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APPROXIMATIONS BY SUMS OF HOMOGENEOUS
FUNCTIONS

INMACULADA BALDOMA, ERNEST FONTICH, AND PAU MARTIN

ABSTRACT. We study the computation of local approximations of invariant
manifolds of parabolic fixed points and parabolic periodic orbits of periodic
vector fields. If the dimension of these manifolds is two or greater, in gen-
eral, it is not possible to obtain polynomial approximations. Here we develop
an algorithm to obtain them as sums of homogeneous functions by solving
suitable cohomological equations. We deal with both the differentiable and
analytic cases. We also study the dependence on parameters. In the compan-
ion paper [BFM] these approximations are used to obtain the existence of true
invariant manifolds close by. Examples are provided.
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1. INTRODUCTION

This paper is the second part of our study on the invariant manifolds of parabolic
points for C" and analytic maps started in [BFM]. We refer to that paper for the
motivation and references concerning such setting.

In this set of two papers we provide conditions that guarantee the existence of
stable invariant manifolds associated of such points. We use the parametrization
method [CFdIL03a, CFdIL03b, CFdIL05, HdIL06, HAILO7, HCF*]. The operators
involved in this method are more regular than the graph transform, which is an
advantage in the present situation, where only finite differentiability is assumed.
Also, it often provides efficient algorithms to compute explicitly approximations of
the invariant manifolds. In fact, this is the main purpose of the present paper. To
apply this method we need a minimum regularity to be able to have a polynomial
approximation of the map.

We consider maps F : U ¢ R" x R™ - R"™ x R™, with (0,0) € U such that
F(0,0) = (0,0), DF(0,0) =Id. We assume some hypotheses, to be specified later,
on the first non-vanishing nonlinear terms which imply the existence of some “weak
contraction” in the (z,0)-directions, as well as some hypotheses concerning the
(0, y)-directions that may imply “weak expansion” in these directions (but not
always). The parametrization method consists of looking for the invariant stable
manifold W* of the origin as an immersion K : V ¢ R" - R™ x R™, with K(0) =
(0,0), DK(0) = (Id,0)T, and satisfying the invariance equation

(1.1) FoK=KoR,

where R:V — V is a reparametrization of the dynamics of F' on W?.
The procedure to find such K and R has two steps. First, to find functions K<
and R solving approximately the invariance equation, that is, satisfying

(1.2) FoK%(x) - K*oR(z) = o|]"),

to a high enough order which depends on the first non-vanishing nonlinear terms
of F.

Second, with the reparametrization R obtained so far to look for K as a pertur-
bation of K=. This second step is carried out in [BFM] where, assuming that R
and a sufficiently good approximation K= are known, an “a posteriori” type result
is obtained.

In this paper we obtain approximate solutions of (1.1). This is accomplished
by solving a set of cohomological equations. In the case that the fixed point is
hyperbolic instead of parabolic, it is possible to find solutions of the cohomological
equations in the ring of polynomials, both for K and R (see [CFdIL03a, CFdILO03Db,
CFdILO05]). The same happens when one looks for one dimensional invariant man-
ifolds associated to parabolic fixed points [BFdILMO7].

However, when the parabolic invariant manifolds have dimension two or more,
a simple computation shows that generically there are no polynomial approximate
solutions of the invariance equation. The reason is simple: when looking for poly-
nomial solutions, since the terms of order k are determined in order to kill the terms
of order k + j of some error expression, where j > 1 is related to the degree of the
first non-vanishing monomials in the expansion of F' around the origin, the number
of conditions on the coefficients corresponding to monomials of degree k is larger
than the number of coefficients if the dimension of the manifold is at least 2. In fact,
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the number of obstructions increases with the order k. Of course, it may happen
that these obstructions vanish in some particular examples (like several instances
of the three body problem, see [BFM]), but generically they are unavoidable.

The cohomological equations for the terms of the approximate solutions of (1.1)
can be written as a linear PDE of the form

Dh(x)p(x) - Q(x)h(x) = w(x), zeV cR"Y,

where p, @ are fixed homogeneous functions that depend on the first non-vanishing
nonlinear terms of the Taylor expansion of F' and w is an arbitrary homogeneous
function. Of course, the problem lies in finding global solutions of this PDE. In
this work we prove that, under suitable hypotheses (see H1, H2, H3 and (2.3) in
Section 2.1), the cohomological equations have homogeneous solutions defined in
the whole domain under consideration. Their order is related to the order of w. This
result allows us to find the approximate solutions of (1.1) as a sum of homogenous
functions of increasing order. In general, these functions are not polynomials, not
even rational functions. We deal with both the differentiable and analytic cases. In
the differentiable case there may be a loss of regularity. It is also worth mentioning
that the regularity assumption needed for obtaining R and the approximation are
sufficient to deal with the second stage of the procedure. We remark that our
conditions allow several characteristic directions in the domain under consideration
(see [Hak98, Abalb]).

The structure of the paper is as follows. In Section 2 we present the hypotheses
and main results of the paper. In Section 6 we show that our hypotheses are indeed
necessary, that the loss of differentiability can take place and remark the differences
between the case of one-dimensional and multidimensional parabolic manifolds. In
sections 3 and 4 we prove the main theorems. Section 3 contains the study of the
cohomological equations used in the actual proof of the main theorems in Section 4.
Section 5 is devoted to the dependence with respect to parameters.

2. MAIN RESULT

The main result of this work deals with the computation of approximations of
stable manifolds of parabolic points, expressed as the range of a function K, in
such a way that the invariance condition (1.1), F o K — K o R = 0, is satisfied up
to a prefixed order (see equation (1.2)). We will look for K and R as a finite sum
of homogeneous functions not necessarily polynomials. Each term of these sums
is a homogeneous solution of a so called cohomological equation. We are forced
to look for homogeneous solutions of the cohomological equations because, in this
multidimensional case x € R™ with n > 1, as we will see in Section 4, in general
these equations do not admit polynomial solutions. We also refer to the reader to
Section 6 where several examples are studied.

In addition, we also study the dependence on parameters of the solutions of the
cohomological equations (see Section 2.3).

At the end of this section, we present the result about approximate solutions of
the invariance equation in the vector field case.

2.1. Set up and general hypotheses. The context we present here is the same
as the one in [BFM], which we reproduce for the convenience of the reader.
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Let U c R™ x R™ be an open set such that (0,0) € U and let F: U - R"™"™ be a
map of the form

oo e (JUENTEN ) remiern

where p and ¢ are homogeneous polynomials of degrees N > 2 and M > 2 respec-
tively, D' f(z,y) = O(|(z,y)|"*'™") and D'g(z,y) = O(||(z,y)|***7!) for 1 = 0, 1.
Clearly (0,0) is a fixed point of F' and DF(0,0) =1d.

Since the degrees of p and ¢, N and M, respectively, need not to be the same,
we introduce

L =min{M,N}.

We denote by 7, (x,y) =« and m,(x,y) = y the natural projections and by B,
the open ball centered at the origin of radius o > 0. However, to simplify notation,
we will often denote the projection onto a variable as a subscript, i.e., X, =7, X.

Now we state the minimum hypotheses to guarantee that the cohomological equa-
tions we encounter can be solved and consequently, we are able to find approximate
solutions up to the required order.

Given V c R” such that 0 € 9V and o > 0, we introduce

(2.2) Vo=V B,

In this paper we will say that V' c R" is star-shaped with respect to 0 if 0 € 9V and
for all z e v and A€ (0,1], Az e V.

Take ¢ > 0, norms in R™ and R™ respectively and consider the following con-
stants:

|z +p(z,0)] - || Ip(,0)||
a, = - sup , by = sup )
T e, |z ¥ A
|1d + Dyp(x,0)[ -1 |1d = Dop(z,0)] -1
A, =—su , B, =su )
A N A LS
@3 I1d - Dyq(x,0)] - 1
= —su ,
e, el
[ it B0, L it a,<0,
b by, otherwise ’ P by, otherwise,

where the norms of linear maps are the corresponding operator norms. We empha-
size that all these constants depend on p

We assume that there exist an open set V c R”, V star-shaped with respect to
0, and appropriate norms in R” and R™ satisfying, taking o small enough,

H1 The homogenous polynomial p satisfies that
ap > 0.

If M > N, we further ask A,/d, > -1.
H2 The homogenous polynomial g satisfies g(x,0) = 0 for z € V,, and

Dy,q(z,0) is invertible Vz € V,\{0}, it M <N,

B A
2+q>max{1—p,0}, if M = N.
Cp dp
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H3 There exists a constant ay >0 such that, for all z €V,
dist(x + p(z,0), (V,)°) > av ||V

We emphasize that H1-H3 are asked to be satisfied not in a neighborhood of
the origin but in V,. As usual in the parabolic case, a stable invariant manifold
is defined over a subset V such that 0 € 9V. It may happen that the manifold is
not defined in a neighborhood of the origin. However, some regularity at the origin
may be retained. For this reason we introduce the following definition.

Definition 2.1. Let V c R! be an open set, xg € V and f: V u{zo} c Rl - R¥,
We say that f is C' at xq if f is C* in V n (Be(x) \ {20}), for some ¢ >0 and
limy .z, zev Df(x) exists.

Finally we introduce some notation. Given I,k,¢ ¢ N and an open set U c R!
such that 0 € OU UU, we define

H2 = {h e CO(UR") « forueld, |h(u)]|=0(|u]*)},
H = {heCOURF) : forueld, |h(u)]=o(]u]’)},
HE = {heCO(U,RF) : VAeR, Vueld, st. Aueld, h(hu) = Xh(u)}.

To simplify notation, we skip the reference to [,k and U, which will be fixed and
clearly understood from the context.

2.2. Approximate solutions of the invariance equation for maps. In this
section we present two results. The first one is about the existence of approximate
solutions having the “simplest” form. The other one (which can be useful in some
applications) is about the freedom we have for solving the cohomological equations.

As we will prove in an algorithmic way, even when F' is an analytic function, we
can not, in general, obtain C* approximations of the stable manifold, unlike the
hyperbolic case. For instance, if A, < d, and M > N, we obtain C™-regularity of
these approximations, where 7, is given by

A B
max keN:( —dp)k:<2+q}7 if M =N,
(2.4) Ty = v »
max ]<;€N:(1—dp)k;<2}7 if M >N.
P

Theorem 2.2. Let F : U c R™™ — R™™ be defined in a neighborhood of the
origin and having the form (2.1). Assume that F € C", with r > N, and satisfies
hypotheses H1, H2 and HS3 for some o9 > 0. Then, for any N < { < r there exist
0<o0<900 and K :Vy—U and R:V, — V, such that

(2.5) FoK-KoRe#"

In addition, we can choose K and R as a finite sum of homogeneous functions
K7 eH! and R? € H? (not necessarily polynomials), of the form

£-N+1 {-L+1
Ky(z)=z+ ) Ki(z), Kyz)= ) Ki(),
=2 =2

(26) min{¢,0,}

R(z)=xz+ Y, R!(x)

=N
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with RN (z) = p(x,0), L =min{N, M} and ¢, defined by

N-1+[2e g (1-42)], if Ay <by and M > N,
2.7) L={N-1+ ’j;] if Ay>b, and M > N,
‘, M <N.

Moreover, K and R extend to V by homogeneity of their terms. The functions
Ki(x), with 1 =2,---, €, — N +1, can be chosen arbitrarily, in particular, equal to 0.

Concerning the regularity of the approzimation of the parametrization we have
that K and R are C' at the origin in the sense of Definition 2.1. Finally,

(1) if either Ay, >d, or M < N, K,R are analytic in a complex neighborhood
of V,

(2) if Ap =dp, K,R are C* functions on' 'V,

(3) if Ay <d, and M > N, K,R are C™ functions on V where r. is defined
in (2.4).

Remark 2.3. We will see in Lemma 3.6 that Bp/a, > N. Indeed, Bpp in that
lemma corresponds to —Bp, in (2.3).

Remark 2.4. In [BFM] it is proven that under the hypotheses H1, H2 and HS3,
there exists an exact solution K, R of the invariance equation (1.1). In addition,
if K= is the function provided by Theorem 2.2 for some £ big enough, then K has
the form K=+ K> with K> ¢ H>**N*1. Even more, assuming that A,, B, >0 and
the hypotheses of the theorem, the stable set is a manifold which is the graph of a
differentiable function ¢ which can be approzimated by 7, K o (1,K)* in the sense
that ¢ — 7, K o (1, K)™ 1 e H>*E+1,

Remark 2.5. As we will see in the proof of Theorem 2.2 in Section 4.4, we can
choose different strategies in order to get R as a sum of homogeneous functions of
degree less than £.. However, not for all strategies the obtained regularity will be
optimal.

Remark 2.6. The results stated in Theorem 2.2 hold also true if, instead of as-
suming that F' is a C" function in an open neighborhood of the origin, we assume
that F' can be written as a sum of homogeneous functions which are C™ in V, that
is F' has the form:

FT(x,y) =T +p(gj7y) + FéVJrl(xvy) +oee +F;($7y) +F3:>T(z7y)7
Fy(z,y) =y +q(z,y) + F} (@,y) + -+ F) (z,y) + F," (z,y),

where all the functions are C" in V, pe HN, q e HM, Fg,FyJ eH’ and F;T,F;T €
H>’l"'

An alternative point of view is the following result:

Theorem 2.7. Assume the same hypotheses of Theorem 2.2. Let N < { <r and
Kl eH! for1=2,--, £~ N +1. Then for any function K, :V —R"™ such that

(-N+1
Ky(z)-z- ), Kl (z) e N1
=2
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satisfying the regularity statements for K of Theorem 2.2, there exist 0 < o < oo and
R:V, >V, and K, :V, - R™ of the form

¢ ¢—L+1
R(z) =2 +p(z,0) + l_; 1Rl(nc), Ky(x) = I_Z; Ké(ac)

with R € Hl,Kf} e H!, such that Fo K — K o R e H>* with K = (K, Ky). Moreover
the regularity statements are the same as the ones in Theorem 2.2 and K and R
can be extended to V.

2.3. Dependence on parameters. Let A c R™ be an open set of parameters,
U c R™™ be an open set and V as in Section 2.1. Assume that F': U x A - R™*™
are maps having the form (2.1) for any A € A, i.e.:

z+p(z,y,\) + f(z,y,\)
(2.8) F(x,y,A):( y+}q7(x7gy/,)\)+g($737>\) )

For any fixed A € A the constants in (2.3) are well defined and depend on .
We denote this dependence with a superindex. As we did in [BFM], we redefine
the constants A,,ap,, etc. by taking the supremum over V, x A instead of V,. For
instance,

[Id + Dyp(z,0,A)| -1

A, =inf A =—  sup
: (Ed R

)=
AeA (2,M)eV,xA

We note that, assuming H1, H2 and H3 for any A € A we already have the
existence of approximate solutions K. To obtain uniform bounds, and therefore
continuity and differentiability, with respect to A € A we need to assume

HAX Hypotheses H1, H2 and H3 hold true uniformly with respect to A, namely,
all the conditions involving the constants ay,bp, Ay, By, dp, cp, By, ay hold
true with the new definition of these constants.

From now on we will abuse notation and we will write that a function h depending
on a parameter y1, belongs to H>* if h(z, u) = O(||z|*) uniformly in p. Analogously
if h e H>*. Moreover, h € H' will mean that h is homogeneous of degree ¢ for any
fixed pu.

The differentiability class we work with was introduced in [CFdIL03b] and is also
used in [BFM]. For any s,r € Z* = Nu {0}, we define the set

Ser={(,§) € (Z") i+ j<r+s, i<s)
and for U c R! x R"’, the function space
CPor={f:U->R" :V(i,j) ey,

(2.9) o
D, D1 f exists, is continuous and bounded}.

Theorem 2.8. Let F € C¥s be of the form (2.8) with r > N satisfying HX\ for
00>0. Let £ €N be £ <r as in Theorem 2.2.
Then the functions K :V x A > R™™ gnd R:V x A > R"™ given by Theorem 2.2
satisfy:
(1) If either A, > d, or M < N, K,R are C° with respect to A € A and real
analytic with respect to x € V. In addition, if F depends analytically on
A€ A, the functions K, R are real analytic in V x A.
(2) If A, =d, then K,ReC*= in V x A.
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(3) If Ay <d, and M > N, then K, R € C¥s+r+==+ in V x A where r, is defined
in (2.4) and s, = min{s,r.}.
If K, : V x A - R"” is of the form given in Theorem 2.7 and satisfies the above
regularity statements, then the functions R:V x A - R" and K, : VxA - R™
provided by Theorem 2.7 satisfy the same statements.

2.4. Approximate solutions of the invariance equation for flows. We de-
duce the analogous results to Theorems 2.2 and 2.8 in the case of time periodic
flows. It is worth to mention that we could deduce some results for flows from
the previous ones using the Poincaré map. Nevertheless we prefer to give explicit
results because, as we will see in Section 4, we can construct the approximate so-
lutions without computing neither the Poincaré map nor the flow, which turns out
to be very useful in applications.

In the case of flows, to shorten the exposition, we deal with the parametric case,
being the free parameter case a straightforward consequence.

Let U c R™™ be a neighborhood of the origin, A c R" and X : U xR x R" -
R™™ a T-periodic vector field

(2.10) 2=X(z,1t,A), X(z,t+T,\) = X(2,t,))
such that

~ _ [ p(z,y,A) + f(z,y,t, M)
(2.11) X(zt,) = X(z9,8,2) _( 9(z,y,A) +g(z,y,1,A) )

where p and ¢ are homogeneous polynomials of degrees N > 2 and M > 2 respec-
tively with respect to (z,%), and f(z,y,t,A) = O(|(z,»)|¥*) and g(z,y,t,\) =
O(|(z,y)|M**) uniformly in (¢,\) e R x A.

If we want to deal with the invariant manifolds of parabolic periodic orbits, we
translate the orbit to the origin and we get a vector field of the form (2.11).

From now on, in the case of flows, the spaces H>*, H>*, #¢ will be the analogous
to the ones in Section 2.1, respectively Section 2.3, with a T-periodic dependence
on t and with uniform bounds with respect to A € A.

Let ¢(s;to,z,y,A) be the flow of (2.10). The condition that the range of a
function K, depending on (z,t, \), is invariant by the flow of the vector field (2.11),
analogous to (1.1) for maps, is

(2'12) Lp(s; t? K(x7t7 A)7A) = K(w(s;t’x7A)7s7 A)’

for some function . In the above equation the unknowns are K and . However,
if ¥(s;t,x,\) is the flow associated to some vector field Y (z,¢,A), the invariance
equation (2.12) is equivalent to its infinitesimal version

(2.13) X(K(z,t,)),t,\) = Do K (2,6, )Y (2,6, \) + 0. K (2,1, \),

where D, denotes the derivative with respect to x.

Next theorem asserts that equation (2.13) can be solved up to certain order
using functions belonging to C*+"+ for some s’ and r’. For technical reasons we
will consider separately the differentiability with respect to (z,y) and (¢,\). That
is, in the definition (2.9) of C*¥:~ we take z = (x,y) and u = (¢, ).

Theorem 2.9. Let X : U xR x A - R™™ be a vector field of the form (2.11)
with U an open neighborhood of the origin. Assume that X € C¥>7 and it satisfies
Hypothesis H\ for some 09 >0 and V as in Section 2.1.
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Then, for any N < £ <r there exist 0 < 0 < go, K : V, xRx A - U, T-periodic
with respect to t, and Y : Vo x A = R"™ such that

(2.14) X(K(x,t,)),t,\) = Do K (2, t, \)Y (2, ) — 0. K (x,t,\) e H>*.

In addition, we can choose K andY as a finite sum of homogeneous functions
K7 e H? and Y7 € H? with respect to x (not necessarily polynomials), of the form

‘ ‘
Kﬂ?(xa t, )‘) =T+ Z K:lb(xv t, >‘)7 Ky(ZL'7 t, )‘) = Z ng(xa t, )‘)a
=2 =2
min{¢,¢, }
Y@= ) Y\
I=N

with YN (2,A) = p(2,0,)), L =min{N, M} and ¢, defined in (2.7). The functions
Ki(x,/\), with [ = 2,--- 4, = N + 1, can be chosen arbitrarily, in particular, equal
to 0. Moreover K and'Y can be extended to V by homogeneity.

Concerning reqularity we have that K andY are C* at the origin in the sense of
Definition 2.1 . Finally,

(1) If either A, >d, or M < N, K,Y are real analytic with respect to x and C°
with respect to (t,\). In addition, if X depends analytically on (t,\) € RxA,
then K,Y are real analytic in V xR x A,

(2) If Ay = dp, K.Y are C*™ with respect to x and C* with respect to (t,\).
Moreover, if X € C*, then also K,Y eC*™.

(3) If Ap <d, and M > N, K,Y belong to C¥=+==+ with s, = min{s,r.} and
r. defined in (2.4).

Remark 2.10. Notice that the vector field Y can be chosen as a finite sum of
homogeneous functions independent of t.

The rest of this paper is devoted to prove all these results. We first deal with the
map case in the non parametric setting. In Section 3 we study the existence and
regularity of global homogeneous solutions of a partial differential equation which
is a model for all the cohomological equation we need to solve. Then, we prove
Theorems 2.2, 2.7 and 2.9 by following an induction procedure with respect to the
degree of differentiability. After that we deal with the dependence with respect to
parameters. Finally we provide several examples to illustrate that our hypotheses
are necessary to obtain approximate solutions and our results are (in some sense)
optimal.

3. THE COHOMOLOGICAL EQUATION

Let V c R™ be an open set, star-shaped with respect to 0 and p : R* - R*,
Q:R" - L(R* R*) and w : V - R¥ be such that p e HV, Q e HV !, w e H™N
with NV >2 and m > 1.

Note that p, Q are determined by their restriction to an arbitrary small neigh-
borhood U of the origin. In particular if they have some degree of regularity in U
they have the same regularity in the whole space.

The linear partial differential equation

(3.1) Dh(z)-p(z) - Q(x) - h(z) = w(x)

for h: V — RF appears when we try to find approximations of K and R as sums of
homogeneous functions. We are interested in solutions h € H™*L.
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Let V,, be defined as in (2.2). Along this section we assume the following con-
ditions for some gg > 0:

HP1 pis C! in V,, and

|z +p@@)] - ||

> 0.
(E2R

(3.2) ap = -

€V,

HP2 There exists a constant a}, >0 such that
. c
dist(z + p(z), (Vo)) 2a€|\x|\N, Vo eV,,.
In the applications in this paper, p and Q will be polynomial functions.

Remark 3.1. If hypotheses HP1 and HP2 are satisfied for some gq, then they also
hold for 0 < o < gg. As a consequence, we are always allowed to consider o small
enough (see Lemma 3.7).

We define the constants bp, Ap, Bq, Aq, ¢p and dp by,

Ip(2)] |Id + Dp(z)] -1
by = , A, = - sup ,
Poaevy, lzIN e, el
I1d - Q(z)] -1 [1d+Q(z)] -1
Bg=-sup ——————, A= sup ——————,
(3:3) AT AR
o - ap, if Bq <0, 0o - ap, if Ap <0,
P bp, otherwise. P bp, otherwise.

Next we introduce two ordinary differential equations which will play a key role
in the proof of the results of this section. The first one is

dx
34 = = .
(3.4) = p()
We denote by ¢(t, ) its flow. The second one is the homogeneous linear equation
dip
(35) 1) = Qo) (t,2)

and we denote by M (¢, z) its fundamental matrix such that M (0,z) =1Id.
Using uniqueness of solutions of (3.4) and homogenity,

(3.6) o(t, Az) = \p(AN "1t 2), M(t, x) = MOAN "1t )

wherever they are defined.
In order to deal with the analytic case, we define the norm | - | in C™ as

|z]| = max{[Re x|, [Imz|}.
We define complex extensions of V' and Vj:

Q(y)={xeC":Rex eV, |Imz| <~v|Rex|},
Q0,7):={zxeC":RexeV,, |Imz| <y|Rez|}.
Our analyticity results will be over solutions defined on a complex set Q(~) with a

suitable choice of . We note that, if = € Q(y) with v < 1, then |z| = |Rex|. We
will use this fact along this work without explicit mention.
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Theorem 3.2. Let p e HY and Q e HN™! be defined in an open set U of R™ and
w e H™N defined on an open set V' star-shaped with respect to 0, with N > 2 and
m > 1. Assume that p satisfies hypotheses HP1 and HP2, for some g9 > 0, that

P, QareC”,r>1, inU and w is a C" function in V.
Then, if

B A
(3.7) m+1+Q>max{1—p,0},

Cp dp

there exists a unique solution h € H™' of equation (3.1) which is given by:

(3.8) h(x) = [: M (t, z)w(e(t,z))dt, zeV.

Moreover it is of class Ct on V.
Concerning its regularity we have the following cases:
(1) Ap>dp. If1<r<oo, then h isC" in V.
(2) Ap <dp. Let rg be the mazimum of 1 <i<r such that
B A
(3.9) m+1+Q—i(1—p)>0.
Cp dp
Then h is C™ in V.
(3) Ap >dp. If p,Q,w are real analytic functions in Q(vo) for some o then
h is analytic in Q(7y) for v small enough. In particular it is real analytic
mV.
Remark 3.3. As we will see in Lemma 5.9 below, by Hypothesis HP2, Vy, is
positively invariant by the flow ¢, but it may happen that V is not. However since
V' is star-shaped with respect to the origin, V. c V5 ={tx : t>0, x € V,,}, V, is
positively invariant by ¢ and the formula (3.8) makes sense with w understood as
the unique extension of w to V, by homogeneity.

Remark 3.4. We notice that the condition m + 1 + li—Q > max{l - %,O} 18 auto-
matically satisfied if Bq, Ap > 0.
Corollary 3.5. Assume the conditions of Theorem 3.2. Letv e N. Ifv+Bg/cp >0,

then equation (3.1) has a solution h : V — RF belonging to H”, if and only if the
integral

0
f MYt 2)w(p(t, ) dt
is convergent for x € V.

We postpone the proof of these results to Section 3.3. First we establish some
preliminary estimates.

3.1. Preliminary facts. This section deals with some basic facts that will be used
henceforth without mention.

Lemma 3.6. The constants Ap, Bq,ap, bp and Aq are finite. They satisfy |ap| <
bp, ap > Ap/N, Bq < Aq and —Bpp > Nap > 0.

Proof. The triangular inequality and the homogeneous character of p and Q im-
ply that the constants are finite. Relation |ap| < bp is also a consequence of the
triangular inequality.
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From the definition of Ay, we have that
1 1
o +p(@)| <ol [ [1d+DpO)dr< o] [ (1= ApA¥ | ¥) dA

(3.10) = ol (1- 221e1%7),

therefore ap > Ap/N.
As for Aq and Bq, we notice that

[1d - Q(2)?] < [1d + Q(2)] - |1d - Q(z)| < (1 + Aql| ") (1~ Ba|«|™™).
Since ||Id - Q(z)?]| > 1~ |Q(x)|?, there exists some constant K >0 such that
1-K[z|*™ <1~ (Bq - Aq) ||V~ - AqBa «[*V V.
Then, Bq - Aq < (K - AqBq)|z|"~! and we get Bq - Aq <0 taking = — 0.

For the last claim, we note that, as we prove in (3.10),

Bp _
Jo = p(@)] < laf (1= =22 ol .

Since V,, is invariant we apply the above inequality to = + p(z) and we obtain:

B
L o+ p(a)| Y1)

We note that |z +p(z)| < [z](1-ap|z|V"). Therefore, by (3.11)

(311 Ja+p@) - p(o+p()] < Jo+p(o)] (1-

Jo +p(e) = pa + p(e)) | < ] (1 ap + 222 ) ol Rl 2.
In addition
Jo+p() - e+ p(@)] = e~ [ Dpla+ sp())pla) ds

Then, again from (3.11), taking K = K; + K5 we obtain

Bpp
N
which gives the result taking x — 0. O

> |2 (1 - Ky *72).

K|V < —ap -

The following lemma ensures that we can take ¢ as small as we need.

Lemma 3.7. Let 0 < 9 < p. Denoting by Tp,@,g,%,% the values of the
constants Ap,ap,bp, Aq, Bq corresponding to o, we have that

Ap > Ap, @p>ap, bp=by, Aq<Aq, Bq > Bq.
Then, for x € V3,
1d + Dp()| < 1- Ap[e|™, o+ p(@)] < ol (1 - apla| ¥ ),
[1d +Q(z)| < 1+ Aq|=|¥!,  [1d -Q(x)] <1~ Bqlz|¥.

In addition, if HP1 and HP2 are satisfied for o > 0, they are also satisfied for all
0<o<o.
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Proof. Indeed, let 9 < p. The relations among the constants follow from the fact
that V5 c V, and (only for by) p is a homogeneous function. Since b, does not
depend on p, HP1 is satisfied for . Now we deal with HP2. Let x € V5 and let
z € OV5 be such that

dist(z + p(z), (V5)°) = |z + p(z) - 2|.
We have two possibilities: either z € 9V, or z € V, and |z| = ¢. If 2z € 9V, then
since x € V,, by HP2 we have |z + p(z) - z|| > a}|2|". Finally, if |2| = 5 we have
that 2z = A(x + p(z)) with A = 9|z + p(z)|™ and by HP1 and the definition of ap
in (3.2),

lo+p(2) = 2] =2~ |2+ p(@)]| > 2] - |z + p(2)] > ap =] ™.

Next lemma will be used in the analytical case.

Lemma 3.8. Let o,y > 0.
(1) If x € Qo,7) and x : Q(0,7) = C" is a real analytic function belonging to
H' then
x(z) = x(Rex) +iDyx(Rez)Imz + v*>O(||z]).

(2) If HP2 is satisfied and Ap > by, then there exists o € (0,1) such that for
any 0 < v < v, the complex set Q(0o,7) is an invariant set for the map
x—z+p(x).

Proof. Ttem (1) follows from Taylor’s theorem, Cauchy-Riemann equations and the
fact that x is a real analytic function.
A property similar to (2) was proven in [BF04]. From (1), if z € Q(p,7),
z+p(z) =z +p(Rex) +iDp(Rex)Imz + 20|z ™).
On the one hand we have that, by hypothesis HP2,
(3.12) dist(Re (x + p(x))7 Vo) ay, lz|N = ~20(|z|V) >0

which implies that Re (a: + p(ac)) € V,, and on the other hand, using (3.12) and the
definitions of Ap and by, we have

[Tm (z + p(2)) | = v[Re (2 + p(2))] < ¥(bp = Ap + O(3))[Rez | <0
provided <y is small enough. O

3.2. Properties of ¢(t,z) and M(t,x). In this section we describe some prop-
erties of the solutions of equations (3.4) and (3.5). We will denote by K a generic
positive constant, which may take different values at different places. Also let
1
o= ——.
N-1
Lemma 3.9. Assume hypotheses HP1 and HP2 for oq > 0. Then:

(1) There exists o1 < go such that for all 0 < p < p1, V, is positively invariant
by the flow .

(2) Assume that Ap > by, and that p has an analytic extension to Q) for
some 0 <~y < 1. Then there exist 0 < 01 < go and 0 < vy <~y such that for
any 0< o< 01 and 0 <y < 1, the set Q(o,7) is invariant by the complexified
flow, i.e. p(t,x) e Q(o,7), fort>0 and z € Q(p,7).
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Proof. We first prove item (2). Since ¢(t,0) = 0 for all ¢ and ¢ is C!, we have that,
for some v > 0 and p small enough

(3.13) lo(t, )| < K|z|,  te[0,1], 2 €Q(o,7).
By Taylor’s theorem,

B18)  p(a)=aeip()+ [ (- 9)Dple(s2)ple(s ) ds
and using that p € #Y, (3.13) and (1) of Lemma 3.8 for x = p, we get for 0<¢ <1
(3.15) |Reg(t, ) = (Rex + tp(Rex) )| < K ||Vt + K|z *V 2.
Let z € Q(p,7). The fact that Rex € V,, (3.15) and HP2 imply that
dist(Re o(1,z), (Vg)c) >dist(Rez + p(Rez), (V,)°)
- |Rex + p(Rex) —Rep(1,z)|
>dist(Rez + p(Rex), (V,)°) - V2K |z|N - K|z|?N !

p
N N N-1_ @ N
2al || -V K|z|Y - K|z|*V 7 2 %Hxl\

if g,y are small enough. We have proven that if z € Q(o,7) then Rep(1,x) € V.
In equility (3.6), take the values ¢ = 1, A = t* with ¢ € (0,1] and = € Q(p,7).
Then

p(t, ) =t"p(1, t%).
Since t“x € Q(0,7) if € Q(0,7), we already know that Rep(t,z) € V. Moreover,
by (3.15), taking p,~ small enough and using that |Rez| = |z|,

[Re (L, t%2) | < ¢z (1~ tap || V" + Kty o] ¥ + K22 *N7D) <12,

and consequently |[Rep(t,z)|| < ||z|| = |[Rex| < ¢. This implies that Rep(t,z) € V,
if t € [0,1]. Now, from identity (3.14), using (1) of Lemma 3.8 and the definitions
of by and Ap, we deduce that

IRe (t, x)| > H(Rex-ktp(Recv))H _'72K||33|‘Nt—KH:L‘H2N_1t2
(3.16) > |Rez|(1 - thp|Rez| V") - /K |z |Vt - K|z |*N '3,
Imp(t,z)| < ||(Id + tDyp(Rez))Imz| + V2K |z|Vt + K||z|*N 14
I ot )] < I p y
<Mmazl(1 =tA |Rez|V 1) + V2K | 2|Vt + K|z |2V 142,
ITm | ( p v
Therefore, since Ay > by, taking g, small enough,
VIRe ()] - [Tmp(t,2)] 2 0.

As a consequence ¢(t,z) € Q(p,7) for all t € [0,1]. Finally we extend this property
to t > 1 by using inductively that ¢(¢,2) = (1, o(t - 1,2)). Note that in this part
we have not to reduce the values of p,~.

A shorter but completely analogous argument proves (1) assuming neither that
p is analytic nor Ap > bp. O

Lemma 3.10. Assume that HP1 and HP2 are satisfied for some oy > 0. Let
O<a<ap and b>by. Then, for anyt>0 and z eV,
||
(1+ (N = 1)bt]|N-1)"

Edl
(1+ (N - Dat|z|N-1)"

< et )] <



INVARIANT MANIFOLDS OF PARABOLIC FIXED POINTS (II). APPROXIMATIONS BY SUMS OF HOMOGENEOUS FUNCTIO

If Ap > bp and p has an analytic extension to Q(yo) for some o < 1, for any
0<a<ap and b> by there exists v <~y such that for t >0, ¢ is analytic in Q(y)
and the previous bounds are true for x € Q(7).

Proof. The definitions of ap and by, in (3.2) and (3.3), respectively, imply that for
any x €V, and t € [0,1],

(3.17) Jal (1= tbp 2] V") <l + tp(2)] < 2] (1 - tap || V7).

Indeed, the inequality involving by follows from the triangular inequality. For the
right hand side inequality, let = € V,. Since V,, is a star-shaped set, for any ¢ € (0, 1],
t%x € V, and hence,

e+ p(ea)| — ftoa] _ o+ t* ™ Dp(a)| - [z
"o [t | te V=D |V '

The result follows because a(N - 1) = 1.

Let now z € Q(p,7), with p and ~ given by Lemma 3.9. The real case, x € V,,
is obtained taking v = 0. By Lemma 3.9, ¢(t,x) € Q(p,v) and hence |p(t,z)| =
|IRep(t,z)|. Then from (3.16),

lo(t.2)| 2 ] (1= bptle |V 9 K ||V ~ 2K 22V 7?)
and from (3.15) and (3.17)
lo(t.2)| < el (1 - aptfa|™" + ty? K2V + 2K 2 |*¥72).
To obtain the bound for (¢, x)|, t € [0,1], we only have to take into account that,
since ap > a and by, < b, if o, are small enough,
[Ed]
(1+a(N - D)t|a|N-1)"
=
(1+b(N - 1)t|z|~-1)*

HJCH(l —apt”xHN—l +t’yQKHxHN_1 +t2KHxH2N_2) <

Jel (1= bptfa| ¥~ 2 K |V - 2 K PV %) >

Finally we are going to check that the results follow for any ¢ > 0 and x € Q(g,7).
In fact we will check the inequality involving a, being the other one analogous. We
have already seen that if ¢ € [0,1] the inequalities are true so we can proceed by
induction assuming that the result is true for ¢ € [0,{] with [ € N. We introduce
the auxiliary differential equation x = —ax”, x € R, and its flow x(¢,&), £ € R.
By induction hypothesis |¢(t,2)| < x(¢,|=||) if ¢ € [0,1]. Moreover, by Picard’s
theorem, if &1 < &5 then for all ¢ > 0, x(¢,£1) < x(¢,£2). Consequently, by using that
Q(0,7) is invariant by the flow ¢, for any s € [0,1] and ¢ € [0,1], we have that

lo(t+s,2)| = ot o(s,2)) | < x(t le(s,2)]) < x(t,x(s, [2])) = x(t+s, |z])

and the induction is completed.
Let z € Q(v) and A > 0 small enough such that Az € Q(9,7). From (3.6),

1 t
o(t,x) = XQO(WJ\I)

and from this expression, the bounds for ||p(s,)| in Q(g,v) extend to Q(v).
In the real case since y = 0, the result is valid for any 0 < a < ap and b > b, and
we obtain the same bounds with a = ap and b = bp. ]
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Lemma 3.11. Assume that HP1 and HP2 are fulfilled for some o9 > 0. Let 0 <
a<ap, b>by, A>Aq and B < Bq. Then, for all x €V and t > 0, we have the
following bounds

(o]
6N

(L+e(N = 1)t||¥)" <[ M(t2)] < (1+6(N - 1)t ¥1)*

(1+8(N = D)t|z|¥ )7 < M7 (¢t 2)| < (1+ (N -1)t|z|V )

—al
with

(3.18)

{m if B<0, {m if A>0,
c= 1)

b, otherwise. B b, otherwise.

If p and Q have an analytic extension to Q(vyo) for some v <1, and Ap > bp,
then for any 0 <a < ap, b> by, A> Aq and B < Bq there exists v <o such that,
for t >0, M(t,x) is analytic in Q(vy) and the previous bounds are also true for

z€Q(v).

Proof. By Lemma 3.9, the condition Ay > by implies that there exist ¢ > 0 and
v > 0 such that the set Q(p,7) is invariant by ¢ if  is small enough provided that
p has an analytic extension to 2(o,7v9). This will be the only place where we use
the condition Ap > bp. For that reason we will perform our computations in the
analytic case, the real case being just a direct consequence by taking v = 0.

Let x € Q(0,7). First consider the auxiliary differential equation

{=(1d + Q(e(t,2)))¢

and denote by x(¢,x) its fundamental matrix satisfying x(0,z) = Id. We notice
that x(t,z) = e’ M (t,x). Moreover,

t
x(t,x) =1d + f (Id + Q(gp(s,x)))x(s,x) ds.
0
Hence, by the definition of Aq and Lemma 3.8, we have that

Ix(t2) <1+ fot ITd + Q(e(s,2))[[[x(s, )| ds

<1+ 1+ (Aq+ K le(s, )1V (s, ) ds.

Writing A = Aq + Ky and using Gronwall’s Lemma,

eyl <exp( [ (1 Al ) ds) = etexp (4 [ ot )Y ds).

By using that x(¢,z) = e! M (t,x), we obtain that

(3.19) M) <exp (4 [ ol o)V du).

In the real case, i.e. when z €V, = (p,0), we can take A = Aq.
Let us consider the differential equation

¢=(1d - Q" (p(t,x)))C.

We have that its fundamental matrix ¥ (¢, ) such that ¥(0,2) = Id is ¢¥(t,z) =
e! M~7(t,x), where here we have written M~ = [M~1]". Indeed,

P(t,x) ="M (tx) + e M (1 2) = 9 (t ) - QT (o(t, 7))o (t,2).
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Now we have that
t
Glta) =1d + [ (1d - Q" (w(s5,2)))(s,0) ds.
0
We transpose the above equality and take norms to obtain

[Tt 2) | <1+ fot I1d - Qe (s, 2)) [ |17 (5, 2) | ds.

Finally using the definition of Bg, Lemma 3.8 and Gronwall’s Lemma we conclude
that

o)l <esp( [~ (Ba = K los )] ds)

- clexp(~(Ba - K7) [ lio(s.) |V ds)
and, as a consequence, since ¥" (t,x) = e! M~1(t,2) we have that
(3.20) I k)l <o (B [ oG]V au),

where we have taken B = Bq — Kv. In order to bound fot lo(u, 2) |Vt du we use
the bounds in Lemma 3.10 obtaining

t t L
N-1 N-1
, du < [ ¢
Jo Totws o du s el [ s du

1
=——1 1 N - 1)t|z|V !
ey e 1+ (¥ = el ™),
[ le ) duz 2N [ : du
0 ’ - o 1+b(N - Dufz|N-1

1
= ————log (1+b(N - L)t]|¥ ).
sy s (L bV = el ™)
We recall that by Lemma 3.6, Bq < Aq. To obtain the inequalities in the statement
from (3.19) and (3.20) we distinguish three cases according to the signs of Aq, Bq.
The first case is Bq > 0. Let 0 < B < Bq and A > Aq. We take 0 <7y, < 79 such
that 0 < B< Bq - Kv; and A> Aq + K~;. Then, if 0 <y <y,

A

[M (8, 2)] < (1+a(N =1tz ¥7H) =D,
-B

[M7H ()| < (1+b(N = 1)t V)P0,

The remaining inequalities follow from |[M~1(¢,z)| > ||[M(t,2)| ™. The other two
cases, Aq <0 and Bq <0< Aq, follow analogously.

Using the identity (3.6) M (¢,z) = M(/\_N+1t,/\m), the inequalities extend to
Q(v). Note that in the real case we can take A = Aq, B = Bq, a = ap and
b= bp. O

3.3. Proof of Theorem 3.2. We begin by checking that if h : V — RF is a
differentiable solution of (3.1) in H™*!, it has to be given by formula (3.8) given in
Theorem 3.2, i.e.

h(x) = LOM_I(t,x)W(gp(t,x))dt.
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Indeed, let h € H™*! be such that
Dh(z)p(z) - Q(z)h(z) = w(z).
We define pu(t,x) = h(p(t,z)) and we have that

fi(t,z) = Dh(p(t, z))p(e(t,2)) = Qp(t, x)) u(t, z) + w(p(t, z))
and then, since p(0,z) = h(x),

u(t,x) = M(t,7) (h(x) ; fot M (s, 2)w(o(s,2)) ds).

Note that, with ¢ given by Lemma 3.9, if z € V,, ¢(s,x) € V, for all s > 0. The
hypothesis (3.7), Lemmas 3.10 and 3.11 and the fact that |h(z)| < K|z|™"", imply
that M~ (¢, 2)u(t,z) = M~ (t,2)h(p(t,z)) - 0 as t - co. Therefore we obtain the
desired expression for h.

This provides the uniqueness statement in V,. The fact that h belongs to HmHL
will be proven in the next lemma in a slightly more general setting. The homo-
geneity of h determines uniquely the extension of h to V' which satisfies (3.1) in
V. Then it remains to prove that actually h is well defined, it is a solution and
its regularity. Our strategy to prove the regularity stated in Theorem 3.2 follows
three steps. The first one deals with the continuity (resp. analyticity) of functions
defined by integrals of the form

(3.21) o) = [ 3 (el o) dr

with x and w satisfying appropriate conditions. Note that definition (3.8) of h fits
in this setting. This is done in Lemma 3.12 below.

Secondly, we deal with the C! regularity, proving both: i) that g € C! and ii) that
Dg can be expressed as

Loty eyt ot ar

with y! and w! having the conditions required in the previous step for g to be a
continuous function. This is proven in Lemma 3.14.

Finally, the third step consists of an inductive procedure with respect to the
degree of differentiability.

In what follows we will use the constants introduced at the beginning of Section 3
depending on the homogeneous functions indicated in their subscripts without fur-
ther notice.

Lemma 3.12. Let p e HY be defined on V' and satisfying hypotheses HP1 and HP2
for 00, Qe HN Y and w e H'*N on V', with v > 1. We denote by x the fundamental
matriz of

Lop(ta) = Qp(t,e)u(ta),  such that  x(0,2)=1d.

IfZ/Jr1+]j—Q >0, with cp defined in (3.3) taking Q = Q, then the function g:V — R¥
P
defined by (3.21) belongs to H**1 being, in particular, a C° function on V.
Moreover, if we also have Ap > by, then, there exists v > 0 small enough such that
the function g is analytic in Q(vy) provided p, Q and w have analytic extensions to
Q(v0) for some vy > .
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Proof. If p,Q and w have analytic extensions to (o), let 0 < a < ap, b > by and
B < Bg be such that v+ 1+ % > 0 where c is defined in (3.18). We fix ¢ and
~ satisfying the conditions of Lemmas 3.9, 3.10 and 3.11. In this case we have
that Q(g,~) is invariant by ¢ provided Ap > bp. Since V, = Q(p,0), we make the
convention that in the real case, we take v = 0. This allows us to deal with both
cases (real and complex) at the same time. If w is a C° function on V we take U = V
and if w has an analytic extension to Q(o,7) for some v > 0, we take U = Q(o,7).
With this convention, we define

|w ()]

]+

Jw| = sup

xelU

We begin by proving that the function g is well defined and C° in Q(p,7). Indeed,

we only need to check that the integral in the definition of g is convergent. For that
we use Lemmas 3.10 and 3.11 applied to Q. Let = € Q(o,7)

It 2w (ot )] < Jwllo )7 Ix T (¢ o)

e

< Jw] (on2)
(1+a(N - 1)t]a|N-1)* V"0

because ¢ > a and & := a(u + N + %) =a(N-1)+ a(y+ 1+ %) > 1 by hypothesis.
Therefore,

(3.22) I (s @) ()] < ool N (1 +a(N = D)t N)
which implies that

N [ dt
lg(@)] < [w]=] +Nf
o

1+a(N-1)t|z|N-1

)y < Klw|]z]"*".

Now we prove that g belongs to H"*!. As we mentioned in (3.6), for any A > 0, one
has that o(t,A\z) = Ap(AN"1¢, 2) and x (¢, Ax) = x L (AN~1¢,2). Then,

g0 =[x ae(et A dt= [ N e (N a)) de

0 0
X ) de = XN [T o)) di
_ )\U+1g($).
Finally we check the regularity. We first check that ¢ is analytic if w, Q and
p have analytic extensions to Q(g,7). Let xg € 2(p,v) be a given point. Since
Q(p,7) is an open set, there exists 0 < 7 < |z¢| such that the open ball B,.(xg) is
contained in Q(o,7). Then, if z € B.(xq), |z| > |xo| - r and consequently, using
(3.22),

[Ef o

(1+a(N - 1D)t|z|N-1)"
)1/+N

I~ (t 2)w(p(t,2))] < o]

(Izol + 7o
(1+a(N = 1)t(lao] - r)N1)"

and the analyticity follows from the dominated convergence theorem because the
right hand side of the above bound does not depend on x and it is integrable.

< el
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Since g is homogeneous we can extend it uniquely to an analytic homogeneous
function in Q(v). Considering w extended by homogeneity as indicated in Re-
mark 3.3 the extension of g has expression (3.21).

In the real case, when p is C' and w, Q are continuous homogeneous functions,
the same argument as the one given in the analytic case, leads to the proof that g
is a continuous function. |

Now we are going to deal with the differentiable case. If g is a solution of
(3.23) Dg(z)p(z) - Q(z)g(z) = w(x),
then Dy, if it is C!, should satisfy
D?g(x)p(x) - [Q(2)Dy(x) - Dg(z)Dp(z)] = Dw(x) + DQ(z)g(x)
which is an equation for Dg analogous to (3.23) except that the second term, due

to the lack of commutativity is more involved. Continuing in this way would imply
to consider linear equations of the form

X = Q(e(t, Az))x = xDp(p(t, Ar)).
However we have chosen to consider the equivalent equation for a vector which
contains all elements D;;g ordered one column after the other. This forces the
introduction of the following notation.

We denote by D; the derivative with respect to the variable ;. We define the
linear operator S : £L(R",R*) - R™*:

(3.24) S(A)= ((Ael)T, e (Aen)T)T, being {ey, -, e, } the canonical basis,
and the functions BQ,IkDp, Ql:V, » L(R™F R™k):

(325) BQ("T) :dlag(Q(x),,Q(x)),
Dlpl(x)ldk Dlpn(x)ldk
(3.26) Ihp(x) = : : : ;

Q'(x) = Bo(x) - Ipp ().

with p = (p1,-,Prn)" and Id}, the identity in £(R¥, R¥).
For any w € R™*, we also write

w = (w1, wy,), with w; e R*.
Finally we define the norm in R™*

[uiwy + -+ + upwy|

|w| = sup = sup [ujwy + -+ upwy |,
ueRm\{0} [ul Jul=1

where the norms in R” and R* are such that HP1 and HP2 hold.
Let x'(¢,2) be the fundamental solution of

(3.27) %(t,x) = Ql(go(t,z))w(t,:r) such that Xl(O,z) =1d.

Lemma 3.13. Let 0< 9 < 0p.
(1) We have that

Id - O! -1
pH Q' ()]

(3.28) Bg: :=—su
¥

zeV,

ZBQ+Ap.
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(2) The fundamental matriz x* of (3.27) satisfies
(Xl)il(ta x) = If)go(tv m) : Bx’l (t7 3:)
with
Bx’l (t, CL’) = dlag (Xil(tv x)v ) Xﬁl(ta CC)),

. Dip1(t,x)Idg -+ Dipn(t,x)Idg
I, (t,z) = : : :
Dpp1(t,x)Id -+ Dppn(t,x)Idg

Proof. Let w e R"* w = (wy,--, w,) with |w| = 1. We have that

(0 - o) ] - sup [ (214 - 00 ot =+ w00)

‘ = sup
[ul=1

< %Id - 9(x) ”ilﬁol [wiug + - + Wyt
(3.29) - 514 - 2@ < 5 - Bola™,
where we have used that
214 - 0@)| =[5 (1 - @@ ¥ Day) | « 2 (1- Bo (2 D))"
In addition, we can decompose (%Id +I’f)p(x))w = (wy,,wy,)T, with w; € R*

and

1
Wi = Hwi = Dipr(z)wi + -+ Dipp(2)wn.

Given u = (uq,...,u,) € R", letting @ = (%Id + Dp(m))u we have
ULWY + -+ Up Wy, = UTWT + o+ + Up Wiy -
As a consequence,

Hu1ﬁ11+---+unwn|\ Hﬂlwl +---+ﬂnwn|\

sup
ueR™M\ {0} ]

< H(%Id +Dp(x)) sup

aeR™\{0} (|
1 1 N-1
- H(im +Dp(33)) <3 - Aplla] ¥,

The above bound jointly with (3.29) gives that

1
[1d - Q' ()] < | 51d - Bo(x) | +

1
5Id +If)p(x)H <1-(Bg+Ap)|z|¥

and (3.28) is proven.
To obtain the expression for (x*)!(,z) is a straightforward computation. [

Lemma 3.14. Assume that p,Q and w are C' functions on V. Let x be the
fundamental matriz of %w(t,x) = Q(p(t,x))Y(t,z) satisfying x(0,z) =1d.
If hypotheses HP1 and HP2 are satisfied for oo and

B A
(3.30) V+1+Q>max{1—p,0},

‘p dp
with cp,dp defined in (3.3) taking Q = Q, then the function g: V — R¥ defined in
(3.21) belongs to H*** and is a C* function on V.
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Moreover

(3.31) S(Dg()) = [ O (b (olt,2))

where x* is the fundamental matriz of (3.27) such that x'(0,z) =1d and

(3.32) w'(2) = S(Dw (@) + ((D1Q(x)g(2)) ", (DnQ(w)g(2))")" -

Proof. Let ¢ > 0 satisfying Lemma 3.9. We claim that for any 7> 0 and x € V,,

[ Dyl et )] dt = - Dy gt )
(3.33) ¥ fTO ()™ () (o (t,2)) ] .

We recall here that the subscript in a vector in R™* identifies a vector in R¥.
We will use the following properties related to x:

(331) R ) =X (6D (e )X (6:),
(3.35) x(utv,2) = x(u, (v, 2))x (v, 2),
(336) X_l(tvx)DjX(tvx) = _DjX_l(tvx)X(t’x)'

Expression (3.34) follows by using the variational equation for x. The second one
follows from the uniqueness of solutions of ¢(t,z) = Q(¢(t,2))(t, ) and the last
one taking derivatives in x 7' (¢,z)x(¢,z) = 1d.

From Lemma 3.13 and definition (3.32) of w! we obtain that

[t 2)w ((t,2))],
= Xﬁl(t x)[DJ (w(@(t l’))) + Dj(Q(SD(tﬂ I)))Q(Sﬁ(ta :L‘))]
Using properties (3.35) in the definition of g, we obtain that

(3.37)

9(p(t, 7)) =Lox"l(s,w(t,w))w(w(s,@(tvx)))ds

(3.39) “x(t) [ ) p(s,0)) ds,
and by (3.37), (3.38) and (3.34) we get

[0 (6 ) (o)), =X (1) Dy (o (1,2)))

O D) [ 3 (5w (ol ) ds.

Integrating by parts and using D;x(0,z) = 0:

Lo et eean)de= [ 6Dy (ot ) dr

- D) [ et ) dt

- [ R D (e ().
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Finally, using (3.36) and expression (3.38), we obtain
0
[ 10O o) (it ) dt = Djx M (ma)g((ra)

0
+ f [ (t,2)D; (w (ot 2))) + Dyx~ (1 2)w (ot ) ]

from which (3.33) follows immediately.

We notice that, from (3.38) we get that g(¢(7,z)) is differentiable with respect
to 7 even if g is not. Moreover, let G be the first term in the right hand side
of (3.33). Then

§(r2) = -Gl ) = [y (g p(r,0))]
(3.39) ==X (1.2) D (Q(p(7.2)) )9 ((7,2)) + Djx " (7, 2)w (T, 7).
Therefore differentiating with respect to 7 both sides of (3.33):
(3.40) D[ (7, D (o, )] = (. 2) + ) (7, 0) (7, 2).

To prove the differentiability of g we need to check that Dj[x‘l(r,t)w(gz(r,x))]
is locally uniformly integrable with respect to x. In order to prove this fact and
expression (3.31) for S(Dg(z)) in Lemma 3.14, we prove the locally uniformly
boundedness (with respect to z) by an integrable function of the right hand side
of (3.40). Indeed, we have that w' € H*"1*N and that by Lemma 3.13, Bg: >
Bg + Ap. We apply Lemma 3.12 with v — 1, x' and w' instead of v, x and w
respectively and we obtain that the function

@)= [0 () (o) di

belongs to ‘H" provided v + lz—g + % > 0. In fact, in the proof of Lemma 3.12 we

checked that (x!)71(t,2)w!(p(t,x)) is locally uniformly bounded with respect to
x by an integrable function.

Now we deal with §. We first bound the first term in (3.39). Since Q ¢ HV ™1,
there exists a constant K > 0 such that

(3.41) 1D;(Q(e(s,2)))| < Kleo(s,2) [V 2| Djep(s, )]

We recall that De(r,z) is the fundamental solution of the linear system i =
Dp(p(r,2)) such that Dp(0,2) = Id. Hence we apply Lemma 3.11 to Dy to
obtain:

1

(3.42) [Dg(r,2) < 5
(1+dp(N - 1)7|z|N-1)""

(compare definition of A, and definition of Aq in (3.3)). Using (3.42) and the
bound of |¢(t,z)| given by Lemma 3.10 in (3.41), we get

N-2
(3.43) 1D;(Qp(s.2))] < K =]

Ap .
(1+ ap(N - 1)sfrgv-1)2 (20 E)
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By Lemma 3.12, |g(z)| < K|z||"*! for some constant K > 0. Using the bounds
of [x7'(¢t,z)| and |(t,)| given by Lemmas 3.11 and 3.10 respectively, we obtain:

||$HV+N—1

(1+ap(N = 1)7|az|N-1)"

(3.44)  |x (1, 2)D;(Q(¢(r,2)))g(p(r,2)| < K

with kg = a(v+ 1+ % +N -2+ %) and ko > 1 by hypothesis.
p P
We deal with |D;x ' (7,2)| for 7 >0 and x € V,,,. Djx"'(7,z) is the solution of

%Djx"l(ﬂw) =-Dx (1, 2)Q(p(7, 7)) - X (7, 2) D;(Q(p(7, x)))

satisfying the initial condition Djx_1(07x) =0. We have then
Do (rw) = = [ . 0) Dy Qs )x(s. ) ds) ()
(3.45) == [ X DA Qs )X (T - sse(,0)) d

where we have used (3.35) again.
For 7 > s, by Lemmas 3.10 and 3.11, a calculation (distinguishing the cases
Bg >0 and Bg <0) gives
-1
. _ X (s,)
I (- s )y 2] < b (5.2)] _—
(L+ep(N = 1) (7 =s) (s, 2)|¥71)" =

1
(3.46) < 5

ale’
(1+cp(N -1)r|z|N-1)" <>

Note that the bound is independent of s. If dp # Ap, using bound (3.43) for
|D;(Q(e(s,2)))l:

fOTDj(Q(w(s,x)))ds <K|z|™(1+ap(N - 1)T|\x|\N*1)”‘maX{°7l‘%}_

Using previous computations for bounding the terms in formula (3.45), we obtain
that
Kz
B A N
Q max{O,l—d—;’})

(1+ ap(N - Dyrfav1) (=
In addition, using that w € H**" and the bound for (¢, z)| in Lemma 3.10:

|Dix (7, 2)] <

(3.47) | DX (2w (e(r2) | < K|V (1 +ap(N = D72V
with k = a (1/ + N + %Q —max {0, 1- ‘2—}’:}). By hypothesis k > 1. Also, kg > K.
Now, to bound § defined in (3.39), we use (3.44) and (3.47) and we get:

1g(r, ) < K| N (1 + ap(N = D72 V1) "

which can be locally uniformly bounded with respect to = by an absolutely inte-
grable function.
If dp = Ap, an analogous argument leads to

19(r,2)]| < K| (1 + ap(N = 1)rf| V1) " log (1 +ap(N ~ )7z V).
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Then g is differentiable and

D;g(x) = LO D; (51 (t, 2w (ep(t, x)) ) dt.

Using (3.33), and the fact that lim, . D;x (7, 2)g((7,2)) = 0 we get (3.31).
Using again the homogeneity of g we extend the regularity properties of g from
the domain V, to V. (]

End of the proof of Theorem 3.2. Once Lemma 3.14 is proven, we can apply it to
h with v =m, Q = Q and w = w to deduce that h is C!. Then we are ready to prove
that indeed h is a solution of (3.1). From the expression of h and the fact that V,
is positively invariant by ¢ we can write

h(p(s, ) = M(s, ) L Mt a)w(p(t,e))dt, eV,

where we have used (3.35) with x = M. Taking derivatives with respect to s we
obtain

(3.48) Dh(p(s,x))p(e(s,x)) = Q(p(s,2))h(e(s, x)) + w(p(s, z))
and evaluating at s =0 we get (3.1).

It remains to check the higher regularity of h. Note that the analytic case follows
directly from Lemma 3.12. For the differentiable case, we proceed by induction.
Assume then that p,Q and w are C". Let rp < r be the degree of differentiability
stated in Theorem 3.2 depending on the values of Bg, Ap,cp and dp.

We first introduce some notation. Let Q° = Q, w® =w, H? = h and for [ > 1

Q' () = Bqi1 (z) - Tpy, *(2) = diag(Q" (2),..., Q' (2)) - Tpy *(),

where Bgi-1 and Ig;l'k were defined in (3.25) and (3.26) respectively. We denote
by M'!(t,z) the fundamental matrix of

d
Z¥= Q'(¢(t,x))y,  such that M'(0,z)=1d.
In addition we set
w! () = S(Dw'™ (2)) + (D1Q (@) B (2))T, ... (D, Q7 (@) B (2))7)
H'(z) = S(DH'(x)),
provided the derivative exists, where the linear operator S is defined in (3.24). It
is clear that
Ql(ib) c E(Rnl-k’Rnl-k), Ql € HN—I nCr—l7 HI(ZL') € Rnl-k, Wl(l') € Rnl-k'
We claim that for 0 < ¢ < rp we have
(a); Bqgi 2 Bq + 1Ap.
(b); w'eH™ N and wi e C**1J for 0< j <.
(c); H' e ™1 HI eC*J for 0<j <i and

) 0 . .
(3.49) Hi(z) = fw (MLt )W (o(t, ) dt.

We prove the claim by induction on i. The case ¢ = 0 follows directly from the
definitions and Lemma 3.12. Assume the claim holds for i — 1, 1<i<rp—1. Ttem
(a); follows from Lemma 3.13 applied to Q = Q" = Bgi-1 (z) —Ig;l'k (x) which gives,
together with the induction hypothesis Bgi > Bgi-1 + Ap > Bq +iAp.
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Item (b);. Since, by the induction hypothesis, wi™! is at least C2, from the

definition of w’ we have that w® € H™N=" From j =0, w’ = w e C" c C**1. If
1 Sj < i, using (b)i—l and (6)1_1,

w! () = S(DWI ™ () + (D1 Q7 (&) HI ™ (2))T,... . (Da Q™ () H 7 (2)T)]
e Citld,
Item (c);. ‘We apply Lemma 3.14 with Q = QlLw=wlandv=m-i+1so
that Q' = Q%, x! = M* and w! = w'. We have to check (3.30). For that we will

use that i < rp and (3.9). Let ¢; ' be the constant ¢, corresponding to Q™! (see
definition (3.3)).

When Ap < dp,
Bqi- B A A
v+l+ 9112m—i+2+—Q+(i—1)—p>1——p>0.
Cy Cp dp dp
When Ap, > dp,
Bqi- B A A
1/+1+Q712m—z’+2+—Q+(z’—1)—p>(i—1) =2 _1]>0.

Cp Cp dp d

P

Then H' e C* and H' = S(DH'!(z)) can be written as (3.49). Therefore, by the
definition of H7, H’ € C*~7, 0 < j <4, and the claim is proven.
As a consequence of the claim, we have that h € C"™ in V|, in all cases. By the

homogeneity we extend the regularity from V, to V. When Ay > by, if r = 00, we
also obtain h e C*. ]

Proof of Corollary 3.5. Assume that we have a homogeneous solution h € H” of
equation (3.1). Then, it has to satisfy the ordinary differential equation (3.48) so
that

t
M7t a)h(p(ta)) = ha) + [ M7 (s, @)wlp(s,2)) ds.
0
Since h € H”, by Lemmas 3.10 and 3.11,

[M 2t 2)h(o(t, )| < (1 +ap(N - 1)t|\x|\N*1)_a(Tg+”)

which is bounded as t - oo provided Bq/cp + v > 0. Thus, the result is proven. O

4. PROOF OF THEOREMS 2.2 AND 2.9

As we will see in Section 4.5 below, Theorem 2.9 can be deduced following the
same lines as Theorem 2.2. For that reason we first focus on the maps case.

We first notice that, for R such that R(z) - (z + p(z,0)) € H>N*! then, by
Lemma 3.8, R(V,) c V, (taking o slightly smaller if necessary). Hence, if the
domain of K is V, (as we will see), the composition K o R is always well defined.
Moreover, for K such that K(z) - (z,0) € H>?, if # € V, then K(z) € U and
consequently F o K is well defined as well.

For h such that its projections have different orders, we will write h € H=! x H=!2
if h, € H*"* and hy € H>'2. We will use the same notation for the spaces H>! and

H.
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4.1. Preliminaries of the induction procedure: the cohomological equa-
tions. Given N </ <7 and j €N such that 1 <j <{-N+1 we proceed by induction
over j to prove first that there exist K</ and R</*N~! of the form

) 7 ) J+N-1
(4.1) K9(z) =Y K'(), RN Vgy=z+ Y RY(z),
=1 I=N
with K1(z) = (2,0)™ and R (z) = p(z,0), satisfying
(42) E>J - FOKSj _ KSJ o RSj-f—N—l — (E;J7EZ]) € H>j+N—1 x H>j+L_1.

Concerning property (2.5) in Theorem 2.2, if L = N, it is a consequence of (4.2)
taking j =¢-N+1. If L = M < N, we have to perform an extra induction procedure
for values of j such that /- N +2<j</—-L+1.

The case j = 1 follows immediately taking K<'(z) = (2,0)T and RN (z) = x +
p(x,0). Indeed:

E;N () =2 +p(2,0) + f(2,0) - RN (x) = f(2,0) e >N c HN,
1 >M+1 L
E; (z) =g(x,0) e H="* cH>*,
where we have used that, by hypothesis H2, ¢(x,0) = 0. ‘

Suppose that (4.2) holds true for j -1 > 1, K<9! and R¥*N=2, We will find
the condition that K7 e ’H? and RI*N-1 € HI+N-1 have to satisfy in order to ensure
that (4.2) holds for j, K< = K<9~! + K7 and RS*N-1 = R<I+N-2 4 Ri+N-1,

We claim that, since j — 1+ N < £ < r, there exists E = (Eg*N’l,EZ{*L’l) with
EJPNL e fI N1 and EJYE1 e HITET such that
(4.3) E;j—l _ Ei’JrN—l c zH>j+N—17 E;j—l _ EZ+L—1 c ’H>j+L71.

Indeed, by Taylor’s theorem
Fz(wvy) =T +p(£L’,y) + Fa]tv+1(x7y) +oeet Fxr(x,y) +Fm>r(x,y),
Fy(z,y) =y+q(z,y) + F) ™ (2,y) + -+ E) (z,y) + F) " (2,y),

with FLF; € H! and F;", F," € H?". Moreover, K<=' and R¥*N-2 are sums of
homogeneous functions. By the induction hypothesis it is easily checked that

Bl = Fyo K7L [SITL o RIN-2 2 pitN-1 B3
B = Fyo K97 - k5971 o RIPN-2 - pielol, B2
with E:lvu e H! and E37 e {7 +N-1, E;] e H>7*E=1 and hence (4.3) is satisfied. We
decompose F o K< — K57 o RSI*N-1 4
FoK¥ - Ko RN =g 4 [Fo K - Fo K" - DF(K¥™") . K7 ]
+ DF (K<) . K9 - K7 o RSI*N-2
_ [Ksj OR§j+N—1 _ng Ostﬁ-N—Q].

Next we study each term of the above decomposition. In doing that we introduce
several new remainders e;. By Taylor’s theorem, and using that j —1> 1,

ey = FOKSj _ FoKSj—l _ DF(KSJ—I) K] c HZN_2+2j % HZM—2+2j

c H>j+N—1 % H>j+L—1.
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We denote ¢(x) = (z,0). Taking into account that K</~ —; € H>? we can write
LK LK
[Id +sz01,:| K’ +DypOL Ky ‘e,
[Id + Dygo] K
with ey € H2IHN x H2I+M ¢ 323+ N-1 , 31>3+L=1  Gince RS*N-2(z) —x — p(x,0) €
HZN* and N > 2,
K7 o RSN=2(3) = K¥(x) + DK’ (2) - p(,0) + es(z)
with e € sz—2+2N UszjJrN c fH>j+N—1. Finally
KSj ORSjJrN*l _KS]' ORSj+N72 — DKSj(RSjJerQ) . Rj+N71 +ey
Rj+N—1
= ( 0 ) + €5 + €y,

where ey € /H22(j+N—1) c rH>j+N—1 and es € erj+N c H>j+N_1.
In conclusion, e; € H>3*N=1x3>+L=1 for [ = 1,---,5. Using (4.3) and the previous
computations, we have that

DF(KS™).K?=DFoi-K’ +e =(

Fo KSJ _KSj ORSj+N—l

_ (E%+N—1) +( DxPOL'Ki +Dyp0L~KZ _ Ri+N-1

L , -DK¥ . pou+ E7,
E?jJJrLl quoLng/ ) p

where E>/ = =1 — (EJ*N-1, BT 16y +eg—ez—eq—e5 e TN qrdt oL
In order to get property (4.2) for j, we have to choose K7 € H’ and R/*N-! ¢
HI*N-1 such that

(4.5)
DK (z)-p(x,0) — Dyp(z,0) - KI(z) - Dyp(x,0) - K; (z) + RIN1(g) = Ei*Nﬁl(x)

and, taking into account that M and N may be different,
(4.6) DK} (z)-p(x,0) - Dyq(x,0) - K (z) - EJ** () e w7+

As usual in the parametrization method we have a lot of freedom to choose
solutions of the above equations. On the one hand, we expect that equation (4.6)
for K has a unique homogeneous solution. On the other hand, it is clear that

equation (4.5) for KZ and R7*N-1 admits several homogenous solutions. Despite
the fact that we could solve first (4.6) for K € H’ and then, take K7 =0 and

RINTY(2) = EI* N1 (2) + D,p(x,0) Kg(x)

to solve (4.5), we are also interested in looking for the simplest representation of
the dynamics on the stable manifold, that is, we ask R</*V~! to be as simple as
possible, for instance taking R7*V~! = 0 if we can solve the following equation

(4.7)  DKl(x)-p(2,0) - Dop(x,0) - Ki(x) = EI"N" () + Dyp(2,0) - Kj (x).

We distinguish three cases to obtain an equation for K; so that condition (4.6)
holds:

o If N < M, then condition (4.6) is satisfied if
(4.8) DK} (x) - p(x,0) = E)™" ().
o If N =M,
(4.9) DKg(x) -p(z,0) — Dyg(x,0) K;(x) = Ei*L’l(x).
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o If N> M, then we get an algebraic equation:
(4.10) ~Dyq(,0) - Ki(x) = B ()

which can be solved by using that, by hypothesis H2, Dyq(x,0) is invertible.
We also have that [Dyq(z,0)]™* e H~M*1. This equation clearly illustrates

the fact that the solutions K’ are not necessarily polynomials.

Assume that we are able to find appropriate solutions K7 of equation (4.7)
and K] of (4.8), (4.9) or (4.10). We recall that we were dealing with values of
j=2,0-N+1. When L =N < M, (2.5) and (2.6) follows from (4.2) by taking
j=€—-N +1 so in this case we are done. However, in the case L = M < N we also
have to deal with the equation for K7/ when j = (~N+2,---,/—L+1. That is, we need
to add some extra homogeneous terms to K, to obtain (2.5) and (2.6). Indeed, for
any given £, assume that K<"NV*1 R<f are of the form (4.1) and they satisfy (4.2)
for j =¢- N +1. We prove by induction on j that, for any /- N +2<j<{-L+1,
we can find

J
K9 =K<y S KL K'ed!, with KL=0
I1=¢—-N+2
in such a way that E>7 = Fo K5/ — K7 o R% ¢ #>* x {7171,
Assume that the result holds for j — 1. Then, since j+ L -1 < ¢ < r, decompo-
sition (4.3) of E;7! is also true in this case. Taking KI RI*N-1 = 0 in the above
computations we also have that

FyoK - K3 oR=-DK} pou+Dyqor-Kj+ EI*"" + E7
with EJ*E~t e fitE7t ERI e 3777 and
E =F,0 K -K¥oR=Dypoi K} +E},

with 27 e H> N1 c 4>¢,
Since M < N, if Kﬁ € H’ and satisfies the equation

qu(fﬁ, 0) : Kg];('r) = _E§+L_1(x)7

then Dyp ot - sz/ e H¥*N-1 c H#>¢ and E37 € H>*. Therefore, we can follow this
procedure N — L times until (4.3) holds true. After that, the order of the remainder
E>“ L+ will be ¢ and K, will have the form given in Theorem 2.2 and property (2.5)
will be satisfied.

We remark that the equation for K& j=0-N+2--f—-L+1, is the same
algebraic equation (4.10) as the one corresponding to j = 2,---, £ - N + 1.

4.2. Resolution of the linear equations (4.8)-(4.10) for KJ. We take 2 < j <
{—L+1. In the case M < N, Kg is a solution of the algebraic equation (4.10).
Since Dyq(x,0) is invertible, the unique solution of this equation is

K;(sc) =—(Dyq(z, O))71E§+L_1(a?).

Clearly, KZ is a homogeneous function of order j which is analytic in V. Neverthe-
less, it is only j — 1 times differentiable at the origin according to Definition 2.1.
Let M > N. In this case sz/ has to satisfy either equation (4.8), if N < M,
r (4.9), if N = M. We write them in a unified way as

DE; (z) - p(z,0) - Q(z) - K (x) = B} (),
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where Q(z) =0 if N < M and Q(z) = Dyg(z,0) if M = N. Hence this case follows
from Theorem 3.2 taking p(z) = p(x,0) and Q as indicated. We claim that under
the current hypotheses, p and Q satisfy the conditions of Theorem 3.2. Indeed, the
constants Ap, ap,bp in Theorem 3.2 are

ap=a,>0 (by H1), bp=0,>0 (by definition) Ap=A4,.

As for Bq, by definition (2.3), if M > N, Bg = 0. If M = N, Bq = B, and by

hypotheses H1 and H2 the condition j + Ba max{l - %,0} is satisfied in both

Cp

cases. Then Theorem 3.2 provides a solution Kg/ eHI for2<j<l-L+1.

4.3. Resolution of the linear equation (4.5) for KJ. Consider 2<j <¢-N+1.
We have to find K7 satisfying equation (4.5) which we recall here:

DKI(z)-p(z,0) = Dyp(x,0) - KI(z) + RPN (z) = EI*N"Y(z) + Dyp(x,0) - Kf/(ar)

being EZ*N=! a homogenous function of order j + N - 1 and KZ € H’ the solution
of the linear equation considered in Section 4.2. Since Dypo¢- sz/ e HI*N-1 we can
add this term to E4*N~! and denote the resulting term again by EZ*V~! and hence

we end up with equation
(4.11) DKI(z)-p(x,0) - Dyp(x,0) - KI(2) + RPN (2) = BTN 1 ().

As we mentioned in Section 4.1, to solve (4.11), one possibility is to take K ; as any
function in H’/ and R7*V~! as the solution of the resulting equation. If we proceed
in this form, we are always able to solve the equation, but we do not have a normal
form result for R in the sense that R is not simple at all. In the other extreme,
we can try to choose R7*M-1 = 0 and use Theorem 3.2 with p(z) = p(x,0) and
Q(z) = D.p(x,0) to solve

(4.12) DK (z)-p(x,0) = Dyp(z,0) - KI(2) = ES*N"Y(2), for KI.
However, this equation may not have solutions if j is not large enough. Indeed,
in this case, since p(z) = p(x,0) and Q(z) = D,p(x,0), by hypothesis H1 and
Lemma 3.6 the constant Bq = —-B, < —Na, < 0 and hence equation (4.12) can
not be solved unless j is large enough. Concretely, the sufficient condition to have
solutions is j — f—: > max{l - ’3—:, O}. Therefore, if j € N satisfies

B A
j>=2 +max{1 - p,()},
Ap dp

equation (4.12) has a unique homogeneous solution K7 ¢ H7.

In conclusion, if j > % +max{1 - %7 0}, we take R7*N-1 =0 and KJ a homoge-
neous solution of (4.12). Otherwise, K7 is free and we take as R/*V~! the solution
of (4.11).

4.4. Regularity of K/ and R/*M~!. When A, > d,, since (E§+17Eé\4*1) is an-
alytic, from Theorem 3.2, K2 is an analytic function in V and consequently, by
induction K7 is also analytic.

If M < N, we solve equation (4.11) for j = 2 by taking K2 =0 and RV*! = BN+,
Hence K? is analytic, since (EY +1,Eé\4 *1) is analytic. Then by induction K7 is also

analytic provided we solve equation (4.11) in some appropriate way, for instance,
by taking K7 =0 and RI*N-1 = pI+N-1,
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In the case A, =d, and M > N, even if (EN*!, E}*1) is analytic, Theorem 3.2
only provides C* solutions in V. Consequently, K2 is only C* and inductively we
obtain that K7 is C*.

Finally we consider the case A, < d, and M > N, where we lose regularity.
Concretely, K; e C™, on V where r,, given in (2.4), is the maximum integer k such

that
A B
(1 - p) k<2+ =22,
dp Cp

In order to deal with the cases M = N and M > N jointly, from now on we
understand that B, = 0 if M > N. Recall that KJ=0forj=2,...,4,—N+1so that
the differentiability of KZ for these values of j only depends on the smoothness of
K;, for 4 =2,---,7 — 1, which is r, by induction.

When j = £, — N +2, from Theorem 3.2, we have that K% N*2 ¢ ™= with r, the
maximum integer k satisfying

A B
(1—p)k<£*—N+2—p.
dp Cp

The maximum differentiability, r,, is obtained by choosing ¢, to be the smallest
integer satisfying
A B
Gi>[1-=2|r.+N-2+-
dp Cp
which justifies the definition (2.7) of £, in the present case.
By induction one checks that K7 = (K7, K}) is also a C™ function.
By construction, R/*N~1 has the same regularity in all cases.

4.5. The flow case. Proof of Theorem 2.9 without parameters. In the case
of flows we have to find K</ (z,t) and Y<*N=1(z) of the form

J+N-1

ng(z,t):éK(l)(z,t), YSIN-L(g) = l;jv Yi(x)

being K, (z,t) = (2,0)7, Y™ (z) = p(x,0). For technical reasons, we look for K®)
as a sum of two homogeneous functions: one of degree [ independent of ¢t and the
other belonging to H>'*N-1x#H>!*L=1 The homogeneous terms K' in the statement
of the theorem are obtained by rearranging the sum above. K</ have to satisfy the
invariance condition (2.13) up to some order j in the sense that the error term

FE(z,t) = X (K< (z,t),t) - DK (2, )Y NN () - 9, K< (1)

satisfies
(4.13) E7 = (B E7) e Nt xqpi bt
As we have noticed in Section 4.1, in the case L = N condition (4.13) implies (2.14).

Following the same induction arguments as in Section 4.1 we obtain that Y7 and
KW = (Kg(cj), KZSJ)) have to satisfy the conditions:
(4.14) DKWY (x,t)p(x,0) - Dyp(z,0) KD (,t) - Dyp(z, O)K?Sj)(x, t)

+ YN (@) + 0, KD (w,t) - BTN (2, t) e N
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and
(4.15)
DKZSJ)(x,t)p(a:,O) - Dyq(x, O)Kéj)(m,t) + 6tK25])(x, t) - E;J'L_l(x,t) e I

which are the analogous in the case of flows for (4.5) and (4.6) respectively. We will
skip the computations which are pretty similar as the ones in the previous section.
However we will not ask K. éj ), K?Sj ) to satisfy their corresponding partial differential
equation (vanishing the terms EJ*N~! and EJ**') but we allow them to include
new terms of higher order. '

With this strategy in mind, we are going to explain how to solve these equations.
For a given T-periodic function h, we denote by h its average and by h=h-hits
oscillatory part (with zero average). Clearly, since we look for K () periodic, one

choice is to ask that the average K () satisfies the equations
DK (2)p(2,0) - Dup(x,0)Ki” () - Dyp(,0) K} (x)
(4.16) +Y TN () - BIPN () = 0,

DE (#)p(x,0) - Dyg(e, 00K () - B} T () e W74,

We can solve equations (4.16) as in the map case, following the arguments in Sec-
tions 4.2 and 4.3 for solving equations (4.5) and (4.6). Concerning regularity, the
arguments in Section 4.4 leads to the same regularity as in the map case for the
average of KU) and Y7. As a conclusion, we have solutions of equations (4.16)

K@) and Y7*N-! belonging to H7 and H/*N-1 respectively.
We take the oscillatory part K () with zero average and satisfying

(4.17) KW (x,t) = (BIN " (a,t), BIE 7 (2, 1)).

Consequently, K () e H7+N-1xcya+l1
It only remains to see that KU = KG)+KU) and YI+N-1 satisfy equations (4.14)

and (4.15). Indeed, when we compute the left-hand side of, for instance, equa-
tion (4.14) we obtain

DE{ (2,0)p(x,0) = Dap(a,0)K§” (x,1) = Dyp(a,0) K (x.1)

which belongs to HI*L-1+N-1 ¢ 2/>/+N-1 gince L > 2. Analogously for equa-
tion (4.15). Therefore, we conclude that KU) = K(G) + KG) and Y7*N-! satisfy
equations (4.14) and (4.15) and then (4.13) is satisfied.

The regularity of the oscillatory part follows from the fact that it satisfies equa-
tion (4.17).

As in Section 4.1, if L = N, we are done. The case L = M needs an extra
argument which is totally analogous to the one in Section 4.1.

Remark 4.1. The vector field Y can be chosen independent of t. This is due to
the fact that we can perform the averaging procedure so that for any given { we
can move the dependence on t of the vector field X up to order HZHZ If we take
>0, +1, then the formal procedure is independent of t and we obtain (for the
averaged vector field X ) a parametrization K" and a vector field Y satisfying the

invariance condition (2.13) up to order || which do not depend on t.
Nevertheless we can add t-depending terms to Y in order to have a more simple

K,.



INVARIANT MANIFOLDS OF PARABOLIC FIXED POINTS (II). APPROXIMATIONS BY SUMS OF HOMOGENEOUS FUNCTIO

5. DEPENDENCE ON PARAMETERS. PROOF OF THEOREMS 2.8 AND 2.9.

In this section we prove Theorems 2.8 and 2.9 which give us the dependence on
parameters of the functions K and R given in Theorem 2.2 as a sum of homogeneous
functions.

We first emphasize that the methodology developed in Section 4 can also be
applied in the parametric case so that the cohomological equations (4.5) and (4.6)
for K7 are the same in this context but involving the dependence on . For a given
value of the parameter A, the discussion about how to solve the cohomological
equations for Kg/ distinguishing the different cases (N > M, N = M and N < M)
and the different strategies to solve the cohomological equations for K7 are also
valid. Therefore, even in the parametric case, the existence of K7(-,\) is already
proven. Next we study the regularity with respect to A both for maps and flows.

5.1. The cohomological equation in the parametric case. The case N > M,
can be treated by using the auxiliary equation (3.1) studied in Section 3. See the
strategy of how to proceed in Sections 4.2 and 4.3. As a consequence, we are lead
to deal with the dependence on parameters of the homogeneous solution h

0

B(e ) = [ M7t Dwp(t 2, 0), A de
of the auxiliary equation:
(51) Dmh(xa)‘)p(xa)‘) —Q(l’,)\)h(.’b,)\) ZW(LC,)\),

given by Theorem 3.2 for any A € A, where p,Q and w are homogeneous functions
of degree N, N -1, m + N respectively. We will write p € HV, Q € HV~! and
W € er+N'

In this setting, the constants defined in (3.3), HP1 and HP2 depend on A\. We
denote them by A;}, A)(‘Q7 B()‘27 a"})‘, af; bl’;, ci‘, and d;‘,. In order to obtain uniform
bounds with respect to A we redefine

. A A . A
ap = inf a3, bp =supby, Ap =inf A3,

(5 2) P Xen P P Ae/I\) P PoXxea™ P
: o A _ A P _ P,A

Pariitfa degpda oy =iniey

and cp,dp as in (3.3). Notice that, with this definition of the constants, all the
bounds in Section 3 will be also true uniformly for any A € A.
To study equation (5.1), we will assume the following:

HPX Hypotheses HP1 and HP2 hold true for ap,al, defined in (5.2).
To deal with the analytic case, for v > 0, we define the complex extension of A

A(y)={X : ReXe A, |[Im)\| <~}.

Lemma 5.1. Let pe HY, Q e HV ! and w e H™N. Assume that p,Q,w € C>
and that p satisfies hypothesis HPA for o9 > 0.
Then, if
B A
m+1+—Q>maX 1——p,0 ,

Cp dp
the solution h: V x A - R¥ of (5.1) provided by Theorem 3.2 satisfies h € H™" and
we have the reqularity results according to the cases:

(1) Ap2dp. If 1 <7< oo, then heC¥ inV x A.
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(2) Ap <dp. Let kg be the mazimum of 1 <i<r+s such that

m+1+BQ—i( —Ap)>0.

‘p dp
Then h e C¥s0r0 in V x A with so = min{s, kg} and ro = Ko — 5.

(3) Ap >dp. If p,Q,w are real analytic functions in Q(yo) x A(13) for some
Yo then h is analytic in Q() x A(+?) for v small enough. In particular it
is real analytic in V x A.

To have an unified notation for all cases of the lemma, we introduce the differ-
entiability degrees rp, sp as:

(5.3) rp="7, Sp=5, if Ap>bp, Tp =To, Sp =S50, otherwise,

where rg, so are defined in Lemma 5.1. In this way, in all cases h € CZ»*p
We proceed in a similar way as in Section 3.3. We introduce the function

0
(5.4) g(z,A) ::L Mtz Nw(e(t,z, ), \) dt,

where (¢, 2, ) is the solution of & = p(z, \) such that ¢(0,z,\) =z, M is the fun-
damental matrix of ¢ = Q(p(t,z,\), N\t such that M(0,z,\) =1d and w satisfies
appropriate conditions to be specified later on. We first deal with the continuity
of g and then with the differentiability with respect to the parameter A. For that
we check that the formal derivative Dyg is of the same form as g with a suitable
different w which implies the differentiability with respect to A. This is done jointly
in Lemma 5.3. Then using an induction argument we deal with the general differen-
tiable case. Finally we deal with the analytic case, which needs an extra argument
in this parametric setting.

For a given set Y c R" x IR"', it will be useful to consider the functional spaces:

B, ={h:U—>R": heC” " and heH"}
if k,o€eZ" and Kk > 0.

Remark 5.2. Note that BY, ., =C> " nH".

S,r+8

Lemma 5.3. Let kK > o with o = 0,1. Assume that p € B(J,\fm Q ¢ Bf,\f;l and

w e BZ:QN. Let oo > 0 be such that HPX holds true.
Then, if v+1+ %‘f > max{l - ’2—:,0}, the function g defined by (5.4) belongs to

v+1 — ;
By, . where kp =1p + sp and rp, sp are defined in (5.3).

In addition, when o =1, Dyg exists and
0
(5.5) Dag(wN) = [ M7 (b, ! (ot 2, 1), A) e
with w' : V x A > L(R™ | R*) (recall that A c R™ ), given by:
(56) wl(xa )‘) = Dkw(xv /\) + D)\Q(xv )\)g(x, >‘) - ng(xv )\)D)\p(.’ﬁ, )‘)

Remark 5.4. We observe that kp, the degree of differentiability stated for the case
o =0, is the same as the one given in Theorem 3.2.

Remark 5.5. Note that D\Q(z,\)g(z,\) € L(R™ | R¥) having the i-th column

D)WQ(.’E, /\)g(x, )‘)
The same happens for D, Q(x,\)g(x,\).
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Proof. The case o =0 follows from Theorem 3.2, the dominated convergence theo-
rem and the fact that the bounds are uniform in A € A.

The case o = 1 is more involved. Its proof is analogous to the proof of Lemma 3.14.
To shorten the notation we introduce ¢5(t) = p(t,x, A). First we check that

0
T(7) = fT DA[M™ (8,2, Nw(5(t), )] dt

can be written as:
L) == DAM (72 g3 ) + [ M7 (6 DA (5 (1), 1)
G2 [ M DAQEE 0. V() )

Indeed, since M~ is the fundamental matrix of ¢ = ~Q(¢%(t),\), we can use the
variation of constants formula to the variational equation for Dy, M ~1 to obtain:

Dy, M7 (t, 2, \)M(t,2,\) = /toM’l(s,x7)\)D,\j[Q(go”ﬁ(s),)\)]M(sw,/\)ds
and, using expression (3.38) of g(¢%(¢),A),
M (B (0, 1) = 2 M (12, g (50, )]
Then the result follows by integrating by parts
LD e M (e N[0 (12 o (5 (1), )
Next we provTe that
G5 (r) = [ M7 0,2 ) Dag(@5(), N DAR(RE(0), V) i

can be written as

G1(7) =~ M7 (7.2, M Deg (£5(7). D Drg (1)
6.9 M DL (), g () N Dag (1)

_ fT "Mt 2 N Daw (3 (1) N)DAgS (1),

In order to prove (5.8), we will also integrate by parts. By using that Dy is the
solution of

0= Dap(S (0. V0 + Dap(R(0,0), $(0,,0) =0

we deduce that:
xT xT d xT - xT
Dap(#3(1),A) = Dapi ()= [(D2@X (8)) 7 Dagi (D]
Therefore, since Dy[g(@%(t), )] = Dag(@%(t), ) Dol (1),
ot 0 - x d x - x
(59 G0 = [ M) Dalg(e50). 0] [(Dari0) " Dagi ()] d.
Applying (3.48) with h = g we have

%[g(soi(t),A)] = Q(PX(1); Mg (X (1), A) +w (X (1), A)
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which implies

i(M’l(t, 2, M) Dz [g(5(1), M)]) = = M7 (8,2, NQ(25(1), N Dz [9(3(1), V)]

dt
+ M7t 2, M) Do [ QU5 (1), Mg (93 (1), A)]
+ M7t 2, A) Do w(95(1), A)].
Finally, expression (5.8) follows from integrating by parts in (5.9). To do so we use
that if H(z, A) := Q(z, A)g(z, A) we have that D[ H (¢%(t),A)] = Do H (%5 (t), ) Dais ()
with
Do H(X(1),A) = DaQ(3(2), A)g(@x (1), A) + QX (1), ) Dag (95X (), A).

Now we are going to relate expression (5.7) with (5.8). It is an straightforward
computation (see Remark 5.4) to check that

DA[Q(eX(1), M]g(X (1), A) =Da Q@3 (1), A)g(9X (1), ) DapX (1)
+ DaQ(px (1), M) g(ex (1), A)

Substituting the above expression of Dx[Q(¢3(t),A)]g(¥3(t),A) into (5.7), us-
ing (5.8) and the definition of G we have

G3(7) = = DaM ™ (7,2, X)g(#5(7),A) = M~ (7,2, \) Dag(05(7), \) Dagi (7)

o [ e ) A

with w! defined in (5.6).
To prove that lim,_, . G5 (7) = fog M (2, \)w! (9%(t), X) dt it remains to check
that

PA(7) = DAM ™ (7,2, Mg (5.(7), A) + M7 (7,2, A) Dag(5.(7), \) Dag (7)

goes to 0 as 7 — oo uniformly in (z,A) € V x A. Indeed, the result follows from

Ap
IDAGE ()] < K (1 + dy (N — 1yl ¥-1) Cmex{or-a2)),

—a BQ—max _Zp
IDAM (o2 W) < K (14 ep (N = 1yrfa 1) (5 me0-32))

These bounds are obtained in a similar way as the ones of the corresponding deriva-
tives with respect to  in Lemma 3.14. First we write adequately D) p3 and DMt
by taking into account the differential equations that they both satisfy and prop-
erty (3.35):

DA = [ Daplr = 5,63(5), DAR(#3 (), \) ds,

DM} (7,2, A) = - fOTM‘l(s,:m)\)D,\[Q(api”\(s),)\)]M‘l(T ~ s, 0% (s), ) ds.

Bound (3.42) of |Dy¢%(s)|, bound of [¢3(s)| in Lemma 3.10 and the fact that
Dyp e HY, lead to

[DxeX ()]

K|z|¥ T 1
< ocﬂ A a(N—h) ds
(1+(N—1)dp7|\x|\N*1) e (1+(N—1)dps\|m\|N*1) p
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which gives the bound for | D% (7)|. Since

DA[Q(#R(7), M) ] = Dz Q3 (1), N Dawx (1) + DaQ(#3(7), ),

we have that
IDA[QUEE (), V] € K(1+ (N — Dydyr | V1) (¥ 1mex{0a=32}),

Then, using (3.46) with y = M, we obtain the bound for |DyxM~*(1,z,))|.
Finally we easily check that the three terms in M~'(¢,z, \)w! (% (), \) have a

Ba n_
(% "N Wwhen ¢ is big and a(]i—f +N-1)> 1.
This proves that indeed, g is differentiable with respect to A and formula (5.5) holds
true.

v+ N

Now assume that w € By

uniform behavior of the form ¢t ¢

v+1

. Applying the result when o = 0, we get that g € Boyﬁp

v+ N

and in particular D,g € By, _;. Then we deduce that w' € By Therefore,

—1-
using again the present result for 0 = 0, Dyg € Bg;lp_l, that is: ngDAg(ac,/\) for
j < kp — 1 are continuous and bounded and as a consequence g € Bf;}p. a
End of the proof of Lemma 5.1. We consider the differentiable and the analytic
cases separately.

Assume that p € Bé\fm Qe BQ’;l and w € B;‘:‘;N with kK =r+s. We apply Lemma
5.3 with w = w and v = m and we obtain that the function h belongs to B'l“;i with
Kp = Tp + Sp defined in (5.3). To finish the proof in the differentiable case we use
induction. Assume that h € B?_J'llﬁp with o < sp. By definition of By xpe We have
that if i + j < kp and i < 0 — 1, then D} DJh are continuous and bounded functions.
We have to prove that indeed, h € B™*!

O,Kp*
We define HY = h, w® = w and recurrently, for 1 <i<o - 1:

H'(z,)\) = D\xH" (z,)),
w'(z,\) = Daw' (2, \) + DAQ(z, \)H" (2, \) = D,H" ' (x,\) Dxp(z, ).

Note that by expression (5.5) in Lemma 5.3, we have that
0
H7 ) = [ M7 (w00, \)

Since by induction hypothesis H? € B™!  then H' ¢ B™*! cand D,H"™ €

o-1,kp o-1-i,Kkp—1i

These facts imply that w' ¢ B™N Applying the last formula for

o—i,Kp—1"

m

o—i,Kp—1"
. o-1 m+/N
i=0-1, one has that w7~ " ¢ B1,np—a+1-

one concludes that Ho™! e B‘f};i_ﬁl.
Now we are almost done because, on the one hand, if 1 <i<o-1and 1 <i+j < Kp,
all the derivatives D D.h are bounded and continuous by induction hypothesis and

on the other hand, since H°™* = D{"'h e B‘f};é_ﬁl the same happens for

Therefore, applying Lemma 5.3 with s =1,

D\DJH°"' = D,\DJ (DS ™"h)

if 1+j<kp—o+1, hence D{DJh is continuous and bounded if o + j < kp.
It remains to deal with the analytic case. We denote by ¢(t,x,A) the flow of
z = p(x,\). We claim that, if o,y are small enough, the complex set Q(g,v) is
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invariant by ¢(¢,x,\) for any A € A(y). Indeed, first we note that
p(z,)\) =p(Rez,Re \) +iDp(Rez,Re A\)[Im z,Im ]

- [ - DB, M) I, T AP d
with () = Rex + iplmz and A(p) = ReX +ipIlmA. We observe that, writing
zu = (x(p), A(p)):
Dp(Rez,ReN)[Imz,Im ] =D, p(Rez,Re \)Imz + Dy\p(Rez, Re \)Im )\,
D2p(zu)[lm1}, Im \]? :Dip(zu)[lmx, Imz] +2D,D\p(z,)[Imz,Im A]
+ D3p(z,)[Im A, Tm A].

Then, since p is homogeneous and analytic, we have that D,p, Dip e HN. Then,
if Ae A(~?):

p(z,)\) = p(Rex,Re\) +iD,p(Rez, Re \)Imz + 12 O(|z|V).

From the above equality we can proceed as in the proof of Lemma 3.9 to prove that
Q(p,7) is invariant if g, are small enough. Then, the proof of the analytic case is
completely analogous to the one of Theorem 3.2, using the dominated convergence
theorem and the fact that the bounds are uniform for A € A. O

5.2. End of the proof of Theorems 2.8 and 2.9. First we discuss the case of
maps. No matter what strategy we choose for solving the cohomological equations
for K7 we have to deal with the remainders EJ*V~' and EJ*"~' (Sections 4.2
and 4.3). Therefore, the first thing we need to do is to check what regularity
with respect to (x,\) they have. We deal with EZ*N~! being the case for EZ*L’l
analogous. Recall that, as we prove in (4.3), E4*V-1 was the homogeneous part of
the error term E277! = F, o K971 - K371 o R<I*N=2_ To prove this we used that
by induction K</ and R¥*N~! are sums of homogeneous functions and Taylor’s
theorem by decomposing F,. as in (4.4):

Eo(z,y,\) =z +p(z,y, \) + ENY (@, g, ) + -+ FN(x,y, \) + Fo7 (2,9, ).
Since p and Ffw I =N+1,- r, are homogeneous polynomials with respect to (x,y)
and moreover F € C¥+7, we have that p, ch €C¥ = for = N +1,-,r. In fact they
are analytic with respect to z and C*® with respect to A. Analogously for Eg!*L‘l.

The cases M < N or A, > b, follows immediately from the strategy in Section 4.4

and Lemma 5.1.
When, M > N and A, <b, the first cohomological equation we solve is

DmKi(ac, Mp(z,0,)) - Q(z, /\)Kj(alc7 A) = El])“l,
with Q =0 if M > N or Q(z,)) = Dyg(x,0,)) if N = M. Using Lemma 5.1 with
p(z,\) =p(x,0,\), m=1and w = Eév“l, we have that Ki € C¥sxm=s+ where sy, T4
are the given in Theorem 2.8. Proceeding by induction as in Section 4.4, we prove

Theorem 2.8.
The proof of Theorem 2.9 is straightforward. Indeed, following the strategy in

Section 4.5, we decompose KU = KG) + KG) where K() is the time average of
K which satisfies equation (4.16). The same argument as in the case of maps

leads to conclude that K(9) € C¥s+-+-s+ . Finally, K() satisfies the equation
atK(‘]) _ (E%'Jerl’E:ZJrLfl)
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and therefore it is C* with respect to (¢,\) and analytic with respect to x.

6. EXAMPLES

In this section we are going to see that our hypotheses are all of them necessary
in order to be able to solve the cohomological equations for K ;

In Section 6.1, we present an alternative (and easy) way for solving the cohomo-
logical equations in a particular setting. We also provide two examples of analytic
maps (or even analytic vector fields) satisfying all the hypotheses, where the solu-
tion of the corresponding cohomological equations are only C” in int(V). One of
these examples, satisfies that A, = 0 and the other one is such that A, > 0. We will
also check that the condition A, > dj, is essential to obtain analyticity. Moreover,
we will also check that, when A, < d,, r. is the maximum degree of differentiability.

Recall that the cohomological equations for K7 can be always solved by choosing
RJ properly. However, it is interesting to obtain the simplest normal form, to be
able to solve the cohomological equations for K7 with R/ = 0. We present an
example where the cohomological equation for K7 can not be solved with R/ =0
if the degree j < £, with £, the degrees of freedom to chose K defined in (2.7).
In consequence, the normal form R’ stated in the main result, is the simplest one,
generically.

6.1. Example 1. A particular form of p. Let F be a map of the form (2.1),
satisfying hypotheses H1, H2 and H3.

Claim 6.1. Let p(x) = p(z,0). Assume that p(x) = po(z)x, with po : V - R
and p and V satisfy hypotheses HP1, HP2. Then the approrimate parametrization
K= and the reparametrization R are rational functions (which in general are not
polynomials). Moreover R can be chosen to be of the form R(x) = x + po(z)z +
R*N-Y(z), as in the one dimensional case.

Proof. HP1 implies -2 < po(z) <0, z € V. Then, the auxiliary equation (3.1) reads
Dh(z)po(z)z - Q(z)h(x) = w(x).

Since we look for homogeneous solutions of degree m + 1, using Euler’s identity,
namely Dh(z)z = (m+ 1)h(z), if h is homogeneous of degree m + 1, equation (3.1)
can be written as:

[(m+1)po(2)1d - Q(z)]h(z) = w(z).

Consequently, we can solve this equation for any homogeneous function w € H™*V
if and only if the matrix (m+ 1)po(z)Id — Q(z) is invertible for all x € V. Assume
the contrary, that is, there exists x € V and a eigenvector v, with |v|| = 1, of the
eigenvalue 0. For the next computations we assume that m > 0 and V is small
enough so that -1 < po(z) < (m+1)71 if 2 € V. Then Q(z)v = (m + 1)pg(z)v and

[(Id - Q(x))v] = 1 = (m + 1)po ().
By definition (3.3) of Bq:

|(1d - Q(2))v] < [1d - Q(x)] < 1 - Bo ||
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and by definition (3.2) of ap, po(z) < —ap|x|N~!, then, we deduce that, if the
matrix (m+ 1)po(z)Id — Q(x) is not invertible,

B
m+1+—Q£0.
ap

Consequently, if m+1 + f—Q >0, for any x € V, the matrix (m + 1)po(z)Id - Q(z)

is invertible and moreover, the solution of the auxiliary equation is

h(z) = [(m+ 1po(2)Id - Q(z)] " w(z).

Depending on the values of M, N, KZ has to satisfy the cohomological equa-
tions (4.8) if N < M, equation (4.9) if N = M and (4.10) when N > M. Then,
taking in the auxiliary equation w(x) = EZJ“L_l, and either Q(z) =0 if N < M or
Q(z) = Dyg(z,0) if N > M, we have that

LNy, N<M,
jpo(z) Y

K{/(x) “ [ipo(z)Id - qu(x,O)]_lEZJ“N_l(x), N=M,

-Dyq(x,0)" EJ*M(2), N > M.
To obtain KJ and R7*V~1 we have to deal with (4.5) which in abstract form reads
Dh(x)po(a)x ~ D(po(z)x)h(z) +n(x) = (jpo(2)ld ~ D(po(z)z))h(z) +n(x)
=w(z),
where h = KZ, = RI*N=1 and w(z) = BN () + D,p(x, 0)KJ(x). Assume that

the matrix in the above equation is not invertible for some x € V. Then there exists
v € R” with |v|| = 1 such that

(7 - 1)po(x)v = (Dpo(x)v)z.
This implies that = and v are linearly dependent: v = Ax for some A € R\{0}. Then
(j = Dpo(z)Az = A(Dpo(z)x)z = A(N - 1)po(z)x

and hence j7 = N. As a consequence, for j > 2, j # N, the previous matrix is
invertible, we can take R/*N~1 =0 and

. . -1 . _ .
K (x) = [jpo(2)1d - Dyp(x,0)] (EL™N " (2) + Dyp(x,0) K ().
When j = N, we can take K2 as any function in H"¥ and then
RQN’I(x) = EiNfl(:c) - DK;V(x)po(:c)x + Dmp(x,O)KfEV(x) + Dyp(z, O)Kév(:c)
O

6.2. Example 2. On the necessity of hypothesis H3. Consider the system of
ordinary differential equation in R? x R

. 2 . . 3
Ty = -7, Ty = —aT1x2, U =br1y + x5

with a,b> 0 and b+3a < 1. This system was also considered in Section 5.1 of [BFM].
There it was shown that the time 1 map F' of the flow defined by the above system
satisfies hypotheses H1 and H2 in a suitable domain V' but that it has no invariant
manifold over V.
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Claim 6.2. There exist V c R2, star-shaped with respect to the origin, where I
satisfies hypotheses H1 and H2 but in which the cohomological equations (4.9) have
no homogeneous solution in V. That is, H3 is needed both at a formal and at an
analytical level.

It is clear that F' is a map of the form (2.1) with N = M = 2, p(x,y) =
(—af,—ax122) and q(z,y) = br1y.

We denote z = (21,x2). Let ¢ be the flow of & = p(x,0), which can be explicitly
computed:

@(t,ﬂ:) = ((piCl (t’x7y)7§0x2 (t,I‘)) = ( Z1 T2 )

1+t.’E17 (1+t(L’1)a

Proof. Hypotheses H1 and H2 are satisfied for F' in the convex domain

W= {:1: = (z1,22) e R? : |z] < (1 —a)zy < i}
a+1
with the supremum norm. Actually, 4, = a?, ap =1 and B, = b. However there is
no open invariant set for F, contained in W and, as a consequence, hypothesis H3
is not satisfied. Indeed, assume there is such open set and that 2° = (x%gcg) eW,
29 #0, and let

0 0
ZL’n:Fm xn—l’o — an‘r070 _ anx070 _ Xy 7 Ty —.
@0 = 0 = (F 60 = o (e

If the sequence z" € W, ¥n > 0, then (1-a)zl > |z3|(1 + nx‘f)l_a, Vn >0, which is
false since a < 1.

Following the algorithm described in Section 4, we compute
B (x) = FoK™ () -K< o R () = F(x,0)~(a+p(2,0),0) = (0,0,2) +O(Ja]*]).
Therefore, the first cohomological equation that we need to solve is
(6.1) DKj(x)p(x, 0) - Dyq(=, O)KyQ(x) =13,
Let My(t,z) = (1 +tx1)® be the fundamental matrix of 2 = Dyq(¢(t,x),0)z =
bz, (t,2)z. Formula (3.8) applied to p(z) = p(z,0), Q(z) = Dyq(z,0) and w(x) =
x5 states that

0 0 1
208 _ -1 _.3
K, (r)= L M, (t,2)w(p(t,z))dt = x5 L (s tay)ia dt

which, obviously, is not convergent if b+ 3a < 1. In conclusion, our algorithm can
not be applied if H3 does not hold. Finally, we remark that, by Corollary 3.5,
equation (6.1) has no homogeneous solution. O

6.3. Example 3. The loss of differentiability. We consider the map (z,y) €
R% xR+ F(x,y) € R3 given by

x+p(x) 2
F = = R R
(Z‘,y) ( y+q1($)y+g(m) )? x (.’E17.’I}2)€ , YER,
where ;
— i
s -( Ih ) a@deted. -

with ¢+ 7 >4 and ¢,d > 0.
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Claim 6.3. There exists V c R2, star-shaped with respect to the origin, where I
satisfies hypotheses H1, H2 and HS3.

Let K be any approximate solution of (2.5) provided by Theorem 2.2. If the
choice of i,j,c,d is such that i +d = j+dfc =4, then K is only j+ 1 times differen-
tiable. This is the optimal reqularity claimed by Theorem 2.2.

Possible choices are i =j=d=2,c=1andi=3,j=d=1, c=1/3.

Proof. We will compute the term Ks explicitly and check that if has precisely the
claimed regularity.

Let V = By, ~ {0} ¢ R? with gy small. We claim that, hypotheses H1, H2, H3
are satisfied in V for the Euclidean norm || - |2 (in fact, they are satisfied with any
norm). Indeed, we have that V is invariant by x — x + p(«) if gg is small and

c
ap = ——
P lve

We have that E*'(z) = (Ej, E,)(z) = F(x,0) - ( + p(x),0) = (0,g(x)). Then,

the first cohomological equation we have to solve is

DK, (x)p(x) - a1 (2) K, (x) = g(x) = ayad,

which, according to (3.8), gives

+0(02) >0, A, =0, b, = max{1,c}, B,=d>0.

.. r0 1
Kj(m) = r|19 / ixd J4d dt.
= (1+2tx?) ? (1+2tcz2) ™

According to Theorem 2.2, the degree of differentiability of K, given in (2.4), is the
maximum integer satisfying

B
Ty <2+J:2+L.
- max{1,c}

Now we take values of ,75,¢,d such that i +d = j + dfc = 4. Tt is a calculation to
check that

2,2 2.2 2
c | cxs+x xix cx

K2(z)=2ta? 2 "l _¢ 172 Jog| =2 ]|.
y( ) =) 2[2(%%_56:{)2 (ca2 - 22)3 g 2

We study K in the subdomain W = {|\/czo| < |z1]} of V. On W, K is

K2 i—j—2xjé 1 ca? ca? N
y(@) =7 | T 1= —5
a1

o j+2 2\3
+2x217]76x2. (—C;Q) log(\/a|x2|).

Jj+2
.’El 1

To study the differentiability of K; on W is equivalent to study the derivability of
x(2) = 22"21og(|2|), which is only C/*! at z = 0 but it is not C?*2. Consequently,
Ky2 is only C/*! at the points (z1,0) € W c V. Note that, with the two choices of
the parameters i, j,d,c, we have that, d = j and ¢ < 1. Then, r, < 2+ j, that is,

r, =1+ 7 which coincides with regularity of KZ at x9 = 0. (]
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6.4. The reparametrization R. We consider the map given by
z+p(x) + f() 2
F x7 = ) x7 € R X R’
(=) ( vra@yo@ ) Y

with p(z) = (=2, —caN"tzy), N 22, q1(x) = (22 + 22)M-D/2 M odd and M > 3,
g € HZIMJrl and f € H2N+1.

Claim 6.4. Assume c > 1. F satisfies hypotheses H1, H2 and HS with the supre-
mum norm in the set

(6.2) V={zeR?: |z <z, }.
For any approzimate solutions K and R given by Theorem 2.2, R has the form
N . .
R(z) =z +p(z) + > RN (z), RIFN=L 20, j=2,. N.
j=2
In the case of one dimensional manifolds, it was proven in [BFAILMO07]) that one

can always take R/*N-1=0if j=2,... N -1.

Proof. 1t is easy to see that Hypotheses H1, H2 and H3 hold in V, as well as to
compute the value of the constants B, = N¢, a, =1, A, = —¢(N - 2) and b, = c.
Consequently we have that

0,>N-1+[N¢]>2N-1.

What we are going to check is that, necessarily, for solving the cohomological
equations (4.5) for K7 in Section 4 for values of 2< j </, - N + 1, we have to take
RI*N-1 2 (. Indeed, if not, the cohomological equations (4.5) for 2 < j < N are

DK} (z)p(x)-Dp(x) Kl (x)
N N-1
B j -] Nazj 0 j
_DK””(J;)( —cxlN 1z, )+( (N -1)zN 22y cal¥t )K”(x)

~EIN ()

)

where EZ*N-1 is a homogeneous function of degree j + N — 1.
We focus our attention to the equation for the first component of K7,

(6.3) 21D K3 (2) + cxa Do KL (2) - NKI (2) = 21 VEIN 1 (2).

We introduce the auxiliary functions h(z) = K7 (1,z) and T(z) = EJ*N71(1,2).
Notice that we can recover K7 () from the identity:

(6.4) K (z1,22) = wih($2/$1)-

Using Euler’s identity jK7(z) = DK (z)x and rearranging terms in (6.3), we obtain
that h is a solution of the differential equation:

(6.5) (c- 1)dilzh(z) _ Nz_jh(z) - T(Zz).

We study the solutions of (6.5). Assume the easiest case, that is EJ*N~! is a
homogeneous polynomial. Then T'(z) is a polynomial of degree j+ N —1 which we
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write as: T'(z) = ZJ+N Y@z, From the form of (6.5) the solutions are defined for
z€(0,00) and for z € (—00,0). When j = N, equation (6.5) yields:

2N-1

(¢c=1)h(z) =C-aglog|z| - ). %zl
=1

for some constant C. Then, by (6.4)
)
=1
which is not defined for 2 = 0 contained in the set V' in (6. ) So that equation (6.3)
can not be solved in V for j = N. Even more, when j # N, denoting 8= (N-3)/(c—

1)

()-(c aolog |2

z j+N-1 P
h(z):|2|/30—|z|/3f1 w P T (w)dw = 2°C - 2P Y f1 ayw? 1 du.
=0

When g =1¢{0,---,7+ N -1}, h will have the term a;log|z| and, as in the case
j =N, KJ will have the term log(|z2|/|z1|) which, again, is not defined in the set
V. We realize this case for j < N taking, for instance, c=2 and [ = N — j. On the
contrary, Kgl is well defined if j > N. O
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