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SOME ESTIMATES FOR THE STABLE MANIFOLD THEOREM

TOM DUTILLEUL

ABSTRACT. We investigate the standard stable manifold theorem in the context of a partially hyperbolic singu-
larity of a vector field depending on a parameter. We prove some estimates on the size of the neighbourhood
where the local stable manifold is known to be the graph of a function, and some estimates about the derivatives
of all orders of this function. We explicitate the different constants arising and their dependance on the vector
field. As an application, we consider the situation where a vector field vanishes on a submanifold N and contracts
a direction transverse to N. We prove some estimates on the size of the neighbourhood of N where there are
some charts straightening the stable foliation while giving some controls on the derivatives of all orders of the
charts.

1. INTRODUCTION

Fix a smooth vector field Y on a Riemannian manifold M and let x be a singularity of the vector field Y,
that is, a point of M such that Y (x) = 0. For any v < 0 and for any n > 0, the local y-stable set W, (z,Y")
of = for Y is the set of points in M whose forward orbit under the flow of Y stay in the n-neighbourhood of x
and converge to z faster than €’ as t » +00 (see (2.3d)). This is one of the most fundamental objects when
one tries to understand the asymptotic dynamics of the flow of Y near z. Its geometry is very well understood
in the context of a hyperbolic (or partially hyperbolic) singularity, as explained in what follows.

1.1. Stable manifold theorem. Assume that the singularity = is partially hyperbolic: up to replacing Y by
—Y, this means that there exists a non trivial decomposition T, M = F & G of the tangent space at x such that
F and G are stabilized by DY (x) and there exists a negative real v such that the real parts of the eigenvalues
of DY (x)|p are strictly less than v and the real parts of the eigenvalues of DY (x)|i are strictly more than +.
In this context, the Stable Manifold Theorem asserts that for any positive 17 small enough, the local y-stable set
W,f (x,X) is an embedded submanifold of M tangent to F at x, called the local y-stable manifold. It can be
seen as the graph of a smooth map ¢ : U C F' = V C G, from a neighbourhood U of 0 in F' to a neighbourhood
V of 0 in G, satisfying ¢(0) = 0 and D¢(0) = 0. Moreover, if Y depends smoothly on a parameter ;1 € R®, then
this is also the case for the submanifold described earlier, that is, ¢, (z) = ¢(z, 1) is smooth as a map of the two
variables z € U, u € R”.

Though this standard theorem has been presented and generalized in many articles (see e.g. | I, [ D
and books (see e.g. [ I, | I, [ I, [ I, [ ] for classical introductory readings and | ]
for a deeper treatment but a tougher reading), we have not found a version of this result that gives explicit
estimates on the C*-norms of #(z, 1) (k € N*) and on the size of the neighbourhood where these estimates hold
true. In most of the books, authors state that if Y is C”, then ¢, is also C" and u ¢, is a continuous map
from R’ to the space of C" maps equipped with the C" topology, which is a weaker statement than saying that
&(z, ) is smooth. The closest result to what we were looking for has been found in | ] (chapter 5). They
prove rigorously that the map ¢(z, 1) is smooth but do not provide explicit estimates. This is the reference that
motivated the writing of this paper, whose purpose is to give such estimates. Since we are only interested by
local estimates, we may (and do) assume that M = R™ and 2 = 0 (it suffices to work in a local chart and to
multiply the vector field by a smooth plateau map in the neighbourhood of 0).

The classical stable manifold theorem (which can be found in the above references) can be stated as following;:

Theorem 1.1 (Stable manifold theorem with parameters). Let X = (X,),ers be a smooth family of smooth
vector fields on R" such that

(1) For every p € R®, the origin of R" is a singularity of X,,, i.e.
X,(0) =0
(2) The endomorphism A := D, X (0,0) admits a partially hyperbolic splitting R" = F & G such that
)‘maz (A|F) < min (Oa )‘mzn (A|G))

where Aoz (AjF) (resp. Amin (Ajc)) denotes the maz (resp. min) of the real parts of the eigenvalues of A|p
(resp. Ajg). Let v € ()\ma:C (A|F) , min (0, Amin (A|G))). Then there exists € > 0 and n > 0 such that for every
fv € Bgs(0,€), the local y-stable set W, (0,X,,) is the graph of a smooth function ¢, : F — G intersected with

Date: April 13, 2018.
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the ball Bgn(0,7). Moreover, the map ¢ : (z,11) € F' X B+ (0,€) = ¢,(z) € G is smooth, for every p € Bgs(0,¢€),
$,(0) =0 and D¢y(0) = 0.

As explained above, our goal is to supplement this result by providing explicit estimates on €, n and the
derivatives of all orders of ¢. What we prove is summarized in the following addendum (for a precise version, see
theorem 3.12):

Addendum. For every r > 0, one can find a radius €, a size n and a map ¢ as above satisfying the following
properties:

o the radius € is linear in r; polynomial on the distance between vy and the real part of the spectrum of A;
inversely linear on the norm of the second derivative of X on the closed ball ERnXRs(O,T) and inversely
polynomial on the norm of A and the angle between the generalized eigenspaces of A.

o the size n is linear in r; polynomial on the spectral gap min (0, Amin (A|G)) — Moz (A|F); inversely linear
on the norm of the second derivative of X on the closed ball ERans(O,r) and inversely polynomial on
the norm of A and the angle between the generalized eigenspaces of A.

e the norm of the k-th derivative of ¢ on Bp(0,1) X Bg+(0,7) is a polynomial function of degree = nk’
depending on the norm of A, the angle between the generalized eigenspaces of A, the inverse of r, the
norms of the (k + 1) first derivatives of X on the closed ball Brnygs(0,7) and the inverse of the spectral
gap.

Remark 1.2. The parameter r describes quantitatively how the local «-stable manifold is, indeed, a local object.
It allows one to get some information on the size of the local y-stable manifold when one is only using a control
of X over the ball of radius r.

Remark 1.3. The strategy used to prove theorem 1.1 is standard. We find the orbits contained in a stable
manifold as the fixed points of an "integral" operator (depending on the parameter p) on a suitable space of
functions. The construction of the operator is natural and gives the desired description of the stable manifolds as
graphs of some family of maps ¢,,. This is the technique used in [ ], but with a major simplification. We
directly prove that on the one hand the operator is smooth with respect to all variables including the parameters
and on the other hand it is a contraction mapping with respect to the space of functions, thus we obtain that the
family of graphs ¢ is smooth with respect to the variable in the phase space and the parameter, using a global
version of the implicit function theorem (which can be seen as a contraction mapping theorem with parameters).
This makes the proof easier and more natural compared to the one in | ]. Indeed, in this reference, the
authors do not prove that the operator is smooth and thus need to use a family of truncated operators to obtain
the smoothness of the fixed point.

1.2. Vector fields vanishing on submanifolds. Theorem 1.1 allows us to describe the stable foliation asso-
ciated with a normally contracted submanifold on which a vector field vanishes. The context is as follows. Let
M be a smooth manifold of dimension n and let N be a smooth submanifold of M. Let Y be a smooth vector
field on M vanishing on N such that for every point x € N, there exists a direction transverse to 7, N which is
stabilized and contracted by DY (z). Recall that, given x € N, the stable set W*(x,Y) of x for Y is the set of
points in M whose forward orbit under the flow of Y converge to x. It is well known (this is an easy consequence
of theorem 1.1) that the family of stable manifolds (W®(x,Y)),en foliates a neighbourhood W of N and the
stable foliation
FE W (@, Y)n W |2 € N}

can be locally smoothly straightened.

Fixing a point z € N and a local chart (independantly of Y') centered around x which straightens N, and
looking at the situation in this chart, we "can assume that" M is an open set € of R™ and N is the set ) :=
QNG # @ where G is a linear subspace of R”. The standard result explained above can be stated as following:

Theorem 1.4 (Straightening of a stable foliation). Let Q be an open neighbourhood of 0 in R™, G be a linear
subspace of R™ and Y : Q = R" be a smooth vector field such that

(1) Y wanishes on Qy := QN G;
(2) For every p € Q, there exists a decomposition F,, & G = R" stabilized by A,, := DY (p) and such that

)‘max((Au)|F”) <0

Let ug € Qq. Then there exists a smooth local coordinate system & defined on a ball Brn (pg, R) such that the
family of stable manifolds (W*(11,Y')) ueqynByn (uo,r) Joliates Bgn (p, R) and such that the local coordinate system
straightens the stable foliation: for every p € Qy N Brn (g, R),

E(W*(1,Y) N Bge (1o, R)) = (1 + F,y) 0 € (Bgn (po, R))

Once again, our goal is to provide some explicit estimates on the radius R and on the derivatives of all orders
of £ and & ~'. What we prove is summarized in the following addendum (for a precise version, see theorem 4.1):
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Addendum. For every r > 0 such that ERTL(,LLO,T) C Q, one can find a radius R and a local coordinate system
& as above satisfying the following properties:

; tnversely linear on the

o The radius R is linear in r; polynomial on the spectral gap |)\maz((A#U)|Fu0)

norm of the second derivative of Y on the closed ball E]Rn(,uo,r); inversely polynomial on the norm of
A, and the angle between the generalized eigenspaces of A, .

e For every € > 0, £ restricted to Brn (g, €R) is e-close to the identity with respect to the C' -norm.

o The norms of the k-th derivatives of & and 5_1 are polynomial on the norm of A, , the angle between
the generalized eigenspaces of A, and the norms of the (k + 1) first derivatives of Y on the closed ball
Bgr (o, ) and inversely polynomial on the spectral gap and r.

Remark 1.5. In order to deduce this from theorem 1.1, one must choose a compact ball E(Mo, r) € © on which
one controls the derivatives of all orders of Y. There is no canonical choice and one can use the parameter r to
make a choice depending on its needs.

The paper is organized as follows. Section 2 compiles some notations used throughout the paper. In section 3,
we prove theorem 1.1. We first treat the global case (see proposition 3.1), which is the main technical result
of this paper, and then we apply it to the local case. In section 4, we prove theorem 1.4 using theorem 1.1.
Appendix A recalls some well-known estimates of linear algebra that are extensively used throughout the paper.

2. GENERAL NOTATIONS.

We introduce here some notations that will be used throughout this paper. For any n € N, we denote by
||.I| the Euclidean norm on R". For any family (Ey,||.|l1),---,(Ex I-1l,), (F,]].|lz) of normed vector spaces
(possibly of infinite dimension), for any continuous r-linear map L : Ey X -+ X E,. —» F, we will usually denote
by |||L||| its subordinate norm, that is,

IL(21, - .., )l
LI = sup 7 r
(@1,..wr)€] iy Es 1_[1':1 ||xl||z
For any linear subspaces F, G of R", let us recall that the angle between F and G, denoted by < (F,G), is

defined as the minimal (unsigned) angle between a vector in F' and a vector in G. The angle between F' and G
is strictly positive if and only if F'n G = {0}. If this is the case, let

m(F,G) dif(ﬁ)a

We generalise this notion by defining the angle between a finite family Ej, ..., E, of linear subspaces of R" as
following

<(By,....,EB) % min < (Ej,gj E)

1<j=sr

For any A € M,,(R), let

def
2.1 Ao (A) % Re(\
(2.10) () e Re()
def
2.1b At (A) %" min Re(A
(2.1Db) (4) = nin Re())
(A) def 2 %1
(2.2a) M = T - cos< (By,.. L B,)
where F1,..., E, are the generalized eigenspaces of A
def n-1
) 21(4) "< mae (1, | A" m (4)
where [||.]|| is the subordinate norm with respect to the Euclidean norm
(2.2¢) NM(A) € 222 = 1) M(A)

Given a Riemannian manifold M with distance d, a smooth vector field Y on M with flow Y'and a singularity
z of Y, we define the following stable sets:

e The global stable set W’(x, X) of x for Y is the set of points in M whose forward orbit under the flow
of Y converge to z, that is,

(2.3a) W (z, X) = {y e M| lim d(xX'(y),x) = 0}
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e For any 7 < 0, the global y-stable set W™ (x, X) of z for Y is the set of points in M whose forward orbit
under the flow of Y converge to = at least as fast as e'yt, that is,

(2.3b) W (z,X) = {y € M | d(Xt(y),x) = 045400 (e'yt)}

e For any n > 0, the local stable set W, (2, X) of x for Y is the set of points in W*(z, X') whose forward
orbit under the flow of Y stay in the n-neighbourhood of z, that is,

(2.3¢) Wy (x,X) ={y e W(z,X) | ¥t 20, d(X"'(y),z) < n}

e For any v < 0, for any n > 0, the local y-stable set W,” (x, X) of  for Y is the set of points in W™ (z, X)
whose forward orbit under the flow of Y stay in the n-neighbourhood of z, that is,

(2.3d) Wy (@, X) = {y e W (2,X) |Vt 20, d(X'(y),2) < n}
One can remark that if one chooses a distance d' equivalent to d, then the stable sets for d' coincide with the
stable sets for d.

3. ESTIMATES FOR THE STABLE MANIFOLD THEOREM WITH PARAMETERS

3.1. Setup. Fix an integer n > 2 and an integer s € N*. We define a smooth family of vector fields (X)) pers as
a smooth map
R"xR* — R"
(z,p) +» Xu(x)
where R" is the phase space and R® is the set of parameters. Given such a X, let us consider some hypotheses:

X:

Hypothesis 1. For every u € R®, the origin is a singularity of X,,, i.e.
H w
X,(0)=0

Hypothesis 2. The endomorphism A := D,X(0,0) admits a partially hyperbolic splitting (F,G), i.e. there
exists a non trivial decomposition R" = F & G such that F and G are stabilized by A and

)‘maz (A|F) < min (07 )\mzn (A|G))

Given such a partially hyperbolic splitting, we will consider the interval:

(3.1) Ta € e (A)p ), min (0, Ain (A1)
and the "spectral gap":
(3.2) o (A)  min (1, min (0, Amin (416)) = Amax (A7) "7

Hypothesis 3. Given a partially hyperbolic splitting (F,G), the first derivative of X satisfies

n— n— -1
sup (1D, X (2, 1) — Alll < (277 (n - 1)""'V2 M(A)o (4))
(z,pu)ER™XRS

Hypothesis 4. The derivatives of all orders of X are bounded, i.e. for every k = 1,
k
|D$,HX(.T,/L)||| < +00

sup
(z,u) ER™XR?
In section 3.2, we will assume that X satisfies all the above hypotheses and we will prove a global stable
manifold theorem with global estimates while in section 3.3, we will only assume that the first two hypotheses
hold true and we will prove a local stable manifold theorem, expliciting the local estimates and the size of the
neighbourhood where these estimates hold true. The local theorem will be a consequence of the global one. The
idea is to multiply the non linear part of X by a smooth plateau map on a small neighbourhood of (0,0) such
that the new X satisfies all the above hypotheses.

3.2. Global estimates. In this section, we state and prove a (global) stable manifold theorem with parameters
for smooth families of vector fields (X,),ers satisfying the hypotheses 1, 2, 3 and 4. For such a X, let

def
M (X) = sup ||D.X(x,u)— All
(z,pu)ER™XR?®

where A := D, X(0,0), and for every integer k = 2, let
def

M, (X) = sup sup
2<j<k (z,u)ER™XR®

| D2 X (|

and
My (X) € max (1, My, (X))
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Let us recall that in the current context, for any 1 € R® and v < 0, the global vy-stable set of 0 for X w18
s, n t t
(3.3) W7 (0,X,) = {zo € R" | ||X).(20)| = Otersoo (¢7)}

For any v < 0, let

def . n—1
da(y) = min(1,d (v, Re(Spc(4))))
where d is the usual distance on R.

Proposition 3.1 (Global estimates for the stable manifold theorem with parameters). There exists a positive
constant C' and a sequence of positive constants (Cy y)ken (depending only on the dimension n of the phase
space) such that for every smooth family of vector fields (X,,),ers satisfying the hypotheses 1, 2, 3 and 4, for
every partially hyperbolic splitting (F,G) of A := D,X(0,0), there exists a unique smooth map

FxR° - G

Pl G e o)
such that
(1) Graph structure of the global ~-stable set: for every yu € R®, for every v € 14 (see (3.1)) satisfying
1 da(v)
3.4 M (X) < =
(3.4 L0 = o e

where Cy = 22" (n = 1)""'V2, the stable set W*" (0,X,,) is ezactly the graph of the map ¢, : F —» G. In
particular, W*7 (0, Xu) does not depend on the choice of such a .
(2) Local v-stable set: for every v € I, satisfying (3.4), for every u € R®, for every n > 0, for every

0<65m, we have
(3.5) W, (0, X,,) N Bgn(0,6) = Graph (¢, ) N Bgn(0,)
(3) Controls on ¢: for every (z,u) € F X R®,
(3.6a) lo(z, )l = Cr o0 (A) M(A)M; (X)) [|=]|
(3.6b) D¢z, )l = C1 10 (A) M(A)M, (X)
(3.6¢) Doz, )| < Crao (A) M(A)M, (X)) ||2]]
and more generally, using the norm ||(z, )| = ||z|| + ||l on F X R®, we have, for all k = 2,
(3.60) |06, ||| = €k (0 (A)* M(AY Wy (X)) max (1, [1211)) ™

where o (A) is defined by (3.2).

Remark 3.2. If one is working with a different norm than the Euclidean one, one will have the same result but
with different constants Cy,C o,Cy 1, ..

Remark 3.3. Hypothesis 3 is not fundamentally necessary for proposition 3.1 to be true. This hypothesis implies
that there exists a v € I4 satisfying (3.4) in item (1), so it is only a convenient and explicit sufficient condition
for the proposition to not be empty. When proving the local version in section 3.3, we will not check that
hypothesis 3 holds true, we will directly work with a given v and check that (3.4) holds true.

The proof of proposition 3.1 is heavily based on the contraction mapping theorem, applied in the Banach space
introduced in definition 3.5 below.

Definition 3.4 (y-norm). For any v € R and (z,v) : [0, +o0[— R” X R?, we define the y-norm of (z,v) by

II(z,v)llvdéfitzlgmaX(IIZ(t)ll Alw(®)1De™ € [0, +00]

Definition 3.5 (Function space H'). Let v € R. Denote by H" the vector space of continuous maps (z,v) :
[0, +oo[ = R? x R? whose y-norm are finite. The vector space H' endowed with the v-norm is a Banach space.

Remark 3.6. For any v < v, we have H” ¢ H" and for every (z,v) € H”, we have 1(z, 0] = [I(=, ),
Remark 3.7. Tt will be useful to see H, := H' as the cartesian product H; X H; when n =p +gq.

Proof of proposition 3.1. Before expliciting the strategy of the proof, we need some preparatory work, stated
below. Fix a smooth family of vector fields (X,),ers satisfying the hypotheses 1, 2, 3 and 4 and a partially
hyperbolic splitting (F,G) of A := D, X(0,0). Let p =dim F and q = dim G. Fix y € I4 satisfying

1 da(y)
(3.7) My (X) < 227 (n — 1)" 12 ]\;(A)
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Conjugation of X. We start by conjugating X in such a way that F' and G become orthogonal linear subspaces
of R". For that purpose, let us fix an isomorphism L : R" — R" = R” x R? such that L (resp. Lg) is an
isometry from F (resp. G) to R” X {0} = R” (resp. {0} x R? ~ R?). We have (using lemma A.1)

(3.8) 1Ll = m(F.G), |27 = v2
We now define
(3.9) 2 R’ xR xR* — RPxR?

' ‘ (z0.0) = LX(L7(2,0)))

One can remark that for every k = 1,

(3.10) M (X) < V2" m (F,G) M, (X)

Let N
~ def 5 B -1_(A1 O
A% D, ,X(0,0,0)= LAL™" = ( 0 Az)

where A; = flmp and A, = /~1|Rq, with respect to the canonical basis. Using the fact that L is an isometry in
restriction to F' and G, we have the following properties on A; and A, :

(3.11a) Spc(A1) = Spe(Ajr), Spc(As) = Spe(46)
(3.11b) m(A,) =m(Ag), m (Ay) = m(Ajg)
(3.11c) M(A;) = M(Ap), M(Ay) = M(Aq)

Property (3.11a) implies that di(v) = da(7).

Differential equation view-point. Let p € R®. The differential equation associated with the vector field X u can
be written in the following form

, _
=A

(3.12) e = Az flev )

v = Av+g(z,v, 1)

where (f,g) : R? x R? x R* — R” x R? is a smooth map defined by

(g((j . Z;) = X(2,0,1) = D, X(0,0).(20)
and satisfying
(3.13a) Yu€eR®, (f,9)(0,0,u) =0
(3.13b) D(f,9)(0,0,0) =0
(3.13¢) V(z,v,p1) € R” xR X R* ||| D...o (f, ) (2,0, ) ||| = My (X)

(3.13d) VN=>22VYV2<ks<N, V(z,v,u) € R” xR x R”,

k ~
Property (3.13a) implies that
(3.13¢) Vu € R, Yk €N, Dy(f,9)(0,0,u) =0

Control of exponential matrices. We now state an estimate that will be used several times throughout this
proof. Let

7+Amax (A|F) 7+>\min (A|G)
0= /8 = —
2 ’ 2
According to lemma A.3 and (3.11c), we have, for every s = 0,
1 M(A
|| esAl < ( |5_)1 s
d n-1
(3.14) &(Q
|||€_SA2 M |§;2 B
da(y)=r

where M (.) is defined by (2.2¢). Beware of the fact that the integer n must be replaced by p (resp. ¢) for M(A|F)
(resp. M(Ajq))-

Main operator of the proof. Let us define the operator
H" xR’ xR®* - H'

O’Y.
' ((z,0),w,1) = OF,(2,0)
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Rq

* *

FIGURE 1. (2 ,,,v5 ) is the unique orbit of X,, contained in the global y-stable set W*” (0, X,,)
with initial condition of the form (w,vg), vy € R%.

by the formula

e+ Jé e(t_s);‘lf(z(s), v(s), p)ds

Olﬂz,vtz voo " st A
o= [ e g (2 (s), 0(s), ) ds

Strategy of the proof. Fix yu € R*. We want to prove that the global y-stable set W*7 (0, X,,) is a graph over
R”. This amounts to prove that for every w € R”, there exists a unique vy € R? such that (w,vy) € W7 (0, Xu)'
This is also equivalent to say that for every w € R”, there exists a unique solution (z,v) of (3.12) such that
2(0) = w and (z,v) € H'. We introduced the operator O, ,, because its fixed points are exactly the solutions
(z,v) of (3.12) such that z(0) = w and (z,v) € H” (see lemma 3.11). It is then enough to prove that O/, , admits
a unique fixed point in H”, denoted by (Z:,w v:}_’#) (see lemma 3.9). See figure 1. The estimates on the graph

follow from estimates on v, , (see lemma 3.9) which themselves follow from estimates on O (see lemma 3.8).

Technical details of the proof. We now state and prove three lemmas which constitute the main part of the
proof.

For every k = 0, we denote by L}, (H'y x R*, H'Y) the space of k-linear maps from (H'y X Rs)k to H' and we
define the operator

Ayt H'XR” = £, (H' xR*,H")
by the following formula: for every ((z,v),u) € H' X R®, ((2;,v;), pi)1<i<k € (H” X Rs)k, t=0,

LTI DE £(a(s), u(s), 1)-((2i(5), vi(5)), i) ds
A ((z,0), 1).((z5,v;), ui)(t) = O —(s-t)A
() )Gz, 1)) (— #0002 DF g8, 0(), ). ((2a(5), 03 (8)), ) s

We also define the operator

Lemma 3.8. The operator O7 is smooth.
Forall k21, ((2,v),w, ) € H xR” X R®, ((2;,v;),ws, fti)1zizk € (H’Y x R” x Rs)k,

D(wi) + A ((2,0), ) -((21,01), 1) if k=1

k A~Y _
(315) D" O ((za’U)awa:u)'((ziavi)awia,ui) - {Ak((z,’U),,U)-((Zi,vi),ﬂi) ka >9

Moreover, using the following norm on H' X R x R®:

1((z, 0), w, Il = 11Cz, )11, + llewll + ]2l
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we have the following estimates : for every ((z,v),w, ) € H” x RY x R®,

1
(3.16a) 1D O™ ((z,0), w0, ]Il < 5
M(Ajp)
(3.16) 1D, 0 ((z.0) ., < ——2
da(y)=r
2max (M(Ajp), M(Ac))
(3.16¢) 1D, 07 ((z,v),w, w]|l., < ) M (X) 1z, 0)l,
where |||.|[|, denotes the standard norm of continuous linear maps from H" (resp. R”, resp. R”) to H” and,

more generally, for every k = 2,
2max (M(A), M(Ajg))
da()

where |||.|||, denotes the standard norm of continuous k-linear maps from (H” xR” x Rs)k to H.

(3.164) [0 0" ((z, )| (M (X) + Mot (X) 12,0011, )

Proof of lemma 3.8. One can remark that O7 is the sum of two operators, the first one being the linear map T
and the second one being A. Since R? is a finite dimensional vector space, I' is smooth. It follows that we only
need to prove that the operator Ay : H' X R* —» H” is smooth to prove the first part of the lemma. Using the
classical algebraic identification
Ly (H' xR H")=£(H xR*, L, (H' xR*,H"))

we are going to prove that for every k& = 0, A, is differentiable and D Ay, = Ap,q.

Step 1: for every k = 0, Ay, is well defined and for every k = 1, for every ((z,v),u) € H' X R*, Ap((z,v), 1)
is a continuous k-linear map. Let k 2 0, ((z,v), 1) € H' x R* and ((2;,v;), pti)1<is, € (H' X Rs)k. For every
520,

> DL DT (f.9) (=), 0(s), 1)-(0.((2is v0), i) 1sisi)

A
where
o.((2i,v;), ti )1<i<k = ((20(1)(8),%(1)(8)) v (2o (8), 0oy (8))  Ho(i41)s - - - aﬂa(k))
and G (1) is the set of all permutations of {1,...,k} which are increasing on both the integer intervals [1,] and

[l +1,k]. According to (3.13a), (3.13c) and the mean value theorem, we have, for any s = 0,

(£, 9)(=(5), 0(s), Il < My (X) [I(2(s), (NIl < 7 My (X) [1(2,0)I,,

According to (3.13c), we have, for any s = 0,

1 D-,0(f: 9)(2(8),0(8), 1)-(z1 (5), 01 ()] = My (X) (21 (5), w1 ()] < €7 My (X) |z, 00

According to (3.13d), (3.13¢) and the mean value theorem, we have, for any s = 0,

1D (f,9)(2(s8), v(s), 1) || = Mo (X) [1(2(s), v(s)| pall < € Mo (X) [1(z,0) 1 Ml
According to (3.13d), we have, for any s 20,0 <[ < k and o € (1),

| D20 Dy (£, 9)(2(5), v(5), 1)-(0-((2i3), 1<z )| <

! k
)T TCGoty () vaiy DI T T el
i=1 j=l+1
l k
<My ()] Tl CGotyvoa)ll, T T el
i=1 j=l+1

When [ = 0, the above estimate is not useful since there is no exponential decay, so we replace it with an estimate

using My, (X) instead of M, (X). According to (3.13d), (3.13¢) and the mean value theorem, we have, for any
520,

| Dy(F, 9) (=), v(s), 1) (i rsisi || = Mian (X)) 112 nrhmn

sa%mmemmmern
=1
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We now summarize the above (useful) estimates, using the inequality e <" for 1 # 0. For any s 20,0=<l<k
and o € &,(1), we have
i<k “

(317) || DewDy (f,9)(2(5), v(5), 1)-(0-( (21, v:)

{e“Mm (X) Ty Nl 1z o) if k=0,0=0
oyt k .
e My, (X) TTics 1oty vt ||7 jert o]l k2 1,01#0

It follows from (3.17) that the map s + e_(s_t)AQDkg(z(s),v(s),,u).((zi(s),vi(s)),,ui)lsisk is integrable on
[t,+00[, so A, is well defined.
According to (3.14) and (3.17), and using the inequality e < ¢”*, we have, for every t = 0,

<

(3.18) \ j UMD F(2(s), 0(s), 1) ((21(5), 03(5)), ji )iz ds

1 M(AF) ) ot {( LX) Gz )l if k=0

T e My (X) + My (X )1zl ) Ty 1z vs) )l i k2 1
where we used the equality
k k
> 1‘[ 1oty Vo)l 1‘[ oIl = T TNz vl + Hlall) = T TICCzv), )l
O<l<k =1 =1 =1

O'EGk(l)

Analogously, for every t = 0,

<

(3.19) ‘

fw e DRG(8), 0(s), 1) ((2i(5), vi (), s )rick ds

1 M(AlG)eth ( )|zv|| ifk=0
T = (M () + M ()G o)1) Ty (ool i k> 1
According to (3.18), (3.19) and the fact that max(p,q) <n -1,

2maX(M(A|F),M(A|G))
da(v)

(3.20a) 1A0((2,v), )l =
and for all kK =1,
(3.20b) (1A ((2,0), 1).((25,v3), pidr<isk |l <
2max (M(Ajp), M(Ajg))
da(v)

According to (3.20b), for every k = 1, Ay ((z,v), p) is a continuous k-linear map whose subordinate norm satisfies

My (X) 11(z, ),

k
(M () + Micea (X) 1, )1,) [ TG 00,00

2 max M(A ),M(A )
(3.21) 1A% ((z,0), Il = ( dA|(:) -

Step 2: for every k = 0, for every ((z,v),p) € H' x R, Ay is differentiable at the point ((z,v), 1) and
DAk((z7U)7M) = Ak+1((zav)a:u)' Let k = 07 ((zvv)vﬂ)a((szAv)aAu) € H’Y X RS and ((Ziavi)vui)lsisk €
(H" x Rs)k. According to Taylor-Lagrange formula, for every s = 0,

(M (X) + Mt (X) 11(2,0)11,)

D" (£, 9)(2(5) + Az(s),v(s) + Av(s), p + Ap)-((2i(5), vi(8)). 113 1isre—
D(£,9)(2(), v(5), 1)-(((2:(5), vi(5)), ps)r<is )=
D F,9)(2(5), v(5), 1)-(((2:(), v:(9)), par<isr (A2(s), Av(s), A)) || <
3w [Jotn]
where
®,(w) = D*(f,9)((2(s), v(s), 1) + w(Az(s), Av(s), Au)).((z:(s), vi(3)), i )iz

By (3.17) and computations similar to the ones done in the preceding step,

k
sup ||(I) || = e’YSO((Az,AU),Au)ﬁO(“((szAv)a AM)”2) l—[ ”((zlvvz)aul)”

wel0,1] i=1
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SO

WAL(((z,0), p) + ((Az, Av), Ap)) = Ag((2,v), 1) = Agr1 ((2,0), 1).((Az, Av), Ap)ll], =
O((Az,Av),Au)—*O(”((szAv)aAM)”Q)

By a staightforward induction on k, this implies that A is smooth and for every k = 1, DF Ao = Ay As a further
consequence, O is smooth and formula (3.15) holds true.

Step 3: proof of estimates (3.16). First, estimate (3.16d) is a direct consequence of (3.21). Let ((z,v),w, pu) €
HY x R” x R® and ((Az, Av), Au) € H' X R®. According to (3.15), we have

D, , 0" ((2,0),w, n)-(Az, Av) = A1 ((2,v), n)-((Az, Av),0)
By (3.17) and similar computations to the ones done in the first step,

2 max M(AF),M(A )
1AL ((2,v), 1)-((Az, Av),0)||, < ( dAl(ry) . )

so, by (3.7), (3.10), (2.2c) and the fact that max (M(Ar), M(A)g))m (F,G) < M(A), we have

My (X) [1(Az, Av)]L,

2 max (M(A|F),M(A|G))

da(v)
so estimate (3.16a) holds true. By similar computations, we obtain

2 max M(A ),M(A )
141 ((2,0), 1)-((0,0), Al < ( dAl(:) .

which implies the estimate (3.16¢). Estimate (3.16b) is a straightforward consequence of (3.14) and (3.15). This
concludes the proof of lemma 3.8. 0

| =

(3.22) M, (X) =

My (X) Iz )1, NAul)

Lemma 3.9. For every (w, u) € R? X R®, the operator OZ# admits a unique fized point, which is independant
of the choice of v and is denoted by (z, ’U:”u). This fixed point satisifes the following control: for every t = 0,

22N (A
(3.23) G2t = 22 e ot o]
ALY) L

Moreover, the map
RP xR*® — H”
(o) = (20 Vo,
is smooth and, using the norm ||(w, )| = ||w|| + ||| on R X R®, we have the following estimates: for every
(w,n) € RP xR,

CHE

. AM(Ap)M(Ajg) .
(3.24a) [0l < 1) My (X) [Jwl|

L ANIARNI(AG)
(32) 1o ull, < BTy, ()

. BM(Ajp)M(Ac) .
(.210) D0l < S a5 o
and, more generally, for every k = 2,

2 2k-1

max (M (Ap), M(Ajc) ;
( ¥ 2) M1 (X) max (1, [lw]])

da()?

where ay, is a positive constant independant of X, (F,G), w and p.

(3.24d) ’”Dkv;#”h < a

Remark 3.10. To conclude the proof of proposition 3.1, we only need estimates on v*, this is why we did not give
estimates on z* in the above statement. Such estimates will be used in the following proof though.

Proof of lemma 3.9. According to (3.16a) and the contraction mapping theorem, for all (w, ) € R” xR*, O, ,
admits a unique fixed point
* *
(20,00 V0,0
Let 7' €A max (Ajr), min(0, Apin (4)¢))[ satisfying (3.7). According to remark 3.6, we have

Hmin(%"y') c HmaX(%"/)
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. * *
so the fixed point (Zmin(%v')ww’ Umin(y,7'),w,p . i
the two fixed points coincide. Denote this unique fixed point by (2, ,,, Vs )
To prove that the fixed point depends smoothly on (w, i), the idea is to apply the global inverse function
theorem to the map

) is also a fixed point of OE‘ZX(%V ). By uniqueness, this proves that

H" xR xR* - H"xR xR’

((z,v),w,u) = (OZJ,M('Z’U) - (z,v),w,u)
Indeed, according to lemma 3.8, G” is smooth and according to (3.16a), G is injective and its differential is
everywhere invertible. According to the global inverse function theorem, V" := G7(H" X R’ x R”) is an open set
of H x R? x R?, the map G7 : H' x R’ x R® —» V" is a diffeomorphism and its inverse is smooth. Denote by

(@M V' > H

G

the first coordinate of (G'y)_l. By definition of (2*,v"), for every (w, u) € R” x R®,
G’Y((Zz,ua U:,u)vwvﬂ) = ((Oa 0)75‘}7#)

S0
-1
(20 o) = (G7); ((0,0), 0, 1)
Since (G’Y)_l is smooth, this completes the first part of the proof of lemma 3.9.
Fix (w, 1) € R? x R®. From the fixed point equation

(325) (Z:,;u U:,u) = OZ},M (Z:,uvv:,u)
and (3.14), (3.20a), it follows that for all ¢ = 0,
NI(Ap) 2max (M (Ajp), M(Ajg))
* * at vt * *
2w Vo p )(E)|| £ ——=¢  lw|| + My (X)e Zewos Voo
||( N w)( )” dA('y)n_—i ” ” dA(v) 1( ) ||( N 7u)||v
so, according to (3.22) and the inequality e <e,
2M(Ar)
(326) ||(Z:),;UU:),;L)”,Y = T pL ”(Ull
da(y)mr
Plugging (3.19) (case k = 0) into (3.25), we obtain, for all ¢ = 0,
1 M(AlG) t S * *
(3.27) [0l = g== ——7 " My (X) [[(2 s v |
B dy(yye !

Plugging (3.26) into (3.27) and using the equality p + ¢ = n, it follows that estimate (3.24a) holds true. As a
byproduct, we obtain from (3.26) that (3.23) holds true.
Taking the derivative of (3.25) with respect to the variable w and using (3.16a) and (3.16b), we get
2M (A )
(3.28) Dol v, = ——=
da(y)n=

Moreover, taking the derivative of (3.25) with respect to the variable w, we obtain, for every w; € R” and every
t =0, o )

Dol e (1) = —L e T (D9 (2 (), 05 () 1)-Dus (22 s 00 )0 () dis
so using (3.14) and (3.17), we obtain
1 M(Ajc)
BT dp(yyr

*

(3.29) Do ulll, = My (X) D (25 s v )

Plugging (3.28) into (3.29) and using the equality p + ¢ = n, it follows that estimate (3.24b) holds true.
Taking the derivative of (3.25) with respect to the variable p and using (3.16a) and (3.16¢), we get

4 max (M(A|F),M(A|G))

da(v)

Moreover, taking the derivative of (3.25) with respect to the variable u, we obtain, for every u; € R” and every
t=0,

(3.30) |||D#(z:1#,1):,7#)|||7 = My (X) ”(Z:,;L’U:yu)“»y

+00 ~
—(s—t)A
Dwf},u-ul(th—J’t e T (D L g(zh (80,000 (8)s 1) D (2 v ) i1 (5)) ds

+ 00 -
—(s-t)A
—L O (D o2 ()00 (), 1)) ds
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so using (3.14) and (3.17), we obtain
1 M(AlG) (

(3.31) lD,vs

walll, = 5= My (X) 1D, (22 s 02 + Mo () 12 02,0M1,)

da(y)=r
Plugging (3.30) into (3.31), we have

. 1 M(Ajg) o, 4max (M(Ajp), M(Ajg)) N
D S — My (X w, iy Yw 1+ My (X
120ll, # 55 2= S (R N, Py (%)

Using (2.2¢), (3.7), (3.10), the fact that
max (M(A|F), M(A|G)) m(F,G) < M(A)
and the inequality max(p, q) < n, we get

4maX(M(A|F),M(A|G)) ~
50 Mx) <

SO
1 M(AlG) S *
T B ()i,

Plugging (3.26) into (3.32) and using the fact that p + ¢ = n, it follows that estimate (3.24c) holds true.

We are now going to prove (3.24d). To avoid clutter with constants independant of X, (F,G), w and p in
the following estimates, we introduce the following notation: for any real positive functions §;, d, depending on
(X, F,G,w, ) we define the binary relationship < by

(333) 51 =< 52 — 1C > 0, 51 < 052

We will use the abuse of notation 6, (X, F, G, w, 1) < 6o(X, F,G,w, u). For every k = 2, for every (w, u) € RPxR”,
let

(3.32) |||Duv;-,u|”»y

dof MAX (M(AU:), M(A|G))
(334) U = dA(’y)

We will use the fact that (uy) is increasing. We are now going to prove by induction on k that, for every k > 1,

max (L, || (2, w2, ) 423 (X)

(335) |||D w;u w,u. ’” uilill
According to (3.28) and (3.30), we have
DS 0o, = w2

which proves (3.35) in the case k = 1. Let k = 2. Deriving (3.25), we have

* *

(3.36) D"(z,.,05,) = Dwoww, )@ ). DRz 0l )

w,pr U

+ Z Z Cil ..... iij O’Y((zz,uavz,u)awau)'

(Dzl((zz,,uav:}”u)awa :U/)a SRR DZj ((Z:,;Lavz,u)awa :U/))

where the C; ;. are the constants appearing in the standard Faa di Bruno’s formula. According to (3.16d), for
all j = 2

(337) |||D] OW((Z:WU:;,#)’%M)”LY = uj+1
Plugging estimates (3.16a) and (3.37) into (3.36) and using the induction hypothesis, we have
k * * 291
’”D (zw,uavw,u)’”,y 2r£1ja<)2 Uj+1 l_[uzl-li-l

T15eees i;=1
iptetij=k

3§ .
Yi=1(24-1)
<uUp; max  upct
o<jek R+l
U geney i;21
iyt tij=k
2k-1

< Uptq
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which proves (3.35) for all k¥ = 1 by induction. According to (3.26), we have

max (M (Ajp), M(Ag))
da(7)
Plugging (3.38) into (3.35), it follows that (3.24d) holds true. This concludes the proof of lemma 3.9. O

(3.38) max (1, ]| (2,0 vs )|l ) <

max (1, [|w]|)

Let us define the map
b ‘ R xR® — R?
' (@ i) = Pu(w) = v5,(0)
Lemma 3.11. For every pu € R®, the global v-stable set W*7 (O,XH) is exactly the graph of the map &H :RP -
R?. Moreover, ¢ is smooth and for every k = 0, (w, ) € RP x R®, (wy, f13)1<i<k € (RP X Rs)k

k7 k
(3.39) D ¢(w, ). (Wi, pi)rzisk = D 'U:;,p-(wia,ui)lsisk(o)
Proof of lemma 3.11. Fix u € R®. Let (w,vy) € R? x R?. We are going to prove the following equivalence:
(w,v9) € W7 (O,XH) = yp = &H(w)

Let (z,v) : [0,+00) = R” x R? be a continuous map such that z(0) = w. By a straighforward computation,
(z,v) is an orbit of X, (that is, a solution of (3.12)) if and only if for every 0 < ¢ < 7,

2(t) = e+ J e(t_S)Alf(z(s), v(s), p)ds

0

v(t) = e_(T_t)sz(T) - JT e_(s_t)Azg(z(s),v(s), w)ds

t

If we assume that (z,v) € H”, then, according to (3.13a), (3.13¢) and (3.14), the second integral above converges
as T goes to +00. Letting 7 tend to +00, we get that (z,v) € H' and (z,v) is a solution of (3.12) if and only if
(z,v) € H” and for every t = 0,

2(t) = e+ J’ e(t_s)’alf(z(s),v(s), 1)ds
(3.40) 0

o(t) = - Lm CA2 () (), o)

i.e. if and only if (z,v) is a fixed point of O, ,,.
From now on (z,v) denotes the orbit of Xﬂ starting from (w,vy) at ¢t = 0, that is, (2(¢),v(t)) = Xﬁ(w,vo).
We have the following equivalences:

(w,v9) € W7 (O,XM)
= (z,0) € H' by (3.3)
< (2,v) is a fixed point of OZW by the above reasoning
= (z,0) = (Z:,WU::,H) by lemma 3.8
< (2(0),v(0)) = (z:,H(O), U:7M(O)) by uniqueness in Cauchy-Lipschitz theorem
= (w,v0) = (w, 9 (w)) by definition of ¢,

which concludes the first part of the proof. Let Ejy be the "evaluation at time ¢ = 0" map

H; - R?
v +— v(0)

Ey:
By definition of the y-norm, Ej is a linear continuous map (with || Ey|| < 1) and as such is smooth. Since
QZ; = EO o U*
it follows from lemma 3.8 that ¢ is smooth and (3.39) holds true. This concludes the proof of lemma 3.11. [
Plugging estimates (3.24) into (3.39) and using (3.10), (2.2c) and the fact that

M(A|p)M(Ajc)m (F,G) < M(A)
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we have, for every (w, 1) € R x R*,

~ M(A
(3.41a) 3ol = 30, ()l

~ A
.410) 1.0l = o ()

~ M(A
(3.410) 12, )l = 530 () ol
and, more generally, for every k = 2,

2k-1
(3.41d) |||Dkq~5( )||| (d - )2 M1 (X)) max (1, |[w]])
where % is defined by (3.33). Let us now define
" ‘ FxR - G )
T @) e LT (L))

One can remark that
L (Graph ¢) = Graph ¢
and, according to (3.9), we have, for every u € R”,
LW (0.X,)) = W™ (0.5,

so, according to lemma 3.11, we get that item (1) of proposition 3.1 holds true.

We are now going to prove that the estimates (3.6) hold true. According to the fact that Ly and (L_1)|Rq are
isometries, it follows that estimates (3.41) hold true for ¢ instead of &, up to a formal replacement of w € R by
z € F. To conclude, it suffices to remark that these estimates are valid for all v € I satisfying (3.7). It is straight-
forward to check that the function d4(v) defined for all v €]Apax (Ajr), min(0, Amin (Ajc))] satisfying (3.7) is
maximal at the point min (0, (Amax (A7) + Amin (4)¢)) /2) and its maximum is more than (2" o (A))7", where
o (A) is defined by (3.2). Letting v tend to min (0, (Amax (A ) + Amin (4 )) /2) in estimates (3.41), it follows
that estimates (3.6) hold true for some constants C ,C} 1, ... independant of X, (F,G), w and p.

It remains to prove that item (2) holds true. Fix 4 € R®. Let (z,v) be an orbit of X,,. By definition of XH,
L(z,v) is an orbit of X,,. According to (3.23), we have, for all ¢ = 0,

2V2M (A |F)

da(r) T

ILCz(2), v(E))] < [1L(=(0), v(0)l

so, using (3.8), we get

ANM(A p)m (F,G
[[(z(t), v(ENI| = (d'F) _( ) I1(2(0), v(0))]|

Aly)»T
Letting v tend to min (0, (A max (A|F) + Amin (A|G)) /2) in the above estimate, there exists a positive constant C
(independant of X, (F,G), w, u and (z,v)) such that for all ¢ = 0,

1(z(), v (NI = CM(A)o (A) [|(2(0),v(0))]]

The above estimate implies that for every n > 0, for every 0 < § < m, we have

W7 (0,X,) N Bgn(0,8) c W, (0, X,,) N Bgn(0,0)
The other inclusion being straightforward, item (2) holds true. This concludes the proof of proposition 3.1. O
3.3. Local estimates. In this section, we state and prove a precise version of the local stable manifold theo-

rem 3.12. Given a parameter r > 0 and a smooth family of vector fields (X,),er: satisfying the hypotheses 1
and 2, let

def
M (X,r) = sup  [[[D,X (2, p) — Alll
(z,p1)eB((0,0),7)

where A := D, X (0,0), and for every integer k > 2, let

W o an [l
2552k (z,1)€B((0,0),7)

where B((0,0),r) is the closed ball in R” x R® of center (0,0) and radius r and let
(3.42) My, (X, ) € max (1, My, (X, 7))
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Theorem 3.12 (Local estimates for the stable manifold theorem with parameters). There exists a positive
constant Cy 2 1 and a sequence of positive constants (Ca y)ren (both depending on the dimension n) such that
for every smooth family of vector fields (X,,) ers satisfying the hypotheses 1 and 2, for every partially hyperbolic
splitting (F,G) of A := D,X(0,0) and for every r > 0, we have:

(1) Uniqueness of the stable sets: for every v,y €1, (see (3.1)), for every u € R® such that
[ min(da(7),da("))

llull = & min =

2 M(A)M; (X,7)

we have
(3.43) w7 (0,X,)=w>" (0,X,)
(2) Graph structure: there exists a (non unique) smooth map
4 FXR® - @G
T G e du(2)
such that for every v € I4, for every u € R® satisfying
1 (min(da(y),0(4)7)

llull < = min = )T
Ca M(A)M; (X, r)

for every 0 < n < 7 and for every 0 < § < m, we have

(3.44) W,;7(0,X,,) N Bgn(0,6) = Graph (¢,,) N Bg(0,6)
where .
= min (o (A) M(A)M, (X,7))"",7)  (see (2.2b) and (3.2))
2
(8) Controls on ¢: for every (z,u) € Bp (0,5) X Bps (0,5),
(3.45a) ll6(z, )l < Ca00 (A)* M(AY My (X, 7) ([]2]] + [lll) |12]]
(3.45b) 1D26(z, m)ll = Co10 (A)* M(AY My (X, 7) (||2]] + [lell)
(3.45¢) Doz, ]| = Cono (A) M(A)YM, (X, 7) || =]
where )
~ . _ -1
6: mmm((a(A)M(A)MQ (X,T‘)) ,T)
and more generally, using the norm ||(z, )| = |z|| + ||l on F X R®, we have, for all k = 2,
Kk 2 2 — —1\k-1 - 2k-1
Basd) [0 | = o (o (4)° M(A) max (o (A) MCAINE (X,7) 17 ) M (X))

Remark 3.13. If the singularity is hyperbolic (Apin (4j¢) > 0), then the global y-stable set W*” (0, X,,) coincide
with the global stable set W*°(0, X,,) (for p sufficiently small).

Remark 3.14. If one is working with a different norm than the Euclidean one, one will have the same result but
with different constants Cy,C50,C4 1, . ..

Proof of theorem 3.12. Fix a smooth family of vector fields (X,),ers satisfying the hypotheses 1 and 2, a partially
hyperbolic splitting (F,G) of A = D, X(0,0) and r > 0. Fix a smooth "plateau" map x : [0,+00] — [0, 1] such

that
(u) = 1 if0<su=<l
MUY= w2

For every k = 1, let a;, = maX(l,supuZO x(k)(u)|). For any 0 < & < 1, let us define the "truncated" smooth

family of vector fields (Xﬁ) uers by
n s 13 ”(.T, M)”2
V(ZL',‘LL) eER" xR 7X (ZL',‘LL) = Ax + X 5—2 o(zhu)

where 0(z, 1) = X (z, 1) — Az. We now state a lemma about X°.
Lemma 3.15. There exists a sequence of constants (ci )1, ¢ = 1, independant of X, (F,G) and r, such that
for every 0 < ¢ < min(1,r/v2),

(1) X® is a smooth family of vector fields satisfying the hypotheses 1, 2 and 4.

(2) D,X*(0,0) = A.
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(3) We have the following estimates on the derivatives of X¢:
(3.46a) M,y (X®) < 1My (X,7)
(3.46b) Vi 2 2, M, (X°) < e, M, (X, 1)

Moreover, for every v € I4, for every 0 < £ < £(y) where

(3.47) £() d;fmin(cllcl M(AC)ZIXZ(Z()X,T) , %) € (0,min(1,7/v2)]

for every u € R® such that ||u|| < €/2, for every 0 < n < £/2, for every 0 < § < m, we have
(3.48) Wy 7(0,X,,) N Bre(0,6) = W*7 (0, X;) 1 Bgr(0,06)
Proof of lemma 3.15. Fix 0 < € < min(1,7/v/2). Let (z, 1) € R" x R®. By definition of y, we have

X(z,p) it [[(z, )]l =€

3 _
(3.49) X p) = {Am if ||(z, )| = €v2

It follows from (3.49) that D,X%(0,0) = A and X* satisfies the hypotheses 1, 2 and 4.

We are now going to prove estimates (3.46). According to (3.49), we only need estimates on the derivatives

of X° on Bgnyg:(0,£v2). As in the proof of lemma 3.9 (see (3.33)), we introduce a notation to avoid clutter
with constants independant of X &, r,x and p in the following estimates: for any real positive functions d;, d,
depending on (X, &, 7, z, u) where 0 < € < min(1,7/v2) and (x, 1) € B(0,£v2), we define the binary relationship

< by
(350) 51 =< 52 — 1C > 0, 51 < 052

We will use the abuse of notation §; (X, &, r, x, 1) < 5(X, &, r,x, u). Using the fact that 6(0,0) = 0, DO(0,0) =0

and D0 = DFX for all k = 2, if follows from the mean value theorem that

16z, 1)l = €M, (X, 7)
(3.51) DO, Il < €My (X, )
Vi > 2,]\4}€ (9) = Mk (X,T)

For every (z, 1) € B(0,£v/2), let
N < Ml
€T, p) = 52
and let Xg =xoN ‘. Using the standard Faa di Bruno’s formula, we have, for all j = 1,
(3.52) |27 @] = €7
Using estimates (3.51) and (3.52), we have

|[DXE (2, 1) = Af|| 2 €776 My (X, ) + €My (X, 1) 3 €My (X, 7)

Since A = Dng(O, 0), it follows that estimate (3.46a) holds true for some constant ¢; = 1 independant of X,

(F,G), € and r. Using Leibniz formula and estimates (3.51), (3.52), we have, for all k = 2,

([D" oy, | = €M (X, )

Since Dk(X€9) =D"X* for all k = 2, it follows that (3.46b) holds true for some constant ¢, = 1 independant of

X, (F,@G), € and r.

Now, let us fix v € I4. Let 0 < £ < £(7y) (see (3.47)). According to (3.46a), condition (3.4) is satisfied for
v and X ¢ s0 according to item (2) of proposition 3.1, we have, for every u € R®, for every n > 0 and for every

P/ E—
0<ds CM(A)o(A)’
W70, X,,) 0 Bre(0,6) = W*7 (0, X;) 1 Bgr (0,6)
According to (3.49), for every u € R” such that ||u|| < £/2 and for every 0 < n < £/2, we have
W, (0,X,) = Wy (0, X)

o0 (3.48) holds true. This concludes the proof of lemma 3.15.
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According to lemma 3.15, for every 0 < £ < min(1,7/v2), X*¢ is a smooth family of vector fields satisfying the
hypotheses 1, 2 and 4 and (F, G) is a partially hyperbolic splitting of D, X*(0,0) = A. Denote by ¢ the smooth
map associated with X* and (F,G) by proposition 3.1 (well defined for all £ small enough by (3.46a)).

Let 7,7 € I4. Let & = min(£(y),£(7')) (see (3.47)). Estimate (3.46a) implies that v and ~' satisfy (3.4) for
X, In particular ¢° is well defined. Let p € R® such that ||p]| < £/2,let 0 <n < &/2andlet 0 < § < m.
We have

Wy7(0,X,) 0 Be(0,6) = W (0, X5) N Bgr(0,6) using (3.48)

= Graph (wz) N Br~(0,6) using item (1) of proposition 3.1

and since the above computation holds true for 7’ as well, it follows that

W7(0,X,,) N By (0,8) = Wi (0, X,,) 0 By (0,6)

and finally,
(3.53) w7 (0,X,)=w>" (0,X,)
It follows that item (1) of theorem 3.12 holds true.

Let

5/ def )‘max (A|F) + min (Oa )‘min (A|G))
- 2

One can remark that

da(3) 2 (2770 (4))"
Let

de

(3.54) g min(((;1012”‘10(/1)M(A)M2 (X,7)) < &(3)

-1 r )

V2
Let ¢ def 1/)5. Estimate (3.46a) implies that  satisfies (3.4) for X 50 ¢ is well defined. According to proposition 3.1
and lemma 3.15, for every u € R® such that ||u|| < £/2, for every 0 < < /2 and for every 0 < § < m,
we have

W7 (0, X,.) N Bgn (0,6) = Graph (¢,) n Bg» (0, 6)

According to (3.53), for every v € I4, for every p € R® such that ||| < min(&,£(v))/2, for every 0 < n < £/2
and for every 0 < § < m, we have

(3.55) W, (0, X,,) N Bgn(0,6) = Graph (¢,) N B (0,)

so item (2) of theorem 3.12 holds true. )
We are now going to prove estimates (3.45). Using (3.48), one can remark that for every 0 < £ < &, for every
llll = €/2, we have

Graph (¢,,) N Bz~ (0,0(£)) = Graph (v, ) 0 Bz (0,6(€))

where ¢
def

o) = e (A)
It follows that for every 0 < ¢ < &, for every ||u|| < £/2 and for every z € F such that ||z + ¢ (2)]| < 8(8), we
have

9u(2) = 5(2)
In order to obtain the estimates about ¢ and its derivatives at a given point (z, 1), the idea is to remark that it
will be the same estimates for 1/ for some well chosen ¢ = &(z, p). Plugging (3.46a) into (3.6a), we obtain, for
every (z,u) € F xR®,
Cio
llp(z, )l = o ic, Izl

It follows from the previous estimate that for every (z,u) € F x R* \ {(0,0)} such that

1
801(01 + 0170)2’”_1

r

z CM(A)o (A)) ' min
|Iz]] < (CM(A)o (A)) 8ﬁ(1+2£11,001)

(0 (A) M(A)M, (X,7))7,

(3.56)
1

lull < (CM(A>U(A>>‘1min(W(

o (A) M(ANE (X, 1)) @)
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the number

e Cl
357 ez ) 4001()a (4) (14 gy 10+ )

satisfies 0 < £(z, 1) < € and the following property: for every (2, 1') € F x R®,

il <20ull) = (|| + 60| <36z m) and 4] < &z m)/2)
Let us now fix (z,u) € F x R*\ {(0,0)} satisfying (3.56). According to the above reasoning, the maps ¢ and

(||z’|| <2|lz]l and

¥ coincide on Bp(0,2 ||2||) X Bg-(0,2 ||xl]), in particular all their derivatives at the point (z, x) coincide.
We have

oz mll = [|w =" (2, )|

< Oy 00 (A) M(A)M; (XF59) ||z using (3.6a)
< 110 (A) MCAYEC, )M (X, 1) 2 wsing (3.46:)
c
< 46,010 (14 5y o (47 MOPM (D) Tl Clell + lll) s (3.57)
1

so estimate (3.45a) holds true (for some different constants). By the same reasoning, we obtain estimates (3.45b)
and (3.45¢). Using (3.46b), we get, for all k = 2,

Mp4 (Xé) < max (17 T Ve (X))

g
< Cpar € T Mgy (X, 1)

Using (3.54), we get, for all k = 2,

k-1
Myt (XS) < Cpyq1 Max (01012n_10 (A) M(A)M, (Xﬂ"))k_l ; (\/75) )Mk+1 (X,r)

< C4+1 MaAx ((c1012n_1)k_1 ,ﬁk_l)max (O’ (A) M(A)M, (X,r) ,T_l)k_l M (X, 7)

Plugging this estimate into (3.6d) applied to 1/)5 = ¢, it follows that (3.45d) holds true. This concludes the proof
of theorem 3.12. 0

4. ESTIMATES FOR VECTOR FIELDS VANISHING ON SUBMANIFOLDS
Fix n € N and a linear subspace G' of R". Denote by ||.|| the Euclidean norm on R". Let © be an open
neighbourhood of 0 in R". Fix a smooth vector field Y : Q —» R". Assume that

(1) Y vanishes on Qg := QN G;
(2) For every 11 € g, there exists a decomposition F,, & G = R" stabilized by A, := DY (u) and such that

>\max ((Au)|FM) <0
For every u € Q, let

(4.1) B()  min (1, A (A1, )])" (s0e (2.12))

Let F° be the stable foliation associated with the contracted subspace G on which the vector field Y vanishes,
that is, the partition

FEAW (1Y) | 1€ Q)

where the stable manifolds W*(u,Y") are called the leaves of the foliation F”.
For every integer k = 2, every u € Qg and every r > 0 such that Br~(u,r) C Q, let

def j
V) s [P0
25j=k yeBgn (u,r)
and let
M, (Y, p,7) ©f max (1, My, (Y, p1,7))

The next theorem states that in this context, the foliation F* can be locally smoothly straightened in the
neighbourhood of any point u € Q.
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Lo

WV (1, Y) N U,

FIGURE 2. The local coordinate system &, straightens the stable foliation induced by F * on Uy,

Theorem 4.1 (Local straightening of the stable foliation of a vector field). There exists two positive constants
Cs = Cy = 1, a sequence of positive constants (C3 1 )ks2 and a sequence of integers (Ny)>2 (all independant of

Y ) such that for every map r : Qo — (0,1] satisfying
V€ Qo, Brn(p,m(p)) CQ
there exists
o two families (U,)ueq, and (V,),eq, of open sets of R";
o a family of smooth diffeomorphisms
(6 2 U = Vi) o,
satisfying the following properties. Given pg € Q-

(1) Both U, andV,, are neighbourhoods of jig. More precisely, they both contain the open ball Brn (;LO, Ruo)
where

(4.2) R Bpo) mm( Buo)
" osm(F,, G)? M(A,) M (A )Ma (Y, o, (o))

Ho?

, (o) (see (2.2b))

(2) F° foliates U, and &, is a local coordinate system straightening the stable foliation F° (see figure 2).
More precisely,

U= || Wwy)nu,
neQNUy,

and, for every p € Qo N U, ,

6#0 (Ws(lu’ay) n U#o) = (M+F#0) ﬂV

Ho

Moreover, for every p € Qo nU,,,

W, Y)nU, =W, (1, Y)n U,
where

|)‘maz ((A,ug )|F',’L0 )
2

pe L mm( Blpo)
Cy M(A, )M (Y, 1o, (o))

(3) Identifying R™ and F,, X G, the local coordinate system has the following form:
Euo (211) = (2, 1) + (0,6, (2, 1))

) T(MO)

where 5#0(0,/1) =0.
(4) Forevery0<e<1,¢, restricted to Bgn (uo, eRMU) is e-close to the identity with respect to the C' -norm:

||«£#0 - Id||cl <€ in restriction to Bgn (/LO,GR#U)
-1
I 14|
(5) The C* -norms have a sub-polynomial growth with respect to ﬂ(uo)_l: more precisely, for every k = 2,

M (A )My (Y, 10,7 (no)) \
5(#0)7"(#0)

o S€ in restriction to Bgn (;LO, eRMU)

1600 [l |€;01 Y
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(6) For every puy € Qq, &, and &, "coincide" on U, NU,, modulo the choice of the direction on which the
stable manifolds are projected. More precisely, if we denote by m,, the linear projection along G' onto F),
for every p € Qy, we have

Euo — Sy = Ty — Ty 00 restriction to U, U,

Remark 4.2. The charts (§,,),,e0, do not form a foliation coordinate atlas because &, straightens the leaf
W (u,Y)n U, onto the affine subspace p + F}, ) which depends on py. Nevertheless, identifying R"™ and F,,xG,

one only needs to compose &, with (7r| FuoaIdG) where m denotes a linear projection along G onto a fixed
complement of G (for example Gl) to obtain a foliation coordinate atlas. This would change the estimates on
the norms of the derivatives of «5;01 by a factor m (F),,,G) and would make &, close to (7\F,,»1dg) in item (4).
We did not make this choice for two reasons: there is no canonical complement of G and we want to obtain the

fact that £,  can be made arbitrarily close to Id with respect to the C'-norm.

Proof. Presentation of the proof as a consequence of theorem 3.12. Fix a map r : Q¢ — (0, 1] satisfying

VM € QO) B(,LL,T(,LL)) cQ

Fix pog € Q. Even if it means translating the vector field Y, one can assume that pg = 0. We will then prove
the desired result in the neighbourhood of 0. Recall that we want to straighten, for all € G small enough, the
local stable manifold W,f (p, V') for some n depending on p. This leads us to define, for every y € G and x € R"
such that u +x € Q,
X(a,1) = X,(2) = Y (u +2)

We will prove later on that the local stable manifolds of Y coincide with the local v-stable manifolds for some
v < 0 well chosen (see (4.6)). We will then focus on describing those local y-stable manifolds. The local v-stable
manifold of p € ) for Y is exactly the translation of the local y-stable manifold of 0 for X, by t,, : x = p + .
More precisely, for every u € Qg and for every 0 < § < r(u), we have

(4.3) p+ W57 (0,X,) = W7 (1, Y)

According to the above equation, we want to straighten the local ~y-stable manifolds W; 70, X ) for p small
enough.

Construction of §,,. We are now going to extend X so that we can apply theorem 3.12. One can remark
that X is well defined on a neighbourhood of the closed ball Bgnye((0,0),7(to)/2). Multiplying X by a
smooth plateau map equal to 1 on Braye((0,0),7(u0)/2) and vanishing outside of a small neighbourhood of
Brryxi((0,0),7(110)/2), we obtain a smooth family of vector fields (as defined in section 3) defined on R" x G,
still denoted by X. With this new smooth family of vector fields, equation (4.3) implies: for every u € G such
that ||u|| < r(ug)/4 and for every 0 < § < r(ug)/4, we have
(4.4) pt Wy (0,X,) =W (1Y)

By hypothesis (1) on Y, for every p € G, X,,(0,0) = (0,0). By hypothesis (2) on Y, (F},,G) is a partially
hyperbolic splitting of A,,, = D, ,X(0,0,0) so X := (X,),ec is a smooth family of vector fields satisfying the
hypotheses 1 and 2. Using the estimate

Vh > 9, My (X, r(0)/2) < N (Y, o, (o)) (see (3.42))
it follows from theorem 3.12 applied to (X, F),,,G) with r = r(u)/2 that there exists a smooth map

F,,xG - G

Pl e 0
such that for every u € Bg (0,17), for every 0 < i < 7 and for every 0 < § < %, we have
HO
(4.5) W, (0, X,,) N Bgn(0,6) = Graph (¢, ) N Bgn(0,0)
where
e )‘max (A ) F,
(46) ,Yd=f_’ ( 21“‘0 | uo)
def 1 B(po)
(4.7 = —— mm( — ,m(po) | (see (2.2b))
402 M(AMO)MQ (Y7 Mo,T(Ho))

Moreover, for every (z, 1) € Bp, (0,6) x B (0,0)

)

(4.82) ll¢(z, )1l = Co0B(p0) " M (A, )* My (Y, pro, 7(110)) (1211 + Nlsll) 1121]
(4.8b) D=6 (2, Il < Ca1B(1o) "M (A, ) My (Y, 1o, m(120)) (1211 + 11l
(4.8¢) 1Dz, Il < ConBlro) ™" M(Ay ) Ma (Y, o, 7(110)) 11l
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(z,1) » (zp+ (2 p0))

One can rewrite (4.9) as ¢ = Id +h where h(z, u) = (0, ¢(z, u)). According to (4.8a), (4.8b), (4.8¢) and the mean
value theorem, there exists a constant K =1 (independant of Y, r and pg) such that for every 0 < e < 1 and for
every (z,1) € Bp, (0, %) X Bg (0, %), we have

where
st Bluo) mm( Blio) ")

402 M(Ayy) — \ M (A, )M; (Y, 1o, (o))
and more generally, using the norm |[(z, p)|| = ||z]| + |||l on F,, X R®, we have, for all k > 2,

M(A,,)
4.8d4) ||D*¢(z, <C (7“)
(4.8d) || D" oz m)| 2,,{ IO

M(A,)Vs (Voo () 2\ "
o 2\ X, Ko, T\ Mo >
ma ( - 3(m0) 7T(Mo)) M1 (Y,Hoﬂ"(uo))}
Let

(4.9) " ‘F#OXG - F,,xG

€
(4.10) DRz, Il < [ Doz, il < 5
and
Ui
(4.11a) V,, C Bgn (o, 5)
Ui
(411b) UMO C Bpn (0, 5)
where
def =
VHo = L(Vuo)
~ def 5 )
V#O = BFuo (0, ?) X BG (0, ?)
def ~
UHO = L(UMO)

0,, < (BFW (0, %) X Bg (0, %))
. def 718(1o)

~ CM(A,,)
and L : F,, x G —» R" is the canonical isomorphism (z, ) = z + p. According to lemma A.1, we have
-1
(4.12) Ll <1, [|27Y| < m (£, G)

the linear spaces R", F,, and G being equipped with the Euclidean norm and the linear space Fj,; X G being
equipped with |[(z, u)|| = [|z|| + [||z]|. Using (4.10) with € = 1, we get that 1 is injective on V,,, and according
to the global inverse function theorem, ¢ is invertible on V#o' Let us define &, as the local inverse of :

> def -1 - -
6#0 = (1/]“7#0) : U#U - V#o
and let
nd -1
(4.13) §u0 =Lo §H0 oL " Uy, = Vi,

Proof of item (2). The first thing to remark is the fact that 1 is constructed so that it maps straight lines to
the graphs induced by ¢: more precisely, we have, for every u € G,

(4.14) Y (F,, x{u}) = (0, ) + Graph ¢,

Identifying Graph ¢, C F,,, X G with its image in R", we have, for every u € Bg (0, %),

(u + Graph gbu) NU, =p+ (Graph qbu) N (Uuo - u) using (4.11b)
L1
CBgn (0,7)
= (p+W;7(0,X,)) U, using (4.5)

so, using (4.4), we get that
(4.15) (n+Grapho,)nU,, =W, (1, Y)nU,

Ho
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Since the family (Wés T, Y)) ) is pairwise disjoint, the family

ueBe(0,£
((u + Graph ¢,u) N Uy, )MEBG(O,%)

is also pairwise disjoint. The preceding remark allows us to write
Uno = 5;01(‘/”0)

25;01 |_| (M+F#0)OV#0

pepo(o.)
1

= u ) o (B4 Fuy) V) by injectivity of 5;01
wepco.$)

« LI (p+ Grapho,) N U, using (4.14)
webefo )

c u W;W(Ma Y)nU,, using (4.15)
we(o.5)

cU,,

where LI denotes a disjoint union. It follows that all the preceding inclusions must be instead equality. As
consequences, we get that the family (W;’V(u, Y))MeBG(O ) foliates U,
'K

(4.16) U= || W7(wy)nu,
neBa(0.%)

and for every u € Bg (O, %),
(417) gﬁ_bol ((H+FM0)OVM0) =W7:7SN('LL’Y)OU“0

Let 1 € Bg (0, %) Since any orbit contained in W*(u,Y) must eventually enter U, , it follows from (4.16) and

Ho>
the fact that such an orbit converges to u, that

(4.18) W (1Y) U,y =W (p,Y)N U,

Ho

According to (4.17) and (4.18), we have, for every u € Bg (0, %),

o (14 Fuy) 0 Vi) =W (1Y) N U
so item (2) holds true.
Proof of item (3). This is a direct consequence of (4.9) and the fact that ¢(0,u) = 0 (see (4.8a)).
Proof of items (1) and (4). We have Dé;j =1d+Dh so
(4.19) DE,, =1d+ Y (-1)" (Dh)"
k=1

Using (4.10), it follows that for every 0 < € < 1 and for every (2, 1) € Bp, (0, e—lf) X Bg (0 Q),

'K
(4.20) D€, (2, 1) = 1d||| < €

According to (4.11b), (4.20), the mean value theorem and the fact that ¢(0,0) = (0,0), there exists a contant
K'> K (independant of Y, r and 1)) such that

) § - 8
Bp,, O’F X Bg 0’? cU, NV,

We then use (4.12) to obtain that, for every 0 < e < 1,

€ 6 € )
Bgn(0,eR, YC L|Br |0,—————— |xBg|0,—— —— || cU, nV,
]R( € Mo) ( F;m( m(F#U,G)K') G( m(F#O,G)K')) Mo Mo

where R, is defined by (4.2) for some constant Cj large enough (independant of Y, r and pg). The above
inclusion with € = 1 proves that item (1) holds true. Even if it means taking C5 larger, item (4) holds true as
well, using (4.10), (4.12), (4.20), the mean value theorem and the fact that ¢(0,0) = (0, 0).

Proof of item (5). This is a consequence of (4.19), (4.9), (4.8d), (4.12) and the fact that the sequence
(M}, (Y, po,7(110)) )22 is increasing.
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Proof of item (6). One can construct, for any u € Qq, a local coordinate system &, satisfying items (1)-(
the same way than ¢, (and with the same constants). Let pq € €y. By construction of £, and ¢,, (see (4.9
and (4.13)), for all p € QynU,, NU,, and for all y € W;’V(M,Y) NnU, NU,

H1o

§uo(y) =+ mu,(y)
§u(y) =p+m,(y)

where 7, denotes the linear projection along GG onto F),. It follows that for all y € U,, N U,

M1
guo (y) - g;h (y) = T (y) = Ty, (y)
so item (6) holds true. O

Ut
~—

—

=

we have

we have

APPENDIX A. SOME LINEAR ALGEBRA LEMMAS

We recall here some elementary facts of linear algebra that will be of great importance throughout this paper.
We refer to section 2 for the notations.

Lemma A.1. Let n € N and let F,G be two linear subspaces of R" such that F n G = {0}. For every x =

zp+rg €EF G,
lzrlly + llzglly = m (F.G) ||,

N =

Proof. Recall that m (F,G) = (#QFG)) .Let z =xp+xc € F®G. It is sufficient to prove the straightfor-
ward inequality

a® + b + 2ab - 2

a? +b? —2abe ~ 1—¢€
where a = ||30F||§7 b= ||xg||§ and € = cos< (F,G) € [0, 1]. O

Lemma A.2. Letn € N and A € M,,(R). Let R" = @1, E; be the decomposition of R" as the direct sum of
the generalized eigenspaces of A. Accordingly, for any x € R", we will use the decomposition x = Z;l x; where
x; € E;. The following control holds true for every x € R™:

> llailly < m (A) |2l
=1

Proof. The proof is a straightforward induction on the number 7 of generalized eigenspaces of A, using lemma A.1.
O

Lemma A.3. Let n € N and A € M, (R). We have, for every a > A4, (A) and for every s = 0,
” ymax (1 [[JANll)" " m (4) s

. n—1 e
min (17 a = Amaz (A))
Proof. Fix Apax (A) < @ € Apax (A) + 1 and s = 0. Let
R" = ®1<i=r Ker (A = p; Id)di

be the decomposition of R" as the direct sum of the generalized eigenspaces of A. Fix x = ) |_, #; € R", where
z; € Ker (A — pi; 1d)%. For every 1 <i < r.

e[, = 2" -1)"

GSA.Z'i ,= esuildes(A—uiId)zi ,
a8 ;
e Z (A= 1) 2
(i) d;—1 J
Re(p;
< D ), Y S AN,
=

sa d;—1 d;—1 s(Re(p;)—« d;—1
< €[]l 2% max (1, ||| A]l]) " e FWITI (1 4 6)

where we used the fact that |u;| < ||| A]||s by Browne theorem. By a straightforward computation, we obtain

(di=1)%7 e N < d —
max et(Re(M)_a)(l + t)di_l < { (a-Re(u;))%™} if o = Re(p;) = d; =1
20 1 if a —Re(p;) >d; — 1
It follows that
sA saqn—1 n—1 max(l ”lAl”
||, < €2 (n - 1) Zn ills

min (1, o — Apax (4))"7
Using lemma A.2, we obtain the desired inequality. ([l
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