Mathematics in Engineering, 5(2): 1-35.
DOI:10.3934/mine.2023035

g
AVA‘ Received: 30 October 2021
M iNg ‘y‘y" Revised: 22 March 2022
Accepted: 09 May 2022
http://www.aimspress.com/journal/mine Published: 30 May 2022

Research article

Kolmogorov algorithm for isochronous Hamiltonian systems'

Rita Mastroianni* and Christos Efthymiopoulos

Dipartimento di Matematica “Tullio Levi-Civita”, Universita degli Studi di Padova, Via Trieste 63,
35121 Padova, Italy

T This contribution is part of the Special Issue: Modern methods in Hamiltonian perturbation
theory
Guest Editors: Marco Sansottera; Ugo Locatelli
Link: www.aimspress.com/mine/article/5514/special-articles

* Correspondence: Email: rita.mastroianni @ math.unipd.it.

Abstract: We present a Kolmogorov-like algorithm for the computation of a normal form in
the neighborhood of an invariant torus in ‘isochronous’ Hamiltonian systems, i.e., systems with
Hamiltonians of the form H = Hy+&H; where H, is the Hamiltonian of N linear oscillators, and H; is
expandable as a polynomial series in the oscillators’ canonical variables. This method can be regarded
as a normal form analogue of a corresponding Lindstedt method for coupled oscillators. We comment
on the possible use of the Lindstedt method itself under two distinct schemes, i.e., one producing series
analogous to those of the Birkhoff normal form scheme, and another, analogous to the Kolomogorov
normal form scheme in which we fix in advance the frequency of the torus.
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Foreword

The motivation for this paper stemmed from an exchange of e-mails and discussions that the authors
of refs. [2] and [3] (C. E. and Eleni Christodoulidi) had with Antonio Giorgilli, Sergej Flach and
Giancarlo Benettin several years ago. The discussion was on the meaning of Lindstedt series as a
method to construct invariant tori in perturbed oscillator systems like the celebrated problem of Fermi-
Pasta-Ulam (see Galgani [10] in the present volume). We, as many others, are fond of recognizing
the deep influence of Antonio’s thought on our way of viewing the role of perturbative methods in the
understanding of Hamiltonian dynamical systems. Since this is a paper to appear in the special issue in
his honor, our presentation below is, in turn, strongly shaped by what we hope could be a framework
of discussion interesting to our inspiring and beloved teacher A. Giorgilli.
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1. Introduction and background

In various contexts in the literature, the use of the term ‘Lindstedt series’ for isochronous
Hamiltonian systems often refers to one of two distinct methods, both applicable to the perturbative
study of the dynamics around systems with elliptic equilibria. The difference between these two
methods can be conveniently explained with the help of the following example: consider a
‘Henon-Heiles’ type Hamiltonian

1 1 1
H = E(pi + pi) + iwg’1x2 + Ewézyz + &P5(x,y) (1.1)
where, contrary to the actual Hénon-Heiles model ( [9]) (where wo; = wp, = 1), we first assume that
the frequencies (wy 1, wo2) satisfy no resonance condition. P3 can be any polynomial cubic in x, y.

We are interested in constructing perturbative series solutions in the model (1.1) under the form:

x(1) = xo(0) + ex1(8) + Ex2() + ..., () = yo(t) + ey1 (1) + () + ... ., (1.2)

where we adopt some periodic form for the functions x((?), yo(f) and compute iteratively all subsequent
functions x;(¢), y;(¢t), i = 1,2,.... We further want to secure that the iterative scheme used to compute
the functions x;(7), y;(¢) preserves the quasi-periodic character of the solutions, i.e., produces no secular
terms (of the form 7 sin(wt), etc) for some frequencies w obtained as discussed below. An elementary
remark in this context is that the nonlinear coupling of the oscillators implies that quasi-periodic orbits
in the above model are expected to evolve, in general, with frequencies w, w, different from those of
the unperturbed oscillators, w1, wo . As it is well known (see, for example, [13]), recognition of this
fact implies to introduce formal series also for the frequencies:

w(Ay,Az)
wy(Ay,Az)

2
wo,1 +Ewy1(A1,Ar) + & wy1(A1,A) + ...,

Woa + w1 2(Az, Ay) + E2wa (A1, Ad) + . ... (1.3)

The quantities w;(A1,A2), w;2(A1,A,) are functions depending on two parameters A;,A,, called
hereafter the ‘amplitudes’ of the oscillations in x and y respectively. They enter into the calculation
through the choice made for the zero-th order terms xy(¢), yo(?), since the iterative procedure starts by
setting

xo(t) = Ay cos(wit + ¢r0),  Yo(f) = Aa cos(waf + Pyo0) (1.4)

where the initial phases ¢.9, ¢yo can be arbitrary.

The above are common elements of the point of departure for both versions discussed below of
the Lindstedt method. However, at this stage emerges an important bifurcation in the way we define
the iterative scheme by which the functions x;(¢), y;(f), w; 1, w;» are to be computed. We discuss two
distinct possibilities, referred to below as (i) a Lindstedt scheme ‘analogous to the Birkhoff series’, or
(i1) a Lindstedt scheme ‘analogous to the Kolmogorov series’.

As typical in perturbation theory, the formal difference between the above two schemes actually
reflects a real (physical) difference in the way we interpret the meaning of the series (1.3). In summary,
the difference can be posed as follows (see section 2 for details):

(i) in the scheme called below ‘analogous to Birkhoff’, we seek to construct a quasi-periodic
solution valid for any value of the amplitudes A;, A, within a suitably defined open domain around the

Mathematics in Engineering Volume 5, Issue 2, 1-35.



3

origin. Thus, the series (1.3) in this scheme are meant to answer the question of what are the values of
the frequencies w;, w, under which the motion takes place for any given and pre-selected sets of
values of the amplitudes A, A, in the above domain. The reader is referred to [15] where a clear
exposition of the method is given in the framework of special solutions of the three-body problem
computed via Lindstedt series.

(i1) in the scheme called below ‘analogous to Kolmogorov’, instead, we fix in advance the values
of the frequencies w1, w, (see [13] for a clear exposition of the method in the context of the forced
anharmonic oscillator); this is called by some authors a ‘torus fixing method’. A relevant remark in
the context of this last method is that the series (1.3) are actually purported to answer the question
reverse to the one posed in (i) above. That is, the question now is: with given and pre-selected values
of the frequencies w, w,, invert the series (1.3) and compute which are the corresponding amplitudes
A1, A, for which we obtain quasi-periodic trajectories with the frequencies wy, w,. Thus, in method (i)
the series are parameterized by the amplitudes A, A,, which can be selected at the beginning of the
construction, while in method (ii) the solutions are parameterized by the frequencies w, w,, which
are the parameters to select at the beginning of the construction. Also, in the latter case the series
inverse to (1.3) turn out to have the form (in the cubic case)

A} = Z Cii(w —wyy), €43 = Z Cio(wr — wo2)', (1.5)
i=1 i=1
for some constant coefficients C;, C;, computable from the series (1.3). Thus, with all frequencies of
the problem fixed in advance, establishing the convergence of the inverse series (1.5) suffices to answer
the question posed at (ii).

The question of the convergence of the series is, of course, crucial, and related to the kind, and
pattern of accumulation in the series terms, of small divisors appearing at successive perturbative steps.
As regards the kind of divisors, we can readily see that:

- in scheme (i) we obtain divisors of the form kjwy | + kawo,, With (ky, k) € 72, |ki| + k| # 0. This
follows from the kind of linear (non-homogeneous) equation to solve iteratively. Deferring details to
the example treated in Section 2, we briefly recall that in scheme (i) we introduce the parametrization
(modulo two unimportant phases) ¢; = wit, 2 = w,t, and after introducing the series expressions (1.2)
and (1.3) to the equations of motion and separate terms of like orders we arrive at equations (to be
solved iteratively) of the form:

3 8\
(wo,l— + wo,z—) X +x; = 0Op,(¢1,92) (1.6)
01 0y

b o\ _
wo 17— twoaz— | Yityi=0(p,¢) i=1,2,...
Oy 0>

where the functions ®, ;(¢1, ¢2), @2(¢1, ¢2) contain trigonometric terms in the angles ¢, ¢, (see [15],
section 4).

- In scheme (ii), instead, we obtain divisors of the form k;w; + kyw», i.e., depending on the (fixed)
pre-selected new frequencies w;,w,. This follows from the fact that the linear non-homogeneous
equations to solve are now of the form (see [13]):

X + w%xi = Dy (1, 92) (1.7)
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Vi + way = Oy (o1, ) i=1,2,...

again with functions @;(¢1,¢2), DP,(¢1,¢,) containing trigonometric terms in the angles
¢1 = wit,py = wyt. Note that since the divisors depend on the new frequencies wi, w,, choosing
non-resonant values for the latter permits the formal construction to proceed; this, even when the
unperturbed frequencies wy 1, wy, are, instead, resonant.

As regards convergence, in the case (i) Poincaré ( [19], Ch.IX) already emphasizes that the Lindstedt
series with divisors depending on the original harmonic frequencies wy ;, wy» are divergent, exhibiting
the well known asymptotic character associated with the series computed via a Birkhoff normal form
(see [5] for areview). Indeed, as shown by example in section 2 below, it possible to construct Birkhoft
series yielding the same individual solutions as those of the Lindstedt series of scheme (i). We note
here that the series originally introduced by Lindstedt ( [16—18]), albeit somewhat different in structure,
exhibit the same divisors as those of the scheme (i) above, thus, according to Poincaré, they are only
asymptotic. On the other hand, Eliasson ( [6]) and Gallavotti ( [11, 12]) established the existence of
convergent Lindstedt series by the ‘torus fixing method’ on the basis of the cancellations between terms
with small divisors (see [14] for an instructive example). A proof of the convergence of scheme (ii) is
actually possible by diagrammatic methods via the following theorem [4]:

Theorem 1.1 ( [4]). Consider the N coupled oscillator equations
R+ wixj+ filxn,. . xn8) + (W —w)x; =0, j=1,...,N (1.8)

where € is a real parameter, f(x,¢) is real analytic at x = 0, € = 0 and at least quadratic in x, and
the frequency vector w is diophantine. Let

X0 = et + e, j=1,...,N (1.9)
be a solution of (1.8) for any choice of the complex constants c; and for € = 0. Let
I'(c) = max(lcyl,...,lenl, 1).  Then, there exists a positive constant ny and a function 1, c)

holomorphic in the domain |e|l’3(¢) < 1, real for real &, such that the system

X+ wixg + fixn, .. xn,8) +1i(6,0x;=0,  j=1,...,N (1.10)
admits a solution of the form
x(t,e,¢) = Y Ayexpliv - (1) (1.11)
vezZN

holomorphic in the domain lell3 ()P < no and real for real g,t. The constants A, are O(g), except
for the constants A ..o, Ao1...0 Aoo...1, which are equal to cy, c,, ..., cy respectively.

A similar proof in action-angle variables in the case N = 2 is discussed in [1]. As a final
introductory remark, the series construction in the isochronous case finds a plethora of applications in
various fields of physics. We mention in particular, the use of the Lindstedt method for the
computation of solutions lying on low-dimensional tori (‘g-tori’) in the celebrated Fermi-Pasta-Ulam
(FPU) problem ( [2,3]). The FPU model takes, in normal mode space, the form of N harmonic
oscillators coupled with nonlinear terms:

O + Q{0 = eF(Q), ..., On) (1.12)
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where the frequencies 4, kK = 1,..., N are given in terms of the FPU normal mode spectrum ; =
2 sin(kn/(2(N + 1)), the function F can be cubic or quartic in the variables Qy, and the perturbation &
satisfies some scaling law with V.

Flach and co-workers ( [7, 8]) emphasized the special role for dynamics played by solutions called
‘q-breathers’. These are periodic orbits of the form Q,(f) = A, cos(w,t + ¢,), and Q(t) = 0 for k # q.
For the frequencies w, we obtain series expressions of the form

Wy = Qy + Awy(Ase),  Aw, = O). (1.13)

Then, for € sufficiently small, the Lindstedt method (ii) above allows to represent the g-breathers via
the Fourier expansion

Q1) = Agcosigt+¢g)+ > fum(Ag; &) coslmiw,t + ¢,)] (1.14)
m=0
Q) = D fm(Ag &) coslmwgt + ¢, k # g,
m=0

where fi,, = O(e"*%™), with integer exponent p(k, g, m) > 1. The relevant point for the FPU problem
is that the rules of propagation of the amplitude A, in the series terms for all modes allows to find an
analytic formula explaining the phenomenon of ‘energy localization’ observed for particular initial
excitations in the FPU model. In [2] and [3], on the other hand, it was shown that the g-breathers
constitute only the first member in the hierarchy of special FPU solutions that exhibit energy
localization. More general members are the °‘g-tori’, i.e., special solutions with M < N
incommensurable frequencies satisfying

Wy = Qy + Awy(Ag, Ay, A3 6),  Awy, = O(&), (1.15)

where R, = (q1,...qu) € {1,2,..,N}™. The corresponding Fourier representation of these special
solutions can again been computed using Lindstedt series, and it obtains the form

Oi(t) = Apcos(wit + @) + Z fim(A; ) cos[m - (wt + )], ke R, (1.16)
[m|=0
0un) = 0 + > fim(Ase)cosim - (wt + §)l, k¢ R,

[m|=0

with m = (my,...,my) € ZM, A = (Ay,... Ay, @ = (WgpseesWyy)s @ = (Bgys- .., dy,,), and
fim = O(e) for all k = 1,...N. Furthermore, the propagation of the amplitudes A; in the series terms
allows to interpret a variety of complex localization profiles encountered for particular initial mode
excitations in the FPU problem (see the corresponding theorems in [3]).

We mentioned already that for the Lindstedt series analogous to the Birkhoff ones there exists a
Birkhoff normal form yielding the same solutions as those recovered by the Lindstedt method via an
indirect approach, i.e., one based on a sequence of normalizing transformations involving canonical
changes of variables. It is natural to ask whether this correspondence between a direct (Lindstedt) and
indirect (normal form) method extends in the case of the torus-fixing method as well. Due to the lack of
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a twist condition, the torus-fixing process in the isochronous case has to be dealt with using a technique
based on ‘counterterms’ (see [11]), or a KAM algorithm ‘with knobs’ (see [20] in the present volume).
We have developed a Kolmogorov algorithm using counterterms, which is able to recover the solutions
of the direct Lindstedt method in both cases of full or low-dimensional tori. In the present paper we will
discuss in some detail the proposed Kolmogorov algorithm for the full-dimensional case only, deferring
the low-dimensional case to a different publication. Section 2 gives an elementary example allowing
to fix all principle ideas in this comparison. Section 3 gives the general algorithm for the Kolmogorov
method in the isochronous case. This is similar as the algorithm ‘with knobs’ discussed by Sansottera
and Danesi ( [20]) in the present volume. We point out, however, some differences in our viewpoints
regarding what the algorithm actually achieves to compute and how it should be implemented in the
context of isochronous models with given initial unperturbed frequencies wy. Some results and detailed
proofs are deferred to the Appendix.

2. An elementary example

In order to illustrate the methods discussed above, we will consider an elementary example
stemming from the following one-degree of freedom Hamiltonian with a even power dependence on

the canonical variables .y

H(x,p) =Hy+eH, = @(p2+x2)+8x—. 2.1
2 4
Using the harmonic oscillator action-angle variables (J, g) with x = \2J sin(q), p = \2J cos(q) , we

obtain
H(g, J) = wy J + %‘S.ﬂ - gﬂ cos(2q) + gﬂ cos(4q) . (2.2)
Let Jy be the label of a given torus (periodic orbit) of the harmonic oscillator model H,. Consider
a real neighborhood D, = {J = Jy + p with |p| < D,}, where D, = O(g). We will illustrate four
different perturbative methods to treat the dynamics in the phase-space neighborhood T X D,: these are
1) a Birkhoff normal form construction, with ii) its analog in terms of Lindstedt series, iii) a Lindstedt
series exhibiting the torus-fixing property of the Kolmogorov method, and, finally iv) the normal form
analogue of iii). In the next section, we will give the general formulas for the construction of the
Kolmogorov normal form in the case of n-degree of freedom Hamiltonians with isochronous integrable

part Hy.

2.1. Birkhoff normal form

Setting J = Jy + p the Hamiltonian takes the form (apart from a constant)

3eJ? 3] 3 elJ?
3 L 408p + ?sz - 70 cos(2q) — eJop cos(2q)
2

eJ J
p2 cos(2q) + ?0 cos(4q) + % pcos(4qg) + g p2 cos(4q) .

H(g,p) = wop +
(2.3)

£
2

A ‘Birkhoft normal form’ for the Hamiltonian (2.3) can be computed by introducing a canonical
transformation eliminating the angle g . Writing the Hamiltonian (2.3) as

H(q,p) =2y + fr,
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where Zy = wyp and f; = Z crs pre™ we will define a Lie generating function y"(g, p) bringing this
Kl

Hamiltonian to normal form up to terms O(g). In the standard procedure, it is sufficient to set YV = XD,
where X" solves the homological equation Ly Zy + £fy = &1, with ¢; =< f; >, and Ly denoting
the Poisson bracket operator Ly = {-, X}. However, comparing the result with the one obtained by the
corresponding Lindstedt method (see next subsection) requires a small modification in the definition
of . Consider the canonical transformation (g, p) — (¢, p'”) obtained after » normalization steps:
we require that the canonical transformation be such that the initial condition g = p” = 0 in the new
variables be mapped to the initial condition (q(q(’) =0,p"” =0), p(¢"” =0,p" = O)) =(0,0)+0(™")
in the original variables. It is easy to see that such a requirement of control on the initial condition can
be fulfilled by setting

X", p) = X" g, p)+K”q+S"p, n=1,...r
where K™, S™ are constants possible to compute at every step by requiring that
(a¢"™ = 0.p" = 0), p(¢"™ = 0, p" = 0)) = (0,0) + O(e"™").

Since {wop, K™ q} = —woK™, this procedure will only alter the normal form at the n-th step by a
constant, adding, however, some trigonometric terms to the remainder at every step. As an example,
we can readily verify the following formulas for the first step (and analogously for subsequent steps)

X p)=XYgp)+KVqg+SVp,

) _ Ckl & ilg M _ N Gt m_ _ CLi
X (q,p)—Z—ilwpe, K= Z ) 5= Zilwo'

10 0 70 &0 )

where

Omitting details, the formulas obtained after two normalization steps as above are the following: the
Hamiltonian takes the form

q=q® "
p=p?

HP(G?, p?) = expL,@expLg,nH | g=q® = (Zo + &7, + &7 + Z g ﬁ]‘
p=p? i>3
For simplicity in the notation, from now on we omit superscripts from the variables ¢ and p unless
explicitly required, adopting, instead, the convention that the symbols (g, p) in any function of the
form F)(g, p) imply the new canonical variables computed after » normalization steps. Then, up to
order 2 in £ we obtain:

3edy . 3ept 09T 51&% U, 17 &2

HPG,p)=Z? +R? = wy p + p+ - p— p* —
@p) WPTTLTPTTY 6hay U 6day T 64wy

where the remainder R® is O(&). The Hamiltonian Z® can now be used to analytically compute

g2—precise solutions to the equations of motion in the variables (g, p). The equations of motion are

p*+R?

. OH® L38h 3e. 692 J; 5120, . 51&
= :w R —— —_ —_— p—
=95 ~ T T4 T AT 6w 32w U Gdw !’
. OH? ’
ﬁ:— — =0
9q
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fixing the initial condition p(0) = g(0) = 0 yields the solution

p(t) =0, Gg(t) = wt = @p, = + 2.4
p(0) g = wt = @p w=wy+— 64 oo (2.4)
This can be back-transformed to the solution in the original variables. We have
q = expL, expL,,0 g, P = exXpLg oexpLlg,m p. (2.5
Substituting the solutions (g(¢), p(¢)) in the previous expression, we find
edy . o ety .
q(0) = g5 = 5 sin(2pp) + ——— sin2 ) + T sin(4gp)
Wy 32 wy 16 wy
2 12 2 2 2 2
S 2D Gingp) - S0 Sin6 g + 0 sin(s op).
32w} 32w} 512w}
® 3eJ? 13820 &Ji 20n) 3382 J3 e (2.6)
1 =-— + cos — ———— Cos
p 8 wo 16w 2wy 5 32w v
eJ? 3623 e J3
— — cos(4 pp) + > cos(4 gp) + 5 cos(6¢p) ,
8(1_)() 6 a)O 32 (,4)0

I = Jo + p(o).

Observe that g(0) = 0 and J(0) = Jy, as was required.
Two remarks are in order:

(i) The divisors appearing in all series expressions obtained above depend on the (unique, in the case
of 1DOF systems) unperturbed frequency of the model, i.e., the frequency wy of the linear oscillator.
In the case of systems with N > 1 degrees of freedom, the above series will produce divisors of the
form m - wy, where m € Z¥, |m| # 0, and wy is the N—vector of the unperturbed frequencies of the
problem. This implies that the method may formally proceed only when the vector w, is non-resonant.
As regards the series convergence, this is guaranteed in an open domain in the 1DOF case. However,
when N > 1 the series are in general only asymptotic (see [5] for reviews).

(i1) The value of the initial datum for the action Jy can be chosen at the end of the process, i.e., the
numerical value of Jy need not be fixed in advance. In fact, J, (or, more generally, the vector J,) can
be regarded as a parameter free to transfer in all iterative computations. It is, then, in terms of this
parameter that we obtain an expression for the frequency(ies) w on the torus with the initial conditions
J(0) = Jy, g(0) = 0 as a function of J,. In our example this function is given up to O(&*) in Eq (2.4).

(ii1) Any choice is possible to impose on the initial phase ¢(0), altering slightly the definition of the
constants S ™.

2.2. Lindstedt solution analogous to Birkhoff

Analytical solutions in the form of formal series obtained like (2.6) above will be hereafter called
‘Birkhoff solutions’. This terminology emphasizes the fact that the solutions are obtained using a
Birkhoff normal form procedure. It is notworthy that Poincaré’s reference to the ‘Lindstedt series’
(Methodes nouvelles, Ch. IX) actually consists of the construction of solutions to coupled oscillator
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problems obtained ‘indirectly’, i.e., via transformations of the variables and the engineering of the
corresponding Hamiltonian function. Hence, the more general term ‘Poincaré-Lindstedt’ series often
encountered in literature. We now give, instead, the ‘direct’ (i.e., without transformations) series
construction of the Birkhoff solution (2.6) by implementing, instead, the original method of Lindstedt
in the framework of the canonical action-angle variables of the harmonic oscillator model.

The Hamilton’s equations of motion for the Hamiltonian (2.2) are

s O 3eJ eJ

q(t) = rri wy + 1 eJ cos(2q) + 1 cos(4q) (2.7a)
2

J(t) = —% = _eJ%sin(2g) + % sin(4q) . (2.7b)

We perform the following steps:

Step 1: time re-parametrization. Set ¢ = w t where w is the (still unknown) frequency on the 1-torus
(periodic orbit) corresponding to the solution with initial conditions J(0) = Jy, ¢(0) = 0.

Step 2: frequency expansion. This is the key element of the Lindstedt method. We expand w as

w=wy—ea\(Jo) - arx(Jp) +.... (2.8)

Note that the corrections a; i = 1,2,... are functions of the parameter Jy, i.e., of the ‘amplitude’
(square) of the oscillations.
Step 3: expansion of the solution. We write

q(®) = qol@) +eqi(@) + € () + ... ,

2 (2.9)
J(@) = Jo(@) +eJi(p) +& L) + ... .

Note here a key element of the method, which is the fact that all functions ¢;,J;, i = 0,1,... are
considered functions of the phase ¢ = wt rather than of the time ¢ itself. This is the key point in
the differentiation of the method presented here with respect to the ‘torus-fixing” method presented in
Subsection 2.3. The relevant fact is that the use of the angle ¢ (or, more generally, of a set of angles
¢ € TV, with ¢ = wt in the N-DOF case), instead of time, allows to split the equations of motion in a
sequence of linear non-homogeneous equations, whose iterative solution introduces divisors depending
on the unperturbed frequencies wy. This is made clear in the next step.

Step 4: splitting of the equations of motion in powers of € and iterative solution. In our example,
from the definition of ¢ we have:

L %@ _ dgt) L@ _ dp)

de — dt’ dy dt

Substituting (2.8) and (2.9) in the equations of motion (2.7a) and (2.7b) leads to the following
expressions (up to order 2 in €)

(a)o —ea;- & az) (dq;;‘,o) +& dqc;;go) +& a’cZ;cp) (2.10a)
3eJ J 3g2J
= w0+ 220 ) cos2anen + T8 costaanten + T 2 ) cos2 o)
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N
+ £ ;(‘p) cos(4 qo(9)) + 2 & Jo(9) g1 () sin(2 qo(@)) — & Jo() q1() sin(4 qo(g))
(wo —ca; - & az) (dJc(i)g(oSD) +¢& dJa;;gD) + & dJ;g(f)) (2.10b)
e Jo(p)?

= —& Jo(p)* sin(2 go(p)) + > sin(4 qo(g)) — 2 &> Jo(p) J1 () sin(2 go(¢))
+ & Jo(p) Ji(9) sin(4 qo(g)) — 2 &% Jo(@)* g1 () cos(2 qo(p)) + 2 &> Jo(¢)* q1() cos(4qo(¢)) .

Now, in order to iteratively determine the functions g;(¢), J;(¢), we compare the two sides of the
equations of motion at equal orders. At order O we have

dqo(e) _ dJo(p)
wWo 7 =Wy, wWo

Fixing the initial data as ¢o(0) = 0 and J(0) = Jy, we then arrive at go(¢) = ¢ and Jy(p) = Jo. At
order 1, we now have

=0 = qp) =9, Jolp) = Jo

d 3J J
wo qc;(go) —a; = -0 Jo cos(2p) + =0 cos(4¢)
¥ 4 4 2.11)
dJi(e) J3 '

D= = —J? sin(2¢) + 30 sin(4 ¢) .

As well known, a; is determined by the requirement that no secular terms be present in the series. This
yields a; = =3 Jy/4 . Then, the Cauchy problem with the previous differential equations and the initial
constants ¢(0) = J;(0) = 0 yields the solution

Jo . Jo . 375 h J
qi1(p) = —— sin(2p) + sin(4y) , Ji(p) = —— + =—— cos(2p) — —— cos(4y).
2(4)0 160)0 8(1)0 2&)0 8(.4.)0

The process can be repeated at subsequent orders. We leave to the reader to verify the result at second
order, leading eventually to
) = ¢ - 22 Ging) + i Sin2 ) + —— sin(4g)
=" 20 T B2y LTI
2 2 2 2
%o sin(4 ¢) — il sin(6 ¢) + el
W} 32w 512w}
0 = 7 3eJ2 1382J) &lJ? 20) 337 T3 20
1 =Jy— + + cos - cos

T Bwy | 16w 2w YT 3w i

eJ; 32 ] g3

— ——cos(4 ) + cos(4 ) +
80.)0 32

2 2
Wy Wy

e J

sin(8 ¢),
(2.12)

cos(6¢),

with ¢ = wt and w = Wy + T T & . Comparing the result with Eqgs (2.4) and (2.6), we can
wo

see that the solutions ¢(t), J(¢) of the two methods are equal. This is easy to justify by checking the
structure of the l.h.s of Eq (2.10). After the expansion of the frequency, the differential equations to
solve at subsequent steps all involve the operators wyd/de. Hence, all divisors appearing in the series
terms are in terms of the unperturbed frequency wy.
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2.3. Lindstedt series analogous to Kolmogorov

It was already pointed out that the Lindstedt series examined so far, as well as their ‘indirect’
(normal form) counterpart, produce, in general, series which are divergent and only have an asymptotic
character. * On the other hand, Eliasson [6] and Gallavotti [12] established the existence of convergent
Lindstedt series in nonlinear Hamiltonian systems satisfying the necessary conditions for the holding
of the Kolmogorov-Arnold-Moser theorem. Gallavotti ( [11]) presented a diagrammatic proof of the
convergence of the Kolmogorov normal form also in the ‘twistless’ case, i.e., when the size of the
Hessian matrix of the unperturbed Hamiltonian H,(J) is not limited from below (it is equal to zero in
the ‘isochronous’ case). A constructive Kolmogorov algorithm able to deal also with the twistless case
is presented, along with the demonstration of its convergence, in the present volume by Sansottera and
Danesi [20]). The convergence of the Lindstedt series in this case is addressed, instead, in [4] (see
remarks in the introduction).

As discussed in the introduction, when series constructions analogous to Kolmogorov are sought for
in the isochronous case, an important point to address is the need for performing, at the final stage of
the construction, a process involving series reversal. This reversal is necessary in order to explicitely
compute the solutions ¢g(#), J(¢) whose initial conditions ¢, Jy correspond to motion on a torus with
given frequency vector w. The key remark is that the value of J,, which parametrises the solutions,
cannot be fixed in advance due to the lack of a twist condition allowing to compute the mapping w(Jy).
We now discuss the application of the direct (Lindstedt) method analogous to Kolmogorov in the same
example as in the previous two sections, aiming to illustrate the above points.

Fixing the frequency of the torus in the isochronous case can be implemented as described in [13]:
assume that we target a particular solution of the equations of motion (2.7a) and (2.7b) represented
as a trigonometric series and evolving according to a given pre-selected frequency w. Inverting the
expansion (2.8) we obtain

wy=w+eai(Jy) + € ar(Jo) + ... (2.13)

Also, as before we expand the solution as

q(t) = qo(t) + £q: (1) + & Q@)+ ...

) (2.14)
J@) = Jo() + e ,(1) + 2 (1) + ... .

Note, however, that this time we perform no time-reparametrization, i.e., the solutions remain
expressed as functions of the time ¢. Thus, replacing the above expressions in (2.7a) and (2.7b) the
equations of motion lead now to the expressions (up to order 2 in &)

38Jo(f) 8J0(l)

Go() +&Gi(1) + & Go(1) = w + gay + — & Jo(1) cos(2qo(n) +

32 Ji(t
+ ETI() + & ay — & Ji(1) cos(2 qo(1)) +

+ 28 Jo(1) g1 (1) sin(2 qo(1) — & Jo(1) q1 (1) sin(4 qo(1)),
e Jo(1)?
2

cos(4go(®)) (2.15a)
82 Jl (t)
4

cos(4 qo(1))

Jo(t) + £ J1(0) + €% Jr(t) = —& Jo(£)* sin(2 go(1)) +

sin(4qo(?)) (2.15b)

“The examples treated in this section are obvious exceptions, since, we deal, for simplicity, with 1DOF systems exhibiting no small
divisors. Small divisors appear, instead, for N > 1.
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— 2% Jo(t) Ji(t) sin(2 go(1)) + &> Jo(t) J1(t) sin(4qo(t))
— 2% Jo(t)> q1(1) cos(2qo(t)) + 2 & Jo()* qi(t) cos(4 qo(t)).

Collecting now the terms of equal order we can compute iteratively all the functions g;(¢), J;(¢), for
i =0,1,2, setting, at order zero:
qo(t) = wt, Jo(®) = Jo

which corresponds to the choice of the initial condition g¢(0) = 0 and Jy(0) = Jy. Then, at first order
we have

3J J.
Gg(t) =a; + -0 Jo cosRQwi) + ZO cosdwt),

4
(2.16)
, J?
Ji(t) = =J2sinQw 1) + 50 sin(4 wt)
implying a; = -3 Jy/4 and
Jo . Jo . f 5 5
q1(t) = —— sinRQwt)+ — sin(4wt), Jit)=——+ — cosQwt) — — cos(d wr).
2w 16 w 8w 2w 8w

Note that the integration constants in (2.16) were set as ¢;(0) = J;(0) = 0, consistent with our choice
of initial condition. Repeating the procedure at second order yields

eJy eJy 2J3 & J3
Q(f) =wl— E sin(2a)t)+ 16_(,0 SiIl(40.)l)+ W sin(2wt)+ 64 o2 sin(4wt)
g J? 2 2
= 25 SN + S sinBwi),
3eJ? &J? e J? 17&*J3
J0)=Jo— =L+ L cosQuit) - —2 cos(dwt) + ——> (2.17)
2w 8w 32 w?
216273 Cob 3623 o &J; 6w
-5 H+—— £+ 0,
0 cos(2w 90 cos(4 w 902 cos(6b w
38.]0 6982J§
w = wy+ -
4 64 w

It is instructive to compare the solutions (2.17) above with those (Eq (2.12)) found in the case of the
original Lindstedt method. We have the following remarks:

(i) From second order and beyond the coefficients in front of the harmonics cos(mwt), sin(mwt) for
the same m are not all equal in the two solutions.

(i1) Most importantly, the structure of the divisors in the two solutions is different. In the torus fixing
case (Eq (2.17)), all divisors involve the corrected frequency, w, instead of the original frequency wy of
the linear oscillator. This is not a problem for the method to proceed, since this frequency is known in
advance. In N—DOF systems, in general, with the ‘torus fixing method’ we obtain divisors of the form
m - w. Thus, the method can proceed even when the original frequencies of the N linear oscillators
wy are resonant, as long as we impose a non-resonant detuning in the adopted values for the final
frequencies w on the torus.
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(ii1) On the other hand, the value of the initial condition J, leading to motion on the torus with
frequency w remains uknown up to the end of the construction. From the point of view of the symbolic
implementation of the method in the computer, J; is a symbol whole powers have to be carried on
along with the remaining powers of trigonometric monomials in all series terms and at all iterative
steps.

(iv) At the end of the process, however, J; can be estimated by reversing the series (2.13), given
that the functions a,(Jy) are monomials of degree » in Jj. In an analogous way, in the N-DOF case we
will end up with N series equations of the form

[ee)

Wo,j — Wj = Z ganj(Jo,---»Jon) (2.18)

n=1

where the functions a,, j(Jo1, ..., Jon) have all been specified iteratively up to a maximum truncation
order in n, and they are polynomial in Jo = (Joj,...,Jon). Thus, the series (2.18) can be formally
inverted, yielding

1 [e9)
Joj= = ) Puf@ — @) (2.19)
n=1

where the functions P, j(w — wy) are polynomial of degree n in the differences (w — wy). Note that
for the inverse series to converge we must require the difference |(w — wy)| to be smaller than &, a fact
which limits how far we can detune w from wy in order to be able to specify the corresponding initial
condition Jy. An obvious choice is |[(w — wy)| = O(?). At any rate, we emphasize that the convergence
of the inverse series (2.18) is an open problem, crucial to the applications."

2.4. Kolmogorov normal form

We finally arrive at the here proposed Kolmogorov normal form algorithm yielding solutions
equivalent to those discussed in the previous subsection. This is implemented by the following steps:
Step 1: substitution of the frequency series into the Hamiltonian. In our example, we substitute wy in
the Hamiltonian (2.3) with the series (2.13). This yields (up to second order, apart from constants)

3eJ> 3J 3 eJ?
04+ 408p + —gp2 - TO cos(2q) — eJop cos(2q)
) 8 8 (2.20)

eJ J
- gpz cos(2q) + ?0 cos(4q) + %p cos(4q) + gpz cos(4q) +....

H(g,p) = (w+ea; +&a+...)p+

Step 2: normalization. To set the Hamiltonian into Kolmogorov normal form up to second order, we
fix the value of the constants a;, a, and we perform a sequence of Lie transformations aiming to give
the Hamiltonian the form (in the transformed variables) H®(q, p) = Z®(q, p) + R®(q, p) where the
remainder R® is O(&?), while Z®(q, p) has the form Z®(q, p) = wp + eRi(q, p) + & R:(q, p) with
both Ri(g, p) = O(l| p|]>) i = 1, 2. To this end:

In the lack of a known answer to this problem, we can adopt two different attitudes: we may fix J and claim that our series answer
the question of what was the value of wy in the original Hamiltonian corresponding to the motion on the particular torus with frequency
w (see [20]). On the other hand, in real world applications the only certainty we have is about our initial model (!), i.e., wy, so, we
must devise a method to propose values of w for which the method will probably turn to converge. In the case of the FPU problem, a
numerical procedure to move within the space of the parameters w so at to choose plausible values was proposed in [3].
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- First order: we fix a; so that the linear term &a, p acts as counterterm for the term &(3.Jy/4)p. This
provides, in the twistless case, a process by which the frequency w can be kept fixed (in the usual twist
case, instead, this would have been accomplished by exploiting the Hessian matrix of H, ). Formally,
we require that

J 3J
<h(1(f{>q = <a1 p—Jop cos(2q) + Zopcos(4q) + :p> =0, (2.21)
q
leading to a; = —34ﬂ. Now, we insert this expression for a; in the Hamiltonian (2.20), leading to
3¢y 3e , &J;
H(g,p)=wp+ + —p~ — ——cos(2q) — eJop cos(2q) — —p 2 cos(2q)
, 88 2 (2.22)
&Joy gJo 2 2
+ e cos(4q) + ol cos(4q) + gp cos(4g) +ea p.

We can now eliminate the O(g) trigonometric terms in the Hamiltonian with the usual procedure.
Namely, we define a generating function X"(g) used to eliminate terms not depending on the action
p . These are

32 J2 J5
h(o) ? — EO Cos(zq) + §O COS(4q) ’

leading to Ly, (w p) + h(l?()) = <h(1?())>q , that is

2 2
XV(g) = o sm(4q)—— sin(2q) .

Note that, similarly as in the Birkhoff case (Subsection 2.1), here too we have to fix the initial conditions
so that the relation g(0) = p(0) = 0 is preserved between variables before and after the canonical
transformation. This is achieved by setting the generating function as y'"(¢) = X"(¢) + K¢, where
K" = 3J2/(8w) is a constant. The general rules for the determination of the constants K will be
discussed in Section 3.

Using the generating function X(ll)(q) we obtain the intermediate Hamiltonian

HD = exp(L )7‘(,

1
ex\" (@)

given by

— 3 J
HY =wp+ ?8 p* —eJypcos(2qg) — gpz cos(2q) + % pcos(4q) + gpz cos(4q)

17627 35&* J; g J; 782 J2p 11&*J]
- +eap— p+ cos(2g) + cos(2q) — cos(4q)
64 w 64w 2w
2 Jg £2 8 212 p 2 3 22 p
- cos(4q) + cos(6q) + cos(6q) — cos(8¢q) — cos(8q) .
16w 8w 64 w
(2.23)

We will now eliminate the trigonometric terms linear in the momentum in V. These are

1
/h\(l) =—-Jopcos(2q) + - JO pcos(4q)
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and can be eliminated by a generating function of the form x\"(¢, p) = ¥3"(¢, p) + SV p satisfying the

homological equation LX(;)( op) (@D) +’1€§1{ = 0. As before, the value of the constant SV is fixed by the
requirement that the initial phase of the solution of g be preserved to zero by the transformation. We
find S = 0 (all constants §® = 0 when the Hamiltonian has an even symmetry). Then

J J
2P Gin2g) + 222 sin(aq).

~(1) _
X5 (q,p)——zw 6o

The new Hamiltonian is
(n _ (D
HY =exp (L8X<21>(q’p))‘7-l

and it is in Kolmogorov normal form up to order €.
Repeating the same procedure at second order we arrive at the formulas

692

a = (2.24)
1759 T3 J3 ) 3
) 0 0 . 0 . 0 . 0 .
X = " ¥ g SNCD g SN + g 5 sin(6g) = 55 5 sina).
372 7J2 Ip Jop
@ _ oP . 0 0 . 0 .
= edu? sin(2g) — T sin(4q) + 1 sin(6q) — S0 sin(8¢q) ,

leading to the Hamiltonian H®(g, p) = Z¥(g, p) + R®(g, p) with the Kolmogorov normal form part

360 &p? 5 51820y 378 Jy
Z0@G, p) = wp + ‘98” —% cos(zq)+% cos(4g) — ‘; 40‘)’}’ + ‘39263” cos(23)
7 2J ~7 3 2] ~7 2 ~?2
- % cos(4qg) + % cos(6g) — c 40a) cos(8g)

((g, p) denote again the new variables after new normalization steps).
Step 3: calculation of the solution on the torus. Using the compact notation

ZP@G,p)=wp+eR (G, ) + & Ry(§, P)

where R;(g, p) = O(| p1I*) j = 1, 2, the equations of motions under the Hamiltonian Z® are

. 0Z® R(G, P R>(G, P
q:a - :w+83 1(q~,p)+82c9 2(6~1,P) = w+ 0351
op op op
. 0Z9  OR(q.p) ,O0R:(G.P) ~ 2 ’
p=——F=- —— —¢€ — =0(IpII"
oq oq oq

The torus p(r) = 0, g(t) = wt (where we chose g(0) = 0) is a solution of this system. This can be
back-transformed in the original variables using

q = expL @ expL, Ny q, p =expL,, @ expL,, @ expL, xé”eXpLsxﬁ” p. (2.25)
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Substituting the solution (g(f) = wt, p(f) = 0) in the previous expressions, we readily deduce the
solution in the original variables:

J J 2J2 2]2
qt) = w1 = 22 sinQwn) + T sin(wn + —— sin2wn) + = sindw)
2]2 82.]2
- 320)02 sin(6wt)+5T£)2 sin(8 wt),
3eJ2 el e J? 176> J3 (2.26)
pt) = - ™ +mcos(2wt)—mcos(4wt)+ S
212 J; 3683 &J3
—Wcos(Zwt)+ 0 cos(4a)t)+32 > cos(bwt),
w w w

J@®) = Jo + p(t).

Also, using the computed expressions of a; and a, (Eqs (2.21) and (2.24)), we obtain the relation
between the torus frequency and the original frequency

3ed, 69 J
4 6dow

w = wy+

These expressions are identical to the ones found by the Lindstedt method of Subsection 2.3
(see (2.17)).

2.5. Comparisons and numerical tests

In order to better visualize the differences between the methods (i) and (ii) (i.e., respectively,
‘analogous to Birkhoff” and ‘analogous to Kolmogorov’) we report, in the Tables 1 and 2 below, the
series terms corresponding to the solutions for g(#) and J(f) as obtained by the two methods up to
order &7

Table 1. Comparison between the series terms for the solution ¢(¢) in the Lindstedt series
obtained by the methods (i) and (ii) up to order &°.

Method: o) O(e) O(&?)
31 Jg ) Jg )
S Anal J J > SinZwi) — o sin(4 wt)
M Tla ogo?s wt -0 sinQwt) + 0 sin(4 wt) 3 02
to Birkhoff 2 wy 16 wy 0 . 0 .
- sin(bwt) + —— sin(8wtr)
32 w% 512 wé
195 B
(ii) ‘Analogous T . o . 3247 MG+ er s s
to Kolmogorov’ 54 sin2wt) + oo sin(4 wt) J2 2
w w 0 . 0 .
T sin(bwt) + 5202 sin(8 w )
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Table 2. Comparison between the series terms for the solution J(#) in the Lindstedt series
obtained by the methods (i) and (ii) up to order £

Method: o) O(e) O(&’)
13 JS 33 JS
' 5 5 5 5= > cos(Zwr)
(i) ‘Analogous 3 I J; 16w 32wj
) , Jo ——— + — cosQRwit)— —— cos(dwt) 3 3
to Birkhoff 8wy 2wy 8wy 3J; 0
+ cos(dwt) + cos(bwt)
16 w3 32wj
1705 2173 Qo
) ‘Anal 372 2 >~ 255 CosCwi
t(nI)( lna ogous’ Jo 3o 04 2—0 cosQuwt) — 8—0 cos(4wt) 320 3 32w 3
0 KoImogorov w w w +—2 cos@wt) + —2— cos(6wt)
32 w? 32 w?

From Table 1 above, we observe that the solutions ¢(¢) and J(¢) obtained by methods (i) and (ii)
have the same form up to order O(g), except for the fact that in method (i) all divisors depend on
the frequency wy rather than w. On the other hand, the coeflicients found by the two methods start
differing from the order £ and beyond. Moreover, the series for the frequency w obtained by the two
methods are:

38.]0_6982.]5 (1):(,()0+38JO—6982J3

= + b b
W= @y 64 w, 1 64

which differ again as regards their divisors.

The effect of these differences on the precision of the two methods can be seen even in the simplest
case of a system with one degree of freedom in which both series are convergent (the series ‘analogous
to Birkhoff” are, instead, divergent when N > 2). To this end, we report below a comparison between
the numerical solutions and the analytical ones, obtained by the methods (i) and (ii) in the example of
the Hamiltonian (2.1). To produce the Lindstedt series (ii) in this example we work as follows: fixing
the initial and final frequency wy and w , we reverse the series (2.8) according to

dw = —Zg" aiJo) = f(Jo) = Jo=f"(dw), (2.27)

i>0

where dw = w — w, and f~! denotes the series inverse to f. Then, having specified J, through the
inverse series (2.27), we compute all numerical coefficients in the Lindstedt series (i) and (ii) up to
order £* . We analyze three different cases:

)e=1,wg=1and w=1.002;
2)e=1,wp=1land w =1.02;
3e=1,wp=landw=1.2.

Let us note that all results are rescalable to different choices of €. Reversing the series (2.8) as
prescribed by (2.27), we obtain, respectively, the following values for the amplitude (initial action
datum): Jy = 0.0026769, 0.0277048,0.383509 . Substituting these values of €, w, wy and J in the
solutions ¢(#) and J(¢) we obtain the solutions, as functions of ¢, produced by methods (i) and (ii).
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At the same time, it is possible to integrate the equations of motion (2.7a) and (2.7b) to produce a
numerical solution, starting from the initial conditions g(0) = 0, J(0) = J,.

Figure 1 shows the difference (in Log,, scale) between the semi-analytical solutions obtained by
methods (i) and (ii) as above and the numerical solution for the angle ¢(f). Since the only
systematically growing error is due to differences in the frequency estimates, all errors between the
numerical and analytical solutions in the angle g(¢) grow linearly in time. We observe, however, that
the Lindstedt method ‘analogous to Kolmogorov’ always produces more precise results than the one
‘analogous to Birkhoft” with a difference in precision of about one order of magnitude when dw is of
order 10~ and raising up to two orders of magnitude when dw becomes of the order of unity.

il (i)

Y WW(W (i)

-8 -4
-1.0 -0.5 0.0 0.5 1.0 15 2.0 25 -1.0 -0.5 0.0 0.5 1.0 1:5 2.0 25 -1.0 -05 0.0 0.5 1.0 1:5 2.0 25
Log1o(t) Logio(t) Log1o(t)

(i) (i)

Log1o(lanum(t)-ganAaL®)])

Log1o(lanum(t)-ganAL®)])

Log1o(lanum()-gaNAL (D)

Figure 1. Difference between the numerical solution g(#) and the one produced by the method
‘analogous to Birkhoft” (in blue, (1)) or ‘analogous to Kolmogorov’ (in red, (i1)). From left
to right for the cases 1) e = 1, wp = landw =1.002 ,2)e =1, wy = 1 and w = 1.02, 3)
e=1l,wp=landw =1.2.

2.6. Hamiltonian preparation in the case of odd nonlinear couplings

A particularity of the example treated above is the fact that the original Hamiltonian is analytic in
the whole domain J € R. This changes, however, in more general models in which the Hamiltonian is
of the form

H(g,J)=wo-J +eh(q,J;e)

where the development in powers of the variables J contains semi-integer powers, as is, for example,
the case of polynomial nonlinear couplings containing odd terms in one or more of the oscillator
variables x;,y;. Let us note that physical examples of such Hamiltonian systems, with oscillators
non-linearly coupled through odd polynomial terms, are ubiquitous, and include the
Fermi-Pasta-Ulam a@—model, the secular Hamiltonian in resonant cases of perturbed Keplerian
N-body problems, magnetic bottle Hamiltonian models, etc. In the next section, we will present a
formal algorithm applicable to a generic form for the function H,. The sequence of normalizations in
this algorithm is arranged so that the result agrees with the corresponding one obtained with the
Lindstedt series. A particular example showing this agreement is presented in the Appendix.

Mathematics in Engineering Volume 5, Issue 2, 1-35.



19

3. KAM algorithm for isochronous systems

We now give the Kolmogorov algorithm for generic isochronous systems with Hamiltonian

H(g,J) = wo-J+ ), > &hi(g,]) 3.1)

>l s>3

where ¢ € T", J € B C R", ﬁi,s = O(|lJ]|?) . We assume that the Hamiltonian (3.1) has a half-integer
power dependence on J , i.e., admits the expansion, for n — oo, of the truncated series

wy-Jo+wy-p+ ZZ Siili,s(q,JO +p)

i>l s>3

n 7, (k)
wo-Jo+wo-p+ Z Z Z s‘h"’s(q’JO + Do .

l
|
>l s>3 k=0 k!

7—{(qa D JO)

(3.2)

where 7 are the k—th derivatives of i with respectto p = J — J, .
Apart from constants, the Hamiltonian can be written in the compact notation

H(g.p;Jo) = @o-p+ ) & hilq.p; Jo). (3.3)
i1
The algorithm allows to compute quasi-periodic orbits with a frequency w fixed in advance, given
by
w=w- ) &allo, (34)

ix1

where the parameters J,, whose values are to be specified in the end of the process, give the initial

conditions for J of a trajectory on the torus with frequencies w . To this end, along with the normalizing

canonical transformation, the algorith computes ‘on the go’ the functions a;(J) (‘counter-terms’).
Substituting the series (3.4) in the Hamiltonian (3.3) we arrive at:

H(g.p:Jo) = @-p+ ) & hilg.p;Jo+ ), & allo)-p. (3.5)

i>1 i>1
In the following we use the notation
& WP (g, p: Jo) = & | W (g: Jo) + h(q. i Jo) + D hE(g. p Jo) | (3.6)
22

where h%) is independent from p, hgkl) linear in p and the remaining sum is O(|| p||*). To facilitate
reading, the indices (i, j, k) used in all subsequent expressions refer to

i = degree of the corresponding ¢,
hka) : j=degreeof p, (3.7)
k = step of the algorithm .

We now have the following
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Proposition 1. Assume the vector w is non-resonant. There exist Lie generating functions )((lr), )((zr)

such that, after r normalization steps, the Hamiltonian (3.5) is given by the formal series:

c]..((r)(q(r), p(r); JO) — ( exp(Lé"'X(;))( exp(LsrX(lr))']_{(r—l)))

(=D
p(rfl):p(")
w-p+eCi+...+&7'C,1+6C,

+ sh(’)(q p:Jo) + ...+ & (g, p; Jo)
+& W (g.p Jo) + & @ (Jo) - p+ ...

where K" = Y00l j 2 r+1 and i) = 30, K € OUpIP)Y j = 1,.... 1, with

oy =Co=(h") - w- K® Vi<k<r,
o =iy Vritl<k<2r—1,
[ 2=

1 .
n _ E: 1o 1)
h2r0 ~ j!LX(lr)(q) (th—jr,j)

L$+MQ¢J1
h(r) — Z Lj LS (h(r_.]) )
k0 il 0 " k— jr—sr,s
e ] X5 (q.p) xi (@)
1
Lk=1)/r]=1 [ 1 (r=1)
1 h ) Vk>2r+1,k#mrmeN,
LEJ -1\ +5(q.p) ( =(1&-1)r0 #
. !
L k jr— IJ
r 1 . 3
hl(cr()) Z -L](,) L, (h,(:_ " ) Vk>2r+1l,k=mr,meN,
’ Jjls! Xy’ (ap) x; (@ Jr=sr.s
j=0  s=0
he) =0 Vi<k<r,
k k jr=1
o ]
r 1 .
n _ J s (r-1)
_ . >
by = Z s 7L (2r>(q7p)LX(lr>(q) (hk_j,_mlﬂ) Vk>r+1,k#+mr, meN,
j=0  s=0
L2 )| et
h(’) Z Z j L* (h(r—.l) )
k1 ™ gl | (’) ol k—jr—sr,1+s
‘D Jhs! (a.p xi (@
m-—1 _
+ ——L" (h(rll)) Vk>r+1,k=mr, meN,
m! x@p\"
e =y V1<k<r,i>2,
S k,i
Iy
(r) s (r-1) .
o > >
& Z Z0 jrs! s' ”(q P)LX( "(g) (hk—J’—S’J”) Vkzr+l,i22.
= S=
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Given the Fourier series h\'y"(q) = Z Ve and h'7V(q, p) = E Z C;-rk)Pieik'q, the generating
kez" =1 kezr
functions x\, ¥\ are defined by

(r—1) (r-1)
r r r ¢ ik ¢
W @=X"Q+K"-g= > |F—=c*1-t—k g,
ik -w k-w
keZ"\{0}

X(g.p) =iV (q.p)+S” - p
c(.rk) ic(.rk)
=Yg - (I J ik-q J -
(@-p+S"-p Z Z 70 trol?
=1 keZ"\{0}

Proof of the proposition. The generic r-th iterative step of the algorithm is defined as follows: after
r — 1 steps, the hamiltonian (3.5) has the form:

H V(g piJo) =w-p+eCi+...+&7 Cpy

+eh g, p;Jo) + ...+ B (g, py Jo)

rp(r—1) r (38)
+& h'"(q, p;Jo) + € a,(Jo) - p
+&™! h(r:—_ll)(q,p; Jo)+& " a(Jo) p+...,
where C; ... C,_; are constants and hl(.r_l) € O(lpl» Vi = 1,...,r — 1. Taking into account the
notation (3.7), we re-define the quantity hgk) according to
hg’kl) — hfkl) +a;-p= (Vphﬁ,kl) + ai) -p Vix>r. 3.9

We then have:
First part of the proof: the r-th normalization step consists of two substeps, each involving a
canonical transformation.

o First half step: we set

) _ - _ N E) (1)
HY = exp(Lg,X(ln(q))?'( = 2. 7 Lxﬁ”(q)ﬂ , (3.10)

where the generating function y\” is defined as x\”(q) = X*'(g) + K - ¢, with K”’ an appropriate
constant vector defined below, and X" is defined through the homological equation:

{w-p. X))+ 1y (g) = (W (@) . (3.11)

where (.) denotes the mean over g. The function X)(gq) eliminates all terms of order O(&")
depending only on the angles ¢ in the Hamiltonian ™", Writing hgro_ Y(¢) in the Fourier form
Wy gy = > ey "e* from (3.11) we find:
kezZn
crb
x® = Kk ok 3.12
(= ), e (3.12)

kezZ"\{0}
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We then impose the condition that the terms of order O(¢”) linear in p have zero

(g, p; J0) = 0. (3.13)

This specifies a, as a function of J, via Eq (3.9).
Finally, we specify the constant vector K. To this end, we impose the condition that the solution
in p has the form }}; Ay (cos(k - q) — 1), so that, at time ¢ = 0, we have p(0) = 0. Writing (3.12) as

X"(q) =

l-C(r—l) C(V—l)
k k .
[— X cos(k - q) + X sin(k - q)} , (3.14)
keZm (o) W W

the poisson bracket of )((lr)(q) with the i-th component p; (1 < i < n) of the vector p yields the

following expressions for the i-th components Kl.(’) and k; of the vectors K” and k :

. (=1 r-1)
(i, XO@) + (pi, KV - qh = [—{pi, —~—cos(k - @)} + {pi, "—sin(k-q)}]—KE’)
0}

rom k-w k- -w
. (r-1 (r-1)
B 1Cy : Ck " _
= — Z ki sin(k - q) + F—ki cos(k - @) |- K" = (3.15)
keZm\ (0} w W
ic(r—l) C(r—l)
=— Z k k; sin(k - q) — Z k ki(cos(k-q)—1) .
. k-w
kezZm\(0) kezZm\(0)
Hence
C(r—l)
Klgr) _ _ kk k; (3.16)
kzmpoy ¢ @
i.e.,
>
K" = — k. (3.17)
kezZm (0} k-w

Finally, we compute H® in (3.10) as:

ﬁ(’)(q,p;lo) =w-p+eC +...+&7C, +€C,
+eh (g, p; Jo) + ...+ B (g, p; Jo) (3.18)

+ & W(q, p;Jo) + R (g p o) + .

where’h\y) = Zizofh\;:.) VYjix>r andfh\;’) = Zizﬂz\;’; eO(lpl»Vj=1,...,r—1, where:

Ty = Co= (1) —w- K Vi<k<r, (3.19)
Iy = hy" Vrtl<k<2r—1, (3.20)
7w & 1 j (r-1)

o =0 ﬁLXY)(q) (h"‘f”i) Vkz2r (3.21)
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=0 Vi<k<r-1, (3.22)
= h, (3.23)
L&)
) = Z; % iﬁ”@ (h0)) Vkxr+1,ix1, (3.24)
=
)= hY VI<k<r,i>2. (3.25)
e Second half step (of r-th): We compute
H" = exp(Ly, o, ) H" = (8] ‘) A (3.26)
720

with a generating function y\’(g, p) linear in p. Setting ¥\ (g, p)
(g, p) satisfies the homological equation

The function )2(;)

=15(q.p)+8"p = YO (@) p+STp.

(w-p. ¥ @.p) +1)(q. p) = (3.27)
Setting ’h\irl) (q.p) = Z Z c;rk) p’e™* 1 the solution of (3.27) is
=1 kez
(r)
~(r) _ Jjk i ik-q
Wap=), > Z=pe (3.28)

=1 keZ"\{0}

We finally compute the constant vector S by the condition g(0) = 0 at the time ¢ = 0. By the

poisson bracket

(9 x9) = (g, 15 (q, P} + {q:, S - p)
0 0
- {61, 7P costk- )+ g, = p'sink - )} |+ {q: . S7'P)
. ik -w k-ow J
ljl=1 \keZ"\{0} L
(r) (r)
Cik ) (3.29)
—Z[ Z k- szl'l pl "sin(k - q) +S()], P ]
it Gzt |
(r) (r)
- Z Z { ! (cos(k - ) 7L sin(k - q)
ljl=1 keZ"\{0}
we obtain
ic(rk)
S('r) — Z sk (3.30)
J )
keZm (0}
The Hamiltonian H (Eq (3.26)) is:
H (g, p;Jo) =w-p+eCi+...+7'C,.i+6C,
+eh(q,p;Jo) + ...+ & 1 (g, p; Jo) (3.31)
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where b = 300 h)Y j2 r+1 and K = ¥, ) € Ol pI)Y j=1,...,r, where:

" _ 7
heo = hyg V1<k<2r, (3.32)
&L 1
(n _ 7 r)
h) = ,Zo T (7”,0) Vk>2r+1, (3.33)
K =0 Vi<ksr, (3.34)
&L 1
rn _ 7l r)
h) = ,Z;‘ T (7, Vk>r+l,k#mrmeN),  (3.35)
L5 1
(n _ i r) _—qm . —
h) = 2. 7L (m2 )+ L @ D) Vik>r+l,k=mr(meN).  (3.36)
hg =, Vi<k<r, i>2, (3.37)
L5) 1
n _ 7l r) :
h) = 2, 7 V) Vk>r+1,i>2. (3.38)
Equation (3.36), using homological equation (3.27), can be written equivalently as:
1 m—1
(rn _ 7 r) o gym-1 r=1) —
o = Jj=0 j @ (\;“j”l) " m! x3@.p) @,1 ) Vikzr+l,k=mr(meN) (3.39)

where, from (3.36) we have

| 1
=0 ﬁL)j((zr)(q,p) @(’3 ‘i”l) " ;!L)rcn‘{)@,p) (@-p) =
mZ_zle L)t o L ()L () =
e U ap N = D @ Y mt ) @ P)=
3 1Lj (7;(’) )+ ! SN I § m=1 w1 (g0
= F ¥ (q.p) \ mr=int m! Xé")(q,p)( rl v (q.p) (w~p))+ @ c,l

).

Second part of the proof: using the formulas (3.19)—(3.25) and (3.32)—(3.38), we can express each
term in the function 4" in terms of the functions 2"~V instead of A" . From Eq (3.32) we have

V1i<k<r,
Vr+1<k<2r-1,

N
(n _ ) _ (=1

hk,O - hk,O - hk,O
L2r71J

=2,

2r,0
=0

where we used Eqgs (3.19), (3.20) and (3.21), respectively. Using (3.25) we have

1 ( (r-1)
jlod@

G
I = h )

_ ,r=1)
2r0 — =h

r-1)
20t Lo (hr,l )

W) =Hn)=h"" Vi<k<r,iz2.
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Equation (3.38) can now be written in the form

k

< 1
(r) r) Lk=1)/r] [7;0r)
i Z (’)(qp) - /”) - LEJ!LX({)(q,p) (hk—Lk?lJ’J) (3.44)
Jj=0 r o4
Vk>r+1,i>2. Theindices i, j, k in the first term of the above equation satisfy the relation

k—jrzk—l_k_ljr+r2r+l, (3.45)

where we have used the inequalities j < [(k— 1)/r] — 1 and |k — 1] < kK — 1. Then Eq (3.45) ensures
that the first term of (3.44) satisfies the definition (3.24). For the second term in (3.44), we have the
following useful (also in the sequel) remark: we can write k = mr + f, where 0 < f < r—1 and
m € N . Thus

—Lk_1]r=mr+f—L%f_1Jr:f—L]%Jr. (3.46)
Then
—Lk_ljr:f—Lf_ljr:r if =0 (3.47)
and
-1 .
1 <k-— L Jr_f | Jr<r—1 if1<f<r-1. (3.48)

We can conclude that 1 < k — I_(k -D/rlr<r, 1mp1ying that the definition (3.25) holds for the second
term in (3.44). We can then write (3.44) as*

L k ]) 1
Ny 1
L L} (r=1) Lk=1)/r] ( f,(r=1)
Z Z ] 1 (’)(q ) X(l')(q) (hk—jr—sr,i+s) + LEJ’LX({)(‘LP) (hk—l_éjr,i) (349)
=0 s=0 e
L k Jjr— I
’ 1 j s ( -1
Z h i j ) ’
Jl's X (a.p) Y (g) \k—jr=srits
J:

h(r)

5=0
Vk>r+1,i>2.

Equation (3.33) can be analyzed similarly as above, by splitting it in three different parts

L2

B = Y "

1 1
Lk=D)/r]=1 [7Tr) Lk=D)/r] [71r)
= — N+ ———L n +——L i
k,0 H] (r) k—]r,O) k=1 (r) ( ) ( )
AL (LTJ — 1)1 X3 (4.p)

k=(L&L-1)ro |41 Yigp \ k150
r
(3.50)

V k > 2r 4+ 1. We study separately the relations satisfied by the indices (j, k) of each of the three terms
in the previous equality. Following (3.45), we have that

k-1
k—jr>k—| lIr+2r>2r+1,

(since j < [(k—1)/r]—2). Then, the definition (3.21) holds for the first term. For the second and third
terms, we have different formulas according to whether or not & is a multiple of r.

fObserve that, due to (3.47) and (3.48), we have that if j = |[(k — 1)/r], then 0 < [(k — jr — 1)/r] = Ltk = L(k = 1)/r]r = )/r] <
[(r=1)/r] =0,1ie., s = 0. This allows to join all terms in a single sum.
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(1) First case: k is not a multiple of r, i.e.,
k=mr+f with 1 <f<r-1 and meN.

From (3.48) we have that 1 < k — [*|r < r— 1 and, consequently, r + 1 <k — | jr+r<2r—1.
Then, the definitions (3.19) and (3.20) hold, respectively, for the third and second term of (3.50). Thus,
we can write Eq (3.50) as

Lt 2 =2
Y - 1 j 1 1 k—1 1 1
B = Z Z Lo (0 )4 7LD/ (h(r— ) ) ’
k0 = AR x5 @.p) X(l)(‘l)( k‘”‘"’s) (|_k;1J _ 1)1 Xx5(q.p) k=(L5H-1)r0
- - r
Vk>2r+1,k+mr,meN.

(i1) Second case: k is a multiple of r, i.e.,
k =mr with me N.

From (3.47) we now have that k — Lk;rljr = r and, consequently, k — Lk;rljr + r = 2r. Then, the
definitions (3.19) and (3.21) hold, respectively, for the third and the second term of (3.50). Thus, we
can write Eq (3.50) as

L k

h(r) Z Z

/r 1
j=0 5s=0

¥V (q.p) X(’)(q)

1 , .
]_ ] L (hﬁc—jlr)—sr,s) ’ (351)

Vk>2r+1,k=mr,meN. By the same argument, we can write Eq (3.35) as:

L -1
r 1 ) 1
" _ 1 ” Wk=1y/r] (00
M1 = Z;‘ j!LX({)(q,p) hk‘j”l) " |__"‘1J!Lx({)(q,p) (hk—Lk%‘Jr,l) (3.52)
J= r

Vk>r+1,k+#mr(meN). Inview of the inequalities (3.45) and (3.48) we then readily find that the
definitions (3.24) and (3.22) hold, respectively, for the first and second part of the previous equation,
i.e., (3.52) leads to

r 1 j s r—
K = FL-' Ly (B 1) - (3.53)

YWigp) ¥ g\ k=jrosrlts
j=0 s=0

Vk>r+1,k# mr(meN). Finally, recalling again (3.45) and (3.47), we can write Eq (3.36) as®
%) ES! j " U v (70 Lo
M = ; ﬁL)f{)(q,p) hk—jn]) + ml}({)(q,p) (hk—LQJr,l) * ELX({’(q,p) (@-p) (3.54)
Ll oy |

| 1 1

— E J s (r=1) Lk=D/r] [ p(r=1) W -

I 0 4! S!Lx({)(q,p)LX({)(q) (h"‘jr“"’“s) - L_k—IJ!LX({)(q,p) (hk—LkZ]Jnl) " m'LX(’)( )( p)
j= s= r

$1n the last equality, due to (3.47), we have that if j = [(k—1)/r], then |(k— jr—1)/r] = (k= (k= 1)/r]r—=1)/r] = [(r=1)/r] =0,
i.e., s = 0. Thus, also here we can join the terms in a single sum.

Mathematics in Engineering Volume 5, Issue 2, 1-35.



27

k/rl
— 1

JLJ' L, (b= )+%L’” (- p),

Dig.p) ¥V (q) \"k=jr=srl+s x5 (q.p)

Yk>r+1,k=mr (m € N) (where we used the definitions (3.24) and (3.23) for the first and second
part of the sum). As before, we can then write the previous equation as

s=0

—ir—1
Lrnr '{r J

- 1
L e Vel
Z(; i1 sl A @n K@ m’-ﬂ-mlﬂ) m! )/;’(q,p)( p)
§=

3

i

mr—jr=1
=1

1
J
D% Tt i O )+ G V) g D) =
JU sV A @) X N mrmirmsi s ] - 1)1 @ VT m! A @p)
1
J

NS}

3

I
(=]

J s=0

m-2 LW_'f/r_IJ

—r 1 m—1
! y (=1 m-1 (r=1) m—1 (r-1)
'!s!Lx(z”(qvp)LXﬂ”(q) (h'""f""’l“)Jr vaXW( )(h +Logp (@ P )) m! Lxé”(q,p) (hm )

j=0  s=0

(3.55)

Use of Eq (3.23) and the homological equation (3.27) then concludes the proof. O
4. Concluding remarks

The focus of the present paper is twofold.

1) We emphasize the differences between two distinct methods by which Lindstedt series can be
computed in nonlinearly coupled oscillator Hamiltonian models. In particular, we discussed a
Lindstedt method called ‘analogous to the Birkhoff series’, and another called ‘analogous to the
Kolmogorov series’. In the first case, series expansions are defined in open domains in the action
space around the origin, and the frequencies are represented as (series) polynomial functions of the
action variables. In the second method, instead, the frequencies along any required torus solution
must be fixed in advance (‘torus fixing’), and the series allow (after reversion) to determine a
posteriori the amplitudes (or values of the actions) for which the motion takes place with a given set
of frequencies. We explain how this difference in the physical interpretation of what the series are
meant to compute leads also to formal differences in the way the series terms are computed, as well as
to real differences in the convergence and precision properties of the series.

i1) We propose and give the formal structure of an algorithm viewed as an analogue of the
Kolmogorov scheme within the framework of the ‘torus fixing’ method, but properly dealing with the
lack of the twist property in the Hamiltonian appearing in the kernel of the associated perturbative
scheme. In particular, we demonstrate how the lack of the twist condition can be compensated by a
suitable introduction of counter-terms (in the spirit of the procedures proposed already
in [1,11,12,20]). In fact, we demonstrate how to compute such counter-terms in a way leading to
precisely the same frequency corrections as those obtained by the Lindstedt method called ‘analogous
to Kolmogorov’.

Our formal algorithm given in Section 3 above is accompanied by particular examples offering
some intuition into the subtleties of each examined method. On the other hand, as stressed in the
introduction, the convergence of the Kolmogorov series computed by the algorithm presented in
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Section 3 can only be inferred by an indirect argument, namely, their equivalence with the Lindstedt
series of Subsection 2.3. Thus, we point out the interesting open question of a direct proof of the
convergence of our hereby presented KAM algorithm for isochronous systems (see also [20]).
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A. Example — 1DOF Hamiltonian with an odd (cubic) degree dependence on x

Consider the following one-degree of freedom Hamiltonian, with odd power dependence on the
variable x X
_Woyr o 2y X

H(x, p) = 2(p + %) 5 - (A.1)

We pass to action-angle variables (J, g) through the transformation x = \2J sin(q), p = V2J cos(q) ,

obtaining

H(g, J) = wo J — %13/2 sin(q) + ﬁﬁ” sin(3q) . (A2)

Finally, we define the translation J = Jy + p leading to (apart from constants)

Hq.p) = onp =~ + psin@) + =~ + ) sinGg). (A3)
Since the variable J = Jy + p appears in the above Hamiltonian in half-integer powers, we expand the
Hamiltonian in powers of the variable p up to the same order as the maximum normalization order in
e. This proves to be sufficient since higher powers of p only influence the process at powers (in the
book keeping order) higher than the maximum normalization order. In particular, the following lemma
can be easily proved:
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Lemma 1. Let H(q,J) = woJ + €h(q,J), where h = O(JK) k > 3. Then, foralln > 1 (withn =

(k=2)n+2

(k=2)n
number of normalization steps) ¥\ = O (JO 2 ) and " = O (JO 2 )

Proof. For the proof, see the appendix B. O

We will now illustrate the method by computing the direct (Lindstedt) and indirect (Kolmogorov)
series up to order 3 in & in the example above (the reason for reaching order 3 instead of 2 will become
clear below). Starting from the Hamiltonian (A.3) we perform an expansion in p leading to (apart from
constants)

H@p = a0p - I it~ Y it - — 25 12 Sin) + —— p? sinca)
s P) = - q) — - —F= =D q ==, P q
Ve 2V2 8 V2 V7o 16 V2"
22 e VTo e
+ sin(3g) + —— p sin(3qg) + ———— p? sin(3¢q) — p° sin(3q).
3 \/i 22 8 V2 VU 48 \/_ 48 V25
(A.4)

A.l. Lindstedt series analogous to Kolmogorov

Following the same procedure as in subsection 2.3, we start with the equations of motion under the
Hamiltonian (A.2)

4(t) = a;; wo — 32‘9\;/; sin(q) + ‘; \/; sin(3¢) (A.52)
3/2 3/2
J(t) = —%{ - 8i/§ cos(q) — E\J/E cos(3q) . (A.5b)

Replacing, as before, the expressions

wy=w+ea +&a+&a;,

q(t) = qo(t) + eqi(D) + € (1) + € qs(t), (A.6)
J(@) = Jo(t) + eJ,(t) + 2 ,(0) + £ T5(¢0),

into the equations of motion and performing an expansion up to order 3 in & (having fixed w) we
compare terms of like orders in & in the l.h.s and r.h.s of (A.5a) and (A.5b). At order zero we have

Go(1) = w, Jo)=0 = qo0) = wt, Jo(H) = Jo,

where we fix the initial phase ¢(0) = 0 and Jy(0) = Jy. At order one, we find

3 VJ J
Gi(t) = a - Vo sin(w?) + ——= sin(3w?),
22 2V2
Js/z J3/2 (A7)
Ji(t) = == cos(wt) — == cos(Bw1).
G V2
Since no constant terms arise in ¢ (¢), we have that a; = 0. Then
2V2 VT, 3T T B Wik
q1(f) = — V2 ‘/_°+ Vo cos(w 1)— Vo cosBwir), Ji(t) = —— sin(wt)——2— sin(Bw1)
3w 2V2w 6 V2w V2w 3V2w
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yielding the constants ¢g;(0) = J;(0) = 0. At order two we now get

5J 3Jp J Jo Jo
G>(t) = ar — -0, 20 cos(wt) + — cosQwt) — =0 cos(Bwit)+ — cos@dwt) — —— cos(bwt),
6w w 8w w 2w 24 w
2 2 2 2

. 0. J . J . J .
Jo(t) = — sin(w?) + — sinQwt) — — sinBwt) + — sindwi);
3w 3w w 3w

(A.8)
To compensate for the constant term in ¢,(f) we now set a, = 5 Jy/(6 w). Then,
J 3J J, J Jo
@(1) = =5 sin(w ) + ——5 sinQw i) — =— sinBwi) + = sindwr) - > sin(6w),
w? 16 w? 3w? 8 w? 144 w (A9)
J 5]2 2J2 2]2 ) 2J2 3 J2 1 ’
=— - — H—— D+ — H—— t
»(H) = ol 3 cos(wt) Tl cos(Qwt) Tl cos(3wt) e cos(dwt).
In a similar way, at order 3 we find a; = 0, and the solutions
2 J J &> J 3&2J
gt = wi - V2e Vi 3eNh os(wi) — A cosBwi) + ~—2 sin(w 1) + o2 sinQ2 wr)
3w 2\/_a) 6 V2w w? 16 w?
g2J . g2Jy . eJ . 38 \/583Jg/2 P J3/2
~ 3.7 sinBwt) + S ? sindwt) — A4 o2 sin(bwt) — P \/_w cos(w?)
& J3/2 145 &3 J>1? V26 %/2 P
cosQwt) + — 0 cosBwt)— —— cos(dwt) + — 0 cos(Swt)
2V 144 V2 o3 30° 16 V2 w3
£ J3/2 &P &P
cos(bwt) — —0 cos(Twt) + — 0 cosOwi),
T 18 V2? 48 V2 3 1296 V2 w?
o el eli? 3 5202 2802 22 J2 5
N =Jo+ - N+ - - t
() 0 o sin(w t) Voo sinBwt) e W cos(wt) > cosQwt)
2805 &l o 1817 8 V262 1) )
+ - )+ H— ————— t
W cos(3wt) e cos(dwt) Vo sin(w t) e sin(2wt)
B AN R s
sinBwt) — ———— sin(dwt) + ——— sin(Swt),
8 \/_w 9 w? 72 V2 W3
582J0
W= wy— .
0 6w
(A.10)

A.2. Kolmogorov normal form

Starting from the Hamiltonian (A.4), we perform canonical transformations in order to bring the
Hamiltonian into Kolmogorov normal form, i.e., H(q, p) = w p+&R (g, p) + & Ry(q, p) + &' Ri(q, p)
where Ri(g, p) = O(|p|*>) i = 1, 2, 3. Substituting, as in Section 2, the expression wy = w + £a; +
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&2 a, + & ay in the Hamiltonian (A.4), we have

eJ? 3e VU 3¢
H(g,p)=wp+ea p- O sin psin(q)——p2 sin(q)
R 2 V2 8 V2 Vo
o e VTo &

p sin(g) + sin(3g) + —— p sin(3q) + —p2 sin(3g) (A.11)
16\/_J3/2 1 3«/5 RPN 1 8 V2 VI, !
48\/_ 3/219 sm(3q)+s a2p+8 ap.

At first order, we have
3Vl . Vo oo
W) = <a p———=psin(g) + —=psin(3g)) =0 = a; =0; (A.12)
<1,1>q 1 V2 Y ) 1

implying that a; = O for the corresponding counterterm in the Hamiltonian (A.11). In order to eliminate
the terms constant in the actions (depending only in the angle ¢ ) € h, o, given by

) " 32
hy(q) = —$sm(q) +3 \/E sin(3¢),
we define the generating function XV(g) such that Lya,(w p) + h(o) <h§(’)())>q . Hence
32 G
X = \/_w cos(q) — Voo cos(3¢q).

In order to fix the initial value of p at zero, we then set (as in Section 2) )(gl)(q) = XY@+ KV gq;in
this case, the constant K"’ = 0. We can now determine the intermediate Hamiltonian

HD = exp (L )‘H

ex\" (@)
Denoting by & 4\ the terms of H" of order one in & and linear in p , we have

) 3 ‘/_P \/_P

h1,1— 2\/5 sin(q) + —— ;i sin(3q).
These terms are eliminated by the generating function x\’(¢, p) = ¢\’(g, p) + SO p satisfying the
homological equation L Og, »@wDp) +A(1) 0. In order to fix the initial value of g at zero, we readily
find
N 2 V2R
3w
and
Wig, py= 22 0R 3V oy VBP o5,
3w 2 V2w 6 V2w
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Thus, the Hamiltonian

M — 77(1)
H' = exp (Lgxgn(q’p))?-{
is now in Kolmogorov normal form up to first order in & (it is easy to check that the transformed
Hamiltonian contains the normal form terms
32 Ging)+ —L— sin3g) + —L2 @-—2 (3g).
———— sin(g) + ———— sin(3¢q) + ————— sin(g sin(3 ¢
8 V2 Vo 8 V2 Vo 16 V2., 48 \/_3/2
In a similar way we can proceed at orders 2 and 3, obtaining the formulas:
5Jy
a = —,
T 6w
5J2g 5J? J2 J?
2 _ 0 0o - o . 0 .
U T e + 6ol sin(2 q) — sm(4 q) + i sin(6 q) , (A.13)
J 13Jyp Jo
@ _ JoP Jop p
2 =5 sin(q) + 70 in(2 )— — s1n(3 q) + 7880 sm(6q)
and
a3 =0,
5/2 5/2 5/2 5/2
= 2T cosgy - B cos(2) + — cos(3g) + —L— cosdq)
96 \/§a)3 6 V2 w? 432 \/Eaﬁ 3V2w3
295 5 71" 1147
———cos(5q) — ——— cos(6g) + ————— cos(7q) — ——— = cos(9¢q),
240 V2 w3 18 V2 w? 192 V2 3 5184 V2 w?
10727 p 29577 p 4747 p 1337, p
3) _ 0 0
X, = + cos(q) — cos(2q) + ————— cos(3 ¢q)
2T 12 V2wt 1922w 36 V2w 288 V2 w3
PSR S S S A S SR (79)
———— cos(4q) + ———— cos(5q) — ———— cos(6g) + ———— cos(7 ¢q
18 V2 w? 288 V2 w? 36 V2 w? 1152 V2 w?
i 99
- ————  cos(9¢q),
10368 V2 w3
(A.14)

for the generating functions. The final Hamiltonian is

HO(G, p) = wp +eRi(q, p) + & Ra(q, p) + & R3(q, p)

where (g, p) indicate the new variables, and R;(g, p) = O(lpl» j = 1,2,3. Thus, the torus
p) = 0, g(t) = wt is a solution for the equations of motion of this Hamiltonian. Using the Lie
transformations, the solution in the original variables reads

2V2eJy 3eAJy \/J 2J 382 Jy
q() =wt— V2e Vo 428 os(wt) — cosBwt) + £ 2 sin(w 1) + & - sinQwt)
e2J . eJ . 82 Jo ) 38 V2 & J3/2 & ]3/2
~ 3. sinBwt) + e sindwt) — 1A ? sin(6 wt) — Sl + NI cos(wr)
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3J3/2 145 3J3/2 V2 2 3J3/2
2 NG cosQwt) + ———— YRV cosBwt) — T}O cosdwt) + ——— 62 cos(Swt)
23 23 203
&P g Jg/z g JS/Z
———cos(bwt)— —— cos(7wt) + ——— cos(Qw1),
18 V2 w? 48 V2 w? 1296 V2 w?
_el)? el}* 5822 2802 2822
p(t) = 7 sin(wt) — sinBwt) + ok 3 cos(wt) — 5 cos(Rwt)
w w
2822 e J? 1817 8§ V2
+ TR cosBwt) — e cosQwt) + Vo sin(wt) — Y sin2wt)
138 nE 428307 1807
8 \/_ Sll’l(3 w t) - T Sll’l(4 w t) + 72—\/53 sm(5 w t) ,
2 w3 w
J(@)=Jy+ p(0). (A.15)
Recalling also the computed values of a; , a, and a3 (Eqs (A.12)-(A.14)) we have also
5 82J()

w = Wy —

6w
Thus, we obtain the same solutions as by the Lindstedt method (Eq (A.10)).
We remark that also in this case the solutions produced by the Birkhoff normal form are equal
to those produced by the Lindstedt method in the version ‘analogous to Birkhoff’. However, if we
compare these solutions with those produced by the KAM algorithm, we also note many differences

from order 3 and beyond. For completeness, we report in the following the solutions with the Birkhoff
method:

2\/58\/_0 38\/.]_ AN g2J . 32U,

H=wt- t——cos3 N+ 220 sin(wi) + sin2wt
q(t) = w 3on 2(0}0 os(w?) 6 Vo GBwt) e (w?) 1602 Quwt)
2 > J 2J 83 V2814 9884

~ 20 GinBwh + =2 sindwi) - —-= sin(6wr) - 0 cos(w )
wj 8 wj 144 wy 81wy 4 V2 W}
e Cown 12583 7. G 283 ) G e S
cosZwt)+ ——— cos(Bbwt) — ——— cos(4wt) + ——— cos( D wt
2 ‘/_“)0 144 \/§w8 3wg 16 \/§w8
& n"? 6D &) b g ©wn
cos(bwtf) — —— cos(/wt) + —— cos(Ywi),
T 18 V2w) 48 V2 w3 1296 V2 W}
V2 )2 5805 2873 287 J3
0 . 0 . 0 0 0
1) = sin(wt) — sinBwt) + - cos(wt) — cosQwt
p(®) o (wt) 3 Voo GBwt) 6 ol (wt) o Quwt)
2822 e 318307 8 V23
+ cosBwt) - — cosdwt) + ——— sin(wt) - ————— sin(Zw1)
3w} 6 w; 12 \/iwg 9a)0
978 e 428" 78 J?
sinBwt) - ———% sindwi) + ——— sin(5w1),
72 ‘/_wo 9w} 72 \/Ewg
582
W= wp - 680)00 . (A.16)
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B. Proof of Lemma 1

Consider the Hamiltonian:
H(g,J)=woJ +eh(q,J]),

where h = O(Jg) k € N, k > 3. Introducing the translation J = Jy + p, h = O((Jy + p)g) ,if k is even
we obtain a finite expression in the powers of p. If k is odd, define f(p) = & (Jy + p)§ and suppose
we want to compute the normalization steps by the Kolmogorov algorithm up to order &” n > 1. The
expansion in p = 0 up to order n yields

£ k& k(k k k_p
f(p)ZS(JO'Fp)%:SJg-I-gEJé 1p++£—(5_1)(§_n+1)‘]§ pn.

LS L . . .
Moreover, observe that )((11) ~ &J; and )((21) ~ &J; . Now, we identify those terms whose Lie

derivatives could modify the generating functions along the normalization process. We have
k—l’l . . . .
Ll (8 J p"). Thus the term of higher degree in p in the expansion of f(p), denoted by ~ f™(p),
&X,
influences hflli In fact, since

n-1 §-n g n-2 L () n=3 §n 0w )
L8X<.> eJ; p'|= LSX(U led;, Plex, (@} = Le)((l) Hedi Ploexy @) ex; (@ = ..., (B.1)
1 1 1

(n—3)times

2 tk=n ,n—1 3
~g2J 5 k=n
0 p ~ 83 ‘/02 pn72

k_, [ k\nl (k=2)n
~ MNT2 2 — N 2
=~ &', (JO) p=¢&gJ,’ p,

after n step a contribution stemming from the term £ (p) will appear in the generating function )((2”) .

On the contrary, the term L") (s f(”“)(p)) contributes to h) (which is quadratic in the action p),
£, >

. 1 . (1)
while the term L7, (& /7" (p)) contributes o &

NRT which is of order £*!'. From (B.1) it follows that

(k=2n

h;”i =0 (J(()k_z)"/ 2). Hence, the dependence of X(zn) on the parameter J, is in the power )((2") ~J, 7.
Also

-1 (o 271 ) 22 e g2l o (D _ N S A
L€X(2” 8J() p _L€X(2” {8.]0 P, EX, (q,P)} = ..., ~ g ‘]0 JO p=¢& JO D,

(n—2)times

~g? J’é"z p

thus, again, 1" = O (J(()k_z)"/ 2) . Finally

n,1

n—1 %‘”"’1 n—1 n-2 %‘”"’1 n—1 (1) n %‘"*’1 % n-l n (k_22)n+2
Ls,\/(l) el p = Lg)(m led; ey (@t = .. ~ &'J; J; p=¢&'J, P,
1 1

(n—2)times

~ 82](/;*)144 pn72

(k=2)n+2
implying )((1") ~ J, * . This concludes the proof of the lemma. O
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