 3.5. Denote by

v= (21, ., Tn, Uja), JE{L .k}, a=(a,....an), o] <m

the local coordinates in J™A[, where u;, corresponds to the partial derivative
ol jox - - 922 of the j-th component of a vector function F € A”.

The mapping W = (W7, ..., W) is analytic in neighborhood of 0 and W (0) = 0.
We recall that the equation has a unique formal solution F' = (F1,...,F,). Let
k > 1 and let us define

<k ._ <k+mi <k+m,
F= '_(Fl U % )

In other words, F'=* is the vector which coordinates are the (k+m;)-jet a the origin
of F;,1<j<r.
In order to simplify the notation, we shall also write

oF<k (50"F¢Smi+k

= Spa LSS \alémz)

Let us write the formal solution as a sum F := F<F 4 F>k where F>F =
(Fpm™tr . FZme kY and ordo(F, ™) > m; + k. Let us Taylor expand T(F) =
W (x,dF) at the point (z, 0F<F) at order 2 with integral rest. We have

oW, olel
. - A <k v <k J
Wi (xz,0F) = W;(x,0F>%)+ E E 8uja(x,8F ) o0
J=1laj<m; — 7
r a\a|F?mJ+k a\a \F?mj—’—
<k op>k j J
+ Y Y. Hijjraw(@0F=torh—o B

7,3’ =1lal,la’|<m;

Here, H; j j: o, is analytic in all its variables at the origin. The equation to solve is
S(F) =n(W(x,0F)). We assume S to be linear and increases the order by
q. We also assume that 7 is a linear projection. This leads to

F>k =S L on (W (z,0F)) — F=F.
Since F>¥ is of order > k at the origin, then

S(F>%) = n(W (2,0F)) — S(F<F) = 1 <W (z,0F) — S(FSk)) (4.3)

17



has order > k + ¢+ 1 at the origin. Since S (resp. T) increases (resp. strictly) the
order by ¢, we have

ordo(S(FSk)—S(F)) > ordO(FSk—F>+qZk—|—1—|—q
ordg (T(Fék)—T(F)) > ordg (Fék_F) tq>k+l4q

Therefore, we have

ordy (S(Fék) - T(Fﬁk)) >k+1+q. (4.4)
Therefore, we can majorize as follow :
r _ =>m+k
oW, N ol =i
: - S. kY — . v A
W, (z,0F) — S;(F<F) = wip+ Z > G (@ OF ) (4.5)
=1 lal<m; ~ P
. " o=>ma+k
r ~ ~ ~ a|a\F?mJ+k ol \F?my +
+ > Y Hijjae(e,0F<F0F7") 5t a] o
5= ol Jol [<m ! !
where we have set w; , := W;(z, 0F<F) — S;(F<F).
We recall that
Djjal = max(0, |a| + ¢+ 1 —m;). (4.6)

According to 4.4 and by assumption, we have

ordo(wj k) k+qg+1

oW,
ordg <8Uj7a (x, ank)>

v

Y

Pj |

Let us fix the inter k¥ > 0. Since each function Hm,j@a,a/(x,BFSk,upﬁ, 1<p<
7,0 < |B|] < my,) is analytic in a neighborhood of the origin in R, then there exists
positive constants M, ¢ such that

M

Hyjjro0 (@, 0F = up 5,1 < p < 7,0 < [B] <mp) < Rp—— '
1—c¢c <$1 +...+x, + szl Zkzro Z‘Odzk up,a)

Furthermore, each function w; j and guW, (x,0F Sk) is analytic in same neighborhood
b J,a

of the origin in R™. Hence, we have

M(&Ul 4. xn)k+q+1

aW M e p',‘a‘
,Z (x,(?FSk) (oLt 2"
Uj o 1—c(xy 4+ xp)
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As a consequence, we have

M
W, F) - S;(F<F oy )etatl 4
(0.0F) =S(FR) < s (21 ) (4.7)
‘a|F»>mj+k
o J
E E (w1 4 - - - )P ‘78.%'0‘

j=1la|<m;

B‘O“F>m 4k gla ‘F>m /+k>

M (Z;,j/zl Z|a\,\a/\§m] 81330‘ 81:0‘
1-c¢ (ml o T+ D 200 2 jal=k up@)

We will show that, if k£ is large enough, then we can find germs of analytic
functions f;x(2), 1 < j < r, vanishing at the origin, such that the formal solu-
tion to equation (3.1), F = (F="™F 4 ppmitk  psmethk L p>metk) gatisfies

ﬁ}?mj+k(z) < 2MitRf(2) for 1< j <.

Lemma 4.2. Let Q = (q1,...,qn) multiindex such that |Q| = 1. Then, there exits a
positive constant ¢; such that for any power series f,g of n variables

+

—

;P

O df
© 0x@ = dz“ Z|Q| =l 529 = cl dzl’

2. Fo(2) < F(2)3(2).
Proof. Let us write f = 3 foz®. We recall that ||f*)| = > laj=k | fal- Hence,
f(z) = f(2,...,2). So, the last point follow from the fact that fg < fg. We have

Jf a1l ay) o
(%—Q_Z(al—ql)!---(an—qn)!fax ’

We have, if 0 <m <n and 0 < k <n, then

(1+6)™ (14)" (ZC@ ) nfo;,mtﬂ’ = > Gl |t
j=0

k=0 itj=k
0<i<m, 0<j<n—m

where CF = ﬁlk)' Therefore, we have
i+j=k
0<i<m, 0<j<n—m
As a consequence, we obtain by induction on n > 1, that
ar!- - ap! la! q! - qp! la!

=gl (an—a)l ~ (al— QD] 1@ = (al— QD!
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Therefore for any p > 0 one has
ot p+0_ (dF)\"
929 p! d2t
which proves the first part of the first point. The second part is obtain as follow

~of o - a "
Z ax—Q(z) = Z &C—Q(2773) Z Z (an_qn)!‘foz’2| =

Q= Q= o Q= I_QI)

o]
< TX ¥ Gyt

p2lal=p|Ql= l

Hf p+i)

! Log)! )
) ESG%BT > X 1l

p>l “\le= ' lal=p
< Hzp_l
dlf
=< Clw(z)
Here we have set ¢; := (Z\Q\:l Q1!'l'!'q"!> if I >0and ¢ :=1. O

Remark 4.3. The previous lemma holds true if the norm of definition 2.2 is replaced
by the modified Belitskii norm : indeed, we have

B al-ay! ? 20 ,.a—Q 12
e (e e e ML
B aql- - ay! 2, (a—Q)
- §:<un—qob~mn—%m>‘ﬂ”Uavwaw
B ay!- oy 5 ail-anl]al!

= 2 WP T ol -1

2
< (p+1))2 (&) )
< WP e =Tan

The last inequality is due to (4.8). The product inequality is proved in [LS10][proposition
3.6].

ol ftl) 2
0x@

Therefore, if ﬁ’]?mj+k(z) < zMitkf 1 (2) and 0 <1 < mj, then

8‘a|Fj>mj+k dlzijrkfj )
Z 50 < ¢ 7 (2).

laf=l
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This leads us to define the following germ, at the origin, of analytic function of
(my+1)+--- 4 (m, + 1) + 1 variables :

M L
Glzzj, 1<j<r 0<lsmy) = 7= — (n2)* T £33 " (nz)Pit ez,
7=11=0
M (Zgwﬂz 1<i<m, ClCl'Zj,lZp',l'>
1<l/<m,
+ : (4.9)

1—c <nz + 2 5-1 201% Clzj,l)

Let us consider the following system of analytic nonlinear differential operators

m; »q+m;+k £. . m;i+k £
an= T o (e i <m0 st <),
(4.10)
Here, the constant C' is the one defined by the big denominators property and
f=(f1,..., fr) is the unknown function, vanishing at the origin.

Let F be the formal solution of F' = S~! o 7(T(F)) as defined previously. Let

us prove that, for all 1 < j < r, ﬁ;mj—kk =< zmi+kfj. We recall that f; vanishes at
the origin.

Let us prove by induction on the degree i > m; +k+1, 1 < j <r, of the Taylor
expansion that |\ | < fi_m,—r. We recall that F>% = (Fym™itk | pzmrtk),

According to equation (4.3), we have
S(F>*) = 7 (T(F) - S(Fék)) .

According to the big denominators property, we have

dmj (Zq ﬁj>mj +k‘>

dz"

< CT(F) — S(F=), (4.11)

where
T(F) =Y I(TE)D ||,

i>0

We recall that (7(F))® denotes the homogeneous (vector) component of degree i
in the Taylor expansion at 0 of 7(F'). Its the norm is the maximum of the norms
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of its coordinates component (see definition 2.2). According to (4.7), we have

M
. — S.(F<k ey, k+q+1
W@, 0F) = S(F) < g [ o) 0
r a\aIFj>k
Pija) I
E E (1-1 + .. xn) 7l D

j=1 [al<m;
glal >k plo’ | p>k
M ZT’ ir—1 z N<ms 7575/
2,0'= la],|ex |—mJ Ox ox™
r my ’
T CIRE AR DD 3/ G DRI

Let usset, for <j<r, k+1<K:

_l’_

E i mi+K A K

R | |

F™ e = YT IEPE, 1R ) =Y f
i=m;+k+1 i=1

Furthermore, we shall set, for convenience

F\k+17K ._ (ﬁlrn1+k+1M1+K F\mr+k+1,mr+K)
= Y O .

Let us assume that, by induction on m > 1, that we have

I’_ﬁmj-i—k-i—l,mj-i-k-‘rm < ij+kf§m
j .

Smj4k1,m itk 1 v
Let us prove that [@TeHhmathtmel o mjtk p<m+1 Hence, we have for all 1 <
p j )
J < r and nonnegative integer p < mj,

dpﬁ‘]mj AL mg horm dpymitk p<m

(2)-

(2) <

dzP dzP
According to lemma 4.2, we have
g
a|a‘ijj+k+1,mj+k+m dpﬁmj+k+1,mj+k+m dpzijrkam
e (z,...,2) <¢p TP (2) < CPT(,Z).

la|=p

According to the definition (4.9) of G and estimate (4.7), we obtain, for 1 <i <r:

1 mj—l—k <m
d'z fj

Wi (z, OFFHLETm) — S(F<F)(z2,...,2) < G (z, —

(2), 1§j§r,0§l§mj>

(4.12)
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On the other hand, according to (4.11) and taking the (k+m-+q+1)-jet at the origin,
we obtain
(g pmytklmy+ktmt o gmemyk\ \ Sktmtatl
dmi <ZqF1jmJ m; m > dmi (Zqu>mJ > o 3 <ktmtgtl
= < C(T(F) = S(F=h)

dzmi dz"

Since both T and G strictly increase the order by ¢, then we have

m m <k+m+q+1
(T(F))SIH' +q+1 _ <7-(FSk+ )> ]

Indeed, the order at the origin of T (F) — cT'(F<Ft™) is strictly greater than k-4m +

1. mi+k o
M(z),lgjgr,ogzgmj>

14+q. Furthermore, the (k+g+m+1)-jet of G (z, e

dl m,;+k Sm
at the origin is nothing but (k+¢+m+1)-jet of G <z, %(z), 1<j<r0<I< mj>
at the origin.

Combining all these last estimates, we obtain

qmi <zqﬁmj+k+1,mj+k+m+1>
J

— <k+m+q+1
_ <k
Ry < C(T(F) = S(F<h)
—— <kfmq+l

- C <T(FSk+m) - S(Fﬁk)) I

dlzmj+kf§m <k+m+q+1
=< <G<Z,TJ(2),1SJST,OSZST)’LJ))

dlzijrkf' ‘ <k+m+q+1
= <G<z,7](z), 1<j<r, Oglgm]))

dmi

—

atm; f§k+m+1)

dzmi
Hence, we have shown that

) ~mi+k+1mi+k+m—+1
dm] <qu} J J > dml (Zq+mlfgk+m+1)

dz" dzmi

k4+m+4q+1

Comparing the coefficient of z , We obtain

+k 1
E D <

and we are done.
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4.2.2 Existence of an analytic solution of the the majorizing system

In this section, we shall prove that system of differential equation (4.1) has an
analytic solution vanishing a the origin. We shall show that this system has a kind
of regular singularity at the origin. In fact, if there were only one big denominator,
that is » = 1, then the system reduces indeed to a differential equation with regular
singularity at the origin. To prove the existence of an analytic solution, we shall
apply a modification of the argument used by B. Malgrange in order to prove the
existence of analytic solution of a regular differential equation [Mal89]. The way to
proceed is to rescale the equation by a scalar A and then to prove that solving the
system of differential equation corresponds to find a solution of an implicit function
theorem in a suitable Banach space of analytic functions.

Let us rescale these equations by the mean of the map ¢ — At. Let us denote
ga(t) := g(At). Then we have )\(%) = dgk . Hence, we have

A ymitatk i . dlzmj—f—k(f,))\ )
(L)) = AT —— U ()-ca (AZ,A ISR 1< < 02 < mj>
(4.13)
We have, with a short notation,
dlij+k(f') M
mj+k—1 g _ k+q+1 k+q+1
G(“* ’ T) = T Y
r 1, m;+k
. ZZ)\mJ-I—pjl-l—k l nz)pﬂcld Jd z(f A
7=11=0
+A2(A)

where we have written :

. ’ 4k
M (Z S ics Clcl,)\mj/+mj+2k—l—l’ dlz"i TR () 2" (fy)x)
7], 1 m]

le dzll
1<l’<m],

AQ()\) =

. ] o d mi+k e
1—-c¢c <'I’L>\Z + z;:l Z?;O Cl}\m1+k lZTl(fJ))\>

According definition (4.6) of p;;, we have m;+p;;+k—1—(q+k) > 1. Furthermore,
assume k is large enough, that is such that

mj+mj+2k—1-1—(¢g+k) > (4.14)
m; + k-1 > 0.
It is sufficient that
k>q+1. (4.15)

24



As a consequence, dividing £;(f), by NItEwe obtain the following system of dif-

ferential operators :

2R (fi)\
dzmi

dlzmj+k(fj)>\

Li(f)\) = dz

—AG<A,z, ,1§j§r,0§l§mj>

for some analytic G, in all its variables, at the origin.
Let us consider, for m > 0, the space H™ of power series f = >, a;z! such
that -
£l = laa]l™ < oo

>1

There exists a constant C, such that for any f € H™i then

=Y 1Altmi+ 14+ q+ k) (L+1+q+k) < Cllfllm,-

0 >1

d™i ymitatk f
dz™i

. mi ymgt+atk
This means that dzdz# e HO.

then % € HY. On the other hand, according to lemma 5.4, H? is a Banach
algebra since || fgllo < [|fllollgllo- As a consequence, we can consider the analytic
mapping

Furthermore, since H™ < H™ for m’ < m,

L iy fr) 0 (R0)x H™ x--- x H™ — (HOY

dmi Zmi+q+kfl' _ dlzijrkfj ‘

(A7f17"'7f7’) = <T_)‘G<)‘727771§]ST70§l§m]>>Z:1r
We have L(0) = 0. Moreover, the differential of L with respect to (fi,..., f), at
the origin, in the direction v = (vq,...,v;) is
dmi m;+q+k,,.
D;LOw = (2 — 1 ‘
dzmi i=1,...,r

It is invertible from H™! x --- x H™" on the subspace of (H®)" of elements of order
> k+qg-+1. According to the analytic implicit function theorem, there exists a map

A€ (R,0)— (fi(A),...,fr(N) e H™ x --- x H™
such that (f1(0),..., f+(0)) =0 and L(A, fi(\),..., fr(A)) = 0 for A small enough.

4.3 Proof of the variation of the main theorem

Let us sketch briefly how to prove theorem 3.9. The construction of the formal
solution F' = (Fy,..., F,) is the same as above up to shift of the order by d. We
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look for functions f; vanishing at the origin such that F\j < zmitdf, They will
solves the majorizing system

; i+k
B dmzzq+mz+ fz

dlzijrdJrkf,
E’L(f) = dZm’ !

(z)—CG(z,T(z), 1<j5<mr, Oglgmj).
(4.16)
Now, equation 4.13 becomes

N d™i 2R (fi) a1 42 (i)

% - ’)\m'
(£iF) P06 (xsam g
(4.17)
Since T is d-regular, then we have m; +p;; +k+d—1— (¢ + k) > 1. Therefore,
m;+k .
G| Az, Ami+k+d_17d12 szl(f])k, 1<j<r 01 mj> is divisible by AtETL We

conclude as above.

5 Relative big denominators and Gevrey classes

In this section, we investigate what happens when the denominators do not growth
fast enough to overcome the divergence generated by the differentials of the un-
knowns involved. We use the same notation as in section 3 : we are given m =
(m,...,m) € N" and we consider S, 7,7 be maps as in theorem 3.6. The equation
to be solved is still (3.1). We will assume that all item of the big denominators prop-
erty holds but (3.2) which is replaced by the weaker condition : for each 1 < j <7,
there exists 0 < « such that

169

im—Oé

qufl?G(z) < Z"C Z

i>q+1

(5.1)

for some constant C' independent of G. In that case, we will say that the triple
(8,7 ,m) has the relative big denominator property of order m — o < m. In that
case, estimate (3.3) is replaced by

H (70 W(G))(”m) H < clel, (5.2)

Z'mfa

In that situation, we cannot expect convergence of the solution. We will show
that the problem has a power series solution that diverges in a controlled way.

Definition 5.1. Let o > 0. We say that a formal power series f = ZQeN" foQ is
a-Gevrey if there exists constants M, C such that for all Q € N”, |fo| < MC?(|Q|")°.

Theorem 5.2. Let (S,T,m) be maps as in theorem 3.6. Assume that the triple
(S8,7T,m) has the relative big denominator property of order m —a < m. Then,
equation (3.1) has an a-Gevrey formal solution F'.
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Remark 5.3. For the problem of conjugacy of germs of vector fields vanishing at a
point (say 0), A.D. Brjuno proved that, provided that the (assumed to be) diagonal
linear vector field S satisfies a small divisors condition, and if an nonlinear analytic
perturbation R satisfies Brjuno’s condition A, then X := S+ R is analytically conju-
gate to a normal form. If condition A is not satisfied then analytic counter examples
were constructed and one could see on these counter examples, that divergence of the
transformation is of Gevrey type. Theorem 5.2 shows that, in a much more general
context, the expected divergence is always Gevrey.

This Gevrey character of the formal transformation leads, in the case of vector
fields, to the approximation of the dynamics by an analytic normal form up to an
exponentially small remainder [LS10][theorem 6.11] (see also [RS96] for averaging).

Proof. Our proof is very inspired by Malgrange’s version of Maillet theorem [Mal89]
which proves the Gevrey character of formal solutions of holomorphic nonlinear
differential equations of one variable with irregular singularity. Let us define the
Banach space

, ; fili®

HP = f= Zfzt cC[[t] | I flls,p := Z (,L'||)s < oo
i>0 i20 N
Let us set

0
0= ta.

Let us start with an elementary lemma :

Lemma 5.4. 1. 0F(t")) =t" k(@ +n)---(6+n—k+ 1)
2. tp € HP & op € HP=5 if (0) = 0.
52 s, then [l < It
Let g € H*P then t16Pg € H*Y whenever ¢ > max(0, (p — j3)).
Let g € H*® and m < s. Then t16Pg € H**~™ whenever p < (g — 1)s + m.
1£9lls.0 < [Iflls0llglls,0-

Let a >0 and f,g € H>*. If f(0) = g(0) =0 then fg € H>".

A I S

Proof. 1. The proof is obtained by induction on k since

Op(t") = nt"Lep 4+ "0 (vp) = t" (6 + n)y.
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2. Let us first assume that 8 > s. Let t¢p € H?, then

;] (i 4+ 1)7 ]1/1 i —|— 1
[lls5-s < ’— Z : = [[tYlls,s < +oo.  (5.3)
i>1
Moreover, for ¢ > 1,

(1/2)87 (i + 1)~ <if s < (i+ 1)~

Hence,
(1/2)° = Natlls,p < 1lls,p—s < letplls, .

In the case, 8 — s < 0, we have
\w (i + 1 i \z
[t]]s,8 = Z : <Y e = Wl s
i>1

On the other hand, if ¢ > 1 then 1/i < 2/(i + 1). Hence,

|4p; |7 [ ( H—l _
I¥llosos = 3 i < 277 3 Ry = 2 Il
i>1 ’

3. Inequality (5.3) holds if ¢(0) # 0 and § —s > 0.
4. We have 1967 (3 ;-4 git!) = D1 giiPt4.So,

|9
tqépg 0= D uE———
R

Since m < qu then we have (.J:Z)!S < (Z’% if ¢ > max(0, %(p - f)).

Thus, under that condition, we have |[t96”g]/s.0 < ||g|s,3-

5. Indeed, we have

gl (i + )"
6P = g .
| Ills,5—m -~ (i + q)°

Since

i+ q)* " i i

< <1
(i+1)--(+¢q* = (i+qmE+1)---(i+q—1)s = jmtla-1s =

then we have [[t96Pg||s,s—m < ||9lls,0-
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6. We have

il Ly k0
1fgllso < z ‘ il Rk —1)
>0

—q)ls ils

gk Z‘
k: )

= [Iflls,0ll.flls.0-

I\/M

7. Since i < 2k(i — k) if 1 <k <i—1and ¢ > 2 then

| il R !gk z\ (i — k) k1 (k —i)® i\
. < 90 _
”fg”sa — Z Z k'S — Z)'S ,Lls k(l o ]{:) -~ HfHS,aHgHs,a

122 k=1

O

The equation to be solved is equation (3.1). As above, that is as in the “big de-
nominators case”, this equation has a formal solution F. As above, we select an inte-
ger k > 1 and we look for a majorant of the solution F>* = (F7™FF pzmetk)
of

S(F>%) = (T(F) - S(Fék)> . (5.4)

Let us define the following operator L that maps a formal power series of one variable

o:if f=3"15, fit' € C[[t]], then

=y [ (5.5)
i>1
According to (5.2), we have

L8, 'm(@)) = YIS (@)™ (g i m)m e
i>1
= CZ ||G(i+q)HZi+q+m _ Zmé
i>1

Hence, equation (5.4) leads to
Stk m —
Lz < 2 (T(F) - S(FSk)> . (5.6)

Let G be the function defined by (4.9). As above, we show by induction on the
truncation order, that there exists a formal power series f;, vanishing at the origin,
such that

>m-tk +k

ij m < M fj
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and such that the f = (fi,..., f»)s solves the system

1, m+k p.
d'zmrf;

Li(f) = Lz ) (2) — C2mCG <z i

(z),lﬁjﬁr,OSlSm)zO.

(5.7)
The only change in the proof is that we are using (5.6) instead of (4.11).

Let us show that such a solution f; is a a-Gevrey.

Let us first consider the case o < m. Let us show that equation (5.7) has a unique
solution f; € H*Y. In order to prove this, we shall show that f = (f,... fj) €
HY0 x ... x H*Y is solution of an analytic implicit equation in the Banach space
HO,

Let s,8 > (m + k + ¢q)s be non-negative numbers. Let us set g := tmtktaf,
where f stands for one the f;’s. According to the third point of the previous lemma,
if g =tmthtaf ¢ H50 then f € HSP~(mtk+d)s  Let us write L(g) = t™TF+2). We
have

B
i
L5 pmta= D |gz'|W = llglls,s-
i>m+g+m+1 ’
Hence, if g € H*® then L(g) = titmtky ¢ H®B—m+e  Again, if B —m + o >
(m + k + q)s, then ¢ € HoB—(mtatk)s—mta et ys set

B:=(m+k+qs+m—a. (5.8)

Therefore, if m > a, then 8 > (m 4 k + m)s. In that case, if g = t™T9TFf ¢ g8
we then have f € H*™  and ¢ € H%?. According the first point of lemma 5.4,
there are universal coefficients ¢, ;, 0 <p < m, 0 < j < p, such that

dptm+kf

p
aw tm RPN ", 00 . (5.9)

Jj=0

Moreover, we have t67 f € H*" as soon as a > max(0, 2(j — (m — «)). Let us show
that if we set s := «, then t™*=P5i f ¢ H0 for 0 < j < p < m. Indeed, let [
denotes the integer part of o, i.e. [o] < a <[a]+ 1. If 0 <j <m — ([a] + 1), then
j—m+a < —([a]+1)+a < 0. Hence, max(0, L(j—(m—a)) = 0so tmtk=rsi f € H*O
forall j <k <m. Ifm—Jo] <j<k<mthen (j —m+a)/s < a/s. On the
other hand, we have m + k —p > k > 1. Therefore, if s :=  then m+k —p >
max (0, 1(j — (m — «)) for all m — [a] < j <k <m.
As a consequence, we have :

o if p <m —[a] — 1, then

dP tm—f—k .
% = "N e 0 f = g (5.10)
J<p
€H0

30



o if m —[a] <p <m, then

dp(tm+kf)

= ¢RI N e b6 f = TR (2g, ) (5.11)

J<p

€H0

Let us consider the system of equations (5.7) :

l k

) L m~+k ¢ _ m
i) o= L )0 - oree (120

(t), 1<j<m, 0§l§m> =0.
According to definition of p;; (the mapping 7 is regular by assumption), we have
pji+m+k—1—12> g+ 1. On the other hand, if k is large enough, then m; +

m;+2k—1—1'—(q¢+k) > 2. In that case, G<t, dlt:;kfj(z), 1<5<r 0 §l§m>

is not only divisible by t7** but also it can be written as

d'tmtE f .
G(t,Tj(t), 1<j<n, 0§l§m> =t G (t,tgjp, 1<j<r, 0<p<m)

where the g;,’s are defined by (5.10) and (5.11) for f = f; and where G is an analytic
function of all its arguments. Let us rescale this equation by the mean of the map
t — At. Let us denote gy(t) := g(At). Then we have (dg)x = d(gn). According to
the definition of the p;;’s and the constraint on % then, as in section 4.2.2, we obtain
after dividing by \¥+m+4 .

Li(fy):=L <tm+q+’“(fi)x) — ARG (Nt t(gip)a, 1< <7, 0<p<m) (512)

for some analytic G, in all its variables, at the origin.
According to (5.10), (5.11) then if f; € H*™~ then tg;, € H*° for all p < m.
Then according to the last property of lemma 5.4,

G (Mt t(gip)r 1<j<r, 0<p<m)eH,

Let us consider the analytic mapping

1 -
AN f) = tm+k+qL(tm+’”qfi) —AG (AN ttgjp, 1<j<r 0<p<m)

i=1,...,r

from (C,0) x (H®™ )" into (H*")". We have A(0,0) = 0 and the differen-
tial of A with respect tp f at the point 0,D7A(0,0), is the linear mapping f
W(L(thrk*qfi))i:l,__W. This map is invertible from the subspace of (H®™~%)"
vanishing at the origin into the subspace of (H*")" vanishing at the origin. By the
implicit function theorem, for A small enough, there exists a curve A — fy € (H*0)"

such that fy = 0 and such that for (5.12) holds. We are done in the case oo < m.
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Let us now assume that o > m. Let us set 5 := (m + k + ¢)s instead of (5.8)
and let us set s := a. Then if g = t"tF+9f ¢ %O then f € H*? and ¢ € H&»*™
where L(g) = tmtathy ¢ go(mthtaa—mta  According to the fifth point of lemma
5.4, t0) f € H“~™ whenever j < m, which is the case. According to the last point
of lemma 5.4, the multiplication of tg, by any (nonnegative) power of ¢ also belong
to H%*~™_ Hence, if f € H*? then we have

G()\,t,t(gj7p))\, 1<7<r,0<p< m) e gouo—m,

As above, we consider the analytic mapping

1 ~ .
A()‘a f) = tm+k+qL(tm+k+qfi) -G (A7t7tgj,pa 1 < J < T, 0 < p < m) 1

i=1,...,7

from (C,0) x (H*%)" into (H*~™)". Its differential DyA(0,0), is the linear map-
ping [ — W(L(tm+k+qfi))i:1,___7r. It is invertible from the subspace of (H*%)"
vanishing at the origin into the subspace of (H®“~™)" vanishing at the origin. We
conclude as above by the analytic implicit function theorem.

O

6 Applications

6.1 Singular vector fields with a fixed linear approximation

We consider the classical problem of classification of germs of vector field at a singular
point 0 € R™, with a fixed linear part &£ = Ax at the origin, with respect to germs
of diffeomorphisms fixing the origin. Following the notations of section 2, we set

r=n,m=11<i:<n, s=n, g=1

so that Fpm = (A]})., and PW(z) = Az. The action of the group of local diffeo-
morphisms is as follows:

(id + F(z))y (Az + R(x)) = (I + DF(2)) ' (Az + AF(2) + R(z + F(x))).
It is an analytic differential action of order 1. The linear operator S is
S: (Ap)s1 = (AR)sy, S(F)(z) = AF(x) — DF(x) Az

which is, in fact, the Lie bracket of the vector fields © = Az and & = F(z). It

increases the order by 1 (we have to keep in mind that the space ]-‘ﬁfr)n is the space
of homogeneous vector fields of degree i — 1). Let us define

T(F)(z) = (I+DF(z)™' = (I - DF(2))) (Az + AF(z) + R(z + F(z)))
+R(x + F(z)) — DF(x)(AF(z) + R(z + F(x)).
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Let us show that it is regular. Indeed, let F,G be formal vector field of order > 2.
We have (with a clear abuse of notation)

g—;(F)G(x) = ((I+ DF(z))™' — (I - DF(z))) (AG(z) + DR(z + F(z))G)

+DR(z + F(z))G — DF(x)(AG(x) + DR(z + F(z))G)

Since R is of order > 2, then DR(z+F(z)), DF(x) and (I+DF(z))~'—(I-DF(x))
have order > 1 = p; o for any 1 < j <n. On the other hand, we have

O (PG = | S-DHDF@) DG | (4 + AF() + Rlo + F@)
k>2

—DG(z)(AF(z) + R(z + F(x))).

Therefore, the coefficient in front of DG(x) has order > 2 = p; 1, for any 1 < j < n.
Therefore, the analytic differential action is regular.

If A is a diagonal matrix, A = diag(\1,...,\n) and Q = (q1,-..,¢n) € N" is a
multiindex, one has

J

0 0
S(29-—) =0 —(QN)2%—.
(955 ) = s = @ 5E
Here we have written (Q,\) = > ; ¢i\;. 1t follows that the simplest supplementary
space to the image of S, i > 2 is the vector space R(") of resonant vector fields:
it is generated by

0
x —8xj’ A=(Q,N),1<j<n, Q=1

This supplementary space R() together with Proposition 2.8 give the classical formal
Poincaré-Dulac normal form. Let 7w be the projection nonresonant terms (i.e the
image of S) :

- 0 - 0
(> > fQ,ij%j => > fQ,ij%j-

J=1Q,eN",|Q|>2 =1 (@QN#X
QEN™,|Q[>2

Assume that the tuple (A1, ..., \,,) belongs to the Poincaré domain. It means that
the eigenvalues \; lie on one side of a line through the origin of the complex plane
(the line is excluded). Then, it is classical that one has the following inequalities

A — (@, )] >C|Q|, j=1,...,n, forsufficiently large |Q| (6.1)
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where C' > 0 is a constant which does not depend on @ and j. In that case, the big
denominators property of order 1 holds. Indeed, we have

-1 @ _ _JQ5 QY
S om E: E: foju O _Z Z A —(Q )\)x o’
j=1Q,eNn |Q|=i>2 I j=1 (Q,A‘)fkj I ’ /

QeN™ |Q|=i>2

Hence, we have

Ly sty < 1T 1]
s~ om(r®)) < ML < A

Therefore Theorem 2.13 implies the following classical result.

Theorem 6.1 (Poincaré, see [Arn80]). If the eigenvalues of A belong to the Poincaré
domain then the Poincaré-Dulac normal form holds in the analytic category.

Our results of section 5 imply a stronger theorem for the case that instead of
(6.1) we have, for some a > 0 the estimate

N —(Q,N)] >C|lQI'"™, j=1,..,n, for sufficiently large |Q| (6.2)
In this case our Theorem 5.2 implies the following statement.

Theorem 6.2. If the eigenvalues satisfy (6.2) for some fized o > 0 (with a constant
C' that does not depend on Q and j) then the Poincaré-Dulac normal form holds in
the a-Geuvrey category : for each analytic nonlinear perturbation of the linear vector
field S = 2?21 )‘ixia%i is conjugate to a formal normal form by the mean of formal
a-Gevrey transformation.

The particular case for which 0 < «a < 1, is a recent result of P. Bonckaert and P.
De Measschalck in [BDMOS]. In this case, according to the definition of the present
paper, we have relatively big denominators of order 1 —a < 1. But our Theorem 5.2
holds for aw > 1 as well, i.e. in the case that we “do not have denominators” (o = 1)
or have small denominators (o > 1). Note that condition (6.2) with « =1+7,7 >0
is exactly the Siegel condition of type 7. Therefore in the case oo > 1 we obtain, as
a direct corollary of Theorem 6.2, that if the eigenvalues satisfy the Siegel condition
of type 7 > 0 : there exists a constant C' > 0 such that for all Q € N, with |Q| > 2

C
QI

then the resonant normal form holds in the (1 4+ 7)-Gevrey category. The latter
result is also known, it was obtained by G. looss, E. Lombardi and L.Stolovitch in
the works [ILO05] and [LS10]. In a more restricted situation, it is known that one
can find “holomorphic sectorial normalization” with Gevrey asymptotic expansion
[BSO7].

07 [(Q,A) =il =
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6.2 Normal form of (non isolated) singularities

Let O, be the space of germs of holomorphic functions at the origin of C". It
is well know that a germ of analytic function f at the origin of C", having an
isolated singularity there (i.e. Df(0) = 0 and 0 is isolated among the p’s such that
Df(p) = 0) is analytically conjugated to a polynomial P. This means that there
exists a germ of analytic diffeomorphism of (C",0) such that f o ® = P. This has
been extensively studied by V.I. Arnold and his school [AGZV85, Arn68, AASS|.
The usual proof goes as follows : first of all, since the singularity is isolated then the
vector space Op/J is a finite dimensional vector space. Here, Jf = (g—gfl, e %)
denotes the Jacobian ideal, the ideal in O,, generated by the partial derivative of f.
Then, according to Tougeron’s theorem [Tou72], [AGZV85][section 6.3], the Jacobian
ideal contains a certain power of the maximal ideal M,, : MF c J ¢. Then, using an
homotopy method, one shows that, for any r € be the exists a family {(I)t}te[o,l] of
diffeomorphisms of (C",0) such that ®;(f + trx) = f. Then, we obtain the desired

result if we set 4, := —(f — j*71(f)).

What does happen when the singularity is a priori not isolated 7 We shall
consider the case where f is a perturbation of a homogeneous polynomial fy of
higher order. Both of them are supposed not to have an isolated singularity at the
origin. In that case, the vector space O,,/Jy, is not finite dimensional. Nevertheless,
we shall prove that f = fy + R is formally conjugate to a formal normal form.
It’s, a priori, a formal power series satisfying some specific conditions to be defined
below. If this normal form was holomorphic in a neighborhood of the origin (that’s
the case for a polynomial normal form for instance), then we could conclude, by
Artin’s theorem, that there actually exists an holomorphic transformation to that
normal form. The main problem in the general situation is that there no reason
why f should have a priori an holomorphic normal form (it is the case for isolated
singularity).

In the following, we shall first give a definition of a normal form of a perturbation
of fo with respect to fy. Then we shall prove that there exists an analytic change of
coordinates to such a normal form. Let us first recall the division theory developed
by H. Grauert, H. Hauser and A. Galligo.

6.2.1 Division theorem

Let us consider ag, aq, ..., a, be nonnegative real numbers which are linearly inde-
pendent over Q. Let us consider the affine linear form L(v) := ag(vo—1)+> 1 o4
on R'™, Let f = > 0enn for? € (C[[x1,...,2,]])? a formal map. We shall
denote zQ9; = 0,... ,O,xQ,O,...,O) where 2@ is ith component of the vector.
Hence, f can be written as f = ZQere{l,___7q} fLQxQBi. With this notation, the
ith component reads f; := ZQeN" fLQxQ. The initial part of f is defined to be
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In(f) == fip.Qux?°0;, where (Qo,ip) € N® x {1,...,q} is the unique minimum
L((io, QQ)) = min(LQ)esupp(f) L(Q) and fio,Qo 7é 0

Let us define for s > 0 sufficiently small, [fls := > ocnn | fols™1Q) where f =
> 0enn for@ € On If f = ZQGN“,iE{l,...,q} fiqrR0; € Of, then we shall write
Ifls = >0, sL0)| fils. Consider the O,-submodule I of O generated by the
germs of holomorphic maps fi,..., fr. Let us define the initial module In(I) of I to
be O,-submodule I of OF generated by In(f1),...,In(f,). Let us define

A(I) :={g € O,,|no monomial of the Taylor expansion at 0 belongs to In(I)}.

Let mq,...,m, be a standard basis of I with initial terms pq,..., u, respectively.
Let us split the support of In(l) into a disjoint union | J;_; M; of sets M; such that
M; C supp (Opu;). Let us define

V({I):={a=(ai,...,ap) € OF |supp (a;u;) C M;, i =1,...,p}.

Theorem 6.3. [Gal79, HM9/)] Let | : Oh — Of be the Op-linear map defined by
l(a) = >°F | aym;. Assume that the m;’s form a standard basis of I := Im (). Let
K := Kerl. Then the following holds:

1.
01 =T A(I), OF=KaoV(); (6.3)

2. There is a constant ¢ > 0, such that for all small enough s > 0 : for each
e € O with |e|s < +oo, then there ezists a unique a € V(I) and b € A(I)
with |als, |b]s < 400 such that e =l(a) + b= )", a;m; + b and

(miin Imils)lals + [b]s < clels.

For ¢ = 1, I is just an ideal on O,, and the decomposition (6.3) reads O,, =
I & A(I). The previous theorem asserts that, for any g € O, there exists a :=
(a1,...,a,) € V(I) and h € A(I), such that ¢ = >_¥_, a;m; + h and there exists
constant ¢, (independent of g) such that |h|. < ¢ lgl-, |alr < crlg]r..

Remark 6.4. If e vanishes up to order k at the origin then each a; vanishes up to
order k — k;, where k; is the order of m; at the origin. The remainder b vanishes up
to order k.

6.2.2 Normal form of deformations of a homogeneous polynomial

Let fy be a homogeneous polynomial of degree ¢ > 2. Let us consider an holomorphic
perturbation f of fy of higher order : R = f — fp is a germ of holomorphic function
of order > s+ 1 at the origin. Let I := Jyy, be the Jacobian ideal of fo. With the
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notation above, we set r :=n and f; := %. Let mq,...,m, be a standard basis of

I. We can write m; =y, mjfi for some analytic germs m;j, at the origin.

Let us define the cohomological operator S : O] — O,, to be

Let U be a germ of holomorphic vector field of positive order k > 2. Let us consider
conjugacy of f with respect to the diffeomorphism ® =id 4+ U : we have

fid+U) = fo+ Dfo.U+ R+ fo(id+U) — fo— Dfo.U (6.4)
=31
+R(id +U) - R.
=:32

The orders of Dfy.U and R are are greater or equal than £k + s — 1 and ¢ + 1
respectively. On the other hand, the orders of ¥ and X5 are greater or equal than
2k + ¢ — 2 and k + g respectively. Both are > ¢ + 2.

Proposition 6.5 (Formal normal form of singularity). There exists a formal change
of coordinates ® such that

fod—foeA(l)® O,

Proof. Indeed, we construct by induction on the order [, a formal vector field U =
> 1> Us such that
DfO.U +R+31+39 € A(I),

Hence, the homogeneous part of degree ¢ > ¢+ 1 of the Taylor expansion at 0 reads
Dfo.Ui_gi1+RY + {2 + 3539 € A(D)

where {¥; —i—Eg}(i) denotes the homogeneous of degree i of ¥1+X5. It is a polynomial
in the Uj’s, j < i —q+ 1. Let us decompose R; + {3 + ¥a}; along (6.3) : there
exists U;—_q41 and R e A(I) such that D foU;—_q4+1 — hl) = —R(®) — {1+ 22}@),
that is D foUi_qr1 + RO + {2 + 5210 = n0) € A(). O

Now we apply the variation of our main theorem, Theorem 3.9 with m = 0,
d =1 to prove

Theorem 6.6. Let fy be a homogeneous polynomial of degree q. Let f = fo+ R4
be an analytic deformation of fo by R~ which is a order greater than q. Then there

exists an analytic change of coordinates ® in a neighborhood of the origin of C™ such
that fo® — fy € A(I)
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Proof. Set SU := D foU. We have

P p n n P
DfoU =) ami =Y a; (Z mi,kfk) => < aimi,k> Ji
i=1 k=1 1

i=1 k=1 \i=

According to theorem 6.3, the problem to solve has the big denominator property
of order 0. Indeed, we obtain a good estimate of the a;’s in term of D foU; so, we
obtain good estimate of U; := >0 _; a;m; j in term of D foU. Moreover, according
to the second point of that theorem, the projection 7 onto the image Jy, satisfies

n

dfo
< — < .
e[Sl <alfl
where f =" aig—];z + h and h € A(I). Furthermore, since R has order > ¢ + 1
OR

at the origin, then 5* has order > ¢ at the origin. That is,the associated operator
J

T is 1-regular. Therefore Theorem 6.6 is a direct corollary of Theorem 6.3 and our
Theorem 3.9 with m =0, ¢ = s and d = 1. ]

Remark 6.7. In the case of isolated singularity, our proof of conjugacy to a poly-
nomial normal form is a direct one. Theorem 6.3 shows that A(Jy,) contains only
a finite number of monomials. This replaces Tougeron’s theorem. Qur method re-
places the usual “homotopic method”. Our proof is also quite different from Arnold’s
original one [Arn68] which is a kind a Newton method.

Remark 6.8. In the non-isolated case and if the perturbation is formally conjugated
to an analytic normal form g then, Artin’s theorem [Art68] shows that there exists
a germ of analytic diffeomorphism that conjugates f to g. Our result shows that the
same holds if g is only a formal normal form (and such a formal conjugacy always
exists) without using the difficult theorem of Artin.

A Normal form for n-tuples of linearly independent vec-
tor fields on R”, Riemannian metrics and conformal
structures by M. Zhitomirskii

A.1 Analytic normal forms

A Riemannian metrics on R™ can be treated as an n-tuple of pointwise linearly
independent vector fields on R" defined up to multiplication by an n X n matrix
T(x) € SO(n). A conformal structure on R™ can be treated as an n-tuple of point-
wise linearly independent vector fields on R™ defined up to multiplication by an nxn
matrix T'(x) € SO(n) and by a non-vanishing function H(x).

It is convenient to associate to each of the object in the title of this section an
n X n matrix whose entries are analytic function germs.
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Definition A.1. Given an n-tuple of vector fields

Vi= fli(ﬂf)aixl +“‘+fm($)a;in, i=1,...,n
we associate to it an n X n matrix M (x) in which the kth column is the tuple
(f1r(), .oes frr(2))" of coefficients of the vector field Vj. Given a Riemannian metrics,
respectively a conformal structure on R"”, we treat it as a tuple of pointwise linearly
independent vector fields Vi, ..., V, on R™ defined up to multiplication by an n x n
matrix T'(x) € SO(n), respectively up to multiplication by T'(xz) € SO(n) and by a
scalar function H(x), and we associate to the Riemannian metrics, respectively the
conformal structure, the matrix M (x) associated with (V1,...,V},).

Theorem A.2. An n-tuple of pointwise linearly independent analytic vector field
germs on R™ can be reduced by a local analytic diffeomorphism to a normal form
with the associated matriz M (x) satisfying the equation

M(z) -

Il
e

(A1)

Tn

A germ of analytic Riemannian metrics on R™ can be reduced by a local analytic
diffeomorphism to a normal form with the associated matriz M (x) satisfying (A.1)
and the equation

M'(x) = M(x). (A.2)

A germ of analytic conformal structure on R™ can be reduced by a local analytic
diffeomorphism to a normal form with the associated matriz M (x) satisfying (A.1),
(A.2) and the equation

trace M (z) = 0. (A.3)

For n = 2 the given normal form for Riemannian metrics is close (though not
the same) to the Gauss lemma on a certain property of geodesic coordinates, see
[Eps75]. The Gauss lemma can be generalized to any n. Its proof, in formal category
and for any n, in terms of normal forms, can be found in [GNS10].

Note that any matrix n x n matrix M (x) satisfying (A.1) and (A.2) starts with
terms of order > 2. Its quadratic part can be identified with the space of Riemannian
curvature tensors. If n = 2 then such a quadratic part be written as

M) =K - AN
—T1X ﬂ:% ’

and the parameter K can be identified with the curvature of Gauss.
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Note also that any 2 x 2 matrix M (x) satisfying (A.1), (A.2), (A.3) is the zero
matrix. This matches the well known theorem that for n = 2 any conformal structure
is locally conformally flat, see [Ste83].

For n = 3, respectively n > 4, any n x n matrix M (x) satisfying (A.1), (A.2),
(A.3) starts with terms of order > 3, respectively of order > 2. If n = 3 then the
terms of order 3 can be identified with the Cotton tensor, and if n > 4 then the
terms of order 4 can be identified with the Weyl tensor.

Certainly these relations between the normal form and the classical tensors do
not require analytic normal form. For these relations it is enough to have the given
normal form in formal category and moreover, a normal form for a jet of small order
will be enough.

In the following subsections we will explain:
(a) how the normal forms of Theorem A.2 were obtained in the formal categorys;

(b) how Theorem A.2 follows from the same results in the formal category and our
Theorem 2.13, i.e. we will prove that in the three classification problems of this
section there are big denominators.

A.2 Explanation of formal normal forms. Belitskii inner product

We will use the following notations:

e By A, (M,«,) we denote the space of r X r matrices whose entries are germs at
0 € R™ of analytic functions of n variables.

e By A,(f) (M, x) we denote the subspace of A, (M, ) consisting of matrices whose
entries are homogeneous functions of degree i.

e By A, (M, «,)>q we denote the subspace of A, (M, ) consisting of matrices whose
entries have zero d-jet at 0.

o Ay(so(n)) = {M € Ap(Myy,) : M(z)=—M"(z)},ie. thespace of skew-symmetric
matrices whose entries are analytic function germs.

x1
e Finally we will use notation x =

L,

For the problem of local classification of n-tuples of vector field germs on R” of
the form

0 0
Vi=—+hot., -+, V,=——+ho.t. A4
! o0x1 +ho " O, +heo (A4)
with respect to local diffeomorphisms one has, in terms of notations of section 2,

r=n, mizly 1§Z§TL, S:’I’L2, QZO, fl,m:(AZ)>1’
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The group G acts on the affine space I + A, (M, xn)>0. Here, I denotes the constant
matrix I = diag(1,...,1). The action is as follows

(id + ¢(a))« (I + M(2)) = (I + Dd(x)) ™ (I + M(x + ¢(x)) .

It is a differential action of order 1. The linear operator S is the operator

81: (AZ)>1 — A7L(~/\/ln><n)>07 Sl((ﬁ) :_D(ﬁ(x) (A5)

Hence, we define

Ti(M;¢) = |(I+D(x)~" =1+ Do(x)| (I + Mz + ¢(x))
—Do(x)M(z + ¢(x)) + M(x + ¢(x)).
Therefore, we have
(id + ¢(x)) (I + M(x)) = I + S1(¢) + T1(M; ¢)

We have T (M,0) has order > 1 at the origin. Let us investigate the regularity of
T1. We have,

F@G() = [(1+ Do) ~ 1+ Dow)] DM(w +0(a))G
+D0(@)DM (x + 6(@))G(x) + DMz + () Gl).

Since M vanishes at the origin, the coefficient in front of G has order > 0 = p; .
On the other hand, we have

%§@ﬂx%m = | D (=D K[DG@)]* DG (I + M(x + ¢(x))
k>2

+DG ()M (z + ¢(2)).

Since ¢ has order > 2 at the origin, then D¢(z) has order > 1. Moreover, M has
order > 1 at the origin. Hence the coefficient in front of DG has order > 1 = p; 1,
for all 1 < j < n. Therefore, the differential analytic map 77 is regular.

To find a complementary space to the image of sz), the restriction of &; to

(Aﬁ)(i) we use the following inner product introduced by G. Belitskii (in fact, it
goes back to [Fis17]) and used by G. Belitskii him to construct a number of formal
normal forms in various local classification problems [Bel79].

Definition A.3. The Belitskii inner product of two homogeneous functions of n
variables of the same degree i, is defined as follows:

f= Z fax®, g= Zgaxo‘ — < f,g>= Za!faga.

|a|=i |a|=i |a|=i
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Here a = (o, ..., o) is a multiindex, z® = z{* -+ 22" and ol = ay! - a,!. The

inner product of tuples of functions f,g € (Aﬁ)(i) s =y fr), 9= (91, gk) 18
defined by < fag >=< fl’gl >+ < fkagk >.

This inner product is very convenient because of the following statement.

Proposition A.4 ([Bel79]). The operator f — ngj has conjugate operator, with
respect to the Belitskii inner product, g — x,g.

As an immediate corollary of this proposition we obtain that the adjoint operator

to the operator (A.5) with respect to Belitskii inner product has the form M (z) —
(4)

—M(z) - x. Therefore the orthogonal complement to the image of S} consists of
matrices M (x) such that M(x)-x = 0. Now the first normal form of Theorem A.2
holds in the formal category by Proposition 2.8.

Now, for the problem of local classification of Riemannian metrics on R", viewed
as the problem as classification the n-tuples of vector fields of form (A.4) with respect
to local diffeomorphisms and multiplication by a matrix-function expQ(z),Q(z) €
so(n)(z), one has, in terms of notations of section 2

r=n+nn-1)/2, m=1,1<i<n, my=0,n+1<i<r
s=n* ¢=0, F=(A").; x Ay(s0(n))so.
The group G = id + F acts the affine space I + A,,(M,xn)>0 as follows:
((id + 6(x), cxpQ(x)), (I + M(x)) = exp@(x) - (I + Dé(x)) ™" (I + M + 6(x).
The linear operator S is the operator

S: (AZ)>1 X An(SO(TL))>0 — An(Man)>0,

(A.6)
S2(¢(2), Q(x)) = =Do(z) + Q(x)

Let us define
k
To(M;6,Q) = (1 + QTi(M;6) + QS:1(0) + | "% | (7 +81(68) + T (M5 ).

We have ordg(72(M;0)) > 1. From the previous computation and the fact that @
has order > 1 at the origin, we obtain

075 .
0Td0<8—¢2> > 0=pjo, 1<7<n

0T .
0Tdo<a(;> > 1=pj1, 1<j<n

ordg <(Z—g>

Y
—_
|
3
?
S
+
—_
AN
<
A\
<



Therefore, 75 is regular. Using Proposition A.4 it is easy to prove that the adjoint
operator to (A.7) with respect to Belitskii inner product has the form

M(z) — (—M(m)-x, % (M(z) - Mt(x))> .

Indeed, since we have Q + Q' = 0, then (Q, M) = — <Q, Mt> for any matrix germ.
As a consequence, we have

(S2(¢(2), Q(2)), M) = (=Do(x) + Q(x), M)
= (¢, -Mx) +(Q, M)

= (¢, —Mx)+ <Q, %(M - Mt)>

As a consequence the orthogonal complementary space with respect to the Belitskii
inner product gives the normal form of Theorem A.2 for Riemannian metrics in the
formal category.

In the same way we obtain the normal form of Theorem A.2 for conformal struc-
tures. In this case we have

r=n+nn-1)/2+1, m=1,1<i<n, m=0, n+1<i<r
s=n? g=0, F=(A}).; x Ay(so(n))so x (A})
The action is define to be
((id + ¢(x), expQ (), 1 + h(x)), (I+M (x)) = (1+h(x))expQ(x)-(I + Dp(x)) ™" (I + M(z + (=) .
and the operator S3 has the form
Szt (AR)sy X Ay(so(n))>o X (Arlz)>0 = Ap(Masxn) >0,
S(¢(x),Q(x), h(x)) = =D (x) + Q(z) + h(x) - I.
We define the associates differential analytic map of order (1,...,1,0,...,0,0) :
T3(M;0,Q, f) = T2(M; 0, Q) + hS2(, Q) + hT2(M; $, Q).
We have ordo(73(M;0)) > 1. Moreover, we have

>0"

aT; .
—3> > 0=pio, 1<i<n

> 1=pjo, n+1<e<r—-1

> 1= DPr.o-
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The conjugate linear operator with respect to the Belitskii inner product has the
form

2

which implies the last normal form of Theorem A.2 in the formal category.

M@)%<fM@yx1Mﬂ@—NM@%UmnM@O

A.3 Big denominators. Proof of Theorem A.2

The action of the group in each of the classification problems of this section is a
differential action of order
m = (1,...,1) € N" for tuples of vector fields;

m=(1,...1,0,...,0) € Nn+n(n=1)/2 for Riemannian metrics;
m=(1,...1,0,...,0,0) € Nrtn(n=1)/2+1 for conformal structures.

In this section we will prove that we have big denominators of order 1 and that
the formal normal form in Theorem A.2 is uniformly bounded. In other words,
we will prove that the assumptions of Theorem 2.13 hold true and consequently
Theorem A.2 holds not only in formal, but also in analytic category. Introduce

N={AecA,(Muxn): A(z) -x=0}
Nau = {A €A, (Mpxn): Alx) -x=0, Ax) = At(x)}
Nes ={A € A,(Mpyn): Alz) -x=0, A(z) = A'(z), trace A(z) =0} .

To prove that that the assumptions of Theorem 2.13 hold true we have to work with
the equations

A—DpeN (A.8)
A—D¢+Q € Nru, Q=-Q" (A.9)
A—Dop+Q+h-1€Ncg, Q=—-Q" (A.10)

with respect to ¢ € A,(Myx1), @ € Ap(Mpxn), h € A,. The fact that the as-
sumptions of Theorem 2.13 hold true follows from the following proposition.

Proposition A.5. Consider equations (A.8), (A.9), (A.10) with A € AY (Muxn),
i > 2. In the case of equation (A.10) assume that n > 3. Each of these equations

has a unique solution such that D¢ € Aﬁf“)(/\/lnxl), Qe A,(f) (Mpxn), h€ A,(f)
and for some C' > 0 which depends neither on i nor on A one has the estimates

C
o1l < —llAll, [IBI] < ClIA]], [[all < CllA]]

where the norm || - || of a matrix whose entries are homogeneous functions is the
mazimum of the norms of the entries and the norm of a homogeneous function is
the sum of the absolute values of its coefficients.
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The rest of the section is devoted to the proof of this proposition. The proof is
very simple for equation (A.8) and more involved for (A.9) and (A.10), especially
for (A.10). Throughout the proof we will use the Euler vector field

0 0
E = _— —
xlaxl + +x"6xn

Proof of Proposition A.5 for equation (A.8). This equation can be written
in the form A(z) - x — ¢'(x) - x = 0 or equivalently F(¢(x)) = A(z) - x (E(é(z))
denotes the vector (E(¢;(x))i=1,..n). Since A(z) € .A,(f)xn(x) this equation has unique
solution ¢(z) = Z%A(ulc) X € ASH)(.MTLM) which implies Proposition A.5 for
equation (A.8).

Proof of Proposition A.5 for equation (A.9). This equation can be expressed
in the form

¢'(@) = (¢'(2)" — 2Q(x) = A(x) - A'(x)
(¢'(z) = Qx)) x = A(x) - x.
We can exclude Q(x) from the first equation
Q) = 5 (¢/(@) = (¢'(2)' = Alw) + A'(x)) (A1)

The second equation takes the form

(¢/@) + (¢'@)") - x = (A) + A'()) - x (A.12)

Introduce the function
t
U(x)=<¢(x),x> and VU(z) = <g—g, ,%> (A.13)
where < - > denoted the standard inner product of two n-tuples. Note that

¢(x) x = B(¢(x)), (¢'(x))" x=VU(z) - ¢().

Therefore equation (A.12) can be expressed in the form
E(¢) — ¢ = —VU(z) + (A(z) + A'(z)) - x. (A.14)
Take the inner product of this equation with the vector x. We obtain

(B(p(x))),x) —U(x) = —(VU(x),x) + <(A(:U) + At(az)) -X,x> (A.15)
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Note that (E(¢),x) = E(U(xz)) — U(x) and (VU(z),x) = E(U(x)). Therefore
equation (A.15) gives the following equation for U(x):

E(U(x)) - Ulz) = % (Alz) + A'(@)) - x,%) . (A.16)
Since A € AL (Myyxp) it follows { (A(z) + AL(z)) - x,%x) € AT (M 1). Therefore
equation (A.16) has unique solution
Ulx) = ﬁ ((A(x) + At()) - x,x).

Returning to equations (A.14) we obtain that ¢(x) satisfies the equation

B(0(a)) = 6(2) = (@) = 55755V @) )
where
f(@) = (Az) + Al(z)) - x. (A.17)

Since f € Ag D we see that this equations have unique solutions

1 1

¢(z) = —f(z)

i - mv (f(z),x). (A.18)

Thus equation (A.9) has unique solution ¢ € Aﬁf“)(Mnxl), Q € A,(f)(./\/lnxn)
where ¢ is defined by (A.18) and @ is defined by (A.11). The vector function f
is defined by (A.17). We see from (A.17) that ||f|| < Ci||4||. Since (f(z),x) is a
homogeneous degree (i +2) function, it follows ||V (f(z),x) || < C2(i+2)||A||. Here
C1,C5 do not depend on i. Now we see from (A.18) that ||¢|| < %HAH and using
this estimate we see from (A.11) that ||Q]|| < C4||4|| for some C3,Cy which do not
depend on 1.

Proof of Proposition A.5 for equation (A.10) This equation can be ex-
pressed in the form

#(2) ~ (¢/(@) ~2Q(x) = A(x) — A'(2)
(¢'(z) — Q(x)) - x = A(z) - x+ h(z) - x
trace ¢'(z) = trace A(x) + nh(z).

We can exclude Q(x) from the first equation
= (0@) — (¢'@)' — Ala) + A'@)). (A.19)

Qz) =5
Substituting to the second and the third equations we obtain the following system
for ¢(x) and h(x):

(gb'(x) v (¢'(g;))t) -x = (A(z) + A'(x)) - x + 2h(z) - x. (A.20)
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trace ¢'(x) = trace A(z) + nh(z). (A.21)

Our way of solving this system is as follows. We solve equation (A.20) with respect
to ¢(x) in the same way as in the previous subsection. After that (A.21) becomes
an equation for h(z) only. Thus we work with equation (A.20). Introduce, as in
the previous subsection, the function U(z) by (A.13). In the same way as in the
previous section we obtain

E(¢) — ¢ = —VU(z) + (A(z) + A'(2)) - x + 2h(z) - x. (A.22)
Let
f(z) = (A(m) + At(x)) - X. (A.23)
We have
Lf[ < Cal|Al| (A.24)

for some C; which does not depend on i. Taking the inner product of (A.22) with
the vector x we obtain, like in the previous subsection

E(U(z)) = U(x) = 5 (f(z) - %,%) + h(@)(2] + - +a7)
and it follows
1 1
Ule) = gy @) )+ gh@)at +o v )
Introduce
g9(x) =V ({f(z) - x)). (A.25)
From (A.24) it follows
llgll < Ca-i-[|Al (A.26)
for some Cy which does not depend on i. Returning to equation (A.22) we obtain
1
B(6) — 6= J(0) = g so(@) = 75V (@) (o 4o +a) 4 20(a) -

Since
V (h(z) (@4 +22)) = (21 + -+ +22)Vh(z) + 2h(z) - x
and ¢ € ASH)(.MTLM) we obtain

1 1 1, 2

P(x) = gf(x) - mg(m) - m(xl + -+ 22)Vh(z) + T 1h -x. (A.27)
Let ¢(z) = (¢1(x), ..., on(z))t and let
1 1
s(z) = = f (@) = =59(®) = (51(2), .+, 30 ()
i i(i+1)
w(z) = 0s1(x) sy () (A.28)
83:1 axn



From (A.24) and (A.26) it follows
[lw]| < Cs][ Al (A.29)

for some C3 which does not depend on i. We have, for each k € {1,...,n}:

Odi(x)  Osp(x) 2 oh 1 9 5 0%h 2 oh 2
Do~ Om it am et _an)(?x% T o i1
and it follows
1 5 5. [0?h 0?h
trace ¢'(z) = +w(x) — m(ml—i—---—i—mn) <8—x%++8—x% +
2(i — 1) 2n
+z’(i ) E(h(z)) + ; 1h(m)
Since h(zx) € AY we have E(h(z)) = ih(z) and consequently
1 0%h 0?h\ 2(i+n-—1)
t '(z) = — 242y = h .
race¢’ (z) D (x1+---+x5) (835% +- 83:%) p () +w(x)
Now we return to equation (A.21). Let
z:=w —trace A € A,
From (A.29) we obtain
[I2]] < Cul|All (A.30)
for some C4 which does not depend on i. Equation (A.21) takes the form
1 9 o\ (O%h(z) 0?h(x) (n—2)(i—1)
DY DY h =
(A.31)

Now we need the following statement.

Lemma A.6. Let n > 3 and i > 2. For any given z € AP equation (A.31) has a
)

unique solution h € Aﬁf
depend on i.

and one has ||h|| < C||z|| where the constant C does not

This proposition is proved below. Proposition A.5 for equation (A.10) and i > 2
is a direct corollary of Proposition A.6, the formula (A.27) expressing ¢ in terns of
h, the formula (A.19) expressing @ in terms of ¢, and the estimates (A.30), (A.24),
(A.26). Indeed, w is known from A, so is z with estimate (A.30). According to the
previous proposition, h solves (A.31) with estimate ||k|| < C||A||. Since s is known
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from A, so is ¢ (A.27) and it satisfies ||¢|| < $[|A|. Finally, Q is known from A
and satisfies |@Q]| < ||A|| and so does R. To complete the proof of Proposition A.5
it remains to prove Lemma A.6.

Proof of Lemma A.6 Consider the linear operator L; : A,(f) — A,(f),

2 xr 2 € n — 7 —
Li(h):ﬁ(x%Jr"'er%)(%Jr--draa};%))+( fj}l 1)h(m).

The key point is that the operator L; is selfadjoint with respect to Belitskii scalar
product. It is easy to see that this property of L; reduces the lemma to the following
statement: the eigenvalues of L; are bigger than a positive constant which does not
depend on i. We will prove that all eigenvalues of L; are bigger than 1/2.

Consider any eigenvector h(x) € ./\/lggl of L; corresponding to eigenvalue \:

1 9 9. [(0?h(x) n(x)\
Y (21 4 -+ 27,) < o2 +t pren (A= A1) h(x).
_(n=2)(-1)
M=
If ) e 2 = 0 then A = Ay 1F 5 4o - 2 2 0 then h(x) must
1
have the form h(z) = (22 +---+z ) (z), h(z) € 1;12) and it is easy to compute

that h(z) satisfies the equation

(i "1" 1)(m% o) <8Z3LU(;) Tt 825};(2@> =A=XA\ - )\Q)E(aﬁ),
G-+
S

1 22 o 2 — 0 then A = Ay 4+ Ao > Ay TE 22 o 2R 0 then

- 1
h(z) must have the form

h(x) = (@3 + -+ 22)h(z), h(z) e MY,

In this case ﬁ(m) satisfy the equation

1, oy [ 0%h(z) *h(z)\ _ -
- 4(i — 4) + 2n
T+

Continuing in the same way we come to conclusion A > A; for any eigenvalue A of
L;. Since n > 3 and ¢ > 2 we have \ > % for any eigenvalue \ of L;.
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