A SIMPLE PROOF OF INVARIANT TORI THEOREMS

JACQUES FEJOZ

ABSTRACT. If T" x {0} is a Diophantine invariant torus of a real analytic Hamiltonian
K° : {(0,r)} ¢ T" x R® — R, any real analytic Hamiltonians H close to K° has
a unique normal form H(0,7) = K o G(0,r) + 8 - r, where T" x {0} is an invariant
torus of some Hamiltonian K with the same frequency as K°, G is a Hamiltonian
diffeomorphism of a particular type and 8 € R™ is a frequency offset. The existence
and uniqueness of this normal form, which we call a twisted conjugacy, is proved here
with a simple abstract inverse function theorem, relying on the Newton algorithm.
The normal form is then shown to be a gateway to celebrated invariant tori theorems
of Kolmogorov, Arnold, Riissmann and Herman.
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2 JACQUES FEJOZ
1. INTRODUCTION

Let H be the space of germs along T{ := T™ x {0} of real analytic Hamiltonians in
T" x R™ = {(0,r)} (T™ = R"™/27Z"™). The vector field associated with H € H is

H: 6=0,H, 7=—-0yH.

For a € R", let K be the affine subspace of Hamiltonians K € H such that K|» is

constant (i.e. T{ is invariant) and K |Tn = . Those Hamiltonians are characterized by
their first order expansion along T{, of the form ¢ + a - r for some ¢ € R, that is, their
expansion is constant with respect to € and the coefficient of r is . The germ space H
is endowed with the usual, inductive limit topology [16, Section 6.3, example (3)]; see
section 2.

We will focus on Diophantine frequency vectors:
Dyr={aeR", VE € Z"\{0} [k-af Z~[k["7}, [k :=|ki| 4 -+ [knl].

If 7 > n — 1, the set U,5oD,,» has full Lebesgue measure [3, p. 83], [40]. If additionally
v < 1, D, ; has positive Lebesgue measure, which we will assume in the sequel. Also,
see appendix D.

Let also G be the space of germs along T{j of real analytic exact symplectomorphisms G
in T™ x R™ of the following form:

G(O,7) = (9(0),"¢' ()" (r + p(8))),
where ¢ is an isomorphism of T" fixing the origin, and p is an exact 1-form on T™.

Theorem 1 (Twisted conjugacy). Let a € D, and K° € K. For every H € 'H close
enough to K°, there exists a unique (K,G,[3) € K x G xR"™ close to (K?,id,0) such that

H=KoG+p-r

in some neighborhood of Tf which is locally uniform with respect to H.

The frequency being a conjugacy invariant of quasi-periodic flows, the frequency offset
0B - r is necessary. Yet it breaks the dynamical conjugacy between K and H and does
not comply H with having an invariant torus, as K does. This normal form thus is of
geometrical nature and we will call it a twisted conjugacy. Advertised by Herman in
the 1990’s [22], it is the Hamiltonian analogue of the normal form of vector fields on
the torus of Arnold and Moser [1, 31]. It appears in a more general setting in Moser
[32]. Its formal analogue actually goes back to Poincaré’s proof of existence of Lindstedt
series [35, Vol. 11, § 126].

Several facts prove or hint that H is generally not of the form (K + - r) o G: having
an invariant torus is not an open property, i.e. the operator (K,G,3) — (K +0-1r)o G
is not open, although it has the same invertible derivative as (K,G,(3) — Ko G+ [ r
at (K°,id,0); the corresponding linearized equation

§H = (0K +63-1)o G+ (K'+3-dr)oG-6G
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(dots emphasizing linear operations) has formal or analytic obstructions as soon as a+ 3
is a resonant or Liouville vector; more generally, being invertible is usually not an open
property among linear maps of topological vector spaces.

Yet, in Dynamics the goal is to show that the parameter 3 € R” vanishes under adequate
hypotheses. The initial conjugacy problem has thus been reduced to a problem of finite
dimension. Poincaré, in his case, could use an argument of exactness from symplectic
geometry; see also Eliasson [17]. The use of rotating frames in [35, Chap. 111] and
[19, Proposition 82] in order to break some degeneracies relies on a similar idea in a
more specific setting. In sections 4 and 6, we will use respectively the usual implicit
function theorem in finite dimension and a result from Arnold-Pyartli in the theory of
Diophantine approximations on manifolds, making theorem 2 the common gateway to
several celebrated theorems.

However, when the frequency « is varied, a key point is that G depends Whitney-
smoothly on o € D, .. This fact was noticed by Lazutkin for twist maps [27, 28].
Poschel in finite differentiability, Herman, Riissmann, Broer-Huitema-Takens with their
unfolding theory, and Sevryuk, considerably clarified the whole strategy [9, 22, 36, 41,
42, 45, 47].

Eventually, the seeming detour through twisted conjugacies splits the proof of invariant
tori theorems into a functionally well posed inversion problem in infinite dimension, and
an argument in finite dimension depending on the non-degeneracy hypothesis (compare
with [53, 54]; see also [51]). Moreover, the functional setting chosen here adapts to limit
degeneracies (lower dimensional tori), in a straightforward manner [19].

In sections 2 and 3, the main theorem of the paper is proved (theorem 2, a more precise
version of theorem 1), by applying the inverse function theorem 17. Theorem 17 itself, a
very simple version of the Nash-Moser theorem, can be applied to a variety of operators
involving small denominators or maps compositions; it is proved in appendix A using
the most standard Newton algorithm. Sections 4 and 6 are devoted to inducing invariant
tori theorems of Kolmogorov, Arnold, Riissmann and Herman. Section 5 introduces an
intermediate step between twisted and true conjugacies, which we call a hypothetical
conjugacy. Appendices B and C allow to improve the quantitative bounds of theorems 2
and 17: with elementary estimates on the inverse of real analytic isomorphisms of the
phase space, and with Hadamard-like, interpolation inequalities, which do not seem much
spread in the literature. Appendix D weakens the arithmetics conditions. Appendix E
treats of quasi-periodic time-dependent perturbations. Some further comments are in
appendix F.

2. FUNCTIONAL SETTING

In this section we will define appropriate source and target spaces for the operator
¢: (K,G,f)— H=KoG+ -,

to be defined and, when « is Diophantine, invertible.
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For various sets U and V', A(U, V') will denote the set of continuous maps U — V which
are real analytic on the interior U, and A(U) := A(U,C).

Recall notations for the abstract torus and its embedding in the phase space:

T" =R"/27Z" and TP =T" x {0} C T" x R™.

Define complex extensions
¢=C"/2rZ" and T¢ =T¢ xC"
as well as bases of neighborhoods

T% = {0 € T¢, max Im6;| <s} and Ty ={(0,r) € T¢, |(0,r)] < s},
<j<n
with [(6,7)| := maxi<j<, max (|Im 6;], |r;]).

2.1. Spaces of Hamiltonians. — Let H; = A(T?), endowed with the Banach norm

|H|s ;= sup |H(0,71)|,
(0,r)eTn

so that H be the inductive limit of the spaces Hs.

— For a € R", let £ = K5 be the affine subspace consisting of those K € H, such that
K@,7r)=c+a-r+0(?

for some ¢ € R.

— If G is a real analytic isomorphism on some open set of T¢ and if G is transverse to
T7, let G*A(T?) := A(G~1(T7)) be endowed with the Banach norm

|H|g,s == |HOG_1|S.

By the principle of analytic continuation, | -|q, s is a Banach norm on Hs—|G—id|s-

2.2. Spaces of conjugacies.

2.2.1. Diffeomorphisms of the torus. Let D, be the space of maps ¢ € A(Ty,T¢) which
are real analytic isomorphisms from T% to their image and which fix the origin.

Let also
Xs == {v € A(T})", v(0) = 0}
be the space of vector fields on T7 which vanish at 0, endowed with the Banach norm

v]s == pax max. |v; (6)].



A SIMPLE PROOF OF INVARIANT TORI THEOREMS 5

According to corollary 24, the map
Ué;ﬁ = {U € Xs+os ‘U‘s < 0'} — Dg, v —id v

is defined and locally bijective. It endows Ds with a local structure of Banach manifold
in the neighborhood of the identity.

We will consider the contragredient action of Dy on T (with values in TF) :
(0,1) = (2(0), "' ()" - 1),

in order to linearize the dynamics on the alleged invariant tori.

2.2.2. Straightening tori. Let B, be the space of exact one-forms over T7, with

’p’5 - gé%? 11%1]a§xn ’p](e)‘v p= (IO17 7p")

We will consider its action on T7 by translation of the actions:
p(0,7) = (0,7 + p(9)),

in order to straighten the perturbed invariant tori.

2.2.3. Our space of conjugacies. Let Gs = Dy x By, identified with a space of Hamiltonian
symplectomorphisms by

(9. p)(0,7) == @ op(8,1) = (9(6), "' (O) 7' (r + p(6)))-
Endow its tangent space at the identity TiqGs = gs := Xxs X Bs with the norm
|Gls = (v, p)|s := max(|v]s, |pls),
and its tangent space at G = (¢, p) with the norm
16G|s == |6G o G715, 6G € TaG.

Here and elsewhere, the notation 6G, as well as similar ones, should be taken as a whole;
there is mo separate 6 € R in the present paper.

Also consider the following neighborhoods of the identity:

gg:{Ger, max |(© —0,R—r)| <o, (@,R):G(O,r)}, o> 0.

(0,r)eTs

The operators (commuting with inclusions of source and target spaces)
¢ Ksyo X GI XR" > H,, (K,G,8)— KoG+p-r

are now defined. In particular, if we let E, := Ky x Gs x R" and 0 BF := {x € Ej, |z|, <
o}, by restriction ¢ defines the operators

gb:JBf_M — H,

to which the inverse function theorem of appendix A will apply. Since these operators
commute with inclusions, we will speak of them in the singular.
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3. TWISTED CONJUGACY

The local existence and uniqueness of the twisted conjugacy (theorem 1) can now be
phrased in terms of the operator ¢.

Theorem 2 (Twisted conjugacy). Let a € D, .. The operator ¢ has a unique local
inverse in the following sense: for all0 < s < s+o <1, if K° € Hyyo and |H — K°|s1,
is small, there is a unique (K,G,3) € oBE, | -|s-close to (K°,id,0) such that

H=KoG+pg-r
over T%. Moreover 30 ¢! is a C'-function locally in the | - |s1o-neighborhood of K°.

Geometrically: the orbits of Hamiltonians K € K under the action of symplectomor-
phisms of G locally form a subspace of finite codimension n. (The conclusion will also
hold in the neighborhood of (K?,id, 5°) if 8° € R™.)

The theorem will follow from the inverse function theorem of appendix A applied to ¢,
lemma 20 (for the uniqueness of the inverse) and corollary 22 (for the smoothness of
Bo¢1). Let us now check the two main hypotheses of appendix A, one on ¢! and
one on ¢".

Let £, be the Lie derivative operator in the direction of the constant vector field o €
Dy -
0
Lot AT — AT, froflra= Y ool
, 00;
1<j<n
We will need the following classical lemma in two instances in the proof of lemma 4.

Lemma 3 (Cohomological equation). If g € A(T?,,) has 0-average ([ gdf = 0), there
exists a unique function f € A(T?) of 0-average such that Lof = g, and there exists
Co = Co(n,7) > 0 such that, for any o:

‘f‘s < CO’Y_lU_T_n‘g’H-J'

Proof. Let g(0) = Zkezn\ {0y 9k ¢ be the Fourier expansion of g. The unique formal
z k-0

solution to the equation L, f = g is given by f(6) = Zkezn\{o}

ika €

Since g is analytic, its Fourier coefficients decay exponentially: we find

[ a0 S < el
T

by shifting the torus of integration to a torus Im#; = £(s + o).

|9k| =

Using this estimate and replacing the small denominators k - « by the estimate defining
the Diophantine property of «, we get

|f|s < |g|s+o Z|k|7— e—|k\o‘
v k

2"|gs+ l+n— —L |9|s+ S
< 8T T o < g T+n 1 —lo
< 5 Zél , e (n— 1)1 g (L+n— e 7,
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where the latter sum is bounded by

/ (f +n— 1)7’+n—1e—(€—1)0 dl = O_—T—nena/ ET—i—n—le—Z dl
1 n

o

o0
< U_T_"e""/ et Al = 67T T (1 + ).
0

Hence f belongs to A(T?) and satisfies the wanted estimate. O

Fix 0 < s <s+o0 < 1. We will write z = (K, G, ) and éx = (0K, 0G,d03).

Lemma 4. There exists C' > 0 which is locally uniform with respect to v € FEgy, in the
neighborhood of G = id such that the linear map ¢'(x) has an inverse ¢'(x)~" satisfying

|¢'(z)™" - 0H|, <o T IC 0 H | gt -

Proof. A function 0H € G* A(Ts+,) being given, we want to solve the equation
¢ (x)-6x=0KoG+K oG- -6G+66-r=05H,

for the unknowns 0K € TxKCs C A(T?), 0G € TeGs, and 05 € R™, or, equivalently, after
composing with G~! to the right,

e+ K+K -G+63-roG™ ' =H,

where we have set 0K = dc + K with dc € R and K = O(r?), G := 6G o G~ € g, and
H:=0HoG '€ Hypry.

More specifically, G~! and G are of the form
GO, = (010, P o (0) -1 —pop l(0), G=(pp—7-¢),
where ¢ € X545 and p € Bsy,, and we can expand
K=ct+a r+Ky0) -2 +0@3) and H = Hy(0)+ H(0) -7+ O(r?).
The equation becomes
(1) [p'-oz—l—éc—pmp_l 03] +r- [—gb/-oz+<,0/0<,0_1-5ﬁ+2K2 Pl +
K = H+0(r?),
where the term O(r?) in the right hand side depends only on K and G, and not on
K. The equation turns out to be triangular in the five unknowns. The existence and

uniqueness of a solution with the wanted estimate follows from repeated applications of
lemma 3 and Cauchy’s inequality:

— The average over T{ of the first order terms with respect to r in equation (1) yields

-1
60 = </ (,Dlogp_ld9> [ H,de,

which does exist if ¢ is close to the identity (proposition 24).
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— Similarly, the average of the restriction to T of (1) yields:
oc = H0d9+/ po tdh-ap.
TG Tg
— Next, the restriction to T{} of (1) can be solved uniquely with respect to p according
to lemma 3 (applied with p = f’).
— The part of degree one can then be solved for ¢ similarly.

— Terms of order > 2 in r determine K. O

Lemma 5. There exists a constant C" > 0 which s locally uniform with respect to
x € Esiy in the neighborhood of G = id such that the bilinear map ¢ (x) satisfies

¢ () - 62|, < 020" oz,

Proof. Differentiating ¢ twice yields
¢ (z) - 02%% = 20K' 0 G- 6G + K" 0 G - 6G*?,
hence
(¢ (x) - 62%%) 0o G1 = 28K" - (G 0 G™) + K" - (6G o G™1)®2,
whence the estimate. O

Exercise 6 (Arnold-Moser normal form) Use theorem 2 to show that, for every vector
field v € x(T") close to « € D, ;, there is a unique ¢ € D and a unique § € R" such that
v = p.a+ (. Hint: apply theorem 2 to the Hamiltonian v(0) - r; cf. [19, Section 4.3].

4. STRONG NON-DEGENERACY

Theorem 7 (Kolmogorov [12, 26]). Let o € D, and K° € IC such that the averaged
hessian an %(9,0) df is non degenerate. For every H € H close to K°, there is a

unique (K,G,R) € K x G x R™ close to (K°,id,0) such that
H@,r+R)=KoG(0,r)

in a neighborhood of Tf which is locally uniform with respect to H; in particular, H
possesses an a-quasi-periodic invariant torus.

This theorem has far reaching consequences ; see 7, 8, 11, 14, 34, 37, 46, 48] for references
and background. In particular it has led to a partial answer to the long standing question
of the stability of the Solar system [4, 10, 19].

Proof. Let K9(0) := 58220(0,0). Let F be the analytic function taking values among

symmetric bilinear forms, which solves the cohomological equation
10%K° 10%K°
F(0,0) = =-——(6,0) — ———(0,
L,F(6,0) 5 9,2 (9,0) /fg 5 92 (0,0)do

on T{ (see lemma 3), and ¢ be the germ along T{ of the (well defined) time-one map
of the flow of the Hamiltonian F(6) - 2. The map ¢ is symplectic and restricts to
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the identity on T{j. At the expense of substituting K° o ¢ and H o ¢ for K° and H
respectively, one can thus assume that

10°K°
TSL 2 87’2

Ko=c+a-r+Q - +0(?), Q:= (0,0)d6.

The germs so obtained are close to one another.

Consider the family of perturbations obtained by translating K¢ in the direction of
actions:

K%(0,r) = K°(6,R+r), ReR" Rsmall
and its approximation obtained by truncating the first order jet of K% along T{ from
its terms O(R?) which possibly depend on 6:

K%(0,r) :=(c4+a-R)+(a+2Q-R) -r+0(r?) = K%+ O(R?).

For the Hamiltonian K %, Tg is invariant and quasi-periodic of frequency o + 20Q) - R.
Hence the normal form of K% with respect to the frequency « is

RKpy= (K —Bhor)oidsfpr. Gp=2Q- R

By hypothesis the matrix % = 2(Q) is invertible, so the map R — BO(R) is a local

; ) ‘ R=0
diffeomorphism.

Now, theorem 1 asserts the existence of an analogous map R — ((R) for Hg, which is
a small C''-perturbation of R — BO(R), and thus a local diffeomorphism, with a domain
having a lower bound locally uniform with respect to H. Hence if H is close enough to
K? there is a unique small R such that 8 = 0. For this R the equality Hg = K o G
holds, hence the torus obtained by translating G_l(T()‘) by R in the direction of actions
is invariant and a-quasi-periodic for H. O

Exercise 8 Simplify this proof when K° = K°(r) is integrable.

Remark 9 (L. Chierchia) Assume the hypotheses of theorem 7 are verified. Applying
the theorem to each Hamiltonian H — 3-r, 8 € R™, ||3]] < 1, shows that there is a map
B +— (Kg,Gp, Rg) such that

H(@,T-I-Rg) -3 (T+R5) = Kﬁ OGﬁ(@,T),
and 3 +— Rg is a local diffeomorphism. Hence there is a unique 3 such that Rg = 0:
H = Kﬁ o Gﬁ +06-r

i.e., the twisted conjugacy follows from Kolmogorov’s theorem.

5. HYPOTHETICAL CONJUGACY

We now move to a “hypothetical” normal form, the common ground of invariant tori
theorems of section 6.

Let
Ks = UaernK$ = {c+a -7+ O(r?), ceR,a € R"}
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be the set of Hamiltonians on T7 for which T{ is invariant and quasi-periodic, with
unprescribed frequency.

Theorem 10 (Hypothetical conjugacy). For every K° € ICg‘j_o with a® € D, -, there is
a germ of diffeomorphism

O:Hepo — KsxGs, Hw (Ky,Gn), Kpg=cy+ay r+0(?),
at K°— (K°,id) such that for every H with oy € D 7,
H:KHOGH

and Ky and Gy are unique.

The pair (K, Gpg) can rightfully be called a hypothetical conjugacy of H because the
property H = K o Gy depends on an arithmetical condition involving the unknown
frequency ajy.

Proof. Denote ¢, the operator we have been denoting ¢ —because the vector o« was
fixed while we now want to vary it. Define the map
6 : D, xHsye — KgxGgxR"
(avH) = QQ(H) = (¢a)_l(H) = (K7 G,ﬁ)

locally in the neighborhood of (a®, K°), K° € K%/ ,. Since ¢ is infinitely differentiable,
by proposition 23 there exist a C'°°-extension

@:R"XH8+J—>IC8><QS><R".
Write K =a°-r+ K, K =c+ O(r?). In particular, since
Ga(K°+ (o —a®) - rid,a® — a) = K°
locally for all & € R™ close to a® we have

O(a, K°) = (K’ id, ), Bla,K°)=0a’— .

In particular,

ap

i

e '
and, by the implicit function theorem, locally for all H there exists a unique & such that
B(&, H) = 0. We conclude by letting ©(H) = ©(&, H). O

One can infer Kolmogorov’s theorem 7, or the following variation, from theorem 10.

Corollary 11 (Arnold [2], Pdschel [36]). Let K° = K°(r) be a germ of completely
integrable Hamiltonian. If H is close to K°, there are C*°-germs G, ¢ and o along T§
of diffeomorphism, function and frequency, close to id, K° and K°, such that whenever
ar € Dy, the infinite jet along G™1(T8 + (0, R)) of Ho G~ is

JEarpaoryH 0 G =cr+ar- (r—R)+O0((r - R)?).

Moreover, if the hessian 92K°(0) is non degenerate, the set {R, ag € D, . has positive
Lebesgue measure.
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Proof. As in the proof of Kolmogorov’s theorem, let
K%6,R)=K°0,R+7r) and Hg(0,7r)=H(H,R+r).

According to theorem 10, if R is small, there exist (Kgr,GRr) € Ks x G4 for some s > 0
such that Kr = cp+agr-r+0(r?), the map R — ap is C'-close to R + ag = 0, K°(R),
and Hr = Kro Gpg as soon as ar € D, ;, i.e.

H(,r) = KroGr(f,r — R).
(Beware that Kr(0,r) # K(0,r + R) in general.)

In order to glue the constructed Kr and Gpr together, define the germs K of C°°-
Hamiltonians and G of C°*°-map by

K(0,r)=K.(0,0) and G(0,r)=G.(6,0)+ (0,7) = (Go(0,7),G,(0,7)).

As soon as a, € D, ., the torus Tf + (0,r) is K-invariant and quasi-periodic with
frequency .. Besides, if H is close to K°, G,(0,0) is C*-close to (6,0) and thus the
map G is a germ of diffeomorphism.

From the trivial the equality
KroGgr(0,r — R) = Kr(Gr(8,r — R)+ (0, R) — (0, R)),
we see that the following equality
H(0,r) = K(Gy(0,7),R)

holds between infinite jets along G (T§) + (0,R) = G~1(T§ + (0,R)), as soon as
a, = 0,K(0,r) € D, -, whence the first assertion.

If the hessian 92 K°(0) is non degenerate, the frequency map r — a,. is a local diffeomor-
phism and the preimage by « of the set D, - thus has positive Lebesgue measure.  [J

6. WEAK NON-DEGENERACY

In theorem 7, the frequency is fixed. We will now deal with more degenerate cases, where
the map from actions or more general types of parameters, to the frequencies, might not
be a local diffeomorphism. As opposed to the strongly non degenerate case, we will not
be able to follow quasi-periodic invariant tori individually.

Assume that the perturbed Hamiltonian H = H; depends smoothly on some parameter
t € BT (BT = the closed unit ball of RT); if H is close to some completely integrable
Hamiltonian, ¢ may be the action coordinate r and, in the case of Arnold’s theorem, ¢
represents the semi major axes.

Definition 12 A smooth frequency map «a : BT — R" is weakly non degenerate if its
local image nowhere lies in a proper vector subspace of R™.

That this weak non-degeneracy property is relevant in general averaging theory, was
discovered by Arnold [5].
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Theorem 13 (Riissmann). Suppose the family K¢ € Koio, t € BT, has a non-planar
frequency map t — of. If v and 1/7 are small and if Hy is close to K¢ for all t € BT,
there exist oy € R", Ky € K%, Gy € Gs (all varying smoothly with t) and a subset
Dyr C BT of positive Lebesque measure over which

Ht :KtOGt.

Theorem 13 follows from theorems 10 above and 14 below, with ©, , := {t € BT, o €
D, -} and the remark that being weakly-non degenerate is an open property among
C" l-maps (see [19, Lemma 44]).

Theorem 14 (Pyartli [39]). If t € BT — oy € R™ is non planar, the Lebesque measure
of ® ; 1s positive provided that v is small enough and T large enough.

Remark 15 Theorem 13 provides a convenient setting to check the persistence of in-
variant tori for parameters varying in any submanifold of B. For instance, in celestial
mechanics it is often crucial to prove the persistence of invariant tori on some given
energy level [18, Section 3.3]. In order to get such an “iso-energetic” statement, it suf-
fices to check that the restriction of the frequency map a® to the submanifold of BT of
equation K7?(6,0) = cst is weakly non degenerate.

Exercise 16 (Herman’s stability theorem [19]) Let
1
H(0,r,2) = Ho(r) + e5Q(r) - 222 + O(z%% 7€) + el (0,7, 2)

be a germ along T" x {0} x {0} of real analytic Hamiltonian in {(0,r,2)} = T" x R" x CP,
where

Q(r)- 2% = Y a%(r)Re(z7), a5(r) >0,

1<j<p
and
Hq(0,7,2)df = 0.
Tn
Assume that the frequency map

r i (a°(r),a°(r)) € R™P,  a(r) := 0, Ho(r),

is weakly non degenerate. Then there exists ¢ > 0 such that H has an invariant set of
positive Lebesgue measure, consisting of Diophantine invariant tori. Hint: eliminate fast
angles 0 from Hi, then build a Birkhoff normal form to eliminate slow angles Arg z;,
switch to symplectic polar coordinates in the z-direction, and apply Riissmann’s theorem.

The proof of Arnold’s theorem on the stability of the planetary system reduces to a sim-
ilar, quantitative stability result, where Hj is the Hamiltonian describing the Keplerian
motion of non-interacting planets, and @ is the quadratic part of the secular Hamilton-
ian, describing the slow deformations of the Keplerian ellipses at the first order in the
eccentricities and inclinations, € is the small order of masses of planets, r is a function
of the major semi-axes, # is the mean longitudes, and z the secular coordinates.
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A. AN INVERSE FUNCTION THEOREM

Let E = (Ey)o<s<1 be a decreasing family of Banach spaces with increasing norms | - |,
and eBE = {z € E,|z|, < €}, € > 0, be its balls centered at 0. Let (Fs) be an analogous
family, and ¢ : 0B3+0 — Fy, s < s+ 0, $(0) =0, be maps of class C?, commuting with
inclusions.

On account of composition operators, we will assume there are additional, deformed
norms || ., » € Int(sBF), 0 < s < 1, satisfying

z,s7

los = lyls and  [ylo o < |Ylo oiior—af, -
and such that, if F, ; denotes the normed vector space (Fg, |- |4.s),
x € sBE = ¢(z) € F.

In other words, ¢ is a section of the trivial Banach vector bundle of base sBZ, | and fiber
F, s over x. The important fact in the Newton algorithm below, is that the index loss
o can be chosen arbitrarily small, without s itself being small, provided the deformed
norm substitutes for the initial one. The initial norm | - |s of Fy is here only for the
practical purpose of having a fixed target space, to which perturbations belong.

Assume that, if z € sBE, ,, the differential ¢'(z) : Esi, — Fs has a right inverse
¢ (x)"': Fyyo — Es, and

{ ¢/ (x)"'nls < C'o _T/|77|ac st+o

|6 (2)6%2]4s < C"o™ 7 €20, (Vs,0,2,€,m)

with C",C", 7', 7" > 1. Let C :==C'C" and 7 := 7" + 1".

Theorem 17. ¢ is locally surjective and, more precisely, for any s, n and o with n < s,

erJrUC(;S(an), € :=278TC 7257y

In other words, ¢ has a right-inverse 1 : e BL e — nBE.

Proof. Some numbers s, n and o and y € Bf:m

fioBE, = E, zea+d(@) 7 (y- o))

being given, let

and
Q:0Ble x 0By = Fs (2,8) = 6(2) — ¢() — ¢(2)(7 — 2).
Lemma 18. The function Q satisfies, for x,& € sBE,, :

Q. #)],, <27'C"0 ™ |& —

|s+a+\x x|s

Proof of the lemma. Let 2y := (1 — t)z + t&. Taylor’s formula yields

1
Qlx, ) :/0 (1= 1) 6" () (& — 2)2 dt.
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Using the asumption on deformed norms,
1 1
N S\ A 2 5\ ( 4 2
Q. 2)],., < /0 (1-0)|¢" (@)@ — 2P|, dt < /0 (L=0) 6" (@)@ — 25, o1 15,0, A
whence the estimate, using the asumption on ¢”. O

Now, let s, n and ¢ be fixed, with n < s and y € erJrJ for some €. We will see that if €
is small enough, the sequence zy = 0, x,, := f™(0) is defined for all n > 0 and converges
towards some preimage x € nBE of y by ¢.

Let (op)n>0 be a sequence of positive real numbers such that 33" o, = o, and (s, )n>0
be the sequence decreasing from sp := s + ¢ to s defined by induction by the formula
Sp41 = Sp — 304.

Assuming the existence of xg, ..., z,+1, we see that ¢(zy) =y + Q(xk—_1, Tk), hence

Tyt — o = ¢ (2p) T (Y — d(wn)) = —¢' (2p) ' Q(ap—1,71) (1< k<)

Further assuming that |zj41 —2g|s, < ok, the estimate of the right inverse and lemma 18
entail that
n—1 n—1 _ _
|Tns1 — Tnls,sy < CnlTn — xn_1|§n <... < cnci_l i C% |:E1|§1 , =2 IOO'k T

The estimate

lz1]s; < C'(300)77 |ylsy < 2_100'()_T€ = cpe
and the fact, to be checked later, that ¢, > 1 for all £ > 0, show :

2n

271@
|Tn41 — Tnls,n < | € H Ck,
k>0

Since Y, ~q p¥" < 2pif 2p < 1, and using the definition of constants c;’s, we get a
sufficient condition to have all z,,’s defined and to have ) |zp41 — @nl|s < 7

o n —2—k 277 T2~k
(2) €—§Hck _EHO-k .
k>0 k>0

Maximizing the upper bound of € under the constraint 3%, -0, = o yields o}, :== %2_k.
A posteriori it is straightforward that |z,+1 — x,|s, < 0, (as earlier assumed to apply
lemma 18) and ¢, > 1 for all n > 0. Besides, using that > k27% = 3727% = 2 we get

27k 2T
n _o—k 7 1 2 (O’)T 2n (0 )2T o™y
- — | —( = — [ — >
2 g)c’f 2 ;};Io grkaF (C 6 o2 \12 2872’
whence the theorem. O

Exercise 19 The domain of ¥ contains eBg, e=2"127r"1C=2837 for any S.

Proof. The above function e(n,0) = 2787C 2527y attains is maximum with respect to
n < s for n = s. Besides, under the constraint s + o = S the function €(s, o) attains its
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maximum when o = 27s and s = H% Hence, S being fixed, the domain of ¢ contains
eBg if
S 278 T
< 2787C2 .
¢ 1+ 27 (12(1+2T)>

Given that S < 1 < 7 by hypothesis, it suffices that € be equal to the stated value. [

A.1. Smoothness. In the proof of theorem 17 we have built right inverses v : EBSF+,7+0 —

nBﬁ_n, of ¢, commuting with inclusions. The estimate given in the statement shows that

1 is continuous at 0; due to the invariance of the hypotheses of the theorem by small
translations, v is locally continuous.

We further make the following two assumptions:

— The maps ¢'(z)~! : Fsyo — FEs are left (as well as right) inverses (in theorem 2 we
have restricted to an adequate class of symplectomorphisms);

— The scale (] - |s) of norms of (E) satisfies some interpolation inequality:
1
|22, < |2|s|2|s+5 foralls, o,6=0c <1 + —>
s

(according to the remark after corollary 26, this estimate is satisfied in the case of interest
to us, since o + log(1 +o0/s) < 7).

5 With € = 27147 C 3437,
1(7) — V()]s < CLIT = Yly)s4es Cr=2C"0"T.

In particular, v is the unique local right inverse of ¢, i.e. it is also the local left inverse

of ¢.

Lemma 20 (Lipschitz regularity). If o < s and y,y € EBfJr

Proof. Fix n < ( < o < s; the impatient reader can readily look at the end of the proof
how to choose the auxiliary parameters n and { more precisely.
Let € = 2787C=2(?™, and y,9 € er+U. According to theorem 17, z := 9(y) and
Z = 1(y) are in nBﬁ_o_C, provided the condition, to be checked later, that n < s+o—(.
In particular, we will use a priori that

‘i' - x‘s—l—o—@‘ < ’f‘s—l—o—g‘ + ‘x’s+cr—c < 2.

We have
-z = ¢(x)7'¢(2)(& — )
= d@)7 (G -y - Qlx,))
and, according to the assumed estimate on ¢/(x)~! and to lemma 18,

2

A P— / A~ P— — A~
i —als < C'oT[§ = Ylosto + 27 CCTNE =22 00 5l

In the norm index of the last term, we will coarsely bound |& — z|s by 2. Additionally
using the interpolation inequality:

R . R - 1
o= ol <16~ ablo — olis, 7 =an(141),
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yields

(1=271CCT I = alors) & = 2ls < C'077 15 ~ Ylosto-
Now, we want to choose n small enough so that
— first, & < 0 — ¢, which implies |# — z|s4+5 < 2n. By definition of &, it suffices to have
"< w7
— second, 271C¢™"2n < 1/2, or n < %, which implies that 271C¢77 |2 — z]s46 < 1/2,
and hence |# — z|; < 207077 | — Ylr.sto-

A choice is ( = § and n = % < s, whence the value of € in the statement. O

Proposition 21 (Smoothness). For every o < s, there exists €,C such that for every
Y,y € eBS Go

(@) = () — &' ()@ —y)ls < C1ld — Yl
Moreover, the map ' : erJrJ — L(Fyiq,Es) defined locally by ' (y) = ¢ (¢(y))~! is
continuous and, if ¢ : oBE  — F is C%, 2 < k < oo, for all o, so is ¢ : eBL, . — Ej.

o

Proof. Fix € as in the previous proof and y,§ € eBI,. Let x = ¢(y), n = § — v,

£ =y(y+n) —P(y) (thus n = ¢z + &) — ¢(x)), and A == P(y +n) —P(y) — ¢'(z) "',
Definitions yield

A = ¢@) (¢ @) —n) = ¢ (@) ' Qz,x+¢).
Using the estimates on ¢'(z)~! and @Q and the latter lemma,
|A|S < Cl|77|s+o’

for some ¢’ tending to 0 when o itself tends to 0, and for some C; > 0 depending on o.
Up the substitution of o by o/, the estimate is proved.

The inversion of linear operators between Banach spaces being analytic, y +— ¢(¢(y)) ™!
has the same degree of smoothness as ¢/'. O

Corollary 22. Ifw € L(Es, V) is a family of linear maps, commuting with inclusions,
into a fized Banach space V, then o is C* and (7o) =7 - ¢ 0.
This corollary is used with 7 : (K, G, ) — 3 in the proof of theorem 2.

A.2. Whitney-smoothness with respect to finitely many parameters. In sec-
tion 5, it is convenient to extend ¢! to non-Diophantine vectors . Whitney-smoothness
is a criterion for such an extension to exist [50, 52].

Suppose ¢(z) = ¢ (r) now depends on some parameter o € B™ (the unit ball of R™),

— that the estimates assumed up to now are uniform with respect to o over some closed
subset D C R",

— and that ¢ is C! with respect to a.

We will denote v, the parametrized version of the inverse of ¢,.
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Proposition 23 (Whitney-smoothness). If s,0 and € are chosen like in proposition 21,
the map 1 : D x erJrJ — By is C1-Whitney-smooth and extends to a map 1 : R x erJrJ
of class C*. If ¢ is C*, 1 < k < oo, with respect to ., this extension is C¥.

Proof. Let y € eBE . If a,a+ B €D, 24 = ¥a(y) and Ta45 = Ya15(y), we have

Ga+8(Ta+8) — Pat8(Za) = da(Ta) — Patp(Ta).
Since § — Yq+4(9) is Lipschitz (lemma 20),

|xa+ﬁ - $a|s < CL|¢a($a) - ¢o¢+ﬁ($a)|s+cr’
and, since & — ¢4(x,) itself is Lipschitz, so is a — x,.

Moreover, the formal derivative of o — 1z, is

0o = _(b:x(xa) ’ E?a(zﬁ(xa).

Expanding y = ¢o13(2a+3) at B = 0 and using the same estimates as above, shows that

’xa—l—ﬁ — Lo — 8011'01 . ﬂ‘s - O(ﬂ2)

when 3 — 0, locally uniformly with respect to o. Hence o — z,, is C'-Whitney-smooth,
and, similarly, C*-Whitney-smooth if o — ¢y, is.

Thus, by the Whitney extension theorem, the claimed extension exists. Note that Whit-
ney’s original theorem needs two straightforward generalizations to be applied here:
takes values in a Banach space, instead of R or a finite dimension vector space (see [20]);
1 is defined on a Banach space, but the extension directions are of finite dimension. [

B. ANALYTIC ISOMORPHISMS

Here we include an elementary inversion theorem for real analytic isomorphisms on T7.
The qualitative part is used in section 2, to parameterize locally D, by vector fields,
and, in lemma 3, to solve the cohomological equation for the frequency offset 63. The
estimates are needed only for an explicit bound in the invariant tori theorems of the
paper.

Recall that we have set T% := {§ € C"/27Z", maxi<;<y|[Imb;| < s}. We will denote
by p: R} := R" x i[—s, s]™ — T? its universal covering.

Proposition 24. Let v € A(T%,,,,C"), |v|s420 < 0. The map id+v : T} 5, — RY 5,
induces a map ¢ : T, o, — T¢ 5, whose restriction ¢ : Ty, , — T, o, has a unique
right inverse v : T — T}, -

©
oo Tita0 -
RN
TS

‘w —id ’8 < ’U’8+J

Furthermore,
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and, provided 20~ |v|s100 < 1,
[ —id| < 207 v]st00.

Proof. Let @ : R7, , — R7 s  be a continuous lift of id+v and k € M,(Z), k(l) :=
Oz +1) — O(z).

(1) Injectivity of ® : RY, , — R}, ,,. Suppose that z,% € RY,, and ®(z) = ®(2).
By the mean value theorem,
|z — & = [v(pt) — v(pr)| < [V]sq0lr — 2],

and, by Cauchy’s inequality,

|l‘ —i‘| < ’U’8+2U|
g

r—| < |T— x|,
hence z = Z.
(2) Surjectivity of ®: R} C ®(RY,,). For any given y € RY, the contraction

S
fiRY, = RY,, 20—y —u(z)
has a unique fixed point, which is a pre-image of y by ®.

(3) Injectivity of ¢ : T¢,, — T4, o,. Suppose that pz, pz € RY,, and p(px) =
o(pt), i.e. ®(x) = ®(2)+k for some k € Z™. That k be in GL(n,Z), follows from
the invertibility of ®. Hence, ® (:17 - k’_l(/{)) = ®(&), and, due to the injectivity
of @, pr = pz.

(4) Surjectivity of ¢ : T} C o(T4, ). This is a trivial consequence of that of ®.

(5) Estimate on 1 :== o' : T? — T?, . Note that the wanted estimate on 1 is in
the sense of ¥ := @~ :R? - R?_ . If y € R?,

U(y) —y = —v(p¥(y)),
hence |¥ —id |s < |[v]s40-

(6) Estimate on 1)’. We have ¢/ = /=1 o, where ¢'~!(z) stands for the inverse of
the map & — ¢/(z) - £. Hence

¢ —id = ¢ op—id,
and, under the assumption that 20~ !v|ss2, < 1,

/ —1
‘wl _ ld ’5 S ‘(p/—l _ ld ‘5—‘,—0’ < ’U ’5“1‘0' g ‘U‘5+20'

= >~ < 20'_1 v 2 -
1=V |s4o = 1 =07 Holsga0 [ols+22

C. INTERPOLATION INEQUALITIES

In this section we prove some Hadamard interpolation inequalities, which are used in
sections A.1 and A.2.

Recall that we denote by T¢ the infinite annulus C"/27Z", by T?, s > 0, the bounded
sub-annulus {6 € T¢, [Im#;| < s, j = 1..n} and by D}, ¢ > 0, the polydisc {r €
C", |rj| <t, j = 1l..n}. The supremum norm of a function f € A(T7 x D}) will be

denoted by |f]s.:-
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Let 0 < s < 51 and 0 < tg <t be such that
ty
log = = s1 — sp.
to

Let also 0 < p <1 and
s=(1—p)so+ps1 and ¢=1ty "1t
Proposition 25. If f € A(T; xD}),

1—
‘f‘&t S ‘f‘soﬂfpo ’flglytl'

Proof. Let f be the function on T%, x D}, constant on 2n-tori of equations (Im @, [r|) =
cst, defined by

f(ear) = pnl/lg'])T(" |f ((iel +N17 (R Z]:Hn + ,Ufn)y (7’1 eiI/17 A eiyn))|

(with all possible combinations of signs). Since log |f| is subharmonic and T?" is compact,
log f too is upper semi-continuous. Besides, log f satisfies the mean inequality, hence is
plurisubharmonic.

By the maximum principle, the restriction of |f| to T? x D} attains its maximum on the
distinguished boundary of T% x D}. Due to the symmetry of f:

|fls,e = f(ise, te), e=(1,...,1).

Now, the function

©(2) == flze, e F3)¢e)
is well defined on Ty, , for it is constant with respect to Re z and, due to the relations
imposed on the norm indices, if |[Im z| < s; then |e~(#+9)¢| < es175¢ = ¢;.

The estimate

s1—Imz Imz — sg

o(s0i) + p(s11)

log p(z) <
$1 — So S1 — 8o

trivially holds if Imz = s or s1, for, as noted above for j = 1, 7% = t;, j = 0,1.
But note that the left and right hand sides respectively are suharmonic and harmonic.
Hence the estimate holds whenever sy < Im z < s1, whence the claim for z = is. O

Recall that we have let T? := T? x D?, s > 0, and, for a function f € A(T?), let

S
|fls = |fls,s denote its supremum norm on T?. As in the rest of the paper, we now

restrict the discussion to widths of analyticity < 1.

Corollary 26. If oy = —log (1 —2) and f € A(T},,,),
13 < [ fls—o0l fls+or-

In section A.1, we use the equivalent fact that, if & = o + log (1 + %) and f € A(T}, 5),
| F240 < 1Flsl flsse-

Proof. In proposition 25, consider the following particular case :
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e p=1/2. Hence
S0+ S1
= ——— d t= it
S 5 an ol1
S

e s =t. Hence in particular tg = se®07% and ¢t; = se®1 7%,

Then
|f|§ = |f|§,s < |f|so7t0|f|817t1'

We want to determine max(sg,ty) and max(si,t1). Let o1 := s —s9 = s1 —s. Then
to = se 7 and t; = se?t. The expression s + o — se’ has the sign of o (in the relevant
region 0 < s+ o0 < 1,0 < s < 1); by evaluating it at 0 = £07, we see that so < ¢y and
S1 2 tl.

Therefore, since the norm | - | is non decreasing with respect to both s and ¢,

|f|§ < |f|to,to|f|81,81 = |f|t0|f|81

(thus giving up estimates uniform with respect to small values of s). By further setting
oo =s—tg=s(1—e ), we get the wanted estimate, and the asserted relation between
oo and o7 is readily verified. O

D. WEAKER ARITHMETIC CONDITIONS

In this section, we look more carefully to the arithmetic conditions needed for the induc-
tion to converge, in the proof of the inverse function theorem 17 applied to the operator
¢ of section 3.

A function A : N, — [1,4o0[ being given, define Do as the subset of vectors a € R”

such that .
(|| +n—1)""

k-l >
A(IK])

(The function A is just some other normalization of what is an approximation function

in [40] or a zone function in [15].) For DA to be non empty, trivially we need lim; ., A =

+00.

(Vk € 2"\ {0}).

Proposition 27. The conclusions of theorems 7 and 2 hold if the Diophantine condition
is replaced by the condition that there exist ¢ > 0 and ¢ €]0, 1] such that

E:A(E)e_é/j2 <exp (c27) asj— +oo.
>1

Example 28 The Diophantine set D,  corresponds to a polynomially growing function
A, and to a polynomially (at most) growing function »_,-, A(0)e= 2. A fortiori,
S s A= ? is less than polynomially growing.

Proof of the proposition. Call L the discrete Laplace transform of A:

L(o) =Y A()e",

>1
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and assume it is finite for all ¢ > 0. Patterning the proof of lemma 3, we get the following
generalization.

Lemma 29. Let g € A(T}, ) having 0-average. There is a unique function f € A(TY)
of zero average such that Lo f = g. This function satisfies
2"e

(n—1)"

(Again, see [40] for improved estimates. But such an improvement is not the crux of our
purpose here.)

[fls <CL(0) |gls4o, C=

Taking up the proof of the inverse function theorem of appendix A with our new estimates
(see in particular equation (2)), we see that the Newton algorithm converges provided

Z2‘j log L(o;) < o0,
J=0

for some choice of the converging series > ;. Choosing >_0; = > j~2, we see that it is

enough that log L(c;) < ¢2% for some ¢ > 0 and s €]0, 1, whence the given criterion. [J

E. QUASI-PERIODIC TIME-DEPENDENT PERTURBATIONS

As a variation and a second use of the inverse function theorem 17, we briefly treat
of Hamiltonians which are quasi-periodically time-dependent. Such Hamiltonians are
commonplace in celestial mechanics, e.g. in restricted many-body problems (for a def-
inition of these problems, see [6, Section 2.5]), where the primary bodies have a given
quasi-periodic motion, which influences without being influced by, the zero-mass.

Suppose n = i + 7 with 7,7 > 0. We split variables accordingly: « = (é&, &), 8 = (6, 6),
etc. Variables with a caron ~are related to the time of the perturbation. Let

H:{HGH, 8;«H5d}

Let £ = H N K. For Hamiltonians in H, the frequency 6 = & is fixed. Let also G be the
subset of G consisting of symplectomorphisms G = (¢, p) € G such that ¢ is of the form
() = (¢(0),0), i.e. ¢(f) =0. If H € H and if G € G is close enough to the identity
for H o G to be well defined over T? for some s > 0, then H oG € H,. So, by restriction
the operator ¢ (see section 2) defines a map

B Koo % Glrg X B Hy, (K,GLf) o KoG 4 7.

Corollary 30 (Twisted conjugacy for quasi-periodic time-dependent perturbations).
The operator

(25 : I€s+o’ X g_g+g X Rﬁ — 7'_‘8
is a local diffeomorphism.
Proof. We pattern the proof of theorem 2, and additionaly impose that 6H € TyH. One

only needs to check that the solution dz of equation (1) lies in the tangent space of the
source space of ¢. Indeed, we have
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— 6 = 0 because ]fll =0 and 93¢ = 0.

— ¢ = 0 because I;H =0 (since 0:H(0,0) = &).
— 9;K = 0 because H does not either. O

We can now state the following analogue of Kolmogorov’s theorem. It does not follow
from Kolmogorov’s theorem directly because the unperturbed Hamiltonian is degenerate
in the direction of the action 7. What saves the result is that the perturbation is picked
in the particular class H.

Theorem 31. Let o € Dy and K° € K such that the hessian [, %(0, 0) df is non
degenerate. For every H € H close to K°, there exist a unique (K,G,R) € K x G x R
such that X

H(,0,#+ R,7) = K oG(0,r)
in a neighborhood of Tf which is locally uniform with respect to H; in particular, H
possesses an a-quaspieriodic invariant torus.

The proof consists in patterning the proof of theorem 7, and using corollary 30 instead
of theorem 2.

Let us now focus on weakly non-degenerate Hamiltonians. The following result is the
analogue of theorem 10.

Corollary 32 (Hypothetical conjugacy for quasi-periodic time-dependent perturba-
tions). For every K° € ICg‘j_o with a° € D, 7, there is a germ of diffeomorphism

O:Hepo = Ksx Gy, Hw (Ky,Gn), Kpg=cy+ay r+0(?),
at K° — (K°,id) with ag = (&g, a°), such that for every H with ag € D 7,
H=KyoGy
and Ky and Gy are unique.
This corollary follows from corollary 30, but not directly from theorem 10, because in
theorem 10 there is no uniqueness and it is not obvious that & = &°.

The application of corollary 32 to various cases is left to the reader. It often relies on
the remark that if &° € D5, C R" for some
checky, > 0, then {a € D, ;, & = &°} has positive Lebesgue measure for some v > 0.

F. COMMENTS
Section 1. The proof of invariant tori theorems presented here differs from others chiefly
for the following reasons:

— The emphasis on twisted conjugacy, which allows to separate the inversion problems
from the use of the non-degeneracy hypotheses (see the introduction).

— Classical perturbation series (or some modification of these) have been directly shown
to converge in some cases (see [49] for the convergence of Schroder series in the Siegel
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problem; see [17], or [13], for Lindstedt series of Hamiltonians). These direct proofs
of convergence are involved because, as J. Moser noticed in [32, p. 149], the series
do not converge absolutely, and thus the proof of conditional convergence must take
into account compensations or the precise accumulation of small denominators through
a subtle combinatorial analysis. On the other hand, as Kolmogorov discovered, the
perturbation series yielded by the Newton algorithm are absolutely convergent, provided
that one adequately decreases the width of the analytic extension at each step of the
induction. The magics is that compensations are taken into account without any further
care, yet without explaining “the whole truth”.

— We encapsulate the Newton algorithm in an abstract inverse function theorem a
la Nash-Moser. The idea for KAM theory goes back to [53, 54]; see also [51]. The
algorithm indeed converges without any specific hypothesis on the internal structure
of the variables, as in Nash’s construction of a solution to the isometric embedding
of Riemannian manifolds ([29, 24]). At the expense of some optimality, ignoring this
structure allows for a simple control of the bounds and for solving a whole class of
analogous problems with the same toolbox (quasi-periodic time dependent perturbations
as in appendix E, lower dimensional tori, codimension-one tori, Riissmann’s translated
curve theorem, Siegel problem, as well as a number of problems in singularity theory,
etc.).

— The analytic (or Gevrey) category is simpler, in Nash-Moser theory, than Holder or
Sobolev categories because the Newton algorithm can be carried out without intercalat-
ing smoothing operators (cf. [44, 7]).

— Hadamard interpolation inequalities are optimal and simple for analytic norms be-
cause, again, they do not depend on regularizing operators, as it is shown in appendix C
(cf. [23, Theorem A.5]).

— The use of auxiliary norms (| - |g s in lemmas 3 and 5, | - | s in appendix A) prevents
from artificially loosing, due to compositions, a fixed width of analyticity at each step of
the Newton algorithm —the domains of analyticity being deformed rather than shrunk.
As a pitfall, the argument of [24, Sections 5 and 6] to deduce an inverse function theorem
in the smooth category abstractly from the theorem in the analytic category, does not
apply directly here.

Section 3. Lemma 3. The estimate is obtained by bounding the terms of Fourier series
one by one. In a more careful estimate, one should take into account the fact that if
|k - o is small, then k' - o is not so small for neighboring k”’s. This allows to find the
optimal exponent of o, making it independent of the dimension; see [30, 40].

Lemmas 4 and 5. The small denominators and the composition operators have the same
effet, in the estimates, of reducing the width of analyticity.

Section 6. Definition 12. This property can be expressed in terms of the rank of
the matrix of partial derivatives of « at all orders (see [47] for instance). Outside the
neglectible set where one needs to take into account some larger order derivatives, it
is equivalent to being essentially non planar in the terminology of [39], through the
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following remark: if o is weakly non degenerate, in the neighborhood of every t € BY, o
passes through points of R which do not lie in any proper vector subspace, so there is
a curve drawn on a(B”) which is essentially non planar, hence « itself is essentially non
planar.

Theorem 13. For the dramatic history of the five proofs found independently in the
80’s and 90’s, see [46].

Appendiz A. Theorem 17. — The two competing small parameters 1 and o being fixed,
our choice of the sequence (0j) maximizes e for the Newton algorithm. It does not
modify the sequence (x) but only the information we retain from (zy).

— In the expression of ¢, the square exponent of C' is inherent in the quadratic con-
vergence of Newton’s algorithm. From this follows the dependence, in KAM theory, of
the size € of the allowed perturbation with respect to the small Diophantine constant ~:
e =0(7%).

— The method of Jacobowitz [24] (see Moser [30] also) in order to deduce an inverse
function theorem in the smooth category from its analogue in the analytic category does
not work directly, here. The idea would be to use Jackson’s theorem in approximation
theory to characterize the Holder spaces by their approximation properties in terms of
analytic functions and, then, to find a smooth preimage x by ¢ of a smooth function y
as the limit of analytic preimages z; of analytic approximations y; of y. However, in
our inversion function theorem there is an interplay between the initial and modified
norms of F, and the analytic approximations y; do not belong to the initial domain of
definition of ¢. Such a difficulty is inherent in the presence of composition operators,
and did not occur in the problem of isometric embeddings. It is probably simpler to
intercalate smoothing operators within the Newton algorithm, as Sergeraert [44], or
later, Hamilton [21].

Appendiz A.1. One can prove that 1 is C! without additional assumptions, just by
patterning [44, p. 626]). Yet the proof simplifies and the estimates improve under the
combined two additional assumptions. In particular, the existence of a right inverse of
¢'(x) makes the inverse ¢ unique and thus allows to ignore the way v was built.

Appendiz B. See similar statements in [37, 38].

Appendiz C. In this paragraph, the obtained inequalities are analogues for complex ex-
tensions of tori in their cotangent bundle, of the standard Hadamard convexity inequal-
ities for infinite strips in C. They are optimal and show that analytic norms are not
quite convex with respect to the width of the complex extensions, due to the geometry
of the phase space. See [33, Chap. 8] for more general but non-optimal inequalities.

Appendiz D. Proposition 27. There are reasons to believe that the so-obtained arith-
metic condition is not optimal. Indeed, solving the exact cohomological equation at
each step is inefficient because the small denominators appearing with intermediate-
order harmonics deteriorate the estimates, whereas some of these harmonics could have
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a smaller amplitude than the error terms and thus would better not be taken care of.
Even stronger, Riissmann and Poschel noticed that at each step it is worth neglecting
part of the low-order harmonics themselves (to some carefully chosen extent). Then
the expense, a worse error term, turns out to be cheaper than that the gain —namely,
the right hand side of the cohomological equation now has a smaller size over a larger
complex extension. This allows, with a slowly converging sequence of approximations,
to show the persistence of invariant tori under some arithmetic condition which, in one
dimension, is equivalent to the Brjuno condition; see [38, 43].

Thank you to A. Albouy, V. Arnold, P. Bernard, A. Chenciner, L. Chierchia, A.
Knauf [25], R. Krikorian, I. Kupka, D. Sauzin, M. Sevryuk and J.-C. Yoccoz, for il-
luminating comments.
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