TRACING KAM TORI IN PRESYMPLECTIC DYNAMICAL

SYSTEMS
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ABSTRACT. We present a KAM theorem for presymplectic dynamical
systems. The theorem has a “ a posteriori ” format. We show that given
a Diophantine frequency w and a family of presymplectic mappings, if we
find an embedded torus which is approximately invariant with rotation
w such that the torus and the family of mappings satisfy some explicit
non-degeneracy condition, then we can find an embedded torus and a
value of the parameter close to to the original ones so that the torus
is invariant under the map associated to the value of the parameter.
Furthermore, we show that the dimension of the parameter space is
reduced if we assume that the systems are exact.
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1. INTRODUCTION

Presymplectic structures (constant rank, closed 2-forms) arise naturally
in the study of degenerate Lagrangian and Hamiltonian mechanical systems
with constrains (see, e.g., [6,11,12,17]). Given a presymplectic form Q €
O2(M), a vector field X € X(M) is said to be a Hamiltonian vector field
associated with a function H € C*(M) if:

ix)=dH.

Due to the degeneracy of €1, there can be different functions H associated
with X, not differing by a constant. The corresponding flow ¢% : M — M is
a l-parameter group of presymplectic diffeomorphisms: (¢4 )*Q = Q. Hence,
the dynamics of such systems leave the presymplectic structure invariant.
For other situations where presymplectic dynamics occur see, e.g., [2]. Some
simple facts of pre-symplectic forms are collected in Remark 8.2

Our aim is to state and prove a KAM type theorem for presymplectic
dynamical systems, which extends the results of [5] for the case of symplectic
diffeomorphisms.

Our main result can be stated as follows. Let T™ = R"/Z" be the n-

dimensional torus. We consider the presymplectic manifold
(1.1) M :=T*T% x T,

with an exact presymplectic form 2 of rank 2d, whose kernel coincides
with the T"-direction. See Remark 1.2 and Remark 3.5 for more observations
about the kernel.

One says that K : T — M is an invariant torus of a diffeomorphism
f: M — M with frequency w € R**+ if:

f(K)-K@6+w)=0, VoeT

When the left hand side is non-zero, but small enough (in some smooth
norm that will be made explicit later), one says that f has an approrimate
invariant torus K with frequency w (this will be made precise later). Our

main theorem can be stated in rough terms as follows:

Theorem 1.1. Let f) : M — M, where M is as in (1.1), be an analytic,
non-degenerate in the sense to be defined later, (2d + n)-parametric family

of presymplectic diffeomorphisms such that fy has an approzimate invariant
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torus Ky, satisfying a non-degeneracy condition, with frequency w satisfy-
ing a Diophantine condition. Then there exists a diffeomorphism fy_ in
this family, where Ao is close to 0, which has an invariant torus Ko with

frequency w and which is “close” to the initial torus K.

The precise version of the theorem will be stated below in Section 3. We
need to formulate precisely the non-degeneracy conditions and to make more
precise the definition of “close” which requires introducing norms. Note that
we will not require the system to be neither nearly integrable, nor to be writ-
ten in action-angle variables. Indeed, just like in [5] for the symplectic case,
the fact that the dynamics of the system preserve the presymplectic struc-
ture implies that the KAM tori are automatically approximately reducible.
This leads to an approximate solution of the linearized equations without
transformation theory. Moreover, the reducing transformation is given ex-
plicitly in term of the approximately translated torus, which form the basis
of an efficient numerical algorithm (an explicit description of this algorithm
can be found in [4]). We will discuss all this in more detail in the Section 3
below.

The proof of our main theorem follows an approach similar to the one
developed in [5] for the symplectic case. The presymplectic case however
has a few peculiarities due to the degeneracy of the 2-form. For some of the
most routine calculations, we will just refer to this paper. The quasi-Newton
method used here (and in [5]) is of the type introduced by Moser in [13,14].
We note that the approach is not based in transformation theory (which
seems problematic in the case of pre-symplectic mappings since generating
functions are not well known, and the Lie transform method is hampered by
the fact that there are several Hamiltonians that give the same vector field).
The approach is based in deriving a parameterization equation and applying
corrections additively. The presymplectic geometry leads to cancellations
that reduce a Newton step to the constant coefficients cohomology equations
customary in KAM theory. We also note that the same cancellations also
lead to very effective numerical algorithms.

We will also prove a flux-type vanishing lemma for exact presymplectic
diffeomorphisms. Roughly speaking, we will show that the average of the
translation is zero in the directions other than the ones tangent to torus

in the basis. Note that in other directions the averaging does not need to
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vanish. This also shows the need for considering a parametric family of
diffeomorphisms, rather than just a single diffeomorphism.

There are two possible ways to extend the results, we have stated here
for the maps, to flows. One is to use the local uniqueness we state in the
theorem 3.7 and the other one is to proceed with automatic reducibility for
flows as in the symplectic case which is done in [5]. Both of them require
some technical details and it is work in progress to do so.

As a final note, it should be remarked that the results of this paper are
not applicable to the dynamics associated with general Poisson structures.
For regular Poisson structures, which have an underlying regular symplectic
foliation, there are cohomological obstructions to find a compatible presym-
plectic structure, see [20]. Even when these obstructions vanish (e.g., lo-
cally around invariant tori), so that one can find a compatible presymplectic
structure, Poisson diffeomorphisms do not coincide with presymplectic dif-
feomorphisms, and these two kinds of diffeomorphisms have quite distinct
properties. The KAM theory for Poisson manifolds has been developed in

[16]. In section 8, we will compare the Poisson and presymplectic cases.

Remark 1.2. An important well known fact about presymplectic forms €2 is
that the kernel of €2 is an integrable distribution.

We recall that the kernel of a form is
Ker(Q) = {Z]iz(Q) =0} ={Z|QZ,X) =0VX}
Note that, for a general 2-form {2 and any three vector fields X, Y, Z, we
have:
(dUX,Y, Z) = X(QY, 2)) - Y(QUX, 2)) + Z(Q(X,Y))

If dQ? = 0 and X, Y are in the kernel of , for any Z, we have Q([X,Y], X) =

Hence, if X,Y € Ker(Q2), [X,Y] € Ker(Q2). This shows that the distribu-
tion given by the kernel can be integrated to a manifold.
Of course, in a torus, it could well happen that the leaves integrating the

kernel are not compact (e.g. they could be an irrational foliation).
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2. PRELIMINARIES AND MOTIVATION

In this section we will fix some notations and state a few preliminary
results. Along the way, we will also justify the assumptions that will appear
later in our main result.

As stated in the introduction, we consider M = T¢ x R% x T™ equipped
with a constant rank exact presymplectic structure, i.e., an exact 2-form

Q € Q?(M), such that its kernel is:
N :=KerQ = {(u,(0,0,2)) e TM | ue M,z e R"}.

The exactness assumption places restrictions on the presymplectic form
but for applications to Hamiltonian dynamical systems with constrains or
degenerate Lagrangian systems this is not too restrictive. For these systems
the phase space is often obtained by restriction to a submanifold where the
2-form is the pullback of the canonical symplectic structure on the cotangent
bundle (see [10]) or some other exact symplectic form (see [11]).

Let V = {(u, (z,9,0)) € TM|u € M, (z,y) € R*} so that TM =V @& N,
and denote by w : TM — V the canonical projection on V. For each
z € TM, we have the linear isomorphism J(u) : T,M — T, M defined by:

(2.1) Qu(&m) = (& J(wn), &neTuM

where

j(u)—[J(Ou) 8]

and (-,-) denotes the standard Euclidean inner product on R2¥*". The
skew-symmetry of {2 implies that JT = —J.

We will be using the following norms. If z = (z1, ..., 24:) € R“™ we set:

o] = _max ],

For an analytic function g on a complex domain B we denote by |g|cm 3 its

C™-norm:

lglem s == sup  sup |DFg(2)],
0<|k|z<m z€B

where ||z := |l1] + ... + |lgtn]-
We will be looking for real analytic invariant tori which extend holomor-
phically to a small strip in the complex space. More precisely, let U, denote

the complex strip of width p > 0:

U, = {0 € CH /2 Im(p)] < p},
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and introduce the following family of maps.

Definition 2.1. The space (P,,|.||,) consists of functions K : U, — M
which are one periodic in all their arguments, real analytic on the interior
of U, and continuous on the closure of U,. We endow this space with the

norm

(2.2) I1K]| := sup [K(6)],
0cU,

which makes it into a Banach space.

We will also use the same notations for functions taking values in vector
spaces or in matrices.

Some well known results about the spaces above are the Cauchy bounds
below (a consequence of Cauchy’s integral representation of the derivative.
For 0 < § < p, we have:

(23) IDIKllp-s < Ci6 K],

Like in all other KAM type results we will have to deal with small divisors.

For that we set:

Definition 2.2. Given v > 0 and ¢ > d + n, we will denote by D(~, o) the
set of frequency vectors w € R4 satisfying the Diophantine condition:
(2.4) l-w—m|>~l];7 VIezZH™\{0},meZ

The aim of this paper is to find invariant tori of a given frequency w for a

m-parametric family of presymplectic diffeomorphism f), defined as follows:

Definition 2.3. A m-parametric family of presymplectic diffeomor-

phisms f) is a function
f:MxB— M, B CR™,
such that for each x € M the map f(z,-) is of class C? and for each A\ € B
the map fy := f(-,\) is a real analytic presymplectic diffeomorphism.
We will introduce an algorithm to solve the equation
(2.5) AE®) - K(@+w) =0, weD(y.0),

given that one knows an approximate solution Ky(6) for the diffeomorphism
fro» Where, with out loss of generality, we will set A\g = 0. In other word, we

know that

(2.6) f,\o (K()(@)) — Ko(@ + w) = 60(9),
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where the error term eg(6) has small enough norm. Equation (2.5) will be
solved by Newton method where at each step we have infinitesimal equations
given by

Ofr(K;(0))
oA A=A

The approximate invariant tori and the geometry of the problem will lead

2.7)  Dfn (Ki(0)Ai(6) — Ay(6 + w) + e = —eil0).

us to a change of variables that will reduce (2.7) to a simpler equation with
constant coefficients that can be solved by the following result of Riissmann

which will also be useful in some other proofs.

Proposition 2.4 ([4,18]). Let w € D(o,7) and assume that h : T —
R24+7" is analytic on U, and has zero average, avg(h) = 0. Then for all

0<d < p, the difference equation
(2.8) v(0) —v(0 +w) = h(h)

has a unique zero average solution v : T4t — R which is analytic in

Up—s. Moreover, this solution satisfies the following estimate:
S
(2.9) [0llp-5 < coy™ 67 |Rl|,,
where ¢y 1 a constant depending on n and o.
2.1. Lagrangian properties of invariant tori. A first, very important,

consequence of the Diophantine condition on w and the exactness of the

presymplectic form is that invariant tori are actually Lagrangian tori:

Lemma 2.5. If K(0) € P, is a solution of (2.5) then K*Q is identically
zero.
Proof. Since K () satisfies (2.5) and f is presymplectic we have

K*Q = (K o T,)*Q,

where T,,(0) = 6 +w. Moreover, since w is rationally independent, rotations
on the torus are ergodic and this implies that K*(Q is constant. If we write

K*$ in matrix form, exactly as we did for Q in (2.1) we have

(2.10) K*Q(&,n) = (&, L(O)n) & n € Ty(T™)

where L(0) is actually constant. It remains to show that L(#) = 0.

The 2-form () is exact, so we can write {) = da where

a(u) = a(u)du, a(u) = (a1(u), ..., a244n(w))7T.
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Then we find that
d+n

(K*a) =Y C;(0)de”
where the components C; have the fjo:lllowing expression
C5(0) = DK (6)a(K (6));.
This implies L(§) = DC(0)T — DC(6). But now:
(2.11) avg(DC(6)) :== DC(0)do = 0,

’]Td+n
which shows that:

avg(L(9)) = 0.
But L(6) being constant, we conclude that L() =0, i.e., K*Q = 0. O

Following simple lemma extends the result of the Lemma 2.5 to approxi-

mate invariant tori:

Lemma 2.6. Let fo : M — M be a presymplectic analytic diffeomor-
phism and let K € P, be an approximate invariant torus with frequency

w € D(y,0):
(212) JolK(6)) = K(0+w) = e(0).
and assume that fo extends holomorphically to some complex neighborhood

of the image of U, under K :

B, ={z e C¥": sup |z — K(0)| < r}.
0cU,

Then there exist a constant C > 0, depending on n,o,p, ||DK]||,,|folc1 s,
and |J|c1 g, such that for 0 < < §

(2.13) IZllp-20 < Cy 15TV e,
where L is the matrix representing the pullback form K*Q (see 2.10).

Proof. Let ¢ := L — L oT,. Then, we note that g is the expression in

coordinates of

K'Q-T/K*Q=K"ffQ—-T,K*Q
Hence, when K is exactly invariant ¢ = 0. One can also easily show that
llg]] < ||Del| See [5] for more details.

Using Proposition 2.4, one obtains that:

L] p—25 < cov™ 077 |gll p—s-
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One can bound the norm of g in exactly the same way as in the symplectic

case, which can be found in [5], to obtain the result. O

2.2. Automatic reducibility near invariant tori. In this subsection we
will assume that K (6) is an invariant torus of f, i.e., a solution of (2.5).
When one starts instead with an approximate invariant torus Ko(6) of f,
i.e., a solution of (2.6), the results of this subsection do not hold anymore.
However, we will see in the next sections that we have versions of these
results which hold in the approximate case and which will allow us to perform
the Newton method and conclude the existence of an invariant torus. For

K(0) € P, let us decompose its Jacobian in the form
(2.14) DK(0) = (X(0), 2(0))

where X (0),Z(6) are the first d and last n columns of DK (). Also, for
every vector in TM =V & N, we will use the subscripts V and N for the
first and second projections in each factor. Assume that K () solves (2.5)

and that there exists a d x d-matrix valued function N(6) such that
(2.15) N(0)(X7(0) - Xv (0)) = 1d,

where X (0) is as in (2.14) This non-degeneracy assumption will turn out to

be one of the ingredients to solve (2.5) approximately. Also, set!:

(2.16) Yy (8) = Xyv(0)N(6) and Y(6) = [ YVO(Q) ] .

Then the following matrix will provide us the change of variable needed to

reduce the linearized equations (2.7) to a simple form:

(2.17) M(6) = < iﬁgg J’l(K(O9))Y(0) Z%g% )

where X, Z and Y are defined in (2.14) and (2.16) respectively. The non-

degeneracy assumption (2.15), together with the fact that K (6) is Lagrangian
(Lemma 2.5), show that:

(2.18) Qo) (X(0), T (K (0))Y (0)) = I
(2.19) Qg 0)(X(0), X(0)) =0
(2.20) Qo) (X(6), 2(6)) = 0

Therefore, X (0), J~1(K(6))Y () and Z(6) do not form a presymplectic basis
along the torus K (6), because neither Q) (J 1 (K(0))Y (0), J (K (0))Y (0))

IWe will often abuse notation and will use Y () to denote both Yy (6) and Y ().
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nor Q(g)(J 1 (K(0))Y (0), Z(0)) have to be zero, but they do provide a ba-
sis where () takes a rather simple form. Moreover, as the following lemma

shows, they transform the linearized equations (2.7) into a simpler form:

Lemma 2.7. The set {X(0),J 1 (K(0))Y(0),Z(0)} is a basis provided the

matrix
(2.21)
0 Iy 0
VO)=| —Is —YT(O)J (E@®)Y () (J(K(0)Y(0)TI(K(®))Zv(9)
Xn(0) 0 Zn(9)
1s invertible. In this case, we have:
(2.22)

Df(K(9)).(X(0),2(0)) =(X(0 +w), Z(6 +w)),
DF(E(0))J (K (0))Y(8) =X (0 + w)S1(0) + J (K (0 + w))Y (0 + w) Id +
(2.23) + Z(0+ w)A(0),

where A(0) and S1(0) are matrices satisfying: >

I; Si1(0) 0
(2.24) Df(K(@#)) - M@)=MO+w)-| 0 I 0 ] .
0 A I,
Proof. Let
Xy (0)J(K(6)) 0
(2.25) Q) == [(JH(K(9)Y(9)TJ (K (D)) IU :
0 n

The expression (2.17) for M and relations (2.18), (2.19) and (2.20), give:
(2.26)

0 I 0
QO)-MO)=| —la —YT(9)J_1?K(9))Y(9) (J=HE(0)Y (0))TT (K (0)) Zv (9) ] ;
Xn(0) 0 Zn(0)

which shows that {Xy(0),J (K (0))Y ()} is a basis for V := 7(TM) and
Q(0) is invertible. Using this fact one can write
Zyv(0) = aF () XL (0) + bF(0) T Y K®)Y!, (I=1,....d k=1,...,n).
Pairing both sides with X%}’ (0) via the presymplectic form €2, it follows from
(2.18), (2.19) and (2.20) that:
(227) 0 (0) = QX (6). Z(9)) — af (O)RAX(6), X1,(9)) = 0.

ZWe emphasize that identity (2.24) holds only when we have an invariant torus. In

Corollary 4.2, we will prove that for approximately invariant tori (2.24) holds up to an
error which can be bounded by the error in the invariance equation.
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In general, we have no control on Q(J~Y(K(0))Y (0), Zy(0)), it means we
have no control on the af(f), but the assumption that V(0) := Q(0) - M ()
is non-degenerate guarantees that {X (6), J~ (K (0))Y (0), Z(0)} is a basis.

Assume from now on that V(#), and hence M (), is invertible. Since f
is presymplectic and f(K(0)) = K (0 +w), is follows from (2.18), (2.19) and
(2.20) that:

Df(K(9)).(X(0),2(0)) =(X(0 +w), Z( +w)),
DF(E(0)) T (K(0))Y(8) =X (0 + w)S1(0) + J (K (6 + w))Y (6 + w) Id +
+ Z(0 + w)A(6),

for some matrices Si(f) and A(#). This shows that relations (2.23) hold.
Moving the term J~}(K (0 +w))Y (6 + w)1d to the left side of the second
equation we obtain that:
(2.28)

A(0) = T5(0 + w) [DF(K ()] (K(0)Y (0) — J (KO +w)Y(0+w)],

where T3(0) is the last row in the matrix:

T1(0)
T5(0)
T5(0)

Finally, moving the term Z(6+w)A(#) to the left hand side and pairing both
sides with J~1(K (0 + w))Y (6 + w), via the presymplectic form (2, together
with (2.18), gives:

(2.29) M=) =

(2.30) S1(0) = [Yv (0 +w))T0] [Df(K(0))J " (K(6))Y (0)—
JHE O+ w)Y (0 +w) — Z(0+w)A(9)] .

O

Remark 2.8. A straightforward calculation shows that V~1(6) takes the

following the form:

(2.31) I, 0 0

Vai Vi Vi3

Vii Vi V13]

We will need this fact later.

3. MAIN RESULTS

In this section we will give precise statements of our results. The discus-

sion in the previous section motivates introducing the following:
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Definition 3.1. We will say that K(0) € P, is a non-degenerate torus
if
(i) There exists a d x d-matrix valued function N(6) such that
(3.1) N(0)(Xv(0))T.(Xv(0)) = 1d
(ii) the matrix V(0), which defined in (2.21), is invertible.
where Xy (0) and V(0) are defined in (2.14) and (2.21) respectively.

Remark 3.2. In the symplectic case, the matrix V' (6) is always non-degene-
rate when 2 is exact. When 2 is not exact, then one also needs to assume
that V' (0) is invertible in order to perform the Newton iteration successfully.
In the presymplectic case, even when ) is exact, we need to assume that
V(0) is invertible. Also, we do not know how to proceed with the algorithm
presented here if one gives up on exactness of ). However, one may still be
able to proceed with this algorithm in some special problems where the form
is non-exact. Dealing with KAM theory for non exact symplectic forms is
a deep problem largely unexplored, see [19] for remarks on the problem of

non-exact forms.

Definition 3.3. A pair (f), K(f)) is non-degenerate at \ = )\ if f) is a
(2d + n)—parameter family of presymplectic diffeomorphisms, K(0) € P, is

a non-degenerate torus, and the average of the (2d + n) x (2d + n) matrix
— -l Afx
(32 A0 = v 0)00) (22| ko)
A=Xo

has rank 2d + n, where V() is defined by (2.21).

Remark 3.4. Asindicated in the outline above, the role of the non-degeneracy
assumption is that we can transform the Newton equation to a constant co-
efficient equation (up to a small error).

Note that the condition is an open condition, so that, if the initial er-
ror is small enough, the iterative process does not leave the region where
Definition 3.3 holds.

Remark 3.5. Note that the Definition 3.3 involves the presymplectic form.

In geometric terms, the assumption in the non-degeneracy condition we
need is that the tangent space to the torus, its symplectically conjugated
space and the space of tangents along the parameter in the form span the

whole space. That is, that the direction of moving along the parameter
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space, compensates the kernel of the presymplectic form. We have formu-
lated this assumption using the fact that the kernel corresponds to some
coordinates of the space due to the integrability of the kernel which comes

for free from the closeness assumption of the presymplectic form.
We can now state the main theorem of the this paper:

Theorem 3.6. Let w € D(v,0), let f\ be a 2d + n-parametric family of
analytic presymplectic diffeomorphisms and let Ko € P,,. Assume that:

(H1) The pair (fx, Ko) is non-degenerate at A = Xg.
(H2) The family f\ can be holomorphically extended to some complex
neighborhood of the image of U, under K :
B, ={z€C:suplz— K(0)| <r}
such that |fx|c2,p, < oo.
If
eo(0) := fr,(Ko(0)) — Ko(6 + w),
then there exists constant ¢ > 0, depending on o, n, d, po, 7, |frlc25,

IDEKollpos I1Nollpo: 195 [x=r0 (Ko)llpy and |ave(Ao)™'| such that if 0 <

do < max(1,45) and
(3-3) leollpo < min {~*657, rev*657 leolln }

then there exists a mapping Koo € Ppy—60, and a vector Aoy € R2d+n gqtig-

fying

(3.4) o 0 Koo = Koo 0Ty,
Moreover, the following inequalities hold:

(35) 1w~ Kollpo-a < <785 ol
(36) ecl < 72852 ol

Sketch of the proof. More details of the proof will be given later, in Sec-
tions 4 5 6, but it will be useful to start with a brief overview that can serve
as a road map.

We will use a modified Newton method of the type introduced by Moser
in [13,14,21]. The procedure goes as follows. Starting with

(3.7) G(Ko, 0) = fo(Ko(e)) — Kg((9 + w) = 60(9>,
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we look for an approximate solution for the corresponding linearized equa-

tion

(3.8)  DG(Ko,0)[(ay(0),c0) =

O fr(Ko(0))
o\ A=0

The left hand side of this equation By an approximate solution we mean up

g0+ D fo(Ko(0))Ag(0) — Ao(0 +w) = —ep().

to a quadratic error, i.e., a solution Ag(#) such that:

(830+41)

IDG(K0,0)|(a0(6).c0) T €0llpo—50 < cov 28, leoll?,

where dy, ¢y are constants to be determined later.
Having the solution (Ag(0),e0) a better approximating torus for the map

far, where Ay = Ao + €0, is defined as
K1(0) = Ko(0) + Ao(0)

and it will be shown that (K7(0), fy,) is a non-degenerate pair. Furthermore,

setting

e1(0) := fa, (K1(0)) — K1(0)
we find that

el po—do < cov ™65 lleallZ, -

In other words, for the new torus the error has decreased quadratically.

Iterating this procedure, we will see that the sequence
(K()v )‘O)a (K17 )‘1)7 SERE) (Kna )‘n)a cee

of approximate solutions of (2.5), obtained by applying the iterative pro-
cedure, converges to a solution (K, Aso). One has to be careful with the
domain U, which decreases in each iteration (the reason is because we can
bound the correction applied at one step only in a domain slightly smaller
than the domain of the original function). This loss of domain can be ar-
ranged in a way that, in the limit, one does not end up with an empty
domain. This choice of decreasing domains so that there is some domain
that remains is very standard in KAM theory since the first papers [9,13,14].
See [4,21] for a pedagogical exposition. O

3.1. Local uniqueness. Notice that if K is a solution of (3.4) then for
every ¢ € T4 x T" the map Koo (6 + ) is also a solution. For this reason, we

will consider K (0) and K(6) := K (0 + ¢) to be equivalent. By uniqueness
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of solutions, we will mean uniqueness up to this equivalence relation. The

following result gives uniqueness of solutions of (3.4):

Theorem 3.7. Let w € D(~,0) and assume that Ky and Ko are two non-

degenerate tori in P, solving
(3.9) IA(K(0)) = K(0 +w) =0,

such that K1(U,) C B, and Ko(U,) C B,. Furthermore, assume that the

— S51(0)
O :=avg ([ A(6) ]) ,
where S1(6), A(0) are defined by (2.30) and (2.28) has rank d. Then there

exists a constant ¢ > 0 depending on o, n, d, p, v, |falc2 g, [ DK1ll, | N1]],
and |©| such that if

matrix

(3.10) | Ky — Ks|, < &y26%,

where § = &, then there exists an initial phase T € T x T™ such that in U, /2

one has:

KioT. = K>
The proof of this result is given in section 7

3.2. A vanishing lemma. We end this section with one geometric result.
Recall that a diffeomorphism f : M — M is called exact presymplectic

if at the level of de Rham cohomology one has:
(3.11) [ffaa—a] =0

where « is a primitive of the presymplectic form: €2 = da. When M is not
compact, one must use compactly supported de Rham cohomology. Clearly,
the time-1 map of a Hamiltonian vector field is exact. Moreover, using the
flux homomorphism (see [1]), one can show that an exact presymplectic
diffeomorphism which is close enough to the identity is the time-1 map of a
(time-dependent) Hamiltonian vector field.

We now generalize to exact presymplectic diffeomorphisms the Vanishing
Lemma of [7], valid for exact symplectic diffeomorphisms, and which allows
one to have some control on the size of the parameter A\. Due to the the
presence of kernel, our Vanishing Lemma has a slightly different nature (and

statement) than [7, Lemma 4.9].
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We will assume that we are in the situation described in the statement of
Theorem 3.6, where fj is exact. In order to simplify the notation we write
K(0) instead of Ko () and X instead of As. Let f := fx — fo and define

the average®

(3.12) i = /TM A(K(0)) df € R

If we express the vector fi in the basis {X(0),J (K (0))Y(0),Z(0)}, we
obtain the 6-dependent components (p1(f), ..., 124+, (0)), in other word

= [11(0), s pr2ayn(0)] [ X(O0) JHE(9)Y(0) Z(0) ].
We have

Lemma 3.8 (Vanishing Lemma). If fo : M — M is an exact presymplectic
diffeomorphism, then

(3.13) / pp(0) A0 =0,  (k=d+1,...,2d).
’]I‘d+n

Proof. We fix the following notations
0; = (61, .., 0i-1, 0511, ..., Oapp) € T

~ dn—1
Wi = (W1, eey Wi 1, Wik 1, ooy W) € RH"

and we let 0; ¢, : T — T9*" be the path given by;

04,0, (77) = (913 ooy 01‘717 7, 0i+1a X3 9d+n)‘
Also, we consider the two-cell B, 5 : [0,1] x S! — R2447 defined by:

(314) Bhéz (57 ) Ko g, Bi+; (77) - (la) © O—i,éi+@i ("7)5
We will compute the integral
Q

Bi,éi
in two distinct ways:
(1) The boundary of B, ; is the difference between the two paths K o

and (KoT,—f)oo, 16,0 SO by Stokes’s theorem we conclude

Q :/ o —/ o}
(KoTw—ﬂ)oaiﬁi Koo

19+w

O 0i4a;

(3.15) L

Since (fA(K () —fi) has average zero and satisfies all hypothesizes of Propo-

i,0;

sition 2.4, there exists an analytic function v : T9" — R24+7 such that
v(0) —v(@ +w) = froK — [i.

3In the sequel, we will not distinguish between a map with values in T¢"" x R¢ and a
lift with values in R23+",
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This, together with the exactness of fy implies that:
/ o= / o= / ~ o
(KoTw—p)oo, 5. (fxoK—p)oo; 5 (fooK+fxoK—p)oo, 4.

:/ fo*oz—i-/ a
Koo, 5. Voo, 5 —VO0,
U4 Ve

Zvéi“"bi
= / o+ / Q.
Kogi,éi vogiyéi —voai’éiJr%
Hence, we see that:
/ Q :/ « / o.
Bixéi (K—i—v)ooi’éi (K+v)oai‘éi+®i

By a simple change of variable, we see that if we integrate over the torus
T4+7=1 the right-hand side of the previous equation vanishes, so we can

conclude that

(3.16) / déi/ Q=0.
’]I‘d#»nfl B. -

,0;

(2) Next we compute the integral of 2 over B, ; explicitly as follows:

11
[oo= [ [ 0, @By €m0, ) dedy
B, ,, 0o Jo v
Since fi is a constant vector, by (3.14) and (2.14) we have for i =1,...,d:

877Bi,éi = 891.K o Ui,éi-i-u:!i =
agBi,éi’ = _(/j) ° O-i,éi-‘r(ﬂi'
So from the partial presymplectic basis relations (2.18), (2.19) and (2.20)

we conclude that:

1
G [ 0= [weog =1,
Bi,g‘(ﬁm) 0

Now, (3.16) and (3.17) together show that:

1
/W B dHi/O Pari© 04 o () dn=0  (i=1...,d),

and this yields the result. O

Remarks 3.9. The following remarks illustrate the relevance of the Vanishing

Lemma:

e The Vanishing Lemma concerns invariant tori. It can be extended to
the approximate case, as it is done in [7] for the symplectic case, and
assuming that the whole family f) is exact presymplectic, it leads to

a bound on the parameter, which shows that in every step the value
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of the parameter decreases with the error term. This can be useful
in numerical schemes for finding invariant tori.

e In dimension 2, a volume preserving diffeomorphism of S! x R is the
same as (pre)symplectic diffeomorphism. In this case, as shown by
the proof above, the integral (3.13) is the oriented area between a
circle and its image by the map, as shown in Figure 1. This clearly
shows that the vanishing of (3.13) is an obstruction for the existence

of invariant tori (see also [4]).

FIGURE 1. Vanishing Lemma

e Recall that we can think of our presymplectic manifold M as T*T¢ x
T". In our Vanishing Lemma we only control the averages in the
directions normal to T?. It is easy to give simple examples of maps
satisfying all the assumptions and such that the averages in other

directions are non-zero.

4. ESTIMATES FOR THE LINEARIZED EQUATION

The sketch of the proof of Theorem 3.6, given in the previous section,
relied on finding an approximate solution of the linearized equation (3.8),
assuming that one has an approximate solution Ky of (3.7). In this section,
we explained how this can be done.

The first claim is that the set {X (), J~1(K(0))Y (0), Z(0)} is still a basis
for Typ)M if the error term is small enough. Note that now, due to the

error term, equation (2.26) becomes

(4.1) Q0) - M(0) = V(0) + R(0),
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where
Xy (0)J(0)Xv(0) 0 X7(0)J(0)Zv(0)
R(9) := 0 0 0
0 0 0

If we now use that Ky(f) is approximately Lagrangian, i.e., if we apply

Lemma 2.6, we see that we can control the reminder R(0):

Lemma 4.1. Assume the hypotheses of Lemma 2.6 hold. Then there exits
@ constant cs depending on d, n, p, |flr s, 111 g, [Nl and [ DEKoll,

such that for every 0 < § < § we have

”Vﬁl : R||p—25 < 03’77157(0+1)H60Hp'
We conclude that:

Corollary 4.2. Assume the hypotheses of Lemma 2.6 hold. If eg(0) satisfies
(4.2 sy el < 5,
then M 1is invertible and

M~H(0) = V=HO)Q(9) + M(0),
where
(43)  M.(0) = —[logsn + VU ORO) VO ROV () R().
Moreover

(4.4) | M| p—25 < cay ™10~ [eg] |,

where ¢4 18 a constant which depends on the same parameters as cs.
Proof. A simple application of the Neumman series. See [5]. O

We are ready to apply our change of variables. Before that we remark

that, since f), is presymplectic, we have
Fi(6) 0
4.5 D K(0)) =
( ) f)\o( ( )) [ FQ(@) F4(9) ] ’
where F(0) is a symplectic linear map from V' = 7 (T4 M) into itself.

Lemma 4.3. Let Ko(6) € P, solves

Fao (Ko(8)) — Ko(0 +w) = eo(0)
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and that (fx, K(0)) is non-degenerate at A = Ao in the sense of definition
3.8. If eg(0) satisfies (4.2), then the change of variable Ag(0) = M(6)£(0)

transforms equation (3.8) to

I; S6) o
(4.6) (! 0 I, o0 ] +B(0)) £(0) — €(0 +w) =

0 A®6) I,
— VL OQE0) ~ Ab)e ~ MeB)ea(®) = MO G o
where
0 Sa(f) 0
B() := M~*(0 4+ w)E(0) — {o 0 0]
0 0 0

E(0) := (D1eo(0), E1(0), D2eo(0))
E1(0) := D fr,(Ko(6))J ' (Ko(0))Y () — X (0 +w)S1(0)+
— TN (Ko(0))Y (0 +w) — Z(6 + w)A(0)
S2(0) = Vig - (Fa(0) T (Ko(0))Y (0) — Xn (0 +w)Si(0) — Zn(6 + w)A(6))
S(0) == 51(0) + S2(0),
and A(9), M, (6) and Sy (6) are defined by (3.2), (4.3) and (2.30) respectively.

Moreover, we have the estimates:

(4.7) [ Meeollp—25 < cay™ "0~ ] |eg|?
0 K 0 K
”Me dheko)| I <o | OB K)o
OA A=0 llp—26 OA A=01lp
(4.8) IBlp-25 < 57 07 leo]l,

where ¢4 is the same as in (4.4) and c5 is another constant which depends

on the same parameters .

Proof. The form of the transformed equations follows from substituting the
change of variable and elementary computations.

To prove the estimates (4.7) and (4.8), we note that (4.7) follows imme-
diately from (4.4), so it only remains to prove (4.8). First note that for
the first term in the definition of B(#) i.e. M~1(§ + w)E(f), the Cauchy
provide bounds for Dyeg(f) and Daeg(6) in terms of the error. This enables
us to bound M8 + w) (D1eg(8), Daeg(6)) by the error term. Calculating
bounds for M~1(6 + w)E1(#) is more subtle. By the definition of A(#) and
the fact that

T5(0 +w)X (0 +w) =0
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it follows that
T5(0 + w)E1(0) = 0.

Therefore:

)
M0+ w)EL(0) = [ [Tz(«9+w) ]El(g)

By the corollary 4.2 and the remark 2.8 we get:

{ T1(6) ] _ [ Vii Vi, Vi } Q(6) + M,(6),

T5(0) Id 0 0
Where?
X7(0)J(K(9)) 0
Q) = |(JH(K 9))Y(9))JJ(K(9)) 19 :

and M, (6) is obtained from M, (6), defined at (4.3), by removing the last n
rows. So, we have

(1)

(4.9) [ TQ(@iw) ]El(e) = { V0 +w)QO +w) 8 ]El(9)+

o | e anene),
—_—
(3)

(2)
where we used notations:

‘7_1(9) = [ ‘;1; V(l)g ] ,

A X7(0)J(K(0))
a0 =[ iy |
Note that, by (4.4) the term (3) in the right hand side of (4.9) is bounded

by the error i.e.,
1M (8) E1 ()]l p—25 < 6767 el

where cg depends on ¢4 from (4.4) and || E1(0)]|,°. Considering (4.5) and an

elementary computation shows that

(4.10)

Bi(0) = Fi(0)J YK 0)Y(0) — Xy (0 +w)S1(0) — T HK (O +w)Y(0+w) — Zy(0+w)A(H)
N F5(0)J 71K (0))Y(0) — XN (0 4+ w)S1(0) — Zn (0 + w)A(0) ’

4Q(0) is defined at (2.25), just to make it easier to follow the calculations we restate it
again

As we will see ||E1(0)]|, contains terms that are not bounded by the error, so we do
not get quadratic bound by the error as in the symplectic case and the constant depends
on ||E1(8)], also.
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substituting (4.10) in the term (1) of left hand side of (4.9), we get that

term (1) is equal to

XT(0+w)J (6 +w)EP

(1) VRO | 140 )Y (04 w0)TI (0 + ) EP |

where E}lp is the upper block of E; at (4.10). The definition of S;(0),
see (2.30), and assumption (2.15) easily show that the lower block in the
equation (4.11) is identically zero. The upper block of the equation (4.11)

is equal to the following term

(4.12)  $(8) — b(0) — X0 +w)J (0 + w) Xy (0 +w)+
— X7 (0 +w)J(0+w)Zy (0 + w)A(0),

where
$(8) = (FL(0)Xv (9)) () F1(0) (K (6))Y (),
with ¢(0) = J(K (0 +w)) — J(f(K(0)) and
D(0) = [FL(0)Xv(0) — Xv(0)]TT (6 + w)(Fi(8) ] (K (9)Y (8))-
Both o(6) and F;(0) Xy (0) — Xy (0) are controlled by the error term. This
fact and Lemma 2.6 show that (4.12) is controlled by ||eq(6)]|,. Finally the
term (2) in the left hand side of (4.9) is equal to [ 52(0) ] by definition.

0
Since this term is not controlled by the error, we subtract it from M ~1(6 +

w)E(8) to define B(6), then we get the bound (4.8). We move S2(6) to the
coefficients matrix add it to S1(0).
(]

Remark 4.4. The details to reach expression (4.12) are as follows:

XT(0 +w) (0 + w)J(0 + w)[Fi(0)T (K (0))Y (0) — T (K (0 +w)Y (0 +w)] =
= —[FO)Xv(0) — Xy (0 +w)]TJ(0 + w)Fi(0) ] (K(0)Y (0) +

¥
X

+ (F1(0)Xv (9))T (J(K (0 +w) — J(f(K(0)) Fi(0)] (K(0))Y (0) +
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But we have:
(1) = Q(F(0)T 1 (K(0)Y(0), F1(8)Xv (0)) = Q(J 1 (K(0))Y (), Xv(0)) = 1,
(2) = QKO +w)Y (0 +w), Xy(0 +w)) = —T,
s0 (4.12) follows.
We will see that the terms B(6)E(6), Me(60)eo(6) and M (0)(% |xmx,)c0

have a quadratic dependence on the error ||eg(f)||,, and hence can be con-

trolled. If we omit these terms from (4.6) we obtain the linear system:

L S©) 0
(4.13) 0 Ig 0 |&(0)—&(0+w)=Ro(0),
0 AWB) I,

where

Ro(0) = =V~1(0)Q(0)en(8) — A(0)z0.
This linear system can be solved using Proposition 2.4, as we show next:
Proposition 4.5. Assume that all hypothesis of Lemma 4.3 hold. Then

there exists a mapping £(6), analytic on U,_a5 and a vector g9 € R?" such

that (4.13) holds for £(0) and e9. Moreover, there exits cg and cyg depending

onn,d, p, 7, |fxlc2s DKol [N, %\* - such that
=20
p
(4.14) €]l p—25 < esy ™26 [leoll,
(4.15) leo] < col avg(Ao) ™ lleoll,

Proof. Since the proof goes through as in the symplectic case, to avoid un-
necessary details, we give a short sketch of the proof and refer to [5] for more

details. Let

Ry(0) £2(0)
Ry (9> - Ry (‘9) ) §(9) = §y(9) )
R.(0) £:(0)

so (4.13) becomes
fz(e) - gm(e + w) = Rw(e) - S(@)fy(e)

(4.16) §y(0) — §y(0 +w) = Ry(0)

§-(0) — &:(0 +w) = R=(0) — A(0)&,(0)
Using the non-degeneracy of the pair (fy, K)) at A = 0, we can determine
(egH, ...,€24) in such way that avg(R,) = 0. Then we can apply Proposi-

tion 2.4 to solve the second equation in (4.16) finding a unique zero average
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solution &,(#). After determining &,(f) one can choose the remaining com-

ponents of gy so that
avg(Ry, — S¢) = avg(R, — A¢,) = 0.

Applying again Proposition 2.4, we solve the first and last equation of (4.16)
obtaining unique zero average solutions &,(6) and &,(6). Proposition 2.4

shows that these solutions satisfy the following estimates:

1€yllp—s < 0’7’15"’HRpr

I€allp25 < "y 107 Ry — S&yllp-s

1€:01p—25 < "y HOTNR, — A&ylp—s
The proof of the estimates (4.15) and (4.14) follow just like in the symplectic
case (see [5]). O
Corollary 4.6. Assume all the hypotheses of the proposition (4.5) hold.
then
(4.17) 180lly-25 < ev~26~2leoll

IDANp-35 < ey 26~ Ve,
(4.18) DG (Ko, M)l (20(8).20) + €0llp—26 < c127 367 B7 D leg 12,
where Ag(0) = M~1(0)£(0).

Proof. The estimates (4.17) are immediate consequences of the proposition

(4.5) and the Cauchy integral formula. Replacing the solution given by

Proposition 4.5 into the linearized equation (3.8) we find that:
DG(K0,M0)|(a0(6),e0) + €0(0) =
Ofx

€0 |,
Now (4.18) follows from (4.7) (4.8) (4.14) and (4.15). This establishes that

indeed, we have obtained an approximate solution of the linearized equation
(3.8). O

M0+ w) <B(9)£(9) + M (0)eo(0) + M.(0)

Remark 4.7. One of the concerns in the KAM results of the type we are
presenting here is how many modifying parameter are needed. A very lucid
discussion regarding this matter can be found in [15]. A discussion of the
dimension of the space of parameters in the degenerate cases, can be found

in [8]. We note that comparing [5, Proposition 8] and Proposition 4.5, one
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sees, that if the family fy consists of exact presymplectic diffeomorphisms,
then the dimension of parameter space can be reduced by d. Furthermore, if

the initial torus satisfies the Kolmogorov 6

non-degeneracy condition [9] i.e.
if avg(S(0)) is non-singular where S(#) is defined in the Lemma 4.3, then
the dimension of parameter space can be reduced by d again. The reason is
that we can choose the averages of the tori as parameters.

In particular, having both families of exact presymplectic mappings and
Kolmogorov non-degeneracy condition, it will be enough to consider the

parameter space to be n dimensional, see the Vanishing Lemma also.

5. ESTIMATES FOR THE IMPROVED STEP

In the previous section, we have shown that the linearized equation (3.8)
admits approximate solution in all smaller analyticity domains. The esti-
mates blow up if the analyticity loss vanishes. the good point is that they
blow up not worse than a power.

The goal of this section is to show that if || Ag||,—s is sufficiently small, the
new torus K1(6) = Ko(0) + Ao(f) has an error in the invariance equation
which is quadratically small with respect to the original one (in the smaller

domain).

Lemma 5.1. Assume
(Ko + Ao)(Up—s, Ao + €0) C Domain(f),
where f is defined in (2.3),then
(5:1)  [fxge0 © (Ko + Do) = (Ko + Do) 0 Tuflp—s < ey 26~ leo]l,,

where ¢ now involves | f||c2 g as well as previous quantities. Furthermore,
the pair (fx, K1) is non-degenerate at A = Ao+ €p, in the sense of definition
3.5.

Note that the linear equation admits estimates for A in any domain U,_s
for any § > 0. If the § is very small, the estimates blow up. So that if the
loss of domain § is too small compared with |eg|/,. So that the estimates

on the step require some restrictions on the of the loss of domain § allowed.

61t is also known as twist condition
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Given the estimates on A, ey obtained in Corollary 4.2, we see that the

requirement on the composition is implied by
(5.2) ey 257 ) legll, <

where 7 is smaller than the distance of K(U,) to the complement of the

domain of f.

Proof. This is just a simple consequence of the obvious identity obtained by

adding and subtracting some terms:

Froteo (o + Ag) — (Ko + Ag) o Ti, =

0
roteo (Eo + Ag) — fr, (Ko) — % (Ko)eo — D fr, (K0)Aog
A=Xo
(1)
Ofx
+ fao(Ko) — Koo T, + D fa (Ko) Ao — Do o Ty, + EIN (Ko)eo
A=Xo

~~

2)
The term (1) can be estimated by Taylor theorem, so we have:

afs

Hf/\o-i-ao(KO + AO) - fAO(KO) - O\
A=Xo

(Ko)eo — D fro (Ko) Aol p—s

1 1 9
< §|’ch2,B(HAoH,2>—5 + leol?) < C§HfHC2,B’Y 2674 leoll,

The term (2) is exactly the left hand side of (4.18), so by rearranging the
constant we get estimate (4.18). Non-degeneracy of the pair (fy, K1) comes
from the estimates (4.17), (4.15) and the fact that non-degeneracy is an

open condition. O

6. ITERATION OF THE NEWTON METHOD AND CONVERGENCE

We shall now perform our modified Newton method, starting with fy,,
Ky, w and pg satisfying the hypotheses of Theorem 3.6, and applying at
each step the results of Section 4. We will see that if we choose ||eq|,, small

enough we will be able to proceed with the iteration so that the equation
(6.1) INK(0) = K(0 +w)
has a convergent sequence of approximate solutions

(Ko, M), (K1, A1), (K2, A2), . ..

defined on domains

UPODUplDUpzD"'
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with limit an exact solution (K, Ax), defined on a domain U,__.

Starting with the approximate solution (Ky,\g), assume that we have
already found the term (K,,, \,;,) in this sequence. The next term will take
the form:

Ky =Ky + Amfl(e)y /\m = >\m71 +Em—1 (m > 1))

with (Ap,—1(6),em—1) an approximate solution of the linear equation

(6.2) DG (Km—1, Am—1)|(Ap_1(8),em_1) = —€m—1

where e,,—1 := G(Kpnm—1, Am—1)
The following lemmas are simply restating the lemma 5.1 for a general

step.

Lemma 6.1. Assume that (Kp—1,Am—1) is a non-degenerate (Definition

3.8) approximate solution of (6.1) such that
(63) 'm—1 = HKm—l - KOHpm—l <.

If |lem—1ll pp_r %s small enough so that Proposition 4.5 applies, then for any
0 < 0m-1 < pm—1/3 there exist a function A,,_1(0) € Py, —35,_, and
Em—1 € R2H7" such that

202 lem—1llpyu—

—92¢—2(0+1
(6.4) IDAm—1(O) 12501 < 17282 lemtllpm s

lem—1] < cm-1l(avg(Am—1) " llem—1llpm-,

1Am-1(O) o126+ < Em-17"

where cy—1 is a constant depending onn, d, p, v, |fr._i|c2 8., [ DKm—1llp,

of
|Ni—1ll, and || G2 N p.
Moreover if
(6.5) Pm—1 < em-17 20,20 em—1llpm_s

setting Ky, = Kp—1+Am—1, Am = Am—1+em—1. then, €,(0) = G(Kpn, M) (6)

the error function of the improved solutions satisfies
(6.6) lemllom < em-17""85"" lem-1ll3,._,

Lemma 6.2. Under the same assumptions as in Lemma 6.1, one can im-
prove the constant ¢y,—1 such that (6.5) holds and if

—9e—(0+1 1
(6.7) en-17 25,5  em-illpy < 5

then
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(i) If (nD1Ky—1)"n D1 K1 is invertible with inverse Ny,_1, then the
matriz (mD1 Kp,)Tn D1 Ky, is also invertible with inverse Ny, satisfy-
mng

9 —(o+1
(68) [ Nmllpm < INm-tllps + em-17720, 5 lemallpm 13

(ii) If Vip—1 is invertible then Vi is invertible and the inverse satisfies
equation (6.8) with N replaced by V~1;
(iii) If avg(Ay—1) is invertible then avg(A,,) is invertible and the inverse

satisfies equation (6.8) with N replaced by avg(A)~1.

(1) (iv) The assumption (5.2) ensuring that the range of (Kpy—14+Am—1, Am—1+

Em—1) 18 inside of the domain of f.

The most important point is that the constants ¢, depend only on n, d,

af

35 . Hence, when

)\:)\mfl
P
we show that the K does not leave a neighborhood, then, the constants are

P T, |f)\m71|0273r7 ||DKm—1”p7 HNk—al and

uniform.

The convergence of the modified Newton method described above is very
standard in KAM theory. Indeed, it has sometimes been formulated as an
implicit function theorem. Among the many versions of implicit function
theorems, the one of [21] is the closest to the problem here. For the sake of
completeness, we indicate the main points of the iteration following closely
[4,5] and refer to those papers for more details. One of the main issues to
watch out is that the non-degeneracy conditions do not deteriorate much
along the iteration and that the assumption (5.2), which ensures that we
can define the composition, remains valid.

We start by making the choice of the analyticity loss:
Pm = Pm—1 — 2_(m_1)50-

The most subtle point is to show that the conditions (6.3) and (6.7) are
always satisfied. The first one is to guarantee that the new torus always stays
in the domain of the f and the second one is to insure the non-degeneracy
condition during the iteration.

The constant ¢,, depends on the quantities o, n, d, r, which do not change
during the iteration. It also depends on the p,, < pg and the following

quantities

Ofr
| Famlc2,8,s 1D Kl pps [Nl g s |

o o (Kl v (A) 7
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This dependence is polynomial. By similar calculation as follows, can be
shown that there exist constant ¢ such that ¢,, < ¢ for m > 0, see [5, Lemma

13]. The main point is that we do not get far away from initial torus. Denote

€m = ||éml|p,, with the choice of the domain loss, we obtain :
(6.9)
e < 07_4(2_(m_1)50)_4“efn_1 < (07—4)(1+2)(2—(m—1)—2(m—2)5(()1+2))—406;1”_2

_ m—1 0 _ _ m—2 m
<. < (07_450 40)1+2+ +2771 (9402 (m—1)+2(m—2)+-+2 68

< (67—450—40)2’"—1240(2m—m)68m < (C"}/_4(50_4024U€0)2m_12_40(m_1)60,

where we have used that

m—1
20(m —1)+2(m—2) 44272 =271 5275 <2 —

s=1
One sees that if |leg]|,, satisfies the assumption (3.3), the condition (6.7) is
always satisfied. It remains to show that (6.3) is also satisfied. We denote
K = cy 15,1721 ¢). Now, the first estimate in (6.4), estimate (6.9) and the
definition of 7, gives us:

(6.10)

m—1
—2¢—20 -2 _—20 —2 —20
Tm < Tm-1+cmy 6, lem—1llpn_, <" < ey Tog e+ ey § 5j €j

j=1
m—1
< 07720_0—2060 + 07720'0_201%60 Z 22j0'2740'(j71)
j=1
0 ) 9do
67_2062060 1+ k2% Z 2727 | = 67_2062060 (1 + Koo 1> .

j=1
Again having the assumption (3.3) and calculations (6.10) show that the
(6.3) is always satisfied.

7. LocAL UNIQUENESS

The proof of Theorem 3.7 follows exactly the same pattern as the proof
of uniqueness for the symplectic case given in [5], so we will not reproduce
here the same computations. We limit ourselves to some comments and a
sketch of the proof, which takes advantage of the fact that in Proposition
2.4 two different solutions of (2.8) differ by their average. In our situation,
one can transfer this difference of averages of two solution to a difference of

the phase between them.
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Let (K1, A1) and (K2, A2) be two solutions as in the statement of Theorem

3.7. From Taylor’s Theorem we have:

(7.1) Dfx (K(0))(Ks — K1) + R(K1, K2) =0
where
(7.2) IR(K1, Ka)llp < ¢ Ko — K1l

Applying the change of variable M¢ = (K; — Kg), where M is given by
(2.17) and replacing K by K7, the linear equation (7.1) is transformed to

(7.3) £:(0) = (0 + w) = (R(K1, K3))e — S1(0)€,(0)
(7.4) §y(0) — &0 +w) = (R(Klv K3))y

(7.5) £(0) — &.(0 +w) = (R(K1, K2)). — A(0)&,(0)
where

R(K,,Ks) = —M (0 + w)R(K, K>).
Using Proposition 2.4 and (7.2), it follows from (7.4) that:
(7.6) €1 p—25 < ey™207 | R(K, Kol
where
fj(e) = fy(e) - an(fy)
On the other hand, the average of the right hand sides of (7.3) and (7.5) are

zero, so the assumption that © (see Theorem 3.7) has rank d together with

the estimates (7.2) and (7.6) give us

|(€x&ys &) — (an(fx)aOaan(fz))”,FQg < 0’7725720”1{2 - Kl”?)
Similarly to [5], this leads to the following lemma.
Lemma 7.1. There exists a constant ¢ depending ond, n, p, |J|g,, [|K1llc2,,
such that if
¢llKy — Kallp <1,

then one can find T € R with 7| < || K2 — K1, such that
T
avg ([ T } (K2 0T, —Kﬂ) =0,

where Ty and T3 are defined by (2.29) after replacing K by K. Therefore,
for any 0 < § < p/2, we have

1K1 0Ty — Kol poas < &y 26727 || K1 — K|,

for a constant ¢ depending on the same parameters as ¢ and also on ©71.
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We then replace Ko by K201, and repeat the iteration, which is possible
since Ky o T7, is also an invariant torus and the constants ¢ and ¢ do not
depend on K. In this way we produce a convergent sequence of phases

T1,T9, .+ Tm, ... such that the limit 7, satisfies:
K20 Tr, — Kil[,2 =0,

therefore completing the proof of Theorem 3.7.
A different proof which does not require iteration (but requires setting a

normalization condition) appears in [3].

8. COMPARISON BETWEEN POISSON AND PRESYMPLECTIC CASES

As we mentioned in the introduction, our results are not applicable to
the Poisson dynamical systems. In this section, we only present a sim-
ple example to justify our statement about the difference between Poisson
and presymplectic diffeomorphisms. Consider the presymplectic structure
Q =dzAdy on M := T*T x T with standard coordinates (z,y,z). The
corresponding compatible Poisson structure is II = 6% A 8%. For the diffeo-
morphism f: M — M to persevere the Poisson bivector 11, it has to satisfy

following condition:

0 -1 0 0 -1 0
(8.1) DfHL1 0 o|mHT=|1 0 0],
0 0 0 0 0 0

which means f will have the form

f($7y7 Z) = (f1($,y, Z)a fQ(fL',y, Z)a fg(Z)),

and %%—];2 — %% = 1. We note that (8.1) clearly shows the symplec-

tic leafs of M are invariant under f, which is a simple fact from Poisson

geometry. For f to be presymplectic diffeomorphisms of M, it has to satisfy

0 -1 0 0 -1 0
(DAHTI1 0 o |(Df)=|1 0 0],
0 0 O 0 0 O
this leads f to have the form
(82) f(a:,y,z) = (fl(xvy)7f2($)y)af3(x7yuz))7

and again %%—];2 — 88—’;1% = 1. In general, there is no canonical way to get

a symplectic foliation for a presymplectic manifold. Even if we consider the

symplectic foliation arising from Poisson structure, one can see from (8.2)
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that presymplectic diffeomorphisms, in general, do not preserve symplectic

leafs.
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