A Nash-Moser approach to KAM theory
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Abstract Any finite dimensional embedded invariant torus of an Hamiltonian sys-
tem, densely filled by quasi-periodic solutions, is isotropic. This property allows us
to construct a set of symplectic coordinates in a neighborhood of the torus in which
the Hamiltonian is in a generalized KAM normal form with angle-dependent co-
efficients. Based on this observation we develop an approach to KAM theory via
a Nash-Moser implicit function iterative theorem. The key point is to construct an
approximate right inverse of the differential operator associated to the linearized
Hamiltonian system at each approximate quasi-periodic solution. In the above sym-
plectic coordinates the linearized dynamics on the tangential and normal directions
to the approximate torus are approximately decoupled. The construction of an ap-
proximate inverse is thus reduced to solving a quasi-periodically forced linear dif-
ferential equation in the normal variables. Applications of this procedure allow to
prove the existence of finite dimensional Diophantine invariant tori of autonomous
PDEs.

1 Introduction

In the last years much work has been devoted to the existence theory of quasi-
periodic solutions of PDEs. The main strategies developed to overcome the well
known “small divisors” problem are:

1. KAM (Kolmogorov-Arnold-Moser) theory,
2. Newton-Nash-Moser implicit function theorems.
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The KAM approach consists in generating iteratively a sequence of canonical
transformations of the phase space which bring, up to smaller and smaller remain-
ders, the Hamiltonian system into a normal form with an invariant torus “at the
origin”: in the new coordinates, the invariant torus is the zero section of the trivial
linear bundle T x RY x E —Z TV, see section This iterative procedure requires,
at each step, to invert the so called linear “homological equations”. In the usual
KAM scheme the normal form has constant coefficients (see (30)), the homologi-
cal equations have constant coefficients and are solved imposing the “second order
Melnikov” non-resonance conditions. The final KAM torus is linearly stable.

This scheme has been effectively implemented by Kuksin [20] and Wayne [28]]
for 1-d nonlinear wave (NLW) and Schrodinger (NLS) equations with Dirichlet
boundary conditions. The required second order Melnikov non resonance condi-
tions are violated in presence of multiple normal frequencies, for example, already
for periodic boundary conditions.

Thus a more direct bifurcation approach was proposed by Craig and Wayne [13]],
see also [12], for 1-d NLW and NLS equations with periodic boundary conditions.
After a Lyapunov-Schmidt decomposition, the search of the invariant torus is re-
duced to solve a functional equation by some Newton-Nash-Moser implicit function
theorem in Banach scales of analytic functions of time and space. The main advan-
tage of this approach is to require only the “first order Melnikov”’ non-resonance
conditions for solving the linearized equations at each step of the iteration. These
conditions are essentially the minimal assumptions. On the other hand, the main
difficulty is that the linearized equations are PDEs with non-constant coefficients,
represented by differential operators that are small perturbations of a diagonal oper-
ator having arbitrarily small eigenvalues. Hence it is hard to estimate their inverses
in high norms. Craig-Wayne [13] solved this problem for periodic solutions and
Bourgain [9]] also for quasi-periodic solutions. This approach is particularly useful
for PDEs in higher dimension due to the large (possibly unbounded) multiplicity of
the normal frequencies. It has been effectively implemented by Bourgain [[10], [1L1]],
for analytic NLS and NLW with Fourier multipliers on T4, d > 2, and by Berti-
Bolle [4]-[3] for forced NLS and NLW equations with a multiplicative potential
and finite differentiable nonlinearities. In Berti-Corsi-Procesi [8] this scheme has
been then generalized into an abstract Nash-Moser implicit function theorem with
applications to NLW and NLS on general compact Lie groups and homogeneous
spaces.

We remark that in the above papers the transformations used to prove estimates in
high norms for the inverse linearized operators at the approximate solutions are not
maps of the phase space, as in the usual KAM approach, and therefore the dynamical
system structure of the transformed system is lost.

The aim of this Note is to present an approach to normal form KAM theory
based on a Nash-Moser implicit function theorem. Instead of performing directly
a sequence of canonical maps of the phase space which (at the limit) conjugate
the Hamiltonian to another one which possesses an invariant torus “at the ori-
gin”, we construct an embedded invariant torus, with equivalently the normal form
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(28) around it (Theorem [T), by a Nash-Moser iterative scheme in scales of Banach
spaces. Note that the quadratic terms of the KAM normal form (28) are, in general,
angle dependent.

The core of the present approach is to find a set of symplectic coordinates in
which the tangential and the normal linearized equations at an (approximate) torus
are (approximately) decoupled. This reduces the problem to the study of the quasi-
periodically forced linearized equation in the normal directions. This symplec-
tic construction preserves the Hamiltonian dynamical structure of the equations.
Thus it is a decomposition of tangential/normal dynamics sharper than the usual
Lyapunov-Schmidt reduction based on the splitting into bifurcation/range equations.
The present KAM approach applies well also to PDEs whose flow is ill-posed.

As already mentioned, the main difficulty for implementing a Newton-Nash-
Moser iterative scheme is to solve the (non homogeneous) linearized equations at
each approximate quasi-periodic solution. This is a difficult matter for the presence
of small divisors and because the tangential and normal components to the torus of
the linearized equations are coupled by the nonlinearity.

It was noted by Zehnder [29] that, in order to get a “quasi Newton-Nash-Moser”
scheme with still quadratic speed of convergence, it is sufficient to invert the lin-
earized equation only approximately. In [29] Zehnder introduced the precise notion
of approximate right inverse linear operator, see (#3). Its main feature is to be an
exact inverse of the linearized equation at an exact solution.

In this approach we construct an approximate right inverse for the functional
equation satisfied by the embedding of an invariant torus of an Hamiltonian system,
see (16), or B4)-(33). Let us explain more in detail the main ideas. The first ob-
servation is that an embedded invariant torus supporting a non-resonant rotation is
isotropic. This is classical for finite dimensional Hamiltonian systems, see [19] or
[L7]-Lemma 33. Actually this property is also true for infinite dimensional Hamil-
tonian systems (Lemma [I) since it requires only that the Hamiltonian flow is well
defined on the invariant torus and preserves the symplectic 2-form on it. Near an
isotropic torus it is then possible to introduce the symplectic set of coordinates
in which the torus is “at the origin”. It follows that the existence of an invariant
torus and a nearby normal form like (28) are equivalent statements, see Theorem|I}
Clearly, with second order Melnikov non-resonance conditions, it is also possible to
obtain a constant coefficients normal form as (30), i.e. to prove the reducibility of
the torus.

This observation is the bridge with the usual KAM proof based on normal forms
transformations. The point is that the normal form (28) means more that the exis-
tence of the invariant torus, since it also provides a control of the linearized equa-
tions in the normal bundle of the torus. Actually, in the normal form coordinates,
the linearized equations at the torus simplify, see (31)). In particular the second com-
ponent in is decoupled from the others and the system can be solved in a
“triangular” way.

Of course, there is little interest in inverting the linearized equation at a torus that
is already a solution. The point is that, at an approximate invariant torus, it is still
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possible to construct an approximate right inverse of the linearized equation, which
is enough to get a “quasi-Nash-Moser” scheme a la Zehnder.

With this aim, in section 4] we extend the symplectic construction developed in
section [2] for an invariant torus, to an approximate solution. Needless to say, an
approximate invariant torus is only approximately isotropic (Lemma [3). Thus the
first step is to deform it into a nearby exactly isotropic torus (Lemmalf6)). This enables
to define the set of symplectic coordinates (66) in which the isotropic torus is “at
the origin”. In these new coordinates also the linearized equations simplify
and we may invert them approximately, namely solve only (74)-(73). Such system
is obtained by neglecting in the terms which are zero at an exact solution,
see Lemmata [§] and [3] The linear system (74)-(73) may be solved in a triangular
way, first inverting the action-component equation (see (T7)-(78)), which is
decoupled from the other equations.

In the case of a Lagrangian (finite dimensional) torus, there is not the last normal
component in the system (73), and one may immediately solve the equation (82)) for
the angle component, see (83)-(84). This completes the construction of an approx-
imate inverse. This is another way to recover the classical results of Zehnder [29]
and Salomon-Zehnder [27] for maximal dimensional tori, and it is closely related to
the method in [[14] by De la Llave, Gonzalez, Jorba, Villanueva.

On the contrary, in the general case of an isotropic torus, the present strategy has
reduced the search of an approximate right inverse for the embedded torus equation,
to the problem of solving the linear equation (79). This is a quasi-periodically forced
linear PDE which is a small perturbation of the original linearized PDE, restricted
to the normal directions. The existence of a solution for such an equation is very
simple for partially hyperbolic (whiskered) tori, because there is no resonance in
the normal directions. In the more difficult case of elliptic tori, where small divisors
appear, this equation has the same feature as the quasi-periodically forced linear
PDE restricted to the normal directions. It makes possible to exploit KAM results
that have already been proved for the corresponding forced PDEs, as, for example,
(4], 151, [2], [8].

For finite dimensional systems, this construction is deeply related to the Herman-
Fejoz KAM normal form theorem used in [[17] to prove the existence of elliptic
invariant tori in the planetary solar system. Actually le “Théoréme de conjugaison
tordue” of Herman (Theorem 38 in [17]) is deduced by a Nash-Moser implicit func-
tions theorem in Fréchet spaces.

This scheme may be effectively implemented for autonomous Hamiltonian PDEs,
like, for example,

1. (NLW) Nonlinear wave equation
yu—Ay+V(x)y=f(x,y), x€T!, yeR, (1)

with a real valued multiplicative potential (we may clearly consider also a con-
volution potential V xy as in [11]]) and a real valued nonlinearity f.
2. (NLS) Hamiltonian nonlinear Schrodinger equation
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—Au+V(@u=f(x,u), xeT? uecC, ()

where f(x,u) = dzF (x,u) and the potential F(x,u) € R, Vu € C, is real valued.
For u=a+ib, a,b € R, we define the operator d; := %((L +i0p).
3. (KdV) Quasi-linear Hamiltonian perturbed KdV equations

ut+Mxxx+axu2+JV(X7M7MX7MXX7MXH) =0, xeT, 3)

where A (x, u, Uy, Uy, Uyyy) = —QX[(Buf)(x,u,ux) - ax((auxf)(x,u,ux))] is the
most general Hamiltonian (local) nonlinearity, see ({@).

The NLW and NLS equations are studied in [6] and the quasi-linear KdV in [3]].

All the above PDEs are infinite dimensional Hamiltonian systems. Also in view
of the abstract setting of section 2] we present their Hamiltonian formulation:

1. The NLW equation (I)) can be written as the Hamiltonian system

% <1yv> N (Ay—V(xf}H(x,y)) N (—(}d 10d> (gfagg%)

where 8,H, 8,H denote the L(T¢)-gradient of the Hamiltonian

2
HOp) = [ 24 392 +V(0)) +F(oy)ds

and 0,F (x,y) = — f(x,y). The variables (y, p) are “Darboux coordinates”.
2. The NLS equation (2)) can be written as the infinite dimensional complex system

u =1i6;H(u), H(u):= /W \Vul> +V (x)|u)® — F (x,u) dx.

Actually (@) is a real Hamiltonian PDE in the variables (a,b) € R?, real and
imaginary part of u. Denoting the real valued potential W (a,b) := F(x,a +ib),
so that

OiF (x,a+1b) := %(&a +19p)W (a,b) = f(x,a+1ib),
the NLS equation (2)) reads
d (a) _( Ab—V(x)b+ 19,W (a, b)) 1 (0 Id) <5aH(a,b)>
dit\b) \—-Aa+V(x)a— 'a W (a,b) 2\1d 0 8,H (a,b)
with real valued Hamiltonian H (a,b) := H(a +ib) and §,, 8, denote the L2-real

gradients.
3. The KdV equation (3) is the Hamiltonian PDE

uy = d0H (u), /————!—fxuux)dx @



6 Massimiliano Berti, Philippe Bolle

where §H denotes the L2(T,) gradient. A natural phase space for (@) is

HY (1) == {u(x) € H'(T,R) - /

Tu()c)dx = O} .

In the present paper we shall focus on the geometric construction of the approxi-
mate right inverse for the equation satisfied by an embedded torus of an Hamiltonian
system, stressing the algebraic aspects of the proof. In the papers [6], [3] the ana-
lytic estimates, and small technical variations, may disturb the geometric clarity of
the approach.

2 Normal form close to an invariant torus

We consider the toroidal phase space
P =T"'xRYxE where TV :=RY/(27Z)"

is the standard flat torus and E is a real Hilbert space with scalar product { , ).
We denote by u := (0,1,z) the variables of &2. We call (0,1) the “action-angle”
variables and z the “normal” variables. We assume that E is endowed with a constant
exact symplectic 2-form

Qp(z,w) = (Jz,w), VzweE, (5)

where J : E — E is an antisymmetric bounded linear operator with trivial kernel.
Thus & is endowed with the symplectic 2-form

Q:=(dINdO) & Qf (6)

which is exact, namely
Q=dA @)

where d denotes the exterior derivative and A is the 1-form on &2 defined by

1(971@) :Rv X Rv xE — R,

Ao A1, PO
2,(9117@[6,],2] :]6+E<JZ,2>, V(9,172)€RVXRVXE. (8)
The dot “-” denotes the usual scalar product of RY.

Remark 1. For the NLW equation E = L? x L?> with L? := L*>(T“,R), the operator
0 —Id . 5

1d 0 ) and (, ) is the L* real scalar

product on E. The transposed operator J7 = —J (with respect to (, )) and the inverse

J~1 = JT. The same setting holds for the NLS equation with real valued Hamilto-

nian, writing it as a real Hamiltonian system in the real and imaginary part. For the

defining the symplectic structure is J = (
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KdV equation E = L3(T,R) := {z € L*(T,R) : [;z(x)dx =0} the operator J = 9, !
and ( , ) is the L? real scalar product. Here the transposed operator /7 = —J and the
inverse J—! = 0 is unbounded.

Given a Hamiltonian function H : 9 C & — R, we consider the Hamiltonian
system
u = Xp(u) , where dHu)[] = —Q(Xp(u), -) 9)

formally defines the Hamiltonian vector field Xy . For infinite dimensional systems
(i.e. PDEs) the Hamiltonian H is, in general, well defined and smooth only on a
dense subset 2 =TV x RY x E; C &2 where E| C E is a dense subspace of E. We
require that, for all (0,1) € T x RY, Vz € E|, the Hamiltonian H admits a gradient
V. H, defined by

dzH(evlvz)[h]:<VZH(9717Z)7h>7 Vl’lGEl, (10)

and that V_H(60,I,z) € E is in the space of definition of the (possibly unbounded)
operator J := —J~!. Then by @), @), (6), (T0) the Hamiltonian vector field Xy :
TV xRY x E; — RY x RY x E writes

Xy = (0/H,—dgH,JV.H), J:=—J'. (11)

A continuous curve [fy,#1] 3¢ +— u(t) € TV x RY x E is a solution of the Hamiltonian
system (@) if it is C! as a map from [tg,#;] to TV x RY x Ej and u,(t) = Xg(u(t)),
Vt € [to,11]. For PDEs, the flow map &}, may not be well-defined everywhere. The
next arguments, however, will not require to solve the initial value problem, but only
a functional equation in order to find solutions which are quasi-periodic, see (I6).

We refer to [21]] for a general functional setting of Hamiltonian PDEs on scales
of Hilbert spaces.

Remark 2. In the example of remark for NLW and NLS, we can take E; := H? X
H?. Then the Hamiltonian vector field JV.H : H> x H> — L? x L*. For KdV we can
take Ey = H; (T) so that JV.H = —9,V_H : Hj(T) — L§(T).

We suppose that () possesses an embedded invariant torus
¢ —i(9) == (60(¢),lo(¢), 20(9)), (12)
ieCHTY, 2)NCY(TY, ZNT" xR" X E), (13)

which supports a quasi-periodic solution with non-resonant frequency vector @ €
RY, more precisely
io¥, =dpoi, VieR, (14)

where @}, denotes the flow generated by Xz and
T - T, ¥(p):=¢+ot, (15)

is the translation flow of vector @ on TV. Since @ € R is non-resonant, namely
-k #0, Vk € Z¥ \ {0}, each orbit of (W) is dense in T". Note that (I4) only
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requires that the flow @}, is well defined and smooth on the compact manifold .7 :=
i(T") C & and (®};)| 7 = io W, 0i~". This remark is important because, for PDEs,
the flow could be ill-posed in a neighborhood of .7. From a functional point of view
(T4) is equivalent to the equation

@ - Jpi(@) — X (i(@)) =0. (16)

Remark 3. In the sequel we will formally differentiate several times the torus em-
bedding i, so that we assume more regularity than (I3)). In the framework of a Nash-
Moser scheme, the approximate torus embedding solutions i are indeed regularized
at each step.

We require that 8y : TV — TV is a diffeomorphism of T" isotopic to the identity.
Then the embedded torus .7 := i(T") is a smooth graph over T". Moreover the lift
on RY of 6 is a function

6 :RY =R, 6(¢)=0+6y(0), (17)

where Oy(¢) is 27-periodic in each component ¢;, i = 1,...,V, with invertible Ja-
cobian matrix D6y(¢) = Id + DOy(¢), V¢ € TV. In the usual applications DOy is
small and @ is a Diophantine vector, namely

\w~k|2W, Vk € ZV\ {0}. (18)

In such a case we say that the invariant torus embedding ¢ +— i(¢@) is Diophantine.
The torus .7 is the graph of the function (see (I2)) and (I7))

ji=iofy ', jiTV =TV xRYXE, j(0):=(0,l0(8),%(8)), (19)
namely
T = {(9,70(0)720(9)) where Ip:=Io8, ", 7 := zooeo_l}. (20)

We want to introduce a symplectic set of coordinates (y,y,w) near the invariant
torus .7 :=i(T") such that .7 is described by {y = 0,w = 0} and the restricted flow
is simply y(¢) = @ + @t. We look for a diffeomorphism of the phase space of the
form

0 v 6o(v)
I |=G|y |:=|(y)+Bi(y)y+B(y)w
z w 20(y) +w

where Bi (y) : RY — RY, B(y) : E — RY are linear operators. Note that in the first
component G is just the diffeomorphism of TV induced by the torus embedding and
that G is linear in y, w (actually the third component of G is a translation in w).
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Remark 4. The above change of variables G is a particular class of those used by
Moser in [23]], which also allow to “rotate” linearly the third component as zo(¥) +

Ci(y)y+Ca(y)w.

In order to find a symplectic set of coordinates as above, namely to find B; (y),
B> (y) such that G is symplectic, we exploit the isotropy of the invariant torus i(T"),
i.e. the fact that the 2-form £ vanishes on the tangent space to i(T") C 2,

0=i"Q =i"dA=d(i*A). 1)

In other words, the 1-form i*A on TV is closed. It is natural to use such property:
also in the proof of the classical Arnold-Liouville theorem (see e.g. [24]), the first
step for the construction of the symplectic action-angle variables is to show that a
maximal torus supporting an non-resonant rotation is Lagrangian. We first prove the
isotropy of an invariant torus as in [19], [17] (Lemma 5] will provide a more precise
result).

Lemma 1. The invariant torus i(T") is isotropic.

Proof. By the pullback
(io¥L)*Q = (Ppoi) Q2 =i"Q. (22)

For smooth Hamiltonian systems in finite dimension is true because the 2-
form Q is invariant under the flow map @}, (i.e. (®},)*Q2 = Q). In our setting,
the flow (P};) may not be defined everywhere, but @}, is well defined on i(T") by
the assumption (I4), and still preserves £ on the manifold i(T"), see the proof of
Lemma 3] for details.

Next, denoting the 2-form (i*Q)(¢) = ¥, ;Aij(¢)d¢; Ad@;, we have

(io¥) Q= (¥)) oi*Q = ZKinj((p +ot)do; Ndo;,

and so implies that A;;(@ + t) = A;j(¢@), Vr € R. Since the orbit {¢ + o} is
dense on TV (® is non-resonant) and each function A; ; 1s continuous, it implies that

A,'j((p) =cij, Vp € TV, ie i"Q= Z,-<J-Cijd(Pi/\d(Pj

is constant. But, by (7)), the 2-form i*Q = i*dA = d(i*A) is also exact. Thus each
c¢ij = O namely i*Q = 0. ad

We now consider the diffeomorphism of the phase space

9 v 6o(v)
=G| v | = h(w)+D6(w)] "y~ [D2o(60(w)] Jw | ©23)
w 20(y) +w

where 7(8) := (200 6, ')(8), see (20). The transposed operator [Dz(6)] " E—
RY is defined by the duality relation
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[D%(6)]"w-6 = (w,D%(6)[6]), VYweE, becRY.

Lemma 2. Let i be an isotropic torus embedding. Then G is symplectic.

Proof. We may see G as the composition G := G, o Gy of the diffeomorphisms

0 % 6o(y)
=G|y |:=| Do) "y
w w
and
] ] 0
|G| I]:=|56)+I-[Dx6)] I (24)
Z0(0)+z

where Iy := Ipo 60_1, Z0:=200067", see (20). We claim that both Gy, G, are sym-
plectic, whence the lemma follows.

G 1S SYMPLECTIC. Since G is the identity in the third component, it is sufficient
to check that (y,y) — (6o(w),[D8o(y)] Ty) is a symplectic diffeomorphism on
TV x RY, which is a direct calculus.

G> 1S SYMPLECTIC. We prove that G5A — A is closed and so (see (7)) G52 =
G3dA = dGiA = dA = Q. By (24) and the definition of pullback we have

(G;/’L)(e,l,z) [éa sz] = (70(9) +1— [DZO(O)] TJ_Z) é

—

+ =({J(%0(6) +Z),2+D50(9)[é}>.

5
Therefore (recall (8))

((G3A) 0.1 = A0.1.2))16,1.2] = (Io(6) — [DZ0(6)] " Jz) - 6+ %(Jfo(e)@
+32(6),D2(O)[8]) + 5 (2. Dao(0) 0]
= 1o(6)- 8+ 5 (720(6), D2 (0)[6)
+%<J_Zo(9),2>+%<fDZo(6)[é],z>, (25)

(6,1,2) — (J70(0),2) + (JD7(0)[0],2) = d((JZ0(0),2))[6,1,2] (26)

is exact. Moreover

(6) -0+ 3 (2(6), D2(0)[0]) = (j°A)o 6] @)

(recall (8)) where j:=io 8" see (19). Hence (23), (26), imply



A Nash-Moser approach to KAM theory 11

* k[ ek 1 T
(G010~ Mo =7 (I Mosn +d(5720(0),2))

where 7 : TV X RY X E — TV is the canonical projection.
Since the torus j(T") = i(T") is isotropic (Lemmal[l) the 1-form j*A on TV is
closed (as i*A, see (Z1)). This concludes the proof. O

Remark 5. A torus which is a graph over TV, i.e. 8 — j(0) = (6,11(0),z1(0)) is
isotropic if and only if 1;(6) = y+dU(0) — 3[Dz1 ()] Jz1(6) for some constant
Y€ RY and U : TV — R. This follows from and Corollary [1]

Since G is symplectic (note that Lemma [2] only requires i to be isotropic), the
transformed Hamiltonian vector field

G'Xy = (DG) 'oXyoG=Xx, K:=HoG,

is still Hamiltonian. By construction (see (23)) the torus {y = 0,w = 0} is invariant
and implies Xk (y,0,0) = (®,0,0) (see also Lemma [8). As a consequence,
the Taylor expansion of the transformed Hamiltonian K in these new coordinates
assumes the normal form

1 1
K = const+ @+ SAMW)y-y+ (CWyw) + 5 (Bww) +03(w)  (28)
where O3(y,w) collects all the terms at least cubic in (y,w), and the operators A
and B are symmetric. If, furthermore, @ is Diophantine we can perform, by stan-
dard perturbation theory, a symplectic change of coordinates which conjugates K to
another Hamiltonian of the form
1- 1
Kii=0-y+ EAy v+ {(Cr(y)y,w) + §<B1 (y)w,w) + 03(y,w) (29)

where the constant matrix A is the average A := [;vA(y)dy. This is the general
normal form for a Hamiltonian near a Diophantine invariant torus.
Summarizing we have proved the following theorem:

Theorem 1. Let 7 = i(TV) be an embedded torus, see (12)-(13), which is a smooth
graph over TV, see (19)-@20), invariant for the Hamiltonian vector field Xy, and
on which the flow is conjugate to the translation flow of vector @, see (14)-(13).
Assume moreover that 7 is ISOTROPIC, a property which is automatically verified,
in particular, if @ is non-resonant.

Then there exist symplectic coordinates (Y,y,w) in which 7 is described by
TV x {0} x {0} and the Hamiltonian assumes the normal form (28), i.e. the torus
T =G(TY x {0} x {0}) where G is the symplectic diffeomorphism defined in (23),
and the Hamiltonian H o G has the Taylor expansion in a neighborhood of
the invariant torus. If, moreover, @ is Diophantine, see (I8), there is a symplectic
change of coordinates in which the Hamiltonian assumes the normal form 29).
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Remark 6. If the torus .7 is isotropic, even if it is filled by periodic orbits (resonant
torus), i.e. @ = 27k /T for some k € ZV, the previous theorem provides the normal
form (28)). For an application to Lagrangian tori see [1]].

What is usually called a KAM normal form for isotropic Diophantine invariant
tori is an Hamiltonian of the form

1. _ 1 -

where also the matrices B,C are constant, see e.g. [15]], [25], [20], [28]. The pos-
sibility to obtain such a normal form is related to the verification of the so called
“second order Melnikov”” non resonance conditions. This may be a difficult task for
PDE:s in higher space dimension because of the possible multiplicity of the normal
frequencies, see e.g. [[16]], [26] for NLS.

The normal form (28)) is relevant also in view of a Nash-Moser approach, because
it provides a control of the linearized equations in the normal bundle of the torus.
The linearized Hamiltonian system Xk at the trivial solution (y,y,w)(t) = (®t,0,0)
is

v—A(ot)y—[C(wt)]"w=0
y=0 31
w—J(B(ot)w+C(ot)y) =0.

For applying the Nash-Moser scheme (section [4]) we have to solve, at each step,
the system of equations with non-zero second members. Note that the second
equation is decoupled from the others. Inserting its solution in the third equation
we are reduced to solve a quasi-periodically forced linear equation in w. This may
vary considerably for different PDEs. The difficulty is that B(®t) is not constant.
A way to solve it is to conjugate it to a constant coefficient equation (with second
order Melnikov non resonance conditions), as for the normal form . For PDEs
in higher space dimension this is not always possible and one proceeds with a mul-
tiscale analysis as in [[LO]-[[L1]], [4]-[8] which requires only the first order Melnikov
non-resonance conditions. Finally one solves the first equation in (3T) for the angle
component.

3 A Nash-Moser functional approach to KAM

We now describe the strategy for proving an abstract normal form KAM theorem by
using a Nash-Moser implicit function theorem. We choose the setting of a perturba-
tion of a parameter dependent family of isochronous linear Hamiltonian systems.

Let & C RY be an open set of parameters. We consider a family of Hamiltonians
H:[0,6)x 0 x 2 —Rlike

HZH(S,OC,M) :JV(OC,9,1,Z)+8P(£,a767172), (32)
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which are perturbations of a parameter-dependent normal form

1
</V(a76,1,z)=a-1+§<N(a,9)Z,z> (33)
where N(c, 0) is a symmetric operator. We suppose that, as in (I0), (IT), the Hamil-
tonian vector fields z — JN(a,0)z , JV,P(ct,0,1,z) are well defined and smooth
maps from a dense subspace E; C E into E. Note that .4” may depend on the angle
variables 6 (in the normal directions z).

Remark 7. In applications, the parameters ¢« may vary with the “actions” of the
unperturbed invariant tori (this approach was first used in [23]]), or depend on the
mass of a planet as in [[17]], or may be “external” parameters induced, for example,
by the potential as in [21], [28]], etc...

The normal form .4 possesses the invariant torus T" x {0} x {0} on which the
motion is endowed by the constant field o.

Remark 8. If the normal form N(a,0) = N(a) is constant, i.e. it does not depend
on the angles 0, the unperturbed torus TV x {0} x {0} is said “reducible”. In appli-
cations this is the common situation in order to start with perturbation theory.

The goal is then to prove that:

e for € small enough, for “most” Diophantine vectors @ € ¢ C O, there exists a
value of the parameters o := 0t (®,€) = @+ O(€) and a v-dimensional em-
bedded torus 7 = i(T") close to TY x {0} x {0}, invariant for the Hamilto-
nian vector field Xp (¢ o (0.¢),.) and supporting quasi-periodic solutions with fre-
quency ®. In view of (T6), this is equivalent to looking for a solution @ — i(@) €
TV x RY X E, close to (¢,0,0), of the embedding equation

(@-9)i(9) = Xn(e.o(w.e).) (i(9)) = 0, 34
for some value o := 0o (@, €) of the parameters to be determined.

The set of frequencies @ € ¢ C € for which the invariant torus exists usually
forms a Cantor like set. The measure of the set ¢ (in particular that € # 0 ) clearly
depends of the properties of the Hamiltonian H, in particular for infinite dimen-
sional Hamiltonian system. The parameter & := 0t (®, €) is adjusted along the it-
erative Nash-Moser proof in order control the average of the first component of the
Hamilton’s equation (36), in particular for solving the linearized equation (82).

The function ® — 0. (®, €) is invertible and it may be proved to be smooth in
o (if the Hamiltonian H is smooth). Then, in applications, one may ask if, given
B € RY, there exists a value of @ = a'(B) in the Cantor set of parameters € C ¢
for which has a solution. In such a case one has proved the existence of a
quasi-periodic solution of the given Hamiltonian f3 - I + %(N (B,0)z,2) + eP. This
perspective is the spirit of the Théoréme de conjugaison hypothétique of Herman
presented in [17].
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Remark 9. Variants are possible. For example we could develop a KAM theorem for
Hamiltonians which are perturbations of a non-isocronous (or Kolmogorov) normal
form

1 1
H=o-1+ 5L(a,9)1~1+ <M(a,9)l,z)+§<N((x,9)z,z> +€P.

This is the setting, for example, considered in [29]. Actually this case may be re-
duced to by a rescaling % : (I,z) — (€2“1,£°7). Note that the transformed
symplectic 2-form is Z;Q = £2Q. A technical advantage of dealing with the pa-
rameter dependent family of isochronous normal forms (33) is that the linearized
equations are simpler.

In order to find solutions of (34) we look for zeros of the nonlinear operator

F(&,X) = (0 dp)i(@) — Xp, (a,)(i(¢)) (35)
9060 (@) — JH (g, 0,i(@))
= | dolo(@) +deH (&,0,i(@)) + 1
dwzo(@) —JV H(g, a,i(@)
9060 (@ —e0rP(at,i(9))

— ( B010(0) + L35 (N (0. () 20(0).20(0) + £ P (,i(6)) +
B020(9) — IN(ct, O0(9))20(9) — €1V P(a,i(p))
(36)

in the unknowns
X = (a,u,i(e))

where the torus embedding

i(@) == (60(9),1o(9),20(9)) := (¢,0,0) + (O(9),lo(¢),20(9))  (37)

and we use the shorter notation
aa) =w- (9(p .

Note that .7 (¢,X) = 0 is the equation dwi(Q) — Xp, (e, (i(¢)) = 0 for an embedded
invariant torus of the non-exact Hamiltonian system generated by the Hamiltonian

Hy,:=Hy(a,"):R"xR"XE—-R, Hy:=H+u-6. (38)

Remark that the Hamiltonian vector field XHu is periodic in 6, unlike H,. Non-
exact here means that Q(Xp,,-) = —dH —  is a closed, non-exact 1-form on the
phase space TV x RV x E. It is well-known that a non-exact Hamiltonian system
does not possess invariant tori for u # 0. Actually, as proved in Lemma [3| below,
if #(€,X)=0then g =0 and so @ — i(¢@) is an invariant torus for Xy itself. The
‘counter-term” i € RY is introduced as a technical trick to control the average of
the second component of the equation (36), in particular for solving the linearized
equation (76).
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Lemma 3. Let us define the “error function”

Z((p) = (Z1,Zz,Z3)((P) = ﬁ.(&iaoﬂu) = (w8¢)l((l)) _XHu(a,-)(i(q)» (39)

where @ € TV. Then

= (2:[)v /T ~[DIo(9))" Z1(9) + [D8o(9)) Z2(9) + [D20(9)) Z3() dg.

(40
In particular, if dpi(Q) — Xp, (i(¢)) = 0 then u = 0 and so ¢ — i(Q) is the embed-
ding of an invariant torus of Xp.

Proof. Let iy, (@) := i(¢ + yp) be the translated torus embedding, for all y € T".
Since H is autonomous the “restricted” Hamiltonian action functional (recall ()

D)= [, Ky )iy (9)] — Hiyy (9) dg = &(0)

is constant. Differentiating @ at Y, = 0 and integrating by parts di, we get, for all
£ eRY, (see @)

0 =Dy, ®(y)[{] = _./1r

, 2(9ui(9) ~ Xu(i(9)).Di(9)[{])dg
- _/Tv Q(2(p)—u- %Di(fp)[é])cﬁp (41)

by the definition of Z in (39), (38)), and denoting the vector field (0,1,0) = - %.
Recalling (6)-(7) the integral

[, (u- 2.pito)e)ao = [ u-Dar(g)cldo = 2m)"u ¢

because the periodic function D(6y — id) = DO, (see (37)) has zero average. Hence,
by @T) we deduce

B0~ o [ (20 Dile)E)dp. VR,

which recalling (3)-(6) gives @0). O

The optimal expected smallness condition for the KAM existence result, namely
for finding solutions of the nonlinear equation % (X, &) = 0, is

ey <1 (42)

where 7 is the Diophantine constant in (I8) of the frequency vector @. This is cer-
tainly the case for finite dimensional Lagrangian tori (the optimality follows for
example by a time rescaling argument). If @ has to satisfy other Diophantine condi-
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tions of first and second order Melnikov type the required smallness conditions may

be stronger, see e.g. [3].

Remark 10. Other functional formulations are possible. We could look for zeros of
9wbo(@) — diH (g, a,i(9))

F (&, j,0,c) = H(j(8)) —c
Jo20(9) —JV-H (e, 0, i(@))

where j(0) = (0,1;(0),z1(0)) defines an isotropic torus as described in remark
and i = jo 6y. The unknowns are the diffeomorphism 6y of TV, the component
20 = z1 © By of the torus embedding, the constant y € R”, the potential U : T — R,
and the value of the Hamiltonian ¢ € R and ay. Actually, because of the presence of
the parameter o, we may impose ¥y = 0.

As already said, a solution of the nonlinear equation .% (g,X) = 0 is obtained by
a Nash-Moser iterative scheme. The first approximate solution is

XO = ((D,O,(P,(LO)
(namely ¢ = 0,1t =0, i(¢) = (¢,0,0)) so that
F(0,X0) = O(¢).

Then the strategy is to obtain iteratively better and better approximate solutions of
the equation .% (¢,X) = 0 by a quasi-quadratic scheme. Given an approximate solu-
tion X, we look for a better approximate solution X’ = X + h by a Taylor expansion
(for simplicity we omit to write the dependence on €)

F(X') = F(X +h) = F(X) +dx.F(X)[H] +0(|h).

The idea of the classical Newton iterative scheme is to define 4 as the solution
of F#(X)+dx-Z(X)[h] = 0. Since the invertibility of the linear operator dx.% (X)
may be a quite difficult task, Zehnder [29]] noted that it is sufficient to find only an
approximate right inverse of dx.% (X ), namely a linear operator T'(X) such that

dyF (X)oT(X)—1d = O(|F (X)]). 43)

Remark that, at a solution .% (X) = 0, the operator 7 (X) is an exact right inverse of
dx.Z (X). Thus, defining the new approximate solution

X'=X+h, h:=-TX)Z(X), (44)
we get by that
FX') = FX)—dxFX)[T(X)ZX)]+0(h*) = 0(F(X)P). @43

This scheme can be called a “quasi-Newton” scheme. In typical PDEs applications,
the approximate right inverse 7'(X) “loses derivatives” due to the small divisors.
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However, since the scheme {@4) is quadratic by [@3), it can nevertheless converge
to a solution if .#(Xy) is sufficiently small (depending also on the norm of T). The
scheme (44) is usually implemented in Banach scales of analytic functions, as, for
example,

Aoi={u(@)= ¥ we®: uf2:= ¥ |uf MO (14+ k™) <4} 46)
keZv keZY

for some 6 > 0, so > v/2. The approximate inverse operator T is usually “un-
bounded”, satisfies Cauchy type estimates like

1Tgllor <

C
anHm Vo' <o, 47

and there is 8 > 0 such that, Vo' < 0, Vg € Ag,

|7 (&, X)]lo

[(dx 7 (X)oT(X)~Id)g||,, <C y(c —o')P

glle - (48)

The constants 7, 3 > 0 are the “loss of derivatives”.
On the other hand, in Banach spaces of functions with finite differentiability, as
the Sobolev scale

H':= {u((p) =Y we®? uli=Y w1+ k) <+oo}, (49)
keZY kezY

the quasi-Newton scheme ([@4) does not converge because after finitely many steps
the approximate solutions are no longer regular. Following Moser [22]], it is neces-
sary to insert a smoothing procedure at each step (Nash-Moser scheme). The ap-
proximate inverse usually satisfies estimates like: there are constants p, p > 0 (“loss
of derivatives™) such that, for all s € [s¢, S], Vg € H*'P,

IT(X)glls < C(s, 1X llsgp) (lI8lls+p + l18llso 1X lls+p) - (50)

and

| (dx-7 (X) o T (X) —1d )|, < C(s, X ll50-+p) (Ilﬁ(x) sollglls+p + Sy
HIZ X ls+p 18llso + 11X s 17 X Iso I lso ) -

In this note we will not insist in the analytical aspects of the convergence, for which
we refer to [29], [7], or [3], [6].

The linearized operator of (33) is

A

dx 7 (&,X)[X] = (0 9p)i = DiXpy (a.) () [[) = DaXpy (a, ()[@] = (0, 2,0).

It is rather difficult to invert it because all the components of the Hamiltonian vec-
tor field are coupled by O(€)-non-constant coefficient terms. In the next section,
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following the ideas of section [2| we present a symplectic change of variable which
approximately decouples the tangential directions (i.e. (8,1)) and the normal ones
(i.e. 2), and thus enables to find an approximate right inverse of dx % (&,X).

4 Approximate right inverse

We first report a basic fact about 1-forms on a torus. We regard a 1-form a =
YV, ai(9)d@; equivalently as the vector field a(@) = (a1(@),...,av(®)).

Given a function g : TV — R with zero average, we denote by u := A~ !g the
unique solution of Au = g with zero average.

Lemma 4. (Helmotz decomposition) A smooth vector field a on TV may be decom-
posed as the sum of a conservative and a divergence-free vector field:

a=VU+c+p, U:T —R, ceRY, divp =0, / pdo =0. (52)
Tv

The above decomposition is unique if we impose that the mean value of U vanishes.
We have U = A~ (diva), the components of p are

pi(e) = A_lz,\::la(pkAkj((P) , Ayj = dgaj— dga, (53)

and c; = (21)™" frvaj(@)do, j=1.....v.

Proof. div(a— VU) = 0 if and only if diva = AU. This equation has the solution
U := A~ !(diva) (note that diva has zero average). Hence (52) is achieved with p :=
a— VU —c. By taking the @-average we get that each ¢; = (27) ™" v a;(@)d@. Let
us now prove the expression of pj. We have dg, pj — do; pr = dg,aj — Iy, ar =:
Ay j because dy;dp U — g dp,U = 0. For each j = 1,...,v we differentiate dp, p; —
8(,,/. Pr = Ay; with respect to ¢ and we sum in k, obtaining

v 1%
Apj— Zk:I Vo9, Pk = Zk:la(PkAkj'
Since Y.} dgp; P = dp,divp = 0 then Ap; =Y/ dp, Ay; and (53) follows. O
Corollary 1. Any closed 1-form on TV has the form a(¢@) = ¢+dU for some ¢ € RY.

Corollary 2. Let a(@) be a 1-form on TV, and let p be defined by (53). Then a —
YY_1pj(@)de; is closed.

We quantify how an embedded torus i(T") is approximately invariant for the
Hamiltonian vector field Xp, in terms of the “error function” Z(¢), defined in (39).

A torus embedding i(@) = (60(®),Io(¢),20(¢)) which is only approximately in-
variant may not be isotropic. Consider the pullback 1-form on TV (see (8))

(A (@) =Y ac()dey ., (54)
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where

ax(9) = [[D6y(9)]) Io(0) + 5 D20(0)] (0],
= Io(9)-

890 1 - aZ()
90, P+ (0). 70 (9))- (55)

The 1-form i*A is only approximately closed, namely the 2-form (recall (7))
FQ=d(i*)) Zk< Aj(@)doe Ndo;, (56)

Akj((P) = a(Pkaj((P) - a(P/ak((P) s

is small. We call the coefficients (Ax;) the “lack of isotropy” of the approximate
torus embedding ¢ — i(@). In Lemma [5| below we quantify their size in terms of
the error function Z defined in (39).

We first recall that the Lie derivative of a k-form 8 with respect to the vector field
YisLyf = L[(P})*B] (o Where @} denotes the flow generated by Y.

Given a functlon 2() with zero average, we denote by u := d,'g the unique
solution of dgpu = g with zero average.

Lemma 5. The “lack of isotropy” coefficients Ay satisfy, Vo € TV,

(@ dp)Asj(9) = Q (DZ(¢)§kaDi((p)§j) +Q (Di(q’)ékaDZ((P)éj) (57)

where (ey,...,e,) denotes the canonical basis of R". Thus, since each Ay has zero
mean value, if the frequency vector @ € R is non-resonant,

Ari(9) =0, (2(DZ(9)e;. Di(9)e;) + Q(Di(@)e, DZ(9)e;)) . (58)

Proof. We use Cartan’s formula Ly, (i* Q) =d ((i*Q)(®,-)) + (d(i*Q)) (,-). Since
d(i*Q) =i*dQ = 0 by [7) we get

Lo(i*Q)=d((i"'Q)(o,")). (59)
Now we compute, for y € RV (denoting the vector field (0,u,0) = - %)
(" Q)(w, ) = Q(Di(¢)w,Di(9)¥) = Q(Xu (i(@)) + - aa +Z(9),Di(9)y)
= —dH(i(9))[Di(@) W]+ u-Db(9)[W] + 2(Z(9), Di(9) V).

We obtain
(i"Q)(o,") = Zv,l i(@)do;

by(0) = (") (0.6)) = ~ 5L (0) - 51 (9) + 2(2(0) Do)

99;
Hence, by (59), the Lie derivative
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Lo( Q) =), Bij(9)do. \do; (60)
with
Byj() = gg(so) - gi’;(qo)
P) , J .
= T%(Q(Z(@,Dz(fp)zj)) - a—%(Q(Z(w),Dz(fp)gk))
= Q(DZ(9)ey, Di(@)e;) + 2(Di(@)ex, DZ(9)e;) . (61)

Recalling and (36) we have, Vo € TV,
(Vo) ("Q2)(9) =" Q@+ 1) =), Arj(¢+ 0r)doy Ndg;.
Hence the Lie derivative
Lo(i'Q)(9) = Y, (@ 9p)Ak;(9)dex Nd ;. (62)

Comparing (60)-(61) and (62) we deduce (57). O

The previous lemma provides another proof of Lemma|l} For an invariant torus
embedding i(¢) the “error function” Z(¢) = 0 (see (39)) and so each A;; = 0. If ®
is Diophantine (see (I8)) then, by (58) the following size estimate holds

Arj=0(zZy™"). (63)

This estimate can be made quantitative once the norms are specified. For example,
in scales of analytic functions as [@G), it gives ||A;j|lo < ¥~ ' (0 — ')~ || Z||6,
for all 6’ < o. In the Sobolev spaces it implies ||Agj|ls < ¥ '[|Z]|s4+c+1. Since
in the sequel of this note we will only focus on the algebraic aspect of the proof,
we shall write only formal estimates as (63). We refer to [6]], [3] for the analytic
quantitative estimates.

We now prove that near an approximate isotropic torus there is an isotropic torus.

Lemma 6. (Isotropic torus) The torus embedding is(@) = (60(¢),15(¢),20(®))
defined by

15(9) = Io(9) ~ D& (@) Tp(0), =4 (L1 2pA0)  (64)

is isotropic. Thus Is — Iy = O(y~'Z).

Proof. By Corollarythe 1-form i*A — p is closed with p; defined in (64)), see also
(33). 4. Actually i*A — p = i5A is the pullback of the 1-form A under the modified
torus embedding is defined in (64), see (33). Thus the torus ig(T") is isotropic. O

Let
Zs(9) := F (&,i5, 0, ) = dois(@) — Xp, (a) (i5(P)) (65)
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be the error function of the isotropic torus embedding i5. We now show that the
isotropic torus embedding is is a good approximate solution as i. This is needed
for proving the convergence of the iterative Nash-Moser scheme under the minimal
smallness condition 8’}/_1 < 1, see @I)

Lemma 7. Z5 = O(Z).

Proof. Let Zs(@) = (Z15,22.5,23,5)(¢). Since the difference between the torus
embeddings is and i affects only the /-component (Lemma [6), and the normal
form Hamiltonian vector field X 4 is independent of I (see (33)), the components
Z, 5,23 differ from Z;, Z3 for O(¢|I5 — Ip|) = O(Zy~'€) = O(Z). Moreover

Zy5—2> = o(Is —Ip) +€(JgP(is) — dgP(i)) = —dwv+O0(eZy ")

where v(@) := [D6y(¢)] Tp(¢). We claim that d,v = O(Z) whence the lemma
follows. We have dgv = (9[D60(9)]"1)p + [DBy(¢)] T dwp. The second term

[DGO((p)TTawp = O(Z) because (see (64)) each dyp; = A‘l):,‘(/zlaq,j&wAkj =
O(Z) by (7). We now prove that also the first term (dg[D0y(9)]"T)p = O(Z).
Since p = O(Zy~ ') (see (63), (64)) it is sufficient to prove that

9u[D6(9)] T = —[D6y(9)] " (9u[D6(9)]) [DO(9)] " = Oe).

Differentiating in ¢ the first component d, 60 (®) = a2+ €(;P) (e, i(@)) +Zi (@) of
(@6), we deduce

dwD00(¢) = eD;(d;P)(i(9))Di(¢) +DZi ()
= E(Dg (81P)D60 +D[((9]P)DIO —|—DZ((9]P)DZ())((P) +DZ, ((p)

and so its transposed dp D6y ()] T= O(e+Z)=0e). O

In analogy with section [2] we now introduce a symplectic set of coordinates
(w,y,w) near the isotropic torus J5 := is(T") via the symplectic diffeomorphism

0 v 6o ()
=Gs | v | == | 15(w) + [D6o(w)] Ty~ [DZo(60(w)] Jw |  (66)
w 20(w)+w

where Zp :=z90 6 ! The map Gy is symplectic by Lemmabecause i5 is isotropic
(Lemma @) In the new coordinates (y,y,w) the isotropic torus embedding is is
trivial, namely i5(y) = Gg(y,0,0).
Under the symplectic change of variable (66), the Hamiltonian vector field Xu,
changes into
Xk, = G3Xn, = (DGs) ' Xy, 0Gs (67)

where (recall (38))
Ky =H,0Gs=K+6p(y)-u, K:=HoGg. (68)
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In the above formula, 6y is the lift to RV of the first componant of i5 (see Lemma@.
The Taylor expansion of the new Hamiltonian K, : R x RY x E — R at the trivial
torus (y,0,0) is

Ky = 6o(y) - 1+ Koo(, ¥) + Ko, @) -y + (Koi (&, W), w) (69)
1

B <K02(a> II/)Wa W> +K23(a> II/7y7 W)

+ %Kzo(a, W)y -y + (K (o, y)yw) +
where K>3 collects all the terms at least cubic in the variables (y,w). The Taylor
coefficients of K (in the sequel we may omit to write their dependence on «) are
Koo(y) € R, Kio(y) € RY, Ko1 (W) € E, Kzo(y) € Mat(v x v) is a real symmetric
matrix, Ko () is a self-adjoint operator of E and K1 (y) € Z(RY,E).

The Hamiltonian system associated to K, then writes

¥ = Kio(a, y) + Kao(0t, W)y +Kf} (&, y)w+ 0, K>3 (v, y,w)
¥y = ~[D8(¥)]" 1 — dyKoo(a, y) — [DyKio(a, y)]"y — [DyKor (ct, w)]"w
—8.,,(%[(20(06, W)Y'y+ <Kll ((X, W)va> + %<K02(06, W)W7W> +KZ3(Way7W))
W = J (Koi (6, W) +Ki1 (00, )y + Koo (0, W)w + Vi K>3 (9,5, w) ).
70
As seen in section |2} if i5 were an invariant torus embedding, the coefﬁc(ieni
Koo(y) = const, Kjo(y) = o and Ky (y) = 0. Moreover also 4 = 0 by Lemma

Bl We now express these coefficients in terms of the error function Zs of i5 defined
in (63) (equivalently Z, by Lemmalf[7).

Lemma 8. The vector field

{70) K]()((X,l[/)
XKy(W7070) - 7[D90(W)]T“*8WKOO(O‘7W)
JKoi(a,y)
(0]
= [ 0]~ (DG5(.0,0)~'Zs5(w). (71)
0

Proof. By and is(y) = Gs(y,0,0), we have
X, (¥,0,0) = DG3(v,0,0)™ X, (i5(w)) = DG (y,0,0) ™" (duis (¥) — Zs(v))
and (7T)) follows because DGs(w,0,0) ' Dis(y)[w] = (®,0,0). O

We now write the coefficient Kjo(ct, y) which describes in (69) and how
the tangential frequencies vary with respect to @, and the coefficients K (c, y),
Ko (o, ) which are O(¢).

Lemma 9. The coefficients
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Kio(ot, y)=[D6o(v)] "ot +e[D8o ()] (91P) (e, t,i5(w))
K (o, W) =eDyV.P(is(y))[D6(w)] "+ el (DZ0) (60(w)) (D7 P) (i5(w)) D60 (w)] "
Kao(a, y) =[D6o(y)] " (D7 P)(i5()))[DOo(y)] "

Proof. Differentiating K = H o G5 we get Kio(w) = [D8y(y)]~'(d;H)(is(y)) and
the lemma follows by (32), (33). Similarly we deduce that

Ki1(w) = DiV:H(is(w))[D6(y)] " +J(DeZ0) (60(w)) (D7 H) (i5(w)) [D6o(w)] "
Kao(y) = [D6o(w)] ™ (D7H) (i5(y))) D60 ()] "

and by (32)-(33) the lemma follows. O

Under the linear change of variable (obtained linearizing (66) at (y,y,w) =

(9,0,0))
6 v
[ | =DGs(9,0,0) | ¥ (72)
Z w

the linearized operator d; o u -7 (€, 15, Q, lo) is transformed approximately (see (88)
for the precise expression of the error) into the one obtained when we linearize the
Hamiltonian system at (y,y,w) = (ot,0,0) and differentiating also in o, u at
Y, Up, namely

L( A,ij,&,ﬂ) = (73)
9 W — DaKio(at, @)[&] — DyKio(ot, @)[W] — Kxo(t, )9 — KT, (ct, @)
doF + [D6o(@)]" 1+ [D*60(9) P]" [uo]+8w(DaKoo(a <p)[&p
+DyyKoo(et, @)W + [DyKio(et, )79+ [DyKor (e, @)] "
oW —J (Do Ko (0, @)[&] + Dy Ko (0, @)[ ] + K11 (@0, )9 + Koo (0, )W)

For the convergence of the Nash Moser scheme, it is sufficient to invert the operator
L defined in (73] only approximately, namely, in view of Lemmata [§] and [3] solve
only the linear system

81(9)
D(Avvav&ha) = g((P): gZ((P) (74)

A A A

Dy, 9,%, &, 1) :=
( oW —DoKio(a, ‘g’)[&] Kx(o, @)y —

K\ (o, @)%
aa))’“" [D 0 ]Tﬂ (DocKOO( (p>[A . (75)
doW —J (DaKor (o, @)[0] + Kll(a ®)9+ Koo (a, 0)W)
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D is obtained from L in neglecting the terms which are zero at an exact solution
(0, Uo, ip) (with tp = 0) . System (74) may be solved in a triangular way. We first
solve the second equation

9F =~y (DaKoo(00, 9)[&]) — [DOo(9)]" 1+ 52 (76)

We choose (I such that the ¢-average of the right hand side

{9y (DaKoo (o0, @)[&]) — (D60 (9))" A+ g2)) = 0.

Note that the average of the total derivative dy (aaKgo(ao, (p)[éc]) is zero, and the
averaged matrix ([D6y(@)]") = Id + ([DOy(¢)]! ) = Id because Oy (@) is periodic
in ¢@. Hence we find

f={(g2), 7
and, by (76), we define

$=—05" (dy(DaKoo(aw,9)[@]) +[D6(9)]" (82) —g2) +c1 (78)

for some ¢; € RY.
Next we consider the third equation

doW — JKnz (0o, @)W = J (DaKor (00, 9)[&]) +IK11 (@0, )5 + 83 (79)

Remark that is a linear quasi-periodically forced PDE with a self adjoint oper-
ator Ko, which is a perturbation of the normal form operator N(c, 6) in (33). The
solvability of has to be checked case by case for a given PDE. We can say some-
thing when N(ct, 8) = N(a) does not depend on 6, see remark [8] What is relevant
is the nature of spectrum of the Hamiltonian vector field JN(o): if their eigenvalues
are real or purely imaginary, simple or multiple, their asymptotic expansions, etc...
If, for example, JN(a) has real spectrum, bounded away from zero, then also the
linear operator

do — JKo2 (00, @) (80)

is invertible with good bounds for the inverse. This is the case for the continuation
of isotropic tori of hyperbolic type, as considered in [29] and in [18]. If JN (o)
has purely imaginary discrete spectrum (elliptic tori) the main work is to prove that
for “most” frequencies @ the quasi-periodic linear operator is invertible, and
its inverse satisfies good estimates in high norms. This may be hard work, see the
forced PDEs [4], [5], [2], [8]. However, if it is solved, it is possible to define the
solution W of the linear equation by

A —1 A N
W= (0o — JKo2 (00, 9)) (J(DaKm(ao,<p)[Ot])+JK11(a0,(p)y+g3). (81)
Finally we solve also the first equation of (73)), namely

90V = DaKio(0t, 9)[0] + Kao(to, ) + K1, (00, @)W + g1 - (82)
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We look for & such that the right hand side in (82)) has zero average, namely

(DaKio( a0, @) [0+ (Kao(0w, 9)9) + (K) (00, @)W) + (1) =0.  (83)

By Lemma@], DoKio(at,9) = D6y(¢)~! + O(e), hence
(DaKio(ao, ) = (D6o(9) ') +O(e) =1d+O(ey™")

because DOy = Id + O(ey~!). Note that § and W depend on & (see (78), (81)) but,
since Ko, K1, are O(¢) by Lemma@, the equation takes the form

(Id+Re)[@) =T  with Re—0 as € —0

For € small enough, Id + R, is invertible and (83)) has a unique solution &.

Remark 11. Above we suppose that, for example, the size of the inverse (dg, —
JKo (0, 0))~' = O(y~') and ey~ is small. Variants are possible.

Next, from (82) we find

A

W =0, (DaKio(ao, @)[6] + Kao( @, )9+ K[y (00, @)W +g1) +ca (84
for some constant ¢, € RY.

Remark 12. The constants cj,c; € RV in the definition of § in and ¥ in are
free (we can set for instance ¢; = ¢, = 0). Thus the operator d; ¢, % (€,1, ¢, it) has
only a right inverse. About ¢y, the presence of the parameter o gives the freedom to
impose an additional condition for Iy (for instance Io(0) = 0, or the mean value of
Ip vanishes). The presence of the constant c; is connected to the fact that if i(@) is
a solution then all the translates i(¢ + ¢) are solutions too. It is usual to impose that
the mean value of (@) — ¢ is 0.

In conclusion, the solution of the linear system is
D~'g:= (5,0, & )
defined in (77), (78), 1), (B3), (84). Recalling we finally define the linear

operator _
Tiap = DGs(9,0,0)0D ' o DGs(¢,0,0)7" (85)

where we include in 55 also the parameters components, namely

65(1//7.)]’ an,ﬂ) = (GS(II/)yv W),(X,,u) :

By construction, the operator T; o, is an approximate right inverse of d; o 4%, be-
cause it has been obtained neglecting terms which vanish at an exact solution: we
first substituted the approximate torus embedding i with the isotropic one ig5 (which
coincide at a solution by Lemma@) and then we neglected the terms Koo, K10, Ko1,
Mo which are naught at a solution (Lemmata 8] [3). Let us give a more formal proof.
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Lemma 10. The operator T; oy, is an approximate right inverse of d; o i (€,1, 0, It.).

Proof. By (39), since X 4 does not depend on 1, and ig differs from i only for the /
component, we have

di.(x,[ly(ia 050) - di,oc,u«g-(iév (XO) = S(di,a,uXP(i7 o) — di,a,uXP(i& 050)) (86)
1
= S/Oaldi7a7#XP(i5 +S(i — i5)7 O(())[I() — 15]ds
=: éao

which is O(Z) by Lemma [6]and (@2).
We denote by u := (y,y,w) the symplectic coordinates induced by G in (66).
Under the symplectic map G, the nonlinear operator .% in (33)) is transformed into

F(Gs(u(@)), &, 1) = DG (u(9)) (dou(@) — Xk, (u(¢), ) (87)

where K, = H,, 0 G, see (68). Differentiating (87) at the trivial torus embedding
us () := Ggl(ig((p)) = (¢,0,0) for the values of the parameters (¢, i) = (o, Uo),
we get
di,a,uy(i& 0o, ko) = DGg(us) (aa) - du,oc.uXKu (us, 0507.L‘0))D66(u5)7] +é1,

&1 1= DG (u5) [DG5(us) ™ 7 (i5, 00, 10), DG (ug) ' T[]}, (88)
where IT is the projection (7,&,[1) +— 1. In expanded form dy o u Xk, (us, 0%, Ho) is
provided in (73). We split dp, — dy auXk, (u5, %, o) = D+ Rz where D is defined
in (73) and Ry is the part which vanishes in Z. By (86) and (88)

diguZ (i,a) =DGg(us)oD ODag (115)71 +E+E1+E
& :=DGg(us)oRz OD65(U5)71 .

Applying T defined in (83) to the right, since DoD~! = Id we get
diopu 7 (i,00,0)oT —Id = EoT
where & := &)+ &1 + &3 is O(Z). O

Remark 13. In order to construct an approximate inverse for d.%, it is sufficient to
have an approximate inverse of DD in (74), i.e. we need in (8) only an approximate
inverse for dy — JKo2 (00, @).

The operator T usually satisfies estimates like (#7)-(@8) (in an analytic setting)
or (30)-(31) (in a Sobolev scale) and the Nash-Moser iterative scheme with approx-
imate right inverse converges.
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